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Chapter 1: Introduction 
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Importance of amino acids in the organisms 
 
Besides being the constitutive units of proteins, amino acids exhibit a variety 
of roles that are crucial to sustain life in every living being. The L- 
stereoisomer of amino acids is used by the cells for a variety of catabolic and 
anabolic processes. For instance, in prokaryotes amino acids can be the main 
source of carbon and nitrogen and energy 1. They may be direct precursors 
for more complex molecules, for instance L-asparagine and L-glutamine that 
participate in the purine/pyrimidine synthesis 2 and L-aspartate that is used 
for the homoserine synthesis, which constitutes the platform for the 
production of the L-methionine 3. D-stereoisomers are also used, but much 
less frequently, for instance as building block in  bacterial cell walls and as 
neurotransmitters in mammals 4. While some microorganisms possess the 
genes that are required for the biosynthesis of all 20 L-amino acids 5, there 
are also cases of microorganisms (especially symbionts and host-dependent 
bacteria) that rely on the presence of the amino acids produced by other 
organisms and released in environments where they live 6,7. In this case, 
specialized membrane transport proteins are required for amino acid 
uptake. Co-dependency is also observable in some eukaryotic hosts and 
their prokaryotic endosymbionts in which the biosynthesis pathways are 
partitioned between them 8. 
In mammals, adequate levels of amino acids are crucial to many vital 
reactions that include cell division and protein translation via the activation 
of the Target Of Rapamycin Complex 1 (mTORC1) system 9. When the levels 
of amino acids drop, the mTORC1 system turns off and the activation of 
General control non-derepressible 2/Silencing activating transcription factor 
4 (GCN2/ATF4) pathway promotes specific stress responses to the depletion 
of amino acids 10. According to a recent review 11, homeostasis in mammalian 
cells is finely coordinated thanks to the contribution of six factors: import 
and export, metabolism and synthesis of nonessential amino acids, and 
finally protein biosynthesis and protein degradation. In humans, transport of 
amino acids into and out of the cell is mediated by around 60 different 
secondary active transporters that include uniporters, symporters and 
antiporters 12 and that carry out roles that are specific for the different cell 
types 13. In this thesis I will describe our new mechanistical findings on one 
of these classes of transporters (from the family named Solute Carrier 1 
(SLC1)) that is responsible for the maintenance of homeostasis of L-
glutamate in the human the central nervous system (CNS). For this work I 
have used an archaeal homologue as model system. 
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L-glutamate and its transporters 
 
L-glutamate is considered as a non-essential amino acid, meaning that 
humans produce it without the need to get it from nutrition. It has been 
estimated that its metabolic pathway includes over 100 regulators and it is 
used for reactions that include nucleic acids and biosynthesis of other amino 
acids 14.  

 

Figure 1 | Representation of glutamate concentrations and interactions with receptors 
and transporters at the synaptic cleft. (A) Glutamate gets concentrated inside the pre-
synaptic vesicles and is released in the synaptic cleft where it activates ionotropic (iGluR:  
AMPA, NMDA and KAR – grey) and metabotropic (mGluR – brown) receptors. Its 
concentration in the synaptic cleft is kept at homeostatic levels thanks to the EAATs 
expressed in the pre-synaptic (EAAT2 – orange), post-synaptic (EAAT3,4 – green) terminals 
and in the Bergman glia (EAAT1 – red). (B) Mammalian glutamate transporters (EAATs) 
symport three sodium ions and one proton together with L-glutamate, and 
countertransport one potassium ion. Moreover, they are capable of generating an 
uncoupled chloride conductance. Archaeal homologues (GltTk and GltPh) symport one 
molecule of L-aspartate with the three sodium ions and also generate the uncoupled 
chloride conductance. 

 
L-glutamate is also the most abundant excitatory neurotransmitter in 
mammalian brains as it activates ionotropic and metabotropic receptors 

A B 
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located in neuronal membranes 15,16. A representation of glutamate 
concentrations, proteins localizations and their interactions is outlined in 
Figure 1A and is based on 15–17. Specifically, the ionotropic channels, namely 
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 
(AMPA),  the N-methyl-D-aspartate receptor (NMDA) and kainate receptor 
(KAR)  are glutamate-gated ion channels that, once they bind the 
neurotransmitter released from the pre-synaptic terminal vesicles, allow the 
passage of cations in the post-synaptic terminal thereby depolarizing the 
membrane and assuring the signal transduction 16,18–20. On the other hand, 
glutamate-activated metabotropic receptors (mGluRs) are capable of 
activating a cascade of signals by interacting with G-proteins located inside 
the post-synaptic terminal of neurons 16,21,22. Excessive or insufficient 
stimulation of these receptors is toxic, hence the correct functioning of these 
receptors is highly dependent on the concentration of glutamate in the 
synaptic cleft 15,17. The key players in keeping the tight levels of glutamate in 
the synaptic cleft are the glial and neuronal excitatory amino acid 
transporters (EAATs) belonging to solute carrier family 1 (SLC1) 16,17,23–27. A 
disbalance in glutamate concentration caused by a malfunction in glutamate 
transporters is connected to a series of neurodegenerative diseases, such as 
Huntington’s 28, Alzheimer’s 29, and Parkinson’s disease 30. Moreover, under 
ischemic and epileptic conditions, glutamate transporters may work in 
reverse and export excessive and neurotoxic quantities of glutamate in the 
synaptic cleft 17. 
EAATs are members of the dicarboxylate/amino acid:cation symporter 
(DAACS) family of secondary active transporters that comprises also neutral 
amino acids transporters such as ASCT1 and ASCT2 31. In mammals there are 
5 known EAATs (EAAT 1-5) , expressed in neurons and glia cells (EAAT 1-
4)32 and in retina (EAAT5)33,34 (Figure 1B). They couple the transport of L-
glutamate to the co-transport of three sodium ions and one proton in the 
same direction and, after the release of these substrates, they counter 
transport one potassium ion in the opposite direction 35. Apart from the 
thermodynamically coupled transport of glutamate and co-ions, EAATs 
present an uncoupled chloride conductance that occurs because of the 
appearance of a transient anion-selective channel during the transport cycle 
34,36–42. Taking into account the severe consequences of malfunctioning of 
these transporters, there has been great interest in solving structures of 
these proteins in different conformations to understand their transport 
mechanism and molecular determinants of pathological behavior.  
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Most of the structural information gathered, comes from the studies on the 
archaeal homologues GltTk and GltPh, cloned from Thermococcus 
kodakarensis and Pyrococcus horikoshii respectively 43–49, that share 32-36% 
sequence identity with the mammalian counterparts 31,43,48. Differently from 
EAATs, GltTk and GltPh have higher affinity for L-aspartate over L-glutamate, 
symport only three sodium ions, but still exhibiting a chloride conductance 
(Figure 1B) 40,41,44,45,50,51. Despite these differences, the archaeal aspartate 
transporters have been proven to be excellent models to study the general 
mechanisms of glutamate transport in SLC1 proteins because the substrate-
binding sites as well as the quaternary structure, are highly conserved among 
the homologues 52,53. 
 
Structure and transport mechanism of glutamate transporters 
 
In 2004, the crystal structure of GltPh 43 confirmed the homotrimeric 
conformation that was previously predicted for bacterial and eukaryotic 
glutamate transporters by bioinformatic analysis, cross-linking, SEC MALLS 
and SDS-PAGE analysis 54–56. Each protomer consists of eight 
transmembrane segments (TMS1-8) and two hairpin loops (HP1 and HP2). 
The protomers are divided between an immobile part that constitutes the 
“scaffold domain” (or trimerization domain) and a movable part called the 
“transport domain” that contains all the elements to bind and transport the 
substrates from one side of the membrane to the other, a movement which 
has been compared to an elevator.  

 
Figure 2 | Trimeric assembly of glutamate transporters. (A) Top view (perpendicular to the 
membrane plane from the outside); (B) Side view (from the membrane plane, bottom is 
cytoplasmic side). The scaffold domain is represented in yellow, transport domain in marine 
blue and the hairpin loop 2 (HP2) in magenta. (PDB: 6xwq) 
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The transport domain goes through a series of conformations to expose the 
substrate binding site alternately to the outside and the cytosol. The 
mechanism has been typified as a “one-gate elevator mechanism” 57 
because the same gating element is used on either side of the membrane 
(further explained below). Each protomer is able to complete a cycle of 
transport independently from the other protomers 58–63. Insight into the 
sequence of conformations that characterize this type of movement is still 
incomplete 63. One crucial question, which different research groups have 
been trying to answer for a long time, is how the ionic gradient created by 
the sodium ions is so strictly coupled to glutamate uptake. From a structural 
point of view, most of the information regarding the binding sites and how 
the transport domain undergoes different conformations come from the 
combination of crystal structures in apo state 45,49, substrate-bound state 44 
and inhibitor-bound state – this latter is obtained with the use of the EAATs 
blocker DL-threo-beta-hydroxyaspartate (abbreviated DL-TBOA) which is a 
bulky Aspartate derivative,  which prevents the gate from closing 45, together 
with molecular dynamics simulations 44,64 and cryo-EM structure of both 
detergent-purified 65,66 and nanodiscs-reconstituted protein 42,63. From these 
studies it emerges that all the structural elements that are responsible for 
gating and binding of the substrates are present in the transport domain and 
they are highly conserved throughout the family. Hairpin loop HP2 is the 
“gate”, which occludes the binding site within the protein when closed, and 
exposes it to either side of the membrane when open. HP1 has the role to 
keep HP2 in place to stabilize the “occluded” states. The NMDGT motif 
located on transmembrane 7 (TM7) contains residues that are involved in the 
coordination of the substrates and are crucial for the correct sequence of 
binding of sodium ions and aspartate. Other highly conserved residues 
involved in this sequence are also distributed in TM8 as Asp398, Arg401 and 
Asn405. In TM3 the Tyr91 and Thr94 are crucial for the binding of the last 
sodium ion, and are found in all the other glutamate homologues.  
The consensus picture of the transport cycle and the movement of these 
structural elements that these studies have created is as follows (and 
summarized in Figure 3, taking GltTk as example): 
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1. In the only available structure of the apo state, the transport domain  
is outward- oriented state and the binding site is occluded. 
Occlusion means that the gating element HP2 covers the binding 
site and shields it from the environment (a “closed” state). Met314 
positioned in the highly conserved motif NMDGT is pointing away 
from the binding site while Arg401, present on TM8, occupies the 
binding site for L-Asp 44,63. 

 

 
 
Figure 3 | Cycle of transport and sequence of binding for sodium ions and L-Asp. From 
left to right, the green arrows indicate the direction of the transport cycle. In the big 
rectangles there are zoomed views on the binding sites constituted by TM7, TM8 (both in 
marine blue), HP1 (light green) and HP2 (magenta). The sequence of events explained in 
point 1 of the main text corresponds to the monomer and square on top left of the figure, 
taken from apo (PDBs: 5DWY); point 2 of the main text is represented by the monomer and 
square on top right, which corresponds to the outward facing open state, taken from TBOA-
bound structure (PDB: 6XWN). In between these two states, there is an intermediate state 
for which a structure has not been determined yet called outward-open Na+-only state. Point 
3 of the main text is summarized in the bottom monomers and squares, corresponding to 
the outward-occluded state, taken from the substrate loaded structure (PDB: 5E9S). The 
closure of the loop after the binding of Na2 brings to the relocation of the transport domain 
to the intermediate outward-occluded state (PDB: 6XWQ). Between this state and the 
inward-open facing state (PDB: 6XWR) there are two states for which we still do not have a 
structure: the inward-occluded state and the chloride-conducting state. 
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2. Sodium ions can bind to the apo state, presumably when the HP2 
gate is open. The first two sodium binding sites to be occupied are 
named historically Na1 and Na3, which involve residues contained in 
and around the NMDGT motif, TM3 (residues Tyr91 and Thr94) and 
TM8 (residues Asp398, Arg401 and Asn405). Binding of sodium ions 
to sites Na1 and Na3 leads to a series of structural rearrangements 
in the NMDGT motif, including a swing of Met314’s side chain 
towards the L-Asp binding site, partially disrupting the hinge that 
was keeping the two hairpin loops HP1 and HP2 close to each other; 
and the moving of Arg401’s side chain away from L-Asp binding site, 
avoiding a clash with Thr317 44,67. This stabilizes the HP2 loop in an 
open position (outward-facing open state), therefore sterically 
preventing the elevator movement but allowing the formation of a 
high affinity binding site for L-Asp 44,68–70. 

3. After binding of L-Asp, the third sodium ion can bind to Na2 binding 
site. This sequence of events results in the closure of HP2 loop, 
which makes the transport domain compact again (like in the apo 
state) allowing the domain to move across the membrane, passing 
by the intermediate-occluded outward state (captured in 63) and 
ending at the inward-facing conformation. Here, HP2 loop opens, 
allowing the release of the three sodium ions and L-aspartate inside 
the cell 44,45,48,49,63. 

 
The glutamate transport cycle by EAATs and archaeal homologues might 
include other states (not listed here) as hypothesized by recent works 60,71–75. 
On this note, a recent study on the  structure of GltTk bound to a 
photoswitchable compound 71, revealed a patch of electron densities close 
to a highly conserved serine string located at the entrance of the substrate 
binding pocket 72. The presence of the patch at this level hinted to the 
possibility of the existence of a transient binding site that sodium ions might 
use prior on their way to their final location at the Na1 and Na 3 sites, as was 
hypothesized earlier 70,73,74. Importantly we also observed a similar patch of 
density in the cryo-EM structure of a mutant.  In Chapter 2 we explored the 
alternative sodium ion fluxes in GltTk by performing all atoms molecular 
simulations and testing in vitro the impact of mutations of the residues 
involved on the transport rates.  
The structural information that we possess thus far might not give a complete 
picture of all the conformations and binding modes that glutamate 
transporters go through during the transport cycles. There are other 
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predicted states that the structural studies thus far failed to capture 63,75. 
When the first two sodium ions enter the binding site, the protein must 
convert into a conformation called outward-open Na+-only state. In the 
latter, the NMGDT motif and the side chain of Arg401 might be in an 
intermediate position, different from the one that we see in the TBOA-
bound structure, where the HP2 is open but the side chains of the residues 
involved in the substrates binding are already positioned in their final state. 
Moreover, there are at least two more states that have been hypothesized 
to occur before the complete discharging of substrates from the transport 
domain inside the cell, namely the inward-occluded state and the chloride-
conducting state 34,37,39,40,42,66,76–79. From a structural point of view, these 
states are difficult to isolate and they could be either simulated in silico or 
arrested by mutations / cross-links (raising the question how well the 
obtained models reflect reality) or by (time-resolved) studies using a gradient 
of substrates concentrations with the protein embedded into the lipidic 
environment, such as liposomes or nanodiscs. This latter strategy is the one 
that allowed to obtain most of the states up to date, but one of the potential 
limitations is the tightness with which the nanodisc belt protein wraps around 
the transporter which might hinder the free movement of the protomers and 
disfavor some of the states. In an attempt to overcome this in Chapter 3 we 
present trials to obtain larger nanodiscs for GltTk, using different strategies.  
 
Chloride conductivity of glutamate transporters 
 
As schematically shown in Figures 1 and 3, glutamate transporters exhibit 
thermodynamically uncoupled chloride conductance. Although it has so far 
not been possible  to isolate the structure of the conductive states in the 
wild type protein, there is a considerable amount of evidence that proved 
the existence of an anion conductance (reviewed in 77,80–82). The chloride 
conductance is created as a result of the transient opening of a chloride 
channel during the transition of the protomer between the outward-facing 
and the inward-facing states 79. Among the different EAATs there is 
functional variety: while in EAAT4 and EAAT5 the activity as chloride 
conductances are large and dominate over the currents induced by coupled 
transport of glutamate and co-ions, EAAT1, EAAT2 and EAAT3 are 
predominantly glutamate transporters associated with a small chloride 
conductance 33,83–91. Moreover, while in the neuronal types transporters 
(EAAT3 and EAAT4), the chloride conductance occurs only upon the 
transport of the other substrates with a mechanism that is defined as 
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“substrate-gated”, it has been shown that for the glial types (EAAT1 and 
EAAT2), the activity is independent from the transport of the substrates 92.  
Evolutionarily speaking, it seems that the different isoforms adapted the 
channel activity based on the role that chloride plays at their expression site. 
Up to date, the role of chloride in the neurosynaptic connections is still under 
debate, but there is evidence that in glia cells the proper concentration of 
chloride may be crucial to the crosstalk of glutamatergic synaptic 
transmission that activates a cascade of signaling pathways, and EAATs may 
help to regulate chloride concentrations 93,94. Chloride may also have an 
indirect role in the mechanism of regulation of neuronal EAATs by 
hyperpolarizing the membranes, therefore providing a negative feedback 
for the release of glutamate in the pre- and post-synaptic terminals 33,90,95,96. 
In cone photoreceptors it may provide a feedback signal for the glutamate 
released in the synaptic cleft 36. Another hypothesis for the function of the 
chloride channel is that it may secure the cell’s osmotic pressure by 
counterbalancing the large flux of osmolytes deriving from the symport of 
one molecule of L-glutamate and three Na+ ions. This is supported by the 
evidence that not only chloride and other (bigger) anions can permeate 
through the channel, but the channel is large enough to also allow water to 
flux 79,97.  
Despite the differences among the members of the EAAT family, the 
structural elements that contribute to the formation of the channel and the 
anion selectivity are highly conserved, as shown in the work by Machtens and 
collaborators in 2015 79. This work represents a milestone in the structural 
and functional characterization of the chloride channel. Starting from the 
structure of GltPh in the intermediate-outward conformation in which a cavity 
is visible between the transport and the scaffold domain 47,  they calculated 
the energy requirements for the passage of anions and simulated the 
channel activity (Figure 4). Being in between the two domains, the residues 
that form the pore are mostly hydrophobic, making the passage of anions 
energetically costly. Molecular dynamic simulations revealed that an initial 
wetting of the pore that is forming during the elevator movement, lowers 
considerably this energy barrier.  
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Once the initial energy barrier is lowered, the pore can expand through a 
lateral movement induced by the increasing flux of anions. The pore that 
forms during the elevator movement in the protomer is predicted to be 
around 6 Å in diameter with its narrowest point in proximity of Arg276, which 
is one of the most important residues for anion selectivity. Interestingly, this 
crucial residue has not remained at the same location during evolution: It is 
present on HP1 in prokaryotes and archaea (i.e. in GltPh and GltTk), but in TM8 
in EAATs, although the side chain position relative to the channel has 
remained the same 79,98. Another highly conserved residue that is 
fundamental to the correct flux of anions in glutamate transporters is Ser65 
in GltPh (Ser 103 in EAAT1) 99,100. 
Another model for the channel gating that emerged recently based on the 
EM structure of a mutated version of GltPh is proposed in the work by Chen 
and collaborators 42. According to this model, additionally to the energy 
barrier represented by the hydrophobic residues on the extracellular side, 
there is yet another gate positioned on the opposite end on the intracellular 
side that is characterized by another hydrophobic pocket. The opening of 

 
Figure 4 | Anion conduction pathway is formed between the outward facing state and 
the inward facing state, in a pore created between the transport domain and the scaffold 
domain. Representation of the transient state in which the chloride channel is hypothesized 
to form. The red mesh represents the Cl- distribution in MD simulation. From the outward 
(open) facing state in which the protomer binds the substrate to the intermediate states, in 
which the pore opens transiently, and the inward facing state in which the substrates are 
released. The mechanism by which this pore is thought to form, based on the structure in 
the intermediate outward state, is through a lateral movement of the transport domain. 
Figure adapted from 79. 



 20 

both gates would allow ions (and water) to pass and encounter the selectivity 
ring before going inside the cell. According to the authors, having these 
energy barriers makes the chloride conductive state highly unstable and, 
therefore, unlikely to capture.  
It is however still unclear how conserved the chloride channel is in other 
bacterial and archaeal homologues. Moreover, the biochemical method by 
which the channel activity was determined in GltPh 100 did not allow us to 
detect this functional feature in the other thermostable model GltTk 
(unpublished). This is why in Chapter 4 we develop an electrophysiological 
method to characterize the chloride channel in GltTk by the application of the 
solid-supported membrane electrophysiology (SSM), determining kinetic 
parameters of substrates transport, similarly as reported in 66,101.  
 
Pathological conditions related to the malfunction of chloride 
channels 
 
As previously mentioned, the anion channel activity of EAAT1 in Bergmann 
glial cells is essential to regulate the concentrations of Cl-. This is especially 
important during the developmental phase of these cells. As it has been 
shown in 93, the levels of expression of EAAT1 change during the 
development of at least some  glial cells 94, influencing their internal levels 
of Cl- (involved in the pathways network formation) and therefore their 
proper maturation. 
A disbalance in this fine equilibrium kept by glial EAAT1 is connected to 
pathological conditions that affect the nervous system. The 
neuropathological conditions can be generated by either mutations in the 
protein sequence of EAAT1 or by improper levels of expression of the 
protein 82. The following pathologies are linked to EAAT1 malfunctioning: 
Tourette syndrome associated with the mutation Glu219Asp in EAAT1 102; 
gene duplication of SLC1A3 (encoding for EAAT1) has been reported to be 
connected to ADHD and autism 103; episodic ataxia 6 (EA6) is associated with 
a series of mutations that cause a variety of functional defects in EAAT1 
104,105, among which one of them is directly associated with the anion channel 
function, namely the mutation Pro290Arg 106,107.  
Episodic ataxias are a group of neurological diseases characterized by the 
cerebellar incoordination and degenerations, accompanied by various 
neurological symptoms. Type 6 is characterized by ataxia attacks, epilepsy 
and cerebellar degeneration 106. The mutant EAAT1 protein has been shown 
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to exhibit a reduced transport of glutamate together with an increased 
chloride flux 106,107. Studies in mice revealed that the pathological phenotype 
was more severe in the heterozygous animal than in the knockout 108–110. This 
suggests that rather than by a loss of function (the reduced glutamate 
transport), the pathological condition was due to the gain of function of the 
chloride channel. Moreover, another study indicated that the Pro290Arg 
mutation on EAAT1 was directly related to a change in the concentration of 
internal Cl- in Bergmann glia cells leading to shrinking and apoptosis 111. This 
result suggests to the authors that chloride rather than glutamate 
homeostasis disbalance is the foundation of EA6.  
Biochemical and electrophysiological studies have tried to explain the 
molecular mechanism that is associated with this malfunction in EAAT1, 
using other protein models 105–107,112. In Chapter 5 we show structural 
evidence that the increase of the channel activity might be due to the 
interaction between the arginine (that replaced the wild-type proline) with 
the headgroup of a neighboring phospholipid. Such interaction might either 
cause a broadening of the channel and/or stabilize this chloride conducting 
state, thereby allowing an increased flux of anion.  
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