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ABSTRACT Iron-sulfur (Fe-S) clusters are ubiquitous and versatile inorganic cofactors
that are crucial for many fundamental bioprocesses in nearly all organisms. How cells
maintain Fe-S cluster homeostasis is not well understood in Gram-positive bacteria.
Genomic analysis showed that the Suf system, which is encoded by the sufRBDCSU
operon, is the sole Fe-S cluster assembly system in the genus Streptomyces. Strepto-
myces avermitilis is the industrial producer of avermectins, which are widely used as
agricultural pesticides and antiparasitic agents. sufR (SAV6324) encodes a putative
ArsR-family transcriptional regulator, which was characterized as a repressor of the
sufRBDCSU operon in this investigation. Spectroscopy and mass spectrometry dem-
onstrated that anaerobically isolated SufR contained an oxidation-sensitive [4Fe-4S]
cluster and existed as a homodimer. Electrophoretic mobility shift assays (EMSAs)
and DNase I footprinting analyses revealed that [4Fe-4S]-SufR bound specifically and
tightly to a 14-bp palindromic sequence (CAAC-N6-GTTG) in the promoter region
of the sufR operon, repressing expression of the sufRBDCSU operon. The pres-
ence of the [4Fe-4S] cluster is critical for the DNA-binding activity of SufR.
Cys182, Cys195, and Cys223 in the C-terminal region of SufR are essential for [4Fe-
4S] cluster coordination, but Cys178 is not. The fourth non-Cys ligand in coordi-
nation of the [4Fe-4S] cluster for SufR remains to be identified. The findings clar-
ify the transcriptional control of the suf operon by [4Fe-4S] SufR to satisfy the
various Fe-S cluster demands. SufR senses the intracellular Fe-S cluster status
and modulates the expression of the sole Fe-S cluster assembly system via its
Fe-S cluster occupancy.

IMPORTANCE Fe–S clusters function as cofactors of proteins controlling diverse
biological processes, such as respiration, photosynthesis, nitrogen fixation, DNA
replication, and gene regulation. The mechanism of how Actinobacteria regulate
the expression of the sole Fe-S cluster assembly system in response to the vari-
ous Fe–S cluster demands remains to be elucidated. In this study, we showed
that SufR functions as a transcriptional repressor of the sole Fe-S cluster assem-
bly system in the avermectin producer S. avermitilis. [4Fe-4S]-SufR binds to the
promoter region of the suf operon and represses its expression. When Fe-S clus-
ter levels are insufficient, SufR loses its [4Fe-4S] cluster and DNA-binding activity.
Apo-SufR dissociates from the promoter region of suf operon, and the expression
of the suf system is strongly increased by derepression to promote the synthesis
of Fe-S clusters. The study clarifies how Streptomyces maintains its Fe-S cluster
homeostasis through the activity of SufR to modulate the various Fe-S cluster
demands.
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Fe-S clusters are among the most ubiquitous and versatile cofactors of proteins in
nearly all organisms. Because of their remarkable structural plasticity and intrinsic

chemical/electronic properties, Fe-S clusters participate in diverse biological processes
such as respiration, photosynthesis, nitrogen fixation, DNA repair, and gene regulation
(1–3). The most common types of Fe-S clusters, [4Fe-4S] and [2Fe-2S], are attached to
proteins primarily via cysteine ligands (4).

The formation of Fe-S clusters requires a complex biosynthetic machinery to assem-
ble stored iron and sulfur, and the resulting clusters are transferred to the appropriate
apo-protein substrates (4). Three systems for the Fe-S cluster assembly have been
identified: the Isc (iron-sulfur cluster) system, the Suf (sulfur mobilization) system, and
the Nif (nitrogen fixation) system (2, 4). However, the phylogenetic distribution of these
systems varies substantially among species of bacteria. The Nif system was originally
found in the nitrogen-fixing bacteria, in which it is specifically used for the maturation
of nitrogenases (5). The Isc system is considered to be the housekeeping Fe-S cluster
biogenesis pathway that mainly functions under normal growth conditions in bacteria
such as Escherichia coli (6, 7). The Suf system occurs in a wide range of bacteria and
archaea (8). In E. coli, the Suf system is a back-up system for Fe-S cluster assembly and
is specifically activated under stress conditions, such as iron deficiency or oxidative
stress (9–11). In cyanobacteria, archaea, and many Gram-positive bacteria, the Suf
system seems to be the sole or the main system for Fe-S cluster assembly (12–14).

Solvent-exposed Fe-S clusters are prone to be damaged by O2, reactive oxygen
species (ROS) (15, 16), and nitric oxide (NO) (17). To cope with the various demands of
Fe-S cluster assembly and to maintain Fe-S cluster homeostasis, bacteria have evolved
regulators that precisely control the activity of Fe-S cluster assembly systems. The
[2Fe-2S] cluster-containing transcription factor IscR (Isc pathway regulator), which was
first identified in the Gram-negative bacterium E. coli, is a central mediator in sensing
the intracellular Fe–S status and in regulating the expression of the Isc and Suf systems
(6, 7). When the intracellular Fe-S clusters are sufficient, IscR mainly exists in holo-form.
[2Fe-2S]-IscR binds to the promoter region of the iscRSUA-hscBA-fdx operon (isc operon)
and represses its expression (6, 18). When the cells are experiencing oxidative stress or
iron limitation and the requirements for Fe-S clusters are not satisfied, IscR is mostly in
apo-form. Apo-IscR loses binding activity to the promoter region of the isc operon, and
the expression of isc operon is increased by derepression (6, 9). Apo-IscR can also bind
to the promoter region of the sufABCDSE operon (suf operon) and activate the expres-
sion of the Suf system to maximize Fe-S assembly capacity (9, 19, 20). IscR senses the
intracellular Fe–S status via its [2Fe–2S] cluster occupancy and tunes the synthesis of
the Isc and Suf systems in response to the various demands for Fe–S cluster biogenesis.

Like E. coli, cyanobacteria have both Isc and Suf systems for Fe-S cluster assembly.
In cyanobacteria, the Suf system rather than the Isc system is responsible for the
biogenesis and maintenance of the Fe-S clusters (21). The sufBCDS genes of the Suf
system in cyanobacteria are organized in an operon, which is transcribed divergently
from a bidirectional promoter region with the sufR gene, while sufA and sufE are located
elsewhere. The [4Fe-4S] cluster-containing SufRcy binds to the two DNA sequences in
the bidirectional promoter region of sufR-sufBCDS and represses the expression of the
suf operon and sufR (13, 21). In many Gram-positive bacteria such as Bacillus subtilis,
mycobacteria, and Streptomyces, the Suf system is solely responsible for [Fe-S] cluster
assembly and repair (12, 22). Recently, Mycobacterium tuberculosis Rv1460, a SufR
homolog, was reported to repress the expression of the suf operon in Mycobacterium
(23, 24).

Streptomyces spp. are Gram-positive, filamentous soil bacteria that exhibit complex
morphological differentiation and that produce more than half of all known antibiotics,
as well as anticancer, anthelmintic, and immunosuppressive agents (25, 26). How
Streptomyces regulate the expression of the sole Fe-S cluster assembly system in
response to the various Fe–S cluster demands remains to be elucidated. S. avermitilis is
used for the industrial production of avermectins, a series of 16-membered macrocyclic
anthelmintic agents that are widely applied in medicine, agriculture, and animal
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husbandry (27, 28). Like the Suf system in Bacillus subtilis and mycobacteria, the Suf
system is the sole system for Fe-S cluster biogenesis in S. avermitilis. In this study, we
report on the regulatory role of SufR in Fe-S cluster biogenesis in S. avermitilis.

RESULTS
The suf operon in S. avermitilis. Although there are three distinct Fe-S assembly

systems in bacteria (4), no equivalent of the nif or isc operon has been found in the S.
avermitilis genome. A BLAST search identified a gene locus (SAV6324 to SAV6331) with
sequence similarity to the suf operon in bacteria (Fig. 1A, Fig. S1A in the supplemental
material). SAV6325 to SAV6330 are predicted to encode SufB, SufD, a putative ferredoxin
subunit of phenylpropionate dioxygenase (Hcac1), SufC, SufS, and SufU (a NifU-like
protein), respectively. The last gene of the locus (SAV6331) has no homology with any
of the suf genes. Neither sufA nor sufE homolog genes were found in the S. avermitilis
genome. It seems that the sufB, sufC, sufD, and sufS genes are highly conserved in suf
operons. SufS is a cysteine desulfurase that mobilizes sulfur from free L-cysteine for Fe-S
cluster biogenesis (29). SufC has ATPase activity and forms a tight complex with SufB
and SufD. The SufBCD complex acts as a scaffold for the assembly and transfer of
transient clusters to target proteins (30). S. avermitilis SufB, SufD, SufC, and SufS share
82%, 58%, 77%, and 52% identity with the M. tuberculosis orthologs, and 41%, 22%,
51%, and 26% identity with the E. coli orthologs, respectively. The suf operon is

FIG 1 Identification of a putative Fe-S cluster assembly regulator in S. avermitilis. (A) Gene organization of the suf operons from different
bacterial species (Escherichia coli, Bacillus subtilis, Synechocystis PCC 6083, Mycobacterium tuberculosis, and Streptomyces avermitilis). The
genes with conserved functions are indicated with the same color. (B) Multiple sequence alignment of SufR homologs. Strictly conserved
amino acids are highlighted in navy blue; underline, the HTH DNA-binding domain; *, conserved cysteine.
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exceptionally conserved in all Streptomyces genomes sequenced to date, suggesting
that Streptomyces species possess a functional Suf system as the sole system for Fe-S
cluster assembly.

SAV6324 (sufR), the first gene of the locus, encodes a putative ArsR-family transcrip-
tional regulator protein. The predicted product shares 47% and 27% identity with SufR
from M. tuberculosis and Synechocystis sp. PCC6803, respectively. S. avermitilis SufR
contains an ArsR-family helix-turn-helix (HTH) DNA-binding domain at the N terminus
and three highly conserved cysteine residues that may function in the Fe-S cluster
binding motif at the C terminus (Fig. 1B). In contrast to the sufRcy gene in cyanobacteria,
the sufR gene is oriented in the same direction as other suf genes in S. avermitilis, as well
as in M. tuberculosis (Fig. 1A). S. avermitilis suf genes and adjacent genes are oriented
in the same direction with very short intergenic regions or intein invading sequences.
Reverse transcriptase PCR (RT-PCR) analysis demonstrated that these genes (from sufR
to SAV6331) are organized in the same operon and are cotranscribed into a long mRNA
molecule (Fig. S1). sufR and the adjacent suf genes are widely distributed among
Streptomyces species, suggesting a conserved regulatory role of SufR in Fe-S cluster
assembly in Streptomyces.

SufR harbors the [4Fe-4S] cluster. Fe-S cluster assembly regulators usually harbor
Fe-S clusters in order to sense the intracellular Fe-S cluster status and to modulate their
binding activity (6, 13). To investigate whether S. avermitilis SufR contains a Fe-S cluster,
which is usually oxygen-sensitive, we purified the SufR protein from E. coli under strictly
anaerobic conditions (O2 �8 ppm). The anaerobically purified SufR-His6 fraction was
dark brown and was much darker than the aerobically purified one, suggesting the
presence of Fe-S clusters (Fig. S2). The UV-visible absorbance spectrum of the anaer-
obically purified soluble SufR protein had a single broad absorption peak around
412 nm and no other features at longer wavelengths (Fig. 2), indicating that it is more
characteristic of a [4Fe-4S] cluster rather than a [2Fe-2S] cluster (31, 32). Although the
anaerobically purified [4Fe-4S]-SufR was stable and remained brown for days under
anaerobic conditions, it gradually lost its color and its A412 value decreased rapidly
when it was exposed to air. The A412 value decreased by approximately 35% and 75%
with 30 and 60 min, respectively, of air exposure. The 412 nm peak disappeared
completely after 3 h of air exposure, indicating that the [4Fe-4S] cluster is very sensitive
to oxygen (Fig. 2). No characteristic [2Fe-2S] cluster absorbance in the visible region
was observed with the gradual loss of [4Fe-4S] cluster signal intensity, indicating a
gradual transition from holo- to apo-SufR, instead of a [4Fe-4S] to [2Fe-2S] cluster
conversion.

Matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) mass spec-
trometry was used to determine the mass of the Fe-S cluster-bound SufR. The predicted

FIG 2 Oxygen-induced degradation of the Fe-S cluster in SufR. The SufR sample was purified under
strictly anaerobic conditions (O2 �8 ppm). The results show the absorption spectra of the anaerobically
purified protein SufR after exposure to air for 0 to 180 min.
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mass of C-terminal His-tagged SufR (apo-SufR) is 28.7 kDa. Two main peaks were
observed in the mass spectrum; one was at approximately 56 kDa, corresponding to the
dimeric form of SufR-His6, and the other was at about 28 kDa, corresponding to the
monomeric protein (Fig. S3). The presence of the monomeric form was possibly due to
destruction of the dimer by the ionization and vaporization processes. The findings
demonstrate that SufR exists as a homodimer that contains a [4Fe-4S] cluster under
anaerobic conditions.

SufR directly represses the expression of the suf operon. Some members of
ArsR-family of transcription factors are transcriptional repressors for heavy metal ion
detoxification (33). In cyanobacteria, SufR represses the expression of itself and the
adjacent suf operon (13). To elucidate the function of SufR in S. avermitilis, we
constructed a sufR deletion mutant (DsufR) by homologous recombination in S. aver-
mitilis ATCC 31267. RT-qPCR analysis indicated that the transcriptional levels of sufB,
sufC, and sufD were remarkably higher in DsufR than in the wild type (WT) after 2 and
6 days in soya flour-mannitol (SFM) culture, indicating that SufR represses the expres-
sion of the suf operon (Fig. 3A).

To determine whether SufR directly regulates the suf operon, we performed in vitro
electrophoretic mobility shift assays (EMSAs) using a soluble SufR-His6 protein anaer-
obically purified from E. coli and the digoxigenin (DIG)-labeled probe of the sufR
promoter region (probe sufR). SufR-His6 bound to the probe sufR and produced a clearly
shifted band (Fig. 3B). Binding specificity was evaluated by competitive assays with
excess (300-fold) unlabeled specific probe sufR, which abolished the binding of SufR-
His6 to the labeled probe sufR (lane S), or with excess unlabeled nonspecific probe,
which did not attenuate the retarded signal (lane N). These results indicate that SufR
binds specifically to the promoter region of the suf operon and directly regulates its
expression.

SufR binds to a 14-nt palindromic sequence in the sufR promoter region. To
elucidate how SufR regulates the suf operon, we determined the binding sequence of
SufR in the 5=-end fluorescein-labeled promoter region of the suf operon by DNase I
footprinting analysis. One 30-nt region (5=-CCTGAGGAATTACGCAACAATGGCGTTGTG-
3=) in the sufR promoter region was protected by 0.75 and 1.5 �M SufR-His6 (Fig. 3C).
The transcriptional start site (TSS) of sufR was determined by 5= rapid amplification of
cDNA ends (5=-RACE). The TSS was located at the G residue, which is the same position
of the translational start codon of SufR (Fig. S4). The SufR-binding sequence is located
between the �35 and �10 regions of the sufR promoter and contains �10 regions (Fig.
3D). Analysis of the protected region revealed two palindromic sequences that were
possibly the SufR binding site: TCAGGNCCTGA (site A) and CAAC-N6-GTTG (site B). To
determine which one is the recognition sequence of SufR, we introduced site-directed
mutation to site A or site B of probe AB (containing both palindromic sequences) to
produce probe AM or probe BM (Fig. 3E). EMSAs showed that SufR-His6 could bind
equally well to probe AM, which had a mutated site A, and probe AB but could not bind
to probe BM, which had a mutated site B (Fig. 3E), indicating that the palindromic
sequence B (CAAC-N6-GTTG) is the SufR-binding site. The palindromic sequence is the
same as the identified binding sequence of SufRcy (CAAC-N6-GTTG) in Synechocystis
(13), indicating the similar regulatory role and regulatory mechanism of SufR in these
bacteria. Based on these results, we conclude that SufR may directly block the tran-
scription of the suf operon by binding to the �10 region of the sufR promoter to
prevent the attachment of RNA polymerase to the promoter.

To determine whether SufR regulates genes involved in other physiological pro-
cesses, we used the palindromic sequence and Virtual Footprint software to scan the S.
avermitilis genome (Table S1) and verified the putative target genes with high score
and annotation by EMSA using [4Fe-4S]-SufR proteins (Fig. S5). We failed to find any
other genes that are regulated by SufR. Thus, SufR likely functions specifically as a
transcriptional repressor of the sole Fe-S cluster assembly system in Streptomyces. The
CAAC-N6-GTTG palindromic sequence is present in the promoter regions of suf operons
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among Streptomyces species (Fig. S6), indicating that the regulatory mechanism of SufR
in Fe-S cluster assembly is conserved in Streptomyces.

[4Fe-4S] cluster is critical for the DNA-binding activity of SufR. The DNA-binding
activity of iron-sulfur cluster transcriptional regulators usually depends on the state of

FIG 3 SufR represses expression of the suf operon. (A) RT-qPCR analysis of the transcriptional levels of suf genes in the WT and DsufR grown on
SFM for 2 or 6 days. Error bars: standard deviation of three technical replicates. ***, P � 0.001 (Student’s t test). (B) Binding of SufR-His6 to its own
promoter region by EMSA. Labeled probe (0.15 nM) and various amounts of SufR-His6 were added to each reaction mixture. The 300-fold
nonspecific competitor DNA (lane N) and unlabeled specific probe (lane S) were added to confirm the specificity of band shifts. Arrow: free probe.
(C) DNase I footprinting assay of SufR on its own promoter region. Upper fluorogram, control reaction without protein. Protection fluorograms
were acquired with increasing amounts of SufR-His6 protein. (D) Nucleotide sequences of the sufR promoter region. Shaded box, the region
protected by SufR; straight arrows, inverted repeat sequences; bent arrows, sufR transcriptional and translational start sites; boxes, putative �35
and �10 regions. (E) EMSAs of probe AB and the mutated probes AM and BM to identify the SufR-binding site. Mutations were introduced into
the inverted repeat sequences A and B of probe AB to generate mutated probes AM and BM. Underlining, altered nucleotides.
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Fe-S clusters (34, 35). To determine whether the presence of the [4Fe-4S] cluster is
required for the DNA-binding activity of SufR, we performed EMSAs using different
forms of SufR with DIG-labeled sufR probe. Fresh anaerobically purified SufR resulted in
a clear shifted band at a very low concentration (60 nM). When the anaerobically
purified SufR was exposed to air for 1.5 h, which partially destroyed the [4Fe-4S], the
binding activity decreased significantly (Fig. 4). Apo-SufR was prepared from anaero-
bically purified SufR using EDTA and potassium ferricyanide. Apo-SufR could not bind
to the sufR probe, and no shifted band was observed even with a much larger amount
of protein (480 nM). To further illustrate that the [4Fe-4S] cluster is required for
DNA-binding activity, apo-SufR was reconstituted to [4Fe-4S]-SufR as described in the
Materials and Methods. The ability to bind to the sufR probe was restored in Re-SufR
(Fig. 4). These findings indicate that the DNA-binding activity of SufR depends on the
presence of the [4Fe-4S] cluster.

Cys182, Cys195, and Cys223 provide ligands to the [4Fe-4S] cluster. The integra-
tion of Fe–S clusters into Fe-S proteins is usually coordinated by cysteine residues, and
in some cases by histidine or other residues, on the proteins (35, 36). Alignment of S.
avermitilis SufR with its homologs from other bacteria revealed that its C-terminal
domain has three conserved cysteine residues at positions 182, 195, and 223, which are
likely candidates for the coordination of the [4Fe-4S] cluster (Fig. 1B). There is a fourth
cysteine residue (Cys178) in the C terminus that is absent in SufRcy, suggesting that the
residue may not be essential. To investigate the role of the cysteine residues (Cys178,
Cys182, Cys195, and Cys223) in SufR, the Cys residues were replaced by a Ser residue to
produce variants as described in the Materials and Methods.

A heterologous Lux-reporter system in E. coli (37) was used to identify the effects of
the cysteine residues on the DNA-binding activity of SufR. The reporter system ex-
ploited two plasmids: pSufR (based on pACYC184) was used for expressing SufR and its
variants, and pOsufRlux (based on pCS26-Pac carrying the promoterless lux reporter
genes) was used for expressing the lux operon under the control of the sufRp promoter
(Fig. 5A). The E. coli transformant containing pOsufRlux conferred a high level of
bioluminescence, while E. coli containing the control plasmid pCS26-Pac had only a low
background level (Fig. 5A), indicating that the sufR promoter is able to be recognized

FIG 4 The [4Fe-4S] cluster is essential for the DNA-binding activity of SufR. EMSA analysis of the binding
to the sufR promoter region using anaerobically purified SufR, air-exposed SufR (1.5 h), apo-SufR, and
reconstituted SufR (Re-SufR). EMSA conditions were as described in Fig. 2. Arrow, free probe.
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by E. coli RNA polymerase. In comparison with the control plasmid pACYC184, the
introduction of the expression plasmid pSufR dramatically reduced the biolumines-
cence of the transformant harboring pOsufRlux (Fig. 5A), which was consistent with the
previous finding that SufR is negatively autoregulated. The bioluminescence of the
pOsufRlux transformant expressing pSufRC178S was similar to that of the strain ex-
pressing pSufR, while pSufRC182S, pSufRC195S, pSufRC223S, pSufRC182S/C195S, and
pSufRC182S/C195S/C223S did not repress the transcription from the sufR promoter.
Considering that serine might still be able to coordinate [4Fe-4S] cluster, Cys178 was
also mutated to alanine to rule out the possibility of being a ligand residue. The
bioluminescence of the transformant harboring pSufRC178A was similar to the strain

FIG 5 Three conserved cysteines are essential for SufR function in vivo. (A) The effects of Cys residue mutation on SufR repression of sufR
promoter activities were investigated using an E. coli bioluminescence reporter system. A schematic representation of the reporter system (left)
and the effect of SufR variants on bioluminescence level of E. coli containing reporter plasmid pOsufRlux (right). RLU (relative light units)
represents bioluminescence level. (B) RT-qPCR analysis of the transcriptional levels of suf genes in S. avermitilis WT, DsufR, and complemented
strain of DsufR using sufR or sufR variants. The strains were grown in FM-I for 2 or 6 days. Error bars, standard deviation of three technical
replicates.
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expressing pSufR (Fig. S7), indicating that Cys178 is not involved in the coordination of
[4Fe-4S] clusters. Amino acid sequence alignment of SufR proteins from bacteria
revealed that Glu198 is also highly conserved, together with Cys182, Cys195, and Cys223

(Fig. S8). However, the bioluminescence of the transformant harboring pSufRE198A was
similar to the strain expressing pSufR (Fig. S7), suggesting that Glu198 is not the non-Cys
ligand to coordinate the [4Fe-4S] cluster. The findings indicate that Cys182, Cys195, and
Cys223, but not Cys178, are essential for the regulatory function of SufR.

The latter conclusion was further supported by in vivo experiments in S. avermitilis.
Deletion of sufR led to increased expression of sufB, sufC, sufD, and sufS genes. The
transcriptional levels of the suf genes were restored to those of the WT when the
complementation plasmid pSETSufR (based on the integrative plasmid pSET152) was
transferred into the DsufR mutant (Fig. 5B). pSETSufRC178S (expressing the C178S SufR
variant based on pSET152) also restored the expression of the suf genes of DsufR to that
of the WT, while pSETSufRC182S, pSETSufRC195S, pSETSufRC223S, pSETSufRC182S/
C195S, and pSETSufRC182S/C195S/C223S could not (Fig. 5B). The results further con-
firmed that the residues Cys182, Cys195, and Cys223 are required for proper SufR
function.

The C182/195/223S triple-mutation SufR variant was purified under anaerobic con-
ditions to assess its DNA activity by EMSA. Unlike the brown color of SufR, the
C182/195/223S SufR variant was colorless (Fig. S2), suggesting the absence of the Fe-S
cluster. C182/195/223S SufR could not bind to the promoter region of sufR (Fig. S9). The
findings demonstrate that the [4Fe-4S] cluster is critical for the DNA-binding activity of
SufR, and that the Cys182, Cys195, and Cys223 residues are essential for coordination of
the [4Fe-4S] cluster of SufR.

SufR represses avermectin production and promotes morphological differen-
tiation. In Streptomyces roseosporus, the ArsR-family transcriptional regulator DepR2

negatively regulates daptomycin production by directly binding to the promoters of
the daptomycin gene cluster (38). We therefore determined whether SufR regulates
secondary metabolism or morphological differentiation in S. avermitilis. Shake-flask
fermentation and high-pressure liquid chromatography (HPLC) analysis showed the
avermectin yield was �230% higher for DsufR than for the WT (Fig. 6A). The biomass
was lower for DsufR than the WT in soluble fermentation medium FM-II in the
exponential phase, but the biomasses were almost the same in the stationary phase
(Fig. 6B). Avermectin yield and bacterial biomass were restored in CsufR by introduction
of a copy of sufR into DsufR (Fig. 6A and B), indicating that the changes in avermectin
yield and biomass of DsufR were due solely to the sufR deletion. Compared with the WT
and CsufR, DsufR displayed obvious delays of aerial hypha formation and sporulation
on SFM plates (Fig. S10), and scanning electron microscopy (SEM) showed that DsufR
grown on SFM formed normal aerial hyphae and spores, although this was delayed (Fig.
6C). Therefore, the deletion of sufR delays the formation of aerial hyphae and
spores. Given that no SufR-binding sites were found in the promoter regions of ave
genes, and that SufR did not bind to their promoter regions (Fig. S11), we infer that
SufR may affect avermectin production in an indirect manner.

The WhiB-like (Wbl) family of regulators are small [4Fe-4S]-containing proteins that
are found in actinomycetes, including the genera Mycobacterium and Corynebacterium
(39, 40). Eleven and nine wbl genes were identified in S. coelicolor (41) and S. avermitilis,
respectively (Table S2). Several of them (wblA, whiB, and whiD) are important in
morphological differentiation (42–44). ChIP-seq analysis showed that WhiB is a tran-
scription factor that coregulates the expression of key genes required for sporulation
with WhiA (45, 46), and mutation of its cysteine residues that coordinate the WhiB
[4Fe-4S] cluster abolishes the DNA binding in vivo (46). RT-qPCR analysis in the current
study revealed that the transcriptional levels of most of the wbl genes were significantly
decreased in DsufR (Fig. S12). Because wblA, whiB, and whiD are essential for morpho-
logical differentiation in Streptomyces, the decreased expression of wbl genes led to
delayed morphological differentiation.
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DISCUSSION

The present study elucidates the biochemical and biophysical properties and reg-
ulation function of SufR in Streptomyces. The sufRBDCSU operon is conserved among
Streptomyces. Because neither Isc nor Nif systems were found in Streptomyces genomes,
the Suf system is the sole biosynthetic machinery for the assembly and repair of Fe-S
clusters in the genus. [4Fe-4S]-SufR exists as a homodimer and functions as a transcrip-
tional repressor of the suf operon. Based on the findings, we propose a model for the
function of SufR in maintaining Fe-S cluster homeostasis in S. avermitilis (Fig. 7). When
the intracellular synthesis of Fe-S clusters is sufficient, SufR exists mainly in the form of
[4Fe-4S]-SufR. Holo-SufR binds to the promoter region of the suf operon and represses
its expression. Under oxidative stress, however, the Fe-S clusters are damaged by ROS,
and the intracellular Fe-S cluster abundance is insufficient. SufR loses its [4Fe-4S] cluster
and its DNA-binding activity. Apo-SufR dissociates from the promoter region of the suf
operon, and the expression of the suf system is strongly increased by derepression in
order to promote the synthesis of Fe-S clusters. Once the demand for Fe-S cluster
biogenesis is met, the increased intracellular Fe-S cluster binds to SufR, and holo-SufR
represses the expression of the suf operon and slows the synthesis of Fe-S clusters.
Thus, SufR senses the status of intracellular Fe-S cluster via its [4Fe– 4S] cluster occu-
pancy and controls intracellular Fe-S cluster homeostasis by reversible binding to the
[4Fe-4S] cluster.

The presence of the [4Fe-4S] cluster is critical for the DNA-binding activity of SufR.
Cysteine residues or other residues coordinate the iron ions of [4Fe-4S] cluster to
integrate the cluster into Fe-S proteins (35, 36). S. coelicolor WhiD is a small [4Fe-4S]

FIG 6 Avermectin production, growth, and morphological differentiation of S. avermitilis WT and sufR-related
mutant strains. (A) Avermectin production of the WT, DsufR, and CsufR cultured in FM-I for 10 days. ***, P � 0.001;
NS, not significant (Student’s t test). (B) Growth curves of the WT, DsufR, and CsufR in soluble FM-II. (C) SEM images
showing morphological development of the WT, DsufR, and CsufR grown for 2 or 6 days on SFM media. Error bars,
standard deviation of three biological replicates.
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cluster-containing protein with a highly conserved pattern of cysteine residues
C(Xn)C(X2)C(X5)C that are essential for [4Fe-4S] cluster coordination (44). E. coli IscR,
which contains a [2Fe-2S] cluster, is coordinated by three cysteine residues and one
histidine residue (18). S. coelicolor NsrR contains a [4Fe-4S] cluster, which is ligated by
three conserved cysteine residues and an oxygenic ligand Glu85 (34). Although the
C-terminal domain of SufR has four cysteine residues (Cys178, Cys182, Cys195, and
Cys223), only Cys182, Cys195, and Cys223 are essential for the DNA-binding activity of SufR
in vivo, i.e., Cys178 is not required. The latter finding is consistent with the alignment of
S. avermitilis SufR with its orthologs, which reveals three conserved cysteine residues at
their C-terminal domains. Although a highly conserved C(X12)C(X13)C(X14)C sequence
is present in the C-terminal domains of cyanobacterial SufR proteins, only the first,
second, and fourth cysteine residues, which are highly conserved in all SufR
proteins, are involved in ligating the [4Fe-4S] cluster; the third cysteine residue is
not involved and is replaced by a threonine residue in actinomycete SufR (Fig. 1B)
(13). Therefore, the fourth ligand in the coordination of the [4Fe-4S] cluster for SufR
remains to be identified. Its three Cys residues and one non-Cys ligand may reduce
the ability of the SufR protein to preferentially obtain Fe-S clusters rather than other
substrates with all cysteinyl ligands. This results in the coexistence of apo-SufR and
cluster-containing holo-SufR and thereby ensures that the sole Fe-S cluster assem-
bly system (the Suf system) is constitutively expressed at the level required to fulfill
the demands for Fe-S cluster biogenesis under normal conditions.

SufR also affects avermectin production and morphological differentiation in S.
avermitilis. Because no SufR-binding sites were found in the promoter regions of ave

FIG 7 Proposed model of SufR-mediated Fe-S cluster biogenesis under normal and oxidative stress conditions in S.
avermitilis. Under normal conditions, the Fe-S clusters (crimson rhombuses) synthesized by the Suf system are sufficient to
satisfy the requirement of intracellular Fe-S cluster proteins. SufR exists mainly in the form of [4Fe-4S] SufR and represses
transcription of the suf operon. Under oxidative stress, destruction of Fe-S clusters results in an increased demand for
intracellular Fe-S clusters. Apo-SufR loses its ability to bind to the sufR promoter region, which leads to derepression of the
suf operon and therefore to increased synthesis of Fe-S clusters.
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genes or genes involved in morphological differentiation, SufR affects avermectin
production and morphological differentiation in an indirect manner. The WhiB-like
(Wbl) family regulators play important regulatory roles in morphological differentiation
and secondary metabolism in Streptomyces. WblA is a downregulator of antibiotic
production in S. coelicolor (47), S. peucetius (48), and S. ghanaensis (49). The decreased
expression of wblA, a gene that downregulates antibiotic production, might result in
increased avermectin production. The decreased expression of wbl genes in DsufR was
possibly caused by the increased availability of [4Fe-4S] clusters due to the enhanced
Suf system, which affected the DNA-binding activities of Wbl proteins to their targets
and their own promoters. Therefore, SufR may affect morphological differentiation and
avermectin production by influencing wbl gene expression and the DNA-binding
activities of Wbl regulators.

In the Gram-negative bacterium E. coli, IscR controls two Fe-S cluster assembly
systems: Isc and Suf (6, 9). IscR also directly represses hyaABCDEF, hybOABCDEFG, and
napFDAGHBC, which encode anaerobic respiratory enzymes containing Fe-S clusters,
and yadR and yhgl, which encode proteins related to Fe-S cluster biogenesis (20).
Therefore, IscR acts as a global regulator in E. coli. The current results indicate that SufR
binds to the palindromic sequence (CAACN6GTTG) in the promoter region of the suf
operon and represses the transcription of the suf operon. Although several genes
contain a conservative SufR binding motif in the promoter regions, they are not under
the direct control of SufR (Fig. S5). It thus seems that SufR functions specifically as a
repressor of the Fe-S cluster assembly system in Streptomyces. Further systematic
studies, such as ChIP-seq analysis, in the future would elucidate whether SufR has
additional binding sites and provide more information for the regulatory role of SufR in
Streptomyces.

In summary, the current research demonstrates that SufR is a transcriptional repres-
sor of the suf operon. The [4Fe-4S] cluster is required for the DNA-binding activity of
SufR and thereby enables SufR to sense the intracellular Fe-S cluster status and to
modulate the expression of the sole Fe-S cluster assembly system. Further work is
needed to determine how Streptomyces maintains its Fe-S cluster homeostasis in
response to diverse environmental signals, such as oxidative stress or iron deficiency.

MATERIALS AND METHODS
Strains, plasmids, and culture conditions. The strains and plasmids used in this work are listed in

Table 1. The WT S. avermitilis ATCC 31267 was used as a host for gene disruption and propagation. S.
avermitilis was grown at 28°C on YMS (yeast extract-malt extract-soluble starch) and SFM (soya flour-
mannitol) media for sporulation, or in modified liquid YEME medium containing 25% sucrose for mycelia
growth and protoplast preparation. Culture conditions and media for protoplast regeneration, pheno-
typic observation, and avermectin production were as described previously (50). E. coli JM109 and
BL21(DE3) were used for plasmid construction and protein overexpression, respectively. E. coli ET12567
(51) was used to propagate nonmethylated plasmids for transformation into S. avermitilis. E. coli strains
were grown in standard LB medium at 37°C.

Gene deletion and complementation. The sufR mutant (DsufR) was constructed by homologous
recombination as follows. Upstream (position –519 to 16 relative to the sufR start codon) and down-
stream regions (position – 44 to 462 relative to the sufR stop codon) of sufR were amplified by PCR with
the primer sets sufR-up-FW/sufR-up-Rev and sufR-dw-FW/sufR-dw-Rev, respectively. The PCR fragments
were purified, digested with EcoRI/BamHI, and BamHI/HindIII, respectively, and together inserted into
EcoRI/HindIII-digested pKC1139 vector to generate the sufR deletion vector pKCDsufR. pKCDsufR was
transformed into S. avermitilis WT protoplasts (52). Double-crossover recombinant strains were selected
as described previously (53). The mutant was analyzed and confirmed by PCR using primer pairs listed
in Table 2.

For complementation of DsufR, a 1,266-bp DNA fragment containing the promoter and ORF of sufR
was amplified from WT genomic DNA. The PCR product was cloned into the integrative vector pSET152
to generate a sufR-complemented vector, which was transformed into DsufR to obtain the comple-
mented strain CsufR. The point mutation SufR complemented plasmids were also constructed by the
method described above, and were transformed into DsufR to obtain corresponding complemented
strains.

Anaerobic purification of SufR. To overproduce SufR in E. coli, plasmid pETSufR was constructed as
follows. The SufR coding region was amplified by PCR from S. avermitilis genomic DNA using primers
His-sufR-Fw and His-sufR-Rev. The PCR product was digested with NcoI and BamHI and inserted into a
His6-tagged expression vector pET28a cut with the same enzymes to generate pETSufR. pETSufRC182/
195/223S was constructed using the same procedure to overproduce a C182/195/223S triple-mutation
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SufR variant. The resulting plasmids were transformed into E. coli BL21(DE3) for overexpression of SufR
proteins with a His6-tagged C terminus.

The transformants were cultured in LB with 50 �g/ml kanamycin and 20 �M ammonium ferric citrate
at 37°C and 230 rpm until an optical density at 600 nm (OD600) of 0.4 to 0.6 was attained. To facilitate
the synthesis of intracellular Fe-S clusters, the cultures were placed on ice for 18 min and were induced
with 0.2 mM isopropyl-�-D-thiogalactopyranoside (IPTG) and incubated at 37°C and 230 rpm. After
50 min, the cultures were supplemented with 25 �M L-methionine and 200 �M ammonium ferric citrate
and incubated at 37°C for 3.5 h. The harvested cells were resuspended in lysis buffer (50 mM NaH2PO4,
300 mM NaCl, 10 mM imidazole) to a total volume of 50 ml and disrupted by sonication on ice in an
anaerobic workstation. The crude lysate was transferred to sealed centrifuge tubes (Beckman) and
centrifuged outside the anaerobic workstation at 9,000 rpm for 50 min at 4°C to obtain a clarified
SufR-containing extract. After repeated vacuuming and nitrogen filling, the extract was transferred to the
anaerobic glovebox cabinet (MBRAUN Lab Star, Germany). His6-tagged protein was purified on Ni2�-NTA
resin (Qiagen, Germany) according to the manufacturer’s protocol in an anaerobic glovebox cabinet (O2

�8 ppm). All solutions used for anaerobic purification underwent repeated vacuuming and nitrogen
filling to remove oxygen in an anaerobic workstation.

UV-visible absorption spectroscopy and mass spectrometry of SufR. UV-visible absorption
spectra were obtained using a TU-1900 dual beam UV spectrometer (China) in the 260 to 860 nm
wavelength range. Absorption spectra of SufR were immediately collected at room temperature. To study
the effect of air oxidation on the [4Fe-4S] cluster of SufR, the absorption spectra of purified protein were
recorded at different time intervals up to 180 min. The anaerobically purified SufR was analyzed on a
Bruker Autoflex II mass spectrometer (Bruker Daltonics, Billerica, MA, USA). The mass spectrometer was
operated at linear mode, 45 to 60% laser power, 337 nm nitrogen laser. Spectra were analyzed with
Flex-Analysis.

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Description Source

Strains
S. avermitilis

ATCC 31267 Wild type strain Laboratory stock
DsufR sufR deletion mutant of ATCC31267 This study
CsufR Complemented strain of DsufR with SufR This study
CsufRC178S Complemented strain of DsufR with SufRC178S This study
CsufRC182S Complemented strain of DsufR with SufRC182S This study
CsufRC195S Complemented strain of DsufR with SufRC195S This study
CsufRC223S Complemented strain of DsufR with SufRC223S This study
CsufRC182S/C195S Complemented strain of DsufR with SufRC182S/C195S This study
CsufRC182S/C195S/C223S Complemented strain of DsufR with SufRC182S/C195S/C223S This study

E. coli
ET12567 Methylation-deficient strain 50
BL21(DE3) Host for protein overexpression Novagen

Plasmids
pKC1139 Multiple-copy, temperature-sensitive E. coli-Streptomyces shuttle vector 51
pSET152 Integrative E. coli-Streptomyces shuttle vector 51
pET-28a(�) Vector for His6-tagged protein overexpression in E. coli Novagen
pKCDsufR sufR deletion vector based on pKC1139 This study
pSETSufR sufR-complemented vector based on pSET152 This study
pSETSufRC178S sufR(C178S)-complemented vector based on pSET152 This study
pSETSufRC182S sufR(C182S)-complemented vector based on pSET152 This study
pSETSufRC195S sufR(C195S)-complemented vector based on pSET152 This study
pSETSufRC223S sufR(C223S)-complemented vector based on pSET152 This study
pSETSufRC182S/C195S sufR(C182S/C195S)-complemented vector based on pSET152 This study
pSETSufRC182S/C195S/C223S sufR(C182S/C195S/C223S)-complemented vector based on pSET152 This study
pET28-SufR sufR-overexpressing vector based on pET-28a(�) This study
pET28-SufRC182S/C195S/C223S sufR(C182S/C195S/C223S)-overexpressing vector based on pET-28a(�) This study
pCS26-Pac Vector containing promoterless lux reporter 34
pOsufRlux pCS26-Pac carrying sufRp-controlled lux reporter This study
pACYC184 For protein expression in reporter system 34
pSufR For SufR expression in reporter system This study
pSufRC178S For SufRC178S expression in reporter system This study
pSufRC178A For SufRC178A expression in reporter system This study
pSufRC182S For SufRC182S expression in reporter system This study
pSufRC195S For SufRC195S expression in reporter system This study
pSufRC223S For SufRC223S expression in reporter system This study
pSufRC182S/C195S For SufRC182S/C195S expression in reporter system This study
pSufRC182S/C195S/C223S For SufRC182S/C195S/C223S expression in reporter system This study
pSufRE198A For SufRE198A expression in reporter system This study
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Preparation of apo-SufR and reconstituted [4Fe-4S]-SufR. Apo-SufR and reconstituted [4Fe-4S]-
SufR were prepared as described previously (54). Apo-SufR was prepared from freshly purified holo-SufR
solution (100 �M) using potassium ferricyanide and EDTA in a 1:50:20 molar ratio of protein:EDTA:
ferricyanide at 25°C for 30 min, and then apo-SufR was exchanged into elution buffer (50 mM NaH2PO4,
300 mM NaCl, 500 mM imidazole), using Zeba spin desalting columns (Thermo Scientific).

Reconstitution of the Fe-S cluster of apo-SufR was performed in the anaerobic cabinet. An apo-
protein solution (50 �M) was incubated with 500 �M FeCl3 and 500 �M Na2S at 25°C for 8 h. The
reconstituted protein (Re-SufR) was immediately used for EMSAs.

Electrophoretic mobility shift assays. Electrophoretic mobility shift assays (EMSAs) were performed
with a DIG Gel Shift kit (second generation; Roche, USA). The promoter region of sufR was obtained by
PCR and labeled with DIG-11-ddUTP using terminal transferase. Binding reaction mixtures (20 �l)
contained 0.15 nM labeled probe, binding buffer [20 mM HEPES, pH 7.0, 10 mM (NH4)2SO4, 1 mM DTT,
0.2% (wt/vol) Tween 20, 30 mM KCl], 1 �g poly(d[I-C]), and various concentrations of SufR or SufR variant.
The binding reactions were performed at 25°C for 30 min and were run on 5% wt/vol native polyacryl-
amide gels. Gels were transferred to nylon membrane and signals were detected following the manu-
facturer’s protocol (Roche). The above operations were performed under aerobic conditions.

DNase I footprinting. A fluorescent labeling procedure was used for DNase I footprinting assays. To
determine the binding site of SufR in its promoter region, a 505-bp fluorescence-labeled DNA fragment

TABLE 2 Primers used in this studya

Purpose Primer Sequence (5=–3=)
Construction of DsufR mutant sufR-up-Fw CGGAATTCTCTGCATGAGCGCCAAGT (EcoRI)

sufR-up-Rev CGGGATCCCGCCGACGTTTTTCACAAC (BamHI)
sufR-dw-Fw CGGGATCCGCCACAACGCATCCGCAA (BamHI)
sufR-dw-Rev CCCAAGCTTCGGTGTCGAGGAAGATGACG (HindIII)
sufR-V1 CCGCCGGACTGGAGCATCA
sufR-V2 ATGGTGACCTTGGAGCCGATGT

Complementation of DsufR mutant sufR-C-Fw CGGGATCCGTGGCCGTCGAGCTGGGT (BamHI)
sufR-C-Rev GCTCTAGACTTGAGGCGGAGCTTGGT (XbaI)
sufR-CM-Fw CGGGATCCTTCCCGACAGCCTCCTCCG (BamHI)
sufR-CM-Rev GCTCTAGAACTCCGCCTGCTTCTCCGT (XbaI)

Construction of His-tagged SufR His-sufR-Fw CATGCCATGGAAAACGTCGGCGAGGCAC (NcoI)
His-sufR-Rev CGGGATCCTTCCTCCCGGCGGTGCTTG (BamHI)

EMSA sufRp-Fw GATGGAAGCTCGCGCACG
sufRp-Rev CGGCGGCCTGGGTGAGAC
sufRpAB-Fw CGCAGGTCAGTTTAGGTATGCC
sufRpAB-Rev GGGTCTCCCGTGCCTCGC

Footprinting assay sufRp-FAM-Fw GATGGAAGCTCGCGCACG
sufRp-Rev CGGCGGCCTGGGTGAGAC

Lux reporter system CS-sufR-Fw CCCTCGAGTCGCCGTACCGCTTCACCAG (XhoI)
CS-sufR-Rev CGGGATCCCTCCCGTGCCTCGCCGAC (BamHI)
sufR-P-Fw GGGTTGTCAGGCCCTGAGGAA
sufR-P-Rev CGGGATCCTCGTTGATGCCGCGCTTGG (BamHI)

Serine and alanine substitution of cysteine residues sufRC178S-up-Fw AGTGGGCCGGTCGGAGGG
sufRC178S-dw-Rev CTCCGCCTCCGGGATGCC
sufRC182S-up-Fw GAGTCTTCCCGACAGCCTCCTC
sufRC182S-dw-Rev CGCTGCTTCTCCGCCTCCG
sufRC195S-up-Fw AGTCTTCCCGACAGCCTCCTC
sufRC195S-dw-Rev GCGGATCTGGTGGTAGACGAC
sufRC223S-up-Fw TTCCCGACAGCCTCCTCCG
sufRC223S-dw-Rev TGCTCCTTCAGGGCGGTGTC
sufRC178A-up-Fw AGTGGGCCGGTCGGAGGG
sufRC178A-dw-Rev CTCCGCCTCCGGGATGCC
sufRE198A-up-Fw AGTCTTCCCGACAGCCTCCTC
sufRE198A-dw-Rev GCGGATCTGGTGGTAGACGAC

5=RACE Oligo(dT) anchor primer GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTT
anchor primer GACCACGCGTATCGATGTCGAC
SP1sufR CGGCGGTGCTTGCGGATG
SP2sufR GGTCTCCGCCTCGCACAGC
SP3sufR GTCAGGGCGAAGACCTTGGC

aUnderlining indicates restriction enzyme sites.
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corresponding to the upstream region of sufR was amplified by PCR using primer pair sufRp-FAM-Fw/
sufRp-Rev and was purified from the agarose gel. A reaction mixture (25 �l) containing 400 ng of labeled
probe and various amounts of SufR-His6 protein in binding buffer was incubated at 25°C for 30 min.
DNase I (0.016 units) digestion was performed at 37°C for 50 s and was terminated with 50 mM EDTA.
After purification, the DNA samples were analyzed with a 3730XL DNA genetic analyzer (Applied
Biosystems), and the data were analyzed using GeneMarker v2.2 software.

5=-RACE. The transcriptional start site (TSS) of sufR was identified using a 5=/3= rapid amplification of
cDNA ends (RACE) kit (second generation; Roche). Total RNA was prepared from WT culture grown in
FM-I for 2 days. The cDNA was synthesized using a gene-specific primer (SP1sufR). An oligo(dA) tail was
added to the purified cDNAs at the 3= end using terminal deoxynucleotidyl transferase. The tailed cDNA
was used as the template with oligo(dT)-anchor primer and another gene-specific primer (SP2sufR) to
perform the first round of PCR. To obtain a single specific band, the product of first-round PCR was used
as a template for the second-round PCR with the anchor primer and a nested primer (SP3sufR). The final
PCR product was purified and sequenced (Invitrogen Biotechnology Corporation, China).

Serine substitution of cysteine residues in SufR. Four cysteine residues (C178, C182, C195, and C223)
were mutated to serine individually or in combination by site-directed mutagenesis using overlap
extension PCR. A similar procedure was used for mutating C178 and E198 to alanine. Two overlap PCR
products were amplified from WT genomic DNA using primer pairs. The purified PCR products were used
as the templates in the second PCR with sufRCNS-up-Fw and sufRCNS-dw-Rev (N: 178, 182, 195, 223).
Fragments (1,190-bp) were amplified using the fusion fragments as the templates with SufR-CM-Fw and
sufR-CM-Rev. The products were cleaved by BamHI/XbaI and cloned into pSET152 to generate a series
of constructs. DNA sequencing analysis was performed to verify the sequence of each plasmid.

Construction of biosensor strains and bioluminescence assay in E. coli. The promoter region of
sufR was amplified by PCR with primers CS-sufR-Fw/CS-sufR-Rev and ligated into the reporter vector
pCS26-Pac to obtain pOsufRlux. For expression of SufR proteins, the sufR gene (WT or variants C178S,
C182S, C195S, C223S, C182/195S, and C182/195/223S) containing its Shine-Dalgarno sequence and
coding region was amplified with primers and ligated into pACYC184 to produce pSufR or site-mutated
SufR expression plasmids. The reporter vector pOsufRlux and the SufR expression vector pSufR were
cotransformed into E. coli JM109. Vectors pACYC184 and pCS26-Pac were cotransformed into E. coli
JM109 as controls. The bioluminescence of E. coli reporter cultures was measured after 12 h cultivation
at 37°C using a single-tube luminometer (GloMax 20/20; Promega, USA).

RNA extraction and reverse transcription quantitative PCR analysis. Total RNAs were isolated
from mycelia of S. avermitilis grown for various times in fermentation medium FM-I or on SFM solid
medium, as described previously (55). RNA samples were treated with RNase-free DNase I (TaKaRa,
Japan) to remove genomic DNA. Synthesis of cDNA and reverse transcription quantitative PCR
(RT-qPCR) analysis were performed as described previously (55). Primer efficiencies were measured
and calculated (56), and the efficiency values of all primers were between 93 and 105%. The relative
expression level was quantified using the comparative threshold cycle (CT) method. Transcription of
the housekeeping gene hrdB (SAV2444) was used as an internal control. Each experiment was
performed in triplicate.

Scanning electron microscopy. For specimen preparation, coverslips were embedded at a 45° angle
in SFM agar inoculated with the S. avermitilis strains. The coverslips were gently removed from the agar
after various periods of growth. Specimens were fixed with glutaraldehyde and osmium tetroxide,
washed three times with phosphate butter, dehydrated by ethanol, dried in a LEICA critical point dryer,
sputter-coated with a layer of gold, and examined with a scanning electron microscope (S3400N; Hitachi).

Production and analysis of avermectins. Fermentation of S. avermitilis strains and HPLC analysis of
avermectin yield were performed as described previously (50).
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