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ABSTRACT

An extra 16S rRNA gene (s-16S xrDNA) from the Eyglena gracilis
chloroplast genome and several hundred positions of its flanking regions
have been sequenced. The structural part has 1486 positions and is to 98%
homologous in its sequence with the 168 rRNA gene in functional chloroplast
rRNA operons. Sequences of about 200 positions upstream and 15 positions
downstream of the structural part of the s-165 rRNA gene region are highly
homologous with corresponding parts in the functional operon. Neither tRNA
genes (Ala, Ile) nor parts of the 23S and 55 rRNA genes are found within
557 positions after the 3' end of the s-16S rRNA gene, i.e., the 330 bp
homology, observed in electron microscopic studies of heteroduplexes (4),
between the s~16S rbNA downstream region and the 6.2 kb repeated segment
containing the functional rRNA operon, must be due to a DNA stretch in the
interoperon spacer. A structural model of the "truncated rRNA operon" is
presented. Results from S-1 endonuclease analysis suggest that the s-16S
rDNA region is probably not transcribed into stable s-16S rRNA.

INTRODUCTION

We have previously shown (1) that the circular chloroplast genome of
the unicellular alga Euglena gracilis, Z-strain, contains, outside and about
3.1 kbp away from three contiguous and tandemly arranged rRNA operons (2),
a single region in fragment EcoRI-B which strongly hybridizes with 16S rRNA
but not with 23S rRNA. Further studies with the electron microscope (3,4)
revealed important sequence homology between the 16§ xRNA gene of a
functional operon (f-16S rbNA) and the extra 165 rRNA gene (s-165 rDNA).
Some of these results also suggested that sequence homology might include
regions surrounding the structural part of the s-16S rRNA gene.

One of the three functional 16S rRNA genes (5), the corresponding 16S-23S
YRNA intergenic spacer (6,7) and parts of its leader (7) were sequenced.
It became evident that the E. gracilis chloroplast 16§ rRNA gene is homolo-

gous to 72% with the respective E. coli gene and that the intergenic
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spacer contains functional genes for trNATle ang trNaBld jdentical to e.g.
the rrnD operon of E. coli (8). Furthermore, considerable sequence homology
was found to exist between the 16S-23S intergenic spacer and parts of the
leader region which happens to contain a cluster of pseudo-tRNA genes (7,9).
In view of these results it became interesting to compare the sequences of
the s-165 rRNA gene and its flanking regions with the coxresponding regions
in a functional operon and also to ask the question whether this "truncated
operon” could and did yield a stable 168 rRNA in a proportionate amount.

In order to answer these questions we sequenced a stretch of 2474
positions, which includes the entire s-16S rRNA gene and several hundred
positions of the flanking regions. We show in the following that the s-16S
rRNA gene is identical with the £-16s rRNA gene to about 98%, one major
difference being a deletion of nine base pairs. Large parts of the leader
region are conserved including two pseudo-tRNA genes. Sequence homology
stops soon after the 3' end of the s-16S rRNA gene, i.e., the region
adjacent to the s-165 rRNA gene shows neither the functional tRNA genes
nor the large subunit rRNA genes as found in the functional operons.

The nine base pair deletion in the s-165 rRNA gene allowed to tesi, by
appropriate hybridization and Sl-endonuclease protection analysis, whether
the s-165 rRNA gene yields stable transcripts. According to the results
given in this report, this gene region is not transcribed into stable 168

rRNA in an amount proportionate to its presence in the genome.

MATERIALS AND METHODS

The fragments BglII-H and G; had been previously mapped on the
chloroplast genome {(10). They were cloned into a modified pBR322 (11).
Recombinant DNA was isolated and purified as recently described (5). DNA
sequencing was according to Maxam and Gilbert (12) and as specified in (5).
Enzymes were purchased from Boehringer-Mannheim and New England Biolabs
and used following the instructions of the supplier; details are given in

(5).
The 289 bp and 280 bp XbaI-HinfI fragments which were subsequently

used in the Sl-endonuclease protection analysis were cut from the
BamHI-D fragment (13) and the BglII-H fragment (10), respectively. The
fragments were purified and 5'~end labeled with [y —32P] ATP (3000 Ci/mmol,
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Amersham). Strand separation and purification was done as published (5}.
5'-end labeled single strands were hybridized as specified in the legend to

Fig. 5. Sl-endonuclease protection analysis was according to (14).

RESULTS

1. Sequencing strategy

The circular chloroplast genome of Euglena gracilis, 2, is very well
characterized (2). A survey of all BgllIl sites in the rDNA region is given
in Fig. 1, a, and aligned with it are the three rDNA operons and the extra
16S rRNA gene region (b)}. The sequenced s-16S rRNA gene region is shown
in greater detail on line c. Under (d) we show the various restriction
sites and fragments used in the sequencing work. The arrows represent
portions of the 5'-end labeled fragments from which nnambiguous sequences

conld be established.
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Fig. 1. Restriction endonuclease map and strategy used to sequence the
s-16S rRNA gene region of the Euglena gracilis, Z, chloroplast DNA.

a) BgllI fragments, nomenclature see {10); b) map position of rRNA, tRNA and
pseudo-tRNA genes according to published data (see text); ¢) s-16S rRNA

gene region, T = TaqIl, B = BamHI; d) restriction sites used for sequencing,
1z ? Bglil, + HindIII, 1 XbaI, 2 : HpalI, 3: HinfI, 4 : TaqI, 5 : Haelll,
6 : Rsal; e) — RNA-like strand, --— coding strand.
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TGGAAATGAC

AAGTTGAALG
A AP PN IAI

AATECTGEGCT
AGATCTATGT
AGCTTGTTGE
ATCAGCCACA
TTCCGCAATG
TGTAAACTTC
ATTCCGTGLCL
GTAAAGAGTT
AGGGCATTAA
GGTGAAATGC
CTGACGCTGA
CCGTAAACTA
ATCCCGCCTG
CAAGEGGTGG
AGGATCTAGE

GAGTTTGATC
AAATTACTAG
TGGGIFAGGA
GAGTAGCTAG
TGAGGTAAAG
CTGGGATTGA
GGCGCAAGCC
TTTTCTCAAA
AGCAGCCGCG
TGTAGGCGGT
AAACTGCTAG
GTAGAGATTG
GAAACGAAAG
TGGATACTAA
GGGAGTACGC
AGCATGYGGT

AGGAAGTTTG

CATGGCTGTC
AATTAACGCT
TCAAGTCATC
AGTTGCAATT
TGAAACTCGC
AATACGTTCT
AGTTATTATC

GTCGTAACAA

Fig.- 2.

GTCAGCTCGT
TGTCATTTAG
ATGCCCCTTA
TIGTGAAAAT
CTACATGAAG
CGGGCCTTIGT
TTGCCTGAAA

GGTAGLCGTA

CTTGCYCAGG
CAATAGTAAT
ATAACAGATG
TTAAAGAGAA
GCTTACCAAG
GAACGGAACA
TGACGGAGCA
GAAGAAGAAA
GTAATACGGG
CAAGTGTGLT
ACTTGAGTAT
GAAAGAACAC
CTGAGGGAGC
GTGGTGCTGA
TTGCACAAGT
TTAATTCGAT
AAAGAACGCA
GTCGTGAGAT
AAATACTGCT
TATCCTGGGC
GAGCTAATCTY
ACACACCGCE
AGAGGGAAAT

CTGGAAGGTG

GTGAACGCTG
TTAGTGGLGG
GAAACGTTTG
TTTCGCETAG
GCGACGATCA
GACTTIIACG
ATACCGCGTG
TGACGGTATT
AGATGCGAGC
TAATGTTAAA
GGTAGGGGTG
CAATGGCGAA
AAACAGGATT
AAGTGCACTG
GAAACTCAAA
GCAACACGAA
GTACCTTCGG
GTTGGGTTAA
GGTTATTACLC
TACACACGTG
TAAAACTTAG
TAGTAATCGC
CGTCACAGCA
ACCTAAGGCC

TGGCTGGAAC

GCGGTATGET
ACGGGTGAGT
CTAATGCCTC
GCATGAGLCTT
GTAGCTGATT
GAAGGCAGCA
AAGGAAGAéF
TGAGGAATAA
GTTATCCGGA
AGTCAAAGCT
AAGGGAATTT
GGCACTTTTC
AGATACCCTG
CTGTAGTTAA
GGAATTGACG
GAACCTTACC

oA

GTCCCGCAéE

AGAGGAAGGT

CTACAATGET
CCTAAGTTCG
CGGTCAGCTA
TGGAAGTIFG

TGGCTGGTGA

AAlTC@C

TAACACATGC
AATATGTAAG
ATAATTTACT
GCATCTGATT
TGAGAGGATG
GTGAGGAATT
GCCTTTGGGY
GCATCGGCTA
ATTATIGGGC
TAACTTTGGA
CCAGTGTAGC

TAGGCCAATA

GTAGTCTTGG

CACGTTAAGT
GGGGCCELGELA
AGGATTTIGAC
ACAGGTGGTG
CCTTTTITTT
GAGGACGACG
TAAGACAATA
GATTGTAGGC
TACGGCGGTG
CTGTGCCLGA

CTCGGGTGAA

60

1890
240
300

360

480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380

1440

Nucleotide sequence of the s-16S rDNA. Only the RNA-like strand is

given. Nucleotides differing from that of the f-165 rRNA gene are underlined

{consult Table 1]. We mark the two possible 3" ends [Zablen et al.

versus Steege et al. (16), see text]l. A 28 bp sequence in the 5' terminal

(15)

part which is invertely repeated in the leader part [see Fig. 3] is marked
by a wave line. An Xbal and HinfI site which are used to generate a 280 bp
fragment [see Fig. 5] are boxed.
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2. Comparison between the structural parts of the s-165 rRNA gene region

and the f-16S rRNA gene

In Fig. 2 we show the nucleotide sequence of the entire s-16S xRNA gene
which contains 1486 or 1487 positions depending on whether we take,
respectively, as terminal RNase T1 oligonucleotide the one reported by
Zablen et al. (15) or Steege et al. (16). The s-16S rRNA gene is five
nucleotides shorter than the £-16S xRNA gene (5), Comparing the two
sequences reveals a total of 21 mismatches, i.e., 98% sequence homology.

We underlined in Fig. 2 those positions which differ from that in the

£-16S rRNA gene and in Table 1 we qualify each mismatch. There are eight
nucleotide changes (pos. 135, 336, 409, 423, 428, 1121, 1368, 1483) two
insertions of one (pos. 771) and of three nuclectides (pos. 969 to 971},
respectively, and a nine nucleotide deletion (pos. 1069). All these changes
in the primary structure of the gene do not interfere with the secondary
structure model of a potential 16S xrRNA (17,18). Some of these base changes

e.g. pos. 336 and 428 allow formation of an additional base pairing within

a stem region. A minor secondary structure change could occur due to the

nine bp deletion in the helix 29 which is part of the variable domain E

Table 1 : Sequence mismatches between the f-16S and the s-16S5 RNA gene
of the E. gracilis, Z, chloroplast genome

Potential RNase T1
f£-16S (position) s-165 (position) oligonucleotides
(base change underlined)
c (135) T (135)
c (336) T (336) 5'-ACUUUUACG [ 9 mer]
c (409) A (409)
A (423) T (423) 5 '~UAAACUUCDUUUCUCAAAG
c (428) T (428) [19 mer]
A (17700 * G (771)
AN G N GGA (969-971)
CGACGCCAA (1066-1074) A (1069 *
G (1126) A (1121) 5'-UUAUUACCAG [10 mex]
c (1373) T (1368)
C (1488) T (1483)

*Last identical position before mismatch.
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[nomenclature according to Stiegler et al. (17)}. But as a whole we may
consider the s-168 and £-16S rRNA genes to be structurally equivalent.

3. Analysis of the leader part

Electron microscopic analysis suggested that the sequence homology
between the s-16S rRNA gene region and the f-16S rRNA gene includes also
150 bp preceeding the 5' end of the structural gene (4). Furthermore,
Orozco et al. (7) seguenced parts of the leader of a £f-16S ¥RNA gene and

they found it to contain pseudo-tRNA genes or partial tRNA genes for

isecleucin and alanipne. R. Helling and collaborators have also seguenced the

leader (pos. -1 to about ~400) of a £-16S rRNA gene of Euglena gracilis,
B~strain and they made the same observation ({(personal communication). It
was therefore of interest to sequencé the leader part of the s-16S rRNA
gene. In Fig, 3 we show 415 positions upstream to the 5' end and align it
with parts of the leader of a functional operon of the Z-strain (7). It

contains a partial tRNA gene for alanine (codon change to tryptophane)

a) ACAAGAAA TAACTTAGCT TAATTCCTAG TGTAAATITT
b) CTTATTTGCA AATTTAAAAG GCTTTTATCC TTTAGTAGTT AAGAAATCCA AGGATTTACT

a) TCCGTATCTT AACGTGTGCA ACAATTTTTT TATTTTAATT AAAATACCGT ATAAATTTTA
) GAAATTAAAC AATACTTATC ATTATCATGC GATATTTTTG TCAACTCAAA TATCCTTGAA

) AAAAATAAAA AAATCAAAAG GAAAATTTYT TATTTTTCAA AGATCACTAT TATCTITTTA.
b) TATCAAAATG TAAATGAGAT AAAAAACATG TTCAACTCTT TAGAAACGAC GTTAACTGCT

B) cecereBiie veCuinnnns seBuvonans senereeeel aaT oo HRE HRERRXIXRR

b) TATTATGGAA TATCTTTGAT AAAGGTAGGG TCGTGGATTA AAGCCTTCGT TCAACTTYGCA

R A A AR A A

B) ¥RRAEFECTA Toueoluivew seaTowenee Toweeeodll vieineinne vevenanans

) TGTCTTAAGE ATAGUTAAAT ATTGCTTTTC GTTAAAATTG TAAGGCGTAG GTCTCTAARAA
NPT TSI

8) ceenveansh
b) CCTGATGTAG TAGGTTCGAA TCCTACAAAG CGCGCTTTTA GTGTATACAT TATAGTAAAT

a) cenee Tewaneovas ooa- TGRAA

b) STGCCCCTTG CTTGGTCACC AAGAGBGTGA AAGGATTTGA CCAACTTTGA TGTTHTGGAA

Fig. 3. Nucleotide seguence of 415 positions preceeding the s-16S rDNA.
Only the RNA-like strand is given (lines b) and aligned with a partially
sequenced leader (lines a) of the f-16S rRNA gene as published (5,7).

Points on line a indicate nucleotide identity with the seguence given on

-356

-296

~236

~176

~116

line b. Positions -21 to ~105 on line a are left open. This segment has been
sequenced in case of the B-strain and is to 98% identical with the sequence
given in line b (R. Helling, authorized us to use his unpublished results).

Stretches of pseudo~tRNA character (7,9) are underlined. The 20 bp insert

is marked by asteriks. The inverted repeat of 28 bp corresponding to the
sequence in the structural part of the 165 rRNA gene [see Fig. 2] is
marked by a wave line. The first five positions of the 168 rRNA dgene are
framed.
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and a pseudo—tRNAIle gene, but homology stops at position -236. We know
that the DNA segment from pos. ~1 to -106 of the s~16S YRNA gene leader is
to 28% homologous with the corresponding leader part of the f£-16S rRNA gene
from the B-strain (R. Helling, personal communication). In particular the
BstEII site (5'TTGGICACCAA, pos. -44 to -34) is preserved where transcription
might start according to a report of R. Hallick (NATO-FEBS Meeting, Porto-
pPortese, 1982). With a leader quite similar to that found in functional
operons and an almost intact structural gene, the s-16S gene might serve as
template for the RNA polymerase yielding 165 rRNA.

We mark on the s-16S leader (Fig. 3) an insert of 20 nucleotides which
_is not present in the f£-16S leader. These 20 positions are part of a 28 bp
sequence whith occurs as an exact inverted repeat in the 5' terminal part
of the s~16S rRNA gene {pos. 44 to 72j).
4., Bnalysis of the sequence flanking the 3' end

In Fig. 4 we show 572 positions of the DNA segment flanking the 3' end
of the s-16S rRNA gene. Sequence homology with the corresponding segment in
the operon continues for 15 positions but within the next 557 positions we
do not find any significant homology with the DNA segment following the
f-16S rRNA gene, which contains the genes for trRNATle ang tRNAP12 and the
5' terminal region of 23S rRNA (6,7). However, according to an interpretation

of electron microscopic data of Koller and Delius (4) this segment should

TTTAGTTTTT TAACTGAATT TATTTATTAA TATTAACTCG ATTTTCGAGT AATTTTTATG +60
ACTAACCGCT ATGTTAGTAT TTATGATGAT AATATGTGCA ATTAATTAAA CCAACAAATT +120
GTCAAAAACT TCTCCTTTGA GTTTGAATTT TTCTEEEEAA AGCAGGATGC ATGGGAAGAA +180
ATTAAAAAAT TTTTATATAG AAATCCGTGG ATTTCCGAGG ATATCGCTTT TAAACTTTAA  +240
ATGATATACG ATATTGTCGA GTGTTGGCAA AATGATTATG TTCTGCCAGA ATAGAACTGA +300
TTAATCTGTC GAGGGAATCT TTTGGTTCTC TTTTAAAAGT CCGAAGAGTA CAAAATCAAG +360
GTAAGCACTT TGACTTTTTC TCCTAIE]TT TTGAATGGTT TTTTGCGCCG TCTTACGCGA +420
AAAATAAAAC AACATGGCTA TGCGTTTTTT GTCGTTTCTG TTGATGGCAT AGCTACTGGC +480
GTAAAAGGCT CCGTAAAAGG ATCTTTIICT GTTGCTTCAC TTGACCCGAT GGTCATGGAA  +540

AATATAGAAA AATGTGCAAT ACTGCACAAT GA

Fig. 4. Nucleotide sequence of 572 positions following the 3'end (16) of the
s-16S rDNA. The 15 positions homologous with the £-16S-23S intergenic spacer
in a functional operon (6,7), the HaeIll site [see text], and the start of
an open reading frame are underlined.
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contain approximately 330 bp homologous with sequences flanking the 3' end
of the 235 rRNA gene, i.e., it might contain a partial 55 rRNA sequence
(consult Fig. 1). A computer search for 55 rRNA-like sequences within the
572 positions gave a negative result. According to previous restriction site
analysis it seemed that sequence homology might extent at least up to the
HaeIIT site in the tRNAIle gene of the intergenic spacer (1,7). Our
sequencing data now reveal that a HaeIll site incidentally exists at the
same distance from the 3' end yielding also a fragment of 225 bp, as was
found in the intergenic spacer of the functional operon. However, the
corresponding tRNA sequence is not present. We may add at this point that an
open reading frame of unknown length starts at position 386. Whether this
represents the start of a functionél gene remains to be shown.

5. Search for s-16S rRNa

The nine bp deletion (pos. 1069) was used as a handle to test whether

m abed Fig. 5. Autoradiographs of the S-1
endonuclease protection analysis of DNA:DNA
and DNA:RNA hybrids. 50 ng of 5' end
labeled purified single strand DNA from the

342 — ww
-1 P 289 289 bp fragment were hybridized with 25 ng

" ——280 of 5' end labeled purified single strand
235_: - 21 DNA from the 280 bp fragment in reciprocal
210 — o 215224 experiments. Conditions : 3 h, 34°C, 40 mM
; PIPES, pH 6.4, 1 mM EDTA, 0.4 M NaCl, 80%

formamide. 50 ng of the 5' end labeled
purified coding strand from the 289 bp
b fragment were hybridized with 40 ng of
total chloroplast RNA. Conditions : 3 h,
52°C, otherwise as mentioned above.
Sl-endonuclease digestion was in all cases
-~ for 30 min, 52°C, in 0.28 M NaCl, 0.05 M
Na-acetate, pH 4.6, 4.5 mM ZnSO4, 20 mg/ml
carrier single strand DNA. Reaction volume
s9— R in all cases 30 ml. Hybrids were analysed
in sequencing gels (12). m) sizing marker,
- a) [289 bases, coding] alone, b) [289
13— bases, codinglX {280 bases, ncon coding],
c) reciprocal version of (b), d) {289
K bases, codingl] X RNA. In panels b and c¢ the
z ~—85-—74 top strong band is composed of the 289 and
280 bases ss DNA.

50 ew

it
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the "truncated rRNA operorl' containing a leader and an intact 16S rRNA gene is
transcribed yielding a proportionate amount of s-16S rRNA. To this end we
cut from the f-168 rRNA and s-16S rRNA gene region a XbaI-HinfI DNA fragment
of 289 and 280 bp, respectively, containing the nine bp insertion / deletion
{see Table 1). These two DNA fragments were used in heterologons DNA:DNA and
DNA:RNA hybridization experiments. The hybrids were analysed in Si-
endonuclease protection experiments. In ordexr to test the feasability of this
approach we first constructed DNA heteroduplexes with purified 5' end
labeled single strand DNA (ss DNA) from the 289 and 280 bp fragments. In
Fig. 5 we show the electrophoretic analysis of the Sl-endonuclease digestion
products of the heteroduplexes. According to the position of the nine bp
deletion in the XbaI-HinfI (280 bp) fragment (see Fig. 2) we should see in
the autoradiograph ss DNA fragments of 216 and 65 bases in both cases, i.e.,
the combinations [289 bases, coding)] X [280 bases, non-coding] and [289
bases, non—codihg] X ({280 bases, coding]. This is, however, under the given
experimental conditions not the case. The first combination (panel b} yields
a cluster of fragments in the range of 216-~224 in addition to the intact
fragments and the second combination yields a cluster of bands in the range
of 65 to 74 (panel c) in addition to the intact fragments. The conclusion

is that only the looping (longer) strand is cut while the shoxter strand

in the heteroduplexes remains essentially intact. In both cases the Si-
endonuclease digestion of the heteroduplexes does not go to completion,
yielding therefore a strong signal in the autoradiograph for the 289 and

280 bases ss DNAR. On the other hand Sl-endonuclease digestion is essentially
complete if the 289 bases coding strand is nsed alone in the hybridisation
experiment yielding a very faint signal (panel a) which is indicative for a
pure ssDNA preparation.

Total chloroplast RNA was hybridized to the 5' end labeled 289 béses
coding strand. The result of the Si-endonuclease protection analysis is
shown in panel d. We see the expected strong signal in the range of 289
bases but we do not see any signal in the range of 215 to 224 bases. This
strongly suggests that the s-16S rRNA is essentially absent in the

chloroplast RNA preparation.

DISCUSSION

Comparison of the s-165 rDNA region with the f£-16S rDNA region reveals
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for the structural part of the gene essentially complete identity (98%). The
most important change, namely the nine base pair deletion, would most likely
not interfere with the functionality of the corxresponding 16S rRNA since it
does not involve any of the conserved regions (17). The only mutation of
immediate functional impact might be the change in the so-called Shine-
Dalgarno sequence (19) at pos. 1483 where a T{U) replaces a C. Note, however,
that the chloroplast f-16S rRNA gene has already a modified Shine-Dalgarno
sequence, i.e., instead of 5'-ACCUCC- as seen in E. coli DNA and, e.g., in
the chloroplast DNA of maize (20) there is a 5'-ARCUCC- in B, gracilis (5).
Whether chloroplast mRNA is correspondingly adapted is not yet known.

Of considerable functional and evolutionary interest is a comparison of
the leader parts. The first 164 po#&tions proximal to the 5' end of the
structural gene are almost identical with those from the f-165 rRNA gene of
both the Z~strain and B-strain; homology continues for another 48 positions
after an insert of 20 bp. Orozco et al. (7) and Myata et al. (9} have
already discussed the fact that the leader region displays considerable
homology with the intergenic spacer, including parts of the 3' end of the
16S rRNA gene and the trNaTl® ang trnaBla genes. The situation is very
similar in our case, i.e., the same kind of pseudo-tRNA sequences are
present in the leader part of the s-16S rRNA gene. Sequence homology between
the "s-leader" and "f-leader” decreases to 40% and lower between position
-235 and -415. This means that this part of the "s-leader" either has mutated
during evolution more rapidly than the corresponding part in the "f-leader”
or the postulated gene duplication event (9) never included that part of the
s—leader.

Koller and Delius (4) have analysed DNA heteroduplexes formed between
the s-165 and £-16S rDNA region. According to their electron microscopic
measurements, sequence homology includes about 150 positions upstream of the
structural part. Furthermore they observed a small loop (knob-like structure)
upstream and in close proximity of the 5' end of the 165 rRNA gene. Our
sequencing results of the leader part are in line with the electron microsco-
pic analysis. The small loop seen in the heteroduplexes is most likely the
result of a reannealing event between the 28 bases inverted repeats which are
apout 200 bases apart. The 20 bases insert in the leader is certainly too
small to be seen in the electron microscope and therefore could not possibly

be the reason for the knob-like structure (B. Koller, personal communication).
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Fig, 6. Comparison of the anatomy of the functional rRNA operon [A] with the
"truncated rRNA operon” {B]. Segments of high sequence homology are marked by
boxes with horizontal bars; IOS : interoperon spacer; (IR) region of a small

inverted repeat described in (4).

According to electron microscopic analysis a stretch of about 330
nucleotides downstream of the s-16S rRNA gene interacts with a region in
the functional operon adjacent to the 3' end of the 23S rRNA gene possibly
including parts of a modified 5S rRNA gene (4). We did not find a 5S rRNA-
like sequence within the 330 bp adjacentvand downstream of the s-16S rRNA
gene. Therefore, the observed interaction must be due to a matching seguence
located after the 5S rRNA gene of one operon and before the leader part of
the next operon, i.e., within the interoperon spacer (2) as shown in Fig. 6.
The average A+T content of this 330 bp stretch is about 70% (FPig. 2).
Accordingly, the s-16S rRNA gene region would contain a leader part and a
165 rRNA gene very similar to the functional operon, including 15 positions
of the intergenic spacer and about 330 bp of the interoperon spacer as
schematically drawn in Fig. 6. It is noteworthy that s-16S rDNA also occurs

in the chloroplast genome of the bacillaris strain of Euglena gracilis (21).
s—16S rRNA was not detectable in our hybridisation experiments and none

of the potential Tl-oligonucleotides (see Table 1) was listed by Zablen et al.
{15). This could mean that the s-16S rDNA is not transcribed at all or that it
is transcribed at normal rate like the normal rDNA regions but the steady
state concentration of the s~16S rRNA remains below detectability due to

rapid degradation of the transcription product after synthesis.
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The chloroplast genome of Fuglena gracilis: the mosaic structure
of a DNA segment linking the extra 16S rRNA gene with the rrn operon A

Etienne Roux and Erhard Stutz

Laboratoire de Biochimie, Université de Neuchitel, Ch. de Chantemerle 18, CH-2000 Neuchitel, Switzerland

Summary, We have completed the analysis of a DNA seg-
ment of the chloroplast genome of Euglena gracilis Klebs,
Z-strain, which links the 3’ end of the extra 16S IRNA
gene with the 5 end of the 165 rRNA gene of the rrn
operon A. This region is a mosaic of several structural
elements and contains an intact rrn interoperon spacer
of 1,080 bp, an extra 5S rRNA gene, an open reading
frame for 406 codons (ORF 406) which is flanked by
short inverted repeats and a short direct repeat originat-
ing from the rrn interoperon spacer. It seems that a once
complete rrn operon underwent in the past an insertion/
deletion event leaving intact the 16S and 5S rRNA but
totally excising the 16S-23S intergenic spacer and the
23S 1RNA gene. Instead a protein coding gene of yet
unknown function was inserted along with other struc-
tural elements.

Key words: Chloroplast DNA — Euglena gracilis — rrn
operons — DNA deletion/insertion

Introduction

Several years ago, Jenni and Stuiz 1979, reported for the
first time that the circular chloroplast genome of Eugle-
na gracilis Klebs, Z-strain, contains in addition to three
tandemly arranged 7rn operons [5'-16S-trnA-trnl-235-58-
3'] an extra 16S rRNA gene (s16S) about 3.1 kbp up-
stream of the 5' end of the next 16S rRNA gene (rrn
operon A). We sequenced both the 16S rRNA gene of
the rrn operon A (Graf et al. 1982) and the s16S IRNA
gene (Roux et al. 1983) and found a very high sequence
homology of 98%, suggesting that this s16S rRNA gene
could yield functional 16S rRNA. More recently the

Offprint requests to: E. Stutz

$16S rRNA gene was found in other strains of Euglena
gracilis, e.g., bacillaris and Z-S strain (Koller et al. 1984)
which contain three and one rrn operon, respectively. It
was also found in the strain American Type Culture Col-
lection ATCC 10,616 which contains five rrn operons
(Koller and Delius 1982a; Flamant et al. 1984). 1n this
particular case there are two s16S genes located upstream
of the first and third rrn operon, respectively. Also an
X-ray induced mutant (Y3 BUD) of the bacillaris wild
type which has lost the rrn operon A has retained the
$16S rRNA gene in front of the first r7n operon (Ravel-
Chapuis et al. 1984). From these results, we may con-
clude that the number of rrn operons per circular chloro-
plast genome can vary without impairing normal growth,
however, a s16S rRNA gene is always present and located
upstream of the first complete 771 operon. This strongly
suggests that this DNA stretch or parts of it carries gene-
tic information vital for the Euglena gracilis chloroplast.

Very recently, Koller et al. (1984) have studied in the
electron microscope homo- and heteroduplexes formed
between chloroplast DNAs from the bacillaris and Z-S
strain. This study included also the DNA region between
the s16S and 16S rRNA genes. From these and similar
studies with the Z-strain (Koller and Delins 1982b) it
became evident that this DNA segment is composed of
several structural elements like, e.g., short direct and in-
direct repeats and that the arrangement of these elements
in the various strains follows a somewhat similar pattern.
Parts of this segment have recently been sequenced both
in the bacillaris strain (El-Gewely et al. 1984) and in the
Z-strain (Roux et al. 1983). Based on these sequencing
data and the electron microscopic results it was suggested
that the s16S rRNA gene is a relic of a once complete
rrn operon which was “truncated” during a DNA inser-
tion/deletion event in a distant past.

We report here the nucleotide sequence of the entire
DNA segment between the s16S and 16S rRNA genes of
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Fig. 1 a—c. Map position and strategy of sequencing. a Bglll site restriction map (Jenni et al. 1981) of the tDNA region with the extra
16S IRNA gene and the rrz operons A, B, C (Hallick 1984). b Structural elements of the previously sequenced DNA stretch (Roux et
al. 1983) and the fragment BG14 analysed in this report. ¢ Restriction fragments used for sequencing according to Sanger et al. (1980).
The interoperon spacers (IOS) are ordered 1, 2, 3 and defined in the text. The structural element <3307, IR1a,b and ORF are defined
in the text. s168 and s3S are the structural parts of 16S and 58 rRNA genes of the “‘truncated” rn operon upstream of interoperon
spacer 1, ptrn are the pseudo-tRNA genes for lie and Trp previously described (Roux et al. 1983), I, W are the tral and #rnA genes of

the intergenic spacer (Graf et al. 1980)

the Z-strain. This allows to precisely define the structural
elements observed in the electron microscope and to
compare on a nucleotide level the interoperon spacers of
the Z- and bacillaris strain. These sequencing studies also
reveal a major open reading frame which is co-transcribed
with the 5168 rRNA gene as will be shown elsewhere
(Roux, Koller, Montandon and Stutz, to be published).

Materials and methods

Euglena gracilis, Klebs, Z-strain was purchased some time ago
from the Culiure Collection of Algae at Indiana University,
strain number 753 (Starr 1964). The chioroplast genome of this
strain and in particular the rDNA region has been described in
great detail (Hallick 1984).

Enzymes were purchased from Boehringer-Mannheim and
used following the instructious of the supplier. [-32P]ATP 400
Cifmmole was from Radiochemical Center, Amersham.

The chloroplast DNA fragment Bglll-H was cloned into the
Bglll site of a modified pBR322 (Schiunegger et al. 1983).

As starting material for DNA sequencing we used the BamHI-
Bglll DNA fragment BG14 (Jenni and Stutz 1979), which was
obtained from the cloned fragment BgliI-H (4.7 kbp). Subfrag-
ments of BG14 were routinely filled with the Klenow fragment
of DNA polymerase (Wartell and Reznikoff 1980) and cloned in-
to the Hincll site of phage M13 mp9 (Messing et al. 1980; Mes-
sing and Vieira 1982) with ligation conditions as reported by
Tait et al. (1980). Transformation of E. coli JM103 was accord-
ing to Cohen et al. (1972), however, competent cells were pre-
pared in 0.02 M Tris-HCl, pH 7.2, 0.1 M CaCl,, 0,001 M NaCl.

DNA sequencing was according to Sanger et al. (1980).

Results
Mapping and strategy of sequencing

In Fig. 1 (a) we show the Bglll fragments of a DNA seg-
ment of the circular chloroplast genome as mapped pre-
viously (Jenni et al. 1981). Line (b) gives the position of
all the structural elements as defined and discussed in
this report and under (c) we show the restriction frag-
ments used in nucleotide sequencing experiments.

Nucleotide sequence and major structural elements

In a previous paper (Roux et al. 1983) we reported the
nucleotide sequence of a DNA segment which started
within the fragment BglI[-G1 and ended with the BamHI
site in BglII-H (see Fig. 1). In order to relate those se-
quencing results with the new data given here we display
again in Fig. 2 the 3’ end of the s16S rRNA gene (pos.
1902) and the adjacent part up to position 2477 (see
BamHI site). This stretch contains one of the “330” ele-
ments and one of the IR1 elements, seen by Koller and
Delius (1982) in the electron microscope. With the com-
plete sequence at hand we can now define both the “330”
and the IR1 elements. The “330”a (293 nucleotides)
and the “330”b (303 nucleotides) are homologous to
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1900 1910
GGAACAATTC COQTTTAGTTIT

1920 1930
TTTACTGAAT TTATTTATTA

1960 1970
TAATTTTTAT GACTACCGCT

2024
TTTAAACCAA

2030
CARATTGTCA

2080
‘GGATGCATGG

2090
GAAGAAATTA

2140
CGCTTTTAAA

2150
CTTTAAATGA

2200
GCCAGAATAG

2210
AACTGATTAA

1980 1990
ATGTTAGTAT TTATTGGATC

2040
AABACTTCTC

2050
CTTTGACTTT

2100
AAAAATTTTT

2110
ATATAGAAAT

2170
TGTCGAGTCT

2160
TATACCATAT

1940
ATATTAACTC

1950
GATTTTCGAG

2000
GATAAATATG

2010
TTGCAATTAA

2060
GAATTTTTCT

070
GGCCAAAGCA

2120
CCETGGATTT

2130
CCGAGGATAT

2180
TGGCARAATG

2190
ATTATGTTCT

2230

2220
TCLGTCGAGG GAATCTTTTC

2260
AGAGTACAAA

2270
ATCAAGGTAA

2249
GTTCTCTTTT

z250
ARAAGTCCGA

2280

2290
GCACTTGACT TTTTCTCCiA

2300
THITTTTGAA

2310
TSGTTTTTTG

2320
CGCCGTCTTA

2330
CGCGAAMAAT

2380
GGCATAGCTA

2390
CTGGCGTAAA

23430
AARACAACAT

2350
GGCTATCCGY

2300
AGGCTCCGTA

2410
AAAGGATCTT

2360
TITTTTCTCOT

2370
TTCTGTTCAT

24zq
TTTCTGTTGC

2430
TTCACTTGAC

2450
TCGARAATAT

2440
CCGATIEGTCA

2508
GCTTATCCTC

1510
ATGAACAGCC

2360
GGATTTGCAA

2570
AATCTATGAA

2620
TTTCCTACAT

2630
TTCTTGATTA

2680
AAATATAGGA

2690
TTGAARACTTT

2740
CCATGCTTTG

27%0
ACTACGATTC

2800
GAAATATTTC

2810
ARGCGAATAT

2860
GATAACCTGG

2870
TCCCCCATCA

2920
AAAGAATTAG

2930
AAGAARAAAT

2980
TTAACTATGC

2990
TCCTTTCTGC

3040
AAAAGATCAA

3eso
AAGCTTCTTA

3100
TTGGGTARAT

3110
ATAAACGCTAA

3140
TTAGGTATTA

3170
TGCCTCTACC

3z20
GAACCTATTT

3230
TAGAGGTTCC

3280
TTTCTTATAG

3290
CTAGTGTCGT

3340
GGAACTGTAG

3350
TGTTTTTTAC

3400
CGTGTCAGAG

3410
ACTATTATTC

3460
TTTCATGCGA

3470
TAACAAGTTT

2360
AGAAAAATGT

2470
GCAATACTGC

2520
TTTTGCTTTG

2%30
CCTAGGAAGS

2380
GGGAAAAGCA

2590
AAAGAGAATA

2640
TTCTTCCCAA

2650
ACGGCGTATA

2700
TCTTTTACAA

2710
AACATGGCAC

2760
GTGGGAATCT

2770
GTGCCCGATC

z820
TTCCCGCART

2830
TTGATGCTAT

2880
TCAACAAGAA

2890
GTATTTAACA

2940
GGACACTAGT

2750
GATCCTAGGC

3000
TGCTGCGAGGA

3010
TTTTTTAGCT

3oéo
TACTCCTCCT

3070
GTTCCTGACA

3120
GGTTLCTGTA

3130
TTTGAATGGC

3180
GCCTAATCTT

3190
GCTGAATGAAA

3240
GRAAGAAGCC

3250
GCAAAACGCT

3300
TAACTCTTTT

3310
ACCGGACTTA

3iséo
AATTGCTGGT

2370
CCTTTCATTT

3420
CTTTGTTACA

3430
CGTAATTTCT

3480
CTTATCACTT

3490
TTTCCCGGAG

zasgBamHl 5,
ACAATGAGGA TCCTCATATT

2540 2330
GCAAAGCAAA ATCTGTGAAG

2600
GTAAGCCGAA

2610
AGACATTTTA

2640
TAGCTTCTAT

2670
CCTATTAARAT

2720
ATCTTTATCG

2730
GGAGTTAATC

2780
CTTTACGGGA

2790
AAAAGCTARAT

2840
TAATATTGAC

2850
CGGGTTATAT

2900
AAGCTTCCAA

z291¢0
TAAATTTTTG

27640
TAGTTATATT

2270
TTTGATTTGT
302D
GTAAACGTCA

3030
TTCTAATARA

3080
ATTATGCTAT

3090
ATTTAATGCAT

3140
AAAATGCTCA

31590
TGCGCATAGT

3200
TGAGTTCAGA

3210
AGAARATCAAG

3260
TAGCTTTATGG

3z27¢
GATACCTCAC

3320
AGTATATTTT

3330
GATGCGAGTA

3380
TATTAGATTA

3390
CGTTAAGOAT

2440
CCAATTTTCG

3450
AGAGTTCCTT

3500
CAARAATGTT

3510
TCAGGAATGA

3520 3530
TAGAAAATTT TTAATTTACA

3540 3550
TTTATTGTAT ATATATTAAA

3560
TAAAAAAATA

3970
ATATARACTA
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3840
IRib | AaraRCGACA

3700
ACGATTTAAA

aren
AAGGATTGTC

3s20
TATGAATTTG

3880
CTTGTCACTT

3590
ACTGAAGCAA

3600
CAGTAAAAGA

3650
ARAAACGCAT

36860
AGCCATATTC

3610
TCCTTTTACG

38670
TTTTATTTTT

3620 3630
CCGCTAGCTA TGTCATCAAC

3680 3490
CGCGCAAGAC GGCGAAAAAA

3720
GAGCAATGCT

3770
ATTATTTTTC

3780
CGATTTGTEC

3830
TAATATTTTT

3gag
ACTTTTCTTT

38%0
TTTTAAGATT

3900
TRAANATAAAA

3730
TTCTTTAAAA

3790
TGAAAATTTT

3850
AAATATTTTA

3910
GTTTATTGAA

3740 3750
GAATGAATTA ATAGTTTAAC

3sot 3810
TTTCATGAAT TTTATTITTT

3840 3870
TTTTTTTCCA TTTATTTTTA

3920

3930
TGAACTTTTA TTTIAGCGCGTC

3940
CTCTTCCCTT
58

4000
AATACATACT

3960
CTCAARRATAG

39580
TATGCAACTA

4010
TGAAAGGTTA

4020
CTTTCCGGGA

3970
TTTGRACTTG

4030
AAAGATTTTA

3980 3990
CAAGTTARAC ATAAAGGGTA

4040 4050
GTGCCCTT GGGAAGTTTA

9040
ATTTATTTAA

4070

4080
TTGTCTCTTA GTGAGTTTAT

4120
TTTTATGACT

4180
TAATTAAACC
“330b 22490
ARAACATGAT

4300
ATATTTTCTT

4360
CTATGTTTCT

49130
GCCGTTACGT

4140
TAGTGTTTTA

4190
AAGGAATTTG

4200
TCAAACCACG

4250
GCTTCGGAAA

4240
AAATAAGACA

4310
TTTAAAATTT

4320
TAAAGCGATAT

4370
TCGCTAATAT

4380
AAAACATTAA

4090
TTATTAATAT

4150
TTGCATCGAT

4210
TTTCCTTTAA

4270
ATCTGTTTAT

4330
GAATAATATC

4100 4110
TAACTCGATT TTCCGAGTAAT

4160 4170
AAATGTATTC TGGTGTGGTA

4220 4230
GTTTGAATTT TTTTTTGGCC

4280 4290
AGAAATCAGT GAATTTCGTA

4340 4350
CTCGAGTGTT TGGAAAATGA

4390
TOACAKAATT

4420
TAGTGAGAAT

4480
TGCTACTTTG

45448
AGCGTGTCGC

4600
GTCCTTATAC

4660
AAGGTAAGGT

4720
TTTTACCCCT

4780
GTGTAAATTT

48490
TACCGTATAA

4430
ATTATCTAGT

4440
TTTCTGATAA

4490
TATTTGGGTT

4500
ATGTGTGTGC

4550
TCATTGTCGA

4560
TTTGGACGAA

4610
TTCTTATATT

46z0
GCTGCTGAGT

4670 4680

TCCTAGACTT TCATACGTAA
Eco Rl

4730 4740

GATCTTGTGA ATTCTTTTCA

4790
TTCCGTACTT

4800
TAACGTGTGG

48350
ATTTTAAAAR

4860
ATAARAARAAT

4450
TAGTTTTATT

4510
TTTTTAGTTC

45790
TATTTATARAA

4630
ACCCTATATT

6690
ATGCTCATGC

4750
TTCACAAGAA

4810
CTGGGACAAT

4870
CAAARAGGAAA

4400 4410
CAACAAGATA GGTTGAATCA

44940 44270
TTGTTGTACA TTATAGTTAT

4520 4530
TAAATCTTTT GCTAGTAAGA

435890 45%0
ATGCTACAAG AGACCAAAAT

4640 4650
TTCTGATATT GAAAAATATT

4700 4710
GCACAGTTTA GGTGTTATCC

4760 4770
ATAACTTAGC TTAATTCCTA

4820 4830
TTTTTTATTT TTAATTAAAA

4880
ATTTTTTATT

4890
TTTCAAAGAT

4900
ptrn | CMCTATTATC

4910
TTTTATTATT

4920
ATAGAATACC

493D
TTTGATAAGG

4940 4950
GTAGGGTCGT GGATTGAATC

ap &0
CTTCTATTAG

4980
CTTTTCTTTA

4970
CCAAATATTT

5020

ptrn W ATGTAGTAGG

3030
TTCGAATCCT

504
ACAAAGCG

5080
CCCTTGCTTG

5090
GTCACCAAGA

5100
GGGTGAGAGG

4990
KAATCCTAAG

s0s0
CTTTTAGTGT

5110
ATTTGACCAA

So00¢ 5010

LGTAGGTCT CCAAAACCTG

s060 §0740
ACACATTATA GTAAATGTGC

4 168 —»

5120
CTTTGATGTT

Fig. 2. Nucleotide sequence of a DNA segment linking the 3’ end of the s16S rRNA gene with the 5’ end of the 16S TRNA of rrn
operon A. Only the DNA strand corresponding to the rRNA strand is shown. Major structural elements are boxed and important
restriction sites underlined

about 75%, they are relatively rich in A+T (around 70%)
and represent the only major direct repeats in the ana-

lyzed segment.

The two elements IR1a (143 nucleotides) and IR1b
(131 nucleotides) match to 84%. They have an A+T con-

tent of about 60% and no other indirect repeats of this
size are found in the analyzed segment. Interesting
enough IRla is part of an open reading frame sitting
right at the 5’ end, while IR1b is 61 positions down-
stream of the protein coding region.
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Fig, 4. Aminoacid composition of the translation product of
ORF 406 as deduced from the nucleotide sequence, the dednced
molecular weight is 46,100

Fig. 5. Hydropathy plot of the 46,100 d protein of QRF 406.
Each point on the profile corresponds to the sum of the hydro-
pathy values of 11 adjacent aminoacids calcnlated according to
Kyte and Doolittle (1982). Four hydrophobic region of 20 or
more residues are marked 1 to 4. This computer analysis was
kindly done by J. M. Erickson, University of Geneva

E. Roux and E. Stutz: Chloroplast genome of Fuglena gracilis

Fig. 3. Secondary structure model of a hypothetical s58 rDNA
transcript. The model is constrncted according to Karabin et al.
(1983). Five asterisks denote the polymorphism found in the 3’
part of the 55 TRNA gene of #7711 operon A, B and C, respectively.
The asterisk in the 5’ part marks a base change between the ba-
cillaris and Z-strain. Changes in the 5’ part fonnd in the s55 RNA
gene are numbered 1 to 8

A complete 55 rRNA gene was retrieved, starting at
position 3925, This was anticipated for the Z-strain ac-
cording to results based on electron microscopic observa-
tions from Koller and Delius (1982b). An identical situa-
tion occurs also in the bascillaris and Z-S strain (Koller
et al. 1984). We show in Fig. 3 the secondary structure
model of a potential transcript and compare it with the
sequence of Z-strain chloroplast 5S rRNA genes known
to slightly diverge among the three r#n operons (Karabin
et al. 1983). It is noteworthy that the s5S rRNA gene
differs in eight positions all situated in the 5’ part, while
sequence divergences of the 53 rRNA genes of rm oper-
ons A, B, C are all located in the 3’ part. It seems that
the s5S rRNA is not transcribed, since no corresponding
rRNA product was identified (Karabin et al. 1983).

As structural interoperon spacer we define the DNA
stretch between the 3’ end of the 58 TRNA gene and the
5' end of the 16S rRNA gene of the next 7 operon.
The functional rrrn operon starts and ends somewhere
within this region. According to a suggestion of EL-Ge-
wely et al. (1984), the sequences 5 -TGGGACA (pos.
4782) and 5'-TAAAAT- (pos. 4826) may be promoter
sites and the short indirect repeat 5'-ACTCGA- (pos.
4093) which is integral part of the “330” element may
act as transcription terminator. These sequences are pre-
served in all interoperon spacers analysed so far. It is
known for some time that two pseudo-tRNA genes (Ala,
Trp) are proximate to the 5’ end of the 16S rRNA gene.
We see them also in interoperon spacer 1 of the Z-strain
(pos. 4906 and 4996).

A major open reading frame (ORF 406) starts at posi-
tion 2290 (ATG) and terminates at position 3510 (TGA).
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3'end 23S
z Bac CAAAATTTTT TCCTATATGA AAACAAAI_\I . . .
g 214§ ACTTTTCTTT RAATATTTTA TTTTTTTGLCA TTTATTTTTA CTTCTCACTT TTTTAAGATT 38%0
g Z18
. IYYYVYN .C . G T . [+ T C
TABAATAAAR GTTTATTCAM TCARACTTTTA TTTIYRGGGTC CTCTTGCCTT TATGGAARLTA 3750
T....C T .. . .
CTCAAAATAG TTTGAACTTG CAAGTTAAAC ATARAGGGTA AATAGATACT TGAAAGGTTA 40:10
5§
. . -
CTTTCCGGGA AAAGATTTTA GTGCCCTTJ; GGGAACTTTA ATTTATTTAA TTCTCTCTTA 4070
GTGAYTTTAT TTATTAATAT TAACTCGATT TTCGAGTAAT TTTTATGACT GCCGTTACGT 41340
. . . . A ¢ T
AAAAL .
TAGTGTTTTA TTGGATGGCAT ARATCTATTC TGGTGTGGTA TAATTAAACC AAGGAATTTG 4190
A - G A.C CAR AAAAAT A T .. CA A
TCAMACCACG TTTCCTTTAA CTTTGAATTT TTTTTTGGCC AAAACATGAT GCTTCGGAAA 4250
) 4a..T ¢ . .G . C AL .G A G c
« . c N . . G T G TC
330 AARATAAGACA ATCTGTTTAT AGAAATGAGT CAATTTCGTA ATATTITCTT TTTAAAATTT 4310
T A.A. T T AL [ GC. cGC GG. A CGC AC
LG . . P . C . o . T . . C
TAAACGATAT GAATAATATC CTCGAGTGTT TGGAAAATGA CTATGTTTCT TCGCTAATAT 4370
T Ad oo T G . o GC.C. T - G.CAG . .G
|AAAA-’3ATTAA TCIACAAAATT CAACAAGATA GCTTGAATCA TACTGAGAAT ATTATGTAGCT 443¢
LT .
C . .. G. . . B e TTC
TTTCTGATAA TAGTTTTATT TTGTTGTACA TTATAGTTAT TGCTACTTTG TATTTGGA4AA 4487
TTTGT . A . AL . . ST
AAAAACTTAT CTOTGTGCTT TTTACTTGTA AATCTTTTCL TAGTAAGAAC COGTCTGGCTC 4542
ATTGTCGATT TGGACGAATA TTTATAAAAT GCTACAAGAG ACCAAAMATCT CCTTATACTT 4602
CTTATATTCC TGCTGAGTAC CCTATATTTT CTCGATATTGAR AAAATATTAA GGTAAGGTTC 46462
CTAGACTTTC ATACGTAAAT GCTCATGCGC ACACTTTAGE TGTTATGCTT TTACCCCTGA 4722 Fig 6 Sequence Comparisorl Of mterop_
e . o eron spacer 1 of the Z- and bacillaris
TLTTCTGAAT TCTTTTCATT CACAAGAAAT AACTTAGCTT AATTCCTAGT GTAAATTTTT 4782 Strain Major Structural elements are
U A oo i boxed. Within the “330” box we add the
CCGTACTTTA ACCGTGTGGLT GGGACAATTT TTTTATTTTT AATTAAAATA CCGTATAAAT 4B§2 Sequence Of the “330,’3 element Of the
e e Lo BG18 fragment of the Z-strain. Bent ar-
TTTARARMAAT AMARARMATCA ARRGGARAAT TTTTTATTTT TCARAAGATCA|CTATTATCTT 4902 TOWS maIk the deletion m interoperon
T T T B spacer 2 of the bacillaris strain (El-Gewe-
ptrn 1 TTATTATTAT AGAATACCTT TGATAAGGGT AGGGTCGTGG ATTGAATCCT TGTA AGCC 4961 ly et al 1984) we add the 3' part of the
TR T . " A - 238 rRNA gene of the bacillaris strain to
AAATATTTCT TTTCTTTAAA ATCCTAAG GCTAGGTCTCC AARAACCTGAT GTAGTAGGTT 5022 ShOW that in the Z-Strain COunterPal't
there is no 23S rRNA gene. Note, how-
. ever, that upstream of the s58 rRNA
ptrn W GGAATCCTAC AAAGCGC:;lcT TTTAGTCTAC ACATTATAGT AAATGTCCCC CTTCCTTGGT 5062 gene of the bacillaris strain exists an in-
verted repeat of the 330 element (con-
CACCAACAGG GTGAGAGGAT TTGACCAACT TTGATCTTTl 165 —= sult Fig. 7)

We give in Fig. 4 the deduced aminoacid sequence and in
Fig. 5 the corresponding hydropathy plot. We recognize
four hydrophobic domains (1 to 4) comprising at least
20 aminoacids required, e.g., to traverse a thylakoid
membrane. The protein is not identical or related to any
of the sequenced chloroplast proteins, but as will be
shown elsewhere (Roux et al. in preparation) the gene is
actively transcribed.

Discussion
Interoperon spacer 1 and the “330” element

El-Gewely et al. (1984) sequenced the rrn interoperon
spacers 2 and 3 of the Euglena gracilis bacillaris strain in-
cluding large parts of the interoperon spacer 1 and parts
of the s5S rRNA gene. We compare in Fig. 6 the corres-
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Fig. 7. Comparison of the mosaic structure of the DNA segment linking the s16S rRNA genes of the Z- and bacillaris strain. The struc-
tural elements are drawn in scale based on results from Koller et al. (1984) and El-Gewely et al. (1984) (bacillaris) and Roux et al.
(1983) and this report (Z-strain). 1, W = pseudogenes for Ile and Trp. Arrows indicate the relative orientation of repeats. The segment
up-stream of the s55 rRNA gene including the s16S gene and its leader part of the bacillaris strain have not been sequenced

ponding region of the Z- and bacillaris strain and find a
sequence homology of 97%. A most conspicuons differ-
ence is a five bases deletion (pos. 4165, Z-strain). The
two strains may have separated about 15 x 10° years ago
(see El-Gewely et al. 1984, for details of sirain origin).
Under this assumption it is surprising that the interoper-
on spacer 1, linking a “truncated” with a functional rrn
operon is so well conserved, if on the other hand inter-
operon spacer 2 is 293 nucleotides shorter than inter-
operon spacer 3, which both link functional rrn operons
(bacillaris strain). In the Z-strain the three interoperon
spacers are of identical length and composition accord-
ing to restriction site mapping (Hallick 1984), electron
microscopic data (Koller and Delius 1982) and this and
previous sequencing results (Graf et al. 1982).

A major DNA segment of the interoperon spacer
(“330” element) is repeated proximate to the 3' end of
the s16S rRNA gene of the Z-strain. Probably the same
segment is also repeated and inversely inserted upstream
of the s58 of the bacillaris and Z-S strain according to
electron microscopic observations (Koller et al. 1984).
In Fig. 6 we align the two “330” elements of the Z-strain
with the counterpart of the bacillaris strain. We calcu-
lated the degree of sequence divergence of the three
“330” elements. The results are as follows: “330”a (Z-) :
“330”b (Z-) = 0.23; “330”b (bacillaris) : “3307b (Z-) =
0.06; “330”a (Z-) : “330”b (bacillaris) = 0.20. Accord-
ing to these results the “3307a element drifted much
more that the “330”b elements inside of the interoper-
on spacer 1 of both the Z- and bacillaris strain. It is note-
worthy that the “330’a element of the Z-strain lacks the
same five nucleotidesas the ‘“330”b element of the inter-
operon spacer 1 of the bacillgris strain. Since the “330”a
element of the bacillaris strain has not been sequenced it
is too early to establish a more elaborate pedigree of the
“330” elements. We may nevertheless ask the question,
whether the “330” elements qualify for some sort of
mobile genetic element which may enhance DNA rear-
rangements like e.g. deletions and insertions (Starlinger

1977). A structural hallmark of IS elements and trans-
posons are terminal repeats, what is not seen in our case.
It will be of interest to analyse on a nucleotide level
“330” elements from various Fuglena strains and to
search for such elements elsewhere on the chloroplast
genomes.

Relics of chloroplast rrn operons and the ORF 406

Based on electron microscopic data (Koller et al. 1984)
and nucleotide sequencing studies (Roux et al. 1983) it
was postulated that the s16S rRNA gene is a relic of a
once intact rm operon. The present results give further
support for this assumption in particular the findings
that the interoperon spacer ! is highly conserved and
that a s5S rRNA gene is retained. It seems therefore high-
ly plausible that due to a deletion/insertion event in the
evolutionary past a DNA piece of about 3 kb was excised
(the 16S-23S intergenic spacer with the trnl and trnA
and the 23S rRNA gene) and replaced by an insert of
about 2 kb consisting mainly of a directly repeated
“330” element and a ORF flanked by short inverted re-
peats (IR1).

A somewhat similar situation is seen in the bacillaris
strain. Koller et al. (1984) also observed the s16S and ,
$5S rRNA genes separated by an insert which contains a
“330” element, the short inverted repeats and a slightly
shortened version of the ORF region. In addition they
observed a short piece (300 to 350 nucleotides) of the
3' part of the 23S tRNA gene. In Fig. 7 we compare the
anatomical situation of the Z-strain with that of the
bacillaris strain.

The question arises when in the evolutionary past
such a major DNA rearrangement (s) occured, before or
after separation of the two strains. An answer may be
obtained by further sequencing the various structural
elements upstream of the s5S rRNA gene of the bacilla-
#is strain, notably the “330” elements, the inverted re-
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peats and the segments in between. We favour right now
the assumption that the major deletion/insertion event
happened before strain separation what could explain
the apparent identity of the ORF region and its flanking
inverted repeats in both strains. The tandemly arranged
rrm operons are prone to unequal-crossing events which
easily lead to the observed variation in the number of rrn
operons in the various Euglena chloroplast genomes. All
the more it is surprising that the “truncated” rm operon
has survived during evolution in the various strains.
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