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Five Trypanosoma brucei 70-kilodalton heat shock protein-encoding genes (hsp70 genes) were found to be
arranged in a tandem array. These hsp70 genes are separated by highly conserved intergenic region sequences
of 200 base pairs for one gene and 234 base pairs for the other four genes. This intergenic region sequence is
also present in front of the first gene of the tandem array, though at a further distance. AM five conserved
intergenic regions have sequences that are homologous to the eucaryotic control elements, essential for
temperature-induced initiation of transcription by polymerase II. In addition, there is a T-rich region at the 3'
end of the hsp7O genes which is homologous to the site of tanscription termination of mini-exon genes.
Immediately 3' of a putative TATA box, a branch point consensus sequence and six sequences homologous to
known trypanosome 3' splice sites were found. It is therefore possible that a PollI promoter is present in the
intergenic region sequence. Addition of the 35-nucleotide mnini-exon to the hsp7O transcript could thus be
mediated by bimolecular splicing. The importance of temperature control for development was illustrated by
the response of variant surface glycoprotein-encoding genes to heat shock.

All living organisms examined to date respond to signifi-
cant temperature increases by activating a specific set of
heat shock genes. The same genes are also activated by
stress signals, such as anoxia, cell transformation, glucose
deprivation, and chemicals that interfere with oxidative
phosphorylation (for review, see reference 1). In addition,
heat shock genes are part of the normal developmental
pathway; they are temporarily activated in erythropoiesis,
mouse embryogenesis, yeast spore development, Volvox
spp. sexual differentiation, and Leishmania spp. and
Trypanosoma brucei differentiation (4, 27, 30, 32, 50).
Three different families of heat shock genes have been

identified for Drosophila spp.: genes encoding heat shock
proteins of about 83 and 70 kilodaltons and genes encoding
small heat shock proteins of about 23 kilodaltons. Conserved
14-basepair (bp) DNA sequences (heat shock elements
[HSEs]) were first found upstream of the TATA box of the
Drosophila 70-kilodalton heat shock protein (hsp70)-
encoding genes (40). Subsequently, homologous sequences
were found associated with the other heat shock protein-
encoding genes (as summarized in Pelham [40] and Ayme et
al. [3]). The presence of a single HSE is sufficient to regulate
temperature-inducible transcription by polymerase II (Polll)
(38, 46). A common feature of the HSE is a diad nucleotide
symmetry. All eucaryotic species tested to date, from plants
to man, have HSEs, with at least five of eight consensus
nucleotides conserved. Moreover, heat shock transcription
factors bind to the HSE and confer temperature-sensitive
transcription to the gene (46).

Parasitic protozoa, such as T. brucei and Leishmania
major, are subjected to a heat shock when they are trans-
ferred from the 25°C ambient temperature of their insect
vector to the 37°C temperature of their mammalian host (31,
50). In L. major, this temperature shift is sufficient to induce
in vitro differentiation from the insect-adapted promastigote
to the amastigote life stage found in an infected host.
Because laboratory infections of tsetse flies with trypano-
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somes are not successful when the flies are artificially
maintained at 30°C, it is clear that the life cycle of the
parasite is dependent on habitats of different temperatures
(19, 26).

Transcription of protein-encoding genes in trypanosomes
is not well understood. First, all mRNA in T. brucei consists
of two exons, a 35-nucleotide (nt) mini-exon and the main
coding exon of the gene. Second, these two exons are not
found contiguously in the genome and can even be encoded
on separate chromosomes (10, 13, 16, 35, 39, 49, 51, 53). The
mechanism of the joining of mini-exon and main exon is
unclear, and two models have been proposed: (i) joining of
the exons by either bimolecular splicing or RNA ligation or
(ii) transcription initiation with the mini-exon as a primer (for
a review, see reference 11). It has been impossible to
distinguish between these models, because promoter se-
quences have remained unidentified even for mini-exon
genes, for which the transcription unit is only 140 nt.
The T. brucei hsp70 locus was analyzed to identify its

regulatory signals and determine the role of hsp70 transcrip-
tion in T. brucei differentiation. The evolutionary conserva-
tion of heat shock genes and their promoters should facilitate
identification of a trypanosome PolII promoter. Thus, we
want to determine whether trypanosome PolII promoters are
like other eucaryotic promoters or whether they have mini-
exon homologous sequences necessary for priming. There is
also the possibility that protein-encoding genes are tran-
scribed as polycistronic mRNAs which are subsequently
spliced. If that was true, the immediate upstream regions of
the genes would not be expected to contain promoter se-
quences. This has been suggested for some of the genes
encoding glycolytic enzymes, tubulin genes, calmodulin
genes, and a repetitive gene from T. cruzi (14, 20, 36, 45, 47).

MATERIALS AND METHODS
DNA analysis, plasmid isolation, and Southern transfer. T.

brucei variant 118b (33, 34) was grown in white male Wistar
rats and purified free from blood elements as described by
Fairlamb et al. (18). Nuclear DNA was isolated from
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FIG. 1. Analysis of the T. brucei hsp7o loci. (A) Hybridization gel. The left lane is a hybridization of genomic T. brucei DNA digested with
HindlIl and probed with the T. brucei hsp70 coding sequence (clones 10 and 11, Fig. 2). Molecular weight standards are shown at left. Because
two clones which were labeled at unequal specific activities were used in the hybridization, the 0.5- and 1.8-kb bands hybridized in a

nonstoichiometric manner. A comparison of the 2.3- and 1.8-kb bands in gels hybridized with the 5' coding region of clone 10 only showed
a 1-to-4 intensity ratio as determined by densitometric scanning (data not shown). This confirms the presence of four identical genes in the
tandem array. To the right of this lane are given the numbers of the genes that correspond to the genes in Fig. 1B and 2. The genomic clones
used to map six of the seven genes are shown in the right hand panel, which was hybridized with a Drosophila hsp70 probe-containing coding
sequence only (1.0-kb BamHI-SalI fragment from clone 229.1 [23]). Posthybridizational washes were at 65°C with 0.1 x SSC-0.1% sodium
dodecyl sulfate. (B) Physical maps of the six hsp70 genes and three different cDNA clones. Physical maps were made from subclones of each
of the genes as indicated in Fig. 2. The open boxes of genes 2 to 6 indicate the coding sequence (for gene 1, this is tentative). The three cDNA
clones that are shown were derived from libraries made with procyclic RNA, variant 117 RNA, and variant 221 RNA (designated p, 117, and
221, respectively). The arrow indicates the direction of transcription. The direction of transcription of gene 1 is unclear. h, Hindlll; p, PstI;
e, EcoRI; cDNA p, a cDNA clone derived from procyclic trypanosomes.

trypanosomes as described by Van der Ploeg et al. (48) and
digested with a fourfold excess of restriction endonuclease,
and the products were resolved on 0.8% agarose gels.
Plasmids were isolated as described by Bimboim and Doly
(8). After transfer to nitrocellulose (44), the filters were
prehybridized and subsequently hybridized with 32P-labeled
probes as previously described (25, 41). DNA was treated
with 0.25 M HCI for 20 min before Southern transfer. After
hybridization, filters were washed to a final stringency of 0.1
x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)- or 3 x SSC-0.1% sodium dodecyl sulfate at 65°C, as
indicated for individual experiments.

Construction and screening of genomic and cDNA libraries.
Nuclear DNA of variant 118b was digested with the restric-
tion enzyme HindIII. In the library made with partially
digested DNA, a fraction of 15 kilobases (kb) and larger was
used for ligation. Nuclear DNA was ligated into the plasmid
vectors pAT153 (library I) and pBR322 (library II) as de-
scribed by Van der Ploeg et al. (52). The ligation mixtures
were used to transform Escherichia coli HB101. About 105
transformants were screened from each library with a 32p
labeled probe of Drosophila hsp70 (1.0-kb BamHI-Sall frag-
ment; clone 229.1) (23). The positively hybridizing clones
were purified and then used for subsequent characteriza-

tions. The cDNA clone banks were a gift from C. Clayton;
they were propagated in E. coli C600.
RNA preparation and analysis. Total RNA was isolated by

LiCl precipitation as described by Auffray and Rougeon (2).
Northern analysis of RNA was performed as described by
Boedtker (9). S1 nuclease protection analysis of RNA was
carried out essentially as described by Dudler and Travers
(17).
DNA sequence analysis. Sequence analysis was performed

by the dideoxy chain termination method (43). Three ap-
proaches were used to generate suitable DNA fragments for
subcloning into the replicative forms of bacteriophage M13,
mpl8 and mpl9. In method 1, DNAs were cleaved with
restriction enzymes and ligated into the appropriate M13
vector. In methods 2 and 3, DNA subclones were treated
with BAL 31 exonuclease or exonuclease III for various
times at room temperature to generate a series of overlap-
ping clones (21); these were subsequently ligated into the
M13 vectors. Sequence analysis was performed on hsp70
subclones 10 and 11 (see Fig. 2).
Sandwich hybridization. In this procedure, 5 ,ug of hsp70

clone 10, 0.5 ,ug of cDNA clone TcV118-2, and 1 ,ug of
nuclear DNA were digested with HindlIl, PstI, and PvuII,
respectively. The DNA was size separated and transferred
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FIG. 2. Physical map of the hsp70 locus in T. brucei. Arrays I and II show the physical maps of the hsp70 clones. The open boxes
numbered 1 through 6 indicate the hsp70 coding sequences. Arrows give the direction of transcription. We do not know the direction of
transcription of gene 1. The hsp70 genes in arrays I and II are most likely linked (as shown by the diagonal line), because single 35-kb BglII
and BamHI fragments and a 30-kb BamHI-BglII fragment hybridized with the hsp70 probe in nuclear DNA. The thick bars below the physical
maps indicate the different areas for which nucleotide sequence was obtained. The overlapping clones, numbered hl to h19 are shown below
the physical maps. b, BamHI; bg, BglII; h, Hindlll; s, Sall; x, XbaI. Question marks indicate that the restriction map has not been determined
for the area specified.

to nitrocellulose. One filter was prehybridized in Si hybrid-
ization buffer, supplemented with 50 ,ug oftRNA per ml, and
hybridized in the same buffer with 500 ,ug of total RNA from
variant 118 per ml for 15 h at 42°C. After hybridization,
nonspecifically bound RNA was removed by washing the
filter for 60 min at 65°C and 3 x SSC. A filter prehybridized
with variant 118 RNA and one without RNA were then
hybridized with a 32P-labeled 22-mer, complementary to the
mini-exon, as described by De Lange et al. (16).

RESULTS AND DISCUSSION
Analysis of T. brucei hsp7O genes. We determined the

presence and organization of hsp70-encoding genes to
analyze transcription regulation in T. brucei. At a high
stringency of hybridization, the Drosophila hsp70 coding
sequence (50) and the T. brucei hsp70 genes (Fig. 1A)
recognize several restriction enzyme fragments in T. brucei
nuclear DNA. From two different T. brucei nuclear DNA
libraries, we isolated most of the hsp70 genes (Fig. 1B; see
Materials and Methods for details). The physical maps of the
hsp70-related sequences are shown in Fig. 2. The T. brucei
hsp70 genes indicated in arrays I and II (Fig. 2) exist in one
large locus, as deduced from hybridizations of nuclear DNA
digested with the enzymes BglII and BamHI (data not
shown). We identified five genes in tandem (genes 2 to 6) and
a single gene (gene 1), which is separated from the tandem
array by several kilobase pairs. Because this gene lacks an
hsp70-related 3' end, it may be a pseudogene. A seventh
band was detected in the hybridization in Fig. 1A (labeled 7).
This band hybridizes only weakly when compared with the
bands for the other six genes and might represent a more
divergent gene copy.
To determine the transcriptionally active genes and the

lengths of the intergenic regions, we isolated cDNA clones
from an insect form (procyclic trypanosomes, which are
grown at 25°C) and two bloodstream form cDNA libraries of
T. brucei. The physical maps of these cDNA clones, which
share a PstI restriction enzyme site at their 3' ends that is
absent from gene 1, show that at least one of genes 2 to 6 is
transcribed (Fig. 1B and 2A).

Sequence analysis of T. brucei hsp7O genes. To establish
whether transcription of the hsp70 genes in T. brucei is
regulated by a conserved eucaryotic promoter immediately
flanking the gene, we determined the sequence of one of the
hsp70 genes (gene 4; Fig. 2). The complete sequence of gene
4 is shown in Fig. 3A. The coding sequence is 68% con-
served at the nucleotide level, compared with the sequence
of the distal Drosophila hsp70 gene from locus 87A7 (24).
Homology is restricted to the coding sequence, which has a
660-amino acid open reading frame, with 69% homology to
human hsp70 and 65% homology to Drosophila hsp70 (Fig.
3B). A relatively high level of nucleotide sequence conser-
vation is found in the comparison of heat shock proteins
among other species. The conservation is higher than nec-
essary given the degeneracy of the genetic code. Hunt and
Morimoto (22) concluded, therefore, that a function may
exist in the nucleotide sequence itself.
To determine the extent of the intergenic regions between

these genes, we located the 5' and the 3' ends of the mRNA.
In Northern analysis, T. brucei RNA reveals a 2,300-nt
hsp70 transcript (50). Some variants have slightly shorter,
less abundant RNA (D. J. Glass and L. H. T. Van der Ploeg,
unpublished data). A comparison of the nucleotide sequence
of the 3' end of a procyclic-derived cDNA clone and the
genomic clone shows that addition of the poly(A) tail oc-
curred at the end of the sequence TTTTTATTTT-(A) (Fig. 4).
The polyadenylation signal AAUAAA of higher eucaryotes
is absent, as in other T. brucei genes (12). Since two single-
base substitutions were detected between the cDNA se-
quence and the genomic sequence, it is clear that the cDNA
was derived from mRNA transcribed from another hsp70
gene (gene 3, 5, or 6) (Fig. 2). We determined the 5' end of
the mRNA by S1 nuclease protection experiments with
BstEII (Fig. 5) and EcoRI 32P-end-labeled fragments (data
not shown). The two S1 nuclease-protected fragments
shown in Fig. 5, lane 4, are 158 and 825 nt long. The 158-nt
RNA is derived from the 5' end of the gene, whereas the
825-nt fragment is derived from protection of the only
internal BstEII fragment. RNA was analyzed with clone 16
(three hsp70 genes) and clone 10 (one repeat unit only) (Fig.
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A GENE 4 CTGCAGTCGTCTCACTGTCTACGGTGATGGTCCGCCGCCACATTTTCTCTTCGTCTCTGT 60

GENE 4 AGCATTTAGGAACCCTCGTTGCGGGAAAGATGCGTGACACATTGATGCTACTACTATTAT 120
GENE 3 TGACACA*TGATGCTACTACTATTAT

GENE 4 TAATACTCTACTATTATTATTATTATTATTATTTTTA GTTCCCCACCACCGTCAT 180
GENE 3 TAATACTCTACTATTATTATTATTATTATTATTTT GTTCCCCACCACC*****

GENE 4 TATTATTATCATTATTATTATCAATATTACCATTATTATTATTACGATAATGAGCGTTAG 240
GENE 3 *****************************TCATTATTATTATTACGATAATGAGCGTTAG

GENE 4 TGCTATTACCGCTGTTGTTGCCATCTTTGTTACCGTGGTGCTTTTTTTCCTTTGGTCT 300
GENE 3 TGCTATTACCGCTGTTGTTGCCATCTTTGTTACCGTGGTGCTTTTTTTCCTTTGGTCA
GENE 4 GCAACTGCAGC TTGC*TCCTGCTCTTCCTT AT C 360
GENE 3 GCAACTGCAGCCCGGCATCGTCTCCCATACTTGCACTCCTGCTCTTCCTT C

GENE 4 ATTTGCCCACGTGCCCCACGCGTGCATCACATA TCAAGGAACAAGCAACAGCTATA 420
GENE 3 ATTTGCCCACGTGCCCCACGCGTGCATCACAT ATCAAGGAACAAGCAACAGCTATA
GENE 4 AAACAAGGAATATCTGCCTCTTTGAAGGATGACATACGAAGGCGCCATTGGTATCGACCT 480
GENE 3 AAACAAGGAATATCTGCCTCTTTGAAGGATG.,
GENE 4 CGGTACGACGTACTCGTGCGTTGGTGTGTGGCAGAACGAACGTGTGGAAATCATTGCAAA 540

B
TGACCAGGGTAACCGTACGACGCCGTCCTACGTTGCCTTCACGGACTCTGAGCGCCTGAT 600

CGGCGATGCGGCGAAGAACCAGGTGGCGATGAACCCTACGAACACGGTGTTCGACGCGAA 660

ACGACTGATCGGACGGAAGTTCTCCGACTCTGTCGTGCAGTCCGACATGAAGCACTGGCC 720

CTTCAAGGTCGTCACCAAGGGCGACGACAAGCCAGTGATCCAGGTACAGTTCCGCGGTGA 780

GACGAAAACCTTCAATCCTGAGGAGATCAGTTCCATGGTACTATTGAAGATGAAGGAGGT 840

TGCGGAGTCGTATCTTGGGAAGCAGGTGGCTAAGGCTGTCGTAACAGTGCCTGCATACTT 900

CAACGACTCGCAGCGCCAGGCAACGAAGGACGCGGGGACGATTGCTGGTCTGGAGGTGCT 960

CGCATCATCAACGAGCCAACGGCTGCTGCAATTGCCTATGGCCTGGACAAGGCTGATGA 1020

GGGGAAGGAACGCAACGTGCTCATCTTCGATCTTGGTGGTGGCACCTTCGATGTGACATT 1080

CTGACGATTGACGGCGGCATCTTCGAGGTGAAAGCCACAAATGGTGACACCCACCTTGG 1140
E

TGGAGAAGACTTCGACAATCGCCTTGTGGCTCACTTTACCGAGGAATTCAAGCGCAAGAA 1200

AAGGGCAAGGATCTCTCATCGAACTTGCGCGCCCTTCGCCGCCTTCGTACGGCTTGTGA 1260

GCGCGCCAAACGCACACTTTCTTCCGCTGCGCAGGCAACCATCGAGATCGATGCACTCTT 1320
B

GAAAACATTGACTTCCAGGCGACCATTACCCGTGCTCGTTTCGAGGAACTGTGCGGTGA 1380

CCTGTTCCGTGGTACATTGCAACCCGTAGAGCGTGTGCTGCAGGATGCCAAGATGGACAA 1440

CGCGCCGTGCACGATGTGGTCCTGGTTGGTGGTTCCACCCGTATCCCCAAGGTGATGCA 1500

GCTTGTGTCTGACTTTTTCGGTGGCAAGGAGCTTAACAAGAGCATCAACCCCGACGAGGC 1560
H

GTNNNGTACGGCGCTGCTGTACAAGCTTTCATCTTGACCGGTGGTAAGAGCAAGCAAAC 1620

GGAAGGTCTCCTCCTTCTGGATGTCGCCCCGCTTACGCTCGGCATCGAGACGGCAGGTGG 1680

GTGATGACGGCACTGATCAAGCGCAACACGACGATCCCCACCAAAAAGAGCCAAATCTT 1740

CTCCACATACTCAGACAATCAGCCCGGTGTGCACATTCAGGTCTTTGAGGGTGAGCGTAC 1800

ATGACGAAGGACTGCCATCTCTTGGGCACCTTCGATCTCTCTGGAATCCCCCCGGCACC 1860

CCGCGGCGTGCCACAGATAGAAGTGACCTTCGACCTAGACGCTAATGGTATTCTTAGCG 1920

TCTGCGGAGGAGAAGGGCACTGGCAAGCGCAACCAGATTGTCATCACAAACGACAAGGG 1980

TCGCCTGAGCAAGGCTGATATCGAACGCATGGTGTCTGATGCTGCGAAGTATGAGGCTGA 2040

GGATAAGGCGCACGTGANNNGCATTGATGCTAAGAACGGTCTTGAGAACTACGCCTTCTC 2100
H

GATGAAGAACACTATCAATGACCCCAACGTTGCTGGCAAGCTTGACGACGCCGACAAGAA 2160

GCTGTCACCACTGCCGTGGAGGAGGCACTGCGATGGCTGAACGACAACCAGGAGGCCAG 2220

'TTGGAGGAATACAACCACCGCCAGAAGGAGCTCGAAGGCGTGTGTGCTCCCATCTTATC 2280

KAAGATGTACCAGGGCATGGGCGGTGGCGACGGGCCTGGCGGTATGCCCGAGGGTATGCC 2340

CGGTGGTATGCCCGGTGGTATGCCCGGAGGAATGGGTGGTGGGATGGGAGGCGCTGCGGC 2400

bTCGTCCGGGCCTAAAGTCGAGGAGGTTGACT 6TTCCCAGGTGTATTTCGGACCGGT 2460
*
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FIG. 3. Sequence analysis and protein homologies. (A) Sequence analysis of hsp70 genes in T. brucei. Clones hlO and hll were digested
with HindIlI and subcloned into M13. These were treated as described in Materials and Methods to obtain overlapping clones. Since the genes
4, 5, and 6 appear as identical repeats, we do not know from which of these clones 10 and 11 are derived. The sequence is presented starting
with the 3' end of one of the three tandemly arranged genes, arbitrarily numbered 3, spanning nt 1 to 160 (boxed). Making up the intergenic
region are nt 161 to 394 (not boxed), as determined by cDNA sequencing and S1 nuclease mapping. Demonstrating the open reading frame
and part of the 5' and 3' untranslated mRNA extensions are nt 395 to 2434 (boxed). A bold arrow is drawn under the translational start site.
The translation stop codon TAA is indicated with an asterisk. The sequence stops at nt 2460, which precedes the PstI site at nt 1 to 6. Box
1 is the first region that shares homology to the HSE of the Drosophila hsp70 promoter, with five of eight consensus nucleotides conserved.
The box has a strong diad symmetry. Box 2 has 8 of 14 bases in common with the HSE sequence, but only three of eight of the consensus
nucleotides are maintained. However, the spacing between the two boxes is identical to that between sites 1 and 2 of the Drosophila hsp70
gene (46). Box 3 has homology to the T. brucei mini-exon TATA box. It maintains the same spacing to HSE box 2 as in Drosophila hsp70.
B, BstEII; E, EcoRI; H, HindIll. Next, from positions 96 to 431, sequence data from gene 3 are presented underneath gene 4 to demonstrate
that the intergenic region between genes 2 and 3 has a deletion (marked by asterisks) of the region spanning nt 176 to 209, with a base
substitution at 210 (nucleotide underlined) and a nucleotide deletion at 102. Finally, opposing arrows at positions 232 to 244 and 268 to 280
highlight a diad symmetry in which G-T base pairs are considered stable. (B) Protein homologies. Boxed areas demonstrate regions of
homology between human hsp70 (22) (line 1, 69%o homologous), trypanosome hsp70 (line 2), and Drosophila hsp70 (24) (line 3, 65%
homologous). Gaps were introduced to maximize homology. Four asterisks in the T. brucei sequence represent amino acids that could not
be determined because of compressions in the DNA sequence.

2). Each of these gave identical Si nuclease-protected frag- tory elements. Since at least one of hsp70 genes 3, 5, or 6 is
ments. The intergenic region between genes 3 and 4 is transcribed, a comparison shows the degree of conservation
therefore 234 bp in length (Fig. 3A). in the intergenic regions of all potentially functional heat
We established the extent of conservation between the shock genes (Fig. 3A). The intergenic regions from genes 4

intergenic regions of the different genes to identify regula- to 6 (clone 16) gave identical nucleotide sequences in the
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HSP 70 GENE
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ACATTTTCTC TTCGTCTCTG TAGCATTTAG GAACCCTCGT *CGGGAAAG
ACATTTTCTC TTCGTCTCTG TAGCATTTAG GAACCCTCGT t GGGAAAG

fGCGTGACA CATTGATGCT ACTACTATTA TTAATACTCT ACTATTATTA
GCGTGACA CATTGATGCT ACTACTATTA TTAATACTCT ACTATTATTA

TTATTATTAT TATTTTTATT TTAGTTCCCC ACCACCGTCA TTAT
TTATTATTAT TATTTTTATT TT AAAAAA(A) 10

FIG. 4. 3' end of hsp70 cDNA and genomic hsp70 sequences. A sequence comparison is shown for the 3' end of a hsp70 cDNA clone
(indicated in Fig. 1) derived from procyclic trypanosomes, which transcribe hsp70 genes at a low level, and a genomic hsp7O clone. Two
sequence deviations are boxed.

region located downstream of the poly(A) addition site (200
nt were compared). Since the physical maps of genes 4 to 6
are also identical, we believe that the intergenic regions of
these three genes are highly conserved. Furthermore, the
intergenic region between genes 2 and 3 is completely
conserved, except for a 34-bp deletion in a TTA repeat and
one base substitution (Fig. 3A).
The first gene of the tandem array (gene 2, Fig. 2) has a

different restriction enzyme map in its immediate upstream
region. However, sequence analysis of its 5' flanking area
showed that the same sequence which is in the intergenic
region of genes 3 and 4 is also located upstream of gene 2 but
at least 1 kb in front of the gene (data not shown).

If the temperature-sensitive transcription of these heat
shock genes results from transcription initiation in front of

1 2 3 1 4
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517 9

396.... S

344_ t

298._ * 4

220 -

154 - p

each gene, we expect to find HSE sequences in the con-
served regions that flank these five genes.
Conserved sequence elements of the hsp7O intergenic re-

gions. We looked for putative regulatory signals in the
intergenic region of the T. brucei hsp70 genes by compari-
sons of the sequence of this region with the HSE consensus
sequence and with the nontranscribed intergenic region
sequence of mini-exon genes. Three palindromic sequences
can be found in the intergenic regions of the hsp70 genes
(Fig. 3A, sequences with arrows and the sequence in box 1).
One of these shares five out of eight nucleotides with the
HSE consensus sequence (Fig. 3A, box 1; Fig. 6). All base
substitutions are such that a perfect palindrome (TGCA) is
maintained. The other palindromes, which are also present
in front of all five genes, are unrelated to the HSE. A second
HSE-related sequence is found 10 bp downstream of the one
described. Its homology to the 14-nt HSE sequence of
Drosophila spp. is 8/14, but its relatedness to the consensus
is only 3/8. Since divergence in the HSE sequences exists
among different species (Fig. 6), we believe that the most
conserved HSE (Fig. 3A, box 1) probably has a function in
transcriptional regulation. We are currently testing its func-
tion by the transfer of trypanosome hsp70 genes and the
analysis of their transcripts in other eucaryotic cells.
That the intergenic region indeed contains a PollI pro-

moter is further supported by the fact that with HeLa cell
extracts in vitro, transcription initiates at positions +2 and
+ 10 from a possible TATA box (Fig. 2, box 3). Furthermore,
a probe located directly upstream of the 5' end of the mature
mRNA detects a 2,300-nt hsp70 RNA molecule in T. brucei
total RNA. This RNA may be the precursor to the mature
mRNA which carries the mini-exon, and it could have
resulted from initiation of transcription at this TATA box (L.
H. T. Van der Ploeg, unpublished results).

Furthermore, two related 120-bp sequences are present
that are homologous to the intergenic regions of the
Trypanosoma vivax and Trypanosoma cruzi mini-exon

0
FIG. 5. S1 Protection analysis of the 5' end of hsp70 mRNA.

Clone 10 was digested with BstEII, 32P end labeled, and hybridized
with T. brucei total RNA. We determined from Si nuclease protec-
tion experiments with EcoRI-digested and 32P-end-labeled DNA that
the 5' end of the RNA is located at approximately 825 nt upstream
of the single EcoRI site of clone 10 (Fig. 1B). The shortest protected
fragments in the BstEII digestion, therefore, give the location of the
5' end of the hsp70 RNA. Lanes: 1, labeled pBR322 Hinfl size
standard; 2, renaturation control; 3, Si nuclease-protected frag-
ments obtained from the end-labeled BstEII restriction fragments
with total T. brucei mRNA made from variant 1.198 (the two bands
marked by arrows correspond to the 825-nt internal BstEII fragment
and the 158-nt fragment derived from the 5' end of the hsp70 gene);
4, 825-nt BstEII input fragment, which is a double band with two
end-labeled restriction fragments.
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T.BRUCEI 1 CATGCAACTGCAGC 5/8

HUMAN CTGGAATATTCCCG 8/8 Hunt and Morimoto, 1985

CHICKEN CTGGCAGGTTCCAG 7/8 Morimoto et al., 1986

DROSOPHILA CTCGAATGTTCGCG 8/8 Pelham, 1982

MOUSE CTGAGAGTTTCCAG 6/8 Hunt and Morimoto, unpublished

HSE CNNGAANNTTCNNG Topol et al., 1985

DROSOPHILA CTCGAATGTTCGCG Topol et al., 1985

*** ** * **

T.BRUCEI 2 CTCCCATACTTGCA 3/8

FIG. 6. Comparison of the T. brucei HSE-related sequences with
sequences derived from human, chicken, Drosophila, and mouse
hsp7O genes. The consensus sequence proposed by Topol et al. (46)
is marked HSE. The underlined nucleotides constitute the bases of
the potential cruciform. Asterisks demonstrate the conserved bases
between the Drosophila HSE and T. brucei box 2. Altogether, 8 of
14 bases are conserved, although only 3 of 8 fall under the
consensus.

genes. They are 55% homologous to nt -130 through -280
and -150 through -300 of the T. vivax and T. cruzi mini-
exon genes, respectively (as schematically indicated in Fig.
7). One sequence is located in the 3' untranslated sequence
of the hsp70 mRNA, and one is located immediately up-
stream of the 5' end of the hsp70 mRNA start site. These
conserved elements are separated by a 120-bp TTA repeat,

NT 2434 1 307 355 449

CDS ND 5% TTA 56% ATG

HSE TA

/// INI-EX 1111111N

/ ~~~~~MINI-!EXON

which is homologous to a region that is located at the 3' end
of the T. brucei, T. vivax, and T. cruzi mini-exon genes (Fig.
7, bottom panel). This stretch of DNA consists of TTA
repeats, T-homopolymer stretches, and C + G-rich domains.
It may function as a transcription terminator of mini-exon
genes (15, 29). The 3' end of the hsp70 mRNA is also located
in this domain. The presence of a sequence that may
function as a transcription terminator gives further evidence
that the intergenic regions contain a heat shock gene pro-
moter.

T. brucei hsp7O mRNA with a mini-exon at its 5' end. In
vivo, the 5' end of hsp70 mRNA is located 37 nt downstream
of the putative TATA box (Fig. 3A, box 3). However, all
mRNAs analyzed in T. brucei carry a 35-nt mini-exon at
their 5' end (53). This mini-exon is encoded by another gene
and is therefore added in trans. If there is a mini-exon at the
5' end of the hsp70 mRNA, then the S1 nuclease analysis has
not mapped the real 5' end of this mRNA. In addition, the
detailed analysis of the hsp70 promoter region may allow us
to determine how mini-exon addition occurs. Sequence
analysis of the 5' ends of the hsp70 cDNA clones showed
that they all ended 3' of the site mapped by S1 nuclease
protection analysis. One clone ended at location +63 from
box 3. Since none of the cDNA clones was full length, we
determined the presence of a mini-exon in a sandwich
hybridization with T. brucei RNA hybridized to a genomic
hsp70 clone and subsequently probed with a 32P-labeled
synthetic oligonucleotide, complementary to the mini-exon
(Fig. 8). Both variant surface glycoprotein 118 (VSG118) and
hsp70 mRNAs hybridized with the 22-mer probe of the

anv.ivL RNA

100 BP

HSP 70 TATTATTAATACTCTACTATTATTATTA TTTTATTTTTATAGTTCCCCACCAC

HSP 70 CGTCATATTATTATCATTATTATTATCAATATTACCATTATTATTATTACGATAATGAGC
******** ********* ***** ************

HSP 70 GTTAGTGCTATTACCGCTGTTGTTGCCATCTTTCTTACCGTGGTGCTTTTTTTCCTTTGG

T.VIVAX AAAACAAATTTTTGTTTTGTATATTTTTTTTATTTTTTATTATTTATTATTATTTATTAT
****** ********* *******

T.VIVAX TATTTTTTTTATTTGTGTGTTATTATTATTTTTTTTCGTTTTTCCTCCCCGCACACCGCG
*******

FIG. 7. Conserved sequence elements in the hsp7O intergenic regions. The conserved sequence elements are indicated in the top panel.
a, Coding sequence; ozzi, regions that are homologous (55 and 56%) to the T. vivax and the T. cruzi mini-exon intergenic regions (15); _,
TTA repeat in which the 3' end of the mRNA is mapped. This DNA stretch, which consists of TTA repeats, T-homopolymer stretches, and
C + G-rich domains, is found with various permutations of these elements at the 3' ends of T. brucei, T. vivax, and T. cruzi mini-exon genes.
The locations of the ends of the RNA are indicated below the map. The nucleotide numbering at the top is identical to the numbering in the
nucleotide sequence in Fig. 3A; nt 1 is also indicated by a star. The sequence in the bottom panel compares the conserved elements in the
T. brucei hsp7O and in the T. vivax mini-exon 3' ends. Asterisks indicate TTA repeats. T-homopolymer stretches are underlined.
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FIG. 8. Mini-exon location on hsp70 mRNA. Because none of

the cDNA clones was full length, we determined the presence of a
mini-exon in a sandwich hybridization. A 5-,uig amount of T. brucei
clone 10 (1.8-kb HindIII fragment with hsp70 coding sequence; Fig.
2) was digested with HindIII; 0.5 ,ug of cDNA clone Tcv118-2 (6)
was digested with PstI, leaving a 1.6-kb insert; and 1 p.g of T. brucei
nuclear DNA was digested with PvuII. All these were size separated
in a 0.7% agarose gel and transferred to nitrocellulose filters. Only
one filter was hybridized with variant 118 RNA (+), as described in
Materials and Methods. The filters were washed at 65°C and 3 x
SSC for 60 min after hybridization. Both filters were subsequently
hybridized with a 32P-labeled synthetic oligonucleotide complemen-
tary to the mini-exon, as indicated in Materials and Methods.

VSG118 gene transcription (presumably transcribed by Poll
[28]) may be regulated in a temperature-dependent manner.
The data strengthen the importance of heat shock in the
development of this parasitic protozoan.

Concluding remarks. Since all mRNAs in trypanosomes,
including that of hsp70 (Fig. 8), have a 35-nt mini-exon
spliced onto the 5' end of the mRNA (53), splicing occurs
with T. brucei hsp70 genes at 37°C. Only two other heat
shock genes, a Drosophila hsp83-encoding gene and a maize
hsp70-encoding gene, are spliced (42). This may reflect the
finding that splicing is not efficient at nonbiological extreme
heat shock temperatures, whereas it can be rescued by a
short prior heat shock (54). We do not know whether heat
shock gene transcription in T. brucei has a function in
splicing. Mini-exon addition occurs between a mini-exon and
a main exon, which are not contiguously encoded in the
genome (for a review, see reference 11). With hsp70 genes,
mini-exons are not encoded in the 2,460-bp hsp70 repeat.
Therefore, either the highly conserved intergenic regions of
the hsp70 genes must serve in the splicing of the mini-exon
and main exon from polycistronic precursor RNAs or they
promote transcription initiation of hsp70 genes. The latter
could occur by the use of the mini-exon as a primer or by
transcription that initiates independent of the mini-exon.
The T. brucei hsp70 genes are transcribed by a PollI

because its transcription is blocked in the presence of 100 ,g
of a-amanitine per ml (C. S. Shea and L. H. T. Van der
Ploeg, unpublished results). T. brucei PollI promoters have
not been identified previously because it is not yet possible
to transfer genes back into trypanosomes, nor is an in vitro
transcription system available. Because of the strict conser-

mini-exon specifically, thus proving that a mini-exon is
present at the 5' end of hsp70 mRNA and the VSG118
mRNA. The nuclear DNA, which shows hybridization to the
mini-exon repeats only, and the linearized plasmids, which
do not hybridize with the 22-mer probe, are controls for the
hybridization specificity. The mini-exon is not encoded
downstream of the HSE or TATA box. Furthermore, mini-
exon homologous sequences are absent from the intergenic
regions. A function of the mini-exon in priming is therefore
unlikely.

Transcription of VSG genes at 42°C. We wanted to know
whether the mRNA levels of other genes are regulated in a
temperature-dependent manner. We therefore determined
the levels of mature hsp70, VSG118, oaj-tubulin mRNA, and
rRNA after a relatively short heat shock of trypanosomes for
120 min at 42°C. The parasite is normally subjected to high
temperatures for extended periods of time in the febrile
response at peak parasitemias (maximum, 41°C). Northern
analysis of the RNAs is shown in Fig. 9. When measured at
37 versus 42°C, VSG118 mRNA was at least 50-fold more
abundant, hsp70 mRNA was 10-fold more abundant, and the
a,-tubulin mRNA level was 2-fold more abundant, whereas
rRNA remained unaffected (deduced by scanning of the
autoradiograms). These data indicate that VSG118 gene
mRNA levels may be regulated by heat shock. This may
result from enhanced transcription, as for heat shock genes.
Given the period of the heat shock (120 min) and the fact that
the half-life of VSG118 mRNA is estimated to be 30 min (37),
it is not possible that the accumulation of VSG118 mRNA
resulted from a diminished rate of mRNA turnover. Only a
fourfold increase could maximally have resulted in the
absence of mRNA turnover. Thus, both hsp70 PolII and

au .) au au a0 a 0u 0
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FIG. 9. Analysis of heat-shocked RNAs. Variant 1.8 trypano-
somes were grown in a rat and harvested. From half of these
trypanosomes, RNA was directly prepared (lanes indicated by
37°C). The remaining trypanosomes were maintained in culture
medium at a density of 4 x 101/ml at 42°C for 120 min. Culture
conditions were as described by Van der Ploeg et al. (50) (IMDM
supplemented with 5 x 1i-0 M 2-mercaptoethanol), after which
RNA was made. The same nitrocellulose filter was probed with
isolated fragments from a clone containing rRNA genes (RIB),
a,B-tubulin genes (TUB), Drosophila hsp70 coding sequence (HSP),
and a VSG gene 1.8 cDNA fragment from clone Tcvl.8-2 (VSG).
Posthybridizational washes were at 65°C at 0.03 x SSC (RIB), 0.1 x

SSC (TUB), 3 x SSC (HSP), or 0.1 x SSC (VSG).
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vation of hsp promoters among different species, from plants
to man, an unambiguous determination of the T. brucei
promoter elements should be possible. We therefore deter-
mined the conserved sequence elements in the five
intergenic region sequences of T. brucei hsp70 genes.

In the following discussion, we arbitrarily denote the
nucleotide after the AG dinucleotide of the first 3' splice site
as no. 1. The DNA sequence between -6 and +51 at the 5'
end of the mRNA has six T. brucei specific 3' splice sites:
CATAAG, CATCAAG, ACAAG, CAACAG, ACAAG, and
CTCTTTGAAG. These sequences are similar to the previ-
ously described 3' splice sites for VSG117 (CATAAG) and
VSG221 (CTCTTGAAG) (5, 10). In longer exposures of the
S1 nuclease protection experiments, several protected frag-
ments between 100 and 158 nt were detected (data not
shown). These may have resulted from the use of alternate
splice sites. This is suported by the observation of two sites
of mini-exon addition in the calmodulin genes (47). A puta-
tive lariat branch point sequence is found at position -18
from the first 3' splice site. The sequence GCCCCAC
matches the consensus (Y)NYY(R)AY (55).
A putative hsp70 TATA box, CTATTT at position -37, is

embedded in a 16-nt-long stretch of pyrimidines. This TATA
box is similar to the putative TATA box of mini-exon genes,
which consists of 8 pyrimidines: CTTATTTTT (13, 15). That
this sequence may be the TATA box is supported by in vitro
transcription with the hsp70 gene in HeLa cell extracts.
Three minor and two major transcripts initiated in the
intergenic region. The two major transcripts are mapped in
S1 nuclease protection at positions +2 and +10 of this
TATA box (S. Bondopadhyay and L. H. T. Van der Ploeg,
unpublished data). In addition, a probe located immediately
upstream of the first 3' splice site in the putative intron
detected a 2,300-nt RNA molecule in T. brucei total RNA,
which may be the precursor to the mature mRNA.
It could have resulted from the initiation of transcription
at this TATA box (L. H. T. Van der Ploeg, unpublished
data).

In summary, the conserved sequence elements of the
intergenic regions are from 5' to 3': sequences that may
function as a transcription terminator, two sequence blocks
also found in the intergenic regions of mini-exon genes, an
HSE at position -84; a putative TATA box at position -37
(Fig. 3A, box 3); a branch point consensus sequence at
position -18; and six 3' splice sites from positions -6 to
+51. All of these indicate that transcription of hsp70 genes in
T. brucei initiates from a normal PoIII promoter. Further-
more, Bienz and Pelham (7) have shown that a close prox-
imity of HSE and TATA sequences makes a CCAAT box
redundant. This may explain why a CCAAT box is not found
in between the HSE and TATA box in T. brucei.
We have presented evidence that supports the notion that

a PolII promoter exists in the conserved intergenic region
sequences. Sequences that are homologous to the mini-exon
and that could indicate a function in priming are absent from
the intergenic regions. It is, therefore, more likely that the
mini-exon is added in trans by bimolecular splicing. RNA
ligation, followed by splicing, cannot be excluded, but the
use of alternate 3' splice sites for calmodulin (47) and
perhaps hsp70 genes renders this less likely.
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