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The adaptation of eukaryotic cells to anaerobic conditions is reflected
by substantial changes to mitochondrial metabolism and func-
tional reduction. Hydrogenosomes belong among the most mod-
ified mitochondrial derivative and generate molecular hydrogen
concomitant with ATP synthesis. The reduction of mitochondria is
frequently associated with loss of peroxisomes, which compart-
mentalize pathways that generate reactive oxygen species (ROS)
and thus protect against cellular damage. The biogenesis and
function of peroxisomes are tightly coupled with mitochondria.
These organelles share fission machinery components, oxidative
metabolism pathways, ROS scavenging activities, and some me-
tabolites. The loss of peroxisomes in eukaryotes with reduced
mitochondria is thus not unexpected. Surprisingly, we identified
peroxisomes in the anaerobic, hydrogenosome-bearing protist
Mastigamoeba balamuthi. We found a conserved set of peroxin
(Pex) proteins that are required for protein import, peroxisomal
growth, and division. Key membrane-associated Pexs (MbPex3,
MbPex11, and MbPex14) were visualized in numerous vesicles dis-
tinct from hydrogenosomes, the endoplasmic reticulum (ER), and
Golgi complex. Proteomic analysis of cellular fractions and predic-
tion of peroxisomal targeting signals (PTS1/PTS2) identified 51
putative peroxisomal matrix proteins. Expression of selected pro-
teins in Saccharomyces cerevisiae revealed specific targeting to
peroxisomes. The matrix proteins identified included components
of acyl-CoA and carbohydrate metabolism and pyrimidine and CoA
biosynthesis, whereas no components related to either f-oxidation
or catalase were present. In conclusion, we identified a subclass of
peroxisomes, named “anaerobic” peroxisomes that shift the current
paradigm and turn attention to the reductive evolution of peroxi-
somes in anaerobic organisms.
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Peroxisomes are single membrane-bound organelles present in
nearly all eukaryotes (1). They are defined by a conserved set
of proteins named peroxins (Pexs) that are required for peroxi-
somal biogenesis (2). Biochemically, most peroxisomes share the
function of fatty acid oxidation, which generates hydrogen
peroxide, and hydrogen peroxide-degrading enzymes, namely,
catalase, to prevent cellular oxidative damage (3). Additional
peroxisomal pathways are highly variable, indicating the remark-
able versatility of peroxisomal functions (4). This is reflected by
the various names of peroxisomal subtypes, such as glyoxysomes,
glycosomes, and Woronin bodies (5). The need for the compart-
mentalization of enzymes that produce reactive oxygen species
(ROS) has been proposed as a driving force behind the evolution
of peroxisomes. Peroxisomes were most likely derived from the
endoplasmic reticulum (ER) and originated endogenously within
eukaryotes (6, 7), although they were long thought to be endo-
symbiotic remnants similar to mitochondria and plastids (8). The
B-oxidation of fatty acids is considered to be the earliest pathway
that resided in an ancestral peroxisomal proteome due to its
widespread occurrence (6). Phylogenetic analysis suggested that
this pathway was inherited from the endosymbiotic ancestor of
mitochondria, duplicated and retargeted to peroxisomes to mini-
mize the harmful effects of ROS (6, 7). However, a parallel role of
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the ER in the evolution of peroxisomal B-oxidation has been
proposed (9, 10).

In addition to fatty acid metabolism, there is a plethora of other
metabolic, regulatory, and evolutionary links between peroxisomes
and mitochondria (11, 12). For example, the glyoxylate cycle of
peroxisomes of land plants, fungi, alveolates, and lower animals
uses acetyl-CoA as a substrate to produce succinate that can be
imported into mitochondria to replenish the tricarboxylic acid
(TCA) cycle. Both peroxisomes and mitochondria divide by fission
and share multiple components of the fission machinery (13).
More recently, mitochondria appeared to be directly involved in
peroxisome biogenesis as a source of peroxisomal membranes and
membrane proteins (14). Because of this tight interplay between
peroxisomes and mitochondria and the dependence of key per-
oxisomal oxidases on the presence of molecular oxygen, it is not
surprising that peroxisomes are generally absent in anaerobic
unicellular eukaryotes (protists) (15, 16). These eukaryotes harbor
highly reduced anaerobic mitochondria, such as hydrogenosomes
and mitosomes (17). Hydrogenosomes lack most mitochondrial
metabolic functions, including p-oxidation. ATP is generated at
the substrate level using an anaerobic pathway that catabolizes
pyruvate or malate to acetate, CO,, and molecular hydrogen.
Anaerobic conditions apparently prevent the use of oxygen-
dependent B-oxidation of fatty acid metabolism in both peroxisomes
and mitochondria, as well as other oxygen-dependent catabolic
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and biosynthetic pathways in anaerobic protists. As a consequence,
peroxisomes may become dispensable for these organisms.
Mastigamoeba balamuthi is a free-living anaerobic amoeba of
the Archamoebae lineage. The characteristics of the mitochondria
of M. balamuthi conform to those of hydrogenosomes (18). The
anaerobic character of M. balamuthi emphasizes the presence of a
nitrogen-fixing (NIF) and oxygen-sensitive e-bacterial FeS cluster
assembly machinery that replaced the standard mitochondrial iron—
sulfur cluster (ISC) machinery (19). Moreover, oxygen-sensitive
enzymes such as hydrogenases are present in M. balamuthi hydro-
genosomes and in the cytosol, producing hydrogen from both
compartments (19). Archamoebae belongs to the group Conosa
with the sister lineage Mycetozoa that inhabits aerobic niches and
contains oxygen-respiring mitochondria and standard peroxisomes
(20, 21). Thus, it is likely that hydrogenosomes in M. balamuthi
evolved from aerobic mitochondria via secondary adaptation to
anaerobic environments, and we expected that an anaerobic lifestyle
would lead to the loss of peroxisomes, as observed in other an-
aerobic protists. To our surprise, we found that M. balamuthi retains
a full set of Pexs to form peroxisomes, and we identified enzymes
that are delivered to the peroxisomal matrix via typical peroxisomal
targeting signals (PTSs) to catalyze fragmented metabolic pathways.
However, the oxygen-dependent peroxisomal hallmarks, including
p-oxidation of fatty acids and catalase, are absent. These organelles
represent a peroxisomal subtype named anaerobic peroxisomes.

Results

Identification and Cell Localization of Pexs. Analysis of the M.
balamuthi genome sequence using HHpred searches indicated
the presence of genes encoding a set of 14 Pexs involved in the
recognition of PTS1 and PTS2 (Pex5 and 7, respectively), protein
docking and import (Pex13 and 14), receptor recycling (Pexl, 2,
6, 10, and 12), membrane protein targeting (Pex3, 16, and 19),

and peroxisome fission (Pex11-1 and Pex11-2) (Fig. 14 and S/
Appendix, Fig. S1 and Table S1). Most M. balamuthi Pexs
(MbPexs) were colinear or slightly shorter than the correspond-
ing orthologs, and all possessed the expected functional domains
(SI Appendix, Fig. S2). The C-terminal domain of Pex14 is
markedly short; however, its N-terminal domain contains char-
acteristic phenylalanine residues that are indispensable for its
interaction with Pex5 (22) (SI Appendix, Fig. S2). The functional
domains were identified using HHpred searches with high con-
fidence (probability values ranged from 84 to 100) (SI Appendir,
Fig. S2), whereas the overall similarity of MbPex protein se-
quences to their human orthologs ranged between 14% for Pex3
and 57% for Pex7 (SI Appendix, Table S2). The correct identi-
fication of MbPexs containing domains that are present in var-
ious proteins with unrelated functions, such as ATPases
associated with diverse cellular activities (AAA, Pex1, and Pex6),
tetratricopeptide repeats (TPR and Pex5), WD40 repeats (Pex7),
and proteins of the RING family (Pex2, Pex10, and Pex12), was
supported by phylogenetic analysis using human, yeast, and
Dictyostelium discoideum orthologs and selected outgroups (Fig.
1B). Phylogenetic analysis of the MbPex11-1 and MbPex11-2
paralogs revealed their relationships with mammalian Pexlla
and Pex11y, respectively (SI Appendix, Table S2 and Fig. S3).
These proteins are involved in the recruitment of the perox-
isomal membrane fission machinery, as are Fisl, Mff, and
DRP1 (23, 24). Indeed, our searches identified genes for Fisl
(m51al_g2061) and DRP1 (m51al_g631) in the M. balamuthi
genome, which supports the predicted function of MbPex11-1
and MbPex11-2.

The MbPex5 receptor contains a conserved Cys-13 residue that
is required for ubiquitination by the E2 ubiquitin-conjugating en-
zyme Pex4 (25) and thus receptor recycling (SI Appendix, Fig. S2).
In M. balamuthi, we identified neither Pex4 nor the Pex4-anchoring
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Fig. 1. (A) Scheme of the peroxisomal machinery identified in M. balamuthi. The white color indicates Pexs that were not identified in M. balamuthi. (B)
Phylogenetic analysis of selected proteins was performed to discriminate peroxins (Pexs) and proteins that share common domains, including ATPases as-
sociated with diverse cellular activities (AAA, Pex1, and Pex6), tetratricopeptide repeats (TPR and Pex5), WD40 repeats (Pex7), and proteins of the RING family
(Pex2, Pex10, and Pex12). Mb, M. balamuthi; Hs, Homo sapiens; Dd, Dictyostelium discoideum; Sc, Saccharomyces cerevisiae. Accession numbers are given in S/

Appendix, Fig. S2 and Table S1.
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protein Pex22 (Fig. 14). Moreover, Pex26, which anchors the
Pex1/6 complex, seems to be absent as well. However, Pex4,
Pex22, and Pex26 are not generally distributed in eukaryotes (S
Appendix, Fig. S1). For example, Pex4 and Pex22 are absent in
metazoans, and Pex22 is absent in diatoms, whereas metazoan
Pex26 is replaced by Pex15 in Saccharomyces cerevisiae (26),
and Pex26 is absent in kinetoplastids and diatoms (SI Appendix,
Fig. S1) (27).

To validate our in silico predictions, we investigated the cel-
lular localization of membrane-associated MbPexs. Confocal
immunofluorescence microscopy (IF) using specific polyclonal
antibodies (Abs) raised against MbPex3, MbPex11-1, and
MbPex14 labeled numerous small vesicles scattered within the
M. balamuthi cytosol. Importantly, MbPex14 colocalized in the
same vesicles with MbPex3 (Pearson’s correlation coefficient
[PCC] r = 0.85) as well as with MbPex11 (PCC r = 0.86) (Fig.
2A4). To further support the specific localization of Pexs and to
estimate the size and shape of putative peroxisomes and their

relationships with other organelles, we subjected M. balamuthi to
stimulated emission depletion (STED) and immunoelectron
microscopy analysis (Fig. 2 B and C). Dual-color STED imaging
not only confirmed the colocalization of Pex3 and Pex14 signals
but also enabled the observation of separate Pex3 and Pex14
signals that were localized in close proximity, suggesting a het-
erogeneous distribution of Pex3 and Pex14 across the organelles
(Fig. 2B), as reported for Pexs in peroxisomes of human fibro-
blasts (28). Pex3/Pex14-labeled vesicles appeared mostly as cir-
cular, elliptical, or elongated structures. Their sizes ranged from
a minimum of 80 nm (circular structures) to a maximum of
440 nm (elongated structures), and the average area of labeled
vesicles was 0.013 + 0.009 pm?* (mean + SD, n = 176). Pex11-1-
labeled vesicles were considerably smaller than hydrogenosomes
visualized with antisuccinate dehydrogenase subunit B (SdhB)
Ab (Fig. 2B). Neither hydrogenosomes nor ER structures and
vesicles of the unstacked Golgi apparatus (29) colocalized with
Pex11-1-labeled vesicles. Immunoelectron microscopy indicated

Fig. 2. Pexs colocalized in organelles distinct from hydrogenosomes, the Golgi apparatus, and the ER. (A) Confocal IF microscopy revealed colocalization of
Pex3, Pex11-1, and Pex14. DIC, differential interference contrast. (Scale bar: 100 um.) (B) STED microscopy analysis of Pex3, Pex11-1, Pex14, the hydro-
genosomal marker succinate dehydrogenase (SdhB), the ER marker protein disulfide isomerase (PDI), and the Golgi marker COP -subunit (COPB), which were
visualized using specific rat or rabbit polyclonal Abs. (Scale bar: 500 nm.) (C) Immunoelectron microscopy detection of Pex11-1 on M. balamuthi cryosections (a
and b) using a polyclonal anti-Pex11-1 Ab and protein A conjugated with 5 nm gold particles. (Scale bar: 50 nm.)
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that Pex11-1 is associated with a single membrane that surrounds
vesicles with a dark matrix (Fig. 2C and SI Appendix, Fig. S4).
The average size of these vesicles was 143 + 38 nm (mean =+ SD,
n = 20) in diameter, which is within the range of sizes estimated
by STED analysis. The number of putative peroxisomes in M.
balamuthi was counted with Pex14 as a marker using confocal
IF. We found 60 + 20 peroxisomes per 100 pm? (mean + SD,
n = 20), which is comparable to the 50 to 119 glycosomes per
100 pm? determined in Trypanosoma brucei (30, 31) but higher
than the 15.6 peroxisomes per 100 pm? found in human fibro-
blasts (32).

Finally, we selected MbPex14 to experimentally test its ability
to target peroxisomes. Because M. balamuthi is not amenable to
transformation, we used the yeast strain BY4742:POX1-EGFP
expressing the integrated GFP-tagged peroxisomal marker pro-
tein acyl-CoA oxidase (Poxl), and this strain was transformed
with a plasmid that allowed expression of MbPex14 fused with
the fluorescent protein mCherry. Fluorescence microscopy of
transformed cells cultivated with oleate to stimulate peroxisome
formation showed that MbPex14 was incorporated into the Pox1-
labeled peroxisomes. Western blot analysis of cellular fractions
revealed that the majority of MbPex14 and Pox1 was present in
the large granule fraction (LGF) (Fig. 3).

Matrix Proteins of M. balamuthi Peroxisomes. To identify the matrix
components of the M. balamuthi peroxisomes, we initially
searched for proteins with predicted PTS1 and PTS2 signals in
the M. balamuthi genome. These searches revealed 664 proteins
that possessed the predicted C-terminal PTS1 motif and 103
proteins with a putative PTS2 motif located within 100 amino
acids (aa) of the N-terminal domain (Dataset S1). Next, we
performed quantitative proteomic analysis of M. balamuthi
subcellular fractions using the localization of organelle proteins
by isotope tagging (LOPIT) method (33). Altogether, we iden-
tified 2,437 proteins in all fractions (Dataset S1). The distribu-
tion of peroxisomal proteins was traced using 5 membrane Pexs
(MbPex3, MbPex10, MbPex11-1, MbPex12, and MbPex14) (Fig.
4). The peroxisomal markers had a higher relative abundance in
fractions distinct from the marker proteins for hydrogenosomes
and the ER (SI Appendix, Fig. S5 and Dataset S1). Next, we
searched for proteins with quantitative distributions in cellular
fractions similar to those determined for marker Pexs, which
allowed the identification of 1,119 proteins, including additional
Pexs: MbPex2, MbPex5, MbPex11-1, MbPex13, and MbPex16. Of
these 1,119 proteins, 57 proteins contained a predicted PTS1/
PTS2 motif (Fig. 4 and Dataset S1). Then, we removed 6 ribo-
somal proteins that are unlikely to reside in peroxisomes. The
final dataset (SI Appendix, Table S3) contained 51 putative
peroxisomal matrix proteins, of which 12 candidates were se-
lected to validate their cell localization in yeast. Hydrogenosomal
D-lactate dehydrogenase (D-LDH-M) and cytosolic NifU were
used as controls for targeting specificity (18, 19). The proteins
were expressed with an N-terminal mCherry tag in the yeast strain
BY4742:POX1-EGFP. Fluorescence microscopy revealed that
eight peroxisomal candidates (D-LDH; pantetheine-phosphate
adenylyltransferase, PPAT; nudix hydrolase, Nudt; peroxisomal
processing peptidase, PPP; inorganic pyrophosphatase 2, IPP-2;
inositol dehydrogenase, IDH; tagatose-6-phosphate kinase,
T6PK; and fumarylacetoacetate hydrolase, FAH) and the Pox1
marker colocalized together in yeast peroxisomes (Fig. 5 and S/
Appendix, Table S3). As expected, NifU was localized to the
cytosol, and p-LDH-M was localized to mitochondria. To in-
vestigate whether putative matrix proteins were translocated into
the peroxisomal matrix, we performed a protein protection assay
using D-LDH and PPAT. MbPex14 was used as a membrane
marker. Both matrix proteins were fully membrane protected
upon the treatment of LGF with proteinase K, whereas MbPex14
was partially cleaved (SI Appendix, Fig. S6).
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Fig. 3. MbPex14 is incorporated into S. cerevisiae peroxisomes. (A) Fluorescence
microscopy of yeast expressing GFP-tagged Pox1 (peroxisomal marker) and
mCherry-tagged Pex14 of M. balamuthi. DIC, differential interference contrast.
Cells visualized at 1000x magnification. (B) Western blot analysis of the yeast
postnuclear fraction (PNF), cytosol (Cyt), and large granule fraction (LGF). HK,
hexokinase (cytosolic marker).

Although the ability of the tested M. balamuthi proteins to
target yeast peroxisomes strongly supports their peroxisomal local-
ization in M. balamuthi, we developed a specific polyclonal Ab
against IPP-2 for its direct localization in M. balamuthi. IPP is
particularly interesting because there are multiple paralogs of this
enzyme with either N-terminal mitochondrial targeting sequences
(IPP-1) (18) or a predicted C-terminal PTS1 (IPP-2, IPP-3, and IPP-
4) (SI Appendix, Fig. S7). STED microscopy revealed that IPP-2
clearly colocalizes with Pex11-1-labeled vesicles (PCC r = 0.53).
IPP-2 labeled smaller mostly round structures surrounded by the
Pex11-1 signal (Fig. 64). Elongated structures labeled with Pex11-1
were often associated with two separate blobs of IPP-2, which
likely represent dividing peroxisomes. Immunoelectron microscopy
revealed the presence of IPP-2 in the matrix of vesicles with a
morphology similar to those in which we detected Pex11-1 (Figs. 2C
and 6B and SI Appendix, Fig. S8). In double-labeling experiments,
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Fig. 4. Prediction of peroxisomal proteins using LOPIT and PTS1/PTS2 pre-
dictions. (A) Relative TMT intensities for marker Pexs in cellular fractions 7 to
14. (B) Western blot analysis of fractions 7 to 14 using an anti-Pex14 Ab. (C)
Venn diagram depicting the intersection between the proteins identified by
LOPIT and the proteins with a predicted PTS1/PTS2. Relative TMT intensities
for hydrogenosomal and ER proteins are given in S/ Appendix, Fig. S3.

both IPP-2 and Pex11-1 were observed in the matrix and at the
membrane, respectively, within the same organelle (Fig. 6C).

Next, we tested whether the targeting of selected M. balamuthi
candidates to peroxisomes was dependent on the predicted PTS1
signal. The proteins were expressed in BY4742:POX1-EGFP
yeast with or without PTS1, and their presence was traced in
the cytosolic fraction and LGF by Western blot. All proteins with
truncated C-termini were significantly reduced or absent in the
LGF (Fig. 7). The PTS1 motif of proteins that were successfully
targeted to peroxisomes included two proteins (Nudt and PPP)
with the classic C-terminal SKL tripeptide, whereas other pro-
teins possessed its variants, which included ARL (p-LDH), AKL
(IPP-2, IDH, and PPAT), SRL (T6PK), and ARM (FAH).
Based on these experiments, the PTS1 consensus sequence of M.
balamuthi peroxisomal proteins appeared to be [S/A][R/K][L/
M], which corresponds well to the broader consensus sequence
[S/A/P/C][K/R/H][L/M/] established for peroxisomes of meta-
zoans, plants, and glycosomes of kinetoplastids (34, 35).

The identification of PPP among peroxisomal proteins of M.
balamuthi is noteworthy, as it is believed that PPP is present
only in multicellular organisms (36). Our homology searches in
available genomes of amoebozoans revealed the presence of
PPP orthologs in mycetozoans such as D. discoideum and in
Acanthamoeba castellanii; however, we did not find PPP in
entamoebids (SI Appendix, Fig. S9). PPP was also detected in
selected members of the eukaryotic supergroups SAR and
Excavata. In the latter group, PPP was found in Naegleria, but it
was absent in kinetoplastid glycosomes. Phylogenetic analysis
revealed a monophyletic origin of PPPs, including M. balamu-
thi, other unicellular eukaryotes, and the known PPPs Tysnd1

Le et al.

Fig. 5. Localization of M. balamuthi peroxisomal matrix candidates in S.
cerevisiae peroxisomes. GFP-tagged Pox1 was used as a peroxisomal marker.
mCherry-tagged M. balamuthi proteins: FAH, fumarylacetoacetate hy-
drolase; IPP, inorganic pyrophosphatase 2; Nudt, nudix hydrolase; T6PK,
tagatose-6-phosphate kinase; LDH, lactate dehydrogenase; PPAT, pantetheine-
phosphate adenylyltransferase; IDH, inositol dehydrogenase; PPP, peroxi-
somal processing peptidase; NifU, cytosolic marker; and LDH-M, hydro-
genosomal paralog of lactate dehydrogenase. DIC, differential interference
contrast. Cells visualized at 1000x magnification.
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Fig. 6. Immunolocalization of the peroxisomal matrix protein IPP-2 in M.
balamuthi. (A) STED microscopy using specific polyclonal Abs against IPP-2
(green) and Pex11-1 (red). (Scale bar: 500 nm.) (B) Immunoelectron micros-
copy detection of IPP-2 on M. balamuthi cryosections (a and b) using a rat
polyclonal anti-IPP-2 Ab and anti-rat IgG conjugated with 10 nm gold par-
ticles. (C) Colocalization of IPP-2 and Pex11 (a and b). IPP-2 was detected
using a rat polyclonal anti-IPP-2 Ab and anti-rat IgG conjugated to 10 nm
gold particles, Pex11-1 was detected using a rabbit polyclonal anti-Pex11-1
Ab with secondary anti-rabbit IgG conjugated with 15 nm gold particles.
(Scale bar: 50 nm.)

and Degl5 in metazoans and plants, respectively, that formed
group IV (SI Appendix, Fig. S9). All members of this group
possessed PTS1, mostly with the SKL tripeptide, including the M.
balamuthi PPP.

Predicted Metabolic Pathways. Neither bioinformatic nor proteo-
mic analyses identified any component of typical peroxisomal
pathways associated with oxygen metabolism, such as p-oxidation
or catalase (Dataset S1 and SI Appendix, Table S4). However, we
identified components of acetyl-CoA metabolism, pyrimidine
biosynthesis, and carbohydrate metabolism (Fig. 8 and SI Appen-
dix, Table S4). PPAT is a candidate that is potentially involved in
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the regulation of peroxisomal CoA levels. This enzyme catalyzes
the second-to-last step in CoA synthesis (Fig. 8 and SI Appendir,
Fig. S10). The following step of CoA synthesis is catalyzed by
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Fig. 7. PTS1-dependent import of M. balamuthi proteins into S. cerevisiae
peroxisomes. M. balamuthi peroxisomal matrix proteins with the PTS1 signal
or without the 13 C-terminal aa (APTS1) were expressed in yeast. M. bala-
muthi proteins were detected using an anti-mCherry Ab, Pox1 was detected
with an anti-GFP Ab, and hexokinase (HK) was used as a cytosolic marker and
detected using anti-S. cerevisiae HK Ab.
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dephospho-CoA kinase (DPCK), which is encoded in the ge-
nome (m5lal_g647); however, DPCK was not identified in the
proteome. CoA and ATP are required for the activation of fatty
acids by acyl-CoA synthetase (ACS). We identified two ACS
paralogs with LOPIT support; however, only ACS-1 possessed a
predicted PTS1 motif (SI Appendix, Fig. S11) (37). ACS is linked
with IPP, which cleaves PPi to prevent the reverse reaction. In-
deed, we identified two IPP paralogs (IPP-2 and IPP-3) in M.
balamuthi peroxisomes (SI Appendix, Table S3). Pyrimidine
biosynthesis includes the conversion of dihydroorotate to uridy-
late. This pathway requires the activities of three enzymes:
dihydroorotate dehydrogenase (DHODH), orotate phosphor-
ibosyl transferase (OPRT), and orotidine-5’-monophosphate
decarboxylase (OMPD). In the M. balamuthi genome, we iden-
tified a single gene encoding a fused protein with PTS1 (ANL),
which contains domains for all three enzymes, including an N-
terminal DHODH domain, followed by OPRT and OMPDC (SI
Appendix, Fig. S12). OPRT and OMPDC are often fused in eu-
karyotes to form a single peroxisomal protein, whereas DHODH
functions as a separate protein, either in the cytosol (bacterial
class 1) or in mitochondria (class 2) (38) (SI Appendix, Fig. S12).
Therefore, we performed phylogenetic analysis of the M. balamuthi
OMPDC-OPRT-DHODH domains. All three components appeared
to be of bacterial origin, including DHODH, which clustered
with class 1A orthologs present in bacteria, kinetoplastids, and
diatoms (SI Appendix, Fig. S13 A-C). The activity of DHODH
class 1A is dependent on fumarate as an electron acceptor that
could be produced in M. balamuthi by peroxisomal FAH or
imported from the cytosol, where fumarate is formed by fumarase,
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Fig. 8. Predicted metabolism of M. balamuthi anaerobic peroxisomes. The
green box indicates enzymes that were localized in yeast peroxisomes; the
pink box indicates proteins with a predicted PTS1/2 and support for perox-
isomal localization by LOPIT (S/ Appendix, Table S5); the yellow box indicates
genes identified in the M. balamuthi genome; and gray indicates enzymes:
ACS, Acyl-CoA synthetase; DPCK, dephospho-CoA kinase; FAH, fumaryl-
acetoacetate hydrolase; Fum, fumarase; G6PDH, glucose-6-phosphate de-
hydrogenase; IDH, inositol dehydrogenase; IPP, inorganic pyrophosphatase;
6PGDH, 6-phosphogluconate dehydrogenase; DHODH, dihydroorotate de-
hydrogenase; OPRT, orotate phosphoribosyl transferase; OMPDC, orotidine-
5’-monophosphate decarboxylase; MDH, malate dehydrogenase; Nudt,
nudix hydrolase; 6-phosphogluconolactonase, 6PGL; 6-phosphogluconate
dehydrogenase, 6PGDH; PPAT, pantetheine-phosphate adenylyltransferase;
RPDPK, ribose-5- phosphate diphosphokinase; ribose phosphate isomerase,
Rpi; and T6PK, tagatose-6-phosphate kinase. Substrates are as follows: AA,
acetoacetate; FAA, fumarylacetoacetate; PRPP, 5-phosphoribosyl-1-pyro-
phosphate; Gl-1,5-lac-6P, p-glucono-1,5-lactone-6-phosphate; p-glucose-6P;
OAA, oxalacetate; p-tagatose-6P, p-tagatose-6-phosphate; p-tagatose-1,6-
bisphosphate; p-riboseP, p-ribose phosphate; and PPi, pyrophosphate. *Do-
mains of the fusion enzyme DHODH-OPRT-OMPDC.
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which is encoded in the M. balamuthi genome (m51lal_g4783)
(Fig. 8). OPRT activity required 5-phosphoribosyl-1-pyrophosphate
(PRPP), which is formed from p-ribose phosphate by the ac-
tivity of ribose-5-phosphate diphosphokinase. We predicted
two alternative pathways for the formation of p-ribose phos-
phate via either glucose-6-phosphate dehydrogenase or the
ADP ribose diphosphatase activity of Nudt. However, nudix
hydrolases represent a large protein family with various func-
tions, and the protein sequence analysis of MbNudt did not
allow us to unequivocally predict its substrate specificity (S/
Appendix, Fig. S14). Carbohydrate metabolism includes the
putative b-LDH, IDH, and T6PK with a PTS1 and malate de-
hydrogenase (MDH) with a PTS2 (Fig. 8 and SI Appendix,
Table S3 and Figs. S15 and S16). Altogether, these results in-
dicate the presence of peroxisomes in the anaerobic protist M.
balamuthi.

Discussion

Free-living M. balamuthi is a eukaryote characterized as pos-
sessing both an anaerobic type mitochondria (hydrogenosomes)
and peroxisomes. These “anaerobic” peroxisomes lack metabolic
pathways generating ROS, such as f-oxidation, as well as ROS-
detoxifying enzymes, including catalase. However, they contain
components of acyl-CoA and carbohydrate metabolism and py-
rimidine and CoA biosynthesis. M. balamuthi possesses a set of
14 Pexs required for the biogenesis of peroxisomes and ma-
chinery for the targeting of proteins to the peroxisome via PTS1/
PTS2 and PPP.

In other eukaryotes with anaerobic forms of mitochondria,
peroxisomes are believed to be absent (15, 16). Two proteins
(ACS and Pex-4) were recently suggested to represent putative
peroxisomal remnants in Giardia intestinalis, but their signifi-
cance needs to be clarified (39). In addition to anaerobes, the
absence of peroxisomes was noted in parasitic organisms with
unconventional mitochondria such as Plasmodium falciparum
and related species of the Aconoidasida group that live in aer-
obic niches (40, 41). However, during erythrocytic stages, Plas-
modium relies mainly on cytosolic glycolysis, similar to anaerobes.
In addition, the absence of peroxisomes has been predicted in
several lineages of parasitic helminths (42), most of which adapted
to oxygen-poor environments and can gradually replace the TCA
cycle and aerobic phosphorylation with anaerobic energy metabolism
(43). The identification of peroxisomes in anaerobic M. balamuthi is
thus unprecedented, considering the correlation between the adap-
tation of mitochondria to anaerobiosis and the loss of peroxisomes.

Four peroxisomal proteins, Pex3, Pex10, Pex12, and Pex19,
which are considered unequivocal in silico peroxisomal markers
(2), and 10 other Pexs (Pexl, Pex2, Pex5, Pex6, Pex7, Pex11-1,
Pex11-2, Pex13, Pex14, and Pex16), were identified in the M.
balamuthi genome. Ten of 14 predicted Pexs were identified by
proteomics, which indicates that these proteins are available for
peroxisome biogenesis. Targeting of M. balamuthi matrix pro-
teins with PTS1 to peroxisomes was experimentally confirmed
in S. cerevisiae. Notably, M. balamuthi peroxisomes seem to
retain the PTS2 system, which is not as universally distributed as
PTS1 (42, 44-46). As in other peroxisome-bearing organisms,
ubiquitination-dependent recycling of PTS receptors likely oc-
curs in anaerobic peroxisomes with contributions from the Pex2/
10/12 RING-finger complex and the AAA-type ATPases Pex1/6.
Although we did not identify a Pex4 ortholog in M. balamuthi,
Pex4 could be functionally replaced by other enzymes with the
required activity. For example, in humans, Pex4 is functionally
replaced by the related ubiquitin-conjugating proteins Ubc5a/b/c
(47). M. balamuthi possesses all three members of the machinery
that target proteins to the peroxisomal membrane, MbPex3,
MbPex16, and MbPex19. Pex19 is a soluble shuttling receptor
that was not found in the LOPIT data; however, a single gene
encoding a putative MbPex19 was found in the M. balamuthi
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genome. Finally, M. balamuthi possesses two MbPex11 paralogs
that may facilitate the elongation of the peroxisomal membrane
and the fission of the organelles (23, 24). Collectively, these
findings show that M. balamuthi anaerobic peroxisomes contain a
rather standard set of Pexs that are required for peroxisome
biogenesis.

In contrast, most typical peroxisomal metabolic pathways, such
as p-oxidation and hydrogen peroxide detoxification, are absent or
highly reduced in M. balamuthi. We predicted the presence of
ACS, which requires CoA as an obligate cofactor for the activation
of medium- and long-chain fatty acids. This enzyme activates
the substrate mainly for p-oxidation (37); however, because
f-oxidation is absent in M. balamuthi and we did not find any other
acyl-CoA—dependent degradation or biosynthetic pathways, the
fate of acyl-CoA in anaerobic peroxisomes is currently unknown.
Interestingly, anaerobic peroxisomes are likely involved in CoA
synthesis via the PPAT and DPCK pathways. This is supported by
intraperoxisomal localization of MbPPAT, which was predicted by
LOPIT data and demonstrated by the protein protection assay,
although the cell localization of DPCK in M. balamuthi remains
unclear. In most eukaryotes, CoA synthesis is compartmentalized
to the cytosol or plastids, and in mammalian cells, PPAT and
DPCK form the fusion protein CoA synthase that is partially as-
sociated with the mitochondrial outer membrane (48, 49). The
peroxisomal localization of CoA synthesis has not been reported
thus far, although DPCK has been found in the Arabidopsis per-
oxisomal proteome (50).

There are several enzymes that could be involved in the
maintenance of the redox balance of anaerobic peroxisomes. We
can predict that MDH serves as a redox shuttle enzyme that
oxidizes NADH, whereas the metabolites oxaloacetate and
malate cross the peroxisomal membrane as they do in plant
peroxisomes (51). In addition, there are two more enzymes that
are known to mediate peroxisomal redox balance, NAD-
dependent b-LDH and NADP-dependent glucose-6-phosphate
dehydrogenase (G6PDH). p-lactate and malate exported from
peroxisomes can be taken up by hydrogenosomes as substrates
for hydrogenosomal p-LDH and MDH, respectively (18).
G6PDH is an enzyme of the pentose phosphate pathway, which
operates in the cytosol; however part of this pathway involving
G6PDH was found in peroxisomes and glycosomes (52, 53).

Our data suggest that anaerobic peroxisomes possess a sig-
nificant part of the de novo pyrimidine synthesis pathway. We
found a unique fusion protein with three OMPDC-OPRT-
DHODH domains that may convert dihydroorotate to uridy-
late. The DHODH domain corresponds to class 1A DHODH,
which is typically a bacterial protein and is critical for the syn-
thesis of pyrimidine under anaerobiosis using fumarate as an
electron acceptor (54, 55). Most eukaryotes, including the aer-
obic amoeba D. discoideum, possess mitochondrial DHODH
class 2 that provides electrons to ubiquinone (56, 57). Thus, the
acquisition of class 1A DHODH by M. balamuthi is likely asso-
ciated with the adaptation of this lineage to anaerobiosis.
DHODH is known as a cytosolic or mitochondrial protein,
whereas the next two steps converting orotate to uridylate
(UMP) via the activities of OPRT and OMDC take place in
peroxisomes or glycosomes (58). Interestingly, various combi-
nations of OPRT and OMDC have been reported in fusion
proteins from eukaryotes and bacteria (59). However, none of
the known fusion proteins are fused with DHODH, as found in
M. balamuthi, which may allow the conversion of dihydroorotate
to uridylate in a single compartment.

Surprisingly, M. balamuthi peroxisomes contain a putative
T6PK. This finding is supported by the LOPIT data, the presence
of PTS1, and targeting to yeast peroxisomes. TOPK belongs to
the ATP-dependent phosphosugar kinase (PfkB) family of
mainly bacterial enzymes (60). In eukaryotes, TOPK was pre-
dicted to reside in the glycosome of Leishmania major (61), and
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genes for T6PK are annotated in genomes of other Leishmania
species, leptomonads and Entamoeba species.

Is there any relationship between anaerobic peroxisomes and
hydrogenosomes? Analysis of peroxisomal matrix proteins revealed
the presence of at least three enzymes (MDH, p-LDH, and IPP)
with dual localization in peroxisomes and hydrogenosomes. Each
enzyme seems to employ different mechanisms for dual protein
targeting. Gene duplication and acquisition of different targeting
signals are involved in the dual localization of p-LDH. It has
been shown that M. balamuthi possesses two closely related
copies of D-LDH (18). The first copy, D-LDH-M, is targeted to
hydrogenosomes via N-terminal targeting sequence (NTS) (18).
Here, we found that the second p-LDH copy possesses a C-
terminal extension with a PTS1 signal, whereas the NTS is ab-
sent. When D-LDH was expressed with an N-terminal tag in
yeast, the protein appeared in peroxisomes (this study), whereas
previous localization of this p-LDH with a C-terminal tag that
masked PTS1 resulted in cytosolic mislocalization (18). IPP is
present in four copies (this work and ref. 18). IPP-1 is targeted to
hydrogenosomes via NTS, whereas IPP-2, IPP-3, and IPP-4
possess PTS1. However, in contrast to b-LDH paralogs, the
origin of hydrogenosomal and peroxisomal IPPs is different (18).
IPP-1 is eukaryotic in origin and clusters together with the
mitosomal IPP in Entamoeba histolytica, whereas IPP-2 and -3
were most likely acquired by lateral gene transfer (LGT) from
bacteria (18). Bioinformatic analysis of MDH predicted multiple
signals within the N-terminal extension. There are three nearly
identical copies with a hydrogenosomal NTS and a cleavage site
for mitochondrial processing peptidase between the amino acid
residues at positions 30 to 31 (18, 62). Peroxisomal localization
of MDH is most likely driven by PTS2, which has been predicted
at positions 11 to 19 within the NTS. Similar cotargeting to
peroxisomes and mitochondria mediated by the bifunctional N-
terminal domain was observed for the yeast catalase Ctalp (63).

The discovery of anaerobic peroxisomes in M. balamuthi
provides a perspective for studies of the evolution of eukaryotes
that live in the absence of oxygen. In the last two decades, great
progress has been made in this direction. However, most studies
have focused on investigations of anaerobic forms of mitochon-
dria. Genomic and transcriptomic analyses of parasitic, endo-
symbiotic, and free-living protists revealed a functional continuum
from strictly oxygen-dependent mitochondria via mitochondria of
facultatively anaerobic organisms adapted to an anaerobic lifestyle
to various extents to highly reduced mitosomes in parasitic species
(64, 65). In contrast, peroxisomes were considered to be present in
aerobes and absent in anaerobes based on few examples of an-
aerobic protists, such as Trichomonas vaginalis, G. intestinalis, and
E. histolytica, in which peroxisomes have not been found (2, 66,
67). The discovery of peroxisomes in anaerobic M. balamuthi with
hydrogenosomes and anaerobic energy metabolism may change
this view and turn attention to the evolution of peroxisomes in
anaerobic or facultatively anaerobic organisms. In particular, it
would be interesting to investigate how peroxisomes and mito-
chondria coevolved, reflecting the presence of oxygen in the en-
vironment and reconsidering the role of oxygen and ROS in the
evolution of peroxisomes.

Materials and Methods

Cell Cultivation. M. balamuthi (ATCC 30984) was maintained axenically in
proteose peptone-yeast extract-glucose—cysteine (PYGC) medium at 24 °C (68).
The S. cerevisiae strain BY4742:POX1-EGFP (69) was grown in a rich or selective
medium as previously described (70). The formation of peroxisomes was
stimulated using oleate medium containing 0.05% yeast extract and 0.1%
oleic acid (71).

Bioinformatics. Genes encoding M. balamuthi Pexs were obtained by TBLAST
searches of the draft M. balamuthi genome sequence available at the Orcae
database (https:/bioinformatics.psb.ugent.be/orcae/, refs. 19 and 72) using the
orthologous sequences of S. cerevisiae. Searches for PTS1 in 14,841 predicted
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proteins of M. balamuthi given in SI Appendix, Table S3 were performed using
PeroxisomeDB (http:/www.peroxisomedb.org/) considering 12 C-terminal residues
(73). PTS2 was locally predicted using the consensus sequence (R/K)-(L/I/VV)-X5-
(H/Q)-(/A) (50, 74, 75). Transmembrane domains were predicted using TMHMM
server v2.0 (http:/Avww.cbs.dtu.dk/servicess TMHMMY/). Predicted peroxisomal pro-
teins were annotated using the eggNOG database (http:/eggnogdb.embl.de/).

Protein Expression and Antibodies. Recombinant M. balamuthi Pex14 and IPP-
2 were produced in Escherichia coli BL21 Rosetta cells (Novagen) using the
pET42b expression vector (Novagen). Partial sequences of Pex3 and Pex11-1 were
produced using pETM11-SUMO2-GFP (76). Abs against Pex3, Pex11-1, Pex14, and
IPP-2 were raised in rats and rabbits (Davids Biotechnologie GmbH). The other
Abs included a rat polyclonal anti-PDI Ab (29), rat polyclonal anti-COPI p-subunit
Ab (29), rat polyclonal anti-succinate dehydrogenase (Sdh) f-subunit Ab (19),
rabbit polyclonal anti-hexokinase Ab (a kind gift from Doron Rapaport, Uni-
versity of Tubingen, Tubingen, Germany), and mouse monoclonal anti-GFP Ab
(Santa Cruz Biotechnology, Inc.). Details of gene cloning and protein expression
are given in SI Appendix, Materials and Methods.

Expression and Localization of Proteins in S. cerevisiae. Genes for M. balamuthi
peroxisomal candidates were amplified and subcloned (S/ Appendix, Ma-
terials and Methods and Table S5) into a modified pTVU100 vector (77)
that allows protein expression in yeast with an N-terminal mCherry tag
(pTVU100-N-mCherry). S. cerevisiae BY4742:POX1-EGFP (kindly provided by
Zdena Palkovd, Charles University, Prague, Czech Republic) was trans-
formed with the pVTU constructs using the lithium acetate/single-stranded
carrier DNA/PEG method (78). Transformed strains were selected and
maintained on uracil-free medium. Cells were incubated for 15 to 20 h in oleate
medium prior to microscopy. For the investigation of PTS1-dependent protein
targeting to yeast peroxisomes, the genes of interest were subcloned into the
same vector without sequences coding for the 13 aa at the C-terminus.

Light Microscopy. For IF, M. balamuthi cells were processed as described (18).
Images were obtained with a Leica SP8 confocal laser scanning microscope
(Leica Microsystems). Images were deconvolved with Huygens Professional
version 17.10 (Scientific Volume Imaging, The Netherlands, https:/svi.nl/
HomePage) and further processed using Fiji software (79). PCC was calculated
using JACoP (80). The peroxisome number was determined in M. balamuthi
cells using Pex14 as a marker. The number of labeled organelles and the
corresponding cell area were determined per 20 cells using Icy software (81).
To compensate for large variations in cell size, the number of peroxisomes was
expressed per 100 pm?.

To observe GFP- and mcCherry-tagged proteins in S. cerevisiae trans-
formants, living yeast in synthetic medium were immobilized in 0.2% aga-
rose on slides. Fluorescence signals of GFP, mCherry, and 4’,6-diamidino-2-
phenylindole (DAPI) were detected using a Nikon Eclipse TiE with an Andor
iXon Ultra DU897 camera (Nikon Instruments, Inc.) and processed as described
above.

STED microscopy was performed as described previously (82). Images were
obtained using an Abberior STED 775 QUAD scanning microscope (Abberior
Instruments GmbH) equipped with a Nikon CFl Plan Apo Lambda objective
and deconvolved with Huygens Professional version software 17.04 using
the classic maximum likelihood estimation algorithm. The secondary Abs
were Abberior STAR 580 anti-rat or rabbit Abs and Abberior STAR 635p anti-
rat or anti-rabbit Abs.

Transmission Immunoelectron Microscopy. Immunogold labeling of thawed
cryosections (Tokuyasu technique) was used to detect Pex11-1 and IPP-2 as
described (SI Appendix, Materials and Methods) (83). The sections were in-
cubated for 30 min at room temperature with a rabbit polyclonal anti-
PEX11-1 Ab, a polyclonal rat IPP-2 Ab, or a mixture of both Abs. For de-
tection, we used various secondary probes conjugated to gold nanoparticles
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of different sizes: protein A conjugated with 5 nm nanoparticles (University
Medical Centre, Utrecht, The Netherlands), goat anti-rabbit IgG-15 nm (BBI
Solutions), and goat anti-rat IgG conjugated with 10 nm nanoparticles (BBI
Solutions). The samples were observed using a JEOL 1010 transmission electron
microscope.

Fractionation of M. balamuthi Cells. Subcellular fractions of Mastigamoeba
were obtained by differential and Percoll gradient centrifugation of the cell
homogenate. Fifteen fractions (0.5 mL each) were collected, washed, and
analyzed by Western blot using Ab against Pex14. Eight fractions with a
Pex14 signal were submitted for quantitative mass spectrometry. Details of
cellular fractionation are given in S/ Appendix, Materials and Methods.

Isolation of the LGF from S. cerevisiae. The yeast LGF was obtained using
previously described methods (84) with modifications given in S/ Appendix,
Materials and Methods.

LOPIT. Protein samples (50 pg) were processed and trypsin digested as de-
scribed previously (85). Tandem mass tag (TMT) reagents were added to each
sample according to the manufacturer’s protocol (Thermo Scientific Pierce),
and after 60 min, the reaction was stopped by the addition of 0.5% hy-
droxylamine. Peptides were separated using a C18 column (Kinetex 1.7 pm,
EVO C18, 150 x 2.1 mm). Thirty-four fractions were collected, and each of
the 2 most distant fractions was pooled into 17 fractions as described pre-
viously (86). Data acquisition was performed as described previously using a
Thermo Orbitrap Fusion (Q-OT- gIT, Thermo Fisher Scientific) (85).

Raw data were processed in Proteome Discoverer 2.1. (Thermo Fisher
Scientific). Searches were performed against a local M. balamuthi protein
database with 14,841 entries and a common contaminant database. To
predict the cellular localization of peroxisomal proteins, marker proteins
with the expected localization were used for the detection of fractions with
maximum TMT values. The following markers were used—peroxisomes:
Pex3, Pex10, Pex11, Pex12, and Pex14; hydrogenosomes: Tom40, voltage-
dependent anion channel (VDAC), Cpn60, Cpn10, Sdh subunits A and C,
ADP/ATP carrier, hydrogenosomal NifS, and T- and H-protein of the glycine
cleavage system (Gcs); and ER: Sec61, Sec22, reticulon, signal recognition
particle receptor subunit a (SRPRA), calnexin, and PDI. To filter putative
peroxisomal matrix proteins, we used the following criteria: the protein was
detected by more than one peptide in at least one of two independent
fractionations with a maximum TMT value within the range of peroxisomal
markers; it possesses predicted PTS1 or PTS2 consensus sequences; and it
lacked predicted transmembrane domains. More details are given in S/ Ap-
pendix, Materials and Methods.

Data Availability. MaxQuant results were uploaded to the PRIDE partner
repository (https:/www.ebi.ac.uk/pride/archive/) with the dataset identifier
PXD014205. The sequences reported in this paper have been deposited
in the online resource for community annotation of eukaryotes (ORCAE,
https://bioinformatics.psb.ugent.be/orcae/) and are given in Dataset S1.
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