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Abstract

Rhodococcus erythropolis CCM2595 is a bacterial strain, which has been studied for its capability to degrade phenol and
other toxic aromatic compounds. Its cell wall contains mycolic acids, which are also an attribute of other bacteria of the
Mycolata group, such as Corynebacterium and Mycobacterium species. We suppose that many genes upregulated by phenol
stress in R. erythropolis are controlled by the alternative sigma factors of RNA polymerase, which are active in response to
the cell envelope or oxidative stress. We developed in vitro and in vivo assays to examine the connection between the stress
sigma factors and genes activated by various extreme conditions, e.g., heat, cell surface, and oxidative stress. These assays
are based on the procedures of such tests carried out in the related species, Corynebacterium glutamicum. We showed that
the R. erythropolis CCM2595 genes frmB1 and frmB2, which encode S-formylglutathione hydrolases (named corynomycolyl
transferases in C. glutamicum), are controlled by SigD, just like the homologous genes cmtl and cmt2 in C. glutamicum.
The new protocol of the in vivo and in vitro assays will enable us to classify R. erythropolis promoters according to their
connection to sigma factors and to assign the genes to the corresponding sigma regulons. The complex stress responses, such

as that induced by phenol, could, thus, be analyzed with respect to the gene regulation by sigma factors.

Introduction

Many Rhodococcus strains are distinguished by their proper-
ties which are useful in biotechnological processes, such as
biosynthesis, biodegradation, bioremediation, and biocon-
version (for reviews, see [1-3]). The production of lipids by
Rhodococcus opacus PD630 [4], degradation of polychlorin-
ated biphenyls (PCB) by Rhodococcus jostii RHA1 [5], deg-
radation of hydrocarbons by Rhodococcus pyridinivorans
5Ap [6], and conversion of acrylonitrile to acrylamide by
Rhodococcus rhodochrous K22 [7] are prominent examples.
In the course of these processes, rhodococci are affected
by various stresses which may impair the efficiency of the
corresponding biotechnology. For example, toxic effects of
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heavy metals were observed to decrease the efficiency of
bioremediation of sites polluted with hydrocarbons by Rho-
dococcus strains [8]. A negative effect of oxidative stress on
lipid production was also detected in an R. opacus PD630
and R. jostii RHA1 co-culture grown on lignin as the sole
carbon source [4]. Conversely, some compounds which play
a role in the defense of bacterial cells are produced due to
stress. The carotenoid pigments, which protect cells against
oxidative stress, can be counted as such compounds [9].
The enzymes involved in the biodegradation of toxic
aromatic compounds and many other biotechnological
processes are generally well characterized in rhodococci,
whereas the knowledge of regulators and mechanisms con-
trolling the gene expression connected to stress responses is
still limited (for a review, see [10]). Sigma factors of RNA
polymerase (RNAP) are the regulators which are involved
in the control of each gene. In addition to the primary sigma
factor (named o in many Gram-positive species), that con-
trols transcription of most genes active during exponential
growth, variable number of alternative sigma factors classi-
fied into groups 2, 3, and 4 occur in different bacterial spe-
cies [11]. Five stress sigma factors, classified as members of
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group 4 of sigma factors (called also extracytoplasmic sigma
factors, ECF o), constitute the largest group of these RNAP
subunits in Corynebacterium glutamicum, closely related
to Rhodococcus species [12]. Rhodococcus erythropolis
CCM2595, as an example of a Rhodococcus strain, has 19
presumptive alternative sigma factors classified into group
3 or 4 according to analysis of the genome sequences [13].
In R. jostii RHA1, as many as 32 out of 34 sigma factors are
thought to belong to group 3 or 4 [14]. Despite their impor-
tance for the coordination of stress responses, very little is
known about their functions and about the genes, which they
regulate. Most of the consensus sequences of Rhodococcus
promoters of various classes specifically recognized by indi-
vidual sigma factors have not yet been defined.

In R. jostii RHAL, the sigF1 and sigF3 genes (encoding
the sigma factors of group 3) were found to be upregulated
during heat, salt, and oxidative stresses [15]. We found that
many genes under the control of four stress sigma factors
were upregulated in response to phenol stress in the phenol-
degrading strain, R. erythropolis CCM2595 [10]. However,
the functions of each sigma factor are not known.

In comparison to the few data known for the Rhodoc-
occus sigma factors, current knowledge of the functions
of seven sigma factors in the related strain C. glutamicum
ATCC13032 is much deeper (for a review, see [16]). For
example, the roles of most group 4 sigma factors in stress
responses in C. glutamicum have been uncovered: SigC is
involved in enhancing tolerance to oxidative stress [16],
while SigD regulates the expression of the genes involved
in the mycolate synthesis and lysozyme stress response [17,
18] and SigH mainly regulates the heat and oxidative stress
response [19, 20]. Consensus sequences of the correspond-
ing promoter classes have been well defined [16, 18-20].

We have previously described the in vitro transcription
system [21] and in vivo two-plasmid assay [22] for C. glu-
tamicum to analyze promoters of the stress-responsive C.
glutamicum genes and sort them into the specific sigma-
controlled classes. In brief, the sig genes cloned in the plas-
mid vector pEC-XT99A were expressed, and the sigma pro-
teins bound to RNAP initiated transcription from promoters
cloned in the promoter-probe plasmid vector pEPR1 (which
replicated in the same cell) with gfpuv as a reporter gene
[23]. The level of fluorescence intensity was then determined
in the cell-free extracts. We documented that this system is

Table 1 Plasmid vectors used in this study

particularly valuable for the analysis of promoters of the
stress-responsive genes [22, 24].

In this study, we modified these procedures and used them
for the analysis of promoters of the related species R. eryth-
ropolis. This new approach will also enable us to classify
the respective R. erythropolis genes into sigma regulons and
assess their functions in stress responses. The R. erythropo-
lis homologs of the SigD-dependent C. glutamicum genes
cmtl and cmt2 were chosen for testing this system. These
genes encoding corynomycolyl transferases are involved in
the synthesis of the mycolate-containing cell wall, which is
typical for the Mycolata group of bacteria (e.g., Mycobac-
terium, Corynebacterium and Rhodococcus species). We,
therefore, first searched for the R. erythropolis CCM2595
homologs of cmt! and cmt2 that have analogous functions.

Materials and Methods

Strains, Plasmids, Growth Conditions,
and Oligonucleotides

Escherichia coli DH5a (Invitrogen, USA), used for cloning,
and E. coli BL21 (DE3) (Thermo Fisher Scientific, USA),
used for expression of the genes encoding R. erythropolis
sigma factors were cultivated in 500-mL flasks containing
60 mL of 2xYT medium (NaCl, 5 g/L, tryptone 16 g/L,
yeast extract 10 g/L) [25] at 37 °C. Corynebacterium glu-
tamicum ATCC13032 (referred to here as C. glutamicum
WT) was used as the host for measuring the activities of
promoters inserted into the promoter-probe vector pEPR1
[23]. Corynebacterium glutamicum rpoC-His10 was con-
structed in this study for the isolation of recombinant RNAP.
Rhodococcus erythropolis CCM2595 was used as a source
of chromosomal DNA, which served as a template for PCR
amplification of the sig genes and promoters. Both C. glu-
tamicum WT and R. erythropolis CCM2595 were cultivated
in 500-mL flasks with 60 mL of 2xYT medium at 30 °C.
For the selection, antibiotics were added into the media:
ampicillin (Ap; 100 pg/mL), tetracycline (Tc; 10 pg/mL),
or kanamycin (Km; 30 pg/mL). The plasmids are shown in
Table 1. The oligonucleotides are listed in Supplementary
Table S1. Maps of the constructed plasmids are in Supple-
mentary Fig. S1.

Plasmid Characteristics Source
pEC-XT99A E. coli—C. glutamicum expression vector, TcR IPTG-inducible rc promoter [26]
pEPR1 E. coli—C. glutamicum promoter-probe vector, KmR, promoter-less gfpuv as a reporter [23]
pRLG770 E. coli vector, rrnB terminator, Ap®, used for in vitro transcription analysis [27]

Plasmid constructs for use of CRISPR-Cas9 technique are shown in Supplementary Fig. S1
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Designations such as RNAP(,, RNAP,, sigAg,, sigDg,.
sigHg,, or cmi2 ¢, are only used to avoid confusion.

DNA Manipulations

DNA isolation, DNA digestion by restriction enzymes, DNA
ligation, PCR, and the transformation of E. coli were car-
ried out using the standard techniques [25]. Promoter DNA
fragments were generated by annealing synthetized com-
plementary oligonucleotides. This synthetic DNA (Sigma-
Aldrich, Germany) produced double-stranded fragments
around 70-nt in length, with overhangs ready for ligation
with digested pRLG770 and pEPR1. The respective oligo-
nucleotide sequences are shown in Supplementary Table S1.

Engineering the CRISPR-Cas9 Genome Editing
System for C. glutamicum

To construct a suitable C. glutamicum strain for the easy
isolation and purification of RNAP, we introduced a 10xHis
tag at the C-end of RpoC by modifying the C. glutamicum
chromosome using the CRISPR-Cas9 genome editing tech-
nique. We chose the single-plasmid approach to achieve this
genome editing system in C. glutamicum. The E. coli/C.
glutamicum shuttle vector pEC-XT99A [26] was used as a
basis for the construction of the all-in-one CRISPR-Cas9
genome editing plasmid. To achieve the desired construct
named pEC-XKCgrpoC-H10, several cloning steps were
done: insertion of the DNA fragments encoding the Cas9
protein, the aminoglycoside phosphotransferase gene (aph)
as a kanamycin resistance marker and a sequence determin-
ing the guide RNA (gRNA). A sequence for modifying the
chromosomal rpoC gene by homology-directed repair was
included. The templates for PCR amplification were chosen
as follows.

The Cas9 gene was amplified from the plasmid CAS9P-
1EA (Sigma-Aldrich). The aph gene was amplified from
pEPR1 [23]. The guide RNA targeting rpoC in the chromo-
some was chosen via CRISPOR [28]. The rpoC gene was
amplified using pKSAC45rpoC-His8 [21] as a template.

Plasmid pKSAC45rpoC-His8 [21] was modified with a
Q5 Site-Directed Mutagenesis Kit (New England BioLabs;
NEB, USA) with the primers M-His-F and M-His-R to insert
a 10xHis tag at the C-end of the RpoC. This modification
resulted in the construct pKSAC45-rpoC-H10.

The Cas9 gene was amplified with the primers Cas-
RBS-F and Cas-RBS-R, and the plasmid CAS9p-1EA
(Sigma-Aldrich) as a template. In this step, the weak
RBS (AAAGGTTCTAAAG) [29] was created as part of
the fragment RBS+cas9. To introduce the PlacUVS5 pro-
moter upstream of the cas9 gene, the fragment RBS+cas9
was amplified with the primers Cas9-FO and Cas9-R0O

containing PlacUV5 sequence, thus giving rise to the frag-
ment PlacUV5+RBS+cas9.

In parallel, the oligonucleotides 0gRNA-F and OgRNA-F
were hybridized to form an empty OgRNA double-stranded
DNA fragment, which was then cloned into the restriction
site EcoRl/Xbal of pEC-XT99A to construct the intermedi-
ate plasmid pEC-XT99A/0gRNA.

The empty plasmid pEC-XKCg for the general use of
CRISPR-Cas9 genome editing system in C. glutamicum
(containing all components of CRISPR-Cas9) was designed
and constructed as follows: the vector backbone (carrying
the C. glutamicum replicon) with 0gRNA was amplified
from pEC-XT99A/0gRNA with the primers V-F and V-R.
The aph gene was amplified from pEPR1 with the prim-
ers aph-F and aph-R, the cas9 gene was amplified from the
intermediate fragment PlacUV5+RBS+cas9 with the prim-
ers Cas9-F1 and Cas9-R1, and the last fragment carrying the
E. coli replicon, which originally came from pBR322, was
amplified from pEC-XT99A with the primers pBR322-F and
pBR322-R. All four fragments were fused using the Gibson
Assembly method [30] to construct pEC-XKCg.

The vector backbone of the final specific construct with
gRNA targeting rpoC was amplified from pEC-XKCg with
the primers V-rpoC-H-F and V-rpoC-H-R, cas9 was ampli-
fied from the same plasmid pEC-XKCg with the primers
Cas9-F2 and Cas9-R2, and the last fragment containing
modified rpoC-H10 was amplified from pKSAC45rpoC-
H10-CRISPR with the primers rpoC-F and rpoC-R. All 3
fragments were fused together using the Gibson Assembly
technique to construct pEC-XKCgrpoC-H10.

All the primers used (synthetized by Eurofins Scientific,
Luxemburg) are listed in Supplementary Table S1. DNA
polymerases, restriction enzymes, Gibson Assembly Master
Mix and the Q5 Site-Directed Mutagenesis Kit were pur-
chased from New England BioLabs.

Chromosome Modification with the CRISPR-Cas9
Technique

The final plasmid pEC-XKCgrpoC-H10 was transferred by
electroporation [31] into C. glutamicum cells. The colo-
nies only appeared after 4 days of incubation at 30 °C.
2xYT medium was inoculated with the chosen clones and
induced with 0.1 mM IPTG. A culture without the addi-
tion of IPTG was used as a control. After ON cultivation,
the cells were plated. The grown colonies were picked
for DNA isolation, PCR amplification and verification by
sequencing. Three resulting control clones (without IPTG
induction) exhibited no insertion of 10xHis triplets at the
3-end of rpoC according to the sequencing. In contrast,
50% of clones (2/4) resulting from the cultivation with
IPTG carried the sequence encoding the poC protein with
a 10xHis tag at its C terminus within the chromosome.
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This fact confirmed that the final aim of modifying rpoC
in C. glutamicum W to produce the C. glutamicum rpoC-
His10 strain was achieved.

Isolation and Purification of the RNA Polymerase
Core from C. glutamicum rpoC-His10

The protocol for isolating the C. glutamicum His10-tagged
RNAP was based on the procedure used for Bacillus sub-
tilis RNAP [32] and modified for C. glutamicum [21].
Corynebacterium glutamicum rpoC-His10 cells were cul-
tivated in a 10-L Biostat MD stirred bioreactor (B. Braun
Biotech International, Germany) with an initial working
volume of 6 L of 2xYT and 0.5% glucose to OD¢y, =16,
harvested by centrifugation, washed, resuspended in phos-
phate buffer (300 mM NaCl, 20 mM Na,HPO,, 20 mM
NaH,PO,, 3 mM 2-mercaptoethanol, 0.1 mM phenyl-
methylsulfonyl fluoride, pH 8.0) and disrupted by sonica-
tion. Cell debris was removed by centrifugation, and the
supernatant was mixed with 6 mL of TALON Metal Affin-
ity Resin (TaKaRa, China). The mixture was incubated
for 1.5 h at 4 °C with gentle shaking, the TALON pel-
let was collected by centrifugation, transferred into three
TALON 2-mL Disposable Gravity Columns (TaKaRa)
and washed with a phosphate buffer gradient of imidazole
(20-500 mM) in phosphate buffer, and the protein con-
tent of each fraction was assessed by Bradford assay and
SDS-PAGE (10% polyacrylamide). The highest content of
RNAP core subunits was detected in the fractions eluted
with phosphate buffer containing 100 mM imidazole.
These fractions were combined and dialyzed in a D-Tube
Dialyzer Maxi, 6—8 kDa (Merck, Germany) against stor-
age buffer (50 mM Tris, 100 mM NacCl, 50% glycerol,
3 mM 2-mercaptoethanol, pH 8.0) overnight. The RNAP
core preparation was stored at — 80 °C. The designation
RNAP(, or RNAP, is only used when confusion is likely.

Promoter Activity Determination by the In Vivo
Two-Plasmid System

The activity of the promoters cloned in the promoter-probe
vector pEPR1 was assayed in the two-plasmid system as
described previously [22]. Corynebacterium glutamicum
WT cells harbored the expression vector pEC-XT99A with
the inserted genes encoding the tested sigma factors, and
the promoter-probe vector pEPR1 [23] carrying the tested
promoter (approx. 70-nt) and the gfpuv reporter gene. The
intensity of the fluorescence was measured with a Spark
multimode microplate reader (Tecan, Austria) with excita-
tion at 397 nm and emission at 509 nm.

@ Springer

In Vitro Transcription

The homologous and heterologous in vitro transcription
reactions were carried out in principle in the same way as
originally designed [21]. The promoter DNA (approx. 70-nt
fragments) in the vector pRLG770 served as a template
for PCR. The PCR fragments (350-400 bp) were ampli-
fied with Q5 polymerase (New England BioLabs) with
the primers 30F and CM3, purified by phenol extraction
and concentrated with an Amicon Ultra 0.5 mL s NMWL
30,000 (Merck). The RNAP holoenzyme was produced by
mixing the RNAP core (100 nM) isolated from C. glutami-
cum rpoC-His10 and the sigma factors SigA, SigD or SigH
(from C. glutamicum or R. erythropolis) isolated as His-
tagged proteins from E. coli in a molar ratio of 1:30. The
transcription reaction with [0->*P]UTP and unlabeled ATP,
CTP, GTP (in final concentration 0.5 mM each NTP) was
run for 10 min at 37 °C. The transcripts labeled with [a->*P]
UTP were subjected to polyacrylamide gel electrophoresis,
and the RNA signals were quantified by phosphorimager
analysis. The signals were scanned with a Typhoon Scan-
ner (GE Healthcare, USA) and analyzed with the software
ImageQuant TL. In vitro transcription was performed twice
with results showing the bands of similar strength and in
closely similar positions in the electrophoretograms repre-
senting specific transcript.

Results

Assignment of R. erythropolis Sigma Factors
to Promoters by the In Vivo Two-Plasmid System

We tried to develop a system to assign particular R. erythro-
polis sigma factors to promoters in vivo analogous to such
system, which we developed for C. glutamicum [22]. Such
assay for Rhodococcus strains could be used in the studies
of the Rhodococcus stress response (for a review, see [10]).
However, the transformation of Rhodococcus cells was much
more laborious, and cells harboring two plasmids appeared
unstable (data not shown). We therefore decided to construct
the heterologous Corynebacterium—Rhodococcus system.
Corynebacterium glutamicum cells harbored the same vec-
tors (pEC-XT99A and pEPR1) as in the previous study [22],
but both the cloned sig genes and promoters came from R.
erythropolis CCM2595.

To test this system, we first went through the list of the
already described C. glutamicum stress-responding genes
with defined promoters and identified potential analogous
R. erythropolis CCM2595 genes and promoters. Then, we
selected two genes controlled by the SigD-dependent pro-
moters of C. glutamicum, cmtl and cmt2, which we analyzed
previously [24]. The homologous genes frmBI and frmB2
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were detected in the R. erythropolis CCM2595 genome.
The potential promoters PfrmB1 and PfrmB2 with identi-
cal or closely similar key sequence elements —35 and — 10
of Pcmtl and Pcmiz2 (Fig. 1) were also found by sequence
inspection. Corynomycolyl transferases (Cmtl and Cmt2)
and S-formylglutathione hydrolases (FrmB1 and FrmB2)
are the synonymous names for their homologous protein
products (Table 2).

To test the designed two-plasmid system, we used the
C. glutamicum WT cells transformed with both pEC-
XT99AsigDy, (or pEC-XT99AsigH,) and pEPR1-Pfrm-
Bly, (or pEPR1-PfrmB2,). The presence of the plasmids
was checked by restriction enzyme analysis and PCR as
described previously [22]. We then determined promoter
activity by using the designed two-plasmid system produc-
ing SigDy, or SigHp, (Fig. 2B, C), whereas the cells carrying
the empty vector pEC-XT99A were used as a control (gray
bars in Fig. 2). The promoters PfrmBI , and PfrmB2, were
only active with SigD (Fig. 2B, C). SigD dependence was
also observed when the C. glutamicum WT promoter of the
cmi2 ¢, gene and C. glutamicum W'T sigma factors were used
(Fig. 2A).

Construction of Heterologous System with C.
glutamicum RNA Polymerase Core for In Vitro
Transcription

Since our aim was to use the C. glutamicum RNAP to
also prove its activity with R. erythropolis sigma factors
and promoters in vitro, we first isolated the RNAPCg core
from C. glutamicum rpoC-H8, which was constructed
previously [21]. However, RNAP, could not be puri-
fied satisfactorily, and moreover the strain C. glutamicum
rpoC-HS8 was not stable enough (data not shown). We
therefore constructed a new strain, C. glutamicum rpoC-
His10 using the CRISPR-Cas9 genome editing technique.
The RNAP, core containing the His10-tagged p’ subunit
(RpoC) was isolated by affinity chromatography and used
for in vitro transcription. The sigma factors SigAg,, SigDp,

Table2 Amino acid

identity levels of Cmt
(corynomycolyl transferases)
from C. glutamicum and

FrmB (S-formylglutathione
hydrolases) from R. erythropolis
evaluated by BLASTP search
(non-homologous N-ends of
proteins not included)

Protein Identity (%)

Cmtl vs. FrmB1 30
Cmtl vs. FrmB2 30
Cmt2 vs. FrmB1 48
Cmt2 vs. FrmB2 45
Cmtl vs. Cmt2 30
FrmBI1 vs. FrmB2 77

and SigHp, were isolated from the E. coli strains (Fig. 3)
overexpressing the sigAg,, sigDg, and sigHp, genes in a
similar way as the C. glutamicum sigma factors [21].

The RNAP holoenzyme was reconstituted using the
RNAP, core isolated from C. glutamicum rpoC-His10
and R. erythropolis CCM2595 sigma factors. We only
focused on SigAy,, SigDy, and SigH, in this study. The
optimization of the RNAP activity showed that the molar
ratio of the RNAP core and the respective sigma factors
1:30 provided the most reliable results (data not shown).

In Vitro Transcription with C. glutamicum RNAP Core
and R. erythropolis Sigma Factors

The activity of the chosen R. erythropolis promoters,
PfrmB1, and PfrmB2,, was assayed for the ability to ini-
tiate transcription in vitro in the designed heterologous
system (Fig. 4). The signals representing the specific tran-
scripts were always only obtained with SigD,, whereas
no signal was observed without the addition of any sigma
factor, nor with SigAg, nor SigH,. As a control, in vitro
transcription was also run with the proven SigD-depend-
ent C. glutamicum promoter Pcmt2 [24] of the cmt2 gene
(Fig. 4B, C). In this case, a homologous system (both the
RNAP core and sigma factors from C. glutamicum) was
used. The specific signal was only observed with SigD,,
whereas other assays only provided unspecific bands
(Fig. 4A). Alternatively, these bands might represent

-35
cmtl
cmt2
frmB1
frmB2

GGTAAAGCGCCTGTITAACGTAATAG-CTTGAAATATAGATGTAAATTAAA
GTGTCACAACTTGGTAACGTGTGGG-CGGAAARACAAGATAGGCATCGAG
ATATTTCGATTCAGTAACACCGAAT-CGATTGGCCACGATGTACTCGAAG
TGACCTCGACTTTGTAACACCGGAGCCCCCGGAAAGGGACAAACACGTCG

-10 TSS

Fig. 1 Alignment of promoter sequences of C. glutamicum WT
genes cmtl and cmt2 and homologous R. erythropolis CCM2595
genes frmBIl (O5Y_RS01090) and frmB2 (O5Y_RS25565). Tran-
scriptional start sites+ 1 localized previously [32] and the potential
key promoter sequence elements — 10 and — 35 are in bold and under-

lined. The sequences were found in the GenBank database: cmt/ and
cmt2 (in the complete genome nucleotide sequence of C. glutamicum
ATCC13032, Acc. Number BX927147), frmBI and frmB2 (in the
complete genome nucleotide sequence of R. erythropolis CCM2595;
Acc. Number NC_022115)
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«Fig.2 Determination of promoter activity by in vivo two-plasmid
test. The C. glutamicum WT cells harbored the vector pEC-XT99A
carrying the sigH or sigD genes from C. glutamicum (A) and sigH or
sigD from R. erythropolis (B, C), respectively. Expression of the sig
genes was induced with IPTG at time point 0. As a second plasmid,
cells harbored the promoter probe vector pEPR1 (carrying the gfpuv
reporter gene) and promoter Pemit2,, PfrmBly,, or PfrmB2g,. Open
bars show the fluorescence of the clones with sigma factors from R.
erythropolis CCM2595, and hatched bars represent the fluorescence
levels of the clones with sigma factors from C. glutamicum WT. Gray
bars show the values for control cells without the cloned sig genes.
AU arbitrary units. The standard deviations of three biological repli-
cates are depicted with error bars

longer transcripts driven from C. glutamicum promoters.
This explanation cannot be, however, applicable for the
lane N, where no sigma was added (Fig. 4A). We con-
cluded that both in vivo and in vitro assays proved that the
tested R. erythropolis promoters are SigD-dependent. In
conclusion, both designed heterologous systems (in vivo
and in vitro) proved that PfrmB1, and PfrmB2p, are SigD
controlled. These two independent methods seem to be
useful for the analysis of R. erythropolis promoters.

Discussion

Sigma factors of RNAP play a major role in the responses
of bacterial cells to various stresses and changing growth
conditions. Each sigma factor is responsible for the expres-
sion of a gene group (regulon), which enables cells to cope
with specific changes in the environment [11].

Data on the sigma factors in rhodococci are somewhat
scarce. Generally, we assume that the functions of the indi-
vidual sigma factors are similar to those in other bacterial
genera of the Mycolata group, Mycobacterium, Corynebac-
terium and Nocardia. However, the numbers of sigma fac-
tors are very different in these genera, and also differ mark-
edly between the Rhodococcus species. The most variable
are the sigma factors of groups 3 and 4, which are mostly
involved in various stress responses [10]. We studied the
phenol stress response in C. glutamicum and R. erythropolis,
as an example of the response to the presence of toxic aro-
matic compounds, which are degraded by these bacteria (our
unpublished results). According to the preliminary results,
hundreds of their genes were upregulated or downregulated
in the presence of phenol [24]. In C. glutamicum, SigD
was found to control genes which are involved in oxida-
tive, chemical and cell envelope stress responses [17, 18,
24]. The C. glutamicum WT genes cmtl and cmt2 (encod-
ing corynomycolyl transferases), which contribute to the
synthesis of mycolic acids in the cell wall, were also found

to be members of the SigD regulon [24]. We supposed that
the homologous genes in R. erythropolis, whose cell wall
also contains mycolic acid, are suitable for testing the tech-
niques for assigning sigma factors to promoters and genes
in R. erythropolis. We therefore analyzed the R. erythropo-
lis CCM2595 genes frmB1 and frmB2, which encode the
enzyme called S-formylglutathione hydrolase, which has the
same or similar activity to Cmtl and Cmt2. The level of aa-
identity between Cmt and FrmB was 30-45%, which is simi-
lar to the identity level between Cmtl and Cmt2 (Table 2).

To make use of the developed in vivo and in vitro systems
for C. glutamicum sigma factors and promoters, we decided
to modify them and apply them to R. erythropolis. We have
shown previously that the RNAP core from B. subtilis or E.
coli can be functional with the C. glutamicum sigma factors
in vitro [21]. In two-plasmid in vivo systems, the activity
of the hybrid holo-RNAP composed of E. coli RNAP and
sigma factors from Mycobacterium tuberculosis [33] or
Staphylococcus aureus [34] was proved. This is in agreement
with the fact that RNAP is highly conserved in bacteria. In
this study, we proved that R. erythropolis sigma factors may
function with the C. glutamicum RNAP core. Our further
experiments combining various R. erythropolis CCM2595
sigma factors with C. glutamicum RNAP to define promoter
classes and sigma regulons in R. erythropolis are in pro-
gress. There could be an advantage of such a heterologous
system that the expressed R. erythropolis sigma factor gene
is not present in the C. glutamicum WT genome, and pos-
sible interference in the assay is thus avoided.

Both in vivo and in vitro assays proved that the genes
frmBI and frmB2 are controlled by SigD in R. erythropolis.
The functions of SigD in C. glutamicum and R. erythro-
polis are thus probably analogous. — 35 and — 10 sequence
elements identical or closely similar to the consensus of
promoters recognized by SigD in C. glutamicum (GTAAC-
N¢.1o-GAT) were found within the predicted and confirmed
promoter fragments (Fig. 1). This suggests that the genes
under control of at least some sigma factors may be driven
from promoters belonging to the same class in C. glutami-
cum and R. erythropolis. The conclusion is that these genes
may be controlled by the respective SigD, and their expres-
sion is part of the response to the stress inflicted by cell
envelope damage.

SigD function has not been described in any Rhodococcus
or Nocardia species. By database search, we found two R.
jostii RHA1 genes with protein products with similarity to
mycolyltransferases. Sequence motifs (GTAAC-N5-GAT or
GCAAC-N 5-GAT) identical or closely similar to the — 35
and — 10 elements of C. glutamicum SigD-dependent pro-
moters could be recognized closely upstream of these genes.
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Fig.3 Isolated Rhodococcus erythropolis CCM2595 sigma subu-
nits of RNA polymerase (silver-stained SDS-polyacrylamide gel).
His-tagged sigma factors SigA, SigD, and SigH were isolated from
E. coli, which expressed the corresponding R. erythropolis sig genes,
using affinity chromatography. Protein size marker is on the right.
Molecular sizes in kilodaltons are indicated
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Fig.4 In vitro transcription with recombinant C. glutamicum RNA
polymerase core and sigma factors from C. glutamicum (A) and R.
erythropolis (B, C). Sigma factors and the promoter came from C.
glutamicum in A, whereas the sigma factors and promoter came from
R. erythropolis CCM2595 in B and C. RNA polymerase core is from
C. glutamicum in all cases

C N

PfrmB2,,

@ Springer

The search within the Nocardia brasiliensis ATCC700358
HUJEG-1 genome revealed the motifs GTAAC-N ;-GAC
upstream of two genes which putatively encode mycolyl-
transferases. The role of SigD in M. tuberculosis was found
to be connected to the pathogenicity and expression of ribo-
somal genes in the stationary growth phase. However, the
putative promoter sequences of the respective genes regu-
lated by SigD were very diverse, and a consensus sequence
could not be easily defined [35]. Since the transcriptional
starts of these SigD-dependent genes were not experimen-
tally detected by these authors, and potential promoter
sequences were chosen according to their similarity to B.
subtilis promoters recognized by SigW, we suppose that
many of these sequences do not function as promoters.

Three SigD-dependent M. tuberculosis promoters of
genes with experimentally determined transcriptional start
sites were proved in another study [36]. The consensus GTA
ACG in the — 35 region of these promoters was deduced,
whereas no consensus was found in the — 10 region. This
result indicated that at least the — 35 sequence of some SigD-
dependent M. tuberculosis promoters is nearly identical (5/6)
to the — 35 motif in the two proved SigD-dependent R. eryth-
ropolis promoters.

When analyzing the genomes of other Mycobacterium
strains, M. leprae TN and M. ulcerans Agy99, we also
discovered several genes encoding putative mycolyltrans-
ferases. Upstream of several M. leprae TN and M. ulcer-
ans Agy99 genes, GTAAC-N 4-GAT sequence elements or
highly similar motifs were detected. These similarities in
gene functions and putative promoter sequences tempted us
to hypothesize that the enzymes related to mycolate synthe-
sis are encoded by genes which are members of the SigD
regulon in some Mycolata strains.

We improved the strain for the isolation and purification
of RNAP from C. glutamicum using the CRISPR-Cas9 tech-
nique in this study. The constructe