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We describe here the organization of the ubiquitin genes
of the parasitic protozoan Trypanosoma cruz. T.cruzi con-
tains > 100 ubiquitin coding sequences all of which are
clustered into a 27 kb segment of the genome. Two types
of ubiquitin coding sequences were found. There are five
fusion genes (FUS1—5) consisting of a ubiquitin coding
sequence fused to a basic non-ubiquitin sequence. The
T.cruzi ubiquitin fusion protein is 84% homologous to the
product of the UBI gene of Saccharomyces cerevisiae. The
non-ubiquitin domains of the two proteins are 67% homo-
logous. There are five polyubiquitin coding genes (PUB)
each consisting of varying lengths of polyubiquitin coding
sequence and terminating with a single copy of the larger
fusion gene. Transcription of the ubiquitin genes results
in the generation of six major poly(A)* mRNAs. The
pattern of transcription accurately reflects the genomic
organization, in that the transcripts consist of either a
single copy of the ubiquitin fusion coding sequence or
varying lengths of polyubiquitin (up to 52 copies of the
ubiquitin coding unit) each ending with a single copy of
the ubiquitin fusion sequence. Finally, there are heat
shock elements 5’ to the PUB genes and transcription pat-
terns are altered under conditions of stress.
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Introduction

Ubiquitin is one of the most conserved proteins in nature
and is present in all eukaryotes examined. The function(s)
of ubiquitin and the ubiquitin fusion proteins is not yet fully
understood. However, two roles involved in protein turnover
have been proposed. First, it has been demonstrated that ubi-
quitination sensitizes some proteins to specific proteases
(Ciechanover et al., 1984; Hershko er al., 1984). Second-
ly, it has recently been proposed that ubiquitin itself is a
protease (Fried er al., 1987) and that ubiquitination of sur-
face and nuclear proteins may be a means of targeting the

©IRL Press Limited, Oxford, England

ubiquitin to these organelles.

The genomic organization and expression of the ubiquitin
genes has been studied in several organisms (Wiborg ez al.,
1985; Ozkaynak et al., 1984; Dworkin-Rastl et al., 1984;
Bond and Schlesinger, 1985; Guasing and Barkardottir,
1986). In all cases, while the absolute number of genes
varies, the overall organization is similar. The majority of
the ubiquitin coding sequences exist as direct spacerless
repeats organized into one or more polyubiquitin genes. Sac-
charomyces cerevisiae has a single polyubiquitin gene con-
taining six tandemly repeated units (Ozkaynak et al., 1984),
while the human genome codes for a polyubiquitin gene con-
taining nine units (Wiborg et al., 1985). Translation of the
polyubiquitin gene transcription product results in the genera-
tion of a precursor polyubiquitin protein which is subsequent-
ly cleaved yielding monomer ubiquitin peptides (Wiborg et
al., 1985; Ozkaynak et al., 1984). Ubiquitin genes also ex-
ist as dispersed monomers and as a part of a larger coding
sequence (Wiborg ez al., 1985; Ozkaynak ez al., 1987; Lund
et al., 1985) consisting of 5’ ubiquitin coding sequence fus-
ed to a non-ubiquitin coding sequence.

We describe here the organization of ubiquitin genes in
Trypanosoma cruzi, an intracellular hemoflagellate that is
responsible for Chagas’ disease in man. These organisms
contain > 100 ubiquitin genes organized into a single cluster
containing both polyubiquitin (PUB) and ubiquitin fusion
(FUS) genes. Each PUB gene contains a fusion protein
coding sequence at its 3’ end. Analysis of the spacer regions
preceding the PUB genes indicates that while the sequences
differ slighly each contain a heat shock element.

Results

The cDNA clone pTC-FUS codes for a ubiquitin fusion
protein

We have isolated a cDNA clone, pTC-FUS, from a T. cruzi
library by virtue of its homology to the S.cerevisiae ubil
gene and to a probe specific for the 5’ 35 bp spliced leader
common to all mRNAs in 7. cruzi and other trypanosomatids
(De Lange et al., 1984; Parsons et al., 1984; Walder et al.,
1985). The DNA sequence and potential translation product
of pTC-FUS were determined (Figure 1). From this analysis
it is clear that this clone codes for a protein which is very
similar in length and sequence to the ubiquitin fusion pro-
tein encoded by the UBI1 and UBI2 genes of S.cerevisiae
(Ozaynak et al., 1987). Overall the two proteins are 84 %
homologous. The first 76 amino acids of both proteins code
for ubiquitin. The remaining 52 residues of the T.cruzi
polypeptide have 67 % amino acid identity with the yeast se-
quence. Furthermore charge conservation between the two
proteins is almost totally complete due to the conservative
nature of the amino acid substitutions. Such a high degree
of homology between the two proteins must be indicative
of a common function. Although no function has been at-
tributed to the fusion protein, one likely possibility is that
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Fig. 1. Comparison of the DNA and amino acid sequences of the
cDNA (pTC-FUS) and genomic ubiquitin clones of T.cruzi with the
amino acid sequence of the UBII gene of S.cerevisiae (Ozkaynak et
al., 1987). pTC-FUS was isolated as described in the text (also see
legend to Figure 2). The region which gave rise to the genomic
sequence is indicated by the dashed line under pTC-UBIlg in Figure
2b. The genomic sequence begins 253 nt before the initial methionine
of the first ubiquitin fusion gene (FUS1) and continues through the
FUS1 and intergenic region to the first methionine of the second
polyubiquitin unit of PUB12.5. The mini-exon of the cDNA is
underlined. A dash (—) above the T.cruzi genomic sequence indicates
a nucleotide identity with the 7.cruzi cDNA. A star (*) in the UBI1
amino acid sequence indicates amino acid identity with the T.cruzi
protein. The number 1 marks the position of the first methionine
residue of each ubiquitin unit. The non-ubiquitin domain of FUS1
begins with residue 77. HSE: position of the homology to the T.brucei
heat shock element. S: position of the possible CTATT promoter
element. The positions of the Bg/Il and Ddel restriction sites are
indicated. (Bg/Il) identifies the BglII recognition site which is
eliminated by a DNA polymorphism.
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it acts as a DNA binding molecule. This is based on the
observation that in both T.cruzi and S.cerevisiae the non-
ubiquitin domain of the fusion protein is highly basic in
nature and contains a single zinc binding site both
characteristics of known DNA binding proteins (Ozaynak
et al., 1987; Miller et al., 1985; Berg, 1985; Harrison,
1986). As expected, analysis of the cDNA sequence revealed
the presence of a spliced leader sequence at the 5’ end of
the coding strand of pTC-FUS as has been found for all
mRNAs in trypanosomes (Figure 1). The cDNA terminates
at the 3’ end in a run of oligo(dT), rather than the expected
oligo(dA),. We cannot therefore determine the exact 3’ end
of the transcript.

The genomic organization of T.cruzi ubiquitin genes
Genomic Southern analysis using probes specific for both
the ubiquitin and non-ubiquitin domains of the cDNA clone
pTC-FUS revealed the presence of multiple copies of the
FUS gene. Digestion of genomic DNA with the restriction
endonuclease Ddel, which has no recognition sites in the
insert of pTC-FUS, indicated that there are at least nine
copies of the FUS gene represented by the presence of nine
bands which hybridized with the non-ubiquitin domain of
the cDNA (Figure 3a, lane 11). The pattern of hybridiza-
tion to Bg/II (which has a single recognition site within the
ubiquitin coding sequence of pTC-FUS) digested genomic
DNA indicated that most of the sequences homologous to
the cDNA exist as a 0.65 kb fragment (Figure 3a, lanes 4
and 9). Since all of these hybridized to both the ubiquitin
and non-ubiquitin specific probes, each must contain a com-
plete coding sequence for the ubiquitin fusion protein.

To determine the absolute copy number of the ubiquitin
coding sequences in T.cruzi, we performed quantitative blot-
ting experiments comparing known quantities of cloned ubi-
quitin and fusion protein coding sequences with varying
quantities of genomic DNA (Figure 3b). Assuming that the
DNA content of T.cruzi is 4.7 X 10’ kb (Castro et al.,
1982) these experiments indicate that there are 9 — 10 copies
of the FUS gene and that the ubiquitin coding sequence is
present in ~ 100 copies.

As described above, nine of the ubiquitin coding sequences
are contained within the FUS genes. Therefore there are
~ 90 additional ubiquitin coding sequences in the genome.
These appear to be organized into five polyubiquitin genes,
each terminated by a fusion protein coding sequence. Diges-
tion of genomic DNA with the enzyme Bg/II, which has a
single recognition site within the ubiquitin domain of pTC-
FUS, revealed a 0.22 kb band that hybridized uniquely to
the ubiquitin specific probe (Figure 3a, compare lanes 4 and
9). The ubiquitin coding sequence is 228 bp in length. There-
fore the presence of a repeat unit of 0.22 kb indicates that
most of the ubiquitin coding sequences are arranged into
direct spacerless repeats. This interpretation was later con-
firmed through DNA sequence analysis of a portion of the
genomic repeat (see below). In addition to the two major
bands of hybridization three minor bands are detected. The
800 bp band is the result of a DNA polymorphism in the
first ubiquitin unit of PUBI12.5 that eliminates the Bg/Il
restriction site. The 2.2 kb band represents the 3’ terminal
FUS5 gene plus flanking sequences. The 1.9 kb band
represents the sequence linking PUB2.65 with the FUS2,
see Figure 2a. Furthermore, genomic Southern analysis us-
ing the enzyme Ddel, which has no recognition sites within
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Fig. 2. (A) Restriction maps of pTC-FUS and pTC-FUSb. pTC-FUS is a 557-bp cDNA inserted into the PsiI site of pUC9 (Vieira and Messing,
1982). Stippled box represents the mini-exon sequence (De Lange er al., 1984; Parsons et al., 1984; Walder ez al., 1985). The open box represents
the ubiquitin domain of the fusion gene and the solid box represents the non-ubiquitin domain of the fusion gene. RNA was isolated and cDNA
synthesized from total poly(A)* RNA as described by Maniatis er al. (1982). The 200 bp Rsal—Psil fragment from pTC-FUS was subcloned into
Bluescribe (+) (Cloning Vector Systems) to give rise to pTC-FUSb. (B) The upper line represents the Ddel restriction map of the ubiquitin gene
cluster. In the genomic map. solid boxes represent the non-ubiquitin domain of the fusion gene, open boxes represent varying lengths of
polyubiquitin (the absolute number of ubiquitin repeats in each length of polyubiquitin has not been determined). The isolation of N\UBI and AUB2 is
described in the text. The A in N\UB2 represents a deletion of unknown size. The 6.0 kb BamHI—Sall fragment from UBI was subcloned into
Bluescribe (+) to yield pTC-UBIlg. The dashed line under pTC-UBIg indicates the area which was sequenced (see Figure 1, genomic sequence). A
single 220 bp BgllI repeat unit from pTC-UBIg was subcloned into the BamHI site of Bluescribe (+) to yield pTC-UBla. Bg = BglIl, R = Rsal, P

= Pstl, B = BamHI, D = Ddel.

the ubiquitin coding sequence, indicated that there are at least
five genes coding for polyubiquitin PUBI12.5, PUBS5.2,
PUB2.6, PUB2.0 and PUBI.7 (Figure 3a, lane 6). The ap-
parent number of ubiquitin coding sequences within each
PUB gene increases in direct proportion to the size of the
gene. This correlation is evidenced by the fact that the in-
tensity of hybridization increases in direct proportion to the
size of the fragment. (In the experiment shown in Figure
3 the DNA was not acid treated before transfer to
nitrocellulose so as to optimize transfer and retention of the
smaller bands. Thus the 12.5 kb fragment was poorly
transferred.) Coupling these results with the gene counting
data and the observation that all the ubiquitin sequences are
encoded on a single 30 kb BamHI DNA fragment (see
below), indicates that in T.cruzi the PUB12.5 may contain
up to 52 direct repeats of the ubiquitin coding sequence.

All sequences homologous to the FUS and PUB genes are
closely clustered in the T.cruzi genome. Digestion of
genomic DNA with any one of several restriction endo-
nucleases which have a 6 bp recognition sequence but no
site within insert of pTC-FUS, resulted in a single band of
hybridization (Figure 3a, lanes 3 and 8). Based on the gene
counting experiments described above the FUS and PUB
genes would require at least 27 kb of DNA, all of which
is contained on the 30 kb BamHI fragment.

The organization of the FUS and PUB genes were deter-
mined through genomic Southern analysis using the restric-
tion endonucleases Rsal and Ddel and probes specific for
the non-ubiquitin domain of the FUS genes or the ubiquitin

coding sequence. This analysis indicated that each of the
PUB genes contains a single copy of the FUS gene sequence
(Figure 3a, lanes 6 and 11; 1.7, 2.0, 2.6, 5.2 and 12.5 kb
Ddel fragments). In addition there are five individual FUS
genes, FUS1 -5 (Figure 3a, lane 11; 0.65, 0.8, 1.3, 1.45 and
1.7 kb Ddel fragments). The 1.7 kb band is a doublet con-
taining both the PUB1.7 and the FUS1 genes. The same two
probes, however, had very different patterns of hybridiza-
tion to a double digest of Rsal plus Ddel. The FUS gene
specific probe hybridized to a single band of 368 bp (Figure
3a, lane 12) while the ubiquitin specific probe hybridized
to bands ranging in size from 1.3 to 12.2 kb (Figure 3a,
lane 7). These results indicate that each of the PUB genes
terminates at the 3’ end with a copy of the FUS gene se-
quence (see the diagram at the base of Figure 3a). The overall
organization of the FUS and PUB genes relative to one
another is shown in Figure 2b. This organization was deter-
mined as follows. First, genomic clones carrying portions
of the ubiquitin gene cluster were isolated from a
bacteriophage lambda EMBL3 library (Frischauf et al.,
1983). Digestion of DNA from one clone, A\UB2, with Ddel
indicated that the insert DNA contained several FUS and
PUB genes (Figure 2b). The position of the genes within
the insert was determined by end labeling the insert DNA
at the unique BamHI site and subjecting the purified frag-
ment to partial digestion by either Ddel or Rsal (data not
shown). The relative position of the PUB2.6 and PUB2.0
could not be absolutely determined due to the presence of
deletions in PUBS5.2 within the phage.
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Fig. 3. (A) Genomic Southern analysis of the ubiquitin genes of
T.cruzi. Each lane in the Southern blots contains 0.5 pg of genomic
T.cruzi DNA. Lanes 1—7 were probed with pTC-UBIla and lanes
8—12 were probed with pTC-FUSb. Lane 1, NHindlIII size standards;
lane 2, uncut T.cruzi genomic DNA; lane 3, BamHI; lane 4, BgllI;
lane 5, Rsal; lane 6, Ddel; lane 7, Rsal + Ddel; lane 8, BamHI; lane
9, Bglll; lane 10, Rsal; lane 11, Ddel; lane 12, Rsal + Ddel.
Fragment lengths, given in kb to the right of lane 7, indicate the
lengths of the Ddel fragments in lanes 6 and 11. The Southern blot of
lanes 1—7 was exposed for 12 h and the blot for lanes 8 —12 was
exposed for 120 h. The restriction map below the Southern blots
indicates the relative organization of the polyubiquitin coding sequences
and the non-ubiquitin domain of the ubiquitin fusion gene. The open
boxes represent ubiquitin coding sequence and the filled boxes
represent the non-ubiquitin domain of the fusion gene. The solid line
beneath filled boxes indicates the sequences to which the DNA probe
used for lanes 8 —12 hybridizes. R, Rsal; D, Ddel. (B) The gene copy
number was based on a total genome size of 4 X 107 bp for T.cruzi
strain CL (Castro et al., 1982). In both the left and right panels the
first lane contains 0.5 ug of genomic DNA in each slot (the equivalent
of 1.3 X 107 genomes). The numbers to the right of the second lane
in each panel refer to the equivalent copy number of pTC-UBla and
pTC-FUSD respectively (based on a size of 2.9 kb for pTC-UBla and
3.4 kb for pTC-FUSb). Left panel, 50 copies (2.1 x 1073 ug), 100
copies (4.2 X 1073 ug), 150 copies (6.2 x 103 1g). Right panel, 1
copy (4.8 X 1075 ug), 5 copies (2.4 x 10~ ug), 10 copies

(4.8 X 107* pg). The left panel was hybridized with an insert probe
from pTC-UBIa and the right panel with an insert probe from
pTC-FUSb.

DNA sequence analysis of the FUS1 to PUB12.5
region

We isolated one recombinant phage, A\UB1, which contains
10 kb of flanking sequence, the FUS1 gene and the first 12
ubiquitin coding units of the PUB12.5 gene (Figure 2b). To
more precisely determine the relative positions of the FUSI
and PUBI12.5 genes in this clone the 6 kb BamHI—Sall frag-
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Fig. 4. Comparison of the intergenic region preceding the PUB1.7 and
PUBI12.5 genes. PUBL.7 was subcloned into Bluescribe (+) from
AUBI as a 1.7 kb Rsal fragment. (—) indicates nucleotide identity
between the two sequences, (*) indicates the position of deletions or
insertions, nucleotides in the upper sequence indicate single base
changes. HSE: position of the heat shock element. S: position of a
possible promoter element.

ment from AUB1 was subcloned into pSP64 (Melton et al.,
1984) (pTC-UBlg, Figure 2b). DNA sequence analysis ex-
tended from 250 bp 5’ of FUS1 through the Bg/I site in the
second ubiquitin unit of PUB12.5 (Figure 1). This analysis
indicates that there is a single copy of the FUS1 gene which
terminates in a T-rich region. Comparison of the DNA se-
quences of the FUSI gene and the cDNA, pTC-FUS, reveals
that while the two encode identical proteins, their nucleic
acid sequences differ. Therefore the RNA which gave rise
to the cDNA must have resulted from the transcription of
another copy of the FUS gene and we cannot be sure that
the FUS1 gene is transcribed. The DNA sequence also con-
firms that the polyubiquitin coding sequence of PUB12.5
consists of direct spacerless repeats of the ubiquitin coding
sequence since the first ubiquitin unit terminates with a
glycine codon followed immediately by the first methionine
codon of the second ubiquitin unit. Partial digestion of pTC-
UBlg with Pvull which has a single recognition site in the
ubiquitin coding sequence confirms that this clone contains
a single copy for the fusion gene followed by at least 12
copies of the unit ubiquitin sequence (data not shown). The
organization of the polyubiquitin into direct spacerless repeats
is analogous to what has been found in other organisms
(Wiborg et al., 1985; Ozkaynak et al., 1984). This indicates
that the polyubiquitin in T.cruzi is probably translated as a
polyprotein which is later proteolytically cleaved to yield
the monomer peptide.

The DNA sequences upstream of PUB genes contain
a heat shock element

To identify any sequences which may be important for the
expression of the PUB genes we sequenced the intergenic
region immediately upstream of two PUB genes. The
result of this analyis is shown in Figure 4. There are multi-
ple single nucleotide changes as well as small insertions bet-
ween the two intergenic sequences. Both intergenic regions



Fig. 5. Northern analysis of the ubiquitin transcripts of T.cruzi. Lane

1 was treated with 50 mM NaOH to enhance transfer of high mol. wt
RNAs. (A) Comparison of poly(A)* and total RNA. Lane 1, 0.5 ug
of poly(A)* RNA, lane 2, 5.0 pg of total RNA. The blot was
hybridized with an insert probe isolated from pTC-FUS containing
both the ubiquitin and non-ubiquitin domains of the fusion gene.

(B) Both lanes 1 and 2 contain 5.0 ug of total RNA. Lanes 1 and 2
were probed with inserts from pTC-UBla (ubiquitin domain) and pTC-
FUSb (non-ubiquitin domain) respectively.
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Fig. 6. Northern analysis of RNA from heat shock and stationary phase
cultures. The blot was hybridized with an insert probe from the cDNA pTC-
FUS. RNA was isolated from: lane 1, 26°C, lane 2, 41°C, lane 3, midlog
culture; lane 4, stationary phase culture.

however have conserved sequences that are strikingly similar
to the heat shock element (HSE) identified in front of the
major heat shock genes of T.brucei (Glass et al., 1986). Both

The ubiquitin genes of T.cruzi

HSE:s consist of a sequence of 14 nt containing a direct repeat
of the sequence TGCA. The dyad symmetry in the T. brucei
HSE is limited to this core sequence while the symmetrical
region of the T.cruzi PUB genes is extended by 2 nt (Figure
4). A putative trypanosome TATA box [CTATT (Camp-
bell ez al., 1984)] is located 17 bases 3' to the HSE (Figure
4). The spacing between the HSE and the TATA sequence
of the PUB genes is similar to that for other heat shock genes
described in other systems (Topol ez al., 1985).

Transcription products of the FUS and PUB genes
Northern analysis of total and poly(A)* RNA isolated from
midlog cultures indicated that transcription of the PUB and
FUS genes resulted in the generation of six major poly(A)*
mRNAs ranging in size from 650 bases to 12.5 kb (Figure
5a). Using either pTC-UBla (homologous to all ubiquitin
coding sequences) or pTC-FUSb (specific for the non-
ubiquitin domain of the FUS genes) as probe revealed the
same six RNAs (Figure 5b), indicating that all transcripts
code for a ubiquitin fusion peptide. However, while pTC-
FUS hybridized to each band equally, the intensity of
hybridization of pTC-UBIa to the five largest bands was
directly proportional to the size of the RNA molecule. The
most probable explanation for this result is that while the
650 bp RNA represents the transcript of one or more of the
FUS genes, each of the five larger RNA molecules is the
transcription product of the PUB gene (as defined by Ddel
sites) of similar size.

Transcription of the FUS and PUB genes is altered in
response to cellular stress

The finding that the intergenic regions preceding the PUB
genes contain HSEs suggested that the genes might be sub-
ject to heat shock or stress regulation. Northern analysis of
RNA isolated from cultures of T.cruzi epimastigotes which
have been either subjected to a heat shock or grown to sta-
tionary phase reveals an alteration in the pattern of FUS and
PUB gene transcripts. The results of such an analysis are
shown in Figure 6. The RNA isolated from a culture which
had been heat shocked (see Materials and methods) has ap-
proximately the same pattern of PUB gene transcripts as seen
in control RNA. RNA isolated from stationary phase cultures
has a pattern of FUS and PUB gene transcripts different from
that observed in control and heat shocked cultures. Expres-
sion of the PUB genes is apparently increased in stationary
cultures while that of the FUS genes is greatly diminished
(Figure 6, lane 4). These results indicate that T.cruzi’s
response to one stress situation involves alteration in the ex-
pression of the FUS and PUB genes. Expression is, however,
differentially altered depending upon the nature of the
stimulus the cell experiences.

Discussion

We have presented data describing the organization and ex-
pression of the ubiquitin genes of T.cruzi. We have shown
that 7T.cruzi contains five genes coding for a ubiquitin fu-
sion protein (FUS genes) and five polyubiquitin genes (PUB
genes). The results of DNA sequence analysis and Southern
hybridizations indicate that all FUS genes are highly
homologous. Each would code for a ubiquitin fusion pro-
tein of a 76 amino terminal ubiquitin domain fused to an
unrelated carboxy-terminal domain of 52 amino acids. The
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high degree of homology between the deduced amino acid
sequence of the FUS gene product and that of the UB/1 and
UBI genes of S. cerevisiae indicates that the proteins would
carry out analogous functions in the two organisms. While
the protein products have not been identified, the predicted
amino acid sequence of the non-ubiquitin domains raises the
possibility that the proteins act as DNA binding molecules
(see Results, Ozkaynak et al., 1987). The five PUB genes
consist of varying numbers of direct spacerless repeats of
the ubiquitin coding sequence terminating in each gene with
a single copy of the FUS gene sequence. This organization
has not been seen in other organisms. Each PUB gene is
ultimately represented in steady state RNA as a single
poly(A)* transcript. Although the nature of the primary
transcription product(s) cannot be determined from our data
it is likely that under some conditions transcription of the
PUB and FUS genes is independent, since in stationary phase
cells transcription of the PUB genes is apparently increased
while transcription of the FUS genes is decreased. A similar
phenomenon has been observed in S.cerevisiae where
transcription of the polyubiquitin gene UBI4 is stimulated
in stationary phase cultures while transcription of the ubi-
quitin fusion genes UBI1 and UBI2 is decreased (Ozkaynak
et al., 1987).

The number of ubiquitin coding sequences contained
within the PUB genes of T.cruzi is substantially greater than
found in any other organism. This raises intriguing ques-
tions as to the role the ubiquitin polypeptide plays in this
organism. Ubiquitin’s involvement in the elimination of
defective proteins from the cell has been well characterized
in other organisms (Hershko ez al., 1980, 1984; Ciechanover
et al., 1984). Also, Finley et al. (1987) have shown that
the S.cerevisiae polyubiquitin coding gene UBI1 is essen-
tial under conditions of stress. It is thus possible that the
large number of ubiquitin coding genes in T.cruzi reflects
a requirement of the parasite to survive in stressful situations.

T.cruzi is an intracellular parasite in the mammalian host
and as such must derive its nourishment from the host cell.
It would therefore be advantageous to the parasite to main-
tain a large pool of small peptides and amino acids derived
from the host cell’s proteins. One way the parasite could
do this would be to secrete ubiquitin into the host cytoplasm.
It is also possible that parasite glycolysis would result in
enough lactate production to cause significant protein
denaturation in the host cell cytoplasm. Thus, if ubiquitin
availability were limiting for the degradation of denatured
proteins, this would increase the rate of degradation. The
end result would be to produce adequate amino acids and
peptides for the parasite.

The recent identification of ubiquitin as a component of
certain cell surface receptors (Siegelman et al., 1986) raises
an additional interesting possibility. To establish a successful
chronic infection, T.cruzi must effectively evade the host’s
immune system. The parasite could accomplish this by
disguising its surface such that it would no longer be
recognized as foreign. The extraordinary conservation of ubi-
quitin throughout evolution makes it a likely candidate to
play such a role. If ubiquitin were expressed on the surface,
it is possible that the presence of the parasite would not il-
licit an immune response from the host. Either, or both of
the possibilities described would require that the parasite have
the capacity to produce large amounts of ubiquitin.
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Materials and methods

Culture conditions

T.cruzi strain CL epimastigotes were cultured in brain heart infusion (BHI;
Difco) media (35 g/1) supplemented with 20 pg/ml hemin and 10% bovine
calf serum at 26°C. To heat shock cells, cultures grown at 26°C were pelleted
by centrifugation at 1500 g and resuspended in pre-warmed BHI media
(41°C). The cultures were incubated at the elevated temperature for 1 h
followed by the addition of an equal volume of frozen BHI media. The
chilled cultures were pelleted and RNA prepared as described below.

Construction of plasmids
Plasmid constructions are described in the text and figure legends.

DNA sequencing analysis

DNA sequences were determined by the dideoxy chain termination method
(Sanger et al., 1977) using synthetic oligonucleotides homologous to various
portions of the clones as primers for elongation.

Southern hybridizations

DNA blot analyses were carried out using Gene Screen Plus. Hybridiza-
tions were carried out at 42°C in 50% formamide, 5 X SSC, 5 X Den-
hardt’s, 1% SDS and 100 ug/ml carrier tRNA. All filters were washed at
65°C in 0.1 x SSC, 1.0% SDS for 60 min.

Isolation of RNA and Northern hybridizations

Total cellular RNA was isolated by the guanidinium/cesium chloride method
of Maniatis er al. (1982). Poly(A)* was isolated after three cycles through
oligo(dT)—cellulose as described (Maniatis ef al., 1982). RNA was size
fractionated on 1.1% agarose gels containing 1 M formaldehyde (Maniatis
et al., 1982). All Northern hybridizations were performed after blotting
the size fractionated RNA overnight in 20 X SSC to Gene Screen Plus.
Hybridization and wash conditions were precisely as described above for
Southern blot analysis.
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