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The stringent response in Streptomyces coelicolor
A3(2)

E.Strauch, E. Takano, H.A. Baylis and M. J. Bibb*
John Innes Institute, John Innes Centre for Plant
Science Research, Colney Lane, Norwich NR4 7UH, UK.

Summary

The stringent response was elicited in the antibiotic
producer Streptomyces coelicolor A3(2) either by
amino acid depletion (nutritional shiftdown) or by the
addition of serine hydroxamate; both led to increased
levels of ppGpp and to a reduction in transcription
from the four promoters of the rrnD rRNA gene set.
Analysisof untreated batch cultures revealedelevated
ppGpp levels at the end of exponential growth,
preceding the onset of antibiotic production. The
effect of provoking the stringent response on antibio-
tic production in exponentially growing cultures was
assessed by S1 nuclease mapping of actIII, an early
gene of the actinorhodin biosynthetic cluster. Ex-
pression of actIII occurred after nutritional shiftdown,
but not after treatment with serine hydroxamate.
Although the need for ppGpp in triggering antibiotic
production remains equivocal, ppGpp synthesis alone
does not appear to be sufficient to initiate secondary
metabolism in S. coelicolor A3(2).

Introduction

In Escherichia coli, depletion of amino acids leads to the
stringent response (for a review see Cashel and Rudd,
1987), which is characterized by an immediate reduction
in the overall rate of RNA synthesis apparently mediated
by ppGpp (guanosine 5'-diphosphate-3'-diphosphate).
This nucleotide is synthesized by a ribosome-associated
enzyme, [p]ppGpp synthetase I (also known as 'stringent
factor') encoded by the relA gene, either via pppGpp from
GTP and ATP or directly from GDP and ATP, and is made
when uncharged codon-specific tRNA molecules bind to
the ribosomal A site. During the stringent response,
complex changes in the pattern of gene expression occur;
transcription of stable RNA genes is immediately reduced,

Received 11 July, 1990; revised 24 September, 1990. *For correspond-
ence. Tel. (0603) 52571; Fax (0603) 56844.

and there is a simultaneous increase in the expression of,
for example, amino acid biosynthetic genes, of which the
his operon is a well-studied example (Stephens et al.,
1975; Shand et al., 1989). There is also considerable
evidence to show that ppGpp plays a central role in growth
rate control (Sarubbi et al., 1988). Several mutations can
reduce ppGpp formation and result in continued RNA
synthesis during amino acid starvation, the so-called
'relaxed' phenotype. In relA mutants [p]ppGpp synthetase
I is affected, resulting in little or no ppGpp formation after
amino acid starvation. In relC mutants, an alteration in, or
the complete lack of, ribosomal protein L11 prevents
ppGpp formation by the synthetase, although at least in
some cases the enzyme can still bind to the ribosome.
ppGpp formation, and the apparently associated growth
rate control, can occur also via a relA-independent path-
way (Friesen et al., 1978; Atherley, 1979) that responds to
carbon and energy source depletion (Cashel and Rudd,
1987).

The stringent response and ppGpp formation occur in
various Streptomyces species (Riesenberg et al., 1984;
Ochi, 1986; 1987a,b,c). The latter author isolated relaxed
mutants, apparently analogous to relC mutants (Cashel
and Rudd, 1987), that were deficient in antibiotic produc-
tion. This suggested a possible role for the stringent
response and ppGpp in determining the onset of second-
ary metabolism in Streptomyces and indirectly in pro-
moting morphological differentiation (Ochi, 1986; 1988).
The observation that antibiotic production is usually
limited to cultures in stationary phase or growing at low
growth rates (Demain, 1989), would at least be consistent
with the apparent role played by ppGpp in growth-rate
control in Escherichia coli.

In order to investigate these aspects of the stringent
response in more detail, we have begun a study in the
genetically characterized strain Streptomyces coelicolor
A3(2). In this work we describe the effects of inducing the
stringent response on intracellular nucleotide concen-
trations and on the transcription of a rRNA gene set (rrno,
Baylis and Bibb, 1988a) and of a gene involved in the
biosynthesis of the antibiotic actinorhodin (actIII; Hallam
et al., 1988). The rrnO gene set shows a complex
transcriptional arrangement and is expressed from four
promoters with potentially interesting sequence heter-
ogeneity (Baylis and Bibb, 1988b), conceivably reflecting
different mechanisms of transcriptional control.
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Results

Induction of the stringent response in S. coelicolor A3(2)
by serine hydroxamate

Serine hydroxamate (SHX), a structural analogue of
L-serine, provokes the stringent response in E. coli by
acting as a competitive inhibitor of seryl-tRNA synthetase
(Tosa and Pizer, 1971), thus leading to the accumulation of
uncharged tRNAser. SHX triggers the stringent response in
Streptomyces hygroscopicus (Riesenberg et aI., 1984),
presumably by the same mechanism. Two different con-
centrations of SHX were added to exponentially growing
cultures (OD450nm = 0.35) of S. coelicoIor A3(2) strain
M145 and the effects on growth rate, nucleotide-pool
levels and rRNA transcription were determined. After
addition of the analogue, the cultures continued to grow
exponentially but with a reduced growth rate. The higher
SHX concentration (50 mM) increased the doubling time
from 2.3 to 17 h, and the lower concentration (25 mM) gave
a doubling time of 5.1 h. In contrast to cultures subjected
to nutritional shiftdown (see below), growth continued for
approximately two generations before the cultures
entered stationary phase and reached the same optical
density as control cultures.

Addition of SHX provoked the transient accumulation of
ppGpp, giving maximal concentrations, within 15 min, of
47 and 75pmol mg-1 dry weight with final concentrations
of 25mM and 50mM SHX, respectively (Fig. 1A). Sixty
minutes after addition of SHX, the ppGpp concentrations
had fallen to 6 and 11 pmol mg -1 dry weight, respectively,
significantly above the level found in control cultures, in
which ppGpp was not detectable (the limit of detection
was 3pmol mg-1 dry weight). The intracellular concen-
trations of ATP, UTP, CTP and GTP fell rapidly after the
addition of 25 mM SHX (Fig. 1B); the decreases in GTP and
UTP levels were particularly pronounced. Similar changes
were observed for the higher SHX concentration, where
the nucleoside triphosphate concentrations dropped to
even lower levels. Protein synthesis, estimated by the
incorporation of [14C]-leucine into trichloroacetic acid
(TCA)-precipitable material, was also severely reduced in
both cases.

The accumulation of ppGpp was accompanied by an
immediate reduction in the overall rate of RNA synthesis
(Fig. 2). Although the amount of data is limited, there is a
positive correlation between the level of ppGpp accumu-
lation, the reduction in the overall rate of RNA synthesis
and the decrease in growth rate.

The decline in overall RNA synthesis during the stringent
response in E. coli is mainly accounted for by a drastic
reduction in the synthesis of stable RNA (Gallant, 1979). All
seven rRNA operons of E. coli are expressed from two
promoters, and in at least one of these operons, rrnA, only
the major promoter, p1, is under negative stringent

Fig. 1. A. ppGpp concentrations after addition of SHX to exponentially
growing cultureS (OD450nm = 0.35) of S. caelicolor A3(2) strain M145.
B. RelatiVe changes in nucleoside triphosphate concentrations after
addition of SHX. The initial concentrations (0 min), estimated from dry
weights of mycelium, Were: ATP, 3294 pmol mg-'; UTP, 1895pmol
mg-'; CTP, 1050pmol mg-'; GTP, 1274pmol mg-'.

control, while the weaker p2 promoter is constitutively
expressed (Sarmientos et aI., 1983). The rrnO gene set of
S. coeIicoIor A3(2) is transcribed from four different
promoters (p1-p4) which can be grouped into two
classes. p1 and p2 possess -10 and -35 regions that
resemble the consensus sequences for the major class of
prokaryotic promoters, while p3 and p4, which show
extensive similarity to each other between -41 and +3,
lack typical -35 regions (Baylis and Bibb, 1988b). The
consequences of inducing the stringent response on
transcription from each of the four rrnO promoters was
studied by S1 nuclease mapping in conditions of probe
excess to discern any possible differential effects on
promoter utilization. (Earlier S1 nuclease mapping exper-
iments with the rrnO gene set were conducted under
conditions of probe limitation (Baylis and Bibb, 1988b),
and did not reflect the true relative levels of the different
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Fig. 2. Total RNA synthesis after addition of SHX to exponentially
growing cultures (OD450nm = 0.35) of S. caelicolor A3(2) strain M145.
RNA synthesis was determined by incorporation of [5,6-3H)-uridine into
TeA-precipitable material. The 90 min point in Fig. 2A was not
considered when drawing the line.

rrnOtranscripts (T. M. Clayton, personal communication).)
Since all of the primary rrnO transcripts are processed at
the same rate (Clayton and Bibb, 1990), the amounts of
RNA-protected probe observed after S1 nuclease treat-
ment presumably reflect the relative strengths of the
promoters in vivo. In exponentially growing control cul-
tures, p3 and p4 were the stronger promoters (Fig. 3), with
initiation at p1 and p2 accounting for less than 10% of
transcripts; transcription from p2 was barely detectable.
The strongest band, which constituted approximately
70% of the RNA-protected counts, represents the pre-
mature form of 16S rRNA (indicated as PrS (processing
site) in Fig. 3). Within 20 min of addition of 50 mM SHX the
amounts of each of the four primary transcripts fell to
below 10% of their initial values (Fig. 3A). Similar, but less
dramatic, effects were observed with 25 mM SHX, with
transcripts from p1, p3 and p4 falling to approximately
30% of their initial value (transcription from p2 was too low
to be reliably quantified, but certainly decreased). These
results suggest that all four of the rrnO promoters are

subject to negative stringent control; assuming there was
no differential effect on processing of the primary trans-
cripts, then all four promoters appeared to be affected
equally upon induction of the stringent response.

Induction of stringent response in S. coelicolor A3(2) by
nutritional shiftdown

The stringent response in S. coelicolor A3(2) was also
induced by transferring exponentially growing cultures
(OD450nm= 0.5) from an amino-acid-containing medium
into a true minimal medium, as in Ochi (1986; 1987a,b,c).
In contrast to the SHX experiments, the cultures showed
little continued growth, with only a slight increase in optical
density before they entered stationary phase. The
changes in nucleotide concentrations were remarkably
different from those observed after the addition of SHX.
ppGpp accumulation was much more pronounced, giving
a maximum value of 192pmol mg-1 dry weight 10 min
after shiftdown (Fig. 4A). A small transient accumulation of
pppGpp (guanosine 5' -triphosphate-3' -diphosphate) was
also observed 10 min after amino acid depletion. Another
new nucleotide was detectable in the high-performance
liquid chromatography (HPLC) spectra that showed the
same kinetics of appearance as ppGpp; a peak with
identical characteristics was obtained by alkaline hydroly-
sis of ppGpp, suggesting that it might be ppGp (guanosine
5'-diphosphate-3'-monophosphate) which occurs during
the stringent response in E. coli (magic spot III; Pao and
Gallant, 1979). While ATP, UTP and CTP showed
increased concentrations that persisted for at least 60 min
after shiftdown, which presumably reflected the decrease
in RNA synthesis, the GTP level fell dramatically to 20% of
its initial value (Fig. 4B). The drop in GTP concentration far
exceeds the amount converted into ppGpp; this might
indicate another role for GTP during the stringent
response. Protein synthesis, estimated by the incorpor-
ation of [14C]-leucine into TCA-precipitable material, was
also severely reduced.

Chloramphenicol binds to the large subunit of the
ribosome and inhibits the formation of peptide bonds, thus
preventing the uncharging of aminoacyl tRNAs and sup-
pressing ppGpp production (Davis and Ron, 1980). When
5µg ml-1 chloramphenicol was added to M145 cultures,
growth was reduced, but not prevented, presumably
indicating partial inhibition of protein synthesis; when
added immediately before shiftdown, ppGpp formation 10
min after shiftdown was reduced from 192 pmol mg-1 dry
weight to 25pmol mg-1 dry weight, with RNA synthesis
showing a partially relaxed phenotype (Fig. 5).

After nutritional shiftdown, there was a dramatic de-
crease in transcript initiation from all of the rrnO promoters
(Fig. 6); within 20 min, transcripts initiating from p1 , p3 and
p4 fell to approximately 10% of their initial levels. The
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Fig. 3. S1 nuclease mapping of the promoters of the rrnD gene set of S. coelicolor A3(2) strain M145. p1, p2, p3 and p4 represent promoter transcripts,
s6 is an unassigned RNA-protected band (see text), PrS indicates the RNA-protected fragment derived from the processing site, and FLP marks the
location of the full-length probe. End-labelled HpaII-digested pBR322 (lane M) was used as size marker. Control RNA samples were isolated from
untreated cultures. The times indicate minutes after addition of SHX to appropriate exponentially growing cultures at an OD450nm of 0.35.

RNA-protected band s6, which probably stems from one
of the other five rRNA gene sets of S. coelicolor A3(2)
(Baylis and Bibb, 1988b), also appeared to be under
negative stringent control (Fig. 6A).

ppGpp and antibiotic production in S. coelicolor A3(2)

Studies on different Streptomyces strains have led to the
proposition that ppGpp is a key signal metabolite in
initiating antibiotic biosynthesis (Ochi, 1986; 1987a,b,c).
To assess this possibility in S. coelicolor A3(2), where
further genetic analysis would be facilitated, we initially
determined ppGpp concentrations throughout a normal
batch culture and attempted to correlate any changes in
these levels with the onset of production of actinorhodin
and undecylprodigiosin, two pigmented antibiotics made
by this strain (Hopwood, 1988). In the medium used in this

study, S. coelicolor A3(2) strain M145 produces actino-
rhodin and undecylprodigiosin only when the cultures
enter stationary phase. Undecylprodigiosin was detect-
able as soon as the cultures stopped growing, whereas
actinorhodin production could be detected only six to
eight hours later (Fig. 7A). Production of both antibiotics
continued for several days, rising to 300 µ9 ml-1 actino-
rhodin and 5 µg ml-1 undecylprodigiosin after 120h.
ppGpp could not be detected in the early and mid-
exponential growth phases (detection level was 3 pmol
mg-1 dry weight; Fig. 7A), but increased levels were
observed at the end of exponential growth (16 pmol mg-1

dry weight) and fell to 5-7 pmol mg-1 dry weight during
stationary phase. To determine when transcription of the
actinorhodin biosynthetic genes commenced, the ex-
pression of act III, an early gene of the actinorhodin cluster
that encodes a β-ketoreductase (Hallam et al., 1988), was
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Fig. 4. ppGpp concentrations after nutritional shiftdown of an
exponentially growing culture (00450 nm = 0.5) of S. coelicolor A3(2)
strain M145.
B. Relative changes in nucleoside triphosphate concentrations after
nutritional shiftdown. Initial values (0 min), estimated from dry weights of
mycelium, were: ATP, 2709pmol mg-1; UTP, 692pmol mg-1; CTP,
732pmol mg-1; GTP, 874pmol mg-'.

studied by S1 nuclease mapping. An actIII transcript
corresponding to that identified by Hallam et al. (1988) was
observed immediately after the culture had entered
stationary phase (Fig. 7B).

We also assessed ppGpp levels and actIII transcription
after inducing the stringent response. After a nutritional
shiftdown, the ppGpp concentration reached a maximum
level of approximately 200 pmol mg-1 dry weight within 10
min and fell to a level of about 6 pmol mg-1 dry weight. The
cultures increased only slightly in optical density (from
OD450nm= 0.5 to 0.85) before effectively entering station-
ary phase approximately four hours after shiftdown (Fig.
8A). Although actinorhodin was not measurable until 10 h
after inducing the stringent response, actIII transcripts
were detected one hour after shiftdown (Fig. 8B). In
contrast to the untreated cultures, and to those treated
with SHX (see below), actinorhodin and undecylprodigio-
sin production appeared to coincide; the reason for this
difference is not known.

ppGpp levels and transcription of actIII were also
determined after induction of the stringent response with
25mM SHX. In contrast to the nutritional shiftdown, the
culture continued to grow exponentially at a reduced rate
for two generations (Fig. 9A). ppGpp accumulated to
47pmol mg-1 dry weight before falling to 6pmol mg-1 dry
weight. A small transient increase in ppGpp to about
10pmol mg-1 dry weight occurred again at the end of
exponential growth. actIII transcripts were detected only
when the cultures had entered stationary phase, approxi-
mately 12 h after induction of the stringent response (Fig.
9B).

Isolation of a relaxed mutant of S. coelicolor A3(2)

Relaxed mutants, apparently equivalent to relC mutants,
have been isolated at frequencies of 3-10% among
spontaneously thiostrepton-resistant mutants of a num-
ber of Streptomyces species, and are deficient in anti-
biotic production (Ochi, 1986; 1987a,b,c; 1988). Isolates
of S. coelicolor A3(2) strain M145 that were resistant to
25µg ml-1 thiostrepton were therefore assessed for a
relaxed phenotype after nutritional shiftdown. Whereas in
M145, total RNA synthesis fell by 75% 30 min after
shiftdown, one of the thiostrepton-resistant mutants,
M145-R1, showed a reproducible reduction of RNA syn-
thesis of only 55% 30 min after shiftdown (Fig. 5).
Furthermore, this mutant produced only around 20%
(43pmol mg-1 dry weight) of the level of ppGpp found in
M145 after amino-acid starvation. However, although
M145-R1 resembles the apparent relC mutants isolated
by Ochi both in RNA synthesis and in ppGpp production

Fig. 5. Total RNA synthesis after nutritional shiftdown of exponentially
growing cultures (OD450nm = 0.5) of S. coelicolorA3(2) strain M145,
M145 in the presence of 5µg ml-' chloramphenicol, and M145-R1; the
maximal observed levels of ppGpp after shiftdown are shown on the
right. RNA synthesis was determined by incorporation of (5,6-3H)-uridine
into TCA-precipitable material and expressed as a percentage of the
counts obtained with untreated control cultures. CM, chloramphenicol.
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Fig. 6. A. S1 nuclease mapping of the promoters of the rrnD gene set of
S. coelicolor A3(2) strain M145 after nutritional shiftdown of
exponentially growing cultures (OD450nm = 0.5; see the legend to Fig. 3
for details). The apparent reduction in band intensities in the 30 min
control sample reflect a lower sample loading and is not physiologically
significant.
B. Quantitative analysis of the p1, p3 and p4 transcript abundances by
gel scanning.

after shiftdown, it had a normal growth rate, suggesting
that it is not a typical relC mutant. The time course and
amounts of actinorhodin and undecylprodiogiosin pro-
duced, both with and without nutritional shiftdown, closely
resembled those of the parental strain.

Discussion

Two different methods, nutritional shiftdown and addition
of serine hydroxamate, were used to provoke the stringent
response in S. coelicolor A3(2): both appeared to trigger
the formation of ppGpp. The accumulation of ppGpp was
significantly lower when SHX was used. Riesenberg et al.
(1984) previously used SHX to elicit the stringent response
in Streptomyces hygroscopicus and observed relatively
small ppGpp accumulations (19pmol mg-1 dry weight
with 20mM SHX). The nutritional shiftdown described by
Ochi (1986; 1987a,b) proved a more efficient way to
trigger ppGpp formation; the ppGpp accumulations that
we observed in S. coelicolorA3(2) (around 200pmol mg-1
dry weight) were in the same range as those reported by
Ochi for other Streptomyces strains, which varied from
82pmol mg-1 in Streptomyces antibioticus (Ochi, 1987a)
to 800pmol mg-1 in Streptomyces griseus (Ochi, 1987b).
Such observations are consistent with previous work in
Bacillus subtilis, where starvation for many amino acids
triggered more pronounced changes in nucleotide con-
centrations than starvation for just one (Lopez et al., 1981).

The growth of S. coelicolor A3(2) was affected differ-
ently by the two treatments. While the SHX-treated
cultures underwent two doublings before reaching
stationary phase, those subjected to nutritional shiftdown
showed little further growth. The changes in intracellular
nucleoside triphosphate concentrations were also re-
markably different. In SHX-treated cultures, their concen-
trations fell to lower basal levels, while in the nutritional
shiftdown experiments, with the exception of GTP, tran-
sient increases in concentrations occurred. The kinetics of
both sets of changes are in reasonable agreement with the
data of Riesenberg et al. (1984) and Ochi (1986; 1987b).

Although the amount of data is limited, there is a
correlation between the peak levels of ppGpp accumu-
lation and the reduction in both growth rate and total RNA
synthesis. Such results are reminiscent of the situation in
E. coli, where ppGpp appears to play a central role in
growth-rate control (Sarubbi et al., 1988); perhaps ppGpp
plays a similar role in Streptomyces.

Discarding the unlikely possibility that inducing the
stringent response affected the rate of processing, the
stringent response in S. coelicolor A3(2) led to a marked
reduction in rRNA transcription, as it does in E. coli
(Gallant, 1979). However, in contrast to E. coli, all of the
rrnO promoters appeared to be subject to negative
stringent control and all appeared to be affected equally.
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Fig. 7. A. ppGpp levels during a normal batch culture of S. coelieolor A3(2) strain M145. Arrows indicate when undecylprodigiosin (red) and actinorhodin
(act) were first detected using the spectrophotometric assays.
B. S1 nuclease mapping of aetIII of S. eoelieolor A3(2) strain M145. RNA was isolated at the times indicated (see the legend to Fig. 3 for details).

Fig. 8. A. Growth of S. coelieolor A3(2) strain M145 after or without nutritional shiftdown, and ppGpp production by the shifted culture. The arrow
indicates when actinorhodin (act) and undecylprodigiosin (red) were first detected spectrophotometrically in the culture subjected to shiftdown.
B. S1 nuclease mapping of aetIII after nutritional shiftdown. RNA was isolated at the times indicated (see the legend to Fig. 3 for details).

Fig. 9. A. Growth of S. coelieolor A3(2) strain M145 after or without addition of 25 mM SHX, and ppGpp production by the treated culture. Arrows indicate
when actinorhodin (act) and undecylprodigiosin (red) were first detected spectrophotometrically in the treated culture.
B. S1 nuclease mapping of actIII after SHX addition. RNA was isolated at the times indicated (see the legend to Fig. 3 for details).
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During exponential growth the major promoters were p3
and p4, with p1 contributing about 10% of all rrnD
transcripts, and p2 barely any. This is perhaps surprising
given the apparently consensus-like sequences of p1 and
p2, and the rather unusual sequences of p3 and p4. The
role, if any, of the potential discriminator sequences
downstream of p1 and p2 (Baylis and Bibb, 1988b)
remains to be determined.

During a normal batch culture, ppGpp levels increased
at the end of exponential growth preceding antibiotic
production. The actIII gene was transcribed shortly after
entry into stationary phase. After nutritional shiftdown, a
switch to secondary metabolism was shown by the
appearance of the actIII transcript one hour later. After the
SHX-induced stringent response, exponential growth
continued and although there was a transient accumu-
lation of ppGpp, actIII transcripts were detected only 12 h
later, when the cultures entered stationary phase. Since
ppGpp production after SHX treatment was significantly
lower than after nutritional shiftdown, it might appear that
the level of ppGpp is crucial in determining the onset of
antibiotic biosynthesis. However, two pieces of data
suggest that this is not the case. First, although ppGpp
synthesis in M145-R1 after nutritional shiftdown (43pmol
mg-1 dry weight) was less than that observed after
treatment of M145 with 25mM SHX (47pmol mg-1 dry
weight), antibiotic production appeared to occur normally.
Second, suppression of ppGpp accumulation by M145 to
25pmol mg-1 dry weight by addition of chloramphenicol
before shiftdown did not prevent antibiotic production.
Thus, if ppGpp does play a role in triggering antibiotic
biosynthesis, it would appear that it is not by itself
sufficient to promote this transition.

Although nutritional shiftdown leads to high levels of
ppGpp, complete starvation for amino acids arrests
growth and, at least in E. coli, provokes a variety of global
stress responses (Van Bogelen et al., 1987). This makes it
difficult to assess the precise role of ppGpp in regulating
cell physiology. For example, the transcription of actIII
after nutritional shiftdown could be an indirect effect of the
cessation of growth, rather than being specifically induced
by increased levels of ppGpp. A more subtle approach
may be needed. It is therefore interesting to note that the
ppGpp-dependent expression of the his operon of Sal-
monella typhimurium could be demonstrated in vivo by
inducing a mild stringent response with low concen-
trations of SHX that had little effect on growth rate (Shand
et al., 1989). Another elegant approach employed a series
of E. coli spoT mutants defective in ppGpp degradation,
which consequently exhibited different basal levels of the
metabolite during steady-state growth, to study growth
rate and rrnA ribosomal promoter regulation (Sarubbi et
al., 1988). Similar approaches that permit changes in
ppGpp levels in the absence of severe physiological

trauma may be required to elucidate the role of ppGpp in
regulating antibiotic production in Streptomyces.

An inverse correlation between growth rate and the level
of ppGpp has been reported for E. coli (Sarubbi et al.,
1988). Thus, although the elevated level of ppGpp that
occurs in S. coelicolor A3(2) at the end of the exponential
growth and that precedes the onset of antibiotic produc-
tion is intriguing, it may simply reflect the decrease in
growth rate. The proposition that ppGpp plays an impor-
tant role in the initiation of antibiotic biosynthesis relies
heavily on the isolation of relaxed mutants that are
deficient in antibiotic production (Ochi, 1986; 1987a,b).
However, the inability of such mutants to produce anti-
biotics is not necessarily associated with their reduced
ability to form ppGpp. In Bacillus subtilis, a relC mutation
led to a conformational change in ribosome structure that
prevented the ribosome from translating the mRNA of the
chloramphenicol acetyltransferase gene; the deficiency in
ppGpp production was not responsible for the lack of
expression of resistance (Ambulos et al., 1988). Effects
such as these, and the general effect of relC or other rei
mutations on cell growth (Stark and Cundliffe, 1979),
should be borne in mind when attempting to establish a
causal relationship between the production of ppGpp and
the onset of antibiotic production.

Our results suggest that elevated levels of ppGpp are
not sufficient to initiate antibiotic biosynthesis in S.
coelicolorA3(2). However, the transient increase of ppGpp
at the end of exponential growth, and its occurrence in
stationary-phase cultures, could indicate that it might be a
requirement for the expression of genes involved in
secondary metabolism.

Experimental procedures

Bacterial strains, plasmids and culture conditions

S. coelicolor A3(2) strain M145 (SCP1-, SCP2-; Hopwood et al.,
1985) was grown in a modified form of NMP minimal liquid
medium (Hopwood et al., 1985) that contained 0.2% (w/v)
casamino acids (instead of 0.5%), and 1 mM KH2P04 and 25mM
TES-buffer, pH 7.2 (instead of 15mM NaH2P04/K2HP04, pH 6.8).
Preliminary experiments indicated that actinorhodin and undecyl-
prodigiosin production by M145 in this medium was not subject to
carbon (glucose), nitrogen (NH4S04) or phosphate (KH2P04)
repression. High-titre spore suspensions were obtained on
R2YE plates (Hopwood et al., 1985) and pre-germinated for 6-8 h
in 2 x TV medium (Bankier and Barrel, 1983). Estimates of
growth were made by measuring optical density and dry weight,
with the two methods giving a good correlation. Nutritional
shiftdown was performed when cultures reached an OD450nm of
0.5. Cultures were harvested either by centrifugation or filtration
(Whatman nitrocellulose filters, 0.45 µm pore size) and resus-
pended in modified NMP without casamino acids. D. L-serine
hydroxamate (SHX; Sigma) was added to growing cultures at an
OD450nm of 0.35. pIJ2820 (Baylis and Bibb, 1988b) and pIJ5104
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(Hallam et al., 1988) were used as sources of probes for S1
nuclease mapping of rrnO and actIII transcripts, respectively.
Actinorhodin production was determined spectrophotometrically
after adjusting supernatants to pH12 with 1 N NaOH; an OD608nm
of 0.5 corresponds to 60µg ml-1 actinorhodin (H. M. Kieser,
personal communication). Undecylprodigiosin (molecular weight
393) was extracted with methanol from mycelium acidified with
1 N HCI and the absorption measured at 530nm; the molar
extinction coefficient at this wavelength is 100500 (Tsao et al.,
1985).

Extraction and quantification of nucleotides

Mycelium from 50-100ml cultures was harvested on nitrocellu-
lose filters (Whatman, pore size 0.45µm), extracted with cold 1 M
formic acid for 1 h, centrifuged for 10 min at 8000 x g and the
supernatants were filtered through nitrocellulose (Whatman, pore
size 0.45µm). After freeze-drying of the supernatants, samples
were resuspended in 200-400 µI of H20, Nucleotide concen-
trations were determined by HPLC on a Partisil 10SAX column
with a gradient of 7 mM KH2P04, pH 4.0 to 0.5 M KH2P04/0.5 M
Na2S04, pH 5.4 at a flow rate of 1.5ml min-1, as described by
Ochi (1987c). Concentrations of nucleotides were determined
relative to mycelial dry weight at the time of harvesting. Nucleo-
tide standards were bought from ICN Biomedicals and Boeh-
ringer Mannheim.

In vivo labelling of RNA and RNA isolation

For labelling of RNA in vivo, cultures were harvested by centrifu-
gation or filtration on nitrocellulose filters (Whatman, pore size
0.45µm) and resuspended in the same medium with or without
casamino acids, supplemented with 2µCi ml-1 [5,6-3H)-uridine
(Amersham, 50Ci mmol-1) and unlabelled uridine (12.5µg ml-1;
51 mM). Samples were withdrawn at the indicated times and
pipetted into cold 5% TCA. Samples were filtered through
Whatman GF/C discs, dried, and counted. RNA was isolated
according to the method of C. P. Smith (Hopwood et al., 1985);
RNA concentrations were determined spectrophotometrically
and the quality of the preparations was checked by gel electro-
phoresis.

High-resolution S 1 nuclease mapping

High-resolution S1 nuclease analysis (Sharp et al., 1980) was
performed according to Bibb et al. (1986) with the following
modifications. For the rrnO transcripts, 1 µg of RNA was
hybridized to 0.15 pmol (approximately 105 Cerenkov c.p.m.) of a
570bp AccI-BanI fragment containing the leader region of rrnO
uniquely labelled at the 5' end of the AccI site (Baylis and Bibb,
1988b) in 20 µI of NaTCA buffer (Murray, 1986). NaTCA was made
according to Summerton et al. (1983). Hybridization was carried
out at 45°C for 6h after denaturation at 65°C for 30 min. For the
actIII transcripts, 30 µg of RNA was hybridized to 0.02 pmol
(approximately 1.5 x 104 Cerenkov c.p.m.) of a 354bp BamHI-
Sail fragment that contained the promoter and 5' coding regions
of act III (Hallam et al., 1988) and that was uniquely labelled at the
5' end of the Sail site. Hybridizations were performed in 20 µI of
formamide buffer (Hopwood et al., 1985) at 57°C for 6h after
denaturation at 85°C for 30 min. RNA-protected fragments were

electrophoretically resolved on 6% (w/v) polyacrylamide/7 M urea
gels (Sanger and Coulson, 1978) using end-labelled HpaII
fragments of pBR322 (Sutcliffe, 1979) as size markers. For
quantitative estimates of the relative amounts of the RNA-pro-
tected fragments, X-ray films were preflashed and exposed at
-70°C (Laskey, 1980).

Reproducibility

Each experiment was carried out at least twice and the reproduci-
bility of the results shown was confirmed.

Acknowledgements

We thank John Firmin for advice on the use of HPLC, Kozo Ochi
for a gift of ppGpp, David Hopwood for advice on the measure-
ment of antibiotics and for information on the actIII gene, Tim
Clayton for advice on S1 nuclease mapping of the rrnO trans-
cripts, and Mark Buttner, Keith Chater, David Hopwood and
Tobias Kieser for their comments on the manuscript. The work
was supported by grants-in-aid from the Agricultural and Food
Research Council and the John Innes Foundation. E.S. was the
recipient of a postdoctoral fellowship from the DAAD (Deutscher
Akademischer Austauschdienst). This paper is dedicated to the
late Bengtåke Jaurin.

References

Ambulos, N.P., Rogers, E.J., Alexieva, Z., and Lovett, P.S. (1988)
Induction of cat-86 by chloramphenicol and amino acid star-
vation in relaxed mutants of Bacillus subtiJis. J Bacteriol 170:
5642-5646.

Atherley, A.G. (1979) Escherichia coli mutant containing a large
deletion from relA to argA. J Bacteriol 138: 530-534.

Bankier, A.T., and Barrel, B.G. (1983) Shotgun DNA sequencing.
In Techniques in Nucleic Acid Biochemistry. Vol. 5B. Flavell,
R.A. (ed.). County Clare, Ireland: Elsevier, pp. B508/1-B508/34.

Baylis, H.A., and Bibb, M.J. (1988a) Organisation of the ribosomal
RNA genes in Streptomyces coelicolor A3(2). Mol Gen Genet
211: 191-196.

Baylis, H.A., and Bibb, M.J. (1988b) Transcriptional analysis of the
16S rRNA gene of the rrnO gene set of Streptomyces coelicolor
A3(2). Mol Microbiol 2: 569-579.

Bibb, M.J., Ward, J.M., and Janseen, G.R. (1986) Cloning and
analysis of the promoter region of the erythromycin-resistance
gene (ermE) of Streptomyces erythraeus. Gene 41: E357-
E368.

Cashel, M., and Rudd, K.E. (1987) The stringent response. In
Escherichia coli and Salmonella typhimurium: Cellular and
Molecular Biology. Neidhart, F.C. (ed.-in-chief). Washington,
D.C.: American Society for Microbiology, pp. 1410-1438.

Clayton, T.M., and Bibb, M.J. (1990) Induction of a φC31
prophage inhibits rRNA transcription in Streptomyces coeli-
colorA3(2). Mol Microbiol 4: 2179-2186.

Davis, B.D., and Ron, E.Z. (1980) Metabolic regulation. In
Microbiology: Including Immunology and Molecular Genetics.
Davis, B.D., Dulbecco, R., Eisen, H.N., and Ginsberg, H.N.
(eds). Philadelphia: Harper & Row, pp. 257-286.

Demain, A.L. (1989) Carbon source regulation of idiolite bio-
synthesis in actinomycetes. In Regulation of Secondary Metab-
olism in Actinomycetes. Shapiro, S. (ed.). Boca Raton: CRC
Press, pp. 127-134.



298 E. Strauch, E. Takano, H. A. Baylis and M. J. Bibb

Friesen, J.D., An, G., and Fill, N.P. (1978) Nonsense and insertion
mutants in the relA gene of E. coli: cloning relA. Cell 15:
1187-1197.

Gallant, J.A. (1979) Stringent control in Escherichia coli. Annu Rev
Genet 13:393-415.

Hallam, S.E., Malpartida, F., and Hopwood, D.A. (1988) Nucleo-
tide sequence, transcription and deduced function of a gene
involved in polyketide antibiotic synthesis in Streptomyces
coelicolor. Gene 74: 305-320.

Hopwood, D.A. (1988) Towards an understanding of gene switch-
ing in Streptomyces, the basis of sporulation and antibiotic
production. Proc R Soc Lond B 235: 121-138.

Hopwood, D.A., Bibb, M.J., Chater, K.F., Kieser, T., Bruton, C.J.,
Kieser, H.M., Lydiate, D.J., Smith, C.P., Ward, J.M., and
Schrempf, H. (1985) Genetic Manipulation of Streptomyces: A
Laboratory Manual. Norwich: The John Innes Foundation.

Laskey, R. (1980) The use of intensifying screens or organic
scintillators for visualising radioactive molecules resolved by
gel electrophoresis. Meth Enzymol 65: 363-371.

Lopez, J.M., Ochi, K., and Freese, E. (1981) Initiation of Bacillus
subtilis sporulation caused by the stringent response. In
Sporulation and Germination. Levinson, H.S., Sonenshein,
A.L., and Tipper, D.J. (eds). Washington, D.C.: American
Society for Microbiology, pp. 128-133.

Murray, M.G. (1986) Use of sodium trichloroacetate and mung
bean nuclease to increase sensitivity and precision during
transcript mapping. Anal Biochem 158: 165-170.

Ochi, K. (1986) Occurrence of the stringent response in Strepto-
myces sp. and its significance forthe initiation of morphological
and physiological differentiation. J Gen Microbiol 132: 2621-
2631.

Ochi, K. (1987a) A reI mutation abolishes the enzyme induction
needed for actinomycin synthesis by Streptomyces antibioti-
cus. Agric BioI Chem 51: 829-835.

Ochi, K. (1987b) Metabolic initiation of differentiation and second-
ary metabolism by Streptomyces griseus: significance of the
stringent response (ppGpp) and GTP content in relation to A
factor.J. Bacteriol 169: 3608-3616.

Ochi, K. (1987c) Changes in nucleotide pools during sporulation
of Streptomyces griseus in submerged culture. J Gen Microbiol
133: 2787-2795.

Ochi, K. (1988) Nucleotide pools and stringent response in
regulation of Streptomyces differentiation. In Biology of Actino-
myces '88. Okami, Y., Beppu, T., and Ogawara, H. (eds). Tokyo:
Japan Scientific Press, pp. 330-337.

Pao, C.C., and Gallant, J. (1979) A new nucleotide involved in the
stringent response in Escherichia coli. J BioI Chem 254:
688-692.

Riesenberg, D., Bergter, F., and Kari, C. (1984) Effect of serine
hydroxamate and methyl α-D-glucopyranoside treatment on
nucleoside polyphosphate pools, RNA and protein accumu-
lation in Streptomyces hygroscopicus. J Gen MicrobioI130:
2549-2558.

Sanger, F., and Coulson, A.R. (1978) The use of thin acrylamide
gels for DNA sequencing. FEBS Letts 87: 107-110.

Sarmientos, P., Sylvester, J.E., Contente, S., and Cashel, M.
(1983) Differential stringent control of the tandem Escherichia
coli ribosomal RNA promoters from the rrnA operon expressed
in vivo in multi copy plasmids. Cell 32: 1337-1346.

Sarubbi, E., Rudd, K.E., and Cashel, M. (1988) Basal ppGpp level
adjustment shown by new spoT mutants affect steady state
growth rates and rrnA ribosomal promoter regulation in Escher-
ichia coli. Mol Gen Genet 213: 214-222.

Shand, R.F., Blum, B.H., Mueller, R.D., Riggs, D.L., and Artz, S.W.
(1989) Correlation between histidine operon expression and
guanosine 5' -diphosphate-3' -diphosphate levels during amino
acid downshift in stringent and relaxed strains of Salmonella
typhimurium. J Bacteriol 171: 737-743.

Sharp, P.A., Berk, A.J., and Berget, S.M. (1980) Transcription
map of adenovirus. Meth Enzymol 65: 750-768.

Stark, M., and Cundliffe, E. (1979) On the biological role of
ribosomal protein BM-11 of Bacillus megaterium, homologous
with Escherichia coli ribosomal protein L11. J Mol BioI 134:
767-779.

Stephens, J.C., Artz, S.W., and Ames, B.N. (1975) Guanosine
5'-diphosphate 3'-diphosphate (ppGpp): positive effector for
histidine operon transcription and general signal for amino-acid
deficiency. Proc Natl Acad Sci USA 72: 4389-4393.

Summerton, J., Atkins, T., and Bestwick, R. (1983) A rapid method
for preparation of bacterial plasmids. Anal Biochem 133:
79-84.

Sutcliffe, J.G. (1979) Complete nucleotide sequence of Escher-
ichia coli plasmid pBR322. Cold Spring Harbor Symp Quant
BioI 43: 77-90.

Tosa, T., and Pizer, L.1. (1971) Biochemical bases for the
antimetabolite action of L-serine hydroxamate. J Bacteriol 1 06:
972-982.

Tsao, S.-W., Rudd, B.A.M., He, X.-G., Chang, C.-J., and Floss,
H.G. (1985) Identification of a red pigment from Streptomyces
coelicolor A3(2) as a mixture of prodigiosin derivatives. J
Antibiot 38: 128-131.

Van Bogelen, R.A., Kelley, P.M., and Neidhardt, F.C. (1987)
Differential induction of heat shock, SOS, and oxidation stress
regulons and accumulation of nucleotides in Escherichia coli. J
Bacteriol 169: 26-32.


