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1. Introduction 

The rRNA genes in the chloroplast DNA (cpDNA) 
of Euglena gracilis strain Z are arranged in 3 tandemly 
repeated operons [l-3]. With respect to the direction 
of rRNA transcription they will be referred to as the 

first, second and third complete operon. An extra 
16 S rRNA gene was found upstream of the first com- 

plete operon [4]. It was described that the extra 16 S 
rRNAgene has the same size and is coded on the same 

strand as the other 16 S rRNA genes. The position of 
a small inverted repeat sequence between this gene 

and the first complete operon was determined by 

heteroduplex analysis and it was established that no 
16 S-23 S spacer was associated with this 16 S rRNA 

sequence [5]. 
To determine whether sequences from the region 

between the 3’-end of the 23 S rRNA gene and the 

5’-end of the 16 S rRNA gene of the complete operons 
may be repeated in connection with the extra 16 S 
rRNA gene, we analysed heteroduplexes formed 
between restriction enzyme fragments BarnHI E, or 
D, andEcoR BorBamHl B. It was found that a sequence 
of -330 nucleotides which is located downstream 
of the 3’-end of the 23 S rRNA gene and which includes 
part of the 5 S rRNA gene in the complete operons 
[6] is repeated downstream of the 3’-end of the extra 
16 S rRNA gene. In addition, -150 nucleotides near 
the 5’-ends of the extra and the normal 16 S rRNA 
genes are also homologous. It could be demonstrated 
that the entire sequence of 1200 nucleotides between 
the 3’-end of the 23 S rRNA genes of the first and 
second operon and the 5’-end of the 16 S rRNA genes 
of the second and third operon is repeated in the 
BarnHI D fragment, upstream of the 5’-end of the 16 S 
rRNA gene of the first operon. This sequence includes 
a modified 5 S rRNA gene sequence. 

2. Materials and methods 

2.1. Preparation of cpDNA from Euglena chloroplasts 

Euglena gracilis strain Z was grown in Difco Euglena 
Broth. The cells of a 5-day-old culture (200 ml) were 

pelleted at 2000 rev./min in a Beckman J6 centrifuge, 

suspended in 100 ml medium A (300 mM sorbitol, 
50 mM Tris-HCl (pH 8.0), 3 mM EDTA) and centri- 
fuged again. The pellet was resuspended in 35 ml 
medium A and homogenized with a French pressure 
cell at 1200 lb/in*. The homogenate was layered onto 
a Percoll gradient and centrifuged at 3000 rev./min. 

The chloroplast layer was resuspended and lysed with 
4% Triton X-100. After pelleting the cell debris the 
supernatant was made 1% with respect to SDS, passed 
over a column of Sepharose Cl-2B (4 cm X 8 cm), 
which was equilibrated with 10 mM Tris-HCl (PH 7.4) 

1 mM EDTA. The cpDNA was purified on CsCl-ethi- 
dium bromide density gradients, as was described for 
the isolation of Vicia faba cpDNA [7]. 

2.2. Preparation of heteroduplexes 
Isolation of DNA fragments from Euglena chloro- 

plasts was done by electroelution from agarose gels 
[8]. The preparation of heteroduplexes, the electron 
microscopy and the length measurements were done 

as described before [7,9,10]. 

3. Results 

Maps of restriction enzyme cleavage sites ofEugZena 
gracilis strain Z cpDNA indicate that the sequence 
separating the complete rRNA operons between the 
3’-end of the 23 S rRNA genes and the 5’-end of the 
16 S rRNA genes is repeated upstream of the 16 S 
rRNA gene of the first operon, up to the EcoRI site 
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Fig.1. Schematic drawing and length measurements of the fragments BumHI B, D, and E, and EcoRI B from Euglenu cpDNA. The 
black bars indicate the positions of the rRNA genes, and of the inverted repeat Il. The areas marked (6 15 nucleotides) 
represent homologies between the sequences separating the first, second and third operon and the sequence upstream of the first 
operon, as described in fig.2. The areas marked e (330 nucleotides) and m(150 nucleotides) indicate homologies 
between the inter-operon sequence and sequences on either side of the extra 16 S rRNA gene as in flg.3. 5 S* indicates the posi- 
tion of a modified 5 S rRNA sequence. 5 S ** the position of a possible partial 5 S rRNA sequence. All measurements are given in 
numbers of nucleotides. Double-stranded T7 DNA (39 400 basepairs [ 151) and single-standed Ml3 DNA (6400 nucleotides [ 161) 
were used as internal length standards. 

which generates the P and the B fragments [ Ill. The 
extension of this homology into the EcuRI B fragment 
was not determined. It was also not clear whether 
part of this sequence may be repeated upstream of 
the extra 16 S rRNA gene. To search for additional 
repeated sequences apart from the 16 S rRNA the 
restriction enzyme fragments BarnHI B, D, E and 
EcoRI B were isolated, denatured, and reannealed in 
various combinations. Fig.1 shows the positions of 

the fragments in relation to the rRNA genes and to 
inverted repeat 11 [5]. The left and right ends of the 

fragments were defined as indicated in this drawing. 
Fig.2a shows a heteroduplex between EcoRI B and 

BumHI E, and tig.2b its interpretation in a tracing. 
Both, the left and the right end of the BumHI E frag- 

ment (BE1 and BEr) reannealed to the left end of the 
EcoRI B fragment (EBl), thereby forming a circle. 
This implies that the sequence between the operons 

(located at both ends of BumHI E)is almost completely 
homologous with the sequence upstream of theEcoR1 
site which separates the P and the B fragments. The 
second duplex region is formed by the two 16 S rRNA 
genes. The 23 S rRNA gene in BumHI E and the 
inverted repeat 11 in EcoRI B remain single-stranded. 
Length measurements on this heteroduplex are shown 
in fig2c. The double-stranded region which is formed 
by the left end of the EcoRI B fragment and both, 
the left and right end of the BumHI E fragment has a 

length of 615 nucleotides. Since the BumHI site, which 
generates the E fragments is situated within the 
sequence of the 5 S rRNA gene [6], the structure of 

this heteroduplex shows the presence of another 5 S 
rRNA gene -600 nucleotides upstream of the EcuRI 

site. In the B fragment this gene must have a slightly 
modified sequence, since no BumHI site is found at 

this position. The presence of this sequence explains 

the faint hybridization of 5 S rRNA to the EcoRI B 
fragment in [ 121. The EcoRI site is 400-500 nucleo- 

tides upstream of the 5’-end of the 16 S rRNA sequence 

in the first operon. This region, within the EcoRI P 
fragment, is identical for all 3 operons [ 111. Therefore, 

the entire sequence of 1100-1200 nucleotides between 
the complete operons is repeated upstream of the 
16 S rRNA gene of the first operon, with some slight 
modifications. 

The duplex formed between the 16 S rRNA genes 
has a length of 1655 nucleotides which is -150 nucleo- 
tides longer than Escherichiu coli 16 S rRNA [ 121. 
From measurements on heteroduplexes with E. coli 
rDNA fragments [5] it was known that the 3’-end of 
the extra 16 S rRNA gene is 450 nucleotides away 
from 11. In this heteroduplex the distance from the 
3’-end of the 16 S duplex to 11 is also 435 nucleotides. 
Therefore, the additional homology of 150 nucleotides 
must be positioned at the 5’-end. 

Both ends of the BumHI E fragment reanneal to 
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the left end of the &:‘coRI B fragment, and are, there- 

fore, not free to anneal with any possible shorter 

homologies upstream of the extra 16 S rRNA gene on 

the EcoRI B fragment. To avoid this formation of a 

heteroduplex with the left end of &oRRI B, BarnHI E 

was reannealed with BumHI B instead. The BumHI 
site which separates the B and D fragments is located 

-500 nucleotides downstream of the 3’-end of the 

extra 16 S rRNA gene, very close to or within the 

b 
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repeated sequence Il. Single strands of the D fragment 

do not form a fold-back. One of the inverted sequences, 

therefore, must be at least partially included within 
BarnHI B. 

Fig3a shows a heteroduplex between BumHI E 

and BarnHI B and fig.3b a tracing of the structure. 
Again a circular molecule is formed, because the right 
end of BarnHI E (BEr) annealed to a sequence which 
is directly adjacent to the 3’-end of the extra 16 S 
rRNA gene. A single-stranded bridge is formed by 
BumHI E from this short duplex to the duplex of the 
16 S rRNA genes. The rest of BarnHI E is visible as a 

single-stranded tail. The left end of fragment BumHI 
B (BBl) is visible as a short single-stranded end. 

The heteroduplex between BarnHI D and BumHI B 
(fig.3c) has essentially the same structure as in fig.3a, 
but the right end of the fragment (BDr) is -1.545 
nucleotides longer than BumHI E. This DNA is seen 
connected to the circular heteroduplex structure as 
a second single-stranded tail. No gap is visible at this 
point between the 2 heteroduplex regions formed by 
the 16 S rRNA genes and by the additional homology. 

Length measurements of these heteroduplexes are 

summarized in fig.3f. The part of the sequence between 
the complete operons which was repeated downstream 
of the 3’-end of the extra 16 S rRNA gene has a length 
of 330 nucleotides. The right end of BumHI E should 

Fig.2. Analysis of heteroduplexes formed between fragments 

EcoRI B and BumHI E of Euglena cpDNA: (a) Electron 

micrograph of the heteroduplex prepared by cytochrome 

spreading; (b) a tracing of the molecule. The left and the right 

ends of BarnHI E (marked BE1 and BEr) reannealed to the 

left end of &oRI B (EBl, black arrow). The second duplex is 

formed by the 16 S rRNA genes. The dashed arrow points to 

the small non-homology observed in many molecules close to 

the Y-end of the 16 S rRNA gene. The regions of the inverted 

repeat 11 in EcoRI B and of the 23 S rRNA gene in BarnHI E 

remain single-stranded. (c) Schematic drawing and length mea- 
surements of the heteroduplexes. The black areas indicate the 

positions of the double strands in each fragment. The mea- 
surements are given in number of nucleotides. The duplex of 

615 nucleotides is formed partly by the left end (35 nucleo- 
tides) and partly by the right end (580 nucleotides) of BarnHI 

E. The positions of the fragment ends cannot be determined 

using this heteroduplex structure alone. From the hetero- 
duplex described in fig.3e it can be calculated that the BumHI 

site is 680 + 330 = 1010 nucleotides upstream of the 16 S 
rRNA gene duplex. Therefore the 615 nucleotide duplex can 
be divided into a sequence of 1010 ~ 430 = 580 nucleotides 

allocated to the right end and the rest of 35 nucleotides allo- 

cated to the left end of BumHI E. These numbers give an esti- 

mate and may have an error of * 100 nucleotides. 
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contain the 3’-end of the 5 S rRNA gene, while the 

left end should contain the 5’-end. Only the right end 
annealed to BumHI B, but not the left end (flg3b). If 
5 S rRNA sequences are present near the 3’-end of 
the extra 16 S rRNA gene it has to be assumed that 

they include modifications or only part of the 5 S 
rRNA gene. This is also indicated by the fact that no 

BarnHI site is present and that no hybridization of 
5 S rRNA to this fragment was found [6]. 

The lengths of the 16 S rRNA gene in both types 
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Fig.3. Analysis of heteroduplexes formed between fragments 

BamHI E, or D and BamHI B of Euglena cpDNA. BEl, BDl, 

and BEr, BDr indicate the left and right ends of BamHI E and 

D respectively, and BBl the left end of BamHI B. (a) Electron 

micrograph of a heteroduplex between BamHI E and BamHI B; 

(b) a tracing of the molecule. Apart from the double strands 

formed by the two 16 S rRNA genes, a second homology can 

be seen, because the right end of BamHI E (BEr) reannealed 

adjacent to the 3’-end of the 16 S rRNA duplex (black arrow) 

leaving only a short tail of the left end of BamHI B (BBl) 

unpaired. The dashed arrow points to the small non-homology 

near the 5’-end of the 16 S rRNA duplex. (c) Electron micro- 

graph of a heteroduplex between BamHI D and BamHI B; (d) 

a tracing of the molecule. The structure is almost the same as 

in (a,b), but the right end of BamHI D (BDr) can be seen as 
an additional single-stranded tail, emerging from the junction 

of the two duplex regions, leaving no visible single-strand gap 

at this position on the fragment BamHI B. (e) Schematic 
drawing and length measurements of these heteroduplexes. 
(m ) Positions of the double strands in each fragment. 
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of heteroduplexes is 1650 nucleotides. The 150 nucle- 
otides exceeding the 16 S sequence are localised at 

the 5’-end of the gene. A small knob was often visible 
near this end of the duplex (fig.2a,3a, --+). The 

length of the double strand from this knob to the 
3’-end of the 16 S region was 1465 f 100 nucleotides. 
This knob can be interpreted as a small insertion or 
deletion loop between the 5’-end of the 16 S rRNA 

genes and the additional homology. But it cannot be 
decided whether the non-complementary sequence is 
part of the complete operon or an addition to the 

extra 16 S sequence. It is clear, however, that most of 
the sequence of -1200 nucleotides [ 141 which is 

located between or in front of the other 3 operons is 
not repeated upstream of this gene. 

The positions of the homologies between the 
sequences on either side of the extra 16 S rRNA gene 

and the sequences separating the complete operons 
are shown in fig.1. Two possible positions of modified 
5 S rRNA sequences were found: 
(1) That marked 5 S* within the 615 nucleotide 

stretch is located -1100 nucleotides upstream of 

the 5’-end of the 16 S rRNA gene of the first 
operon; 

(2) That position in the 330 nucleotide stretch marked 
5 S** which might contain a partial sequence, is 
located close to the 3’-end of the extra 16 S rRNA 

gene. 
The homology upstream of the extra 16 S rRNA gene 
is limited to -150 nucleotides separated by an inser- 
tion/deletion loop. It will be interesting to study 
whether this modification of the sequence has an 

affect on the promoter of the extra 16 S rRNA gene 
possibly interfering with its expression. 
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