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Expression of non-native transcriptional activators may be a powerful general method
to activate secondary metabolites biosynthetic pathways. PAS-LuxR regulators, whose
archetype is PimM, activate the biosynthesis of polyene macrolide antifungals and
other antibiotics, and have been shown to be functionally preserved across multiple
Streptomyces strains. In this work we show that constitutive expression of pimM in
Streptomyces clavuligerus ATCC 27064 significantly affected its transcriptome and
modifies secondary metabolism. Almost all genes in three secondary metabolite clusters
were overexpressed, including the clusters responsible for the biosynthesis of the
clinically important clavulanic acid and cephamycin C. In comparison to a control
strain, this resulted in 10- and 7-fold higher production levels of these metabolites,
respectively. Metabolomic and bioactivity studies of S. clavuligerus::pimM also revealed
deep metabolic changes. Antifungal activity absent in the control strain was detected
in S. clavuligerus::pimM, and determined to be the result of a fivefold increase in the
production of the tunicamycin complex.

Keywords: Streptomyces clavuligerus, PimM, PAS-LuxR regulator, transcriptomics, secondary metabolite

INTRODUCTION

PimM is a PAS-LuxR type regulator that is critical for the regulation of the biosynthetic gene cluster
of pimaricin, a polyene macrolide antifungal compound produced by Streptomyces natalensis
(Antón et al., 2007; Barreales et al., 2018). This protein carries a PAS-sensor motif at its N-terminus
and a helix-turn-helix (HTH) motif at the C-terminus. Expression of pimM is controlled by a
second regulator, PimR (Santos-Aberturas et al., 2012), and disruption of pimM results in a mutant
unable to produce pimaricin (Antón et al., 2007). Homologous regulators are encoded by genes
located in the clusters for other polyene macrolides, e.g., for amphotericin B in Streptomyces
nodosus (AmphRIV; Carmody et al., 2004), for filipin in Streptomyces avermitilis (PteF; Omura
et al., 2001; Ikeda et al., 2003) and Streptomyces filipinensis (FilF; Payero et al., 2015), and
for candicidin in Streptomyces griseus (FscRI; Chen et al., 2003). These positive regulators are
required for the production of the respective antibiotics in the producer strains (Chen et al., 2003;
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Vicente et al., 2014). The sequences of these PAS-LuxR regulators
are well conserved and there is cross-complementation of
pimaricin production when the genes amphRIV, pteF or nysRIV
are transferred to a pimM negative mutant of S. natalensis
(Santos-Aberturas et al., 2011a). The effect of PimM in
S. natalensis, and PteF in S. avermitilis, results from binding to
a 16 nucleotides region with dyad symmetry and a consensus
sequence of CTVGGGAWWTCCCBAG (Santos-Aberturas et al.,
2011a; Vicente et al., 2015). Consequently, Streptomyces albus,
S. nodosus, and S. avermitilis transformed with pimM resulted
in increased production of candicidin, amphotericin and filipin,
respectively (Santos-Aberturas et al., 2011a; Olano et al.,
2014). Surprisingly, production of the polyketide/non-ribosomal
peptide antimycin was also activated by PimM in S. albus
(Olano et al., 2014).

Streptomyces clavuligerus is the industrial producer of
clavulanic acid (CA) (Baggaley et al., 1997; Liras et al., 2008),
a β-lactamase inhibitor that is used clinically in combination
with β-lactam antibiotics. The S. clavuligerus genome contains
49 annotated biosynthetic gene clusters (Medema et al., 2010)
for the production of secondary metabolites, including CA,
cephamycin C, holomycin and naringenin (Liras, 1999, 2014;
Álvarez-Álvarez et al., 2015). However, most of these secondary
metabolite gene clusters are cryptic, i.e., no information about the
chemical structures of their products are available, or are silent
and therefore not expressed in the media and conditions used
thus far to grow S. clavuligerus.

The use of heterologous transcriptional activators is a
promising route to activate silent gene clusters to trigger
the production of numerous secondary metabolites (Martín
and Liras, 2015). Given the functional conservation of PAS-
LuxR regulators across different strains, and their capacity
to cross-regulate the production of polyene antibiotics and
other structurally different compounds (Olano et al., 2014;
Vicente et al., 2015), we introduced the pimM gene of
S. natalensis into S. clavuligerus and studied its effect on both
the transcription of biosynthetic pathways and the production of
secondary metabolites.

MATERIALS AND METHODS

Strains and Culture Conditions
The wild-type strain S. clavuligerus ATCC 27064 and its
derived strain S. clavuligerus::pIB139, which has plasmid pIB139
(Wilkinson et al., 2002) integrated into the chromosome, were
used as control strains. S. clavuligerus::pimM derives from
the wild type strain and contains an integrated pCPpimM
plasmid. This plasmid is a pIB139 derivative that carries
the pimM gene under the control of the constitutive ermE∗
promoter (Santos-Aberturas et al., 2012). Both pIB139 and
pCPpimM were introduced by conjugation from Escherichia
coli ET12567/pUZ8002 into S. clavuligerus, and integration into
the genome was confirmed by analysis of apramycin resistance
and by PCR amplification of the aac3(IV) and pimM genes
(Supplementary Table S1), respectively.

Streptomyces clavuligerus strains were precultured in
trypticase soy broth (TSB) for 24 h at 28◦C with shaking at
220 rpm until the 1/10 diluted culture reached an optical density
(OD600) of around 0.65. These seed cultures were used to
inoculate (5%, v/v) duplicate or triplicate 500 ml triple-baffled
flasks containing 100 ml of liquid medium, and cultures were
grown for 96 h under the same conditions. The following liquid
media were used: TBO (Higgens et al., 1974), ME (Sánchez and
Braña, 1996), MEY (Kieser et al., 2000), MS (Hobbs et al., 1989),
ISP4 (DifcoTM) (Shirling and Gottlieb, 1966), TSA (Sambrook
and Russell, 2001), SA (Aidoo et al., 1994), 2xTY (Sambrook
and Russell, 2001), modified R5 (Thompson et al., 1982), and
modified R2YEG (R2YEGm) (Thompson et al., 1980) both of
them lacking sucrose and glucose and carrying maltose as carbon
source. When required, the seed cultures were grown in TSA
plates, which, after 24-h growth, were used to inoculate various
solid media (TBO, ME, MEY, MS, ISP4, mR2YEG, 2xTY, mR5,
TSA, and SA) to determine antifungal activity. SA medium
(Aidoo et al., 1994) was used to determine clavulanic acid and
cephamycin C production levels. ME medium (Sánchez and
Braña, 1996) was used to analyze aerial mycelium formation and
sporulation of the strains. Apramycin (50 µg/ml) and nalidixic
acid (25 µg/ml) were added to cultures as required.

Antibiotic Assays
Clavulanic acid and cephamycin C were quantified as
indicated by Pérez-Redondo et al. (1998).

Tunicamycin complex standard from Streptomyces sp.
(Abcam Biochemicals) was used as the source for the isolation of
individual tunicamycins (see below).

Detection of the Antifungal Activity
Streptomyces clavuligerus::pimM and S. clavuligerus::pIB139 were
cultured in the 10 solid media described above for 96 h. The
metabolites produced were extracted from the agar (25 ml) with
60 ml of methanol, the culture-methanol mixtures were shaked
for 15 min, filtered through filter paper and concentrated in
a SpeedVac to 1 ml volume. The mycelium from MEY liquid
culture (100 ml) was centrifuged and extracted with 30 ml of
methanol and the MEY culture supernatant (100 ml) was mixed
with an equal volume of methanol, treated as indicated above
and concentrated to 2 ml final volume. Antifungal activity was
detected by bioassays of 40 µl of the concentrated extracts with
Candida utilis CECT 1061 (Antón et al., 2007). Amphotericin B
was used as a positive control of antifungal activity.

Metabolic Profiling and Characterization
of the Antifungal Compound
Sample Preparation and LC-MS Analysis
Three independent cultures of each strain (S. clavuligerus::pimM
and S. clavuligerus::pIB139) were grown in 100 ml MEY liquid
medium for 96 h at 28◦C with 220 rpm shaking. The mycelium
of 50 ml of each culture was isolated by centrifugation, mixed
with 15 ml of methanol and shaked for 15 min. The mycelium
methanolic extracts were filtered through filter paper and
concentrated in a SpeedVac to 1 ml. Bioassays against C. utilis
were performed with 40 µl of the concentrated methanolic

Frontiers in Microbiology | www.frontiersin.org 2 March 2019 | Volume 10 | Article 580

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00580 March 22, 2019 Time: 17:57 # 3

Martínez-Burgo et al. PimM Activates S. clavuligerus Secondary Metabolism

extracts to verify antifungal activity. A methanolic extract from
fresh MEY media was used as a negative control. For liquid
chromatography – mass spectrometry (LC-MS) analysis, the
mycelium methanolic extracts were further concentrated in a
SpeedVac to 100 µl and analyzed using a Shimadzu Nexera
X2 UHPLC coupled to a Shimadzu IT-TOF mass spectrometer.
Samples (5 µl) were injected onto a Phenomenex Kinetex 2.6 µ

C18 column (50 mm × 2.1 mm, 100 Å) set at 40◦C, eluting
over 6 min with a linear gradient of 5–95% acetonitrile in
water containing 0.1% formic acid at a flow-rate of 0.6 ml
min−1. Positive and negative mode mass spectrometry data were
collected between m/z 200 and 2000, and MS2 data were collected
using collision-induced dissociation, with an exclusion time of
1 s for a given species, where MS-MS2 cycle period was 0.26 s.
The obtained data were statistically compared using Profiling
Solution 1.1 (Shimadzu), with an ion m/z tolerance of 100 mDa,
a retention time tolerance of 0.1 min and an ion intensity
tolerance of 100,000 units, and manually filtering the signals that
corresponded to the culture medium components.

Semi-Preparative Fractionation
The mycelium extract of a 150 ml MEY culture of
S. clavuligerus::pimM was vacuum dried, resuspended into
100 µl of 50% methanol/water and injected onto a Phenomenex
Luna 5 µm C18(2) column (250 mm × 10 mm, 100 Å), eluting
at a flow-rate of 4 ml min−1 with a gradient of (A) acetonitrile
and (B) water with 0.1% formic acid, as follows: 0–1 min 5% B;
22 min 95% B, 22–24 min 95% B, 24.1 min 5% B, 24.1–27 min
5% B. Samples (4 ml) were collected every minute and were
then dried using a SpeedVac and resuspended in 150 µl of 50%
methanol for further LC-MS and antifungal activity analyses,
as described above. The same HPLC method and downstream
sample processing were employed for the fractionation of 1 mg
of tunicamycin standard (diluted in 500 µl of 50% dimethyl
sulfoxide, DMSO, in water) for the isolation and characterization
of individual tunicamycins, resulting in the separation of three
pure tunicamycins (m/z 815.39, 829.41 and 857.44). On the basis
of their original LC-MS peak areas, the concentrations of these
samples were adjusted with the addition of solvent to reach the
same levels (8,000 peak area units/µl) in all cases. Two-fold serial
dilutions of these three equally concentrated tunicamycins where
then employed in bioassays against C. utilis.

Mass Spectral Molecular Networking
LC-MS spectra were obtained using the same LC-MS parameters
as defined above, where MS2 data were collected in a data-
dependent manner for the most abundant species between
m/z 200 and 2000, with an exclusion time of 1 s for a
given species, where the MS-MS2 cycle period was 0.26 s.
LC-MS2 data from triplicate cultures of S. clavuligerus::pIB139
and S. clavuligerus::pimM were used to construct mass spectral
networks using the Global Natural Products Social Molecular
Networking server (GNPS1) (Nguyen et al., 2013; Wang M.
et al., 2016). Here, the data were clustered with MS-Cluster with
a parent mass tolerance of 0.5 Da and a MS2 fragment ion

1http://gnps.ucsd.edu

tolerance of 0.5 Da to create consensus spectra. The following
settings were used for network construction: minimum pair
cosine = 0.65, minimum matched fragment ions = 3, minimum
cluster size = 2, minimum peak intensity = 25. The spectra
in the resulting networks were then searched against all GNPS
spectral libraries available at the time of analysis. Raw results
are available at the GNPS server2. Matches were made between
network spectra and library spectra where a score was above 0.7
and there were at least 3 matched peaks. Network data were
visualized using Cytoscape 3.5.1. Nodes were removed when
erroneously duplicated by GNPS (same retention time, mass, and
MS2 spectrum). The peak areas of extracted ion chromatograms
for each node in the tunicamycin network were calculated
using Shimadzu Quant Browser and processed with Microsoft
Excel before being graphically integrated into the Cytoscape-
generated network as the average of the calculated areas for the
triplicate cultures.

Nucleic Acid Isolation, PCR and qPCR
DNA was isolated as described by Pospiech and Neumann
(1995). RNA sampling was carried out at 84, 90, and 96 h.
Nucleic acid isolation and integrity analysis were performed as
indicated by Martínez-Burgo et al. (2015).

The PCR reactions were performed as described by Kieser
et al. (2000) using a T-gradient thermocycler (Biometra) and the
oligonucleotide primers shown in Supplementary Table S1. The
PCR reaction contained in 20 µl volume: 40 ng DNA template,
0.2 mM each deoxynucleoside triphosphate (dNTP), 4% DMSO,
and 1 unit of Taq DNA Polymerase (Kapa Biosystems). The
amplification was carried out with an initial 3 min 95◦C
denaturing step. The cycles comprised a denaturing step of 30 s
at 95◦C, annealing for 30 s at the corresponding temperature
(Supplementary Table S1) and extension for 2 min at 72◦C.
The amplification was completed with a final extension of
5 min at 72◦C. Quantification and purity analysis of PCR
products was determined using a NanoDrop ND 1000 UV–vis
(Thermo Scientific) and the fidelity of the amplified products was
confirmed by sequencing.

Plasmids pSCL1, pSCL2, and pSCL4 were detected and
quantified by qPCR using 20 ng DNA as described by Lee
et al. (2006). The following genes were analyzed: to detect
pSCL1, SclaA2_010100027570, and SclaA2_010100027590; for
pSCL2, SclaA2_010100027690 and SclaA2_010100027930; and
for pSCL4, brp and parBpSCL4. The chromosomal genes adpA and
hrdB (named rpoD in S. clavuligerus) were used as controls. The
oligonucleotides used were described by Álvarez-Álvarez et al.
(2014) and are included in Supplementary Table S1.

RT-qPCR
Gene expression analysis and quantification was performed by
RT-qPCR as described by López-García et al. (2010) using the
2−11Ct method (Schmittgen and Zakrajsek, 2000; Livak and
Schmittgen, 2001), and the constitutive housekeeping gene hrdB
gene as internal control (Aigle et al., 2000). cDNAs for RT-qPCR

2https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=
cd3b6dd0aee842c1bfff1a1c48db3649
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analysis were synthesized as described by López-García et al.
(2010). Negative controls were always carried out to confirm
the absence of DNA contamination. RT-qPCR oligonucleotide
primers are shown in Supplementary Table S1.

Microarray Design
The microarrays used in this work have been previously described
by Martínez-Burgo et al. (2015). RNA was extracted from the
culture samples at 84, 90, and 96 h and the analysis was performed
for two biological replicates for each condition (two strains
and three growth times). Labeling of RNA preparations with
Cy3-dCTP, labeling of genomic DNA as the reference sample
with Cy5-dCTP (4 pmol/50 µl hybridization solution), and the
purification procedures were carried out as described previously
(Álvarez-Álvarez et al., 2014). The hybridization conditions,
washing, scanning with Agilent Scanner G2565BA, and the
quantification of the images were carried out as previously
described (Sartor et al., 2004; Rodríguez-García et al., 2007;
Yagüe et al., 2014).

Transcriptome Analysis
Transcriptome analysis using microarrays was performed as
indicated by Martínez-Burgo et al. (2015). The Mg transcription
values obtained are proportional to the abundance of the
transcript for a particular gene (Mehra et al., 2006) and
correspond to the transcription values of the six experimental
conditions, mutant versus control, corresponding to the three
studied growth times. For each gene, Mc values and P-values
were calculated (three sets of values, one for each comparison).
The Mc values are the binary log of the differential transcription
between the mutant and the control strain. The Benjamini–
Hochberg (BH) false-discovery rate correction was applied to
the P-values. For each comparison, a result was considered
statistically significant if the BH-corrected P-value was ≤0.1.
A positive Mc value indicates upregulation, and a negative Mc
value indicates downregulation. 75 genes were found to be
statistically significant with Mc value ≤ −1 or Mc value ≥ 1 in
some of the three sampling times (Supplementary Table S2).

Microarray Data Accession Number
The microarray data used in this work have been deposited in the
National Center for Biotechnology Information-Gene Expression
Omnibus database under accession number GSE87092.

Bioinformatic Analysis of PimM-Binding
Sites and DNA-Protein Binding Assays
A bioinformatic search of potential sequences within the
S. clavuligerus genome that could be recognized by PimM
was performed using the PimM_AR02DyR frequency matrix
(Ordóñez-Robles et al., 2016) and the matrix-scan tool of
the RSAT server (Medina-Rivera et al., 2015). The PimM
frequency matrix summarizes the nucleotide composition of
the PimM binding sites that have been previously defined
by DNase I footprinting (Santos-Aberturas et al., 2011b). The
information content of each sequence (Ri value) was calculated
according to Schneider (1997).

Interaction between PimM and its putative target sequence
was studied by electrophoretic mobility shift assays (EMSAs)
performed as described by Santos-Aberturas et al. (2011a)
using pure GST-PimM. The DNA fragment used for EMSAs
was amplified by PCR using the primers ccaR_cmcH F and
ccaR_cmcH R (Supplementary Table S1) and S. clavuligerus
chromosomal DNA as template. A probe containing the pimS1-
pimD intergenic region was also obtained by PCR using the
primers pimS1_pimD F and pimS1_pimD R (Supplementary
Table S1) and S. natalensis chromosomal DNA as template.
Amplification product was sequenced to discard the presence of
any mutations and then labeled at both ends with digoxigenin
with DIG Oligonucleotide 3′-End Labeling Kit, 2nd Generation
(Roche Applied Science). A standard binding reaction contained
0.025 ng/µl of labeled DNA probe, 40 mM Tris-HCl, pH
8.0, 0.4 mM MgCl2, 5 mM KCl, 0.1 mM DTT, 7.8 mM
glutathione, 0.005% Nonidet P-40, 50 µg/ml poly(dI-dC), 20.6%
glycerol and variable concentrations of protein. The reactions
were performed at 30◦C for 10 min and then loaded onto
a 5% polyacrylamide (29:1) native gel in 0.5X TBE buffer.
After electrophoresis (1.5 h, 70 V, 4◦C), DNA was transferred
onto a nylon membrane (HyBond-N, Amersham Biosciences)
in 0.5X TBE buffer (30 min, 200 mA). The DNA was fixed
by UV crosslinking, detected with anti-digoxigenin antibodies,
and developed by chemiluminescence with CDP-StarTM reagent
(Roche Applied Science).

RESULTS

Characterization of S. clavuligerus::pimM
A single copy of pimM was introduced in the S. clavuligerus
genome using the pIB139-based integrative plasmid pCPpimM,
where expression of the pimM gene is under the control
of the constitutive ermE∗ promoter. Expression of pimM
in S. clavuligerus::pimM was analyzed by RT-qPCR using
S. clavuligerus::pIB139 as a negative control and the
rpoD chromosomal housekeeping gene of S. clavuligerus
as a reference gene. This showed a pimM signal in
S. clavuligerus::pimM of about 80-fold above the background
signal in S. clavuligerus::pIB139, indicating that pimM is
expressed in S. clavuligerus::pimM (Supplementary Figure S1A).
The relative amount of DNA of linear plasmids pSCL1, pSCL2,
and pSCL4, in S. clavuligerus::pIB139 and S. clavuligerus::pimM,
were compared by qPCR with those from the wild type
strain S. clavuligerus ATCC 27064. This confirmed that the
three strains contain a similar number of the three plasmids
(Supplementary Figure S1B).

Transcriptomic Analysis of
S. clavuligerus::pimM in Comparison to
the Control Strain S. clavuligerus::pIB139
A microarray-based transcriptomic analysis of
S. clavuligerus::pimM and the control strain was performed
on 84, 90, and 96 h MEY-grown culture samples. The
transcriptomic data were filtered at one of the three sampling

Frontiers in Microbiology | www.frontiersin.org 4 March 2019 | Volume 10 | Article 580

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00580 March 22, 2019 Time: 17:57 # 5

Martínez-Burgo et al. PimM Activates S. clavuligerus Secondary Metabolism

times applying the criteria: Mc ≥ 1.0 or Mc ≤ −1.0, and a
BH-corrected P-value ≤ 0.1, to restrict the data to only those
genes whose expression level were highly and significantly
affected by PimM at least at one of the three sampling times.
While many other genes were up- or downregulated (see
below), only 18 genes were upregulated and 58 genes were
downregulated in S. clavuligerus::pimM according to these
criteria (Supplementary Table S2).

Secondary Metabolite Gene Clusters Affected
by PimM
Analysis of the transcriptome of the 49 annotated secondary
metabolite gene clusters (SMCs) described in S. clavuligerus
(Chen et al., 2010; Medema et al., 2010) showed that expression of
pimM resulted in the upregulation of three gene clusters (SMC10,
SMC11, and SMCp5), downregulation of two gene clusters
(SMC22 and SMCp25), and the up- or downregulation of blocks
of genes in four clusters (SMC6, SMC13, SMC14, and SMCp6).

SMC10 and SMC11 are responsible for the biosynthesis
of the clinically important β-lactams clavulanic acid and
cephamycin C, respectively. These clusters were upregulated in
all their biosynthetic and major regulatory genes (ccaR, claR)
(Figure 1 and Supplementary Table S5), and form a contiguous
supercluster that is discussed below in more detail. Cluster
SMCp5 (SCLAV_p0509 to p0520) encodes a type II polyketide
synthase pathway. All genes in this cluster showed an increase
in expression level between two and fourfold at 90 and 96 h in
S. clavuligerus::pimM versus the control strain (Figure 2A and
Supplementary Table S5).

In cluster SMC22 (SCLAV_5670-5674), predicted to be
involved in the formation of a terpene-like compound, all genes
were downregulated between 1.7- and 3-fold in all three sampling
times (Figure 2B and Supplementary Table S5). The three
genes in cluster SMCp25 (SCLAV_p1508 to p1510), which might
produce a clavam-type β-lactam, were downregulated between
2- and 3.3-fold in the three sampling times (Figure 2C and
Supplementary Table S5).

Some gene cluster showed blocks of upregulated and/or
downregulated genes. In the biosynthetic gene cluster SMC6 for
the siderophore desferrioxamine, a block of genes (SCLAV_1948
to SCLAV_1951) was upregulated between 2.2- and 3.4-
fold (Supplementary Figure S2A). These four genes are
orthologous to desABCD, genes essential for the biosynthesis
of desferrioxamine in Streptomyces coelicolor (Barona-Gómez
et al., 2004). In contrast, the adjacent genes (SCLAV_1942 to
SCLAV_1946) were downregulated between 1.7- and 3.4-fold.

The SMC13 gene cluster is predicted to produce a hybrid
polyketide-non-ribosomal peptide and genes SCLAV_4461-
4462 and SCLAV_4464-4472 were upregulated between 2-
and 7.2-fold in the three sampling times (Supplementary
Figure S2B). SCLAV_4466, which encodes a trimodular
hybrid polyketide synthase - non-ribosomal peptide synthetase
(PKS-NPRS), was upregulated fourfold with respect to the
control strain.

In SMC14, which encodes a large multimodular NRPS, 6 of
its 19 genes (SCLAV_4751–4753 and SCLAV_4755−4757),
were upregulated between two and fourfold. However,

the expression levels of all NRPS genes (SCLAV_4742,
SCLAV_4749, SCLAV_4750, and SCLAV_4758) were unaffected
(Supplementary Figure S2C).

The SMCp6 gene cluster (SCLAV_p0563 to p0588) may
produce a hybrid NRPS-PKS-terpene (or separate compounds).
PimM expression led to the downregulation of 6 from its 24
genes (SCLAV_p0563 to p0568), with a change of expression level
between 2.5- and 25-fold (Supplementary Figure S2D). This
block of genes includes SCLAV_p0564, which encodes a NRPS,
SCLAV_p0566 (a PKS-like ketosynthase), and SCLAV_p0568 (an
IclR-family transcriptional regulator).

Overexpression of the clavulanic acid and clavam gene
clusters
PimM had a positive effect on the expression level of
the clavulanic acid gene cluster (SMC10, Figure 1A and
Supplementary Table S5), where all clavulanic acid biosynthetic
genes were upregulated between 1.5- and 8-fold in the
three sampling times. This corresponded with an observed
overproduction of this clinically important β-lactamase inhibitor
in S. clavuligerus::pimM, where production was 1.4 µg/ml, 10-
fold higher than in S. clavuligerus::pIB139 (Figure 1C). Genes
encoding the early steps of the pathway (ceaS2, bls2, pah2, and
cas2) were overexpressed between 3- and 4-fold; genes for late
steps of the pathway (gcas, orf16, orf14, orf13, orf12, cyp−fd,
and car) were overexpressed between 1.6- and 8-fold. The genes
oppA1 and oppA2, encoding oligopeptide permeases essential
for CA biosynthesis (Lorenzana et al., 2004), showed a clear
increase in expression levels (seven and sixfold, respectively).
In contrast, genes of the related clavam gene cluster (SMC9,
SCLAV_2921 to 2935), encoded distantly from SMC10, and
of the CA paralogous, pSCL4-situated, gene cluster (SMCp13,
SCLAV_p1069 to p1082), showed no significant differences in
their expression levels (not shown).

Overexpression of the cephamycin C gene cluster
PimM overexpression led to the upregulation of almost every
gene in the gene cluster of the β-lactam antibiotic cephamycin
C (SMC11, Figure 1B and Supplementary Table S5). All genes
in this cluster were upregulated between 1.6- and 11-fold in the
three sampling times, except pcd and bla, which were unaffected,
and pcbR (a β-lactam resistance gene), which was downregulated
2.5-fold. Gene cluster overexpression corresponded with the
overproduction of cephamycin C by S. clavuligerus::pimM, which
was 7 times higher than in S. clavuligerus::pIB139 (Figure 1D)
and led to the production of 360 µg/ml of cephamycin C
after 96 h fermentation. The most highly upregulated genes
were cmcI and cmcJ (6- and 11-fold, respectively), encoding
a two-protein complex that catalyzes late-stage methoxylation
in the cephamycin C pathway, and can be used to convert
cephalosporins into 7α−methoxycephalosporins (Enguita et al.,
1996; Shao et al., 2014). The cephamycin C-clavulanic acid
genes pbpA, pbp2, and pcbR, located in the supercluster
and predicted to be involved in β-lactam resistance, were
downregulated. However, the resistance genes pbp74, cmcT,
orf10, and blp were slightly overexpressed (Figure 1B and
Supplementary Table S5).
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FIGURE 1 | Effect of PimM on the transcription level of the clavulanic acid and cephamycin C gene clusters and on the production of these two metabolites. Change
in the expression level of genes for clavulanic acid (A) and cephamycin C (B) biosynthesis in Streptomyces clavuligerus::pimM. The columns represent the average
of the expression fold-change at 84 h (white columns), 90 h (gray columns), and 96 h (black columns). Gene names are indicated at the bottom of the columns.
Expression level values of S. clavuligerus::pimM are compared to those of the control strain, S. clavuligerus::pIB139, normalized as 1. Clavulanic acid (C) and
cephamycin C (D) production in MEY medium in S. clavuligerus::pimM (black squares) and S. clavuligerus::pIB139 (white squares). Vertical lines indicate standard
deviations from three biological replicates.

GST–PimM binds to the intergenic region ccaR-cmcH
Given the increase of both clavulanic acid and cephamycin
C production in S. clavuligerus::pimM in relation with the
control strain S. clavuligerus::pIB139, an in silico search of PimM
binding sites within the S. clavuligerus genome was performed
as described in Section “Materials and Methods.” A putative
binding site for PimM (Ri values of 8.6 and 9.9 for the direct
and reverse strands, respectively) was identified in the intergenic
region between ccaR and cmcH of the cephamycin C gene cluster

(Figure 3A). In order to confirm the binding of PimM to this
region, EMSAs were performed with pure GST-PimM and a
labeled 80 bp fragment containing its putative binding sequence.
Results showed the appearance of a retarded band (Figure 3B),
in agreement with the presence of a PimM box in this region.
This band disappeared by the addition of the same unlabelled
DNA, but not by non-specific competitor DNA, thus confirming
that the interaction was specific (Figure 3B). A control reaction
with pure GST showed no interaction, discarding the binding
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FIGURE 2 | Effect of PimM on the transcription levels of SMCp5, SMC22, and SMCp25. Change in the expression level of genes of (A) SMCp5, an upregulated
gene cluster that encodes a PKS pathway, and two downregulated gene clusters, (B) SMC22 and (C) SMCp25, predicted to encode a terpene-like compound, and
a clavam-like β-lactam, respectively. In the panels the columns represent the average of the expression fold-change at 84 h (white columns), 90 h (gray columns),
and 96 h (black columns). Numbering of the SCLAV genes is indicated. Expression level values of S. clavuligerus::pimM are compared to those of the control strain,
S. clavuligerus::pIB139, normalized as 1. Genes encoding polyketide synthases and ketoreductases are indicated by the letters PKS and KR, respectively.

of this protein to the region (Figure 3B). An additional control
was performed with a 308 bp probe containing the pimS1-pimD
intergenic region from S. natalensis. Two retardation bands,
corresponding to the two PimM target sites present in this region,
were detected (Figure 3C). It is interesting to note that there
is still unbound DNA in the reactions with 60 µM protein,
indicating that the interaction of GST-PimM with its targets is
rather weak. The affinity of PimM for its native sites is stronger
than for the one located in the ccaR promoter, which is probably
due to their higher Ri values (Santos-Aberturas et al., 2011b).

Genes With Diverse Functions
In addition to genes in SMC10, SMC11, SMC13, and
SMCp6, the expression of 63 genes was statistically affected
in S. clavuligerus::pimM compared to the control strain
(Supplementary Table S2). This included five additional
regulatory proteins, including downregulation of a RNA
polymerase sigma U factor (SCLAV_2070). The remaining genes
are predicted to be involved in a variety of cellular functions. In
particular, two blocks of divergent genes, SCLAV_0832-0834 and
SCLAV_0835-0837, were significantly downregulated, between
3- and 14-fold. These genes encode a short chain dehydrogenase,
a phenylacetaldehyde dehydrogenase, a glutamine synthetase,

a regulatory protein, an ethanolamine transporter and an
amidotransferase, respectively, and may be involved in nitrogen
metabolism. Some of these genes might not be affected
directly by PimM but by cascade mechanisms involving other
regulators, such as CcaR.

Validation of the Transcriptomic Data
Microarray transcriptomic data were validated using RT-qPCR
with the same RNA samples used for the transcriptomic
studies at 90 h. Twelve genes were validated, including genes
involved in the biosynthesis of clavulanic acid, cephamycin C,
desferrioxamine, SMC13, SMCp5, SMCp6, two genes encoding
regulatory proteins, and two genes encoding proteins with
diverse functions (Supplementary Figure S3A). The high
correlation between RT-qPCR and microarray data (Pearson
correlation coefficient = 0.98) strongly supports the results
obtained in the microarrays (Supplementary Figure S3B).

Other Secondary Metabolites Produced by
S. clavuligerus::pimM
The transcriptomic data indicated that PimM expression
affected the regulation of a number of biosynthetic gene
clusters in addition to clavulanic acid and cephamycin C.
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FIGURE 3 | GST-PimM DNA binding assay. (A) Schematic representation of the intergenic region ccaR-cmcH located in the cephamycin C cluster. The nucleotide
sequence of the putative PimM-binding site is shown below and the information content (Ri) in bits is indicated in parentheses. Sizes are not proportional.
(B) Binding of pure GST-PimM to the intergenic region ccaR-cmcH as shown by EMSAs. The DNA fragment was mixed with increasing concentrations of GST-PimM
(0–60 µM) (left panel). The central panel shows a competition experiment between labeled and growing concentrations of unlabelled probe. Right panel, control
reaction with 60 µM pure GST protein. C, reaction without protein; N.S.C., non-specific competitor DNA; S.C., specific competitor DNA. DNA-protein complexes are
indicated by arrowheads. (C) Binding of pure GST-PimM to the intergenic region pimS1-pimD from S. natalensis (containing two PimM-target sequences) as shown
by EMSAs. The reaction conditions were the same as for the ccaR-cmcH probe.

Therefore, to assess the production of bioactive compounds in
S. clavuligerus::pimM that were silent in S. clavuligerus::pIB139,
these two strains were separately cultured in 10 solid media
for 96 h. Extracts from the mycelium and medium of each
plate were assayed for inhibitory activity against E. coli Ess22-
31, Micrococcus luteus and C. utilis. There were no differences
between the diameters of the zones of inhibition of extracts
from S. clavuligerus::pimM and the control strain in the bioassays
against bacteria (not shown). However, when cultured in MEY
and mR2YEG, a zone of inhibition against C. utilis was detectable
in extracts of S. clavuligerus::pimM (Figure 4A). This activity was
absent in MEY cultures and was very weak in mR2YEG cultures
of S. clavuligerus::pIB139 (Figure 4B). No antifungal activity
was detected in cultures grown in other media. The antifungal
activity from the mycelium and the culture supernatant of MEY
liquid cultures was measured separately and detected only in the
mycelial extract.

Metabolic profiling of the pimM expression effects in
S. clavuligerus and identification of the antifungal compound
The notable increase in the production of clavulanic acid and
cephamycin C, together with the variety of transcriptional
changes induced by the expression of pimM and the triggering of
antifungal activity, prompted an analysis of the global metabolic

effects of PimM expression. Untargeted metabolic profiling of
LC-MS data was carried out to compare S. clavuligerus::pimM
and S. clavuligerus::pIB139. A comparative analysis of mycelial
extracts (Supplementary Tables S3, S4) showed significant
differences in the metabolic profiles of these strains. To check
whether any differential peaks were responsible for the antifungal
activity of S. clavuligerus::pimM, the extracts were fractionated
using semi-preparative HPLC and assayed against C. utilis.
The antifungal activity was localized in two fractions, and
further LC-MS analysis (Supplementary Figure S4) revealed
the presence of some metabolites that had been identified as
being overproduced in S. clavuligerus::pimM in comparison to
S. clavuligerus::pIB139 (Supplementary Tables S3, S4). The m/z
values of these metabolites were 582.30, 596.32, 610.33, and
624.34 in positive ion detection mode, and 801.38, 815.39, 829.40,
and 843.42 in negative mode.

These compounds were unequivocally identified as different
members of the tunicamycin complex (Takatsuki et al., 1971)
based on their masses (Figure 5) and MS2 fragmentation
(Supplementary Figure S5) (Tsvetanova and Price, 2001).
Additionally, the comparison to a commercial tunicamycin
standard was performed for confirmation of the observed
MS2 fragmentation pattern (Supplementary Figure S5). MS
molecular networking analysis (Wang M. et al., 2016) (Figure 5B,

Frontiers in Microbiology | www.frontiersin.org 8 March 2019 | Volume 10 | Article 580

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00580 March 22, 2019 Time: 17:57 # 9

Martínez-Burgo et al. PimM Activates S. clavuligerus Secondary Metabolism

FIGURE 4 | Bioactivity of S. clavuligerus::pimM and S. clavuligerus::pIB139
extracts against C. utilis. (A) Bioassay of concentrated extracts from
S. clavuligerus::pimM grown on TBO, ME, MEY, MS, ISP4, and mR2YEG solid
media. The media assayed are indicated on top of the bioassay wells.
Amphotericin B (150, 15, and 1.5 µg) was used as bioassay positive control.
(B) Bioassay of concentrated extracts from S. clavuligerus::pimM (left) and
S. clavuligerus::pIB139 (right) grown in MEY medium and amphotericin B
(150 µg) used as bioassay positive control (center).

raw results3) showed that these tunicamycins were overproduced
alongside a wider family of tunicamycins that are predicted
to differ in the length of an N-acyl side chain (Figure 5A).
Quantification of the MS peak areas corresponding to each
tunicamycin revealed that the increases in their productions
levels in S. clavuligerus::pimM respect to the control strain
were 6.2-fold (m/z 787.36), 6.1-fold (m/z 801.37), 6.3-fold (m/z
815.39), 4.1-fold (m/z 829.40), 3.8-fold (m/z 843.42), 10.6-
fold (m/z 855.43), and 7.6-fold (m/z 857.44), as shown in
Figure 5B and Supplementary Figure S6. In total, the global
overproduction of the tunicamycin complex with respect to the
control strain was 5.3-fold, including two previously undescribed
putative tunicamycins (m/z 773.34 and 869.44 in negative ion
detection mode), which correspond with N-acyl side chains of
11 and 18 carbons of length, respectively (Figure 5A). Another
putative tunicamycin (m/z 787.36, predicted acyl chain of 12
carbons) had not been previously described (Kenig and Reading,
1979; Tsvetanova and Price, 2001; Chen et al., 2010), but was also
detectable at low levels in the control strain (Figure 5B).

3https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=
cd3b6dd0aee842c1bfff1a1c48db3649

The overproduction of the tunicamycins and their presence
in the antifungal fractions suggested that they are responsible
for the observed fungal inhibition, especially because the
antifungal activity of the tunicamycin complex has been
previously reported (Takatsuki et al., 1971). Interestingly, only the
fractions containing significant amounts of tunicamycins with
15:1 and 16:1 acyl chains (m/z 829.4 and 843.42 in negative
mode, Figure 5A and Supplementary Figure S4) exhibited
antifungal activity, while fractions containing similar amounts
of tunicamycins with shorter acyl chains (Figure 5A and
Supplementary Figure S4) did were not antifungal, suggesting
that tunicamycins carrying longer acyl chains are more active
as antifungals. As this result was quite puzzling, and to discard
the existence of a co-eluting antifungal, three pure tunicamycins
(m/z 815.39, 829.41 and 857.44, Figure 6A) were tested for
bioactivity against C. utilis. Serial dilutions revealed that the
two tunicamycins with longer acyl chains indeed possess much
higher antifungal activities (Figure 6B) and are 4–16 times more
active than the tunicamycin carrying the shorter acyl chain. In
contrast to the increase in expression of the clavulanic acid
and cephamycin C gene clusters, expression of the tunicamycin
gene cluster (SCLAV_4275-4287; not originally annotated as
a SMC) was unchanged between S. clavuligerus::pimM and
the control strain.

DISCUSSION

The PAS-LuxR type regulator PimM of S. natalensis was initially
described as a pathway-specific transcriptional regulator of
pimaricin biosynthesis (Antón et al., 2007; Santos-Aberturas
et al., 2011a). Regulators of the PAS-LuxR class (AmphIV,
NysRIV, and PteF) found in other polyene producing
Streptomyces, were able to restore pimaricin production in
S. natalensis 1pimM. The amphRIV and nysRIV genes, encoding
the PAS-LuxR regulators of S. nodosus and S. avermitilis,
respectively, complemented pimaricin production when
transferred to S. natalensis pimM mutants. In addition,
introduction of a single copy of pimM into S. nodosus or
S. avermitilis boosted the respective production of amphotericin
and filipin. This suggests that these regulators are exchangeable,
and their expression is a bottleneck in the biosynthesis of these
polyenes (Santos-Aberturas et al., 2011a).

In addition to polyenes, the range of natural products
pathways that are positively affected by these regulators has
increased (Cheng et al., 2015). For example, production of the
non-polyene polyketide oligomycin is activated in S. avermitilis
by PteF (Vicente et al., 2015), and the production of the
polyketide-non-ribosomal peptide antimycin in S. albus is
increased when the heterologous S. natalensis PimM, or genes
orthologous to PimM, were expressed in this strain (Olano et al.,
2014; McLean et al., 2016).

In this study, we demonstrate that the expression of
S. natalensis PimM in S. clavuligerus significantly increases
the production of two clinically relevant β-lactam compounds,
clavulanic acid and cephamycin C. The overexpression of the
regulatory genes claR and ccaR, from 2- to 11-fold, and almost all
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FIGURE 5 | Structure of tunicamycins and overproduction in S. clavuligerus::pimM. (A) Structure and diversity of known tunicamycins. (B) Tunicamycin molecular
networking analysis showing a network corresponding to the tunicamycins detected in S. clavuligerus::pIB139 (blue) and S. clavuligerus::pimM (red). The circles
situated in the nodes of the network represent the relative amounts of each tunicamycin congener in each strain. The three different circle sizes arbitrarily represent
dominant, intermediate and minor levels of abundance within the tunicamycin complex (accurate absolute ion count values are shown in Supplementary
Figure S6). The gray edges joining the nodes correspond to the existence of shared MS2 signals, as identified by GNPS (Wang M. et al., 2016).

biosynthetic genes of cephamycin C-clavulanic acid supercluster
in S. clavuligerus::pimM, resulted in a 7- and 10-fold increase in
production of cephamycin C and clavulanic acid, respectively, in
comparison to the control strain (Figures 1C,D). These levels
are similar to those observed in the industrial clavulanic acid
production strain S. clavuligerus DS48802 obtained by random
mutagenesis (two and eightfold compared to the wild-type strain)
(Medema et al., 2011). Although with moderate affinity, the
PimM regulator binds specifically to a DNA sequence upstream
of ccaR (Figure 3). This mild affinity might be consequence of
the weak interactions that GST-PimM establishes with its target
DNA regions (Santos-Aberturas et al., 2011a). The binding of
PimM to this promoter region explains the overexpression of
ccaR that in turn leads to the upregulation of both cephamycin
and clavulanic acid gene clusters and the overproduction of these
two metabolites.

Multiple genes from across the S. clavuligerus genome
were significantly affected (up- or down-regulated) by PimM
expression, including a number of biosynthetic gene clusters,
such as cluster SMCp5, in which all the genes were activated,
or cluster SMC13, where nine genes were upregulated. It is
possible that the products of these clusters were detected by
untargeted metabolomics, where the production of numerous
uncharacterized compounds was affected by PimM expression
(Supplementary Tables S3, S4). However, the proportion of
overproduced metabolites clearly outnumbers the observed
transcriptomic changes observed, making any kind of linkage
between the transcriptomic and metabolomic data highly
speculative. This outnumbering could arise due to multiple
congeners being formed from a single pathway, the formation of
multiple adducts that can be detected by MS, or via indirect effects
on the physiology of S. clavuligerus. Notably, some compounds

Frontiers in Microbiology | www.frontiersin.org 10 March 2019 | Volume 10 | Article 580

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00580 March 22, 2019 Time: 17:57 # 11

Martínez-Burgo et al. PimM Activates S. clavuligerus Secondary Metabolism

FIGURE 6 | Antifungal activity of different isolated tunicamycins. (A) LC-MS analysis (negative mode) of tunicamycins purified from a commercial tunicamycin
complex. Gray lines represent the base peak chromatogram for each sample. Black lines represent the extracted ion chromatogram corresponding to the mass of
each tunicamycin congener. (B) Bioassays showing the relative antifungal activity of the purified tunicamycins. Each column corresponds to serial twofold dilutions of
each purified tunicamycin. Concentrations are indicated in peak area units/µl, starting from 8,000 for the starting sample in each case.

were highly overproduced in S. clavuligerus::pimM and did not
belong to a molecular network, such as m/z 669.33, which was
detected in negative ion mode. Compounds like this are especially
interesting for future characterization as potential products of the
SMCs activated by PimM in S. clavuligerus.

Expression of PimM also activated the production of a
compound with antifungal activity, which we showed is due to
an increase in the production of the tunicamycin complex (Price
and Tsvetanova, 2007). Tunicamycins are a group of nucleoside
antibiotics that act as reversible inhibitors of translocase I
in bacterial peptidoglycan biosynthesis and inhibit protein
glycosylation in eukaryotic cells. Very recently, it has been
shown that tunicamycins can be interesting scaffolds for the
development of new antibiotics against tuberculosis (Dong et al.,
2018). S. clavuligerus has been described as a producer of
tunicamycins (Kenig and Reading, 1979) and PimM expression
leads to a fivefold increase in tunicamycin production. Molecular
networking revealed the existence of new tunicamycins whose
masses strongly suggest a broader diversity of fatty acids
incorporated through N-acylation than previously observed. It
is very likely that Kenig and Reading (1979) did not reported
these compounds because of their extremely low production
levels in the wild type compared to S. clavuligerus::pimM. In
addition to this, we observed that individual tunicamycins with
longer acyl chains exhibit substantially higher antifungal activity,
a finding in line with a previous report (Kamogashira et al.,
1988). The stronger bioactivity of tunicamycins carrying longer

acyl chains has been reported also in growth cone-mediated
neurite extension (Patterson and Skene, 1994). Given this strong
correlation between the bioactivity of tunicamycins and the
length of their acyl chain, our discovery of new tunicamycin
members with extreme acyl chain sizes (m/z 773.36 and 869.44
in negative ion detection mode) is especially interesting.

Surprisingly, tunicamycin overproduction was not
accompanied by an increase in the expression of the tunicamycin
gene cluster. There could be multiple possible explanations for
this, such as an increase in the supply of tunicamycin precursors
in S. clavuligerus::pimM, like 5- and 6-carbon carbohydrate
precursors or uridine, that might constitute bottlenecks for
tunicamycin biosynthesis. The absence of pathway-specific
regulators in the tunicamycin SMC (Wyszynski et al., 2010)
suggest that perhaps there are no specific signals triggering the
biosynthesis of these compounds. Interestingly, there are 5 genes
(out of a total of 14) in the tunicamycin SMC (tunFGKLN) that
do not play a direct biosynthetic o resistance role but seem to
play a part in ensuring adequate precursor supply (Widdick et al.,
2018). These 5 genes have functional counterparts in primary
metabolism and are not essential to produce tunicamycins,
suggesting that other processes in the metabolic background of
the cell can compensate their absence. In this scenario, it seems
very plausible that the alteration of such metabolic background
could directly impact the tunicamycins production levels. For
example, our transcriptomic analyses have shown that there is a
5.5-fold increase in expression of SCLAV_4470, a gene encoding
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an extracellular lipase. This protein may hydrolyze lipids present
in the medium thereby provide additional long chain fatty
acids that could be incorporated as N-acyl substituents in
the biosynthesis of tunicamycins. To explore this possibility,
future work will determine the extracellular lipase activity
and tunicamycins production levels of a strain featuring a
SCLAV_4470 gene deletion.

The significant transcriptional changes resulting from
expression of a heterologous pathway specific regulator may
indicate similarity to a native transcriptional regulator. An
in silico search in the S. clavuligerus genome for genes encoding
PAS-LuxR regulators revealed one gene, SCLAV_0213, encoding
a protein with 43% identity to PimM, which is especially high
within their DNA-binding predicted domains (63% identity).
SCLAV_ 0213 is located between clusters SMC4 and SMC5,
which encode a terpene pathway and a type I PKS pathway,
respectively (Medema et al., 2010), but it is not linked to either
SMC. This PAS-LuxR regulator has not yet been characterized;
it may specifically affect expression of SMC4 and SMC5 or
may play a wider control of the secondary metabolism of
S. clavuligerus. Whether PimM introduced into S. clavuligerus
acts synergistically or independently from SCLAV_0213 is a
matter for future studies.

In summary, our results show how PimM, the archetype of
PAS-LuxR regulators, can modulate the biosynthesis of multiple
SMCs when expressed in S. clavuligerus. Thus, PimM (and
probably orthologous PAS-LuxR regulators) may be used in
wild type and industrial S. clavuligerus strains to increase the
production of cephamycin C, clavulanic acid and tunicamycins.
The large increases reported here for these relevant bioactive
compounds through a simple genetic modification is comparable
to the previously reported for specific compounds by other
laborious strategies (Zabala et al., 2013; Li et al., 2015; Lu
et al., 2016; Wang Y. et al., 2016). Our work highlights the
potential of heterologous expression of conserved transcriptional
regulators as a biotechnological tool for strain improvement
and drug discovery.
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