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Summary. The site of initiation of chloroplast rRNA
synthesis was determined by S1-mapping and by se-
quencing primary rRNA transcripts specifically labeled
at their 5'-end. Transcription initiates at a single site 53
nucleotides upstream of the 5'-end of the mature 16S
rRNA under all growth conditions examined. The initia-
tion site is within a DNA sequence that is highly homol-
ogous to and probably derived from a tRNA gene-
region located elsewhere in the chloroplast genome. A
nearly identical sequence (102 of 103 nucleotides) is
present near the replication origin. The near identity of
the two sequences suggests a common mode for con-
trol of transcription of the rRNA genes and initiation
of chloroplast DNA replication. The related sequence
in the tRNA gene-region does not appear to serve as a
transcript initiation site.
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Introduction

The genes of the rrn operons, which encode the ribo-
somal RNAs (rRNAs), play a fundamental role in the
growth of all organisms. Expression of these genes is
regulated by a variety of control mechanisms. Control
elements that have been identified in the mn operons
of Escherichia coli include two differently regulated
promoters, antitermination sequences, and sequences
that enhance transcript initiation (Morgan 1986; Nomu-
ra et al. 1984; Lindahl and Zengal 1986; Jinks-Robert-
son and Nomura 1987). These elements respond to the
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nutritional state of the cell so as to increase the rate
of mn gene expression exponentially with growth rate
(Gausing 1977). Chloroplast rRNA genes show marked
structural similarities to prokaryotic rn genes from
which they are thought to have originated (Gray 1983;
Palmer 1985), but relatively little is known about the
control of their expression. The chloroplast genomes of
the alga Euglena gracilis strain B (bacillaris) and Z each
contain three complete and one incomplete »n operons
arranged in tandem (Koller and Delius 1982b; Koller et
al. 1984). Like three of the seven E. coli rrm operons
and the mn operons of higher plants, the complete
operons contain (in order of transcription) genes for 16S
rRNA, tRNAI'® tRNAAIZ 23S rRNA, and 5S rRNA
(Fig. 1). The incomplete r7n operon retains complete
16S and 5S rRNA genes, but the middle has been
replaced by a sequence containing an open reading
frame (Roux and Stutz 1985) that is cotranscribed
with the 16S gene (Koller et al. 1988). Though the se-
quences of the chloroplast IRNA genes of Euglena are
very similar to those in the chloroplasts of other algae
and plants (El-Gewely et al. 1984; Graf et al. 1982;
Rochaix and Darlix 1982; Ohyama et al. 1986; Shino-
zaki et al. 1986), the sequence of the rrn leader region
is not (El-Gewely et al. 1984). The leader regions of the
Euglena chloroplast rrn operons contain a 305 base-
pair sequence that is similar to regions elsewhere in the
chloroplast genome that encode tRNA genes, suggesting
that these leader regions evolved from structural genes
(El-Gewely et al. 1984; Orozco et al. 1980). However,
the leader region has diverged sufficiently that it is un-
likely to encode any tRNAs, and it has been proposed
to have a regulatory role in rrn operon transcription.
Confirmation that the mn leader has evolved from a
structural to a regulatory sequence requires a demon-
stration that rrm transcription initiates within or is
otherwise controlled by that sequence. We have deter-
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Fig. 1. The arrangement of the mn operons in the B and Z
strains of Euglena gracilis (Koller and Delius 1982b; Koller et al.
1984). The complete operons are substantially identical except
for a 292 base pair deletion in the leader region of the rrnB
operon of the B strain. (El-Gewely et al. 1984; Graf et al. 1982;
Orozco et al. 1980; Roux and Stutz 1985). The incomplete
operon contains complete 16S and 5S rRNA genes but part of
the 23S gene and the two tRNA genes have been replaced by
sequences derived in part from the region between the »n
operons and in part from an unknown origin (Koller and Delius
1982b; Koller et al. 1984; Roux and Stutz 1985; El-Gewely et
al. 1984). The Z-region is a polymorphic region containing a
variable number of a 54 bp repeated sequence (Schlunegger
and Stutz 1984). The bidirectional origin of replication is
within or immediately to the right of the Z-region, although
its exact position has not been pinpointed (Koller and Delius
1982a; Ravel-Chapius et al. 1982) and the sequence across the
origin has been determined (Schlunegger and Stutz 1984). P
denotes a 103 bp sequence found upstream of all four 16S
genes and adjacent to the Z-region. The arrow denotes the
origin and direction of transcription

mined the origin of rrn transcription under different
growth conditions and find it to be a single site within
the evolved leader region and within a sequence also
found both upstream of the incomplete 77n operon and
near the replication origin of the chloroplast DNA.

Materials and methods

Growth conditions. Cultures were grown in Hutner’s acidic
organotrophic medium modified to contain 0.02 ug/ml Vitamin
Bqq (Schiff et al. 1971). Four liters of medium in a 5 1 flat
sided Pyrex bottle were inoculated with 50 ml of a fully grown
200 ml culture of E. gracilis bacillaris and grown 4--7 days with
aeration at 27—29 °C. Light-grown cultures were exposed to con-
tinuous light from four 20 W fluorescent bulbs placed 10—-15 cm
away. Dark-grown cultures were wrapped in foil and kept in a
darkened room. In order to enhance the recovery of unprocessed
rRNA, and possibly perturb the regulation of the rrn operon
some cultures were treated with d(—)threo-chloramphenicol
(CAM) or cycloheximide (CHI) priortoharvesting. Treatment with
chloramphenicol inhibits translation on plastid ribosomes and in-
creases the yield of unprocessed or partially processed rRNA from
the chloroplasts of Spirodela oligorhiza and spinach (Hartley and
Head 1979; Keus et al. 1984). Cycloheximide used at low con-
centration has been shown to increase the amount of rRNA in
Euglena chloroplasts (Heizmann 1974). Cultures treated with
CAM or CHI were first grown as single 4 1 cultures to late log
phase, split into two 2 1 cultures each diluted with an additional
1 1 of media containing sufficient antibiotic to give a final con-
centration of 2 mg/ml CAM or 1 ug/ml CHI, grown for an ad-
ditional 12 h and harvested. Growth was monitored daily by

counting heat-killed cells in a hemocytometer and by measuring
chlorophyll concentration as described (Arnon 1949). Cell cul-
tures were harvested during late log phase.

Preparation of total cell RNA. The cells were harvested by
centrifugation at 5,000 rpm for 1 min at 4 °C in a Sorvall GSA
rotor. The pellets were combined into one 250 ml bottle and
washed with cold buffer I (0.33 M sorbitol, 0.05 M fris-hy-
droxymethylamino methane (TRIS; pH 7.5)), lysed with 3 vol./
gm wet wt. of lysis buffer (0.25 M NaCl, 0.1 M EDTA, 0.05 M
TRIS (pH 7.5), 0.1 M g-mercaptoethanol, 4 M guanidine iso-
thiocyanate, 2% Triton X-100, 2% Sarcosyl), extracted 3 times
at room temperature with phenol/Sevag (1:1) (Sevag = chloro-
form:isoamylalcohol [24:1]) and 3 times with Sevag. The
nucleic acids were ethanol-precipitated, washed with 70%
ethanol, dried with vacuum and dissolved in 0.1 x SSC (S8C =
15 mM NaCl, 1.5 mM sodium citrate). RNA was separated from
DNA by two precipitations from 2 M LiCl at 4 °C for 4-12 h
(Baltimore 1966). The purified RNA was washed with 70%
and 95% ethanol, dissolved in 0.1 x SSC and precipitated with
1/10 vol. 7.5 M ammonium acetate, 2 vol. 95% ethanol, and
stored at —70 °C. RNA prepared in this way will be referred to
as total RNA. Lightgrown total RNA will refer to RNA from
untreated cells, dark-grown total RNA to RNA from cells
grown in the datk, CAM- or CHi-treated total RNA to RNA
from light-grown cells treated with CAM or CHI.

Preparation of rRNA from chloroplast ribosomes. Chloroplast
ribosomes were prepared as described (Graves et al. 1980). The
ribosomal proteins were removed by extraction twice with hot
phenol/Sevag and twice with Sevag and the rRNA was precipi-
tated with 0.3 M sodium acetate, 2 vol. 95% ethanol and stored
at ~70 °C.

Preparation of plasmid DNA. DNA fragments were prepared
from plasmids pRH026 and pRH022 which contain, respec-
tively, the #rnA and mnB operons (Fig. 1) cloned into the
BamH1 site of pBR322 (Helling et al. 1979). The DNA frag-
ments used for S1 experiments were: a 979 bp Aval to Bglll
fragment and a 1,359 bp BamH1 to Bglll fragment, both 5'-end-
labeled at a BglII site 185 nucleotides inside the 16S gene. Large
and small scale plasmid DNA preparations were performed as
described (El-Gewely and Helling 1980; Maniatis et al. 1982).
Restriction enzymes and nucleic acid modifying enzymes were
obtained from Bethesda Research Laboratories (BRL), Boehrin-
ger Mannheim Biochemicals (BMB), International Biochemicals
Inc. (New Haven, Conn.) and New England Biolabs (Beverly,
Mass.) and used according to manufacturer’s directions.

5'-end labeling of DNA. Ten to fifty ug of plasmid pRH026 or
pRHO22 were cut to completion with the restriction endonu-
clease Bglll. The mixture of DNA fragments was treated with
calf intestinal phosphatase and labeled with [7—32P]ATP and T4
polynucleotide kinase as described (Maniatis et al. 1982). The
labeled DNA fragments were then cut with either BamHI or
Aval restriction endonuclease. The end-labeled DNA fragments
were separated by electrophoresis through an agarose gel and the
appropriate fragment was collected either by electroelution into
a dialysis membrane (Girvitz et al. 1980) or by extraction from
low melting temperature agarose (Weislander 1979).

In vitro capping of RNA. Each reaction contained 50 to 200
ug Euglena RNA, 50 mM TRIS-HCl (pH 8.0), 2 mM MgCl,,
5 mM dithiothreitol, 6 mM KCI, 3 to 6 uM [«-32P]JGTP (>
3,000 Ci/mM), 5 units guanylyltransferase (BRL) in a total of



50 ul. The reaction mixture was incubated at 37 °C for 1 h,
stopped with 5 ul of 0.5 M EDTA, adjusted to 100 ul with STE
buffer (0.1 M NaCl, 0.01 M TRIS [pH 7.5] and 1 mM EDTA),
extracted once with phenol/Sevag (1:1), and passed through a
Sephadex G-50 spun column equilibrated with STE buffer (Man-
iatis et al. 1982). The capped RNA was frozen and stored at
~70 °C until use.

Preparation and hybridization of southern blots using capped
RNA. Restriction fragments were separated by electrophoresis
through a 1% agarose gel containing 0.5 ug/ml ethidium bro-
mide (Maniatis et al. 1982). The DNA was transferred to a Gene
Screen Plus membrane (Dupont, Wilmington, Del.) by capillary ac-
tion using 10 x SSC (Southern 1975). The membrane was dried
and preincubated in hybridization buffer (1 M NaCl, 1% sodium
dodecylsulfate (SDS), 10% dextran sulfate) for 6 h at 60°C. Suf-
ficient salmon sperm DNA in 5 ml hybridization buffer to give a
final concentration of 200 ug/ml when added to the prehybridiza-
tion mixture was denatured by boiling for 10 min. Capped,
light-grown total RNA (approximately 4 x 108 cpm) was added
to the denatured DNA and immediately mixed with the mem-
brane and hybridization mixture. Hybridization was carried out
at 60 °C for 12—16 h. The membrane was washed 2 x 15 min.
in 2 x SSC with 1 ug/ml RNase A (Sigma, St. Louis, Mo.) at room
temperature, 2 x 30 min. in 2xSSC, 1% SDS at 60°C and 2 x 30
min in 0.1 x SSC at 60 °C. The membrane was air-dried and
the hybridization bands visualized by autoradiography with
Kodak XAR-5 film and Cronex intensifying screens (Dupont)
at —70 °C.

S1-mapping. 20 to 50 ug of [¢-32P]GTP-capped RNA (1-5 x
108 cpm Cerenkov) or unlabeled RNA and 0.05 to 0.5 ug of
unlabeled or 5'-end-labeled (5—10 x 103 cpm Cerenkov) DNA
were combined and ethanol-precipitated with 30 ug of yeast
tRNA (BMB) as carrier. The precipitated nucleic acids were
washed with 70% ethanol, dried under vacuum, and dissolved
in 10 ul of hybridization buffer (0.04 M PIPES buffer (Sigma),
0.4 M NaCl, 0.001 M EDTA, 80% formamide, pH 6.4) (Berk
and Sharp 1977). The mixture was denatured by heating at
80 °C for 20 min and hybridization was carried out at 40 °C
for 3 h. Ninety ul cold S1 buffer (0.28 M NaCl, 0.05 M sodium
acetate, 4.5 mM ZnSOy, pH 6.4, 20 ug/ml salmon sperm DNA,
Sigma) was added to each tube, 150 units S1 nuclease (BRL)
was added to tubes containing capped RNA and 300 units S1
was added to tubes containing labeled DNA and unlabeled
RNA. All tubes were incubated for 1 h at 30 °C. Reactions
were stopped with 50 ul of 4 M ammonium acetate-0.1 M
EDTA, extracted with phenol/Sevag (1:1) and precipitated
with ethanol and 30 ug carrier tRNA. The reaction mixtures
were washed and dried as above, dissolved in 10—15 ul of load-
ing buffer (80% formamide, 50 mM TRIS-borate [pH 8.0] 1
mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue),
denatured at 90 °C for 1 min, subjected to electrophoresis
through a 6% polyacrylamide-7 M urea gel in TRIS-borate buf-
fer (Maniatis et al. 1982), and visualized by autoradiography.
Size standards were prepared by subjecting 105 cpm of the end-
labeled DNA to A+G chemical cleavage reactions (Maxam and
Gilbert 1980).

S'-end sequencing of capped RNA. After hybridization with
complementary DNA, treatment with S1 nuclease, and elec-
trophoresis through a denaturing polyacrylamide gel (Fig. 4
lane g), the (a-32P)GTP—capped RNA was removed from the
gel by diffusion into water and precipitated with ethanol. Ali-
quots were subjected to sequence analysis as described (Boguski
et al. 1980; Donis-Keller et al. 1977; Donis-Keller 1980). Reac-
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tion products were separated ona denaturing 20% polyacrylamide
gel and visualized by autoradiography.

Results

Identification of primary RNA transcripts
by invitro capping

In order to identify the 5'-end(s) of chloroplast primary
transcripts, Fuglena RNA preparations were “‘capped”
in vitro using [a-3*P]GTP and guanylyltransferase.
Guanylyltransferase labels triphosphate 5'-ends and not
monophosphate ends as found on processed RNAs
(Moss 1981). The 5'-end-labeled RNA produced by this
enzyme was then hybridized to rrn DNA on southern
blots and used in nuclease S1 mapping experiments
with labeled and unlabeled DNA from the rrn leader
region.

Figure 2 shows the electrophoretic profiles of RNA
preparations capped in vitro after purification from
organisms grown under different conditions. Numerous
RNA bands ranging in size from over 2,000 nucleotides
to fewer than 50 can be seen. Most of the prominent
bands were also seen using capped RNA from isolated
chloroplasts (indicated by stars). However, most did not
appear to be products of the r#n operons. Northern blot
hybridization using labelled rrn DNA revealed that the
chloroplast rru-specific transcripts were 1,500 nucleo-
tides or larger, corresponding to the mature rRNAs
and their precursors (not shown). However, rrr-specific
transcripts smaller than about 200 nucleotides would
not have been observed in those experiments.

We have not pursued the identities of the non-rrn
transcripts, but it is worthwhile noting that several such
RNAs appear to be developmentally regulated (Fig. 2).
A band at 125 nucleotides was prominent using total
RNA from light grown organisms (Fig. 2, lanes b, d, e),
but was reduced greatly with dark-grown total RNA
(Fig. 2, lane ¢) and appeared to be absent using RNA
from isolated chloroplasts (not shown). Other bands of
approximately 150 and 190 nucleotides were more
intense using dark-grown total RNA (Fig. 2, lane ¢)
than using light-grown RNA (Fig. 2, lanes b, d, ¢), and
also appeared to be absent using RNA from isolated
chloroplasts.

In all cases RNAs with triphosphate 5'-ends available
for capping were increased in the presence of the drugs.
A reasonable explanation for the increased number of
cappable ends is that both drugs inhibit normal process-
ing and degradation of RNA. Some new bands were
seen in the drug-treated preparations (Fig. 2). These
may represent normally unseen RNA processing inter-
mediates.

In order to determine whether some of the cappable
RNAs originated from the rru region, [a-”P]GTP-cap-
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Fig. 2. In vitro capping of RNA. Autoradiogram of [e->2P]GTP-
capped RNA electrophoresed through a 6% polyacrylamide gel.
Lanes contained a) 5'-end-labeled X174 Hincll size standards;
b) 6 ug light-grown CHI-treated total RNA; c) 6 ug dark-grown
total RNA; d) 6 ug CAM-treated total RNA; e) 6 ug CHI-treated
total RNA; f) 5'-end-labeled $X174 Hincll size standards. The
stars indicate bands containing chloroplast RNA as shown by
comparison to [u—”]GTP—capped RNA from isolated chloro-
plasts (not shown). The arrow designates a transcript prominent
in light-grown organisms, but rare in dark-grown cells and not
seen in RNA from isolated chloroplasts

ped RNA was hybridized with restriction fragments
from the rrn operons. Figure 3b shows an ethidium
bromide stained agarose gel of the separated DNA frag-
ments, and the corresponding autoradiograph after blott-
ing and hybridization. In all four lanes the hybridizing
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Fig. 3A, B. rra-specific transcripts can be capped in vitro. A A
restriction map of the chloroplast DNA from the rrnd (pRH026)
and rrnB (pRHO022) operons cloned into the BamHI1 site of
pBR322, A= Aval, B=BamH1, Bgl=Bglll, E =EcoR1, and
H = HindIIl. The only segment common to all four hybridizing
bands shown in Fig. 3B is depicted between the maps for rrn4
and #rnB, and corresponds to the DNA between the Bgl site in
the 16S rRNA gene and the nearest Eco site. B Hybridization
of capped light-grown total RNA with cloned mnd or rmB
chloroplast DNA. Lanes 1-4 are from an ethidium bromide
stained 1% agarose gel containing /, a 1,359 bp BamH]1 to BgllI
fragment from pRHO026 containing the entire r7nd leader region;
2, pRH026 digested with HindIll; 3, pRH026 digested with
Aval; 4, pRH022 digested with EcoR1l. Lanes 5—8 are from
an autoradiogram of a southern blot of the same gel as lanes 1—4
using [@-321GTP-capped light-grown total RNA as probe

band includes the leader segment 5" to the 16S rRNA
gene (Fig. 3A). We conclude that the RNA preparations
contained rrm-specific transcripts with the original 5
end still intact.

S1-mapping of 5'-RNA termini

The initiation point of rrm transcription was determined
by using S1 nuclease-mapping. S1-mapping involves
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Fig. 4. Determination of the §'-end of the 168 1RNA and of the
initiation point for transcription of the rrn operon. The auto-
radiograms show bands of labeled RNA or r7nA DNA that were
protected from Sl-nuclease digestion by hybridization and
sized on polyacrylamide gels. Experiments with results shown
in lanesa—f, h, i, I, m used 5'-end labeled DNA as hybridiza-
tion probe. [a-32P]GTP—capped RNA was used as probe in the
experiments with results shown in lanes f, g, 1, j and k. Lanes a
through n represent the following: 4, control without RNA; b,
control with 1 ug mature tRNA but lacking Sl-nuclease; ¢,
complete reaction mixture with 1 ug mature chloroplast tRNA; d,
complete reaction mixture with 1 ug total cell RNA; e, size
standards resulting from a Maxam and Gilbert (A + G) reaction
of the Aval-Bglll probe; f, complete reaction mixture using
20 ug capped total cell RNA, DNA probe, and 50 ng unlabeled
Aval-Bglll DNA; g, complete reaction mixture using 20 ug cap-
ped total cell RNA and 50 ng unlabeled Aval-Bglll DNA; %, same
as lane e; i, control with 20 ug capped total cell RNA, DNA
probe, and no S1;; control with 20 ug capped total cell RNA,
50 ng unlabeled DNA, no S1; &, control with 20 ug capped total
cell RNA and no DNA; I, control with DNA probe, 1 ug total
cell RNA, no S1; m, control with DNA probe and no RNA; n,
empty lane. Position numbers refer to the S1 bands and not to
the corresponding band in the sequence ladder. A 1-1.5 bp
downshift of the most intense S1 band is required to align it
with the correct DNA sequence (Green and Roeder 1980).
This can be seen in lanes d and e where a 1.5 base shift aligns the
+1 band with a TG corresponding to a UG known to be at the
5' end of the 165 RNA (see text). Bands at both positions +6
and +7 may be seen, but usually the +6 band is less prominent.
Oligonucleotide analysis has shown that the +7 band but not the
+6 band could correspond to a mature RNA end (see text).
The band at position +12 in lanese and i is the result of a
single strand nicking activity associated with digestion by Aval
during preparation of the DNA probe. The bands at about —9
in lane f are seen occasionally and are the result of partial S1-
digestion through an AT-rich region of a longer RNA:DNA
hybrid. Long exposure revealed no additional bands in lane g.
Control lanes showed bands high up in the gel, as expected, cor-
responding to hybridization of complementary DNA strands,
and, in the absence of S1 nuclease, of large labelled DNA and
RNA molecules
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hybridizing the RNA of interest to a homologous DNA
segment and determining the extent to which the DNA
or RNA is protected from degradation by a single-strand-
specific nuclease such as S1 (Berk and Sharp 1977). A
DNA fragment extending from nucleotide +185 (Bglll
site) in the 16S rrnA rRNA gene to nucleotide —794
(Aval site) in the r7n4 leader, and end-labeled with 32P
at the Bglll site was hybridized with RNA. After treat-
ment with nuclease S1 the protected DNA fragments
were sized by electrophoresis through a polyacrylamide
gel (Fig. 4).

Several bands may be seen (lanes c, d). The 5'-end of
the 165 rRNA had been predicted from the DNA se-
quence (Graf et al. 1982; El-Gewely et al. 1984) and cor-
responds to the position labeled +1. The band at +1 ap-
pears following hybridization with both total light grown
RNA and with rRNA from purified chloroplast ribosomes
(Fig. 4, lanes ¢, d). An additional band corresponding to
an RNA with a 5'-end at position +7 was invariably seen
even when different RNA preparations and different
conditions of hybridization and S1-digestion were used.
Both the +1 and +7 positions are consistent with the
results of other experiments that identified the 5'-end
as beginning with a UG (Zablen et al. 1975; see sequence
in Fig. 6). The DNA sequences of this region in the three
complete and one incomplete operons are nearly identi-
cal (El-Gewely et al. 1984; Graf et al. 1982; Roux et
al. 1983) so the two bands are unlikely to represent the
products of different DNA sequences. We conclude that
the +1 position is the 5'-end of the 16S rRNA. The +7
band probably results from Sl-digestion of an RNA-
DNA hybrid either poorly paired due to the AT-rich
region near the 16S end, or improperly paired due to
localized self-pairing of the DNA or RNA, and is un-
likely to correspond to the terminus of an RNA found
in vivo. However, the possibility that there are two
populations of 168 rRNA with different 5'-ends cannot
be ruled out.

When S1 mapping was done with total RNA an ad-
ditional band corresponding to a transcript with a 5'-
end at position 53 was observed (lane d; see also Fig.
5 for proof that the band corresponds exactly to —53).
Similar bands were observed with RNA extracted from
purified chloroplasts and with total RNA from CHI-,
CAM-treated and dark grown cells (not shown). No
band corresponding to position —53 was observed with
tRNA from chloroplast ribosomes (lane ¢). No addi-
tional bands corresponding to RNAs extending further
upstream were observed. We conclude that a transcript
extends from position —53 into the sequence found in
the mature 16S rRNA and is presumably a precursor to
the 16S rRNA. However, it remained possible that the
RNA beginning at —53 was derived from a longer origi-
nal transcript.
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Fig. 5. Sequence analysis of the 5-end of the capped 7n tran-
script. Lanes represent partial digestion with: heat at alkaline
pH (“OH-"lane); RNase T1 (“G” lane); RNase Phy M (“U+ 4"
lane); RNase U2 (“A > G lane); and RNase CL3 (“C” lane).
The deduced nucleotide sequence of the first 14 positions from
the capped 5'-terminus is shown at the left of the panel (the cap
is designated as an upside-down G). The cause of the doublets
formed by alkaline hydrolysis is not certain, but we have ob-
served it repeatedly when using such capped transcripts. It is
likely to result from attack on the cap (o) phosphodiester bond,
but could also be 2'- and 3'-phosphate isomers of the 3'-termini

ori. reqion

T-AGGG-TAR-AR-CAA-AR--—-CCA

In order to identify the true 5'-end(s) of primary
transcripts we capped them in vitro with [a-3?P]GTP
and then used S1-mapping to identify transcripts specific
to the rrn operons. The 5™-end labeled RNA was hybrid-
ized to labeled or unlabeled DNA from the leader region,
digested with the nuclease, and electrophoresed through
a polyacrylamide gel under denaturing conditions (Fig.
4, lanes f and g). When labeled RNA was hybridized with
unlabeled DNA a single band was observed (lane g).
When the labeled RNA was hybridized with 5'-end-
labeled DNA, a set of additional bands corresponding to
those observed in the previous S1 experiments was seen
also (lane f). The RNA band in lanes f and g migrated as
if the RNA were longer than the corresponding DNA in
the band at —53 (238 nucleotides in length). The dif-
ference in the mobilities of the two bands varied with
the electrophoresis conditions. Because of the presence
of an added GDP on the 5'-end of the RNA from cap-
ping, the difference in sequence between complementary
strands, and the difference in mobility between RNA
and DNA, the bands are not expected to comigrate. The
capping expetiments have been repeated with similar
results using RNA from cells grown under a variety of
conditions including complete darkness (not shown).

The nucleotide sequence at the 5"-end
of the primary transcript

It seemed likely that the capped RNA transcript corre-
sponded to the DNA band at position —53 and that tran-
scription of the rrn operons initiates at this point in the
DNA sequence. In order to identify unambiguously the
initiating nucleotide, the capped, S1 nuclease-resistant
RNA fragment (Fig. 4) was isolated and subjected to
enzymatic end-sequence analysis (Fig. 5). The 5'-capped
nucleotide is the G at position —53.

rRNA Leader -200 TTGATARGGGTAGGGTCGTGGATTGAATTCTTGTATTAGCCARATATTTCTTTTCTTTARAATTTTARGGCGTAGGTCTCCARRRCCTGATGTAGTAGGT

tRNA Cluster

e CCCTT=——~ACA=6--C-—A~-—---C=6-—--F-CT{Co-——== AG-=C--1-GG—-GAR

tRNA Met

ori. region A

tRNA Trp
SITE CAPPED
P

G--ACTGAT~T-GA-ATT~-GTARA--CCA-A

rRNA Leader -100 TCGRATCCTACARAGCGCGCTTTTAGTGTACGCATTATAGTARATGTGCCCCTTGCTTGGTCACCARGAGGGTGAGRGGATTTGACCARCTTTGATGTTT

tBNA Cluster

+1 +7
+ +

5'-16S rRNA

———————————— G P———GTT-T-TTT-T--~-CT

————— TH=-=-CAT-G-CTAG-GGCCT---ACATCTCCC——-C-—-GG-GGCAACG-GGR

tRNA Glu

+1 TGGARATGACGAGT TTGATCCTTGCTCAGGGTGARCGCTGOCGG

Fig. 6. Comparison of the DNA sequence of the Euglena chloroplast rRNA leader region (El-Gewely et al. 1984) with the correspond-
ing sequence from a cluster of chloroplast tRNA genes (Hollingsworth and Hallick 1982) and a sequence near the chloroplast origin
of replication (Schlunegger and Stutz 1984). Only the RNA-like strand is shown. Dashes (-) signify that the nucleotide is identical
to that found in the leader region. Asterisks (*) signify deletions. The nucleotides corresponding to the +1 and +7 bands identified
by S1l-mapping and the site of transcript initiation are signified by arrows



Discussion

The DNA sequence of the 5"-end of the 16S rRNA plus
200 bases of the upstream leader region is shown in Fig,
6. Transcription of the rrn operons initiates at a single
nucleotide 53 nucleotides upstream of the mature 5"-end
of the 168 rRNA during growth in the light and dark as
well as during treatment with the translation inhibitors
CHI and CAM. Single initiation sites for r7n transcription
have also been identified in the chloroplasts of several
higher plants (Briat et al. 1987; Strittmaller et al. 1985;
Sun et al. 1986). This is in contrast to the multiple
initiation sites found for rrn genes in maize mitochon-
dria (Mulligan et al. 1988) and in E. coli (Jinks-Robert-
son and Nomura 1987).

The sequence TATAGT preceding the —53 initiation
site resembles the consensus prokaryotic —10 promoter
sequence TAtaaT (McClure 1985; Reznikoff et al.
1985). No sequence closely resembling the consensus
sequence TTGaca is found at the —35 region although
CCTACA is nearby. Most reported transcript origins
from chloroplast genes have been inferred from S1
mapping or from in vitro studies and have not been
verified by capping of transcripts found in vivo. How-
ever most proposed chloroplast promoters of protein,
tRNA, and rRNA genes in higher plants fit both the
prokaryotic consensus —10 and —35 sequences (Brad-
ley and Gatenby 1985; Hanley-Bowden et al. 1985;
Kung and Lin 1985; Strittmaller et al. 1985; Sun et al.
1986; Grussem and Zurawski 1985). Several chloro-
plast tRNA genes in spinach do not have upstream
promoters and seem to use internal promoters (Gruis-
sem et al. 1986). The Euglena chloroplast is reported
to contain two RNA polymerases, one of which is
specific for the rRNA genes (Greenberg and Hallick
1986; Narita et al. 1985). This rRNA-specific poly-
merase may recognize a promoter that does not con-
form to the consensus prokaryotic promoter.

The leader region from —49 to —181 is 75% identical
to part of a cluster of six chloroplast tRNA genes (see
Fig. 6). We were unable to detect initiation of transcrip-
tion within this region of the tRNA cluster by southern
hybridization or by Sl-mapping using capped RNA
(not shown). These tRNA genes have been transcribed
and processed in vitro using a partially purified RNA
polymerase activity from Euglena chloroplasts that
does not transcribe the rrm operons (Greenberg and
Hallick 1986). The rru-specific RNA polymerase ac-
tivity from Euglena chloroplasts did not transcribe the
non-rn encoded tRNA genes in vitro (Narita et al.
1985). It seems unlikely therefore that the homologous
DNA segment in the tRNA gene cluster serves as a
primary promoter for transcription of adjacent tRNA
genes. This suggests that following insertion of a copy of
that segment just upstream of the 16S rRNA gene it
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evolved to a new regulatory role in which it serves as
origin and possibly as promoter for rrn transcription.
Nevertheless the conservation of most of the segment
homologous to the tRNAT™P gene (48 of 49 consecutive
nucleotides) suggests some similar function at the two
locations. Studies on several biosynthetic operons of
enteric bacteria have suggested that the evolution of
transcription-controlling sequences from tRNA genes
may be of widespread occurrence (Ames et al. 1983;
Williamson and Jackson 1987).

An even more remarkable homology has been observed
between this portion of the rn leader region and a se-
quence found near the origin of replication (Schlunegger
and Stutz 1984). As seen in Fig. 6 an almost identical
copy (102 of 103 base pairs) of a leader region sequence
extending across the rRNA transcription initiation site
and the sequence homologous to the tRNAT™P gene is
present near the origin. If transcription initiated at the
nucleotide corresponding to —53 in the rrn leader it
would progress toward the polymorphic Z-region (Fig.
1) only 61 nucleotides downstream. Little is known
about DNA replication in chloroplasts. Euglena and
Chlamydomonas are the only two organisms with
clearly mapped origins of chloroplast DNA replication
(Koller and Delius 1982a; Ravel-Chapius et al. 1982;
Waddel et al. 1984). Possible origins of replication have
been identified by in vitro DNA synthesis in petunia
and maize (de Haas et al. 1987; Gold et al. 1987).

The evolution of the common sequence may be
traced with uncommon clarity (El-Gewely et al. 1984).
A segment from a tRNA gene cluster was inserted up-
stream of the rrn genes (El-Gewely et al. 1984), where
it serves as initiation point for rrn transcription (this
paper), and may have acquired a more direct role in
transcription control. The right end of that same seg-
ment and a short adjoining sequence (Fig. 6) was then
translocated close to the replication origin. Examina-
tion of the ends of the transferred sequences suggests
that the alternative pathway in which DNA translocated
from the tRNA genes to the replication origin region,
thence to the rrn leader, is less plausible. The homology
of the rrn leader and the tRNA genes continues left-
ward (see El-Gewely et al. 1984) beyond the region of
similarity of either with DNA at the origin region
(Schlunegger and Stutz 1984), while the homology of
the #rn leader and the origin region extends for a short
distance rightward past the region of apparent similarity
of either with the tRNA region (Fig. 6). This pattern is
consistent with transfer from the leader to the origin
region and inconsistent with the reverse direction of
transfer.

The extraordinary sequence conservation at the rn
operons and near the origin suggests identity in an
important function at the two locations. The function
involves injtiation and possible control of transcription
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at the mn operons, and therefore possibly at its trans-
located position as well. What might be transcribed
there? One possibility is an RNA primer for replication.
It has not been shown that the conserved sequence at
or close to the origin region plays a role in replication.
Nevertheless, its location suggests such a relationship
and that suggestion serves as a useful working model.
Replication and rRNA synthesis are two basic func-
tions of the chioroplast genome and in Euglena both
chloroplast DNA and rRNA increase in response to
light (Chelm et al. 1977). A common sequence con-
trolling the separate processes would ensure their co-
ordinate control.
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