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Acyl-CoA binding domain-containing 5 (ACBD5) is a perox-
isomal protein that carries an acyl-CoA binding domain (ACBD)
atits N-terminal region. The recent identification of a mutation
in the ACBDS gene in patients with a syndromic form of retinal
dystrophy highlights the physiological importance of ACBD5 in
humans. However, the underlying pathogenic mechanisms and
the precise function of ACBD5 remain unclear. We herein
report that ACBD5 is a peroxisomal tail-anchored membrane
protein exposing its ACBD to the cytosol. Using patient-derived
fibroblasts and ACBD5 knock-out HeLa cells generated via
genome editing, we demonstrate that ACBD5 deficiency causes
a moderate but significant defect in peroxisomal f3-oxidation of
very-long-chain fatty acids (VLCFAs) and elevates the level of
cellular phospholipids containing VLCFAs without affecting
peroxisome biogenesis, including the import of membrane and
matrix proteins. Both the N-terminal ACBD and peroxisomal
localization of ACBD5 are prerequisite for efficient VLCFA
B-oxidation in peroxisomes. Furthermore, ACBD5 preferen-
tially binds very-long-chain fatty acyl-CoAs (VLC-CoAs).
Together, these results suggest a direct role of ACBD5 in perox-
isomal VLCFA B-oxidation. Based on our findings, we propose
that ACBD5 captures VLC-CoAs on the cytosolic side of the
peroxisomal membrane so that the transport of VLC-CoAs into
peroxisomes and subsequent -oxidation thereof can proceed
efficiently. Our study reclassifies ACBD5-related phenotype as a
novel peroxisomal disorder.

Peroxisomes are ubiquitous single membrane-bounded
organelles that play an indispensable role in multiple metabolic
pathways, including fatty acid a- and B-oxidation, ether lipid

synthesis, docosahexaenoic acid (DHA)? synthesis, and hydro-
gen peroxide degradation (1). The functional significance of
peroxisomes for human health is manifested by the fact that
mutations in human genes encoding peroxisomal proteins lead
to a spectrum of inherited peroxisomal disorders (2). Patients
with peroxisomal disorders typically develop neurological
abnormalities, and the clinical severity ranges from a fatal
developmental disorder to a mild degenerative disorder with
symptoms such as blindness, hearing impairment, and ataxia,
depending on the gene responsible and the nature of the muta-
tion (3).

Peroxisomal disorders can be classified into peroxisome bio-
genesis disorders (PBDs) and single peroxisomal enzyme defi-
ciencies (SEDs). PBDs, including Zellweger syndrome, are
caused by defects in the formation and/or maintenance of func-
tional peroxisomes, and consequently patients with PBDs usu-
ally lack the entire peroxisomal metabolic functions (4, 5). The
vast majority of PBDs are associated with mutations in PEX
genes encoding peroxins, most of which are involved in the
import of peroxisomal proteins (5, 6). Conversely, the primary
defect in SEDs resides in the peroxisomal matrix enzymes
or peroxisomal membrane proteins that mediate metabolite
transport. Therefore, specific peroxisome-dependent meta-
bolic pathways are affected in patients with each of the SEDs.
Well known SEDs affecting peroxisomal fatty acid B-oxidation
pathway include X-linked adrenoleukodystrophy (X-ALD)
caused by mutations in the ABCDI gene (7-9), acyl-CoA oxi-
dase 1 (AOx) deficiency caused by mutations in the AOx gene
(10, 11), and D-bifunctional protein deficiency caused by muta-
tions in the HSD17B4 gene (12, 13).
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Deficiency of VLCFA B-Oxidation in ACBD5-defective Cells

Recently, a homozygous truncating mutation in the ACBDS
gene encoding acyl-CoA binding domain-containing 5 (ACBD5)
was reported in a family with retinal dystrophy and severe neu-
rological involvement (Ref. 14; Online Mendelian Inheritance
in Man (OMIM) number 616618). ACBD5 is one of the seven
members of the mammalian acyl-CoA binding domain-con-
taining protein (ACBP) family characterized by an N-terminal
acyl-CoA binding domain (ACBD) (15). Previous proteomic
studies using isolated mammalian peroxisomes have identified
ACBD?5 as a peroxisomal protein (16, 17). Therefore, the newly
described ACBD5 deficiency could be considered as a novel
peroxisomal disease. Indeed, the three siblings with ACBD5
deficiency also developed white matter disease and spastic
paraparesis (14), which are frequently observed in patients with
peroxisomal disorders. However, the mechanisms that link
ACBDS5 deficiency to such a syndromic form of retinal dystro-
phy remain undefined.

ACBD5 was recently suggested to be involved in basal
autophagic degradation of peroxisome, namely pexophagy, in
mammalian cell culture (18); however, the precise function of
ACBDS5 is not fully defined. Because ACBD5 harbors a con-
served ACBD at the N terminus, it can be anticipated that
ACBD?5 exerts its function(s) through binding to acyl-CoAs and
that ACBD5 functions in a peroxisome-dependent lipid meta-
bolic pathway. Here, we demonstrate that ACBD5 is a peroxi-
somal tail-anchored protein exposing its N-terminal ACBD to
the cytosol. ACBD5 is required for achieving efficient very-
long-chain fatty acid (VLCFA) B-oxidation, and ACBD5
deficiency leads to accumulation of cellular phospholipids
containing VLCFAs. Importantly, the N-terminal ACBD and
peroxisomal localization of ACBDS5 are prerequisite for its
function. Moreover, ACBD5 likely binds preferentially very-
long-chain fatty acyl-CoAs (VLC-CoAs). Based on our data, we
propose that ACBD5 captures VLC-CoAs on the cytosolic side
of the peroxisomal membrane to secure efficient transport of
VLC-CoAs into peroxisomes for subsequent VLCFA B-oxida-
tion. Our findings provide a mechanistic explanation of how
ACBD5 deficiency results in the pathogenesis of retinal dystro-
phy and associated neurological deficits in patients with
ACBD5-related phenotype.

Results

ACBDS Is a Peroxisomal Tail-anchored Protein Exposing Its
Acyl-CoA Binding Domain to the Cytosol—Previous proteomic
studies of isolated mammalian peroxisomes identified ACBD5
as a peroxisomal protein (16, 17), and immunofluorescence
microscopy of HeLa cells confirmed the peroxisomal localiza-
tion of endogenous ACBD5 (Fig. 14 and Ref. 18). On the basis
of its primary sequence, ACBD?5 is predicted to possess a trans-
membrane domain (TMD) close to the C terminus (Fig. 1B).
Therefore, we first investigated whether ACBD5 is an integral
membrane protein by subcellular fractionation followed by
an alkaline extraction method (19). Consistent with its per-
oxisomal localization, endogenous ACBD5 was recovered
exclusively in the organelle-containing fraction of HeLa cells
(Fig. 24). Upon alkaline extraction, ACBD5 behaved in the
same manner as PEX14, a peroxisomal membrane protein,
but not AOx, a peroxisomal matrix protein (Fig. 2B), indi-
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FIGURE 1. ACBD5 localizes to peroxisomes. A, panels a-c, Hela cells were
immunostained with anti-ACBD5 and anti-PEX14 antibodies. A merged view
is also shown. Scale bar, 10 um. B, schematic representation of the domain
structure of ACBD5. Numbers, amino acid positions of human ACBD5 isoform
2 (NCBI reference sequence NP_001035938.1); ACBD, NCBI conserved
domain cd00435; CCD, predicted by Paircoil2; TMD, predicted by TMpred.

cating that ACBD5 is a bona fide peroxisomal membrane
protein.

Next, we analyzed the membrane topology of ACBD5 by
means of a differential permeabilization technique. HeLa cells
transiently expressing N-terminally FLAG-tagged and C-ter-
minally HA-tagged ACBD5 (FLAG-ACBD5-HA) were immu-
nostained with antibodies against FLAG tag, HA tag, and cata-
lase after full permeabilization of cellular membranes with
Triton X-100 or selective permeabilization of the plasma mem-
brane with digitonin. A punctate staining pattern of intraper-
oxisomal catalase was detected in Triton X-100-permeabilized
cells but not in digitonin-permeabilized cells, thereby showing
that the peroxisomal membrane remained intact in digitonin-
permeabilized cells (Fig. 2C, panels ¢ and f). In Triton X-100-
permeabilizaed cells, both the N-terminal FLAG tag and the
C-terminal HA tag were detected in a similar punctate pattern
that coincided with catalase (Fig. 2C, panels a—c). In contrast,
in digitonin-permeabilized cells where antibodies could not
access intraperoxisomal epitopes, only the N-terminal FLAG
tag was detectable (Fig. 2C, panels d and e). These results
strongly suggest that the N-terminal region of ACBDS5 is
exposed to the cytosol whereas the C-terminal tail is translo-
cated and faces the peroxisomal matrix.

Based on its membrane topology, we predicted that ACBD5
would belong to the tail-anchored protein family, which is char-
acterized by a cytosol-facing N-terminal domain and a single
C-terminal TMD (20). In general, the targeting information of
tail-anchored proteins resides solely within their C-terminal
membrane-anchoring region (21). To test whether the C-ter-
minal region of ACBD5 mediates both peroxisomal targeting
and membrane anchoring, we generated several EGFP-fused
ACBD?5 variants (Fig. 2D) and determined their localization in
HelLa cells. As expected, wild-type (WT) EGFP-ACBD5 colo-
calized with intraperoxisomal proteins harboring peroxisomal
targeting signal type 1 (PTS1) (Fig. 2E, panels a—c). EGFP-
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ACBD5C40 consisting of the C-terminal 40 amino acids (aa)
exhibited a similar peroxisomal localization, whereas EGFP-
ACBD5AC lacking the C-terminal 33 aa did not localize to per-
oxisomes and rather was detected in cytoplasmic reticular
and/or tubular structures (Fig. 2E, panels d—i). The observed
localization of EGFP-ACBD5AC was unexpected because sim-
ilar C-terminal deletion mutants of tail-anchored proteins gen-
erally show a typical cytosolic localization. Apparently, the
localization of EGFP-ACBD5AC to cytoplasmic structures was
dependent on the coiled coil domain (CCD); a further deletion
of the CCD gave rise to a cytosolic localization (ACACCD; Fig.
2E, panels j-I). Although the physiological significance of
this observation was unclear, our data implied that EGFP-
ACBDS5AC failed to reach peroxisomes but associated with
cytoplasmic structures via the CCD region. Notably, in subcel-
lular fractionation and alkaline extraction analyses, EGFP-
ACBD5C40 showed the same behavior as a peroxisomal mem-
brane protein, PEX13 (Fig. 2, F and G). Therefore, these results
demonstrate that the C-terminal TMD-containing region of
ACBDS5 functions as the signal-anchor sequence for peroxi-
somal localization. Taken together, we concluded that ACBD5
is a peroxisomal tail-anchored membrane protein and exposes
its ACBD to the cytosol.

ACBDS Is Dispensable for Peroxisome Biogenesis—We next
determined whether ACBD5 plays a role in peroxisome biogen-
esis using human skin fibroblasts derived from a patient with
ACBD5 deficiency (AACBDS3; Ref. 14). Immunofluorescence
microscopy revealed that endogenous ACBD5 colocalized with
PEX14 in control fibroblasts (derived from a healthy donor),
but it was completely absent in AACBDS fibroblasts, thus con-
firming the complete inactivation of the gene by the previously
reported homozygous truncating mutation (Fig. 34). Remark-
ably, PEX14-positive punctate structures were observed in
AACBD:S fibroblasts (Fig. 34, panel d), implying that the bio-
genesis of peroxisomal membranes is not affected in AACBDS
fibroblasts. To further assess the biogenesis of peroxisomes, the
fibroblasts were immunostained for other peroxisomal pro-
teins, including a membrane protein, PMP70; PTS1-harboring
matrix enzymes AOx and catalase; and a PTS2-horboring
matrix enzyme, alkyldihydroxyacetone phosphate synthase
(ADAPS). Here, fibroblasts derived from a PEX10-defective
patient with Zellweger syndrome (APEX10) in which peroxi-
somal matrix protein import is abrogated were also used as an
additional control. Results showed that all the peroxisomal pro-
teins tested were imported to punctate structures in AACBDS
fibroblasts (Fig. 3B), suggesting that peroxisomal membrane
and matrix protein import machineries are not affected in

AACBDS fibroblasts. Consistently, the AOx-B chain and the
mature form of ADAPS, both of which are proteolytically pro-
cessed after the import into peroxisomes (22, 23), were detected
by immunoblotting analysis in cell lysates of control and
AACBDS fibroblasts but not in that of APEX10 fibroblasts (Fig.
3C). Thus, our results indicate that the import of peroxisomal
membrane and matrix proteins operates normally in AACBDS5
fibroblasts and thereby that ACBD?5 is dispensable for the bio-
genesis of peroxisomes.

Peroxisomal B-Oxidation of Very-long-chain Fatty Acids Is
Impaired in ACBD5-deficient Human Skin Fibroblasts—Given
that ACBD5 possess a conserved ACBD and that peroxisomes
play a prominent role in multiple anabolic and catabolic pro-
cesses of lipid metabolism, we anticipated that ACBD5 defi-
ciency might influence cellular lipid metabolism. To verify this
notion, we performed lipidomic analysis (24) and compared the
phospholipid composition of AACBDS fibroblasts with those of
fibroblasts derived from a healthy donor (control), a PEX10-
deficient patient (APEX10), and patients with two types of per-
oxisomal B-oxidation deficiency, AOx deficiency (AAOx) and
X-ALD (AABCDI), respectively.

The B-oxidation of VLCFAs is one of the major functions of
peroxisomes (2). Notably, laboratory investigations on the
ACBDS5-deficient patient revealed a slight but distinct pertur-
bation of VLCFA ratios in plasma (Table 1). We therefore
focused on the total amount of phosphatidylcholine (PtdCho)
species containing VLCFAs with total carbon numbers of
42-48 (VLC-PtdCho). Consistent with our previous report
(24), the total amount of VLC-PtdCho was markedly elevated in
APEX10 and AAOx fibroblasts and was subtly increased in
AABCDI fibroblasts (Fig. 4A). Similar to AABCD fibroblasts,
AACBD:S fibroblasts exhibited a slight but significant elevation
in the total amount of VLC-PtdCho species (Fig. 44). By con-
trast, the total amounts of PtdCho species containing medium-
and long-chain fatty acids with total carbon numbers of 30 —40
were comparable among all the fibroblasts analyzed (Fig. 4B).
We have previously shown that almost all VLC-PtdCho species
are elevated in peroxisome-deficient and AAOx fibroblasts,
whereas only the VLC-PtdCho species containing unsaturated,
monosaturated, and disaturated VLCFAs accumulate in
AABCDI fibroblasts (24). In this context, AACBDS5 fibroblasts
showed accumulation of broad VLC-PtdCho species irrespec-
tive of the number of double bonds (Fig. 4, C and D). To under-
stand the mechanism underlying the accumulation of VLC-
PtdCho species in AACBDS fibroblasts, we then measured the
peroxisomal VLCFA B-oxidation activity and found that the
B-oxidation activity toward lignoceric acid (C24:0) in AACBDS

FIGURE 2. ACBD?5 is a peroxisomal tail-anchored protein. A, Hela cells were fractionated into total (T; lane 1), cytosolic (C; lane 2), and organelle-containing
(O; lane 3) fractions, and equal aliquots of the fractions were subjected to SDS-PAGE and immunoblotting using the indicated antibodies. B, the organelle
fraction of Hela cells (A, lane 3) was treated with 0.1 m Na,CO; and then separated into soluble (S; lane 2) and membrane (P, pellet; lane 3) fractions. Equal
aliquots of each fraction, including total (T; lane 1), were analyzed by immunoblotting with the indicated antibodies. C, HeLa cells expressing FLAG-ACBD5-HA
were fixed and immunostained with the indicated antibodies after permeabilization with 1% Triton X-100 (panels a-c) or 50 wg/ml digitonin (panels d—f). D,
schematic representation of EGFP-fused human ACBD5 and its variants. Numbers, amino acid positions of human ACBD5 isoform 2 (NCBI reference sequence
NP_001035938.1). E, panels a-I, the EGFP-ACBD5 variants shown in D were expressed in HelLa cells and assessed for intracellular localization. EGFP-fused
proteins and peroxisomes were detected by EGFP fluorescence and immunostaining with the anti-PTS1 antibody, respectively. Merged views are also shown.
F, Hela cells expressing (lanes 1-3) or not expressing (lanes 4-6) EGFP-ACBD5C40 were fractionated and analyzed as in A. G, the organelle-containing fraction
of Hela cells expressing EGFP-ACBD5CA40 (F, lane 3) was subjected to alkaline extraction as in B, and the fractions were likewise verified by immunoblotting.
LDH, lactate dehydrogenase, a cytosolic protein; PEX14 and PEX13, peroxisomal membrane proteins; AOx and catalase, peroxisomal matrix enzymes. Of the
three chains of AOx (75-kDa A, 52-kDa B, and 23-kDa C), only the AOx-B chain is shown. Scale bars in Cand E, 10 um.
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FIGURE 3. ACBDS5 is dispensable for peroxisome biogenesis. A, fibroblasts derived from a healthy donor (control) and an ACBD5-deficinet patient (AACBD5)
were immunostained with anti-ACBD5 and anti-PEX14 antibodies. B, fibroblasts from a healthy donor (control; left panels), an ACBD5-deficinet patient
(AACBDS; middle panels), and a PEX10-deficient patient (APEX10; right panels) were immunostained with antibodies against PMP70 (panels a- ¢), catalase (panels
d-f), AOx (panels g-i), or ADAPS (panels j-I). Cell nuclei were counterstained with Hoechst 33342. C, total cell lysates prepared from control (lane 1), AACBD5 (lane
2),and APEX10 (lane 3) fibroblasts were analyzed by SDS-PAGE and immunoblotting using the indicated antibodies. Lamin A/C was used as a loading control.

For AOx, only the AOx-B chain is shown. Scale bars in A and B, 20 um.

TABLE 1
Peroxisomal metabolism in this ACBD5-deficient patient
Value Ref. value

Phytanic acid 0.34 um <12.01 um
Pristanic acid 0.25 uMm <2.98 uM
Cc22 20.5 uM 40-119 um
C24 20 uM 33-84 M
26 0.65 uM 0.45-1.32 pm
C24/22 0.976 <1.2
C26/22 0.032 <0.028

fibroblasts was reduced to ~65% of control fibroblasts (Fig. 4E).
Notably, the extent of reduction in the C24:0 B-oxidation activ-
ity was milder in AACBDS fibroblasts as compared with that in
AAOx fibroblasts (Fig. 4E), suggesting that the extent of defi-
ciency in the peroxisomal VLCFA B-oxidation mirrors the level
of accumulation of VLC-PtdCho species in these patient-de-
rived fibroblasts.

Thus, it is most likely that ACBD5 deficiency causes a mod-
erate defect in the peroxisomal B-oxidation of a wide variety of
VLCFAs. To examine whether ACBD5 deficiency influences
other lipid metabolic processes involving peroxisomal en-
zymes, we also analyzed the levels of plasmenylethanolamine
(PIsEtn), which harbors a vinyl ether-linked long-chain fatty
alcohol at its sn-1 position, and phospholipids containing DHA
(C22:6n-3). The biosynthesis of PlsEtn is initiated in peroxi-
somes (25, 26), whereas the biosynthesis of DHA from dietary
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linolenic acid (C18:31-3) is completed by peroxisomal B-oxida-
tion (27). Apparently, neither the level of PlsEtn nor that of
DHA-containing phospholipids was affected in AACBDS fibro-
blasts (Fig. 4, F and G). Collectively, our results suggest that
ACBDS5 deficiency has no impact on either the biosynthesis of
PlsEtn or the biosynthesis of DHA and that ACBD?5 is involved
in the B-oxidation of VLCFAs.

ACBDS Is Necessary for Efficient Peroxisomal [3-Oxidation of
VLCFAs—The phenotype of human skin fibroblasts derived
from an ACBDS5-defective patient suggested a role of ACBD5 as
a mediator of peroxisomal VLCFA B-oxidation (Fig. 4). To fur-
ther assess the importance of ACBD5 in the peroxisomal
VLCFA B-oxidation by making use of cells derived from the
same genetic background, we next generated ACBD5 knock-
out (KO) HeLa cells via the CRISPR/Cas9 gene-editing system.
Using two independent guide RNAs (gRNAs; supplemental Fig.
S1B), we established two ACBD5-KO clonal cell lines, termed
ACBD5-KO1 and ACBD5-KO2, in which ACBD5 protein was
not detectable (Fig. 5, A and B; and supplemental Fig. S1B). In
both ACBD5-KO1 and ACBD5-KO2 cells, we detected numer-
ous catalase-positive punctate structures (Fig. 54) and essen-
tially identical amounts of the AOx-B chain as compared with
WT cells (Fig. 5, Band C). These results are consistent with our
findings obtained with AACBDS5 fibroblasts and further sup-
port the conclusion that ACBD5 is dispensable for peroxisome
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FIGURE 4. ACBD5-deficient fibroblasts show a mild accumulation of cellular VLC-PtdCho species and a decreased activity in peroxisomal VLCFA
B-oxidation. A, cellular levels of VLC-PtdCho in control and the indicated patient-derived fibroblasts were analyzed by LC-ESI-MS/MS. The inset graph
shows a detailed comparison among control, AACBD5, and AABCD1 fibroblasts. B, cellular levels of PtdCho species with carbon numbers from 30 to 40
in the indicated fibroblasts were likewise analyzed by LC-ESI-MS/MS. Cand D, VLC-PtdCho species were classified based on the number of double bonds.
The amounts of VLC-PtdCho with =2 double bonds (C) or =3 double bonds (D) are shown for the indicated fibroblasts. E, peroxisomal VLCFA
B-oxidation activities in control, AACBDS5, and AAOXx fibroblasts were assessed using ['*Cllignoceric acid (C24:0) as the substrate. Data shown are the
mean of triplicate samples from a representative experiment and are expressed as the percentage of the average activity in control fibroblasts (2.15
nmol/h/mg of protein; set to 100%). F and G, cellular levels of PIsEtn species (F) and DHA phospholipids (DHA-PLs) (G) in the indicated fibroblasts were
analyzed by LC-ESI-MS/MS. The DHA phospholipid levels are presented relative to the value in control fibroblasts. Date shown in A-D, F, and G are the
mean of fourindependent experiments. Error bars in A-G represent S.D.*, p < 0.05; **, p < 0.01; ***, p < 0.001 versus control fibroblasts; one-way analysis
of variance (ANOVA) with Dunnett’s multiple comparison test.

biogenesis involving peroxisomal import of membrane and activity is a general consequence of ACBD5 deficiency. We also
matrix proteins. analyzed the cellular VLC-PtdCho levels in the ACBD5-KO cell

We next evaluated the peroxisomal VLCFA B-oxidation lines. Under our cell culture conditions, the level of VLC-Ptd-
activity in these ACBD5-KO cell lines as well as the parental ~Cho species in HeLa cells was lower at about 0.2 nmol/mg of
WT HeLa cells. The activities of C24:0 3-oxidation in ACBD5-  protein (Fig. 5E, WT) than those in human skin fibroblasts
KO1 and ACBD5-KO2 cells were significantly decreased as showing about 1.3 nmol/mg of protein (Fig. 4A, control).
compared with WT HeLa cells (Fig. 5D), thereby suggesting Unlike in AACBDS5 human skin fibroblasts, the levels of total
that a reduced level of the peroxisomal VLCFA B-oxidation VLC-PtdCho speciesin ACBD5-KO1 and ACBD5-KO2 cells
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chain levels in B were quantified by densitometry and normalized to tubulin and are shown as the ratio to WT Hela cells. Data represent the mean of three
independent experiments. D, the relative VLCFA B-oxidation activities in WT and ACBD5-KO Hela cells were assessed as in Fig. 4E. Data shown are the mean of
triplicate samples from a representative experiment and are expressed as the percentage relative to the activity in WT Hela cells. E and F, the cellular levels of
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one-way ANOVA with Dunnett’s multiple comparison test.

were comparable with those in WT HeLa cells (Fig. 5E).
Notably, however, a further detailed analysis revealed signif-
icant elevation of the level of VLC-PtdCho species contain-
ing total carbon numbers of 46 and 48 in the ACBD5-KO cell
lines (Fig. 5F).

Given that ACBD5-KO1 and ACBD5-KO2 cells were gen-
erated with different gRNAs, the observed effects of
ACBD5-KO could be considered to be “on-target,” not “off-
target”. Nonetheless, to further rule out potential off-target
effects of the CRISPR/Cas9 system-mediated ACBD5-KO,
we stably expressed HA-tagged ACBD5 (HA-ACBDS5) in
ACBD5-KO1 cells and verified the C24:0 B-oxidation
activity. We selected two independent clones in which HA-
ACBDS5 was localized exclusively to peroxisomes, and the
HA-ACBD?5 level was similar to that of endogenous ACBD5
in WT HeLa cells (Fig. 6, A and B). Unambiguously, the
stable expression of HA-ACBD5 indeed restored the C24:0
B-oxidation activity in ACBD5-KO1 cells (Fig. 6C), thereby
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demonstrating that the effects of ACBD5-KO were on-tar-
get. Taken all together, our data strongly suggest that
ACBD?5 is required for the efficient -oxidation of VLCFAs
in peroxisomes.

Acyl-CoA Binding Domain and Peroxisomal Localization of
ACBDS Are Prerequisite for Achieving Efficient Peroxisomal
VLCFA B-Oxidation—To understand the molecular basis for
the ACBD5-dependent VLCFA B-oxidation, we then asked
whether the N-terminal ACBD and peroxisomal localization of
ACBDS5 are required for such function. To this end, we recon-
stituted ACBD5-KO1 cells with HA-ACBD5AACBD lacking
the entire ACBD or HA-ACBD5AC devoid of the C-terminal
topological signal region (Fig. 7, A and C). In good agreement
with the finding that peroxisomal localization of ACBD5 relies
specifically on its C-terminal region (Fig. 2, E-G), HA-
ACBD5AACBD was destined for peroxisomes, whereas HA-
ACBDS5AC was defective in targeting to peroxisomes (Fig. 7B).
Similar to transiently expressed EGFP-ACBD5AC (Fig. 2E,
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panel g), HA-ACBD5AC stably expressed in ACBD5-KO1 cells
was detected in cytoplasmic structures and apparently in the
cytosol (Fig. 7B, panel j). Importantly, peroxisomes in
ACBD5-KO1 cells expressing HA-ACBD5AACBD or HA-
ACBD5AC remained nearly at the same level of reduced
C24:0 B-oxidation activity as in ACBD5-KO1 cells (Fig. 7D),
suggesting that both the ACBD and peroxisomal localization
of ACBD5 are essential for achieving the efficient B-oxida-
tion of VLCFAs in peroxisomes.

ACBDS Binds Preferentially to VLC-CoAs—Because recon-
stitution of ACBD5-KO1 cells with HA-ACBD5AACBD failed
to restore the impaired C24:0 B-oxidation activity (Fig. 7D), it is
most likely that ACBD5 exerts its function by binding to acyl-
CoAs. To provide experimental evidence that ACBD5 is indeed
potent in binding to acyl-CoAs, we next performed an in vitro
acyl-CoA binding assay using a soluble fragment of human
ACBD5 that corresponds to the entire cytosolic domain
encompassing aa 2—457 (referred to as soluble ACBD5
(SACBD?5)). Recombinant sACBD5, sSACBD5AACBD lacking
the ACBD, and GST were purified from Escherichia coli (Fig.
8A) and assessed for binding to [**C]palmitoyl-CoA (C16:0-
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CoA). Strikingly, sACBD5 showed substantial binding to
[**C]C16:0-CoA, whereas SACBD5AACBD and GST did not
(Fig. 8B), demonstrating that ACBD5 binds to C16:0-CoA prac-
tically in a distinct manner dependent on its ACBD.

The members of the ACBP family, including the mammalian
ACBP family, are thought to bind to medium- and long-chain
acyl-CoAs with high affinity (28 —-30). Furthermore, mamma-
lian ACBD1 was shown to be unable to bind to VLC-CoAs (31).
However, in light of the phenotype of AACBDS fibroblasts and
ACBD5-KO HelLa cells, we suspected that ACBD5 might have
an ability to bind to VLC-CoAs with high affinity. To explore
this possibility, we performed the in vitro [**C]C16:0-CoA
binding assay with increasing amounts of unlabeled C16:0-CoA
or C24:0-CoA. By addition of unlabeled C16:0-CoA and unla-
beled C24:0-CoA, the binding of sSACBDS5 to ['*C]C16:0-CoA
was dose-dependently decreased (Fig. 8C). Remarkably, the
binding to [**C]C16:0-CoA was more effectively reduced by
C24:0-CoA than C16:0-CoA (Fig. 8C), hence indicating that
ACBD?5 binds C24:0-CoA with much higher affinity than C16:
0-CoA. Collectively, our findings suggest that ACBD5 is a per-
oxisomal ACBP possessing a preferential affinity to VLC-CoAs,
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implying that ACBD5 directly mediates peroxisomal VLCFA
B-oxidation via its acyl-CoA binding activity.

Discussion

The discovery of a mutation in the ACBDS5 gene in patients
with a syndromic form of retinal dystrophy highlights the phys-

JANUARY 13,2017 +VOLUME 292+-NUMBER 2
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iological importance of ACBDS5; however, the function of
ACBD5 and the pathogenic mechanisms of how ACBD5 defi-
ciency leads to retinal dystrophy remained undefined. In the
present study, by characterizing patient-derived human skin
fibroblasts, we uncovered that ACBD5 is dispensable for per-
oxisome biogenesis, including membrane and matrix protein
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import (Fig. 3), and that ACBD5 deficiency causes a moderate
defect in peroxisomal VLCFA S-oxidation and a slight accumu-
lation of cellular VLC-PhoCho species without affecting the
cellular levels of PlIsEtn species and DHA-containing phospho-
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lipids (Fig. 4). Importantly, the phenotype of AACBDS fibro-
blasts was essentially recapitulated in ACBD5-KO HelLa cells
generated via the CRISPR/Cas9 system (Figs. 5 and 6). By taking
advantage of ACBD5-KO HeLa cells in facile reconstitution of
ACBDS5 variants, we showed that both the ACBD and peroxi-
somal localization of ACBD5 are prerequisite for efficient
VLCFA B-oxidation to occur in peroxisomes (Fig. 7). More-
over, ACBD5 was shown to preferentially bind VLC-CoAs (Fig.
8). Based on these findings, we suggest that ACBD?5 is directly
involved in peroxisomal VLCFA B-oxidation. The precise func-
tion of ACBD?5 in peroxisomal VLCFA B-oxidation remains to
be defined. The loss of ACBD5 results in only a partial but
significant reduction in the peroxisomal VLCFA (-oxidation
activity. Hence, ACBD5 seems to be required for securing the
efficiency of peroxisomal VLCFA f-oxidation. Considering
that ACBD5 exposes its ACBD to the cytosol (Fig. 2), we pro-
pose that ACBD5 captures VLC-CoAs on the cytosolic side of
the peroxisomal membrane so that the uptake of VLC-CoAs
into peroxisomes via the peroxisomal ABC transporters (32—
34) and subsequent B-oxidation thereof can proceed efficiently.
It would be also of interest to investigate whether ACBD5 phys-
ically interacts with and/or functions coordinately with the
ABC transporters, including ABCD1.

Although we propose such a direct role of ACBD5 in perox-
isomal VLCFA B-oxidation, in light of the recently proposed
role of ACBD5 in basal pexophagy, it remains possible that
ACBD5 might indirectly maintain the integrity of peroxisomal
VLCFA B-oxidation pathway by removing defective peroxi-
somes. In the yeast Pichia pastoris, Atg37 has been shown to be
an ACBP that resides in peroxisomal membranes and regulates
phagosome formation during pexophagy through its binding
activity toward Atg37 and C16:0-CoA (18, 35). Nazarko et al.
(18) identified ACBD5 as the human orthologue of Atg37 and
suggested by means of RNA interference that ACBD5 is
required for pexophagy, although the molecular basis of the
ACBD5-mediated pexophagy in mammals is obscure. Accord-
ingly, ACBD5 deficiency might potentially lead to the accumu-
lation of defective peroxisomes, culminating in a global defect
in the peroxisomal functions. However, the effect of ACBD5
deficiency appears to be restricted to the peroxisomal 3-oxida-
tion pathway; our lipidomic analysis suggests that the biosyn-
thesis of PIsEtn and that of DHA, which rely on peroxisomal
enzymes (25, 27), are not affected in AACBDS fibroblasts (Fig. 4,
F and G). Furthermore, at least under our cell culture condi-
tions, the level of AOx-B chain in ACBD5-KO HeLa cells was
similar to that in WT HeLa cells (Fig. 5), implying that a marked
accumulation of peroxisomes is unlikely in ACBD5-KO HeLa
cells. Further studies are required to clarify the molecular func-
tion of ACBD5 in peroxisomal VLCFA B-oxidation and/or
mammalian pexophagy and to better explain how ACBD5 defi-
ciency affects the peroxisomal VLCFA B-oxidation pathway.

ACBDS5 belongs to the ACBP family, members of which are
suggested to be involved in diverse biological processes, includ-
ing lipid metabolism, cellular differentiation, and apoptosis (15,
28, 29, 36, 37). In general, ACBPs are thought to bind medium-
to long-chain acyl-CoAs. For instance, mammalian ACBD1
(also known as ACBP/DBI) and its yeast homologue Acblp
bind C14-C22 acyl-CoAs with high affinity but are unable to
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bind VLC-CoAs (31, 38, 39). Intriguingly, ACBD5 showed a
greater affinity for C26:0-CoA than for C16:0-CoA (Fig. 8), con-
sistent with its potential role in peroxisomal VLCFA B-oxida-
tion. Thus, ACBD5 may differ from other ACBPs in terms of
substrate specificity. However, the binding property of ACBD5
apparently needs to be determined in more detail to further
establish the physiological role of ACBD5 as peroxisomal fatty
acid oxidation pathways in humans can potentially metabolize
various substrates such as saturated VLCFAs, unsaturated
VLCFAs, and branched-chain fatty acids (see also below and
Ref. 1). Conversely, given that ACBPs are suggested to function
via interaction with a multitude of proteins (29, 37), it would
also be of importance and interest to search for protein inter-
actors of ACBD5. Furthermore, several ACBPs have been sug-
gested to form a dimer (30, 37, 40). Intriguingly, we have
detected self-association, including a dimer formation of
ACBD5.? The oligomeric status of ACBD5 and its physiological
relevance should be investigated in the future.

In the ACBDS5 gene, a mutation predicted to disrupt a con-
sensus splice donor site was identified in three siblings suffering
from a syndromic form of retinal dystrophy (14). As reported
(14), the aberrant transcript expected to encode a truncated
ACBD5 protein retaining most of its cytosolic region was
detected in AACBDS fibroblasts.* However, even though the
anti-ACBD5 polyclonal antibody was raised to the cytosolic
region of ACBD5, immunoblotting analysis with the antibody
failed to detect the truncated ACBD5 protein in AACBDS fibro-
blasts (Fig. 3C), consistent with the earlier data (14), hence
implying that the truncated ACBD5 protein was degraded.
Besides vision impairment, the ACBDS-deficient patients also
manifested in infancy clinical symptoms such as severe white
matter disease, spastic paraparesis, and cognitive impairment
(14). These clinical features are commonly observed in patients
with PBDs and in patients with SEDs, including X-ALD, AOx
deficiency, and D-bifunctional protein deficiency (3, 4).
Because morphological and biochemical studies on AACBDS
fibroblasts suggested that peroxisome biogenesis is normal in
the absence of ACBD5 (Fig. 3), the ACBD5 deficiency can be
categorized as an SED with typical neurological deficits.

The levels of VLCFAs and branched-chain fatty acids are
widely utilized for the initial screening of peroxisomal disorders
(41). Laboratory investigations on one of the three ACBD5-
deficient patients revealed that the plasma C26/C22 ratio was
slightly elevated, whereas the concentrations of branched-
chain fatty acids phytanic acid and pristanic acid were normal
(Table 1), implying that the peroxisomal VLCFA B-oxidation,
but not the peroxisomal branched-chain fatty acid oxidation,
was affected in the patient. Consistently, lipidomic profiling of
fibroblasts from the ACBDS5-deficient patient suggests that
ACBD5 deficiency impairs the peroxisomal B-oxidation of
VLCFAs (Fig. 4A4). By contrast, as mentioned above, the
peroxisome-dependent syntheses of PlsEtn and DHA in
AACBDS fibroblasts appear to be normal (Fig. 4, F and G).
Remarkably, the extent of VLC-PtdCho accumulation in
AACBDS fibroblasts is similar to that in AABCDI fibroblasts

3 K. Nakagawa and Y. Fujiki, unpublished data.
*Y. Yagita and Y. Fujiki, unpublished data.
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and is much lower than that in AAOx fibroblasts (Fig. 44),
which probably mirrors the slightly elevated plasma C26/C22
ratio in the ACBDS-deficient patient. Of note, in contrast to
AABCDI fibroblasts showing no accumulation of PtdCho spe-
cies that contain polyunsaturated VLCFAs, AACBDS5 fibro-
blasts exhibit an overall accumulation of VLC-PtdCho species,
including those with polyunsaturated VLCFAs (Fig. 4, Cand D).
With respect to this finding, it is noteworthy that in addition to
accumulation of saturated and monounsaturated VLCFAs
accumulation of polyunsaturated VLCFAs has been implicated
in the pathogenesis of peroxisomal B-oxidation disorders (3, 11,
24, 42). Collectively, we suggest that ACBD5 deficiency is a
novel peroxisomal -oxidation disorder and that the mild but
global accumulation of VLCFAs in plasma and in cellular phos-
pholipids contributes to the pathogenesis of brain and retinal
phenotypes caused by ACBD5 deficiency. Nonetheless,
although the levels of phytanic acid and pristanic acid were
normal at least in plasma from an ACBDS5-deficient patient, it
may still be possible that ACBD5 deficiency affects the cellular
homeostasis of branched-chain fatty acids. Future cellular and
biochemical studies could address this issue.

An important issue remains as to how ACBD5 deficiency and
its apparently accompanying accumulation of VLCFAs cause
the ACBD5-linked phenotype, especially the retinal degenera-
tion. Photoreceptor cells are highly enriched in PtdCho species
with polyunsaturated long-chain fatty acids and/or polyunsat-
urated VLCFAs (43—47), and it is well established that DHA is
essential for normal retinal development and function (43,
48 -50). Notably, in patients with PBDs, the DHA level in retina
is markedly reduced, which is thought to give rise to the pig-
mentary retinal disorder in these patients (51, 52). Meanwhile,
growing evidence also suggests the roles of polyunsaturated
VLCFAs in maintaining the integrity of photoreceptor cells
(53). The physiological consequence of these fatty acids is par-
ticularly highlighted by autosomal dominant Stargardt-like
macular dysdrophy-3 that is caused by mutations in the gene
encoding ELOVL4 (ELOVL fatty acid elongase 4) that catalyzes
the elongation of VLCFAs; this fatty acid elongase is required
for the synthesis of retinal polyunsaturated VLCFAs (53-55). In
the case of ACBD5 deficiency, the accumulation of polyunsat-
urated VLCFAs (Fig. 4, Cand D) seems to be responsible for the
retinal degeneration because the loss of ACBD5 is unlikely to
affect the peroxisome-dependent synthesis of DHA (Fig. 4G).
In regard to this issue, it would be interesting to note that
patients with ACBD5 deficiency and those with X-ALD both
develop severe white matter disease, whereas only the former
patients manifest retinopathy. This might be explained by the
aforementioned fact that loss of ACBD5 causes the accumula-
tion of a broad range of VLCFAs, including polyunsaturated
species, whereas ABCD1 deficiency causes the accumulation of
only saturated and monounsaturated VLCFAs (Fig. 4, C and D
and Ref. 24). Thereby, we suggest that ACBD5 deficiency and
its associated perturbation of peroxisomal B-oxidation of
VLCFAs, especially polyunsaturated VLCFAs, may cause dys-
regulated fatty acid homeostasis in the retina, giving rise to the
severe photoreceptor degeneration. Nonetheless, future inves-
tigations should determine the affected retinal cell types as well
as the retinal lipid profiles in the patients with ACBD5 defi-
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ciency and/or in animal models of ACBD5 deficiency to better
understand the mechanistic link between ACBD5 deficiency
and retinal dystrophy.

In summary, the present work demonstrates that ACBD5 is a
peroxisomal tail-anchored protein involved in peroxisomal
VLCFA B-oxidation via preferential binding to VLC-CoAs and
that ACBD5 deficiency causes defective peroxisomal VLCFA
B-oxidation, resulting in VLCFA accumulation. Our findings
shed light on the function of ACBD5 and the potential patho-
genic mechanism by which ACBD5 deficiency leads to a syn-
dromic form of retinal dystrophy.

Experimental Procedures

Cell Culture and DNA Transfection—Human skin fibroblasts
from a normal control (control; identification number TIG120;
Ref. 56), a patient with ACBD5 deficiency (AACBDS; identifi-
cation number 10DG1872; Ref. 14), a PEX10-defective patient
with Zellweger syndrome (APEX10; Ref. 57), a patient with
AOx deficiency (AA Ox; identification number PDL30092; Refs.
10 and 11), and a patient with X-ALD (AABCDI; identification
number PDL6886; Ref.56) were used. Human skin fibroblasts
and HeLa cells were cultured in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum at 37 °C under 5% CO.,.
DNA transfection was done using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions.

Antibodies—Rabbit antibodies to ADAPS (23), AOx (22), cat-
alase (58), PTS1 peptide (59), PEX13 (60), PEX14 (61), PMP70
(22, 62), and HA epitope tag (63) and guinea pig antibodies
raised to human catalase (catalase from human erythrocytes;
Sigma-Aldrich) and PEX14 (64) were used. Rabbit anti-ACBD5
antibody was raised against recombinant sSACBD5 protein (aa
2—-457 of human ACBDS5 isoform 2; see below). The following
antibodies were purchased: rabbit anti-FLAG antibody (Sigma-
Aldrich); mouse monoclonal antibodies against HA epitope tag
(16B12; Covance), GFP (B-2; Santa Cruz Biotechnology), and
a-tubulin (DM1A; Abcam); and goat antibodies against lactate
dehydrogenase antibody (Rockland) and lamin A/C (Santa
Cruz Biotechnology).

Mammalian Expression Plasmids—The c¢cDNA encoding
human ACBD5 isoform 2 (NCBI reference sequence NM_
001042473.3) was obtained by reverse transcription-PCR using
total RNA isolated from human control skin fibroblasts, and the
internal BamHI site was removed by introducing a silent muta-
tion. To generate FLAG-ACBD5-HA, a BamHI-Xbal fragment
encoding ACBD5 (aa 2-490) C-terminally fused with HA
epitope tag was PCR-amplified and ligated into the BamHI-
Xbal sites of pcDNAZeo/FLAG (65). To construct EGEP-
ACBDS, EGFP-ACBDSAC, and EGFP-ACBDSACCDAC, BamHI-
Sall fragments encoding ACBD5 (aa 2—490), ACBD5AC (aa
2-457), and ACBD5ACCDAC (aa 2-399 plus 432—457) were
amplified by standard or overlap extension PCR, and each was
cloned into the BamHI-Xhol sites of pcDNAZeo/EGEP (65).
For EGFP-ACBD5C40, a HindIII-BamHI fragment encoding
EGFP followed by a flexible linker (GGGGSGGGGS) and a
BamHI-Sall fragment encoding the C-terminal 40 aa of ACBD5
were PCR-amplified and ligated together into the HindIII-Xhol
sites of pcDNA3.1/Zeo(+) vector (Invitrogen).
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To facilitate stable expression of HA-ACBD5 and its variants,
BamHI-Sall fragments encoding ACBD5, ACBD5AC, and
ACBD5AACBD (aa 2-7 plus 97—490) were PCR-amplified, and
each was cloned into the BamHI-Xhol sites of pcDNAZeo/
HA (65). Using the resultant plasmids as a template, the
HA-ACBDS, HA-ACBDSAC, and HA-ACBDSAACBD se-
quences were amplified as Nhel-NotlI fragments and separately
ligated into the corresponding sites of a modified pIRESpuro3
vector (Clontech), termed pEF-IRESpuro3, where the original
CMYV promoter had been replaced by the EF1a promoter from
pEF1/myc-His A (Invitrogen).

Subcellular Fractionation and Alkaline Extraction—Cells
were collected and resuspended in ice-cold homogenizing
buffer (0.25 M sucrose, 20 mm Hepes-KOH, pH 7.4, 1 mm
EDTA, and protease inhibitor mixture (5 pg/ml aprotinin and
10 pg/ml each antipain, chymostatin, E-64, leupeptin, and pep-
statin)) containing 100 ug/ml digitonin. Samples were kept on
ice for 10 min to permeabilize the plasma membrane and then
centrifuged at 20,000 X g for 10 min to yield cytosolic and
organelle-containing fractions. For alkaline extraction (19),
organelle-containing fractions were treated with 0.1 M Na,CO,
on ice for 30 min. Soluble and membrane fractions were sepa-
rated by ultracentrifugation at 100,000 X g for 30 min.

Lipidomic Analysis—Lipidomic analysis was performed as
described (24). Briefly, total lipids were extracted from 50 ug of
cellular protein by the method of Bligh and Dyer (66). Fifty
picomoles of 1-heptadecanoyl-sn-glycero-3-phosphocholine,
1,2-didodecanoyl-sn-glycero-3-phosphocholine, and 1,2-
didodecanoyl-sn-glycero-3-phosphoethanolamine were added
as internal standards. The organic phase was evaporated
under the nitrogen stream and suspended in methanol. Liq-
uid chromatography coupled with electrospray ionization
tandem mass spectrometry (LC-ESI-MS/MS) was performed
using a 4000 Q-TRAP quadrupole linear ion trap hybrid
mass spectrometer (AB Sciex) equipped with an ACQUITY
UPLC System (Waters) and an ACQUITY UPLC BEH C18
column (1.7 um; 1.0 X 150 mm; Waters). The data were
analyzed and quantified using Analyst software (AB Sciex).

Measurement of Fatty Acid B-Oxidation Activity—Fatty acid
B-oxidation activity was determined essentially as described
(67). Cells grown in 12-well plates were preincubated at 37 °C
for 1 h in serum-free DMEM. After the medium was changed to
fresh serum-free DMEM, 2 nmol of [**C]C24:0 (American
Radiolabeled Chemicals) dissolved in 0.1 m Tris-HCI, pH 8.0,
containing 10 mm a-cyclodextrin was added to the culture
medium, and cells were further incubated at 37 °C for 2-2.5 h.
The radioactivity of acid-soluble metabolites was measured
using a Beckman LS6500 scintillation counter. Fatty acid 3-ox-
idation activity was calculated as nmol/h/mg of protein and
expressed as indicated in the figure legends.

Generation of ACBD5-KO HeLa Cell Lines Using the CRISPR/
Cas9 System—To generate ACBD5-KO HeLa cell lines, we used
two independent gRNAs specific for human ACBDS gene
(ACBD5 gRNA1 and ACBD5 gRNAZ2). The target sequences of
these gRNAs were selected using an online CRISPR design tool
(Massachusetts Institute of Technology) as depicted in supple-
mental Fig. S1. To construct the plasmid coexpressing Cas9 and
each gRNA, a pair of oligonucleotides containing the gRNA
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target sequence was annealed and ligated into the BbsI-linear-
ized pX330 vector (Addgene 42230; a gift from Feng Zhang; Ref.
68). Oligonucleotide pairs used were: 5'-CACCGCTCAAAC-
CTAGTCTCGTGCA-3" and 5'-AAACTGCACGAGACTAG-
GTTTGAGC-3’ for ACBD5 gRNALI and 5'-CACCGCTCAA-
ACCTAGTCTCGTGCA-3" and 5'-AAACTGCACGAGA-
CTAGGTTTGAGC-3" for ACBD5 gRNA2. The resultant
plasmids, pX330/ACBD5gRNA1 and pX330/ACBD5gRNA2,
were separately transfected into HeLa cells. At 3 days after
transfection, cells were diluted and seeded into 96-well plates to
isolate clonal cell lines, which were screened for ACBD5 defi-
ciency by immunofluorescence microscopy and immunoblot-
ting. To confirm the presence of frameshifting insertions/dele-
tions, genomic DNA was extracted from ACBD5-KO clonal cell
lines, and the genomic region encompassing the gRNA target
sequences was PCR-amplified using the following primers:
forward, 5'-TCTCGGTGAGTTGTTTTGCTGTCGT-3'; and
reverse, 5'-TCCCCTTCCACTACATGGCTCCTAC-3'. The
PCR product was subcloned into T-Vector pMD19 (Takara Bio
Inc.) and sequenced (supplemental Fig. S1B). Two clonal
ACBD5-KO cell lines generated through each gRNA, termed
ACBD5-KO1 and ACBD5-KO2, were used in this study.

To establish clonal ACBD5-KO1 cell lines stably expressing
WT or variant HA-ACBD5, ACBD5-KO1 cells were trans-
fected with the above described pEF-IRESpuro3-based plas-
mids and selected with 1 pug/ml puromycin. Single clones were
likewise isolated by limiting dilution and subsequently assessed
for the expression of HA-ACBD5 variants by immunofluores-
cence microscopy as well as immunoblotting.

Expression and Purification of Recombinant sSACBD5 and
SACBDSAACBD—For bacterial expression and purification of
recombinant SACBD5 (aa 2—457) and sACBD5AACBD (aa2-7
plus 97—457), the corresponding cDNA fragments were PCR-
amplified and respectively cloned into pGEX-6P-1 (GE Health-
care) via the BamHI/Sall sites. Using the resultant plasmids,
sACBD5 and sACBD5AACBD were each expressed as a GST
fusion protein in E. coli Rosetta 2(DE3)/pLysS cells (Novagen).
Protein expression was induced with 0.5 mm isopropyl 8-b-1-
thiogalactopyranoside at 30 °C for 4 h. Cells expressing the GST
fusion proteins were harvested, resuspended in lysis buffer (PBS
containing 1% Triton X-100, 1 mm phenylmethylsulfonyl fluo-
ride, and 5 mm dithiothreitol), and disrupted by sonication.
Lysates were cleared by centrifugation and incubated with glu-
tathione-Sepharose beads (GE Healthcare) at 4 °C for 1.5h on a
rotating wheel to purify the GST fusion proteins. After exten-
sive washing, sACBD5 and sACBD5AACBD were released
from the beads by treatment with PreScission protease (GE
Healthcare), which cleaved off the GST tag, according to the
manufacturer’s instructions.

In Vitro Acyl-CoA Binding Assay—Binding of the purified
recombinant proteins to [**C]C16:0-CoA (Moravek Biochem-
icals, Inc.) was determined essentially as described (69). In brief,
binding reactions were prepared by mixing 0.2 um recombinant
protein (sSACBD5, sSACBD5AACBD, or GST) and [**C]C16:0-
CoA in binding buffer (10 mm potassium phosphate, pH 7.4).
Where indicated, unlabeled C16:0-CoA or C24:0-CoA (Avanti
Polar Lipids) was also added to the reaction mixtures. The con-
centrations of radiolabeled and unlabeled acyl-CoAs were as
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indicated in the figure legends. The reaction mixtures were
incubated at 37 °C for 30 min and subsequently chilled on ice.
After removing the free ['*C]C16:0-CoA by Lipidx-1000
(PerkinElmer Life Sciences), the radioactivity in the reactions
was measured using a Beckman LS6500 scintillation counter.

Other Methods—Immunoblotting and immunofluorescence
microscopy were done as described (65). Unless otherwise indi-
cated, fixed cells were permeabilized with 1% Triton X-100 in
PBS prior to immunostaining. Statistical analyses were per-
formed as indicated in the figure legends using GraphPad Prism
v6.0h (GraphPad Software, Inc.).
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