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In bacteria, many ‘‘atypical’’ response regulators (ARRs) lack the
conserved residues important for phosphorylation by which typical
response regulators switch their output response, suggesting the
existence of alternative regulatory mechanisms. However, such
mechanisms have not been established. JadR1, an OmpR-type ARR
of Streptomyces venezuelae, appears to activate the transcription
of jadomycin B (JdB) biosynthetic genes while repressing its own
gene. JadR1 activities were inhibited in cells induced to produce
JdB, which was found to bind directly to the N-terminal receiver
domain of JadR1, causing JadR1 to dissociate from target pro-
moters. The activity of a NarL-type ARR, RedZ, that regulates produc-
tion of another antibiotic was likewise modulated by the end product
(undecylprodigisines), implying that end-product-mediated control of
antibiotic pathway-specific ARRs may be widespread. These results
could prove relevant to knowledge-based improvements in yield of
commercially important antibiotics.

JadR1 � ligand

Two-component signal transduction systems, consisting of a
sensor histidine kinase (HK) and a cognate response regulator

(RR), are common in prokaryotes, where they are usually deter-
mined by a pair of adjacent genes (1, 2). In response to a signal, the
HK autophosphorylates, then transfers the phosphoryl group to an
Asp residue of the RR; thus, switching its output response (3).
Typically, RRs contain an N-terminal receiver domain (the REC
domain) and a C-terminal output domain, in most cases a DNA
binding domain (4). In the REC domain, 5 conserved amino acid
residues are believed to be vital for phosphorylation, an Asp at the
exposed C terminus of the central �-strand c being the phosphoryl
acceptor (5). However, some RRs lack 2 or more of the 5 important
conserved residues in the REC domain, despite their high predicted
structural resemblance to typical RRs (6–11). Such ‘‘atypical’’
(A)RRs are encoded in many bacterial genomes, and their deter-
minants are usually located away from any likely HK determinant
(12, 13). Some ARRs are involved in regulation of bacterial growth
and development, secondary metabolite biosynthesis, iron trans-
port, cell movement, or virulence (8–10, 14–18). No ARR has been
proved to accept phosphoryl groups in vitro, raising the possibility
that they use a different signal-responding mechanism, such as a
ligand-based mechanism (8, 9, 19, 20); but so far, such a mechanism
has not been demonstrated.

In antibiotic-producing streptomycetes, production of each an-
tibiotic is typically determined by a large gene cluster that usually
includes at least one pathway-specific regulatory gene. This is the
case for the jadomycins, broad-spectrum cytotoxic polyketide-
derived angucycline antibiotics (21, 22) that are produced by
Streptomyces venezuelae ISP5230. The jadomycin biosynthetic gene
cluster includes 5 regulatory genes (jadW1, -W2, -W3, -R2, and -R1)
(23, 24), among which jadR1 is indispensable for jadomycin pro-
duction (25). The jadR1 is located upstream of, and in the same
orientation as, the first structural gene of the jadomycin biosyn-
thetic cluster, jadJ (Fig. 1A) (26). JadR1 is a predicted OmpR type
RR, with a winged HTH motif in the C-terminal output domain. In
its N-terminal REC domain, the 2 important aspartic acid residues
closest to the N terminus are replaced by Glu49 and Ser50. Also,
jadR1 is not located near a cognate HK gene; thus, it is an ARR.

In this study, we show that ligands do indeed bind to and change
the activity of an ARR. The ARR is JadR1, and the ligands are the
late biosynthetic products of the genes controlled by JadR1, notably
jadomycin B (JdB) and its aglycone JdA. We also present evidence
that such autoregulation may be a widespread regulatory mecha-
nism for antibiotic biosynthesis in streptomycetes.

Results
JadR1 Binds the Promoter Regions of jadJ and Its Own Gene. Previous
genetic evidence indicated that JadR1 was necessary for the tran-
scription of jadomycin biosynthetic genes (25). To examine the
molecular mechanism involved, JadR1-HIS expressed in Esche-
richia coli was purified to �90% purity (Fig. 1B), and used in
band-shift assays with 2 potential promoter regions designated
PjadR1 (promoter region of jadR1) and PjadJ (promoter region of
jadJ). JadR1 showed distinct patterns of binding to these regulatory
regions at protein concentrations ranging from 1.5 to 400 nM (Fig.
1 C and D).

To further understand the regulatory role of JadR1 on jadJ and
jadR1 expression, the promoter structures of jadJ and jadR1 and the
DNA binding sites were identified (Fig. 2B; Fig. S1 A and B). The
transcription start point (tsp) of jadJ was located by high-resolution
S1 nuclease protection analysis to a G, 88 nt upstream of the
putative jadJ start codon (ATG) (Fig. 2A). The tsp of jadR1 was
localized to a T or G, 81, 82, or 83 nt upstream of the putative jadR1
start codon (ATG) (Fig. 2A). Subsequent DNase I footprinting
experiments (Fig. 2B; Fig. S1A) revealed that JadR1 protected a
large region from �27 to �137 nt relative to the jadJ tsp. The
footprint on the jadR1 promoter region covered a region from �4
to �112 nt relative to the jadR1 tsp (Fig. S1B), although at the
lowest concentrations of JadR1, only the more upstream part of the
promoter region (�112 to �60) was protected. This result may
imply that JadR1 binds first to the more upstream binding site,
nucleating the occupation of the entire promoter at higher JadR1
levels, leading to obstruction of RNA polymerase binding.

Analysis of the DNA regions interacting with JadR1 did not
reveal a highly conserved recognition sequence, although it was
possible to identify a repeated but poorly conserved 6-bp candidate
consensus sequence. Further analysis will be necessary.

Transcriptional Analysis of jadJ and jadR1. To evaluate the regulatory
significance of the observed patterns of DNA binding, the tran-
scription of jadJ and jadR1 in the WT and a jadR1 disruption
mutant (jadR1DM) was analyzed by S1 nuclease protection. In
these experiments, we took advantage of the fact that, unlike most
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secondary metabolites, JdB is produced only when nutritionally
unbalanced cultures are subjected to additional stress such as heat
shock or ethanol toxicity (22). Total mRNAs were isolated from
cultures grown with or without ethanol treatment at various time
points (1 , 24 , 48, and 72 h after ethanol addition) (Fig. 2 C and D).

When ethanol was added to the culture, jadJ mRNA was
detectable at 1 h in the WT, and reached its highest abundance at
48–72 h (Fig. 2C), whereas no transcript of jadJ was detected at any
time point in jadR1DM. This result indicated that JadR1 positively

controls jadJ transcription. However, in the absence of ethanol, little
or no jadJ transcript was detectable in either WT or jadR1DM (Fig.
2D), whereas jadR1 mRNA was relatively abundant in both strains
(note that the 5�-end of the jadR1 gene is present in jadR1DM,
making it possible to assess jadR1 transcription in the deletion
mutant). Thus, some additional factors besides JadR1 may be
required for jadJ expression; and at least under the conditions used
here, the in vivo transcription of jadR1 was not observably depen-
dent on JadR1.

Transcription of jadR1 was inhibited in the WT at 1 h after
ethanol, but recovered to the preinduction level by 24 h (Fig. 2C).
This inhibition was not observed in jadR1DM, implying that JadR1
is responsible for the inhibition in the WT (i.e., that JadR1 acts as
a repressor of its own gene), but that the initial repression could be
relieved by some undefined effect at later time points.

Effect of Culture Extract from S. venezuelae on the Activity of JadR1.
To explain why the initial repression of jadR1 transcription in vivo
lost strength with time, we hypothesized that some substance(s)
produced by S. venezuelae after ethanol treatment might inhibit
DNA binding by JadR1. To explore this hypothesis, a culture
supernatant of S. venezuelae grown for 48 h with ethanol treatment
was extracted with organic solvent, dried, and redissolved in meth-
anol. Then, different amounts of extract were assayed for their
ability to influence binding of JadR1 to PjadR1 and PjadJ (Fig. 3A).
Indeed, a high concentration of extract could dissociate JadR1 from
both promoter regions. Footprinting experiments showed that the
extract influenced the binding of JadR1 to PjadR1 in a concentration-
dependent manner (Fig. 3B): JadR1 dissociated from the region
stretching from position �4 to �60 at a low concentration of
extract, and from the entire protected region at high concentration
(Fig. 3B). The results with the jadJ promoter region were more
complex. Unexpectedly, at a low concentration of extract, a clearer
protected region from �27 to �138 nt indicated enhanced binding
of JadR1 to the DNA target (Fig. 3B). However, the protected
region gradually disappeared with increasing concentration of

Fig. 1. JadR1 binds to the promoter regions of jadJ and jadR1. (A) The domain
organization of JadR1. The amino acids corresponding to the conserved residues
of typical RRs are marked. (B) Purification of JadR1-His (C-terminal His-tag)
expressed in E. coli. (C and D) Band-shift assays of 2 promoter regions with
purified JadR1. Each lane contains 10 ng of �-32P-labeled PjadR1 (C) or PjadJ (D)
probe. Lanes 1–11 contain 0, 1.5, 4.5, 9, 12, 15, 50, 90, 120, 150, and 400 nM JadR1,
respectively.

Fig. 2. The transcriptional level of jadJ and jadR1 with or without ethanol and the JadR1-protected regions upstream of jadJ and jadR1. (A) Determination of the
tsps of jadJ and jadR1 by high-resolution S1 mapping of WT RNA (isolated at 48 h after ethanol treatment). (B) DNase I footprinting assays of JadR1 on the jadJ and
jadR1 promoter regions. The concentrations (nM) of JadR1 are shown above the lanes. The lanes marked DNA are controls without protein. Each lane contains 200 ng
of �-32P-labeled DNA. The brackets denote the regions protected by JadR1, and the numbers on the right side indicate the distances relative to the respective tsps of
jadJ and jadR1. (C and D) The transcriptional level of jadJ and jadR1 with or without ethanol induction was detected by low-resolution S1 analysis. Total RNAs from
WT and jadR1DM in the presence (C) or absence (D) of ethanol were hybridized with jadJ and jadR1 probes. hrdB transcription was assayed as a control.
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extract, indicating progressive dissociation of JadR1 from its DNA
target. This result portrayed a subtle regulatory pattern, in which
low concentrations of extract stimulated the binding of JadR1 to the
jadJ promoter region, whereas the binding was reversed to disso-
ciation at higher concentrations. In vivo, the situation is likely to be
more complex, as illustrated by the continued high expression of
jadJ in WT cultures at late time points, when jadomycin would have
been produced for many hours (Fig. 2C). Investigation of the other
jad regulatory genes will be needed to clarify this apparent anomaly.

JdB Modulates the DNA Binding Activity of JadR1 by Interacting with
JadR1. In a more detailed analysis, using extracts from culture
supernatants of S. venezuelae WT and jadR1DM, harvested at
various time points (1, 24, 48, and 72 h) with or without ethanol
treatment, we found that only extracts from WT grown with ethanol
markedly inhibited the DNA binding activity of JadR1 (Fig. 3C),

inhibitory activity increasing with culture age. This result matched
the pattern of abundance of JdB itself, raising the possibility that it
might directly modulate JadR1 activity. Therefore, we further
purified JdB by HPLC, and assessed its effects in band-shift assays
(Fig. 4 A and B). JdB inhibited band-shifting of PjadR1 and PjadJ by
JadR1 in a concentration-dependent manner (Fig. 4 A and B).
These results were further confirmed by surface plasmon resonance
(SPR) analysis of the effect of increasing concentrations of JdB on
binding of JadR1 to immobilized PjadJ and PjadR1 (Fig. 4 C and D).
In band-shift assays (Fig. 4E), 2,3-dehydro-4-hydroxy-12bH-12-
deoxyrabelomycin (DHU) and JdA, both intermediates of JdB
biosynthesis, and dehydrorabelomycin (DHR), a shunt product,
also showed different degrees of modulation of JadR1 DNA
binding activity, whereas several antibiotics with diverse structures
had no effect (Fig. S2). This result indicated that the ligand-
mediated regulation for JadR1 is pathway-specific. Interestingly,
JdA was effective at somewhat lower concentrations than JdB.

Fig. 3. Effect of ligand(s) on the binding activity of JadR1. (A) Band-shift assays of JadR1 (50 nM) with culture extracts in a series of 2-fold dilution steps. Methanol
was used as a solvent control. (B) Effect of extract on DNase I footprinting of JadR1 (360 nM) on its DNA targets. The protected regions in the presence of low
concentrations of extract are indicated by vertical solid lines. The protected regions relative to the respective tsps of jadJ or jadR1 are numbered on the right side. (C)
Band-shift assays of JadR1 (50 nM) with different extracts. NET, no ethanol added; ET, ethanol added.

Fig. 4. Effect of JdB and related molecules on the binding of JadR1 to its DNA targets. (A and B) Effect of JdB on the band-shift assay of JadR1 (50 nM) binding to
PjadJ (A) and PjadR1 (B). (C and D) Dose-response curves of the inhibition by JdB of the binding of JadR1 (150 nM) to PjadJ (C) or PjadR1 (D). (E) Effect of JdB, JdA, DHU, and
DHR on the DNA binding activity of JadR1. Band-shift assays were performed with 50 nM JadR1 and a range of ligand concentrations as indicated. The structures of
compounds are present on the right side. Red arrows indicate the direction of biosynthesis, but the blue arrow points to a shunt product. (F) SPR analysis of the binding
of JdB to immobilized JadR1. (G) SPR analysis of the binding of JdB to immobilized JadR1R (REC domain of JadR1).
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Because DNase I footprinting (Fig. 3B) had revealed no new
protected region in the presence of extract containing a high
concentration of JdB, the inhibitory effect of JdB was not due to
competition with JadR1 for similar binding sites in DNA, as in the
case of daunorubicin and its pathway-specific regulator, DnrN (27).
This indication that JdB modulates the DNA binding activity of
JadR1 by directly interacting with JadR1 was confirmed by SPR
between JdB and immobilized JadR1 (Fig. 4F): JdB interacted with
JadR1 directly in a dose-dependent manner. A similar result was
obtained with just the N-terminal domain of JadR1 (JadR1R) (Fig.
4G). A comparable experiment with the C-terminal domain failed
because of the instability of the isolated domain under these
conditions.

Most typical RRs, including OmpR, that are regulated by phos-
phorylation can autophosphorylate in vitro in the presence of small
molecule phosphodonors such as phosphoramidate (PA), acetyl
phosphate, and carbamoyl phosphate. Previous studies had shown
that some ARRs could not be phosphorylated in this way (6, 28).
Indeed, ARR-JadR1 did not autophosphorylate in the presence of
25 mM PA (Fig. 5).

These results demonstrated that the activity of an ARR could be
directly modulated by a small ligand, and indicated that this was the
principal mode of regulation, because JadR1 was not susceptible to
in vitro phosphorylation. Interestingly, homologues of jadR1 are
present in the biosynthetic clusters for several angucycline antibi-
otics (29, 30) and for antibiotics that contain an angucycline-like
structure (31, 32). The amino acid sequence conservation of such
JadR1 homologues may indicate that they have a similar ligand-
interactive specificity.

Modulation of DNA Binding Activity of RedZ by Undecylprodigiosin
(Red). In streptomycetes, pathway-specific ARRs responsible for
regulation of secondary metabolite biosynthesis can be categorized
into 2 types according to DNA binding motif: the OmpR type
represented by JadR1; and the NarL type, which includes RedZ of
Streptomyces coelicolor, the most studied streptomycete. RedZ has
been deduced to positively regulate Red biosynthesis by activating
the transcription of a second pathway-specific activator gene, redD
(9, 33). RedZ lacks a pair of Asp residues and a Lys residue in the
conserved phosphorylation pocket (Fig. 6A). Therefore, it was
proposed that RedZ might use a phosphorylation-independent
mechanism of regulation (9). We chose this case to test the
possibility that end-product mediated regulation of ARR might be
widespread among antibiotic pathways in streptomycetes.

RedZ expressed in E. coli was purified to �90% purity (Fig. 6B).
Band-shift assays demonstrated that RedZ binds the promoter
region of redD in a complex binding pattern (Fig. 6C), strongly
supporting the proposal that RedZ regulates redD transcription

directly (33). The addition of Red antibiotic (800 �M) inhibited the
band shifts (Fig. 6D; note that the very limited solubility of Red in
aqueous solvents means that the effective concentration was prob-
ably considerably lower). This effect was specific in that adding the
same amount of Red to the JadR1-PjadJ complex did not cause any
dissociation (Fig. S2). Therefore, as with JadR1, the activity of
RedZ is modulated by the end product. Further attempts to study
the interaction between RedZ and Red by SPR failed due to the
instability of RedZ. However, we note that, unlike the anthracycline
daunorubicin (34), the tripyrrole antibiotic Red is not known to
bind DNA, and no Red-DNA complex was detected by band-shift
assay even in the presence of 800 �M Red (Fig. 6D). Consequently,
we believe that Red modulates the activity of RedZ, not by
competing for the DNA binding sites, but via interaction with
RedZ.

Discussion
Typical RRs are regulated by phosphorylation. However, the fact
that there are many ARR genes in bacterial genomes suggests
that other switches may control their output responses. In fact,
several ARRs appear to exert their function independently of
phosphorylation. For example, HP1043 and HP1021 in Helico-
bacter pylori could not be phosphorylated by low-molecular-
weight phosphate donors in vitro, and derivatives of HP1043
carrying either the S51N and D52N single-amino acid substitu-
tions or the S51D52AN double mutation could functionally
substitute for the WT protein in vivo (6). In streptomycetes,
several ARRs have been studied. Among them, WhiI, which is
essential for sporulation in S. coelicolor A3 (2), lacks at least 2
of the conserved residues in typical phosphorylation pockets,
and mutation of the residues in conserved positions resulted in
modulation, rather than loss, of WhiI function (8, 20). This result
led to the proposal that WhiI might be regulated by a small
molecule ligand (20). The possibility of posttranscriptional reg-
ulation mediated by a coregulator interacting with ARRs has
been also suggested for BldM and RedZ (13). Here, we have
demonstrated that an ARR (JadR1), instead of being phosphor-
ylated, does indeed interact with small molecules (JdB and its
late precursors), causing changes in its own binding to target
promoters. Also, the N-terminal Rec domain on its own could
bind JdB, suggesting that ligand binding to this domain was
analogous to phosphorylation of the Rec domains of typical
RRs. We also found that the ability of an ARR of a second
subclass (RedZ) to bind to a target promoter was inhibited by
addition of Red antibiotic, strengthening the possibility that
interactions with ligands may be a widespread mode of modu-
lation of the activity of ARRs.

The structures of JadR1 and RedZ predicted by the SWISS-
MODELLING program are strongly similar to those of the tem-
plates, which are typical RRs from 2-component systems. There-
fore, it is possible that a ligand-modulated strategy might be
adopted by some typical RRs, perhaps explaining why there are
cases in which RRs with typical phosphorylation pockets exert
function independently of phosphorylation (19, 27, 35).

The physiological context of the interaction between ARR-
JadR1 and its ligand is intriguing; it is involved in the pathway-
specific regulation of genes for the biosynthesis of an antibiotic, and
the ligands are the product (JdB), or late intermediates (notably
JdA), of the pathway. The strongest interaction was with JdA,
suggesting that, after induction by ethanol, an initial low level of
expression of the biosynthetic genes yields enough JdA to bind to
JadR1; thus, increasing expression. We suppose that high expres-
sion of the biosynthetic genes leads to the accumulation of JdB
product to a concentration sufficient to inhibit the activation
exerted by JadR1. In other words, jadomycins act as autoregulators
of their own synthesis.

In streptomycetes, specialized antibiotically-inactive ‘‘autoregu-
lators’’ of antibiotic biosynthesis are well known, the most studied

Fig. 5. MS analysis of in vitro phosphorylation of OmpR and JadR1 in the
presenceorabsenceofPA.�PAindicates that theOmpRandJadR1proteinswere
untreated by PA, whereas �PA indicates that the proteins were treated by PA.
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being the gamma-butyrolactone A-factor, which induces strepto-
mycin biosynthesis in Streptomyces griseus (36). Our finding that
jadomycin is truly autoregulating puts the use of this term in a new
light. Remarkably, the jad gene cluster also contains genes homol-
ogous with those that are responsible for the production of gamma-
butyrolactones and for implementing their regulatory effects
(jadW1, -W2, and -W3) in other streptomycetes. The jadW1 has been
shown to have significant roles in regulating jadomycin (24). Future
work will address the interplay between these 2 distinct autoregu-
latory systems, which may in part be responsible for the complex
pattern of binding of JadR1 to the promoters of jadR1 and jadJ
apparent from Figs. 1 and 2.

It was recently discovered that export of the isochromanequinone
polyketide actinorhodin (Act) in S. coelicolor was induced by the
binding of a late intermediate in Act biosynthesis to a TetR-like
repressor that specifically regulates the gene for the Act transporter
(37). Autoregulatory phenomena were also reported in donorubi-
cin and tylosin biosynthesis (38, 39). However, JadR1 is the first
example of a primary pathway-specific activator whose activity is
controlled by the end product. Also, band-shift assays revealed that
DHU, JdA, and DHR also possessed the ability to inhibit the DNA
binding activity of JadR1 (Fig. 4E). This raises the possibility of a
stepwise autoregulation, in which the first jadomycin-related me-
tabolites to accumulate intracellularly are biosynthetic intermedi-
ates/shunt products, which may strongly induce the pathway genes,
leading to rapid generation of the JdB end-product to levels high
enough for it to serve as an autoregulator for precise modulation of
its own synthesis.

It is evident that binding of end-products or late intermediates of
antibiotic biosynthetic pathways to pathway-specific regulatory
proteins is not confined to any one type of antibiotic, nor to any one
type of regulator, nor to any one Streptomyces species. The indica-
tion that antibiotic autoregulation may be widespread could prove
relevant to knowledge-based improvements in yield of some com-
mercially important secondary metabolites.

Materials and Methods
Bacterial Strains and Growth Conditions. S. venezuelae ISP5230 and the jadR1
disruption mutant (jadR1DM) were grown on MYM agar (25). The medium and
culture conditions for JdB production were as described previously (22). S. coeli-
color M145 was grown on minimal medium (MM) containing mannitol as sole

carbon source (40); ompR, jadR1, and redZ were expressed in E. coli BL21 (DE3) to
obtain large amounts of C-terminally His-tagged proteins.

Construction of jadR1 Disruption Mutant. A jadR1 disruption mutant (jadR1DM)
was constructed as described previously (25), but the apramycin resistance gene
used for gene disruption was replaced by a kanamycin resistance gene.

RNA Isolation and S1 Nuclease Protection Analysis. RNAs as template for S1
nuclease protection analysis were isolated from cultures of WT and jadR1DM
grown at 28 °C at various times (1 , 24 , 48, and 72 h) after ethanol addition or
without ethanol. Ethanol was added to 6.5-h cultures, to a final concentration of
6% (vol/vol), before further incubation. The culture conditions for extracting
RNAs from cells (22) and S1 nuclease protection analysis were as described
previously (41). The hrdB (FJ387221) probe used as a control was prepared by PCR
using the unlabeled primer 5�-CGGGAGTGCGGAGTCGGGGG-3� and the 5�-end
[32P]ATP-labeled primer 5�-TGCCCATCAGCCTTTCCCCGC-3�. The jadJ probe was
prepared by PCR using the unlabeled primer 5�-AGGCGTGGGTTTCCGCT-
TCGGC-3� and the radiolabeled primer 5�-CACGGCCACGCTGCCGATACCC-3�. A
DNA sequencing ladder was generated using the radiolabeled primer with an
fmol DNA cycle sequencing kit (Promega). The jadR1 probe was prepared by PCR
using the radiolabeled primer 5�-CCACGCTCACGCCCGACAGAC-3� and the unla-
beled primer 5�-CGTAGCCGTGCTCGTCGAATTCTC-3�. The protected fragments
were analyzed on a 6.0% polyacrylamide gel containing 7 M urea.

Band-Shift and DNase I Footprinting Assays. Band-shift assays were performed
as described previously (41). Briefly, 32P-labeled DNA probes (1,000 cpm) were
incubatedindividuallywithvariousquantitiesofJadR1at25 °Cfor20minorRedZ
at0 °Cfor1h, in20�Lofreactionmixture.After incubation,thebindingreactions
were separated on a 6% polyacrylamide gel, then the gel was dried and exposed
to Biomax radiographic film (Kodak). Purified JdB and Red were dissolved in
DMSO, whereas the extracts were dissolved in methanol; 400 mL of culture
supernatant of WT at 48 h after ethanol treatment was extracted twice with 100
mL of ethyl acetate, and the extracts were pooled, dried on a rotary evaporator,
and redissolved in 1.5 mL of methanol. We used this material undiluted and in a
series of 2-fold dilution steps (diluted with methanol) for the band-shift assays
shown in Fig. 3A. Dissolved compounds and solvent control were added at 4%
(vol/vol) in the reaction mixtures.

ForDNase I footprintingassays,bindingandDNase I reactionswerecarriedout
as described previously (41). The sequence ladder was prepared using an fmol
DNA cycle sequencing kit (Promega) with the labeled primers for PjadJ or PjadR1.
The primer pairs used to generate the various DNA probes were as follows: for
jadJ (361 bp), the unlabeled primer 5�-ACATTCCCGTCCTGTGATCCACC-3� and the
labeled primer 5�-CGCCTTCTCCGTACCCGTTCC-3�; for jadR1 (296 bp), the unla-
beled primer 5�- GAAGTGGTCAAGAGTGCCCGTGGTC-3� and the labeled primer
5�-CGGTTCCCCCTAGCACCTATGTCAC-3�; for redD (423 bp), the unlabeled primer

Fig. 6. Effect of undecylprodigiosin on the DNA binding activity of RedZ. (A) Schematic representation of the relative positions of redZ and redD in the S. coelicolor
A3(2) genome. The domain organization of RedZ is indicated by boxes, and the amino acids in RedZ that correspond to the highly conserved residues of typical RRs
are marked. (B) Purification of RedZ-HIS expressed in E. coli. (C) Band-shift assays of the interaction of the redD promoter region (PredD) with purified RedZ. Each lane
contains 10 ng of �-32P-labeled PredD. Lanes 1–7 contain 0, 5, 15, 30, 50, 70, and 150 nM purified protein, respectively. (D) Effect of Red on the DNA binding activity of
RedZ. Each lane contains 10 ng of �-32P-labeled PredD. Lanes 2–11 contain 50 nM RedZ and 0, 0, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and 800 �M undecylprodigiosin,
respectively. DMSO was used as a solvent control.
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5�- GAACCGAGGCGACGGAAGGAGG-3� and the labeled primer 5�- GGTC-
CATCGTGGCAAGCACTCCC-3�. Cell extracts were added at 4% (vol/vol) in the
reaction mixtures for analysis.

Overexpression and Purification of OmpR, JadR1, JadR1 REC Domain, and RedZ.
ompR, jadR1 (and itspartencodingRECdomain), and redZwereamplifiedbyPCR
from DNA of E. coli DH5�, S. venezuelae ISP5230, and S. coelicolor M145 respec-
tively. The jadR1 portion was resequenced; its revised sequence was updated in
GenBank (U24659.3). For ompR, primers 5�-GGAATTCCATATGCAAGAGAACTA-
CAAGATTC-3� and 5�-CCGCTCGAGTGCTTTAGAGCCGTCCGGTAC-3� were used;
for jadR1, primers 5�-ACATATGAGCCTGACGTCCGTAGAAGTGAAG-3� and 5�-
ACTCGAGGCCGCGGCCGAAGCGGAAAC-3� were used; for the REC domain-
encoding part of jadR1, primers 5�-AAACATATGAGCCTGACGTCCGTA-
GAAGTGAAGG-3� and 5�- AAACTCGAGTCCGCGGGTGATCGTGCGGG-3� were
used; for redZ, 5�-AAACATATGACGACCCGTGTCCTGGTGTGCTG-3� and 5�-
AAACTCGAGGCGGGCGGGAGTGCCGTAACCC-3� were used. The amplified frag-
ments were digested with NdeI and XhoI, and then inserted into pET-23b to
obtain expression plasmids pET23b::ompR, pET23b::jadR1, pET23b::jadR1R, and
pET23b::redZ, respectively. The plasmids were introduced into E. coli BL21 (DE3)
for protein overexpression. Purification and concentration of proteins were
carried out as described previously (41).

SPR Experiments. All experiments were performed in HBS buffer (10 mM Hepes,
pH 7.4/150 mM NaCl/3 mM EDTA/0.05% Tween 20) on a BIAcore 3000 System

(BIAcore)ataflowrateof30�L/minand25 °C.Biotinylated jadR1and jadJprobes
were immobilized on the flow cells of an SA sensor chip at densities of �200
response units (RU), whereas JadR1 and JadR1R were immobilized on a CM5
sensor chip at �10,000 and �5,100 RU, respectively.

HPLC Analysis. JdB was purified by HPLC on a Shimadzu prominence system with
a SPD-20A detector and an YMC-Pack ODS-A reverse-phase column (250 � 10
mm) using a gradient of H2O–acetonitrile (15:85) to 100% acetonitrile in 12 min
at a flow rate of 2.5 mL/min. Absorbances were monitored at 313 and 260 nm.

In Vitro Phosphorylation by Liquid-Chromatography-Coupled MS. Purified
OmpR and JadR1 were incubated in kinase buffer (50 mM Tris�HCl, pH 7.5/50 mM
KCl/20mMMgCl2) in thepresenceorabsenceof25mMammoniumhydrogenPA,
which was synthesized according to ref. 42, for 30 min at room temperature, then
analyzed using a Thermo Electron LCA Deca XP ion-trap LC-MS system. Masses of
the constituents of individual peaks were determined by mass deconvolution.
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