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Postsynaptic scaffold proteins at non-synaptic sites

The role of postsynaptic scaffold proteins in

motor-protein—receptor complexes

Matthias Kneussel

Universitit Hamburg, Hamburg, Germany

Synapse-associated proteins that are located at the postsynaptic
density (PSD) have recently been shown to have a structural role at
non-synaptic locations. Here, they act as adaptor proteins between
neurotransmitter receptors and the microtubule- or microfilament-
based motor-protein complexes that are responsible for transport
to the PSD. The use of a common set of proteins that contain multi-
ple domains for protein—protein interactions as both intracellular
transport adaptors and synaptic scaffold proteins might contribute
to the transport specificity and postsynaptic integration of
receptors that underlie synapse formation and plasticity.
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Introduction

Neurons are highly polarized cells that receive, process and transmit
information. The neuronal plasma membrane is heterogeneous and
contains functional specializations such as presynaptic terminal bou-
tons, which release neurotransmitters, and postsynaptic densities
(PSDs), which contain neurotransmitter receptors and associated pro-
teins. Most excitatory glutamate receptors (such as N-methyl D-
aspartate receptors (NMDARs), o-amino-3-hydroxy-5-methyl-4-isox-
azole propionate receptors (AMPARs) and kainate receptors) are
located at dendritic spines, whereas inhibitory glycine receptors
(GlyRs) and y-aminobutyric acid type A receptors (GABA,Rs) are
mainly located at the shaft of dendrites (Fig 1). Both types of receptor
are transported from the trans-Golgi network (TGN) to the cell surface
by motor protein complexes. Receptors that reach a synaptic contact
interact with submembrane components of the PSD, and thus
become immobilized and participate in neuronal transmission and
signal transduction. The structure and function of these protein scaf-
folds at PSDs are the subject of intense research (Kneussel & Betz,
2000; Sheng, 2001). However, individual components of PSDs,
which mediate specific functions at postsynaptic sites, have also been
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shown to bind intracellular motor-protein complexes (Table 1).
Consequently, they function as linker molecules between molecular
motors and neurotransmitter receptors during the processes of cargo
recruitment towards and/or from the postsynaptic specialization.
Proteins that participate in scaffold reactions at the PSD usually con-
tain multiple domains for protein—protein interactions, which might
enable motors to interact with a large number of synaptic passengers.
Understanding how a limited number of motors carries a relatively
high number of synaptic components to their sites of action, and to
what extent the same molecules participate in intracellular transport
and synaptic scaffold reactions might help us to understand
fundamental operational principles of synapse formation.

Motor-protein-dependent transport in neurons

Neurons are polar cells with typically a single axon and many den-
drites (Fig 1). Axons and dendrites carry out different functions: the
dendritic surface receives and processes information from other
neurons and carries nerve impulses to the cell body, whereas the
axonal surface is specialized for the rapid transmission of electri-
cal impulses towards the presynaptic terminal bouton that releases
the neurotransmitter. In a primary sorting step, proteins of the
presynaptic active zone and the PSD are directed to the respective
compartment, which is either the axon or a dendrite. Within neu-
ronal dendrites, neurotransmitter receptors must undergo another
targeting step, which directs glutamate receptors, for instance,
towards an excitatory spine synapse and GlyRs and GABA,Rs
towards an inhibitory shaft synapse (Fig 1). Such delivery of neuro-
transmitter receptors to distinct postsynaptic specializations could
be achieved by two possible mechanisms: selective and direct tar-
geting towards the appropriate synapse (Fig 2A) or indirect target-
ing to the cell surface membrane combined with the selective
retention of mobile receptors at synaptic sites (Fig 2B). In the latter
context, it is unclear whether the surface membrane entry sites of
receptors are random or specific. However, results that favour the
second model for individual receptors include the observations
that AMPARs and GlyRs display lateral mobility in the plane of the
plasma membrane (Choquet & Triller, 2003). Moreover, connec-
tions that spontaneously form between neurons in isolated
micro-island cultures contain mismatched appositions of pre- and
postsynaptic components; for instance, GABA,R clusters localize
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Fig1 | Dynamic control of neurotransmitter receptor expression at the cell surface. Receptor-containing secretory vesicles are released from the trans-Golgi

network and recruited by motor-protein-dependent transport complexes (shown in green). On expression at the cell surface, receptors are thought to diffuse

laterally in the plasma membrane (depicted in yellow). Interactions with postsynaptic scaffold proteins immobilize receptors at sites of axo-dendritic contact and

contribute to the number of receptors that are available for synaptic transmission (+ and —, respectively). Extrasynaptic receptors exchange with intracellular

recycling pools (shown in orange). AP2, adaptor protein 2; ER, endoplasmic reticulum; NSE, N-ethylmaleimide-sensitive factor.

Table 1 | Known and putative transport complexes of neurotransmitter receptors and associated proteins

Motor Adaptor Cargo References

KIF17 Lin2 (CASK), Lin7 (MALS/Velis), Lin10 (Mint/X11) NMDAR2B Setou et al, 2000

KIF5A/B/C GRIP1 AMPAR GluR2 Setou et al, 2002

KIF1Bo PSD-95(?), PSD-93(?), chapsyn 110(?), SAP-97(?), PSD-95(2), PSD-93(?), chapsyn 110(?), SAP-97(?), Mok et al, 2002
S-SCAM(?) S-SCAM(?)

Dynein Gephyrin(?) Gephyrin(?), Fuhrmann et al, 2002

GIyR(?) Hanus et al, 2004
Myosin V GKAP(?),PSD-95(?) GKAP(?),PSD-95(?) Naisbitt et al, 2000
Myosin VI SAP-97 AMPAR GluR1 Wu et al, 2002

inappropriately opposite non-GABAergic terminals (Rao et al,
2000), which suggests that selectivity mechanisms exist down-
stream of plasma membrane entry in vivo, but are lacking in this
electrophysiologically artificial system.

To reach the cell surface and postsynaptic membrane, excitatory
NMDARs and AMPARs have been shown to depend on active,
microtubule-dependent, transport mechanisms (Setou et al, 2000,
2002). In general, several mechanisms could act in combination to
achieve postsynaptic delivery of individual neurotransmitter receptors
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towards either an excitatory or inhibitory synapse, located on spines
or shafts, respectively: receptors might be sorted to different post-
Golgi carriers at the level of the TGN; transport units might be directed
to different subdomains within the dendrite; the fusion between indi-
vidual transport vesicles and the plasma membrane might be selec-
tively regulated, such as by the nature of membrane lipids; receptors
might enter the surface membrane at non-synaptic but distinct posi-
tions and then subsequently reach the synapse through lateral diffu-
sion or active intra-membrane transport; diffusion barriers within the
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Fig 2 | Proteins with dual functions in motor-protein-dependent transport and
at postsynaptic densities (shown in red) contribute to the post-Golgi surface
membrane delivery of neurotransmitter receptors. (A,B) Two possible
transport mechanisms are shown. The available data favour the mechanism
shown in (B), which suggests that the surface membrane entry of receptors
occurs at extrasynaptic locations. It is unknown whether the interactions of the
proteins (red) with receptors persist during the process of surface delivery and
lateral diffusion into postsynaptic sites.

plasma membrane might hinder individual receptors to enter or leave
specific compartments; and finally, mechanisms that differentially
regulate receptor endocytosis and receptor turnover might contribute
to receptor densities at a given time and location.

In terms of motor-protein-dependent transport of components
towards postsynaptic specializations, it is also important to consider
that the number of cargo molecules to be transported within a given
neuron is much higher than the number of motors available for the
recruitment process. Therefore, adaptor proteins have been postulated
and subsequently identified (Setou et al, 2000, 2002) that not only
regulate binding affinities but also mediate transport specificity and
cargo identity. The latter might be achieved through the combinatorial
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use of several polypeptides within the transport complex, many of
which have different protein—protein interaction domains.

Microtubules: tracks for polarized transport

The nature of the tracks along which motors move is thought to be a
crucial factor in dendritic transport, especially as cytoskeletal poly-
mers display polarity and associate with several other proteins.
Microtubules generally have a radial organization in many cell
types, with their plus-ends typically orientated to the cell periphery
and their minus-ends anchored in a microtubule-organizing centre
(MTOC). With respect to neurons, this uniformity of microtubule
polarity is found in axons but not in dendrites: axonal microtubules
are directed with their plus-ends towards the growth cone, whereas
dendritic microtubules show a mixed orientation. In proximal den-
dritic regions, about 75 um from the cell body, roughly equal pro-
portions of microtubules are orientated with their plus-ends directed
towards both the growth cone and the cell body. However, in distal
dendritic regions, within about 15 um of the growth cone, micro-
tubule polarity orientation is similar to that in axons (Baas et al,
1988). Microtubules often do not reach the cellular cortex at the
cytoplasmic face of the plasma membrane; instead this region is
rich in actin filaments, which are thought to represent the tracks for
the final stages of delivery of many surface molecules. This morpho-
logical characteristic is also found in dendritic spines, which
contain actin filaments but lack or contain few microtubules.

A recent study has suggested that microtubules themselves
might provide directional information for polarized transport, as the
kinesin-family motor KIF5 has a preference for microtubules in the
initial segment of the axon and KIF5-driven post-Golgi axonal carri-
ers move directly from the TGN towards the axonal compartment
(Nakata & Hirokawa, 2003). According to this model, not only the
polarity of the track, but also the microtubule-associated proteins
(MAPs) could provide a cue for transport. Alternatively, regulation
at the level of the interaction between the microtubule track and the
individual motor head might account for such preferences.
Regulatory mechanisms could in this context include phosphoryla-
tion, acetylation or methylation of target proteins within the system.
It is therefore important that future research investigates to what
extent directionality of polarized transport is encoded by the micro-
tubule, the MAPs, the structure of the motor head, the different
regulatory states of the respective components or by a combination
of these different factors.

Motor—cargo interactions in excitatory synapse remodelling
All motors are enzymes that convert the chemical energy that is
stored in ATP into molecular motion, thereby producing a force
on the associated cytoskeletal polymer. The main binding char-
acteristic of molecular motor complexes is their simultaneous
affinity for cytoskeletal polymers and cargo elements. Typically,
the ATPase function is mediated by the heavy chain of the respec-
tive motor protein complex, whereas accessory intermediate and
light chains are specialized for self-assembly or interaction with
molecular cargo. However, individual heavy chains have also
been shown to interact directly with cargo molecules. Three fam-
ilies of motor-protein complexes—Kkinesin, dynein and myosin—
are known, each of which consists of many domains or accessory
subunits. Kinesins and dyneins use microtubules as transport
tracks, whereas myosins represent actin-based motors that move
along microfilaments.
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For the anterograde recruitment of glutamate receptors of both the
NMDA- and AMPA-type, kinesin-family motors have been identified
as the driving force of a cargo complex that consists of an individual
receptor subunit, one or more adaptor proteins and the motor-protein
components (Setou et al, 2000, 2002; Fig 3). For both receptor types,
the same molecules that link the receptor complex to the motor com-
plex have previously been shown to locate to and mediate specific
functions within the PSD. The NMDAR NR2B subunit interacts with
the kinesin-family motor Kif17 through a protein complex that consists
of mouse Lin7 (also known as MALS/Velis), Lin2 (CASK) and Lin10
(Mint1/X11; Fig 3A). The microtubule-associated motor binds to the
cytoplasmic Lin10 through a PDZ-domain-mediated interaction. The
vesicular NR2B subunit interacts through its carboxy-terminal tail with
cytoplasmic Lin7. To connect the cargo vesicle with its transport track,
Lin2 then functions as a linker between the Lin10-motor complex and
the Lin7-receptor-vesicle complex, thereby generating a large com-
plex that transports NR2B-containing NMDARs towards postsynaptic
sites (Setou et al, 2000). Notably, the protein Lin2, which represents a
membrane-associated guanylate kinase (MAGUK), not only functions
as a transport adaptor at intracellular transport complexes but also rep-
resents a component of the PSD. Transgenic overexpression of the
motor protein Kif17 enhances NR2B-mediated spatial and working
memory in mice, which confirms the physiological relevance of this
form of microtubule-based NMDAR transport (Wong et al, 2002).

With respect to the use of PSD components as transport adap-
tors, a similar observation has been made for an AMPAR transport
complex. Here, the kinesin-family motors KIF5A, B and C bind to
the AMPAR GluR2 subunit through glutamate-receptor-interacting
protein 1 (GRIP1)-mediated interactions (Setou et al, 2002; Fig 3B).
The expression patterns of KIF5 family members in different neu-
ronal cell types (Kanai et al, 2000) are consistent with the distribu-
tion of the GRIP1 protein (Dong et al, 1999) and AMPAR GluR2
subunits in brain and spinal cord (Jakowec et al, 1995; Petralia &
Wenthold, 1992). GRIP1 also represents a component of the post-
synaptic scaffold, where it binds to synaptically localized AMPARs
(Sheng, 2001). In the context of KIF5-mediated transport, not only
does GRIP1 form a bridge between the motor and its cargo recep-
tor, but also the minimal kinesin-binding domain of GRIP1 delocal-
ized kinesin predominantly to the somatodendritic compartment
and not significantly to axons. Thus, GRIP1 steers the KIF5 family
heavy chains to dendritic compartments, despite the fact that these
motors also mediate axonal transport reactions. These studies indi-
cate that binding proteins can determine the direction of transport
of a motor protein (Setou et al, 2002).

It is not clear whether the observed interactions represent the
general anterograde microtubule motors for glutamate receptor
transport or whether these motor—cargo interactions account for the
specific delivery of certain receptor subtypes. Neurotransmitter
receptors are known to be expressed and assembled in a spatio-
temporal-dependent manner in the mammalian central nervous sys-
tem. During development for instance, there is a shift in synthesis
from NR2B-containing to NR2A-containing NMDARs. Moreover,
NMDARSs locate to and mediate specific functions at both synaptic
and extrasynaptic locations (Tovar & Westbrook, 1999). Therefore,
individual receptor subtypes could either use different molecular
motors for postsynaptic delivery or, alternatively, use the same
motors but different sets of adaptor and/or accessory proteins. This
could account for the differing subunit composition or for transport
towards a specific surface membrane microdomain. A candidate set
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Fig 3 | Kinesin-mediated transport of NMDA receptors (A) and AMPA
receptors (B). Schematic representation of microtubule-dependent transport
complexes that consist of secretory vesicles and associated proteins. These
contain receptor (shown in red) and adaptor proteins, which link receptors to
kinesin motors (in blue) through PDZ-domain-mediated interactions. Note
that proteins depicted in yellow represent polypeptides with dual functions at
both the intracellular transport pathway and the postsynaptic membrane
specialization. AMPA, oi-amino-3-hydroxy-5-methyl-4-isoxazole propionate;
GRIPI, glutamate-receptor-interacting protein 1; KIF, kinesin family; NMDA,
N-methyl D-aspartate; PDZ, postsynaptic density/discs large/zonula adherens.

of proteins for the regulated delivery of individual subunit composi-
tions is known as the transmembrane AMPAR regulatory proteins
(TARPs). The TARP stargazin/y2 interacts with AMPARs in the den-
dritic cytoplasm before reaching the PSD (Greger et al, 2002; Tomita
et al, 2003) and individual AMPAR complexes contain only one
TARP isoform, which suggests that TARP-AMPAR complexes are
strictly segregated (Tomita et a/, 2003). Whether TARPs are compo-
nents of KIF5-GRIPT-AMPAR complexes remains to be determined.
However, although TARPs bind both AMPARs and the postsynaptic
scaffold protein PSD-95, they precisely colocalize with AMPARs
and are absent from excitatory PSD-95-positive synapses that lack
AMPARs (Tomita et al, 2003). It is therefore likely that TARPs are
fundamental to the control of AMPAR localization.

Further evidence for the view that different motors participate in
the delivery of excitatory postsynaptic components has been provided
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by a yeast two-hybrid screen that used the C-terminal PDZ-domain-
binding motif of the kinesin-family motor protein KIF1Bo, as bait.
This screen identified several PSD components as direct KIF1Ba.
interactors, including PSD-95, PSD-93, chapsyn 110, synapse-
associated protein 97 (SAP97) and the synaptic scaffolding molecule
(S-SCAM; Mok et al, 2002). In addition, PSD-95 has been shown to
form part of a protein complex containing guanylate-kinase-associated
protein (GKAP), dynein light chain (Dlc) and the actin-based motor
protein myosin V (Naisbitt et a/, 2000). Although it remains unclear
whether these interactions (Table 1) represent cargo, cargo adaptors
or both, it is an appealing hypothesis that these factors, many of
which contain several domains for protein—protein interactions,
indicate the existence of larger transport complexes that include
transmembrane components of the postsynaptic specialization.

With respect to the endocytosis of AMPARs, the actin-based motor
myosin VI might be involved. Myosin VI has been implicated in endo-
cytic mechanisms in different cell types (Hasson, 2003) and interacts
with the postsynaptic scaffold protein SAP97 and the AMPAR GluR1
subunit (Wu et al, 2002; Table 1). Although there is as yet no evidence
that these three binding partners colocalize at postsynaptic sites, the
respective trimeric complex co-immunoprecipitates in light mem-
brane fractions prepared from brain tissue (Wu et al, 2002).
Moreover, AMPAR GIuR2 subunits contain overlapping binding sites
for the ATPase N-ethylmaleimide-sensitive factor (NSF) and the
clathrin-binding adaptor protein 2 (AP2). NSF function is required to
maintain AMPARs at postsynaptic sites, whereas AP2—clathrin inter-
actions are involved in receptor internalization (Lee et al/, 2002).
Whether a molecular motor system contributes to the recruitment of
AMPARs that are bound to NSF or AP2 is not known; however, both
components are involved in transport and PSD-mediated reactions
(Husi et al, 2000; Peng et al, 2004). Remarkably, as considered for the
plasma membrane entry of receptors, the endocytosis of AMPARs
through clathrin-coated pits also mainly occurs at extrasynaptic sites
(Ashby et al, 2004; Petralia et al, 2003; Fig.1), which suggests that
surface delivery and removal might be an extrasynaptic phenomenon.

Motor—cargo interactions in inhibitory synapse remodelling
The intracellular transport of GlyRs and GABA,Rs to and from
inhibitory postsynaptic sites is barely understood. However, the
postsynaptic scaffold component gephyrin, which is essential for the
clustering of GlyRs and individual GABA,Rs at synaptic sites, might
also function as a motor—cargo adaptor at intracellular locations.
Evidence that gephyrin binds to components of motor protein com-
plexes has been obtained from a screen that identified Dlc1 and
Dlc2 as direct binding partners of the gephyrin molecule (Fuhrmann
et al, 2002). As Dlc proteins are components of both the micro-
tubule-based dynein motor complex and the microfilament-based
myosin Va motor complex, this interaction could lead to different
transport pathways. In neurons derived from gephyrin-deficient
mice, the expression of a gephyrin deletion mutant that can no
longer interact with Dlc1 and -2 does not alter the synaptic localiza-
tion of gephyrin. It is therefore likely that gephyrin-Dlc interactions
contribute to retrograde neuronal transport, which is consistent with
the dynein motor moving towards the minus-end of microtubules.

In a recent study, Hanus and coworkers analysed heterologously
expressed GlyRs and gephyrin at intracellular locations of fibroblast
cells (Hanus et al, 2004). A chimeric GlyR-a. receptor subunit, which
contains the gephyrin-binding motif of the GlyR-f subunit, localized
gephyrin to intracellular structures. The movement of these putative
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GlyR-gephyrin aggregates was affected in the presence of nocoda-
zole, a microtubule-depolymerizing drug, which suggests that
recruitment of the colocalized structures is microtubule-dependent.
Moreover, the presence of the gephyrin-binding motif in GlyR-a
accelerated the accumulation of GlyR at the cell surface. Although
this study was not performed in neuronal cells, it suggests that some
GlyRs associate with gephyrin during their transport to the cell sur-
face. Consistent with this model, gephyrin transport complexes are
recruited within neuronal dendrites over time and enter or leave
putative inhibitory postsynaptic scaffolds (M.K., unpublished data).
Clearly, a transport complex remains to be identified that connects
the vesicular GlyR with an anterograde dendritic motor for plasma
membrane delivery. However, these observations suggest that the
scaffold protein gephyrin also contributes to transport reactions at
intracellular sites (Table 1). This view is further supported by the
observation that gephyrin interacts with the GABA,R-associated pro-
tein (GABARAP; Kneussel et al, 2000), which is a putative post-Golgi
transport factor that in turn binds to y2-subunit-containing GABA,R
transport complexes (Wang et al, 1999) and NSF (Kittler et a/, 2001).

Common principles and future directions

Each motor-protein—cargo interaction encodes the identity of a cer-
tain transport complex and thereby contributes to the regulated and
specific delivery of cargo to its cellular destination. It is becoming
increasingly clear that molecular motors associate with their cargo
through intermediate components, which include adaptor, scaffold
and transmembrane proteins, as well as GTPases and other motors
(Klopfenstein et al, 2000). With respect to the transport of neuro-
transmitter receptors in neurons, additional questions arise: what are
the reasons and consequences for the use of certain proteins in both
transport and membrane scaffold reactions? At which subcellular
location do these interactions initially occur? Do the same interac-
tions that regulate, for instance, NMDAR (Lin2/CASK) or AMPAR
(GRIP1) transport, persist at postsynaptic sites and could the mainte-
nance of such interactions beyond transport represent a general
principle in synaptogenesis?

At present, it is not clear at which membrane positions neuro-
transmitter receptors enter the plasma membrane (Fig 2). Receptors
could be incorporated into the plane of the plasma membrane at any
position of the cell and final transport reactions could exclusively
depend on lateral movements either through diffusion and/or in
combination with actin-based motor systems (Fig 2B). A mode of
active intramembrane transport is known for the endocytic receptor
megalin in membranes of epithelial cells (Christensen & Birn, 2002).
Alternatively, receptors could enter the surface membrane at distinct
extrasynaptic sites, possibly encoded by microenvironments with
defined lipid compositions, and reach the postsynaptic specializa-
tion as preformed extrasynaptic clusters. This mode of synaptic
development has been reported for NMDAR clusters in cultured
neurons (Rao et al, 1998). Another possible mechanism could posi-
tion the transport complex near the PSD with direct incorporation of
individual receptors into existing synapses (Fig 2A); however, a study
performed in cultured neurons that contradicts this view for certain
types of NMDAR has been reported (Guillaud et al, 2003). Here,
NR2B subunit clusters either colocalize with the motor KIF17 or the
pre- and postsynaptic markers synaptophysin and PSD-95, respec-
tively. By contrast, no colocalization was observed between KIF17
and synaptic markers, which suggests that the motor complex does
not reach the vicinity of the PSD.
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Whether the surface expression of receptors depends on a single
aforementioned mechanism or on a combination of different modes
remains to be determined. For individual receptor subunits and asso-
ciated proteins it is known that clusters appear at extrasynaptic loca-
tions before synaptogenesis (Meier et al, 2000; Rao et al, 1998). It is
therefore important to understand whether receptor-binding pro-
teins, some of which carry out a dual role in both transport and
synaptic scaffolding reactions, contribute to surface delivery and lat-
eral mobility of receptors. Polypeptides with such dual function
might interact with receptors not only before, but also during their
surface membrane entry; therefore, these interactions would persist
until both binding partners reach the synapse. The incorporation of
new receptors and their associated binding partners into extrasynaptic
or synaptic sites might promote subsequent receptor clustering.

In summary, additional transport complexes need to be identified
and characterized, particularly to understand whether specific sub-
units of the same neurotransmitter receptor type travel as passengers of
distinct or identical motors. These questions require the combination
of biochemical and imaging approaches and will highly benefit from
loss-of-function experiments, including genetic ablation in mice.
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