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We have identified a novel stress inducible gene, Ehsspl in Entamoeba histolytica, the causative agent of
amebiasis. Ehsspl belongs to a polymorphic, multigene family and is present on multiple chromosomes. No
homologue of this gene was found in the NCBI database. Sequence alignment of the multiple copies, and
genomic PCR data restricted the polymorphism to the central region of the gene. This region contains a
polypurine stretch that encodes a domain rich in acidic and basic amino acids. Under normal culture
conditions only one copy of this multigene family is expressed, as observed by Northern blot and RT-PCR
analysis. The size of this copy of the gene is 1,077 nucleotides, encoding a protein of 359 amino acids. The
polymorphic domain in this copy is 64 nucleotides long. However, on exposure of cells to stress conditions such
as heat shock or oxidative stress, multiple polymorphic copies of the gene are expressed, suggesting a possible
role of this gene in adaptation of cells to stress conditions. The gene copy expressed under normal conditions,
and the expression profile of cells under heat stress was identical in two different strains of E. histolytica tested.
Interestingly, the extent of polymorphism in this gene was very less in E. dispar, a nonpathogenic sibling species

of E. histolytica. Ehsspl was found to be antigenic in invasive amebiasis patients.

Microbial pathogens encounter highly stressful environ-
ments, including alterations in temperature, pH and pO, (44),
as they enter the host. In addition, they are exposed to the host
defense mechanisms, which involve phagocytes. Within these
phagocytes, pathogens are confronted with reactive oxygen and
nitrogen intermediates and attack by lysosomal enzymes. To
protect themselves against the host, pathogens have evolved
several strategies including synthesis of heat shock proteins
(HSPs) (26, 13). HSPs of pathogens are important antigens
and are known to induce very strong humoral and cellular
immune responses in infectious diseases caused by bacteria,
protozoa, fungi, and nematodes (44). A large number of genes
(including HSPs) are induced by heat stress (32). In general,
adaptation to one stressor often leads to protection to others,
indicating a cross talk between the different pathways involved
in the cellular stress response. These stress related genes are
expressed at low level in normal cells and their expression is
stimulated manyfold under a variety of stress conditions.

The enteric protozoan parasite E. histolytica normally re-
sides in the human gut. It is microaerophilic with optimal
growth temperature of 35.5°C. Under conditions that are not
yet clearly understood, the actively dividing trophozoites in the
gut lumen convert into cysts, which are excreted in the feces.
Alternatively, at a much lower frequency, the trophozoites
invade the intestinal mucosa and may spread to other organs,
notably the liver. In this case the trophozoites would encounter
higher temperatures. and oxygen tension due to host inflam-
matory response. Parasite proteins that are triggered to coun-
teract these stress conditions are of great interest, since these
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would help us to understand the mechanism of pathogenesis.
The ability of E. histolytica trophozoites to invade host tissues
and to survive outside the protected environment of the intes-
tine is probably accomplished by a strong adaptive response,
involving a number of proteins, some of which may be stress
induced. E. histolytica homologues of some of the known HSPs,
such as HSP60 (20, 35) and HSP70 (23, 42) have been identi-
fied and partially characterized.

Here we report a novel polymorphic antigen in E. histolytica
trophozoites, which is encoded by a multigene family and is
differentially expressed in response to stress. The polymorphic
part of the protein is almost exclusively composed of charged
amino acids. The unique protein structure, the high copy num-
ber of the gene, and stress-induced regulation of expression of
multiple copies point to an important role for this protein in
parasite survival within the host.

MATERIALS AND METHODS

Entamoeba strains and culture conditions. All strains used in this study were
obtained from the American Type Culture Collection. E. histolytica strains HM-
1:IMSS clone 6 and HK-9 clone 2, E. dispar clone SAW760, were maintained in
TYI-S-33 medium (12) at 36°C, in 15-ml glass tubes containing 13 ml of complete
medium.

Genomic DNA isolation. DNA was purified essentially as described (6). At the
end of the log phase of growth, cells were pooled from 40 tubes after chilling
them in ice water for 10 min. A cell pellet was obtained by centrifuging at 275 X
g for 7 min at 4°C. Cells (5 X 107 to 10 X 107) were resuspended in 5 ml of buffer
(100 mM NaCl, 10 mM EDTA, 10 mM Tris-Cl [pH 8.0]) and lysed by addition
of 0.25% sodium dodecyl sulfate (SDS). The resulting suspension was extracted
with phenol-chloroform and DNA was collected by ethanol precipitation. It was
treated with RNase A (100 pg/ml) followed by proteinase K (100 wg/ml). The
suspension was again extracted with phenol: chloroform and ethanol precipi-
tated. DNA was dissolved in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).

Isolation of chromosomal DNA, PFGE, Southern blotting and hybridization.
E. histolytica chromosomal DNA from cells embedded in agarose blocks was
prepared as described previously (3). The pulse conditions used for pulsed-field
gel electrophoresis (PFGE) were 70 s for 12 h, 90 s for 6 h; 120 s for 6 h; 150 s
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FIG. 1. Ehssp1-5076 gene sequence. Nucleotide sequence along with the amino acid sequence of the transcribed copy of Ehssp1-5076 in strain
HM-1:IMSS is shown. The putative promoter consensus sequence, TTATTTAAAC, GAAC, and the transcription initiator ATCA are highlighted.
The amino acids in the polymorphic acidic basic region are shown in boldface type. The stop codon is denoted by an asterisk.

for 6 h; and 170 s for 6 h at 5.5 V/em. Saccharomyces cerevisiae (strain YNNO)
blocks were used as molecular weight marker.

Genomic DNA (1 pg) was digested with 50 U of restriction enzyme, and
separated on 1.0% agarose gel at 4 V/ecm. For Southern blotting DNA was
transferred to GeneScreen plus (NEN) nylon membranes (28). Blots were hy-
bridized in a solution containing 1% SDS, 1 M NaCl and 3 X 10° cpm ml ~! of
DNA probe at 65°C for 16 h. Blots were washed according to manufacturer’s
instructions and exposed for autoradiography. Radioactive DNA probes were
made using the NEBlot random priming kit (NEB, USA).

PCR and RT-PCR. The following primers were used for reverse transcription
(RT)-PCR: F2, 5" CGGGTACCATTAAAATGGAAGAGCTAATTAAC 3';
R2, CGGATCCTATAAATCTTCTTCTGAAATTAATTTTTGTTCCATATG
TTTCATTTCAATTACTATAAT 3'; ABR-F, 5" GATGAAGAAACACTAAG
TAAAACA 3'; ABR-R, 5" AACATATCCTCCAAATTTATTTCC 3', HSPF 5’
AGGTATGGATCCAAATG 3'; HSPR 5" CTGCTTGTGCCGTTAAATCA 3';
CABPF, 5" ATCTGTTCTAAACATTAATCATAAACT 3'; CABPR, 5" GCG
GGCTCCAGTTTAGAGTGAAAACTC 3'. The Ehsspl primers were designed
based on the reference sequence (ENTJQ44). Primers were obtained from
Microsynth, Switzerland. PCR was performed with 400 ng of E. histolytica
genomic DNA for 30 cycles.

Total RNA (5 pg) was used in the RT reaction using M-MuLV RT (USB) with
Oligo dT primer. The reaction was carried out at 37°C for 1 h followed by
inactivation at 95°C for 5 min. Five microliters of this RT mix was used for a
regular PCR. No amplicon was observed in the absence of RT enzyme in all

RT-PCR experiments. The PCR products were cloned in pGEMTeasy vector
(Promega). DNA sequencing was carried out using dideoxy chain termination
method (29).

RNA isolation from normal and stressed cells and Northern blot analysis.
Total RNA was purified by guanidinium thiocyanate lysis of cells as described
(10). RNA samples (20 pg) were resolved in formaldehyde agarose in formal-
dehyde gel running buffer [0.1 M MOPS (pH 7.0), 40 mM sodium acetate, 5 mM
EDTA (pH 8.0)] and 37% formaldehyde at 3 to 4 V/cm. The RNA was trans-
ferred on to GS+ membrane. Hybridization and washing conditions for RNA
blots were carried out as per manufacturer’s protocol.

In order to isolate total RNA from Entamoeba cells after heat stress, mid log
phase Entamoeba cells (approximately 8 X 10 > cells) grown in glass tubes were
transferred to a water bath maintained at 42°C. At the various time points, the
cells were chilled and RNA was extracted. Cells were exposed to oxidative stress
by growing them in 10 ml of complete TYI-S-33 medium in a 50-ml tissue culture
flask for 1 h at 36°C with gentle shaking at 40 rpm.

DNA dot blots and copy number estimation. DNA dot blots and copy number
estimation were carried out as described (30). Briefly, E. histolytica strain HM-
1:IMSS genomic DNA and purified Ehsspl insert DNA were spotted in dupli-
cates in various concentration ranging from 15 to 500 ng. The blot was hybridized
using a radiolabeled Ehsspl probe and the spots were cut out and the amount of
radioactivity was measured by scintillation counting. Along with unknown genes
the copy number of a few known genes, such as E. histolytica calcium binding
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FIG. 2. Multiple alignment of different copies of Ehssp1 proteins showing polymorphism. (A) Schematic representation of the three classes Qf
Ehssp1 proteins. The numbers indicate amino acids in each domain. (B) Multiple alignment of different copies of Ehssp1 protein. The polymorphic
ABR is marked by arrow. The contigs used for alignment were obtained from the Sanger Entamoeba database.
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protein (copy number 1) was always estimated. For calculation of copy number
the size of haploid genome of E. histolytica was taken to be 20 Mb.

Cloning, expression, and partial purification of recombinant Ehsspl protein.
DNA was obtained by RT-PCR amplification of total RNA from exponentially
growing E. histolytica cells, using the F2/R2 primers. The Acc651 and BamHI sites
present in the primers were utilized to clone the product in pET 30a vector,
digested with the same enzymes. The ligated product was used to transform
Escherichia coli, BL21(DE 3) competent cells to get pETEhssp1.

INFECT. IMMUN.

Cells containing pETEhsspl were grown to an ODg, of 0.6, induced with 1
mM IPTG (isopropyl-B-p-thiogalactopyranoside) and harvested after 180 min by
centrifugation at 6,000 rpm (Remi tabletop centrifuge) for 5 min. The cell pellet
was resuspended in 1X phosphate-buffered saline and lysed by sonication (five
full pulses for 60 s, with a gap of 120 s). The pellet containing the Ehssp1 protein
in inclusion bodies was collected by centrifugation at 15,000 rpm for 20 min, at
4°C.

SDS-PAGE and Western blot analysis. Protein samples were electrophoresed
in SDS-PAGE as described (17). Proteins were transferred from gels onto ni-
trocellulose membranes (36). The blots were immunostained using pooled ame-
bic patient and normal human sera, at a dilution of 1:400, followed by detection
by alkaline phosphatase labeled anti-human secondary antibody. Nonspecific
blocking was carried out with 3% bovine serum albumin in phosphate-buffered
saline. Nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) in buffer containing 0.1 M sodium bicarbonate and 1 mM MgCl, was
used for color development.

Sequence analysis. BLAST (9) searches (version 2.0 at www.ncbi.nlm.nih.gov
/BLAST at NCBI, USA and WU-BLAST version 2.0 at www.sanger.ac.uk
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FIG. 3. Polymorphism in Ehsspl. (A) Schematic representation of Ehsspl-SSES8 showing the location of PCR primers and DNA probe.
Numbers indicate nucleotide positions. Abbreviations: X, Xmnl; H, Hinfl. (B) Southern blot analysis. Genomic DNA of strain HM-1:IMSS was
digested with Xmnl, electrophoresed in 1% agarose gel at 4V/cm and transferred to nylon membrane. The blot was hybridized with probe 1.
(C) PCR amplification of genomic DNA of strain HM-1:IMSS using ABR-F-ABR-R primer set (D) PCR amplification of genomic DNA of strain
HK-9 using ABR-F-ABR-R primer set. The PCR products were electrophoresed in a 1.2% agarose gel at 4V/cm. M, molecular weight markers.
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FIG. 4. Chromosomal localization of Ehsspl. (A) Schematic representation of Ehssp1-SSE58 showing the position of DNA probes. The probes
used for hybridization were derived from SSES8. Numbers indicate nucleotide positions. Abbreviations: X, Xmnl; H, Hinfl. (B and C) PFGE-
separated chromosomes of strain HK-9 (lane 1) and HM-1:IMSS (lane 2) stained with ethidium bromide (EtBr) and hybridized with probe 2
(B) and probe 3 (C). The bands of strain HK-9 that differentially hybridized with probe 3 are shown by an asterisk. The PFGE run conditions are
mentioned in Materials and Methods. Autoradiographic exposure of Southern blots was for 3 days.

/Projects/E_histolytica/blast_server.shtml Entamoeba BLAST server, Sanger
Centre, Hinton, Cambridge, United Kingdom), respectively, were used for find-
ing homologues of SSE58 using the Entamoeba genome sequences deposited
regularly in the GSS division of GenBank. The sequencing effort is part of the
International Entamoeba Genome Sequencing Project and is supported by award
from the National Institute of Allergy and Infectious Diseases, National Insti-
tutes of Health. Entamoeba genome sequence contig databases from TIGR and
the Sanger Centre were also used for analysis. Alignment of multiple sequences
was carried out using ClustalW.

Nucleotide seq e accessi bers. The nucleotide sequences mentioned
in the paper have been deposited in the GenBank database with accession
numbers, AF322253, AY278996, AY281154, and AY281155.

RESULTS

Identification and sequence analysis of Ehsspl. In a screen
for repetitive DNA, a 2.57-kb sequence (SSESS; accession
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FIG. 5. Analysis of Ehsspl transcript. (A) Northern blot analysis.
Total HM-1:IMSS RNA (30 pg) was electrophoresed in 1.2% form-
aldehyde agarose gel at 4 V/cm, and transferred to nylon membrane.
The blot was hybridized with probe 3 (shown in Fig. 3). M, RNA
molecular weight marker. RT-PCR analysis of (B) HM-1:IMSS and
(C) HK9 RNA using ABR-F-ABR-R primers (Fig. 3). RT-PCR prod-
ucts were electrophoresed on 1.2% agarose gel at 4 V/cm. M, DNA
molecular weight markers.

number AF322253) was identified from the E. histolytica
genomic library. It contained a partial open reading frame
(ORF) towards one end. The ORF sequence was used to
search the Sanger Entamoeba genome database for homolo-
gous sequences. Forty-five different contigs from the database
that contained the ORF were aligned to assign the start and
stop codons for the ORF. The nucleotide sequence of the
full-length ORF, was named Ehsspl (E. histolytica stress-sen-
sitive protein family one).

The sequences, upstream and downstream of the Ehsspl
gene were analyzed from a contig (contig 5076, Sanger Enta-
moeba sequence database) containing the full-length Ehsspl
ORF, for the presence of cis regulatory elements (Fig. 1). The
TATA element, GAAC sequence and Initiator sequence de-
scribed for several Entamoeba genes (7, 27) could be identified
upstream of the putative start codon. Sequences further up-
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stream were particularly rich in A+T (84%) compared to 78%
A+T in other intergenic regions of E. histolytica (5).

Multiple alignment of different copies of Ehssp1 have length
polymorphism, which is mainly restricted to a purine-rich
stretch towards the middle of the ORF. In most copies (29 out
of 45), a continuous reading frame was maintained and the
polymorphism did not lead to frame shift mutations.

Ehssp1 protein. BLASTP analysis failed to show any homo-
logue of this gene in the nonredundant database. The encoded
protein could be divided into three regions, with a central
polymorphic domain (containing 5 to 104 amino acids) sepa-
rating the N-terminal domain (164 amino acids in most copies
with a range of 157 to 167 amino acids) from the C-terminal
domain (175 amino acids in most copies with a range of 165 to
181 amino acids) and there were three distinct classes of Eh-
sspl that could be seen by sequence analysis (Fig. 2A). Multi-
ple alignment of 21 contigs containing the full-length ORF
showed that the N- and C-terminal domains of the various
copies were 86% and 74% identical, respectively, at the amino
acid level. The polymorphic domain, encoded by a polypurine
stretch, was predominantly composed of acidic/basic amino
acids (glutamate, arginine and lysine) (Fig. 2B).

The protein encoded by the different gene copies had a
theoretically calculated pl range from 5.12 to 8.53 (depending
on the length and composition of the polymorphic region).
Perfect repetitive motifs, as found in the acidic-basic repeat
antigen (ABRA) of Plasmodium falciparum (41), were absent
in the polymorphic stretch of this protein. The protein was
highly hydrophilic with a small hydrophobic stretch towards
the C terminus. From amino acid sequence, the protein
seemed to lack any trans-membrane helices.

Confirmation of polymorphism in Ehsspl by genomic
Southern and PCR. From sequence analysis of contigs it was
predicted that ~90% of Ehsspl gene copies would fall in the
size range of 0.95 to 1.15 kb. This was demonstrated by South-
ern hybridization. DNA was digested with Xmnl, which cuts
near the ends of the Ehsspl gene (Fig. 3A). Hybridization of
the Southern blot with Ehsspl probe showed a broad band
with a size range of 0.9 to 1.07 kb (Fig. 3B). Genomic DNA was
PCR amplified using primers flanking the ABR (ABR-F and
ABR-R). This primer set amplified a cluster of three bands in
the size range of 400 to 550 bp and one faint band of 574 bp

4— ABR
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FIG. 6. Alignment of the Ehssp1 protein expressed by exponentially growing cells of the E. histolytica strains HK-9 and HM-1:IMSS. The ABR

is indicated with an arrow.
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FIG. 7. Transcription of Ehsspl under stress conditions. (A) Northern blot analysis of RNA from HM-1:IMSS cells grown at 36°C (lane 1); and
transferred to 42°C for 1 h (lane 2). Various gene probes were used as indicated on top of each panel. Actin and 28S rDNA probes also served
as loading controls. Hsp101 was used as positive control for heat shock treatment. (B) RT-PCR using the ABR-F-ABR-R primer set (Fig. 3), was
carried out with total RNA from normal cells (lane 1) and heat treated cells (lane 2). (C) same as panel B except that RNA was from strain HK-9.

(Fig. 3C). The bands were diffuse, suggesting size heterogene-
ity. The PCR amplification pattern for strain HK-9 was very
similar to that of strain HM-1:IMSS (Fig. 3D), suggesting that
the organization of this gene family is similar in different
strains of E. histolytica.

Chromosomal location of Ehsspl gene. Southern blots of
PFGE-separated chromosomes of E. histolytica, strains HM-I:
IMSS and HK-9 were hybridized with probes 2 (Fig. 4B) and 3
(Fig. 4C) derived from SSESS8. Both probes hybridized with a
number of bands, of which the most intense was a 1.1 Mb band
in either strain. Probe 3 gave a strong signal with a 1.9 Mb band
also which hybridized poorly with probe 2. In addition, some
fainter bands were more in number in HK-9. Three of these
(marked by asterisks in Fig. 4C) gave no detectable signal with
probe 2 (confirmed by densitometric scanning). The bands that
differentially hybridized with probe 3 could contain copies of
the gene with very short ABRs. The number of copies of
Ehsspl per haploid genome was estimated to be 306 using a
quantitative hybridization method as described before (30).
The copy number of E. histolytica calcium binding protein was

found to be one using the same method. This protein is known
to be present as a single copy gene in E. histolytica genome
(43). Many of the Ehsspl copies did not contain full-length
coding region and had truncation mainly at the 5'-end (data
not shown here). Thus, the gene is highly repetitive and
present on multiple chromosomes.

Transcription of Ehsspl. Transcription was analyzed by
northern hybridization and RT-PCR. Northern hybridization
(Fig. 5A) gave a single band of 1.4 kb with probe 3 (shown in
Fig. 4).

RT-PCR analysis of total RNA was carried out with the
primer set ABR-F-ABR-R (shown in Fig. 3). A discrete band
of 450 bp was observed (Fig. 5B), which indicates that only one
or a few copies of the polymorphic gene are transcribed. Sim-
ilarly RT-PCR with ABR-F-ABR-R primers displayed a single
band of 450 bp (Fig. 5C). In order to identify the transcribed
genomic copy, the RT-PCR product from strain HM-1:IMSS
was cloned and five randomly picked clones were sequenced.
The sequences of all five were identical, suggesting that only a
single copy of the Ehsspl gene family is expressed in exponen-
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FIG. 8. Time course of reversible induction of Ehssp1 genes during
heat stress. HM-1:IMSS cells growing at 36°C were transferred to
42°C. At the time points indicated, growth was stopped and RNA was
isolated. To study the recovery from heat stress, cells grown at 42°C for
60 min were reverted to 36°C and RNA was isolated at different time
intervals. RT-PCR was carried out using ABR-F-ABR-R primers. As
controls, RT-PCR was carried out with Ehhsp101 primers (HSP-F/
HSP-R, middle panel) and EhCaBP primers (CABP-F/CABP-R, bot-
tom panel). The PCR products were electrophoresed in 1.2% agarose
gel at 4 V/em.

tially growing trophozoites. The sequence of the expressed
copy was used to search the Entamoeba contig database at the
Sanger Centre, and a contig with 100% identity was obtained
(contig 5076). The complete sequence identity of the RT-PCR
product with the ORF in contig 5076, shows that the Ehsspl
gene has no introns. The expressed copy was 1,077 nucleotides
long, encoding a protein of 359 amino acids. The sequence of
the expressed copy along with the flanking sequences is shown
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FIG. 9. Effect of oxidative stress on the expression of multiple
copies of Ehsspl. HM-1:IMSS cells were exposed to oxidative stress
for 1 h as described in Materials and Methods. Total RNA was used
for RT-PCR analysis with ABR-F-ABR-R primers. The PCR products
were resolved in 1.2% agarose gel at 4 V/em. Lane 1, normal cells; lane
2, cells after oxidative stress.
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above. The amino acid sequence of the protein encoded by the
RT-PCR product of strain HK-9 (using ABR-F-ABR-R prim-
ers) showed 100% identity in the ABR domain (Fig. 6).

Expression of Ehsspl under conditions of growth-stress.
Since only a single copy of the polymorphic Ehsspl gene was
expressed in exponentially growing cells, we decided to check
for conditions under which other copies may be expressed.
Various conditions of growth-stress were tried for this purpose.
E. histolytica cells (normally grown at 36°C) were subjected to
heat stress at 42°C for 1 h and expression of Ehsspl was
analyzed by Northern blot analysis and RT-PCR. Northern
hybridization showed a significant increase (4.7-fold) in expres-
sion of Ehsspl after heat shock, and the RNA band was very
broad compared to that from normal cells (Fig. 7A). The
expression of a putative heat shock protein hspl01 was
checked under the same conditions to confirm the heat shock
treatment (Fig. 7A). The hsp101 probe hybridized only with
the RNA from heat-shocked cells. The broad band observed in
Northern blot analysis using Ehsspl gene probe could be due
to abnormal addition of poly(A) tail after heat shock, as re-
ported for some heat shock genes (21, 24). Alternately, it could
be due to expression of other copies of Ehsspl. To resolve this,
RT-PCR was performed using the ABR-F and ABR-R primers
flanking the polymorphic region. Multiple bands were ob-
tained with RNA from heat-treated cells (Fig. 7B, lane 2)
compared to RNA from normal cells (lane 1). A similar RT-
PCR profile was observed for the E. histolytica strain HK-9
(Fig. 7C). Therefore, it appears that multiple polymorphic
copies of Ehsspl, which were silent in exponential cells are
transcribed during heat stress. This was confirmed by cloning
the RT-PCR product and determining the nucleotide sequence
of four clones. Multiple alignment of these clones showed that
each clone had a distinct sequence (contigs 5247, 533, and
2483) and the polymorphism was very pronounced in the ABR
(data not shown here). The sequence of one of these clones
(hs4) was identical with the copy expressed in exponentially
growing cells indicating that this copy is also expressed under
heat stress.

RT-PCR was also used to study the kinetics of induction of
silent copies of Ehssp1 during heat shock. The results showed
that within 20 min of heat shock the expression of heat-induc-
ible copies could be discerned (Fig. 8). The level of expression
increased for 60 min. Heat treatment beyond 60 min was lethal
for the cells. Compared with that of Ehsspl, the expression of
HSP101 reached a maximum within 20 min of heat shock.
When cells were allowed to recover after a 60-min heat shock,
the expression of the heat-inducible copies of Ehssp1 declined,
with a concomitant increase in expression of a single 450-bp
band (Fig. 8), which corresponds to the copy expressed in
exponential cells (Fig. 7B, lane 1). This was confirmed by
sequencing two independent clones of the RT-PCR product of
the RNA expressed after recovery from heat stress.

Entamoeba is microaerophilic, and excess oxygen is toxic to
this organism. Therefore, RT-PCR using ABR-F and ABR-R
primers was done to examine the effect of oxidative stress on
the expression of Ehsspl. The results showed multiple bands
similar to those obtained under heat shock conditions (Fig. 9).

Organization of Ehssplin E. dispar. Of all Entamoeba spe-
cies that dwell in the human gut, E. histolytica is the only one
that is pathogenic. Of particular interest is E. dispar, which is a
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FIG. 10. Ehsspl homologue in E. dispar. (A) PCR amplification of E. dispar genomic DNA using ABR-F-ABR-R primers. The PCR product
was electrophoresed in 1.2% agarose gel at 4 V/cm. (B) The PCR product in (A) was cloned in pGEMT-Easy vector. Clones were randomly picked
and the inserts released by digesting with Eco RI. The digests were electrophoresed on a 1.2% agarose gel. The portion of the ethidium

bromide-stained gel containing the inserts is shown.

nonpathogenic sibling species of E. histolytica. To check the
status of Ehsspl in this nonpathogenic species, PCR amplifi-
cation was carried out using the genomic DNA of E. dispar.
Primer sets flanking the ABR as well as those flanking the
full-length of the ORF, amplified a single band, showing that
the gene is, indeed, present in E. dispar. The primer set ABR-
F/R amplified a band of 450 bp (Fig. 10A). The single band is,
however, in contrast to the broad bands from E. histolytica with
the same primers (Fig. 3C). To determine the degree of poly-
morphism of this gene in E. dispar, the PCR product was
molecularly cloned and insert sizes of 15 randomly selected
clones were determined (Fig. 10B). The cloned fragments var-
ied in size from 0.41 to 0.49 kb. These could be classified into
three size classes: 410 bp (4 clones), 435 to 450 bp (10 clones),
and 490 bp (I clone). The extent of polymorphism was further
determined by nucleotide sequencing of seven clones belong-
ing to the various size classes. Multiple alignment of the seven
sequences showed that the size variation was mainly restricted
to the ABR region (Fig. 11) with minor variations outside the
ABR. Thus, size polymorphism in this gene family exists in E.
dispar but is much less pronounced than in E. histolytica.
Ehsspl is immunogenic in amebiasis patients. Full-length
c¢DNA corresponding to the normally expressed copy of Ehsspl
(contig 5076) was obtained by RT-PCR of total RNA using the
F2/R2 primer set (shown in Fig. 3) The cDNA was cloned in
the BamHI/Acc651 sites of pET30a to get pETEhsspl, with a
six-histidine tag at the N terminus. Upon induction with 1 mM
IPTG, a 43-kDa band was observed (Fig. 12A, lane 1). The size
of the band matched with the expected size deduced from the
Ehsspl ORF (359 amino acids) and the His tag (38 amino

acids). The recombinant Ehssp1 protein was found in inclusion
bodies. It could be identified by immunostaining with anti-His
tag antibody. Western blot analysis showed that the Ehsspl
protein could bind antibodies present in pooled sera from
invasive amebiasis patients but not those in normal individuals
(Fig. 12B). The data suggest that Ehsspl is immunogenic in
amebiasis patients.

DISCUSSION

By virtue of the specialized niche that they occupy in their
hosts, parasites are expected to have evolved novel molecules
not encountered in free-living organisms. Such molecules are
interesting from an evolutionary stand point and are likely to
perform vital functions related to pathogenesis. Here we re-
port a protein antigen, Ehsspl in E. histolytica. This protein is
of unique construction. It consists of relatively conserved N-
and C-terminal regions flanking a central, size-polymorphic
domain (ABR) of 5 to 104 amino acids. Apart from being
size-polymorphic, the central domain is notable in being com-
posed almost entirely of acidic and basic amino acids. The
protein is encoded by a multigene family, of which only one (or
a few) members are transcribed in exponentially growing E.
histolytica trophozoites, while a large number of copies are
stress-induced. At the nucleotide level, the ABR is composed
predominantly of purines (83 to 95% A+G). Such a polypu-
rine stretch coding for acidic and basic amino acids is also
found in the ABRA protein of P. falciparum (14, 16). The
function of this charged domain (which is not polymorphic)
and of ABRA itself is not clear; although ABRA has a pro-
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tease domain and exhibits chymotrypsin-like activity (22). An-
other antigen, FIRA, of P. falciparum (33) has some similarity
with Ehsspl. It contains two, 8l-amino acid stretches of
charged amino acids which are separated by blocks of repeats.
The protein is polymorphic due to variation in the number of
repeats. The function of the charged domain in this antigen is
also unknown. A mixed charge cluster containing the sequence
EEDKKRRER has been identified proximal to the C terminus
of most eukaryotic HSP70 proteins (15). Experimental data
suggest the importance of this charge cluster in facilitating
chaperone, transport, and secretion functions of this protein.
Association of proteins that contain charged amino acid clus-
ters with pathogenesis in E. histolytica was apparent in a recent
study of genes that get differentially expressed in abscess-de-
rived trophozoites. Three of the genes encoded proteins that
contain regions rich in charged amino acids, such as lysine and
glutamic acid (8). Other than shared repetitive stretches of the
amino acid sequence PKKEEKKP, there was no similarity
among these proteins. All the three genes were down regulated

A B

in abscess-derived trophozoites but were unaffected by heat
stress.

Apart from the centrally located charged cluster, the other
notable feature of Ehsspl is its polymorphism. In general,
polymorphic antigens are very commonly found in protozoan
parasites and are implicated in evasion of host immune re-
sponse by the parasite, and in establishing pathogenesis. Ex-
amples of such antigens in P. falciparum are the var gene family
(31), the stevor and rif genes (9), the MESA antigen (11),
KAHRP protein (38), and the circumsporozoite protein (25).
The VSP of Giardia (1) and VSG of Trypanosoma brucei (39)
are also polymorphic multigene families of which only one
copy is expressed at a time (4). The polymorphic, immuno-
dominant molecule (PIM) of Theileria parva (37) is the pre-
dominant antigen recognized by sera from infected cattle. It
consists of conserved 5’ and 3’ termini flanking a polymorphic
region which is composed of various numbers of a tetrapeptide
repeat. These antigenic molecules perform diverse functions
and use a range of mechanisms to generate polymorphism,

30~
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FIG. 12. Expression of Ehssp1-5076 protein and its antigenicity (A) Ehsspl ¢cDNA was cloned in pET30a vector and expressed in E. coli,
BL21(DE3) to give pETEhssp1. One micromolar IPTG was used for induction and the total cell lysate of the induced (lane 1) and uninduced (lane
2) samples was electrophoresed in SDS-12% PAGE and stained with Coomassie blue. (B) Western blot analysis of induced (lane 1) and uninduced
(lane 2) samples of pETEhssp1. Total cell lysate of the uninduced sample and the pellet fraction (containing the Ehssp1 protein in inclusion bodies)
of the induced sample were separated in SDS-12% PAGE and transferred to a nitrocellulose membrane. The blot was probed with different

antibodies as mentioned. The induced protein band is shown by arrow.



VoL. 71, 2003

chief among them being variation in the number and sequence
of short repeat motifs, recombination and gene conversion.
However, most of these antigens are expressed on the cell-
surface, while the structure of Ehsspl, as deduced from nucle-
otide sequence analysis, makes it unlikely for the protein to be
located on the surface.

Perhaps the most intriguing observation regarding Ehssp1 is
the change in the quantity and diversity of expression of this
gene family in response to stress. Hsp70 is one of the most
extensively studied stress-induced genes. Some members of
this multigene family are expressed constitutively while others
are stress-induced. In mouse, the 5’ and 3’ untranslated re-
gions of two HSP70 genes (hsp70.1 and hsp70.3) differ from
each other, suggesting their involvement in differential regula-
tion of gene copies (40). Nucleotide sequence analysis of the
putative 5’ and 3’ untranslated regions and sequences further
upstream and downstream of the Ehsspl ORF in the various
members of the gene family did not show any striking differ-
ences between the copy that is transcribed in exponential cells
and those that are turned on under stress (data not shown
here). Further experiments are needed to understand the basis
of this differential expression.

The transcription regulation of Ehsspl may provide valuable
insights into regulation of inducible gene expression in E. his-
tolytica. The increase in expression of Ehsspl in response to
stress was not just due to increase in transcription of a single
gene, as is the case for most stress-induced genes, but due to
the transcription of different polymorphic copies of the gene,
which are silent in the absence of stress. Thus, within the gene
family different copies are regulated differentially. Expression
of more than one copy of stress-induced genes has been shown
for HSP70, HSP27, and HSP26 (34, 14, 18). However these
multigene families express only two to four copies under stress
conditions, unlike Ehssp1l where stress induces the expression
of a very large repertoire of gene copies.

The time kinetics of induction of the multiple copies of
Ehsspl in comparison to a conventional HSP (HSP101)
showed that the HSP101 expression reached saturation much
faster (within 20 min of heat treatment) indicating that prob-
ably the pathways for induction of these two genes are differ-
ent. Upon withdrawal of heat stress, the expression of all cop-
ies of Ehsspl except the one expressed under normal
conditions is shut off.

If Ehssp1 is somehow involved in the process of invasion of
the intestinal mucosa by the virulent E. histolytica, then this
protein may be dispensable in the nonpathogenic sibling spe-
cies E. dispar, which is known to colonize the human gut but
does not cause invasive disease. However, a homologue of
Ehsspl was found in E. dispar, although polymorphism of ABR
was much less pronounced (8 to 38 amino acids). The func-
tional significance of this is not clear at present. Stress re-
sponse proteins are generally immunodominant antigens in
many pathogenic infections. Both circulating antibodies and
activated T cells specific for major heat shock proteins of
diverse organisms (19) are found in patients. Ehsspl also stim-
ulates humoral immune response. Humoral response has been
shown earlier for E. histolytica HSP70, in a group of patients
with invasive amebiasis (23).

Ehsspl is the first example of differentially regulated gene
expression of a multicopy, polymorphic gene family in E. his-
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tolytica. This could serve as a good model to study differential
gene expression in this organism.
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