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cDNA libraries have been constructed in the plasmid vector pUC18 with mRNA isolated from both
epimastigotes and trypomastigotes of the Peru strain of Trypanosoma cruzi. Pools of randomly selected clones
were analyzed by hybridization-selection-translation. Translation products were immunoprecipitated either
with normal human sera or with sera from patients with Chagas' disease (chagasic sera), and the
immunoprecipitates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. With this
approach, a cDNA clone (pEC5) was identified which encodes a portion of an 85,000Mr polypeptide. A
genomic clone was subsequently isolated (FG1) by using oligonucleotide probes derived from the DNA sequence
of this cDNA clone. A portion of this clone was isolated and sequenced, and the coding region for the protein
was identified. Computer analysis of the predicted protein sequence indicates that this protein is closely related
to the 83,000-Mr heat shock protein (hsp83) of Drosophila melanogaster, the hsp9O of Saccharomyces cerevisiae,
and the hsp90 of chicken. This gene is tandemly organized in the T. cruzi genome as a cluster of 6 to 10 copies.

Trypanosoma cruzi, a protozoan parasite, causes Chagas'
disease, a potentially debilitating disease to which millions of
people in Central and South America are constantly ex-
posed. The life cycle of the parasite is complex, with
multiple developmental stages in both the insect vector and
the mammalian host. In the insect vector, T. cruzi replicates
in the midgut as an epimastigote and transforms to an
infectious metacyclic trypomastigote in the insect hindgut.
After its transmission to the mammalian host, the parasite
replicates intracellularly as the amastigote and transforms
into the infectious trypomastigote before its release into the
bloodstream. The immune system of the infected mamma-
lian host mounts a strong response to the parasite. Tests of
sera isolated from individuals infected with T. cruzi could
help identify the gene products of the parasite which are
recognized by the immune system of the host.

T. cruzi Peru was used in all experiments. Epimastigotes
and trypomastigotes were grown as previously described (6).
Parasites were harvested from culture by centrifugation and
washed several times. Epimastigotes were suspended at a
concentration of 109 ml in PEB-EGTA [ethylene glycol-
bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid] buffer
(20 mM Tris hydrochloride [pH 7.6], 25 mM EGTA, 50 mM
MgCl2, 25 mM NaCl, 1.0% Triton X-100, and 4 mM dithio-
threitol) plus 250 U of RNasin (Promega Biotec, Madison,
Wis.) per ml, incubated on ice for 20 min, and centrifuged at
8,000 x g for 15 min at 4°C. The supematant containing the
RNA was extracted with phenol three times, extracted once
with chloroform-isoamyl alcohol (24:1), and precipitated
with ethanol. The pellet (nuclei and kinetoplasts) was sus-
pended at a concentration of 109 parasite equivalents per ml
in 10 mM Tris hydrochloride (pH 8.0), 500 mM EDTA, 0.1%
sodium dodecyl sulfate (SDS), and 150 ,ug of proteinase K
per ml, and total DNA was prepared by the method of
Maniatis et al. (16). Trypomastigote DNA and RNA were
prepared in an identical manner, except that the parasites
were suspended at a concentration of 5 x 109/ml. Poly(A)+
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RNA was isolated by oligo(dT)-cellulose chromatography
(2). cDNA was prepared as previously described (9, 25).
From an epimastigote cDNA library cloned into the vector

pUC18 (27) and transformed into Escherichia coli JM83, 96
random cDNA clones were grown in individual wells of a
microtiter dish. Plasmid DNA from eight pools containing 12
clones each was purified, linearized, and immobilized on
nitrocellulose filters. Hybridization-selection-translation
(HST) experiments (20) were performed in a rabbit reticulo-
cyte lysate (Promega) with epimastigote total RNA, and a
sample of the HST products was analyzed by SDS-
polyacrylamide gel electrophoresis. In addition, each of the
translation reactions was divided and immunoprecipitated
with either normal human serum (NHS) or chagasic serum
(CHA); the immunoprecipitated polypeptides were analyzed
by SDS-polyacrylamide gel electrophoresis. The immuno-
precipitation reactions were performed as previously de-
scribed (6). Approximately five specific polypeptides were
recognized by CHA (Fig. 1A and B). Previous work from our
laboratory (6) and others (1, 3, 14, 17, 18, 22, 23) has
demonstrated that the major surface glycoproteins of T.
cruzi have Mrs of approximately 80,000 to 90,000. Therefore,
we originally set out to examine clones corresponding to
HST polypeptides with Mrs of 70,000 to 90,000, hoping to
find a gene for a major surface antigen. Pool C was desig-
nated a good candidate for the isolation of clones encoding
polypeptides in this size range, and DNA was isolated from
each of the 12 constituent clones making up the pool. Results
from the HST and immunoprecipitation analyses described
above indicated that clone C5 (pEC5) contained sequences
complementary to an mRNA that encodes an 85,000-Mr
polypeptide. The DNA sequence was determined for the
insert of the cDNA clone (pEC5), and this information was
used to design specific oligonucleotide probes for subse-
quent use in the isolation of a genomic clone and as sequenc-
ing primers.
An epimastigote genomic clone, FG1, was isolated by

screening a Sau3A (partial) epimastigote genomic library
with the oligonucleotide probes COD 203 (5'-GCCCGTT
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FIG. 1. Fluorogram of a 10% SDS-polyacrylamide gel of the
HST experiment with mixed plasmid pools of DNA. Lane M,
Molecular weight standards (in kilodaltons) for bovine serum albu-
min (Mr, 69,000), immunoglobin G (Mr, 53,000), and ovalbumin (Mr,
46,000). Lanes A through I, Translation products of RNA control
(lane A), brome mosaic virus mRNA control (lane B), pool C DNA
(lane C), pool D DNA (lane D), pool E DNA (lane E), pool F DNA
(lane F), pool G DNA (lane G), pool H DNA (lane H), and pUC19
DNA (lane I). Lane J, Translation products of epimastigote total
RNA. (B) Fluorogram of a 10% SDS-polyacrylamide gel of the
immunoprecipitation products of the experiment described for panel
A. Lane M, Molecular weight standards; lane A, polypeptides from
the pUC19 HST immunoprecipitated with NHS; lane B, poly-
peptides from the pUC19 HST immunoprecipitated with CHA; lane
C, pool C HST immunoprecipitated with NHS; lane D, pool C HST
immunoprecipitated with CHA; lane E, pool E HST im-
munoprecipitated with NHS; lane F, pool E HST immunoprecipi-
tated with CHA; lane G, pool G HST immunoprecipitated with
NHS; lane H, pool G HST immunoprecipitated with CHA; lane I,

pool H HST immunoprecipitated with NHS; lane J, pool H HST
immunoprecipitated with CHA; lane K, total translated epimas-
tigote RNA immunoprecipitated with NHS; lane L, total translated
epimastigote RNA immunoprecipitated with CHA. CHA used in
this experiment was a pool of sera from patients with Chagas'
disease who were residing in Argentina.

GCTGGCAC) and COD 213 (5'-GCGTTCGGCGT
ACGACG) derived from pEC5 (Fig. 2). Partial restriction
endonuclease mapping of FG1 (data not shown) revealed
that there were four intact tandem copies of an approxi-
mately 2.7-kilobase (kb) SalI fragment and a fifth truncated
repeat located presumably where the T. cruzi DNA had been
cut at a Sau3A site and inserted into the phage vector.
Southern blot analysis (data not shown) of FG1 DNA
digested with Sall, PstI, or PvuII and probed with either
COD 203 or COD 213 revealed two hybridizing bands for
each restriction digest. A 2.7-kb band was common to all
three digests; the second band of each digest differed in size.
The signal corresponding to the 2.7-kb hybridizing band was

much stronger than the other bands, as is expected for
multiple copies of a tandemly arranged sequence. The addi-
tional band reflects the remaining piece of T. cruzi DNA

joined to vector DNA. Partial restriction mapping of both
epimastigote and trypomastigote genomic DNA has shown
that the 2.7-kb fragment is tandemly repeated 6 to 10 times in
the genome (data not shown). One of these repeat units was
subcloned (pEG1) by digesting FG1 with Sall and inserting
the fragment into pUC18, and the complete DNA sequence
of the insert was determined (11, 21).
The complete nucleotide sequence of the gene is shown in

Fig. 2. Since this gene is tandemly arranged in the genome,
this sequence was generated by linking two copies of the
2.7-kb Sall clone DNA sequence. The limits of one gene unit
are defined by the poly(A) addition site and the end of the
cDNA clone. It is impossible to determine specifically which
of the repeat units was cloned and sequenced.
The open reading frame in this sequence encodes 704

amino acids, corresponding to a protein of approximately
80,000 Mr. The cDNA clone, pEC5, begins 225 base pairs
upstream from the TGA stop codon and runs for 428 base
pairs. A 50,000Mr fusion protein was encoded for by the
Sail subclone (pEG1). This polypeptide consists of the first
16 amino acids of P-galactosidase coded for by pUC18 fused
in frame to 405 amino acids of the T. cruzi protein.
Northern blot analysis, with either a nick-translated pEC5

insert or pEG1, demonstrated hybridization to a single RNA
species of approximately 2.7 kb (data not shown). This RNA
was identical in size in both epimastigotes and trypomasti-
gotes. The size of the hybridizing RNA molecule corre-
sponded to the size of the repeat unit.
To confirm that the gene for the 85,000-Mr protein was, in

fact, expressed in T. cruzi epimastigotes and trypomasti-
gotes, the 50,000-Mr fusion protein encoded by pEG1 was
gel purified and used to raise antiserum in mice. Western blot
analysis (4, 24) demonstrated that the antiserum specifically
reacted with a 50,000-Mr polypeptide in pEG1 containing E.
coli and an 85,000-Mr polypeptide in both trypomastigotes
and epimastigotes (Fig. 3). This evidence strongly suggests
that the T. cruzi gene we have cloned is, indeed, expressed
in both the insect and mammalian forms of the parasite.
We compared the DNA sequence encoding the 85,000-Mr

protein with known DNA sequences by using the dfastn and
dfastp computer programs (15). Figure 4 illustrates the
striking homology between the predicted amino acid se-
quence of the T. cruzi 85,000-Mr protein and the sequences
of the 90,000-Mr heat shock protein (hsp90) of Saccharomy-
ces cerevisiae (7), the hsp83 of Drosophila melanogaster
(10), and the hsp90 of the chicken (5).
We have described the isolation and characterization of a

tandemly linked, multicopy gene of T. cruzi. Computer
analysis of the DNA and putative protein sequence of this
gene has demonstrated that the T. cruzi protein has a 62%
amino acid homology with the hsp90 of S. cerevisiae and a
56% homology in a 2,511-nucleotide overlap with the yeast
gene. There is a 64% homology in a 371-amino-acid overlap
with the hsp83 of D. melanogaster and a 58.4% homology in
a 1,274-nucleotide overlap. This gene of T. cruzi was not
isolated by using heterologous probes of heat shock genes.
Rather, this gene was isolated because its protein was
recognized immunologically by sera from patients with
Chagas' disease. Although no conclusive evidence has been
generated to date, it is interesting to speculate on this
observation, given the autoimmune consequences of
Chagas' disease (12). For example, given the homology that
exists between the T. cruzi 85,000-Mr protein and the other
known 83,000- to 90,000-Mr heat shock proteins (HSPs), one
would suspect that CHA might also recognize the human
HSP. If the human HSP were recognized by CHA, this
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FIG. 3. Western blot showing the reaction of mouse serum
raised against the 50,OOO-Mr fusion protein coded for by pEG1. Lane
A, Trypomastigote lysate; lanes B and C, epimastigote lysates; lane
D, Triton X-100 insoluble (cement) fraction from pEG1-containing
cells; lane E, cement fraction from pUC18-containing cells; lane M,
molecular weight markers (phosphorylase b [Mr, 97,400], bovine
serum albumin [Mr, 69,000], and ovalbumin [Mr, 46,000]).

protein might be a target of the autoimmune response.
Uninfected control sera do not recognize these proteins.
Ullrich et al. (26) recently described a murine tumor-specific
transplantation antigen that shares extensive protein se-
quence homology with the yeast hsp90 and the Drosophila
hsp83. Although HSPs are cytosolic, the Meth A tumor-
specific transplantation antigen was expressed on the surface
of the expressing tumor cells, as well as in the cytosol. This
placement allows for the recognitiion of this protein by the T
cells of the host. Perhaps a similar mechanism is in effect
during the chronic phase of Chagas' disease, allowing for
immunorecognition of the HSP.

It should be stated here that the 85,000-Mr polypeptide
described in this paper is not the same as the 85,000-Mr
surface antigen of T. cruzi trypomastigotes that has been
described by others (1, 3). In immunoprecipitation studies
with rabbit antisera directed against T. cruzi trypomastigote
surface antigens, the sera did not recognize this 85,000-Mr
polypeptide (unpublished observations).
The evidence presented here shows that the 85,000-Mr

protein of T. cruzi is constitutively expressed in both
epimastigotes and trypomastigotes. Both the RNA used for
cDNA cloning and HST experiments and the protein lysates
used for Western blot experiments were isolated from para-
sites grown at normal physiological temperatures. The gene
organization and level of transcription are quite similar in
both epimastigotes and trypomastigotes. In addition, the
amount of posttranslational modification of this protein
appears to be minimal, since the migrations in SDS-
polyacrylamide gels of the in vitro-synthesized polypeptide
and the in vivo polypeptide appear identical.
The gene organization of the T. cruzi 85,000-Mr polypep-

tide is quite different from that of the S. cerevisiae hsp90 and
the D. melanogaster hsp83. In the fruit fly, the hsp83 gene is
a single-copy gene. In yeast cells, there are two unlinked
copies of the 90 kilodalton gene, while the T. cruzi gene is a
tandemly linked multicopy gene. The expression of one of
the hsp90 genes of S. cerevisiae appears to be under the
control of heat shock regulation, while the other is constitu-
tive (D. Finkelstein, personal communication). Although the
hsp83 gene of D. melanogaster is under heat shock control,
the temperature of its maximum induction is much lower
than those of the other HSPs. These observations are in
contrast to the apparent constitutive expression of the
85,000-Mr protein of T. cruzi. Neither the T. cruzi gene nor

the yeast gene contains an intron, while the hsp83 gene ofD.
melanogaster contains one intron.
We have assigned the translation start of the hsp85 gene to

the first ATG in the open reading frame; however, there is an
additional ATG in the same reading frame 15 codons down-
stream in the sequence. Although we cannot unequivocally
state which ATG is the initiator of translation, the strong
sequence homology that exists between the proposed T.
cruzi amino acid sequence and the yeast and D.
melanogaster HSPs for 10 of the 12 amino acids preceeding
the second ATG codon suggests that our assignment of the
first ATG as the initiator is correct.
Gonzalez et al. (8) described the isolation from T. cruzi of

a tandemly linked gene family (IF8) coding for a polypeptide
whose predicted amino acid sequence shows strong homol-
ogy to a number of calcium-binding proteins such as
troponin and myosin. Interestingly, this polypeptide also is
recognized by CHA. We have described here the tandem
organization of the 85,000-Mr polypeptide gene of T. cruzi.
In addition, we have identified the tandem gene organization
for a 70,000Mr protein of T. cruzi (manuscript in prepara-
tion). Manning and his colleagues (personal communication)
have identified two genes in T. cruzi, one of which is also a
multicopy gene. The observations of only multicopy gene
families agree with the observation of Lanar et al. (13)
concerning the complexity of the T. cruzi genome. They
describe three kinetic components of the T. cruzi genome: (i)
a moderately repetitive component with a frequency of
several thousand, present in 9% of the DNA; (ii) a slightly
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FIG. 4. Alignment of protein sequences of the hsp90 family. TC,
Single-letter amino acid sequence for the 85,000-Mr T. cruzi poly-
peptide. SC, DM, and CK, Published sequences for yeast hsp90 (7),
D. melanogaster hsp83 (10), and chicken hsp90 (5), respectively, in
a best-fit alignment. Capital letters indicate where the amino acid
sequences differ, a period indicates where all sequences match, and
a hyphen indicates spaces in the sequence to allow for best fit.
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repetitive component with a frequency of 10 to 50, present in
51% of the DNA and; (iii) a single-copy component present
in 23% of the DNA. The multicopy genes described to date
fit into the low-repetition DNA class.
There are no consensus TATA boxes present upstream

from the putative initiator ATG in the gene for the 85,000-Mr
polypeptide. To date, there have been no published exam-
ples of a consensus promoter sequence for T. cruzi or for any
of the trypanosomes. Comparison of the upstream se-
quences for the IF8 gene (8) and the 85,000-Mr polypeptide
gene has not revealed any apparent common sequences. In
fact, the (GT)n sequence found upstream from the initiator
ATG of the IF8 gene is noticeably lacking in the 85,000-Mr
polypeptide gene upstream sequence. Neither the consensus
heat shock promoter sequence CTGGAATNTTCTAGA (19)
nor anything closely related to it is present within the 286
base pairs of DNA upstream of the initiator ATG. The lack
of a heat shock promoter might explain the constitutive
expression of the 85,000-Mr polypeptide in both epimasti-
gotes and trypomastigotes.
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critical reading of this manuscript and Daniel Wong and Lenny
Lebin for performing the DNA sequencing.
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Business Innovation Research grant A120839.

LITERATURE CITED
1. Andrews, N. W., A. M. Katzin, and W. Colli. 1984. Mapping of

surface glycoproteins of Trypanosoma cruzi by two-dimensional
electrophoresis. A correlation with the cell invasion capacity.
Eur. J. Biochem. 140:599-604.

2. Aviv, H., and P. Leder. 1972. Purification of biologically active
globin messenger RNA by chromatography on oligothymidylic
acid-cellulose. Proc. Natl. Acad. Sci. USA 69:1408-1412.

3. Beard, C. A., R. A. Wrightsman, and J. E. Manning. 1985.
Identification of monoclonal antibodies against the trypo-
mastigote stage of Trypanosoma cruzi by use of iminobio-
tinylated surface polypeptides. Mol. Biochem. Parasitol.
16:199-212.

4. Burnette, W. N. 1981. Western blotting: electrophoretic transfer
of proteins from sodium dodecylsulfate-polyacrylamide gels to
unmodified nitrocellulose and radiographic detection with anti-
body and radioiodinated protein A. Anal. Biochem. 112:195-
203.

5. Catelli, M. G., N. Binart, J. R. Feramisco, and D. M. Helfman.
1985. Cloning of the chick hsp90 cDNA in expression vector.
Nucleic Acids Res. 13:6035-6047.

6. Dragon, E. A., V. M. Brothers, R. A. Wrightsman, and J. E.
Manning. 1985. A Mr 90,000 surface polypeptide of Trypano-
soma cruzi as a candidate for a Chagas' disease diagnostic
antigen. Mol. Biochem. Parasitol. 16:213-229.

7. Farreily, F. W., and D. B. Finkelstein. 1984. Complete sequence
of the heat shock-inducible hsp90 gene of Saccharomyces
cerevisiae. J. Biol. Chem. 259:5745-5751.

8. Gonzalez, A., T. J. Lerner, M. Huecas, B. Sosa-Pineda, N.
Nogueira, and P. M. Lizardi. 1985. Apparent generation of a
segmented mRNA from two separate tandem gene families in
Trypanosoma cruzi. Nucleic Acids Res. 13:5789-5804.

9. Gubler, U., and B. J. Hoffman. 1983. A simple and very efficient
method for generating cDNA libraries. Gene 25:263-269.

10. Hackett, R. W., and J. T. Lis. 1983. Localization of the hsp83
transcript within a 3242 nucleotide sequence from the 63B heat
shock locus of D. melanogaster. Nucleic Acids Res.
11:7011-7030.

11. Henikoff, S. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene
28:351-359.

12. Hudson, L., and P. J. Hindmarsh. 1985. The relationship be-
tween autoimmunity and Chagas' disease: causal or coinciden-
tal? Curr. Top. Microbiol. Immunol. 117:167-177.

13. Lanar, D. E., L. S. Levy, and J. E. Manning. 1981. Complexity
and content of the DNA and RNA in Trypanosoma cruzi. Mol.
Biochem. Parasitol. 3:327-341.

14. Lanar, D. E., and J. E. Manning. 1984. Major surface proteins
and antigens on the different in vivo and in vitro forms of
Trypanosoma cruzi. Mol. Biochem. Parasitol. 80:153-162.

15. Lipman, D. J., and W. R. Pearson. 1985. Rapid and sensitive
protein similarity searches. Science 227:1435-1441.

16. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

17. Nogueira, N., S. Chapman, J. D. Tyding, J. Unkeless, and Z.
Cohn. 1981. Trypanosoma cruzi. Surface antigens of blood and
culture forms. J. Exp. Med. 153:629-639.

18. Nogueira, N., J. Unkeless, and Z. Cohn. 1982. Specific glyco-
protein antigens on the surface of insect and mammalian stages
of Trypanosoma cruzi. Proc. Natl. Acad. Sci. USA 79:1259-
1263.

19. Pelham, H. R. B. 1982. A regulatory upstream promoter element
in the Drosophila hsp70 heat-shock gene. Cell 30:517-528.

20. Ricciardi, R. P., J. S. Miller, and B. E. Roberts. 1979. Purifica-
tion and mapping of specific mRNAs by hybridization selection
and cell free translation. Proc. Natl. Acad. Sci. USA 76:
4927-4931.

21. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

22. Snary, D., and L. Hudson. 1979. Trypanosoma cruzi cell surface
proteins: identification of one major glycoprotein. FEBS Lett.
110:166-170.

23. Snary, D., and M. T. Scott. 1980. A cell surface glycoprotein
from Trypanosoma cruzi capable of inducing protective immu-
nity, p. 253-256. In H. Van den Bossche (ed.), The host-invader
interplay. Elsevier Biomedical Press, Amsterdam.

24. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

25. Ullrich, A., J. Shine, J. Chirgwin, R. Pictet, E. Tischer, W. J.
Rutter, and H. M. Goodman. 1977. Rat insulin genes: contruc-
tion of plasmids containing the coding sequences. Science
196:1313-1319.

26. Ullrich, S. J., E. A. Robinson, L. W. Law, M. Willingham, and
E. Appella. 1986. Mouse tumor-specific transplantation antigen
is a heat shock-related protein. Proc. Natl. Acad. Sci. USA
83:3121-3125.

27. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

VOL. 7, 1987


