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Characterization of a New GInR Binding Box in the Promoter of
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The transcription of amtB in Streptomyces coelicolor has been proposed to be counter-regulated by GInR (a global regulator for
nitrogen metabolism) and PhoP (a global regulator for phosphate metabolism). However, the GInR-protected region, which was
deduced to be two 22-bp GInR binding boxes (gTnAc-n6-GaAAc-n6-GtnAC-n6-GAAAc-n6, abbreviated as al1-b1 and a2-b2), was
separated from the PhoP-protected region in the promoter of amtB, leaving the mechanism for this regulation undefined. In this
study, another 22-bp GInR binding box, which consisted of a3-site-n6-b3-site (a3-b3) overlapping with the PhoP-binding se-
quences, was identified in the promoter region of amtB by a DNase I footprinting assay. An electrophoretic mobility shift assay
(EMSA) using purified recombinant GInR and the synthetic amtB promoter fragments with the three GInR binding boxes indi-
vidually mutated demonstrated that every box was involved in GInR binding in vitro. Further in vivo assays using the egfp re-
porter gene fused to various kinds of mutated promoter regions of amtB demonstrated that all of the three GInR binding boxes
were required for GInR-mediated activation of amtB transcription under the nitrogen-limited condition. The results of EMSA
using the amtB promoter with mixtures of recombinant His-tagged GInR and Trx-His-S-tagged PhoP inferred that PhoP might

compete against GInR from binding at the a3-b3 site, attributable to the PhoP/GInR counter-regulatory function subjected to

further experimental proof.

he in vivo ratio of nitrogen versus phosphate affects bacterial

growth and metabolism, including the biosynthesis of second-
ary metabolites (6), and the metabolism of nitrogen and phos-
phate is coordinated via complex regulatory networks (14). In
Streptomyces coelicolor, nitrogen metabolism is globally regulated
by an orphan response regulator, GInR (22), while the expression
of phosphate-regulated genes is controlled by the PhoR-PhoP
two-component system (18). When phosphate is insufficient, the
sensor kinase PhoR is self-phosphorylated and subsequently
transfers the high-energy phosphate group to its cognate response
regulator PhoP. The phosphorylated PhoP then binds to the PHO
boxes, which are comprised of several 11-nucleotide (nt) direct
repeat units (DRus) in the promoter regions of its target genes,
and regulates their expression (20). Based on microarray data
(13), a connection between the phosphate metabolism controlled
by PhoP and the nitrogen metabolism regulated by GInR was pro-
posed. Rodriguez-Garcia et al. (14) subsequently proved that
PhoP repressed the expression of both glnR and the GInR target
genes, including glnA, glnIl, and the amount operon (amtB-glnK-
gInD), through directly binding to the DRus in their promoters.

The proposed cis-element for GInR binding is complex and is
comprised of two GInR binding boxes, each consisting of one a
site and one b site separated by 6 nucleotides (i.e., al-site-n6-bI-
site-n6-a2-site-n6-b2-site-n6 [al-bl and a2-b2]) located up-
stream of most GInR target genes (including ginA, ginIl, and the
amount operon) (22). However, for some target genes (e.g., nasA
[23] and SCO5163 [8]), only two a sites are characterized in their
promoters, separated by variable numbers of nucleotides.

To reveal the mechanisms for the cross talk between the regu-
lations of phosphate and nitrogen coordinated by PhoP and GInR,
Rodriguez-Garcia et al. compared their DNA-binding sequences
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and found that the PhoP binding DNA sequences overlapped with
the predicted GInR binding boxes upstream of glnA and glnll but
not amtB (14). It was therefore proposed that PhoP acted as a
competitive repressor by preventing the binding of GInR to the
GInR binding boxes of glnA and glnll, whereas a “roadblock”
model was hypothesized for the regulation of amtB transcription,
and PhoP was proposed to block the transcription of amtB initi-
ated from the P2 and P3 sites (14). However, because the tran-
scription from the P1 site, located downstream of the PhoP-bind-
ing sequences, contributed the majority of amtB mRNA when S.
coelicolor grew under nitrogen-limited conditions (2), the major
transcription of amtB was unlikely to be blocked by PhoP binding.
Although we cannot exclude the possibility that the different me-
dia used in these two separate experiments (2, 14) might influence
the transcriptional properties of amtB, the roadblock model ap-
parently may not account for the significant derepression of the
amtB promoter in the AphoP mutant (>5-fold after 48 h) (14),
leaving the question of how PhoP acts to negatively regulate the
expression of amount operon open for further investigation.

A DNase I footprinting assay was used here to identify the exact
DNA sequences protected by S. coelicolor GInR in the amtB pro-
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype and/or description”

Source or reference

Plasmids
p1J8660 Promoter probe vector containing the egfp gene as indicator; oriT RK2 attP aac(3)IV 20
p1J8660-hrdBp 896-bp PCR fragment of hrdB promoter region inserted into the KpnI-BamHI site of pIJ8660 16

p1J8660-amtBpWT 500-bp PCR fragment of the wild-type amtB promoter region inserted into the BamHI-Ndel This study
site of PIJ8660

p1J8660-amtBp3 a3-b3 site mutation within the amtB promoter region from PIJ8660-amtBpWT This study
p1J8660-amtBpl al-bl site mutation within the amtB promoter region from PIJ8660-amtBpWT This study
plJ8660-amtBp2 a2-b2 site mutation within the amtB promoter region from PI1J8660-amtBpWT This study
pET28a Expression vector carrying N-terminal His tag; Km" Novagen
pEXSCR pET28a carrying the S. coelicolor gInR gene 23
pET32a Expression vector carrying the N-terminal Trx-His-S tag; Amp® Novagen
pET32a-PhoP pET32a carrying the S. coelicolor phoP gene This study

Strains (S. coelicolor)

M145 Wild type, SCP1™~ SCP2~

M145/pl]8660 M145 integrated with pIJ8660
SCamtB-WT M145 integrated with pIJ8660-amtBpWT
SCamtB-3 M145 integrated with pIJ8660-amtBp3
SCamtB-1 M145 integrated with pIJ8660-amtBpl
SCamtB-2 M145 integrated with pIJ8660-amtBp2

M145/p1]8660-hrdBp M145 integrated with pIJ8660-hrdBp

John Innes Centre
This study

This study

This study

This study

This study

17

% Amp", ampicillin resistance; Km", kanamycin resistance.

moter region and a new stretch of GInR-binding sequences that
not only covered the previously deduced two 22-bp GInR binding
boxes but also revealed a new GInR binding box consisting of one
a3 site and one b3 site (referred to herein as a3-b3). The functions
of the three GInR binding boxes were tested both in vitro and in
vivo, and the repressive role of PhoP in regulation of amtB tran-
scription through a plausible competitive binding mechanism was
hypothesized.

MATERIALS AND METHODS

Bacterial strains, media, and primers. All of the bacterial strains and
plasmids are listed in Table 1. Escherichia coli DH5a was used for subclon-
ing. S. coelicolor was grown at 30°C in either the nitrogen-rich S medium
(11) or nitrogen-limited N-Evans medium (2) with 5 mM nitrate as the
sole nitrogen source. When needed, aparamycin (50 pg/ml), kanamycin
(50 pg/ml), thiostrepton (50 pg/ml), and ampicillin (100 pg/ml) were
added to the media. All of the primers used in the present study are listed
in Table 2.

Expression and purification of the recombinant GInR and PhoP.
Expression and purification of recombinant S. coelicolor GInR were as
described previously (23). For PhoP expression, the phoP gene was am-
plified with the primers SCPhoPEX_F and SCPhoPEX_R using the S.
coelicolor chromosome as a template, which was digested with BamHI and
EcoRI and then inserted into the same sites of pET32a (Novagen, Darm-
stadt, Germany) to obtain the expression plasmid pET32a-PhoP. Expres-
sion and purification of the recombinant PhoP with Trx, His, and S tags
(designated S-PhoP) were performed according to the methods recom-
mended by the manufacturer (Novagen), and the protein concentration
was determined using the Bradford method (1). Purified proteins were
stored in storage buffer (50 mM Tris-Cl [pH 8.0], 100 mM KCl, 10%
glycerol).

DNase I footprinting assay with FAM-labeled primers. DNase I foot-
printing assays were performed similar to the method of Zianni et al. (24).
A 332-bp promoter region of S. coelicolor amtB was PCR amplified with
the primers SCamtBFP(M13F) and SCamtBFP(M13R), and the amplicon
was used as the template for further preparation of fluorescent 6-carboxy-
fluorescein (FAM)-labeled probes with different primer pairs: M13F-
FAM and SCamtBFP(M13R) for labeling the coding strand and M13R-
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FAM and SCamtBFP(M13F) for labeling the noncoding strand. After
agarose gel electrophoresis, the FAM-labeled probes were purified by us-
ing a QIAquick gel extraction kit (Qiagen, Germany) and quantified with
a NanoDrop 2000 (Thermo, USA). For both strand assays, 1 pmol (250
ng) of probes was incubated with 3.5-pg mixtures of recombinant GInR
protein and bovine serum albumin in a total volume of 40 pl in the same
buffer as for previously described electrophoretic mobility shift assays
(EMSASs) (23). After incubation for 30 min at 25°C, 10 pl of a solution
containing 0.015 U of DNase I (Invitrogen) and 100 nmol of freshly pre-
pared CaCl, was added, followed by further incubation for 1 min at 25°C.
The reaction was stopped by adding 140 pl of DNase I stop solution (200
mM unbuffered sodium acetate, 30 mM EDTA, 0.15% sodium dodecyl
sulfate) (7). Samples were extracted with phenol-chloroform and precip-
itated with ethanol, and the pellets were dissolved in 10 pl of Mini-Q
water. For preparation of the DNA ladders, the fmol DNA cycle sequenc-
ing system (Promega) was used. The volumes of the sequencing reactions
were enlarged to 12 pl with 15 ng of amtB promoter region that was
amplified with the primers SCamtBFP(M13F) and SCamtBFP(M13R) as
the template and 5 pmol of FAM-labeled primer M13F (or primer M13R
for the noncoding strand sequencing) as the sequencing primer. The se-
quencing samples were precipitated with ethanol, dried, and dissolved in
5 wl of Mini-Q water. For both digested DNA fragments and sequencing
products, 1 pl of each sample was added to 8.5 wl of HiDi formamide and
0.5 pl of GeneScan-LIZ600 size standards (Applied Biosystems) and was
analyzed with 3130x] DNA analyzer and Peak Scanner software v1.0 (Ap-
plied Biosystems).

EMSA. According to the GInR-protected region in the amtB pro-
moter, probes 101 bp in length representing various types of mutation at
each a-b site were synthesized through annealing equal molar amounts of
synthetic oligonucleotides (Table 2 and see Fig. 3A), followed by exten-
sion using Klenow polymerase fragment (NEB, Massachusetts). All of the
probes were labeled with [y-*?P]ATP using T4 polynucleotide kinase (T4
PNK; NEB). EMSA was carried out according to a previously described
procedure (23), except that the binding buffer was composed of 50 mM
Tris-HCI (pH 8.0), 100 mM KCl, 2.5 mM MgCl,, 1 mM dithiothreitol,
and 10% glycerol.

egfp fusions and expression. For egfp fusions, a 500-bp fragment of
the upstream region of amtB was PCR amplified with the primers
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TABLE 2 Primers used in this study

PhoP and GInR Counter-Regulate amtB Transcription

Type of analysis and primer

Sequence (5'-3")

Construction of expression plasmid for PhoP expression in E. coli
SCPhoPEX_F
SCPhoPEX_R

DNase I footprinting assay
SCamtBFP(M13F)
SCamtBFP(M13R)
MI3F-FAM
MI13R-FAM

RT-PCR
hrdB-F
hrdB-R
amtB-F
amtB-R
egfp-F
egfp-R

Introducing mutations in amtB promoter for egfp fusion

For wild-type amtBP
amtBP-1
amtBP-2

For a3-b3 site mutation
amtBP-3
amtBP-4

For al-bl site mutation
amtBP-6
amtBP-7

For a2-b2 site mutation
amtBP-8
amtBP-9

Synthesizing mutants of amtB promoter by oligonucleotides for EMSA
For the wild-type oWT
oWTpl

oWTp2

For oM3, mutagenesis at a3-b3 site
oM3pl

oM3p2

For oM1, mutagenesis at al-b1 site
oMlpl
oMIp2

For oM2, mutagenesis at a2-b2 site
oM2pl
oM2p2

AATGGATCCGTGCTCGTCGTCGAGGACGA
AATGAATTCTACGGCTCGAACTTGTAAC

GTAAAACGACGGCCAGTCCATGCCAGGTCATTCGGAG
CAGGAAACAGCTATGACGGCGGAGCAGATGAGCATGA
GTAAAACGACGGCCAGT (5’-FAM labeled)
CAGGAAACAGCTATGAC (5°-FAM labeled)

GAGTCCGTCTCTGTCATGGCG
TCGTCCTCGTCGGACAGCACG
ATCCTCGTCATCGGCAAGC
TTGAAGCCGAACCAGCCGAA
GAAGAAGATGGTGCGCTCCT
GATGTTGCCGTCCTCCTTGA

CGGGATCCAACCCGAGGAGAGCACCGTG
GGGAATTCCATATGCGGCGTCTCCTCGTCGT

CGGCCGGGGCCGGTCGTCGT
CCTGTCCACGCACGGTACGCACCGTGCCTTCGTCAC

GAAGGCACGGTGCGTGTTAC
ACTGTGGCGGCAGGGTAACGAGGGGCTTCCACCGAA

TCGTTGTTTCGCCGCCGTGA
GAAATCTCCACCAGGGTCGCGCTGCGTCAATGTCGT

ACGACGACGACCGGCCCCGGCCGTTCACCCACGCGTAACACGCACCG
TGCCTTC

CACGACATTGACGCAGCGCGGTTTCGGTGGAAGCCCCTCGTTGTTTC
GCCGCCGTGACGAAGGCACGGTGCGT

ACGACGACGACCGGCCCCGGCCGCCTGTCCACGCACGGTACGCACC
GTGCCTTC
Same as oWTp2

Same as oOWTpl
CACGACATTGACGCAGCGCGGTTTCGGTGGAAGCCCCTCGTTAGGG
TGCCGCCACAGTGAAGGCACGGTGCGT

Same as oWTpl1
CACGACATTGACGCAGCGCGACCCTGGTGGAGATTTCTCGTTGTTTC
GCCGCCGTGACGAAGGCACGGTGCGT

SCamtB-1 and SCamtB-2. The fragment was digested with BamHI and
Ndel and introduced into the likewise-digested pIJ8660 (21) to construct
p1J8660-amtBpWT. Site-directed mutations of the ab sites in the amtB
promoter were achieved by PCR using paired primers with mutated nu-
cleotides at the 5" ends (Table 2), yielding pIJ8660-amtBp3, plJ8660-
amtBp1, and plJ8660-amtBp2, which had mutations in a3-b3 (defined
below), al-bl, and a2-b2, respectively. The mutagenesis procedures re-
sembled the method described in the MutanBEST kit (TaKaRa, Japan),
except that the high-fidelity DNA polymerase KOD Plus (ToYoBo, Japan)
was used to produce blunt-ended PCR products that allowed direct self-
ligation in the presence of T4 PNK. All of the constructed plasmids were
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introduced into S. coelicolor M145 by conjugation from E. coli ET12567/
pUZ8002 (3). Reverse transcription-PCR (RT-PCR) analyses were per-
formed to analyze the expression of the reporter egfp gene in M145.The
culture of Streptomyces strains and extraction of total RNA were carried
out as described previously (23), and 2.5 pg of total RNA was used for
cDNA synthesis with 6-bp random primers using the SuperScript II first-
strand synthesis system (Invitrogen). The cDNA (50 ng) was used as the
template for the following PCRs, using the hrdB gene as an internal con-
trol. Equal amounts of RNA without RT was used as a negative control.
The PCR procedures were as follows: heating at 95°C for 5 min, followed
by 28 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and finally
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a2

gg; 3&1 cacgca gggtgccttcgga ;acggcggcgs:acaacgaggggttccaccga;accgcgctgcgt

(0 ug GInR, 3.5 pg BSA)

(0.2 pg GInR, 3.3 pg BSA)

(0.4 pg GInR, 3.1 pg BSA)

Sequencing ladder
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SCamtBFP(M13F)

CCATGCCAGGTCATTCGGAGGCCGCCGCGGCCGGCTTGCGTTCCGGGL
E c

CGGACGGCCCGGGCACGACGACGAQCGG ceceaeCcr TTCACCCACE
C

a3-site

CCGT6CCTTCCTCACGGCGGCGAAACAACGAGE

b3-site al-site b1-site
GGCTTecAccGAAACCECETGCGTCAATGTCGTGGCGCATAACCG
a2-site b2-site \—B—IW

GCCCACCCCTCACCGCCCGCCCGCCAGGCTTCGCCCCCACGGGGCCGC
ACCAACGACGAGGAGACGCCGatggctccagecat cacget cgccgeagaga

cggagcetctetgecgecaacacgggctteatgetcatcetgetecgee
SCamtBFP(M13R)

FIG 2 DNA sequence and cis-elements for PhoP and GInR regulation in the
upstream region of amtB. The region protected by GInR from DNase I diges-
tion is underlined and italicized, while the previously bioinformatically de-
duced GInR binding sequences is shaded (22). The a sites and b sites within the
GInR-protected region are enlarged and double underlined. The overlined
PhoP binding sequences overlapped with the newly identified a3 site and b3
site. The previously deduced three DRus for PhoP binding are boxed and
labeled with an “E” for the extension site and a “C” for the core sites (14). P1,
represented by bent arrows, indicates the first and major transcription start site
for the amtB operon (2). The primer sequences used for DNase I footprinting
assay [SCamtBFP(M13F) and SCamtBFP(M13R)] are labeled by arrows.

incubation for 1 min at 72°C. PCR products were analyzed by agarose gel
electrophoresis and visualized by ethidium bromide staining. Two inde-
pendent samples were used for RT-PCR analysis, and the results were
found to be consistent.

RESULTS

DNase I footprinting assay reveals a new section of GInR-pro-
tected sequence in the promoter region of amtB, overlapping
with the PhoP-binding sequences. To identify the exact DNA
sequences that GInR protected in the promoter region of amtB, a
DNase I footprinting assay using purified recombinant His-GInR
was performed. Along with the increase of His-GInR, a clearly
protected region of 79 nt extended from positions —177 to —98
relative to the translational start site in the coding strand of the
amtB promoter (Fig. 1). Almost the same protected region of 77 nt
between positions —173 and —96 was observed in the noncoding
strand (see Fig. S1 in the supplemental material). Within the pro-
tected region, apart from the previously deduced two 22-bp GInR
binding boxes (al-bI and a2-b2), another GInR binding box con-
sisting of “TTCAC”-n6-“GTAAC” was identified 15 nt before the
former predicted al site, and these residues were designated the a3
site and the b3 site, respectively (22) (Fig. 2). The results from the
DNase I footprinting assay also revealed that GInR protected the

PhoP and GInR Counter-Regulate amtB Transcription

a3-b3 site most efficiently but protected the a2-b2 site with the
least efficiency (Fig. 1).

Based on both bioinformatics analysis and experimental data,
the PHO operators were classified into three groups (19), and the
PHO operator upstream of amtB belonged to class III, comprised
of two core DRus (C-DRus) and one DRu that extended the pro-
tein occupancy beyond the core (E) (19). Interestingly, the a3-b3
site was overlapped by the two previously defined C-DRus of the
PhoP-binding sequences (“C” in Fig. 2).

Mutations in al-bl, a2-b2, or a3-b3 upstream of amtB re-
sulted in different in vitro binding affinities and patterns with
GInR. A double-stranded wild-type DNA fragment of the re-
gion upstream of amtB containing both GInR- and PhoP-pro-
tected regions was synthesized in vitro and designated fragment
oWT (see Materials and Methods). EMSA using fragment oWT
with purified His-GInR in a series of titration revealed two
GInR/DNA complexes. The faster-moving complex was desig-
nated complex I, whereas the slower one was designated com-
plex II (Fig. 3B).

Considering the physical structures of the nucleotides, the base
transition, which interchanges between either two purine nucleo-
tides (A and G) or two pyrimidine nucleotides (C and T), is less
likely to introduce large changes in the DNA structure (9). To
further study the roles of these three GInR binding boxes, base
transition mutations were introduced into oWT at the al-bl, a2-
b2, and a3-b3 sites to generate fragments oM1, oM2, and oM3,
respectively (Fig. 3A). Taking fragment oM3 as an example, only
the a3-b3 site was changed from TTCAC-n6-GTAAC to CCTGT-
n6-ACGGT, while other DNA sequences remained the same as for
oWT. These mutated fragments could still form protein/DNA
complexes with GInR, but the patterns were different from that
between GInR and the wild-type oWT. Specifically, oM3 could
only form complex I with GInR, but the binding affinity was lower
than that of the wild-type oWT. When the aI-bI site was mutated,
GInR could only bind to oM1 with extremely low affinities, with
the complexes I and II hardly observed (Fig. 3C). For oM2, only
complex I was formed when a lower concentration of GInR was
applied, while complex IT between GInR/oM2 could be success-
fully formed with increased GInR concentration, suggesting that
complex [ was formed prior to the formation of complex II. Under
both tested concentrations of GInR, the binding affinities between
GInR and oM2 seemed unchanged relative to that between GInR
and oWT (Fig. 3C). Therefore, we could infer that the a3-b3 site
was required for the complex II formation, the al-bl site was
necessary for efficient formation of both complex I and complex
11, and the a2-b2 site could help the formation of complex Il when
GInR was at a lower concentration. In addition, the a3-b3 site
could promote the formation of complex I, since mutation in the
a3-b3 site led to a lower efficiency in forming complex I.

FIG 1 Identification of the GInR-protected cis-elements in the S. coelicolor amtB promoter region using a DNase I footprinting assay. The probes used were
labeled with FAM dye and are described in Materials and Methods. The whole region of the coding strand DNA is shown in panel A, and the region protected by
GInR from DNase I cleavage was enlarged and is shown separately in panel B. In panel A, the colored lines represent the different concentrations of GInR used:
green, 0 pg; red, 0.2 pug; and blue, 0.4 pg. In panel B, the GInR binding boxes are underlined, and the DNase I-hypersensitive sites (ACC) are denoted by asterisks.
The protected patterns remained the same even when the amount of GInR used for the binding assay increased up to 2.4 pg (data not shown). The fmol DNA cycle
sequencing system was used for DNA sequencing reactions. The sequencing products, together with the digestion products, were analyzed with an ABI 3130x]
DNA analyzer and peak scanner software v1.0 (Applied Biosystems). The four sequencing results (G, A, T, and C) are indicated by four different colors separately
and are then merged together. The overlapping peaks were probably caused by higher secondary structures within the promoter region. The electropherograms

were aligned together with the use of standards. BSA, bovine serum albumin.
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FIG 3 EMSA using purified recombinant GInR with various mutants of the amtB promoter. (A) The sequence of the 101-bp DNA fragment covered the amtB
promoter region protected by GInR and PhoP, as revealed by a DNase I footprinting protection assay. The fragments of wild type and mutants used for EMSAs
were prepared by Klenow fragment extension after annealing two corresponding synthetic oligonucleotides (see Materials and Methods). For the wild-type oW T
sequence, the PhoP-protected region is boxed, the GInR-protected region is shaded, and the a and b sites are underlined and labeled. Mutated sequences of oM3,
oM, and oM2 are indicated below. (B) The wild-type fragment oWT (0.04 pmol) was used to bind with various amounts of GInR protein. Two different shifted
bands are indicated by arrows. (C) Different amounts of GInR were incubated with 0.04 pmol of mutated promoter regions of amtB. Three shifted GInR/DNA

complexes are marked by arrows.

All three a-b sites are essential for GInR-mediated activation
of amtB transcription in vivoe. Transition mutations were intro-
duced into the three GInR binding boxes in the amtB promoter
region separately (see Materials and Methods), where the muta-
tions at al-bl, a2-b2, and a3-b3 sites were the same as shown in
Fig. 3A. The mutated promoters together with the wild type were
coupled to the reporter egfp gene in the promoter-probe plasmid
p1J8660 (21), which were then introduced into S. coelicolor M145
to measure the promoter activities. Plasmid plJ8660 without a
promoter was used as a negative control, and pIJ8660 with the
promoter of housekeeping gene hrdB was used as a positive con-
trol (17). Strains were shocked with nitrogen-limited conditions
before the promoter activities were analyzed with RT-PCR, and
the results clearly showed that mutations in each of the a-b sites
severely impeded the transcription of egfp gene (Fig. 4). Therefore,
all three a-b sites in the amtB promoter were required for GInR-
mediated activation of amtB transcription under nitrogen-limited
conditions.

The EMSA experiment of PhoP/GInR binding to their overlap-
ping binding sites suggests a competitive binding mechanism for
their counter-regulation of amtB transcription. That the a3-b3 site
defined in the present study overlapped with two core PhoP-bind-
ing DRus (“C”) in the amtB promoter (Fig. 2) suggests that PhoP
may compete against GInR from binding to the a3-b3 site and thus
conducts its repressive function.

Recombinant S. coelicolor S-PhoP was expressed and purified
from E. coli and was used to conduct the EMSA with both the
wild-type and its mutated promoters of amtB. Along with the
increase of the concentration of S-PhoP, three major types of S-
PhoP/oWT complexes could be observed in the order of com-
plexes I to III, with complex III only visible at the highest concen-
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tration of S-PhoP (Fig. 5). When any one of the a-b sites was
mutated, only mutation at the a3-b3 site impeded the formation
of complex III (Fig. 5).

Probe oWT was further incubated with GInR and PhoP for
EMSA (16, 23). After the formation of stable complex IT of GInR/
oWT, PhoP was added at incremental concentrations. Along with
the addition of PhoP, the GInR/oWT band disappeared, while
more retarded bands were observed with the same migration rates
as those of PhoP/oWT complexes I, II, and III (Fig. 6). Because the
a3-b3 site was required by PhoP to form the largest complex, PhoP
might compete against GInR in binding to the a3-b3 site in the
amtB promoter. However, based on the present data, we cannot
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FIG 4 RT-PCR analysis of the activities of wild-type and mutated amtB pro-
moters. Strains used: SCamtB-WT, wild-type amtB promoter; SCamtB-3,
a3-b3 site mutation; SCamtB-1, al-bl site mutation; SCamtB-2, a2-b2 site
mutation.
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FIG 5 EMSA using purified recombinant S-PhoP with various mutants of the
amtB promoter. The probes used are as described for Fig. 3A, and the amounts
of PhoP protein used are indicated. Three PhoP/DNA complexes are indicated
by arrows. The gel was run in ice-cooled 1X Tris-glycine-EDTA (TGE) buffer
at 14 V/cm for about 50 min.

prove that the more retarded complexes merely contain PhoP
because it cannot be demonstrated that the complexes with the
same mobility rates are composed of the same proteins, especially
when the formed complexes are extremely large and the mobility
rates are analyzed using EMSA. Moreover, although with low af-
finities, GInR was able to bind oM3 (Fig. 3C), where the a3-b3 site
was mutated, and thus it was possible that PhoP might only re-
place GInR in binding to the a3-b3 site while it left GInR binding to
the al-b1 and a2-b2 sites.

DISCUSSION

Streptomyces spp. have developed complicated mechanisms to
adapt their metabolism to the change of the extracellular environ-
ments (16). Among these mechanisms, cross talk between differ-
ent regulators may integrate different signal inputs through fine-
tuning the expression of key target genes (10, 15). A regulatory
link between nitrogen metabolism and phosphate metabolism
was proposed in S. coelicolor, which was coordinated by PhoP
through directly binding to the promoters of the nitrogen metab-
olism-associated genes, including glnA, glnll, and amtB (14).
However, the roadblock mechanism suggested for amtB was dif-
ferent from that of the proposed “competitive binding” for ginA
and glnIl.

Based on the DNase I footprinting data, we defined, in the
present study, a new GInR binding box comprising of an a3-b3 site

PhoP I |

PhoP and GInR Counter-Regulate amtB Transcription

in addition to the previously well characterized al-bl and a2-b2
sites in the promoter region of amtB (22). All of the three GInR
binding boxes were proven essential for GInR-mediated activation
of amtB transcription in vivo. Although the newly characterized
a3-b3 site fitted the motif of a-site-n6-b-site, it once again dem-
onstrated the complexities of GInR binding consensus sequences,
e.g., the number of GInR binding boxes and the distance in be-
tween. Through in vitro EMSA analysis, GInR could form two
major complexes with the amtB promoter; however, when the
al-bl site was mutated, a weak complex III beneath complex I of
GInR/oM1 was detected. Since sheared salmon sperm (100 ng/ml)
was added in the binding system, complex III was likely to be the
product of GInR/a3-b3 (or GInR/a2-b2) rather than a nonspecific
binding product between GInR and oM 1. Apart from complex III,
which was not observed in GInR binding of oWT, the transition
between complex I and complex II during GInR binding is still
unclear. More work is needed to completely understand the cis-
elements and the mechanisms for GInR binding and regulation.

Since the newly identified a3-b3 site was located within the two
C-DRus of PhoP-protected DNA sequences upstream of amtB
and the a3-b3 site was essential for GInR to activate amtB tran-
scription, the repressor role of PhoP in amtB transcription could
therefore be inferred, which was the same as in the regulation of
gInA and ginIl. The mutation of the a3-b3 site in the present study
resulted in the failure of GInR-mediated activation of amtB tran-
scription, which was therefore inappropriate for the study of the in
vivo function of a3-b3 for PhoP regulation. Considering the diver-
sities of a-b sequences of GInR binding boxes, to further confirm
the repressor role of PhoP in vivo, future work will focus on
screening for partially mutated a3-b3 sites, which could not be
recognized by PhoP but could be selectively bound by GInR and
thus the transcriptional activation of amtB by GInR will not be
affected.

In another important industrial strain, Streptomyces venezu-
elae, the most common motif identified for GInR binding was
found to be comprised of two copies of a sites separated by 6 nt
(12). Based on the present data, we compared the amtB promoter
sequences of S. venezuelae to that of S. coelicolor using the multiple
sequence alignment methodology of CLUSTAL W (4) and found
that the two promoters shared high conservation among all three

— 1

GInR [ ]

Lane: 1 2 3 4 5 6 7
GInR: 0 100 100 10.0 100 100 O
PhoP: 0 0

8
0
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FIG 6 Competitive EMSA of S. coelicolor amtB promoter with purified recombinant His-GInR and S-PhoP. The 101-bp DNA fragment of the amtB promoter
region (oWT, 0.04 pmol) was used for incubation with various amounts of GInR and PhoP. The protein-DNA complexes are indicated. The gel was run in

ice-cooled 1X TGE buffer at 14 V/cm for about 2 h.
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GInR protected region in Streptomyces coelicolor

$C0 AGCCGGCCCCGGCCGTTCACHCGCGTAACACGCCCCCTTCGTCACGGCCGAAACAHCGAGGGCETCACGAAACCGCGCTGCG
sven AGCCGGCCCCGGCCGTTCACECGCGTAACACGCCCCCTTCGTCACGGCCGAAACAECGAGGGC;TCACGAAACCGCGCTGCG
a2 ?

b3

TICACGGTCGCGTAAC

a3

al bl

GTCACGGCTCCGAAAC

FIG 7 Sequence alignment of S. coelicolor (SCO) and S. venezuelae (SVEN) amtB promoters by CLUSTAL W. The GInR-protected region in S. coelicolor is
overlined. Three pairs of “a sites” and “b sites” are underlined and labeled. The sequences below the a3-b3 and al-bI sites are the GInR consensus sites for the S.
venezuelae amtB promoter in the study by Pullan et al. (12), and the sections of sequences in boldface and underlined match the proposed GInR consensus

sequence.

pairs of the a-b sites, with only one base difference at the a2 site
(Fig. 7). Although experimental verification is required, the exis-
tence of three GInR binding boxes in the S. venezuelae amtB pro-
moter suggests that the counter-regulation of amtB transcription
by PhoP may also exist in S. venezuelae and that the complexities
of GInR binding consensus sequences could be universal.

The amount operon (amtB-gInK-gInD) encodes an ammo-
nium transporter, a PII protein, and an adenylyltransferase. The S.
coelicolor GInD was proved to function differently from the typical
uridylyltransferase, GInD, in enteric bacteria. Moreover, neither
GInK nor GInD was required for the rapid adenylation of glu-
tamine synthetase I (GSI) by GInE in S. coelicolor (5), which was
different from that in enteric bacteria, leaving the roles of the
GInK/GInD system uncharacterized in S. coelicolor. The cross-reg-
ulation of the transcription of amount operon by the phosphate-
sensing PhoR/PhoP system and nitrogen-sensing GInR indicates a
connection between the overall availabilities of phosphate and
nitrogen as well as the function of GInK/GInD, opening another
window for an in-depth study of the GInK/GInD system in S.
coelicolor.
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