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Synapses are a primary pathological target in neurodegenerative diseases.

Identifying therapeutic targets at the synapse could delay progression of

numerous conditions. The mitochondrial protein SFXN3 is a neuronally

enriched protein expressed in synaptic terminals and regulated by key

synaptic proteins, including a-synuclein. We first show that SFXN3 uses

the carrier import pathway to insert into the inner mitochondrial mem-

brane. Using high-resolution proteomics on Sfxn3-KO mice synapses, we

then demonstrate that SFXN3 influences proteins and pathways associ-

ated with neurodegeneration and cell death (including CSPa and

Caspase-3), as well as neurological conditions (including Parkinson’s dis-

ease and Alzheimer’s disease). Overexpression of SFXN3 orthologues in

Drosophila models of Parkinson’s disease significantly reduced dopamin-

ergic neuron loss. In contrast, the loss of SFXN3 was insufficient to trig-

ger neurodegeneration in mice, indicating an anti- rather than pro-

neurodegeneration role for SFXN3. Taken together, these results suggest

a potential role for SFXN3 in the regulation of neurodegeneration path-

ways.
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Introduction

Synapses are a major pathological target in many neu-

rodegenerative diseases, including; Alzheimer’s disease

(AD), Parkinson’s disease (PD), Huntington’s disease

(HD), amyotrophic lateral sclerosis (ALS), spinal mus-

cular atrophy (SMA) and Batten’s disease (BD) [1–3].

Importantly, structural and functional modifications at

the synapse precede neuronal death in the majority of

these neurodegenerative conditions. For example,

structural and functional changes at the synapse

include reduced spine density in AD [4], impaired

synaptic vesicle endocytosis and loss of striatal

dopaminergic terminals in PD [5,6] and defective inhi-

bitory and excitatory synaptic transmission in Batten’s

disease [7]. These findings highlight the importance of

targeting pathways involved in driving synaptic pathol-

ogy when designing strategies to delay the onset or

progression of neurodegeneration in vivo.

a-Synuclein is one well-known modulator of synaptic

pathology [8]. However, a-synuclein is an intrinsically

disordered protein, hence a difficult protein to target for

therapeutic purposes [9]. Amorim et al. [10] identified

Sideroflexin 3 (SFXN3) as a downstream target of a-
synuclein in synapses worthy of further investigation.

SFXN3 belongs to a family of mitochondrial transmem-

brane proteins, including Sideroflexins 1–5, and is

thought to play a role in iron transport [11,12], although

a recent study suggested that SFXN1 (and possibly also

SFXN3) can also function as a serine transporter [13].

Interestingly, previous studies have identified a putative

link between SFXN3 and neurodegenerative diseases, as

SFXN3 mRNA and protein levels were found to be dys-

regulated in animal models and patients with PD [14–

16]. Furthermore, it has recently been reported that

SFXN3 is important for retinal homeostasis [17]. How-

ever, despite the identification of SFXN3 as a neu-

ronally enriched protein that can be dysregulated in

conditions such as PD, the contribution of SFXN3 to

neurodegeneration pathways remains unexplored.

In this study, we confirm that SFXN3 follows the

carrier import pathway to localise to the inner mito-

chondrial membrane (including in human cells). We

demonstrate that experimental manipulation of

SFXN3 impacts on expression levels of several known

regulators of synaptic degeneration (including cysteine

string protein a (CSPa) and caspase-3) and controls

expression of the constituents of established molecular

neurodegeneration pathways associated with neurode-

generative diseases including PD and AD. Consistent

with these findings, we show that increasing levels of

Sfxn3 orthologues is capable of influencing dopaminer-

gic cell loss in Drosophila models of PD in vivo.

Results and Discussion

SFXN3 is an inner mitochondrial membrane

protein that follows the carrier import pathway

and is dependent on the inner membrane

potential

The current literature concerning SFXN3 remains lim-

ited, with much remaining unknown with regard to its

biochemical properties, as well as molecular and cellu-

lar functions in vivo. Therefore, we first set out to bet-

ter characterise the localisation and biochemical

properties of SFXN3. Amorim et al. [10] demonstrated

that SFXN3 putatively localises to the inner mitochon-

drial membrane in mice. To confirm this localisation

of SFXN3, and establish whether it is conserved across

multicellular organisms, we performed localisation

experiments using mitochondria from wild-type,

human HEK293 cells. Mitochondria underwent

sodium carbonate extraction, a procedure that can effi-

ciently distinguish soluble from membrane-integrated

proteins [18]. As expected, TFAM, a soluble matrix

protein that is attached to mitochondrial DNA in the

matrix functioning as a mitochondrial transcription

factor [19,20], was present in the soluble fraction, and

Mitofusin 2, an outer mitochondrial membrane protein

integrated into the outer membrane with two trans-

membrane segments [21], was present in the insoluble

fraction. Importantly, SFXN3 was also present in the

insoluble fraction, along with Mitofusin 2, confirming

SFXN3 as a mitochondrial membrane-integrated pro-

tein (Fig. 1A).

To further investigate the submitochondrial localisa-

tion of SFXN3, we performed a swelling and pro-

teinase K protection assay. In this assay, swelling of

the mitochondria results in selective opening of the

outer membrane (OM) rendering proteins in the inter-

membrane space (IMS) and the inner membrane (IM)

accessible to the proteinase K, whilst proteins in the

matrix remain resistant to proteolysis since the IM

remains sealed. In the first two lanes in Fig. 1B (where

mitochondria were not swollen and kept in an isotonic

buffer) addition of external proteinase K degraded

only Mitofusin 2, which is an OM protein with a large

domain exposed to the outer mitochondrial surface.

By contrast, upon swelling of the mitochondria with a

hypotonic buffer, SFNX3 followed exactly the same

behaviour as mitochondrial IM proteins like coiled-

coil-helix-coiled-coil-helix domain-containing protein 3

(CHCHD3) [22], and Mitofilin [23] (Fig. 1B). In agree-

ment with the carbonate extraction results in Fig. 1A,

a matrix protein (TFAM) behaves completely differ-

ently from SFXN3. We see that TFAM is stable
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against proteinase K treatment even upon swelling,

confirming that the inner membrane remained intact in

this treatment. The data of Fig. 1A,B therefore con-

firm that SFXN3 is an inner mitochondrial membrane

protein in human cells, demonstrating that mitochon-

drial localisation of SFXN3 is conserved across

humans and mice. Additionally, we wanted to assess

the importance of the inner membrane potential on

the import of SFXN3 into HEK293 mitochondria.

When 35S-labelled SFXN3 was presented to

mitochondria in the absence of a membrane potential,

it did not undergo mitochondrial import. However, in

the presence of a membrane potential, SFXN3 was

imported in increasing quantities over longer time-

points (Fig. 1C). This demonstrates the dependence of

SFXN3 on the membrane potential for successful

import into mammalian mitochondria.

Next, since SFXN3 is a nuclear-encoded protein

[24], we wanted to investigate the mechanism by which

SFXN3 is imported into mitochondria. To do so, we

Fig. 1. SFXN3 localisation in HEK293 mitochondria and import pathway in yeast mitochondria. (A) Immunoblotting of soluble fraction and

insoluble fractions of HEK293 mitochondria following sodium carbonate extraction (N = 3). (B) Immunoblotting of HEK293 mitochondria and

mitoplasts prepared by hypotonic swelling. Mitofusin 2 is an outer mitochondrial membrane protein, Mitofilin is an intermembrane space

protein, CHCHD3 is an inner mitochondrial membrane protein and TFAM is a soluble matrix protein (N = 3). (C) 35S-labelled SFXN3 was

imported into isolated wild-type HEK293 mitochondria in the presence or absence of the inner membrane potential (DΨ+) for the indicated

time points followed by trypsin digestion to remove unimported material. Samples were run on SDS-PAGE (N = 2). (D–F) Immunoblots of
35S-labelled SFXN3, AAC, and ATP Synthase subunit 9 (Su9-DHFR) imported into various control and mutant yeast mitochondria. mtHSP70

was probed as a housekeeping gene at 70 kDa. Quantification of import across yeast strains is shown as the percentage of WT M+ import.

Data are shown as mean percentage � SEM (N = 3). 5% = 5% of protein loaded into all other lanes. M+ = import under the presence of

membrane potential. DDTom70 = Delta Tom70-depleted. Tim9ts = Tim9 temperature sensitive. Tim 22ts = Tim22 temperature sensitive.

M- = import into mitochondria without membrane potential. Tx = mitochondria solubilised with Triton-X100. Where different parts of the

gels were assembled in a single panel, the separation between the different gels is indicated by a perpendicular line (panels D, E and F).
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used the TNT� Coupled Reticulocyte Lysate System

to obtain in vitro translated, radioactively labelled

(with 35S-Methionine) SFXN3, ADP/ATP carrier pro-

tein (AAC), and the hybrid precursor protein consist-

ing of the presequence region 1-64 of Subunit 9 of the

Neurospora crassa ATP Synthase fused to mouse dihy-

drofolate reductase (Su9-DHFR) protein products [25].

These radioactively labelled proteins in their native

form were used to perform in vitro import into wild-

type and mutant S. cerevisiae mitochondria. The

results illustrated in Fig. 1D–F show that specific

mitochondrial S. cerevisiae mutations in components

that are critical for the import of proteins following

the metabolite carrier import pathway affect the mito-

chondrial import of SFXN3. Proteins that follow the

carrier import pathway interact with the Tom70 recep-

tor in the OM first, pass through the general import

channel of Tom40 into the IMS where they are then

specifically escorted in the aqueous IMS by the small

Tim chaperones onto the inner membrane-embedded

Tim22 complex where they are inserted [26]. Specifi-

cally, mitochondria with lower levels of Tom70 (the

main outer membrane receptor for the carrier path-

way), or the IMS chaperone Tim9, or the Tim22 mem-

brane insertion translocase, all affected the import of

SFXN3. As a control, the AAC (a well-characterised

substrate of the carrier import pathway) was similarly

affected. In contrast, the import of the matrix-targeted

Su9-DHFR protein that follows the presequence path-

way [27,28] was clearly unaffected. These data there-

fore suggest that SFXN3 follows the carrier import

pathway in mitochondria.

Next, we assessed the requirement of a membrane

potential and ATP hydrolysis for successful import

and assembly of SFXN3 into mitochondria. To do so,

SFXN3 was imported into wild-type yeast S. cerevisiae

mitochondria in the presence or absence of a mem-

brane potential and ATP. Our data in Fig. 2A show

that, similar to AAC, SFXN3 import strictly requires

the membrane potential. ATP is known to facilitate

the import of carrier proteins into yeast mitochondria

by affecting the stage of receptor recognition (involv-

ing mainly Tom70) on the surface of mitochondria

[26], and so all of our subsequent import assays were

in the presence of ATP. SFXN3 behaves like a well-

known substrate for the carrier pathway. Importantly,

BN-PAGE data highlight the importance of the com-

bination of ATP and membrane potential in the final

assembly and insertion of SFXN3 into the inner mem-

brane of yeast mitochondria. This final step in the

import pathway of carrier proteins where the protein

is fully inserted and assembled in the IM has been

described as Stage V of the carrier import pathway

[29]. Once this was determined, we investigated the

degree to which SFXN3 depended on a membrane

potential for its import and assembly compared to

other carrier proteins such as AAC. To do so, we per-

formed sequential incubations of SFXN3 with mito-

chondria under different conditions (Fig. 2B). In the

first incubation, the absence of a membrane potential

arrested the import of AAC and SFXN3 at a stage

where it is inserted into the general TOM entry gate

and accumulated in the trans side of the TOM com-

plex, in interaction with the small Tim chaperones

[26,30], but not yet engaged with the IM insertion

machinery. This has been described as Stage III of the

carrier import pathway [29]. In the second incubation,

following reestablishment of the membrane potential,

both SFXN3 and AAC completed their insertion into

the inner membrane. However, we noticed that in the

BN-PAGE analysis SFXN3 was less efficient in reach-

ing Stage V of complete assembly into the inner mem-

brane compared to AAC. This suggests that SFXN3

may require a higher membrane potential for complete

assembly than AAC or alternatively, may require addi-

tional insertion components that rely on a membrane

potential. Altogether, these findings unequivocally

demonstrate that SFXN3 localises to the inner mito-

chondrial membrane and follows the carrier import

pathway for entry into the mitochondria and insertion

into the mitochondrial inner membrane. SFXN3, how-

ever, does not belong to the metabolite carrier family

of proteins that all share a 6 transmembrane domain

structure, and it is predicted to have either 4 or 5

transmembrane regions. This could suggest differences

in its import and assembly compared to carrier pro-

teins. For example, it may differ in terms of its interac-

tion with small Tim chaperones or show a variable

dependence on the inner membrane potential. These

subtle variations from the classical carrier pathway

may explain the difference in the formation of the final

Stage V assembly species (Fig. 2B). Additionally,

SFXN3 lacks the carrier signature motif, and its topol-

ogy is likely determined in a different manner com-

pared to carrier proteins in the inner membrane.

Further dedicated studies are required to address this

point in detail and to determine how different regions

of the protein contribute to its import and insertion.

Overall, these data provide us with a better under-

standing of the physiological, subcellular localisation

of SFXN3 and the conditions required for its success-

ful import into mitochondria. Determining the locali-

sation and biochemistry of SFXN3 is a critical step

towards improving our understanding of SFXN3’s

molecular and cellular functions, as we proceed to do

with the subsequent data.
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Proteomics analysis identifies expression level

changes in neurodegeneration-associated

proteins downstream of SFXN3

Once we confirmed the submitochondrial localisation of

SFXN3 in human cells, and the conditions it requires

for mitochondrial import, we wanted to identify proteins

downstream of SFXN3 in neurons. To do so, we

focused on the synaptosomal fractions of mouse brains

due to the importance of synapses in neurodegenerative

diseases and due to SFXN3 levels being 38% higher in

synaptic versus non-synaptic mitochondria [31]. Specifi-

cally, we performed 2-way analysis with tandem mass

tag (TMT) mass spectrometry on synaptosomes enriched

from 1-year-old wild-type (WT) and Sideroflexin 3

knockout (Sfxn3-KO) mice brains (three female and

three male mice per genotype). Data were pre-filtered by

proteins that had been identified by ≥ 2 unique peptides

to ensure only reliable identifications were considered for

further analysis (Fig. 3); this resulted in a total of 6186

proteins (see DataShare file: https://doi.org/10.7488/ds/

3068). As depicted in Fig. 4A, of the 6186 proteins iden-

tified, most proteins identified in WT and Sfxn3-KO

synaptosomes did not differ substantially in terms of fold

change. However, as indicated by the proteins in red

which are up- or downregulated by more than 20%, a

select group of proteins showed abundance levels that

differed significantly between WT and Sfxn3-KO synap-

tosomes. This suggested that SFXN3 is not a master reg-

ulator, but rather is involved in changing expression

levels of key target proteins.

Fig. 2. SFXN3 is imported similar to the AAC import pathway in a DΨ and ATP dependent manner. (A) 35S-labelled AAC or SFXN3 were

imported into wild-type yeast mitochondria in the presence or absence of DΨ and ATP before being subject to SDS-PAGE or BN-PAGE. (B)
35S-labelled AAC or SFXN3 were arrested in stage III of the carrier import pathway (DΨ�) for 10 min followed by re-isolation and import in

the presence of membrane potential (DΨ+) for the indicated timepoints. Samples were then subject to SDS-PAGE or BN-PAGE. Porin was

probed as a housekeeping gene at 29 kDa. 5% = 5% of protein loaded into all other lanes. Each stage indicates a point in the carrier import

process [29,55,61,62].
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As SFXN3 belongs to a family of putative iron

transporters [12], we were curious about the effect of

SFXN3 loss on iron homeostasis and iron synthesis-

related proteins. Therefore, we aligned our proteins to

ingenuity pathway analysis (IPA)-derived lists of mole-

cules involved in iron homeostasis and iron synthesis

as well as proteins involved in the iron homeostasis

signalling pathway. Here we identified 3 proteins that

showed a fold change ≥ 20% relative to controls (see

DataShare file: https://doi.org/10.7488/ds/3068 and

Fig. 5). These included the adult beta chain of haemo-

globin, Hbb-b1, and iron-sulfur cluster biogenesis-

related proteins NUBP1 and Frataxin. Specifically,

Hbb-b1 and cytosolic protein NUBP1 were

Fig. 3. Proteomics experimental design

schematic. Visual representation of steps to

perform two separate analyses on

proteomics data from WT and Sfxn3-KO

mice brain synaptosomes. TMT, Tandem

Mass Tag. Fold change = Sfxn3-KO/WT.

Fig. 4. Proteomics analysis and immunoblot

validation of Sfxn3-KO synaptosomes. (A)

Scatterplot of the fold change (Sfxn3-KO/

WT) distribution of 6,186 proteins identified

by ≥ 2 unique peptides in proteomics

screen of 1-year-old WT and Sfxn3-KO mice

brain synaptosomes. Dotted blue lines

show the 20% up- and downregulated

threshold and the specific data points

beyond the threshold are indicated in red.

(B) Top 10 canonical pathways identified

from proteins altered by more than 20% in

Sfxn3-KO mice, as identified by Ingenuity

Pathway Analysis. For complete proteomics

dataset, see DataShare file: https://doi.org/

10.7488/ds/3068. (C) Immunoblot protein

bands for CSPa and Uncleaved Caspase-3

in synaptosome isolates from 1-year-old WT

and Sfxn3-KO mice brains. (D)

Quantification of CSPa (P = 0.026) and

Uncleaved Caspase-3 (P = 0.017) protein

levels in synaptosomes of 1-year-old WT

and Sfxn3-KO mice brains. *P < 0.05 in

Mann-Whitney U (CSPa) and in two-tailed

unpaired t-test (Uncleaved Caspase-3).

Quantitative data are shown as

mean � SEM (N = 6 mice per genotype).

Data values from two technical replicates

were combined to produce the resulting

mean. See also Fig. 3 for proteomics

experimental design scheme.
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downregulated with a fold change (Sfxn3-KO/WT) of

�1.37, �1.61, respectively, and mitochondrial protein

Frataxin was upregulated with a fold change of 1.35

[32,33]. The identification of these iron-related proteins

is particularly interesting since iron dysregulation has

been found to be implicated in neurodegenerative dis-

eases, and more specifically, dopaminergic neurodegen-

eration [34–36]. In the case of Hbb-b1, Biagioli et al.

[37] found that this iron-related protein plays a role in

the function of dopaminergic neurons in the substantia

nigra by modulating iron metabolism, oxygen home-

ostasis, and oxidative phosphorylation. Furthermore,

NUBP1 and Frataxin are iron-sulfur cluster

biogenesis-related proteins which play a crucial role in

various biological processes, including mitochondrial

respiration, protein translation, and DNA repair [38].

In fact, mutations and dysregulated biogenesis of iron-

sulfur cluster proteins can lead to metabolic, haemato-

logic and neurological diseases, such as Friedreich’s

ataxia and PD [39,40]. Of importance to consider in

the interpretation of this data is the study by Amorim

et al. [10], which did not identify perturbations in the

mitochondrial respiratory chain of 3-month-old Sfxn3-

KO mice mitochondria. As iron ions are essential com-

ponents of respiratory chain complexes, the extent to

which changes in these iron-related protein levels are

functionally relevant remains unclear but warrants fur-

ther investigation.

To further identify functionally relevant proteins

and pathways affected by SFXN3, two analysis

approaches were adopted (Fig. 3). The first approach

involved submitting the pre-filtered 6186 proteins to

IPA and using a cut-off of 20% change relative to

controls to perform bioinformatic analyses. Further-

more, this approach highlighted the top 10 canonical

pathways predicted to be affected in proteins showing

a ≥ 20% change (Fig. 4B). The top canonical path-

ways as ranked by p-value (i.e. overlap with canonical

protein lists) included oxidative phosphorylation and

mitochondrial dysfunction with the smallest P-values,

meaning the data were most enriched for proteins that

belonged to those canonical pathways. Of interest

within the mitochondrial dysfunction canonical path-

way was the downregulation of a single protein,

uncleaved Caspase-3 with a fold change (Sfxn3-KO/

WT) of �1.30. Since SFXN3 is a mitochondrial pro-

tein, it is not particularly surprising that these path-

ways appear to be the most enriched within the

dataset. However, it is important to note that an

enrichment in these pathways does not signify that

oxidative phosphorylation (OXPHOS) complexes are

disrupted, as supported by data in Amorim et al. [10],

or that mitochondrial dysfunction is present in Sfxn3-

KO synaptosomes. Instead, it indicates that there are

changes in the proteins associated with these path-

ways.

The second approach involved a literature search on

proteins with a 40% change relative to controls, a cut-

off which resulted in a total of 62 proteins. This

enabled a more target-driven approach to identify

potential mediators downstream of SFXN3 at the

synapse. Proteins with a 40% change relative to con-

trols were searched on PubMed along with the terms

neurodegeneration/neurodegenerative, synapse/synaptic

and Parkinson. This highlighted CSPa as a protein of

particular interest with a fold change (Sfxn3-KO/WT)

of 1.51. Based on their significant fold change relative

to controls and their association with cell death and

neurodegeneration, uncleaved Caspase-3 and CSPa
were both selected for further analysis [41–43]. The

proteomics results were validated by immunoblotting

for uncleaved Caspase-3 and CSPa in synaptosomes

from 1-year-old mice and results showed a significant

increase in CSPa levels by 28% and a significant

decrease in uncleaved Caspase-3 levels by 17.5%

(Fig. 4C,D). The identification of CSPa and uncleaved

Caspase-3 as downstream target proteins of SFXN3

suggests a role for SFXN3 in the modulation of cell

death and neurodegenerative processes.

Overexpression of an Sfxn3 orthologue rescues

neuronal death in Drosophila models of

Parkinsonian disease

As the proteomics analysis highlighted that SFXN3

associates with key neurodegeneration proteins includ-

ing CSPa and uncleaved Caspase-3, we hypothesised

that the manipulation of SFXN3 levels may modulate

neurodegeneration-associated cascades in neurodegen-

erative diseases. To explore this possibility further, we

performed a predicted upstream regulator analysis of

our proteomic data using IPA software. These analyses

confirmed that four of the top five predicted upstream

regulators (identified by IPA based on p-value) of the

proteomic differences observed in Sfxn3-KO synapses

are known regulators/causes of neurodegenerative dis-

ease (Fig. 6A): L-Dopa/levodopa and MMP3 (Parkin-

son’s disease), APP (Alzheimer’s disease), and HTT

(Huntington’s disease). Thus, many of the downstream

consequences of SFXN3 include the altered expression

of proteins previously associated with neurodegenera-

tive disease.

Interestingly, several previous studies include experi-

mental data suggesting dysregulation of SFXN3

mRNA and/or protein levels in animal models and

patients with PD [14–16]. Taken together with our
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novel proteomics findings, this suggested that further

investigation of the potential role of SFXN3 in PD-

associated neurodegeneration was warranted. Addi-

tional bioinformatic interrogation of our newly identi-

fied L-Dopa/PD pathway revealed that SFXN3

knockdown alters the expression of 22 individual pro-

teins associated with PD-dependent pathways (Fig. 6B).

To test the possibility that manipulation of SFXN3

may be sufficient to modulate PD-dependent neurode-

generative pathways in vivo, we asked whether experi-

mental manipulation of an Sfxn3 orthologue (see

Materials & Methods) could modify neurodegenerative

phenotypes in a Drosophila model of PD. We crossed

elav-Gal4 driver strains with lines harbouring an over-

expression or knock-down of an Sfxn3 orthologue

under the upstream activating sequence (UAS) enhan-

cer sequence in Drosophila models of PD expressing

mutant a-synuclein (A53T or A30P). Two Drosophila

models of PD were examined because we were inter-

ested in the ability of Sfxn3 to modulate neuronal sta-

bility in the context of PD, irrespective of the causative

mutation. Specifically, since PD is characterised by the

loss of dopaminergic neurons [8], we assessed the effect

of modulating Sfxn3 levels on the number of dopamin-

ergic (i.e. tyrosine hydroxylase positive) neurons in the

Drosophila brain (Fig. 6C). Firstly, as expected, we

observed a significant downregulation in the number of

dopaminergic neurons in PD fly models compared to

control flies (Control: mean � SEM = 57.83 � 5.46 vs.

PD: mean � SEM = 17.29 � 3.33) (Fig. 6D,E). The

Fig. 5. Iron homeostasis signalling pathway showing proteins identified by ≥ 2 unique peptides and fold change ≥ 20%, mapped by IPA.

Green nodes represent downregulated proteins, red nodes represent upregulated proteins, grey nodes represent proteins that were

identified in the proteomics dataset but whose expression levels were not significantly altered by a fold change ≥ 20%, and white nodes

represent proteins or groups/families of molecules that were either not present or sufficiently represented (respectively) in the proteomics

dataset. Solid lines represent direct interactions and dotted lines represent indirect interactions. Double circle represents a family of

proteins. FXN, Frataxin; HGB, Haemoglobin; NUBP1, nucleotide binding protein 1.
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Fig. 6. Sfxn3 orthologue overexpression ameliorates dopaminergic neuron loss in Drosophila models of Parkinson’s disease. (A)

Bioinformatic analysis of predicted upstream regulators of SFXN3, based on our proteomic data, revealed a significant association with

pathways associated with Parkinson’s disease, Alzheimer’s disease and Huntington’s disease. APP, Amyloid beta precursor protein; HTT,

Huntingtin; MMP3, Stromelysin-1; NME3, Nucleoside diphosphate kinase 3. Using molecule nomenclature as it appears in IPA. (B) Visual

representation of the SFXN3-dependent protein alterations predicted known to be associated with L-Dopa/levodopa (red nodes = proteins

with increased expression; green nodes = proteins with decreased expression in our proteomic dataset; orange arrows = leads to inhibition;

blue arrows = leads to activation; yellow arrows = findings inconsistent with state of downstream molecule). CASP3 = Caspase-3;

CD63 = CD63 antigen; CTNNBIP1 = Beta-catenin-interacting protein 1; CTSB = Cathepsin B; FCGRT = IgG receptor FcRn large subunit p51;

FDPS = Farnesyl pyrophosphate synthase; GATAD2B = Transcriptional repressor p66-beta; H2AX = Histone H2AX;

HNRNPL = Heterogeneous nuclear ribonucleoprotein L; KCNAB1 = Voltage-gated potassium channel subunit beta-1; LYAR = Cell growth-

regulating nucleolar protein; PARM1 = Prostate androgen-regulated mucin-like protein 1; PTBP1 = Polypyrimidine tract-binding protein 1;

RENBP = N-acylglucosamine 2-epimerase; SCN4B = Sodium channel subunit beta-4; SFXN3 = Sideroflexin 3; Tgoln1 = Trans-Golgi network

integral membrane protein 1; ARPP19 = cAMP-regulated phosphoprotein 19; Alyref = THO complex subunit 4; CA12 = Carbonic anhydrase

12. Using molecule nomenclature as appears in IPA. (C) Representative low-power confocal micrograph of dopaminergic neurons in a

control Drosophila brain, revealing the anatomical location of distinct neuronal clusters (labelled on the right side of the micrograph following

the nomenclature in Mao and Davis [63]). Scale bar: 50 lm. (D) Representative high-power confocal micrographs of dopaminergic neurons

in control, PD, PD + Sfxn3-OE and PD + Sfxn3-RNAi Drosophila brains immunostained for tyrosine hydroxylase. Scale bar: 10 lm. (E)

Quantification of dopaminergic neurons in control, PD, PD + Sfxn3-OE and PD + Sfxn3-RNAi Drosophila brains. Data points are colour coded

to differentiate between the two PD models. In the quantification of PD, PD + Sfxn3-OE and PD + Sfxn3-RNAi Drosophila brains, data

points in blue correspond to Drosophila expressing mutant a-synuclein (A53T) and data points in black correspond to Drosophila expressing

mutant a-synuclein (A30P). Each point represents one Drosophila brain, n.s. = P > 0.05, **P < 0.01, ****P < 0.0001 in one-way ANOVA

with a Tukey’s multiple comparison test. Graphs plotted as mean � SEM.
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extent of dopaminergic neuron loss observed in the

combined counts of A53T and A30P expressing PD fly

models is consistent with previous findings in Mohite

et al. and Botella, Bayersdorfer and Schneuwly when

considering that we investigated Drosophila brains at a

later time point (7-weeks-old) [44,45]. Importantly, we

observed that Sfxn3 overexpression in the PD fly mod-

els significantly rescued the reduction in dopaminergic

neurons seen in the combined A53T or A30P counts

(PD: mean � SEM = 17.29 � 3.33 vs. PD + Sfxn3-OE:

mean � SEM = 39.86 � 3.03) (Fig. 6D,E). In contrast,

downregulation of Sfxn3 in PD flies via Sfxn3-RNAi

had no effect on the loss of dopaminergic neurons (PD:

mean � SEM = 17.29 � 3.33 vs. PD + Sfxn3-RNAi:

mean � SEM = 17.21 � 2.99). Thus, increased expres-

sion of an Sfxn3 orthologue in Drosophila was sufficient

to ameliorate neurodegenerative changes in vivo trig-

gered by disease-causing genetic mutations. It is likely

that the aforementioned interaction between SFXN3

and neurodegeneration-related proteins such as

uncleaved Caspase-3 and CSPa enables Sfxn3 overex-

pression to modulate these protein levels in a manner

that protects dopaminergic neuron degeneration. These

data demonstrate that Sfxn3 overexpression is neuro-

protective in the context of dopaminergic neuron loss in

PD fly models.

Absence of SFXN3 does not trigger

neurodegeneration in vivo

The manipulation of Sfxn3 levels in Drosophila models

of PD showed that Sfxn3 overexpression rescued

dopaminergic neuron loss in contrast to Sfxn3 down-

regulation, which did not induce any further neurode-

generation. To confirm our findings that show Sfxn3

downregulation is not sufficient to trigger neurodegen-

eration, we used a mammalian model system lacking

Sfxn3. Specifically, we performed experiments using

aged (1-year-old) Sfxn3-KO mice to examine their role

in the long-term stability of the nervous system. First,

we compared the size and weight of 1-year-old WT

and Sfxn3-KO mice brains and observed no differ-

ences between genotypes (Fig. 7A,B). We also per-

formed detailed morphological analyses comparing

different grey and white matter brain areas. Interest-

ingly, we found no differences between 1-year-old

Sfxn3-KO and WT mice when comparing the width of

the corpus callosum, the area of the dentate gyrus, the

width of the primary motor cortex and the width of

the primary somatosensory cortex (Fig. 7C–F). Next,

we wanted to investigate whether there was any

inflammation in the brains of Sfxn3-KO mice since

inflammation plays an important role in

neurodegeneration across several diseases [46]. To do

so, brain sections were immunostained for Iba1, to

probe for activated microglia (Fig. 7H). Following

quantification, we found no difference in the percent-

age of microglia in WT versus Sfxn3-KO brains

(Fig. 7G). Similarly, immunoblots for proteins associ-

ated with mitochondrial health [e.g. Cytochrome C,

OXPHOS Complex II (SDHB), OXPHOS Complex

III (UQCRC2)] and mitochondrial integrity (e.g.

CHCHD3, Bcl-2 and Mitofusin-1) revealed no differ-

ences in their levels in Sfxn3-KO relative to controls

(Fig. 8A,B,D,H–J,L). Thus, our mammalian model

system confirmed that the loss of SFXN3 was not suf-

ficient to trigger any overt neurodegeneration in vivo,

even with increasing age, suggesting that SFXN3 plays

a role in modifying/delaying, rather than triggering,

neurodegeneration. The lack of an overt neurodegener-

ative phenotype in these Sfxn3-KO mice is comparable

to Wallerian degeneration slow (WldS) mutant mice,

which similarly, do not exhibit an overt phenotype

unless challenged with injury or disease [47]. It is in

this scenario that basal alterations in mitochondrial

proteins may then provide a neuroprotective response

to neurodegenerative stimuli.

SFXN3 regulates levels of certain iron-related

proteins, but not the one-carbon metabolism

protein SHMT2

Given the identification of iron-related proteins Hbb-

b1, Frataxin and NUBP1 downstream of SFXN3 in

our proteomics dataset, we wanted to further investi-

gate potential expression changes in other iron-related

proteins in our 1-year-old Sfxn3-KO mice. As men-

tioned previously, since mitochondrial bioenergetics

remain intact in 3-month-old Sfxn3-KO mice, it puts

into question the functional relevance of expression

changes observed in the iron-related proteins above

[10]. However, as our mice were 1-year-old, we

wanted to determine whether there were changes in

iron-related proteins over time which may suggest

potential functional relevance. To do so, we assessed

the levels of iron-sulfur proteins NDUFS1, SDHB

and Rieske, which are subunits of OXPHOS Com-

plexes I, II and III, respectively, in 3-month and 1-

year-old mice. There was no statistically significant

difference in the levels of SDHB between WT and

Sfxn3-KO mice at 3 months nor at 1 year of age

(Fig. 8B,C,L). Furthermore, NDUFS1 protein levels

were not significantly different between genotypes at

3-months-old but did appear to show an upwards

trend in expression in Sfxn3-KO mice (Fig. 8K,L). As

for Rieske, it showed a statistically significant increase
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Fig. 7. Phenotypic characterisation of 1-year-old Sfxn3-KO mice. (A) Representative image of the right hemisphere of 1-year old WT and

Sfxn3-KO mouse brains. Scale bar = 1 cm. (B–F) Quantification of weight of the brain’s right hemisphere (P = 0.47), width of corpus

callosum (P = 0.51), area of dentate gyrus (P = 0.46), width of primary motor cortex (P = 0.62) and width of primary somatosensory cortex

(P = 0.09) of 1-year old WT and Sfxn3-KO mice. (B) N = 4, n.s. = P > 0.05 in two-tailed unpaired t-test. (C, E, F) N = 3, n = 27,

n.s. = P > 0.05 in two-tailed unpaired t-test. (D) N = 3, n = 9, n.s. = P > 0.05 in two-tailed unpaired t-test. (G) Quantification of microglia

(Iba1+ cells) as a percentage of Iba1+/DAPI+ cells in order to normalise the number of Iba1+ to total cell number per area. N = 3 mice per

group, n = 9 measurements per group, n.s. = P > 0.05 in two-tailed unpaired t-test and P = 0.73. (H) Confocal images of 1-year-old WT and

Sfxn3-KO brain sections where the dentate gyrus is first fully formed (Bregma �1.46 mm). Sections were stained for microglial marker,

Iba1 and nuclear marker, DAPI. Scale bar: 50 lm. (B–G) Graphs plotted as mean � SEM.
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in Sfxn3-KO mice relative to controls at both

3 months and 1 year of age (Fig. 8E,F,L). Since fra-

meshift mutations in Sfxn1 cause iron accumulation

in mitochondria [12], this could also be the case in

mitochondria of Sfxn3-KO mice. If so, this might

explain the increase in mitochondrial levels of the

Rieske iron-sulfur protein we see in Sfxn3-KO mice.

Interestingly, however, this potential mechanism for

an increase in Rieske does not appear to affect levels

of other iron-sulfur cluster proteins such as NDUFS1

and SDHB to the same degree. This may be due to

varying sensitivities to increased mitochondrial iron

levels across distinct iron-sulfur cluster proteins.

Lastly, we assessed levels of the serine catabolic

enzyme SHMT2, involved in one-carbon metabolism

[48]. As SFXN1 and SFXN3 are thought to play a

role in the one-carbon metabolism pathway [13], we

wanted to investigate whether SFXN3 affects levels of

SHMT2 in vivo. Interestingly, we found that Sfxn3-

KO had no effect on the protein levels of SHMT2

(Fig. 8G,L). Overall, these results show that the loss

of Sfxn3 can affect levels of iron-sulfur cluster pro-

teins such as the Rieske protein, but does not alter

levels of SHMT2, the first rate-limiting enzyme in the

one-carbon metabolism pathway [48].

Conclusions

SFXN3 belongs to a family of highly related mito-

chondrial transmembrane proteins consisting of

SFXN1–5 [11]. As is the case of SFXN3, there are

sparse publications on other members of the SFXN

family. However, the studies that are available high-

light various possible roles across members of the

SFXN family. For example, mutations in SFXN1 are

known to cause siderocytic anaemia with hallmark

mitochondrial iron accumulation [12], and Kory et al.

[13] have also shown it plays a role as a serine trans-

porter in one-carbon metabolism. SFXN2 plays a role

in mitochondrial iron metabolism and causes impaired

mitochondrial respiration in SFXN2-KO cells [49].

SFXN4 is required for iron-sulfur cluster biogenesis,

iron homeostasis, haem synthesis and mitochondrial

respiration [50]. As mentioned previously, it is impor-

tant to note that in contrast to SFXN2 and SFXN4,

mitochondrial respiration is unaffected in Sfxn3-KO

mice [10]. Lastly, SFXN5, along with SFXN2 and

SFXN3, is thought to play a role in the regeneration

of pancreatic endocrine cells [24]. Based on these (and

possibly other as yet unidentified) diverse functions of

each member of the SFXN family, it is perhaps not

surprising that the novel finding of SFXN3 as a modu-

lator of neurodegeneration has not been associated

with the other SFXN family members.

The mitochondrial protein SFXN3 was recently

identified as a neuronally enriched protein with strong

expression in synaptic terminals. In the present study,

we provide further insights into the mitochondrial

localisation and import of SFXN3. We demonstrate

that SFXN3 regulates levels of proteins known to be

associated with neurodegeneration and cell death path-

ways (including CSPa and Caspase-3), as well as con-

stituents of pathways directly associated with several

neurodegenerative diseases. Altered expression of an

Sfxn3 orthologue in Drosophila models of PD amelio-

rated the loss of dopaminergic neurons. Taken

together, these results demonstrate a role for SFXN3

in the mitochondrial axis of regulation of neurodegen-

eration pathways. Furthermore, they encourage further

research into SFXN3 as a potential therapeutic target

for modulating neurodegenerative cascades underlying

neurodegenerative conditions.

Materials and methods

Data and code availability

The proteomics data generated during this study are pub-

licly available on DataShare at https://doi.org/10.7488/ds/

3068. This paper does not report original code. Any

Fig. 8. Molecular characterisation of 3-month-old and 1-year-old Sfxn3-KO mice. (A, B, D, E, G–J) Quantification of Cytochrome C

(mitochondria comparison had a P = 0.22 and cytoplasm comparison had a P > 0.99), OXPHOS Complex II/SDHB (P > 0.99), OXPHOS

Complex III/UQCRC2(P = 0.40), Rieske (P = 0.02), SHMT2 (P = 0.93), CHCHD3 (P = 0.75), Bcl-2 (P = 0.18) and Mitofusin-1 (P = 0.70) in

mitochondrial and cytoplasmic fractions of WT and Sfxn3-KO mouse brains at 1-year of age. (C, F, K) Quantification of OXPHOS Complex II/

SDHB (P = 0.45) and Rieske (P = 0.02) in mitochondrial and cytoplasmic brain fractions and NDUFS1 (P = 0.08) in brain protein lysate from

WT and Sfxn3-KO mice at 3-months-old (3mo). (A) N = 3, n.s. = P > 0.05 in one-way ANOVA with a Tukey’s multiple comparison test. (B,

J) N = 3, n.s. = P > 0.05 in Mann-Whitney U test. (C–I, K) N = 3, n.s. = P > 0.05 and *P < 0.05 in two-tailed unpaired t-test. (A–K) Graphs

plotted as mean � SEM. (L) Immunoblot protein bands for Cytochrome C, OXPHOS Complex II/SDHB, OXPHOS Complex III/UQCRC2,

Rieske, SHMT2, CHCHD3, Bcl-2, Mitofusin-1 in mitochondrial and cytoplasmic fractions of WT and Sfxn3-KO mouse brains at 1-year of age.

Immunoblot protein bands for OXPHOS Complex II/SDHB and Rieske in mitochondrial and cytoplasmic brain fractions and NDUFS1 in brain

protein lysate in WT and Sfxn3-KO mice at 3-months-old (3mo) are also shown. Respective molecular weights in kDa are shown on the

right-hand side of the panel.
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additional information required to reanalyse the data

reported in this paper is available from the lead contact

upon request.

Animals

Sfxn3tm1b(KOMP)Wtsi mice (Sfxn3-KO mice; http://www.

mousephenotype.org/data/genes/MGI:2137679; RRID:

IMSR_EM:07902) were obtained from the Wellcome Trust

Sanger Institute Mouse Genetics Project as part of the

nPad MRC Mouse Consortium, and maintained on a

C57Bl/6N background. Wild-type C57Bl/6NTac mice,

obtained from MRC Harwell, were used as experimental

controls. Mice used were of mixed gender and were sacri-

ficed at either 3 months or 1 year of age. All mice were

housed within the animal care facilities at the University of

Edinburgh under standard SPF conditions in conventional

open-top cages. All animals were bred and handled follow-

ing the UK Animals (Scientific Procedures) Act, 1986. Pro-

cedures were approved by the internal ethics committee at

the University of Edinburgh and follow UK Home Office

regulations.

Cell culture

Human embryonic kidney (HEK) 293 cells were cultivated

under standard conditions (37 °C, 5% CO2 atmosphere) in

Dulbecco’s modified Eagle medium (DMEM) (Thermo

Fisher Scientific, Waltham, MA, USA, Cat #: 41965-039),

supplemented with 10% (v/v) fetal bovine serum (FBS)

(Thermo Fisher Scientific, 10500-064), and antibiotics (100

units penicillin and 100 lg streptomycin per mL (Sigma-

Aldrich, St. Louis, MO, USA, Cat #: P0781)).

Isolation of mouse brain and HEK293

mitochondria

Mitochondrial isolation was performed via differential cen-

trifugation as previously described [51]. Mouse forebrain

tissue was homogenised in mitochondria isolation buffer

(MIB) (210 mM Mannitol, 70 mM Sucrose, 5 mM HEPES,

1 mM EGTA, 0.5% BSA, 1% Protease Inhibitor Cocktail

(Roche, Basel, Switzerland, Cat # 11836153001), pH 7.2)

using a glass mortar and pestle, manually, on ice, and the

resulting homogenate was centrifuged (1000 g, 5 min,

4 °C). The supernatant was then collected and centrifuged

(12 000 g, 10 min, 4 °C) and this step was performed twice

to acquire both the mitochondrial and cytoplasmic frac-

tions. The mitochondrial pellet was washed in 1 mL MIB,

centrifuged (12 000 g, 10min, 4 °C) and finally resuspended

in minimal volume of MIB. Protein concentration was

measured using the Micro BCA Assay (Thermo Fisher Sci-

entific). For HEK293 mitochondria isolation, 5 x T-75

flasks were used. Cells were scraped off in their medium,

on ice, and centrifuged (1000 g, 5 min, 4 °C). The pellet

was resuspended in 5 mL ice-cold PBS and centrifuged

again. The pellet was then treated the same way as the

forebrain tissue, with homogenisation in MIB as the fol-

lowing step.

Sodium carbonate extraction

We followed the basic procedure published by Fujiki et al.

[18] with some minor modifications. Specifically, 100 lg
mitochondria were extracted from HEK293 cells, as

described above, and incubated in 100 lL of 100 mM

freshly made sodium carbonate (Na2CO3) pH 11.5 for

20 min on ice. The membranes were collected by ultracen-

trifugation at 100 000 g for 30 min, 4 °C. The pellet was

resuspended in 100 lL sodium carbonate and both super-

natant (soluble fraction) and pellet (insoluble fraction) were

subjected to trichloracetic acid (TCA) precipitation. More

specifically, addition of 1 lL 1.25% Na-deoxycolate and

25 lL of 72% TCA was followed by a 30 min incubation

on ice. The samples were then centrifuged at 14 000 g for

30 min, 4 °C. The pellets were washed with 400 lL ice-cold

acetone and centrifuged for another 10 min at 14 000 g,

4 °C. Finally, the samples were analysed by SDS-PAGE

and immunoblotting as described in “Immunoblotting of

HEK293 and yeast proteins” using the following antibod-

ies: Mitofusin 2 (Proteintech, Rosemont, IL, USA, Cat #:

12186-1-AP, 1 : 1000), SFXN3 (Atlas Antibodies, Bromma,

Stockholm, Sweden, Cat #:HPA008028, 1 : 500), TFAM

(Abnova, Taipei, Taiwan, Cat #: H00007019-B01P,

1 : 1000), Goat Anti-Rabbit IgG (whole molecule)–Peroxi-
dase secondary antibody (Sigma-Aldrich, Cat #: A6154,

1 : 10 000) and Goat Anti-Mouse IgG, H&L Chain Speci-

fic–Peroxidase secondary antibody (Sigma-Aldrich Cat #:

401215, 1 : 10 000).

Swelling and proteinase K protection assay

100 lg of mitochondria were freshly isolated from HEK293

cells, as described above, and resuspended in 200 lL of

either isotonic buffer (250 mM sucrose, 1 mM EDTA, 10 mM

Tris/HCl pH 7.6) or hypotonic buffer (1 mM EDTA, 10 mM

Tris/HCl pH 7.6) on ice. Briefly, a 45 min incubation was

followed by centrifugation (12 000 g, 5 min, 4 °C) to pellet

the resuspended mitochondria. In one sample per treatment

50 lg�mL�1 proteinase K was added in 100 lL isotonic buf-

fer for 30 min on ice and was inactivated by the addition of

2 mM PMSF for 10 min. Mitochondria were pelleted by cen-

trifugation (12 000 g, 5 min, 4 °C) and all samples were

analysed by SDS-PAGE followed by immunoblotting as

described in “Immunoblotting of HEK293 and yeast pro-

teins.” The antibodies used were the following: Mitofusin 2

(Proteintech, Rosemont, IL, USA, Cat #: 12186-1-AP,

1 : 1000), Mitofilin (Proteintech Cat #: 10179-1-AP,
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1 : 1000), CHCHD3 (Proteintech Cat #: 25625-1-AP,

1 : 2000), SFXN3 (Atlas Antibodies Cat #: HPA008028,

1 : 500), TFAM (Abnova Cat #: H00007019-B01P,

1 : 1000), Goat Anti-Rabbit IgG (whole molecule)–Peroxi-
dase secondary antibody (Sigma-Aldrich Cat #: A6154,

1 : 10 000) and Goat Anti-Mouse IgG, H&L Chain Speci-

fic–Peroxidase secondary antibody (Sigma-Aldrich Cat #:

401215, 1 : 10 000).

Immunoblotting of HEK293 and yeast proteins

For SDS-PAGE, mitochondria were mixed with Laemmli

sample buffer (10% SDS, 50% Glycerol, 60 mM Tris/HCl

pH 6.8, 100 mM DTT, 0.1% Bromophenol Blue, 5% b-
mercaptoethanol), heated for 5 min at 95 °C, and sepa-

rated by SDS-PAGE (12% gel, 1% SDS) run at 150 V for

2 h at room temperature. Proteins were transferred to a

0.45-lm nitrocellulose membrane (Thermo Fisher Scien-

tific) using Semi-dry Electroblotting (Transfer-Blot SD,

Bio-Rad, Hercules, CA, USA) at 25 V for 25 min at room

temperature. For BN-PAGE, following the import proto-

col and pelleting of mitochondria via centrifugation

detailed in “Import into yeast mitochondria,” mitochon-

dria were resuspended in solubilisation buffer containing

1% digitonin and incubated on ice for 5 mins. Solubilised

mitochondria were then centrifuged at 18 000 g at 4 °C
for 30 min and the supernatant was transferred to a clean

tube. To the supernatant, 5–10 lL of Sample Buffer

(750 mM aminocaproic acid, 50 mM Bis–Tris/HCl, pH 7.0,

0.5 mM EDTA, and 5% Serva Blue G) was added, and

the prepared sample was loaded onto a 5–13% gradient

gel. The gel was run at 90 V for 30 min and then at

12 mA until the dye front reached the end of the gel. Pro-

teins were then transferred to a PVDF membrane (Thermo

Fisher Scientific) using Semi-dry Electroblotting (Transfer-

Blot SD, Bio-Rad) at 25 V for 25 min at room tempera-

ture.

In the case of radiolabelled proteins, the nitrocellulose or

PVDF membranes were left in autoradiography cassettes

with autoradiography screens for 48 h to allow the signal

to develop. Radiolabelled proteins were then visualised by

digital autoradiography (Molecular Dynamics, Sunnyvale,

CA, USA) using the X-OMAT developer. Instead, for the

visualisation of non-radiolabelled proteins, nitrocellulose

membranes were blocked with 5% semi-skimmed milk in

TBS/Tween-20 for 1 h at room temperature. Membranes

were then incubated with primary antibodies overnight at

4 °C. Membranes were washed 5 times for 10 min each

time with TBS/Tween-20 and incubated with secondary

antibody for 1 h at room temperature. Membranes were

then washed 5 times for 10 min with TBS/Tween-20 protein

bands were visualised using electrochemiluminescence

(Thermo Fisher Scientific) and X-ray film (Thermo Fisher

Scientific) with an automatic film processor.

Isolation of yeast mitochondria

Wild-type mitochondria, Tom70-depleted (DTom70) mito-

chondria (YSC3869-202335173; Horizon Discovery, Water-

beach, England, UK), Tim9 temperature sensitive (Tim9ts)

[30] and Tim22 temperature sensitive (Tim22ts) knocked

down mitochondria [52] were isolated from the Saccha-

romyces cerevisiae strain BY4741 (MATa his3D1 leu2D0
met15D0 ura3D0) and from the DTom70, Tim9ts, Tim22ts

strains, as described previously. Briefly, the yeast strains

were grown at 30 °C in lactate medium containing 1% (wt/

vol) yeast extract, 2% (wt/vol) bacto-peptone, and 2% lac-

tate (vol/vol), pH 5.5 (YPL) to an OD600 of 1. Cells were

harvested by centrifugation at 2500 g and then incubated

in 0.1 M Tris-SO4 pH 9.4, and 10 mM DTT (1.6 mL�g�1 of

cell pellet) for 20 min at 30 °C. Cells were pelleted and

washed with 1.2 M sorbitol and 20 mM KPi, pH 7.4

(1 mL�g�1 of cell pellet). In order to remove the cell wall,

cells were resuspended in 1.2 M sorbitol and 20 mM KPi,

pH 7.4 (5 mL�g�1 of cell pellet) in the presence of Zymo-

lyase (3.5 mg�g�1 cell pellet) and incubated for 45 min at

30 °C, shaking. The spheroplasts were washed in the same

buffer and homogenised on ice in 0.6 M sorbitol, 20 mM K-

MES pH 6.0, 1 mM PMSF with a glass homogeniser potter.

Cell debris was removed by centrifugation at 1500 g and

mitochondrial-containing pellets were obtained by cen-

trifuging supernatants at 12 000 g. The pellets were homo-

genised using Teflon dounce, followed by a 1500 g

centrifugation to obtain the supernatant. The crude mito-

chondrial pellet was collected by centrifugation at 12 000 g

for 15 min, 4 °C. Next, mitochondria were loaded on

Nycodenz gradients (Nycodenz 20%-14.5%, 0.6 M sorbitol,

20 mM K-MES pH 6.0) as previously described [25], and

centrifuged for 60 min at 268 320 g, 4 °C. Pure mitochon-

dria were collected from the gradient interface and washed

with 0.6 M sorbitol, 20 mM HEPES-KOH pH 7.4. Finally,

the protein concentration was adjusted to 20 mg�mL�1 in

the previous buffer by also adding 10 mg�mL�1 of fatty-

acid free BSA. Mitochondria were snap frozen in liquid

nitrogen and stored at �80 °C.

Import into yeast mitochondria

35S-Methionine radiolabelled precursor proteins were syn-

thesised using the TNT SP6-coupled transcription/transla-

tion kit (Promega, Madison, WI, USA) and plasmid-

vectors pSP64 containing the genes of interest. The radioac-

tive material was imported in 50–100 lg of wild-type,

DTom70, Tim9ts or Tim22ts yeast mitochondria in the

presence of 2 mM ATP and 2.5 mM NADH for 15 min at

30 °C. Mitochondria were then resuspended in 1.2 M sor-

bitol and 20 mM Hepes, pH 7.4, followed by a treatment

with 0.05 mg�mL�1 trypsin to remove unimported material.

In one sample 1% (vol/vol) Triton X-100 was added as a

control to completely solubilise the mitochondria. Trypsin
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inactivation was performed with 0.5 mg�mL�1 soybean

trypsin inhibitor (SBTI) for 10 min on ice. Finally, mito-

chondria were spun down and resuspended in Laemmli

sample buffer with b-mercaptoethanol, analysed by SDS-

PAGE, and visualised by digital autoradiography (Molecu-

lar Dynamics) [53] as described in “Immunoblotting of

HEK293 and yeast proteins.” The primary antibody

mtHSP70 (Laboratory of Kostas Tokatlidis, [54],

1 : 20 000) was used as a housekeeping gene when

immunoblotting yeast proteins and visualised with the Goat

Anti-Rabbit IgG (whole molecule)–Peroxidase secondary

antibody (Sigma-Aldrich Cat #: A6154, 1 : 10 000). To iso-

late specific stages of the carrier import pathway the fol-

lowing changes were made during import. To deplete ATP

during import 25 U�mL�1 of apyrase was added to the

reticulocyte lysate and incubated for 5 min prior to import.

Meanwhile, mitochondria were treated with 20 mM of oli-

gomycin for 5 min [29]. To deplete the membrane potential

mitochondria were treated with 10 mM carbonyl cyanide

m-chlorophenyl hydrazone (CCCP). For the chase import

experiment (Fig. 2B) precursor proteins were imported into

mitochondria that were depleted of the membrane potential

as above. Mitochondria were then spun (16 000 g) and

resuspended in fresh import buffer containing NADH to

re-establish the membrane potential [55]. The rest of the

import process was carried out as above.

Import into mammalian mitochondria

The radiolabelled precursor proteins were translated as

above. Following this the precursor proteins were imported

into 25 lg of isolated wild-type HEK293 mitochondria for

30 s to 15 min at 37 °C [56]. The import buffer consisted of

250 mM sucrose, 5 mM magnesium acetate, 80 mM potas-

sium acetate, 10 mM sodium succinate, 1 mM DTT, 5 mM

ATP, 20 mM HEPES-KOH, pH 7.4. To dissipate the mem-

brane potential, 10 mM of CCCP was used. After import the

mitochondria were spun (12 000 g) and resuspended in fresh

import buffer containing 0.05 mg�mL�1 trypsin. Trypsin

was then inactivated with SBTI for 10 min on ice. Mito-

chondria were spun as above and resuspended in Laemmli

sample buffer with b-mercaptoethanol, analysed by SDS-

PAGE and visualised by digital autoradiography (Molecular

Dynamics) as described in “Immunoblotting of HEK293

and yeast proteins.” Primary mouse antibody TFAM

(Abnova Cat #: H00007019-B01P, 1 : 1000) was used as the

loading control and visualised with the Goat Anti-Mouse

IgG, H&L Chain Specific–Peroxidase secondary antibody

(Sigma-Aldrich Cat #: 401215, 1 : 10 000).

Isolation of synaptosomes and TMT proteomics

Synaptosomes from brains of 1-year old WT (three male,

three female) and Sfxn3-KO (three male, three female) mice

were prepared as previously described [57]. Mice forebrains

were homogenised in ice-cold synaptosome isolation buffer

(0.32 M Sucrose, 1 mM EDTA, 5 mM Tris-HCl, pH 7.4).

The homogenate was spun at 900 g for 10 min at 4 °C and

the supernatant (S1) was removed to a new eppendorf. The

pellet (P1) was resuspended in synaptosome isolation buffer

and spun once again at 900 g for 10 min at 4 °C. The

resulting supernatant (S1’) was added to the eppendorf

containing S1. The pellet, instead, was labelled as the non-

synaptic fraction. The supernatant (S1 and S1’ combined)

which contained the synaptosomes was spun at 20 000 g

for 20 min at 4 °C. The resulting supernatant (S2) was dis-

carded, and the pellet (P2) which contained the synapto-

somes was kept.

Protein extraction was performed using Label-free

extraction buffer (100 mM Tris-HCl, 4%(w/v) SDS, 1%

Protease Inhibitor Cocktail (Roche, Cat #: 11836153001),

pH 7.6). Extraction buffer was added to the sample to

make an approximate 1 : 10 solution. The pellet containing

synaptosomes was homogenised using a handheld homoge-

niser until producing a smooth homogenate. The homoge-

nate was centrifuged at 20 000 g for 20 min at 4 °C, and
the supernatant, which contained the soluble protein, was

aspirated and placed in a new eppendorf. Following protein

extraction from synaptosomes, a Micro BCA assay

(Thermo Fisher Scientific) was performed to measure the

concentration of protein obtained. After determining the

concentration of protein in each sample, samples were

pooled based on genotype, ensuring equal amounts of each

sample were added to the WT or Sfxn3-KO pools.

Proteomic processing (performed in collaboration with

Fingerprints Proteomics Facility, University of Dundee) was

begun by generating tryptic peptides of the protein samples

via filter-aided sample preparation (FASP). Peptides were

then desalted and quantified prior to TMT labelling. After

the TMT-labelled peptides were dried down using a Speed

Vac, they were fractionated using high pH fractionation,

meaning they were separated based on their hydrophobic

binding properties. The fractions were then pooled into a

reduced number of groups ranging across the hydrophobicity

spectrum. Quality control was performed on the fractions,

and finally, underwent liquid chromatography-tandem mass

spectrometry (LC-MS/MS) analysis. Data were analysed

using the bioinformatics tool IPA and IPA was used to iden-

tify the top canonical pathways identified in proteins altered

by ≥ 20% in Sfxn3-KO mice. The complete proteomics data-

set can be found at: https://doi.org/10.7488/ds/3068.

Immunoblotting of mouse subcellular fractions

For mice brain mitochondria, protein extraction was per-

formed using RIPA buffer + 1% proteinase inhibitor. The

mitochondrial pellet was lysed using a 200 lL pipet and

subsequently left on ice for 10 min. The sample was cen-

trifuged at full speed for 10 min, and the supernatant con-

taining the mitochondrial protein sample was collected into
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a new eppendorf. For mice brain synaptosomes, protein

extraction was performed as described above, under “Isola-

tion of synaptosomes and TMT proteomics.” Micro BCA

Assays (Thermo Fisher Scientific) were performed to deter-

mine protein concentration. Once samples were prepared at

the appropriate protein concentration with NuPage� LDS

Sample buffer 4X (Invitrogen, Waltham, MA, USA), sam-

ples were denatured at 70 °C for 10 min. SDS-Page was

then run on commercially produced precast NuPage 4–12%
BisTris gradient gels (Thermo Fisher Scientific) and trans-

ferred onto PVDF membranes (Life Technologies, Carls-

bad, CA, USA) using the iBlot 7-Minute Blotting System

(Life Technologies). REVERT Total Protein Stain (Licor,

Lincoln, NE, USA) was used as a loading control for total

protein after transfer. After rinsing off the REVERT Total

Protein Stain, the membrane was placed in Odyssey block-

ing buffer (Licor) for 30 min and then incubated with the

following primary antibodies overnight at 4 °C: CSPa
(Enzo, Farmingdale, NY, USA, Cat #: ADI-VAP-SV003-

E, 1 : 2000), Uncleaved Caspase-3 (Cell Signaling Tech-

nologies, Danvers, MA, USA, Cat #: 9662, 1 : 1000), Cyto-

chrome C (Abcam, Cambridge, UK, Cat #: ab110325,

1 : 1000), OXPHOS cocktail (Abcam Cat #: ab110411,

1 : 1000), Rieske Fe-S (A-5) (Santa Cruz Biotechnology,

Dallas, TX, USA, Cat #: sc-271609, 1 : 1000), SHMT2

(Atlas Antibodies Cat #: HPA020549, 1 : 750), CHCHD3

(Proteintech Cat #: 25625-1-AP, 1 : 2000), Bcl-2 (Protein-

tech Cat #: 12789-1-AP, 1 : 1000), Mitofusin 1 (Proteintech

Cat #: 13798-1-AP, 1 : 2000) and NDUFS1 (Abcam Cat #:

ab169540, 1 : 2000). After overnight incubation, the mem-

brane was washed with 1x PBS and incubated with the fol-

lowing secondary antibodies for 1 h at room temperature:

IRDye� 800CW Donkey anti-Rabbit IgG (H + L) (Licor

Cat #: 926-32213, 1 : 5000) and IRDye� 800CW Donkey

anti-Mouse IgG (H + L) (Licor Cat #: 926-32212,

1 : 5000). The membranes were then dried and imaged

using the Odyssey Infrared Imaging System (Licor). Quan-

tification and analysis of membranes were performed using

IMAGE STUDIO LITE software (Licor).

Brain histology and immunohistochemistry

Brains from 1-year-old Sfxn3-KO and WT mice were dis-

sected along the great longitudinal fissure, fixed in 4%

paraformaldehyde (PFA) and cryopreserved using 30%

sucrose. Brains were embedded in a 1 : 1 solution of opti-

mal cutting temperature compound (OCT) and 30%

sucrose and frozen within moulds on dry ice. Embedded

brains were sectioned coronally on a cryostat at a thickness

of 20 lm. Sections were placed onto Superfrost slides.

For histological analysis, Nissl bodies within neurons

were stained with 0.2% cresyl fast violet (CFV) with 1%

Acetic Acid. Sections were placed through increasing con-

centrations of ethanol, placed in xylene for 10 min and

then rehydrated through decreasing concentrations of

ethanol. Sections were then rinsed in water and stained

with CFV for 1 min. After a final rinse in water, sections

were left to dry overnight and coverslipped using DPX

mountant. Sections were imaged using the PL Fluortar

2.5x/0.07 objective on the Leica DMRE epifluorescence

microscope with Retiga 2000R (Qimaging, Surrey, Canada)

Camera and acquired using the QCapture Pro v6.0 soft-

ware (Qimaging). Individual images of brain sections were

stitched together with Fiji to create single images of whole

sections. Measurements of the width of the corpus callo-

sum, the primary motor cortex, the primary somatosensory

cortex, and the area of the dentate gyrus were performed

blinded to the genotype using FIJI software [58].

For immunohistochemical analysis, slides were thawed

for 1 h at room temperate. The sections were washed in

TBS, placed in a microwave safe contained with pre-heated

Citric Acid Based Antigen Unmasking Solution (Vector

Laboratories, Burlingame, CA, USA, Cat #: H-3300), and

microwaved for 3 min at a cooking power of P10. After a

quick wash with TBS, sections were permeabilised with 5%

Triton X-100 in PBS for 20 min and then washed 3 9 5 min

with TBS. Sections were then blocked for 1 h in 5% normal

donkey serum (Sigma-Aldrich) in TBS at room temperature.

Next, the sections were incubated with Iba1 goat polyclonal

antibody (Abcam Cat #: ab5076, 1 : 500) prepared in TBS,

overnight, at 4 °C, and washed 3 9 5-min with TBS. They

were then incubated for 90 min in Donkey anti-Goat IgG

(H + L) Secondary Antibody, 488 (AlexaFluor, Invitrogen,

Cat #: A11055, 1 : 400) made in 1% normal donkey serum

in TBS at room temperature and then stained with DAPI

(Invitrogen) for 10 minutes. Finally, the sections were

washed 3 9 5-min with TBS and coverslipped with Mowiol.

Once coverslipped, brain sections were imaged using the

Plan Apochromat 20x/0.8 objective on the Zeiss LSM800

with Airy Scan confocal microscope and Z-stack images

were acquired using ZEN BLUE software (Zeiss, Cambourne,

UK). Quantification of Iba1 was performed on sections

where the dentate gyrus is first fully formed (Bregma �1.46).

Quantification and analysis were performed blinded to the

genotype using FIJI software.

Drosophila stock lines

Flies were raised on standard cornmeal food at 25 °C. The
double transgenic lines were generated using the following

stocks obtained from Bloomington Drosophila Stock Cen-

ter: CG11739 (no. 15360 and 38230), P{UAS-Hsap

\SNCA.A30P} (no. 8147), P{UAS-Hsap\SNCA.A53T} (no.

8148). P{5xUAS-mCD8::GFP} control lines were obtained

from Dr L Neukomm [59]. Double transgenic stock lines

under UAS enhancer control were crossed with elav-Gal4

driver strains. All fly lines used in this study were generated

on the Canton S background. The Drosophila genotypes

used in the experiment (Fig. 6D,E) were: w; 5xUAS-mcD8::

GFP/+; 5xUAS-mcD8::GFP/+ (control); w; 5xUAS-mcD8::
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GFP/+; UAS-SncaA30P/+ (A30P PD model); w; 5xUAS-

mcD8::GFP/+; UAS-SncaA53T/+ (A53T PD model); w;

UAS-Sfxn3EY01545/+; UAS-SncaA30P/+ (A30P PD model

with Sfxn3 overexpression); w; UAS-Sfxn3RNAi/+; UAS-

SncaA30P/+ (A30P PD model with Sfxn3 RNAi); w; UAS-

Sfxn3EY01545/+; UAS-SncaA53T/+ (A53T PD model with

Sfxn3 overexpression); w; UAS-Sfxn3RNAi/+; UAS-

SncaA53T/+ (A30P PD model with Sfxn3 RNAi).

Drosophila immunohistochemistry

Adult brain dissections were performed as previously

described [60]. Briefly, decapitated heads from 7-week-old

flies were fixed in 4% formaldehyde in PTX (0.5% Triton

X-100, PBS) for 20 min, and washed five times for 2 min

each in PTX. Dissected brains were fixed in 4% formalde-

hyde in PTX for 10 min, washed five times for 2 min each

in PTX and then incubated with Tyrosine Hydroxylase

(Merck, Kenilworth, NJ, USA, Cat #: Ab152, 1 : 400) and

CyTM3 AffiniPure Goat Anti-Rabbit IgG (H + L) (Jackson

Immunoresearch, West Grove, PA, USA, Cat #: 111-165-

003, 1 : 200) to detect dopaminergic neurons: Brains were

then washed three times for 10 min each at room tempera-

ture and mounted in Vectashield for microscopy. Once cov-

erslipped, Drosophila brains were imaged using the HC PL

APO CS2 63x/1.4 objective using a zoom factor of 3.5 on

the Leica TCS SP8 inverted confocal microscope. Z-stack

images were acquired using LAS X Navigator software.

Quantification and statistical analysis

Immunoblotting experiment quantification was performed

with IMAGESTUDIOLITE v5.2.5 and microscope image quan-

tification was performed with FIJI v2.1.0 [58]. All statistical

analyses were performed using GRAPHPAD PRISM v8.2.0

(GraphPad Software Inc, San Diego, CA, USA). The sta-

tistical tests performed, their significance levels and the

value of n are referred to in the corresponding figure

legends. Statistical significance was considered to be

P < 0.05 and all graphs are plotted as mean � SEM.
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