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Abstract

xCT is a sodium-independent amino acid antiporter that imports L-cystine and exports L-glutamate in a 1:1 ratio. It is a
component of heterodimeric amino acid transporter system Xc- working at the cross-roads of maintaining neurological processes
and regulating antioxidant defense. The transporter has 12 transmembrane domains with intracellular N- and C-termini, and like
other transporter proteins can undergo various conformational changes while switching the ligand accessibilities from intracel-
lular to extracellular site. In the present study, we generated two homology models of human xCT in two distinct conformations:
inward-facing occluded state and outward-facing open state. Our results indicated the substrate translocation channel composed
of transmembrane helices TMs 1, 3, 6, 8, and 10. We docked anionic L-cystine and L-glutamate within the cavities to assess the
two distinct binding scenarios for xCT as antiporter. We also assessed the interactions between the ligands and transporter and
observed that ligands bind to similar residues within the channel. Using MM-PBSA/MM-GBSA approach, we computed the
binding energies of these ligands to different conformational states. Cystine and glutamate bind xCT with favorable binding
energies, with more favorable binding observed in inward occluded state than in outward open state. We further computed the
residue-wise decomposition of these binding energies and identified the residues as essential for substrate binding/permeation.
Filtering the residues that form favorable energetic contributions to the ligand binding in both the states, our studies suggest T56,
A60, R135, A138, V141, Y244, A247, F250, S330, L392, and R396 as critical residues for ligand binding as well as ligand
transport for any conformational state adopted by xCT during its transport cycle.
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Introduction

The cystine-glutamate transporter (xCT) is a component of
heteromeric, sodium-independent amino acid transport
(HAT) system, Xc-, with high specificity for cystine and glu-
tamate [1, 2]. The function of Xc- primarily connects neuro-
transmission and behavior with the antioxidant defense [3-5].
System Xc- includes specific light chain transporter xCT (~40
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kDa) and heavy chain, 4F2hc (~ 80 kDa), which are linked by
a disulfide bridge [6, 7]. In a functional dimer, 4F2hc is re-
sponsible for trafficking of the light chain and xCT is required
for the transport activity of the dimer. Reconstitution studies
on similar HAT system (SLC7A9) showed that light chains,
xCT, are fully functional in the absence of its corresponding
heavy subunit (4F2hc) [8]. Expression of XCT on the cell
membrane is essential for the uptake of cystine required for
intracellular glutathione (GSH) synthesis and maintaining the
intracellular redox balance [9]. Extracellular glutamate acts as
a competitive inhibitor for cystine uptake via system Xc-,
indicating that xCT primarily imports anionic cystine and ex-
ports glutamate in 1:1 ratio as an electroneutral antiporter ex-
change system for cystine/glutamate [10]. Impairment of xCT
results in disruption in glutamate homeostasis as observed in
primary gliomas, resulting in elevated glutamate secretion and
neuronal cell death [11-13]. Dysfunction of XCT or decreased
levels of mRNA expression of SLC7A11, gene associated
with encoding xCT, has been linked with various
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neurodegenerative disorders [5, 14, 15], such as schizophrenia
[16], amyotrophic lateral sclerosis (ALS) [17], multiple scle-
rosis (MS) [18], and Parkinson’s diseases [19]. On the other
hand, xCT is upregulated in various cancer cell lines under
oxidative stress including pancreatic cancer [20], breast cancer
[21, 22], bladder carcinoma cells [23], and lung tumor pro-
gression [24]. Expression of XCT has also been proposed as a
predictor of disease recurrence in patients with colorectal can-
cer [25]. Enhanced biosynthesis of intracellular GSH via xCT
protects cancer cells from drug-induced oxidative stress by
mediating drug detoxification or inactivation [26-28]. In ad-
dition, xCT has been identified as the predominant mediator
of Kaposi’s sarcoma-associated herpesvirus (KSHV) fusion
and entry permissiveness into cells [29-31]. These findings
make xCT a promising therapeutic target in cancer therapy
[32-35] and in neurodegenerative or neuroinflammatory dis-
eases [3, 5, 36, 37].

A detailed molecular understanding of conformational
transitions of XCT during the substrate transport would offer
new opportunities for drug discovery [38, 39]. This warrants
the need to have structural information of human cystine
transporter. There have been structural experimental studies
[40-42] indicating that xCT is a protein with 12 transmem-
brane (TM) helices, both N- and C-termini located intracellu-
larly, and re-entrant loop between helices TM2 and TM3 that
participate in substrate permeation. The only structures avail-
able till date are two homology models. One model was con-
structed using ApcT crystal structure [14]. Another xCT
modeled structure was reported recently [43] where human
xCT structure was mapped onto the modeled structure of ho-
mologous fungal cystine transporter, CgCYN1. With the ad-
vancement in membrane structural biophysics and crystallog-
raphy, the transporters have been captured in different confor-
mational states, suggesting that there are several conforma-
tional states accessible to these transporters as they switch
accessibility from one side of the membrane to the other
[44-52], and are now thought to operate by a common “alter-
nating access” model [53, 54]. This implies that there are
many fundamental questions that are open to investigate fur-
ther about xCT. More detailed investigations of structural re-
arrangements of transporters at atomic level have been made
possible by molecular dynamics simulations [55-61]. In this
study, we combined homology modeling, ligand docking, and
molecular dynamics simulation technique to investigate the
ligand binding, and identified the residues which are involved
in ligand binding. We constructed homology models of xCT
in two distinct conformations as adopted by their template
structures: inward-facing occluded state and outward-facing
open state. The inward-facing occluded state of xCT is
modeled using ApcT structure (PDBid:3GIA) (hereafter re-
ferred as Model Cioc), and the outward-facing open state of
xCT is modeled using AdiC structure (PDBid:5J41) (hereafter
referred as Model Cout) as templates. These models were
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refined using molecular dynamics simulations and docked
with cognate ligands: anionic cystine and glutamate. The latter
is done to investigate the fact that similar uptake specificities
are observed for both L-cystine and L-glutamate which sug-
gests that the similar residues within the transmembrane re-
gion are involved in binding these cognate ligands. We then
explored contributions of each residue to the overall binding
free energy using MM-PB(GB)/SA method. Our aims for this
study are threefold: (i) modeling of xCT is two different con-
formational states; (ii) probable ligand binding sites for these
states; and (iii) identification of residues essential for ligand
binding.

Methods

Identification and modeling of transmembrane (TM)
region of xCT

Human xCT sequence was retrieved from NCBI, and an initial
topology prediction was carried out using Constrained
Consensus TOPology (CCTOP) server [62], which utilizes
ten topology prediction methods: HMMTOP, MemBrain,
Memsat, Octopus, Philius, Phobius, Pro, Prodiv, Scampi,
ScampiMsa, and TMHMM in combination with the topology
information from PDBTM, TOPDB, and TOPDOM data-
bases using the probabilistic framework of hidden Markov
model. xCT was predicted to be a 12-transmembrane helical
protein with N- and C-termini located inside the cell.
Sequence spanning transmembrane region (residues 45 to
512) was submitted to HHPred server against PDB structures
for homology detection, and two templates, ApcT
(PDbid:3GIA) [63] and AdiC (PDbid:5J41)[64] were selected
using HHblits multiple sequence alignment method [65].
Transmembrane region of xCT showed ~ 26.17% and
24.28% sequence identity with ApcT (E value:2e-16) and
AdiC (E value:3e-15), respectively (Fig. 1). These two struc-
tures are in different conformational states of their transport
cycle.

AdiC arginine antiporter is reported in substrate-free out-
ward-facing state [64], and ApcT is reported in substrate-free
inward-facing occluded open state [63]. The only inward open
conformation known for any wild-type amino acid transporter
is that of GadC [66]. However, the reported structure consists
of C-terminal fragment (C-plug) whose displacement is req-
uisite for GadC transport activity. There is no report suggest-
ing importance of similar C-plug in XxCT. Thus, we decided
not to opt for GadC as template for this study. Comparative
modeling of TMD region of xCT spanning residues 45 to 512
including TMD helices and connecting loops was carried out
based on multiple sequence alignment of these two templates
using Modeller9v15 [67]. Two representative models corre-
sponding to the two templates were selected from the
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Fig. 1 Sequence alignment of transmembrane region of XCT with respect transmembrane helices are highlighted as blocks. The secondary

to the template structures of A. AdiC (PDbid:5J4I) and B. ApcT
(PDbid:3GIA) used for homology modeling. The proposed

collection of 5000 models built by Modeller, based on the
evaluation of discrete optimized protein energy (DOPE) po-
tential. The models were further subjected to loop refinement
module of Modeller9v15 to refine the connecting intracellular
and extracellular loops, and energetically favorable models
were selected among the 1000 generated models based on
the DOPE score. Thus, two models of xCT have been gener-
ated using two different templates in different conformational
states of access cycle herein referred as Model Cioc (template
structure: 3GIA) and Model Cout (template structure: 5J41).

Minimization and refinement of modeled structure
using MD in explicit membrane

The selected models were minimized further to obtain stable
structures using molecular dynamics simulations. Simulation
setup with model inserted into a heterogeneous fully hydrated
bilayer of size 85 A x 85 A, consisting of lipids as well as
cholesterol molecules, was obtained using CHARMM-GUI
[68] using CHARMM36m force fields [69] for lipids as well
as protein. Prior to membrane insertion, we calculated rotational
and translational positions of XCT models in membranes using

structure elements as indicated by DSSP analysis of the template
structures are also shown alongside the template sequence

PPM server [70], and the obtained orientation was used for
positioning within lipid bilayer in CHARMM-GUIL. The con-
stituents of lipid bilayer were selected in order to mimic the
human brain barrier membrane environment [71]
DPPC(5%):POPC(20%):POPE(15%):POPS(5%):POPI(5%):-
PSM(30%) lipids with cholesterol (20%). The structures were
then solvated with TIP3P water molecules, followed by the
addition of K* and CI” ions for 0.15 M concentration. The
assembled simulation system consisted of ~ 90,000 atoms.
The biomolecular systems were simulated using NAMD2.11
[72]. Minimization was carried out for 10000 steps, and sys-
tem was equilibrated for 0.5 ns, while slowly releasing the
collective variable restraints to facilitate stable simulation.
Finally, structure was further simulated without any restraints
for 10 ns at a constant temperature of 303 K using Langevin
thermostat with damping coefficient of 1 ps ', and constant
pressure of 1 atm using semi-isotropic Nose-Hoover Langevin
piston pressure control with oscillation period of 0.05 ps and
oscillation decay time of 0.025 ps. The van der Waals interac-
tions were smoothly switched off at 10-12 A by a force-
switching function, and long-range electrostatic interactions
were calculated using particle mesh Ewald method [73]. All
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bond lengths involving hydrogen atoms were fixed using
SHAKE algorithm, enabling the use of 2 fs time step. The
final obtained structures were validated with a new C[3 mea-
sure and updated Ramachandran plot as described in [74] and
implemented in RAMPAGE (http://www-cryst.bioc.cam.ac.
uk/rampage). The refined models were then used for
docking purposes, and the models with docked ligands
(eight xCT conformations in total) were simulated for 100 ns
each, resulting in simulation data used in the study as 800 ns.

Docking of modeled structures with ligands: L-cystine
or L-glutamate

For ligands, coordinates for anionic L-cystine and L-
glutamate were obtained from PubChem database (https://
pubchem.ncbi.nlm.nih.gov) in sdf format. Binding site
analysis was done by docking using AutodockVina [75], a
computational docking program installed as plugin in PyMol
[76]. Prior to docking, pore dimensions within the
representative structures were analyzed using HOLE
program [77]. The docking box sizes for each model were
selected such that the cylindrical cavity was covered within
the box volumes of ~ 30 A x 30 A x 30 A enclosing the
probable binding pocket. The residues within the binding
pocket were defined as flexible residues to accommodate the
ligands. Based on unique binding pose and favorable Vina
docked score, two best docked conformations were selected
per conformational state, and subjected to molecular
dynamics. The eight docked xCT conformations were
embedded in lipid bilayer as discussed above and simulated
using similar protocol (as adopted for modeled structures) for
100 ns. Parameters for anionic cystine and glutamate were
obtained for ligand generator module [78] of Charmm-GUI.

Trajectory analyses of protein-ligand complexes

Structural analyses were done using VMD-1.9.3 [79]. Root
mean square deviations for the backbone atoms were calcu-
lated with reference to the refined modeled structure. Root
mean square fluctuations (RMSF) of Cx atoms in all the tra-
jectories were also calculated. Pore radius profiles of the trans-
porter pathway were calculated using HOLE program [77,
80]. A total of 50000 snapshots of protein atoms were extract-
ed from the simulation data at equal interval and submitted to
HOLEtraj wrapper [81] available with MDAnalysis 0.19.2
[82].

Interactions of ligands with protein
All the ligand docked conformations sampled at every 2 ps for
eight trajectories were pooled in to visualize protein-ligand

interactions in ligand docked conformations. Interaction of
ligand with protein residue was defined when heavy atom of
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ligand interacts with protein residue within cutoff distance of
5.0 A. Variations in interactions between ligands and protein
residues were analyzed using VMD1.9.3 [79]. The docked
conformations were clustered into five clusters using kmeans
algorithm implemented in cpptraj [83].

MM-PB(GB)/SA-based binding affinities

MM-PB(GB)/SA is a force field-based method to approxi-
mate the free energies of binding based on ensemble of con-
formations obtained from MD simulations [84, 85]. This
method employs molecular mechanics, Generalized Born
(GB) or Poisson Boltzmann (PB) solvation models, and sol-
vent accessibility method. The binding free energy AGy;nq is
estimated from the free energies of the reactants and product
of the reaction: AGy;nq = {(Gpr) —{Gp) —(GL)

where free energy of state (P/L/PL) is estimated as sum of
terms:

G = Eponded + Eet + Evaw + Gpol + an_TS

The first three terms are standard molecular mechanics en-
ergy terms associated with bonded (bond, angle, and dihe-
dral), electrostatic, and van der Waals interaction. Gy and
G,y are polar and non-polar contributions to solvation free
energies. G, is obtained by solving PB or GB model equa-
tion, and G, is estimated from solvent accessibilities values.
T and S are absolute temperature and entropy estimated by
normal mode analysis of vibrational frequencies. An ensem-
ble of 50000 snapshots of xCT structures bound with ligands
per trajectory were obtained at equal intervals and used for
calculating binding free energies using MMPBSA py avail-
able in Amber16. The binding energy calculations were car-
ried out using both MM-PBSA and MM-GBSA method using
CHARMM36m force fields. Per-residue decomposition was
also carried out for residues present within 15 A of ligand.
Energy contribution of single residue to the binding energy
was calculated by summing its interactions over all residues in
the system.

Results

Homology modeled structures of xCT in two distinct
conformations of transition cycle

In the absence of a crystal structure of any cystine transporter,
we built homology model of human cystine transporter xCT
based on crystal structures of transporters that were expected
to have similar folds. Comparative analysis of XCT sequence
using CCTOP server predicted the overall topology of the
transporter to consist of 12 transmembrane domains (Fig.
S1). Based on the region spanning the transmembrane domain
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region (residues 45 to 512), two templates were identified for
modeling using HHPred: ApcT (broad-specificity proton-
coupled amino acid transporter from M. jannaschii) and
AdiC (an arginine/agmatine antiporters of E. coli) with se-
quence identity of ~ 26% and ~ 21%, respectively. This was
followed by modeling of the transmembrane (TM) region of
xCT using Modeller9v15. We further refined the models using
simulations, and validated the refined modeled structures
using Ramachandran plots [74]. The plots showed above
95% of the residues in favored and allowed regions (Fig.
S2). We assessed the local structural quality of our transmem-
brane protein models (Fig. S3) using qualitative model energy
analysis (QMEANBrane) [86]. Both the analyses suggested
the reliability of our predicted homology modeled structures
in both conformations.

Crystal structures of these two transporters have similar
structural core LeuT type-fold of APC transporters which con-
sists of two intertwined 5-TM-helix repeats (TMs 1-5 and
TMs 6-10) sharing a twofold inverted pseudo symmetry
[87]. The two templates are in different conformational state
of substrate transport cycle. ApcT structure is reported in
substrate-free inward-facing occluded conformation in
PDbid:3GIA. AdiC is reported in substrate-free outward-fac-
ing state in PDbid:5J41. The overall structure of xCT modeled
on the above two templates reveals an overall cylindrical
shape with 12 transmembrane helices with short extracellular
and cytoplasmic loops and intracellular amino and carboxy
termini (Fig. 2). In two models, the 12 TMs are arranged in
two intertwined V-shaped inverted repeating units (TMs 1-5
and TMs 6-10), followed by TMs 11 and 12. Our models are
in agreement with the biotinylated experiments that proposed
the first topological model for xCT of 12 transmembrane do-
mains with the N- and C-termini located inside the cell [40].
For the inward occluded model, we observe that the

Fig. 2 Homology structure of
xCT in a inward-facing occluded a
state Model Cioc and b outward-
facing state: Model_Cout. The
transmembrane helices are
marked and the five helices
forming probable translocation
channel are shown colored. The
intracellular loop IL23 is also
shown

Model_Cioc

intracellular loop IL23 between TM helices 2 and 3 occludes
the intracellular site, and this loop is believed to be involved in
substrate permeation pathway [40]. The modeled structures
were then embedded in heterogeneous lipid bilayer and fur-
ther refined using unrestrained molecular dynamics simula-
tions. Superposition of the simulated model structures with
the templates (Fig. 3) suggests that residues of five transmem-
brane helices (TM1, TM3, TM6, TMS, and TM10) form the
substrate translocation channel and the cylindrical cavity was
assessed to be large enough to accommodate the ligands, and
therefore, the probable ligand binding sites. The structural
analysis of models and positioning of proteins in membrane
(PPM server [70]) yielded the length of translocation channel
as ~ 16.0 A. We analyzed the pore dimensions within the
modeled structures using HOLE program (Fig. 4) and docked
the ligands within the cylindrical cavity lined by the residues
from the helices: TM1, TM3, TM6, TMS8, and TM10.

Variations and dynamics of ligand bound complexes
during simulations

We analyzed changes in root mean square deviations (RMSD)
for two regions: the protein backbone atoms of the ligand
bound modeled structures (Fig. 5a) and the protein backbone
of the transmembrane region with respect to their initial min-
imized structures (Fig. 5b). The general trend, inferred from
the RMSD values, reveals that though there are deviations
observed during the simulations in the complete structure,
the transmembrane domains remains stable with considerable
reduced RMSD values. We carried out analysis of RMSF
values for each simulated system (Fig. 5¢) and observed that
for both conformations, the residues belonging to loops or
non-helical regions (as indicated by grey-colored bar regions)
show higher fluctuations, and the residues in the helical region

b Model_Cout
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Vs
3GIA

Fig. 3 Alignment of modeled structures obtained after structural
refinement with respect to their respective template structures. These
xCT structures showed rmsd values of (A) 2.5 A (with respect to 3GIA)
and (B) 2.8 A (with respect to 5J41). (C) Structural alignment of the

are more stable with significantly less rmsf values. In all sim-
ulations, the highest rmsf values are observed for residues
belonging to interhelical loop IL5-6 connecting the helices
TMS5 and TM6.

Pore dimension analyses of ligand bound xCT
conformations

We characterized the functional state of the transporters during
the simulations by calculating the radius of the translocation
pathway in the generate protein conformations using HOLE
program (Fig. 6). HOLE employs Monte Carlo-simulated an-
nealing approach to find the best path for a sphere (of variable
radius) to squeeze through the channel. The program has been
successfully used to analyze the transporter pathways and chan-
nels [81, 88-91]. Visualizing the two-dimensional plots of the
pore channel radius along the Z-axis obtained for the confor-
mations of proteins, we observed that for Model Cioc (Fig. 6a),
the minimum pore radius increases to ~ 3 A near the middle of

3GIA 5J41

Fig. 4 Visualization of the cavities through the channel of crystal
structures used as template (A, B) and modeled structures of xCT (C,
D) using HOLE software. Coordinates of modeled structures were
obtained after structural refinement using molecular dynamics. Model
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Model_Cout

modeled structures showed rmsd values of 4.5 A. Alignment views of
modeled structures are shown from (D) the extracellular side (top view)
and (E) the intracellular side (bottom view)

channel towards the intracellular side (near ~— 10 A of z-coor-
dinate), indicating the occluded inward conformations for li-
gand binding. For Model Cout (Fig. 6b), we observe consistent
increase in pore radii towards the extracellular side (positive z
coordinate) indicating opened pathway towards extracellular
side. The analysis suggests that the transporter conformations
in either state are maintained during the simulations.

Energetics of ligand binding to xCT

We simulated the ligand docked xCT conformations and cal-
culated the binding energies of these ligands to the xCT con-
formations using MM-GBSA and MM-PBSA approach. It is
mention-worthy that though the reported binding energies
here are not absolute values, these values represent the relative
differences in binding of these substrates to two different con-
formations. Both GB and PB models indicated that cystine
and glutamate bind xCT in different conformational states
with favorable electrostatic energies (AEjecirostatics) and

Modei_Cioc Model_Cout

Cioc and Model Cout structures have been modeled using 3GIA and
5J41 as template PDBs. Red-colored area means pore radius below 0.6
A, green depicts pore radius within range 0.6 to 1.15 A, and blue-colored
depicts pore radius above 1.15 A
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a Protein Backbone

b Transmembrane domain backbone
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1
0
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25 Model_Cout
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4 + Glutamate
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Time(ns)

Cystine

Glutamate

Residue

Fig. 5 Root mean square deviation (RMSD) plots of ligand-bound struc-
tures with respect to initial minimized modeled structure a RMSD values
of backbone atoms of complete modeled structures. b RMSD values of
backbone atoms of transmembrane domains only. Different runs are

unfavorable solvation free energies. The energetic contribu-
tions of each interaction are shown in Fig. 7 and the

#

shown in different colors. ¢ Root mean square fluctuations (RMSF) of
Co atoms averaged over multiple simulations. The color bar at the end of
plots indicates the secondary structure elements with orange colored he-
lices and grey-colored loops or non-helical regions

corresponding values are provided in Table SI1. Cystine forms
more favorable electrostatics and van der Waals interactions
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+ Glutamate
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-40

Extracellular
201

104

-10!

0 1 2

Pore radius R (A)

b Model_Cout
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Fig. 6 Functional characterization of conformations of xCT generated
during ligand-bound MD simulations a in inward-facing occluded state
Model Cioc and b in outward-facing state Model Cout. Pore radii as

with xCT in both inward occluded and outward-facing con-
formations in comparison with glutamate as suggested by
more negative values of AGginging Obtained via GBSA or
PBSA approach. As far as xCT conformational states are con-
cerned, both ligands form favorable interactions with xCT in
Model Cioc (inward-facing occluded) state than with xCT in
Model Cout (outward-facing open) state.
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3 A /B8 o 1 3 3 & &
Pore radius R (A)

determined by HOLE are shown along the membrane normal z coordi-
nate with shaded region indicated standard deviation of the radii value
from the mean value

Interactions of cystine in inward-facing occluded
and outward open states

Anionic cystine is oxidized dimeric form of cysteine formed
by linking two cysteine residues via disulfide bond, and con-
sists of one carboxylate group, one acid group, and two amino
groups. The substrate binding site for Model Cioc is
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Fig. 7 Binding free energies
calculated using MM-GBSA and
MM-PBSA approach.
AEVanderWans and AEelectrostatics
correspond to the van der Waals
and electrostatics contribution.
AGpp and AGgg correspond to
the electrostatic contribution to
the solvation free energy calcu-
lated by PB or GB, respectively.
AGgysand AGyonpolar correspond
to the nonpolar contribution to the
solvation free energy calculated
by empirical model of GB and
PB, respectively. AGpinging is the
final estimated binding free
energy

250 |
150 +
S 40 |
£
= 20 ¢
=
E o
c
g
e -20 |
S
& -40 |
]
&
-100 ¢
-300

Model Cioc Model Cout
+ + + +
.(E:ystlne Glutamate  Cystine Glutamate
AG(GB) AG(PB) AE\.’anderWaals
AE ¢ cuostaics  AG®E(binding)  AGP8(binding)

approximately halfway across the membrane bilayer, the interactions within the representative structures (Fig. 8).
surrounded by residues from five transmembrane helices.  The representative structures showed cystine to adopt extend-
We clustered the cystine docked conformations of XCT in  ed conformations within substrate channel of both
different states sampled during the simulations and visualized =~ Model Cioc and Model Cout. On one end, the carboxylate

a Model_Cioc + Cystine

Model_Cioc + Glutamate

Model_Cout + Cystine Model_Cout + Glutamate

w2l

M1 0

Fig. 8 a Conformations of ligands docked inside the transmembrane transmembrane helices forming the substrate binding channel are
channel from five representative structures as obtained from kmeans shown in color: TM1: red color; TM3: pink color; TM6: blue color;
clustering analysis. b Close view of the interactions shown for the TMB8: orange color; and TM10: brown color

representative structure corresponding to most populated cluster. The
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and amino groups of one of the cysteine moieties of the ex-
tended cystine molecule forms hydrogen bonds with 1134,
A140, V141, 1142, Y244, and G248. On the other end, car-
boxylate and amino groups of another cysteine moiety forms
hydrogen bonds with R135, G248, W249, F250, Y251, and
R396. These interactions are persistently maintained through-
out the simulations. In addition, cystine forms persistent hy-
drophobic interactions with additional residues: 153, T56, 157,
A60, 1133, 1134, A138, T139, A245, Y246, A247, S330, and
L392. In outward open conformation (Model Cout), residues
T56, 157, G59, R135, A138, Y244, and R396 form hydrogen
bonds with the carboxylate ends of cystine in extended con-
formation. Cystine is further stabilized via hydrophobic inter-
actions with residues 152, G55, 158, 1134, T139, V141, 1142,
F250, Y251, F254, S330, G333, G334, A337, V338, and
L392.

Mapping these interactions with residue-wise decomposed
binding energies and relating to the different xCT conforma-
tions (Fig. S4), we observed that cystine forms energetically
more favorable interactions with the following residues in
inward-facing occluded states, than in outward open state:
TM1 helix: T56, 157, A60; TM3 helix: R135, T139, A140,
V141, 1142; TM6 helix: Y244, A245, A247, G248, W249,
F250, Y251; TMS helix: S330; and TM10 helix: L392, S396.
Residues in helix TM8 show more significant interactions
with cystine in outward open state than in inward occluded
state, where residues S330, G333, G334, A337, and V338
form energetically favorable interactions with cystine.

Interactions of glutamate in inward-facing occluded
and outward open states

Glutamate as ligand is negatively charged amino acid moiety
with two carboxylate groups and one amino group. We ana-
lyzed the interactions of glutamate with residues during the
docked simulations of inward occluded and outward open
xCT conformations (Fig. 8). In Model_Cioc, the terminal car-
boxylate and amino groups of glutamate substrate form hy-
drogen bonding interactions with main chains of 158, G59,
A60, GO1, 162, A247, G248, and side chain hydroxyls of
Y244 and Y251. Additional residues T56, 157, A138, V141,
1142, A245, Y246, and L392 form hydrophobic interactions
with glutamate in inward occluded state. In outward open state
(Model Cout), glutamate forms hydrogen bonding interac-
tions with T56, R135, A137, S330, G333, and G334.
Glutamate forms additional interactions with residues 1134,
A138, V141, F250, A337, V338, L392, and R396 within the
ligand channel.

Based on comparative residue-wise decomposition of bind-
ing energies for glutamate in different conformational states,
the following residues formed energetically favorable interac-
tions with glutamate: TM1 helix: T56, 157, 158, G59, A60,
G61; TM3 helix: R135, A138, V141, and 1142; TM6 helix:

@ Springer

Y244, A245, A247, G248; TMS helix: S326, S330, M331,
G333, G334, F336, A337, V338, R340; and TM10 helix:
L392 and R396. The extent of favorable energetic contribu-
tions by these residues is higher in inward-facing occluded
state than in outward open state. Interestingly, we observed
that all the residues belonging to TM3 helix, except R135,
contribute less significantly to the binding of glutamate ligand
in outward open state (Model Cout). Similarly, for inward
occluded state (Model Cioc), residues belonging to TMS he-
lix contribute less to the glutamate binding, except S326 and
S330.

Probable amino acids critical for ligand binding

We analyzed the interactions of the cystine and glutamate with
the amino acids of xCT and found that similar residues are
mostly involved in interacting both anionic cystine and gluta-
mate (Fig. S5). Experimental evidence [41] shows that C327
lies close to substrate permeation pathway, and our results
show persistent interactions of ligands with nearby S330 res-
idue of TMS in both inward occluded and outward open con-
formations. In our study, we observed that ligands form strong
interactions with “G>°A°°G®"” motif present in TM1, and
these residues contribute significantly to the glutamate bind-
ing in inward occluded state. Mutations in similar GXG motifs
in other transporters have led to severe defects [92, 93].
Another conserved motif in TM6: “(F/Y)(S/A/T)(F/Y)xGxx”
have been identified critical for transporters within APC fam-
ily [93]. For human xCT, this motif'is Y?**AYAGWF>* pres-
ent in TM6 and form persistent interactions with both the
ligands in both conformational states. Mutagenesis studies
on homologous fungal cystine transporter [94] showed trans-
port defect on mutating G255 of TM6 and T339, S340, and
H347 of TMS helix of CgCYNI. Our simulations showed that
similar residues belonging to TM6 and TMS8 in xCT interact
with the ligands.

Discussion

A transporter undergoes various conformational transitions
switching accessibility from extracellular site to intracellular
site, and simultaneously transporting the ligands. Human xCT
is an antiporter that exchanges intracellular glutamate to take
up extracellular cystine. Based on its sequence similarity with
other transporters whose structures are experimentally de-
rived, we generated two human xCT models in two different
conformations: inward-facing occluded state (Model Cioc)
and outward-facing state (Model Cout). For Model Cioc,
the inward face is observed to be occluded by intracellular
loop connecting helices TM2 and TM3. Both models adopted
similar fold with 12 transmembrane helices arranged in two
intertwined V-shaped inverted repeating units (TMs 1-5 and
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TMs 6-10), followed by TMs 11 and 12. Comparative analy-
sis of these models suggested presence of ligand translocation
cavity of cylindrical shape formed by five helices TM1, TM3,
TM6, TMS, and TM10.

Both the conformational states of xCT were docked with the
ligands, and simulated to allow ligands to explore conforma-
tional space within the channel. The calculated RMSD and
RMSF values suggested transmembrane helical regions to be
more stable compared with non-helical regions, as observed
from higher fluctuation values in the loop regions. Comparison
of pore size profiles as function of membrane normal z for the
translocation channel showed that in inward occluded state,
there is opening proximal to the intracellular side where li-
gands can bind. In outward open conformations, the pore radii
values increase towards the extracellular side. We computed
the binding energies of ligands to XCT in different states and
observed that ligands have more favorable binding energies in
inward occluded state than in outward-facing state. Anionic
cystine binds to XxCT in extended conformations and forms
more favorable interactions with XxCT in either state than those
observed with glutamate. We computed residue-wise decom-
position of binding energies and observed that in inward-
facing occluded state, ligands have favorable interactions with
helices TM1, TM3, TM6, and TM10. In outward open state,
ligands have favorable interactions with helices TM1, TM3,
TM6, and TMS. Interestingly, the energetic contribution of
TM1 helical residues to the binding of glutamate is higher than
in binding of cystine. Combining the interaction analysis with
the decomposed binding energy analysis, we propose a model
for ligand transport across the membrane. Our studies suggest
that as cystine is transferred from the extracellular site, it enters
the channel in extended conformation forming interactions
with T56, R135, F250, Y251, R340, and R396 proximal to
the intracellular end, and with V141, Y244, and S330 proximal
to the extracellular end. Additional interactions are formed
with residues belonging to TM8: G333, G334, V335, A337,
and V338. Once cystine is inside the channel, and in inward
occluded state, it interacts with A60 of TM1, residues at the
center of helices TM3 (A138, T139, A140, V141, 1142) and
TM6 (Y**AYAGWE?*° motif), S330 of TM8, and L392 and
R396 of TM10. Now, as the glutamate is effluxed out of the
intracellular site, it forms interactions with R135 (of TM3),
S339 (of TMS), and V338, L392, and R396 (of TM10), and
as it transfers out to the extracellular site, it interacts with the
residues belonging to helix TM1: T56, 157, 158, G59, A60,
Go61, F63, A64; helix TM3: V141, 1142; helix TM6: A247,
A245, Y244; and helix TMS8: S326 and S330. Filtering the
residues that form favorable energetic contributions to the li-
gand binding in both the states, our studies suggest that resi-
dues T56, A60, R135, A138, V141, Y244, A247, F250, S330,
L392, and R396 interact with both the ligands as they transport
through the channel. Our studies thus identify them as critical
residues for ligand binding as well as ligand transport. The fact

that similar residues are observed for both the ligands in dif-
ferent conformational states is consistent with the experimental
studies where the uptake specificities for these ligands were
found to be very similar [1, 10, 95]. To explore the complete
scenario, more experimental structures or mutagenesis data is
required to investigate further about the substrate binding or
transport mechanism of XCT. In the absence of experimental
structural studies of xCT, our in silico characterization of crit-
ical residues open up possibilities to explore during the struc-
tural and biochemical characterization of human cystine
transporter.

Conclusion

xCT has been modeled in two different conformations:
inward-facing occluded state and outward-facing open state.
These states revealed a probable ligand binding cavity lined
by residues from five TM helices: TM1, TM3, TM6, TMS,
and TM10. The biologically known ligands: cystine and glu-
tamate, were docked within the cavity and observed to have
favorable binding energies using MM-PBSA/MM-GBSA ap-
proach. Combining results from per residue-wise decomposi-
tion of binding energies and interaction analysis, both cystine
and glutamate bind to similar set of residues. We identified
T56, A60, R135, A138, V141, Y244, A247, F250, S330,
1392, and R396 as critical residues for ligand binding as well
as ligand transport in XCT. These residues belong to conserved
motifs in TM1 and TM6, and map well to the experimentally
known important residues important for ligand binding in hu-
man xCT or homologous transporter proteins and can form the
basis of further residue-specific mutagenesis experiments.
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