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ABSTRACT

The flanking regions and the end of the chloroplast
ribosomal unit of Chlamydomonas reinhardii have been sequenced.
The upstream region of the ribosomal unit contains three open
reading frames coding for 111, 117 and 124 amino acids,
respectively. The latter polypeptide is partially related to the
ribosomal protein L16 of E. coli. Two of the open reading frames
overlap each other and are oriented in opposite direction. The
region between these open reading frames and the 5' end of the
16S rRNA gene contains numerous short direct and inverted
repeats which can be folded into large stem-loop structures.
Sequence elements that resemble prokaryotic promoters are found
in the same region. Several of the repeated elements are
distributed throughout the non-coding regions of the chloroplast
inverted repeat. Sequence comparison between the 5S rRNA and its
gene does not reveal any significant sequence heterogeneity
between the chloroplast 5S rRNA genes.

INTRODUCTION
As in most higher plants, the chloroplast ribosomal unit of
Chlamydomonas reinhardii is contained within a segment of the

chloroplast genome that is repeated in an inverted orientation
(1). In C. reinhardii the ribosomal unit consists of the 16S, 7S,
3S, 23S and 5S rRNA genes (2). Previous work has revealed a
remarkable sequence homology between the chloroplast rRNA gene
sequences of C. reinhardii and those of higher plants and E. coli
(3,4,5). It was also shown that a 1.5 kb restriction fragment on
the 3' side of the ribosomal unit hybridizes to a large number of
chloroplast DNA regions, indicating the existence of numerous
repeats in this genome (7,8).

In order to gain more insights into the structure of the
promoter region of the chloroplast rRNA genes and into the
organization of the repeated elements, we have sequenced both
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ends of the ribosomal unit of C. reinhardii. The sequences
include 1449 bp upstream of the 16S rRNA gene and the complete
sequence of the 5S rRNA gene and its 3'flanking regions. Analysis
of the sequences of both flanking regions reveals a large number
of direct and inverted repeats that appear to be scattered
throughout the inverted repeat. An unusual feature of the
promoter region is the presence of three open reading frames, two
of which overlap each other and are oriented in opposite
direction. One of these open reading frames appears to be related
to a ribosomal protein gene of E. ggli.v

MATERIALS AND METHODS

DNA. The 3kb chloroplast BamHI fragment Ba 1 (1) was cut with
HindIII and the smaller of the two HindIII-BamHI subfragments was
cloned into pBR322. The construction of the recombinant plasmid
containing the chloroplast BamHI-EcoRI fragment BR1l.3 was
described previously (2). Plasmid DNA was isolated by published

procedures (9). DNA sequencing was performed according to the
chemical cleavage method of Maxam and Gilbert (10). Sequence
analysis was performed on a Hewlett Packard computer, model 9845.
RNA. Cellular RNA of C. reinhardii was prepared as described
(11) . The RNA was fractionated by centrifugation on a 5 to 20%
linear sucrose gradient in 100mM LiClz, 10mM Tris-HCl1l pH7.8, 4mM
EDTA, 0.2% SDS in a SW27 rotor for 18h at 25 000 revs/min. The
top fractions of the gradient which contained mostly 5S RNA and
tRNA were pooled and ethanol precipitated. This RNA was
electrophoresed on a 8% polyacrylamide gel in TBE buffer (75mM
Tris-borate, 1lmM EDTA, pH8.3). Under these conditions the
chloroplast 55 RNA migrates slightly faster than the cytoplasmic
5S RNA, After extraction from the gel, the chloroplast 5S RNA was
dephosphorylated with calf intestine alkaline phosphatase (Sigma)
and labelled at its 5'end using x32P-ATP and polynucleotide
kinase (PL Biochemicals). The labelled RNA was repurified by
electrophoresis on a polyacrylamide gel in TBE-7M urea. RNA
sequencing was performed as described (12,13). S1 nuclease
mapping was done as described by Berk and Sharp (14).

RESULTS AND DISCUSSION
The BamHI-EcoRI BR1l.3 fragment contains 1449 bp of the
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Fig. 1. S5'upstream region of the 16S rRNA gene of

C. reinhardii. The restriction sites Sau3A o, Alulm,

Rsal @, KpnI o, TagqI ¢, Ddel @, Hpall o, BamHI v and the
Maxam-Gilbert sequencing strategy are indicated. ORF 1 to 3
represent the three open reading frames found in this region
(arrows indicate orientation). The lower part of the figure
indicates the location of the inverted repeats (IRl to IR10) and
direct repeats (D1,D2) containing at least 10 contiguous
nucleotides. The positions of these repeats in fig. 2 are:
IRl (32-54; 210-198), IR2 (843-861; 1056-1037), IR3 (1026~
1043; 1106-1083), IR4 (1070-1081; 1175-1165), IR5 (930-968;
1204-1166), IR6 1085-1105; 1194-1174), IR7 (905-935; 1245-
1215), IR8 (1148-1164; 1263-1247), IR9 (810-827; 1279-1260),
D1 (1329-1346; 1350-1368), D2 (30-43; 1358-1371).

upstream region of the 16 S rRNA gene plus the 5'terminal end of
this gene. The restriction map of this region and the sequencing
strategy are shown in fig. 1. The nucleotide sequence of the
upstream region is displayed in fig. 2. The corresponding region
has been well conserved in mustard (15), maize (16), tobacco
(17), spinach (18) and Spirodela oligorhiza (19), but the C.
reinhardii sequence differs considerably from its higher plant

counterpart. While in all higher plants examined a tRNA val gene
is located about 300 bp upstream of the 5'end of the 16S rRNA,
the comparable C. reinhardii region does not contain this tRNA
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. . .30 . - .80 - .
GGATCCTARCARARTBT TEBCTGTCTEBETATARARAAG TARARGARACTAACARTTTTAGTTGTTTATATGATGATATTE
.90 . - .120 . .

ATCBAGCATCBTBABATACTCCATCAGAGGAT CAT CTA CTA TCG TTT AAC CAT GAA CGA GCT TTG CGA
AGT ABA TGA TAG CAR RTT GGT ACT TGC TCG RAR CGC
«0p Arg Ser Asp Asn Leu Trp Ser Arg Rla Lys Arg

.180 . . . 180 . .

Met Ile Cys Phe Lys Gln Gln Lys Ile Thr Ser Leu Phe Val Ser Leu Ile Leu Leuv
GAT ATG ATA TGC TTC ARA CAA CAA RAA ATT ACT AGC TTA TTT GTT TCG CTT ATT TTA CTT
TCT ATA CTA TAC GAA GTT TGT TGT TTT TTA ATG ATC GAA TAR ACA ARG CGA ATA ARA TGA
Ser lle Ile His Lys Leu Cys Cys Phe Ile val Leu Lys Asn Thr Glu Ser Ile Lys Ser

.210 . . . 240 . .

Leu Thr Thr lle Leu Ile Cys Trp Phe Cys Val Leu Ser Pro Lys Val Asn Gly Thr Asn
TTA ACA ACG ATT TTA ATT TGT TGG TTT TGT GTT TTA AGT CCT AAG GTA AARC GGT ACC ART
AAAR TTG TTG CTA ARA TTA AAC AAC CAA AAC ACA AAA TTC AGG ATT CCA TTT GCC ATG GTT
Lys val val Ile Lys Ile Gln Gln Asn Gln Thr Lys Leu Gly Leu Thr Phe Pro val Leu

.270 . - . 300 . -

Ser Pro Ile Glu val Asn val Tyr Asn Pro Ile Pro Leu ARla vVal Met Arg Gly Gly Ile
AGT CCA ATT GAA GTA AAT GTA TAT AAT CCA ATT CCA TTG 6CT GTA ATG AGA GGA GGT RATT
ATC AGBB TTA ACT TCA TTT ACA TAT ATT AGG TTA AGG TAA CCB ACA TTA CTC TCC TCC ATA
Leu Gly Ile Ser Thr Phe Thr Tyr Leu Gly Ile Gly Asn Ala Thr Ile Leu Pro Pro Ile

. 330 . . . . .
Pro Leu Pro Gly Met Pro Pro val Pro Thr Ala Thr Pro Ser Leu Pro Arg Ser Gly Phe
CCT CTA CCA BGBT ATG CCT CCA BTT CCT ACC BCA ACA CCT TCA TTA CCT CBC TCG BGBG TTT
AGG AGA TBGB TCC ATA CGG AGG TCA AGBG ATG GCG TTG TGG ARG TAA TGG AGC GAG CCC CARA
Gly Arg Gly Pro Ile Gly Gly Thr Gly val Ala val Gly Glu Asn Gly Arg Glu Pro Asn

. 390 . . . 420 . .

Thr Ser Ser Ala Lys Lys Ille Lys Glu Ser Arg Lys Gln Lys Ser Thr Alo Leu Gln Ala
ACG TCG TCA GCT ARAR AAA ATT AAA GAA TCG CGT ARA CAA ARA AGC ACT GCA CTA CAR GCG
ATG CAG CAG TCG ATT TTT TTA ATT TCT TAG CGC ATT TGT TTT TTC GTG ACG TGA TGT TCG
vol Asp Asp Ala Leu Phe Ile Leu Ser Asp Arg Leu Cys Phe L&u val Alao Ser Cys Ala

. 450 . . . 480 . . .510
val Lys Asp Gln Tyr Ile Leuv Arg val Ala Arg Leu «

GTT AAR GAC CAA TAC ATT TTA CGC BTG GCG CGR TTA TBR TTGTACARARGTGACCCARAGGGTTTAAT
CCA ATT TCT GGBT TAT BTA
Thr Leu Ser Trp Tyr Met

- . . 5S40 . . . S70
Met Gln Gly Leu Glu Tyr Thr Leu Glu Pro Glu Glmn Ala Lys Lys Cys Lys Thr His

TTT GTG CAG BBT TTA GAA TAT ACC CTC GAA CCC GAG CAA GCT ARA AARA TGC AAA ACT CAT

. - . 800 . . . 830
Gln Lev Vval Asp Leu Ala Lys Ile Asp Leu Asn Ser Trp Ser Gln Glu Asn Val Arg Pro
CAA CTT GTT GAC TTA BCG ARA ATC GAT TTA AAT AGC TGG TCA CAR GAR ART GTA AGA CCT

. . . 880 . . . 800
Lys Thr Leu Leu Gly Arg Thr Ser Lys Lys Arg Leu Thr Ser Gln Phe Trp Tyr Glu Phe
AAR ACC TTG TTA GGT CGA ACG TCA AARA ARA CGT TTA ACAR AGT CAA TTT TGG TAC GAG TTT

. . . 720 . . . 750
Thr Lys Lys Gln Lys Leu Lys Asn Ala Leu Tyr Tyr Phe Val Ile Tyr Asp lle Thr Asp
ACT ARA ARA CAAR ARA CTG AAA AAC GCT CTT TAT TAT TTT BTC ATT TAT GAC ATC ACA GAC

. . . 780 - . .810
Asn Ser Ile Leu Pro Val Glv Thr Leu Asn Gln Lys Asm Pro Leu Ser Thr Ser Phe Pro
AAT TCT ATA CTG CCG GTA GAG ACA CTA AARC CAA ARR AAC CCT CTA TCA ACC TCC TTC CCC

. B . 840 - . . 870
Phe Pro Phe Gly Arg Pro Lev Arg Gly Ile Asn Phe Ser Gly Ser Cys Leu His Cys Leu
TTC CCC TTC BGBB CBT CCC CTT CGBT GGG RTA RAT TTT AGT GBGBC AGBT TGC CTG CAC TGC CTC

IR9

Leu Arg Val Leu Lys =Am
CTT CGA GTG TTA ARA TAG ACGACAGTGCAGTTGCCTGCCAARCTGCCTATATTTATATACTGCGATARACTTTA

w7t

. 800 . IRZ . 930 -

. . 980 . . . 980 . 1020

BGTCCCBARGGBGBBTTTACATATCCGAAGGRAGGARGCAGGCAGTBGCEBETACCACGCCACTGBCGTCCTARTATAARTATTG
lR? . 1050 . . . 1080 . -
GBCAAGTARACTTAGRATAARATTTATTTGCTGCGTTAGCAGGTTTACATACTCCTARAGTTTAC T TGCCCGARGGGGAAG

-1110 . 1R2 . .1140 . - .1170 -

BGABGACGTCCCCTACGGGAATATARATATTAGTGGCAGBTGGTACAATARATARATTGTATGBTAARARCCCCTTCGGGCAACT

. . 1200 . . . 1230 . . RS . 1260
AARRGTTTATCBCAGTATTAACATCCTAGTATATARATATCGBCAGT TGGCABBCAACARATTTATTTATTGTCCCGTRAG

. . . 1200 . . IR7 . 1320 . .
”‘Mmﬂﬂmﬂﬂ"fﬂ?TRTYTTRCTGCGGRGCHGCTTGTTRTTTDmTTTTﬂTTHMHRHHRRHTﬂmﬂ@
.1380IR9 . . 1380 . . . 1410 .
Eﬂﬂmﬂ?ﬁﬁﬂmﬁsMﬂ?g“cTGGGRRTGTTCTRCRTCRTHMTCHHHHGGBTTYRHMTCCI:BHC
. . 1440

ARAATTTARARCT T TARAGRGT

Fig. 2. Nucleotide sequence of the 5'upstream region of the 16S
rRNA gene of C. reinhardii as shown in fig. 1. The sequence of
the non-coding ribosomal strand is shown. The protein sequences
corresponding to the three open reading frames are indicated
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between positions 152 and 487, 465 and 112, 519 and 893. The
non-coding strand of ORF2 is also shown between nucleotides 465
and 112, Underlined sequences indicate the inverted repeat
regions (fig. 1) that participate in the stem-loop structure
shown in fig. 4. The arrows mark the start site of transcription;
regions homologous to the -10 and -35 boxes are framed.

val gene, nor does it contain any pseudo tRNA genes, as has been
reported for Euglena (20).

Three open reading frames are present in the 5'upstream
region of the chloroplast ribosomal unit of C. reinhardii
(figs. 1,2). Two of them, ORF1l and ORF3, have the same
orientation as the 16S rRNA gene and they are located between
positions 152 to 487 and 519 to 893, respectively (fig. 2). They
could possibly code for polypeptides of 111 and 124 amino acids.
A computer search for related proteins has revealed a 20% amino
acid sequence homology over a 55 amino acid stretch between the
ORF3 polypeptide and the ribosomal protein L16 of E. coli (21).
It has been shown that 5-6 out of 33 polypeptides of the large
chloroplast ribosomal subunit of C. reinhardii are synthesized
within the chloroplast (22). However the homologue of the E. coli
L16 protein has not yet been identified among the ribosomal
proteins of C. reinhardii. It remains to be explored whether the
ORF3 is indeed a ribosomal protein gene. Another possibility is
that ORF3 is a pseudogene: we have been unable to detect a
homologous transcript. The open reading frame ORF2, (position
465 to 112 in fig. 2) is oriented in the opposite direction. It
overlaps nearly all of the first open reading frame and encodes a
putative polypeptide of 117 amino acids. An open reading frame
of opposite polarity to the rRNA genes has also been found in
higher plants in the ribosomal upstream region. In mustard and
maize the homologous open reading frames, of 44 and 55 codons
respectively, share 30 equivalent codons (15). A similar open
reading frame is also present in tobacco except that the 15 amino
terminal codons are deleted. In spinach, the first 38 codons of
an open reading frame have been determined which specifies an
amino acid sequence that is different from the corresponding
maize sequence (18). Comparison of the higher plant open reading
frames with those of C. reinhardii does not reveal any signifi-
cant amino acid sequence homology. However, the hydropathic
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A+G +Sq Fig. 3. Mapping of the start site of
transcription of the ribosomal unit.

Left: Autoradiogram of A+G sequence ladder

of the 5'end-labelled coding strand of the

391 DdelI fragment that spans the 5'end of

the 16S rRNA gene (cf. fig. 1).

Right: size of the protected fragment

after hybridization with C. reinhardii RNA

and subsequent S1 nuclease digestion.
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profiles of the C. reinhardii polypeptide encoded by ORF 2

(fig. 1) and of its maize counterpart are similar, (data not
shown) . Whether this observation has any functional significance
remains an open question.

In contrast to spinach where a transcript of the ribosomal
open reading frame has been detected (18), none could be found in
C. reinhardii for ORF 1, 2 or 3. It is noteworthy that while the
chloroplast protein genes of C. reinhardii sequenced to date
(23,24,25) contain the TAA stop codon, this is not observed for
the three ribosomal open reading frames which end with TGA and
TAG. Although there is no evidence that these open reading frames
are expressed, it cannot be excluded that they are transcribed at
a very low level and/or that their transcripts are unstable.

The 5'end of the ribosomal transcript (fig. 2) was
determined by S1 nuclease digestion (fig. 3) of hybrids formed
between C. reinhardii RNA and a 5'end-labelled 391 bp Ddel
fragment (fig. 1) that spans the 5'end of the 16S rRNA gene.
Although this analysis does not allow one to discriminate between
authentic transcriptional start sites and 5' termini of processed
transcripts (26), transcription appears to start 72 bp upstream
of the 5'end of the coding sequence of the mature 16S rRNA gene.
The presumed start site is preceded by the sequences TAAATT
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. . .30 . 80
RRGCTTHGTTTﬁﬂCTRGCRTCTCQCRGHBRTGCRGTTRRqCTTGGTBCTCTTTGCTCRBTTBGﬂCCCﬂCﬂCCﬁRTCCﬁTC

. 0. 120. . 150 .
CCBARCTTGBT TETGAAAAAGC TGAGGGBAC TEBAAGAACT TTACBBBTCBCCBTCTGEARTCTCAGTTCTAGTGCTAGGE

. . 180 . . .210 . ey 24 O
TrARARRATATTTARATAATGCC TAGGARACCAARGAAGE TCCARCCTCCGT TGBAGCC TCCACTCCCCTCCCCCTACGE

-> [p——— . 270 . . . 300 .
BACATCCCCCTCCCCCTACGGGATTATTTATATARCCACCBARAGGACGTCCCCTTACGGGCARATARATTTTAGTGTGCC

. 330
AGTAGCAARRAG
ACCC
'°uUu CCA
G < UV
AA Cw

SWSX%X §28§832 Agguuuc

A
%&jﬁAG
A

W CG
cUSﬁ?ucc
UAAG
b Ca

Fig. 5. Upper: Sequence of the chloroplast 5S rRNA gene and of
its flanking regions. The 5SRNA gene is framed. The two arrows
indicate two 17bp direct repeats. Lower: Secondary structure of
the chloroplast 5S RNA. The dark lines indicate conserved regions
between C. reinhardii and E. coli 5S rRNA.

(positions 1368-1373) and TTGACA (positions 1345-1350) which
resemble the prokaryotic -10 and -35 boxes (27).

The DNA sequence shown in fig. 2 contains numerous nearly
perfect direct and inverted repeats outside of the ribosomal
coding regions. The positions of these repeats containing at
least 10 contiguous bases are indicated in fig. 1. It is possible
to combine several of these repeats into a large palindromic
structure displayed in fig. 4. Secondary structures of this sort
have been observed previously in the electron microscope in the
5' and 3' flanking regions of the 16S rRNA gene (2). An extensive
secondary structure was also observed downstream of the
chloroplast ribosomal unit (2).

In order to gain more insights into the structure of this
downstream region, its DNA sequence was established. The region
sequenced includes the gene of the chloroplast 5S RNA. RNA
sequencing was also performed on the 5S rRNA, which allowed for
precise mapping of the 5S rRNA gene boundaries. Since the RNA and
DNA sequences are consistent, it does not appear that there is
any significant sequence heterogeneity between the chloroplast
55 rRNA genes. Fig. 5 shows that the 5S RNA contains 121
nucleotides and that it can be folded into a structure similar to
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Fig. 6. Location of repeated elements in the non-coding regions
of the chloroplast inverted repeat of C. reinhardii. The 16S, 7S,
3s, 235, 55 RNA genes (2), the psbA gene (24) and the tRNAile

and tRNAala genes are indicated. Hatched areas in these genes
represent introns. ORF 1+2 (overlapping open reading frames) and
ORF3 are as shown in figs. 1,2. The different repeated elements
are labelled a to i. BR refers to the 1449bp upstream region of
the ribosomal unit (fig. 2); HR represents the 1805bp 16S-7S
spacer (Schneider and Rochaix, unpublished results), 5S indicates
the DNA region of fig. 5 and IRJ refers to the 1060bp upstream
region of psbA (Erickson and Rochaix, unpublished results). These
four regions are shown enlarged. The ends of the inverted repeat
are indicated by arrow heads. Size bars of lkb and 100bp are
given for the entire repeat and for the enlarged portions,
respectively.

that of the E. coli 55 rRNA. It can be seen that the sequences of
two of the loops are nearly identical in the 5S rRNA of C.
reinhardii and E. coli. In contrast, there is no apparent
homology between the chloroplast and cytoplasmic 55 rRNAs of C.
reinhardii (28).

A spacer of 90 bp separates the 5' end of the 5S rRNA gene
from the 3'end of the 23S rRNA gene (29). The downstream region
of the 5S rRNA gene contains repetitive sequence elements, some
of which are related to repeated motifs found in the ribosomal
promoter region (element b, fig. 6). In addition to the 5' and 3'
flanking regions of the ribosomal operon of C. reinhardii, other
non-coding regions of the inverted repeat have been sequenced.
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They include the ribosomal 16S-23S spacer region (Schneider and
Rochaix, unpublished results) and the 5'flanking region of the
psbA gene (Erickson, Rahire and Rochaix, unpublished results). A
computer search for common sequences between all of these regions
has revealed several repeated elements present either in the same
or inverted orientation. The locations of these elements (a to i)
are indicated in fig. 6. Since these sequences have homology
with the IR2, IR5, IR7 and IR9 repeats (fig. 2) they may also be
involved in the formation of secondary structures similar to that
seen in fig. 4.

Palmer (30) has shown that the chloroplast inverted repeat
of higher plants undergoes recombination which results in an
inversion in the chloroplast genome of one single copy region
relative to the other. A similar flipping mechanism has also been
observed in C. reinhardii (31,32). In this organism it has been
demonstrated that flipping still occurs in chloroplast deletion
mutants lacking either end of the inverted repeat (32). This
implies that the recombination events are not restricted to one
unique site but that they can occur in several regions of the
inverted repeat. It remains to be explored whether the repetitive
elements described here play a role in this process.
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