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Summary

GInR activates nitrogen metabolism genes under
nitrogen-limited conditions, whereas MirA represses
these genes under nutrient-rich conditions in Sirepto-
myeces. In this study, we compared the transcription pat-
terns of nitrogen metabolism genes in a double deletion
mutant (AmirA-ginR) lacking both mirA and g/nR and in
mutants lacking either mirA (AmtrA) or ginR (AginR).
The nitrogen metabolism genes were expressed simi-
larly in AmirA-ginR and AgInR under both nitrogen-
limited and nutrient-rich conditions, with patterns
distinctly different from that of AmirA, suggesting a
decisive role for GInR in the control of nitrogen metabo-
lism genes and further suggesting that regulation of
these genes by MtrA is GInR-dependent. MtrA and GInR
utilize the same binding sites upstream of nitrogen
metabolism genes, and we showed stronger in vivo
binding of MtrA to these sites under nutrient-rich condi-
tions and of GInR under nitrogen-limited conditions,
consistent with the higher levels of MtrA or GInR under
those respective conditions. In addition, we showed
that both mirA and gInR are self-regulated. Our study
provides new insights into the regulation of nitrogen
metabolism genes in Streptomyces.

Introduction

Nitrogen sources, whether organic or inorganic, are a
necessity for all living organisms, including microbes,
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and the regulation of nitrogen metabolism is complex
and varied in bacteria (Leigh & Dodsworth, 2007; Mer-
rick & Edwards, 1995). Under nitrogen-limited growth
conditions, genes involved in nitrogen assimilation are
expressed to enable the acquisition and conversion of
inorganic nitrogen sources into organic nitrogen sources
such as glutamine and glutamate. Streptomyces is a
genus of Gram-positive and filamentous actinobacteria
mostly known for their potential in producing antibiotics
and for their complex development cycle, including spore
formation (Hopwood, 2007; Chater, 2011). Within mem-
bers of this genus, multiple nitrogen assimilation genes
have been identified, including amtB, encoding a protein
that transports extracellular ammonium into the cell; nar-
GHIJ, encoding nitrate reductase, which reduces nitrate
into nitrite; nirBCD, encoding nitrite reductase, which
reduces nitrite into ammonium; ureABC, encoding a ure-
ase for the cleavage of urea into NH,"; ginA and ginll,
encoding glutamine synthetase (GS) | and Il respec-
tively; and gltDB, encoding a glutamate synthase,
referred to as GOGAT. GS makes glutamine, whereas
GOGAT uses glutamine and ketoglutarate to produce
two glutamates (Wolfgang Wohlleben, 2011).

Under nitrogen-limited conditions, most Streptomyces
genes for nitrogen assimilation are activated by the
response regulator GInR (Wolfgang Fink et al., 2002; Tif-
fert et al., 2008; Wohlleben, 2011). GInR boxes were iden-
tified for amtB, ginll and other nitrogen assimilation
genes, indicating that these nitrogen metabolism genes
are targeted by GInR (Fink et al., 2002; Tiffert et al., 2008,
2011; Pullan et al., 2011). Under nutrient-rich growth con-
ditions, surplus nitrogen is present, and therefore, nitrogen
assimilation genes do not need to be expressed and
appear to be silent. We revealed that this silencing, or
only basal level of expression of nitrogen assimilation
genes, is the result of repression by MirA (Zhu et al,
2019), a global response regulator that is also required for
cellular development (Zhang et al., 2017), antibiotic pro-
duction (Som et al., 2017a, 2017b; Zhu et al., 2020c) and
phosphate metabolism (Zhu et al., 2021). Intriguingly, the
sequence recognized by MtrA (MtrA site) is similar to the
GInR box (Zhang et al., 2017), and thus, MtrA can interact
with the GInR boxes upstream of the nitrogen metabolism
genes that are targeted by GInR (Zhu et al., 2019), sug-
gesting that MirA potentially competes with GInR in the
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regulation of nitrogen metabolism genes. GInR and MirA
have been characterized as the two major regulators for
nitrogen metabolism in Streptomyces and potentially in
other actinobacteria (Wang et al., 2015; Zhu et al., 2019).
Although MtrA and GInR function as the major regulators
for nitrogen metabolism under nitrogen-rich and nitrogen-
limited conditions, respectively, minor regulatory effects on
nitrogen metabolism genes by PhoP and AfsQ1 have also
been observed under specific conditions (Rodriguez-
Garcia et al., 2009; Wang et al., 2013).

Although it is known that MtrA and GInR function by
binding their target sites under nitrogen-limited and
nutrient-rich conditions, respectively, it is not known
whether MtrA or GInR still have a role under the con-
trasting condition that does not favour their function. The
combined regulatory effect of MtrA and GInR on nitrogen
metabolism genes is also unknown. In this study, we
investigated the binding of MtrA and GInR under different
nitrogen conditions and explored the combined effect of
MtrA and GInR on nitrogen metabolism genes, thus pro-
viding new insights into the understanding of nitrogen
metabolism in Streptomyces.

Results

The role of MtrA on nitrogen metabolism is similar in S.
venezuelae and S. coelicolor

Our previous study showed that MtrA represses nitrogen
metabolism genes such as amtB and ginll in S. coelico-
lor and S. lividans (Zhu et al., 2019), which are closely
related species (Kawamoto & Ochi, 1998, Lewis et al.,
2010). As S. venezuelae is more distantly related to S.
coelicolor, we compared the expression levels of known
nitrogen metabolism genes in the wild-type strain S.
venezuelae ATCC10712 and AmtrAsye, an mtrA deletion
mutant of this strain (Zhu et al., 2020c). The nitrogen
metabolism genes amiB, ginK, ginD, nirB and ginll were
more highly expressed in the mutant on rich medium,
including YBP (Fig. S1) and R2YE (Fig. 1A). Addition-
ally, MtrA from S. venezuelae bound the GInR boxes of
multiple nitrogen metabolism genes, including g/inR
(Figs S2-S9). Altogether, our data indicated that MtrA
recognizes GInR boxes and represses multiple nitrogen
metabolism genes in S. venezuelae, consistent with its
role in S. coelicolor (Zhu et al., 2019).

The two nitrogen metabolism regulators mtrA and ginR
are self-regulated

The impact of MirA on its own expression was not
known. Therefore, to determine whether mtrA is self-
regulated, a set of primers was designed to target a
region of mtrA still present in AmirAsyg, and these
primers were used in transcriptional analysis by real-time

PCR. To facilitate comparison, the expression level of
mitrA at the first time point in the wild-type strain was
arbitrarily set to one (Fig. 2). For the wild-type strain, an
expression level of about one (ranging from 0.74 to 1.1)
was detected for mitrA throughout the entire time course,
whereas the fold change in expression of mirA in
AmitrAsye ranged from 170 4+ 37 to 287 + 153 on R2YE
(Fig. 2A). mtrA also maintained a basal expression level
throughout the time course for the wild-type strain on the
nitrogen-limited medium N-Evans (Fig. 2B), and although
its upregulation in AmtrAsye was not so striking as on
R2YE, mirA expression in the mutant ranged from
59 + 24 to 82 £ 25, indicating that MtrA represses its
own expression under both nitrogen-limited and nutrient-
rich conditions. Statistical analysis indicated that expres-
sion of mtrA differed significantly between R2YE and
N-Evans (Fig. S10). Notably, no expression was
detected for mtrA in transcriptional analysis using a second
set of primers that target the deleted sequence of mtrA
(Fig. S11), confirming the removal of a portion of mitrA.
However, analysis using each set of primers showed that
mitrA was overexpressed in a ginR mutant strain of S.
venezuelae (AginRsyg) on N-Evans medium (Fig. 2B,
Fig. S11A), indicating that GInR represses mitrA under
nitrogen-limited conditions, which is in agreement with our
previous report on S. coelicolor (Zhu et al., 2019).

We also investigated whether GInR is self-regulated
using a set of primers that targeted at the undeleted
sequence of ginR and a g/nR mutant strain of S. vene-
zuelae (Zhu et al., 2020c). While a level of about one
was detected for gInR in the wild-type strain through time
course on both media, g/nR reached a level ranging
from 10 + 1.7 to 12.9 + 1.5 on N-Evans and a level
ranging from 31 £ 52 to 42 £ 129 on R2YE in
AgInRsye (Fig. 2), indicating that GInR represses its own
expression under both nitrogen-limited and nutrient-rich
conditions. Statistical analysis indicated that the expres-
sion of ginR differed significantly between R2YE and N-
Evans (Fig. S12). However, when a second set of
primers that targets a segment of glnR deleted in
AgIinRsye was used, no expression was detected for
ginR (Fig. S11), confirming the deletion. Overexpression
of gInR was detected in the mirA mutant strain using
both sets of primers on R2YE (Fig. 2A, Fig. S11B), vali-
dating that MtrA represses ginR in S. venezuelae under
nutrient-rich conditions, similar to our findings with S.
coelicolor (Zhu et al., 2019).

mtrA is the target of both MitrA and GInR in S.
venezuelae

To explore the potential mechanism for the self-
regulation of mirA, the sequence upstream of mirA was
examined, and a potential MitrA site was identified
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Fig. 1. Transcriptional analysis of nitrogen metabolism genes in AmtrAsye, AginRsve and AmtrA-ginR mutants by real-time PCR. Streptomyces

strains were cultured on solid (A) R2YE, (B) N-Evans or (C) shifted fi
AmtrAsve, AgIinRsye and AmtrA-ginR were prepared at the indicated

rom liquid YBP to liquid N-Evans, and RNA samples from 10712 (WT),
times. Expression of hrdB, encoding the major sigma factor, was used as

an internal control. For each gene, the expression level in the wild-type strain (WT) at the first time point was arbitrarily set to one. The y-axis
shows the fold change in expression in WT, AmirAsye, AginRsye and AmirA-ginR over the levels in WT at the first time point. Results are the

means (£SD) of triplet biological experiments.

(Fig. 3A). To determine whether MtrA interacts with this
site, an electrophoretic mobility shift assay (EMSA) was
performed using purified MtrA and short oligonucleotides
containing the predicted MtrA site as probe. The EMSA
analysis showed that MtrA binds the probe with the pre-
dicted MtrA site, but not the probes with mutations at the
conserved nucleotides of the site, upstream of mirA in
vitro (Fig. 3B). To determine whether MtrA also binds
this site in vivo, the integrative plasmid pMtrA-FLAG,
which expresses an MirA-FLAG fusion protein under the

© 2022 The Authors. Microbial Biotechnology published by So

control of the native mirA promoter, was constructed and
was introduced into AmtrAsye. Whereas AmtrAsye exhib-
ited a delay in spore formation and defective pigment
production, these defects were reversed in MirA-FLAG-
AmtrAsyve (Fig. S13), indicating that FLAG-tagged MtrA
is expressed and functional. MtrA-FLAG-AmtrAsye was
therefore used for ChIP analysis with anti-FLAG anti-
body. The binding level detected at the mirA promoter
remained at around background levels for the control
wild-type strain, whereas a relative binding level of about

ciety for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 1795-1810



1798 Y. Zhu et al.

(A) (R2YE)
=600 mirA (sven_2756)

zoolf gl gl

W
N
=)
=)

Fold Change
D

n

<

6 48 72
Time (h)

(B) (N-Evans)
120, mtrA (sven_2756)

=
N J
o 90 I
2 60/
>
g 30
£ 5
O
: II
e
0 milll | Huil | Esidl
24 36 48 72

Time (h)

aowr

=200y ginR (sven_3917)  Domvae
§I 1504 W 2mtrA-ginR
-
2100
2ol o
£ i & i B n
<
O 10
=
o
TR

24 120

6 48 72
Time (h)

gwr
_ 257 9InR (sven_3917) B e
§ W amtrA-ginR
EI 20
@ 15
(=2}
[=
S 101
o
T d
E 5
=t=1. | Walul | Wals] | Halsl

o

24 36 48 72
Time (h)

Fig. 2. Transcriptional analysis of mtrA and ginR in AmtrAsye, AginRsye and AmtrA-ginR mutants by real-time PCR. Streptomyces strains were
cultured on solid R2YE (A) and N-Evans (B), and RNA samples from the wild-type strain (WT), AmtrAsye, AgIinRsyve and AmtrA-ginR were iso-
lated at the indicated times. Expression of hrdB, encoding the major sigma factor, was used as an internal control. For each gene, the expres-
sion level in WT at the first time point was arbitrarily set to one. The y-axis shows the fold change in expression in WT, AmtrAsve, AgInRsve
and AmitrA-ginR over the levels in WT at the first time point. Primer sets that target remaining regions of mtrA or ginR in AmtrAsye and
AgInRsye, respectively, were used. Results are the means (+SD) of triplet biological experiments.

four was detected for MtrA-FLAG-AmtrAsye on R2YE
and N-Evans (Fig. 4A), indicating that MirA binds this
site in vivo under both conditions.

To determine whether GInR also binds the MtrA site
upstream of mtrA in vivo, the integrative plasmid pGInR-
FLAG expressing a GInR-FLAG fusion protein under the
control of the native gInR promoter was constructed and
introduced into AginRsye. The delay in spore formation
and the defect in pigment production by AginRsye were
restored to nearly wild-type levels in GInR-FLAG-
AginRsve (Fig. S14), indicating that the FLAG-tagged
GInR was expressed and functional. This strain was then
used for ChIP analysis. Our data showed that GInR
bound the MirA site upstream of mtrA in vitro (Fig. 3C)
and also in vivo on both R2YE and N-Evans (Fig. 4B).
Altogether, we showed that the mtrA promoter is a target
of both MtrA and GInR, explaining the self-regulation of
MtrA and its regulation by GInR.

Transcription of nitrogen metabolism genes in AmtrA-
ginR

Previously, we used mutant strains with deletions of
either mtrA or gInR to investigate the impact of MitrA or

GInR, respectively, on nitrogen metabolism genes (Zhu
et al., 2019). In this study, we asked what is the com-
bined impact of MtrA and GInR on nitrogen metabolism
genes? To address this question, we generated the
mutant strain AmirA-ginR, which has deletions of both
mirA and ginR. Next, we compared the expression of
nitrogen metabolism genes in this strain and in the sin-
gle mirA and ginR deletion mutants. To facilitate the
comparison, the expression level of each gene in the
wild-type strain at the first time point was arbitrarily set
to one. As noted previously, on R2YE, nitrogen genes
such as amiB, ginll and nirB2 were markedly upregu-
lated in AmtrAsye, most notably at the three early time
points (24, 36 and 48 h) (Fig. 1A), confirming a major
role for MtrA under nutrient-rich conditions. In contrast,
the expression level of these genes was reduced moder-
ately, mostly at two time points (48 and 72 h) in
AgInRsye, suggesting a positive, although minor, role for
GInR in their regulation under nutrient-rich conditions.
Unexpectedly, in AmirA-ginR, the expression levels of
several nitrogen metabolism genes on R2YE, including
amtB, nirB and ginll, were more similar to those in
AgInRsye, a transcription pattern distinctly different from
that observed in AmirAsye (Fig. 1A and Fig. S15). Two
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mtrA-MUl CACGGGGGCCCACGGGGAGGCTATCCATGTCTGGCATCAACACCCACGGACACCGGCAGT

mtrA-MU2 CACGGGGGCCCACGGGGGTGACATCCATACTTGGCATCAACACCCACGGACACCGGCAGT
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Fig. 3. mirA is a target of MtrA and GInR. (A) The predicted MtrA site upstream of mirA in S. venezuelae. The MtrA site is underlined and in
boldface, and tested mutations are highlighted in red. (B) EMSA with MtrA and 59-bp probes containing the predicted MtrA site or the MtrA site
with mutations. Reactions were carried out with the addition of no MtrA (lane 1), or with 1.18 uM (lane 2), 4.74 uM (lane 3) or 8.29 uM (lane 4)
MtrA. (C) EMSA with GInR and a 59-bp probe containing the predicted MtrA site or the MtrA site with mutations. Reactions were carried out
with the addition of no GInR (lane 1), or with 0.45 uM (lane 2), 1.78 uM (lane 3) or 3.11 uM (lane 4) GInR. The red and black arrows indicate

the positions of the shifted and free probes respectively.

exceptions were gltB and gdhA, whose transcription pat-
tern in AmitrA-ginR was more similar to that in AmtrAsye
at several time points (Fig. S15).

We next examined the transcription patterns in AmirA-
ginR grown on N-Evans, a nitrogen-limited medium on
which GInR functions as an activator for nitrogen metab-
olism genes (Tiffert et al, 2008; Zhu et al., 2019). In
AmtrAsye, the expression level of amtB, nirB and ginll
was either comparable to that of the wild-type control or
only slightly altered (Fig. 1B and Fig. S16), suggesting a
minor role for MtrA under nitrogen-limited conditions. As
expected, only a minimal level of expression was
detected for these genes in AginRsye (Fig. 1B and
Fig. S16), consistent with the major role for GInR under
nitrogen-limited conditions. Similar to the results for
AgInRsye, only minimal expression of these genes was
detected in AmtrA-gihR on N-Evans (Fig. 1B and
Fig. S16). The exception was gltB, which was upregu-
lated in both AmirAsye and AginRsye (Fig. S16) but
which showed even higher expression in the double
mutant at the two early time points (24 and 36 h), sug-
gesting a synergistic effect from the loss of mirA and
ginR.

We next investigated the expression profiles of nitro-
gen metabolism genes in AmirA-ginR following a shift
from nutrient-rich (YBP broth) to nitrogen-limited condi-
tions (N-Evans broth) (Fig. 1C and Fig. S17). RNA
extracts were prepared directly from YBP and desig-
nated as the time O samples, prior to the transfer of
culture to N-Evans broth for further growth for four or
six hours. The expression level of each gene in the

wild-type control at time O was arbitrarily set to one. As
expected, the expression levels of nitrogen metabolism
genes were all increased at time 0 in AmtrAsyg, and
levels were either comparable to the wild-type strain or
only slightly impacted in AginRsyg, with the expression
patterns in AmirA-ginR similar to those in AgihRsye
(Fig. 1C and Fig. S17). After four and six hours of
growth in N-Evans, the expression profiles of these
genes in AmirA-gIinR remained nearly identical to those
of AglnRsye. In conclusion, the transcriptional patterns
of nitrogen metabolism genes in AmirA-ginR are similar
to that in AginRsye under nitrogen-limited or nutrient-
rich conditions, or under a nutrient shift from nutrient-
rich to nitrogen-limited conditions, implying a decisive
role for GInR in the regulation of nitrogen metabolism
genes.

The relative expression levels of mtrA, ginR and nitrogen
metabolism genes under different growth conditions

The expression pattern of mirA under nutrient-rich and
nitrogen-limited conditions had not been previously
reported. Therefore, the expression level of mtrA on dif-
ferent growth media was examined in the wild-type
strain, using hrdB expression as the internal reference
(Fig. S18). Under nutrient-rich conditions (YBP and
R2YE), mtrA expression was highest at the early time
points. On N-Evans, levels remained around 0.26-0.28,
comparable to the levels at the two later time points on
R2YE (Fig. S18), suggesting that, although mtrA plays a
minor role under nitrogen-limited conditions, it is still
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Fig. 4. ChIP-gPCR analysis of MtrA and GInR binding to the mtrA and ginR promoters. The wild-type strain (WT), MtrA-FLAG-AmtrAsye and
GInR-FLAG-AgInRsye were cultured on solid R2YE and N-Evans media and were processed at the indicated times. The y-axis shows the bind-
ing level of MtrA or GInR relative to the background in WT, MtrA-FLAG-AmtrAsye and GInR-FLAG-AgInRsye. As WT contains native MtrA and
GInR only, the results for this strain are equivalent to background amplification of the target sequences. The data show the means (+SD) of

triplet biological experiments.

moderately expressed under such conditions, with some
influence from the growth phase.

gInR had low expression levels on YBP medium and
R2YE (0.10-0.16) in the wild-type strain, with markedly
higher levels, ranging from 0.34 to 0.52, on N-Evans
(Fig. S18), consistent with GInR’s role as the major regu-
lator for nitrogen metabolism genes under nitrogen-
limited conditions but not nutrient-rich conditions (Tiffert
et al., 2008). The expression levels of several nitrogen
metabolism genes were also notably higher on N-Evans

than on YBP and R2YE (Fig. S18 and Fig. S19), in
agreement with a previous report on S. coelicolor (Tiffert
et al, 2008). However, gdhA expression was barely
detectable on any of the media, while gltB expression
was detectable and remained at roughly comparable
levels on all three media types (Fig. S19), implying that
these two genes respond differently from other nitrogen
metabolism genes.

The expression levels of mirA, ginR and other nitrogen
metabolism genes under the same growth conditions
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were also compared (Figs. S20 and S21). mirA expres-
sion remained lower than ginR expression (0.26-0.28 vs.
0.33-0.52) on N-Evans (Fig. S16), whereas on R2YE,
mirA expression was consistently higher than that of
glnR (0.27-0.49 vs. 0.095-0.164) (Fig. S18), with the
large difference in expression levels indicating that ginR
is more sensitive to nitrogen availability.

MtrA and GInR bind differentially to the MtrA/GInR sites
of nitrogen metabolism genes under different growth
conditions

To investigate whether the differential expression of mtrA
on different media is reflected at the protein level, we
performed Western blot analysis using MirA-FLAG-
AmtrAsye grown on solid R2YE and N-Evans. Crude cel-
lular lysates were extracted at the same four time points.
Whereas the level of MtrA was almost constant on either
R2YE or N-Evans, the level on N-Evans was notably
lower than on R2YE (Fig. 5A), which is consistent with
the transcriptional analysis (Fig. S18). To explore
whether different levels of MitrA lead to differential bind-
ing in vivo to the MtrA/GInR sites of nitrogen metabolism
genes, previously tested in EMSAs (Fig. S2-S9), we per-
formed ChIP-gPCR analysis and compared the binding
level of MtrA in cultures grown on R2YE and N-Evans
(Fig. 5B, 5C and Fig. S22). Higher binding levels were
detected on R2YE than on N-Evans, and the levels are
fairly constant for a given medium. For example, at 24 h,
the levels on R2YE versus N-Evans were as follows:
glnA (5.02 + 0.81 vs 3.36 £+ 0.83), ginil (5.30 + 0.75 vs
2.58 + 0.28), ureA (4.75 + 0.67 vs 2.91 + 0.71), amtB
(4.56 + 0.51 vs 3.76 + 0.64). However, only minor dif-
ferences in binding by MtrA were observed for gdhA and
gitB (Fig. S22), and no in vivo binding was detected for
nirB and sven_1860 (Fig. S22), although MirA bound
these two sites in vitro (Fig. S6, S9). These data sug-
gested that MtrA binds differentially to some GInR boxes
under different growth conditions.

To investigate whether the differential expression of
ginR on different media is also reflected at the protein
level, we performed Western blot analysis using the
complemented strain  GInR-FLAG-AgInRsye, which
expresses a functional GInR-FLAG (Fig. S14). Crude
cellular lysates were extracted at the same four time
points of GInR-FLAG-AgIinRsye grown on solid R2YE
and N-Evans. Although the level of GInR was nearly
constant on either R2YE or N-Evans, the level on N-
Evans was notably higher than on R2YE (Fig. 6A), con-
sistent with the transcriptional analysis (Fig. S18). To
determine whether the different levels of GInR lead to
differential binding in vivo to the MirA/GInR sites for
nitrogen metabolism genes, we performed ChIP-gPCR
analysis and compared the binding level of GInR to
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nitrogen genes on R2YE and N-Evans (Fig. 6B, 6C and
Fig. S23). Higher binding levels were detected on N-
Evans than on R2YE, and the levels are fairly constant
for a given medium. For example, at 24 h, the levels on
N-Evans versus on R2YE were as follows: gIinA
(5.71 = 0.69) vs 4.35 + 0.69), ginll (4.77 + 0.60 vs
3.63 + 0.64), ureA (4.15 + 0.71 vs 3.24 + 0.52), amtB
(4.76 £ 0.35 vs 3.22 £+ 0.19)] and several other nitrogen
genes (Fig. S23), suggesting that GInR binds stronger
under nitrogen-limited conditions than under nutrient-rich
conditions.

Discussion

From the model that we proposed for the regulation of
nitrogen metabolism genes (Zhu et al., 2019), MtrA binds
the MtrA sites of nitrogen assimilation genes and
represses these genes to prevent the unnecessary
expression of these genes when nitrogen resources are
in surplus under nutrient-rich conditions; however, GInR
binds the GInR boxes of these genes and activates the
genes under nitrogen-limited conditions. As there is
strong similarity in the core sequence of the MtrA site
and the GInR box and as MirA and GInR compete
in vitro to bind to these sequences (Zhu et al., 2019), we
hypothesized that MtrA would bind the MitrA sites/GInR
boxes under nutrient-rich conditions and disassociate
from them under nitrogen-limited conditions in vivo,
whereas GInR would exhibit the opposite pattern, with
binding under nitrogen-limited conditions and disassocia-
tion under nutrient-rich conditions. However, the hypoth-
esis was partially contradicted by the data obtained from
this study. We showed that MirA and GInR bound the
MtrA sites/GInR boxes under both nitrogen-limited and
nutrient-rich conditions, although the binding levels dif-
fered. In general, MirA bound more strongly to these tar-
get sites under nutrient-rich conditions than under
nitrogen-limited conditions, in agreement with a moder-
ately higher levels of MtrA under nutrient-rich conditions
than under nitrogen-limited conditions. However, GInR
bound at notably stronger levels to the MirA sites/GInR
boxes under nitrogen-limited conditions than under
nutrient-rich conditions, consistent with a markedly
higher level of GInR under nitrogen-limited conditions.
Although it has only a minor role in the regulation of
nitrogen metabolism genes under nitrogen-limited condi-
tions, MtrA still bound the MtrA sites/GInR boxes under
these conditions; likewise, GInR still bound these targets
under nutrient-rich conditions, implying co-occupancy of
the MtrA sites/GInR boxes by MtrA and GInR under the
conditions tested. However, when both proteins are
bound to the same site, it is unclear how MtrA exerts its
role under nutrient-rich conditions and GInR exerts its
role under nitrogen-limited conditions. Nevertheless, as
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Fig. 5. Comparison of the level of MtrA and its binding to the promoters of nitrogen metabolism genes under nitrogen-limited and nutrient-rich
conditions. (A) Western blot analysis using 10 pg total cellular lysates extracted at indicated times from mycelia of indicated strains grown on
R2YE or N-Evans. (B-C) ChIP-gPCR analysis of the binding of MtrA to the promoters of nitrogen metabolism genes from cultures grown on
R2YE or N-Evans. Analysis was performed using strains MirA-FLAG-AmirAsye and the wild-type 10712 (WT) grown on R2YE or N-Evans for
the indicated times. The y-axis shows the binding levels of MtrA-FLAG in MtrA-FLAG-AmtrAsve and WT relative to background levels, which
was determined by recovery of target sequences. Results are the means (+SD) of triplet biological experiments.

MtrA demonstrated a higher binding level than GInR
under nutrient-rich conditions, MirA may occupy more of
the MtrA sites/GInR boxes than GInR does under
nutrient-rich conditions, enabling MtrA to manifest its
repressor role when nitrogen sources are abundant. In
contrast, as GInR generally displayed a higher binding
level than MtrA did under nitrogen-limited conditions,
GInR may occupy more of these sites when nitrogen is
limited, consistent with its role as an activator of nitrogen
metabolism genes. The similarity in recognition
sequences for MtrA and GInR also provides the potential
for manipulating the recognition sequence of a specific
gene or family of genes to reduce or block the binding
by one regulator (MtrA or GInR) but enhance or promote
binding by the other regulator. Such manipulation could
enable the redesign of the nitrogen response network,
including the addition of new control circuits to regulate,
for example, the production of antibiotics or other

compounds by industrial strains in response to altered
nitrogen levels.

The lower level of MirA under nitrogen-limited and of
GInR under nutrient-rich conditions could be caused at
the transcriptional level and potentially at the post-
transcriptional level. In addition to changes in the levels
of these regulators, modification at the post-translational
level has been reported for GInR in Streptomyces and
MtrA in Mycobacterium tuberculosis (Amin et al., 2016;
Singh et al., 2020; Singhal et al., 2020). Acetylated and
phosphorylated forms of GINnR have been identified
(Amin et al., 2016); GInR phosphorylation correlated with
nitrogen-rich conditions, and phosphorylation inhibited
the binding of GInR to its target genes, whereas acetyla-
tion had only a minor influence on the binding of GInR to
its target genes (Amin et al, 2016). Acetylation and
methylation of MtrA influenced its repressor activity in M.
tuberculosis (Singh et al., 2020; Singhal et al., 2020),
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Fig. 6. Comparison of the level of GInR and its binding to the promoters of nitrogen metabolism genes under nitrogen-limited and nutrient-rich
conditions. (A) Western blot analysis. For details, see legend to Figure 5, panel A. (B-C) ChIP-gPCR analysis of the binding of GInR to the pro-
moters of nitrogen metabolism genes from cultures grown on R2YE or N-Evans. Analysis was performed using strains GInR-FLAG-AgInRsye,
and the wild-type 10712 (WT) grown on R2YE for N-Evans for the indicated times. The y-axis shows the binding levels of GInR-FLAG in GInR-
FLAG-AgInRsyve and WT relative background levels, which was determined by recovery of target sequences. Results are the means (+SD) of

triplet biological experiments.

and MtrA of Streptomyces may be similarly subject to
post-translational modification, with different forms of
MtrA having different binding affinities for target genes
(Singh et al., 2020; Singhal et al., 2020). However, the
role of any such modifications needs to be further inves-
tigated in Streptomyces.

The transcriptional data obtained from mutant strains
with deletion of a single gene (AmirA or AginR) in this
and a previous study (Zhu et al, 2019) indicated that
MtrA and GInR function under nutrient-rich and nitrogen-
limited conditions respectively. Therefore, we initially
hypothesized that, under nutrient-rich conditions, the
transcriptional pattern of nitrogen metabolism genes in
the double mutant AmirA-ginR would follow the pattern
of AmirA, while under nitrogen-limited conditions, the
pattern would follow that of AginR. Consistent with our
hypothesis, the transcriptional pattern in AmirA-ginR was
similar to that of AginR under nitrogen-limited conditions
(Fig. 1B). However, unexpectedly, the transcriptional pat-
tern in AmtrA-ginR was also similar to that of AginR

under nutrient-rich conditions (Fig. 1A), implying a GInR-
dependent regulatory effect of MirA, although GInR
maintains a lower level of expression under this condi-
tion. This is a new and interesting finding, although it is
difficult to explain from our current understanding. In
general, nitrogen metabolism genes tested in this study
were normally induced under nitrogen-limited conditions
but repressed under nutrient-rich conditions. However,
gltB and gdhA were two exceptions, with gdhA always
repressed and gltB always induced under both condi-
tions, which may explain the different expression pat-
terns of these two genes in AmirA-ginR.

In this study, we also provided evidence that MtrA and
GInR are self-regulated. Although some response regu-
lators are autoactivators, MtrA and GInR are autorepres-
sors, similar to SCO1979 (Zhu et al., 2020a). MtrA
expression levels showed moderate fluctuation com-
pared to GInR levels, under nitrogen-limited and
nitrogen-rich conditions. The self-repression of MtrA or
GInR may prevent overexpression of MtrA (under
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nitrogen-rich conditions) or GInR (under nitrogen-limited
conditions) and therefore their regulon genes, resulting
in a balanced expression of these regulatory genes and
their regulons under different growth conditions (Martin
and Liras, 2020).

Streptomyces can produce a vast variety of secondary
metabolites of clinical importance, including antibiotics,
antifungals, antihelminthics, antivirals and immunosup-
pressives (Hopwood, 2007). Production of secondary
metabolites is controlled by cascades of regulatory fac-
tors at different levels in response to environmental
changes such as nutrient shifts, including shifts in car-
bon and nitrogen levels (Hoskisson & Fernandez-
Martinez, 2018, Ruiz-Villafan et al, 2021). Primary
metabolism, such as central carbon metabolism, not only
supports cell growth but also provides precursors for
secondary metabolism; for example, carbon catabolism
regulates formation of secondary metabolites including
antibiotics (Ruiz-Villafan et al., 2021). Similarly, nitrogen
is not only required for robust cellular growth but also as
a component for nitrogen-containing secondary metabo-
lites, and therefore, the availability and sources of nitro-
gen govern the production of secondary metabolites
(Voelker & Altaba, 2001). As the major nitrogen metabo-
lism regulator, MtrA represses nitrogen assimilating
genes under nitrogen-rich conditions, thus preventing the
unnecessary synthesis of organic nitrogen compounds
and saving cellular energy for other physiological activi-
ties, including secondary metabolism, whereas GInR
activates nitrogen assimilating genes to synthesize
organic nitrogen compounds under nitrogen-limited con-
ditions, supporting cell growth and providing nitrogen for
secondary metabolites. Therefore, different levels of
nitrogen would control the production of secondary
metabolites mediated by MtrA and GInR. In addition,
both MtrA and GInR can directly regulate the production
of antibiotics in Streptomyces (He et al., 2016; Zhu et
al,, 2020c), and they are cross-regulatory (Zhu et al.,
2019), and therefore, it should be possible to improve
the production of some antibiotics regulated by MtrA and
GInR by altering the nitrogen response network and by
engineering the levels of MtrA and GInR.

Based on our data, we propose a new model for nitro-
gen regulation by MtrA and GInR (Fig. 7). In this model,
both MirA and GInR are self-regulated, repressing their
own expression. Under nitrogen-poor conditions, expres-
sion of GInR is highly induced, and therefore, GInR
binds more strongly (or more GInR binds) to the MirA
sites/GInR boxes of the nitrogen metabolism genes, and
thus, these genes are activated. Under nutrient-rich con-
ditions, expression of GInR is minimal whereas MtrA is
induced, and therefore, MirA binds more strongly (or
more MtrA binds) to the target sites, resulting in repres-
sion of the nitrogen genes. The molecular mechanism

underlying the dependence of MtrA on GInR for the reg-
ulation of nitrogen metabolism genes is not clear and is
not yet explained in our model. Nevertheless, our study
does provide new insights into the understanding of the
complex regulation of nitrogen metabolism in microbes.

Experimental procedures
Strains, plasmids, primers and culture conditions

All strains and primers are listed in Tables S1 and S2
respectively. Streptomyces venezuelae ATCC 10712
was used as the wild-type strain in this study. The Strep-
tomyces strains were cultivated on solid maltose-yeast
extract-malt extract (MYM) medium (Frojd & Flardh,
2019) for sporulation, and on N-Evans (Fink et al.,
2002), YBP (Ou et al., 2009) and R2YE (Kieser et al.,
2000) for phenotypic observation, RNA extraction, cellu-
lar lysate purification and ChIP analysis. N-Evans was
used as a nitrogen-limited medium, and YBP and R2YE
as nitrogen-rich media in this study. All Escherichia coli
strains were cultured in Luria-Bertani (LB) agar or liquid
medium. When necessary, apramycin (50 pg mi™),
hygromycin (50 pg mi™), ampicillin (100 pg ml™"), chlor-
amphenicol (25 ng mi™"), kanamycin (50 pg ml™") or
thiostrepton (25 pg ml™") was added.

(A)

(B)

Nitrogen-poor
conditions

©

Nutrient-rich
conditions

Fig. 7. Model for regulation of nitrogen metabolism genes by MtrA
and GInR. (A) MtrA and GInR are self-regulated, repressing their
own expression. (B) Under nitrogen-poor conditions, more GInR
binds to the MtrA sites/GInR boxes, activating the nitrogen metabo-
lism genes. (C) Under nutrient-rich conditions, more MtrA binds to
the MtrA sites/GInR boxes, repressing the nitrogen metabolism
genes.
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Deletion of both mtrA and gInR from the genome of S.
venezuelae

The mutant strain AmitrA-ginR with deletions of both
mitrA and ginR was obtained using the mutation plasmid
pJTU-mtrA to delete mirA from the mutant strain AgihR
(Zhu et al., 2020c). Plasmid pJTU-mtrA, which is apra-
mycin resistance (Zhu et al., 2020c), was transformed
into E. coli ET12567 (pUZ8002) and then introduced into
the kanamycin-resistant AginRsye (Zhu et al., 2020c) by
conjugation. After several rounds of selection on MS
agar containing both apramycin and kanamycin, the
deletion of mirA from AginRsye was confirmed by PCR
using MtrA V-F/R.

Expression and purification of MtrA and GInR

His-tagged MtrA and GInR were expressed and purified
essentially as described (Zhu et al., 2019). In brief, pro-
tein production was induced by addition of 1 mM IPTG,
and bacterial cells were collected after overnight culture
at 16°C and then re-suspended and sonicated in binding
buffer [50 mM NaH,PO, (pH 8.0), 200 mM NaCl, 20 mM
imidazole] on ice. Crude lysates were centrifuged to
remove cell debris, and soluble proteins in supernatant
were purified by Ni affinity column (Qiagen, USA). Puri-
fied proteins were examined by sodium dodecyl! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and
their concentration was determined by the Pierce BCA
Protein Assay Kit (Thermo Scientific, USA).

Electrophoretic mobility shift assays (EMSAS)

All primers for EMSAs (Table S2) were labelled with bio-
tin at the 5-terminus. The complementary forward and
reverse 59 nt primers were mixed and annealed to pro-
duce probes. The conditions for EMSAs were as
described previously (Zhang et al., 2015). Signal detec-
tion was conducted by the ECL Western Blotting Analy-
sis System kit (GE Healthcare) and was displayed by
exposure to X-ray film or visualized by myECL imager
(Thermo Scientific) instrument.

Extraction of crude cellular lysates, SDS-PAGE and
Western blot analysis

S. venezuelae strains were cultivated on solid R2YE or
N-Evans (supplemented with 2 mM glutamine), and
mycelia were harvested at indicated times. The har-
vested mycelia were ground in liquid nitrogen, dissolved
in lysis buffer (50 mM Tris-HCI, 50 mM EDTA, PH8.0)
and centrifuged to remove cellular debris. The concen-
tration of the crude lysates was determined by the
Pierce Protein Assay Kit. Equal amounts of crude
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lysates were separated by SDS-PAGE (12%) and then
transferred to Hybond-ECL membranes (GE Amersham),
which were blocked with 5% fat-free milk at room tem-
perature for 2 hours, washed twice and incubated with
anti-FLAG mAb (1:3000; Boster Biological Technology)
at 4°C overnight (Lu et al, 2020b; Yan et al, 2020).
Next, the membranes were washed twice before incubat-
ing with the HRP-conjugated goat anti-mouse IgG
(H + L) secondary antibody (1:5000; Boster Biological
Technology) for 50 min at room temperature. Finally, the
membranes were washed twice, and the signal was
revealed by the ECL Western Blotting Analysis System
kit or imaged by the myECL imager system.

Total RNA extraction, reverse-transcription PCR (RT-
PCR) and real-time PCR

Equal amounts of spores of Streptomyces strains were
inoculated onto solid YBP, R2YE and N-Evans media,
and cultures were collected at indicated times. For the
media-shift experiment, the Streptomyces strains were
first cultured in liquid YBP medium for 24 h at 30.0°C and
at 220 rpm. After the optical density of the culture reached
2.0 at ODys0nm, ONe portion of the culture was centrifuged
and collected for RNA isolation at the base time (0 h). An
equal portion of the YBP culture was centrifuged, washed
twice with liquid N-Evans and dispersed into 50 ml N-
Evans medium supplemented with 2 mM glutamine for
extended growth (4 h or 6 h) at 30.0°C and at 220 rpm.
Cell cultures were collected, ground in liquid nitrogen and
processed for RNA extraction as described previously
(Zhang et al., 2017; Zhu et al., 2019, 2020a). Reverse-
transcription PCR for cDNA synthesis and real-time PCR
assays were carried out as described previously (Zhu et
al., 2020b, 2020c). Specificity and melting curves of the
PCR products were determined using the Roche LightCy-
cler480 thermal cycler according to the manufacturer’s
protocol. Transcription levels of measured genes were
normalized relative to the level for hrdB, which was used
as the internal control. For experiments determining the
expression pattern of mtrA in the wild-type strain, the
expression level of hrdB was arbitrarily set to one at each
time point, and the expression of mtrA at each time point
was calculated relative to hrdB.

Construction of engineered strains expressing FLAG-
tagged MtrA or GInR

To express the MtrA-FLAG fusion protein, the plasmid
pMtrA-FLAG was constructed following the described
strategy (Liu et al., 2019; Lu et al., 2020a). Briefly, DNA
fragment | containing the promoter and coding region of
mitrA of S. venezuelae was amplified using the primer
set MirA Fcom-F/R and the template genomic DNA, and
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DNA fragment Il containing the linker and 3 x FLAG
sequence (including stop codon) was amplified using
primer set Linker-Flag-F/R with the template pMacR-
FLAG, which contains the linker sequence and the cod-
ing sequence of FLAG (Liu et al., 2019); the two sets of
primers were designed so that there would be overlap-
ping sequences between these two amplified fragments.
The two PCR fragments were purified, mixed and ligated
with pMS82 to obtain pMtrA-FLAG, which was then intro-
duced into AmtrAsye and AmtrA-ginR by conjugation to
obtain the complemented strain MirA-Flag-AmirAsye.
The plasmid expressing the GInR-FLAG fusion protein
and complemented strain GInR-Flag-AginRs\e were con-
structed similarly, using primers listed in Table S2.

Chromatin immunoprecipitation and qPCR

S. venezuelae strains were grown on R2YE and N-
Evans agar and harvested at indicated times. For the
chromatin immunoprecipitation (ChIP), the M2 mouse
monoclonal anti-FLAG antibody (Sigma) was used. The
cross-linking, chromosomal DNA sonication, immunopre-
cipitation, reverse of the cross-links and elution steps
were conducted essentially as described previously
(Bush et al., 2013, 2019; Liu et al., 2019). The elution
was quantified and subjected to qPCR analysis. The
gPCR reactions were performed as above. To calculate
the binding level of protein in the ChIP samples, the rela-
tive quantities of each DNA fragment were normalized
with the housekeeping gene hrdB, which served as an
internal control, and the binding level of at each target in
the input chromosomal DNA was arbitrarily set to one.
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Fig. S1. Transcriptional analysis of nitrogen metabolism
genes in the AmirAsye mutant by real-time PCR. Streptomy-
ces strains were cultured on solid YBP, and RNA samples
from the wild-type strain 10712 (WT) and AmtrAsye were
isolated at the indicated times. Expression of hrdB, encod-
ing the major sigma factor, was used as an internal control.
For each gene, the expression level in WT at the first time
point was arbitrarily set to one. The y-axis shows the fold
change in expression in WT and AmtrAsye over the expres-
sion levels in WT at the first time point. Results are the
means (+SD) of triplet biological experiments.

Fig. S2. Mutational analyses of the MtrA site/GInR box in
the ginR promoter. (A) Consensus binding motifs for MtrA
and GInR. (B) The sequences of the WT and mutagenized
probes for the MtrA site/GInR box of the ginR promoter. The
core nucleotides of the MtrA site/GInR box are underlined,
and mutagenized bases are shown in red. Probes were
used in EMSAs with (C) MtrA or (D) GInR. Reactions were
carried out with the addition of no MtrA (lanes 1), 1.18 uM
MtrA (lanes 2), 4.74 uM MtrA (lanes 3), or 8.29 uM MtrA
(lanes 4) for panel C; or no GInR (lanes 1), 0.45 uM GInR
(lanes 2), 1.78 ug GInR (lanes 3), or 3.11 uM GInR (lanes
4) for panel D.

Fig. S3. Mutational analyses of the MtrA sites/GInR boxes
in the gInA promoter. (A) Consensus binding motifs for MtrA
and GInR. (B) The sequences of the WT and mutagenized
probes for MtrA sites/GInR boxes of the ginA promoter. The
core nucleotides of the MtrA sites/GINR boxes are under-
lined, and mutagenized bases are shown in red. Probes
were used in EMSAs with (C) MtrA or (D) GInR. Reactions
were carried out with the addition of no MirA (lanes 1),
1.18 uM MtrA (lanes 2), 4.74 uM MtrA (lanes 3), or 8.29 uM
MtrA (lanes 4) for panel C; or no GInR (lanes 1), 0.45 uM
GInR (lanes 2), 1.78 ug GInR (lanes 3), or 3.11 uM GInR
(lanes 4) for panel D.

Fig. S4. Mutational analyses of the MtrA/GInR boxes in the
amtB promoter. (A) Consensus binding motifs for MtrA and
GInR. (B) The sequences of the WT and mutagenized
probes for MtrA sites/GInR boxes of the amtB promoter.
The core nucleotides of the MirA sites/GInR boxes are
underlined, and mutagenized bases are shown in red.
Probes were used in EMSAs with (C) MtrA or (D) GInR.
Reactions were carried out with the addition of no MtrA
(lanes 1), 1.18 uM MtrA (lanes 2), 4.74 uM MtrA (lanes 3),
or 8.29 uM MtrA (lanes 4) for panel C; or no GInR (lanes
1), 0.45 uM GInR (lanes 2), 1.78 ug GInR (lanes 3), or
3.11 uM GInR (lanes 4) for panel D.

Fig. S5. Mutational analyses of the MtrA sites/GInR boxes
in the ginll promoter. (A) Consensus binding motifs for MtrA
and GInR. (B) The sequences of the WT and mutagenized
probes for MtrA sites/GInR boxes of the gln/l promoter. The
core nucleotides of the MtrA site/GINnR boxes are under-
lined, and mutagenized bases are shown in red. Probes
were used in EMSAs with (C) MtrA or (D) GInR. Reactions
were carried out with the addition of no MirA (lanes 1),
1.18 uM MtrA (lanes 2), 4.74 uM MtrA (lanes 3), or 8.29 uM

MtrA (lanes 4) for panel C; or no GInR (lanes 1), 0.45 uM
GInR (lanes 2), 1.78 ug GInR (lanes 3), or 3.11 uM GInR
(lanes 4) for panel D.

Fig. S6. Mutational analyses of the MtrA sites/GInR boxes
in the nirB promoter. (A) Consensus binding motifs for MtrA
and GInR. (B) The sequences of the WT and mutagenized
probes for MtrA sites/GInR boxes of the nirB promoter. The
core nucleotides of the MirAsites/GInR boxes are under-
lined, and mutagenized bases are shown in red. Probes
were used in EMSAs with (C) MtrA or (D) GInR. Reactions
were carried out with the addition of no MirA (lanes 1),
1.18 uM MtrA (lanes 2), 4.74 uM MtrA (lanes 3), or 8.29 uM
MtrA (lanes 4) for panel C; or no GInR (lanes 1), 0.45 uM
GInR (lanes 2), 1.78 ug GInR (lanes 3), or 3.11 uM GInR
(lanes 4) for panel D.

Fig. S7. Mutational analyses of the MtrA site/GInR box in
the ureA promoter. (A) Consensus binding motifs for MtrA
and GInR. (B) The sequences of the WT and mutagenized
probes for the MtrA site/GINR box of the ureA promoter.
The core nucleotides of the MtrA site/GInR box are under-
lined, and mutagenized bases are shown in red. Probes
were used in EMSAs with (C) MtrA or GInR. Reactions were
carried out with the addition of no MitrA (lanes 1), 1.18 uM
MtrA (lanes 2), 4.74 uM MtrA (lanes 3), or 8.29 uM MtrA
(lanes 4); or no GInR (lanes 1), 0.45 uM GInR (lanes 2),
1.78 ug GInR (lanes 3), or 3.11 uM GInR (lanes 4).

Fig. S8. Mutational analyses of the MtrA site/GInR box in
the gltB promoter. (A) Consensus binding motifs for MtrA
and GInR. (B) The sequences of the WT and mutagenized
probes for MtrA site/GInR box of the gltB promoter. The
core nucleotides of the MtrA site/GInR box are underlined,
and mutagenized bases are shown in red. Probes were
used in EMSAs with (C) MtrA or GInR. Reactions were car-
ried out with the addition of no MtrA (lanes 1), 1.18 uM MtrA
(lanes 2), 4.74 uM MtrA (lanes 3), or 8.29 uM MtrA (lanes
4); or no GInR (lanes 1), 0.45 uM GInR (lanes 2), 1.78 ug
GInR (lanes 3), or 3.11 uM GInR (lanes 4).

Fig. S9. Mutational analyses of the MtrA sites/GInR boxes
in the sven_1860 promoter. (A) Consensus binding motifs
for MtrA and GInR. (B) The sequences of the WT and muta-
genized probes for MtrA sites/GInR boxes of the sven_1860
promoter. The core nucleotides of the MirA sites/GInR
boxes are underlined, and mutagenized bases are shown in
red. Probes were used in EMSAs with (C) MtrA or (D) GInR.
Reactions were carried out with the addition of no MtrA
(lanes 1), 1.18 uM MtrA (lanes 2), 4.74 uM MtrA (lanes 3),
or 8.29 uM MtrA (lanes 4) for panel C; or no GInR (lanes
1), 0.45 uM GInR (lanes 2), 1.78 ug GInR (lanes 3), or
3.11 uM GInR (lanes 4) for panel D.

Fig. S10. Comparison of the auto-regulatory effect of MtrA
on R2YE and N-Evans. (A) Overall comparison of mitrA
expression levels on R2YE and N-Evans. (B) Time-point to
time-point comparison of mirA expression levels on R2YE
and N-Evans. RNA samples from the wild-type strain (WT)
and AmtrAsye were isolated at the indicated times. Expres-
sion of hrdB, encoding the major sigma factor, was used as
an internal control. For each gene, the expression level in
WT at the first time point was arbitrarily set to one as in Fig-
ure 2. The y-axis shows the fold change in expression in
AmitrAsye over the levels in WT at the first time point. Primer
sets that target remaining regions of mirA in AmtrAsye were
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used. Results are the means (+£SD) of triplet biological
experiments. Student’s t-test was used for comparison, *
P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.

Fig. S11. Transcriptional analysis of mirA and ginR in
AmitrAsve, AgInRsye, and AmirA-ginR mutants by real-time
PCR. Streptomyces strains were cultured on solid R2YE
(A), N-Evans (B), or shifted from liquid YBP to liquid N-
R2YE (C), and RNA samples from WT, AmtrAsve,
AginRsye, and AmirA-ginR were isolated at the indicated
times. Expression of hrdB, encoding the major sigma factor,
was used as an internal control. For each gene, the expres-
sion level in WT at the first time point was arbitrarily set to
one. The y-axis shows the fold change in expression in WT,
AmitrAsve, AgInRsye, and AmtrA-ginR over the expression
levels in WT at the first time point. Primer sets that target
the deleted sequences in AmirAsye and AginRsye were
used. Results are the means (+SD) of triplet biological
experiments.

Fig. S12. Comparison of the auto-regulatory effect of GInR
on R2YE and N-Evans. (A) Overall comparison of ginR
expression levels on R2YE and N-Evans. (B) Time-point to
time-point comparison of ginR expression levels on R2YE
and N-Evans. RNA samples from the wild-type strain (WT)
and AginRsye were isolated at the indicated times. Expres-
sion of hrdB, encoding the major sigma factor, was used as
an internal control. For each gene, the expression level in
WT at the first time point was arbitrarily set to one as in Fig-
ure 2. The y-axis shows the fold change in expression in
AgInRsye over the levels in WT at the first time point.
Primer sets that target remaining regions of glnR in
AginRsye were used. Results are the means (£SD) of triplet
biological experiments. Student’s t-test was used for com-
parison, *P < 0.05, **P < 0.01, ***P < 0.005,
*xxxkP < (0.001.

Fig. S13. Restoration of pigment production and aerial myce-
lium formation with an MtrA-FLAG construct. Streptomyces
strains were incubated on MS-G medium for the indicated times.
The white patches are aerial mycelia. WT, ATCC 10172;
AmtrAsys, mtrA  deletion mutant; MtrA-FLAG-AmtrAsye,
AmtrAsye complemented by pMirA-FLAG; V-AmtrAsye,
AmtrAsye containing pMS82.

Fig. S14. Restoration of pigment production and aerial myce-
lium formation with an GInR-FLAG construct. Streptomyces
strains were incubated on MS-G medium for the indicated times.
The white patches are aerial mycelia. WT, ATCC 10172;
AginRsye, ginR deletion mutant; GINR-FLAG-AgINRsy,
AginRsye complemented by pGInR-FLAG; V-AgIinRsye,
AgInRsye containing pMS82.

Fig. S15. Transcriptional analysis by real-time PCR of
nitrogen metabolism genes in AmitrAsye, AgIinRsye, and
AmtrA-ginR mutants grown on solid R2YE. RNA samples
from WT, Amtrsye, AgInRsye, and AmirA-ginR were iso-
lated at the indicated times. Expression of hrdB, encoding
the major sigma factor, was used as an internal control.
For each gene, the expression level in WT at the first
time point was arbitrarily set to one. The y-axis shows
the fold change in expression in WT, AmtrA, AglnR, and
AmtrA-ginR over the expression levels in WT at the first
time point. Results are the means (+SD) of triplet biologi-
cal experiments.

The role of MtrA and GInR in nitrogen metabolism 1809

Fig. S16. Transcriptional analysis by real-time PCR of nitro-
gen metabolism genes in AmirAsye, AgIinRsye, and AmtrA-
g/nR mutants grown on solid N-Evans. RNA samples from
WT, AmtrAsve, AgInRsve, and AmtrA-ginR were isolated at
the indicated times, and gene expression was determined
as for Figure S5. Results are the means (£SD) of triplet bio-
logical experiments.

Fig. S17. Transcriptional analysis by real-time PCR of
nitrogen metabolism genes in AmirAsyve, AginRsye, and
AmtrA-ginR mutants under nutrient-shift. Streptomyces
strains were cultured in liquid YBP and then transferred to
liquid N-Evans. RNA samples from WT, AmtrAsve,
AgInRsye, and AmtrA-ginR were isolated at the indicated
times, and gene expression was determined as for Figure
S5. Results are the means (+SD) of triplet biological
experiments.

Fig. S18. Transcriptional analysis of mtrA, ginR, and nitro-
gen metabolism genes in the wild-type strain 10712 grown
on different media. (A) Transcription analysis using YBP,
R2YE, and N-Evans cultures. For each gene, the expres-
sion level of hrdB at each time point was arbitrarily set to
one. The y-axis shows the fold change in expression of
each gene over the expression level of hrdB for each time
point. Results are the means (+SD) of triplet biological
experiments. (B-C) Transcriptional analysis using R2YE or
N-Evans cultures at various time points. Results are the
means (+SD) of triplet biological experiments and were cal-
culated as for panel A.

Fig. S19. Transcriptional analysis by real-time PCR of nitro-
gen metabolism genes in the wild-type strain 10712 grown
on different media. The wild-type strain was grown on YBP,
R2YE, and N-Evans. For each gene, the expression level of
hrdB at each time point was arbitrarily set to one. The y-axis
shows the fold change in expression of each gene over the
expression level of hrdB for each time point. Results are the
means (+SD) of triplet biological experiments.

Fig. S20. Transcriptional analysis by real-time PCR of nitro-
gen metabolism genes in the wild-type strain 10712 grown
on R2YE. For each gene, the expression level of hrdB at
each time point was arbitrarily set to one. The y-axis shows
the fold change in expression of each gene over the expres-
sion level of hrdB for each time point. Results are the
means (+SD) of triplet biological experiments.

Fig. S21. Transcriptional analysis by real-time PCR of nitro-
gen metabolism genes in the wild-type strain 10712 grown
on N-Evans. For each gene, the expression level of hrdB at
each time point was arbitrarily set to one. The y-axis shows
the fold change in expression of each gene over the expres-
sion level of hrdB for each time point. Results are the
means (+SD) of triplet biological experiments.

Fig. S22. ChIP-qPCR analysis of the binding of MtrA to the
promoters of nitrogen metabolism genes from cultures
grown on R2YE or N-Evans. Analysis was performed using
strains MtrA-FLAG-AmtrAsye and the wild-type 10712 (WT)
grown on R2YE or N-Evans for the indicated times. The
y-axis shows the binding levels of MtrA-FLAG in MtrA-
FLAG-AmtrAsye and WT relative to background levels,
which was determined by recovery of target sequences.
Results are the means (+SD) of triplet biological
experiments.
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Fig. S23. ChIP-gPCR analysis of the binding of GInR to the AginRsye and WT relative background levels, which was

promoters of nitrogen metabolism genes from cultures determined by recovery of target sequences. Results are
grown on R2YE or N-Evans. Analysis was performed using the means (+SD) of triplet biological experiments.

strains GInR-FLAG-AgInRsye, and the wild-type 10712 (WT) Table S1. Bacterial strains and plasmids used in this study.
grown on R2YE for N-Evans for the indicated times. The y- Table S2. Primers used in this study.

axis shows the binding levels of GInR-FLAG in GInR-FLAG-
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