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Streptomyces coelicolor Encodes a Urate-Responsive Transcriptional
Regulator with Homology to PecS from Plant Pathogens

Hao Huang, Brian J. Mackel, Anne Grove

Department of Biological Sciences, Louisiana State University, Baton Rouge, Louisiana, USA

Many transcriptional regulators control gene activity by responding to specific ligands. Members of the multiple-antibiotic resis-
tance regulator (MarR) family of transcriptional regulators feature prominently in this regard, and they frequently function as
repressors in the absence of their cognate ligands. Plant pathogens such as Dickeya dadantii encode a MarR homolog named
PecS that controls expression of a gene encoding the efflux pump PecM in addition to other virulence genes. We report here that
the soil bacterium Streptomyces coelicolor also encodes a PecS homolog (SCO2647) that regulates a pecM gene (SCO2646). S. coe-
licolor PecS, which exists as a homodimer, binds the intergenic region between pecS and pecM genes with high affinity. Several
potential PecS binding sites were found in this intergenic region. The binding of PecS to its target DNA can be efficiently attenu-
ated by the ligand urate, which also quenches the intrinsic fluorescence of PecS, indicating a direct interaction between urate and

PecS. In vivo measurement of gene expression showed that activity of pecS and pecM genes is significantly elevated after expo-
sure of S. coelicolor cultures to urate. These results indicate that S. coelicolor PecS responds to the ligand urate by attenuated
DNA binding in vitro and upregulation of gene activity in vivo. Since production of urate is associated with generation of reac-
tive oxygen species by xanthine dehydrogenase, we propose that PecS functions under conditions of oxidative stress.

embers of the multiple-antibiotic resistance regulator

(MarR) family of transcriptional regulators are involved in a
variety of important biological processes. MarR proteins are par-
ticularly well suited to sense environmental changes, as they can
regulate target gene expression in response to the binding of spe-
cific ligands (1, 2). Therefore, many MarR family regulators me-
diate bacterial responses to environmental stress. A common reg-
ulatory mechanism involves the MarR homolog binding to the
intergenic region between the marR gene and a divergently ori-
ented gene (or operon), repressing the transcription of both.
Upon binding of a specific ligand, DNA binding is attenuated,
causing derepression of both genes (1-4).

A subfamily of MarR proteins, termed urate-responsive tran-
scriptional regulators (UrtR), has been described (5). The tran-
scriptional regulators in this subfamily are characterized by an
N-terminal extension not found in “classical” MarR proteins,
such as Escherichia coli MarR. In addition, they conserve four
amino acid residues, which have been implicated in urate coordi-
nation and the attendant attenuation of DNA binding, and con-
servation of sequences within the DNA recognition helices corre-
lates with similarity of their cognate DNA binding sites in target
promoters (5-10). Several members of this subfamily have been
shown to respond to urate as a ligand; the founding member,
HucR from Deinococcus radiodurans, regulates expression of a
gene encoding a uricase (6). However, PecS from Agrobacterium
tumefaciens (Rhizobium radiobacter) and MftR from Burkholderia
thailandensis regulate expression of a predicted membrane trans-
porter (8, 9). R. radiobacter PecS and PecM (the membrane trans-
porter) are homologous to proteins previously described in the
plant pathogen Erwinia chrysanthemi (Dickeya dadantii) (3, 11—
13). D. dadantii pecM, which is also regulated by PecS, was shown
to encode a transporter involved in indigoidine excretion (11).
The antioxidant indigoidine functions in defense against reactive
oxygen species (ROS) and is important for bacterial virulence
(13).

Plants produce ROS in the early stages of pathogen invasion as
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part of their mechanism to defend themselves; hence, production
of antioxidants is important for virulence of plant pathogens (14—
16). One of the mechanisms by which host plants produce ROS is
by activating xanthine oxidase. Since xanthine oxidase uses xan-
thine and hypoxanthine as the substrates to produce urate and
ROS, urate will be produced as a by-product and may be detected
by the invading bacterium as a signal of impending oxidative
stress. If the bacterium can use urate as a signal to regulate specific
genes, it might augment the defense against oxidative stress or
elicit expression of other genes required for effective colonization.
The observed upregulation of R. radiobacter pecM on exposure to
urate would be consistent with this scenario (8).

We have recently reported that Streptomyces coelicolor encodes
a UrtR homolog that is very similar to PecS from plant pathogens
yet differs by responding to the ligand trans-aconitate and related
compounds (17). This homolog, named trans-aconitate methyl-
transferase regulator (TamR), regulates expression of a gene en-
coding frans-aconitate methyltransferase and is important for
metabolic flux through the citric acid cycle during oxidative stress.
S. coelicolor lives in different ecological environments and is one of
the most widely distributed soil bacteria (18). It needs to compete
with other organisms (plants, fungi, or bacteria) for limited nutri-
ents and other resources in the soil. For Streptomyces spp. and
other bacteria, secretion of antibiotics is thought to be one of their
important strategies during this competition (19-21). In this
complex ecological environment, many organisms (such as
plants) employ the strategy of producing ROS in defense against
invading pathogens (14-16). For organisms that inhabit the
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rhizosphere, mechanisms must therefore be in place to respond to
incidental exposure to ROS and other secreted compounds.

We show here that S. coelicolor encodes divergent pecS and
pecM genes that are upregulated by exogenous urate. The se-
quence conservation and predicted domain architecture of PecS
and TamR proteins from Streptomycetes suggest that they derive
from a common ancestor. However, TamR and PecS from Strep-
tomyces spp. have evolved distinct functions, with PecS homologs
comparable to PecS from plant pathogens in regulating expression
of a gene encoding PecM.

MATERIALS AND METHODS

Sequence analyses. Sequences were aligned using ClustalW. Prealigned
amino acid sequences were used to generate a phylogenetic tree using the
neighbor-joining method in MEGA4 (22, 23). Five hundred bootstrap
replicates were analyzed to generate the bootstrap consensus tree and to
estimate the statistical confidence values. Positions that contain gaps were
eliminated during calculation. The evolutionary distances are in units of
number of amino acid substitutions per site.

Cloning and purification of PecS. The S. coelicolor A3 (2) M145 strain
was cultured in tryptone yeast extract broth (International Streptomyces
Project [ISP] medium 1) at 30°C. The genomic DNA was isolated from S.
coelicolor using the salting out method (24). Forward primer 5'-CCGAT
ACTCGTCATATGACTGAACG-3" and reverse primer 5'-GGGCGGAT
CCCTACTTCTCCG-3" were used to amplify the gene encoding PecS
(S§CO2647; restriction sites are underlined) using genomic DNA as the
template. The PCR product was cloned into the Ndel-BamHI sites of
pET28b (Novagen). As a result, an N-terminal His,-tag was introduced
into the recombinant PecS. The recombinant plasmid was transformed
into E. coli TOP10 (Invitrogen). After the correct construct was confirmed
by sequencing, it was transformed into E. coli BL21(DE3)/pLysS for pro-
tein overexpression.

For overexpression, a 50-ml culture was inoculated with a single col-
ony and grown overnight at 37°C (250 rpm) in Luria-Bertani medium
(with 50 pg/ml kanamycin). The overnight culture was diluted 1:500 with
LB medium (with 50 pg/ml kanamycin) and grown at 37°C (250 rpm).
When the optical density at 600 nm (ODy,) reached about 0.6, overex-
pression of protein was induced with 0.2 mM isopropyl-f-p-1-thiogalac-
topyranoside (IPTG) for 3 h. The induced cultures were then chilled on
ice. Cell pellets were stored at —80°C after the cultures were centrifuged at
4,000 X g for 10 min.

For protein purification, cell pellets were thawed on ice, and cells were
resuspended in ice-cold lysis buffer (50 mM sodium phosphate buffer
[pH 7.2], 250 mM NaCl, 5% glycerol, 10 mM imidazole, 0.15 mM phen-
ylmethylsulfonyl fluoride [PMSF], and 1 mM 2-mercaptoethanol). Soni-
cation was used to disrupt cells. After sonication, DNase I was added to
digest nucleic acids. Then, this solution was centrifuged at 15,000 X g for
60 min at 4°C. After the supernatant was filtered through filter paper, it
was loaded onto an HIS-Select nickel affinity column (Sigma), which was
already equilibrated with lysis buffer. Then, the column was washed by
gravity flow with 10 volumes of wash buffer (50 mM sodium phosphate
buffer [pH 7.2], 250 mM NaCl, 5% glycerol, 20 mM imidazole, 0.15 mM
PMSF, 1 mM 2-mercaptoethanol). Elution buffer (50 mM sodium phos-
phate buffer [pH 7.2], 250 mM NaCl, 5% glycerol, 250 mM imidazole,
0.15 mM PMSF, 1 mM 2-mercaptoethanol) was applied to elute proteins
after the washing step. Peak fractions from the elution were pooled and
dialyzed against dialysis buffer (50 mM potassium phosphate buffer [pH
7.2], 250 mM NacCl, 5% glycerol, 0.15> mM PMSF, 1 mM 2-mercaptoeth-
anol) at4°C. All steps of purification were performed at 4°C. After dialysis,
the protein was stored at —80°C. Purity was determined by Coomassie
brilliant blue-stained SDS-polyacrylamide gels. PecS concentration was
determined based on its absorbance at 280 nm using the calculated extinc-
tion coefficient (8,250 M~ " ¢cm ™). All experiments were performed with
His,-tagged PecS.
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DNA binding assays. The intergenic segment between PecS
(§C02647) and SCO2646 genes was amplified from S. coelicolor genomic
DNA using primers pecS-Fv (5'-GTGGCGGCCATGA-3") and pecS-Rv
(5'-TGCGACGAGTATCGG-3"). This 124-bp DNA contains the entire
intergenic region and extends 1 bp into the coding region of SCO2647 and
11 bp into the coding region of SCO2646. Then, this DNA segment was
2P-labeled at the 5" ends using T4-polynucleotide kinase (T4-PNK). In
titration experiments, **P-labeled pecO (0.10 nM) was incubated with
PecS in binding buffer (25 mM Tris [pH 7.5], 50 mM NacCl, 0.06% deter-
gent BRIJ58 [Pierce], 10 pg/ml bovine serum albumin [BSA], 2% glyc-
erol) at 25°C for 20 min. Complex and free DNA was separated on 6%
nondenaturing polyacrylamide gels (39:1 [wt/wt] acrylamide-bisacrylam-
ide). The gel was prerun for about 20 min in 0.5X Tris—borate—-EDTA
(TBE) buffer at 4°C before the samples were loaded and run at 10 V/cm for
2 hin 0.5X TBE buffer at 4°C. After the gel was dried, it was exposed to
phosphor screens. A Storm 840 phosphorimager (GE Healthcare) was
used to visualize and scan results. The densitometric result was quantified
using ImageQuant 5.1 (Molecular Dynamics). The quantitative data were
fitted to the Hill equation: f = f, .. - [TamR]"/(K + [TamR]"), where
[TamR] is the protein concentration, f is the fractional saturation, K is a
constant, and # is the Hill coefficient.

To determine the effect of ligand binding on PecS, the binding buffer
used was 0.5 M Tris (pH 7.5), 50 mM NaCl, 0.06% BRIJ58, 10 ug/ml BSA,
and 2% glycerol. Note that the higher buffer concentration was necessi-
tated to prevent pH changes by the addition of ligands, which were dis-
solved in 0.4 M NaOH. This higher ionic strength reduces the affinity of
PecS for both DNA and ligands. Reaction mixtures contained 1.25 nM
PecS and 0.10 nM labeled DNA, except for the control (DNA only). After
20 min of incubation at 25°C, samples were analyzed using electrophoretic
mobility shift assay (EMSA) under the conditions described above. Data were
analyzed by fitting to the exponential decay equation: f= Ae™ %, where fis the
fractional saturation, L is the ligand concentration, A is the saturation plateau,
and k represents the exponential decay constant. Experiments designed to
assess binding specificity were also performed under these conditions, with
labeled DNA mixed with unlabeled pecO DNA or linearized pPGEM5 DNA
(3,000 bp) prior to the addition of protein. All quantitative results derive from
at least three independent experiments.

Thermal stability. PecS (10 uM) was diluted in a measurement buffer
(200 uM Tris [pH 8.0], 200 mM NaCl), which contained reference fluo-
rescent dye 5X SYPRO orange (Invitrogen). An Applied Biosystems 7500
real-time PCR system was used to measure the fluorescence emission at a
range of temperatures (5 to 94°C) in 1°C increments for 45 s. A SYBR
green filter was used in the measurement. The result from a reaction
without protein was used to correct the fluorescence yield. Then, the
sigmoidal part of the melting curve was fit to a four-parameter sigmoidal
equation using Sigma Plot 9 to calculate the melting temperature. Eight
independent experiments were performed for this measurement.

In vivo regulation of gene activity. S. coelicolor cultures, which were
germinated from spores in ISP medium 1, were grown for 36 h before they
were treated with urate (10 mM) for 4 h. After the 4-h incubation, cells
were harvested by centrifugation and immediately washed twice using 50
mM sodium phosphate buffer (pH 6.4). The total RNA was then imme-
diately isolated using the Illustra RNAspin isolation minikit (GE Health-
care). Then, avian myeloblastosis virus (AMV) reverse transcriptase (New
England BioLabs) was used to generate cDNA for quantitative PCR
(qPCR). Quantitative PCR was performed on an Applied Biosystems 7500
real-time PCR system using SYBR green I as the fluorescent dye. The rpoA
gene (housekeeping gene encoding the RNA polymerase alpha subunit)
was used as the internal control. The comparative threshold cycle (C;)
(27 24Ty method was used for data analysis after the necessary data val-
idations (25). The primers used in quantitative reverse transcription-
PCR (qRT-PCR) were ScPecS-RT5 (5'-TGTCGGCCACGCTGATGC-
3"), ScPecS-RT3 (5'-CGGTGAGGGTGACCTGGAGTC-3"), SCO2646-
RT5 (5'-CGCTGGCGTACTGGCTCTGGTT-3"), SCO2646-RT3 (5'-CC
CGTCAGGTCCATCGAATCTTTT-3"), RpoA-RT5 (5'-AAGCTGGAGA
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TGGAGCTGAC-3"), and RpoA-RT3 (5-TTGAGAACCGGCGAGTAGA
T-3").

Glutaraldehyde-mediated cross-linking. After dilution with 50 mM
sodium phosphate buffer (pH 7.0), 40 .M PecS in 50 mM sodium phos-
phate buffer (pH 7.0) was incubated in the presence of glutaraldehyde
(0.1%, 0.2%, or 0.3%) at 25°C for 30 min. To terminate the reaction, 4 X
Laemmli sample buffer was used. Then, protein samples were loaded on
an SDS-PAGE (15%) gel. The gel was stained with Coomassie brilliant
blue after electrophoresis.

Gel filtration. A Superose 12 10/300 column (inner diameter of 10
mm, bed length of 30 cm; GE Healthcare) was preequilibrated and eluted
with mobile phase buffer (50 mM sodium phosphate buffer [pH 7.0], 150
mM NaCl, 2% glycerol) in a fast protein liquid chromatography (FPLC)
system (AKTA FPLC; GE Healthcare) at 4°C. The flow rate was 0.5 ml/min
for measurements. Several molecular mass markers (Bio-Rad gel filtration
standard) were used to create the standard curve. These markers include
v-globulin (158.0 kDa), ovalbumin (44.0 kDa), myoglobin (17.0 kDa),
and vitamin B,, (1,350 Da). The equation K, = (VE — VO)/(VT — VO)
was used to calculated the K average (K,) of a protein. In this equation,
VE, VO, and VT represent the retention volume of the protein, void vol-
ume of the column, and the geometric bed volume of the column, respec-
tively.

Circular dichroism spectroscopy. A Jasco J-815 circular dichroism
spectrometer was used to measure the far UV circular dichroism spec-
trum. PecS (0.19 mg/ml) was in CD buffer (50 mM potassium phosphate
buffer [pH 7.0], 20 mM KCl, 0.8% glycerol) during ellipticity measure-
ments. A quartz cuvette with a 0.1-cm path length was used. All measure-
ments were conducted at 1-nm steps in triplicate at 20°C. The results were
corrected for buffer contributions to the signal. The SELCON3 program
from the website DichroWeb was used to calculate the predicted second-
ary structure composition from the spectrum (26-28). The goodness of fit
was determined from the normalized root mean square deviation
(NRMSD) value of 0.034.

Fluorescence spectrum and tryptophan fluorescence quenching. A
Jasco FP-6300 spectrofluorimeter was used to measure the fluorescence
emission spectra from 295 nm to 400 nm with an excitation wavelength
set at 290 nm at 25°C. A 0.5-cm path length cuvette was used for the
measurement. PecS (10 uM) was in FL buffer (40 mM Tris-HCI [pH 8.0],
100 mM NaCl, 10 mM MgCl,, 0.2 mM EDTA, 0.1% Brij58). To measure
effects of ligand, ligands were dissolved in 0.4 M NaOH and serially di-
luted with 0.4 M NaOH. Ligand solution (1 pl; the control was an equal
volume of 0.4 M NaOH) was contained in a 200- .l total volume reaction
mixture (with 10 wM PecS in FL buffer) and incubated for 2 min before
fluorescence measurement. Data analysis, including the inner filter effect
correction, fluorescence quenching calculation, and fitting to the Hill
equation, were carried out as described previously (29).

RESULTS

The genomic locus encoding PecS. Previously characterized PecS
proteins from R. radiobacter and D. dadantii are encoded diver-
gently from pecM, which encodes a membrane transporter. This
genomic locus organization is conserved in S. coelicolor (Fig. 1A).
Locus SCO2647 encodes a MarR family transcriptional regulator
with homology to PecS, and a divergently oriented gene encoding
a putative integral membrane protein related to PecM (SCO2646)
is separated from the pecS gene by an intergenic region of 112 bp.
Two consecutive genes encoding another putative integral
membrane protein (SCO2645) and an LysR family transcrip-
tional regulator (SCO2644), respectively, are encoded on the
same strand as SCO2646, with each pair of genes separated by
approximately 30 bp.

This MarR homolog is annotated in the genome as PecS since
the amino acid sequence is similar to that of D. dadantii PecS
(about 40% identity); by comparison, PecS proteins from the
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plant pathogens D. dadantii and R. radiobacter share ~45% iden-
tity. Moreover, the sequence of the membrane protein encoded by
the divergent gene is highly similar to that of D. dadantii PecM
(about 44% identity). The sequence of the intergenic region
suggests that the common regulatory mechanism involving the
transcriptional regulator binding to this region and repressing ex-
pression of the divergent genes may also apply to PecS. In the
pecM-pecS intergenic region, several imperfect inverted repeats
may be identified that could serve as binding sites for PecS (Fig.
1A). Notably, these sites share similarity to the UrtR consensus site,
whose 9-bp half-sites are most conserved in the center (the central
three bases of each consensus half-site are CTT and AAG) (5).

Amino acid sequence alignment of MarR homologs reveals
that S. coelicolor PecS belongs to the UrtR subfamily. It contains
the characteristic N-terminal extension seen in D. radiodurans
HucR to form a helical segment as well as the four conserved
amino acid residues (W22, D66, R73, R99) implicated in ligand
binding (Fig. 1B). Significant conservation of residues in a3 is
consistent with binding to a common ligand, as this secondary
structure element lines the inferred ligand-binding pocket in
HucR (10). Conservation of residues in o5, the DNA recognition
helix, is consistent with shared features of the cognate DNA sites.

While UrtR homologs are not universally encoded by Strepto-
myces spp., as evidenced by BLASTP searches of the numerous
available genomes using R. radiobacter PecS as a query, ~20 spe-
cies that encode PecS are found, all among the more than 40 that
also encode TamR; assignment of UrtR homologs as either TamR
or PecS was based on identification of the divergent gene as either
tam (trans-aconitate methyltransferase) or pecM (eamA; encoding
protein domains previously called DUF6). Using the sequences of
10 randomly selected Streptomyces spp. that encode PecS, a phy-
logenetic tree was created to illustrate the evolutionary relation-
ship between TamR and PecS proteins (Fig. 2). TamR and PecS
proteins form two separate clusters, consistent with divergence
from a common ancestor and a shared function of PecS from
Streptomyces spp. We also note that species encoding PecS include
the few characterized pathogenic species for which sequence in-
formation is available, such as Streptomyces turgidiscabies and
Streptomyces ipomoeae.

PecS is a stable dimer. The pecS gene was amplified from S.
coelicolor genomic DNA, cloned into pET28b, and overexpressed
in E. coli. PecS with an N-terminal His,-tag was purified to appar-
ent homogeneity, and it yielded a single band in an SDS-PAGE gel
with a molecular mass consistent with the monomer (theoretical
molecular mass of recombinant PecS is about 21 kDa; Fig. 3B).
The UV-visible spectrum of PecS showed a single peak at a wave-
length around 280 nm (Fig. 3A). PecS migrated as a single band in
native gel electrophoresis, suggesting that it exists as a single spe-
cies (Fig. 3A, inset). The far-UV circular dichroism spectroscopy
revealed a secondary structure composition of PecS of about 52%
a-helix, 6% B-sheet, 17% turn, and 25% unordered (Fig. 3C).
This structure composition estimate is similar to the composition
of HucR, which contains about 55% «-helix and 5% B-sheet (10).
PecS had a melting temperature of 47.3 = 0.5°C, indicating that it
is stable at physiological temperatures (Fig. 3D).

In order to determine the oligomeric state of purified PecS, size
exclusion chromatography was used. Purified PecS eluted as a
single peak in size exclusion chromatography, which is consistent
with the single species seen after native gel electrophoresis. PecS
eluted from the gel filtration column at about 49 kDa (Fig. 4A and
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FIG 1 (A) The genetic organization of pecS and adjacent genes. Genes are represented by open arrows. An intergenic region of 112 bp separates pecS and pecM
(8C0O2646). The sequence of the intergenic region is shown with predicted binding sites underlined. (B) Sequence alignment of PecS and other MarR homologs.
Secondary structure elements are based on the structure of HucR (10). E. coli MarR and MTH313 do not include the N-terminal helix a1 (46, 47).

B), consistent with the molecular mass of the dimer. In addition,
glutaraldehyde-mediated cross-linking of PecS resulted in a dou-
blet at the molecular mass of the dimer in SDS-PAGE gels, prob-
ably reflecting the formation of two different cross-linked species
(Fig. 4C). These results revealed that purified PecS exists as a
dimer, with the secondary structure composition and stability as
expected for an MarR homolog.

PecS binds to the pecM-pecS intergenic region. Electropho-
retic mobility shift assays (EMSAs) were used to detect the binding
of PecS to pecO, a 124-bp DNA segment representing the pecM-
pecS intergenic region. PecS bound to this DNA segment, forming
multiple complexes, which indicates the presence of more than
one binding site in pecO (Fig. 5A). A single PecS-pecO complex
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appeared at relatively low PecS concentrations, whereas more
complexes formed gradually with increasing concentrations of
PecS, with complex formation saturating at high PecS concentra-
tions. The pattern of complex formation is consistent with gradual
accumulation of additional PecS molecules on the DNA. Quanti-
tation of EMSA data revealed half-maximal saturation of pecO at
[PecS] values of 0.11 £ 0.03 nM, indicating high-affinity binding
(Fig. 5B). The interaction between PecS and pecO is not coopera-
tive (Hill coefficient of 1.0 * 0.0), consistent with the gradual
formation of complexes with lower electrophoretic mobility with
increasing [PecS]. It should also be noted that the reported PecS
concentration that achieves half-maximal saturation of the DNA
does not reflect the affinity for a single site but rather an aggregate
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FIG 2 Phylogenetic analysis of UrtR homologs. MEGA4 was used to generate the phylogenetic tree using the neighbor-joining method with 500 bootstrap
replicates. The tree is drawn to scale. The scale bar represents an evolutionary distance of 0.05. Background shading denotes the subtree of PecS homologs from

Streptomycetes and the subtree of TamR homologs.

(or functional) affinity for the DNA, which contains multiple cog-
nate sites. The functional affinity for the entire intergenic region
may well be more physiologically relevant, assuming that other
regions of the DNA are not inaccessible to PecS due to binding of
other regulatory factors.

Specificity of PecS binding to pecO was assessed by EMSAs in
which unlabeled specific DNA (pecO) or nonspecific DNA (plas-
mid pGEMS5) was used to compete with labeled specific DNA
(pecO) for PecS binding. The addition of unlabeled pecO could
compete with labeled pecO for binding to PecS (Fig. 5C). How-
ever, complex formation between PecS and pecO was not affected
by the addition of nonspecific pPGEM5 DNA (up to 2.5-fold molar
excess of the 3,000-bp pGEM5 compared to the concentration of
the 124-bp pecO), which showed that the binding of PecS to DNA
is specific.

Urate attenuates the binding of PecS to pecO. Since S. coeli-
color PecS exhibits features that are characteristic of UrtR proteins,
urate and several related intermediates in the purine degradation
pathway were used to determine their effect on DNA binding by
PecS. These ligands included xanthine, hypoxanthine, and allan-
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toin (Fig. 6A). The four conserved amino acid residues, which are
predicted to participate in urate binding, are labeled in the struc-
ture model of PecS (Fig. 6C). The predicted interactions between
urate and these amino acids is based on the proposed model for
interaction between HucR and urate, in which the Trp in a1 and
the Arg in a3 interact with urate through a hydrogen bond and a
salt bridge, respectively (7). The occupancy of urate in the binding
pocket would result in the repulsion of Asp in a3, which would
then cause displacement of the DNA recognition helix (a5) as Asp
forms a salt bridge with Arg in a5. According to this model, xan-
thine mostly contains the functional groups necessary for binding,
whereas both hypoxanthine and adenine lack some features nec-
essary for efficient interaction.

To measure the effect of ligands on DNA binding of PecS,
complexes of PecS and pecO were challenged with increasing con-
centrations of urate, xanthine, hypoxanthine, or allantoin. A PecS
concentration was selected that does not constitute a large excess
to ensure that ligand binding will be readily detectable as a de-
crease in protein-DNA complex formation. EMSA results showed
that urate significantly attenuated the binding between PecS and
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FIG 3 Characterization of purified PecS. (A) UV-visible absorption spectra of purified recombinant PecS. Insert, lanes 1 and 2, purified PecS in 10% native
PAGE. (B) Purified recombinant PecS in a 15% SDS-PAGE gel. Lane 1, PecS; lane 2, molecular mass marker (Bio-Rad; molecular mass is indicated at the right).
(C) Far-UV circular dichroism (CD) spectrum of purified PecS. Ellipticity measurements are represented in units of millidegrees (mdeg; machine units). (D)
Melting temperature of PecS. Thermal denaturation is represented by the fluorescence emission resulting from the binding of SYPRO orange to denatured

protein as a function of temperature.

DNA with a 50% inhibitory concentration (ICs,) value of 15.6 +
0.5 mM (Fig. 7A and E; note that reactions are performed in a
buffer of high ionic strength). Although xanthine can attenuate
the binding between PecS and DNA, the effect is somewhat
weaker, with an IC;,, value 0of 29.0 = 0.9 mM (Fig. 7B and E). In
contrast, hypoxanthine and allantoin have no effect on binding of
PecS to its target DNA pecO (Fig. 7C to E). This result shows that
DNA binding by PecS could be attenuated by urate, and it is con-
sistent with the effect of urate and related ligands on DNA binding
by other UrtR subfamily members, D. radiodurans HucR, R. ra-
diobacter PecS, and B. thailandensis MftR (7-9). The comparable
ligand specificity is consistent with a shared ligand binding pocket
and mechanism for attenuation of DNA binding.
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PecS contains only one Trp residue per monomer, located at
the predicted urate-binding site (Fig. 6C). Ligand binding to PecS
would therefore be predicted to alter the environment of this tryp-
tophan and cause a change in intrinsic fluorescence. When excited
at a wavelength of 290 nm, PecS exhibited intrinsic fluorescence
with a peak around 330 nm (Fig. 8A). A concentration-dependent
fluorescence quenching was induced by urate and xanthine (Fig.
8B). The intrinsic fluorescence was significantly quenched by
urate and to a lesser extent by xanthine; this is consistent with the
effect of urate and xanthine on the intrinsic fluorescence of D.
radiodurans HucR and R. radiobacter PecS (8, 29). Binding affinity
of these ligands was analyzed by fitting the fluorescence quenching
as a function of ligand concentration to the Hill equation. Urate
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FIG 4 PecS exists mainly as dimer. (A) Size exclusion chromatography of purified recombinant PecS. Elution volumes of molecular weight standards are
identified with arrows. (B) Gel filtration analysis of PecS and standards to determinate molecular weight. The standard curve was generated from the K, of
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linking of purified PecS. Lane 1, unmodified PecS; lanes 2 to 4, PecS cross-linked with 1%, 2%, and 3% glutaraldehyde, respectively; lane 5, molecular mass
marker (molecular mass is indicated at the right). A 15% SDS-PAGE gel was used.

bound PecS with a dissociation constant (K,;) value of 0.17 £ 0.01
mM and no cooperativity (n,; = 1.0 = 0.1), and xanthine bound
PecS with a K; value of 0.10 = 0.03 mM (n,; = 1.3 = 0.3).

We have previously shown that incubation of S. coelicolor
TamR with urate has little effect on DNA binding, suggesting
optimization of the TamR ligand-binding pocket for associa-
tion with trans-aconitate and structurally related molecules
(17). For PecS, we compared binding to pecO, for which half-
maximal saturation is ~0.1 nM, with its binding to two differ-
ent promoters that are regulated by TamR (genes encoding
malate dehydrogenase [SCO4827] and isocitrate dehydroge-
nase [SCO7000]) and found no detectable complex formation
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at [PecS] up to 10 nM (data not shown). This suggests that
DNA binding domains of TamR and PecS and their respective
DNA sites have diverged sufficiently to prevent protein associ-
ation with noncognate DNA.

In vivo effect of urate on PecS-mediated gene regulation. To
measure the effect of urate on the transcriptional regulation by
PecS, the transcript level of pecS and pecM was detected after S.
coelicolor was exposed to exogenous urate. qRT-PCR results
showed that the transcript level of pecS and pecM increased 15.9 =
1.7-fold and 4.2 = 1.2-fold, respectively, after exposure to 10 mM
urate (Fig. 9). This significant increase in pecS and pecM mRNA
levels after exposure to urate indicates that PecS can bind to the
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pecS-pecM intergenic region and regulate the transcription of
these genes in vivo.

DISCUSSION

Urate is a ligand for S. coelicolor PecS. R. radiobacter PecS con-
trols expression of pecM in response to exogenous urate (8). R.
radiobacter is most likely to encounter urate when a host plant
produces ROS as an antibacterial defense; hence, urate-mediated
regulation of gene activity may contribute to host colonization.
Consistent with this proposed mechanism, UrtR proteins are en-
coded mainly by bacterial species whose life cycle may include
association with a living host (5). The soil bacterium S. coelicolor is
an exception. Not only does S. coelicolor encode TamR, a UrtR
homolog with altered ligand specificity, but it also encodes a pro-
tein with similarity to PecS from plant pathogens. S. coelicolor
PecS binds urate directly, as evidenced by the ability of urate to
quench its intrinsic fluorescence (Fig. 8B). Urate binding attenu-
ates PecS binding to the pecS-pecM intergenic DNA (Fig. 7A and
E), and in vivo analyses show that exposure to exogenous urate
causes a significantly elevated expression of pecS and pecM genes
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(Fig. 9). These features indicate that urate functions as a ligand for
S. coelicolor PecS.

An amino acid sequence alignment shows that PecS contains
all the characteristics of UrtR proteins. PecS is predicted to con-
tain the N-terminal helix (a1), which includes the Trp implicated
in ligand binding. The coordination of urate is predicted to in-
volve Trp22 in helix a1 and Arg73 and Asp66 in a3, with Arg99 in
the DNA recognition helix a5 sensing ligand binding via its salt
bridge with Asp66 (Fig. 6B and C). That urate attenuates DNA
binding more efficiently than xanthine is consistent with the com-
plete deprotonation of urate and the partial deprotonation of xan-
thine, yielding the requisite negative charge for a salt bridge with
Arg73 and repulsion of Asp66 (Fig. 6) (7). Hypoxanthine and
allantoin lack these negative charges and do not attenuate DNA
binding, consistent with the proposed model.

The identified consensus sequence for UrtR proteins allowed
the prediction of several binding sites in the pecS-pecM intergenic
region (Fig. 1A). EMSA confirmed the existence of multiple PecS
binding sites as evidenced by the observation that increasing PecS
concentration led to the formation of additional complexes with
reduced electrophoretic mobility. While the observed complexes
may correspond to additional PecS proteins accumulating on the
DNA, perhaps nucleated by PecS binding to an optimal site, it is
also possible that the electrophoretic mobility of DNA with PecS
bound to different combinations of sites may differ if PecS binding
induces DNA distortion. Multiple binding sites in this intergenic
region may facilitate differential regulation of the divergent genes.
PecS represses transcription of pecS and pecM genes, a repression
that most likely results from PecS either interfering with RNA
polymerase binding to the promoter or preventing elongation of
the transcript. Mapping of transcriptional starts would be a first
step toward distinguishing these possibilities.

Conservation of PecS in pathogenic Streptomyces species.
The presence of multiple UrtR homologs is consistent with the
frequent gene duplication and horizontal gene transfer events that
have been inferred to occur in Streptomyces spp. (30). Neither
TamR nor PecS homologs are ubiquitously present in Streptomy-
ces species. It is notable, however, that the about 20 Streptomyces
species presently seen to encode a PecS homolog are found only
among the more than 40 that encode TamR, perhaps reflecting a
gene duplication event followed by divergence to develop a novel
function and ligand specificity.

Only few pathogenic Streptomyces species have been character-
ized. Notably, the pathogenic species for which sequence informa-
tion is available encode PecS, including the plant pathogens S.
ipomoeae, Streptomyces scabiei, Streptomyces acidiscabies, and S.
turgidiscabies and the human pathogen Streptomyces somaliensis
(31-34). The pathogenicity of Streptomyces spp. results from a
diverse set of factors. For species that cause scab symptoms, for
example, the cellulose synthesis inhibitor thaxtomin is a pivotal
virulence factor (35, 36), and other conserved virulence determi-
nants include Necl, a secreted protein which can cause necrosis of
the host cell (37). The conservation of PecS in pathogenic Strep-
tomyces species would be consistent with its role in promoting
survival under the oxidative stress conditions elicited by the host
upon bacterial infection. By analogy to the inferred function of
PecS in R. radiobacter, PecS encoded by pathogenic Streptomyces
species is likely to encounter urate produced by the host upon
bacterial infection. As urate is a longer-lived species than the ROS
also produced as a first defense against the invasion, it may aug-
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ment the bacterial defense against ROS. Both urate and ROS may
activate cognate transcription factors and elicit expression of
genes required for ROS defense and virulence.

D. dadantii PecS and S. coelicolor PecS share ~40% sequence
identity, which is relatively high considering the phylogenetic dis-
tance between these species. In addition, the regulated gene
SCO2646 encodes a putative integral membrane protein with
about 44% identity to D. dadantii PecM. The SCO2645 gene locus
also encodes a putative integral membrane protein with two cop-
ies of Pfam entry PF00892 (DUF6); however, this protein shares
only 27% identity to D. dadantii PecM. D. dadantii PecM func-
tions to excrete indigoidine, an antioxidant involved in ROS de-
fense (11, 13). Considering the significant conservation of both
PecS and PecM proteins, S. coelicolor PecS may likewise be in-
volved in ROS defense by sensing urate produced when xanthine
oxidase generates ROS. Consistent with this inference, Streptomy-
ces spp. have been shown to produce indigoidine (38). Based on
the conservation of D. dadantii and S. coelicolor PecM proteins
and the ability of both Dickeya and Streptomyces species to pro-
duce the antioxidant indigoidine, we speculate that the PecM ho-
molog from Streptomyces species likewise exports indigoidine or
perhaps other antioxidants to combat ROS. The inferred func-
tions of both PecS and PecM in oxidative stress responses could be
addressed by inactivation of the respective genes; since inactiva-
tion of pecS should result in constitutive expression of pecM, this
strain may be more resistant to oxidative stress. In contrast, inac-
tivation of pecM might result in increased sensitivity to oxidative
stress.
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TamR, which is also encoded by pathogenic Streptomyces spp.,
functions to ensure metabolic flux through the citric acid cycle
during oxidative stress (17). While TamR and PecS likely derive
from a common ancestor yet have evolved distinct functions and
ligand specificities, they apparently both function to control gene
activity during oxidative stress. Selective pressures associated with
efficient responses to ROS may therefore have formed the basis for
evolution and retention of tamR and pecS genes in select Strepto-
myces species.

Potential reasons for the existence of a urate-responsive
transcriptional regulator in S. coelicolor. Most Streptomyces spp.
are not pathogens, and yet several encode divergent pecS-pecM
genes. However, the soil is a very competitive environment for
microorganisms, not only because of limited nutrition and vari-
able physical conditions (such as temperature and moisture) but
also because of fierce competition between organisms that occupy
this ecological niche. Competitive strategies employed include the
production of antibiotics or other bioactive metabolites, and
plants secrete both ROS and other compounds in response to
stress or pathogen invasion. In addition, many streptomycetes
play important roles in plant-associated microbial communities.
For instance, some streptomycetes form symbioses with plants in
the rhizosphere and decrease the possibility of those plants being
invaded by pathogenic organisms (39, 40). In this case, if patho-
gens successfully invade the plant cell, both pathogens and strep-
tomycetes may be exposed to bursts of ROS. The mechanical in-
jury of plant roots caused by animals or other factors may also
result in the exposure of streptomycetes to ROS (41, 42). In addi-
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pecS

tion, plant activity, such as root tip growth, may result in an ROS
burst in the surrounding rhizosphere (43).

Many Streptomyces species colonize the rhizosphere. Their suc-
cessful colonization of this complex ecological niche has in part
been attributed to their prolific production of antimicrobials.
Both streptomycetes that inhabit the rhizosphere as well as endo-
phytic species have been shown to prime plants against pathogens,
reflecting induction of defense systems in the plant (44). Con-
versely, analysis of the S. coelicolor proteome after exposure to
plant exudates shows differential expression of several proteins,
including proteins required for utilization of specific carbon
sources and proteins involved in stress adaptation, such as super-
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FIG 8 Fluorescence profile of PecS and effect of ligand binding on intrinsic fluorescence. (A) Intrinsic fluorescence spectrum of PecS. The excitation wavelength
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of urate (filled circles) or xanthine (filled squares). The excitation wavelength was 290 nm. Error bars represent the standard deviations from three independent

repeats.
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oxide dismutase (45). We speculate that the oxidative stress re-
sponse induced in S. coelicolor upon exposure to plant material
includes detection of plant-derived urate. Streptomycetes inhab-
iting the rhizosphere may use elevated exogenous urate concen-
trations as a signal to prepare for ROS tolerance; as noted above,
an advantage to detecting urate in addition to sensing the ROS
directly may be the longer half-life of urate than the highly reactive
ROS. In addition, if urate produced by xanthine oxidase is de-
tected, the corresponding response can also defend against ROS
produced by other systems (mainly NADPH oxidase).
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