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The 140-nucleotide spliced leader (SL) RNA, involved in
mRNA maturation in the African trypanosomes and in other
kinetoplastida, is encoded by a tandem array of spliced leader
genes. We show that the 1.4-kb SL gene repeat unit in
Trypanosoma gambiense is organized in tandem arrays con-
fined to two large (minimum size 350-450 kb) restriction
fragments. SL genes in both arrays are interrupted by a total
of eight conserved insertion elements. Cleavage of genomic
DNA at restriction sites present within the insertion element
but not in the SL gene repeat, releases variable numbers of
SL genes from the tandem array. Since the insertion element
contains a terminal poly(A) track of 36 bases and because
a 49-bp duplication of target DNA has occurred at the in-
tegration site, we conclude that it is a retroposon. This retrop-
son is uniquely associated with the SL gene clusters. These
retroposons presumably originated from a single insertion
event after which their copy number increased, possibly
through unequal sister chromatid exchange.
Key words: orphon/retroposon/spliced leader RNA/trynosome

Introduction
mRNA maturation in African trypanosomes and other
kinetoplastida involves a splicing mechanism which is different
from that of most other eukaryotes. All mature mRNA consist
of two exons that are discontinuously transcribed from separate
genes and joined at a later stage. A common non-coding
35-nucleotide leader is found at the 5' end of all mRNAs studied.
This leader is encoded on a small 140-nucleotide RNA referred
to as the spliced leader (SL) RNA (Campbell et al., 1984; Kooter
et al., 1984; Milhausen et al., 1984). Several different models
have been presented to explain discontinuous transcription. It has
been proposed that transcription initiation requires SL RNA as
a primer joining the separate transcripts; or that alternatively,
trans-splicing of SL and main coding exons occurs. Recently,
evidence has been presented that supports the trans-splicing model
(for a review, see Borst, 1986; Van der Ploeg, 1986).

In Trypanosoma brucei, the SL RNA is encoded by - 200
genes, which are organized as tandem arrays of a directly repeated
1.4-kb unit (DeLange et al., 1983; Nelson et al., 1983). When
genomic DNA is digested with certain restriction enzymes that
do not cleave within the repeat unit, high mol. wt fragments are
produced that contain many SL gene repeat units. However, small

fragments containing the SL gene are also found. These small
fragments have been referred to as the SL gene orphons and these
fragments vary in size and number among different T. brucei
isolates (Nelson et al., 1983; Parsons et al., 1984, 1986).
We show here that all spliced leader genes are clustered on

two large restriction fragments (at least 350 and 450 kb in size).
The tandemly repeated SL genes of both clusters are interrupted
at multiple sites by a conserved sequence of - 7 kb. When these
sequences are cut by enzymes not found in the SL monomer,
one observes the appearance of orphon restriction enzyme
fragments containing the SL genes which have been released from
the tandem array. The conserved sequence is associated only with
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Fig. 1. Pulsed field gel analysis of T.gambiense restricted chromosomes
hybridized to SL gene probe. T.gambiense chromosomes embedded in 0.5%
agarose blocks were cleaved with restriction enzymes (see Materials and
methods for further details) Sfil, Notl, XbaI and Hindlu in lanes 1-4
respectively, lane 5 contains intact chromosomes from a heterogenous
population of T.brucei trypanosomes obtained from a parasitemic rabbit at
day 28 after infection, d28, and was used as the size marker (Shea et al.,
1986). A pulse time of 40 s was used at 210 V and electrophoresis was
carried out at 12°C for 60 h. Following acid hydrolysis (0.25 M HCI for
15 min), denaturation and neutralization, DNA was transferred to
nitrocellulose membrane according to the Southern protocol (Southern,
1975). Probe pSLpvS was used for hybridization according to the conditions
described in Materials and methods. A 2-h exposure is shown with no

intensifying screen. Notl enzyme analysis in lane 2 shows a partial cleavage
pattern. On subsequent complete digests, no homology with the - 2-Mb
fragment is seen with this enzyme. The arrows indicate the 2-Mb
fragments.
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Fig. 2. Autoradiogram showing SL gene-containing restriction fragments. (A) SL gene homologous fragments generated by the restriction enzymes BamHI,
Sall, Bgll, SmaI and HindU in lanes 1-5 respectively. Lane M has the high mol. wt lambda DNA size standard co-electrophoresed as the size marker
(Bethesda Research Laboratories). Digested genomic DNA (2 Ag) was analyzed by gel electrophoresis overnight on 0.4% agarose gels in TAE buffer (0.04 M
Tris acetate, 0.002 M EDTA). The gel was denatured, neutralized and subsequently transferred to nitrocellulose by the Southern protocol (Southern, 1981).
The SL gene-containing clone, pSLpv5, was used as the hIbridization probe in Figure 3A. Hybridization conditions were 50% formamide, 5 x SSC,
5 x Denhardt's and 0.2% SDS at 420C for 36 h. 5 x 10 c.p.m./ml of the hybridization probe was used and the filters were washed at 65°C in 0.2 x SSC
for 3 h. A 4-h exposure time with no screen is shown. (B) The digestion, electrophoresis and hybridization conditions are identical to those in (A) except that
the hybridization probe was pSBI and a 24-h exposure time is shown. The same digests were also analyzed by PFG in order to size the high mol. wt
fragments more accurately. By using a pulse time of 20 s for 18 h followed by a pulse time of 5 s for an additional 18 h, we were able to show that the high
mol. wt bands could be resolved into three bands of 100, 150 and 175 kb all of which contain pSBl and pSLpv5 homology (data not shown). (C) The
PFG analysis of T.gambiense chromosomes prepared, cleaved and analyzed by conditions described in Figure 1, hybridized to SLACS DNA probe, pSBI.
The enzymes used were Sfil, NotI, XbaI and Hindill in lanes 1-4 respectively. An overnight exposure with an intensifying screen is shown. Hybridization in
the Sfil and Nod wells is due to partial cleavage since XbaI and HindIl digests have minor amounts of DNA trapped at the well.

the SL gene cluster(s) and has many of the characteristics of a
retroposon. The evolution of the repertoire of spliced leader genes
and the presence of retroposons is discussed.

Results
All SL genes are clustered on two large chromosomal DNA
fragments
When T. brucei DNA is cleaved with restriction enzymes such
as SfiI, XbaI or HindII, SL genes are only found in high mol.
wt DNA (Nelson et al., 1983). We determined the organization
of the SL gene locus by separating the DNA fragments with
pulsed field gel electrophoresis (PFG) (Schwartz et al., 1983;
Schwartz and Cantor, 1984). Analysis of restriction enzyme-
digested Trypanosoma gambiense chromosomes reveals two large
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fragments that show SL gene homology when separated by PFG
(Figure 1). Digestion with SfiI generates fragments of -500 and
600 kb (lane 1), whereas with NotI two larger fragments of - 600
and 700 kb observed (lane 2). XbaI also generates two fragments
of 500 and 600 kb that hybridize with the SL gene probe (lane
3). Similar analysis with HindLI reveals fragments of 350 and
450 kb (lane 4). In intact trypanosome chromosomes, SL gene
homology is located in the well and in the 2-Mb fragment(s) (lane
5). Hybridization observed in the wells in SfI and NotI digests
is due to incomplete cleavage since in XbaI and HindHI digests
in lanes 3 and 4, respectively, we do not detect any major
hybridization in the wells. This suggests that all SL genes are
restricted to two chromosomal sites.
However, some other restriction enzymes which do not cut

the SL gene repeat can generate a constant number of low mol.
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Multiple copies of SL RNA genes in T.gambiense
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-O. sequence (data not shown). When pSB1 is used as the hybridiza-
JlD=l[ tion probe on genomic DNA digested to reveal orphon fragments,

eight bands of equal intensity are resolved (Figure 2B). These
bands correspond to the multiple SL gene homologous fragments
observed before (Figure 2A). Thus, every SL-containing frag-
ment appears to be associated with at least part of the 7-kb SLACS

-- - ~ DNA. We determined that the copy number of the pSBl clone
B p npn......is 8-12 per diploid genome, which is compatible with our

p P. ...P,. Southernblot analysisfromwhich eightfragments arepredicted
.pv3 E2.... . (data not shown).
pSLpv5 P,__~ 1 1........Whenprobe pSBl is hybridized to trypanosome chromosomes

digested to reveal the length of the complete SL cluster(s), and
the DNA separated by PFG (as described in Figure 1), the same

kb two high mol. wt fragments that hybridize to the SL gene pro-
bes are again observed (Figure 2C). Thus, both high mol. wt

Fig. 3. Restriction maps of recombinant phages containing SL gene repeat
units and its flanking DNA sequences. The hatched regions denote the
phage arms; Q107 contains a 14-kb T.gambiense DNA insert while that of
Q5 is 13 kb. The boxed regions show the 140-nucleotide coding segment of
the SL gene repeat units with the 5' end 35-mer sequence darkened; the
arrows above indicate the orientation of the SL RNA transcription. Q107
contains four SL gene repeat units while Q5 has only three at the 3' end of
the insert. Both recombinants have SL gene homology at their 5' end. Some
of the relevant restriction sites in the 7-kb SL flanking DNA are noted. The
1.2-kb Bgll-Pvul fragment in Q107 and the corresponding 1-kb
Bgll-Pvull fragment in Q5 are shown by zig-zag lines. Restriction sites:
B, BamHI; Bg, BgEl; P, Pvull; and S, Sail.

wt SL fragments. Analysis of these digests on low-percentage
agarose gels always generates eight SL homologous bands which
are of different lengths, depending on the enzyme used (Figure
2A). To study the genomic environment of the SL sequences pre-
sent on these fragments, we have isolated recombinant phages
with SL gene-containing inserts.
Characterization of recombinant phages carrying SL genes
A T. gambiense genomic DNA library (Tschudi et al., 1985)
was screened with clone pSLpv5, a 650-bp Pvull fragment that
carries 60 bases from the 5' end of the SL gene coding segment
and a contiguous 590-base segment of the repeat unit sequence
(Figure 4). The restriction enzyme map oftwo SL-positive phages
is shown in Figure 3. Phage Q107 is found to contain, at its 3'
end, four 1.4-kb SL gene repeat units arranged in tandem. The
7-kb segment adjacent to the 5' end of the last tandem SL gene
does not resemble the SL genes in its restriction map and does
not hybridize either to the SL gene or to repeat unit probes.
However, at the 5' end of the Q107 insert, there is another SL
homologous region adjacent to the 7-kb non-SL sequence. Phage
Q5 shows the same overall organization with only three tandemly
repeated SL genes located at the 3' end of the 7-kb non-SL
sequence. The 7-kb DNA segment adjacent to the SL gene repeat
units in both phages are similar in their restriction enzyme pat-
tern. There is only one restriction enzyme fragment (Pvull-
Bgll) within this 7-kb non-SL sequence that shows a variation
in size. Thus, both recombinant phages carry a 7-kb non-SL
homologous sequence flanked by spliced leader genes at both
ends. We refer to this 7-kb SL-associated conserved sequence
as SLACS.
Every SL-containing DNA fragment has SLACS homology
We wanted to see if the 7-kb SLACS DNA associated with SL
sequences in two of our recombinant phages is a conserved feature
of all SL gene orphons. A 216-bp BamHI-Sau3A fragment
located at the 3' end of the 7-kb sequence in Q107 was isolated
and cloned into the M13mp8 vector (Figure 3). This clone (pSB1)
shows no homology with either the SL gene or the repeat unit

restriction fragments carry all of the SLACS segments, as well
as the tandem arrays of SL repeats.

The entire 7-kb SLACS DNA is associated with every SL gene-
containing fragment
Because a detailed restriction map of the SLACS DNA present
on phages Q107 and Q5 was known, it was possible to deter-
mine the arrangement ofSLACS and SL gene sequences at each
of the eight genomic loci. We constructed overlapping subclones
of the 7-kb SLACS segment from Q107 and determined whether
every SLACS hybridizes to every clone. T.gambiense DNA was
digested with PvuII, PvuII + Satl, PvuII + BglII and
Bglll + BamHI enzymes. In Q107 these enzymes cleave in
SLACS DNA as well as in the flanking SL gene sequences and
generate a recognizable pattern of fragments. Genomic digests
were analyzed by Southern blotting using the overlapping
subclones as hybridization probes (Figure 4B).
The 4-kb Pvull fragment located 5' to the last SL gene was

divided into four subclones: pSBI, pBB1400, pBB600 and
pSS1000 (Figure 4B). If all SL gene-carrying fragments are
associated with a complete copy of SLACS, then a 4-kb Pvull
and a 2.5-kb Pvull + SalI fragment are expected to hybridize
to the most 3' end probe, pSB1. This result is found as shown
in Figure 4A, lanes 1 and 2. The adjacent 1400-bp BamHI frag-
ment also hybridizes to the same 4-kb Pvull fragment (Figure
4B, lane 1). In addition, this probe, pBB1400, hybridizes to a
12-kb Pvull fragment (marked by * on the autoradiogram) which
is not found in the pSB 1 hybridization. This is not due to
heterogeneity in one of the SL flanking fragments, but rather
to the presence of another locus (discussed below). All eight
copies of SLACS, therefore, appear to contain the same size 4-kb
Pvull fragment.
Probe pPP1600, which carries the 1600-bp Pvufl band, 5' to

the 4-kb Pvull fragment discussed above, recognizes only one
1.6-kb band in genomic Pvull digest (Figure 4C, lane 1). The
restriction enzyme maps of both phage clones show heterogeneity
5' upstream of this Pvull site. Therefore, as expected, in a
BamHI + BgEl digestion, five bands hybridize to probe pPP1600
(Figure 4C, lane D). In order to localize the site of heterogeneity
more precisely, we have generated shorter subclones of the 4.5-kb
BamHI -BglII fragment by deleting various segments from its
BamHI end. One of these deletion clones, pdelBg750, contains
750 bp flanking the BglH site. When it is used as the probe, multi-
ple bands (five) appear in a Pvull digest, which range in size
from 1.8 to 3.4 kb (Figure 4D, lane 1). Based on the hybridiza-
tion intensity, the 2.2-kb band represents multiple copies of this
sequence. All of these Pvull fragments contain the Bgll site
which is also found in phage Q107 (Figure 4D, lane 3). Thus
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Fig. 4. Autoradiograms showing the genomic arrangement of the multiple SLACS DNA insertions. T.gambiense genomic DNA (2 ug) digested with Pvull
(lane 1), Pvull + Sai (lane 2), Pvull + Bgm (lane 3) and BamHI + Bgff (lane 4) enzymes were analyzed by gel electrophoresis on 0.6% agarose gels in
TAE buffer. M denotes the lambda HindIl-cleaved DNA co-electrophoresed as the size standard. Southern blots were prepared as described in Figure 3. The
probes used in each analysis are indicated below the autoradiograms. (B) A map of the recombinant phage Q107 from which the hybridization probes were
prepared; the 4-kb Pvul, 2.5-kb Pvull-Sall, 1.6-kb Pvull, 4.5-kb Pvull-BglIl, 2.2-kb Pvull and the 1-kb Pvull-Bgll fragments discussed in the
autoradiograms are indicated above the recombinant phage map. In A, panels B and D, * marks the cross-hybridizing bands that are not directly linked to the
SL gene loci. The arrows in panels D and E mark the 1800-, 2200- and 3000-bp Pvull fragments that hybridize to probes pdelBg750 and to pSLpv5
respectively. In panel E, the arrowhead in lane 3 denotes the 1000-bp Pvull-Bgll fragment that the SL gene probe recognizes in all loci. The origin of the
1.4-kb band in panel E is not known but it observed with all SL probes. When an SL gene 35-mer-specific nucleotide probe is used in the hybridization
analysis instead of clone pSLpv5, the 4-kb PvuII fragment is also observed to contain SL homologous sequences (data not shown).
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Multiple copies of SL RNA genes in T.gambiense

H35-mer -

5' Vv::::::: 31

polyA

5' 5' a'
107: agacecetgt gttteceata ggtctacega cacatttctg geaegacagtanaaatgtgge aagtgtetea aaactgeetg tacagettat ttttgggaca

5:.ttttg geaegacagt asAAtgtggc aagtgtetea aaaetgectg tacagettat ttttgggaca

+1 +56
107: cacaggecat getttcaact AK=ATrA TrAGiATAG' TiCIGMACrA TATITA3 AGAAMIRt gaatt atccgtactt ggggtcaata

5: cacaggeeat getttcaact AMX1TFATrA TrAGTMTA TICIG IA TATRIMtIAIG AGAAOCI Mgaatt atccgtactt ggggtcaatt
I II III

107: tteggaagag aaagaagtaa gaaatcgctg cgttttatga tatcgatagg aaaggaagga ........................................
5: ttcggaagag aaagaagtaa gaaatcgctg cgttttatga tatcgatagg aaaggaagga ........................................

107: cactgcatgt tccgtgaaaa tcggatgagg tttcggagat caacacaggg tgatcacgtt ttacttcgga ggtcgggcag tttaaaaaaa aaaaaaaaaa
5: cactgcatgt tccgtgaaaa tcggatgagg tttcggagat caacacaggg tgatcacgtt ttacttcgga ggtegggcag ttt.................

107: aaaaaaaaaa aaaaaaaaaa TrATTAGMA M7ITICIUA CrATATIlFr A7RL4= I'T U AM1 IATIIUI' GrluluF
5: .a aaaaaaaaaaaaaaa TrAITrAAA MCTIATUrA CrATAT=nAlU&4G= CFrACt........... ........ ..........

II

3 '* 45'

III IV

107: GOOMTACr CCGM;Y£r CG}UOlG l lA9C CIUActett tttatttttt ttattttttt catttattt tttttttgat c

3'

Fig. 5. The organization of one insertion element present in the SL gene cluster. (A) A schematic drawing showing a retroposon inserted into an SL gene
repeat unit. The 140-nucleotide coding segment of the SL gene is shown by boxes. The 5' end 35-mer sequence is comprised of boxes I and II. Box I
contains the first seven nucleotides at the 5' end, box II has the rest of the 27 bases. Box HI extends from nucleotides 35 to 56 and box IV from 56 to the
end of the gene, nucleotide 140. The retroposon sequence is denoted by the thicker line and interrupts the SL unit at position 7. Boxes H and m are found at
both ends of the insert as direct repeats. Preceding the site of insertion at the 3' end, the stretch of poly(A)s are shown. (B) The DNA sequence data
corresponding to the 5' and 3' end borders of the SLACS insertion from both recombinant phages is shown. The SL gene repeat unit sequence is in bold
lower-case letters while the 140-nucleotide SL RNA coding segment is shown in bold capital letters. The lower-case letters denote the retroposon DNA
sequence. The dots represent the rest of the 7-kb retroposon sequence. 1+ marks the 5' end of the SL RNA coding region. The 5' end border sequence was
obtained from the 1-kb EcoRI-Bg!I restriction enzyme fragment subcloned into the M13mp8 vector from both SLACS copies. The 16-mer oligonucleotide
complementary to position -85 to -74 of the SL gene was used as the sequencing primer according to the dideoxy sequencing protocol (Materials and
methods). The * indicates the nucleotide substitution observed between two sequences. The 3' end border sequence from Q107 was obtained by using the
synthetic oligonucleotide primer corresponding to position + 105 to + 121 of the SL gene. The 800-bp BamHI-ApaI fragment spanning the retroposon and SL
gene sequences was used as the template to initiate synthesis according to the dideoxy protocol using the above primer. In the case of phage Q5, the 345-bp
BamHI-Pvull restriction enzyme fragment spanning the 3' end SL-non SL junction (Figure 2A) was subcloned into the M13 cloning vectors and its DNA
sequence information was obtained in both directions.

the variable region is present within the 1.2-kb Pvufl + BglH
fragment of phage Q107 (Figure 4). The SLACS DNA present
in phage Q5 also contains a PvuHl-Bgll fragment in this same
region, though here it is only 1 kb in length. Primary sequence

analysis of clone pdelBg750 shows a 180-bp 3-fold tandem repeat
(data not shown).
The 2.2-kb Pvull fragment in Q107 and the corresponding 2-kb

fragment in Q5 show homology with both SL and SLACS pro-
bes (data not shown). In genomic Pvufl digests, multiple
fragments (four), hybridize to the 5' end SL gene probe (pSLpv5)
(Figure 4E, lane 1) and these correspond to the fragments
homologous to probe pdelBg750 as discussed above (Figure 4D,
lane 1). In the PvuHl-Bgll digest, however, a single 1-kb frag-
ment hybridizes to the pSLpv5 probe (Figure 4E, lane 3), thus
suggesting that the 5' end SL- non-SL junction is conserved in
all of the SLACS segments.
The data therefore show that both the 3' and the 5 ends of the

eight SLACS segments border on spliced leader gene sequences.

All eight SLACS sequences appear to have a common organiza-
tion and each SL-non-SL junction is conserved.

In the Pvull digestion analysis, probe pdelBg750 detects two
additional bands of 8.0 and 8.2 kb (Figure 4D, lane 1). In PFG
analysis, however, this probe hybridizes only to the two high
mol. wt fragments shown in Figure 1. These 8- and 8.2-kb Pvul
fragments must correspond to the ends of the two 350- and 450-kb
chromosomal HindmI fragments since they can be cut by Hin-
dil (data not shown). We have isolated a recombinant phage
that contains one of these regions. The restriction enzyme map
of SLACS DNA in this recombinant is conserved up to -1 kb
downstream of the Bgll site but diverges thereafter.
The last restriction fragment not accounted for yet, the 12-kb

PvuIl band that also hybridizes with probe pdelBg750 (Figure
4D, lane 1), represents a locus not directly associated with the
SL gene repeat units. Probes pBB1400 and pBB600 also have
homology with this fragment while probes pSS1000 and pPP1600
show no hybridization (Figure 4B, lane 1, and data not shown).
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This additional homology with probe pBB1400 can be located
on a 2-kb BamHI-BglI band (Figure 4B, lane 4) and the restric-
tion map extending - 10 kb in each direction from this 2-kb frag-
ment does not resemble either the SL gene repeat unit pattern
or the SLACS DNA (data not shown). In PFG analysis using
pBB1400 probe, we detect a 40-kb HindU fragment in addition
to the two high mol. wt fragments shown in Figure 1. However,
in the XbaI digest, only the two high mol. wt fragments are
observed and no hybridization either with the 40-kb Hindm frag-
ment or up in the well is present (data not shown). This result
suggests that the second pBB1400 and pdelBg750 homologous
locus is in close proximity but not directly linked with the SL
gene cluster(s).
The 7-kb SLACS isflanked by a 49 bp duplication oftarget DNA
sequence
To understand the origin and evolution of the interrupting se-
quence (SLACS) that is found in the SL gene arrray, we deter-
mined the nucleotide sequence of the SL and SLACS junction
segments present on phages Q107 and Q5. The SL-SLACS
organization is schematically shown in Figure 5A and the DNA
sequence information obtained from the junction segments is
presented in Figure 5B.
At the 5' end junction, a partial SL gene is found. It contains

all of the 35-mer sequence but is followed by only 20 bases of
the 140-nucleotide SL gene-coding region up to position 56
(Figure 5B). The 5' upstream DNA sequence of this partial SL
gene is identical with the SL gene repeat unit sequence. The
sequence 3' to nucleotide 56 of the SL gene, however, does not
show any homology to either the 140-base SL gene-coding region
or to the 1.4-kb repeat unit sequence (Figure SB). The DNA
sequence spanning the 5' end SL-SLACS junction present on
phage Q5 is found to be identical to Q107 with only one base
substitution. Within the 225-bp DNA segment sequenced from
this second SLACS copy, only an A was found changed to a
T at position 25 in the SLACS segment 3' to the partial SL gene
(Figure SB). Thus, at the 5' end junction, SLACS segments in-
terrupt the 140-nucleotide SL gene at base 56 in both of its
genomic copies.
The 3' end junction sequence shows that both SLACS copies

again interrupt the SL gene-coding segment. Seven bases from
the 5' end of the 35-mer sequence are missing in both sequences
(Figure SB). The 3' end downstream sequence, coding for the
140-nucleotide SL RNA transcript, is identical to that reported
for other T. brucei genes. At the border of the 3' end junction,
the partial gene is preceded by a stretch of 36 As in the case
of Q107 while 14 As are found in Q5. The sequence upstream
of the poly(A) completely diverges from that of the SL gene
repeat unit segment. This sequence is identical in both SLACS
segments over the 356-bp stretch for which DNA sequencing in-
formation is obtained.

In summary, as shown in Figure 5A, the 7-kb SLACS DNA
interrupts SL gene-coding segment at base 7. The 49 nucleotides
between position 7 and 56 appear to have been duplicated and
are present at both ends of the insert in both of its genomic copies
sequenced. A stretch of poly(A) precedes the site of insertion
at the 3' end. These features are suggestive of the retroposons
that have been found in eukaryotic cells.

Discussion
All spliced leader genes of T. gambiense are clustered on two
separate loci which are present on a 350- and a 450-kb HindI
restriction enzyme fragment respectively. Multiple copies of the

7 kb (SLACS) DNA sequence interrupt the SL arrays in both
loci. Due to these SLACS insertions in the tandem array of SL
genes, new restriction enzyme sites are introduced which account
for the previously identified SL orphons. In total, eight SLACS
sequences are found associated with the SL genes in T. gam-
biense.
The primary sequence analysis of SL-SLACS junctions shows

that 49 bases of the target sequence have been duplicated at the
site of insertion and flank both ends of SLACS sequences as direct
repeats. There is also a long consecutive run of poly(A) at one
end of the insert. The 3-kb DNA region preceding the poly(A)
tail contains long stretches of open reading frames (ORFs) (data
not shown). These features are suggestive of the properties of
retroposons found in other organisms. The hallmarks of
retroposons include a poly(A) tract at the 3' end region, flank-
ing direct repeats associated with the transposed segment and,
in higher eukaryotes, absence of introns. These features suggest
that such sequences are derived from processed, spliced mRNA
(Vanin, 1984, 1985). The flanking repeats are believed to be due
to the mechanism of insertion. For most of the pseudogenes
studied, a direct repeat of 9-14 bp has been reported. SLACS
repeats are longer (49 nucleotides). However, such extensive
duplications of 41 and 62 nucleotides are present in the
pseudogenes of the rat (Soares et al., 1985) and the human
genome (Rogan et al., 1987). Similar possible retroposons have
been reported in T.brucei; RIME (Hasan et al., 1984) INGI (Kim-
mel et al., 1987) and TRS (Murphy et al., 1987). The RIME
mobile element sequence interrupts a ribosomal gene and inser-
tion of this element has resulted in a 7-bp duplication of target
sequences present at both ends. It has an ORF encoding a pro-
tein of 160 amino acids and the 3' end of the element contains
a stretch of 14 A residues. The other two retroposons, INGI and
TRS, represent longer dispersed repetitive elements associated
with RIME sequences at both ends. Both have a poly(A) tail at
one end and a possible insertion site duplication. While the
insertion element we report shares some of the mobile element
features observed for RIME, INGE and TRS-i.e. poly(A) tail,
duplication of target DNA sequence at the site of insertion-it
is not a highly repetitive sequence. Unlike RIME, INGI and TRS,
all of which are present in - 200-400 copies per genome,
SLACS sequences are of low copy number and are only present
within the SL array. Our Southern blot analysis using various
probes at lower stringencies shows only one additional SLACS-
related copy in the genome. This locus may represent the 'parent'
sequence from which SLACS may have originated as a
pseudogene. However, the overall organization of SLACS
sequences is not identical with the genomic map of this SLACS-
related locus. In T.brucei. Northern blot analysis reveals two
RNA bands in the poly(A)+ fraction when SLACS segments
pBB 1400 and pBB600 are used as probes (unpublished results).
Both of these probes recognize SLACS as well as SLACS-related
DNA sequences. It remains to be shown whether the transcripts
we observe originate from within the SLACS segments in the
SL clusters or whether they represent the SLACS-related locus.
It is possible that SLACS represents an internally scrambled ele-
ment as found in the KpnI element of mammalian genomes
(Potter, 1984) or it may contain an insertion within the main ele-
ment (Rogan et al., 1987). A comparison of the SLACS DNA
sequence with the sequence of the related locus will distinguish
between these possibilities.

Multiple SLACS segments could either represent one retroposi-
tion event which has been subsequently duplicated, or indepen-
dent insertions. The DNA sequencing analysis of the SLACS-SL
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junctions of two retroposons present on recombinant phages Q107
and Q5 show that both SLACS sequences interrupt the SL gene
at the same site, i.e. nucleotide 7 within the 35-mer leader. Fur-
thermore, an identical 49-bp target DNA has been duplicated and
flanks both sites of insertion. This is strong evidence that the
multiple SLACS copies present in the SL gene clusters originated
from a single insertion. Independent multiple retroposition events
would most likely have generated varying extents of target DNA
duplication at different insertion sites. The few base changes
observed between the two copies of the SLACS DNA sequences
are compatible with genetic drift often found in a non-transcribed
region. The simplest model that can account for the evolution
of the spliced leader genes and the SLACS sequences is the ran-
dom insertion of one sequence by retroposition into the tandem
SL gene array with subsequent amplification. This could have
involved unequal sister chromatid exchange (Smith, 1976) or gene
conversion (Meselson and Radding, 1975).
The overall anatomy of the SL gene cluster(s) and SLACS

sequences is conserved in other related trypanosome species. For
instance, in the T brucei serotype expressing glycoprotein (VSG)
117, we find 17 SLACS-related DNA fragments, all of which
are present on an - 600-kb XbaI fragment (unpublished obser-
vations). Multiple SLACS sequences inserted into the SL gene
cluster are also present in T. rhodesiense on an - 600-kb XbaI
fragment. The flanking DNA sequence of one of the SL-
containing fragments isolated from the IsTaR serodeme of T.
brucei is in agreement with our results (Parsons et al., 1986).
This non-SL sequence is also found to be associated with the other
SL fragments in the IsTaR serodeme, suggesting the conserva-
tion of the retroposon. One interpretation of these findings is that
the retroposon insertion is an event which precedes the sub-
speciation of the T.brucei complex.

It is interesting to note that in all of three trypanosome species
we have analyzed, the overall organization of SLACS is con-
served. Whether SLACS is necessary either for generation of
the spliced leader array or possibly for its expression, requires
further study. The primary sequence analysis of the retroposon
is in progress and may provide insight into its possible function.

Materials and methods
Trypanosomes
T. gambiense cloned variant antigen types of the Texas trypanozoon antigen type
(Textat) serodeme were used (Merritt et al., 1983). Bloodstream trypanosomes
were grown in irradiated rats and cells were purified by chromatography on
DEAE-cellulose (Lanham, 1968).
DNA isolation
Trypanosomal DNA was extracted by standard procedures (Bemards et al., 1981).
Phage recombinant DNA was isolated by the procedure of Yamamoto etal. (1970),
and for small-scale DNA extractions the alkaline lysis procedure was used (Bim-
boim and Doly, 1979). For the PFG analysis trypanosomes were incorporated
in 0.5% low-melting agarose blocks in PSG buffer (75 mM sodium phosphate,
pH 8.0, 65 mM NaCl, 1% glucose) at a concentration of 4 x 109 cells/ml as
described previously (Van der Ploeg et al., 1984a; Bernards et al., 1986). Blocks
of agarose were transferred to lysis buffer containing 0.5 M EDTA, pH 9.5,
1% sodium-N-lauroylsarcosinate and 0.25 mg proteinase K per ml. Deproteiniza-
tion was performed at 50°C for 48 h. Prior to digestion, blocks were washed
in 200 vols of TE buffer (10 mM Tris-HCI, pH 7.5, 10 mM EDTA) contain-
ing 0.1 mM of the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) for
several hours at room temperature. Subsequently, blocks were equilibrated in
the appropriate restriction enzyme buffer and enzyme digestions were carried
out using 20-50 U of the enzyme for 6-18 h. The blocks were then inserted
into the slots of a 1% agarose gel in TBE buffer (80 mM Tris-HCI, 90 mM
boric acid, 2.5 mM EDTA, pH 8.3). The design of the PFG unit has been describ-
ed previously (Schwartz et al., 1983; Schwartz and Cantor, 1984).
Southern blots
Restriction endonuclease digestion, electrophoresis and transfer of DNA to
nitrocellulose filters were performed as described previously (Bernards et al.,

1981). In the case of the PFG gels, the gels were soaked in 0.25 M Tris-HCI
for 15 min prior to denaturation. The filters were pre-hybridized for 2-6 h.
Construction and screening of genomic clones
The Textat I DNA library was a gift from Christian Tschudi (Tschudi et al.,
1985). Briefly, high mol. wt DNA from T.gambiense variant I was partially
digested with the restriction enzyme Sau3A. Fragments ranging in size from 18
to 24 kb were isolated on a 5-24% NaCl gradient and were cloned into BamHI-cut
bacteriophage vector EMBL4. Ligation products were packaged in vitro and plated
on a lawn of Q358 cells. For the isolation of recombinant phages Q107 and Q5,
filters were prepared from the DNA library (Benton and Davis, 1977) and were
screened with the SL gene probe pSLpvS (construction described below).
[32P]dATP-labelled transcripts were synthesized by Klenow enzyme in vitro using
single-stranded template DNA from pSLpvS according to a modified DNA-
sequencing protocol (Hu and Messing, 1982). Following annealing of 10 ng M13
Universal primer to 0.5 itg template DNA at 65°C for 10 miin, 37°C for 20 min
and at room temperature for 10 min in primer buffer (5 x; 0.25 M Tris-HCI
pH 8.1, 10 mM dithiothreitol, 25 mM MgCl2, 0.1 M KCI), unlabelled dNTPs
were added (40 1tM final concentration) along with 50 pmol of [32P]dATP and
5 U of Klenow enzyme. Reaction was carried at 37°C for 60 min. Unincorporated
labelled nucleotides were separated by ethanol precipitation and 1 x 10 c.p.m.
of the labelled probe was used per ml of hybridization solution. Hybridization
conditions were 50% formamide, 5 x Denhardt's (0.1 % Ficoll, 0.1 % polyvinyl-
pyrrolidone, 0.1% BSA), 5 x SSC (1 x SSC is 180 mM NaCl, 10 mM
NaH2PO4 pH 7.4,1 mM EDTA) and 0.1% SDS at 42°C. The final stringency
condition of the post-hybridizatiuon wash was 0.2 x SSC, and 0.1% SDS at 650C.
Construction of hybridization probes
To construct the SL gene probe, pSLpvS, Textat I DNA was cleaved with Pvull.
Restriction fragments ranging from 0.5 to 1 kb were size fractionated on a 1.2%
agarose gel and were purified by the gel-electroelution approach (McDonnell et
al., 1977). DNA was ligated into the Ml3mp8 cloning vector and 71.18 cells
were transformed (Messing, 1983). Recombinant plaques were screened with
['y-32P]ATP (NEN) labelled (Maniatis et al., 1982) SL gene-specific nucleotide
probe, 5'-AACGCTATTATTAGAAC-3', synthesized by the procedure of Van
der Marel et al. (1982). Single-stranded template DNA was prepared from positive
plaques (Sanger et al., 1980) and recombinants were further characterized by
DNA sequencing following the dideoxy chain termination method with the
modification that [35S]dATP was used for the reactions (Sanger et al., 1977).

In order to construct probes pSBl, pBB1400, pBB600, pSS1000, pPP1600,
the corresponding restriction enzyme fragments were purified from the phage
Q107 by electroelution following gel electrophoresis (McDonnell et al., 1979).
These fragments were subcloned into the M13mp8 and M13mp9 vectors cleav-
ed with the appropriate enzymes.

Probe pdelBg75O was generated using the deletion subcloning approach (Dale
et al., 1985). The 4.5-kb BamHI-Bgll fragment from Q107 was subcloned in-
to BamHI-cleaved M13mp8 DNA. Single-stranded DNA from this subclone was
used to generate deletion clones using the cyclone system kit obtained from Inter-
national Biotechnologies Inc. Briefly, the oligomer RD29-mer was annealed to
4 Ag of single-stranded template DNA at the 3' end of the cloned insert, in buf-
fer containing 33 mM Tris-acetate, pH 7.8, 6.6 mM potassium acetate and
10 mM magnesium acetate at 60°C for 30 min. The annealed template primer
was linearized with Hindml enzyme at 37°C for 2 h. The 3' to 5' specific exo-
nuclease activity of T4 DNA polymerase was employed to digest the linearized
DNA from the 3' end. Aliquots were removed at intervals of 5, 10, 15, 30, 45
and 60 min, heat inactivated and pooled. The deletion products were tailed with
dAs at 37°C for 10 min using 15 U of terminal deoxyribonucleotidyltransferase
(Tdt). Fresh oligomer RD29-mer was annealed to the deletion products joining
the two ends of the molecule. The remaining nick was sealed with T4 DNA ligase
and competent 71.18 cells were used for transformation. The transformants were
grown in 1 x YT medium for 10-12 hand 25 1l of the supernatant was mixed
with 5 A1 of SDS loading dye (10 x is 250 mM Na3EDTA pH 8.0, 1% SDS,
0.1% bromophenol blue and 50% glycerol) and the size of the recombinant phages
was analyzed by electrophoresis on a 0.7% agarose gel in TBE buffer (90 mM
Tris-borate, 90 mM boric acid, 2.5 mM EDTA, pH 8.3) to determine the ex-
tent of deletion. One such clone, pdelBg75O, was estimated to contain a 750-bp
DNA insert and was subsequently purified and further analyzed.

DNA sequence analysis
To obtain the 5' end border sequence, the most 5' 1-kb EcoRI-Bgll fragment
from phages Q107 and Q5 was purified and subcloned into the EcoRI-BamHI-
cut Ml3mp9 vector. Single-stranded template DNA was purified from the
recombinant white plaques and the border DNA sequence was obtained by the
dideoxy approach (Sanger et al., 1977). An oligonucleotide 5'-TTTCTGOCA-
CGACAGT-3' was synthesized that is homologous to SL gene upsntm sequences
(-85 to -69) and was subsequently used as the sequencing primer.
The 3' end border sequence was determined using an M13mp8 recombinant

clone which contains the 800-bp BamHI-ApaI restriction spanning the SL-non-
SL junction in phage Q107. A 2-kb ApaI fragment containing the 3' end border

3825



S.Aksoy et al.

sequence was purified and its Apal ends were filled in using dCTP and the large Van der Ploeg,L.H.T., Schwartz,D.C., Cantor,C.R. and Borst,P. (1984a) Cell,

fragment of DNA polymerase I. The blunt-ended fragment was cleaved with 37, 77-84.

BamHI and was ligated into BamHI-SSnaI-cut Ml3mp9 vector. Single-stranded Van der Ploeg,L.H.T., Comelissen,A.W.C.A., Michels,P.A. and Borst,P.

DNA was purified from the clone containing the 800-bp fragment and a 3' end (1984b) Cell, 39, 213-221.

SL gene-specific nucleotide probe, 5'-CTGGGGTGGAAGGTCT-3' (+ 105 to Vanin,E.F. (1984) Biochim. Biophys. Acta, 782, 231-241.

+ 121) was used to determine the 3' end junction sequence by the dideoxy ap- Vanin,E.F. (1985) Annu. Rev. Genet., 19, 253-272.

proach. Yamamato,K.R., Alberts,B.M., Berzinger,R., Lawhorne,L. and Treiber,G.
(1970) Virology, 40, 734.
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