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In a 7-kilobase (kb) sequence upstream from the 5’ barren region, the Trypanosoma brucei AnTat 1.3A
expression site carries two putative genes, named ESAG 2 and ESAG 3 for expression site-associated genes, as
well as a copy of ESAG 1 (D. F. Cully, H. S. Ip, and G. A. M. Cross, Cell 42:173-182, 1985). At least 3 kb
of this expression site exhibits a high degree of homology with the silent telomere carrying the AnTat 1.3A basic
copy, whose ESAG 1 is interrupted by stop codons. Like the antigen gene, the region containing the ESAGs is
transcribed only in the bloodstream forms, although transcription of 5’ barren- and ESAG 2-related sequences
also occurs in cultured procyclics. Analysis of steady-state and nascent transcripts suggests a continuous
transcription of the whole expression site by an RNA polymerase resistant to a-amanitin, possibly initiating at
a polymerase I-like promoter located about 17 kb upstream from the antigen gene. This polymerase seems
prone to becoming inactivated upon incubation of the trypanosomes at low temperature. The putative protein
encoded by ESAG 3 may carry a hydrophobic signal peptide, suggesting interaction with a membrane.

African trypanosomes evade the immune response of their
mammalian host by repeatedly changing their antigenic
specificity. The latter is determined by the selective expres-
sion of only one variant-specific glycoprotein (VSG) gene
from a repertoire of several hundred specific sequences (for
recent reviews, see references 3, 4, 9 and 30). The VSG gene
is transcribed in a telomeric expression site, which, like
other trypanosome telomeres, is characterized by the pres-
ence of long arrays of imperfect 76-base-pair (bp) repeats
about 1.5 kilobases (kb) upstream from the gene, the 5’
barren region. The expression site may also contain at least
one other gene (6, 7) and, possibly, pseudogenes (2, 28). The
length of the antigen gene transcription unit seems to be
variable. Several observations suggest that it may be very
long (4), but recent data strongly suggest that at least in some
instances, the transcription promoter might be relatively
close to the gene (28).

In an attempt to characterize the DNA sequences required
for the controlled expression of the antigen gene transcrip-
tion unit, we cloned sequences upstream from the 5’ barren
region of the expression site for the gene encoding one of the
predominant surface antigens of the Trypanosoma brucei
AnTAR 1 repertoire, AnTat 1.3A (17, 19). The expressed
gene is a copy of the unique telomeric AnTat 1.3A basic-
copy gene. It has been inserted by gene conversion in a
telomere of a 200-kb chromosome, which is frequently used
as an antigen gene expression site in the EATRO 1125 T.
brucei stock (8).

We also cloned the corresponding sequences from the
telomere harboring the AnTat 1.3A basic copy (19). This
telomere is in a chromosome of the megabase class (12).

We report here the characterization and transcription
properties of these sequences. Our results suggest that the
expression of several genes is coordinated with that of the
antigen gene. Their transcription seems to start at a poly-
merase I (pol I)-like promoter located about 17 kb upstream
from the antigen gene.
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MATERIALS AND METHODS

The trypanosome clones AnTat 1.3A and 1.3B have been
characterized elsewhere (17, 22; see Fig. 1 for an abridged
pedigree). Trypanosomes were separated from blood cells
by DEAE chromatography in phosphate-buffered glucose
(16). Before the extraction of nuclei for in vitro transcription
assays, the trypanosomes were suspended in the medium
eluting through the DEAE, which contains blood compo-
nents diluted about sevenfold in phosphate-buffered glucose.
In this medium the trypanosomes can survive at room
temperature for at least 3 days, but were used immediately
for further analysis. For most transcription experiments, the
isolation of trypanosomes, including the DEAE chromatog-
raphy and pelleting of the cells, was performed at 37 to 38°C.
The whole isolation procedure was routinely performed in
less than 30 min.

The methods for DNA and RNA isolation are described by
Pays et al. (23). The procedures used for cloning the expres-
sion site-associated sequences of the AnTat 1.3A variant, as
well as sequences from the telomere harboring the AnTat
1.3A basic copy, have been described previously (19). In
brief, sequences preceding the 5’ barren region of the AnTat
1.3A expression site have been cloned in the Sphl site of
pBR322 by a jumping procedure to avoid an unclonable
fragment in the 5’ barren region. This procedure involved
ligation of partial Sphl digests of genomic AnTat 1.3A DNA
with a pBR322 molecule from which the HindIII site had
been deleted. The whole 5’ barren region and contiguous
sequences were eliminated by HindIII digestion, and then
the construct was resealed by ligation after extensive dilu-
tion. A probe from the AnTat 1.3A cloned cDNA allowed
the selection of clones with integrated sequences from both
the AnTat 1.3A gene and a region located 14 kb upstream. A
similar procedure was applied to clone the telomere which
contained the AnTat 1.3A basic copy, but from which the
full 5’ barren region and upstream sequences could be
isolated as a single clone (19). Following the initial cloning,
further sequences from the expression site were picked up
from pUC18 libraries containing HindIII and Sphl fragments
of the 200-kb expressor chromosome, which was isolated by
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FIG. 1. Origin of the trypanosome variants and genomic DNA clones. (A) Pedlgree of the T. brucei clones AnTat 1.3A and AnTat 1.3B.
Clones of successive variant antigenic types were set up from heterotypes arising from the diversifying clone of the previous variant
population. Previous analyses (17, 22) have shown that in variant 3A the active gene is a copy (ELC) of the AnTat 1.3A basic copy (BC),
whereas in variant 3B the active gene is in a large duplicate of the lingering AnTat 1.3A ELC (exELC), conserved from the AnTat 1.3A clone.
(B) Extent of the unique clone from the AnTat 1.3A basic copy-containing telomere (pBES 2000.1 [top]) and of eight clones from the AnTat
1.3A expression site (pES 200.1 to pES 200.8 [bottom]). With the exception of pES 200.1, pES200.8, and PBES 2000.1, which are pBR322
recombinants, all other clones are in pUC18 (19; see Materials and Methods). The pES 200.1 clone is discontinuous, as discussed in the text.
Symbols ----- , extent of the sequence deleted in the cloning procedure; c1, AnTat 1.3A coding region; zz2 , mm, other genes as discussed
in the text; mww, 5’ barren region. Fragments labeled A and B were used as probes for hybridization with the Southern blots shown in Fig.
2. The extent of the duplication-transpositions which generated the AnTat 1.3A and AnTat 1.3B ELCs is shown above each map.
Abbreviations for restriction sites: B, Bgll; Bg, Bglll; E, EcoRl; H, Hindl11; He, Hindll; P, Pst1; Pv, Pvull; Sp, Sphl; T, Tagl. Only the Tagl
and Hindll sites closest to the 5’ barren region of pBES 2000.1 are indicated.

pulse-field gradient gel electrophoresis (27). Overlapping
fragments have been identified by DNA sequencing. The
alignment of nonoverlapping clones has been deduced from
a comparison with the corresponding regions of the basic
copy clone (see Results). Figure 1 shows the extent and
location of the different clones obtained from both the
expression site and the basic copy-containing telomere.

Specific probes were prepared from the cloned regions by
subcloning restriction fragments in derivatives of the M13
bacteriophage (34).

The nucleotide sequence of DNA fragments was deter-
mined on both strands by the method of Sanger et al. (26).
The method for Southern and Northern (RNA) blot hybrid-
ization have been described previously (23). S1 protection
and primer extension experiments were performed as de-
scribed by Gilmour (11) and Colman (5), respectively. Run-
on transcription assays were conducted as described by
Murphy et al. (19).

RESULTS

Specificity of the cloned sequences. The procedure used to
clone sequences from the AnTat 1.3A expression site in-
volved the deletion of a region refractory to cloning in
plasmid vectors (19). Two categories of clones were selected
by hybridization with an AnTat 1.3A cDNA probe. Accord-

ing to their restriction maps, these clones could be ascribed
either to the AnTat 1.3A expression site or to the basic
copy-containing telomere (19). Using the first cloned expres-
sion site sequence as a probe, we obtained several other
clones, spanning 6 kb, from HindIII and Sphl banks of the
isolated 200-kb expressor chromosome (Fig. 1). The origin of
the sequences attributed to the expression site could be
further verified by hybridization with AnTat 1.3A and 1.3B
genomic DNAs. Indeed, in the AnTat 1.3B clone, a large
region from the AnTat 1.3A expression site is duplicated
(22), so that fragments of that region are twice as abundant in
Southern blots of genomic AnTat 1.3B DNA compared with
AnTat 1.3A DNA. Figure 2 shows typical results of such an
analysis. Different probes from the cloned region reveal
genomic fragments expected from the restriction map of the
clones, and these fragments appear more abundant in AnTat
1.3B (arrowheads in Fig. 2). These results confirm that the
selected clones are specific to the AnTat 1.3A expression
site.

Nucleotide sequence of the cloned area. Figure 3 shows the
nucleotide sequence of the 6-kb region cloned from the
AnTat 1.3A expression site. This sequence contains two
large open reading frames (ORFs) of 1,104 and 1,263 bp
(positions 603 to 1706 and 3974 to 5236, respectively) in the
same orientation as the VSG gene. Starting at the first codon
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FIG. 2. The cloned region from AnTat 1.3A is duplicated in
AnTat 1.3B, as expected for sequences from the expression site.
The genomic DNA from variants AnTat 1.3A and AnTat 1.3B was
digested by EcoRI or Hindlll and hybridized to probes A and B as
indicated (see Fig. 1 for the extent and location of the probes).
Post-hybridization washes were at high stringency (0.1x SSC [1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate] at 65°C). The
arrowheads point to fragments duplicated in AnTat 1.3B DNA. This
duplication is expected for sequences of the VSG expression site
(22). The sizes of these fragments are as expected from the restric-
tion map of the cloned sequences (Fig. 1). Fragments marked with a
small arrow are lost in AnTat 1.3B DNA, as expected for sequences
replaced by the AnTat 1.3A additional copy.

for methionine, these ORFs may be translated into polypep-
tides of 367 and 403 amino acids, respectively. These main
ORFs are separated by a sequence carrying two shorter
ORFs (positions 1863 to 2108 and 2512 to 3019). The first has
a methionine codon at the beginning of its sequence; it would
encode only a short polypeptide (78 amino acids). The
second, which is not in the same frame as the first, does not
exhibit a methionine codon in its 5’ region. According to
their transcription characteristics (see below), the ORFs
starting at positions 603 and 3974 have been named ESAG 3
and ESAG 2, respectively, for expression site-associated
genes (7).

The second half of ESAG 3 (underlined in Fig. 3), exhibits
80% nucleotide homology with the cotransposed sequence of
the AnTat 1.1-expressed gene copy (companion sequence
[25D.

Segments of the sequence cloned from the telomere car-
rying the AnTat 1.3A basic copy have also been sequenced
and compared with those of the expression site (Fig. 4). It
appears that the corresponding regions from the two telo-
meres are highly homologous. In particular, a sequence
similar to ESAG 2 exists in the basic-copy telomere.

The region immediately upstream of the 5’ barren region,
which could not be cloned from the expression site, was
cloned from the basic-copy telomere. A comparison of this
sequence with that published by Cully et al. (7) shows
homology to ESAG 1 (Fig. 4). However, the ESAG 1-related
sequence from the basic-copy telomere is interrupted by
stop codons. With a probe extending to the ESAG 1-related
sequence from the basic-copy telomere (the ESAG 1 copy is
characterized by a Bglll site), hybridization to Southern
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blots of genomic DNA shows that an ESAG 1 copy also
exists in the expression site, at the same location with
respect to both ESAG 2 and the 5’ barren region (Fig. 1 and
2 and data not shown).

Mapping of the steady-state transcripts. Cloned sequences
from both the expression site and the basic-copy telomere
were used as hybridization probes on poly(A)* RNA from
bloodstream and procyclic forms of T. brucei. Figure 5
shows the locations of these probes, as well as a scheme
summarizing the results. The data are presented in Fig. 6. All
probes clearly recognize steady-state transcripts, except
probe IX, which hybridizes only weakly to the blots. Six or
seven main transcripts, distinct from the VSG mRNA, are
observed. These transcripts cover virtually the whole cloned
region, except the barren region. Moreover, the presence of
several larger transcripts, some of which seem common to
different probes (for instance, the 2- and 3-kb transcripts
with probes VI to VIII), suggests that the main RNAs are
processed from larger precursors. In addition, it can be seen
that although most of the probes hybridize only to RNA from
bloodstream forms, probe V (ESAG 2) also hybridizes to
transcripts from procyclic forms.

Additional data about the origin of the transcripts were
obtained by two approaches: S1 protection and primer
extension. Cloned DNA fragments from the AnTat 1.3A
expression site can be protected from digestion by S1
nuclease by hybridization with AnTat 1.3A RNA, but not
AnTat 1.6C or procyclic RNA (Fig. 7). The same extent of
protection is achieved after hybridization with AnTat 1.1B
RNA, which is synthesized in the same expression site as
AnTat 1.3A (12; results not shown). These data confirm that
the cloned sequences are specific to the AnTat 1.3A expres-
sion site. In addition, measurement of the extent of their
protection allows the approximate mapping of the 5’ extrem-
ity of the transcripts. Fragments 1 and 4 (Fig. 5) are
protected over 340 and 850 nucleotides, respectively (Fig. 7;
data not shown), mapping the beginning of ESAG 3 and
ESAG 2 RNAs at, respectively, 10 and 70 nucleotides
upstream from the translation initiation codon. Fragment 1
shows an additional protection over about 700 bp, which
could be due to S1 hypersensitivity in an AT palindrome at
positions 190 to 210 (Fig. 3). These results were confirmed
by primer extension analysis (Fig. 8). After hybridization
with synthetic oligonucleotide primers specific for each
ESAG, reverse transcription of AnTat 1.3A and 1.6C RNAs
gave rise to the synthesis of cDNA molecules of a size
expected from S1 protection analysis; these cDNA mole-
cules were not observed in experiments with RNA from
procyclic trypanosomes (Fig. 8 and scheme in Fig. 5). In
some instances and on long exposure, the cDNAs synthe-
sized on total Antat 1.3A RNA from a primer starting at
position 611 show, in addition to the cDNA ending at the 5’
extremity of the mature ESAG 3 mRNA (50 nucleotides), a
discrete molecule of 370 nucleotides which might map the
transcription start around position 240 (Fig. 3).

Both S1 protection and primer extension experiments
reveal stable transcripts, apparently beginning at several
loci, in the region between ESAG 3 and ESAG 2 (Fig. 5SE,
thin arrows). On the other hand, no conspicuous cDNA was
synthesized following primer extension from position 101
(Fig. 8), suggesting that a region located about 0.5 kb
upstream of ESAG 3 is not transcribed in stable RNAs.

Presence of spliced leader sequence on ESAG transcripts.
On close examination of the data in Fig. 7 and 8, we found
that the 5’ limit of ESAG 3 and ESAG 2 transcripts differs by
about 40 nucleotides, according to whether the estimates are



2370

ALEXANDRE ET AL.

ESAGS3

ESAG2

GCATGCCATA
CATCTGTGAC
GAAGGGAATC
TAGTGAGAGG
AATCAGGCCA
GTAGGGAGCA
AAAAGCATTG
TTACATTTAC

AGGGTTTCGG
AGCCGAGATG
ATATACGTGT
ACCTTGACGA
GCTAGATGCA
GCACCACATG
TTTGCATATA
TCACGCCATC

TATATGAGCC
GCAATGGGTA
GCACCCACTA
CGGCGAATGA
GTCTTTTTCC
TGGCTAATTC
CAAAGCTAAT
TCAAACTTTT

AGAACAGAAG CGCGTTGTGA
AATGTGCAGA TATTTGGATA
ATATAATAAT ATTATTACGA

CGTGGAGAAA GGCGACTTTT TGACGCTTCA

ATGGTAGTAG AGATAATAAT AATAGTTATT

—

TAGCAGTAGA AGTGGATTGC AAAGTGATAC
0 000 O o o0

TTGTGGTAGT TTCCACGCGA
TTACAGTGCG TAGGTACGAT
TAACTTCGGC AGCAGAATTC
TTTTTAACGG ACAACTTGGT

ATGTGTTATA ATTATTGGCG TATTCGAATT
TCATCAACGC AGGAAACAGC AGAATTCACT
ATACATGCGC ACTGGACTAT AAAACACTAT
AGCGCGACTG GAAACTTTTC TTAATGTTTC

madharcer wfcgTg

GCTGCTGTCA
ATGGTACTAA
GCGAAACTAA
GGAGTTTTTA
GAGAAAAATA
GTAAAAGAGA

CTCAGATCAC

CATTTAGTGT
GAAACCCAGA
GCAATGTTGA
GAGAAACAGA
TGAAAATGCC
AGCATATTTC
AAGGAGCATG

GTGTGAGAGC
GTCTTTGTGC
AATTGTCACA
ATGCAAGTGA
GTCGAATATT
CCCTATTATG
TGCAGAGATG

TGTATTCCTT CAAGATGAAG
TTGTCGTTCA AACTCATGCA
ATTGCGATGG GAGGTTTGTA
TGAGGATATT GTAATTCATT
TTATGCAGAA TACTGCTGAA
TTCATGACAA CATCAGAGTG
TTACTGGTTT TTCAATGTGG

ATTTGGTATC TCGAGAACTT TAATCTTACT
AAGTAAATAA CATAACAAAT ATGACACACA
ACACAAGGAT GGTGTAGGCT CATATTGAGT
CAGTCATGTT AAGAGGCCTA GATGGGTTAT
TGGACGGATC GGATATTATT GTTTCTGACG
AATGAAGAGA AGTTTAGTGG AGAAGATATA
TTATGCTCCT CAGTTGGATT TGCTTATGAA
GCTACAGAAA AGAAGAGGAT AAAAAATTAC

CCCATTTACT

GAAATCACCT

CCTAGTGGAA

AATCTTATCT TAGTGGTGGT

TTGATAGCCA GAGTCTGGGC ATTTAGAAAA

TTTGAATATG

CATTTGGAGA

GTTACTAAAG

GGAAGTGGGG AGTGGTGGTC

AGAACAAAGC ATTCACAAAC CGTTGCTAAT

ATGGAGTGCC

ATTCAGGAAG

AAGCTGTTGA

ACAAAGATTT GTTTTGAAGA

GAGGAATAAT TGGATTGAAT TATGAAGAGA

GATTTTTTAC

TATTCCCAAT

AGTGGGGTGA

TTAGAGAAGC TCCATTCATT

CATTTTCCTG GGCAGCCAAT TGCATGGGAA

GAGAAAGCGA

AATTAATTGT

GAAAAATCTT

AGTTGCTATA AAGAGTTGAA

GAAAGTAGAA

ATGACTTGTT

ACTTATGTAG

TAAGGCAAAG

TAGGTGCAGA

GAATTGGGAT TTTCGATATC

AGGAAGAGAA TTTAATTCGA AGGATATGGG
AAAGAATTTG TGGGGACGCG TTCAAGGAGA

ARACTTANG

TGTGGGACCA

ACGCAACATT
C.AAACAATA
TGCGAACACA

ACACGCATGG

TAGAAGCTGT
ACACGAATAG
TATTCGGCTT

CCAAGATGGC

GGATACAAAA CTAAAGATTT
CGCACAAGTC TATGTIGACA

TCTTGCGGCT GAGTCAGTAG TCTAAGCAAA
TGAAAATCCT GGGGCAGCAA CAAAGAGAAG

ACTCCACACG
TGACACTATG

CTTACCCTAA CTTTTCGGAT c*ncc@ccccrcm GGCAATATCG

AAAGCTACTA TTACCTCTCC
CGTTTTTTAT GCACCTGCAC

ATATTGGTTG CGGGGCCGGT AACACGATGG
ATAAACCATG ATCTCAAAGC TAGAGAAGCA
AGAAGAAGTA ACCGACGCTT GGACCGAAGA

CTGCAGTAfTA

CCGACATATC
AAGGCTAACG
CCGCGCTGECE
AATGCCAAAG

TAGAAAAATA

TAAACAACGG
ATGAACCGCT
TCGAAGCCAG
TTCAAAAGCG
AAAAGGGCAA

ATTGAAATAC
GCAGTGGGGT
GCAAAGACTA
GCACAGTCCT
ATAATCGCTA

AAAGGTAATT CAGCTGCTAG
ATGCACTCAA TATGTCACTA
GACGAAGCTA ACAAACATAA
AAAAATAACG AATGCTGAGG
AGTCAAGCTA AACTCTTTGC

AAGGCAAAAT TCCTGAAGAC CCCGCTGTGC
TCAGACAAGA CGTGGCAGGA CAAGTTCATA
GACCATTAAC ACGGAGTGCA GCAGCTGTGC
GCGATAAAGT AAGGAAAAAT GCCGCCTCCA
TGATCCATGC GGAAGCCTTG GGCGCTGAGC

NCGGCAAAAR ACAATAGAAG

CCACGGCAAA
CATTTGCATG
GAGTCTTTTG
CAGTGCTTCC
TCTACATACC

TTTCCCTTTC

AGCAGCGTTT
CGTATTTGAT
CAGTCATATG
TGTAGTGGTG
TGTTTGCTCT
TTGTGTCACT

GGGAGCAGTG
ATCTCCTTTG
AGGTAACATC
CCGTGGTTCC
GGAGACATTT
TCAGTTTGCT

GCTTATTGTC ATCATCTTTT
TCATTTTTCT TATCTTTATC
CAGCTGTGGT GGTATTCTTT
CGTTCACTCT TCTCCGGTAT
GTATACTTGT GGTGCCTGCT
TTCTACGATG TTTAAGGCCT

CGGACGTTCT TGCAGCCCTC TACGGAACGC
TTTTTTGTTT TCGCCACTAG TGTATATCTT
GTCTGGAATA TGGGTGAGAT ATCATTCCCG
ACCGCTTACC TTACATGCTT CTCTCTCCAA
GCTCTTATGT TTGGTGCGCC AGGTTTTGTT
CTTGTTCATC TTCGCCGCTT ATTTCCTGCA

ATATGTTCd; AGTCAACTAG CCATACGTGG

CATGCTGCTT
CATACTACTG
GTGACATTGG
ACTGATGTAT
ATTCCGTCTT
TAGAGAATGC
TCCAAAGTGT
TCGGCTTTAT
GATAATGAAA
AGAGATTTAC
GATATTTTAA
CTTCTCGGCG
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TGCGATGCGG ACGGGCGAAT
TTGCGTGTAC AAGAATATTC
AACAGGATAA ATATCAGGTG
ACTGCGGGAT TCACATGTGT
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AGGCAGAGGA AATATTTCTT

CGAGTTACGA ATGGTACGCC CGATTGGGAC
ATTTTGATGT ACTGTGCAAG ATTTACAGAA
GGAGAGATTA TGAGTAAGTT GGAGGAAATG
TAACCGCCCG ACGGCGTATC AGGAGATAAG
GGACAAAAGC GTTAAATGCA AGTCGTTCTG
GAAATGAGAA TAAAACTCTC GGAGGAAGCC
GAGTTGTGGT TCTTACGGAG ACAAACTGGT
ATAAAGTGCA GACCGGGCAA AGTGCGACCG
CCTTGTAAAG ATGTAATAAG AAGACCAAAA
TTCTGATCCT GAGAACGTAA CGTATGGCAC
GCATCGAATGT AAAGACTTTG AAAGCTGCAT
AAGGGTATTT TTGGTTATGT GAGAACCCAT
CAGTTACAAG CACACACTTG AAAATGGTGG
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GCGTCTATGT
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TGGAGACATC
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ACGCTTTAGT TTGCTTCTAC
GGTATAATAT GCTTATGTAT
CTGTTTGTTT TAGATAAATA
AGTGGTGGCA CGGGAACCTT
AAGGGTTGTG GCTGCTAAGA
GGTACGTGTA AAGGCAAGGG

ATTATAAAGA AAATATATGC

CTTACTCATT TGAATATTGC AACTGGGGGT
GTTACCTATT ATATTATGTT TTCTTTTGTT
TTGTGTTGAT GTGTGTCTTA ATTTCTCGTG
ATGAAGGTGA TATCACTTTT TCTCGCAGCG
CCGGTAAGGC CACGGCATCT CAAGGGAGCT
CTCAGGACAA ACAAAAAAAA GCGACGGCAA
CATGGCAAGC AATAGTGCGG GGTTTGGAGA
GGAAATGGAA AAAGTAATGA ATAATACAGA
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FIG. 4. Comparison of sequences from the telomere containing the AnTat 1.3A basic copy with those of different VSG expression sites.
Sequenced areas of the AnTat 1.3A basic copy-containing telomere (BC) are aligned with those from the AnTat 1.3A expression site (ESAG
2) and the published sequence of ESAG 1 (7). Identical nucleotides are indicated by dots, and deletions (—) are introduced to maximize
homology. The two boxed Hindlll sites are present in the expression site, but absent from the basic copy-containing telomere. These sites
mark boundaries between different clones from the expression site (Fig. 1). The comparison with the sequence of the clone from the

basic-copy telomere allows us to align these clones. The longest ORFs of the ESAG 1 copy from the BC telomere are underlined.

FIG. 3. Nucleotide sequence of the cloned region from the AnTat 1.3A expression site. The ORFs, as well as their putative translation
initiation codon, are boxed. The 3’ splice sites of the main steady-state RNAs are indicated by arrowheads. A bar above the sequence at
positions 236 to 240 indicates where transcription seems to start. A 14-bp AT palindrome, located about 35 nucleotides upstream from the
transcription start, is underlined. Dots under some nucleotides indicate homology with the promoter sequence for rDNA transcription (see
Fig. 11). The underlined region in ESAG 3 is 80% homologous to the Antat 1.1 companion sequence (25).
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FIG. 5. Scheme summarizing the transcriptional properties of the AnTat 1.3A expression site. Restriction maps of the telomeres harboring
the AnTat 1.3A basic copy and expression site are presented in lines A and B, respectively. Symbols: -1, VSG gene; mm, ESAGs as
indicated; mww, §' barren region: - - - -, extent of the uncloned sequence from the AnTat 1.3A expression site. Above each map is shown the
extent of the probes used for hybridization with Northern blots (see Fig. 6). Line C shows an interpretation of the patterns of steady-state
transcripts observed by Northern blot hybridizations, and line D summarizes the results of the in vitro transcription assays. The arrow
indicates the direction of transcription. The scheme in line E summarizes the results of the S1 protection and primer extension experiments.
The lines labeled with stars. 1 to 4, correspond to the S1-protected regions of the 0.85-kb Sau3A, 0.8-kb HindIl1-Sphl, 0.6-kb Rsal-HindIll,
and 0.9-kb HindlIl fragments. respectively. The lines labeled with dots correspond to the cDNA molecules observed following primer
extension on RNA; the dots show the locations of the primers. The thick arrows show the main 3’ splice sites of the ESAG mRNAs, and the
thin arrows show discrete cDNA starts in the primer extension experiments. The abbreviations are the same as for Fig. 1, except for the
following: A™. poly(A)™ RNA: Pr. procyclic: BC, basic copy: ELC, expression-linked copy: R. Rsal: S3. Sau3A; Z, Sspl. Only the relevant

restriction sites are shown.
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FIG. 6. Steady-state transcripts of the AnTat 1.3A expression site. Northern blots of poly(A)* RNAs from variants AnTat 1.3A and AnTat
1.6C, as well as from AnTat 1.1D-derived procyclic forms, have been hybridized with various probes from the AnTat 1.3A expression site
or from the T. brucei actin gene, as indicated. All exposures were for about the same time, except for the blots hybridized with probes 1V,
V, and IX, which are fivefold overexposed. See Fig. 5 for the extent and location of probes I to IX and Ben Amar et al. (1) for the

characterization of the actin probe.
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FIG. 7. Determination of the mRNA 5’ limit by S1 protection. (I) The *>P-labeled 0.85-kb Sau3A, 0.8-kb HindIII-Sphl, 0.6-kb
Rsal-Hindlll, or 0.9-kb HindlIll fragment from the expression site (lanes 1, 2, 3, and 4, respectively; see Fig. 5) was hybridized with AnTat
1.3A poly(A)* RNA (0.5, 1, or 0 pg, as indicated above the lanes), treated with 72 U of S1 nuclease, and electrophoresed in a 6%
polyacrylamide gel. The size was estimated with Mspl-digested pBR322 DNA as the marker, *P labeled by treatment with kinase. Bands
indicated by small arrows correspond to the sequences protected by hybridization, whereas those indicated by arrowheads are full-sized
fragments. (II) Fragments 1, 3, and 4 were hybridized with 1 pg of poly(A)* RNA from AnTat 1.1B, AnTat 1.3A, AnTat 1.6C, or procyclic
forms, as indicated, and then treated with 72 U of S1 nuclease. Subsequent analysis was performed as described for panel I.

made by S1 mapping or by primer extension. This suggests
that these mRNAs are capped by a 39-nucleotide spliced
leader (or miniexon) sequence. This was indeed verified by
hybridization of a synthetic probe of the miniexon with
hybrids between cloned ESAG 2 and ESAG 3 sequences and
poly(A)* RNA (Fig. 9), which indicated that the transcripts
of the two ESAGs carry the miniexon. The differences in
hybridization levels, which is also observed in Northern
blots, could be due to different proportions of the specific
transcripts.

Transcription in vitro. To estimate the extent of transcrip-
tion along the cloned region of the AnTat 1.3A expression
site, we allowed nascent RNA molecules to elongate in
isolated AnTat 1.3A nuclei in the presence of [**PIGTP and
used them as probes on Southern blots of the cloned
sequences. The results (Fig. 10) suggest that nearly all the
cloned section, both upstream and downstream of the 5’
barren region, is transcribed. All the restriction fragments
hybridize at comparable levels to the RNA probes, except
those specific to ESAG 2 and the 5’ barren region, which
hybridize much more strongly, and fragments upstream from
the EcoRI sites, which hybridize only weakly (Fig. 10B,

digest H+E+Sp, band 4; digest E+Pv, band 6) or not at all
(Fig. 10B, digest H+Z, band 5). In the presence of 1 mg of
a-amanitin per ml, most hybridization signals are only
slightly reduced (about 30%), exactly as observed with
transcription of ribosomal genes (Fig. 10B, fragments I).
However, transcription of both ESAG 2 and the 5’ barren
regions appears strongly inhibited by the drug. Unexpect-
edly, hybridization to ESAG 2 and S’ barren region-specific
fragments can also be detected with transcripts from procy-
clic nuclei. These results suggest that besides a variant-
specific transcription of the cloned region of the expression
site by an RNA polymerase resistant to a-amanitin, se-
quences related to ESAG 2 and the 5’ barren region are
constitutively transcribed by an RNA polymerase sensitive
to the drug.

For all experiments described above, the trypanosomes
were isolated from blood components by DEAE chromatog-
raphy at 37 to 38°C (see Materials and Methods). When
trypanosomes are isolated at room temperature, the hybrid-
ization of nascent RNA to sequences of the antigen gene
expression site appears selectively reduced (Table 1).

Putative pol I-like promoter 17 kb upstream from the
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FIG. 8. Determination of the mRNA 5’ limit by primer exten-
sion. Synthetic oligonucleotides complementary to stretches of the
expression site were hybridized with total RNA from AnTat 1.3A
(lanes 3A), AnTat 1.6C (lanes 6C), or procyclic forms (lanes P) and
then used as primers for reverse transcription in the presence of
[*2P}dCTP. The cDNAs were run on 6% polyacrylamide gels. The
arrows point to cDNA molecules synthesized only on RNAs from
bloodstream forms, as expected for reverse transcripts of RNAs
from the VSG expression site. The position of the first nucleotide 5’
to each primer (20 nucleotides each) is indicated at the bottom. The
apparent cDNA in the 101 extension of procyclic RNA is probably
an artifact, since it has not been reproducibly observed. The cDNAs
primed by 611 extension were run for different periods and exposed
for different times to see the two discrete stops at 55 and 370
nucleotides, respectively.

antigen gene. A stretch of 200 bp at the 5’ extremity of the
sequenced region appears not to be transcribed, since North-
ern blot analyses with probes restricted to this region do not
show any transcript (not shown). Moreover, DNA fragments
located upstream from the Sspl site at position 201 do not
hybridize with in vitro-labeled nascent RNA, whereas all
other fragments hybridize at comparable levels (Fig. 10; data
not shown). The untranscribed region seems to extend at
least 550 bp upstream from this Sspl site (Fig. 10B; data not
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FIG. 9. Presence of the miniexon sequence on ESAG mRNAs.
The template (row 1) and coding (row 2) strands of DNA fragments
cloned in phage M13 (4 pg each) were spotted on nitrocellulose and
hybridized with 150 pg of poly(A)* RNA from variant AnTat 1.1B,
which shows the same extent of hybridization as AnTat 1.3A RNA
with sequences of the AnTat 1.3A expression site (see text). After
being washed, the hybrids were incubated under the conditions
described by Guyaux et al. (12) with 1 pg of a synthetic 35-mer of the
miniexon, *?P labeled by treatment with kinase. The hybridized
fragments are as follows: 0.9-kb HindIII fragment for ESAG 2 (E2);
1.3-kb Rsal fragment, corresponding to probe VII of Fig. 5 (VII);
1.4-kb EcoRI-Hindlll fragment for ESAG 3 (E3); and 1.9-kb Sall-
Bglll fragment for the actin gene (ACT). As a control, 4 pg of
double-stranded wild-type M13 DNA (M13) was incubated under
the same conditions.

shown). On the other hand, from primer extension experi-
ments, the 5'-most limit of transcripts was mapped around
position 240 of the sequenced region, i.e., only 40 bp
downstream from the Sspl site (Fig. 8; summary in Fig. 5).
To find whether this limit might be considered the start of
transcription, we have compared the DNA sequence be-
tween Sspl and position 240 with that of the promoters for
rDNA and other antigen gene transcription unit (Fig. 11). A
significant level of homology can be found among the three
sequences, strongly suggesting the presence of a pol I-like
promoter. No other region from the sequenced fraction of
the AnTat 1.3A expression site was found to contain a
similar element.

Amino acid sequence of ESAG translation products. The
translation sequences of the two main ORFs (ESAG 2 and
ESAG 3) are presented in Fig. 12. These polypeptides have
been compared with sequences in the GenBank and EMBL
databases, but no significant homologies could be found. The
only remarkable feature is the presence, at the beginning of
the ESAG 3 polypeptide, of a hydrophobic segment with a
putative cleavage point, which can be interpreted as a signal
peptide (boxed in Fig. 12).

FIG. 10. Extent of transcription in vitro. Restriction digests from the cloned regions of the basic copy-containing telomere (A) and
expression site (B) were hybridized with *?P-labeled RNA synthesized in isolated nuclei from AnTat 1.3A bloodstream forms (lanes B) or
procyclic forms (lanes P). Transcription of bloodstream nuclei was conducted in the presence of 1 mg of a-amanitin per ml (lanes 1) or without
a-amanitin (lanes 0), whereas procyclic nuclei were incubated without a-amanitin. The DNA fragments, shown on the left in each panel after
being stained with ethidium bromide, may be identified by numbers in the maps below. mmm, DNA from the plasmid vectors. Encircled
numbers refer to fragments containing the ESAG 2 gene, and fragments marked by a star are thought to contain untranscribed DNA.
Fragments labeled 1’ in panel A are from a minor population of the recombinant plasmids, in which a fraction of the 5’ barren region has been
deleted. Fragments labeled 4’ in panel A are due to an incomplete cut at the HindlI site bracketed in the map. The results of four independent
experiments are shown, accounting for the variability of hybridization level in different digests. For HindII1-EcoRI-Sphl digests, the results
of two experiments are presented, to better show the relative extent of hybridization of band 4. As a control, panel B shows the hybridization
pattern of an EcoRI-HindIII digest of a lambda 1059 clone containing an rDNA transcription unit (Pays, unpublished results). Fragments I
contain rDNA. Fragment II contains a RIME transposon, which is transcribed by a pol II-like enzyme, much more in bloodstream forms than
in procyclic forms (20). The two other hybridizing fragments span both rDNA and vector sequences. Abbreviations for restriction sites: B,
Bgll; Bg, Bglll; E, EcoRl; H, Hindlll; He, Hindll; P, Pstl; Pv, Pvull; Sp, Sphl; Z, Sspl.
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TABLE 1. Selective inhibition of transcription of VSG
expression site by lowering the tryponosome temperature

Hybridization ratio

Probe“ (20°C/37°C)” cpm (37°C)¢
RIME 0.87 1,500 = 100
rDNA 1.09 2,000 = 250
Actin 0.91 1,100 = 100
SL 1.29 1,650 = 50
ESAG 3 0.67 1,200 += 60
Pv 0.62 560 = 30
Barren 0.42 250 = 100
VSG AnTat 1.3A 0.38 650 = 50

“ The probes are as follows: RIME, 1-kb Rsal fragment containing the B +
A halves of the transposon RIME (20); rDNA, 5.8-kb Hind-EcoRI fragment
from an 18S rRNA transcription unit, cloned in lambda 1059 (Pays, unpub-
lished results); Actin, 1.9-kb Sa/l-Bglll fragment containing a full actin gene
copy (1); SL, 1.35-kb Sau3A fragment containing the miniexon repeat (18);
ESAG 3, 1.4-kb EcoRI-HindIll fragment (see Fig. 10); Pv, 0.6-kb Pvull
fragment (see Fig. 10); Barren, 5.4-kb HindlIl fragment (see Fig. 10); VSG
AnTat 1.3A, 0.9-kb BglI fragment (see Fig. 10).

” The ratio of hybridization (20/37) of the RNAs synthesized in nuclei from
trypanosomes isolated at 20 or 37°C with different probes was determined by
liquid scintillation counting of the relevant nitrocellulose area.

< Values are mean and standard deviation from three measurements.

DISCUSSION

In this paper we present the nucleotide sequence and
transcription characteristics of a 6-kb region cloned from the
antigen gene expression site of the T. brucei AnTat 1.3A
variant. This region carries two putative genes, ESAG 2 and
ESAG 3, whose expression seems to be coordinated with
that of the VSG gene. In addition, we show that this
expression site contains a sequence homologous to the
previously described ESAG 1 (7), as well as two adjoining
shorter ORFs which are also transcribed in stable RNA. At
least part of a similar arrangement exists in the silent
telomere harboring the AnTat 1.3A basic copy, in which we
found ESAG 2 and ESAG 1. In this telomere, however,
ESAG 1 is crippled by stop codons. We suggest that the
ESAG region belongs to the VSG gene transcription unit,
which might start at a pol I-like promoter. Finally, we
demonstrate that sequences related to two regions of the
expression site (ESAG 2 and the S5’ barren region) are
transcribed independently of the VSG gene.

Probes from the AnTat 1.3A cloned sequences reveal a
similar pattern of transcription in at least one other variant,
AnTat 1.6C, which uses a different telomere as VSG gene
expression site. This was observed for steady-state tran-
scripts, by both Northern blot hybridization and primer
extension experiments. Therefore, the transcripts from dif-
ferent expression sites seem largely homologous and are
synthesized at similar locations. That different telomeres
may share extensive homology has been suggested previ-
ously (21, 24). It may arise through large gene conversion
events, as observed in the clone AnTat 1.3B (22). Despite
this high level of homology between telomeres, we can
conclude that the cloned sequences from the AnTat 1.3A
expression site are probably the ones transcribed in this
variant. Protection of these sequences against S1 digestion
can only be achieved by hybridization with RNA from
variants in which the telomere of the 200-kb chromosome is
the active expression site. Since some of these protected
fragments (e.g., the 0.9-kb HindIIl fragment) are repre-
sented in three copies in the AnTat 1.3A genome (E. Pays,
unpublished data), only two alternative copies could possi-
bly be transcribed instead of the expression site. However,
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FIG. 11. Putative promoter of the AnTat 1.3A transcription unit.
The sequence between the Sspl site (position 201) and the 5’
extremity of the ESAG 3 mRNA (position 240) is compared with
that of the T. brucei rDNA promoter (33) and VSG 118 gene
promoter (28). Asterisks denote homology, and arrows above the
sequences indicate where transcription is thought to initiate. Verti-
cal bars refer to the essential conserved nucleotides of eucaryotic
rDNA promoters (29). The underlined stretch is a 14-bp palindrome.

these copies should then be absolutely identical to the cloned
sequence over at least 850 bp, which is unlikely in view of
the known data on ESAG sequences from different telo-
meres (7; this study). Moreover, transcription of these
copies should stop when the antigen gene expression site is
inactivated (such as in AnTat 1.6C), which is very difficult to
explain in the absence of a relationship between the ESAG
sequences and the antigen gene.

We confirm earlier observations (14, 28) that the RNA
polymerase engaged in transcription of VSG genes resem-
bles RNA polymerase I with respect to its behavior toward
a-amanitin inhibition. Although transcription of housekeep-
ing genes, such as actin, is 50% inhibited by 10 g of
a-amanitin per ml (1), the transcription of all cloned se-
quences from the AnTat 1.3A expression site is inhibited by
only 30% in the presence of 1 mg of the drug per ml. The
pattern of inhibition as a function of a-amanitin concentra-
tion follows exactly that observed for the transcription of
rDNA, suggesting that the same polymerase is used in both
cases (E. Pays and H. Coquelet, unpublished data). This
polymerase seems prone to inactivation as soon as the
temperature of the trypanosomes is lowered. This observa-
tion, which has also been reported by Kooter et al. (15),
might be linked to the rapid inactivation of the VSG expres-
sion site when the trypanosomes transform into procyclic
forms (10).

Although Northern blot analyses clearly reveal discrete
steady-state transcripts, the following indirect evidence sug-
gests that the whole cloned area might be transcribed in a
single piece. (i) The DNA region covered by the main
steady-state transcripts extends over virtually the whole
cloned sequence, both upstream and downstream from the 5’
barren region. (ii) Several larger poly(A)* RNAs can be seen
with any of our expression site-specific probes, provided the
autoradiograms are exposed for a long time. (iii) In the main
intergenic region, the primer extension experiments show
discrete stops ahead of those mapped by S1 protection,
arguing for the existence of large precursors spanning dif-
ferent genes. (iv) The run-on transcription experiments do
not reveal any break or significant variation in the template
activity of the cloned DNA, as far as can be judged on both
sides of the 5’ barren region up to the Sspl site at position
201. The 5’ barren region itself hybridizes only weakly,
perhaps owing to rapid RNA degradation even in vitro.

From the Sspl site upwards, the DNA does not seem
transcribed over at least 550 bp. On the other hand, tran-
scripts can already be detected 40 bp downstream from this
Sspl site. Transcription could then be initiated within the
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ESAG 2

MMSVREMRELPIMYRP IGTTITECVSGDYMYHNTGDFDVLCKIYRITQAELPQPSFKNREK 60
EGEIMSKLEEMVREVEAAGGTQDLSHSSNRPTAYGE IRKLFEKARKLKEE IEVNRTKALN 120
ASRSAGENMLRAVYGDVWMWQREMR IKL SEEAMRGNKSLLFNSIDHANMSCGSYGDKLVGK 180
TLINDFFCLYVGEAHKVQTGQSATDGDDNLTLIEIYNRLNCPCKDYIRRPKSGSWTMMAE 240
HCDCDGRISDPENVTYGTTEAWDVISEACVYKNIGSNVKTLKAALAEFDDLVNLEQGDKYQ 300
VKGIFGYVRTDHNKNHACTGHTAGFTCVSYKHTLENGGIPWYNRLSNATEGLGEMDMYAK 360
EADSHIHELEZY=DEAEEIFLEVKI.GGDAADGRVAKVRVMMLG 403

ESAG3 '

MKFGIS VNNITNMTHNGTKKPRVFVVVVQTHATQGWC 60
RLILSAKLSN V AN Y KRPRWYMEFLEKGNASDEDIYIHLDGSDI IVSDGE 120
KYENAVEYFMQNTAENEEKFSGED IVKEKHISP IMFMTTSEC YAPGL DLLMNSDHKEHVG 180
RCYWFFNVGYRKEEDKKLPHLLKSPPSGKSYLSGGL IARVWAFRKFEYAFGELLKGSGEW 240
WSEQSIHAPLL IWSA IQGEEAVEQRFVLKRGIIGLNYEERFFTIPNSGVIREAPF IHFPGQ 300
Eé?ﬁ&EEAKLLVKNLSNYKELKGREFNSRDMGKVETYVVGGENNDFRYERICGDAFKENDggg

23717

FIG. 12. Amino acid sequence of ESAG 2 and ESAG 3. The putative signal peptide of ESAG 3 is boxed. with the predicted site of cleavage

(32) indicated by an arrow.

40-bp sequence following the Sspl site. Analysis of this
sequence has revealed the presence of a putative pol I-like
promoter, which carries the consensus essential nucleotides
at the correct location with respect to the 5’ limit of the
transcribed domain. This observation suggests that tran-
scription of the AnTat 1.3A expression site starts at that
locus. The possibility that the promoter for transcription of
the VSG gene is far upstream from the gene was suggested
previously (4, 31) and is strongly supported by recent results
(13, 15, 28). However, the two available estimates of the size
of different transcription units in independent expression
sites are widely divergent: 60 kb (13, 15) and 6 kb (28). Our
estimate, around 18.5 kb, is between these two values.
Further comparison between clone 221.4 of Kooter et al. (15)
and our clone pES200.8 reveals identical restriction maps for
all mapped sites, except for the presence of an additional
BgllI site near the 3’ end of our clone (Fig. 5 and 10; E. Pays,
unpublished data). This difference might be significant, since
221.4 has been reported to be fully transcribed, whereas
pES200.8 contains a 0.5- to 1-kb untranscribed region which
precisely carries the additional Bgl/lI site. In addition, like
Shea et al. (28), we have noted that sequences upstream
from the putative promoter are also transcribed by a pol
I-like RNA polymerase. Such a transcription occurs over at
least 15 kb upstream from the untranscribed stretch (Pays,
unpublished data). Other pol I-like promoters, whose activ-
ity would be under the same control as that of the VSG gene,
might thus be present upstream.

Data from both in vitro transcription and Northern blot
analyses show that ESAG 2-related sequences are tran-
scribed independently of the VSG expression site. This
transcription, which occurs in procyclic as well as in blood-
stream forms, involves a polymerase sensitive to a-amanitin.
Similarly, sequences related to the 5’ barren region appear
transcribed by a pol II-like enzyme in isolated nuclei from
both bloodstream and procyclic forms. However, steady-
state transcripts of the 5’ barren region cannot be detected in
procyclic forms, suggesting that 76-bp repeats, of which 5’
barren regions are made, can be transcribed independently
from the expression site, but that the products are unstable.

The existence of at least two putative ESAG genes within
the VSG gene transcription unit rests on the presence of two
potentially translatable ORFs, transcribed in two stable
poly(A)* RNAs. These RNAs may direct the synthesis of
two polypeptides of similar sizes (403 and 367 amino acids
for ESAG 2 and ESAG 3, respectively). The actual existence

of these polypeptides in trypanosome bloodstream forms
remains to be demonstrated, but is supported by the identi-
fication of the ESAG 1 protein in cytoplasmic extracts (6).
We endeavored to get an insight into their possible function
by comparing their sequences, as well as the sequence of
their genes, with those available in data banks. The only
significant homology found was between the ESAG 3 gene
and the AnTat 1.1 **companion’’ sequence (25). The mean-
ing of this observation is obscure, although a similar homol-
ogy with the companion has also been found in a region close
to the promoter in another VSG gene transcription unit (27).
A clue about the possible function of the ESAG 3 protein
might be the presence of a putative signal peptide at its N
terminus, suggesting interaction with membrane elements,
possibly the endoplasmic reticulum.

Along these lines, it might be relevant that the ESAG 1
copy from the telomere carrying the AnTat 1.3A basic copy
is most probably a pseudogene, being interrupted by several
stop codons in the three reading frames. Whether this
peculiarity is linked to the fact that this telomere has never
been found active as a VSG gene expression site remains to
be seen, but the idea finds some support in the observation
that minichromosome telomeres, which do not carry ESAG-
specific sequences (19), have never been shown to be used
for VSG gene transcription. This further suggests that ESAG
proteins are essential whenever a VSG gene is expressed.

Two additional short ORFs were found between ESAG 2
and ESAG 3. Only the first one appears translatable as such.
These adjoining ORFs appear transcribed in discrete steady-
state RNAs, but it is unlikely that they might encode a
functional polypeptide through RNA splicing. Probes spe-
cific to the region between the two ORFs recognize the same
set of RN As as probes from the ORFs do, suggesting that the
sequence between the ORFs is not an intron (Pays, unpub-
lished data). In any case, it is worth pointing out how
densely the cloned region from the VSG expression site is
packed with genes; three different coding sequences are
clustered in only 6.5 kb.
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