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                                                                                 Chapter 7 

 

Summary and perspective 

 

 

SUMMARY 
Exchange of molecules between the cells and the environment is 

mediated by membrane transporters, which undergo conformational 
changes during the substrate binding, translocation and release. To achieve 
transport of the cargo, membrane transporters alternately expose the 
substrate-binding site to either side of the membrane providing access for 
the substrate binding from and release to the aqueous phases. Different 
transporter families use different structural and mechanistic solutions to 
achieve alternating access. The elevator-type transport mechanism is one 
of the possible solutions to move molecules across the membrane. Proteins 
using this transport mechanism have similar structural organization: they 
consist of two functional domains, namely scaffold and transport domains. 
The transport domain accommodates the substrate and undergoes rigid 
body movements relative to the stable scaffold domain – a process, which 
results in the substrate transition across the membrane. 

ASCT2 uses an elevator transport mechanism to exchange neutral amino 
acids and harmonise the extra- and intracellular amino acids 
concentrations. This protein is involved in several physiological processes 
in the cells, which we describe in details in Chapter 1. ASCT2 is 
overexpressed in several cancer types and it is proposed to play a key role 
in cancer cell growth via glutamine import. Inhibition of ASCT2 became a 
promising strategy to fight cancer, and many small inhibiting molecules 
were designed to specifically target ASCT2 and decrease glutamine 
transport. In addition to its role as a transporter, ASCT2 is a receptor for 
many retroviruses, some of which (for example HERV-W) in humans are 
associated with multiple sclerosis and schizophrenia development [1,2]. 

In Chapter 2 we describe several evolutionally diverse protein families 
that were proposed to work using elevator transport mechanism, which 
can be achieved in more than one way. One of these families is the SLC1 
family of glutamate transporters that in humans includes seven members: 
excitatory amino acid transporters EAAT1-5 and neutral amino acid 
exchangers ASCT1-2. The first elevator-type mechanism was described for 
the homolog of glutamate transporters from archaea GltPh. Later, available 



 200

structures of human glutamate transporters suggested that the same 
transport mechanism is used through the entire family. 

ASCT2 shares significant sequence similarity with other members of 
SLC1 family that use cation gradient across the membrane to accumulate 
the transported substrate in the cytoplasm. The lack of structures of ASCT2 
hampered understanding of its transport mechanism, such as the 
differences in transport mode (exchange vs cation driven accumulation), 
and the design of potential anti-cancer drugs targeting ASCT2. In Chapter 3 
we describe the first structure of human ASCT2 that we solved using 
single-particle cryo-EM. The protein was produced in Pichia pastoris, and 
then purified using the detergent n-Dodecyl β-D-maltoside (DDM) in the 
presence of cholesteryl hemisuccinate and the substrate glutamine. When 
reconstituted into proteoliposomes, purified ASCT2 catalyzed Na+-
dependent electroneutral exchange of intracellular amino acids with 
extracellular radioactive labeled glutamine. Like all members of the SLC1 
family, ASCT2 is a homotrimer. Each protomer consists of a scaffold 
domain and a transport domain. The scaffold domain additionally includes 
an extracellular structural element that protrudes from the protein 
similarly to an antenna. Most likely the three antennae (one from each 
protomer) form a docking site for retroviruses. The orientation of the 
transport and scaffold domains relative to each other showed that ASCT2 
was in an inward-oriented conformation, which was different from 
structurally characterized inward-facing states of the prokaryotic 
homologue GltPh. In ASCT2, the transport domain is largely detached from 
the scaffold domain on the cytoplasmic side bringing a structural element 
that serves as extracellular gate to the binding site in glutamate 
transporters of the SLC1 family (the HP2 loop) close to the intracellular 
side of the membrane, which suggested that it might also open as a gate for 
access to the substrate binding site from the cytoplasm. 

In Chapter 4 we trapped ASCT2 in an inward-open conformation, and 
showed that HP2 indeed serves as a gate on intracellular side. We therefore 
proposed a one-gate elevator transport mechanism for the SLC1 
transporters. Additionally, we observed several non-protein densities, 
which could correspond to lipid or cholesterol molecules, surrounding the 
scaffold domain and intercalating in the cavities between transport and 
scaffold domains. One of the additional densities is located close to the 
binding site. This density has a characteristic shape of a phospholipid and 
its position prevents HP2 gate closure and possibly blocks the transporter 
in an open conformation. This and other densities could be potential 
allosteric binding sites and could be used for inhibitor design. 

All the structures that we determined of ASCT2 in detergent micelles 
were in inward-facing conformations, indicating that it is the energetically 
preferred conformation in this environment. To stabilize the transporter in 



 201

the outward-facing state in detergent solution, others have used an Fab 
fragment of antibody, that trapped outward-oriented transport domains 
[3]. In Chapter 5 we reconstituted ASCT2 into lipid nanodicsc and solved 
two structures in the presence and absence of the substrate glutamine. 
ASCT2 adopted outward-occluded and outward-open conformations, 
highlighting the direct impact of a lipid or detergent environment on the 
protein conformation under otherwise equivalent experimental conditions. 
In these structures we also observed unassigned densities, which likely 
correspond to lipids. Interestingly, two of the lipids are relocated 
compared with their positions in the inward-facing state and one of these 
relocated lipids overlaps with the position of the allosteric inhibitor 
UCPH101 observed in the structure of the human EAAT1 [4]. This lipid 
position could be used as a target site for design of allosteric inhibitors. 
Besides these observations, the structure of outward-occluded ASCT2 in 
nanodiscs at the highest resolution so far (3.26 Å) hints at possible 
positions of Na+ ions in the binding site. 

In Chapter 6 we looked at ASCT2 as an anti-cancer drug target using the 
power of a collaboration with three other groups from the Icahn School of 
Medicine at Mount Shai (USA), Binghamton University (USA) and Institut 
Pasteur (France). Using an integrated approach that included 
computational methods (homology modeling, molecular docking and MD 
simulations), functional methods (electrophysiology and measurements in 
proteoliposomes) and structural method (cryo-EM), we designed and 
characterized novel inhibitors for ASCT2. 

 
 

PERSPECTIVES ON ASCT2 TRANSPORTER  
Future studies of ASCT2 in structural and biochemical aspects can 

broaden our understanding of this protein functioning and might help to 
find new ways to fight cancer. 

 
A strategy to detect asymmetric structures and intermediate states 
As we described in detail in Chapter 5, all structures of ASCT2 obtained 

so far revealed symmetrical states with the three protomers in identical 
conformations, although is was shown for other members of the SLC1 
family that each protomer works independently from each other [5-13]. In 
the same chapter we discuss possible reasons of the observed symmetry, 
which could be caused by conditions (saturation with substrate or 
complete absence of it; detergent micelle or lipids), or it may represent a 
unique mechanistic feature of ASCT2. Analysis of protein conformations 
observed in non-saturating substrate conditions could answer these 
questions if asymmetric conformations of the protomers are observed, as 
for example in the case of other membrane proteins (aspartate transporter 



 202

GltTk [13], ABC transporter TmrAB [14]). Such a study would require 
careful analysis of large particle numbers and data processing in the 
absence of symmetry during 3D model generation and refinement. Since 
ASCT2 is almost entirely in the membrane and does not have big intra- and 
extracellular features, which could be used for particle alignments, the 
absence of the symmetry will require full-range particle distribution, which 
would cover all views of the protein, in order to obtain high-resolution 
structure. So far, in our experience, 3D classifications and refinements of 
ASCT2 without symmetry imposed lead to a strong decrease in the 
resolution, but such analysis should be possible (see GltTk [13], GltPh [15] 
and EAAT3 structures [16]). 

Obtaining asymmetric ASCT2 structures, in addition to solving the 
transport mechanism puzzle, might answer the question about changes in 
membrane curvature surrounding the transporter (Chapter 5). According 
to MD simulations of the membrane around GltPh [17] and cryo-EM 
structures of GltTk in lipid nanodiscs [13], the curvature was pronounced in 
the inward-facing state, but virtually absent around outward-oriented 
transporters. The outward-facing ASCT2 structures in lipid nanodiscs and 
the inward-facing structures in detergent did not show any significant 
membrane or micelle distortion. Therefore, the absence of the membrane 
curvature could be a unique feature of ASCT2 or the result of the 
conditions used, and solving asymmetric or inward-facing states in lipid 
nanodiscs could help to draw conclusions. 

 
Na+-coupling 
In glutamate transporters, the transport of the amino acid substrate is 

coupled with co-transport of Na+ ions. In the high-resolution cryo-EM 
structure of ASCT2 in lipid nanodiscs in the outward-occluded glutamine- 
and Na+-bound state, we observed unassigned densities present near 
residues known to coordinate Na+ ions in archaeal homolog GltTk (Chapter 
5). These densities could represent bound Na+ ions, divalent cations (Mg2+, 
Ca2+, Mn2+) or water molecules. Obtaining the structure of ASCT2 in a Na+-
free state, for example in the presence of K+ ions instead of Na+, could help 
to confirm that observed densities represent Na+ ions. The tricky part of 
this research would be obtaining a high quality sample of Na+-free ASCT2 
for cryo-EM analysis since, as we show in Chapter 5, the protein is less 
stable in the absence of Na+, when purified in the presence of K+, and it is 
not active when reconstituted into proteoliposomes. Most likely, ASCT2 
needs to be purified in the presence of Na+ ions and then extensively 
washed with Na+-free buffer after reconstitution into nanodiscs, similar to 
the approach used to remove glutamine. 
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Chloride channel 
ASCT2, as well as all other members of SLC1 family, has uncoupled 

chloride conductance (briefly introduced in Chapter 1). This property of 
ASCT2 is used to characterize its transport activity by measuring currents 
in ASCT2-expressing oocytes or human cells and to screen for new 
potential inhibitors of ASCT2 (Chapter 6). Based on mutagenesis studies 
and MD simulations it was predicted that fully open channel could be 
observed in the transporter in the intermediate-inward state. The main 
strategy to trap the transporter in this conformation and solve its structure 
so far was to introduce cysteine pairs and use a cross-linking approach. So 
far there is no structure of a wild-type SLC1 transporter with fully open 
channel, but crosslinked mutants of GltPh have recently been structurally 
characterized, and provide a first glimpse of the channel architecture [15]. 
It might be possible to observe the channel in ASCT2 using single-particle 
cryo-EM if transporter is under turnover conditions and elevator 
movement takes place. In this case, the processing of a large pool of 
particles would be required to differentiate conformational states.  

 
Allosteric inhibitors 
ASCT2 is overexpressed in several cancer types, where it imports 

glutamine into cells that is used for energy production to promote cell 
growth, and inhibition of ASCT2 decreases cell proliferation and tumor size 
(Chapter 1). All these processes attracted attention to ASCT2 as a potential 
therapeutic target for anti-cancer drug design. Several strategies to find 
ASCT2 inhibitors were implemented in the past years. One of them is to 
target the substrate-binding site of ASCT2 and to find a competitive 
inhibitor that while bound prevents HP2 gate closure and transport 
domain movement. In Chapter 6 we identified and characterised a new 
ASCT2 inhibitor, which has submicromolar affinity and binds in the 
substrate binding site. 

Alternatively, inhibition of ASCT2 could be achieved using allosteric 
inhibitors. In the cryo-EM structures of ASCT2 we found several non-
protein densities, which could correspond to cholesterol or lipid molecules. 
In the inward-facing ASCT2 structure several of these densities intercalate 
in the space between transport and scaffold domains (Chapter 3). In the 
inward-open ASCT2 structure an additional density is present between the 
HP1 and HP2 and likely corresponds to a lipid molecule because of its 
characteristic shape. This lipid intercalates into the binding site and 
prevents HP2 gate closure (Chapter 4). Also, in the inward-open and 
outward-facing ASCT2 structures we observe a patch of non-protein 
densities at the interface between protomers, which most likely 
correspond to cholesterol molecules. Interestingly, one of these densities 
coincides with the position of the allosteric inhibitor UCPH101 in the 
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EAAT1 structure (Chapter 4 and 5). All these positions of lipid-likely 
densities could be potential allosteric binding sites that might affect the 
dynamics of the transport cycle and may offer new entry points for rational 
drug design. 

Therefore, one of the future strategies to inhibit ASCT2 could be 
characterisation of allosteric ASCT2 inhibitors. However, a potential 
limitation of such compounds could be their lipophilicity and low 
solubility, which could restrict inhibitor characterisation and decrease its 
potential in clinical applications. 

 
Sybody 
Another way to inhibit ASCT2 with high specificity is to use antibodies. 

Synthetic nanobodies, or sybodies, are 10-15 kDa single domain antibodies, 
that recognize a specific target, bind with high affinity and can be produced 
exclusively in vitro. Generation of target-specific sybodies is carried out 
using a selection procedure from libraries with a high diversity of the 
constructs, and includes three main steps: ribosome display, two rounds of 
phage display and ELISA [18]. The main advantage of this method is a strict 
control of the conditions of the selection, which could provide additional 
flexibility to get sybodies against a specific protein conformation. We plan 
to generate sybodies against ASCT2, check their influence on ASCT2 
transport activity in proteoliposomes and select sybodies inhibiting ASCT2 
transport. Using single-particle cryo-EM we plan to solve structures of 
ASCT2 with inhibiting sybodies to identify their binding sites and possible 
mechanisms of inhibition. The discovered sites in ASCT2 could be further 
used for targeted drug-design to obtain small molecules that could have 
potential in anti-cancer therapy. 

 
Retroviral function 
The function of ASCT2 as a receptor for retroviruses was not addressed 

during my PhD studies, but it definitely deserves future attention. The 
structure of ASCT2 in complex with envelope proteins of retroviruses can 
help to visualize the process of virus docking and guide the design of 
molecules inhibiting this process. 

ASCT2 and the human protein syncytin-1, which is of retroviral origin, 
are involved in placenta and bone tissues formation (Chapter 2). Structural 
characterisation of the complex of ASCT2-syncytin-1 can shed light on the 
process of membrane fusion and suggest ways to inhibit this process in 
order to prevent abnormal placental development. This research project 
might require expression of proteins in human cells, because glycosylation 
could be a part of the recognition and docking processes. 
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