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Surprisingly, in contrast to the large immobilizing effect observed upon the ad-
dition of extraliposomal inhibitor 792949, the inclusion of intraliposomal in-
hibitor caused only a minor spectral change. This observation indicates that
binding of 792949 to CTP from the internal surface of the proteoliposomes
(i.e., the matrix-facing conformation) occurs to a much lesser extent than
does binding to CTP from the external surface (i.e., the cytosolic-facing confor-
mation). We conclude that external 792949 affects spin-label mobility at both
monomers within the functional homodimer suggesting a tight coordination of
the two monomers. Supported by NIH grant GM-054642 to R.S.K.
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Characterization of Substrate Binding by the Bacterial Aspartate Trans-
porter GltPh Through Equilibrium and Stopped-Flow Tryptophan Fluo-
rescence Measurements
David Ewers, Toni Becher, Rabea Krefft, Patricia Hidalgo, Christoph Fahlke.
Medizinische Hochschule Hannover, Hannover, Germany.
Excitatory amino acid transporters (EAATs) remove glutamate from the synap-
tic cleft to ensure low resting glutamate concentrations and to terminate gluta-
matergic synaptic transmission. We here study substrate binding to a bacterial
EAAT paralog with known structure, GltPh from Pyrococcus horikoshii, using
fluorescence spectroscopy. We expressed mutant transporter with an inserted
tryptophan in the TM3-TM4-linker, L130W GltPh, and studied tryptophan fluo-
rescence of solubilized and purified L130W GltPh. In the presence of Naþ, ad-
dition of aspartate causes changes in fluorescence intensities, as does addition
of Naþ in the presence of aspartate, allowing the construction of aspartate and
Naþ binding isotherms. Titrations of the mutant protein with aspartate at in-
creasing temperatures resulted in increased apparent dissociation constants.
Van’t Hoff plots were linear over a measured range from 10 to 40�C, yielding
a large negative aspartate binding enthalpy that is partly compensated by a neg-
ative binding entropy. Naþ binding equilibria were less temperature dependent,
but Naþ binding showed to be enthalpy driven as well. Pre-equilibrium kinetics
of substrate binding were monitored by measuring fluorescent changes after
rapid application of substrates to L130W GltPh. Exponential fits to the binding
transients required two time constants t1 and t2, reflecting at least two under-
lying processes. Most of the change in fluorescence was associated with the fast
process with t1 in the range of hundreds of ms. t1

�1 showed linear dependence
on [Naþ], suggesting that the fast process represents Naþ binding. Aspartate
uptake by GltPh was recently shown to exhibit a Q10 of 3.7, indicating at least
one significant conformational change during the transport cycle (Ryan et al.
(2009) J Biol Chem 284, 17540-17548.). t1 was decreased by rising tempera-
tures, but with lower Q10 than the whole transport cycle.
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Glutamate acts as the primary excitatory neurotransmitter in the mammalian
central nervous system. Clearance of this neurotransmitter from the synapse
is accomplished by a family of glutamate transporters known as EAATs, which
move synaptic glutamate across the cell membrane into the cell against its con-
centration gradient. It has long been speculated that the mechanism for transport
involves the movement of extracellular and intracellular gates, providing ‘‘al-
ternating access’’ to a substrate binding site. Recently, the crystal structure of
a related bacterial transporter, GltPh, was solved, revealing two helical hairpins
(HP1 and HP2) which have been proposed to contribute to these gates. A num-
ber of studies have shown that HP2, which lies on the extracellular side of the
protein, can adopt multiple conformations that either provide or restrict access
to the substrate binding site. However, to date there is no structural information
describing conformational changes involving HP1. Here we use the technique
of site-directed spin labeling (SDSL) electron paramagnetic resonance (EPR)
spectroscopy to explore the local structure and dynamics of residues within
HP1 (residues 264-283) in purified GltPh reconstituted into proteoliposomes.
The EPR spectra suggest that the protein exists in two conformational states un-
der our purification conditions. Upon addition of substrate, we note changes in
the relative abundance of these states. We are currently working to further char-
acterize each of these conformational states in order to better understand the
structural dynamics associated with substrate transport.
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Mechanism of Interaction of the Glutamate Transporter EAAC1 with Kþ

Christof Grewer.
Binghamton University, Binghamton, NY, USA.
Forward glutamate transport by the excitatory amino acid carrier EAAC1 is
coupled to the inward movement of three Naþ and one Hþ, and the outward
movement of one Kþ ion. Internal Kþ is known to bind to the transporter after
glutamate and Naþ are unloaded to the cytosol, subsequently initiating reloca-
tion of the transporter binding sites to complete the transport cycle. However,
parameters of Kþ interaction with EAAC1, such as affinity and voltage depen-
dence, are currently unknown. Here, we determined the steady-state and pre-
steady state kinetics of the interaction of Kþ with its extracellular binding
site, and the subsequent Kþ transport step, by using transport current recording
from EAAC1-transfected cells. Our results show that Kþ binds to its extracel-
lular binding site with high affinity (Km ¼ 4.5 mM). Kþ affinity is only weakly
voltage dependent. However, transient transport currents were observed in re-
sponse to steps of the transmembrane potential when Kþ was the only cation
present. These currents were capacitive in nature and the charge movement fol-
lowed a Boltzmann-like voltage dependence. Together, these results suggest
that the cation binding process senses little of the transmembrane electric field,
but that a subsequent Kþ-induced reaction step, possibly the Kþ-dependent
transporter relocation, is electrogenic. The rate constant of the voltage depen-
dent step was 70 s�1. This result is consistent with previous data that suggested
the Kþ-induced relocation to be the rate-limiting step in the transport cycle. We
propose a kinetic model, which is based on an alternating access mechanism,
including a fast, voltage-independent Kþ binding step and a slow, electrogenic
conformational change. Our model can be used to predict the kinetics of the
Kþ-dependent half-cycle of the glutamate transport process.
This work was supported by NIH grant 2R01NS049335-06A1.
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The crystal structure of GltPh, a bacterial homologue of glutamate transporter
(GlT), revealed the structure of the outward-facing occluded state including the
substrate and two Naþ (Na1 and Na2). It has been well established, however,
that substrate transport in GltPh is catalyzed by the co-transport of three Naþ
ions. However, the location of the third Naþ (Na3) binding site remains un-
known. Furthermore, only little is known regarding the sequence of binding
events of the substrate and the co-transported ions to GltPh. In the present
study, we investigate the binding sequence of substrate and Naþ ions to their
extracellular binding sites using molecular dynamics simulations of various
bound states of the transporter characterizing the solvent accessibility of key
residues involved in ion binding and identifying the resulting conformational
changes in the transporter. The results show that extracellular water cannot ac-
cess Asp312 (the putative Na3 binding site) in the apo and substrate-bound
states, and that this residue becomes only accessible from the extracellular
side upon Naþ binding to the Na1 binding site. Based on the simulations,
we propose that Na3 binds first to the Na1 binding site in the apo state, resulting
in hydration of Asp312, and then moves into the Na3 binding site, the latter step
likely being driven by membrane potential. The subsequent binding of a second
Naþ ion (Na1) and the substrate results in a partial closure of the extracellular
gate and the formation of the Na2 binding site. Finally, Na2 enters its binding
site and locks the extracellular gate resulting in formation of the occluded state.
We also propose a putative Na3 binding site composed of three highly con-
served residues, namely, Asp312, Thr92 and Asn310.
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Structural Transition Between the Ion-Releasing and Ion-Binding States of
a Secondary Membrane Transporter
Jing Li, Emad Tajkhorshid.
University of Illinois at Urbana-Champaign, Urbana, IL, USA.
The crystal structure of Naþ-coupled galactose symporter (vSGLT) reports the
transporter in its substrate-bound state, with a Naþ ion modeled in a binding site
corresponding to that of a homologous protein, leucine transporter (LeuT). In
molecular dynamics simulations, however, we find the Naþ ion instable, invari-
ably and spontaneously diffusing out of the transporter through a pathway lined
by D189, which appears to facilitate the diffusion of the ion toward the cyto-
plasm. Further analysis of the trajectories and close structural examination,
in particular comparison of the Naþ binding sites of vSGLT and LeuT, strongly
indicates that the crystal structure of vSGLT actually represents an ion-releas-
ing state of the transporter. The observed dynamics of the Naþ ion, in contrast
to the substrate, in a 200 ns equilibrium simulation, also suggests that the cy-
toplasmic release of the Naþ ion precedes that of the substrate.
Through comparison of the ‘‘open’’ conformation of the Naþ binding site in
vSGLT and the ‘‘close’’ conformation in LeuT, we used constrained simula-
tion to develop a model for the ion-binding state in vSGLT. SMD simulations
were then used to pull out substrate from the substrate-binding site both in
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ion-releasing state and the modeled ion-binding state, confirming that it is
more difficult to release the substrate in the presence of the Naþ ion in its
binding site.
Furthermore, local transition of the Naþ binding site from an ion-releasing state
to an ion-binding state in our constrained simulation induced significantly
global conformational change in the protein, specifically, partial opening of
the periplasmic side and closing of the cytoplasmic side, thus, capturing for
the first time large-scale conformational changes between the inward-facing
and outward-facing states in the transport cycle of this secondary transporter.
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Modeling of the Inward-Facing State of LeuT and Dynamics of the Out-
ward-To-Inward Transition
Saher A. Shaikh, Emad Tajkhorshid.
University of Illinois Urbana Champaign, Urbana, IL, USA.
Leucine transporter (LeuT) is a bacterial aminoacid transporter belonging to the
neurotransmitter:sodium symporter family. An ‘alternating-access model’is
proposed for LeuT function, wherein the transporter alternates between out-
ward-facing and inward-facing states. While multiple crystal structures of
LeuT bound with substrate and inhibitors have been reported, only the out-
ward-facing state is known. The inward facing state, and the dynamics of the
outward-to-inward transition remain undescribed.
Several transporters from different families report a structural fold similar to
the basic ‘LeuT fold’indicating the significance of this fold in transporter func-
tion. These structures include some in the inward-facing state. Exploiting this
information, we have generated a model for the inward-facing state of LeuT.
Since the inward-facing structure employed for modeling had very low se-
quence similarity, and moderate structural similarity to LeuT, a combination
of several techniques was required for model generation. A detailed modeling
approach was adopted, including sequence- and structure-based approaches,
combined with molecular dynamics techniques, such as targeted MD. The final
model retains the secondary structural features of LeuT and the substrate/ion
binding sites, while adopting an inward-facing state.
We have also employed this model to study the dynamics of outward-to-inward
transition of LeuT. The behavior of bound substrate and ions during this tran-
sition was recorded and shows interesting features relevant to the transport
mechanism. Water permeation was monitored with the progress in transition.
The main structural elements of LeuT involved in this transition are described.
This study thus presents a model of the inward-facing state of LeuT and a de-
scription of a possibly general transport mechanism in transporters adopting the
LeuT fold.
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The glycerol-3-phosphate/phosphate antiporter GlpT belongs to the Major fa-
cilitator superfamily (MFS), the largest group of secondary active membrane
transporters. Stoichiometry of transport in organophosphate/phosphate anti-
porters has been a long-standing question. Experimental studies performed
on hexose-6-phosphate transporter (UhpT), a close homolog of GlpT, sug-
gested that the exchange stoichiometry might be regulated by pH in these anti-
porters. The crystal structure of GlpT, although devoid of a bound substrate,
seemed to contradict with ‘‘variable stoichiometry’’ hypothesis, featuring
a ‘‘single’’ putative binding site with two arginines (R45 and R269). The ‘‘pu-
tative’’ binding site also involves a histidine residue (H165) whose titration
state have been suggested to play a key role in transport. We have previously
identified one of the arginines (R45) as the binding site residue, but our simu-
lations showed no indication of binding to the other arginine (R269). In order to
examine the capacity of GlpT for binding two substrates simultaneously, and to
investigate the molecular basis of the ‘‘variable stoichiometry’’ model, we have
performed an exhaustive set of MD simulations in which binding of a second
substrate to GlpT was simulated. The simulations, performed at different titra-
tion states of the substrates (Pi & G3P) and of H165, indicate that the GlpT
binding site can, indeed, accommodate two substrates simultaneously upon
protonation of H165 and R269 is the preferential binding residue for the second
substrate. Moreover, combining of the trajectories of MD simulations with pKa
calculations based on continuum electrostatics, we also analyzed the substrate-
induced changes of the titration state in the binding site. Our results further in-
dicate that H165 might act as a ‘‘pH sensor / stoichiometric switch’’ in addition
to coordinating the substrate. Our findings might represent a general mecha-
nism for transporters with ‘‘variable stoichiometry’’.
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Conformational Changes in the ApcT Amino Acid Transporter: Monte
Carlo Normal Mode Following
Gennady V. Miloshevsky1,2, Ahmed Hassanein1, Peter C. Jordan2.
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Amino acid/polyamine/organocation (APC) transporters belong to a large fam-
ily (~250) of secondary transport proteins that catalyze bilayer translocation of
a broad range of substrates. Monte Carlo Normal Mode Following [Miloshev-
sky & Jordan, Structure 14, 1241 (2006); 15, 1654 (2007)] is used to explore
possible conformational change mechanisms in a proton-dependent APC trans-
porter, ApcT, a bacterial homologue from Methanocaldococcus jannaschii
[Shaffer et al., Science 325, 1010 (2009)]. ApcT was captured in an inward-fac-
ing apo state. Gating is initiated by global counter-torsions of the intracellular
and extracellular domains of ApcT around the pore axis, with the extracellular
half rotating clockwise and the intracellular half anticlockwise, and vice versa.
The domain motions are highly concerted and cooperative. The stationary plane
relative to which counter-torsion occurs passes through the center of ApcT par-
allel to the membrane. Intracellularly, overall rotation of the peripheral helices
(TM7, TM5, TM8, TM3, TM4, TM9, TM10, TM11 and TM12) reconfigures
TM6a significantly and TM1b slightly. These helices alternately approach
and separate from the opposed peripheral TM10 and TM11, affecting the intra-
cellular mouth. TM6a and TM1b move toward the protein’s perimeter and be-
come buried inside the protein. Loops and small helices on the intracellular sur-
face of ApcT undergo large-scale rotations. Extracellular motion is similar.
Overall peripheral helix rotation affects TM1a significantly and TM6b slightly,
displacing them from and collapsing them onto TM8 and TM5. TM8 and TM5
alternately undergo large-scale bending near their midpoints. Normal mode fol-
lowing along the lowest-frequency eigenvector(s) reveals details of the gating
transition in the ApcT transporter.
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The Allosteric Role of Ion Binding in the Functional Mechanisms of
Transporters With LeuT Fold
Lei Shi, Harel Weinstein.
Weill Cornell Medical College, New York, NY, USA.
Recent crystallographic studies revealed that five transporter families without
much sequence similarities among them have similar structure folds to LeuT,
a bacterial neurotransmitter:sodium symporter (NSS). The LeuT fold is char-
acterized by an internal two-fold structural pseudosymmetry. Interestingly,
the transport cycle of at least some members of each of these families is de-
pendent on a sodium gradient across the membrane. Remarkably, the role of
sodium is mimicked by a proton in others. We report our computational find-
ings focusing on the LeuT conformations with various combinations of
bound substrate and ions, performed in the context of on-going collaborative
studies utilizing electron paramagnetic resonance (EPR) spectroscopy and
single-molecule fluorescence (smFRET) to identify dynamic details of the
mechanism. The resulting mechanistic implications from the study of
LeuT are generalized to two other transporter families, the sodium:solute
symporter (SSS) and amino acid-polyamine-organocation (APC) transporter,
using comparative molecular dynamics simulations. These comparative stud-
ies lead to the proposal of a set of common structure-function-dynamic ele-
ments recognizable in the conformational transitions of the transporters with
LeuT-fold.

Membrane Domains & Lipid Dynamics
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Neuroligin-1 Oligomerization Induces Cell Morphology Changes Via
Lipid Domain Nucleation
Nicole Mende, Sophie Pautot.
CRTD, Dresden, Germany.
Thus far, neuroligin-1 (Nlg-1) has been known as a post-synaptic adhesion-
signaling membrane protein involved in initiating synaptic contact, and in
triggering presynaptic differentiation in a neurexin-expressing axon. Here,
we are reporting that nlg-1 might also play a role in neuron morphology
changes. Indeed, when nlg-1 was coexpressed in HEK-293 with psd-95,
a scaffolding protein which binds nlg-1 PDZ domain, we have observed ex-
tensive cell morphology changes. Co-transfected cells exhibited long expan-
sions resembling dendritic branches, as well as a significant increase in cell
surface area. However, nlg-1 dimerization mutant did not lead to any major
changes in morphology suggesting that nlg-1 multimerization was required.
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