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Summary 

Activation of some variant surface glycoprotein 
(VSG) genes involves a duplicative transposition to 
an expression site, which completes the gene by 
addition of a mini-exon coding for the 5’ 35 nucleo- 
tides of VSG mRNAs. Using a 22 nucleotide probe 
we have found some 200 copies of the mini-exon on 
a tandemly arranged 1.35 kb repetitive element. This 
repeat is highly conserved in three trypanosome 
species. The mini-exon on the repeat is flanked by 
a 5’ splice site that resembles the consensus se- 
quence. We have not found a single mini-exon within 
10 kb of the transposed VSG gene exon in the 
expression site. We propose a model in which the 
arrays of mini-exon repeats function as a repetitive 
promoter for efficient transcription of VSG genes. 

Introduction 

Bloodstream-dwelling trypanosomes, like Trypanosoma 
brucei, contain a protective coat composed of a single, 
highly immunogenic protein species: the variant surface 
glycoprotein (VSG). VSGs are encoded by a large gene 
family (Borst et al., 1981; Bernards et al., 1981; Van der 
Ploeg et al., 1982a), and by switching from the expression 
of one VSG gene to the next trypanosomes can change 
their antigenic identity and evade the immune response of 
their mammalian host (for reviews see Borst and Cross, 
1982; Englund et al., 1982). 

VSG genes can be categorized as telomeric or nontel- 
omeric according to their position in the genome. The 
nontelomeric genes-like the 117 and 118 genes in our 
T. brucei strain (427)-are activated by the duplication 
and transposition of a silent basic copy (BC) of the gene 
into an expression site, yielding an expression-linked extra 
copy (ELC) that is transcribed (Hoeijmakers et al., 1980a; 
Bernards et al., 1981; Pays et al., 1981a, 1981 b). The 
expression sites of six independent trypanosome clones 
expressing either the 117 or the 118 gene look similar and 
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have two striking features (see Figure 1): a telomeric 
location (De Lange and Borst, 1982); and long DNA seg- 
ments (up to 30 kb), flanking the transposed VSG gene 
segment, that lack recognition sites for 17 restriction en- 
zymes, including tetranucleotide recognizing enzymes 
(Van der Ploeg et al., 1982b; Michels et al., 1982, 1983). 
These 5’ and 3’ “barren” regions vary in size in different 
trypanosome clones (Michels et al., 1982, 1983). They 
could contain short repetitive sequences or modified nu- 
cleotides; we have not been able to verify this, because 
these regions have eluded all cloning efforts (Van der 
Ploeg et al., 1982a). 

We have presented evidence that the duplication-trans- 
position activates VSG genes by promoter addition. Se- 
quence analysis of the 5’ end of the 118 VSG mRNA 
revealed 35 nucleotides that are not encoded within the 
transposed VSG gene segment (Van der Ploeg et al., 
1982c; Liu et al., 1983). Hence VSG gene transcription 
was inferred to start outside the transposed segment, from 
a promoter in the expression site upstream of a predicted 
35 nucleotide mini-exon (Van der Ploeg et al., 1982c). As 
predicted, the 117 VSG gene transcript that originates 
from the same or a similar expression site also contains 
the mini-exon sequence (Boothroyd and Cross, 1982; 
Michels et al., 1983). 

Telomeric VSG genes, like the 221 gene in the 427 
strain of T. brucei, can be activated without duplication or 
expression-linked rearrangements detectable in nuclear 
blots (Williams et al., 1979, 1981, 1982; Borst and Cross, 
1982; Bernards, 1982). Nevertheless, the 221 VSG mRNA 
contains the 35 nucleotides encoded by the mini-exon 
spliced onto the main body of the message (Boothroyd 
and Cross, 1982; A. Bernards, unpublished data). This 
mini-exon sequence is not found within 8 kb of the main 
exon of this gene (A. Bernards and T. De Lange, unpub- 
lished data). We have proposed that the telomeric genes 
can be translocated to the expression site by a chromo- 
some end exchange, which places them downstream of 
the promoter/mini-exon area from where they are tran- 
scribed (Borst et al., 1983a). However, in situ activation of 
telomeric genes that have their own upstream mini-exon 
or activation of these genes by insertion of a mobile 
promoter/mini-exon element could not be ruled out for lack 
of information on the genomic organization of mini-exons. 

To determine the mini-exon copy number and location 
as well as the characteristics of the sequences surrounding 
the mini-exons we have synthesized a specific probe for 
this sequence and have studied the genomic organization 
by nuclear blotting and cosmid clone analyses. The results 
indicate that the mini-exon is part of a conserved, tandemly 
repeated element. We discuss the possibility that these 
repeat arrays function as a strong promoter for VSG gene 
transcription at a limited number of sites in the genome. 

Results 

Mini-exon Probes Hybridize to a Repetitive Element 
We have synthesized a 22 nucleotide oligomer comple- 
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mentary to positions 13-35 of all VSG mRNAs (see Figure 
1 B) and have used this oligomer as hybridization probe on 
Southern blots of trypanosome DNA to locate the mini- 
exon(s). The results in Figure 2 show that the 22 nucleo- 
tides from the VSG mini-exon are present many times in 
the trypanosomal genome, since the probe hybridizes to 
multiple Pvu II, Sal I, Bgl II, and Barn HI fragments of 
trypanosomal DNA. In DNA digested with Eco RI, Hind Ill, 
or Kpn I, however, only one band corresponding to high 
molecular weight DNA (-30 kb) is visible. These large 
fragments must represent large repeat clusters lacking 
Eco RI, Hind III, and Kpn I sites. The repetitive pattern in 
22-mer hybridizations could be the consequence of an 
unfortunate choice of probe leading to homology with a 
repetitive element with no further relation to the mini-exon; 
however, this is not the case. Another probe-5 comple- 
mentary DNA-made by reverse transcription of the ter- 
minal 59 nucleotides of the 118 VSG mRNA (see Figure 
1B) contains the mini-exon in toto and recognizes the 
same prominent 0.7 kb fragment as the 22-mer in Pvu II- 
digested DNA (Figure 26). There are minor differences 
between the two mini-exon probes in their hybridization to 
a 0.4 kb Pvu II fragment and to the Pvu II fragments in the 
4-6 kb range. Sequence analysis suggests that the 5’ 
complementary DNA mini-exon probe fails to detect these 
fragments because they contain pseudo mini-exons (see 
below). 

The restriction fragments detected by mini-exon probes 

do not vary in size in different trypanosome clones (includ- 
ing cultured trypanosomes). Therefore, they cannot origi- 
nate from the mapped part of the expression site that 
contains the variable 5’ barren region, This is exemplified 
by the comigration of Barn HI fragments from the DNA of 
trypanosome variants 118a and 118d (Figure 2C), which 
differ in the size of their flanking sequence. Rehybridization 
of the filter with a 118 5’ gene probe shows that the 
fragments detected with the 22-mer do not comigrate with 
the Barn HI fragments containing the ELCs of the 118 
gene. This does not exclude, however, the presence of a 
single mini-exon within the mapped part of the expression 
site, because single mini-exons are not detected in this 
experiment (see below). 

Cloning and Sequence Analysis of Mini-exon 
Repeats 
We have cloned parts of the repetitive area identified by 
mini-exon probes in a cosmid vector. Screening of a library 
containing Mbo I partial digestion products of 118a nuclear 
DNA (Van der Ploeg et al., 1982a) with the 5’ complemen- 
tary DNA mini-exon probe (Figure 1B) yielded six cosmid 
clones, All clones contain multiple copies of a 0.7 kb F’vu 
II fragment that hybridizes with the 22-mer (Figure 3) and 
comigrates with the prominent 0.7 kb F’vu II fragment in 
nuclear DNA (see Figure 5C). Many other Pvu II fragments 
appear to be repeated within the inserts and often are 
found in more than two clones. The repetitive nature of the 

Figure 1. Physical Maps of the BC and ELCs of 
t 

. the 118 VSG Gene and Sequence of the 5’ End 
of the 118 VSG mRNA 

(A) Physical maps of the 118 BC gene and 118 
ELC genes in four independent trypanosome 
clones expressing VSG 118 (Mchels et al., 1983). 
The black boxes represent the main exon of the 
genes. “End” represents the end of the chromo- 
some. The underlined regions in the ELC maps 
indicate the size of the transposed 118 BC gene 
segment. Underneath the BC gene map the posi- 
tion of two probes (1 and 2) used in the experi- 
ments in Figures 2 and 8 is shown. (B) The 
sequence of the 5’ end of the 118 VSG mRNA 
(Liu et al., 1983) showing the 35 nucleotide mini- 
exon and 22 nucleotides encoded by the main 
exon. The sequences of the two mini-exon probes 
(22.mer and 5’ complementary DNA) are also 
shown. Abbreviations: B, Barn HI; Bg, Bgl II; E. 
Eco RI; H, Hind Ill; M, Msp I; P. Pst I; Pv, Pvu II; S, 
Sal I. 
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cloned area has precluded the construction of an overall cause putative TATA boxes in front of yeast genes are 
map. It is even likely that some clones do not overlap, also often found farther upstream (from -35 to -180; see 
even though they contain comigrating F’vu II fragments. Sentenac and Hall, 1983) than in higher eucaryotes. Further 
We have, however, constructed a map of one clone, cPR1 analysis of the promoter characteristics of the mini-exon 
(Figure 38) which clearly establishes the repetitive nature repeat sequence will require information on other trypano- 
of the insert and also substantiates that mini-exon repeats somal protein coding genes and the development of a 
are closely linked. trypanosome transformation system. 

We have analyzed the 0.7 kb Pvu II fragments from 
cPR1 and cPR20 in more detail. cPR1 contains four copies 
of this fragment; one was subcloned in M13mp7 and 
sequenced by the dideoxy-chain-termination procedure. 
cPR20 contains approximately eight copies, which were 
sequenced as one restriction fragment by the chemical 
degradation procedure. The sequences are identical and 
show the presence of a complete copy of the mini-exon 
21 bp from the Pvu II site (Figure 4). Determination of the 
complete sequence of the 0.7 kb Pvu II fragment (T. De 
Lange, unpublished data) has shown that this is the only 
mini-exon on this fragment. The mini-exon ends in the 
sequence TTG/GTATGA, which fits the consensus se- 
quence of 5’ splice sites derived by Mount (1982) (see 
Figure 4). The 3’ splice sites of three VSG genes are also 
listed in Figure 4 and show that trypanosomes follow the 
AG rule for intron ends. Further homology to the 3’ splice 
site consensus sequence is limited, and only the 3’ splice 
site of the 118 VSG gene fits well. 

Besides complete copies of the mini-exon we have 
found pseudo (I&) mini-exons. One was found by sequence 
analysis of the 5.3 kb Pvu II fragment from cPR1. Another 
is present on the 0.4 kb Pvu II fragment in cPR20. Both J/ 
mini-exons lack 6 bp at the 5’ side. From this breakpoint 
the sequences diverge completely (not shown). The pres- 
ence of $ mini-exons, which contain the 22-mer sequence 
but lack the 5’ part of the mini-exon, was already sug- 
gested by the failure to detect a minority of the Pvu II 
fragments, recognized by the 22-mer probe at 30°C with 
the 5’ complementary DNA mini-exon probe at 45°C (see 
Figure 28). 

We have searched the sequence upstream of the mini- 
exons for homology with canonical RNA polymerase II 
promoter sequences of higher eucaryotes. There is no 
extensive homology at analogous positions (Figure 4). 
However, the sequence 5’-GTAAAATATG-3’ from -67 to 
-58 might be equivalent to the TATA box sequence, be- 

Structure and Number of the Mini-exon Repeats 
The physical map of cPR1 (Figure 3) shows that the 0.7 
kb Pvu II fragment is flanked by a 0.65 kb Pvu II fragment. 
All other cPR clones contain multiple 0.7 kb and 0.65 kb 
Pvu II fragments in a 1 :l stoichiometry (see Figure 3). The 
two fragments apparently belong to one repeat unit of 
about 1.35 kb. We have mapped the Msp I, Mbo I, and 
Taq I sites in the repeat unit by Southern blot analysis of 
nuclear DNA (data not shown). The map in Figure 5A 
shows that Mbo I and Taq I cut the 1.35 kb unit once. 
Both enzymes yield one major fragment of 1.35 kb in 
nuclear DNA (shown for Mbo I in Figure 58) which can be 

Figure 2. Nuclear Blots Showing the Repetitive 
Hybridization Pattern of Mini-exon Probes 

(A) Variant 118a DNA was digested with the re- 
striction enzymes indicated, size-fractionated, 
transferred40 nitrocellulose filters and hybridized 
to 22.mer mini-exon probe. (8) Two identical nitro- 
cellulose filters containing size-fractionated 118a 
DNA digested with Pvu II were hybridized to the 
22.mer (left) and 5’ complementary DNA (right) 
mini-exon probes. (C) DNA from variants 118a and 
1 18d was digested with Barn HI, size-fractionated 
on a 0.5% agarose gel, and transferred to nitro- 
cellulose filters. The fitter was hybridized to the 22. 
mer mini-exon probe (left). After autoradiography 
the 22.mer signal was removed and the filter 
rehybridized to a probe for the 5’ half of the 118 
gene from the 118 VSG complementary DNA 
clone TcVl18-2 (probe 1, Figure 1A). Positions of 
the 118 BC and the 118a and 118o’ ELCs are 
indicated. Abbreviations as in Figure 1. 
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Frgure 3. Cosmid Clones Containing Mini-exon Repeats 

(A) Ethidrum-bromrde/UV staining pattern of a 0.7% agarose gel containing 
size-fractionated DNA of six cosmid clones digested with Pvu II. (B) The 
DNA from the gel shown rn (A) was transferred to nitrocellulose filters and 
hybridized to the 22.mer mini-exon probe. (C) Physical map of cosmid 
clone cPR1. The map was constructed by single, double, and partial 
digestion analyses of clone cPR1 and isolated restriction enzyme fragments 
of thts clone. The orientation of the four 0.7 kb and 0.65 kb Pvu II fragment 
pairs was not determined. The insert lacks sites for Eco RI, Hind ill, and 
Kpn I. The sites in the cosmid vector (POPFI; Grosveld et al., 1961) are not 
shown. The asterisks indicate Pvu II fragments that hybridize to the 22.mer 
mrni-exon probe. 

explained by tandem linkage of the majority of the repeats. 
Mbo I partial digestion analysis (Figure 5B) indeed yields 
1.35 kb multimers. High resolution electrophoresis of the 
large Mbo I partials shows linkage of at least 15 repeat 
units, We have not obtained such long tandem arrays in 
clone. This may be the consequence of the cloning pro- 
cedure, in which the DNA was size-selected on sucrose 
gradients after partial Mbo I digestion (see Van der Ploeg 
et al., 1982a), as cloning of Mbo I partials without size 
selection does yield clones containing up to ten tandemly 
linked repeat units (T. De Lange, unpublished data). 

Long stretches of tandemly linked mini-exon repeats 
should yield large fragments that hybridize to the 22mer 
in nuclear DNA digested with restriction enzymes that do 
not cut within the repeat. This is in fact what we find with 
Barn HI, Sal I, Bgl II, Eco RI, Kpn I, and Hind Ill in Figure 2. 

We have determined the approximate copy number of 
the mini-exon repeats by quantitative Southern blotting. 

Figure 4. Flanking Sequences of the Mini-exon 

The top half of the figure shows the sequences flanking the mini-exon 
(boxed) on the 0.7 kb Pvu II fragment from cPR1, which is ldentii with 
the sequence of the 0.7 kb Pvu II fragments of cPR20. The two sequences 
were determined by dideoxy and chemical degradation methods, respec- 
tively (see Experimental Procedures). In the bottom half the 5’ and 3’ splice 
site consensus sequences are compared with the sequences flanking VSG 
gene introns and the canonical promoter sequences in higher eucaryotes 
are compared with sequence blocks from the mini-exon prelude. 

The hybridization intensity of the 0.7 kb Pvu II fragment in 
nuclear DNA was compared to the intensity of the same 
fragment from cPR1. From the experiment shown in Figure 
5C and two other independent ones we calculate the copy 
number of the mini-exon repeat to be about 200 per 
nucleus (for calculation see legend to Figure 5). 

The Mini-exon Repeats Are Highly Conserved 
The flanking sequence of some 200 mini-exon copies in 
the genome of our T. brucei strain (427) is rather homo- 
geneous over an area of 1.35 kb including two Pvu II sites, 
two Msp I sites, one Taq I site, and one Mbo I site. Such 
homogeneity could reflect either the recent amplification 
of the repeat unit or an essential role of multiple, identical 
repeat units in the genome. To test this we have analyzed 
Pvu II-digested DNA from four T. brucei strains, Trypano- 
soma rhodesiense, and two additional trypanosome spe- 
cies-T. equiperdum and T. evansi. These trypanosomes 
all belong to the subgenus Trypanozoon and undergo 
antigenic variation. Figure 6 shows that these strains all 
contain the mini-exon repeats. Variation occurs in the 
number and intensity of the faint larger repeat bands, but 
not in the major hybridizing 0.7 kb Pvu II band (the intensity 
of which varies with the amount of DNA per lane). 

We also analyzed two trypanosome species from differ- 
ent subgenera: Trypanosoma vivax (Duttonella) and the 
biologically different Trypanosoma cruzi (Schizotrypanum). 
T. cruzi does not undergo antigenic variation; T. vivax 
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Figure 5. Structure and Copy Number of the Mini-exon Repeat 

(A) Physical map of the I.35 kb mini-exon repeat. The map was derived by 
blot analysis of single and double digests of nuclear DNA and hybridizatron 
with the 22.mer. The black box indicates the mini-exon. Abbreviations: M, 
Msp I; Mb, Mbo I; Pv. Pvu II; T, Taq I. The second and third Msp I site 
upstream of the mini-exon were found by sequence analysis of the 0.7 kb 
Pvu II fragment. (B) Mbo I partial digestion of mini-exon repeat arrays. DNA 
(1.5 pg) from variant 1 18a was incubated with Mbo I (0.5 U) for the times 
indicated, size-fractionated on a 0.7% agarose gel, transferred to a nitro- 
cellulose filter, and hybridized to the 22.mer mini-exon probe. In a sample 
of the DNA digested for 20 min and run separately on a 0.5% agarose gel 
to resolve large products, partials containing up to 15 linked units (15 n) 
can be detected. (C) Determination of the copy number of the mini-exon 
repeat. The autoradiogram shows a blot containing the indicated amounts 
of size-fractionated nuclear (variant 118a) and cloned (cPR1) DNA digested 
with Pvu II and hybridized to the 22.mer mini-exon probe. Scanning of the 
autoradicgram showed that the intensity of the 0.7 kb Pvu II fragment in 
790 ng nuclear DNA corresponds to the intensity of the same fragment in 
25 ng cPR1 DNA. As the diploid genome size of T. brucei is about 74 x 
I@ kb (Borst et al., 1982) i.e. 1.85 x lb the size of cPR1, and cPR1 
contains four copies of the 0.7 kb Pvu II fragment, it follows that T. brucei 
contains 251793 x 1.85 X I@ X 4 = 234 copies per diploid genome. 

does. Figure 6 shows that DNA from both species shows 
some homology to the 22-mer. The repeat unit, if any, 
must differ, however, from the 1.35 kb repeat of the 
members of the subgenus Trypanozoon as the 0.7 kb Pvu 
II fragment is absent. The hybridization with T. vivax DNA 
is particularly relevant, because none of our other T. brucei 
probes (including the conserved 3’ half of VSG genes and 
the 177 bp satellite sequence) hybridizes to T. vivax DNA 
at low stringency (T. De Lange and J. D. Barry, unpublished 
data). From this we infer that the mini-exon repeats are a 
functional part of the genome rather than an accidental 
satellite-like sequence. 

The Nearest Mini-exon in the Expression Site Is 
More Than 1.5 kb Upstream of the 5’ Barren 
Region 
The mini-exon sequence contains an Rsa I site and an 
Xmn I site (see Figure 1B) that can be used to determine 
the nearest possible location of the mini-exon in the expres- 
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Figure 6. Nuclear Blots Showrng That the Mini-exon Repeat Is Conserved 
in Trypanosomal Evolution 

DNA from the trypanosome strains Indicated was digested with Pvu II, size- 
fractionated on a 0.7% agarose gel, transferred to nttrocellulose filters, and 
hybridized to the 22.mer mini-exon probe. 

sion site. The first Rsa I site in the expression site lies 
upstream of the 5’ barren region, just in front of the Hind 
Ill site (Van der Ploeg et al., 1982c). We have mapped the 
nearest Xmn I site 200 bp 3’ of the Pvu II site upstream of 
the barren region (not shown). Although this suggests that 
the nearest mini-exon in the expression site is located at 
or upstream of the Xmn I site, we cannot exclude the 
possibility that the barren region contains Rsa I and Xmn I 
sites masked by modified bases. The absence of the mini- 
exon in the Pvu II fragment containing the 5’ barren region 
was verified by quantitative Southern blotting with cPR1 
DNA as standard. Under conditions that allow detection of 
less than 0.5 mini-exon/diploid genome, the probe does 
not light up the F’vu II fragment that contains the 5’-flanking 
region of the ELCs of VSG gene 118 in DNA from variants 
118a and 118d (Figure 7). From these results we conclude 
that the nearest mini-exon is upstream of the Pvu II site- 
i.e., at least 1.5 kb upstream of the barren region and at 
least 20 kb upstream of the main body of the gene in 
variant 118b. 
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Figure 7. The Absence of a Mini-exon from the Pvu II Fragments Flanking 
the 118 ELCs 

Pvu II-digested nuclear DNA (test) and cPR1 DNA (standard) was size- 
fractionated on a 0.5% agarose gel, transferred to a nitrocellulose filter, 
and hybridized to the 22.mer mini-exon. (A) DNA from variant 118a (5 pg) 
and 118d (10 pg). The arrows indicate p&ions of the Pvu II fragments 
that contain the 5’ barren regions flanking the 118a and 118d ELC genes. 
These fragments are not recognized by the 22-mer under these conditions. 
Their positron was determined by rehybrfdization of the filter with the 970 
bp Pvu II fragment (probe 2, Figure IA) from a cosmid clone (TgScl18-29; 
Van der Ploeg et al., 1982a) that contains the 118 SC gene area. (6) The 
sensitivity of the assay in (A) was determined by 22.mer hybridization to 
the 0.7 kb Pvu I/ fragment of known amounts of cPR1 DNA. The 2.3 kb, 
4.0 kb, and 5.3 kb Pvu II fragments of cPR1 that hybridize to the 22 mer 
are not shown, From the amount of cPR1 DNA in each lane (0.34-5.4 ng) 
and the parameters given in the legend to Figure 5C, the 0.7 kb Pvu II 
fragment was calculated to hybridize with an intensity equivalent to 0.25-4 
mini-exon copies per diploid genome in 10 rg DNA. 

Mini-exon Transcripts 
From the data presented in the preceding section it follows 
that the complete 118 VSG gene is very large, at least 12 
kb in its smallest version (118a). The primary transcript 
should, therefore, be no less than 12 kb. We have probed 
nitrocellulose blots of size-fractionated RNA from variant 
118a with the 22-mer to verify the presence of such 
precursors. As expected, the 22-mer hybridizes to the 
mature VSG transcript in 118a poly(A)+ RNA (Figure 8, 
lane 2). In addition to this RNA species we find a broad 
smear of hybridizing RNAs ranging from 0.8 to 6 kb, but 
no 12 kb species. Appropriate controls included in Figure 
8 exclude the possibility that this smear results from the 
presence of DNA (lane 5) nonspecific degradation of RNA 
(lane 7) or aspecific binding of the probe to RNA (lane 6). 

As an additional control the RNA from culture form T. 
brucei was tested. Since these trypanosomes do not have 
a surface coat, transcription of VSG genes was not ex- 
pected. Lane 4 of Figure 8 shows, however, that the 
culture form trypanosomes yield nearly the same size 
distribution of RNA hybridizing to the 22-mer as do blood- 
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Figure 8. Detection of Mini-exon Transcripts by RNA Slotting 

Glyoxylated RNA (or DNA, lane 8) was size-fractionated on a 1% agarose 
gel, transferred to nitrocellulose filters, and hybridized to the 22mer mini- 
exon probe (except for lane 7. see below). Lanes 1 and 2, 10 rg pofy(A)- 
and 3 pg poly(A)+ RNA, respectively, from varlant 118a Wanosomes. 
Lanes 3 and 4, 10 pg poly(A)- and 3 rg poly(A)+ RNA, respectwefy, from 
cultured trypanosomes. Lane 5. 3 rg poly(A)+ RNA from cultured twoano- 
somes treated with 2 pg RNAase A; lane 6. 10 pg total RNA from E. cdi. 
Lane 7 shows a rehybridization of lane 2 with a 118 VSG ccmp(ementary 
DNA probe (the 5’ half gene subprobe from plasmid TcVl18-2, see probe 
1, Figure IA). Lane 8 contains 0.2 fig cPR1 DNA cut with Pvu II. Lanes 5 
and 6 were exposed five times longer. 

stream trypanosomes. Only the VSG mRNA band is miss- 
ing. We have verified the absence of VSG gene transcripts 
in total and poly(A)+ RNA from cultured trypanosomes by 
reverse transcription/dideoxy-chain-termination sequence 
analysis using a 16mer primer complementary to the 3’ 
end of VSG mRNAs (Michels et al., 1983). RNA from 
cultured trypanosomes did not yield 14-mer primed cDNA, 
whereas in mixing experiments with RNA from variant 221a 
the expected 221a sequence was obtained. Hence the 
coatless cultured trypanosomes contain RNA that hybrid- 
izes with the 22-mer, but little or no mature VSG mRNA. 

Discussion 

We have shown that the VSG gene mini-exon is part of a 
1.35 kb repetitive element, present some 200 times in the 
T. brucei genome. The elements are largely organized in 
long arrays of head-to-tail linked units. What is their func- 
tion? One possibility is that they are unrelated to VSG gene 
expression and that a single mini-exon is used to start VSG 
gene transcription. Although we cannot exclude this, we 
favor the idea that a tandem array of mini-exon repeats is 
present upstream of the ELC in the expression site and 
that each of these mini-exons can act as start for RNA 
synthesis, as depicted in Figure 9. We propose that this 
arrangement has evolved to allow a very high rate of 
transcription of the VSG gene that resides in the expression 
site. 

Although there are no experimental data on the rate of 
synthesis of VSG mRNA, it must be high. VSG makes up 
10% of the total trypanosome protein (Cross, 1978); VSG 
mRNA is a major component of the poly(A)’ RNA (Williams 
et al., 1978); and the stability of this messenger must be 
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Figure 9. Multiple Promoter Models for VSG Gene transcription 

Schematic representation of two alternative models in which mini-exon 
repeat arrays function as a repetiiive promoter area for VSG genes inserted 
in the expression site. For explanation see Discussion. 

low to allow efficient switching of the VSG synthesized. 
Many genes that code for abundant gene product (ribo- 
somal RNA, dihydrofolate reductase, chorion proteins) are 
constitutively or temporally amplified (for review see 
Schimke, 1983). Trypanosomes are no exception to this 
rule, since they contain a 15fold tandem amplification of 
the genes coding for LY- and 8-tubulin (Thomashow et al., 
1983). However, amplification of VSG genes would not be 
simple. A IO-fold amplification of the lo3 VSG BC genes 
(see Van der Ploeg et al., 1982a) would double the genome 
size. A lo-fold amplification each time that a new VSG 
gene duplicate is slotted into the expression site would 
require a logistic tour de force. A strong promoter might 
be the best way to meet the high demand for VSG gene 
products. 

Two versions of the multiple-promoter model in Figure 9 
are compatible with our data. One version is that RNA 
polymerases start at each repeated mini-exon and tran- 
scribe all downstream sequences into long precursors, 
which would be spliced to yield a mature message that 
contains the first transcribed mini-exon and the main body 
of the gene. We have not detected long primary transcripts 
in Northern blots, but as these transcripts should be over 
10 kb, they might be processed during transcription or lost 
during isolation. The spliced out sequences could be 
represented by the heterogeneous transcripts we detected 
with the 22-mer. The recovery of spliced out RNAs in 
oligo(dT)-selected RNA is unexpected, but might be due 
to dT homopolymeric tracts in the template. 

The other version is that the mini-exon repeats merely 
act as entry sites for polymerases in order to assemble 
them at the farthest downstream mini-exon from which the 
synthesis of the primary VSG transcript starts. During the 
travel downstream polymerases would start transcription 
at every mini-exon, yielding the abortive heterogeneous 
transcripts detected with the 22-mer. Polymerases could 
either slide on after termination or dissociate from the 
template and reassociate with high probability in the same 
area. A similar enhancing effect through polymerase as- 
sembly has been proposed for the repeated initiation sites 
in the spacers between Xenopus laevis ribosomal RNA 
genes (Moss, 1983). 

The multiple-promoter model predicts physical linkage 
between a mini-exon repeat array and the expression site. 
None of the cosmid clones we have isolated overlaps the 
mapped part of the expression site (T. De Lange, unpub- 
lished results), possibly because of selection against cos- 
mids containing long repeat arrays during the cloning 
procedure (see above). We are currently trying to demon- 
strate linkage by other cloning procedures and chromo- 
some walking. A test of the second prediction of the 
multiple-promoter model-the enhancing effect of pro- 
moter redundancy on transcription-awaits the develop- 
ment of a suitable in vivo transcription system in which 
mutagenized templates can be tested. 

Although our experiments show that the mini-exons are 
strongly clustered in units of at least 15 repeats, it is 
possible that there are several such clusters and that some 
of these are unrelated to mRNA synthesis or linked to 
genes other than VSG genes. Linkage to other genes 
could explain the abundance of heterogeneous mini-exon 
transcripts found in culture form trypanosomes, which 
synthesize no VSGs and contain no detectable VSG 
mRNA. Alternatively, the heterogeneous mini-exon tran- 
scripts could originate from the redundant VSG gene 
promoter, the lack of VSG gene transcripts being due to 
a block in the transcription of sequences downstream of 
the promoter, incomplete or altered RNA processing, or 
simply lack of physical linkage between the promoter 
region and a VSG gene. The latter possibility is rendered 
less likely by the recent finding (Parsons et al., 1983) that 
bloodstream trypanosomes lose their VSG, but not the 
ELC specifying this VSG, when brought into culture. 

Our data also bear on the question whether the telomeric 
VSG genes that are switched on without duplication (Ber- 
nards, 1982; Williams et al., 1982; Borst et al., 1983a, 
1983b) are activated in situ or by translocation. The number 
of telomeric genes is still unknown. We have identified 
three in our trypanosome strain (J. M. Kooter, T. De Lange, 
P. A. J. Leegwater, and A. Bernards, unpublished obser- 
vations), but this may be only the tip of an iceberg. In 
collaboration with Schwartz and Cantor we have recently 
found that trypanosomes contain at least 100 telomeres, 
and most of these in mini-chromosomes that hybridize 
under low stringency with probes recognizing large families 
of VSG genes (Borst et al., 1983~). Potentially there are, 
therefore, some 100 telomeric VSG genes. Could all these 
be activated in situ, either by insertion of a mobile pro- 
moter-mini-exon module or by activation of such a module 
in situ? The clustering of mini-exon repeats that we have 
seen argues against the latter alternative. We find 200 
mini-exon repeats clustered in blocks of at least 15. There 
are, therefore, not enough mini-exon blocks for each of 
the 100 telomeric genes. Furthermore, hybridization with 
mini-exon probes shows that no or very few (40) mini- 
exons are located on mini-chromosomes (Borst et al., 
1983c; L. H. T. Van der Ploeg and T. De Lange, unpub- 
lished data). Consequently, these genes must either be 
served by mobile mini-exon repeats or move by translo- 
cation into the expression site. We have not observed any 
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difference in mini-exon repeats in DNA from variants that 
do and those that do not express a telomeric VSG gene, 
but if the mobile mini-exon block were small, it could have 
escaped detection in blots. More direct tests are required 
to determine how telomeric VSG genes are activated. 

Experimental Procedures 

Trypanosomes 
Trypanosoma brucei brucei strain 427 variants 118a and 221a were ob- 
tained from Dr. G. A. M. Cross (The Rockefeller University, New York). 
Variants 118b. 118c, and 118d are independently isolated trypanosome 
clones expressing VSG 118 from the same strain (Miihels et al., 1982, 
1983). T. brucei strain 427 (procyclic) cultured trypanosomes were obtained 
from Dr. R. Brun (Swiss Tropical institute, Basel, Switzerland). T. brucei 
EATRO 795 (ILTat 1.22) and EATRO 3 (ETat 1.2) and T. vivsx Swam 
(GUDat 1 .I) were obtained from Dr. J. D. Barry (University of Glasgow, 
Scotland). T. cruzi Tulahuen epimastigotes were obtained from Dr. A. C. C. 
Frasch (University of Buenos Aires, Argentina). The origins of T. brucei 
EATRO 1125, T. rhodesiense TDRN34, and T. equiperdum ATCC 30019 
have been described (Frasch et at., 1982). 

DNA Isolation 
Bloodstream trypanosomes were grown in rats and isolated as described 
previously (Michels et al., 1982). Cultured trypanosomes were grown as 
described by Hoeijmakers et al. (1981). T. cruzi epimastigotes were grown 
as described by Leon et at (1980). Trypanosomal DNA was isolated by 
standard procedures (see Bernards et al., 1981). Recombinant DNA was 
isolated by the alkaline lysis procedure of Birnboim and Doly (1979). 

RNA Isolstlon 
RNA was isolated from purified trypanosomes by the LiCI-urea method 
(Auffray and Rougeon, 1980) and contaminating DNA was removed by 
DNAase treatment as described (Van der Ploeg et al., 1982~). Poly(A)+ and 
poly(A)- fractions were separated by oligo(dT)cellulose chromatography 
as described (Hoeijmakers et al., 1980b). 

Blotting 
Restriction endonuclease digestion, electrophoresis, and transfer of DNA 
to nitrocellulose filters were performed as described (Bernards et al., 1981). 
RNA (Northern) blots were prepared according to the glyoxaf procedure 
(Thomas, 1980). DNA- and RNA-containing nitrocellulose fifters were pre- 
hybridized as described (Bemards et al., 1981). 

Hybridization Probes 
Probes 1 and 2 in Figure IA were obtained from the 118 VSG cDNA 
plasmid TcVl18-2 (Hoeijmakers et al., 198Ob) and 118 BC gene area 
cosmid clone T&cl 18-29 (Van der Ploeg et al., 1982a), respectively, by 
isolation of the appropriate restriction fragments from low-meltingtemper- 
ature agarose gels (Wieslander, 1979) and labeling by nick translation 
(Rigby et al., 1977). The 22.mer mini-exon probe was synthesized by the 
procedure of Van der Mare1 et al. (1982) and labeled at the 5’ end by 
pdynucleotide kinase (BioLabs) with y-?-ATP (NEN) (Maxam and Gilbert, 
1980). The 5’ complementary DNA mini-exon probe was synthesized by 
reverse transcription of approximately 100 rg total RNA from variant 118a 
with the 12.mer primer and n-=P-dCTP and -dATP using the reaction 
conditions described by Van der Ploeg et al. (1982c). The 59 nucleotide 5’ 
complementary DNA product was isolated from 8% polyauyfamide-7 M 
urea gels by the procedure of Maxam and Gilbert (1980). 

Hybridization Conditions 
The 22.mer and 5’ cDNA mini-exon probes were hybridized to nitrocellulose 
filters at 3O’C and 45°C. respectively, for 20 hr in 6~ NET hybridization 
buffer (0.9 M NaCI: 6 mM EDTA; 90 mM Tris-HCl, pH 7.5; 5x Denhardt; 
0.5% sodium dodecylsulfate; 10% dextran sulfate) as described by Wallace 
et al. (1981) with 50 Ag salmon-sperm DNA per milliliter and 0.1% Na- 
pyrophosphate. Posthybrfdization washes were perfom-red at the hybridi- 
zation temperature in 3x SSC, 0.1% sodium dodecyl sulfate (SSC = 0.15 
M NaCI; 0.015 M Na-citrate. pH 7.0). Hybridization with probes 1 and 2 

(Figure 1A) was camed out as described (Bernards et al., 1981) with final 
posthybridization washes in 0.1 x SSC, 0.1% sodium dcdecylsulfate at 
65T. 

Library Weaning 
A library of Mbo I partial fragments from variant 118a DNA inserted in the 
cosmid vector POPFI (Grosveld et al., 1981) described previously (Van der 
Pfoeg et al., 1982a) was screened with the 5’ complementary DNA mini- 
exon probe using the hybridization conditions described above. Positive 
colonies were picked and rescreened as described (Grosveld et al., 1981) 
and DNA was isolated from cultures inoculated with a single positive colony. 

Sequence Analysis by the Dideoxy Method 
The 0.7 kb Pvu II fragment (0.1 ag) from cPR1 was ligated to 0.2 pg Hid 
II-cut, dephosphoryfated M13mp7 (Messing et al., 1981) with phage T4 
DNA ligase (BioLabs), and the ligation products were used to transform E. 
coli JM103. Single-stranded template DNA for the dideoxy sequence 
method of Sanger et al. (1977) was prepared from recombinant Ml3 
plaques (Sanger et al., 1980) and cDNA synthesis started with a 18.mer 
synthetic primer, complementary to the Ml 3 sequence flanking the insert. 

gequence Analysis by Chemical Degradation 
The 0.7 kb and 0.4 kb Pvu II fragments of cPR20 and a 320 bp Msp I 
fragment from the 5.3 kb Pvu II fragment of cPR1 were sequenced in both 
directions by the procedure of Maxam and Gilbert (1980) using 5’.labeled 
separated strands. Five chemical reactions (G, G + A, AX, C + T, and 
T) were used. 
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