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Synaptic Transmission
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Should a synapse be reliable?
David Holcman, Dominik Fresche.
Weizmann Institute of Science, Rehovot, Israel.
Synaptic transmission insures neuronal communication but relies on several
random steps. Because synapse are still inaccessible to direct experimental
recordings, to study synaptic reliability, we analyze synaptic transmission by
constructing a biophysical model.
This model accounts for the synaptic cleft geometry and several dynamical var-
iables such as the position of vesicular release and the membrane trafficking
AMPA receptors, which mostly mediate the synaptic current. These receptors
are located in the postsynaptic terminal, but can be exchanged from the Post-
Synaptic Density (PSD), a fundamental microdomain and the extra-synaptic
space.
We show that the synapse geometry controls the amplitude of the synaptic cur-
rent, while receptor diffusional motion can replace desensitized receptors and
thus prevents synaptic depression from receptor desensitization (significantly
only after 6 to 7 successful spikes). Synaptic reliability is optimal when the ac-
tive zone of vesicular release is apposed to a PSD, where AMPA receptors are
concentrated. Change in this co-localization can lead to drastic effects on the
synaptic current, which suggests that these changes can underlie a form of re-
modeling and plasticity. We finally demonstrate that fast temporal correlated
spike lead to a reduced synaptic current. We conclude that although synapse
should and are unreliable devices, at the neuronal level, reliability is restored
due to the presence of multiple synaptic boutons.
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Molecular Dynamics Simulations Of Glutamate Diffusion In Membrane
Bound Synaptic Cleft
Sean M. Cory, Mladen I. Glavinovic.
McGill University, Montreal, QC, Canada.
Diffusion of the transmitter in the synaptic cleft critically influences the ampli-
tude and the time course of quantal events and thus strongly affects the synaptic
efficacy. However, the value of the diffusion constant remains speculative. In
a confined space diffusion of ions and molecules should in general be slower
as they do not move exclusively in their solvated space, but also interact
with walls of the synaptic cleft, which are fixed. Indeed molecular dynamics
simulations demonstrated that the diffusion of glutamate- (and water) in the
cleft formed by two single wall carbon sheets is slower, but only for clefts nar-
rower than those of synapses in the central nervous system. To provide a more
realistic assessment we simulate the diffusion of glutamate- (and water) in the
cleft formed by lipid bilayers. The glutamate- molecules are layered near the
bilayer, and partly interdigitate with it, and the interfacial glutamate–bilayer in-
teractions modulate the speed of glutamate diffusion. Water molecules also
interdigitate with the bilayer, which masks the layering near the bilayer. The
diffusion of glutamate and water in the cleft bound by lipid bilayers is influ-
enced by factors similar to those observed in the cleft bound by carbon sheets -
cleft separation and charge on the atoms of the wall. Finally, the movement of
atoms of the lipid bilayer (evaluated by ‘freezing’ the positions of all atoms of
the bilayer) also affects the diffusion of glutamate- and water. In conclusion this
study provides a more realistic evaluation of spatial distribution and diffusion of
glutamate- and water in the synaptic cleft and how they are influenced by the
interactions with the membrane.
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The SNARE-binding Protein Complexin Modulates the Kinetics
of Neurotransmitter Release and Short-term Synaptic Plasticity
Ramon A. Jorquera, Sarah Huntwork, J. Troy Littleton.
The Picower Institute for Learning and Memory; Department of Biology and
Brain and Cognitive Sciences. Massachusetts Institute of Technology,
Cambridge, MA, USA.
Neurotransmitter release requires calcium-dependent synaptic vesicle fusion
mediated by Synaptotagmin 1 and the SNARE complex. Complexin is a synap-
tic binding partner of the neuronal SNARE complex and has been implicated as
an effector of vesicle priming and fusion, and as a synaptic vesicle fusion
clamp. However, the precise physiological role of complexin in vesicle fusion
and short-term synaptic plasticity is unknown. Here, we investigate the role of
complexin in neurotransmitter release and short-term synaptic plasticity at the
Drosophila neuromuscular junction (NMJ). We present a thorough analysis of
synaptic transmission in complexin null mutants and complexin overexpression
strains using voltage-clamp recordings at the NMJ. Kinetic analysis of evoked
current reveals that synchronous and asynchronous release depends critically
on the level of complexin expression. Additionally, complexin regulates early
short-term synaptic depression and facilitation in opposite fashion, through
modulation of release probability and the immediately releasable pool. We pro-
pose that complexin decreases the free energy of SNARE complex-mediated
priming and generates an energetic barrier at a late stage by clamping vesicles
in the immediately releasable pool.
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Synaptotagmin’s Role as the Ca2þ Sensor in Regulated Exocytosis
Jesse Murphy1, Andrew Houghton1, Kristofer J. Knutson1, Jacob Gauer1,
Kerry Fuson2, Miguel Montes2, R. Bryan Sutton2, Anne Hinderliter1.
1University of Minnesota Duluth, Duluth, MN, USA, 2University of Texas
Medical Branch, Galveston, TX, USA.
Exocytosis of neurotransmitters is triggered by the initial influx of Ca2þ. Syn-
aptotagmin I is known to bind Ca2þ and the phospholipid membrane to mod-
ulate this process. The mechanism, however, for this information transduction
is not well known. We seek to understand how this information is conveyed
through the protein. A single point mutation, Y180F, has been made to correlate
with a mutant that has been seen in vivo to display diminished physiological
function. This mutant will be utilized as a probe as we seek to ascertain the
mechanism of the signal transduction. The Y180F mutation is located in the
binding pocket of the first C2 domain of synaptotagmin. It was hypothesized
that this mutation abolishes the hydrogen bonding potential between this posi-
tion and His237 and that the lack of hydrogen bonding will lead to a drastic de-
crease in stability in the binding pocket. This mutation is predicted to manifest
itself as a reduction in the domain’s calcium ion affinity. To test these predic-
tions, Ca2þ and phospholipid binding assays for wild type C2A and Y180F
will be carried out and monitored via steady state fluorescence as well as
protein denaturation assays. Partition functions will be derived to quantify
the results so a thermodynamic comparison can be carried out.
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A Physiological And Molecular Biological Study Of Rat Cerebellar
Long-term Depression
Youko Nakazato, Satoshi Tojouh, Akiko Miyamoto, Tetsuhiko Sasaki,
Hiroshi Kojima.
Tamagawa University, Tokyo, Japan.
The synaptic plasticity is thought to be one of the most important physiological
substrates for memory and learning. In order to investigate the possible role of
gamma 7 (TARP family protein) at the synapse between parallel fibers and Pur-
kinje cells which causes synaptic plasticity (long-term depression, LTD) as the
basis of motor learning, we tried to isolate and clarify the sequence of gamma 7
gene taken from rat cerebellum. We succeded to identify the gamma 7 gene.
Moreover, patch clamp electrophysiological measurements were carried out
from rat cerelellar acute slice preparations by using UV-laser beam (351,
364 nm) for uncaging of MNI-caged glutamate to stimulate dendritic trees of
Purkinje cells. We compared the evoked responses by photolysis with those
obtained from electrical stimulation. The time course and amplitude in these
respenses evoked and photolysis were almost equal. The possible involvement
of the TARP in the regulation of synaptic transmission in Purkinje cell is inves-
tigated together with photolysis experiment in the present research.
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Molecular Mechanisms of Cl�/Hþ Coupling in CLC-ec1
Alessandra Picollo, Alessio Accardi.
University of Iowa, Iowa City, IA, USA.
The bacterial CLC-ec1 is a structurally known Hþ/Cl� exchanger of the CLC
family and it has served as an excellent model to predict many functional prop-
erties of the eukaryotic CLC channels and transporters. We investigated two
fundamental questions in the mechanism regulated coupled Cl�/Hþ exchange:
first, is Hþ movement rate limiting? Second, what are the molecular determi-
nants of Cl�/Hþ coupling in CLC-ec1?
To investigate whether Hþ movement is rate or not in the transport cycle we
measured the isotope effect associated with exchanging Hþ with Dþ on the
transport rate. We found that this substitution has little effect on the Cl� trans-
port rate, suggesting that Hþ binding or its movement across the membrane are
not rate limiting. This implies that either Cl�binding or a conformational
change in the protein is the rate limiting step.
We then studied the coupling between Hþ and Cl� binding. If n Hþ bind to or
are released by CLC-ec1 in response to a Cl� binding event then the enthalpy of
Cl� binding to CLC-ec1 measured with isothermal titration calorimetry, DHtot,
is the sum of two components: Cl� binds to CLC-ec1 and n Hþ are released into
or absorbed from the surrounding solution, DHo

bind, and subsequently binds to
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a buffer molecule, DHbuf. By measuring the enthalpy in several buffers we can
determine the number of Hþ binding or unbinding from CLC-ec1 in response to
Cl� binding. We found that for WT CLC-ec1 n~0.5, suggesting that for every
2 Cl� binding 1 Hþ is released. This is in agreement with the transport stoichi-
ometry of CLC-ec1. This binding coupling is ablated by mutations that inhibit
Hþ transport. Neutralization of either of the two Hþ-accepting glutamates of
CLC-ec1 leads to impairment in Cl�-coupled Hþ release.
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Mutation on the External Gate Changes the pH-dependency of a CLC
Cl�/Hþ Exchanger
Hyun-Ho Lim, Christopher Miller.
HHMI, Brandeis University, Waltham, MA, USA.
The CLC-ec1 is a bacterial homologue of the transporter-type CLC subclass
that catalyzes transmembrane exchange of Cl� and Hþ. Gluex (E148 in CLC-
ec1) is the pH-dependent external gate of both Cl� and Hþ transport. The cen-
tral tyrosine, Y445 (Tyrcen) coordinates the central Cl� ion and acts as the
internal gate of the Cl� pathway. Gluin (E203) is remotely located to the inter-
nal Cl� gate and acts as the internal proton-transfer residue that delivers protons
from the internal aqueous solution to the protein interior. Wild type CLC-ec1
has the pH-dependent Cl- flux: as the pH increased, the transport rate of Cl-
is decreased. It has been shown that mutations on the Gluex lead to the loss
of pH-dependency of Cl� flux while on the Gluin retain relatively intact pH-de-
pendency. We therefore examined mutations of Gluex and their functional con-
sequences on the pH-dependency. Mutations with neutral amino acids, A or Q
(E148A or E148Q) completely lose Hþmovement as well as pH-dependency of
Cl� transport. E148H mutant also fail to transport Hþ, but strikingly reverses
pH-dependent transport of Cl�, as does the doubly mutated transporter,
E148H/E203H. These data support the idea that the pH-dependency is mainly
came from the Gluex not Gluin. Currently, we are investigating the effect
of other mutants having various ranges of pKa value and their structural and
functional consequences.
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Measuring ClC-Transporters on Solid Supported Membranes
Patrick Schulz, Lina Hatahet, Klaus Fendler.
Max Planck Institute of Biophysics, Frankfurt, Germany.
Members of the family of ClC-chloride channels and transporters have received
increasing attention in the last years because of their important physiological
functions and their implication in pathogenesis. Some are important targets
for drug discovery while others (e.g. ClC-7) are still poorly investigated due
to the lack of suitable electrophysiological methods.
Recently, electrophysiological measurements based on solid supported mem-
branes (SSM) have been used for the functional characterization of ion pumps
and transporters. In this technique proteoliposomes, membrane vesicles or
membrane fragments are adsorbed to a SSM and are activated by rapid sub-
strate concentration jump. Then charge translocation is measured via capacitive
coupling to the supporting membrane.
SSM-based electrophysiology is extremely useful in cases where conventional
electrophysiology cannot be applied. Apart from a few rare exceptions bacterial
transporters cannot be investigated using voltage clamp or patch clamp
methods and also mammalian transporters predominantly expressed in intracel-
lular compartments are not accessible for standard electrophysiology.
Here we apply SSM-based techniques to two proteins of the ClC-family which
function as Hþ/Cl- exchangers: the bacterial ClC-ec and the putative transporter
ClC-7 from lysosomes. ClC-ec was purified from E. coli and reconstituted into
liposomes. The proteoliposomes were adsorbed to the SSM and transient cur-
rents were measured after activation of the protein with a Cl- concentration
jump. This allows time resolved measurements of charge translocation and ki-
netic analysis of the transport mechanism. ClC-7 was investigated using a stable
expressing CHO cell line. Cell membranes were prepared and adsorbed to the
SSM. Also ClC-7 was activated using a Cl- concentration jump and transient
currents were recorded. This allows the first electrophysiological characteriza-
tion of ClC-7 and its functional analysis.
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Functional Characterization Of Clc-5 Mutations Associated With Dent’s
Disease
Teddy Grand1, Thomas Pennaforte1, Mathieu Genete1,
Marie-Jeanne Biyeyeme1, Rosa Vargas-Poussou2, Anne Blanchard2,
Jacques Teulon1, Stephane Lourdel1.
1CNRS/UPMC UMR 7134, Paris, France, 2Dep. Genetique, HEGP, Paris,
France.
The Cl�/Hþ antiporter ClC-5 has been linked to Dent’s disease, an X-linked
renal disease associated with low molecular weight proteinuria, hypercalciuria
and nephrolithiasis. ClC-5 is expressed on early endosomes of proximal tubule
cells, where it plays a critical role in endosomal function. The impact of Dent’s
disease-causing mutations on ClC-5 function has not been yet fully investi-
gated. Here, we have analysed an unpublished mutation K115R and three pub-
lished mutations, Y272C, N340K and K546E in terms of electrical activity and
trafficking at the plasma membrane in Xenopus leavis oocytes. A construct car-
rying an extracellular HA epitope (kindly provided by T. J. Jentsch, MDC/
FMP, Berlin) that does not alter the ClC-5 wild-type (WT) currents allowed
us to evaluate surface expression of the different ClC-5 using a chemilumines-
cence test. The currents were measured by two-electrode voltage-clamp. The
mutant K115R induced a reduction of 68 5 1.9% of WT ClC-5 currents
(p<0.001, n¼17). Currents recorded with Y272C (n¼6), N340K (n¼7) and
K546E (n¼6) mutants were not significantly different from non-injected
oocytes. The loss of currents for the mutants N340K and K546E correlated
well with a loss of surface expression : chemiluminescence signals were not
significantly different from those observed in non-injected oocytes (p<0.001,
n¼6). We found no significant difference between surface expression of
K115R (n¼5), Y272C (n¼4) and WT ClC-5. In conclusion, N340K and
K546E mutants have a defective targeting to the oocyte plasma membrane,
and K115R and Y272C a reduced electrical activity. Further studies should in-
vestigate whether the targeting to early endosomes is faulty in the case of the
first type of mutations and how the regulation or the conduction pathway are
involved in the case of the second type of mutations.
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Binding Sequence And Coupling Of Hþ And Naþ Ions In The Glutamate
Transporter (glt)
Zhijian Huang, Emad Tajkhorshid.
Beckman Institute, Urbana, IL, USA.
Substrate transport in GlT is catalyzed by co-transport of three Naþ (Na1, Na2
and Na3) and one Hþ, and counter-transport of one Kþ. The crystal structure of
GlT, however, provides information only about the position of the substrate and
two Naþ ions. In order to investigate the transport cycle in GlT, therefore, the
first step is to identify the binding sites for the Hþ and for the third Naþ ion.
Careful examination of the structure in the context of the possible transport
pathway indicates that there are only two titratable acidic residues (Asp312
and Asp405) that might serve as the Hþ binding site during the transport cycle.
We have performed a set of MD simulations (30 ns each) with different com-
binations of substrate and protonation states of Asp405 and Asp312. Our sim-
ulations show that water has no access to Asp312, but can easily reach Asp405
in the apo state, suggesting that Asp405 is possibly the first Hþ binding site.
The access of Asp312 to the extracellular solution is blocked by an H-bond net-
work between Asn310, Asn401, and Asp405. Interestingly, protonation of
Asp405 results in disruption of this network allowing access of water to
Asp312. In search for the third Naþ binding site, a water molecule near
Asp312 (a putative Naþ binding site) was randomly replaced by a Naþ at the
beginning of four independent simulations. The placed Naþ was observed to
move into and be stabilized by a binding site formed by Asp312, Thr92,
Asn310 and Ser93. Based on these results, we propose that Hþ binding pre-
cedes that of Na3, as protonation of Asp405 is required for hydration of
Asp312 and providing access for Naþ binding.
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Exploring the Gating Mechanism of the Glutamate Transporter GltPh
Derek J. Francis, Joseph A. Mindell.
National Institutes of Health, Bethesda, MD, USA.
Glutamate acts as the primary neurotransmitter in the mammalian central ner-
vous system. Clearance of this neurotransmitter from the synapse is accom-
plished by a family of glutamate transporters known as EAATs. These
proteins move synaptic glutamate across the cell membrane into the cell
against its concentration gradient. It has long been speculated that the mech-
anism for transport involves the movement of extracellular and intracellular
gates, providing ‘‘alternating access’’ to a substrate binding site. Recently,
the crystal structure of a related bacterial transporter, GltPh, was solved, re-
vealing two helical hairpins (HP1 and HP2) which have been proposed to con-
tribute to these gates. HP2 lies on the extracellular face of the transporter, and
a number of studies have shown that this hairpin can adopt multiple conforma-
tions that either provide or restrict access to the substrate binding site. How-
ever, to date there is no structural information regarding the conformational
changes that must occur within HP1 in order to provide the substrate a path
to the intracellular solution. Here we use the technique of site-directed spin
labeling (SDSL) electron paramagnetic resonance (EPR) spectroscopy to ex-
plore the structure of HP1 (residues 258-290) in purified GltPh reconstituted
into proteoliposomes. This technique provides an opportunity to probe the dy-
namic structure of HP1 in a functional protein embedded in a physiological
lipid environment.
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