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Abstract The genomic region encoding the RNA subunit of the
RNase P has been characterized. mpB, which has no
homologue in chloroplasts, is flanked by two tRNA genes on the
complementary DNA strand. Transcriptional control elements of
all three genes have been experimentally determined. Compar-
ison of the sequenced region with the correspunding loci of
genomes from vascular plants suggests that major
inversions may have led to a possible loss or severe truncation of
the RNase P RNA coding region during the course of plastid
evolution,

Key words: Cyanelle; Evolution; Ribonuclease P; Promoter;
tRNAA®; (RNAHS

1. Introduction

RNase P, the ubiquitous enzyme essential for 5' end ma-
turation of tRNA, consists of essential RNA and protein sub-
units in all cases investigated to date (reviewed in [1,2]). The
data available on the subunit composition of RNase P from
chloroplasts, however, suggest that the plastid enzyme might
lack an RNA component entirely 3].

Photosynthetic organelles are thought to have evolved from
cyanobacteria-like prokaryotes living in endosymbiosis with
heterotrophic eukaryotes. One putative intermediate in plastid
evolution is the unicellular photosynthetic protist Cyanophora
paradoxa. The pigment and cell wall composition of its photo-
synthetic organelles or cyanelles resemble that of free-living
cyancbacteria, whereas the dramatically reduced size and or-
ganization of their genome is more similar to chloroplasts
[4,5). Sequence derived phylogenetic trees position the cyanelle
in a coherent group together with cyanobacteria and green
plastids [6,7); several genes that have been lost from chloro-
plast genomes early in plant evolution are present in the cya-
nelle genome. Taken together, these facts support the idea
that this organelle might be considered a remnant of an carly
stage of plastid evolution, and thus serve as a model to study
the molecular evolution of RNase P, an ancient and ubiqui-
tous RNA enzyme, in plastids of different origin.

We have recently characterized the XNase P-associated
RNA in the cyanelle of C. paradoxa [8]. Ths first description
of an RNase P RNA in a photosynthetic organelle might help
us understand the molecular events that led to the postulated
“‘reduced” form of RNase P in chloroplasts, provided that the
gene locus and possible genome rearrangements can be iden-
tified. To answer these questions, we have sequenced the re-
gion encoding cyanelle RNase P RNA. The complete rnpB
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sequence, as well as two tRNA genes located on the comple-
mentary strand, are presented. Their experimentally deter-
mined transcription start sites add substantially to the infor-
mation currently available on functionally characterized
promoters in cyanelles. The location and relative orientation
of these tRNA genes varies widely between chloroplast gen-
omes, suggesting that the entire region might have undergone
several rearrangements during plastid genome evolution.

2. Materials and methods

2.1. Cell growth, cyanelle preparation, and nucleic acid isolation

C. paradoxa strain PCC C.7201 was obtained from the Pastcur
Culture Collection and grown with aeration in Stanier's medium [4).
Preparation of cyanelles and nucleic acids was as described [8].

2.2, Oligonucleotides

The following oligonucleotides were synthesized on a Gene-assem-
bler Plus (Pharmacia) and purified on a denaturing 20% PAA gel
prior to use for sequencing or primer extension: cprp$’: cgaattcTT-
GAGGAAAGTCCGGGCTC; cprpS'-anti:. GAGCCCGGACTTT-
CCTCA; CyGSP2: GTGTTTTTCTGTGGCACTATCCTC;
CyGSP3: 8cgaattcGGAAAGTAATTAACCTTTTTTCTTTC;
CyHisl: CTGCCTTAACCACTTGGC; CyHis2: gcgaattcTAAG-
TATTTATGGCGATCGTAG; CyArgl: GTGCTCTAGTCCACT-
GAGC (sequences in lower case indicate restriction sites introduced
for cloning purposes). Labelling at the S'-end with T4 PNK and
[+*PJATP was performed as described [9), and oligonucleotides
were separated from unincorporated radioactivity by chromatography
on Nucleobond AX columns (Macherey-Nagel).

2.3. Cloning and sequencing procedures

Recombinant DNA manipulations were performed as described [9).
A library of EcoRI-HindIIl digested cyanel.e DNA constructed in
pUCI9 was screened by colony hybridizaticn with CyGSP2 as a
probe; a 510 bp Dral subclone was derived irom the initial 4.3 kb
insert of pCyEH4.3 to facilitate sequencing (se¢ Fig. 1). The specific
primers cprp5'-anti, Cy-GSP3, CyHisl, CyHis2, CyArgl and the com-
mercial universal primers (forward “—40" and reverse) were used
together with the Sequenase 2.0 kit (United States Biochemical) to
determine the contiguous sequence of both strands.

The University of Wisconsin GCG program package (Version 8)
was used for data analysis. Homology searches were performed with
the programs FASTA or BESTFIT.

2.4, Primer extension analysis

5 ug total cyanclle RNA were annealed to 310° cpm 5'-labelled
CyArgl or cprp5’-anti, or to 1 pmol unlabelled CyHisl in a total
volume of 6 ul. After denaturation for 10 min at 85°C, hybridization
proceeded for 4 h at 37°C in a buffer consisting of 20 mM HEPES pH
8, 1 mM NaEDTA and 400 mM NaCl. After cthano! precipitation,
samples were redissolved in 19 pl RT-Mix (1 X AMV reaction buffer,
0.5 mM dNTP, and § uCi [a-"P|dATP in the case of CyHisl), sup-
plemented with 12 U AMV-RT (Promega), and incubated for 2 h at
42°C., Reactions were terminated by phenol extraction, precipitated,
dissoived in sequencing gel loading buffer and analysed by electro-
phoresis on 6% or 15% PAA gels. In adjacent lanes, sequencing reac-
tions performed with pCyEH4.3 and the appropriate primers were
loaded to determine the exact length of the extension products.
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Fig. 1. Sequence of the trnH-rnpB-trnR region of the cyanelle genome. Nucleotides present in mature RNAs are in capitals, noncoding regions
in lower case; the tRNA genes transcribed from the complementary strand are in italics. The respective gene names and direction of transcrip-
tion are indicated close to the 5' ends. Transcription initiation sites are marked by asterisks, and putative promoter elements are underlined
(CyRP RNA) or identified by dotted lines (t(RNAs). Inveried repeats are drawn as solid black arrows pointing towards their respective axis of
symmetry. The Dral restriction sites used for subcloning are marked by small vertical arrowheads.

3. Results strand in Fig. 1). The 5' end of the RNA seems to be hetero-
genous, as deduced from primer extension (Fig. 3A): a cluster
3.1. The gene for cyanelle RNase P RNA of bands is visible between positions 204 to 209, the strongest

Cyanelle rnpB is colinear with the RNase P RNA [8]; the being Uggs. Sequence determination of the RNA 5’ terminus
coding region extends from position 206 to 554 (the top by RACE supports the adjacent Ayjs as the predominant

Table |

Functional promoters in the Cyanophora paradoxa cyanelle

Gene —35 box —10 box Reference

peyA TTGTAA —-23— TATAAA —5— 122)

pcyA ttgata -3 - TATAAA

apcA TTCATA — 18— TATTAT —6— [22]

apcA ttgaac —31 - TATTAT

msl2 TTGACA — 18— TATAGT -7 (23]

mpB TTGATA —16 — TATAAC — 507— This study

trnH TTGTTA — 18 — TATCAA —-7- This study
— 14 — tatcta - 11— This study

trnR TTGATT ~ 18 — TATACT - 10 — This study

Only promoters deduced from experimental evidence (primer extension, nuclease protection) are included. Sequences in lower case relate to
elements that, although they conform to prokaryote-type consensus sequences, are thought to be nonfunctional in cyanelles because of inap-
propriate spacing. The two “—10” boxes possible for trnH are marked by a contiguous line in Fig. 1.
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Fig. 2. Similarity of the two tRNAs to corresponding chloroplast
genes. (A) tRNAM®: the cyanelle sequence was compared to trnH
l’mm‘chlorophsts of mono- and dicotyledoneous plants (standard
lettering), Pinus (circled), Marchantia (triangles), and Euglena (ita-
lics). (B) tRNAA(ACG) was compared to the corresponding chlor-
oplast genes from Marchantia (bold), Chiarella (italics), Chlamydo-
monas (circled), Cyanidium (triangles), Euglena (squares), and the
tRNA sequence from Codium (underlined). The cyanelle tRNAs are
tepresented as their unmodified transcripts.

mature 5' end (datz not shown). The analysis also reveals
longer transcripts starting around position 195. The closest
prokaryote-type transcriptional control elements are a “—10
box” at nucleotide 135 and a “—35 box” at position 113
(Table 1). They are, however, separated by 50 bp from the
proposed transcription start site. An inverted repeat of un-
known function is located between this putative promoter
region and the transcription start site. The 3’ end of rnpB is
defined by a stretch of T residues, which are part of a possible
stemloop structure,
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3.2. The gene for tRNAMS

trnH is located on the DNA strand complementary to
mpB, between positions 75 and 1 (Fig. 1). If compared to
the known chloroplast genes for tRNAHS, a number of differ-
ences are evident (Fig. 2A): two striking peculiarities are the
presence of a U-U “pair” in the acceptor stem and of Gy;,
which is A in all other cases [10]. The expression of trnH was
verified by primer extension. The 5’ end of the mature tRNA
is located at Gy; (Fig. 3B), giving rise to an 8 bp acceptor
stem as found in all tRNAH® species. Longer transcripts start
around A,g;, downstream from a promoter present at nucleo-
tides 113 (or 117) to 137 (—10 and —35 element, respectively;
see Table 1). Similar to the rnpB gene, a stemloop structure
may form between promoter and coding region; in the case of
trnH, the transcription start site is located within the up-
stream half of the stem. Transcription termination likely oc-
curs within a stretch of Ts immediately downstream of the
trnH coding region (not included in Fig. 1).

3.3. The gene for tRNANS(ACG)

The structural gene extends from position 642 to 568 (Fig.
1) on the same strand as trnH. trnR differs at several positions
from the corresponding plastid sequences, with the highest
similarity to the gene from the red alga Cyanidium (Fig.
2B). The most peculiar feature of the cyanelle gene, two con-
secutive U-U “pairs” in the acceptor stem, is shared only by
that sequence; in all chloroplast genes, the base pair 5-68 is a
standard Watson-Crick or wobble pair [10]. Transcription in-
itiates at Ggso (Fig. 3C); possible “—10” and “~35" elements
are found at positions 663 and 687, respectively. The 3’ end of
the tRNAA™ coding region is in close proximity to the end of
RNase P RNA; a stem-loop structure may thus also be
formed by the tRNAA' primary transcript.

4. Discussion

4.1. Structure and localization of the gene locus coding for
cyanelle RNase P RNA: implications for the evolution
of plastid RNase P

Chloroplasts are the only organelles where the composition
of RNase P from both an RNA and a protein subunit is still
controversial [3,11}. Cyanobacteria, the closest living relatives
of the bacterial ancestors of plastids, contain RNase P RNAs
which are similar to those of other bacteria and exhibit ribo-
zyme activity in vitro [12-14]. RNase P from Cyanophora
paradoxa cyanelles contains an RNA component resembling
the cyanobacterial counterparts; however, it deviates from a
proposed consensus sequence at several conserved positions, is
not catalytically active on its own, and may thus represent an
ancient intermediate in plastid RNase P evolution [8]. As no
longer sequence homologies to rnpB can be identified in chlor-
oplast genomes [15], we have addressed the question of molec-
ular events that might have led to a loss of the rnpB gene
during evolution of plastids, by determining the sequence and
genomic position of cyanelle mpB and comparison to se-
quenced chloroplast genomes. The cyanelle RNase P RNA
gene is flanked, on the complementary DNA strand, by the
single gene for tRNAM® about 150 bp upstream of the rnpB
coding region, and the tRNAA®.ACG gene immediately
downstream thereof (Fig. 1). Hybridization studies had loca-
lized rmpB on restriction fragments that had previously been
shown to hybridize to tRNAM® and tRNAA® ([8,16], and
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unpublished data). Cyanelle RNase P RNA and the flanking
tRNA genes thus reside between 37.7 and 40.4 kbp on the
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Fig. 3. Determination of transcription start sites for rnpB (panel A),
trnH (B), and trnR (C). Sequencing reactions used as size standards
are identifizd by their specificities (GATC); the RNA sequence cor-
responding to the end of the transcript is given adjacent to the lane
containing the primer extension product. Positions of mature RNA
ends (m) and transcription start sites (s) are indicated. The signals
relating to trnH and trnR appear slightly shifted relative to the se-
quencing reactions due to uneven heat distribution in the gel.
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genomic map, a region that also contains the petB and petD
genes, as concluded from hybridization data [5,17).

Comparison of the relative orientation and mup position of
these cyanelle genes to the location of the corresponding
tRNA genes and the petB-petD operons on chloroplast gen-
omes of most vascular plants reveals a striking variability
([18-21]; Fig. 4): whereas trnR(ACG) is close to the gene
for 5s rRNA within the IR region and thus present in dupli-
cate on the chloroplast genomes cxamined, tRNAHS is en-
coded in the ceniral part of the LSC, close to the gene for
psbA, in the liverwort Marchantia. In Nicotiana, psbA and
trnH have moved — possibly by an inversion — close to the
border of IR,; in monocots, trnH is incorporated into the
repeat unit, whereas psbA has remained outside the border of
IRA. The petB-petD operons have retained their position re-
lative to IR regions in all chloroplast genomes; psbA, which is
close to trnH in chloroplasts, is located almost 50 kbp away
on the LSC region in cyanelles. Thus, we must assume several
major recombination events after the divergence [7] of ances-
tral cyanelles and chloroplasts, which finally led to the appar-
ent loss in chloroplasts of an essential RNA gene that is well
preserved in cyanelles.

'
4.2. Transcription start sites and the identification of p-omoter
and terminator elements

Transcript analysis of RNase P RNA yields, in addition to
the predominant mature 5° end, several weaker signals be-
tween Tigo and Aje; (Fig. 3A). However, no “prokaryote-
type” promoter sequences are in close proximity: the nearest
elements resembling transcriptional control sites are located
between positions 135 and 113 ([22,23]; Table 1). As the dis-
tance of this possible promoter from the 5’ end of the detected
transcripts is about 50 nucleotides, it can not be cecided at
present whether these signals correspond to primary tran-
scripts or to processed, longer variants of RNase P RNA. A
similarly pronounced heterogeneity of RNA 5’ ends has becn
described before in RNase P from yeasts [24,25). Transcrip-
tion termination of rnpB likely occurs within a run of uridines
contained within a stemloop, a structure frequently described
near the end of cyanelle genes and thought to function as a
transcription terminator [26,27).

trnH and trnR(ACG) are quite similar to the corresponding
sequences from other plastids (Fig. 2). Strikingly, both genes
lead to tRNAs with U-U mismatches in the acceptor stem, at
positions where most of the other genes contain Watson-Crick
or wobble base pairs. Interestingly, the sequence from the
green alga Codium, the only sequence determined on the
tRNA level, possesses a completely paired acceptor stem
[28]. Considering the strict requirements known to rule
tRNA recognition, it is tempting to speculate whether those
mismatched acceptor stems are “repaired” by editing, a pro-
cess that has been described for plant mitochondria and chlor-
oplasts, but seems to be confined to mRNAs in the latter [21].
In mitochondria, however, tRNA editing has frequently been
found to restore base pairing [29,30). Alternatively, the
tRNAs might be modified at the corresponding positions to
pseudouridine “pairs”, a feature that has been described in
the anticodon stem of eukaryotic tRNAM [10] and seems to
contribute to the stability of helical structures.

The promoters governing expression of the two tRNAs
have been deduced from the transcriptional start sites (Fig.
3B,C). For tmR, the —10/—35 boxes conform to elements
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Fig. 4. Genomic localization of trnR(ACG), trnH, and mpB on the
cyanelle and comparison to chloroplast genomes. The cyanelle gen-
ome (Cyano) is compared to chloroplast genomes of Marchantia
(Mpo), Nicotiana (Tob), and rice. IR regions are drawn as boxes,
rRNA operons as black bars. Genomes are aligned such that the
junction between IR and LSC is at the same position (marked by
an arrow), Transcription is from left to right for the genes written
above, and from right to left for those below the line representing
the chromosome which has been trur. ated within LSC (dotted line)
to accomodate the different genome sizes, The orientation of the
trnH-rnpB-tmR region and of petB-petD relative to the genome
has been chosen arbitrarily. Gene abbreviations are: A (psbA), B-D
(petB-petD), H (trnH), R (tmR), mpB.

determined in previous studies, in both sequence and spacing
([22,23); Table 1). The tRNAH® gene allows for some ambi-
guity in the exact position of the —10 eiement: it may be
located at nucleotide 117 or 113, the latter option being in
better agreement with the spacing found in other cases (Table
1). Interestingly, this position overlaps significantly with the
promoter postulated for rnpB.

The proximity of trnR and rnpB 3’ ends implies that tran-
scription possibly continues into the complementary strand of
the rnpB coding region. Convergent transcription has been
described for protein coding genes of the cyanelle [26,27)
and seems to be widespread in the cyanelle genome. As the
arailable data on gene expression in cyanelles are restricted to
a few protein genes, our characterization of the trnH-rnpB-
trnR region renders it unique as the only known structural
RNA genes that are convergently transcribed. The experimen-
tal data leading to the identification of sequence elements for
transcriptional control of RNA genes substantially increase
our yet scarce knowledge on functionally determined promo-
ters in these photosynthetic organelles.
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