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Mitochondria use transport proteins of the eukaryotic mitochondrial
carrier family (MCF), to mediate the exchange of diverse substrates,
including ATP, with the host cell cytosol. In classical endosymbiosis
theory, insertion of a host-nuclear encoded MCF transporter into the
protomitochondrion, was the key step that allowed the host cell to
harvest ATP from the enslaved endosymbiont1. Remarkably, the genome
of the microsporidian Encephalitozoon cuniculi has lost all of its genes
for MCF proteins2. This raises the question of how the recently
discovered microsporidian remnant mitochondrion, called a mitosome,
acquires ATP to support protein import and other predicted ATPdependent activities2-4. The E. cuniculi genome does contain four genes
for an unrelated type of nucleotide transporter used by plastids and
bacterial intracellular parasites, like Rickettsia and Chlamydia, to import
ATP from the cytosol of their eukaryotic host cells5-7. The inference is
that E. cuniculi also uses these proteins to steal ATP from its eukaryotic
host to sustain its lifestyle as an obligate intracellular parasite. Here we
show that, consistent with this hypothesis, all four E. cuniculi
transporters can transport ATP, and three of them are expressed on the
surface of the parasite when it is living inside host cells. The fourth
transporter co-locates with mitochondrial Hsp70, to the E. cuniculi
mitosome. Thus, uniquely among eukaryotes, the traditional
relationship between mitochondrion and host has been subverted in E.
cuniculi, by reductive evolution and analogous gene replacement.
Instead of the mitosome providing the parasite cytosol with ATP, the
parasite cytosol now appears to provide ATP for the organelle.
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Microsporidia have undergone extreme genomic and cellular reduction
as obligate intracellular parasites of other eukaryotes2,8. The published
genome2 of Encephalitozoon cuniculi reveals that genes required for key
energy generating reactions, including the tricarboxylic acid cycle, fatty acid
beta oxidation, respiratory electron transport chain and the ATP synthase
complex are all absent. Thus, ATP production in E. cuniculi is only possible
by substrate level phosphorylation2. As proliferating microsporidia recruit host
mitochondria near their plasma membrane, it has been proposed that these
parasites could use host-derived ATP to supplement their energy budget9.
The presence on the genome of E. cuniculi of genes encoding homologues of
ADP/ATP transporters used by bacterial parasites to steal ATP, provides a
potential means of achieving this goal2.
We compared the sequences of the four E. cuniculi putative
transporters2 to previously characterised ATP/ADP translocases or nucleotide
transporters (NTT) from plastids and bacterial parasites5,6,10,11. The four E.
cuniculi sequences (EcNTT 1 to 4) are divergent from each other (28-36%
identity) and are predicted to contain 11-12 transmembrane domains, as
commonly observed for bacterial and plastid homologues5(Supplementary
Fig. S1). There was no in silico evidence for any compartment-specific
targeting signals (Supplementary Fig. S1). To investigate the expression and
cellular location of the E. cuniculi transporters, we raised antisera against
variable regions of each protein (Supplementary Fig. S2). All four antisera
detected specific bands in the protein extracts from infected rabbit kidney
cells, but no bands were detected in protein extracts from uninfected cells
(Supplementary Fig. S3). The antiserum to EcNTT2 also detected a strong
band in protein extracts from spores, indicating that EcNTT2 is present at this
stage of the parasite lifecycle. The other transporters gave faint or no signal
for spore protein extracts (Supplementary Fig. S3).
To determine the cellular location of the E. cuniculi transporters,
indirect immunofluorescence analyses (IFA) were carried out on infected
rabbit kidney cells and on isolated parasites. EcNTT1, EcNTT2 and EcNTT4
gave a labelling distribution that was consistent with them being present on
the surface of parasites living inside host cells (Fig. 1), but these transporters
could not be detected in purified parasites (data not shown). By contrast,
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EcNTT3 was localised to discreet areas of the cytosol of E. cuniculi living
inside host cells, and produced the same labelling for the majority (~70%,
data not shown) of purified parasites (Fig. 2). These data suggested that
EcNTT3 might be targeted to the mitosomes of E. cuniculi. To test this
hypothesis, we generated a specific antiserum to E. cuniculi mitochondrial
Hsp70 (mtHsp70). This protein is a classic mitochondrial marker12 and the
homologous protein is already known to locate exclusively to mitosomes of
the microsporidian Trachipleistophora hominis3. In reciprocal labelling
experiments with T. hominis, specific antisera for either the E. cuniculi or T.
hominis mtHsp70, produced the same pattern of labelling for both species
(Supplementary Fig. S4), validating mtHsp70 as a marker for E. cuniculi
mitosomes. Consistent with the IFA results, transmission electron microscopy
of E. cuniculi cells identified double membrane-bounded organelles with
morphology and size (66 nm by 110 nm) similar to T. hominis mitosomes3
(Supplementary Fig. S5). The mitosomes were often close to structures
resembling spindle polar bodies13 which are involved in cell division14; this
close physical juxtaposition may aid segregation of mitosomes during cell
division. There was no evidence of any overlap between the signals for
EcmtHsp70 and either EcNTT1, 2 or 4 (Fig. 1). However, the fluorescence
signals linked with EcmtHsp70 and EcNTT3 clearly overlapped (Fig. 2),
indicating that EcNTT3 is localised exclusively to E. cuniculi mitosomes. The
structural features of the mitosomal EcNTT3 protein suggest that, like MCF
proteins of mitochondria15, it is a multi-spanning membrane protein. However,
so far we have been unable to develop efficient immuno-EM localisation
techniques for E. cuniculi to investigate this prediction at the ultrastructural
level.
The E. cuniculi proteins contain the charged residues conserved
among NTT that are critical for the functioning of the Arabidopsis plastid
ATP/ADP transporters10 (Supplementary Fig. S1). There are no homologous
genetic systems for characterising microsporidian proteins, so we used the E.
coli expression system, previously used to characterise Chlamydia, Rickettsia
and plastid NTT6,7,11,16, to obtain functional data for the E. cuniculi
transporters. All four E. cuniculi transporters mediated significant uptake of
radiolabelled ATP when expressed in E. coli, with EcNTT4 mediating the
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fastest import (Fig. 3a). The dose response curves (Fig. 3d-g) showing the
effect of increasing substrate concentration on the uptake of ATP, indicated
an apparent Km of 11.4, 19.8, 24.2 and 2.6 µM for EcNTT1-4, respectively.
These data show that all four EcNTT have a high affinity for ATP. Analysis of
the substrate specificity of EcNTT3 (Fig. 3c) and EcNTT1, 2 and 4
(Supplementary Fig. S6) showed that the uptake of radiolabelled ATP was
substantially reduced by competition with excess ATP or ADP and to a much
lesser extent by other nucleotides. These data demonstrate that all four
EcNTT are able to transport ADP and ATP, in contrast to the situation in
bacterial parasites where typically only one paralogue will mediate ATP
uptake7,11. Adenine nucleotide efflux was observed for EcNTT3 when
external substrate was removed, indicating that this transporter is able to
equilibrate nucleotide pools across a concentration gradient (Fig. 3b). Efflux
was stimulated by the addition of external cold ATP or ADP confirming that
EcNTT3 is an exchanger of adenine nucleotides (Fig. 3b).
The observation that EcNTT1, 2 and 4 can transport ATP may help to
explain why these transporters were not detected on the surface of purified
parasites using IFA, but only on the surface of parasites living inside host cells
(Fig. 1). Reduced expression of surface membrane-associated NTT in
response to a reduced ATP status of the host cell cytosol, or surrounding
milieu, has already been described for plastids and intracellular bacteria5,6.
Shutdown is thought to occur to prevent loss of bacterial or plastid ATP, by
NTT-mediated transport down a concentration gradient. The purified E.
cuniculi cells are mainly emerging spore stages17, that are differentiating into
dormant cells to survive exposure to the external environment. Thus, it would
also make sense if E. cuniculi reduced expression of its cell-surface
associated NTT, as part of this differentiation process.
The use of bacterial-like nucleotide transporters to acquire ATP from
another eukaryotic cell is a unique strategy for a eukaryotic parasite. Other
intracellular parasites, such as Leishmania and Plasmodium, use transporters
that are homologous to host proteins, to cater for their energy and nucleotide
needs15,18. A gene for a NTT has been reported for the microsporidian
Paranosema grylli (GenBank accession: CAI30461), and preliminary data
using the heterologous antisera to the E. cuniculi transporters, suggests that
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NTT are present on the surface of Trachipleistophora hominis (Supplementary
Fig. S7). These species represent three of the five major microsporidian
groups19, suggesting that the use of NTT may be a general strategy used by
microsporidians to steal ATP from their hosts, and that acquisition of NTT was
thus a key innovation supporting their lifestyle as obligate intracellular energy
parasites. Consistent with this idea, phylogenetic analyses of the available
microsporidial sequences suggest that NTT were acquired only once by
microsporidia early in their evolution (Supplementary Fig. S8). The very
patchy distribution of NTT in diverse prokaryotes and eukaryotes does,
however, suggest that lateral gene transfer has been involved in the evolution
of intracellular energy parasitism20. Since there are no homologues of NTT in
humans or other animals, these proteins may also represent promising drug
targets21. New highly specific drugs are of interest as microsporidia such as
Enterocytozoon remain a significant health problem for immuno-deficient
patients, including those with AIDS22,23.
The mitosomes of microsporidia are tiny and structurally
undifferentiated3, they lack a genome and their protein import pathway is
rudimentary2,24. Based upon the published genome of E. cuniculi2, there are
no obvious ways for the organelle to make or import ATP. Yet the mitosomes
of E. cuniculi and T. hominis contain mitochondrial Hsp70, which requires
ATP for its activity12. Our data suggest that E. cuniculi has evolved a unique
solution to meeting its cellular and mitosomal energy requirements; by using
NTT proteins to exploit the ATP pool of its eukaryotic host, and of its own
cytosol.

Methods summary
Encephalitozoon cuniculi strain II was grown in cultured rabbit kidney cells25.
Guided by the published genome of E. cuniculi2 we PCR-amplified and cloned
full-length coding sequences of four putative transporters from genomic DNA
of E. cuniculi strain II. Antisera to cloned constructs comprising the most
variable regions of each E. cuniculi transporter, and avoiding predicted
transmembrane domains, were made in rats using standard methods.
Antiserum to the full length E. cuniculi mitochondrial (mt)Hsp70 protein was
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prepared in rabbit. The specificity of each antiserum was confirmed by
Western blots of total proteins extracted from spores of E. cuniculi, rabbit
kidney cells infected with E. cuniculi, and non-infected rabbit kidney cells. To
determine the cellular location of the E. cuniculi transporters and E. cuniculi
mtHsp70 we used IFA. Mammalian cells infected with E. cuniculi were grown
and fixed on cover slips. Cells of E. cuniculi were also purified by disruption
of infected rabbit kidney cells followed by filtration through glass wool and
fixation on glass slides. After blocking, the attached cells were incubated with
the relevant antisera raised for each E. cuniculi protein and subsequently
incubated with the fluorescent dye-conjugated (Alexa red 594 or Alexa green
488) secondary antibodies. The labelled cells were visualized under a laser
scanning confocal microscope. To obtain functional data for the E. cuniculi
transporters we used the E. coli expression system, previously used to
characterise the homologous transport proteins from bacteria and
plastids6,7,11,16. Dose response curves for uptake of radiolabelled ATP by the
four E. cuniculi transporters, competition experiments to investigate substrate
specificity, and back exchange assays for EcNTT3 using cold ADP or ATP
were carried out by modifying published methods6,7,11,16.

Methods
Growth of Encephalitozoon cuniculi in rabbit kidney cells
Rabbit kidney cells (RK-13) were infected with Encephalitozoon cuniculi Strain
II (provided by Dr. Elizabeth S. Didier, Tulane National Primate Research
Centre, Covington, LA, USA) and grown as described25.

Generation of antisera to E. cuniculi transporters EcNTT1-4 and E.
cuniculi EcmtHsp70
The predicted amino acid sequences of the four E. cuniculi strain II
transporters were identical to those predicted for E. cuniculi GB-M1. Three
variable regions of sequence located outside of predicted transmembrane
domains (Fig. S1) were identified for each EcNTT (Supplementary Fig. S2).
PCR was used to amplify each set of three fragments, with appropriate
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restriction digestion sites at their termini. After amplification and restriction
digestion, each set of fragments was ligated to encode four different fusion
peptides, one for each transporter. The fusion peptides exhibited between 13
and 31% identity to each other. After sequencing, each construct was cloned
into the pQE-40 expression vector (QIAGEN) and expressed in E. coli M15
[pREP4] cells (QIAGEN). Each histidine-tagged recombinant protein was
extracted from inclusion bodies using Bugbuster reagent (Novagen) and
purified by gel electrophoresis. 1 mg of each protein was used for the
commercial production of rat polyclonal antisera (Eurogentec, Belgium).
The entire E. cuniculi strain II mtHsp70 ORF was PCR amplified,
cloned into pET30a (Novagen) sequenced and transformed into E. coli C43
(DE3) cells26 (provided by Prof. John E. Walker, University of Cambridge,
UK). The expressed protein was purified using a Ni-NTA column (QIAGEN)
under native conditions. The protein was further purified by gel
electrophoresis and 1.2 mg of purified protein was used to make rabbit
polyclonal antisera (Harlan Sera-Lab, UK).

Western blotting
Western blots of total protein extracts from E. cuniculi spores, infected and
non-infected RK-13 cells, were incubated with the rabbit anti-EcmtHsp70
(1:1000), rat anti-EcNTT1-peptide (1:400), rat anti-EcNTT2-peptide (1:3000),
rat anti-EcNTT3-peptide (1:1000) or rat anti-EcNTT4-peptide (1:2000)
antisera, followed by secondary anti-rabbit or anti-rat antibodies conjugated to
peroxidase (Sigma). The blots were developed using ECL (Amersham
Biosciences).

Immunolocalization of proteins in E. cuniculi
E. cuniculi-infected RK-13 cells were grown on cover slips until confluent and
fixed in 50:50 acetone:methanol (v/v) at -20oC for 2 hrs. Cells of E. cuniculi
were also isolated17 from lysed infected RK-13 cells. After discarding the
liquid growth medium, the material from three 175 cm2 flasks of highly
infected (>70%) RK-13 cells was trypsinised, resuspended in medium,
transferred to a 50 ml tube and washed twice with 1X PBS. The cells were
centrifuged at 3000 x g for 5 minutes and resuspended in 15 ml of 0.1%
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saponin and 0.05% (v/v) Triton X-100 in 1X PBS. The cells were sheared
using a Dounce glass homogeniser (clearance 0.062 – 0.0875 mm) and
passed through glass wool plugs (3 - 4 ml, 2 g per plug) in 10 ml plastic
syringe barrels. The filtered fractions were examined by light microscopy and
fractions contaminated with host cells were discarded. The remaining
fractions, which contained a mixture of sporonts, sporoblasts and spores were
fixed as above and attached onto poly-L-lysine-coated slides. After blocking
with 5% milk-PBS, the cells were incubated at room temperature in 1% milkPBS and a 1:200 dilution of the rabbit antisera against EcmtHsp70, followed
by incubation with goat anti-rabbit secondary antibody conjugated to Alexa–
fluor 594 (Molecular Probes). For co-localisation experiments, the cells were
further incubated with rat anti-EcNTT1-peptide (1:100), rat anti-EcNTT2peptide (1:200), rat anti-EcNTT3-peptide (1:200) or rat anti-EcNTT4-peptide
(1:200) antisera, followed by a goat anti-rat secondary antibody conjugated to
Alexa–fluor 488 (Molecular Probes). Cover slips were mounted with DAPIcontaining anti-fade mounting reagent (Vectashield), and observed under a
laser scanning confocal microscope (Leica TCS SP2 UV) fitted with a X63
objective (Plan Apo 1.32nA). Images were collected using LCS V2.61
software (Leica Microsystems, Heidelberg, GmbH) software and processed
with Adobe Photoshop CS2.

Fixation of cells for electron microscopy
Material from three 75 cm2 tissue culture flasks of highly infected E. cuniculiinfected rabbit kidney cells were collected and fixed using one of three fixation
protocols then washed and stored in PBS at 4°C: (1) 0.5% glutaraldehyde in
PBS for 30 minutes; (2) 4% paraformaldehyde/0.1% glutaraldehyde in PBS
for 30 minutes; (3) 4% paraformaldehyde in PBS for 30 minutes. Fixed cells
were processed for EM imaging as described3.

E. cuniculi transporter-mediated ATP uptake in E. coli
Each E. cuniculi transporter was cloned into the expression vector pET16b
(Novagen). The constructs were confirmed by sequencing and transformed
into E. coli DH5α cells (Invitrogen). For uptake assays, E. coli Rosetta
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2(DE3) pLysS cells (Novagen) were transformed with purified recombinant
plasmid and grown to an A600 of 0.6. Expression of the transporter was
induced by the addition of IPTG to a final concentration of 1 mM. After 1 hour,
the cells were sedimented (3000 x g, 5 mins, 4oC), resuspended in 50 mM
potassium phosphate buffer (pH 7.5) to an A600 of 5.0, and used for all uptake
experiments.
To analyse the specificity6,11 of the E. cuniculi transporters, 100 µl of
induced E. coli cells containing either a recombinant plasmid encoding
EcNTT1, 2, 3 or 4, or pET16b alone as a control, were added to 100 µl of
incubation medium (50 mM KPi buffer, pH 7.5) containing 2 nM [α-32P]labelled ATP along with 1 µM of cold ATP (Perkin Elmer). Uptake of the [α32

P]-ATP was at 30oC with constant stirring and terminated by the addition of

2 ml ice-cold KPi followed by rapid filtration through cellulose nitrate filters
(0.45 µm pore size). The filters were washed once with 2 ml of ice-cold KPi
and transferred to a vial for scintillation counting. All experiments were
performed as independent triplicates starting from individual colonies of
bacteria. Estimation of the kinetics of ATP transport and back-exchange
transport assays were performed as previously described6,11. To determine
the kinetic and parameters of ATP transport by EcNTT1-4, the external
substrate concentration was varied in the range 0 to 128 µM and initial
transport rates were determined (0-15 min). The data were fitted with the
Michaelis-Menten equation to determine the Vmax and apparent Km of
transport by iteration. The competition experiments were carried out with
50,000-fold excess of external substrate. For back exchange experiments, E.
coli cells expressing the recombinant EcNTT3 were incubated for 20 mins in
KPi containing 1 µM radio-labelled [α32P]-ATP. The cells were collected by
centrifugation at 3,000 x g for 5 mins, washed and resuspended in KPi with, or
without, non-labelled ATP or ADP at a final concentration of 250 µM. Backexchange experiments were carried out at 30oC and terminated at defined
time intervals by rapid filtration over cellulose nitrate filters. The filters were
washed once with 2 ml of ice-cold KPi and transferred to a vial for scintillation
counting. Experiments were performed as independent triplicates.
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Figure legends
Figure 1 Cellular localisation of E. cuniculi transporters in situ using
immunofluoresence and confocal microscopy. a, Six E. cuniculi cells
inside a rabbit kidney host cell are labelled with polyclonal antisera to EcNTT1
(green) consistent with a location of EcNTT1 at the plasma membrane of the
parasite. The host nucleus is labelled with DAPI (blue). b, Differential
interference contrast (DIC) image of the same field (scale bar, 4 µm). c,
Merge of a and b. d, A single parasite labelled with antisera to EcNTT1
(green), with the parasite nucleus stained blue with DAPI. e, The same cell
labelled with antisera to E. cuniculi mtHsp70 (red) detects three mitosomes. f,
Merge of d and e superimposed over a DIC image shows no co-localisation of
the two labels (Scale bar, 1.49 µm). g, E. cuniculi cells at different stages of
the parasite lifecycle includes cells labelled with antisera to EcNTT2 (green),
consistent with a location of EcNTT2 at the plasma membrane of the parasite.
h, DIC image of the same cells. i, Merge of g and h (Scale bar, 4 µm). j, A
single parasite labelled with antisera to EcNTT2. k, The same cell labelled
with the polyclonal antsera to E. cuniculi mtHsp70 (red). l, Merge of j and k
showing that the two antisera label different structures (Scale bar, 1.49 µm).
m, Four E. cuniculi cells inside a rabbit kidney cell labelled with antisera to
EcNTT4 (green) consistent with a location at the plasma membrane of the
parasite. n, DIC image of the same field (Scale bar, 2 µm). o, Merge of m and
n. p, A single parasite labelled with polyclonal antisera to EcNTT4. q, The
antisera to Hsp70 labels two mitosomes. r, Merge p and q (Scale bar, 1.49
µm).

Fig. 2 Evidence that E. cuniculi EcNTT3 is targeted to mitosomes. a and
e, The polyclonal antisera to EcNTT3 (green) labels discrete structures within
the cytosol of a single E. cuniculi cell. b and f, The polyclonal antisera to E.
cuniculi mtHsp70 (red) identifies the structures as mitosomes. c and g, Merge
showing the overlap of signal of both signals. d and h, Corresponding DIC
image. i-l, IFA on three purified E. cuniculi cells. i, The polyclonal antibody to
EcNTT3 (green) labels discrete structures within the cytosol of three E.
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cuniculi cells. j, The polyclonal antibody to E. cuniculi mtHsp70 (red)
identifies the structures as mitosomes. k, Merge showing the overlap of
signals. l, Corresponding DIC image. Scale bar, 1.49 µm.

Fig. 3 Transport of radiolabelled ATP by E. coli cells expressing E.
cuniculi transporters. a, Time dependency of [α-32P]-ATP uptake into IPTGinduced E. coli cells harbouring pET16b with gene insert encoding EcNTT1,
EcNTT2, EcNTT3 or EcNTT4, or control without insert. Induced cells were
incubated with 2 nM of [α-32P]-ATP in the presence of 1 µM of cold ATP for
the indicated time periods. Termination of uptake was carried out by
quenching with ice-cold KPi buffer, followed immediately by rapid filtration. b,
Back-exchange properties of EcNTT3 expressed in E. coli cells. Cells were
induced and pre-loaded with 1 µM [α-32P]-ATP for 20 min, washed and diluted
in KPi buffer with no substrate or with 250 µM ADP or ATP. At specified time
intervals efflux was terminated as in a. c, The effect of different substrates on
uptake of [α-32P]-ATP by E. coli expressing EcNTT3 was measured at a
substrate concentration of 2 nM [α-32P]-ATP. Unlabelled effectors were
present at 50,000-fold excess over the labelled substrate. Termination of
experiment was carried out as in a. Rates of nucleotide uptake are given as a
percentage of rates in the absence of excess nucleotide. d-g, Substrate
saturation of [α-32P]-ATP uptake by cells expressing EcNTT1-4. IPTG-induced
E. coli cells expressing EcNTT1 (d), EcNTT2 (e), EcNTT3 (f) or EcNTT4 (g)
were incubated for 15 min with 2 nM [α-32P]-ATP with increasing
concentrations of cold ATP and processed as described in Methods. The
Vmax and apparent Km were calculated as described in Methods. Data points
and errors bars for all panels represent the mean and s.d. of three
independent experiments respectively.
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Fig. S1 Alignment of the E. cuniculi transporter protein sequences against nucleotide transporters from intracellular
bacterial parasites and plants. The degree of amino acid conservation between transporters is indicated by colour coding
below each alignment column. Amino acid residues K161, E259, E422 and K581 that have been shown to be critical for
nucleotide transport in A. thaliana1 (GenBank accession: Q39002) are indicated with a red arrow. Extensions of the Nterminus of plastid transporters compared to all other sequences are evident; these represent typical plastid targeting
signals 2. E. cuniculi sequences are slightly longer than the prokaryotic sequences but no compartment specific targeting
signals were recognised by Mitopred 3, Mitoprot4, Predotar5, Mitpred6 or TargetP7. Predicted transmembrane helices are
shown in green, the increasing depth of colour corresponds to the strength of support from five different prediction
programs; SPLIT48, TMHMM29, HMMTOP210; TMAP11 and MEMSAT312.
Key to organisms: Rpr_tlc1-5, NTT from Rickettsia prowazekii (accession numbers P19568, Q9ZDF2, Q9ZD67, Q9ZD47
and O05962 ); Ctr_npt1-2, NTT sequences from Chlamydia trachomatis (O84068 and O84502); Cpn_npt1-2, NTT
sequences from Chlamydia pneumoniae (Q9Z8J2 and Q9Z7U0); Ath_aatp1-2, NTT sequences from Arab idopsis thaliana
(Q39002 and P92935); EcNTT1-4, sequences from Encephalitozoon cuniculi.
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Fig. S2 Design of fusion peptides for producing antisera to the E.
cuniculi transporters. a, Alignment of the four E. cuniculi (and one
Paranosema grylli) transporters with predicted transmembrane
helices shaded in green and yellow. The three variable regions (1-3,
underlined in red), which are also predicted loop regions, were
combined into individual fusion peptides for each transporter for the
production of antisera. The level of identity between the individual
fusion peptides ranged between 13 and 31 %. b, Western blots
showing the specificity of each antiserum. The top row shows a
coomassie gel of E. coli expressing each histidine-tagged fusion
peptide. The following rows compare the detection of all four
peptides, using an antibody to the histidine tag, to the specific
detection of individual peptides using antisera to the EcNTT1 fusion
peptide (Mr 37 K), EcNTT2 fusion peptide (Mr 36 K), EcNTT3 fusion
peptide (Mr 36 K) or EcNTT4 fusion peptide (Mr 35 K).
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Fig. S3 Analysis of the expression of E. cuniculi mitochondrial Hsp70 and E. cuniculi
transporters in total protein extracts. a, Coomassie staining of a duplicate gel
showing total protein extracts from E. cuniculi spores (lane 1), E. cuniculi infected RK13 cells (lane 2) and non-infected RK-13 cells (lane 3). b, Western blots using specific
antisera to mitochondrial Hsp70 and E. cuniculi transporters, the lane numbering is
the same as in a. Top row shows specific detection of E. cuniculi mitochondrial Hsp70
in spores and infected cells, but not in uninfected rabbit kidney cells. The protein has
an apparent relative molecular mass (Mr) of about 65 K. Second row shows detection
of EcNTT1 with an apparent Mr of 53 K (predicted Mr 64 K) in cells infected with E.
cuniculi but not in spores. Third row shows detection of EcNTT2 in spores and
infected cells. The detected protein has an apparent Mr of only 36 kDa compared to a
predicted Mr of 62 K. A much smaller mobility than predicted in SDS-page gels has
previously been reported13 for individual representatives of this type of transporter. The
suggested explanation13 is that SDS binds strongly to hydrophobic regions of the
protein and affects mobility by so doing, this is consistent with the observation that the
fusion peptides, which lack the hydrophobic transmembrane domains, migrate in
accord with their predicted Mr . Fourth row shows detection of EcNTT3 strongly in
infected cells and weakly in spores, the protein has an apparent Mr of 53 K and 56 K
(predicted Mr 61 K) – the double bands could be due to processing, degradation or
post-translational modification such as phosphorylation. Bottom row shows detection
of EcNTT4 strongly in infected cells and very weakly in spores, the protein has an
apparent Mr of 50 K (predicted Mr 61 K). The results shown are a representative set of
three independent experiments.
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e
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c

Fig. S4 Cellular localisation of mitochondrial mtHsp70 in T. hominis and E. cuniculi detected in situ using
immunofluorescence and confocal microscopy. a, T. hominis cells inside an infected RK-13 cell were probed with the
antisera to T. hominis Hsp70 used previously to identify mitosomes of this species at the light and EM level14. Numerous
small structures (red) corresponding to mitosomes in the T. hominis cytosol were detected. b, A purified cell of E. cuniculi
probed with the same antisera to T. hominis Hsp70, detects similar structures in the cytosol of E. cuniculi. There are
generally fewer mitosomes in the smaller cells of E. cuniculi. c, Five purified cells of E. cuniculi probed with antiserum
raised to E. cuniculi mitochondrial Hsp70 produce the same pattern of mitosomal staining. d – f, Differential interference
contrast (DIC) images of the fields used for immunofluorescence. The nuclei of hosts and parasites were labelled with
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DAPI (blue). Scale bar, 3 Bm.
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Fig. S5 Ultrastructural evidence for double membrane-bounded mitosomes in E. cuniculi. Transmission
electron microscopy of fixed rabbit kidney cell cultures infected with E. cuniculi demonstrates the presence of
double membrane-bounded organelles inside the parasite. Increasing magnifications are shown from panels a
to c. a, Three parasites show groups of double membrane-bounded organelles (red arrows) situated close to
the parasite nucleus (N). b, Higher magnification views of three such mitosome profiles (red arrowheads). The
inner and outer membranes of the parasite nuclear envelope are indicated with blue arrowheads. The doublemembraned structures have a distribution reminiscent of mitosomes in other species 15, and are associated with
a rather homogeneous zone, which has a higher electron density than the surrounding cytoplasm (asterisk), and
which in turn is applied closely to the nuclear envelope. The inset shows another field where putative
microtubules (blue arrowheads) radiate from this zone (asterisk), associated mitosomes are indicated by red
arrows. c, A solitary mitosome (red arrow) near to the surface of the parasite plasma membrane (black arrows).
The host cell mitochondrion is indicated by an asterisk over its cristae, with blue arrowheads indicating its outer
and inner membranes. d, Higher magnification of the mitosome profiles displayed in b, in which two closely
juxtaposed inner and outer membranes are clearly visible (red arrows). In all micrographs the cytoplasm of the
parasite is less crowded with organelles compared to the host cytosol (H). Bars 200 nm (a-c) and 100 nm (d).
The mean size of the organelles in sections were 66±5 by 110±7; n=29.
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Fig. S6 Effects of various metabolites on [! -32P]-ATP
uptake by IPTG induced E. coli cells expressing E. cuniculi
transporters EcNTT1, 2 or 4. Uptake of [!-32P]-ATP was
measured at a substrate concentration of 2 nM with the
unlabelled competitors present at 50,000-fold excess.
Rates of nucleotide uptake are given as a percentage of the
control rates (non-affected transport: 100%, not shown). a.
Substrate specificity of the recombinant EcNTT1 transporter.
b. Substrate specificity of the recombinant EcNTT2
transporter. c. Substrate specificity of the recombinant
EcNTT4 transporter. Data points represent the mean and
s.d. of three independent experiments.
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Fig. S7 Preliminary immunofluorescence data showing surface labelling of T. hominis by
heterologous antisera to E. cuniculi EcNTT1, 2 or 4. a, The antisera to EcNTT1 labels the
surface (green) of the T. hominis cells in contrast to the ThmtHsp70 signal (red) which
identifies mitosomes in their cytosol. Merging the two images confirms that the two signals
do not co-localize. A DIC image of the field is also shown. b, Four groups of T. hominis cells
show surface labelling by antisera to EcNTT2. c, The surface of T. hominis cells are clearly
labelled by the antisera to EcNTT4. The nuclei of hosts (large) and parasites (small) were
labelled with DAPI (blue). Scale bars, 5 Bm. No consistent labelling was obtained with the
antisera to EcNTT3 in three independent experiments (data not shown).

Page 11 of 15

Solanum tuberosum aatp
Citrus cultivar aatp
Arabidopsis thaliana aatp1
Arabidopsis thaliana aatp2
1.00
Mesembryanthe crystallinum aatp
Helianthus tuberosus aatp
1.00
Oryza sativa tlc
Cyanidioschyzon merolae npt
1.00
Galdieria sulphuraria aatp
Chlamydophila caviae npt
1.00
Chlamydiophila pneumoniae npt1
Chlamydia muridarum tlc 1
Chlamydia trachomatis npt1
Parachlamydia coccus tlc
Protochlamydia amoebophila ntt1
1.00 Parachlamydia sp. tlc

0.80

1.00

Figure S8 Tsaousis et al.

Viridiplantae

Rhodophyta

Chlamydiae

Microsporidia
E. cuniculi NTT1
E. cuniculi NTT2
E. cuniculi NTT4
E. cuniculi NTT3
Paranosema grylli NTT

Protochlamydia amoebophila ntt2
Protochlamydia amoebophila ntt5

0.99

Protochlamydia amoebophila ntt3
Chlamydiophila pneumoniae npt2
Chlamydia trachomatis npt2
1.00 Chlamydia muridarum tlc 2
Holospora obtusa aatp
Candidatus Paracaedibacter symbiosus tlc
Rickettsia typhi tlc 1
Rickettsia prowazekii tlc 1
Rickettsia sibirica tlc
Rickettsia montanensis tlc 1
Rickettsia akari tlc
Rickettsia felis tlc
1.00
Rickettsia rickettsii tlc 1
Rickettsia conorii tlc 1
Caedibacter caryophilus tlc
Rickettsia montanensis tlc 3
Rickettsia rickettsii tlc 3
1.00
Rickettsia conorii tlc 3
Rickettsia typhi tlc 3
Rickettsia prowazekii tlc 3
Rickettsia rickettsii tlc 4
Rickettsia conorii tlc 4
1.00
Rickettsia montanensis tlc 4
Rickettsia typhi tlc 4
Rickettsia prowazekii tlc 4

1.00

0.83

0.91

1.00

1.00

1.00
0.2

Protochlamydia
amoebophila ntt4

Chlamydiae

alpha-proteobacteria

Rickettsia prowazekii tlc 2
Rickettsia conorii tlc 2
Rickettsia montanensis tlc 2
Rickettsia rickettsii tlc 2
Rickettsia typhi tlc 2
Rickettsia montanensis tlc 5
Rickettsia rickettsii tlc 5
Rickettsia typhi tlc 5
Rickettsia conorii tlc 5
Rickettsia prowazekii tlc 5

Page 12 of 15

Fig. S8 Phylogenetic analysis of NTT protein sequences from microsporidia, plants and
obligate intracellular bacterial parasites. The tree is a Bayesian consensus tree
constructed using a data-specific general time reversible substitution matrix16 estimated
from the amino acid alignment recoded into the six Dayhoff groups 17: ASGST, DNQE,
RKH, MVIL, FYW and C, using p4 16,18. Two parallel runs were performed, each with four
chains running for 2,000,000 generations and sampled every 500 generations. The
initial "burn in" of 2000 samples was not included in the calculation of the consensus
tree. Posterior probabilities (PP) for key nodes are indicated when above 0.80. The
monophyly of microsporidial sequences is supported by a PP of 1.00. The scale bar
represents number of changes per site.
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