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Abstract

Point mutations in cysteine string protein-α (CSPα) cause dominantly inherited adult-onset 

neuronal ceroid lipofuscinosis (ANCL) – a rapidly progressing and lethal neurodegenerative 

disease with no treatment. ANCL mutations are proposed to trigger CSPα aggregation/

oligomerization, but the mechanism of oligomer formation remains unclear. Here we use purified 

proteins, mouse primary neurons, and patient-derived induced neurons, to show that the normally 

palmitoylated cysteine string region of CSPα loses palmitoylation in ANCL mutants. This allows 

oligomerization of mutant CSPα via ectopic binding of iron-sulfur (Fe-S) clusters. The resulting 

oligomerization of mutant CSPα causes its mislocalization, and consequent loss of its synaptic 

SNARE-chaperoning function. We then find that pharmacological iron-chelation mitigates the 

oligomerization of mutant CSPα, accompanied by partial rescue of the downstream SNARE-

defects and the pathological hallmark of lipofuscin accumulation. Thus, the iron-chelators 

deferiprone (L1) and deferoxamine (Dfx), already in human use for treating iron-overload, offer a 

novel approach for treating ANCL.

INTRODUCTION

CSPα is a DnaJ co-chaperone, which is palmitoylated in its eponymous cysteine string to 

mediate membrane targeting (1). This membrane binding is presumably useful in its 
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targeting to synaptic membranes and in recruiting a chaperone complex containing Hsc70 

(heat shock cognate 70 kDa) and SGT (small glutamine rich tetratricopeptide repeat 

containing protein) to its synaptic membrane-bound substrate SNAP-25, which is also 

palmitoylated (2, 3). The CSPα/Hsc70/SGT chaperone complex stabilizes SNAP-25 to 

facilitate the formation of synaptic SNARE-complexes, which are necessary for fusion of 

synaptic vesicles with the plasma membrane and neurotransmitter release (3, 4).

Two mutations within the cysteine string region of CSPα (L115R and L116Δ) were found to 

cause adult-onset neuronal ceroid lipofuscinosis (ANCL) (5–7). ANCL, also known as 

autosomal dominant Kufs disease and Parry disease, is a lysosomal lipofuscin-storage 

disorder with onset at 30-40 years of age, followed by progressive neurodegeneration and 

expected post-diagnosis survival of 8-12 years, and no available treatment (8). Subsequent to 

the discovery of ANCL mutations in CSPα, two observations were reported in how these 

mutations may disrupt CSPα function: first, palmitoylation is reduced by both mutations (6, 

9, 10), and second, both mutations cause oligomerization/aggregation of the protein (9–12). 

Yet, how loss of palmitoylation is connected to oligomerization of the mutant proteins 

remains unclear; oligomerization is proposed to be palmitoylation-dependent (11, 12) as 

well as palmitoylation-independent (10).

Here we identify a molecular mechanism of CSPα oligomerization due to ANCL-causing 

mutations: We provide evidence that reduced palmitoylation of CSPαL115R and CSPαL116Δ 

mutant proteins allows them to bind Fe-S clusters, leading to oligomerization. Importantly, 

we show that iron-chelators can reduce this oligomerization and promote palmitoylation of 

mutant CSPα in primary neurons and in patient-derived induced neurons, ameliorating 

downstream phenotypes.

RESULTS

ANCL mutations in CSPα lead to its reduced palmitoylation and oligomerization via Fe-S 
cluster-binding

We first studied the effect of ANCL mutations on CSPα in vitro, using recombinant 

proteins. Visual analysis of purified CSPαWT, CSPαL115R and CSPαL116Δ showed an 

amber-brown color, suggesting metal-binding, possibly via cysteine (Cys) residues of the 

Cys-string (Fig. 1a inset). Substitution of 13 Cys residues of the Cys-string to serines, 

termed serine string protein-α (SSPα), led to colorless protein (Fig. 1a inset), suggesting 

that the Cys-string is coordinating the bound metal. X-ray fluorescence identified the metal 

bound to CSPαWT, CSPαL115R and CSPαL116Δ as iron, which is absent from SSPα (Fig. 

1a).

Cys-dependent iron-binding often indicates coordination of iron-sulfur (Fe-S) clusters, 

which is detectable by spectrometry. UV-Vis spectrometry detected peaks at ~330 nm and 

~417 nm, characteristic of Fe-S clusters (13), in CSPαWT, CSPαL115R and CSPαL116Δ, but 

not in SSPα (Fig. 1b), suggesting that the Cys-string is coordinating Fe-S clusters. 

Accordingly, upon acid treatment which disrupts Fe-S clusters, the amber-brown proteins 

lost color and their UV-Vis peaks were reduced (Supplementary Fig. S1a).
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Ferrous/ferric iron (Fe2+/3+) as well as inorganic sulfide (S2−) ions bound to CSPαWT, 

CSPαL115R and CSPαL116Δ were quantified as ~10 Fe2+/3+ and ~15 S2− ions per protein 

molecule (Fig. 1c). Neither Fe2+/3+ nor S2− ions were detected in SSPα samples (Fig. 1c), 

suggesting that CSPαWT, CSPαL115R and CSPαL116Δ interact with Fe-S clusters via the 

Cys-string.

Since Fe-S clusters can covalently bridge protein monomers to cause oligomerization (14, 

15), we hypothesized that cross-linking by Fe-S clusters may be the mechanism of mutant 

CSPα oligomerization. We thus measured the SDS-resistant oligomerization status of CSPα 
variants. Recombinant CSPαWT, CSPαL115R and CSPαL116Δ oligomerized into large 

aggregates, while SSPα was mostly monomeric, with some dimer formation (Fig. 1d). 

Oligomers of CSPαWT, CSPαL115R and CSPαL116Δ were disassembled into smaller 

oligomers and monomers, almost completely by acid treatment, while L-cysteine had no 

significant effect (Supplementary Fig. S1b). Limited proteolysis experiments in native 

conditions found that CSPαWT, CSPαL115R and CSPαL116Δ are more resistant to trypsin 

cleavage than SSPα (Supplementary Fig. S1c), suggesting seclusion of trypsin cleavage-

sites in the oligomers. Accordingly, acid treatment made CSPαWT, CSPαL115R and 

CSPαL116Δ similarly susceptible to trypsin cleavage as SSPα (Supplementary Fig. S1d).

These results from recombinant proteins suggest that CSPαWT, CSPαL115R and CSPαL116Δ 

oligomerize by Fe-S cluster-binding via their Cys-string regions. However, in eukaryotic 

cells, the Cys residues of CSPα’s Cys-string are heavily palmitoylated (16), bringing the 

Cys-string into close apposition with lipid membranes, which may obviate their reaction 

with Fe-S clusters.

Therefore, we expressed CSPαWT, CSPαL115R, CSPαL116Δ and SSPα in HEK293T cells. 

As previously reported (1, 10), ~90% of CSPαWT was palmitoylated, while the ANCL 

mutants CSPαL115R and CSPαL116Δ revealed severely reduced palmitoylation 

(Supplementary Fig. S1e), detected by the mass-shift due to chemical depalmitoylation by 

hydroxylamine. When isolated by immunoprecipitation, only CSPαL115R and CSPαL116Δ 

showed the signature peaks of Fe-S clusters, while CSPαWT and SSPα lacked these peaks 

(Fig. 1e). Acid treatment eliminated the signature of Fe-S clusters in the UV-Vis profiles of 

CSPαL115R and CSPαL116Δ (Supplementary Fig. S1f). Fe2+/3+ and inorganic S2− were 

detected only in CSPαL115R and CSPαL116Δ, with Fe:S ratios near 0.75-0.9 (Fig. 1f), 

pointing to Fe-S cluster binding specifically by the ANCL mutants of CSPα via their Cys-

string in HEK293T cells. This binding of Fe-S clusters specifically to CSPαL115R and 

CSPαL116Δ was accompanied by their oligomerization, while CSPαWT and SSPα did not 

form oligomers (Fig. 1g).

These oligomers of CSPαL115R and CSPαL116Δ were not sensitive to the reducing agents L-

cysteine and DTT, but were partially disassembled by reducing agent dithionite and oxidant 

H2O2 (Supplementary Fig. S1g). DTT-insensitivity also suggested that the high molecular 

mass oligomers are not cross-linked via disulfide bonds. Polyubiquitination of CSPα 
mutants could also resemble oligomers on SDS-PAGE, however ubiquitination levels were 

similar between CSPαWT, CSPαL115R and CSPαL116Δ (Supplementary Fig. S1h); with 
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ubiquitinated versions displaying distinct banding patterns from those of CSPα oligomers, 

and no sensitivity to acid treatment.

Importantly, shRNA knockdown (KD) of the critical Fe-S cluster assembly protein Nfs1 

reduced oligomerization of CSPαL115R and CSPαL116Δ and allowed partial palmitoylation 

of these mutants; and this effect of Nfs1 KD was reversed by expression of a KD-resistant 

version of Nfs1 (Fig. 1h).

Taken together, these results from recombinant and eukaryotic cell-derived proteins suggest 

that deficient Cys-palmitoylation allows oligomerization of CSPαL115R and CSPαL116Δ via 

Fe-S cluster binding at their Cys-string region.

CSPα Mutants are Misrecognized by the Cytosolic Fe-S Cluster Assembly Machinery in 
Neurons

CSPα is heavily expressed in neurons (17, 18), and the most devastating symptoms and 

pathology of ANCL are neurological (19, 20). We thus expressed CSPαWT, CSPαL115R, 

CSPαL116Δ or SSPα in primary cortical neurons from CSPα knockout (CSPα−/−) mice. As 

expected, CSPαWT was nearly fully palmitoylated in neurons, and neither CSPαWT nor 

SSPα formed large oligomers (Fig. 2a and Supplementary Fig. S2a). In contrast, found that 

CSPαL115R and CSPαL116Δ accumulated as oligomers with large molecular masses (Fig. 

2a). These oligomers could be dissociated by acid treatment – revealing a mass-shift in the 

monomer, indicative of severe palmitoylation deficit in CSPαL115R and CSPαL116Δ 

(Supplementary Fig. S2a).

How the two identified ANCL mutations interfere with palmitoylation of CSPα remains 

unclear. The two mutated Leu residues reside next to the Cys-string, and are conserved from 

invertebrates to humans, as well as among the three paralogs (CSPα, CSPβ and CSPγ), 

suggesting their significance to the structure-function of the Cys-string. Yet, they do not 

conform to any known motif which affects palmitoylation or depalmitoylation. Substitution 

of one or both Leu residues to Ala, thus maintaining the aliphatic structure and 

hydrophobicity, allowed normal palmitoylation and did not cause aggregation of CSPα 
(Supplementary Fig. S2b). However, either adding charge with mutation L115D (albeit, 

opposite charge compared to the ANCL mutation L115R), or removal of one Leu side chain 

with mutation L116G (similar to L116Δ but maintaining the backbone-length), strongly 

reduced palmitoylation and caused formation of oligomers (Supplementary Fig. S2b), 

suggesting that the two tandem hydrophobic side chains of Leu residues are required for 

normal palmitoylation of CSPα.

We next addressed how Fe-S clusters are targeted to mutant CSPα, by postulating that 

mutant CSPα interacts with the cytosolic Fe-S protein assembly (CIA) machinery. We found 

that both CSPαL115R and CSPαL116Δ, but not CSPαWT, co-immunoprecipitated with one 

particular protein – ISCU (Fig. 2b), which functions as a part of the Hsc70/Hsc20/ISCU 

complex in the CIA machinery (21). This suggests that the Fe-S cluster scaffolding protein 

ISCU, which normally transfers Fe-S clusters to recipient apo-proteins (22), is mis-loading 

Fe-S clusters onto mutant CSPα.
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In analogy to the native CSPα/Hsc70/SGT chaperone complex, where the J-domain of 

CSPα binds Hsc70, the interaction of mutant CSPα with the Hsc70/ISCU complex 

presented the possibility that Hsc70 in this CIA complex recruits the mutant CSPα via its J-

domain. To test this, we mutated the HPD motif, necessary for J-domain proteins to interact 

with Hsc70. We introduced a D45A mutation in CSPαWT, CSPαL115R and CSPαL116Δ, 

obliterating their interaction with Hsc70 (23) (Fig. 2c). Fe-S cluster-binding by 

CSPαL115R/D45A and CSPαL116Δ/D45A was diminished, when measured by UV-Vis 

spectroscopy (from proteins expressed in HEK cells, Supplementary Fig. S2c). Strikingly, in 

neurons, the loss of Hsc70-binding by CSPαL115R/D45A and CSPαL116Δ/D45A led to reduced 

oligomerization and recovery of palmitoylation (Fig. 2d).

These results suggest that reduced palmitoylation and membrane-association of mutant 

CSPα allows it to interact with an Fe-S cluster-transferring complex, where it binds Hsc70 

through the classic DnaJ-DnaK binding mechanism and receives the Fe-S clusters from the 

scaffolding protein ISCU.

Oligomerization of the ANCL Mutant CSPα and the Downstream SNARE Defects are 
Mitigated by Fe-chelators in Neurons

CSPα is a pre-synaptically localized chaperone, where it binds and stabilizes the synaptic 

SNARE protein SNAP-25 (2, 3, 24, 25). Since ANCL mutations in CSPα (a) severely 

reduce palmitoylation, affecting membrane-binding, and (b) lead to Fe-S cluster-dependent 

oligomerization; these mutations may affect the localization and pre-synaptic function of 

CSPα.

CSPαWT, CSPαL115R, CSPαL116Δ or SSPα expressed in primary CSPα−/− cortical neurons 

revealed that the ANCL mutations cause mislocalization of CSPα – while CSPαWT 

localizes to synapse-like puncta on neurites, CSPαL115R and CSPαL116Δ accumulate mostly 

within the cell body with minimal localization at neurites (Fig. 3a).

This mislocalization of the ANCL mutants CSPαL115R and CSPαL116Δ away from synapses 

prompted us to examine their interaction with the synaptic SNARE protein SNAP-25, the 

best characterized client of CSPα’s chaperone function (3, 26, 27). Co-immunoprecipitation 

experiments from CSPα−/− neurons expressing CSPα variants showed that compared to 

CSPαWT, the interaction of CSPαL115R and CSPαL116Δ with SNAP-25 was severely 

reduced (Fig. 3b). In CSPα−/− mice, complete loss-of-function is known to result in reduced 

SNAP-25 protein levels (3, 26, 27). While expression of CSPαWT in CSPα−/− neurons 

increased SNAP-25 levels as expected, CSPαL115R and CSPαL116Δ expression led to no 

significant improvement in SNAP-25 levels, similar to the SSPα mutant (Fig. 2a); 

suggesting an almost complete loss of CSPα function due to ANCL mutations, likely due to 

its oligomerization and mislocalization away from the client SNAP-25.

Reduced SNAP-25 levels can affect the assembly of SNARE-complexes (3), which comprise 

SNAP-25, syntaxin-1 (Synt-1), and VAMP-2/ synaptobrevin-2 (Syb-2), and is the functional 

core-unit that catalyzes synaptic vesicle release. To quantify SNARE-complex assembly in 

CSPα−/− neurons expressing the CSPα variants, we immunoprecipitated Syb-2 and 

measured the co-immunoprecipitated SNAP-25 and syntaxin-1. SNARE-complex assembly 
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in CSPα−/− neurons was more-than-doubled by CSPαWT expression, while CSPαL115R, 

CSPαL116Δ and SSPα had no significant effect (Fig. 3c).

Overall, these data suggest that ANCL mutations in CSPα cause: a) reduced palmitoylation 

of the Cys-string, allowing for b) Fe-S cluster binding at the Cys-string, leading to c) 

oligomerization and mislocalization of CSPα. This sequestration of mutant CSPα away 

from the synapses cause a downstream deficit in interaction with its synaptic client 

SNAP-25, reducing SNAP-25’s proteins levels and its assembly into SNARE-complexes. 

With this understanding of the molecular-cellular cascade of defects caused by ANCL 

mutations, we aimed at modifying the Fe-S cluster-dependent oligomerization of 

CSPαL115R and CSPαL116Δ.

Pharmacological iron chelation is known to reduce Fe-S cluster assembly in recombinant 

proteins (28) and in cells (29). Thus, iron-chelators may be useful in mitigating Fe-S cluster 

binding and oligomerization of CSPαL115R and CSPαL116Δ. Iron chelators deferiprone (L1) 

and deferoxamine (Dfx) are already in use for treating iron-overload in humans due to 

transfusions or inherited disorders (30, 31), and L1 is known to efficiently cross the blood-

brain barrier (32–34). Both L1 and Dfx reduced the oligomerization of CSPαL115R and 

CSPαL116Δ expressed in CSP−/− neurons in a dose-dependent manner (Figs. 4a–b). 

Interestingly, palmitoylation of CSPαL115R and CSPαL116Δ was also improved by the same 

treatments in a dose-dependent manner (Figs. 4a–b), suggesting a competition for CSPα’s 

Cys residues between the physiological modification by acyl chains (palmitoylation) versus 

oligomerization via Fe-S clusters.

Reduced oligomerization and improved palmitoylation of CSPαL115R and CSPαL116Δ by L1 

and Dfx were accompanied by augmentation of SNAP-25 levels by approximately two-fold 

in neurons expressing CSPαL115R and CSPαL116Δ (Fig. 4b), bringing SNAP-25 levels closer 

to those in CSPαWT expressing neurons. Neither L1 nor Dfx affected SNAP-25 levels in 

neurons expressing CSPαWT or SSPα (Fig. 4b), indicating that L1 and Dfx affect SNAP-25 

only indirectly, via salvaging the synaptic-chaperone activity of CSPαL115R and CSPαL116Δ. 

SNARE co-immunoprecipitation experiments show that L1 and Dfx treatment led to 

amelioration of SNARE-complex assembly defects in CSPαL115R and CSPαL116Δ 

expressing neurons, and had no effect in neurons expressing either CSPαWT or SSPα (Fig. 

4c).

Taken together, these studies show that L1 and Dfx not only improve palmitoylation and 

reduce oligomerization of CSPαL115R and CSPαL116Δ in neurons, but this also leads to 

functional rescue – evident from the increase in SNAP-25 levels and its improved assembly 

into synaptic SNARE-complexes.

CSPα mutations are autosomal dominant in ANCL patients, while a loss of a single allele 

has no detectable phenotype in CSPα hemizygous mice (35). Thus, a dominant-negative 

pathogenic mechanism has been proposed for ANCL, based on the observation that 

oligomers of mutant CSPα protein incorporates WT CSPα protein as well (10); possibly 

initiated via the well-documented physiological dimerization of CSPα (36, 37). In 

concurrence with these findings, when we co-expressed myc-CSPαWT with GFP-CSPαWT, 
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GFP-CSPαL115R, or GFP-CSPαL116Δ, only the ANCL mutants GFP-CSPαL115R and GFP-

CSPαL116Δ (but not GFP-CSPαWT) induced oligomerization of myc-CSPαWT 

(Supplementary Fig. S3). This dominant-negative effect of the ANCL-mutant CSPα on WT 

CSPα is apparent in the following studies, which we performed in ANCL patient-derived 

fibroblasts and induced neurons (iNs), which co-express the CSPαWT and CSPαL116Δ 

alleles.

CSPα Oligomerization as well as the Downstream Cellular Defects are Mitigated by Fe-
chelators in ANCL Patient-derived Induced Neurons

Next, we used fibroblasts from an ANCL patient who carried the CSPαL116Δ allele (7). 

CSPα as well as it’s well-characterized interactors Hsc70 and SGT were expressed in 

fibroblasts, derived either from an ANCL patient (ANCL) or from an unaffected sex- and 

age-matched individual (WT) (Supplementary Fig. S4b). When CSPα was 

immunoprecipitated from ANCL or WT fibroblasts, UV-Vis spectroscopy showed 

absorbance peaks characteristic of Fe-S clusters only in ANCL fibroblasts (Supplementary 

Fig. S4a).

Whereas the CSPα/Hsc70/SGT chaperone complex is expressed in fibroblasts, the neuronal 

client of this complex – SNAP-25 – was not observed in fibroblasts (Supplementary Fig. 

S4b). This prompted us to convert the patient fibroblasts into iNs, by lentiviral co-expression 

of the four transcription factors Brn2, Ascl1, Myt1l, and NeuroD1 (38) (Supplementary Fig. 

S4b). In the ANCL iNs, CSPα palmitoylation was reduced, accompanied by its 

oligomerization, compared to WT iNs (Supplementary Fig. S4c). Accordingly, levels of its 

neuronal client SNAP-25 were markedly reduced in ANCL iNs (Supplementary Fig. S4c), 

which is likely a result of the severely reduced interaction of CSPα with SNAP-25 in the 

ANCL iNs (Supplementary Fig. S4d). CSPα chaperones the natively unfolded monomeric 

SNAP-25, and prevents its rapid degradation by the ubiquitin-proteasome system (3). We 

thus measured SNAP-25 turnover in iNs using the cycloheximide chase method, and found 

that SNAP-25 degradation was accelerated in ANCL iNs (T1/2 ~ 12.5h) compared to WT 

iNs (T1/2 > 24h) (Supplementary Fig. S4e), confirming a defect in the SNAP-25 chaperoning 

function of CSPα.

While SNAP-25 is only one of the proposed CSPα clients expressed in neurons (39), the 

pathological hallmark of ANCL is accumulation of the autofluorescent pigment lipofuscin in 

neuronal lysosomes (20, 40). Unlike primary neurons, we could maintain iNs for months, 

which led to progressive accumulation of lipofuscin in ANCL iNs, as observable by 

autofluorescence at 56 days post iN conversion (Supplementary Fig. S4f). Lipofuscin was 

quantifiably elevated specifically in the ANCL iNs, when measured by immunoblotting 

against the mitochondrial ATP-synthase subunit C (ATP5G), a major lysosomal storage-

component in ANCL (41), and by lipofuscin ELISA (Supplementary Fig. S4g–h).

With the above observations affording us a patient-derived model of the molecular-cellular 

pathobiology of ANCL, we next tested the effect(s) of iron-chelators on the ANCL iNs.

Both L1 and Dfx reduced the UV-Vis signature of Fe-S clusters bound to 

immunoprecipitated CSPα from ANCL fibroblasts (Fig. 5a). L1 and Dfx also improved 
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palmitoylation and reduced the oligomerization of CSPα in ANCL iNs (Fig. 5b). These 

effects of L1 and Dfx were accompanied by improved interaction of CSPα with SNAP-25 in 

ANCL iNs (Fig. 5c; note that mainly CSPα monomers but not oligomers bind to SNAP-25.). 

As a consequence, SNAP-25 levels in ANCL iNs were augmented by both L1 and Dfx (Fig. 

5b). Cycloheximide chase studies show that rapid turnover of SNAP-25 in ANCL iNs was 

ameliorated by both L1 and Dfx, with ~2x increase in SNAP-25 half-life (Fig. 5d); 

suggesting that the SNAP-25 chaperoning function of CSPα is restored by these iron-

chelators in ANCL patient-derived iNs.

In addition, lipofuscin autofluorescence was reduced in ANCL iNs after L1 and Dfx 

treatment (Fig. 5e), which corresponded with a trend toward reduced accumulation of 

ATP5G (Fig. 5f), and a significant reduction in lipofuscin ELISA signal (Fig. 5g). In the 

above experiments, L1 and Dfx were introduced immediately after fibroblast-to-neuron 

conversion, suggesting efficacy of the iron-chelators in preventing lipofuscin accumulation. 

As a treatment paradigm, we also added iron-chelators post-accumulation of lipofuscin. 

When L1 and Dfx were added to ANCL iNs after 56 days of lipofuscin accumulation, the 

ATP5G and lipofuscin levels diminished over the subsequent 3 weeks, down to similar levels 

as observed in the prevention experiments (Fig. 5h–i).

DISCUSSION

Our results reveal a surprising mechanism for the oligomerization of CSPα carrying ANCL 

mutations, which had previously been observed (10, 11), but had remained mechanistically 

unexplained. We find that this oligomerization is dependent on mis-loading of Fe-S clusters 

onto the Cys-string of mutant CSPα with diminished palmitoylation. Whereas Fe-S clusters 

are known to crosslink proteins into physiological/functional oligomers (14, 15), ectopic 

binding of Fe-S clusters has never been reported to generate pathogenic oligomers/

aggregates. Importantly, the Fe-S cluster binding and oligomerization of mutant CSPα can 

be mitigated by iron-chelators (Summarized in Fig. 6), partially restoring the presynaptic 

chaperone function of CSPα.

Mechanistically, we found that interaction of mutant CSPα with the CIA machinery, in 

particular with the ISCU/Hsc70 complex, is necessary for mis-loading of Fe-S clusters onto 

the Cys-string. Fe-S mis-loading is likely to be a secondary outcome of the palmitoylation 

defect of mutant CSPα, and targeting of its Cys-string region by the CIA machinery seems 

to be a case of mistaken substrate identity; since, the mutant CSPα participates in the Hsc70/

ISCU complex via its J domain, and at the same time provides a high local-concentration of 

a “substrate-like” peptide with its ineffectually palmitoylated Cys-string. This molecular 

case of misrecognition may be further enhanced by similarities in the normally S-

palmitoylated sites of CSPα and the motifs recognized by the CIA machinery (e.g. CX2C or 

CX13CX2CX5C motifs where “X” is any residue (42)).

While our data support the loss of mutant CSPα localization and function at the synapse, 

whether the loss of SNAP-25 chaperoning causes lipofuscin storage remains unknown. 

CSPα has multiple proposed clients (39), and loss of chaperoning of any one or more of the 

clients may affect lysosomal biogenesis, trafficking, or function, and may otherwise alter the 

Naseri et al. Page 8

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels of lysosomally stored metabolites. Further functional studies of the CSPα interactome 

may reveal the downstream client(s) relevant to the lysosomal phenotype of ANCL.

Our findings point to pharmacological iron chelation as a potential mechanism-based 

treatment for ANCL – which is currently intractable to treatment. One of the iron chelators 

used here, L1, efficiently crosses the blood-brain barrier (32–34) and is orally available. Side 

effects of long term L1 use are considered acceptable in chronic iron-overload disorders 

(43), and these side effects become more acceptable in the context of ANCL, where 

progressive neurodegeneration begins at 30-40 years of age, with expected survival of 8-12 

years (8). This new use for iron-chelating drugs – which are already approved by regulatory 

agencies and in use for decades – can accelerate their use for ANCL treatment by bypassing 

the early stages of development and safety testing.
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Figure 1 |. Fe-S cluster binding and oligomerization of CSPα in vitro and in mammalian cells.
(a-d) From purified recombinant proteins: (a) Color of purified CSPαWT, CSPαL115R, 

CSPαL116Δ, and SSPα (inset), and detection of Fe in these protein solutions by X-ray 

fluorescence. (b) UV-Vis absorbance spectra of the indicated versions of the purified CSPα 
protein. (c) Fe2+/3+ ion content, measured in indicated protein by ferrozine colorimetry 

(left), and S2− content measured by methylene blue colorimetry (right). (d) Oligomerization 

of the indicated protein measured by SDS-PAGE separation and quantitative 

immunoblotting against CSPα (left), shown as % of total protein in each lane (right). (e-h) 

From HEK293T cells expressing myc-tagged CSPαWT, CSPαL115R, CSPαL116Δ and SSPα: 

(e) UV-Vis absorbance spectra of indicated proteins immunoprecipitated using anti-myc 

antibody and eluted by trypsinization. (f) Fe2+/3+ ion content (left) and S2− content (right), 

measured as in (c), on the indicated protein immunoprecipitated and eluted as in (e). (g) 

Oligomerization of indicated CSPα variants was measured by SDS-PAGE separation and 

quantitative immunoblotting against CSPα. Representative immunoblot (left), and 
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quantitation as % of the total protein detected in corresponding lane (right); Control = empty 

plasmid; N.D. = not detected. (h) Oligomerization and palmitoylation of CSPα variants, 

with Nfs1 knockdown (Nfs1KD), and rescue of knockdown by overexpression of shRNA-

resistant Nfs1 (Nfs1KD+Resc.). In (d, g-h), Mono = monomer; Dim = dimer; Oligo = 

oligomers of higher mass than dimer; Palm = palmitoylated. Data are from (a) representative 

synchrotron measurement from n=3, (b) representative from n=4 , (c) n=3, and (d) n=6, 

where n is independent protein-purification; (e) representative from n=3 

immunoprecipitations, (f) n=4 immunoprecipitations, (g) n=6 transfections, and (h) n=5 

transfections. In (c-d) and (f-h) data represent means ± SEM. *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001 by two-tailed Student’s t-test. #P<0.05 by Mann-Whitney-

Wilcoxon U test. Uncropped blots are shown in Source Data Fig 1.
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Figure 2 |. Mechanism of Fe-S cluster binding to the ANCL mutants of CSPα in neurons.
(a-d) Primary cortical neurons from neonatal CSPα−/− mice were infected with lentiviruses 

expressing the indicated myc-tagged version of CSPα on 7 days in vitro (DIV). (a) Neurons 

expressing CSPαWT, CSPαL115R, CSPαL116Δ, SSPα, or empty virus (control) were lysed 

on 17 DIV and CSPα oligomerization, palmitoylation, and SNAP-25 levels were measured 

by quantitative immunoblotting. SNAP-25 was normalized to β-actin and is shown as 

percent of its expression in CSPαWT expressing neurons. (b) Neurons expressing CSPαWT, 

CSPαL115R, or CSPαL116Δ were lysed on DIV14 and subjected to anti-myc 
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immunoprecipitation. The eluate was immunoblotted to detect co-immunoprecipitated 

members of the CIA machinery. Hsc70 and SGT are known interactors of CSPα. (c) 

Neurons expressing CSPαWT, CSPαWT/D45A, CSPαL115R, CSPαL115R/D45A, CSPαL116Δ, 

and CSPαL116Δ/D45A were lysed on DIV14, subjected to anti-myc immunoprecipitation and 

immunoblotted to detect co-immunoprecipitation of Hsc70 or ISCU. (d) Lysates from 

neurons expressing CSPαWT, CSPαWT/D45A, CSPαL115R, CSPαL115R/D45A, CSPαL116Δ, 

and CSPαL116Δ/D45A were immunoblotted (left) to measure oligomerization and 

palmitoylation (right) as % of the total protein detected in each lane. Mono = monomer; Dim 

= dimer; Oligo = oligomers; Palm = palmitoylated. Data shown are from (a) n=6 for CSPα 
oligomerization, n=9 for CSPα palmitoylation, and n=13 for SNAP-25 levels (n = 

independent transductions); (b-c) representatives of n=3 immunoprecipitations; (d) n=4 

transductions. In (a) and (d) Data represent means ± SEM. *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001; n.s. = not significant by two-tailed Student’s t-test. #P<0.05 by Mann-

Whitney-Wilcoxon U test. Uncropped blots are shown in Source Data Fig 2.
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Figure 3 |. Mislocalization of ANCL mutants of CSPα leads to deficiencies in SNAP-25 levels and 
SNARE-complex assembly in neurons.
Primary cortical neurons from neonatal CSPα−/− mice were infected with lentiviruses 

expressing myc-tagged CSPαWT, CSPαL115R, CSPαL116Δ, SSPα, or empty lentivirus 

(Control) on 7 days in vitro (DIV) and examined on 17 DIV. (a) Localization of CSPα 
variants visualized by immunofluorescence against myc (green), somatodendritic marker 

MAP2 (red), and nuclear stain DAPI (blue); bar = 50 μm. (b) Interaction of CSPα variants 

with SNAP-25 was measured via co-immunoprecipitation (co-IP) assay. SNAP-25 IP was 

followed by quantitative immunoblotting of the co-IP’d CSPα (top blot), and normalized to 

the IP’d SNAP-25 (bottom blot). Control = sham IP without IgG. N.D. = not detected. (c) 

Synaptic SNARE-complex assembly was measured by synaptobrevin-2 (Syb-2) IP followed 

by quantitative immunoblotting of co-IP’d SNARE-complex partners syntaxin-1 (Synt-1) 

and SNAP-25, each normalized to the IP’d Syb-2. Control = sham IP with plain rabbit 
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serum. Data are from (a) representative of n=3 transductions, (b) n=4 SNAP-25 

immunoprecipitations, and (c) n=4 Syb-2 immunoprecipitations. In (b-c) data represent 

means ± SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 by two-tailed Student’s t-

test. #P<0.05 by Mann-Whitney-Wilcoxon U test. Uncropped blots are shown in Source 

Data Fig 3.
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Figure 4 |. Iron-chelation in neurons alleviates oligomerization of mutant CSPα and the 
downstream SNARE defects.
Primary cortical neurons from neonatal CSPα−/− mice were infected with lentiviruses 

expressing the indicated versions of CSPα on day 5 in vitro. On day 12 in vitro, these 

neurons were incubated with vehicle (DMSO), or iron chelators deferiprone (L1) and 

deferoxamine (Dfx) for 72 hours. (a) Neurons expressing myc-tagged CSPαL115R and 

CSPαL116Δ were treated with indicated concentrations of L1 or Dfx, and lysates were 

immunoblotted for CSPα. +Palm = palmitoylated; −Palm = non-palmitoylated; Oligo = 

Naseri et al. Page 18

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



oligomers. (b) Neurons expressing myc-tagged CSPαWT, CSPαL115R, CSPαL116Δ, SSPα, 

or empty virus (Control) were treated with DMSO vehicle (−), L1 (200 μM), or Dfx (200 

μM). Oligomerization was measured by SDS-PAGE separation and quantitative 

immunoblotting against CSPα. Palm = palmitoylated; Dim = dimer; Oligo = oligomers of 

higher mass than dimer. To measure palmitoylation, oligomers were disrupted by lysing 

neurons in 0.1 N HCl plus 0.1% Triton X-100 for 20 min at 4 °C, followed by SDS-PAGE 

and quantitative immunoblotting against CSPα. SNAP-25 levels were measured from total 

lysate by quantitative immunoblotting against SNAP-25, normalized to β-actin. (c) Synaptic 

SNARE-complex assembly was measured by co-immunoprecipitation (co-IP) experiment. 

Syb-2 IP was followed by quantitative immunoblotting of co-IP’d SNAP-25 and Synt-1, 

each normalized to the IP’d Syb-2. Control = sham IP with plain rabbit serum. Data are from 

(a) n=3 transductions, (b) n=5 for CSPα oligomerization and palmitoylation, and n=10 for 

SNAP-25 levels (n = transduction plus treatment), and (c) n=3 Syb-2 immunoprecipitations. 

Data represent means ± SEM. For (a) P<0.05 for both CSPα variants at >100 μM compared 

0 μM. For (b-c) *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 by two-tailed Student’s t-

test. #P<0.05 by Mann-Whitney-Wilcoxon U test. n.s. = not significant; n.d. = not detected. 

Uncropped blots are shown in Source Data Fig 4.
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Figure 5 |. In ANCL patient-derived iNs iron-chelators alleviate CSPα oligomerization, the 
SNAP-25 chaperoning defect, and lipofuscin accumulation.
(a) ANCL patient-derived fibroblasts were treated with 200μM of L1 or Dfx, or 0.1% 

DMSO (Control) for 72 h. UV-Vis absorbance spectra of immunoprecipitated CSPα were 

measured before and after HCl treatment. (b-d) In ANCL iNs treated with L1, Dfx, or 

vehicle for 72 h following the iN conversion: (b) levels of oligomerized and fully 

palmitoylated CSPα as well as total SNAP-25 were measured by quantitative 

immunoblotting. Oligo = oligomers; Palm = palmitoylated. (c) The interaction of CSPα with 
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SNAP-25 was measured by immunoprecipitating SNAP-25 followed by quantitative 

immunoblotting of co-immunoprecipitated CSPα (normalized to SNAP-25 IP). Control = IP 

without IgG. (d) Turnover of SNAP-25 was determined by cycloheximide chase, while 

maintaining the iron-chelators or vehicle in the medium. (e-g) ANCL iNs treated with L1, 

Dfx, or vehicle for 56 d were analyzed for (e) lipofuscin autofluorescence (Ex 465-495, Em 

515-555 nm; scale bar = 50 μm), (f) ATP5G levels by quantitative immunoblotting (VDAC1 

and TIM23 indicate overall mitochondrial protein expression), and (g) lipofuscin 

accumulation by ELISA. (h-i) 56 day old untreated ANCL iNs were treated with L1, Dfx, or 

vehicle, and analyzed for (h) ATP5G levels by quantitative immunoblotting and (i) 
lipofuscin by ELISA, at indicated days of treatment. Data are from (a) representative of n=4, 

(b) n=4 for CSPα oligomerization and palmitoylation, and n=8 for SNAP-25 levels, (c) n=4, 

(d) n=7, (e) representative of n=3, (f) n=4, (g) n=4, (h) n=6, (i) n=3. In (a, c) n = 

immunoprecipitation; in (b, d-i) n = iN conversions. Data in (b-d, f-i) represent means ± 

SEM. In (b-c, f-g) *P<0.05; **P<0.01; ****P<0.0001 by two-tailed Student’s t-test. 
#P<0.05 by Mann-Whitney-Wilcoxon U test. In (d, h-i) **P < 0.01; ***P<0.001; 

****P<0.0001 by two-way ANOVA; ##P<0.01; ###P<0.001; ####P<0.0001 by Tukey’s 

multiple comparisons test. Uncropped blots are shown in Source Data Fig 5.
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Figure 6 |. Model depicting the mechanism of CSPα oligomerization in ANCL and its alleviation 
by Fe-chelators.
CSPαWT is heavily palmitoylated, allowing its localization to presynaptic membranes (panel 

1), where it forms a functional chaperone complex with Hsc70 and SGT; which chaperones 

synaptic SNARE SNAP-25. The ANCL mutants CSPαL115R and CSPαL116Δ are 

inefficiently palmitoylated, and mislocalized away from synapses, where mutant CSPα’s J-

domain (J Dom) recruits a CIA complex containing Hsc70, and ISCU – an Fe-S cluster 

transferring protein (panel 2). This molecular interaction leads to pathogenic oligomers of 

mutant CSPα: CSPαWT expressed alone is not oligomerized beyond its native 
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homodimerization (panel 3), while the loss of palmitoylation in the ANCL mutants 

CSPαL115R and CSPαL116Δ accompanies ectopic binding of their reactive Cys-strings to Fe-

S clusters, cross-linking the mutant CSPα molecules into oligomers. These oligomers 

mainly reside away from the synapse, causing loss of CSPα’s chaperone function at the 

synapse (panel 4). In the CSPαL115R or CSPαL116Δ heterozygous cells, mutant CSPα is able 

to recruit CSPαWT into oligomers, leading to less than hemizygous level of CSPα function 

at the synapse (panel 5). Iron-chelator treatment leads to reduction in the Fe-S cluster-bound 

oligomers, allowing improved CSPα function at the synapse (panel 6). This increase in 

functional CSPα leads to partial alleviation of the downstream SNAP-25 instability and 

lipofuscin accumulation phenotypes.
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