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ABSTRACT
We have localized the six ribosomal RNAs (rRNAs) which encode the 28S

rRNA region of Trypanosoma brucei. These six rRNAs include two large rRNAs,
28S a (approx. 18840 nt) and 28S B (approx. 1570 nt), and four small rRNAs of
approximate sizes 220, 180, 140 and 70 nt. Three of these four small rRNAs
(180, 70 and 140) are found at the 3' end of the 28S rRNA region. Sequence
analysis of this area shows that these three small rRNAs encode Domain VII,
the last domain of secondary structure in the 28S rRNAs of eukaryotes.
Hybridization of labeled nascent RNA to the cloned repeat unit and S1 nuclease
protection analysis of putative precursors show that transcription initiates
approximately 1.2 kb upstream of the 18S rRNA and terminates after the last
small rRNA (140) at the 3' end of the 28S rRNA region. Analysis of three
putative rRNA precursors suggests that the small rRNAs are not processed from
the primary transcript until after the usual processing of the 5.8S rRNA
region.

INTRODUCTION

In the nucleus of most eukaryotes, the ribosomal repeat unit includes

three mature rRNA species, the 18S, 5.8S and 28S rRNAs. These three rRNAs are

processed from one large primary transcript (reviewed in 1). In certain

organisms, other processing steps occur which result in unusual versions of

these three rRNAs. For instance, the 28S rRNA of certain members of the

dipteran insects (2, 3, 4), vertebrates (5, 6) and protozoa (7, 8, 9) can be

split into two separate rRNAs, which are called 28S a and 28S 8. Furthermore,

the 5.8S rRNA of dipteran insects is present as two separate species, a

shortened 5.8S rRNA and a 2S rRNA (10, 11).

The rRNA repeat unit which requires the most complex processing system is

the rRNA repeat unit of trypanosomes and other kinetoplastidae. In these

organisms, the 28S rRNA unit is split into 28S a and B (7, 12, 13, 14, 15, 16,

17). In addition, four small rRNAs (srRNAs) have been observed (17, 18, 19,

20). They are approximately 220, 180, 140 and 70 nucleotides long, although

the exact size differs among organisms (cf. 20). In trypanosomes, the srRNAs

are present in stoichiometric amounts in isolated polysomes (18). They have
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been localized in the trypanosome rRNA repeat unit and were tentatively mapped

in the area of the 28S rRNA (19).

While investigating an in vitro circularization reaction involving the

180 srRNA, we found that the published map positions of the srRNAs were not

correct. In this paper, we present the correct localizations and sequences of

these srRNAs and propose a functional role for these srRNAs in the ribosome.

Our analysis of the transcription of this repeat unit has localized the areas

of initiation and termination of transcription and identified three putative

precursors possibly involved in the processing of this rRNA repeat unit.

MATERIALS AND METHODS

DNA manipulations. A clone containing two ribosomal repeats was originally

obtained from a cosmid library (21). A subclone containing one ribosomal RNA

repeat unit, pR4, has already been described (22) and is shown in Fig. 1. DNA

fragments from pR4 were isolated from low melting point agarose by phenol

extraction (23) or by using Elutip-d columns (Schleicher & Schuell). Fragments

A, F, 0, P, R, X and Y (see Figs. 1 and 4) were subcloned to facilitate

analysis of the repeat unit. Restriction enzyme digestions, size separation

of fragments by electrophoresis, and the cloning of DNA fragments were

performed using standard techniques (23).

Purified fragments were 5' end labeled by treatment with calf intestinal

alkaline phosphatase, followed by T4 polynucleotide kinase in the presence of

y-32P ATP (3000 Ci/mmol; 23). Fragments were 3' end labeled by treatment

with the Klenow fragment of E. coli DNA polymerase I or with T4 DNA polymerase

in the presence of a-32P dATP or dCTP (3000 Ci/mmol) and unlabeled nucleotides

(23). The S1 nuclease protection procedure (24) was performed as previously

described (25).
DNA sequence analysis was performed with the chemical degradation

procedure (26) using 5' or 3' end labeled fragments; or with the dideoxy

sequencing method (27) with modifications (28) using fragments subcloned into

the pEMBL9 vector (29).
RNA manipulations. RNA was prepared from both the cultured insect form and

the bloodstream form of Trypanosoma brucei brucei, strain 427 using lithium

chloride precipitation (30). RNA blots were prepared after electrophoretic

size fractionation of glyoxylated RNA in agarose gels (31). RNA blots were

hybridized with nick translated a-32P labeled probes (32, 33). Post

hybridizational washes were to 0.1 x SSC at 650C.
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The nuclear run-on assay involves the extension of nascent RNA in

isolated nuclei (22) in the presence of a-32P UTP (3000 Ci/mmol). After

purification, the RNA was hybridized to DNA blots as previously described

(34).

RESULTS

Localization of mature rRNAs

We have localized the mature rRNAs and their putative precursors within

the ribosomal repeat unit. The restriction map of one complete cloned repeat

unit, pR4, is shown in Fig. 1. The approximate positions of the 18S, 5.8S and

28S a and a rRNAs were previously determined (35; T. Berkvens, P. Sloof and P.

Borst, unpublished data) and, more recently, the entire sequences of the 18S
rRNA and the 5.8S rRNA were determined (36,37). From the restriction enzyme
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Figure 1. Map of the cloned ribosomal repeat unit. The rDNA was inserted
into the Pst I site of pBR328. The vector interrupts the repeat unit at the
Pst I site at the end of fragment K. The restriction enzyme cleavage sites
that have been mapped include: B - Bgl II, D - Hind III, E - Eco RI, H - Hinc
II, P - Pvu II, Ps - Pst I, and X - Xho I. The DNA probes A - U used in this
study are shown below the restriction map. The exact location of the mature
rRNAs (including the srRNAs) is shown above the map. The three putative
precursors detected by RNA blot analysis (see Fig. 2) and the extent of run on
transcription (see Fig. 7) are shown above the mature RNAs. Several S1
protection experiments are diagrammed below the map (see Table 1). Fragments
Q and R are the last two adjacent Sau 3A fragments from fragment M and their
ends are designated s. Fragments F and G are the last two adjacent Alu I
fragments from fragment E and their ends are designated a.
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Figure 2. Hybridization of RNA blots with various restriction fragments from
pR4. 40 pg of total RNA (1 - culture form, 2 = blood stream form) was
glyoxylated, electrophoresed on agarose gels and blotted to nitrocellulose.
Identical strips were hybridized with nick translated DNA fragments A, H, I,
J, K, Q, R, and S from pR4. Precursor sizes are estimates based on denatured
fragments of A DNA digested with Hind III. PT = putative primary transcript.
Several blots are overexposed to allow detection of the putative precursors.

cleavage sites predicted by these sequences, we can locate the 18S and 5.8S
rRNAs on our map. To determine the approximate posLtion of the srRNAs, we

hybridized DNA fragments from the rRNA repeat unit (Fig. 1) to RNA blots of

total RNA and washed at high stringency (650C, 0.1 X SSC, see Fig. 2).

Fragment K from the center of the 28S unit hybridizes to the 220 srRNA.

Fragment R near the 3' end of the unit hybridizes to the 180 and 70 srRNAs.

Fragment S at the 3' end of the unit hybridizes to the 1 40 srRNA (as does

fragment T, data not shown). The 70 srRNA was only faintly detectable by

standard RNA blot analysis. To verify the location of the 70 srRNA, fragment
R was hybridized to an electroblot of total RNA which had been size

fractionated on a 6% polyacrylamide gel. This confirmed that the 70 srRNA

sequence is contained within fragment R (data not shown).

The precise position of the srRNAs relative to the 28S a and $ rRNAs was

determined by S1 nuclease protection analysis. Examples of these Si nuclease

protection experiments are shown in Fig. 3. The results of all the S1
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Figure 3. Si analysis of the 180 srRNA and the 5' and 3' ends of the

transcription unit. Fragments A and N (Fig. 1) and fragments X and Y (Fig. 4)
were used in these experiments as described in Table 1. Lanes are designated
as follows: I - input DNA, Y yeast RNA (control RNA), T - trypanosome RNA,

M = marker DNA. The temperature of hybridization is shown for each fragment.
Fragments A and N show several smaller protected fragments in addition to the
labeled fragments. We interpret these as melting out of the (AT)-rich spacer

and/or polymorphisms within the spacer. Fragment A was hybridized at two
different hybridization temperatures as shown.

experiments are summarized in Table 1 and are diagrammed in Figs. 1 and 4.

For each RNA, the 5' and 3' ends of the rRNA were determined from one internal

restriction enzyme cleavage site. Fragments containing the 220 and 70 srRNAs

did not contain suitable restriction enzyme cleavage sites for S1 analysis.

The 220 srRNA was not investigated further. The position of the 70 srRNA was

confirmed by sequencing.

Sequence Analysis of the srRNAs

We have sequenced the 1.5 kb of DNA encoding the three srRNAs at the 3'

end of the rRNA unit (Figs. 4 and 5). The sequence is compared to the

published sequences of yeast 26S rRNA sequence (38) and of the srRNAs of

Crithidia obtained by RNA sequencing of the isolated srRNAs (39). Models for

the secondary structure of the T. brucei srRNAs were constructed based on the

models proposed for yeast (40, 411) and Xenopus (42)(Fig. 6).
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Table 1. Summary of Si Nuclease Protection Analysis

rRNA Analyzed DNA Labeling2 Size of

Probe Fragment (nt)3

5' end of rRNA unit A 5' 1200 & 1100

3' end of rRNA unit N 3' 475

5' end of 28S a rRNA J 5' 1600

3' end of 28S a rRNA 0 3' 240

5' end of 28S B rRNA L 5' 500

3' end of 28S B rRNA M 315 10704
3' end of 28S B rRNA X 3' 220

5' end of 180 srRNA X 5' 94

3' end of 180 srRNA Y 3' 83

5' end of 140 srRNA S 5' 70

3' end of 140 srRNA T 3' 63

1 See Figures 1 and 4.
2

Fragments were labeled at the 5' end by polynucleotide kinase.
Fragments were labeled at the 3' end by the Klenow large fragment of DNA
polymerase I of E. coli.

3 Fragments were usually sized on denaturing polyacrylamide gels using
plasmid pAT 153 cut with Msp I as a size marker.

Fragments were sized on alkaline agarose gels instead of denaturing
polyacrylamide gels, using A DNA cut with Eco RI and Hind III as a size
marker.

5 Fragment was 3' end labeled with T4 DNA polymerase.

rRNA transcription

Labeled nascent RNA produced by "run-on" transcription in isolated nuclei

(22) was hybridized to Southern blots of restriction enzyme digests of DNA

from pR4 and two subelones. The labeled RNA hybridizes to many restriction

fragments of pR4 and the intensity of most of the bands is proportional to the

size of the respective fragments. Some fragments do not hybridize and thus
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Figure 4. The region extending 3' of the 28S B rRNA. Restriction enzyme
cleavage sites that are shown include A - Alu I, B - Bgl II, M - Msp I, S -
Sau 3A, T - Taq I and X - Xho I. The region is shown compared to the 3' end
of the yeast 28S rRNA (38) with the numbering from the yeast sequence.
Stretches of complete homology greater than 15 nucleotides are shown as
hatched areas. The results of several Si protection experiments described in
Table 1 are diagrammed below the restriction map.

The entire region was sequenced using both Maxam and Gilbert (26) and
dideoxy (27) sequencing. The sequencing strategy is shown at the bottom of
the figure. Arrows which begin with * were sequenced from pEMBL subclones by
dideoxy sequencing. Regions that were determined by Maxam and Gilbert
sequencing are shown as arrows that begin with either a 0 (5' end labeling
or X (3' end labeling).

are not part of the transcription unit. The interpretation of these data is

summarized in Fig. 1.- The results which clearly define the 5' and 3' ends of

the transcription unit are shown in Fig. 7. The 5' end of transcription is

defined in lanes 1 and 2. Of the four fragments in lane 1 (B, C, D, and E),
only the 1.6 kb fragment E hybridizes with nascent RNA, suggesting that

transcription starts within this fragment. Since nascent RNA hybridizes with

both fragments F (500 nts) and G (900 nts) in lane 2, both fragments must be

transcribed. The stoichiometry of these fragments suggests that transcription

starts within fragment F. Lanes 3 to 5 of Fig. 7 define the 3' end of

transcription. Nascent RNA hybridizes to fragments S and T but does not

hybridize to fragment U, suggesting that transcription terminates within

fragment T. The transcription unit as determined by this analysis is

approximately 10 kb, leaving an 8 kb non-transcribed spacer.

A putative full-length primary transcript of the rRNA unit is barely

detectable in the RNA blot analysis (PT in Fig. 2). More pronounced are three

other putative precursors from this transcription unit. The 3.4 kb RNA is

detected by fragment A at the beginning of the transcription unit and also by
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GAUGUCCGCU CUUCCUAACC UACGCCGCA GAAGACCCUA AGGGUUGGAU UGUUCACCCA T 28S a
..+ +.....++***...U.A ++C'+AA... ,+#UU+*G0+ ++C*++++** +.....++++ Y 28S
CUGACAGGCA ACGUGAGCUG GGUUUAGACC GUCCUGAGAC AGGUUGGUUU UACCCUACUU T 28S 0
++A+U... ...... .......... ...............+++++A.... ......++G++ Y Z8S

GGCUGGAGAU UGCGAGUAAA AGAUUAUCCG CCAAAGCGGA GGCAGUCCGU UUUUUUCUGG T 28S 8
AUGAA Y 28S

GUCUGCCGUU CGGUGGCAUG UGCUUGGCGC UGCCAUCUCA GCACACAACA UUUAUGAUAA T 28S S

**** C 180
UAAUAAUAUU AUUGUUAUUA UCAUAUAAUG CUGUUAUACA CGUGUAUAUG UGUUUGUGAG T 180

A"0*********0000000 0000000*00 060*00#0*0 000000000 0000000000 C 180
GUUGUGAAGG GAUCUCGCAG GCAUCCUGAG GGAAGUAUGG GGUAGUACGA GAGGAACUCC T 180

U. UU+C+*CA*U A+U+A*UGAA CU++++......+...AGU Y 28S

000000 0 '0****A"**** ***G**"*** ****CO*** ****C***"A **CO****** C 180
CAUGCCWCUC CUCUGGUUUC UGGAGUUCUG CGAAGGGCAA GUGCUCCGAC GCUAUCGCAC T 180
UCAUU++GAU AMU..+++U *+CG*C+GUC U++UCA+GC* U*+*CG+++A ++***CAUC* Y 28S

flit***X*X"§§ *0 *00000"000* "* ""A* "*******A A""9*CC C 180
GGUGGUUCUC GGCUGAACGC CUCUAAGCCA GAAACCAGUC CCAAGACCGG GUGCCCGUAA T 180
*C+++A+UAU **+*+++++* ++*++++U++ ***U+*'UG+ UAG#ACG++# UGAUUUC+ y 28S

AAGCAAAAAG CAAAAAAAGA AAGAAUAGGG AAAAAUAUAG UGUACAUGUA AAGUGCCUUC T

CAUAUAUAUA UAUAUAUUCA UUUAUAUAAG UGUGUGGGCA CGGCUUGUGU GUAUCUCUAU T

AUGGCUCACU GACGUUGAAG GGAAUCCAAA AGUGUAUAAU AACACUAUGU AUGCGUGWGU T

AUAUUUAUUA CUUUGUAUUU CUGUGUGAGA CGUGUUUUGU AUGCGGGCAU AUACGUAUAU T

AAAUGCUCUU UAUAUUUCCG UCUCUUCCAG UUGUCUGWUC ACGCUCAAGA CAAAAAAAAA T

**A******* *'**'C'ACA CG* ""*A 0** ***U C 70
CAUAUUCGAA ACGAAUAUUA UC UCGAAUC GCCACUUCUC UUAUCUGGGU GCUCUGCCCG T 70

"***C***" CU*U"***U A*"**'GA** ****GOGA C 70
CCCUUGUCGG CGCCCAGUAC CUUCAUUUUC ACAAGAUCUG UUUUGAACCC GUUGAACAAA T 70

AAACAAAAGC AACGGAAGAA UUUCAUUACU UAUAAAGUAU AUGUAAUGAU GCGGAGGUGU T

GAGAGGUAUU AUAUUAUGUU UGCAUCAACA AUGCGCAUGC AUAUACACUC UCUAUGUCUG T

UGUAUCUUUU UGUCUGUAUU CUUGCGCGUC ACACUGUGUG GUACUAUAUA UAUAUGUAUA T

UGAGGCAAUG UUCCAAUUAU UUUUUCGUGC AUUGUGUUUC UAUGUGUGUG UGUAAGUGCC T

ACCAACUCUG UGAACCAAAC CUAUCUCUCU CUCUGUGUAU AUAUAUUUAU AUACAAUACA T

CAAC ** 00 **"*****"**A *U***0*** 0000"000******U*00 C 140

AUAAUAUUUU GUCCCUCUCC AAACCAGAGU ACAUGCAUGG GCUGCCAUGA GCGGCACCCU T 140

U***UC*'G" *000""*"0 ******** * *0000000'0******** ***G**C**A C 140
CCACGACCGU GOGGCUCCAG GGGCACUUUA CGUCCCGAGG CGCUGAACCb UGAUGCUUGG T 140

0**U***'*A AA C 140
AAUUUCAUGC UCAGGGACUU UUGAAGAAGU CAUAUGUGUG UACUUGUAUA UGUUUAUGWG T 1 40

UGUUGUGUUA CGUUGCGUCC AGAUGUUGGG GUCACAUUCU CUACUAUGUG UGUAGUCUCC T

UAUUUUGCAU CACGJUGUGA CGGGGAGCCU UUUAUUGGAU GUGUGUJUAU GGUCACUCGGAUU T

Figure 5. Sequence of the DNA region encoding the trypanosome 28S B (3' end)
and 180, 70 and 140 srRNAs. The sequence (1502 nts), presented as the RNA of
the putative precursor, is shown (T) compared to yeast (Y, homology is shown
as +; 38) and to Crithidia srRNAs (C, homology is shown as *; 39). The yeast
sequence was also determined from the DNA and is presented as RNA. The 3' end
of the 28S 8 has not been determined exactly. The SI analysis predicts that
it is within the underlined region.

fragments H and I from within the 18S rRNA. Two other putative precursors

(5.6 and 5.0 kb) are detected by fragments J, K, Q, R, and S which contain the

28S rRNAs. However, only the larger of the two 28S rRNA putative precursors
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Figure 6. The secondary structures of the trypanosome 180, 70 and 140 srRNAs
and the 75 nt spacer. The 180 and 140 srRNA models were constructed using the
published 28S rRNA models as guides (40, 41, 42). The 70 srRNA and the 75 nt
spacer models were constructed with the aid of a computer to include the
largest regions of base pairing. Differences in the corresponding Crithidia
sequences (39) are shown in parentheses adjacent to the structure. An x means
that the nucleotide is not present in that sequence but is present in the
other srRNA sequence. Regions of sequence homology to other eukaryotic RNAs
are blocked in this figure and discussed in the text.

(5.6 kb) is detected by fragment I containing the 5.8S rRNA. The probes that

hybridize to these large RNAs also hybridize with a hetergeneous collection of

smaller RNAs, especially in culture form RNA (lanes 1). These do not

comigrate with specific RNA bands in the ethidium stained gel and we attribute
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Figure 7. Hybridization of labeled nascent transcripts to restriction
fragments of pR4 subclones. Lanes 1 and 2 contains 2 jig of a subelone
containing fragment A (see Fig. 1). Lanes 3 to 5 contain 2 pg of a subclone
containing fragment P (see Fig. 1). Digests include: lane 1 = Hinc II and Eco
RI, lane 2 = Alu I, lane 3 - Bgl II and Xho I, lane 4 = Xho I and Hinc II and
lane 5 = Hinc II and Eco RI. The results are summarized in Fig. 1. Specific
fragments from Fig. 1 which are discussed in the text are labeled next to the
ethidium bromide stain.

them to the presence of degradation products of the rRNAs and their
precursors.

The end points of the putative precursors were determined by end-labeling

fragments A and N, hybridizing them to total RNA and digesting the hybrids

with S1 (see Table 1). The results are shown in Fig. 3 and are diagramed in

Fig. 1. Total RNA yields protected fragments of 1.2 and 1.1 kb of fragment A

suggesting that the 5' end of the 3.4 kb putative precursor is staggered. At

the 3' end of the unit, total RNA protects 475 bp of fragment N, suggesting

9480
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A
CTTTCCACCC AGCGCGGGTG CATTCTGGCT CTTATATATA CTTATTGTCA TGACAGAGTA

TATTGTACTG TGTTGATAAG GGACGGGTAA CTGTATTGAA GAGCCGATGC TTTTGACATG

TTAGATATAA TATGTTTTAT TGTAAAGTCA ATACAACACA CAATAGGATA ATAATGATAA

AGTTAAAAAA GTATATATAG TAATAGAAAT ATATCTTATA TAGGAAAGAT TAAGCAGTAA

AAGTAGCGCT TACGGCGTAC GGAGCAGGAG AGCAACTGAC CGCTCTCAGA. CCGATGGCGA

4
CGACATAAAC GCGCCTCTCG GGCTTCTGCT CTGTAAACTT TGCGCAATGC GATACGGGAA

CAGTTTTTGC GCTTGTTCAG TAGGTTGCCG AATGGCTGTG GGTATGACAC TTCCTCAGTT

AAGGGAAGGA GCGAGTGTGT GTAATACGTG TGTTGCTCTG ACAAAACGAA AGGGCACATC

GGCACGCTGC TCGTAAAGGT TTTTAATTAC CTTCACAG

B
-30 -20 -10 +1 +10

Well conserved nts G PyPu (Pu-rich)
I1

Trypanosoma brucei ATTAAGCAuT AAAAGTAGCG CTTACGGCGT ACGGAGCAGGA

Saccharomyces cerevisiae tgtgaggAA AAGTAGttgg gaggtacttT Atgcgaaagc
Physarum polycephalum atgcttctta AAAAGaaacc caagatacaT Ataggggggg
Tetrahymena pyriformis aaagtatcag ggggGTAaaa atgcatattT Aagaagggga
Acanthamoeba castellani aaactggteg gaccGTccga aagtatataT Aaagggacgg

Figure 8. A. Sequence of fragment F (see Fig. 1; 518 nts) which includes the
probable rRNA promoter. The 5' ends of the S1 protected fragments are
indicated by arrows.

B. Sequence comparison of the putative trypanosome pol I promoter
with other eukaryotic pol I promoters (43, 44).

that the 3' end of the 5.6 and 5.0 kb putative precursors is Just 3' of the

Xho I site, at the end of the 140 srRNA.

Fragment F, which spans the two staggered ends at the beginning of the

transcription unit (see Figs. 1 and 3) was sequenced. The ends of the

putative precursors were precisely located by running S1 protection analysis

and sequencing analysis in adjacent lanes of a polyacrylamide gel (data not

shown). The sequence is shown in Fig. 8A, with the ends of the protected

fragments indicated. The 5' end of the longest protected fragment has limited

homology to promoters for RNA polymerase I in other eukaryotes (Fig. 8B; 43,

44). The end of the other protected fragment has no obvious homology to pol I

promoters.
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Table 2. Size of Domain VII in various eukaryotes.

Organism Size of Domain VII

Yeast 400

Physarum 463

Xenopus 410

Mouse 487

Rat 400

Trypanosome - 180,70 and 140 srRNAs
(183, 77 and 135 nts) 395

1 for references, see text.

DISCUSSION

rRNA repeat unit

We have localized all six rRNAs which make up the 28S region of

trypanosomes (see Fig. 1). Four of the rRNAs (28S a, 28S a, 180 srRNA and 140

srRNA) were localized by S1 protection analysis from an internal restriction

site (see Table 1). Three of the four srRNAs (180, 70 and 140) were localized

by sequence analysis of the 3' end of the 28S region (Fig. 5). The remaining
220 srRNA is located between the 28S a and 28S a (Fig. 2 and our preliminary

sequence data). The incorrect localization of three of the srRNAs by Hasan

et. al. (19) can be attributed to two factors. First, the clones used did not

contain the true location of the 140 srRNA. Second, the low hybridization

stringency employed by these authors led to hybridization of the srRNAs with

several regions within the rDNA repeat. This cross hybridization may be due

to long range base pairings with which the srRNAs interact with the other

rRNAs in the ribosome.

Primary sequence and secondary structure

We have compared the sequence at the 3' end of the 28S unit to the

sequence of the 26S rRNA of yeast (38). As shown in Figs. 4 and 5, there is a

large block of homology between the trypanosome 28S a and the yeast sequence.

The homology stops six nucleotides from the end of Domain VI, a domain of

secondary structure in yeast (40, 41) and Xenopus (42). Continuing 3' of this

region, the only significant homology between the trypanosome and yeast 26S
rRNA sequences is two blocks of homology within the 180 srRNA. The yeast

sequence which is compared to the 180 srRNA starts at the beginning of Domain

VII of yeast. Thus, the two yeast regions shown in Fig. 5 are contiguous to
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each other, as diagrammed in Fig. 4. The junction between Domains VI and VII

is a minor expansion region or region of variability in eukaryotic 28S rRNAs

(45, 46). The largest variation at this junction in other eukaryotes is 27

additional nucleotides in Physarum. In trypanosomes, 192 extra nucleotides

are present in the DNA including 95 nucleotides at the 3' end of the 28S 8, 75

nucleotides of transcribed spacer and 22 nucleotides at the 5' end of the 180

srRNA. It is also of interest to note that the overall length of Domain VII

varies between 400 and 500 nucleotides in most eukaryotes (Table 2). The sum

of the three srRNAs is 395 nucleotides, close to the other eukaryotic values.

The sizes of these srRNAs are based on primary sequence analysis and homology

to the Crithidia sequence. We have not determined the exact ends of the

trypanosome srRNAs.

We have also compared the trypanosome sequence to the Crithidia srRNAs.

The percent homology between trypanosome and Crithidia are: 180 srRNAs = 91%,

70 srRNAs = 71% and 140 srRNAs - 86%. The 70 srRNAs, which are the least

homologous, correspond to the central nonconserved region of Domain VII and

are part of an expansion segment within the 28S rRNAs of eukaryotes (45, 46).

The primary sequence shown in Fig. 5 includes three spacers between the

rRNAs, all of which are (AT)-rich, including 75 nucleotides between the 28S 8

and the 180 srRNA (23% GC), 322 nucleotides between the 180 and 70 srRNAs (33%

GC) and 328 nucleotides between the 70 and 140 srRNAs (34% GC). The rRNAs

themselves are 54-59% GC. The 75 nucleotide spacer can be folded into a

stem/loop structure, potentially bringing the 28S 8 and the 180 srRNA into

close proximity during processing (Fig. 6).

Of interest are the secondary structures of the srRNAs (Fig. 6). The 180

srRNA can be folded into a clover-leaf structure identical to the proposed

secondary structure for the first part of Domain VII of many eukaryotes (40,
41, 42, 47, 48). The blocks of homology between the 180 srRNA and the yeast

26S rRNA occur in the top and bottom loops of the structure (boxed regions in

the figure) and these regions are conserved even in E. coli (49, 50, 51). In

yeast, the top loop is cleaved by a sarcin which suggests that it has a role
(along with Domain VI) in the ribosomal A site (40). It is also of interest

to note the similarity of this secondary structure (and the homology of the

top loop) to the Ul RNA (52). The first 23 nucleotides of the 180 srRNA do

not have a counterpart in Domain VII of yeast and may be involved in long
range interactions with other rRNAs. Alternatively, these 23 nucleotides can

form a stem/loop structure which brings the 5' and 3' ends of the 180 srRNA

into close proximity. This closed structure may exist, at least in vitro
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since we have observed an in vitro RNA ligase activity which specifically

forms circular 180 srRNA (unpublished results).

The 70 srRNA forms a stem-loop structure but there is no obvious homology

to the middle section of Domain VII of other organisms, which is not

unexpected since this region is an expansion segment in eukaryotic 28S rRNAs.

The 140 srRNA can be folded into a secondary structure which resembles the

structures at the 3' end of Domain VII of several eukaryotes (40, 42, 48)

including a stem-loop structure in which the loop sequence includes 5'-A-N-A-

C-G-A-3' (boxed region) which is conserved even in E. coli (49) and in

chloroplast 4.5S rRNA (see below).

Further support for these proposed secondary structures comes from the

corresponding Crithidia sequences (shown in parentheses in Fig. 6). Most of

the substitutions are within unpaired regions of the structures. There are

pairs of compensating base changes in the right arm of the 180 srRNA structure

and in the stem-loop of the 70 srRNA structure. The most remarkable set of

substitutions is at the 5' and 3' ends of the 140 srRNA in which 7 of 8 U's

are replaced by 5 A's and 2 C's; the significance of these differences is not

obvious.

Transcription unit

The transcription unit of the rRNA of trypanosomes has been defined both

by "run-on" transcription in isolated nuclei (Fig. 1 and 7) and by Si

protection analysis (Fig. 3). Transcription appears to start 1.2 kb in front

of the 18S rRNA. The Si analysis of this region (Fig. 3) shows two Si

protected fragments. These could result from polymorphisms in the ribosomal

repeat units, duplicate promoters or processing of the primary transcript. It

is unlikely that two promoters are active since sequence analysis of this

region (Fig. 8A) does not show a duplication. The sequence analysis does show

a region with limited homology to other eukaryotic promoters surrounding the

5' end of the putative precursor 1.2 kb upstream of the 18S rRNA (Fig. 8B).
Since the 5' end of the putative precursor 1.1 kb upstream of the 18S rRNA has

no homology to other eukaryotic promoters, it could be an Si artifact, a DNA

polymorphism or a processing site. Processing sites located several hundred

nucleotides downstream of the promoter are found in many organisms including

mouse (53), human (54), Physarum (55) and maize (56).
Transcripts extending 3' of the 140 srRNA are not detectable in stable

RNA. Si protection of fragment N shows that the 5.6 and 5.0 kb putative

precursors end at the 3' end of the 140 srRNA. Furthermore, nascent RNA

hybridizes to fragment T which contains the last 70 nts of the 140 srRNA and
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does not hybridize to the adjacent fragment U. The stoichiometry of the

hybridization to fragments S and T in Fig. 7 suggest that transcription

terminates somewhere near the center of fragment T. From the Si results of

Fig. 3, we conclude that rapid processing must be occurring at the 3' end of

the 140 srRNA, generating the 3' ends of the 28S rRNA putative precursors.

Processing

The entire transcription unit from promoter to terminator is

approximately 10 kb (Fig. 1). A possible primary transcript of about this

size is present in RNA blots (Fig. 2). The first processing of this primary
transcript apparently occurs 5' of the 5.8S rRNA, generating putative
precursors of 3.4 kb (containing the 18S rRNA) and 5.6 kb (containing the 5.8S
rRNA and the 28S region). The 3.4 kb precursor is presumably processed to

yield the 18S rRNA, while the 5.6 kb precursor is processed to yield the 5.8S
rRNA and another putative precursor of 5.0 kb containing the 28S region.
These initial processing steps are similar to rRNA processing in many other

organisms (1). The processing of the 28S region into six different rRNAs must
occur after these initial processing steps since all probes from the 28S

region hybridize to the 5.6 and 5.0 kb putative precursors (Fig. 2).
Furthermore, the Crithidia srRNAs all have a 5' monophosphate and a 3'

hydroxyl, suggesting that srRNAs are processed from larger precursors (39).
More direct evidence for this tentative conclusion has recently come from two

types of experiments: in pulse-labeling experiments, the mature srRNAs (but
not the 5S RNA) are only labeled after a lag period (P. Laird, J. Zomerdijk
and P. Borst, unpublished results); during UV-inactivation of transcription,
the srRNAs (but not the 5S RNA) behave as processing products of a single 10

kb transcription unit (P. Johnson and P. Borst, unpublished results).
The processing of the 28S rRNA region into six different rRNAs appears to

be unique to.the trypanosomatids. Some other organisms split their 28S rRNA

into two halves (2, 3, 4, 5, 6, 57). However, none of these organisms have an

srRNA encoded within this gap, as is the case with the 220 srRNA in
trypanosomes. Even more unusual is the processing of three srRNAs from their

surrounding spacers at the 3' end of the region, resulting in a functional

Domain VII. The structure of this domain supports the theory that the

expansion segments or variable regions within the rRNAs are evolutionarily
related to the transcribed spacers (58, 59). This suggests that either large
rRNAs were constructed from smaller rRNAs each possessing a specific function

or that larger rRNAs can be broken apart into smaller rRNAs each able to

function separately from the remaining large rRNA. Several types of rRNA
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ssu Lsu

Escherichia Il Ir

Tetrahymena (mito) kI IJ

Paramecium (mito) I *1

Chlamydomonas (chip) I I

Maize (chip) I II

Saccharomyces (nucl) I*r

Drosophila (nucl) I I 1

Trypanosome (nucl) I I * I I *

Figure 9. Schematic diagram of different rRNA processing systems. The small
subunit rRNA (SSU, "16S"-like rRNA) and large subunit rRNA (LSU, "23S"-like
rRNA) are shown for various organisms (for references, see text). Small rRNAs
are shown as black boxes. Transcribed spacers are shown as lines. The figure
does not attempt to show the size of the spacer between the SSU and LSU rRNAs.

processing systems are compatible with these theories (Fig. 9). In eukaryotic
nuclei (e.g. Saccharomyces), the 5.8S rRNA, which is separated from the 28S
rRNA by a transcribed spacer, corresponds to the 5' end of the 23S rRNA of
prokaryotes (60, 61). Furthermore, the 5.8S rRNA region of dipteran insects
(e.g. Drosophila) is composed of a short 5.8S rRNA and a 2S rRNA separated by
a short (AT)-rich spacer which is not part of the 5.8S rRNA structure (see
Fig. 9; 10, 11).

Analysis of the rRNAs of eukaryotic organelles also supports the theory
that the transcribed spacers and the expansion segments are related (see Fig.
9). The small subunit rRNA (SSU rRNA or "116S like") of Tetrahymena
mitochondria is composed of two rRNAs, a (200 nts) and 8 (114S rRNA) (59),
separated by a 54 nucleotide (AT)-rich spacer. Comparison of the secondary
structure models shows that the spacer is present in other SSU rRNAs as an
expansion segment. A similar situation may exist at the 3' end of the SSU
rRNA in Paramecium mitochondria (62).

The rRNAs of organelles do not contain a 5.8S rRNA. However, the rRNA
unit of chloroplasts in Chlamydomonas contains two srRNAs, 7S (282 nts) and 3S
(47 nts) which are encoded between the SSU and LSU (large subunit rRNA or "23S
like"). The 7S and 3S rRNAs are separated by an (AT)-rich spacer and are
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homologous to the 5.8S rRNA of eukaryotic nuclei and the 5' end of LSU rRNAs

(63). Paramecium mitochondria also contain an srRNA (283 nts) between the SSU

and LSU rRNAs which is separated from the LSU rRNA by a 19-26 nucleotide (AT)-

rich spacer (64).

Finally, the 3' end of the chloroplast LSU rRNA of higher plants is

present as a separate 4.5S rRNA (see Fig. 9; 65, 66). This processing system

has several analogies to the trypanosome system. In maize, the 4.5S rRNA is

separated from the rest of the LSU rRNA by a 93 nucleotide spacer which can be

folded so that the LSU rRNA and the 4.5S rRNA are brought into close

proximity, possibly for processing (67). A similar folding of the spacer

occurs between the 28S 8 and 180 srRNA as shown in Fig. 6. The 4.5S rRNA also
has a secondary structure similar to the last part of Domain VII of the LSU

rRNA, and is highly analogous in size and secondary structure to the 140 srRNA

of trypanosomes. Although all the processing systems discussed above have

similarities to the trypanosome system, the processing of the 28S rRNA region
of trypanosomes into six different rRNAs is by far the most complex processing

system described to date.
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