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A B S T R A C T

Acyl-CoA binding domain-containing proteins (ACBDs) perform diverse but often uncharacterised functions
linked to cellular lipid metabolism. Human ACBD4 and ACBD5 are closely related peroxisomal membrane
proteins, involved in tethering of peroxisomes to the ER and capturing fatty acids for peroxisomal β-oxidation.
ACBD5 deficiency causes neurological abnormalities including ataxia and white matter disease. Peroxisome-ER
contacts depend on an ACBD4/5-FFAT motif, which interacts with ER-resident VAP proteins. As ACBD4/5-like
proteins are present in most fungi and all animals, we combined phylogenetic analyses with experimental ap-
proaches to improve understanding of their evolution and functions. Notably, all vertebrates exhibit gene se-
quences for both ACBD4 and ACBD5, while invertebrates and fungi possess only a single ACBD4/5-like protein.
Our analyses revealed alterations in domain structure and FFAT sequences, which help understanding functional
diversification of ACBD4/5-like proteins. We show that the Drosophila melanogaster ACBD4/5-like protein pos-
sesses a functional FFAT motif to tether peroxisomes to the ER via Dm_Vap33. Depletion of Dm_Acbd4/5 caused
peroxisome redistribution in wing neurons and reduced life expectancy. In contrast, the ACBD4/5-like protein of
the filamentous fungus Ustilago maydis lacks a FFAT motif and does not interact with Um_Vap33. Loss of
Um_Acbd4/5 resulted in an accumulation of peroxisomes and early endosomes at the hyphal tip. Moreover, lipid
droplet numbers increased, and mitochondrial membrane potential declined, implying altered lipid homeostasis.
Our findings reveal differences between tethering and metabolic functions of ACBD4/5-like proteins across
evolution, improving our understanding of ACBD4/5 function in health and disease. The need for a unifying
nomenclature for ACBD proteins is discussed.

1. Introduction

Acyl-CoA binding domain-containing proteins (ACBDs) comprise a
large multigene family of diverse proteins with a conserved acyl-CoA
binding motif, and are found in animals, plants and fungi, as well as
in bacteria and archaea [1,2]. Activated fatty acids (acyl-CoAs) play
important roles as lipid metabolites, but also in the regulation of lipid
metabolism and in cellular signalling, and ACBD proteins fulfil

important functions in controlling their concentration [2,3]. Notably,
ACBDs are now also recognised as targets for different pathogens
including viruses, Salmonella and Chlamydia [2]. Despite their funda-
mental importance to cellular lipid metabolism, the functions of many
ACBD proteins remain unclear. In mammals, up to eight ACBD proteins
(ACBD1-8) have been identified, with several (ACBD2, ACBD4, ACBD5)
having been linked to peroxisome function [4–7]. Peroxisomes are
oxidative organelles with essential functions in cellular lipid
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metabolism, including fatty acid α- and β-oxidation and the synthesis of
ether-phospholipids (e.g. in myelin sheaths). Many of the peroxisomal
lipid-metabolising functions are performed in cooperation with other
subcellular organelles such as mitochondria (e.g. fatty acid β-oxidation)
and the ER (e.g. ether lipid biosynthesis) [8].

ACBD4 and ACBD5 are C-terminally tail-anchored peroxisomal
membrane proteins, which expose their N-terminal acyl-CoA binding
domain to the cytosol [9]. We recently revealed that ACBD4 and ACBD5
can act as peroxisome-ER tethers through binding of ER-resident VAPs
(vesicle-associated membrane protein [VAMP]-associated proteins A/
B). The interaction is mediated by a FFAT motif (two phenylalanines
[FF] in an acidic tract) in the central region of ACBD4 and ACBD5, which
binds to the MSP (major sperm protein) domain of VAPs [4–6,10]
(Fig. 1A). This interaction is regulated by phosphorylation of the ACBD5
FFAT motif, but similar regulation of ACBD4 was not observed [11].
Whilst both proteins have the capacity to act as tethers, our recent work
suggested that ACBD5 may play a more significant part than ACBD4 in
binding VAPB to provide a physical tether, whereas ACBD4 may localise
to the peroxisome-ER contact sites to provide a regulatory function [6].
ACBD5-VAP interactions create peroxisome-ER membrane contact sites
that are important for lipid transfer to support cooperative metabolism
and peroxisome biogenesis [12,13].

In addition to their tethering role, ACBD4 and ACBD5 may have a

metabolic function in capturing fatty acids with their acyl-CoA binding
motif for peroxisomal β-oxidation [6]. ACBD5 has a preference for very
long chain-fatty acids (VLCFA) and is supposed to capture them for
hand-over to the peroxisomal VLCFA transporter ABCD1, which imports
them for subsequent peroxisomal fatty acid β-oxidation. Peroxisome
tethering to the ER is thought to create a lipid hub, which allows tight
coordination of fatty acid synthesis and elongation at the ER and
breakdown by peroxisomal β-oxidation according to metabolic needs
[12].

Meanwhile, several patients with an ACBD5 deficiency have been
identified which present with retinal dystrophy, ataxia, psychomotor
delay and a severe leukodystrophy [13–22]. Loss of ACBD5 leads to an
accumulation of VLCFA, due to impaired VLCFA import/β-oxidation in
peroxisomes, as well as a reduction in ether-phospholipids [23]. Two
Acbd5 knockout mouse models have been generated which, like human
patients, show an increase in VLCFA and develop a neurological pa-
thology characterised by a progressive motor dysfunction and retinal
degeneration [24,25].

Although structurally and phylogenetically closely related, ACBD4
and ACBD5 display differences in substrate binding, regulation, teth-
ering capacity and expression [6]. ACBD4 appears to have evolved from
ACBD5 by gene duplication, which only occurred in vertebrates [2]. Our
recent phylogenetic analysis of the ACBD protein family revealed that

Fig. 1. Domain structures of human, fly and fungal ACBD proteins.
(A) The schemes represent ACBDs from Homo sapiens (Mammalia, Animalia), Drosophila melanogaster (Insecta, Animalia) and Ustilago maydis (Basidiomycota, Fungi).
Sequence and domain lengths as well as position are proportional and aligned to the acyl-CoA binding (ACB) domains. In H. sapiens seven ACBD proteins have been
identified: ACBD1 (ACBP, DBI), ACBD2 (ECI2, PECI), ACBD3 (GCP60, PAP7), ACBD4, ACBD5, ACBD6 and ACBD7. The D. melanogaster genome has a total of nine
genes encoding putative ACBDs: Acbp (Anox, Acbp-Ank, CG33713), Acbp1 (CG8498), Acbp2 (Dbi, CG8627), Acbp3 (CG8628), Acbp4 (CG8629), Acbp5 (CG5804),
Acbp6 (CG15829), Acbp7 (Acbd4/5, CG8814), and Acbp8 (CG14232); and U. maydis two: Acbd1 (UMAG_02959) and Acbd2 (Acbd4/5, UMAG_11226). For some
ACBDs, several transcript variants have been reported or predicted. ECH, enoyl-CoA hydratase; FFAT, two phenylalanines in an acidic tract motif; GOLD, Golgi
dynamics. (B) Amino acid sequences of the FFAT motif of human ACBD4 (Q8NC06-2) and ACBD5 (Q5T8D3-3). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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homologs of ACBD4/5 are present in many fungi and metazoans, but
absent in, for instance, Saccharomyces cerevisiae [2,26]. Furthermore,
according to bioinformatics analysis, not all ACBD4/5-like proteins
contain a FFAT motif [2], and therefore the contribution of ACBD4 and
ACBD5 to peroxisome-ER tethering might not be a general and original
feature/function of the proteins.

To understand the evolution and function of ACBD4/5 proteins in
more detail, we have investigated them in two easily tractable model
organisms, the fruit fly Drosophila melanogaster and the filamentous
fungus Ustilago maydis. D. melanogaster has been an important model
organism for many human diseases, including neurological disorders
[27]. For instance, adult wing neurons are easily accessible for studying
axonal organelle distribution [28]. Furthermore, many human peroxi-
somal proteins and pathways are conserved in the fly [29,30]. Several
studies have shown that mutations in peroxisomal biogenesis genes
cause similar phenotypes as seen in humans [31], making
D. melanogaster a useful model to study peroxisomal disorders.

U. maydis is a phytopathogenic fungus, causing smut disease in maize
(Zea mays). The basidiomycetous fungus has been introduced as a new
model organism to study basic cell biological processes [32]. Its fila-
mentous appearance (hyphal cells) and technical advantages provide a
system to study long distance intracellular transport, polarised growth
and motor-based microtubule organisation — key processes in neuronal
cells. Furthermore, many peroxisomal proteins and pathways are shared
between U. maydis and humans [26]. Whereas in yeast and plants, fatty
acids are only oxidised in peroxisomes, U. maydis and humans have
cooperative peroxisomal and mitochondrial β-oxidation pathways.

Here, we combined phylogenetic analysis of ACBD4/5-like proteins
in animals and fungi with experimental approaches. We revealed that
the Acbd4/5 protein in D. melanogaster possesses a functional FFAT
motif to tether peroxisomes to the ER via Vap33 binding. Depletion of
Acbd4/5 in Drosophila leads to peroxisome redistribution in wing neu-
rons and reduced life expectancy. In contrast, U. maydis Acbd4/5 does
not possess a FFAT motif and does not interact with Vap33. Although
loss of the fungal Acbd4/5 does not impact on cellular growth, it results
in impaired distribution of peroxisomes and early endosomes in hyphae.
Differences between the tethering and metabolic functions of ACBD4/5-
like proteins are discussed.

2. Results

2.1. Domain comparison of the ACBD4/5 homologs in H. sapiens,
U. maydis and D. melanogaster

Humans (Hs) encode seven ACBD proteins (ACBD1-7), with diverse
subcellular location and functions [2]. Our recent phylogenetic analysis
of the ACBD protein family, defined by the presence of an acyl-CoA
binding motif (ACB), showed that the ACBD proteins are highly
conserved across species [2]. BLAST searches revealed that
D. melanogaster and U. maydis encode nine and two putative ACBD
proteins, respectively (Fig. 1A), with one in each species showing similar
domain organisation to the closely related peroxisomal membrane
proteins Hs_ACBD4 and Hs_ACBD5.

An expanded, more focused phylogenetic analysis of 275 ACBD4/5-
like sequences from 189 animal and fungal species revealed that all
animals and most fungi contain ACBD4/5-like sequences with a highly
conserved ACB domain, a coiled-coil region in the intermediate part and
a transmembrane domain (TMD) with an adjacent stretch of positively
charged amino acids at the C-terminus (Fig. 1A). Notably, all verte-
brates, including the agnathous lamprey Petromyzon marinus, exhibit
sequences for both ACBD4 and ACBD5, while invertebrates and fungi
possess only a single ACBD4/5-like protein.

Assessing the ACBD4/5 sequences in evolutionary distant verte-
brates may assist to delineate how a single precursor differentiated into
the two mammalian proteins. Human ACBD4 is a significantly more
compact protein than human ACBD5, which lacks the extended

sequence connecting the ACB domain with a coiled-coil region adjacent
to the C-terminal TMD (Fig. 1A). This generally largely intrinsically
disordered region contains a second predicted coiled-coil motif,
enriched in negatively charged amino acids. Of note, fish ACBD4 se-
quences get, in evolutionary terms, continuously longer in more
“primitive” species like Chondrichthyes or Agnatha showing stretches
with homologies to corresponding fish ACBD5 sequences across the
whole length of the protein.

Mammalian ACBD4 and ACBD5 both contain a FFAT motif, which
consists of seven core residues flanked by an acidic tract, with which
they bind to the MSP domain of ER-resident VAP proteins [33,34] to
mediate peroxisome-ER contacts [4,5] (Fig. 1B). However, ACBD5 does
this more efficiently than ACBD4 [6,11], which is also documented by
the significantly stronger predicted FFAT scores found in mammalian
ACBD5 compared to ACBD4 sequences (Table 1, Fig. S1, Supplemental
Data 1), as determined by a FFAT motif prediction tool [35]. Mutations
in the N-terminal region of the ACBD4 FFAT motif appear to have
modified the VAP-binding properties of the protein. While the ACBD5
FFAT motif is characterised by a conserved negatively charged SDSDS
acidic tract sequence in front of the hydrophobic V/Y/F core residues,
ACBD4-sequences from mammals and birds exhibit amino acid sub-
stitutions, which alter the polarity of the acidic tract (Fig. 2A). Thus,
after an ACBD4/5 gene duplication occurred at the base of the verte-
brate branch, ACBD4 appears to have evolved from ACBD4/5 by
consecutively reducing its tethering function. In parallel, in the ACB
domain a substitution of a conserved glutamine (Q) by an arginine (R) in
the region between helix 1 and helix 2 as well as an insertion of four
amino acids at the C-terminus of helix 4 may have changed the substrate
binding properties (Fig. 2B).

As shown in a phylogenetic cladogram, D. melanogaster CG8814
(hereafter Dm_Acbd4/5) and U. maydis UMAG_11226 (hereafter
Um_Acbd4/5) may be orthologs for human ACBD4 and ACBD5 (Fig. S1;
Fig. 1A). We set out to decipher if the insect and basidiomyocote pro-
teins share more features with either ACBD4 or ACBD5, combine
sequence motifs and functions from both mammalian proteins, or have
developed their own unique characteristics. Compared to the vertebrate
ACBD5, insect Acbd4/5 sequences including D. melanogaster Acbd4/5
are in average significantly shorter and, hence, with respect to their
general structure, closer to mammalian ACBD4. In general, arthropod
Acbd4/5 sequences possess a typical FFAT motif with a strong acidic
tract (e.g. Bombus terrestris in Fig. 2A). In Drosophila species, however,
the serine/threonine (S/T) in the core of the FFAT motif was replaced by
a proline (P), which could considerably weaken the FFAT motif
(Fig. 2A).

In contrast to the short ACBD4/5 sequences from insects, fungal
Acbd4/5 sequences vary substantially in size. While the ACBD4/5-like
protein Atg37 in Pichia pastoris [36] has a sequence length of 409
amino acids, which is closer to Hs_ACBD4, U. maydis Acbd4/5 contains
526 amino acids, which is more similar to Hs_ACBD5. A coiled-coil re-
gion, involved in the dimerisation of human ACBD5 [6], is also present
in Um_Acbd4/5. However, compared to the human proteins, the
Um_Acbd4/5 coiled-coil region, which is generally present in the fungal
proteins, lies further towards the C-terminus resulting in a longer ‘gap’
upstream of the TMD (Fig. 1A). Additionally, fungal Acbd4/5 sequences
including Um_Acbd4/5 exhibit a longer tail-sequence downstream of the
TMD, which therefore localises inside peroxisomes and exhibits (ac-
cording to Prosite/JPred4 prediction) an additional conserved short
α-helical segment.

Both fungal as well as all animal ACBD4/5 sequences are conserved
in all residues of the ACB domain described to be required for the
binding of long-chain acyl-CoAs [37,38]. As expected, a higher degree of
sequence variation becomes obvious when U. maydis Acbd4/5 or
P. pastoris Atg37 are compared with animal ACBD4 and ACBD5 se-
quences, which might result in slight differences in the binding spectrum
of acyl-CoAs. Interestingly, a highly conserved methionine (M) from
helix 2 in animals was replaced by lysine (K) or arginine (R) in fungi
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(Fig. 2B). Of note, the same sequence difference was reported between
mammalian and Plasmodium ACBP (ACBD1) [38]. Since the exchange
adds an additional positive charge to the interior of the acyl-CoA binding
pocket, the authors suggested that additional acceptor molecules with
negative charges might be used to block the binding pocket, adding
another possibility for regulating substrate binding. Most importantly,
we were not able to identify any potential FFAT motif in Um_Acbd4/5.
This is in line with our analysis of the presence of FFAT motifs in
ACBD4/5-like proteins across species, where we identified FFAT motifs
in almost all animal ACBD4/5 homologs (95 %), but not in the majority
of the fungal homologs analysed (20 %).

2.2. Peroxisomal targeting of D. melanogaster and U. maydis Acbd4/5

Targeting of the human ACBD4 and ACBD5 proteins to peroxisomes
depends on the hydrophobicity and charge of their transmembrane and
tail region [4,5,9,10]. Using our previously developed targeting algo-
rithm for C-tail-anchored membrane proteins [9], we predicted that
D. melanogaster and U. maydis Acbd4/5 would localise to peroxisomes.
To confirm peroxisomal targeting, Dm_Acbd4/5 and Um_Acbd4/5 were

cloned into a mammalian expression vector and expressed in COS-7
cells. Both Dm_Acbd4/5 and Um_Acbd4/5 colocalised with the peroxi-
somal membrane marker PEX14 (Fig. 3A, B), indicating conserved
physicochemical properties for the peroxisomal targeting of the ACBD4/
5 homologs. Indeed, peroxisomal targeting of Acbd4/5 was recently
confirmed in D. melanogaster [39]. Interestingly, expression of
Dm_Acbd4/5, but not Um_Acbd4/5, induced peroxisome elongation in
COS-7 cells (Fig. 3A, B), similar to overexpression of Hs_ACBD5 [4,11].
Peroxisome elongation and membrane expansion have been linked to
the peroxisome-ER tethering function of ACBD5, which is required for
membrane lipid transfer. Overall, these findings suggest that the
Hs_ACBD5 and Dm_Acbd4/5 proteins are functional orthologs, whereas
Um_Acbd4/5 and Hs_ACBD5 appear to be sequence homologs, which
may have acquired different peroxisome-associated functions.

2.3. D. melanogaster Acbd4/5 binds to Vap33 via a FFAT motif

D. melanogaster has one highly conserved VAP homolog, Vap33,
which shares the domain organisation of human VAPA/B [40] (Fig. 4A).
This suggests that Acbd4/5 could bind Vap33 via its predicted FFAT
motif and mediate peroxisome-ER contacts, as in humans. To test this,
Dm_Vap33 was cloned into a mammalian expression vector and
expressed in COS-7 cells, where it showed ER-targeting (Fig. 3B).
Acbd4/5-Vap33 binding was confirmed by co-immunoprecipitation
after co-expression of Myc-Dm_Acbd4/5 and FLAG-Dm_Vap33 in COS-
7 cells (Fig. 4B). Supporting this, Acbd4/5 was identified as a poten-
tial binding partner of Vap33 in a study that performed high-throughput
mapping of the fly interactome using affinity purification-mass spec-
trometry [41].

To determine whether Acbd4/5 binds Vap33 via a FFAT motif, we
generated Myc-Dm_Acbd4/5 in which a critical residue in the predicted
FFAT motifs was mutated (P219E) [11]. Interestingly, D. melanogaster
Acbd4/5 exhibits, in addition to the predicted 215

1 EYDDPYD7 FFAT
motif, a potential second, overlapping FFAT 219

1 PYDLSHE7, which we
tested in parallel (S223E). Both mutants were properly targeted to
peroxisomes (Fig. 3B). The Acbd4/5-Vap33 interaction was lost with the
Dm_Acbd4/5 P219E mutant, whereas Dm_Acbd4/5 S223E was not
affected in its binding to Dm_Vap33 (Fig. 4B). The FFAT-MSP interaction
was conserved across species: Dm_Acbd4/5 bound to endogenous
mammalian VAPB (Fig. 4C), and Dm_Vap33 interacted with Hs_ACBD5,
which was abolished when the FFAT motif was mutated (Hs_ACBD5
mFFAT) (Fig. 4D). In conclusion, D. melanogaster Acbd4/5 and Vap33
interact via the Acbd4/5 FFAT motif 215

1 EYDDPYD7, which also corre-
sponds to the position of the FFAT motif in the mammalian ACBD4 and
ACBD5 proteins in the sequence alignment (Fig. 2A).

Although the fungal Um_Acbd4/5 lacks a predicted FFAT motif, an
additional BLAST search revealed that U. maydis does contain a VAP
homolog, UMAG_11696 (hereafter Vap33), with a conserved MSP
domain (Fig. 4A). Um_Vap33 was cloned into a mammalian expression
vector and showed ER targeting when expressed in COS-7 cells (Fig. 3A).
However, as predicted, Myc-Um_Acbd4/5 was not immunoprecipitated
by FLAG-Um_Vap33 (Fig. 4E) or FLAG-Hs_VAPB (Fig. 4F), indicating
that U. maydis Acbd4/5 does not interact with Vap33 and has no FFAT
motif that can mediate binding to Vap33/VAPB.

Next, we assessed if U. maydis Vap33 has the ability to bind FFAT
motifs using human ACBD5. We observed that FLAG-Um_Vap33
immunoprecipitated with Myc-Hs_ACBD5, but not Myc-Hs_ACBD5
mFFAT (Fig. 4G). This implies that Um_Vap33 can nevertheless bind
FFAT motifs with its MSP domain. Like human VAPA/B, Um_Vap33
contains a C-terminal TMD and is therefore theoretically able to act as a
tethering protein at membrane contact sites. We screened homologs of
other known human FFAT-containing proteins in U. maydis and
discovered that unlike Acbd4/5, the uncharacterised proteins
UMAG_11568, UMAG_01115 (both ORP3-related) and UMAG_11715
(VPS13-related) contain predicted FFAT motifs, so may represent Vap33
interacting partners. Overall, these experiments show thatH. sapiens and

Table 1
Potential FFAT motifs in metazoan ACBD4/5-like sequences.

Ø FFAT
motif score

Potential
phosphorylation

Conserved position

ACBD4/5
Basidiomycota

4.7 No No

ACBD4/5
Ascomycota

4.3 No No

ACBD4/5
Other fungi

4.1 No No

ACBD5
Mammalia

2.5 Yes Yes

ACBD5
Aves

2.5 Yes Yes

ACBD5
Reptilia

2.5 Yes Yes

ACBD5
Amphibia

2.5 Yes Yes

ACBD5
Osteichthyes

2.5 Yes Yes

ACBD5
Chondrichthyes

2.4 Yes Yes

ACBD5
Agnatha

2.5 Yes Yes

ACBD5B
Teleostei

2.8 Partially Partially

ACBD4
Mammalia

3.4 Yes
Except Tachyglossus

Yes
Except Tachyglossus

ACBD4
Aves

2.4 Yes Yes

ACBD4
Reptilia

2.6 Yes Yes

ACBD4
Amphibia

2.3 Partially Yes

ACBD4
Osteichthyes

2.6 Yes
Except Polypterus

Yes
Except Polypterus

ACBD4
Chondrichthyes

2.5 Yes Yes

ACBD4
Agnatha

2.5 Yes Yes

“ØFFATmotif score” [35] depicts average scores from the individual values from
each organism group (see Fig. S1); FFAT scores ≤2.5 indicate high binding af-
finities, and ≤3.5 moderate binding affinities to VAP MSP domains. FFAT scores
>3.5 indicate a low probability for functional FFAT motifs.
ACBD4/5 FFAT motifs can be strengthened or weakened by phosphorylation of
conserved serine/threonine residues inside the acidic tract or the FFAT core,
respectively [11]. “Potential phosphorylation” indicates the conservation of
these residues in the FFAT motif.
“Conserved position” indicates that the FFAT motif is positioned at a conserved
site inside the proteins primary sequence.
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D. melanogaster ACBD5/Acbd4/5 interact with VAPB/Vap33 via their
FFAT motif, while the U. maydis homologs Acbd4/5 and Vap33 do not
interact.

2.4. Depletion of Acbd4/5 or Vap33 disrupts peroxisome distribution in
D. melanogaster wing neurons

Silencing of ACBD5 or both VAPA and VAPB in mammalian cells
leads to increased peroxisome motility [4,10], and overexpression of
ACBD5 was shown to reduce peroxisomal long-range movements in the
neurites of mouse primary hippocampal neurons [42]. Therefore, we
hypothesised that disrupting peroxisome-ER interaction by ACBD5 or
VAP depletion could result in more mobile peroxisomes translocating
into neurites and changing peroxisome positioning. We explored this

using Acbd4/5 and Vap33 in D. melanogaster as a model. In order to
visualise peroxisomes in neurons, we used flies expressing GFP fused to a
peroxisomal targeting signal (GFP-SKL) and tdTomato (5xUAS-SKL::
GFP, 10xUAS-IVS-myr::tdTomato) under the control of a pan-neuronal
driver (nSyb-GAL4) to label the peroxisomal matrix and cell mem-
brane, respectively, in mature adult neurons. These flies were crossed
with flies harbouring either a heterozygous mutant acbd4/5 (acbd4/5+/
− ) or an acbd4/5 RNAi transgene (5xUAS-acbd4/5RNAi) to examine the
effect of acbd4/5 depletion on peroxisome distribution in the easily
accessible wing neurons. Neurons proximal and distal to the fly body
were imaged at 1 and 7 days post-eclosion (DPE; i.e. the time from when
adults emerge from their pupal case) (Fig. 5A). In general, peroxisomes
were predominantly located in the cell body, with a low number of
peroxisomes found in neurites (Fig. 5B, C). The extended morphology

Fig. 2. Conservation of the ACB domain and the FFAT motif in ACBD4/5 sequences.
(A) Amino acid conservation in the region of the FFAT motif from selected animal ACBD4 and ACBD5 sequences. Amino acids with equal physicochemical properties
conserved among all animal groups are highlighted in red, those conserved only in vertebrate ACBD5 and ACBD4 sequences in orange. Amino acids, which show
significant sequence differences between ACBD4 and ACBD5 sequences are highlighted in green vs. blue. A proline-rich region N-terminal to the FFAT motif, which is
specifically found in mammalian species, is highlighted in brown. (B) Alignment of the ACB domains of representative vertebrate, invertebrate and fungal ACBD4/5
sequences. Amino acids with equal physicochemical properties conserved among all phylogenetic groups are highlighted in red, those conserved only in vertebrate
ACBD5 and ACBD4 sequences in orange. Amino acids, which show significant sequence variation among subgroups or species clusters, are highlighted in green vs.
blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Subcellular localization of the U. maydis and D. melanogaster ACBD4/5 and VAP homologs.
COS-7 cells transfected with (A) U. maydis (Um) Myc-Acbd4/5 or FLAG-Vap33, or (B) D. melanogaster (Dm) Myc-Acbd4/5 (WT, S219E and S223E) or FLAG-Vap33,
were immunolabelled with PEX14 (peroxisomal membrane marker), PDI (ER lumen marker) and Myc/FLAG antibodies. Bars: 10 μm (main), 2.5 μm (inset).
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and positioning of the long sensory axon tracts allowed us to quantify
the number of individual peroxisomes located in these projections
compared to the somato-dendritic region. An increase in the number of
axonal peroxisomes in acbd4/5 depleted flies was observed compared to
control, in both proximal and distal neurons (Fig. 5D, E). To exclude that
this rise in axonal peroxisomes could be caused by an increase in
peroxisome number, we quantified the total cellular peroxisome content
in the analysed neurons. Importantly, no difference between the cellular
peroxisome content of the acbd4/5 depletion and control lines was
detected (Fig. 5F, G). In general, the cellular peroxisome content
decreased in ageing flies (Fig. 5H, I), but this did not seem to signifi-
cantly affect axonal peroxisome number in the control flies between 1
and 7 DPE (Fig. 5D, E).

To corroborate that the increase in axonal peroxisomes in the acbd4/
5-depleted flies may be caused by a disruption of the Acbd4/5-Vap33
interaction and hence, peroxisome-ER contacts, we analysed

peroxisomes in neurons in two fly lines with targeted Vap33 silencing
(Vap33RNAi.a and Vap33RNAi.b) (Fig. S2A, B). Vap33RNAi.a increased the
number of peroxisomes located in proximal and distal wing axons at day
1, while Vap33RNAi.b increased axonal peroxisome numbers at 7 (distal)
and 14 days (proximal and distal) compared to age-matched controls
(Fig. S2C, D). The difference in fly age on the effect of the two Vap33
depletion lines might be the result of a difference in RNA knockdown
efficiency. Silencing of Vap33 also did not affect the total cellular
peroxisome content (Fig. S2E, F). Overall, depletion of acbd4/5 or Vap33
in D. melanogaster increased the number of peroxisomes located in
axons, suggesting that Acbd4/5-Vap33 mediated peroxisome-ER con-
tacts are important for peroxisome positioning in neurons.

Fig. 4. D. melanogaster Acbd4/5, but not U. maydis Acbd4/5, binds to Vap33 via a FFAT motif.
(A) The schemes represent VAPs from Homo sapiens (Mammalia, Animalia), Drosophila melanogaster (Insecta, Animalia) and Ustilago maydis (Basidiomycota, Fungi).
Sequence and domain lengths as well as position are proportional and aligned to the major sperm protein (MSP) domains. In H. sapiens five VAP proteins have been
identified: VAPA (VAP33), VAPB, MOSPD1, MOSPD2 and MOSPD3. D. melanogaster has three VAPs: Vap33 (dVap-A, CG5014), Mospd (dVap-B, CG33523) and Fan
(farinelli, dVap-C, CG7919 — testis specific); and U. maydis has one putative VAP: Vap33 (UMAG_11696). For some VAPs, several isoforms have been reported or
predicted. CRAL-TRIO, cellular retinaldehyde-binding protein and triple functional domain protein; MOSPD, motile sperm domain-containing protein; VAP, vesicle-
associated membrane protein (VAMP)-associated protein. (B–G) Binding assays with D. melanogaster (Dm), U. maydis (Um) and H. sapiens (Hs) constructs expressed in
COS-7 cells. Samples were used to perform immunoprecipitation (IP), and subsequently immunoblotted using Myc/FLAG/VAPB antibodies. (B) IP with FLAG-
Dm_Vap33 to detect binding of Myc-Dm_Acbd4/5. Myc-Dm_Acbd4/5 P219E and S223E constructs contain a mutation of a critical residue in the predicted FFAT
motifs. (C) IP with Myc-Dm_Acbd4/5 (or control vector [Myc]) to detect bound endogenous VAPB. (D) IP with FLAG-Dm_Vap33 to detect binding of Myc-Hs_ACBD5
WT or with a mutated FFAT motif (mFFAT). (E) IP with FLAG-Um_Vap33 to detect binding of Myc-Um_Acbd4/5. The confirmed VAP interactor Myc-Hs_ACBD5 was
used as positive control. (F) IP with Myc-Um_Acbd4/5 (or Myc-Hs_ACBD5 as positive control) to detect bound endogenous VAPB. (G) IP with FLAG-Um_Vap33 to
detect binding of Myc-Hs_ACBD5 WT or mFFAT.
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Fig. 5. Depletion of acbd4/5 in D. melanogaster increases the number of axonal peroxisomes.
(A) The imaged areas to study peroxisomes in both proximal and distal wing neurons are mapped on the fly. (B–C) Flies expressing GFP-SKL and tdTomato to label
peroxisomes and the cytosol, respectively, in mature neurons were used (nSyb-GAL4, UAS-GFP::SKL, UAS-tdTomato). Proximal (B) and distal (C) neurons were imaged
at 1 and 7 days post-eclosion (DPE) in acbd4/5 depleted (acbd4/5+/- and acbd4/5RNAi) flies. Insets present selected planes of the Z-projection shown in the main
image. (D–E) The number of peroxisomes located in the proximal (D) and distal (E) neuronal axons were quantified. (F–G) The total cellular peroxisome content in
proximal (F) and distal (G) neurons of acbd4/5 depleted flies normalized to that of wild-type flies. (H–I) The total cellular peroxisome content in proximal (H) and
distal (I) neurons of ageing flies. Data were analysed by one-way ANOVA with Dunnett's or Sidak's multiple comparison test. ns, not significant; *, P < 0.05; ***, P <

0.001; ****, P < 0.0001. Data in graphs are expressed as mean ± SEM and n ≥ 5 flies for each group. Arrows indicate axonal localized peroxisomes. Bars: 10 μm
(mains), 2.5 μm (inset).
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2.5. Depletion of Acbd4/5 reduces lifespan of D. melanogaster but does
not affect locomotion

To investigate whole-organism consequences of acbd4/5 knockdown
in neurons, we performed lifespan and rapid iterative negative geotaxis
(RING) assays to assess survival and locomotor function, respectively.
Pan-neuronal knockdown of acbd4/5with the elav-GAL4 driver caused a
significant reduction in lifespan, with a decrease in median survival to
47 days compared to 58 days in control flies (Fig. 6A). However,
although an age associated decrease in climbing performance was
observed in both groups, known to be controlled by subtle changes of the
mushroom bodies and associated neurons [43], acbd4/5RNAi flies did not
exhibit a reduction in climbing performance compared to control flies at
all ages assayed (10–50 DPE) (Fig. 6B). It should be noted that null al-
leles of acbd4/5 are fertile and viable, which could reflect metabolic
compensation. However, the reduction in longevity suggests that
compensation may be incomplete.

One of the earliest studied roles of peroxisomes in flies was in eye
pigmentation. Deletion of rosy, which encodes for the peroxisomal
enzyme xanthine dehydrogenase involved in the production of the red
eye pigment, leads to a brownish eye colour [44]. The Rosy eye
phenotype was also observed in Pex3 and Pex16 mutant flies, implying
that functional peroxisomes are required for development of pigment in
the eye [45,46]. Therefore, we assessed eye phenotypes of flies with
acbd4/5RNAi, Vap33RNAi.a or Vap33RNAi.b specifically driven in the eye
(GMR-GAL4), but the acbd4/5RNAi and Vap33RNAi flies did not exhibit an
overt eye phenotype compared to wild-type (Fig. 6C).

2.6. Expression of U. maydis Acbd4/5 and human ACBD4 reduces
peroxisome number

Next, we explored Acbd4/5 in U. maydis, as a model of a highly
polarised cell. As Um_Acbd4/5 lacks a FATT motif, it is interesting to
compare the fungal protein to Dm_Acbd4/5 and Hs_ACBD4/ACBD5 with

peroxisome-ER tethering function. To verify peroxisomal localisation of
Um_Acbd4/5, we generated a mCherry-tagged variant. The localisation
of the additional Acbd protein in U. maydis, Acbd1 (UMAG_02959),
which only consists of an ACB domain without obvious targeting signals
(Fig. 1A), was also determined. Both constructs were ectopically inte-
grated in an U. maydis strain with GFP-SKL as peroxisomal marker.
mCherry-Acbd1 did not colocalise with GFP-SKL and was instead
observed in the cytosol of hyphal cells as anticipated (Fig. 7A). mCherry-
Acbd4/5 revealed a clear colocalisation with GFP-SKL, confirming that
Acbd4/5 is a peroxisomal protein.

Peculiarly, we noticed that the number of peroxisomes upon over-
expression of mCherry-Acbd4/5 was reduced, accompanied by the
presence of GFP-SKL staining in the cytosol (Fig. 7A). The ACBD4/5
homolog in the yeast P. pastoris, Atg37, has been implicated in regu-
lating phagophore formation during pexophagy [36,47]. Human ACBD5
has initially also been linked to pexophagy [36], but other studies did
not reveal an involvement of ACBD5 in peroxisome degradation
[15,16,48]. Similar observations were also recently made for
D. melanogaster Acbd4/5 [39]. Interestingly, we noticed that over-
expression of Hs_ACBD4, but not Hs_ACBD5, in H9C2myoblasts reduced
peroxisome number (Fig. 7B, C). While mutations in the ACBD4 coiled-
coil domain or FFAT motif had no effect on the loss of peroxisomes in
H9C2 cells, mutations in the ACB domain prevented the reduction in
peroxisome number (Fig. 7B, C). Expression of ACBD4 increased fluo-
rescence of YFP-LC3, indicating that the decrease in peroxisomes is due
to autophagic processes (Fig. 7D). These findings indicate that H. sapiens
ACBD4 and fungal/yeast Acbd4/5-like proteins may share a role in the
regulation of peroxisome number, which may be due to an analogous
development which appears to be independent of peroxisome-ER
tethering.

2.7. Acbd4/5 deletion disrupts organelle distribution and properties in
U. maydis hyphae

To examine the effect of Acbd4/5 deletion on peroxisomes in
U. maydis, we generated an AB33 Δacbd4/5 hyphal strain (Fig. S3A).
Although Um_Acbd4/5 did not bind to the ER-tethering protein Vap33
(Fig. 4E), GFP-SKL labelled peroxisomes surprisingly showed a redis-
tribution, with peroxisome accumulation at the hyphal tip in Δacbd4/5
cells compared to an even distribution along the hyphae in wild-type
cells (Fig. 8A, B). We previously showed that peroxisomes move along
microtubules by hitchhiking on motile early endosomes in U. maydis
[49]. Therefore, we decided to analyse the distribution of early endo-
somes in the Δacbd4/5 mutant. For this, we labelled early endosomes
with GFP-Rab5a. Similar to the peroxisomes, the early endosomes
showed accumulation at the hyphal tip in Δacbd4/5 cells (Fig. 8C).
Remarkably, BODIPY 493/503 labelled lipid droplets, which also
hitchhike on early endosomes [49], were evenly distributed in the hy-
phae of both wild-type and Δacbd4/5 cells, while their numbers were
increased in the deletion strain (Fig. 8D, E). We used the mitochondrial
membrane potential marker TMRM to visualise mitochondria, which do
not depend on early endosome transport for their motility and observed
that mitochondrial distribution was not affected upon acbd4/5 deletion
(Fig. 8F), implying that the absence of Acbd4/5 affects peroxisomes and
early endosome positioning specifically, rather than inducing a general
redistribution of organelles. However, although there was variation
between cells, the TMRM signal was slightly, but significantly reduced,
suggesting decreased mitochondrial membrane potential (Fig. 8G). As
Acbd4/5 is an acyl-CoA binding protein, we suggest that its knockout
may interrupt cellular lipid homeostasis, causing an increase in lipid
droplets and potentially altering the lipid composition of membranes,
which could affect organelle integrity and functional properties.

Fig. 6. Depletion of acbd4/5 in neurons reduces lifespan of D. melanogaster but
does not affect locomotion.
(A) Kaplan–Meier survival curves of control and pan-neuronal acbd4/5RNAi

knockdown flies. Log-rank test, n = 85–100 flies per genotype. (B) Distance
climbed in RING assay after 4 s in control and pan-neuronal acbd4/5RNAi

knockdown flies at 10, 20, 30, 40 and 50 DPE. Bars represent the mean height
climbed ± SD, two-way ANOVA with FDR correction, n = 3 vials of 10 flies per
genotype at each age. (C) No overt eye phenotype was observed with acbd4/5
or Vap33 silencing (GMR-GAL4). Pictures taken at 21 DPE. Scale bar: 0.15 mm.
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2.8. Growth of the U. maydis Acbd4/5 deletion strain on different fatty
acid substrates is unaffected

As the function of human ACBD4 and ACBD5 has been linked to
peroxisomal fatty acid metabolism, we investigated the growth of an
U. maydis FB1 Δacbd4/5 strain on different fatty acids (Fig. S3B). The
growth rate of the Δacbd4/5 strain in liquid and on solid media was
comparable to the wild-type FB1 strain (Fig. 8H, I). A SG200 Δpex3
strain, which lacks peroxisomes [26], was used as a positive control.
Deletion of pex3 resulted in a reduction in growth rate in liquid [26] and
on solid media compared to the SG200 wild-type strain (Fig. 8I). A
growth defect on glucose has also been observed for U. maydis Δpex6
(peroxisome-deficient) and Δpex5 (restricted peroxisomal matrix pro-
tein import) strains [50,51]. In line with this, it was shown that
U. maydis and other fungi contain several glycolytic/gluconeogenic
enzymes that are dually targeted to peroxisomes and the cytosol
[50,52–55].

To analyse the growth ofU. maydis on fatty acids, wild-type, Δacbd4/
5 and Δpex3 yeast-like cells were spotted on glucose-free media plates

supplemented with different fatty acids (Fig. 8J). As U. maydis does not
require peroxisome for breakdown of saturated short- to medium-chain
fatty acids (C4–C10) [26], we analysed fungal growth of the deletion
strains on saturated long- and very long-chain fatty acids (C16–C26). We
also included an unsaturated fatty acid (oleic acid, C18:1) and a
branched-chain fatty acid (phytanic acid, C16:0:4), which can both be
processed by peroxisomal enzymes in U. maydis [26]. The integrated
intensity of the individual spots was taken as measure for the ability to
grow on the different carbon sources (Fig. 8J, Fig. S3C). We hypoth-
esised that if U. maydis utilises a certain fatty acid spectrum as carbon
source for growth, it would result in increased signal intensity compared
to control, while if Acbd4/5/Pex3 is required, the growth of the
knockout strain would be compromised compared to wild-type. To
evaluate if a potential accumulation of fatty acids is toxic for fungal
growth, fatty acid media supplemented with glucose was tested in
parallel.

For a detailed description of the results see Supporting Information
Fig. S3. In summary, while a lack of peroxisomes (Δpex3) impairs fungal
growth on C16:0 and oleic acid, deletion of acbd4/5 does not affect the

Fig. 7. Expression of U. maydis Acbd4/5 and human ACBD4 reduces peroxisome number.
(A) Subcellular localisation of U. maydis mCherry-Acbd1 and -Acbd4/5 in hyphal cells expressing GFP-SKL as peroxisomal marker. Bar: 5 μm. (B) H9C2 myoblasts
transfected with human FLAG-ACBD5 or FLAG-ACBD4 WT, mCC (mutated coiled-coil domain), mFFAT or mACB were immunolabelled with PEX14 (peroxisomal
marker) and FLAG antibodies. Bars: 10 μm (main), 2.5 μm (insets). (C) Cells with reduced peroxisome number (<120 peroxisomes) were quantified. Data of four
replicates were analysed by one-way ANOVA with Tukey's multiple comparisons test. n = 100 cells per condition, per replicate. ***, P < 0.001. Data are expressed as
mean ± SD. (D) H9C2 myoblasts co-expressing FLAG-ACBD4 and autophagosomal marker YFP-LC3 were immunolabelled with PEX14.
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growth of U. maydis on the fatty acids tested in our experimental setup,
indicating that peroxisomal fatty acid oxidation is not grossly affected in
the yeast-like cells.

3. Discussion

Our previous work revealed important functions of the human acyl-
CoA binding domain proteins ACBD4 and ACBD5 in peroxisome-ER
membrane contact site formation and fatty acid metabolism. Although

Fig. 8. Acbd4/5 deletion disrupts organelle distribution and properties in U. maydis hyphae.
(A) Peroxisome (GFP-SKL) distribution in AB33 WT and AB33 Δacbd4/5 hyphal cells. Bar: 5 μm. (B) Intensity profiles of GFP-SKL in WT and Δacbd4/5 cells, with the
cell tips at 0 μm. Each data point represents the mean ± SEM, n = 30-32 cells of 2 experiments. (C) Early endosome (GFP-Rab5a) distribution in WT and Δacbd4/5
hyphal cells. (D) Lipid droplet (stained with BODIPY 493/503) distribution in WT and Δacbd4/5 hyphal cells. (E) Lipid droplet count per μm2 hyphae. n = 35-39 cells
of 2 experiments. (F) Mitochondria labelled with the mitochondrial membrane potential marker TMRM (shown in green) in WT and Δacbd4/5 hyphal cells. (G)
Integrated intensity measurement, normalized to mean of the WT. n = 49-56 cells of 2 experiments. Data were analysed by Mann-Whitney test. (H) Growth of FB1
wild-type and Δacbd4/5 strains in CM liquid medium complemented with 1 % glucose. Data from 3 independent experiments. (I) Growth of wild-type (FB1 and
SG200), Δacbd4/5 (FB1) and Δpex3 (SG200) strains on NM solid medium complemented with or without 1 % glucose (images shown in I (control)). Data were
analysed by a two-tailed unpaired t-test. Data are from 5 experiments and are presented as mean ± SEM. (J) Strains were spotted on solid NM medium containing
different fatty acids (100 μg FA/ml agar) in the presence (1000 cells) or absence (5000 cells) of 1 % glucose. Images were taken after 48 h at 28 ◦C. Quantification
shown in Fig. S3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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loss of ACBD5 has been linked to human disease, our understanding of
ACBD4 and ACBD5 and their specific physiological functions at the
cellular and organismal level is incomplete.

3.1. Nomenclature and evolution

As ACBD4/5-like proteins are present in most fungi and all animals,
we combined phylogenetic analyses with experimental approaches to
improve understanding of their evolution and functions. Our phyloge-
netic analyses showed that all vertebrates possess the two paralog pro-
teins ACBD4 and ACBD5, while invertebrates and fungi have only a
single orthologous protein; following the current naming procedures,
they would be called Acbp7 in D. melanogaster and Acbd2 in U. maydis
(Fig. 1A). To avoid confusion with other ACBD proteins (e.g. human
ACBD7 and ACBD2), we propose to develop a consistent nomenclature
for the protein family across species. The term acyl-CoA binding domain
proteins (ACBDs) would be most suitable to highlight that the proteins
can perform additional functions (e.g. in contrast to Acbp, acyl-CoA
binding protein). ACBD proteins can be found in all phyla and consist
of four major subfamilies: (1) the small ACBD proteins, which only
consist of the ACB domain (e.g. mammalian ACBD1, ACBD7, ACBD8),
(2) the enoyl-CoA isomerase-coupled ACBD proteins (ACBD2), (3) the
ACBDs containing protein interaction domains like ankyrin repeats or
GOLD domains (ACBD3, ACBD6) and (4) the membrane-anchored
ACBDs (ACBD4, ACBD5) [2]. A unifying nomenclature would there-
fore require extensive renaming of various historically evolved nomen-
clature systems found among individual plant, fungal, invertebrate and
mammalian species, which is beyond the scope of this study. Hence, here
we will only provisionally attempt to standardise the annotation of the
tail membrane-anchored ACB domain-containing proteins, which are
restricted to animals and fungi (plant ACBDs, ACBP class II–IV, have N-
terminal membrane-anchoring domains and are not phylogenetically

related [56]). Since the single membrane-anchored ACBD gene found in
invertebrates and fungi does not show closer similarity to either ACBD4
or ACBD5 and, as we show here, can have distinct functions in different
species, we propose to use the name Acbd4/5, as we already did in this
study. In line with this, mammalian ACBD4 likely evolved from a single
ancestral ACBD4/5 by a gene duplication at the base of the vertebrate
branch, and consecutively reduced its ER-tethering function, while
amino acid insertions in the conserved ACB domain may have changed
its substrate-binding properties. Peroxisome-ER tethering is mediated
through the ACBD4 and ACBD5 FFAT motif, which binds to ER-resident
VAP in mammalian cells [4–6]. Interestingly, as not all ACBD4/5-like
proteins contain a FFAT motif [2], the tethering function may not be a
general and ancestral function of the proteins.

3.2. ACBD4/5 function in D. melanogaster and U. maydis

Here, we explored the evolution and functions of ACBD4 and ACBD5
using D. melanogaster and U. maydis, as genetically-tractable model
species with highly polarised cells, and showed their importance for
peroxisome distribution in vivo in long polarised axons and hyphae,
respectively. We revealed that (i) D. melanogaster Acbd4/5 andU. maydis
Acbd4/5 target, like human ACBD4 and ACBD5, to peroxisomes; (ii)
D. melanogaster Acbd4/5 binds to the ER-tethering protein Vap33 via a
FFAT motif, while U. maydis Acbd4/5, which lacks a FFAT motif, does
not; (iii) overexpression of fungal Acbd4/5 and human ACBD4 reduce
peroxisome numbers while Drosophila ACBD4/5 and human ACBD5
induce peroxisome elongation, respectively, (iv) depletion of acbd4/5 or
Vap33 in flies increases the number of axonal peroxisomes, and (v)
acbd4/5 deletion redistributes peroxisomes and early endosomes to the
hyphal tip of fungal cells (Fig. 9). Our findings reveal that ACBD4/5-VAP
mediated peroxisome positioning is conserved in D. melanogaster, and
surprisingly, although the proteins do not interact in U. maydis, absence

Fig. 9. The peroxisomal ACBD4/5-like proteins in H. sapiens, D. melanogaster and U. maydis.
Human ACBD4 and ACBD5 both bind to VAP proteins, mediating peroxisome-ER contacts. The homologs of these proteins in the fly D. melanogaster, Acbd4/5 and
Vap33, also interact, while in the fungus U. maydis the homologs Acbd4/5 and Vap33 do not. In contrast to ACBD4, depletion of ACBD5 decreases peroxisome-ER
contacts and hence peroxisomes become more motile. Neuronal depletion of Acbd4/5 in D. melanogaster enables motile peroxisomes to enter axons. Depletion of
U. maydis Acbd4/5 also leads to a redistribution of peroxisomes, with peroxisomes accumulating at the hyphal tip. Overexpression of human ACBD4 or U. maydis
Acbd4/5 reduces the number of peroxisomes. Overexpression of human ACBD5 induces peroxisome elongation and membrane expansion, which is required for
peroxisome biogenesis. Overexpression of D. melanogaster Acbd4/5 seems to have a similar effect.
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of Acbd4/5 does still alter peroxisome distribution.
Organelles not only exchange metabolites, lipids and signal mole-

cules at membrane contact sites, but also maintain their cellular posi-
tioning. For instance, contacts between the ER and mitochondria or late
endosomes control their movement and distribution [57,58]. Silencing
of ACBD5 or both VAPA and VAPB results in reduced ER interaction
accompanied with increased peroxisome motility in mammalian cells,
implying that ER attachment restricts the movement of peroxisomes
[4,10]. In line with this, depletion of acbd4/5 or Vap33 in Drosophila
increased the number of peroxisomes in the axons of wing neurons
without affecting overall peroxisome number. As Acbd4/5 interacts with
Vap33 via its FFAT motif, we anticipate a similar tethering mechanism
as in mammalian cells. Our findings suggest that disruption of the
Acbd4/5-Vap33 interaction leads to peroxisome-ER detachment, with
motile peroxisomes able to enter the axons.

Loss of Vap33 has also been shown to cause relocalisation of other
organelles in Drosophila, e.g. the Golgi apparatus which relocates from
the cell body to axons and dendrites in projection neurons [59].
Conversely, mitochondria also showed abnormal localisation after loss
of Vap33, but they accumulated in the cell body, as opposed to being
mainly distributed in dendrites and axons in wild-type neurons.
Accordingly, it seems that the outcome of Vap33-mediated positioning
in neurons is specific to each organelle and might be linked to the
neuronal function of the organelle. Notably, as VAP proteins are
involved in many ER-organelle interactions and physiological pathways,
loss causes disruption of general cellular homeostasis, which could lead
to indirect effects [60].

Overexpression of ACBD5 in primary mouse hippocampal neurons
has been reported to reduce peroxisome motility, with a reduction of
long-range movements in neurites [61]. However, overexpression of
ACBD5 also increased the number of peroxisomes in neurites. Moreover,
the ACBD5-induced relocalisation of peroxisomes was independent of
ACBD5's interaction with VAP, suggesting an interaction of ACBD5 with
an unidentified protein that can tether, and hence redistribute peroxi-
somes to neurites and the plasma membrane in hippocampal neurons
[42]. These observations may point to cell type (and/or species) specific
differences in peroxisome-ER tethering. Furthermore, cell-type specific
differences in microtubule-based transport of peroxisomes may impact
their redistribution after loss of ER-tethering. In mammalian cells, this
depends on the adapter protein MIRO1, which can recruit kinesin/
dynein motors exerting pulling forces at peroxisomes [62,63].

Pan-neuronal knockdown of acbd4/5 caused a significant reduction
in the survival of D. melanogaster, demonstrating the importance of
neuronal Acbd4/5. However, we did not observe a locomotor phenotype
even at 50 DPE, beyond the median lifespan of these flies. This is
different from observations in patients and ACBD5 knockout mouse
models, in which progressive locomotor phenotypes have been observed
[24,25]. It is possible that changes in locomotion may have occurred
with greater knockdown efficiency in neurons or complete ablation of
the gene. ACBD5 deficient patients and mice exhibit cerebellar demye-
lination [15,16,24,25]. Whilst D. melanogaster do not possess myeli-
nating oligodendrocytes, their axons are insulated by wrapping/
ensheathing glial cells, ablation of which causes locomotor deficits
[64,65]. The contribution of glial ACBD5 to motor function could thus
be a potential explanation for the lack of locomotor phenotype observed
upon neuronal knockdown in Drosophila.

Lifespan and locomotor defects have been previously reported for
Vap33 null and ALS-associated (Vap33 P58S) mutant larvae [40,66,67],
and Vap33 P58S expressing flies [68,69]. Since acbd4/5 knockdown did
not affect locomotion, the effects of Vap33 knockdown are unlikely to be
caused by a reduction in Acbd4/5-Vap33 contact sites. Indeed, defects in
neuromuscular junction (NMJ) boutons in the P58S mutant are attrib-
uted to a reduction in mitochondrial ATP-production, potentially via a
reduction in mitochondrial Ca2+ uptake at mitochondria-ER contact
sites [67].

While human ACBD5 is thought to facilitate peroxisomal β-oxidation

by capturing and channelling fatty acids, there is currently little infor-
mation available on the metabolic function of fly Acbd4/5. A previous
study that compared different D. melanogaster strains reported that
acbd4/5 knockdown increases levels of cuticular hydrocarbons. These
lipid molecules reside in the epicuticle and have important roles in
preventing desiccation and chemical signalling for social interactions
[70]. A link between peroxisomal metabolism and cuticular hydrocar-
bons is currently unclear.

The fungus U. maydis is a useful model system to uncover basic cell
biological mechanisms underlying the complex regulatory networks in
mammals [32]. Furthermore, many peroxisomal proteins and pathways
are shared between U. maydis and humans, including microtubule-
dependent long-range transport of organelles [26]. In line with this,
we revealed that Um_Acbd4/5 is a peroxisomal acyl-CoA binding pro-
tein. However, in contrast to mammalian ACBD4 and ACBD5 proteins it
does not contain a FFAT motif and does not interact with Vap proteins,
indicating that it is not involved in peroxisome-ER tethering via Vap33
and may rather perform other (metabolic) functions. We noticed that its
overexpression reduced peroxisome numbers, which was also observed
in H9C2 rat myoblasts after overexpression of ACBD4. Interestingly,
mutations in the ACBD4 ACB domain prevented peroxisome loss,
pointing to a specific, regulatory mechanism. Notably, the ACBD4/5
homolog in the yeast P. pastoris (Atg37), which is required for the for-
mation of the pexophagic receptor complex linking peroxisomes to the
autophagic machinery, appears to be regulated by palmitoyl-CoA [36].
Drosophila Acbd4/5 and human ACBD5 do not appear to impact
peroxisome degradation [15,16,39,48]. We therefore suggest that
H. sapiens ACBD4 and fungal/yeast ACBD4/5-like proteins may share a
role in the regulation of peroxisome number.

Organelle positioning in the long, polarised hyphae is dependent on
active diffusion and microtubule-based transport [71]. As Um_Acbd4/5
does not possess a FFAT motif for Vap33-ER tethering, we hypothesised
that its depletion would not impact on peroxisome distribution. Unex-
pectedly, however, peroxisomes were redistributed to the hyphal tips in
Δacbd4/5 cells. Notably, peroxisomes undergo kinesin and dynein-
dependent transport along microtubules by hitchhiking on motile
early endosomes in U. maydis [49]. Hitchhiking of peroxisomes on early
endosomes was also observed in the filamentous fungus Aspergillus
nidulans [72,73]. As early endosomes also accumulated at the tip in
Δacbd4/5 cells, the redistribution and polar localisation of peroxisomes
is likely indirect and caused by the redistribution of early endosomes.
The positioning of mitochondria and lipid droplets was unaffected,
although the latter also hitchhike on early endosomes. However, the
increase in lipid droplet number and reduction in mitochondrial mem-
brane potential in hyphal cells may point to a more general cellular
defect and indirect effects on peroxisome/early endosome distribution,
potentially caused by impaired lipid metabolism. ACBD5 deficiency
results in VLCFA accumulation, and subsequent alterations in the fatty
acid composition of membrane phospholipids [24,25]. These alterations
could explain the observed increase in lipid droplets and changes in the
mitochondrial membrane potential.

However, the yeast-like cells of the Δacbd4/5 strain did not show a
basal growth defect in liquid and on solid media, implying normal en-
ergy production. Furthermore, the growth of the Δacbd4/5 strain on a
selection of fatty acid substrates as sole carbon source was not dimin-
ished indicating that peroxisomal fatty acid oxidation is not grossly
affected. U. maydis possesses two fatty acid transporters (UMAG_03945,
UMAG_01105) related to the mammalian peroxisomal transporters
ABCD1 and ABCD2 [26]. ACBD5 is supposed to capture (preferentially)
VLCFA and to hand them over to ABCD1 for import into peroxisomes
and subsequent β-oxidation. It is possible that alternative mechanisms
for capture and hand-over of fatty acids exist in U. maydis or that the
concentrations of fatty acids in our experimental set up are high enough
to allow unassisted uptake via the U. maydis fatty acid transporters. It
should be noted that in ACBD5 deficiency, VLCFA levels are only
moderately elevated indicating that fatty acid uptake is not fully
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inhibited [15,16]. Additionally, Acbd4/5 function may be specifically
important in the hyphal, polarised form of U. maydis.

Overall, the U. maydis and D. melanogaster in vivo models provide
new insights into the potential functions of ACBD4/5-like proteins as
well as their evolution. They will support future studies to increase our
understanding of the pathophysiological processes in ACBD5 deficient
patients.

4. Materials and methods

4.1. Bioinformatic analysis

To analyse the phylogenetic relation and structure of animal and
fungal ACBD4/5-like proteins, 275 sequences from 189 species were
aligned using ClustalΩ. Subsequently, phylogenetic tree construction
was performed with Seaview5 [74] using the PhyML algorithm with the
following parameters: model: LG; branch support: aLRT; invariable sites:
optimized; across site variation: 4 rate categories, optimized; tree
searching operations: best of NNI & SPR; starting tree: BioNJ with
optimized tree topology. Potential α-helical elements in the amino acid
sequences were screened with PredictProtein using RePROF and ProtT5-
sec [75] and Jpred4 [76], acyl-CoA binding domains with a GenomeNet
motif search in PROSITE and NCBI-CDD. Coiled-coiled domains were
predicted with Waggawagga using the Ncoils algorithm [77]. FFAT
motifs were predicted with the FFAT scoring algorithm [35]. Schematic
diagrams of ACBD and VAP proteins in H. sapiens, D. melanogaster and
U. maydis were created using IBS [78]. For identification of protein
domains, the ScanProsite tool was used [79]. Coiled-coil regions were
predicted with the Marcoil [80] and DeepCoil [81] servers using the MPI
Bioinformatics Toolkit [82]. Membrane-spanning helices were detected
with (Deep)TMHMM [83,84].

4.2. Fly strains

D. melanogasterwere housed according to rules and regulations set by
the Genetically Modified Organisms committee at Cardiff University.
The D. melanogaster strains used for experimental procedures in this
study were as follows: elav-GAL4 (Bloomington Drosophila Stock Center
[BDSC]: 458); GMR-GAL4 (1104); and nSyb-GAL4 (51635), 10xUAS-
IVS-myr::tdTomato (32221), 5xUAS-GFP::SKL (28882). They were
crossed with the following commercially available RNAi lines and mu-
tants: 5xUAS-CG8814RNAi (67020), CG8814EY12940 (transposon inser-
tion; 21400), 5xUAS-Vap33RNAi.a (27312), 5xUAS-Vap33RNAi.b (77440),
or control flies containing the attP40 landing site (36304). Flies were
raised under standard conditions at 25 ◦C on cornmeal-molasses-yeast
media and collected within 24 h of eclosion. For the survival assay, fe-
male flies were housed 10 per vial in the same media and transferred to
new media every 2-3 days. Surviving flies were scored at the indicated
intervals.

4.3. Imaging of D. melanogaster wing neurons

Fly wings were imaged to examine peroxisomes in neurons according
to our defined methods [85–88]. Briefly, following CO2 anesthesia, a
wing of the fly was dissected and immediately mounted in halocarbon
oil between a glass slide and a coverslip for imaging using a Zeiss Axio
Examiner.Z1 microscope. A Plan-Apochromat 63×/1.40 oil DIC M27
objective (Zeiss) was used, with lasers 554 nm and 488 nm. Digital
images were acquired with an Axiocam 503 mono camera using Zen 2.6
Blue (Zeiss). Z-stacks were processed and analysed as maximum pro-
jection using ImageJ. For imaging, a mixture of male and female flies
was used. No sex-specific differences were observed.

To obtain a measure for the total cellular peroxisome content in
neurons, a region of interest (ROI) surrounding all neurons in an image
containing the tdTomato signal (used as pan-neuronal marker) was
generated, and a copy of the ROI placed onto the image of the same wing

area containing the GFP-SKL signal (a peroxisomal matrix marker under
the same promoter as tdTomato). The integrated signal intensity of the
region in both images was measured. The GFP-SKL signal was normal-
ized to the tdTomato signal in the image.

To analyse the number of peroxisomes located in axons, peroxisomes
(GFP-SKL) present in the axons (determined by tdTomato) were counted
by going through the individual image planes of a Z-stack. The total
number of axonal located peroxisomes in a Z-stack was normalized to
the number of neuronal cell bodies (tdTomato) in the images.

4.4. Eye imaging

For imaging of adult eyes, flies were CO2 anaesthetized and frozen on
dry ice. The flies were imaged using the Zeiss Stemi 508 stereo micro-
scope with the Axiocam ERc 5 s camera. Image acquisition was carried
out using Zen 2.6 lite (Zeiss).

4.5. RING assay

The rapid iterative negative geotaxis (RING) method was used as
behavioural assay for determining adult climbing ability [89]. Briefly,
female flies were transferred 10 per vial to empty plastic vials without
anaesthetisation. Flies were allowed to acclimatise to the vial for 10 min
and were then dropped with equal force from a height of 100 mm. Flies
were filmed as soon as the vials hit the surface and distance climbed
after 4 s was assessed by analysing the still image at this time-point. Each
vial was dropped 3 times and a mean distance climbed across the 3 re-
peats was calculated for each vial. Three vials of 10 flies were assessed
per genotype at each age.

4.6. U. maydis strain generation

The U. maydis strains AB33_GFP-SKL, and AB33_GFP-Rab5a were
published previously [90,91]. Newly generated strains are described
below. See Table S1 for a summary of their genotypes, Table S2 for
generated and introduced plasmids and Table S3 for details of primers
used. All plasmids were generated by yeast recombination-based cloning
(YRBC) in S. cerevisiae strain DS94 (MATα, ura3-52, trp1-1, leu2-3, his3-
111, and lys2-801), which enables assembly of multiple overlapping
DNA fragments in a single-cloning step [92]. Next, plasmids were
transformed into U. maydis strains AB33 or FB1 [93,102,103]. Briefly,
protoplasts were transformed with linearized plasmids and subsequently
plated on regeneration agar plates with selectable antibiotic. Singular-
ized transformants were screened by microscopy (for genes encoding
fluorescence proteins) or Southern blotting (for generation of deletion
strains).

4.6.1. AB33_mCherry-Acbd1_GFP-SKL
To visualise Acbd1 (UMAG_02959) in hyphal cells of U. maydis, an

mCherry construct was generated. acbd1 full length gene and terminator
was amplified from U. maydis 521 genomic DNA (gDNA) using primers
acbd1_fw and acbd1_rv (Table S3). Plasmid pmCherry-Acad11 [26] was
digested with BsiWI and BglII to remove acad11 and replace it with
acbd1 through YRBC. The obtained pmCherry-Acbd1 plasmid was
digested with EcoRV and integrated ectopically into the peroxisomal
marker AB33_GFP-SKL strain [90], resulting in AB33_mCherry-
Acbd1_GFP-SKL.

4.6.2. AB33_mCherry-Acbd4/5_GFP-SKL
To visualise Acbd4/5 (UMAG_11226) in hyphal cells of U. maydis, an

mCherry construct was generated. acbd4/5 full length gene and termi-
nator was amplified from U. maydis 521 genomic DNA (gDNA) using
primers acbd4/5_fw and acbd4/5_rv (Table S3). Plasmid pmCherry-
Acad11 [26] was digested with BsiWI and BglII to remove acad11 and
replace it with acbd4/5 through YRBC. The obtained pmCherry-Acbd4/5
was digested with EcoRV and integrated ectopically into the peroxisomal
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marker AB33_GFP-SKL strain [90], resulting in AB33_mCherry-Acbd4/
5_GFP-SKL.

4.6.3. AB33_ΔAcbd4/5
For deletion of acbd4/5 in U. maydis, plasmid pΔAcbd4/5 was

generated through YRBC. An 800-bp fragment containing part of the
acbd4/5 promoter (LF) and a 1500-bp fragment containing downstream
sequence of the acbd4/5 gene (RF) were amplified from gDNA using
primers acbd4/5_LF_fw and acbd4/5_LF_rv for LF; acbd4/5_RF_fw and
acbd4/5_RF_rv for RF (Table S3). pΔNudE (unpublished plasmid
generated with cloning vector pNEBhyg-yeast [94]) was digested with
BglII and BsrGI to obtain the backbone and hygromycin resistance
cassette. To generate plasmid pΔAcbd4/5, the hygromycin resistance
cassette was inserted in between the promoter and terminator flank. The
plasmid was digested with DraI and integrated homologously into the
acbd4/5 locus of the strain AB33, resulting in AB33_ΔAcbd4/5.

4.6.4. AB33_ΔAcbd4/5_GFP-SKL
To visualise peroxisomes in AB33_ΔAcbd4/5, pGFP-SKL [90] was

linearised with DraI and integrated ectopically into the strain, resulting
in AB33_ΔAcbd4/5_GFP-SKL.

4.6.5. AB33_ΔAcbd4/5_GFP-Rab5a
To visualise early endosomes in AB33_ΔAcbd4/5, pGFP-Rab5a [91]

was linearised with PciI and SspI, and integrated ectopically into the
strain, resulting in AB33_ΔAcbd4/5_GFP-Rab5a.

4.6.6. FB1_ΔAcbd4/5
This strain was used for growth on different fatty acids, and deletion

of acbd4/5 in the strain FB1 was generated similarly as for
AB33_ΔAcbd4/5 (see above).

4.7. Fungal growth conditions

For daily use, U. maydis strains were maintained on agar plates (1 %
agar (w/v), 1 % glucose (w/v) in complete medium (CM; see for full
composition [95,96]). From this, liquid U. maydis cultures were grown
overnight at 28 ◦C in CM with 1 % glucose (w/v), shaking at 200 rpm.
Hyphal growth was induced by shifting to nitrate minimal medium (NM)
supplemented with 1 % glucose (w/v), followed by 8-14 h of growth at
28 ◦C and 200 rpm.

4.8. Genomic DNA isolation and Southern blotting

To extract gDNA from U. maydis, cultures were grown overnight at
28 ◦C and 200 rpm in 5 ml YEPS and centrifuged at 13,000 rpm for 1
min. The supernatant was discarded, and 0.3 g glass beads were added to
the pellet, together with 400 μl of lysis buffer (2 % Triton X-100, 1 %
SDS, 100 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA) and 500 μl
phenol-chloroform (1:1). The samples were incubated for 10 min on a
Vibrax-VXR shaker (Sigma) and centrifuged at 13,000 rpm for 15 min.
The upper, aqueous phase was transferred to new 1.5 ml tubes con-
taining 1 ml of 100 % ethanol and mixed by inverting. Samples were
centrifuged at 13,000 rpm for 10 min, after which 500 μl 70 % ethanol
was added to the pellet. Samples were centrifuged at 13,000 rpm for 5
min and all ethanol was removed (residual ethanol at 55 ◦C for 2 min).
The pellet was resuspended in 50 μl ddH2O.

To confirm replacement of the acbd4/5 gene by the hygromycin
resistance cassette, analytical PCR and Southern blot analysis was per-
formed. For PCR analysis of the gDNA, different combinations of primers
binding up/downstream acbd4/5 and in the hygromycin resistance
cassette were used (Up_acbd4/5, Down_acbd4/5, Hygr, Table S3), so
that wild-type and deletion strains could be identified based on the PCR
fragment's size or absence/presence.

For Southern blotting, gDNA was digested overnight with NcoI or
PvuII. These endonucleases were chosen so that the enzyme would cut

the insert and not in the wild-type acbd4/5 locus, or in the right flank of
the acbd4/5 locus, respectively. A probe binding the left flank of the
acbd4/5 locus was generated using DIG probe labelling mix (Roche) as
per the manufacturer's instruction (primers acbd4/5_LF_fw and acbd4/
5_LF_rv, Table S3). The digested gDNA was separated on an agarose gel.
Then the gel was depurinated in 0.25 M HCl for 15 min, and subse-
quently neutralised in 0.4 M NaOH for 15 min. DNA was transferred
from the gel to Amerhsam Hybond-NX membrane (GE Healthcare) with
0.4 M NaOH, for at least 4 h, through capillarity. The membrane was UV
cross-linked to covalently bind the DNA to the membrane. The mem-
brane was incubated with hybridization buffer (0.5 M NaPO4 [mono-
basic] pH 7, 7 % SDS) at 68 ◦C for 30 min, and subsequently in 50 ml
hybridization buffer with the probe at 68 ◦C overnight. The following
day, the membrane was washed (0.1 M NaPO4 [monobasic] pH 7, 1 %
SDS), blocked (1 % milk in DIG-buffer: 0.1 M maleic acid, 0.15 M NaCl,
pH 7.5) and then incubated with Anti-Digoxigenin-AP (Roche) in 1:10
block buffer, followed by detection with Tropix CDP-Star solution
(Applied Biosystems) using the G:Box Chemi (Syngene).

4.9. Live cell imaging of U. maydis

For microscopy of U. maydis, cells from a liquid culture were placed
on a thin layer of 2 % agarose, covered with a cover slip, and immedi-
ately observed using a motorized inverted microscope (IX83; Olympus)
equipped with a PlanApo 100×/1.45 oil TIRF or UPlanSApo 60×/1.35
oil objective (Olympus) and a VS-LMS4 Laser-Merge-System with solid-
state lasers (488 and 561 nm, 75 mW; Visitron System). Images were
captured using a CoolSNAP HQ2 CCD camera (Photometrics). All parts
of the systemwere controlled by the VisiView 3.3.0.4 (Visitron Systems).
Z-stacks were taken using a Piezo drive (Piezosystem Jena) and pro-
cessed and analysed as maximum projection using MetaMorph. ImageJ
was used for image processing and overlay. Cell edges are indicated by
an overlain false-colour bright-field image.

To measure peroxisome distribution (GFP-SKL) in hyphal cells, the
mean fluorescent intensity over the length of individual cells was
measured using the line-scan function in MetaMorph. The intensity at
each data point was calculated relative to the total fluorescent intensity
in the measured area.

Lipid droplets were visualized by incubating cells in the dark for 10
min at room temperature with 5 μl/ml BODIPY 493/503 (Thermo Fisher
Scientific, Loughborough, UK stock solution 1 mg/ml in DMSO). Z-
stacks were taken, and the number of lipid droplets were analysed in
maximum projections.

Mitochondrial membrane potential was visualized with tetrame-
thylrhodamine methyl ester (TMRM; Thermo Fisher Scientific) as
described previously [97]. Briefly, 1 μl TMRM was added to 1 ml of cell
culture and incubated in the dark at room temperature for 10 min,
rotating on an SB2 Rotator. The integrated TMRM fluorescence intensity
in the cells was measured and corrected by the integrated signal in-
tensity within the same region in the image background.

4.10. Growth assays on fatty acids

To examine growth on different fatty acids, U. maydis wild-type cells
(FB1, SG200) [103,104], ΔAcbd4/5 (FB1) and ΔPex3 (SG200) were
grown overnight in CM supplemented with 1 % glucose at 28 ◦C and 200
rpm. Next day, cells were diluted to an OD600 of 0.15-0.20 and grown for
4 h. Cells were centrifuged for 5 min at 3000 rpm and washed 3 times
with NM. The cell suspension was diluted to 1,000,000 cells/ml and
200,000 cells/ml in NM, and 5 μl was plated on NM-agar plates with or
without 1 % glucose (w/v) supplemented with different fatty acids. The
following fatty acids were used (from Sigma if not stated otherwise):
palmitic acid (C16:0; stock solution 100 mg/ml), lignoceric acid (C24:0;
20 mg/ml), hexacosanoic acid methyl ester (C26:0; 20 mg/ml), vege-
table oleic acid (18:1(n− 9; Merck); 100 mg/ml) and phytanic acid
(3,7,11,15-tetramethyl 16:0; 100 mg/ml). Fatty acids were dissolved in
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ethanol, for which palmitic acid, lignoceric acid and methyl hex-
acosanoic acid ester were heated to 70 ◦C. Equal volumes of ethanol
were added to the NM-agar plates as control. Plates were incubated for
48 h at 28 ◦C and images acquired using Epson Perfection V850 Pro
scanner. To quantitatively determine fungal growth, a region of interest
(ROI) covering the growth area was generated and analysed using the
software MetaMorph 7.8.6.0 (Molecular Devices). The integrated signal
intensity of the region was measured and corrected by the integrated
intensity of a same region in the image background.

4.11. Mammalian cell culture and transfection

COS-7 (African green monkey kidney cells, CRL-1651; ATCC) and
H9C2 (rat myoblasts, embryo) [98] cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM), high glucose (4.5 g/l) supplemented
with 10 % fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml
streptomycin (all from Life Technologies) at 37 ◦C with 5 % CO2 and 95
% humidity. COS-7 cells were transfected using diethylaminoethyl
(DEAE)-dextran (Sigma-Aldrich) as described [99]. H9C2 cells were
transfected by microporation (Neon Transfection system; 1400 V, 20 ms,
1 pulse). Cells were assayed for immunofluorescence or immunopre-
cipitation experiments 24-48 h after transfection.

4.12. cDNA constructs for studies in mammalian cells

Plasmids Myc-Hs_ACBD5 (WT; Q5T8D3-2), Myc-Hs_ACBD5 mFFAT
(Y266K/C267K/S269R), FLAG-Hs_ACBD5, FLAG-Hs_ACBD4 (WT;
Q8NC06-2), FLAG-Hs_ACBD4 mFFAT (F180A/D182A/E185A), FLAG-
Hs_ACBD4 mCC (M244P), FLAG-Hs_ACBD4 mACB (Y43F/K47A/Y88A)
and peYFP-hLC3 were published previously [5,6,11,100].

N-terminally tagged constructs of D. melanogaster Acbd4/5 and
Vap33 were generated for expression in mammalian cells. Mammalian
vectors pCMV-3Tag-2a containing acbd4/5 (CG8814), for expression of
3xMyc-Dm_Acbd4/5 (P219E or S223E), and pCMV-3Tag-1a containing
Vap33, for expression of 3xFLAG-Dm_Vap33, were produced by Gen-
Script (NM_134885.4 and NM_130731.3, respectively).

N-terminally tagged constructs of U. maydis Acbd4/5 and Vap33
were generated for expression in mammalian cells. The acbd4/5 gene
does not contain introns and therefore was amplified from plasmid
pmCherry-Acbd4/5 (Table S2) using forward primer ATA-
GAATTCATGAGCAGCGCAGACGTCATCG and reverse primer TATGA-
TATCTCAAGCGCCAGCTTCGGCGAC (5′ to 3′). The acbd4/5 fragment
was inserted into mammalian expression vector pCMV-Tag3b using
EcoRI and EcoRV, resulting in Myc-Um_Acbd4/5. Mammalian vector
pCMV-3Tag-1a containing vap33 (UMAG_11696), for expression of
3xFLAG-Um_Vap33, was produced by GenScript (XM_011389787.1). All
constructs produced were confirmed by sequencing (Eurofins
Genomics).

4.13. Immunofluorescence and microscopy of cultured mammalian cells

Cells grown on glass coverslips were fixed with 4 % para-
formaldehyde (PFA; in PBS, pH 7.4) for 20 min, permeabilised with 0.2
% Triton X-100 for 10 min, and blocked with 1 % BSA for 10 min.
Blocked cells were sequentially incubated with primary and secondary
antibodies (Table S4) for 1 h in a humid chamber at room temperature.
Coverslips were washed with ddH2O to remove PBS and mounted on
glass slides using Mowiol medium. Cell imaging was performed using an
Olympus IX81 microscope equipped with an UPlanSApo 100×/1.40 oil
objective (Olympus Optical). Digital images were taken with a Cool-
SNAP HQ2 CCD camera (Photometrics) and adjusted for contrast and
brightness using MetaMorph 7 (Molecular Devices) or ImageJ.

4.14. Immunoprecipitation

Protein interactions were assayed by immunoprecipitation as

previously described [101]. For immunoprecipitation of FLAG-Dm/
Um_Vap33, the constructs mentioned in the experiments were
expressed in COS-7 cells. Cells were washed in PBS and lysed in ice-cold
lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 %
Triton X-100, mini protease inhibitor cocktail (Roche), and phosphatase
inhibitor cocktail (Roche)). Insolubilized material was pelleted by
centrifugation at 15,000 ×g. The supernatant was incubated with anti-
FLAG M2 affinity gel (Sigma) at 4 ◦C for 1 h, after which the gel was
repeatedly washed with wash buffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 % Triton X-100) in a rotating shaker at 4 ◦C and by
centrifugation at 5000 ×g. Proteins were competitively eluted using 3×
FLAG peptide (Sigma; in 10 mM Tris HCl, 150 mM NaCl, pH 7.4 (TBS)).

For immunoprecipitation of Myc-Dm/Um_Acbd4/5, the constructs
mentioned in the experiments were expressed in COS-7 cells. After 48 h
cells were washed in PBS, and lysed in ice-cold lysis buffer (10 mM Tris-
HCL pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.5 % NP-40, mini protease
inhibitor cocktail (Roche), and phosphatase inhibitor cocktail (Roche)).
Insolubilized material was pelleted by centrifugation at 15,000 ×g. The
supernatant was diluted (1:2) with dilution buffer (10 mM Tris-HCL pH
7.4, 150 mM NaCl, 0.5 mM EDTA) and mixed with Myc-TRAP (Chro-
moTek) magnetic agarose beads and incubated for 1 h at 4 ◦C. Beads
were subsequently extensively washed with wash buffer (10 mM Tris-
HCL pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.05 % NP-40) in a
rotating shaker at 4 ◦C. Proteins were eluted with Laemmli buffer for 10
min at 95 ◦C.

Immunoprecipitates and total lysates were analysed by Western
immunoblotting. Proteins were separated on 4-12 % gradient precast
SurePAGE gels (GenScript), and subsequently transferred to nitrocellu-
lose membranes (Amersham Bioscience) using a semi-dry apparatus
(Trans-Blot SD, Bio-Rad). Membranes were blocked in 5 % dry milk
(Marvel) in Tris-buffered saline with Tween-20 (TBS-T), and incubated
with primary antibodies (Table S4), followed by incubation with
horseradish peroxidase-conjugated secondary antibodies (Table S4) and
detected with enhanced chemiluminescence reagents (Amersham
Bioscience) using the G:Box Chemi (Syngene).

4.15. Statistical analysis

Two-tailed unpaired t-tests were used for statistical comparisons
between two groups. For experiments containing more groups, one-way
ANOVA with Sidak's post hoc test was used to determine statistical
differences between the mean of selected pairs; or one-way ANOVAwith
Dunnett's post hoc test was used to determine statistical differences
against a control mean. Log-rank test was used for survival analysis, and
two-way ANOVA with FDR correction was used for the RING assay. For
these tests, data distribution was assumed to be normal but this was not
formally tested. Nonparametric Mann-Whitney test was used for statis-
tical comparison of the non-normal distributed TMRM data (at least one
data set with P < 0.05 in Shapiro–Wilk test). Statistical analyses were
performed on GraphPad Prism (v9.4.1 and 10.2.0). Data are presented
as mean ± SEM/SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001.
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.bbamcr.2024.119843.
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[96] S.C. Guimarães, S. Kilaru, M. Schrader, M. Schuster, Labeling of peroxisomes for
live cell imaging in the filamentous fungus Ustilago maydis, Methods Mol. Biol.
1595 (2017) 131–150, https://doi.org/10.1007/978-1-4939-6937-1_13.

[97] G. Steinberg, M. Schuster, S.J. Gurr, T.A. Schrader, M. Schrader, M. Wood,
A. Early, S. Kilaru, A lipophilic cation protects crops against fungal pathogens by
multiple modes of action, Nat. Commun. 11 (1) (2020) 1–19, https://doi.org/
10.1038/s41467-020-14949-y.

[98] N. Rawlings, L. Lee, Y. Nakamura, K.A. Wilkinson, J.M. Henley, Protective role of
the deSUMOylating enzyme SENP3 in myocardial ischemia-reperfusion injury,
PLoS One 14 (2019) e0213331, https://doi.org/10.1371/JOURNAL.
PONE.0213331.

[99] N.A. Bonekamp, K. Vormund, R. Jacob, M. Schrader, Dynamin-like protein 1 at
the Golgi complex: a novel component of the sorting/targeting machinery en
route to the plasma membrane, Exp. Cell Res. 316 (2010) 3454–3467, https://
doi.org/10.1016/J.YEXCR.2010.07.020.

[100] L.C. Gomes, L. Scorrano, High levels of Fis1, a pro-fission mitochondrial protein,
trigger autophagy, Biochim. Biophys. Acta Bioenerg. 1777 (2008) 860–866,
https://doi.org/10.1016/J.BBABIO.2008.05.442.

[101] S. Kors, M. Schrader, Assessing peroxisomal protein interaction by
immunoprecipitation, in: Peroxisomes. Methods in Molecular Biology, Humana
Press Inc., 2023, pp. 345–357, https://doi.org/10.1007/978-1-0716-3048-8_24.

[102] A. Brachmann, G. Weinzierl, J. Kämper, R. Kahmann, Identification of genes in
the bW/bE regulatory cascade in Ustilago maydis, Mol. Microbiol. 42 (2001)
1047–1063, https://doi.org/10.1046/J.1365-2958.2001.02699.X.

[103] F. Banuett, I. Herskowitz, Different a alleles of Ustilago maydis are necessary for
maintenance of filamentous growth but not for meiosis, Proc. Natl. Acad. Sci. 86
(1989) 5878–5882, https://doi.org/10.1073/PNAS.86.15.5878.

[104] M. Bölker, S. Genin, C. Lehmler, R. Kahmann, Genetic regulation of mating and
dimorphism in Ustilago maydis, Can. J. Bot. 73 (1995) 320–325, https://doi.org/
10.1139/B95-262.

[105] J. Klose, J.W. Kronstad, The multifunctional β-oxidation enzyme is required for
full symptom development by the biotrophic maize pathogen Ustilago maydis,
Eukaryot. Cell 5 (2006) 2047–2061, https://doi.org/10.1128/EC.00231-06.

[106] M. Kretschmer, J. Klose, J.W. Kronstad, Defects in mitochondrial and peroxisomal
β-oxidation influence virulence in the maize pathogen Ustilago maydis, Eukaryot.
Cell 11 (2012) 1055–1066, https://doi.org/10.1128/EC.00129-12.

[107] C.W.T. van Roermund, L. Ijlst, T. Wagemans, R.J.A. Wanders, H.R. Waterham,
A role for the human peroxisomal half-transporter ABCD3 in the oxidation of
dicarboxylic acids, BBA Mol. Cell Biol. Lipids 2014 (1841) 563–568, https://doi.
org/10.1016/J.BBALIP.2013.12.001.

S. Kors et al. BBA - Molecular Cell Research 1871 (2024) 119843 

19 

https://doi.org/10.1083/JCB.201512020
https://doi.org/10.1091/MBC.E20-08-0559
https://doi.org/10.1007/978-1-0716-1036-7_15
https://doi.org/10.1007/978-1-0716-1036-7_15
https://doi.org/10.1093/NAR/GKAB354
https://doi.org/10.1093/NAR/GKAB354
https://doi.org/10.1093/NAR/GKV332
https://doi.org/10.1093/NAR/GKV332
https://doi.org/10.1093/BIOINFORMATICS/BTU700
https://doi.org/10.1093/BIOINFORMATICS/BTU700
https://doi.org/10.1093/BIOINFORMATICS/BTV362
https://doi.org/10.1093/BIOINFORMATICS/BTV362
https://doi.org/10.1093/NAR/GKS1067
https://doi.org/10.1093/NAR/GKS1067
https://doi.org/10.1093/bioinformatics/18.4.617
https://doi.org/10.1093/bioinformatics/18.4.617
https://doi.org/10.1093/BIOINFORMATICS/BTY1062
https://doi.org/10.1093/BIOINFORMATICS/BTY1062
https://doi.org/10.1002/CPBI.108
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1038/s41420-023-01642-4
https://doi.org/10.1038/s41420-023-01642-4
https://doi.org/10.1101/PDB.PROT108051
https://doi.org/10.1101/PDB.TOP107819
https://doi.org/10.1101/PDB.PROT108052
https://doi.org/10.1101/PDB.PROT108052
https://doi.org/10.1016/j.exger.2005.02.005
https://doi.org/10.1016/j.exger.2005.02.005
https://doi.org/10.1016/J.FBR.2011.01.008
https://doi.org/10.1038/EMBOJ.2010.360
https://doi.org/10.1038/EMBOJ.2010.360
https://doi.org/10.1016/J.FGB.2015.03.017
https://doi.org/10.1007/978-1-4939-6937-1_13
https://doi.org/10.1038/EMBOJ.2011.361
https://doi.org/10.1007/978-1-4899-1710-2_31
https://doi.org/10.1007/978-1-4899-1710-2_31
https://doi.org/10.1007/978-1-4939-6937-1_13
https://doi.org/10.1038/s41467-020-14949-y
https://doi.org/10.1038/s41467-020-14949-y
https://doi.org/10.1371/JOURNAL.PONE.0213331
https://doi.org/10.1371/JOURNAL.PONE.0213331
https://doi.org/10.1016/J.YEXCR.2010.07.020
https://doi.org/10.1016/J.YEXCR.2010.07.020
https://doi.org/10.1016/J.BBABIO.2008.05.442
https://doi.org/10.1007/978-1-0716-3048-8_24
https://doi.org/10.1046/J.1365-2958.2001.02699.X
https://doi.org/10.1073/PNAS.86.15.5878
https://doi.org/10.1139/B95-262
https://doi.org/10.1139/B95-262
https://doi.org/10.1128/EC.00231-06
https://doi.org/10.1128/EC.00129-12
https://doi.org/10.1016/J.BBALIP.2013.12.001
https://doi.org/10.1016/J.BBALIP.2013.12.001

	New insights into the functions of ACBD4/5-like proteins using a combined phylogenetic and experimental approach across mod ...
	1 Introduction
	2 Results
	2.1 Domain comparison of the ACBD4/5 homologs in H. sapiens, U. maydis and D. melanogaster
	2.2 Peroxisomal targeting of D. melanogaster and U. maydis Acbd4/5
	2.3 D. melanogaster Acbd4/5 binds to Vap33 via a FFAT motif
	2.4 Depletion of Acbd4/5 or Vap33 disrupts peroxisome distribution in D. melanogaster wing neurons
	2.5 Depletion of Acbd4/5 reduces lifespan of D. melanogaster but does not affect locomotion
	2.6 Expression of U. maydis Acbd4/5 and human ACBD4 reduces peroxisome number
	2.7 Acbd4/5 deletion disrupts organelle distribution and properties in U. maydis hyphae
	2.8 Growth of the U. maydis Acbd4/5 deletion strain on different fatty acid substrates is unaffected

	3 Discussion
	3.1 Nomenclature and evolution
	3.2 ACBD4/5 function in D. melanogaster and U. maydis

	4 Materials and methods
	4.1 Bioinformatic analysis
	4.2 Fly strains
	4.3 Imaging of D. melanogaster wing neurons
	4.4 Eye imaging
	4.5 RING assay
	4.6 U. maydis strain generation
	4.6.1 AB33_mCherry-Acbd1_GFP-SKL
	4.6.2 AB33_mCherry-Acbd4/5_GFP-SKL
	4.6.3 AB33_ΔAcbd4/5
	4.6.4 AB33_ΔAcbd4/5_GFP-SKL
	4.6.5 AB33_ΔAcbd4/5_GFP-Rab5a
	4.6.6 FB1_ΔAcbd4/5

	4.7 Fungal growth conditions
	4.8 Genomic DNA isolation and Southern blotting
	4.9 Live cell imaging of U. maydis
	4.10 Growth assays on fatty acids
	4.11 Mammalian cell culture and transfection
	4.12 cDNA constructs for studies in mammalian cells
	4.13 Immunofluorescence and microscopy of cultured mammalian cells
	4.14 Immunoprecipitation
	4.15 Statistical analysis

	Funding information
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


