Universiteit
Antwerpen

This item is the archived peer-reviewed author-version of:

Transport of cystine across xC'~ antiporter

Reference:
Ghasenmitarei Maryam, Y usupov Maksudbek, Razzokov Jamoliddin, Shokri Babak, Bogaerts Annemie.- Transport of cystine across £C"™ antiporter

Archives of biochemistry and biophysics - ISSN 0003-9861 - 664(2019), p. 117-126
Full text (Publisher's DOI): https://doi.org/10.1016/J.ABB.2019.01.039
To cite this reference: https://hdl.handle.net/10067/1585710151162165141

uantwerpen.be

Institutional repository IRUA


http://anet.uantwerpen.be/irua

Accepted Manuscript =

&

Transport of cystine across xC antiporter 1:‘ L
R
ol A

Maryam Ghasemitarei, Maksudbek Yusupov, Jamoliddin Razzokov, Babak Shokri,

Annemie Bogaerts e

PII: S0003-9861(18)30872-5
DOI: https://doi.org/10.1016/j.abb.2019.01.039
Reference: YABBI 7945

To appearin:  Archives of Biochemistry and Biophysics

Received Date: 22 October 2018
Revised Date: 30 January 2019
Accepted Date: 31 January 2019

Please cite this article as: M. Ghasemitarei, M. Yusupov, J. Razzokov, B. Shokri, A. Bogaerts,

Transport of cystine across xC antiporter, Archives of Biochemistry and Biophysics (2019), doi: https:/
doi.org/10.1016/j.abb.2019.01.039.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.abb.2019.01.039
https://doi.org/10.1016/j.abb.2019.01.039
https://doi.org/10.1016/j.abb.2019.01.039

Transport of cystine acrossxC™ antiporter

Maryam Ghasemitarei®?, Maksudbek Yusupov?, Jamoliddin Razzokov? Babak Shokri® and
Annemie Bogaerts?

Physics Department, Shahid Beheshti Universitg. &vin, Tehran 19839, Iran
2 Research Group PLASMANT, Department of Chemistridniversity of Antwerp,
Universiteitsplein 1, B-2610 Antwerp, Belgium

E-mail: gasemi.maryam.mamh@gmail.com

Abstract

Extracellular cystine (CYC) uptake i~ antiporter is important for the cell viability. Escially
in cancer cells, the upregulation &€~ activity is observed, which protects these cetismf
intracellular oxidative stress. Hence, inhibitidntlee CYC uptake may eventually lead to cancer cell
death. Up to now, the molecular level mechanisrthefCYC uptake bxC™ antiporter has not been
studied in detail.

In this study, we applied several different simiolattechniques to investigate the transport of CYC
through xCT, the light subunit of the&€™ antiporter, which is responsible for the CYC ahaamate
translocation. Specifically, we studied the periogatof CYC across three model systems, i.e.,
outward facing (OF), occluded (OCC) and inward rigci(IF) configurations of xCT. We also
investigated the effect of mutation of Gydo Ala within xCT, which was also studied expentadly
in literature. This allowed us to qualitatively cpame our computation results with experimental
observations, and thus, to validate our simulations

In summary, our simulations provide a moleculaelewechanism of the transport of CYC across
thexC™ antiporter, more specifically, which amino acidideies in theC™ antiporter play a key role
in the uptake, transport and release of CYC.

1. Introduction

The cell membrane is a complex biomolecular stnectaontaining mostly proteins and lipids.
Among the important proteins, transporters are regggdefor transporting small molecules, such as
amino acids and ions, which are physiologicallyc@ufor some processes. In neurotransmission [1],
the efflux of toxic compounds [2] and the regulatiof glucose [3], transporters play an important
role. Transporters have a range of functions ardcategorized into two main groups: primary and
secondary active transporters (see transportesifitation database on www.tcdb.org [4]), based on
whether the transport function is regulated by dobahenergy or a cellular electrochemical gradient,
respectively. The secondary active transporterdeagrouped into three general categories [5,&], i
uniporter, symporter and antiporter. Uniporters iaed the transport of one molecule or ion,
symporters carry two different ions or moleculegsha same direction through the membrane, while
antiporters transfer two different molecules (etwo specific amino acids) or ions through the
membrane in opposite directions.

Antiporters play a key role in the preservation grdper functioning of some amino acid-
dependent cellular processes, such as the energpofism, protein synthesis and cell protection [7]
The cells cannot sufficiently synthesize certairiremacids, and hence, for cell growth and viahility
these amino acids need to be supplied from extrdaebpace.

One of the amino acids, vital for both normal analignant cells, is Cys or its oxidized dimer
form, cystine (CYC) [8, 9]. Cys/CYC is essentialr fgeneral protein biosynthesis, specifically
glutathione. Since intracellular glutathione hashart half-life, CYC uptake is of high value foreth
cell viability [10, 11].

Two distinct mechanisms for CYC uptake by normdlsckave been reported [12]. 40-50% of
CYC uptake is mediated hyglutamyl transpeptidase, which is located on tikeosurface of the cell
membrane and part of thgglutamyl cycle. The other 50-60% is thought to j@vided by



xC~antiporter, which is a so-called electroneutralpaic CYC-Glu transporter [12, 13]. Indeed, the
anionic forms of extracellular CYC and intracellualu exchange with a stoichiometry of 1:1 [7, 14],
and thus, no net charge is transported across ¢hgbnane.

The xC™antiporter has two important functions. Firstlyagsists with extracellular CYC uptake,
increasing the intracellular level of glutathiomwehich helps to protect cells from oxidative stress.
Secondly, it helps to balance extracellular CYC @yd, which is important for proliferation of T =l
[15]. T cells (or T lymphocytes) play a centralaah cell-mediated immunity. After passing through
the xC~ atiporter, CYC is reduced to Cys and is incorpmmainto the glutathione structure.
Glutathione is composed of three amino acids, &k, Cys and Gly. These three amino acids play an
important role in cell protection from drug-induceakidative stress [16]. CYC uptake by
xC™ antiporter can occur more frequently in two cases,a) as a result of a low level of intraceltula
CYC compared to the extracellular level and b) heeaof the high concentration of intracellular Glu.
The latter can take place due to the transportlofo@ the Ala-Ser-Cys (ASC) transporter into th# ce
[12].

ThexC™ antiporter plays a critical role in many diseassgpecially in cancer [17-19]. It has been
reported that some cancer cells such as leukendidyarphoma, are not able to synthesize Cys [20,
21]. This could be caused by the lackyefystathionase, which is the enzyme that breaksndow
cystathionine to Cysy-ketobutyrate, and ammonia. As a result, extralzll@YC uptake by e.g., the
xC~ antiporter becomes important for cancer cell ghoarid viability. Because lymphoid cells cannot
synthesize endogenous Cys, and CYC uptake in eXubsr acidic pH conditions of cancer cells is
depleted, they generally cannot have high CYC uptdkerefore, upregulation alC™ activity in
cancer cells is observed, which preserves thexadsiot defense.

Thus, cancer cells can uptake CYC directly by esgirgy thexC~antiporters. As a consequence,
the importance of these transporters could make taecancer therapy target [22-24]. CYC uptake
could be interrupted by inhibiting these transpmsrtevhich would reduce glutathione synthesis, and
thus, the cellular protection from oxidative stiemgentually leading to reduced viability and griowt
in cancer cells [25]. This antiporter also conttésuto cancer cell drug resistance: CYC uptake
enhances the biosynthesis of glutathione which ateslithe cellular detoxification of drugs. As a
result, the inhibition of theC~antiporter, and consequently, reduction of glutathi not only inhibits
cancer cell growth [26], but also reduces drugstasce [12, 27, 28].

Previous studies have shown that the viabilityypipghoma and leukemia cells critically depends
on the extracellular CYC/Cys concentration, and tha depletion of this amino acid in circulation
can provide a useful therapeutic approach for thesegnancies [12, 24, 29].

Structurally, thexC~antiporter is a member of the heteromeric amina a@nsporter (HAT)
family. These transporters are made of a light sitdbat belongs to the LAT family (i.e., the fagnil
of L amino acid transporters), and a heavy subemiipled to the light subunit by a disulfide bridge
[30, 31]. The LAT family has 12 transmembrane (Tdd)mains and is non-N-glycosylated (see Figure
1(A)) [6, 32]. The light and heavy subunits havBedent functions: the heavy subunit is involved in
maintaining the entire antiporter structure in thlasma membrane, while the light subunit is
responsible for the transport [30, 31].

Studying the three-dimensional (3D) structure ofipamters is important for conformational
analysis, ion free energy calculation, substratedibg and the evaluation of the light and heavy
subunit functions in the amino acid transport cy€@ee of the most powerful tools for identification
of the atomic 3D structure of membrane transpogiesteins is x-ray crystallography [33].
Unfortunately, the structural investigation of HA%$ the atomic scale is limited to the study of
prokaryotic homologues of the light subunit [5] arfdthe ectodomain (i.e., the domain that extends
into the extracellular space) of the heavy subuntie lack of crystal structures of the LAT family,
including that of xCT (i.e., the light subunit dfetxC™ antiporter, see Figure 1(A)), makes it difficult
to determine the exact amino acid residues [34[clwiplay an essential role in the translocation
mechanism of these transporters. Homology model8%] and simulation techniques, such as
molecular dynamics (MD) [36], could contribute tbetter understanding of this mechanism.

Three different conformations, i.e., outward fac{@f), occluded (OCC) and inward facing (IF)
have been reported for e.g., AdiC [37], GadC [3&8] aCT, based on the crystal structure of these
proteins.



First, CYC binds to an OF conformation (see Figui®)). Subsequently, during the closure of the
outer side and the transition to an IF state, theosite side of the membrane becomes available to
release the CYC to the cell interior. During thensport of CYC and the transition from the OF ® th
IF state, the binding site of XCT becomes partiatigompletely occluded, i.e., OCC.

A

Figure 1. (A) The 12 transmembrane (TM) domains of xCT, i.e., the light subunit of the xC~
antiporter. (B) Schematic representation of the three different states of the xCT subunit of the
xC~antiporter, i.e.,, OF, OCC and IF. CYC is presented as green diamond. An arrow indicates the
transition of CYC from the extracdlular to the intracelular part of the membrane.

The structure and transport mechanism of so-calpdT [37] transporter (which is another
transporter of the same family as xCT) was firstestigated by Shaffest al. in 2009 [37]. They
reported that tyrosine at position 97 (Fyrof TM3 is part of the possible substrate binditg. The
authors also suggested that the hypothetical subshinding site of XCT should be arginine at
position 135 (Argss), which is equivalent to Tyy (i.e., at the same position as J»in the amino acid
sequence) of the ApcT transporter. The first hompplmodel for xCT was constructed by Janaschii,
using the crystal structure of ApcT (PDB ID: 3GIH)7]. In 2010 Gacet al. determined the crystal
structure of Arg/Agmatine transporter (AdiC) (PDB: I3L1L) [39]. However, the lack of details on
the structural changes, such as transitions fromadF state, as well as the substrate bindingidssle
site, explains the need for powerful computatidoals to investigate these important processes.



MD simulation techniques are strong tools for ustierding and studying the dynamics and
mechanics of all related steps [40]. They are abléind conformational transitions in large-scale
proteins, such as antiporters. Recently, non-dijitiin MD methods, such as targeted MD (TMD)
[41], steered MD (SMD) [42], accelerated MD [43]dametadynamics [44], as well as umbrella
sampling (US) [45] have been used frequently testigate the conformational transitions in various
transporters [40, 46, 47].

In the present study, we modeled the xCT subuniCofantiporter based on two different states of
AdiC and one state of GLU/GABA (GadC) transporténgusing homology modeling. We simulated
the extracellular to intracellular transition of Cythrough xCT, applying a combination of TMD,
SMD and classical MD simulations. We used SMD tth Y C into the OF state of the xCT, in order
to find xCT’s most probable binding position. Futimore, we used TMD to change the conformation
of XCT from OF to OCC, as well as from OCC to IFusture. Prior to each TMD simulation, we
performed classical MD simulations to relax thetsys. We also found out the amino acids of xCT
which play an important role in CYC binding, suchArgiss and Arges Moreover, we performed US
simulations to validate our model predictions, tlgio qualitative comparison of the computational
results with experimental observations [48].

2. Computational details
2.1 Choosing the model systems

In our simulations we focused on the OF, OCC andadifformations of XCT, i.e., the light subunit
of xC~antiporter, since the xXCT is responsible for transpg amino acids. Specifically, we studied
the extracellular to intracellular translocation@¥C across these model systems.

The 3D structure of XCT is not available in thetpho data bank [49]. To study its structure and to
find out its substrate binding site, we modeled #tructure by using its protein sequence. Hermce, t
make the best model, we applied homology modelsiggusimilar structures (or templates) to xCT
from the protein data bank. Based on the SandefSahdeider alignment algorithm [50], for proteins
with residue numbers in the range of 10 to 80thineshold for similarity of target and template ¢&n
represented by the formula:

tay = 290.15170-562
where L is the number of aligned residues. Forgimstwith more than 80 residues (L>80), as in our
case, the similarity threshold should be around .ZBl4€ templates that were selected for OF and OCC
conformations have enough similarities with the x€Libunit. Specifically, the OF open face of AdiC
(PDB ID: 30B6 [51]) with similarity 24.83% was ches as a template for the OF conformation of
XCT. For the OCC conformation of xCT, the occludade of AdiC (PDB ID: 3L1L [39]) with
similarity 24.50% was applied as a template. Unifoately, there is no template structure available
with a high (i.e., ~25%) similarity to the IF comfioation of XCT. Therefore, we used the IF open
conformation of GadC (PDB ID: 4DJI [52]) as a teatpl which has the highest available similarity to
the xCT subunit, i.e., 17.41% (see also the aligrirbetween the amino acid residues of xCT (i.e., it
three conformations OF, OCC and IF) and templategires in Figure S1).

2.2 Preparation of the mode systems

The protein sequence (FASTA) of human xCT [30, 8@bunit was extracted from the NCBI
website (https://www.ncbi.nim.nih.gov/). The SWIS®DEL server [54] was used to find the best
templates and to make the model structures. Tieatation of the model proteins into the lipid baay
surrounding them was determined by the OPM [55jalde (http://opm.phar.umich.edu/). 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (R©QPmolecules were used to build the lipid
bilayer and ions and water molecules were addeapplying the CHARMM GUI [56, 57] web server
(http://www.charmm-gui.org). Three different kindsCYC are found in the extracellular milieu, i.e.,
CYC with two carboxylate groups and two protonatadino groups (CYC-I), CYC with two
carboxylate groups and one protonated and oneatarmino group (CYC-Il) and CYC with two
carboxylate groups and two neutral amino groupsCany). Based on literature, CYC-Il is the one
that can pass througi@ ~antiporters [58]. Therefore, we used CYC-II (whismegatively charged) to
study its transport through xCT in our simulatiombe force field parameters for bonded and non-
bonded interactions of CYC-Il are not availablefarce field databases. Hence, similar to the



procedure used by van der Spetsdl. [59], we employed Gaussian16 [60] and the CHARMaheyal
force field (CGenFF) [61] (see https://cgenff.pdi@m.org), to obtain the force field parameters
needed for CYC-II. Specifically, applying the Gaagd6 program, we used the DFT method with the
standard 6-311G* basis set to optimize CYC-Il apdagate its partial charges. Afterwards, using the
output from Gaussian16, we applied the CGenFF prodo obtain the topology files that contain the
force field parameters of CYC-II. These parameteres compatible with the charmm36 force field
used for the rest of the system.

2.3 Validation of the model systems

The ERRAT, Verify3D and Procheck programs were usednalyze the quality of the OF, OCC
and IF models (see below), applying the web sehtg://servicesn.mbi.ucla.edu/SAVES/ [62].
Moreover, the protein structure quality score (PE@8s used to measure the quality of the model
structures, by describing the interactions betwesidue pairs as well as between single residugs an
solvent (see http://wwwl.jcsg.org/psqgs/hhe Verify3D program was used to determine the
compatibility between the 3D structure of the modatl its sequence of amino acids (1D). The
ERRAT program was applied to analyze the statistiason-bonded interactions between side chains,
lipids and solvents. The Procheck program compasidues using the geometry of both residues and
structure (i.e., the standard Ramachandran plbtyhécks the dihedral angles againste of the
residue backbone of the protein structures.

The topology model of the 12 TM domains of the x&lbunit was obtained experimentally by
Gasolet al. [53]. Based on this model, we determined the araicid residues that form the 12 TM
domains (see Figure 2(A)). Figure 2(B) represemse residues in purple, while the other residues,
which are not in the TM domains, are shown in black
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Figure 2. (A) Schematic representation of the 12 TM domains of the XCT subunit, with the residue
numbers in each of them. (B) The residues that form the 12 TM domains are shown in purple color,
while therest arein black color, for the OF structure. The same applies to the IF and OCC structures.
The membrane (region) is simply represented by the gray box. The direction of the z-axis is shown
with black arrow.

2.4 MD simulation protocols

Applying the NAMD 2.12 program [63], the MD simuilats were carried out in the isothermal-
isobaric (NPT) ensemble at 310 K and 1 atmosplidre. CHARMMS36 [64, 65] force field was used
to describe the model systems, including the pmetéie., OF, OCC, IF), phospholipids, ions, water
and CYC. Prior to the MD simulations, the systeneserenergy minimized using the steepest descent
algorithm. The Verlet list scheme was applied vaith24 cutoff for both the electrostatic and van der
Waals interactions. The Particle-mesh Ewald methasl applied to calculate long-range electrostatic
interactions. We applied the Nose-Hoover thermd8gitin combination with a coupling constant of
1 ps and the semi-isotropic Parrinello-Rahman hard67] with a compressibility of 4.5xf0bar’
and a coupling constant of 5 ps. In all systems, bt positive charge was neutralized by adding
chlorine ions to the water layer. Each system veasposed of 202 phospholipids, the protein (either
OF, OCC, or IF) and 15000 water molecules. All datians were carried out with periodic boundary
conditions in a box with dimensions e05x105x94> and a time step of 2 fs was used in all
simulations.

After equilibration of all three systems (which wall simply OF, OCC and IF structures) for 500
ns (see Figure S2), the HOLE program [68] was ueetbmpute the radius of the model systems’



cavity along the z direction, i.e., the directiamsping through the pore channel. In other words, th
HOLE program was used to analyze and visualizeotiie dimension through the molecular structure
of the protein channels for OF, OCC and IF strieeturhis program proceeds along the plane
perpendicular to the channel vector and finds #ngelst sphere without overlapping with the van der
Waals surface of any atom. Subsequently, a smeplatiement is taken in the direction of the channel
vector and this process is repeated for the neatiephs well. In this study, the funnel radius was
computed using more than 50 configurations, extthftom the last 50 ns of the MD trajectories of
the equilibration process.

SMD was used to pull CYC towards the OF structdom@the z direction. This procedure was
repeated 5 times, employing different initial cguofiations extracted with a 10 ns interval from the
last 50 ns of the MD trajectories. Each SMD simalatasted for 10 ns. This is done in order to rakefi
the precise position of CYC at the substrate bigdiite, as the positions of the side chains at the
substrate binding site in these configurations midjffer due to the fluctuations during the MD
simulation and this might affect the accuracy @& tesults. Using the results of the SMD simulations
the more precise position of CYC at the substratelibg site was defined. After pulling was
completed, the system was relaxed for 6 ns, usingantional MD simulations.

Subsequently, TMD simulations were carried ouramsgport CYC across the xCT system, i.e., for
permeation of CYC into the OF configuration, stayin the OCC structure and moving out from the
IF conformation (see above in Figure 1(B)). InltiallO ns TMD was performed to guide CYC into
the OF structure (step 1 in Figure 1(B)), applyamgelastic constant @500 kcal. mol=*. A=2. This
transportation was continued up to the target jposdf CYC, which was determined by the results of
the SMD simulations. After that, the transitiontbe structure from the OF to the OCC state was
performed, applying TMD for again 10 ns (step Figure 1(B)). In this simulation, the backbone of
the equilibrated OCC conformation was used asdhget structure. In other words, all atoms of the
OF structure were guided towards a final (i.e., @@C) structure by means of steering forces.
Subsequently, the transition from the OCC to thetlfe was carried out again by using TMD for 10
ns (step 3 in Figure 1(B)). Finally, CYC was mowaat from the IF structure using another 10 ns
TMD (step 4 in Figure 1(B)). This entire procedwras repeated using the last conformations of the 5
relaxed systems. As in the case of SMD, all TMDuations were followed by 6 ns conventional MD
simulations to relax the system.

We used the NAMD Energy plugin of tvMD software [69]to compute the non-bonded energy
between CYC and each amino acid of the OF, OCClRmtructures, located at a distance less than
12 A from CYC. Note that the NAMD Energy plugin caldgla the energy of either one or two
selected structures (or molecules); if only onecitire is selected, the internal and interacticarges
of that structure are calculated, whereas if twitedint structures are selected, only the intevacti
energies between these structures are calculated.

2.5 USsimulations

It was found experimentally [48] that the mutatioinCys;,; to Ala within XCT makes the CYC
uptake into cells more difficult. To check this, agll as to validate our simulation results, we
performed US simulations applying the GROMACS 5adkage [70, 71]. As model systems in our
US simulations, we used the native and modifie@.,(iCys,; to Ala) structures of the OF
configuration, as well as the native structurethefOCC and IF structures. For the mutation of;&ys
to Ala, we used the free PYMOL version 1.4.1-3 [72]

Prior to the US simulations, the HOLE program wasduto find the starting and end positions of
CYC for pulling into the systems. The points preéednn Figure 3 (i.e., a, b, ¢, d, e and f) indicat
these positions of CYC in the OF, OCC and IF stmgd, which were used in the US simulations. For
instance, in the OF structure, the initial positioh CYC (see point a in Figure 3) was in the
extracellular milieu, i.e., at -3.9 nm distancenfrthe center of mass (COM) of the protein (i.eosel
to the aperture of the OF channel). The harmorasibg force was applied to pull CYC against the
OF’s COM with a force constant of 1080 mol~'.nm™2 and a pulling rate of 0.0Am.ps~*. The
pulling was performed in the periodic direction gexry along the z direction for 1100 ps in the OF
and IF system and 600 ps in the OCC system. Fdr eaergy profile, 98 windows were extracted for
both native and modified form of the OF structufée same procedure was applied for the US
simulation of the OCC and IF structures, but thenber of umbrella windows was somewhat



different, i.e., 46 windows were extracted for BEC and 75 for the IF structures. The windows in
these simulations were all separatedlyl nm. Note that in this manner, the sampling wnsl
spanned the entire system ranging from —3.9 tilB+#Bong the z direction, where both minimum and
maximum positions corresponded to intracellular arttacellular water phases, respectively. Each
US simulation lasted for 20 ns, where the last $5mas used for construction of the free energy
profiles. Each free energy profile was calculatethgl a periodic version of the weighted histogram
analysis method (WHAM) [73]. The final free energyofile was obtained over four free energy
profiles for each system. In total, 98x4+46x4+758A6 US simulations were performed to obtain the
free energy profiles.

OF OCC [F

Figure 3. Initial and final positions of CYC used in the US simulations for the OF (a and b), OCC (c
and d) and IF (e and f) states of xCT. The approximate position of the COM and the substrate binding
site of all structures are indicated by the red line and blue rectangle, respectively.

3. Result and discussion
3.1 Quality of the chosen model structures

As mentioned in section 2.3, to validate the usedieh systems we applied different programs
(i.,e., ERRAT, Verify3D, Procheck (see http://nihgarmbi.ucla.edu/SAVS/) and PSQS (see
http://www1.jcsg.org/psgs)). Table 1 shows the ifpakcores of the OF, OCC and IF model systems.
The PSQS of the models and templates had the satuesy whereas the Verify3D score of the
models was less than that for the templates. Orotier hand, the ERRAT and ProCheck analyses
showed good compatibility between the models amgbkates (see Table 1).

Table 1. Quality scores of the OF, OCC and | F model systems.

Structure Verify3D (%) PSQS ERRAT (% ProCheck (90)
OF (model) 57.44 -0.3 91.57 97.3
30B6 (template) 80.23 -0.3 08.81 92.8
OCC (model) 58.51 -0.3 80.66 96.8
3L1L (template) 81.56 -0.3 97.56 92.4
IF (model) 50.63 -0.3 77.07 94.3
4DJI (template) 86.21 -0.3 80.33 77.8

The results of the Ramachandran plot of the cordtions of the three model systems are given in
Table 2. None of the amino acids in the OCC conétimnm was in the outlier region. For the OF and



IF configurations, the percentage of the outligiior was less than 2%, which means that less than 6
amino acids were in this region.

Table 2. Ramachandran plot results of the OF, OCC and IF conformations.

Structures Favored region (%) Allowed regions (%) utli@r region (%)
OF model 97.3 1.7 1.0
OCC model 96.8 3.2 0.0
IF model 94.3 4.0 1.7

These analyses of the quality of the model systersg different programs, showed that the
chosen model structures were adequate. To sugpsrcanclusion we further calculated the funnel
radii of the model structures in the following sent

3.2 Funnd radii of the OF, OCC and | F structures

We calculated the funnel radii of the OF, OCC drdtructures, in order to examine whether the
chosen model systems are sufficient to descrilie ¢hannels.

Figure 4 shows the profiles of the average funmeliras a function of position along the
transporter axis (i.e., z direction), calculated tftte OF, OCC and IF structures. The OF state @f th
XCT subunit was open to the extracellular milied @tcess to the substrate binding site was only
available from the outside of the cell (see bladkve in Figure 4). Moreover, the structure was
completely closed at around z=5 A, and water mdéscwere unable to pass through the protein,
showing no access from the intracellular fluid. e other hand, the OCC state was partially closed
(cf. the initial and final funnel radii of the OC&ructure, red curve in Figure 4), having a cawitthe
middle of the structure, which let CYC move fredlywas still closed to the intracellular milieudan
water molecules could not enter from this site tuthe small size of the channel (see funnel raaius
z=5-11 A). Finally, the IF structure was completellysed for the extracellular milieu, but it waseop
to the intracellular fluid. Hence, the substratading site was accessible to the intracellulardflui
which allowed CYC to move towards the inside of tk# (see green curve in Figure 4). These results
on the funnel radii showed again that the chosemeingystems were adequate and that they
appropriately described their channels.
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Figure 4. Funnel radii versus position along the transporter axis, calculated for the OF (black), OCC
(red) and IF (green) structures. Theradii are averaged over the last 50 ns of the equilibration runs.

3.3 Transport of CYC acrossxCT



As mentioned in section 2.4, we used SMD, TMD amukssquent conventional MD simulations to
study the transport of CYC through xCT, more speaily through the OF, OCC and IF structures.
SMD was used to pull CYC towards the OF state alihvegz direction, in order to find its most
probable position in the substrate binding sit¢hef OF structure. Subsequently, we performed TMD
to clarify whether this position is energeticalfwbrable. Further, we again applied TMD to transfor
the OF to the OCC structure, as well as from theCQ@€ the IF structure, and we analyzed the
substrate binding site through examining the ressdgurrounding CYC and calculating their
interaction energies with CYC. Conventional MD wsgd between each process to relax the systems.

3.3.1 Determination of the substrate binding site in the OF conformation

The results of SMD are summarized in Figure 5. $Aslear from Figure 5(B), CYC was trapped
between two Arg residues with positive charges.,(if&rgi3s and Argeg), which form strong
electrostatic interactions with the negatively ¢jeat CYC substrate. Figure 5(A) shows the time
evolution of the average distance between the alpHaons of CYC and these two Arg residues. CYC
could not escape from the attraction of these vesidand the distance between them remained
constant (i.e., less than4j after 5 ns, even if the pulling was still conttli Thus, these Arg residues
play an important role as CYC binding sites.
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Figure 5. (A) Average distances between CYC and two Arg residues (i.e., Argiss and Argsgs) positioned
at the substrate binding site. (B) Position of CYC in the vicinity of the positively charged Arg;ss and
Argags. These residues strongly interact with the negatively charged CYC and do not let it move into
the protein.

To verify this, we subsequently performed TMD (anmhventional MD) simulationsSpecifically,
we calculated the non-bonded energy between CYGHraanino acids of the OF structure, located at
a distance less than 12 from CYC, applying the NAMD Energy plugin. TableilBustrates the
average non-bonded energies between CYC and thensemino acids with most favorable
interactions, i.e., with the highest absolute nonded energies with CYC. This table also presdmts t
non-bonded energy of CYC with all aromatic resid(ies, Phe, Tyr and Trp, if any), located within
12 A around CYC. We included the aromatic residuesheg could form a cation-interaction, i.e.,
interaction between the benzene groups of the d@romesidues and the protonated amino group of
CYC. Note that there were also other residues whidht interact with CYC, but their relative non-
bonded energies were lower than those shown ineTabHowever, the energies of these residues
were considered when calculating the total non-bdnenergy of CYC (see below). As is clear in
Table 3, Argss of TM3, Argsgs Of TM9 and Arg,s between TM2 and TM3 had strong attractive
interactions with CYC. Indeed, the positively chetdguanidino groups of these amino acids formed a
strong electrostatic attraction with the carboxglgtoups of CYC (see e.g., Figure 5(B)). On theioth
hand, Glus, exhibited a strong repulsive interaction, sinca@sb had a negatively charged carboxylate
group, like CYC. Other amino acids (i.e., kysgs Argsso and Glys;) and the aromatic residues did not



form strong interactions. In general, the totalbomded energy between CYC and all residues found
within 12 4 from CYC, was equal to -53.68+0.8f mol~t, which indicated that CYC had overall a
strong attractive interaction with the substratedbig site. Note that a lot of other amino aciddess
contributed to this total energy, which explainsyiis value is not the same as the sum of theegalu
defined in Table 3.

Table 3. Non-bonded energies of CYC with the seven amino acids with most favorable interactions, as
well as with the aromatic residues of the OF structure, located within 12 A from CYC, i.e,, in the
substrate binding site.

Amino acids Non-bonded energy (kJ/mol)

Arglgg -193.1+1.9
Arg3ge -138.8+0.6
Arglze -130.1+0.7
Lyslgg -38.5+0.4
Glulgc 237.9+£0.9
Argg4c -48.2+0.2
G|U257 24.9+0.2

Aromatic -29.5+0.8

3.3.2 Occlusion of the OF structure

The transition from the OF to the OCC structure tieda change in positions of the amino acid
residues, including those located in the substratding site. Analysis of the calculated averageat ro
mean square deviation (RMSD) of each residue dwex showed that the residues in TM2, TM9,
TM10, TM11 and TM12 had the largest change in pmsitluring this transition (see Figure S3(A)),
exhibiting slight movements of the residues in Tht#l TM6, which was enough to affect the local
and total conformational changes. Table 4 showsatlegage non-bonded energies of CYC with the
seven amino acids with most favorable interactiand with the aromatic residues (see Table 3 in
previous section), for the OCC structure. The etiva energy between CYC and Aggreduced
significantly, due to an increasing distance betwHem. Moreover, the energy increased between
CYC and Lysgs of TM4 (cf. Table 3 and 4) because of the movenwdnihe residues in the TM4
domain (see above) and shortening of the distarteeen these residues and CYC. Furthermore,
Arg;3s of TM3 was still the most attractively interactiagiino acid with CYC (see Table 4 and Figure
S3 for more details).

Table 4. Non-bonded energies of CYC with the seven amino acids with most favorable interactions, as
well as with the aromatic residues of the OCC structure, located within 12 A from CYC, i.e., in the
substrate binding site.

Amino acids Non-bonded energy (kJ/mol)

Argl35 -138.8+0.6
Arggge -24.5+0.1
Argize -14.3+0.1
Lyslgg -62.3+0.9
G|U13c 49.6+0.4
Arg34c -50.2+0.5
Asp334 71.91+0.5

Aromatic -60.1+0.8

Interestingly, the repulsive energy between CYC @hgs, also reduced (cf. Table 3 and 4) due to an
increasing distance between them. In addition,sAspow interacted with CYC instead of Glu
found in the OF structure (cf. Table 3 and 4). @llethe total non-bonded energy between CYC and
all residues located within a distance of A2vas found to be -55.23+0.1g.mol™ !, which was
slightly more negative than in the case of the @&cture. This means that CYC still experienced an



attractive interaction at the substrate binding sit the OCC structure, with even a slightly higher
energy.

3.3.3 Transition from the OCC to the I F structure

Study of the transition of the OCC to the IF stanetis essential, as it allows to define the ressdu
at the substrate binding site before release of CM@ their interaction energy with CYC explains
whether CYC was able to be released into the ieti@ar fluid. Analysis of the RMSD of each amino
acid residue over time showed that the residuddvif and TM8 had the largest displacements during
this transition (see Figure S3 (B)). Moreover, tight movements of the amino acid residues of
TM1, TM4, TM9, TM10, TM11 and TM12 were enough tibeat the conformational changes. These
movements resulted in the release of CYC into tracellular fluid. Table 5 summarizes the results
of these movements. It was clear that in the IHaromation, Lyses played an important role in the
substrate binding site; its strong interaction WifiC was a result of the TM1 and TM4 movements.
We clearly saw a further decrease of the attractimergy of Argss compared to OF and OCC
structures (cf. Table 3, 4 and 5). This was dua strong interaction of CYC with Lyg positioned
closer to the aperture, which brought CYC closahwintracellular fluid, and thus further awayrfro
Arg;ss The total non-bonded energy between CYC andnaith@ acid residues within a distance of 12
A was equal to -42.72+0.59.mol~1. This energy was less negative than for the OF @G
structures, which indicated that CYC could mordlg&e released into the intracellular fluid.

Table 5. Non-bonded energies of CYC with the seven amino acids with most favorable interactions, as
well as with the aromatic residues of the IF structure, located within 12 A from CYC, i.e,, in the
substrate binding site.

Amino acids Non-bonded energy (kJ/mol)

Argl35 -85.7+0.6
Arggge -56.6+0.5
Argl4g -34.9+0.2
Lysioe -337.7+2.5
Glulgc 44.1+0.9
Argg4c -45.8+0.2
LySs7 -28.3+0.1

Aromatic -79.2+0.9

3.4 USsimulations

To support the results obtained in section 3.3pedormed US simulations in order to calculate
the free energy profiles for transport of CYC thgbuthe OF, OCC and IF structurdsigure 6
illustrates the free energy profiles of CYC acrtdss native OF, OCC and IF structures. . Note that
these free energy profiles were calculated witlpeesto the water phase in the cases of OF and IF
(see Figure 6A), whereas in the OCC case the mmiranergy of CYC was chosen as a reference
state (Figure 6B). The latter was done, since tamphase cannot be used as a reference statg. Thu
the energy values obtained for OCC cannot be coszdpaith the energy values of OF and IF (cf.
Figure 6A and B). The obtained free energy minimaC¥C indicated the substrate binding site,
which is shown within the blue rectangle. These femergy minima were33.09 + 4.16 k] mol™!
and—17.14 4+ 2.38 k] mol ™1, for the OF and IF structures, respectively. Tiee £nergy minima were
located at —0.22 nm, 0.09 nm and 0.52 nm from tREME of the OF, OCC and IF structures,
respectively. This indicated that the positionttaf substrate binding site changed during the pi@mts
and it moved towards the intracellular fluid. Thedterations in the position of the substrate bigdi
site, as well as in the amino acid residues sudimgnCYC at the binding site (see previous secjions
guided CYC towards the intracellular fluid. Thissvalso obvious from the free energy minimum of
CYC, which increased in the case of the IF confaimna indicating that a lower energy was required
to release CYC from the antiporter.
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Figure 6. Free energy profiles for the translocation of CYC across the (A) OF and IF and (B) OCC
states of xCT. The positions of the COM and the substrate binding site are indicated by the gray
dashed line and blue rectangle, respectively. The letters a-f refer to the positionsin Figure 3.

Finally, we studied the effect of a mutation in #@T antiporter on the permeation of CYC, and
more specifically the mutation of Gygto Ala, which was reported in literature to make CYC
uptake into cells more difficult [48]. This studilcaved us to qualitatively check the validity ofrou
simulations, and to elucidate the reason for tffsceat the molecular level. The result is shown i
Figure 7, where the free energy profiles of CYC tbe native and mutated OF structures are
compared.

20 - — native OF
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|
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Figure 7. Free energy profiles for the trandocation of CYC across the native and mutated OF
structures (mutation of Cys;,7 to Ala).

The mutation of Cyg; to Ala in the OF structure created an extra baof&2.4 kjmol™%, in the
free energy profile (see red curve in Figure 7)kimg;the CYC penetration to the substrate binding
site more difficult. Furthermore, due to conforroatl changes in the mutated OF structure, the free
energy profiles of CYC translocation had its minfmenergy at around —1.5 nm, i.e., close to the
extracellular region, making its motion more diffictowards the inside of the OF structure. Thiswa
in qualitative agreement with literature, as it wasnd that the mutation of Cys of TM8 to Ala



decreased the CYC uptake by th@™ antiporter [48]. Thus, our computation results gup the
experimental observations, which could serve asaditgtive validation of our simulations.

Based on literature, Cysof TM8 plays a critical role in CYC transportingdl The mutation of
this residue to Ala could lead to depletion of C¥&nhsport through theC™ antiporter. Indeed, Ala, a
nonpolar and aliphatic amino acid, contains a meghyup as a side chain [74]. Hence, it was hardly
involved in the transport function ®€~, explaining why CYC translocation became indeedemo
difficult.

4. Conclusions

We studied the transport of CYC across the xCT silibaf the xC~antiporter. This might be
important as future cancer therapy target. Indeedancer cells an enhanced transport of CYC across
thexC™ antiporter is observed, and this protects the @acells from intracellular oxidative stress. If
the CYC uptake can be inhibited, this would redtiae cellular protection from oxidative stress, as
well as cancer cell drug resistance, eventuallgiteato cancer cell death. However, before the CYC
uptake can be inhibited, we need to better undeddtze mechanism of CYC transport acrossxttie
antiporter at the molecular level. For this purpase constructed three model systems (i.e., the OF,
OCC and IF structures) and we simulated the peioreaf CYC across these systems, applying
different simulation techniques. The accuracy @&sth model systems was verified using different
programs and the structures of their channels determined by calculation of their funnel radii. To
find the CYC binding site in the OF, OCC and IFustures, we used SMD, TMD and conventional
MD simulations. Analysis of the local (i.e., aroutiit CYC binding site) and global conformational
changes in these structures reveals the preciaidos of the binding site, as well as the amind ac
residues involved in this region, through calcalatof the non-bonded energies between CYC and
these residues. One of the important residueisubstrate binding site was found to be.4rgf the
TM3 domain, which exhibits different binding enegiwith CYC, depending on the conformations of
the xCT antiporter, having the strongest interactio the case of the OF conformation. The free
energy profiles of CYC across the OF, OCC and fikcstires, calculated with US simulations, showed
that the energy minimum of CYC is higher in thecthhformation. This indicates that a lower energy
is required to release CYC from the antiporterafyn the effect of the mutation of Cygto Ala in
the OF structure was studied, by calculating tlee fenergy profiles of the native and mutated OF
structures, again with US simulations. We found tihés mutation makes the CYC transportation
across the xCT antiporter more difficult, leadingat decrease of the CYC permeation rate. This is in
gualitative agreement with experiments [48], wharérop of the CYC uptake by tlx€~ antiporter
was observed upon this mutation. Our findings iatichat the chosen model systems are adequate
and the obtained results support the experiments.

This study is important, since it elucidates thdewoolar level mechanisms of the CYC uptake by
the XCT subunit of th&C™ antiporter, which affects the intracellular oxiglat stress. Hence, this
insight might be highly relevant for new cancerr#ipgy studies. This will be investigated in our fetu
work.
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Highlights

e ThexC™ antiporter plays acritical role in many diseases, especially in cancer

» Inhibition of cystine uptake by this antiporter may eventually lead to cancer cell death
» TheArgyss in the substrate binding site plays an important rolein cystine uptake

» The mutation of Cyssy; to Alamakes the cystine uptake into cell more difficult



