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Abstract
Plasma membrane glutamate transporters move glutamate across the cell membrane in a process that is thought to involve 
elevator-like movement of the transport domain relative to the static trimerization domain. Conformational changes associ-
ated with this elevator-like movement have been blocked by covalent crosslinking of cysteine pairs inserted strategically 
in several positions in the transporter structure, resulting in inhibition of steady-state transport activity. However, it is not 
known how these crosslinking restraints affect other partial reactions of the transporter that were identified based on pre-
steady-state kinetic analysis. Here, we re-examine two different introduced cysteine pairs in the rat glutamate transporter 
EAAC1 recombinantely expressed in HEK293 cells, W440C/K268C and K64C/V419C, with respect to the molecular 
mechanism of their impairment of transporter function. Pre-steady-state kinetic studies of glutamate-induced partial reactions 
were performed using laser photolysis of caged glutamate to achieve sub-millisecond time resolution. Crosslinking of both 
cysteine pairs abolished steady-state transport current, as well as the majority of pre-steady-state glutamate-induced charge 
movements, in both forward and reverse transport mode, suggesting that it is not only the elevator-like movement associated 
with translocation, but also other transporter partial reactions that are inhibited. In contrast, sodium binding to the empty 
transporter, and glutamate-induced anion conductance were still intact after the W440C/K268C crosslink. Our results add 
to the previous mechanistic view of how covalent restraints of the transporter affect function and structural changes linked 
to individual steps in the transport cycle.
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Introduction

Plasma membrane glutamate transporters are responsible 
for transporting the major excitatory neurotransmitter, glu-
tamate, across cell membranes [1–3]. Glutamate transport-
ers take up glutamate into the cell against the glutamate 
concentration gradient, by co-transporting three sodium 
ions and one proton, and counter-transporting a potas-
sium ion [1, 3–7]. The stoichiometry of transport is 3:1:1:1 
 (Na+:Glu-:H+:K+), resulting in the net movement of two 
positive charges into the cell for each transported glutamate 
molecule [1, 4, 8, 9]. During the translocation process, 

glutamate transporters also catalyze uncoupled anion cur-
rents that are proportional to glutamate transport activity 
[4, 10–14].

The structure of glutamate transporters was first stud-
ied using the archaeal homologue  Gltph, which shares 37% 
sequence identity and 55% similarity with human trans-
porter subtype hEAAT2, excitatory amino acid transporter 
2 [15]. The transporter is assembled as a homotrimer with 
three identical subunits working independently of each 
other [16–18]. Two major conformations (outward-facing 
and inward-facing states, OFS/IFS) of the glutamate trans-
porter were discovered for  Gltph and resolved using x-ray 
crystallography [19, 20]. The inward-facing state was also 
identified by the Kanner group on the basis of structural 
modeling of inverted sequence repeats [21]. The generally-
accepted molecular mechanism of glutamate transport is 
predicted to be based on successive steps, including extra-
cellular substrate binding, translocation, and release to the 
cytosol [22, 23]. The translocation steps are associated with 
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conformational changes of the transport domain, which 
functions in an elevator-based alternating access mechanism 
[24]. The trimerization domain, on the other hand, is thought 
to function as a static scaffold for the dynamic transport 
domain.

Transporter crosslinking studies, to restrict the transporter 
chemically to certain conformations, have been performed 
by several research groups [20, 21, 25]. By crosslinking 
the trimerization and transport domain between trans-
membrane domains TM5 and TM8, glutamate uptake was 
inhibited, likely by blocking the substrate translocation 
process. In addition, crosslinking was performed to stabi-
lize the inward-facing conformation of  GltPh for structure 
determination. For the present crosslinking study, we chose 
to introduce disulfide bridges in two major conformations, 
inward-facing (IFS) and outward-facing (OFS) states. The 
inward-facing conformation was proposed to be stabilized 
by the crosslinked K55C/V364C double-cysteine mutant 
transporter, which crosslinks  Gltph between TM2 and HP2 
[20, 21]. The outward-facing state was studied using the 
W440C/K268C pair, located in TM5 and TM8, following 
the research published by the Kanner group [25].

Here we use the laser-pulse photolysis method to per-
form rapid kinetic studies on glutamate transporters with the 
crosslinks described above. The results from these kinetic 
studies were compared with results from rapid solution 
exchange experiments at steady state. Laser-pulse photolysis 
experiments were performed with the glutamate transporter 
previously [26, 27], in which caged glutamate was applied 
to cells, followed by photolysis of caged glutamate initiated 
with a nanosecond laser pulse. Rapid transient current sig-
nals were recorded on a millisecond time scale, providing 
information about early steps in the transport cycle, such as 
glutamate and sodium binding. Here we applied the laser-
photolysis method to glutamate transporters with known 
crosslinks to the transport domain, to analyze their kinetic 
behavior on a short time scale. Notably, the crosslinks abol-
ish pre-steady state currents previously assigned to gluta-
mate translocation and other pre-steady-state current compo-
nents closely linked to it. However,  Na+ binding to the empty 
transporter does not appear to be affected by the crosslinks, 
suggesting that it does not require large-scale conformational 
changes of the transport domain.

Results

Positions of Paired Cysteine Mutagenesis in EAAC1

Paired cysteine mutagenesis experiments were conducted 
using the rat glutamate transporter EAAC1 (excitatory 
amino acid carrier 1), in order to restrict movement of 
transporter domains relative to each other through covalent 

crosslinking, for example the transport domain relative to 
the trimerization domain, followed by rapid kinetic studies 
of transporter function. Positions were selected based on the 
 Gltph structure and inspired by recent publications perform-
ing crosslinking in the human EAAC1 analog, EAAT3, and 
 GltPh [19–21, 25] (Fig. 1a–c). We constructed two double-
cysteine mutants to positions in the transport domain and 
trimerization domain, W440C/K268C, in TM5 and TM8, 
and K64C/V419C, in TM2 and HP2. The K64C/V419C 
mutations were based on conserved residues located in  Gltph, 
which, through cadmium complexation or the formation of a 
disulfide bond, crosslink the transporter into the inward-fac-
ing conformation [20] (Fig. 1c). The two introduced cysteine 
residues, located within TM2 and HP2 domains, are pre-
dicted to be 3.76 Å apart in the inward-facing conformation 
(Fig. 1c), while the distance is 21.6 Å in the outward-facing 
conformation (Fig. 1a), and 14.7 Å in the intermediate state 
(Fig. 1b). Another double-cysteine mutant, W440C/K268C, 
was chosen following the research published by the Kanner 
group [25]. After crosslinking, the W440C/K268C gluta-
mate transporter is predicted to be restricted to sampling the 
outward-facing state and intermediate state, with distances 
ranging from 3.5 to 7.3 Å between the two residues (Fig. 1a, 
b). However, the cysteine pair’s distance increased to 14.9 Å 
when the transport domain was in the inward-facing confor-
mation. From previous results, these two double-cysteine 
mutants were predicted to be close enough to form disulfide 
bonds under oxidizing conditions. In previous results, prein-
cubation of HELA cells expressing W440C/K268C double 
mutant with 1 μM CuPh or  CdCl2 resulted in an inhibition of 
D-[3H]aspartate transport by 60–70%, and over 95% inhibi-
tion when using 8 μM crosslinking reagent [25].

Crosslinking Results in Inhibition of Steady‑State 
Anion Currents

We first tested the activity of the  EAAC1cysless trans-
porter and the two double-cysteine mutant transport-
ers described in the last paragraph, before and after 
crosslinking. These experiments were performed in the 
presence of extracellular  Na+/glutamate and intracel-
lular  K+, i.e. the forward transport mode, in which the 
amino acid substrate is transported across the membrane 
to the intracellular side. Anion current was observed 
upon application of glutamate to  EAAC1cysless, as shown 
in Fig. 2a. These currents were inwardly directed due to 
the outflow of internal  SCN−, caused by the population 
of an anion conducting state located along the transloca-
tion pathway [4, 11, 26, 28]. The glutamate dose response 
relationship for this current is shown in Fig. 2b with an 
apparent affinity of Km = 13.4 ± 2.5 μM, a value that is 
only slightly larger than that of the wild type transporter 
(Fig. 2e). These results show that the cysless transporter 
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is functional with kinetic properties close to the wild 
type transporter. The two double-cysteine-mutant trans-
porters were also active (dose response curves shown in 
Fig. 2c and d), although with slightly smaller glutamate-
induced anion currents compared to  EAAC1cysless (Fig. 2f). 
However, this reduction in current was not statistically 
significant. The apparent Km values for glutamate of the 
two mutant transporters are shown in Fig. 2c, with only 
a minor difference in apparent glutamate affinity between 
 EAAC1WT (8.1 ± 1.5 μM),  EAAC1Cysless (13.4 ± 2.5 μM), 

 EAAC1K64C/V419C (16.3 ± 3.0 μM), and  EAAC1K268C/W440C 
(25.6 ± 4.0 μM), summarized in Fig. 2e.

As demonstrated in previous studies, crosslinking of two 
cysteine residues in glutamate transporters can be achieved 
by either  Cd2+ or copper phenanthroline (CuPh) applica-
tion [25]. In order to observe the full inhibition effect, we 
applied 400 μM CuPh, a higher value compared to the pre-
vious studies [25], with or without 400 μM  CdCl2 in the 
pipette (intracellular side application) with similar results. 
An incubation time of 15 min with external 400/400 μM 
CuPh/CdCl2 resulted in an inhibition of glutamate-induced 

Fig. 1  Predicted locations of the introduced cysteine pairs in homo-
logue structure  Gltph in three different conformations. The upper 
panel shows cartoon representation of  Gltph structures (PDB 
IDs:2nwx,3v8g,3kbc) in the outward-facing state (a), the outward-
facing intermediate state (b), and the inward facing state (c). Three 
identical subunits are colored as blue, dark green, and light green. 
The blue-colored subunit (left), illustrates the conformational change. 

The lower panels illustrate the transport domain in pink and the tri-
merization domain in yellow. The mutated residues are highlighted 
and labeled. Distances were calculated based on atom K64(CE), 
V419(CA), K268(CB), W440(CA) and are labeled in ångstroms. All 
images were generated using PyMOL software. The amino acids in 
parentheses represent EAAT3 numbering
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anion current activity by 74% for  EAAC1K268C/W440C and 
over 95% for  EAAC1K64C/V419C (Fig.  2d), respectively. 
Therefore,  EAAC1K64C/V419C showed a slightly more pro-
nounced crosslinking effect on the current. Moreover, cells 
expressing  EAAC1cysless were also tested as a control using 
the same concentration of crosslinking reagent and showed 
no inhibition effect (Fig. 2d). We also tested the effect of 
crosslinking on the leak anion conductance. DL-TBOA 
(DL-threo-beta-benzyloxyaspartate), a high affinity gluta-
mate transporter inhibitor was used to block the leak anion 
conductance. The results shown in Fig. 2d demonstrate that 
 Na+-induced leak anion currents were inhibited by crosslink-
ing of both double mutant transporters, as evidenced by 
the lack of outward current upon application of TBOA. In 
contrast, TBOA induced outward current in  EAAC1cysless 
due to outflow of  SCN− being blocked by TBOA (Fig. 2d). 
While these data do not fully exclude the possibility that 
TBOA does not bind to the transporters after crosslinking, 
this explanation is less likely because glutamate can still 
bind to the crosslinked transporter, and TBOA can block 

 Na+-induced transient currents in voltage jump experiments 
(see below).

We also determined the voltage dependence of the cur-
rents to test the crosslink effect. Under ionic condition 
favoring the forward transport mode, and with  SCN− in 
the pipette, currents before crosslinking were increased by 
negative transmembrane potential, as expected for glutamate 
induced anion current caused by  SCN− outflow (Fig. 3a and 
c). Current–voltage relationships (I-V curves) are shown 
in Fig. 3b and d. Currents were strongly inhibited after 
crosslinking for both double mutant transporters, although 
the effect was more complete for  EAAC1K64C/V419C. Back-
ground currents were subtracted by application of 400 μM 
TBOA. We attempted to reverse the crosslinking effect by 
using DTT after current recording in the crosslinked state, 
with limited success. The reason is that it is more difficult 
to do long term experiments in patch-clamped cells, as com-
pared to other experimental methods, due to the cells having 
a limited lifetime when attached to the pipette in the whole-
cell recording mode.

Fig. 2  Double-cysteine mutations block the anion conductance 
under oxidizing conditions. Whole-cell current recording experi-
ments with  EAAC1Cysless were performed under ionic conditions 
favoring the observation of the anion conductance, using the per-
meant anion  SCN−: 130 mM KSCN in the pipette solution,140 mM 
NaMes in the extracellular solution. Extracellular glutamate was 
applied at the time indicated by the grey bar at V = 0  mV. a) Typi-
cal anion current recordings induced by 10/50/200  μM gluta-
mate. b, c, d Dose response curve to determine the  EAAC1Cysless, 
 EAAC1K64C/V419C and  EAAC1K268C/W440C glutamate apparent affini-
ties. The solid line is a fit to a Michaelis–Menten-like equation. (E) 
Glutamate Km values for wild-type and mutant transporters before 

crosslinking:  EAAC1wt Km = 8.1 ± 1.5  μM (n = 18),  EAAC1Cysless 
Km = 13.4 ± 2.5  μM (n = 17),  EAAC1K64C/V419C.Km = 16.3 ± 3.0  μM 
(n = 9) and  EAAC1K268C/W440C Km = 25.6 ± 4 μM (n = 12). f Maximum 
anion currents (at saturating glutamate concentration) under forward 
transport conditions before and after crosslinking. Crosslink reagents 
were used at the concentration of 400 μM/400 μM CuPh and  CdCl2 
from extracellular and intracellular side, respectively. Student’s t-test 
analysis indicated the crosslink effects were significant for K268C/
W440C, p < 0.00001, and for K64C/V419C, p < 0.0000001. For all 
experiments in the presence of TBOA, the inhibitor was added after 
crosslinking
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Pre‑Steady‑State Currents in the Forward Transport 
Mode are Inhibited in the Crosslinked State

EAAC1 pre-steady-state currents, in response to rapid 
application of glutamate, have been described previously 
[26, 27, 29]. These currents provide important information 
about early steps in the glutamate transport cycle. There-
fore, we measured glutamate-induced pre-steady-state cur-
rents in the crosslinked transporters, to test which reaction 
steps are affected by the covalent modification. The time 
course of pre-steady-state kinetics of EAAC1 currents 
was recorded using ionic conditions that favor observation 
of the transport current, i.e. inside  K+, outside  Na+ and 
replacement of  Cl− by the non-permeant methansulfonate 
ion [26, 29]. In the cysless mutant transporter, a glutamate 
concentration jump induced by laser-pulse photolysis of 
caged glutamate resulted in a large, inwardly-directed tran-
sient current (Fig. 4a), which decayed to a steady state with 

two-exponential behavior, as described previously for the 
EAAC1 wild-type transporter [26, 29], and for other EAATs 
using fast solution exchange methods [28, 30–32]. The tran-
sient current fully decayed to the steady state within 25 ms, 
in analogy to previous results with wild-type EAAC1, indi-
cating that the pre-steady-state kinetics are not dramatically 
affected by introducing the five Cys to Ser mutations.

After introducing the double mutants in the cysless back-
ground, both pre-steady-state and steady-state currents under 
forward transport conditions were reduced in K64C/V419C 
and K268C/W440C mutant transporters before crosslink-
ing, with the K268C/W440C transporters showing a more 
significant reduction in currents (Fig. 4b and c). This reduc-
tion could be caused by reduced expression levels of the 
double mutant transporters, slowed kinetics and turnover 
rate, or disulfide bridge formation before CuPh applica-
tion. In fact, the latter was shown to be the case for the par-
tial reduction of the current in the K268C/W440C mutant 

Fig. 3  Glutamate-induced anion current is inhibited by crosslink-
ing of double-mutant transporters. a and c Voltage-dependent 
 EAAC1K64C/V419C and  EAAC1K268C/W440C anion currents were acti-
vated by extracellular application of 1 mM glutamate in the presence 
of the intracellular permeant anion  SCN−. The extracellular solu-
tion contained 140 mM NaMES, the intracellular solution contained 
130 mM KSCN, forward transport conditions. The voltage jump pro-

tocol is show as inset (see Materials and Methods). The membrane 
potential range was -100 mV to + 60 mV. b and d  EAAC1K64C/V419C 
and  EAAC1K268C/W440C anion current–voltage relationship at 
steady  state before (black, n = 7 and 11) and after crosslinking (red, 
n = 17 and 15). Background currents were obtained by application of 
200 μM TBOA and subtraction
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transporter [25]. To test for expression levels, we performed 
immunostaining (Suppl. Fig. 1). Immunofluorescence of the 
double mutant transporters did not appear to be significantly 
altered compared to the cysless transporter. After crosslink-
ing with CuPh, both pre-steady-state currents (Fig. 4d and 
e) and steady-state currents (Fig. 4f) were further reduced, 
as expected by the crosslink immobilizing the transport 
domain.

While the pre-steady-state currents in  EAAC1K268C/W440C 
could not be quantitatively evaluated before and after 
crosslinking, due to the small amplitudes, the time constants 
in  EAAC1K64C/V419C of the transient current decay, as well as 
the amplitude ratio between the two decaying phases were 
virtually unchanged after crosslinking. This indicates that 
the crosslink was not 100% complete, and some transporter 
(< 30%) remained in the active configuration. Despite the 
inability to fully block transient current by the crosslink in 
 EAAC1K64C/V419C, it is clear that all phases of the transient 
current are severely affected by the immobilization of the 

transport domain. This is expected for locking the trans-
porter in the inward-facing conformation, in which external 
glutamate cannot induce the conformational changes trig-
gered by  Na+ binding to the glutamate-bound transporter, 
and translocation, which were proposed to be responsible for 
the pre-steady-state charge movement in wild-type EAAC1.

Crosslinks Eliminate EAAC1 Reverse Transport 
Current and Glutamate Release

K+-induced relocation of the glutamate-free transporter is 
an important step in the glutamate transport cycle. Using 
forward transport conditions, as in the previous paragraphs, 
intracellular  K+ catalyzes this relocation reaction, to re-
expose glutamate binding sites to the extracellular side after 
translocation is complete. Next, we reversed the ionic gra-
dients across the membrane and used application of extra-
cellular  K+ in the reverse transport mode (in the presence 
of intracellular  Na+ and glutamate) to test the properties of 

Fig. 4  Crosslinking reduces glutamate-induced transient charge 
movement under forward-transport conditions. a Current record-
ing after photolytic liberation of glutamate from 1  mM MNI-
caged glutamate at the time indicated by the flash symbol in 
 EAAC1Cysless-expressing HEK293 cells. Photolysis was initiated 
with a 355  nm laser flash (400  mJ/cm2). Pre-steady-state currents 
were measured under forward-transport conditions in the absence 
of permeant anion, with 140  mM NaMES in the extracellular solu-
tion, and 130  mM KMes in the intracellular solution. 1  mM MNI-

caged glutamate were pre-equilibrated with the cell for 0.5 s prior to 
the laser flash. b and c Similar experiment with  EAAC1K64C/V419C 
and  EAAC1K268C/W440C before crosslinking. d and e Laser pho-
tolysis experiment with  EAAC1K64C/V419C and  EAAC1K268C/W440C 
after crosslinking. f Summary of steady-state current amplitude in 
response to laser-photolysis of 1  mM caged glutamate. The mem-
brane potential was 0 mV in all experiments. Student’s t-test analy-
sis indicated the crosslink effect was significant for K268C/W440C, 
p = 0.0002, and for K64C/V419C, p < 0.0001
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mutations together with crosslinking on the relocation steps 
in the reverse transport direction. In Fig. 5a, a typical steady-
state reverse transport current recorded from cells expressing 
 EAAC1cysless is shown. As expected [6, 23, 27, 30, 32, 33], 
this current is outwardly directed due to the coupled outward 
movement of two positive charges for each  K+ ion taken up. 
The outward currents were dependent on the  K+ concentra-
tion, as reported previously [30]. The  K+ apparent affinity of 
 EAAC1Cysless was determined as 5.1 ± 1.2 mM, which was 
in same range as that for  EAAC1WT (3.4 ± 0.6 mM) [30].

Next, we performed laser-photolysis experiments, using 
caged-glutamate inside the recording pipet, to study the 
rapid kinetics of the reverse translocation process. Here, 
the extracellular solution contained 140 mM K+, and the 
intracellular solution 140 mM  Na+ and 5 mM caged glu-
tamate, which diffused into the cytosol within 5 min after 
forming the whole-cell mode [27]. As shown previously for 
the wild-type transporter, outwardly-directed currents were 
observed upon photolysis in  EAAC1cysless, as illustrated in 
Fig. 5c. These currents demonstrated a rapidly decaying out-
ward transient component τ = 4.49 ± 0.84 ms, which settled 
to the steady state with a damped oscillation. In contrast, the 
 EAAC1K64C/V419C currents showed a larger initial peak rela-
tive to the steady-state current, with slower decay kinetics 
τ = 9.01 ± 2.34 ms and no oscillation (Fig. 5d). This indicates 
that the steady-state turnover rate in the reverse direction is 
already slowed by the double-mutation before crosslinking, 
see also Fig. 5h for a summary of steady-state currents. After 
crosslinking, both steady-state and transient current compo-
nents were virtually eliminated (Fig. 5f). It was previously 
proposed that the transient current in the reverse transport 
direction is caused by the electrogenic reverse translocation 
process. This assignment is consistent with the data shown 
in Fig. 5f. In addition, the data indicate that charge move-
ment from partial reaction steps other than translocation may 
also be impaired by the crosslinking reaction.

For  EAAC1K268C/W440C pre-steady-state currents in the 
reverse transport mode were very small, before and after 
crosslinking (Fig. 5e and g). This could be caused by the 
transporter being significantly crosslinked already before 
CuPh application, as described above. Overall, the data 
suggest that this double mutation severely impairs any early 
reactions occurring in the reverse transport reaction after 
glutamate application, possibly even glutamate binding.

We also studied  K+-driven glutamate efflux to test the 
mutant transporters’ function and crosslink effects using 
iGluSnFR extracellular glutamate binding sensor [34] 
(Fig. 6). The fluorescent sensor was co-expressed with rat 
EAAC1 wild type or mutant DNA in HEK293 cells. We 
applied varying external  K+ concentrations and meas-
ured resulting glutamate release via fluorescence intensity 
changes. An increase in fluorescence indicates a change from 
non-bound state to bound state of glutamate to iGluSnFR 

sensor. First, 10 mM DTT in 140 mM NaMes was used to 
wash solutions and the original glutamate efflux was meas-
ured upon application of 140 mM KMes, by measuring the 
increase in fluorescence intensity (Fig. 6a). Cells expressing 
wild type EAAC1 showed a relative fluorescence increase 
of 1.70 ± 0.06 -fold, and cells expressing the cysless trans-
porter DNA responded similarly (1.55 ± 0.34-fold increase). 
Both cysteine double-mutant transporters showed much 
less glutamate efflux under the same conditions (K64C/
V419C, 0.39 ± 0.05; K268C/W440C, 0.27 ± 0.08). This 
data confirms the results from current recordings, namely 
that the cysteine double-mutant transporters may be less 
effective at transporting glutamate even before crosslink-
ing. Figure 6b shows the result for the relative change in 
glutamate efflux for each transporter after crosslinking 
reagent was applied. The change in glutamate efflux result-
ing from crosslinking was calculated relative to the origi-
nal efflux data. Even though the cysteine double-mutants 
originally showed much less glutamate efflux, they also 
had a great reduction in efflux as a result of crosslinking, 
especially when CuPh was used as the crosslinking reagent. 
 EAAC1K64C/V419C and  EAAC1K268C/W440C showed only 
17.9 ± 8.5% and 17.4 ± 11.0% of the original glutamate 
efflux, respectively, after crosslinking with CuPh. Under 
the same conditions, the wild type and cysless transport-
ers showed about the same glutamate efflux as they had 
originally (wild type = 102 ± 1%; cysless = 103 ± 1% efflux 
maintained). The effect of  CdCl2 crosslinking reagent, how-
ever, was not as pronounced. The double-cysteine mutants 
maintained 68 ± 5% (K64C/V419C) and 89 ± 2% (K268C/
W440C) of the original efflux after crosslinking with  CdCl2 
(wild type = 90 ± 1%; cysless = 104 ± 6%). Example images 
of cells expressing  EAAC1K64C/V419C and iGluSnFR before 
and after crosslinking with CuPh are shown in Fig. 6c. 
Before crosslinking, the cells showed a fluorescence increase 
of 43% with induction by  K+. After crosslinking, the same 
cells showed only a fluorescence increase of 3%, indicating 
that crosslinking reduced the glutamate efflux of these cells 
by about 94%.

No Effect of Crosslinking on  Na+ Binding 
to the Empty Transporter

It was previously shown that voltage jumps to the glu-
tamate-free transporter result in  Na+-dependent transient 
charge movement [35, 36]. When applying step changes 
to the membrane potential for a period of 40 ms (voltage 
protocol shown in Fig. 7a, top), transient currents were 
observed, which were sensitive to 400 μM TBOA (used to 
correct for non-specific transient currents). In the absence 
of CuPh, these charge movements are shown in (Fig.7a–c). 
Results after crosslinking are shown in Fig. 7d–f. voltage 
jump-induced charge movements were preserved in both 
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Fig. 5  Inhibition of reverse transport and charge movements by 
crosslinking. a Typical reverse transport currents of  EAAC1cysless 
(in the absence of permeant anion) after application of extracel-
lular  K+ (indicated by grey bar). The intracellular solution con-
tained 130  mM NaMes and 5  mM glutamate. b Determination of 
 K+ apparent affinity from the dose response curve fitted with a 
Michaelis–Menten-like equation (red line).  EAAC1cysless Km for  K+ 
was 5.07 ± 1.2 mM. c Reverse transport laser photolysis experiment 
with  EAAC1cysless. The time of the laser pulse is indicated with the 
flash symbol. The extracellular solution contained 140  mM  K+, the 

intracellular solution contained 130  mM NaMES and 5  mM MNI-
caged glutamate. d and e Similar experiment with  EAAC1K64C/V419C 
(n = 35) and  EAAC1K268C/W440C (n = 20) before crosslinking. f and 
g Laser photolysis experiment with  EAAC1K64C/V419C (n = 12) and 
 EAAC1K268C/W440C (n = 26) after crosslinking. h Comparison of 
steady-state reverse transport currents before and after crosslink-
ing. The membrane potential was 0 mV in all experiments. Student’s 
t-test results indicted the crosslink effect was significant for K268C/
W440C, p = 0.01, and for K64C/V419C, p < 0.000000001
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K64C/V419C and K268C/W440C mutant transporters 
after crosslinking. We next integrated the transient current 
signal and plotted charge–voltage relationships, shown 
in Fig. 7c and f. The Q–V relationships were virtually 
unchanged by the crosslinks, suggesting that  Na+ bind-
ing and release steps in the glutamate-free transporter still 
function in the immobilized K64C/V419C and K268C/
W440C mutant transporters. Control experiments in non-
transfected cells are shown in Fig. 7g, demonstrating no 
charge movement.

Discussion

In this work, we extended crosslinking studies previously 
performed on glutamate transporters, to identify the effect of 
restricting conformational freedom of the transport domain 
on rapid kinetics and early reactions associated with the sub-
strate transport process. We focused on crosslinking of two 
disulfide pairs, K268C/W440C, which was first generated by 
the Kanner group [25], and K64C/V419C, which was shown 
to stabilize the inward-facing conformation in  GltPh [20, 37]. 

Fig. 6  K64C/V419C, K268C/W440C mutant transporters show 
significant decrease in glutamate efflux after crosslinking. iGluS-
nFr glutamate fluorescent sensor and EAAC1 transporter DNA 
(wild type, cysless, K64C/V419C or K268C/W440C) were co-
expressed in HEK293 cells. a Relative glutamate efflux from cells 
(as measured by fluorescent sensor) induced by  K+ without the 
presence of crosslinking reagents (wild type = 1.70 ± 0.06 (n = 4); 
cysless = 1.55 ± 0.34 (n = 2); K64C/V419C = 0.39 ± 0.05 (n = 7); 
K268C/W440C = 0.27 ± 0.08 (n = 7)). Student’s t-test analysis indi-
cate significant difference compared to wild type for K64C/V419C 
p < 0.00000001 and K268C/W440C p < 0.00000001. b Percent of 
original fluorescence intensity maintained after crosslinking with 
CuPh (wild type = 102 ± 1% (n = 3); cysless = 103 ± 1% (n = 2); 

K64C/V419C = 18 ± 9% (n = 5); K268C/W440C = 17 ± 11% (n = 5)) 
and  CdC12 (wild type = 90 ± 1% (n = 3); cysless = 104 ± 6% (n = 2); 
K64C/V419C = 68 ± 5% (n = 4); K268C/W440C = 89 ± 2% (n = 4)). 
T-test results indicate significant difference compared to wild type for 
K64C/V419C p < 0.001 and K268C/W440C p < 0.001 for CuPh and 
K64C/V419C p < 0.05 for  CdCl2. c Example images for the determi-
nation of glutamate efflux in  EAAC1K64C/V419C. The top panel shows 
one example of original efflux data for a selection of cells whereby 
the fluorescence intensity increased by 43% upon application of 
external  K+. After crosslinking with 400  μM CuPh (bottom panel), 
the efflux of these cells decreased to only a 2.6% change with applica-
tion of  K+, which is an overall 94% decrease in efflux after crosslink-
ing



157Neurochemical Research (2022) 47:148–162 

1 3

Other cysteine pairs were also published to show successful 
crosslinking, based on EAAT1 and GLT-1. In these studies, 
EAAT1 [38–40] TM2-HP1, TM4-TM7 and TM4-TM8 were 
covalently linked, in addition to GLT-1 [41, 42] TM5-TM8, 
TM2-TM4 interactions. In these positions, double cysteine 
mutants showed significant crosslinking effects, with oxidiz-
ing conditions largely inhibiting the radiolabeled substrate 
uptake. In particular, a pair of cysteines highly sensitive to 
oxidation were identified in EAAT1 between TM4 and TM8, 
with low concentrations of CuPh at 600 nM leading to a 
complete inhibition effect [40].

In extension of previous studies, we applied the laser-
photolysis method with caged glutamate, allowing the 
observation of early intermediates in the transport cycle by 

generating glutamate concentration jumps with a sub-milli-
second time resolution. In wild-type and cysless glutamate 
transporters, charge movement in response to glutamate 
concentration jumps manifests itself in a pre-steady-state 
component that allows the differentiation of three phases, 
which can be separated on the time scale (Fig. 4a) [29]. 
These three phases were previously interpreted to be tightly 
associated with  Na+/Glu− binding and translocation steps 
[29] (i.e. elevator-like movement of the transport domain 
relative to the membrane normal). The major result of the 
present study is that it is not only the steady-state transport 
that is blocked by the application of CuPh, consistent with 
previous publications, but that the pre-steady-state charge 
movement in the forward transport direction is also largely 

Fig. 7  Crosslinked transporters show transient current after voltage 
jumps in the absence of glutamate. A voltage-jump protocol shown 
in the inset of (A) was used to isolate  Na+-induced transient currents 
in the glutamate-free transporter in the absence of permeant anion. a 
and b Original transient current traces before crosslinking in K64C/
V419C (n = 7) and K268C/W440C (n = 8) mutant transporters. 
Unspecific currents were subtracted using 400 μM TBOA. d and e) 

Similar experiments as in (A and B) but after crosslinking (n = 6 and 
5). c and f) Charge movement as a function of the membrane poten-
tial obtained by  integrating  the transient current signals. The intra-
cellular solution contained 130 mM KMes, the extracellular solution 
contained 140 mM NaMes. g Result of the same voltage jump experi-
ment performed in non-transfected cells
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inhibited (Fig. 4). This result may be expected for the K64C/
V419C crosslink, which was proposed to lock the transporter 
in the inward-facing state [20]. Thus, forward translocation 
is unlikely to be possible after external application of gluta-
mate. However, the K268C/W440C crosslink also prevented 
transient charge movement. While  EAAC1K268C/W440C was 
much less active than the cysless transporter even before 
crosslinking, we attribute this effect to intrinsic crosslinking 
before CuPh application, as has been proposed in [25]. In 
any case, these results suggest that it is not only the trans-
location reaction itself, but also a conformational change 
associated glutamate-induced  Na+ binding, potentially the 
formation of the intermediate outward-facing state, that are 
blocked by the covalent restriction of TM8 relative to TM5.

In the reverse transport mode, both crosslinks virtually 
eliminated steady-state transport current, and significantly 
reduced glutamate release through reverse transport (Fig. 6). 
This result is expected because the immobilization of the 
transport domain most likely prevents the conformational 
changes necessary for glutamate release. In addition, very 
little pre-steady-state charge movement was observed in 
response to glutamate concentration jumps to the intracellu-
lar side of the membrane. For the K268C/W440C crosslink, 
this lack of charge movement is most likely caused by the 
inability of intracellular glutamate to bind to the transporter 
locked in the outward-facing conformation. However, for 
the K64C/V419C crosslink, the results are more interest-
ing. It was previously shown by Boudker and colleagues 
that aspartate and  Na+ can bind to  GltPh with the analogous 
crosslink [20], which locks the transporter in the inward-
facing configuration. This is consistent with the ability of 
glutamate transporter substrates to bind to brain membranes 
at low temperatures, when translocation is inhibited (i.e. an 
immobilized transport domain) [43]. If this is the case, the 
absence of glutamate-induced transient currents indicate that 
any of these binding reactions are almost electroneutral, or 
only weakly electrogenic. Our group had previously pro-
posed that intracellular  Na+ binding to the empty transporter 
is electrogenic [27]. This intracellular  Na+ binding process 
could be responsible for the small, outwardly-directed charge 
movement that remains in the K64C/V419C crosslinked 
transporter (Fig. 5f). Overall, these reverse transport results 
suggest a strong inhibition of most early reaction steps in the 
reverse transport process in response to glutamate binding, 
including the reverse translocation step.

Interestingly, the glutamate-induced anion current was 
not fully abolished by oxidative crosslinking in the K268C/
W440C mutant transporter (Fig. 2d). This result is consist-
ent with a previous report by the Kanner group, suggest-
ing that the crosslink still allows the anion-conducting state 
to be populated [25]. One possibility, which was already 
proposed by Kanner and colleagues [25] could be that the 
anion conductance is closely linked to the outward-facing 

intermediate state, which has been previously identified in 
structural studies [17]. This idea is consistent with propos-
als by the Fahlke group [11] that the anion conducting state 
is structurally similar, and in rapid equilibrium with the 
outward-facing intermediate state. This suggestion would 
also support previous rapid kinetic studies, in which the 
anion conducting state was placed along the translocation 
pathway [29]. While the distance between the two cysteine 
residues is larger in the intermediate state than in the out-
ward-facing conformation (Fig. 1), it may still allow tran-
sient formation of this state, and, thus, anion conductance 
to function. In contrast, TBOA was unable to significantly 
block the leak anion conducting state after crosslinking the 
K268C/W440C mutant transporter (Fig. 2d). This suggests 
that the leak anion conducting state adopts a different struc-
ture than the glutamate-dependent anion conducting state. 
For the K64C/V419C crosslink, neither glutamate-induced 
anion conductance, nor TBOA-blockable leak anion con-
ductance was observed (Fig. 2d), consistent with the idea 
that extracellularly-applied substrates or inhibitors cannot 
interact with the inward-facing configuration.

Finally, we tested for transient currents in response to volt-
age jumps in the empty, glutamate-free transporter (Fig. 7). 
It was previously proposed, by us and others [29, 44, 45], 
that these transient currents are caused by voltage-dependent 
 Na+ binding to the extracellular binding site. These transient 
currents can be isolated from non-specific current compo-
nents by block with specific, competitive EAAT inhibi-
tors, for example TBOA and kainate [44]. TBOA-sensitive 
transient currents were observed in crosslinked transport-
ers with both K268C/W440C and K64C/V419C cysteine 
pairs (Fig. 7). For  EAAC1K268C/W440C, this results suggest 
that the  Na+ binding events to the empty transporter are still 
functional after crosslinking TM5 and TM8. Most likely, 
the electrogenic  Na+ binding reaction is not associated with 
major conformational changes of the transporter, or with 
structural changes that do not involve movement of TM5 
relative to TM8. This conclusion is consistent with struc-
tural results from the apo and  Na+ bound  GltTk homologue. 
Here, major structural changes upon  Na+ binding were only 
observed in the unwound and highly-conserved NMDGT 
region of TM7, but not in the relative positioning between 
transport and trimerization domain [46]. For the transporter 
with the K64C/V419C crosslink, the results are more dif-
ficult to explain. If this crosslink results in an inward-fac-
ing state, it should be insensitive to extracellularly-applied 
TBOA. However, the TBOA-sensitive transient currents are 
substantial in size. One possibility is that, because of the 
high TBOA concentration used (about 1000 times Km), the 
transporter inward-facing-outward-facing equilibrium can 
be pulled to the outward-facing state, despite the crosslink, 
although this would seemingly require a large distortion of 
the transporter structure (Fig. 1).



159Neurochemical Research (2022) 47:148–162 

1 3

Conclusions

In this study, we tested K268C/W440C (between TM5 and 
TM8) and K64C/V419C (between TM2 and HP2) double-
cysteine mutant transporters with respect to the effect of 
crosslinking on partial reactions in the transport cycle. From 
analysis of pre-steady-state currents in response to rapid 
glutamate concentration jumps in both forward and reverse 
transport mode, it was concluded that the crosslinks impair 
most pre-steady-state processes previously assigned to the 
glutamate translocation process, as well as  Na+-binding to 
the glutamate-bound form of the transporter, and conforma-
tional changes associated with it. Therefore, the crosslinks 
seem to severely restrain conformational flexibility of the 
transporter, which is necessary for these early reactions in 
the transport cycle to occur. In contrast,  Na+ binding to the 
glutamate-free form of the transporter, as well as to a minor 
extent the glutamate-induced anion conductance, were still 
operational, at least in the K268C/W440C mutant trans-
porter. Overall, our results add to the previous mechanis-
tic view of how covalent restraints of the transporter affect 
function and individual reaction steps in the transport cycle.

Experimental Section

Cell Culture and Transfection

HEK293 cells (American Type Culture Collection No. 
CRL 1573) were cultured as described previously [24]. 
Cell cultures were transiently transfected with wild-type 
or mutant EAAC1 cDNAs, inserted into a modified pBK-
CMV-expression plasmid, using Jetprime transfection rea-
gent according to the protocol supplied by the manufacturer 
(Polyplus). The cells were used for electrophysiological 
measurements between 24 and 36 h after transfection. The 
cysless EAAC1 variant contained Cys to Ser substitutions 
in positions 9, 158, 218, 255 and 342 and was generated 
using the QuikChange mutagenesis procedure (Agilent), 
followed by sequencing. K268C/W440C and K64C/V419C 
double-mutant transporter DNAs were generated within the 
 EAAC1cysless background. The K268C/W440C transporter 
cDNA was a generous gift provided by Dr. Baruch Kanner. 
K64C/V419C mutations were generated by Gene Universal 
Co. Ltd.

Crosslinking Procedures

The solutions of CuPh (Copper 1,10-Phenanthroline) 
and  CdCl2 were prepared as 10  mM stock solutions in 
NMG-MES (NMG: N-Methylglucaminegluconate, MES: 

Methanesulfonate) solution and diluted to 400 μM concen-
tration with external buffer solution (see below) prior to each 
experiment. DTT (Dithiothreitol) was prepared as a 20 mM 
stock solutions in NMG-MES solution. Cells were incubated 
in crosslink or protective solutions at room temperature for 
15 min before electrophysiology experiments were started.

Solution Exchange and Laser Photolysis

Rapid solution exchange (time resolution 100–200 ms) was 
performed by means of a quartz tube (opening diameter 
350 μm) positioned at a distance of 0.5 mm to the cell. The 
linear flow rate of the solutions emerging from the opening 
of the tube was 5–10 cm/s. Laser-pulse photolysis experi-
ments were performed as described in detail previously [47]. 
In the reverse transport experiments, MNI-caged glutamate 
were introduced into the cell through the glass recording 
electrode. After whole-cell mode was established, a period 
of 5 mins was allowed for diffusive equilibration with the 
cell interior. MNI-caged glutamate [48, 49], at concentra-
tions of 1 mM (140 mM and 49 mM  Na+) to 4 mM (18 mM 
and 10 mM  Na+), or free glutamate were applied to the cells 
and photolysis of the caged glutamate was initiated with 
a light flash (355 nm, 8 ns, Minlite II, Continuum). The 
light was coupled into a quartz fiber (diameter 365 μm) that 
was positioned in front of the cell in a distance of 300 μm. 
With maximum light intensities of 500–840 mJ/cm2 saturat-
ing glutamate concentrations could be released, which was 
tested by comparison of the steady-state current with that 
generated by rapid perfusion of the same cell with 1 mM 
caged glutamate with 140 mM  Na+. Data were recorded 
using the pClamp6 software (Axon Instruments), digitized 
with a sampling rate of 1 kHz (solution exchange) or 25 kHz 
(laser photolysis and voltage jump) and low-pass filtered at 
250 Hz or 3–10 kHz, respectively.

Electrophysiology

Currents associated with glutamate transporters were meas-
ured in the whole-cell current recording configuration. 
Whole-cell currents were recorded with an EPC7 patch-
clamp Amplifier (ALA Scientific, Westbury, NY) under volt-
age-clamp conditions. The resistance of the recording elec-
trode was 3–6 MΩ. Series resistance was not compensated 
because of the relatively small whole-cell currents carried 
by EAAC1, in both anion and transport modes. The com-
position of the solutions for measuring transport currents or 
laser-photolysis experiments was: 140 mM NaMes, 2 mM 
 MgGluconate2, 2 mM  CaMes2, 10 mM 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES), 10 mM gluta-
mate, pH 7.3 (extracellular), 130 mM KMes (Mes = meth-
anesulfonate), 2 mM  MgGluconate2, 5 mM Ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 
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10 mM HEPES, pH 7.3 (intracellular). For anion current 
recordings, intracellular Mes was replaced by  SCN−. For 
reverse transport current recordings, KMes was used as 
external solution, 130 mM NaMes and 5 mM Glutamate as 
internal solution, as published previously [24, 30, 32].

Voltage Jumps

Voltage jumps (-100 to + 60 mV) were applied to perturb 
the electrogenic glutamate translocation equilibrium. To 
determine EAAC1-specific currents, control currents were 
recorded in the presence of 400 µM extracellular TBOA 
(DL-threo-β-benzyloxyaspartic acid) and subtracted from 
the glutamate-induced currents. Capacitive transient com-
pensation and series resistance compensation of up to 80% 
was employed using the EPC-7 amplifier. Non-specific tran-
sient currents were subtracted in Clampfit software (Molecu-
lar Devices).

Cellular Glutamate Efflux Measured by Extracellular 
Glutamate‑Binding Sensor

EAAC1 transporter was co-expressed with iGluSnFR [34, 
50] extracellular glutamate-binding sensor in HEK293 cells 
as a system for measuring glutamate efflux via fluorescence 
intensity changes. The sensor is bound to the outside of the 
cell membrane and contains a glutamate-binding compo-
nent that responds rapidly to extracellular glutamate con-
centration changes. The external glutamate concentration 
is reported via fluorescent intensity change. This method 
specifically isolates the transport function of EAAC1 in 
response to various external conditions and eliminates the 
variable of anion conductance.

Imaging experiments were performed as described pre-
viously [50]. All imaging experiments utilized a live-cell 
flow-through imaging chamber (Warner Instruments, Series 
20) together with an inverted fluorescence microscope (Zeiss 
Axiovert 25). The fluorescence filter set used was FITC, 
which was obtained from Omega Filters. Bath buffer solu-
tion contained NaMes (Mes = methanesulfonate) and KMes 
equaling a combined concentration of 140  mM, 2  mM 
 CaGluconate2, 2 mM  MgGluconate2, 10 mM 4-(2-Hydrox-
yethyl) piperazine-1- ethanesulfonic acid (HEPES), pH 7.3 
using NaOH. 140 mM NaMes solution was used to initially 
wash the remaining culturing medium from the cell surface 
and also in between each test solution to act as a benchmark 
for changes in fluorescence. Solutions were passed through 
the imaging chamber for 30–45 s before recording an image. 
For each experiment, the exposure and other imaging fea-
tures were set as constant and for an appropriate fluorescence 
intensity below saturation. Images were recorded after each 
solution exchange and then analyzed using ImageJ software 
[51]. ImageJ was used to quantify the fluorescence intensity 

of 5–10 cells per image. The loci were held constant when 
comparing images in an experiment. The relative fluores-
cence change (ΔF/F) was calculated as follows:

where Finitial was the fluorescence intensity of the image 
taken after passing the initial solution directly prior to the 
test solution, and Ffinal was the fluorescence intensity of the 
same point in the image taken following the test solution.

Data Analysis

All data are shown as mean ± SD, collected from recordings 
of 8 to 10 cells. For statistical analysis, paired two-tailed t 
tests were used in Microsoft Excel software. To determine 
Km values, non-linear curve fitting was used with a Michae-
lis–Menten-like equation, y = Imax* [Glu]/(Km + [Glu]) built 
in the Origin software least-squares-fitting package. Mean 
values were compared by using two tailed student’s t-test 
results. These results were calculated using Microsoft Excel.

Nonlinear regression fits of laser-pulse photolysis experi-
mental results were performed in Clampfit software (Axon 
Instruments) by the use of the following equations. The pre-
steady-state transport currents and (in the absence of SCN) 
were fitted with a sum of three exponential functions and a 
stationary current component: I = I1·exp( -t/τrise) + I2 · exp( 
-t/τdecay1) + I3 ·exp( -t/τdecay2) + ISS. Here, I is the current 
amplitude, τ the time constant, and t the time.
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