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Abstract: Gentamicin Cla is an important precursor to the synthesis of etimicin, a potent antibiotic.
Wild type Micromonospora purpurea Gb1008 produces gentamicin Cla, besides four other gentamicin
C components: C1, C2, C2a, and C2b. While the previously reported engineered strain M. purpurea
GK1101 can produce relatively high titers of Cla by blocking the genK pathway, a small amount of
undesirable C2b is still being synthesized in cells. Gene genL (0rf6255) is reported to be responsible
for converting Cla to C2b and C2 to C1 in Micromonospora echinospora ATCC15835. In this work,
we identify the genL that is also responsible for the same methylation in Micromonospora purpurea.
Based on M. purpurea GK1101, we construct a new strain with genL inactivated and show that no
C2b is produced in this strain. Therefore, we successfully engineer a strain of M. purpurea that solely
produces gentamicin Cla. This strain can potentially be used in the industrial production of Cla for
the synthesis of etimicin.
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1. Introduction

Gentamicin C is a broad-spectrum aminoglycoside and water-soluble antibiotic, and an important
anti-infective drug in clinical uses. Gentamicin C is produced in a genus of bacteria called
Micromonospora [1]. Currently, the engineered strain Micromonospora purpurea Gb1008 series are
mainly used in the industrial production of gentamicin C. Gentamicin C mainly consists of five
clinically essential components: C1, Cla, C2, C2a, and C2b (Figure 1) [2]. The five gentamicin
components differ from each other mainly at the methylation modification sites. Methylation plays
a significant role in the antimicrobial activity of gentamicin C. Among the four methylation sites,
C-6" and 6’-N methylations are of the most significance [3]. Previous studies demonstrate that
gentamicin Cla shows minimal cochlear effects, and is the most effective antibiotic compared to the
other four components [4]. However, at the beginning of the 21st century, the therapeutic utility of
aminoglycosides was being threatened by the emergence of resistance traits among the clinical isolates,
which once caused panic in public [5,6]. Etimicin, the fourth generation of the new semi-synthetic
aminoglycoside antibiotics [7], is considered to be useful in the treatment of aminoglycoside-resistant
bacterial infections [8], and has been widely used as a human and veterinary drug against Gram-positive
and Gram-negative bacterial infections. Etimicin is a 1-N-ethyl derivative of gentamicin Cla [9], and it
has many advantages over traditional aminoglycoside antibiotics: a broad antimicrobial spectrum,
stronger antimicrobial activity, lower ototoxicity, and nephrotoxicity [10]. However, the industrial
production of gentamicin Cla, the synthetic precursor of etimicin, is still challenging. Gentamicin
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Cla has to be separated from other components of gentamicin C components, which holds back the
large-scale production of etimicin.
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Figure 1. General structure of gentamicin C components. There are mainly five variants of gentamicin
C:C1, Cla, C2,C2a, and C2b. They differ from each other at the three R sites annotated in this structure.
The corresponding groups at each R site of these five components are listed in the table.

Most of the key steps in the biosynthesis of gentamicin C components have been elucidated in
previous work (Figure 2): genK is an S-Adenosyl methionine (SAM) dependent methylation gene
and is responsible for C-6" methylation [11,12]; genP is thought to be responsible for 3’, 4" double
dehydroxylation [13,14]; genQ is related to Gentamicin C-6" dehydrogenation [15]; genB1 catalyzes
the transformation of G418 to JI-20B and X2 to JI-20A [16]; genB2 involves in the epimerization of
gentamicin C2 and C2a in vitro [16]; and genL is reported to be responsible for converting Cla to C2b
and C2 to C1 of Micromonospora echinospora ATCC15835 [17].

GenK @ on
Ha %
0, CHs
Ho CHs Ho~ N G418 Ho o~NHOH
— HsC™
gentamicinX2 ~ pc~NH OH
GenQ
GenQ
HO%(
6-DOX — NHon
GenB1 o
HO HaN
HN NH:
NH2
CH
Genp HO 6-DOG H&m( »
HO H2N —NH OH
<+ N NH2
Jl20A MO o GenB1
Hec~ NHOH
H2N_ CHs
H
H HzN
o HaN | NH:
HaC\/
HsC__NH: HoN o CHo H;?%(CHQ
GenL HaN GenBz Ha & 208 Crawom
Ha2N
-= H NH2 GenP
CHs
c~NHOH H
gentamicin C1 HsC gentamicin Cz HeC /NH OH gentamicinC2a  py,c~NHOH

Figure 2. Biosynthesis pathway of gentamicin C complex in M. purpurea. There are two main pathways
starting from gentamicin X2: (1) GenK—GenQ—GenB1—GenP—GenB2—GenL pathway produces
gentamicin C2a, C2, and C1; (2) GenQ—GenB1—GenP—GenL pathway produces gentamicin Cla and
C2b. By knocking out both GenK and GenlL, a strain exclusively producing gentamicin Cla can be
obtained, as shown in the figure.
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Previously, our team constructed an M. purpurea strain GK1101 to increase the titers of Cla [11],
where C1 metabolic flux was blocked by inactivating the genK pathway (Figure 2). However, this strain
still produced a small amount of gentamicin C2b and an extra separation step is required to meet the
requirements of industrial production of Cla. In this study, we perform gene knockouts in the genome of
M. purpurea GK1101. We confirm that the genL of M. purpurea is responsible for the methylation of C2 to
C1 and Cla to C2b, as no C1 nor C2b can be detected in the knockout strains, the same as in M. echinospora.
By combining the GK1101 strain and o0rf6255 gene knockout, we are able to obtain the engineered strain
that only produces gentamicin Cla. To our best knowledge, this is the first strain that solely produces Cla
component. This strain should provide a solid foundation for the preparation of etimicin.

2. Material and Methods

2.1. Strains and Plasmids

All bacterial strains and plasmids used in this study are listed in Table 1, M. purpurea Gb1008,
GK1101, Escherichia coli ET12567 (pUZ8002), and shuttle plasmid pKC1139 are preserved in our
laboratory. E. coli Top10 was purchased from Thermo Fisher Scientific. The cloning vector pMD19-T
was purchased from TaKaRa. Luria-Bertani (LB) broth (Sangon Biotech, Shanghai, China) was used for
the E. coli culture. Mannitol soya flour medium (MS) was used for the conjugation [18]. The previously
described media and culture conditions were used for gentamicin production [11]. Antibiotic microbial
verification culture medium I: dipotassium phosphate 0.3%, beef cream 0.3%, tryptone 1%, agar powder
2%. The final concentrations of the antibiotics in the LB medium were as follows: ampicillin, 100 pg/mL;
apramycin, 50 pg/mL. In the MS medium, the final concentrations of both apramycin and nalidixic
acid were 25 pg/mL.

Table 1. Strains and plasmids used in this study.

Strains or Plasmids Relevant Characteristic Reference or Source
M. purpurea Gb1008 Wild-Type Strain Our lab
GK1101 M. purpurea Gb1008 with AgenK Our Lab
F-, mcrAA(mrr-hsd RMS-mcrBC), Alara-leu)769, recAl,
E. coli Top10 @80, araA139 lacZAM15 AlacX74 galK galll, rps, nupG, Thermo Fisher
(Strr) endAl
. Nonmethylating E. coli, CmL R;
E. coli ET12567/pUZ8002 Tra+, OriTRK2 derivative, Kan R Our lab
Strains Bacillus pumilus Used as detecting bacteria Our lab
Single crossover mutant of M. purpurea Gb1008, .
GbL201 with plasmid pKTL12 This study
GbL202 M. purpurea Gb1008 with genL (orf6255) disrupted This study
Single crossover mutant of GK1101, .
GbKL201 with plasmid pKTP12 This study
GbKL202 GK1101 with genL(orf6255) disrupted This study
pMD19-T Amp R, Cloning vector for E. coli TaKaRa
6.5 kb, E. coli-Streptomyces shutter vector,
pKC1139 Streptomyces replicon pSGS5 ori Our lab
E. coli replicon pUC oriT lacZa MCS Rep  Ap R
Plasmids pTL1 PMD19-T containing upstream fragments, Amp R This study
pTL2 pMD19-T containing downstream fragments, Amp R This study
pKC1139 containing upstream and downstream
pKTL12 fragments, used for genL (orf6255) This study

disruption, AP R

CmL R, chloromycetin resistance; ts, temperature sensitive; Kan R kanamycin resistance; Amp R ampicillin
resistance; AP R, apramycin resistance; MCS, multiple cloning site; Repts, temperature-sensitive replicon.

2.2. Construction of the Disruption Plasmid

DNA isolation and manipulation were performed as described by Sambrook [19]. The genL
(0rf6255) gene was analyzed using NCBI database. Using genL upstream and downstream sequences
as homologous exchange arms, two pairs of primers, L1/L2 and L3/L4 (sequences listed in Table 2),
were used to amplify upstream and downstream exchange arms. Target bands of PCR samples were
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recovered using gel extraction. The upstream exchange arm was digested by EcoRI and Xbal and
the downstream exchange arm was digested by Xbal and Hindlll, reclaiming the short fragments.
The thermosensitive plasmid pKC1139 was digested by HindIll and EcoRI. Three fragments were ligated
and transformed into E. coli Top10 competent cells. Positive clones were screened and homologous
recombinant plasmid pKTL12 was obtained. According to the principle of homologous recombination,
a pair of primers L5/L6 were designed for screening and identifying single or double exchange.
The primer sequences and its restriction enzymes are shown in Table 2.

Table 2. Primer used in this study.

Name Sequence ?
L1 5 -TTAGAATTCAGCAGGCGGGCCTCGTCGAGAAAGCGTT-3’
L2 5-GGTCTAGAGATCGGAGATGCTCAAGATGG-3’
L3 5-TTTCTAGATCTACTCCGTCGGCGAGTCG-3’
L4 5-GGGAAGCTTAAAGTGGGCGACCACCAAGCACAAGAAG-3
L5 5-TTCGAGATCGTCAAGTACCGGGTC-3’
L6 5-GGATGATGATGGAGATGGGCTTCG-3’

@ Restriction enzyme site are indicated by single underlines.

2.3. Construction of the Disruption Strain

The recombinant plasmid pKTL12 was transformed into E. coli ET12567, and introduced into
M. purpurea GK1101 (AgenK) using the conjugative transfer on MS medium at 37 °C for 16 h. After
overlaying with medium containing apramycin and nalidixic acid, the incubation was continued at
37 °C for 5 days. Single and double crossover mutants were then selected and screened as previously
described [20]. To check whether a double crossover event had occurred, we designed primers N5/N6
to screen single and double crossover mutants. We selected the ampicillin-sensitive colonies and lysed
them to obtain genomic DNAs, which were used as templates to amplify using primers N5/N6 to check
whether genL was successfully deleted from the genome. Sequencing was also used to further verify
the results. The single crossover mutant was named GbKL201 and the double crossover was named
GbKL202. The same method was used to construct GbL201 and GbL202.

2.4. Antibiotic Separation and Analysis

The fermentation process and metabolite extraction of M. purpurea was done based on previously
described protocols [21]. Its antibiotic activity was detected by the cylinder-plate method, which was
done according to Pharmacopoeia of the People’s Republic of China (2010 edition) [22]. The components
of the product were analyzed by thin layer chromatography (TLC) using silica gel GF254 plate.
The development solvent used in the assay was the underlayer of the mixture (chloroform: methanol:
ammonia in 1:1:1 volume ratio). Accurate component ascertainment was performed by electrospray
ionization mass spectrometry (ESI/MS) using Agilent 6520 quadrupole-time-of-flight mass spectrometer.
The scanning range of Q-TOP-MS is set as following: Positive ion mode m/z 100~800; the dry gas is Nj; the
flow rate is 8mI/min; the temperature is 350 °C; atomization pressure is 2.07 x 10° Pa; capillary voltage is
3500 V; the fragmentation voltage is 135 V; and Agilent MassHunter is used to analysis MS data (B.04.00).

2.5. Measurement of Titers of Gentamicin

A microbiological assay was used to measure the titers of gentamicin. Concentrations of gentamicin
in supernatants of the fermentation broth were measured by the agar diffusion method. The 24 h
cell culture of Bacillus pumilus was made into a suspension using sterile saline solution. Commercial
gentamicin was diluted into 5 unit/mL (u/mL) and 10 u/mL using 0.3% potassium phosphate buffer.
Titers of supernatants were estimated and supernatants were diluted into 5 u/mL and 10 u/mL. Plates
were made with 20 mL of the antibiotic microbial verification media (listed in Section 2.1). Four oxford
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cups were set on each plate. The bacterial suspension was mixed with the same media and then added
5 mL on each plate as the top layer. Diluted gentamicin standard and supernatants were added to one
of the four spots on plates and grown at 37 °C overnight. Measure the diameters of the bacteria-free
zones and calculate the titers using the following equation:

Yo+ Y T1-Y.5-Y5

STot Y6 - YT1i-%5

0=1lg!

0: Ratio of actual titer over estimated titer;

S1: Diameter of clear zones with 5 u/mL gentamicin;

Sy: Diameter of clear zones with 10 u/mL gentamicin;

Ty: Diameter of clear zones with estimated 5 u/mL supernatant;
T,: Diameter of clear zones with estimated 10 u/mL supernatant;
I: 1=0.301

Actual titer of supernatants = 0*estimated titer.
3. Results

3.1. Construction of the Disruption Strain

We used NCBI BLASTN to analyze genL (orf6255), and the results indicate that it contains a
SAM-binding domain. Enzymes containing this domain can potentially methylate different substrates,
such as small molecules, lipids, nucleic acids, etc. (Figure S1, Table S1). To verify the function of
the genL in M. purpurea and obtain Cla-producing strain, the disruption plasmid pKTL12 (using for
deleting genL) was individually introduced into M. purpurea GbK1101 (genK) by conjugation transfer.
As a result, we deleted 675bp of genL in GbK1101 (Figure 3A). PCR verification was carried out using
primers N5/N6. The amplified product of the double crossover mutant was compared with the PCR
product from the wild-type and single crossover mutant. As we can see in Figure 3B, the PCR product
of the double crossover mutant has only one band at 831 bp, where negative control has one band at
1506 bp and single crossover mutant has two bands at 1506 bp and 831 bp. Thus we obtain a double
crossover mutant strain named GbKL202 (AgenK AgenlL).

aac(3)IV B

pKTL12

9982 bp

~

R T R |
GK1101 /—*@H—/—
d

1961bp 675bp 1568bp

N5 gaipp NG

GbKL202 —//—%H—//;

1961bp 1568bp

Figure 3. Targeted gene disruption in M. purpurea GK1101: (A) diagram showing the targeted gene
area in GK1101 (starting strain) and GbKL202 (engineered strain); (B) PCR analysis of the genomic
DNA from M. purpurea GK1101 and GbKL202 using primers N5/N6. The 1506 bp sequence corresponds
to the intact genL gene in the GK1101 (lane 1), the 1506 bp and 831 bp band in single crossover mutant
strain (lane 2) and the 831 bp band (deleting 675 bp of genL) in GbKL202 (lane 3). The DL2000 DNA
marker is in lane M.
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3.2. Analysis of the Metabolites

We grew GbKL202 (experiment group) and GK1101 (control group). Metabolites from the
fermentation broths of both strains were extracted. Thin layer chromatography (TLC) results
showed that GbKL202 no longer produced the C2b component in comparison to GK1101 (Figure S2).
Electrospray ionization mass spectrometry (ESI/MS) analysis revealed that metabolites from GbKL202
did not contain C2b (m/z = 464.3082 [M + H] *), but contained a large amount of Cla (m/z = 450.2924
[M +H] ¥, m/z = 451.2947 [M + D] *) (Figure 4). In particular, the peak m/z = 322.197 [M + H]* indicates
a fragment ion peak formed as a result of Gentamicin C complex losing a purpurosamine ring [23].
Therefore, the results suggested that genL was a key gene for converting Cla to C2b by adding a methyl
group at 6’-N. Then we compared the antibiotic titer of the starting strain and the engineered strain.
The antibiotic titer of the starting strain GK1101 was 792.24 u/mL, and that of the engineered strain
GbKL202 was 780.39 u/mL, indicating that they have comparable yields. In summary, we constructed
a Cla-producing strain that does not produce other variants of gentamicin C.

A +ESI Scan (0.16 - 0.30 min, 10 Scans) Frag=135.0V W.d
GbK1101 450.2930
322.1970 464.3082
45129 483.2679
| N N A TR FOVTTY W T : |‘\. ‘ ‘ sl
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45[1.2947
483.2668
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Figure 4. Metabolites of the disruption strain. (A) Mass spectrum analysis of metabolites from
M. purpurea GK1101 (AgenK). (B) Mass spectrum analysis of metabolites from GbKL202 (AgenKAgenL).
In particular, the blue numerical value is gentamicin Cla (m/z = 450.2924[M + H] *, m/z = 451.2947[M +
D] *), the green numerical value is gentamicin C2b (m/z = 464.30[M + H] *).

3.3. genL is Involved in Converting C2 to C1 in M. Purpurea

According to the metabolic synthesis pathway of gentamicin, we notice that gentamicin C1 is
obtained by methylation of C2 at the same 6’-N position. We suspected that genl. was also the key gene
responsible for converting C2 to C1 of M. purpurea. Based on this assumption, we deleted genL in the
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strain M. purpurea Gb1008 to obtain a new strain named GbL202 (AgenL) (Figure 3A). TLC and ESI/MS
results showed that metabolites from GbL202 did not contain gentamicin C1 (Figure S3 and Figure 5).
We showed that genL was also responsible for converting C2 to C1, and the anaplerosis experiment of
genL in GbHL202 confirmed this result (Figures S4 and S5).

A +ESI Scan (0.16 - 0.30 min, 10 Scans) Frag=135.0V W.d
Gb1008 S
322.1974 464.3088
450.2912
3.1993
| ) | m i
210 250 290 330 370 410 450 490 530

Counts vs. Mass - to - Charge (m/z)

B +ESI Scan (0.16 - 0.30 min, 10 Scans) Frag=135.0V W.d
464.3073
GbL202
322.1968
465.3105
450.292D
431.2496

Lot T 1Y S | L il ik Lesssess 1 bl
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Counts vs. Mass - to - Charge (m/z)

Figure 5. Metabolites of the disruption strain. (A) Mass spectrum analysis of metabolites from
M. purpurea Gb1008. (B) Mass spectrum analysis of metabolites from GbL202 (AgenL). Note that the
purple numerical value is gentamicin C1 (m/z = 478.2945[M + H] *).

4. Discussions

The gentamicin C pathway has been well studied. Researchers have identified most of the
enzymes responsible for its biosynthesis (Figure 2). Among all these enzymes, methyltransferases
determine the composition of the gentamicin C complex. There are two main pathway branches
starting from the compound gentamicin X2. It can be dehydrogenated by GenQ directly; but it can
also be dehydrogenated by GenQ after being methylated into an intermediate called G418 by GenK.
The extra methyl group added by GenK differentiates gentamicin Cla from C2a. And then two
more enzymes (GenB2 and GenL) are involved to add even more diversities with Cla and C2a: Cla
methylated into C2b; C2a epimerized into C2, which can then be methylated into C1. By knocking out
certain genes encoding for these enzymes, we are able to direct the flow of the biosynthesis pathway to
make the most out of the limited resources. Wild type strain M. purpurea Gb1008 produces all five
components of gentamicin C: C1, Cla, C2, C2a, and C2b; GK1101 (AgenK) strain produces Cla and
C2b; GbL202 (AgenL) produces Cla, C2, and C2a; GbKL202 (AgenKAgenL) produces only Cla.

Gentamycin Cla is a synthetic precursor of etimicin, which is a semi-synthetic aminoglycoside
drug. Production of gentamycin Cla with the wild type strain is not only low in yield but also high
in cost, which cannot meet the requirements of industrialization. Therefore, it is essential to develop
an engineered strain exclusively producing gentamicin Cla. M. purpurea GK1101 (AgenK) produces
gentamicin Cla, but also traceable amount of C2b, which adds to the cost and work by requiring an
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extra separation step. Gene genL is shown to be responsible for converting Cla to C2b and C2 to
C1 in M. echinospora ATCC15835 [17]. We experimentally confirmed that genL of M. purpurea is also
responsible for the methylation of C2 to C1 and Cla to C2b. Thus, we constructed an engineered strain
GbKL202 by knocking out genL based on GK1101 and showed that this new strain only produced Cla.
As a result, gentamicin Cla can be accumulated in large amounts and C2b is no longer produced.

In summary, we successfully construct a single-component engineered strain of M. purpurea
producing gentamicin Cla with high titers, which provide an ideal platform for the industrial
production of gentamicin Cla and etimicin.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/8/4/267/s1,
Figure S1: Domain analysis of genL (orf6255), Figure 52: Thin layer chromatography analysis of metabolites of
GbKL202; Figure S3: Thin layer chromatography analysis of metabolites from GbL202; Figure S4: Construction of
GbHIL202 (genL anaplerosis of Gb1.202) and confirmation; Figure S5: MS and TLC analysis of metabolites from
GbHL202; Table S1: List of genL (0rf6255) conserved domain hits.
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