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Background: Gltp,, couples uptake of one aspartate to the cotransport of three Na™.
Results: Slow binding of Na™ takes place before aspartate binding and has high activation energy.
Conclusion: Binding of Na* is accompanied by a large conformational change enabling subsequent high affinity binding of

aspartate.

Significance: Insight into the binding kinetics of coupling ions is essential to deduce a mechanism of transport.

Gltp,, from Pyrococcus horikoshii is a homotrimeric Na*-cou-
pled aspartate transporter. It belongs to the widespread family
of glutamate transporters, which also includes the mammalian
excitatory amino acid transporters that take up the neurotrans-
mitter glutamate. Each protomer in Gltp, consists of a tri-
merization domain involved in subunit interactions and a trans-
port domain containing the substrate binding site. Here, we
have studied the dynamics of Na* and aspartate binding to
Gltp,. Tryptophan fluorescence measurements on the fully
active single tryptophan mutant F273W revealed that Na™ binds
with low affinity to the apoprotein (K, 120 mm), with a particu-
larly low k,,, value (5.1 M~ 's™'). At least two sodium ions bind
before aspartate. The binding of Na* requires a very high acti-
vation energy (E, 106.8 k] mol™') and consequently has a large
Qo value of 4.5, indicative of substantial conformational
changes before or after the initial binding event. The apparent
affinity for aspartate binding depended on the Na™ concentration
present. Binding of aspartate was not observed in the absence of
Na*, whereas in the presence of high Na* concentrations (above
the K, for Na*) the dissociation constants for aspartate were in the
nanomolar range, and the aspartate binding was fast (k,, of 1.4 X
10° m~'s™1), with low E,, and Q,, values (42.6 k] mol™" and 1.8,
respectively). We conclude that Na* binding is most likely the rate-
limiting step for substrate binding.

Glutamate is the main excitatory neurotransmitter in the
central nervous system. Glutamate transporters take up extra-
cellular glutamate into glial cells and neurons surrounding the
synaptic cleft and thus help to prevent prolonged elevated, neu-
rotoxic extracellular concentrations of the neurotransmitter
and maintain efficient synaptic communication between the
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neurons (1, 2). Five mammalian subtypes of glutamate trans-
porters (excitatory amino acid transporters (EAAT 1-5)*) each
couple glutamate transport to the co- and countertransport of
cations (3). Three Na™ and one proton are cotransported with a
glutamate molecule, whereas the transport cycle is completed
by the countertransport of one K* (4).

The only glutamate transporter homologs for which high reso-
lution crystal structures have been solved are the archaeal Na™-
coupled aspartate transporters Gltp,, from Pyrococcus horikoshii
(5) and Glty, from Thermococcus kodakarensis (6). Crystal struc-
tures in different conformations revealed that the protomers in the
homotrimeric proteins consist of a trimerization domain involved
in the subunit interactions and a transport domain, which contains
the binding sites for aspartate and sodium ions. A transport mech-
anism has been proposed in which the transport domains move
across the membrane like an elevator to expose the binding site
alternately to the intracellular or extracellular space (7-10). Two
helical hairpin regions (HP1 and HP2) form the inner and outer
lids on the binding site, respectively, that may open when the
transporting domain is located in the inward- or outward-facing
conformation. Although three sodium ions are cotransported with
one aspartate (11), the crystal structures revealed only two sodium
ion binding sites (Nal and Na2) within each protomer (9). The
binding site for the third Na™ is still debated (12-18). Experiments
and simulations on Glt;,,, and EAAT3 have suggested that the third
sodium ion (Na3) may be coordinated by Thr*'* and Asn**' in
Gltpy, (18). This location is in line with previous experimental data
(19, 20). Simulations also indicated that binding to Nal and Na3
takes place before glutamate/aspartate binding (17, 18), whereas
the third sodium ion binds to the Na2 site only after the amino acid
substrate has bound (9). These results again are in agreement with
former experimental and computational studies on several gluta-
mate transporters (12, 20—25). In previous characterizations of
Gltp,, using tryptophan fluorescence measurements with a single
tryptophan introduced at position Leu'*® (Fig. 1), the affinity for
aspartate binding was shown to strictly depend on the Na™ con-
centration and vice versa (9). The L130W mutant has several dis-
advantages for functional studies because its transport activity is

“The abbreviations used are: EAAT, excitatory amino acid transporter; ITC,
isothermal titration calorimetry.
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FIGURE 1. Schematic representation of the residues selected for tryptophan fluorescence measurements. A and B show a side view of the trimeric protein in the
outward-facing (PDB code 2NWL) (9) (A) and inward-facing (PDB code 3KBC) (8) (B) crystal structures, respectively, with one protomer highlighted in dark gray. Gltp,,
with tryptophan substitutions of residues Val®', Lys'>°, Met®®?, Val?®*, Val>’°, and Met**> marked in yellow showed no fluorescence change (Val®', Val*®*) or changes
only when both Na™ and aspartate were added. Glt,,, with tryptophan substitutions of residues Phe®”* (pink) and Val*>”* (magenta) reported both aspartate-indepen-
dent Na™ binding and Na™-dependent aspartate binding. Bound aspartate is shown in green, and three putative Na™ binding sites are labeled in blue (18). Black lines
represent the membrane with the extracellular (e) and intracellular side (i) indicated.

severely reduced compared with the wild-type protein, and it only
reports fluorescence changes upon binding of both aspartate and
sodium ions.

Here we constructed novel single tryptophan mutants with
the aim to dissect Na™ and aspartate binding events in Gltpy,.
Using steady-state and stopped-flow fluorescence measure-
ments, we show that sodium binding to the apoprotein is of low
affinity and is accompanied by large conformational changes.
Sodium binding precedes aspartate binding, which is fast and of
high affinity as long as sodium is present.

Experimental Procedures

Mutagenesis, Expression, and Purification of Glt,,—Muta-
tions for single tryptophan variants were introduced in recom-
binant Glt;,, possessing a C-terminal eight-histidine tag using
site-directed mutagenesis. DNA sequencing confirmed the
presence of only the desired mutations. Glt,;, was produced in
Escherichia coli MC1061 and purified as previously described
(11) with slight modifications. Buffer A containing 50 mm
Tris-HCI, pH 8.0, 300 mm KCI, and 0.04% (w/v) n-dodecyl-B-
D-maltoside (Anatrace) was used throughout the whole purifi-
cation after solubilization including size exclusion chromatog-
raphy on a Superdex200 column (GE Healthcare). Protein
concentrations were determined using the calculated extinc-
tion coefficients of the variants.

Fluorescence Measurements—Steady-state fluorescence of
purified, detergent-solubilized protein was monitored at 25 °C
on a Spex Fluorolog 322 fluorescence spectrophotometer
(Jobin Yvon). Fluorescence spectra were recorded with an exci-
tation wavelength of 295 nm. For titration experiments with
increasing Na™ or aspartate concentrations, emission was mea-
sured at 343 nm with excitation at 295 nm. Aspartate and
sodium were titrated to 1 um protein in 1 ml of buffer A as
described in Erkens and Slotboom (26). The resulting curves
were fitted in Origin 7.0 (OriginLab) to an equation describing
equilibrium binding (26) or to the Hill equation. Stopped-flow
measurements were performed on an Applied Photophysics
S$X20 spectrometer. An excitation wavelength of 295 nm and a
cutoff filter of either 310 or 305 nm was used. All experiments
were carried out in buffer A with 1.5-2 uM protein at temper-
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atures as indicated. The protein was mixed with substrate-con-
taining buffer A in a 1:1 ratio. 3—15 traces per concentration
were recorded and averaged per condition. All indicated con-
centrations are final after mixing. Pseudo-first-order reactions
were assumed when the substrates (Na™, L-aspartate, D-aspar-
tate, or cysteine sulfinic acid) were at least in 5-fold excess com-
pared with the protein. The data were fitted to a single expo-
nential model using Origin 7.0 (OriginLab). In the cases of very
long measurements slightly poorer fits were obtained using the
single exponential model and double exponential models were
used (indicated in the figure legends). The presence of the addi-
tional component, which had a small amplitude, depended on
the measuring time and became more apparent in the slower
reactions that required longer time range measurements (>5
s). We assume that bleaching accounts for this component.
When double exponential models were used for one trace in a
series, we chose to use it for all traces in the series (concen-
tration-dependent L-aspartate, D-aspartate, and cysteine sul-
finic acid binding data).

Isothermal Titration Calorimetry (ITC)—ITC experiments
were performed using an ITC200 calorimeter (MicroCal). 100
M aspartate (in buffer A with indicated sodium concentrations)
was titrated into the thermally equilibrated ITC cell filled with 200
wul of mutant Gltpy, (13-20 wMm) in the presence of 10 or 200 mm
NaCl. Temperature was kept constant at 25 °C. Data were ana-
lyzed using the Origin-based software provided by MicroCal.

Protein Reconstitution and Transport of ['*C]Aspartate into
Proteoliposomes—Reconstitution and transport of [**Claspar-
tate were performed as previously described (11) with the fol-
lowing modifications. Tryptophan variants were reconstituted
1:250 (w/w) into a mixture of synthetic lipids (Avanti Polar
Lipids, Inc.) of a 3:1:1 weight ratio of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE):1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC):1,2-dioleoyl-sn-glycero-3-phospho-
(1"-rac-glycerol) (DOPG). The transport of aspartate was
initialized by diluting 2 ul of proteoliposomes (125 ug/ul lipid
concentration) loaded with 50 mm KP, buffer, pH 7, into 200 ul
of 50 mMm sodium phosphate buffer, pH 7, containing 0.69 um
[**CJaspartate and 0.5 uMm valinomycin.
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FIGURE 2. Tryptophan fluorescence of Glt,,, variant L130W. A, fluorescence emission spectra of the apoprotein (black) and after the addition of 200 mm NaCl
(red) followed by 100 um aspartate (blue). B, reversed order of additions: apoprotein (black) with added 100 um Asp (gray) followed by the addition of 200 mm
NaCl. A fluorescence increase was observed only when both substrates were present. In panels Cand D titrations of aspartate in the presence of 10 mmand 200
mm NaCl, respectively, are shown, whereas in E the fluorescence changes by the addition of NaCl in presence of 100 um aspartate are plotted. The dots represent
the average fluorescence levels corrected for dilution measured at the indicated aspartate and NaCl concentrations. The red line is the best fit to a one-site
binding equation (26) or to the Hill equation. Panels F and G, ITC measurements of aspartate in presence of 10 mm (F) and 200 mm (G) NaCl are shown. The

determined k, values were 512 nm and 2 nm, respectively.

Results

Construction of Single Tryptophan Variants of Glt,,—To
detect the binding of aspartate and sodium ions to Gltp,,, we
constructed single tryptophan variants of the protein. We
chose positions where the environment was expected to change
upon binding of Na™ and aspartate based on the available crys-
tal structures. Residues Val®' (at the cytoplasmic end of helix 3),
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Met?**°, Phe®’3, Val?’%, Val*®* (all HP1), Val*”° (HP2), and
Met®*® (periplasmic end of helix 8) were mutated (Fig. 1).

We purified the single tryptophan variants in the apo state
(sodium- and aspartate-free), recorded fluorescence spectra in
detergent solution, and tested whether the tryptophan fluores-
cence was sensitive to the addition of sodium ions and aspar-
tate. The fluorescence properties of the variants fell into three
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FIGURE 3. Tryptophan fluorescence and transport activity of Glt,, variant F273W. A, fluorescence emission spectra of the apoprotein (black) after
the addition of 200 mm NaCl (red) and after subsequent addition of 100 um aspartate (blue). In panel B the order of additions was reversed: fluorescence
emission spectra of the apoprotein (black) after the addition of 100 um Asp (gray) and after the subsequent addition of 200 mm NaCl (blue). In panels C
and D the fluorescence changes as a function of Na* concentration are shown in the absence of aspartate and in the presence of 100 um aspartate,
respectively. The dots represent the average fluorescence levels corrected for dilution measured at the indicated NaCl concentrations. The red lines are
best fits to the Hill equation. E, L-['*Claspartate uptake of Gltp, variant F273W (red) and wild-type Glt,, (black) in proteoliposomes and in control

liposomes without protein (blue).

groups as follows. V81W and V284W did not show any fluores-
cence changes upon substrate and coupling ion binding and
were not analyzed further (data not shown). The tryptophan
fluorescence of M269W, V370W, and M385W did not change
upon the addition of either sodium ions or aspartate alone, but
it was affected when both Na™ and aspartate were present (data
not shown). This behavior is very similar to L130W (periplas-
mic end of helix 4), which was shown previously to report bind-
ing of aspartate and sodium ions (9). We chose L130W as rep-
resentative for this group of mutants because it showed the
most pronounced changes in fluorescence levels upon aspar-
tate and sodium ion binding (Fig. 2, A and B). The fluorescence
of F273W and V274W was affected by the binding of sodium
ions alone to the apoprotein, as well as by subsequent binding of
aspartate to the Na™ -bound protein (Fig. 34). We chose F273W
as representative for this group, because (i) it showed the most
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pronounced changes in fluorescence levels upon Na* and
aspartate binding, and (ii) it was fully active in transport (Fig.
3E), in contrast to V274W.

Steady-state Binding of Na™ to Glt,—For all binding exper-
iments detergent-solubilized proteins were used, and conse-
quently, binding could take place to the outward- or inward-
facing states. Because the binding affinities of the two states for
the substrates are identical (27), the lack of sidedness is not
expected to affect the steady-state K, determinations. The tryp-
tophanin F273W is located in HP1, close to the binding sites for
aspartate and two sodium ions. The addition of Na* to the
purified, detergent-solubilized apo form of this variant resulted
in an increase of the steady-state tryptophan fluorescence
intensity, which allowed us to determine the affinity of Glt,, for
sodium ions in the absence of aspartate (Fig. 34). Na™ binding
was cooperative and of low affinity (K, of 120 mm, Hill coeffi-
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FIGURE 4. Tryptophan fluorescence spectra of Glt,,, variant F273W in the presence of different NaCl concentrations. Fluorescence emission spectra of
the apoprotein (black) after the addition of NaCl (red, concentration as indicated) and after subsequent addition of 100 um aspartate (blue). For better
comparison the spectra were normalized taking the fluorescence of the apoprotein at 343 nmas 1.
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FIGURE 5. ITC measurement of variant F273W. Aspartate titration in presence of 10 mm (A) and 200 mm (B) NaCl. The determined K, values were 4 um and 3
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cient of 2.1 (Fig. 3C)). The Hill coefficient suggests that at least
two sodium ions bind to the protein in a cooperative way in the
absence of aspartate.

The apparent affinity for sodium was higher when aspartate
was present. In the presence of 100 um aspartate F273W bound
Na™ with a K, of 25 mm and a Hill coefficient of 2.4 (Fig. 3D). In
the presence of aspartate the affinity for Na™ could also be
determined in mutant L130W. The fluorescence of L130W
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increased when both Na™ and aspartate bound to the protein
(Fig. 2, A and B). We found a K, value of 9 mm for Na™ binding
to L130W in presence of 100 uM aspartate and a Hill coefficient
of 2.2 (Fig. 2E). These numbers compare well with previous data
on the binding of sodium to variant L130W (9, 28).
Steady-state Binding of Aspartate to Glt,,—Whereas the
binding of Na™ to Glt;,;,, F273W resulted in a concentration-de-
pendent increase in the fluorescence intensity, the subsequent
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FIGURE 6. Rates of Na* binding to Glt,,, F273W. The top panels show the stopped-flow fluorescence measurements. Each trace (black) represents an average
of 6-15 individual traces, fitted with a single exponential equation (gray). A, 1.5 um F273W apoprotein was mixed with solutions of the indicated concentrations
of NaCl; KCl was present so that the sum of the NaCl and KCl concentrations was 1 m. All measurements were performed at room temperature. The bottom panel
shows the kg, values plotted against the corresponding NaCl concentrations. The slope of the linear fit gives the k,,,, and the intercept with the k,,,, axis gives
the kg value. B, 1.5 um F273W was mixed with 1 m NaCl at different temperatures as indicated, and the bottom panel shows the Arrhenius plot of the derived
kobs- The gray lineis a linear fit of the data according to the Arrhenius equation In(k) = B + (In(E,,)/RT), with E,, representing the activation energy, Brepresenting
the frequency factor, T representing the absolute temperature, and R representing the gas constant. The linear fit results in an £, = 106.8 kJ mol .

binding of aspartate caused a decrease in intensity. The level of
fluorescence with both substrates bound was slightly higher
than that of the apoprotein (Fig. 34). The change in fluores-
cence upon the addition of aspartate to Gltp,, preincubated with
sodium depended strongly on the concentration of sodium
used. In the presence of 200 mm Na™, the addition of aspartate
to F273W caused a relatively large decrease in fluorescence
intensity. However, in the presence of lower concentrations of
sodium (50 and 100 mMm NaCl, which is below the K, for
sodium) the decrease was less pronounced. At these Na™ con-
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centrations the protein is not fully occupied with Na*, and
therefore, the reference level of fluorescence before the addi-
tion of aspartate is lower than in the presence of saturating
sodium concentrations. Because the final level of fluorescence
after the addition of aspartate was the same regardless of the
sodium concentration, the decrease in fluorescence by aspar-
tate binding was less pronounced at lower sodium concentra-
tions (Fig. 4). At very low sodium concentrations (10 and 20 mm
NaCl, respectively) the initial occupancy by sodium ions was so
low that there was an increase rather than a decrease of fluores-
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cence intensity upon the addition of aspartate. Nonetheless, in
all cases the same end level of fluorescence was reached, indi-
cating that aspartate pulls the carrier to the fully occupied state,
and sodium and aspartate binding is mutually cooperative.

When we added the substrates in the reverse order, the addi-
tion of aspartate did not cause a change in fluorescence, sug-
gesting that aspartate does not bind to Glt;,, in the absence of
Na™, whereas subsequent addition of Na™ caused a slight
increase (Fig. 3B). Regardless of the order of additions, the
same end level of fluorescence intensity was reached (cf. Fig.
3, A and B).

Because the changes in fluorescence intensity upon aspartate
binding to F273W depended strongly on the sodium concen-
tration and were very small in the presence of low sodium con-
centrations, we could not use the changes in fluorescence
intensity to determine binding affinities for aspartate. Instead
we used ITC measurements. The apparent affinity for aspartate
depended on the NaCl concentration; with 10 mm NaCl present
the K, was 4 um (Fig. 5A4), whereas the affinity increased 3
orders of magnitude with 200 mm NaCl added (K, of 2.6 nm; Fig.
5B). Taking into account that K, values in the low nanomolar
range obtained from ITC or fluorescence measurements are
difficult to determine accurately, these numbers compare well
with previous data on L130W (8). Using ITC measurements for
L130W, we found a K, of 513 nMm for aspartate with 10 mm NaCl
present (Fig. 2F) and a K, of 1.5 nm with 200 mm NaCl present
(Fig. 2G). Similar K, values of 250 and 2.6 nm in the presence of

TABLE 1

Rates of substrate and Na™ binding to variant F273W as derived from
stopped-flow fluorescence measurements
L-CS, L-cysteine sulfinic acid.

Substrate ko Koge K
M 171 st M
Na*? 5.1 (+0.237) 39(£0.134) 076
L-Aspartate® 1.4 X 10° (£4.7 X 10%) 0.25 (*+3.3) 1.8X10°°
D-Aspartate® 6.8 X 10* (+4.1 X 10%) 2.2 (*1.6) 3.2 X10°°
1-CS* 9.5 X 104 (£3.9 X 10°) 2.9 (*+1.6) 31X 1075

“ Derived from kgg/k,,.
® Measurements were performed at room temperature.
¢ Measurements were performed at 6 °C.
A B
1 uM Asp

0.1 M NaCl
’4 0.2 M NaCl
i 0.5 M NaCl

1 M NaCl

10 uM Asp

10 mm and 200 mm NaCl, respectively, were obtained from
steady-state fluorescence measurements on L130W (Fig. 2, C
and D).

Rates of Na* and Aspartate Binding to Gltp, F273W—We
performed tryptophan fluorescence-based stopped-flow mea-
surements on Glt,,, F273W in detergent solution to record the
substrate-induced fluorescence changes over time. Although in
detergent solution there is no sidedness and binding could in
principle take place to both the outward- or inward-facing
states, the data fitted well to a single exponential model. There-
fore, it is likely that we observed a single type of event.

Fast mixing experiments on the binding of Na* to the
F273W variant revealed a very low k,, value for Na™ of 5.1
M~ 's™! (Fig. 64, Table 1). The kinetics data are consistent with
the low affinity of Gltp, for Na™ in the absence of aspartate
measured in the steady-state experiments (cf. Figs. 34 and 6A).
In the experiments the ionic strength was kept constant at 1 m
by the addition of the appropriate concentrations of KCI to
compensate for the different NaCl concentrations used. It must
be noted though that the rate constants were identical in the
absence of compensating KCl additions showing that differ-
ences in ionic strength had no detectable effect (data not
shown). Rate constants were also determined at different tem-
peratures between 6 °C and 30 °C. From these data values for
the activation energy, E, and Q,, of 106.8 k] mol ' and 4.5,
respectively, were derived (Fig. 6B). These values suggest a rel-
atively big conformational change either before or after binding
of Na™. Nonetheless, the stopped-flow measurements with
increasing Na™* concentrations (Fig. 6A4) did not result in a sat-
uration of the &, , values. A possible explanation for the lack of
saturation is that the concentrations of Na™ required to reach
saturation are too high to be compatible with the experimental
setup.

Rates of Na* Binding to Gltp, F273W in the Presence of
Aspartate—Na™ binding was also monitored in the presence of
three different aspartate concentrations of 1 um, 10 um, and
100 M. At some aspartate-to-Na™ ratios (combinations of high
Na™ and low aspartate concentrations) two phases became

100 uM Asp
0.1 M NaCl
MMWMMMMM
e
0.2 M NaCl W«M 0.2 M NaCl
J]MMMMN%

W‘” Ll
0.5 M NaCl WMN

1 M NaCl F/W”

’mlHmmmeiLhMWM“MWMMWM%
TR

0.1 M NaCl

0.5 M NaCl

1M NaCl

o 1 2 3 4 5 0 1 2
time (s)

time (s)

3 4 5 00 02 04 06 08 10
time (s)

FIGURE 7. Sodium binding to Glt,,, variant F273W in the presence of different aspartate concentrations. Stopped-flow traces of the tryptophan fluores-
cence started by mixing 2 um protein with different NaCl concentrations in presence of 1 um (4), 10 um (B), and 100 um (C) aspartate, respectively. Each trace
(black) represents an average of 10-15 individual traces, fitted with a double exponential equation (gray).

15968 JOURNAL OF BIOLOGICAL CHEMISTRY

SASBMB

VOLUME 290-NUMBER 26+JUNE 26, 2015



F273W
1M NaCl present, 6°C

. 1&0 UM L-Asp

TR\ 20 uM L-Asp
"

- 30 uM L-Asp

iy 50 uM L-Asp

“’m‘ﬂx t_# 100 uM L-Asp
'\ . Tsion Saspopyy 200 UM L-Asp
‘ m’f»&m TR, 300 uM L-Asp
H;:'\'MNWM_MM 500 M L-Asp

| R PR
\

b

1000 uM L-Asp

Kinetics of Na* and Aspartate Binding to Glt,,,

B

F273W
1M NaCl present

S
(W ” 2000 pM L-Asp S0.C
000 004 008 012 2 4 6 8 10 00 01 02 03 04 05
time (s) 49- time (s)
" 404 =
| |
3.8' ™
3.61 N
| |
3 341 N
5 ' ]
£ 32
k,=1.4*10°M"s" 3.01 )
504 e ky=025s" 281 E, =42.6KJmol’ .
O_ézi K, =18 pM 261 Q=18 .
T T T T T 2.4 T T T T T T T
0 500 1000 1500 2000 330 3.35 340 345 350 3.55 3.60
concentration L-Asp (M) 10° T'(K™")

FIGURE 8.Rates of L-aspartate binding to Glt,,, F273W in the presence of 1 m NaCl. The top panels show the stopped-flow fluorescence measurements.
Each trace (black) represents an average of 6-10 individual traces. A, 1.5 um F273W was mixed with varying L-Asp concentrations as indicated, and
individual traces were fitted with a double exponential equation (gray). In the bottom panel the k. values resulting from the fits with assumed
pseudo-first-order reaction are plotted against the corresponding aspartate concentrations. The slope of the linear fit gives the k,,, and the intercept
with the k. axis gives the k¢ value. The inset shows the data at low aspartate concentrations. B, 1.5 um F273W was mixed with 100 um L-asp at different
temperatures as indicated, and individual traces were fitted with a single exponential equation. The bottom panel shows the Arrhenius plot of the
derived k... The gray line demonstrates the linear fit of the data according to the Arrhenius equation In(k) = B + (In(E,)/RT), with E, representing the
activation energy, B representing the frequency factor, T representing the absolute temperature, and R representing the gas constant. The linear fit

resultsinan E, = 42.6 kJ mol .

apparent (Fig. 7): a fast increase in tryptophan fluorescence
followed by a slower decrease. The two observed rate constants
ks Were in good agreement with the corresponding rates of
Na™ binding to apoGlt,, and aspartate binding to the Na™-
loaded protein, indicating that the observed phases describe the
binding of Na™ (fast at high Na™ concentration) before the
binding of aspartate (slow at low aspartate concentration). At
low sodium ion concentrations a single phase only was
observed, corresponding to slow and rate-determining sodium
binding. The subsequent aspartate binding was much faster in
this condition.
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Rates of Aspartate Binding to Na™-loaded Glt, F273W—
The binding of L-aspartate to F273W at room temperature was
too fast for accurate determination of the rate constants at high
aspartate concentrations. Therefore, binding rates for L-aspar-
tate using Glty,;, preincubated with 1 M Na™ were determined at
6 °C and yielded k,, and kg values of 1.4 X 10° M~ ' s~ " and
0.25 s ', respectively (Fig. 8A). The activation energy for bind-
ing of L-aspartate to Glt,, F273W was 42.6 k] mol ™" with a
correlating Q,, value of 1.8 (Fig. 8B). The substantial activation
energy and the small k_, value, which is well below rate constant
for diffusion limited binding, indicate that F273W reports a
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FIGURE 9. Rates of p-aspartate and L-cysteine sulfinic acid binding to Glt,,, F273W in the presence of 1 m NaCl. The top panels show the stopped-flow
fluorescence measurements. Each trace (black) represents an average of 3-8 individual traces, fitted with a double exponential equation (gray). In the bottom
panels the k., values resulting from the fits with assumed pseudo-first-order reaction are plotted against the corresponding substrate concentrations. All
measurements were performed at 6 °C. The slopes of the linear fits give the k,,,, and the intercepts with the k, axis give the k¢ values. A, 1.5 um F273W was
mixed with varying b-Asp concentrations as indicated. B, 1.5 um F273W was mixed with varying L-cysteine sulfinic acid (.-CS) concentrations as indicated.

conformational change rather than the initial aspartate binding
event. This observation is consistent with aspartate binding
data for L130W, indicating an induced-fit mechanism (28).
However, there are also differences between L130W and
F273W. For F273W we did not observe saturation of &, at
high L-aspartate concentrations in contrast to previous data for
L130W (28). Similarly, we did not observe saturation of k_, , at
high concentrations of the alternative substrates p-aspartate
and L-cysteic acid, again in contrast with the reported work on
L130W (Figs. 84 and 9, A and B, respectively). It is not clear why
saturation was not observed for F273W, but it is possible that
higher L-aspartate concentrations were required to reach satu-
ration. However, at higher concentrations the rates were too
high to measure accurately using our experimental setup. In
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addition, variant L130W showed greatly reduced transport
activity, in contrast to F273W (cf. Ref. 9 and Fig. 3E), and
therefore, L130W may have a more limited conformational
flexibility than F273W, which becomes rate-limiting at lower
substrate concentrations.

Discussion

The change in tryptophan fluorescence upon Na™ binding to
F273W and the kinetics of binding as well as the temperature
dependence indicate that a substantial conformational change
is associated with the binding of sodium ions to the apoprotein.
The change in fluorescence may arise either from local confor-
mational changes before or upon the initial binding to the
exposed binding site or by the subsequent redistribution of
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conformational states of the whole transport domain. Distinct
local conformational changes forming the binding pocket for
aspartate were proposed by molecular dynamic simulations
(17, 18) and binding studies on Gltp,, (27, 28). Comparison of
the recent crystal structures of apoGlt,, (29) and the closely
related protein apoGlty, (6) with the Na™- and aspartate-
bound proteins (8, 9) are also consistent with a large local con-
formational change associated with sodium binding. Because
the tryptophan residue in F273W is located in close proximity
to the Na™ binding sites, this possibility is plausible. But also a
Na™-induced overall movement of the transport domain as
shown by EPR and single-molecule FRET studies (30-33)
would be consistent with the present fluorescence data.

Similarly, the fluorescence decrease upon binding of aspar-
tate to the Na™-loaded carrier is likely related to a conforma-
tional change. A previous EPR study showed that binding of
aspartate to the Na™-saturated carrier caused a minor change
in the occupancy of the conformational states of the transport-
ing domain compared with the Na™-induced changes (30),
whereas the molecular dynamic simulation again suggested a
local rearrangement enabling the binding of the third sodium
ion (18). The fluorescence measurements revealed that binding
of Na™ takes place before aspartate binding. This is consistent
with previous data (12-18, 27, 29, 34). However, our measure-
ments allow no speculations about the binding of the third
sodium ion.

ApoGltp,, has a very low affinity for sodium ions (K, = 120
mwm). This value compares well with experiments in which a
voltage-sensitive dye was used to measure Na™ binding to wild-
type Gltp,, (K, = 99 mm) (27) but differs to a larger extent from
the K, for Na™ determined by tyrosine fluorescence changes
upon sodium binding to wild-type Glt;;, (25 mm) (28). The basis
for these differences is not known. Nonetheless, in any case the
K, is in the physiologically relevant range, considering that the
natural environment of P. horikoshii is seawater containing
about 0.5 M NaCl. The &k, value for sodium binding was only
~5M~'s™ !, but at physiological Na™ concentrations relatively
fast binding of the coupling ions is ensured (k. values ~7 s ).
In addition, this rate is in good agreement with rates previously
determined for the human EAATS5 (35), in which case sodium
binding preceded fast glutamate binding. The data are also con-
sistent with several studies on glutamate transporters showing
that slow binding of two Na™ is followed by fast binding of
substrate and subsequently the third coupling ion (24, 36).

The change in fluorescence upon binding of aspartate to the
Na™-loaded carrier L130W has been shown to report an
induced fit event. The low rate constants of fluorescence
changes upon aspartate binding to variant F273W (k,, of 1.4 X
10° M~ 's™ 1) are consistent with an induced fit mechanism. We
hypothesize that the fluorescence of F273W reports a confor-
mational change induced by substrate binding rather than the
initial binding event. The conformational change reported by
F273W is significantly slower than the initial substrate binding
(kon), which is manifested by the difference between the K,
values calculated from the rate constants by stopped-flow fluo-
rescence measurements and thermodynamics using ITC mea-
surements (18 uMm versus 2.7 nM, respectively). The conforma-
tion change could for example be associated with an opening of
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the inward-facing lid HP1 (37, 38) or a reorientation of the
whole transport domain after binding of both Na™ and aspar-
tate (32). However, for the F273W mutant the &, values of
aspartate binding did not saturate at high aspartate concentra-
tion, in contrast to L130W (28). Because L130W is much less
active in transport than the wild-type or F273W (9), it is possi-
ble that the kinetics of the reported conformational changes are
different and may become rate-limiting only in L130W at high
aspartate concentrations.

In summary, this study provides new insights into the
molecular mechanism of substrate binding in the archaeal
aspartate transporter Gltp,,. Na™ binding is slow and involves
conformational rearrangements that are essential for subse-
quent high affinity aspartate binding, which ensures the cou-
pled uptake of cations and substrate as necessary for the
transporter. Na™ binding is likely the rate-limiting step for
substrate binding.
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