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Abstract

Glutamate transporters catalyze concentrative uptake of the neurotransmitter into glial cells and
neurons. Their transport cycle involves binding and release of the substrate on the extra- and
intracellular sides of the plasma membranes, and translocation of the substrate-binding site across
the lipid bilayers. The energy of the ionic gradients, mainly sodium, fuels the cycle. Here, we used
a cross-linking approach to trap a glutamate transporter homologue from Pyrococcus horikoshii in
key conformational states with substrate-binding site facing either the extracellular or intracellular
sides of the membrane to study their binding thermodynamics. We show that the chemical
potential of sodium ions in solution is exclusively coupled to substrate binding and release, and
not to substrate translocation. Despite the structural symmetry, the binding mechanisms are
distinct on the opposite sides of the membrane and more complex than the current models suggest.

Introduction

lon-coupled active transporters move their substrates against concentration gradients using
the energy of ionic gradients. To achieve this, the coupled ions drive cycles of
conformational changes, which entail the transporter binding its substrate on one side of the
membrane, translocating and releasing it on the other side, and finally returning to the initial
conformation (Fig. 1a). Despite the wealth of the functional and structural data supporting
this view, the role of ions in this process remains incompletely understood, and several
mechanisms of coupling have been proposed!. Some of them suggest that the ions control
the substrate binding affinity on the opposite sides of the membrane, while others focus on
their role in modulating the kinetics of the translocation steps’-2.

The paucity of the confirmed coupling mechanisms is largely due to the experimental
challenges of dissecting the role of ions in substrate binding and in translocation reactions.
To circumvent these difficulties and to probe the role of ions in the isolated steps of a
transport cycle, we have developed a novel experimental approach, using a prokaryotic
homologue of the glutamate transporter family, Gltpy, as a model system. Gltpy, originates
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from a hyper-thermophilic archaeon Pyrococcus horikoshii, and symports aspartate and
sodium with a 1:3 substrate to ion stoichiometry34. It is the only member of the family with
known high-resolution structures®8. The crystallographic studies have shown that the
translocation of the substrate-binding site across the membrane involves a 15-18 A trans-
membrane movement of a peripheral transport domain relative to a central trimerization
domain (Fig. 1b)>-8. The latter mediates the inter-subunit contacts within the trimeric Gltpp,
while the former coordinates sodium (Na*) ions and substrate .-aspartate (Asp). The Asp
and two Na* binding sites have been identified crystallographically; the location of the third
Na* site is still debated®%-15. Na1 site is located deep in the core of the transport domain,
while Na2 site is on the surface and is formed in part by the helical hairpin (HP) 2 (Fig.1b).
Notably, bound Asp does not contribute directly to either of the sites. The structures of the
unbound transporter and hence, the mechanisms by which the substrate and ions are released
remain unknown. However, a clue is provided by a structure of Gltpy, in the outward facing
state in complex with a competitive blocker, -threo-B-benzyloxyaspartate (--TBOA)E, in
which the blocker is bound in the substrate-binding pocket with its benzyl group propping
HP2 in an open conformation and disrupting Na2 binding site, suggesting that HP2 serves as
the extracellular gate of the transporter6.16-18,

To dissect the mechanism of the energetic coupling between binding of Na* ions and Asp to
the isolated outward and inward facing states of Gltpp, we introduced pairs of cysteine
mutations, one in the transport domain and the other in the trimerization domain, which
upon cross-linking trapped the transporter in either of these states and disallowed the
translocation steps (Fig. 1b). Using this approach, we show that in both the outward and
inward facing states binding of Asp is coupled to binding of all 3 co-transported Na* ions
and that binding of the ligands is highly cooperative. Hence, essentially all available
chemical potential of Na* ions is coupled to substrate binding, while further conformational
changes, including the trans-membrane movements of the transport domains, occur
independently of the ions. Furthermore, based on the experimentally determined heat
capacity changes upon binding, we conclude that despite similar structure of the substrate
and ion binding sites in the outward and inward facing states, the molecular events
underlying binding, particularly of the first 2 Na* ions, are distinct in these states and are
more complex than available crystal structures would suggest.

Trapping Gltpp in the outward and inward facing states

To characterize the binding properties of the main conformational states of Gltp, we
“stapled” together the transport and trimerization domains in either the outward or inward
facing states using mercury (Hg2*)-mediated cross-linking of double cysteine mutants.
Previous studies showed that in HgZ*-crosslinked Gltp,, K55C A364C (Gltpp,M), the transport
domain is trapped in the inward-facing position’. By analogy, we engineered a double
cysteine mutant Gltp,, L66C S300C based on the outward facing structure of the wild type
(WT) Gltp,8. Following crosslinking, we confirmed the outward orientation of the transport
domain by crystallography (Gltpr®", Fig. 1b, Table 1, Supplementary Fig. 1). Like Gltpp",
Gltpp°Ut shows peaks in the anomalous difference Fourier maps adjacent to the sulfur atoms
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of the cysteine residues (Supplementary Fig. 1b), revealing Hg* ions in the expected
positions and distant from the substrate and ion binding sites (Fig. 1b). Structures of Gltp,°ut
and Gltp™ (ref. 5 and this study) were similar to those obtained in the absence of cross-
links®:8 (with root mean squared deviations of ~0.9 A). Isothermal titration calorimetery
(ITC) experiments showed that Hg?* binds to the Gltp, L66C S300C and Gltpy, K55C
A364C protomers with 1:1 stoichiometry and nanomolar affinity both in the substrate bound
and free states (Fig. 1c and Supplementary Table 1). These results confirm that Hg2*-
crosslinking traps the mutant transporters in the outward and inward facing states,
respectively, regardless of whether they are bound to the substrate or not.

lons drive substrate binding to the isolated states

Using ITC, we showed that Asp binds with 1:1 stoichiometry and similar affinities to
Gltpr®Ut, Gltp,!" and the unconstrained WT transporter in the presence of 10 mM Na* (Fig.
2a). The dissociation constants (Kps) were 240 + 50, 290 + 30 and 480 £ 10 nM,
respectively. Hence, the transporter has similar intrinsic affinities for its substrate on the
opposite sides of the membrane at 25 °C. Similar results have been obtained in other
families of ion-coupled transporters?.

Binding of Asp to WT Gltpy, was shown to be coupled to binding of Na* ions8. We asked
whether this coupling is a property intrinsic to the outward and inward facing states or
whether it requires unrestrained movements of the transport domain. To explore a wide
range of binding constants, we optimized a fluorescence-based assay, developed by the
Apell laboratory920, A voltage sensitive amphipathic dye, RH421, is incorporated into the
protein/detergent particles and reports on binding of ligands that alter the local electric
field?!. Coupled Na* and Asp binding was measured by detecting the decrease in the
emission intensity of the probe (Fig. 2b, Supplementary Fig. 2a). The Kps, obtained by
fitting the normalized fluorescence changes, were in excellent agreement with those
obtained in ITC experiments (Fig. 2c).

The Asp Kps of all transporter variants were strongly Na*-dependent, and the logarithmic
plots of the affinities as a function of Na™* activity yielded straight lines with slopes of 2.6,
2.6 and 2.9 for Gltpp2Ut, Gltp,i" and WT, respectively. These slopes represent the apparent
numbers of Na* ions coupled to binding of each substrate molecule. Hence, Asp binding is
thermodynamically linked to binding of all three transported Na* ions in WT Gltp,.
Moreover, in the constrained mutants the coupling efficiencies are similar, showing that
transport domain movements are not necessary. We conclude that essentially all chemical
potential of Na* ions is transformed into substrate binding energy. These results contrast
with the coupling mechanisms proposed for other families of secondary active transporters,
in which the coupled ions do not change the affinity for the substrate? or the substrate can
bind in the absence of coupled ions?2,

Functional studies on the mammalian glutamate transporters showed that, like in Gltpp, 3
Na* ions are co-transported with each substrate23-25, Because of the high degree of
conservation of residues involved in Na* and substrate coordination between Gltpy, and the
mammalian homologues, it is likely that the efficient coupling between substrate and ions is
also conserved. However, glutamate K, decreases approximately linearly with the increase
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of Na* concentration12-26, corresponding to the slope of ~1 on the logarithmic plot. The
relative insensitivity of the glutamate K, values to Na* concentrations likely reflects the
significant contributions from other steps in the cycle following binding, in particular the
dissociation of the substrate on the opposite side of the membrane.

Inhibitor captures early events of the binding reaction

In parallel, we examined binding of inhibitors, L-threo-B-benzylaspartate (TBA)27, and DL-
TBOAZ, In these experiments, we focused on TBA rather than on the commonly used and
structurally similar DL-TBOA because the latter is a mixture of stereoisomers, binding to
the transporters with different affinities?? and complicating the analysis. TBA inhibits Asp
transport by Gltpy, (Supplementary Fig. 2b) and binds to the constrained variants and WT
Gltpy, with similar affinities (Fig. 2c). The Na* dependence of TBA binding affinity was also
similar for Gltpp®t, Gltp,™ and WT, and was weaker than that for Asp with slopes of 1.9,
2.2, and 1.6, respectively (Fig. 2c).

To confirm that TBA binds to the same site as Asp, we first saturated the transporters with
TBA and then titrated them with Asp using ITC. As expected for the competitive binding,
the free energies and enthalpies of Asp binding to TBA-loaded transporters agree with the
values calculated for TBA replacement by Asp using the individually measured binding
parameters (Supplementary Fig. 3, Supplementary Table 1). We conclude that TBA binds to
both the outward and inward facing states in the substrate binding pockets, disrupting one of
the Na* binding sites. These results are in excellent agreement with previous studies,
showing that L-TBOA hinds to the outward facing Gltpy, with its backbone in the substrate
binding site and the benzyl group preventing HP2 from occluding the site and forming Na2
siteS. Based on this, we hypothesize that the TBA-bound states can be viewed as
intermediates of the binding reactions, in which two Na* ions and Asp are already bound but
not yet occluded. If so, TBA offers a tool to gain insights into the energetics of the two
processes: the initial binding of the substrate coupled to two Na* ions, and its occlusion
coupled to the third Na* ion. The latter process is represented by the TBA replacement with
Asp.

Na* binding and allosteric coupling

Using the fluorescence-based assay, we also examined Na* binding to Gltpy, variants in the
absence of Asp and TBA. Na* binds weakly to the WT and constrained transporters with
Kps above 50 mM, corresponding to the binding free energy of approximately -1 kcal
mol~1 (Fig. 3). In the case of Gltp,i", we were unable to reach saturation due to nonspecific
effects of Na* concentrations above 500 mM on the fluorescent probe. In this case, the
estimation of Na* Kp was not significantly affected, but an accurate determination of the
Hill coefficient was not possible. In contrast, both Gltp,°Ut and WT transporter yielded
reproducible Hill coefficients of 1.6, suggesting that the transporters bind at least 2 sodium
ions in the absence of other ligands. Because the architecture of Na* binding sites is similar
in the inward and outward facing states, we tentatively conclude that 2 Na* ions bind to both
states. Additions of Asp and TBA shift the Na* binding isotherms to lower concentrations in
all cases as expected for cooperative binding (Fig. 3 and Supplementary Fig. 4). The ability
of the transporter to bind Na* in the absence of substrate may account for a previously
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reported weaker coupling between binding of Asp and Na* ions to the WT Gltpp,®. In this
earlier study, measurements of Asp binding in the presence of Na* concentrations of up to
200 mM have been included; under these conditions some of the sodium ion binding sites
are already occupied.

To evaluate the standard free energies, AGY, of the coupled binding of 3 Na* and Asp or 2
Na* and TBA, we note that the observed free energy, AGgg, can be expressed as:

AG pp=AG° —a x p,, (1)

where g is the chemical potential of Na™ ions and a is the apparent number of Na* ions
coupled to binding of the ligand (Supplementary Note). From the linear fits in Fig. 2c, we
obtain AGP of 3 Na* and Asp and 2 Na* and TBA binding to Gltpy, of ~ —16 and ~ —10 kcal
mol~1, respectively, for both the outward and inward facing states. Importantly, only small
fractions of these large favorable free energies originate from binding of Na* ions, inhibitor
or substrate alone, and the majority comes from coupling between the ligands. To the extent
of our current knowledge, the substrate does not directly coordinate Na* ions, and the
observed cooperativity must arise from allosteric interactions.

The thermodynamic mechanisms

The magnitude of the heat capacity changes upon binding, ACp, is a unique experimental
readout of the complexity of the underlying reaction, which can often be related to the extent
of the protein conformational changes30-33, Hence, we determined ACps associated with
overall binding of 3 Na* and Asp and key intermediate steps: binding of the first 2 Na* ions,
binding of TBA, mimicking initial substrate binding, and TBA displacement by Asp,
mimicking substrate occlusion and binding of the third Na* ion.

To obtain ACp of the overall reaction, we determined the temperature dependence of the
enthalpy (AH) of Asp binding in the presence of Na* concentrations below 50 mM. Under
these conditions, there is little ion binding alone, and only the coupled binding of 3 Na* and
Asp is observed. The reaction AH decreased linearly with temperature, yielding very large
negative ACps, constant within the tested temperature range (Fig. 4). Unexpectedly, we
found that ACps were significantly larger in the inward (-600 cal mol~1 K=1) compared to
the outward facing state (-300 cal mol~1 K1), This is in a sharp contrast with the structures,
picturing nearly identical ion- and substrate-binding sites, and with the similar observed Kp-
s at 25 °C. In reactions dominated by protein conformational changes, ACp scales linearly
with the buried polar and apolar surface areas3!. If so, the observed ACps would require
burial of ~2000 and ~4000 AZ of the protein surface in the outward and inward facing states,
respectively3L. The current models suggest that the release of the substrate from the outward
and inward facing states is associated with the openings of the local gates: HP2 in the former
and a structurally symmetric HP1 in the latter5.7.16-18.34 However, we estimate that HP2
closure buries only ~200 A2, expected to give ACp of approximately —30 cal mol~1 K=1. In
fact, the experimental ACps are so large that they cannot be explained by protein
conformational changes alone. Previously, unexpectedly large ACps have been attributed to
the entrapment of structured waters in the protein core during binding3®, to heterogeneous
apo state3% and to protein rigidification3” or folding coupled to binding38. Although we
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cannot distinguish between these possibilities, it is clear that binding involves more complex
events in addition to the local conformational changes, and that these events are more
extensive in the inward facing state.

Na* binds too weakly to be measured by ITC directly. Instead, we measured AH and ACp of
Asp binding to Gltp,2Ut and Gltp," the presence of 1 M Na* (Fig. 4). Under these conditions
all sites, to which Na* ions bind in the absence of Asp, are occupied (Fig. 3). We observed
that Asp binds to Na*-saturated transporter with 1:1 stoichiometry and Kps in the nM range
or lower (Supplementary Fig. 5A). To obtain ACps of Na* binding, we calculated the
differences between ACps of Asp binding in the presence and in the absence of 1 M Na*
(Supplementary Note and Supplementary Fig. 5B). From this analysis, we found that
binding of Na* ions alone is already associated with large negative ACps and that the
differences between the ACps of the coupled binding of 3 Na* and Asp in the outward and
inward facing states are almost entirely due to the differences in ion binding.

The AH and ACp values of TBA displacement by Asp were measured directly
(Supplementary Fig. 3b). The ACps of TBA binding to Na*-saturated transporter were then
calculated as differences between the corresponding values for Asp binding in 1 M Na* and
TBA displacement (Supplementary Note and Supplementary Fig. 5B). From these
calculations, the ACps of TBA binding to Na*-saturated transporter were close to 0 in the
outward and inward facing states (Fig. 5). As expected, similar small ACps were calculated
for D,L-TBOA (Supplementary Fig. 6). These measurements suggest that binding of the
substrate backbone, mimicked by the inhibitor, occurs with little ACp as is typical for a
small molecule binding to a pre-formed site3°. The ACp values of Asp replacement of TBA,
which mimics substrate occlusion and binding of the last Na*, were also similar in the
outward and inward facing states (Fig 5). Notably, TBA is not likely to bind similarly in the
two states: in the outward facing transport domain, the benzyl group is expected to prop HP2
in an open state, a conformation, which would be sterically prohibited when the domain is
facing inward. Interestingly, the ACps were again significantly larger than expected for HP2
closure, suggesting that during these steps of the binding reactions, events other than gate
closures dominate the processes.

Extrapolations to physiological temperatures

Our experiments were conducted at 25 °C, below the physiologic temperatures of ~100 °C,
at which Gltp, normally operates. At 25 °C, Gltp, has a very high affinity for Asp making it
an inefficient enzyme. Because the affinity is strongly dependent on Na* concentration the
transporter is functional, albeit slow, when reconstituted into proteo-liposomes with the
internal Na* near 03, In contrast, Gltpy, should be largely inactive when expressed in
mesophilic cells: considering the intracellular concentrations of Na*™ and Asp on the order of
10 and 1 mM, respectively, only 0.05 % of the inward facing transporters will be substrate-
free, rendering them highly inefficient.

Many enzymes from thermophilic organisms are either completely inactive or very slow at
ambient temperatures?®, but when assayed at their physiological temperatures closely mimic
their mesophilic counterparts*!. To extrapolated the binding free energies to 100 °C, we
used the standard thermodynamic equation:
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T
AG=AG oj+AC, (T — Tr) — TAC,In (T ) @
ref

where AG;¢ is the free energy change measured at T, = 25 °C (Supplementary Note). Such
extrapolation is valid when ACp does not change significantly with temperature. It is
possible that this assumption does not hold and hence, the obtained values reflect the general
trend rather than precise estimates. Because the heat capacities differ significantly in the
outward and inward facing state, the Asp affinities diverge at higher temperatures and are
estimated to be 6.3 and 1400 pM, respectively, at 100 mM Na* and 100 °C. The affinity for
TBA in the outward-facing states is also about 50 times higher than in the inward-facing
(Fig. 6). The decreased affinities at elevated temperatures are mostly due to the
progressively less favorable free energy of Na* binding. In fact, the extrapolations suggest
that the transporter does not bind the ions without substrate at all, at least in the absence of
the electric field. Approximately an order of magnitude higher Kmvalues and two orders of
magnitude higher inhibition constants in the inward facing state have been also measured for
glutamate and o.-TBOA, respectively, in a mammalian homologue26. Lower intracellular
affinity for the substrate in both the mammalian and archaeal transporters may reflect an
evolutionary conserved mechanism to optimize the efficiency of substrate transport into the
cytoplasm.

Discussion

Here, we have shown that binding of Asp to Gltpy, is strictly coupled to binding of all 3 co-
transported Na* ions and that all Na* ions are bound before trans-membrane movement of
the transport domain takes place. Hence, Na* ions facilitate transport by driving substrate
binding and unbinding on the opposite sides of the membrane, and not by, for example,
binding to a translocation intermediate. Furthermore, while Asp does not bind to the
transporter with a measurable affinity in the absence of Na*, 2 Na* ions do bind alone, albeit
weakly. Similarly, the mammalian glutamate transporters bind 1 or 2 Na* ions weakly in a
step that precedes binding of the substrate and the last Na* ion%2. Hence, we suggest that
binding of the first 2 Na* ions is a prerequisite for the consequent binding steps. The high
cooperativity of Asp and Na* binding, which is allosteric in nature, suggests that binding of
the first 2 Na™ ions is associated with remodeling of the transporter core to form a competent
substrate binding site, for which the ions pay large energetic penalty. Consistently, these
early steps in the substrate binding reactions are associated with very large decreases of the
protein heat capacity, which cannot be explained solely by the local conformational changes
such as openings or closures of the gates. Instead, large ACps suggest that the
conformational changes are more extensive and/or are accompanied by rigidification of the
protein or the involvement of water molecules. Consequent binding of the substrate
backbone occurs with little additional conformational changes, while occlusion of the
binding pocket and binding of the third Na™ ion is again associated with large ACps,
indicative of complex processes. It is interesting that the reaction steps associated with Na*
binding, and not with complexation of the substrate backbone, produce unexpectedly large
heat capacity changes. To the best of our knowledge, the ACps associated with ion binding
to transport proteins have not been previously reported. However, large ACps have been
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observed in studies of Na* binding to serine proteases and attributed to rigidification of a
flexible autolysis loop3”. By analogy, we suggest that the large ACps associated with Na*
binding to Gltpy, are due to diminished protein flexibility and that the apo inward facing state
is more dynamic compared to the outward facing state. We conclude that Na* ions do not
bind to preformed sites, but instead trigger conformational changes within the protein and
may also have global effects on the dynamic properties of the transporter.

In conclusion, the ability to isolate and study key conformational states of a transporter
offers means to deconstruct the complex transport cycle into simple reactions amenable to
quantitative analysis. Using this approach, we show that the outward and inward facing
states of Gltpy, are similar in their ability to couple binding of all three Na* ions to binding of
the substrate. However, the molecular events underlying these coupled reactions are distinct
and are more complex than expected for a simple ligand binding process accompanied by
local conformational changes. Although further crystallographic studies of the apo states of
Gltp, will resolve the structural re-arrangements associated with ion-coupled substrate
binding, the complementary thermodynamic data highlights the importance of the ensemble
properties of these dynamic molecules.

Online Methods

DNA manipulations, protein preparation, concentration determination and activity assays

Double cysteine mutations were introduced within hepta-histidine cysteine-less mutant
Gltpp? using QuickChange. Each protein was expressed as carboxyl terminal (His)g fusion
and purified as described previously®. Briefly, isolated crude membranes from DH10q, E.
coli over-expressing the protein variants were solubilized in n-dodecyl-R->-maltopyranoside
(DDM) and applied to immaobilized metal affinity resin in buffer containing in mM: 10
HEPES/KOH, 100 NaCl, 0.1 Asp and 0.4 DDM. The resin was washed in the same buffer
supplemented with 40 mM imidazole, and proteins eluted in the presence of 250 mM
imidazole. The (His)g tag was removed by thrombin digestion and proteins were further
purified by size exclusion chromatography (SEC)® in appropriate buffers as indicated below.
Protein concentration was determined by absorbance at 280 nm. The extinction coefficient
was determined by conducting quantitative amino acid analysis (Keck Biotechnology
Resource Laboratory, Yale University). Gltpy, L66C S300C, Gltpy, K55C A364C and WT
Gltpp showed similar results and the final extinction coefficient used was an average from
the three proteins with a value of 57,400 M~1 cm™1. Importantly, this value is ~2 times
higher than the value estimated from sequence (http://web.expasy.org/protparam/). For
activity assays, Gltp, was reconstituted into liposomes composed of total polar lipid extract:
egg phosphatidylcholine 3:1 (w:w) at 1:50 protein to lipid ratio as described previously®.
The proteo-liposomes were loaded with 20 mM HEPES/Tris, pH 7.4, 300 mM choline
chloride and the uptake was measured at 30 °C in buffer containing 20 mM HEPES/Tris, pH
7.4, 200 mM choline chloride, 100 mM NaCl, 0.1 uM 3H Asp and increasing concentration
of TBA or o.-TBOA as described®.
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Protein crystallization and structure determination

Prior to crystallization, Gltpy, L66C S300C mutant was purified by SEC in buffer containing
in mM: 10 HEPES/KOH, pH 7.4, 100 NaCl, 0.1 Asp and 7 n-decyl-f,o-maltopyranoside.
Samples were concentrated to over 5 mg/ml and cross-linked with 10-fold molar excess of
HgCls. Cross-linked protein samples were dialyzed overnight against SEC buffer, and
crystallized and cryo-protected as described previously®. The diffraction data were collected
at 1.075 A wavelength and cryogenic temperatures at the National Synchrotron Light Source
beam line X29. Data were scaled using HKL200043 and further processed using CCP4 suite
of programs®4. The initial crystallographic phases were determined in Phaser*® using the
trimeric trimerization domain and the three transport domains as independent search models.
The protein model was further refined in Refmac5 with TLS4 and the electron density maps
were examined in Coot4’. Following refinement, 57.8, 39.8 and 2.4 % of the backbone
dihedral angles were within core, allowed and disallowed regions of the Ramachandran plot,
respectively. All structural figures were prepared using Pymol“8.

Isothermal titration calorimetry

For ITC experiments, Gltp, K55C A364C and Gltpy, L66C S300C were cross-linked
following thrombin digest. To avoid chelation of Hg2* ions by imidazole, proteins were
exchanged into a buffer containing in mM: 10 HEPES/KOH pH 7.4, 50 NaCl, 50 KClI and
0.4 DDM, using 15 ml filters (Amicon, Inc.) with a molecular weight cutoff of 100 kDa.
Proteins were concentrated to over 5 mg/ml, incubated with 10-fold molar excess of HgCl,,
and purified by SEC using the following buffer in mM: 10 HEPES/KOH, pH 7.4, 1 NaCl,
99 KCl, and 0.4 DDM. For the binding experiments in 1 M NaCl, concentration of DDM
was increased to 1 mM. WT Gltpy, was prepared in the same way except without buffer
exchange and HgCl, addition. Quantitative amino acid analysis of the non-hydrolyzed
protein samples showed no detectable Asp or other free amino acids in the samples, showing
that this protocol generates protein completely unbound from its substrate. Protein samples
diluted to 15-40 uM in buffer supplemented with appropriate concentrations of NaCl were
loaded into the reaction cell of a small volume NANO ITC (TA Instruments, Inc.).
Appropriate titrant was loaded into the syringe and aliquots of 1.5 pl were injected every 3-
5 minutes at constant temperature. For the competition experiments, the syringe was loaded
with 200-300 uM Asp, 600 uM TBA and 30 mM NaCl and the cell with 40 pM protein, 600
UM TBA and 30 mM NaCl. Binding isotherms were analyzed using NanoAnalyze data
analysis software using the independent binding site model (TA Instruments, Inc.).

Fluorescence-based binding assays

For fluorescence-based binding assays, Gltp,, samples were prepared as above and diluted to
final concentration of 0.5-1 UM in the same buffer as for the ITC experiments, but using 0.2
instead of 0.4 mM DDM. The binding assays were performed at 25°C in the presence of 200
nM of RH421 dye (Invitrogen, Inc.). The fluorescence was excited and the emission
detected at 532 nm and 628 nm, respectively, using a QuantaMaster 40 (Photon International
Technology, Inc.). The protein solutions with dye were allowed to equilibrate under
illumination for ~15 minutes until the fluorescence signal was stable. Aliquots of NaCl, Asp
or TBA were added to the protein and the reaction mixtures were incubated until no
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additional fluorescence signal change could be detected. Binding isotherms were analyzed
with SigmaPlot 12 (Systat Software, Inc.). For each ligand addition, the fluorescence signal
acquired during the last 10 seconds of equilibration was averaged. The maximum signal
change was determined by addition of 1 mM aspartate to the samples at the end of each
titration. The fractional fluorescence change was calculated as the difference between
measured and initial fluorescence normalized by the maximum fluorescence change. Asp or
TBA titrations were fitted to the quadratic binding equation to take into account substrate
depletion at low Kps, while Na* titrations were fitted to Hill equation. When using the latter,
care was taken that the measured Kps were at least 100-fold higher than the protein
concentration used. Na* activities were calculated as Activity = y x [Na*], where vy is the
activity coefficient calculated using Debye-Huckel equation

AVI
longzm,

where A and B are empirical coefficients with values 0.51 and 1.5, respectively and 1 is the
ionic strength of the solution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Constraining Gltpp in the outward and inward facing states
(a) Schematic representation of the transport cycle. The dashed boxes highlight the substrate

(S) binding/unbinding equilibria on the extracellular and intracellular sides of the
membrane. (b) The crystal structures of single protomers of GltppUt (top) and Gltp,i"
(bottom) cross-linked with Hg2*. Trimerization domains are shown in surface representation
and colored wheat. Interfacial regions of the transport domains are shown as ribbons with
the remainder of the transport domain omitted for clarity. TMs 7 and 8 are colored blue,
HP1 yellow and HP2 red. Bound substrates are shown as sticks and ions are emphasized as
spheres with Na* colored green and Hg2* black. () ITC analysis of Hg2* binding at 25 °C
to Gltpy, L66C S300C (top) and Gltp, K55C A364C (bottom). Shown are Hg?* titrations of
the apo transporters in the presence of 1 mM Na* (open symbols) and Asp-bound
transporters in the presence of 10 mM Na* and 0.2 mM Asp (solid symbols) transporters.
The black lines through the data are the best fits to the independent binding sites model with
parameters listed in Supplementary Table 2. The Hg?* binding thermal powers are shown in
the upper (Asp-bound) and lower insets (apo) with the bar scales indicating 0.1 pcal/sec and
500 sec in vertical and horizontal directions, respectively.
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Figure 2. Na*-coupled binding to the outward and inward facing states
Binding data at 25 °C for Gltp,°!t, Gltp,™ in and WT transporter are shown in blue (left),

red (center) and black (right), respectively. (a) Asp binding isotherms derived from the ITC
experiments conducted in the presence of 10 mM Na*. Solid black lines through the data are
the fits to independent binding sites model with the following parameters for the three
constructs, respectively: Kps, 220, 211 and 493 nM; AHs, —16.4, -17.8, —=12.3 kcal mol~1;
and apparent number of binding sites, n, 0.8, 0.8 and 1.0. Insets show the Asp binding
thermal powers with the corresponding scales. (b) Asp titrations derived from fluorescence-
based assays in the presence of 1 mM Na* at 25 C°. Solid black lines through the data are
fits to the single-site quadratic equation with Kps of 125, 232 and 457 pM for Gltp,2U,
Gltpp™ and WT, respectively. Insets show the percentage of the fluorescence change of
RH421 dye as a function of time. The vertical lines mark additions of Asp aliquots. (c)
Logarithmic plots of the Asp (circles) and TBA (squares) Kps as functions of Na* activities.
Data were obtained from ITC (solid symbols) and fluorescence-based (open symbols)
experiments. Solid lines represent the best fits of the data to equation (1) with the parameters
shown next to the graphs. The y-axis on the right shows corresponding binding free
energies.
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Figure 3. Na* binding

10° 10" 100 107 10" 10 10° 10" 100 107 10" 10° 10° 10" 10° 107 10"

Na* binding isotherms at 25 °C derived from the fluorescence-based assays using RH421
dye for (a) GltppUt, (b) Gltp, " and (c) WT in the absence of other ligands (solid circles),
and in the presence of 1 mM Asp (open squares) or 1 mM TBA (open triangles). Solid black
lines are fits to Hill equations. The fitted Kp values in mM and Hill coefficients were,
respectively, in (a): 64.2, 1.6 (no Asp); 0.2, 1.2 (1 mM Asp); 5.8, 1.8 (1 mM TBA); listed in
the same order in (b): 198.0, 0.9; 0.2, 1.5; 4.8, 1.2; and in (c): 99.3, 1.6; 0.4, 1.6; 4.3, 1.4.
The normalization points for the fits of the data in solid circle were obtained by adding 1
mM Asp to the cuvette after the Na* titrations to ensure saturation of the Na* binding sites.
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Figure 4. Binding heat capacity changes _
Binding isotherms and enthalpies derived from ITC for (a) Gltp,°"t and (b) Gltp,!". Left
panels, thermal powers and heats measured at 15 (solid circles and upper insets,
respectively) and 35 °C (solid triangles and lower insets, respectively) are shown. The solid
lines are the best fits to independent binding sites model. The fitted AH in kcal/mol, Kp
values in nM and n values were, respectively, in (a): —13.5, 154, 1.0 at 15 °C and -19.4,

titrant)

~1

AH (kcal mol

15 20 25 30 35 40 45
Temperature (°C)

1278 and 1.1 at 35 °C; and (b): —12.3, 373, 0.7 at 15 °C and -25.2, 540 and 0.8 at 35 °C.
Right panels, temperature dependencies of the binding enthalpies for Asp in the presence of:
10 mM Na* (solid circles), 1 M Na* (open circles), and 30 mM Na*, 0.6 mM TBA (solid
squares). The data were fitted to straight lines with the slopes corresponding to the ACps of
binding: —297, —131, —171 cal mol~1 K1, respectively, for Gltpp°t and —608, —184, —198
cal mol~1 K1, respectively, for Gltpp,".
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Figure 5. The thermodynamic scheme of the transport cycle and binding
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Top and bottom show the thermodynamic schemes of Na*, Asp and TBA binding reactions
with corresponding thermodynamic parameters for the outward and inward facing states,

respectively. The signs of the parameters correspond to the direction of the reactions

indicated by the arrowheads. The broken lines represent the isomerization reactions between

the outward and inward facing states. The AH%, AGUOs the ACps were either obtained

experimentally or calculated as described in Supplementary Figure 6. The units are kcal
mol~1 for AHO% and AG0s, and cal mol~! K1 for ACps.
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Figure 6. Temperatur e dependence of the binding energies
Shown are the temperature extrapolations of the binding free energies (top) and dissociation

constants (bottom) for the outward (blue) and inward (red) facing states. Shown are the
extrapolations for binding of 3 Na*/Asp (solid lines) and 2 Na*/TBA (broken lines) and for
Na* (dotted line). The Kps for binding of Asp and TBA were calculated at 100 mM Na*.
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Data collection and refinement statistics

Gltpp™
Data collection
Space group P61
Cell dimensions
a c(A) 119.7, 333.7
a, B, v (%) 90.0, 90.0, 120.0
Resolution (A) 50.0-4.5 (4.58-4.50)"
Rsym O Rerge 9.7 (NA)
I/ol 14.4 (2.3)
Completeness (%) 100 (100)
Redundancy 12.6 (12.7)
Refinement
Resolution (A) 30-45
No. reflections 15,950
Ruork / Réree 26.8/29.9
No. atoms 8,727
Protein 8,694
Ligand/ion 33
Water 0
B-factors 221.7
Protein 2217
Ligand/ion 215.3
r.m.s. deviations
Bond lengths (A)  0.004
Bond angles (°) 0.8

*
Values in parentheses are for highest-resolution shell.
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