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Summary

In this thesis we have investigated some aspects of the molecular physiology of the amino
acid transporter KAAT1 and of the GABA transporter GAT1 both belonging to the
Neurotransmitter:Sodium Symporter (NSS) family. Wild type as well mutants of these
proteins were nvestigated after expression i Xenopus laevis oocytes and functionally
analyzed by radiochemical and electrophysiological assays.

In the first chapter a general overview of the biological importance of membrane proteins
1s provided jointly to a description of the Xenopus oocytes as expression system for this
kind of proteins. The second part of the chapter is presenting the general physiological
features of KAAT1 and GAT1 while the last part collects information regarding the
thermodynamic aspects of secondary active transport as well as the characteristics of the
bacterial amino acid transporter Leul and of the msect dopamine transporter DAT, the
two structural models of the NSS family. The last part of the chapter presents one of the
most intriguing and cutting edge aspects in the field of membrane transporters: the role of

symmetry in the process of ferrying substrates through the lipid bilayer.

In chapter 2 are reported the results of our investigation of a highly conserved glycine
triplet in KAATT; this sequence 1s conserved at the Ixtracellular Loop 1 (EL1) in almost
all the members of the NSS family but the data available at the beginning of our research
for GAT1 and for the serotonin transporter SERT were not exhaustive and not in full
agreement one to each other. We found that in KAATT1 the flexibility that these amino
acids provide to the ELI 1s of fundamental importance for the cation access to the
extracellular vestibule of the protein. The role that we propose could justify the high
degree of conservation showed by this stretch of residues in order to allow the driver 1on
to get access to its binding site.

Different aspects of KAAT1 molecular physiology are addressed in the chapter 3. With
our experiments we were able to link the potassium selectivity that characterizes KAAT1
to the polarity of Nal site and to the dimensional flexibility that 1s provided in Na2 site by
a KAATI specific residue of glycine. Beside cation selectivity, we explored the weak
chloride dependence of KAAT1 providing new evidences of the fact that its interaction
with chloride occurs in an almost unique fashion. The analysis of the 3D homology
model of KAATI allowed us to identifty Thr67 as a residue that we proved
experimentally to be a key molecular hinge for the coupling mechanism of ion and
substrate flux realized by KAAT1. Furthermore this residue is involved in the initial
stereochemical selection that the transporter operates on its substrates as well in the
chloride dependence of the transport mechanism.

Chapter 4 will briefly resume some preliminary data concerning the possibility to
combine the msect S19 cell line from Spodoptera frugiperda with the highly efficient
Baculovirus expression system with the aim of obtaining the adequate amount of purified
protein for KAAT1 crystallization.
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Summary

The last chapter gathers the results of our analysis regarding the influence of internal
chloride 1n the reverse operational mode of the GABA transporter GAT1. Our results
provides a link between the oscillations of the mtracellular concentration of this anion
with the calcium independent GABA release that 1s described in different pathological
and physiological conditions.

Key words
Secondary active transporters; NSS family; structure-function studies; glycine rich
domains; 1on selectivity; coupling mechanism; reverse transport.
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Introduction

1.1 STUDYING STRUCTURE AND FUNCTION OF MEMBRANE
PROTEINS

It 1s currently estimated that around the 30% of the proteome resides in the lipid bilayer
that surrounds both cells and organelles. Despite this number justify per se the efforts in
understanding how membrane proteins work, it 1s worth noting that the majority of the
cellular, tissue, organ and organism functions rely on them. Excluding lipophilic molecule
all other kind of substances require proteins to cross the membrane: channels and
transporters are the key actors in these processes. Membrane proteins (receptors) are also
mvolved in the ability of the cells “to sense” the intra- and extracellular environment and
m their ability to counteract the changes modifying their metabolism. The metabolic
reactions are catalyzed by the activity of a lot of enzymes harbored into the plasma
membrane as well as in the membrane of highly specialized organelles like mitochondria
and chloroplasts. Membrane proteins are of fundamental importance also for the
intercellular communication, the keystone of the organization of multicellular organism
tissues structure and function. Besides the role of membrane proteins in the Physiology of
living beings, due to the over cited functions, the understanding of how membrane
proteins work becomes a pillar also for Pathology and Pharmacology: to justify this
statement should be enough the consideration that, to date, about the 70% of the
commercial available drugs target membrane proteins.

The comprehension at the molecular level of the membrane proteins functional
mechanism 1s the result of synergistic efforts of the application on this topic, but from the
two different perspectives of Structural Biology and of Physiology. Since the first atomic
determination of the structure of the photosynthetic reaction center in 1985 (Deisenhofer
et al., 1985) the number of unique membrane protein structures deposited in the Protein
Data Bank increased exponentially (White, 2009) but at the end of 2012 only the 0.22%
are membrane proteins. These data underline the most critical step in getting their
structure: the difficulty to get a highly amount of stable and purified protein out from the
membrane. This 1s mainly due to their paucity in native tissue and their poor stability
outside the lipid environment. Side by side with the origially proposed X-rays
crystallography, to by-pass this rate limiting step, during the last three decades, a lot of
new structural techniques have been de novo developed or applied to the determination
of the protein structure (e.g. electron microscopy, Atomic Force Microscopy, Nuclear
Magnetic Resonance, lipid cubic phase crystallography). Nowadays most of these
techniques are also applied to understand how these molecules work but the approach of
classical site directed mutagenesis, jointly to functional assays and to the novelties in the
molecular biology field are irreplaceable tools to assign a role to a specific protein
structure (Guan and Kaback, 2006). Membrane proteins prediction methods (Punta er
al., 2007), jomtly to the calculation power of a computer, allowed Bioinformatics to
become a pivotal force in this field also thanks to its ability to elaborate predictions on the
molecular mechanism of membrane proteins function (Shaikh et al., 2013).
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Great results were achieved n the field of Molecular Physiology of membrane proteins
exploiting the protein expressed in “lower” organisms (not only bacteria but also small
eukaryotic) in which the membrane proteins, despite distantly related to the highly
mvestigated mammalian proteins, “may have evolved unique features to cope with the
diverse environments they encounter” (Amara, 2007; Penmatsa and Gouaux, 2013).

1.2 Xenopus laevis OOCYTES

Almost all the experiments presented 1n this thesis were carried out exploiting Xenopus
oocytes as expression system, following 1s a brief description of this versatile system. The
expression of KAAT1 in mnsect cell lines presented in chapter 4 will be mtroduced by a
brief overview also of this system. Some few experiments performed on the glycine
betaine transporter BetP were carried out exploiting a particular £. coli strain whose
properties will be briefly described in the specific chapter (3).

1.2.1 General characteristics

Xenopus laevis (Daudin, 1802) 1s a strictly aquatic amphibian native of South Africa with
smooth skin and large clawed rear feet (is indeed also known as African clawed frog) that
belongs to the Pipidae family. Well known as pet, for many years X. /aevis was used as a
living biological assay to establish human pregnancy status, as female Xenopus responds
to the chorionic gonadotropin, a hormone present in pregnant women urine, by laying
eggs. If the female Xenopus released eggs two or three days after the urine mjection, then
it would mean the woman was pregnant. .X. /aevis are nowadays employed in research
laboratories for their oocytes, which are used in developmental biology and heterologous
expression studies. The Xenopus oocytes and eggs can be obtained without difficulty
from female animals bred in captivity in the laboratory. Eggs are obtained by deposition
(following gonadotropin injection) and oocytes by means of surgery operation. Fggs are
naturally deposed in unfavorable environments such as ponds or dead river arms.
Probably for this reason, they are resistant cells and thus they can be easily handled in the
laboratory without the necessity of a sterile bench as for canonical cell cultures. They are
fully provided with all the organelles, nutrients, enzymes, and substrates required in their
early stage of development following fertilization, and this total autonomy makes each
oocyte an independent factory able to manufacture new proteins (Sigel and Minier, 2005).
The oocyte development was divided by Dumont (1972) into six different stages,
according to dimensions and pigmentation of the oocyte. In adult female, oogenesis 1s
asynchronous and this means that all the six stages of oocyte development occur at the
same time 1n different ovarian lobes but ovaries of adult frogs mainly contain stage V and
VI oocytes (Wagner et al., 2000). In the I stage oocytes have a diameter of about 35-300
pum and are transparent. In the II stage oocytes have a diameter of 300-450 pwm and
appear opaque, making traditional microscopy more difficult. At the III stage oocytes

3
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have a diameter of 450-600 pm and are characterized by the onset of pigmentation, which
gives them a grey color. Pigment 1s equally distributed in the cortex and stage III oocytes
retain a non-polarized appearance. In the IV stage oocytes have a diameter of 600-1000
um. Stage IV of oogenesis 1s marked by the onset of visible polarization of the oocyte
along the animal-vegetative axis. During this stage, pigment (melanin) becomes unequally
distributed between the cortex of the animal and vegetative hemispheres, resulting in the
darkly pigmented animal hemisphere and lightly pigmented vegetal hemispheres. During
stage V (1.0-1.2 mm of diameter) the animal-vegetative polarity of the oocyte continues to
develop and oocytes will undergo melotic maturation in response to progesterone. The
VI stage oocyte has dimension of 1000-1200 um and 1s characterized by an equatorial not
pigmented band between the two poles. The animal pole contains the nucleus. The
ovarian fully grown, stage VI oocyte 1s arrested i prophase of meiosis 1. The cells
surrounding the oocyte secrete progesterone, which stimulates the oocyte meiosis and
undergo germinal vesicle breakdown, chromosome condensation, and assembly of the
meiosis 1. After a highly asymmetrical cell division that generates the first polar body, the
oocyte enters meiosis II and arrests at metaphase. The meiotic maturation process takes
about 5-6 hr after which the mature oocytes are ovulated into the cavity of the frog. From
this cavity eggs are laid thanks to the mechanical stimulation of the male on the female
abdomen. Subsequent fertilization releases the egg from its metaphase arrest and allows it
to complete meiosis II and enter mitosis (Tian ef al, 1997). The fully grown stages V or
VI oocyte are the preferred cells for expression studies. The VI stage, 1s the stage
which the frog leaves the eggs in the environment. This 1s the best moment, especially for
transport experiments, as the endogenous transport activity 1s minimal. The oocyte 1s
surrounded by different layers of cellular and non-cellular material. The plasma
membrane of the oocyte 1s surrounded by the vitelline membrane, which 1s a non-cellular
glycoprotein fibrous layer. Then, there 1s a layer of follicle cells electrically connected to
the oocyte by gap junctions, a connective tissue layer, and an epithelial cell layer relying

the ovary wall. This complete structure 1s called “follicle” (Orsini et al., 2010).

1.2.2  Xenopus oocytes as expression system: applications, advantages and drawbacks

The oocytes and embryos of X. /aevis are an interesting model for the study of many
developmental mechanisms because of their dimensions thanks to which they can be
easily manipulated m experiments. Eggs are obtained in laboratory in a controlled
manner by means of mjection of chorionic gonadotropin. Embryos develop rapidly after
fertilization and a functional tadpole 1s obtained in a few days. These features made the
X. laevis a model system for studying the early period of embryonic development. X.
laevis oocytes are a widely employed system for the expression and functional studies of
heterologous proteins demonstrated by Gurdon and coworkers m 1971. The authors
found that the microinjection of mRNA coding for the human protein globin mnto the
cytoplasm of the oocyte resulted in the synthesis of human globin. Later on it was shown
that mjection of the corresponding coding DNA into the nucleus also resulted in the
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synthesis of human globin (Mertz and Gurdon, 1977). These studies demonstrated that
transcription and translation of foreign genetic information, i this case codifying for
cytosolic proteins, could be performed by the Xenopus oocyte. Similar results were
obtained with membrane proteins. In early ‘80s Sumikawa and colleagues (Barnard ef al.,
1982) showed that injection of mRNA coding for nicotinic acetylcholine receptor resulted
in the formation of radioactive ligand binding sites in the oocyte surface membrane and
that the oocyte plasma membrane acquired novel electrophysiological properties: they
showed for the first ime that was possible to get the functional expression of a foreign
plasma membrane protein in X, /aevis oocytes also underlying that the surface membrane
1s relatively poor in endogenous 1on channels (Dascal, 1987), a property that makes the
oocyte an attractive expression system for 1on channels. The possibility to express foreign
proteins in the Xenopus oocyte allows their functional characterization by means of
structure-function studies. Heterologous cRNA can be easily microinjected in the oocyte
cytoplasm. In a few days the protein of mterest is expressed on the oocyte surface and its
function can be studied. Many receptors and transporters were identified by a technique
called expression cloning. In this approach a specific function observed in the oocyte,
consequent to the mjection of a mRNA, leads to the identification of the cRNA coding
for the protein responsible for this function (Preston et al., 1992; Castagna et al., 1998;
Meleshkevitch et al., 2013). The possibility to inject directly into the cytoplasm of the
oocyte the plasmid bearing the cDNA of the protein of interest jointly to the T7 RNA
polymerase 1s another possible way to get, in a shorter way, the expression of the
heterologous protein (Altafay er al, 2006). Expression of a plasma membrane protein in
oocytes may also be achieved by the direct mjection of the mature protein itself.
Microinjection of a membrane preparation containing a receptor of interest, results in the
mcorporation of the protein into the surface membrane: X. laevis oocytes were shown to
express native nicotinic acetylcholine receptors after mjection with purified 7orpedo
electric plaque membrane vesicles (Marsal er al., 1995). Likewise, ijection of Xenopus
oocytes with rat cortical or mnigral synaptosomes resulted in the expression of 7-
aminobutyric acid type A receptor-mediated CI' currents (Sanna et al, 1996). Recently
Xenopus laevis oocytes were also successfully used as a source of eukaryotic plasma
membrane samples in which, the same membrane as well as the expressed proteins of
mterest, can be analyzed in physiological like conditions (Fotiadis, 2012; Santacroce et al.,
2013). The possibility to exploit oocytes also as expression system for the quantitative
purification of proteins was also explored with promising results (Bergeron et al., 2011;
Boggavarapu ef al., 2013).

Despite the highly controlled conditions in which animals are normally bred, the main
drawback of this expression system 1s the relative seasonal variability of oocyte properties
that could affect the expression level of the heterologous proteins expressed. The manual
ability required for the surgery operation does normally not require any specific
background in veterinarian sciences but 1s normally acquired by practice. Another relative
limitation to the usage of Xenopus oocyte 1s the time consuming procedures normally
encountered for the optimization of the common biochemical protocols in respect of
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those employed for the common cell lines, as well for the time required for the
expression of the protein (days).

1.3 THE NEUROTRANSMITTER/SODIUM SYMPORTERS
FAMILY

Amino acid transport 1s of fundamental importance in every cell but in some tissues its
significance 1s more complex than the simple supplying of building metabolites. In CNS it
represents the way for the acquiring of neurotransmitter (or their precursors), the way by
which they are accumulated into vesicles in the presynaptic terminal but also the system
for their rapid wash out from the synaptic cleft after the neurotransmission event. In
placenta 1s realized one of the quantitative highest amount of amino acid transport in
human body that 1s also responsible of the protein production of the fetus. In kidneys and
n the intestine the amino acids transport 1s the source by which the majority of the amino
acids of the organism are reabsorbed from glomerular filtrate or absorbed from the food
respectively.

The key players in these activities are mtegral membrane proteins that act as uniporter or
cotransporter of amino acids exploiting the free energy coming from the downhill
movement of 1ons (Na, K, H) across cell membrane. In the present thesis i1s manly
mvestigated the molecular physiology of the msect secondary active transporter of neutral
amino acids, the K'-coupled Amino Acid Transporter 1, KAAT1, (Castagna et al., 1998)
that belongs to the superfamily of the Neurotransmitter:Sodium Symporters (NSS; also
known as SLLC6 when referred to human proteins). A chapter 1s also dedicated to the
GABA transporter GAT1 also belonging to NSS family and few experiments were
performed on the betaine transporter BetP that belongs to Betaine-Choline-Carnitine
Transporter (BCCT) family whose general properties are reported in the same chapter.
NSS transporters represent, along with high affinity glutamate transporters, the major
neurotransmitter transporters of the chemical synapses (Kanner and Zomot, 2008). The
family groups cotransporters of substrates of different chemical nature that are
accumulated against their concentration gradient exploiting the energy coming from the
dissipation of a sodium gradient across membrane, but potassium can be exploited as
driver by at least two members of the family (Castagna et al, 2009). They are expressed
both in prokaryotes (e.g Aquifex acolicus, Neisseria meningitidis, Haemophillus
mfluenzae, Symbiobacterium thermophilum), and in eukaryotes (the homology between
the two groups ranges from 20 to 25%) and in the last ones in Vertebrates as well in
Invertebrates (e.g Manduca sexta, Drosophyla melanolaster, Aedes acgypti). To date no
NSS family members were identified in Fungr or in Plantae kingdoms. In 1990 the first
member of the family was cloned from rat bramn, the y-aminobutyric acid (GABA)
transporter 1 (Guastella er al, 1990), whose identification opened the route to the
identification of similar proteins in other cellular sources. In 2005 a milestone 1n the this
field of research was achieved by Gouaux group who got the first crystal structure of a
NSS member, the leucine transporter LeuT, from Aquifex acolicus (Yamashita et al.,
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2005). Late n 2013, the same group again pushed ahead our comprehension of the
molecular physiology of NSS carriers publishing the first crystal structure of an eukaryotic
transporter, the dopamine transporter (DAT..) from Drosophila melanogaster, i
complex with an antidepressant molecule and with sodium and chloride ions (Penmatsa
etal, 2013).

Sequence analysis showed that the highest degree of conservation 1s localized in TM1 and
m TM4-8 while the highest varability 1s showed by N- and C-ends; four different
glycosylation sites have been identified mainly localized in the External Loop 2 (EL2).
Transport stoichiometry ranging from 1:1:1 to 1:2:1 or 3:1:1 respectively for organic
substrate:Na:Cl. Onigmally classified as all chloride dependent, 1s now known that the
dependence from this anion is ranging from the almost complete dependence of some
transporters (typically eukaryotic ones), to the absent (for all bacterial members) passing
through the weak dependence of some eukaryotic proteins (Broer, 2006; Bette ef al.,
2008; Meleshkevitch ef al., 2013). LeuT, as other bacterial members of the family, shows
a completely chloride independent activity thus in its structure was not possible the
identification of the binding site for this anion whose site was identified in GABA and
serotonin transporters some years after its crystallization (Forrest et al., 2007; Zomot et
al., 2007). The chloride binding site 1s now described also from a structural poimnt of view
thanks to the crystal structure of a LeuT mutant (Kantcheva er al., 2013) and much better
thanks to DAT.. structure (Penmatsa et al, 2013) (see later chapter 3 for details).
Transport 1s electrogenic for many members of the family and, apart from the classical
transport associated currents, transient and leaky currents are also described m absence of
organic transportable substrates. The molecular mechanism underlying these currents has
not been fully elucidated yet but theoretical models are trying to explain them with
conformational changes or with the entry of ions in the electric field of the plasma
membrane (Peres et al., 2004). Objections to these models also exist and rely on the
observation that these currents could exist only m heterologous systems in which the
proteins are overexpressed being absent i vivo conditions in which, so far, a clear
evidence of their existence has not been gathered yet. Immediately after the first
formulation of the concept of secondary active transport was clear that for the substrates
the access to the transporter i1s never possible from both side of the membrane at the
same time, but occurs alternatively from the extracellular or from intracellular side: this
differentiates a transporter from a channel. NSS transporters follow this general rule and
thanks to the increased results in crystallography, jointly to extensive bioinformatic
analysis, 1n the past decade, the molecular details of this mechanism have been partially
unveilled (Boudker and Verdon, 2010; Forrest, 2013). A common architectural
organization, particularly in secondary active transporters, 1s the presence of an mnternal
pseudo-symmetry of transmembrane domains that are organized in a mobile bundle
whose structural existence was originally found in LeuT crystal structure (Yamashita et al,
2005) and now confirmed also for eukaryotic members of the family (Forrest et al., 2008;
Penmatsa et al, 2013). Based on substrate preference and on sequence homology,

different subfamilies can be defined into NSS family; first of all it was defined the
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subfamily of the biogenic amines transporters (dopamine, serotonin and noradrenaline),
then the group of protein that are related to the GABA transporter GAT1 that comprises,
beside all GABA transporters, proteins for the transport of taurine, choline, creatine,
proline and glycine. Some proteins still need to be characterized but, among the most
recently deorphanized carriers, of particular interest are B(O)AT (SLC6A15) expressed in
human brain, N'TT5 (SLC6A16) expressed in pancreas, lungs, prostate and testis (Broer,
2006) and the first eukaryotic methionine selective transporter AeNATS (Meleshkevitch
et al., 2013). Alteration of these proteins were found in many pathological conditions
such as epilepsy (Richerson and Wu, 2004), schizophrenia, depression (Hahn and
Blakely, 2002), obsessive compulsive disorder (Ozaki ef al., 2003), autism (Sutchiffe ef al.,
2005), anxiety, anorexia, Parkinson disease, orthostatic intolerance (Shannon er al., 2000),
blindness due to retinal degeneration (Heller-Stilb er al., 2002), cardiomyopathy, muscle-
skeletal disorders, X-linked creatinine deficiency (Salomons et al, 2001) and in
abnormalities m kidney development. The very wide range of pathologies 1s the direct
consequence of their wide distribution in different kind of tissues (Broer, 2006; Hahn and
Blakely, 2007; Broer, 2013). Numerous drugs target NSS transporters: psychostimulants
like cocaine, amphetamine and MDMA (also known as ecstasy), but also tricyclic
(amitriptyline, imipramine) and heterocyclic antidepressants (desipramine, viloxazine),
dopaminergic antidepressant like amineptine and Selective Serotonin Reuptake Inhibitors
(SSRI) like the best seller Prozac (Fluoxetin). Antiepileptic drugs, like tiagabine, also
target these proteins.

1.31 KAAT1 (K'-coupled Amino Acid Transporter 1)

The main part of this thesis 1s regarding structure-function studies on the insect NSS
transporter KAAT1 that has been exploited since its cloning, in 1998, as a tool for these
kind of researches due to its almost unique physiological properties (Castagna et al.,
2009). It was cloned from the lepidopteran larvae Manduca sexta (in literature,
sometimes, has also been reported as msKAAT1) where it 1s expressed in salivary glands
and 1n the columnar absorptive cells of the midgut, a tissue, this last one, where potassium
can move from the lumen of the organ into the cells according to its electrochemical
gradient (Giordana et al., 1982; Castagna et al., 1998). It 1s composed of 634 amino acids
organized in 12 TMs for 60 KDa of molecular weight; it shares a mean sequence 1dentity
with the other members of the family of about the 35%. By Fluorescent Resonance
Energy Transfer (FRET) experiments was demonstrated its constitutive organization in
membrane as dimers with a supramolecular organization in tetramers (or dimers of
dimers); (Bossi et al., 2007) retaining the functional unit only in the single monomer as
also proved for many other members of NSS family (Kilic and Rudnick, 2000; Schmid e
al, 2001a; Schmid et al., 2001b; Sorkina et al, 2003; Soragna et al., 2005; Mari et al.,
2006; Yamashita et al, 2005; Bossi et al, 2007). Interestingly the DAT... was found
mstead be monomeric both in crystal lattice and in detergent micelles (Penmatsa et al.,
2013). KAATTI realizes the cotransport of neutral amino acids with both branched and
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not branched side chain in adding to glycine. The stereoselectivity for L-amino acids 1s
not fully being also able to realize the uptake of D stereoisomers. It 1s able to exploit as
driver 1on not only sodium but also potassium and, even to a lesser extent, lithium
(Castagna et al., 1998; Bossi et al., 1999a). From the alkaline group of metal it does not
accept rubidium as driver but, m vivo, potassium 1s the main ion exploited. This kind of
coupling properties has rendered its cloning a turning point in the field of secondary
active transport because, until then, only sodium or proton coupling mechanisms had
been described. When Na' is the driver 1on, threonine is the preferred substrate and then
proline, methionine and leucine with this order of preference, while when the driver 1s K’
leucine 1s the preferred one. The wide spectrum of transportable substrates matches the
behavior of most intestinal transporters and reflects the functional role of this protein in
the context in which it 1s expressed: in the gut its main role is to uptake as much as
possible metabolites from the lumen that 1s, due to the vegetarian diet of the anmimal,
normally low in amino acids and sodium content. In this scenario, the change of substrate
preference according to the different driver 1on suggests that the coupling properties are
not due to a low 1on selectivity being the protein able to modify its behavior according to a
different cation. Differently from other eukaryotic NSS transporters (especially neuronal
proteins) KAAT1 activity 1s only weakly chloride dependent (Bette er al, 2008): in
absence of chloride the activity 1s not abolished but reduced of about the 45%. The
Na/K' selectivity 1s influenced by the membrane voltage, it increases with the
hyperpolarization and it 1s particularly high n vivo where the voltage can reach -240 mV.
Transport stoichiometry 1s of 2:1:1 (K or Na:Cl:aa), the activity 1s influenced by the pH
and the maximal level is reached in alkaline conditions (pH=10), a condition in which
amino and carboxyl groups of the substrate leucine are both deprotonated (Peres and
Bossi, 2000; Vincenti ef al., 2000). These conditions reflect those are found in the midgut
of the lepidopteran larvae: m the gut of this species a pecular tissue organization is
described m which the functional absorptive unit 1s composed of two kind of cells, the
columnar absorptive cells with their classical brush border, and the goblet cells. One of
the most important characteristic of this kind of cells is the absence of the Na/K ATPase
that 1s replaced by a V-A'TPase that pumps protons to the lumen of the midgut directly in
the goblet cell cavity. The activity of this pump generates a proton gradient toward the
lumen and decreases the membrane voltage exporting positive charges: these cells 1s
indeed normally deeply hyperpolarized (-240 mV) in respect of a common intestinal
mammalian cell. This difference in the electric potential across the apical mucosal barrier
1s the main force that energizes the uptake of solutes in absorptive cells. The number of
protons that are moved by the pump activity 1s quite low but the electric gradient 1s kept
so big being the membrane characterized by an efficient electrical resistance which
opposes the leakage of charges. In goblet cells, jointly to proton pumps, is highly
expressed a K/2H antiporter that, exploiting the favorable electric conditions, exports
potassium recycling protons from the lumen where the pH reaches the 10.5 units. Cell
membrane of columnar cells does not have a high electrical resistance as that of goblet

cells and, despite are electrical connected by gap junctions, they allow the spillage of
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alkaline anions drawn by the electric potential as well by the protons secreted mto the
lumen of the midgut. KAAT1 1s expressed i the columnar absorptive cells where it
mmports neutral amino acids exploiting the potassium gradient; this underlies the
important role of goblet cells in preparing the optimal conditions for the maximization of
the amino acids uptake (see scheme n figure 1).

Goblet cell

[Nat]= 4.6 mM
[K*]= 24 mM
pH=6.8

[Natl=1mM  AA [Na*]= 3 mM
[K*]= 200 mM [K*]= 174 mM

\

Columnar cell

V, =+ 150 mV V,=-30mV

Fig. 1 Absorptive functional umit of Manduca sexta larvae midgut. The goblet cell express a V-ATPase that
pumps protons into the lumen and an H/K' antiport that exports potassium ions in the same direction.
KAATT 1s expressed in the columnar absorptive cells where, exploiting the potassium gradient and driven
by electrical gradient, it imports amino acids into the cell. Modified from (Castagna et al., 1998).

Interestingly the atfinity for sodium 1s 5 times higher than that of potassium (Castagna et
al., 1998): this seems in apparent discrepancy with the observation that KAAT1 exploits
potassium in the preference of sodium as driver 1on. As mentioned, the intestinal Na /K
ratio 1s extremely low (also due to the strictly phytophagus diet of the animal) and n this
environment the high affinity for sodium of KAAT1 allows this transporter to function
also as a sodium detector evolved to work in a context where the concentration of the 1on
1s normally very low. The transport activity 1s electrogenic: beside the classical transport
assoclate currents, it shows pre-steady state currents (also known as transient currents) and
leaky currents. The amplitude of the transport associated currents 1s influenced both by
the driver 1on and by the transported amino acid (Castagna et al., 1998; Liu et al., 2003;
Marn et al., 2004; Miszner et al., 2007): proline, for instance, 1s transportable only when
the membrane 1s highly hyperpolarized like it has been found in vivo (Harvey and
Wieczorek, 1997). The uncoupled currents are, as well as in other members of the family
(Mager et al., 1993; Mager et al., 1996), particularly big and show a cation selectivity
sequence of 1> Na > K'= Rb" = Cs'indicating that these 1ons interact with the protein in
a specific cation binding site (Bossi et al., 1999a).

KAATT shows the 90% of identity with the Cation-anion Activated Amino acid Channel
Transporter 1, CAATCHI; (Feldman et al., 2000) that 1s also expressed in the columnar
cells of Manduda sexta midgut. From brush border intestinal mucosa and from brain of

Drosophila melanogaster it has been cloned the DmNATT transporter that shows the 50%
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of amino acid 1dentity with KAAT1 and 1t transports mainly L-neutral amino acids with
substituted lateral chain including D-isomers (Miller ef al, 2008). In the silkworm
Bombyx mori an ORF has been 1dentified coding for an intestinal amino acids
transporter with a sequence identity of 60% in respect of KAAT1 that was found be
responsible for the susceptibility to the Parvovirus like viruses that afflict this kind of
msects (Ito et al, 2008).

1.3.2  The GABA transporter GAT1

The y-amino-butyric acid 1s the major mhibitory neurotransmitter in the CNS. The effect
of the neurotransmitter 1s terminated exclusively by the activity of the neuronal and glial
GABA transporters that represent the only way by which the molecule 1s quickly removed
from the synaptic cleft. Four different GABA transporters belonging to NSS family have
been cloned from mouse (NGAT1-4) and only three from rat rGAT-1-3). mGAT2
corresponds to the GABA and betaine transporter, originally identified in dog, BGT1. In
humans, so far, the homologous of rGAT-1 (hGAT1; SLC6A1), rGAT-3 (hGAT3) and
of rBGT (hBGT; (Liu et al, 1993; Clark and Amara, 1994) have been characterized.
rGAT3 (homologous of mGAT4) 1s abundantly expressed in retina, but also m olfactory
bulb, in hypothalamus, in medial thalamus and in the brainstem; the expression is relative
low in neocortex and in hippocampus. rGAT-2 (nGAT3 homolog) (Borden et al., 1992;
Lopez-Corcuera et al., 1992) 1s expressed only in pia mater and arachnoid membrane
and the mRNA for betaine and GABA transporter 1s localized not only in CNS but also
in renal tubules. GAT1 (Kanner, 2006; Kanner et al., 2008) was the first member of NSS
family to be cloned, firstly in rat and then in human, and 1s the functional prototype of the
family (Guastella er al., 1990; Nelson er al., 1990). A chapter of this thesis 1s dedicated to
the role of chloride in the reverse operational mode of this NSS transporter (see chapter
5). Tt 1s composed of 12 putative transmembrane domains with both mtracellular N- and
C- termini. Four glycosylation sites were identified in the EL2 whose role was assayed by
mutagenesis evidencing the role of sugar residues in GABA transport (Liu et al., 1998;
Cai et al., 2005). GAT1 1s composed of 599 amino acids (69 kDa); the expression range
comprises retina, whole bramn and spinal cord with the highest levels of expression in
olfactory bulb, neocortex, hippocampus and in cerebellar cortex with the exception of the
GABAergic Purkinje cells that express the transporter only transiently during
development (Itoup et al, 1996; Yan and Ribak, 1998). The expression is not only
restricted to presynaptic GABAergic neurons but also on postsynaptic glutammatergic
neurons (dendrites of pyramidal neurons) and in astrocytes of rat cerebellar cortex
(Augood et al., 1995; Conti et al., 2004). The transporter is strictly sodium and chloride
dependent with a very highly turnover number (Wu et al, 2006) and a local area
expression of 800-1300 proteins/um’ in hippocampal and cerebellar interneurons (Chiu
et al., 2002). The membrane expression 1s regulated by protein kinase C (Beckman et al,
1999; Quick et al, 2004) that promotes its internalization, while extracellular calctum

depletion or incubation with a selective and competitive inhibitor (SKF89976A) reduces
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the number of GAT1 molecules available from vesicular recycling pool (Wang and
Quick, 2005) but the application of extracellular GABA promotes the insertion of the
molecules in membrane reducing the internalization rate. Syntaxin-1A (Wang et al., 2003)
1s a well-known negative regulator of transport activity even though is able also to enhance
the level of the expression of the same protemn (Horton and Quick, 2001). The
phosphorylation of some serine residues 1s another deeply investigated regulation way of
GAT1 activity (Hu and Quick, 2008) as well as its internalization mechanism that 1s
clathrin dependent (Deken er al, 2003). As described for KAAT1, it 1s organized in
oligomeric structure in membrane but the monomer is the minimal functional unit
(Scholze et al., 2002; Mari et al., 2006;). As will be later discussed in major details in
chapter 5, in some pathophysiological conditions the presence of specific 10nic gradients
could activate the transporter in the so called “reverse mode” promoting a calcilum
mdependent GABA release through GAT1 itself (Sitte er al., 2002; Richerson and Wu,
2003; Wang et al., 2005; Wu et al., 2007). At physiological pH conditions, GABA 1s a
zwitterionic molecule and for each transport cycle, its uptake 1s coupled with the transport
of two sodium and one chloride ions (Mager et al, 1993) rendering the mechanism
electrogenic. Beside transport associated currents, transport-dependent uncoupled, leaky
and transient currents have also been described (Mager et al, 1993). Stll open 1s the
debate about the activation of GAT1 in the “channel mode” (Cammack er al, 1994
Cammack and Schwartz, 1996; Risso et al, 1996; Hilgemann and Lu, 1999; Lu and
Hilgemann, 1999b). GAT1 shares with other member of the NSS family the
characteristic to be permeable to water when challenged by an osmotic gradient. Xenopus
laevis oocytes expressing GAT1 show a permeability coefficient significantly higher than
those not expressing the protein and, as expected for all osmotic phenomena, the
permeability coefficient 1s not modified by the osmotic gradient. The water movement
occurs directly through the protein as proved by the ability of selective inhibitors of
GABA uptake to completely abolish the water flux (Loo et al, 1999; Santacroce et al.,
2010). The GAT1 knock-out mouse 1s characterized by tremors, ataxia and pathological
anxiety (Chiu er al, 2005). Despite 2,4-diamminobutyric (DABA) and nipecotic acid as
well B-alanine inhibit the neuronal and glial GABA reuptake eliciting antiepileptic activity
in different animal models, no one of these molecules 1s directly used in clinical protocols
but some of their derivatives, like tiagabine, are now used for the treatment of some
epileptic disorders.

14  MOLECULAR PHYSIOLOGY OF SECONDARY ACTIVE
TRANSPORTERS

1.4.1 Thermodynamic aspects of the transport function in membrane proteins

The alternating access model for secondary active transporters postulates that the binding
site/s for both the main substrate and driver are never accessible from the two side of the
membrane at the same time (Mitchell, 1957; Jardetzky, 1966). Nowadays to this general,
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and stll true defimtion, more detailed structural and functional information have
contributed to the molecular description of this mechanism highlighting also a common
evolutionary functional scheme for proteins belonging to distant unrelated families
(Forrest et al., 2011).
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Fig. 2 Legend: (A), star, red circle: substrates; Ce: externally open carrier conformation; CSe: transient
substrate-bound state; CSec: occluded substrate-bound state still facing the external side of the membrane;
CSic: inward-facing, occluded substrate-bound state; CSc: fully occluded, probably transient, substrate-
bound intermediate state; CSi: transient substrate-bound inward-facing open conformation; Ci: mward
open state; Ce: outward open state Cc: fully occluded, intermediate state Cc (for symport). (B), Theoretical
energy profile (black) of different carrier states during catalysis, indicating minima at the gated substrate-
bound states, and a putative rate-limiting barrier for the re-conversion of the empty carrier. Modified from
(Forrest et al., 2008).

As well for an enzyme catalyzed reaction, despite less evident, even secondary
transporters rely on the thermodynamic laws that dictate the proceeding, step by step, of
the transport process. What drives the process 1s the difference in Gibbs’s free energy
(AG) that characterizes each single step of the translocation mechanism as well as the
overall AG of the entire process. Transporters cannot go against Thermodynamic
consequently this difference must be kept negative. For a uniporter the energy liberation
comes from the dissipation of the (electro)chemical gradient of the moved substrate itself.
When this movement is mstead endergonic, like for any uphill mechanism of transport,
the coupling of the substrate flow must be coupled with the downhill movement of other
1ons or molecules (secondary transport) or to the hydrolysis of ATP molecules (primary
active transport). Despite the differences that evolution determined in each kind of
secondary transporter, the gathering of an increasing number of 3D structures, especially
of bacterial proteins, showed that the alternating access model 1s not only shared in terms
of the biochemistry of the process but is also “structurally architected”. This similarity 1s
deeply related to the internal symmetry (see next paragraph) found in the structures of
these proteins that does not emerge by the simple primary sequences comparison. This
mternal symmetry is now proved to be the base of the molecular mechanism of
membrane transporters (Forrest and Rudnick, 2009) that, jointly to numerous
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biochemical and biophysical evidences, 1s now leading the scientific community to
elaborate new common transport mechanism (Schweikhard and Ziegler, 2012) for
secondary active transporters as well as a redesigned evolutionary tree for membrane
proteins i which until now evolutionary distant membrane proteins, could be relocated
in new common branches.

Following 1s the description of an attempt to generalize thermodynamic concepts of
secondary transport mechanism well reviewed by Forrest ef al. in 2011. In this analysis a
prototypical series of conformational states that should characterize a transport cycle for a
secondary transporter was depicted in a way that “differentiate between substrate (or
substrates) bound to an open (CSe and CS1) and an occluded form of the carrier (CSce,
CSc, and CSci)’ (Fig. 2). If the carrier transports only one molecule at a time the
conversion from CSec to CSic can happen in the empty form (Ci1 — Ce) if the protein 1s
an uniporter, or by the mvolvement of a second substrate if the protein works by an
antiport mechanism. For a symporter, considering the steps for co-substrate interaction
and release, three other states were proposed despite the relative difficulties i their
observation and analysis due to their fast transition during the transport cycle, especially
CSe and CSi. The fully occluded state Csc could exist at least for some transporters.

The gates of the protein are primary actors in the molecular mechanism of carriers but
the term “gate” could be referred to different concepts. First, gate (tun gate) 1s defined as
the fine structure (even a single amino acid residue) that, regulating the access of the
substrate/s to the binding site/s, does not direct take part to the substrate movement but
the concept could has been also referred to a hole protein portion that undergoes
conformational changes to allow the substrate/s movements (sometimes indicated as thick
gate). Referring to figure 2 the thin gate act in the step between CSe and CSec and
between CSi and CSic while the thick gate 1s responsible of the CSec to CSic conversion
through the transient CSc state. Despite carriers does not covalently bind or modify
substrates like enzymes usually do, the authors have elaborated the kinetic profile of the
transport process taking lesson from Enzymology. When the substrate binds to the carrier
the free Gibbs energy consequently released 1s the thermodynamic payment for the
following energy demanding required to avoid, during the translocation path, low- or high-
energy states (Jencks, 1989; Klingenberg, 2005) that could trap the protein in stable
conformations. From this point of view the role of a gate (internal or external) 1s to void
the kinetic equilibration between free and bound substrates. As for enzymes the binding
site in the two empty conformations (Ce and Ci) does not form a perfect interaction with
their substrates rendering impossible the exploitation of the free energy coming from
binding. After substrate binding the protein undergoes conformational changes that could
be view as a sort of preparing step i which the energy 1s stored in the form of
conformational changes lowering the energy of the transition state. In the transition state
(CSc, the occluded state) the optimal fitting is achieved but in contrast to enzymes
catalysis no one chemical modification to the substrate occur. This mechanism allows the
ferrying of substrates from the external, via the occluded, to the internal conformational
states: the entire cycle 1s energized by the energy coming from “the sequence of
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conformational events in which the transport protemn changes, upon substrate binding,
between states of lhmited mteraction with the substrate and the transition state
characterized by an mtimate substrate-protein interaction” (induced transition fit
mechanism; (Jencks, 1989)). According to this model a good substrate for the carrier
would be that one that promotes the maximum release of energy from the generation of
the occluded states. The empty carrier states are the firsts that interact with substrates but,
assuming this model, 1s not this mteraction that discriminate between “good” and “bad”
substrates. In other terms, thermodynamically, 1s the V.. of the protein that define its
specificity rather the half-saturation constant (K.); (Krupka, 1989). The foregoing also
mmply that an inhibitor could act on the carrier activity even if it 1s not structurally related
to the substrate just by trapping the empty states in an energetic minimum of the energetic
profile.

1.4.2  The structural NSS family models LeuT and DAT cryst

As introduced two are the structural models of the family: the bacterial amino acid
transporter LeuT (Yamashita er al, 2005) and the msect dopamine transporter DAT ..«
(Penmatsa et al, 2013). Being LeuT investigated since its crystallization in 2005 the
majority of mformation available are from different crystal structures of this bacterial
transporter but the obtaining of DAT... created a new starting point being the protein
from an eukaryotic source. Following i1s a description of the molecular physiology of
LeuT and a comparison with DAT.. from a structural point of view. LeuT 1s expressed
in the prokaryotic Aquifex acolicus; reconstituted i liposomes it induces a leucine uptake
but 1s also documented its ability to transport alanine with a higher capacity than for
leucine (Vimasten = 343, Ksorew = 25 nM, Ksoan = 583 nM, Vimaan = 1730 pmol/min/mg). It
transports also L-glycine, L-methionine and IL-tyrosine but, to date, the preferred
substrate 2 vivo 1s not known (Singh er al, 2008). As all NSS member hydropathy
models predicted before its crystallization, it 1s composed of 12 TMs with an a-helix
topology. TM1 and 6 are the most conserved in respect to other NSS proteins and they
show an interruption of the o-helix topology in the middle of the bilayer. The unwound
region 1s bigger mn TM6 with the residues of Ser256 and Gly260 that seems to act as
hinges for the two part of the transmembrane domain (M6 a/b). In crystallization cell
LeuT 1s a dimer: the mterface between the two units 1s partially composed by the External
Loop 2 (EL2) and TM9 with TM11 and 12 that, together with the corresponding in the
other monomer, create a four helix bundle. In the solved structure of the transporter was
found an mternal organization based on symmetry whose description and importance 1s
highlighted 1n the next paragraph. DAT.. was crystallized bound to the tricyclic
antidepressant nortryptiline with two sodium and one chloride 10ns in an outward-open
conformation (Cse; refers to Fig. 2). The core structure resembles that of LeuT but
mteresting differences were found in the periphery of the protein that could be linked to
different aspects of neurotransmitter transport as well to the eukaryotic membrane

localization of the protemn. A sort of a kink was found in the middle of TM12, centered
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on Pro572, that causes a distortion of the second half part of the transmembrane domain
that is bent away from the transporter. Moreover, a latch-like domain in the C-terminus of
the protein was found to cap the internal gate and a molecule of cholesterol was found
wedged 1n a pocket bordered by TMs 1a, 5 and 7. The role of this lipid in the function of
mammalian ortholog of DAT was already described (Hong and Amara, 2010) and the
structure describes how this lipid acts as a stabilizer of the outward-open conformation of
the transporter. Other structural aspects differentiate the two transporters that are linked
to the post translational modifications that occurs only mn eukaryotic organism: the
presence of a disulfide bond connecting Cysl48 and Cysl57 in the EL2 and the
glycosylation sites in the already known positions in the E1.2 (L1 er al, 2004).

ElLdb ElL4a

Fig. 3 LeuT topology. The positions of leucine and the two sodium ions are depicted as a yellow triangle
and blue circles, respectively. From (Yamashita et al., 2005).

In the original structure LeuT (PDB access code 2A65) was crystallized in the closed
outward facing conformation (CSce; see figure 2) with one leucine molecule and two
sodium 1ons bound. Tyrl08 and Phe253 keep the substrate and ion binding sites
separated from the extracellular environment and, together with Arg30, Asp404 and part
of the EL4, were proposed to create the extracellular gate. When crystallized in complex
with tryptophan that acts as a competitive inhibitor of the transport, LeuT 1s locked m an
open-to-out conformation (Singh ez al, 2008). This last one resulted from an outward
rotation of TMs 1b and 6a, ELL4 and from an increased distance between the residue
Tyr108 and Phe253: all these movements widen the extracellular vestibule (a sort of foyer
of the transporter in which substrates get access before reaching the binding sites) and
increase the solvent accessibility to the substrates binding sites. The internal gate was
proposed as the results of the dynamic interaction of Arg5 from TMI1 and Asp368 of
TMS that, generating a salt bridge, hinders the substrate release jointly to the bulk action
of some aromatic residues, namely Trp8, Tyr265, Tyr268 and Ser267. The primary
binding site as well the residues forming the gates are conserved in DAT.. mn the
corresponding position to those identified in LeuT. Several LeuT complexes were solved
with tricyclic antidepressant, Selective Serotonin Reuptake Inhibitors and with
octylglucosyde detergent: for all of them a non-competitive mhibition was proposed
(Singh et al., 2007; Zhou et al., 2007; Quick et al., 2009; Zhou et al., 2009). The behavior

of these drugs 1s different from that one exerted on mammalian biogenic amine
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transporters rendering the LeuT model not exploitable for a direct pharmacological
analysis. This problem has been overcome thanks to the recent synthesis of a LeuT
mutant engineered to have the same pharmacological profile of mammalian proteins but
with the possibility to be easily crystallized like bacterial transporters (Wang et al., 2013).
All these ligands were found to block the transport cycle by stabilizing the transporter in
an open-to-out conformation that is also the conformation of DAT..: the antidepressant
molecules trap the transporter in this conformation getting access to the primary binding
site of the transporter but preventing the closing of the extracellular gates (this 1s the first
direct confirmation of this mechanism of action for the antidepressant drugs that find in
DAT their target). In LeuT substrate binding site the o-amino and carboxyl groups
mteract with the phenolic OH group of Tyr108, one sodium 1on (from Nal site) and with
amino acid residues from the unwound regions of TM1 and TM6. The stabilization of
the substrate occurs via hydrogen bonds with the backbone of TM1 and 6 and with the
end of the o-helices of the same transmembrane domains. The lipophilic side chain of
leucine 1s accommodated into a nonpolar cavity lined by the side chains of residues from
TM3, 6 and 8 (Fig. 4). This binding site 1s known as S1 site whose position and role 1s
universally accepted for all NSS members. Beside this site a second substrate binding site
(S2) has been proposed in the extracellular vestibule as a key regulator site that, once
bound the substrate, would trigger the release of the substrate from the intracellular side
of the membrane. A lot of confirmations as well as denials raised in recent years about
this aspect and, to date, the role (and even the existence) of S2 site is still under debate
(Shi et al., 2008; Quick et al, 2009; Piscitelli et al., 2010; Reyes and Tavoular1, 2011;
Quick et al, 2012). Nal site in LeuT structure hosts the sodium 1on that 1s also
coordinated by the organic substrate, specifically by its carboxyl group. Na2 1s less
conserved among NSS members but 1s highly conserved, from a structural pomnt of view,
i the FIRL fold family (Khafizov er al, 2012) (see next paragraph for details). Ion
binding sites are conserved i the corresponding positions also in DATw. but a fully
description of them will be later provided in chapter 3 (Fig. 5).
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Fig. 4 Leucine binding pocket in LeuT (access code: 2A65) Left: hydrogen bonds and ionic interactions in
the leucine binding pocket. Right: hydrophobic interactions between the leucine and LeuT.. Van der
Waals surfaces for the leucine side chain and interacting residues are shown as spheres (Y108 and S256 are
omitted). From (Yamashita et al., 2005).
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Yamashita and coworkers in 2005 proposed that sodium binds first Nal site before
substrate binds its own site (Yamashita er al., 2005). Accordingly in a LeuT Na'-bound
substrate free crystal structure the thin extracellular gate 1s open while a sort of stabilizing
effect was observed for TMI1b and 6a whose role m substrate binding was previously
demonstrated. This stabilizing effect 1s also extended to the extracellular gate itself whose
oscillations are reduced m the open state by the sodium-protein interaction
(Krishnamurthy and Gouaux, 2012). Moreover, thanks to the crystal structure of a LeuT
mutant engineered to be chloride dependent (Glu290Ser), an hydrogen bond network
was mapped linking chloride binding site to extracellular gate incrementing the evidences
that the binding order should be: CI' (not for prokaryotic proteins, obviously), Na ions (in
Nal site first) and then organic substrate (Kantcheva er al, 2013). The 1somerization of
the transporter from an outward to an mnward conformation 1s prevented only when Na 1s
present. The stabilizing effect of sodium binding 1s disrupted when the organic substrate
has bound the protein biasing the structure toward a closed conformational state (Focke
et al., 2013). Quite intriguing 1s the role of Na2 site in mtracellular substrate releasing
mechanism: some evidences supported a model in which the sodium release from this
position, jointly to hinge movements of TMI1b, create the conditions for subsequent
substrate and 10on release. In exerting this role an important function as also been assigned
to the degree of hydration of the same site as was also found for one of the three sodium
binding sites in the glutamate transporter GltPh (Heinzelmann et al.,, 2013).
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Fig. 5 Sodium and chloride binding sites as found i DAT... structure.(A), Nal and chloride ion binding
sites. Na' 1s purple and Cl 1s green and both are modeled as spheres. (B), Coordination at the Na2 site 1s

trigonal bipyramidal with a water molecule (w, red sphere) 8.3 A from the sodium ion. Distances are in
angstroms for residues that are in the coordination sphere and interactions are shown by dashed lines.
Residues are colored according to their respective TMs. From (Penmatsa et al., 2013).

1.4.3  The role of symmetry in the transport mechanism of FIRL folded transporters

The main drawback of protein crystallography 1s the absence of direct dynamic
information about the functional mechanism of the proteins. The LeuT crystal structure

18



Introduction

(Yamashita er al, 2005) allowed the defimition of a mechanism of function for NSS
transporters, known as the rocking bundle mechanism (Forrest er al, 2009), whose
validity was proved for a lot of other transporters also of distant unrelated families but
sharing the same fold (five transmembrane-helix inverted-topology repeat, Leul-like or

FIRL fold (Abramson and Wright, 2009; Khafizov et al., 2012; Focke et al., 2013).
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Fig. 6 (A) Stauctural asymmetry of repeats m LeuT. TMs 1-10 of the LeuT crystal structure (Upper Lef)
were separated into the two structural repeats (Lower Lef). TMs 1-2, dark blue; TMs 3-5, pale blue; TMs
6-7, dark red; TMs 8-10, pale red. Note the different orientation of the first two helices (particularly 1 and
6) in each repeat with respect to the other three helices. (B) Predicted conformational change in LeuT. The
position of the four-helix bundle comprised of TMs 1-2 and 6-7 with respect to the scaffold (in blue) is
shown along the plane of the membrane in red in the crystal structure and in yellow in the model of the
cytoplasm-facing state. The positions of the sodium ions (blue), the leucine substrate (yellow), and the Ca-
atom of S256 (green) are shown as spheres. TM11 and -12 and the extracellular loops are not shown.
Adapted from (Forrest et al., 2008).

In these proteins the internal pseudo-symmetry firstly described by Yamashita and
coworkers i 2005, 1s now well proved be a facilitating structural solution for alternating
access mechanism. Two observations led toward the elaboration of this model: 7 leucine
and sodium 1ons are bound mnto the protein structure, more or less, in the middle of the
plane of the membrane, suggesting that the pathways from the bulk solution to the
binding sites, and wvice versa, might be symmetrical and 1) the existence of an
unpredictable, based only on primary sequence, internal symmetry that relates TM1-5
with TM6-10 by a two-fold axis that runs normally to the plane of the membrane. In these
sub-domains (repeat A and B, respectively) two out the five TMs undergo to the major
conformational changes during the transport cycle, namely the TM1-2 and the TM6-7
(collectively called rocking bundle). It 1s worth noting that in the middle of TM1 and of
TM6 the a-helix organization is disrupted and the unwound regions harbour residues
that take part of binding sites of both leucine and sodium ions evidencing as the substrates
binding sites are localized at the interface between the two repeats. Fach one of these
couples of helices tilt, jointly, in respect of the other transmembrane helices that behave
as a sort of a rigid body, named scaffold. Considering the whole protein the moving of
TM1-2 and of TM6-7 relatively to the scaffold open the transporter to the outward
solution or to the intracellular milieu alternatively (Forrest et al, 2008; Rudnick, 2011)
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(Fig. 6). In this mechanism resides the power of the symmetry: two highly similar
domains, just reoriented by symmetry rules, by the same movement, open and close the
carrier In two opposite side of the lipid bilayer. A lot of biochemical evidences were
gathered after the proposal of this model especially by accessibility studies in the
serotonin transporter SERT (Forrest et al, 2008) but also for the GABA transporter
GATI. In this last one, when assayed in biochemical conditions that are supposed to
force the protein toward an open-to-in conformation, an aqueous route from the
mtracellular side to the substrate binding site was mapped lining the TMS8 as predicted by
the model (Ben-Yona and Kanner, 2009). Symmetry rules are nowadays also exploited to
mvestigate these transporters by structure-function studies extending the finding for one
repeat to the other one (Khafizov et al., 2012). So far, no crystal structure of LeuT in
mward occluded state were solved while an mward open structure was solved m 2012
(Krishnamurthy ez al,, 2012). Interestingly the comparison between this structure with the
previous ones showed that the transition between outward-open, closed and inward open
conformations are not exactly corresponding to those predicted by the rocking bundle
mechanism originally proposed for LeuT because the core domain does not move as a
rigid body 1n the transition between the different structures but only a portion of the core
domain moves as a single body, partially disrupting the symmetry between mward- and
outward-facing conformations (Fig. 7). In LeuT, probably, local hinge movements are also
responsible of the coordinated opening and closing of the gates. Surprisingly, for proteins
with FIRL fold, seems, instead, that the rocking bundle mechanism strictly describes what
happens during the transport cycle (Focke et al., 2013). To date an increasing number of
transporters where 1dentified as FIRL folded defining an evolutionary transverse family
being composed by protein quite distant from a classical phylogenetic point of view.
Examples are the dopamine transporter from NSS DAT..; (Penmatsa er al, 2013),
vSGLT1 (Faham er al, 2008) of Solute Sodium Symporter family, the bacterial
Na /benzyl-hidantoin cotransporter Mhpl (Weyand et al., 2008; Weyand et al., 2011),
from BCCT family the betaine transporter BetP (Ressl et al, 2009; Perez et al., 2012)
and the L-carnitine-y-butyrrobetaine antiporter Cai'l’ (Schulze et al, 2010) and members
of the amino acid/polyamine/cation cotransporter APC (Lolkema and Slotboom, 2008)
which include the arginine:agmatine antiporter AdiC (Fang et al., 2009; Gao et al., 2009)
and the glutamate:y-aminobutyric acid antiporter GadC (Ma et al., 2012).

Despite  with  different topological orientations, structural repeats related by
pseudosimmetry were identified in other secondary active carriers not belonging to the
FIRL fold group. Among these, of interest is the case of the structural prototype for
excitatory neurotransmitter transporters, the aspartate transporter GltPh from Pyrococcus
horikoshir (Crisman et al., 2009; Reyes et al, 2009): this protein shows a very different
structure from LeuT (Yernool et al, 2004) but as for this latter one, the repeats “were
used” to builld a model n an open-to-in conformation that, as predicted, was found
pseudo-symmetric to the crystal structure that was instead captured i an open-to-out
configuration (Reyes et al., 2009). If the rocking bundle mechanism explains the function
of LeuT, the shuttle mechanism was mstead proposed to be that one on which GItPh
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rely, being provided with a shuttle domain that is able to bind, move and, at the same
time, close the access to the protein as well to trig the opening of the transporter to the
opposite cytosolic side.

Structural repeated elements were also found i other kind of membrane proteins, not
only in secondary transporters but also in channels such as aquaporins and the formate
channel FocA (Waight er al, 2010). The main difference between channels and
transporters 1s that in transporters the two halves are never exactly mn the same
conformation or, at least, they are characterized by some little, but crucial, differences and
this 1s obviously related to the necessity of transporters to render impossible the free
diffusion of substrate through themselves (Forrest, 2013). From an evolutionary point of
view the simplest hypothesis to explain this widespread structural/functional strategy, is
that all these structures have evolved from a common gene progenitor by one (or more)
duplication events (and speciation, obviously, later on). This fascinating theory postulates
also the existence of a common origin for all membrane carriers. The ancient progenitor
was probably able to bind the substrate from one side of the primordial membrane, move
and release 1t to the opposite side. By gene duplication, these functions were separated ad
they now reside in two different structural domains, belonging to the same molecule,
facing each around the substrate binding sites.

a @ b C

Outward-open Outward-occluded Inward-open

Out out/ Out

In/

D369

Fig. 7 Scheme of LeuT transport mechanism. a=c, shown are structural elements and gating residues
instrumental to conformational changes associated with the transition from the outward-open (a) to the
outward-occluded state (b) and the inward-open state ¢, at present there is no crystal structure for an inward-
occluded state and thus no schematic is provided. Drawn from (Krishnamurthy et al., 2012).
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The highly conserved glycine triplet in
the Extracellular Loop 1 of KAAT1
participates to cation access mechanism
in the extracellular vestibule of the
transporter




Role of a highly conserved glycine triplet in KAAT1

2.1 ABSTRACT"

As more than 809% of family members, KAAT1 shows a stretch of three glycines (G85-
G87) that according to the structure of the prototype transporters LeuT and DAT, 1s
located close to the access of the permeation pathway. In this work the role of the triplet
has been investigated by alanine and cysteine scanning methods 1  proteins
heterologously expressed in Xenopus laevis oocytes. All the mutants were functional but
the surface expression level was reduced for G85A and G87A mutants and unaffected for
G86A mutant. All presented altered amino acid uptake and transport associated currents
in the presence of each of the cations (Na', K', Li) that can be exploited by the wt. G87A
mutant induced increased uncoupled fluxes in the presence of all the cations and pre-
steady state currents were not detectable in a Na' contaiing recording bufter.
Cross-linking studies, performed by the treatment of cystemne mutants with the oxidative
complex Cu(II)(1,10-phenanthroline)s;, showed that miting the flexibility of the region by
covalent blockage of position 87, causes a significant reduction of amino acid uptake. Na’
protected G87C mutant from oxidation, both directly and indirectly. The conserved
glycine triplet in KAAT1 plays therefore a complex role that allows mitial steps of cation
mteraction with the extracellular vestibule of the transporter.

'"The work presented in this chapter has been published in (Giovanola er al., 2012)
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2.2  INTRODUCTION

KAATTI 1s characterized by pecular functional properties: an electrogenic amino acid
uptake activated by K, Na' and L1 at differing extents (Castagna et al., 1998; Bossi et al.,
1999b; Liu et al, 2003) and an amimmo acid selectivity influenced by the driving 1on
(Feldman et al., 2000; Liu et al., 2003; Soragna et al., 2004). Since its cloning the special
features of KAATI1 have been exploited to investigate the structural/functional
relationships within the NSS family. Sequence comparisons and site-directed mutagenesis
studies have allowed the 1dentification of the structural determinants of transport activity

such as residues involved in Na  and K’ interaction and in amino acids translocation
(Feldman et al., 2000; Castagna et al., 2007; Miszner et al., 2007 Castagna et al., 2009).

A kaaT1 82-YONGGGAFLV-90
GAT1 75-GKNGGGAFLI-84
SERT 110-YONGGGAFLL-119
LeuT 36-AENGGGAFMI-45

Fig. 1. The highly conserved glycine triplet of NSS transporters. (A): alignment of KAATI, GAT1, SERT
and LeuT sequences extending from Tyr82 to Val90 (KAAT1 numbering). (B): homology modeling of
KAATI structure based on the 3D organization of LeuT. The model shows the spatial relationships of the
glycine repeat with the residues forming part of the putative external gate of the transporter (Arg76 and
Asp460 of KAAT1). Gly85-87, Arg76 and Asp460 are depicted as ball and stick, TM1, TM2 and TM10 as
ribbons, the rest of the structure as strands.

The aim of this work has been to study the functional role of a highly conserved
sequence, extending from the extracellular loop 1 (EL1) to the transmembrane domain 2
(TM2) of KAAT1 i which three consecutive glycines (Gly85-Gly87, Fig. 1A) are found.
By homology modeling with LeuT and according to accessibility studies in other
members of the NSS family as the serotonin transporter SERT and the GABA
transporter GAT1 (Henry et al., 2003; Zhou et al., 2004), the glycine triplet is located at
the extracellular side of the protein, close to one of the residues that participates in the
external gate (Arg30 in LeuT, Arg76 in KAAT1, Fig. 1B). The degree of conservation in
NSS transporters together with the structural localization suggests that the glycine triplet
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Role of a highly conserved glycine triplet in KAAT1

plays a relevant role in transport function. This region has already been studied
individually in both GAT1 and SERT (Mao et al., 2008; Zhou and Kanner, 2005) with a
similar approach. In GAT1, the residues between Asn77 and Ala81 (corresponding to
Asn84 and Ala88 in KAATI, Fig. 1A) have been mutated into alanine and cysteine and
their accessibility has been analyzed by treatment with cysteine reactive compounds (MTS
reagents), in the context of the M'T'S insensitive C74A mutant. The N77C mutant showed
lower activity compared to the wild type protein, but was stimulated by treatment with the
cysteine modifying agent [2-(trimethylammonium)ethyl]methanethiosulfonate bromide
(MTSET). The G78C and G79C mutants were functional and inhibited by MTSET
treatment, whereas the G80C mutant showed a complete loss of GABA uptake, but stll
exhibited sodium-dependent transient currents (Zhou et al., 2005). The results obtained
by electrophysiological analysis of this last mutant were interpreted by a model for GAT1
transport cycle, in which the transition between two outward-facing conformations of the
empty transporter 1s impaired by the mutation of Gly80. Consequently, in the absence of
Na/, the transporter 1s locked in a conformation from which it can only be released by
GABA or by depolarization.

In SERT, residues from Tyr110 through Glyl15 (corresponding to Tyr82 and Gly87 in
KAATI, Fig. 1A) were replaced by cysteine residues in a mutant lacking all the native
cysteines known to react with M'TS reagents. The G113C mutant retained full activity, the
QI11C and N112C maintained partial activity, whereas Y110C, G114C and G115C
mutants were inactive. Through analysis of the cysteine modification, Mao and co-
workers concluded that i SERT GInlll and Asnll2 substitution decreased the
transport rate, because the residues participate in steps of the transport cycle that are
subsequent to the substrate binding and that involve serotonin translocation (Mao et al.,
2008). Summarizing, in the two papers the role assigned to the glycine residues was
different suggesting that they might have a transport-specific task in each member of NSS
family, that can be related to the substrate transported. In this context, the peculiarity of
KAATT to be able to transport a rather wide spectrum of neutral amino acids with a
potency order that depends on the driver cation (Mari et al., 2004; Soragna et al., 2004),
appears suitable to deeper mnvestigate the role of this highly conserved sequence. In order
to achieve this result the GGG sequence in KAAT1 has been analyzed by an alanine and
cysteine scanning approach. Mutants were expressed in Xenopus laevis oocytes and
functionally analyzed by radiolabeled amino acid uptake and electrophysiological
measurements.

2.3  RESULTS

2.3.1  Cell surface expression of glycine mutants

To mvestigate the role of the highly conserved stretch of glycines, each of them was
substituted with alanine, the flanking residues Asn84 and Ala88 were converted into
glycine and the double mutants N84G/G87A and G85A/A88G were also synthesized in
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order to obtain a shift of the entire triplet toward the N or the C terminus of the protein
respectively. The mutant surface localization and the transport activity were analyzed after
expression n X, laevis oocytes. The correct targeting to the plasma membrane of glycine
mutants was determined by the single oocyte chemiluminescence (SOC) technique
pioneered by Zerangue (Zerangue et al., 1999). This technique allows the quantification
of a tagged protein expressed at the plasma membrane.
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Fig. 2. Functional and immunofluorecence characterization of the FLAG tagged form of KAATI. (A-B):
0,1 mM leucine uptake induced by native or FLAG tagged form of KAATI in presence of 100 mM NaCl
(A) or 150 mM KCI (B). Data are from a representative experiment. (C-D): immunofluorescence against
FLAG epitope for sections of oocyte expressing native (D) or tagged (C) KAATI. Arrows in D indicate the
plasma membrane surface. (E): kinetic analysis of leucine uptake induced in presence of 100 mM NaCl by
native (@) or by the FLAG tagged protein (0). Data are shown as the relative uptake % of that induced by
the native form of KAAT1 in presence of 2000 uM leucine and expressed as the means + S.E. of at least
30 oocytes from 3 different batches.

In our experiments a functional FLAG-KAAT1 construct was used and the tagged
proteins were detected by an anti-FLLAG antibody. The activity of the tagged form of
KAAT1 was analyzed by means of radiolabeled amino acid uptake to compare the kinetic
parameters as well as the peculiar 1onic selectivity to that of the untagged form: these
analysis showed that the FLAG-KAAT1 protein was able to exploit both sodium and
potassium as driver ion but a slight reduction in the V... was also measured (Fig. 2A, B,
E). Immunofluorescence experiments performed on oocytes sections proved the mtegrity
of the introduced synthetic epitope and the absence of specific signal in oocytes
expressing the untagged form of KAAT1 (Fig. 2C, D). The single mutants showed a
surface localization comparable to wt with the exception of G85A and G87A that were
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present at the plasma membrane at a 50% level. The same level of expression was
obtained also for the double mutant G85A/A88G, whereas N84G/G87A mutant was
completely undetectable in the oocyte membrane.
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Fig. 3. Membrane expression of KAATI wt and mutants. The chemiluminescence detected from 20 to 40
oocytes from 5 different batches expressing the wt and the indicated mutants of KAATI-FLAG and
secondarily labeled with peroxidase-conjugated goat anti-mouse (IgG-HRP) are shown. The data were
normalized to the mean value of the wild-type FLAG-KAATT of each batch.

2.3.2  Analysis of transport activity

In the presence of a Na' gradient, glycine mutants showed 0.1 mM leucine and 0.1 mM
proline uptake reduced of 40-509% compared to the wild type, with the only exception of
G87A that induced a comparable proline uptake (Fig. 4A and B) despite the 50% surface
expression reduction (Fig. 3). The amino acid uptake reduction of G85A mutant was in
agreement with its reduced surface expression. N84G mutant showed a residual transport
activity that was 309 of wt whereas the activity of A88G and G85A/A88G mutants was
less than 10% of wt (data not shown). The electrophysiological data here reported are
different current types. First it 1s shown the transport associated current, that is the
substrate induced current, resulting from the difference of the current in the presence and
that in the absence of substrate. Next, characteristic electrical properties of the transport
protein are evaluated considering two types of uncoupled current: the leak current that 1s
a constitutive transport-independent conductance, detected only in the absence of
substrate and in the presence of permeating 1ons and the “transport dependent”-
uncoupled current that, in the experiments here reported, was seen only when proline
was transported in G87A mutant. This last current 1s observed in the presence of both
driven and driving substrates and manifests itself as a current in excess of that associated
with the stoichiometric charge translocation. In general cotransporters can show one or
both types of uncoupled currents (Andrimi et al, 2008; Perez-Siles et al., 2011). The

electrophysiological behavior of the glycine mutants under controlled and fixed voltage of
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—60 mV confirmed the uptake results (Fig. 4C). For all the three mutants leucine
application induced an inward transport current that was 20-40% of that of the wt protein;
the same happened for the mutants G85A and G86A when threonine or proline were
perfused, while application of these last two substrates elicited in the G87A mutant an
mward current similar to that of wt or larger, mainly in the presence of proline.
Investigating the electrophysiological behavior over a larger voltage range consolidated the
previous results. In Fig. 5 the I-V relationships show that the transport current induced
by leucine was greatly impaired in all mutants. When the substrate was threonine only the
G87A presented a behavior similar to the wt, and substituting the substrate with proline
increased the current generated by this mutant, as it happened at the fixed voltage

experiments.
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Fig. 4. Amino acid uptake and transport associated currents in oocytes expressing the indicated glycine
mutants in the presence of a Na gradient. Bars represent 0.1 mM leucine (A) or 0.1 mM proline (B) uptake
expressed as percentage of wt and are means + S.E. of at least 30 oocytes from 3 different batches. (C)
representative oocytes expressing wild type KAAT1 and each of glycine mutants tested at the voltage to
=60 mV in TMA solution (light gray lines), then changed in Na solution (black lines). The substrates,
threonine 3 mM (dark gray bars), proline 3 mM (black bars) or leucine 1 mM (light gray bars) were added
after stabilization of current in sodium. Before applying the second and the third substrate, the complete
recovery to the starting value of the current in sodium was waited.
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Fig. 5. Current-voltage relationships from wt and mutated transporters, m the presence of Na' and the
mdicated amino acrd. Data were obtained by subtracting the traces recorded in the absence from those
recorded 1n the presence of the indicated substrate (3 mM proline and threonine and 1 mM leucine).
Values are means + SE from 8 to 10 oocytes 1n each group.

2.3.3  Estimation of Na apparent affinity

All single glycine mutants were still Na® dependent (Fig. 6) but an alteration in the affinity
for this cation was also found.
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Fig. 6 Analysis of the Na' dependence of glycine triplet single mutants. Bars represent the uptake mmduced
by oocytes expressing wt or the indicated mutants in presence of 100 mM NaCl or 100 mM
tetramethylammonium chloride (TMACI). Data are from a representative experiment.

The sodium transport currents in the presence of threonine were measured at — 80 mV,
adding the saturating substrate (3 mM) in solutions containing Na with increasing
concentration starting from 0.3 mM. Only the G87A mutant showed transport current
when the sodium was lower than 1 mM.
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The data of the transport current, calculated as the difference from the current in the
presence and in the absence of amino acid, were normalized to the maximal current in
98 mM Na’, 3 mM Thr (relative inward (— 1) current in the graph), and fitted by Logistic
equation. The values of the sodium concentrations giving rise to half of the maximal
current are reported in the table inside Fig. 7. The Na apparent affinity decreased for the
G85A and G86A mutants (Ks =64 + 2.2 and 62 + 2.8 mM respectively), instead for the
G87A mutant this parameter increased (Ks =9 + 1.2 mM), if compared to the wild type
(Ks = 34 £ 7 mM).

The difference i the apparent affinity for sodium as well as the alteration of amino acid
uptake and of the transport associated currents observed in KAAT1 mutants, prompted
us to nvestigate if the modification i the glycine triplet could also has a role in the
mteraction with the other KAAT1 driving cations: i and K.
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Fig. 7. Measure of Na apparent aftiuty. The values of transport current at — 80 mV calculated as the
difference of the steady state current in the presence and in the absence of threonine 3 mM were reported
at the indicated sodium concentration. The data were normalized to the maximal current in Na 98 mM (— 1
relative current) and fitted by logistic equation. In the inset, the table reports the fitting values for the
different mutants. The data were from two batches and from 4 to 12 oocytes for each Na' concentration.

2.3.4  Analysis of cation interaction

As shown in Fig. 8A insert, KAAT1 wt is able to transport leucine in the presence of Li’
and in this condition the G87A mutant induced a comparable uptake (Fig. 8A).
Nevertheless the G86A mutant exhibited a transport activity reduced to 50% of wt while

the G85A mutant was mactive. To analyze the transport current in lithium, that elicits a
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large leak current in the NSS transporters, it was necessary to use proline as substrate
mstead of leucine, with the goal to show the transport current as the difference of the
current in the presence and in the absence of the substrate. In fact, as reported in (Bossi
et al, 2000), adding leucine to the Li solution at negative potential, switches the
transporter from the leak mode to the transport mode, blocking the large leak current, so
that after the subtraction the resulting transport current shows an “apparent” outward
direction. With proline as substrate, the transport current 1s larger and the difference gives
an inward transport current. The current-voltage relationships of the transport current
here reported in the presence of Li and proline confirmed the uptake data obtained in
leucine (Fig. 8B): G85A was mactive, G86A was similar to the wild type and finally G87A
had a larger current.
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Fig. 8. Amino acid uptake and transport associated currents measured in the presence of a Lihium gradient.
(A) Bars represent 0.1 mM leucine uptake induced by the indicated mutants in the presence of 100 mM
LiCl. Data are expressed as percentage of wt and are means = SE of 30 oocytes from 3 different batches.
Inset: 0.1 mM leucine uptake measured in KAATI wt expressing oocytes or in non-injected oocytes as a
control, 1n the presence of 100 mM LiCl. Data are means = SE from 10 to 14 oocytes in a representative
experiment. (B) Current-voltage relationships, in the presence of Li° with 3 mM proline. Data were
obtained by subtracting the traces recorded in the absence from those recorded in the presence of the
indicated substrate. Values are means + SE from 4 to 6 oocytes in each group.

In the presence of high K the G87A mutant showed a transport activity of 150%
compared with wt; the G86A mutant activity was reduced to 209% and G85A mutant was
mactive (Fig. 9A).

Data from electrophysiological analysis showed that in the presence of K' all three
mutants exhibit a similar reduced transport current (Fig. 9B). This apparent discrepancy
with the uptake data 1s due to the transport current estimation that 1s usually calculated as
the difference of the current in the presence from that in the absence of the amino acid.
In this case the G87A mutant has a larger leak current than the wt (Fig. 10) and this led to
an underestimation of the “transport current”; it is also necessary to remember that in
uptake conditions without cell potential control, the high concentration of potassium
depolarizes the membrane voltage to a value around 0 mV. It is worth noting that under
these unfavorable conditions the G87A mutant, which has a lower expression level than
wt (Fig. 3), still exhibits a larger leucine uptake. Electrophysiological mvestigation of the

leak currents showed two interesting aspects: the leak currents were altered, i particular
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the Li current was close to 0 mn the G85A mutant, and reduced mn the G86A.
Furthermore, in these two mutants the Na™ current was lower than in the wt. The G87A
had mstead the greatest uncoupled currents in all the three tested cations (Fig. 10).
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Fig. 9. Amino acid uptake and transport associated currents measured in the presence of high external
concentration of KCI. (A) Bars represent 0.1 mM leucine uptake induced by the indicated mutants in the
presence of 150 mM KCIl. Data are expressed as percentage of wt and are means + SE of 24 oocytes from 3
different batches. Inset: 0.1 mM leucine uptake measured in KAATI wt expressing oocytes or in non-
injected oocytes as a control in the presence of 150 mM KCI. Data are means = SE from 10 to 14 oocytes
in a representative experiment. (B) Current-voltage relationships, in the presence of potassium solution
with 1 mM leucine. Data were obtained by subtracting the traces recorded in the absence from those
recorded in the presence of leucine. Values are means + SE from 4 to 6 oocytes in each group.
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Fig. 10. Leak currents elicited by KAATI wt and by the mdicated mutants. Leak currents were obtained by
subtracting current in tetra-methyl-ammonium (TMA) solution (I+w) from current in ion solutions lu.—Inu
containing Na' (light gray bars) or Li" (empty bars) or K (dark gray bars) as the main cation in oocytes
expressing KAAT1 wt (n=12) or glycine mutants (G85A, G86A, G87A) (n =14) and in non-injected
oocytes (n = 7). Data represent means = SE from 5 batches of oocytes.
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The molecular origin of uncoupled currents has not been fully elucidated but there 1s a
general agreement on the fact that some conformational changes should occur in the
protein to allow this kind of charge movements.

| S ——

Fig. 11. Investigation of cation interaction with wt and G87A KAATI mutant. Pre-steady state currents (left)
and coupled currents (right; 3 mM Proline), recorded for wild type KAAT1 (upper) or G87A mutant
(lower) in presence of 98 mM Na'. Holding potential was of -60 mV.

Beside this type of currents, SLC6 family members elicit also the so called transient
currents (that should be better defined as pre-steady state currents). As for uncoupled
currents the existence of this 1on movements n vivo conditions are not yet proved and,
consequently, neither a clear physiological role was, so far, proposed. The pre-steady state
currents are recorded in voltage clamp conditions applying to the oocyte, expressing the
proteins under investigation, an electric pulse (depolarizing or hyperpolarizing). The
currents recorded as results of these jumps are generated by the holding system of the
TEVC set-up and injected mto the cell to keep the membrane voltage constant. If plasma
membrane reacts as a pure capacitor (in other terms, in absence of transient currents) the
recorded currents would be only equal in intensity, but opposite in sign, to those mjected
by the jump. Transient currents are mstead recorded as currents with variable amplitude
with a delay in reaching the voltage at which the membrane voltage 1s experimentally
clamped (Peres et al, 2004). According to a theoretical model the manifestaion of

transient currents 1s explainable with the movements of charged membrane proteins
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under the initial electric pulse. Another model explain this phenomena with the entry of
an 1on 1n the magnetic field of the cellular membrane and subsequent mteraction with
proteins expressed in the membrane. For many secondary active transporters, to date, 1s
known that the recording of transient currents is possible only if in the recording buffer
are present 1ons able to mteract with the protein (but not necessary exploitable as driver
1on (Mager et al., 1998; Zhou et al., 2006). This observation justify the use of transient
currents as an indirect measure of protein-ion interaction (Kanner er al., 2008). Wild type
KAAT1 shows Na transient currents but interestingly, among mutants of the glycine
triplet, only for G87A mutant a reproducible recording following voltage jumps was
possible but no transient currents were detected suggesting an alteration of the interaction
properties of this mutant with sodium (Fig. 11).

2.3.5  Thiol cross-hnking studies

Since glycine 1s an amino acid with no side chain, it can mtroduce flexibility in protein
structure. Moreover, by accessibility studies, the region surrounding the glycine triplet has
been shown to undergo conformational changes during the transport cycle in the glycine
transporter GLYT2a and in the SERT transporter (Lopez-Corcuera et al., 2001; Sato et
al., 2004). To verify if the flexibility of this region may influence KAAT1 activity, we
tested the effect of the oxidative reagent Cu(II)(1,10-phenanthroline); (CuPh) on the
single mutants G85C, G86C and G87C and on the double mutants G85C/G87C and
G86C/G87C. The rationale of this analysis 1s that the presence of CuPh could allow the
cross-linking of cysteines by the formation of disulfide bonds thereby reducing the
flexibility of the region. CuPh pre-incubations were performed in the absence or in the
presence of Na at room temperature or at 0 °C on ice (see Materials and methods
section). G85C, G85C/G87C and G86C/G87C mutants were devoid of any leucine
transport activity whereas the G86C and G87C mutants showed respectively the 25 and
40% of wt induced uptake. Incubation with 0.2 mM CuPh in the absence of Na™ at room
temperature caused a significant reduction of leucine transport activity only in the G87C
mutant (58% of control uptake) (Fig. 12 insert). The effect of CuPh on the G87C mutant
was specific and reversible as shown in Fig. 12: wt and G87A mutant were not sensitive to
the oxidant and the inhibition observed for G87C mutant was significantly recovered by
the treatment with the reducing agent DDT (12 mM). The effect observed in the single
mutant G87C implies the formation of a disulfide bond with a native cysteine. By the
analysis of the homology model of KAAT1 structure based on the LeuT crystal (PDB
access code, 2A65), the only cysteine that would be at the congruent distance for the
formation of a disulfide bond 1s Cys347. According to our hypothesis, CuPh incubation
did not affect neither the double mutant G87C/C347A nor the single mutant C347A
activity (Fig. 12).

The effect of CuPh on G87C mutant was also tested measuring leucine and proline
uptake after 5 min of pre-incubation with the oxidant at room temperature in the

presence of Na. As reported in Fig. 12 inset, in this condition G87C-induced leucine
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uptake was not affected by oxidative treatment, proline uptake was 58% of control uptake
after oxidative treatment i the absence of Na', and 85% of control uptake after oxidative
treatment 1n the presence of Na. So Na appeared to significantly prevent CuPh from
exerting the transport mhibition observed i the absence of Na. We therefore tested
whether the protection exerted by Na' was direct or indirect comparing the effect of the
oxidative treatment in the presence of Na' at room temperature with that obtained at 0 °C.
At room temperature the Na  protection could be indirectly exerted by conformational
transitions, induced by Na' binding in a site different from the glycine region, hampering
cysteme cross-linking; at 0 °C conformational transitions would be significantly slower and
the protection observed would be therefore exerted by a direct iteraction of Na" with
glycines. As shown in Fig. 12 mset, in the presence of Na and at 0 °C, leucine uptake was
not affected by oxidative treatment whereas proline uptake was significantly inhibited
(629% of control condition), indicating that Na  therefore protected both directly and
indirectly position 87 from cross-linking.
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Fig. 12. Efiects of Cu(Il)(1,10-phenanthroline); (CuPh) on KAATI wt and mutants. Bars represent 0.1 mM
leucine uptake mediated by KAAT1 wt and the indicated mutants in control conditions (empty bars), after
the treatment with 0.2 mM CuPh in the absence of Na' (light gray bars), after the treatment with 0.2 mM
CuPh followed by incubation with 12 mM DTT (filled white bars). In the absence of Na, choline chloride
substituted NaCl. Data are expressed as percentage of wt mediated uptake in control conditions and are the
means + SE of at least 30 oocytes from 3 different batches. Inset: Na' protection of G87C-induced leucine
and proline uptake. Bars represent 0.1 mM leucine uptake and 0.1 mM proline uptake measured in control
conditions (empty bars), after the treatment with 0.2 mM CuPh in the absence of Na' (light gray bars), after
the treatment with 0.2 mM CuPh in the presence of Na at RT (dark gray bars) or after the treatment with
0.2 mM CuPh in the presence of Na at 0 °C (black bars). Data are expressed as percentage of G87C
mduced uptake in control conditions and are the means = SE of 30 oocytes from 3 different batches. (*),
(#): statistically different, p < 0.05.
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24 DISCUSSION

Glycine rotates easily and adds flexibility to the protein chain because of the presence of
two hydrogen atoms at the a carbon. The importance of flexibility provided by glycine 1s
proven by the fact that K' channel activation gate mvolves key identified hinge glycine
residues (Mathie er al., 2010) and that glycine-rich elements are described in binding sites
of enzymes, as protein kinases, in which the mteraction with variable substrates requires
the avoidance of steric restrictions at the binding site (Bossemeyer, 1994). The degree of
conservation of the glycine triplet in NSS transporters suggests a common relevant role i
transport function that may be related to conformational flexibility.

Data obtained from the analysis of G85, G86 and G87 mutants in KAAT1 sustain this
hypothesis. The conservative mutation of each glycine into alanine did not cause an
alteration of the surface localization of transporters that can fully explain the big changes
observed in transport activity (Fig. 3). As in most intestinal transporters, KAAT1 shows a
broad substrate specificity that, in contrast to most mammalian homologues, 1s influenced
by the driving ion (Castagna et al., 1998; Soragna et al., 2004; Miszner et al., 2007). A
marked reduction of uptake and transport associated currents was observed for all the
mutants compared with wt for all tested substrates and in the presence of each of the
driver cations of KAATI1. This was especially evident for the mutation of the G85
residue that 1s, indeed, the most conserved among the three glycine residues. An
exception was represented by the G87A mutant that although exhibited a 50% reduction
of surface expression (Fig. 3), in the presence of Na' showed a proline uptake and proline
and threonine transport associated currents similar or even larger than the wt, and in the
presence of L1 or K induced a leucine uptake significantly higher than wt protein (Fig. 4,
5, 8 and 9).

In all the mutants the leak currents were altered, in particular the Li" current was absent in
G85A, and reduced in the G86A mutant. The G87A mutant showed instead the greatest
current in all the three tested cations (Fig. 11). Not only the introduction of alanine
increased the 1on translocation i the absence of substrate but this substitution in the
presence of proline as substrate, showed also a transport dependent uncoupled current
(Fig. 5). In the presence of K' this mutant induced higher amino acid uptake than wt and
reduced transport associated currents, revealing a partial uncoupling of amino acid and
cation flux. Mutant transport activity was still Na” dependent but their apparent affinity for
the cation was different from that of wt: it was reduced for G85A and G86A but increased
for G87A mutant (Fig. 7). For all the mutants, and in particular for G87A an altered
mteraction with cations was therefore observed. The fact that this mutant was also void of
transient currents further corroborate a model in which the mutation of the glycine triplet
alters the “initial” interaction of the protemn with cations. As before mentioned the
“significance” of these currents has not fully yet elucidated but only explained by
theoretical models. The fact that KAAT1 (as other members of the SLC6 family) shows
transient currents only in presence of cation exploitable as driver ion 1s the main proof of

the correctness of the use of these currents as a measure of the protein-ion interaction. In
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this scenario the absence of these currents indicates that the interaction of KAATI, at
least with Na, 1s hampered by the mutation of the position 87. The application of a
depolarizing pre-pulse before the voltage jumps series produced a partial recovery of the
transient currents for this mutant (data not shown) similarly to what was described for
G80C mutant of the GABA transporter GAT1 (Zhou et al., 2005). As was proposed for
GAT1 this data suggests a role for KAAT1 glycine triplet (in particular for glycine 87) of
hinge whose main role is to allow a conformational transition between two empty outward
facing conformation of the transporter.

The role played in KAATT1 function by the three consecutive glycines may be related to
the requirement of a particular structural flexibility i this region of NSS transport
proteins. Cross-linking experiments confirmed this hypothesis. The formation of a
disulfide bond between pairs of cystemes engineered nto the triplet was not possible
since the concomitant presence of two cysteines was detrimental for transport activity,
however the single mutant G87C was specifically and reversibly inhibited by 0.2 mM
CuPh (Fig. 12). The inhibition was not total even at increased CuPh concentrations (data
not shown) but nevertheless it indicates that position 87 of KAAT1 needs a certain degree
of flexibility for an efficient transport process. It is feasible that the contiguous Gly85 and
Gly86 may also participate to this flexibility. The effect of the oxidative treatment on the
single mutant G87C implies the formation of a disulfide bond with a native cysteine. By
the analysis of the homology model of KAAT1 structure the partner for disulfide bond
formation is Cys347 and, accordingly, neither the double mutant G87C/C347A nor the
single mutant C347A were affected by oxidative treatment (Fig. 9). Interestingly, Cys347 1s
located in KAAT1 TM 7 which we have previously demonstrated to functionally mteract
with TM 2, that bears at its external terminus the glycine triplet (Castagna et al., 2007).
The external localization of the glycine stretch, its proximity to the external gate of the
transporter as well as its relevance i KAAT1 interaction with cations (Fig. 4, 5, 8, 11)
suggest that the flexibility conferred by glycines may influence the conformation of the
external vestibule of the transporter and alters the 1ons entrance. This would explain the
evolutionary pressure that has determined the degree of conservation of the region.

The conservation 1s not only relative to the nature of the single amino acid but also for the
relative position that the glycine triplet occupies in the ELL1 as demonstrated by effect on
transport activity produce by its shifting toward N- or C- terminus domain. The degree of
conservation of the triplet could be related to requirement of flexibility of a specific region
of the protein namely the extracellular vestibule to which EL1 contributes to structurally
define. The analysis of LeuT, in complex with different substrates and inhibitors and
computational simulations based on structural data (Yamashita er al, 2005; Simgh er al.,
2007; Zhou et al., 2007; Singh et al., 2008; Quick et al., 2009; Zhou et al., 2009) have
evidenced the functional importance of the extracellular vestibule of the transporter,
where substrates and inhibitors appear not only to access but also to first interact with the
protein. Site-directed spin labeling and electron paramagnetic resonance have shown that
Na' increments accessibility of the extracellular vestibule basically through movements of
the EI.4 and the TMI1b segment (Claxton et al, 2010). The glycine triplet flanks the
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TM1b segment, and should therefore allow its movement. Accordingly, we have seen that
Na protects cysteine at position 87 from the oxidative agent CuPh (Fig. 12) but
surprisingly, this protection was both directly and indirectly exerted. These results indicate
that Na interacts with KAAT1 at least in two different regions: one located at the glycine
loop (direct protection) and the other that should reasonably correspond to the mnternal
Na' binding sites and that influences the conformation of the glycine loop. In conclusion
our data indicate that the glycine triplet in KAAT1 plays a multifunctional role: Gly85 and
Gly87 are required for the complete surface expression of the transporter (Fig. 3), the
entire region conformation is influenced by the presence of Na and determines the access
of cations to the extracellular vestibule of the transporter (Fig. 4, 8, 9, 10, 12). Data
presented for G87A mutant are in agreement with observations made in GAT1
transporter (Zhou et al., 2005) in which the corresponding G80OA mutant shows increased
apparent affinity for Na' and a reduced flexibility that, in the absence of the cation,
appears to conditionally “freeze” the transporter in a state from which it cannot further
proceed 1n the transport cycle. However, the role played by the glycine triplet in KAAT1
appears more complex than that observed in GAT1 and SERT (Zhou et al., 2005; Mao
et al., 2008) and 1t might be related to the wider substrate specificity of mtestinal amino
acid transporters compared with neurotransmitter carriers. Our results confirm that
KAATI1, with its particular functional features, represents a good model for the
understanding of NSS transporter molecular physiology. The glycine triplet 1s surely
located 1n a site relevant for the transport mechanism. As previously detail described in
chapter 1 the integration of structural and computational analysis of LeuT has led to the
conception of two different transport models, one based on a “rocking bundle” of
transmembrane helices allowing the alternation of the transporter between an inward
facing and an outward facing conformation (Forrest et al., 2008) and the other outlining
the role of an external and an mternal gate in controlling the access to the central binding
site (Krishnamurthy er al., 2009). In the first model TM 1, 2, 6 and 7 form a bundle of
four associated helices mvolved in a rocking movement relative to the other
transmembrane domains (scaffold) that allows for conformational transitions; our findings
indicate that the transport process requires reciprocal movements between TM1 and
TMZ2 allowed by the conserved flexible glycine loop.

2.5 MATERIALS AND METHODS
2.5.1  Protein tagging

To allow optical measurements of the surface expression of the transporter proteins, a
FLAG epitope (HN-DYKDDDDK-COOH) was inserted into the second extracellular
loop, close to transmembrane domain 3 of KAATI, in correspondence to the Pstl site
already present as unique cleavage site in KAAT1 sequence. Oligonucleotides encoding
the FLLAG epitope with the adding of two alanine residues (introduced to keep the
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msertion i frame with the ORF) were ligated into the Pstl site after annealing. Following
are the sequences of the oligonucleotides used:

Forward oligonucleotide: 5-GATTATAAAGATGATGATGATAAAGCTGCA-3
Reverse oligonucleotide:  5’-GCTTTATCATCATCATCTTTATAATCTGCA-3.
DNA sequencing confirmed the correct FLAG construct sequence (Primm s.r.L
laboratories, Milan, Italy).

2.5.2  Site-directed mutagenesis

KAATI1 mutants were obtained by PCR using high fidelity DNA polymerase P.fu.
(Promega). DNA sequencing (Primm s.r.l. laboratories, Milan, Italy) confirmed the
mutations.

2.5.3  Oocyte harvesting and selection

Oocytes were obtained from adult female X. Jaevis frogs and manually defolliculated after
treatment with 1 mg/ml Collagenase A (Roche, Germany) for 30-40 min at RT in Ca -
free ORII medium (82.5 mM NaCl, 2 mM KCI, 1 mM MgCl,, 5 mM HEPES/Tris, pH
7.5). Healthy V-VI stadium oocytes (Dumont, 1972) were then selected for injection and
maintained at 16 °C in Barth's solution (88 mM NaCl, 1 mM KCl, 0.82 mM MgSO.,
0.41 mM CaCl,, 0.33 mM Ca(NO3):, 2.4 mM NaHCO;, 10 mM HEPES/Tris, pH 7.5)

supplemented with 50 mg/l gentamicin sulfate and 2.5 mM sodium pyruvate.

2.5.4  Oocyte expression of KAAT1 wt and mutants

pSPORT-1 plasmid vector bearing KAAT1 wild type (wt) or mutants, and pAMV-PA
plasmid vector for FLAG-KAAT1 wt and relative mutants were linearized by Notl/
digestion (Promega). Corresponding cRNAs were in vitro transcribed and capped using
T7 RNA polymerase (Promega).

Defolliculated oocytes were mjected with 12.5 ng of cRNA dissolved in 50 nl of RNAse-
free water via a manual microinjection system (Drummond). Before use, oocytes were
maintained in Barth's solution at 16 °C supplemented as described above.

2.5.5 Chemiluminescence

Surface expression of the tagged transporters was detected using the monoclonal primary
antibody anti-FLAG M2 (Sigma F3165, 1 pg/ml) and goat anti-mouse IgG secondary
antibody labeled with HRP (Jackson ImmunoResearch Laboratories). Briefly, oocytes
expressing different FLAG-KAAT1 isoforms, as well as non-injected oocytes, were
washed twice for 5 min in ice-cold ND96 pH 7.6 (93.5 mM NaCl, 2mM KCl, 1.8 mM
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CaCl:*2H.O, 2 mM MgCl.*6H.O, 5 mM HEPES). These were then fixed with 4%
paraformaldehyde in ND96 for 15 min, rinsed 3 x 5 min with equal volumes of ND96,
and then mcubated for 1 h i a 1% BSA-NDY6 blocking solution (used in subsequent
antibody incubation steps). Next the oocytes were incubated for 1 h in mouse anti-FLAG
M2 1 pg/ml, washed 6 x 3 min in 19% BSA ND96, incubated for 1 h in peroxidase-
conjugated goat anti-mouse IgG (HRP-IgG) 1 pg/ml, washed 6 x 3 min in 1% BSA-ND96
and then 6 x 3 min i ND96 alone. For the chemiluminescence readings, oocytes were
transferred into a 96 well plate (Assay Plate White not treated flat bottom-Corning Costar)
filled with 50 pl of SuperSignal Femto (Pierce). Luminescence was quantified with a
Tecan Infinity 200 microplate reader. The plates were read not later than 5 min after the
transfer of the first oocyte. The data were then acquired at least three times in 10 min and
for each oocyte the mean of three readings was calculated. Results were normalized to the
mean value of FLAG-KAATI1 wt for each batch and are plotted as relative

chemiluminescence intensity.

2.5.6  Immunofluorescence on Xenopus oocytes”

Oocytes expressing KAAT1 wt or KAAT1-FLAG were fixed by Bouin reagent treatment
for 6 hours (15 parts of aqueous saturated picric acid solution/5> parts of 40%
formaldehyde solution/1 part of glacial acetic acid) before inclusion in paraffin blocks.

Sections of 1,5 uM of thickness were prepared and paraffin removed by the following

treatment:
. ] ! 1009% 1009% 90% 80% 70% e Distilled
Treatment | Xylene | Xylene | Xylene Ethanol | Ethanol Ethanol Ethanol | Ethanol Water water
Time 15| 1w | s 5 5 3 3 3 Fast Fast
washing washing

In order to obtain epitope unmasking slides were incubated in 10 mM sodium citrate pH
6 with two 750 Watt heating cycles of 5 minutes in a microwave oven separated by a 2
minutes step of recovery at RT and followed by a slow cooling in a water bath for 30
minutes. Slides were then rehydrated by applying PBS solution (137 mM NaCl, 2,7 mM
KCl, 8,1 mM Na.HPO.*2H.O, 1,76 mM KH.PO., pH 7,4) for 5 minutes and then
incubated for 30 minutes with the blocking solution (2% of Bovine serum albumin, 0,1%
Tween-PBS). Mouse anti-FLAG M2 1 (1:150) antibody was then applied for at least two
hours and the preparations were washed 3 times for 5 minutes with PBS solution. Anti-
mouse secondary FITC (fluorescein isothiocyanate)-conjugated antibody in PBS solution
(1:150) was then applied for 1 hour incubation far from lght. Washing steps as above
were then applied and anti-bleaching solution added for each slide before mounting.

* Qocytes inclusion in paraffin blocks, sectioning and slide preparing were made thanks to the kind
collaboration of Paolo Stortini from the Department of Health, Animal Sciences and Food safety of the
Universita degli Studi di Milano, Milan, Italy.
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Samples were analyzed by a fluorescence microscope (Axiovert; Zeiss) with a proper
FITC filter (A i = 496 N, A civin = 518 nm).

2.5.7  Radiolabeled amino acid uptake

Amino acid uptake was evaluated 4 days after injection. Groups of 8-10 oocytes were
mcubated for 60 min in 120 pl of uptake solution (100 mM NaCl, 2 mM KCI, 1 mM
CaCl, 1mM MgClL, 5mM HEPES/NaOH, pH 8) with 0.1 mM [H]leucine
(444 kBg/ml, specific activity 3.996 Thq/mmol) or 0.1 mM ['H]proline (592 kBg/ml,
specific activity 2.775 TBqg/mmol) (all from PerkinElmer Life Sciences). Alternatively, to
evaluate uptake mduced in the presence of lithum or potassium 1ons, NaCl was
substituted by 100 mM LiCl or 150 mM KCI respectively. All uptake experiments were
made at room temperature. After incubation oocytes were rinsed with ice cold wash
solution (100 mM choline chloridde, 2 mM KCI, 1 mM CaCl,, 1 mM MgCL, 5 mM
HEPES/choline hydroxide, pH 8), and dissolved in 250 pl of 10% SDS for hquid
scintillation counting.

KAATT1 induced uptake was calculated as the difference between the mean uptake
measured I cRNA injected oocytes and the mean uptake measured in non-injected

oocytes.

2.5.8  Thiol cross-linking experiments

Cross linking between cysteines was obtained by oxidation treatment in the presence of
Cu(II)(1,10-phenanthroline)s (CuPh). For experiments in the absence of Na’, oocytes
were pre-incubated for 5 min in 0.2 mM CuPh dissolved in wash solution at pH 7.5;
oxidation in the presence of Na' was conducted mn uptake solution (for composition see
previous section). The treatments were performed at room temperature unless stated
otherwise. After incubation, oocytes were rinsed with Barth's solution at RT and then
tested for amino acid uptake. The CuPh stock solutions (150 mM) were freshly prepared
for each assay by mixing 60 pl of 250 mM CuSO. and 40 pl of 1.25 M 1,10-phenathroline
dissolved in 1:1 water-ethanol mix. For the reduction experiments, after incubation with
CuPh at RT, oocytes were washed with wash solution at pH 7.5 and incubated for 5 min
with freshly prepared 12 mM dithiothreitol (DTT) in wash solution at pH 7.5, then

rinsed with Barth's solution at RT and tested for amino acid uptake.

2.5.9  Electrophysiology

Transport currents generated by the activity of the KAATI wt and mutants were
mvestigated by classical two-electrode voltage clamp experiments. Intracellular glass
microelectrodes were filled with 3 M KCl and had tip resistances between 0.5 and 4 MQ.
Agar bridges (3% agar in 3 M KCI) connected the bath electrodes to the experimental
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chamber. The holding potential was kept at — 60 mV. Data were recorded at a fixed
voltage of —60 mV (—80 mV for Na dependence experiment) or applying a typical
protocol consisting of 200 ms voltage pulses spanning the range from — 160 to + 20 mV in
20 mV steps. Four pulses were averaged at each potential: signals were filtered at 1 kHz
and sampled at 2 kHz. Data were analyzed using Clampfit 8.2 (Axon Instruments), and
figures were prepared with Origin 7.5 (Microcal Software Inc., Northampton, MA, USA).
The external control solution had the following composition: 98 mM NaCl, 1 mM MgCl.,
1.8 mM CaCl;, 5 mM HEPES free acid; in the other solutions NaCl was replaced by
LiCl, KCI or TMACIL The pH was adjusted to 7.6 by adding the corresponding
hydroxide for each alkali ion or TMAOH for TMA  solution. For the sodium dose
response experiment, Na  was substituted by proportional amount of
tetramethylammonium (TMA), the Na' concentrations used were 0.3, 1, 3, 10, 30, 60 and
98 mM. Amino acids (leucine, threonine, proline) at the saturating concentrations (3 mM
for proline and threonine, 1 mM for leucine) were added to the same solutions to induce
transport-associated currents. The oocyte was perfused continuously in a rapid solution
exchange chamber (Warner Instruments model RC-17), and the washout time was

estimated to be about 1 s.

2.5.10 Homology modeling

Fig. 1B was prepared using RasMol program. Homology modeling of KAAT1 was based
on the crystal structure of LeuT with accession code 2A65.
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Ton selectivity and coupling mechanism in KAAT1

3.1 ABSTRACT®

This chapter gathers the results of the work performed aimed to find the structural basis
of cation selectivity and chloride dependence of KAATI1. We found that the potassium
selectivity in Nal site 1s linked to the polarity provided by the KAATTI specific residues
Ser68 and Asp338. The analysis of Na2 site highlighted mstead the role of flexibility
provided by the presence of KAATI1 specific Gly407 that might allow the protein to
exploit drivers with a bigger 1onic radius, like potassium, apart from sodium.

The weak chloride dependence of KAATI1 was investigated collecting functional
evidences of the fact that chloride teracts with the protein in different fashion if
compared to other eukaryotic NSS transporters. KAAT 1s indeed able to realize the
transport cycle independently from the negative charge required by the orthologs with an
higher efficiency.

We have also found that the residue that bridges the Na binding sites, Threonine 67, is
mvolved in the stereoselectivity of the transporter and mn the mechanism by which
chloride 1s able to influence the transport cycle. Moreover, it acts as a molecular hinge for
the coupling mechanism allowing the conformational changes that are responsible for the
exploitation of the energy coming from the downhill movement of sodium gradient to
drive the uptake of the amino acids.

* The work regarding the uptake experiments performed on BetP presented in this chapter was carried out
in the laboratory of Professor Christine Ziegler at the Department of Structural Biology, Max-von-Laue-
Strale 03, D-60438, Frankfiirt am Main, Germany.
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3.2  INTRODUCTION

The first part of the chapter 1s investigating one of the most mtriguing, as well as poor
understood, aspects of the molecular physiology of the NSS transporters: the 1on
selectivity of the transport mechanism. In particular we have here analyzed the Na' /K
selectivity of KAAT1 from a structural poimnt of view at both Nal and Na2 putative cation
binding sites (nomenclature according to (Yamashita et al, 2005)), implementing the
already known information. Moreover, we have explored the structure of the putative
chloride binding site of KAAT1 being this eukaryotic transporter characterized by a
peculiar dependence from this anion that cannot be fully explained by the simple
sequence comparison with the other members of the family (Forrest et al., 2007; Zomot
et al., 2007; Bette et al., 2008; Kantcheva et al, 2013; Penmatsa et al., 2013). The second
part of the chapter will address the role of a KAAT1 specific residue in an another pivotal
feature of secondary active transport, the coupling mechanism, that we found in KAAT1
rely on the residue that bridges the two sodium binding sites.

3.2.1  The cation interaction among NSS members is more complex than expected

As described in the Introduction all NSS members exploit sodium 1ons as driving species.
Some mteresting peculiarities should be poimted out. First of all NSS members KAATT,
and 1ts homologue CAATCHI1, show a unique cation selectivity being activated, apart
from Na/, also by K" and by Li (Castagna er al., 1998; Feldman er al, 2000). The fact that
lithtum can replace sodium 1s not uncommon and proved for some secondary active
transporters and, since many years, also for some epithehal channels (Palmer, 1987): this
1s mainly due to the high similarity between these two cations from a physical-chemical
point of view. In the GABA transporter GAT1 lithium can bind Na2 site eliciting pre-
steady state currents but, in any case, it 1s not exploitable as driver 1on (Zhou et al., 2006).
Different 1s the ability to employ potassium as driver: mitially identified only in the two
amino acid transporters from Manduca sexta, it was subsequently described for others
nutrient amino acid transporters (NATs) from the insect world (Boudko, 2012). On the
other side channels with a low selectivity between these two metals were also described
(e.g. the 10notropic receptor for acetylcholine). K is a key player also in the activity of
another deeply studied NSS member, the serotonin transporter SERT, whose
reorientation from the mward facing conformation, after the substrate release into the
cytoplasm, 1s triggered by the binding of this cation (Rudnick, 2006).

In one of the two structural prototypes of the family, the leucine transporter LeuT, two
cation binding sites were 1dentified: “ 7The two sodium ions have key roles i stabilizing the
LeuTl. core, the unwound structures of TM1 and TM®6, and the bound leucine molecule.
Octahedral coordination of Nal is provided by the leucine carboxy oxygen, the carbonyl
oxygens ol Ala22 (1'M1) and Thr 254 (TM6), the side-chain carbonyl oxygens of Asn 27
(1M1) and Asn 286 (1M7), and the hydroxyl oxygen of Thr 254 (1TMO6). In the biogenic

amune transporters, an aspartate residue, located at position 24 in the Leul’.. sequence,
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probably coordinates a sodium 1on equivalent to Nal. NaZ2 is positioned between the
TMI unwound region and TMS, about 7.0 A from Nal and 5.9 A from the o-carbon of
bound leucine. Trigonal bi-pyramidal coordination to NaZ is achieved by carbonyl
oxygens from Gly 20 and Val 23 (TM1), Ala 351 (TMS), and the hydroxyl oxygens from
Thr354 and Ser355 (1TMS8). Notably, coordiation for both Nal and NaZ2 is
accomplished by partial charges from the protein, with the carboxy group of the bound
leucine being the only ligand bearing a formal charge” (Yamashita ef al., 2005). In DA T ...
(Penmatsa et al, 2013) the sodium coordination shells coincide exactly with those of
LeuT but some interestingly peculiarities should be pointed out. First of all, the organic
substrate does not coordinate the sodium in Nal site due to the fact that 1t lacks of the
carboxyl group that 1s mstead provided by the protein itself (the natural substrate,
dopamine, is indeed void of a carboxyl group that characterizes amino acidic substrates).
Furthermore, a water molecule was found coordinates the 1on i this site through an H-
bond network starting from Asp46 (DAT.. numbering) in TMI1 that thus participates
indirectly to the coordination if the 1on.

Regarding the nature of amino acid residues Nal is the most conserved considering all
NSS members. The corresponding position to LeuT Asn27 is highly conserved while
position 286 1s more variable and replaced by an aspartate in KAAT1 and in CAATCHI1
(see below). Four out of the five members of Na2 site are highly conserved among
eukaryotic NSS transporters, the same site 1s also the most conserved from a structural
point of view in FIRL folded proteins and, moreover, its position relative to the TMs, 1s
conserved even in proteins that show a Na independent activity, where a positive charge
residue was here identified (Khafizov er al, 2012; Kalayil er al, 2013). Ser355 1s almost
completely conserved (rarely substituted by a threonine) but Thr254 1s instead frequently
replaced by a serine (also alanine 1s found in some eukaryotic transporters). As previously
mentioned, in this site the GABA transporter GAT1 1s able to bind lithium: the
replacement in this carrier of the residue corresponding to LeuT Thr254 with an aspartic
acid residue (Asp395, GAT1 numbering) 1s the key difference that allows the binding of
lithium (Zhou et al., 2006) that is active in inducing an enhancement of the sodium-
dependent uptake of GABA (MacAulay er al, 2002). It has also been proposed that in
this protein the affinity for sodium 1s greater in Nal site where, accordingly, also the
organic substrate participates to its coordination shell (at least in GABA saturating
conditions). Conversely, in the Na2 site, the affinity for this cation is lower as also testified
by its ability to interact with lithium.

Among NSS members variability in sodium interaction properties was also found in terms
of stoichiometry: for the glycine transporter Gly' T2 was proposed a Na'/glycine ratio of
3:1 and not the common 2:1 (that instead characterizes the 1soform GlyT1). The Nal site
1s conserved in both the 1soforms. Na2 site in Glyt2 1s very similar to that of LeuT but in
the GlyT1 1soform it 1s lacking of the oxygen coordinating elements corresponding of
those of Leul Thr254 is consequently and less efficient in sodium binding. The
hypothesis proposed 1s that the third site for Na’” would be also present in GlyT1 but
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exploited as second site mstead of the common Na2 site shared with the other members
of the family (Roux and Supplisson, 2000).

The role of sodium 1s clear being these proteins strictly dependent on the gradient of this
cation to realize the uphill transport of organic solutes but, interestingly, 1s known that in
the serotonin transporter SERT only one of the two sodium 1ons 1s released into the cell
after the translocation cycle opening questions about the role of this interaction in terms
of molecular physiology (Quick, 2003). The uncoupled currents elicited by NSS
members deserve to be here mentioned. As already illustrated these currents can be
recorded for many NSS proteins in absence of organic transportable substrates but in
presence of a cation gradient. Beside these, when the cotransport mechanism 1s active, a
flux of cations through the protein that exceed the total amount of charge indicated by
stoichiometry, can also be measured (Andrini er al, 2008; Giovanola et al., 2012). Of
mterest in this direction 1s also the behavior of the NSS amino acid transporter
CAATCHI that, apart to be a classical secondary active transporter, 1s also a cation
channel regulated by amino acids (Feldman er al., 2000). The structural bases for these
behaviors, as well their physiological meaning, are absolutely far to be elucidated but
these currents mdicate that the mteraction with cations for NSS members (as well for
other secondary active transporters) 1s more complex that the simple interaction in the
binding site required for the ferrying of organic substrates (De Felice et al., 2008).

3.2.2  The betaine transporter BetP: an useful tool for secondary active transporter
structural studies

The BCCT (betaine-choline-carnitine transporters) family member BetP 1s a secondary
active transporter involved in the ability of the soll bacteria Corynebacterium glutamicum
to tolerate hyperosmotic shock (Ziegler et al., 2010). After activation by the osmotic shock
it reacts importing one molecule of glycine betaine coupled with two sodium ions to
restore the cell turgor (Kramer and Morbach, 2004; Kramer, 2009;). BetP is an integral
membrane protein with 595 amino acids forming 12 transmembrane helices, which
harbor a negatively charged N-terminal domain of approximately 62 amino acids and a
positively charged C-terminal domain of about 55 amino acids, both facing the cytoplasm
(Ressl et al,, 2009). It 1s organized as a stable, asymmetric trimer: this organization is of
crucial importance for the regulation of BetP activity triggered by osmolarity being BetP
osmosentive only 1n its trimeric state (Perez et al., 2011). The protocols used for BetP
purification from £. coli cells and crystallization are well established and routinely applied
making BetP a useful paradigm for the study of secondary active transporters, also from
different families but related by the common FIRL fold (Perez ef al., 2012). An example
of this 1s the recent identification of the sodium binding sites that were definitively
assigned combining bioinformatic, structural and biochemical assays (Khafizov er al,
2012): mterestingly a BetP structure solved with sodium bound revealed that, as in other
related transporters, Na2 site 1s located between transmembrane helices 1 and 8 of the
FIRL fold.
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3.2.3  Chloride dependence in NSS family

The chloride binding site for the GABA transporter GAT1 and for the serotonin
transporter SERT was identified in 2007 (Forrest et al., 2007; Zomot et al., 2007). Quite
mterestingly this site was found be partially superimposed on the Nal site for sodium that,
in turns, it shares some residues with the substrate binding sites highlighting that “infmate
contact enables transpor” (Kanner, 2005). According to these researches the
mdependence from this anion 1s achieved 1n prokaryotic transporters of the family thanks
to the presence of a negative charge (Glu290, LeuT numbering), near the sodium binding
sites and provided by an acidic residue located in the position occupied by chloride i CI-
dependent proteins (Fig. 11A, B). Recently, a crystal structure of a LeuT mutant, jointly
to the chloride binding site described in DAT..., definitely confirmed this hypothesis
(Kantcheva ef al., 2013; Penmatsa et al., 2013).

It 1s widely accepted that the transport mechanism rely on the presence of a negative
charge (alternatively provided by chloride or by the protein): in absence of chloride the
activity of the Cl-dependent transporters 1s deeply reduced but not completely abolished
(generally less than 109 of the control conditions) (Forrest et al., 2007; Zomot et al.,
2007). This indicate that a negative charge mdependent mode for the coupling
mechanism 1s possible despite with a lower efficiency to that of the classical mode (Fig.
11C). It has been also proved that for GAT1 the hyperpolarization of the cell membrane
abolishes the dependence from this anion and renders chloride replaceable by an
hydroxyl 1on (Lu et al., 1999b); other evidences were gathered supporting a model in
which, during the normal transport cycle, the chloride 1s not transported mto the cells
with the other substrates but its association with the transporter might occur only
transiently by an in/out movement of the ion from the bulk solution to the protein and
vice versa (Loo et al., 2000). As already described (see the Introduction chapter) KAAT1
chloride dependence 1s only partial being the protein able to work in the absence of
chloride with an efficiency that 1s higher than the 50% of that one elicited i control
conditions (Bette er al., 2008). Despite some differential results for BOAT1 transporter
(Bohmer et al., 2005; Camargo et al., 2005) this behavior has been evidenced also for
other transporters (Broer, 2006; Marghentis et al, 2013; Meleshkevitch er al., 2013),
remarkably, all active in the absorption of amino acids from the external environment (i.e.
in intestinal and renal epithelial cells) even if they are also expressed in internal districts.
In KAATT the corresponding position of LeuT Glu290 1s occupied by a neutral polar
residue as found in Cl-dependent carriers. The relative dependence of KAAT1 could be
attributed to the presence near the putative chloride binding site of a negatively charged
amino acid (aspartate 338), which could partially contributes the required negative charge;
however, other neutral amino acid transporters (mammalian BOAT1 and BOATZ,
IMINO, and others), that are Cl-independent, do not appear to have such negative
residue in the adjacent regions of the sequence (Fig.1). For the IMINO (proline)
transporter 1t has been suggested, that the chloride sensitivity depends on the substrate

concentration (Broer, 2006), becoming minimal in substrate saturating conditions;
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alternatively, for the same proteins, a “static chloride” model in which the anion would be
exploited to stabilize their structure, was also proposed (Broer, 2008).

C

1

StCéa family SiCéa SLC6a NTT family SLC6a NAT family
NAT family Eukaryotic Eukaryotic

Fig. 1 Sequence logo representation of the chloride binding site in the SLCOA family. The height of a given
letter (amino acid residue) represents its frequency of occurrence at that particular position. The columns
represent (from left to right): 1) the main members of the SLC6A family from mammals, insects and
bacteria, and including both neurotransmitter (NTT) and nutrient amino acid (NAT) transporters; 11) NAT's
from mammals, insect and bacteria; 1i1) eukaryotic NTT only; 1v) eukaryotic NAT only. From (Margheritis
etal, 2013).

Trying to shed light on this articulated issue we have mutated KAAT1 putative chloride
binding site looking for the structural reason of its peculiar chloride dependence and, at
the same time, trying also to get more general msights into the role of this anion in the
transport mechanism of NSS proteins.

3.3  RESULTS

3.3.1  An attempt to tune up the betaine transporter BetP as a structural model for
KAAT1

KAATI and BetP belong to two different families. Despite this they should share the
FIRL fold assuming that KAAT1, whose structure i1s unfortunately not yet known, 1s
arranged as the NSS family models LeuT and DAT.. (Yamashita e al., 2005; Penmatsa
et al., 2013). Considering the structural conservation of the Na2 site among proteins with
FIRL fold (Khafizov er al., 2012), we explored the possibility to get a superimposition
between the BetP Na2 site and the putative corresponding site of KAATI. We
concentrated our efforts on Na2 site considering the higher structural conservation among
FIRL folded proteins. The alignment showed in Table 1 is only for the residues that
define the 1on binding sites in LeuT, DAT... and in KAAT1 according to the fact that in
BetP these sites are located in a different position from that one predicted by LeuT
model. Along years experimental data were gathered confirming that in KAATI 1on
binding sites are located in the positions predicted by comparison with LeuT crystal
structure (Mari et al., 2004 Castagna et al., 2009).

In KAATT site/s sodium is better accommodated than potassium: Ks for sodium is

around 5 times lower than that for potassium (Castagna et al., 1998). Another interesting
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consideration about Na/K selectivity that must be considered 1s that the atomic radius of
potassium 1on 1s bigger than that of sodium suggesting that potasstum binding sites should
be bigger than those for sodium. The Na2 site 1s more similar between KAAT1 and
BetP, especially in terms of polarity, compared to Nal (Table 1).

LeuT TM Coodimating  pq =~ Coordimang  gpamy  Bep oomdinating
Nal A2 I C-00) AM  C-O00) 68 T496
N7 1 C-O()  N49 R(O51) N73 T250
T954 VI R(O) $320 C-O)  $306 F380
N286  VII R(O) N352  R(O81) D338 T499
T4 VI R(O) $320 R(Oy) $306
Leu  sswwe  COOH(O) D46 o
Na2 G20 I  C-000) G2  C-00) A6 Al17  C-O(0)
ves 1 C-0O)  Vi5  C=00) V69 MI50  C-O(0)
A351 VI  C-00) LAl7  C=00) 1404 Fi64  C-O(0)
T354 VII  R(O) D420 ROB1) G407 T167  R(O)
$355 VII  R(O) 491 R(OY) 408 $468  R(O)

Table 1: Amuno acid residues forming Nal and 2 ion binding sites i FIRL folded proteins LeuT, KAATI
DAT and BetP. Residues forming the sodium binding sites of KAAT1, DAT and LeuT are shown aligned
i the corresponding position while those of BetP, not aligned with the previous ones, are reported
according to (Khafizov et al, 2012). Peculiar coordinating elements in each transporter are indicated in
cursive. Indication of Transmembrane domains (IT'M) in which each residue is located as well its
coordinating elements according to structures with PDB accession code 2A65 for LeuT, 4M48 for DAT...
and 4AIN and 4DQJ for BetP, are also reported.

It 1s worth noting that while in Na2 site of DAT.... the mean coordination distance fits very
well with the theoretical coordination distance of 2.4 A for sodium ion in solution, the
same value in Nal site 1s longer for sodium but shorter than the distance reported for K’
1ons (Penmatsa et al,, 2013). Assuming that 1on coordination in KAATT in this site occurs
as in LeuT" (but the same should be true also if compared with DAT...), the coordination
of the 10n could be realized by three carbonyl groups from the backbone of Ala66, Val69
and Ser306 and by the OH group from Ser408 with its side-chain. More difficult 1s the
explaming of the coordinating role of G407 but, reasonably, it acts as a coordinating
residue just with its carbonyl group (see later in this chapter). In BetP Na2 binding site the
coordination shell 1s defined by three carbonyl groups (from Alal47, Metl50 and
Phe464) and by two lateral chains from Thr467 and Ser468, both of them bearing an OH
group. As already known the mutation to Ala of these residues produces an increasing in
the Ks» for sodium demonstrating their direct mvolvement in the coordination of the
cation, as also demonstrated by structural data (Khafizov er al., 2012).

50



Ton selectivity and coupling mechanism in KAAT1

A 2000

1500 -

o)

n B
o o
L

o
o
L

1000 -

@
o
L

500 -

o
o
L

betaine uptake (umol/g cdw)
5

betaine uptake (umol/g cdw)

n
o
L

o

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

time (min) time (min)

Fig. 2: Betaine uptake induced by BetP T467A mutant expressed in E. coli cells. (A): 500 uM ['C]-betaine
uptake induced by BetP T467A mutant expressed in £. coli strain MKH18 in presence of 100 mM Na (e)
or K (0) chloride salt. (B): magnification of the uptake curve in presence of KCI curve from the plot in (A).
Data are from a representative experiment and expressed as amount of betaine imported per unit of cell
dry weight.

Considering the similarity between KAATI1 and BetP Na2 sites we explored the
possibility to get insights into the structural determinants of potassium selectivity of
KAATTI reproducing by mutagenesis KAAT1 Na2 site in the corresponding binding site
of BetP. We have tested the ability of BetP T467A, S468A and of T467A/S468A to
induce betaine uptake applying high extracellular KCl in absence of sodium. The goal has
been testing the possibility to gain ability to employ K as driver 1on incrementing the
space 1n the Na binding site, as well as its hydrophobicity, to mimic the putative Na2 site
of KAATI. The activity of BetP mutants expressed i F. colf MKH13 strain, was tested
applying 100 mM NaCl or KCl i the extracellular environment. Previous studies
demonstrated that they are expressed at the same level in membrane (Khafizov et al.,
2012). In 7 out of the 8 independent experiments performed a betaine uptake n
presence of 100 mM KCI (in absence of sodium) was observed for the T467A mutant in
contrast to the wild type protein that was confirmed be completely unable to exploit
potassium as driver 1on. The S468A mutant, active in sodium gradient, was not active n
presence of only KCI or, at least, the activity was lower than the detectable level and the
double mutant was completely mactive (not shown). T467A potassium dependent betaine
uptake was extremely lower if compared with that one in sodium but a curve with the
classical trend of a saturable system was observed (Fig. 2B).

3.3.2  Mutagenesis of KAAT1 Na'-binding sites

Cation selectivity of KAAT1 Nal site was already partially investigated. This led to the
identification of the Asp338 (KAATI1 numbering) that corresponds to an asparagine
residue in both LeuT and DAT.. Nal site (Table 1): the mutation of this aspartate to
asparagine abolishes the ability of KAAT1 to recognize potassium as driver also affecting
the coupling mechanism of the transporter (Man e al., 2004). Interestingly this position
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was found to interact with Lys102 in TM2 of KAAT1 (Castagna er al, 2007): this
mteraction occurs transiently during the transport cycle (as also found in the prokaryotic
transporter TnaT) and it indicates some relative movements in the TM domains of the
four helix bundle that tilts relative to the rigid scaffold of transmembrane domains
according to the rocking bundle mechanism proposed for FIRL folded proteins (Forrest
et al., 2009). In Nal site Ser68 is not conserved among other members of the family
where 1s normally substituted by an alanine (and, with less frequency, by serine,
threonine, isoleucine or cysteine), and Ser306 is not conserved but substituted mn a
conservative manner (i.e, a neutral polar residue with a neutral polar residue) in the
majority of the family members (in less than 109% of the eukaryotic proteins the position
harbors alternatively an alanine). Looking for the structural basis of K’ selectivity we
mutated Ser68 to alanine and assayed its activity in presence of KCl after expression in
Xenopus laevis oocytes. Results are shown in Fig. 3. S68A mutant showed an expression
level comparable to wt (Fig.4) but around the 60% of the uptake i presence of NaCl but
the activity was completely abolished when the driver 1on was potassium indicating a
complete impairment of the ability to recognize this 1on and the mvolvement of Ser68 in
potassium interaction at this site (Fig. 3A).
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Fig. 3. KAATI S68A mutant activity assayed in different conditions. (A) 0.1 mM leucine uptake induced by
KAATI wt (empty bars) or S68A mutant (filled bars) in presence of 100 mM NaCl or 150 mM KCI as
indicated. Data are expressed as percentage + S.E. of the uptake induced relatively to wild type protein in
the same conditions from at least three independent experiments with oocytes from different batches. (B)
Chloride dependence of KAATI1 S68A mutant compared to that of that of wt. 0.1 mM leucine uptake in
absence of chloride was conducted replacing the 100 mM NaCl of control conditions (empty bars) with 100
mM of Na gluconate (filled bars). Data are expressed as percentage + S.E. of the uptake induced in control
conditions (i.e. in presence of chloride) from at least three independent experiments with oocytes from
different batches.

We also built mutants of KAAT1 Na2 site that were assayed for the ability to exploit K’

or Li as dnver. We have compared the sequences of KAAT1 Na2 site with other
eukaryotic members of the NSS family sharing (CAATCH1) or not (GAT1, SERT, DAT

and NET) its peculiar physiological features. The alignment 1s reported in table 2.
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Fig. 4 Expression level of KAATI mutants of Ala66, Thr67 and Ser68. The chemiluminescence detected
from 20 to 40 oocytes from 3 different batches expressing the wt and the indicated mutants of KAATI-
FLAG and secondarily labeled with peroxidase-conjugated goat anti-mouse (IgG-HRP) are shown. The data
were normalized to the mean value of the wild-type FLAG-KAAT of each batch of oocytes.

KAAT1 CAATCH1 GAT1 SERT DAT NET

A66 A66 G5H9 G941 G42 G71
V69 V69 162 V23 V45 V74
L.404 L.404 L392 A351 L1417 1415
G407 G407 D395 T354 D420 D418
5408 5408 S396  S355  S421  S419

Table 2. Residues forming Na2 binding sites i some eukaryotic msect and mammalian NSS family
members. DAT: dopamine transporter from Drosophila melanogaster; NET noradrenalin transporter.

From the alignment was mimmediately clear that two were the less conserved residues,
namely the Ala66 and the Gly407. Also for these positions mutants were built and their
cation selectivity functionally investigated in Xenopus lacvis oocytes.

KAAT1 A66G was the first synthesized to evaluate the effect of lateral chain absence in
this position as found i eukaryotic transporters (table 2) as well in other members of the
family (glycine in this position 1s found m almost the 909% of NSS members). No
significant effect of the mutation was found for A66G mutant neither for the expression
levels nor for the activity being fully able to exploit Na” or K as driver (Fig. 4, 5A).

The mutations against alanine, serine or threonine were instead created for Gly407
mcrementing both polarity and dimension of the lateral chain of the residue i this
position with the aim to assay the effect of these two parameters on the cation selectivity
of Na2 site: position 407 (KAAT1 numbering) i1s indeed less conserved than 66 among
NSS proteins.
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Fig. 5. KAATI A66G mutant activity assaved i diflerent conditions. (A) 0.1 mM leucine uptake mduced
by KAAT1 wt (empty bars) or A66G mutant (filled bars) in presence of 100 mM NaCl or 150 mM KClI as
indicated. Data are expressed as percentage + S.E. of the uptake induced relatively to wild type protein in
the same conditions from at least three independent experiments with oocytes from different batches. (B)
Chloride dependence of KAAT1 A66G mutant compared to that of wt. 0.1 mM leucine uptake in absence
of chloride was conducted replacing the 100 mM NaCl of control conditions (empty bars) with 100 mM of
Na gluconate (filled bars). Data are expressed as percentage + S.E. of the uptake induced in control
conditions (i.e. in presence of chloride) and from at least three independent experiments with oocytes from
different batches.
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Fig. 6. KAAT1 G407 mutants activity assayed in presence of Na', K or Li chloride salt. 0.1 mM (A) or 1
mM (C) leucine uptake induced by KAAT1 wt, G407 mutants in presence of 100 mM NaCl or LiCl or 150
mM KCl as indicated. Data are expressed as the mean percentage + S.E. of the uptake induced relatively to
wild type protein in the same conditions from at least three independent experiments with oocytes from
different batches. (B) 0.1 mM leucine uptake measured in KAATI wt expressing oocytes or in non-injected
oocytes as a control, in the presence of 100 mM LiCl or 150 mM KCI. Data are means + SE from 10 to 14
oocytes In a representative experiment.
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In presence of 100 mM NaCl leucine uptake was shghtly reduced to 90% and 709% of wt
activity for G407A and G4078S respectively (Fig. 6A). G407 T mutant was void of transport
activity even when substrate concentration was raised up to 1 mM (Fig. 6C). We therefore
undertaken experiments aimed to verify the ability of the mutants to exploit K™ and/or Li’
as dniver like known for the wild type. Mutants were assayed for leucine transport in
presence of high extracellular K and results are shown in figure 6A and C. Should be
noted that the high extracellular KCl concentration has a depolarizing effect on oocytes
counteracting the uptake of the amino acid. Despite this fact, in this condiion KAATT 1s
able to induce a significant amino acid uptake (Fig. 6B).

When the 0,1 mM leucine uptake was measured in presence of 150 mM KCl G407A
and G407S activity was, respectively, lower than the 10% (compared to wt) or
unappreciable, indicating that the mutations impaired the ability of the transporter to
exploit potassium as driver (Fig. 6A). The inactivity of G407T mutant was again
confirmed even 1n this case indicating a severe impairment of transporter function by this
mutation. The enhancement of leucine concentration up to 1 mM in presence of KCI
(Fig. 6C) significantly recovered the activity of G407A mutant but not for G407S mutant
whose mactivity underlies the severe alteration of K interaction at Na2 site. Moreover, the
rescue of activity for the G407A mutant by the enhancement of organic substrate
concentration also indicates an alteration of the kinetic parameters induced by the
mutation. A Kkinetic measurement aimed to estimate Ks and V... for substrate for this
mutant will be the way to get confirmation (or not) to this hypothesis. The activity of
mutants in presence of LiCl 1s also reported: G407A mutant showed a deeply reduced
activity in presence of 100 mM LiCl but i the same conditions G407S mutant retained a
full activity level.

3.3.3  Mutagenesis of KAAT1 CI-binding site

Table 3 shows the alignment of KAAT1 residues forming the putative chloride binding
site aligned with both chloride dependent (SERT and GAT1) and independent (LeuT
and Tnal) proteins (according to (Forrest et al, 2007) and (Zomot et al., 2007)) for
which this binding site has been already analyzed by mutagenesis. It should be noted that
positions corresponding to KAAT1 Asp338 and Thr339 were differentially found to be
chloride coordinating elements in the previous mentioned mutagenesis studies. This 1s
the reason because their role has been mvestigated also in KAAT1 chloride dependence
but, being the characterized Cl-binding site in LeuT E2920S mutant (Kantcheva et al.,
2013) an “artificial” site created by mutagenesis, the only native coordination shell for
chloride, so far known, is that one described for DAT.« (Penmatsa et al, 2013). In
DAT.. a tetragonal coordination occurs to allocate the anion that comprises Tyr69,
GIn316, Ser320 and Ser356 from TM2, 6 AND 7. In KAAT1 three out of the four
positions (Table 3) are transversally conserved in the position corresponding to the
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putative chloride binding site among protemns with a different dependence from this
anion.

KAAT1 SERT GAT1 DAT LeuT TnaT
Y93 Y121 Y86 Y69(OH) Y47 Y46

Q302 Q332 Q291 Q316(Ne) Q250 Q228
S306 S336 5295 S320(0Oy) T254  S332

D338 N368 N327 N3S2 N286  N264
T339 C369 S328 8359 E287  S265

5342 S372 S331 S356(Oy) E290 D268

Table 3. Representative alignment of residues of chloride binding site in NSS family members. Residues
forming the chloride binding site in the chloride dependent transporter GAT1, SERT and DAT are shown
aligned with the corresponding positions in the bacterial proteins LeuT and TnaT and with the putative
chloride binding site of KAATI. Investigated position are shown in bold letters. Non-coordinating residues
in DAT... are reported in black cursive (see text for details) and coordinating atoms in DAT.. are also

provided (red).

In strictly agreement with the proposed model for chloride mteraction among NSS
proteins, KAAT1 should be chloride dependent bearing in the fourth position a neutral
amino acid (Ser342) that corresponds to LeuT Glu290 (Table 3). This has not been
verified from experiments (Bette er al, 2008) and the first hypothesis suggested a
replacement role for the acidic position of KAAT1 (Asp338) that is only four position
(one a-helix turn) before Ser342. With the aim to verify this hypothesis we introduced a
negative charge in position 342 (S343E mutant) but we also tested the effect of the
removing of the negative charge in position 338 of KAAT1 (D338N mutant). The goal
was to get a protein fully chloride independent or dependent, respectively, to identify the
structural reason of the weak chloride dependence that characterizes wild type KAAT1
challenging the functional model for the other transporters of the family. We have also
mutated Thr339 against cysteine, glutamate or serine. The activity of these mutants as well
the chloride dependence of some of them 1s showed in figure 7. The activity of the
mutants ranged from the inactive S342F. mutant to the two fold higher activity of T339C
mutant. Apart from these cases the mimpact of the mutagenesis of the putative chloride
binding site reduced the activity of the protein from the 50% to the 90% if compared to
that of the wt protein. When gluconate replaced chloride (Fig. 7B) more interestingly
results were observed but, unfortunately, due to the low activity level showed by some
mutants (namely T339E, S342A, D338N/T339E and D338N/S342E), not all could be
tested for the chloride dependence. The main finding was that the deletion of the negative
charge n position 338 m D338N mutant did not alter the chloride dependence of
KAATTI allowing us to reject the hypothesis of a chloride vicarious role for this position
and suggesting the existence of a transport scheme that does not rely on a negative charge
whose more detailled description will be later provided i the final discussion.
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Unfortunately the S342E mutant was mactive and this prevented us to assay the effect of
the mtroduction of a negative charge m this position. Even when this serine was
substituted with an alanine the activity was too low to be further investigated (indicating
that this serine might exerts an important role in KAAT1 activity); the introduction of a
cysteine gave instead an active mutant with a reduction of the chloride dependence (but
not fully independent).
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Fig. 7. Activity and chloride dependence of KAATI mutants. (A) 0.1 mM leucine uptake induced by
KAAT1 wt and indicated mutants in presence of 100 mM NaCl. Data are expressed as percentage + S.E. of
the uptake induced by the wild type protein in the same conditions from at least three independent
experiments with oocytes from different batches. (B) Chloride dependence of KAAT1 wt and mutants. 0.1
mM leucine uptake in absence of chloride was conducted replacing the 100 mM NaCl of control conditions
with 100 mM of Na gluconate. Data are expressed as percentage + S.E. of the uptake induced in control
conditions (i.e. in presence of chloride) and from at least three independent experiments with oocytes from
different batches.

Thr339 was mvestigated because the corresponding position i LeuT was originally
proposed as alternative site able to provide a negative charge to the protein (Zomot et al.,
2007). It was mutated against cysteine and serine as found in the almost completely
chloride dependent transporters GAT1 and SERT (see table 3) but also mtroducing a
negative charge (with glutamate) as found in LeuT (Glu286; this residue, due to its higher
pKa than that of Glu290, seems to be protonated at pH=7 and, consequently, probably
not directly mvolved in providing the independence from CI 10on, (Forrest et al., 2007)).
Glutamate introduction impaired the activity of the protein at a level that rendered the
further step not mvestigable and T339C and T339S mutants did not show any alteration
in the chloride dependence. We have also tried to measure the effect of the moving of
the negative charge of Asp338 to Thr339 and Ser342 positions. The low activity of the
two double mutants D338N/T339E and D338N/S342E unfortunately prevented us to test
their Cl-dependence.

3.3.4  Threonine 67 is a key player in the coupling mechanism

Despite the increasing number of solved 3D structures, one of the less understood aspect,
beside 10n selectivity and dependence, 1s the coupling mechanism. Thr67 was identified

57



Ton selectivity and coupling mechanism in KAAT1

analyzing the ion binding sites in KAAT1 because of two main reasons: 1) the degree of
conservation and 1i) its position in the 3D structure of KAAT1 according to model of the
transporter built exploiting LeuT structure (PDB access code 2A65; (Yamashita er al.,
2005)) as template.

A B

KAAT1 LEAEPPERMVWSNNIEFLMSCIA T SVGLGNVWRFPFIAYQNGGGAFLVPYIIVL 97 .
CAATCH1 LEAEPPERMVWSNNIEFLMSCIA T SVGLGNVWRFPFIAYQNGGGAFLVPYVIVL 97 !
D ESESSGQRDQWSRGVEFLFSCIALISVGLGNVWRFPFIALENGGGAFLIPYVIVL 103

hSERT AELHQGERETWGKKVDFLLSVIG Y AVDLGNVWRFPYICYQNGGGAFLLPYTIMA 125

hDAT SPVEAQDRETWGKKIDFLLSVIGE AVDLANVWRFPYLCYKNGGGAFLVPYLLFM 106

hGAT1 KAADLPDRDTWKGRFDFLMSCVG Y ATGLGNVWRFPYLCGKNGGGAFLIPYFLTL 90

hGAT-2 oo HKMEFVLSVAGE I 1GLGNVWRFPYLCYKNGGGAFFIPYLVFL 60

hGAT-3 RDKAVHERGHWNNKVEFVLSVAGE T TGLGNVWRFPYLCYKNGGGAFLIPYVVFF 96

hTAUT AEGKPPQREKWSSKIDFVLSVAGGFVGLGNVWRFPYLCYKNGGGAFLIPYFIFL 87

hCT-1 GRLAVPPRETHTRQMDFIMSCVGE AVGLGNVWRFPYLCYKNGGGVFLIPYVLIA 98

hGLYT-2 QGDENKARGNWSSKLDFILSMVG Y AVGLGNVWRFPYLAFQNGGGAFLIPYLMML 237 T67

Fig. 8. (A) Alignment of transmembrane domain I of some NSS members in the corresponding position of
KAATI threomme 67 and the corresponding B) 3D model. Sodium, leucine and chloride are shown in

their putative binding sites. Ala66, Thr67 and Ser68 are shown as ball and stick representation. Please note

the participation of Ser68 and Ala66 to Nal and Na2 binding site respectively. Cl is located 1n its putative

chloride binding site according to (Forrest et al., 2007; Zomot et al., 2007). The 3D model of KAAT1 has

been built basing the modeling on LeuT structure with PDB access code 2A65 (Yamashita er al., 2005).
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Fig. 9. Activity and chloride dependence of KAATI threonine 67 mutants. (A) 0.1 mM leucine uptake
induced by KAATI1 wt and indicated mutants in presence of 100 mM NaCl. Data are expressed as
percentage + S.E. of the uptake induced relatively to wild type protein in the same conditions from at least
three independent experiments with oocytes from different batches. (B) Chloride dependence of KAATI
wt and mutants. 0.1 mM leucine uptake in absence of chloride was conducted replacing the 100 mM NaCl
of control conditions with 100 mM of Na gluconate. Data are expressed as percentage = S.E. of the uptake
induced in control conditions (i.e. in presence of chloride) and from at least three independent experiments
with oocytes from different batches.

The positions corresponding to Thr67 1s not conserved among NSS members but,
mterestingly, 1s conserved as threonine only in 2 out of 250 analyzed NSS sequences that
share some uniqueness in terms of molecular physiology, KAAT1 and CAATCHI
(Castagna et al., 2009). More mterestingly, when the position of Thr67 was mvestigated in
the 3D model it was found to be in a keystone zone being the bridging position between
the two sodium binding sites (Fig. 8) and, at the same time, a coordinator point for the
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organic substrate. We therefore undertaken extensive mutagenesis studies aimed to clarify
the role of Thr67 in KAAT1 transport activity. Position 67 was modified removing the
later chain (T67G), substituting the native with a smaller one, both apolar (T67A) or polar
(T67S), or bigger (T67Y) but was also tested the effect of the introduction of a negative
(potentially formal) charge (T67E). The activity of the mutants 1s reported in Fig. 9A and
the expression level of T67G and T67Y mutants 1s showed in Fig.4. The removing of the
lateral chain as well the mtroduction of a glutamate residue had the major impact on the
functionality of the transporter being the residual activity reduced of about the 90% and
95% of the wt activity respectively. The activity was reduced of the half for T67A and
T67S mutants but, surprisingly, increased of almost 1.5 times for the mutant in which the
threonine was substituted by a tyrosine. T67Y was the mutant in which we have mostly
performed the studies to address the role of Thr67. Despite out of the putative binding
site for chloride but considering that CAATCHI1, that shares Thr67 with KAAT1, 1s also
weak chloride dependent (Bette ef al., 2008), we firstly challenged the mutants in absence
of chloride finding very interesting result (Fig. 9B). The presence of the lateral chain in
position 67 1s required for the activity of KAAT1 i absence of chloride being T67G
mutant completely mactive in this condition. The dependence was not modified for
T67A and T67S but completely abolished mtroducing a bulkier, neutral, polar residue
like the aromatic tyrosine in T67Y mutant. Considering the physical-chemical properties
of the lateral chain of the native threonine, the modulation of the chloride dependence
seems therefore to be related to the dimension of the lateral chain. In fact, reducing the
dimension of the lateral chain with (T'67A) or without (T67S) modifying its polarity did
not affect the chloride dependence but removing it (I'67G) or introducing in its stead a
bigger, polar and neutral (only shightly more acidic) residue (1'67Y) the protein was able
to work 1n a chloride dependent or independent fashion respectively.

Being also the Thr67 flanking positions, Ala66 and Ser68, peculiar of KAAT1 and
CAATCHLI (see previous section) we have also tested a possible role of these positions in
the weak chloride dependence that characterizes the two insect transporters. Neither
S68A nor A66G mutant showed altered chloride dependence (Fig. 3B, 5B).

Prompted by these results we have further investigated the role of Thr67 exploiting the
high activity of T67Y mutant. Chemiluminescence analysis (Fig. 4) revealed that was
expressed at the same level of wt in plasma membrane indicating, assuming the same
number of active form of the protein per surface area unit, an increased activity of the
mutant itself. This activity was still sodium dependent (Fig. 10B) and higher then that one
of wild type even when KCI replaced NaCl (Fig. 10A) indicating that the ability to exploit
potassium 1s not affected by the mutation and that the presence of the cation 1s required
for the activation of the transport mechanism. No significant differences were found in
the affinity for sodium between KAAT1 wt and T67Y indicating the structural integrity of
the sodium binding sites but a lowering of the affinity for the cation was measured in
absence of chloride for both proteins (Fig. 10C, D). Surprisingly, when the transport
activity of T67Y mutant was assayed by electrophysiology we found clear evidences of an
uncoupling effect of the mutation. As illustrated in the tape i Fig. 11A, the coupled
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current elicited by this mutant was only the 209% of that one induced by the wild type in
presence of NaCl despite the amount of amino acid transported (assayed by
radiochemical assay, Fig. 9A) was higher than that of the wt. Also the uncoupled currents
of the mutant were affected: as reported mn Fig. 11C a consistent lithium and potassium
leak currents were measured for KAAT1 wt but not for T67Y mutant indicating a severe
mmpairment of the leakage pathway of the native transporter.
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Fig. 10. Characterization of KAATI T67Y mutant activity. (A) 0.1 mM leucine uptake induced by KAATI
wt and T67Y mutant in presence of 150 mM KCl. Data are expressed as percentage = S.E. of the uptake
mduced relatively to wild type protein in the same conditions from at least three independent experiments
with oocytes from different batches. (B) Sodium dependence of KAAT1 wt and T67Y mutant. 0.1 mM
leucine uptake in presence 100 mM NaCl or 100 mM of choline chloride measured in oocytes for 60
minutes in the indicated conditions. Data are means = SE from 10 to 14 oocytes in a representative
experiment. (C, D) Measurement of sodium affinity for KAATI wt (@) and T67Y (o) in presence (C) or in
absence (D) of chloride. The uptake of 0.1 mM leucine was measured in presence of increasing NaCl or
Na-gluconate concentrations respectively. Data are expressed as percentage of uptake induced by the wild
type In presence of 100 mM Na-salt for 5 minutes and expressed as percentage + S.E.. Data are from a
representative experiment.

From literature 1s known that the residue corresponding to Thr67 in KAAT1 is the Tyr95
in the serotonin transporter SERT. It has been previously reported that mutation of
Tyr95 increased the ability of the protein to discriminate between R- and S-citalopram
indicating a role in substrate selection for this residue (Henry et al, 2006). Many insect
transporters can transport, beside protemogenic L-amino acids, their corresponding D-
enantiomers (Geer, 1966; Miller et al., 2008). KAAT1 is not fully stereoselective for L-

amino acids. We have therefore performed a competition uptake experiment in which
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the uptake of 0,1 mM [H]-I-leucine in presence of 100 mM NaCl was challenged
applying unlabeled 4 mM D-leucine. In these conditions the activity of the wild type
protein has been lowered of about the 80% but not completely abolished (as expected)
and shown 1 figure 12. Of major interest was the result obtained for T67Y mutant whose
activity was found be significantly less sensitive to the effect of D-leucine application. The
mhibitory effect was, in fact, only of the 409% indicating that the mutation introduced an
increasing in the stereoselectivity of the transport process.
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Fig. 11. Recording of currents elicited by KAAT1 T67Y mutant. The tapes are from a representative oocyte
expressing wild type KAAT1 or T67Y mutant tested for the coupled (A) or uncoupled (C) currents. In (A)
measurements were performed at the voltage to — 60 mV 1n a NaCl solution (upper line); the substrate,
3 mM threonine (lower bar), were added alter stabilization of the current in sodium. (B) Quantification of
the coupled currents from the tape in (A). Leak currents (B) were obtained by subtracting current in tetra-
methyl-ammonium (TMA) solution from current in ion solutions containing Na', Li or K as the main
cation in oocytes expressing KAATI1 wt or mutant. The difference in amplitude of the currents should be
noted by the different reference value of the scale bar.

61



Ton selectivity and coupling mechanism in KAAT1

120

100 1 — —
80

60 1 %

40

N m
0 T

wt T67Y

% of [3H]-L-Ieucine uptake

Fig. 12. Stereoselectivity of KAATI T67Y mutant 0.1 mM ['H]-L-leucine uptake induced by KAAT1 wt
and T67Y mutant in 100 mM NaCl in presence (filled bars) or not (empty bars) of 4 mM D-leucine. Data
are expressed as percentage £ S.E. of the uptake induced relatively to wild type protein in absence of D-
leucine from at least three independent experiments with oocytes from different batches.

34  DISCUSSION AND FUTURE INVESTIGATIONS

The indication of activity in presence of potassium chloride of T467A BetP mutant need
to be further confirmed by means of different techniques exploiting the purified form of
the protein. The measure of the Ks was impaired by the low activity but the reconstitution
i liposome should make its measuring easier. Soaking technique with rubidium as
potassium tracer could allow getting structural information about the coordination of this
cation. The structural evidence of rubidium coordination in BetP would be, jointly to the
functional data, the only certain proof of a real coupling with potassium in this BetP
mutant: the radiolabeled uptake of betaine performed in cells could be affected by the
membrane depolarization mmposed by potassium flux mto the cells during uptake
experiments, but also by the fact that the mcreased amount of intracellular potassium
concentration mto the cell could led to an indirect activation of BetP by the potassium
flowed into the cell during the incubation (Ochrombel et al., 2011).

The mteraction of potassium with the Nal site of KAAT1 was previously proved by
mutagenesis (Mari et al., 2004). Regarding the main differences in Nal site between
KAATI and the other NSS members these are linked to the presence of Asp338 and
Ser68. Ser306 1s also not conserved but i1s normally mutated i a conservative way
(threonine instead of serine). The role of Asp338 was already illustrated (Man et al.,
2004): an acidic amino acid 1s found in the 40% of prokaryotic NSS proteins (Beuming et
al., 2006) but the majority (especially eukaryotic ones) harbor i this position a neutral
residue of asparagine. Confirming the importance of this site in potassium interaction we
found that the elimmation of the OH group of Ser68 completely impaired KAATI
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activity in presence of K’ (Fig. 3A). Again, in almost all the members of the family this
position 1s not polar as found in KAAT1, but substituted by an alanine (even though few
of these proteins show a polar residue i this position like serine or cysteine). Taken
together these data indicate that the potassium selectivity in KAAT1 Nal site rely on the
global polarity of the site provided by the concomitant presence of Asp338 and Ser68:
when polarity 1s reduced by mutagenesis the protein loses the ability to exploit potassium
but the use of sodium, despite reduced, 1s not completely abolished. A new interesting
aspect of cation coordination was got from DA T .. in which, as already described, a water
molecule was found coordinates sodium in Nal site being part of an hydrogen bond
network that mvolves the Asp46 in TM1 of the transporter (Penmatsa et al,, 2013). In the
corresponding position of DAT Asp46 KAAT, interestingly, shows a glycine (Gly70)
that 1s chemically unable to create this sort of imteraction. The functional characterization
of the reciprocal mutants could reveals new insight in cation selectivity of the two proteins.
Data gathered on the activity of Na2 binding site mutants indicated that potassium binds
also this site and this allows, for the first time, the inference that the stoichiometry of 2:1
cation:amino acid measured for Na™ (Bossi et al, 2000), 1s also true for potassium. The
mactivity of G407T mutant could be explained in, at least, two ways: 1) the introduction of
a threonine 1n this position could impairs the interaction with the metal 1on, regardless of
its nature (sodium or potassium) or 11) the mutation disrupts the protein fold at a level that
prevents the surface expression of the protein. In any case, considering the fact that the
corresponding position in the majority of the bacterital NSS members 1s occupied by a
threonine, the effect on KAAT1 activity highlights the importance of a glycine i this
position of the Na2 site. An aspartate occupies this position in more than the half part of
eukaryotic members, a glycine 1s found m around the 25% and, in a lower percentage of
cases, 1s also replaced by a serine. Moreover, if the expression of this mutant in
membrane will be confirmed this could suggest a hierarchy of importance between the
two 1on binding sites: in fact in G407T mutant, the unmodified Nal site is alone unable to
allow the cotransport process probably indicating that both the sites need to be functional
for the transport activity or, in other terms, that Nal site 1s not able to sustain KAAT1
transport activity. The modification of position 407 also deeply impaired the possibility to
exploit potassium indicating the importance of the native glycine in determining the this
unique feature of KAAT1 (Fig. 6A). The recovery of the activity observed for G407A
mutant by enhancing the concentration of the leucie (Fig. 6C) could be explaimned with
an effect of the mutation on the kinetic parameters (V... and/or Kx) for the substrate also
indicating an effect of cation binding on the substrate interaction with KAAT1. This 1s
also what was found in DAT...where a communication route was found exactly between
Na2 site and the substrate binding site (see later). Glycine 407 appears to be the key
residue that determine the cation selectivity in Na2 site of KAAT'1. The mutation of the
other less conserved Na2 residue (only the 5% eukaryotic NSS members show an alanine
i this position), Ala66, did not modify the possibility to exploit potassium. The
properties of lateral chain of position 407 influences the possibility to exploit a specific

driver 1on: the absence of the lateral chain i the native protein could allow the
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accommodation of all the alkaline metals exploitable for coupling but when a apolar
residue (alanine) 1s introduced the interaction with sodium is still possible but the
activation by K" or by L1 1s significantly reduced. When 1s also modified the polarity of
the lateral chain introducing an hydroxyl group (serine instead of alanine) the interaction
with potassium 1s completely impaired but 1s preserved the possibility to function with
sodium or with lithium as well (Fig. 6A, C). LeuT Thr254 (table 1), that corresponds to
KAAT1 Gly407, coordinates the Na  ion (and the substrate leucine) by means of its
hydroxyl group on the lateral chain and by its backbone. Lacking of the lateral chain in
position 407 of KAATI suggests that probably this glycine coordinates the 1ons by the
oxygen atom of the carbonyl group but, introducing amino acids with a lateral chain, this
role could be influenced by the dimensions and by the polarity of the same lateral chain
(alanine substitution) or demanded to its coordinating atoms (for serine or threonine).
These data suggest that the presence of a glycine in Na2 site of KAAT1 being void of the
side-chain, could allow the protein to exploit drivers with a bigger ionic radius like
potassium (lithium 1s indeed smaller than sodium) but the investigation deserve more
attention. The membrane expression level of each mutant must be analyzed especially for
the mactive G407T mutant. A full electrophysiological analysis of pre-steady state and
uncoupled currents for all the cations tested 1s necessary to better define the type of
alteration 1 cation interaction with the protein. Would be also interesting the building of
reciprocal mutants in other members of the family trying to export some KAAT1 features
mto them as confirmation of data obtained for KAAT1. For instance, the substitution of
the aspartate 395 with a glycine in the GABA transporter GAT1 (corresponding to
Gly407 of KAAT1) could transfer the possibility to exploit potassium also in this protein.

The goal to 1dentify the structural reasons of the weakly chloride dependence of KAAT1
was not reached. As already proved the interaction between KAAT'1 and chloride occurs
in a different fashion if compared to what occurs in the other eukaryotic proteins (Bette et
al., 2008) despite the four coordinating positions found in the binding site of DAT ... are
identically conserved also in KAAT1 (Table 3) (Penmatsa et al, 2013). As already
reported m the absence of chloride the activity of Cl-dependent transporters is not
completely abolished but only deeply reduced. This allows us to say that, apart from the
classical coupling scheme reported in Fig. 13A and C (left), also a different modality 1s
possible that coexists in the same protein with the classical one (named chloride assisted
mode), that we can define as negative charge mdependent mode (Fig. 13C, right). Our
mvestigation of the putative chloride binding site, allows us to extend this conclusion also
at the structural level. In fact, as indicated by the results plotted in graphs of figure 7, we
found that the negative charge of Asp338 1s not able to replace the negative charge of
chloride as occurs in bacterial proteins indicating that the negative charge mmdependent
mode 1s possible also for KAAT1. This 1s in full agreement with the fact that Asn352 of
DAT....the corresponding of KAAT1 Asp338 (Table 3) does not participate in chloride
coordmmation (Penmatsa et al, 2013). The main difference between KAAT1 and the
other eukaryotic members of the family resides in the relative efficiency of the two kind of

transport cycle modalities: assuming as reference the chloride assisted mode, the relative
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efficiency of the alternative mode 1s for the chloride dependent proteins less than the 10%
while in KAATT it reaches the 55% highlighting again that in KAAT1 the interaction with
chloride occurs through different modalities. The role of chloridde in the coupling
mechanism of NSS proteins has not been fully elucidated yet. The most reasonable
hypothesis indicates for this halide a role i the partial neutralization of the positive
charge of sodium allowing an increase in the coupling rate for the transporter. Besides
this, for the localization/movement of the 1on, once bound the protein, some hypothesis
has been already proposed and previously described in this thesis (see the Introduction of
this chapter). As reported the weak chloride dependence (or the complete independence
of some 1nsect eukaryotic members (Boudko, 2012) and of all prokaryotic proteins)
seems to be linked to the facing of the protein to the extracellular environment. For these
proteins the role of chloride in the transport cycle 1s not easily explamnable. For the
neurotransmitter transporters (GAT1, SERT and DATT) the proposed model of chloride
binding site as a site for the neutralization of the positive charge of sodium 1s, at least
partially, able to explain the role of chloride i their molecular physiology. We can
speculate that prokaryotic transporters did not evolve this dependence being these
proteins counteracting an environment not always constant in its composition, i which
the dependence from the availability of another 10on, apart from sodium that 1s necessary
for the activation of the transport, could be a disadvantage i terms of competition for
nutrients. The solution was found in keeping the required negative charge constantly
assoclated to the transporter (and varying its protonation state according to the different
step of transport cycle (Zomot et al., 2007). Evolution probably allowed the loosing of this
adaptation in mammalian transporters being these proteins harbored m a system that
steadily bath cells membrane with a fluid in which the chloride concentration is never
limiting. Still open 1s the question regarding the evolutionary advantage gained by these
molecules i acquiring the dependence from this anion (or, in other terms, why they have
loose the negative charge reasonably present in their prokaryotic ancestor). More
complicated 1s the case of proteins that face the extracellular environment in eukaryotic
organisms that have evolved a similar or identical structure, in the putative chloride
binding site, to those of mammalian strictly chloride dependent proteins but also a
behavior that, somehow, 1s superimposable to that of bacterial members of the family.
We can again speculate that this could be an evolutionary adaptation. It 1s easy to think to
a common origin for eukaryotic NSSs. Those that are active i apical membranes of renal
or intestinal epithelia are devoted to uptake their substrates in conditions not highly
controlled as found by their homologues in the internal environment of the organisms.
The loosing of chloride dependence could be a sort of exit strategy to renders the uptake
less susceptible of variation of the environmental conditions. For some of these
mammalian chloride independent proteins the absence of chloride do not modify the
uptake capacity while for insect amino acid transporters the activity in absence of chloride
1s only the half part of that one in presence of the anion indicating a more complex role
for this halide.
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The role of threonine 67 in KAATT1 1s quite intriguing because it seems to act as a sort of
a molecular hinge for the coupling mechanism. The TM1 was found be involved in the
switching between leak and coupling mode m the GABA transporter GAT1 (Kanner,
2003) and 1n this carrier mutants of the corresponding residue, Tyr60, were previously
described: the reverse mutation to KAAT1 T67Y in GAT1 (Y60T mutant) induced an
increasing in lithium leak current and mn sodium dependence of the coupled currents
(Kanner, 2003). In KAAT1, mutating this residue, we were able to influence the majority
of the aspects of the transport mechanism. The mutation of the residue against tyrosine
did not modify the sodium binding sites indeed the affinity for the 1on was not modified
(Fig. 10C, D). Interestingly the protein was fully active both i presence of sodium or in
presence of potassium at least when assayed by radiochemical assays that measure the flux
of the amino acid through the protein (Fig. 9A, 10A). When the currents associated to the
transport process were measured by electrophysiological meanings, a deep dissection of
the coupling mechanism was found (Fig. 11). T67Y mutant showed a flux of amino acid
even higher of the wild type but only the 209% of this flux was coupled to sodium
movement indicating that in the protein exist, at the same time, two ways by which the
substrate could flow through the transporter. Around the 20% of the amino acid flows in
the classic, weakly chloride dependent mode (data not shown) as for the native protein.
The majority of the substrate amount pass mstead through the protein by a mechanism
that 1s uncoupled from the metal ion flux and not influenced by the presence of chloride
(Fig. 9B, 13D). This anion was able to enhance T67Y mutant affinity for sodium but the
same effect was found also for the wt protein (Fig. 10C, D). Interestingly in this mutant
the relative efficiency of the negative charge independent mode has been raised up to the
same level of the chloride assisted mode indicating an unbalancing effect of the mutation
between the two transport modalities. Moreover, the uncoupled amino acid flux was
strictly sodium dependent being completely abolished when choline replaced sodium n
the uptake solution (Fig. 10B). This data suggests that in the mutant the acquiring of the
conformation able to induce this amino acid flux 1s reachable only i presence of sodium.
The mutation of Thr67 to Tyrosine altered also the conformation of the transporter that
1s active In allowing the passage of cations m absence of transportable organic substrates
(uncoupled currents; see Fig. 11C) and, accordingly, the reciprocal mutant in the GABA
transporter (GAT1 Y60T mutant) was previously found be characterized by increased
uncoupled currents (Kanner, 2003). According to LeuT and DA'T crystal structure Tyr67
should be mvolved in the organic substrate coordination: as already described for the
serotonin transporter SERT (Henry er al, 2006) the residue is mvolved in the optical
selection that the protein operates on its substrates. The corresponding residue in DAT .
1s Phe43 that is mvolved with its carbonyl oxygen in a H-bond with the amino group of
the bound nortriptyline (Penmatsa et al, 2013). While for the serotonin transporter and
for DAT .. this 1s relevant especially for the interaction with unnatural ligands (drugs), for
KAAT1I the significant of this result 1s different being the protein able to translocate also
D-amino acids (Castagna et al, 1998). Thr67 is a player in determining the balance
between the preference of the transporter for the I- or D-stereoisomers. The
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physiological significant of the ability of KAAT1 to import D-amino acid is not known but
it 18 not uncommon for insects realize this kind of uptake and also to exploit D-amino
acids as regulatory molecules (as also found in mammals).
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Fig. 13. Coupling schemes for wt and mutant NSS mutants. Schematic coupling scheme for a strictly
chloride dependent (A) or independent (B) NSS transporter. Adapted from (Zomot et al, 2007).
Proposed alternative transport cycle modalities for KAAT1 wt (C) or T67Y (D) mutant. Legend: T,
transporter; T", transporter with formal negative charge; S, organic substrate. Brackets indicate the fact that
what 1s indicated could be present or not without differences. The representation in grey indicates a branch
of the pathway with smaller capacity in terms of total amount of transported amino acid. See text for details.

Our data support a model that assign a central role to threonine 67 in KAAT1 transport
mechanism: this residue reasonably, acts as a coordinating point that allows, at a
molecular level, the coupled transport at different stages of the translocation mechanism
as well in the poor understood mechanism of the uncoupled cation flux through the
transporter. In absence of organic substrates Thr67 participates to conformational
changes that allow the cation leak through the protein: when it i1s substituted by a
Tyrosine, somehow, the passage of cation closes almost completely. In a normal transport
cycle, instead, this residue should be involved in the substrate recognition when it get
access to its binding site but also in the mechanism that realizes the coupling between
driven and driver fluxes and in the influence that CI exerts on the transport mechanism.
The recently solved structure of DATw. showed us also how this could be possible.
Phe43 (corresponding to KAAT1 Tyr47) is a member of a H-bond network that links the
substrate binding site occupied by the drug, and the Na2 site. In particular Ser421
(KAATI Ser408), member of the Na2 site, is 3.5 A from the propylamine group of
nortryptilne and also forms an hydrogen bond with the carbonyl of Phe43. If this network
exists also in KAATTI this would involve Ser408 from Na2 site, Thr67, and, eventually,
the substrate present in its binding pocket. We can therefore hypothesize that the effects
that we saw mutating Thr67 could be attributed to the modification of this crosstalk also
i KAATTI.
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3.5 MATERIAL AND METHODS

3.5.1  Mutagenesis

Mutation in wt BetP were mtroduced by PCR with QuikChange® Site-Directed
Mutagenesis kit according to manufacturer instructions on strep-BetP i pASK-IBA
vector. Full sequencing of the gene confirmed the mutation.

KAATI1 mutants were obtained by PCR using high fidelity DNA polymerase P.fu.
(Promega). DNA sequencing (Primm s.r.l. laboratories, Milan, Italy) confirmed the
mutations.

3.5.2  Oocyte harvesting and selection

Oocytes were obtained from adult female X. Jaevis frogs and manually defolliculated after
treatment with 1 mg/ml Collagenase A (Roche, Germany) for 30-40 min at RT in Ca -
free ORII medium (82.5 mM NaCl, 2 mM KCI, 1 mM MgCl,, 5 mM HEPES/Tris, pH
7.5). Healthy V-VI stadium oocytes (Dumont, 1972) were then selected for injection and
maintained at 16 °C in Barth's solution (88 mM NaCl, 1 mM KCl, 0.82 mM MgSO.,
0.41 mM CaCl,, 0.33 mM Ca(NO:):, 2.4 mM NaHCO;, 10 mM HEPES/Tris, pH 7.5)

supplemented with 50 mg/l gentamicin sulfate and 2.5 mM sodium pyruvate.

3.5.3  Oocyte expression of KAAT1 wt and mutants

pSPORT-1 plasmid vector bearing KAAT1 wild type (wt) or the relative mutants were
linearized by Notl digestion (Promega). Corresponding cRNAs were in vitro transcribed
and capped using T7 RNA polymerase (Promega). Defolliculated oocytes were mjected
with 12.5 ng of cRNA dissolved in 50 nl of RNAse-free water via a manual microinjection
system (Drummond). Before use, oocytes were maintained in Barth's solution at 16 °C

supplemented as above described.

3.5.4  Uptake measurements for BetP

Uptake of ['C]-betaine was measured in £. colif MKHI13 cells. This strain has been
engineered to be unable to uptake choline by BetT transporter, unable to synthesize
glycine betaine (betBA gene deletion) and i1s also deleted for the genes ProU, ProP and
PutP deputy to the uptake of compatible solutes. Cells expressing the strep-BetP mutants
were cultivated at 37 °C m LB medium added with 50 pg/ml carbenecillin. The
expression of BetP was induced at an OD of 0.5 adding 200 pg/l anhydrotetracycline to
the cultures. After two hours cells were harvested by centrifugation and resuspended in
resuspension buffer (50 mM TRIS pH 7,5, 40 mM glucose). For uptake measurements

cells were mcubated in the uptake buffers for 3 minutes at 37 °C before the addition of
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['Cl-betaine. Uptake experiments were performed in the following buffer: 100 mM NaCl
or KCl, 25> mM TRIS pH 7,5, 20 mM glucose; final osmolarity 270,5 mOsm, 500 uM
betaine. Cell samples were picked up at different ime points, passed through a glass fiber
filter (Millipore, Schwalbach, Germany) and washed twice with 0.6 M. KPi1 buffer. Filters
where then collected and radioactivity retained counted by liquid scintillation counting.

3.5.5  Radiolabeled amino acid uptake in Xenopus oocytes

Amino acid uptake was evaluated 3 days after cRNA jection. Groups of 8-10 oocytes
were ncubated for 60 min in 120 pl of uptake solution (100 mM NaCl, 2 mM KCl,
1 mM CaCl,, 1 mM MgCl, 5 mM HEPES/NaOH, pH 8) with 0.1 or 1 mM ['H]-leucine.
Alternatively, to evaluate uptake mduced i the presence of lithrum or potassium 1ons,
NaCl was substituted by 100 mM LiCl or 150 mM KCI respectively. The aftfinity for Na’
was estimated by measuring the uptake activity induced by KAAT1 wt or mutants for 5
minutes in presence of 0,1 mM ['H]-leucine in the above indicated uptake solution with
mcreasing concentration of NaCl or Na-gluconate (for experiments m absence of
chloride). Uptake experiments were made at room temperature. After incubation oocytes
were rinsed with 1ce cold wash solution (100 mM choline chloride, 2 mM KCl, 1 mM
CaCl,, 1 mM MgCl:, 5 mM HEPES/choline hydroxide, pH 8), and dissolved in 250 pl of
109% SDS for liquid scintillation counting.

KAATT1 induced uptake was calculated as the difference between the mean uptake
measured I ¢cRNA injected oocytes and the mean uptake measured in non-injected
oocytes.

3.5.6  Electrophysiological experiments

Transport currents generated by the activity of the KAATI wt and mutants were
mvestigated by classical two-electrode voltage clamp experiments. Detailed procedure has
been already described i chapter 2, Materials and Methods section. Briefly, data were
recorded at a fixed voltage of —60 mV. The external control solution had the following
composition: 98 mM NaCl, 1 mM MgCl,, 1.8 mM CaCl,, > mM HEPES free acid; in the
other solutions NaCl was replaced by LiCl, KCI or TMACI. The pH was adjusted to 7.6
by adding the corresponding hydroxide for each alkali ion or TMAOH for TMA’
solution.

3.5.7 Chemiluminescence

Surface expression of the tagged transporters was detected using the monoclonal primary
antibody anti-FLAG M2 (Sigma F3165, 1 pg/ml) and goat anti-mouse IgG secondary
antibody labeled with HRP (Jackson ImmunoResearch Laboratories). Briefly, oocytes
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expressing different FLAG-KAAT1 isoforms, as well as non-injected oocytes, were
washed twice for S min 1n ice-cold ND96 (93.5 mM NaCl, 2mM KCl, 1.8 mM
CaCl.* 2H.0, 2 mM MgCl."6H.O, 5 mM HEPES) pH 7.6. These were then fixed with
49% paraformaldehyde m ND96 for 15 min, rinsed 3 x5 min with equal volumes of
ND96, and then incubated for 1 h m a 1% BSA-ND96 blocking solution (used in
subsequent antibody incubation steps). Next the oocytes were incubated for 1 h in mouse
anti-FLAG M2 1 pg/ml, washed 6 x 3 min in 19 BSA NDY96, incubated for 1 h in
peroxidase-conjugated goat anti-mouse IgG (HRP-IgG) 1 pg/ml, washed 6 x 3 min i 1%
BSA-NDY96 and then 6 x 3 min in ND96 alone. For the chemiluminescence readings,
oocytes were transferred into a 96 well plate (Assay Plate White not treated flat bottom-
Corning Costar) filled with 50 pl of SuperSignal Femto (Pierce). Luminescence was
quantified with a Tecan Infinity 200 microplate reader. The plates were read not later
than 5 min after the transfer of the first oocyte. The data were then acquired at least three
times mn 10 min and for each oocyte the mean of three readings was calculated. Results
were normalized to the mean value of FLAG-KAAT1 wt for each batch and are plotted
as relative chemiluminescence intensity.

3.5.8 Homology modeling

Fig. 9B was prepared using RasMol program. Homology modeling of KAAT1 was based
on the crystal structure of LeuT with accession code 2A65.

70


http://www.sciencedirect.com/science/article/pii/S0005273612000740#f0005

Chapter 4

Preliminary investigation of Baculovirus
expression system as a candidate for
KAAT1 expression and purification
from insect Sf9 cell line




Initial steps toward KAAT'1 structure determination

4.1 ABSTRACT*

In this chapter is described the first attempt to find a suitable eukaryotic expression
system for KAAT1 aimed to get it in a purified, stable and active form in enough amount
to perform structural studies. Being KAAT1 expressed in lepidopteran cells we exploited
the Baculovirus expression system and insect S9 cell line to express two differently tagged
form of KAAT1 (with FLLAG and His tags) whose expression was obtained at promising
level. Despite not completely exhaustive, exploiting the introduced tags some further steps
for its purification from Sf9 membranes were carried out whose results indicated the
feasibility of this production and purification approach for this NSS transporter.

" The work here presented was carried out in the laboratory of Professor Christine Ziegler at the
Department of Structural Biology, Max-von-Laue-Strale 03, D-60438, Frankfiirt am Main, Germany.
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4.2  INTRODUCTION’

4.2.1  Overview on Baculovirus expression system

Baculoviruses are viruses that exploit insect cells for their replication, specifically their Life
cycle takes place in ovarian tissue of lepidopteran larvae. A recombinant baculovirus used
for protein expression is a baculovirus that has been genetically modified to bear a foreign
gene that can be expressed in msect cell lines under the control of a virus gene promoter
(Smith er al., 1983). The most common used cell lines are Sf21 and its derived clone Sf9
that were derived from Spodoptera frugiperda. We used a system based on Autographa
californica nucleopolyhedrovirus (AcMNPV; FlahBAC system, Oxford Expression
Technologies). AcMNPV  (Ayres et al, 1994) has a circular double stranded DNA
genome (134 Kbp) packaged in a rod shaped nucleocapsid whose volume can be easily
enhanced to accommodate a bigger genome. The life cycle of the virus 1s phased mn two
stages in which viruses can be found as budded virus (BV) or as occlusion derived virus
(ODV). BVs are exploited as carrier for the expression of the foreign genes being
thousand times more infectious for cultured cells (Volkman and Summers, 1977). A lot
of occlusion bodies (OB) are normally found in late stages of infection that are also
known as polyhedra. These structures are got from the aggregation of OBs enclosed m an
envelope, acquired de novo in the nucleus, and embedded within the para-crystalline
matrix of the OB/polyhedra. The major component of the OB matrix 1s polyhedrin
(Rohrmann, 1986), a protein that is produced by the powerful transcriptional activity of
the polyhedrin gene (po/h) promoter’. OBs protect the virus in the passage between
different hosts and within the environment. In most of the Baculovirus based expression
systems the polh gene 1s deleted and this makes virus unable to survive out from the cell
cultures. The strong pohl promoter 1s instead maintained in the recombinant virus to
drive the expression of the foreign gene.

Advantages over bacterial expression system include the safety of usage, the possibility to
get the expression of genes independently from their dimensions under the control of a
very strong promoter. Being insect cells eukaryotic the proteins expressed are commonly
properly folded and functional bearing all the post translational modifications whose
mtroduction 1s not possible in prokaryotic system. The labour-intensive and technically
demanding steps needed to produce and maintain recombinant virus stocks are the main
drawbacks of this system.

The baculovirus genome is too large to directly allocate the insertion of a foreign gene.
Instead the foreign gene is cloned into a transfer vector, which contains sequences that
flank the polyhedrin gene in the virus genome. The virus genome and the transfer vector
are mtroduced into the host msect cells and homologous recombination, between the

flanking sequences common to both DNA molecules, effects the insertion of the foreign

" The Introduction of this chapter has been summarized from the usage guidelines provided with
flashBAC™ kit purchased from Oxford Expression Technologies where more detailed information are
available (www.oetltd.com).

* Patent applications EP1144666, WO0112829, AU6460800.
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gene nto the virus genome, resulting in a recombinant virus genome. The genome then
replicates to produce recombinant virus (BV phenotype only, as the polyhedrin gene 1s
no longer functional), which can be harvested from the culture medium.

4.2.2  The flashBAC™ system (Oxford Expression Technologies)

FlashBAC™ system’ has been specifically designed to remove the need to separate
recombinant virus from parental virus by plaque purification or any other means
(necessary for the first systems that exploited Baculoviruses). The production of
recombinant virus has been reduced to a one-step procedure in insect cells and 1s thus
fully amenable to high throughput and automated production systems. The AcMNPV
genome exploited in this system lacks part of an essential gene (ORF 1629; (Possee and
Howard, 1987)) but it contains a bacterial artificial chromosome (BAC) at the polyhedrin
gene locus, replacing the polyhedrin coding region. The essential gene deletion prevents
virus replication within insect cells but the BAC allows the viral DNA to be maintained
and propagated, as a circular genome, within bacterial cells. A recombinant baculovirus is
produced by simply transfecting insect cells with flashBAC DNA and a transfer vector
containing the gene of interest. Homologous recombmation within the insect cells
restores the function of the essential gene allowing the virus DNA to replicate and
produce virus particles and simultaneously mserts the foreign gene under the control of
the polyhedrin gene promoter removing the BAC sequence. The recombinant virus
genome, with the restored essential gene, replicates to produce BV that can be harvested
from the culture medium of the transfected insect cells. As it 1s not possible for non-
recombinant virus to replicate there 1s no need for any selection system. The flashBAC
system also facilitates membrane protein targeting. Baculovirus genome contains several
auxiliary genes, which are non-essential for replication in insect cell cultures. One of these
1s chitinase (c/AzA), which encodes an enzyme with exo- and endochitinase activity (Hawtin
et al., 1995). Deletion of chiA from flashBAC has improved the efficacy of the secretory
pathway and resulted in a greatly enhanced (up to 60-fold in some instances) yield of
membrane targeted recombinant proteins (in comparison with recombinant viruses that
synthesize chitinase).

The main bottleneck in the obtaining of structural data for eukaryotic proteins 1s the high
number of difficulties that prevent the obtaining of enough amount of purified protein.
The choice of the best expression system in of extreme importance to achieve this result.
Being KAAT1 cloned from msect cells of Manduca sextalarvae (Castagna et al., 1998) we
though to exploit the excellent properties of Baculovirus expression system to
heterologously express KAAT1 in Spodoptera frugiperda cell line (S19). We also carried
out some preliminary analysis to investigate the possibility to get KAAT1 out from Sf9
membranes for further steps of purification.

" Patent applications EP1144666, WOO0112829, AU6460800.
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4.3 RESULTS
4.3.1 KAAT1 expression in Sf9 cell line

Two different tagged form of KAAT1 were generated to create a protein that could be
purified from cell membranes using commercial available tools, namely the Ni-NTA
column and/or the anti-FLAG column. The FLAG-tagged form of KAAT1 described in
chapter 2 was cloned in pVLL1393 vector to get a double tagged construct with the FLAG
epitope in the second extracellular loop and with a 7-histidine tag at the C-terminus
(KAATI1-FH). KAATI-CFH was mstead generated cloning KAATI1 into the pVL-FH
vector obtaining at the same time the introduction of both FLLAG and a 8-histidine tag at
the C-terminus domain of the protein.
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Fig. 1: Expression test for KAATI-FH i 519 cells. (A): WB against FLAG epitope. M: molecular weight
marker. C: non infected cells. Numbers indicate the day of cell collection after infection. Arrow
corresponds to a MW of 60 kDa. (B): quantification of Western blot band intensity.

S19 cells were infected in an adherent monolayer culture with a multiplicity of infection of
10 with the Baculoviruses bearing the genes for KAATI1-FH or for KAAT1-CFH and
collected each 24 hours for seven days after infection. KAAT1 expression was evaluated
by means of Western blot analysis applied on cells lysed with SDS (see Materials and
methods section). The results are shown in figure 1 and 2 for KAATI1-FH and -CFH
respectively.

WB qualitative analysis indicated that both KAAT1 constructs were expressed by Sf9
cells at good levels. The protein (molecular weight of about 60 kDa) was detected since
the first day post infection (d.p.1) for KAAT1-FH and from the third d.p.1 for KAAT1-
CFH. The highest expression level was at the third and at the fifth d.p.1 for KAAT1-FH
and CFH respectively. No significant aggregated forms of the proteins were detected.
Bands of lower molecular weight than expected for KAAT1 were detected in each d.pa
for CFH construct in a relative intensity comparable to that of the protein, probably due
to a more susceptibility to degradation of this construct compared to KAAT1-FH.
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Fig. 2: Expression test for KAATI-CFH in 819 cells. (A): WB against FLAG epitope. M: molecular weight
marker. C: non infected cells. Numbers indicate the day of cell collection after infection. Arrow
corresponds to a MW of 60 kDa. (B): quantification of band intensity.

4.3.2  Detergent screening

For this test we choose KAATI1-FH construct mstead of KAATI-CFH because
characterized by a lower evidence of protein degradation. The productive culture
production gave a concentration of 10 mg/ml of proteins in membrane preparations after
the preparation procedure describe in Materials and Methods section. To get membrane
proteins out from the membrane in a folded and stable conformation, the choice of a
proper detergent 1s of pivotal importance. We applied the most common mild detergents
used for membrane protein purification and/or crystallization to membrane samples got
from a shaking culture of Sf9 cells expressing KAAT-FH at the third d.p.i. After
solubilization trial supernatant and pellet of non-solubilized material were both analyzed
by WB to explore the ability of the detergent to extract the protein completely out from
the membrane (Fig. 3).
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Fig. 8. Solubilization test for S19 cell membranes expressing KAATI-FH. The result of the WB analysis
after solubilization is shown for each detergent used. M: molecular weight marker; Mbr: not solubilized
membrane expressing KAATI1-FH. After solubilization in a solution of 2% of each of the indicated
detergents, solubilized (S) and pellet material (P) got after solubilization were loaded on 12.5% PAA gel and
analyzed afterwards by WB using an antibody against FLAG epitope. Arrow corresponds to a MW of 60
kDa. Legend: DM (n-decyl-B-D-maltopyranoside), DDM (n-dodecyl-B-D-maltopyranoside), C5 (Cymal-5;
5-Cyclohexyl-1-Pentyl-B-D-Maltoside) and OG (n-octyl-B-D-glucopyranosyde).
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Three out of the four detergents screened worked as solubilizing agent for KAAT-FH,
namely DDM, DM and Cymal-5. The signal from the sample for the solubilization test
carried out with OG did not get any result. DM and DDM worked better than Cymal-5.
DDM seems had worked better than others being the signal at the correct molecular
weight concentrated only in the solubilized fraction but no further conclusions could be
gathered due to a low KAAT1-FH expression in the cell batch: this was not comparable
to that one got from the expression test due to a wrong estimation of the virus titer of the
stock used for the infection of productive cultures.

4.3.3  Purification trial

On the same batch of membranes used for detergent screening we applied 2% DDM for
1 hour at 4°C with the aim to get the protemn completely out from the membranes and
apply a little scale purification test. To do so (see Materials and Methods section for
details) after solubilization the non-solubilized material was removed by centrifugation
and the supernatant applied to a Ni-NTA column. Protein elution was monitored by
Bradford assay and positive fractions were pulled together and applied again on an anti-
FLAG column. The positive fractions, despite the protein concentration was very low,
were collected and concentrated by centrifugation with Amicon Ultra-0.5 mL Centrifugal
Filters. Flowthrough (fraction got after the loading of anti-FLLAG material incubated with
the sample in the column), washing fraction and elution fractions after concentration,
were loaded on SDS-PAGE and following analyzed by WB analysis. Results are shown in
figure 4.

Fig. 4. Purification trial for KAATI-FH from Sf9 cell membrane. WB against FLAG epitope. M: molecular
weight marker. 1: flowthrought; 2: washing; 3: fraction of purified and concentrated KAAT1-FH protein
after two purification steps, namely a Ni-NTA and an anti-FLAG column (see text for details).

The quality of the SDS-PAGE as the efficiency of blotting were very bad. Despite this fact
no signals was detected m flowthrought and in the washing step from the anti-FLAG
column but a signal at the correct molecular weight was got after elution from the anti-
FLAG column and concentration. Due to the low expression level the gel was analyzed
by WB mstead of Coomassie blue staining preventing the possibility to get information
about the purity of the protein after the purification.

77



Initial steps toward KAAT'1 structure determination

4.4  DISCUSSION AND OUTLOOKS

The explorative trial to purify KAAT1 was only partially carried out.

The Baculovirus system has proved to be a good expression system for the expression of
KAATI1 as demonstrated by the results of the expression tests (Fig. 1, 2). Both the
constructs conceived and built for its purification were expressed at qualitatively good
levels but at a different time points, namely 38 an 5 d.p.. for KAAT1-FH and KAAT1-
CFH respectively. No evidence of protein aggregation was detected and only a slight
signal of degradation was revealed for KAAT1-CFH (Fig. 2) but the signal of the protein
at the expected molecular weight was always the predominant signal in each lane
corresponding to different d.p.1.. An immunofluorescence analysis to check the proper
msertion of KAAT1-FH in plasma membrane should be performed according to the fact
that the expression test was conducted on the whole cell lysate.

The low expression level in the productive cultures unfortunately impaired the possibility
to get further indications from the subsequent steps. As explained this was due to an
mcorrect virus stock titration that led to an infection at an m.o.1. lower than the theoretical
of 10 that should have been properly used for the expression test. In spite of this some
positive clues for the purification of KAAT1 were anyway gathered. The possibility to
find a good detergent for KAAT1 solubilization from plasma membranes of Sf9 cells and
the positive signal after two athnity purification steps indicates the feasibility of KAATI
purification exploiting this system.

To develop this system as a system for higher scale KAAT1 production and purification
for structural studies it 1s necessary a further analysis aimed to find the best detergent in
which KAAT1 should be not only completely solubilized from the membrane but also in
which the protein could be purified in high amount in a stable, folded and active form.
Should be noted that some unidentified protemn material at lower MW than expected was
observed i the WB for the solubilization test that requires further investigations to clarify
its nature. After this step an assay to test the functionality of the purified protein should be
also performed before proceeding with the scaling up of the procedure aimed to the
structural mvestigation of the protein structure.

4.5 MATERIAL AND METHODS
4.5.1 KAATI1 cloning and tagging

KAAT1 FH: the coding sequence of KAAT1 tagged with FLLAG epitope in the second
extracellular loop was amplified by PCR from pSPORT vector adding the restriction sites
for the endonucleases BamHI and Notl at the 5’- and 3’-end respectively. With the same
primers a 7-histidine tag was also added to the C-terminus of the protem. After digestion
with endonucleases the PCR product was cloned into pVILL1393 vector (kindly gift of
Gabriele Maul from the Molecular Membrane Biology Department, Max Planck Institute
of Biophysics, Frankfiirt am Main, Germany).

The primer used were the following:
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forward:

5-GCATCAGGATCCATGAATGACGGCCAAGTGAACG-3

reverse:
5-CATAGATGCGGCCGCTTAGTGATGGTGATGGTGATGGTGCTTATTAATATTACGCCTGTAAGC-3'.
KAATI1 CFH: wild type KAAT1 coding sequence was amplified from pSPORT vector
adding the restriction site for the endonucleases Bglll and BamHI at the 5’- and 3’-end
respectively. After restriction digestion the PCR product was cloned in the vector pVL-
FH (AB Vector) obtaining a DNA coding for KAAT1 double tagged at the C-terminus
with FLAG epitope and with a 8-histidine tag. The primer used are following listed:
forward: 5-GACATATTGTGAGATCTATGAATGACGGCCAAGTGAAC-3

reverse: 5-AGTCAGTAGGATCCCTTATTAATATTACGCCTGTAAGC-3'.

Gene sequencing confirmed the proper insertion of the tags and the cloning of the gene
in frame under the control of the pohl promoter.

4.5.2  Cell line and maintenance

S19 cell line (kindly gift of Gabriele Maul from the Molecular Membrane Biology
Department, Max Planck Institute of Biophysics, Frankfiirt am Main, Germany) was
maintained in TNM-FH medium without glutamine supplemented with 5% Fetal Calf
Serum (FCS), 50 pg/ml gentamycin, 2% L-glutamine, 0.01 pg/ml vitamin B12 (complete
medium). 0.196 Pluronic® 68 was also added to maintain cells in shaking cultures.
Growing temperature was of 27°C i an incubator without CO. supplying; a 125 rpm
shaking was also provided for shaking cultures. Changing in medium composition were
used for specific purposes during the production of Baculoviruses (see Recombinant

Baculovirus production section).

4.5.3 Recombinant Baculovirus production

1.28*10" healthy and log phase growing cells from a monolayer culture were seeded in
one well of a 6 multiwell plate for each of kind of virus. Cells were allowed to adhere after
seeding for 30 minutes at RT and then washed 4 times, each 10 minutes, with complete
medium without FCS. After the last washing, 1 ml of complete medium without FCS was
dropwise applied to the monolayer mixed with 50 uL. of the transfection mixture. This
was prepared right before the usage incubating for 15 minutes at RT the following mix:
500 ng of pVL1393 vector bearing KAAT1-FH or pVIL-FH vector bearing KAAT1-CFH,
100 ng of FlashBAC transfer vector (Oxford Expression Technologies) and 30 ul of
Lipofectamine” (Invitrogen) in a final volume of 50 ul of bi-distilled sterile water. Cell
were mncubated at 27°C i a close box with wet paper for 22 hours and then 1 ml of
complete medium with 109 FCS was applied to each well. Incubation was then
prolonged up to 7 days when cells were checked to verify the cytopathic effect due to

virus replication. The supernatant was then sterilely collected and cells elimmated by
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centrifugation at 6000 rpm for 10" at RT. This master stock of virus was then used to
amplify the virus batch. Otherwise was conserved and store far from light at 4°C.

4.5.4  Virus amplification

From the master virus stock the F1 generation of Baculovirus was produced. 50 ml
cultures of Sf9 cells were started with 5*10° cells/ml and infected with 1 ml of the master
stock virus got from the plate (see previous section). After 6 days of culturing cells were
collected by centrifugation (6000 rpm, 10 minutes, RT) and discharged; supernatant
containing the viruses was collected and used for the production of the F2 virus
generation starting a new culture of 500 ml of Sf9 cells as described and infected with an
multiplicity of infection (m.o.) of 0.01 assuming a F1 virus titer of 110" p.fu.
(plaque/forming/unit)/ml. Viruses were collected after 6 days as described. Both F1 and
F2 virus stocks were titered and stored at 4°C far from light. From F1 stocks aliquots of
viruses were stored at -80°C as a virus reference stock.

4.5.5  Virus stock titration

Virus titer in each stock was determined by end point dilution assay. For each virus stock
each well of a 96 multiwell plate were seeded with 1*10" healthy SfO cells from a
monolayer culture in 100 pl of complete medium. After cell attaching 10 pl of virus stock
dilution (diluted with the complete medium) were applied in each well according to the
following scheme: 3 wells with 10*and 10” dilutions and 4 wells for 10" virus dilution. 12
wells for each dilution from 107 up to 10" were also infected. At least 2 wells were used as
a negative control seeded only with cells without infection. Plates were incubated i a box
with wet paper at 27°C until the 6" day after infection. Cytopathic effect was evaluated in
each one of the wells by direct observation under light microscope for three days, namely
from the 6" untl the 8" day post infection. Positive wells were assigned if cells were
infected otherwise wells were considered negative. The data gathered were then used for
the determination of the virus titer according to the following calculation: for each dilution
the number of positive and negative wells were counted; the A (delta) of infection was
calculated for both positive and negative wells, for each virus dilution. The positive wells
were summed from the highest to the lowest dilution assuming that wells positive at
higher dilution were also positive at lower dilution. Conversely, the negative wells were
summed from the lowest dilution to the highest dilution assuming that the non-infected
wells at lower dilution were also negative at higher dilution. With positive and negative As
of each dilution the A percentage of positive wells for each dilution was calculated to
determine the a parameter as the first A percentage of positive well over 50, and b, as the
first A percentage lower than 50. The following scheme of calculation were applied to get
the virus titer: the PD parameter was firstly determined applying (2-50)/(a-5). This allowed
the calculation of the Tissue Culture Infection Dose 50 (T'CIDs) considering that
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logT'CIDs = dilution corresponding to a - PD. The virus titer in 10 ul of virus stock
corresponds to 1/10”"". From this the calculation of the number of virus particles in 1
ml was easily got considering the dilution factor of 100. The Plaque Forming Unit
(p.f.u.)/ml were then calculated considering that p.f.u./ml corresponds to log TCID:*0.69.

4.5.6  Expression test

To test the expression of KAATI for each construct 7 wells from 6 well plates were
seeded with 1.28*10" cell from a log phase growing culture and infected with an m.o.i. of
10 with viruses from the stocks. Each 24 hours cells from one well were collected and
stored for each type of virus. Non infected cells were considered as a control. From each
time point 610" cells were harvested, collected by centrifugation (6000 rpm, 10 minutes,
4° C) and dried by supernatant removing. Cell pellet were resuspended with 80.5 ul of
benzonase buffer (50 mM Tris-HCI, 1.5 mM MgClL, 1% SDS), 1.2 uL. protease inhibitor
cocktail (Complete EDTA free protease inhibitor cocktail (Roche): 1 tablet dissolved in 2
ml of water with 100 mM EDTA), 1.2 ul. 100 mM phenylmethanesulfonylfluoride and 2
ul. Benzonase (8 U/ul). After resuspension cell lysates were mncubated on ice for 60
minutes and then 1.2 yl. 100 mM phenylmethanesulfonylfluoride were added before

analysis by SDS-PAGE.

4.5.7  Productive cultures

Cultures for quantitative protein expression were started with cells from log growing phase
culture, collected by centrifugation (1000g, 10 minutes, RT) and resuspended with
complete medium to get a final cell density of 2.5*10° cells/ml. To this culture a proper
volume of virus stock was added to have an m.o.1. of 10.

4.5.8  Cell harvesting and membrane preparation

At the 3" day after infection cells expressing KAAT1-FH were collected by centrifugation
(6000 rpm, 10 minutes, 4°C) and cells resuspended with ice cold buffer A (50 mM TRIS
pH 7.5, 8.6% glycerol, 200 mM NaCl) with Complete EDTA free protease mhibitor
cocktail, Roche) to have a final cell density of 5*10° cells/ml. Cellular suspensions were
then applied to Cell Parr Bomb set up for 500 psi for 20 minutes per cycle to get cells
broken for more than 90%. Low speed centrifugation was applied (1000g, 10 minutes,
4°C) to remove the unbroken cells and membranes from the supernatant were collected
for ultracentrifugation. The latter was performed with the following parameters: 45000
rpm, 60 minutes, 4°C. The membranes, got as a pellet, were then resuspended 1n 1ce cold
buffer A and homogenized manually by means of a Dounce until the disappearance of
visible clumps. Membranes not immediately used were stored at -80°C until use.
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4.5.9  Detergent screening

For solubilization test 20 ul of membrane preparation were incubated for 60 minutes on
1ce with 29 of each of the tested detergent: DM (n-decyl-p-D-maltopyranoside), DDM (n-
dodecyl-B-D-maltopyranoside), Cymal-5 (5-Cyclohexyl-1-Pentyl-B-D-Maltoside) and OG
(n-octyl-B-D-glucopyranosyde). After incubation non solubilized material was collected by
centrifugation (14000 rpm, 30 minutes, 4°C) and the supernatant got was collected. Pellet
was resuspended m 196 SDS page buffer before loading on SDS-PAGE together with the
relative supernatant.

4.5.10 Purification test

Membrane were solubilized adding 29% DDM for 1.5 hours by shaking at 4°C and then
centrifuged for 60 minutes, 14000 rpm, 4°C. Ni-NTA resin was washed with distilled
water and, after equilibration with buffer A with 5 mM 1midazole and 0.1% DDM, was
mixed with the supernatant by shaking for 30 minutes at 4°C. The material was then
applied to the column and leave standing until the complete sedimentation of the
material. After washing with equilibration buffer, elution was realized applying fractions of
400 pul of elution buffer (buffer A with 250 mM 1midazole and 0.19 DDM). Elution was
qualitatively monitored by Bradford assay applied on each of the elution fractions.
Positive fractions were pulled together and mixed to anti-FLLAG resin material previously
equilibrated with 0.19% DDM 1n buffer A. After 30 minutes of mixing at 4°C the mixing
was applied to the column and left standing to get a complete sedimentation. After a
washing step with the equilibration buffer the elution was realized with 400 ul/fraction of
elution buffer (0.19% DDM buffer A added with 100 ug/ml FLAG peptide). The Bradford
positive fractions were then pulled together and concentrated by centrifugation with
Amicon Ultra-0.5 mL Centrifugal Filters for Protein (MW cut off: 100000).

4.5.11 SDS-PAGE and Western-blot analysis

12.59% polyacrylamide gels were used for all the analysis performed. After running
proteins were transferred from gel on polyvinylidene fluoride (PVDF) membrane
(Immobilion” -P previously activated by methanol, by applying a voltage of 18V for 35
minutes. For Western blotting blocking was realized incubating the PVDF membrane for
at least 60 minutes at RT with 5% milk powder solution in TBS buffer (200 mM Tris-
HCI pH 7,5, 1,5 mM NaCl). Primary antibody was a mouse anti-FLLAG (1:1000, Sigma);
mcubation was conducted o/n at 4°C. After three washing steps with TBS buffer the
secondary antibody was applied for at least 2 hours at RT (anti mouse tagged with
Alkaline phosphatase, Sigma). Revealing was performed employing Sigma FAST™
BCIP' /NBT system. Gel images were analyzed by Image/ software from NCBI.


http://www.google.it/url?sa=t&rct=j&q=protein%20concentration%20centrifugation%20millipore&source=web&cd=1&cad=rja&ved=0CDAQFjAA&url=http%3A%2F%2Fwww.millipore.com%2Fcatalogue%2Fmodule%2Fc82301&ei=ReuPUJucGsKk0AWl0IDoCA&usg=AFQjCNGxF4R93aII0UhKuczt00I8wTQmYQ

Chapter 5

Role of intracellular chloride 1n the
reverse operational mode of the GABA
transporter GAT'1 investigated by
radiochemical assays




Role of chloride in the GABA reverse transport by GAT1

5.1 ABSTRACT"

We have mvestigated the effect of intracellular chloride depletion on the GABA efflux
mediated by the neuronal cotransporter GAT1 expressed in Xenopus oocytes. By means
of 'H]-GABA efflux determination we found that the reverse operational mode of GAT1
depends on the presence of intracellular chloride. Remarkably the co-expression of the
K'/CI' cotransporter (KCC2) was able to reduce the GABA efflux by GAT1 suggesting
that 1 particular physiological conditions, like during the development, the activity of
KCC2 could affect the GABAergic transmission by influencing the intracellular
concentration of this anion.

* The results of the presented analysis were published in (Bertram e al, 2011).
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5.2  INTRODUCTION

The reverse transport of neurotransmitter by transporters, normally deputy to uptake it
mto the cells, has been so far identified as a phenomena that could occur in physiological
and pathological conditions, both in adult organism and during development. For the
main inhibitory neurotransmitter of mammalian CNS, GABA, this kind of transport was
already described (Cammack er al., 1994; Lu and Hilgemann, 1999a; Lu et al., 1999b). A
non-vesicular, calctum independent, GABA release from neurons is the main actor in the
tonic mhibition of CNS regulating the brain excitability and was reported i different
pathological conditions including epilepsy (Richerson et al., 2003; Richerson et al., 2004).
Night to day variations in internal chloride are observed in the suprachiasmatic neurons
and are believed to be involved 1n the regulation of the circadian cycle, again via effects on
GABA receptors (Wagner et al., 1997; Wagner et al., 2001). The role exert by chloride 1s
also relevant during the development. During neuronal development big changes in the
internal chloride concentration were described whose effects are mainly evident on the
switching between excitatory and inhibitory activity of the same GABA. It 1s well known
that in adult mammalian cells the electrochemical gradient of chloride across cell
membranes 1s almost null, in other terms, when the permeability of membrane 1s
increased (e.g, by the opening of a Cl-channel) the movement of chloride does not
modify significantly the membrane voltage. In neonatal neurons the mternal chloride
concentration 1s higher than outside consequently the activation of GABA. receptors lead
to depolarization of the cell in which are expressed (Yuste and Katz, 1991; Ben-An et al.,
1989; Cherubini er al.,, 1991; LoTurco et al., 1995; Ben-Ari, 2002). The lowering internal
concentration 1s due to the temporized expression of KCC2 (K/Cl cotransporter 2) whose
expression, low during mitial phases, increases progressively during development.
Accordingly, KCC2 deprivation causes hyperexcitability and epileptic seizures i mice
(Woo et al., 2002) and an unbalance between Na/K'/CI cotransporter (NKCC2)/KCC2
expression profile decreases GABAergic inhibition in the human peritumoral epileptic
cortex (Conti et al., 2011). The mtracellular concentration of chloride decreases parallel
to the mcreasing of active forms of KCC2 expressed in the plasma membrane (Rivera et
al., 1999; Ben-Ari, 2002).

It 1s already known that extracellular Na' and intracellular CI' bind the cotransporter
GA'T1 in a mutually excluding way. Intracellular chloride could sequester the protemn in
the inward faced conformation being proved that the binding of the anion to the
cytoplasmic side of the protein precede the binding of sodium and of the
neurotransmitter itself (Cammack et al, 1994; Lu et al., 1999a; Lu et al., 1999b). The
binding of ntracellular chloride also reduces the GABA uptake from the extracellular
environment being the carrier not available for the binding of Na™ (Loo et al., 2000). In
this scenario fluctuations in the intracellular chloride concentration could affect both the
rate of GABA uptake and its outflow from the same cells.

We performed radiochemical experiments to test the effect of the mtracellular chlorde
concentration variations on the reverse GABA transport mediated by GATI1. This
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analysis was done 1n the context of a bigger project, running in the laboratory of Cellular
and Molecular Physiology headed by Professor Antonio Peres (University of Insubria,
Varese), aimed to investigate the role of the intracellular chloride in the GABA efflux
induced by the cotransporter GATI.

5.3 RESULTS
5.3.1  Measure of GABA efflux from Xenopus oocytes expressing GAT1

The proper expression of GAT1 m Xenopus oocytes was verified by the uptake of
radiolabeled GABA mduced in GATI1 expressing oocytes compared to that in non-
mjected oocytes before each efflux experiment.
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Fig. 2: Radioactive GABA fluxes (A): GABA efflux after injection of 100 mM radioactive GABA (final
concentration 10 mM) in the oocytes. Bars represent the GABA efflux expressed as percentage of the total
mjected radioactive GABA and are means = SE of groups of 20-25 oocytes in triplicate from different
batches. (B): uptake of 0.1 mM GABA measured in GAT1 transfected oocytes and in non-transfected
oocytes as controls. Bars are means SE. of groups of 8-10 oocytes in a representative experiment.

GABA efflux was tested injecting oocytes with 10 mM (final) radiolabeled GABA and
mcubating oocytes for 60 minutes mn a solution containing alternatively 98 mM KCI or
NaCl. Only in presence of depolarizing conditions, 1.e. in presence of high extracellular
KCl, a 2.4 times higher GABA efflux was seen from oocytes expressing GAT1 if
compared to that got from control oocytes (Fig. 1A).

5.3.2  Effect of internal chloride depletion on GABA efflux

The activity of the cotransporter GAT1 1s strictly chloride dependent (Zomot et al.,
2007). To test the role of intracellular chloride in the reverse mode of the transporter the
intracellular chloride concentration was reduced by means of three different methods as

described in Materials and Methods section. Even in these cases the expression of GAT1
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was verified by the uptake of 0,1 mM GABA: no one of the conditions used to produce
the intracellular chloride depletion produced a significant reduction of the activity of
GAT1 rendering the oocytes treated by three different methods directly comparable (Fig.
2B). The expression of KCC2 was instead directly evaluated by electrophysiological
measurements in the laboratory of Professor A. Peres.

The GABA efflux was reduced from oocytes depleted of intracellular chloride by means
of all the three methods used if compared to control oocytes (Fig. 2A). In particular, in
oocytes expressing KCC2 and incubated o/n in the hypotonic chloride free solution, the
GABA efflux induced by GAT1 was completely abolished being the efflux from these
cells at the same level of that one from control oocytes. KCC2 expression reduces not
only the intracellular chloride concentration but also the potassium concentration being
this protein active i extruding CI' and K" m a ratio of 1:1. In any case the loosing of
potassium 1ons should be lower than that of chloride: was indeed estimated that,
considering an intracellular chloride concentration of 50-60 mM for X. laevis oocytes, by
these procedures is reduced of 40 mM and the potassium concentration is lowered from
120 mM to 80 mM (Kusano et al, 1982): the relative decreasing 1s consequently of the
33% for potassium and of the 90% for chloride. Furthermore Na/K ATPase is
continuously active in the stabilization of mtracellular potassium concentration (Pacheco-
Alvarez et al, 20006) rendering the intracellular chloride concentration the main
parameter modified by these approaches. Considering these evaluations the effect
observed on the GABA efflux can be ascribed to the depletion of intracellular chloride

concentration.
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Fig. 3: Effect of internal chloride depletion on GABA efflux (A): GABA efflux in Cl-depleted oocytes. Bars
represent the GABA efflux expressed as percentage of the total injected radioactive GABA and are means
SE of groups of 20-25 oocytes in triplicate from two different batches and transfected with GAT1 only or
with GAT1 plus KCC2. (B): uptake of 0.1 mM GABA measured in oocytes transfected as indicated. In A
and B, white bars are from oocytes kept in normal chloride, isotonic solution, while black bars are from
oocytes incubated overnight in low-chloride hypotonic solution. Bars are means SE of groups of 8-10 in a
representative experiment.
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54 DISCUSSION

In chloride depleted oocytes no significant changes were observed in the amount of the
GABA uptake compared with the control oocytes, indicating that when GABA 1s not
present internally, no effect of chloride on the GAT1 activity can be detected. Data
gathered indicate that high mtracellular concentration of GABA, jointly to depolarizing
condition of the plasma membrane, are conditions in which the neurotransmitter can be
actively exported out from the cell. When a high concentration of GABA 1s present in the
cytoplasm, GAT1 can operate in the reverse mode. The reverse transport 1s affected by
the internal concentrations of CI. The results of the chloride-depletion experiments, and
particularly of those i which the chloride depletion was obtained by the coexpression of
KCC2, might represent a good paradigm to study the physiological phenomena that
occurs i vivo.

5.5 CONCLUDING NOTE

As mentioned the main analysis of this 1ssue has been performed in the laboratory of
Cellular and Molecular Physiology headed by Professor A. Peres from the University of
Insubria, Varese, Italy. The results were published in (Bertram e al., 2011; Cherubino et
al., 2012). Being this chapter just a little part of the whole project aimed to investigate the
reverse transport of GABA through GAT1, following 1s reported a conclusion that
Authors summarized for their work regarding the physiological implication of the
described findings: “our results suggest that younger neurons, with higher mtracellular
chloride concentration, may be more prone to generate GABA efflux, compared with
adult neurons in which, thanks to the actavity of KCCZ, the internal chloride
concentration has been lowered. Furthermore, any other conditions favoring higher
mtracellular chloride levels, such as underexpression of chloride exporters, or defects in
osmoregulation or in ionic homeostasis, may be considered potentially relevant in

affecting the balance between forward and reverse mode of neurotransmitter transport’.

5.6 MATERIALS AND METHODS

5.6.1  Oocytes harvesting, selection and injection

The experimental procedure for oocyte collection and treatment were already described
(see chapter 2). To prepare the mRNA for oocyte injection, the cDNA encoding the rat
GABA cotransporter GAT1, cloned into the pAMV-PA vector, was linearized by Notl
digestion, while the cDNA encoding the human KCC2 cotransporter (kind gift of Prof. G.
Gamba, Mexico City, Mexico, to Professor A. Peres), cloned into the pGEMHE vector,
was linearized with Nhel. Subsequently, the cRNAs were 1n vitro synthesized and capped
exploiting the T7 RNA polymerase. All enzymes were purchased by Promega Itaha
(Milano, Italy). The oocytes were injected the day after with 50 nl of water containing 12.5
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ng of cRNA coding for rat GAT1 (rGAT1) or, in some experiments, also with 12.5 ng of
mRNA coding for the potassium/chloridde symporter KCC2, using a manual
microinjection system (Drummond). The oocytes were incubated at 18°C for 3-4 days in
Barth’s solution (for composition see chapter 2, Materials and Methods section).

5.6.2  GABA reverse transport measurements

Groups of 20-25 oocytes 1n triplicate, three days after cRNA injection, were mjected with
a solution containing 100 mM ['H]-GABA in 98 mM NaCl or Na-gluconate (for
experiments testing the effect of chloride depletion), 5 mM HEPES pH 7.6, 1 mM
MgCl. Considering an average oocyte volume of about 1 ul and an mjected volume of 50
nl/oocyte, a dilution of around 10 times 1s obtained allowing an estimation of a final
concentration for GABA of 10 mM. After mjection oocytes were kept on ice in Barth’s
solution (see chapter 2, Materials and methods section) or in the o/n preincubation
solution (see next session) to recover after the cell damage due to injection. GABA efflux
was induced incubating at RT for 60 minutes each group of oocyte m 500 pl of a solution
with the following composition: 98 mM KCl, 1 mM CaCl.,,5 mM HEPLES pH 7.6; where
indicated KCI was substituted by NaCl. The high extracellular potassium concentration
imnduced the reverse transport depolarizing the oocyte and creating consequently the
condition for GABA extrusion from the cell. The exported radioactivity was then counted
by means of liquid scintillation counting on the whole volume of incubating solution.

5.6.3  Reduction of the intracellular chloride concentration

Three different methods were used to reduce the intracellular chloride concentration:

1. Oocytes were incubated o/n in a hypotonic chloride free solution (70 mM Na-
gluconate, 2 mM K-gluconate, 10 mM Ca-gluconate, 1 mM Mg-gluconate e 5 mM
HEPES pH 7.6). The extracellular calcium concentration was enhanced
(compared to normal maintaining solution) to 10 mM to compensate the chelating
effect of gluconate (Christoffersen and Skibsted, 197)5).

2. Oocytes were co-injected with the ¢cRNA coding for the cotransporter K/CI
Cotranporter 2 (KCC2) that it extrudes potassium and chloride 1ons from the cell.

3. Oocytes expressing both GAT1 and KCC2 were incubated o/n in the hypotonic
chloride free solution of method 1 (Pacheco-Alvarez et al., 2006).

Non 1injected oocytes were used as a control. Data represent and are presented as
percentage of the GABA injected mnto the oocytes extruded from the cells.
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International Schools

2011

International School of Biophysics “A. Borsellino”, 41" Course: Channels and
Transporters, Erice (TP), Italy

Visiting scientist

Visiting Ph.D. student (March-October 2012) in the laboratory of Professor Christine Ziegler at
the Department of Structural Biology of Max Planck Institute of Biophysics, Max-von-Laue-Strale
3, D-60438 Frankfiirt am Main, Germany.

Teaching and tutoring activities

1. Taught three sessions of Physiology Laboratory for students of Pharmaceutical
Biotechnologies at the School of Pharmacy, Universita degli Studr di Miflano (Academic years
from 2010-2011 to 2012-2013).

2. Prowvided scientific tutoring for graduating student in Pharmaceutical Biotechnologies at the
Department of Pharmacological and Biomolecular Sciences, Universita degli Studr di Milano.

3. Assistant supervisor of two Bachelor degree thesis in Pharmaceutical Biotechnologies:

- Structure/lunction analysis of KAATI Na2 sodium binding site.
(Thesis 1n Italian; Academic Year 2012-2013);
- Functional expression i Xenopus oocytes of the transporter Nrampl and

Nramp?2 from Dictyostelium discoideum.
(Thesis 1n Italian; Academic Year 2012-2013).

Attended lectures and seminars
2013

Omega-3 PUFA alter lipid raft organization in colon and breast cancer cells (Dr. P. Corsetto),
01/25/2013, Department of Pharmacological and Biomolecular Sciences, Universita degli Studr di
Milano.

Critical and time-dependent role of the GPR17 receptor during oligodendrocyte maturation:
implications for demyelinating diseases (Dr. M. Fumagalli), 03/22/2013, Department of
Pharmacological and Biomolecular Sciences, Universita degli Studi di Milano.

Malaria acute respiratory distress syndrome (MA-ARDS): modification of the lipid profile,

antioxidant defenses and cytokine content in different tissues (Dr. D. Scaccabarozzi) 07/12/2013,
Department of Pharmacological and Biomolecular Sciences, Universita degli Studi di Milano.
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Synaptic availability of NMDA receptors: from physiological mechanisms to pathology (Dr. J.
Stanic), 09/18/2013, Department of Pharmacological and Biomolecular Sciences, Universita degli
Studr dr Milano.

2012

Probiotics and probiogenomics (dr. M. Ventura), 01/20/2012, Universita degli Studi di Milano.

Deciphering and re-designing interaction specificity among signaling proteins (Prof. Dr. M.
Koslofl), 03/13/2012, Max Planck Institute of Biophysics, Frankfiirt am Main, Germany.

Role of the Sec61 translocon during polytopic membrane protein folding (Prof. Dr. W. R. Skach,
04/11/2012, Max Planck Institute of Biophysics, Frankfiirt am Main, Germany.

Structural determinants of TRPV channel activation and desensitization (Prof. R. Gaudet),
04/26/2012, Max Planck Institute of Biophysics, Frankfiirt am Main, Germany.

Molecular function and cellular regulation of cocaine-sensitive neurotransmitter transporters
(Prof. Dr. Ulrik Gether), 05/09/2012, Max Planck Institute of Biophysics, Frankfiirt am Main,

Germany.

Dissecting molecular mechanism of glutamate transporter using a bacterial homologue (Prof. Dr.
Joe Mindell), 05/10/2012, Max Planck Institute of Biophysics, Frankfiirt am Main, Germany.

Diffraction before destruction: imaging macromolecules with x-rays laser (Prof. Dr. H. Chapam),
05/23/2012, Max Planck Institute of Biophysics, Frankfiirt am Main, Germany.

Multi-scale simulation of processes in membrane proteins and biomembranes:

methods and applications (Prof. Dr. Qiang Cui), 08/30/2012, Max Planck Institute of Biophysics,
Frankfiirt am Main, Germany

2011

Cellular biology of Epithelia, 05/26/2011, Symposium at Universita degli Studi di Milano.

Thermoregulation and fever, 05/31/2011, International short course at Universita degli Studr di
Milano.

Electrophysiological techniques: applications in both basic and clinical research, 07/06/2011,
Universita degli Insubria.

Integrating synaptic plasticity into the hippocampal circuit (prof. S. Siegelbaum), 10/05/2011,
Umniversita degli Studri di Milano.

Novel approaches in the immunotherapy of tumors (dr. M. Rescigno), 11/29/2011, Universita
degli Studi di Milano.
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