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Abstract 

The activity-regulated cytoskeleton-associated protein (Arc) is important for synaptic scaling 
and the normal function of the brain. Arc interacts with many neuronal postsynaptic proteins, 
but the mechanistic details of its function have not been fully established. The C-terminal 
domain of Arc consists of tandem domains, termed the N- and C-lobe. The N-lobe harbours a 
peptide binding site, able to bind to multiple targets. By measuring the affinity of various 
peptides towards human Arc, we have refined the specificity determinants of this site. We 
found two sites in the GKAP repeat region that may bind to Arc and confirmed these 
interactions by X-ray crystallography. Comparison of the crystal structures of three human Arc-
peptide complexes identifies 3 conserved C-H…π interactions at the binding cavity, which 
explain the sequence specificity of short linear motif binding by Arc. By analysing the 
structures, we further characterise central residues of the Arc lobe fold, show the effects of 
peptide binding on protein dynamics, and identify acyl carrier proteins as structures similar to 
the Arc lobes. We hypothesise that Arc may affect protein-protein interactions and phase 
separation at the postsynaptic density, affecting protein turnover and re-modelling of the 
synapse. 
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Introduction 

Normal brain function depends on signal transduction across synapses, and the ability to 
modify the strength of synaptic transmission is key to learning and memory. Synaptic 
transmission and plasticity involve many proteins located on both the pre- and postsynaptic 
side of the synapse. One of the central proteins in long-term synaptic plasticity is the activity-
regulated cytoskeleton-regulated protein (Arc) (1, 2). Arc is an immediate early gene expressed 
in excitatory, glutamatergic neurons following synaptic activation. Arc mRNA transports into 
dendrites, where it undergoes local translation near synapses. In neuronal activity-dependent 
synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD), Arc 
protein is rapidly expressed and degraded, indicating a transient and dynamic mode of action 
(1, 3–6). Transient expression of Arc is also required for memory consolidation and postnatal 
developmental plasticity of the visual cortex (7–10). 

Arc is a flexible hub, interacting with many different proteins located in the postsynaptic 
density and the nucleus (11). The abundance of AMPA-type glutamate receptors (AMPARs) at 
the synapse is a major determinant of synaptic transmission efficiency. Expression of Arc 
promotes endocytosis of AMPARs, by recruitment of the machinery for clathrin-mediated 
endocytosis, resulting in synaptic depression (12–14). Recently, Arc was found to bind 
stargazin (Stg), an auxiliary subunit of AMPAR important for receptor trafficking (15–17). Arc 
is also able to form capsid-like structures and transfer nucleic acids between neurons (18–21). 
The C-terminal domain of Arc (Arc-CT) consists of two structural repeats called the N-lobe 
(Arc-NL) and the C-lobe (Arc-CL). These domains are structural homologs to retroviral capsid 
proteins, but the N-lobe domain differs by having a peptide binding site, binding to stargazin 
and other peptides (16, 22).  

The peptide binding site of the Arc-NL allows an extended peptide to bind across a 
hydrophobic pocket. Together with the N-terminal tail of Arc- NL, which is located on top of 
the peptide in a parallel manner with the peptide, both parts are forming a short beta-sheet. The 
protein-peptide interaction does not seem to be highly specific since the protein barely interacts 
with the peptide sidechains and mostly interacts with the peptide backbone (23). Based on 
alignments of Arc ligand peptides, the PxF/Y/H binding motif was proposed (16). The histidine 
of the motif became questionable when we in an earlier study showed that the GluN2A peptide, 
having PxH and suggested to bind Arc in the peptide binding pocket (16), did not bind to hArc-
NL, using the more robust method ITC (23). Further characterisation of the specificity 
determinants of the Arc-NL peptide binding site would be of high value for finding novel Arc 
binding partners.  

The postsynaptic density (PSD) is a protein-rich assembly below the postsynaptic membrane, 
formed of large scaffolding proteins. These proteins carry a combination of protein interaction 
domains, which may interact with several alternative partners; the structure of the protein 
assembly can be regulated in an activity-dependent manner. The main PSD scaffolds include 
membrane-associated guanylate kinases (such as PSD-95), Shanks, calmodulin-dependent 
protein kinase II, Homer, synaptic Ras GTPase-activating protein 1, and guanylate kinase-
associated protein (GKAP). Scaffolding proteins of the PSD are targets for mutations in 
neurological disorders (24). GKAP is a structural protein of the PSD, linking PSD95 to Shank, 
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which accumulates during synaptic inactivity (25). The binding site of GKAP for Shank is 
located at the C terminus of GKAP, interacting with the Shank PDZ domain (26–28). GKAP has 
5 sequence repeats located in its middle region. interacting with PSD95 (29, 30), and one repeat 
overlaps with the previously suggested Arc binding site (16, 23). PSD95 is required for 
targeting of Arc to the PSD, where it is found in multiple PSD95 interaction complexes (31). It is 
therefore possible that Arc expression contributes to activity-dependent remodelling of the PSD. 

To gain insight to human Arc signalling, we sought to characterise the structural determinants 
of ligand binding to the hArc-NL. We analysed the specificity of peptide binding by human Arc 
to find out the required residues for binding. By measuring the affinity between hArc-NL and 
various peptides, we show that the peptide binding site is sequence-specific. Mutation of the 
proline or the tyrosine of the PxF/Y motif resulted in loss of binding. We found two Arc 
interaction sites on GKAP, suggesting that Arc may bind to the repeat region of GKAP. By X-
ray crystallography, we confirm the peptide binding on hArc-NL and provide the structure of 
hArc-CL, which does not have the peptide binding ability found in hArc-NL.  
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Material and methods 

Recombinant protein production 

The expression and purification of hArc NL and CL were performed as described (23). In short, 
hArc-NL (residues 207-277), hArc-CL (residues 277-370), and hArc-CT (residues 206-396, 
containing both lobes) were expressed with a cleavable His-MBP tag in E. coli BL21, with 
isopropyl β-D-1-thiogalactopyranoside induction at +30 °C. The cells were lysed by sonication 
and the proteins purified by Ni-NTA affinity chromatography and size-exclusion 
chromatography. The affinity tag was removed with recombinant TEV protease during 
purification.  

Peptide synthesis 

Peptides were synthesised by GenScript (Piscataway NJ, USA), carrying N-terminal acetylation 
and C-terminal amidation. The sequences and nomenclature of the synthetic peptides are given 
in Table 1.  

Isothermal titration calorimetry 

The affinity of peptides to hArc lobe domains was measured using a MicroCal iTC200 (Malvern, 
UK) instrument. The peptide was injected into the cell containing the purified protein; the 
peptides were 2.5-5.0 mM and the protein 0.25-0.5 mM. The buffer used was 20 mM Tris-HCl, 
pH 7.4, with 150 mM NaCl, and the measurements were performed at +25 °C. The data were 
analysed using MicroCal Origin 7, using a one-site binding model. 

Protein crystallisation 

Crystals of hArc lobes were obtained by vapour diffusion. The proteins and peptides were in a 
buffer consisting of 20 mM of Tris-HCl and 150 mM of NaCl. The crystal of hArc-NL with 
pStg(wt) was made by mixing hArc-NL (20 mg/ml) with a 3-fold molar excess of pStg(wt). 
Hanging drops were set up by mixing 1 µl of the protein/peptide solution with 1 µl of the 
reservoir, consisting of 1.4 M trisodium citrate, and incubated at +4 °C. The crystals were soaked 
in PEG400 as cryo-protectant for a few seconds before flash-cooling in liquid nitrogen. The 
crystal of hArc-NL together with GKAP-R4 was made by mixing hArc-NL (20 mg/ml) with a 3-
fold molar excess of the peptide. Hanging drops were made by mixing 2 µl of the 
protein/peptide mixture with 2 µl of the reservoir, consisting of 1.2 M of trisodium citrate, and 
incubated at +20 °C. A solution of 1.2 M trisodium citrate with 20% glycerol was used as cryo-
protectant for these crystals. The crystal of hArc-NL with GKAP-R5 was made by mixing hArc-
NL (20 mg/ml) with a 2-fold molar excess of peptide. Hanging drops were made by mixing 2 µl 
of the protein/peptide mixture with the reservoir, consisting of 1.2 M of trisodium citrate, and 
incubated at +4 °C. Crystals were picked and flash-frozen in liquid nitrogen. Crystals of hArc-
CL were obtained by sitting-drop vapour diffusion. The drops were made by mixing 200 nl of 
the protein (15 mg/ml) with 100 nl of a reservoir, consisting of 16% PEG 8000, 40 mM 
potassium-phosphate (monobasic), and 20% glycerol. The drops were incubated at +20 °C, and 
crystals were picked and flash-frozen in liquid nitrogen. 

X-ray diffraction data collection and structure refinement 
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Diffraction data for hArc-NL with pStg(wt) were collected on the I03 beamline at Diamond 
Light Source (Oxfordshire, UK). Data for hArc-NL with GKAP-R4 and GKAP-R5 were collected 
on the P13 beamline (32) at EMBL/DESY (Hamburg, Germany). Data for hArc-CL were 
collected on the P14 beamline at EMBL/DESY (Hamburg, Germany). All data were collected at 
100 K and processed using XDS (33). Phasing was done by molecular replacement, using PDB 
entry 4X3H (16) for hArc-NL and PDB entry 4X3X (16) for hArc-CL as search models in Phaser 
(34). The structures were refined using phenix.refine (35) and model building was done in Coot 
(36). Structure validation was done using MolProbity (37).  

Structure analyses 

Network analyses on the protein structures were carried out on the NAPS server (38, 39). 
Structure similarity searches were done using Salami (40). The pStg(phos) peptide was 
modelled into hArc-NL manually in Coot, based on the crystal structure, and energy 
minimisation was carried out in Yasara (41). Molecular dynamics (MD) simulations for hArc-
NL without peptide, and with either pStg(wt) or pStg(phos) bound, were run with Yasara, 
essentially as described (42). The simulations were run for 200-250 ns at +25 °C, and trajectory 
analysis was carried out in Yasara.  
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Results and discussion 

We set out to study the structure of the two lobes of Arc-CT in the human protein, and to better 
understand the binding of short linear peptide motifs to hARc-NL. We further wanted to 
observe possible peptide interactions of hArc-CL and the effects of Stg phosphorylation on the 
interaction with hArc-NL. Using a combination of ITC and X-ray crystallography, we provide 
an improved understanding of hArc structure and refine the linear peptide motif that interacts 
directly with the binding site on hArc-NL. 

Peptide ligand binding by the human Arc lobe domains 

To study the specificity of peptide binding by hArc-NL, we measured the affinity of a set of 
mutated versions of a known peptide ligand from Stg. The Stg peptide has shown the highest 
affinity to hArc-NL in our earlier studies (23) and has the suggested PxF/Y motif (16). For 
clarity, we number the binding motif such that the conserved aromatic residue is P(0). Our 
results show that by mutating the consensus sequence, affinity to hArc-NL is lost (Fig. 1A, Table 
2). As controls, hArc-NL did not bind to a poly-proline peptide nor to the reverse sequence of 
Stg. The modifications of P3A and Y5L also resulted in loss of binding, showing that the 
binding site is specific and that the proline and tyrosine are important for binding to hArc-NL. 
The binding of pStg(wt) to hArc-NL was confirmed by X-ray crystallography of the complex 
(see below), and the binding mode is similar to the earlier structure of the same complex at 
lower resolution (16). Crystallisation screening of hArc-NL with the mutated peptides was 
unsuccessful, which is an additional indication that hArc-NL does not bind these peptides, since 
Arc-NL does not seem to crystallise without a bound peptide.  

hArc-NL binding to GKAP repeat peptides was tested next, as one of these repeats was shown 
to be a ligand previously (16, 23). The affinity of hArc-NL towards the five repeat sequences of 
GKAP showed binding in two cases (Fig. 1B, Table 2). GKAP-R4, which was known to bind (16, 
23), showed higher affinity. GKAP-R5 also bound to hArc-NL, while the other repeats did not 
show measurable affinity using ITC (Fig. 1B). The binding of GKAP-R4 and GKAP-R5 was 
confirmed with X-ray crystallography, and the peptides were bound in the same peptide 
binding site of hArc-NL (see below). The selective binding of these two repeats reveal new 
information on hArc binding specificity. Both GKAP-R4 and GKAP-R5 have the phenylalanine 
of the PxF/Y motif, while the other sequences have Arg, Val, or Leu at this position. All repeats 
except for GKAP-R5 have the proline of the PxF/Y motif. Still, GKAP-R5 binds to hArc-NL. It 
has a neighbouring Pro residue one position before the canonical Pro, which is replaced by a 
Gly. It is likely that the conserved Pro residue is important for both keeping an extended 
conformation for the binding peptide and in making specific interactions, such as C-H…π 
bonds towards Arc-NL. The extra Gly residue in GKAP-R5 provides needed flexibility to 
accommodate this altered motif into the binding site. Overall, the results show that both the Pro 
and Phe/Tyr residue of the motif are required for short peptide ligand binding to hArc-NL, but 
the position is not absolutely fixed. 

Using fluorescence polarisation spectroscopy, two other peptides were reported to bind to Arc-
NL, which both have His instead of the Phe/Tyr residue of the PxF/Y motif (16). Using ITC in 
our earlier work (23), we could not see any indication of Arc-NL binding to the GluN2A 
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peptide. Indeed, Arc binds to another segment of GluN2A having a PxF/Y motif (22). These 
observations indicate that the Phe/Tyr residue is important for binding. 

An unconventional CaMKII peptide was reported to bind to Arc-NL, in which the canonical Pro 
is replaced by Arg (16). However, observation of the electron density of the corresponding 
crystal structure reveals that the peptide sequence in the structure is erroneous, as the density 
indeed shows a peptide with a Pro at the canonical position instead of Arg (Fig. 1C). This is a 
further indication of the sequence specificity of the binding pocket in Arc-NL. 

Arc-CL is a structural homologue of Arc-NL, and it could in theory have a similar ligand-
binding site. It might be possible that a long peptide that binds to Arc-NL would continue into 
the corresponding region of Arc-CL, forming an extended peptide binding surface. However, 
we could not detect binding of hArc-CL to any of the tested peptides (Fig. 1D). Therefore, we 
tested longer versions of Stg and GKAP peptides that bind hArc-NL to see if Arc-CT, with both 
lobes present, has altered affinity towards them. However, the affinity towards the short and 
long peptides was comparable (Fig. 1E-F, Table 2), suggesting that hArc-CL did not interact 
with the C-terminal region of the longer peptide. A similar small increase in affinity could be 
seen towards the longer peptides for both hArc-NL alone and hArc-CT (Table 2), showing that 
hArc-CL is not involved. For the longer Stg peptide, hArc-CT bound with a higher favourable 
enthalpy than hArc-NL; this could be an indication of additional interactions between the 
peptide and hArc-CL. However, the change in affinity was small, and the binding entropy was 
more unfavourable, compensating for the enthalpy contribution.  

The NMR structure of the rat Arc-CT (22), consisting of both lobes, showed that the relative 
orientation of the two lobes could allow a peptide binding to the Arc-NL to continue into the 
Arc-CL if extended. However, it appears that the peptide binding feature is unique to the 
mammalian Arc-NL. The structure of Drosophila Arc1 without bound peptides showed that the 
sequence upstream of the NL could fold into the peptide binding pocket (43). This folding back 
would block peptide binding and dArc may be unable to bind to peptide ligands like 
mammalian Arc-NL. The structures of dArc capsids (44) suggest the same. The Stg peptide that 
binds to human and rat Arc-NL does not bind to the two isoforms of drosophila Arc (45). 

All peptides showed similar enthalpy-entropy compensation, when binding thermodynamics 
were assessed using ITC (Table 2). The observed thermodynamics are typical for a protein-
ligand interaction in the micromolar affinity range (46, 47). Favourable enthalpy is brought 
about by hydrogen bonds as well as weaker interactions including C-H…π bonds and van der 
Waals interactions, while unfavourable entropy can be explained by overall loss of flexibility in 
the complex compared to molecules free in solution. 

Structures of hArc-NL bound to ligand peptides 

We aimed to obtain more detailed information on Arc-peptide interactions using X-ray 
crystallography. A comparison of the crystal structures of the different Arc-peptide complexes 
(Table 3) further highlights important details of peptide binding (Fig. 2). The structures of rat 
Arc-NL and Arc-CL were previously reported (16). We report the hArc-NL structure bound to 
the pStg(wt) peptide at higher resolution (1.90 Å) (Fig. 2A). The structure of hArc-NL bound to 
GKAP-R4 shows that the peptide backbone and the PxF motif align well with pStg(wt) (Fig. 2B). 
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hArc-NL complexed with GKAP-R5 is different, showing that the peptide backbone is shifted at 
the position of the canonical Pro at P(-2), so that the neighbouring Pro at P(-3) present in GKAP-
R5 can get closer to the binding pocket (Fig. 2C). Thus, the linear motif for Arc-NL binding can 
be expanded from from PxF/Y to P(G)xF/Y.  

The key interactions in all complexes include three C-H…π hydrogen bonds that directly 
involve the P(G)xF/Y motif. Pro at P(-2/-3) forms a C-H…π interaction with the aromatic ring of 
Tyr227 in Arc (Fig. 2D). In addition, Tyr/Phe(0) is involved in two C-H…π interactions (Fig. 2E). 
The Cβ atom interacts with the side chain of Phe220, and the aromatic ring accepts a C-H…π 
bond from Phe271 of Arc. Other residues in the peptides also make conserved interactions with 
hArc-NL (Fig. 2). The visually strongest of these are main-chain β-sheet interactions of the 
bound peptide on both sides of the chain. Additionally, the conserved Arg at P(+1) and/or P(+3) 
form salt bridges to Glu215 of hArc-NL. Asn247 interacts with the side chain of the variable 
residue in the P(-1) position in all the three complexes, which may be one affinity determinant 
between different ligand motifs.  

The crystal structure of hArc-NL was subjected to MD simulations, with and without the 
pStg(wt) ligand. This was done in order to follow the dynamics of the Arc-NL N-terminal 
region that in peptide complexes, folds as a β strand on top of the peptide. The results indicate 
flexibility of the N terminus of hArc-NL in the absence of a peptide ligand (Fig. 3A). 
Furthermore, the radius of gyration during simulation is smaller for the peptide complex than 
the free protein (Fig. 3B-C). Hence, conformational changes in Arc may be linked to peptide 
ligand binding, as the flexible linker lies N-terminal to hArc-NL.  

Phosphorylation of Stargazin 

Arc interacts with Stg through the binding site on Arc-NL, and Stg phosphorylation state is 
regulated during synaptic plasticity (48). One phosphorylation site is located in the middle of 
the Stg peptide, at the P(-1) position of the binding motif PxF/Y. We tested if phosphorylation of 
the Stg peptide at Ser228 affected the binding affinity to hArc-NL. The binding entropy and 
enthalpy both changed, but binding affinity remained the same (Fig. 3D, Table 2), indicating 
that the Stg motif binds to hArc-NL regardless of the phosphorylation state at Ser228. Our result 
is in conflict with an earlier experiment, where a fluorescence polarisation competition binding 
assay showed that phosphorylation of a Stg peptide at Ser228 reduced the affinity to Arc-NL 20-
fold (16). Like for the other studied peptides, a strong enthalpy-entropy compensation is 
present (Table 2), and the observed changes are in line with those expected, when comparing 
peptides with and without phosphorylation (49). The high favourable enthalpy is a sign of 
electrostatic interactions between the phosphate group and the protein, while the large 
unfavourable entropy component is likely related to the more flexible nature of the 
phosphopeptide when free in solution, as well as less flexibility of the Arc partner in the 
pStg(phos) complex.  

The structure of hArc-NL bound to pStg(wt) shows that Ser228 points away from the 
hydrophobic pocket, and phosphorylation should not generate major clashes. A model of hArc-
NL bound to pStg(phos) was made based on the crystal structure to get an insight into the 
possible additional interactions. The phospho-Ser228 side chain is surrounded by potentially 
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interacting residues from all sides (Fig. 3E). The residues most likely making contact with the 
phosphate group include Asn247, His245, and Thr211. MD simulations further indicate that the 
Arg side chain two residues downstream on the peptide can make a salt bridge contact with the 
phospho-Ser228; this explains some of the favourable enthalpy and unfavourable entropy 
observed in ITC. At a more coarse level, it can be seen that the phosphopeptide binding is 
accompanied by an increased flexibility of the first half of helix �2 of hArc-NL (Fig. 3A). 

Structure of hArc-CL and folding properties of the lobes 

We crystallised hArc-CL, which has the same overall fold as hArc-NL (Fig. 4A). As expected, 
hArc-CL is similar to rat Arc-CL, but gives a higher resolution and shows the structure of the 
missing loop after the first helix (Fig. 4B). The largest variation between the rat and human Arc-
CL is the tilt of the first helix (here termed �0), which is a sign of flexibility of the structure, and 
could even reflect varying conformations of the Arc-CT in the context of full-length Arc. The 
sequences of rat and human Arc-CL only differ by 3 residues, and the structures are expected to 
be similar. One of these residue variations is Phe333 in rat Arc, which is Leu for hArc. The 
smaller residue in hArc allows the second helix to come closer to the protein core. However, 
whether this is of functional relevance, remains to be studied. 

A sequence-based prediction of chain dynamics was carried out for full-length Arc (Fig. 4C). 
The most rigid predicted region is the oligomerisation region (19) in the helical coil of Arc-NT. 
The Arc-CT helices are also predicted as rigid, while the termini and the central linker are 
flexible. All these aspects comply well with current experimental data. 

Residue interaction networks of both hArc-NL and hArc-CL were analysed (Fig. 4D) based on 
the crystal structures, in order to identify residues central to the lobe domain fold. The central 
residues correspond mainly to buried large hydrophobic residues, which are conserved in the 
protein family. A Phe residue at the same position of both hArc lobes is has high betweenness in 
both structures (Fig. 4E).  

A structural homology search with hArc-NL and hArc-CL returned, as expected, various capsid 
proteins from retroviruses, but also other similarly folded helical bundles. The most notable 
group concerns acyl carrier proteins, which have a similar 4-helix bundle as the Arc NL and CL. 
For both viral proteins and ACPs, it is noteworthy that the similarly folded proteins often have 
a sequence identity of less than 5% towards hArc. A selected set of hits is presented in Table 4 
and Fig. 5. While it is possible that finding ACPs in the similarity search simply reflects the 
usefulness of 4-helix bundles for biomolecular interaction modules, to our knowledge, further 
implications of this structural similarity have not been studied.  

Arc and the PSD protein network 

PSD scaffold proteins belong to several protein families, and they each carry distinct sets of 
protein interaction domains, which can be used to form multivalent contacts in the tight protein 
network of the PSD, but also for regulating the PSD molecular assembly in an activity-
dependent manner. The latter is important for the participation of the PSD in LTP and LTD. The 
structure of the PSD varies between excitatory and inhibitory synapses (50). 
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Different scaffold molecules are concentrated at different depths of the PSD from the 
postsynaptic membrane (51–53). The distribution of individual proteins can be regulated by 
synaptic activity (30, 54), which in turn may result in changes in post-translational 
modifications as well as interaction partners. Some of the PSD proteins, such as the Shanks, 
have large molecular dimensions and are flexible, possibly enabling them to interact with other 
proteins at different depths of the PSD assembly (55). 

We showed that hArc-NL can bind to multiple sites on GKAP. The function of this interaction 
remains unknown, but one possible scenario may be that Arc assists in the 
disassembly/reassembly process of PSD proteins. Large protein complexes in the PSD are 
formed through a number of relatively weak interactions between multidomain proteins, such 
as GKAP, PSD95, Shank, and Homer. Could Arc play a role as a rapid regulator and re-
organiser of such interactive networks? Putative Arc-binding motifs are present in several 
components of the PSD assembly (31), but they have not been further characterised. 

Phase separation in the PSD is an emerging mechanism of formation of the PSD molecular 
network (56, 57). The formation of so-called membraneless organelles is central in many 
biological processes, and phase separation can be induced by properties of individual 
macromolecules and/or complexes under specific conditions. The structural details of forming a 
separated phase centered on PSD scaffold proteins, such as GKAP, remain to be elucidated. 
Recent work using truncated PSD proteins has shed light on protein domains and interactions 
required for PSD phase separation (58). 

GKAP is accumulated at the PSD during synapse inactivity and is removed by synaptic 
activation due to proteasome-coupled degradation (25). During synapse activation, Arc is 
rapidly accumulated at the postsynapse, being thereafter degraded by proteasome-coupled 
degradation (1). An ability of Arc to bind to several proteins in the PSD (31) could allow to 
disrupt structural interactions between other proteins and therefore “loosen up” the PSD, 
leading to remodelling of the synapse. Disturbing the interaction between Stg and PSD95 
increases AMPAR surface diffusion, preventing AMPAR accumulation at postsynaptic sites 
(59). AMPAR removal from postsynaptic sites is an effect of Arc expression (13), suggesting 
that Arc expression and disturbing Stargazin-PSD95 interactions could result in the same 
outcome. The C terminus of stargazin interacts with the first two PDZ domains of PSD95 (60), 
while the entire Stg cytoplasmic domain was shown to be involved in the interaction (57).It is 
the Stg C-terminal tail that interacts with Arc-NL, and it is possible that Arc may disturb the 
interaction between Stargazin and PSD95.  

The PSD95 GK domain interacts with the repeat regions of GKAP (29), and phosphorylation of 
the GKAP repeats is important for this interaction (61). The repeats of GKAP contain both a 
putative Arc-binding site and a conserved binding site for PSD95 (Fig. 6A). We have shown that 
two of these repeats bind to Arc, suggesting that Arc could affect the interaction between PSD95 
and GKAP. Structural data at the moment does not necessarily rule out simultaneous binding 
(Fig. 6B), and Arc oligomerisation could be an additional factor in regulating the interaction. A 
GKAP mutant incapable of binding PSD95 induced Shank aggregation and degradation in 
neurons, and Shank and GKAP form aggresomes that are degraded by proteasomes in the 
absence of PSD95 (62). Due to the multiple possible ligands of Arc, as well as its oligomerisation 
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properties (19, 20), it is possible that a high local concentration of Arc disrupts both the 
Stargazin-PSD95 as well as the PSD95-GKAP interaction, allowing remodelling of the synapse. 
Such a function for Arc would explain the burst of Arc protein expression resulting from LTP 
and rapid degradation, since removal of Arc would be important for the structural stabilisation 
of the synapse. It would also explain why Arc appears to be involved in both LTP and LTD, as 
PSD remodelling is required in both situations. Clearly, further experimental studies into the 
GKAP system, focusing on Arc, are warranted. 

A further expansion of such a suggested Arc function could include regulation of the actin 
cytoskeleton. Arc-NL also binds to a peptide from WAVE1 or Wasf1 (16, 23). WAVE1 is an 
activator of the Arp2/3 complex that is involved in branching of actin filaments in dendritic 
spines (11). The PSD is connected to actin through cortactin, which binds to Shank via its 
proline-rich domain (63, 64). The interaction of Arc with WAVE1 might be an additional way of 
affecting the actin cytoskeleton and aiding synaptic remodelling.  

Conclusions 

We have shown that hArc-NL binds to specific peptides, with a PxF/Y or P(G)xF/Y motif. 
Knowing these specific requirements of peptide binding will be helpful when trying to locate 
Arc binding sites in other proteins and for identifying new Arc binding partners. The peptide 
binding site of Arc is specific and able to bind to two positions of the GKAP protein, as well as 
to the phosphorylated and unphosphorylated Stg peptide. For any of the discussed Arc-NL 
ligands with short linear binding motifs analysed here and in other studies, we currently do not 
know if additional binding surfaces exist in the corresponding proteins. Such a setting would 
increase the affinity of the observed interactions, together with possible avidity effects brought 
about by Arc oligomerisation. The network of interactions between Arc and other PSD proteins 
is likely to affect the structural arrangement of the postsynaptic density. 
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Tables 

 

Table 1. Synthetic peptides used in the experiments. 

Peptide Sequence 

pStg(wt) RIPSYRYR 

pStg(P3A) RIASYRYR 

pStg(Y5L) RIPSLRYR 

pStg(rev) RYRYSPIR 

pStg(phos) RIP-pSer-YRYR 

pStg(long) RIPSYRYRYQRRSRSSSRSTE 

Poly-Pro PPPPPPPP 

GKAP-R1 EIPCRRMR 

GKAP-R2 PSPKVAAR 

GKAP-R3 HSPKLQIR 

GKAP-R4 TSPKFRSR 

GKAP-R5 MPGCFRMR 

GKAP-R4(long) TSPKFRSRNESYMRAMST 
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Table 2. ITC data for Arc-peptide interactions. Only combinations of Arc domain and peptide 
with detectable binding in ITC are shown (see Fig. 1 for all binding curves). The hArc-CL 
construct did not bind to any peptide, and repeats 1-3 of GKAP did not show detectable binding 
to any construct in the experiments. 

 

Protein Peptide Kd (µM) ∆H (kcal/mol) -T∆S (kcal/mol/°) 

hArc-NL pStg(wt) 33.6 ± 1.1 -13.1 ± 0.1 +7.0 

hArc-NL pStg(phos) 23.8 ± 1.4 -66.5 ± 0.6 +60.2 

hArc-NL GKAP-R4 714 ± 19 -10.9 ± 0.4  +6.6 

hArc-NL GKAP-R5 2390 ± 314 -8.2 ± 0.3 +4.7 

hArc-NL GKAP-R4(long) 426 ± 12 -7.2 ± 0.2 +3.1 

hArc-CT GKAP-R4 763 ± 10 -6.8 ± 0.1 +2.5 

hArc-CT GKAP-R4(long) 391 ± 18 -6.8 ± 0.2 +2.2 

hArc-CT pStg 80 ± 4.0 -12.0 ± 0.2 +6.4 

hArc-CT pStg(long) 26.4 ± 1.2 -20.2 ± 0.2  +14.0 
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Table 3. Crystallographic data processing and refinement.  

 

Structure hArc-NL + 
pStg(wt) 

hArc-NL + 
GKAP-R4 

hArc-NL + 
GKAP-R5 

hArc-CL 

PDB entry 6TNO 6TNQ 6TQ0 6TN7 

Beamline P13 P13 P13 P14  

Wavelength 0.976 0.976 0.976 0.976 

Space group P21 P21 P21 P22121 

Unit cell 
parameters 

51.39 29.77 71.79 
90 92.5 90 

50.80 29.37 71.36 
90 93.4 90 

39.31 192.30 
39.56 90 94.8 90 

37.21 38.29 61.01 
90 90 90 

Resolution range 
(Å) 

50-1.90 (1.95-
1.90) 

50-1.30 (1.34-
1.30) 

50-1.95 (2.00-
1.95) 

50-1.67 (1.71-
1.67) 

Completeness 
(%) 

97.8 (97.9) 89.5 (40.4) 98.2 (97.3) 92.2 (32.5) 

Rsym (%) 4.1 (38.6) 2.7 (13.8) 4.5 (178.6) 5.1 (62.6) 

Rmeas (%) 4.8 (45.1) 3.2 (17.9) 5.3 (207.3) 5.5 (69.9) 

CC1/2 (%) 99.9 (92.1) 99.9 (96.3) 99.9 (40.0) 99.9 (85.7) 

<I/σ(I)> 18.6 (2.9) 24.2 (4.6) 13.8 (0.9) 18.3 (2.6) 

Redundancy 3.6 (3.7) 3.4 (2.0) 3.7 (3.9) 7.1 (4.5) 

Wilson B (Å2) 36.3 22.9 53.8 35.2 

Rwork/Rfree (%) 18.2/21.6 13.2/17.0 22.1/26.3 24.2/26.8 

Rmsd bond 
length (Å) 

0.005 0.016 0.012 0.004 

Rmsd bond 
angle (°) 

0.9 1.4 0.8 0.8 

Ramachandran 
favoured/outliers 
(%) 

100/0 99.5/0 99.5/0.2 98.8/0 

MolProbity score 
(percentile) 

1.74 (86th) 1.68 (61st) 1.62 (92nd) 1.72 (77th) 
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Table 4. Structural homologues of hArc lobe domains. Shown are selected hits with high 
similarity from a Salami (40) search with the hArc-NL and hArc-CL structures. Both searches 
produce a long list of similar structures, with often no sequence identity. Examples of 
superposed structures are given in Fig. 5. 

 

Search model Homologue PDB entry C� RMSD 
(Å) 

Sequence 
identity (%) 

reference 

hArc-NL + 
pStg(wt) 

rat Arc NL + 
Stg 

4x3h 0.57 100 (16) 

 dArc1 capsid 6tas 2.88 24 (44) 

 Toxoplasma 

mitochondrial 
ACP 

3ce7 3.44 3 - 

 Ty3 capsid 6r23 2.84 5 (65) 

 P. luminescens 
ACP 

6sm4 3.28 2 (66) 

 E. faecalis 
ACP 

2n50 3.78 3 (67) 

hArc-CL rat Arc CL 4x3x 1.56 96 (16) 

 dArc1 CL 6sid 2.52 22 (45) 

 Rous sarcoma 
virus capsid 
protein 

1eoq 2.90 18 (68) 

 rat Arc NL 4x3h 2.87 10 (16) 

 T. 

thermophilus 
ACP 

1x3o 4.28 5 - 

 Ty3 capsid 
protein 

6r23 2.97 12 (65) 

 HML2 C-
terminal 
dimer 
domain 

6sai 2.98 14 (69) 
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Figures 

 

 

Figure 1. Calorimetric analysis of hArc ligand peptide binding.  

A. Titration of hArc-NL with pStg variants.  
B. Titration of hArc-NL with GKAP repeat peptides.  
C. Electron density for structure 4x3i (16), which clearly has electron density for Pro instead of 
Arg in the ligand peptide.  
D. Comparison of hArc-NL and hArc-CT binding to Stg.  
E. Comparison of hArc-NL and hArc-CL.  
F. Comparison of short and long GKAP-R4 peptide binding to hArc-NL and hArc-CT. 
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Figure 2. Structures of hArc-NL complexes with peptide ligands.  

A. Stereo view of the hArc-NL complexed with pStg(wt).  
B. Stereo view of the hArc-NL complexed with GKAP-R4.  
C. Stereo view of the hArc-NL complexed with GKAP-R5.  
D. Conserved C-H…π interactions of the Pro residue in the ligand peptie with Tyr227.  
E. Two conserved C-H…π interactions of the peptide aromatic residue.  
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Figure 3. Simulations and Stg phosphorylation.  

A. Root mean-square fluctuations (RMSF) of hArc-NL residues without the peptide (black), 
with pStg(wt) (red), and with pStg(phos) (blue). Note the flexible N terminus in the absence of 
ligand peptides and the increased mobility of helix 2 in the presence of pStg(phos).  
B. Radius of gyration during the simulations; colouring as in (A).  
C. Structural snapshots from each simulation at a time point of 200 ns.  
D. ITC analysis of hArc-NL binding to pStg(phos).  
E. Polar interactions of phospho-Ser228 200 ns into the simulation.   
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Figure 4. Structure of hArc-CL and structure analyses.  

A. Superposition of hArc-NL (grey) and hArc-CL (rainbow colours).  
B. Superposition of human (coloured) and rat (grey) Arc-CL.  
C. DynaMine analysis of human full-length Arc.  
D. Betweenness analysis of hArc-NL (left) and hArc-CL (right).  
E. 3D view of the most central residues, based on the betweenness scores. Sidechains of residues 
scoring >0.5 are shown, and the top 3 central residues in each domain are coloured green. Left: 
hArc-NL, right: hArc-CL.  
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Figure 5. Selected structures with similarity to hArc-NL and hArc-CL.  

Top row: selected structures similar to hArc-NL. The 3 last ones are different ACPs. Bottom 
row: selected structures similar to hArc-CL. The last structure is an ACP. See Table 4 for 
additional details.  
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Figure 6. Arc and GKAP.  

A. Alignment of the five GKAP repeats, including the neighbouring segment that binds to 
PSD95. Conserved residues in the PSD95-binding site are in bold, and the peptides used in this 
study are shaded grey.  
B. 3D model of a ternary complex of Arc, GKAP, and the PSD95 GK domain. The GKAP repeat 
could sterically bind to both Arc-NL and PSD95 at the same time. Shown are the PSD95-GKAP 
complex (61), hArc-NL bound to GKAP-R4, and the NMR structure of rat Arc-CT (22). 
 

 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2020. ; https://doi.org/10.1101/2020.12.17.423319doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423319
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 

1. Bramham, C. R., Alme, M. N., Bittins, M., Kuipers, S. D., Nair, R. R., Pai, B., Panja, D., 
Schubert, M., Soule, J., Tiron, A. and Wibrand, K. (2010) The Arc of synaptic memory. Exp 

Brain Res 200, 125-140 
2. Shepherd, J. D. and Bear, M. F. (2011) New views of Arc, a master regulator of synaptic 

plasticity. Nat Neurosci 14, 279-284 
3. Messaoudi, E., Kanhema, T., Soulé, J., Tiron, A., Dagyte, G., da Silva, B. and Bramham, C. 

R. (2007) Sustained Arc/Arg3.1 synthesis controls long-term potentiation consolidation 
through regulation of local actin polymerization in the dentate gyrus in vivo. J Neurosci 27, 
10445-10455 

4. Wall, M. J., Collins, D. R., Chery, S. L., Allen, Z. D., Pastuzyn, E. D., George, A. J., 
Nikolova, V. D., Moy, S. S., Philpot, B. D., Shepherd, J. D., Müller, J., Ehlers, M. D., Mabb, 
A. M. and Corrêa, S. A. L. (2018) The Temporal Dynamics of Arc Expression Regulate 
Cognitive Flexibility. Neuron 98, 1124-1132.e7 

5. Waung, M. W., Pfeiffer, B. E., Nosyreva, E. D., Ronesi, J. A. and Huber, K. M. (2008) Rapid 
translation of Arc/Arg3.1 selectively mediates mGluR-dependent LTD through persistent 
increases in AMPAR endocytosis rate. Neuron 59, 84-97 

6. Zhang, H. and Bramham, C. R. (2020) Arc/Arg3.1 function in long-term synaptic plasticity: 
Emerging mechanisms and unresolved issues. Eur J Neurosci  

7. Gao, X., Castro-Gomez, S., Grendel, J., Graf, S., Süsens, U., Binkle, L., Mensching, D., 
Isbrandt, D., Kuhl, D. and Ohana, O. (2018) Arc/Arg3.1 mediates a critical period for 
spatial learning and hippocampal networks. Proc Natl Acad Sci U S A 115, 12531-12536 

8. Guzowski, J. F., Lyford, G. L., Stevenson, G. D., Houston, F. P., McGaugh, J. L., Worley, P. 
F. and Barnes, C. A. (2000) Inhibition of activity-dependent arc protein expression in the 
rat hippocampus impairs the maintenance of long-term potentiation and the consolidation 
of long-term memory. J Neurosci 20, 3993-4001 

9. Jenks, K. R., Kim, T., Pastuzyn, E. D., Okuno, H., Taibi, A. V., Bito, H., Bear, M. F. and 
Shepherd, J. D. (2017) Arc restores juvenile plasticity in adult mouse visual cortex. Proc 

Natl Acad Sci U S A 114, 9182-9187 
10. Plath, N., Ohana, O., Dammermann, B., Errington, M. L., Schmitz, D., Gross, C., Mao, X., 

Engelsberg, A., Mahlke, C., Welzl, H., Kobalz, U., Stawrakakis, A., Fernandez, E., 
Waltereit, R., Bick-Sander, A., Therstappen, E., Cooke, S. F., Blanquet, V., Wurst, W., 
Salmen, B., Bösl, M. R., Lipp, H. P., Grant, S. G., Bliss, T. V., Wolfer, D. P. and Kuhl, D. 
(2006) Arc/Arg3.1 is essential for the consolidation of synaptic plasticity and memories. 
Neuron 52, 437-444 

11. Nikolaienko, O., Patil, S., Eriksen, M. S. and Bramham, C. R. (2018) Arc protein: a flexible 
hub for synaptic plasticity and cognition. Semin Cell Dev Biol 77, 33-42 

12. DaSilva, L. L., Wall, M. J., P de Almeida, L., Wauters, S. C., Januário, Y. C., Müller, J. and 
Corrêa, S. A. (2016) Activity-Regulated Cytoskeleton-Associated Protein Controls AMPAR 
Endocytosis through a Direct Interaction with Clathrin-Adaptor Protein 2. eNeuro 3,  

13. Rial Verde, E. M., Lee-Osbourne, J., Worley, P. F., Malinow, R. and Cline, H. T. (2006) 
Increased expression of the immediate-early gene arc/arg3.1 reduces AMPA receptor-
mediated synaptic transmission. Neuron 52, 461-474 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2020. ; https://doi.org/10.1101/2020.12.17.423319doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423319
http://creativecommons.org/licenses/by-nc-nd/4.0/


14. Shepherd, J. D., Rumbaugh, G., Wu, J., Chowdhury, S., Plath, N., Kuhl, D., Huganir, R. L. 
and Worley, P. F. (2006) Arc/Arg3.1 mediates homeostatic synaptic scaling of AMPA 
receptors. Neuron 52, 475-484 

15. Jackson, A. C. and Nicoll, R. A. (2011) Stargazing from a new vantage--TARP modulation 
of AMPA receptor pharmacology. J Physiol 589, 5909-5910 

16. Zhang, W., Wu, J., Ward, M. D., Yang, S., Chuang, Y. A., Xiao, M., Li, R., Leahy, D. J. and 
Worley, P. F. (2015) Structural basis of arc binding to synaptic proteins: implications for 
cognitive disease. Neuron 86, 490-500 

17. Zhao, Y., Chen, S., Yoshioka, C., Baconguis, I. and Gouaux, E. (2016) Architecture of fully 
occupied GluA2 AMPA receptor-TARP complex elucidated by cryo-EM. Nature 536, 108-
111 

18. Ashley, J., Cordy, B., Lucia, D., Fradkin, L. G., Budnik, V. and Thomson, T. (2018) 
Retrovirus-like Gag Protein Arc1 Binds RNA and Traffics across Synaptic Boutons. Cell 
172, 262-274.e11 

19. Eriksen, M. S., Nikolaienko, O., Hallin, E. I., Grødem, S., Bustad, H. J., Flydal, M. I., 
Merski, I., Hosokawa, T., Lascu, D., Akerkar, S., Cuéllar, J., Chambers, J. J., O’Connell, R., 
Muruganandam, G., Loris, R., Touma, C., Kanhema, T., Hayashi, Y., Stratton, M. M., 
Valpuesta, J. M., Kursula, P., Martinez, A. and Bramham, C. R. (2020) Arc self-association 
and formation of virus-like capsids are mediated by an N-terminal helical coil motif. FEBS 

J  
20. Myrum, C., Baumann, A., Bustad, H. J., Flydal, M. I., Mariaule, V., Alvira, S., Cuéllar, J., 

Haavik, J., Soulé, J., Valpuesta, J. M., Márquez, J. A., Martinez, A. and Bramham, C. R. 
(2015) Arc is a flexible modular protein capable of reversible self-oligomerization. Biochem 

J 468, 145-158 
21. Pastuzyn, E. D., Day, C. E., Kearns, R. B., Kyrke-Smith, M., Taibi, A. V., McCormick, J., 

Yoder, N., Belnap, D. M., Erlendsson, S., Morado, D. R., Briggs, J. A. G., Feschotte, C. and 
Shepherd, J. D. (2018) The Neuronal Gene Arc Encodes a Repurposed Retrotransposon 
Gag Protein that Mediates Intercellular RNA Transfer. Cell 173, 275 

22. Nielsen, L. D., Pedersen, C. P., Erlendsson, S. and Teilum, K. (2019) The Capsid Domain of 
Arc Changes Its Oligomerization Propensity through Direct Interaction with the NMDA 
Receptor. Structure 27, 1071-1081.e5 

23. Hallin, E. I., Eriksen, M. S., Baryshnikov, S., Nikolaienko, O., Grødem, S., Hosokawa, T., 
Hayashi, Y., Bramham, C. R. and Kursula, P. (2018) Structure of monomeric full-length 
ARC sheds light on molecular flexibility, protein interactions, and functional modalities. J 
Neurochem 147, 323-343 

24. Soler, J., Fañanás, L., Parellada, M., Krebs, M. O., Rouleau, G. A. and Fatjó-Vilas, M. (2018) 
Genetic variability in scaffolding proteins and risk for schizophrenia and autism-spectrum 
disorders: a systematic review. J Psychiatry Neurosci 43, 223-244 

25. Ehlers, M. D. (2003) Activity level controls postsynaptic composition and signaling via the 
ubiquitin-proteasome system. Nat Neurosci 6, 231-242 

26. Im, Y. J., Lee, J. H., Park, S. H., Park, S. J., Rho, S. H., Kang, G. B., Kim, E. and Eom, S. H. 
(2003) Crystal structure of the Shank PDZ-ligand complex reveals a class I PDZ interaction 
and a novel PDZ-PDZ dimerization. J Biol Chem 278, 48099-48104 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2020. ; https://doi.org/10.1101/2020.12.17.423319doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423319
http://creativecommons.org/licenses/by-nc-nd/4.0/


27. Ponna, S. K., Ruskamo, S., Myllykoski, M., Keller, C., Boeckers, T. M. and Kursula, P. 
(2018) Structural basis for PDZ domain interactions in the post-synaptic density 
scaffolding protein Shank3. J Neurochem 145, 449-463 

28. Yao, I., Hata, Y., Hirao, K., Deguchi, M., Ide, N., Takeuchi, M. and Takai, Y. (1999) 
Synamon, a novel neuronal protein interacting with synapse-associated protein 
90/postsynaptic density-95-associated protein. J Biol Chem 274, 27463-27466 

29. Kim, E., Naisbitt, S., Hsueh, Y. P., Rao, A., Rothschild, A., Craig, A. M. and Sheng, M. 
(1997) GKAP, a novel synaptic protein that interacts with the guanylate kinase-like 
domain of the PSD-95/SAP90 family of channel clustering molecules. J Cell Biol 136, 669-
678 

30. Shin, S. M., Zhang, N., Hansen, J., Gerges, N. Z., Pak, D. T., Sheng, M. and Lee, S. H. (2012) 
GKAP orchestrates activity-dependent postsynaptic protein remodeling and homeostatic 
scaling. Nat Neurosci 15, 1655-1666 

31. Fernández, E., Collins, M. O., Frank, R. A. W., Zhu, F., Kopanitsa, M. V., 
Nithianantharajah, J., Lemprière, S. A., Fricker, D., Elsegood, K. A., McLaughlin, C. L., 
Croning, M. D. R., Mclean, C., Armstrong, J. D., Hill, W. D., Deary, I. J., Cencelli, G., Bagni, 
C., Fromer, M., Purcell, S. M., Pocklington, A. J., Choudhary, J. S., Komiyama, N. H. and 
Grant, S. G. N. (2017) Arc Requires PSD95 for Assembly into Postsynaptic Complexes 
Involved with Neural Dysfunction and Intelligence. Cell Rep 21, 679-691 

32. Cianci, M., Bourenkov, G., Pompidor, G., Karpics, I., Kallio, J., Bento, I., Roessle, M., 
Cipriani, F., Fiedler, S. and Schneider, T. R. (2017) P13, the EMBL macromolecular 
crystallography beamline at the low-emittance PETRA III ring for high- and low-energy 
phasing with variable beam focusing. J Synchrotron Radiat 24, 323-332 

33. Kabsch, W. (2010) XDS. Acta Crystallogr D Biol Crystallogr 66, 125-132 
34. McCoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D., Storoni, L. C. and Read, 

R. J. (2007) Phaser crystallographic software. J Appl Crystallogr 40, 658-674 
35. Afonine, P. V., Grosse-Kunstleve, R. W., Echols, N., Headd, J. J., Moriarty, N. W., 

Mustyakimov, M., Terwilliger, T. C., Urzhumtsev, A., Zwart, P. H. and Adams, P. D. 
(2012) Towards automated crystallographic structure refinement with phenix.refine. Acta 

Crystallogr D Biol Crystallogr 68, 352-367 
36. Emsley, P., Lohkamp, B., Scott, W. G. and Cowtan, K. (2010) Features and development of 

Coot. Acta Crystallogr D Biol Crystallogr 66, 486-501 
37. Williams, C. J., Headd, J. J., Moriarty, N. W., Prisant, M. G., Videau, L. L., Deis, L. N., 

Verma, V., Keedy, D. A., Hintze, B. J., Chen, V. B., Jain, S., Lewis, S. M., Arendall, W. B., 
Snoeyink, J., Adams, P. D., Lovell, S. C., Richardson, J. S. and Richardson, D. C. (2018) 
MolProbity: More and better reference data for improved all-atom structure validation. 
Protein Sci 27, 293-315 

38. Chakrabarty, B. and Parekh, N. (2016) NAPS: Network Analysis of Protein Structures. 
Nucleic Acids Res 44, W375-82 

39. Chakrabarty, B., Naganathan, V., Garg, K., Agarwal, Y. and Parekh, N. (2019) NAPS 
update: network analysis of molecular dynamics data and protein-nucleic acid complexes. 
Nucleic Acids Res 47, W462-W470 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2020. ; https://doi.org/10.1101/2020.12.17.423319doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423319
http://creativecommons.org/licenses/by-nc-nd/4.0/


40. Margraf, T., Schenk, G. and Torda, A. E. (2009) The SALAMI protein structure search 
server. Nucleic Acids Res 37, W480-4 

41. Krieger, E. and Vriend, G. (2015) New ways to boost molecular dynamics simulations. J 
Comput Chem 36, 996-1007 

42. Ponna, S. K., Myllykoski, M., Boeckers, T. M. and Kursula, P. (2017) Structure of an 
unconventional SH3 domain from the postsynaptic density protein Shank3 at ultrahigh 
resolution. Biochem Biophys Res Commun 490, 806-812 

43. Cottee, M. A., Letham, S. C., Young, G. R., Stoye, J. P. and Taylor, I. A. (2020) Structure of 
Drosophila melanogaster ARC1 reveals a repurposed molecule with characteristics of 
retroviral Gag. Sci Adv 6, eaay6354 

44. Erlendsson, S., Morado, D. R., Cullen, H. B., Feschotte, C., Shepherd, J. D. and Briggs, J. A. 
G. (2020) Structures of virus-like capsids formed by the Drosophila neuronal Arc proteins. 
Nat Neurosci  

45. Hallin, E. I., Markusson, S., Bottger, L., Torda, A. E., Bramham, C. R. and Kursula, P. 
(2020) Crystal and solution structures reveal oligomerization of individual capsid 
homology domains of Drosophila Arc. bioRxiv  

46. Dragan, A. I., Read, C. M. and Crane-Robinson, C. (2017) Enthalpy-entropy compensation: 
the role of solvation. Eur Biophys J 46, 301-308 

47. Kursula, P., Kursula, I., Massimi, M., Song, Y. H., Downer, J., Stanley, W. A., Witke, W. 
and Wilmanns, M. (2008) High-resolution structural analysis of mammalian profilin 2a 
complex formation with two physiological ligands: the formin homology 1 domain of 
mDia1 and the proline-rich domain of VASP. J Mol Biol 375, 270-290 

48. Tomita, S., Stein, V., Stocker, T. J., Nicoll, R. A. and Bredt, D. S. (2005) Bidirectional 
synaptic plasticity regulated by phosphorylation of stargazin-like TARPs. Neuron 45, 269-
277 

49. Huggins, D. J., McKenzie, G. J., Robinson, D. D., Narváez, A. J., Hardwick, B., Roberts-
Thomson, M., Venkitaraman, A. R., Grant, G. H. and Payne, M. C. (2010) Computational 
analysis of phosphopeptide binding to the polo-box domain of the mitotic kinase PLK1 
using molecular dynamics simulation. PLoS Comput Biol 6,  

50. Tao, C. L., Liu, Y. T., Sun, R., Zhang, B., Qi, L., Shivakoti, S., Tian, C. L., Zhang, P., Lau, P. 
M., Zhou, Z. H. and Bi, G. Q. (2018) Differentiation and Characterization of Excitatory and 
Inhibitory Synapses by Cryo-electron Tomography and Correlative Microscopy. J Neurosci 
38, 1493-1510 

51. Tao-Cheng, J. H., Yang, Y., Reese, T. S. and Dosemeci, A. (2015) Differential distribution of 
Shank and GKAP at the postsynaptic density. PLoS One 10, e0118750 

52. Valtschanoff, J. G. and Weinberg, R. J. (2001) Laminar organization of the NMDA receptor 
complex within the postsynaptic density. J Neurosci 21, 1211-1217 

53. Wilkinson, B. and Coba, M. P. (2020) Molecular architecture of postsynaptic Interactomes. 
Cell Signal 76, 109782 

54. Tao-Cheng, J. H., Dosemeci, A., Gallant, P. E., Smith, C. and Reese, T. (2010) Activity 
induced changes in the distribution of Shanks at hippocampal synapses. Neuroscience 168, 
11-17 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2020. ; https://doi.org/10.1101/2020.12.17.423319doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423319
http://creativecommons.org/licenses/by-nc-nd/4.0/


55. Kursula, P. (2019) Shanks - multidomain molecular scaffolds of the postsynaptic density. 
Curr Opin Struct Biol 54, 122-128 

56. Zeng, M., Shang, Y., Araki, Y., Guo, T., Huganir, R. L. and Zhang, M. (2016) Phase 
Transition in Postsynaptic Densities Underlies Formation of Synaptic Complexes and 
Synaptic Plasticity. Cell 166, 1163-1175.e12 

57. Zeng, M., Díaz-Alonso, J., Ye, F., Chen, X., Xu, J., Ji, Z., Nicoll, R. A. and Zhang, M. (2019) 
Phase Separation-Mediated TARP/MAGUK Complex Condensation and AMPA Receptor 
Synaptic Transmission. Neuron 104, 529-543.e6 

58. Zeng, M., Chen, X., Guan, D., Xu, J., Wu, H., Tong, P. and Zhang, M. (2018) Reconstituted 
Postsynaptic Density as a Molecular Platform for Understanding Synapse Formation and 
Plasticity. Cell 174, 1172-1187.e16 

59. Bats, C., Groc, L. and Choquet, D. (2007) The interaction between Stargazin and PSD-95 
regulates AMPA receptor surface trafficking. Neuron 53, 719-734 

60. Schnell, E., Sizemore, M., Karimzadegan, S., Chen, L., Bredt, D. S. and Nicoll, R. A. (2002) 
Direct interactions between PSD-95 and stargazin control synaptic AMPA receptor 
number. Proc Natl Acad Sci U S A 99, 13902-13907 

61. Zhu, J., Zhou, Q., Shang, Y., Li, H., Peng, M., Ke, X., Weng, Z., Zhang, R., Huang, X., Li, S. 
S. C., Feng, G., Lu, Y. and Zhang, M. (2017) Synaptic Targeting and Function of SAPAPs 
Mediated by Phosphorylation-Dependent Binding to PSD-95 MAGUKs. Cell Rep 21, 3781-
3793 

62. Romorini, S., Piccoli, G., Jiang, M., Grossano, P., Tonna, N., Passafaro, M., Zhang, M. and 
Sala, C. (2004) A functional role of postsynaptic density-95-guanylate kinase-associated 
protein complex in regulating Shank assembly and stability to synapses. J Neurosci 24, 
9391-9404 

63. Hering, H. and Sheng, M. (2003) Activity-dependent redistribution and essential role of 
cortactin in dendritic spine morphogenesis. J Neurosci 23, 11759-11769 

64. Naisbitt, S., Kim, E., Tu, J. C., Xiao, B., Sala, C., Valtschanoff, J., Weinberg, R. J., Worley, P. 
F. and Sheng, M. (1999) Shank, a novel family of postsynaptic density proteins that binds 
to the NMDA receptor/PSD-95/GKAP complex and cortactin. Neuron 23, 569-582 

65. Dodonova, S. O., Prinz, S., Bilanchone, V., Sandmeyer, S. and Briggs, J. A. G. (2019) 
Structure of the Ty3/Gypsy retrotransposon capsid and the evolution of retroviruses. Proc 

Natl Acad Sci U S A 116, 10048-10057 
66. Bräuer, A., Zhou, Q., Grammbitter, G. L. C., Schmalhofer, M., Rühl, M., Kaila, V. R. I., 

Bode, H. B. and Groll, M. (2020) Structural snapshots of the minimal PKS system 
responsible for octaketide biosynthesis. Nat Chem 12, 755-763 

67. Park, Y. G., Jung, M. C., Song, H., Jeong, K. W., Bang, E., Hwang, G. S. and Kim, Y. (2016) 
Novel Structural Components Contribute to the High Thermal Stability of Acyl Carrier 
Protein from Enterococcus faecalis. J Biol Chem 291, 1692-1702 

68. Kingston, R. L., Fitzon-Ostendorp, T., Eisenmesser, E. Z., Schatz, G. W., Vogt, V. M., Post, 
C. B. and Rossmann, M. G. (2000) Structure and self-association of the Rous sarcoma virus 
capsid protein. Structure 8, 617-628 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2020. ; https://doi.org/10.1101/2020.12.17.423319doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423319
http://creativecommons.org/licenses/by-nc-nd/4.0/


69. Acton, O., Grant, T., Nicastro, G., Ball, N. J., Goldstone, D. C., Robertson, L. E., Sader, K., 
Nans, A., Ramos, A., Stoye, J. P., Taylor, I. A. and Rosenthal, P. B. (2019) Structural basis 
for Fullerene geometry in a human endogenous retrovirus capsid. Nat Commun 10, 5822 

 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2020. ; https://doi.org/10.1101/2020.12.17.423319doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.17.423319
http://creativecommons.org/licenses/by-nc-nd/4.0/

