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Figure 6 | Formation of a 240-kDa EhMBOMP30 complex. (a) Immunoprecipitation of organelle fraction solubilized in 2% digitonin, followed by Blue
Native (BN)-PAGE and anti-HA immunostaining (left panel) and silver staining (right panel). (b) Anti-HA immunoblots of BN-PAGE and

(c) SDS-PAGE of subsequent immunoprecipitations using solubilized organelle fractions from amoeba overexpressing MBOMP30 with HA-tagging at
either ends of the protein, with or without the putative B-signal. Tom40-HA was used as a control.

membrane compared to the cytoplasm, regardless of the presence or
absence of the B-signal, suggesting that this sequence may not be
exclusively essential for proper integration of the protein to the
mitosomal membrane but may serve other potential roles.
Incidentally, data from our immunoprecipitation experiments
using showed that the deletion of the B-signal in MBOMP30 dis-
rupted the formation of the ~240 kDa complex. Similarly, abolish-
ment of the formation of a 600 kDa TOM complex was observed in
Entamoeba Tom40 lacking the B-signal (Fig. 6b), suggesting that the
B-signal may be required for sorting, formation, and/or stability of
complex formation in Entamoeba MBOMPs. Although an exact role
of the B-signal in the MBOMP30 complex formation remains
unknown, different mechanisms for recognition, sorting, and integ-
ration of PB-barrel proteins possibly exist in the mitosomes of
Entamoeba. 1t is plausible that MBOMP30 release from either
Tom40 or Sam50 is blocked by the deletion of its B-signal, preventing
it to properly forming the ~240 kDa complex on the outer mem-
brane. A similar phenomenon was observed when truncation of
some residues of the B-signal in yeast Tom40, Mdm10, and porin,
did not impair binding to Sam50, but prevented formation of the
TOM complex on the outer membrane®. It is tempting to speculate
that, with the minimal components for protein import, especially
BOMP assembly, the Entamoeba mitosome has developed simplistic
alternative mechanisms of membrane protein translocation and

integration, and/or that possible functional homologs of “missing”
components associated with protein import, are yet to be discovered.

Entamoeba mitosomes compartmentalize enzymes required for
sulfate activation. Since Entamoeba mitosomes transport substrates
and produce intermediary metabolites of sulfate activation, such as
sulfate, adenosine phosphates, phosphate, and 3'-phosphoadeno-
sine-5'-phosphosulfate (PAPS), it is expected that they possess suit-
able transporters in their membranes. However, a sensitive hidden
Markov model-based similarity search failed to find an Entamoeba
homolog of VDAGC, the usual channel for metabolites in the outer
membrane of mitochondria®. Without VDAC, it is unclear how
metabolites are transported across the outer membrane in this
organism. This study is partially motivated by our speculation that
novel transporters may serve this role, although it is also possible that
"TomA40 serves as the transporter of both proteins and metabolites, as
it is known to transport some small molecules in yeast**. In the
same manner, there is also a possibility that MBOMP30 has roles
similar to those of the MBOMPs, Mdml10 or Tac40. In yeasts,
Mdm10 tethers the mitochondria to the ER and is involved in the
ERMES'. Several cellular processes are associated with this BOMP,
including the maintenance of mitochondrial morphology, and Ca?*
transport and lipid exchange between the ER and mitochondria.
Although there are no detectable Entamoeba homologs of the pro-
teins comprising ERMES*, such as the Maintenance of
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Mitochondrial Morphology protein 1 (Mmm1), Mdm12, and Mdm
34", it is conceivable that MBOMP30, like Mdm 10, may be involved
inlinking the mitosome to the ER via unknown functional homologs,
or to other Entamoeba organelles, or even to cytoskeletal proteins, as
Mdm10 binds to actin®” and Tac40 attaches to the basal body of the T.
brucei flagellum™,

Our repeated attempts at knocking down expression of
MBOMP30 by gene silencing have failed, suggesting that the protein
is central and essential to the survival of E. histolytica trophozoites,
and in good contrast to the fact that the knockdown of chaperonin
60, ADP/ATP carrier, and three enzymes involved in sulfate activa-
tion was not lethal®*. We have also attempted to identify the compo-
nents of the ~240 kDa complex. Several ER and cytoplasmic
proteins were detected in the MS-MS analysis. Converse immuno-
precipitation yielded a complex with almost identical size, however
MS-MS sequencing did not detect the presence of MBOMP30. There
is a possibility that the protein exists as a homo-oligomer, like bac-
terial BOMPs such as MspA, a porin uniquely found in
Mycobacterium smegmatis that forms a homo-octameric complex*.

In conclusion, the discovery of MBOMP30 represents only the
seventh class of eukaryotic MBOMPs and therefore significantly
increases our understanding of the range of sequence and phylogen-
etic distribution possible for this structural class of eukaryotic pro-
teins. Although BOMPs are numerous and diverse in bacteria®,
systematic attempts to find them in eukaryotic genomes have not
yielded novel MBOMPs*** 5o far. However, it is important to
remember that the diversity of eukaryotes, and consequently the
diversity of mitochondria and MROs, remains hidden in organisms
whose genomes are yet to be completely sequenced. This study could
potentially aid and stimulate further searches for novel MBOMPs. In
addition to shedding light on MBOMPs in general, discovery of the
lineage-specific MBOMP30 will help guide experiments to elucidate
its function and better understand the biology and evolution of the
Amoebozoa.

Methods

MBOMP prediction pipeline. For MBOMP prediction we used a modified version of
our Support Vector Machine (SVM)-based predictor developed for a previous
study®”. Like other BOMP predictors®*, our predictor considers physicochemical
features reflecting BOMP structural motifs (such as $-strands with alternating
hydrophobic residues) expected to be found in the B-barrel region. Unique to our
predictor is the consideration of sorting signals; e.g. the B-signal, which MBOMPs
might be expected to have, and signal peptides which MBOMPs are expected not to
have (Pig. 1). For this study we trained our predictor on a dataset including mitosomal
and hydrogenosomal BOMP sequences, to improve its ability to detect novel BOMPs
in MROs. Although not packaged for easy use, the source code for our predictor is
available upon request.

The first step in our pipeline requires a relatively high MBOMP probability score
(probability > 0.7) from our MBOMP classifier. We additionally require the sec-
ondary structure composition as predicted by PSI-PRED? to be at least 25% B-strand
and no more than 25% o-helix.

Training dataset. We prepared a dataset of 81 MBOMP sequences (including pre-
sumed MBOMPs inferred by sequence similarity), consisting of 71 mitochondrial
BOMPs and 10 MRO-BOMPs: Tom40 and Sam50 from E. histolytica, E. invadens,
Giardia intestinalis, Encephalitozoon cuniculi, Cryptosporidium parvum,
Trichomonas vaginalis and Blastocystis hominis. No pair of positive examples shared
more than 40% identity. For negative examples we used 2464 non-MBOMP yeast
proteins with clear Uniprot annotation and less than 20% mutual sequence identity.
The sequence data were obtained from Uniprot and EuPathDB****. This dataset is
available upon request.

Newly integrated f-signal and physicochemical sequence features. As shown in
Supplementary Fig. S5, we observed that most MRO-BOMPs in our training set
contained matches to the B-signal, therefore we decided to add B-signal-inspired
features to our MBOMP predictor via two representations: Position Weight Matrix
(PWM) and regular expression. To define our PWM based B-signal inspired features,
we first divided our 81 training MBOMPs by protein family and used MAFFT* to
obtain four multiple alignments (one for each MBOMP family). We then extracted a
total of 81 aligned regions (octomers) matching the B-signal from the multiple
alignments and discarded duplicate octomers to obtain 71 f-signal examples. We
then defined a PWM based on those 71 examples and background frequencies as
described in our previous study”. Finally, we defined two features derived from this

PWM; its maximum value over the C-terminal 50 residues and over the entire

sequence.

We also defined five binary features based on the occurrence of matches in the C-
terminal 50 residues to regular expressions representing the p-signal motif. For these
regular expressions we used the ariginal pattern PoxGxxHyxH,, as proposed by Kutik
etal® and four variants: P,H Ghyﬁd{yx}ly, PoHGhyH H, X, H H. Ghny xH, and
IIYI"IYGhyII HyxH,, ;:ropcsed in our previous work 7, In these expresswns X is any
residue, Hy, hy and P, denote [VLIMFYW], [ACVLIMFYW], and [KRHSTNQ],
respzctivcly, and F, matches any residue not included in H,.

To integrate physicochemical sequence features, we employed an easily imple-
mented method, potentially enabling the SVM to automatically learn the character-
istics of various sorting signals based on the physicochemical properties of sequence
segments, We partitioned the amino- and carboxyl-terminal 90 residues into 6 blocks
of 15 residues, and then computed the average hydrophobicity, u-helical periodicity
score”, and the density of positive, negative, and aromatic residues for each block.
These features are also relevant to structural motifs.

MBOMP30 homolog search, sequence comparison and topology prediction. We
searched for MBOMP30 homologs in other organisms using the JackHMMR and
HHBblits algorithms”**, We computed pairwise alignments and E-values of
MBOMP30 homologs among E. histolytica, E. dispar and E. invadens with the
SSEARCH program®, and built multiple alignments with Clustal omega®. For
topology prediction of MBOMP30 and its homologs, we used BOCTOPUS and
TMBETAPRED-RBF*,

Cell-free synthesis of EhMBOMP30 proteoliposomes. The open reading frame of
the E. histolytica MBOMP30 gene EHI_ 178630 was codon-optimized for wheat-germ
expression, and cloned to pY08 vector using Spel and Sall restriction sites. Messenger
RNA was synthesized by in vitro transcription as previously described®.
EhMBOMP30 was synthesized by wheat-germ expression system®, in the presence of
0.5 mg/mL DPhPc liposomes (Avanti Polar Lipids, Alabaster, AL).

Far-UV and circular dichroism spectroscopy analysis of MBOMP30
proteolipesomes. Synthesized E. histolytica MBOMP30 proteoliposomes were
pelleted, then washed twice with CD buffer (25 mM sodium phosphate buffer, pH
7.0) by centrifugation at 15,000 rpm at 4°C for 20 min. The pellet was resuspended in
150 plL CD buffer and sonicated briefly until translucent. Recombinant His-tagged
GFP was used as a positive control. CD measurements were performed using a Jasco J-
820 Spectropolarimeter, and the samples were loaded onto a quartz cuvette with 0.1-
cm path length (Starna Cells, Inc, Atascadero, CA). The far-UV spectra (185 to

250 nm) were obtained by taking the average of 9 consecutive scans with a resolution
of 1 nm, a scanning speed of 200 nm/min and a response time of 2 5. The secondary
structure was predicted by the CONTIN algorithm® %* using a 42-protein set database
available through the Dichroweb online tool®,

Plasmid construction. Total RNA was isolated from various strains by TRIZOL®
reagent (Invitrogen, Carlsbad, San Diego, CA). mRNA was purified using GenElute™
mRNA Miniprep Kits (Sigma-Aldrich, Japan). cDNA was synthesized from mRNA
using SuperScript™ III RNase H- reverse transcriptase (Invitrogen), and oligo(dT),o
primer (Invitrogen). The E. histolytica gene EHI_178630 was PCR-amplified from
cDNA using Phusion DNA polymerase (New England Biolabs, Beverly, MA) using
the following primer sets (sense primer; 5'- GTTCCCGGGATGTTGGGTAAAA-
CTGC -3' and antisense primers; 5'- GAACTCGAGTTAAAGTGATAAATCA-
ATTCCA -3’ or 5'- GAACTCGAGTTAGAGTTGATTTTTCTGGTCTT -3') for full
length (HA-MBOMP) or B-signal-truncated (HA-MBOMP30%*5*) inserts
respectively. After restriction digestion, amplified fragments were ligated into pEhEx/
HA® using Ligation-Convenience Kit (Nippongene, Tokyo, Japan).

Cell culture and amoeba transformation. Trophozoites of Entamoeba histolytica
HM-1:IMSS cl6% and G3 strains were cultivated axenically in Diamond BI-S-33
medium®. Lipofection of amoebic trophozoites, selection, and maintenance of
transformants were performed as previously described®.

Preparation of organelle fraction. Amoeba strains that expressed HA-MBOMP30,
Tom40-HA®, AAC-HA'™, and APSK-HA'® proteins, and also the mock
transformant, pEhEx/HA, were washed three times with 2% glucose/PBS. After
resuspension in lysis buffer (10 mM MOPS-KOH, pH7.2, 250 mM sucrose, protease
inhibitors), cells were disrupted mechanically by a Dounce homogenizer. Unbroken
cells were removed by centrifugation at 5,000 g for 10 min, and the supernatant
centrifuged at 100,000 g for 60 min to separate the organelle and cytosolic fractions.
The 100,000 g organelle fractions were resuspended with lysis buffer, and were
recollected by centrifugation at 100,000 g for 60 min.

Percoll-gradient and sodium carbonate-mitosomal membrane fractionation and
immunoflourescence assay. Percoll-gradient fractionation'®, Nay;CO; treatment of
mitosomal membrane fractions® was performed as previously described but using
anti-Cpn60 as a soluble mitosome protein marker. IFA'®®* was performed as
previously described.

Proteinase K protection assay. Proteinase K assay was performed following the
previous protocol with some modifications®. Briefly, organelle fractions (100 pg
protein each) were prepared, then treated with proteinase K (the final concentration
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was 3.125 ug/ml) (Roche) for 15 min at 4°C. A control sample without proteinase K
was likewise prepared. Samples were run on SDS-PAGE followed by immunoblot
analysis using anti-HA mouse monoclonal antibody and HRP-conjugated anti-
mouse antibody (Thermo Scientific) as primary and secondary antibodies
respectively. Quantitation of band intensities was performed using the Analysis
Toolbox in ImageQuant TL software (GE Healthcare).

Immunoelectron microscopy. Sample preparation was carried out as previously
described”™ with some modifications. Trophozoites overexpressing HA-MBOMP30
and HA-MBOMP30%%%-%2 in BIS medium were incubated with gold disks at 35.5°C
for 15 minutes to allow for attachment. The disks carrying amoebae were then frozen
in liquid propane at —175°C. Once frozen, the samples were freeze-substituted with
0.2% glutaraldehyde in ethanol and 3% distilled water at —80°C overnight. Sample
fixation and sectioning were performed as described previously®®. The disks were then
double-stained using anti-HA mouse and anti-Cpn60 rabbit antibodies in 1% BSA-
PBS for 90 min at room temperature, then rinsed with 1% BSA-PBS 3 times for | min
each. Then, they were reacted with secondary anti-mouse and anti-rabbit IgG
antibody conjugated to gold particles for 1 hr at room temperature. They were rinsed
and placed in 2% glutaraldehyde in 0.1 M phosphate buffer before drying. Then, the
grids were stained with 2% uranyl acetate for 15 min, and secondary-stained with
lead stain solution at room temperature for 3 min. The grids were observed at Tokai
Microscopy Inc. (Nagoya, Japan), using a transmission electron microscope (JEM-
1400 Plus, JEOL Ltd.,) at an acceleration voltage of 80 kV. Digital images (2048 X
2048 pixels) were taken with a CCD camera (VELETA, Olympus Soft Imaging
Solution GmbH).

Immuneprecipitation of the EEMBOMP30 complex. Organelle fractions of HA-
MBOMP30 and HA-MBOMP30%27>-%2 gverexpressing strains, and pEhEx-HA
control were prepared. Immunoprecipitation was performed as previously described,
followed by Blue-native PAGE and immunoblot analysis®.
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