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ABSTRACT

To further our understanding of the structural and
functional organization of the Trypanosoma brucei
genome, we have searched for and analyzed sites in
the genome where Pol Il transcription units meet Pol 11I
genes. Physical and transcriptional maps of cosmid
clones spanning the Pol lll-transcribed U2 small
nuclear RNA (snRNA) and U3 snRNA/7SL RNA gene
loci demonstrated that single-copy Pol Il genes are
closely associated with Pol llI-transcribed genes,
being separated from each other by 0.6-3 kb. At the
U3/7SL transcriptional domain, two Pol Il transcription
units converged from either side of the chromosome
towards the Pol lll genes, suggesting that at least for
the chromosome containing the U3 snRNA and 7SL
RNA genes, there exist two distinct initiation sites for
Pol 1. Furthermore, in all cases the Pol Il genes
hallmark the end of Pol Il transcription units, suggesting
perhaps a functional role for this genetic arrangement.
Lastly, we asked whether the environment within a Pol Il
transcriptional domain allowed expression of pre-mRNA.
To test this we inserted a CAT gene cassette, seemingly
promoterless but endowed with pre-mRNA processing
signals, in the chromosome between the U3 snRNA
and 7SL RNA genes. Interestingly, abundant CAT
MRNA was produced suggesting that the Pol Il genes
in the immediate vicinity did not prevent access of
presumably Pol 1l to the CAT gene cassette. We
propose that either CAT mRNA is synthesized by Pol |
run-through transcription or by Pol Il initiation
upstream from the CAT gene.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos AF047722—AF047724

trypanosomal RNA polymerases to the transcription inhibitor
o-amanitin is similar to that of vertebrate RNA polymerases,
namely RNA polymerase | (Pol 1) is insensitive to the inhibitor,
whereas Pol Il and Pol Il are highly and moderately sensitive,
respectively. The division of labor among the trypanosome RNA
polymerases and their mode of transcription follow what has been
described for classical eukaryotic RNA polymerases with the
following exceptions. First, Pol | transcribes the genes coding for
the large ribosomal RNAs and, in addition, the genes coding for
stage-specific surface antigeriy.(Second, the small nuclear
RNA (snRNA) genes coding for U2, U3 and U4 snRNA are
transcribed by Pol 1114,3) and not by Pol Il, as is the case in most
other eukaryotest]. Third, the mode of transcription of protein
coding genes is polycistronic, rather than monocistronic. A
corollary of this latter feature is thdténd formation of mMRNA
molecules is achieved post-transcriptionally ttans-splicing
(reviewed in5), an RNA processing reaction, and not by
transcription initiation as is the case in most other eukaryotes.
At present our knowledge of the long range structural
organization of transcription units ihbruceiis rather limited.
Most of what we know about this topic is derived from the study
of developmentally regulated genes coding for the variant surface
glycoproteins (VSG) of bloodstream forms and the procyclic
acidic repetitive proteins (PARP) of insect form trypanosomes.
Transcriptionally competent VSG genes are located adjacent to
telomeres and the active VSG gene resides in a polycistronic
expression site with the promoter 40-50 kb upstream (reviewed
in 6). In contrast, PARP genes belong to a small transcription unit
of a few kb in sizeq{,8). Promoters for VSG genes, as well as
PARP genes, resemble Pol | promoters in several respe@s(
the other hand, we know much less about the functional
organization of Pol lI-transcribed genes, namely all the house-
keeping protein coding genes. In particular, the identification of
specific transcription initiation sites has yet to be achieved. One
exception is the recently described putative heat shock promoter,

The genome ofrypanosoma brucés transcribed by three RNA but the specific sequences involved in transcription initiation
polymerase activities which appear to be analogous to the thrieave not yet been defined)( The failure to identify Pol I
classical eukaryotic RNA polymerases. The sensitivity opromotersinthe trypanosome genome has led to speculations that
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perhaps Pol Il promoters might be sparse, and there has even beerused the RNA synthesized fra15 to 5.0x 10° cells during
the extreme suggestion that each chromosome harbors only @20 min incubation. Double- and single-stranded PCR probes
Pol Il promoter. were synthesized using standard conditions. Radiolabeled cDNA
In the case of Pol Il genes, the study of Pol Ill transcriptionwvas synthesized using as a template polyB A isolated from
units revealed some degree of clustering of small nuclear apdocyclic trypanosomes, and oligo(dT) as a primer.
cytoplasmic RNA genes and tRNA genes. This was brought to
||ght by anin vivo andin vitro analySiS of the architecture of the Identification of cDNA clones and determination of the
U2 (2), U3, and U6 snRNA, and 7SL RNA gene promotersjirection of transcription
(10,11). In all cases examined, a divergently oriented tRNA gene _
(or a tRNA-like gene in the case of the U2 gene) was required fop identify pc8 and pcl73al fragment 2 of pU2cos-1 DNA
expression of the companion small RNA gene. In particular, tH&9- 1A) was used as a probe to screen a cDNA library from
integrity of the A and B boxes of each tRNA intragenic promoteProcyclic trypanosomes. Sequence analysis of pU2cos-1 DNA
was essential for expression of the companion small RNA gergonfirmed that both cDNAs were derived from fragment 2, and
At present we do not understand the selective advantage behfRat the corresponding genes were transcribed towards the RNA
the genetic and functional linkage between Pol lll-transcribeBolymerase Il transcribed domain (Figh). To characterize the
genes ifT.brucej although a necessity for coordinate regulatiorRNA polymerase Il transcribed regions of pU3cos-1 DNA, we first
of these genes cannot be ruled out. constructed a library of random 2—3 kb DNA fragments in plasmid
Thus, so far Pol I-, Pol II- and Pol lll-transcribed genes haviéector pCRI* (InVitrogen). DNAs from 100 independent clones
been studied as isolated units] and to our know|edge no attenwﬁre Spotted_ Qnto nitrocellulose filters which were then hyb_rldlzed
has been made to look at the overall organization of transcriptié® the repetitive sequence INGIg], to a U3-snRNA coding
units in trypanosomes. In particular, the polycistronic nature degion probe and to cDNA. Out of 25 cDNA positive subclones,
Pol Il genes and the apparent non-existence of promoters raigé identified four inserts containing an interfaddRV site,
the question of whether Pol Il transcription units are physicallp@mely p76, p85, p33 and p91, and we placed and oriented them
and functionally separated from other genes or whether they &8 the cosmid map by hybridizatiorEodRV digests with single-
intermingled with them. To further our knowledge on this subjec@nd double-stranded probes. cDNA clones for all probes were
we decided to take as starting points two well-characterized Pélen selected by screening a cDNA library. To determine the
Il loci, namely the one coding for the U2 snRNZ) and the ~direction of transcription of 33, 91, 76 and 85 mRNAs, we
other coding for the closely linked U3 snRNAand 7SL RN@).(  Synthesized single-stranded probes using as primers the M13
Physica| and transcriptiona| mapp”']g of cosmid C|0ne&rward .Or reverse Ollgonucleotlde$ which flanked the inserts on
encompassing the U2 and U3/7SL RNA gene loci revealed that Feither side. Each strand synthesized from each subclone was
Il transcription units are intimately interspersed with Pol Il genedlybridized to northern blots of total RNA. In all four cases, only
In all of the three cases examined, Pol Il genes constitute the@e of the strands hybridized to the corresponding RNA. By
boundary of Pol Il transcription units with thesBids of the terminal ~ definition, the hybridizing strand represents the template strand
mRNAs being between 0.6 and 3 kb from the closest Pol Ill gen®r transcription by RNA polymerase Il. The orientation of
Interestingly, using a seemingly promoterless CAT expressidfanscription was then determined by combining the results of the
cassette we showed that the environment within a Pol Inorthern blots with the orientation of the subclones on the

transcriptional domain is permissive to expression of pre-mRNAysical map.

MATERIALS AND METHODS Construction of the pU3CAT vector

A 5 kb Sal fragment containing a portion of the 85 gene and the
U3/7SL RNA gene loci was subcloned from pU3cos-1 into the
Cosmid library constructiariVe constructed a cosmid library of PCRII™ vector to generate pU3. At the same time by PCR
Sau3A digested genomic DNA from our trypanosome procyclifiutagenesis we inserted a unideed restriction site between
strain YTAT1.1 in plasmid SuperCos1 (Stratagene). The packag#te two tRNA genes located upstream of the U3 and 7SL RNA
material was sent to Dr Sara Melville at the Institute of Pathologgenes using as a template plasmid pG7SL, which was previously
in Cambridge (UK) where 5000 independent clones weréescribed 10) and contains a tagged version of the 7SL RNA
arranged in microtiter dishes from which high density filters werg@ene. Using the unique restriction si@anH| and Notl we
generated. pU2cos-1 and pU3cos-1 were isolated by screengghanged the U3/7SL RNA genes of tRad-containing
the library with gene-specific probes. version of pG7SL for the homologous sequences of pU3, to
] ) . ) . generate pU3P. pU3P DNA was linearized afthé site where
Physical mappingPhysical mapping of the cosmid clones washe CAT reporter gene cassette was inserted to generate the final
carried out following the procedure suggested by Stratagengector named pU3CAT. The cassette was derived from plasmid
Briefly, partial and complete restriction digests of cosmid DNA: BaCAT3P and containga-tubulin sequences that provide

were generated and Southern blots were hybridized to end-labelgghals fortrans-splicing, the CAT coding region and the PARP
T3 and T7 Oligonucleotides which flank tBarrH| Cloning site. Signa|s for 3end formation

DNA analysis

Probes Co-transfection of procyclic trypanosomes and selection of

L . .__stable cell lines
Total 32P-labelled RNA for transcriptional analysis was synthe5|zea

in permeable procyclic trypanosome cells and purified a$rypanosoma brucehodesiens& TAT1.1 procyclic trypanosomes
previously describedLd,15). For each hybridization experiment were cultured as previously describéd)( 100ug of pUSCAT
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123456 Figure 2. Physical and transcriptional map of the pU3co#\) Rhysical map

of pU3cos-1 DNA. The size of the inserfB2 kb and the vertical bars indicate
the position oEcaRV sites. Open arrows indicate the approximate position and
direction of transcription of four cDNAs derived from this locus. Solid arrows
indicate the direction of transcription of U3 snRNA, tRfy#and 7SL RNA
genes. A vertical bar with a solid circle indiceBad sites used to subclone the
region of interest.R) Transcriptional map of pU3cos-1 DNA. Symbols are as
defined in the legend of Figure 1&)(Southern blot hybridization of pU3cos-1
DNA. Lanes 1, 3 and 5, pU3cos-1 DNA digested \EithRV andNot; lanes 2,

Figure 1. Physical and transcriptional map of pU2cosAl. RPhysical map of
pU2cos-1 DNA. The size of the insert37 kb and vertical bars indicate the
position of Sal sites. Open arrows indicate the approximate position and
direction of transcription of two cDNAs derived from this locus. A solid arrow
indicates the direction of transcription of the U2 snRNA g@)elranscriptional
map of pU2cos-1 DNA. The symbols + or — stand for positive or negative -
hybridization of the restriction fragments to the four different probes namely the gigggtSd Fﬁ;ﬁ;&f”ﬁgg&i Cﬁﬁtﬁgll?dtem%?cz?fm@ z;’rg(;iggl;;l;lévgenes) !
U2 gene, cDNA, total RNA (CTR-RNA) ardamanitin RNA @-am RNA). ' ; P L

(C) Southern blot hybridization of pU2cos-1 DNA. Cosmid DNA was digested fragn;}ctents E and 8. Elecctjroph%'egl_s, tt;]yblndlzat(ljonf 'c:c_)ndltlolné and molecular
with Sal andNot (lanes 1, 3 and 5). pSPR3A1, a plasmid clone containing the weight markers were as described in the legend ot Figure 1L

U2 gene, was digested wHtaoR| andHindlll (lanes 2, 4 and 6). DNA samples

in triplicate were electrophoresed through a 0.8% agarose gel, transferred to a

nitrocellulose membrane and hybridized to the three different probes, as

indicated above the lanes. Bars on the side indicate the positidDNA RESULTS

HindlIl restriction fragments, as molecular weight markers in kb. Solid arrows

indicate the positions @al fragments 1 and 2 of pU2cos-1 DNA. Pol Il transcription units are in proximity to Pol Ill-
transcribed snRNA genes

To further our understanding of the long range organization of Pol

[ll genes, we chose the U2 snRNI&) and U3 snRNA/7SL RNA
DNA linearized at theSma site were mixed with 5ug of  gene loci, which are single-cop%321) and map to different
pXS2GFP DNA (8) linearized at th#/lul site, and the mixture chromosomes (data not shown). Cosmid clones encompassing
was electroporated into procyclic trypanosome cells as describede U2 and U3/7SL loci were isolated and one clone each, namely
After transfection the cells were selected withu@ifiml of G418 pU2cos-1 and pU3cos-1, was selected for further detailed
and cloned by limited dilution in microtiter dishé®). Two cell  analysis. Initial hybridization experiments suggested that the
lines were selected and named C1 and C2. inserts contained Pol llI-transcribed regions in addition to Pol IlI
genes. Thus, we decided to establish a detailed transcriptional
map of the two cosmid clones. Figus and 2A show long
range physical and transcriptional maps, for pU2cos-1 and

U3cos-1, respectively. The transcriptional maps were obtained
y hybridization of Southern blots of restricted cosmid DNA to

the following radiolabelled probes: (i) control RNA (CTR-RNA),
represents totaf2P-labelled RNA synthesized in permeable
procyclic trypanosome cells during a 20 min incubation time
CAT assay period (L4,15). This probe is enriched for newly synthesized

RNAs and detects chromosomal regions transcribed by Pol 1, I
Freeze—thaw lysates from0’ trypanosomes were assayed foror Ill. (i) a-amanitin (-am) RNA, which is radiolabelled RNA
CAT activity as described using“C]chloramphenicol Z0).  synthesized in permeable trypanosome cells in the presence of
Reactions were incubated for 30 min at@7 5 pg/ml of the transcription inhibitoo-amanitin. Under these

Hybridizations

Southern and northern blots were performed according
standard procedure(). For hybridization of radiolabelled total
RNA we used aqueous solutions at @5or 24-48 h.
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conditions Pol Il is >90% inhibited, whereas Pol | and Pol Il are A s w6 &
not affected 14). Thus, this probe can detect regions transcribed S5 o B W
by Pol Ill or Pol I. (iii) cDNA which was synthesized from 21— 3 =
procyclic poly(A) RNA using oligo(dT) as a primer, and thus it 94 — W

is enriched for mMRNA complementary sequences. In addition, we 6.5 = 1
synthesized an RNA probe in permeable trypanosomes in the '-_.
presence of 1 mg/mb-amanitin, which will only allow 43—

transcription by Pol I, but the experiment was negative.
For pU2cos-1 DNA (FiglC) we found that onlgal fragments 5 =
1 and 2 gave positive hybridization signals. In particular, fragment
1 hybridized to cDNA and control RNA but notdeam RNA, -
suggesting the presence of a Pol Il transcription unit. Fragment 2
hybridized to all three probes. This indicated that this region was

likely to be transcribed by both Pol Il and Pol lil. Indeed, this 123456
restriction fragment contains the U2 snRNA gene which is
transcribed by Pol lll. The specificity of the hybridization was B 1 2 3

demonstrated by the hybridization of plasmid pSPR3A1, a clone
containing the U2 snRNA coding regidrfj. As expected the U2
snRNA gene hybridized to CTR-RNA (lane d)am RNA (lane

6) but not to cDNA (lane 2). Downstream fr@&al fragment 2,

we were unable to detect significant hybridization with any of the
three probes.

In the case of the U3 snRNA gene locus (@), two
prominent hybridizing bands were detected with all three probes.
These corresponded ExdrV fragments 7 (which contains the
U3 snRNA, 7SL and associated tRNA genes) and 8, whose
positions are indicated in Figl2&. As in the case of the U2 cosmid,
these hybridization results indicated potential interspersion of Pol Il
and Pal Il transcription units. In addition, in longer exposures of the
authoradiogram we detected Pol Il-transcribed regions in the are&gure 3. The ak, 76 and 85 genes produce stable mRNAs in procyclic

spanning=caRV fragments 1, 2, 3 and 6. trypanosomes.A) Southern hybridization of genomic and cosmid DNAs.
T g, procyclic genomic DNA digested willcaRV (lanes 1, 3 and 5); ¢, cosmid

DNAs digested wittEcdRV plusNot (lanes 2 and 4, pU3cos-1 DNA); lane 6,

; ; _ pU2cos-1 DNA. The blot was hybridized to radiolabelled gene-specific probes as
Stable mRNAs are transcribed from smgle copy genes indicated above the lanes. AK stands for adenylate kinase. An asterisk indicates a

surrounding U2 and U3/7SL RNA loci cross-hybridizing band of unknown origin. A dot indicates the cosmid vector DNA
L. which hybridized to the probe. The molecular weighf2fA fragments digested
We next searched for stable mRNAs originating from theseyith Hindlll are indicated in kb. &) Northern hybridization. Total RNA

regions and used a variety of approaches that are described(1 pg) from procyclic trypanosomes was electrophoresedugir a 1.2%

detai n Meterals and Methods. Erief. GDNA clones were s 22 oy ss tarseneais o imeaiioss ferbrne e

isolated and then Chara.Ctenzed by DNA sequencing, northemn a e positions of the Iargegribosoir)nal RNpAs (2250, 1850 and 1350 nt) are

Southern blot analysis. For pU2cos-1, two cDNA cloneSingicated by dots on the side.

specifying two different loci were characterized, namely pcl7

and pc8 (FiglA). Sequence analysis revealed that pc8 codes for

the enzyme adenylate kinage), whereas no match was found

for pc17 in the available databases. abundantly expressed in our procyclic trypanosome strain (data
In the case of pU3cos-1 four cDNA clones were selectedhot shown).

termed pc33, pc9l, pc85 and pc76 (2g). Clones pc33 and  In order to establish whether the genes coding for adenylate

pc91 were not characterized further, because we discovered tkigiase (ak), pc76 and pc85 were single-copy and to confirm the

the genomic region spanning fragments 2, 3 and 4 of pU3cossfructure of the cosmid DNAs, Southern blots of restricted cosmid

was unstable in cultured procyclidoruceicells. As a result the and trypanosome genomic DNA were hybridized with gene

sequence arrangement present in the isolated cosmid clone sicific probes (FigdA). The ak probe recognized a single band

not correspond to that found in genomic DNA (data not showndf identical molecular weight in genomic (lane 5) and in cosmid

In light of this observation, we decided to concentrate our furth@NA (lane 6). In the case of pc76 there was also a single

analysis on the portions of pU3cos-1 DNA downstream olfiybridizing band, but the cosmid hybridizing band (lane 4) was

fragment 4 till the end of the insert. The relevant portions of thismaller than that seen in the genome (lane 3). This can be

region were defined by the pc85 and pc76 cDNA clones, whiohxplained because with this particular restriction digest the pc76

were separated Y10 kb of DNA containing the U3 snRNA, 7SL gene was contained within an end fragment of the cosmid clone.

RNA and associated tRNA genes. So far, the sequence of pd86wever, other Southern hybridizations confirmed that the

and pc76 did not reveal a convincing match in database searchesmid-derived and the genomic pc76 gene were indistinguishable

However, by sequencing the ends of the pU3cos-1 cosmid ins@tata not shown). For pc85 the digestion WEtoRY split the 85

(Fig. 2A), we recognized a previously identified ‘silent’ opencoding region, thus producing two distinct hybridizing bands both

reading frame (ORF) called TBX923), which instead is ingenomic (lane 1) and in cosmid (lane 2) DNA. In summary, the

-y

probe: ak 76 85
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Eoon . Eoshv To determine whether the DNA downstream of ak and the 85 gene
A - mﬂ“%\ PEVB(3810) was transcribed to produce stable RNAs, which had escaped our
sall -like sall previous analysis, we performed northern hybridizations with
- 200 PSBS (5K) specific probes, and also RT-PCR with antisense oligonucleotides
U3 1ANAS 7SL complementary to the putative ORFs. The results of these
c 06k EcoRv 76 (16K analyses were negative (data not shown), suggesting that both the
76 ak and the 85 genes, like the 76 gene, representettdnmBal

s genes of their respective Pol Il transcription units. Close

inspection of the DNA sequence separating the Pol Il and Pol IlI
Figure 4. Schematic representation of the linkage between RNA polymerasedenes did not reveal any unusual base compositions or re.peatEd
Il and RNA polymerase Ill transcription units at the U2, U3/7SL and gNA  sequences. Thus, we concluded that Pol Il transcription units can
gene loci. The diagrams depict the following plasmid clo#gspEV8 which  he intimately interspersed with Pol Ill genes and that in all three

is anEcaRV subclone of pU2cos-1B} p5BS, which is &al subclone from ; ;
pU3cos-1;C) p76, which is a subclone derived from a random fragment library cases examined Pol Il genes constituted ﬂt@Gndary of Pol

of pU3cos-1 DNA (see Materials and Methods). The inserts were sequence!)l transcription units.

and the arrangement of the various genes is shown. Solid black arrows indicate

the direction of transcription of the RNA polymerase Il transcribed genes. The .

open arrows indicate the direction of transcription of genes transcribed by RNAA promoterless CAT gene cassette is expressed when
polymerase Ill. The distance between the RNA polymerase Il and the closesnserted at the U3/7SL RNA locus

Pol Il gene is shown for each locus. The drawing is not to scale.

The finding that Pol Il genes were located at ther@@l of three
different Pol Il transcription units suggested to us that this genetic
gene loci identified by the ak, pc76 and pc85 clones wererganization might have a functional meaning. One possibility
single-copy in the trypanosome genome and the arrangementaas that Pol 1ll genes were functioning like road blocks for Pol
the cosmid clones was identical to that in the genome. I transcription and somehow contribute to Pol Il transcription
Hybridization of ak, pc76 and pc85 probes to northern blots aérmination. We decided to probe whether the environment within
total trypanosome RNA indicated that the corresponding genasPol IlI transcriptional domain was permissive to expression of
were transcribed to produce stable mRNAs (Bidanes 1-3). pre-mRNA by inserting a promoterless reporter gene in between
Using single-stranded DNA probes these experiments alshe U3 snRNA and the 7SL RNA genes. The detailed structure of
established the direction of transcription as shown in Figxes this locus is shown in Figu. The U3 snRNA and 7SL RNA
and2A (see Materials and Methods for technical details). For thgenes are divergently transcribed and separated by two tRNA
U2 cosmid, we found that ak and pc17 were transcribed in tlyenes, each of which provides promoter functions to its
same direction and both of them pointed towards the U2 gene. édmpanion small RNA gen&(@). The 3 ends of the tRNA genes
the U3/7SL RNA locus pc85 and pc76 were instead transcribedle separated By100 nt (3). Within this 100 nt we inserted a
from opposite directions of the chromosome, and both transcriptipromoterless chloramphenicol acetyl transferase (CAT) gene
units pointed towards the U3/7SL RNA genes. The direction afassette to generate the targeting vector pU3CAT %Rig.The
transcription of these genes was also confirmed by dire@AT gene cassette consisted iff 8058 direction of—a tubulin
sequence analysis (see below). sequences (from the nucleotide after fhebulin termination
codon to the nucleotide preceding tndubulin ATG) which
The 3 termini of the loci defined by ak, pc76 and pc85 are ~ Provided all the necessary signalstfanssplicing 5), the CAT
in close proximity to Pol Il genes c_odmg region and thé Bntranslqtgd region and polyadenylation
site of the PARP A gene. Additionally, the 7SL RNA gene of
The physical mapping showed that ak and the 85 gene are in clggd3CAT was modified by insertion of a ‘tag’ to monitor its
proximity to Pol Il genes. To determine the exact distancexpressioni0).
between the'&nds of ak and of the 85 gene and their corresponding The pU3CAT construct was targeted to the U3/7SL RNA locus
downstream Pol Il genes, we sequenced several kb of DNA froas shown in FigurgA by cotransfection with plasmid pXS2GFP
each of the two loci (DDBJEMBL/GenBankcaession nos (Fig. 5C). PXS2GFP carries the neomycin phosphotransferase
AF047722 and AF047723). The results of these sequengene as a selectable marker and was targeted to the tubulin locus.
analyses are schematically shown in Figur&or the ak gene Two clonal cell lines, named C1 and C2, were chosen for further
there arel1l.5 kb of DNA between the gené &nd and the analysis. Correct insertion of the pU3CAT targeting vector by
tRNA-like gene located upstream of the U2 coding region. In theomologous recombination should result in the genetic arrangement
case of the 85 gene, the distance between éaBand the U3 shown in Figur&B. Next, we digested genomic DNA witlot and
snRNA gene i§8.0 kb. These ‘spacer’ sequences were analyzdecdRl and hybridized the corresponding Southern blot with a 7SL
for the presence of ORFs, but only relatively small ORFs werending region probe (Fi§). The C1 and C2 DNAs (lanes 5 and 6)
detected. In addition, in the case of the 76 locus we sequencegaae rise to two hybridizing bands. The largest one had the same
subclone derived from random cloning of the cosmid DNA (semolecular weight as the wt locus (lane 4, control DNA), whereas
Materials and Methods; DDBJ/EMBL/GenBank accessiorthe smaller one ofb.5 kb in size had the molecular weight
no. AF0447724), and serendipitously discovered that there wageedicted from the structure of the recombined chromosome
tRNAgin (600 nt downstream from the 76 gener®d, as defined  (Fig. 5B). Phosphorimager quantitation of the hybridizing bands
by sequencing the corresponding cDNA. This tRNAene is  showed that for the C1 and C2 cell lines there was twice as much
part of a cluster of tRNA genes which was previously sequenceddioactivity associated with the band diagnostic of the wt locus
(24). The 0.6 kb of DNA separating thestd of the 76 gene from as compared with the band diagnostic of the recombined locus.
the tRNAyn gene did not show any potential ORF. This was consistent with the duplication of the 7SL RNA gene
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locus which was produced upon insertion of the pU3CAT
construct into the chromosome. Next we tested whether the C1
and C2 cell lines contained single or multiple insertions of
pU3CAT DNA. In this case the DNAs were digested \EitloRI

and hybridized to a CAT coding region probe. Whereas the
control DNA showed no hybridization to the probe (lane 3), the
C1 and C2 DNAs displayed hybridization to two bands4 and

1.8 kb in size, consistent with a single insertion. The recombined
chromosome structure was also confirmed by PCR with specific
oligonucleotide primers (data not shown).

In order to determine whether the insertion of the CAT gene
cassette had effects on the expression of the neighbouring Pol llI
genes, we had introduced a ‘tag’ into the 7SL RNA gene of the
pU3CAT vector {0). The hybridization of total RNA from the C1
cell line with a 7SL RNA probe is shown in Figusa. RNA
derived from control cells (lane 1) showed one hybridizing band
of (270 nt, which is the size dfbrucei7SL RNA. In the case of
the C1 cell line (lane 2), two 7SL RNA bands were visible. One
corresponded to wt 7SL RNA, and the second larger one
represented the tagged 7SL RNA transcript, as we have
previously shown1(0). However, the amount of tagged 7SL RNA

T Oww eI in the C1 cell line was substantially lower than wt 7SL RNA. A
similar result was obtained with the C2 cell line (data not shown).
Bi— - This could be due to several reasons and we have not investigated
I?. this phenomenon further. Nevertheless, from a qualitative point
of view it appeared that insertion of the CAT gene cassette did not
l = prevent expression of the downstream 7SL RNA gene.

Next we tested whether we could detect CAT activity in the C1
and C2 cell lines. Extracts were prepared and tested for CAT
* activity using f4C]chloramphenicol and thin layer chromatography
(Fig. 6B). Relative to control cells (lane 1) extracts from both the
Cland C2 celllines (lanes 2 and 3) had considerable CAT activity,
as it is evident by the conversion Hi¢]chloramphenicol to the two
20— monoacetylated forms. Lastly, we performed northern blot
analysis of C1 and C2 total RNAs with a CAT coding region
probe (Fig6C). CAT mRNA of the expected molecular weight
of (1.0 kb was observed in both cell lines.

Figure 5. Targeting of the pU3CAT vector to the U3/7SL RNA gene locus by DISCUSSION

homologous recombinatiorA) Structure of the U3/7SL RNA gene locus and . . .

of the pU3CAT vector. Restriction sites 8¢cRV (EV), Smd (S), EcRI (E) In this paper we report on the analysis of the physical and
andNot (N) are indicated by vertical bars. TNet site is derived from the  transcriptional organization of tfilebruceigenome with respect
polylinker of the plasmid vector. Open circles indicate tRNA genes, awavy lineto domains transcribed by RNA polymerase I and RNA

indicates plasmid sequences and the open box indicates the tag within the 7%0|ymerase 11l. We found that at the U2 and U3/7SL RNA gene

RNA gene. Plasmid pUSCAT contains the reporter gene CAT flanked by1loci Pol Il transcription units are interspersed with and closely

sequences required for pre-mRNA processing (see text for details). pU3SCA - . -
was linearized at thma site and transfected into procyclic trypanosomes. Juxtaposed to the Pol Il genes. We think this arrangement is likely
(B) Predicted structure at the U3/7SL RNA gene locus after integration ofto be widespread in the trypanosome genome because we have
pU3CAT DNA. Symbols are as described above. The distances in kb betweefgynd that[(b5% of the cosmid clones of our cosmid library

adjacent diagnostic restriction sites are indicated above and below the diagra ey ; _ s
(C) The pXS2GFP vector. pXS2GFP has the plasmid backbone of pXS2 anrﬂybndlze to radiolabelled gel-purified tRNAs (data not shown).

contains the green fluorescent protein (GFP) coding region and the neomycicr,rhls h'gh numbe_r of hybrldlzmg clones is consistent with a
phosphotransferase gene (neo) arranged as a dicistronic transcription unit undg€attered distribution of tRNA genes throughout the trypanosome
the control of the PARP promoter (indicated by a flag). pXS2GFP was digestegyenome. Since there are many other Pol Il genes encoded in the
with Miul I(D'\lfl)Aa][‘d targ.‘féet‘; to tgelt”bg"gz'oct“i‘l)(SouTl‘e[.” blot Ga”a'ySi.S %fNA genome, it is conceivable that they are also similarly distributed
enomic rom wild-type, C1 an stables cells lines. Genomic . : :

S’Vas digested withlot andEF():d?V (lanes 4-6) OECeRI (lanes 1-3). Lanes 3 and that P_oI_II transcription units are often interrupted by Pol llI
and 4, genomic DNA from wild-type cells (w); lanes 1 and 5, genomic DNA €nes. This is exactly what we discovered at the U2 and U3/7SL
from C1 stable cell line (C1); lanes 2 and 6, genomic DNA from C2 stable cellgene loci which were only chosen on the basis of the fact that they
line (C2). The DNA was electrophoresed through a 0.7% agarose gel angyre single copy. Moreover, we found that the U2, U3 and U6

transferred to a nitrocellulose membrane. Subsequently the nitrocellulos ;
membranes were hybridized to a CAT coding region probe (lanes 1-3) or to SNRNA genes map to different chromosomes (data not Shown)’

7SL RNA probe (lanes 4-6). The 3.5 kb band indicated by an asterisk (*) an(?urther strengthening the notion that Pol Ill genes are not
present in lanes 1-3 is a background band whose origin is unknown. Thelustered at a few chromosomal locations. This is not surprising

molecular weights DNA fragments digested withindlll are indicated in kb. since Pol ll/Pol Ill interspersion is a characteristic of the
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A i % suggesting that also in this respect the trypanosome genome is not
' N unique. Instead, what was unexpected is that in all three cases
examined the direction of Pol Il transcription was towards the Pol
[ll genes, or in other words that the Pol Il genes constituted the
5 3 boundary of Pol Il transcription units. Of course one trivial
B <= Tag explanation for this observation is that this is just a serendipitous
.. yo—— finding due to the_ small number of_Io_ci whic_h were ana_lyzed. On
i the other hand, itis pOSS|bI_e that thisis a valid (_)bservatlon and that
#He Z Pol 11l genes serve a functional purpose by being at the end of Pol
I transcription units. Because Pol Ill genes are known to form
wt Cl stable complexes in association with transcription fac@ss (
and to inhibit nucleosome positionirigj7j, it is possible that the
B I = 3 chromatin structure surrounding Pol Ill genes has some special
= " features. It is tempting to speculate that the presence of actively
transcribed Pol 1l genes might act as a road block for
transcription by RNA polymerase I, and that transcription by Pol
&= J [l might terminate or attenuate before reaching the Pol Il genes.

307 —

The fact that we were unable to detect any Pol Il transcription
downstream of the U2 gene in pU2cos-1 DNA might support the
R ‘attenuation/termination’ hypothesis. It would make sense that
- also in the case of the 85 and 76 transcription units, transcription
” by Pol Il would attenuate or terminate before reaching the Pol Il
wit Cl C2 genes. This is because the consequences of Pol Il transcribing
through Pol 11l genes would be to produce antisense transcripts
C acw for U3, 7SL and the associated tRNA genes, and also antisense
transcripts of the adjacent Pol Il genes, if transcription were to
proceed even downstream from the Pol Il genes. We have

E searched for these putative antisense transcripts by hybridization
cal of steady-state RNA with single-stranded sense probes, but the
”'R'\’\" results have been negative (data not shown). Although we cannot

& - exclude that antisense transcripts are produced and rapidly

degraded, it might be harmful to the cell to synthesize antisense
transcripts of small nuclear and cytoplasmic RNAs which provide
essential housekeeping functions for pre-ribosomal RNA processing

i (U3), co-translational insertion of membrane proteins in the ER
membrane (7SL) and translation (tRNA).

Figure 6. Characterization of C1 and C2 cell lined) Expression of the An interesting problem specific to protein coding genes located

tagged’ 7SLRNA. Total RNA was separated on a 5% denaturing polyacrylamide@t the end of Pol Il transcription units, is how the proces'sevfc8
gel, transferred to a nylon membrane and hybridized toemdblabelled  formation of mature mRNA takes place. This is because@e (

oligonucleotide complementary to positions 117 to 136 of the 7SL RNA codingand other32(8_29) have shown that for genes that are internal to

region. Lane 1, control RNA; lane 2, C1 RNA. The positions of the wt and ; ; inti ; '
tagged (ta) 7SL RNA are indicated by arrows. RelevéfR-labelledMspl a polycistronic transcription unit, the process'a#i® cleavage/

fragments of pBR322 are indicated as molecular weight markers B)AT polyadenylation of pre-mRNA is tightly and functionally coupled
activity assay. Trypanosome cell lysates were assayed for CAT activity adO activetrans-splicing at a 3splice site (3SS), which is usually
described in Materials and Methods usitC]chloramphenicol. Acetylated  located 100 to a few hundred nucleotides downstream from the
chloramphenicol (indicated by a bar) was separated from unmodifiedpo|y(A) site. We have analyzed the sequences downstream of 85,

chloramphenicol (indicated by an arrow) using thin layer chromatography. ' : ;
Lane 1, extract from wild-type cells (wt); lane 2, extract from C1 cells; lane 3, 76 and ak genes for the presence’cllice acceptor regions,

extract from C2 cells() Expression of CAT mRNA. Total RNA was fractionated  N@mely an AG dinucleotide preceded by a polypyrimidine tract.
as described in the legend of Figure 3B and hybridized to a radiolabelled CAT genéVe have found several potentialS$s candidates in all three cases,

probe. Lane 1, C1 RNA; Ia_ne 2,_ C2 RNA,; lane 3, Wt RNA. Dots indicate the largegnd we are now investigating whethérefd formation of the ak
ribosomal RNAs as described in the legend of Figure 3B. gene is dependent uptranssplicing at a downstreant SS.
To test whether the environment within a Pol Ill transcriptional

domain was permissive for transcription of pre-mRNA, we
eukaryotic genome. In the sequenced yeast genome tRNA geneserted a CAT reporter gene cassette in between the tRNAs
are present on all chromosomes and the distance betwagrstream of the U3 and 7SL RNA genes. The sequences upstrear
neighbouring tRNA genes varies greatly from a few to >150 ktof the CAT coding region were derived from tea tubulin
Once the sequence of thdruceigenome is on its way, it will genes and contained the signals required3ftrbulin mRNA
become clearer whether the degree of interspersion of Pol Il apdlyadenylation andi-tubulin mRNA trans-splicing £5). We
Pol Il genes is indeed similar in trypanosomes and yeasthose these sequences because they have been characterized
Furthermore, the distance between then8l of the 85, 76 and ak detail and because to our knowledge nobody had reported
genes and the downstream Pol Il genes &t very similarto  promoter activity associated with the tubulin genes, so our
what is found in the yeast genome for Pol 1l/Pol Il genesassumption was that the pU3CAT construct was promoterless.
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