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ABSTRACT 

Glutamatergic synaptic transmitters are cleared from the synaptic cleft through excitatory 

amino acid transporters (EAATs) that are responsible for recycling glutamate and transporting 

it into neurons and glial cells. To probe the structural role of the TM4b-4c loop of EAAT1 

(Rattus norvegicus), each of the 57 amino acid residues were mutated to cysteine. Thirteen of 

the single mutants have very low transport activity. Aqueous accessibility of the introduced 

cysteines from the remaining mutants was then explored by membrane-permeant and 

membrane-impermeant sulfhydryl reagents in different conditions. F190C, V238C and 

A243C were affected by MTSET while Q189C, F190C, V238C, A243C and L244C were 

sensitive to MTSEA. Q189C and L244C transport activity was diminished in the presence of 

potassium, which is expected to favor the outward-facing conformation of the transporter. 

Inversely, L244C was protected by glutamate. The modification of A243C by MTSEA was 

enhanced by either potassium and glutamate or DL-TBOA. From these results, we suggest 

residues F190C, V238C, A243C may be located near the extracellular surface and TM4b-4c 

loop forms multiple reentrant membrane loops on the cell surface. Alternatively, F190C, 

V238C, and A243C may function in the transport pathway which is exposed to MTSET. In 

addition, Q189C, A243C and L244C are conformationally sensitive and may play a role in 

the transport cycle. 
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INTRODUCTION 

Glutamate is the predominant excitatory transmitter in the central nervous system. To 

prevent hyperexcitability and neurotoxicity, it is recycled from the synapse cleft by excitatory 

amino acid transporters sited in the surface membrane of neurons and glial cells (Kanner and 

Schuldiner, 1987; Levy et al., 1998; Nicholls and Attwell, 1990; Rothstein et al., 1996; 

Tanaka et al., 1997; Zerangue and Kavanaugh, 1996). Glutamate transporters play an 

important role in terminate synaptic excitation (Diamond and Jahr, 1997; Otis et al., 1996; 

Tong and Jahr, 1994; Verdon et al., 2014). Glutamate transport is an electrogenic 

translocation generated by the Na+/K+-ATPase (Brew and Attwell, 1987; Kanner and Sharon, 

1978; Wadiche et al., 1995). To maintain steep transmembrane glutamate gradients, 

excitatory amino acid transporters (EAATs) transport one substrate molecule in symport with 

three sodium ions and one proton. In the second half-cycle, one potassium ion is released to 

the extracellular space and the next cycle of transporter starts (Levy et al., 1998; Owe et al., 

2006; Zerangue and Kavanaugh, 1996). There are five known subtypes of EAATs: EAAT1, 

GLT-1, EAAC-1, EAAT4, and EAAT5. Also, they share about amino acid identity of 50% 

(Arriza et al., 1997; Arriza et al., 1994; Fairman et al., 1995; Kanai and Hediger, 1992; Pines 

et al., 1992; Storck et al., 1992). 

 The crystal structures of aspartate transporter from the archaeon Pyrococcus horikoshii 

(GltPh), have advanced our understanding of eukaryotic glutamate transporters and provided 

insights into various aspects of transport, in accordance with biochemical, 

electrophysiological, and other experimental data (Boudker et al., 2007; Crisman et al., 2009; 

Kanner, 2007; Reyes et al., 2009; Teichman et al., 2009; Verdon and Boudker, 2012; Yernool 

et al., 2004). The structure illuminates a trimer with a permeation pathway through each of 

the monomers, suggesting that the monomer is the fully independent and functional unit. The 

same is true for the eukaryotic glutamate transporters (Grewer et al., 2005; Koch and Larsson, 

2005; Koch et al., 2007; Leary et al., 2007). The functional unit is a monomer containing 

eight transmembrane helices (TM1~TM8) and two oppositely oriented re-entrant loops (HP1 
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and HP2) (Boudker et al., 2007; Canul-Tec et al., 2017; Reyes et al., 2009; Shrivastava et al., 

2008). HP1 and HP2 are located on opposite sides of the cell membrane. HP2 participates in 

the extracellular gating for the substrate reaction, while HP1 has been postulated to form the 

intracellular gate (Crisman et al., 2009; Huang and Tajkhorshid, 2008; Reyes et al., 2009; 

Shrivastava et al., 2008; Yernool et al., 2004). Whereas, the amino acid insertions and 

deletions, together with the differences on the transport function and pharmacology of GltPh, 

make it impossible to uncover the structural mechanism of the EAATs. The TM4 domain in 

EAATs is composed of three separate helices – 4a, 4b, and 4c – with GltPh, sharing about 35% 

sequence identity with EAAT1(Fig. 1). The latter has 57 more amino acid residues located in 

the TM4b-4c loop (Yernool et al., 2004). To study the molecular and structural determinants 

in glutamate transport, we introduced a cysteine residue to replace each of the amino acids 

within the TM4b-4c loop of a cysteine-less version of EAAT1 (CL-EAAT1) (Seal and Amara, 

1998). Membrane-permeant (2-trimethylammonium) ethyl methanethiosulfonate (MTSET) 

and membrane-impermeant 2-aminoethyl methanethiosulfonate (MTSEA) sulfhydryl reagents 

were used to explore aqueous accessibility of introduced cysteines under conditions of either 

inward-facing or outward-facing conformations. Residues F190C, V238C, and A243C were 

sensitive to MTSET. These results suggest that residues in the TM4b-4c loop domain may 

participate in forming an aqueous transport pathway or may be located at the  side, with Q189, 

A243, and L244 directly involved in the transport cycle. 

 

MATERIALS AND METHODS 

Generation of mutants 

CL-EAAT1 in the vector pBluescript SK(–) (Stratagene, La Jolla, CA, USA) was used as 

the parent template for site-directed mutagenesis. Mutant transporters were generated using 

the QuikChange Site-Directed Mutagenesis Kit (TOYOBO, Osaka, Japan). All mutant 

sequences were confirmed by full length sequencing (Invitrogen, Waltham, MA, USA). 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 13, 2018 as DOI: 10.1124/mol.117.111245

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

about:blank
https://www.baidu.com/s?wd=MA&tn=44039180_cpr&fenlei=mv6quAkxTZn0IZRqIHckPjm4nH00T1Y4uHnznj7WnHb1PAczmHPB0ZwV5Hcvrjm3rH6sPfKWUMw85HfYnjn4nH6sgvPsT6KdThsqpZwYTjCEQLGCpyw9Uz4Bmy-bIi4WUvYETgN-TLwGUv3EPWcYrj0Yrjf4Pjn3PH6zPHcY
http://molpharm.aspetjournals.org/


MOL #111245 

6 

 

Cell growth and expression of transporter 

HeLa cells purchased from ATCC (American Type Culture Collection, Manassas, VA, 

USA) were cultured in DMEM basic 1× (Invitrogen, Waltham, MA, USA) added with 8% 

fetal calf serum (Invitrogen, Waltham, MA, USA), 200 U/ml penicillin (Beyotime 

Biotechnology, Shanghai, China), and 200 µg/ml streptomycin (Beyotime Biotechnology, 

Shanghai, China). Infections with recombinant vaccinia/T7 virus in serum-free DMEM basic 

1× were done for 30 min(Fuerst et al., 1986). CL-EAAT1 or mutant constructs were then 

added into the virus-infected HeLa cells with Lipo6000™ Transfection Reagent (Beyotime 

Biotechnology, Shanghai, China) and incubated at 37°C and 5% CO2 for 20 h. 

Transport assay 

Cells that expressed mutants in 24 well-plates were washed with choline chloride (ChCl) 

solution [5 mM KPi, pH 7.4, 150 mM ChCl, 0.5 mM MgSO4, and 0.3 mM CaCl2] and 

incubated with NaCl solution [5 mM KPi, pH 7.4, 150 mM NaCl, 0.5 mM MgSO4, 0.3 mM 

CaCl2] containing 0.4 μCi (0.15 μM) D-[
3
H]-aspartate (PerkinElmer, Massachusetts, USA) for 

10 min. The reaction was stopped using ice-cold NaCl solution and lysed with 1% sodium 

dodecyl sulfate. Finally, radioactivity was assayed (Fuerst et al., 1986).  

Inhibition studies with sulfhydryl reagents 

Cells that expressed mutants in 24-well plates were washed once with ChCl solution. NaCl 

solution containing varying concentrations of MTSET (Biotium, California, USA) or MTSEA 

(Biotium, California, USA) were incubated at 37℃ for 5 min. Cells were then washed twice 

with NaCl solution and transport activity was subsequently measured. The concentrations of 

the sulfhydryl reagents were optimized for each mutant to show a partial inhibition.  

Effects of transporter substrates and inhibitors on sulfhydryl modification 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 13, 2018 as DOI: 10.1124/mol.117.111245

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

https://www.baidu.com/s?wd=MA&tn=44039180_cpr&fenlei=mv6quAkxTZn0IZRqIHckPjm4nH00T1Y4uHnznj7WnHb1PAczmHPB0ZwV5Hcvrjm3rH6sPfKWUMw85HfYnjn4nH6sgvPsT6KdThsqpZwYTjCEQLGCpyw9Uz4Bmy-bIi4WUvYETgN-TLwGUv3EPWcYrj0Yrjf4Pjn3PH6zPHcY
https://www.baidu.com/s?wd=MA&tn=44039180_cpr&fenlei=mv6quAkxTZn0IZRqIHckPjm4nH00T1Y4uHnznj7WnHb1PAczmHPB0ZwV5Hcvrjm3rH6sPfKWUMw85HfYnjn4nH6sgvPsT6KdThsqpZwYTjCEQLGCpyw9Uz4Bmy-bIi4WUvYETgN-TLwGUv3EPWcYrj0Yrjf4Pjn3PH6zPHcY
http://www.so.com/link?m=a7k52e3gKWa%2Fqc9nk4u5Od%2BCcsVms4InVUkp1X7re27KbsJHqJU1E4m08aYolLLbX%2FRb%2FopG2pRMMNaukiSnHbEENP5vPEG5XRXpc6qz6XZAgympb
http://www.so.com/link?m=a7k52e3gKWa%2Fqc9nk4u5Od%2BCcsVms4InVUkp1X7re27KbsJHqJU1E4m08aYolLLbX%2FRb%2FopG2pRMMNaukiSnHbEENP5vPEG5XRXpc6qz6XZAgympb
http://www.so.com/link?m=a7k52e3gKWa%2Fqc9nk4u5Od%2BCcsVms4InVUkp1X7re27KbsJHqJU1E4m08aYolLLbX%2FRb%2FopG2pRMMNaukiSnHbEENP5vPEG5XRXpc6qz6XZAgympb
http://www.so.com/link?m=a7k52e3gKWa%2Fqc9nk4u5Od%2BCcsVms4InVUkp1X7re27KbsJHqJU1E4m08aYolLLbX%2FRb%2FopG2pRMMNaukiSnHbEENP5vPEG5XRXpc6qz6XZAgympb
http://www.so.com/link?m=a7k52e3gKWa%2Fqc9nk4u5Od%2BCcsVms4InVUkp1X7re27KbsJHqJU1E4m08aYolLLbX%2FRb%2FopG2pRMMNaukiSnHbEENP5vPEG5XRXpc6qz6XZAgympb
http://www.so.com/link?m=a7k52e3gKWa%2Fqc9nk4u5Od%2BCcsVms4InVUkp1X7re27KbsJHqJU1E4m08aYolLLbX%2FRb%2FopG2pRMMNaukiSnHbEENP5vPEG5XRXpc6qz6XZAgympb
http://molpharm.aspetjournals.org/


MOL #111245 

7 

 

The following reagents were each supplemented to the preincubation media, along with 

MTSET or MTSEA, for the inhibition assays: 150 mM NaCl solution, and 150 mM NaCl 

solution + 1 mM L-glutamate, 150 mM NaCl solution + 20 μM DL-TBOA (Tocris, Bristol, 

UK), 150 mM KCl solution, and 150 mM ChCl solution. 

Cell surface biotinylation 

HeLa cells that expressed CL-EAAT1 and the mutants A243C and L244C in a 6-cm dish 

were washed with ice-cold PBS (pH 8.0) after transfection for 24 h. The cells were then 

incubated with ice-cold PBS containing 0.5 mg/ml EZ-Link
TM

 Sulfo-NHS-SS-Biotion 

(Thermo Scientific, Waltham, MA, USA) for 20 min with gentle shaking. The reaction was 

stopped with 100 mM glycine. The cells were then lysed on ice for 20 min with Cell lysis 

buffer (Beyotime Biotechnology, Shanghai, China). The cell debris was separated by 

centrifugation at 12,000 rpm for 20 min at 4°C. Pierce™ Streptavidin Agarose (Thermo 

Scientific, Waltham, MA, USA) beads were added to the supernatant and incubated for 40 

min. The beads were then separated by centrifugation (1 min at 4°C) and washed three times 

with ice cold buffer, collecting the supernatants from each step into fresh tubes. Biotinylated 

proteins were separated from the streptavidin agarose beads by heat denaturation. 

Supernatants collected from each centrifugation step were subsequently analyzed using 

western blots (Fuerst et al., 1986; Rong et al., 2016). 

Western blot analysis 

Protein samples were incubated in protein loading buffer at 55°C for 30 min prior to 

separation by SDS-PAGE and transfer onto polyvinylidene difluoride (PVDF) membranes. 

The blots were then treated with 5% BSA for 1.5 h at room temperature, and probed with 

anti-EAAT1 antibody (Santa Cruz, California, USA) for 16h at 4°C. The membranes were 

then washed three times with 1× TBST and then incubated with the secondary antibody 

donkey anti-goat (Beyotime Biotechnology, Shanghai, China) for 1 h at room temperature. 
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Protein bands were visualized by chemiluminescence (Beyotime Biotechnology, Shanghai, 

China) and analyzed using ImageJ software. Expression levels for the biotinylated, non-

biotinylated and total proteins in all samples were normalized to integrin (Santa Cruz, 

California, USA), α/β-tubulin (Cell Signaling, Boston, USA) and actin (Beyotime 

Biotechnology, Shanghai, China), respectively. [
3
H]-labeled uptake activity was normalized 

to relative cell surface expression (Hussainzada et al., 2006; Hussainzada et al., 2008; Rong et 

al., 2016). 

SWISS-MODEL 

SWISS-MODEL is available at http://swissmodel.expasy.org/. The target sequence for 

Rattus norvegicus EAAT1 (GenBank: X63744.1, UnitProtKB: P24942) was uploaded for the 

modelling project. The template we used was the thermostable human EAAT1 (PDB code 

5llm.1.A, Data Supplement 1). The detailed report of the modeling is shown in Data 

Supplement 3 and the Swiss-model is available in Data Supplement 2. 

Data Analysis 

At least 3 different experiments were performed and data are shown as mean ± SE. 

Statistics and analysis were conducted by SPSS 20.0 statistical software using one-way 

analysis of variance (ANOVA). Data were considered statistically significant at P <0.05. 

RESULTS  

Cysteine scanning and transport activity of single cysteine mutants 

Fifty seven single cysteine mutants were generated by replacing each of the amino acid 

residues within the TM4b-4c loop of CL-EAAT1 to a cysteine residue. EAAT1, CL-EAAT1 

and the mutants were expressed in HeLa cells, and the uptake of D-[
3
H]-aspartate was 

measured and compared to that of CL-EAAT1. Uptake ability of the cysteine mutants ranged 

from 1.5 ± 0.8% to 127.7 ± 10.2% relative to CL-EAAT1. Thirteen mutants (K191C, T192C, 
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Y194C, R197C, N206C, N216C, S218C, E230C, V232C, P233C, P235C, N242C, and 

G245C) had transport activities less than 15%. Transport activity of these mutants ranged 

from 1.5±0.8% to 14.8±6.1% of the CL-EAAT1 (Fig. 2). 

Accessibility of single cysteine mutants 

To probe for sulfhydryl modifications on the extracellular side of the bilayer, HeLa cells 

expressing either CL-EAAT1 or each of the 44 single cysteine mutants demonstrating 

measurable transport activity were treated with membrane-impermeant sulfhydryl reagent 

MTSET at 2.0 mM. Transport activities of F190C, V238C, and A243C were inhibited by 

MTSET (Fig. 3A)  in a concentration-related way, with full inhibition of activity observed at 

3.0 mM MTSET (Fig. 3B). The others were not impacted by MTSET. Additionally, the cells 

were exposed to membrane-permeant MTSEA at 2.5 mM to investigate the sulfhydryl 

modifications on the cytoplasmic side of the bilayer (Fig. 4A). Significant inhibition of the 

uptake activity of Q189C was detected (Fig. 4A, C), while less inhibition was seen in F190C, 

V238C, A243C, and L244C (Fig. 4A, B). Transport activity of these mutants decreased 

gradually with increasing MTSEA concentration (Fig. 4B, C). 

Effect of transporter substrates and inhibitors on sulfhydryl modification in single cysteine 

mutants 

To increase exposure of the mutated residues to sulfhydryl modification, the cells were 

preincubated in media containing transporter substrates or inhibitors. Transport activities were 

measured on HeLa cells expressing Q189C, F190C, V238C, A243C, and L244C that were 

preincubated in the presence of the sulfhydryl reagent with saturating amounts of transporter 

substrates or inhibitors. Transporter substrates or inhibitors did not affect sulfhydryl 

modification of F190C and V238C by MTSET (Fig. 5A, B) and by MTSEA (Fig. 6B, C). 

Potassium slightly enhanced MTSEA modification in Q189C and L244C while DL-TBOA 

did not show a significant effect (Fig. 6A, E). However, glutamate protected L244C from 
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MTSEA modification (Fig. 6E). Lastly, transporter substrates or inhibitors enhanced MTSEA 

modification of A243C (Fig. 6D). 

Expression of single mutants A243C and L244C 

To clarify the association between decreased transport activity and membrane expression of 

A243C and L244C that may take part during the transport cycle, surface biotinylation was 

performed. Cell membrane expression of A243C and L244C was detected by membrane-

impermeable biotin labeling and immunoblotting (Fig. 7A). The total proteins and the non-

biotinylated proteins of A243C and L244C showed no significant differences with CL-

EAAT1 (Fig. 7B, D). However, there was a pronounced decline in the cell surface expression 

of L244C (Fig. 7C). Compared to CL-EAAT1, the ratio of biotinylated proteins to non-

biotinylated proteins dramatically decreased in L244C but not in A243C (Fig. 7E). 

Comparable to the cysteine-less parent, transport activity normalized to relative plasma 

membrane expression of A243C, and L244C decreased (Fig. 7F). 

DISCUSSION 

Our previous results have demonstrated that the glutamate transporter EAAT1 may 

experience complicated movement between TM4 and HP1 or HP2 in the process of substrate 

transport(Rong et al., 2014). Also, we demonstrated that glutamate transporter GLT-1 

undergoes a complicated conformational shift between TM2 and TM4 domains during 

transport cycle (Rong et al., 2016). There are 50 more amino acid residues in mammalian 

EAATs than bacterial protein in TM4b-4c loop (Yernool et al., 2004) (Fig. 1). We introduced 

cysteine residues at each residue from Q189 to G245 to determine the accessibility and 

functionality of the TM4b-4c loop. Transport activities of thirteen mutants were less than 15% 

and do not warrant further investigation. Aqueous accessibility of individual cysteines was 

determined by membrane-impermeable MTSET and membrane-permeable MTSEA, This 

reaction can lead to variable degrees of loss of function of the membrane protein, depending 
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on the location of the cysteine and the importance of that position to the function of the 

protein. F190C, V238C, and A243C were sensitive to MTSET (Fig. 3A). We also observed 

that MTSEA inhibited the transport activity of Q189C, F190C, V238C, A243C, and L244C 

(Fig. 3B). This result, coupled with our findings on the membrane-impermeant sulfhydryl 

reagent reactivity of other cysteine-substituted residues suggested that Q189 and L244 are 

located in an aqueous pore within the membrane, while F190, V238, and A243 may be 

located around the extracellular side of the plasma membrane. It was suggested that MTSEA 

approaches Q189C and L244C cysteine residues from the cytoplasm. Alternatively, F190, 

V238, and A243 may be situated in the transport pathway, which is exposed to the aqueous 

environment. Additionally, the transport activity inhibition of Q189C with MTSEA is the 

highest compared to the other residues, indicating that this residue is quite accessible. 

Intersubunit distance measurements showed that the TM4b-4c loop is situated on the outer 

circumference of EAAT1. Koch and others have suggested that it may form a loop that 

extends from the entrance hall to the outer edge of EAATs and back to the core. It was also 

postulated that TM4b-4c loop may exert effects on the coordination of the cooperativity of the 

three subunits for the binding of Na
+
 ions (Koch et al., 2007). A previous study postulated 

that the TM4b-4c loop may be located on the extracellular vestibule of glutamate transporters 

(Yernool et al., 2004). In addition, TM4b-4c loop of EAATs have previously been speculated 

to be accessible to the extracellular space (Grunewald et al., 1998; Pines et al., 1992; Seal et 

al., 2000). Our aqueous accessibility data indicated that the TM4b-4c loop may not simply be 

situated on the extracellular side of the membrane. It may form multiple reentrant membrane 

loops at the cell surface that lead to the MTSET modification of F190C, V238C, and A243C. 

Additionally, the results of MTS modification suggest a nonperiodic secondary structure. 

Five single cysteine mutants, Q189C, F190C, V238C, A243C, and L244C, whose mutated 

residues are roughly situated at opposite ends of the TM4b-4c loop, are sensitive to the 

sulfhydryl compounds MTSET or MTSEA. To maximize the chances of sulfhydryl 
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modification of these mutants from either side of the membrane, the cells were exposed to the 

sulfhydryl reagent in the presence of different external media. DL-TBOA, a nontransported 

and competitive inhibitor to EAAT1, is expected to increase the percentage of outward-facing 

transporters (Boudker et al., 2007). Conversely, the binding of L-glutamate may block access 

of the sulfhydryl reagents to the cysteine side chain. It is expected that potassium and 

glutamate will increase the percentage of inward-facing transporters (Bergles et al., 2002; 

Reyes et al., 2009). The explanation for the increased inhibition of transport by MTSEA in 

the presence of potassium is that when the transporter becomes inward-facing, mutants 

Q189C, A243C, and L244C may move and become more accessible (Fig. 6A, D, E).. 

However, L-glutamate protects the L244C from modification by MTSEA (Fig. 6E). For 

A243C, glutamate, potassium and DL-TBOA each augmented the transporter activity 

inhibition by MTSEA (Fig. 6D). It may be explained that A243C accessibility increased in 

both outward-facing and inward-facing transporters during the transport cycle. Our previous 

results have demonstrated that A243C is accessible to MTSET and inhibition was augmented 

in the presence of DL-TBOA (Rong et al., 2016). Our current results show that the inhibition 

of uptake activity of A243C by MTSEA is augmented in the presence of potassium and L-

glutamate, but inhibition by MTSET is unaffected by these compounds. Presumably, MTSEA 

may be able to reach the cysteine at position A243C from both the outside and the inside of 

cell membrane. F190C and V238C were not impacted by MTSET or MTSEA in the presence 

of TBOA or potassium and glutamate (Fig. 4A, B, 5B, C). Thus, for cysteine mutants F190C 

and V238C, this reactivity is not conformationally sensitive, suggesting that they are always 

accessible to the extracellular side or transport pathway. To investigate whether the loss of 

uptake activity detected with A243C and L244C was owing to an absence of the transporter at 

the cell surface or whether these have intrinsic transport defects, the levels of the mutant 

proteins in the plasma membrane were evaluated by cell surface biotinylation. The decreased 

transport activity of L244C can be partially explained by the inability of the transporter to 

traffic or insert into the plasma membrane because of its absence from the biotinylated 
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fraction (Fig. 7C, E). A243C showed about 90% activity compared to CL-EAAT1. Uptake 

activity normalized to relative cell surface expression shows that A243C and L244C have an 

intrinsic transport defect (Fig. 7F). 

Previous studies suggest state-dependent trypsin cleavage sites and conformational changes 

have been found between TM3 and TM4 on GLT-1(Bergles et al., 2002; Grunewald and 

Kanner, 1995). This is consistent with our data. Conversely, fluorescence resonance energy 

transfer suggested little conformational change of the TM4b-4c loop during the transport 

cycle (Koch and Larsson, 2005). However, FRET measurements were the mean FRET 

efficiency, and they cannot uncover true complex conformational changes during glutamate 

transport cycle. Large-scale transport domain movements were observed by single-molecule 

fluorescence resonance energy transfer (smFRET) imaging in a bacterial homologue of 

glutamate transporters (Akyuz et al., 2013). Therefore, FRET measurements may not 

accurately predict movement of the TM4b-4c loop. A previous study postulated that the 

TM4b-4c loop may be located in the extracellular vestibule of eukaryotic EAATs (Yernool et 

al., 2004), but this hypothesis is inconsistent with our results. N-glycosylation sites in the 

TM4b-4c loop suggest these may play an important role in the post-translational processing of 

these proteins (Canul-Tec et al., 2017). 

From the discussion above, we suggest that the majority of the residues in the TM4b-4c 

loop may form multiple reentrant membrane loops. Q189C, A243C, and L244C of TM4b-4c 

loop are conformationally sensitive and may have roles in the transport pathway during the 

transport cycle. The function of other residues of the TM4b-4c loop is not clear. The TM4b-

4c loop may be located in the periphery of the transporter, based on the Swiss-Model (Fig. 8). 

Additionally, the result of the MTS experiment combined with the Swiss-Model suggested 

that some residues of the TM4b-4c loop may be positioned at the transport domain of the 

protein.  
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Figure Legends: 

Fig. 1.Sequence alignment and EAAT transmembrane topology 

(A) Sequence alignment of TM4b-4c loop on GltPh and EAAT1 (Canul-Tec et al., 2017; 

Yernool et al., 2004). Insertions in eukaryotic transporters between helices 4b and 4c are not 

included and are marked by “------”. Arrows represent residues Q189, F190, V238, A243, and 

L244 on EAAT1 and G149, V151 and L152 on GltPh; (B) Representation of EAAT 

transmembrane topology (Yernool et al., 2004). Putative position of 4b-4c loop is depicted by 

the red loop. Arrows represent TM 4b-4c loop. 

Fig. 2. Transport activity of single cysteine mutants of TM4b-4c loop of CL-EAAT1. 

HeLa cells expressing single cysteine mutants, Cysteine-less EAAT1, and EAAT1 were 

washed twice with choline chloride-containing solution, and subsequently D-[
3
H]-aspartate 

uptake was assayed. Data are given as a percentage of Cysteine-less EAAT1 transport activity 

and are mean ± SE of 3-4 experiments each performed in triplicate. 

Fig. 3.Effect of MTSET on uptake activity of single cysteine mutants of TM4b-4c loop of 

CL-EAAT1. 

HeLa cells expressing single cysteine mutants or Cysteine-less EAAT1, were preincubated in 

NaCl containing medium with MTSET for 5 min at room temperature, washed twice with 

choline chloride-containing solution, and subsequently D-[
3
H]-aspartate transport was 

assayed. Data represent percentage of the remaining uptake activity after incubation with 

MTSET relative to values obtained in the absence of MTSET and represent the mean ± SE of 

at least three different experiments performed in triplicate. (A) Effect of MTSET on transport 

activity of single cysteine mutants of TM4b-4c loop of CL-EAAT1. The concentration of 

MTSET used in this study was 2.0 mM; (B) Effect of different concentrations of MTSET on 

transport activity of F190C, V238C, and A243C. 
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Fig. 4.Effect of MTSEA on uptake activity of single cysteine mutants of TM4b-4c loop of 

CL-EAAT1. 

HeLa cells expressing single cysteine mutants or Cysteine-less EAAT1, were preincubated in 

NaCl containing medium with MTSEA for 5 min at room temperature, washed twice with 

choline chloride-containing solution, and subsequently D-[
3
H]-aspartate transport was 

assayed. Data represent percentage of the remaining uptake activity after incubation with 

MTSEA relative to values obtained in the absence of MTSEA and represent the mean ± SE of 

at least three different experiments performed in triplicate. (A) Effect of MTSEA on transport 

activity of single cysteine mutants of TM4b-4c loop of CL-EAAT1. The concentration of 

MTSEA used in this study was 2.5 mM; (B)and (C) Effect of different concentrations of 

MTSEA on transport activity of Q189C, F190C, V238C, A243C, and L244C. 

Fig. 5. Effect of external media on the inhibition of transport activity by MTSET 

HeLa cells expressing F190C (A) and V238C (B) were preincubated for 5 min in the presence 

or absence of 1.5 mM (A) and 1.0 mM (B) MTSET. The indicated preincubation solutions 

contained NaCl solution, NaCl solution +1 mM L-glutamate, NaCl solution +20 µM TBOA, 

KCl solution, and ChCl solution. After washing, D-[
3
H]-aspartate uptake was measured. 

Results represent the mean ± SE (error bars) of at least three experiments performed in 

triplicate and are given as a percentage of the transport activity of samples preincubated in the 

same medium without MTSET (*P < 0.05). 

Fig. 6. Effect of external media on the inhibition of transport activity by MTSEA 

HeLa cells expressing Q189C (A), F190C (B), V238C (C), A243C (D), and L244C (E) were 

preincubated for 5 min in the presence or absence of 10 µM (A), 1.5 mM (B), 3.5 mM (C), 

2.5mM (D), and 3.5mM (E) MTSEA. The indicated preincubation solutions contained NaCl 

solution, NaCl solution +1 mM L-glutamate, NaCl solution +20 µM TBOA, KCl solution, 

and ChCl solution. After washing, D-[
3
H]-aspartate uptake was measured. Results represent 
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the mean ± SE (error bars) of at least three experiments performed in triplicate and are given 

as a percentage of the transport activity of samples preincubated in the same medium without 

MTSEA (*P < 0.05). 

Fig. 7. Membrane expression of V243C and V244C mutants 

HeLa cells were transfected with the CL-EAAT1, V243C, and V244C mutants. (A) The total 

proteins, biotinylated membrane proteins, and non-biotinylated proteins were measured by 

western blot as described under Materials and Methods. Blots of all proteins were probed with 

the anti-EAAT1 antibody. Each blot of the biotinylated membrane proteins were probed for 

the internal plasma membrane marker integrin and the absence of α/β-tubulin, an endogenous 

cytosolic protein representing the negative control in the biotinylated membrane proteins. 

Each blot of the non-biotinylated proteins was probed for the presence of α/β-tubulin. Each 

blot of the total proteins was probed for the presence of actin; (B) Densitometric analysis of 

the total proteins for each mutant normalized to internal marker (actin) and represented as a 

percentage of CL-EAAT1; (C) Densitometric analysis of the biotinylated membrane proteins 

for each mutant normalized to internal marker (integrin) and represented as a percentage of 

CL-EAAT1; (D) Densitometric analysis of the non-biotinylated proteins for each mutant 

normalized to internal marker (α/β-tubulin) and represented as a percentage of CL-EAAT1; 

(E) The ratio of the biotinylated membrane protein expression and non-biotinylated protein 

expression of CL-EAAT1 and mutants; (F) D-[
3
H]-Asp uptake activity normalized to relative 

cell surface expression. Values represent the means ± SE of at least three different 

experiments performed in triplicate. Values significantly different from those of CL-EAAT1 

were determined by one-way ANOVA (*P < 0.05). 

Fig. 8. Structure model from 5llm.1.A 
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3-D image of EAAT1 was generated by the SWISS-MODEL homology-modeling, Arrows 

depict the TM3-4 and TM4b-4c loops(Arnold et al., 2006; Biasini et al., 2014; Kiefer et al., 

2009). 

Data Supplement 1. Template-5llm.1.A. 

Data Supplement 2. Swiss-model 

Data Supplement 3. Swiss-model building report 
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Fig. 1. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 13, 2018 as DOI: 10.1124/mol.117.111245

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 

2 

 

Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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