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Abstract 

Harnessing pre-existing sodium gradients to transport solute across membranes 

is a common theme across all branches of life. Glutamate transporters exploit ionic 

gradients for the concentrative uptake of glutamate. Normal function of glutamate 

transporters is required for rapid removal of glutamate from the synaptic space, which is 

required for efficient neurotransmission and preventing excitotoxicity. A key question in 

glutamate transporters is the mechanism by which the ionic gradient is coupled to 

glutamate uptake. Specifically, the allosteric mechanism necessary to accomplish 

coupled binding of substrate and ions for successful translocation of substrate into the 

cell. The general sequence of binding events was proposed to involve two Na+ ions 

binding first to cause conformational changes necessary for substrate to bind, including 

the extracellular gate opening. One molecule of substrate can then bind and close the 

extracellular gate, followed by a subsequent third Na+ ion.   

In order to study the molecular coupling mechanism, various fluorescence-based 

functional assays were developed to assess discrete steps along the process in an 

archaeal homolog, GltPh. These novel functional assays monitored Na+ binding and 

conformational changes downstream from Na+ binding. One downstream assay monitors 

the conformational switch in a highly conserved unwound region identified to participate 

in Na+ coordination and another monitors the movement of the extracellular gate, HP2. 

Using these novel functional assays with structural analysis and mutagenesis 

experiments, insights into the coupling process were uncovered. Key molecular events 

which must occur in the binding site to accomplish extracellular gate opening as well as 

the roles of each of the Na+ sites that bind before substrate were determined. In addition, 

protein interactions with the backbone of the substrate were found to be essential for 

extracellular gate closure. Through implementation of the in vitro heteromeric transporter 

assembly methodology, it was established that there is no crosstalk between protomers 
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during the coupled binding process. These studies together with previous data led to the 

herein proposed molecular mechanism for the coupling of ion and solute needed for 

substrate translocation.  

The assays developed in this thesis research also offer a path to address some 

remaining gaps in our knowledge such as substrate assisted gate closure and the 

substrate release mechanism. The mechanism elucidated in this thesis should also be 

applicable to human glutamate transporters since the residues identified as important in 

GltPh are conserved in humans and in their placement in the protein’s quaternary 

structure.  



 
1 

 

Chapter 1: Introduction 

Na+ symport in SLC1 family 

Harnessing pre-existing sodium gradients to transport solute across membranes 

is a common theme across all branches of life. The inherent coupling between the 

electrochemical gradient and substrate is poorly understood despite being a 

fundamental mechanism for a variety of proteins. Sodium symporters are one class of 

transporters responsible for a wide variety of vital functions such as Na+ coupled 

transport of sugars(1), nucleosides(2), vitamins(3), amino acids(4, 5), and 

neurotransmitters(6, 7). One family responsible for amino acid transport are the Solute 

Carrier 1 or SLC1 family. This family is comprised of acidic amino acid transporters and 

neutral amino acid transporters with prokaryotic to eukaryotic members. Mammalian 

members of this family (SLC1A) include excitatory amino acid transporters, EAATs, 

responsible for the rapid uptake of glutamate in synapses and alanine serine cysteine 

transporters, ASCTs. These proteins can transport a wide variety of amino acids in an 

isoform dependent manner. There are 5 isoforms of EAATs (EAAT1-5)(8-10) and two 

isoforms of ASCTs (ASCT1-2)(4, 11) in humans. EAAT1 and EAAT2 both have rodent 

equivalents GLAST1(5) and GLT-1(12) respectively while EAAT3 has an equivalent 

cloned from rabbit, EAAC1(13), all of which have been extensively studied. The 

respective designations are EAAT1 as SLC1A3, EAAT2 as SLC1A2, EAAT3 as 

SLC1A1, EAAT4 as SLC1A6, EAAT5 as SLC1A7, ASCT1 as SLC1A4, and ASCT2 as 

SLC1A5.  

Localization and physiological roles  

The main substrate of EAATs is glutamate, the major excitatory neurotransmitter 

in the central nervous system (CNS)(14). EAATs are an integral part of maintaining 

glutamatergic neurotransmission since they are responsible for the rapid clearance of 

glutamate in synapses(15). This function allows for a new signal to be relayed across a 
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synapse as well as preventing excitotoxicity and scavenging glutamate for further use in 

the cell (Figure 1.1). The five different EAAT isoforms are differentially expressed 

throughout the CNS and peripheral organs with varying in aspects of their transport 

function. EAAT1 is predominately expressed by astrocytes in the cerebellum(16), the 

inner ear(17), retina(18); and peripherally(19) in the placenta(20), mammary glands(21), 

heart(22, 23), and bone osteocytes(24, 25). EAAT2 is predominately expressed by 

astrocytes throughout the rest of the CNS such as the spinal cord and hippocampus and 

by some presynaptic neurons(16, 26-29). EAAT2 is responsible for roughly 90% of 

glutamate reuptake(30). There is peripheral expression of EAAT2 in the liver(31, 32), 

mammary glands(21), and placenta(20, 33). The EAAT1 and EAAT2 isoforms are the 

most abundant and exist as homotrimers(34). 

EAAT3 is predominately expressed in post-synaptic terminals of neurons in the 

cerebellum, cortex, hippocampus, and basal ganglia, but at a lower concentration than 

EAAT2(35-38). Interestingly, EAAT3 is mostly in the cytosol and relocates to the plasma 

membrane when needed. It is the only isoform to have this type of expression regulation 

and suggests a different role in cell metabolism as opposed to direct regulation of 

synaptic transmission (39). EAAT3 is also the most abundant isoform outside of the CNS 

with expression in the kidney(31, 40), heart(22), intestines(31), placenta(20), and 

liver(41). EAAT3 is responsible for the vital function of reabsorption of dicarboxylate 

amino acids in the kidneys(42, 43). In the CNS, EAAT4 and EAAT5 are neuronal 

isoforms with more specific localization: EAAT4 is found in mainly in Purkinje cells in the 

cerebellum(44) while EAAT5 is exclusively in the retina in the CNS(8, 45, 46). However, 

EAAT5 can be found outside the CNS in the liver, intestine, skeletal muscle, heart, and 

kidney although its role in the physiology of these regions is unresolved (47). EAAT3, 

EAAT4, and EAAT5 also predominately exist as homodimers, although there is some 

evidence that EAAT3 and EAAT4 can form mixed heterotrimers(48).  
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ASCTs are responsible for the transport of neutral amino acids and are one of 

the four major neutral amino acid transporters systems in the human body (11, 49). 

These proteins, just like their excitatory transporter counterparts, are found both in the 

CNS and periphery. In the brain, ASCTs deliver amino acids across the blood brain 

barrier(50) and have a variety of expression patterns in different cell types depending on 

the developmental stage and study(51-54). One of the proposed roles of ASCTs in the 

CNS involves serine flux from astrocytes to neurons in order to produce D-serine, a 

neuromodulator, since L- and D-serine are substrates (55-58). In the periphery, ASCTs 

can be found in the intestine, kidney, lung, and skeletal muscle (11, 49, 59). ASCT1 is 

broadly expressed in the digestive system as well as the heart and ovaries while ASCT2 

can also be found in adipose tissue and the testes(60).    

 

Figure 1.1. Example of EAATs localization and role in native physiology regulating 
glutamatergic synapses through rapid reuptake in CNS. Adapted from (61).  

SLC1A family in pathological states 

 As described above both EAATs and ASCTs have vital roles in normal 

physiology and therefore have been implicated in various pathological states. Since 

EAATs are essential for glutamatergic synapses, the altered properties of these 
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transporters contribute to a wide variety of neurological conditions (62). In ischemia, the 

lack of blood supply causes a chain of events where there is less adenosine 

triphosphate (ATP) produced to fuel K+/ Na+ gradients across neuronal and glial 

membranes (63). The lack of the appropriate gradients decreases the concentrative 

uptake of glutamate through EAATs and elevates extracellular glutamate levels leading 

to excitotoxicity. Ischemia can also lead to a decrease in the expression of EAAT2 to 

further contribute to increased extracellular glutamate levels(64-66). Other neurological 

diseases such as Amyotrophic Lateral Sclerosis (ALS) and Alzheimer’s Disease also 

have altered glutamate transport(67, 68). Through different mechanism, these disease 

states have a reduction in EAAT2 expression or function which therefore decreases 

glutamate transport and contributes to the disease state(69-72). Mutations in EAATs 

have also been shown to contribute to Dicarboxylic Amino Aciduria, a metabolic disorder 

where glutamate and aspartate are not properly reabsorbed in the kidneys(42, 73), and 

Episodic Ataxia, a rare neurological condition(74, 75).  

 Since EAATs and ASCTs are responsible for the uptake and regulation of 

several vital amino acids, they have also been implicated in several cancers. EAAT1 and 

2 expression is suppressed in gliomas and suppression increases as the glioma 

progresses(76-80). In other cancers of the periphery, EAAT expression is increased to 

aid in tumor growth and resistance to stress(81-83). The role of EAATs in cancer is still 

emerging, while the role of ASCT2 in cancer has been extensively studied(84-86). 

ASCT2 has been shown to be upregulated across many cancer types such as 

breast(87), gastric(88), esophageal(89), prostate(90), and more. The upregulation of this 

transporter in cancer stems from a metabolic switch to rely on glutamine and glycolysis 

for energy known as the Warburg Effect(91, 92). Therefore, ASCT2 has been identified 

as an important therapeutic target due to its role in cancer cell nutrient acquisition. 
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EAATs are also potential therapeutic targets for neurological diseases with altered 

glutamate regulation.  

Transport stoichiometry and chloride conductance  

 To accomplish the vital function of amino acid transport, both EAATs and ASCTs 

rely on the pre-existing Na+ electrochemical gradient. Both members couple one 

molecule of substrate(49, 61, 93-95) with three Na+ ions to translocate substrate across 

the plasma membrane from the extracellular space into the cell. However, ASCTs are 

amino acid exchangers where a molecule of substrate coupled to three Na+ ions can be 

moved across the plasma membrane in either direction (extracellular to intracellular or 

intracellular to extracellular) (96-98)(Figure 1.2A). EAATs only transport in one direction 

along with three Na+ ions and a proton (H+). To resume the extracellular facing state and 

complete the transport cycle, a potassium ion (K+) is required for countertransport(99-

101) (Figure 1.2A/B). The transport cycle can be functionally tested through 

electrophysiology since there is a thermodynamically uncoupled chloride flux (Cl-) 

through the transporter upon ligand addition(9, 97, 102-105). EAAT4 and EAAT5 

essentially function as glutamate activated Cl- channels while in EAAT1-3, the chloride 

flux is one component of the ion fluxes associated with transport(106, 107). The chloride 

conductance is proposed to help offset the net positive 2 charge transfer across the 

membrane with substrate translocation and maintain transport rates(108-110). The 

different isoforms of EAATs all have different kinetic properties for turn over as well as 

varied affinities for glutamate (Figure 1.2C).  
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Figure 1.2. Stoichiometry of transport cycle and differences in transport properties 
across EAAT isoforms. A) Depicts the overall transport stoichiometry for EAATs 
concentrative uptake in which 3Na+:1H+:1Substrate are coupled to accomplish forward 
transport from extracellular facing to intracellular state resulting in a chloride conductance 
(Cl-) and a K+ ion is required for counter transport to resume extracellular facing state. 
Neutral amino acid exchangers, ASCTs, require 3Na+:1substrate to accomplish 
translocation in either direction and also have a chloride conductance B) Outline of EAAT 
transport cycle and order of events starting at To which is the Apo transporter in the 
extracellular facing state or outward facing state (subscript O). The I subscript stands for 
intracellular or inward facing state and S- is the substrate C) Comparison of kinetic 
parameters of transport across EAAT isoforms. Km is a term describing the affinity of 
glutamate. Adapted from (61) and original data from (9, 10, 109-113).  

Structural features of EAATs and residues implicated in ligand binding  

Various studies have identified basic structural components of EAATs and how 

they change according to ligand state. EAATs are trimers which form a central cavity 

that restricts ligand diffusion(114, 115). Through hydropathy analysis and cysteine 

scanning, eight transmembrane helices with two reentrant loops were described for each 

protomer (Figure 1.3) (116-119). Each subunit can also transport independently(120-

122). Initial experiments showed different ligands alter the accessibility of the various 

reentrant loops as well as the fact that in the quaternary structure the two loops are 
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close to each other(123-129). The fact that accessibility changes depending on the 

presence of various ligands gave the first clues to some of the necessary conformational 

changes which must take place during the transport cycle. Experiments on EAATs have 

not only described the stoichiometry of transport, but also the order of binding and 

evidence for the ligand binding sites. Through kinetics studies on EAATs, it was 

proposed that at least one Na+ ion, most likely two, bind before the substrate. The final 

third Na+ ion binds after the substrate(130-132). The molecular underpinnings necessary 

to accomplish this coupled binding were unresolved.  

A variety of mutagenesis studies have identified key residues involved with ligand 

binding necessary for transport (Ligands: Na+, K+, H+ and substrate). For Na+ binding, 

several residues belonging to a highly conserved moiety have been implicated: D368 in 

EAAC1 which decreased affinity for Na+ when mutated (133) and T370 which showed 

decreased cation dependence for transport (134) and an effect on Na+ affinity(135). A 

residue near T370, D440 in EAAC1, also showed a substantial decrease in the rate of 

Na+ binding and a decreased affinity for both Na+ and K+ when substituted (136, 137). In 

several studies some of the same residues suggested to form Na+ binding sites were 

also suggested to form K+ binding site like D368(138) and T370. For K+ binding, 

additional residues were identified such as N366 in EAAC1 and E404 in GLT-1(138, 

139). Substitutions to these residues resulted in a loss of coupled countertransport 

where the transporter acts in a Na+ dependent exchanger mode. A Tyr residue, 403 in 

GLT-1, and a nearby Arg residue, R477 in EAAT1, also have a similar effect when 

substituted and are implicated in a potential K+ binding site (140-142)(Figure 1.3). There 

are also residues on each of the reentrant moieties which influence cation selectivity.  

The need for H+ binding for transport was not fully established until the Kanner 

1996 study(100). Initial theories were centered on the possibility of the substrate being 

protonated to ensure proton coupling(117), but further studies indicated that was not the 
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case(143, 144). A conserved glutamine, E373 (equivalent E404), was then suggested to 

be the proton acceptor in EAAT3(145). A substitution at this E373 results in the loss of 

net flux, but retains Na+ dependent, pH independent substrate exchange and can be 

inserted into ASCT2 to introduce pH sensitivity(145). Residues implicated in substrate 

binding have also been reported (Figure 1.3). These residues partially overlap with 

residues implicated in Na+ and K+ binding: R447 in EAAC1(146) and T370. Other 

residues which were mutated and greatly decreased transport or affinity for substrate 

were clustered around R447, including D444(147) and N451(135, 148) which are each 

one helical turn away from R447.  

 

Figure 1.3. Residues implicated in ligand binding mapped to secondary structure of 
EAATs. EAATs have 8 transmembrane helices (TM) with their respective numbering and 
two reentrant loops, 1 and 2. Each residue described to be involved in ligand binding has 
a corresponding symbol to depict the location in the secondary structure and which ligand 
it affects. As the legend describes, circles are for ions and the green square corresponds 
to substrate binding. Residues implicated in more than one ligand have corresponding two 
or three colors in their respective symbols. For example, T370 has been implicated in Na+, 
K+, and substrate binding and therefore shows a circle colored for Na+ and K+ merged with 
a square for substrate binding. N and C are the respective amino and carboxyl termini of 
the protein.  

With the wealth of functional data and characterization of different structural 

features, key residues involved in ligand binding during the transport cycle were 

identified. To incorporate these data into an understanding of the molecular basis 

underlying coupled binding, a molecular resolution of the protein was necessary. The 

first structure of the SLC1 family paved the way for structure-function studies to inform 

our understanding of the transport mechanism of the SLC1 family.  
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Key prokaryotic member of the SLC1 family  

 The first structure of the SLC1 family was solved using a prokaryotic homolog in 

2004(149). The archaeal homolog, GltPh, is from Pyrococcus horikoshii, and shares 37% 

amino acid identity with human EAAT2(149). The key regions toward the C-terminus of 

the protein which are involved in the transport mechanism are highly conserved across 

SLC1 family members (Figure 1.7). The stoichiometry of transport for GltPh differs from 

EAATs in that substrate translocation does not require a proton and countertransport is 

also K+ independent. GltPh maintains one molecule of substrate coupled to three Na+ 

ions with a similar binding order of two Na+ ions binding first, followed by substrate 

binding, and then the final third Na+ ion(150-152). The substrate for GltPh is also highly 

specific for Asp with a higher affinity when compared Glu and to EAATs (10, 150, 151). 

All these features of GltPh prove it to be a valid model for studying the transport 

mechanism of glutamate transporters. Not only has GltPh been used for structural 

studies, it also has several features which make it amenable for spectroscopic studies. 

GltPh is stable in detergent micelles and readily recombinantly expressed, has no native 

Trp, and has a single cysteine that can be substituted to Ser or Ala without effecting 

function.  

From the structure of GltPh, the general architecture of these proteins was 

revealed to be a homotrimer which adopts a bowl shape conformation (Figure 1.4A/B). 

In the outward or extracellular facing state (OFS) the trimer bowl formation allows for 

water and ligands to gain access to the protein situated within the plasma membrane. 

Each protomer has a wedge shape which contains two distinct domains: the transport 

domain and trimerization domain (Figure 1.4C/D). The transport domain contains the 

binding sites for the substrate and ions (Figure 1.4C/E). The binding sites are partially 

formed by two hair pin loops, HP1 and HP2, which were identified as the reentrant loops 

in EAAT studies. The substrate, Asp, is coordinated by several residues include R397, 
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T314, D394, and N401 which were implicated to be involved in substrate binding in 

EAATs. R397 has been mutated to Ala, Cys, and citrulline to show it controls substrate 

selectivity and is vital for high affinity substrate binding(153-155). The substrate is also 

coordinated by residues on HP2 and HP1 solidifying the occluded state of the 

transporter (Figure 1.4E). Using structures and previous EAAT data, HP2 was proposed 

to serve as the extracellular gate which regulates access to the substrate binding site. 

The structural breakthrough for the SLC1A family allowed for functional data to be 

mapped to the actual quaternary structure and paved the way for defining the structure-

function relationships required for transport.  

 

 
Figure 1.4. Structural features of SLC1 revealed through GltPh. A) Trimer of GltPh from 
pdb 2nwx which has both Na+ and Asp bound. Each protomer is colored differently B) Side 
view of the trimer to highlight bowl shape which creates a way for water and ligands to 
gain access to the protein situated within the membrane C) Trimer with two domains of 
each protomer highlighted. Trimerization domains (TM1,2,4,5) are shown in green with 
the transport domain (TM3,6-8) which house the binding sites for ligands shown in blue 
D) A single protomer wedge architecture and corresponding numbering for the TM helices 
and HP loops E) Substrate binding site and coordinating residue. Binding site in the 
transport domain is partially formed by HP2, shown in red, and HP1, shown in orange. 
The box shows where the binding site is within the transport domain. 
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Novel alternating access transport mechanism 

The overall transport mechanism for the SLC1 family was proposed to be one of 

alternating access already in 1966(156). Alternating access mechanism for a transporter 

essentially describes allowing access to their respective solute binding sites in one 

direction at a time: either extracellular, OFS, or intracellular, IFS (157). A series of 

allosteric changes involving ligand binding and release allow for the switch between OFS 

and IFS states (Figure 1.5A). Classically, there have been two main alternating access 

transport mechanisms: rocker switch and rocker bundle. In these mechanisms the 

scaffold domain moves within the membrane in different motions along with other protein 

domains to accomplish translocation. Through structural studies in GltPh, a new 

alternating access mechanism was proposed(158). In this mode of transport, the 

scaffold domain is fixed in the membrane while another domain containing ligands 

moves within the membrane. Due to the nature of domain movements, this mechanism 

was coined as an elevator mechanism. After being discovered in glutamate transporters, 

evidence for the elevator mechanism was also found for the sodium-proton 

exchanger(159) as well as implicated for sodium-dicarboxylate symporter 

(VcINDY)(160), a citrate transporter(161), and a phosphorylation-coupled saccharide 

transporter(162).  

The first structure of GltPh trapped in the inward facing state showed the 

trimerization domain roughly unmoved when compared to the OFS(158). The main 

structural difference lies in the transport domain which contains the binding sites for 

substrate and ions (Figure 1.5B/C). The transport domain reorients in an ‘elevator 

motion’ of about 15-18 Å along the membrane and a 30° twist (Figure 1.5B/C). The 

residues of the trimerization domain, predominately on TM2 and TM5, form the interface 

between trimerization – transport domains consisting of mainly hydrophobic residues. In 
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the OFS state these residues interact mainly with residue along HP1 and bottom of TM7 

belonging to the transport domain (Figure 1.5D). After the transport domain isomerizes 

into the IFS, the trimerization domain interface in turn interacts with residues along HP2 

and the top of TM8 (Figure 1.5E). The conformation changes along the OFS-IFS 

isomerization pathway were further expanded upon when GltPh was solved in an 

asymmetric trimer conformation(163). Two protomers were in previously solved OFS 

and IFS states with the third protomer in an intermediate state. The intermediate 

protomer is similar to OFS with a slight twist of the transport domain and a lowering into 

the membrane. The other noticeable difference in the intermediate was an unlocking of 

the transport domain from the trimerization domain or a loss of interactions with the 

scaffold. Therefore, to accomplish the transition from OFS to IFS, the transport domain 

must ‘unlock’ from the trimerization domain. The asymmetric structure also supports that 

each protomer can work independently.  
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Figure 1.5. Elevator mechanism of glutamate transporters A) Cartoon depicting 
alternating access mechanism of transporters B) OFS state with Na+ and Asp bound, pdb 
2nwx. The transport domain shown as a surface representation in blue, HP2 is colored 
red as a reference for domain movement, trimerization domain is shown as cylindrical 
helices in wheat. The second image is slightly rotated to further show trimerization – 
transport domain localization C) IFS state with Na+ and Asp bound, pdb 6x15. The 
transport domain shown as a surface representation in blue, HP2 is colored red as a 
reference for domain movement, trimerization domain is shown as cylindrical helices in 
wheat. The second image is slightly rotated to further show trimerization – transport 
domain localization D-E) Trimerization – transport domain interface differing between the 
OFS and IFS.  

Insight into ion binding sites  

 Several structures of GltPh and another closely related homolog GltTk, have been 

solved at high resolution to reveal the three Na+ binding sites that are required for 

substrate translocation(150, 164, 165). Initially Na1 and Na2 were first visualized 

through thallium binding(150). These sites were confirmed by competitive binding of Na+ 

to drive off thallium resulting in diminished anomalous Tl+ signal.  

The site designated Na1 is situated within the transport domain and is partially 

occluded by HP2 (Figure 1.6A). Na1 is coordinated by the single side chain of D405 and 

several backbone carbonyls belonging to N310, N401, G306 with N310 being part of the 

highly conserved NMDGT moiety (N310-T314). A D405N mutation in GltPh was able to 

diminish Tl+ binding to the Na1 site and showed corresponding functional consequences 

indicative of perturbed Na+ binding. The D405N mutant had a reduced dependence on 

Na+ for substrate binding, suggesting a coupling of substrate binding with one Na+ ion 

instead of two Na+ ions proposed to bind before substrate(150). The analogous residue 

and substitution in EAATs show a variety of effects with either no loss of Na+ 

dependency on glutamate binding and no transport(133), a shift in cation selectivity and 

a shift to an exchange mode(166), or an effect predominately on the K+ translocation 

step(167). Therefore, D405 has been suggested to be part of the K+ binding site in 

EAATs or participating in overlapping Na+ and K+ sites(166).  
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The site designated Na2 is mainly formed from backbone carbonyls on HP2 

(T352, S349, I350) along with carbonyls of TM7 residues below the NMDGT motif and 

potential side chain coordination with T308 (Figure 1.6A). The position of the Na2 site 

suggests that this is the final Na+ ion which binds post substrate. The site location 

agrees with experiments in EAATs where HP2 residues affected cation selectivity(168).  

 The third Na+ binding site, Na3, was not identified through structural means until 

2016 when GltTk was solved to 2.8 Å with Na+ and substrate bound(164). Previously, 

studies using molecular dynamics (MD) simulations, mutagenesis studies, and 

electrostatic calculations were implemented to suggest various potential Na3 sites. One 

of these sites partially overlaps with the substrate binding site including T314 and N401 

(135) which showed reduced Na+ affinity and impaired substrate translocation when 

substituted in EAATs. Other proposed sites involved the side chain residues in the 

NMDGT: N310 and D312 with varying other participating residues, whether it be TM3 

residues (S93, T92, Y89) or TM8 residues (G404)(169, 170). The GltTk structure 

confirmed that the Na3 site is indeed coordinated by sidechain moieties on TM3 and 

N310 and D312 of the NMDGT motif (Figure 1.6A). Residues involved in Na3 

coordination have been substituted in EAATs to probe the validity of the site and reveal 

functional consequences from perturbing the site. When either T92, S93, N310, or D312 

equivalents are substituted with Ala, there is a loss of Na+ affinity or lack of transport all 

together supporting this site in both prokaryotic and eukaryotic members(169).  

GltPh does not require a proton for substrate translocation or K+ for 

countertransport. The residue which has been identified in EAATs to be important for 

protonation in the transport cycle, E373, is already a Gln in GltPh, Q318 (Figure 1.6B). 

GltPh structures of different states have been used to create homology models for EAATs 

to identify possible K+ binding sites. GltPh also serves to identify difference between 

EAATs to reveal insights into K+ coupling. One study identified a conserved Arg on TM8 
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which is a Met in GltPh, M395, and an Arg in HP1 in GltPh, R267, which is predominantly 

a Ser in EAATs. The two residues were substituted to their corresponding counterpart’s 

amino acids in both GltPh and EAAT1. Moving the Arg from HP1 to TM8 to mimic EAATs 

in GltPh resulted in reduced substrate affinity while the converse Arg on TM8 moved to 

Arg on HP1 in EAATs resulted in an increase in substrate affinity for both glutamate and 

aspartate and K+ independent transport(141). Various possible K+ sites have been 

suggested through MD simulations to be around the substrate binding site and Na1 site. 

One of the proposed sites involves the equivalent residues for D405 and N401. This site 

overlaps with the Na1 site which would ensure mutually exclusive transport by different 

ions in the different arms of the transport cycle (154, 171, 172)(Figure 1.6C). Further 

experiments in EAATs are needed to confirm the K+ binding site and its role in coupled 

transport. 

Figure 1.6. Structurally defined Na+ binding sites and residues involved in H+ and 
K+ binding mapped to structures A) GltTk protomer with transport domain in grey, 
trimerization domain in green, HP2 in red, HP1 in orange, and Na+ as yellow spheres (pdb 
5e9s). Insets are the coordination spheres of each of the three Na+ binding sites, red 
asterisk denotes carbonyl oxygen coordination B) Residue identified in H+ coupling in 
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EAATs is Q318 in GltPh (pdb 7ahk) C) Purple spheres indicate potential K+ binding sites 
through GltPh homology modeling and EAAT mutagenesis data (pdb 5e9s).  

 

Figure 1.7. Sequence alignment with relevant ligand coordinating residues 
annotated. Multiple sequence alignment of GltPh, GltTk, EAAT1-5, and ASCT1/2 (C-
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terminus omitted for other SLC1 members after end of GltPh sequence. Dark purple 
indicates conservation of a single amino acid while lighter purple indicates conservation 
of amino acid property (ex: all hydrophobic). The secondary structure is denoted for GltPh 
above the sequence alignment. Symbols above the sequences denote residues that have 
been functionally implicated in Na+ binding (yellow), K+ binding (purple), H+ binding (black), 
and substrate binding (green). Circles represent GltPh while squares indicate EAATs. MSA 
generated through t-coffee server(173).  

Insight into chloride conductance with GltPh 

In EAATs, substrate binding induces a thermodynamically uncoupled chloride 

flux in addition to coupled ion fluxes. The Cl- conductance takes less energy for 

activation than the coupled transport cycle similar to a channel mechanism(110). From 

Cys scanning experiments on HP2 in EAATs, it was demonstrated that glutamate 

transport can be blocked without affecting the corresponding glutamate activated 

chloride conductance, therefore there are separate molecular elements for each 

process(143, 174).The first indication of the chloride conductance pathway in EAATs 

involved Cys scanning of TM2 residues. These TM2 Cys substituted residues were 

aqueous accessible, sensitive to negative Cys modifying reagents, and altered the 

extent of anion conductance activation as well as anion permeability when modified 

(175). The loop between TM2 and TM3 also showed no transport related anion 

conductance when altered(175). Other residues near the potential K+ binding site (such 

as R477) were also shown to tune the anion selectivity (176). 

 GltPh also has a substrate induced chloride conductance. When an equivalent 

TM2 residue substitution in EAATs was made in GltPh, S65V, a similar phenotype of 

impaired anion conductance was observed(177). With MD simulations, electrostatic 

mapping, functional studies, and resolution of key structures, the Cl- pathway was 

identified (Figure 1.8A) as well as the molecular basis for channel activation in the 

context of the transport cycle (Figure 1.8C)(106, 121, 122, 163, 175, 177-180). Briefly, 

when the transport domain unlocks from the trimerization domain and is in the process 

of isomerizing into the inward facing state, a pathway for anion conductance opens 
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(Figure 1.8). This pathway also allows for water to pass and is gated by two hydrophobic 

patches involving TM2 and TM5 residues. The pathway was also tested in EAAT1 to 

confirm that the pathway and mechanism identified in GltPh is conserved(178).  

 

Figure 1.8. Chloride conductance revealed through functional, MD, and structural 
studies. A) GltPh protomer captured in the chloride conducting state through crosslinking 
(pdb 6wyk). The transport domain is shown in blue with HP2 in red and a surface overlay 
while the trimerization domain shown as wheat cartoons, pink residues are implicated to 
interact with chloride from MD simulations. The red swatch indicates the chloride 
permeation pathway which is accessible when the transport domain unlocks from the 
trimerization domain B) Constriction points in the chloride conducting pathway. Insets 
are the protein viewed from the intracellular side. Red residues form the pathway 
constriction site when the channel is open while pink residues form the constriction site 
when in the OFS C) Cartoon depicting how chloride conductance factors into the 
transport cycle. The orange blocks represent the scaffold/trimerization domain while the 
blue oval represent the transport domain. The green sphere represents the substrate 
while yellow spheres are Na+ ions. Adapted from (178).  

Dynamics of transport and conformational states along the cycle  

The elevator transition of the transport domain along the membrane with a fixed 

trimerization domain was functionally supported by studies utilizing single-molecule 

fluorescence resonance energy transfer, smFRET (181, 182), double electron-electron 

resonance, DEER (183, 184), and High Speed Atomic Force Microscopy, HS-AFM(185). 
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The dynamics of transport domain movements were observed in these studies and 

showed a sampling of multiple conformations in the presence or absence of ligands. 

Essentially, the protein can transition from OFS and IFS in the Apo or fully bound state. 

The presence of ligands causes shifts in conformational population distribution, but the 

transport domain state remains heterogeneous. The dynamics of conformational 

changes are also stochastic, protomers experience periods of inactivity with bursts of 

rapid activity. Only in the Na+ alone condition was stalling observed which indicated Na+ 

based conformational changes are a slow step in the transport cycle(185). The 

spectroscopic data also agreed with what the asymmetric trimer suggested: each 

protomer of GltPh isomerizes independently. Another study following single molecule 

transport kinetics uncovered another feature of transport: distinct kinetic populations of 

protomers(186). The different populations of protomers experience persistent fast, 

intermediate, and slow transport. These distinct kinetic behaviors persist on a promoter 

basis over multiple turn over events and suggest these proteins experience a ‘molecular 

memory’.  

Time resolved smFRET data also alluded to the isomerization of the fully loaded 

OFS protomer to the IFS as the rate limiting arm of the transport cycle. The event 

proposed to be responsible for the slow step is the unlocking of the transport domain 

from the scaffold prior to isomerization. When investigating the potential high energy 

transition state which limits the rate of substrate translocation, it was found the transition 

state most resembles the IFS, further supporting OFS to IFS transition as the main 

energy barrier in the cycle(187). Disrupting the domain interface with point mutations led 

to faster transport rates indicating that transport domain unlocking is a key component of 

the slow substrate translocation. One set of the gain of function mutants includes the Arg 

swap from HP1 to TM8 previously discussed (R267S on HP1 and M395R on TM8). 

There is a correlation between increased substrate translocation with disruption of the 
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trimerization-transport domain interface and a decrease in substrate affinity(182, 187). 

These data support substrate translocation and the prerequisite conformation changes 

(ligand binding and domain unlocking) as the slow step in the cycle. Dwell times of 

different states in the transport cycle were also resolved with high-speed AFM linear-

scanning in both the Apo and fully bound states(188) (Figure 1.9). The data corroborates 

the ability to make the OFS to IFS transitions in the Apo or Fully bound states and 

suggests an intermediate state is possible in both pathways to the IFS. The intermediate 

state is in between the OFS and IFS and most resembles the trapped intermediate 

recently found to conduct anions and water. The protomer can also attempt 

unsuccessful excursions into the intermediate state. 

 

Figure 1.9. Conformational dwell times in different ligand conditions. Two sets of 
conditions are Apo and Na+/Asp bound. The yellow oval represents the trimerization 
domain while the transport domain is the blue oval, Na+ ions are depicted as yellow 
spheres while substrate is the green circle. The percent change next to each “protomer” 
is the occupancy of each state in the pathway. Each arrow indicates the transport domain 
pathway and the numbers next to the arrows are weighted rate constants taken from (188). 
Adapted from (188).  
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Another factor to consider in understanding the dynamics of the transport cycle is 

the role of lipids and the lipid membrane. In the inward facing state, there is a sizeable 

deformation of the membrane which needs to be energetically offset somewhere within 

the protein or in the environment (189-191). This energetic cost could contribute to the 

rate limited substrate translocation and the ability for protomers to work independently. 

With more single particle cryo-electron microscopy (Cryo-EM) structures solved in 

nanodiscs, there are emerging body of lipid-protein interactions. Lipids can be observed 

in the pockets between the transport domain and trimerization including a ‘lipid window’ 

when the transport domain unlocks (OFS to IFS). Lipids have been suggested to help 

ease the transition between OFS and IFS and therefore play a role in transport. Lipids 

can also be observed inserted in between the elevator gate and the rest of the transport 

domain as well as in between the transport domain core and the loop between TM3 and 

TM4, 3L4. The functional importance of these specific lipids remains unresolved. It has 

been demonstrated that lipids do affect the transport of GltPh, specifically the substrate 

translocation arm of the cycle(192). In the study, it was suggested that lipid head group 

interaction with the trimerization domain through Y33 on TM1 influences conformational 

flexibility and therefore the rate of transport(192). Essentially, the more cation-π 

interactions between the top of TM1 and lipid headgroups, the less likely the OFS to IFS 

transition.  

Coupled binding necessary for substrate translocation 

As mentioned above, there have been many structures of GltPh solved in states 

along the transport cycle as well as human members of the SLC1 family (EAAT1, 

EAAT3, and ASCT2)(193-197). These structures provide insight into the conformational 

changes necessary to accomplish transport in an elevator mechanism including the 

structural basis for large transport domain transitions and the elevator gate. Key 

arrangements have already been discussed in preceding sections including the 
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unlocking of the transport domain from the trimerization and the isomerization from the 

occluded OFS to occluded IFS. The structural changes required for the transport have 

been expanded upon with a variety of Cryo-EM studies in nanodiscs(191). The 

ensemble of structures available now follows from Apo OFS to Apo IFS and shows a 

transport domain swinging and twisting motion accompanying the previous identified 

transport unlocking (Figure 1.10). The swinging motion of the transport domain away 

from the trimerization domain is observed in the inward facing state structures and 

highlights the necessity to allow for the intracellular gate, HP2, to open and release 

ligands. These data along with other structures, implicate HP2 as both the extracellular 

and intracellular elevator door supporting a one gate mechanism.  

HP2 was proposed to be the extracellular gate in the alternating access 

mechanism based on the original structure of GltPh and functional EAAT data. Cysteine 

scanning studies in EAATs established that HP2 forms an aqueous pore which is 

blocked by glutamate and certain modifications can block flux of substrate(124, 125, 

128, 129, 198). All suggest HP2 is involved in coupling flux of Na+ and substrate(199). 

Crosslinking studies also provided evidence HP2 adopts different conformations along 

the transport cycle depending on the ligand state, specifically substrate causing distinct 

conformations of HP2. In conclusion, HP2 is indeed the extracellular gate in EAATs and 

GltPh (198). Structural data from GltPh also supports HP2 as the extracellular gate which 

adopts different conformations based on the presence of different ligands (Figure 

1.10)(150, 164). The initial structure of GltPh was solved in the presence of Na+ and 

substrate with HP2 closed. The next structure of GltPh was determined with Na+ and an 

aspartate analogue, DL-threo-β-Benzyloxyaspartic acid (TBOA)(150). TBOA has the 

backbone of Asp with an additional bulky moiety and the structure shows TBOA in the 

substrate binding site propping HP2 open. These initial structures indirectly confirm HP2 

as the extracellular gate and give information on which Na+ sites are occupied before 
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substate binding. In the presence of TBOA and Na+, only electron density is observed at 

the Na1 site with none at the Na2 site. The Na2 site is predominately formed by HP2 so 

if HP2 is open, the Na2 site does not exist and suggests Na2 binds following substrate. 

TBOA is also a transport inhibitor and proves coupled HP2 conformational changes are 

essential for transport since the transport domain cannot isomerize into the inward facing 

state when HP2 is open.  

As the alternating access model suggests there is a gate in both the extracellular 

and intracellular facing states to regulate substrate binding and release. Initially, it was 

proposed that HP1 is the intracellular gate due to inverted repeat structural moieties and 

cysteine scanning of HP1 in EAAT (200). One MD study looking at substrate release and 

the inward facing state suggested it is in fact HP2 that acts as the intracellular gate 

(201). This was further supported by the influx of structures from both prokaryotic and 

eukaryotic members which showed HP2 opening in the inward facing state and HP1 

remaining mostly rigid within the transport domain(194, 197). Even with the new 

revelation of a one gate elevator mechanism, the molecular mechanism for substrate 

release is still poorly understood. Theoretically, the molecular mechanism for substrate 

release should mirror the mechanism for substrate association. Na+ affinities are also 

similar for both the OFS and the IFS(202).   

Structures have resolved the conformation states of HP2 with different ligands as 

well as interactions HP2 makes within the protein throughout the cycle. For forward 

transport starting at the Apo-OFS state, HP2 is closed forming interactions with fellow 

components of the transport domain. With only Na+ present in the OFS, HP2 is open to a 

similar extent as the TBOA bound form(203). When HP2 is open it does not interact with 

the core transport domain, but with the loop between TM3 and TM4 (3L4). The two Na+ 

sites that are bound in the HP2 open structure are Na3 and Na1, confirming that these 

sites are occupied before substrate binding. In the fully bound state (three Na+ ions 
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bound and substrate), HP2 is closed and forms interactions with HP1, the substrate, and 

Na2.  

 

Figure 1.10. Transport domain movement along the transport cycle including the 
one-gate, HP2. Transport domain is the teal-colored shape and the trimerization domain 
is depicted as the orange rectangle. HP2 is shown in red, substrate as the green oval and 
Na+ as the yellow spheres. OFS to IFS arrows in teal indicate the rearrangement that 
occurs, a twist and lowering into the membrane. Colored arrows reflect conformational 
features, whether that be HP2 opening (red arrow), twisting of the transport domain (teal), 
or the swinging angle between the transport domain and the trimerization domain (light 
orange) for intracellular gating. The four-character codes are the respective pdbs for the 
relevant state shown in the cycle. Black lettering is GltPh, grey is GltTk, and purple is human 
ASCT2 or EAAT1. Adapted from (191).   

The 3L4 which interacts with HP2 in the Na+ bound state also plays a role in the 

transport cycle. The disordered loop region crosses the transport domain and is not well 

resolved in a variety of structures. The loop undergoes substrate dependent 

conformational changes. When the loop is cleaved, transport is abolished or drastically 

decreased(204). The decrease in overall transport stems from an altered turn-over rate 

and not substrate affinity, specifically disrupting one or more steps involved in the loaded 

OFS to IFS transition, but not the Apo OFS to IFS transition(205). An MD simulation 

looking at the pathway of substrate translocation also confirmed substrate dependent 
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conformational changes in the 3L4(206). A recent study performed crosslinking 

experiments in EAAT2 between HP2 and 3L4 to corroborate that both change in spatial 

proximity throughout the transport cycle(207), but the role of 3L4 along the transport 

cycle remains unresolved.    

Na+ induced conformational changes in coupled binding 

The molecular mechanism for how HP2 movement is regulated during the 

transport cycle was poorly understood at the start of this thesis research. The available 

structural data gave snapshots of different conformations which served as clues for the 

molecular events necessary for extracellular gate opening and closure. The sequential, 

coupled binding required to fully load a protomer for transport involves changes in HP2 

and residues in the binding site. A functional study utilizing EPR, demonstrated that in 

the Apo state HP2 is closed and Na+ binding to the Apo protomer causes conformation 

changes including HP2 opening(208). Therefore, HP2 opening can either result from Na+ 

binding and inducing HP2 opening through allosteric means or Na+ binding to a select 

conformation of the protomer with HP2 open, thus stabilizing HP2 open state(209). 

Several functional studies demonstrate that Na+ binding to the transporter prior to 

substrate binding is slow and most likely reflects Na+ inducing conformational 

changes(210, 211). This is corroborated by structures which show conformational 

changes in the presence of Na+ alone. Upon substrate binding in the presence of Na+, 

HP2 closes, and substrate binding is relatively fast. The opening of HP2 caused by Na+ 

binding and closure upon substrate binding are the keys to the coupling mechanism 

which ensures only fully loaded (3Na+:1Asp) or Apo protein transverse the membrane. 

Na+ alone cannot translocate since HP2 is open and only in the presence of adequate 

Na+ is translocation possible by regulating access to the substrate binding site through 

HP2 movement. 
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MD simulations of time resolved HP2 movements have proposed various orders 

of binding events as well as substrate assisted HP2 closure(170, 201, 212, 213). At the 

start of the thesis research, Na3 was believed to bind first, followed by Na1. These 

binding events are responsible for transport domain rearrangements which open HP2 

and enable high affinity substrate binding. Substrate then binds and helps HP2 close, 

followed by Na2 binding to fully stabilize HP2 where the transport domain can then 

isomerize into the IFS and translocate substrate(214). Further MD simulations have 

uncovered other potential binding orders and the conformational consequence 

corresponding to those binding events(169, 171, 215-217). Some notable residues in the 

binding site which have been identified to be key in this coupling process are R397 and 

M311(154). The role of these residues in accomplishing the Na+ induced conformation 

changes have now been established.  

 

Figure 1.11. HP2 gating in coupled binding required for translocation of substrate. 

 

Summary 

 Glutamate transporters are vital for normal physiological processes and their 

dysfunction has been implicated in several pathological states. By understanding how 

they function, we can both exploit the proteins as therapeutic targets and understand 

native physiology. Glutamate transporters accomplish the unfavorable translocation of 

substrate across the membrane by coupling it to the existing Na+ electrochemical 

gradient, specifically three Na+ ions to one molecule of substrates. Through these 

studies on both glutamate transporters and homologs, the transport cycle and its 
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structural underpinnings have been resolved for large domain movements. Gaps that 

existed at the start of this thesis work included the location of the K+ site and how it fits 

into the coupling mechanism, the molecular choreography encompassing the Na+ 

induced conformational wave and allosteric mechanism for regulating gate movement, 

and the mechanism for substrate release in the inward facing state. The bulk of the 

research in this publication is centered on addressing the gap in our understanding of 

the allosteric coupling mechanism for regulating gate movement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 
 

Chapter 2: Investigation of the allosteric coupling mechanism in a glutamate 
transporter homolog via unnatural amino acid mutagenesis 

 

This chapter was published in PNAS in 2019 as: 
 
Riederer, E. A. & Valiyaveetil, F. I. (2019). Investigation of the allosteric coupling 
mechanism in a glutamate transporter homolog via unnatural amino acid mutagenesis. 
PNAS, 201907852. doi:10.1073/pnas.1907852116. 

The experiments in this chapter were planned by E.A.R. and F.I.V, E.A.R 
collected all the data, and E.A.R and F.I.V wrote the manuscript together. 

 
Significance: 

Glutamate transporters harness ionic gradients for the concentrative uptake of 

glutamate. Normal function of glutamate transporters is required for rapid removal of 

glutamate from the synaptic space, which is required for efficient neurotransmission and 

preventing excitotoxicity. A key question in glutamate transporters is the mechanism by 

which the ionic gradient is coupled to glutamate uptake. Previous studies have proposed 

a role for hairpin-2 in this coupling mechanism. Here, we use unnatural amino acid 

mutagenesis to develop a fluorescence assay for HP2 movement in the archaeal 

homolog, GltPh. Using this assay, we show how key residues in the substrate binding site 

modulate the movement of HP2 and thereby identify the sequence of events involved in 

the coupled binding of sodium and substrate.  

Abstract: 

 Glutamate transporters harness the ionic gradients across cell membranes for 

the concentrative uptake of glutamate. The sodium coupled Asp symporter, GltPh is an 

archaeal homolog of glutamate transporters and has been extensively used to 

understand the transport mechanism. A critical aspect of the transport cycle in GltPh is 

the coupled binding of sodium and aspartate. Previous studies have suggested a major 

role for hairpin-2 (HP2), which functions as the extracellular gate for the aspartate 

binding site, in the coupled binding of sodium and aspartate to GltPh. In this study, we 
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develop a fluorescence assay for monitoring HP2 movement by incorporating tryptophan 

and the unnatural amino acid, p-cyanophenylalanine into GltPh. We use the HP2 assays 

to show that HP2 opening with Na+ follows an induced-fit mechanism. We also 

determine how residues in the substrate binding site affect the opening and closing of 

HP2. Our data, combined with previous studies, provides the molecular sequence of 

events in the coupled binding of sodium and aspartate to GltPh.  

Introduction: 

 Secondary active transporters harness pre-existing ionic gradients to transport 

their substrates across cellular membranes(157, 218). A central question in the study of 

transporters has been the mechanism by which the ionic gradients are harnessed to 

power the transport of substrate. Here we investigate this question of ion–substrate 

coupling in the context of glutamate transporters. 

 Glutamate is the primary excitatory neurotransmitter in the central nervous 

system(14). Following release into the synaptic space during neurotransmission, 

glutamate is rapidly cleared by the action of glutamate transporters that are also referred 

to as Excitatory Amino Acid Transporters (or EAATs)(61, 219, 220). EAATs harness the 

energy from the pre-existing gradients of Na+, H+ and K+ across the cell membrane to 

drive the concentrative uptake of glutamate(100, 101). Normal function of EAATs is vital 

for efficient synaptic transmission and for preventing excitotoxicity(14).  

 Key insights into the structure and the transport mechanism in EAATs have come 

from studies on the archaeal homolog GltPh (and the closely related GltTk)(149, 165). 

GltPh is a sodium coupled Asp symporter in which the uptake of Asp is coupled to the 

symport of 3 Na+ ions(152). The structural studies show that GltPh is a homotrimer 

(Figure 2.1A) with each subunit consisting of eight transmembrane helices (TM1-8) and 

two helical hairpins (HP1, 2) that form two distinct domains: a central trimerization 

domain and a peripheral transport domain (Figure 2.1B)(149, 150, 158). The transport 
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domain is comprised of TMs 3, 7, and 8 along with HP1 and 2 and contains the binding 

sites for Asp and the three Na+ ions (the Na+ sites are referred to as Na1, Na2 and Na3, 

Fig. 1B).  

 The transport mechanism in GltPh involves the elevator-like movement of the 

transport domain between the outward facing state, OFS, and the inward facing state, 

IFS, while the trimerization domain stays stationary in the membrane(158, 181-184). The 

transport cycle involves the binding of Na+ ions and Asp to the transport domain in the 

OFS, followed by the elevator like movement to the IFS. Following release of Na+ ions 

and Asp from the IFS, the transport domain reorients from the IFS to the OFS to 

complete the cycle. 

 A critical aspect of the transport mechanism is that the binding of Na+ and Asp is 

strongly coupled(150, 151, 202). Due to this coupling, the binding affinity of GltPh for Asp 

is strongly dependent of the Na+ concentration and conversely the binding affinity for Na+ 

is dependent on the presence of Asp(202). The crystal structures of GltPh and GltTk show 

no direct contact between the bound Asp and the Na+ ions indicating that the coupling 

mechanism involves allosteric changes (Figure 2.1B)(150, 164). Structures of GltPh and 

GltTk combined with computational, spectroscopic and functional studies have suggested 

a scheme for the coupled binding of Na+ and Asp (Figure 2.1C)(61). Central to this 

scheme is the movement of HP2, which acts as the external gate to the substrate 

binding site(150, 170, 200, 201, 208, 213, 221, 222). In the Apo state, the crystal 

structures show that HP2 is closed thereby preventing access to the substrate binding 

site(164, 165). The binding of two Na+ ions, presumably to the Na3 and the Na1 sites, 

remodels the substrate binding site and causes HP2 to open for the binding of Asp(154, 

164, 169). In contrast to this model, computational studies suggest that HP2 is dynamic 

in the Apo state(170, 221). The binding of Asp is followed by the closure of HP2, which 

is further enhanced by the binding of the third Na+ ion to the Na2 site. The Na+ and Asp 
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bound transport domain then reorients from the OFS to the IFS for the transport of Na+ 

ions and Asp into the cell(158). There are important aspects of this binding scheme that 

are not understood. Chief among these are the mechanisms by which the binding of Na+ 

and Asp is linked to the movement of HP2.  

Here, we develop a fluorescence-based assay to track the movement of HP2. 

We use this assay to show that the opening of HP2 with Na+ follows an induced-fit 

mechanism. We use the HP2 assay to identify key residues in the Asp binding site that 

modulate the movement of HP2. Our experimental data suggests an intricate sequence 

of events in the coupled binding of Na+ and Asp to GltPh.  

Results: 

A fluorescence assay to probe the movements of HP2  

 We developed a fluorescence-based assay to probe the opening and closure of 

HP2. In developing this assay, we examined the crystal structures of GltPh (and GltTk) in 

the various states to identify a pair of residues, V355 in HP2 and S279 in HP1, which 

change inter-residue distance with the movement of HP2 (Figure 2.1D, Table S2.1). A 

change in distance between V355 and S279 with HP2 movement was also reported 

using EPR(208). For the fluorescence assay, we substituted V355 with Trp and S279 

with the unnatural amino acid, 4-cyano-phenylalanine (PheCN). We anticipated that a 

change in distance between Trp and PheCN will alter the Trp fluorescence and thereby 

provide a selective probe to monitor the movement of HP2. We substituted S279 with 

PheCN using the nonsense suppression approach (Figure S2.1A)(223, 224). The 

S279PheCN +V355W GltPh [or GltPh(PheCN +W)] showed similar biochemistry to the wild 

type transporter and was functional in Asp uptake albeit at a lower level compared to the 

wild type transporter (Figure S2.1B-D).  

 To determine if fluorescence of GltPh(PheCN+W) was sensitive to Na+ and Asp 

binding, we purified the GltPh(PheCN+W) protein and monitored the Trp fluorescence 
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emission following excitation at 295 nm in detergent solution. We observed that the 

fluorescence emission of GltPh(PheCN+W) was responsive to Na+, with an increase in the 

fluorescence (33% at 345 nm) and a red-shift of the emission maxima on the addition of 

Na+ to the Apo protein (Figure 2.1E). The increase in fluorescence was specific for Na+ 

as no change in fluorescence was observed with the addition of an equal amount of K+ 

(Figure 2.1F). To determine whether the change in fluorescence is due to the opening of 

HP2, we tested the effect of TBOA (D,L-threo-β-benzyloxy-aspartate), which binds 

similarly to Asp but keeps HP2 propped open due to the presence of the benzyloxy 

group in the side chain(150, 153). Addition of TBOA in the presence of 200 mM Na+ 

gave a 45 % increase in the fluorescence confirming that the increase in fluorescence 

seen on Na+ addition is indeed due to the opening of HP2. The fluorescence change 

with TBOA was roughly 12 % greater than the fluorescence change seen with Na+ alone, 

which is consistent with the suggestion that TBOA can prop HP2 open further than the 

opening of HP2 with Na+(150, 154). The change in fluorescence with TBOA was only 

observed in the presence of Na+ suggesting that initial Na+ binding is required for the 

binding of TBOA.  

 Closure of HP2 takes place on binding of Asp and Na+. We observed for 

GltPh(PheCN +W) that the addition of Asp in the presence of 200 mM Na+ caused a 

decrease in fluorescence and a blue-shift of the emission maxima. The fluorescence 

observed in the presence of Na+ and Asp was 18% lower than the value measured for 

the Apo protein. The further decrease in fluorescence observed in the Asp bound state 

compared to the Apo state is consistent with the closer proximity of S279 and V355 

observed in crystal structures of the Asp bound GltPh and GltTk compared to the Apo 

structures(154, 164, 165). The change in fluorescence with Asp was only seen in the 

presence of Na+ consistent with the initial binding of Na+ being required for Asp to bind.  
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 Changes in fluorescence with Na+ and Asp were also observed for the GltPh 

single mutants, S279PheCN and V355W (Figure S2.2A/B). The magnitude of the 

fluorescence changes observed for the single mutants were different in magnitude and 

direction compared to the changes observed for GltPh(PheCN +W) (Figure S2.2B). PheCN 

can act as a FRET donor to Trp,(225) however the changes observed for GltPh(PheCN 

+W) were more consistent with PheCN acting as a distance dependent quencher of the 

Trp residue at 355. In support, we observed that PheCN in solution acts as a quencher for 

Trp (Figure S2.2C).  

 To further confirm that the changes in fluorescence observed originate due to 

distance dependent quenching of Trp by PheCN, we created an alternative PheCN/ Trp 

pair in which the V355 in HP2 was substituted with PheCN and A127 in the 3-4 loop was 

substituted with Trp (Figure S2.3). In the 355/127 pair, the opening of HP2 on the 

binding of Na+ decreases the distance between these residues while the closure of HP2 

on binding of Asp increases the distance. For the 355/127 pair, we observed that the 

addition of Na+ or Na+/TBOA caused a decrease in fluorescence, while the addition of 

Asp in the presence of Na+ caused an increase in fluorescence. The changes in 

fluorescence for the 355/127 pair on Na+, TBOA and Asp addition were in the opposite 

direction of the changes observed for 279/355 pair, which is consistent with a distance 

dependent quenching effect. The magnitude of the changes for the 355/127 pair were 

smaller than the fluorescence changes for the 279/355 pair.  

 The increase in fluorescence for GltPh(PheCN +W) on the addition of Na+ was fit 

with a Hill equation and gave a K0.5
Na of 177.9 mM (Figure 2.1G, Table S2.2). The Hill 

coefficient was determined from a double log plot of the ratio of the fraction bound to 

fraction unbound with the Na+ concentration as previously described (Figure S2.4)(226, 

227). The K0.5
Na value measured using the HP2 assay compares to a value of 99.3 mM 
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reported for Na+ binding to the wild type transporter using a dye assay and 120 mM 

measured using the changes in fluorescence of the F273W–GltPh(202, 210). Similarly, 

the decrease in fluorescence due to closure of HP2 was fit to give a K0.5
Asp for Asp binding 

of 36.9 nM in the presence of 200 mM Na+ (Figure 2.1H), while a KD
Asp of 2 nM has been 

reported for the wild type GltPh(150, 202). The difference in Asp affinity could be due to 

the presence of the PheCN and Trp in the vicinity of the substrate binding site in the 

GltPh(PheCN +W) protein.  

Figure 2.1. A fluorescence-based assay for HP2 movement A) Structure of the GltPh 
trimer (pdb: 2nwx). B) Structure of a single subunit of GltPh. TM 7 and TM8 are colored 
green, Close-up view of the Na+ and Asp binding site is shown in inset. The bound Asp 
molecule is shown in space fill. C) Cartoon representation of the scheme for the coupled 
binding of Na+ ions and Asp (green oval). In B and C, HP1 is shown in orange, HP2 is in 
red, and the Na+ ions as yellow spheres. D) Close up view of the binding site in the Apo, 
Na+ bound, and the Na+ and Asp bound state. The Apo (pdb: 5dwy) and the Na+/Asp fully 
bound (pdb: 5e9s) structures are of GltTk while the Na+ bound structure with HP2 open is 
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of GltPh with TBOA bound (pdb: 2nww). Residues in the GltTk structures are shown with 
GltPh numbering. S279 in HP1 (orange) substituted with PheCN and V355 in HP2 (red) 
substituted with Trp are shown as lavender spheres. The structures highlight the change 
in distance between the fluorescence probes, PheCN and Trp, in the different states (Apo 
7.6Å, Na+ 13.6 Å, Asp/Na+ 6.5 Å). E) Fluorescence emission spectra of GltPh (PheCN+W) 
in the following conditions: Apo, 200 mM NaCl, 200 mM NaCl/10 µM TBOA, and 200 mM 
NaCl/100 µM Asp. F) Fluorescence at 345 nm for GltPh (PheCN+W) with the addition of 200 
mM NaCl, 200 mM NaCl/10 µM TBOA, 200 mM NaCl/100 µM Asp, 200 mM KCl and 100 
µM Asp. The fluorescence values are normalized to the Apo protein. G) Na+ titration of 
GltPh (PheCN+W). The normalized change in fluorescence at 345 nm on addition of Na+ is 
plotted. The solid line represents a fit using the Hill equation with K0.5

Na of 177.9 mM. H) Asp 
titration of GltPh (PheCN+W) in the presence of 200 mM NaCl. The normalized fluorescence 
change on addition of Asp is plotted and fit (solid line) with a quadratic binding equation 
with K0.5

Asp of 36.9 nM. Error bars in D-F are ± S.E.M., N > 3.  

 HP2 movement in GltPh has also been probed using spin labelling and EPR 

spectroscopy, however, the introduction of the spin labels resulted in a non-functional 

transporter(208). Further, in contrast to EPR spectroscopy, the fluorescence assay 

allows for easy titration of the effects of Na+ and Asp binding on HP2 movement. The 

fluorescence assay provides a means to evaluate how residues in GltPh influence HP2 

movement.  

Kinetic measurements indicate an induced fit mechanism for HP2 opening with 
Na+ 
 The K0.5

Na measured using the steady state titrations of the GltPh(PheCN+W) 

transporter with Na+ are a composite of the binding affinity for Na+ (KD) and the 

equilibrium constant (E=kf/kr) for HP2 opening. We used kinetic measurements to 

estimate these parameters. The time course of the increase in fluorescence with Na+ 

addition in the HP2 assay was relatively slow while the decrease in fluorescence with 

Asp in Na+ was relatively fast and could not be resolved with our instrumentation (Figure 

2.2A). The slow association of Na+ ions to the transporter followed by the rapid binding 

of Asp is consistent with previous reports evaluating the kinetics of Na+ and Asp binding 

to GltPh(210, 211). The time course of the fluorescence increase with Na+ was fit to a 

single exponential to obtain kobs and the change in kobs with Na+ concentration informs on 

the mechanism of HP2 opening on Na+ binding (Figure 2.2B/D) (228). The extreme 
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possibilities are an induced fit mechanism in which Na+ binding causes the opening of 

HP2 or a conformational selection mechanism in which Na+ binds to transporters with 

HP2 open and stabilizes the HP2 open state (Figure 2.2C). The induced fit mechanism 

dictates that the kobs should increase with increasing Na+ as there is more Na+ to open 

HP2 while the conformational selection model dictates that kobs should decrease with 

increasing Na+, reflecting the decreasing pool of transporters with HP2 open for Na+ to 

bind. We observed an increase in kobs with increasing Na+ that plateaued at higher Na+ 

concentrations thereby indicating that Na+ induced opening of HP2 is consistent with the 

induced fit model (Figure 2.2D). The variation in kobs with Na+ can be fit using equation 4 

based on the induced-fit model to obtain the values of KD and E (Table S2.3) (228). For 

the GltPh(PheCN+W) protein, the fit gave a KD of 322 mM and an E of 103 (Figure 2.2D). 

The kinetics measurements provide the ability to determine whether the mutations 

introduced in the Asp binding site affect the intrinsic binding of Na+ or the transition of 

HP2 opening.  

 

Figure 2.2. Kinetic measurements and mechanism of HP2 movement A) Time course 
of the fluorescence change in GltPh(PheCN+W) at 345 nm. Addition of 200 mM Na+ results 
in a gradual increase in fluorescence due to the slow opening of HP2 while addition of 100 
µM Asp results in a rapid decrease in fluorescence due to the fast closure of HP2. The 
solid black line represents the single exponential fit used to obtain kobs for HP2 opening by 
Na+. B) Fluorescence changes for GltPh (PheCN+W) upon addition of 100 mM and 800 mM 
Na+. Solid white line is single exponential fit. C) Schematic of the two potential 
mechanisms of induced fit and conformational selection for HP2 opening by Na+. D) kobs 
for HP2 opening measured at different Na+ concentrations are plotted and fit to the 
equation shown to give KD of 322 mM and E of 103. Error bars are ± S.E.M., N > 3.  
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Residues that participate in Na+-Asp coupling 

 To identify residues that participate in the coupling of Na+ and Asp binding, we 

looked for residues in the Asp binding site that showed a conformational change 

between the Apo and the Asp bound states (Figure 2.3A/B). This comparison for GltPh 

(and GltTk) identified R397, T314 and M311. In the Apo structure, the R397 side chain 

partially occupies the substrate binding site while it flips out and coordinates the Asp 

molecule in the bound structure. Compared to the Apo structure, the T314 side chain 

moves closer to the binding site to coordinate the Asp molecule while the M311 side 

chain rotates from facing the lipid bilayer in the Apo structure to facing HP1 in the bound 

structure. To evaluate whether these residues participate in Na+-Asp coupling, we 

measured the Asp affinity for the R397A, T314 A and M311A mutants at 10 and 200 mM 

Na+ to calculate a coupling coefficient (Figure S2.5). We define the coupling coefficient 

as the ratio of the Asp affinity at low to high concentrations of Na+. For the WT 

transporter, we measured a coupling coefficient of 155, indicating the strong coupling 

between Na+ and Asp binding. All the Ala mutants showed substantially lower coupling 

coefficients indicating that the R397, T314 and M311 residues participate in coupling 

Na+ and Asp binding (Figure S2.5, Table S2.4). 

R397 and T314 have opposite effects on HP2 opening 

 To investigate the effect of R397 on HP2 movement, we generated an Ala, Gln 

and Lys substitution at this position in the GltPh(PheCN+W) background. We carried out 

steady state Na+ titrations using the HP2 assay and observed that the R397 mutants 

showed lower K0.5
Na values (K0.5

Na  for R397A = 44.3 mM, R397Q = 56.2 mM, R397K = 98 

mM) compared to the WT GltPh(PheCN+W) (K0.5
Na = 177.9 mM) (Figure 2.3C). The lower 

K0.5
Na values suggest that the opening of HP2 is facilitated when the R397 side chain is 

substituted. Next, we used kinetic measurements to determine whether the effect of the 
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R397 substitutions is through changes in the Na+ affinity (KD) and/or the HP2 opening 

transition (E). At 100 mM Na+, the kinetics of the fluorescence change in the HP2 assay 

for the R397A and R397Q mutants were dramatically faster than the wild type (Figure 

2.3D). A fit of the kobs at different Na+ concentrations showed large increases in Na+ 

affinity (KD for R397A = 9.5 mM, R397Q = 12.8 mM) and dramatic increases in the HP2 

opening transition (E for R397A = 2332, R397Q = 2454) (Figure 2.3E). For the Lys 

mutant, we observed only a marginal increase in the kinetics of the fluorescence 

change. A fit of the Na+ dependence of kobs for the Lys mutant indicated a two-fold 

increase in the Na+ affinity (KD = 149 mM) and a modest decrease in the HP2 opening 

transition (E = 65) (Figure 2.3F). The Ala and the Gln substitutions alter both the charge 

and the side chain sterics while the charge is maintained, and the length of the side 

chain is altered in the Lys substitution. The effects observed for the R397 mutants 

suggest that the charge on the R397 side chain plays a role in determining the Na+ 

binding affinity. Analysis of the structure of Apo GltTk, using the HOLE program identifies 

a potential pathway for Na+ ions to access the Na3 and the Na1 sites(229). Na+ ions 

traversing along this pathway will encounter the R397 side chain (Figure S2.6). The 

positive Arg side chain along the pathway will be electrostatically unfavorable for Na+ 

access to the Na3 and Na1 sites. In this scenario, mutational deletion of the positive 

charge will favor Na+ access to the Na+ sites and thereby explain the increase in the Na+ 

affinity observed in the R397A and the R397Q mutants. The results with the R397 

mutants indicate that the steric nature of the side chain also influences the opening of 

HP2. The mechanism underlying this effect is presently not obvious as there is no direct 

contact between the R397 side chain and residues on HP2. However, the effects of the 

R397 mutations, on KD and E indicate that perturbations of the R397 side chain facilitate 

HP2 opening, which suggest that the R397 side chain plays a role in keeping HP2 

closed in the Apo state. 
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 To investigate the effect of the T314 side chain on HP2 movement, we generated 

an Ala, Val and Ser substitution at this position. Using steady state Na+ titrations, we 

observed that the K0.5
Na  value for the T314S mutant was similar to the wild type while K0.5

Na 

values for the T314A and the T314V were greater than the wild type (Figure 2.3G, Table 

S2.2). The higher K0.5
Na  values suggest that the opening of HP2 is hindered in the T314A 

and V mutants compared to the wild type. The kinetics of the fluorescence change in the 

HP2 assay for the T314 mutants were slower than the wild type (Figure 2.3H/I). A fit of 

the kobs measured at different Na+ concentrations for the S and the V mutants showed a 

small effect on Na+ affinity (KD for T314S = 524 mM, T314V =632 mM) but a substantial 

effect on the HP2 opening transition (E for T314S = 28, T314V = 15) (Figure 2.3I). The 

kinetics data for the T314A mutant did not saturate and so we were unable to determine 

the KD and E. The mutational analysis at T314 suggests that the hydroxyl group and the 

steric bulk of the T314 side chain are both important for the opening of HP2 as alteration 

of either property hinders the opening of HP2. A comparison of the structures of GltTk in 

the Apo and the Asp bound state indicates that the T314 side chain in the Asp bound 

conformation will clash with the Arg397 side chain in the Apo conformation as previously 

proposed (164) indicating the requirement for the steric bulk of the side chain. Further, 

the T314 side chain can be stabilized in the bound conformation by a H-bond with the 

N401 side chain and thereby the requirement for the hydroxyl group (Figure S2.7). The 

results with the T314 mutants in the HP2 assay indicate an effect on the opening of HP2 

by influencing mainly the opening transition without affecting the Na+ affinity. Our results 

therefore indicate that R397 and T314 have opposite roles, R397 is important for 

keeping HP2 closed while T314 is responsible for the opening of HP2.  
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Figure 2.3. Effect of R397 and T314 on HP2 movement. Structures of GltTk in the Apo 
state (A, pdb: 5dwy) and the fully bound state with Asp and 3 Na+ ions (B, pdb: 5e9s). 
Residues that show a conformational shift between these two states are indicated in bold. 
While the GltTk structures are used due to higher resolution, the residues are shown with 
GltPh numbering. C) HP2 opening by Na+ in the R397 mutants. Steady state titration of the 
R397 mutants in the (PheCN+W) background by Na+ is plotted and fit (solid line) to give 
K0.5
Na  of 44.3 mM for R397A, 56.2 mM for R397Q and 98 mM for R397K. D) Change in 

fluorescence for the R397A, R397Q, R397K, and WT (black dotted line) GltPh (PheCN+W) 
upon 100mM Na+ addition. Solid black line corresponds to the single exponential fit used 
to determine kobs. E) kobs for HP2 opening for R397A and R397Q GltPh (PheCN+W) 
measured at different Na+ concentrations are plotted and fit to give KD of 9.5 mM and E of 
2332 for R397A and KD of 12.8 mM and E of 2454 for R397Q. F) kobs for HP2 opening in 
R397K GltPh (PheCN+W) measured at different Na+ concentrations is plotted and fit to give 
KD of 149 mM and E of 65. G) HP2 opening by Na+ in the T314 mutants. Steady state 
titration of the T314 mutants in the (PheCN+W) background by Na+ is plotted and fit (solid 
line) to give K0.5

Na  of 373.6 mM for T314A, 162.8 mM for T314S and 539.1 mM for T314V. 
H) Change in fluorescence for the T314A, T314S, and T314V GltPh (PheCN+W) upon 
addition of 500 mM Na+. Solid white line corresponds to the single exponential fit used to 
determine kobs. I) kobs for HP2 opening for T314A, T314S and T314V GltPh (PheCN+W) 
measured at different Na+ concentrations are plotted and fit to give KD of 524 mM and E 
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of 28 for T314S and KD of 632 mM and E of 15 for T314V. Data for the wild type control 
in panels C, E, F, G and I is shown as a black line. Error bars are ± S.E.M., N > 3.  
 
D390 and Y317 facilitate HP2 opening by stabilizing R397 in the flipped 
conformation 
 
 For Asp binding, the R397 side chain has to flip out of the Asp binding site. In the 

flipped conformation, the R397 side chain interacts with D390 and Y317 and coordinates 

Asp (Figure 2.4A). If the flip of R397 facilitates HP2 opening, then we expect that D390 

and Y317, which interact with R397 in the flipped conformation, will also affect HP2 

movement. Steady state Na+ titrations for the D390A and the Y317L mutant showed very 

small fluorescence changes compared to the control indicating that HP2 opening was 

severely perturbed. The Y317F mutant showed HP2 opening that was relatively similar 

to the wild type but with a slightly lower K0.5
Na (Figure 2.4B). The crystal structure of Apo 

GltTk shows an H-bond between D390 and Y317. The lower K0.5
Na value for the Y317F 

mutant suggests that the opening of HP2 may be coupled to the breaking of the H-bond 

between D390 and Y317. The dramatic perturbation on Asp binding seen in the Y317L 

mutant compared to the Y317F mutant indicates the requirement for an aromatic residue 

at 317 and is consistent with a cation-π interaction between R397 and Y317 in the 

flipped conformation as previously proposed (Figure 2.4C)(165).  

To directly probe for a cation-π interaction, we substituted Y317 with 4-bromo-

phenylalanine (PheBr) and 4-cyano-phenylalanine (PheCN) using the nonsense 

suppressor approach. The Br- and the CN- substituents have roughly similar steric sizes 

but different electron withdrawing properties; with the CN- group being more electron 

withdrawing than the Br- group(230). The PheCN side chain is therefore less–capable of 

participating in cation-π interactions compared to the PheBr side chain. We could not use 

the HP2 assay with these mutants as we cannot use the amber suppression approach to 

simultaneously incorporate PheBr at 317 and a PheCN at 279. Instead, we assayed the 
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effect of the unnatural substitution by evaluating Asp binding by using the L130W 

assay(150). We observed that the PheCN substitution had a greater effect on KD
Asp 

compared to the PheBr substitution (Figure 2.4D). We also observed that the differential 

effects of the PheCN and the PheBr substitutions on KD
Asp required the R397 side chain as 

this effect was not observed in the context of the R397A mutant (Figure S2.8). These 

results strongly suggest a cation-π interaction between R397 and Y317 in the Asp bound 

state. Overall, these results indicate that the interactions of D390 and Y317 with R397 

modulate HP2 movement and are consistent with the existence of a cation-π interaction 

between R397 and Y317.  

 

Figure 2.4. Interactions of R397 in the flipped conformation A) Close-up view of the 
Asp binding site in GltPh (pdb: 2nwx) shows that R397 in flipped conformation interacts 
with D390 and Y317. HP2 opening by Na+ (B) and HP2 closing by Asp (C) in GltPh 
Y317L, Y317F and D390A. HP2 opening was assayed by Na+ titration of these mutant 
proteins in the (PheCN+W) background while HP2 closing was assayed by Asp titration in 
the presence of 200 mM NaCl. Fit of the Na+ titration data gave K0.5

Na of 91 mM for the 
Y317F while fits of the Asp titration data gave K0.5

Asp of 0.48 µM for the Y317F, 18.5 µM 
for the Y317L and 35.5 µM for the D390A mutants. Solid black lines in B and C 
correspond to the wild type control. D) Unnatural amino acid substitutions at Y317. Asp 
binding was assayed by the fluorescence change in the wild type, Y317PheBr and 
Y317PheCN GltPh with a L130W substitution in the presence of 100 mM Na+. The binding 
assays gave a KD

Asp of 15 nM for the wild type, 66 nM for the Y317PheBr and 210 nM for 
the Y317PheCN. Error bars are ± S.E.M., N > 3.  
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M311 acts as a wedge to prop HP2 open 

 To evaluate the effect of M311 on HP2 movement, we generated a M311A 

substitution in the GltPh(PheCN +W) background. In the HP2 assay, we did not observe a 

change in fluorescence on the addition of Na+ but observed an increase in fluorescence 

on addition of TBOA (Figure 2.5A). This increase in fluorescence with TBOA was only 

observed in the presence of Na+ (Figure 2.5B). The opening of HP2 is required for TBOA 

to bind and the Na+ requirement for TBOA binding indicates that Na+ dependent opening 

of HP2 must take place in the M311A mutant. The binding of TBOA props HP2 open 

therefore the fluorescence signal observed with TBOA corresponds to the opening of 

HP2. We took advantage of the ability of TBOA to prop HP2 open and carried out the 

HP2 assay for the M311A(PheCN+W) mutant in the presence of 10 µM TBOA. We 

observed a K0.5
Na of 3.7 mM for the M311A mutant while a value of 12.6 mM was 

measured in the HP2 assay for wild type GltPh(PheCN+W) in the presence of 10 µM 

TBOA (Figure 2.5C). Additionally, we used the dye assay to probe Na+ binding to the 

GltPh-M311A mutant((202). We observed Na+ binding to the Apo-M311A mutant with an 

approximate KD
Na of 73 mM (Figure 2.5D). This value is an approximation as we did not 

observe saturation of the signal. In the presence of 1 mM Asp, we observed a KD
Na of 

0.78 mM. The KD
Na values obtained for the M311A mutant are comparable to the wild 

type, however the binding of Na+ to the M311A mutant showed lower cooperatively than 

the wild type. These results indicate that Na+ binding is relatively unperturbed in the 

M311A mutant but that HP2 opening on Na+ binding is severely affected.  

 The HP2 assay provides a time-averaged readout of the position of HP2. For the 

wild type GltPh(PheCN+W) transporter, the increase in fluorescence observed in the HP2 

assay on Na+ addition indicates that HP2 changes from being closed in the Apo state 

and to mainly open in the Na+ bound state. For the M311A mutant, the lack of a change 
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in the fluorescence signal on the addition of Na+ suggests that HP2 remains 

predominantly in the closed state with only very brief openings in the presence of Na+. 

These results indicate that in the absence of the M311 sidechain, HP2 is not propped 

open on Na+ binding. 

 We observed a decrease in fluorescence on the addition of Asp to the 

M311A(PheCN+W) mutant in the presence of Na+. This decrease in fluorescence 

indicates the closure of HP2 and was only observed in the presence of Na+ (Figure 

2.5B). Using the HP2 assay, we measured a K0.5
Aspof 160 nM, which compares to a value 

of 36.9 nM measured for the wild type, thereby indicating that the closure of HP2 on Asp 

binding is relatively unperturbed in the M311A mutant (Figure 2.5F).  

 M311 is in the conserved NMDGT motif and modelling studies indicate that 

conformational changes in M311 must take place in concert with the movement of HP2 

as the flip in the conformation of the M311 side chain is not compatible with the HP2 in 

the closed state as previously reported (Figure S2.9)(154, 212, 222). Our studies 

suggest a role for the M311 side chain in keeping HP2 propped open. Na+ coupled Asp 

binding has been previously reported for a M311L GltPh(154). We tested the M311L 

mutant in the HP2 assay and observed that the opening of HP2 with Na+ and closure of 

HP2 on Asp binding took place similar to the wild type (Figure 2.5E/F) indicating a role 

for the length of the M311 side chain in keeping HP2 propped open. In the M311A 

mutant, the methyl side chain is too small to accomplish this role.  
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Figure 2.5. M311 affects the opening of HP2 A) Fluorescence emission spectra of 
M311A (PheCN+W) on excitation at 295 nm in the following conditions: Apo, 200 mM 
NaCl, 200 mM NaCl/10 µM TBOA, and 200 mM NaCl/100 µM Asp. B) Fluorescence at 
345 nm for the M311A (PheCN+W) with the addition of 200 mM NaCl, 200 mM NaCl/10 
µM TBOA, 200 mM NaCl/100 µM Asp, 10 µM TBOA and 100 µM Asp. The fluorescence 
values are normalized to the M311A (PheCN+W) Apo protein. C) Na+ titration of M311A 
(PheCN+W) and wild type GltPh (PheCN+W) with 10 µM TBOA present. A fit of the titration 
data gave a K0.5

Na of 3.7 mM and 12.6 mM for the M311A and the wild type respectively. 
D) Na+ binding assay for GltPh M311A. Na+ binding was measured using the RH421 dye 
in the presence and absence of 1 mM Asp. The M311A mutant shows KD

Nas of 73 mM 

without Asp and 0.78 mM in the presence of 1 mM Asp. The black lines corresponds to 
the Na+ binding curve for the wild type GltPh (dashed: without Asp, KD

Na = 58.8 mM; solid: 
with 1 mM Asp, KD

Na = 0.33 mM). E) HP2 opening in GltPh M311L by Na+. Titration of 
M311L (PheCN+W) by Na+ is plotted and fit to give K0.5

Na of 79.3 mM. F) HP2 closing in 
M311A and M311L GltPh. Titration of M311A (PheCN+W) and M311L (PheCN+W) by Asp 
in the presence of 200 mM NaCl. The titration data was fit as described in methods to 
give a K0.5

Asp of 0.16 µM for M311A and 0.19 µM for M311L. The solid black line is the Na+ 
titration curve (E) and the Asp titration curve (F) for the wild type GltPh (PheCN+W) 
protein. B-F) Error bars are ± S.E.M., N > 3. 

Discussion: 

 The opening and closing of HP2, the extracellular gate, is a key aspect of 

coupling Na+ and Asp binding in GltPh. In this study, we developed a fluorescence assay 
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to track the movement of HP2. Using this assay, we show that the opening of HP2 on 

the binding of Na+ to the Apo transporter is a slow process while closure of HP2 on the 

binding of Asp in the presence of Na+ is very rapid. These results are consistent with 

previous finding which indicate that Na+ binding is accompanied by a slow 

conformational change(210, 211). We find that the opening of HP2 by Na+ follows an 

induced fit mechanism. We investigate how residues in the Asp binding site modulate 

HP2 movement and our studies demonstrate that R397 plays a role in keeping HP2 

closed while T314 plays a role in the opening of HP2 and M311 acts as a wedge to keep 

HP2 propped open following the binding of Na+.  

 Combining our results with previous studies on GltPh and GltTk (153, 154, 164), 

we propose the following scheme for the coupled binding of Na+ and Asp to GltPh (Figure 

2.6). In the Apo state, HP2 is closed and R397 partially occupies the Asp binding site 

while M311 points towards the lipid bilayer. The first step in the process is the binding of 

Na+ to the Na3 and the Na1 sites. The Na3 and the Na1 sites consists of amino acid 

side chains and the protein backbone from the conserved NMDGT motif and Na+ binding 

causes a conformational change in this motif. One component of the conformational 

change in the NMDGT motif is a switch of the M311 side chain from facing the lipid 

bilayer to pointing towards HP1. In this conformation, M311 acts as a wedge to break 

interactions between the tip of HP1 and HP2, which are important for keeping HP2 

closed in the Apo state. The conformational switch in the M311 side chain on Na+ 

binding therefore allows HP2 to open, as previously proposed(154). Another component 

of the conformational change in the NMDGT motif on Na+ binding is the movement of 

T314 into the Asp binding site where it clashes with R397, as previously proposed(153, 

164). This clash pushes R397 from the Apo conformation, wherein it partially occupies 

the Asp binding site, into the flipped conformation. In the flipped conformation, R397 is 

stabilized by a salt bridge interaction with D390 and through a cation-π interaction with 
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Y317. The R397 side chain in the Apo conformation helps keeps HP2 closed and the 

change to the flipped conformation allows the opening of HP2. The conformational 

changes in R397 and M311 side chain are therefore the key steps required for the Na+ 

coupled opening of HP2. All of these events which involve the opening of HP2 and side 

chain rearrangements setup the binding site for coordinating Asp. The binding of Asp 

results in the closure of HP2 which is further facilitated by the binding of the third Na+ ion 

to the Na2 site. The binding of Asp following the binding of Na+ is expected to follow a 

conformational selection mechanism. A recent study using kinetics to look at Asp binding 

(in the inward facing state) determined that the mechanism of Asp binding is consistent 

with a conformational selection model(231). The Na+ and Asp bound transport domain 

that result from the coupled binding process can then transition to the inward facing state 

in an elevator like movement for the transport of Na+ and Asp into the cell.  

 

Figure 2.6. Proposed scheme for the coupled binding of Na+ and Asp to GltPh. In the 
Apo state, the R397 side chain partially occupies the Asp binding site while the M311 side 
chain points away from the binding site. Binding of Na+ ions to the Na3 and the Na1 sites 
causes conformational changes in the NMDGT motif which involves the shift of the M311 
side chain towards HP1 and the movement of T314 towards the binding site. The 
movement of M311 helps break HP1 and HP2 interactions to partially open HP2. The 
movement of T314 towards the substrate binding site is stabilized by interacting with N401 
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and flips R397 out of the substrate binding site. R397 in the flipped conformation is 
stabilized by interactions with D390 and Y317. The movement of R397 into the flipped 
conformation fully opens HP2 and HP2 is propped open by M311. Following the opening 
of HP2 by Na+, Asp binds to the protein and closes HP2 through various interactions of 
HP2 with Asp. The third Na+ binds to the Na2 site to fully lock HP2. The fully loaded GltPh 
isomerizes to the inward facing state for translocation of the Na+ and Asp into the cell. 

 While the overall binding scheme is supported by this study and previous  

investigations, the mechanisms underlying key steps are presently unresolved. These 

include the molecular details of how the R397 side chain in the Apo conformation keeps 

HP2 closed or how the M311 conformational switch allows HP2 to open. High resolution 

structure determination of the various states combined with focused computational 

studies will be necessary to understand these mechanisms. 

 The residues in GltPh that we investigated in this study are conserved in EAATs 

and so we anticipate that the general binding process described will also be valid for 

EAATs(61, 193). Importantly, the HP2 assay developed in this study can be adapted to 

probe HP2 movement in EAATs. Further, re-entrant loops in the form of helical hairpins 

gate the substrate-binding site for a variety of transporters(157). We anticipate that the 

strategy used herein will be applicable to investigating the movement of helical hairpins 

in these diverse transporters.  
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Methods: 

Definition of the terminology used. Binding parameters determined using the HP2 

assay for Na+ and Asp are denoted by K0.5
Na and  K0.5

Asp respectively. The intrinsic Na+ 

dissociation constant determined from the kinetic measurements using the HP2 assay is 

denoted by KD. Asp dissociation constant determined using the GltPh L130W assay is 
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denoted by KD
Asp while the Na+ dissociation constant determined using the RH421 dye 

assay is denoted by KD
Na.  

Expression and purification of GltPh. The GltPh construct referred to as wild type (GltPh-

WT) in this study consisted of seven point mutations to histidine(149), a C321A 

substitution (unless otherwise specified) and a His8 tag at the C-terminus. Site directed 

mutagenesis was carried out using the PCR overlap or Quickchange mutagenesis 

protocols. The GltPh constructs were cloned and expressed from the pBCH/G4 vector 

(kindly provided by Dr. Eric Gouaux) in Escherichia coli TOP10 cells (Fisher 

Scientific).(149) Protein expression and membrane preparation was carried out as 

previously described.(155) The membrane vesicles were solubilized using dodecyl-β-D-

maltopyranoside [DDM, 2% (w/v)] and the GltPh protein purified by affinity 

chromatography (Ni NTA resin, Qiagen) and size exclusion chromatography (SEC).(155) 

SEC was carried out on a Superdex S-200 column (GE Biosciences) using 20 mM Tris-

HEPES pH 7.5, 200 mM NaCl, and 0.1% DDM as the column buffer.  

Unnatural amino acid incorporation. Incorporation of PheCN (4-Cyano-Phenylalalnine) 

or PheBr (4-Bromo-Phenylalanine) was carried out by in vivo nonsense suppression 

using the PheCN tRNA synthetase/tRNA pair for Escherichia coli expression.(223, 224) 

The PheCN synthetase/tRNA pair also incorporates PheBr.(232) Briefly, an amber (TAG) 

stop codon was introduced at the desired position in the GltPh construct. The plasmid 

carrying the GltPh construct with the stop codon was co-transformed into Escherichia coli 

TOP10 cells with a plasmid carrying the PheCN synthetase and tRNA. The transformed 

cells were grown at 37 oC in 2YT or TB medium containing 2 mM of PheCN or PheBr 

(Chem-Impex) and the antibiotics required for maintenance of both the plasmids until an 

OD600 of ∼1.0, at which time the expression of GltPh [0.1% arabinose] and the synthetase 

(1 mM IPTG) was induced. Following induction, cell growth was carried out for an 
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additional 4 hours at 37 oC. Purification of GltPh containing the unnatural amino acid was 

carried out as described for GltPh-WT. In initial experiments, we used the PheCN 

synthetase/tRNA pair on a pSUP plasmid (kindly provided by Dr. Peter Schultz) while 

the latter experiments used a pULTRA plasmid (pULTRA-CNF was a gift from Dr. Peter 

Schultz, Addgene plasmid # 48215). The spectinomycin resistance gene on the 

pULTRA-CNF plasmid was replaced by the kanamycin resistance gene from pRSF1b 

(EMD Millipore) for use in TOP10 cells.  

Hairpin 2 movement assays. Prior to the HP2 assays, the GltPh(PheCN+W) proteins 

were exchanged into HP2 assay buffer (20 mM Tris-HEPES pH 7.5, 100 mM KCl and 

0.1% DDM). The steady-state titrations were carried out using ~100 µgs GltPh in assay 

buffer at 30 oC. The change in fluorescence was monitored at 345 nm after excitation at 

295 nm. For the opening of HP2, we added aliquots of NaCl to the Apo protein in the 

assay buffer and monitored the fluorescence (F). The fluorescence values measured 

were corrected for dilution, normalized to the fluorescence of the Apo protein and fit 

using the Hill equation (equation 1) to determine the values of K0.5
Na. 

   F =  [Na]n

 [K0.5
Na]n+ [Na]n

  Equation 1 

 The fraction bound  was determined by normalizing the change in fluorescence 

following Na+ addition to the maximum change observed and the Hill coefficient for the 

HP2 opening by Na+ was determined as the slope at the intercept along the x-axis in a 

plot of the Log[Fb/(1-Fb)] vs Log[Na+].(226, 227) 

 For closure of HP2, we added aliquots of Asp to the GltPh (PheCN+W) protein in 

assay buffer containing 200 mM NaCl. The fraction bound was calculated by normalizing 

the change in fluorescence following Asp addition to the maximum change observed and 

K0.5
Asp was determined by a fit to the equation 2: 
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Fb =  [Asp]
K0.5
Asp+[Asp]

 . Equation 2 

In cases where the protein concentration (P) was similar to or greater than the K0.5
Asp, the 

following quadratic equation was used:  

Fb =
�K0.5

Asp+[P]+[Asp]�−��K0.5
Asp+[P]+[Asp]�

2
−(4 [P] [Asp]) 

2[P]
   Equation 3 

Kinetics for HP2 opening. Kinetics of HP2 opening was monitored using ~100 µgs 

GltPh in the HP2 assay buffer (20 mM Tris-HEPES pH 7.5, 100 mM KCl and 0.1% DDM) 

at 30 oC. The change is fluorescence at 345 nm (excitation at 295 nm) was monitored 

after the addition of NaCl (from a 3M stock prepared in assay buffer) to the desired 

concentration with fast stirring. The change in the fluorescence signal was corrected for 

dilution and fit with a single exponential to determine the kobs. kobs values determined 

over a range of Na+ concentrations were fit with the equation for an induced-fit 

mechanism.(228).  

kobs =  kr +  kf
Nan

[KD]n+Nan
       Equation 4 

The value of kr was fixed as the average of the kobs at lower Na+ and n was fixed as 2 for 

all mutants except for T314V. For a satisfactory fit of the kobs vs Na+ plot for the T314V 

mutant, the value of n was set as 3.  

Aspartate binding assays. Aspartate binding assays were carried out on GltPh 

constructs with a L130W substitution.(150) Prior to the binding assay, the GltPh sample 

was extensively dialyzed against the assay buffer [20 mM Tris-HEPES pH 7.4, 200 mM 

Choline Chloride, 0.1% DDM] to lower Na+ concentration below 0.5 mM and to remove 

bound Asp. The binding assays were carried out using ~80 µgs of GltPh at 30 oC in assay 

buffer. Binding of Asp was monitored by the change in the fluorescence emission at 334 

nm following excitation at 295 nm. The fraction bound was calculated by normalizing the 
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change in fluorescence following Asp addition to the maximum change observed and 

KD
Asp was determined by a fit to the equation 2 or with equation 3 (with K0.5

Asp substituted 

with KD
Asp). Equation 3 was used when the value of KD

Asp determined was on par or lower 

than the protein concentration used in the assay.  

Na+ binding assays. Na+ binding to the GltPh constructs was assayed using the voltage 

sensitive dye, RH421 as previously described.(154, 202) Briefly, 200 nM of RH421 was 

added to 300 µgs of GltPh in 10 mM HEPES/KOH, 100 mM KCl and 0.01% DDM. The 

protein solution with the dye was allowed to equilibrate for at least 1 hour before the start 

of the titration. Aliquots of NaCl were then added and binding was monitored by change 

in the fluorescence emission at 628 nm with excitation at 532 nm. After the addition of 

each aliquot of NaCl, the sample was allowed to equilibrate (~ 15 min) until the 

fluorescence signal stabilized. For Na+ titrations in the absence of Asp, the fluorescence 

changes observed during the titration were normalized to the change in fluorescence on 

addition of 1 mM Asp at the end of the titration. The normalized fluorescence changes 

were corrected for dilution to determine the fraction bound and the dissociation constant 

KD
Na was determined from a fit to the Hill equation (equation 1 with K0.5

Na substituted with 

KD
Na). 

Aspartate transport assays. GltPh was reconstituted at into lipid vesicles comprised of 

a 3: 1 ratio of Escherichia coli polar lipids to 1-palmitoyl-2-oleoyl-glycero-

3phosphatidylcholine (POPC) as previously described.(151) The transport assays were 

carried out in 20 mM Tris-HEPES pH 7.5, 200 mM NaCl, 1 µM valinomycin at 30 oC as 

previously described.(155) 100 nM of 14C Asp (Moravek Biochemicals) was used for 

transport assays with GltPh-WT while 200 nM of 14C Asp was used for assays with GltPh 

(PheCN+W). Background levels of Asp transport were determined by performing the 
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transport assay in absence of NaCl, with 100 mM KCl in the assay buffer, as well as 

200mM NaCl on each side.  

Appendix A: Supplementary Information: 

 
 
Figure S2.1. Biochemistry of GltPh (PheCN+W). 4-Cyano-Phenylalanine (PheCN) was site 
specifically incorporated into GltPh at residue 279 using the amber suppression system as 
described in methods. A) SDS-PAGE gel showing that expression of the GltPh-S279PheCN 
+V355W [referred to as GltPh (PheCN+W)] is only obtained in the presence of PheCN. Lane 
1 shows that the GltPh protein is not expressed without the addition of PheCN to the media 
while Lane 2 is the protein expressed with 2 mM PheCN present. B) Size exclusion 
chromatography showing the elution profile for GltPh (PheCN+W). C) Asp uptake activity of 
GltPh (PheCN+W). The time course of [14C]-Asp uptake for GltPh (PheCN+W) in the presence 
of a Na+ gradient (black circles) while no uptake is observed in the absence of a Na+ 
gradient (red diamonds). The activity of GltPh (PheCN+W) is ~10% that of wild type GltPh. 
Error bars for the uptake data in the presence of a Na+ gradient correspond to S.E.M. (for 
N > 3) while the error bars for the data in the absence of a Na+ gradient corresponds to 
range of values from two independent measurements. D) Bar graph showing uptake of 
[14C]-Asp in 5 mins by WT and GltPh (PheCN+W) with a Na+ gradient (black), 100 mM K+ 
on both sides of the membrane (red), and 200 mM Na+ on both sides (purple). Error bars 
are S.E.M. (for N > 3) 

.  
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Figure S2.2. Fluorescence properties of the GltPh mutants A) Fluorescence emission 
spectra of S279PheCN+V355W GltPh [GltPh(PheCN+W)], S279PheCN GltPh [GltPh(PheCN)], 
V355W GltPh [GltPh(W)], and wild type GltPh on excitation at 295 nm in 20 mM HEPES-Tris 
(pH 7.5), 100 mM KCl, and 0.1% DDM. B) Table showing the percent change in 
fluorescence at 345 nm from Apo state on the addition of 200 mM NaCl, 200 mM NaCl/10 
µM TBOA, and 200 mM NaCl/100 µM Asp for the wild type and mutant GltPh proteins. C) 
PheCN in solution acts as quencher of Trp. PheCN was titrated into a 5 µM solution of Trp 
and the fluorescence emission at 360 nm was measured following excitation at 295 nm. 
The contribution due to the PheCN was subtracted from the fluorescence signal and 
corrected for the inner filter effect (233). Shown is a Stern-Volmer plot with the line 
representing Fo/F = Ka[PheCN]+1, where Ka = 0.008.  

 

 
Figure S2.3. The A127W+V355PheCN pair for fluorescence tracking of HP2 
movement A) Close up view of the binding site in the Apo, Na+ bound, and the Na+ and 
Asp bound state. The Apo (pdb: 5dwy) and the Na+/Asp fully bound (pdb: 5e9s) structures 
are of GltTk while the Na+ bound structure with HP2 open is of GltPh with TBOA bound (pdb: 
2nww). Residues in the GltTk structures are shown with GltPh numbering. A127 in 3-4 loop 
(teal) substituted with Trp and V355 in HP2 (red) substituted with PheCN are shown as 
lavender spheres. The structures highlight the change in distance between the 
fluorescence probes, PheCN and Trp, in the different states. Cα-Cα distances are Apo: 
20.2Å, Na+/TBOA: 7.5Å, Na+/Asp: 23.4 Å B) Fluorescence emission spectra of GltPh 
(A127W+V355PheCN) in the following conditions: Apo, 200 mM NaCl, 200 mM NaCl/10 
µM TBOA, and 200 mM NaCl/100 µM Asp. C) Fluorescence at 345 nm following the 
addition of 200 mM NaCl, 200 mM NaCl/10 µM TBOA, 200 mM NaCl/100 µM Asp. The 
fluorescence values are normalized to the Apo protein. D) Na+ titration of 
GltPh(A127W+V355PheCN). The normalized change in fluorescence at 345 nm on addition 
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of Na+ is plotted. The solid line represents a fit using the Hill equation with K0.5
Na of 101.7 

mM, n of 1.8. E) Asp titration of GltPh(A127W+V355PheCN) in the presence of 200 mM 
NaCl. The normalized fluorescence change on addition of Asp is plotted and fit (solid line) 
with a quadratic binding equation to give a K0.5

Asp of 52.7 nM. Error bars in C-E are ± S.E.M., 
N > 3.  

 

Figure S2.4. Hill coefficient for HP2 opening by Na+ A) Hill plot of Log[(fraction bound) 
/(1-fraction bound)] vs Log[Na+] for the WT GltPh(PheCN+W). The Hill coefficient for HP2 
opening by Na+ was determined from the slope (solid line) at the intercept along the x-
axis.(226, 227) B) Values of the Hill coefficient determined for the different GltPh mutants 
using this approach.  

 

 

Figure S2.5. Asp titrations of R397A, T314A, and M311A GltPh. Asp binding was 
assayed by the fluorescence changes in R397A (A), T314A (B) and M311A GltPh (C) with 
a L130W substitution in 10 and 200 mM NaCl. The binding assays gave KD

Asp values in 10 
mM and 200 mM NaCl for WT: 0.28 µM and 1.8 nM, R397A: 238 µM and 11.8 µM, T314A: 
58 µM and 1.44 µM, and M311A: 1.5 µM and 0.33 µM. D) Coupling coefficients for the 
wild type, R397A, T314A and M311A GltPh. The coupling coefficient is defined as the ratio 
KD
Asp(10 mM Na+)/KD

Asp(200 mM Na+). Error bars correspond to S.E.M., N > 3. 
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Figure S2.6. Proposed role for R397 in HP2 opening A) Analysis of the structure of Apo 
GltTk (pdb: 5dwy), using the HOLE program (229) identifies a potential pathway (indicated 
by yellow spheres) for Na+ ions to access the Na3 and the Na1 sites. The R397 side chain 
is present along this pathway and will electrostatically disfavor Na+ access to the Na3 and 
Na1 sites. B) Amino acid substitutions at R397. Structures of the amino acid substitutions 
tested at R397. The KD-Na+ values determined from the kinetic assays as well as the 
residue volumes (234) are shown. The Ala and the Gln side chains are not positively 
charged and will not hinder Na+ access to the binding sites. Correspondingly, the R397A 
and R397Q mutants show a large increase in Na+ affinity. The Lys side chain is positively 
charged but the shorter length of Lys compared to the Arg side chain results in sub-optimal 
positioning along the Na+ permeation pathway. Due to this sub-optimal positioning, only a 
small affect on the Na+ affinity is observed in the Lys mutant.  

 

 

Figure S2.7. Proposed role of T314 in HP2 opening A) In the Apo state, the T314 side 
chain is away from the Asp binding site. The Apo binding site (pdb: 5dwy) is shown in the 
left panel. The shift in the T314 towards the substrate binding site when Na+ ions bind to 
the Na3 and the Na1 sites forces a reorientation of R397 due to a steric clash between 
T314 and R397 as previoulsy described.(164) The middle panel depicts a model with the 
R397 side chain in the Apo conformation (from pdb:5dwy), HP2 open (from pdb: 2nww) 
and the T314 side chain in the Asp binding conformation (from pdb: 5e9s) to illustrate the 
steric clash between the T314 and the R397 side chains. T314 in the Asp binding 
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conformation is stabilized by a H-bonding interaction between the hydroxyl group of T314 
and the N401 side chain. The potential H-bond between T314 and N401 is illustrated in 
the right panel which depicts a model with the R397 and the T314 side chains in the Asp 
binding conformation (from pdb: 5e9s) and with HP2 open (from pdb: 2nww). The changes 
in the T314 and R397 side chains result in a reorganization of the binding site for 
coordinating Asp. GltTk structures are used for the Apo and the Asp bound structures due 
to higher resolution but are shown with GltPh numbering.  B) Amino acid substitutions 
tested at T314. Structures of the amino acids substituted at T314 are shown along with 
the effect of the substitutions on HP2 opening as deduced from the HP2 kinetics assay. 
The data indicate a requirement of both the steric bulk of the T314 side chain and the 
ability to form a H–bond in HP2 opening by Na+.  

 

 

Figure S2.8. Testing cation-π interactions between R397 and Y317. Asp binding was 
assayed by the fluorescence changes in R397A, R397A+Y317PheCN and 
R397A+Y317PheBr GltPh with a L130W substitution in 200 mM Na+. The binding assays 
gave KD

Asp values of 11.8 µM for R397A, 17.1 µM for R397A+Y317PheCN, and 15.2 µM for 
R397A+Y317PheBr. The binding data show that the difference in KD

Asp values observed for 
the Y317PheCN, and Y317PheBr substitution require the R397 side chain, consistent with 
the presence of a cation –π interaction between R397 and Y317. Error bars correspond 
to S.E.M (N > 3). 

 

Figure S2.9. Proposed role of M311 in HP2 opening A) In the Apo state, the M311 side 
chain is positioned away from the Asp binding site. The Apo binding site, with M311 
depicted in space fill (pdb: 5dwy) is shown in the left panel. Rearrangements in the 
NMDGT sequence due to Na+ binding to the Na1 and the Na3 sites flips M311 to facing 
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the substrate binding site. In this flipped conformation, there is a steric clash between 
M311 and the closed HP2, which favors the opening of HP2 as previously described.(154) 
The middle panel shows a model with HP2 in the Apo (closed) conformation (from pdb: 
5dwy) while the TM7 and the NMDGT region are shown in the Na+ bound conformation 
(from pdb:5e9s). The steric clash between M311 in the flipped conformation and the 
closed HP2 is highlighted. B) The Ala side chain in the M311A mutant does not cause a 
steric clash with HP2. The flip of the Ala side chain therefore does not prop HP2 open. 

 

Table S2.1. Distance between two probes for fluorescence-based HP2 movement 
assay 

Cα- Cα Distances between V355 and S279 

Protein pdb Condition 
Distance 

(Å) 

GltPh 2NWL L-Asp 6.47 

GltPh 2NWW 
TBOA 

and Na+ 
13.58 

GltPh 2NWX 
L-Asp 

and Na+ 
6.53 

GltTk 4KY0 Apo 7.66 

GltTk 5DWY Apo 7.55 

GltTk 5E9S 
L-Asp 

and Na+ 
6.38 
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Table S2.2. Parameters for HP2 opening determined by steady-state Na+ titration of 
WT and mutant GltPh (PheCN+W) transporters using the HP2 assay 

 
Protein 𝐊𝐊𝟎𝟎.𝟓𝟓

𝐍𝐍𝐍𝐍  (mM) 

WT 177.9 ± 6.49 

R397A 44.32 ± 0.95 

R397Q 56.15 ± 0.99 

R397K 98.01 ± 1.96 

T314A* 373.63 ± 18.2 

T314V* 539.08 ± 51.7 

T314S 162.8 ± 6.27 

M311L 79.32 ± 3.22 

Y317F 91.04 ± 2.93 

Values are given as mean + S.E.M. for N > 3. * K0.5
Na values for these mutants are 

approximations as saturation was not observed.  

Table S2.3. Best fit parameters for the kinetics of HP2 opening by Na+ in the WT 
and mutant GltPh (PheCN+W) transporters 

Protein 𝑘𝑘𝑓𝑓 
(sec-1) 

𝑘𝑘𝑟𝑟 𝐸𝐸  

(sec-1) (
𝑘𝑘𝑓𝑓
𝑘𝑘𝑟𝑟

) 
𝐾𝐾𝐷𝐷 

(mM) 

WT 0.0552 ± 0.002 0.00053 103 322 ± 18 

R397A 2.59 ± 0.18 0.0011 2332 9.5 ± 1.6 

R397Q 1.76 ± 0.5 0.00074 2454 12.8 ± 8.5 

R397K 0.0572 ± 0.002 0.00089 65 149 ± 18 

T314V 0.0184 ± 0.003 0.0013 15 632 ± 92 

T314S 0.0279 ± 0.003 0.00098 28 524 ± 75 

Values are given as mean + S.E.M. for N > 3. 
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Table S2.4. Affinities for Asp at high Na+ determined by the L130W assay 

Protein 

𝑲𝑲𝑫𝑫
𝑨𝑨𝑨𝑨𝑨𝑨 

(200 mM Na+) 

µM 

WT 0.002 ± 0.000 

R397A 11.759 ± 0.433 

T314A 1.436 ± 0.111 

M311A 0.334 ± 0.053 

*Y317PheCN 0.21 ± 0.02 

*Y317PheBr 0.066 ± 0.004 

R397A+Y317PheCN 17.1 + 3 

R397A+Y317PheBr 15.2 + 0.08  

Values are given as mean + S.E.M. for N > 3. 

*KD
Asp values were determined in 100 mM NaCl. KD

Asp for wild type GltPh in 100 mM NaCl 

is 0.015 + 0.008 µM.  
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Chapter 3: Na+ induced conformational choreography comprising the allosteric 
coupling in a glutamate transporter homolog 

 

The experiments in this chapter were planned by E.A.R. and F.I.V, E.A.R 
collected all the data, and E.A.R and F.I.V wrote the results and discussion together.  

 

Introduction  

 Harnessing pre-existing Na+ gradients to transport solute across a membrane is 

a common theme across all branches of life. The inherent coupling between the 

electrochemical gradient and substrate translocation is poorly understood even though it 

is a fundamental mechanism for a variety of proteins. Na+ symporters are a class of 

transporters responsible for a wide variety of vital functions such as Na+ coupled 

transport of nucleosides(2), vitamins(3), amino acids(4, 5), neurotransmitters(6, 7), and 

sugars(1). One of the major excitatory neurotransmitters is glutamate and the proteins 

responsible for the rapid uptake of glutamate into cells are excitatory amino acid 

transporters or EAATs(14). Because of their importance in normal and pathological 

physiology, we have chosen to study how EAATs couple the Na+ gradient to accomplish 

transport (61, 62). The transporters stoichiometrically use three Na+ ions to translocate 

one molecule of glutamate along with a H+ and a K+ ion is required to accomplish 

counter transport(99-101). We chose to exploit the archaeal homolog, GltPh, to 

investigate the molecular mechanisms for coupling since this protein has a large base of 

literature from both functional and structural studies as well as being amenable for 

spectroscopy studies. 

 In GltPh, the overall stoichiometry of Na+ ions to substrate is maintained (3 Na+:1 

substrate), but the substrate selectivity is altered to being highly selective for Asp and 

there is no K+ dependent countertransport(150-152). The overall transport mechanism is 

known to be an elevator mechanism in which the transport domain moves within the 
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membrane and the trimerization domain acts as a scaffold (Figure 3.1B)(157, 158, 185). 

Each protomer can function independently and can isomerize from the outward facing 

state, OFS, to the inward facing state, IFS, in the Apo or fully loaded (3Na+:1Asp) state 

(163, 181-184). Due to this feature, a key to the transport mechanism lies in sequential 

coupled binding. The proposed order of binding starts with two Na+ ions (Na1/Na3) 

binding to the outward facing state of the transporter, causing necessary conformational 

changes to support substrate binding including binding site rearrangements and the 

extracellular gate opening. With access to the binding site, substrate can bind and HP2 

closes followed by the final binding of third Na+ ion (Na2) (Figure 3.1D). The fully loaded 

protein then can isomerize into the inward facing state and translocate the substrate 

across the membrane. The three Na+ ion binding sites have been identified through 

several structures of both GltPh and the closely related homolog, GltTK (Figure 3.1C)(150, 

164, 165). Structures have given some insight into Na+ induced conformational changes 

which occur during the coupling process within the transport domain of the protein. The 

most noticeable changes are the rearrangement of the highly conserved NMDGT motif 

which participates in Na+ coordination, the R397 movement out of the binding site once 

Na+ binds, and HP2 open and closed states with different ligands (Figure 3.1C).  

 Even with the wealth of knowledge on the overall transport mechanism, the 

conformational wave proceeding Na+ binding to the Na3 and Na1 sites is still unknown. 

We have the structure of the starting state, Apo-OFS, and the end state with both Na+ 

and Asp bound, Na+/Asp-OFS. A new high-resolution structure was solved with only Na+ 

bound to help shed light on this process, but both the binding site and NMDGT motif look 

essentially the same as the fully bound structure (Figure 3.1C)(203). HP2 is also open to 

a similar extent as a previously solved structure with the substrate analogue TBOA. The 

new structure gives no further insight into how binding to the Na3 and Na1 site induce 

the conformational wave necessary to make the binding site competent for Asp binding 
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and to open HP2. Our strategy to address the gap in knowledge was to perturb Na3 and 

Na1 sites individually and study their effects on different steps in the coupling process.  

 

Figure 3.1. Sequential binding order for coupled transport and available structures 
of steps in the process. A) Trimer of GltPh in top-down orientation, each protomer is 
colored a different shade of purple B) Single protomer with trimerization domain colored 
in green, transport domain shown in grey with key hairpin moieties colored in orange (HP1) 
and in red (HP2) (pdb 5dwy) C) Structures of transport domain in different ligand bound 
states of the OFS labeled Apo, Na+ bound, Na+/Asp bound with the corresponding pdb 
code. Both Apo and fully bound structures are from GltTk with GltPh numbering. The 
NMDGT motif is colored in each transport domain. Insets are close ups of the binding 
sites, with HP2 removed for clarity, and focus on the orientation of R397 and NMDGT and 
ligand binding sites D) Proposed order of binding with cartoon highlighting HP2 state.  
 
 In the present study, we developed novel assays to expand the steps of the 

coupling process we can study. In conjunction with established assays, we were able to 

cover the coupling process from Na+ binding to HP2 opening. Both Na3 and Na1 sites 

were perturbed individually and from the effects on Na+ induced conformational 
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changes, we were able to infer their role in the coupling process. Overall, Na+ binding 

breaks several interactions which stabilize the non-binding, Apo form and replaces most 

of those interactions with protein-ion interactions which both start and partake in the 

coupling mechanism. We demonstrate that Na1 and Na3 have different roles in the 

coupling process where Na3 drives NMDGT rearrangements while Na1 binding causes 

partial HP2 opening to support low affinity substrate binding. Both Na+ sites are 

necessary for full HP2 opening.   

Results: 

Tyr fluorescence of GltPh reports on Na+ binding to the Na1 and the Na3 sites 
 
 We initially optimized an assay for monitoring Na+ binding to GltPh. It has been 

reported that Na+ binding to GltPh can be monitored by changes in protein 

fluorescence(211). GltPh does not contain any Trp residues but contains 18 Tyr residues 

that are distributed throughout the protein (Figure 3.2A)(149). The Tyr fluorescence of 

GltPh shows a ~10% increase in emission intensity with Na+(Figure 3.2B). This effect is 

selective for Na+ as no change in fluorescence is observed with K+ (Figure 3.2B). The 

change in fluorescence is also specific for Na+ binding as addition of Asp following Na+ 

(which causes closure of HP2) does not result in a further change in fluorescence 

(Figure 3.2B). Of the 18 Tyr residues in GltPh, Y88, Y89 and Y247 are in the vicinity (< 7 

Å) of the Na1 and the Na3 sites (Figure 3.2A). To probe whether the fluorescence 

changes in GltPh reflect Na+ binding to the Na1 and the Na3 sites, we substituted these 

Tyr residues with Phe. As a control, we also generated a Phe substitution at Y317 that 

was distant from the Na+ binding sites. We observed that the Y88F and the Y89F 

substitutions reduced the fluorescence change with Na+ while no fluorescence changes 

with Na+ were observed for a Y88F/Y89F double mutant (Figure 3.2C). We could not 

evaluate the effect of Y247 on the fluorescence change due to poor biochemistry of the 

Y247F mutant while the Y317F substitution did not affect the fluorescence response with 
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Na+ (Figure 3.2C). These results indicate that the changes in Tyr fluorescence of GltPh 

reflect Na+ binding to the Na1 and the Na3 site and that changes in Tyr fluorescence 

provides a facile assay to monitor Na+ binding to these sites.  

 Using the Tyr fluorescence assay, we measured a KD of 45 mM for Na+ binding 

to GltPh (Figure 3.2D). This in the same range of 60-90 mM reported using a dye-based 

assay (202, 209). Na+ binding to GltPh has also been evaluated by the HP2 movement 

assay to give values of 178 mM (209) and 120 mM by using a F273W substitution (210). 

The affinity of Na+ was increased to 1.2 mM in the presence of 100 µM Asp, as expected 

for this transporter (Figure 3.2D).  

 To perturb the Na1 and the Na3 sites, we substituted the amino acid side chains 

that coordinated Na+ (Figure 3.2E). At the Na3 site, Na+ is coordinated by the side 

chains of T92, S93, N310 and the D312. We introduced both conservative and non-

conservative substitutions at these side chains and evaluated the effect on Na+ binding. 

We observed that conservative substitutions such as T92S or S93T did not substantially 

perturb Na+ binding and instead improved affinity around two-fold (Figure 3.2E, Table 

S3.1). The non-conservative substitutions showed two distinct effects. Substitutions at 

T92, N310 and D312 showed a dramatic shift in KD and the maximal fluorescence 

response observed was roughly half the value observed for the wild type protein (Figure 

3.2E, Table S3.1). For the S93 mutants, we also observed a shift in the Na+ binding 

affinity but the maximal fluorescence response was similar to the wild type. These data 

support the T92C, D312N, and N310D/S substitutions abrogating Na+ binding to the Na3 

site while the S93 substitutions decreases the Na+ binding affinity at the Na3 site. At the 

Na1 site, D405 is the only sidechain involved in Na+ coordination. It has been previously 

demonstrated using structural approaches and Asp binding that the D405N substitution 

perturbs Na+ binding to the Na1 site(150). We tested Na+ binding to the D405N 

substitution using the Tyrosine assay. We observed a decrease in the maximal response 
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and a shift in the KD to 214 mM confirming the perturbation of Na+ binding to the Na1 site 

in the D405N mutant (Figure 3.2E, Table S3.1). We also used the dye-based assay to 

monitor Na+ binding in these Na+ site mutants (Figure S3.1). The dye assay also 

reported perturbed Na+ binding in the Na+ site mutants consistent with the data obtained 

by the tyrosine fluorescence assay. These experiments provide us with GltPh mutants 

that were perturbed in the Na1 or the Na3 sites. 
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Figure 3.2. Tyrosine-based fluorescence assay to monitor Na+ binding affinity A) 
Single protomer showing tyrosine residues in green and those that are close to Na1/3 sites 
are labeled in the inset B) Emission spectra after excitation at 289 nm for Apo and 300 
mM Na+, the inset is the fractional fluorescence change normalized to Apo (black) for 
various ligand additions. Additions are Na+(purple): 300 mM NaCl, Na+/Asp (green): 300 
mM Na+/100 µM Asp, K+ (blue): 300 mM KCl, Apo/Asp (teal): 100 µM Asp) C) Fractional 
fluorescence change for specific proteins after 300 mM Na+/100 µM Asp addition D) 
Sample titrations of Na+ alone, Na+ with 10µM TBOA or 100 µM Asp present for WT GltPh 
(KD: Na+ alone 45 mM, Na+/TBOA 4 mM, Na+/Asp 1.2 mM) E) Na1 and Na3 ion binding 
sites with coordination spheres composed of side chains and backbone carbonyls. Sample 
titrations for Na+ site mutants using the tyrosine-based fluorescence assay to assess Na+ 
affinity effects. WT response to Na+ is the black line in all panels. Error bars in (B/C) are 
S.E.M. and all representative and averaged data is from N ≥ 3.  

Perturbation of the Na3 site affects HP2 movement 

 Next, we investigated the effect of perturbing the Na+ sites on HP2 movement. 

We had previously developed a fluorescence assay to monitor the movement of 

HP2(209). This assay involves the incorporation of two probes into GltPh, a Trp in HP2 

and a PheCN in HP1. We substituted V355 in HP2 with Trp and used nonsense 

suppression approaches to substitute S279 in HP1 with cyanophenylalanine (PheCN). In 

the Apo state, HP2 is (predominantly) closed and the probes are close together. In this 

state PheCN quenches the Trp fluorescence due to the proximity of the two probes. The 

binding of Na+ opens HP2, which increases the separation between probes and 

increases Trp fluorescence due to reduced quenching of Trp by PheCN. Binding of Asp 

closes HP2, which decreases the separation between the probes and is indicated by a 

decrease in fluorescence (Figure 3.3A/B). Monitoring the changes in fluorescence 

therefore provides us with a means to evaluate the opening of HP2 with Na+ and the 

closure of HP2 with Na+/Asp.  

 We tested the effect of the Na3 site mutants on HP2 movement. For the N310S 

and the D312N mutants, we observed very small (3-5%) fluorescence changes with Na+ 

in the HP2 assay (Figure 3.3C). The lack of a change in fluorescence in the HP2 assay 

can be attributed to either HP2 not opening or HP2 not being able to remain open after 
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the binding of Na+. To distinguish between these possibilities, we tested the effect of 

TBOA on HP2 opening and the extent of fluorescence change with HP2 closure. TBOA 

binds to GltPh similarly to Asp but keeps HP2 propped open due to the presence of the 

benzyloxy group in the side chain. Addition of Na+/TBOA to the wild type GltPh gives an 

increase in fluorescence which is greater than the fluorescence changes seen with Na+ 

alone (Figure 3.3B/D). Addition of Na+/TBOA to the N310S or the D312N mutants 

showed fluorescence changes that were only slightly higher than the changes observed 

with Na+ alone, which indicates that HP2 opening is severely perturbed in these mutants 

(Figure 3.3D). For S93A and T92C, we observed fluorescence changes with Na+ and 

with Na+/TBOA in the HP2 movement assay (Figure 3.3D). However, the changes 

observed were smaller than the changes observed in the wild type indicating impaired 

HP2 opening in these mutants. Consistent with limited extent of opening, HP2 closure 

experiments in the presence of Na+ had correspondingly reduced extents of 

fluorescence change for the Na3 mutants (Figure 3.3E). These results indicate that Na+ 

binding to the Na3 site is required for HP2 opening and that the magnitude of the effect 

depends on the specific side chain that is perturbed. We see a severe effect for 

substitutions in the N310 and D312 residues that are in the NMDGT motif compared to 

substitutions in the T92 and S93 in the TM3 helix.  
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Figure 3.3. Reintroducing assay to monitor extracellular gate movement and 
consequences of Na3 perturbation on HP2 opening A) Scheme for distance changes of 
probes (magenta stars) in HP2 movement assay throughout the binding process, probes are 
PheCN at 279 on HP1 (orange) and Trp at 355 on HP2 (red) B) Emission spectra after 
excitation at 295 nm (Na+ is 200 mM, Na+/TBOA is 200 mM Na+/10 µM TBOA, Na+/Asp is 200 
mM Na+/100 µM Asp) C) Steady state titrations of HP2 opening with Na+ alone, WT is in black, 
Na3 mutants are referred to in legends: N310S, D312N, T92C, S93A (K0.5

Na WT: 132 ± 20 µM) 
D) HP2 steady state fluorescence changes for HP2 opening with and without the presence of 
10 µM TBOA normalized to the fluorescence change of WT with Na+ E) Steady state HP2 
closure titrations in the presence of 500 mM Na+ ( K0.5

Asp WT: 0.012 ± 0.002 µM, T92C: 0.046 
± 0.1 µM, S93A: 0.53 ± 0.2 µM, D312N: 0.03 ± 0.003 µM). Error bars throughout the figure 
are S.E.M. and N ≥ 3. 

A conformational switch in the NMDGT motif couples Na+ binding to HP2 
movement  

 A highly conserved sequence in EAATs is the NMDGT motif. This motif forms the 

un-wound region present in the middle of TM7 and participates in the coordination of the 

Na1 and Na3 sites (Figure 3.4A). The NMDGT region shows a different conformation in 

Apo-GltPh compared to Na+- or Na+/Asp-GltPh and it stands to reason that the NMDGT 

motif couples Na+ binding to the opening of HP2. In order to functionally investigate this, 

we developed an assay to monitor the conformational switch in the NMDGT motif. We 

identified a residue in the vicinity of the NMDGT motif which undergoes a change in 
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environment with the conformational switch in this motif. At this Leu 99 residue, we 

substituted the native residue for a Trp to serve as a fluorescence reporter. The L99W-

GltPh showed similar biochemistry to the wild type transporter and was functional in Asp 

uptake (Figure S3.2A). We observed that the fluorescence emission L99W-GltPh was 

sensitive to Na+ and showed a substantial 21% decrease in fluorescence intensity and a 

blue shift in the emission maximum on the addition of Na+ (Figure 3.4B). The blue shift in 

the fluorescence intensity indicates a shift to an environment with a lower polarity. There 

were no further changes in fluorescence on the addition of Asp, which is anticipated as 

there are no changes in the NMDGT region between Na+ bound and Na+/Asp bound 

states (Figure 3.4B/C). The structures of GltPh in the Apo and Na+ bound states indicate 

that the change in the environment around L99 with the NMDGT conformational switch 

is due a change in the relative positioning of the L316 side chain (Figure 3.4D). To 

confirm, we investigated the fluorescence changes in a L99W/L316A mutant. We 

observed that the fluorescence changes were greatly attenuated compared to the L99W 

mutant (Figure 3.4E). In control experiments, we confirmed that the L316A substitution 

did not dramatically affect HP2 movement (Figure S3.2B). These experiments confirm 

that the fluorescence changes of L99W are indeed reporting on the NMDGT 

conformational switch.  

 We introduced various Na3 site substitutions into the L99W-GltPh and determined 

the effect on the NMDGT conformational switch. We found that the D312N substitution 

eliminated any fluorescence changes with Na+ or Na+/Asp addition (Figure 3.4F). The 

fluorescence changes in the T92C and the N310S mutants were greatly attenuated 

compared to the control wild type, L99W-GltPh (Figure 3.4F). Changes similar to the 

control were observed for the S93A mutant though the changes were observed at a 

much higher Na+ concentration (Figure 3.4F). The studies of these mutants highlight the 

requirement of Na+ binding to the Na3 site for the conformation switch of the NMDGT 
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motif. We find that the effects of the Na3 mutants on the NMDGT conformational switch 

mirror the effects on HP2 opening. Therefore, the NMDGT conformational switch 

couples Na+ binding at the Na3 site and HP2 opening. 

 

Figure 3.4. Novel assay to monitor key Na+ induced conformational changes in the 
conserved NMDGT motif A) Singe protomer in surface representation with NMDGT inset 
both in Apo (cyan) and Na+ bound conformations (yellow) where major movements can 
be seen and highlighted by M311 positioning B) Emission spectra after excitation at 295 
nm (Na+ is 500 mM and Na+/Asp is 500 mM Na+/100 µM Asp) C) Steady state titrations of 
Na+ alone, K+, and Na+ with 100 µM Asp present D) L99W position relative to L316 and 
the Na+ sites in Apo (cyan) and Na+ bound conformations (yellow) E) Decreased 
fluorescence signal in the NMDGT rearrangement assay when L316 is substituted with 
Ala in all ligand conditions F) NMDGT rearrangement data for the respective Na3 mutant 
(N310S, D312N, T92C, S93A) taken from steady state titrations (Figure S3.3). Error bars 
throughout the figure are S.E.M and N ≥ 3. 

S93-M311 steric clash assists in propping HP2 open 

 M311 is a key residue for coupling in the NMDGT motif. We have previously 

shown that on Na+ binding, M311 acts as a wedge to keep HP2 propped open(209). In 

GltPh structures, the M311 side chain has been visualized in two conformations that we 

refer to as the extended and the flipped conformation. In the Apo state, the M311 side 

chain is dynamic and samples both these conformations while in the Na+ or the Na+/Asp 

bound state, the M311 side chain is in the flipped conformation (Figure 3.5A). A 

structural inspection suggests that Na+ binding at the Na3 site can influence the 
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conformation of the M311 side chain. This occurs because in the Na+ bound 

conformation, the S93 side chain sterically clashes with the extended conformation of 

the M311 side chain (Figure 3.5A). To confirm this steric clash mechanism, we probed 

the effect of substitutions at S93 and M311 that changed the steric properties of these 

side chains. We substituted S93 with T to increase the steric bulk of this side chain. For 

the S93T mutant, we observed that the opening of HP2 took place at a lower Na+ 

concentrations and to a larger extent than the wild type (Figure 3.5B). At M311, a Leu 

substitution, which has a similar side chain volume(234) to Met but with different sterics, 

showed that HP2 opens in a relatively WT-like manner (Figure 3.5C). In the 

M311L/S93T double mutant, we observed that the opening of HP2 took place at a 

substantially lower Na+ concentration and the extent of opening was greater than 

observed for the single mutants (Figure 3.5C). These results are in accordance with a 

steric interaction between the S93 and the M311 side chains when Na+ binds to the Na3 

site. This steric interaction helps switch the M311 side chain into the flipped 

conformation, wherein it acts as a wedge to keep HP2 open on Na+ binding. The M311 

flip provides another means by which Na+ binding to the Na3 site is transduced to 

opening HP2 for substrate binding. 
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Figure 3.5. S93-M311 steric interaction demonstrate one way Na+ binding to the Na3 
site is transduced to opening HP2 A) Depiction of Na+ regulation for state of M311 in 
binding process with Na3 coordinator S93. Apo is pdb 5dwy with only one conformation 
of M311 shown and colored cyan. Na+ bound state is pdb 7ahk colored in purple B) Steady 
state HP2 opening for S93X substitutions, black line is WT HP2 opening C) Steady state 
HP2 opening for double mutation of S93 and M311 along with corresponding single 
substitutions, black line is WT HP2 opening (K0.5

Na S93T: 53 ± 3.4 mM, M311L: 115 ± 4.7 
mM ST/ML: 27 ± 2 mM) Error bars are S.E.M. and N ≥ 3.  

 
Na1 site substitution at D405 uncouples HP2 opening from Na+ binding 

After investigating the consequences of Na3 binding and confirming that D405N 

perturbs Na+ binding, we used the D405N substitution to evaluate the effect of perturbing 

the Na1 on HP2 movement (Figure 3.6A). In the HP2 assay for the D405N mutant, we 

did not observe a fluorescence change upon the addition of Na+ although there was a 

decrease in fluorescence with Na+/Asp (Figure 3.6B/C). The decrease in fluorescence 

indicates Asp binding and the closure of HP2. Therefore, the lack of a fluorescence 

signal corresponding to the opening of HP2 with Na+ could stem from HP2 not being 

stable in the open state (as previously observed for the M311A mutant) or HP2 being 

already open. We used TBOA binding to distinguish between these possibilities (as 

previously described in Chapter 2 with M311A). We found that the addition of Na+/TBOA 

did not result in a significant fluorescence change compared to Apo- or the Na+-D405N 
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GltPh (Figure 3.6B). For the wild type control, we observed an additional 9% change in 

intensity when comparing the fluorescence response to Na+ versus Na+/TBOA. We 

confirmed that TBOA binds to the D405N GltPh in the presence of Na+ by measuring a 

shift in the Asp affinity in the presence of TBOA (Figure S3.5B). The lack of an effect of 

Na+ or Na+/TBOA in the HP2 assay for the D405N GltPh suggests that HP2 is already 

open in the Apo state. We also investigated another substitution at D405 and observed a 

similar result (Figure S3.4).  

We speculated that if HP2 is already open, then the mutant should be able to 

bind Asp in the Apo state as well as with Na+ bound. We tested Asp binding by the Apo 

D405N transporter and observed a decrease in fluorescence indicating that Asp binding 

and closure of HP2 took place in the absence of Na+. Asp binding to the Apo D405N 

transporter took place with a K0.5
Asp of 124 µM compared to a value of 0.033 µM in the 

presence of 200 mM Na+ (Figure 3.6C). To confirm Asp binding to D405N-GltPh in 

different states, we used Isothermal titration calorimetry (ITC). In the presence of 10 mM 

Na+, we observed strong Asp binding with a KD of 0.19 µM to the wild type transporter 

while the Asp binding to the D405N transporter took place with a KD of 3.4 µM and a 

smaller heat change (Figure 3.6D/E). We tested Asp binding in the absence of Na+ and 

observed no binding to the wild type transporter (Figure 3.6F). In contrast, we observed 

Asp binding to the D405N transporter at a decreased affinity of 11 µM and a 

corresponding further decrease in the magnitude of heat change (Figure 3.6G). ITC 

confirms that D405N-GltPh can indeed bind Asp without Na+, but the different heat 

changes along with shifted affinities indicate that the conformational change upon Asp 

binding are not the same as with WT-GltPh. The combined data from the HP2 assay and 

the ITC experiments suggest that D405N substitution perturbs the Na+ coupled opening 

of HP2 and allows the binding of Asp to the Apo transporter.  
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Figure 3.6. Perturbing Na1 results in uncoupled substrate binding A) Coordination of 
Na1 with the only side chain, D405, highlighted in green B) Emission spectra for Na1 site 
mutant D405N in HP2 movement background. Excitation at 295 nm (Na+ is 200 mM, 
Na+/TBOA is 200 mM Na+/10 µM TBOA, Na+/Asp is 200 mM Na+/100 µM Asp) C) Closure 
titrations with Asp with and without Na+ present ( K0.5

Asp WT: 56 ± 2 nM, D405N Na+: 33 ± 2 
nM D405N Apo: 124 ± 21 µM) D-G) ITC data for Asp binding with or without 10 mM Na+ 
D) WT Asp titration with 10 mM Na+ (0.19 µM) E) D405N Asp titration with 10 mM Na+ (3.4 
µM) F) WT Asp titration with no Na+ G) D405N Asp titration with no Na+ present (100 mM 
KCl) (11 µM). All error bars are S.E.M. and all representative data comes from N ≥ 3. 

We used CW-EPR experiments to further probe the movements of HP2 when the 

Na1 site was perturbed. We introduced spin probes at V355 and S279 as previously 

described to monitor the distance distributions of HP2 in the different states (Figure 

3.7A). The positions the spin probes are introduced are the same positions at which 

fluorescence probes were introduced for the HP2 movement assay and previous EPR 

studies(208). When the spin labels are in close proximity, there is a broadening of the 

EPR spectra by dipolar relaxation. The separation between the spin probes is reflected 

by the relative amplitude of the central peak in the EPR spectra and in the shape of the 

spectra. In wild type GltPh, HP2 is closed in the Apo state and open when Na+ is bound. 
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Correspondingly, we observed an increase in the relative amplitude of the central peak 

in the EPR spectra of the Na+ bound state compared to the Apo state (Figure 3.7B/D). 

An additional increase is seen in the Na+/TBOA bound state while a decrease is 

observed in the Na+/Asp bound state, which is as anticipated based on the distance 

distribution of HP2 in these states in wild type GltPh (Figure 3.7D). For the D405N-GltPh, 

we observed a similar amplitude for the central peak in the Apo, Na+ bound and the 

Na+/TBOA bound states indicating a similar distance distribution for HP2 in these states 

(Figure 3.7B/D). We observed a decrease in the relative peak amplitude in the Na+/Asp 

bound state compared to the Apo state, indicating the closure of HP2 on the binding of 

Na+/Asp. However, the change in amplitude between the Na+ bound and the Na+/Asp 

state for the D405N transporter was smaller than the corresponding change in the wild 

type transporter suggesting a limited opening of HP2 in the D405N mutant compared to 

the wild type. The splitting pattern in the EPR spectra for the Apo and Na+ bound wild 

type GltPh are different, reflecting the different states of HP2. In contrast, we observed a 

similar splitting pattern for the D405N transporter indicating no change in the state of 

HP2 in the D405N transporter on the binding of Na+. We also measured the EPR spectra 

for the Apo transporter after the addition of Asp (Figure 3.7C). We did not see any 

change for the wild type GltPh consistent with the inability of the wild type transporter to 

bind Asp in the absence of Na+. For the D405N transporter, we observed a decrease in 

the peak amplitude on Asp addition to the Apo state consistent with the ability of the 

D405N transporter to bind of Asp in the absence of Na+. 
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Figure 3.7. HP2 opening is uncoupled in Na1 mutant A) Scheme for distance changes 
of spin probe, MTSL, throughout the binding process. Probes are represented through 
yellow stars and attached at 279 on HP1 (orange) and 355 on HP2 (red) B) WT CW-EPR 
spectra and D405N CW-EPR spectra (Apo: 300 mM KCl, Na+: 200 mM NaCl, and 
Na+/Asp: 200 mM Na+/500 µM Asp) C) EPR spectra of Apo: 300 mM KCl and Apo/Asp: 
300 mM K+/500 µM Asp for WT and D405N GltPh D) EPR WT and D405N relative 
amplitudes normalized to Apo values, error bars are S.E.M. from an N ≥ 3 E) Cartoon 
representation of HP2 states for Apo and Na+ bound states in WT vs D405N-GltPh. 
 

D405N mimics a Na1 bound state of GltPh 

The opening of HP2 in the wild type transporter requires Na+ binding to the Na1 

and the Na3 sites. In the D405N transporter, we see HP2 opening in the absence of Na+ 

indicating that the D405N substitution mimics the effect of Na+ binding. As D405 
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contributes to the Na1 site, we expect that D405N mimics Na+ binding to the Na1 site. To 

probe whether the D405N substitution also mimics Na+ binding to the Na3 site, we 

investigated whether the switch in the NMDGT motif that is induced by Na+ binding to 

the Na3 site is involved in the HP2 opening observed in the D405N-GltPh Apo state. A 

key aspect of the NMDGT switch is the flip of the M311 side chain. M311 in this flipped 

conformation is important for keeping HP2 wedged open on Na+ binding and in the 

M311A substitution HP2 cannot stay open. We investigated the effect of the M311A 

substitution in the D405N background to determine if the M311 residue plays a role in 

HP2 opening in the Apo-D405N transporter. In the M311A/D405N mutant, there is no 

observable signal for HP2 opening as in the D405N single mutant. We inferred the state 

of HP2 by investigating Asp binding in the absence of Na+ since Asp binding can only 

take place if HP2 is already open. We observed Asp binding to M311A/D405N mutant in 

the Apo state and the binding took place with a higher affinity than observed for the 

D405N mutant (Figure S3.6). Asp binding to the M311A mutant in the Apo state was not 

detected (Chapter 2, Figure 2.5). Asp binding to the M311A/D405N mutant in the Apo 

state indicates that substituting the M311 side chain does not hinder the HP2 opening 

observed in the Apo-D405N GltPh. This result indicates that the conformational changes 

corresponding to the binding of Na+ to the Na3 site are not involved in HP2 opening in 

the D405N transporter. We therefore conclude that the D405N substitution does not 

reflect the effect of Na+ binding to the Na3 site and it mainly mimics a transporter with 

Na+ bound to the Na1 site. These results suggest that HP2 opening in GltPh can take 

place with Na+ binding to only the Na1 site. However, the results from the HP2 assay 

and the EPR studies indicate a limited HP2 opening when Na+ is bound to the Na1 site 

in contrast to the full opening of HP2 that is observed when Na+ is bound to both the Na1 

and the Na3 sites. Furthermore, the changes in Asp affinity in Apo-D405N compared to 

the D405N and the wild type transporter in the presence of Na+ indicate a sub-optimal 
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substrate binding site in the Apo-D405N transporter in which the side chain structural 

changes necessary for high affinity substrate binding have not taken place. These 

additional changes necessary for high affinity substrate binding are therefore attributed 

to Na3 binding rearrangements.  

Na+ binding to the Na1 site perturbs the H-bond network of D405 

 In the Apo state, the D405 side chain participates in a H-bond network with direct 

interactions with N310 and Y89 which is broken on Na+ binding (Figure3.8A). To probe 

the role of this H-bond network in coupling Na+ binding to HP2 opening, we disrupted the 

D405-Y89 H-bond by substituting Y89 with Phe. Using the Tyr fluorescence assay, we 

measured a higher Na+ affinity in the Y89F mutant compared to the wild type (Figure 

3.8B). As Y89 is partially responsible for the Tyr fluorescence signal change on Na+ 

binding, we confirmed the increase in Na+ affinity in the Y89F mutant by also using the 

dye-based assay (Figure 3.8C). Furthermore, we observed that the NMDGT 

rearrangement and the opening of HP2 on Na+ binding took place at lower Na+ 

concentrations in the Y89F mutant compared to the wild type (Figure 3.8D/E). The 

observation of higher Na+ affinity and of lower Na+ concentrations for carrying out the 

Na+ dependent conformational changes suggest that disruption of the D405-Y89 H-bond 

on Na+ binding is part of the structural changes involved in coupling Na+ binding to the 

opening of HP2.  

The H-bond network formed with the D405 residue at its nexus extends to the 

N401 residue. In the Apo state, N401 forms a H-bond with the carbonyl backbone of 

G313 in the NMDGT motif (Figure 3.8A). In the Na+ bound state, this H-bond is broken 

and the N401 residue forms a H-bond with the T314 side chain in the NMDGT motif. The 

structural analysis suggests that changes in the N401 side chain are linked to the 

conformational switch in the NMDGT motif. To probe the role of the N401 side chain 
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interactions, we tested a number of amino acid substitutions at this position. Of the 

substitutions tested, only the Asp substitution was biochemically stable. We found that 

Na+ binding to the N401D mutant took place with a higher affinity (Figure 3.8B). 

Additionally, the NMDGT conformation switch took place at a lower Na+ concentration 

and HP2 opening also took place at a lower Na+ concentration (Figure 3.7D/E). These 

data are consistent with a rearrangement of the H-bonds of the N401 residue as a part 

of the structural changes induced by Na+ binding. Both the D405N substitution and 

breaking the H-bond network in a manner similar to Na1 binding, provide key information 

on the role of Na1 in the coupled binding process. 

 

Figure 3.8. Essential role of Na+ binding is to break the Apo H-bond network A) Apo 
state with residues involved in H-bond shown and network indicated through dashes. Apo 
is in cyan, residues which participate in interactions that would theoretically be broken by 
Na1 binding are colored gray in the intermediate figure, Na+ bound state is in yellow B) 
Na+ binding data for Y89F and N401D compared to WT shown as a black line with only 
Na+ in the tyrosine based assay (KD WT: 45 mM, Y89F: 8.2 ± 0.9 mM, N401D: 11.6 ± 2.6 
mM) C) Na+ binding data for Y89F compared to WT shown as a black line with only Na+. 
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This data is from dye-based Na+ binding assay (KD WT: 72 ± 10 mM vs Y89F: 8.2 ± 0.9 
mM). D) Y89F and N401D in NMDGT rearrangement assay (L99W-GltPh) (Y89F Knmdgt 
Na+: 17 ± 0.8 mM, Knmdgt Na+/Asp: 0.01 ± 0.02 mM and N401D Knmdgt Na+: 23.5 ± 0.5 mM, 
Knmdgt Na+/Asp: 21.5 ± 0.7 mM) E) Steady state HP2 opening for Y89F and N401D 
compared to WT represented as a black line (K0.5

Na Y89F: 25 ± 6 mM and K0.5
Na N401D: 7.9 

± 0.5 mM). Error bars are S.E.M. and N ≥ 3.  
 
Kinetic measurements with newly developed conformational assays confirm Na+ 
induced HP2 opening 

The focus of this study was to monitor the effects of Na+ site perturbation on Na+ 

binding, NMDGT conformational switch, and HP2 opening to determine the molecular 

consequences of binding individually to the Na1 and Na3 sites. Using the assays 

developed in this study, we aimed to gain further mechanistic insight into the native 

process by determining the kinetics of each step (Figure 3.9A/C/E). The Tyr 

fluorescence assay was used to monitor the kinetics of Na+ binding and we observed 

that Na+ binding took place at rates substantially faster than the rates of HP2 opening 

(Figure 3.9A/E). The kinetics of the NMDGT conformational switch are also faster than 

HP2 opening on Na+ binding, all indicating that HP2 opening is the rate limiting step in 

the Na+ binding step of the coupling mechanism (Figure 3.9C/D). By plotting the rates 

versus their respective Na+ concentrations, it is apparent that with increasing 

concentrations both NMDGT rearrangements and HP2 opening occur at faster rates. 

These results are consistent with an induced fit- mechanism wherein Na+ binding causes 

the conformational switch in the NMDGT motif (Figure 3.9D/F)(228). Both NMDGT 

rearrangements and HP2 opening are Na+ induced conformational changes. 

We have previously reported that in the R397A mutant, HP2 opening takes place 

at a faster rate compared to the wild type control, while HP2 opening takes place at a 

slower rate in the T314A mutant. We measured the rate of Na+ binding to the R394A and 

the T314A mutant and observed similar rates of Na+ binding comparable to the rates of 

Na+ binding to the wild type transporter (Figure 3.9B). The differences in the rate of HP2 

opening in the R397A and the T314A mutants therefore do not arise from differences in 
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the Na+ binding kinetics but from the subsequent steps involved in transducing Na+ 

binding to HP2 opening. These data further support HP2 opening in an induced fit 

mechanism instead of conformation selection mechanism. The kinetics data for different 

steps of the coupling process confirm steps in the WT process (Figure 3.9G). With the 

kinetics data along with our Na+ site perturbation data, we can generate a molecular 

mechanism for the conformational wave proceeding Na+ binding to Na1 and Na3 sites.  

 

Figure 3.9. Interrogation of the coupled binding process through kinetics 
measurements with novel assays A) Kinetics after low and high Na+ addition using the 
same excitation and emission wavelengths as steady state titrations (kobs 10 mM 1.08 sec-

1 and 200 mM 2.47 sec-1) B) Kinetics of Na+ binding for T314A, WT, R397A at [Na+] 5x KD 
(T314A at 600 mM Na+, WT at 200 mM Na+, R397 at 50 mM Na+ C) L99W-GltPh Kinetics 
time course at high and low Na+ (kobs: 20 mM is 0.2 sec-1 and at 500 mM is 2.4 sec-1 using 
the same excitation and emission wavelengths as steady state titrations D) Plot of rates 
collected at different Na+ concentrations for L99W-GltPh. Error bars are S.E.M. with N ≥ 3 
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E-F) Replotted kinetics data from HP2 opening in Chapter 2 G) Binding scheme with Na+ 
induced changes for the WT coupling process.  
 
Discussion: 

Coupled, sequential binding is a key component in the transport mechanism of 

glutamate transporters. In the allosteric mechanism for coupled binding, the binding of 

two Na+ ions to the Na1 and Na3 sites make the protein competent to bind substrate. An 

unresolved component of the coupling process was the conformational consequences of 

binding to each of the two Na+ sites preceding substrate binding. To address this gap in 

our understanding, we interrogated the role of each Na+ site by perturbing the Na3 and 

Na1 sites individually and studying the functional consequences on the different steps in 

the coupling process. Our developed fluorescence-based assays allow for the beginning 

of the process, Na+ binding (tyrosine-based assay), as well as the key subsequent Na+ 

dependent changes in the NMDGT motif (L99W- GltPh) and the extracellular gate to be 

probed (HP2 movement assay). These assays also enabled the collection of kinetics 

data for these different steps to confirm that Na+ binding induces the NMDGT 

conformational switch as well as HP2 opening. Through the collective data on the WT 

process and the effect of Na+ site perturbations, we demonstrate that binding to the Na1 

and Na3 sites have different roles in priming the protein for substrate binding and that 

binding to both Na+ sites is essential for full HP2 opening and high affinity substrate 

binding.  

We provide evidence that Na3 binding is necessary for both NMDGT 

rearrangements and full HP2 opening. The differing effects of non-conservative 

substitutions at the Na3 site also revealed an additional role of one of the Na3 

coordinating residues, S93. When Na+ binds to the Na3 site and switches the M311 side 

chain into the flipped conformation, the S93 and the M311 side chains have a steric 

interaction. M311 flipped conformation is key for keeping HP2 open on Na+ binding and 
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this steric regulation of M311 positioning provides a means by which Na+ binding to the 

Na3 site is transduced to opening HP2 for substrate binding. We were able to attribute 

the functional consequences of D405N substitution to Na1 binding by exploiting the Na3 

induced movement of M311. By pairing D405N substitution with M311A, we established 

that the conformational changes corresponding to the binding of Na+ to the Na3 site are 

not involved in HP2 opening in the Apo-D405N transporter. Therefore, the 

conformational consequences of binding to the Na1 site consist of disruptions to the Apo 

H-bond network, in which D405, Y89, and N401 participate, to accomplish partial HP2 

opening while binding to the Na3 site causes the NMDGT conformational switch which 

couples Na+ binding at the Na3 site and HP2 opening.  

We herein propose a molecular mechanism for how Na+ binding to the Na1 and 

Na3 site accomplishes HP2 opening and high affinity substate binding (Figure 3.10). 

First, Na1 binds to the Apo transporter where HP2 is predominantly closed. Na1 binding 

disrupts the Apo H-bond network by breaking interactions between D405 and Y89/N310 

as well as interactions between the side chain of N401 and G313 of the NMDGT. We 

posit these disruptions are transduced to alter the Apo position of R397 which leads to 

partial HP2 opening and low affinity substrate binding. Na3 then binds and causes 

NMDGT rearrangements necessary to coordinate Na+ and fully open HP2. These 

rearrangements including the previously established M311 repositioning towards the 

binding site to act as a wedge and T314 moving towards the binding site to help position 

R397 out of the binding site. Our data with various MD simulations support Na1 binding 

first, proceeded by binding to the Na3 site through Na1 site pathway or an alternative 

pathway revealed in the Na1 bound state (203, 215, 217, 222). Na3 induced changes 

are stabilized by the Na1 site coordination through N401-T314 side chains interactions 

and N310 backbone carbonyl interactions with Na1. Both Na1 and Na3 binding are 

necessary for full HP2 opening and high affinity substrate binding. Our mechanism 
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allows for a mix of two Asp binding modes to take place, Na1/Asp/Na3 and 

Na1/Na3/Asp. These simultaneous pathways to fully load the transporter explain how 

substrate can bind at low Na+ concentrations, the dependence on Na+ for substrate 

binding, and how the presence of substrate can increase Na+ affinity.  

The same key residues which have been identified in the Na+ induced 

conformational wave are conserved across EAATs and therefore, our newfound 

understanding of the coupling process in GltPh can be applied to EAATs. Another 

indication that our findings are applicable to EAATs is the fact that these key conserved 

players have similar secondary structure placement since we now have several 

structures of human SLC1 members including the substrate and ion binding sites. By 

comparing GltPh and EAATs, we can also understand differences in transport between 

GltPh and EAATs, such as the differences in functional consequences of D405N 

substitution. With in-depth mechanistic studies such as these along with MD simulations 

and new human transporter structures, we can fully understand how these transporters 

couple ions and substrate to accomplish their function.  

 

Figure 3.10. Proposed mechanism for coupled binding required for successful 
substrate translocation. Na+ binds to the Na1 site and disrupts the Apo H-bond network 
which maintains the Apo state. The disruption is enough to allow for partial HP2 opening, 
potentially through alteration of the Apo-R397A positioning. With HP2 partially open in the 
Na1 bound state, either Asp can bind at low affinity and cause partial HP2 closure or Na3 
binds. Na3 can bind via the Na1 pathway or through an alternative path which is revealed 
upon Na1 based HP2 opening. The Na1/Na3 bound state has HP2 in the fully open state 
as well as full binding site rearrangements which support high substrate affinity binding. If 
Asp binds after Na1, Na3 can subsequently bind and fully close HP2 and if Na3 binds after 
Na1, the protein can bind Asp. Substrate binding causes HP2 closure which is stabilized 
through Na2 binding. Substrate translocation can take place with full 3Na+:1Asp. 
Trimerization domain of a protomer is represented as a green box while the transport 
domain is represented by the blue colored shape. HP2 is shown in red, Asp as the green 
sphere, and sodium ions as yellow spheres. Insets of binding site conformations are 
generated from Apo GltTk pdb 5dwy shown in cyan and Na+ bound from GltPh pdb 7ahk 
shown in yellow. Figure on the following page.  
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Methods: 
Expression and purification of GltPh. The GltPh construct referred to as wild type 

consisted of seven point mutations to histidine(149), a C321A substitution (unless 

otherwise specified), a His8 tag at the C-terminus and any additional substitutions 

required for the specific assay. Site directed mutagenesis was carried out using the PCR 

overlap or Quickchange mutagenesis protocols. The GltPh constructs were cloned and 

expressed from the pBCH/G4 vector (kindly provided by Dr. Eric Gouaux) in Escherichia 

coli TOP10 cells (Fisher Scientific).(149) Protein expression and membrane preparation 

was carried out as previously described.(155) The membrane vesicles were solubilized 

using dodecyl-β-D-maltopyranoside [DDM, 2% (w/v)] and the GltPh protein purified by 

affinity chromatography (Ni NTA resin, Qiagen). The protein was concentrated using an 

Amicon filter with a 100kDa cutoff and extensively washed with SEC buffer to ensure 

Na+ concentration was under 1 mM. The GltPh protein was further purified by size 

exclusion chromatography (SEC) on a Superdex S-200 column (GE Biosciences) using 

20 mM Tris-HEPES pH 7.5, 100 mM KCl, and 0.1% DDM as the column buffer.(155) 

Unnatural amino incorporation for the HP2 movement assay was accomplished by in 

vivo nonsense suppression using the PheCN tRNA synthetase/tRNA pair for Escherichia 

coli expression. The expression methods used are the same as Chapter 2 except for the 

addition of 1 mM PheCN to the growth media instead of 2 mM. 

Fluorescence assays: All assays were carried out in 20 mM Tris-HEPES pH 7.5, 200 

mM Choline chloride, and 0.1% DDM except for the dye-based Na+ binding assay.  
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Tyr-based Na+ binding assay. Assays were carried out with ~ 40 ugs of GltPh in choline 

buffer,at 30 °C, with 1 min incubation time periods in between Na+ additions. 

Fluorescence was monitored at 308 nm after excitation at 289 nm. Data was plotted as 

fractional fluorescence change from Apo and fit to the hill equation (Equation 1).  

F =  [Na]n

 [K0.5
Na]n+ [Na]n

  Equation 1 

The reported KD values and hill coefficients are an average of individually fitted single 

titrations.  

NMDGT conformational switch assay. Assays were carried with ~80 ugs of GltPh in 

choline buffer at 30 °C, with 1 min incubation time periods in between Na+ additions. 

Fluorescence was monitored at 324 nm after excitation at 295 nm. Data was plotted as 

fractional fluorescence change from Apo and fit to the hill equation (Equation 1). The 

titration data in Na+ alone was normalized to the maximal fluorescence response 

observed for Na+ titrations in the presence of 100 µM Asp.  

HP2 movement assay. Assays were carried out and analyzed in the same manner as 

presented in Chapter 2 except for longer incubation times in between assay points and 

choline chloride as the assay buffer instead of KCl. The closure titrations were carried 

out in the same manner as Chapter 2 but analyzed through change in fluorescence 

instead of fraction bound normalization.  

Kinetics measurements for Na+ binding and NMDGT conformational shift. Assays were 

carried out in choline buffer, at 30 °C, with the same amounts of protein as steady state 

titrations. A stable fluorescence signal from the protein was established before addition 

of Na+. Fluorescence was monitored and collected at a single wavelength with 0.1 sec 

integration. Kinetic experiments carried out with a final Na+ concentrations above 50 mM 

were corrected for dilution by subtraction of a kinetics experiment with equivalent K+ 

additions carried out in parallel.  
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Dye-based Na+ binding assay was carried out as described in Chapter 2.  

ITC. Proteins were generated and purified in the same manner as outlined above until 

after the affinity purification. For ITC experiments, the His tag was cleaved before 

running on the SEC in KCl buffer with a lower DDM concentration. The DDM 

concentration was reduced to 0.4 mM DDM. After SEC, the proteins were diluted to 15-

40 µM concentrations in the respective assay buffer (20 mM Tris-HEPES pH 7.5, 100 

mM KCl, 0.4 mM DDM or 20 mM Tris-HEPES pH 7.5, 90 mM KCl, 10 mM NaCl, 0.4 mM 

DDM) and tested for Asp binding immediately. The titrant solution with Asp was made in 

the corresponding assay buffer with or without 10 mM Na+. The experiments were 

carried out at 25 °C in a small volume MicroCal iTC200 (Malvern Panalytical). Data was 

analyzed using MicroCal origin-based software and an independent-binding site model. 

Generally followed principles and parameters outlined in (202, 235).  

EPR. Spin Labeling. The double cysteine mutants (V355C/S279C or 

V355C/S279C/D405N) were expressed and purified as outlined above until after the 

affinity purification step. Following affinity chromatography, the protein was incubated for 

30 min with 500 µM tris(2-carboxyethyl)phosphine (TCEP, from Gold Biotechnology) at 

room temperature. The protein was then concentrated using an Amicon filter with 

100kDa cut off and washed with 20 mM Tris-HEPES pH 7.5, 50 mM NaCl, 0.1% DDM 

for removal of TCEP and imidazole. The protein concentrations were then determined 

and spin probe, 1-oxyl-2,2,5,5-tetramethyl-AE3-pyrrolin-3-yl methyl 

methanethiosulfonate (MTSL, from Toronto Research Chemicals) was added at a 10:1 

spin label:protein ratio (mol/mol). The labeling reaction was allowed to proceed at room 

temperature for 30 min before continuing at 4 °C overnight. The labeled protein was 

separated from free label through SEC and a subsequent concentration step with an 

Amicon filter with a 100kDa cut off. Protein was immediately tested at roughly 100 µM 

after incubation with the respective ligands. Collecting CW-EPR spectra. Data was 
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collected and analyzed following (208). Briefly, continuous wave EPR spectra were 

collected at room temperature on a Bruker E500-X band EPR spectrometer equipped 

with a superX microwave bridge and an ER4123D dielectric resonator (Bruker Biospin). 

Samples were loaded into TPX capillaries (Bruker Biospin) and constantly flushed with 

N2. The microwave frequency was 9.78 GHz, microwave power of 2mW, modulation 

frequency of 100 kHz, and modulation amplitude of 2G. EPR spectra analysis. Spectra 

were baseline subtracted and double integrated to determine the number of spin probes 

present in each experiment. Spectra were normalized to the spin number for comparison 

between conditions. Relative amplitudes were determined by subtracting the central 

peak minima from the maxima.    

Aspartate transport Assays. GltPh was reconstituted into lipid vesicles comprised of a 

3: 1 ratio of E.coli polar lipids to POPC as previously described.(151) The transport 

assays were carried out in 20 mM Tris-HEPES pH 7.5, 200 mM NaCl, 1 µM valinomycin 

at 30 oC as previously described.(155) 100 nM of 14C Asp (Moravek Biochemicals) was 

used for transport assays and background levels of Asp transport were determined by 

performing the transport assay in absence of NaCl, with 100 mM KCl in the assay buffer. 

Appendix B: Supplementary Information 
 
Table S3.1. Na+ binding affinities using tyrosine-based assay for Na+ coordinator mutants.  

 

(*) S93C did not saturate well so KD is approximate. Errors are S.E.M. and N ≥ 3.  
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Figure S3.1. Na+ affinity data using established dye-based assay for select Na+ site 
mutants A) Steady state Na+ binding data for different ligand conditions (Na+, Na+/10 µM 
TBOA and Na+/1 mM Asp) B) Table of Na+ affinities for select mutants in the dye-based 
assay as well as fold changes to compare with the tyrosine-based assay, (*) S93A never 
saturated so fold change of affinity is a rough estimation. Errors are S.E.M. for both A and 
B and N ≥ 3. 

 

 
Figure S3.2. Further characterization of the L99W-GltPh construct and control 
experiments A) Time course of [14C] L-Asp uptake for WT-GltPh (black) and L99W-GltPh 
(red) in the presence of 200 mM Na+ (circles) and no gradient, 100 mM KCl (diamonds). 
L99W-GltPh in the presence of Na+ error bars are S.E.M. and sample size of 3 while the 
other three conditions are from a sample of two and bars are the difference between the 
two experiments B) Confirmed function of L316A in the HP2 movement assay (K0.5

Na L316A: 
106 ± 45 mM). All error bars are S.E.M. and N ≥ 3. 



92 
 

 



93 
 

Figure S3.3. Steady state titration data for Na3 site substitutions in the NMDGT 
conformational switch assay (A-F) with additional mutants as well as HP2 movement 
data for the other N310 and T92 substitutions (E-F). G) Summary table of apparent 
affinities and the fluorescence changes from Apo. Error bars are S.E.M. and N ≥ 3.  

 

 

Figure S3.4. Probing HP2 opening in D405X substitutions A) D405N in the HP2 
movement background titrating glutamate with and without Na+ present ( K0.5

Glu D405N Na+: 
161 ± 9 µM) B) Emission spectra for D405A to show similar phenotype to D405N in the 
HP2 movement assay using the same ligand conditions C) Steady state closure data for 
Asp and D405A with and without Na+ present in the HP2 movement assay ( K0.5

Asp D405A 
Na+: 84 ± 2 nM, D405A Apo: 19.8 ± 6 µM). All error bars are S.E.M. and N ≥ 3.  

 

 

Figure S3.5. Confirmation that D405N does bind TBOA A) Steady state HP2 closure 
titrations with Asp and no Na+ with or without 100 µM TBOA present (~3x difference in 
affinity) ( K0.5

Asp No TBOA: 124 ± 1.2 µM, With TBOA: 473 ± 74 µM) B) Steady state HP2 
closure titrations with Asp and 200 mM Na+ with or without 100 µM TBOA present (~69x 
difference in affinity) ( K0.5

Asp No TBOA: 33 ± 2 nM, With TBOA: 2.3 ± 0.08 µM). All error 
bars are S.E.M. and N ≥ 3.  
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Figure S3.6. Evidence for D405N reflecting Na1 binding consequences. Double 
mutant analysis of D405N with M311A in the HP2 movement assay A) Steady state 
closure experiments by titration Asp in the absence of Na+ B) Steady state closure 
experiments by titration Asp in the presence of 500 mM Na+ C) Apparent affinity values 
of both sets of HP2 closure experiments for D405N and D405N/M311A GltPh. Error bars 
are S.E.M. from N ≥ 3.  
  
 

 

Figure S3.7. Steady state Na+ binding data for R397A and T314A in the tyrosine-
based assay. The affinity for R397A was around 8.1 ± 0.9 mM so ~5x the KD is 50 mM 
Na+. The affinity for T314A was around 146 ± 12 mM so ~5x the KD is 600 mM Na+.  
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Appendix C: Substrate binding and HP2 Closure  

 

The experiments in this appendix were planned by E.A.R. and F.I.V, E.A.R 
collected all the data, and E.A.R wrote the appendix with input from F.I.V 

 

Introduction and Rationale:  

The SLC1 family consists of two distinct clusters based on substrate selectivity: 

the EAATs which transport glutamate, aspartate, and cysteine (9, 10, 61, 93) and 

ASCTs which transport neutral amino acids such as alanine, serine, threonine, and 

glutamine (4, 11, 49, 94, 95). ASCT1 and 2 are ubiquitously expressed throughout the 

body and can be found in lung, intestine, kidney, skeletal muscle, and brain(11, 49, 50, 

54, 59). ASCT2 has been shown to be upregulated across many cancer types such as 

breast(87), gastric(88), esophageal(89), prostate(90), and more. The upregulation of this 

transporter in cancer predominately stems from a switch in metabolism in which cells 

rely on glutamine and glycolysis for energy known as the Warburg Effect(91, 92, 236). 

Due to its role in cancer cell nutrient acquisition, ASCT2 has been identified as an 

important therapeutic target. Therefore, there is a drive for selective inhibitors as 

therapeutics and academic tools. To aid in structurally guided drug design, an 

understanding of the structure activity relationship between substrate and transporter is 

necessary.  

To establish a structure activity relationship for SLC1 family and gain an in depth 

understanding of substrate binding, we use GltPh as a model system. We have a variety 

of functional assays to assess substrate binding in GltPh and key components of 

transport are conserved between the family members. The binding site for substrate is 

similar in the SLC1 family, only differing in a few coordinating residues which determine 

substrate selectivity (Figure C1A/B). Both ASCT2 and GltPh have Na+ dependent 

substrate transport where one molecule of substrate is coupled with three Na+ ions in the 
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forward direction (96, 97, 151, 152). The proposed order of binding is also the similar in 

which two Na+ ions bind first to cause conformational changes in the binding site and 

HP2 to allow for substrate binding, followed by HP2 closure and the final Na+ ion binding 

after substrate binding (Figure C.1C). ASCTs are exchangers and therefore differ in their 

transport mode compared to EAATs and GltPh. Essentially, to resume the OFS state and 

complete the transport cycles, ASCTs require three Na+ ions and one molecule of 

substrate while GltPh doesn’t require any ligands to transition from IFS to OFS. In GltPh, 

Asp binding assays and indirect methods consistently show a stoichiometry of at least 

one coupled Na+ ion to substrate binding (150, 152, 164, 217).  

Recently, other papers and our D405N data suggest that Asp can bind with only 

Na1 ion bound in GltPh (150, 217, 231). This led to suggesting a combination of two 

binding modes: one in which Asp binds after Na1 followed by Na3 and one in which Asp 

binds after both Na1 and Na3. This potential mix of binding modes helps explain the 

ability of transporter to bind substrate at low Na+ and Asp’s ability to increase Na+ 

binding affinity. Along the coupling process, we have been able to identify key 

conformational changes which occur from binding at the Na3 and Na1 sites including 

changes necessary for HP2 to open for substrate binding (Figure C.1C). A remaining 

gap in our mechanism is the second arm of this process, namely how HP2 is closed. 

The molecular mechanism of how HP2 is closed is poorly resolved with the main body of 

information coming from MD studies(170, 201, 213).  

Using our innovative, real-time assay, we can monitor HP2 closure as a function 

of substrate properties. By specifically perturbing protein-substrate interactions, we can 

gain insight into which interactions and substrate properties are necessary. Pervious 

chapters have outlined how HP2 opening is accomplished in the coupling mechanism. 

By probing substrate binding with our HP2 movement assay, we can also gain insight 

into how substrate assisted HP2 closure is accomplished. In this appendix, we present 
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preliminary data which suggest substrate backbone interactions are essential for HP2 

closure and varying the substrate side chain chemistry results in varied extents of HP2 

closure. These data do not encompass the full process and further experiments are 

necessary to complete this story.  

 

Figure C1. Binding site for substrate and involvement in the coupling mechanism 
A) Binding sites of substrate. GltPh is actually GltTk pdb 5e9s with GltPh numbering, EAAT1 
is pdb 5llu and ASCT2 is pdb 6mpb B) Sequence alignment of SLC1A family members 
with residues involved in substrate coordination highlighted(237). Not shown in the 
sequence alignment is S278 which is a serine in the other SLC1A family members C) 
Proposed scheme for sequential binding, the box highlights the part of the coupling 
mechanism to focus on, Asp binding and substrate assisted closure of HP2. The close up 
reflects some of the molecular choreography of the binding site and HP2 movement.  
 
Results: 

All residues which coordinate substrate in the binding pocket are necessary for 
high affinity substrate binding and full HP2 closure  

Our first approach to perturb the Asp binding site was through protein 

substitutions at the coordinating residues. From structures, we know the coordination 
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sphere for substrate involves several residues in the core of the transport domain 

including R397 and T314 to coordinate the sidechain and D394 and N401 to coordinate 

the backbone (Figure C.1A). We have previously shown that repositioning of R397, 

T314, and N401 upon Na+ binding is part of the HP2 opening process. One of the most 

readily accessible methods to assess substrate binding for GltPh is a fluorescence-based 

assay utilizing a Trp substitution at L130. The assay has been used to probe substrate 

specificity and affinity while providing further evidence that Asp binding is coupled to two 

Na+ ions (Figure C.2A/B)(150). We substituted an Ala at each of the substrate 

coordinating residues and using the L130W assay confirmed that these substitutions 

result in a decrease in Asp affinity (Figure C.2C). D394A shows a larger decrease in 

ability to bind substrate compared to R397A and T314A, indicating a difference between 

residues which coordinate the side chain or the backbone of the substrate. N401A 

substitution in the L130W assay did not give reasonable signal changes to indicate 

substate binding. The preliminary evidence for S278A decreasing Asp affinity also 

support a role for HP1 serine residues in substate binding.  

These substitutions were tested in the construct of the HP2 movement assay. 

Data was collected for substrate binding/HP2 closure at 200 mM Na+ for R397A, T314A, 

and D394A (Figure C.2D). All three substitutions resulted in decreased Asp affinity and 

showed different extents of fluorescence change (Figure C.2D). Surprisingly D394A 

showed no decrease in fluorescence to indicate HP2 closure and instead, there was a 

small increase in fluorescence after 100 µM Asp. The increase in fluorescence seen with 

substrate addition is either due to a nonspecific fluorescence effect or Asp affinity is so 

shifted that it can enter the binding site but not form the proper interactions to close HP2 

in our assay background. The ability to bind Asp can be further assessed in the D394A 

mutant through ITC to help resolve the HP2 closure data. It is also possible that D394 

itself is required for full HP2 closure irrespective of its coordination of substrate and the 
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difference seen in Asp binding between L130W and HP2 movement assays stem from 

monitoring different events. The mechanistic basis for the L130W fluorescence change 

is unresolved. Overall, these data are consistent with substrate backbone-protein 

interactions being essential for substrate binding and HP2 closure. If Asp cannot be 

properly coordinated in the binding site and form the necessary interactions, then HP2 

cannot close which is consistent with substrate assisted closure.  

The overall signal change upon Asp titration in the HP2 assay is potentially a 

composite of different factors: the extent of HP2 opening, how well the substrate is 

situated in the binding site, and extent of HP2 closure. To better interpret HP2 closure 

data for residues which coordinate the substrate, we must also incorporate their HP2 

opening data (Figure C.2E/F). R397A drastically decreases substate binding affinity, but 

at first glance has a WT-like extent of closure. When closure data is considered within 

the context of HP2 opening, R397A does not reach the same extent of closure as WT 

(Figure C.2F). Without R397, Asp affinity is greatly decreased and most likely HP2 does 

not fully close. T314A is the most WT-like in terms of affinity and extent of closure 

compared to the other substrate coordinator substitutions even though both substrate 

affinity and extent of HP2 closure are decreased. Our data is consistent with HP2 

closure being a composite of several factors. Since some substrate coordinators also 

participate in HP2 opening, comparing the Asp induced HP2 closure data across protein 

substitutions does not offer direct conclusions on the protein-substrate interactions.  
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Figure C2. Binding site perturbation through substitutions to substrate 
coordinators. A) Asp binding at high and low Na+ using an assay with a Trp substitution 
at L130 demonstrating affinity dependence of Asp on [Na+] B) Overall coupling of Asp 
binding is to 2 Na+ ions indicated by the slope of the log[Na+] vs logKd C) Steady state 
L130W Asp titrations for binding site mutants at 200 mM Na+, black line is WT (𝐾𝐾0.5

𝐴𝐴𝐴𝐴𝐴𝐴: WT 
0.0018 ± 0.000 µM, T314A 1.5 ± 0.1 µM, S278A 5.2 ± 0.7 µM, R397A 11.8 ± 0.7 µM, 
D394A 199 ± 19 µM). All data is from N ≥ 3 except S278A which is from N = 2. D) 
Steady state Asp titrations of the binding site mutants in the HP2 movement assay in 
200 mM Na+ (𝐾𝐾0.5

𝐴𝐴𝐴𝐴𝐴𝐴 : WT 0.042 ± 0.007 µM, T314A 2.2 ± 0.2 µM, R397A 11.8 ± 0.7 µM, 
D394A no binding) E) HP2 opening titrations of two binding site mutants R397A and 
T314A to illustrate different fluorescence changes for extent of opening, black line is 
WT(data from Chapter 2) F) Table of HP2 fluorescence changes in the HP2 movement 
assay upon addition of 200 mM Na+ and saturating Asp concentrations. HP2 opening is 
from Apo to Na+ and HP2 closure is the signal from Na+ to Na+/Asp. All error bars are 
S.E.M. and N ≥ 3.  

Probing the cause in varied extents of change upon substrate binding in the HP2 
movement assay  

One of the hallmarks of coupled substrate binding is the improvement of affinity 

with increased Na+ (Figure C.2A/B). Since we are interested in substrate assisted HP2 

closure, we wanted to further characterize HP2 closure for WT-GltPh observed in our HP2 

movement assay. Like other methods which measure Asp binding, the HP2 movement 

assay shows improved Asp affinity with increasing Na+ concentrations (Figure C.3A). 

The affinities obtained, although slightly decreased compared to the L130W assay, fall 

within an acceptable range of values across Na+ concentrations.  
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Along with differences in substrate affinity, there are differences in the magnitude 

of fluorescence signal change observed at different Na+ concentrations. As posited 

earlier, the overall signal change in the HP2 movement Asp titrations is a composite of 

the extent of HP2 opening, how well the substrate is situated in the binding site, and 

HP2 closure. If this holds true, a lower extent of HP2 opening results in a corresponding 

lower fluorescence change for HP2 closure upon Asp binding. Also, if the substrate is 

not properly situated in the binding site, then there would also be a corresponding lower 

signal change for HP2 closure. These conclusions are further supported when 

comparing HP2 closure at low and high Na+ with and without the Asp analogue TBOA 

present. Normally, the addition of TBOA in the presence of Na+ results in HP2 being 

propped open and the maximal fluorescence change for HP2 opening. If the extent of 

HP2 opening is indeed an important component in HP2 closure titrations, then having 

TBOA present at different Na+ concentrations should lead to similar extents of change. 

When TBOA is present in low Na+ closure titrations, the extent of fluorescence change is 

increased to similar levels as high Na+ (Figure C.3B). At high Na+, the additional increase 

in fluorescence from the presence of TBOA is minimal in comparison (Figure C.3C). 

These data also indicate that different Na+ concentrations result in different extents of 

HP2 opening with corresponding differences in the substrate binding site (different 

substrate binding affinities). The complexity of factors which contribute to HP2 closure 

confirms that determining causation relationships from comparisons between protein 

substitutions is nontrivial.   
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Figure C3. Properties of WT HP2 closure upon substrate binding A) WT steady state 
titration of Asp binding at different Na+ concentrations in the HP2 movement assay 
background (𝐾𝐾0.5

𝐴𝐴𝐴𝐴𝐴𝐴 : 1mM 127 ± 57 µM, 10 mM 0.85 ± 0.08 µM, 200 mM 0.042 ± 0.007 
µM, 500 mM 0.012 ± 0.002 µM) B) Asp binding in the HP2 movement assay at 10 mM 
Na+ with or without 100 µM TBOA (𝐾𝐾0.5

𝐴𝐴𝐴𝐴𝐴𝐴 : 10 mM 0.85 ± 0.08 µM and with TBOA 15 ± 0.5 
µM) C) Asp binding in the HP2 movement assay at 200 mM Na+ with or without 100 µM 
TBOA (𝐾𝐾0.5

𝐴𝐴𝐴𝐴𝐴𝐴 : 200 mM 0.042 ± 0.007 µM and with TBOA 1.53 ± 0.09 µM). All error bars 
are S.E.M. from an N ≥ 3.  
 
Backbone interactions are essential for binding and side chain moiety modulates 
the extent of HP2 closure 

The substrate coordinator substitution data indicates all substrate-protein binding 

site interactions are important for binding and HP2 closure. All the residues substituted 

with Ala are involved in earlier steps of the coupling process and therefore it is non-trivial 

to draw structure function relationships when comparing between the perturbed proteins. 

One possible approach to lessen the extent of opening variability between protein 

mutants is to have TBOA present at the start of the titration with Na+. TBOA binding 

would theoretically bring HP2 opening to the same extent across mutants if TBOA can 

still bind to mutants, thus the extent of closure would only reflect substrate competing off 

TBOA and HP2 closure. Control experiments are necessary to use the TBOA approach 

to help interpret binding site mutant’s HP2 closure data. To address the HP2 movement 

assay limitations and further probe the second half of the coupled binding process, we 

decided to use a substrate analogue series. Using alternative substrates with 

systematically altered chemical properties, we can compare the functional effects within 

WT protein to inform on a mechanism for substrate assisted HP2 closure. The series 

consists of Asp analogues in which the backbone and the side chain properties are 

altered (Figure C.4).  

Analogues which lack either a α-amino or α-carboxyl group could barely bind and 

close HP2 (Figure C.4B). The affinity for both these substrates is greatly decreased or 

non-existent, even with full substrate side chain chemistry, suggesting a large part of 
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affinity for substrate stems from backbone-protein interactions. β-Ala, which lacks the α-

carboxyl group, does not show any substantial change as a function of substrate to 

indicate HP2 closure (Figure C.4B). The lack of succinate binding unless there is over 

1.5 mM present agrees with the corresponding protein substitution data in which there is 

no HP2 closure (D394A). Without backbone coordination, the substrate cannot bind well 

and little to no HP2 closure.  

The substrate analogues with altered substrate side chain chemistry show the 

same trends as the corresponding protein substitutions in both affinity and extents of 

HP2 closure. Just as R397A and T314A showed different effects, there is a wide variety 

of responses when different components of the side chain are changed. When the polar 

side chain is removed as in L-Ala and Abu, there is a decreased ability to close HP2 at 

any relevant substrate concentration (Figure C.4C). L-Ala only lacks the terminal side 

chain functional groups compared to Asp, but shows an inability to fully close HP2, 

highlighting the role of side chain chemistry in HP2 closure. Abu shows the same 

phenotype as D394A where excess ligand results in a slight increase in fluorescence 

and no observable HP2 closure signal. The difference in Abu and L-Ala is only one 

methyl group and suggests size of the substrate is also important for proper 

coordination. Only when the substrate has a polar moiety which can hydrogen bond like 

in L-Cys and L-Glu do we see substantial extents of closure with a reasonable affinity 

(Figure C.4C). Size of the substrate is also a factor in which the larger the substrate, the 

less HP2 closes. All these differences in HP2 closure and affinity add to the 

interpretation that a lower fluorescence change results from less HP2 closure. Since the 

affinity for the analogues is generally greatly decreased, it would be useful to test the 

HP2 closure at higher Na+ concentrations to provide further insight.  
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Figure C.4. Alternative substrates demonstrate the need for backbone coordination 
with varying impact from sidechain modifications. A) Substrate binding site of GltPh 
using GltTk structure pdb 5E9S to highlight where the backbone and sidechain of the 
substrate are oriented B) Chemical structure of alternative substrates which lack one of 
the backbone functional groups and the HP2 closure titrations with the respective 
substrates in 200 mM Na+, black line is WT with Asp. There is barely any signal change 
to determine 𝐾𝐾0.5 (>1500 µM) C) Chemical structure of alternative substrates which alter 
the substrate side chain properties and the HP2 closure titrations with the respective 
substrates in 200 mM Na+, black line is WT with Asp (𝐾𝐾0.5 : L-Glu 22 ± 1.1 µM, L-Cys 0.78 
± 0.06 µM, L-Ala >4000 µM, Abu no binding). All error bars are S.E.M. from an N ≥ 3.  
 
Discussion: 

In this body of experiments, we were able to test the importance of individual 

protein-substrate interactions in HP2 closure. We made substitutions to substrate 

coordinating residues and tested a substrate analogue series with our HP2 movement 

assay. Although there are confounding factors when looking at HP2 closure with protein 

mutants, especially when they effect HP2 opening, the analogue series allowed for 

conclusions to be drawn. All coordinating residues are essential for both high affinity 

substrate binding and proper HP2 closure. Substrate backbone coordination is essential 
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while there is a variety of effects from perturbation of side chain coordinators. Selectivity 

may therefore stem from the interactions of the sidechain of substrate with the binding 

site and HP2. Side chain modification directly modulates the ability to close HP2. We 

have identified that the substrate also needs a polar moiety at the side chain as well as 

small enough to fit in coordination sphere to support HP2 closure. 

The next set of experiments would be to further probe the alternative substrate 

series with other Asp binding assays, like L130W, as well as test within each of the 

coordinating residue mutants. The alternative analogue series allows for further 

investigation into protein-substrate interactions using the protein coordinator 

substitutions. Moving forward in elucidating the molecular closure mechanism, we want 

to make substitutions to HP2 and HP1 residues that help define the binding site. We 

have preliminary data for HP1 residue S278 being involved in substate coordination and 

a previous paper has demonstrated that certain HP2 residues can alter substrate 

selectivity and transport rates(238). When all substrate-protein interactions are explored 

in conjunction with the alternative substrate series, we will have a structure activity 

relationship for substrate binding and HP2 closure. Kinetics measurements also provide 

avenue for gaining deeper mechanistic insight into how HP2 is closed upon substrate 

binding. 

A key component in HP2 closure is the final Na+ ion binding to the Na2 site which 

is mainly formed by HP2 residues. Experiments using the HP2 movement assay can be 

used to explore the role of the Na2 site in both substrate binding and HP2 closure. 

Perturbing the Na2 site and monitoring the functional effects will help inform the last 

piece in sequential binding: the role of Na2 site. The HP2 movement assay can also be 

used to explore substrate release mechanism through studying GltPh trapped in the 

inward facing state, kinetics measurements, and mutagenesis. 
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Methods:  

Protein Expression Same methods were used to express and create L130W proteins 

as outlined in Chapter 2 Methods and proteins in the HP2 movement assay background 

were created and purified as outlined in Chapter 2 Methods.  

Asp binding using L130W The assays were carried out as outlined in Chapter 2 

Methods using the same assay buffer.  

HP2 movement Assay Closure titrations were performed with ~100 µgs of 

GltPh(V355W/S279PheCN) protein. The protein was equilibrated in the Na+ containing 

assay buffer solution for at least 30 min before monitoring the fluorescence change upon 

Asp addition (emission at 345 nm with excitation at 295 nm). The assays were carried out 

at 30 °C and the assay buffer was composed of 20 mM HEPES/Tris pH 7.5, X mM of Na+ 

and the corresponding amount of choline chloride to maintain ionic strength at 200 mM, 

except for 500 mM Na+ assays. Each titration point was collected following a 1 min 

equilibration step. The resulting titrations were fit to equation 1 or equation 2 if the protein 

concentration was similar to or greater than the affinity for Asp just as in Chapter 3 

Methods. 

𝐹𝐹 = 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛

𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛+𝐾𝐾𝐷𝐷
𝑛𝑛 Equation 1 

 

𝐹𝐹 =  ymax 
�K0.5

Asp+[P]+[Asp]�−��K0.5
Asp+[P]+[Asp]�

2
−(4 [P] [Asp]) 

2[P]
 Equation 2 

 
The alternative substrates and substrate binding mutants were titrated in the presence of 

200 mM Na+ following the same procedure as outlined above and conditions of Chapter 

2. Fractional fluorescence changes were also fit in the same manner using either 

equation 1 or 2 depending on the affinity vs protein concentration. 
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Chapter 4: A Facile Approach for the In Vitro Assembly of Multimeric Membrane 
Transport Proteins 

 
 
 

This chapter was published in elife in 2018 as: 
 
Riederer E. A.*, Focke P.J.*, Georgieva E.R., Akyuz N., Matulef K., Borbat P.P., Freed 
J.H., Blanchard S.C., Boudker O., Valiyaveetil, F.I. (2018). A facile approach for the in 
vitro assembly of multimeric membrane transport proteins. Elife. 2018 Jun 11;7. pii: 
e36478. doi: 10.7554/eLife.36478. 
 
P.J.F and F.I.V established the reassociation methodology and assessed the 
applicability to other transporters. E.A.R generated the proteins and performed the 
experiments for the GltPh flux assays and fluorescence binding data (Figure 4.1, Figure 
4.3, and Figure S4.1-3) as well as the in vitro assembly of GltSm (Figure 4.5) and 
fluorescence experiments for CLC-ec1 (Figure 4.7C). The remaining data was generated 
by the fellow authors. F.I.V wrote the manuscript.  

 

Abstract: 

 Membrane proteins such as ion channels and transporters are frequently 

homomeric. The homomeric nature raises important questions regarding coupling 

between subunits and complicates the application of techniques such as FRET or DEER 

spectroscopy. These challenges can be overcome if the subunits of a homomeric protein 

can be independently modified for functional or spectroscopic studies. Here, we describe 

a general approach for in vitro assembly that can be used for the generation of 

heteromeric variants of homomeric membrane proteins. We establish the approach 

using GltPh, a glutamate transporter homolog that is trimeric in the native state. We use 

heteromeric GltPh transporters to directly demonstrate the lack of coupling in substrate 

binding and demonstrate how heteromeric transporters considerably simplify the 

application of DEER spectroscopy. Further, we demonstrate the general applicability of 

this approach by carrying out the in vitro assembly of VcINDY, a Na+-coupled succinate 

transporter and CLC-ec1, a Cl-/H+ antiporter. 
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Introduction: 

 Movement of ions and small molecules across cellular membranes takes place 

through transport proteins such as ion channels and transporters. A frequently observed 

feature of transport proteins is that they form multimeric assemblies of identical subunits 

in their native state (239, 240). There are challenges in spectroscopic investigations of 

homo-multimeric (or homomeric) proteins that arise due to the presence of multiple 

identical subunits. One such example is in using Double Electron-Electron Resonance, 

DEER or Fluorescence Resonance Energy Transfer, FRET, spectroscopy with 

homomeric proteins. These spectroscopic techniques, which are commonly used for 

detecting structural changes accompanying function, rely on site-specific labeling with 

appropriate spectroscopic probes, typically at introduced cysteine residues. In 

homomeric proteins, such efforts result in the labeling of each of the individual subunits 

and therefore the presence of multiple probes in the protein, which can complicate the 

spectroscopic measurements. It is also not feasible to label a single subunit in a 

homomeric protein, which hinders the use of these spectroscopic approaches for 

investigating the structural changes that take place within individual subunits. The 

presence of multiple identical subunits in transport proteins also raises the pertinent 

question of whether there is a functional coupling or “crosstalk” between the subunits. 

These challenges in investigating homomeric proteins can be overcome if we generate 

heteromeric variants in which a single subunit (or a set of subunits) can be selectively 

modified. Labeling a single subunit with spectroscopic probes will facilitate the 

investigations of the intra-subunit structural changes, while functional perturbation of a 

subset of subunits in the assembly will enable investigations of the functional coupling 

between protomers. Thus, the ability to generate a heteromeric variant of a homomeric 

protein will be a great asset. 
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 Cellular expression of heteromeric proteins containing wild type and mutant 

subunits has been carried out using either concatenation or co-expression approaches. 

In the concatenation approach, protein expression is carried out using a DNA construct 

in which the genes for the wild type and mutant subunits are concatenated into a single 

reading frame. Expression of this concatenated construct yields a heteromeric 

membrane protein in which the subunits are linked together. This approach has been 

widely used for the expression of heteromeric ion channels in Xenopus oocytes for 

functional studies (241, 242). There are only a few examples where multimeric 

membrane proteins encoded in a single polypeptide have been purified for functional 

and spectroscopic studies (243-246). In the co-expression approach, the wild type and 

the mutant subunits are co-expressed in the same cell (247, 248), wherein the random 

mixing of the subunits during assembly results in the generation of heteromeric and 

homomeric proteins. Placing different purification tags on the wild type and the mutant 

subunits allows the purification of the desired heteromeric protein. Both of these 

approaches frequently suffer from very low yields.  

 The alternate approach is to assemble the heteromeric proteins in vitro by using 

a mixture of wild type and mutant subunits. In this manner, a mixture of heteromeric and 

homomeric proteins is produced from which the desired heteromeric complex can be 

purified. The advantage of the in vitro approach is that the ratio of the wild type and the 

mutant subunits can be adjusted to ensure formation of the desired heteromeric protein 

in good yields. The heteromeric assembly can be carried out through a coupled folding 

and oligomerization process starting with fully unfolded subunits. However, refolding of 

membrane proteins is very challenging, and there are only few reports in the literature 

(249, 250). In lieu of complete refolding, we envisioned an approach in which we 

dissociate the native wild type and mutant multimeric proteins into subunits and then use 

a mixture of the dissociated subunits for assembly of the hetero-oligomers. We 
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anticipated that this dissociation/reassociation approach should be generally applicable 

and also provide higher yields compared to complete refolding.  

 Here we describe a simple methodology for the in vitro reassembly of functional 

multimeric membrane proteins from dissociated subunits. We develop the methodology 

using the archaeal glutamate transporter homolog GltPh. We demonstrate the utility of 

the approach by assembling heteromeric GltPh transporters that we use to investigate the 

cross-talk between the substrate binding sites and to evaluate the intra-subunit structural 

changes in GltPh using DEER spectroscopy. Further, we establish the general 

applicability of the methodology by carrying out the in vitro reassembly of the archaeal 

transporter GltSm and the bacterial transporters VcINDY and CLC-ec1.  

Results:  

In vitro reassembly of GltPh 

 To develop a protocol for the in vitro reassembly of multimeric membrane 

proteins, we initially focused on GltPh, a homo-trimeric sodium coupled aspartate 

transporter (Figure 4.1A)(149, 150). Each subunit of GltPh has a complex topology with 

eight transmembrane and two reentrant hairpin segments. Remarkably, we have 

previously successfully refolded GltPh from a completely unfolded state by using lipid 

vesicles to obtain an active native-like protein (155). Here, we investigated whether GltPh 

can be reassembled in vitro from dissociated subunits using lipid vesicles (Figure 4.1B).  
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Figure 4.1. Dissociation and reassociation of GltPh. A) Structure of the GltPh trimer, 
pdb: 2nwx, is shown in ribbon representation. B) Flow chart outlining the strategy used for 
the dissociation and reassociation of the GltPh trimer. C) Size exclusion chromatography 
of the native GltPh (black) and the SDS dissociated GltPh following dilution into lipid vesicles 
(red) and into DDM (blue). Reassembly of GltPh takes place in lipid vesicles. Inset, SDS-
PAGE gel showing the glutaraldehyde crosslinking of the native GltPh (lanes 1-3), 
reassociated GltPh (r-GltPh, lanes 4-6) and the SDS dissociated GltPh subunits (lanes 7-9). 
Lanes 1, 4, and 7, without glutaraldehyde crosslinking, lanes 2, 4, and 8, with 
glutaraldehyde crosslinking and lanes 3, 6, and 9, with glutaraldehyde crosslinking in the 
presence of 1% SDS. The oligomeric nature of the protein band (1x, 2x, and 3x) is 
indicated. D) Asp binding by native and r-GltPh. Asp binding was monitored by changes in 
fluorescence of the native (black circles) or r-GltPh (red squares) with the L130W 
substitution. The fraction of the protein bound (Fbound) is determined by dividing the change 
in fluorescence upon addition of Asp by the total change at the end of the titration. Solid 
lines are fits to the data using the equation described in methods with KD values of 183 ± 
16 nM for native GltPh and 216 ± 15 nM for r-GltPh. The binding assays were conducted in 
10 mM Na+. E) Asp uptake assay. The time course of [14C]-Asp uptake for native GltPh 
(black circles) and r-GltPh (red squares) in the presence of a Na+ gradient. No uptake is 
observed for native GltPh (black diamonds) and r-GltPh (red triangles) in the absence of a 
Na+ gradient. For panels D and E, error bars indicate standard error of mean (S.E.M.) for 
N > 3. 
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 GltPh migrates as a monomer on SDS-PAGE, suggesting that SDS dissociates 

GltPh into subunits (149). Glutaraldehyde cross-linking confirmed complete dissociation 

of the trimeric species by SDS (155). While crosslinking of the native GltPh gives a 

protein band on SDS-PAGE corresponding to the trimer, crosslinking following SDS 

treatment only yields monomers. For reassembly, we diluted the protein after SDS 

treatment into buffer supplemented with lipid vesicles achieving SDS concentrations 

below the critical micellar concentration (155). Consequent glutaraldehyde crosslinking 

showed the presence of a trimeric band indicating subunit reassociation. We solubilized 

the reassembled GltPh (r-GltPh) from the lipid vesicles using dodecyl-β-D-maltopyranoside 

(DDM) detergent and purified it by affinity and size exclusion chromatography (SEC). 

The SEC elution profile for r-GltPh was similar to that of native GltPh and crosslinking 

confirmed the trimeric state of r-GltPh (Figure 4.1C). Lipid vesicles were required for the 

reassociation process, and dilution of the SDS-dissociated GltPh subunits directly into 

DDM did not yield a trimeric species, as indicted by both SEC and cross-linking (Figure 

4.1C).  

 To establish the functionality of r-GltPh, we examined its ability to bind and 

transport substrate L-aspartate (Asp). Substrate binding was assayed by monitoring 

changes in the intrinsic fluorescence of the L130W mutant of GltPh upon titration with Asp 

(150, 210). The Asp dissociation constant (KD) of the reassembled L130W mutant of 

GltPh was similar to that of the transporter prior to the dissociation/reassociation 

procedure (Figure 4.1D). We reconstituted r-GltPh into lipid vesicles to measure transport 

activity and observed uptake of [14C]Asp into proteoliposomes in the presence of an 

inwardly directed Na+ gradient (Figure 4.1E). The specific transport activity observed for 

r-GltPh was similar to that of the native transporter. 

 The key conformational transition of GltPh that underlies substrate translocation 

across the membrane is an elevator-like movement of the peripherally located transport 
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domain within each protomer relative to the central trimerization domain (158). 

Previously, single-molecule FRET (smFRET) was used to visualize these movements in 

real time (181, 182, 251). These experiments further suggested that the transition 

frequency determined the overall rate of substrate transport. We used smFRET to 

compare the dynamics of the r-GltPh to the native protein. For these experiments, N378C 

mutant of GltPh was derivatized with Cy3 and Cy5 fluorophores and with a PEG-biotin 

linker either before or after the reassembly procedure. As previously described (182), the 

labeled proteins were immobilized on passivated streptavidin-coated microscope slides 

and imaged using total internal reflection fluorescence (TIRF) to obtain smFRET 

recordings (Figure 4.2A). In these experiments, movements of two transport domains 

within the trimers relative to each other are detected. We found that r-GltPh in the 

presence of 200 mM Na+ and 100 µM Asp, sampled three FRET efficiency states, low-, 

intermediate- and high-FRET centered at ~0.35, ~0.55 and ~0.8, respectively (Figure 

4.2B). Similar FRET efficiency states were observed for the native protein, where the 

low-FRET state was attributed largely to the outward facing state of the transporter. 

Excursions into the higher-FRET states reflect sampling of the inward-facing 

conformations (182). The populations of the low-, intermediate-, and high-FRET states 

for the r-GltPh were 76%, 17% and 7%, respectively, in good agreement with the values 

observed for the native transporter (71%, 16% and 13%, respectively). Transition density 

plots showed that the r-GltPh exhibit conformational transitions at a rate of ~0.03/sec, 

also in good agreement with the transition frequency of the native transporter (Figure 

2C). In line with these findings, the FRET-state lifetimes were similar in the native and 

reassembled transporters (Figure 4.2D). These smFRET measurements suggest that 

the reassembled transporter samples the outward- and inward-facing state with 

probabilities and frequency similar to the native protein. Collectively, these results show 

that r-GltPh is structurally, functionally and dynamically similar to the native transporter.  
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Figure 4.2. smFRET experiments on reassociated GltPh molecules. A) Labeling and 
surface-immobilization strategy for smFRET experiments. B) Population distributions 
FRET efficiency population contour plots (left) and cumulative population histograms 
(right) are shown for r-GltPh. The contour plots are color-coded from tan (lowest) to red 
(highest population) with the color scale from 0-12%. The population histograms display 
the time-averaged values and standard deviations. The solid black lines are fits to the 
sums of individual Gaussian functions (red lines). The number of molecules analyzed (N) 
is shown. C) Transition density plots show that transitions occur at a frequency of ~0.03 
/s. The number of transitions in the dataset (Nt) is shown. D) Dwell time distribution for the 
low-FRET state obtained for r-GltPh shows biphasic behavior and was fitted to a probability 
density function. The number of dwells in the analysis (Nd) is shown. 
 

Using heteromeric transporters to evaluate cooperativity in Asp binding to GltPh 

 A key question in multimeric transporters is whether the protomers function 

entirely independently or are coupled or coordinated in some manner. In glutamate 

transporters, several lines of evidence suggest that subunits in the trimer are 

independent of each other (120, 181, 185, 252). However, addressing directly whether 

one subunit senses substrate binding to its neighbor has not been possible. Our 

methodology allows assembly of heteromeric GltPh transporters in which the ability of 

individual subunits to bind substrate can be independently manipulated. Thus, we 

assembled GltPh heteromers containing one reporter and two test subunits (Figure 4.3A). 

The reporter subunit carried the L130W substitution, which provides a spectroscopic 

probe for Asp binding (Figure S4.1). The test subunits were either wild type or carried 

the R397A mutation, which lowers Asp affinity by approximately a thousand fold (Figure 

S4.2)(154). A comparison of Asp binding to the reporter subunit of GltPh heteromers 
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containing either wild type or mutant test subunits should reveal whether the reporter 

subunit senses substrate binding to its neighboring subunits.  

 
 

Figure 4.3. Testing crosstalk between GltPh subunits in Asp binding. A) Flowchart 
outlining the strategy used for assem.bling heterotrimers of GltPh. The test subunits are 
depicted in green and the reporter subunits are in red. A 10: 1 ratio of test to reporter 
subunits is used to ensure that the probability of assembling heterotrimers with more than 
one reporter subunit is very low. The presence of a polyhistidine tag on the reporter subunit 
enables purification of the heterotrimers that contain a reporter subuit. B and C) Asp 
binding to heterotrimeric GltPh with test subunits containing the wild type Asp binding site 
(blue, B) or with a R397A substitution in the Asp binding site (red, C). The reporter subunit 
(yellow) contains the L130W substitution for monitoring Asp binding to the subunit. Asp 
binding assays as described in Figure 1D. The solid lines indicate fits to the data using a 
Hill equation with KD = 455 + 61 nM, Hill coefficient = 0.84 + 0.08 for the heterotrimer with 
the wild type test subunits and with KD = 356 + 36 nM, Hill coefficient = 1.05 + 0.07 for the 
heterotrimer with test subunits carrying the R397A substitution. Error bars indicate S.E.M. 
for N > 3. 

 

 We reassembled heteromeric GltPh transporters using a 10:1 mixture of the test 

to the reporter subunits. At this ratio, a random mixing of the subunits ensures that the 

majority of the transporters assembled will contain either no reporter subunits (73%) or 

only one reporter subunit (24%), while the fraction with two or three reporter subunits will 
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be negligibly small (3% and 0.1% respectively). The reporter subunits carried a His8 tag 

while the test subunits carried no purification tags. The presence of the His8 tag on the 

reporter subunit allowed us to purify only the heteromers containing a reporter subunit 

(Figure S4.3). We measured Asp binding affinity to the reporter subunit of heteromeric 

GltPh transporters in the context of either the wild type or the R397A test subunits (Figure 

4.3B/C). The binding isotherms were obtained in the presence of 10 mM Na+ ions and 

fitted to the Hill equation. The KD values for Asp were 455 ± 61 nM and 356 ± 36 nM for 

the heteromers with wild type and R397A test subunits, respectively. The Hill coefficients 

were also similar. Notably, the expected affinity of the R397A mutant in the presence of 

10 mM Na+ ions is approximately 238 µM (Figure S4.2), suggesting that the R397A 

mutant test subunits remain largely unbound to Asp throughout the titration. This result 

indicates that Asp binding to the test subunits does not affect Asp binding to the reporter 

subunit. Therefore, for the first time, we directly demonstrate the lack of coupling in 

substrate binding to the trimeric transporter GltPh.  

Using heteromeric transporters to evaluate intra-subunit structural changes using 
DEER spectroscopy.  
 
 Understanding the transport mechanism requires determination of the structural 

changes that take place during function. In recent years, pulse dipolar ESR 

spectroscopy (PDS), in particular the double electron-electron resonance method, 

utilizing spin labeling has become the method of choice for monitoring structural 

transitions in biological macromolecules and complexes by reporting on distances in the 

range from about 10 Å (253, 254) to as large as 80 Å (254-257) or even longer (258) in 

some cases. It has been widely applied to follow conformational changes in membrane 

transporters. (183, 184, 259-261) In these experiments, the transporters are site-

specifically spin-labeled at introduced cysteine residues and dipolar coupling between 

pairs of spin-label unpaired electron spins is measured. The dipolar coupling depends on 
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the inter-spin distance r, as 1/r3, making the method quite an accurate tool for accessing 

minute distance variations.  

 The use of DEER spectroscopy for distance measurements in transporters 

comprised of more than two subunits is problematic, however, as these proteins present 

multi-spin systems if spin-labeled using standard approaches (183, 184, 262, 263). It is 

especially challenging to use DEER to probe the structural changes taking place within a 

single subunit, because dipolar coupling is present not only between the spin labels 

within this subunit, but also between those in different subunits. In GltPh, the key 

transition involves the movement of the transport domain relative to the scaffold domain 

by as much as 15 Å. Probing this movement requires spin labels in both of these 

domains. However, the introduction of Cys mutations into each domain and subsequent 

labeling of GltPh yields six spin labels per the trimeric protein (Figure 4.4A). In the 

simplest case, with all subunits being in the outward-facing state, we expect up to five 

unique distances between spin labels, depending on symmetry. Consequently, the 

distance distributions, generated from DEER signals, are very broad and difficult to 

extract, being further complicated by non-linear effects (264) and less than ideal spin-

labelling efficiency. The use of heteromeric GltPh transporters, in which only a single 

subunit is labeled (Figure 4.4A), would be a great simplification directly yielding, for 

example, the distance distributions between the probes in the scaffold and transport 

domains of a single protomer.  
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Figure 4.4. Using a heterotrimeric GltPh to probe movements of the transport domain 
using DEER A) A homomeric and a heteromeric GltPh transporter are shown in ribbon 
representation. The scaffold domain is colored in wheat while the transport domain is 
colored in light blue. The Cα atoms of the Cys residues at 216 and 294 labelled with spin 
probes are shown as red spheres. All subunits in the homomeric GltPh carry the Cys 
substitutions while only one subunit in the heteromeric GltPh carries the Cys substitutions. 
The distances monitored in the DEER experiment are indicated by solid lines. B) 
Background-corrected DEER amplitude, V(t) vs. evolution time t (left). The data are shown 
for: GltPh homotrimers with spin labels at both positions in each of the protomers prepared 
with 200 mM NaCl (black); GltPh heterotrimer with spin-labels just in one of the protomers 
prepared with either 200 mM NaCl (blue) or 200 mM NaCl/300 μM aspartate (red). The 
data are plotted to have the ”DEER modulation depth” at t = 0 and decay to zero value 
asymptotically (see Materials and Methods). Larger modulation depth, i.e. V(0) indicates 
larger number of coupled spins. Inter-spin distance distributions, P(r), reconstructed from 
the above DEER data, are plotted in respective colors (right). All P(r)’s were normalized 
to common value at the maxima. GltPh heterotrimers show much simpler P(r) as compared 
to convoluted result for homotrimers. 

 

To demonstrate the utility of heteromeric GltPh for DEER spectroscopy, we 

assembled a GltPh trimer from a 10:1 mixture of wild-type (i.e., cysteine-less) subunits 

and V216C/I294C mutant subunits bearing cysteine mutations in the scaffold and 

transport domains. The heterotrimers were purified using the His8-tag on the 
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V216C/I294C subunit and labeled with the MTSL nitroxide [(1-oxyl-2,2,5,5-

tetramethylpyrrolidin-3-yl) methyl methanethiosulfonate] spin label. As a control, we also 

prepared a homomeric V216C/I294C spin-labeled trimer GltPh. In the presence of Na+ 

ions and Asp, homomeric V216C/I294C mutant yielded, as expected, broad weakly-

structured distance distributions, spanning the distance range from ca. 40 to 70 Å 

(Figure 4.4B). In contrast, the heteromeric protein exhibited a single narrow peak at 52 

Å. Remarkably, these measurements suggest that under our experimental conditions the 

V216C/I294C mutant subunit predominantly populates the inward facing state. In this 

conformational state, the Cα-Cα distance between residues 216 and 294 is 48 Å based 

on the crystallographic model, in good agreement with the DEER measurement. The 

corresponding distance in the outward facing state is 34 Å. In conclusion, using a 

heteromeric trimer greatly simplified the experimentally obtained distance distributions 

and allowed for straightforward determination of the conformational state of the labeled 

protomer. 

General applicability of in vitro reassembly. 

 To investigate whether our in vitro subunit reassembly procedure is applicable to 

other multimeric transporters, we initially tested the procedure on GltSm, a glutamate 

transporter homolog from Staphylothermus marinus that shares 58% sequence identity 

to GltPh (Figure 4.5A)(265). We observed that SDS dissociated the GltSm transporter and 

that the dissociated subunits can be reassembled back to the trimeric state upon dilution 

of SDS coupled with protein incorporation into lipid vesicles (Figure 4.5B). The 

reassembled GltSm transporter was functionally similar to the native protein, suggesting 

that the disassembly/reassembly procedure was well tolerated by GltSm, similar to GltPh 

(Figure 4.5C).  
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Figure 4.5. In vitro assembly of GltSm. A) Sequence alignment of GltSm with GltPh with 
identical residues highlighted. B) Size exclusion chromatography of the native (black) and 
the reassociated GltSm (r-GltSm, red). Inset, SDS-PAGE gel shows the glutaraldehyde 
cross-linking of the native and r-GltSm. Native GltSm without (lane 1) and with 
glutaraldehyde crosslinking (lane 2) and r-GltSm without (Lane 3) and with glutaraldehyde 
crosslinking (Lane 4) are shown. The oligomeric nature of the protein band (1x, 2x, and 
3x) is indicated. C) Aspartate uptake assay. The time course of [14C]-Asp uptake by native 
GltSm (black circles) and r-GltSm (red squares) in the presence of a Na+ gradient. No uptake 
is observed for native GltSm (black diamonds) and r-GltSm (red triangles) in the absence of 
a Na+ gradient. Error bars indicate S.E.M. for N> 3. 

 

 We further tested the procedure on the VcINDY and CLC-ec1 transporters. 

VcINDY is a homo-dimeric Na+- coupled succinate transporter (Figure 4.6A)(266). Each 

subunit of VcINDY consists of 11 transmembrane helices that are arranged in two 

domains, a scaffold dimerization domain and a peripheral transport domain. The 

transport mechanism in VcINDY involves an elevator-like movement of the transport 

domain with respect to the scaffold domain (160). While the elevator mechanism of 
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VcINDY is reminiscent of the mechanism in GltPh, the topology and fold of the VcINDY 

transporter is very distinct (157). The VcINDY transporter is dimeric in the native state 

but migrates as a monomer on SDS-PAGE, indicating that SDS dissociates the 

transporter into monomers (Figure 4.6B). We used glutaraldehyde crosslinking to 

confirm complete dissociation of the VcINDY dimer by SDS. Crosslinked native VcINDY 

runs as a dimer on SDS-PAGE while VcINDY crosslinked after dissociation by SDS runs 

as a monomer. As anticipated, crosslinking following reassembly in lipid vesicles yielded 

a dimeric species (Figure 4.6B). We solubilized the reassembled (r-)VcINDY protein in 

DDM detergent and purified it using a His-tag. Analysis by SEC showed that r-VcINDY 

had a similar elution profile to the native transporter (Figure 4.6C). The r-VcINDY 

transporter reconstituted into lipid vesicles mediated succinate uptake in the presence of 

a Na+ ion gradient with a rate similar to the native transporter (Figure 4.6D).  

 
 
Figure 4.6. In vitro assembly of VcINDY. A) Structure of VcINDY (pdb: 4f35) is shown 
in ribbon representation. B) Dissociation of the VcINDY dimer by SDS. SDS-PAGE gel 
showing the native VcINDY without (lane 1), with glutaraldehyde crosslinking (lane 2) and 
the SDS dissociated VcINDY without (lane 3) and with glutaraldehyde crosslinking (lane 
4). C) Size exclusion chromatography of the native (black) and the reassociated VcINDY 
(r-VcINDY, red). Inset, SDS-PAGE gel showing the glutaraldehyde cross-linking of the 
peak fraction of r-VcINDY without (lane 1) and with glutaraldehyde crosslinking (lane 2). 
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D) Succinate uptake assay. The time course of [14C]-succinate uptake by native VcINDY 
(black circles) and r-VcINDY (red squares) in the presence of a Na+ gradient. No uptake 
is observed for native VcINDY (black diamonds) and r-VcINDY (red triangles) in the 
absence of a Na+ gradient. Error bars indicate S.E.M. for N > 3. 
 
 CLC-ec1 is a Cl-/H+ antiporter; it is a homodimeric protein in which each subunit 

consists of 18 helical segments (Figure 4.7A)(267, 268). The CLC-ec1 fold has an 

internal antiparallel structural repeat with the N-terminal nine helical segments 

structurally related to the C-terminal segments. The CLC-ec1 fold is very complex and 

thereby provides an excellent test for the general applicability of the in vitro reassembly 

protocol. Studies on the dimerization of CLC-ec1 have shown that it is one of the 

strongest membrane protein complexes known (269). Thus, we used a more stringent 

protocol to ensure complete dissociation of the dimers. Specifically, the protein was 

precipitated with trichloroacetic acid and acetone, dissolved in trifluoroethanol: buffer A 

[H2O and 0.1% (v/v) trifluoroacetic acid] and lyophilized (270). When the lyophilized 

protein was solubilized in 1% SDS, it migrated as a homogeneous monomer on SDS 

PAGE (Figure 4.7B).  

 
 
Figure 4.7. In vitro assembly of CLC-ec1. A) Structure of CLC-ec1 (pdb: 1kpl) shown in 
ribbon representation. B) Size exclusion chromatography of the native (black) and the in 
vitro assembled CLC-ec1 (r-CLC-ec1, red). Inset, SDS-PAGE gel showing the 
glutaraldehyde cross-linking of the peak fraction of native and r-CLC-ec1. Native CLC-ec1 
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without glutaraldehyde crosslinking (lane 1), with glutaraldehyde crosslinking before (lane 
2) and after (Lane 3) treatment with 1% SDS. r-CLC-ec1 without glutaraldehyde 
crosslinking (lane 4), with glutaraldehyde crosslinking before (lane 5) and after (Lane 6) 
treatment with 1% SDS. C) Fluorescence spectra of the native and r-CLC-ec1. Intrinsic 
fluorescence spectra (excitation at 295 nm) for the native (solid black) and r-CLC-ec1 
(solid red) in 50 mMTris-HCl, pH 7.5, 200 mM NaCl, 0.25% DM. Dashed lines show the 
fluorescence spectra for the native (dashed black) and r-CLC-ec1 (dashed red) after the 
addition of 1% SDS. D) Chloride transport assays. Left: Chloride efflux from liposomes 
containing native CLC-ec1 (Black), r-CLC-ec1 (red), and no protein control (blue). Bulk 
efflux was initiated at time zero by the addition of valinomycin. Triton X-100 was added 
after 60 sec to release all of the intra-vesicular chloride. Chloride efflux was normalized to 
the total chloride concentration upon addition of Triton X-100. Right: Bar graph showing 
the normalized rate of chloride movement through liposomes containing native CLC-ec1 
(N), r-CLC-ec1 (R), and no protein control (C). Normalized rates were calculated from the 
initial slope after addition of valinomycin from graphs such as those shown on the left. 
Error bars represent the S.E.M. from 6 independent flux assays. 

 

 To reassemble the dimer, we diluted the SDS solubilized CLC-ec1 subunits into 

lipid vesicles. Following incorporation into lipid vesicles, glutaraldehyde cross-linking 

indicated the formation of dimers, suggesting the successful reassembly of CLC-ec1. 

The reassembled (r-) CLC-ec1 was solubilized in decyl-β-D-maltopyranoside (DM) 

detergent and purified from lipid vesicles using His6 tag. SEC of r-CLC-ec1 produced an 

elution profile that was similar to the native CLC-ec1 (Figure 4.7B). The intrinsic 

fluorescence spectra of the native CLC-ec1 shows an emission maxima at 333 nm 

(Figure 4.7C). Addition of SDS results in a 46% decrease in fluorescence intensity. The 

fluorescence spectra of the r-CLC-ec1 was similar to the native protein and showed a 

similar decrease in fluorescence intensity on the addition of SDS. The r-CLC-ec1 

transporter reconstituted into lipid vesicles mediated chloride flux activity similar to the 

native protein (Figure 4.7D) suggesting that a fully functional transporter has been 

reassembled.  

Discussion: 

 Here, we present a facile approach for the in vitro reassembly of heteromeric 

variants of homomeric membrane proteins. The method involves the assembly of the 

multimeric proteins from dissociated subunits in the context of lipid vesicles. Heteromeric 
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proteins are obtained simply by mixing wild type and mutant subunits. We established 

the approach using the GltPh transporter and then demonstrated its applicability to a 

number of other systems including GltSm, VcINDY and CLC-ec1 transporters. Using 

biochemical, functional and single molecule approaches, we show that the reassembled 

transporters are indistinguishable from native proteins.  

 Heteromeric GltPh transporters allowed us to probe the communication between 

the Asp binding sites. In typical binding experiments, the presence or absence of 

coupling between multiple binding sites in multimeric transporters is deduced from the 

shape of the binding isotherms and corresponding Hill coefficients (271). The Hill 

coefficients that are greater or less than unity suggest, respectively, positive or negative 

cooperativity between the binding sites. However, Hill coefficients are relatively poorly 

determined and can be affected by baseline drifts and noise in the data. Furthermore, 

the existence of multiple coupled substrate binding sites within single subunits, as for 

example in BetP (272), may obscure the extent of inter-subunit coupling. The approach 

that we develop here allows us to circumvent these complications by assembling the 

reporter subunit together with test subunits that either can or cannot bind substrate with 

relevant affinity. Using this approach we show that binding to the adjacent test subunits 

does not affect Asp binding to the reporter subunit thereby establishing unambiguously 

that the substrate binding sites in GltPh are uncoupled.  

Whether independent binding sites are a general feature of the multimeric 

transporters is not fully known, and our approach can provide a facile means of probing 

for such long-distance interactions between subunits. Interestingly, some transporters 

are assembled from multiple subunits with substrate-binding sites located at the 

interfaces, for example, the EmrE and the semi-SWEET transporters (273, 274). The 

ability to break the intrinsic symmetry of these systems by assembling them from distinct 

subunits may open novel approaches to probe their mechanisms.  
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 A multitude of spectroscopic approaches to probe the dynamics of transporters 

and channels has been developed in recent years. Most of them rely on site-specific 

labeling of introduced cysteine residues. DEER spectroscopy and smFRET microscopy 

specifically have been applied to study conformational flexibility and dynamics of diverse 

systems (275, 276). A major challenge in the experimental design is identification of 

informative labeling sites. Because these approaches are based on distance 

measurements, an ideal labeling strategy would incorporate two labels at sites that show 

conformation-dependent distance changes. However, in multimeric proteins this effort is 

compounded by the presence of multiple subunits, each of which would carry cysteine 

substitutions. Thus, many of the successful experiments relied on measurements of 

inter-subunit distance changes (183, 184, 259, 260, 277). Clearly, these approaches 

have severe limitations when the structural transitions of interest occur within individual 

subunits. The ability to assemble a multimeric system of interest with single reporter 

subunits bearing cysteine mutations would significantly expand the repertoire of useful 

experiments and also facilitate and simplify analysis. We demonstrate the advantage of 

the reassembled heteromeric proteins by using DEER spectroscopy to probe the 

conformational state of GltPh transporter. Indeed, the distance distribution that was 

obtained for heteromeric GltPh bearing a single labeled subunit is dramatically simplified 

compared to a homomeric labeled protein, and allows facile determination of the 

conformational state of the labeled subunit. Similarly, the heteromeric transporters will 

be useful in introducing fluorescent probes at appropriate sites for smFRET studies of 

multimeric membrane transporters and channels. For example, we expect significant 

simplification and increased resolution compared to approaches previously employed to 

study dynamics of GltPh (181, 182).  

Many ion channels are homomeric in nature. Ion channels transition between 

different conformational states during function. Determining the structural nature of these 
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conformational changes and how these changes are coupled among the individual ion 

channel subunits is important for understanding their mechanism. The approaches 

developed herein for the study of transporters can similarly be applied to homomeric ion 

channels to generate heteromeric variants. These heteromeric variants will provide the 

ability to alter the amino acid sequence of one or several of the subunits for functional or 

spectroscopic investigations and will potentially be very useful in probing the mechanism 

of action. 

 In our approach, SDS is used to dissociate the multimeric protein. SDS is not a 

strong denaturant for most membrane proteins and therefore we expect that the SDS-

dissociated subunits are only partially unfolded (278). We also used a stringent 

dissociation process involving treatment with strong acids and organic solvents. 

Following this stringent dissociation protocol, we were able to observe successful 

reassembly for only two of the proteins in our test set, GltPh and CLC-ec1 while VcINDY 

and GltSm could not be reassembled. This observation suggests that the success of the 

disassembly/reassembly depends on the gentle dissociation of the multimeric proteins 

without extensive unfolding of the subunits. Further, lipid bilayers were required for the 

reassociation process, and a mere dilution of the SDS in the presence of mild detergents 

did not result in successful reassembly. We speculate that incorporation of the 

dissociated subunits into lipid bilayers concentrates and orients the subunits to facilitate 

the assembly.  

The overall mechanism of coupled refolding and assembly that takes place in the 

lipid bilayers is not clear. For CLC-ec1 it was shown that monomers are stable (279) and 

thus, it is possible that these transporters first assume a native-like fold and then 

assemble into dimers. The trimeric GltPh forms a bowl-like structure in the outward facing 

state (149). The bowl extends approximately half way across the bilayer; it is lined with 

polar residues and is most certainly filled with water. It seems unlikely that the 
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conformation of dissociated GltPh monomers is entirely native-like because it would lead 

to the exposure of the polar regions of the bowl to the hydrophobic milieu of the 

membrane. Thus, it seems likely that reaching the native conformation is coupled with 

the trimer assembly in this protein. Our reassembly protocols will be useful to probe the 

mechanisms of multimeric membrane protein assembly. For example, these processes 

have been shown to have specific lipid requirements (280). The ability to assemble 

multimeric membrane proteins in defined lipid environments will facilitate an investigation 

of how lipid molecules participate in the multimerization process. 

 While our experiments have only focused on bacterial and archaeal transporters, 

it will be of great interest to determine whether this simple protocol is applicable also to 

eukaryotic proteins. Using this procedure for multimeric eukaryotic proteins will involve 

identifying appropriate detergents for mild dissociation and appropriate compositions of 

lipid bilayers for reassociation.  

 

 

Acknowledgements: This research was supported by the grants from the NIH: R01 

GM087546 (FV), R37NS085318 (OB, SB and FV), P41GM103521 (JHF, ACERT) and 

R01 GM123779 (JHF and ERG). PJF was supported by a postdoctoral fellowship from 

the American Heart Association (12POST11910068). 

 

 

 

 

 

 

 



128 
 

 

Methods: 
 
Table 4.1 Key Resources 

Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

gene (Pyrococcus 
horikoshii) 

GltPh 10.1038/na
ture03018 

Uniprot ID: 
O59010 

  

gene (Vibrio 
cholerae) 

VcINDY 10.1038/na
ture11542 

Uniprot ID: 
Q9KNE0 

  

gene (Escherichia 
coli) 

CLC-ec1 10.1085/jg
p.2003089
35 

Uniprot ID: 
P37019 

  

gene 
(Staphylothermus 
marinus) 

GltSm 10.1111/fe
bs.12105 

Uniprot ID: 
A3DPQ3 

  

recombinant DNA 
reagent 

pBCH/G4-
GltPh 

10.1038/na
ture03018 

    

recombinant DNA 
reagent 

pET-
VcINDY 

10.1038/na
ture11542 

    

recombinant DNA 
reagent 

pASK-CLC-
ec1 

10.1085/jg
p.2003089
35 

    

recombinant DNA 
reagent 

pBAD-
GltSm 

This study   GltSm from the 
GltSm-GFP 
fusion gene 
(ref: 
10.1111/febs.1
2105) was 
cloned into a 
pBAD-HisA 
vector (Fisher 
Scientific) 

chemical 
compound, drug 

Asolectin Avanti 
Polar 
Lipids 

Cat # 
541601G 

  

Software, 
algorithm 
 

Pymol PyMOL 
Molecular 
Graphics 
System, 
Schröding
er, LLC 
 

RRID:SCR_
000305 

www.pymol.org 

Software, 
algorithm 

Matlab Mathworks RRID:SCR_
001622 

www.mathwork
s.com 

Software, 
algorithm 

Origin Originlab RRID:SCR_
014212 

www.originlab.c
om 
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GltPh 

Native Expression. GltPh constructs used in this study were expressed from the 

pBCH/G4 vector (kindly provided by Dr. Eric Gouaux) in Escherichia coli TOP10 cells 

(Fisher Scientific)(149). Protein expression and membrane preparation was carried out 

as described (155). The membrane vesicles were solubilized using dodecyl-β-D-

maltopyranoside [DDM, 2% (w/v)] and GltPh was purified by metal affinity 

chromatography (Ni NTA resin, Qiagen) and size exclusion chromatography (SEC) as 

described (155). SEC was carried out on a Superdex S-200 column (GE Biosciences) 

using 20 mM HEPES-NaOH pH 7.5, 200 mM NaCl, and 0.1% (w/v) DDM as the column 

buffer.  

Dissociation and reassociation of GltPh. Dissociation of GltPh into subunits was carried 

out by the addition of 1% (w/v) SDS, 0.1 M DTT, 1 mM EDTA and incubation at 45 oC for 

1 hour. Reassociation was carried out by a 10-fold dilution of the SDS-dissociated 

subunits into 20 mg/ml Asolectin vesicles in lipid buffer (20 mM HEPES-NaOH pH 7.5, 

200 mM NaCl, 10 mM DTT, 1 mM Asp) and incubated at room temperature for 5 hours. 

For purification of the reassociated GltPh (r- GltPh), the lipid vesicles were dialyzed 

against 20 mM HEPES-NaOH pH 7.5, 200 mM NaCl for the removal of DTT and EDTA. 

r-GltPh was purified from the lipid vesicles as described for the native protein. For the 

detergent control, the SDS dissociated GltPh was diluted 10-fold into 2% (w/v) DDM in 

lipid buffer. Following incubation at room temperature for 5 hours, the solution was 

dialyzed against 20 mM HEPES-NaOH pH 7.5, 200 mM NaCl, 0.1% (w/v) DDM and the 

protein was purified as described.  

Glutaraldehyde crosslinking. The oligomeric state of the proteins was assessed using 

chemical crosslinking with 0.1 % (w/v) glutaraldehyde for 15 minutes at room 

temperature. Crosslinking reaction was quenched by the addition of 100 mM Tris. The 
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samples were electrophoresed on a 12% SDS-PAGE gel and the proteins were 

visualized by staining with Coomassie Blue.  

Aspartate binding assays. Aspartate binding assays were carried out on GltPh with a 

L130W substitution (150). Prior to the binding assay, the GltPh sample was extensively 

dialyzed against the assay buffer [20 mM Tris-HEPES pH 7.4, 200 mM Choline Chloride, 

0.1% (w/v) DDM] to remove any bound Asp. The binding assays were carried out using 

~100 nM of GltPh at 30 oC in assay buffer containing 10 mM NaCl. Binding of Asp was 

monitored by the change in the fluorescence emission at 334 nm following excitation at 

295 nm. The fraction bound was calculated by normalizing the change in fluorescence 

following Asp addition to the maximum change observed and KD was determined by a fit 

to the equation: Fb =  [Asp]
KD+[Asp]  

Aspartate transport assays. For Asp transport assays, the native and r-GltPh was 

reconstituted at into lipid vesicles comprised of a 3: 1 ratio of Escherichia coli Polar lipids 

to 1-palmitoyl-2-oleoyl-glycero-3phosphatidylcholine (POPC) at 6 µg of protein/mg of 

lipid as previously described (151). The transport assays were carried out in 20 mM Tris-

HEPES pH 7.5, 200 mM NaCl, 1 µM valinomycin and 100 nM 14C Asp (Moravek 

Biochemicals) at room temperature as previously described (155). Background levels of 

Asp transport was determined in the absence of NaCl, with 100 mM KCl in the assay 

buffer.  

Single Molecule Experiments. Native and r- GltPh used for the smFRET experiments 

carried the N378C substitution. The native and r-GltPh molecules were exchanged into 

Buffer A [20 mM Hepes/NaOH, pH 7.4, 200 mM NaCl, 0.1 mM L-aspartate, 0.1 mM 

Tris(2-carboxyethyl)phosphine and 40 mM DDM)] using SEC and the proteins were 

labeled at a concentration of 20 µM in Buffer A with a mixture of maleimide-activated 

Cy3, Cy5 and biotin-PEG11 at 50, 100 and 20 µM final concentrations, respectively 
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(molar ratio 1:2:0.4), as before(182). Single-molecule experiments were performed using 

a home-built, prism-based total internal reflection fluorescence instrument constructed 

around a Nikon TE2000 Eclipse inverted microscope body. Individual molecules were 

surface immobilized within a streptavidin-coated, passivated microfluidic via the biotin-

PEG11 moiety (182, 281). All imaging experiments were performed in a buffer containing: 

200 mM NaCl and 0.1 mM aspartate, 20 mM Tris-HEPES pH 7.4, 1 mM DDM, 5 mM β-

mercaptoethanol, 1 mM cyclooctatetraene, an enzymatic oxygen scavenger system 

comprising 1 unit/ml glucose oxidase (Sigma), 8 units/ml catalase (Sigma) and 0.1% 

glucose (282).  

 Acquired Cy5 intensities (ICy5) from native and r-GltPh molecules were analyzed in 

MATLAB (Mathworks) using the SPARTAN software package (283) (available at 

http://www.scottcblanchardlab.com/software) and plotted in Origin (OriginLab). FRET 

trajectories obtained were calculated from the acquired intensities, ICy3 and ICy5, using the 

formula FRET = ICy5/(ICy3 + ICy5). Trajectories for further analysis were selected within the 

SPARTAN software environment according to the following criteria: a single catastrophic 

photobleaching event; over 8:1 signal-to-background noise ratio; a FRET lifetime of at 

least 5 seconds. Population contour plots were constructed by superimposing the FRET 

data from individual traces. Histograms of these population data were fit to Gaussian 

functions in Origin (OriginLab).  

Assembly of heteromeric GltPh. The wild type GltPh construct or with the R397A 

substitution were expressed and purified as described. The His6 tag present was 

removed by proteolysis with Thrombin overnight at room temperature. The complete 

removal of the His6 tag was confirmed by SDS-PAGE and the protein was purified by 

SEC as described. GltPh protein with the L130W substitution was similarly expressed and 

purified but in this case the His6 tag was not removed.  

http://www.scottcblanchardlab.com/
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 Prior to the mixing experiment, the concentration of the proteins was determined 

by measuring the absorbance at 280 nm. Since accurate determination of the protein 

concentration is important, the protein concentrations were confirmed by running a serial 

dilution of the proteins on a SDS-PAGE gel and comparing the intensity of the protein 

bands after Coomassie Blue staining. The wild type and the R397A GltPh proteins were 

mixed with the L130W GltPh protein in a 10:1 ratio. The protein was then dissociated and 

reassociated as described. The presence of a His6 tag on the L130W subunit allows the 

purification of the GltPh heterotrimers with a L130W subunit. The GltPh heterotrimers were 

further purified by SEC. Asp binding assays for the heterotrimeric GltPh were carried out 

as described.  

DEER experiments. The GltPh construct with cysteine substitutions at 216 and 294 

positions was expressed and purified as described above. Following purification, the 

protein in detergent solution was labelled with the MTSL spin label (1-oxyl-2,2,5,5-

tetramethylpyrrolidin-3-yl) methyl methanethiosulfonate; Toronto Research Chemicals) 

at 20:1 spin label to channel molar ratio. Following overnight labeling at 4 °C, the excess 

label was removed using SEC as described (208). Heteromeric GltPh transporters, in 

which only a single subunit carried the 216, 294 Cys substitutions, were assembled as 

previously described and spin labelled. 

Prior to DEER measurements, the buffer was exchanged to 200 mM NaCl or 200 

mM NaCl/300 µM aspartate, 2 mM DDM, 20 mM HEPES pH 7.4, and ca. 80-85% D2O. 

(Stock solutions of buffer components in H2O were mixed and diluted with D2O to the 

final concentrations). Subsequently ca. 96 µM GltPh monomer solution (i.e., about 32 µM 

trimer) was mixed with glycerol-d8 to the final glycerol concentration of 20% (w/v). 

Sample volumes of about 20 µl were loaded into custom-sized glass capillary tubes (o.d. 

~2.6 mm, Wilmad LabGlass, Inc.) and plunge-frozen in liquid N2 for DEER 

measurements. All measurements were performed at 60 K using a home-built Ku-band 
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pulse EPR spectrometer (284) operating at 17.3 GHz as described previously (183, 

285). The standard four-pulse DEER experiment (286) used for detection π/2-t1-π-t2-π 

pulse sequence with respective pulse widths of 16 ns, 32 ns and 32 ns. A 32 ns pump π-

pulse, applied at the center peak of nitroxide ESR spectrum, was used throughout all 

measurements. The frequency separation between detection and pump pulses was 70 

MHz to position the detection pulses at the low-field edge of the nitroxide spectrum. 

Homogeneous (log-linear) signal background decay was removed from the raw DEER 

data and the background-subtracted DEER signals were normalized to read modulation 

depths at zero evolution time as described previously. (285) Interspin distances were 

reconstructed from the background-subtracted DEER data using the L-curve Tikhonov 

regularization method (287) and refined by the maximum entropy method (288). 

GltSm 

GltSm was amplified by PCR from a plasmid carrying the gene for a GltSm-GFP fusion 

protein (265) and cloned into a pBAD-HisA vector (Fisher Scientific) with a N-terminal 

His6 tag. The GltSm vector was transformed into TOP10 cells (Fisher Scientific) for 

protein expression. Protein expression and purification of the GltSm protein was carried 

out as described for GltPh. Dissociation and reassociation of GltSm was carried out using 

the same protocol used for GltPh. The native and reassociated GltSm was reconstituted 

into lipid vesicles comprised of a 3: 1 ratio of Escherichia coli polar lipids to POPC at 3 

µg of protein/mg of lipid and transport assays were carried out in 20 mM Tris-HEPES pH 

7.5, 200 mM NaCl, 1 µM valinomycin and 100 nM 14C Asp at 30 oC as previously 

described for the GltPh transporter .  

VcINDY 

Native Expression. VcINDY was expressed from a pET vector (kindly provided by Dr. 

Joseph Mindell) in Escherichia coli BL21-AI (Fisher Scientific) cells as described (2, 

266). Following expression, cells were pelleted, suspended in 50 mM Tris-HCl pH 7.5, 
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200 mM NaCl, 0.25 M sucrose, 1 mM MgCl2 and membranes were prepared as 

previously described (270). The membranes were solubilized in 2% (w/v) DDM and the 

VcINDY protein was purified using metal affinity chromatography (Talon, Clontech) 

followed by SEC. SEC was carried out on a Superdex S200 column (GE Biosciences) 

using 50 mM HEPES-NaOH (pH 7.5), 200 mM NaCl, 1 mM DTT, 0.1 mM EDTA and 

0.1% (w/v) DDM as the column buffer. 

Dissociation and Reassociation of VcINDY. Dissociation of VcINDY into subunits was 

carried out by the addition of SDS to 1% (w/v), 0.1 M DTT, 1 mM EDTA and incubation 

at 45 oC for 30 mins. Reassociation was carried out by a 10-fold dilution of the SDS-

dissociated subunits into lipid vesicles (20 mg/ml Asolectin in 50 mM HEPES-NaOH, 50 

mM Citrate, 100 mM NaCl, 10 mM DTT and incubated overnight at room temperature. 

For purification of the reassociated (r-) VcINDY, the lipid vesicles were dialyzed against 

50 mM Tris-HCl, pH 7.5, 200 mM NaCl to remove the DTT. The lipid vesicles were 

solubilized and r-VcINDY was purified as described for the native protein. 

Succinate transport Assays. The native and the r-VcINDY were reconstituted into 

liposomes consisting of a 3:1 ratio of Escherichia coli Polar lipids to POPC (2). The lipids 

obtained as chloroform solutions, were dried and re-suspended at a concentration of 10 

mg/ml in 10 mM HEPES-KOH, pH 7.5, 100 mM KCl. The lipid solution was subjected to 

five freeze–thaw cycles with liquid N2 and then extruded though a 400-nm filter. The lipid 

vesicles were partially solubilized by the addition of decyl-β-D-maltopyranoside [DM, 

0.5% (w/v)]. Protein was added to the lipids at a ratio of 3 µg protein/mg lipid along with 

another aliquot of DM to bring the detergent concentration to 1.0% (w/v). The protein-

lipid mixture was incubated at room temperature for 3-4 hours with gentle shaking and 

then the detergent was gradually removed, and proteoliposomes were formed by 

multiple additions of Biobeads (Bio-Rad Laboratories) over 24 hours. The 
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proteoliposomes were separated from the Biobeads, collected by centrifugation, frozen 

in aliquots using liquid N2 and stored at −80°C.  

 For transport assays, the previously frozen proteoliposomes were thawed and 

centrifuged at 175,000g for 70 minutes at 4 oC. The pelleted proteoliposomes were re-

suspended in the low Na+ buffer [20 mM Tris-HEPES (pH 7.5), 199 mM KCl, 1 mM NaCl] 

at 10 mg/ml lipid, subjected to two freeze−thaw cycles with liquid N2, and extruded 

through a 400-nm filter. The proteoliposomes were then centrifuged and re-suspended in 

the low Na+ buffer at 100 mg/ml lipid. The uptake reaction was initiated by diluting the 

proteoliposomes 100-fold into the assay buffer [20 mM Tris-HEPES (pH 7.5), 100 mM 

KCl, 100 mM NaCl and 1 mM 14C-Succinate (Moravek Biochemicals)] at room 

temperature. For each time point, a 200 μL aliquot was removed and diluted 10-fold into 

ice-cold quench buffer [20 mM Tris-HEPES (pH 7.5), 100 mM choline chloride] followed 

by filtration over nitrocellulose filters (0.22 μm, Millipore). Filters were washed thrice with 

2 mL of ice-cold quench buffer and assayed for radioactivity. Background levels of 14C-

Succinate uptake were determined in the absence of a sodium gradient (1 mM Na+ on 

both sides). 

CLC-ec1 

Dissociation of the CLC-ec1 dimer. CLC-ec1 containing a C-terminal polyhistidine tag 

was overexpressed in Escherichia coli BL21 (DE3) cells and purified as described (289). 

Dissociation of the CLC-ec1 was carried out as described for the KvAP channel (270). 

Briefly, Triton X-100 was added to the CLC-ec1 solution to 2% (v/v), and the protein was 

precipitated by the addition of trichloroacetic acid to 15% (w/v) and incubated at 4 °C for 

30 min. The protein precipitate was collected by centrifugation, washed twice with 

acetone and 0.1% TFA (trifluoroacetic acid), and then solubilized in 50% TFE 

(trifluoroethanol) and 0.1% TFA. The TFE solution was lyophilized to provide the 

dissociated CLC-ec1 that was used for in vitro assembly.  
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In vitro assembly of CLC-ec1. The lyophilized CLC-ec1 was dissolved in 50 mM 

HEPES-NaOH pH 7.4, 200 mM NaCl, 10 mM EDTA, 0.1 M DTT, 1% (w/v) SDS and 

diluted 10-fold into lipid vesicles (20 mg/ml asolectin in 50 mM HEPES-NaOH, 200 mM 

NaCl, 10 mM DTT) and incubated overnight at room temperature. For purification, the 

lipid vesicles were initially dialyzed against 50 mM Tris-HCl, pH 7.5, 200 mM NaCl to 

remove the DTT and EDTA. The lipid vesicles were then solubilized and the in vitro 

assembled CLC-ec1 (r-CLC-ec1) was purified as described for the native protein.  

Chloride flux assays for CLC-ec1. The native and r-CLC-ec1 channels were 

reconstituted into liposomes and Cl- flux assays were carried out similarly to that 

previously described (290) with some minor differences. Briefly, ClC-ec1 was 

reconstituted into E. coli polar lipids at a concentration of 0.4 µg of protein per mg lipid. 

Detergent was removed to form liposomes by dialysis against 300 mM KCl, 25 mM 

citrate pH 4.5. For flux assays, vesicles were freeze-thawed five times in dry ice/acetone 

and extruded through a 400 nm filter. Extra-vesicular solution was exchanged by 

centrifuging 60 µL of extruded vesicles through a 1.5 mL Sephadex G-50 column 

equilibrated in Flux Buffer (100 mM K2SO4, 0.05 mM KCl, 25 mM anhydrous citrate pH 

4.5 with NaOH). The vesicles were then diluted into Flux buffer and extra-vesicular 

chloride concentration was monitored with an Ag/AgCl electrode. Chloride efflux was 

initiated with ~5.8 µM valinomycin, and after an additional 1 minute, vesicles were 

broken upon with addition of ~0.13% Triton X-100. Flux was normalized to the total 

amount of chloride release after addition of Triton X-100. 
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Appendix D: Supplementary Information 
 

 
 
Figure S4.1. Spectral properties of wild type and L130W-GltPh. Fluorescence emission 
spectra of the L130W-GltPh in 10 mM NaCl (solid black) and after addition of 100 µM Asp 
(solid red) with excitation at 295 nm. Spectra of the wild type GltPh before (dashed black) 
and after the addition of 100 µM Asp (dashed red). Equal amounts (50 nM) of the wild type 
and the L130W-GltPh protein was used for measuring the spectra. An increase in 
fluorescence at 334 nm is observed on Asp binding by L130W-GltPh. No corresponding 
fluorescence change is observed for the wild type GltPh.  
 

 

 
 
Figure S4.2. Asp binding by R397A-GltPh. Asp binding by R397A-GltPh with the L130W 
substitution in 10 mM Na+ was carried out as described in legend to figure 1. The R397A 
substitution (KD = 238 µM) causes a ~ 1300 fold decrease in affinity for Asp binding 
compared to the wild type GltPh (KD = 0. 183 µM). Error bars indicate S.E.M. for n > 3. 
 

 
 
Figure S4.3. Assembly of heteromeric GltPh. A heteromeric GltPh with two wild type 
subunits and one subunit with the L130W substitution was assembled using the protocol 
diagrammed in figure 3A. SDS-PAGE gel showing molecular weight markers (Lane 1), the 
L130W-GltPh His6 (lane 2), wild type GltPh (Lane 3) and heterotrimeric GltPh (Lane 4). The 
presence of both the subunits in the heterotrimeric GltPh is shown. 
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Chapter 5: Concluding Remarks 

 At the start of my thesis research, there was a wealth of functional and 

biochemical data on the overall transport cycle of EAATs with only a few structures 

available to describe rearrangements of glutamate transporters along the transport 

cycle. The stoichiometry and basic steps in the transport cycle were determined for 

EAATs as well as the prokaryotic homolog, GltPh. Both EAATs and GltPh couple three 

Na+ ions to the translocation of one molecule of substrate and isomerize the transport 

domain between OFS and IFS through an elevator mechanism. Our knowledge of the 

transport mechanism has been greatly enhanced by the use of the archaeal homolog, 

GltPh, including the structural basis for the elevator mechanism and the sequential 

binding events necessary for transport. The allosteric coupling mechanism necessary to 

regulate both binding site rearrangements and extracellular gate movement to 

accomplish substrate translocation was unknown. My thesis work has focused on filling 

the gap in understanding of the molecular mechanism underlying the coupling 

mechanism in glutamate transporters. During the course of this thesis research, several 

structural studies were able to populate steps of the transport cycle and resolve distinct 

conformations of the binding site in different ligand states (for example OFS: Apo, Na+ 

only, Na+/TBOA, Na+/Asp). I was able to exploit these structural data to use in 

conjunction with novel functional assays and mutagenesis studies to elucidate the 

coupling mechanism at a molecular resolution.  

 Extracellular gate movement is one of the main components which determines 

the ability of the transporter to bind and translocate substrate. In the coupling 

mechanism, Na+ binding at the Na1 and Na3 sites causes both rearrangements in the 

binding site and the extracellular gate. Both structural and spectroscopic studies confirm 

that in the presence of Na+, the extracellular gate is open(203, 208). Therefore, HP2 

opening can take place through two different mechanisms: Na+ binding induces HP2 
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opening through an allosteric mechanism (induced fit) or Na+ binding traps the protein in 

the HP2 open state (conformational selection). The first step in investigating the coupling 

mechanism was to determine how Na+ binding accomplishes HP2 opening. One of the 

main limitations to addressing this essential process was a lack of tools to monitor 

protein dynamics. As presented in Chapter 2, I was able to develop a fluorescence-

based assay to monitor HP2 movement using dual probe incorporation. By collecting the 

rates of opening at different Na+ concentrations, I was able to establish that HP2 opens 

in an induced fit mechanism, meaning the allosteric changes which occur upon Na+ 

binding are responsible for opening HP2. This was further supported by kinetics 

experiments of Na+ binding in Chapter 3.  

 Several binding site residues which undergo Na+ based conformational changes 

were identified through structural analysis(154, 164). Candidate residues were screened 

for a role in the coupling process before assessing their potential role in Na+ induced 

HP2 opening. Through steady state and kinetic studies of residue substitutions in the 

HP2 movement assay, I was able to propose a mechanism for how HP2 is opened. 

Briefly, Na+ binds to Na1/3 sites which causes rearrangements in the NMDGT, 

specifically M311 and T314. Na+ binding causes M311 to flip toward the binding site 

where it serves as a wedge to break HP1-HP2 interactions and keep HP2 open. T314 

moves toward the binding site to push R397 out of the binding site into the flipped 

conformation. T314 is further stabilized in the Na+ bound conformation through side 

chain interactions with N401. The movement of R397 out of the binding site disrupts 

HP2 interactions to allow for full opening and stabilization of the flipped R397 

conformation which is essential for efficient, coupled HP2 opening. Once HP2 is open, 

substrate can bind and partially close HP2. Na2 binding is then needed to overcome the 

M311 wedge for full HP2 closure so the transporter can translocate substrate. This 

mechanism explains why substrate cannot bind without Na+ since Na+ is responsible for 
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rearrangements of substrate coordination residues and HP2 opening necessary to bind 

substrate.  

 The determined pathway between Na+ binding and HP2 opening is comprised of 

various binding site rearrangements, but the specific molecular consequence of Na+ 

binding to the Na1 and Na3 sites individually was initially undetermined. To probe the 

beginning steps of the coupling process involving Na+ binding, I developed two 

additional fluorescence-based assays to monitor the initial Na+ binding event and the 

intrinsically linked Na+ induced NMDGT rearrangements. These assays along with the 

HP2 movement assay permitted full coverage of key events in the coupling mechanism. 

These assays, when paired with Na+ site perturbations, allowed for specific roles of the 

Na1 and Na3 sites to be elucidated. Through individually perturbing the Na+ sites, I 

found that Na1 binding causes partial HP2 opening which supports low affinity substrate 

binding, Na3 binding is predominately responsible for NMDGT rearrangements, and both 

Na1 and Na3 binding are needed for efficient HP2 opening and high affinity substrate 

binding. From previous studies and my new data on the consequences of binding at Na1 

and Na3 sites, I was able to further refine my proposed coupling mechanism for HP2 

opening. Briefly, Na1 binds first to the Apo transporter, breaking the hydrogen bond 

network which keeps the binding site and HP2 locked in Apo conformation. Na1 binding 

allows for HP2 to partially open and support low affinity substrate binding. The second 

Na+ ion then binds to the Na3 site by way of the Na1 site or through an alternative path 

revealed in the partially open HP2 state and causes the necessary rearrangements in 

the NMDGT. With both Na1 and Na3 bound, the binding site is fully rearranged to 

support full HP2 opening and high affinity substrate binding. This mechanism explains 

two features of transport: substrate binding at low Na+ and the ability of substrate to 

improve the affinity of Na+. The Na1 bound state is responsible for the ability to bind 

substrate at low Na+ even when HP2 is not fully open and how substrate can improve 
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Na+ affinity. Therefore, substrate binds in a mix of two modes: the Na1 bound and Na1/3 

bound states dependent on Na+ concentration. 

  With the studies presented in Chapter 2 and 3, the HP2 opening arm of the 

coupling mechanism is resolved for GltPh. The same key residues which have been 

identified in the Na+ induced conformational wave are conserved in EAATs and therefore 

our newfound understanding of the coupling process in GltPh can be applied to EAATs. 

Another indication that our findings are applicable is the fact that these key conserved 

players have similar secondary structure placement in EAATs. By comparing the 

differences between GltPh and EAATs in transport, we can also gain insight into the 

transport mechanism. For example, the single side chain residue for Na1 site, D405, has 

been studied extensively both in GltPh and in EAATs with varying effects. In GltPh, there 

is a loss of Na+ affinity with D405N and a loss of Na+ dependence for substate binding 

while different studies in EAATs report a wide variety of effects on Na+ affinity, substrate 

affinity and translocation, and K+ countertransport(133, 166, 167). In my proposed 

mechanism Na1 binding partially opens HP2 and disrupts Apo-R397 positioning in GltPh. 

Recently solved EAAT3 structures show that in the Apo-IFS, HP2 is already slightly 

open and the analogous R397 residue has an altered position partially out of the binding 

site and interacts with E374 instead of HP2 (protonation site)(197). The role for D405 to 

coordinate Na+ at the Na1 site therefore may be masked by the additional Apo state 

position of R397 and HP2 in EAATs. Differences with the D405N mutation also alludes 

to the role of H+ in the coupled binding process for EAATs involving R397 which would 

explain why D405 substitutions have less impact on the overall transport process when 

compared to GltPh. Both differences and similarities between transport in EAATs and 

GltPh can reveal insights into the transport mechanism.   

 In addition to the fluorescence assays, I also helped to validate and apply a new 

methodology to generate of heteromeric variants of homomeric membrane proteins in 
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Chapter 4. The methodology helps to address challenges in investigations of 

transporters which are homomeric. In spectroscopic studies such as DEER and 

smFRET, it is preferential to label one subunit to limit the number of probes reporting on 

conformational changes in order to make spectroscopic measurements easier. 

Heteromeric variants of monomeric proteins can be generated through alternative 

methods, but there is usually a large hit in protein yield. The dissociation and 

reassociation of oligomers presented in Chapter 4 utilizes recombinantly expressed 

proteins (increased protein yield) which can be mixed in defined ratios to get the desired 

heteromeric proteins. Most of my thesis research was focused on assay development 

and studying the coupling mechanism within a glutamate transporter protomer. With the 

in vitro reassembly methodology, I was able to probe coupled binding between 

protomers. It was previously established that each protomer can translocate 

independently, but I was able to assess if there is cross talk between subunits in 

substrate binding. As expected, coupled binding of substrate is independent from other 

subunits in the trimer.  

 The second arm of the coupling mechanism involves HP2 closure in the OFS. As 

presented in Appendix C, I have preliminary data exploring protein-substrate interactions 

which are necessary for HP2 closure. These data are consistent with a substrate 

assisted closure mechanism since different chemical moieties on the substrate affect the 

extent of HP2 closure differentially. Substrate backbone interactions are essential for 

substrate binding while the side chain moiety and size determine the extent of HP2 

closure. More experiments are necessary to flesh out a mechanism for coupled HP2 

closure such as further testing the effects of the analogue substrate series, HP mutant’s 

effect on substrate binding, and kinetics experiment of HP2 closure to define a kinetic 

mechanism. Experiments using the HP2 movement assay can be used to explore the 

role of the Na2 site in both substrate binding and HP2 closure. Na+ ion binding to the 
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Na2 site which is mainly formed from HP2 residues follows substrate binding. Perturbing 

the Na2 site and monitoring the functional effects will help inform the last piece in 

sequential binding: the role of Na2 site. It is then possible to differentiate if the Na2 site 

is necessary for HP2 closure or mainly a stabilizing binding event which follows both 

substrate binding and HP2 closure. With additional experiments using a combination of 

HP2 movement data, mutagenesis, alternative substrate series and kinetics, the second 

arm of the coupling mechanism in OFS can be determined.   

 A related area of research which can be addressed with HP2 closure 

experiments would be to test the substrate analogues along with proposed cancer drugs 

in a GltPh modeled after ASCT1 and ASCT2. The experiments on altered GltPh could 

inform on potential selectivity difference between the two isoforms. ASCT1 and ASCT2 

differ in three key residues compared to GltPh (T314 to Ala, R397, and T352 to Ala) 

which can be altered to confer different substrate selectivity in ASCT (291). At the 

corresponding GltPh R397 position, the two isoforms differ where ASCT1 has a Thr while 

ASCT2 has a Cys. In previous studies with GltPh, a Cys substitution at R397 resulted in 

altered selectivity for neutral amino acids and mimics ASCT2(153). It is an objective, 

when developing cancer therapeutics, to create selective molecules that will only inhibit 

one subtype of neutral amino acid transporters. By exploiting my GltPh assays, the 

potential differences between ASCT isoforms can be characterized to inform selective 

inhibitor design.   

 An additional avenue of research would be to further develop the HP2 movement 

assay. This would consist of additional experiments to determine the mechanism for 

fluorescence changes, characterize HP2 motions in a lipid environment, and adapt the 

assay for other proteins. Lifetime measurements monitoring the Trp in the HP2 

movement assay will determine the mechanism for Trp quenching by PheCN. By looking 

at the change in decay times and intensities, one can conclude if the quenching is 
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dynamic or static(233, 292). This data will also help define limitations to the probe pair’s 

placement within a protein. Another area of enhancement of the HP2 movement assay is 

to test the fluorescence changes for both steady state and kinetics measurements in a 

lipid environment. Recombinant UAA containing GltPh would be reconstituted into defined 

lipid environments to create protein containing nanodiscs. The use of polarized light and 

nanodiscs instead of liposomes will help to overcome lipid scattering in fluorescence 

measurements and maximize the signal change. The effects of different lipid 

composition on binding events and the coupling process would be explored as well as 

the potential role of specific lipids identified in new cryo-EM structures. 

 The final developmental stage for the HP2 movement assay would be to apply 

the dual probe incorporation to monitor protein dynamics in another transporter or 

another protein. The applicability of the dual-probe pair (PheCN/W) involves two key 

factors: what system the protein of interest is expressed in (pertaining to ability to 

incorporate UAA) and how many native Trps the protein contains (magnitude and 

specificity of signal change). Since one component of the probe pair is the unnatural 

amino acid PheCN, whatever system the protein of interest is expressed in must have a 

biorthogonal tRNA/tRNA synthetase pair available to accomplish nonsense-suppression 

UAA incorporation or be amenable to semisynthetic strategies for UAA incorporation. 

The other component of the probe pair is Trp which is the source of the fluorescence 

emission monitored for the movement assay. Most proteins have multiple Trp residues 

and to use the PheCN/Trp pair, the other Trps must be silenced to ensure monitoring of a 

specific event and the maximal fluorescence signal change. In GltPh, the magnitude of 

fluorescence change is enough to tolerate the presence of an additional Trp and 

therefore silencing all Trps may not be necessary in other proteins. EAATs are next 

logical protein target to adapt the probe pair to monitor HP2 movement. The applicability 

of the HP2 movement assay to EAATs relies on the ability to produce enough UAA 
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incorporated eukaryotic protein to purify and perform experiments and the ability to 

silence the three to four native Trp residues. To circumvent the need for eukaryotic 

protein purification, the HP2 movement assay could be adapted into a cell-based plate 

reading assay. A cell-based assay would require a Trp analogue with unique 

fluorescence emission to ensure Trp residues in the cell do not contribute to the 

fluorescence monitored. But to incorporate a useful Trp analogue such as 4-

cyanoTrp(293), the orthogonal tRNA/tRNA synthetase pair would have to be developed. 

Besides eukaryotic EAATs, a prime candidate for adapting the dual probe distance 

dependent quenching assay would be other transporters with similar topology and gates 

such as CNTNW. CNTNW is a nucleoside transporter which utilizes an elevator 

mechanism to isomerize between OFS and IFS and has two hairpin loops which help 

form the binding site(294). CNTNW only has four native Trp residues to be silenced for 

maximal signal change and is readily expressed recombinantly in E.coli. A similar 

mechanistic understanding of gate movement could be explored in CNTNW through a 

similar movement assay as well as demonstrate if the gating mechanism found in GltPh is 

broadly applicable.  

 To fully complete our understanding of the allosteric coupled binding process, 

findings for GltPh need to be validated in EAATs and expanded to incorporate the 

additional ions EAATs require for the transport cycle. EAATs can be readily expressed in 

Xenopus oocytes for functional experiments and this system is also amenable to 

unnatural amino acid incorporation. The lab has expertise in UAA incorporation to allow 

for an expansion of chemical modification which can be made to explore different facets 

of chemical properties. One application would be the perturbation of the Na+ sites 

through altering the backbone chemistry from amide to ester instead of side chain 

substitutions. In addition to investigating forward transport to corroborate the mechanism 

determined in GltPh, the role of H+ in EAATs can be explored for forward transport. One 
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of the main areas of unknowns for glutamate transporters is how the additional ions, H+ 

and K+, factor into the molecular coupling mechanism as well as where the K+ site is 

located.  

 Using the assays I have developed along with mutagenesis and complementary 

techniques, the molecular mechanism for coupled binding necessary for extracellular 

gate opening in GltPh has been resolved. These same assays can be used to elucidate 

the second arm in the coupling mechanism involving HP2 closure. The HP2 movement 

assay can also be adapted for other proteins to study their respective transport 

mechanisms and/or conformational dynamics. Future studies on the transport cycle 

should focus on understanding how a H+ is incorporated into fully loading the transporter 

and how K+ binding is coupled to the IFS to OFS transition. The second large remaining 

unknown in the field is the mechanism of substrate release. This process can be partially 

addressed through studies in GltPh using the HP2 movement assay, trapped OFS/IFS, 

and mutagenesis studies.  
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