
APPLIED GENETICS AND MOLECULAR BIOTECHNOLOGY

Genomic-driven discovery of an amidinohydrolase involved
in the biosynthesis of mediomycin A

Fengxian Sun1
& Shumei Xu1

& Fang Jiang1
& Weiying Liu2

Received: 15 November 2017 /Revised: 18 December 2017 /Accepted: 20 December 2017 /Published online: 19 January 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Clethramycin (1) and mediomycin A (2) belong to the linear polyene polyketide (LPP) family of antibiotics that exhibit potent
antifungal activity. Structural similarities exist between 1 and 2, except that 2 contains an amino moiety substituted for the
guanidino moiety. Herein, the draft genome sequence of Streptomyces mediocidicusATCC23936, a strain which produces both 1
and 2, was obtained through de novo sequencing. Bioinformatic analysis of the genome revealed a clethramycin (cle) gene cluster
that contained 25 open reading frames (orfs). However, amidinohydrolase for 2 formation was not found in the cle gene cluster.
Further genomic analysis revealed an amidinohydrolase MedX, which can hydrolyse the guanidino form (1) into the amino form
(2) via heterologous co-expression of the cle cluster in Streptomyces lividans or by in vitro catalysis. These results also suggest
the feasibility of engineering novel LPPs for drug discovery by manipulating the biosynthetic machinery of S. mediocidicus.
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Introduction

Linear polyene polyketides (LPPs), one of the important mem-
bers of the polyene family, have received considerable attention
because of their potent activity against various bacterial patho-
gens (Banskota et al. 2006; Cai et al. 2007; Mcalpine et al.
2005). Clethramycin (1) and mediomycin A (2), typical LPPs
with strong antifungal activity, were first isolated from cultures
of Streptomyces mediocidicus ATCC23936 or Streptomyces
hygroscopicus TP-A0623 (Cai et al. 2007; Furumai et al.

2003). Apart from the guanidino moiety, 1 shares overall struc-
tural identity with 2, which represents a class of LPPs with an
aminomoiety (Fig. 1). Although the head of LPPs is substituted
with an amino or a guanidino group, increasing evidence has
shown that 4-guanidinobutanoyl-CoA derived from L-arginine
provides the skeleton for all LPP biosynthesis (Mcalpine et al.
2005; Zhang et al. 2017), followed by modular type I polyke-
tide synthase (PKS) (PKS-I) to form the polyene polyketide
structural framework (Chen et al., 2015). After forming the
framework, amino-containing LPPs may be derived from their
guanidino-substituted counterparts at a later step in their bio-
synthesis through catalysis by an amidinohydrolase. The bio-
synthetic gene cluster of another LPP, ECO-02301 (Figs. 1 and
3), contains a potential amidinohydrolase gene (Mcalpine et al.,
2005). Recently, a gene cluster of 1 was identified in the draft
genome sequence of Streptomyces blastmyceticus
NBRC12747, which has been validated by heterologous ex-
pression in Streptomyces lividans TK23 (Zhang et al. 2017).
However, the hypothetical amidinohydrolase was not found in
the clethramycin biosynthetic gene cluster (cle cluster).
Therefore, a putative amidinohydrolase gene may exist outside
the cle cluster.

The aim of this study is to discover the hypothetical
amidinohydrolase from the genome of S. mediocidicus
ATCC23936 and further investigate its function in vivo or
in vitro. Through genomic sequencing and bioinformatic
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analysis, a hypothetical amidinohydrolase (MedX) was iden-
tified in the genome of S. mediocidicus ATCC23936. MedX
converts the guanidino form 1 to the amino form 2 by heter-
ologous co-expression of the cle cluster in S. lividans or by
in vitro catalysis. Enzyme kinetics further suggests that MedX
is the amidinohydrolase involved in the biosynthesis of 1.

Materials and methods

Strains, plasmids, reagents, media and culture
conditions

Bacterial strains and plasmids used in the present study are
listed in Table S1. Taq DNA polymerase was purchased from
TaKaRa Biotechnology Co., Ltd. (Dalian, China). Restriction
and other enzymes were purchased from Fermentas
International INC (USA). Chemicals, biochemicals and media
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and Oxoid Ltd. (Basingstoke, UK) unless
otherwise stated.

Genome sequencing

The complete genome sequence of S. mediocidicus
ATCC23936 was determined using the Illumina HiSeq
2500 platform with paired-end sequencing and was per-
formed at the Shanghai Biotechnology Corporation,
ShanghaiBio (Shanghai, China). The genome contained
7,902,931 bp with an average G + C content of 71.50%.
The gene function of the genome sequence was predict-
ed using Prokka software, according to the Swiss-Prot
database.

Phylogenetic analysis

The amidinohydrolase family of proteins with closely
related sequences to the putative MedX was retrieved
from BLASTP. Phylogenetic and molecular evolutionary
analyses were conducted using MEGA 7 (Tamura et al.
2007). Briefly, for the construction of bootstrap tests of
phylogenetic trees, all amino acid sequences were
aligned using the Clustal W algorithm in MEGA 7.

The resulting alignment (with gaps) was used to infer
a neighbour-joining tree and bootstrap values (Saitou
and Nei 1987). The Poisson correction model was
utilised as a substitution model for construction of the
tree with pairwise deletion (Nei and Kumar 2000).

Construction of genomic libraries

Construction of bacterial artificial chromosome (BAC) librar-
ies of the S. mediocidicus ATCC23936 genome was per-
formed using pIndigoBAC-5 vector according to the manu-
facturer’s protocols (Epicentre Technologies). Clones carrying
the entire cle gene cluster were screened by PCR using two
pairs of primers (P1/P2 and P3/P4) listed in Table S2, corre-
sponding to the upstream and downstream regions of the gene
cluster.

Accession numbers

The sequence detailed in this paper has been deposited in
GenBank under the accession numbers MF139773 and
MF139772.

Construction of pIndigoBAC-cle-L1/2 plasmids

The PermE-attP-oriT-aac(3)IV cassette was amplified
from pSET153E by PCR using the primers P5 and P6
(Table S2). Then, pIndigoBAC-cle was introduced into
Escherichia coli K-12/pDK46 (λ RED recombination
plasmid) for generation of E. coli K-12/pDK46/
pIndigoBAC-cle. Following induction by L-arabinose,
competent cells were prepared for electroporation, and
the linear gene cassette L1, up- or downstream of which
are the 39-nucleotide (nt) homology arms of the chlor-
amphenicol resistance gene chl in the pIndigoBAC-5
vector, was introduced into E. coli K-12/pDK46/
pIndigoBAC-cle by electroporation in sterile cuvettes,
spread onto LB agar containing apramycin (50 μg/ml)
and incubated at 37 °C overnight. The integrating vector
pIndigoBAC-cle-L1 with apramycin resistance was iden-
tified by PCR to amplify the apramycin gene using the
primers apr-F/apr-R. To construct the pIndigoBAC-cle-
L2 vector, the medX gene was amplified by PCR using
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Fig. 1 Structures of clethramycin (1), mediomycin A (2) and ECO-02301(3)



Fig. 2 Circular genome map of S. mediocidicus ATCC23936. The scales
at the outermost layer indicate the location in million base pairs; each
scale is 0.1 Mb. Circle (2) and circle (3): CDSs of the forward strand and

backward strand, respectively; differently coloured CDSs indicate the
different COG functional categories; circle (4): rRNAs and tRNAs; circle
(5): GC content; circle (6): GC skew (G −C/G +C)
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primers medX-EF/medX-ER (Table S2). Then, the re-
covered fragments were cloned to the NdeI/EcoRV site
of pSET153E. After sequencing, the permE-medX-attP-
oriT-aac(3)IV cassette was amplified from pSET153E/
medX by PCR using the primers P1 and P2. The linear
permE-medX-attP-oriT-aac(3)IV cassette PCR fragment
was introduced into E. coli K-12/pDK46/pIndigoBAC-
cle for integration into pIndigoBAC-cle DNA by homol-
ogous recombination, generating pIndigoBAC-cle-L2,
which was further identified by PCR to amplify the
apramycin and medX genes.

E. coli–Streptomyces conjugation

The recombinant plasmids mentioned above were intro-
duced into S. mediocidicus ATCC23936 by E. coli–
Streptomyces conjugation, as described previously (Liu
et al. 2013a, b). The genotypes of these strains were
further confirmed by PCR amplification using primers
apr-F/R (Table S2).

Fermentation

The S. mediocidicus ATCC23936 wild-type strain and
S. lividans L1/L2 were grown on ISP1 agar plates for 3 days
at 30 °C. Agar pieces approximately 1 cm2 containing the
wild-type or recombinant strains were then used to inoculate
250-ml flasks containing 50 ml of the fermentation medium
(soluble starch, 1.5%; soybean meal, 2.0%; yeast extract,
0.5%; NaCl, 0.5%; KNO3, 0.05% and CaCO3, 0.5%) and

incubated at 30 °C and 250 rpm for 96 h. Ten-millilitre sam-
ples of each culture were measured into 50-ml centrifuge
tubes and extracted for 12 h with an equal volume of metha-
nol. The extracts were then centrifuged at 12,000×g for
15 min, and the supernatant was collected.

Ultra-performance liquid chromatography–tandem
quadrupole and time-of-flight high-resolution mass
spectrometry analysis

Ultra-performance liquid chromatography-tandem quadru-
pole and

time-of-flight high-resolution mass spectrometry (UPLC-
Q-TOF-HRMS) was performed on a Waters Micromass Q-
TOF Premier Mass Spectrometer (Waters, Milford,
Massachusetts, USA). The UV spectra were obtained using
a Shimadzu Biospec-1601 spectrometer (Shimadzu, Kyoto,
Japan).

Expression and purification of MedX

Plasmid pET28a was selected as an expression vector for
MedX, and a His6-tagged sequence was fused to the N termi-
nus of MedX. The medX DNA fragment was amplified from
the genome of S. mediocidicusATCC23936 using the primers
medX-EF2/medX-ER (Table S2), and the recovered frag-
ments were digested and cloned into the NdeI/HindIII site of
pET28a, generating pET28a-medX. The pET28a-medX plas-
mid was transformed into E. coli BL21 (DE3) for protein
expression at 18 °C, 220 rpm and 0.5 mM IPTG for 12 h.

Fig. 3 Organisation of CLE biosynthetic genes and biosynthetic hypothesis for CLE (deduced functions of which are summarised in Table S1)
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Cells were harvested, washed with 50 mM potassium phos-
phate buffer (pH 7.5) and disrupted using high-pressure cell-
disruption system. The lysate was centrifuged for 30 min at
10,000×g at 4 °C and loaded onto a Ni-NTA column (2.0 cm ×
20 cm, Novagen, USA) for affinity chromatography. The col-
umnwas washedwith a 20-ml linear gradient of imidazole (0–
0.5 M) in 50 mM potassium phosphate buffer (pH 7.5). The
eluate was subjected to 10% SDS-PAGE, and the eluate con-
taining theMedX protein was concentrated and desalted using
a centrifugal filtration device (Millipore Corp., USA).

Kinetic studies for MedX

The reaction mixtures (1 ml) contained 400 μg MedX, 1 mM
CoCl2 and various concentrations of 1 (90–360 μM) in
50 mM Tris-HCl buffer (pH 9.0). After incubation at
220 rpm and 30 °C for 30 min, all reaction mixtures were
terminated by addition of an equal volume of methanol.

After removing the precipitate by centrifugation, the superna-
tant was subjected to HPLC (Hong et al. 2016).

Results

Genomic-driven discovery of the cle biosynthetic
gene cluster

To probe the novel amidinohydrolase involved in 2 bio-
synthesis, S. mediocidicus ATCC23936, a strain known
to produce 1 and 2, was selected for genome sequencing.
The genome of S. mediocidicus ATCC23936 comprises a
7,902,931-bp circular chromosome (Fig. 2); the cle gene
cluster was identified by analysis of this genome and
was found to contain 25 orfs (Fig. 3 and Table S3).
Bioinformatic analysis showed that the cle gene cluster
in S. mediocidicus ATCC23936 is highly similar to

a

b

Fig. 4 Domain structure and amino acid alignments of MedX. a
Predicted domain structure of MedX. Agmatinase PAH domain
contains putative active site and Mn2+ binding site. b Alignments of the
PAH domain of MedX with related proteins. Numbers indicate amino
acid residues from the N terminus of the protein. ECO-02301-ORF32

putative amidinohydrolase from S. aizunensis NRRL B-11277, NmdS
putative amidinohydrolase from Streptomyces sp. RK95-74, PAH
proclavaminate amidinohydrolase from S. clavuligerus, DstH
amidinohydrolase from S. olivaceus Tü4018. Identical amino acid resi-
dues are highlighted in black
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previously reported gene cluster in S. blastmyceticus
NBRC12747 (Zhang et al. 2017). Isotope feeding exper-
iments have demonstrated that the guanidino-containing
skeleton of LPPs originates from 4-aminobutyric acid
(Igarashi et al., 2003). During biosynthesis of 1, 4-
aminobutyric acid may be converted from L-arginine by
CleD, a putative L-arginine mono-oxygenase. Thus,
CleO and CleE, a putative 4-guanidinobutyramide hy-
drolase and 4-guanidinylbutanoate acyl-CoA ligase, re-
spectively, may be responsible for γ-guanidinebutyryl
CoA formation. CleG, an acyl carrier protein (ACP)
acyltransferase, was proposed to be playing a role in
loading the activated γ-aminobutyryl group onto the
ACP domain before the initiation of polyene polyketide
structural framework formation by PKS-I modules (Cle
1-9). After polyene polyketide structural framework for-
mation, cleB , which encodes a protein similar to
sulphotransferase, was proposed to be playing a role in

sulphate group formation (Fig. 3). However, a putative
amidinohydrolase outside the cle cluster may catalyse
the hydrolysis of guanidino form 1 into the amino form
2 during post-PKS modifications.

Genomic mining of a putative amidinohydrolase
outside the cle cluster

To confirm the existence of a putative amidinohydrolase in the
genome sequence of S. mediocidicus ATCC23936, genome
scanning was used in the present study. A predicted orf
(medX) that is not co-located with the cle cluster region was
selected for further analysis. Sequence alignments indicated
thatmedX encodes a protein similar to DstH (31% identity), a
known amidinohydrolase in the biosynthesis of desertomycin
A (Hong et al. 2016). Sequence alignments with four known
amidinohydrolases of various compounds revealed thatMedX
contains an agmatinase proclavaminic acid amidinohydrolase

Fig. 5 Production of 2 by
heterologous expression of the
CLE gene cluster and a putative
amidinohydrolase MedX. a
S. mediocidicus ATCC23936 is
the wild-type strain of 1 and 2
production; S.lividans L1
contains the whole gene cluster of
1 and a gene cassette containing
ermP promoter, attP, aac(3)IV
and oriT, which is integrated into
the attB site of the S. lividans
TK24 chromosome by PhiC31-
directed site-specific
recombination; S. lividans L2
contains the whole gene cluster of
1 and a gene cassette containing
ermP promoter, medX gene, attP,
aac(3)IV and oriT, which is
integrated into the attB site of the
S. lividans TK24 chromosome by
PhiC31-directed site-specific
recombination. b HPLC analyses
of fermentation products from
S. mediocidicus ATCC23936,
S.lividans L1 and S. lividans L2
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(PAH) domain that was associated with the putative active site
and Mn2+-ion binding site of proclavaminic acid
amidinohydrolase (PAH, Fig. 4a). MedX contains the con-
s e rved sequence mo t i f s xGGDH, DAHxD and
SxDIDVxDPxxAPGTGTP (where x = any amino acid) (Fig.
4b), which are implicated in the binding and catalysis of this
enzyme superfamily (Dowling et al. 2008; Elkins et al. 2002;
Lee et al. 2011). The preferred method for ascertaining the role
of MedX in situ requires inactivation of the medX gene; how-
ever, in spite of extensive efforts, S. mediocidicus
ATCC23936 was resistant to the available genetic methods
for in situ inactivation (data not shown).

Heterologous expression of the cle cluster
in S. lividans TK24

Heterologous co-expression of the cle cluster and medX in
S. lividans TK24 is an alternative option for studying the
function of MedX. To obtain the whole gene cluster of 1, the
BAC DNA library was constructed using the pIndigoBAC-5
vector, according to the manufacturer’s instructions, and the
vector pIndigoBAC-cle containing the 180-kb DNA fragment
encompassing the entire cle gene cluster was selected for fur-
ther investigation. pIndigoBAC-cle plasmid does not contain
PhiC31 integrase system for integration of exogenous gene to
S. mediocidicus ATCC23936 chromosome through recombi-
nation between the attachment sites of phage and bacteria
genomes, known as attB and attP sites, respectively.
Moreover, the chloramphenicol resistance of pIndigoBAC
plasmid is not sensitive for Streptomyces. Therefore, it is

essential to modify pIndigoBAC-cle plasmid for stable and
integrated expression of cle gene cluster in S. lividans TK24.
Then, the ermP-attP-aac(3)IV-oriT cassette L1, up- or
downstream of which are the 39-nt homology arms of
the chloramphenicol resistance gene in the pIndigoBAC-
5 vector, was amplified by PCR using plasmid
pSET153E as a template. Introduction of the linear gene
cassette L1 into E. coli K-12/pDK46/pIndigoBAC-cle
was performed through electroporation in sterile cu-
vettes (Gust et al. 2003). Following induction by L-arab-
inose, the gene cassette L1 was inserted into the vector
pIndigoBAC-cle by replacing the chloramphenicol resis-
tance gene chl and generating an integrating vector
pIndigoBAC-cle-L1 with apramycin resistance (Fig.
S1). To identify the product of the cle cluster, the vec-
tor pIndigoBAC-cle-L1 was introduced to S. lividans
TK24 to produce S. lividans L1 (Fig. 5a). The resulting
S. lividans L1, upon UPLC-Q-TOF-HRMS analysis of
the fermentation extracts (Fig. 5b), was unable to pro-
duce 2, and 1 was generated instead, similar to that
observed in the wild-type strain S. mediocidicus
ATCC23936. Compound 1 from S. lividans L1 was sub-
sequently identified by high-resolution electrospray
ionisation mass spectrometry (HRESI-MS) at m/z
1216.6266 [M-H]− (Fig. S2) and was found to have a
molecular formula of C63H99N3O18S (m/z calculated
1216.6566). HRESI-MS analysis of the culture extract
of S. mediocidicus ATCC23936 revealed a product peak
corresponding to 1 (Fig. 5b, Fig. S3) with a m/z
1216.6465 [M-H]−. These results demonstrated that

Fig. 6 MedX-catalysed
hydrolysis of 1. a SDS-PAGE of
the purified recombinant MedX.
b MedX-catalysed conversion of
1 into the amino form 2

Table 1 Apparent kinetic
parameters of MedX on the
hydrolysis of 1

Enzyme Apparent Km

(mM)
Apparent Vmax

(μmol min−1 mg−1)
Apparent kcat
(s−1)

Apparent kcat/Km

(M−1 s−1)

MedX 0.84 4.11 2.57 3.06 × 103

The apparent kinetic constants were calculated based on the Michaelis–Menten model. All experiments were
repeated three times

Appl Microbiol Biotechnol (2018) 102:2225–2234 2231



heterologous expression of the cle cluster in S. lividans
TK24 can generate 1 rather than 2, suggesting that the
putative amidinohydrolase was outside the cle cluster.

Function determination of MedX by heterologous
expression

To study the possible role of MedX in the biosynthesis
of 2, the medX gene from S. mediocidicus ATCC23936
was cloned and inserted into pSET153E under the con-
trol of the ermP promoter. The gene cassette containing
the ermP promoter, medX gene, attP, aac(3)IV and oriT
was also inserted into the vector pIndigoBAC-cle by
replacing the chloramphenicol resistance gene chl to
generate an integrating vector pIndigoBAC-cle-L2 with
apramycin resistance (Fig. 5a, Fig. S4). To confirm the
role of MedX, vector pIndigoBAC-cle-L2 was intro-
duced into S. l ividans TK24 through E. col i–
Streptomyces conjugation. The resulting recombinant
strain S. lividans L2 was grown in liquid culture and
analysed for the production of 2 by UPLC-Q-TOF-
HRMS. S. lividans L2, upon UPLC-Q-TOF-HRMS anal-
ysis of the fermentation extracts (Fig. 5b), produced a
compound with a m/z 1174.6991 [M-H]− (Fig. S5), cor-
responding to a molecular formula of C62H90NO18S
(m/z calculated 1174.6348), which is similar to 2 (Fig.
5b). A similar compound was subsequently identified in
the culture extract of S. mediocidicus ATCC23936 with
a m/z 1174.7239 [M-H]− on HRESI-MS analysis (Fig.
5b and Fig. S3).

Confirmation of the catalytic activity
and characteristics in vitro

To confirm the catalytic activity of MedX in vitro, MedX
was expressed in E. coli BL21 (DE3), and the His6-
tagged MedX was purified to homogeneity by Ni-
Sepharose, concentrated and desalted using a centrifugal
filter device. Compounds 1 and 2 were purified from
S. mediocidicus ATCC23936, according to previously re-
ported methods (Cai et al. 2007). The enzymatic reaction

was then performed by incubating 1 and 2 with MedX and
Co2+. It was reported that Co2+ can completely convert
guanidino primycins into the corresponding amino forms
compared with the other metal ions used in DstH-
catalysed reactions (Hong et al. 2016). HPLC analysis
revealed that the recombinant MedX can convert the
guanidino form 1 into the corresponding amino form 2
(Fig. 6). Subsequently, the relative kinetic parameters of
MedX in the hydrolysis of 1 were measured with varied
substrate concentrations from 90 to 360 μM. The recipro-
cal Lineweaver–Burk method was performed to analyse
experimental data, and the apparent kinetic constants were
obtained (Table 1). This finding strongly suggests that
MedX is the amidinohydrolase of S. mediocidicus
ATCC23936 which is responsible for the production of
2 by hydrolysing the guanidino form 1 into the amino
form 2 during post-PKS modifications (Fig. 7).

Discussion

Actinomycetes are known to produce many secondary metab-
olites that are encoded by biosynthetic gene clusters (Hornung
et al., 2007). In the past few decades, a large number of anti-
biotics have been identified from natural sources, particularly
Streptomyces. However, the biosynthetic gene clusters of only
a small proportion of natural compounds have been discov-
ered thus far. Because of their low cost, genome-sequencing
projects have been demonstrated as an efficient method of
identifying gene clusters involved in the biosynthesis of such
products in microbial genomes (Kusserow and Tam 2017;
Park et al. 2017; Sbaraini et al. 2017). In this study, the cle
gene cluster was obtained through analysis of the draft ge-
nome sequence of S. mediocidicus ATCC23936. However,
the amidinohydrolase for 2 formation was not found in the
cle gene cluster. Heterogeneous expression of the speculative
cle gene cluster could produce 1 rather than 2. Then, an
amidinohydrolase (MedX) was found which could hydrolyse
the guanidino form 1 into the amino form 2 via heterologous
co-expression of the cle cluster in S. lividans or by in vitro
catalysis.

Fig. 7 Proposed generation of
mediomycin A amino terminus
from guanidino terminus via
hydrolytic action of MedX
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The head of most LPPs is represented by guanidino or
amino groups. Compound 2 probably possesses an amino
group which originates from the guanidino form 1. MedX,
an amidinohydrolase sequence exhibiting similarity with
PAH, has been identified as a candidate for modifying the
head of 1. The catalysis mechanism of MedX may be similar
to that of PAH, which hydrolyses the guanidino intermediate
to proclavaminic acid and urea (Elkins et al. 2002). Among
known LPPs, ECO-0501 demonstrates strong antibacterial ac-
tivity against many gram-positive pathogens. ECO-0501 has
an N-methyl-guanidino group, and its gene cluster does not
contain amidinohydrolase (Banskota et al. 2006). Except for
LPPs, many marginolactone antibiotics also possess
guanidino groups, such as primycin A1 (Frank et al. 1987),
azalomycin F (Chandra and Nair 1995) and kanchanamycin C
(Stephan et al. 1996). Whether MedX can catalyse other
guanidino-containing natural compounds to generate the
amino-containing products remains unclear. If so, it may be
exploited through combinatorial biosynthesis for structural
diversity in LPP natural products.

In summary, the amidinohydrolase MedX has been identi-
fied, for the first time, by genome scanning of the genome of
S. mediocidicus ATCC23936. MedX can hydrolyse the
guanidino form LPP 1 into the amino form 2 during post-
PKS modifications. The present findings not only represent
a significant step towards the complete elucidation of the bio-
synthetic pathway of 2 but also provide a possibility of using
the newly identified amidinohydrolases to generate structural
diversity antibiotics by combinatorial biosynthesis in future
studies.
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