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NSF binds calcium to regulate its interaction with AMPA receptor
subunit GluR2
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Abstract

N-ethylmaleimide-sensitive fusion protein (NSF) is essential for numerous Ca2*-triggered vesicle
trafficking events. It functions as a molecular chaperone to regulate trafficking protein complexes
such as the soluble NSF attachment protein (SNAP) receptor complex and the a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR)-protein interacting with C-kinase (PICK1)
complex. AMPAR trafficking is fundamental to processes of synaptic plasticity, which may underlie
learning and memory. Changes in synaptic strength brought about by AMPAR trafficking are
triggered by a post-synaptic influx of Ca2*, which may have numerous molecular targets including
PICK1. NSF binds AMPAR subunit glutamate receptor subunit 2 (GluR2) and functions to maintain
receptors at the synapse. In this study, it was showed that NSF is a Ca2*-binding protein and that
GIluR2-NSF interactions are inhibited by the presence of 15 umol/L Ca2*. NSF CaZ*-binding is
reciprocally inhibited by the presence of GIuR2 C-terminus. Mutant of NSF that binds Ca?* with
reduced affinity and binds GIuR2 with reduced sensitivity to Ca2* was identied. In addition, the
interaction of BSSNAP with PICK1 is sensitive to Ca2*. This study demonstrates that the GIuR2-NSF-
BSNAP-PICK1 complex is regulated directly by Ca2*, allowing for the transduction of Ca?* signals
into concerted alterations in protein—protein interactions to bring about changes in AMPAR
trafficking during synaptic plasticity.
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N-ethylmaleimide-sensitive fusion protein (NSF) is a molecular chaperone that physically
disrupts protein complexes. It is best known as a crucial element in membrane fusion events
that require the formation of a complex of soluble NSF attachment protein (SNAP) receptor
(SNARE) proteins originating from target and vesicle membranes, bringing the two lipid
membranes close together, so that fusion occurs. For subsequent rounds of fusion, the SNARE
complex must be disassembled. In conjunction with SNAPs, NSF utilises its intrinsic ATPase
activity to provide a driving force that disassembles SNARE complexes (Lin and Scheller
2000;Whiteheart et al. 2001). More recently, NSF has been identified as a key regulator of the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) complex
(Nishimune et al. 1998;0sten et al. 1998;Song et al. 1998;Noel et al. 1999). AMPAR subunits
bind to a number of proteins that control receptor trafficking and hence the number of receptors
that are found at the synapse. Regulation of synaptic strength by AMPAR trafficking is thought
to be involved in learning and memory (Bredt and Nicoll 2003). Glutamate receptor subunit 2
(GluR2) subunit is particularly influential as it binds a number of intracellular proteins via its
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C-terminal tail that control receptor trafficking, including NSF, protein interacting with C-
kinase (PICK1), AMPAR-binding protein (ABP) and glutamate receptor interacting protein
(GRIP) (Malinow and Malenka 2002;Sheng and Kim 2002;Bredt and Nicoll 2003). PICK1 is
required for AMPAR internalisation during long-term depression (LTD) of synaptic
transmission (Xia et al. 2000;Kim et al. 2001). NSF maintains AMPAR number at the synapse
(Nishimune et al. 1998;Song et al. 1998;Noel et al. 1999) by disassembling GIluR2-PICK1
complexes in a manner analogous to its role in SNARE complex disassembly (Hanley et al.
2002). In a more specialised form of synaptic plasticity in the cerebellum, PICK1 delivers
GluR2-containing AMPARS to the synapse to replace GluR2-lacking receptors. NSF is
required to uncouple PICK1 from the newly delivered receptors for subsequent stabilisation
by GRIP (Gardner et al. 2005;Liu and Cull-Candy 2005).

Changes in synaptic strength brought about by AMPAR trafficking require elevations in post-
synaptic [Ca?*] (Beattie et al. 2000;Ehlers 2000;Liao et al. 2001;Lu et al. 2001). It has recently
been shown that PICK1 is a Ca2*-sensor such that PICK1-GluR2 binding is enhanced at low-
micromolar [Ca2*] (Hanley and Henley 2005). This provides a mechanism for directly
transducing Ca?* influx via the NMDA receptor (NMDAR) into AMPAR trafficking events.
Given the Ca2*-sensitivity of GIUR2-PICK1 and the function for NSF and B-SNAP in this
complex, Ca2*-sensitivity of GIuR2-NSF and PICK1-B-SNAP interactions were analysed. In
this study, it was reported that both the GIuR2-NSF and PICK1-B-SNAP interactions are
Ca?*-sensitive. PICK1-SNAP shows a similar Ca2*-sensitivity to PICK1-GIuR2, with
maximal binding at 15 pmol/L. GIuR2-NSF, however, shows the opposite effect, with
minimum binding at 15 umol/L and optimal binding at zero Ca2*. This effect is mediated by
direct binding of Ca2* to NSF.

Experimental procedures

Plasmids and purification of recombinant proteins

Antibodies

Buffers

HisgNSF, hisgB-SNAP, glutathione-S-transferase (GST)-R2C and GST-PICK1 were
previously described (Hanley et al. 2002). Hisg and GST fusions were expressed in Escherichia
coli strain BL21. Purification of recombinant proteins was performed as described (Hanley et
al. 2002).

Anti-NSF R32 polyclonal (Osten et al. 1998;Hanley et al. 2002); anti-SNAP CI 77.2
monoclonal (Synaptic Systems, Goéttingen, Germany).

Buffer A: 50 mmol/L HEPES (pH 7.2), 125 mmol/L NaCl, 1% TX-100, 5 mmol/L
hydroxyethyl ethylenediamine triacetic acid, 0.5 mmol/L dithiothreitol. Total [CaCl,] was
added to give [Ca?*]fee according to Max Chelator software. Buffer B: 25 mmol/L HEPES
(pH 7.2), 150 mmol/L NaCl, 1% TX-100, 3 mmol/L MgCl,, 0.5 mmol/L ATP/ATPyS and 0.5
mmol/L dithiothreitol.

GST pull-downs

For Ca%*-sensitivity pull-downs, GST-fusions (5 ug) were immobilised on glutathione-agarose
beads. After two washes in buffer A (+Ca?*), beads were incubated with 0.1-0.2 nmol/L
hisgNSF or 25 nmol/L hisgSNAP in buffer A for 1 h at 4°C. After four washes with buffer A
(+Ca?"), bound protein was detected by western blotting using anti-NSF or anti-SNAP
antibodies. For hisgNSF pull-downs, 0.2 mmol/L ATP was included in all steps. For ATP-
dependent pull-downs, 5 pg GST-R2C was immobilised on glutathione-agarose beads. After
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two washes in buffer B, beads were incubated with 1 nmol/L hisgNSF for 1 h at 4°C. After
four washes with buffer B, bound protein was detected by western blotting using anti-NSF
antibody.

Equilibrium dialysis

Analysis of Ca2*-binding was carried out as described (Hanley and Henley 2005). Slide-a-
lyzer dialysis cassettes (Pierce, Rockford, IL, USA) containing 2 umol/L hisgNSF wild-type
(WT) or mutant were incubated in 250 mL buffer A (+Ca2*, +0.2 mmol/L ATP) including 0.5
MBq 4°Ca2* with constant stirring for 30 h. Following incubation, three samples were taken
from bath buffer and cassette and counts were determined by liquid scintillation. The average
counts from the bath were equated to the total Ca2* concentration. Using this value, the amount
of Ca2* bound to each protein could then be determined by calculating the difference in
radioactivity counts between bath and cassette. SigmaPlot was used to fit a one-site saturation
ligand-binding curve to the data to obtain estimates of Kp and Byax-

Results

NSF-GIuR?2 interaction is Ca2*-sensitive

As the GIuR2-PICK1 interaction is Ca%*-sensitive and is also regulated by NSF (Hanley et al.
2002;Hanley and Henley 2005), it was asked whether the GIuR2—NSF interaction could be
directly regulated by Ca2*. Ca2*-sensitivity of this interaction was tested using purified GST-
GIluR2 C-terminus and hisgNSF in pull-down assays in a range of free [Ca?*] ([CaZ*]frec). A
robust interaction between purified recombinant NSF and R2C has been demonstrated before
(Hanley et al. 2002). Figure 1a shows that NSF binds R2C strongly at low [Ca2*]fee, With a
decrease in binding to around 45% at 15 pmol/L compared with zero [CaZ*]fee. Although there
is a trend towards a biphasic Ca2*-sensitivity, the increase in NSF-R2C binding at [Ca2*]free
higher than 15 umol/L is not significant. The total levels of hisgNSF and GST-R2C are
unaffected by changes in [Ca?*]free in the 0-30 pumol/L range (Fig. 1b), indicating that there
was no detectable proteolysis of either protein during the experiment. As GST-R2C and
hisgNSF are the only proteins present in these assays, these data demonstrate that the NSF—
GIuR2 interaction is directly sensitive to Ca2*.

NSF is a CaZ*-binding protein

Given that the two proteins interact in a Ca?*-sensitive manner, it was tested whether NSF or
GIluR2 C-terminus have the capacity to bind Ca2* ions directly. Equilibrium dialysis was
carried out using 4°Ca?* to analyse Ca2*-binding to hisgNSF in a range of [Ca2*free. Figure
2a shows that NSF binds Ca2*, with a B,y of 3.4 nmole/mg NSF and a Kp of 15.7 pmol/L,
calculated by fitting a one-site saturation ligand-binding curve to the data. GST-R2C did not
show saturating Ca2*-binding in the range of [Ca?*]fc tested, suggesting that R2C is not a
Ca?*-binding protein (Fig. 2b). Taken together, these observations indicate that the Ca%*-
sensitivity of the NSF-R2C interaction depends upon Ca2*-binding to NSF.

The negative relationship between Ca?* and NSF-R2C binding suggest that CaZ* ions may
compete with R2C for binding to NSF. To test this hypothesis, converse experiment was carried
out, and Ca2*-binding to NSF in the presence of different concentrations of GST-R2C was
quantified. Figure 2c demonstrates that GST-R2C inhibits Ca2*-binding to NSF in a dose-
dependent manner, providing further evidence that R2C and Ca2* compete for binding to NSF.

Asp142 is involved in NSF Ca2*-binding

To study the Ca2*-sensitivity of this interaction further, potential calcium-insensitive mutants
of NSF were investigated. Acidic amino acids are often involved in Ca?*-binding, therefore a
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number of NSF mutants with single Asp/Glu—Ala substitutions was generated and their binding
to GST-R2C in a range of [Ca2*]cc Was tested. Consistent with the data shown in Fig. 1, WT
NSF shows a decrease in R2C binding to around 35% at 15 pmol/L compared with zero
[Ca2*]free. In contrast, D142A binds GST-R2C strongly at all [Ca2*f;ee, Showing only a slight
decrease to 85% at 15 umol/L compared with zero [Ca2*]see (Fig. 3a). Other tested mutations
were D100A and E153A, which all lie along the proposed ‘groove 3’ of the N-terminal domain
of NSF (Yu et al. 1999). Both of these mutants showed essentially the same pattern of Ca2*-
sensitive binding to GIuR2 but with slightly reduced Ca2*-sensitivity (data not shown). As the
D142A mutation in NSF strongly affects the Ca2*-sensitivity of R2C-NSF binding, the
capacity of this mutant NSF to bind Ca2* ions was tested. Figure 3b demonstrates that this
mutation reduces the affinity for Ca2* to 34.5 umol/L, but the Ca2*-binding capacity is
unchanged (3.5 nmole Ca2*/mg NSF; values calculated by fitting a one-site saturation ligand-
binding curve to the data).

As the function of NSF with respect to AMPAR trafficking depends on its ATPase activity
(Hanley et al. 2002), the ability of D142A NSF to bind R2C in an ATP-hydrolysis-sensitive
manner was tested. WT NSF binds R2C much stronger in the presence of the non-hydrolysable
ATP analogue, ATPyS, compared with hydrolysable ATP, consistent with an ATP hydrolysis-
sensitive interaction. Unfortunately, D142A NSF bound GST-R2C irrespective of whether
ATP or ATPyS were present (Fig. 4).

PICK1-SNAP interaction is Ca?*-sensitive

GluR2, NSF, PICK1 and B-SNAP form a functional complex in neurons. As PICK1 binds
SNAPs directly and has a higher affinity for B-SNAP compared with a-SNAP (Hanley et al.
2002), B-SNAP binding to PICK1 in a range of [CaZ*]fee as before was analysed. HisgB-SNAP
binds GST-PICK1 with a Ca*-sensitivity very similar to that of the GluR2-PICK1 interaction
(Hanley and Henley 2005). PICK1-SNAP binding is weak at low [Ca2*]fee, With a ~sevenfold
increase in binding observed at 15 umol/L compared with zero[Ca2*]see (Fig. 5a). Unlike the
PICK1-GIuR?2 interaction, the Ca2*-sensitivity of PICK1-SNAP binding is not strongly
biphasic; there is no significant decrease at [Ca?*]see higher than 15 umol/L. The total levels
of hissBSNAP and GST-PICK1 are unaffected by changes in [Ca2*]see in the 0-30 umol/L
range (Fig. 5b), indicating that there was no detectable proteolysis of either protein during the
experiment.

Discussion

The Ca?*-sensitivity of the interactions here complement that of the GluR2—PICK1 interaction
previously described (Hanley and Henley 2005) and may act in concert to regulate the amount
of PICK1 bound to GIuR2, and hence the degree of AMPAR internalisation, depending on the
magnitude of the Ca2*-stimulus. As NSF disrupts GIuR2-PICK1 (Hanley et al. 2002), the
increased binding of NSF to GIUR2 at resting Ca2* levels would further reduce PICK1 binding
to AMPAR, augmenting the direct effect of low Ca?* on PICK1-GIuR2 interactions. At 15
umol/L Ca?*, which may be attained in the immediate vicinity of NMDARs and AMPARs
during an LTD stimulus, NSF binding to GIuR2 would be weak, thus favouring PICK1 binding.
Again, this complements the direct positive effect of high Ca2* on the PICK1-GluR2 complex.
B-SNAP is extremely potent at stimulating the activity of NSF to disassemble GluR2-PICK1,
however NSF is inhibited at high [3-SNAP] (Hanley et al. 2002). Therefore, the weak binding
of B-SNAP to PICK1 at low Ca2* may provide a strong activating affect on NSF to inhibit
PICK1 binding to GIuR2 and at 15 umol/L Ca2*, the strong B-SNAP-PICK1 interaction would
inhibit NSF, thus further favouring PICK1 binding to AMPARSs. This is summarised in Table
1.
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NSF as a Ca?*-binding protein

The Ca2*-binding curve for NSF is similar to the one shown previously for PICK1 (Hanley
and Henley 2005), suggesting that the two proteins are well suited to respond to the same
Ca?* signal. Furthermore, the [Ca2*] for optimal GIuR2-PICK1 binding (15 umol/L)
corresponds precisely to the [Ca%*] that maximally inhibits GIUR2-NSF binding, supporting
the notion that these two Ca2*-sensitive interactions are functionally linked. Ca2* binding to
NSF saturates at around 3 nmol/mg protein, corresponding to one CaZ* ion per hexamer, which
is thought to be the functional unit for NSF (Fleming et al. 1998). As the NSF hexamer has a
symmetrical barrel-shaped conformation, it seems likely that a single Ca?* ion would occupy
a central binding site, with each of the six subunits contributing relevant amino acid residues.
Although the crystal structure of NSF in complex with R2C has not been described, structures
of NSF and the SNARE complex suggest a central binding site on NSF for the SNARE
complex. If GIuR2 binds NSF in a similar way, such a model could explain the observation
that Ca2* ions and GIuR2 C-terminus compete for binding to NSF. This is supported by the
fact that the region of GIuR2 that binds NSF is positively charged (Nishimune et al. 1998;Osten
et al. 1998;Song et al. 1998), and therefore may bind a negatively charged site on NSF, which
could also be the Ca2*-binding site.

The mutation D142A results in a reduction in affinity rather than complete blockade of NSF
Ca?*-binding. Consistent with this, D142A NSF maintains very weak Ca2*-sensitivity in its
binding to GIUR2. It is likely that a number of amino acid residues in NSF, possibly from
distinct linear positions, come together as a result of the three-dimensional protein structure to
form the Ca2*-binding site. D142 is located in groove 3 (Yu et al. 1999), which is proposed to
be the site of a-SNAP interaction in the 20S complex. Although groove 3 contains positive
charges that would interact with the predominantly negatively charged C-terminus of a-SNAP,
a negatively charged region is formed by D142 and other acidic residues. Perhaps, part of
groove 3 contributes to a Ca2*-binding site. A more comprehensive mutational analysis will
be required to determine all contributing sequences, although it seems likely that such mutants
will also be compromised in other aspects of NSF function. For example, the D142A mutant
analysed in this study is unfortunately deficient in ATP hydrolysis-dependent GIuR2 binding,
rendering it unsuitable for further functional analysis.

Relevance to AMPAR trafficking

It has been demonstrated that the pool of AMPAR that are maintained at the synapse by NSF
are identical to the pool removed from the synapse during hippocampal LTD (Luthi et al.
1999). Therefore, LTD expression must include a mechanism to block the influence of NSF
on GluR2-containing AMPARs. Ca?*-influx via NMDARSs is crucial for the expression of
LTD, and the reduction in NSF-GIuR2 binding that would result from Ca2* influx provides
such a mechanism. In conjunction with the enhanced-PICK1 interaction with GIuR2 as a direct
result of NMDAR-mediated Ca2* influx, the absence of NSF in the complex would further
favour binding of PICK1 to initiate AMPAR endocytosis.

A recent report suggested that NSF-GIUR2 interactions are also relevant at a later stage in the
endocytic pathway. NMDAR activation results in targeting of internalised GIuR2 to lysosomal
compartments, suggesting that degradation of GIuR2-containing AMPARS occurs as part of
LTD expression (Lee etal. 2004). GIuR2 mutated at the NSF-binding site was found associated
with lysosomal compartments even in the absence of NMDAR activation, whereas wild-type
GIuR2 entered a recycling pathway. This suggests that NSF plays a role in restricting GIuR2-
containing AMPARs from lysosomal degradation and maintaining them in a recycling
pathway. Therefore, NMDAR-mediated Ca2* influx could directly reduce NSF-GIuR2
binding to target AMPARS to lysosomes (Lee et al. 2004).
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This work describes a novel mode of regulation for the NSF-GIuR2 interaction that may be
important for the regulation of AMPAR trafficking during synaptic plasticity. As NSF regulates
SNARE complex disassembly, which is involved in numerous Ca2*-dependent trafficking
events, including pre-synaptic vesicle trafficking, it would be of great interest to investigate
whether NSF interacts with SNARE complexes in a Ca2*-dependent manner.

Abbreviations used

AMPAR, a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor; GIuR2,
glutamate receptor subunit 2; GRIP, glutamate receptor interacting protein; GST, glutathione-
S-transferase; LTD, long-term depression; NMDAR, NMDA receptor; NSF, N-
ethylmaleimide sensitive fusion protein; PICK1, protein interacting with C-kinase 1; SNAP,
soluble NSF attachment protein; SNARE, SNAP receptor; WT, wild-type.
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Fig 1.

N-ethylmaleimide-sensitive fusion protein (NSF) -glutamate receptor subunit 2 binding is
Ca?*-sensitive. (a) GST-R2C immobilised on glutathione beads was incubated with hisgNSF
in the presence of different [Ca2*]ee. After washing in the same [Ca2*]fee buffer, bound NSF
was analysed by western blotting. Graph shows pooled data, n = 5. T-test 0-15 umol/L: p <
0.001. (b) Total levels of hissNSF and GST-R2C are stable in the 0-30 umol/L [Ca2*]¢ee range.
Top panel: hisgNSF was incubated in buffer A in the presence of different [Ca2*]¢;ee as shown.
The levels of NSF were analysed by western blotting. Bottom panel: GST-R2C immobilised
on beads was treated in the same way in separate tubes and levels of GST-R2C analysed by
coomassie staining.

J Neurochem. Author manuscript; available in PMC 2007 September 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hanley Page 9
(a)
f=
E 4
o
&3 1 |
g I
£ [ -
Eg 1 NSF
o
o0 v v v v ]
E o 20 40 60 80 100
[Ca?*];... umol/L
(b) (c)
.% 4 o 14
° T 0.8
g3 £
o 2 061
:EZ Ng 0.4
31 é’ 0.2
Soe=t—_ _ = £ o —
E 0 10 20 3 40 5 £ 0 5 10  15(GST-R2C) pmol/L

[Ca?!] o0 KmOI/L

Fig 2.

15 10 5 0 (GST) umol/L

N-ethylmaleimide-sensitive fusion protein (NSF) is a Ca*-binding protein. (a) Equilibrium
dialysis using 4°Ca2* was employed to determine the Ca2* binding to known amounts of
hisgNSF in a range of [CaZ*]f;ee buffers. Graph shows nanomoles of Ca2* bound per milligram
of protein at each [Ca?*]fce. Pooled data, n = 4. (b) Glutamate receptor subunit 2 C-terminus
does not bind Ca2*. As above, using GST-R2C. (c) Ca2* binding to NSF is inhibited by GIuR2
C-terminus. Equilibrium dialysis using “°Ca%* was employed to determine the Ca2* binding
to R2C-NSF complexes in a range of [Ca2*]see buffers. Different [GST-R2C] or [GST alone]
were added to 2 pmol/L NSF to maintain a constant total [protein]. Graph shows Ca2* bound
at each [GST-R2C] relative to zero GST-R2C. Pooled data, n = 5.
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Fig 3.

N-ethylmaleimide-sensitive fusion protein (NSF) mutant D142A has reduced affinity for
Ca®* and binds glutamate receptor subunit 2 in a CaZ*-insensitive manner. (a) GST-R2C
immobilised on glutathione beads was incubated with hisg wild-type (WT) NSF or hisgD142A
NSF in the presence of different [CaZ*]fee. After washing in the same [Ca2*]see buffer, bound
NSF was analysed by western blotting. Graphs show pooled data, n = 4. T-tests WT 0-15
umol/L: p <0.01; D142A 0-15 umol/L: p < 0.05; 15 umol/L WT-D142A p < 0.01. (b) D142A
NSF binds Ca2* with reduced affinity. Equilibrium dialysis using 4°Ca2* was employed to
determine the CaZ* binding to known amounts of hisgD142A NSF in a range of [Ca2*]fee
buffers. Graph shows nanomoles of Ca* bound per milligram of protein at each [Ca2*]rce.
Pooled data, n = 4. Solid line, D142A NSF; dashed line, WT NSF.
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Fig 4.

D142A N-ethylmaleimide-sensitive fusion protein (NSF) binds glutamate receptor subunit 2
in an ATP-insensitive manner. GST-R2C immaobilised on glutathione beads was incubated
with hisgNSF in the presence of ATP or ATPyS. After washing in the same buffer, bound NSF
was analysed by western blotting.
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Fig 5.

protein interacting with C-kinase 1 (PICK1) -§ soluble N-ethylmaleimide-sensitive fusion
(NSF) attachment protein (SNAP) binding is Ca2*-sensitive. (a) GST-PICK1 immobilised on
glutathione beads was incubated with hissBSNAP in the presence of different [Ca2*]¢ce. After
washing in the same [Ca2*]see buffer, bound BSNAP was analysed by western blotting. Graph
shows pooled data, n = 5. T-test 0-15 umol/L: p < 0.005. (b) Total levels of hissBSNAP and
GST-PICK1 are stable in the 0-30 umol/L [Ca?*]see range. Top panel: hissBSNAP was
incubated in buffer A in the presence of different [Ca2*]f.ee as shown. The levels of BSNAP
were analysed by western blotting. Bottom panel: GST-PICK1 immobilised on beads was
treated in the same way in separate tubes and levels of GST-PICK1 analysed by coomassie
staining.
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Table 1
Summary of the effects of low and maximal [Ca2*] on GIuR2-NSF, PICK1-BSNAP and GIuR2-PICK1
interactions and the resulting influence of modulating these interactions on AMPAR internalisation

Interaction Resting (<1 pmol/L) Ca?* Maximal (15 pmol/L) Ca®*
GluR2-PICK1 Weak Strong
Stimulates NSF disassembling Inhibits NSF disassembling
BSNAP-PICK1 Weak activity Strong activity
GIluR2-NSF Strong Disassembles GluR2-PICK1 Weak IF_)Ieéstllsassembly of GluR2-
Less PICK1 bound to AMPAR complex More PICK1 bound to AMPAR complex
Less AMPAR internalisation More AMPAR internalisation

GIuR2, glutamate receptor subunit 2; NSF, N-ethylmaleimide-sensitive fusion protein; PICK1, protein interacting with C-kinase; SNAP, soluble NSF
attachment protein; AMPAR, o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor.
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