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Microsporidia form environmentally resistant spores that are critical for their host-to-host transmission
and persistence in the environment. The spore walls of these organisms are composed of two layers, the
exospore and the endospore. Two spore wall proteins (SWP1 and SWP2) have been previously identified in
members of the Encephalitozoonidae family. These proteins localize to the exospore. The endospore is known
to contain chitin, and a putative glycosylphosphatidylinositol (GPI)-anchored chitin deacetylase has been
localized to the plasmalemma-endospore interface. Using proteomic techniques, we have identified a new spore
wall protein (SWP3) that is located in the endospore. The gene for this protein is located on chromosome 1 and
corresponds to the open reading frame ECU01_1270. SWP3 is predicted to have a signal peptide and to be GPI
anchored. Consistent with these modifications, two-dimensional electrophoresis demonstrated that SWP3 has
an acidic pI and a molecular mass of <20 kDa. By immunoelectron microscopy, this protein was found on the
cell surface during sporogony and in the endospore in mature spores. SWP3 has several potential O-glyco-
sylation sites, and it is possible that it is a mannosylated protein like the major polar tube protein (PTP1).

Microsporidia are eukaryotic obligate intracellular spore-
forming parasites in the phylum Microsporidia (34, 35). They
are ubiquitous in the animal kingdom, with over a thousand
species parasitizing a wide range of invertebrate and vertebrate
hosts, including humans (44). Microsporidia were first recog-
nized as human pathogens over 75 years ago, but prior to the
AIDS epidemic there were less than a dozen reports of human
microsporidiosis (44). Since the recognition that Enterocyto-
zoon bieneusi causes diarrhea in patients with AIDS (11), many
infections with different species of microsporidia have been
reported from all over the world. Microsporidia are now also
recognized as etiologic agents of infections in organ transplant
recipients, patients being treated with immunosuppressive
drugs, and immunocompetent patients (28, 30, 33, 39, 44).
Although the phylum Microsporidia consists of nearly 150 gen-
era, only 7 genera (Enterocytozoon, Encephalitozoon [including
Septata), Pleistophora, Trachipleistophora, Vittaforma, Bra-
chiola, and Nosema) as well as a few unclassified microsporidia
(e.g., Microsporidium) have been described as pathogens in
humans (14, 44). Microsporidia have been found in municipal
water supplies, tertiary sewage effluent, and groundwater (12).
It is likely that many human infections with microsporidia are
of zoonotic origin (10).

Recent phylogenetic data suggest that microsporidia are re-
lated to the fungi (22, 42) and that they have a mitochondrial
relic organelle, the mitosome (43). The fungal origin of mi-
crosporidia has a significant impact on how we interpret their
unusual characteristics, as these no longer represent ancestral
features but instead are indicative of the highly derived nature
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of these intracellular parasites. Members of the microsporidian
family Encephalitozoonidae have very small genomes (2.9, 2.6,
and 2.3 Mb for Encephalitozoon cuniculi, Encephalitozoon hel-
lem, and Encephalitozoon intestinalis, respectively) (2, 44), and
the entire genome of Encephalitozoon cuniculi has been ob-
tained (21).

The microsporidian life cycle consists of a proliferative
phase, the spore production phase (sporogony), and the ma-
ture spore, or infective, phase. The unicellular spore has a
resistant spore wall with a uninucleate or binucleate sporo-
plasm and an extrusion apparatus consisting of a single polar
tube with an anterior attachment complex, which is character-
istic of the phylum (37, 44). Spores range in size from 1 to 12
pm. The spore coat consists of an electron-dense, protein-
aceous exospore, an electron-lucent endospore composed of
chitin and protein, and an inner membrane, or plasmalemma
(37, 44). The invasion apparatus consists of a long polar tube
which is divided into the following two regions: the anterior
straight portion, which is surrounded by a lamellar polaroplast
and attached to the inside of the anterior end of the spore by
an anchoring disk, and the posterior coiled region, which forms
from 4 to approximately 30 coils around the sporoplasm in the
spore, depending on the species (37, 44). When triggered by
appropriate stimuli, the polar tube rapidly discharges from the
anterior pole of the spore, forming a hollow tube that remains
attached to the anterior end of the spore (17), and the sporo-
plasm flows through the tube, appearing as a droplet at its
distal end.

In the past few years, three different proteins, polar tube
protein 1 (PTP1), PTP2, and PTP3 (8, 9, 24-26, 31), have been
identified as being components of the polar tube. We had
previously developed a purification protocol for polar tubes
and spore walls that involved glass bead disruption of spores
followed by detergent and urea washes. Both the polar tube
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and the spore wall remained intact following these washes;
however, when this material was treated with reducing agents
(e.g., dithiothreitol [DTT]), the polar tube was solubilized,
leaving a resistant spore wall. This solubilized material clearly
contained polar tube proteins and, most likely, spore wall com-
ponents that were solubilized by reducing agents. Using high-
performance liquid chromatography (HPLC), we demon-
strated that PTP1 could be purified from this DTT-solubilized
polar tube preparation. The availability of the E. cuniculi ge-
nome has made a proteomic approach feasible for the charac-
terization of components in this DTT-solubilized polar tube
protein preparation, using both mass spectrometry and two-
dimensional isoelectric focusing—polyacrylamide gel electro-
phoresis (2D-IEF-PAGE). In performing this characterization,
we have identified that the open reading frame ECU01_1270
encodes a spore wall protein (SWP3) that localizes to the
endospore and plasmalemma of Encephalitozoon cuniculi.

(Portions of this work were part of the Ph.D. thesis of Yanji
Xu [45a].)

MATERIALS AND METHODS

Cell culture. Encephalitozoon cuniculi was cultivated in RK13 cells (CCL37;
American Type Culture Collection, Manassas, Va.). Infected RK13 cells were
maintained in continuous culture in minimum essential medium (MEM) supple-
mented with 7% heat-inactivated fetal calf serum and 1% penicillin-streptomy-
cin-amphotericin B (Invitrogen, Carlsbad, CA). Cultures were subpassaged every
3 weeks as previously described (24). Seven to 10 days after the infection of
nearly confluent RK13 cells in T75 flasks, spores were harvested from the
medium. Supernatants from infected flasks containing microsporidian spores
were collected twice weekly and replaced with fresh medium, and the free spores
of E. cuniculi were purified from the collected cell culture medium by centrifu-
gation at 2,500 X g. These spores were washed three times in phosphate-buffered
saline (PBS), using 20 ml of PBS for each wash, and then filtered through a
12.0-pwm and then a 3.0-pm Nuclepore filter. Spore concentrations were deter-
mined by counting spores using a Neubauer hemocytometer.

Preparation of DNA. Spores were treated with 0.2% sodium dodecyl sulfate
(SDS) for 20 min, washed with PBS, and resuspended in proteinase K buffer (10
mM Tris-HCI [pH 7.5], 10 mM EDTA, 150 mM NaCl, 0.4% SDS) (23). Purified
spores were then disrupted using acid-washed 500-um glass beads in a Mini-
Bead beater (Biospec Products Inc., Bartlesville, OK). Proteinase K was added
to the disrupted spores, and the solution was incubated for 15 min at 65°C. DNAs
were then prepared by phenol-chloroform extraction followed by ethanol pre-
cipitation. Purified microsporidian DNA was dissolved in Tris-EDTA (TE)
buffer and stored at —20°C.

Preparation of DTT-solubilized polar tube proteins. Purified spores were
centrifuged at 2,000 X g and resuspended in PBS at a concentration of approx-
imately 107 per ml of PBS. Spores (5 X 10% to 7 X 10”) were disrupted with glass
beads, sequentially extracted with 1% SDS five times and 9 M urea once, and
then solubilized in 2% DTT as previously published (23, 24, 26).

Two-dimensional gel electrophoresis. A Bio-Rad protein IEF cell system (Bio-
Rad, Hercules, CA) was used for 2-D electrophoresis. Ten to 30 wl of protein
(DTT-solubilized PTPs) was mixed with rehydration buffer {8 to 9.8 M urea, 1 to
4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate [CHAPS],
15 to 100 mM DTT, 0 to 0.2% [wt/vol] Bio-Lytes, 0.001% bromophenol blue} to
a final volume of 125 pl. This rehydration buffer with a protein sample was placed
in a channel in the focusing tray, and then a 7-cm immobilized pH gradient strip
(pH 3 to 10) was placed on this buffer and run at 50 V for 12 to 16 h for
rehydration. Once the immobilized pH gradient strip was rehydrated, it was
isoelectrically focused using the preset Bio-Rad protein IEF program. After
isoelectric focusing, the strip was equilibrated for 15 min with equilibration buffer
1 (6 M urea, 2% SDS, 0.375 M Tris-HCI, pH 8.8, 20% glycerol, 1.3 mM DTT)
followed by 15 min with equilibration buffer II (6 M urea, 2% SDS, 0.375 M
Tris-HCI, pH 8.8, 20% glycerol, 135 mM iodoacetamide). The strip was then
placed on the top of a 10% polyacrylamide slab gel for SDS-PAGE at 100 V for
1.5 h. After electrophoresis, the gel was either stained with Coomassie blue for
protein identification and mass mapping or transferred to a nitrocellulose mem-
brane at 100 V for 1.5 to 2 h for use in immunoblot analysis.
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Mass spectrometry. Solubilized E. cuniculi PTPs were run in a 2D SDS-PAGE
gel and stained with Coomassie blue. Selected bands were excised from the 2D
gel and subjected to reduction with 10 mM dithiothreitol and alkylation with 55
mM iodoacetamide, followed by in-gel trypsin digestion (43a). The digest was
purified and concentrated using a Cg ZipTip (Millipore Corp., Bedford, MA).
The tryptic peptides were eluted with 1.5 pl of 10-mg/ml a-cyano-4-hydroxycin-
namic acid in 50% acetonitrile-water (vol/vol) containing 0.1% trifluoroacetic
acid. Matrix-assisted laser desorption ionization—time-of-flight mass spectrome-
try was performed on an Applied Biosystems Voyager-DE STR biospectrometry
workstation (Foster City, CA) equipped with a 2.0-m flight tube and a 337-nm
nitrogen laser. The system was operated in the reflectron mode with an accel-
erating voltage of 20 kV using delayed extraction. A total of 150 scans were
summed to obtain the spectrum. Database searches were performed using the
Profound algorithm (http://129.85.19.192/profound_bin/WebProFound.exe) and
the Encephalitozoon cuniculi genome database (http://www.ncbi.nlm.nih.gov
/mapview/map_search.cgi?taxid=6035). Profound calculates the probability that
a candidate in a database search is the protein being analyzed as a Z score
(http://129.85.19.192/profound/zscore.pdf).

A tryptic digest of the solubilized E. cuniculi PTP mixture was also analyzed by
high-performance liquid chromatography (HPLC) coupled with tandem mass
spectrometry (MS/MS). LC/MS/MS analysis was performed using a Dionex LC
Packings Switchos microcolumn switching unit and a Dionex LC Packings Ulti-
Mate nano-HPLC system (Sunnyvale, CA) linked to an Applied Biosystems
Qstar Pulsar I hybrid quadrupole time-of-flight mass spectrometer (Foster City,
CA) equipped with a micro-ion-spray device. The sample was loaded onto a
300-pm (inner diameter) by 5-mm reversed-phase precolumn and desalted be-
fore being backflushed onto an analytical column. Solvent A was 2% acetonitrile
containing 0.1% formic acid, and solvent B was 80% acetonitrile containing 0.1%
formic acid. Separation was achieved on a nano-LC column (75 pm inner diam-
eter X 150 mm) packed with Vydac C,g (5-um particles) at a flow rate of 200
nl/min, with a gradient from 2% to 42% solvent B in 30 min followed by a 5-min
gradient from 42% to 90% solvent B. MS/MS data were searched using Mascot
(Matrix Science Inc., Boston, Mass.) against eukaryotes in the NCBInr database,
with a peptide mass tolerance of 0.3 Da and a fragment mass tolerance of 0.8 Da.

In silico analysis. Protean and SeqMan (Lasergene; DNASTAR Inc., Madi-
son, WI) were used for characterization of the open reading frames of identified
proteins and for predictions of pI and molecular mass. Protein localization and
posttranslational modifications were predicted using the following bioinformatic
programs available on the Internet: PSORT (http://www.psort.org/), NetOglyc
(http://www.cbs.dtu.dk/services/NetOGlyc/), NetNglyc (http:/www.cbs.dtu.dk
/services/NetNGlyc/), the glycosylphosphatidylinositol (GPI) modification site
predictor (big-PI predictor; http:/mendel.imp.univie.ac.at/sat/gpi/gpi_server.html),
DGPI http://129.194.185.165/dgpi/index_en.html), and SignalP (http://www.cbs
.dtu.dk/services/SignalP/). Homologs were identified using BLAST (protein-
protein BLAST [http://www.ncbi.nlm.nih.gov/BLAST/]).

Construction and expression of glutathione S-transferase (GST) fusion pro-
teins. Oligonucleotide primers Ec6-forward (5'-CGGAATTCATGGTTAGAA
GGAGCTG), containing an EcoRI restriction site (underlined), and Ec6-reverse
(5'-CCGCTCGAGTTACATCACAATTGAGAAC), containing an Xhol re-
striction site (underlined) to facilitate cloning, were designed based on the
predicted open reading frame ECUO1_1270. The gene was amplified using Per-
kin-Elmer GeneAmp PCR system 2400 (Perkin-Elmer Corporation, Foster City,
CA), using a program of 95°C for 4 min followed by 35 cycles of 94°C for 1 min,
60°C for 1 min, and 72°C for 3 min and then a final step of 72°C for 7 min. Each
PCR mixture contained 1 pg of E. cuniculi DNA, 1.5 mM MgCl,, 1X PCR buffer
minus Mg>", a 0.2 mM concentration of each deoxynucleoside triphosphate, 100
ng of each primer, and 2.5 units of Platinum 7aqg DNA polymerase. The PCR
products were digested with EcoRI and Xhol and ligated into pGEX 4T-1
(Pharmacia Biotech, Piscataway, NJ) that had been digested with EcoRI and
Xhol. Recombinant vectors were sequenced on an ABI Prism model 377 DNA
sequencer (Perkin-Elmer Corporation, Foster City, CA), using a pGEX 3’ se-
quencing primer flanking the insertion site as well as additional 18- to 20-bp
oligomers selected using Oligo primer analysis software (NBI, Plymouth, MN)
based on the observed sequence data. Sequence data sets were assembled using
the SeqMan program of the LaserGene software package (DNASTAR, Madi-
son, WI). DNA and protein homology was examined with BLAST (http://www
.ncbi.nlm.nih.gov/BLAST/), protein motifs were determined with PROSITE
(GCG, version 8.0; GCG, Madison, WI), and phylogenetic analysis was per-
formed using MegAlign (DNASTAR, Madison, WI).

After verifying the DNA sequence, the recombinant plasmid pGEX-
ECUO01_1270 was transformed into Escherichia coli DH5«a, and GST-
ECUO01_1270 fusion proteins were expressed. A single colony of E. coli contain-
ing the pGEX-ECUO01_1270 plasmid was used to inoculate 10 ml of LB medium
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for 6 to 9 h at 37°C with vigorous shaking, followed by 1:100 dilution in fresh
prewash LB medium at 30°C with shaking until the A4, reached 1.0. After the
addition of 100 mM IPTG (isopropyl-B-p-thiogalactopyranoside) to induce pro-
tein expression for an additional 6 h, the cells were spun down and resuspended
in PBS. The cells were then lysed by sonication in PBS-Triton X-100 and
centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatant was placed onto
a glutathione-Sepharose 4B (Pharmacia Biotech, Piscataway, NJ) column. After
being washed with 10 column volumes of PBS, the GST-ECUO01_1270 fusion
protein was eluted using glutathione elution buffer (Pharmacia, Piscataway, NJ).

Antibody production and immunoblotting. Three mice were immunized intra-
dermally (at the base of the tail) with 0.25 pg of GST-ECUO01_1270 fusion
protein mixed with Hunter’s Titermax adjuvant (1:1 [vol/vol]) and then boosted
at 6 weeks. At 12 weeks, sera were obtained from all three mice and pooled.
Polyclonal mouse-anti-GST-ECU01_1270 serum and an anti-GST monoclonal
antibody (a gift of Peter Davies, Albert Einstein College of Medicine) were used
for immunoblot studies employing the E. cuniculi DTT preparation and lysates
from E. coli expressing GST-Ec6. For immunoblot analysis, proteins were trans-
ferred to a nitrocellulose membrane after 1D or 2D polyacrylamide gel electro-
phoresis. Membranes were blocked with 10 ml of BLOTTO (5% fat-free dried
milk powder in PBS containing 0.1% Tween 20) solution for 1 h at room
temperature and then incubated with 1:5,000 to 1:20,000 diluted mouse anti-
GST-ECUO01_1270 or mouse monoclonal anti-GST in BLOTTO for 1 h at room
temperature. Membranes were washed twice in PBS containing 0.1% Tween 20
and incubated with a 1:5,000 diluted goat anti-mouse alkaline phosphatase-
conjugated antibody, and reactivity was detected using disodium 3-(4-methoxy-
spiro{1,2-dioxetane-3,2'-(5'-chloro)tricycle[3.3.1.1%7]decan}-4-yl)phenyl ~ phos-
phate as a chemiluminescent reagent (Western Light; Tropix, Bedford, MA)
(25).

Immunofluorescence assay. A slide culture chamber was used to culture E.
cuniculi in RK13 cells for 3 days. Slides were fixed with 2% formaldehyde in PBS
for 30 min, washed with PBS three times, and then blocked with 1% bovine
serum albumin (BSA) overnight at 4°C. After blocking of the slides, an antibody
(1:200 diluted mouse anti-GST-ECU01_1270 fusion protein polyclonal antibody,
1:100 diluted rabbit anti-recombinant E. hellem PTP1 [anti-EhPTP1] as a posi-
tive control, or 1:50 diluted mouse anti-GST monoclonal antibody as a negative
control in 1% BSA) was then added to different slide wells. Slides were incubated
at 37°C in a moist chamber for 90 min, washed with PBS, incubated with a
fluorescein-conjugated goat affinity-purified antibody to mouse immunoglobulin
G (IgG; whole molecule) (Organon Teknika Corp., West Chester, PA) or a
fluorescein-conjugated goat IgG fraction specific to rabbit immunoglobulins
(IgG, IgA, and IgM) (Organon Teknika Corp.) in 1% BSA, washed with PBS,
and mounted with PBS containing 2.5% DABCO [1,4-diazabicyclo (2,2,2)octane;
Sigma, St. Louis, MO]. Slides were observed and photographed using an inverted
Nikon Diaphot microscope equipped to detect fluorescence.

Electron microscopy. Rabbit kidney cells (RK13) were grown to 70 to 80%
confluence in flasks, using the previously described culture medium and condi-
tions. The culture medium was removed, and 1 ml of 1 X 107/ml E. cuniculi
spores in medium was added to each cell culture flask for 1 h. After this initial
exposure, 4 ml of additional fresh culture medium was added to each flask. The
exposed cultures were maintained for 14 days, with medium changes every 3 to
4 days. On the 14th day, the medium was removed, and 1 ml of trypsin-EDTA
was added to the cells for 3 to 4 min with rocking to release the cells from the
substrate. An additional 4 to 5 ml of complete medium was added to each flask.
The medium with cells was removed from each flask, added to four 1.5-ml
microcentrifuge tubes, and centrifuged in an Eppendorf 5414 centrifuge for 2
minutes at 12,000 rpm. The supernatant was removed from the tubes, leaving a
pellet of cells that were then fixed for immunogold electron microscopy with
2.0% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.2, for 1 hour. The fixed pellets were rinsed several times in buffer,
dehydrated with graded ethanols, and infiltrated with LR White resin overnight.
The resin was polymerized at room temperature by exposure to a 254-nm UV
light source for 8 to 12 h. Thin sections of the LR White blocks were placed on
300-mesh nickel grids coated with Formvar and carbon. Grids were incubated in
blocking buffer (1% bovine serum albumin [Sigma fraction V], 0.02% sodium
azide in PBS, pH 7.35, with 5% goat serum) at 4°C for 12 h, followed by
incubation with a 1:50 dilution of primary antiserum for 1 h at 25°C, rinsed in
PBS, and then incubated with a 1:25 dilution of goat anti-mouse IgG conjugated
to 12-nm colloidal gold (Jackson ImmunoResearch, West Grove, PA) at 25°C for
1 h (24). Grids were rinsed with PBS, dried, strained with uranyl acetate or lead
citrate, and then examined and photographed with a Phillips/FEI Tecnai 12
transmission electron microscope at the Rutgers University at Newark Electron
Microscopy Facility (23).
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FIG. 1. Two-dimensional electrophoresis of DTT-solubilized polar
tube protein preparation. The DTT-solubilized polar tube preparation
was subjected to IEF using the Bio-Rad IEF system followed by poly-
acrylamide gel electrophoresis. The gel was stained with Coomassie
blue. The arrows point to eight spots (Ecl through Ec8) selected for
mass spectrometry (mass mapping). Ec8 in the immunoblot corre-
sponds to PTP1. Ec6 corresponds to ECU01_1270. In addition to the
eight selected spots, many other protein spots can be seen in this
DTT-solubilized polar tube preparation.

RESULTS

Analysis of DTT-solubilized polar tube preparation from
Encephalitozoon cuniculi. We previously developed a reversed-
phase HPLC method to purify PTP1 from a DTT-solubilized
polar tube preparation (23, 24, 26). Using this method, four
peaks could be identified in a DTT-solubilized polar tube prep-
aration of Glugea americanus. Similar peaks were seen for E.
cuniculi, and for G. americanus these peaks corresponded to
the major bands of 43, 34, 27, and 22 kDa visualized in a
Coomassie blue-stained SDS-PAGE gel (23, 24, 26). The
DTT-solubilized polar tube protein preparation from E. cunic-
uli was examined using 2D electrophoresis and demonstrated
many minor and major protein spots (Fig. 1). Eight major spots
(Ecl through Ec8) were selected for analysis by mass spec-
trometry. By immunoblotting using a rabbit polyclonal anti-
body to E. hellem PTP1 (anti-EhPTP1), which cross-reacts with
E. cuniculi PTP1 (EcPTP1) (25), Ec8 was identified as EcPTP1
(data not shown). Since the predicted peptides of EcPTP1
from trypsin digestion were either too small or too large for
mass mapping analysis, reliable mass spectrometry confirma-
tion of this spot was not possible. Ec7 was identified as being
similar to chitin synthase 1 (ECUO1_1390); however, the ob-
served pl was not consistent with the predicted pl of this
protein. Ecl was predicted (Z = 1.11) to be translation elon-
gation factor 1 alpha (ECUO04_1100). Given the acidic charge
of PTP1, we believe that translation elongation factor 1 alpha
binds to PTP1 when the spores are disrupted in the purification
process. Ec5 was predicted (Z = 1.14) to be an HSP70-related
protein (ECU2_0100). This chaperone may also bind to pro-
teins when spores are disrupted during the purification pro-
cess. Ec2, Ec3, Ec4, and Ec6 were predicted to be hypothetical
proteins in the E. cuniculi genome (ECU07_0530,
ECU09_1290, ECU10_1620, and ECUO01_1270, respectively).
Of these proteins, ECU01_1270 had a Z value of 0.88 (Fig. 2).

An examination of the DTT-solubilized polar tube prepara-
tion from E. cuniculi using LC/MS/MS demonstrated the pres-
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HVRRSLYFLAVHGVVRSSSGLYIPSVVLOELGIASSOGCLMI AETHHGHF S0
GIVSSGLENPVYITESPQGHREVSVQPVRGEDRAVPIYAPSAEEVRESIS 100
SVRGSEPGOYIAPQPTGFVPASTPVFGTIESASTAGAAVPVEGVEVASTE 150
HRPASTGSSSTSTCPPEKGTAGTTDNKGKAGGA AADDKSKSSSS55SSKKKKK 200

GAKSLVALGAVATTALFSIVH 221

FIG. 2. Amino acid sequence of ECUO1_1270 (i.e., SWP3). The
signal sequence (first 17 amino acids) is indicated in bold. The pre-
dicted omega cleavage site (serine 193) is shaded, and the GPI anchor
signal sequence is underlined. There is a KS-rich region in the C-
terminal region of this protein. The GenBank accession number for
this protein is CAD25000.

ence of at least 30 potential proteins from the E. cuniculi
genome in this preparation. As expected, PTP2 was identified
in this mixture. Due to the glycosylation of PTP1 and its pau-
city of trypsin sites, this protein does not yield fragments that
are useful for mass spectrometry, and no fragments were iden-
tified by LC/MS/MS. In addition, it was clear that some com-
ponents of the DTT-solubilized polar tube preparation came
from the spore wall, as peptides from spore wall protein 1
(SWP1) were present. Both translation elongation factor 1
alpha (17 peptides) and the heat shock-related 70-kDa protein
(11 peptides) were found in the analysis. The majority of the
identified peptides were from hypothetical proteins of un-
known function; however, several of the peptides mapped to
ECUO01_1270 (e.g., Ec6). We therefore sought to determine
the subcellular localization of ECUO01_1270.

In silico analysis of ECU01_1270. The ECU01_1270 open
reading frame is 663 bp long, encoding a protein of 221 amino
acids with a calculated pI of 8.4 and a molecular weight of
22,506. There is a predicted 17-amino-acid signal sequence
(Fig. 2, bold text), resulting in a mature protein with a pre-
dicted pI of 5.9 and a molecular weight of 20,539. This is
consistent with the location of this protein (e.g., Ec6) on 2D-
IEF-PAGE gels. By PSORT (http://www.psort.org/), ECU01_
1270 is predicted to be an extracellular (e.g., cell wall) protein.
The enzymes for N-linked glycosylation do not appear to be
present in the E. cuniculi genome, but those for O-linked
glycosylation (including mannosylation) are clearly present.
According to NetOglyc (http://www.cbs.dtu.dk) and NetNglyc
(http://www.cbs.dtu.dk), no N-glycosylation sites are predicted
in ECUO1_1270; however, 24 O-glycosylation sites are
predicted, with the majority being in the central region of this
protein. There is a very basic C-terminal KS-rich domain
(Fig. 2). Interestingly, this protein is predicted to have a GPI
anchor by both DGPI and the big-PI predictor (GPI modifi-
cation site predictor [http:/mendel.imp.univie.ac.at/sat/gpi/gpi_
server.html]), with the omega cleavage site being at the serine
at position 193 (Fig. 2, highlighted serine residue in the basic
KS domain). The presence of such GPI-anchored proteins has
not been experimentally determined with microsporidia, but
enzymes such as GIcNAc-P; that are associated with GPI
anchor formation are clearly present in the E. cuniculi genome
(21, 36).

Construction and expression of an ECU01_1270-GST fusion
protein. Two oligonucleotide primers corresponding to the
entire open reading frame of ECU(O1_1270, one with an EcoRI
restriction site and one with an Xhol restriction site, were used
for PCR to amplify ECU01_1270 from the E. cuniculi genome.
PCR-amplified ECUO01_1270 was ligated into EcoRI- and
Xhol-digested pGEX 4T-1 vector (with an N-terminal GST
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FIG. 3. Purification of recombinant ECU01_1270. (A) Coomassie
blue-stained SDS-PAGE gel containing recombinant ECUO01_1270
protein after elution from a glutathione-Sepharose 4B column. Bands
for the full-length recombinant protein (~51 kDa) and free GST (~29
kDa) are evident. The presence of free GST may be due to the use of
the full-length reading frame of ECUO1_1270, including the N-termi-
nal signal sequence. (B) Immunoblot of SDS-PAGE gel of recombi-
nant ECUO1_1270 protein, using a monoclonal antibody against the
GST label. The full-length (~51 kDa) recombinant protein and free
GST (~29 kDa) reacted with the anti-GST monoclonal antibody.

tag) to generate pGEX-ECUO1_1270. The recombinant pro-
tein was expressed in E. coli and isolated by affinity chroma-
tography using a glutathione-Sepharose 4B column. As dem-
onstrated in Fig. 3 by both Coomassie-stained SDS-PAGE and
immunoblotting using an anti-GST monoclonal antibody, the
ECUO01_1270-GST fusion protein was evident at ~51 kDa, and
free GST was present at ~29 kDa. The fusion protein was cut
out of a preparative SDS-PAGE gel, and three mice were
immunized with the purified fusion protein. An immunoblot of
a 2D-IEF-PAGE gel containing the DTT-solubilized E. cunic-
uli preparation clearly demonstrated reactivity of the anti-
serum to ECUO1_1270 with the area corresponding to Ec6

(Fig. 4).
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FIG. 4. Immunoblot of 2D-IEF-PAGE of DTT-solubilized protein
preparation. The mouse polyclonal antiserum to recombinant
ECUO01_1270 localizes to the protein spot Ec6 identified previously by
2D-IEF-PAGE (see Fig. 1).
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FIG. 5. Immunofluorescence microscopy of Encephalitozoon cuniculi in tissue culture. (A) Anti-EhPTP1 serum (1:100) demonstrating staining
of E. cuniculi polar tubes. Bar, 10 pum. (B) There is no reactivity of anti-GST serum (1:50) with this organism. Bar, 10 um. (C) Photomicrograph
(X400) of the reactivity of anti-recombinant ECU01_1270 serum with E. cuniculi. This serum reacts with the spore wall and also stains some
elongated proliferating forms at the edge of the vacuole (consistent with staining sporont membranes). Bar, 10 wm. (D) Photomicrograph (Xx1,000)
of the reactivity of anti-recombinant ECU01_1270 serum with mature spores, demonstrating staining of the spore wall. (E to G) Photomicrograph
(x1,000) of RK13 cells containing proliferating stages of E. cuniculi staining with anti-recombinant ECU01_1270 serum. Bars, 5 pm.

Expression of ECU01_1270 in E. cuniculi spores in tissue
culture. The antiserum to ECUO1_1270 was used in an immu-
nofluorescence assay with E. cuniculi cultured in RK13 cells
(Fig. 5). As controls, rabbit anti-rEhPTP1 (which cross-reacts
with E. cuniculi PTP1) and an anti-GST monoclonal antibody
were used. Rabbit anti-rEhPTP1 clearly reacted with E. cunic-
uli polar tubes (Fig. 5A), and no fluorescence was seen with
anti-GST (Fig. 5B). Mouse anti-ECUO1_1270 was demon-
strated to bind to the E. cuniculi spores, including developing
stages at the edge of a parasitophorous vacuole (Fig. 5C
through G). The fluorescence pattern is consistent with this
protein being located in the spore wall of E. cuniculi. Mouse
anti-ECUO01_1270 did not react with RK13 cells.

Ultrastructural localization and developmental expression
of ECU01_1270. Immunogold electron microscopy was used to
locate ECUO01_1270 in E. cuniculi during development. Elec-
tron microscopic examination of both the control (no
ECUO01_1270 antibody) and experimental (ECUO1_1270 anti-
body present) sections showed comparable numbers of in-
fected cells and parasites at different stages of parasite devel-

opment. The cytoplasm of approximately 60% of the rabbit
kidney cells examined contained at least one phagosome-like
parasitophorous vesicle (vacuole). This morphological entity is
a characteristic of the genus Encephalitozoon and aids in the
initial identification of infected host cells. Early E. cuniculi
infections appear as a small vesicle or vacuole in the host cell
cytoplasm (Fig. 6A). Uninucleate proliferative parasite cells
have a relatively simple cytoplasm covered by a typical “thin”
plasmalemma (Fig. 6A) and are tightly abutted to the interfa-
cial envelope (the inner periphery of the parasitophorous vac-
uole). As the parasite cells increase in number, the vacuole
increases in size, and more mature parasite cells are observed
in the vacuolar space. The maturity of the parasite stages can
be assessed by the thickening of the plasmalemma. Parasites in
the sporogonic stage of development (early sporonts) have a
number of irregular surface thickenings on the plasmalemma,
giving the membrane a scalloped appearance (Fig. 6A). The
sporonts are generally clustered in the center of the vacuole,
while the proliferative-stage parasites tend to remain abutted
to the vacuole interface. The sporont surface coat eventually
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becomes uniformly thick (Fig. 6A), and the sporont eventually
transitions into a sporoblast. The sporoblast is an irregularly
shaped dense cell with a uniformly thick surface coat and a
cytoplasm that contains portions of the developing polar tube,
a Golgi complex, and other organelles (Fig. 6B). Sporoblasts
metamorphose into spores that contain a dense cytoplasm, a
polar tube-anchoring disk complex, and a single nucleus (Fig.
6C). The surface of the spore plasmalemma is abutted by a
relatively thick electron-lucent endospore that is in turn cov-
ered by an electron-dense exospore coat (Fig. 6C). The host
cell cytoplasm and the proliferative and sporogonic E. cuniculi
parasites in the control sections were devoid of any gold par-
ticles (Fig. 6A, B, and C).

An examination of the sections incubated with ECUO01_1270
antibody revealed all of the stages of development described
above. Unlike the control sections (no ECU01_1270 antibody),
there was some light staining with gold in the cytoplasm of
parasites in the early proliferative stages and at the periphery
of the vacuole (Fig. 6D and E), indicating the presence of
ECUO01_1270 protein. The scant number of gold particles and
their diffuse distribution indicate low levels of the protein. The
sporonts with “thickened” plasmalemmas had some gold par-
ticles in their cytoplasm and a noticeable concentration of gold
along their thickened plasmalemmal surfaces (Fig. 6D and F).
Although the cytoplasm of sporoblasts has very few gold par-
ticles, their plasmalemmas and overlying endospores contain
very intense concentrations of gold (Fig. 6G). This change in
gold quantity and localization from the cytoplasm during the
proliferative and early sporogonic stages to the cell surface and
endospore is well illustrated by comparison of these earlier
stages with the spores (Fig. 6E). Overall, as demonstrated in
Fig. 5, anti-ECUO01_1270 clearly reacted with the spore wall,
suggesting that this gene encodes a spore wall protein (which
we now call SWP3) and that SWP3 is localized to the endo-
spore.
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DISCUSSION

In the microsporidia, spore wall formation is initiated early
in sporogony by the deposition of electron-dense material at
the plasma membrane and continues while the organisms dif-
ferentiate into sporoblasts and finally into mature spores (6).
The rigid spore wall protects the sporoplasm of mature spores
against environmental stress and permits long-term survival in
the environment after their release from host cells. The spore
wall also prevents the sporoplasm from expanding when the
internal pressure necessary for extrusion of the polar tube is
generated (17). It has been possible to distinguish subcompart-
ments within the spore wall by using polyclonal antisera against
partially purified microsporidial proteins. A 30-kDa antigen
was found to be located on the outer spore wall, while a
33-kDa protein was found in a region close to the plasma
membrane (7). In addition, several monoclonal antibodies
have been reported to recognize spore wall antigens (1, 29, 38).
Ultrastructural studies of the genus Encephalitozoon using
transmission electron microscopy, freeze fracture, and deep
etching demonstrated that the exospore is very complex and
consists of the following three layers: an outer spiny layer, an
intermediate electron-lucent lamina, and an inner fibrous layer
(3). The endospore is observed as a space crossed by bridges
connecting the exospore to the plasma membrane. Chitin, a
major component of the endospore, appears to be a compo-
nent of the fibrils forming the bridges across the endospore and
is involved in the fibrillar system of the exospore (3, 13, 37), as
confirmed by an immunohistochemical study with E. infestinalis
(32).

In the current study, using proteomic techniques combined
with immunolocalization by light and electron microscopy, we
have identified that the open reading frame ECUO01_1270 in
the E. cuniculi genome encodes a new spore wall protein that
localizes to the endospore and endospore-plasmalemma inter-
face. A 51-kDa spore wall protein, SWP1, localized to the

FIG. 6. Immunoelectron microscopy of Encephalitozoon cuniculi using anti-ECUO01_1270. (A to C) Control sections of Encephalitozoon
cuniculi-infected rabbit kidney cells. (A) Low-magnification image of a portion of host cell cytoplasm (H) containing a parasitophorous vacuole
(V) with proliferative parasite cells (P) abutted to the edge of the host-parasite interface. These cells have a simple cytoplasm, are uninucleate
(Nu), and have a typical “thin” plasmalemmal surface (short arrows). The sporonts (Sp) and sporoblasts (Sb) have a “thick” dense surface coat
(arrowheads) and a more complex and dense cytoplasm. The spore (S) contains a polar tube, and the anterior anchoring disk (broad arrow) is
present. (B) Sporoblast containing portions of the developing polar tube (Pt), a single nucleus (Nu), and a “thick” surface coat (arrowheads). Note
the irregular shape of the cell and the more complex cytoplasm. (C) Spore demonstrating groups of four cross sections of the polar tube (Pt) and
its anterior anchoring disk (broad arrow). The sporoplasm is enclosed by a wide electron-lucent endospore (En), which is in turn covered by a
dense, thick exospore (Ex). Note the absence of gold particles in all three images (A, B, and C). (D to G) Sections of Encephalitozoon
cuniculi-infected rabbit kidney cells incubated with anti- ECU01_1270. (D) Portion of a parasitophorous vacuole (V) in the host cell cytoplasm
(H) with proliferative parasite cells (P) abutted to the edge of the host-parasite interface. These cells are uninucleate (Nu) and have a typical “thin”
plasmalemmal surface (short arrows). The sporonts (Sp) have a “thick” dense surface coat (arrowheads) and a more complex and dense cytoplasm.
Colloidal gold particles (12 nm) are dispersed throughout the cytoplasm of the proliferative cells, while the sporogonic cells tend to have more gold
localized near their plasmalemmal surfaces. There are a few gold particles at the host cell-parasite interface, but the vacuolar space (V) is free of
gold. (E) High-magnification image of a portion of the host cell cytoplasm (H) and a parasitophorous vacuole (V) containing a proliferative
parasite cell (P) abutted to the edge of the host-parasite interface. This uninucleate (Nu) cell has several gold particles in its cytoplasm and in the
vicinity of the nucleus. The spore (S) with an anchoring disk (broad arrow) next to the proliferative cell has extensive quantities of gold distributed
almost exclusively along the periphery of the plasmalemma-endospore interface. The host cell cytoplasm has a few scattered gold particles at the
interface with the vacuolar space. (F) Sporont with extensive gold particles distributed along the periphery of the cell and abutting the
plasmalemma and the overlying “thick” surface coat that is present during the transition to sporogony. The cytoplasm still has some diffuse gold
particles in it. (G) Typical late sporoblast/early spore containing several cross sections of the polar tube and a dense sporoplasm enclosed by a
well-defined plasmalemma abutted to a wide electron-lucent endospore (En) that is in turn covered by the dense exospore (Ex). A few gold
particles are present in the sporoplasm, but the vast majority of them are distributed at the endospore-plasmalemma interface.
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exospore (4) has been identified in E. cuniculi (4) and E.
intestinalis (18). The corresponding gene, swp!, has been iden-
tified in E. cuniculi (4), E. hellem (4), and E. intestinalis (18).
SWP1 is absent from meronts and is first seen in early sporonts
at a time when organisms translocate from the periphery to the
center of the parasitophorous vacuole (4). A second spore wall
protein (SWP2), a 150-kDa glycoprotein found on mature
spores, has been identified in E. intestinalis (18), but the gene
is not present in the E. cuniculi genome (21). It appears that
both cysteine residues and the N-terminal signal sequences are
conserved among SWP1 and -2, suggesting that these proteins
may have similar secondary structures and functions (4, 18).
Sequence analysis demonstrates that ECUO1_1270 is distinct
from the previously reported spore wall proteins (SWP1 and
SWP2) (4, 18), and thus we have designated this protein spore
wall protein 3 (SWP3).

SWP3 does not have homology, by BLAST, with any other
proteins in GenBank (including cell wall proteins of fungi and
bacteria). In addition, we were unable to find a homolog in the
Antonospora (Nosema) locustae genome sequence survey
(http://www.botany.ubc.ca/keeling/AntonosporaGSS.html); how-
ever, this genome is not yet complete. This protein is predicted
by PSORT to be a secreted cell wall protein, which is consis-
tent with its immunolocalization to the juncture of the endo-
spore and the plasmalemma. By scanning electron microscopy,
the spore coat and polar tubes are seen after glass bead-
disrupted spores are washed with SDS and urea (23, 24, 26).
After SDS and urea extraction, SWP3 was still present in the
polar tube preparation, suggesting that SWP3 is integrated into
the spore wall and not just a component of the plasma mem-
brane (20). The prediction of a GPI anchor on this protein is
consistent with its localization to the endospore-plasmalemma
interface and is similar to GPI-anchored cell wall proteins
described for several fungi (27). In addition, the sequence of
amino acids upstream of the omega cleavage site (serine 193)
and the presence of a polyserine region also suggest that
ECUO01_1270 would be incorporated into the spore wall (15,
16). An E. cuniculi chitin deacetylase has also been found to
have a predicted GPI anchor and localizes to the endospore-
plasmalemma interface (5), consistent with the presence of
chitin in the endospore, as seen in fungal cell walls (3, 13, 32,
37).

The identification of ECUO1_1270 from a mass mapping
study of DTT-solubilized E. cuniculi PTPs was most likely a
consequence of the similar solubility properties of these pro-
teins, as both of these proteins appear to be detergent resistant
and soluble in DTT. There are hints that the spore surface,
besides providing mechanical protection, is involved in the
initiation of polar tube extrusion and that modifications of the
spore wall architecture occur during this activation (40, 41).
Electron microscopy has demonstrated that at the time of
spore activation, the outer spore envelopes of both Spraguea
lophii and Thelohania sp. are disassembled (40, 41). For exam-
ple, using antikeratin antibodies, it has been demonstrated that
the outer spore wall of Thelohania sp. consists in part of ker-
atin-like proteins that form 10-nm intermediate filaments,
which become phosphorylated and disassemble during spore
activation (41). Therefore, another possible explanation for the
presence of SWP3 in the DTT-solubilized polar tube prepara-
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tion is that there is an interaction of the endospore and polar
tube proteins during germination.

We previously published techniques that permit the purifi-
cation of spore coat proteins as well as polar tube proteins
(23-26). With the publication of the E. cuniculi genome, this
has permitted us and other investigators to initiate proteomic
studies on the composition of these structures (36). PTP1 has
been identified to be modified by posttranslational glycosyla-
tion involving mannosylation (45), and some of the compo-
nents of the spore wall appear to be similarly modified (L. M.
Weiss, unpublished observation). SWP3 contains many O-gly-
cosylation sites and may be a mannosylated protein. In several
yeast species, mannosylated proteins are found in the cell wall
and have a GPI anchor that is used in the process of targeting
these proteins to cell wall glucans (27). Posttranslational gly-
cosylation in the microsporidia may be important in adherence
of the spore wall to mucin or to host cells during passage of the
spores in the gastrointestinal tract, thereby facilitating inva-
sion. For example, it has been demonstrated that exogenous
glycosaminoglycans can decrease the adherence of spores to a
host cell monolayer (19).

The environmentally resistant spores formed by the micros-
poridia are critical for the transmission of these organisms and
their persistence in the environment. The spore walls of these
organisms are composed of two layers, the exospore and the
endospore. Two spore wall proteins (SWP1 and SWP2) local-
ized to the exospore have been previously identified in mem-
bers of the family Encephalitozoonidae, and in this paper we
report the identification of a new spore wall protein (SWP3)
that localizes to the endospore. The immune response to mi-
crosporidia is often directed at the polar tube and spore wall,
as evidenced by studies of sera from infected patients (44).
Studies of the spore wall and its composition should help to
define new antigens for immunoprotection studies and new
diagnostic reagents. In addition, given the importance of the
spore wall in the functioning of the invasion apparatus, studies
of its composition should also improve our understanding of
the process of germination in these ubiquitous pathogens.
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