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Abstract: Peroxisomes proliferate by sequential processes comprising elongation, constriction, and
scission of peroxisomal membrane. It is known that the constriction step is mediated by a GTPase
named dynamin-like protein 1 (DLP1) upon efficient loading of GTP. However, mechanism of
fuelling GTP to DLP1 remains unknown in mammals. We earlier show that nucleoside diphosphate
(NDP) kinase-like protein, termed dynamin-based ring motive-force organizer 1 (DYNAMO1),
generates GTP for DLP1 in a red alga, Cyanidioschyzon merolae. In the present study, we identified
that nucleoside diphosphate kinase 3 (NME3), a mammalian homologue of DYNAMOJI, localizes
to peroxisomes. Elongated peroxisomes were observed in cells with suppressed expression of NME3
and fibroblasts from a patient lacking NME3 due to the homozygous mutation at the initiation
codon of NME3. Peroxisomes proliferated by elevation of NME3 upon silencing the expression of
ATPase family AAA domain containing 1, ATADI. In the wild-type cells expressing catalytically-
inactive NME3, peroxisomes were elongated. These results suggest that NME3 plays an important
role in peroxisome division in a manner dependent on its NDP kinase activity. Moreover, the
impairment of peroxisome division reduces the level of ether-linked glycerophospholipids,
ethanolamine plasmalogens, implying the physiological importance of regulation of peroxisome
morphology.

Keywords: peroxisome; constriction; NDP kinase; GTP; nme3 patient

Int. ]. Mol. Sci. 2020, 21, 8040; doi:10.3390/ijms21218040 www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2020, 21, 8040 2 of 21

1. Introduction

Peroxisomes proliferate by division involving elongation, constriction, and fission [1-3].
Peroxisome division is mediated by several factors including Pex11p, dynamin-like protein 1 (DLP1)
[4,5], mitochondrial fission factor (Mff) [6,7], and Fission 1 (Fis1) [8,9] in mammals [10]. Except for
Pex11p, these proteins are originally identified as fission factors of mitochondria, indicating that
peroxisomes share a common division-machinery with mitochondria [2,8,11]. Knocking out of
PEX11p in mouse [12] and genetic defect of human PEX11p decrease peroxisome abundance [13,14].
N-terminal amphipathic helix region of Pex11f is required for the formation of Pex11 homo-
oligomer and interaction with membrane phospholipids, leading to deformation of peroxisomal
membrane [15-17]. Docosahexaenoic acid, a poly-unsaturated fatty acid of peroxisomal 3-oxidation
metabolites, induces elongation of peroxisomes, hyper-oligomerization of Pex11(3 on the elongated
regions, and extension of Pex113-enriched membrane [7].

DLP1, a member of the dynamin GTPase family, is essential for membrane fission of
peroxisomes and mitochondria by functioning at the membrane constriction sites [5,18-22]. Pex11(3
forms a ternary fission machinery complex with Mff and DLP1 at the constricted membrane region
of the elongated peroxisomes, promoting fission during the peroxisome division [3,23]. Pex11f3
enhances GTPase activity of DLP1 [24], indicating the multiple roles of Pex11f throughout processes
of peroxisome division. DLP1 has a low affinity to and a high hydrolysis rate of GTP [25], suggesting
the local GTP-loading is important for the function of DLP1. However, mechanisms underlying the
GTP loading to DLP1 remain unknown in mammals.

During the division of peroxisomes, DLP1 polymerizes and forms a ring or spiral structure,
called peroxisome-dividing machinery, to constrict and pinch off the peroxisomal membrane [26]. By
proteomic analysis of highly purified peroxisome-dividing machinery of a unicellular red alga,
Cyanidioschyzon merolae, we recently identified 17-kDa nucleoside diphosphate (NDP) kinase-like
protein, termed dynamin-based ring motive-force organizer 1 (DYNAMOI1) [27]. DYNAMOI1
colocalizes with Dnm1, a C. merolae homologue of human DLP1, and is identified as an essential
component of mitochondria- and peroxisome-dividing machineries, where it locally generates GTP
from ATP and GDP for DLP1 [27]. In ten mammalian NDP kinases so far identified, nucleoside
diphosphate kinase 3 (NME3) encoded by NME3 gene belonging to the group I NDP kinase may be
a potential candidate for a mammalian orthologue of DYNAMOJI, based on the similarity of amino-
acid sequences and localization of NME3 protein at outer membrane of mitochondria when fused
with GFP [28]. A patient with NME3 deficiency shows a phenotype that a reduced level of
mitochondrial fusion, resulting in a fatal neurodegenerative disorder [29]. Here, we report that NME3
is indeed localized to peroxisomes and participates in peroxisome morphogenesis in human cells.

2. Results

2.1. Morphological Changes of Peroxisomes in Cells Reduced Expression of NME3

In C. merolae, DYNAMOIL fuels DLP1 with GTP by locally generating GTP from ATP and GDP
[27]. In the mammalian NME protein family, NME1 and NME2 localize to clathrin-coated pits (CCPs)
and fuel GTP to dynamin (Figure 1) [28]. NME4 is shown to interact with Opal, whose GTPase
domain is located in the intermembrane space of mitochondria (Figure 1) [30-32]. Given the
localization of NME3 in mitochondrial outer membrane [28,29] and a high degree of similarity of the
primary sequences between DYNAMO1 and NME3 (Figure 1), we suspected that NME3 localizes to
peroxisomes as well as mitochondria to regulate their fission together with DLP1 and Mff, both
mediate the fission of peroxisomes and mitochondria [4-7]. Therefore, we investigated the
morphology of peroxisomes in F741 fibroblasts from a patient carrying the homozygous mutation in
the initiation codon of NME3 (Figure 2). In fibroblasts from the patient F741, import of peroxisomal
matrix protein was not affected as judged by the localization of peroxisomal matrix proteins
including catalase, PTS1-proteins, and a PTS2-protein, alkyldihydroxyacetonephosphate synthase
(ADAPS) (Figure 2A-C). Consistent with these results, proteolytic processing of acyl-CoA oxidase
(AOx), ADAPS and another PTS2-protein, 3-ketoacyl-CoA thiolase (thiolase) [33,34], mediated by
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trypsin domain-containing 1 [35,36] was discernible as observed in fibroblasts from a healthy control
(Figure 2D), although the protein level of AOx-A chain and thiolase was relatively higher than those
in control fibroblasts. These results suggest that the import of peroxisomal matrix proteins is not
affected in the absence of NME3. Interestingly, slightly elongated peroxisomes were frequently
observed in the patient’s fibroblasts by immunofluorescence microscopic analysis using antibodies
to peroxisomal matrix proteins including catalase as well as Pex14 (Figures 2A-C), which is
ascertained by measuring the length of each peroxisome (Figure 2E), although the elongated
peroxisomes are reported to be more evident in fibroblasts from patients with a homozygous
mutation in the genes encoding DLP1 and Mff [21,37,38]. The elongated peroxisomes were also
observed in HeLa cells transfected with three different dsRNAs against NME3 (Figure 3A) as
quantified the elongated peroxisomes (Figure 3C), where the level of NMIE3 mRNA were significantly
reduced as compared with those of untreated HeLa cells (Figure 3B). Taken together, these results
suggest that NME3 is involved in the morphogenesis of peroxisomes as well.
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Figure 1. Mammalian nucleoside-diphosphate (NDP) kinase family. (A) A schematic view of four
NDP kinase family members is from [39]. Amino-acid identity was also indicated between NME1, 2,
3, and 4 by taking NME3 as 100%. Proteins GTP-fueled by respective NME proteins are shown in the
right column. Gray and solid boxes are N-terminal hydrophobic segment of NME3 and mitochondrial
targeting signal of NME4, respectively. (B) Amino acid alignment of DYNAMOI1 and NME3. C.
merolae DYNAMO1 and human NME3 were aligned by using a Clustal W program. Identical amino
acids are represented by asterisks; hydrophobic segment in the N-terminal region of NME3 is marked
by an underline. The conserved NDP kinase active site is designated by a box. Amino-acid sequence
used for generation of antibody is indicated by a broken-underline.
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Figure 2. Aberrant morphology of peroxisomes in NME3-deficient fibroblasts. (A-C) peroxisomes in
the fibroblasts from a healthy control (upper panels) and a patient F741 (lower panels) carrying a
homozygous mutation in the initiation codon of NME3 were visualized by indirect
immunofluorescent staining with antibodies to catalase (A), PTS1 (B), ADAPS (C) and Pex14 (A-C).
Insets show the images of the boxed areas. Bars, 20 pm and 2 um (insets). Elongated peroxisomes are
frequently observed in the patient-derived fibroblasts. (D) proteolytic processing of AOx, thiolase,
and ADAPS was accessed by immunoblotting of cell-lysates of fibroblasts from a healthy control and
the patient with antibodies to AOx, ADAPS, thiolase, Pex3, and LDHA, respectively. LDHA was used
as a loading control. (E) histogram of peroxisome length measured in three each fibroblasts from a
healthy control (1400 peroxisomes in three cells) and a patient F741 (1038 peroxisomes in three cells).
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Figure 3. NME3 knockdown elongates peroxisomes. (A) Three different dsRNAs (#28, #29, and #30)
against NME3 were transfected to HeLa cells as described in Materials and Methods. Morphology of
peroxisomes was assessed with anti-PMP70 antibody. Scale bar, 10 um. Higher magnification images
of the boxed regions were shown (Inset). Scale bar, 3 pm. Arrowheads indicate elongated
peroxisomes. (B) histogram of peroxisome length measured in three each control (totally 385
peroxisomes), dsSNME3 #28- (371 peroxisomes), dSNME3-#29- (349 peroxisomes), and dsNME3-#30-
transfected (344 peroxisomes) HeLa cells. (C) mRNA level of NME3 in HeLa cells that had been
treated as in (A) was quantified by qRT-PCR (n = 3). Data indicate means + SD. * p < 0.05, ** p < 0.01,
by Student’s t-test.

2.2. Intracellular Localization of NME3

From the finding that a reduced level of expression and the absence of NME3 cause the
elongation of peroxisomes (Figures 2 and 3), we suspected that NME3 localizes to peroxisomes and
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mediates their fission. Mitochondrial localization of exogenously expressed NME3-HA: was
observed in HeLa cells (Figure 4A, lower row), as shown by expressing NME3-GFP or FLAG-tagged
NME3 (FLAG-NMEB3) [28,29]. In addition, NME3-HA2-positive punctate structures were stained with
Pex14, indicative of peroxisomes, where mitochondria were absent as judged by the signal of Tom20
(Figure 4A, upper row). However, NME3-HA: signal was not discernible in most of peroxisomes
(Figure 4A, upper row), which might be due to a lower targeting-efficiency of NME3-HA: to
peroxisomes and/or a high turnover of NME3-HA: on peroxisomes despite of the detectable
expression of NME3-HA: as judged by immunoblotting with anti-NME3 antibody against the
cytosolic catalytic domain of NME3 (Figure 4B). Endogenous NME3 in HeLa cells was not readily
detectable with this anti-NME3 antibody, apparently due to a very low level of NME3 expression [29]
(Figure 4B, lane 4).

Next, we assessed the complex formation of NME3-HA: with the cytosolic membrane protein
receptor, Pex19, in the cytosol, which is well-characterized step during the transport of peroxisomal
membrane proteins prior to targeting to peroxisomes [40—42]. We followed the previously established
method to monitor the amount of peroxisomal membrane protein in the cytosol by the co-expression
of Pex19 [41,42]. Upon expressing HA-tagged Pex26, a peroxisomal C-tail anchored protein, with
FLAG-Pex19, Pex26-HA: was recovered more in the cytosolic fractions than that expressed alone,
suggesting that the complexes of FLAG-Pex19 with Pex26-HA: were formed in the cytosol (Figure
5A,C). Similarly, amount of NME3-HA:in the cytosolic fraction was elevated by co-expression with
FLAG-Pex19 (Figures 5B,D). Together, these results suggest that NME3-HA: forms a complex with
Pex19 in the cytosol and targeted/transported to peroxisomes via the Pex19-Pex3 pathway.

We further assessed the intracellular localization of NME3 by expressing non-tagged NME3 in
HeLa cells. As anticipated, mitochondrial localization of NME3 was discernible by the antibody
raised to DYNAMOI, presumably due to a high degree of the similarity in the primary sequences
between DYNAMO1 and NME3 (see Figure 1B), where the tubular network of mitochondria was not
discernible (Figure 6). In the same cells, punctate immunofluorescence signals for NME3 merged with
Pex14 but not Tom20 were discernible (Figure 6).
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Figure 4. Intracellular localization of NME3-HA2 in HeLa cells. (A) NME3-HA:2was expressed in HeLa
cells. NME3-HA: was stained with rabbit anti-HA antibody (green). Peroxisomes and mitochondria
were visualized with guinea pig anti-Pex14 (upper panels) and mouse anti-Tom20 (lower panels)
antibodies, respectively. Peroxisomes are shown by a pseudo-color image. Scale bar, 10 um. Higher
magnification images of the boxed regions were shown (Inset). Scale bar, 5 um. Arrowheads indicate
peroxisomal, not mitochondrial, localization of NME3-HA:. (B) immunoblotting of mock- (-) and
NME3-HA:- (+) transfected HeLa cells. Approximately ten times more of total proteins were loaded
in lanes 1 and 4 than those in lanes 2 and 3. NME3-HA: was detected with antibodies to HA (upper
panel, lanes 1 and 2) and NME3 (ABclonal) (upper panel, lanes 3 and 4). Two bands (solid and open
arrowheads) were detected and termed NME3-1-HA2 and NME3-2-HA:», respectively, by the
expression of NME3-HA.. Dots indicate non-specific bands. 3-actin, a loading control.
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Figure 5. Overexpressed Pex19 stabilizes the coexpressed NME3-HA: in the cytosol. (A) PEX26-HA:
was expressed alone or together with FLAG-PEX19 for 20 h. Cells were fractionated into organelle
pellet (P) and cytosol (S) fractions. Equal aliquots of each fraction were analyzed by SDS-PAGE and
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immunoblotting with antibodies to HA, FLAG, lactate dehydrogenase A (LDHA), a cytosolic protein;
Tom20, a mitochondrial outer membrane protein; Pex3, a PMP. (B) NME3-HA: was likewise
expressed and assessed for its subcellular distribution as in (A). Two bands (solid and open
arrowheads) were detected as in Figure 4B. (C,D), relative Pex26-HA2 and NME3-HA: signals in
cytosol fractions (S) were represented as a percentage of the total signal (S + P) (n = 3). ** p <0.01, by
Student’s t-test.

<HeLa/NME3>

Figure 6. Intracellular localization of non-tagged NME3 in HeLa cells. Non-tagged NME3 was
expressed in HeLa cells and stained with the antibody raised to DYNAMOI (green). Peroxisomes and
mitochondria were visualized with guinea pig anti-Pex14 (upper panels) and mouse anti-Tom20
(lower panels) antibodies, respectively. Peroxisomes are shown by a pseudo-color image. Scale bar,
10 pm. Higher magnification images of the boxed regions were shown (Inset). Scale bar, 5 um.
Arrowheads and arrows indicate peroxisomal and mitochondrial localization of NME3, respectively.

2.3. NME3 Is Elevated by Knockdown of ATAD1

NME3 and NME3-HA:were partly localized to peroxisomes (Figures 4A and 6), whereas fission
proteins such as Mff and Fis1 are widely localized to peroxisomes [8,9,11]. Based on these results, we
suspected that C-terminal tagging suppresses peroxisomal targeting of NME3-HAzand/or the protein
level of NMES3 is post-translationally regulated on peroxisomes. We examined a possibility whether
ATPase family AAA domain-containing protein 1 (ATAD1) regulates the turnover of NME3, because
ATAD1 is known to play a role in the elimination of membrane protein mitochondrially mislocalized
C-tail anchored proteins such as GOS28, peroxisomal Pex26, and Pex15 [43], maybe including other
peroxisomal membrane proteins. To our surprise, the protein level, but not at the transcription level,
of endogenous NME3 was elevated and peroxisomal localization of NME3 became readily
discernible by knocking down ATADI, but not in control HeLa cells (Figure 7A,C,E-G), where the
protein level of Pex14 was not altered (Figure 7H), implying that ATAD1 is involved in regulating
the expression level of NME3. The elevation of NME3 by ATAD1 knockdown was confirmed by
ectopic expression of NME3 in HeLa cells, where about 60% decrease in ATADI mRNA and ~1.4-fold
increase in NME3-1 were detectable (Figure 7J), consistent with the profile of endogenous NME3
(Figures 7E-G,I). The immunofluorescence signal of NME3 merged with Tom20 was discernible in
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HeLa cells with anti-DYNAMOI1 antibody, indicative of mitochondrial localization, which was then
diminished by the knockdown of NME3 (Figures 7A,B). Peroxisomal localization of NME3 was
observed in HeLa cells that had been treated for knocking down ATAD]1, but not control HeLa cells
(Figures 7A,C). Taken together, these results suggest that NMES3 is stably localized to peroxisomes in
ATAD1-suppressed cells.
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Figure 7. NME3 is localized to peroxisomes and involved in the fission of peroxisomes. (A) intracellular
localization of endogenous NME3 in HeLa cells was assessed by indirect immunofluorescent cell staining
with antibodies to DYNAMOIL (green), Pex14, and Tom20 as in Figure 6. Scale bar, 10 um. Higher
magnification images of the boxed regions are shown (Inset). Scale bar, 5 um. Note that mitochondrial
localization of NMES3 is distinct (lower panels). (B) HeLa cells transfected with dsRNA against NME3
(#28, see Figure 3) were verified by indirect immunofluorescent cell staining with anti-bodies to
DYNAMOI!1 and Tom20. Scale bar, 10 pm. (C) HeLa cells transfected with dsRNA against ATAD1 were
verified by indirect immunofluorescent cell staining as in (A). Scale bar, 10 um. Higher magnification
images of the boxed regions are shown (Inset). Scale bar, 5 um. Note that localization of NME3 in
peroxisomes (arrowheads), but not mitochondria, is more readily discernible. (D) HeLa cells co-
transfected with a set of two dsRNAs against ATAD1 and NME3 were verified by indirect immuno-
fluorescent cell staining with antibodies to DYNAMO1 and Pex14. Higher magnification images of the
boxed regions are shown (Inset). Note that peroxisomes are frequently elongated. Scale bar, 10 um.
Higher magnification images of the boxed regions were shown (Inset). Scale bar, 5 um. (E) relative
fluorescent intensity of NME3 in HeLa cells transfected with mock (-, n = 38) or dsRNA against ATAD1
(+, n =25) was quantified. * p < 0.05. (F,G) transcription level of ATAD1 (F) and NME3 (G) in HeLa cells
treated as in (C) was quantified by quantitative real-time PCR (n = 3). (H) protein level of Pex14 was
verified by immunoblotting (left). -actin, a loading control. Protein level of Pex14 was represented as
values relative to that in mock-treated HeLa cells (right, n = 3). (I) the number of peroxisomes in HeLa
cells untreated (n = 37), transfected with dsSRNA against ATAD1 alone (n = 37), or a set of ATAD1 and
NME3 (n = 33) was represented. *** p < 0.001, by Tukey-Kramer test. n.s., not significant. (J) NME3 level
is elevated by ATAD1 knockdown. siControl and siATAD1 were separately transfected twice with a 24 h
interval to HeLa cells that had been transfected for 6 h with a plasmid encoding NME3. After 24-h cell
culture, transcription level of ATAD]I (left) was quantified by quantitative real-time PCR (n = 2). Center,
NMES3 expression levels were assessed by western blotting of respective cell lysates with anti-NME3C
antibody. Two bands, NME3-1 and NME3-2, marked by solid and open arrowheads were detected. 3-
actin, a loading control. Dots indicate non-specific bands; right, NME3-1 and NME3-2 bands were
quantified and represented by taking as 1 NME3-1 in siControl-transfected cells in lane 1. (K) upper row,
NME3 was expressed in PEX11f7- mouse embryonic fibroblasts (MEF) [12] and its intracellular
localization was verified by staining with antibodies to DYNAMOI (a), DLP1 (b), and Pex14 (c). Scale
bar, 10 pm. Higher magnification images of the boxed regions were shown (Inset). Scale bar, 5 um. Note
that NME3 was detected in the limited area of an elongated peroxisome (arrowhead). Panel (e), signal
intensity of NME3, DLP1, and Pex14 in the elongated peroxisome indicated with its length in the merged
view was analyzed by line scanning and represented. Note that NME3 was localized at the DLP1-
accumulated potential constriction site (arrowhead in (a—d)) where signal of Pex14 is weak and the both
sides adjacent to this region the constriction site.
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2.4. Peroxisomes Are Increased in Number upon Knocking down ATAD1

Peroxisomes are slightly elongated in F741 fibroblasts and HeLa cells suppressed in the
expression of NME3 (Figures 2 and 3). Furthermore, in PEX11B-knocked out mouse embryonic
fibroblasts (MEF) [12], ectopically expressed NMES3 is observed at an apparent constriction site where
DLP1 was accumulated but signal of Pex14 is weak, and the both sides adjacent to the constriction
site in an elongated peroxisome (Figure 7K). These results resemble the Pex11B-enriched constriction
site formed along the elongated peroxisome devoid of Pex14 [7], suggesting that NME3 is involved
in a fission step of peroxisomes. Noteworthily, the elongated peroxisomes are more evident in
fibroblasts from the patients defective in DLP1 and Mff [21,37,38]. Interestingly, overexpression of
Pex11{ but not DLP1 or Mff promotes peroxisome division, leading to an increase in the number of
peroxisomes [4,11,44]. Given these findings and together with the enhanced expression of NME3 by
the ATAD1 knockdown (Figure 7), we analyzed the abundance of peroxisomes in HeLa cells. In
ATAD1-knocked down HeLa cells, the number of peroxisomes was increased by ~40% as compared
to that in mock-treated HeLa cells, which was returned to the control level by co-suppression of
NMES3 (Figure 7D,I), where peroxisomes were often elongated (Figure 7D). These results suggest that
the elevated protein level of NME3 in peroxisomes is responsible for the increase in the number of
peroxisomes in ATAD1-knocked down HeLa cells.

2.5. Peroxisomes Are Elongated by Expression of Catalytically Inactive NME3

Elevation of NME3 protein level facilitated peroxisome division (Figure 7). We next examined
whether NDP kinase activity of NME3 is required for the division of peroxisomes. To this end, we
expressed a catalytically inactive mutant NME3, termed NME3H135N, where the catalytic site
histidine at amino-acid position 135 had been mutated to asparagine (NME3H135N). Mutation of the
catalytic site histidine in NME3 and DYNAMOI abolishes their NDP kinase activity [27,29]. In wild-
type NME3-expressing HeLa cells, double protein-bands were detected with anti-NME3C antibody
raised against the C-terminal 18 amino-acid sequence of NME3 (Figure 8A, lane 2). However, upon
tagging of a tandem HA peptide at the C-terminus of NME3, the NME3-HA: protein was no longer
detectable with the NME3C antibody, implying that the NME3C antibody specifically recognizes the
amino-acid sequence harboring the free carboxyl group of the peptide derived from NME3 (Figure
8A, lane 3).
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Figure 8. NDP kinase activity of NME3 is essential for the division of peroxisomes. (A) ectopic expression
of NME3 and its mutant NME3H135N in HeLa cells was verified by immunoblotting of respective cell
lysates with antibodies to NME3 and NME3C. NME3-HA: was likewise expressed and assessed with anti-
HA antibody. Two bands, NME3-1, NME3-2, and HA»-tagged ones, respectively, marked by solid and
open arrowheads were detected (lanes 2 and 3); three bands, NME3H135N, NME3H135N-a, and
NME3H135N-b were marked by solid arrowhead, asterisk, and open circle, respectively. 3-actin, a loading
control. Dots indicate non-specific bands. (B) peroxisome morphology was verified by expressing
NME3H135N in HeLa cells. Cell staining was performed as in Figure 6. Scale bar, 10 pm. Higher
magnification image of the boxed regions was shown (Inset). Scale bar, 5 um. (C) distribution of NME3 in
heavy mitochondrial (HM) and post-HM membrane fractions containing light mitochondria (LM) and
microsome (Ms) fractions. PNS fractions prepared from HeLa cells (lane 2 in (A)) were fractionated as
described in Materials and Methods and assessed for distribution of NME3 and marker proteins for
mitochondria and peroxisomes with antibodies indicated on the left. Two bands indicated by solid and
open arrowheads are as in (A). Dots, non-specific bands. (D) subcellular distribution of NME3 and marker
proteins was represented in each fraction by taking as 1 total amount of respective proteins detected in
lanes 2—4 (n = 3). Solid, gray, and open bars indicate the levels in HM, LM plus Ms, and cytosol fractions,
respectively. The values were represented as means + SD of three independent experiments (upper panel)
and a single experiment (lower panel), respectively. NME3 was mostly recovered in both HM (solid bar)
and post-HM fractions (gray bar), where NME3-2 (open arrowhead in (C)) was mainly recovered in the
post-HM fraction. Note that NME3 was detected in a manner of a dual distribution in mitochondria and
peroxisome fractions, similar to dually localized Mff. (E) organelle fraction (100,000x g pellet fraction of
PNS) from HeLa cells expressing a higher level of NME3 was treated with 0.1 M Na2COs and separated
into soluble (S) and membrane (M) fractions. Equal aliquots of respective fractions were analyzed by
immunoblotting with the indicated antibodies. Solid and open arrowheads are as in (C). (F) cell lysates
prepared from HeLa cells expressing the NME3 variants and cell-free translated NME3 and the mutant
NME3H135N were analyzed in the same SDS-PAGE gel and detected with NME3C antibody. Solid and
open arrowheads, asterisk, open circle, and a dot are as in (A).
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The expressed level of NME3H135N was about a half of the wild-type NME3, where the
NME3H135N band appeared to be with the same migration as the band with “a lower mobility” of
NME3-1 (Figure 8A, lane 4). Under this condition, peroxisomes were frequently elongated in HeLa
cells expressing NME3H135N (Figure 8B). We interpret this result to mean that NME3H135N affected
division of peroxisomes by interfering with the endogenous NME3, hence suggesting that NDP
kinase activity of NMES3 is required for the division of peroxisomes.

We further characterized NME3 by addressing the difference between the two forms of NME3,
NME3-1 and NME3-2. We investigated intracellular distribution of NME3 by subcellular
fractionation assay (Figure 8C). Tom20 was mostly detected in a heavy mitochondria (HM) fraction,
whereas Pex3 was mainly in a post-HM membrane fraction (Figures 8C,D). In contrast to the
differential distribution of mitochondrial and peroxisomal marker proteins, Tom20 and Pex3,
respectively, NME3-1 was recovered in both HM fraction and post-HM fraction containing light
mitochondria (LM) and microsome (Ms) fractions, and a small amount of NME3-1 was detected in
the cytosol fraction (Figures 8C,D). Cell-free synthesized NME3 migrated at the same position as the
NME3-1 band (Figure 8F). However, NME3-2 with a higher mobility was mostly recovered in the
post-HM membrane fraction, similar to Pex3 (Figures 8C,D). Contrary to this, NME3H135N was
recovered mostly in HM and post-HM fractions, similar to NME3-1, and partly in the cytosol fraction
(Figures S1A,B). Interestingly, two additional NME3H135N bands at 20 kDa, termed NME3H135N-
a and NME3H135N-b, respectively, were detected in PNS fraction (Figure S1A,B). Both proteins were
mainly recovered in a post-HM fraction, suggesting that NME3H135N is likely post-translationally
modified on peroxisomes (Figures S1A,B). NME3H135N level was increased like NME3 by ATAD1
knockdown (Figure S1C), where NME3H135N and NME3H135N-b were detected. Furthermore, both
of NME3-1 and NME3-2 were largely resistant to the sodium carbonate extraction, similar to Pex3,
an integral membrane protein residing on peroxisomes (Figure 8E) [45]. NME3H135N was likewise
recovered in the membrane fraction upon the alkaline extraction, while both NME3H135N-a and
NME3H135N-b were recovered in both membrane and soluble fractions (Figure S1D), postulating a
less membrane association of the modified forms of NME3H135N. Together, these results suggest
that NME3 is localized to both mitochondria and peroxisomes as an integral membrane protein,
where the NME3-2 seems to be post-translationally modified on peroxisomes in a manner dependent
on histidine at amino-acid position 135, thereby detectable with an apparently higher mass in SDS-
PAGE.

2.6. Decreased Level of Plasmalogens in F741 Patient Fibroblasts

Biosynthesis of plasmalogens is initiated in peroxisomes [46]. The level of ethanolamine
plasmalogens (PlsEtn) is severely reduced in peroxisome-deficient fibroblasts from patients with
Zellweger spectrum disorders [47,48]. To investigate whether the milder morphological alteration of
peroxisomes in F741 fibroblasts affects peroxisomal lipid metabolism, PlsEtn level in control and F741
fibroblasts were determined by liquid chromatography connected to tandem mass spectrometry (LC-
MS/MS). Total amount of PlsEtn in F741 fibroblasts was reduced to about 50% of that in fibroblasts
from a healthy control (Figure 9), suggesting that biosynthesis of PIsEtn was attenuated by the
morphological alternation of peroxisomes.
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Figure 9. Plasmalogens are decreased in fibroblasts from a NME3-deficient patient. Ethanolamine
plasmalogens (PIsEtn) in fibroblasts from a healthy control and the patient F741 were determined by
LC-MS/MS (n = 3). Data indicate means + SD. ** p < 0.01, by Student’s t-test.

3. Discussion

In the present study, we show that NME3 localizes to peroxisomes as well as mitochondria.
Silencing of NME3 expression in HeLa cells causes the elongation of peroxisomes, which is also
observed in the fibroblasts from NME3-deficient patient devoid of the expression of NME3. An
elevated protein level of NME3 by the knockdown of ATAD1 in HeLa cells leads to an increase in
peroxisome number. Moreover, synthesis of plasmalogens was affected in the patient’s fibroblasts.
These results indicate that NME3 is involved in the morphogenesis and functions of peroxisomes.

The findings of the localization of NME3 to peroxisomes and mitochondria (Figures 4, 6 and 7)
and the NDP kinase activity of recombinant NME3 [29] suggest that NME3 provides GTP to the GTP-
requiring proteins localized in peroxisomes and mitochondria, as in the case of DYNAMOI1 in C.
merolae [27]. In mitochondria, NME3 interacts with mitofusin (MFN), a GTPase essential for
mitochondria fusion [29]. However, the catalytically inactive NME3 appears to restore the impaired
MEFN-dependent mitochondrial elongation, suggesting that other GTPases are potential acceptor(s)
for GTP provided by NME3. Our morphological results showing the elongated peroxisomes in HeLa
cells silenced in the NME3 expression and the nme3 patient’s fibroblasts suggest that NME3 more
likely provides GTP to GTPases required for fission of peroxisomes. Interestingly, the elongated
peroxisomes are formed by the expression of catalytically inactive NME3 and the elevation of NME3
expression level increases the number of peroxisomes, similar to the peroxisomal phenotype reported
in the earlier studies by exogenous expression of Pex11f3 in wild-type cells [9,11,44,49]. Noteworthily,
Pex11p functions in the formation of constriction sites in a manner dependent on DHA-containing
glycerophospholipids [7] and plays as a GTPase-activating protein of DLP1 [24]. Therefore, NME3
most likely provides GTP to DLP1 for the fission of peroxisomes in mammals as well, as for the
DYNAMOL1 in C. merolae [27], although the interaction between NME3 and DLP1 is not observed by
in vivo proximity ligation assay [29]. This is partly due to the limitation of antibodies available for
the analysis of in vivo proximity ligation assay, where anti-DLP1 antibody recognizes DLP1 that
shuttles between the cytosol and peroxisomes or mitochondrial outer membranes, while NME3 was
detected with anti-FLAG antibody recognizing the N-terminus of FLAG-NME3 presumably located
in the intermembrane space of mitochondria. We observed the elongated peroxisomes in fibroblasts
and HeLa cells devoid of NME3, although the elongated peroxisomes are more evident in the
fibroblasts from patients with a homozygous mutation in the genes encoding DLP1 or Mff [21,37,38].
Depletion of both NME1 and NME2 causes the accumulation of invaginated clathrin-coated pits
(CCPs) with about 200 nm in length [28], while 300-400 nm-long CCPs are accumulated in dynamin-
knockout cells [50,51]. Given these observations, it is conceivable that less tubular phenotype of
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peroxisomes and CCPs by the NME3-knockdown or -knockout cells are partly due to the utilization
of cytosolic GTP. Division of peroxisomes is spatially and temporally well-regulated, hence more
detailed analyses would be required for addressing the interaction of NME3 with DLP1 and the effect
of NME3 on the GTPase activity of DLP], leading to the delineation of the molecular mechanisms
underlying the division of peroxisomes.

Fission of peroxisome and mitochondrion in C. merolae is highly dependent on DYNAMOI that
locates in the cytosol at G1 phase and sequentially localizes to the division sites of mitochondrion
and peroxisome [27]. In mammals, NME3 is localized to peroxisomes and mitochondria as an integral
membrane protein (Figure 8E). Therefore, the recruitment of NME and DYNAMOI at the division
sites is regulated, likely in a different manner. The protein level of NME3 was elevated by the
knockdown of ATAD1 (Figure 7). The role of ATADI in degradation of the mislocalized C-tail
anchored proteins has recently been well defined [43,52,53]. The N-terminal hydrophobic segment of
NME3 and digestion of the catalytic domain of NME3 by exogenously added proteinase [29] suggest
that NME3 is a type I integral membrane protein localizing to peroxisomes and mitochondrial outer
membrane. NME3 appears to be a potential clue, together with ATAD1, to investigate molecular
mechanisms underlying the regulation in division of peroxisomes and mitochondria.

LC-MS/MS analysis revealed that the level of PlsEtn was decreased in the F741 fibroblasts
(Figure 9). Impairments of PIsEtn metabolism have also been reported in other cells with abnormal
peroxisome morphology. In Pex11f7 mouse with elongated peroxisomes, PlsEtn level in brain is
reduced to about 80% of that in control level [12]. DIp1-deficient ZP121 CHO mutant showing tubular
peroxisomes and dysmorphology of mitochondria shows the impairment of biosynthesis of PlsEtn
and phosphatidylethanolamine [5]. In agreement with F741 fibroblasts analyzed in this study, the
peroxisomal matrix protein import is normal in both cases. Therefore, dysmorphology of
peroxisomes likely affects the PlsEtn biosynthesis despite normal peroxisomal localization of
enzymes for the PIsEtn synthesis. Precise mechanism underlying the attenuation of PlsEtn
biosynthesis in the cells with peroxisomal dysmorphology remains to be defined. A pathogenic
defect, the decreased cerebellar foliation in the NME3 patient remains undefined [29]. We recently
reported a similar developmental defect of cerebellum including abnormal foliation in a peroxisome
biogenesis disorder mouse model, Pex144¢4C mouse, manifesting nearly 50% reduction of the
cerebellar PIsEtn level [54,55]. Therefore, the reduced level of PIsEtn is a potential cause of the defects
in cerebellar development of the NME3 patient, although the PlsEtn level in the cerebellum of the
patient is not determined.

4. Materials and Methods

4.1. Cell Culture, DNA Transfection, and RNAi

PEX11p7- MEF [12], HeLa cells and fibroblasts from a healthy control and an NME3-deficient
patient were maintained in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS
(Sigma, St. Louis, MO, USA). All cell lines were cultured at 37 °C under 5% COz. DNA transfection
was performed using Lipofectamine 2000 (Invitrogen) for HeLa cells according to the manufacturer’s
instructions and cells were cultured for the indicated time periods.

siRNA-mediated knockdown of NME3 and ATADI in HeLa cells was performed using
predesigned Stealth™ siRNAs (Invitrogen) and MISSION siRNA (Sigma), respectively. Cells were
harvested or fixed at 72 h after the initial transfection using Lipofectamine 2000. The following
siRNAs were used: human NME3 #28 (NME3HSS143128), #29 (NME3HSS143129) and #30
(NME3HSS143130), and human ATAD1 (SASI_Hs01_00200046).

4.2. Antibodies

Rabbit antibodies to acyl-CoA oxidase (AOx) [56], 3-ketoacyl-CoA thiolase [56], ADAPS [57],
PTS1 peptide [58], Pex3 [45], Pex14 [59], Mff [11], DYNAMOI1 [27], 70-kDa peroxisomal membrane
protein (PMP70) [56], and guinea pig anti-Pex14 antibody [60] were as described. Rabbit polyclonal
antibody, termed anti-NME3C antibody, was raised against the C-terminal 18-amino-acid sequence
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of human NME3. Rabbit antibody against NME3 was purchased from ABclonal (Tokyo, Japan).
Mouse monoclonal antibodies against HA (16B12; Covance, Princeton, NJ, USA), f-actin (6D1; MBL,
Nagoya, Japan), Tom20 (F-10; Santa Cruz Biotechnology, Dallas, TX, USA), DLP1 (BD Biosciences,
Franklin Lake, NJ, USA), and LDHA (AF14A11; AbFrontier, Seoul, Korea) were purchased.

4.3. RT-PCR

Total RNA was isolated from HeLa cells using a TRIzol reagent (Ambion, Austin, TX, USA) and
synthesis first-strand cDNA was performed with a PrimeScript RT reagent kit (Takara Bio, Kusatsu,
Japan). Quantitative real-time RT-PCR was performed in an Mx3000P QPCR system (Agilent
Technologies, Santa Clara, CA, USA) with SYBR Premix Ex Taq™ II (Ti RNaseH Plus) (Takara Bio).
Primers used were: human GAPDH sense HsGAPDH_Fw. 5'-atggaaatcccatcaccatctt-3', antisense
HsGAPDH_Rv 5'-cgccccacttgattttgg-3’; human NME3 sense NME_Fw. 5'-ctcatcggagccacgaacc-3,
antisense NME3_Rv. 5'-gttcttgccaacctcgatge-3; human ATAD1 sense ATADI1_Fw. 5'-
cctecaggcetgtggtaaaac-3', antisense ATAD1_Rv. 5'-agaagacagcagcagccaat-3'.

4.4. Plasmids

cDNA encoding full-length NME3 was amplified by PCR using the RT-product prepared from
MCEF?7 cells as a template with a set of primers, HSNME3 Fw: 5-GGGGATCCACCATGATCTGCCT
GGTGCTGACCATC-3' and HsNME3 Rv: 5-CCCTCGAGCTCATACAGCCAGTGCCCAGCGCT
GTC-3', and cloned into BamHI-Xhol sites of pcDNAZeo/C-HA: [36]. To generate pcDNAZeo/NMES3,
DNA fragment encoding NME3 was amplified with a set of primers, T7 promoter Fw: 5'-
TAATACGACTCACTATAGGG-3" and HsNME3terRv: 5-TTCTCGAGCTACTCATACAGC
CAGTGCCCA-3', and cloned into BamHI-Xhol sites of pcDNAZeo. pcDNAZeo/NME3H135A was
generated by inverse PCR using pcDNAZeo/NME3 as a template with a set of primers,
HsNME3HI135N Fw: 5-AACGGCAGCGACTCGGTGG-3' and HsNME3H135N Rv: 5'-
TCAGGTTCTTGCCAACCTC-3". The plasmids, pcDNAZeo/HA-PEX26 and pcDNAZeo/ FLAG-
PEX19, were as described [40].

4.5. Immunoblotting

Immunoblotting was performed as described [61]. In brief, protein samples were separated by
SDS-PAGE and electrotransferred to a polyvinylidene fluoride membrane (Bio-Rad Laboratories,
Hercules, CA, USA). After blocking in PBS containing 5% nonfat dry milk and 0.1% Tween 20, blots
were subjected to immunoblotting with the indicated antibodies. Immunoblots were developed with
ECL Western blotting detection reagents (GE Healthcare, Chicago, IL, USA), and scanned with an
LAS-4000 Mini luminescent image analyzer (Fujifilm, Tokyo, Japan).

4.6. Immunofluorescence Microscopy

Cells on glass coverslips were fixed with 4% paraformaldehyde in PBS for 15 min at RT,
permeabilized with 1% Triton X-100 in PBS for 2 min at RT, and blocked with PBS-BSA (PBS
containing 1% BSA) for 30 min at RT. Subsequently, cells were incubated with primary antibodies
indicated. Antigen-antibody complexes were visualized with Alexa Fluor conjugated secondary
antibodies and observed as described [62]. Images were obtained under a laser-scanning confocal
microscope (LSM710 with Axio Observer.Z1; Carl Zeiss, Oberkochen, Germany).

Number of peroxisomes per cell was determined in randomly selected cells. Peroxisomal
number was calculated using the Particle Analysis package of Image J using a threshold images
converted from optical images obtained by confocal fluorescence microscopy [7].

4.7. Subcellular Fractionation and Biochemical Analysis

Cells were harvested in buffer H (0.25 M sucrose, 20 mM Hepes-KOH, pH 7.4, 1 mM EDTA, and
a protease inhibitor cocktail) and homogenized on ice by passing through a 27-gauge needle (with 1
mL syringe). Homogenates were centrifuged at 1000x g for 5 min to yield a post-nuclear supernatant
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(PNS) fraction. The PNS fraction was separated into cytosolic and organelle fractions by
ultracentrifugation at 100,000 g for 30 min [63]. For subcellular fractionation, PNS fraction was
centrifuged at 2500x g for 10 min to separate a heavy mitochondria fraction [11]. Post-HM fraction
was further centrifuged at 100,000 g for 30 min to separate a light mitochondria and cytosol fractions.

Alkaline extraction was performed as described [64]. In brief, organelle fractions were treated
with 0.1 M Na2COs on ice for 30 min, and separated into soluble and membrane fractions by
ultracentrifugation at 100,000x g for 30 min.

In vitro transcription/translation reactions in a rabbit reticulocyte-lysate were performed using
the TNT T7 Quick Coupled Transcription/Translation System (Promega, Madison, WI, USA)
according to the manufacturer’s instruction.

4.8. Lipid Analysis

Analysis of PIsEtn in fibroblasts was performed as described [65] using 4000 Q-TRAP
quadrupole linear ion trap hybrid mass spectrometer (AB Sciex, Foster City, CA, USA) with an
ACQUITY UPLC System (Waters).

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/21/21/8040/s1,
Figure S1: Intracellular distribution of NME3H135N and its membrane integrity.

Author Contributions: M.H. and Y.F. conceived the study; M.H. and Y.A. performed the experiments; M.H.
designed the study, wrote the original draft; Y.I,, Z.-F.C., HM. and T.C.F.-Z. provided resources; M.H., Y.I. and
Y .F. edited the manuscript; Y.F. supervised this study. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported in part by JSPS Grants-in-Aid for Scientific Research Grant Numbers
JP26116007, JP15K14511, JP15K21743, and JP17HO03675 (to Y.F.); grants (to Y.F.) from the Takeda Science
Foundation, the Naito Foundation, Japan, and the Novartis Foundation (Japan) for the Promotion of Science.

Acknowledgments: We thank M. Ishii for preparing figures, and the other members of our laboratory for helpful
discussions.

Conflicts of Interest: The authors declare no conflict of interest.

Statistical Analysis and Data Presentation: Statistical analysis was performed using one-tailed Student’s t-tests
unless otherwise described in figure legend. A p value <0.05 was considered statistically significant. Quantitative
data were shown as mean + SD.

References

1. Lazarow, P.B.; Fujiki, Y. Biogenesis of peroxisomes. Annu. Rev. Cell Biol. 1985, 1, 489-530.
Schrader, M.; Costello, J.L.; Godinho, L.F.; Azadi, A.S, Islinger, M. Proliferation and fission of
peroxisomes— An update. Biochim. Biophys. Acta-Mol. Cell Res. 2016, 1863, 971-983.

3. Honsho, M.; Yamashita, S.; Fujiki, Y. Peroxisome homeostasis: Mechanisms of division and selective
degradation of peroxisomes in mammals. Biochim. Biophys. Acta-Mol. Cell Res. 2016, 1863, 984-991.

4. Li, X.; Gould, S.J. The dynamin-like GTPase DLP1 is essential for peroxisome division and is recruited to
peroxisomes in part by PEX11. |. Biol. Chem. 2003, 278, 17012-17020.

5. Tanaka, A.; Kobayashi, S.; Fujiki, Y. Peroxisome division is impaired in a CHO cell mutant with an
inactivating point-mutation in dynamin-like protein 1 gene. Exp. Cell Res. 2006, 312, 1671-1684.

6. Gandre-Babbe, S.; van der Bliek, A.M. The novel tail-anchored membrane protein Mff controls

mitochondrial and peroxisomal fission in mammalian cells. Mol. Biol. Cell 2008, 19, 2402-2412.

7. Itoyama, A.; Honsho, M.; Abe, Y.; Moser, A.; Yoshida, Y.; Fujiki, Y. Docosahexaenoic acid mediates
peroxisomal elongation, a prerequisite for peroxisome division. J. Cell Sci. 2012, 125, 589-602.

8. Koch, A; Yoon, Y.; Bonekamp, N.A.; McNiven, M.A.; Schrader, M. A role for Fisl in both mitochondrial
and peroxisomal fission in mammalian cells. Mol. Biol. Cell 2005, 16, 5077-5086.

9. Kobayashi, S.; Tanaka, A.; Fujiki, Y. Fisl, DLP1, and Pexllp coordinately regulate peroxisome
morphogenesis. Exp. Cell Res. 2007, 313, 1675-1686.



Int. J. Mol. Sci. 2020, 21, 8040 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Fujiki, Y.; Abe, Y.; Imoto, Y.; Tanaka, A.J.; Okumoto, K.; Honsho, M.; Tamura, S.; Miyata, N.; Yamashita,
T.; Chung, W.K.; et al. Recent insights into peroxisome biogenesis and associated diseases J. Cell Sci. 2020,
133, jcs236943.

Itoyama, A.; Michiyuki, S.; Honsho, M.; Yamamoto, T.; Moser, A.; Yoshida, Y.; Fujiki, Y. Mff functions with
Pex11pf and DLP1 in peroxisomal fission. Biol. Open 2013, 2, 998-1006.

Li, X.; Baumgart, E.; Morrell, ].C.; Jimenez-Sanchez, G.; Valle, D.; Gould, S.J. PEX11p deficiency is lethal
and impairs neuronal migration but does not abrogate peroxisome function. Mol. Cell Biol. 2002, 22, 4358—
4365.

Ebberink, M.S.; Koster, ].; Visser, G.; van Spronsen, F.; Stolte-Dijkstra, I.; Smit, G.P.A.; Fock, ].M.; Kemp, S.;
Wanders, R.J.A.; Waterham, H.R. A novel defect of peroxisome division due to a homozygous non-sense
mutation in the PEX11p gene. |. Med. Genet. 2012, 49, 307-313.

Thoms, S.; Gaertner, J. First PEX11 patient extends spectrum of peroxisomal biogenesis disorder
phenotypes. J. Med. Genet. 2012, 49, 314-316.

Opalinski, L.; Kiel, J.A.; Williams, C.; Veenhuis, M.; van der Klei, I.]. Membrane curvature during
peroxisome fission requires Pex11. EMBO J. 2011, 30, 5-16.

Yoshida, Y.; Niwa, H.; Honsho, M.; Itoyama, A.; Fujiki, Y. Pex11p mediates peroxisomal proliferation by
promoting deformation of the lipid membrane. Biol. Open 2015, 4, 710-721.

Su, J.; Thomas, A.S.; Grabietz, T.; Landgraf, C.; Volkmer, R.; Marrink, S.; Williams, C.; Melo, M.N. The N-
terminal amphipathic helix of Pex11p self-interacts to induce membrane remodelling during peroxisome
fission. Biochim. Biophys. Acta-Biomembr. 2018, 1860, 1292-1300.

Sesaki, H.; Jensen, R.E. Division versus fusion: Dnm1p and Fzolp antagonistically regulate mitochondrial
shape. J. Cell Biol. 1999, 147, 699-706.

Koch, A.; Thiemann, M.; Grabenbauer, M.; Yoon, Y.; McNiven, M.A; Schrader, M. Dynamin-like protein 1
is involved in peroxisomal fission. J. Biol. Chem. 2003, 278, 8597-8605.

Bleazard, W.; McCaffery, ] M.; King, E.J.; Bale, S.; Mozdy, A.; Tieu, Q.; Nunnari, J.; Shaw, ].M. The dynamin-
related GTPase Dnm1 regulates mitochondrial fission in yeast. Nat. Cell Biol. 1999, 1, 298-304.

Waterham, H.R; Koster, J.; van Roermund, C.W.T.; Mooyer, P.A.W.; Wanders, R.J.A.; Leonard, ].V. A lethal
defect of mitochondrial and peroxisomal fission. N. Eng. J. Med. 2007, 356, 1736-1741.

Ishihara, N.; Nomura, M.; Jofuku, A.; Kato, H.; Suzuki, S.0.; Masuda, K.; Otera, H.; Nakanishi, Y.; Nonaka,
I; Goto, Y.; et al. Mitochondrial fission factor Drp1 is essential for embryonic development and synapse
formation in mice. Nat. Cell Biol. 2009, 11, 958-966.

Islinger, M.; Voelk], A.; Fahimi, H.D.; Schrader, M. The peroxisome: An update on mysteries 2.0. Histochem.
Cell Biol. 2018, 150, 443-471.

Williams, C.; Opalinski, L.; Landgraf, C.; Costello, J.; Schrader, M.; Krikken, A.M.; Knoops, K.; Kram, A.M.;
Volkmer, R.; van der Klei, I.J]. The membrane remodeling protein Pex11p activates the GTPase Dnmlp
during peroxisomal fission. Proc. Natl. Acad. Sci. USA 2015, 112, 6377-6382.

Ford, M.G.; Chappie, ].S. The structural biology of the dynamin-related proteins: New insights into a
diverse, multitalented family. Traffic 2019, 20, 717-740.

Imoto, Y.; Abe, Y.; Okumoto, K.; Honsho, M.; Kuroiwa, H.; Kuroiwa, T.; Fujiki, Y. Defining the dynamin-
based ring organizing center on the peroxisome-dividing machinery isolated from Cyanidioschyzon merolae.
J. Cell Sci. 2017, 130, 853-867.

Imoto, Y.; Abe, Y.; Honsho, M.; Okumoto, K.; Ohnuma, M.; Kuroiwa, H.; Kuroiwa, T.; Fujiki, Y. Onsite GTP
fuelling via DYNAMOT1 drives division of mitochondria and peroxisomes. Nat. Commun. 2018, 9, 4634.
Boissan, M.; Montagnac, G.; Shen, Q.; Griparic, L.; Guitton, J.; Romao, M.; Sauvonnet, N.; Lagache, T.; Lascu,
I; Raposo, G.; et al. Nucleoside diphosphate kinases fuel dynamin superfamily proteins with GTP for
membrane remodeling. Science 2014, 344, 1510-1515.

Chen, C.-W,; Wang, H.-L.; Huang, C.-W.; Huang, C.-Y.; Lim, W.K; Tu, I.-C.; Koorapati, A.; Hsieh, S.-T.;
Kan, S.-W.; Tzeng, S.-R.; et al. Two separate functions of NME3 critical for cell survival underlie a
neurodegenerative disorder. Proc. Natl. Acad. Sci. USA 2019, 116, 566-574.

Satoh, M.; Hamamoto, T.; Seo, N.; Kagawa, Y.; Endo, H. Differential sublocalization of the dynamin-related
protein OPAL1 isoforms in mitochondria. Biochem. Biophys. Res. Commun. 2003, 300, 482-493.

Griparic, L.; van der Wel, N.N.; Orozco, 1].; Peters, P.J.; van der Bliek, A.M. Loss of the intermembrane
space protein Mgm1/OPA1 induces swelling and localized constrictions along the lengths of mitochondria.
J. Biol. Chem. 2004, 279, 18792-18798.



Int. J. Mol. Sci. 2020, 21, 8040 20 of 21

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

Ishihara, N.; Fujita, Y.; Oka, T.; Mihara, K. Regulation of mitochondrial morphology through proteolytic
cleavage of OPA1. EMBO ]. 2006, 25, 2966-2977.

Osumi, T.; Tsukamoto, T.; Hata, S.; Yokota, S.; Miura, S.; Fujiki, Y.; Hijikata, M.; Miyazawa, S.; Hashimoto,
T. Amino-terminal presequence of the precursor of peroxisomal 3-ketoacyl-CoA thiolase is a cleavable
signal peptide for peroxisomal targeting. Biochem. Biophys. Res. Commun. 1991, 181, 947-954.

Kurochkin, 1.V.; Mizuno, Y.; Konagaya, A.; Sakaki, Y.; Schonbach, C.; Okazaki, Y. Novel peroxisomal
protease Tysndl processes PTS1- and PTS2-containing enzymes involved in B-oxidation of fatty acids.
EMBO J. 2007, 26, 835-845.

Mizuno, Y.; Ninomiya, Y.; Nakachi, Y.; Iseki, M.; Iwasa, H.; Akita, M.; Tsukui, T.; Shimozawa, N.; Ito, C.;
Toshimori, K.; et al. Tysnd1 deficiency in mice interferes with the peroxisomal localization of PTS2 enzymes,
causing lipid metabolic abnormalities and male infertility. PLoS Genet. 2013, 9, e1003286.

Okumoto, K.; Kametani, Y.; Fujiki, Y. Two proteases, trypsin domain-containing 1 (Tysndl) and
peroxisomaal Lon protease (PsLon), cooperatively regulate fatty-acid f-oxidation in peroxisomal matrix. J.
Biol. Chem. 2011, 286, 44367-44379.

Koch, J.; Feichtinger, R.G.; Freisinger, P.; Pies, M.; Schrodl, F.; Iuso, A.; Sperl, W.; Mayr, J.A.; Prokisch, H.;
Haack, T.B. Disturbed mitochondrial and peroxisomal dynamics due to loss of MFF causes Leigh-like
encephalopathy, optic atrophy and peripheral neuropathy. J. Med. Genet. 2016, 53, 270-278.

Nasca, A.; Nardecchia, F.; Commone, A.; Semeraro, M.; Legati, A.; Garavaglia, B.; Ghezzi, D.; Leuzzi, V.
Clinical and biochemical features in a patient with Mitochondrial Fission Factor gene alteration. Front. Genet.
2018, 9, 625.

Boissan, M.; Dabernat, S.; Peuchant, E.; Schlattner, U.; Lascu, I.; Lacombe, M.-L. The mammalian
Nm23/NDPK family: From metastasis control to cilia movement. Mol. Cell Biochem. 2009, 329, 51-62.
Fujiki, Y.; Matsuzono, Y.; Matsuzaki, T.; Fransen, M. Import of peroxisomal membrane proteins: The
interplay of Pex3p- and Pex19p-mediated interactions. Biochim. Biophys. Acta-Mol. Cell Res. 2006, 1763, 1639—
1646.

Yagita, Y.; Hiromasa, T.; Fujiki, Y. Tail-anchored PEX26 targets peroxisomes via a PEX19-dependent and
TRC40-independent class I pathway. . Cell Biol. 2013, 200, 651-666.

Liu, Y.; Yagita, Y.; Fujiki, Y. Assembly of peroxisomal membrane proteins via the direct Pex19p-Pex3p
pathway. Traffic 2016, 17, 433—-455.

Chen, Y.-C.; Umanah, G.K.E.; Dephoure, N.; Andrabi, S.A.; Gygi, S.P.; Dawson, T.M.; Dawson, V.L.; Rutter,
J. Msp1l/ATAD1 maintains mitochondrial function by facilitating the degradation of mislocalized tail-
anchored proteins. EMBO ]. 2014, 33, 1548-1564.

Li, X,; Gould, S.J. PEX11 promotes peroxisome division independently of peroxisome metabolism. J. Cell
Biol. 2002, 156, 643-651.

Ghaedi, K.; Tamura, S.; Okumoto, K.; Matsuzono, Y.; Fujiki, Y. The peroxin Pex3p initiates membrane
assembly in peroxisome biogenesis. Mol. Biol. Cell 2000, 11, 2085-2102.

Nagan, N.; Zoeller, R.A. Plasmalogens: Biosynthesis and functions. Prog. Lipid Res. 2001, 40, 199-229.
Weller, S.; Gould, S.J.; Valle, D. Peroxisome biogenesis disorders. Annu. Rev. Genomics Hum. Genet. 2003, 4,
165-211.

Wanders, R.J.A.; Waterham, H.R. Peroxisomal disorders: The single peroxisomal enzyme deficiencies.
Biochim. Biophys. Acta 2006, 1763, 1707-1720.

Koch, J.; Pranjic, K.; Huber, A,; Ellinger, A.; Hartig, A.; Kragler, F.; Brocard, C. PEX11 family members are
membrane elongation factors that coordinate peroxisome proliferation and maintenance. . Cell Sci. 2010,
123, 3389-3400.

Ferguson, S.M.; Raimondi, A.; Paradise, S.; Shen, H.; Mesaki, K.; Ferguson, A.; Destaing, O.; Ko, G.;
Takasaki, J.; Cremona, O.; et al. Coordinated actions of actin and BAR proteins upstream of dynamin at
endocytic clathrin-coated pits. Dev. Cell 2009, 17, 811-822.

Park, R.J.; Shen, H,; Liu, L.; Liu, X.; Ferguson, S.M. Dynamin triple knockout cells reveal off target effects
of commonly used dynamin inhibitors. J. Cell Sci. 2013, 126, 5305-5312.

Wohlever, M.L.; Mateja, A.; McGilvray, P.T.; Day, K.J.; Keenan, R.J. Msp1 is a membrane protein dislocase
for tail-anchored proteins. Mol. Cell 2017, 67, 194-202.e6.

Matsumoto, S.; Nakatsukasa, K.; Kakuta, C.; Tamura, Y.; Esaki, M.; Endo, T. Mspl clears mistargeted
proteins by facilitating their transfer from mitochondria to the ER. Mol. Cell 2019, 76, 191-205.e10.



Int. ]. Mol. Sci. 2020, 21, 8040 21 of 21

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Abe, Y.; Honsho, M.; Itoh, R.; Kawaguchi, R.; Fujitani, M.; Fujiwara, K.; Hirokane, M.; Matsuzaki, T.;
Nakayama, K.; Ohgi, R.; et al. Peroxisome biogenesis deficiency attenuates the BDNF-TrkB pathway-
mediated development of the cerebellum. Life Sci. Alliance 2018, 1, e201800062.

Honsho, M.; Dorninger, F.; Abe, Y.; Setoyama, D.; Ohgi, R.; Uchiumi, T.; Kang, D.; Berger, J.; Fujiki, Y.
Impaired plasmalogen synthesis dysregulates liver X receptor-dependent transcription in cerebellum. J.
Biochem. 2019, 166, 353-361.

Tsukamoto, T.; Yokota, S.; Fujiki, Y. Isolation and characterization of Chinese hamster ovary cell mutants
defective in assembly of peroxisomes. J. Cell Biol. 1990, 110, 651-660.

Honsho, M.; Yagita, Y.; Kinoshita, N.; Fujiki, Y. Isolation and characterization of mutant animal cell line
defective in alkyl-dihydroxyacetonephosphate synthase: Localization and transport of plasmalogens to
post-Golgi compartments. Biochim. Biophys. Acta 2008, 1783, 1857-1865.

Otera, H.; Okumoto, K.; Tateishi, K.; Ikoma, Y.; Matsuda, E.; Nishimura, M.; Tsukamoto, T.; Osumi, T.;
Ohashi, K.; Higuchi, O.; et al. Peroxisome targeting signal type 1 (PTS1) receptor is involved in import of
both PTS1 and PTS2: Studies with PEX5-defective CHO cell mutants. Mol. Cell Biol. 1998, 18, 388-399.
Shimizu, N.; Itoh, R.; Hirono, Y.; Otera, H.; Ghaedi, K.; Tateishi, K.; Tamura, S.; Okumoto, K.; Harano, T.;
Mukai, S.; et al. The peroxin Pex14p: cDNA cloning by functional complementation on a Chinese hamster
ovary cell mutant, characterization, and functional analysis. J. Biol. Chem. 1999, 274, 12593-12604.

Mukai, S.; Ghaedi, K.; Fujiki, Y. Intracellular localization, function, and dysfunction of the peroxisome-
targeting signal type 2 receptor, Pex7p, in mammalian cells. J. Biol. Chem. 2002, 277, 9548-9561.

Otera, H.; Harano, T.; Honsho, M.; Ghaedi, K.; Mukai, S.; Tanaka, A.; Kawai, A.; Shimizu, N.; Fujiki, Y. The
mammalian peroxin Pex5pL, the longer isoform of the mobile peroxisome targeting signal (PTS) type 1
transporter, translocates Pex7p-PTS2 protein complex into peroxisomes via its initial docking site, Pex14p.
J. Biol. Chem. 2000, 275, 21703-21714.

Honsho, M.; Abe, Y.; Fujiki, Y. Plasmalogen biosynthesis is spatiotemporally regulated by sensing
plasmalogens in the inner leaflet of plasma membranes. Sci. Rep. 2017, 7, 43936.

Honsho, M.; Asaoku, S.; Fukumoto, K.; Fujiki, Y. Topogenesis and homeostasis of fatty acyl-CoA reductase
1. J. Biol. Chem. 2013, 288, 34588-34598.

Fujiki, Y.; Hubbard, A.L.; Fowler, S.; Lazarow, P.B. Isolation of intracellular membranes by means of
sodium carbonate treatment: Application to endoplasmic reticulum. J. Cell Biol. 1982, 93, 97-102.

Abe, Y.; Honsho, M.; Nakanishi, H.; Taguchi, R.; Fujiki, Y. Very-long-chain polyunsaturated fatty acids
accumulate in phosphatidylcholine of fibroblasts from patients with Zellweger syndrome and acyl-CoA
oxidasel deficiency. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2014, 1841, 610-619.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional

affiliations.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



