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Abstract

The microsporidia are emerging human and veterinary pathogens known to infect every tissue type and organ system. Their infectious spore
possesses a number of peculiar organelles, including the diagnostic polar tube. In a proteomics-driven effort to find novel components of this
organelle in the human-pathogenic species Encephalitozoon cuniculi, we unexpectedly discovered a protein which localizes to punctate
structures consistent with the appearance of relic mitochondria, or mitosomes. However, this novel protein did not colocalize with ferredoxin,
a mitochondrial iron—sulfur cluster protein which shows a similar localization pattern by light microscopy. The distribution pattern of this
protein thus suggests either a novel vesicular compartment that is similar to mitosomes in size and distribution, the presence of subdomains or

branching architecture within mitosomes, or heterogeneity in the protein composition of E. cuniculi mitosomes.
© 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The microsporidia are obligate intracellular parasites that
cause a wide variety of clinical syndromes in humans, espe-
cially in the context of immune suppression such as AIDS,
chemotherapy, and organ transplantation [1]. The most
common manifestation is diarrhea, which may progress to life-
threatening wasting in the setting of HIV-infection. The
uniting feature of the phylum is the internal polar tube,
a biologically unique structure which lies coiled inside the
spore until the moment of germination, when it everts and
serves as a conduit for the parasite cytoplasm into the host cell
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[2,3]. Diagnosis of these pathogens is challenging and treat-
ment options are limited, due partially to the fact that the basic
biology of these organisms is not well understood. As recently
as the 1990s, it was hypothesized that because they lack
typical mitochondria, the microsporidia along with dip-
lomonads (e.g., Giardia), parabasalia (e.g., Trichomonas), and
archaemoebae (e.g., Entamoeba) represented primitive
eukaryotes, similar to the type of cell that according to
endosymbiotic theory might have accepted the first mitocho-
nidrial symbiont (discussed in [4]). While phylogenetic
evidence at the time seemed to also support the notion of
primitivity, this Archezoan hypothesis has since been
completely discredited, and over the past fifteen years,
molecular and genetic evidence has converged to suggest
a close relationship between Microsporidia and Fungi.
Mitochondrion-derived heat shock proteins were first reported
in 1997 [5], suggesting that microsporidia secondarily lack
mitochondria. In fact, the presence of a mitochondrial
remnant, or ‘“mitosome”, has now been demonstrated in
several microsporidia [6—8]. As a result of these and other
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molecular phylogenetic observations (see [9]) the micro-
sporidia were accorded phylum status in a recently constructed
phylogeny of the fungi by a diverse assemblage of sixty-some
fungal taxonomists [10]. Thus it is now widely appreciated
that the microsporidia are a highly evolved lineage exhibiting
extreme reduction at both the genomic and cellular level.

Like the mitosomes of the parasitic protists Entamoeba
histolytica, Giardia lamblia, and Cryptosporidium parvum,
and unlike the ATP- and hydrogen-producing parabasalian
hydrogenosome (see [4]), the mitosome of many micro-
sporidians (e.g., Encephalitozoon) appears to be of limited
metabolic consequence to the cell, but has a more clearly
supported function in iron—sulfur cluster assembly [11].
Immunolocalization experiments by Goldberg et al. [12]
demonstrated that donors of iron and sulphur and the scaf-
fold protein Isul colocalize with the mitosomal marker Hsp70,
and in the same year Williams et al. showed that the iron-
—sulfur cluster protein ferredoxin also localizes to small
punctate structures consistent with mitosomes [7]. In other
microsporidians, however, the recent discovery of a mitosomal
alternative oxidase suggests the mitosome is involved in
providing a terminal electron acceptor in the species that
possess this gene [13]. These exceptions notwithstanding, only
a small number of mitosome proteins and functions have been
described to date. In this report, we identify a novel protein
located to a vesicular compartment with a mitosome-like
distribution pattern that was unexpectedly discovered in
a shotgun proteomic search for additional components of the
polar tube.

2. Methods

2.1. Culture of microsporidia, spore fractionation, and
proteomic analysis

Encephalitozoon cuniculi spores were harvested from
culture supernatants of infected rabbit kidney cell line RK13
(American Type Cell Culture Collection, Manassas, VA),
fractionated to enrich for polar tube proteins, and DTT-
solubilized [14,15], as previously described but omitting the
urea wash. The lysate was analysed by nanoLC ESI-MS/MS
and detected peptides were mapped to hypothetical E. cuni-
culi ORFs also as previously described [14].

2.2. Immunolocalization of hypothetical protein
ECU09_0280 in situ

The ECU09_0280 ORF was cloned and expressed as
a recombinant glutathione-S-transferase (GST)—tagged protein
in a prokaryotic system and detected by Western blotting with
a monoclonal anti-GST antibody as previously described [14].
Polyclonal antiserum to this protein was raised in murine hosts
for protein localization in situ also as previously described.
Briefly, a 1:50 dilution of ECU09_0280—GST antiserum was
used to stain formaldehyde-fixed, bovine serum albumin-
blocked E. cuniculi-infected RK13 host cell cultures fol-
lowed by incubation with a 1:500 dilution of goat anti-mouse

IgG conjugated to Alexa Fluor 488. Host and parasite nuclei
were stained by 1 pg/mL 4,6-di-amidino-2-phenylindole
(DAPI). Where indicated, cultures were co-stained by rabbit
anti-ferredoxin polyclonal antibody (1:20) followed by a 1:500
dilution of goat anti-mouse IgG conjugated to ALexa Fluor
594. Stained slides were viewed with an epifluorescence-
equipped microscope (Zeiss AxioVert 200M, Carl Zeiss,
Goettingen, Germany). Images were captured with a Zeiss
Axiocam monochrome digital camera (Carl Zeiss, Goettingen,
Germany), and false color was assigned according to the
known emission wavelength of each fluorophore. Deconvolved
fluorescence images were obtained with an Olympus IX71
inverted microscope equipped with a Photometrics CoolSnap
HQ2 CCD monochrome digital camera and softWorx 3.6.0
software.

2.3. Identification of homologs to ECU09_0280

Raw illumina reads from an ongoing Encephalitozoon
hellem genome project were assembled using Velvet [16] and
Consed [17] with parameters described previously [18]. Pre-
dicted ORFs on all preliminary scaffolds were searched for
homologs of ECU10_1500 and ECU10_1070 using BLAST
(Altschul et al., 1997), and the sequence quality and coverage
of putative matches was confirmed manually. The Encepha-
litozoon intestinalis [18], Enterocytozoon bieneusi [19] and
Nosema ceranae genomes [20] were also searched for

170
130 =

100 ==

T2

55— —
o ——

e —

Fig. 1. Heterologous expression of Enc. cuniculi hypothetical gene
ECU09_0280 in as a GST-fusion protein in E. coli. Right lane, expression of
recombinant GST-tagged ECU10_1500 is clearly visible as an overexpressed
band at approximately 72 kDa (arrow) which is recognized by anti-GST
antibody. Left lane, negative control (i.e., bacteria transformed with the
same expression vector encoding an unrelated parasite gene). The GST anti-
body also reacts with GST and adjacent vector-encoded tags at ~32 kDa and
non-specific bands from bacterial proteins at ~ 50 kDa.
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homologs of these proteins using BLAST [21]. Microsporidian
genome data is available on MicrosporidiaDB (http://
microsporidiadb.org/micro/).

3. Results

3.1. Proteomic detection of ECU09_0280 and
generation of polyclonal antiserum

The peptide IKDGNAKEGTK was detected by nanoL.C ESI-
MS/MS (score 31, p < 0.05) and mapped to the ECU09_0280
open reading frame. The encoded 39-kDa amino acid sequence
was expressed as a recombinant glutathione-S-transferase
(GST) fusion protein in Escherichia coli and detected by
Western blot with anti-GST antibody (Fig. 1, arrow).

ECU09_0280

3.2. Immunolocalization of ECU09_0280

The gene product of ECU09_0280 appears to be localized
to discrete small round punctuate structures which frequently
appear in groups of two or three close to the nucleus (Fig. 2A,
top and bottom panel insets) and sometimes four. The locali-
zation pattern of this protein is reminiscent of E. cuniculi
ferredoxin, a mitochondrial iron—sulfur cluster protein that
has been shown to localize to similar punctuate structures in
situ [7,12]. Notably, ferredoxin-stained structures also
occurred most often in groups of two or three around each
parasite nucleus. It was noted by the authors that the appear-
ance of these ferredoxin-stained structures was consistent with
that of polar vesicles, membrane-bound structures occurring in
several different microsporidia which have recently been

ECU09 0280

ferredoxin

Fig. 2. Immunofluorescence localization of ECU09_0280. (A) This protein is localized to small, discrete, punctuate structures close to the nucleus (insets, top and
bottom panels) which frequently appear in groups of two or three (arrows, top and bottom panels). Some antiserum cross reactivity occurs with the host cell nucleus
(HN) but not with any other parasite structures. (B) Both ECU09_0280 (green) and ferredoxin (red) localize to structures consistent in appearance and location with

mitosomes, but do not colocalize.
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proposed on the basis of ultrastructural data to be mitosomes
[22]. However, deconvolved images of in situ cultures co-
stained for ferredoxin and ECU(09_0280 (Fig. 2B) demon-
strated that while both of these proteins localize to subcellular
structures consistent with mitosomes within the parasite, they
do not extensively colocalize.

3.3. Identification of homologs to ECU09_0280

ECU09_0280 has no putative conserved domains or
significant similarity to characterized proteins or any other E.
cuniculi proteins, but clear homologs were identified in the
human-pathogenic microsporidia E. hellem, E. intestinalis,
and E. bieneusi, as well as a potential homolog in the honey
bee parasite N. ceranae (Fig. 3). No putative mitosome-
targeting transit peptide was readily detected for any of
these proteins (data not shown), but detection of such
sequences in divergent clades such as the microsporidia is
often challenging (e.g., see [6]).

4. Discussion

We have previously shown that proteins with biophysical
properties similar to the polar tube proteins (PTPs) can cop-
urify with PTPs during the polar tube fractionation procedure
we developed and can be demonstrated to localize to distinct,
unrelated compartments within the cell such as the spore wall
and the branching proteinaceous filamentous network within
the parasitophorous vacuole [14]. Here we have localized
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a novel protein in E. cuniculi, which was isolated by a similar
method, and demonstrated that it has a curious subcellular
localization pattern similar to previous described mitosomal
proteins such as ferredoxin. ECU09_0280 localizes to small
punctate tructures near the parasite nucleus which frequently
occur in groups of two or three, similar to the staining pattern
observed with anti-ferredoxin antibody. Surprisingly, however,
ferredoxin and ECU09_0280 did not colocalize, although they
did stain markedly similar compartments of the same cell. It
seems, then, that the ECU09_0280 protein distribution pattern
represents either: (1) a novel vesicular compartment similar to
mitosomes in size and distribution about the nucleus; (2) the
presence of unique subdomains perhaps due to branching
architecture within a mitosome; or (3) a functional or devel-
opmental heterogeneity of E. cuniculi mitosomes. Regarding
the first possibility, it is important to note that the compart-
ment so far shares only morphological similarity with the
polar vesicle or mitosome, and only necessarily at the light-
level; regarding the second, there is no precedent for sub-
compartmentalization of mitosomes other than lumenal versus
intermembrane, which would be challenging to resolve by
light microscopy. However, it is possible that mitosomes,
though comparatively tiny, may possess an as yet unappreci-
ated branching structure as functional mitochondria often do.
Electron microscopical investigations would shed light on
these first two possibilities, however the currently available
antibody does not recognize this protein on immuno-electron
microscopy. The third hypothesis, that of mitosomal hetero-
geneity, is a formal possibility but challenging to prove.
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Fig. 3. BLASTP alignment of (a) ECU10_1500 and (b) ECU10_1070 and their presumptive homologs in Enc. hellem. Residues highlighted in black or gray
indicate identity or similarity, respectively.
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Attempts at colocalization with other mitosomal markers such
as Hsp70 may prove useful. As little is known about the
function of these diminutive relic organelles in the micro-
sporidia, and ECU09_0280 displays no homology to proteins
of known function or conserved functional domains, it is
difficult to discriminate between these three possibilities, or to
speculate on the function of this protein. However, its apparent
conservation in the Enterocytozoon/Encephalitozoon/Nosema
clade which contains many species of medical and agricultural
importance suggests an interesting target for further study.
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