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Epitope tagging approaches have been widely used for the analysis of functions, interactions and subcel-
lular distributions of proteins. However, incorporating epitope sequence into protein loci in Streptomyces
is time-consuming procedure due to the absence of the versatile tagging methods. Here, we developed a
versatile PCR-based tandem epitope tagging tool for the Streptomyces genome engineering. We con-
structed a series of template plasmids that carry repeated sequence of c-myc epitope, Flp recombinase
target (FRT) sites, and apramycin resistance marker to insert epitope tags into any desired spot of the
chromosomal loci. A DNA module which includes the tandem epitope-encoding sequence and a select-
able marker was amplified by PCR with primers that carry homologous extensions to the last portion
and downstream region of the targeted gene. We fused the epitope tags at the 3’ region of global tran-
scription factors of Streptomyces coelicolor to test the validity of this system. The proper insertion of
the epitope tag was confirmed by PCR and western blot analysis. The recombinants showed the identical
phenotype to the wild-type that proved the conservation of in vivo function of the tagged proteins.
Finally, the direct binding targets were successfully detected by chromatin immunoprecipitation with
the increase in the signal-to-noise ratio. The epitope tagging system describes here would provide wide
applications to study the protein functions in S. coelicolor.
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1. Introduction

Streptomycetes are soil-dwelling bacteria, which produce a di-
verse range of secondary metabolites such as natural antibiotics.
Members of this genus have complex regulatory systems at tran-
scription and translation levels for sensing and signal transduction
to adapt a wide range of nutritional and environmental conditions.
In particular, there are regulatory networks for the fine control of
morphological differentiation depending on the growth patterns
[1]. Thus, characterizing in vivo functions of hundreds of regulators
in Streptomyces has become important issue to understand the
complex regulatory systems and to engineer their antibiotics
production.

In general, gene overexpression or disruption methods have
been widely used to determine the functions of the genes of inter-
est and their link to regulatory mechanisms. Among those, one-
step gene inactivation based upon PCR-based homologous recom-
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bination has been developed in several bacterial species including
Escherichia coli and yeast [2,3]. This system has led to a versatile
genetic strategy enabling rapid and effective gene inactivation
and been also engineered to generate epitope tagged proteins [4].
This rapid immune-activity generation method has become a sim-
ple and efficient molecular genetic method for rapid characteriza-
tion, purification, and in vivo localization of the protein of interest
[5]. To improve the detection sensitivity of the tagging system, tan-
dem epitope tagging systems were also developed in yeast, E. coli
and other systems [6]. The system includes a series of template
plasmid containing tandem myc sequence, Flp recombinase target
(FRT) site, and antibiotic resistance gene was established [7].

The tagging system combined with chromatin immunoprecipi-
tation (ChIP) is being widely used to pursue a systematic and
high-throughput cataloging of the genome-wide binding sites of
regulatory proteins of interest [8]. Typical ChIP experiments
require antibodies highly specific against the target proteins.
More importantly, the affinity and specificity between the anti-
body and the target proteins should be high enough to maintain
their interaction under highly stringent experimental conditions
to discard non-specific interaction between the antibody and
other proteins. It has been reported that antibodies specific to the
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target proteins are designed for ChIP applications in Streptomyces
coelicolor [9,10]. However, use of well-known and inexpensive
commercial antibodies will provide a systematic platform which
leads to more diverse studies for the regulatory proteins in Strepto-
myces. Here, we design a series of template plasmid for tandem
epitope tagging of S. coelicolor proteins and show their versatility
to readily fuse the tandem epitope into desired location in S. coeli-
color genome.

2. Materials and methods
2.1. Strains and growth conditions

All strains used are S. coelicolor A3(2) M145, and E. coli K-12
MG1655 and its derivatives. S. coelicolor A3(2) M145 was grown
in R5 complex medium composed of 103 g sucrose, 0.25 g K;SO,,
10.12 g MgCl,-6H,0, 10g glucose, 0.1 g Difco casamino acids,
2 mL trace element solution composed of ZnCl, 40 mg, FeCl3-6H,0
200 mg, CuCl,-2H,0 10 mg, MnCl,-4H,0 10 mg, Na,B,0;-10H,0
10 mg, (NH4)6Mo070,4-4H,0 10 mg in 1L of deionized water, 5¢g
yeast extract, 5.73 g TES buffer, and 7 mL 1 N NaOH in 1 L of dis-
tilled water. E. coli BW25113 was used to propagate the recombi-
nation plasmid pIJ790 and S. coelicolor cosmids. E. coli BT340
carrying pCP20 was used for FLP-mediated site-specific recombi-
nation. E. coli ET12567/pUZ8002 was the nonmethylating plasmid
donor strain for intergeneric conjugation with S. coelicolor strain
M145 [11]. Apramycin (50 pg/mL), chloramphenicol (25 pg/mL)
or kanamycin (50 pg/mL) was added to growth media when
required.

2.2. Construction of template plasmids

Oligonucleotide encoding tandem myc sequences were chemi-
cally synthesized. In accordance with codon usage, the myc se-
quence (Glu-GIn-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu) was optimized
for the gene expression in S. coelicolor (GAG CAG AAG CTG ATC
AGC GAG GAG GAC CTG). PCR was performed using primers carry-
ing EcoRI and BamHI restriction sites in a final volume of 100 puL
containing 2.5 U LA Taq DNA polymerase (TAKARA), 50 pL GC buf-
fer I, 35 pL DDW, 8 pL (50 uM) dNTP, 5 pL DMSO and 1 pL (50 ng)
plasmid containing the tandem myc tag sequence as a template.
PCR amplification conditions were 30 cycles with 30 s denatur-
ation at 94 °C, 30s annealing at 60°C, and 30s extension at
72 °C. The PCR product was then cloned into pUC18 and confirmed
by DNA sequencing. A gene cassette, which contained the flanking
FRT sites and apramycin resistance gene, was amplified from
plJ773 [11] using primers carrying oligonucleotide extensions with
BamHI and HindlIII restriction sites. The gene cassette was then li-
gated into the pUC18:(n)-myc to obtain the p]JN1 plasmid series.

2.3. Tandem epitope tagging to S. coelicolor transcription factors

Linear DNA fragments were amplified using pairs of primers
which were 59-bp in length with 39-bp homology extensions over-
lapping upstream and downstream from stop codon of target genes
and 20-bp priming sequences from pJN1 template plasmid series.
Each PCR product was purified, digested with Dpnl, repurified,
and then electroporated into E. coli strain harboring pIJ790 (which
expresses the A Red recombination system under the control of an
inducible promoter) and S. coelicolor cosmid (which contains a
genomic region of interest). The cells were then incubated at
37°C for 1 hin 1 mL of LB and spread onto LB-agar medium sup-
plemented with apramycin. The myc-inserted cosmid was trans-
ported into the methylation-deficient E. coli strain ET12567
containing the RP4 derivative pUZ8002, and then transferred to S.

coelicolor M145 by conjugation [12]. Single-crossover exconjugants
were selected on MS containing kanamycin and nalidixic acid, to
obtain transconjugants. The genomic DNA was then isolated and
plasmid integration was confirmed by PCR with the primers of
300 bp upstream and downstream from stop codon.

2.4. Chromatin immunoprecipitation

Fifty-milliliter cultures of cells harboring 6x myc-fused tran-
scription factors were grown in R5 complex media at 37 °C. The
cells were cross-linked by 1% formaldehyde at room temperature
for 30 min. Following the quenching of unused formaldehyde with
125 mM glycine at room temperature for 5 min, the cross-linked
cells were harvested by centrifugation and washed three times
with 50 mL ice-cold Tris-buffered saline (Sigma, St. Louis, MO,
USA). The washed cells were resuspended in 1.5 mL lysis buffer
composed of 10 mM Tris-HCI (pH 7.5), 100 mM NacCl, 1 mM EDTA,
protease inhibitor cocktail (Sigma), and 1 kU lysozyme (EPICEN-
TRE, Madison, WI, USA). The cells were incubated at room temper-
ature for 30 min and then treated with 2 mL 2 x IP buffer (100 mM
Tris—HCI, pH 7.5, 200 mM NaCl, 1 mM EDTA, 2% Triton® X-100).
The lysate was then sonicated eight times for 20 s each in an ice
bath to fragment the chromatin complexes. The range of the DNA
size resulting from the sonication procedure was 300-1000 bp,
and the average DNA size was 500 bp. Cell debris was removed
by centrifugation at 37,000xg for 10 min at 4 °C, and the resulting
supernatant was used as cell extract for the immunoprecipitation.
To immunoprecipitate the protein-DNA complex, 3 pg of anti-c-
myc antibody (9E10, Santa Cruz Biotech) were then added into
the cell extract, respectively. For the nonspecific control (mock-
IP), 2 ng of normal mouse IgG (Upstate) was added into the cell ex-
tract. They were then incubated overnight at 4 °C, and 50 pL of the
Dynabeads Pan Mouse IgG beads (Invitrogen) was added into the
mixture. After 5h of incubation at 4 °C, the beads were washed
twice with the IP buffer (50 mM Tris-HCI at pH 7.5, 140 mM Nacl,
1 mM EDTA, and 1% (v/v) Triton X-100), once with the wash buffer
I (50 mM Tris-HCI at pH 7.5, 500 mM NacCl, 1% (v/v) Triton X-100,
and 1 mM EDTA), once with wash buffer II (10 mM Tris-HCI buffer
at pH 8.0, 250 mM LiCl, 1% (v/v) Triton X-100, and 1 mM EDTA),
and once with TE buffer (10 mM Tris-HCl at pH 8.0, 1 mM EDTA)
in order. After removing the TE buffer, the beads were resuspended
in 200 pL of elution buffer (50 mM Tris-HCI at pH 8.0, 10 mM
EDTA, and 1% SDS) and incubated overnight at 65 °C for reverse
cross-linking. After reversal of the cross-links, RNAs were removed
by incubation with 200 pL of TE buffer with 1 pL of RNaseA (QIA-
GEN) for 2 h at 37 °C. Proteins in the DNA sample were then re-
moved by incubation with 4 pL of proteinase K solution
(Invitrogen) for 2 h at 55 °C. The sample was then purified with a
PCR purification kit (MACHEREY-NAGEL). To measure the enrich-
ment of the protein-binding targets in the DNA samples, 1 puL of
IP or mock-IP DNA was used to carry out gene specific real-time
qPCR with the specific primers to the promoter regions. The hrdB,
housekeeping sigma factor, promoter sequence was used as a neg-
ative control in all cases. All real-time qPCR reactions were done in
triplicate. The samples were cycled at 94 °C for 15 s, 60 °C for 30 s
and 72 °C for 30 s (total 40 cycles) on a iQ5 (Bio-Rad). The thresh-
old cycle values were calculated automatically by the iCycler iQ
optical system software (Bio-Rad Laboratories). Primer sequences
used in this study are available on request.

2.5. Western blot analysis

Each sample was subjected to electrophoresis in a SDS-10%
polyacrylamide gel and the resolved proteins were electrotrans-
ferred to a Hybond™-ECL membrane (Amersham Biosciences,
Piscataway, NJ, USA). The ECL™ Western detection kit (Amersham
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Biosciences), mouse monoclonal 9E10 antibody, and horseradish
peroxidase (HRP)-conjugated sheep anti-mouse IgG (Amersham
Biosciences) were used to detect the tandem-myc tagged proteins.
Fifty milliliters BCA protein assay kit (Pierce, Rockford, IL, USA)
were used to quantify the amount of proteins.

3. Results and discussion

The PCR-based tagging strategy applied here starts with ampli-
fying a DNA segment, which begins with the tandem epitope se-
quence followed by a drug-resistance gene flanked by FRT sites.
In addition, the amplifiable segment has homologous sequences
to the last portion and to a downstream region of the targeted
gene. The precise insertion of the DNA segment into the cosmid
containing the target gene is achieved by electroporating the
PCR-amplified DNA segment into E. coli BW25113/pl]790 contain-
ing the cosmid followed by A-Red-mediated recombination. The
epitope-inserted cosmid is then transported into the methyla-
tion-deficient E. coli (ET12567/pUZ8002) and transferred to S. coe-
licolor M145 by conjugation [13]. To provide versatile PCR
amplification of the DNA segment, we constructed a series of tem-
plate plasmids encoding 2x, 4x, and 6x myc epitope. Each tem-
plate plasmid encodes two priming sites, the repeated epitope
sequence with a stop codon, and the apramycin resistance gene
flanked by directly repeated FRT sites (Fig. 1).

To demonstrate the functionality of the tandem epitope tagging
system, we fused the tandem myc tag to several transcription fac-
tors of S. coelicolor. One of the targets was a quorum receptor pro-
tein, ScbR (SC06265), whose regulatory function has been
previously studied [14]. Although ScbR has been revealed to have
global effects on transcription regulation, little is known about
its direct binding targets except cpkO [15]. Another target was
NdgR (SCO5552), an IcIR-like regulator which is involved in ami-
no-acid-dependent growth, quorum sensing, and antibiotic pro-
duction. NdgR showed the binding to intergenic region of ndgR-
leuC in vitro [16], however none of in vivo measurement has been
made to explore regulatory interaction between NdgR and such
cis-acting elements. The correct insertion of the tandem epitope
into the desired genomic loci was first validated by PCR and subse-
quently by western blot analysis. To this end, genomic DNA was
extracted from each tagged strain as a PCR template. PCR was then
carried out by using the primer pair of both sides between the start
codon and the end of apramycin cassette (Fig. 1). The PCR products
which have several restriction sites capable of one-step confirma-
tion were digested to three DNA fragments after Xhol/BamHI treat-
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ment (Fig. 2A). While the apramycin resistance gene and open
reading frame (ORF) region indicate the same size (the upper and
middle bands, respectively), the lowest bands contained DNA se-
quences encoding the tandem myc epitope and varied in size
depending on the number of tag repeats. Western blot analysis re-
vealed that the intensity and the size of tandem epitope-fused
transcription factors were proportional to the number of tandem
myc copies as expected (Fig. 2B).

With confirming the correct integration of the tandem epitope-
encoding sequence into the desired locus, the most important as-
pect of tandem epitope tagging is to maintain the proper function
of tandem epitope-fused proteins [7]. The major uncertainty in an
epitope-tagging strategy is that the fused proteins potentially lose
their in vivo functions. To address the potential drawback, we com-
pared the mRNA expression level of the target genes and the phe-
notype of tagged strains with those of the wild-type. First, we
compared the regulatory function of 6x myc fused ScbR with that
of wild-type ScbR. As a quorum receptor protein, ScbR plays an
important regulatory role in the onset of antibiotic production in
S. coelicolor with a signaling molecule, a y-butyrolactone SCB1
[15]. In the absence of signaling molecules, ScbR represses tran-
scription of the cryptic type I polyketide synthase gene cluster
(cpk) by directly binding to promoter region of cpkO (SC06280),
the activator of the cpk gene cluster [15]. On the other hand,
SCB1 at high concentration binds to ScbR to form a SCB1-ScbR
complex, thereby relieving the repression. Thus cpkO is constitu-
tively expressed in a scbR null mutant irrespective of the presence
of SCB1. While the negative regulation of the cpkO gene was abol-
ished in the scbR null mutant strain, the JN116 strain harboring the
6x myc fused ScbR maintained the negative regulatory effect at the
same magnitude as in the wild-type under early exponential
growth phase (Fig. 3A). Phenotypically, when liquid cultured cell
was transferred to and spread out on a solid R5-medium, the
wild-type strain forms spores (Fig. 3C). As in the case with the
wild-type strain, the formation of spores was clearly observed from
the JN116 strain. However, the deletion of the schR gene abolishes
the formation of spores. This observation, along with the expres-
sion data shown earlier, demonstrates that the ScbR maintained
its regulatory functions.

In a previous study, deletion of the ndgR gene causes slow cell
growth and various phenotypes depending upon which amino
acids were used in the minimal media [16]. In particular, growth
of the ndgR null mutant in the minimal medium supplemented
with N-acetylglucosamine and asparagine increased the produc-
tion of actinorhodin (ACT) compared to that of the wild-type. How-
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Fig. 1. PCR-based tandem epitope tagging system for Streptomyces coelicolor. A DNA module that involves tandem myc sequence and the antibiotic resistance marker (apr") is
amplified with primers carrying extensions homologous to the upstream and downstream of the translation stop codon of target gene.
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Fig. 2. Confirmation of correct insertion of epitope tags into the chromosomal genes in Streptomyces coelicolor. (A) PCR verification of tandem myc-tagged transcription factor,
ScbR. M1, M2 lanes contain 100-bp, 1 kb DNA ladder, respectively. Lanes 2, 3, 4 contain two, four, and six myc tags, respectively. (B) Western blot analysis verification of
tandem myc-tagged transcription factor, NdgR and ScbR. It showed that the intensity of spot was proportional to the number of myc copies.
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Fig. 3. Conservation of in vivo function of scbR-6X myc and ndgR-6X myc (A) CpkO expression in wild-type (M145), S. coelicolor JN116, and ScbR null mutant. (B) LeuC
expression in wild-type (M145), S. coelicolor JN126, and NdgR null mutant. Normalized level means the relative DNA quantity in log2 scale. (C) Phenotype on the R5-solid
media plate. JN116 produced spores like WT but scbR knockout mutant did not have. (D) Phenotype on the GIcNAc/ASN minimal media plate. NdgR knockout mutant showed
slow growth rate but produced actinorhodin more than wild-type and JN126. Wild-type and JN126 had similar phenotypes.

ever, JN126 strain harboring 6x myc fused NdgR exhibited similar
level of ACT production with the wild-type (Fig. 3D). Judging from
the ACT production levels, the 6x myc tag does not significantly af-
fect the regulatory role of the NdgR. Based upon the enhancement
of ACT production level of the ndgR null mutant grown in minimal
media containing certain amino acids such as leucine, the regula-
tory interaction was revealed by electrophoretic mobility shift as-
say between NdgR and ndgR-leuC intergenic region [16]. Moreover,
expression of the leuC gene (SCO5553) in JN126 strain was similar
to the wild-type, whereas transcript level of the leuC gene was

slightly decreased in the ndgR null mutant (Fig. 3B). Consequently,
it was concluded that both tandem myc-tagged ScbR and NdgR re-
tained their regulatory function of transcription over cpkO and
leuC, respectively.

The tandem epitope fused ScbR and NdgR did not affect in vivo
functions of the transcription factors, thus recombinants could be
directly used for chromatin immunoprecipitation (ChIP) experi-
ments. This ChIP technique is useful to demonstrate cellular
DNA-protein interactions under a diverse set of physiological con-
ditions [8]. In ChIP procedure, the cross-linked DNA-protein com-
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plex is enriched through immunoprecipitation by the specific anti-
body against the protein of interest. Also, highly stringent salt and
detergent conditions are used to remove nonspecific interactions
between cellular proteins and the antibody being used. As a result,
affinity and specificity between the protein of interest and the spe-
cific antibody is critical to increase the enrichment yield. As shown
in Fig. 4, interactions between 6 x myc fused protein and the target
promoter regions were determined by the quantitative PCR. First,
the enrichment level of cpkO promoter, known as a target of ScbR,
was 100-fold greater than that of nonspecific ChIP sample (Fig. 4A).
Similarly, the normalized ChIP DNA value of ndgR promoter region
came out to be eight times greater compared to that of nonspecific
sample (Fig. 4B). As a negative control experiment, no differences
were observed between specific and nonspecific DNA using a pro-
moter region of a housekeeping sigma factor, hrdB. Judging from
the enrichment of the known ScbR and NdgR binding sites, it
meant that tandem myc tagged proteins maintained their correct
interactions with their target regulatory sites.

Branched-chain amino acid (BCAA) degradation pathway is the
important Pathway for supplying CoA related compounds which
are the major precursors for polyketide antibiotics in Streptomyces
[17,18]. Especially, leucine is the best source of precursors for
actinorhodin biosynthesis in minimal medium. Biosynthesis of leu-
cine in most bacteria involves three steps starting from o-ketois-
ovalerate, which is the intermediate of valine biosynthetic
pathway from pyruvate. Each step is taken charge of o-isopro-
pylmalate synthase (leuA), p-isopropylmalate dehydratase (leuC,
leuD) and B-isopropylmalate dehydrogenase (leuB), respectively.
In final step, BCAA aminotransferase transfers amine group from
glutamate to o-ketoisocaproate. In enteric bacteria, the genes for
the corresponding enzymes are clustered in a single operon [19].
But in Streptomyces, the genes for the leucine biosynthesis are scat-
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tered across the genome. And two homologous enzymes, SC02528
and SCO5529, are annotated as an o-isopropylmalate synthase,
LeuA.

In the previous report, AreB, an orthologous of NdgR in Strepto-
myces clavuligerus, has been found to control leuCD and secondary
metabolite [20]. Another orthologous, LtbR in Corynebacterium glu-
tamicum, regulates tryptophan biosynthesis, ribose uptake and leu-
cine biosynthetic pathway by binding to the promoter region of
leuB and leuCD [21]. As we found out new targets of NdgR in S. coe-
licolor, we measured the enrichment yield of the promoter regions
of enzymes involved in the leucine biosynthetic pathway, leuA and
leuB. The promoter region of one of the two genes annotated as
leuA, SC05529, showed threefold increased level compared to that
of nonspecific ChIP sample but not in SC02528 (Fig. 4B). The
enrichment level of leuB, SCO5522, was fivefold greater than that
of nonspecific sample (Fig. 4B). Taken together above data, NdgR
regulates entire pathway for leucine biosynthesis in spite of scat-
tered location of corresponding enzymes. In final step, two homol-
ogous enzymes, SCO1546 and SCO5523 (IlvE), are annotated as a
BCAA aminotransferase. But they did not seem to be regulated by
NdgR in this condition by measuring enrichment of promoter re-
gion of them although SCO5523 was down-regulated in ndgR dele-
tion mutant detected by two-dimensional electrophoresis. Even
though it is located at the downstream of leuB gene, SC05522,
the mRNA is differentially expressed between SC05522 and
SCO5523 (data not shown). Disruption of leuCD gene makes leucine
auxotroph [22] but mRNA expression level of leuCD was slightly
decreased in NdgR mutant in S. coelicolor (Fig. 3b). Despite NdgR
regulates entire pathway for leucine biosynthesis directly, it seems
not to be an essential regulator for leucine biosynthesis.

We demonstrated that this PCR-based tandem epitope tagging
system is a versatile tool for investigating the regulatory roles
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Fig. 4. Verification of tagging system using chromatin immunoprecipitation (ChIP). Enrichment of promoter regions in specific DNA sample and nonspecific DNA sample was
monitored by quantitative real-time PCR (qRT-PCR). Normalized level means the relative DNA quantity in log2 scale. (A) Normalized DNA quantity in specific DNA ChIP
sample (+) and nonspecific DNA ChIP sample (—) of scbR. (B) Normalized DNA quantity in specific DNA ChIP sample (+) and nonspecific DNA ChIP sample (—) of ndgR.
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of transcription factors in S. coelicolor. With a series of template
plasmid which has tandem myc epitopes and apramycin resistance
cassette, we can fuse the epitope tag into any desired chromosomal
loci. Expression levels of target genes and phenotype showed that
endogenous tagging did not change in vivo activity of the transcrip-
tion factor of interest. In addition, the conservation of DNA binding
activity of tagged protein was confirmed by ChIP-qPCR, so that this
tool can be used for identifying direct binding sites at the genome-
scale by combining with microarray or massively parallel sequenc-
ing, ChIP-chip or ChIP-seq, respectively [23]. Since the myc tag is a
commonly used epitope, inexpensive antibodies are commercially
available without making specific antibodies against the proteins
of interest. Enhancement of detection sensitivity by the repeated
epitope sequence allowed stringent conditions for washing to re-
move the nonspecific binding and to increase signal-to-noise ratio.
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