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ABSTRACT

We report here the sequence of the 1743 bp inter-
genic spacer (IGS) that separates the 3’-end of the
large subunit ribosomal RNA (rRNA) gene from the
5’-end of the small subunit (SSU) rRNA gene in the
circular, extrachromosomal ribosomal DNA (rDNA)
of Euglena gracilis. The IGS contains a 277 nt stretch
of sequence that is related to a sequence found in ITS
1, an internal transcribed spacer between the SSU
and 5.8S rRNA genes. Primer extension analysis of
IGS transcripts identified three abundant reverse
transcriptase stops that may be analogous to the
transcription initiation site (TIS) and two processing
sites (A’ and AO0) that are found in this region in
other eukaryotes. Features that could influence
processing at these sites include an imperfect palin-
drome near site A0 and a sequence near site A’ that
could potentially base pair with U3 small nucleolar
RNA. Our identification of the TIS (verified by mung
bean nuclease analysis) is considered tentative
because we also detected low-abundance transcripts
upstream of this site throughout the entire IGS. This
result suggests the possibility of ‘read-around’ tran-
scription, i.e. transcription that proceeds multiple
times around the rDNA circle without termination.

INTRODUCTION

In typical multicellular eukaryotes, ribosomal RNA (rRNA)
genes are present in many copies organized as tandemly
arrayed head-to-tail repeating units that are integrated into the
chromosome (1,2). In the context of this paper, we define the
intergenic spacer (IGS) as the sequence that separates the large
subunit (LSU = 5.88S plus 25-28S) rRNA gene at the 3’-end of
one repeat from the adjacent downstream small subunit (SSU
= 18-20S) rRNA gene. Each repeat is transcribed by RNA
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polymerase I (RNAP-I) to yield a long pre-rRNA that contains
internal transcribed spacer (ITS) as well as external transcribed
spacer (ETS) sequences (the latter derived from the ETS).
Genes encoding 5S rRNA are transcribed by rRNA
polymerase III and in most cases are not physically linked to
genes for the other rRNAs.

Protozoa (unicellular eukaryotes) provide examples of
‘typical’ chromosomally integrated rRNA genes organized as
tandem arrays. However, many protozoa exhibit rRNA gene
organizations that deviate from this pattern. Plasmodium
species have only a few copies of the rDNA transcriptional unit
and these are dispersed in the genome (3). In Paramecium
tetraurelia, TDNA units are tandemly repeated but are found in
linear and circular extrachromosomal molecules (4). In hypo-
trichous ciliates, the macronuclear DNA is present in discrete,
gene-size fragments; thus, the rDNA units in these organisms
are found as linear monomers (5,6). Extrachromosomal rDNA
dimers appear in the form of linear palindromes in Dictyostelium
discoideum (7), Physarum polycephalum (8,9) and Tetrahymena
pyriformis (10,11) and as a circular palindrome in Entamoeba
histolytica (12,13). Finally, rDNA transcriptional units are
found as circular monomers in Naegleria gruberi and related
schizopyrenid amoebae (14,15) and in Euglena gracilis
(16,17).

Among the organisms that contain small circular tDNA
molecules, it has been demonstrated for Naegleria (14) and
Entamoeba (18) that there are no integrated chromosomal
copies and that there are few, if any, integrated copies in
Euglena (19). The extrachromosomal nature of rRNA genes in
these organisms suggests that the rDNA circles must be able to
replicate autonomously in order to maintain copy number
within the cell. Intermediates in the replication of rDNA circles
have been detected in Entamoeba (12,20) and Euglena (19).

Because of the diversity in rRNA gene organization evident
among protozoa, the processes that regulate rRNA gene
expression probably exhibit novel features in these organisms.
We are interested in the expression of the extrachromosomal
circular rDNA in Euglena. Estimates of the number of rDNA
circles in Euglena range from 800 to 4000 copies per cell
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Figure 1. The 11 056 bp circular extrachromosomal rDNA of Euglena. Posi-
tions of genes for mature rRNA components are indicated by solid arcs. The
IGS that separates the LSU 14 gene from the SSU rRNA gene is represented
by a thin line. All other thin lines represent ITS sequences. The LSU 2-14
genes encode the fragmented 28S rRNA. The 10—11 nt ITS that separates the
genes for LSU 3 (350-351 nt) and LSU 4 (116 nt) is not shown.

(16,17,21-23), with the actual amount depending upon growth
phase (16,17) and culture conditions (24). The RNAP-I
responsible for transcription of the Euglena rDNA circle has
been purified to homogeneity (25). A ~10.2 kb pre-rRNA has
been shown to undergo multiple processing reactions (26,27)
to yield a 2.3 kb SSU rRNA (28) and a highly fragmented LSU
rRNA that consists of 5.8S rRNA and 13 additional small
rRNAs (29,30) (Fig. 1). Some of these small rRNAs have been
shown to interact by base pairing to generate secondary struc-
tural elements that resemble those of their covalently continuous
homologs in other eukaryotes (31). 5S rRNA genes are not
found on the rDNA circle but instead are present in a tandemly
repeated stretch of DNA that also encodes spliced-leader RNA
(32).

Pre-rRNA processing in eukaryotes is complex and is facili-
tated by many protein factors and small nucleolar RNAs
(snoRNAs) (33-35). A homolog of U3 snoRNA, the most
abundant snoRNA known to be involved in rRNA processing
in other systems, has been identified in Euglena (36). In this
paper, we report an investigation of the structure of the IGS
region of Euglena rDNA and an analysis of RNA transcripts
that map to this region. We conclude that the entire rDNA
circle is transcribed, with no indication of efficient termination
of transcription within the IGS.

MATERIALS AND METHODS

Sequence analysis

Total RNA was isolated from mid-log phase cultures of the
UCLA variety of E.gracilis strain Z as previously described
(29). SSU rRNA was gel purified from total RNA (29) and its

5’-terminal sequence determined by the enzymatic method
(37,38). Clones and subclones of the circular rDNA (16,27,30)
were sequenced as described (30).

Sequence comparisons were performed using the Genetic
Data Environment (39), the Basic Local Alignment Search
Tool (40), the MicroGenie Sequence Analysis Program (41),
DNASIS v.2.5 (MiraiBio Inc., Alameda, CA) and the Nip4
program of the Staden package (42).

Transcript mapping

Prior to mung bean nuclease mapping and primer extension
analysis, aliquots of RNA were treated with DNase I (43).
Reverse transcriptase (RT) sequencing and primer extension
analysis of RNA were performed using 5’-end-labeled 1GS-
specific oligonucleotides according to the protocol of Geliebter
(44) but without actinomycin D. Alternatively, 5"-end-labeled
RT products were gel purified and subjected to chemical
sequence analysis (45).

Mung bean nuclease protection assays followed a protocol
for S1 nuclease mapping with reaction conditions adjusted for
mung bean nuclease (43). The probe was an Xhol-Ss restriction
fragment derived from subclone pPvSs-467 (27). Hybridiza-
tion of the double-stranded DNA probe (5-labeled at its Ss¢l
end) to 20 pg RNA was performed in the presence of 80%
formamide (46). Hybrid-protected mung bean nuclease digestion
products were analyzed using 6% polyacrylamide, 7.0 M urea
sequencing gels with a sequencing ladder generated from
subclone pPvSs-467 using the Sequenase Version 2 Kit
(United States Biochemical). The standard reaction products
from the dideoxy sequencing run (labeled by incorporation of
[0-32P]dATP) were digested with Ssf (the same restriction
endonuclease used to produce the 32P-labeled end of the probe)
(47). This allowed direct alignment of the mung bean nuclease
digestion products with the sequencing ladder.

RESULTS

DNA sequence of the IGS region of Euglena rDNA

The IGS sequence (Fig. 2) was determined by the chemical
method from both strands with overlapping data for each
restriction site. Portions of the sequence were verified by the
dideoxy-mediated chain termination method. During the
course of this study and our previous determination of the LSU
rRNA gene sequence (30) we also isolated and sequenced the
ends of many restriction fragments that covered large portions
of the SSU rRNA gene. Our data are in agreement with a previ-
ously published sequence (48), with one exception: we find
that there are two G residues where the published sequence has
a single G at SSU rRNA position 1126. Data obtained in the
present study also overlap the ends of previously determined
sequences (30,48) and complete the sequence of the entire
circle. The actual length of the rDNA circle (11 056 bp) is in
close agreement with estimates (16) based upon restriction
mapping (11.15 kb) and contour length (11.3 kb, with a
standard deviation of 0.6 kb). Similarly, the base composition
(57.75% G + C) agrees well with estimates (16) based upon
buoyant density (58%) and melting temperature (59%).
Similar estimates have been published by other groups (17,23).

The Euglena IGS begins immediately after the gene for LSU
rRNA species 14 (Fig. 1), which has been precisely localized



gtgagagggg cccctgcage ttgctgatgg aagggggect cteggtggte tgcagcaacce 60
accaaaggcce aaggcctgtyg tetcaggeca getgtgtgaa gggaggcaca caacaacaac 120
cgaggattcee gatccccttyg gaaagttcag tagtgccgac ttagagaaat tccacttegg 180
tggatttccg gagatctgecc attcaagtcecec tgccgaagtyg aggatgcagt cgggtttctg 240
gggacccgaa gtgctggtge tgtcggcttc gctgaattgg acgtl::lccctg atactgtagt 300
actgtatcag dﬁ:aaaatg tccaaattca gagtcggcce gacagaaaay tgtagtgget 360

gcaggtccge ggacactata taataggggg aaccccccce ccggaaacgc atgagaggea 420

aatcaggagg ctgaccaggg ggccactgcce gaaaggcttc agaggcagtg gaacggcact 480

TDR
gaaaggtggt aacaagatac ggcttccetgyg ccggcgtgga atggtgtget ccgaaagctg 540
( Pvull ) site 2
tgctccgaca gotgtgcagt gacggtgtge tccgtgagea gtgttcccca agtgadgte 600

site 1
ctgcctaltda ccccacagge tagcageceg gectgtggga gggcaggaca ggggtgcaag 660

ggctgecgge ctggacctge cgtggccaaa ggtegtggge cactgtctee ggacagtggt 720
tccaccgtgg aggtgcttca agcaccageg getcggtaat tcocatcaacce agcaggcacc 780
gtcattgcag gcaacggtga acgatcgtgt cgtatgcttt gttggactgt gactcgaccg 840
acgggagcag gcaaagtcgglégccggggta gctgaccece c¢gggatacaa gtcaaagcag 900
caaacgacgg aaggcccact ctacgaggtg gggaccttag ccggacggag tggtggggag 960
acttcaacac aaccccaatc cctecctgge aaggcaccga tggatctgtg ttcgsggtc{ 1020
accattecgat tccgtgacgt gttggcctga ctcoccacgage aaatgcagct aagggaacgt 1080
gagagcaacg gggcaqagca tggactgacc cccecteccggyg caacgagcag ctgggatccg 1140
ttcaggatca ggccézacgt cacgtcgagt catgggagggﬁggacggact gccatcgtga 1200
gececggtgte gaggctgtet totgcacage ctcegecgac caaccaacag ctggaatccc 1260
cattcgaaac gttgtgcttg ctgtcaacga aagctggcat cgacccaaag caacaacaga 1320
gaccgatcag tcggaggatt gtgttcggag agagagcaag ccccacggdyg ccgaagcagt 1380
ctgctagage caacagccaa gggaacctgt gtgtgagaag cctgggcttc acgtcgatgg 1440
tecgatggtet agtgtcetcgg ggccagggga accccacggt gtgtcgaage ttcacccaat 1500
cgagccacca acgatgtcga tgtgttgacc gggctccacc gtcagggece cctetgtgag 1560
agccteggat tgagcagtge aaatcagtga accgtéé{gg:%gtgagacga aatcagdzgt 1620
g?cctctcgt gtcagcaacg agaggggact gcaaggccag gctaacgttyg cegtgttgtyg 1680
aatgtegtcet ggtttttegyg caggaaccce tgcaaggggy ggaatgetgg gaacggaccg 1740

acg 1743

Figure 2. Primary sequence of the IGS region of Euglena rDNA. Positions of
restriction enzyme recognition sequences that delineate subclone pPvSs-467
are indicated above the sequence (Pvull and SsfI). A repeated sequence (R1),
two imperfect palindromes (P1 and P2) and two stretches of sequence that are
complementary to U3 snoRNA (U3 sites a and b) are highlighted in bold. Six
copies of an imperfect TDR are presented in bold with every second copy in
italics and underlined. Three abundant RT stop sites (TIS, A” and AO) are
uppercase, bold and underlined, while three minor RT stop sites (sites 1-3) are
boxed.

by direct sequencing of the RNA transcript (29). The other end
of the IGS is adjacent to the 5’-end of the SSU rRNA gene,
which had not been mapped precisely. We therefore isolated
the SSU rRNA and determined its 5’-terminal sequence (data
not shown), which confirmed the 5’-terminus assigned by
Sogin et al. (48) through comparison of the Euglena sequence
with known 5’-terminal sequences from other eukaryotes. The
IGS sequence is 1743 bp long and contains six copies of a 14 nt
imperfect tandem direct repeat (TDR) located at positions
519-601 (Figs 2 and 3). We also identified two imperfect
palindromes located at positions 284-314 (P1) and at positions
1620-1648 (P2). Surprisingly, we found that the P1 palin-
drome is specifically related to a sequence that we had
previously identified in ITS 1, the spacer that separates the
SSU and 5.8S rRNA genes [sequence P in (30)]. Further analysis
revealed that a 277 nt stretch of the IGS (positions 131-405,
containing the P1 sequence) is homologous to a stretch of ITS
1 (468-760 nt after the 3"-end of the SSU rRNA gene) that also
includes one of two copies of a 37 nt repeat (R1 in Figs 2 and
3) (30).
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R1L
IGs GATCCCCTTG GAAAGTTCAG TAGTGC-CGA CTTAGAGAAA TTCC-A--CT TCGGTGGATT
ITs 1 GTTCCCCTGA GAAAGTGCAG TCGTTTTCGA CTTATGCATT TTCGGAATCC CCGGTGGAGT

IGS TCCGGAGATC TGCCATTCA- AGTCCTGCCG AAGTGAGGAT GCAGTC-GGG TTTCTGGGGA
ITs 1 GTCGG-GATT TCGGATTTGC AGTGCTCCCG AAGTGCTGAC GAAGTCCGGG TGGCTGGG-A

Pl
3GCTTCGCTG AATTGGACGT TCCCTGATAC T—mmm— == G
GGCTTCGCTG AACGGCAT-T TCCCTGATAG ACTGATACAG

1Gs CCCGAAGTGC TGGT
ITs 1 CCCGAAGTGC CGATAC

TATC

IGs TAGTACTGTA TCAGGGAAARA AATGTCC-AA AT---TCAGA GTCGGCCCGA CAGAAAAGTG
Ts 1 TAGTACTGTA TCAGGGAA-T CCGATCCGGA ATTTGTCAGA GTCGGA-GTA CTACACTTTT

1GS TAGTGGCT-G CAGG----TC CGCGGACACT ATATAATAGG GGGAACCCCC CCCCCGGA
ITs 1 CTCAGGCGGG CCGGTTTCTG CGCGGAGACT AATACATAGG GAACCCCCCC CCTCCGGA

B

GAATG-GTGTGCTCC
GAAAG-CTGTGCTCC
GACAG-CTGTGCAGT
GAC-G-GTGTGCTCC
GTGAG-CAGTGTTCC
CCAAGTGAGTG-TCC

Figure 3. Alignment of repeated sequences. Residues that differ from the top
sequence are in bold. (A) IGS positions 131-405 aligned against ITS
1 positions 468-760. The R1 and Pl sequences are overlined (Fig. 2).
(B) Alignment of the TDRs (IGS positions 519—601).

Three abundant RT stop sites map to the 3°-half of the IGS

Using RT with total RNA and an IGS-specific primer that
maps just upstream of the SSU rRNA gene, primer extension
analysis identified three strong RT stop sites (Fig. 4A). This
result is reminiscent of what we (45) and others (49) have
found in trypanosomatid protozoa. Considering the close
evolutionary relationship shared by trypanosomatids and
Euglena (50) we inferred that these RT stops are most likely to
represent the transcription initiation site (TIS), which marks
the 5”-end of the 5" ETS, and two processing sites (A” and AQ)
as defined in the trypanosomatid studies (45,49). These three
major RT stop sites were mapped to IGS positions 861 (TIS),
1155/1156 (A”) and 1618 (A0) (Figs 2 and 4A-C). Note that
the AO site is located in close proximity to the 5’-end of the P2
palindrome (Fig. 2). In the course of mapping these major RT
stop sites, we also detected several less abundant RT stops
within the 5" ETS; the most prominent of these minor stops
mapped to IGS position 1134 (data not shown).

To verify that the RT stop labeled TIS in Figure 4 repre-
sented a true 5" terminus, we performed a mung bean nuclease
protection experiment. This experiment suggested the presence
of a heterogeneous TIS that is centered around IGS position
861 (Fig. 5A). However, these nuclease protection results
should be interpreted with caution because apparent TIS hetero-
geneity was not as prominent in the RT mapping experiments
(Fig. 4C and data not shown).

Transcription proceeds through the entire IGS

Mung bean nuclease protection experiments suggested the
presence of additional low-abundance transcripts whose
5’-termini mapped upstream of the TIS (Figs 2 and 5B, sites 1
and 2). In the analysis depicted in Figure 5B, a small amount of
full-length probe was protected from nuclease digestion
because of re-annealing with the unlabeled DNA strand.
However, in experiments where total RNA was present, the
major protected band was a few nucleotides shorter than the
full-length probe, mapping to the insert/vector boundary. This
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Figure 4. Mapping of three abundant RT stop sites in IGS transcripts present
in total RNA. Numbers indicate positions in the IGS sequence. (A) Localization of
site AO by RT sequencing using a 5’-end-labeled primer complementary to IGS
positions 1691-1717. Lane E represents primer extension in the absence of
dideoxy-NTPs. Two additional RT stop sites were also detected (TIS and A").
(B) A 5-end-labeled primer (complementary to IGS positions 1235—1259)
was used to generate an RT product that ended at site A”. The sequence of this
product (two bands differing in length by 1 nt) was determined by the chemical
method. The band in lane T labeled A” (1156) was generated by chemical
removal of a T residue from the end of the RT product. The band that is gener-
ated by removal of a residue from the end of the ‘1155 RT product is obscured
by the full-length ‘1156’ RT product. (C) The location of the RT stop site
labeled TIS in (A) was determined by electrophoresing the products of RT
reactions adjacent to a DNA sequencing ladder (subclone pPvSs-476) that was
generated using the same primer (complementary to IGS positions 910—940).
Different amounts of RNA template were used; 5, 10 or 20 pug (lanes 1-3,
respectively).

result indicated that transcripts were present that spanned the
entire length of the cloned insert, which contained the putative
TIS (Fig. 2). As in Figure 5A, each of the protected fragments
displayed length heterogeneity.

RT sequencing experiments were performed to verify the
presence of IGS-derived transcripts that extended upstream of
the putative TIS. The results of these experiments (Fig. 6)
confirmed the location of the TIS as well as sites 1 and 2;
however, no heterogeneity was observed for site 2. These
experiments also yielded RNA sequence data that extended
from the 5" ETS into the 3’-end of the LSU 14 coding region.
In order to ensure that the observed primer extension products
were produced from the RNA template rather than from
contaminating rDNA, samples of total RNA were treated with
RNase A prior to RT sequencing. In these control experiments
no primer extension products were observed (data not shown);
in contrast, when RNA samples were pre-treated with DNase I,
primer extension still occurred (Fig. 6). This result confirmed
that the low-abundance primer extension products were being
generated from RNA templates while the sequencing ladders
show that these templates were IGS-specific. In each of these

A B
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Figure 5. Mung bean nuclease protection experiments using a 5’-end-labeled
probe. (A) The probe was hybridized with total Euglena RNA (lanes 1-3),
Escherichia coli tRNA (lane 4) or no RNA (lane 5). Hybrids were digested
with mung bean nuclease (200 U, lanes 1, 4 and 5; 300 U, lane 2; 500 U, lane
3). Lane 6 contained undigested probe that migrated above the region of the gel
shown. (B) Lanes 1—4 contained hybrids as described above. These hybrids
were digested with mung bean nuclease (100 U, lanes 1 and 4; 200 U, lane 2;
300 U, lane 3). Lane 5 contained undigested probe.

experiments, primer extension products were detected
(Fig. 6A-D, lanes E) that migrated very slowly near the top of
the gel (data not shown), suggesting that transcripts are present
that include 5° ETS sequence and extend into the upstream
LSU rRNA sequence. The data presented here, combined with
northern hybridization data (27), establish that the entire
Euglena rDNA circle is transcribed, including the IGS.

The RT sequencing experiments also detected putative
processing sites at the 3’-end of the LSU 14 sequence (Fig. 6A)
and in the 3" ETS at IGS positions 312/313 (Fig. 6B, site 3).
Because site 3 is located at the 3’-end of the P1 palindrome
(Fig. 2), it could be argued that this RT stop was caused by
stable secondary structure blocking the progress of the
enzyme. However, this interpretation seems unlikely in view
of the observation that RT was not impeded to the same extent
at the 3’-end of the P2 palindrome (Figs 2 and 4A), which has
the potential to form a hairpin similar to the putative P1
hairpin. Processing at site 3 may be mediated by RNase III,
which is known to cleave at a hairpin downstream of the LSU
rRNA sequence in yeast pre-rRNA (51,52).

DISCUSSION

Sequence features of the IGS

The 1743 bp sequence reported here for the IGS region of
Euglena rDNA completes the sequence of the 11 056 bp extra-
chromosomal rDNA circle. The IGS contains two imperfect
palindromes (~30 bp), which are expected to form hairpin
structures (putative processing signals as judged by RT
mapping) in pre-rRNA transcripts. A 277 bp sequence that
contains one of these palindromes is related to a stretch of
sequence in ITS 1. This finding could partially explain the
unusually large size of the Euglena ITS 1 (30) and raises the
possibility of pre-rRNA processing at the ITS 1 palindrome.
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Figure 6. Primer extension and RT sequencing within the Euglena IGS. Primer
extension analysis employed 5’-end-labeled 1GS-specific primers and total
RNA that had been pre-treated with DNase I. Lanes labeled G, A, T and C indicate
the dideoxynucleotide incorporated during RT sequencing. Lanes E represent
primer extension in the absence of dideoxy-NTPs. The dot in (B), (C) and (D)
indicates the approximate location of the sequence complementary to the
primer used in the previous panel. Note that lanes E in (B), (C) and (D) also
contain the RT stops that are precisely mapped in the preceding panel. (A) The
primer was complementary to IGS positions 145-175. The RT stop corre-
sponding to the 3’-end of the LSU rRNA sequence is indicated. (B) The primer
was complementary to IGS positions 329—358. The two adjacent RT stops at
site 3 are indicated (Fig. 2). (C) The primer was complementary to IGS posi-
tions 669—698. The two arrowheads indicate the positions of putative rRNA
processing events (Figs 2 and 5B, sites 1 and 2). The locations of the six imper-
fect repeats are marked (Figs 2 and 3). (D) The primer was complementary to IGS
positions 910—940. The arrowhead marks the putative TIS at the 5’-terminus of an
abundant transcript (Figs 2, 4C and 5A).

The IGS also contains six copies of a 14 bp imperfect tandem
direct repeat. Length heterogeneity is often associated with
repeated sequences in the rDNA of other eukaryotes (13,45);
however, length heterogeneity of Euglena rDNA has not been
detected by restriction enzyme analysis (16,17,23,53). Further-
more, RT sequencing of Euglena IGS transcripts clearly
demonstrates that transcribed copies of the rDNA do not
display length heterogeneity in the region that contains the
tandem 14mers (Fig. 6). These repeats could potentially be
involved in (i) enhancement of transcription (54-56), (ii) pre-
rRNA processing at sites 1 and 2 (located in the same region of
the IGS), or (iii) rDNA replication [(note that a replication
origin has been identified but not localized on the circle (19)].

TIS or processing site?

Primer extension analysis indicated the presence of three abun-
dant RT stop sites upstream of the SSU rRNA sequence when
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total Euglena RNA was used as a template. By analogy with
similar results in trypanosomatid species (45,49), we infer that
the 5’-most of these RT stops most likely represents the TIS. In
northern hybridization experiments a probe that spans this site
(clone pPvSs-467, Fig. 2) detected pre-rRNA transcripts that
extended 0.9 kb upstream of the SSU rRNA sequence (27).
Probes located further upstream in the IGS did not detect tran-
scripts in northern analysis (27). Our localization of the TIS at
position 861 was verified by nuclease protection experiments
and is in agreement with the northern results yielding a 5" ETS
length of 883 nt. However, our identification of the TIS must
be considered tentative because we did detect low amounts of
5’-termini that map further upstream in the IGS (Figs 2 and 6,
sites 1-3) and we cannot rule out the possibility of transcrip-
tion initiation at one or more of those sites followed by rapid
processing between IGS positions 860 and 861.

Our initial attempts to verify the position of the TIS by guanylyl-
transferase capping experiments have been unsuccessful.
Although such negative results should be interpreted with
caution, lack of a cappable transcript could indicate that
(i) position 861 is the TIS but the transcript is not a substrate
for guanylyltransferase (possibly due to pyrophosphatase
activity), (ii) the 5’-terminus of the primary transcript is
removed by rapid processing/degradation, or (iii) many copies
of the rRNA transcript may be produced from a single initiation
event (‘read-around’ transcription), resulting in very low levels
of cappable transcript. Thus, a final definition of the TIS may
have to await the development of an in vitro transcription
system for Euglena rtDNA.

Conservation of 5 ETS processing sites

Northern hybridization analysis indicated that Euglena SSU
rRNA is generated from the pre-rRNA through several alterna-
tive pathways, resulting in a mixture of ~3.2 kb intermediates
that contain different 5’- and 3’-ends (27). The 5’-termini that
we have mapped in this study (the TIS, sites A" and A0, and the
5’-end of mature SSU rRNA) most likely correspond to the
5’-ends of the various ~3.2 kb processing intermediates.

It has been proposed that a pre-rRNA processing site located
near the beginning of the 5" ETS may be universally conserved
among eukaryotes (57-59). This site is thought to be functionally
equivalent to the mammalian primary processing site (A”)
although cleavage at this site is not necessarily the first
processing event in non-mammalian systems. In Euglena, the
first major RT stop site found downstream of the putative TIS
is a strong candidate for this conserved processing site and has
been designated A’ in this study.

A second major 5" ETS processing site (A0) has been identi-
fied in fungi (57,60,61) and trypanosomatids (45,49). In each
of these cases the cleavage site is located within a few hundred
nucleotides of the SSU rRNA sequence on the 5" side of a
structural element that places the AO site in close proximity to
the beginning of the SSU rRNA sequence. We have detected a
major RT stop site in the Euglena 5" ETS that corresponds to a
possible AO processing site. In the Euglena case the A0 site is
also found at the 5’-side of a structural element (the P2 palin-
drome/hairpin, Fig. 2) but in this case the AO site and the
5’-end of the SSU rRNA sequence are not juxtaposed. It now
seems likely that an AQ processing site is also present in
animals, considering that a recently discovered SSU rRNA
precursor in Xenopus laevis has a 5’-terminal extension of
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Figure 7. Potential interactions between U3 snoRNA and the pre-rRNA 5" ETS
in Euglena. U3 helix 1A is separated by the hinge region (positions 39-75) from
the 3’-domain. The 5’- and 3’-hinge are drawn paired to adjacent regions of the
5" ETS (IGS positions 1173—1191; Fig. 2, U3 site a). The remaining, central
portion of the hinge region contains a possible helix 1B. Note that an extended
helix 1A and two alternative helix 1B structures have been proposed for the
free U3 snoRNA (36,72); however, those structures are incompatible with the
newly proposed U3 snoRNA:5" ETS interactions. A secondary structure model
for the 3’-domain (not shown) is available (36).

~200 nt (62). This would place the Xenopus cleavage site on
the 5’ side of an extended hairpin structure (63,64), as expected
for a homolog of site AQ.

As summarized above, a pattern is emerging that suggests
conservation of two major 5" ETS processing sites (A” and AQ)
among a broad range of eukaryotes. This does not necessarily
mean that these are the only 5" ETS processing sites present in
a particular system. Indeed, as discussed above, we cannot
completely rule out the possibility that the putative Euglena
TIS is actually a processing site (another A’ candidate).
Furthermore, a processing site has been identified 105 nt
upstream of the SSU rRNA sequence in the mouse 5" ETS
(65,66); however, this site is not a convincing A0 candidate
because it does not occur in the expected structural context
(45). Finally, additional RT stops have been mapped to the
5" ETS in Schizosaccharomyces pombe (67) and Euglena (see
Results). At the moment, it is difficult to evaluate whether
these additional RT stops represent (i) artifacts, (ii) real
processing sites necessary for rRNA maturation, or (iii) inter-
mediates in degradation of the spacer after its release from the
long pre-rRNA [the 5" ETS is rapidly removed from the
S.pombe pre-rRNA (67) and the free 0.9 kb 5" ETS has been
detected in Euglena total RNA (27)].

Potential interactions between U3 snoRNA and the 5" ETS
in Euglena

It is well documented that U3 snoRNA plays an essential role
in pre-TRNA 5" ETS processing in other eukaryotes and that
this role is mediated by base pairing between pre-rRNA and
U3 snoRNA (34,35). By analogy, it is reasonable to propose
that Euglena U3 snoRNA is likely to be involved in processing
at the A” and AO sites described above. We previously noted
that U3 snoRNA from Euglena contains a sequence (positions
58-67, Fig. 7) that has the potential to base pair with a
sequence located in the 5" ETS just upstream of site A0 (Fig. 2,
U3 site b) (36). More recently, we (45) and others (62) noted
that two sequences in the hinge region of U3 snoRNA have the
potential to base pair with the 5" ETS in several eukaryotes. As
a test of this proposal we searched for sequences within the

Euglena 5" ETS that could pair with the appropriate regions of
Euglena U3 snoRNA. The results of this analysis (Fig. 7) rein-
force the idea that 5" ETS sequences are recognized by the two
ends of the U3 snoRNA hinge region (45,62) and that these
interactions may be conserved across a broad phylogenetic
range (62). Interestingly, the two adjacent ETS sequences
involved in the proposed interactions (Fig. 7) are located just
downstream of site A” (Fig. 2, U3 site a).

‘Read-around’ transcription of Euglena rDNA

In eukaryotes that have tandemly repeated rDNA units, tran-
scription begins within one IGS and ends at a specific termina-
tion signal within the next downstream IGS. Thus, although
the tandemly repeated rDNA units are physically linked, they
are transcribed as independent units; this is facilitated, at least
in part, by the presence of termination signals downstream of
the LSU rRNA gene (upstream of the next promoter). These
termination signals and associated proteins play several impor-
tant roles during rRNA biosynthesis and rDNA replication
(54-56). Of particular interest to this discussion, terminators
protect against ‘promoter occlusion’, which occurs when
RNAP-I that has initiated transcription in an upstream repeat
moves through a downstream promoter and disrupts the
semistable pre-initiation complex (68-70). Because rDNA
transcriptional units are already physically separate in
Euglena, in the form of circular monomers, terminators may
not be necessary in this system.

In other systems, as a consequence of RNAP-I termination,
there is a non-transcribed region of IGS that maps immediately
upstream of the TIS. For this reason, significant levels of tran-
script that span the TIS are not produced. Accordingly, it
is reasonable to conclude that termination of RNAP-I tran-
scription does not occur at a specific site in Euglena rDNA.
Although we have not definitively identified the Euglena TIS,
our data demonstrate that there is not a single non-transcribed
nucleotide in the rDNA circle, every position being overlapped
by readily detectable transcripts. Furthermore, because probes
derived from the 5" half of the IGS did not detect bands in
northern hybridization experiments (27), we know that tran-
scripts encompassing that portion of the IGS are not present in
stable, discrete-sized pre-rRNAs. Therefore, these IGS tran-
scripts must be heterogeneous in length, having 3’-termini
produced by processing at multiple sites or through non-
specific termination. It should be noted that the techniques
employed in this study were designed to detect RNA
5’-termini; thus, we cannot rule out the possibility that a
portion of the transcripts do terminate within the IGS, gener-
ating 3’-termini that would have gone undetected. However, if
such termination does occur, our data clearly show that it
cannot be very efficient.

Our results suggest that ‘read-around’ transcription occurs in
Euglena, i.e. that RNAP-I transcription may continue multiple
times around the rDNA circle without termination and re-initation.
In this scenario, sequence-specific transcription factors would
bind to the promoter and form a stable initiation complex with
RNAP-I. Multiple initiation events could occur before the first
RNAP-I completed transcription of the entire circular
template. Instead of termination and release, the RNAP-I
would then move through the promoter region, displacing any
assembled transcription initiation factors, and continue to tran-
scribe multiple times around the rDNA circle. In this case,



promoter occlusion would be beneficial because dislodged
initiation factors would then be available to form initiation
complexes on other copies of the extrachromosomal circle.
Rapid and extensive pre-TRNA processing would produce the
mature SSU rRNA and the 14 pieces of LSU rRNA before any
significant amount of multimeric precursor could accumulate.
Evidence for ‘read-around’ transcription is available from
the mouse (in vitro) and Xenopus (in vivo) systems, in studies
employing circular plasmid constructs that contained RNAP-I
promoters but lacked terminators (69-71). The Euglena
system provides the first example where this mode of rDNA
transcription is likely to be operating on natural templates.
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