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Transcription start sites and processing sites of the Streptomyces coelicolor
A3(2) rrnA operon have been investigated by a combination of in vivo and in
vitro transcription analyses. The data from these approaches are consistent

with the existence of four in vivo transcription sites, corresponding to the
promoters P1-P4. The transcription start sites are located at —597, —416, —334
and — 254 relative to the start of the 16S rRNA gene. Two putative processing
sites were identified, one of which is similar to a sequence reported earlier in
S. coelicolor and other eubacteria. The P1 promoter is likely to be recognized
by the RNA polymerase holoenzyme containing "¢, the principal sigma factor
in S. coelicolor. P2 also shares homology with the consensus for vegetative
promoters, but has a sequence overlapping the consensus —35 region that is
also present in the —35 regions of P3 and P4. The — 35 sequence common to P2,
P3 and P4 is not similar to any other known consensus promoter sequence. In
fast-growing mycelium, P2 appears to be the most frequently used promoter.
Transcription from all of the rrnA promoters decreased during the transition
from exponential to stationary phase, although transcription from P1 and P2
ceased several hours before that from P3 and P4.
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INTRODUCTION

Streptomycetes, like all members of the order Actino-
mycetales, have a complex life cycle that involves three
stages of differentiation. These morphological changes are
accompanied by a wide range of physiological events
including the production of secondary metabolites, many
of which have activity as antibiotics (Chater, 1989). The
molecular processes regulating these events are presently
only superficially understood.

Regulation of transcription of stable RNA operons is a
pivotal process in all organisms. The only Streptomyces
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91128 Palaisseau Cedex, Paris, France.

§Present address: Odense University, Department of Molecular Biology,
Campusvej 55, 5230 Odense M, Denmark.

Abbreviation: SCDA, specific catechol dioxygenase activity.

The GenBank accession number for the sequence reported in this paper is
X60515.

rRNA operon for which the transcription has been studied
(Streptomyces coelicolor rrnD ; Baylis & Bibb, 1988) contains
four promoters. Little is known about the regulation of
tDNA transcription in Streptomyces and how this relates to
differentiation processes. The most studied regulatory
phenomenon is stringent control, elicited by accumulation
of highly phosphorylated guanosine molecules as a
response to starvation conditions. Although ppGpp has
been implicated in secondary metabolism (Ochi, 1986,
1987), recent reports have failed to confirm this (Bascaran
et al., 1991; Strauch ez 4/, 1991). An intriguing ob-
servation was described by Granozzi ¢f a/. (1990), who
reported a second round of stable RNA production on
solid medium that coincided with the development of
aerial hyphae.

In contrast to Streptomyces, transcription of Escherichia coli
tRNA operons occurs from two promoters, P1 and P2.
For rruB, P1 is tightly regulated whereas P2 is used much
less frequently than P1 during exponential growth
(Gourse ef al., 1986). Recently, expression of all seven E.
coli rrn operons was compared (Condon ef al., 1992).
Although during fast growth hardly any difference could
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be detected in transcription of these operons, slight but
significant differences were observed in response to some
stress conditions, including nuttitional shift-down.

Recently, we described the cloning of three of the six
tRNA operons of S. coelicolor (rrnA, rrnC and rraE) and
sequence analysis of the rrnA4 16S rRNA gene and
upstream region (van Wezel ¢z /., 1991). The nucleotide
sequences of the upstream regions of the S. coelicolor
ribosomal RNA operons rrnA and rrzD differ signifi-
cantly, and this prompted us to investigate the locations
and relative strengths of the r7#.4 promoters and compare
the results with those obtained for the rr#D promoters.
Here we analyse the relative contribution of each of the
rrnA promoters to the total transcription of this operon
under various growth conditions.

METHODS

Bacterial strains, plasmids and bacteriophages. . coe/icolor
M145 was cultivated in Tryptone Soya Broth plus 10% (w/v)
sucrose (TSBS), liquid minimal medium (Hopwood ez 4/., 1985),
liquid minimal medium supplemented with Casamino acids
[designated SMM (Takano ef 4/, 1993)], or on R2YE or
minimal medium agar plates (Hopwood ef a/., 1985). Liquid
cultures were inoculated with spores at a density of 5x
10% c.fu. ml™? and grown at 30 °C with vigorous shaking
(300 r.p.m.), resulting in reproducibly dispersed growth. In
SMM, nitrogen limitation results in a rapid transition into
stationary phase approximately 18 h after inoculation of the
cultures (Strauch ez 2/., 1991; Takano e a/., 1993). RNA used for
nuclease S1 mapping was isolated from SMM inoculated with
spores germinated for 6 h. The RNA we used for nuclease S1
mapping experiments was isolated by Eriko Takano (John
Innes Centre, UK) as described eatlier (Takano ez /., 1993).

RNA used for primer-extension experiments was isolated from
liquid minimal medium cultures inoculated with ungerminated
spores. In this case, stationary phase was reached after approxi-
mately 33 h. pIJ4083 (Clayton & Bibb, 1990a) was used in the
promoter-probing experiments. E. co/i JM109 (Yanisch-Perron
et al., 1985) was the host for pUCI18 and pUC19, and for
bacteriophages M13 mp18 and mp19 (Yanisch-Perron ez 4/,
1985), and was cultivated in LB medium (8 g Difco Bacto-
tryptone, 5 g NaCl and 5 g Difco yeast extract per litre).

In vitro DNA manipulations. Transformation of S. coelicolor,
and isolation and cloning of Streptomyces DNA, were carried out
according to Hopwood ez a/. (1985). Transformation of E. coli,
and DNA cloning, isolation and gel electrophoresis were
petformed by standard procedures (Sambrook e# 4/., 1989).

DNA sequencing. This was performed using the T7 DNA
polymerase sequencing kit (Pharmacia) or Sequenase version
2.0 (US Biochemical). The primers used for sequencing were the
same as those used for primer extension. The location of the
primers is shown in Fig. 1(a).

RNA isolation. RNA was isolated from S. coelicolor M145
according to Hopwood ez /. (1985). To remove residual DNA,
the RNA was salt-precipitated twice in 0:3 M sodium acetate
(pH 6:0). No DNase treatment was applied (DNA was not
detectable on agarose gels).

Promoter-probe experiments. xy/E from Pseudomonas putida
was used as a reporter gene (Zukowski e a/., 1983) to assay for
in vivo promoter activity, Fragments containing different seg-
ments of the r7nA upstream region wete cloned into the
polycloning site upstream of the promotetless xy/E gene of the

vector pIJ4083 and introduced into the appropriate S. coelicolor
hosts by transformation of protoplasts.

S. coelicolor transformants containing the correct construct were
grown in TSBS plus thiostrepton (5 ug ml™) until actinorhodin
production was observed, typically after 40 h of growth. $30
extracts were prepared from these cultures as follows. Mycelium
was spun down, washed twice and resuspended in 100 mM
phosphate buffer (pH 7-2) followed by sixty 5s pulses of
ultrasound with intermittent pauses of 5 s to allow cooling of
the samples. This was followed by a 15 min centrifugation at
30000 g to remove cell debris.

Expression of xy/E was measured as the rate of catechol
conversion by the xy/E gene product, catechol 2,3-dioxygenase
(EC 1.13.11.2). Catechol conversion rates were measured by
the increase in absorbance at 375 nm (A,,;) after addition of
0-2 mM catechol to diluted S30 extracts. From this, the specific
catechol dioxygenase activity (SCDA) was determined as the
increase in Ay, per min corrected for plasmid copy number and
protein concentration. The correction for plasmid copy number
was performed as follows. DNA was isolated, a dilution series
was prepared, and spotted onto Hybond-N filters (Amersham).
These filters were hybridized with a probe recognizing the
vector DNA [1kb B/l fragment containing the #r gene;
hybridization conditions as described by van Wezel ez a/. (1991)],
washed and counted in a Betascope radioactivity counter
(Pharmacia). From these data, the relative plasmid copy
numbers of the various cultures were determined and used to
correct the data obtained from the catechol dioxygenase assay.
Only slight differences in copy number were observed: the
values fluctuated within a margin of approximately 25%.
Protein concentrations were estimated by measuring the Ay,
Using these values, all samples were diluted to yield approxi-
mately equal protein concentrations.

Primer extensions with reverse transcriptase. End-labelling
of oligonucleotides and primer extensions with reverse tran-
scriptase was performed as described earlier (Stern ez 4/., 1988).
The experiments were carried out at least twice to establish
reproducibility. The primers used in these experiments are
deoxyoligonucleotides gvw-1 (—1 to +18), gvw-3 (—430 to
—413)and gvw-5 (—214 to —198) (Fig. 1a). One microgram of
RNA and 1 ng of **P end-labelled primer were used in each
experiment.

Southern hybridization with oligonucleotides. DNA samples
were electrophoresed through 0-7 % agarose gels in TAE and
transferred to Hybond-N, using 20 X SSC as the blotting buffer.
Hybridization was carried out in 6 x SSC/0-1% SDS/0-1%
pyrophosphate/5 X Denhardt’s solution with 50 pg salmon
sperm DNA mi ™. Hybtidization temperature was derived from
the equation Ty =T, —5 °C, and was 47 °C for deoxynucleo-
tide gvw-1, and 49 °C for deoxynucleotides gvw-3 and gvw-5.
Filters were washed in 6 X SSC plus 0-1 % SDS at a temperature
3°C below T,, with several changes of wash buffer until
background was sufficiently reduced.

Nuclease S1 mapping. Hybridization of 5 pg RNA with the
appropriate DNA probe was performed according to Murray
(1986) in NaTCA buffer (Summerton ez a/., 1983). All subsquent
steps were catried out as descried by Gramajo e# a/. (1993), under
conditions of probe excess.

In vitro transcription analysis. Partially purified RNA poly-
merase holoenzyme preparations were isolated as described by
Buttner & Brown (1985). In vitro run-off transcription experi-
ments were performed as described earlier (Buttner & Brown,
1985). Products were analysed on denaturing 6% (w/v)
polyacrylamide gels using **P end-labelled Hpall fragments of
pBR322 as size markers.
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(a
~-751 GACGACCGCA CCGCGCTCGG TGATGTGCTG ACCCGCCTCC TGCGCAGGGT
FspI
D DRT ALG NVIL TRTILTIL R AV

-701 GGAGCACGCA CAGCCGGACC GCGGTGGCCG GCTCAGCGAC CTCGATTAAA
Nael
E H A G G R

E P D R L S D L D *

-651 GATCTTGACA GCGACGCTTG ACAGCCCTCT GCGGGATCCG TAAGGTTCTT
Bgllil

Pl
-601 CGGGTTGCCA CGGGACCGTA ACGGTTCTTC GGCAGCACCT CCCGCCGCAG
-551 CAGCGGCAAT CARACCACCA GCACGACCCC CAAGTGGGAA TGACTTCGGC

-501 GCGCCCGAAT TCAATTCCGC TGGGTACTCG TCGGCCCGAT CGACCCCGAT
EcoRI

.P2
-451 TGGGAATCGC CGAGAGGGTC CGCTAAGGTT TGAGACGTCG GAACGGCCCA
gvw-3 Ahall

-401 ACAGCCGGGA CGACAACCCC TCCTGACGGG GAATCAGGGCICCGAAAGGAT
Apa

.P3
-351 (CTGATAGAGT CGGAACCGCC GGAAAGGGAA ACGCGGAACG GGGAACCTGG
BstUI

-301 AARAGCACCGA GGAAATCGGA TCGGAAAGAT CTGATAGAGT CGGAAACGCA
= BglIll

-251 AGACCGAAGG GAAGCGCCCG GAGGAAAGCC CACGAGAGTC TCCTGGGEGA
gvw-—

-201 GTACAAAGGA AGCGTCCGTT CCTTGAGAAC TCAACAGCGT GCCAAAAGTC
Rsal HincII

-151 AACGCCAGAT ATGTTGATAC CCCGACCTGA TCGGATCTCC GTTCGGGTTG
-101 AGGTTCCTTT GAAGTAACAC AACAGCGAGG ACGCTGTGA ACGGTCGGATT
-51 ATTCCTCCGA CTGTTCCGCT CTCGTGGTGT CACCCGATTA CGGGgﬁE?CA

-1 TTCACGGAGA GTTTGATCCT GGCTCAGGAC GAACGCTGGC GGCGTGCTTA

gvw-1

+51 ACACATGCAA .... 16S rRNA gene

(b)
Nael * Hincll
Bglll Bglil
9 EcoRI Accl
Fspl Hincll
q * * * * _-
T T T T T T
F NBg E AhApBsBg R H A
EcoRI Accl
Ahall Accl
BstUl ————— Accl
Rsal — Accl
| SE——
100 bp

rRNA of rrnA and location of restriction fragments and
oligonucleotides. (a) Nucleotide sequence of the rrnA upstream
region. The sequence of the 16S rRNA gene is shown in italics.
The amino acid sequence of the translation product of the
upstream open reading frame is shown. Oligonucleotides are
indicated in bold face. Underlined sequences show two direct
repeats, one of 22nt and one of 57nt. Locations of
transcriptional start sites were determined by primer extension
(Fig. 3), and are represented by dots. (b) Restriction fragments
used for promoter-probing experiments (below), in vitro
transcription (top, without asterisk) and nuclease S1 mapping

RESULTS
Promoter-probing of the rrnA upstream region

To determine the approximate location of the rrn.4
promoters and to obtain a rough estimate of their relative
strengths, we transformed S. coelicolor M145 with deriva-
tives of the multicopy vector pI1J4083 in which a variety of
rrnA upstream fragments has been cloned in front of the
promoterless xy/E gene. The origin of these fragments is
shown in Fig. 1(b). Transformants were grown in TSBS
and SCDA levels determined (Table 1). Transcriptional
activity increased with the length of the fragments. As can
be deduced from the table, promoters are likely to be
ptesent between —318 and —199, between —416 and
—318 and between —494 and —416.

Repeated attempts to subclone fragments containing the
Fspl-EcoRI (—708 to —494) part of the rrn.A upstream
region into pl J4083 were unsuccessful. The occurrence of
multiple copies of this fragment may be lethal to S.
coelicolor M145. Perhaps it contains a binding site for a
factor essential for vegetative growth. Interestingly, a
protein with a binding site in the —708 to —494 region,
which is centred around the Bg/lI site at —651 (see Fig.
1a), has been detected and its identity is presently being
investigated (van Wezel, 1994).

Specificity of oligonucleotides

Three deoxyoligonucleotides, gvw-1 (—1 to +18), gvw-
5(—214to —198) and gvw-3 (—430 to —413), were used
for primer extension experiments, the results of which are
given in the next section. Although optimum conditions
for Southern hybridization and DNA-RNA hybridi-
zation in primer-extension experiments differ, BamHI-
and Sa/l-digested chromosomal DNA were probed in
triplicate with 3?P end-labelled oligonucleotides (Fig. 2),
to assess the ability of these primers to recognize
transcripts originating from the other rr# operons. As
expected, gvw-1 recognizes the 5" end of the 165 rRNA
gene in all six fRNA operons, and therefore signals
resulting from primer extension using this oligo-
nucleotide will be a mixture derived from all these six
tRNA operons. However, since all rfRNA transcripts are
processed at the same positions (Baylis & Bibb, 1988), the
bands arising from primer extension with gvw-1 should
reveal the processing sites of 7774 in addition to those of
the other rrz operons. Gvw-3 is operon-specific as it
hybridized only with a BawHI and a S4/l fragment
corresponding to rrnA (Fig. 2). Gvw-5 hybridized with
bands cotresponding to rr#.A, but also to an 18 kb BawHI
fragment and a 4-0 kb Sa/l fragment. The latter signal
does not seem to correspond to an rRNA operon, since all
tRNA operons are located on S#/l fragments larger than
5:8 kb (van Wezel e a/., 1991). The origin of this band is
unclear.

(top, asterisk shows 5 32P end-label). Abbreviations of
restriction enzymes: A, Accl; Ah, Ahall; Ap, Apal; Bg, Bglll; Bs,
BstUl; E, EcoRl; F, Fspl; H, Hincll; N, Nael; R, Rsal. Not all
restriction sites are shown. Putative transcription start sites are
represented by an asterisk.
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Table 1. Promoter-probing of the rrnA upstream region

Specific catechol dioxygenase activity (SCDA) values are the
mean of three independent experiments. The BsfUI-Aecl
construct resulted in a catechol conversion rate measured as a
mean increase of 0:055 Ay, units min™'. After correction for
plasmid copy number and protein concentration, the SCDA
(given in arbitrary units) of the Bs#UI-Aecl construct was
defined as 1-0. Np, No catechol dioxygenase activity detected.

Fragment Segment SCDA

of rrmA

upstream

region
No insert - ND
Risal—Aecl —199 to —6 ND
BstUI-Aecl —318to —6 1-0
Aball-Acel —416 to —6 40
EcoRI-Aecl —494 to —6 80

— BamHI — M [—— Sall —

N ) ) N b D>
S
— 2341
mE —
rrnD _ ‘ v
G A
e — ~96 4% W @& — o
rrnA a ‘ > ; = rrng&f
i = mmn
rrnF i — 66 : , N rrnF
— 43
-
— 23
— 20

Fig. 2. Southern hybridization of S. coelicolor A3(2)
chromosomal DNA with the oligonucleotides used for primer
extensions. Digestions were carried out with BamHI (left panel)
and Sall (right panel). Southern hybridizations were performed
using the oligonucleotides indicated above the lanes. Operon
classification is shown on the left and right side of the figure.
Lane M shows a DNA size marker, Hindlll-digested A DNA, in kb.

Location of potential rrnA start and processing sites
by primer-extension

To locate the potential transcription start and processing
sites precisely, primer-extension experiments wete pet-
formed on RNA isolated from cultures grown in liquid
minimal medium (without addition of Casamino acids). S.
coelicolor M 145 mycelium was harvested at different times
(12, 22, 29 and 42 h after inoculation with ungerminated
spores) and RNA was isolated. Under these growth
conditions, stationary phase was reached after approxi-

mately 33 h. The oligonucleotides gvw-1, gvw-3 and
gvw-5 were used as primers to locate RNA 5 ends
resulting from either transcription initiation or processing
in the region between the 16S rRNA gene and the
upstream open reading frame which ends at nt —653 (van
Wezel et al., 1991). From the work published by Baylis &
Bibb (1988), it follows that the region downstream of
—200 is essential for correct processing of rRNA
transcripts of all six rfRNA operons. Secondly, as shown
below, no in vitro transcription start sites have been
observed for r71.4 in this region, a result confirmed by the
promoter-probe experiments. Therefore, we can assume
that RNA end-points corresponding to positions up-
stream of —200 are very likely to have arisen from #z vive
transcription initiation, and those corresponding to posi-
tions between —200 and —1 from processing of the
various tRNA precursors.

Processing sites were identified by primer-extension using
gvw-1(—1to +18, see Fig. 1a). Three RNA end-points
were identified, corresponding to nt positions —168,
—142 and —89, and referred to as bands I, II and III,
respectively (Fig. 3a). The relative intensities of the three
bands, as estimated by scanning the autoradiograms, were
invariable in all four RNA preparations.

Upon extension of oligonucleotide gvw-5 (—214 to
—198) with reverse transcriptase, six major RNA end-
points were found (bands C—H in Fig. 3b), located at nt
positions —416, —334, —308, —254, —248 and —245,
respectively. Bands C, D and F correspond closely to sites
of transcription initiation ## witro (P2, P3 and P4,
tespectively; see below). Since gvw-5 also hybridizes to a
band that does not correspond to rrn.A (Fig. 2), it is
possible that at least one of the bands E, G and H
observed in Fig. 3(b) reflects non-rrnA-detived tran-
scripts.

To analyse whether transcription initiated upstream of nt
position —400, oligonucleotide gvw-3 (—430 to —413)
was used for primer extension. Two bands were observed,
corresponding to RNA end-points at positions —597
(band B) and —640 (band A) (Fig. 3c). The size of band
B is consistent with transcription initiation at P1 (see
below). Band A is very strong in lane 1 (12 h), but less
intense in lanes 2 (22 h) and 3 (29 h), and strong again in
lane 4 (42 h), though weaker than in lane 1. This
unexpected (but reproducible) growth-phase-dependence
raises the question as to the origin of band A. If it
corresponds to a real transcription start site, then the
corresponding promoter appears to be utilized with
almost equal efficiency in early exponential-phase and in
stationary-phase cultures.

Location of transcription end-points by nuclease S1
mapping

RNA was isolated at different time-points, between 9
(OD5 03, corresponding to early exponential phase) and
33 h (OD,;, 2:1, stationary phase) after inoculation of
SMM with pregerminated spores. The Nael-Hincll
(—672 to —151) fragment, 3*P end-labelled at the Hincll
site (Fig. 1b), was used as a probe. As can be seen in Fig.
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(a (b)

1;234 GTAC 123

-416 —

-334 — ¥

-308 —

(9]

GATC 12 3 4

640 —

-597 —

gvw-5 (b) and gvw-3 (). Lanes 1-4: RNA isolated 12, 22, 29 and 42 h, respectively, after inoculation with ungerminated
spores. Values to the left indicate the ends of the extension products with respect to the start of the mature 165 rRNA
(Fig. 1a). Lanes G, A, T, C: nucleotide sequence determined with the same oligonucleotides as also used for primer

extension.

4, seven protected bands were observed. Band F corre-
sponds to full-length protection of the probe and may be
due to DNA-DNA hybridization, a phenomenon that
occurs regularly in nuclease S1 experiments. Bands P1-P4
correspond to protected fragments of approximately 450,
265, 185 and 105 nt, respectively, and are consistent with
the possible sites of transcription initiation identified by
primer extension, namely those starting at nt positions
—597, —416, —334 and —254. Since it was difficult to
determine the exact position of the transcription start site
of the putative P2 promoter, we performed a nuclease S1
mapping experiment combined with Maxam and Gilbert
sequencing using the BawHI-Bg/Il (—609 to —274)
fragment as a probe, which indicated that the position
shown in Fig. 6 is the most likely start site for P2 (data not
shown).

Additional bands were found at positions R1 (approxi-
mately 100 nt in length) and R2 (less than 60 nt). These
bands probably reflect incomplete hybridization of RNA

derived from rrnB—F to the rrn.A probe. The bands
around position R2 displayed a similar growth-phase-
dependence to P3 and P4. Surprisingly, band R1 was only
visible late in growth: it became apparent approximately
14 h after inoculation (corresponding to transition phase)
and was present throughout stationary phase. It is
tempting to suggest that this is due to the expression of a
particular 77z operon late in growth, although we cannot
rule out the possibility that band R1 originated from an
additional (fifth) rr#.4 promoter (see Discussion).

In vitro transcription analysis

In vitro run-off transcriptions were performed to confirm
the location of the rrn.4 promoters, which were identified
by the in vivo transcription analyses described above, and
to get an idea of which RNA polymerase holoenzymes are
involved in the recognition of these promoters. Run-off
transcriptions were petformed using fractions of .
coelicolor RNA polymerase that had been partially purified
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[—Tlme after inoculation (h)—|

n m m i m m
M NN MT OO O M
P -
F
622 — e
527 = i/
- — P1
404 — 7
309 — @ e
22 RS iy s — P2
238 — == .
217 —
201 — -
190 — =
180 — . —— —p3
160 —
147 — ==
122 —  w=
110 —
— P4
- o e — R1

90 —

76 —

67 =—

SomEnm==- v

Fig. 4. Location of transcription end-points by nuclease S1
mapping. The probe used was the 557 nt Fspl-Hincll fragment
(see Fig. 1). Bands P1-P4 represent promoter transcripts; band F
indicates full length protection of the probe; R1 and R2 are
bands that could not be ascribed to rrnA transcription starts.
Lane M, DNA size markers (Hpall-digested pBR322) in nt; the
other lanes are labelled with time in hours after inoculation
with germinated spores.

into different holoenyzme forms by Superose-6 FPLC
chromatography (Buttner & Brown, 1985). The 557 bp
Fspl-Hincll (—708 to —151), 377 bp Bg/Il (—651 to
—274) and 502 bp EcoRI-Aecl (—494 to —6, with an
additional 14 bp of vector sequence at the AeI site, since
the fragment was subcloned into the polycloning site of
pUCI8 prior to digestion) fragments were used as
templates (Fig. 1b). Five major run-off transcripts were
observed with the 557 bp Fspl-Hincll fragment (Fig. 5a).
Band F probably results from end-to-end transcription of
the template. The four bands designated P1-P4 cor-
respond to transcripts of approximately 445, 260, 165 and
100 nt and correspond to putative transcription start sites,
identified by primer extension and nuclease S1 mapping,
located at nt positions —597, —416, —334 and —254,
respectively. An additional faint band was visible between
the P1 and P2 transcripts. Since primer extension and
nuclease S1 experiments failed to detect a corresponding
transcription start site (see below) it may well be a result
of artificial initiation by the RNA polymerase.

The locations and orientations of the putative promoters
were verified by i vitro run-off transcription assays using

the 377 bp Bg/Il fragment and the 502 bp EcoRI-Aecl
fragment (including 14 bp of the pUC18 multiple cloning
site sequence) with RN A polymerase fraction 28 (Fig. 5b).
Run-off transcription using the Bg/Il fragment generated
three major transcripts of approximately 325, 145 and
65 nt. These correspond to the putative transcription start
sites for P1, P2 and P3 already identified with the
Fspl-Hincll fragment, located at nt positions —597,
—416 and —334, respectively. The faint band F’ pre-
sumably represents end-to-end transcription.

In vitro transcription with the EcoRI-Accl template also
gave four bands. The transcripts of 425 nt, 345 nt and
265 nt correspond to the putative transcription start sites
for P2, P3 and P4 located at nt positions —416, —334 and
— 254, respectively. Band X does not correspond to any
of the transcripts produced by iz vitro transcription of the
Fspl-Hincll or Bg/Il fragments, and may therefore be the
result of artificial initiation of the RNA polymerase.

DISCUSSION
Putative processing sites

Primer extension with oligonucleotide gvw-1 revealed an
RNA endpoint between —169 and — 168 (band I in Fig.
3a). Transcripts from the S. coelicolor rranD operon are
processed at exactly the same position by RNaselIl (Baylis
& Bibb, 1988) and, since the sequence of the 7.4 operon
between —200 and —1 is identical to that of rrzD (van
Wezel ez al., 1991), it is extremely likely that this represents
the major processing site for the rrn.4 precursors. This is
also in accordance with the consensus found for the major
processing site in other Gram-positive bacteria (Ogasa-
wara ¢t al., 1983 ; Taschke & Hermann, 1986), including
S. ambofaciens (Pernodet ef al., 1989). Furthermore, no
transcription initiation was detected downstream of nt
position —200 when the EcoRI-Aecl (—494 to —06)
fragment was used as a template for # vitro run-off
transcription with . coelicolor RNA polymerases. Inter-
estingly, an RNA end-point was also detected between the
adenosines at positions —90 and — 89 (band III in Fig. 3a)
and occurs at the base of a computer-predicted stem—loop
structure (Baylis & Bibb, 1988). The end-point is posi-
tioned exactly opposite the cleavage site that results in
mature 16S rRNA. This suggests a mechanism with at
least three maturation steps, resulting primarily in a
precursor with a 168 nt leader, which is then further
processed via an 89 nt leader into mature 16S rRNA. The
physiological relevance of the RNA end-point between
positions —143 and —142 (band II in Fig. 3a) remains
unclear. Since all six tRNA operons are processed in the
same way [no comparable band was found by nuclease S1
mapping (Baylis & Bibb, 1988)], it is likely that band II
results from an artificial stop of the reverse transcriptase i
vitro.

Identification of the transcription start sites of rrnA

The promoter-probing experiments predicted the pres-
ence of promoters in the regions —494 to —416, —416to
—318 and —318 to —199. These predictions appeat to
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fractions of RNA polymerase from a Superose-6 FPLC column. Bands P1-P4 indicate in vitro run-off transcriptions
originating at each of the promoters. (a) /n vitro transcription using the Fspl-Hincll (—708 to —151) fragment as a
template. F indicates end-to-end transcription of the RNA polymerase. (b) /n vitro transcription using the Bg/ll (—651 to
—274) and the EcoRI-Accl (—494 to —6) fragments as templates, using RNAP fraction 28. F’ indicates end-to-end
transcription; band X was probably the result of artificial initiation of the RNA polymerase.

have been fulfilled by the identification, by iz vitro
transcription, primer extension and nuclease S1 mapping,
of three promoters in the corresponding parts of the rrz.4
upstream region: P2 in the —494 to —416 region, P3 in
the —416 to —318 region and P4 in the —318 to —199
region (see below).

Eight RNA end-points were observed by primer ex-
tension with reverse transcriptase in the region upstream
of nt position —200. Since oligonucleotide gvw-3 appears
to be specific for rrn.A, and since gvw-5 hybridized most
strongly to DNA fragments corresponding to r7#.4, most
of the transcripts detected by primer extension will
probably have arisen from rru4. It is not clear to what
extent the RNA 5 ends detected with gvw-5 could have
originated from the second DNA segment to which gvw-
5 anneals (Fig. 2).

RNA end-points detected by primer extension at positions
—597, —416, —334 and —254 were also detected by

nuclease S1 mapping. Furthermore, i# vitro tun-off tran-
scription experiments with . coelicolor RNA polymerase
using three different templates revealed that these posi-
tions are transcription initiation sites /# vifro. Together,
these data strongly suggest that the RNA end-points at
—597, —416, —334 and —254 correspond to sites of
transcription initiation from four promoters, P1-P4,
respectively. The other bands observed after primer
extension (at positions —640, —308, —248 and —245)
may reflect non-specific stops by reverse transcriptase
(pethaps due to RNA secondary structure) or transcrip-
tion start sites of the rrnE operon.

Sequence comparison of the rrnA promoters

The promoters P1 and P2 are similar to the consensus
sequence for the major class of eubacterial promoters
(Hawley & McClure, 1983), with P1 showing a petfect fit
to the canonical — 35 region. P3 and P4 lack a consensus
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-35 -10 .
Pl -642 AGCGACGCTTGACAGCCCTCTGCGGGATCCGIAAGGTTCTTCGGGT
-35 -10 .
P2 -460 CGACCCGATTGGGAATCGCCGAGAGGGTCCGCTAAGGTTTGAGA
-35 -10 -
P3 ~380 CCTGACGGGGAATCAGGGCCCGAARAGGATCTGATAGAGTCGGAACCG
-35 =10 .
P4 -298 GCACCGAGGAAATCGGATCGGAAAGATCTGATAGAGTCGGAAACG

Fig. 6. Alignment of the S. coelicolor rrnA promoters. Putative
—35 and —10 sequences are underlined and transcription start
sites (determined by primer extension) are indicated by dots.
The sequence GG(G/A)ATC that occurs in the P2, P3 and P4 —35
regions is given in bold type. Numbers refer to the sequence
shown in Fig. 1(a).

—35 region (Fig. 6). Sequence alignment of P1, P2, P3
and P4 (Fig. 6) shows a striking similarity between the P3
and P4 promoter regions, which are almost identical
between positions —1 and —25 with respect to the
transcription start site, and have similar —35 regions.
These promoters are almost identical to the P3 and P4
promoter of the . coelicolor rrnD operon (Baylis & Bibb,
1988). Interestingly, the sequence of rr#.4 P2 around nt
position —35 is comparable to that of rrn.4 P3 and P4,
namely G(G/A)AATC. Boxes with high homology to the
sequence G(G/A)AATC can also be seen in the promoter
regions of hrdD P2 (GAATTC, ending at —26; the gene
encodes a sigma factor homologous to o""B), zpsP2
(GGATTC, ending at —31; the gene encodes amino-
glycoside phosphotransferase) and pA1 (GAACTC, end-
ing at —31), a promoter which ovetlaps aph P1, but is
oppositely oriented [see Strohl (1992) and references
therein].

In addition to the 57 nt direct repeat that encompasses the
—35 and —10 regions of P3 and P4, an additional direct
repeat of 22 nucleotides is located at nt positions — 620 to
—599 and —591 to —570 in the region upstream of the
165 tRNA gene (see Fig. 1a), and flanks the P1 tran-
scription start site.

Some clues about recognition of the rr#.4 promoters are
given by the results of the ir vitro transcription assay with
the Fspl—-Hincll (—708 to —151) fragment as the template
(Fig. 52). We used various RNA polymerase holoenzyme
fractions, as used previously for in vitro run-off tran-
scription of the four markedly heterogeneous dagA4
promoters (Buttner ¢z a/., 1987). The rrnA P1 promoter,
which conforms to the consensus sequence for vegetative
promoters, is most efficiently transcribed by RNA poly-
merase present in fraction 28. This is the fraction which is
enriched for the RNA polymerase holoenzyme containing
"B the vegetative sigma factor, which also transcribes
the dagA P4 promoter (M. J. Bibb, unpublished data).
This result, in combination with the high homology of P1
with the vegetative promoter consensus sequence, makes
it likely that the P1 promoter is recognized by ¢""®B, For
P2-P4, it is less clear which sigma factor is responsible for
recognition. Clearly the P3 and P4 promoters are quite
similar and the apparent lack of a sequence around the
— 35 position comparable to the consensus for vegetative
promoters suggests that a sigma factor other than ¢""4B

might be responsible for the recognition of these pro-
moters. The P2 promoter is similar to the consensus
sequence for the major class of eubacterial promoters, but
shares a sequence around its — 35 position with P3 and
P4.

Relative contribution of the promoters to
transcription in vivo

The half-life of rRNA precursors in 5. coelicolor is
approximately 40 s (Clayton & Bibb, 1990b). In our
experiments, mycelial samples were taken at hourly
intervals and therefore we can assume that the observed
steady-state levels of the primary transcripts represent de
novo RN A synthesis. P2 appeats to be the most frequently
used promoter in fast growing cultures. P1 and P3 are
used to similar extents, and are considerably weaker,
whereas P4 is the weakest promoter. This contrasts with
the results obtained with r7zD, where P3 and P4 together
contributed at least 85 % of rr#D transcription in rapidly
growing cultures (Strauch ez 4/., 1991). The discrepancy is
surprising since the sequences around P3 and P4 are
almost identical for rrnA and rraD.

We believe that nuclease S1 mapping is more reliable for
comparing transcript levels than primer extension. In
conditions of DNA probe excess, all RNA molecules will
be hybridized to the probe and every RNA molecule
should contribute to signal strength. This is not always
the case for primer-extension experiments, since signal
intensity will depend on the ability of the reverse
transcriptase to transcribe to the end of the transcript, an
event which may occur much less frequently for long
RNA molecules than for short ones. In addition, factors
such as stem-loop structures in the RNA molecules
influence the amount of full-length cDNA made.

Growth-phase-dependent expression of the rrn
operons

Transcription from P1 and P2 in SMM fell markedly
between 13 and 17 h after inoculation, which cotresponds
to the transition between exponential growth and station-
ary phase. However, transcription from P3 and P4 persists
until 17 h after inoculation, and consequently P3 appears
to replace P2 as the most frequently used promoter in the
transition phase. This observation undetlines the need to
study relative promoter activities throughout a growth
curve.

While the R2-protected fragments are apparent in the
early stages of growth, the R1 band did not appear until
14 h after inoculation. This suggests that one of the six r7#
operons may be expressed only late in growth. Such
growth-phase-dependent expression might reflect a role
for this operon in either morphological differentiation or
antibiotic production, and is consistent with the ob-
servation by Granozzi ef a/. (1990) of a second phase of
stable RNA synthesis on solid medium during the
transition from vegetative to aerial mycelium. The
intriguing possibility that one of the rr# operons may be
expressed late in growth will be investigated by com-
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paring the transcription of all six 77» operons. This should
yield information about the relative contribution of the
various 777 operons to de novo tRNA synthesis throughout
the S. coelicolor life-cycle.
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