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Microsporidia are intracellular eukaryotes that infect many animals and cause opportunistic infections in
AIDS patients. The disease is transmitted via environmentally resistant spores. Two spore wall constituents
from the microsporidian Encephalitozoon intestinalis were characterized. Spore wall protein 1 (SWP1), a 50-kDa
glycoprotein recognized by monoclonal antibody (MAb) 11B2, was detected in developing sporonts and at low
levels on the surfaces of mature spores. In contrast, SWP2, a 150-kDa glycoprotein recognized by MAb 7G7,
was detected on fully formed sporonts and was more abundant on mature spores than SWP1. Nevertheless, the
SWPs appeared to be complexed on the surfaces of mature spores. SWP1 and SWP2 are similar at the DNA
and protein levels and have 10 conserved cysteines in the N-terminal domain, suggesting similar secondary
structures. The C-terminal domain of SWP2 has a unique region containing 50 repeating 12- or 15-amino-acid
units that lacks homology to known protein motifs. Antibodies from mice infected with E. intestinalis recognized
SWP1 and SWP2. The characterization of two immunogenic SWPs from E. intestinalis will allow the study of
exospore structure and function and may lead to the development of useful tools in the diagnosis and treatment

of microsporidiosis.

Microsporidia are obligate intracellular organisms that in-
fect a wide variety of animals ranging from insects and fish to
mammals, including humans. Of over 1,000 microsporidial spe-
cies identified, at least 13 are known to infect humans (10). The
species more commonly identified in humans are members of
the families Enchephalitozoonidae and Enterocytozoonidae. In
humans, microsporidiosis is found mostly in human immuno-
deficiency virus-infected and AIDS patients and commonly
results in severe diarrhea and wasting (3, 20). However, mi-
crosporidiosis also occurs in immunocompetent individuals
and common farm animals (21, 29, 32).

Microsporidia infect cells by a unique mechanism (reviewed
in reference 31). Upon close association of a spore with a
suitable host cell, a hollow polar filament is extruded from the
spore into the host cell’s cytoplasm. The infectious sporoplasm
passes through the polar filament into the cell, initiating infec-
tion (18). Alternatively, the spore may be internalized by
phagocytosis (33). The microsporidia then enter a stage of
proliferative growth by nuclear fission called merogony, result-
ing in large and less structurally defined cells. In the family
Encephalitozoonidae, the transition from meront to the next
stage (sporont) is marked by aggregation of electron-dense
material on the outer spore membrane. These immature cells
are localized to the edge of the parasitophorous vacuole (PV).
Then, in most cases, fully formed sporonts break away from the
edge of the PV to reside internally (7, 12). Sporonts undergo
continuous transition into sporoblasts, after which organelles
organize and become more defined. At this stage, the cells
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form an electron-lucent material, the endospore, immediately
inside the exospore region. The spore is considered mature
when organelles are localized and fully formed.

Purified spores can survive heating to 56°C for 60 min, a pH
of 9 or 4 for 24 h, or storage at 4°C for 2 years without losing
infectivity (19, 28). The spore wall, comprising the exospore,
endospore, and plasma membrane, provides structural rigidity
and protects the mature spore from the environment. The
endospore is composed of protein and chitin, and the exospore
contains proteinaceous material (reviewed in reference 31).
The proteins of the outer spore wall have been partially char-
acterized in a few isolates. A glycine- and serine-rich protein
was localized to the exospore of Encephalitozoon cuniculi (5).
In Encephalitozoon intestinalis, a series of monoclonal antibod-
ies (MADbs) reacted with proteins on the spore surface (22, 24);
however, the reacting proteins were not characterized. In the
present study, we characterized two spore wall proteins
(SWPs) of E. intestinalis and the genes from which these pro-
teins are derived. In addition, we determined the immunoge-
nicities of these proteins in a mouse infection model.

MATERIALS AND METHODS

Parasite and host cell cultivation. African green monkey kidney (Vero) cells
were initially grown in Dulbecco’s modified Eagle’s medium (BioWhittaker,
Walkersville, Md.) supplemented with L-glutamine (2 mM), penicillin (100
U/ml), streptomycin (100 wg/ml), amphotericin B (0.25 pg/ml), and 10% fetal
bovine serum (FBS) (HyClone, Logan, Utah) in 5% CO, at 37°C. For mainte-
nance, 10% FBS was replaced with 2% FBS. Subconfluent host cell monolayers
were infected with E. intestinalis spores. Following 12 to 15 days of infection,
spores were harvested 2 to 3 times a week. The harvested spores were purified
from host cell debris by washing it with 0.25% sodium dodecyl sulfate (SDS),
followed by several washes with H,O. The washed spores were then mixed with
an equal volume of Percoll (Sigma, St. Louis, Mo.) and centrifuged at 500 X g for
30 min. The pellet was washed and stored at 4°C in H,O.
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Construction and screening of cDNA libraries. The construction and screen-
ing methods for the subtracted cDNA library were described previously (15). In
addition, a unidirectional full-length cDNA expression library was constructed
from infected host cell mRNA using the Uni-ZAP XR Vector kit (Stratagene, La
Jolla, Calif.). The library had a preamplification titer of 1.2 X 10° PFU/ug. After
amplification, the library was screened with radiolabeled probes specific for clone
46, which had been isolated from the subtracted library. The expression library
was also screened with MAbs, as previously described (22). All DNA probes were
radiolabeled by random priming, and DNA sequencing was performed using the
Dye Terminator cycle-sequencing kit (Beckman Coulter, Fullerton, Calif.) and
the capillary array CEQ 2000 DNA analysis system (Beckman Coulter).

Southern blot analysis. For Southern blotting, genomic DNA was isolated
from infected host cells and digested with restriction endonucleases. After elec-
trophoresis, the DNA was transferred to a nylon membrane by alkaline transfer
as previously described (26). The blot was hybridized with randomly primed
radiolabeled probes. The probe that hybridized with the genes for both SWP1
and SWP2 was a PCR fragment of common sequence representing the predicted
amino acids 158 to 312 of SWP1. The swpI-specific probe was a PCR fragment
that encoded the predicted amino acids 239 to 387 of SWP1. The SWP2-specific
probe was a nested deletion clone that contained the 3'-terminal ~500 bases of
the swp2 open reading frame (ORF). The conditions for hybridization were
similar to those used previously (15).

Inverse PCR and sequence analysis of swpI and swp2. The flanking regions of
clone 46 (swpl) and clone 2.8 (swp2) were amplified by inverse PCR, cloned, and
sequenced by primer walking. To sequence through the repeated motif of swp2,
nested deletion clones were constructed using the Erase-A-Base system (Pro-
mega, Madison, Wis.). Based on the sizes of the deletion clones and overlapping
sequence, the sequence of the repeated region was determined to be complete.
The sequence was confirmed by priming from either end of a modified transpo-
son element randomly inserted (EZ:'TN <TET-1> insertion kit; Epicentre
Technologies, Madison, Wis.) into the plasmid insert as described by the man-
ufacturer.

Comparative analysis of the predicted amino acid sequences of SWP1 and
SWP2 was performed using the Clustal W alignment program with an open gap
penalty of 10.0 and an extended gap penalty of 0.05. The protein sequence motifs
of swpl and swp2 were analyzed using the protein subsequence analysis tools of
the MacVector Sequence Analysis program (Genetics Computer Group, Madi-
son, Wis.).

Western blot analysis. Purified spores were processed for SDS-polyacrylamide
gel electrophoresis (PAGE) in Laemmli sample buffer (Bio-Rad, Hercules, Cal-
if.), and 30 pl (=5 X 10° spores) was subjected to SDS-PAGE on a 4 to 20%
Tris-glycine polyacrylamide gel (Invitrogen, Carlsbad, Calif.). Electrophoresis,
transfer to nitrocellulose, and blocking were performed under standard condi-
tions (26). Either MAb 11B2 or 7G7 (1:1,000 dilution of ascites) (22) was used
as the primary antibody. The secondary antibody, a goat anti-mouse immuno-
globulin linked to alkaline phosphatase (Southern Biotechnologies, Birmingham,
Ala.), was detected using the Western Blue reagent (Promega).

For immunoprecipitation assays, an infected host cell monolayer from a 75-
cm? flask was lysed in 10 ml of lysis buffer containing 5 mM EDTA, 250 mM
NaCl, 25 mM Tris (pH 7.5), 1% Triton X-100, and protease inhibitor cocktail
(Roche, Indianapolis, Ind.). The lysates were centrifuged to remove cell debris,
and MADs 11B2 and 7G7 (1:500 dilution) were added to the cell lysate on ice for
1 h. Fifty microliters of protein A-agarose beads (Life Technologies, Rockville,
Md.) was added to the MAD-lysate mixture and incubated on ice for 1 h. The
beads were then washed with phosphate-buffered saline (PBS), resuspended in
70 pl of Laemmli sample buffer (Bio-Rad) with 2-mercaptoethanol, boiled for 5
min, and electrophoresed into a 4 to 20% Tris-glycine polyacrylamide gel.

To determine if SWP1 and SWP2 are glycosylated, 50 pl of concanavalin A
(ConA)-agarose or wheat germ agglutinin (WGA)-agarose (Vector, Burlingame,
Calif.) was reacted with 125 ul of infected cell lysate on ice for 1 h. For inhibition,
either methyl-a-mannopyranoside (Sigma) or chitin hydrolysate (Vector) was
added to the lysate at final concentrations of 0.2 M and 1:8, respectively. The
beads were processed as described above. Following SDS-PAGE, the proteins
were transferred to nitrocellulose and processed for Western blotting.

Immunoelectron microscopy (IEM). Host cells, grown on Thermanox cover-
slips (Nunc, Naperville, Tll.) in 12-well plates, were infected with E. intestinalis
spores. The coverslips were removed 5 to 7 days postinfection and rinsed with
Hanks balanced salt solution. Then they were reacted for 2 h in fixative contain-
ing 3 parts solution A (0.1 M lysine-HCI-NaPO,), 1 part solution B (8% para-
formaldehyde, 21.3 mg of sodium periodate, and 100 wl of 25% glutaraldehyde),
and an additional 0.1% glutaraldehyde. The coverslips were then rinsed in PBS
and permeabilized with either 0.05 or 0.025% saponin in PBS for 5 min at room
temperature. For immunostaining, MAb (11B2 or 7G7) diluted 1:500 in a 3%
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globulin-free bovine serum albumin (BSA)-PBS (Sigma) solution was added at
room temperature for 1 h. After PBS-BSA washes, the fluoronanogold anti-
mouse immunoglobulin G Fab antibody (Nanoprobes, Yaphank, N.Y.), diluted
1:30 in PBS-BSA with either 0.05 or 0.025% saponin, was added for 1 h at room
temperature. The coverslips were washed five times in PBS and stored at 4°C in
postfixative (2.5% glutaraldehyde, 4% paraformaldehyde) until they were used.
The coverslips were washed in H,O and reacted for 4 min in the dark with a
solution of HQ silver reagents (Nanoprobes) at an equal ratio of red-blue-white.
The coverslips were then washed three times in H,O and one time in 1%
aqueous tannic acid for 5 min, followed by an H,O rinse. Next, the coverslips
were reacted with a solution of reduced K (FeCN), and 1% osmium tetroxide
for 15 min, followed by two rinses in H,O. They were then subjected to a 5-min
graded alcohol dehydration series of 50, 80, 95, and 100%, infiltrated with Spurr’s
resin, and polymerized at 60°C. The samples were then sectioned and examined
using a Hitachi H7500 electron microscope equipped with a Hamamatsu digital
camera (Advanced Microscopy Techniques Corp., Danvers, Mass.). The result-
ing images were digitally recorded.

Immunofluorescence and confocal microscopy. Host cells, grown on glass
coverslips in 12-well plates, were infected with E. intestinalis spores. When a
majority of cells were infected, the coverslips were removed, fixed with acetone-
methanol, and blocked with 1% FBS in PBS for 1 h at room temperature. MAbs
(11B2 or 7G7) were diluted 1:500 in blocking solution (1% FBS; HyClone). After
the coverslips were washed in PBS, fluorescein-conjugated goat anti-mouse im-
munoglobulin (1:500; Cappel, West Chester, Pa.) was added. The coverslips were
mounted on glass slides with Vectashield (Vector) and viewed with either a Zeiss
Axioplan fluorescence microscope or a Leica TCS-NT/SP confocal microscope.
Controls included omission of primary antibody and staining of uninfected cells.
The confocal images were magnified to X100 with a zoom value of 2.7. Differ-
ential interference contrast images were collected at the same time as fluores-
cence images using the transmitted-light detector. The images were processed
using Leica TCS-NT/SP software (version 1.6.551) and Photoshop version 3.0
(Adobe Systems).

Synchronized infection and RT-PCR. Twelve-well tissue culture plates were
seeded with 10° host cells. After 24 h, 6 X 107 spores were added per well for 3 h.
The plates were extensively washed, and fresh medium was added. Infected cells
were harvested at 12, 24, and 72 h postinfection. Three wells per time point were
used in total RNA isolation (RNA STAT-60; Tel-Test, Inc., Friendswood, Tex.)
following the manufacturer’s protocol. The RNA was treated with DNase I, and
reverse transcriptase (RT) PCR (Life Technologies) was performed following
the manufacturer’s description. The primers used for amplification were as
follows: E. intestinalis beta-tubulin, 5'-GTTGACTGCAAGCTTCCTAAG and
5'-CAGAGTCGAGTGACTGCTTG (amplicon, 397 bp); swpl, 5'-GTTCCTTC
TGTACCCTCATC and 5'-TCAGGATTCAACCCAGTCTTC (amplicon, 692
bp); and swp2, 5-AGTGACCGCTGTAGAAATCA and 5-TCAGGATTCAAC
CCAGTCTTC (amplicon, 371 bp). Controls included PCR amplification without
prior RT elongation.

Mouse infection model. Gamma interferon receptor null (IFN-yR™) mice
(129-Ifngr'™") and wild-type mice (129S3/SvimJ) (Jackson Laboratory, Bar Har-
bor, Maine) were infected orally with 2 X 10% E. intestinalis spores in H,O as
previously described (13). Pooled infected or control sera were collected from
each mouse on days 15, 29, 45, and 60 postinfection and used at 1:500 in Western
blot analysis.

Nucleotide sequence accession numbers. The sequence data for swp! and swp2
have been submitted to the DDJ, EMBL, and GenBank databases under the
accession numbers AF355749 and AF355750.

RESULTS

Isolation of two closely related cysteine-rich genes. To study
the molecular aspects of microsporidial infection and propa-
gation, a previously constructed subtracted cDNA library was
screened for parasite-specific genes (15). Clone 46 was isolated
repeatedly in independent screenings of the subtracted cDNA
library. Southern blot analysis of genomic DNA from infected
cultures using three different enzymes and a clone 46 fragment
as a probe unexpectedly showed two bands, suggesting a sec-
ond related gene (Fig. 1A). The second gene (clone 2.8) was
isolated from a conventional cDNA library using a fragment of
clone 46 as a probe. Using DNA probes unique to either clone
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FIG. 1. Southern blot analysis of in vitro-infected host cell genomic
DNA using probes that are either common or specific for swp! or swp2.
DNA probed with a purified PCR fragment common to both swpl and
swp2 (A); probed with a PCR fragment specific for swpl (B); and
probed with a PCR fragment specific for swp2 (C). Genomic DNA was
restriction digested with either EcoRI (lanes E), HindIII (lanes H), or
Pst1 (lanes P) in triplicate. Uninfected host cell genomic DNA did not
hybridize with any of these probes (data not shown).

46 or clone 2.8 in Southern blot analysis, the two hybridizing
bands in Fig. 1A were accounted for (Fig. 1B and C).

Localization of the protein gene products of clones 46 and
2.8 in infected host cells. IEM was employed to determine the
stage specificity and cellular location of the proteins encoded
by clones 46 and 2.8. The insert of clone 46 was reisolated from
the conventional cDNA expression library and, along with
clone 2.8, was used to screen a battery of MADbs reactive with
E. intestinalis and Encephalitozoon hellem (22). MAb 11B2
reacted specifically with clone 46 (SWP1), while MAb 7G7
reacted specifically with clone 2.8 (SWP2). MAb 11B2 local-
ized swpl to the thickened membranes of cells in transition
from meronts to sporonts (Fig. 2A). Binding of MAb 11B2 to
the cell surface diminished as the parasites developed, but
some staining was evident on the surfaces of mature spores.
Staining seen on the inside of the PV may represent residual
protein from developing meronts that were attached to the PV
but had since migrated to the lumen. In mature spores that
were released from the PV, SWP1 was clearly located in the
exospore region of the spore wall and not the endospore or
plasma membrane (Fig. 2D).

In contrast to the reactivity of MADb 11B2, the 7G7 MAb did
not react with developing sporonts (Fig. 2B). However, well-
defined sporonts, which had a contiguous dense membrane
and were located in the vacuolar lumen, showed heavy staining
along the outer membrane. Unlike SWP1, whose expression
diminished with spore development, SWP2 was expressed in
mature spores inside the PV. The staining appeared to be in
the “clear zone” that occurs between the sporoblast thickened
spore membrane and the fibrillar matrix that is unique to E.
intestinalis (7). In addition, individual spores released from the
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PV of an infected cell showed the same intense staining in the
exospore region of the spore wall (Fig. 2C). Moreover, as with
SWP1, SWP2 was not located in the endospore or plasma
membrane. In spores that were released from the PV, MAb
7G7 staining was not always uniformly intense around the
spore. A gap in the staining was occasionally observed (Fig.
2C) and may represent the area near the anchoring disk and
polar filament.

These data show that SWP1 was expressed in the transition
stage between merogamy and sporogamy and that SWP2 was
expressed in clearly defined sporonts and spores, suggesting a
difference in expression of SWP1 and SWP2. To confirm dif-
ferential expression, immunofluorescence assays (IFA) were
performed on in vitro-infected host cells using the anti-SWP1
and anti-SWP2 MAbs (11B2 and 7G7, respectively). Five to 7
days postinfection, 11B2 (anti-SWP1) stained the immature
cells lining the PV much more intensely than the well-formed,
mature spores that reside in the lumen (Fig. 3A to C). The
location, elongated shape, and lack of structural definition
suggest that these cells are multinucleated immature cells that
are developing a uniformly dense thick membrane (transition-
ing sporonts). In contrast, 7G7 (anti-SWP2 IFA showed that
SWP2 was found on structurally well-defined, ovoid spores
representing later developmental stages (Fig. 3D to F). These
data confirm that SWP1 is expressed in an earlier developmen-
tal stage than SWP2.

mRNA expression of SWP1 and SWP2 in a timed infection.
The IEM and IFA data suggested that SWP1 may be expressed
earlier in spore development than SWP2. To correlate protein
expression with mRNA expression, RT-PCR was performed
on mRNA from “synchronized” infected host cells (Fig. 4).
Although infection of host cells was performed so that those
cells infected would be infected at the same time, Encephali-
tozoon species develop in an asynchronized fashion (7). This
results in several developmental stages existing within a single
PV and complicates the determination of stage-specific expres-
sion, but by 48 h postinfection, mature spores are formed (23).
RT-PCR was performed using RNA purified from synchro-
nized infected host cells at 12, 24, and 72 h postinfection.
Transcripts for both swpl and swp2 were first detected 24 h
postinfection and increased with time; however, the level of
swpl mRNA was higher than that of swp2 mRNA at 24 h. This
contrasted with the expression of beta-tubulin, which was first
detected 12 h postinfection and increased slightly over time.
While differences between the RNA stabilities of swpl and
swp2 could not be ruled out, these data suggest that the swpl
gene is transcribed at a higher level than the swp2 gene early in
infection.

Sequence analysis of swpl and swp2. Inverse PCR and
genomic sequence analyses were used to obtain the complete
coding ORFs and flanking sequences of the swpl and swp2
genes. These analyses showed that swpl and swp2 are related
genes that encode proteins of 388 and 1,002 amino acids,
respectively (Fig. 5), and that both proteins have a predicted
18-amino-acid signal sequence at the amino (N) terminus. No
transmembrane domains were found, suggesting that these
proteins may be secreted. When the predicted amino acid
sequences were aligned, two domains were identified based on
sequence identity and length. The N-terminal domains of
SWP1 (positions 1 to 354) and SWP2 (1 to 351) are 92%
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FIG. 2. IEM of E. intestinalis-infected host cells at different developmental stages using either MAb 11B2 or 7G7 followed by a fluoronanogold
anti-mouse antibody and silver-staining enhancement. (A) PV reacted with MAb 11B2. The arrows indicate residual staining along the inside of
the PV lining. (B) PV reacted with MAb 7G7. (C) Cross sections of mature spores that were released from the PV reacted with MAb 7G7. The
arrow indicates a gap in the exospore staining. (D) Cross sections of mature spores that have been released from the PV reacted with MAb 11B2.
PVs contain cells at different stages of development: meronts (M), sporoblasts (SB), sporonts (SP), and mature spores (S). Also shown are cells
that do not have a completely defined dense membrane and are considered to be in transition from meronts into sporonts (M-SP).

identical at the amino acid level. Comparison of the SWP1 and
SWP2 N-terminal domains with that of the previously identi-
fied E. cuniculi SWP showed that the E. cuniculi SWP is 65 and
61% identical to E. intestinalis SWP1 and SWP2, respectively
(5). In addition, 10 cysteine residues in this domain are con-
served, suggesting similar secondary structures. Tyrosine phos-
phorylation sites are also conserved in these domains (posi-
tions 136 to 142); however, studies were inconclusive as to
whether these sites are phosphorylated. SWP1 and SWP2 have
N-linked glycosylation sites, but they are in slightly different
locations (Fig. 5).

The two SWPs have divergent C-terminal domains that have

several distinct features (Fig. 5). For example, SWP1 has a
glycosaminoglycan attachment site at position 356 but lacks the
required acidic residue immediately upstream, which may ren-
der the site nonfunctional (6). An unusual feature of the SWP2
C-terminal domain is a repeat region where a 12- or 15-amino-
acid motif is duplicated 50 times. The amino acid sequence is
conserved in most of the repeats, except where a missense
mutation occurs (repeats 25, 26, 33, 48, 49, and 50).

The C termini of both proteins consist mainly of amino acids
with either uncharged polar side chains or very acidic or basic
polar side chains. These relatively hydrophilic amino acids are
usually positioned externally in proteins, suggesting that the
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FIG. 3. Immunofluorescence and confocal imagery of in vitro-infected host cells using MAbs specific for SWP1 (11B2) and SWP2 (7G7). (A,
B, and C) Localization of SWP1. (A) Immunofluorescent staining using the SWP1-specific MADb 11B2. (B) Differential interference contrast image
(Nomarski) of the same microscopic field. (C) Layering of images in panels A and B. ( D, E, and F) Localization of SWP2. (D) Immunofluorescent
staining using the SWP2 MAb 7G7. (E) Differential interference contrast image (Nomarski) of the same microscopic field. (F) Layering of images

in panels D and E. All images are about 16 wm wide.

C-terminal domains of these proteins are externally exposed
on the molecule. This is more apparent in swp2, where fully
two-thirds of the 651 amino acids in this domain are consid-
ered structurally external. These repeated sequences may rep-
resent a unique external structural repeating motif that re-
quires further functional analysis.

The flanking regions of the swpl and swp2 genes were am-
plified by inverse PCR, and their sequences were analyzed
(Fig. 6). The 5’ flanking regions of swpl and swp2 (—1 to —61)
are 75% AT rich and completely identical, suggesting that
these genes are transcriptionally regulated in the same fashion.
The transcription start site of swpl, mapped by 5’ rapid am-
plification of cDNA ends, was variable, with initiation at the

12h 24h 72h
beta-Tubulin « = s e

swpl
swp2

FIG. 4. Examination of differentially expressed swp! and swp2 tran-
scripts by RT-PCR. RT-PCR was performed using mRNA isolated 12,
24, and 72 h postinfection and primers specific for E. intestinalis beta-
tubulin, swp!, or swp2. The data are presented as an inverse image of
an ethidium bromide-stained gel following equal-volume loading and
electrophoresis of the products. Control PCR without RT yielded no
products.

—2, —3, —4, or —6 position relative to the translational start
codon. Nevertheless, it remained within the AT-rich patch
immediately upstream of the ATG, a common transcriptional
feature among protozoan genes (27). In addition, an apparent
TATA box was identified approximately 25 bases upstream
from the transcriptional start site, as is typical for most eukary-
otic genes. Further computational sequence analysis of this
region did not reveal any motifs similar to known transcrip-
tional regulatory elements. Sequence analysis of the 3’ flanking
regions revealed putative nonconsensus polyadenylation sites
for both swpl and swp2. The site for swpl differed from the
AATAAA consensus by 1 bp, while the putative swp2 polyad-
enylation site contained the rare alternative hexanucleotide
sequence known to be active in eukaryotes (25). Further stud-
ies are required to determine if these sites are utilized in vivo.

SWP1 and SWP2 are glycosylated and complexed. To char-
acterize the SWP1 and SWP2 proteins, Western blot analyses
of in vitro-purified spore proteins were performed (Fig. 7A).
Western blot analysis using MAb 11B2 (anti-SWP1) detected a
protein of about 50 kDa, which differs greatly from the 41 kDa
estimated from the swpl ORF. In addition, Western blot anal-
ysis using MAb 7G7 (anti-SWP2) identified a protein of 150
kDa, which is also larger than the estimated size of SWP2 (107
kDa). To determine if the proteins are glycosylated at the sites
identified by computational sequence analysis, lysates from
host cells infected with E. intestinalis were reacted with immo-
bilized lectins (ConA and WGA). Western blot analysis of the
bound proteins indicated that SWP1 and SWP2 were glycosy-
lated and that they contain at least the core sugar residues of
an N-linked oligosaccharide (Fig. 7B).

Further studies indicated that SWP1 and SWP2 form a pro-



7062 HAYMAN ET AL.

R P A R P

Ei SWP1
Ei SWP2
Ec SWP

EiSwP1
EiswP2
Ec SWP

Ei SWP1
Ei swP2
EcSWP

Ei sWP1
EiswpP2
Ec SWP

Ei SWP1
Ei SWP2
Ec SWP

Ei SWP1
Ei SWP2
Ec SWP

INFECT. IMMUN.

He  FlIms
Hdr FEMASE
R FIeEs g

EiSWP1 39
eiswrz 40 EllE E@E D K D [GE cEE KO N[T]c EGJEEGEDKDNTGEGIEEGEDKONTGEGFEGEDKDNT TGEG[EEGEDKDNTG EG|EE 514
Ecswp 40 [l- -Jls s G G [k o s 6 6 s|s|s 40
| 1 1 1
8 9 10 1 12 13
EiSWPT 389 388
EiSWP2 515 GEDKDNTGEGEEGEDKDONTGEGEEGEDKDNTGEGEEGEDKDN TGEGIEEGEDKONTGEGQEEGEEGEDKDNTGEG|EE 3
EcSwP 451 T T 450
14 15 16 17 18 19
Eiswpy 389 38
EiSWP2 50 GEDKDNTGEGEEGEDKDNTGEGEEGEEGEDKDONTGEGEEGEDKDNTGEJEEGEDKDNTGEG|EEGEDKDNTGD AlE E o
Ecswp 4! T { | - 0
20 21 22 23 24 25 -
EiSWP1 389 388
Eigwp2 8 G EEGEDKD STGEGEEGEDKDNTGEGIEEGEEGEDKDN TGEGEEGEEGEDKDNTGEGIEEGEEGEDKDNTGEGEEGED 7
Ecswp 451 450
26 27 28 29 30
EiSWP1 29 L 8
EiSWP2 740 KON TGEGIEEGEDKDNTGEGDEGEDKDNTGEGEFEGEEGEDKONTGEGEEGEDKDNTGEGEEGEEGEDKDNTGEG|EE 814
Ecswp 45! T T 450
31 32 33 34 35 36
EiSWPt 389 8
EiSWP2 65 GEEGEDKODNTGEGEEGEEGEDKDNTGEGEEGEDKDNTGEGEEGEDKDNT TGEGIE EGEDKDNTGEGIEEGEEGED KON 889
ECSWP 451 450
37 38 39 40 41 42
EiSWP1 389 388
EiSWP2 80 TG EGIEEGEDKDNTGEGIEEGED KONTGEGEEGEDKONTGEGEEGEDKDN TGEGIEEGEDKDNTGEG|EEGEEGED KDN @4
Ecswp 41 ] | ¥ 450
- 43 44 45 46 47 48
EiSwP1 389 388
EiSWPZ965TGDAIEEGEEGEDKDNTGDAIEEGEEGEDKDNTEEGlEETT7M2
ECSWP 45 1 1 1 450

49

v

FIG. 5. Predictive amino acid sequence alignment of SWPs from E.

intestinalis and E. cuniculi. The predicted amino acid sequences of E.

intestinalis (EI) swpl and swp2 and the E. cuniculi (EC) SWP are compared. Identical amino acids are indicated by reverse shading, while
similarities are boxed. Dashes represent gaps introduced to maximize homology. The arrows denote separation of the SWPs into two domains. The
hatched box indicates the predicted signal sequence. The asterisks denote 10 conserved cysteine residues. N-glycosylation sites for swpl (positions
290 to 292) and swp2 (positions 308 to 310) are indicated by stippled boxes. The C-terminal domain of swp2 contains a 12- or 15-amino-acid repeat
that is bracketed and numbered. The repeats containing 15 amino acids are double underlined. The predicted amino acid sequence for E. cuniculi

was obtained from GenBank (accession number AJ133745).

tein complex in the spore wall. Western blots of denatured,
nonreduced spore proteins detected with either MAb 11B2
(anti-SWP1) or MAb 7G7 (anti-SWP2) showed no product,
suggesting that the protein(s) may be complexed and too large
for migration into a polyacrylamide gel. However, when MAb
11B2 or 7G7 immunoprecipitation products were reduced and
detected by Western blot analysis with MAb 7G7 (anti-SWP2),
a 150-kDa band (SWP2) was detected, indicating that SWP1
and SWP2 are part of a protein complex (Fig. 8).

SWP1 and SWP2 are immunogenic in a mouse model infec-
tion. Because SWP1 and SWP2 are localized to the exospore
region of the spore wall, the proteins are probably exposed to
the host environment. Since it is well known that most immu-
nocompetent individuals mount an immune response to mi-

crosporidia yet have no overt signs of disease (reviewed in
reference 9), it was of interest to determine if the SWPs were
involved in this process. Toward this end, a well-established
mouse infection model system (1, 13) was employed to deter-
mine if the SWPs are immunogenic. IFN-yR™ mice and wild-
type control mice were infected in vivo with in vitro-isolated
spores. Sera, collected from the mice at 15, 29, 45, and 60 days
postinfection, were used in Western blot analysis of proteins
from purified spores (Fig. 9). Both groups of mice mounted an
antibody response to E. intestinalis within 15 days of infection.
However, as the infection progressed, the IFN-yR™ mice
showed more intense reactions, as evidenced by the increase in
the number of spore proteins recognized by their sera and the
increased intensity of the banding pattern. Furthermore, IFN-
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FIG. 6. Nucleotide sequence comparison of the 5 and 3’ flanking regions of swpI and swp2 ORFs. (A) Comparison of the 5’ flanking sequences
of swpl (top) and swp2 (bottom). The nucleotide numbering is relative to the translational start site (boxed). The boldface lettering indicates the
putative eukaryotic TATA box promoter. The putative transcriptional start sites for swpl are indicated by overlines. (B) Comparison of the 3’
flanking sequences of swp! (top) and swp2 (bottom). The nucleotide numbering of the 3’ flanking regions begins at the termination codon (boxed).
The boldface letters indicate predicted polyadenylation sites. The asterisks denote sequence identity.

YR™ mice showed a more pronounced immune response to
proteins of the same molecular mass as SWP1 and SWP2 (Fig.
9). Antibodies to proteins that were the same size as the SWPs
were evident on day 29 postinfection, and the intensity of this
response strengthened through day 60 of the infection. In
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FIG. 7. Western blot analyses of reduced E. intestinalis spore pro-
tein or infected cell lysate reacted with agarose-bound lectins and
detected with either MAb 11B2 or 7G7. (A) Purified spores were
reduced with 2-mercaptoethanol, run on an SDS-PAGE gel, and de-
tected with MAbs to SWP1 (11B2) and SWP2 (7G7). (B) Cultured
infected cell lysate was reacted with the agarose-bound lectin ConA or
WGA with or without the inhibiting sugar (methyl-a-mannopyranoside
for ConA; chitin hydrolysate for WGA).

addition, pooled sera from IFN-yR™ mice (day 60) readily
detected SWP1 and SWP2 from a lambda phage expression
library (data not shown). These data indicate that SWP1 and
SWP2 are immunogenic and suggest that the immune response
toward these proteins may be, in part, responsible for the
clearance of the organisms in immunocompetent individuals.

DISCUSSION

Two closely related cysteine-rich genes were isolated from E.
intestinalis ¢cDNA libraries. These genes encode proteins
(SWP1 and SWP2) that localize to the exospores of mature
spores. The remarkable sequence similarity between SWP1
and SWP2 is, for the most part, limited to the N-terminal
region and is responsible for the two-band hybridizing pattern
in Southern blot analysis. Although phylogenetic analysis of
rRNA shows that E. intestinalis, E. hellem, and E. cuniculi are
closely related (2, 17), Southern blot analyses of E. hellem and
E. cuniculi show a single hybridizing band (5), suggesting that
these species have only one SWP. Thus, despite E. intestinalis
recently being reclassified in the genus Encephalitozoon (14),
the identification of two SWPs in E. intestinalis supports the
morphologic finding (7) that E. intestinalis is unique within the
genus.

At the amino acid level, E. intestinalis SWP1 and SWP2 are
considerably similar to the SWP of E. cuniculi (5). Most nota-
ble is the conservation of cysteine residues among these SWPs.
While the E. cuniculi SWP has 11 cysteine residues and SWP1
and SWP2 have 10 each, the spacing is conserved, suggesting
that these proteins have similar secondary structures and func-
tions. Interestingly, immunoprecipitations show that E. intesti-
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FIG. 8. Immunoprecipitation analysis of protein lysates from in-
fected host cells. Infected cell lysates were immunoprecipitated with
MAD to SWP1 and protein A (IP 11B2 Lysate) or with MAb to SWP2
and protein A (IP 7G7 Lysate). Following SDS-PAGE, Western blot-
ting detection was conducted using MAb 7G7 (anti-SWP2). Negative
controls included immunoprecipitations using PBS instead of protein
lysate (IP 7G7/PBS and IP 11B2/PBS). The detected bands in these
lanes are the reduced antibody proteins. As a positive control for
Western blotting with 7G7, purified spores were included.

nalis SWP1 and SWP2 form a protein complex. The fact that E.
cuniculi has only one SWP with cysteine residues in similar
locations suggests that other, unidentified proteins may bind to
the SWPs of both species. Because the extent of the disulfide
linkage between SWP1 and SWP2 is unknown, other proteins
may participate in the E. intestinalis SWP complex.

The localization of SWP1 and SWP2 to the exospore region
of mature spores suggests that they may be part of the matrix
that confers rigidity and/or environmental protection. How-
ever, computational sequence analyses of SWP1 and SWP2
failed to reveal homology to any sequences in the databases.
The 12- or 15-amino-acid repeated motif in the C-terminal
domain of SWP2 is a novel element that may be important in
protein interactions, but BLAST searches using the repeated
sequence do not show any similarity to known protein binding
motifs. Furthermore, little similarity exists between the re-
peated motifs of SWP2 and those of E. cuniculi SWP, except
for repeat length (12 or 15 amino acids versus ~17 amino
acids, respectively) and glycine and aspartic acid in each of the
repeats. The amino acids within the SWP2 repeated regions
are hydrophilic residues, indicating that the C terminus of
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FIG. 9. Western blot analysis of reduced E. intestinalis spore pro-
teins detected with sera from in vivo-infected IFN-yR™ mice and
wild-type control mice. (A) Sera from six infected IFN-yR™ mice were
collected on days 15, 29, 45, and 60 postinfection, pooled at each time
point, and reacted with reduced E. intestinalis spore proteins in dupli-
cate. (B) Sera from six infected wild-type control mice were collected
on days 15, 29, 45, and 60 postinfection, pooled at each time point, and
reacted with reduced E. intestinalis spore proteins in duplicate. The
arrowheads at ~50 kDa indicate the expected size of SWP1, and the
arrowheads at ~150 kDa indicate the expected size of SWP2. SWP1 is
the bottom band of the triple banding pattern seen at about 52 kDa.
Controls included sera from uninfected mice and the anti-SWP1 MAb
11B2.

SWP2 may be externally exposed. Computational analyses of
protein secondary structure for the SWP2 C-terminal domain
were ambiguous, with one program predicting alpha-helical
structure while another predicted a repeating turn. Nonethe-
less, the hydrophilicity and repeating nature of the SWP2 C
terminus suggest that it contains a unique external repeating
structure. Further analyses are required to determine the func-
tion(s) of this region.

In the development of mature spores, the transition from
meront to sporont, sporogamy, involves the accumulation of an
electron-dense material forming the thick membrane (7). IEM
and IFA studies show that SWP1 is located on the surfaces of
cells undergoing sporogamy. The localization of SWP1 to the
surfaces of spores in the PV diminished as they entered the
final stages of maturation, when the organelles become orga-
nized and the endospore develops; however, Western blot
analysis showed that SWP1 was abundant in mature spores. It
is possible that as spores mature, the SWP1 epitope recognized
by the antibody becomes inaccessible. Furthermore, the fully
formed sporont in the PV lumen was the earliest parasite stage
in which SWP2 was detected. With the appearance of SWP2 on
the sporont surface, SWP1 was no longer detectable, suggest-
ing that expression of SWP2 blocks the 11B2 SWP1 epitope.
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This theory is supported by immunoprecipitation of infected
cell lysates, which show that SWP1 and SWP2 form a protein
complex. Thus, these data indicate that SWP1 is expressed on
the surfaces of developing sporonts, and as SWP2 is expressed
on the surfaces of fully formed sporonts, a protein complex
forms that becomes part of the exospore, which could contrib-
ute to the rigidity and environmental protection exhibited by
mature spores.

Ultrastructural studies of E. hellem show that three layers
form the exospore region of the spore wall: an outer electron-
dense layer, an electron-lucent intermediate layer, and an in-
ner fibrous layer (4). Freeze-fracture analysis of mature spores
reveals that the outer layer of the exospore consists of closely
packed protruding spikes. Although similar studies have not
been performed with E. intestinalis, the dense coat of material
labeled in our IEM studies using anti-SWP2 MAb may repre-
sent this outer layer, and SWP2 may be a major component of
the spiny layer of the exospore in E. intestinalis. Because the
C-terminal domain of SWP2 may contain an external repeating
structure, the extensive structural repeat motif of SWP2 may
be part of these spiny projections. Moreover, if SWP1 is com-
plexed with SWP2 in this spiny outer layer, the epitopes rec-
ognized by MAbs to SWP1 may be buried, as suggested by our
studies.

It is well documented that microsporidiosis is problematic
for immunocompromised animals and that immunocompetent
animals elicit antibody responses that confer resistance to in-
fection (8, 11, 16). Since SWP1 and SWP2 are expressed in the
spore wall exospore, they should be exposed to the host cell
environment. Therefore, antibody responses to SWP1 and
SWP2 were addressed in an established in vivo mouse model
using IFN-yR ™ and wild-type control mice (1). Interestingly,
immune sera from both control and IFN-yR™ mice recognized
a series of E. intestinalis proteins. This differs from the findings
of El Fakhry et al. (13), which showed an increase in immu-
noglobulin G levels in IFN-yR™ mice but no increase in anti-
body levels in controls. In our study, by day 29 postinfection,
serum antibody levels in IFN-yR™ mice were sufficient to de-
tect several immunogenic proteins, including SWP1 and
SWP2. Control mice also mounted a substantial immune re-
sponse to E. intestinalis, but the levels of reactivity, judged by
the banding pattern and intensity, were less than those of
IFN-yR™ mice. While the natures of the other immunogenic
proteins await analysis, SWP1 and SWP2 were identified as
immunogenic in both IFN-yR™ and control mice.

In summary, the two SWPs, SWP1 and SWP2, of the mi-
crosporidian E. intestinalis are differentially expressed and lo-
calized to the exospores of developing and mature spores.
SWP1 and SWP2 show remarkable similarity at both the DNA
and protein levels, but SWP2 has a unique, extensive repeat
region in its C terminus that may be important for the struc-
tural formation of highly environmentally resistant spores. Ad-
ditional studies will determine the structures and functions of
these repeated motifs, as well as those of the SWP1 and SWP2
proteins themselves. Immunoprecipitation and Western blot
analyses indicate that SWP1 and SWP2 are components of a
protein complex and that they are immunogenic in mouse
infections, suggesting that they could be, in part, responsible
for the immune resistance of immunocompetent individuals.
Not only will the characterization of differentially expressed
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SWPs be of benefit in delineating microsporidial developmen-
tal stages, but having specific MAbs for SWPs may allow de-
velopment of antibody-based immunodiagnostics. Thus, the
identification of two SWPs in E. intestinalis will not only im-
prove our understanding of the biological and immunological
interactions involved in microsporidiosis but may also advance
the diagnosis and epidemiological study of microsporidiosis
caused by E. intestinalis.
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