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Abstract
The bacterium Rhodococcus erythropolis MI2 uses 4,4´-dithiodibutyric acid (DTDB) as carbon source to synthesize poly-
thioesters (PTE). The first step for the production of PTE using DTDB is catalyzed by an NADH:flavin oxidoreductase (nox) 
as it was previously shown in our laboratory, and the second step is catabolized by a putative luciferase-like monooxyge-
nase (Llm). In the current study, experiments were carried out to identify the function of Llm. Hence, the llm gene, which 
encodes for the Llm protein, was amplified from the genomic DNA of MI2 using polymerase chain reaction and expressed in 
Escherichia coli BL21 cells. Protein purification was done using His Spin Trap affinity columns. Enzyme assay was carried 
out using the purified protein and p-coumaric acid as substrate giving a specific activity of 1.6 U/mg protein for the purified 
Llm. The responsible gene (llm) was deleted in the genome of MI2, and a single deletion mutant was subsequently generated. 
Finally, growth of the wild-type strain (MI2) and the mutant strain (MI2Δllm) were compared using DTDB or succinate as 
carbon sources. Whereas the wild type was successfully grown with DTDB or succinate, the llm-negative mutant exhibited 
low grow with DTDB although it grows very well with succinate.

Keywords  Deletion mutant · Monooxygenase · Polythioesters · Protein purification · Rhodococcus erythropolis MI2 · 
4,4´-Dithiodibutyric acid (DTDB)

Introduction

Rhodococcus are aerobic, Gram-positive bacteria with high 
G + C contents, which play an important role in the degrada-
tion of a wide range of xenobiotic substances [1, 2]. Often, 
they harbor large linear plasmids in addition to their large 
chromosomes which can be involved in the transformation 
of various organic compounds [3, 4]. They are present in 

soils polluted with crude oil or xenobiotic compounds, and 
they are frequently used in bioremediation processes [5]. 
They play a major role in the desulfurization of fossil fuels 
[6], and in the commercial production of acrylamide [7]. 
R. erythropolis ATCC 4277 and R. erythropolis CCM2595 
are involved in the desulfurization of dibenzothiophene and 
in the bioremediation of aromatic compounds, respectively 
[8, 9]. Polythioesters (PTE) are sulfur-containing nonbio-
degradable polymers, accumulated in the cytoplasm of few 
bacteria under special conditions [10]. These persistent 
polymers have very interesting properties and could be 
used in industrial applications [11–13]. PTE were produced 
in Ralstonia eutropha, recombinant Escherichia coli and 
Advenella mimigardefordensis [11, 14–17].

4,4´-Dithiodibutyric acid (DTDB), is a white, solid 
organic disulfide used as an alternative monolayer for the 
manufacture of protein chips, which are applied in various 
sugars estimation by Raman spectroscopy and cyclic voltam-
metry [18, 19]. Although DTDB is a structural analogue of 
homocysteine, its biodegradation is observed only in few 
bacteria [20]. Cultivation of bacteria with DTDB is easy, 

 *	 M. Venkateswar Reddy 
	 motakv@rpi.edu

 *	 Alexander Steinbüchel 
	 steinbu@uni-muenster.de

1	 Institut für Molekulare Mikrobiologie und Biotechnologie, 
Westfälische Wilhelms-Universität Münster, 48149 Münster, 
Germany

2	 Center for Biotechnology and Interdisciplinary Studies, 
Rensselaer Polytechnic Institute, 110 8th Street, Troy, 
NY 12180, USA

3	 Environmental Sciences Department, King Abdulaziz 
University, Jeddah, Saudi Arabia

http://orcid.org/0000-0001-5944-5395
http://crossmark.crossref.org/dialog/?doi=10.1007/s43393-022-00080-0&domain=pdf


524	 Systems Microbiology and Biomanufacturing (2022) 2:523–532

1 3

because it is non-toxic substrate and available in the mar-
ket. Khairy et al. [1] reported on the DTDB catabolism in 
Rhodococcus spp and identified the genes. The first step in 
DTDB catabolism is cleavage of DTDB into two molecules 
of 4-mercaptobutyric acid (4 MB) by an NADH:flavin oxi-
doreductase (nox) [1, 21, 22]. 4 MB is a toxic compound 
because of the availability of free sulfhydryl group which 
inhibits bacterial growth, hence no reports were available 
about production of PTE using 4 MB as carbon source [23]. 
Khairy et al. [1, 21, 22] proposed that the second step in 
DTDB catabolism is the oxidation of 4 MB into 4-oxo-4-sul-
fanylbutyric acid by a putative luciferase-like monooxyge-
nase (Llm); however, this has not been proved, yet. Hence, 
the objective of the present study is to evaluate the function 
of Llm in the catabolism of DTDB, more specifically to find 
out the oxidation capability of the substrate, p-coumaric 
acid. To test this, the responsible gene (llm) was amplified 
from genomic DNA of MI2, and heterologously expressed 
in E. coli BL21 cells using both pET19b and pET23a expres-
sion vectors. After protein purification, the enzyme activity 
was monitored in a spectrometric assay. Moreover, the llm 
gene was deleted in the genome of MI2, and growth of the 
wild-type strain and the mutant strain (MI2Δllm) were moni-
tored using DTDB or succinate.

Materials and methods

Bacteria

The bacteria and plasmids used are listed in Table 1. Strain 
MI2 and deletion mutant of MI2 were grown at 30 °C in LB 
[24] or in mineral salts medium (MSM) [25] under aerobic 
condition. E. coli strains were grown in LB medium at 37 °C 

under aerobic condition. DTDB was used as carbon source 
at a concentration of 30 mM in MSM with the medium pH 
adjusted to 7.0.

Protein expression

DNA isolation and PCR amplification

To clone and express the llm gene in E. coli BL21 cells, 
and to generate the deletion mutant with lacking llm gene, 
total DNA (gDNA) was isolated from cells of strain M12. 
Approximately 20 ml of LB medium in a 100 ml of Erlen-
meyer flask was inoculated with a single colony of MI2 
and incubated overnight at 30 °C in a shaking incubator. 
The NucleoSpin® Tissue Kit (Macherey–Nagel GmbH and 
Co. KG) was used to purify the gDNA. MI2 is a Gram-
positive bacterium and difficult to lyse; hence, pre-lysis 
was done with the bacterial pellet obtained after centrifuga-
tion by incubating at 37 °C for 2 h with 20 mg of lysozyme 
and 450 μl of Tris buffer (NaCl—0.44 g; EDTA—0.93 g; 
Tris HCl—0.24 g; water—100 ml). Proteinase K (25 μl) 
was added to the mixture to stop DNA degradation by 
DNAses and then incubated at 56 °C for 2 h. DNA was 
isolated according to the manufacturer instructions using 
this mixture.

The llm gene was amplified from the total genomic DNA 
by polymerase chain reaction (PCR). The primers were 
designed with the SeqBuilder (DNASTAR) and synthesized 
by MWG-Biotech AG (Germany). Only one forward primer, 
but two different reverse primers (one for pET19b vector 
and one for pET23a vector) were used for gene amplifica-
tion (Table 2). The primers were designed in a way that the 
obtained fragments can later be cut by restriction enzymes 

Table 1   Bacterial strains and plasmids used in this study

Name of strain/or plasmid Description of relevant phenotype or genotype Reference

Strains
 R. erythropolis MI2 Wild type—DTDB degrading Wübbeler et al. [20]
 R. erythropolis MI2Δllm Precise deletion mutant of R. erythropolis MI2 which lacs llm gene This study
 E. coli TOP10 F−, mcrA, Δ (mrr-hsdRMS-mcrBC), rpsL, nupG, Φ80lacZΔM15, ΔlacX74, deoR, 

recA1, araD139, Δ(ara-leu)7697, galU, galK, endA1
Invitrogen, Germany

 E. coli BL21 (DE3) (pLysS) F−ompThsdSB (rB− mB−) gal dcm (DE3)/pLysS (Cmr) Novagen, USA
Plasmids
 pET19b E. coli expression vector, (N-terminal His-tag, Ampr, T7 promoter) Novagen, USA
 pET23a (+) E. coli expression vector, (C-terminal His-tag, Ampr, T7 promoter) Novagen, USA
 pJET1.2/blunt Bla, rep(pMB1), eco47IR ThermoFisher Sci-

entific, Germany
 pJQ200mp18Tc Tcr, sacB, suicide vector for gene deletion Pötter et al. (2005)
 pET19b::llm_R.E MI2 E. coli expression vector (N-terminal His-tag, Ampr, T7 promoter) expressing llm This study
 pET23a (+)::llm_R.E MI2 E. coli expression vector (C-terminal His-tag, Ampr, T7 promoter) expressing llm This study
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and ligated into the multiple cloning site (MCS) of pET19b 
and pET23a vectors. PCR done with Phusion high-fidelity 
DNA polymerase or with Biomix (Bioline, UK) using the 
thermal cycler peqSTAR 2X/Gradient from PEQLAB Bio-
technologie GmbH. The genome of Rhodococcus is GC-rich; 
therefore, the GC buffer was used. The dimethyl sulfoxide 
(DMSO) binds to the DNA on the cytosine overhangs and 
changes its conformation, making the DNA more susceptible 
to heat denaturation. This simplifies the annealing of the 
primers to the DNA. An agarose gel electrophoresis was 
carried out to check the size of the amplified genes. If the 
fragments were correct, a Gel Extraction Kit (PEQLAB Bio-
technologie GmbH, Germany) was used to purify the PCR 
products from agarose gel. After the purification, the con-
centrations were measured with the NanoPhotometer® N60. 
Purified products were used for cloning in various vectors.

Restriction digestion and ligation

Restriction digestion was done according to Khairy et al. 
[1] to generate the llm gene fragments which can be ligated 
into suitable vectors. Genes and plasmids to be ligated were 
digested with the same restriction enzymes. The reaction 
mixture contains buffer, vector with gene, restriction enzyme 
and water were incubated at 37 °C for 1–2 h and then puri-
fied using the Gel Extraction Kit to remove the restriction 
enzymes, ligase and buffers or the enzymes were inactivated 
by a heat shock treatment (65 °C, 5 min). Purified DNA 
fragments were ligated, the ligation mixture contains the 
buffer, T4 DNA ligase, vector and gene. Ligation mixtures 
were incubated for 30 min at room temperature, and then 
ligase was deactivated by a heat shock at 65 °C for 5 min. All 
the chemicals, buffers and enzymes used for ligation were 
purchased from Thermo Fisher Scientific.

Cloning

To check whether Llm is actually involved in the DTDB 
catabolism or not, we need to perform the enzyme assay. 
Cloning of the llm gene was done as mentioned below. 
First, llm was amplified from the genomic DNA of MI2 
strain using PCR, intermediate cloning was done using the 
PCR product and the vector pJET1.2/blunt (CloneJET Kit, 
Thermo Scientific) based on the supplier’s instructions. The 
blunt end PCR products were ligated directly into the vector 
which is an easy and reliable method because the amplified 
genes safely ligate and replicate in the plasmid. T4 ligase 
ligates the fragments by making a new phosphodiester link-
age between the respective ends. Expression vectors pET19b 
and pET23a were used for the T7 promoter based heterolo-
gous expression. The llm gene was cut out from the hybrid 
plasmid pJET1.2::llm with appropriate restriction endo-
nucleases and purified with the peqGOLD Gel Extraction 
kit and then cloned into both, the pET19b and the pET23a 
vectors. Both vectors were used, because pET19b contains 
the N-terminal His-tag, and pET23a contains the C-terminal 
His-tag. For the pET23a, llm gene was digested with HindIII 
and NdeI, for the pET19b llm gene was digested with BamHI 
and NdeI. Restriction digested products were checked on 
agarose gel, bands were observed at expected size, i.e., llm 
gene (930 bp), pET23a vector (3600 bp), and the pET19b 
vector (5700 bp) indicated that the restriction digestion 
worked properly. Ligation into the pET vectors occurred 
due to complementary single stranded sticky ends between 
vector and fragments. The ligation products pET19b::llm 
or pET23a::llm were then transformed into E. coli Top10 
competent cells. Successful transformants were selected 
based on LB ampicillin, the hybrid plasmids were isolated, 
analyzed by sequencing, and confirmed that no point muta-
tions were observed. For sequencing, samples were sent 

Table 2   PCR primers used in this study. The last part of the name shows the inserted cleavage sites for the restriction enzymes and these are 
underlined in the sequence

Primer Sequence 5′–3′ Use

llm_F_NdeI AAA​CAT​ATG​GAG​CTG​CGT​ATA​TTC​ACC​G To amplify llm with cleavage site for pET23a
llm _R_HindIII AAA​AAG​CTT​CTG​CAG​TTG​GGG​CAT​GAC​CTC​ To amplify llm with cleavage site for pET23a
llm_F_NdeI AAA​CAT​ATG​GAG​CTG​CGT​ATA​TTC​ACC​G To amplify llm with cleavage site for pET19b
llm _R_BamHI AAA​GGA​TCC​TCA​CTG​CAG​TTG​GGG​CAT​GAC​CTC​ To amplify llm with cleavage site for pET19b
llm_us_F_XbaI AAA​TCT​AGA​GAA​GTG​CTC​CTT​CCC​GTC​GC To amplify llm-us-flank with cleavage site for pJQ
llm_us_R_EcoRI AAA​GAA​TTC​GAC​TTC​TAC​TCT​GCC​ACT​ATT​TTG​C To amplify llm-us-flank with cleavage site for pJQ
llm_ds_F_ EcoRI AAA​GAA​TTC​GGA​AAG​GTC​CGG​GAT​CTA​CAGC​ To amplify llm-ds-flank with cleavage site for pJQ
llm_ds_R_XbaI AAA​TCT​AGA​CCG​TCG​CTT​TCG​GTG​AAC​GAC​TTG​ To amplify llm-ds-flank with cleavage site for pJQ
M13_F GTA​AAA​CGA​CGG​CCAG​ Sequencing primer for the pJQ vector
M13_R CAG​GAA​ACA​GCT​ATGAC​ Sequencing primer for the pJQ vector
T7_Promotor_F TAA​TAC​GAC​TCA​CTA​TAG​GG Sequencing primer for the pET vector
T7_Terminator_R GCT​AGT​TAT​TGC​TCA​GCG​G Sequencing primer for the pET vector
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to Eurofins Genomics in a total volume of 17 μl. Obtained 
sequence results were monitored by Seqlab software (Göt-
tingen, Germany) to check the gene sequence. The verified 
clones were transformed into BL21 competent cells for the 
expression of protein.

Purification of the protein

Heterologous expression of llm gene in E. coli BL21 cells 
was accomplished by cultivation in an auto-inductive (ZYP-
5052) medium or in LB medium. IPTG (0.4 mM) was added 
to the LB medium to induce the cells. ZYP medium (100 ml) 
supplemented with ampicillin was inoculated with 1% of 
preculture. Initially cells were cultivated at 37 °C for 4 h and 
then at 20 °C. The cultures were grown on a rotary shaker 
at 130 rpm for about 18 h. Pellet was collected by centrifu-
gation, washed twice with sterile saline, and resuspended 
in 50 mM Tris–HCl buffer (pH 7.4), containing 20 mM 
imidazole and subsequently interrupted by 4 times pas-
sage through a French press (100 × 106 Pa). Centrifugation 
(9000×g, 4 °C, 60 min) was done to obtain the supernatants 
containing soluble protein fractions from crude extracts. 
The supernatant was used for Llm protein purification. All 
buffers were used as suggested by the His Spin Trap affinity 
columns (GE Healthcare, United Kingdom) providers for the 
purification of histidine-tagged fusion proteins. Tris–HCl 
buffer with 20 mM imidazole was used for column equilibra-
tion. Buffers with 50 mM Tris–HCl and various imidazole 
concentrations (40 and 100 mM) were used for the first and 
second washing steps to achieve the better purity. Finally, 
elution was carried out using an elution buffer which con-
tains 500 mM imidazole. At the end, protein was transferred 
to sodium phosphate buffer (pH 7.4) after removing imida-
zole in Vivaspin 500 columns (Sartorius AG, Germany). 
In most cases, bacteria showed higher protein expression 
with ZYP medium than by inducing with IPTG. Protein 
concentrations were measured using a spectral photometer 
(Thermo Spectronic, USA) by measuring the OD at 595 nm 
as mentioned [10].

SDS‑PAGE

Protein samples and SDS loading buffer were mixed together, 
boiled and used for SDS-PAGE analysis. SDS in combi-
nation with a reducing agent (DTT or β-mercaptoethanol) 
will denatures the proteins. Gels were casted with 11.5% 
separating gel and 4% collecting gel. From each fraction, 
samples containing 40 µg protein (crude extract, lysate, flow 
through, washing fractions) were loaded onto the gel. For 
elution fractions, 5 μg of protein were loaded on the gel. A 
color prestained protein standard (10 μl) with broad range 
from 11 to 245 kDa from NEB was also loaded. The gel 
was first run at 40 mA until the samples from the collecting 

gel were moved to the separating gel and then allowed to 
run at 80–100 mA. The gels were incubated for 5–7 min 
in SDS-PAGE staining solution, de-stained overnight with 
10% acetic acid, and scanned with the Epson scanner and 
the images were captured.

Enzyme test

Enzyme assay was done according to the protocol of Hagh-
beena and Tan [26]. 1 ml of reaction mixture contains 
50 mmol/l potassium phosphate buffer (pH 7. 4), 0.1 mmol/l 
NADPH, 0.3 µmol/l FMN, 5 mmol/l p-coumaric acid (sub-
strate) and 10 µg Llm (enzyme) were taken in a polystyrene 
cuvette and the enzyme activity was measured at 30 °C by 
monitoring the decrease in the absorbance at 288 nm due 
to the oxidation of p-coumaric acid to caffeic acid. Activi-
ties are shown in units (U), where 1 U is the activity of the 
enzyme that converts 1 µmol of substrate per minute. Con-
trols, without substrate, without enzyme, and without cofac-
tor were also performed. The effect of pH on Llm activity 
was studied at 30 °C in a pH range of 5–9. Sodium acetate 
(pH 4.0–5.0), MES (pH 6.0), potassium phosphate (pH 7.4), 
Tris/Cl (pH 8.0), and MOPS (pH 9.0) buffers at 50 mmol/l 
concentrations were used. The influence of temperature on 
the reaction rate was analyzed in the range of 20–80 °C 
using phosphate buffer. The specific enzyme activity was 
also calculated. Originally, the oxidation of 4 MB to 4-oxo-
4-sulfanylbutyric acid could be evaluated. But, 4 MB is a 
highly toxic due to the sulfhydryl group and will prevent 
the growth of bacteria [23, 27]; hence, its oxidation is a 
crucial step for the growth of bacteria. The main function 
of Llm is oxidation of the substrates; hence, the oxidation of 
p-coumaric acid to caffeic acid was studied. Unlike 4 MB, 
the substrate p-coumaric acid is non-toxic compound and 
promotes bacterial growth.

Deletion mutants

The deletion mutant was prepared by deleting the gene 
llm in MI2 for the better understanding of DTDB meta-
bolic pathway. The suicide plasmid technique was used to 
obtain defined deletion mutants [28]. Deletion of llm was 
accomplished by cloning the upstream and downstream 
flanking regions of the gene into the XbaI restriction site 
of the suicide plasmid pJQ200mp18Tc. Upstream (484 bp), 
downstream (950 bp) fragments of llm, and pJQ vector 
were digested with the same restriction enzyme (XbaI), and 
ligated to produce a 1434-bp fragment. The resulting gene 
replacement plasmid (pJQ200mp18Tc::Δllm) was multiplied 
in E. coli TOP10 cells. To verify that the flank was inserted 
into the vector, a colony PCR was done. PCR products were 
loaded on agarose gel and the correct transformants were 
identified. Plasmid purification, restriction digestion was 



527Systems Microbiology and Biomanufacturing (2022) 2:523–532	

1 3

done for the selected two colonies and sent for sequenc-
ing. MI2 competent cells were electroporated with 50 μg of 
plasmid DNA and streaked on LB agar tetracycline plates. 
The plates were incubated for several days at 30 °C and the 
formation of clones was observed.

Preparation of competent cells

Competent cells of MI2 were prepared as mentioned in the 
protocol [29, 30]. Precultures were prepared by adding a 
loopful of MI2 cells in 10 ml of LB medium and incubated 
overnight at 30 °C under shaking conditions. The main 
culture was prepared by adding 5% preculture in 50 ml of 
LB medium in the 300-ml Erlenmeyer flask and incubated 
overnight under shaking at 30 °C. When the OD600 reached 
between 0.9 and 1.2, the cells were centrifuged, and the 
resultant pellet was resuspended in 20 ml of ice-cold sterile 
Milli Q water. Centrifugation was done again, the super-
natant was discarded and the resultant pellet washed twice 
with 10 ml of cold Milli Q sterile water containing 10% glyc-
erol. After final centrifugation, the pellet was resuspended 
in 1.25 ml of milli Q water with 10% glycerol, aliquoted 
(100 μl) in Eppendorf tubes and stored at − 70 °C until fur-
ther use.

Electroporation conditions

The suicide vector ligated to us/ds flanks of llm was trans-
formed into MI2 cells through electroporation. 20 μl of plas-
mid DNA (0.5–1 μg) together with 100 μl of the competent 
cells was incubated on ice for 30 min. Subsequently, the 
reaction mixture was pipetted into an ice-cold 2 mm elec-
troporation cuvette (Bio-Budget Technologies GmbH) and 
electroporated at 2.5 kV, 400 Ω and 25 μF using the Gene 
Pulser Xcell™ electroporation system (Bio-Rad Laborato-
ries GmbH). For each time, two pulses lasting between 4 and 
10 ms were performed. The cells were then added to 900 μl 
SOC medium and taken in 15-ml falcon tubes and incubated 
under shaking at 30 °C for 4 h, and then centrifuged for two 
min at 9000 rpm. The obtained pellet was resuspended in 
200 μl of SOC medium, spreading was done with 100 μl of 
the cell suspension on two LB agar tetracycline plates and 
were incubated at 30 °C for several days.

Growth experiments

Strain MI2 was able to use succinate or DTDB as carbon and 
energy source on solid plates. Therefore, it was cultivated 
for 48 h in liquid cultures at 30 °C in MSM. MSM was sup-
plemented with 30 mM DTDB or 50 mM sodium succinate 
as carbon source. Erlenmeyer flasks with baffles were used 
for growth of liquid cultures to guarantee an optimal oxygen 
supply, and the flasks were incubated on a rotary shaker at 

120 rpm. Both, the wild-type and the mutant strains, were 
investigated in growth experiments. Controls without bacte-
rial cells were also used. Optical density was measured at 
various time periods using a Klett Summerson photometer to 
evaluate the growth pattern. Growth experiments were per-
formed in triplicates, the results were presented as average 
and standard deviation. The experimental steps conducted 
in this study are summarized in Fig. 1.

Results and discussion

Heterologous expression and purification of Llm

After the isolation of genomic DNA from the wild-type 
strain MI2, llm was amplified through PCR. llm has the 
length of 930 bp, the size of llm was confirmed by aga-
rose gel electrophoresis. Before heterologous expression 
in E. coli BL21 cells, gene sequences were verified using 
Seqlab software, and it was confirmed that no mutations 
had occurred in the gene sequence. Higher protein con-
centration was obtained with pET23a hybrid vector than 
pET19b hybrid vector. E. coli BL21 cells, which harbor 
pET23a::llm showed higher protein concentrations in ZYP 
medium (crude extract: 1.99 mg/ml, lysate: 2.05 mg/ml, 
flow through: 1.79 mg/ml, wash1: 1.25 mg/ml, wash2: 
0.79 mg/ml, and elution: 0.82 mg/ml). Similarly, cells gown 
in LB medium also showed significant protein concentra-
tion (crude extract: 1.76 mg/ml, lysate: 1.78 mg/ml, flow 
through: 1.42 mg/ml, wash1: 0.98 mg/ml, wash2: 0.61 mg/
ml, and elution: 0.78 mg/ml). Similar amounts of protein 
concentrations were observed in the crude extract and lysate. 
Relatively large amounts of protein in the flow through were 
observed, as the unbound protein is washed directly from 
the column. The amount of protein in the washing steps 
decreased, because the unbound or weakly bound protein 
will be washed out and only pure protein will remain. Dif-
ferent fractions obtained during the protein purification were 
loaded on the SDS-PAGE gel to verify the purity and the 
molecular weight. The target protein (Llm) had the molecu-
lar weight of 34 kDa through the His-tag with linker (about 
1 kD) the expected size is about 35 kDa. SDS gel image of 
various fractions are shown in Fig. 2. Initially, many bands 
were observed in elution buffer, but later washing conditions 
were optimized to get rid of non-specific bands.

Initially, double digestions were done to cut llm from the 
vector, but it was not successful. Hence, further attempts 
were made with sequential digestion until successful results 
were obtained. During protein purification, low amounts of 
soluble proteins were produced when the cultures were incu-
bated at 30 °C, it might be due to the formation of inclusion 
bodies which usually consist of incompletely folded insolu-
ble and inactive proteins. This is a common phenomenon 
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during protein overexpression. Hence, cells were first incu-
bated at 37 °C until the OD600 reached values between 0.4 
and 0.6, then induced with IPTG and further incubated at 
20 °C. The low temperature leads to slow growth of cells 
and subsequently slow down the synthesis of proteins. By 
this method formation of inclusion bodies can be avoided; 
hence, we grew the cultures at 20  °C in this study and 
obtained significantly better results. According to litera-
ture reports, protein solubility depends on protein folding, 
and protein folding may be depending on C- or N-terminal 
His-tag. Length of C- or N-terminal tags shows influence 

on protein folding and solubility. Small tags with up to 12 
amino acids (His-tag) and large with more than 60 amino 
acids can be available [31, 32]. In most cases, small tags do 
not cause conformational changes, but it is possible because 
not only tag size but also charge and hydrophobicity will 
exert an influence on protein folding. The His-tag is charged 
and small, sometimes causes poor solubility of the protein, 
hence some researchers use larger hydrophilic tag [32]. For 
example, the glutathione-S-transferase (GST) tag is slightly 
larger but known to increase the solubility and stability of 
the fusion proteins [33]. The advantages of using His tags 
are: (i) elution is simple, (ii) many purification protocols 
are reported, (iii) tags are small and need not to be removed 
enzymatically. A disadvantage is the high imidazole con-
centrations to be used for elution Furthermore, elution may 
cause precipitation, so the imidazole must be eliminated 
through dialysis [34].

Enzyme analysis

Enzyme activity was measured by monitoring the decrease 
in the absorbance at 288 nm due to the oxidation of p-cou-
maric acid to caffeic acid (Fig. 3). Originally, the oxidation 
of 4 MB to 4-oxo-4-sulfanylbutyric acid could be evaluated, 
but 4 MB is a highly toxic and expensive. The main function 
of Llm is oxidation of the substrates, hence the oxidation of 
p-coumaric acid to caffeic acid was studied. Unlike 4 MB, 
the substrate p-coumaric acid is not toxic and inexpensive. 
Decrement in the absorption of substrate at 288 nm was 

Fig. 1   Overview of experimental methodology. GDNA genomic DNA, PCR polymerase chain reaction, llm luciferase-like monooxygenase, SDS-
PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis, E. coli: Escherichia coli 

Fig. 2   SDS-PAGE gel image of the purified Llm protein. The protein 
was heterologously expressed in E. coli BL21 cells harboring the llm 
gene. Cells were grown in auto-induction medium, and protein purifi-
cation was done through His Spin Trap affinity columns. Except elu-
tion, amounts of 40 μg protein were applied onto the gel from each 
sample. Elution fractions comprising 5 μg protein were applied onto 
the gel. M marker, CE crude extract, Lys lysate, FT flow through, W1 
wash1, W2 wash2, E elution
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observed, highest decrement in the absorption was observed 
when co-factors were used along with enzyme and substrate. 
The effect of pH on Llm activity was studied at 30 °C in a 
pH range of 4.0–9.0. Higher enzyme activity was achieved 
at pH 7.5 using potassium phosphate buffer. Phosphate 
buffer is more heat-stable and is suitable for measuring the 
enzyme activity at higher temperatures. The optimum spe-
cific activity was obtained at 40 °C, conspicuous activities 
were recorded at 55–75 °C. Llm was specific for NADPH 
and FMN, higher activity was recorded after adding both co-
factors to the reaction mixture. The specific enzyme activity 
of purified Llm was 1.6 U/mg protein. Llm enzyme activ-
ity measured in this study was in accordance with the prot-
eomics studies previously conducted by Khairy et al. [22]. 
They reported that Llm, which is encoded by one of the 126 
monooxygenase encoding genes in MI2, exhibited a three 
times enhanced expression level with DTDB than succinate 
in the proteome analysis.

Flavoprotein monooxygenases are involved in a variety 
of biological processes ranging from lignin degradation to 
the biosynthesis of natural products and detoxification of 
toxic compounds [35]. They use FMN or FAD as cofactor 
to activate dioxygen and they catalyze the incorporation of 
one atom of O2 into a substrate and the reduction of the other 
oxygen atom to water. Literature reports denoted the func-
tions and properties of monooxygenases. Zhou et al. [36] 
found that a flavin-dependent monooxygenase converted the 
naphthoquinone chromophore of rifamycin S into benzo-γ-
pyrone and also linearized rifamycin SV through phenolic 
hydroxylation. Pal and Sengupta [37] denoted that Rhodoc-
occus alkane-1-monooxygenase showed maximum activity 
at alkaline pH. Zhu et al. [38] shown that an FAD-dependent 

monooxygenase catalyzes oxygen insertion into an amide 
bond to form the key 2H-tetrahydro-4,6-dioxo-1,2-oxazine 
ring in alchivemycin, which is a highly oxidized polycyclic 
compound with potent antimicrobial activity.

Luciferases constitute a well-studied group of flavopro-
teins, observed in bioluminescence organisms such as fungi, 
glowworms, fish, and bacteria. Bacterial luciferases utilize 
O2 and FMNH2 to oxidize long chain aliphatic aldehydes 
into a fatty acid and emit light. LLMs conduct various oxi-
dations, such as Baeyer–Villiger (BV) oxidation, epoxida-
tion, sulfoxidation, and alkane hydroxylation [36]. The bac-
terial luciferase from Vibrio harveyi is a flavin-containing 
monooxygenase that oxidizes aldehyde to a carboxylic acid 
while emitting visible light [39]. Alali et al. [40] reported 
that FMN-dependent LLM involved in the production of 
rishirilides which are a group of PKS II secondary metabo-
lites produced by Streptomyces bottropensis. Li et al. [41] 
found that four LLM class flavin-dependent oxidoreductase 
coding genes. Mascotti et al. [42] found the well-known bac-
terial FMN-dependent luciferases such as LuxB and PDB: 
1luc.

Deletion mutants and growth experiments

The electroporation of the suicide vector harboring llm 
into MI2 strain did not yield clones at the beginning, which 
might be either due to cells were not competent enough for 
DNA uptake or the electroporation process did not work 
properly. Optimization of electroporation conditions, plas-
mid, and gene concentrations were not successful. Stecker 
[43] reported that transformation efficiency is low in R. 
erythropolis, and sometimes it is difficult requiring several 
attempts to get the clones on plates. Various attempts were 
made to introduce the DNA into the cells via electropora-
tion rather than conjugation, or transduction, or protoplast 
transformation [44, 45]. We assume that the Llm enzyme 
will be involved in the oxidation of 4 MB to 4-oxo-4-sul-
fanylbutyric acid in DTDB catabolism, and it was proven, 
because the purified Llm protein oxidized the substrate 
coumaric acid. Therefore, the responsible gene (llm) was 
deleted in the genome of MI2 and single deletion mutant 
was subsequently generated. The reason to generate mutant 
was to find out whether the protein/enzyme encoded by this 
llm gene is really involved in the DTDB catabolism or not 
by comparing the growth behavior of this mutant with the 
wild type using DTDB as carbon source.

Growth experiments were conducted after having the llm 
gene mutant (MI2∆llm) available. The wild-type strain MI2 
was able to use succinate or DTDB as sole carbon sources, 
but the deletion mutant showed less growth on solid agar 
plates with DTDB, than with succinate as sole carbon 
sources. Thereafter, the wild-type and mutant strains were 
separately cultivated for 48 h in liquid cultures at 30 °C in 

Fig. 3   Measurement of Llm enzyme activity at 30  °C by monitor-
ing the decrease in the absorbance at 288  nm due to the oxidation 
of p-coumaric acid to caffeic acid. 1 ml of reaction mixture con-
tains 50  mmol/l potassium phosphate buffer (pH 7. 4), 0.1  mmol/l 
NADPH, 0.3 µmol/l FMN, 5 mmol/l p-coumaric acid (substrate) and 
10 µg Llm (enzyme). E Enzyme, S Substrate, CoF Cofactor
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MSM containing 50 mM succinate or 30 mM DTDB as car-
bon sources. Erlenmeyer flasks with baffles were used in 
liquid cultures, and the flasks were incubated on a rotary 
shaker at 120 rpm. In liquid growth experiments, deletion 
mutant MI2∆llm showed lower growth with DTDB than 
with succinate (Fig. 4). When the cells were grown with 
DTDB, the wild type entered the exponential phase after 
18 h cultivation. Clear difference in the growth of the mutant 
and the wild-type strains were noticed from this point. After 
18 h growth, the stationary phase starts with wild type at 
30 h with OD of 489 KU, whereas the mutant showed OD 
of 324 KU at 30 h. At 48 h, cells of the mutant with OD of 
278 KU, were unable to reach the optical density of the wild 

type (OD of 428 KU). Contrary to this, the wild type and 
mutant showed almost similar growth pattern, and no sig-
nificant difference in growth was observed when they were 
cultivated with succinate. Wild type and mutant entered the 
exponential phase after 12 h with an OD value of 195 KU. 
After that both strains showed rapid growth, and the OD 
value reached to 570 KU at 48 h cultivation time and then 
both strains entered the decline phase. In the growth experi-
ments, the wild type was successfully grown with DTDB or 
succinate, but the mutant showed lower growth with DTDB 
thus indicating that Llm encoded by llm might be involved 
in the catabolism of DTDB.

DTDB degradation and metabolic pathway

DTDB is an important substrate for the synthesis of 
poly(4 MB); hence, the catabolism of DTDB in MI2 must 
be unraveled (Fig. 5). Studies related with DTDB degrada-
tion and metabolites identification were not performed in 
the present study, because it was already proved several 
times in our laboratory using GC–MS analysis [1, 20–22]. 
The initial step in DTDB degradation is the reduction of 
the disulfide bond, which results in the formation of two 
molecules of 4 MB [20]. This reaction is catalyzed by Nox 
as it was confirmed by the enzymatic in vitro analysis [21]. 
4 MB is a highly toxic mercaptoalkanoic acid and seems 
to be more toxic than other mercaptoalkanoates [23, 27] 
(Fig. 5). The oxidation of 4 MB to 4-oxo-4-sulfanylbu-
tyric acid is the second step in DTDB catabolism. The 
high toxicity of 4 MB is caused by the sulfhydryl group 
and inhibits bacterial growth [23]; hence, its oxidation 
is crucial for the bacterial growth. 4-Oxo-4-sulfanylbu-
tyric acid was detected in the wild-type grown cultures, 
last step in DTDB catabolism is the transformation of 

Fig. 4   Growth curves of the wild type (R. erythropolis MI2) and the 
mutant (R. erythropolis MI2Δllm) using DTDB or succinate as sole 
carbon source. Both carbon sources were separately added in liquid 
MSM to a concentration of 30 mM or 50 mM, respectively. Triplicate 
experiments were done, and error bars are shown. KU indicates Klett 
Units

Fig. 5   A schematic representa-
tion of the catabolism of DTDB 
in R. erythropolis MI2. Dotted 
line arrows show the expected 
pathway for Poly(4-mercaptobu-
tyrate) production using DTDB 
as carbon source. 1: NADH-
flavin oxidoreductase (Nox); 2: 
Luciferase-like monooxygenase 
(Llm); 3: Sulfide quinone oxi-
doreductase (Sqr)
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4-oxo-4-sulfanylbutyric acid into succinic acid [20]. MI2 
strains were grown with MSM containing 0.5% sodium 
gluconate as carbon source during the studies conducted 
by Khairy et al. [1] in our laboratory. The cells were har-
vested and transferred to MSM containing sodium gluco-
nate plus 30 mM DTDB. After 72 h, MI2 utilized all the 
DTDB. 4 MB, 4-oxo-4-sulfanylbutyric acid, succinic acid, 
and volatile hydrogen sulfide were identified which sup-
ported the results described by Wübbeler et al. [20]. Later, 
Khairy et al. [22] also reported about the utilization of 
DTDB using the wild-type MI2. They used 30 mM DTDB 
as initial carbon source in MSM, and the availability of 
remaining DTDB was calculated at different time inter-
vals. They reported that strain MI2 was unable to utilize 
the DTDB until 12 h, after that utilization of DTDB started 
and almost 50% of DTDB was utilized within 36 h.

Conclusions

In continuation of the work carried out by Khairy et al. [21], 
this study focused on further investigations of the postulated 
metabolic pathway of DTDB in R. erythropolis MI2. To 
achieve this, llm was successfully amplified from genomic 
DNA of MI2, heterologously expressed in E. coli BL21 
cells using pET19b or pET23a vectors, and the protein was 
purified. Purity and molecular weight of the protein were 
confirmed by SDS-PAGE analysis. It was shown that Llm 
oxidized the substrate, p-coumaric acid. In growth experi-
ments, the cells of the wild type were grown very well with 
DTDB or succinate whereas the mutant strain, MI2∆llm 
showed only very little grow with DTDB even though it 
grew very well with succinate indicating that the llm gene is 
involved in the DTDB catabolism. The results obtained from 
these studies proved that Llm is involved in the oxidation of 
substrates and more specifically involved in the catabolism 
of DTDB and further production of polythioesters.
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