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Glutamate is an essential excitatory neurotransmitter and an intermediate for
energy metabolism. Depending on the tumor site, cancer cells have increased or
decreased expression of excitatory amino acid transporter 1 or 2 (EAAT1/2,
SL.C1A3/2) to regulate glutamate uptake for the benefit of tumor growth. Thus,
EAAT1/2 may be an attractive target for therapeutic intervention in oncology.
Genetic variation of EAAT1 has been associated with rare cases of episodic
ataxia, but the occurrence and functional contribution of EAAT1 mutants in
other diseases, such as cancer, is poorly understood. Here, 105 unique somatic
EAAT1 mutations were identified in cancer patients from the Genomic Data
Commons dataset. Using EAAT1 crystal structures and iz silico studies, eight
mutations were selected based on their close proximity to the orthosteric or
allosteric ligand binding sites and the predicted change in ligand binding affinity.
In vitro functional assessment in a live-cell, impedance-based phenotypic assay
demonstrated that these mutants differentially affect L-glutamate and L-aspartate
transport, as well as the inhibitory potency of an orthosteric (I'FB-TBOA) and
allosteric (UCPH-101) inhibitor. Moreover, two episodic ataxia-related mutants
displayed functional responses that were in line with the literature, which
confirmed the validity of our assay. Of note, ataxia-related mutant M128R
displayed inhibitor-induced functional responses never described before. Finally,
molecular dynamics (MD) simulations were performed to gain mechanistic
insights into the observed functional effects. Taken together, the results in this
work demonstrate 1) the suitability of the label-free phenotypic method to assess
functional variation of EAATT mutants and 2) the opportunity and challenges of
using /7 silico techniques to rationalize the 7z vitro phenotype of disease-relevant
mutants.
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Introduction

Glutamate is an abundant endogenous amino acid that acts as the major excitatory neu-
rotransmitter in the central nervous system and serves as a key metabolite in energy
homeostasis'. In the synaptic cleft, glutamate is transported across the cell membrane
via excitatory amino acid transporters (EAATSs), which belong to subfamily 1 of the
solute carrier (SLC) transporters®. Glutamate transport is thermodynamically coupled to
the transport of three Na* ions and one proton, and the counter-transport of one K*
ion, where the binding of Na* and/or substrate activates an uncoupled Cl' conductive
state’. Deregulated glutamate levels have been associated with a plethora of neurological
diseases™® and more recently with cancer®’. As a result, pharmacological modulation of
BEAATSs may be a promising therapeutic strategy for conditions that are associated with
altered glutamate levels®’.

Depending on the location of the tumor, cancerous cells have been shown to exploit

for tumor proliferation and expansion. Healthy glia cells abundantly express EAAT1
and EAAT2 to mediate the majority of glutamate clearance®. However, expression levels
of BAAT?2 are vastly reduced in gliomas, which combined with increased efflux via the
glutamate/cystine antiporter (xCT, SL.C7.477) leads to elevated glutamate levels sur-
rounding the glioma that induce cell death and allow further growth of the tumor'®'".
Moteover, EAATT was found to be overexpressed and cause glutamate efflux in ag-
gressive glioblastomas, which indicates selective EAATT inhibitors as a potential treat-
ment option for glioma'. In several instances of cancer in petipheral tissues, EAAT1
expression has been linked to a poor disease prognosis. Under hypoxia or conditions
that starve the tumor of glutamine, some cancer cells promote EAAT1 or EAAT2 ex-
pression to drive uptake of aspartate or glutamate which rescues cancer cell growth'>">,
As such, EAAT expression in such tumors could be a predictive biomatker and phat-
macological modulation of glutamate transporter expression or activity could be of
therapeutic interest.

the uptake, metabolism, and signaling properties of glutamate as well as aspartate as fuel n

Despite the clear advantages for tumor cells to regulate EAAT expression, little is known
about human genetic variations of these transporters in cancer, although several mu-
tations have been associated with other diseases. Thus far, reports have linked seven
missense mutations in the coding region of EAAT1 to the etiology of extremely rare
cases of episodic ataxia type 6 (EAG)'. These mutants vary in their degree of loss- or
gain-of-function of substrate transport and/or anion conductivity'®. Moreover, several
other EAAT1 mutations and duplications have been associated with other neurological
disorders including migraine, ADHD, autism, and Tourette’s syndrome'™". To the best
of our knowledge, there have been no reports so far that associate mutations of EAAT1
with the development and progression of cancer.

Over the last fifteen years, a growing number of 3D structures have been published
for the archaeal glutamate transporter orthologues Glt,* and Gl *', as well as hu-
man EAAT1%2?, EAAT2*, and EAAT3%, in complex with the endogenous substrate
L-aspartate, Na* ions, and/or inhibitors. Glutamate transporters assemble in obligate
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homo-trimers of which the protomers operate independently of each other. Each
protomer consists of a rigid trimerization or scaffold domain (scaD) and a dynamic
transport domain (tranD) that engages with the substrate and co-transported Na* ions*.
Structures covering inward-facing, intermediate, and outward-facing conformations
provide information on the movement of individual transmembrane helices (TMs).
Specifically, the flexible helical hairpin 2 (HP2) in tranD controls the access of ligands
to the substrate binding site and is an essential “gate” that upon opening and closing
regulates the “elevator-like” translocation of tranD. Of note, these transport mecha-
nisms have been elucidated in part thanks to molecular dynamic (MD) simulations®*".
Thus, these structures may be used to gain mechanistic insight into the effects of genetic
variability on transport function, as was previously demonstrated by mapping genetic
variants of glucose (GLUT1) and nucleoside (ENT1) transporters to their respective
crystal structures®.

In this study, a series of EAAT1 somatic mutations that were identified from biopsy ma-
terial of cancer patients represented in the Genomic Data Commons (GDC) dataset®
were characterized. Using the reported ligand-bound crystal structures of EAAT1%%,
predictions were made on which variants would most likely impact the binding of sub-
strates (L-glutamate and L-aspartate). To determine whether these mutants would affect
the binding of potential pharmacological modulators, the orthosteric inhibitor TFB-
TBOA? and the allosteric inhibitor UCPH-101° were included, which have been co-crys-
talized with EAAT1*. The selected eight mutations, together with two EAG-associated
mutants (M128R, T318A), were tested 7z vitro for substrate uptake and inhibition using
a label-free impedance-based phenotypic assay that was previously developed in our
lab’'. Mutants displayed divergent effects on EAAT1 function, which was apparent from
an altered substrate and/or inhibitor potency. Finally, MD simulations and molecular
docking were used to explore the mechanisms of the observed 7 vitro results. These i
silico approaches mainly explored the effect of conformational changes on ligand and
ion coordination stability. We demonstrate the application of a combined z silico and in
vitro approach to characterize EAAT1 variants, which could aid drug discovery efforts.

Results

Cancer-related mutations are widespread across the EAAT1 structure

Somatic mutations in EAATT are found in cancer patients suffering from different can-
cer types. Across all cancer types in the Genomic Data Commons (GDC)?, 105 unique
EAAT1 mutations were identified primarily located in uterine cancer (29 mutations)
followed by lung cancer and melanoma (21 mutations each) and colon cancer (11 muta-
tions). The frequency of these unique mutations is comparable to natural variance occur-
rence (1.18% vs. 1.75%, respectively), and they are widespread across the EAATT struc-
ture without any specific mutational pattern observed per cancer type (Supplementary
Figure 6.1). However, most EAAT1 mutations found in cancer patients are not present
in natural variance, and some of them are found in structural domains in which con-
formational rearrangements could lead to transport function impairment. For example,
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there are mutations located in the vicinity of the binding sites occupied by the substrate
and coordinating Na* ions, as well as in the HP2 domain (Supplementary Figure 6.1).
Morteover, certain mutations found in cancer patients are located in the binding pockets
occupied by orthosteric and allosteric EAATT inhibitors, which could lead to changes in
their binding affinity and potency. Twelve mutations not present in natural variance that
were found in the functional and binding domains mentioned above (Y127C, V247F,
C252F, R388K, F389L, V390M, P392L, 1397V, A446E, A446V, 1.448Q), and R479W)
were shortlisted to characterize their effect with a combination of ix silico and in vitro
methods (Figure 6.1).

L-aspartate ‘

Na+t

UCPH-101

Chain C scaD

tranD ‘ y Chain B

Figure 6.1. Structural distribution of cancer- and ataxia-related mutants in EAAT1 functionally relevant
domains presented in this study. Cancer-related mutations (Y127C, V247F, C252F, R388K, F389L,
V390M, P392L, 1397V, A446E, A446V, L448Q, and R479W) are mapped in red onto chain A of the EAAT1
trimer (PDB 7AWM). Ataxia-related mutations (M128R and T318A) are mapped in dark blue onto chain A.
Chains B and C are represented as surfaces. Protein domains are color-coded as follows: tranD domain
(orange), scaD domain (cyan), and helical hairpin 2 (HP2) domain (red). The co-crystalized substrate,
L-aspartate, is represented in green sticks in chain A. The three coordinated Na* ions are represented as
red spheres in chain A. The allosteric inhibitor UCPH-101is represented in black sticks.

EAAT1 mutants are predicted to have a local effect on substrate and inhibitor
binding affinity

The effect on ligand binding affinity of cancer-related mutants found in the orthosteric
and allosteric binding sites of EAAT1 was tested 7z silico to prioritize mutations for i
vitro testing. Changes in binding energy AAG, | were calculated for two endogenous
substrates (L-aspartate and L.-glutamate), one competitive “orthosteric” inhibitor (TFB-
TBOA), and one non-competitive “allosteric” inhibitor UCPH-101 (Table 6.1). Since
the method employed short-range Monte Carlo sampling, the analysis was restricted to
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mutants in the vicinity of the ligand of interest and classified the mutants as “ortho-
steric” (V247EF, P392L, A440E, A446V, 1L.448Q), and R479W, Figure 6.2a,b) and “al-
losteric” (Y127C, V247E, C252F, R388K, F389L, V390M, and 1397V, Figure 6.2c,d). A
positive AAGbind over 1 kcal/mol can be interpreted as a significant decrease in binding
affinity, while a negative AAG,, | below —1 kcal/mol can be interpreted as a significant
increase in binding affinity (Table 6.1)*.

Table 6.1. Binding energy changes (AAG,, ) predicted in ICM-Pro for EAAT1 orthosteric and allosteric
mutants. 2 AAGbind was calculated for the endogenous substrates L-aspartate and L-glutamate and for
the competitive inhibitor TFB-TBOA for orthosteric EAAT1 mutants. The systems used were chain A of
PDB 5LLU (with L-aspartate co-crystalized and L-glutamate docked), and chain A of PDB 5MJU (with
TFB-TBOA co-crystalized). ® For the allosteric mutants, AAG,, , was calculated for the allosteric inhibitor
UCPH-101in Chain A of PDB 5MJU.c V247F is situated between the orthosteric and allosteric sites.

Orthosteric mutants Allosteric mutants
AAG,, , (kcal/mol)* AAG,, , (kcal/mol)”
L-aspartate L-glutamate | TFB-TBOA UCPH-101

V247F¢ 0.52 0.08 -0.70 Y127C 5.82

P392L 0.04 -0.01 -0.70 V247F¢ 0.68

A446E 6.39 -0.90 1.86 C252F -0.49
A446V 0.58 -1.73 2.23 R388K -0.05
1.448Q -0.35 -1.88 1.79 F389L 3.83

R479W 7.13 6.42 42.19 V390M -0.76
- - - - 1397V -0.62

Within the orthosteric mutants, a substantial increase in AAG,, | values was observed
in mutant R479W for both endogenous substrates and especially for the inhibitor TFB-
TBOA, which indicates highly unfavorable binding of these ligands. V247F and P392L
did not show significant changes as these residues are further away from the substrate’s
binding site, but an incipient increased binding affinity towards TFB-TBOA was ob-
served. A446V and 1.448Q), and to a lesser extent A446E, showed an increased binding
affinity towards L-glutamate. Interestingly, while both A446 mutants displayed a reduced
TEFB-TBOA affinity, A440E and A446V showed a different profile for the two endoge-
nous substrates. A substantial loss of binding affinity towards L-aspartate was observed
in A446E, but not A446V. Within the allosteric mutants, Y127C and F3891. showed a
significant decrease in binding affinity towards UCPH-101. V390M showed the biggest
increase in binding affinity, although this change in AAG, | was not significant.

Based on these results, five orthosteric (P392L, A446E, A446V, 1L448Q), and R479W)
and two allosteric mutants (Y127C and V390M) were selected for 7z vitro testing based on
their differential AAG, | profiles. Moreover, V247F was included in the selection since it
was considered to be at the interface of both binding pockets. Of the selected residues,
Y127, V390, P392, A446, 1.448, and R479 are fully conserved in mammalian EAATS, as
well as the archaeal glutamate transporter homolog Glt,, (except V390 and 1.448), which
suggests the relative importance of these residues in protein function (Supplementary
Figure 6.2). To validate the 7z vitro assay, two additional EA6-associated EAAT1 mu-
tations were selected that have been reported to either completely abolish glutamate
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transport (M128R) or have unaltered transport (T318A). Neither of these two residues
are conserved in other glutamate transporters (Supplementary Figure 6.2). M128 is
adjacent to Y127 and in close proximity to the binding site of UCPH-101, whereas T318
is not in the vicinity of ligand binding sites (Figure 6.2).

" JucPh-101 h,/
F252 r
Y

Figure 6.2. EAAT1 disease-related mutations in the orthosteric and allosteric binding sites. Mutations
are mapped onto chain A of PDB 7AWM. Thermostabilizing mutations C252V and T318M were revert-
ed in 7AWM for AAG,, , calculation and visualization purposes. For spatial reference, the helical hairpin
2 (HP2) domain helices are colored salmon. The three coordinated Na* ions are represented as red
spheres. a) WT residues where mutations have been found in cancer in the orthosteric binding site of
EAAT1. Ataxia-related reference mutation T318A is visualized in light green. The co-crystalized sub-
strate, L-aspartate, is represented as green sticks. The docked substrate, L-glutamate, is represented
in magenta. The competitive inhibitor TFB-TBOA is represented as black sticks and superimposed to
the 7AWM structure from its position in PDB 5MJU. Polar contacts between the substrate and EAAT1
are represented as dashed yellow lines. b) Mutated residues in the orthosteric binding site of EAAT1. ¢)
WT residues where mutations have been found in cancer in the allosteric binding site of EAAT1. Ataxia-
related reference mutation M128Ris visualized in red. The co-crystalized allosteric inhibitor UCPH-101is
represented as black sticks. d) Mutated residues in the allosteric binding site of EAAT1.
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EAAT1 mutants respond differentially to substrates in a phenotypic assay
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Figure 6.3. Cellular responses of L-glutamate and L-aspartate in an impedance-based phenotypic
assay on EAAT1, . and mutant cells. a) lllustrative graph of the assay and analysis procedure. EAATT, .
cells are seeded and grown for 24 h in the presence of 1ug/ml doxycycline to induce EAAT1 expression.
Cells are pretreated with vehicle (PBS/DMSO) or inhibitor (TFB-TBOA or UCPH-101, only in Figure 6.4)
for 60 min and subsequently stimulated with vehicle (PBS) or substrate (L-glutamate or L-aspartate)
for 120 min. The Cell Index (Cl) is normalized prior to substrate stimulation and the cellular response is
quantified by analyzing the net area under the curve (AUC). b-g) Concentration-response curves of (b-
d) L-glutamate and (e-g) L-aspartate on EAAT,  cells and (b,e) ataxia and allosteric site mutants and
(c,f) orthosteric site mutants. d,g) Zoom-in on mutants with low maximal cellular responses. Cellular
response is expressed as the net AUC of the first 120 min after L-glutamate or L-aspartate stimulation.
Graphs are normalized to the response of 1 mM L-glutamate or L-aspartate on EAAT1, . cells. Data are
shown as the mean £ SEM of three to seven individual experiments each performed in duplicate.
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To assess the selected mutants for their function 7 vitro, a seties of HEK293 Jumpln cell
lines were generated and modified to stably express either WT (EAAT1 ) or mutant
EAAT1 upon induction with 1 pg/ml doxycycline for 24 h. None of the ten mutants
showed either a decreased or increased expression of the HA-tagged EAATT compared
to EAAT1, after doxycycline treatment, indicating that the mutations did not affect the
translation of the transgene (Supplementary Figure 6.3).

To assess whether the EAAT1 mutants affect transporter functionality, an imped-
ance-based phenotypic assay was used. In this set-up, adherent cells (over)expressing
BEAAT1 are cultured on gold-plated electrodes in a 96-well E-plate. Upon stimulation
with high concentrations (10 uM — 1 mM) of substrate (i.e., L-glutamate or L-aspartate)
the cells started spreading as a result of Na"-dependent substrate uptake via EAAT1
and subsequent cell spreading. The expanded electrode coverage by the cells generated
an increase in impedance over time, which was expressed as Cell Index (CI) and inter-
preted as a readout of EAATT function (Figure 6.3a). Growth curves were recorded
prior to inhibitor pretreatment and substrate stimulation and all mutants displayed sim-
ilar CI traces compared to EAAT1,, which suggested that the presence of mutant
BEAAT1 did not substantially affect cell adhesion or proliferation during the experiments
(Supplementary Figure 6.4). L- glutamate induced a concentration-dependent cellu-
lar response in EAAT1 . (pEC,, = 3.5 * 0.0), which was reflected by a gradual in-
crease of the normahzed Cell Index (nCl) in the first 120 min after substrate stimulation
(Figure 6.3a-d, Table 6.2). A comparable L-glutamate potency was observed for the
EA6 mutant T318A (pEC, = 3.3 * 0.0) with a slightly increased maximal response
(E__ ), whereas the L-glutamate response was completely abolished for M128R (Figure
6.3b »d). The allosteric site mutants V247F (pEC, = 3.8 = 0.0) and V390M (pEC, = 3.5
1+ 0.0) produced similar L-glutamate potencies compared to EAAT1,, where V247F
has a 62% reduced E__ (Figure 6.3b). The potency of L-glutamate on Y127C was en-
hanced (pEC, = 4.1 +0. 1) but displayed a substantial drop (94%) in E___ (Figure 6.3b).
The orthosterlc site mutants P392L (pEC, = 3.8 + 0.0) and 1.448Q (pEC =33%0.1)
showed no significant change in L—glutamate potency, although the concentration—effect
curve for L448Q) appeared more linear and shifted rightward and did not appear to
reach a maximum within the tested concentration range (Figure 6.3c). Both A446E and
A446V produced glutamate responses with a strongly reduced E___but with significantly
enhanced L-glutamate potency (pEC, = 4.4 = 0.3 and 4.3 £ 0. 2 respectwely) whereas
no concentration-dependent L—glutamate response was observed for R479W (Figure
6.3c,d).

Next, the responsiveness of the EAAT1 mutants to the endogenous substrate
L-aspartate was assessed. L-aspartate induced a concentration-dependent cellular re-
sponse in EAAT1 . (pEC, = 3.6 £ 0.1) similar to L-glutamate (Figure 6.3e). The
potency of L-aspartate was comparable in the EA6 mutant T318A (pEC, = 3.5 + 0.0)
with an elevated E__, whereas in M128R no L-aspartate response was observed at 1 mM
(Figure 6.3e). The response of L-aspartate in V390M (pEC, = 3.6 + 0.0) was identical
to EAAT1 . (Figure 6.3e). The mutants V247F (pEC, = 3.8 £ 0.0), P392L (pEC,
=3.9 £ 0.0) and 1448Q (pEC,, = 3.7 £ 0.1) produced similar I.-aspartate potencies,
but a substantially lowered E_  (~60%) compared to EAAT1 . (Figure 6.3e,f). For
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Y127C, A446E, and A446V the maximal L-aspartate response was reduced. Although
the L-aspartate response increases at low substrate concentrations, it dropped at high
concentrations, resulting in a bell-shaped concentration-effect curve from which no
pEC, and E_  were calculated (Figure 6.3e-g). Similar to I.-glutamate, no L-aspartate
response was observed for R479W (Figure 6.3f,g). Collectively, these data demonstrate
that the selected EAAT1 mutants impact L-glutamate and L-aspartate transport.

Table 6.2. Potencies (pEC, ) of L-glutamate and L-aspartate and inhibitory potencies (pIC, ) of TFB-
TBOA and UCPH-101 on Jumpln-EAAT1, . and mutant cells in an impedance-based phenotypic assay.
@ Maximal responses (E, ) are normalized to the cellular response of 1mM L-glutamate or L-aspartate
(100%) on JumplIn-EAAT1,  cells.

L-glutamate L-aspartate TFB-TBOA UCPH-101

pEC,, E_° pEC,, E_° pIC,, pIC,,

(log M) (o) (log M) | (“0) (log M) (log M)
wT 35400 117£5 36101 |108£9 6.7+ 0.1 541 0.0
Y127C 4.1 £ 0.1 ek 23+3 N.D. N.D. 621 0.0%* N.D.
M128R | N.D. N.D. N.D. N.D. N.D. N.D.
V247F 38100 55+9 38100 |49+1 571 0.1 % (53400
T318A 33+0.0 156 + 4 35+00 [158+18 |69+0.1 54+0.0
V390M | 3.5£0.0 132+ 6 3.6+00 [112+3 6.7+ 0.0 54+0.0
P392L 3.8+ 0.0 71+ 4 39+00 [46+£3 6.5+ 0.1 N.D.
A446E 4410300 | 842 N.D. N.D. 7.4 0.2 % 59+0.2
Ad446V 43 £ 0.2%ekR 116+ 4 N.D. N.D. N.D. N.D.
1.448Q 33101 116 £25 [371£01 |47%£13 7.9 £ 0.0 ®eRE | 59 4 (0.1 %
R479W | N.D. N.D. N.D. N.D. N.D. N.D.

EAAT1 inhibitors induce cellular response in M128R mutant

To assess whether the selected mutants modulated the effects of the competitive (“ortho-
steric”) inhibitor TFB-TBOA and the non-competitive (“allosteric”) inhibitor UCPH-
101, the cells were pretreated for 1 h with increasing concentrations of inhibitor prior
to stimulation with 1 mM L-glutamate. In EAAT1, inhibitor pretreatment itself did
not result in substantial changes in the nCI (Supplementary Figure 6.5c-f). Strikingly,
the M128R pretreatment with TFB-TBOA resulted in a concentration-dependent sharp
nClI increase which peaked after 10-30 min, whereas pretreatment with UCPH-101 in-
duced a more gradual nCI increase that plateaued after 60 min (Supplementary Figure
6.52a,b). These inhibitor responses were not observed in any of the other mutants, al-
though V247F, A446E, and A446V showed concentration-dependent decreases of the
nCI upon TFB-TBOA pretreatment, which were substantially lower in magnitude com-
pared to M128R (Supplementary Figure 6.5d,f). This suggests that M128R displays a
distinct physiological phenotype compared to EAAT1 . and other mutants.

To clucidate a potential mechanism behind the M128R response to both inhibitors, it
was assessed whether the inhibitors displayed any interaction with each other or the
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substrate L-glutamate. Indeed, cells pretreated with TFB-TBOA were responsive to sub-
sequent stimulation with UCPH-101 and vice-versa, indicating that the cellular responses
elicited by either inhibitor are additive and are constituted by independent mechanisms
(Supplementary Figure 6.6a,b). Interestingly, the response caused by TEB-TBOA pre-
treatment was completely blocked after stimulation with 1 mM L-glutamate, and a TFB-
TBOA response was prevented when cells were pretreated with L-glutamate, indicating
that the TEFB-TBOA response is transient and originates from interactions at the sub-
strate binding site (Supplementary Figure 6.6a,c). In contrast, L-glutamate stimulation
after UCPH-101 pretreatment does not reduce the nCl. The UCPH-101 response after
L-glutamate pretreatment has a comparable magnitude to the UCPH-101 pretreatment
on its own, suggesting that L-glutamate and UCPH-101 do not compete for the same
binding site (Supplementary Figure 6.6b,c). In addition, the Na*/K*-ATPase (NKA)
inhibitor ouabain prevented any inhibitor- or substrate-induced cellular responses in
M128R cells, which indicates that TFB-TBOA and UCPH-101 responses ate likely de-
pendent on ion influx (Supplementary Figure 6.6d).

EAAT1 mutants alter TFB-TBOA and UCPH-101 inhibition

For EAAT1 . and all other mutants, except M128R, the inhibitory potencies of TFB-
TBOA and UCPH-101 were assessed by analyzing the response of 1 mM L-glutamate
after 60 min pretreatment with increasing inhibitor concentrations. In EAAT1 ., TFB-
TBOA inhibited the L.-glutamate response in a concentration-dependent manner (pIC_|
= 6.7 £ 0.1) (Figure 6.4a,b, Table 6.2). The EAG mutant T318A (pIC, = 6.9 + 0.1), al-
losteric site mutant V390M (pIC, = 6.7 £ 0.0) and orthosteric site mutant P392L (pIC_|
= 0.5 * 0.1) did not affect the inhibitory potency of TFB-TBOA (Figure 6.4a,b). Both
Y127C (pIC,, = 6.2 £ 0.0) and V247F (pIC, = 5.7 £ 0.1) significantly decreased the po-
tency, whereas 1.448Q (pIC, = 7.9 £ 0.0) significantly enhanced the inhibitory potency
of TFB-TBOA (Figure 6.4a,b). Interestingly, A446E was susceptible to TFB-TBOA
inhibition, showing an increased inhibitory potency (pIC, = 7.4 + 0.2), whereas A446V
as well as R479W did not display any sigmoidal concentration-dependent inhibition by
TEFB-TBOA (Figure 6.4b,c).

The effects of EAATT mutants on UCPH-101 inhibition were different from TFB-
TBOA. In EAAT1,, UCPH-101 could inhibit the response of L-glutamate in a con-
centration-dependent manner (pIC = 5.4 * 0.0) (Figure 6.4d,e, Table 6.2). V247F
(pIC,, = 5.3 £ 0.0), T318A (pIC, = 5.4 + 0.0) and V390M (pIC, = 5.4 + 0.0) did not
affect L-glutamate response inhibition by UCPH-101 (Figure 6.4d). In Y127C, P932L,
A446V, and R479W UCPH-101 was unable to inhibit the L-glutamate response at any
of the tested concentrations, indicating a loss of the UCPH-101 interaction (Figure
6.4d-f). Similar to TFB-TBOA, both 1.448Q (pIC, = 5.9 * 0.1) and A446E (pIC =
5.9 £ 0.2) enhanced the inhibitory potency of UCPH-101, although this was not signif-
icant for A440E (p = 0.0919) (Figure 6.4e,f). Taken together, these data imply that the
selected EAATT mutants differentially modulate both substrate and EAAT1 inhibitor

interactions.
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Figure 6.4. Inhibition of L-glutamate responses by TFB-TBOA and UCPH-101 in an impedance-based
phenotypic assay on EAAT1,  and mutant cells. a-f) Concentration-inhibition curves of (a-¢) TFB-TBOA
and (d-f) UCPH-101 on EAAT1, , cells and (a,d) ataxia and allosteric site mutants, and (b,e) orthosteric
site mutants. ¢,f) Zoom-in on mutants with low maximal cellular responses. Cells were pretreated with
TFB-TBOA, UCPH-101, or vehicle (PBS/DMSO) for 60 min and stimulated with a submaximal concentra-
tion (EC,,) of 1 mM L-glutamate or vehicle (PBS) for 120 min. Cellular response is expressed as the net
AUC of the first 120 min after L-glutamate stimulation and graphs are normalized to the response of 1
mM L-glutamate on EAAT1 . cells. Data are shown as the mean = SEM of three individual experiments
each performed in duplicate.

EAAT1 mutants alter transporter conformation and substrate stability over time

To assess the effect of EAATT mutants in transporter and substrate stability, ten rep-
licates of 500 ns MD trajectories were simulated for the WT and seven mutants that
showed differential behavior 7 vitro (Y127C, M128R, P392L, A44GE, A446V, L448Q,
and R479W). The simulations started from the endogenous substrate L-aspartate-bound
conformation, with coordinated Na*ions in sites Nal-3 and closed HP2 domain. This
represents the transporter conformation prior to its transition to the inward-facing con-
formation. The stability of this conformation was followed over time in regards to the
system overall (i.e. protein RMSD), the substrate in the binding site (i.e. ligand RMSD in
respect to protein), the opening of the HP2 domain (i.e. distance between the HP1 and
HP2 domain tips), and coordination of the Na" ions (i.c. distance between Na® ion and
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» Figure 6.5. HP2 domain opening and L-Asp substrate stability sampling density derived from MD
simulations on EAAT,. and mutants. HP2 opening was calculated as the distance between S366 Ca
(HP1tip) and G442 Ca (HP2 tip). Substrate (L-Asp) stability is represented by ligand RMSD respective to
the protein. Sampling density was calculated across all frames in all replicates simulated for HP2 open-
ing and substrate stability in combination (inside the axes box) and independently (outside the axes) for
EAAT1,, (a) and mutants (b-h).

one coordinating atom). Compared to WT (Figure 6.5a), mutants A446E, A446V, and
1.448Q) (Figure 6.5e-g) showed a similar high ligand stability (i.e. low ligand RMSD),
which correlated with a stabilized “closed” HP2 conformation. HP2 domain closure was
especially pronounced in A446E and A446V mutants compared to WT. On the contrary,
ligand instability was higher in mutants Y127C, P392L, and R479W (Figure 6.5b,d,h),
which correlated with increased opening of the HP2 domain, particularly in R479W. In
R479W, substrate instability was also directly linked to the loss of key interactions of
L-aspartate in the binding pocket, mainly with R479 and T402 (Supplementary Figure
6.7, 6.8). Mutant M128R (Figure 6.5¢) showed a very similar distribution to WT both
in terms of HP2 opening and ligand stability, which suggests that the mutation in M128
does not directly affect the conformation of the orthosteric binding site.

While the mutant effects on transporter conformation (i.e. HP2 opening) affected li-
gand stability, they barely had an impact on Na* ion coordination. Firstly, from the MD
simulations, it was observed that the Na* ions coordinated in sites Nal and Na3 were
extremely stable in the WT system and all mutants simulated (Supplementary Figure
6.9a-h). In particular, mutant M128R seemed to heavily restrict movement for the Na*
ion coordinated in position Na3 compared to the rest of the mutants (Supplementary
Figure 6.9c). On the contrary, the ion occupying site Na2, which is coordinated in the
last place before HP2 closure, was highly unstable across the board (Supplementary
Figure 6.9i-p). Compared to WT, Na2 was more unstable in mutants A446V and
1.448Q) (Supplementary Figure 6.9n,0). However, Na* coordination instability in the
Na2 site was not correlated to HP2 opening, since ion instability was observed both at
lower and higher HP2 opening distances.

EAAT1 mutant-driven conformational changes impact inhibitor docking binding
poses

To evaluate whether the conformational changes in the HP2 domain observed upon
mutation affect inhibitor binding as they do substrate coordination, molecular docking
was performed per mutant in a representative selection of five frames from the MD tra-
jectories (Figure 6.6). The selected frames represented the most common HP2 opening
distances per mutant: 6.0 + 0.2 A (WT), 6.6 * 0.7 A (Y127C), 5.2 + 0.1 A (M128R), 7.0
0.2 A (P392L), 5.4 £ 0.2 A (A446E), 5.4 £ 0.1 A (A446V), 5.6 £ 0.2 A (1.448QQ), and
10.5 £ 0.1 A (R479W), but had different orthosteric and allosteric pocket conforma-
tions (Supplementary Table 6.1,6.2). The highest scoring poses in TEFB-TBOA dock-
ing roughly maintained the position and polar interactions of the aspartic acid moiety
observed in the co-crystalized conformation (Supplementary Figure 6.10). The rest
of the molecule, however, could be flipped around the two contiguous chiral centers
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to different positions depending on the exact conformation of the HP2 domain. This
behavior was observed for the WT (Figure 6.6a) and mutants Y127C (Figure 6.6b),
A446V (Supplementary Figure 6.10g), and 1.448Q) (Supplementary Figure 6.10h).
The lower scoring pose on mutant A446E (Supplementary Figure 6.10f) also main-
tained the aspartic acid moiety position, but the rest of the molecule was forced into a
less stable conformation due to the HP2 configuration induced by E446 interactions.
None of the lowest-scoring poses in mutants M128R, P392L,, and R479W maintained
the aspartic acid moiety position. In mutant R479W (Figure 6.6c¢) this effect was due to
the less flexible and bulkier side chain of W479, which pushed TFB-TBOA deeper in the
pocket causing the loss of key interactions (Supplementary Figure 6.7,6.8).

P392L  A446E  A446V  L448Q  R479W

7.0 54 54 5.6 10.5
+0.2 +0.2 +0.1 +0.2 +0.1

HP2 opening + SD (A)

Docking | TFB-TBOA 352 % -33. . 472 22 202 342 212%
score (best) | ycpH.101 |-17.2 i . 217 197 266 208

AN W, GNP IN e, g

Figure 6.6. Molecular docking of inhibitors TFB-TBOA and UCPH-101 in EAAT1 MD frames with most
representative HP2 opening distances. Docking was performed in chain A of a random selection of
frames with the top five most common HP2 opening distances across all replicates and frames. a-c)
Top docking poses of orthosteric inhibitor TFB-TBOA in EAAT1, .. (@) and mutants Y127C (b) and R479W
(c). TFB-TBOA binding pocket was derived from its co-crystalized pose in PDB 5MJU, represented in
black for reference. d) Mean HP2 opening distance in the five frames selected from MD for docking.
Docking scores of the top poses in EAAT1, . and mutants. e-g) Top docking poses of allosteric inhibitor
UCPH-101in EAAT1,,; (e) and mutants Y127C (f) and P392L (g). UCPH-101 binding pocket was derived
from its co-crystalized pose in PDB 7AWM, represented in black for reference. Na* ions are represented
as red spheres. Hydrogen bonds are represented with dashed yellow lines.
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Compared to TFB-TBOA, the binding of allosteric inhibitor UCPH-101 was less af-
fected by mutations as represented by the range in docking scores (Figure 6.6d) and
poses (Supplementary Figure 6.11). The pose observed in co-crystalized structures
was maintained in the top docking poses in WT' (Figure 6.6e) and mutants Y127C
(Figure 6.6f) and 1.448Q) (Supplementary Figure 6.11h). The top poses in mutants
Y127C and L448Q) also showed a higher docking score (-25.5 and -20.06, respectively)
compared to WT' (-17.2), although only the pose on L448(Q) maintained one of the
two hydrogen bonds in the co-crystalized pose to P389. UCPH-101 docked in mu-
tant A440E (Supplementary Figure 6.11f) occupied the same region but the pose
was flipped compared to WT. Docking poses in mutants M128R, P392L, A446V, and
R479W (Supplementary Figure 6.11d,e,g,i) did not reach the allosteric pocket deeply
enough to make relevant interactions. In the case of mutants M128R and R479W there
seemed to be a closure of the binding pocket entrance flanked by TM4c (ScaD) and
TM3 (TranD). For P392L, the lower part of the pocket seemed not accessible based on
the best docking pose (Figure 6.6g). The mutation to Leu in P392 reverted the helix
kink that was produced by Pro in that position in the TM7a domain and that stabilized
the allosteric binding pocket (Supplementary Figure 6.12). Taken together, these re-
sults suggest that EAAT1 conformational changes triggered by disease-related muta-
tions affect the way inhibitors TFB-TBOA and UCPH-101 bind to the orthosteric and
allosteric pockets, respectively.

Discussion

The role of glutamate and aspattate in cancet is increasingly appreciated®. Indeed, the
regulation of intra- and extracellular levels of these amino acids by EAATSs and other
transporters, with respect to the tumor microenvironment, is the subject of ongoing
investigations. So far, the altered function of EAATT as a result of single missense mu-
tations has been linked to several extremely rare cases of episodic ataxia type 6 (EAG)™.
However, there have been no reports on the contribution of genetic variants of EAATS
to the development of cancer, and it remains a question to what degree loss- or gain-
of-function mutations in these transporters are relevant for disease progression. In this
study, 105 unique somatic mutations were identified in cancer patients, none of which
occurred as natural variants. Hight cancer-associated and two reference EAG6-related
EAAT1 missense mutants were analyzed in a label-free phenotypic assay, which together
with structural insights provides an initial understanding of altered transporter function
and cell behavior.

All EAAT1 mutants were expressed at similar relative levels compared to EAAT1,
therefore not affecting protein translation (Supplementary Figure 6.3). Interestingly,
in previous studies, several EAATT mutants displayed attenuated or increased gluta-
mate uptake activity as a result of reduced (P290R, M128R'**) or enhanced (E219D,
T318A'"Y) surface membrane density, respectively. Indeed, in our functional assay,
T318A showed a considerable increase in substrate E_  (Figure 6.3b,e, Table 6.2),
which may be attributed to enhanced membrane insertion of EAAT1'. Most other mu-
tants displayed a substantial decrease in substrate E_ , with the maximal response being
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generally lower for L-aspartate than L-glutamate.

Tyr at position 127 is located in TM3 and is conserved in all human EAATSs and the
archaeal Glt, (Supplementary Figure 6.2), where the backbone carboxylate of Tyr
is part of the third Na* binding site (Na3)****". Substitution of Y127 to Cys does not
affect the ability of EAAT1 to translocate substrate, albeit with a substantially reduced
E__ (Figure 6.3b). In addition to forming Na3, Y127 forms a hydrogen bond with the
carbonitrile group of UCPH-101%. The docking studies suggest that this bond cannot
form in Y127C (Figure 6.6f). However, the Y127C mutation seems to lead to an open-
ing of the TM3 helix and widening of the tranD-scaD interface pocket that makes it
less suitable for blocking the elevator mechanism, which might be related to the loss of
UCPH-101 inhibition (Figure 6.4d). In line with this, mutation of Y127 to Phe, Leu,
Ile, or Arg showed a significant drop in pIC_ of UCPH-101 in a [’H]-D-aspartate uptake

assay™.

M128 is adjacent to Y127 and is exposed to membrane lipids. The M128R mutation
was found in an EAG patient and patch clamp experiments demonstrated that M128R
shows a complete loss of glutamate uptake as well as abolished anion currents that
could not be explained by slightly reduced sutface expression levels'. Indeed, no
L-glutamate or L-aspartate responses in M128R (Figure 6.3b,e) were detected, which
suggests that this mutant is likely transport-incompetent. Surprisingly, substantial con-
centration-dependent positive cellular responses were observed when M128R cells were
treated with TFB-TBOA or UCPH-101, which were not observed in EAAT1 . or oth-
er mutants (Supplementary Figure 6.5). Although our computational studies did not
shed any light on the potential mechanism of the observed behavior (Figure 6.5c,
Supplementary Figure 6.9¢,k), a recent study demonstrated that mutation of M128
to Arg may inflict two potential disruptions to EAAT1%. The positively charged Arg
could flip towards the “inside” of the protein and disrupt the binding of Na* to Na3.
Occupation of this site by Na* is crucial to initiate substrate binding and translocation”,
which may explain the absence of glutamate transport in M128R. In our simulations,
however, a tighter coordination in Na3 was observed. Secondly, the Arg in M128R could
flip “outward” towards the lipid bilayer. Other MD studies revealed a local membrane
deformation, which recruited a density of water molecules halfway into the bilayer™®.
This may provide a pathway for Na* ions that enter the Na3 site to leak into the cytosol,
which could result in cell volume increase and subsequent morphological changes™.
Thus, we hypothesize that binding of TFB-TBOA or UCPH-101 to EAAT1 M128R
stabilizes an Arg “outward” conformation that allows uncoupled Na* influx, which re-
sults in a phenotypic response in the absence of substrate (Supplementary Figure 6.5,
6.6). To our knowledge, this is the first report of inhibitor-induced functional responses
in glutamate transporters, which warrants further investigation and could hold promise

for future therapeutic strategies.

The second episodic ataxia-derived mutant, T318A, showed no signs of affecting
EAATT transporter function other than an increased substrate E_ , in line with the
lack of evidence of its pathogenicity’®*. In other studies, mutation to Ala increased
glutamate uptake and anion currents as a result of increased surface expression of the
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transporter'®*. A similar conservative effect was found for both Val 247 and 390, which
are located adjacently to hydrophobic residues conferring the selectivity of UCPH-101
towards EAAT1?%. However, mutations V247F and V390M did not affect substrate
translocation (Figure 6.3) or UCPH-101 binding (Figure 6.4d), indicating that these
residues are not crucial for inhibitor binding. Interestingly, TEB-TBOA’ inhibitory po-
tency was reduced in V247F (Figure 6.3), possibly due to the increased residue bulki-
ness affecting the hydrophobic cavity size.

The Pro at position 392 is located in TM7a near V390 and is completely conserved
throughout the SLC1 family and Glt, . P392 is part of the scaD—tranD interface that
lines the hydrophobic cavity of the chloride conductive pathway™*. Mutation of P392
to small hydrophobic residues (Ala, Val) resulted in slightly increased substrate affin-
ities and anion conductances”, which may be reflected by a small increase in pEC,
for L-glutamate and L-aspartate in P392L. (Table 6.2). Strikingly, while TFB-TBOA
binding is unaffected, P392L causes a complete loss of UCPH-101% inhibition of the
L-glutamate response (Figure 6.4b,e, Table 6.2). As observed in MD simulations, mu-
tation to a slightly bulkier Leu corrects the disruption in the helical turn caused by Pro
in TM7a (Supplementary Figure 6.12) and promotes an increase in helix rigidity that
displaces the location of the nonpolar residues in this region. This substantially reduces
the affinity of UCPH-101 for this site, as observed by the loss of the original binding
pose in the docking results (Figure 6.6g). Interestingly, other EAAT1 Pro mutations
have been shown not to revert the kink, as opposed to the original hypotheses*.

Three mutations (A440E, A446V, and L448Q)) are located in HP2, which is an import-
ant structural element that regulates the access of Na® and substrate to their binding
sites?*2, In our phenotypic assay, both A446E and A446V displayed vastly reduced max-
imal substrate responses but significantly increased affinities (Table 6.2), which could
be the result of low sutface expression or a reduced turnover rate”. Tracking the HP2
opening over time suggests that mutations in the HP2 domain increase the stability of
a “closed” conformation in the presence of bound I.-Asp compared to WT (Figure
6.5e-g). Such “closed” conformation could be the result of tighter interactions with
the endogenous substrate and lead to reduced transport rate*. Notably, mutation to Val
at this position abrogates L-glutamate response inhibition, whereas a Glu substitution
results in a significantly enhanced potency of TFB-TBOA (Figure 6.4c,f, Table 6.2).
The stabilization of a “closed” HP2 conformation might reduce access to the ortho-
steric pocket for competitive inhibitors such as TFB-TBOA or, alternatively, induce a
higher inhibitory potency by locking in place the aspartic acid moiety*. The differential
effects observed for mutants A446E and A446V, however, cannot be explained by the
current 7 silico studies, where a more favorable TFB-TBOA binding pose is predicted
for A446V compated to A440E (Supplementary Figure 6.10f,g). A clear hindrance
here is docking the orthosteric inhibitor in a marked HP2 “closed” conformation, when
TFB-TBOA is known to stabilize an “open” HP2 conformation in the transporter®.

The adjacent HP2 residue 1448 is involved in HP2 backbone flexibility, which is essential
for K*-dependent re-translocation of the tranD during the transport cycle®. Strikingly,
the pIC, for both TFB-TBOA and UCPH-101 are markedly increased in 1.448Q. These
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results are also supported by the favorable poses generated from the docking studies for
both inhibitors (Supplementary Figure 6.10h, 6.11h). In a previous study, mutation
of 1448 to Cys reduced L-glutamate affinity and maximal transport rate, but it signifi-
cantly enhanced the inhibitory potency of the competitive inhibitor DL-TBOA*. The
enhanced plC, for both UCPH-101 and TFB-TBOA may be the result of a reduced
affinity of L-glutamate in the orthosteric site, which could augment the apparent inhib-
itory potency.

The Arg at position 479 confers substrate selectivity and is conserved among glutamate/
aspartate transporters. The guanidinium group of R479 forms a hydrogen bond with
the sidechain carboxylate of the substrate during translocation®. Moreover, R479 forms
a salt bridge with E406 in TM7 during K* re-translocation, which sterically hinders
closure of HP2 and substrate binding™?*. Neutralization of R479 (i.e., mutation to Ala)
renders EAAT1 K*-independent and results in drastically reduced glutamate/aspartate
affinity®, which was also observed in Glt, upon mutation of Arg to Cys*. As observed
in MD simulations, the bulkiness of the indole moiety pushes the HP2 domain to an
“open” conformation (Figure 6.5h) and disrupts the electrostatic interactions in the n
binding site (Supplementary Figure 6.8), which leads to a loss of substrate activity
(Figure 6.2b). This local effect was already evident from the relatively high AAG, |
values for R479W compared to other mutated residues (Table 6.2), which indicates a
substantially reduced ligand binding affinity.

Discrepancies observed between the 7 vitro and 7n silico experiments likely arise from the
fact that the simulations focused only on a small patt of the complex elevator transport
cycle and cannot therefore provide a complete mechanism for all the analyzed mutants.
Adding to the complexity of the system, heterogeneity was observed among the dynam-
ic behavior of the three protomers, which has been described for glutamate transporter
analogs to trigger heterogeneous substrate binding*’. These results warrant follow-up
vitro or in silico experiments that investigate alterations in protein solvation, anion con-
ductivity, and substrate transport kinetics™*, which could help to further explain outr
functional observations. Moreover, while mutations in a ligand binding site may disrupt
or stabilize ligand interactions, they could potentially lead to allosteric effects via disrup-
tion of consetved interaction networks®.

Conclusions

Taken together, divergent effects of EAATT disease-related variants were observed on
substrate-induced cellular responses, as well as orthosteric and allosteric inhibition, in
an impedance-based phenotypic assay. Subsequent MD simulations and docking stud-
ies aided in the formulation of hypotheses that could substantiate the observed 7 vitro
effects. Importantly, to allocate these missense variants to a substantial involvement in
cancer development and progression translational studies that link genotype to phe-
notype would be required. Thus, the methods presented in this study may aid in the
identification and characterization of pathogenic transporter variants, which may have
implications for the development of selective and efficacious therapeutics.
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Materials and Methods

Materials

Modified Jump In T-REx HEK 293 (Jumpln) cells overexpressing human wild-type
(WT, EAAT1 ) or mutant EAAT1 were kindly provided by the RESOLUTE con-
sortium (Research Center for Molecular Medicine, Medical University of Vienna,
Austria). L-glutamic acid monosodium salt monohydrate, I.-aspartic acid monosodium
salt monohydrate, doxycycline hyclate, Dulbecco’s modified Eagle’s medium (DMEM)
and Dulbecco’s phosphate-buffered saline (PBS) were purchased from Sigma Aldrich
(St. Louis, MO, USA). 2-amino-4-(4-methoxyphenyl)-7-(naphthalen-1-yl)-5-oxo0-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitrile (UCPH-101) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). (2§,3S)-3-[3-[4-(trifluoromethyl)benzoylamino]ben-
zyloxy]| aspartate (TFB-TBOA) was purchased from Axon Medchem (Groningen, The
Netherlands). Lipofectamine 3000, P3000 buffer, Gateway LR Clonase 1l enzyme mix,
and Proteinase K solution were purchased from ThermoFischer (Waltham, MA, USA).
QuikChange II kit was purchased from Agilent Technologies (Santa Clara, CA, USA).
QIAprep Spin Miniprep Kit was purchased from QIAGEN (Hilden, Germany). xCEL-
Ligence PET E-plates 96 (Agilent Technologies, Santa Clara, CA, USA) were purchased
from Bioké (Leiden, The Netherlands). All other chemicals were of analytical grade and
obtained from standard commercial sources.

Selection of cancer-related mutations

Cancer-related mutations were obtained from the Genomic Data Commons® version
22.0 released on January 16th, 2020, as re-compiled in Chapter 5. Somatic missense
mutations were retrieved for gene SLC7.43 (EAAT1) in all cancer types. The 105 unique
mutations found were mapped onto the 3D structure of EAAT1 (PDB 5LLU, 5SMJU*
and 7AWM?®), with patticular attention to the functional motifs and binding sites de-
fined by Canul-Tec ¢t a/**. Two sets of mutations of interest were defined by visual
inspection in the proximity (i.e., 5 A from co-crystalized ligands) of the orthosteric bind-
ing site — occupied by the substrate I-aspartate — and allosteric binding site — occupied
by allosteric inhibitor UCPH-101. The “orthosteric” set of mutations included P392L,
A440E, A446V, 1.448Q), and R479W. The “allosteric” set of mutations included Y127C,
C252F, R388K, F389L, V390M, and I397V. Additionally, mutation V247F is located at
the interface of the two sites and was therefore included in both sets.

As a reference, SL.C7.43 (EAAT1) mutations found in natural variance in the 1000
Genomes dataset® were tretrieved. This dataset was obtained from the UniProt variance
database in October 2020°%. For the purpose of comparison, the percentage of muta-
tions in EAAT1 found in cancer patients and natural variance was calculated by dividing
the number of mutations in EAATT by the number of patients in each dataset (10,179
and 3,202, respectively) and multiplying it by 100.
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System preparation and molecular docking

The monomeric EAATT systems for binding affinity change predictions were prepared
from chain A in PDB codes 5LLU and 5MJU* in ICM-Pro version 3.9-2¢c (Molsoft
LLC, San Diego)®?*. The systems were prepared by optimizing the protonation states
and orientation of histidine and cysteine residues, and the orientation of glutamine and
asparagine residues. Moreover, the position of hydrogen atoms was sampled and opti-
mized. Stabilizing mutations in residues selected for further analysis were reverted (i.e.,
C252V, T318M). Subsequently, L-glutamate was prepared by adding hydrogen atoms
and assigning atomic charges, and docked it into the orthosteric binding site of PDB
5LLU, originally occupied by L-aspartate. Upon removal of L-aspartate from the bind-
ing site, docking was performed with default settings and 10 poses stored by defining the
residues surrounding I-aspartate as the binding site. The poses were analyzed in light of
the experimental data available, docking scores, and interaction patterns. The pose with
the highest docking score was selected for further analysis.

BEAAT1 trimeric systems with L-aspartate bound were prepared for MD simulations
from the biological assembly of PDB 7TAWM, containing chains A-C. This prepatation
step was performed directly in the academic version of the Desmond program, release
2021.1%, and is described in detail in the corresponding MD section.

Binding affinity change predictions

To prioritize mutations for 7 vitro testing, changes in EAATT binding affinity were pre-
dicted to endogenous substrates L-aspartate and L-glutamate, and the inhibitors TFB-
TBOA (competitive) and UCPH-101 (allosteric) caused by point mutations. This analy-
sis was performed in ICM-Pro as follows. The difference in binding energy (AAG, _, in
kcal/mol) is calculated as the difference between the Gibbs binding energy (AG, , in
kcal/mol) in the mutant and the W'T. AGbin | is calculated for fixed backbone and Monte
Carlo-sampled flexible side chains in the vicinity of the mutated residue as the energy
of the protein-ligand complex minus the energy of the protein and ligand separately.

For the cancer-related mutations found in the orthosteric binding site (P392L, A440E,
A446V,1.448Q, and R479W), AAG, _ was calculated for endogenous ligands L-aspartate
and L-glutamate (previously docked) in system 5LLU. Moreover, AAG,, | was calculated
for the competitive inhibitor TEFB-TBOA in system 5M]JU. For the cancer-related mu-
tations found in the allosteric binding site (Y127C, C252F, R388K, F389L, V390M, and
1397V), AAG, _, was calculated for the allosteric inhibitor UCPH-101 in system 5M]JU.
For V247F, which is at the interface of both ligand binding sites, AAG,, | was calculated
for L-glutamate, L-aspartate, TFB-TBOA, and UCPH-101 as desctibed above.

Structural visualization

All visualizations of EAATT structures were generated in PyMOL using PDB 7AWM.
Where TFB-TBOA was visualized, PDB 5MJU was superimposed on 7AWM.
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Mutagenesis

DNA primers for EAAT1 mutants were designed with a single or double base pair
substitution for the resultant amino acid using the QuikChange Primer Design Program
and synthesized by Integrated DNA Technologies (IDT, Leuven, Belgium) (Table 6.3).
Site-directed mutagenesis was performed using a QuikChange II kit. In brief, per mutant
50 ng template DNA (codon-optimized ORF for EAAT1 (SLC7.43) in a pDONR221
vector (pDONR221-SL.C7.A3, Addgene #131889)) together with 10 uM forward and
reverse primer, 1 ul ANTP mix, 2.5 ul 10x reaction buffer and 2.5 U DNA polymerase
wete run in a PCR thermal cycler for 22 cycles (each cycle consisted of 30 s 95°C, 1 min
55°C, 10 min 68°C). Non-mutated DNA was removed by addition of 5 U Dpnl restric-
tion enzyme for 2 h at 37°C. Mutant DNA was transformed into XL.1-Blue competent
cells in the presence of 50 pg/ml kanamycin for selection. Plasmid was isolated using a
QIAprep Spin Miniprep Kit verified by Sanger sequencing (Leiden Genome Technology
Center, Leiden, The Netherlands).

Table 6.3. DNA primers (forward and reverse) that were used to generate eight cancer-related and two
ataxia-related EAAT1 mutants. Mutated bases are bold and underlined.

Mutant | Forward primer (5°) Reverse primer (5°)

Y127C | GAGAGCCGTGGTGTACTGTATGACCACAACCATCA TGATGGTTGTGGTCATACAGTACACCACGGCTCTC
M128R | TGAGAGCCGTGGTGTACTATAGGACCACAACCAT ATGGTTGTGGTCCTATAGTACACCACGGCTCTCA
V247F | AATGCCCTGGGCCTGITCGTGTTCAGCATGTGC GCACATGCTGAACACGAACAGGCCCAGGGCATT
T318A | CAGCTGGCCATGTACGCCGTGACAGTGATCG CGATCACTGTCACGGCGTACATGGCCAGCTG
V390M | GACAAGCGGGTGACCAGATTTATGCTGCCAGTG CACTGGCAGCATAAATCTGGTCACCCGCTTGTC
P392L | CAGATTTGTGCIGCIAGTGGGCGCCACCA TGGTGGOGCCCACTAGCAGCACAAATCTG
A446E | CAGGCATCCCACAGGAAGGCCTGGTGACCATG CATGGTCACCAGGCCITCCTGTGGGATGCCTG
A446V | GCATCCCACAGGICGGCCTGGTGAC GTCACCAGGCCGACCTGTGGGATGC

1.448Q | CACAGGCCGGCCAGGTGACCATGGT ACCATGGTCACCTGGCCGGCCTGTG

R479W | GGTTTCTGGATAGGCTGIGGACAACCACAAACGTGCT | AGCACGTTTGTGGTTGTCCACAGCCTATCCAGAAACC

Gateway cloning

To allow stable transfection into Jumpln cells, the WT and mutant pPDONR221-SL.C7.13
plasmids wete cloned into a pJTI R4 DEST CMV TO pA exptession vector with a
C-terminal Twin-Strep-tag and a hemagglutinin (HA)-tag using Gateway cloning. The
expression vector contains a tet-operon (TO) that allows doxycycline (dox)-inducible
expression of the transgene. In brief, 150 ng pPDONR221-SL.C7.43 plasmid and 150 ng
pJTI R4 DEST CMV TO pA in TE buffer (10 mM Tris, 1 mM EDTA) were incubated
with Gateway LR Clonase II enzyme mix at 25°C for 1 h. To remove endogenous nu-
cleases, the mixture was incubated with a Proteinase K solution for 10 min at 37°C. The
resulting vectors (WT or mutant pJTI-SL.C7.43) were transformed into XL1-Blue com-
petent cells in the presence of 100 ug/ml ampicillin for selection. Plasmid was isolated
and sequenced as described in the previous section.
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Cell culture

Jumpln-EAAT1 cells were split twice per week into 10 cm dishes in culture medium
(high glucose DMEM containing 10% fetal calf serum, 2 mM Glutamax, 100 TU/ml
penicillin and 100 ug/ml streptomycin) at 37°C and 5% CO,. After thawing and recov-
ery, cells were grown for 3-5 days in culture medium with 5 ug/ml blasticidin and 2 mg/
ml G418 before switching to culture medium.

Generation of stably transfected WT and mutant JumplIn-EAAT1 cells

Jumpln cells were seeded at 90,000 cells/well in culture medium onto a 24-well culture
plate and grown within 24 h to 60-70% confluence. Per mutant or W'T, a mix of 1.8 ul
P3000 buffer, 450 pug pJTI R4 Integrase plasmid and 450 ng pJTI-SLC7.43 plasmid in
OptiMEM was added to a mix of 2.1 pl Lipofectamine 3000 in OptiMEM (90 ul total
per condition) and incubated for 5 min at RT. As a control for antibiotic selection,
one dish of cells was incubated with sterile water instead of pJTI-SLC7.A43. Cells were n
transfected with 60 pl of the total mix. On the next day, the transfection medium was
replaced by fresh culture medium. After 24 h cells were trypsinized and seeded onto 6
cm culture dishes at 200,000 cells/well to grow for 3-4 days. When 70% confluence was
reached medium was replaced with selection medium (culture medium with 1 mg/ml
G418) to select for successfully transfected cells. Selection medium was refreshed every
2-3 days for 2 weeks until non-transfected cells were all dead and colonies had grown
in the transfected dishes. Colonies were resuspended in selection medium and grown to
confluence before cryofreezing pools of transfected cells. Prior to use in experiments,
cells were cultured in regular culture medium for at least 24 h.

Whole cell HA-tag ELISA

To determine the relative amount of C-terminal HA-tagged protein expressed in dox-
yeycline (dox)-induced Jumpln-EAAT1 WT and mutant cells, an enzyme-linked immu-
nosotrbent assay (ELISA) was performed on whole, permeabilized cells. Each condition
was tested in quintuplicate per experiment. Cells were seeded in culture medium onto
a 96-well culture plate coated with 0.1 mg/ml poly-D-lysine at 60,000 cells/well in the
presence or absence of 1 pg/ml dox (100 ul total volume) and were grown for 22-24 h
at 37°C and 5% CO,,. Cells were washed with PBS and fixed with 4% formaldehyde for
10 min, then washed with Tris-buffered saline (TBS). To allow access of the antibodies
to the intracellular HA-tag, cells were incubated with permeabilization buffer (TBS +
0.5% Tween-20 (TBST), 2% bovine serum albumin (BSA) and 0.2% saponin) for 60 min
at RT. After blocking and permeabilization, cells were incubated with 1:2500 rabbit an-
ti-HA polyclonal antibody (Invitrogen, Catlsbad, CA, USA) for 60 min at RT and washed
with TBST. Subsequently, cells were incubated for with 1:3000 goat anti-rabbit horse
radish peroxidase (HRP)-conjugated IgG antibody (Brunschwig Chemie, Amsterdam,
The Netherlands) for 30 min at RT and washed with TBS. Immunoreactivity was visu-
alized by addition of 3,3’,5,5-tetramethylbenzidine (TMB) for 2.5 min at RT and subse-
quent quenching with 1 M H,PO,. Absorbance was measured at 450 nm using a Wallac
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EnVision multimode plate reader (PerkinElmer, Groningen, The Netherlands).

Impedance-based phenotypic assay

To measure functional substrate responses and substrate inhibition on WT and mutant
Jumpln-EAATT1 cells, a label-free impedance-based cell swelling assay was employed as
desctibed previously by our lab*. An xCELLigence real-time cell analyzer (RTCA) sys-
tem (Agilent Technologies, Santa Clara, CA, USA) was used to record real-time chang-
es in cell morphology. The assay principle is that EAAT1-mediated, Na*-dependent
substrate influx induces cell swelling, which leads to cell spreading, This results in an
increased cellular impedance over time and as such is a readout of transporter function.
For the assay, Jumpln-EAAT1 cells are cultured in medium onto gold-plated electrodes
of a 96-well E-plate and for each well the impedance is measured on predefined time
intervals at 10 kHz. The impedance is converted to the unitless parameter Cell Index
(CI), which can be plotted over time:

_ (Zi = Zp)Q

Cl
15Q

where Z, is the impedance at any given time point and Z is the baseline impedance
measured at the start of each experiment™.

Assays were performed at 37°C and 5% CO, in a final volume of 100 ul/well. Baseline
impedance was measured in 40 ul culture medium prior to cell seeding. Cells grown to
70-80% confluence were seeded in 50 pl at 60,000 cells/well in the presence of 1 pg/ml
dox to induce EAAT1 expression and left at RT for 30 min prior to placement of the
E-plate in the RTCA recording station. After 22 h, cells were pretreated with 5 ul vehicle
(PBS/DMSO) or, in inhibitor experiments, 1 nM — 10 uM of TFB-TBOA or UCPH-
101 or 1 uM ouabain, and impedance was recorded for 60 min. Subsequently, cells were
stimulated with 5 pl vehicle (PBS), 10 uM — 1 mM L-glutamate (submaximal concentra-
tion [EC, , 1 mM] in inhibitor experiments) or L-aspartate, 200 nM TFB-TBOA (EC, )
or 6.3 uM UCPH-101 (EC, ), and impedance was recorded for 120 min. Each condition
was tested in duplicate per experiment and levels of DMSO wete kept constant at 0.1%
for all assays and wells.

Data analysis and statistics

Whole cell HA-tag ELISA

In each experiment, the mean absorbance for each condition was divided over the mean
absorbance of non-induced (—dox) JumpIn-EAATT1, cells to obtain fold expression
over —dox cells. To assess whether the total protein expression of dox-induced (+dox)
Jumpln-EAATT mutant cells was significantly different from +dox Jumpln—EAAleT
cells, a one-way ANOVA with Dunnett’s post-hoc test was done for cells that were test-
ed on the same ELISA plate.
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Impedance-based phenotypic assay

Data was recorded using RTCA Software v2.0 or v2.1.1 (ACEA Biosciences). Depending
on the part that was used for analysis, the CI values were normalized to the time of in-
hibitor pretreatment or substrate stimulation yielding normalized CI (nCI) values for all
subsequent data points. The nClI values were exported and analyzed in GraphPad Prism
v9 (GraphPad Software, San Diego, CA, USA). Vehicle-only conditions were subtracted
from all other conditions to correct for vehicle-induced, ligand-independent effects. The
remaining nCl curves were quantified by analyzing the net area under the curve (AUC)
of the first 120 min after substrate stimulation. The AUC values, which are expressed
as the cellular response, were fitted to a sigmoidal concentration-effect curve with a
variable slope to determine the potencies of the EAAT1 substrates and inhibitors. Data
are shown as the mean * standard error of the mean (SEM) of at least three sepa-
rate experiments each performed in duplicate, unless stated otherwise. Comparison of
multiple mean values to a control (i.e., EAAT1 ) was done using a one-way ANOVA
with Dunnett’s post-hoc test. Differences were considered statistically significant when
p-values were below 0.05.

Molecular dynamics

Conformational changes were sampled over time in WT and mutant EAAT1 trimeric
systems with MD simulations. The simulations were performed using the academic ver-
sion of the Desmond program, release 2021.1%. The OPLS-2005 force field and SPC
water model were used. EAAT1 was simulated with L-aspartate bound as substrate, di-
rectly derived from PDB 7AWM biological assembly, where the co-crystalized substrate
L-aspartate and Na* ions were kept duting preparation and UCPH-101 and Ba®* ions
were removed. WT and seven mutants with differential 7z vitro results (Y127C, M128R,
P392L, A446E, A446V, L448Q), and R479W) were sampled. All systems were prepared
in four steps: (a) the mutation of interest was introduced; (b) default protein preparation
wizard was run; (c) the system was stripped to contain the protein trimer and the ligands
and ions of interest; (d) the system was embedded in a POPC lipid bilayer respect to the
a-helices, solvated with SPC water molecules, the charge was neutralized with Cl ions,
and NaCl was added in physiological concentration (0.15 M). Subsequently, the systems
were relaxed with the default protocol, which includes a restrained minimization fol-
lowed by an unrestrained minimization and four stages of MD runs with decreasing
constraints. The production runs were simulated for 500 ns with a recording interval of
500 ps (1000 frames) in an NPT ensemble with a temperature of 300 K and a pressure
of 1 bar. Each system was run for ten replicates with velocities randomly initialized with
random seeds (Supplementary Table 6.3).

MD trajectory analysis

The analysis of MD trajectories was performed in Desmond and PyMOL version 2.5.2
(Schrédinger LTD). Using Desmond analysis scripts, the trajectories’ Root Mean Square
Deviation (RMSD) was calculated for the protein a carbon (Ca) atoms and for the



Page 182 | Getting personal - Chapter 6

ligand (L-aspartate) with respect to the protein. These RMSD values represent the sta-
bility of the protein system and the ligand, respectively, over the time of the simulation.
Moteover, Root Mean Squate Fluctuation (RMSF) was calculated for the protein Co
atoms. The RMSF values represent the stability/flexibility through the simulation of
each of the protein residues. RMSD and RMSF values were calculated independently
for each chain in the trimeric system. Protein RMSD was used as an overall measure of
the system’s stability. Therefore, (chain) systems with protein RMSD reaching 10 A were
excluded from further analysis.

In PyMOL, the trajectories were loaded and fitted to the first frame in the simulation
to correct for rotations and translations. Subsequently, the distance in each frame was
calculated between a pair of atoms to obtain four measures (1-4). (1) HP2 opening:
distance between HP1 and HP2 domain tips, as defined by Alleva ef a/. for Glt, *. In
EAAT1, the distance was measured between S366 Ca (HP1 tip) and G442 Ca (HP2 tip).
The atoms corresponding to the HP1 and HP2 domain tips in EAAT1 were defined
via sequence alignment with Glt, . (2) Na" coordination in Nal site: distance between
Na™ ion originally coordinated in Nal site and one of the Nal coordinating atoms. The
distance was measured between Na* with residue number 601 and D487 Ca. (3) Na*
coordination in Na2 site: distance between Na* ion originally coordinated in Na2 site
and one of the Na2 coordinating atoms. The distance was measured between Na* with
residue number 603 and T396 Co. (4) Na* coordination in Na3 site: distance between
Na™ ion originally coordinated in Na3 site and one of the Na3 coordinating atoms. The
distance was measured between Na* with residue number 602 and D400 Co. These dis-
tances were measured independently for each chain in the trimeric system.

The sampling density of MD metrics computed per frame (i.e. RMSD and distanc-
es) was plotted in Python 3.8 using Matplotlib and Seaborn libraries” . The sampling
density maps were calculated with data from the 1002 frames in each chain (A, B, C)
sampled in the ten replicates simulated per mutant. Unstable systems (i.e. protein RMSD
reaching 10 A) were not included in the density maps. These included Y127C replicate
9 (all chains) and replicate 10 (chain A); M128R replicate 1 (all chains); P392L replicate
1 (chain C) and replicate 10 (chain C); A446E replicate 3 (chain B) and replicate 4 (all
chains); A446V replicate 3 (all chains); 1.448Q) replicate 4 (chain C); and R479W replicate
3 (chain A), replicate 5 (chain A), and replicate 7 (chains A, B).

Inhibitor docking in MD trajectory frames

The orthosteric (TFB-TBOA) and allosteric (UCPH-101) inhibitors were docked in a
representative selection of MD frames with the most frequent HP2 opening distanc-
es but different binding pocket conformations. Chain A was selected for docking be-
cause it showed the highest substrate stability in EAAT1 . For EAAT1 and each
simulated mutant, five random frames with the most frequent HP2 opening distances in
the distribution across all replicates and frames were selected (Supplementary Table
6.4). Frames were extracted from the trajectories using PyMOL, including the chain A
protein atoms and originally coordinated Na* ions. Binding pocket residues were de-
fined as those in the 5 A neighborhoods of the co-crystalized inhibitors in PDB 5MJU
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(TFB-TBOA) and 7AWM (UCPH-101). The characteristics of the different pocket con-
formations used for ensemble docking were further analyzed by predicting all possible
pockets using the pocket finder tool in ICM-Pro and visually selecting the orthosteric
and allosteric sites. Pocket volume, hydrophobicity, buriedness, and DLID score were
used to confirm pocket conformational variability. ICM-Pro implementation of flexible
docking (4D docking) was performed using the five extracted frames to build a receptor
map complex per mutant. The rest of the docking setup and parameters followed the
general framework described in the section System preparation and molecular docking. In 4D
docking, the stack of receptor conformations provided is considered as a single receptor
object, and ten docking poses are generated on the most favorable conformations. The
best docking pose in terms of docking score for each mutant was selected for analysis.
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Supplementary Information

Supplementary Table 6.1. Orthosteric pocket properties across the five random frames selected per
mutant for 4D docking. Pockets were predicted and characterized using the ICM pocket finder tool and
visually inspected to match the orthosteric pocket (*: some orthosteric pockets seem to be divided into
two pockets in ICM). Pocket properties are volume (A3), Hydrophobicity (representing the percentage
of the pocket surface in contact with hydrophobic residues, ranges from 0 to 1), Buriedness (calculated
based on solvent accessibility, ranges from 0.5 — completely open and surface flat — to 1.0 — completely
buried), and DLID (Merck’s Drug-like density score (see Sheridan et al. JCIM 2010). Values above zero and
those with slightly negative values are considered “druggable”).

Frame Pocket Volume Hydrophobicity Buriedness DLID
TAWM Orthosteric 0.26 |
5MJU Orthosteric 607.78 0.42 0.69 -0.31
wt_1A_203 Orthosteric 467.11 0.62 0.90 0.78
wt_9A_125 Orthosteric 462.99 0.63 0.90 0.79
wt_9A_231 Orthosteric 400.09 0.58 0.86 0.44
wt_9A_617 Orthosteric 493.75 0.59 0.84 0.52
wt_9A_731 Orthosteric 0.65 0.88 _
Y127C_1A_522 | Orthosteric 0.51 0.76 0.37
Y127C_3A_154 | Orthosteric 475.74 0.48 0.81 0.15
Y127C_3A_618 | Orthosteric 596.56 0.62 0.94 _
Y127C_3A_786 | Orthosteric 389.43 0.55 0.90 0.48
Y127C_3A_892 | Orthosteric 437.20 ! 0.80 -0.06 |
M128R_4A_103 | Orthosteric 388.81 0.64 0.87 0.58
M128R_4A_546 | Orthosteric 504.84 0.60 0.89 0.77 |
M128R_4A_769 | Orthosteric 194.63 0.73 0.66
M128R_4A_769 | Orthosteric*

M128R_4A_941 | Orthosteric 186.41 0.91 |
P392L._4A_347 Orthosteric 341.24 0.48 0.76 -0.29
P392L_4A_609 Orthosteric 395.64 0.61 0.89 0.59
P392L._4A_817 Orthosteric 568.70 0.61 0.90 0.91
P392L._4A_880 Orthosteric 505.91 0.57 0.84 0.50
P392L_4A_971 Orthosteric 341.05 0.47 0.76 -0.32
A446E_2A_063 Orthosteric 670.60 0.55 0.78 0.45
A446E_2A_063 Orthosteric* 0.72 0.96 0.33
A446E_2A_440 | Orthosteric 0.61 0.90

A446E_8A_069 Orthosteric 360.90 0.53 0.89 0.34
A446E_8A_386 | Orthosteric 584.50 0.52 0.84 0.49
A446E_10A_254 | Orthosteric 670.88 0.55 0.78 0.43
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Supplementary Table 6.1 (continues)

A446E_10A_254 | Orthosteric* 135.76 0.72 0.96 0.34
A446V_1A_163 | Orthosteric 405.01 0.58 0.87 0.48
A446V_5A_35 Orthosteric 613.30 0.59 0.81 0.57
A446V_5A_508 | Orthosteric 323.34 0.48 0.79 -0.24
A446V_5A_530 | Orthosteric 304.85 0.59 0.84 0.17
A446V_5A_T778 | Orthosteric 631.34 0.56 0.81 0.52
L448Q_1A_110 | Orthosteric 482.15 0.54 0.87 0.51
L448Q_2A_301 | Orthosteric 327.78 0.61 0.94 0.66
L448Q_5A_82 Orthosteric 557.76 0.64 0.91 1.03
L448Q_5A_455 | Orthosteric 373.75 0.61 0.85 0.40
L448Q_6A_93 Orthosteric 553.21 0.66 0.91 1.05
R479W_4A_175 | Orthosteric* 571.68 0.62 0.82 0.65
R479W_4A_175 | Orthosteric 234.19 0.56 0.86 0.02
R479W_5A_431 | Orthosteric 529.61 0.62 0.86 0.71
R479W_5A_491 | Orthosteric 714.29 0.57 0.85 0.80
R479W_5A_550 | Orthosteric 565.14 0.53 0.78 0.24
R479W_5A_710 | Orthosteric 578.60 0.61 0.82 0.63
R479W_5A_710 | Orthosteric* 235.80 0.54 0.84 -0.12
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Supplementary Table 6.2. Allosteric (UCPH-101) pocket properties across the five random frames
selected per mutant for 4D docking. Pockets were predicted and characterized using the ICM pocket
finder tool and visually inspected to match the allosteric pocket. The allosteric pocket was missing in
some frames, which are not recorded in the table. Pocket properties are volume (A3), Hydrophobicity
(representing the percentage of the pocket surface in contact with hydrophobic residues, ranges from
0 to 1), Buriedness (calculated based on solvent accessibility, ranges from 0.5 — completely open and
surface flat — to 1.0 — completely buried), and DLID (Merck’s Drug-like density score (see Sheridan et
al. JCIM 2010). Values above zero and those with slightly negative values are considered “druggable”).

Frame Pocket Volume Hydrophobicity Buriedness DLID
5MJU Allosteric 129.07 0.67 =055
7AWM Allostetic 0.55

wt_9A_231 Allostetic 0.63 0.65 -1.17
wt_9A_617 Allosteric 166.22 0.66 0.72 -0.58
wt_9A_731 Allosteric

Y127C_3A_154 Allostetic 165.31 0.62 0.68 -0.84
Y127C_3A_618 Allostetic 235.42 0.73 -0.13
Y127C_3A_786 Allostetic 169.85

Y127C_3A_892 Allostetic 166.86 0.64 0.69 -0.77
M128R_4A_769 Allostetic 0.51 0.57 -1.85
P392L_4A_347 Allosteric

P392L._4A_817 Allostetic 160.23 0.54 0.61 -1.31
P392L_4A_880 Allostetic 177.89 0.67 0.72 -0.50
P392L_4A_971 Allosteric

A446E_2A_440 Allostetic

A446E_8A_69 Allosteric

R479W_5A_550 | Allosteric




Supplementary Table 6.3. Random seeds used to generate initial velocities in Molecular Dynamics
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simulations.
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wT 1613 1825 8414 8636 6037 8843 5519 5522 973 9694
Y127C | 5409 5655 9816 9194 2819 5369 3230 5695 2910 6457
MI128R | 112 8172 8063 4417 9724 4479 4263 6945 668 2947
P392L | 8167 3981 2959 52 5364 7026 1533 5596 3822 6974
A446E | 782 9717 8228 1096 3085 2107 3786 8496 1711 5788
A446V | 7735 3445 1885 3556 6824 9192 4487 2489 4094 9957
1.448Q | 7248 2175 8437 8704 3512 2870 4162 2289 78 3219
R479W | 8385 4603 128 9635 5711 1994 1530 7953 3132 4046

Supplementary Table 6.4. Frames with the five most common HP2 opening distances across repli-

cates of EAAT1 chain A MD simulations selected for docking.

Mutant Frame 1 Frame 2 Frame 3 Frame 4 Frame 5
wT Replicate 1 Replicate 9 Replicate 9 Replicate 9 Replicate 9
frame 203 frame 125 frame 231 frame 617 frame 731
Y127C Replicate 1 Replicate 3 Replicate 3 Replicate 3 Replicate 3
frame 522 frame 154 frame 618 frame 786 frame 892
M128R Replicate 4 Replicate 4 Replicate 4 Replicate 4 Replicate 4
frame 15 frame 103 frame 546 frame 769 frame 941
P392L Replicate 4 Replicate 4 Replicate 4 Replicate 4 Replicate 4
frame 347 frame 609 frame 817 frame 880 frame 971
A446E Replicate 2 Replicate 2 Replicate 8 Replicate 8 Replicate 10
frame 6 frame 440 frame 63 frame 386 frame 254
Ad46V Replicate 1 Replicate 5 Replicate 5 Replicate 5 Replicate 5
frame 163 frame 35 frame 508 frame 530 frame 778
1.448Q Replicate 1 Replicate 2 Replicate 5 Replicate 5 Replicate 6
frame 110 frame 301 frame 82 frame 455 frame 93
R479W Replicate 4 Replicate 5 Replicate 5 Replicate 5 Replicate 5
frame 175 frame 431 frame 491 frame 550 frame 710
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» Supplementary Figure 6.1. Structural distribution of cancer-related mutants per cancer type.
Mutations from the Genomic Data Commons mapped onto the biological assembly of EAAT1 (PDB
7AWM). Chain Ais represented as a grey cartoon, while chains B and C are represented as grey surfaces.
The co-crystalized substrate, L-aspartate, is represented as green sticks in chain A. The three coordi-
nated Na* ions are represented as red spheres in chain A. Residues that have been observed mutated
in cancer patients are colored by cancer primary site following the colors in the key. a) Frontal view, as
aligned with cellular membrane. b) Top view, as seen from the extracellular side.

sp|P43003|EAAT_HUMAN/1-542 1-----e--- MTKSNGEEPKMGGRMERFQQGVRKRTLLAKKKVQON I TKEDVKSYLFRNAFVLLTVTAVIVGTILG 65
Sp|P43004|EAA2_HUMAN/1-574 1MASTEGANNMPK --- -QVEVRMHDSHLGSEEPKHRHLGLRLCDKLGKNLLLTLTVFGVILGAVCG 61
sp|P43005|EAA3_HUMAN/1-524 1 |- - - - - - - - - - - - --- MGKPARKGCEWKRFLKNNWVLLSTVAAVVLGITTG 35
sp|P48664|EAA4_HUMAN/1-564 1|-MSSHGNSLFLRESGQRLGRVGWLQRLQESLQQRALRTRLRLQTMTLEHVLRFLRRNAFILLTVSAVVIGVSLA 73
sp|000341|EAAS_HUMAN/1-560 1 --- --- -MVPHA|LARGRDVCRRNGLLILSVLSVIVGCLLG 34
sp|059010|GLT_PYRHO/1-425 1]--- --- --- --- --- MGLYRKYIEYPVLQKILIGLILGAIVG 27
sp|P43003|EAAT_HUMAN/1-542 66 FTLRP-YRMSYREVKYFSFPGELLMRMLQMLVLPL | I SSLVTGMAALDSKASGKMGMRAVVYYMTTT I IAVVIG 138
Sp|P43004|EAA2_HUMAN/1-574 62 GLLRLASPIHPDVVML IAFPGD | LMRMLKML I LPL | 1SSLITGLSGLDAKASGRLGTRAMVYYMSTT | | AAVLG 135
sp|P43005|EAA3_HUMAN/1-524 36 VLVREHSNLSTLEKFYFAFPGE I LMRMLKL I ILPLI1SSMITGVAALDSNVSGKIGLRAVVYYECTTLIAVILG 109
Sp|P48664|EAA4_HUMAN/1-564 74 FALRP-YQLTYRQIKYFSFPGELLMRMLQMLVLPLIVSSLVTGMASLDNKATGRMGMRAAVYYMVTT | | AVF |G 146
sp|000341|EAAS_HUMAN/1-560 35 FFLRT-RRLSPQEISYFQFPGELLMRMLKMMILPLVVSSLMSGLASLDAKTSSRLGVLTVAYYLWTTFMAVIVG 107
sp|059010|GLT_PYRHO/1-425 28 LILGH-YGYADAVKTYVKPFGDLFVRLLKMLVMPIVFASLVVGAASI|ISPARLGRVGVKIVVYYLLTSAFAVTLG 100
sp|P43003|EAAT_HUMAN/1-542 139 11 1VI I IHPGKGTKE -NMHREGKIVRVTAADAFLDL IRNMFPPNLVEACFKQFKTNYEKRSFKVPIQANETL - - 209
sp|P43004|EAA2_HUMAN/1-574 136 VILVLAIHPGNPKLKKQLGPGKKNDEVSSLDAFLDL IRNLFPENLVQACFQQIQTVTKKVLVAPPPDEEANA - - 207
SpIP43005|EAA3_HUMANY/1-524 110 I VLVVS | KPGVTQKVGEIARTGSTPEVSTVDAMLDL IRNMFPENLVQACFQQYKTKREEVKPPSD - - -PEMN - - 178
Sp|P48664|EAA4_HUMAN/1-564 147 | LMVT | IHPGKGSKE-GLHREGRIETIPTADAFMDL IRNMFPPNLVEACFKQFKTQYSTRVVTRTMVRTENGSE 219
sp|000341|EAAS_HUMAN/1-560 108 | FMVS| IHPGSAAQK-ETTEQSGKP IMSSADALLDL IRNMFPANLVEATFKQYRTKTTPVVK-SPKVAPEEAP - 178
sp|059010|GLT_PYRHO/1-425 101 | IMARLFNPGAGIHLAVG- - -GQQFQPKQAPPLVKILLDIVPTNPF-------------cceemmm e mam o 143
sp|P43003|EAA1_HUMAN/1-542 210V - - --- GAV I -NNVSEAMETLTR- - ITEELVPVPGSVNGVNALGLVVFSMCFGFVIG- - - - N 259
Sp|P43004|EAA2_HUMANY/1-574 208 - - - --- TSAVVSLLNETVTEVPEE-TKMV I KKGLEFKDGMNVLGL IGFFIAFGIAMG- - --K 258
SpIP43005|EAA3_HUMAN/1-524 179 - - - --- -MTE-ESFTAVMTTA | SKNKTKEYKIVGMYSDGINVLGLIVFCLVFGLVIG- - --K 228
sp|P48664|EAA4_HUMAN/1-564 220 PGASMPPPFSVENGTSFL-ENVTRALGTLQEMLSFEETVPVPGSANGINALGLVVFSVAFGLVIG- - - -G 284
sp|O00341|EAAS_HUMAN/1-560 179 PRRILIYGVQEEN-GSHV-QNFALDLTPPPE- - - -VVYKSEPGTSDGMNVLGIVFFSATMGIMLG- - --R 238
sp|059010|GLT_PYRHO/1-425 L GA-LANGQVLPTIFFAIILGIAITYLMNSENEK 175
sp|P43003|EAA1_HUMAN/1-542 260 MKEQGQALREFFDSLNEAIMRLVAVIMWYAPVGILFL IAGKIVEMEDMGV IGGQLAMYTVTVIVGLL IHAVIVL 333
Sp|P43004|EAA2_HUMANY/1-574 259 MGDQAKLMVDFFNILNEIVMKLVIMIMWYSPLGIACLICGKI IAIKDLEVVARQLGMYMVTV I IGLI IHGGIFL 332
Sp|P43005|EAA3_HUMAN/1-524 229 MGEKGQ | LVDFFNALSDATMK | VQI IMCYMPLGILFLIAGKI |EVEDWEIF-RKLGLYMATVLTGLAIHSIVIL 301
sp|P48664|EAA4_HUMAN/1-564 285 MKHKGRVLRDFFDSLNEAIMRLVGI | IWYAPVGILFLIAGKILEMEDMAVLGGQLGMYTLTVIVGLFLHAGIVL 358
sp|000341|EAAS_HUMAN/1-560 239 MGDSGAPLVSFCQCLNESVMK | VAVAVWYFPFGIVFL | AGKILEMDDPRAVGKKLGFYSVTVVCGLVLHGLFIL 312
sp|059010|GLT_PYRHO/1-425 176 VRKSAETLLDAINGLAEAMYK|VNGVMQYAPIGVFAL | AYVMAEQ-GVKVV-GELAKVTAAVYVGLTLQIL - - - 244
sp|P43003|EAAT_HUMAN/1-542 334 PLLYFL---VTRKNPWVFIGGLLQAL ITALGTSSSSATLPITFKCLEENNGVDKRVTRFVLPVGAT INMDGTAL 404
Sp|P43004|EAA2_HUMANY/1-574 333 PLIYFV---VTRKNPFSFFAGI FQAWI TALGTASSAGTLPVTFRCLEENLGIDKRVTRFVLPVGAT INMDGTAL 403
sp|P43005|EAA3_HUMAN/1-524 302 PLIYFI---VVRKNPFRFAMGMAQALLTALMISSSSATLPVTFRCAEENNQVDKRITRFVLPVGAT INMDGTAL 372
Sp|P48664|EAA4_HUMAN/1-564 359 PLIYFL---VTHRNPFPFIGGMLQAL I TAMGTSSSSATLPITFRCLEEGLGVDRRITRFVLPVGATVNMDGTAL 429
sp|000341|EAAS_HUMAN/1-560 313 PLLYFF - - - I TKKNPIVFIRGILQALL IALATSSSSATLPITFKCLLENNHIDRRIARFVLPVGATINMDGTAL 383
sp|059010|GLT_PYRHO/1-425 245 -LVYFVLLKIYGIDPISFIKKAKDAMLTAFVTRSSSGTLPVTMRVAKE-MGISEGIYSFTLPLGAT INMDGTAL 316
sp|P43003|EAAT_HUMAN/1-542 405 YEALAAIFIAQVNNFELNFGQI ITISITATAASIGAAGIPQAGLVTMVIVLTSVGLPTDDI - - - - - - TLIIAVD 472
Sp|P43004|EAA2_HUMAN/1-574 404 YEAVAA| F1 AQUNGVVLDGGQIVTVSLTATLASVGAASIPSAGLVTMLLILTAVGLPTEDI - -----SLLVAVD 471
sp|P43005|EAA3_HUMAN/1-524 373 YEAVAAVF I AQLNDLDLGIGQI ITISITATSAS|I GAAGVPQAGLVTMVIVLSAVGLPAEDV - - - - - - TLIIAVD 440
Sp|P48664|EAA4_HUMAN/1-564 430 YEALAAIFIAQVNNYELNLGQITTISITATAASVGAAGI PQAGLVTMVIVLTSVGLPTEDI - - - - - - TLIIAVD 497
sp|O00341|EAAS_HUMAN/1-560 384 YEAVAA I FIAQVNNYELDFGQI ITISITATAASIGAAGI PQAGLVTMVIVLTSVGLPTDDI - - - - - - TLITAVD 451
sp|O59010|GLT_PYRHO/1-425 317 YQGVCTFFIANALGSHLTVGQQLTIVLTAVLASIGTAGVPGAGAIMLAMVLESVGLPLTDPNVAAAYAMILGID 390
sp|P43003|EAA1_HUMAN/1-542 473 WFLDRLRTTTNVLGDSLGAGIVEHLSRHELKNRDVEMGNSYV | EENEMKKPYQ- - -L | AQDNETE--KP | -DS-E 539
sp|lP43004|EAA2_HUMAN/1-574 472 WLLDRMRTSVNVVGDSFGAGIVYHLSKSELDTIDSQHRVH- -EDIEMTKTQS| YDDMKNHRESNSNQCVYAAHN 543
Sp|P43005|EAA3_HUMANY/1-524 441 WLLDRFRTMVNVLGDAFGTGIVEKLSKKELEQMDVSSEVN- - - - - - IVNPFALESTILDNEDSD- TKKSYVNGG 507
Sp|P48664|EAA4_HUMAN/1-564 498 WFLDRLRTMTNVLGDS | GAAVIEHLSQRELELQEAELT - - - - - LPSLGKPYK- - - SLMAQEKGA - SRGRGGN - E 561
sp|000341|EAAS_HUMAN/1-560 452 WALDRFRTMINVLGDALAAGIMAHICRKDFARDTGTEKL - - - - LPCETKPVSLQE|IVAAQQNGC-VKSVAEASE 520
sp|059010|GLT_PYRHO/1-425 391 Al LDMGRTMVNVTGDLTGTAIVAKTEG-ELEKGV IA- - - - - - - - - o oo e oo e e e e e m e e e e e 2 = 425
sp|P43003|EAAT_HUMAN/1-542 540 TKM-=- - = = = - - = o m e e oo e e e e e e e e e e e - - 542
sp|P43004|EAA2_HUMAN/1-574 544 SVIVDECKVTLA- - - ------ ANGKSADCSVEEEPWKREK| 574
SpIP43005|EAA3_HUMAN/1-524 508 FAVD -KSDTISFTQTSQF - .- .- - 524
Sp|P48664|EAA4_HUMAN/1-564 562 SAM - --- --- - 564

SPIO00341|EAAS_HUMAN/1-560
5pl059010|GLT_PYRHO/1-425

521 LTLGPTCPHHVPVQVEQDEELPAASLNHCTIQISELETNYV|

Supplementary Figure 6.2. Conservation of selected cancer-related mutants in EAAT family. Multiple
sequence alignment of human EAATs (EAAT1-5) and Pyrococcus horikoshii homolog Glt, computed in
Clustal-Omega. Colored, the positions of the cancer-related mutants analyzed in vitro: Y127C (pink),
V247F (orange), V390M (dark blue), P392L (purple), A446V/E (blue), L448Q (yellow), R479W (brown).
For reference, ataxia-related reference mutants are also colored: M128R (red) and T318A (green).
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Supplementary Figure 6.3. Whole cell HA-tag ELISA on EAAT1, . and mutant cells. Cells were grown
for 24 h in the absence (-dox, WT only ) or presence (+dox, WT, and mutants) of 1 ug/ml doxycycline.
Presence of total HA-tagged protein (plasma membrane and cytosolic) was determined in permea-
bilized cells. Absorbance for each condition is expressed as fold expression over WT (-dox). Data are
shown as the mean = SEM of twelve (WT), six (M128R) or three (rest) individual experiments each per-
formed in quintuplicate. Significant differences between EAAT1 - and mutant cells were determined
using one-way ANOVA with Dunnett’s post-hoc test. ns = not significant for all mutants.
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Supplementary Figure 6.4. Representative growth curves of EAAT1, . and EAAT1 mutant cells in an
impedance-based phenotypic assay. Data are shown as the mean * SD of eight replicates from a rep-
resentative experiment.
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Supplementary Figure 6.5. Cellular responses of TFB-TBOA and UCPH-101 during pretreatment in
an impedance-based phenotypic assay on EAAT, - and mutant cells. a,b) Vehicle-corrected normal-
ized Cell Index traces of M128R cells pretreated with (a) TFB-TBOA or (b) UCPH-101 from a represen-
tative experiment. ¢) Concentration-response curves of TFB-TBOA on M128R cells and d) zoom-in on
EAAT1,,; and other mutant cells. ) Concentration-response curves of UCPH-101on M128R cells and f)
zoom-in on EAAT1, . and other mutant cells. Cellular response is expressed as the net AUC of the first
60 min after inhibitor pretreatment. Data are shown as the mean £ SEM of three individual experiments
each performed in duplicate.
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Supplementary Figure 6.6. Modulation of cellular responses by L-glutamate and inhibitors in an im-
pedance-based phenotypic assay on M128R cells. a) Pretreatment with EC, (200 nM) TFB-TBOA and
stimulation with vehicle, 1 mM L-glutamate or EC,, (6.3 uM) UCPH-101. b) Pretreatment with 6.3 uM
UCPH-101 and stimulation with vehicle, 1 mM L-glutamate or 200 nM TFB-TBOA. ¢) Pretreatment with 1
mM L-glutamate and stimulation with vehicle, 6.3 uM UCPH-101or 200 nM TFB-TBOA.. d) Pretreatment
with 1 uM ouabain (Na*/K*-ATPase inhibitor) and stimulation with vehicle, 1 mM L-glutamate, 6.3 uM
UCPH-101 or 200 nM TFB-TBOA. Data show vehicle-corrected normalized Cell Index traces of M128R
cells pretreated for 60 min and subsequently stimulated for 120 min. Traces were normalized at the time
point prior to pretreatment. Cells pretreated and stimulated with vehicle (PBS/DMSO) were used for
vehicle correction.
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Supplementary Figure 6.7. Substrate—protein interactions across MD simulation replicates in EAAT1,, . chain A over time. In blue, the total number of L-Asp con-
tacts with EAAT1 measured over the simulation time per replicate (500 ns). In different shades of orange, the number of contacts recorded with each residue at
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Supplementary Figure 6.9. Sodium ion coordination stability and HP2 domain opening sampling den-
sity derived from Molecular Dynamics simulations on EAAT1, . and mutants. Sodium ion coordination
stability is represented by the distance from the Na*atom to the Ca of one of its coordinating residues
in sites Na1(D487), Na2 (T396), and Na3 (D400). HP2 opening was calculated as the distance between
S$366 Ca (HP1tip) and G442 Ca (HP2 tip). Sampling density was calculated across all frames in all repli-
cates simulated for Na1-Na3 ion coordination stability (a-h) and Na2 coordination stability-HP2 opening
(i-p). Density was analyzed for both pairs in combination (inside the axes box) and independently (out-
side the axes) for EAAT1  (a,i) and mutants (b-h;j-p).
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Supplementary Figure 6.10. Molecular docking top poses of orthosteric inhibitor TFB-TBOA in EAAT1
MD frames with most representative HP2 opening distances. Docking performed in chain A of arandom
selection of frames with the top five most common HP2 opening distances across all replicates and
frames. TFB-TBOA binding pocket was derived from its co-crystalized pose in PDB 5MJU (a), repre-
sented in black for reference next to the docking poses generated in EAAT1,; (b) and mutants (c-i).
(Mutated) residues of interest are represented in the following colors: Y127 pink, M128 red, P392 purple,
A446 green (or blue for A446V mutant), L448 yellow, and R479 brown. Coordinated Na* ions are repre-
sented as red spheres. Hydrogen bonds are represented as dashed yellow lines.
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Supplementary Figure 6.11. Molecular docking top poses of allosteric inhibitor UCPH-101in EAAT1 MD
frames with most representative HP2 opening distances. Docking performed in chain A of a random
selection of frames with the top five most common HP2 opening distances across all replicates and
frames. UCPH-101 binding pocket was derived from its co-crystalized pose in PDB 7AWM (a), repre-
sented in black for reference next to the docking poses generated in EAAT1, . (b) and mutants (c-i).
(Mutated) residues of interest are represented in the following colors: Y127 pink, M128 red, P392 purple,
A446 green (or blue for A446V mutant), L448 yellow, and R479 brown. Coordinated Na* ions are repre-
sented as red spheres. Hydrogen bonds are represented as dashed yellow lines.
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Supplementary Figure 6.12. Effect of P392L mutant in Pro-induced TM7a helix kink. a) TM7a helix sta-
bilizes the allosteric pocket where UCPH-101 inhibitor binds. Visualization in chain A of PDB 7AWM. b)
P392 (purple) induces a kink in the TM7a helix that is represented by a lack of an additional hydrogen
bond (dashed yellow lines) in that helix turn. c-d) P392L mutation reverts the Pro-induced kink, as rep-
resented by an additional hydrogen bond in that helix turn. Visualization in chain A of replicate 4 MD
trajectory frames 347 (c) and 817 (d).




