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S T R U C T U R A L  B I O L O G Y

Cryo-EM structures of excitatory amino acid  
transporter 3 visualize coupled substrate, sodium,  
and proton binding and transport
Biao Qiu1, Doreen Matthies2*, Eva Fortea1, Zhiheng Yu2, Olga Boudker1,3†

Human excitatory amino acid transporter 3 (hEAAT3) mediates glutamate uptake in neurons, intestine, and kid-
ney. Here, we report cryo-EM structures of hEAAT3 in several functional states where the transporter is empty, 
bound to coupled sodium ions only, or fully loaded with three sodium ions, a proton, and the substrate aspartate. 
The structures suggest that hEAAT3 operates by an elevator mechanism involving three functionally independent 
subunits. When the substrate-binding site is near the cytoplasm, it has a remarkably low affinity for the substrate, 
perhaps facilitating its release and allowing the rapid transport turnover. The mechanism of the coupled uptake 
of the sodium ions and the substrate is conserved across evolutionarily distant families and is augmented by cou-
pling to protons in EAATs. The structures further suggest a mechanism by which a conserved glutamate residue 
mediates proton symport.

INTRODUCTION
Human excitatory amino acid transporters (hEAATs) pump gluta-
mate into cells against steep concentration gradients by using the 
pre-established inward-directed sodium and proton transmembrane 
gradients and outward-directed potassium gradients as an energy 
source (1, 2). hEAAT3 is one of five human EAAT subtypes broadly 
expressed in neurons throughout the brain. It is the major gluta-
mate and aspartate transporter outside of the central nervous sys-
tem, including kidneys and intestines (3–5). EAAT3 knockout in 
mice and loss-of-function mutations in hEAAT3 cause dicarboxylic 
aminoaciduria, a metabolic disorder that leads to the excessive loss 
of aspartate and glutamate in the urine (6, 7). Notably, the disorder 
can be associated with mental retardation and obsessive-compulsive 
syndrome (8).

EAAT3 is expressed in the somata and dendrites of both excit-
atory and inhibitory neurons in the mammalian brains but excluded 
from presynaptic membranes. EAAT3 total levels in the brain are 
approximately 100 times lower than EAAT2 (9), which mediates 
most of the glutamate uptake following synaptic transmission (10). 
Nevertheless, altered EAAT3 expression and plasma membrane 
trafficking are associated with epilepsy, schizophrenia, and hypoxia; 
decreased activity leads to neuron susceptibility to oxidative dam-
age, particularly in epilepsy models (11–14). The relevance of EAAT3 
to oxidative stress resistance might be due to its ability, unique 
among EAATs, to transport cysteine, which is a rate-limiting inter-
mediate in the biosynthesis of the antioxidant glutathione (15–17). 
Thus, activators of hEAAT3 might be useful to boost cysteine up-
take into neurons under pathologic conditions. Because of the high 
concentration of glutamate in neurons, hEAAT3 might also run in 
reverse during ischemia, spilling excitotoxic levels of glutamate into 

the extracellular space. Therefore, specific inhibitors of hEAAT3 
might be clinically helpful in reducing glutamate-mediated damage 
following transient ischemic conditions and depolarization of 
membranes.

A detailed understanding of the hEAAT3 structure and mecha-
nism would be required to enable pharmacologic manipulations. 
Moreover, EAAT3 is one of the best functionally characterized glu-
tamate transporters, making it an excellent target for structural 
studies. Thus, we determined the structures of hEAAT3 using cryo–
electron microscopy (cryo-EM). The transporter is a homotrimer 
with each protomer consisting of two domains, a central trimeriza-
tion scaffold, and a peripheral transport domain containing the 
substrate-binding site. The individual hEAAT3 protomers undergo 
elevator-like transitions between the outward- and inward-facing 
conformations, in which their transport domains localize closer to 
the extracellular space and the cytoplasm, respectively. We observe 
trimers with every possible arrangement of the outward- and inward- 
facing protomers, consistent with protomer independence. When 
we imaged hEAAT3 in the presence of aspartate and sodium ions, 
we observe that only outward-facing protomers bound the amino 
acid, while inward-facing protomers remained substrate-free. We 
conclude that the substrate-free transporter has a strong preference 
for the inward-facing conformation, while the outward-facing trans-
porter has a substantial higher affinity for the amino acid. Last, we 
compare the transport domain structures when free of ligands, bound 
to sodium ions, and bound to sodium ions, protons, and aspartate. 
These structures provide mechanistic insights into the symport of 
the amino acid, sodium, and protons in hEAAT3.

RESULTS
The elevator mechanism of hEAAT3
We heterologously expressed and purified full-length hEAAT3, 
with two potential glycosylation sites mutated (N178T and N195T), 
hEAAT3g (fig. S1, A to C). The wild type and mutant showed aspar-
tate uptake in oocytes with similar Km (Michaelis constant) values 
of 39 ± 7 and 63 ± 11 M (Fig. 1A), suggesting that mutations do 
not significantly alter the function of the transporter. The purified, 
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liposome-reconstituted hEAAT3g showed electrogenic aspartate 
uptake in solid-supported membrane (SSM) electrophysiology as-
says (fig. S1, D to G). The uptake required a sodium (Na+) ion gra-
dient and was inhibited by (3S)-3-[[3-[[4-(trifluoromethyl)benzoyl]
amino]phenyl]methoxy]-l-aspartic acid (TFB-TBOA) (fig. S1, D 
and E). All EAATs, including hEAAT3, show thermodynamically 
uncoupled anion conductance gated by glutamate or aspartate 
binding (18–22). We found that hEAAT3g-mediated transient currents 

in SSM experiments comprised a positive peak and a negative over-
shoot in the presence of a permeant anion (chloride); only posi-
tive currents remained when chloride was replaced by impermeant 
phosphate (fig. S1, F and G). These observations suggest that the 
purified hEAAT3g retains both coupled transport and uncoupled 
channel activities. The apparent aspartate Km values were 179 ± 23 
and 242 ± 24 M in the absence and presence of the permeant an-
ion, respectively (Fig. 1B). These values are higher than in oocytes 

Fig. 1. Alternating access mechanism of hEAAT3g. (A) hEAAT3g (open squares) and wild-type hEAAT3 (solid squares) show similar l-asp uptake in oocytes. Measured 
currents are plotted as fractions of the maximal observed current. (B) Transient currents mediated by hEAAT3g reconstituted into solid-supported membranes. Measured 
peak currents are plotted as fractions of the maximal observed peak current. Currents were measured in buffers containing nonpermeant phosphate (open circles) and 
permeant chloride (solid squares) anions. (C) Observed populations of hEAAT3g trimers with different configurations of protomers in the OFS (O) and IFS (I), as indicated 
below the graph (black columns), are consistent with binomial distributions with OFS probability of 19% (gray columns). The analysis is based on the cryo-EM imaging 
data for hEAAT3g in the presence of 200 mM NaCl and 1 mM l-asp. (D) Structures of single hEAAT3g protomers in the IFS-Na+ (left) and OFS-Asp (right) states. The scaffold 
domains are pink and beige, and the transport domains are in shades of blue. Structurally symmetric HP1 and HP2 are yellow and red, respectively. Substrate and ions are 
shown as spheres and colored by atom type. Below are the close-up views of the substrate-binding sites. The gray mesh objects are density maps contoured at 5.5  for 
L-asp (left) and 4.5  for the protein (right). (E) Interactions between HP2 (red spheres) and scaffold domain (beige surface) for the inward-facing hEAAT3g bound to Na+ 
ions (left), ASCT2 bound to Na+ ions [Protein Data Bank (PDB) accession code 6rvx, middle], and ASCT2-Gln bound to glutamine (PDB accession code 6gct, right). Dotted 
blue ellipses highlight the locations of the substrate-binding site for reference. The rest of the transport domains are shown as blue ribbons. The close-up views are below 
the panels.
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and mammalian cells (23–25). The discrepancies might reflect dis-
tinct lipid environments. Furthermore, hEAAT3 showed a signifi-
cantly higher Km of reverse transport (26, 27). Thus, it is possible 
that in the reconstructed system with the mixed orientations of the 
transporter, a combination of the forward and reverse transport is 
observed, yielding a higher observed Km than in cell assays.

We first acquired cryo-EM micrographs of hEAAT3g in the pres-
ence of 200 mM NaCl and 1 mM l-aspartate (l-asp). In these studies, 
we used aspartate rather than glutamate because the transporter has 
a higher affinity for the former. Following two-dimensional (2D) 
and 3D classifications, 3D refinement with applied C3 symmetry 
yielded a density map with an overall resolution of 2.85 Å (table S1 
and figs. S2, A to C, and S3A). The trimeric transporter showed an 
overall architecture (fig. S4) similar to those of the homologous ar-
chaeal transporters GltPh and GltTk (28–31), a thermostabilized 
variant of human EAAT1 (htsEAAT1) (32), and human neutral 
amino acid transporter ASCT2 (33, 34). The central trimerization 
scaffold supported three peripheral transport domains in inward- 
facing states (3i). Although the scaffold domain is more divergent 
than the transport domain, its overall architecture and many resi-
dues involved in inter-subunit interactions are well conserved (fig. S5). 
All family members feature a large, similarly sized, lipid- or deter-
gent-filled cavity on the trimeric symmetry axis. Highly conserved 
V155 and F159 in transmembrane segment 4b (TM4b) and F239 in 
TM5 seal the cavity in hEAAT3g from the extracellular and intra-
cellular sides, respectively. The insertions of variable sizes between 
TM4b and TM4c feature the most striking sequence divergence in 
the family. The inserted loop is the shortest in ASCT2 and is fully 
resolved in the cryo-EM maps. It mostly comprises two antiparallel 
 strands and looks like an arm rising above the transporter’s extra-
cellular rim. While the arm extends over the neighboring subunit, it 
contributes little to the assembly and interacts mostly with the scaf-
fold TM4a of its own protomer. The role of this structure is unclear. 
Despite sequence differences, the resolved part of the hEAAT3g 
loop is structurally similar to ASCT2. The loop is significantly lon-
ger in hEAAT3 and contains the mutated glycosylation sites. How-
ever, these regions are flexible and unresolved in our structures.

Unexpectedly, symmetry expansion revealed ~19% subpopula-
tion of protomers in an outward-facing conformation (fig. S2). We 
refined these protomers to 3.03-Å resolution (table S1 and fig. S3B). 
We then sorted 554,920 particles of EAAT3 trimers based on the 
conformations of their protomers and estimated the fractions con-
taining three (3i), two (2i1o), one (1i2o), and zero (3o) inward- 
facing protomers. These were in good agreement with the binomial 
distribution (Fig. 1C). Using these sorted trimers, we refined the 
asymmetric 2i1o trimer and the symmetric 3i trimer to 3.42-Å 
(table S1 and fig. S3C) and 3.03-Å resolution, respectively. The map 
of the “purified” symmetric 3i trimer was virtually indistinguishable 
from the map obtained from all particles combined but was of 
slightly lower resolution. Lack of resolution improvement suggested 
that there might be additional structural heterogeneity. However, 
further symmetry expansion on the particles failed to reveal differ-
ent conformational states. Together, these results show that trans-
port domains sample outward- and inward-facing orientations 
independently of each other, consistent with the body of literature 
(35–37).

In the outward- and inward-facing protomers, the scaffold do-
main remained mostly unchanged. In contrast, the transport domain 
moved by ~20 Å from an extracellular to an intracellular position 

enabled by the interdomain hinges (Fig. 1D). The outward-facing 
protomers were bound to l-asp (OFS-Asp), while the inward-facing 
protomers were not (Fig. 1D). In the inward-facing protomers (IFS-
Na+), Na+ ions likely occupy at least one of the three binding sites 
(discussed below), and we observe a characteristic opening of the 
helical hairpin 2 (HP2) proposed to gate the substrate-binding site 
(38–40). These results suggest that in the absence of transmem-
brane electrochemical gradients and substrate, hEAAT3g strongly 
favors the inward-facing conformation, similar to the archaeal GltTk 
(38). Furthermore, inward-facing hEAAT3g has a remarkably 
low substrate affinity, at least under our imaging conditions. The 
substrate-bound protomers should be a minority at 1 mM l-asp and 
might be averaged out during processing, suggesting that the disso-
ciation constant is above 1 mM. By contrast, all outward-facing 
protomers are bound to aspartate and hEAAT3g Km, which is an 
approximation of the outward-facing dissociation constant, is 
~60 M. Thus, hEAAT3g is very different from the archaeal GltPh, 
for which we measured similar high substrate affinities in both the 
outward- and inward-facing states under symmetric ionic condi-
tions (41).

It is unlikely that the differences in substrate affinities in the OFS 
and IFS are due to different substrate coordination or local electro-
static potentials. Consistently, in ASCT2 and GltPh, the substrate 
coordination is identical in the two states (29, 30, 33, 34). Instead, 
we think that the differences in affinities are due to different confor-
mations and structural environments of HP2 before l-asp binds. In 
the inward-facing substrate-free hEAAT3g and ASCT2, we ob-
served the transport domains leaning away similarly from HP2, 
which remains in contact with the scaffold (Fig. 1E). In this manner, 
the binding site is open to the cytoplasm. Upon substrate binding to 
the inward-facing ASCT2, the tip of HP2 closes over the binding 
pocket (33, 40). We expect that substrate binding and occlusion in 
hEAAT3g occurs by a similar mechanism. However, the HP2 tip is 
more extensively engaged with the scaffold in hEAAT3g than in 
ASCT2 (Fig. 1E), perhaps explaining, at least in part, its low affinity 
for the substrate.

Distinct mode of substrate binding to hEAAT3
The substrate-binding site geometry in hEAAT3g OFS-Asp resem-
bles that of the archaeal homologs and htsEAAT1, but the l-asp side 
chain takes a different rotamer and is coordinated differently in 
hEAAT3g (Fig. 2, A and B, and fig. S6A). The main-chain carboxyl-
ate of l-asp is coordinated principally by N451401 (here and else-
where, the corresponding residue number in GltPh is shown as the 
subscript for reference) in TM8 and S333278 in HP1, similar to other 
homologs (29, 32). In contrast, the side-chain carboxylate and the 
amino group of l-asp are coordinated differently. Carboxyl oxygens 
(OD1 and OD2) form hydrogen bonds with R447397 in TM8, the 
main-chain amides of HP2 (OD1), and T370314 in TM7 (OD2) in 
the archaeal transporters and htsEAAT1. However, in hEAAT3g, 
the carboxyl group and R447397 face away from each other somewhat. 
While still hydrogen-bonded by the guanidinium group, the carbo-
xylate appears to be more engaged with T370314 (Fig. 2A). l-Asp 
amino group in other homologs is coordinated primarily by the 
highly conserved D444394 in TM8, but in hEAAT3g, it is coordinated 
only by the carbonyl oxygens in HP1 and HP2. D444394 does not 
interact with l-asp and, instead, interacts with R447397. The struc-
tural basis of why the substrate binds differently to hEAAT3g re-
mains unclear because the residues forming the binding site are 
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highly conserved and essential for transport (25, 42, 43). Reduced 
reliance on R447397 and coordination of the arginine by D444394 
might explain why hEAAT3 accepts cysteine as a substrate, while 
the other homologs do not.

Na+ and substrate coupling
All sodium-coupled glutamate transporters with known ionic stoi-
chiometry symport their substrates with three sodium ions (23, 44–46). 
We observed density corresponding to Na+ ions at all three conserved 
Na+-binding sites Na1, Na2, and Na3 in the OFS-Asp protomer (fig. 
S6, B to D). In the IFS-Na+ protomers, l-asp and Na2 sites are dis-
torted and empty because of the open HP2. The coordinating groups 
of the Na1 site below the substrate-binding site are in place, but we 
did not observe any density for the ion. Moreover, it appears that 
the site, in particular, the critical D455405 residue, is solvent accessible 
(Fig. 2C). Na3 site is located deep in the protein core. All coordinating 
residues are in place, and the site is likely occupied, although ion 
density is unresolved (Fig. 2D). These results are consistent with pre-
vious suggestions that the Na3 site has the highest affinity and might 
be the first to bind the ion (31, 47, 48). In contrast, the Na1 site 
might be in rapid exchange with the bulk solution and remain only 
partially occupied at 200 mM Na+ ions used during grid preparation.

Substrate binding to glutamate transporters, both archaeal and 
human, is sodium dependent (29, 49, 50). To uncover the structural 
basis of this dependence in hEAAT3g, we wanted to compare hEAAT3g 
structures in the presence and absence of Na+. Therefore, we imaged 
the transporter under apo conditions in a buffer containing 100 mM 
choline chloride. Following data processing, we only observed 
inward-facing symmetric trimers (IFS-Apo), which we refined to 
3.03-Å resolution (table S1 and fig. S3D). The overall architecture of 
IFS-Apo protomers is similar to IFS-Na+, but the transport domains 
swing further away from the scaffold and shift outward slightly. The 
IFS-Apo and IFS-Na+ transport domains superimposed with an 
overall root mean square deviation (RMSD) of 1.3 Å, with the most 
significant conformational changes in TM7 and HP2 (Fig. 2E). In 
further considering the mechanism of coupling between sodium 
and aspartate binding, we took advantage of the observations that 
the conformational changes upon ion and substrate binding are 
confined to transport domains and similar in the outward- and inward- 
facing states of glutamate transporters (38, 39, 51). Therefore, we 
compared the transport domains of IFS-Apo, IFS-Na+, and OFS-Asp 
to visualize structural events during binding.

We observed that a critical structural change upon binding of 
Na+ ions to the apo protein is the repositioning of M367311, part of the 
highly conserved Asn-Met-Asp motif in TM7. When Na+ ions bind 
to Na1 and Na3 sites, coordinated, in part, by N366310, M367311 side 
chain flips from pointing into the lipid bilayer to pointing toward 
the substrate-binding site, where it also contributes to the Na2 site 
(Fig. 2E) (31). The flipped-out M367311 side chain, as seen in IFS-
Apo, would sterically clash with the closed HP2 conformation ob-
served in the OFS-Asp, perhaps disfavoring l-asp binding in the 
absence of the ions (Fig. 2, E and F). Once Na+ ions bind to Na1 and 
Na3 sites, M367311 and HP2 are repositioned in a manner compati-
ble with substrate binding, which causes only minimal further 
structural changes, limited to the closure of HP2 and the formation 
of the Na2 site (Fig. 2F). Striking similar movements of the corre-
sponding M311 residue contribute to the coupled binding in GltPh 
(29, 51), suggesting that the mechanism is conserved in glutamate 
transporters of vastly different evolutionary origins.

HP2 is open in the IFS-Apo of hEAAT3g. Previously, both open 
and closed HP2 conformations were visualized in inward-facing 
GltPh (39, 51), and both GltPh and GltTk display closed HP2 confor-
mations in the apo outward-facing states (31, 51–53). Closure of 
HP2 is thought to be required for the rapid transmembrane movements 

Fig. 2. Substrate and sodium coupling in hEAAT3g. l-Asp binds differently to 
hEAAT3g (A) and thermally stabilized human EAAT1 (htsEAAT1, PDB accession code 
5 lm4) (B). While the electron density for l-asp is a little ambiguous in htsEAAT1 
structure, the substrate position and coordination is identical to GltPh and GltTk, 
lending confidence to the model. Interactions between l-asp and EAATs are shown 
as dashed lines. HP1 and HP2 are colored yellow and red, respectively; l-asp is col-
ored green; and TM7 and TM8 are colored blue (hEAAT3g) and white (htsEAAT1), 
respectively. (C) Na1 is solvent accessible. hEAAT3g is shown as a thin slice taken 
through the Na1 site. The Na+-coordinating residue D455 is shown as spheres and 
colored by atom type. (D) Close-up view of the Na3 site in hEAAT3g OFS-Asp (ma-
rine) and IFS-Na+ (light blue). (E and F) Conformational changes within the trans-
port domains transitioning from the IFS-Apo to IFS-Na+ state (E) and IFS-Na+ to 
OFS-Asp state (F). The transport domains are white and shades of blue for the start-
ing and ending states, respectively, with HP1 in yellow and HP2 in salmon. M367 is 
shown as spheres and colored by atom type in all states. The arrows indicate con-
formational changes from IFS-Apo to IFS-Na+ (E) and IFS-Na+ to OFS-Asp (F).
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of the transport domain. In human EAATs, potassium binding might 
be necessary to close HP2, ensuring coupled potassium antiport. 
We speculate that the inability of hEAAT3g IFS-Apo to close HP2, 
contrasting it to the archaeal homologues, is related to the R447397 
side-chain position. In the apo archaeal transporters, R447397 moves 
into the substrate-binding site where it can form direct or through- 
water hydrogen bonds with the main-chain carbonyl oxygens of the 
HP2 tip. In hEAAT3g IFS-Apo, R447397 interacts with the TM7 
residue E374318 (glutamine in archaeal homologs) and is not avail-
able to close HP2 (fig. S7, A and B). An R447397-E374318 salt bridge 
might also sterically hinder HP2 closure (54). Recent work sug-
gests that the potassium binding site in EAATs might be located be-
tween the Na1 and Na3 sites (54) or overlap with the Na1 site (55). 
Unfortunately, we were unable to visualize potassium binding to 
hEAAT3g because the cryo-EM structure obtained in the presence 
of 250 mM KCl (fig. S3E) looks identical to IFS-Apo with overall 
RMSD of 0.36 Å. Both Na1 and Na3 sites are distorted in the IFS-
Apo conformation in the absence and presence of potassium, and we 
do not see excess densities that could correspond to a potassium ion.

Gating coupled to proton binding
The working cycle of EAATs involves the symport of a proton along 
with the amino acid and Na+ ions. E374318 in EAAT3 and the equiv-
alent residues in other EAATs might be the proton acceptors, and 

mutating them to glutamines resulted in substrate translocation 
only in an exchange mode (56). Consistently, in archaeal homologs 
and ASCT2, which are not proton-coupled, E374318 is replaced by a 
glutamine. Furthermore, mutating R447397 in EAAT3 to cysteine 
abolished aspartate and glutamate transport but allowed cysteine 
transport in an exchange mode, suggesting that R447 is also in-
volved in proton coupling (42). In OFS-Asp hEAAT3g, E374318 is 
occluded from the solution by HP2 and makes no interactions with 
other residues (Fig. 3, A and D). R447397 interacts with D444394 and 
with Y373317 through a cation- interaction. In IFS-Na+, HP2 is 
open, and E374318 is positioned at the far end of a cavity, where it 
forms a hydrogen bond with T418362 (Fig. 3, B and E). Conforma-
tions of R447397 and other substrate-coordinating residues (S333, 
T370, and N451) are almost the same as in OFS-Asp. Last, in IFS-
Apo, the side chains of R447397 and E374318 flip towards each other 
to form a salt bridge (Fig. 3, C and F). The interaction between 
R447397 and Y373317 breaks and R447397 descends into the substrate- 
binding site. Thus, R447 interacts with either substrate or E374 as 
previously suggested (57). We calculated the pKa (where Ka is the 
acid dissociation constant) values of E374318 in the apo, Na+-bound, 
and l-asp–bound states using PROPKA (58). The obtained values 
of 7.7, 7.5, and 8.5, respectively, were similar to the experimentally 
measured pKa values for proton binding to EAAT3 (26). Increased 
pKa values and occlusion from solvent suggest that E374318 is more 

Fig. 3. The proton coupling mechanism of hEAAT3g. Close-up views of R447 and E374 in the OFS-Asp state (A), IFS-Na+ state (B), and IFS-Apo state (C). Key interactions 
are shown as red dashed lines; density of residues is shown as mesh; the contour levels of the maps are below the panels. HP1 and HP2 are yellow and red, respectively. 
TM7 and TM8 are marine, light blue, and white in (A), (B), and (C), respectively. l-Asp is green. Position of R447 and E374 relative to the membrane and their solvent acces-
sibility in the OFS-Asp state (D), IFS-Na+ (E), and IFS-Apo state (F). hEAAT3g is shown as a surface sliced approximately through the substrate-binding site and viewed in 
the membrane plane. Dashed ellipses mark the scaffold domains. R447 and E374 are shown as spheres.
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likely to bind protons when Na+ ions and l-asp bind to the trans-
porter. In this manner, the binding of protons, Na+ ions, and the 
substrate is coupled. Consistently, molecular dynamics simulations 
showed that the protonation of E374 could favor ligand binding 
(59). During the return of the apo transport domain from the inward- 
into the outward-facing state, the E374318-R447397 salt bridge would 
allow the occlusion of the deprotonated residue.

DISCUSSION
EAAT3 is the fastest EAAT subtype with turnover times of ~10 ms 
(1, 60). Like other members of the family, it operates by an elevator 
mechanism. The movements of the individual transport domains 
within the trimer are independent of each other, leading to a sto-
chastic distribution of the outward- and inward-facing protomers 
observed in cryo-EM imaging experiments. We find that the affinity 
of the inward-facing state is low, and all observed inward-facing 
protomers are substrate-free in 1 mM aspartate. In contrast, the 
substrate affinity of the outward-facing state is much higher, and all 
outward-facing protomers showed the bound substrate. In that re-
gard, hEAAT3g differs from the archaeal GltPh, which showed com-
parable aspartate affinities in the outward- and inward-facing states 
(41). Thus, our data suggest that during the transport cycle of EAAT3, 
the inward-facing substrate-bound closed state is a transient, unsta-
ble state and that the release of the substrate is rapid. We further 
speculate that potassium-bound inward-facing closed conformation 
might also be a comparatively high-energy state, perhaps explaining 
why we did not observe it in our imaging experiments. This hypoth-
esis is consistent with the reorientation of the potassium-bound 
transport domain being the rate-limiting step of the transport 
cycle (60).

Our data, together with the published work, suggest that a two-
prong structural mechanism of Na+ and amino acid symport is con-
served in evolution from archaea to humans. First, binding of Na+ 
ions to the Na1 and Na3 sites is a prerequisite for the binding of 
substrate and Na+ in the Na2 site and leads to movements of two 
critical residues: R447397 out of the binding site to make space for 
the amino acid, and M367311 into the binding site, where it coordi-
nates Na+ in the Na2 site. Second, uncoupled transport of Na+ ions 
bound to Na1 and Na2 sites is prevented because the closure of the 
HP2 tip, essential to allow translocation, requires binding of the 
substrate and Na+ in the Na2 site. Thus, HP2 is open in the IFS-Na+ 
structure, likely hindering transport domain movements. In EAATs, 
the coupling to E374318 protonation enhances the mechanism. 
Breaking of the interaction between E374318 and R447397, favored 
by E374318 protonation, is necessary to make the arginine available 
to coordinate the substrate. Furthermore, the protonation of E374318 
is likely required to allow HP2 closure, which completely occludes 
the residue in a nonpolar protein interior.

MATERIALS AND METHODS
Protein expression and purification
The codon-optimized full-length human EAAT3 was cloned into a 
modified pCDNA 3.1 (+) plasmid (Invitrogen), which has N-terminal 
Strep∙Tag II followed by an enhanced green fluorescent protein 
(eGFP) and PreScission protease site. Glycosylation sites, N178 and 
N195, were mutated to threonines by site-directed mutagenesis. Hu-
man embryonic kidney (HEK) 293F cells (Invitrogen) at a density of 

2.5 × 106 cells/ml cultured in the FreeStyle293 medium (Gibco) were 
transiently transfected using 3 mg of appropriate plasmid using 
poly-ethylenimine (PEI) (Polysciences) as a 1:3 plasmid to PEI 
weight ratio. The cells were diluted with an equal volume of fresh 
FreeStyle293 medium 6 hours following the transfection, and valproic 
acid (Sigma-Aldrich) was added to a final concentration of 2.2 mM to 
boost protein expression 12 hours later. The cells were collected 
~48 hours after transfection by centrifugation at 4000g for 10 min at 
4°C. Cell pellets were resuspended in buffer containing 50 mM tris-Cl 
(pH 8.0), 1 mM l-asp, 1 mM EDTA, 1 mM tris(2-carboxyethyl) phos-
phine (TCEP), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 
1:200 dilution of mammalian protease inhibitor cocktail (Sigma- 
Aldrich). The resuspended cells were disrupted using an EmulsiFlex- C3 
cell homogenizer (Avestin) or flash-frozen by liquid nitrogen and 
stored at −80°C for further use. Cell debris was removed by centrifu-
gation at 10,000g for 15 min at 4°C, and membranes were harvested by 
ultracentrifugation at 186,000g for 1 hour at 4°C. The membrane 
pellets were resuspended and homogenized using a Dounce homoge-
nizer in buffer containing 50 mM tris-Cl (pH 8.0), 200 mM NaCl, 
1 mM aspartate, 1 mM EDTA, 1 mM TCEP, 1 mM PMSF, 1:200 dilution 
of mammalian protease inhibitor cocktail, and 10% (v/v) glycerol. The 
membranes were incubated with 2% dodecyl--d-maltopyranoside 
(DDM; Anatrace) and 0.4% cholesteryl hemisuccinate (CHS; Sigma- 
Aldrich) for 1 hour at 4°C. After ultracentrifugation at 186,000g for 
1 hour at 4°C to remove insoluble material, the supernatant was incu-
bated with Strep-Tactin Sepharose resin (GE Healthcare) for 1 hour at 
4°C. For the l-asp–containing samples, the resin was washed by 
eight-column volumes of buffer containing 50 mM tris-Cl (pH 8.0), 
200 mM NaCl, 0.06% glyco-diosgenin (GDN; Anatrace), 1 mM 
TCEP, 5% glycerol (wash buffer), and 1 mM l-asp. Protein was eluted 
with four-column volumes of the wash buffer supplemented with 
2.5 mM d-desthiobiotin (elution buffer). Strep∙Tag II and eGFP were 
removed by incubating the protein with homemade PreScission pro-
tease at 100:4 protein to protease ratio at 4°C overnight. EAAT3 was 
further purified by size exclusion chromatography using Superose 6 
10/300 column (GE Healthcare) pre-equilibrated with 20 mM tris-Cl 
(pH 8.0), 200 mM NaCl, 1 mM TCEP, 0.01% GDN (gel filtration buf-
fer), and 1 mM l-asp. To prepare Na+/l-asp–free samples, the protein 
was exchanged during size exclusion chromatography into a buffer 
containing 20 mM tris-Cl (pH 8.0), 1 mM TCEP, 0.01% GDN, and 
250 mM KCl or 100 mM choline chloride.

EM data acquisition
To prepare grids for cryo-EM imaging, 3 to 3.5 l of EAAT3 at 
~6 mg/ml were applied to glow-discharged QF R1.2/1.3 300 mesh 
gold or 400 mesh copper grids (Quantifoil, Großlöbichau, Germany). 
Grids were blotted either for 3 s at 4°C and 100% set humidity and 
plunge-frozen into liquid ethane using FEI Mark IV Vitrobot (FEI 
Company, part of Thermo Fisher Scientific, Hillsboro, OR) or for 7 s 
using Leica EM GP (Leica Microsystems Inc., Buffalo Grove, IL). 
Grids were screened using an FEI Tecnai F20 transmission electron 
microscope operated at 200 kV through a Gatan 626 side-entry cryo 
holder equipped with a Gatan K2 Summit direct detector (Gatan 
Inc., Pleasanton, CA) or FEI Tecnai Spirit BioTWIN with a TVIPS 
F416 camera. The three cryo-EM datasets discussed here were col-
lected at a 300-kV FEI Titan Krios cryo-EM (HHMI Janelia Krios2) 
using SerialEM (61, 62). The microscope was equipped with a GIF 
Bioquantum energy filter and a post-GIF K3 camera (Gatan Inc.). A 
100-m C2 aperture, a 100-m objective aperture, and a 20-eV energy 
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slit centered around the zero-loss peak were used during data collec-
tion. Dose fractionation (movie) data were collected at a nominal mag-
nification of ×105,000, that is, calibrated magnification of ×60,096, 
corresponding to a physical pixel size of 0.832 Å/pixel (0.416 Å/pixel in 
the resultant movie data with a binning of 0.5× selected). With the K3 
camera in standard (non-correlated-double sampling) counted 
mode, a dose rate of 15 e−/pixel/s was used, and each movie contains 
60 frames with a total accumulated dose of 60 e−/Å2 on the sample. A 
nominal defocus range between ~−0.5 and −1.5 m was applied.

Data processing
For the dataset collected for EAAT3 in the presence of 1 mM l-asp, 
drift correction was performed using MotionCor2 (63), and the con-
trast transfer function (CTF) parameters of micrographs were esti-
mated using Gctf (64). All other steps of image processing were 
performed in Relion 3.0 (65). A total of 1,717,667 particles were se-
lected from 6178 micrographs using a box of 288 pixels. The ex-
tracted particles were binned by two and subjected to two rounds 
of 2D classification and one round of 3D classification. The 3D class 
showing a good secondary structure was selected, and the particles 
were re-extracted using the original pixel size of 0.832 Å.

After 3D refinement with C3 symmetry and postprocessing, the 
resulting 3D reconstruction from 554,920 particles yielded a map at 
a 2.85-Å global resolution. The particles after refinement were ex-
panded using C3 symmetry, and an inverted mask generated using 
the inward-facing protomer was applied for signal subtraction (first 
signal subtraction). The resulting 1,664,760 protomers were sub-
jected to 3D classification with a mask and without alignment. A 
total of 325,222 particles in an outward-facing state and 1,339,538 
particles in an inward-facing state were selected. The following 3D 
refinement and postprocessing using the outward-facing particles 
yielded a map at 3.2-Å resolution. An inverted mask generated 
using the outward-facing protomer was applied to the expanded 
particles for a second-round signal subtraction. A total of 312,743 
particles in an outward-facing conformation were selected after 
masked 3D classification without alignment. A final map at 3.03-Å 
resolution was obtained after 3D refinement and postprocessing.

We identified trimers with two inward- and one outward-facing 
protomer (2i1o) by analyzing the coordinates of the protomers gen-
erated by the first round of signal subtraction and 3D classification 
using a home-written script. In total, 190,599 trimers were extracted 
from the raw micrographs. The first round of refinement of the 2i1o 
particles yielded a map at 3.99-Å resolution. The refined particles 
were then subjected to an additional 3D classification. A total of 
158,349 particles were selected and further refined, yielding the fi-
nal 2i1o map at 3.42-Å resolution after postprocessing. Purified 3i 
particles were also extracted from raw micrographs and refined to 
3.03 Å. Similar processing as the first signal subtraction was also 
performed on these particles; no other conformations were found.

Other datasets were processed in Relion 3.0. Drift correlation 
was performed using Motioncor2 within Relion 3.0, and CTF pa-
rameters of micrographs were estimated using CTFFIND (66). From 
the dataset collected for EAAT3 in KCl buffer, 1,769,994 particles 
were auto-picked and extracted with twofold binning from 7036 
micrographs. A total of 668,093 particles were selected and re- 
extracted after two rounds of 2D classification and one round of 
3D classification. A final map at 2.85-Å resolution was obtained 
after 3D refinement, postprocessing, and polishing. For the dataset 
collected in choline chloride buffer, 1,918,723 particles were 

auto- picked from 4473 micrographs, and 435,398 particles were se-
lected and re-extracted. A map at 3.24-Å resolution was obtained 
after 3D refinement and postprocessing. Further CTF-refinement 
and postprocessing improved the map to 3.03 Å. Symmetry expan-
sion with signal subtraction and 3D classification without align-
ment was also performed on all datasets as described above. No 
conformational heterogeneity was found.

Model building and refinement
Model building was carried out in COOT (67), and the protein models 
were refined using Phenix (68). For cross-validation, the final model 
was displaced and then refined against the first unfiltered half-map. 
fourier shell correlation (FSC) curves were calculated between the re-
fined model and the first unfiltered half-map, the refined model and 
the second unfiltered half-map (which was not refined), and the re-
fined model and the summed map (69). The well overlaid FSC curves 
of the two unfiltered maps indicated no overfitting. The structure fig-
ures were prepared in Chimera (70) or PyMOL (DeLano Scientific).

Proteoliposome reconstitution
Liposomes were prepared using 5:5:2 (w/w) ratio of 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl- 
sn-glycero-3-phosphoethanolamine (POPE; Avanti Polar Lipids), 
and CHS. The lipids in chloroform were dried and rehydrated at 
20 mg/ml by 10 freeze-thaw cycles in buffer containing 50 mM 
Hepes-tris buffer (pH 7.4). The liposomes were diluted to 4 mg/ml 
in buffer containing 50 mM Hepes/NaOH (pH 7.4), 200 mM NaCl, 
1 mM TCEP, and 1 mM l-asp and extruded 11 times through 400-nm 
polycarbonate membranes (Avanti Polar Lipids) using a syringe 
extruder (Avanti Polar Lipids) to form unilamellar liposomes. Lipo-
somes were destabilized with DDM at a 1:1.5 (w/w) lipid to deter-
gent ratio for 15 min at room temperature, and the purified EAAT3 
protein was added to the mixture at a 1:10 (w/w) protein to lipid 
ratio for 30 min at room temperature. The detergent removal was 
carried out by adding Bio-Beads SM-2 (100 mg/ml) (Bio-Rad) for 
30 min at room temperature followed by five additional rounds at 
4°C. To exchange the internal buffer, the proteoliposomes were pel-
leted by ultracentrifugation at 100,000g for 45 min at 4°C, diluted 
into the desired buffer, and subjected to freeze-thaw. Centrifuga-
tion and freeze-thaw steps were repeated three times. The proteo-
liposomes were extruded 11 times through 400-nm polycarbonate 
membranes for immediate use.

SSM assay
The internal proteoliposome resting buffer contained 100 mM po-
tassium phosphate (pH 7.4), 2 mM MgSO4 (nonpermeant anion 
condition) or 50 mM Hepes/KOH (pH 7.4), 150 mM KCl, 2 mM 
MgCl2 (permeant anion condition). The SF-N1 sensor with a 3 mm 
diameter (Nanion Technologies) was prepared according to the in-
strument manual. The transport-coupled current was recorded by a 
double-solution exchange method (71, 72) on a SURFE2R N1 in-
strument (Nanion Technologies). Briefly, a nonactivating buffer 
containing 100 mM sodium phosphate (pH 7.4), 2 mM MgSO4 
(nonpermeant anion condition) or 50 mM Hepes/NaOH (pH 7.4), 
150 mM NaCl, 2 mM MgCl2 (permeant anion condition) was flown 
through the sensor at a flow rate of 200 l/s to build the ionic gradi-
ents across the membranes of the proteoliposomes deposited on the 
sensor. The transport-coupled current was initiated by flowing 
nonactivating buffer supplemented with different concentrations of 
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the substrate (activating buffers). Last, the sensor was rinsed in a 
resting buffer to restore the sensor. The l-asp affinities hEAAT3g 
were measured using sensors from at least two independent proteo-
liposome preparations, and the data were fitted by the equation

  I =  I  max     X ─  K  m   + X   + B  

where I is the peak current measured in different substrate concen-
trations, Imax is the fitted maximum peak current, X is the substrate 
concentration, and B is the baseline offset. TFB-TBOA inhibi-
tion was carried out by adding the inhibitor to final concentrations 
of 10 or 3 M to nonactivating buffer and activating buffer contain-
ing 100 M l-asp. Following the recording of the transport current, 
the sensor was restored as described above.

cRNA preparation, voltage-clamp oocyte recordings, 
and analysis
Wild-type hEAAT3 and hEAAT3g were cloned in a pTLN vector and 
transcribed in vitro using the mMessage mMachine SP6 Kit (Thermo 
Fisher Scientific). Xenopus laevis oocytes were purchased from Eco-
cyte Bio Science (Austin, TX, USA), injected with 25 ng of comple-
mentary RNA (cRNA), and kept at 18°C in 50% Leibovitz medium, 
gentamicin (250 mg/liter), 1 mM l-glutamine, and 10 mM Hepes 
(pH 7.6). Glass microelectrodes were pulled with a resistance of 0.5 
to 3 megohms and backfilled with 3 M KCl. Currents were recorded 
48 hours for the wild type and 72 hours for hEAAT3g after injection 
in ND96 solution [96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM 
MgCl2, 5 mM Hepes (pH 7.5)] using an OC-725C voltage-clamp 
amplifier (Warner Instruments, Hamden, CT). The data were ac-
quired with the Patchmaster (HEKA Elektronik, Lambrecht, Germany) 
at 5 kHz, filtered with a Frequency Devices 8-pole Bessel filter at a 
corner frequency of 2 kHz, and analyzed using Ana (M. Pusch, Istituto 
di Biofisica, Genova) and Prism (GraphPad). The stimulation pro-
tocol for IV curves was as follows: From a holding potential of −30 mV, 
the voltage was stepped to a variable voltage in 20-mV incremental 
jumps from −100 mV to +60 mV for 200 ms and stepped back to 
−30 mV. For calculating Km, a −100-mV pulse was applied for 200 ms 
at different ligand concentrations. Each concentration point was 
proceeded by 0 mM l-asp to control for changes in oocyte leak cur-
rents and followed by 1 mM to control for rundown or vice versa. 
Only oocytes that displayed delta currents bigger than 600 nA in the 
presence of saturating concentration of ligand were used. Each point 
in dose-response curves was calculated as follows: (current – leak)/
(current at 1 mM l-asp – leak).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/10/eabf5814/DC1

View/request a protocol for this paper from Bio-protocol.
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