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Probing the Biology of Giardia intestinalis Mitosomes Using In Vivo
Enzymatic Tagging
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Giardia intestinalis parasites contain mitosomes, one of the simplest mitochondrion-related organelles. Strategies to identify
the functions of mitosomes have been limited mainly to homology detection, which is not suitable for identifying species-specific
proteins and their functions. An in vivo enzymatic tagging technique based on the Escherichia coli biotin ligase (BirA) has been
introduced to G. intestinalis; this method allows for the compartment-specific biotinylation of a protein of interest. Known pro-
teins involved in the mitosomal protein import were in vivo tagged, cross-linked, and used to copurify complexes from the outer

and inner mitosomal membranes in a single step. New proteins were then identified by mass spectrometry. This approach en-
abled the identification of highly diverged mitosomal Tim44 (GiTim44), the first known component of the mitosomal inner
membrane translocase (TIM). In addition, our subsequent bioinformatics searches returned novel diverged Tim44 paralogs,
which mediate the translation and mitosomal insertion of mitochondrially encoded proteins in other eukaryotes. However, most
of the identified proteins are specific to G. intestinalis and even absent from the related diplomonad parasite Spironucleus sal-
monicida, thus reflecting the unique character of the mitosomal metabolism. The in vivo enzymatic tagging also showed that
proteins enter the mitosome posttranslationally in an unfolded state and without vesicular transport.

iardia intestinalis causes intestinal infection in diverse verte-

brate species, including humans, where it causes the disease
giardiasis (1). In addition to its medical and veterinary impor-
tance, Giardia is an interesting unicellular eukaryote (protist)
from cell biology and evolutionary perspectives (2).

The binucleated Giardia trophozoite is equipped with eight
flagella and an adhesive disc, which mediates attachment to its
host’s intestine. The interior of the cell is dominated by an endo-
plasmic reticulum (ER) network (3) and lysosome-like peripheral
vacuoles that mediate the uptake and digestion of nutrients (4).
There are also Golgi body-like encystation vesicles that distribute
the cyst wall material to the cell surface during encystation of the
parasite (5).

The mitosomes of Giardia are highly adapted forms of mito-
chondria and are approximately 100 nm in size. These organelles
are surrounded by two membranes, but unlike mitochondria,
they do not contain DNA. The mitosomal proteome is currently
limited to 21 proteins, which primarily participate in iron-sulfur
cluster biosynthesis and protein import and folding (6-8). The
identification of mitosomal proteins has been accomplished
mostly using bioinformatics techniques, such as phylogenetics (9,
10) and hidden Markov model (HMM )-based searches (6, 11),
that detect homologous proteins. Thus, in contrast to hydrogeno-
somes and mitochondria, in which 20 to 50% of proteins have no
assigned function (12-14), the vast majority of mitosomal pro-
teins have known functions and orthologs in the mitochondria of
other eukaryotes. Attempts to identify the mitosomal proteome
using cell fractionation techniques have been largely stymied by
the abundance of the ER and cytoskeletal structures in the cell (7).
Analogous studies of the proteomes of encystation vesicles and
peripheral vacuoles of Giardia using sophisticated organelle puri-
fication procedures have demonstrated the limits of direct organ-
elle isolation approaches (15). As a result, several essential aspects
of the mitosome, such as the nature of the translocase of the inner
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membrane (TIM) complex or the protein composition of the
outer mitosomal membrane, remain unknown.

Here, we addressed the difficulty of the biochemical charac-
terization of giardial mitosomes by employing an in vivo enzy-
matic tagging approach. The highly specific purification of bi-
otinylated mitosomal proteins led to the identification of
divergent GiTim44, the first component of the mitosomal TIM
complex. In addition, over 10 novel mitosomal proteins from
the mitosomal matrix and the outer mitosomal membrane
were also identified, increasing the known mitosomal pro-
teome by one-half. Most of these proteins reflect the unique
and unpredictable character of giardial mitosome biology.
Moreover, the compartment-specific protein tagging allowed
us to identify the mode of mitosomal protein transport.

MATERIALS AND METHODS

Cell culture and fractionation. Trophozoites of G. intestinalis strain WB
(ATCC 30957) were grown in TY-S-33 medium (16) supplemented with
10% heat-inactivated bovine serum (PAA Laboratories), 0.1% bovine
bile, and antibiotics. Cells expressing the dihydrofolate reductase (DHFR)
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fusion protein were grown in medium supplemented with 100 uM pyri-
methamine (PM).

Preparation of cell fractions. The cells were harvested by centrifuga-
tion at 1,000 X gat 4°C for 10 min in ice-cold phosphate-buffered saline
(PBS), washed once in SM buffer (250 mM sucrose, 20 mM MOPS [mor-
pholinepropanesulfonic acid], pH 7.4), and resuspended in SM buffer
with protease inhibitors (cOmplete, EDTA-free; Roche). Cells were dis-
rupted on ice by sonication with 1-s pulses and an amplitude of 40 for 1
min (Bioblock Scientific Vibra-Cell 72405). The lysate was then centri-
fuged at 2,750 X g for 10 min. The centrifugation step was repeated until
the pellet containing unbroken cells, nuclei, and the cytoskeleton was no
longer visible. The clear supernatant was centrifuged at 180,000 X gat 4°C
for 30 min. The resulting high-speed supernatant represented the cytoso-
lic fraction; the high-speed pellet (HSP) containing the mitosomes was
resuspended in SM buffer containing protease inhibitors.

Fluorescence microscopy. G. intestinalis trophozoites were fixed and
immunolabeled as previously described (17). Mitosomal GiTom40 was
detected with a specific polyclonal antibody raised in rabbits (18), and the
hemagglutinin epitope (HA tag) was recognized by a rat monoclonal an-
tibody (Roche). The primary antibodies were detected by a donkey Alexa
Fluor 594 (red)-conjugated anti-rabbit antibody and Alexa Fluor 594
(red)- or Alexa Fluor 488 (green)-conjugated anti-rat antibodies (Life
Technologies), respectively. Alexa Fluor 488 (green)-conjugated strepta-
vidin (Life Technologies) was used to detect biotinylation. Slides were
mounted with Vectashield containing DAPI (4',6-diamidino-2-phe-
nylindole; Vector Laboratories). The slides were imaged with an Olympus
Cell-R, IX81 microscope system, and the images were processed using
Image]J 1.41e software (NIH).

Cloning and transfection. The pTG vector was used for Escherichia
coli biotin ligase (BirA) cloning and protein expression (17). The gene
encoding BirA (WP_023308552) was amplified from pET21a-BirA (19).
Table S1 in the supplemental material lists all the primers used in this
study. To coexpress proteins with BirA, biotin acceptor peptide (BAP) was
introduced into the pONDRA vector (6) using a reverse primer for
GiPam18-BAP. This vector carrying the C-terminal BAP was used for the
subsequent cloning of the other genes. All Giardia genes were amplified
from genomic DNA. Mouse DHFR was amplified from pARL2-GDG (20)
(kindly provided by Jude Przyborski, Philipps University Marburg). G.
intestinalis transfection was performed as previously described (6).
Briefly, 300 wl of G. intestinalis trophozoites (3.3 X 107 cells/ml) was
electroporated with a Bio-Rad Gene Pulser using an exponential protocol
(U =350V;C = 1,000 nF; R = 750 Q). The transfected cells were grown
in medium supplemented with antibiotics (57 pg/ml puromycin and 600
pg/ml G418).

Cross-linking, protein isolation, and mass spectrometry (MS). G.
intestinalis cells were grown in standard medium supplemented with 50
M biotin for 24 h prior to harvesting. The cells were harvested and
fractionated as described above. The HSP (40 mg) was used for the cross-
linking and protein isolation. The pellet was resuspended in PBS (pH 7.4)
supplemented with protease inhibitors (Roche) at a final protein concen-
tration of 1.5 mg/ml. Then, a 25 wM concentration of the cross-linker
DSP (dithiobis [succinimidyl propionate]; Thermo Scientific) was added,
followed by 1 h of incubation on ice. After the incubation, Tris (pH 8) was
added at a final concentration of 50 mM, and the sample was incubated at
room temperature for 15 min. The sample was centrifuged at 30,000 X g
for 10 min at 4°C, and the resulting pellet was resuspended in boiling
buffer (50 mM Tris, 1 mM EDTA, 1% SDS, pH 7.4) supplemented with
protease inhibitors at a final protein concentration of 1.5 mg/ml. The
sample was incubated at 80°C for 10 min and was centrifuged at 30,000 X
g for 10 min at room temperature. The resulting supernatant was diluted
1:10 in incubation buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, pH 7.4) supplemented with protease inhibitors. Then, 200
wl of streptavidin-coupled magnetic beads (Dynabeads MyOne Strepta-
vidin C1; Invitrogen) was washed 3 times with incubation buffer, mixed
with the sample, and incubated overnight at 4°C with gentle rotation. The
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beads were then subjected to the following washes: 3 times for 5 min each
in incubation buffer supplemented with 0.1% SDS, once for 5 min in
boiling buffer, once for 5 min in washing buffer (60 mM Tris, 2% SDS,
10% glycerol), and twice for 5 min each in incubation buffer supple-
mented with 0.1% SDS. Finally, proteins were eluted from the beads in
SDS-PAGE sample buffer supplemented with 20 mM biotin for 5 min at
95°C.

The samples were analyzed by Western blotting using streptavidin-
conjugated Alexa Fluor 488 and were visualized using a Molecular Imager
FX imager (Bio-Rad). The eluate was resolved by SDS-PAGE and stained
with Coomassie brilliant blue. The gel was cut, destained, trypsin digested,
and analyzed on a mass spectrometer.

Mass spectrometry and MS/MS analyses. Spectra were acquired us-
ing a (4800 Plus MALDI-TOF/TOF) analyzer (Applied Biosystems/MDS
Sciex) equipped with an Nd:YAG laser (355 nm) with a firing rate of 200
Hz. The tandem mass spectrometry (MS/MS) analyses were performed as
previously described (21).

Protease protection assay. To determine whether proteins were em-
bedded in the outer mitosomal membrane, 150 g of the HSP fraction in
SM buffer supplemented with protease inhibitors was incubated with 200
pg/ml trypsin for 10 min at 37°C. The control sample also contained 0.1%
Triton X-100 to completely digest the proteins of the solubilized organ-
elles. The samples were separated by SDS-PAGE and blotted onto a nitro-
cellulose membrane, and proteins were detected with antibodies.

To determine whether proteins were in the mitosomal matrix, 1 mg of
the HSP fraction was resuspended in 400 .l of either hypotonic buffer (1
mM EDTA, 10 mM MOPS, pH 7.2), isotonic buffer (hypotonic buffer
supplemented with 250 mM sucrose), or NaCl buffer (500 mM NaCl, 10
mM Tris, pH 7.4). Pellets were resuspended by gentle pipetting or by
sonication with 1-s pulses and amplitude of 60 for 2 times 1 min (Bioblock
Scientific Vibra Cell 72405). Subsequently, 100 pl of each sample was
treated with a different concentration of proteinase K (PK) and incubated
on ice for 20 min. The reaction was stopped by the addition of 2 .l of 1
mM phenylmethanesulfonyl fluoride (PMSF), and the mixture was incu-
bated on ice for 10 min. For the protein precipitation, 20 wl of 100%
trichloroacetic acid (TCA) was added, and the samples were incubated on
ice for 30 min. The samples were then centrifuged at 30,000 X gat 4°C for
30 min. The resulting pellets were washed in acetone and centrifuged at
30,000 X g at 4°C for 30 min, air dried, and resuspended in SDS-PAGE
sample buffer.

Electron microscopy. For transmission electron microscopy (TEM)
studies, G. intestinalis cell pellets were fixed for 24 h in 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer (pH 7.2) and were postfixed in 2% OsO,
in the same buffer. The fixed samples were dehydrated by passage through
an ascending ethanol and acetone series and were embedded in an
Araldite-Poly/Bed 812 mixture. Thin sections were cut on a Reichert-Jung
Ultracut E ultramicrotome and were stained using uranyl acetate and lead
citrate. The sections were examined and photographed with a JEOL JEM-
1011 electron microscope. Fine-structure measurements were performed
with a Veleta camera and iTEM 5.1 software (Olympus Soft Imaging So-
lution GmbH).

Bioinformatic analyses. To identify the copurified proteins, their
amino acid sequences were analyzed by BLASTP against the NCBI nr
database using the following algorithms: HHpred at http://toolkit
.tuebingen.mpg.de/hhpred# (22); HMMER3 at http://hmmer.janelia
.org/ (23); and I-TASSER at http://zhanglab.ccmb.med.umich.edu
/I-TASSER/ (24). The subcellular localization and topology of the
proteins were predicted using TargetP at http://www.cbs.dtu.dk
/services/ (25) and Phobius at http://phobius.sbc.su.se (26), respec-
tively.

RESULTS

In vivo enzymatic tagging in Giardia intestinalis. To gain in-
sights into the composition of protein import pathways and other
processes in giardial mitosomes, we took a direct biochemical ap-
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FIG 1 GiPam18 is biotinylated within mitosomes. (A) Schematic representation of mitosome-specific in vivo enzymatic tagging. E. coli biotin ligase (BirA)
specifically biotinylates the biotin acceptor peptide when present in the same compartment. B, biotin. (B) BAP-tagged GiPam18 was successfully biotinylated by
mtBirA. Cells were stained with an anti-HA tag antibody (red) and streptavidin-conjugated Alexa Fluor 488 (green) to detect mtBirA. Nuclei were stained with
DAPI (blue). (C) Example of the purification steps (GiPam18) as analyzed on the Western blot by Alexa Fluor Fluor 488-streptavidin conjugate. (D to H) Protein
profiles of the particular eluates from the streptavidin-coupled magnetic beads resolved by SDS-PAGE. The triangles indicate the proteins carrying the BAP tag.

proach involving highly specific protein pulldown assays followed
by mass spectrometry analyses. To this end, an in vivo enzymatic
tagging technique based on the biotin-avidin interaction was in-
troduced into Giardia. This tagging relies on the highly specific E.
coli biotin ligase (BirA), which uses one ATP molecule to catalyze
the covalent attachment of biotin to the side chain of lysine within
a biotin acceptor peptide (BAP) (27). A chimeric construct com-
posed of E. coli BirA preceded by the N-terminal region of mito-
somal GiMgel and followed by a double HA tag was expressed in
Giardia. The resulting strain contained mitosomally localized
BirA (mtBirA). This construct was cotransformed with a second
plasmid carrying a gene encoding mitosomal GiPam18 with the
C-terminal BAP (Fig. 1A). Detection using a fluorescent strepta-
vidin conjugate revealed the specific biotinylation of BAP (Fig.
1B). GiPam18-BAP-specific biotinylation was confirmed by
Western blotting of a Giardia trophozoite lysate, which produced
a single band of approximately 13 kDa, which corresponded to
GiPam18-BAP. These results demonstrated that BirA remained
active when delivered to Giardia mitosomes and that no nonspe-
cific biotinylation was detected. Moreover, the use of mitosomal
ATP during the biotinylation of the BAP had no apparent effects
on mitosomal morphology, mitosomal distribution, or parasite
growth.

Search for the TIM components. GiPam18-BAP was further
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used to identify putative components of the mitosomal TIM com-
plex. As a part of the PAM complex at the inner mitochondrial
membrane, Pam18 interacts with the translocation channel via
Tim44 (28). HSPs, which were enriched for mitosomes, were
obtained from Giardia trophozoites expressing mtBirA and
GiPam18-BAP. The purification of the biotinylated proteins was
initially performed under native conditions; however, the result-
ing eluates contained numerous contaminating proteins (data not
shown). Thus, chemical cross-linking and denaturation condi-
tions were used instead. The HSP was treated with a low concen-
tration of the membrane-permeable reversible cross-linker DSP,
which is commonly used to identify interacting proteins in various
cellular compartments, including mitochondria (29, 30).

Upon cross-linking, the detergent-solubilized samples were
passed over streptavidin-coupled magnetic beads, and the result-
ing protein fractions were analyzed via SDS-PAGE and Western
blotting (Fig. 1C and D). The samples were then trypsin cleaved
and analyzed by mass spectrometry. Analogous purification ex-
periments were performed in parallel using HSPs isolated from
wild-type Giardia cells and from Giardia cells expressing mtBirA
only. These two samples were used as negative controls for the
mass spectrometry protein identification. After the results of the
negative controls were subtracted, the identified proteins were
ordered according to their Mascot score. Although none of the
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known mitosomal proteins were present in the negative controls,
these proteins were abundant among the hits derived from the
GiPam18-BAP samples. The high specificity of the purification
procedures suggests that GiPam18-interacting partners were pres-
ent among the top identified proteins. The remainder of the re-
fined data set largely represented proteins of unknown function,
and their amino acid sequences were analyzed using homology
and topology detection software.

Mitosomes contain highly diverged Tim44. Of the proteins
that copurified with GiPam18-BAP, GL50803_14845 had the
highest Mascot score of the unknown proteins (see Fig. S3 in the
supplemental material). Although pairwise sequence analyses of
GL50803_14845 showed no obvious homology to known pro-
tein families, profile-sequence comparisons conducted with
HHpred showed clear homology to Tim44, a key component of
the TIM complex (Fig. 2A). The mitosomal localization of
GL50803_14845, here referred to as GiTim44, was confirmed by
its episomal expression in Giardia (Fig. 2B). Further comparisons
with mitochondrial and hydrogenosomal Tim44 proteins re-
vealed that GiTim44 is one of the most divergent Tim44 orthologs
identified and that it consists of the C-terminal domain of Tim44,
which has been suggested to interact with mitochondrial lipids.
However, GiTim44 lacks recognizable N-terminal domain of
Tim44 (Fig. 2C), which binds the import motor molecule
mtHsp70 and the core subunit of the protein-conducting channel,
Tim23 (31, 32).

The homology model of the C-terminal domain of GiTim44
indicated that this protein was capable of forming a conserved
Tim44 structure containing a hydrophobic cavity, indicating its
possible attachment to the mitosomal membrane (Fig. 2F). To test
whether mitosomal GiTim44 interacts with its putative mito-
chondrial partner, GimtHsp70, Giardia trophozoites coexpress-
ing mtBirA and GiTim44-BAP were generated. Following chemi-
cal cross-linking and purification, the proteins that copurified
with GiTim44-BAP were analyzed by mass spectrometry. Similar
to what was seen in the initial experiment, the purified sample was
highly enriched for known mitosomal proteins (see Fig. S3 in the
supplemental material). The five most highly enriched identified
proteins included mitosomal GimtHsp70 and its nucleotide ex-
change factor, GiMgel, which strongly supports the hypothesis
that Tim44 and Hsp70 interact within mitosomes.

Distant Tim44 orthologs in eukaryotes. The discovery of a
divergent Tim44 in Giardia led us to search for other Tim44 or-
thologs in eukaryotes. Using Tim44-specific HMMs, we identified
Tim44 orthologs in two free-living metamonads, Carpediemonas
membranifera and Ergobibamus cyprinoides. However, no Tim44
orthologs were identified in the fish parasite Spironucleus salmoni-
cida or in the group Euglenozoa, which includes medically impor-
tant trypanosomes and leishmania.

Surprisingly, the HMM s identified two mitochondrial proteins,
MRLP45 and Mbal, as belonging to the Tim44 protein family (Fig.
2C and D). Whereas MRLP45 is a subunit of the mitochondrial ribo-
some (33), Mbal serves as a mitochondrial ribosome receptor during
the membrane insertion of mitochondrially translated proteins (34).
Their distribution in eukaryotes suggests that both proteins represent
independent paralogs of Tim44 that are specialized for mitochondrial
protein translation (Fig. 2D).

Search for the translocase of the TOM components. To iden-
tify outer mitosomal membrane components, GiTom40-BAP
was coexpressed with the cytosolic version of BirA (cytBirA).
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As a result, mitosome-specific biotinylation was observed (see
Fig. S1 in the supplemental material). Employing the same
strategy as the one used for GiPam18 and GiTim44, the pro-
teins obtained by GiTom40-BAP purification were identified
using mass spectrometry. The proteins obtained from wild-
type Giardia cells and Giardia cells expressing cytBirA only were
subtracted from the data set.

Because GiTom40 is the only known outer mitosomal mem-
brane protein, the specificity of the purification procedure could
not be determined. Nevertheless, the absence of mitosomal matrix
proteins among the most significant hits (see Fig. S3 in the sup-
plemental material) indicated that a distinct subset of mitosomal
proteins was obtained. However, the previously identified mito-
somal protein GL50803_14939 was found among the hits (7) (see
Fig. S3 in the supplemental material). According to transmem-
brane topology predictors, GL50803_14939 contains two trans-
membrane domains in its N-terminal region. To determine
whether the protein is embedded in the outer or inner mitosomal
membrane, an HSP isolated from Giardia expressing C-terminally
HA-tagged GL50803_14939 was subjected to a protease protec-
tion assay. Similar to GiTom40, GL50803_14939 was sensitive to
protease activity even without the addition of detergent, which
suggests that GL50803_14939 is inserted into the outer membrane
(Fig. 3A). Taken together, these data suggest that GL50803_
14939, here referred to as mitosomal outer membrane protein 35
(GIMOMP35), is anchored by two N-terminal transmembrane
domains in the outer mitosomal membrane and that its C-termi-
nal domain is in the cytosol. Whether the transmembrane do-
mains of GIMOMP35 are also responsible for its mitosomal tar-
geting was tested by analyzing the expression of an N-terminally
truncated version of the protein. Indeed, the removal of the trans-
membrane domains resulted in the cytosolic localization of the
truncated GIMOMP35 (see Fig. S2A in the supplemental mate-
rial).

The function of the exposed soluble domain could not be pre-
dicted using bioinformatic analyses, which revealed no significant
similarity of the domain to any known protein families. To exam-
ine the function of GIMOMP?35, we attempted to overexpress the
full-length protein using a strong promoter (ornithine carbam-
oyltransferase) (35). However, a stable Giardia line could not be
established after numerous attempts, indicating that the overex-
pression of GiMOMP35 was lethal. Milder GIMOMP35 overex-
pression (using the 5" untranslated region [5"UTR] of glutamate
dehydrogenase as a promoter) allowed a stable line of Giardia
transformants to be established and inspected for mitosome-re-
lated defects. Approximately one half of the cells retained typical
mitosomal distribution and morphology (Fig. 3B), whereas the
other half exhibited dramatic membrane protrusions and aggre-
gation (Fig. 3Cto E).

Further analyses indicated that GiTom40 colocalized with
these elongated structures (Fig. 3C). However, these structures
were largely devoid of the mitosomal protein GL50803_9296,
which localized to the mitosomal matrix (see Fig. S2B in the sup-
plemental material). When examined with a transmission elec-
tron microscope, the structures were observed as tightly packed
multimembrane complexes (Fig. 3F). These data suggest that the
membrane protrusions corresponded to the enlarged and aggre-
gated outer mitosomal membrane. In contrast, the overexpression
of GIMOMP35 did not result in an ER-related phenotype, as illus-
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trated by the lack of colocalization between the ER and the en-
larged mitosomes (Fig. 3E).

As an alternate means of investigating the function of
GiIMOMP35, the cross-linked BAP-tagged protein was purified
and subjected to mass spectrometry. As expected, GiTom40 was
included in the significant hits; however, the obtained data set
contained no clear indication of the function of GIMOMP35 (see
Fig. $3 in the supplemental material).

Newly identified mitosomal proteins. In addition to Gi-
Tim44 and GiIMOMP35, a number of other proteins of un-
known function were identified from the pulldown experi-
ments. The proteins that coprecipitated with BAP-tagged
mitosomal Hsp70 (GimtHsp70) were added to the data sets
derived from the GiPam18, GiTim44, GiTom40, and GiMOP35
coimmunoprecipitations, and the data were analyzed together
(Fig. 1D to H). GimtHsp70 is thought to be a central compo-
nent of mitosomal metabolism and to participate in protein
import and iron-sulfur cluster assembly.

Seventeen proteins (see Table S2 in the supplemental material)
were subcloned into Giardia expression vectors to verify their mi-
tosomal localization. These proteins were selected according to
three criteria: (i) the protein copurified with more than one target
molecule, (ii) the identification of the protein was highly signifi-
cant, or (iii) homology predictors showed an affiliation with a
particular protein family. Using this approach, mitosomal local-
ization was confirmed for 13 of the proteins, including 3 with
dual localization (Fig. 4). The localization of one protein
(GL50803_92741) could not be confirmed because no viable
transformants were obtained after three independent transfec-
tions. Particular attention was paid to GL50803_27910 and
GL50803_16424. The first represents an ortholog of rhodanese, a
protein involved in various aspects of sulfur metabolism (36),
including the repair of iron-sulfur clusters (37). The latter was the
only protein identified in all the pulldown experiments performed
in this study (see Fig. S3 in the supplemental material); i.e.,
GL50803_16424 coprecipitated with the outer membrane, the in-
ner membrane, and the matrix proteins, which might indicate its
complicated topology. Moreover, the episomal expression of
GL50803_16424 often but not always resulted in the formation of
enlarged structures at the mitosomal sites (Fig. 4). Strikingly, this
protein appears to be a member of the myelodysplasia-myeloid
leukemia factor 1-interacting protein (MIf1IP) family, which
has been considered exclusive to metazoans (38). For the re-
mainder of the confirmed mitosomal proteins, no recognizable
homology could be identified. Moreover, with the exception of
GL50803_27910, GL50803_3491, and GL50803_16424, these
proteins appear to lack orthologs, even in other metamonad
species; thus, they currently represent Giardia-specific mole-
cules (see Table S3 in the supplemental material).

Mode of mitosomal protein import. Compartment-specific
biotinylation allows one to determine whether a given protein is

New Components of Giardia Mitosomes

transported into an organelle co- or posttranslationally. To this
end, we generated a Giardia strain expressing a cytosolic version of
BirA (cytBirA) (Fig. 5). The ability of cytBirA to biotinylate the
BAP on a mitosomal protein indicates that the protein is trans-
ported posttranslationally. Indeed, the biotinylation of GiTim44-
BAP was observed upon coexpression with cytBirA (Fig. 5A). Sim-
ilarly, the use of compartment-specific biotinylation allowed us to
assess whether the reported presence of a SNARE protein, Sec20,
in the mitosomes (39) indicated the fusion of secretory vesicles
with the mitosomal surface. However, because no biotinylation of
the mitosomal proteins was observed when BirA was targeted to
the ER (data not shown), the integration of mitosomes into the
secretory pathway could not be confirmed. The posttranslational
transport of mitosomal proteins raised the question of whether
these proteins are required to retain their unfolded state during
import. To address that question, a chimeric construct encoding
mitosomal GiMgel, mouse dihydrofolate reductase (DHFR), and
a C-terminal HA tag was expressed in Giardia. The DHFR domain
is a classical experimental substrate used in protein translocation
studies due to its ability to fold upon the addition of a folate analog
(40). Usually, the use of folate analogs requires the experiment to
be performed in vitro on isolated organelles due to the effect of
these analogs to the endogenous enzyme (40). However, Giardia
lacks DHFR and instead relies on the purine salvage pathway (41),
which allows for the in vivo use of DHFR-containing constructs.
The localization of the chimeric protein was examined in cells
incubated with or without the folate analog pyrimethamine (PM).
As expected, in the absence of the folate analog, the targeting in-
formation on GiMgel mediated the efficient delivery of this pro-
tein to the mitosomes (Fig. 5B). In contrast, the addition of PM
resulted in an entirely cytosolic localization (Fig. 5C). These re-
sults demonstrate that the protein must remain unfolded before
and during its import into mitosomes.

DISCUSSION

The Giardia mitosome remains one of the least well characterized
forms of mitochondria. This is especially true for its biogenesis
pathways, which ensure that the organelle maintains its integrity
and functions. The aim of this study was to identify new mito-
somal proteins, which might have diverged from known proteins
beyond the sensitivity of homology detection algorithms or have
been replaced by lineage-specific components. Because mito-
somes represent one of the smallest membrane-bound cellular
compartments of eukaryotes (42), biochemical approaches using
cell fractionation techniques are highly challenging (7). The in
vivo enzymatic tagging approach utilizing E. coli BirA introduced
in this study allows proteins of interest to be purified and their
transport through cellular organelles and their subcompartments
to be monitored.

First, two key proteins involved in mitosomal protein import,
which reside in different mitosomal membranes, were used to

FIG 2 A Tim44 homolog is present in giardial mitosomes. (A) HHpred analysis of GL50803_14845 shows the presence of a Tim44 domain. (B) HA-tagged
Giardia Tim44 (GiTim44) localizes to mitosomes. Green, anti-HA antibody; red, anti-GiTom40 antibody; blue, nuclei stained with DAPI. (C) Domain structure
of Tim44 orthologs in eukaryotes and bacteria. Sc, Saccharomyces cerevisiae; Hs, Homo sapiens; Gi, Giardia intestinalis; Cc, Caulobacter crescentus. (D) Distribution
of Tim44 paralogs in eukaryotes. (E) Protein sequence alignment of GiTim44 with the C-terminal domains of Tim44 orthologs from Carpediemonas membrani-
fera, Ergobibamus cyprinoides, Brevundimonas naejangsanensis, Homo sapiens, Saccharomyces cerevisiae, Arabidopsis thaliana, Naegleria gruberi, Plasmodium
falciparum, Trichomonas vaginalis, and Dictyostelium discoideum. The sequences were aligned using MAFFT at http://mafft.cbrc.jp/alignment/server/. The
residues involved in forming a hydrophobic pocket are framed in red (57). (F) Model of the C-terminal domain of GiTim44 obtained by Swiss-Model (58) using

human Tim44 as a template (48).
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search for new mitosomal components. GiPam18 was the best
available candidate to identify putative TIM components in mito-
somes. The protein identified with this approach, GiTim44, rep-
resents one of the most diverged eukaryotic Tim44 proteins. The
homology of GiTim44 is limited to the C-terminal membrane
interaction domain, an arrangement reminiscent of the distant
Tim44 ortholog found exclusively in alphaproteobacteria (43).
However, despite the absence of the N-terminal domain, which
has been shown to mediate an interaction with mtHsp70 (31),
GimtHsp70 was found among the most significant proteins that
copurified with GiTim44. This finding may indicate that the in-
teraction between these proteins is conserved in mitosomes, al-
though it is mediated by different amino acid residues. Unfortu-
nately, no protein translocase candidate was found among the
obtained data set, which lacked polytopic membrane proteins.
This absence was likely due to the experimental conditions used,
particularly the cross-linking chemistry and the preparation of
samples for mass spectrometry (44). A customized procedure will
be necessary to identify such proteins.

Using GiTim44 as a query, related sequences were found in
metamonads such as C. membranifera and E. cyprinoides. Surpris-
ingly, no Tim44 ortholog was identified in the recently published
genome of the hydrogenosome-bearing fish parasite S. salmoni-
cida (45). According to further HMM-based searches, Tim44 has
been lost several times in the evolution of eukaryotes. Previous
reports have shown that this protein is absent from Entamoeba
(46) and microsporidian species (47), which also carry highly
adapted mitosomes. Strikingly, the Tim44 protein is also missing
from the entire group of kinetoplastida, which contain complex
aerobic mitochondria. However, our Tim44-specific HMM iden-
tified additional new Tim44 paralogs in the mitochondria of opis-
thokonts, amoebozoa, and plants. Specifically, the mitochondrial
proteins MRLP45 and Mbal participate in mitochondrial trans-
lation and membrane protein insertion, respectively (33, 34).
MRLP45 is a component of the large subunit of the mitoribosome,
the structure of which was recently been resolved (33). The struc-
ture of MRLP45 clearly demonstrates its homology to the C-ter-
minal domain of Tim44 (48). Although Mbal is not a mitoribo-
some component, it binds the large subunit of the mitoribosome
and cooperates with Oxal in the membrane insertion of mito-
chondrially translated proteins (34). Despite the differences in the
molecular architecture of the complexes containing MRLP45 and
Mbal, it is likely that these proteins perform analogous functions.

FIG 3 GiIMOMP35 is an outer mitosomal membrane protein. (A) Protease
protection assay of high-speed pellets isolated from Giardia expressing HA-
tagged GIMOMP35. After incubation with trypsin, the samples were immu-
nolabeled with antibodies against the HA tag, the outer membrane protein
GiTom40, and the matrix protein GilscU. The sensitivity of GiMOMP35 to the
protease indicates its outer membrane localization. The drawing shows the
suggested topology of GIMOMP35. Cyt, cytosol; OM, outer mitosomal mem-
brane. (B) Cells expressing HA-tagged GIMOMP35 were stained with an an-
ti-HA tag antibody (green) and an anti-GL50803_9296 antibody (red). Nuclei
were stained with DAPI (blue). In addition to exhibiting typical mitosomal
morphology (B), approximately 50% of the observed trophozoites contained
elongated tubular structures (C to E). These structures colocalized with Gi-
Tom40 (red) (C); however, only a small fraction exhibited costaining for
GL50803_9296 (red) (D). The structures were devoid of the ER marker
GiPDI2 (red) (E). These data indicate that the elongated tubular structures
represent an enlarged outer mitosomal membrane. Under transmission elec-
tron microscopy, the structures appeared as organized membrane layers (F).

Molecular and Cellular Biology August 2015 Volume 35 Number 16


http://mcb.asm.org

GL50803_8148 merge
<

. .
:
"

GL50803_3491

GL50803_12229

50803

merge
*

FIG 4 Localization of putative mitosomal proteins. Selected HA-tagged proteins were expressed in Giardia, and their cellular localization was determined using
immunofluorescence microscopy. The cells were stained with anti-HA tag (green) and anti-GL50803_9296 (red) antibodies. Nuclei were stained with DAPI
(blue).
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FIG 5 Mitosomal proteins are transported posttranslationally and in an unfolded state. BAP-tagged GiTim44 was coexpressed with cytosolic BirA (cytBirA), and
the biotinylation of the tag was observed using fluorescence microscopy. Cells were stained with an anti-HA tag antibody (red) to detect cytBirA and with
streptavidin-conjugated Alexa Fluor 488 (green) to detect the biotinylation of the BAP tag. Nuclei were stained with DAPI (blue). (A) A fusion protein of mouse
DHEFR, mitosomal GiMgel, and a C-terminal HA tag was expressed in Giardia. (B and C) The localization of the chimeric construct was assessed in the absence
(B) or presence (C) of 100 uM pyrimethamine (+PM), which induces the folding of the DHFR domain. The cells were stained with anti-HA (green) and

anti-GiTom40 antibodies (red). Nuclei were stained with DAPI (blue).

The only known outer mitosomal membrane protein has been
GiTom40. This eukaryotic porin is a hallmark of all mitochondria
(49), in which it constitutes the general import pore (18, 50) and
interacts with the components of the SAM and ERMES complexes
(51). The purification of GiTom40 led to the identification of
GiMOMP35. The protein had already been identified in giardial
mitosomes, but neither its localization within the mitosome nor
its topology had been determined (7). According to our results,
the GIMOMP35 protein is anchored in the outer mitosomal
membrane with its C-terminal domain exposed to the cytosol.
The phenotype of mitochondrial aggregation triggered by the
overexpression of GiMOMP35 is reminiscent of the overexpres-
sion of some of the outer membrane proteins involved in protein
import (52) or mitochondrial dynamics (53). However, without
further characterization of its C-terminal domain, the exact func-
tion of GIMOMP35 in mitosome biology will remain unknown.
This protein is exclusive to Giardia; no related sequences have
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been found in S. salmonicida or in other parasitic or free-living
metamonads.

Due to the presence of Tom40 in the outer mitosomal mem-
brane, the occurrence of Sam50 was expected (54). Sam50 is an
essential component of the SAM complex, the B-barrel protein
folding machine (55) that is considered an important evolution-
ary feature linking mitochondria to Gram-negative bacteria (56).
Despite the omnipresence of Sam50 in eukaryotes, no ortholog
has been identified in the Giardia genome (18) or among the pro-
teins that copurified with GiTom40 or GIMOMP?35 in the present
work. Surprisingly, while missing in the G. intestinalis and S. sal-
monicida genomes, Sam50 orthologs are present in the expressed
sequence tag (EST) data of C. membranifera and E. cyprinoides (M.
Kolisko and A. J. Roger, unpublished results). This strongly sug-
gests that the unique loss of Sam50 in the evolution of eukaryotes
occurred in the common ancestor of diplomonads.

However, 5 of the 13 novel mitosomal proteins seem to be
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specific to the outer mitosomal membrane, as these were exclusive
to GiTom40- and GiIMOMP35-derived data sets. Further investi-
gation of these proteins may bring more information on the bio-
genesis of the outer mitosomal membrane as well as on the inter-
action between the mitosomes and other cellular organelles.

In general, the identification of novel mitosomal proteins, the
vast majority of which are specific to Giardia, demonstrates that
metabolic processes other than the formation of iron-sulfur clus-
ters occur in mitosomes. The presence of a rhodanese ortholog
indicates the existence of additional sulfur metabolism at a mini-
mum. In addition, the striking presence of an MIf1IP ortholog in
mitosomes may shed light on the exact function of the protein, for
which a precise role has not been assigned in the Metazoa.

In addition to the identification of new proteins, the tech-
niques used in this study enabled us to demonstrate that proteins
maintain an unfolded state while traveling to mitosomes post-
translationally. However, no sign of mixing of the ER and mito-
some lumina was detected. The reported mitosomal localization
of Giardia Sec20 ortholog indicated that a vesicular transport may
play a role in mitosomal protein import (39). Our data on the
localization of the endogenous Sec20 (not shown in this work)
using specific polyclonal antibody indicate that its mitosomal lo-
calization is a result of experimental artifact, a phenomenon often
observed for the overexpression of tail-anchored proteins. These
results provide new evidence that mitosomal biogenesis follows
the same rules as mitochondrial biogenesis despite the absence of
some of the core components.

Taken together, the data presented here demonstrate that tech-
niques such as in vivo enzymatic tagging are extremely valuable
tools to investigate the biology of organelles as small as Giardia
mitosomes. The identification of Giardia-specific proteins also
demonstrates that our current concept of mitosomes as highly
simplified mitochondria may not entirely reflect the true biology
of these organelles. Future studies will likely reveal yet-unknown
mitosomal functions.
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