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Organelle (“Crypton”) in the Microaerophilic Protozoan
Parasite Entamoeba histolytica

ZHIMING MALI,' SUDIP GHOSH," MARTA FRISARDI,' BEN ROSENTHAL,' RICK ROGERS,?
AND JOHN SAMUELSON**

Department of Immunology and Infectious Diseases' and BioMedical Imaging Institute,>
Harvard School of Public Health, Boston, Massachusetts 02115

Received 2 October 1998/Returned for modification 22 November 1998/Accepted 1 December 1998

Entamoeba histolytica is a microaerophilic protozoan parasite in which neither mitochondria nor mitochon-
drion-derived organelles have been previously observed. Recently, a segment of an E. histolytica gene was
identified that encoded a protein similar to the mitochondrial 60-kDa heat shock protein (Hsp60 or chaperonin
60), which refolds nuclear-encoded proteins after passage through organellar membranes. The possible
function and localization of the amebic Hsp60 were explored here. Like Hsp60 of mitochondria, amebic Hsp60
RNA and protein were both strongly induced by incubating parasites at 42°C. 5’ and 3’ rapid amplifications
of cDNA ends were used to obtain the entire E. histolytica hsp60 coding region, which predicted a 536-amino-
acid Hsp60. The E. histolytica hsp60 gene protected from heat shock Escherichia coli groEL mutants, demon-
strating the chaperonin function of the amebic Hsp60. The E. histolytica Hsp60, which lacked characteristic
carboxy-terminal Gly-Met repeats, had a 21-amino-acid amino-terminal, organelle-targeting presequence that
was cleaved in vivo. This presequence was necessary to target Hsp60 to one (and occasionally two or three)
short, cylindrical organelle(s). In contrast, amebic alcohol dehydrogenase 1 and ferredoxin, which are bacteria-
like enzymes, were diffusely distributed throughout the cytosol. We suggest that the Hsp60-associated, mito-
chondrion-derived organelle identified here be named “crypton,” as its structure was previously hidden and its

function is still cryptic.

Entamoeba histolytica is a protozoan parasite which causes
amebic dysentery and liver abscess in individuals in developing
countries that cannot prevent its fecal-oral spread (34). Ame-
bae are obligate fermenters which lack enzymes of oxidative
phosphorylation, Krebs cycle enzymes, and pyruvate dehydro-
genase (36). Indeed, amebae for a long time have been con-
sidered to be amitochondriate (28). Instead amebae have fer-
mentation proteins (pyruvate:ferredoxin oxidoreductase [POR],
ferredoxin, and alcohol dehydrogenases [ADH1, ADHE, and
ADH3]) which are absent from most other eukaryotes and
resemble those found in anaerobic bacteria (21, 25, 41, 55).
Metronidazole, the best anti-amebic drug, is reduced and ac-
tivated when it receives an electron from ferredoxin reduced by
POR (22). Phylogenetic analyses of E. histolytica POR, ferre-
doxin, and ADHE strongly suggest that the genes encoding
these fermentation enzymes derive from an anaerobic bacte-
rium, although the route of entry of these genes into the cell
and the identity of the ancestor are not clear (41, 47). Whether
E. histolytica fermentation enzymes are cytosolic or are com-
partmentalized in organelles such as hydrogenosomes (de-
scribed below) remains to be determined (30).

It is likely that E. histolytica also had a mitochondrial endo-
symbiont, as a putative amebic 60-kDa heat shock protein
(Hsp60) aligns in phylogenetic trees with mitochondrial Hsp60
(7, 13, 15, 54). Hsp60 peptides, also known as chaperonin 60,
form cylindrical structures within the mitochondrial matrix. In
association with 10-kDa heat shock proteins (Hsp10), Hsp60
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peptides are involved in the refolding of mitochondrial pro-
teins after they have passed through two organellar mem-
branes (16, 18, 42). Eubacterial GroEL proteins are homolo-
gous to Hsp60, while GroES proteins are homologues to
Hsp10. Numerous Asp60 genes have been identified from pro-
tozoan parasites, which have mitochondria (4, 37, 49, 50, 56).
Further, mitochondrion-like Hsp60, Hsp10, and 70-kDa heat
shock protein (Hsp70) are present in hydrogenosomes (anaer-
obic mitochondria) of the amitochondriate protozoan parasite
Trichomonas vaginalis, which colonizes the vagina (5, 19, 30,
39). Like mitochondrial proteins, hydrogenosomal proteins,
which also include POR, ferredoxin, and hydrogenase, are
encoded by nuclear genes and contain organelle-targeting pre-
sequences at their amino termini (3, 8, 20, 42, 44, 45). Unlike
mitochondria, hydrogenosomes lack circular DNAs containing
rRNA and protein-encoding genes (30, 54).

A mitochondrion-like Hsp60, which is not induced by heat
shock, is apparently located in the cystosol of Giardia lamblia,
the amitochondriate protozoan parasite that colonizes the
small intestine and causes diarrhea (40, 48). The presence of
mitochondrial Hsp60 in early branching eukaryotes previously
considered amitochondriate (E. histolytica, G. lamblia, and T.
vaginalis) suggests that the common ancestor of all eukaryotes
had the mitochondrial endosymbiont (5, 13, 15, 19, 26, 39, 40,
54). As well, genes encoding valyl-tRNA synthetase, which are
believed to be of mitochondrial origin, have been cloned from
G. lamblia and T. vaginalis (17). As amebae have no previously
described organelles to which its Hsp60 might be targeted (28),
it is not clear whether the amebic Asp60 gene is expressed,
where Hsp60 might be located, and what function the amebic
Hsp60 might have.
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MATERIALS AND METHODS

Heat-induced expr of E. histolytica hsp60 mRNA and Hsp60 protein.
Axenically grown E. histolytica HM-1 in log phase was heat shocked by incuba-
tion for 1 h at 42°C. Heat-shocked and control amebae were lysed in guani-
dinium, and RNA was isolated by centrifugation through a cesium chloride
cushion. Reverse transcription (RT)-PCR was performed with antisense (Al,
ACTCCTCCCGTAAGTCTAGC) and sense (S1, GGAGATGGGACAACAA
CAGC) primers specific for the amebic hsp60 gene (7). As a positive control,
RT-PCR was performed with antisense (CCGGTACCTTAGCAAGCATGAA
TCTTAG) and sense (TAATACGACTCACTATAGGATCCATGAAAG)
primers specific for the amebapore A gene (Fig. 1) (27).

Proteins from heat-shocked and control amebae were solubilized in lysis buffer
(540 mg of urea/ml, 2% Triton X-100, 2% 2-mercaptoethanol, 2% ampholines
[pH 3 to 10], 100 pg of E-64/ml) and electrophoresed on two-dimensional gels
(31). Precast gels (Pharmacia Biotech AB, Uppsala, Sweden) contained ampho-
lines from pH 3 to 10 in the first (isoelectric focusing) dimension and a gradient
of acrylamide from 5 to 20% in the second (sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis [SDS-PAGE]) dimension. Gels were stained with
Coomassie blue, and a putative Hsp60 was identified as an ~56-kDa spot, which
increased after heat shock. This Hsp60 spot was confirmed by running two-
dimensional gels of transfected parasites overexpressing Hsp60 under an actin
promoter, identifying the Hsp60 spot, excising it, and determining the amino-
terminal sequence (see below).

5" and 3’ RACE to determine the predicted amino and carboxy termini of the
amebic hsp60 gene. 5’ random amplification of cDNA ends (RACE) was per-
formed with RNA from heat-shocked amebae to obtain the 5’ end of the isp60
coding region and a portion of the 5’ untranslated region (UTR) (11). Briefly, a
first-strand cDNA was made with RT and the Hsp60-specific antisense primer
Al (described above). Terminal transferase and dCTP were used to add a
poly(C) tail to the 3" end of this Asp60 cDNA. PCR was performed with this
cDNA, a nested antisense primer (A2, GGAACTACACTTTGTGATGAGC)
specific for the amebic Asp60 gene, and a sense primer (S2, CCACGCGTCGA
CTAGTACGGGGGGGGGGGQG) to poly(C) (Fig. 1). 3’ RACE was also per-
formed with RNA from heat-shocked amebae. A first-strand cDNA was made
with RT and an antisense primer (A3, CCACGCGTCGACTAGTACTTTTTT
TTTTTTTTTTT) to the poly(A) tail present on all amebic mRNAs. A first
round of PCR was performed with this cDNA, antisense primer A3, and the
Hsp60-specific sense primer S1 (described above). A second round of PCR was
performed with A3 and a nested primer (S3, GCTGCAGTAAGAGCTCCAGG)
specific for the amebic Asp60 gene. The 5" UTR of the Hsp60 mRNA was 5-bp
long (ATTTA), while the 3" UTR was 23-bp long (ATTTTACTTTTAAAAAA
AAAAAA), including a 12-bp poly(A) tail. The sequence of the predicted
amebic Hsp60 was identical to that recently deposited in GenBank (accession no.
AF02966) with the exception of a substitution of Thr for Ser at position 61 (7,
40). PCR of genomic DNA with primers from the start and stop codons of the
hsp60 gene (see below) produced the expected 1,611-bp product, demonstrating
that introns are absent from the amebic Asp60 gene. Like other amebic genes,
90% of the third codon positions in the 4sp60 coding region were A or T (9, 21,
25,27, 33, 41, 55, 58). Protein sequences similar to the E. histolytica Hsp60 were
obtained from GenBank by using BLAST (2).

Functional test of the amebic Hsp60 in the Escherichia coli groEL mutant. A
novel gene (hsp60-groEL) was made encoding an E. histolytica Hsp60-E. coli
GroEL fusion protein in which the amino and carboxy termini of the amebic
Hsp60 were replaced by those of E. coli (Fig. 1) (18, 29). An hsp60-groEL gene
was constructed by PCR. The sense primer (S4, ACCATGGCAGCTAAAGAC
GTAAAATTCGGTAACGATTGTAGAGAAAATG) contained an Ncol site
(italics) and encoded the first 10 amino acids of the bacterial GroEL protein
(MAAKDVKFGN, underlined) and Asp'! to Asn'® of the amebic Hsp60 (dou-
ble underlined). The antisense primer (A4, GGATCCTTACATCATGCCGCC
CATGCCACCCATGCCGCCCATACCGCCAGCAGCGCCTAAGTCAGCT
GCATCGTTTTTTGGTTCATCAGTTAT) contained a BamHI site (italics)
and encoded Tle>° to Pro>3" of the amebic Hsp60 (underlined) and the carboxyl-
terminal repeats of the E. coli GroEL protein (KNDAADLGAAGGMGGMG
GMGGMM, double underlined). The pSE380-Hsp60-groEL construct was made
by cloning the Hsp60-groEL gene into the pSE380 vector. This construct was
transformed into an E. coli groEL mutant which was grown on plates containing
tetracycline and ampicillin (18). Transformed and nontransformed (control) E.
coli groEL mutants were streaked onto agar plates and incubated overnight at
37°C (permissive temperature at which groEL mutants and wild-type E. coli
grow) and 44°C (the temperature at which groEL mutants die and wild-type E.
coli grow).

Overexpression of native amebic Hsp60, epitope-tagged Hsp60, and epitope-
tagged ferredoxin in transfected parasites. The coding region of the amebic
hsp60 gene was isolated from genomic DNA by PCR. The sense primer (S5,
GCGGTACCATGCTTTCATCTTCAAGTCAT) contained a Kpnl site (italics)
and encoded the first six amino acids at the amino terminus of the parasite’s
Hsp60 protein (MLSSSSH, underlined). The antisense primer (A5, GCGGAT
CCATTAATTTCCTITTTTTATTGG) contained a BamHI site (italics) and en-
coded six amino acids at the carboxyl terminus of the organism’s Hsp60 protein
(IKKEIN, underlined) (Fig. 1). The pJST4-Hsp60 plasmid was made by cloning
the hsp60 coding region into the Kpnl and BamHI sites of the pJST4 amebic
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FIG. 1. Cartoon of RT-PCR products and constructs for testing function and
localization of amebic Hsp60. (A) Amebic isp60 RT-PCR products. Primers are
defined in Materials and Methods. (B) Construct used to test amebic Hsp60 in
groEL bacteria. GroEL protein sequences are in black. (C) pJST4-Hst60 plasmid
used for stable transfection of amebae. The coding regions of the amebic Asp60
gene (striped box) and bacterial neomycin phosphotransferase (black box) were
expressed under amebic actin I gene promoters. (D) hsp60-myc, trunc-hsp60-
myc, and ferredoxin-myc constructs.

transformation vector, which contains the neomycin phosphotransferase gene and
the gene to be overexpressed (here 4sp60) under amebic actin I gene promoters
(Fig. 1) (12). The pJST4-Hsp60 plasmid was electroporated into E. histolytica
HM-1 amebae, which weakly express the endogenous Hsp60 in axenic culture at
37°C, and selected with G418 to a final concentration of 50 pg/ml.

The location of the Hsp60 protein was determined on two-dimensional protein
gels by identifying the ~56-kDa, Coomassie blue-stained spot, the expression of
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which was increased in transfected but not nontransfected parasites. This was the
same spot that was increased in heat-shocked parasites (see above). In addition,
two-dimensional gels were transferred to polyvinylidene difluoride filters and
stained with Ponceau; the Hsp60 spot was excised, and its amino-terminal se-
quence was determined by William Lane at the microchemistry facility in the
biological laboratories of Harvard University.

A novel gene (hsp60-myc tag) encoding the amebic Hsp60 labeled with a myc
epitope at its carboxy terminus was constructed by PCR and the sense primer S5
(described above). The antisense primer (A6, GCGGATCCTTATAAATCTTC
TTCTGAAATTAATTTTTGTTCATTAATTTCCTTTTTTATTGG) contained
a BamHI site (italics) and encoded six amino acids at the carboxyl terminus of
the organism’s Hsp60 protein (IKKEIN, underlined) and a myc epitope
(EQKLISEEDL, double underlined) (Fig. 1) (10). The hsp60-myc tag gene was
cloned into the pJST4 amebic transformation vector to make a construct called
pJIST4-Hsp60-Myc, which was electroporated into E. histolytica HM-1 amebae. A
second novel gene (trunc-Hsp60-myc tag), encoding a myc-tagged Hsp60 that was
missing the amino-terminal presequence, was constructed with the antisense
primer A6 and a sense primer (S6, GAGGTACCATGTTATCAGGAATAA
AG) containing a Kpnl site (italics) and encoding Met and Hsp60 beginning at
Leu' (underlined). This construct was cloned into the pJST4 vector and trans-
fected into amebae as described above.

To localize ferredoxin, amebae were transfected with pJST4 containing a novel
gene (ferredoxin-myc) encoding the amebic ferredoxin labeled with a myc epitope
at its carboxy terminus (Fig. 1). The coding region of the amebic ferredoxin gene
was isolated from genomic DNA by PCR. The sense primer (S7, GCGGTACC
ATGGGAAAGATCACTATTGTT) contained a KpnI site (italics) and encoded
the first seven amino acids at the amino terminus of the parasite’s ferredoxin
(MGKITIV, underlined) (21). The antisense primer (A7, GCGGATCCTTATA
AATCTTCTTCTGAAATTAATTTTTGTTCAACTCCTTG) contained a BamHI
site and encoded three amino acids at the carboxyl terminus of the organism’s
ferredoxin (QGV, underlined) and the myc epitope (EQKLISEEDL, double
underlined) (Fig. 1).

Fluorescence confocal microscopy. For indirect immunofluorescence and con-
focal microscopy, amebic trophozoites were fixed with 2% paraformaldehyde for
10 min at 4°C and permeabilized by incubation with 1% Nonidet P-40. To
visualize Hsp60 in nontransfected parasites, a monospecific polyclonal rabbit
antibody to amebic Hsp60 was made by immunizing animals with a multi-
antigenic peptide (MAP) to 23 amino acids (SVGSLIATSEALITDEPIKKEIN)
at the carboxy terminus of the amebic Hsp60. This rabbit anti-amebic Hsp60
antibody was purified on a column composed of the amebic Hsp60 MAP. This
antibody was incubated with fixed and permeabilized amebae for 60 min at 37°C
in phosphate-buffered saline and 2% bovine serum albumin (PBS-BSA). Para-
sites were washed four times and immunodecorated for 60 min at 37°C with
fluorescein-labeled goat anti-rabbit antisera.

Amebae transfected with plasmids encoding Hsp60 or ferredoxin with myc-
epitope tags were immunostained with a monoclonal anti-myc antibody (10
pg/ml) in PBS-BSA (10). Organisms were washed four times and immunodeco-
rated for 60 min at 37°C with a fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse sera. Negative controls include nontransfected parasites and
nonimmune mouse sera.

To visualize amebic alcohol dehydrogenase 1, amebae were fixed and immu-
nostained with a polyclonal rabbit anti-alcohol dehydrogenase 1 antibody made
to a glutathione S-transferase fusion protein and immunodecorated with a flu-
orescein-labeled goat anti-rabbit antisera (25, 46). Fluorescently labeled para-
sites were observed with a Leica NT-TCS confocal microscope fitted with argon
and krypton lasers. Images of amebae were recorded in 512 image size format
with a 40X Planapo objective.

To identify pinocytotic vesicles, amebae were incubated with 1-mg/ml FITC-
dextran for 30 min at 37°C, washed four times in PBS, and fixed with parafor-
maldehyde. To determine whether the amebae contained an organelle with an
electrochemical gradient, parasites were incubated with 10 g of rhodamine
123/ml or 10 pg of JC-1 dye/ml and observed with the fluorescence microscope
(6, 35). As a positive control, Leishmania enriettii parasites, which contain a
mitochondrion with a strong electrochemical gradient, were incubated with both
dyes. To look for extranuclear DNA, parasites were fixed with 1% formaldehyde
to prevent pinocytosis, stained with 1-pg/ml Hoechst dye 33258 for 30 min at
37°C, and examined with the fluorescence microscope.

RESULTS AND DISCUSSION

Heat-shock-induced expression of amebic Hsp60. Amebic
hsp60 mRNAs, detected by RT-PCR, were weakly present in
control amebae incubated at 37°C and were increased in par-
asites incubated at 42°C (Fig. 2). In contrast, RT-PCR prod-
ucts of mRNAs for amebapore A, which is a lysosomal protein
involved in killing bacteria and/or host cells, remained constant
during the temperature shift from 37 to 42°C. By similar meth-
ods, we determined that amebic mRNAs encoding homo-
logues of Hsp70 (also known as BiP), Hsc70, and inositol
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FIG. 2. Results of RT-PCR with primers to the amebic Hsp60 by using total
RNA from amebae cultured in the absence of heat shock (37°C) and after heat
shock (1 h at 42°C). An ethidium-stained agarose gel of RT-PCR products was
electronically reversed for ease of reproduction. Control RT-PCR with primers
to the amebapore was performed with the same RNA targets. Lanes 3 and 6
contain negative controls (N) with no target RNA. These RT-PCR results are
qualitative rather than quantitative.

kinase were also increased with heat shock (unpublished data)
(33). Two-dimensional protein gels of heat-shocked parasites
versus controls without heat shock showed increased expres-
sion of a 56-kDa protein, which coincided with that of amebae
transfected with their own hsp60 gene under an actin gene
promoter (Fig. 3). These results, which are qualitative rather
than quantitative, demonstrate that the amebic Hsp60 is ap-
propriately named and may serve functions in the parasite
comparable to those described for other eukaryotic Hsp60
proteins (16, 18, 42).

Chaperonin function of the amebic Hsp60 in an E. coli
groEL mutant. The entire 1,608-bp amebic Asp60 coding re-
gion, encoding a putative 536-amino-acid (M., 56,788) Hsp60,
was obtained by 5’ and 3’ RACE, with RNA from heat-
shocked parasites (Fig. 1) (11). To test the function of the
amebic Hsp60, the E. histolytica hsp60 gene was expressed in

370C
acid base acid base

-

FIG. 3. High-power view of two-dimensional protein gels of amebae incu-
bated at 37°C and after heat shock (42°C). Arrows mark putative Hsp60s, which
were in the same location as recombinant Hsp60 expressed in amebae trans-
fected with the pJST4-Hsp60 plasmid (data not shown). Note that the putative
Hsp60 is not the only protein which changes in abundance with heat shock.
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FIG. 4. Plate showing groEL mutants incubated at 37°C (permissive temper-
ature) or 44°C (nonpermissive temperature). Each groEL mutant was streaked as
a cross, which was marked with a pen. A nontransformed groEL mutant was
maintained on plates containing tetracycline (left), while groEL mutants trans-
formed with the pSE380 vectors were maintained on plates containing tetracy-
cline and ampicillin (right). A groEL mutant complemented with the amebic
Hsp60-E. coli groEL fusion gene (Eh hsp60) grew at both temperatures. In
contrast, the control groEL mutant [(—) vector] failed to grow at 44°C. Similarly,
agroEL mutant which was transformed with the pSE380 vector without an insert
[(—) insert] failed to grow at 44°C.

an E. coli groEL mutant. This mutant lacks an Hsp60-like
chaperonin and so is killed when incubated at 44°C (18). To
increase the likelihood of success, the E. histolytica hsp60 gene
was modified at its 5" and 3’ ends to encode an amebic Hsp60
protein with amino and carboxy termini like those of the E. coli
GroEL protein. The groEL mutant transfected with a plasmid
containing the modified E. histolytica hsp60 gene survived in-
cubation at 44°C (Fig. 4). Control groEL mutants, which were
not transfected or were transfected with a plasmid containing
no foreign gene, died at 44°C. These results demonstrate that
the amebic Hsp60 can act as a chaperonin in E. coli and suggest
a similar function for Hsp60 in the parasite. It remains to be
determined whether a wild-type amebic Asp60 gene, rather
than the hsp60-groEL fusion gene used here, is able to com-
plement the groEL mutant (29).

Absence of Gly and Met repeats at the carboxy terminus of
the predicted amebic Hsp60. The carboxyl terminus of the E.
histolytica Hsp60 lacked Gly and Met residues, which are re-
peated at the carboxy termini of all other Hsp60 and GroEL
proteins except that of Leishmania major (Fig. 5) (2, 4, 5, 18,
19, 23, 37, 39, 45, 49-51, 56, 57). The absence of the carboxy
terminal repeats and the somewhat short amebic amino termi-
nus of the E. histolytica Hsp60 (see below) made it 20 to 53
amino acids shorter than other eukaryotic Hsp60 proteins. The
functional significance of the absence of carboxy-terminal re-
peats of the amebic Hsp60 is unclear. A truncated E. coli
GroEL protein lacking the Gly and Met repeats behaves like
the wild-type GroEL protein in vitro but has numerous subtle
deficiencies compared with the wild-type GroEL protein in
vivo (29).

Hydrogenosome-like, organelle-targeting presequence at the
amino terminus of the E. histolytica Hsp60. The amino portion
of the amebic Hsp60, which includes 55 amino acids not pre-
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viously identified, aligned without gaps with other Hsp60 or
GroEL proteins beginning at Lys** (Fig. 5) (2, 4, 5, 16, 18, 19,
23,37, 39, 44, 45, 49-51, 56, 57). However, the amebic Hsp60
sequence contained numerous unique amino acids from Lys'?
to Val*® and from Thr** to Val®, further demonstrating its
difference from other mitochondrial Hsp60s.

Eukaryotic Hsp60s have mitochondrion-targeting prese-
quences at their amino-termini, while bacterial GroEL pro-
teins, which are cytosolic, lack such presequences (Fig. 5) (8,
18, 42, 44, 51). Mitochondrion-targeting presequences, which
are proven for the Hsp60s of humans, Leishmania major, and
Cucurbita sp. (pumpkin) and are putative for the rest of the
Hsp60, are 20 to 30 amino acids long, are enriched in Ser and
Arg, lack negatively charged amino acids, and contain an en-
dopeptidase cleavage site. The amebic Hsp60 contained an
amino-terminal decapeptide (Met-Leu-Ser-Ser-Ser-Ser-His-
Tyr-Asn-Gly), which was distinct from those of other eukary-
otic Hsp60s but included multiple amino acids (underlined)
present at the amino-terminus of most 7. vaginalis proteins
targeted to hydrogenosomes (Fig. 6) (3, 20). Similarly, the
amino terminus of the amebic nicotinamide nucleotide tran-
shydrogenase (NNT) (MSTSSSIEEEVFNYMKITNNFVSVG
NIIIS), a homologue of the mitochondrial NNT, contains nu-
merous Ser residues (7, 58). In vitro experiments with 7. vagi-
nalis ferredoxin demonstrated the importance of Leu?® (also
present in the amebic Hsp60) for targeting ferredoxin to hy-
drogenosomes (3).

The amebic amino-terminal Hsp60 decapeptide is appar-
ently part of an organelle-targeting presequence, because it
and 11 other amino acids were removed from Hsp60 in vivo.
The amebic Hsp60, which was overexpressed in cultured tro-
phozoites and isolated on two-dimensional gels similar to that
shown in Fig. 3, had an amino terminus that began at Asn**
(Fig. 6). The 21-amino-acid amebic Hsp60 presequence is sim-
ilar in length to mitochondrial presequences and somewhat
longer than hydrogenosomal presequences. The amebic Hsp60
presequence has an Arg residue at —2 relative to the cleavage
site, as is the case for most mitochondrial and hydrogenosomal
presequences (Fig. 5 and 6) (3, 8, 20, 42, 44). These results
suggest that the organelles to which amebic Hsp60 is targeted
(see below) have receptors and endopeptidases which are sim-
ilar to those of mitochondria and hydrogenosomes (42).

Organellar location of the amebic Hsp60 and cytosolic lo-
cation of alcohol dehydrogenase 1 and ferredoxin. Amebic
Hsp60 was localized to a short cylindrical organelle in non-
transfected parasites by using antibodies to a peptide at the
carboxy terminus of amebic Hsp60 (Fig. 7A). Although many
cells contained one Hsp60-associated organelle, some cells
contained two or three organelles. Nearly identical results were
obtained with transfected parasites overexpressing Hsp60 with
a carboxy-terminal myc tag by using anti-myc antibodies (Fig.
1 and 7B) (10). A truncated myc-tagged Hsp60, which lacked
13 amino acids at the amino terminus, went to the cytosol of
transfected parasites rather than to the organelle (Fig. 7C).
This result demonstrates that targeting of Hsp60 to the or-
ganelle is dependent upon the presence of multiple Ser and/or
positively charged residues at its amino terminus, as has been
shown for hydrogenosomal ferredoxin or mitochondrial pro-
teins (3, 8, 42).

Absent from the Hsp60-containing organelles was the fer-
mentation enzyme alcohol dehydrogenase 1, which was located
in the parasite cytosol by polyclonal rabbit antibodies (Fig. 7D)
(25). Also absent from the Hsp60-containing organelles was
ferredoxin, which was overexpressed with a myc tag in trans-
fected parasites and detected with anti-myc antibodies (Fig.
7E) (10, 21). Hsp60-associated organelles were distinct from
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Amino-termini:

E. histolytica [MLSSSSHYNGRLLSLNIDCRENVLSGIKKVADAVSVTLGPKGRTVIIDQPYGNAR 64
E. coll MAA.DVKFGN.A.VKM.R.VNVL....K........ N.VL.KSF.APTI.[.... .| 57
C. thermocellum MA.QIRFGEEA.RALER.VNQL. .T.K........ N.VL.KKF.SPMI. .I.| 56
D. discoideum MFRQIANKSTKFGLRNYST. .DIKFGAE. .ALM.R.VEQL.A. .E........ N..L...F.QPKI.|....... 74
T. vaginalis (1) ARD.KFGS.A.DHL.L.VE.L....VS ....... N.M.EL...PPK......... 71
P. falciparum MISTLRGK IFNNGSNRNKCVSILSNIQKRNIS,DIRFGSDA. TAM.T.CN.L. vt v v nnnn.n N...E.SF.SPKI.|...... 86
L. major MLSRTVPRCVKYGSTP.DIRYGMEA.NAL.A.VENLVK. .G...... .. N..LEM..ACPKI.L...... 70
T. cruzi .FR.AARFA. .EIRFGTEA.QSMQOK.VQRAVS. .AT. ... ... N...E.S..APKI.]....... 64
E. gracilis MNRAGVLARRGYSSK. .DILFGV.A.VKM.A.VNRLSQ........... N.V.E..F.APKI.|....... 70
5. cerevisiae MLRSSVVRSRATLRPLLRRAYSSH.E.KFGVEG.ASL.K.VETL.E. .AA....... N.L.E..F.PPKI.|....... 78
5. pombe MVSFLSSSVSRLPLRIAGRRIPGRFAVPQVRTYA.D.KFGV.A.ASL. T.VDTL.Re e vuvunn... N.L....F.SPKI.[....... 88
H. capsulatum MQRALSTSRASVLSSAPTRAPVSRFSAGLSLQOORHAH.E.KFGVEG.AAL.K. .DTL.K. .CT. ... ... N.L.ESS..SPKI.|...... 92
¢. elegans MLRLARKGLQTAVVRSYA.DVKFGAEG.QAM.V.VNLL. . ... .. M..... N...E.SW.SPKI.|....... 72
D. melanogaster MFRLPVSLARSSISRQLAMRGYA.DVRFGPEV.AMM.Q.VDVL. .. .A. . M.. ... N...E.SV.L.RI.|....... 77
H. sapiens MLRLPTVFRQMRPVSRVLAPHLTRAYA . DVKFGA.A.ALM.Q.VDLL. .. .A..M......... E.SW.SPK..|....... 81
A. thaliana MYRFASNLASKARIAQNARQVSSRM.W.RN.AA .EIKFGVEA.ALM.K.VEDL....K..M..... N.V.E.SW.APK. .[....... 87
Cucurbita sp. [MERFASGLASKARLARNGANQIASRS . W.RN.JAA.DVKFGVEA.GLM.K.VEDL. . . .K. .M. . . .. N.V.E.S..APK..}...... 88
Carboxy-termini:

E. histolytica GIVPGGRVALIRAGSSLDKIRSQNW---AEKVGIDIVRKVTEEPTRIIARNAGIDGGIVIQKIKEG---TGSFGYDVRKNVYCDLMK

E. coli Jiioooo)ee. VA.K.ADL.G..E-~-DQN...KVALRAM.A.L.Q.VL.C.EEPSV.ANTV.G.---D.NY. .NAATEE . GNMID

C. thermocellum |...A...[l..VNVIPRVA.VLDTVSG-~D..T.VQ.ILRAL...V.Q..E...LE.SVIVE.V.AS-—~EPGI.F.AYNEK.VNMIE

D. discoideum r..LYSTLA.K..KMD.F---DQTI.VK...DALLI.CKT..N...VE.SV..GRLLSK--RDFEY..NAQ.G..ENMIQ

T. vaginalis (2) .+.I..LN.SLA. .NLKRESL---LQRT..E...NAIQM.IKA..L...LS.DV.VD.VLAK--KDKK..F.A.EME.G.CF.

P. falciparum  |....... S..LF.SKE..SVQTD.Y~-~DQR. .VN,IKDACKA.IKQ. .E,..HE.SV.AGNILKD--KNSNI.FNAQEGK.V.MIE

L. major ..LA...G.LM.SLR.ES.SKDRRLPPDIRT.VN. .K.AIGL.A.Y..N...VE.SV.AG.VLAR~--KDP. .. .NAQTGE . VNMFE

T. cruzi |..... ede..L..SKA. . SLLGDSSLTADQRT.VQ.I.NAVRL.AHT.VL. . .KE.AV.VE.VL.N--NDVTV. . . AQRDRDVNMFE

E. gracilis |..... ..A. .LY.S.A.AELAADPTLTEDQ.T.VR. .MSAIKL.AIT.VK...GE.AV..HQLLAE-~-KKMQQ. . . AQQGK . VNMFE

S. cerevisiae ..L....[l..VK.SRV. .EVVVD.F---DQ.L.V..I..AITR.AKQ.IE.. .EE.SVI.G.LIDEYGDDFAK. . .AS.SE.T.MLA

S. pombe +VL..A[TSFVK.SLR.GD.PTN.F---DQ.L.VE....AITR.AQT.LE.. .LE.NLIVG.L. .LYGKEFNI. ..IA.DRFV. .NE

H. capsulatum «.L....IT..LK.AANGLASVKPTNF--DQQL.VS. .KSAITR.A.T.VE. . .LE.SVIVG.LTDEHASDFNR.F.SA.GE.V.MIA

C. elegans  }....... «+.L.SLTA.KNYKAANE---DQQI.VN..K.ALTQ.IAT.VK. ..LEPSSI.DEVTGN--SNT.Y. . .ALNGKFV.MFE

D. melanogaster [....... RP.L.CIEK.EGVETT.E---DQ.L.VE...RALRM.CMT. .K...V..AM.VA.VENQ---A.DY. .. AKGEYGNLIE.

H. sapiens «..L...C..L.CIPA..SLTPA.E~~-DQ.I..E.IKRTLKI.AMT. .K...VE.SLIVE..MQS-~-SS3EV. . . AMAGDFVNMVE

A. thaliana ++L.......LY.ARE.E.LPTA.F~~-DQ.I.VQ. IQNALKT.VYT. .S...VE.AVIVG.LLEQ-~DNPDL. . .AR.GE.V.MVK. .
Cucurbita sp.  j....... ...LY.SKE...LSTA.F---DQ.T.VQ.IQONALKT.VHT..S...VE.AV.VG.1LEQ--DNPDL. . .AA.GE.V.MIK. .

E. histolytica  VGIVDPTKVVRNAFNEAISVGSLIATSEALITDEPIKKEIN* 536
E. coli M..L..... T.5.LQY.A..AG.MI.T.CMV..L.KNDAADLGAAGGMGGMGGMGGMM * 548
C. thermocellum A..... A..T.S..QN.A..A.MVL.T.SVVA.I.E.ETSGGPGGAGMGGMY* 541
D. discoideum A..I.......T.LID.A..A..MT.T..MVVEIKKDTPMPQOMPPQOMDY * 556
T. vaginalis (2) K..I....... LSLINSA..AASMMSADCM. ..V.EE.PAAPAMPPMGGGMY * ..
P. falciparum S..I.eu... KT.ISD.A.IA..MT.T.VA.V.FKDSKNEESSQHMNSVNSMGDMGGMY * 577
L. major A..I..M...KS.VVN.C..AGMMI.T..AVVEKDLLGREKRIEDEGMEDKEKKRSVDKLRKQVNEAGRTDAQDGAADEV* 589
T. cruzi A..I..AR...V.ITD.V..A..MM.A..A.V.L.KEETPAAGGMGGMGGMGGMGDMY * 562
E. gracilis A..I..A...KT.LVD.A..AG.MI.T..A...I.APAPAAGGGMDGMGGMGGMGGMGGMY * 569
S. cerevisiae T..I..F....SGLVD.SG.A..L..T.VA.V.A.EPPARAAGAGGMPGGMPGMPGMM* 572
S. pombe I.VL..L .TGLVD.SG.A..MG.T.CA.V.A.EESKAPAGPPGMGGMGGMPGMM * 582
H. capsulatum S..... L....T.LVD.SG.A..LG.T.VA.VEA.EE.GPAGPPGGMGGMGGMGGGMF * 590
C. elegans A..T...o.... T.LQD.SG.A..L..T.CVV.EI.KEEAVGGPAGGMGGMGGMGGMGGMGF * 568
D. melanogaster K..I.......T.ITD.SG.A..LT.A..VV.EI.KEDGAPAMPGMGGMGGMGGMGG* 576
H. sapiens K..I.......T.LLD.AG.A..LT.A.VVV.EI.KEEKDPGMGAMGGMGGGMGGGMF * 573
A. thaliana A..I..L..I.T.LVD.A..S..LT.T..VVV.L.KDESESGAAGGGMGGMVVMDY * 577
Cucurbita sp. A..I..L..I.T.LVD.A..S..MT.T..IVVEL.KDEKEVPAMGGGMGGMDY* 575

FIG. 5. Alignment of the amino and carboxyl termini of the predicted E. histolytica Hsp60 in single-letter code with GroEL proteins of E. coli (X07850) (18) and
Clostridium thermocellum (Z268137) and Hsp60s of Dictyostalium discoideum (U72247), T. vaginalis (1, U26966 [5] and 2, U57000 [39]), Plasmodium falciparum (U38963)
(50), L. major (U59320) (37), Trypanosoma cruzi (X67473) (49), Euglena gracilis (U49053) (56), Saccharomyces cerevisiae (M33301) (23), Schizosaccharomyces pombe
(D50609) (57), Histoplasma capsulatum (L11390), Caenorhabditis elegans (L36035), Drosophila melanogaster (X99341), Homo sapiens (M22382) (45), Arabidopsis
thaliana (Z11547), and Cucurbita sp. (pumpkin, X70868) (51). Periods indicate amino acids identical to those of the amebic Hsp60, dashes indicate gaps, and asterisks
indicate stop codons. Vertical boxes indicate location of primers used previously to identify a segment of the amebic Hsp60 (7). Horizontal boxes indicate proven
organelle-targeting presequences of amebic, trichomonad, Histoplasma, human, and pumpkin Hsp60. The T. vaginalis Hsp60 sequence is a composite of two published
sequences, each of which is incomplete, so the total length could not be determined.

spherical vacuoles containing pinocytosed dextran (Fig. 7F). -3, -1 rule, goes when expressed in transfected parasites under
Organelles containing Hsp60 were also distinct from spherical an actin promoter (data not shown) (9, 12, 53).
secretory vesicles where the amebic chitinase, which has a Consistent with their cytosolic localization, amebic ADH1

secretory signal sequence at its amino terminus that obeys the and ferredoxin lack either signal sequences or organelle-tar-
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E. histolytica Hsp60 MLSSSSHYNGKLLSLNIDCRE
T. vaginalis Hsp60 MSLIEAAKHFTRAF
v a-succinyl-CoA synthetase 2 MLSSFERN
i B-succinyl-CoA synthetase 1 MLSASFNFERN
malic enzyme 1 MLTASVSVPVRN
v adenylate kinase MLSGVSRN
ferredoxin MLSQVCRF
POR MLRNF

FIG. 6. Alignment of the amino-terminal organelle-targeting presequence of
E. histolytica Hsp60 with those of T. vaginalis hydrogenosomal proteins (3, 20).
Dashes indicate amino acids identical to those of the amebic Hsp60. To identify
the amebic presequence, an Hsp60 spot was excised from a two-dimensional gel
of amebic proteins and sequenced by Edman degradation.

geting presequences (8, 21, 25, 53). Amebic POR and ADHE,
which also lack signal sequences or organelle-targeting prese-
quences, have been found on the surface of amebae and in one
report in organelles (POR) (8, 38, 41, 43, 55). How amebic
POR and ADHE get to these locations is not clear. In contrast,
hydrogenosomal proteins of 7. vaginalis, which include POR,
ferredoxin, and succinate dehydrogenases, have organellar-tar-
geting presequences (Fig. 6) (3, 20). Finally, a putative G.
lamblia Hsp60 has been localized with heterologous antibodies
to the parasite cytosol (39, 48).

Apparent lack of DNA or electrochemical gradient in the
Hsp60-associated organelle. In order to further characterize
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the Hsp60-associated organelle, amebae were incubated with
rhodamine 123 or JC-1, which are cationic and hydrophobic
dyes that target organelles with a strong electrochemical gra-
dient (6, 35). Although mitochondria of L. enriettii were
strongly labeled with each dye, neither dye labeled any struc-
tures within amebae. These results suggest that there is no
strong electrochemical gradient within the Hsp60-associated
organelles of amebae. A weak electrochemical gradient within
the organelle may be made with ATP produced in the cytosol
by substrate-level phosphorylation (36). Further, the Hsp60-
associated organelles failed to stain with Hoechst dye, which
stained the kinetoplastid of L. enriettii. Although the possibility
of a small genome remaining within the Hsp60-associated or-
ganelle cannot be ruled out, these results suggest that DNA
from these organelles has shifted to the nucleus, as has been
shown for hydrogenosomes of trichomonads (30). We were
unable to confirm recent observations of large cytoplasmic
accumulations of DNA within cultured amebae (32).
Likelihood that the E. histolytica Hsp60 functions as an
organellar chaperonin. Strong circumstantial evidence sug-
gests that the E. histolytica Hsp60 functions as a chaperonin
within a mitochondrion-derived organelle. First, Hsp60 is ex-
pressed after heat shock. Second, the amebic 4sp60 gene com-
plements an E. coli groEL mutant. Third, the primary structure
of amebic Hsp60 is similar to those of other Hsp60 and GroEL
proteins (7, 39). Fourth, an amino-terminal presequence is

C

FIG. 7. Fluorescence confocal micrographs of E. histolytica trophozoites localizing an Hsp60-associated organelle and contrasting it with the amebic cytosol or
pinosomes. Antibodies to Hsp60 (A) identified a short, cylindrical organelle in a nontransfected parasite. Antibodies to a myc identified two similar organelles in
transfected amebae overexpressing Hsp60 with a C-terminal myc tag (B). However, most parasites labeled with anti-Hsp60 or anti-myc antibodies contained a single
organelle. In contrast, anti-myc antibodies had a cytosolic distribution when parasites were transfected with a truncated Asp60 gene encoding an Hsp60 lacking Ser and
positively charged residues in its presequence (C). Antibodies to ADH1 in nontransfected parasites (D) gave a cytosolic distribution, with some labeling of the nucleus.
Similarly, anti-myc antibodies had a cytosolic, if somewhat granular, distribution when parasites were transfected with a ferredoxin gene (E) encoding a peptide with
a myc tag at its carboxy terminus. Pinocytosed FITC-dextran by nontransformed amebae fills hundreds of vesicles (F), most of which were small.
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cleaved from amebic Hsp60 in vivo and Hsp60 is located within
an organelle. In addition, E. histolytica contains genes encoding
proteins homologous to cytosolic Hsp70 and 14-3-3 (also
known as mitochondrial stimulation factor or MSF) (1, 12a,
33). Cytosolic Hsp70s maintain proteins targeted to the mito-
chondria in a translocation-competent conformation, while
MSFs recognize mitochondrial import signals on mitochon-
drial precursor proteins and target them to receptors on mi-
tochondria (1, 42).

Unknown function of the amebic mitochondrion-derived or-
ganelle, tentatively named here “crypton.” The Hsp60-associ-
ated organelles identified here are small and rare (often one
per cell), so they may have been overlooked in electron micro-
scopic studies of amebae (28). These organelles may have been
seen with anti-POR antibodies, although our results with ferre-
doxin are contradictory (38). They may also have been seen by
H. N. Ray and coworkers with histological stains in the pre-
electron microscopy era (reference 7 and references therein).
The amebic organelle is unique among mitochondrion-derived
organelles because it contains neither enzymes of oxidative
phosphorylation (like mitochondria) nor fermentation en-
zymes (like hydrogenosomes of T. vaginalis) (3, 5, 19, 20, 30, 39).

The paucity of the amebic Hsp60-associated organelles and
their small size are reminiscent of petite mitochondria of
anaerobically grown yeast or the atrophic mitochondria of
bloodstream trypanosomes, which use glycolysis rather than
oxidative phosphorylation (14, 52). The difference between the
amebic organelles and the mitochondria of petite yeast or
bloodstream trypanosomes is that the latter change back to
operative mitochondria when yeast are exposed to oxygen or
trypanosomes are transferred to the insect vector. We suggest
that the amebic Hsp60-associated, mitochondrion-derived or-
ganelle identified here be named crypton, as its structure was
previously hidden and its function is still cryptic. Recently,
apicomplexa have been shown to have a plastid organelle
bound by four membranes, the function of which is not yet
certain (24).
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