




As growth ceases, the levels of enzymes for purine, pyrim-
idine, and amino acid biosynthesis become reduced (sup-
plemental Table S6). A notable exception given the role of
ppGpp in controlling antibiotic biosynthesis (3) is the product
of SCO5737, a putative guanosine pentaphosphate synthe-
tase/polyribonucleotide nucleotidyltransferase, which in-
creases in abundance over the time course.

Comparison of Proteomes from S. coelicolor M145 and the
�phoP Mutant, INB201—Proteins detected only in the M145
or the INB201 replicate time courses were identified. Within
these sets, proteins that occurred in less than four time points
in the replicate time courses were eliminated (supple-
mental Tables S8 and S9). Proteins that were more abundant
in M145 versus INB201 or vice versa were also identified from
the total EmPAI values per protein over both replicate time
courses as described above but included proteins that were
detected in only three of the four time courses as well as

proteins detected in all four time courses. Where a protein
was not detected, the EmPAI value was treated as 0. As
before, the sum of the EmPAI values �EmPAIM145, and
�EmPAIINB201 reflecting the abundance of a protein in the
parent strain M145 versus the �phoP mutant INB201 were
used to calculate ratios. A fold change of greater than 2.8-fold
was used as a cut-off (supplemental Tables S5 and S8).

The phosphate starvation response is clearly evident from
the M145-specific proteome (supplemental Table S8 and Fig.
7). Proteins that are strongly induced on phosphate depletion
in M145 but absent in the �phoP mutant INB201 include
PhoP (SCO4230) itself, the high affinity phosphate transport
system, PstSCAB (SCO4139–4142), polyphosphate kinase
(SCO4145), alkaline phosphatase (SCO2286), and enzymes
involved in a putative teichuronic acid biosynthesis pathway
(includes SCO4883 and SCO4871). Promoters that express
these proteins have been characterized previously as PhoP

FIG. 7. Proteins enriched in M145 or in the �phoP mutant INB201. Trends in the expression profiles of selected proteins from the M145
proteome (A) or the INB201 proteome (B) are shown as graphs prepared as described in the legend to Fig. 2.
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targets (8, 33). Other known or possible PhoP-regulated gene
products (encoded by SCO1565, glpQ1; SCO1968, glpQ2;
SCO4151; and SCO3790) and two alkaline phosphatase-like
proteins (SCO2068 and SCO2286) were observed only in the
M145 replicates but at low abundances (supplemental
Table S6) (33). A small group of M145-specific proteins were
detected only in the last three time points, slightly later than
those known to be regulated by PhoP. The ActII-2 and ActII-3
proteins (SCO5083 and SCO5084) mediate actinorhodin
transport and are repressed by the product of ActII-1 (34, 35).
Biosynthetic intermediates of Act bind to the ActII-1 repressor
and derepress the promoter for actII-2 (35). The absence of
ActII-2 and ActII-3 in INB201 could be because the levels of
Act intermediates never reach the concentrations required to
bind the ActII-1 repressor and relieve repression of the actII-2
promoter (35). Indeed M145 contains higher levels of at least
one of the Act biosynthesis enzymes (SCO5087; Fig. 7) and
correspondingly more Act (and Red) was produced during the
fermentation (Fig. 1). SCO2519 is not only a paralogue of ActII-3
(SCO5084) but was also expressed in exactly the same time
points, also only in M145. Also present in the last three time
points was a putative allantoicase (SCO6248), an enzyme that
uses purines as an alternative nitrogen source, ultimately break-
ing them down to ammonium and carbon dioxide. Although the
similar expression profiles of ActII-2, ActII-3, SCO2519, and
SCO6248 might suggest they are all regulated by ActII-1, the
binding site for ActII-1 was not detected upstream of SCO2519
and SCO6248. The only M145-specific protein that appears to
be induced before phosphate depletion is SCO7586, which
encodes a putative flavin-dependent, NADPH-dependent oxi-
doreductase (supplemental Table S8).

Proteins only detected or enriched in INB201 indicate that a
number of possible phosphate scavenging proteins are in-
duced but also that there are differences in metabolism com-
pared with M145. SCO2532, a PhoH-like phosphate starva-
tion-inducible protein with predicted ATPase activity was
markedly more abundant in INB201 and is perhaps an indi-
cator of the greater level of phosphate depletion in the �phoP
mutant (Fig. 7). Transcription of SCO2532 was also up-regu-
lated in INB201 compared with the parent M145 (sup-
plemental Fig. S2) (8). The induction of putative transport
proteins SCO5957 and SCO5783 (Fig. 7 and supple-
mental Table S9 and Fig. S2) may enable phosphate uptake in
the absence of the PhoP-inducible PstSCAB phosphate
transporter. At least three other proteins of unknown function
had expression profiles similar to SCO2532 (SCO2625,
SCO4884, and SCO6445; Fig. 7 and supplemental Fig.
S2). All of these proteins may be responding to phosphate
depletion by a PhoP-independent mechanism. In addition, a
putative secreted protein, SCO1860, and a nucleotide-bind-
ing protein, SCO5249, EshB, that were only detected in M145
over the transition phase, accumulated to much higher levels
in the �phoP mutant compared with its parent (Fig. 7). An
eshB null mutant has no obvious phenotype, but its paral-

ogue, eshA (SCO5249), is required for high levels of acti-
norhodin production because it is thought to accentuate the
physiological role of ppGpp (36). EshA (SCO7699) was only
detected in INB201 (supplemental Table S6), and mRNA of
both eshA and eshB rose toward the end of the fermentation
(supplementalFig. S2). Taken together there appears to be an
important role for these proteins in the �phoP mutant.

The �phoP strain contained high levels of enzymes involved
in gluconeogenesis compared with the parent strain M145.
Pyruvate phosphate dikinase paralogues (SCO2494 and
SCO0208, Pdk1 and Pdk2), phosphoenol pyruvate carboxy-
kinase (SCO4979, Pck), and fructose 1,6 bisphosphatase
(SCO5047, GlpX) were all detected repeatedly in the �phoP
extracts but at fewer time points or not at all in the parent
strain (Fig. 3 and supplemental Tables S6 and S9). M145 had
higher levels of glycolytic enzymes, phosphofructokinase
(SCO1214, PfkA3), and a paralogue of pyruvate kinase
(SCO2014, Pyk1) (Fig. 3 and supplemental Tables S6 and S8).
As the level of glucose in the fermentors changed little over
the time course, the up-regulation of the gluconeogenesis
pathway in INB201 is more likely to reflect overall remodeling
of metabolism to balance the availability of phosphate rather
than sensing glucose depletion (Fig. 1). A plausible hypothesis
is that gluconeogenesis is used to correct imbalances in
redox levels in particular the ratio of NADH:NAD�. The en-
zymes involved in gluconeogenesis in the �phoP mutant are
in abundance from the earliest time points (SCO4979 and
SCO5047) or as the growth rate slows (SCO2494 and
SCO0208), suggesting that the metabolic stress of growth
without the PhoP-regulated gene products extends through
all of the phases of growth in the fermentor. When phosphate
became depleted during the cultivation of the �phoP mutant,
the rate of CO2 production fell further and faster compared with
that during the cultivation of the parent strain (Fig. 1), probably
because of the absence of normal phosphate homeostasis and
the effects of phosphate limitation on oxidative phosphoryla-
tion. There are several dehydrogenases and reductases more
highly expressed in the �phoP mutant: SCO0645, SCO7040
(Gap2), GlpA (SCO1661), NuoG (SCO4568), SCO5385,
SCO7236 (QcrB3), and SCO7120 (QcrB2) that could be com-
pensating for a redox imbalance caused by phosphate limitation
(Fig. 7 and supplemental Table S9).

Synthesis of Secondary Metabolites in M145 and INB201—
The timing of appearance of enzymes required for all of the
secondary metabolic pathways correlated approximately with
the time of their mRNA synthesis (4) (Fig. 8 and sup-
plemental Fig. S2). The CPK enzymes were produced during
rapid growth; the CDA enzymes and those expressed from
the proposed deoxysugar cluster (SCO0381-SCO0401) (37)
were produced when the rate of respiration/biomass produc-
tion slowed; and Red and Act clusters were expressed, in that
order, several hours after stationary phase was reached (Fig.
8). Although the CDA enzymes were present at low abundance
in both M145 (wild type) and INB201 (�phoP mutant), the two
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nonribosomal peptide synthases, SCO3230 and SCO3232
were more abundant in M145 (Figs. 7 and 8). The mRNA ex-
pression for the corresponding CDA proteins were coordinately
up-regulated in M145 at �35 h post-inoculation, whereas
mRNAs for the same proteins in the �phoP mutant gradually
increased over several hours (supplemental Fig. S2). Clearly the
physiological conditions required for expression of the CDA
gene cluster were not optimal in the �phoP mutant and may
reflect perturbations in the expression of regulators. AbrC1/2/3,
AbsA1/A2, and CdaR (SCO4598–96, SCO3225/6 and,
SCO3217, respectively) are known to affect the expression of
cda genes (38–40), but we did not observe differential expres-
sion of these regulators at the mRNA level, and none of the gene
products were detected in the proteomes.

There is an obvious temporal overlap between primary and
secondary metabolism and secondary metabolic pathway-
specific switches are likely to be sensing very different met-
abolic and regulatory signals. We detected a total of 183
putative regulators in the combined proteomes from M145
and the �phoP mutant (supplemental Table S5). Of these, 23
are predicted to be response regulators, and 19 are presumed
sensor kinases. The next largest groups are the TetR and
MarR families (12 and 11, respectively). Nine sigma factors
and five anti-sigma factors were detected. The EmPAI values
indicated that the vast majority of these regulatory proteins
had no reproducible trends in their expression, and their
abundances were very low (supplemental Table S6). Many of
the regulators are involved in stress responses (discussed
above). Proteins known to be involved in development were
observed, and they either had no particular trend of expres-
sion (e.g. BldG), or they were, like the regulators of the stress
responses, optimally detected over transition and early sta-

tionary phase (e.g. ScbR, RarA, BldN, SCO4677 encoding an
anti-sigmaF regulator, BldD) (supplemental Table S6). BldC
(SCO4091), which is required for high levels of transcription of
the pathway-specific activators ActII-Orf4 and RedD (41), was
not detected in the last two time points from the INB201
fermentation despite being constitutively transcribed in both
M145 and in INB201 (supplemental Fig. S2 and Table S6).
This apparent depletion of BldC cannot, however, account for
the poor levels of production of total blue pigment (TBP;
includes Act) and Red in INB201 because the levels of bio-
synthetic enzymes produced were similar in M145 and
INB201 (supplemental Table S6 and Figs. 1 and 8).

The synthesis of antibiotics is greatly affected by precursor
supply. CPK is synthesized during the rapid growth phase when
precursor supply for polyketides, notably acetyl and malonyl-
CoA, should be plentiful. Act is also synthesized from acetyl-
CoA, whereas the precursors for Red are proline and L-serine/
L-glycine in addition to acetyl-CoA. However, many of the
enzymes required to generate acetyl-CoA such as pyruvate
dehydrogenase appeared to be greatly depleted by the time Act
and Red are produced (e.g. Figs. 1 and 6). Also important is the
synthesis of malonyl-CoA through the activity of acetyl-CoA
carboxylase. Previously it was shown that overexpression of
these enzymes led to increased expression of Act (42, 43).
SCO6271 (AccA1), SCO4921 (AccA2), and SCO5535 (AccB)
encode subunits of an acetyl-CoA carboxylase (44). SCO4921
and SCO6271 have identical amino acid sequences, and our
study was therefore unable to distinguish between the products
of these two genes. SCO5535 and SCO6271/4921 gene prod-
ucts were most abundant early on in growth consistent with
their role in FAS (supplemental Fig. S6). No other homologues of
these proteins were detected in the proteome.

FIG. 8. Timing of expression of enzymes for secondary metabolism synthesis in M145 and INB201. The graphs show EmPAI values (y
axis) versus time since inoculation (h; x axis) for all the enzymes detected for each secondary metabolite from the M145 replicates (blue) or from
the �phoP mutant INB201 replicates (red). The dashed blue lines and the dashed red lines represent the times of phosphate depletion in M145
and INB201 at 35 and 40 h, respectively.
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Acetyl-CoA can be synthesized from other metabolites. A
putative pathway, based on increasing levels of SCO5385 and
SCO5399 late in the growth cycle, might include an acyl-CoA
dehydrogenase (SCO5385) that could convert hydroxylbu-
tanoyl-CoA to acetoacetyl-CoA followed by a putative aceto-
acetyl-CoA thiolase (SCO5399; supplemental Fig. S6). Al-
though SCO5399 was the only acetyl-CoA acetyltransferase
detected in our study there were other putative acyl-CoA
dehydrogenases including SCO1591, SCO6026, SCO3834,
and SCO6789 detected (supplemental Table S6).

Two other enzymes that could be of relevance to precursor
supply based on their increasing abundance late in the fermen-
tation cycle are SCO5676 encoding a putative 4-amino butyrate
aminotransferase (GabT) that could generate methylmalonate
semi-aldehyde (discussed also above) and SCO2726 or MsdA
that converts methyl malonate semi-aldehyde to methylmalonyl
CoA (supplemental Fig. S6). Notably the levels SCO2726 were
much lower in the �phoP mutant, INB201, which correlates with
the much lower levels of TBP and Red production in this strain
(Fig. 1 and supplemental Fig. S6).

From carbon balance calculations, we determined the
yields of both Red and TBP to be in the order of 1% Cmol for
the parent strain, M145 (data not shown). The enzymes for the
biosynthesis of Act and Red are coordinately expressed (as
shown by both the mRNA and the proteome data) at a time
that coincides closely with the start of Act and Red produc-
tion, and they are still increasing in abundance even at the end
of the time course. The rise in TBP and Red showed an almost
constant rate of production in both parent and �phoP mutant
strains, implying the existence of a rate-limiting metabolic
step, either related to the biosynthesis of Act and Red or in the
pathways supplying the respective precursors (45).

Conclusion—We have used a semi-quantitative index of
protein abundance, the EmPAI, to find significant changes to
the proteome during the fermentation of S. coelicolor M145 in
phosphate-limited medium and compared this with a �phoP
mutant INB201. We have identified enzymes that could me-
diate all of the reactions required for nitrogen assimilation: the
TCA cycle, glycolysis, and pyruvate metabolism, and most
enzymes required for the pentose phosphate pathway and
oxidative phosphorylation. Streptomyces genomes, more
than most other bacterial genomes, contain multiple paral-
ogues, but the proteome indicated that usually only one or
two of these candidate proteins is present at detectable lev-
els. Stress response proteins are some of the most abundant
proteins in the proteome and have a crucial role in switching
on antibiotic synthesis. A comparison of the proteome from
M145 with that of the �phoP mutant showed the expected
absence of induction of PhoP-dependent gene products.
Compensation for the lack of normal phosphate homeostasis
(uptake, storage, and utilization) appeared to involve an up-
regulation of transport proteins, regulators, and, surprisingly,
enzymes required for gluconeogenesis. The coordinated ap-
pearance of enzymes for secondary metabolite biosynthesis,

including the novel deoxysugar derivative proposed by Bent-
ley et al. (37), at various stages of growth emphasizes that
very different physiological conditions switch on the different
pathways. The proteome and the corresponding transcrip-
tome data are a useful resource for understanding the molec-
ular changes that occur during a batch culture fermentation
leading to antibiotic biosynthesis.
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