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Introduction

Bacteria populate complex habitats in which extracellular
conditions can change very rapidly. In order to survive in
such an environment, bacterial cells have to be able to sense
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Abstract

Bacteria need signal transducing systems to respond to environmental changes.
Next to one- and two-component systems, alternative o factors of the extra-
cytoplasmic function (ECF) protein family represent the third fundamental mech-
anism of bacterial signal transduction. A comprehensive classification of these pro-
teins identified more than 40 phylogenetically distinct groups, most of which are not
experimentally investigated. Here, we present the characterization of such a group
with unique features, termed ECF41. Among analyzed bacterial genomes, ECF41
o factors are widely distributed with about 400 proteins from 10 different phyla.
They lack obvious anti-o factors that typically control activity of other ECF o fac-
tors, but their structural genes are often predicted to be cotranscribed with carboxy-
muconolactone decarboxylases, oxidoreductases, or epimerases based on genomic
context conservation. We demonstrate for Bacillus licheniformis and Rhodobac-
ter sphaeroides that the corresponding genes are preceded by a highly conserved
promoter motif and are the only detectable targets of ECF41-dependent gene regu-
lation. In contrast to other ECF o factors, proteins of group ECF41 contain a large
C-terminal extension, which is crucial for o factor activity. Our data demonstrate
that ECF41 o factors are regulated by a novel mechanism based on the presence of
a fused regulatory domain.

and respond to these variations before cell damage actually
occurs. Therefore, bacteria need signal transducing systems
that enable them to sense these extracellular changes and
respond by differential gene expression.
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Commons Attribution Non Commercial License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited and is not used for commercial purposes.



T. Wecke et al.

A common mechanism to control gene expression at
the level of transcription initiation is the use of ¢ factors,
which constitute an essential subunit of the RNA polymerase
(RNAP) holoenzyme and determine the promoter specificity.
In addition to the primary o factor, which is responsible for
general expression of most genes in exponentially growing
cells, most bacteria contain one or more alternative o factors.
These proteins are activated only under certain conditions
and control expression of a specific set of target genes by
recognizing alternative promoter sequences (Helmann and
Chamberlin 1988; Helmann 2010).

Most o factors belong to the o7° family based on their
relation to the primary o factor of Escherichia coli, o”°
(Gruber and Gross 2003; Paget and Helmann 2003). Based
on sequence similarity, domain architecture and function, the
proteins of the 07 family can be divided into four groups.
Group 1 comprises the essential primary o factors, which
contain four highly conserved domains (designated o,
through o4) (Gruber and Gross 2003). Group 2 o factors
are closely related to group 1 proteins, but are not essen-
tial for growth. The group 3 o factors lack the oy domain
and have functions in cellular processes such as sporulation,
flagella biosynthesis, or heat shock response. The largest and
most diverse group 4 contains the proteins of the ECF family,
named after their function in response to extracellular stimuli
(Lonetto et al. 1994; Helmann 2002; Butcher et al. 2008).

In contrast to other o7 proteins, the ECF o factors only
contain two of the four conserved domains, o, and o4, which
are sufficient for promoter recognition and interaction with
RNAP. The bipartite promoter recognized by ECF o fac-
tors typically contains a highly conserved “AAC” signature in
the —35 region and a “CGT” motif in the —10 region (Hel-
mann 2002). In general, ECF o factors autoregulate their
own expression and are cotranscribed with a gene encoding
an anti-o factor that regulates the activity of the o factor. In
the absence of a stimulus, the anti-o factor binds the ECF
o factor and keeps it inactive. Upon receiving the appro-
priate signal, the anti-o factor often gets inactivated, thereby
releasing and activating the o factor (Helmann 2002; Butcher
et al. 2008). The major principles of o factor activation are
based on either the regulated proteolysis of a membrane-
anchored anti-o factor as exemplified by RseA-c® of E. coli
and RsiW-oVV of Bacillus subtilis (Ades 2004; Heinrich and
Wiegert 2009) or conformational changes of a soluble anti-
o factor, as has been described for RsrA-o® of Streptomyces
coelicolor (Kang et al. 1999; Campbell et al. 2008). For yet
other examples, such as S. coelicolor o* or EcfG-homologs in
a-proteobacteria, two-component systems play a crucial role
in regulating the activity of the ECF o factors (Hong et al.
2002; Francez-Charlot et al. 2009).

A recent classification of the ECF o factor protein family
based on sequence similarity and genomic context conser-
vation revealed a wide distribution and combinatorial com-

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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plexity of ECF-dependent signal transduction. This study
identified more than 40 phylogenetically distinct groups of
ECF o factors including major groups containing the E. coli
oE- and Fecl-like proteins as well as cytoplasmic-sensing ECF
o factors. But in addition to these well-understood examples,
anumber of ECF groups were identified that have not yet been
investigated experimentally (Staron et al. 2009).

Here, we describe the characterization of one such un-
characterized group, ECF41. This group is widely distributed
with about 400 proteins from 10 different phyla. Based on
their genomic organization, the genes encoding these ECF41
o factors are not transcriptionally linked to genes encod-
ing proteins related to known anti-o factors. Instead, they
are located next to genes encoding carboxymuconolactone
decarboxylases, oxidoreductases, or epimerases. To extract
general features of ECF41-dependent gene regulation, we ex-
perimentally investigated ECF41 o factors from two differ-
ent organisms, B. licheniformis (Firmicutes) and Rhodobac-
ter sphaeroides (c-proteobacteria). In both organisms, the
ECF41 o factor appears to control expression of a single tran-
script that is preceded by a highly conserved ECF41-specific
promoter motif. A unique feature of ECF41 proteins is the
presence of a large C-terminal extension containing a num-
ber of conserved signature motifs. We provide evidence that
this C-terminal extension is involved in regulation of o fac-
tor activity and we propose that it functions as a fused anti-o
factor-like domain.

Materials and Methods
Bioinformatics analysis

A total of 510 ECF41 proteins were extracted in
October 2010 from the MiST2 database (Ulrich and Zhulin
2010) available at http://mistdb.com. False positives (un-
classified ECF o factors) and redundant proteins (proteins
from more than one sequenced strain per species) were
removed leaving 373 sequences for further analysis. Mul-
tiple sequence alignments were performed using ClustalW
(Thompson et al. 1994), and phylogenetic trees were gen-
erated from gapless multiple sequence alignments using
the Neighbor-Joining method of the Phylip (Felsenstein
1989) program Protdist, both implemented in the BioEdit
program package (Hall 1999). Genomic context analysis
was performed using the databases MicrobesOnline (Alm
et al. 2005) at http://www.microbesonline.org and MiST2
(Ulrich and Zhulin 2010) available at http://mistdb.com/.
Protein domain architecture was analyzed using the SMART
database (Schultz et al. 1998; Letunic et al. 2006) available at
http://smart.embl-heidelberg.de/.

Two hundred fifty base pairs region upstream of the
genes encoding the ECF41 o factors and the corre-
sponding carboxymuconolactone decarboxylases, oxidore-
ductases, or epimerases (COE) were analyzed for putative
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promoter motifs either manually or with the help of MEME
(Bailey and Elkan 1994), available at http://meme.nbcr.net/.
Conservation of putative target promoters was illus-
trated using the WebLogo tool (Crooks et al. 2004)
at http://weblogo.berkeley.edu. The promoter sequence of
group ECF41 o factors was used to screen the genomes of
R. sphaeroides 2.4.1 and B. licheniformis DSM13 for putative
target genes with the help of the virtual footprint algorithm
(Miinch et al. 2005), implemented into the Prodoric database
(Miinch et al. 2003) at http://www.prodoric.de/vfp/. As input
pattern, the generated position weight matrix or the promoter
consensus as [UPAC code was used.

Bacterial strains and growth conditions

Bacillus subtilis, B. licheniformis, and E. coli were grown in LB
medium at 37°C with aeration. Rhodobacter sphaeroides was
grown aerobically in Sistrom’s minimal medium (Sistrom
1960) at 30°C. All strains used in this study are listed
in Table 1. The antibiotics spectinomycin (100 pg/mL),
chloramphenicol (5 pg/mL), and erythromycin (1 pg/mL)
plus lincomycin (25 pg/mL) for macrolide-lincosamide-
streptogram (MLS) resistance were used for selection of
B. subtilis and B. licheniformis mutants. Plasmid contain-
ing E. coli strains were grown with ampicillin (100 pg/mL)
or kanamycin (50 pg/mL). Rhodobacter sphaeroides mutants
were selected using tetracycline (1 pg/mL), spectinomycin
(25 pg/mL), or kanamycin (25 pg/mL).

DNA manipulations

Standard cloning techniques were applied (Sambrook and
Russell 2001). All plasmids used in this study are listed in
Table 2, oligonucleotides in Table S2. Escherichia coli strain
S17-1 (Simon et al. 1983) was used for conjugational DNA
transfer in R. sphaeroides. In brief, a 1:1 cell mixture of expo-
nentially growing donor and recipient strains were harvested,
washed, and resuspended in LB medium. The cell mixture
was applied to a filter disc and incubated overnight on an
LB plate at 30°C. The filter disc was transferred to Sistrom’s
minimal medium (Sistrom 1960) and incubated for 3 h at
30°C on a shaker, before the cells were plated on agar plates
with selection. Conjugants were obtained after three to four
days of incubation at 30°C.

Construction of markerless ecf41g;; and ydfG
deletion mutants in B. licheniformis

Markerless B. licheniformis Aecfilg; and AydfG mutants
were constructed using the vector pMAD (Arnaud et al.
2004). Seven hundred base pairs fragments up- and down-
stream of ecf41p;; and ydfG were amplified by PCR using the
oligonucleotides listed in Table S2, introducing extensions at
the 3" end of the up fragments that are complementary to the
5’ end of the down fragments. These regions were used to fuse
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Table 1. Bacterial strains used in this study.

Source or
Strain Genotype or characteristic(s) reference
E. coli strains
S17-1 C600::RP-4 2-(Tc::Mu)(Km::Tn7)  Simon et al.
thi pro hsdR hsdM'* recA 1983
DH5a recA1 endA1 gyrA96 thi Sambrook and
hsdR17(rc- mg+) relA1 supE44 Russell 2001
d80AlacZAMI15
A(lacZYA-argh)U169
B. subtilis strains
W168 Wild-type strain, trpC2 Laboratory
stock
1A774 JH642 rpoC::(Hise-tag) Spec® BGSC (C.
Moran)
TMB1099 1A774 pPHO401 This study
TMB1100 1A774 pPH0403 This study
TMB1101 1A774 pTWO0412 This study
TMB695 W168 pPH0401 This study
TMB746 W168 pPH0403 This study
TMB666 W168 pTW0412 This study
TMB428 W168 thrC::pTW6302 This study
TMB455 TMB428 amyE::pTW901 This study
TMB451 W168 amyE::pTW901 This study
TMB456 TMB428 amyE::pTW902 This study
TMB858 W168 amyE::pPHI01 This study
TMB574 TMB451 thrC::pTW6304 This study
TMB575 TMB451 thrC::pTW6305 This study
TMB577 TMB451 thrC::pTW6307 This study
TMB896 TMB858 thrC::pTW6304 This study
TMB897 TMB858 thrC::pTW6305 This study
TMB899 TMB858 thrC::pTW6307 This study
TMB623 TMB428 pHCMCO04 This study
TMB696 TMB428 pPH0401 This study
TMB742 TMB428 pPH0403 This study
TMB741 TMB428 pPH0402 This study
TMB667 TMB428 pTW0412 This study
B. licheniformis strains
DSM13 Wild-type strain Laboratory
stock
MW3 DSM13AhsdR1 AhsdR2 Waschkau
et al. 2008
TMBIi003 MW3 AydfG This study
TMBIi006 MWS3 Aecf4lyg This study
R. sphaeroides strains
2.4.1 Wild-type strain Laboratory
stock
TMRO003 2.4.1 pTWO0503 This study
TMRO05 YSD418 pTWO0501 This study
TMRO006 YSD418 pTW0502 This study
TMROO7 YSD418 pTWO0503 This study
YSD418 2.4.1 Prsp_osos::pSUP202-lacZ This study
YSD354 2.4.1 pIND4 This study
YSD239 2.4.1 ARSP_0606-ecf41ps, This study
Q::Spect
YSD331 YSD239 pIND4 This study
YSD333 2.4.1 pYSD161 This study
YSD434 YSD418 pIND4 This study

© 2012 The Authors. Published by Blackwell Publishing Ltd.



T. Wecke et al.

Table 2. Vectors and plasmids used in this study.

ECF41 Sigma Factors

Name Genotype or characteristic features! Primers for cloning Source or reference
Vectors
pDG1663 lacZ fusion vector, integrates in thrC, Guerout-Fleury et al. 1996
MLSR
pHCMCO04 Xylose-inducible expression vector, Nguyen et al. 2005
CmR
pIND4 IPTG-inducible expression vector, Kn® Ind et al. 2009
pSUP202 Mobilizable vector, ApR, CmR, TcR Simon et al. 1983
PSWEET Xylose-inducible expression vector, Bhavsar et al. 2001
integrates in amyE, CmR
pMAD Shuttle vector for construction of Arnaud et al. 2004
makerless deletion mutans, MLSR
pHP45% Source of ©::Spec? cassette Prentki and Krisch 1984
pGEM-T Cloning vector Promega Corp.
Plasmids
pTW101 PMAD ecf41g; up/do 779/780, 781/782 This study
pTW102 PMAD ydfG up/do 783/784, 785/786 This study
pTW6302 pDG1663 Py (-146-54)-lacZ 712/713 This study
pTW6304 pDG1663 Prpax(-355-40)-lacZ 1130/1131 This study
pTW6305 pDG1663 Pyppe(-111-63)-lacZ 1136/1137 This study
pTW6307 pDG1663 Pyyx(-173-54)-lacZ 1132/1133 This study
pTW901 PSWEET ecfd g 699/669 This study
pTW902 PSWEET ecfd1gj-ydfG 699/705 This study
pPH901 pSWEET ecf41 Bliaal-204 699/1576 This Study
pPHO401 pHCMCO04 ecfd1g;-FLAG 1416/1294 This study
pPHO403 pHCMCO04 ecfd g 2a1-204-FLAG 1416/1469 This study
pPHO402 pHCMCO04 ecfa1gji aa1-192-FLAG 1416/1468 This study
pTWO0412 pHCMCO04 ecf4 g aa1-167-FLAG 1416/1411 This study
pSUP202-lacZ pSUP202 with promoter-less lacZ 199/200 This study
gene
pSUPZOZ-PRgpiogog-/aCZ Prsp_0606 fused to lacZ gene 109/219 This study
pYSD122 pSUP202 with the Q::Spec? cassette 109/110/125/126 This study
and genomic regions flanking
RSP_0606-ecf4 1k,
pYSD161 pIND4 ecf41ggp 185/186 This study
pPTWO0501 pIND4 ecf4 g, 1881/1603 This study
pTWO0502 pIND4 ecf41gsp aa1-169 1881/1604 This study
pTW0503 PIND4 ecfA1gsp aai-206 1881/1605 This study

IResistance cassettes: MLSR, macrolide-lincosamide-streptogram; Cm~, chloramphenicol; Kn®, kanamycin; ApR, ampicillin; Tc®, tetracycline; Spec®,

spectinomycin.

the fragments in a second joining PCR. The resulting prod-
ucts were then cloned into pMAD using BamHI and EcoRI
generating pTW101 and pTW102. The plasmids were intro-
duced into B. licheniformis MW3 as described (Waschkau
et al. 2008). Generation of markerless deletion mutants basi-
cally followed the established procedure (Arnaud et al. 2004).
In brief, transformants were incubated at 30°C with MLS se-
lection on LB agar plates supplemented with X-Gal. Blue
colonies were picked and incubated for 6-8 h at 42°C in LB
medium with MLS selection, resulting in the integration of
the plasmid into the chromosome. Again, blue colonies were
picked from LB X-Gal plates and incubated for 6 h at 30°C
in LB medium without selection. Subsequently, the liquid

© 2012 The Authors. Published by Blackwell Publishing Ltd.

culture was shifted to 42°C for 3 h, and the cells were then
plated on LB X-Gal plates, this time without selective pres-
sure. White colonies that had lost the plasmid were picked
and deletion of ecf41gy; or ydfG was checked by PCR.

Construction of an RSP_0606-ecf41zs,
deletion mutant in R. sphaeroides

RSP_0606-ecf41x,, with 1.3 kb flanking regions on both sides
was amplified from chromosomal DNA of R. sphaeroides
using oligonucleotides 109 and 110 (Table S2) and ligated
into the vector pGEM-T (Promega, Madison). To replace
RSP_0606-ecf4l, with a resistance cassette, the regions
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flanking the genes and the plasmid were amplified using inter-
nal oligonucleotides (125, 126) and ligated to the Q2 fragment
derived from pHP45% (Prentki and Krisch 1984), confer-
ring spectinomycin resistance. The resulting construct was
amplified using oligonucleotides 109 and 110, cloned into
the suicide vector pSUP202 (which contains a tetracycline
resistance marker) digested with Scal to make pYSD122. The
plasmid pYSD122 was than conjugated into R. sphaeroides
2.4.1. Double recombinants corresponding to the deletion
mutants were selected for spectinomycin resistance and sen-
sitivity to tetracycline. Plasmid constructs were verified by
sequencing, and the deletion in the R. sphaeroides genome
was verified by PCR.

Measurement of promoter activity by
B-galactosidase assays

Because of the lack of genetic tools for B. licheniformis, we
developed a heterologous expression system in B. subtilis, an
organism lacking an ECF41 ¢ factor. A DNA fragment from
B. licheniformis containing the intergenic region between
ydfG and ecf41p); was fused to a promoter-less lacZ gene us-
ing the vector pDG1663 and integrated into the thrClocus of
B. subtilis. In addition, we fused a FLAG-tag to the N-terminus
of Ecf41pj; and its truncated versions and expressed the pro-
tein from the xylose-inducible promoter of the shuttle vec-
tor pHCMCO04, allowing determination of P4 activity by
B-galactosidase assays in response to Ecf41p); expression. The
resulting B. subtilis strains were inoculated from fresh
overnight cultures and grown in LB medium at 37°C with
aeration until they reached an ODgg of ~0.4. The cultures
were split and 0.5% xylose was added to one sample to in-
duce expression of Ecf41p); from the inducible promoter. Af-
ter incubation for 1 h at 37°C, 2 mL of each sample were
harvested and the cell pellets frozen at —20°C. The pellets
were resuspended in 1 mL working buffer and assayed for
B-galactosidase activity with normalization to cell density
(Miller 1972).

A DNA fragment containing the upstream region of
RSP_0606 was amplified and cloned into the suicide vec-
tor pSUP202 carrying a promoter-less lacZ gene. The re-
sulting plasmid was conjugated into R. sphaeroides and inte-
grated into the chromosome by single crossing over, thereby
bringing the expression of S-galactosidase under control of
Prsp_osos- Full-length and truncated ecf4lgy, was amplified
and cloned into the overexpression vector pIND4, thereby
bringing its expression under control of an IPTG-inducible
promoter. The resulting R. sphaeroides strains were grown
aerobically in Sistrom’s minimal medium (Sistrom 1960) to
an ODgq of ~0.3. The cultures were split and expression of
Ecf41g,p was induced in one sample by adding 100 uM IPTG.
After 3 h, the cells were harvested and B-galactosidase activity
was measured as described (Miller 1972).
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Preparation of total RNA

Bacillus licheniformis MW3 (wt) and TMBLi003 (Aecf41g;)
were grown aerobically in LB medium at 37°C. Every 2 h,
30 mL samples were taken and mixed with cold killing
buffer (20 mM Tris-HCI, pH 7.0, 0.5 mM MgCl,, 20 mM
NaN3), harvested by centrifugation, and frozen in liquid
nitrogen, before the pellets were stored at —80°C. The
cells were resuspended in 200 uL killing buffer, immedi-
ately transferred to a precooled Teflon vessel and disrupted
with a Micro-Dismembrator U (Sartorius) for 3 min at
2000 rpm. The resulting cell powder was resuspended in
3 mL prewarmed lysis solution (4 M guanidine-thiocyanate,
25 mM sodium acetate, pH 5.2, 0.5% N-lauroyl sarcosinate)
and total RNA was extracted twice with acid phenol (phe-
nol/chloroform/isoamylalcohol 25/24/1, pH 4.5-5) and once
with chloroform (chloroform/isoamylalcohol 24/1) followed
by isopropanol precipitation. Contaminating DNA was re-
moved using the Baseline-ZERO DNAse (Epicentre Biotech-
nologies, Madison) according to the manufacturer’s protocol.
RNA was quantified with a NanoDrop 1000 Spectrophoto-
meter (Thermo Scientific, Schwerte) and used for 5RACE
and Northern Blot analysis.

Rhodobacter sphaeroides YSD354 (pIND4) and YSD333
(pYSD161) were grown aerobically in Sistrom’s minimal
medium (Sistrom 1960) containing 25 pug/mL kanamycin
at 30°C. At ODggo of ~0.3, expression of Ecf41gy, was in-
duced by adding 100 uM IPTG. After 3 h, 44 mL of cul-
ture was mixed with 6 mL stop solution (5% acid phenol in
ethanol) and harvested by centrifugation. The pellets were
frozen in an ethanol/dry ice bath and stored at —80°C. Cells
were resuspended in 2 mL lysis solution (2% SDS, 16 mM
EDTA) and incubated at 65°C for 5 min. RNA was extracted
three times with acid phenol prewarmed to 65°C followed by
chloroform extraction and isopropanol precipitation. To re-
move contaminating DNA, the RNA was incubated with two
units RQ1 DNase (Promega, Madison) in the presence of
80 units RNasin Plus RNase Inhibitor (Promega, Madison)
for 30 min at 37°C. The RNA was finally purified with the
RNeasy Mini Kit (Qiagen, Hilden) and used for DNA Mi-
croarray analysis and 5 RACE.

Probe preparation and Northern
Blot analysis

An ~500 bp internal fragment of ydfG was amplified by
PCR with oligonucleotides listed in Table S2. A digoxigenin
(DIG)-UTP-labeled RNA probe was synthesized by in vitro
transcription using the DIG RNA Labeling Mix (Roche,
Mannheim) and T7 RNA polymerase (Roche, Mannheim)
according to the manufacturer’s protocol.

For Northern Blot analysis, 10 g of total RNA was sepa-
rated under denaturing conditions on a 1% formaldehyde
agarose gel and transferred to a positively charged nylon

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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membrane (Roche, Mannheim) in a downward transfer using
20x SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0) as transfer
buffer. The RNA was crosslinked by exposing the membrane
to UV light. The blot was prehybridized at 68°C for 1 h with
hybridization solution (5x SSC, 50% formamide, 2% Block-
ing Reagent (Roche, Mannheim), 0.1% N-lauroyl sarcosinate,
and 0.02% SDS). Hybridization was carried out overnight at
68°C in the same solution with 1 ug DIG-labeled RNA probe.
The membrane was washed twice for 5 min at room temper-
ature (2x SSC, 0.1% SDS) and three times for 15 min at
68°C (0.1x SSC, 0.1% SDS). The signal was detected with an
antidigoxigenin antibody conjugated to alkaline phosphatase
(Roche, Mannheim) and CDP-Star (Roche, Mannheim) ac-
cording to the manufacturer’s instructions. The signals were
visualized using a Lumilmager (Peglab, Erlangen).

DNA microarray analysis

RNA samples from three independent cultivations were used
for cDNA synthesis and DNA microarray hybridization. A to-
tal of 10 ug of total RNA was mixed with 3 g random hexam-
ers and denatured at 70°C for 10 min before the temperature
was decreased in six cycles (1 min each) by 10°C/cycle to
10°C to optimize annealing of the hexamers. cDNA was syn-
thesized using SuperScript II Reverse Transcriptase (Invitro-
gen, Karlsruhe) according to the manufacturer’s instruction.
Temperature was increased from 20°C to 42°C in 22 cycles of
3 min with 1°C increment followed by incubation at 42°C for
1 h and inactivation at 70°C for 10 min. Remaining RNA was
removed by alkaline hydrolysis and cDNA was purified using
the PCR Purification Kit (Qiagen, Hilden). A total of 3.2 ug
cDNA was fragmented with 0.25 units RQ1 DNase (Promega,
Madison) for 10 min at 37°C followed by inactivation for
10 min at 98°C. cDNA was labeled using the BioArray
Terminal Labeling Kit with Biotin-ddUTP for DNA Probe
Array Assays (Enzo, Farmingdale) according to the manufac-
turer’s protocol. Labeled cDNA samples (3 pg/array) were
hybridized to Affymetrix (Santa Clara, CA) custom arrays
(Pappas et al. 2004) according to the manufacturer’s direc-
tions. Processing, normalization, and statistical analysis of
the array data were performed in the R Statistical Software
environment (http://www.r-project.org/). Data were normal-
ized using the affyPLM package with default settings (Bolstad
2004). Differentially expressed genes were detected using the
limma package with a false discovery rate set at 0.05 (Smyth
2005).

Determination of transcriptional start sites
by 5'-RACE

The 5" ends of ydfG and RSP_0606 mRNAs were identified
by rapid amplification of cDNA ends (RACE). A total of
15 pg of total RNA was incubated with 25 units tobacco
acid pyrophosphatase (TAP, Epicentre Biotechnologies,

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Madison) in the delivered buffer at 37°C for 60 min in
the presence of 40 units Super RNaseIn RNAse inhibitor
(Ambion, Austin). As a control, 15 ug RNA was incubated
under the same conditions, but without TAP. The reac-
tions were phenol/chloroform extracted and ethanol precip-
itated. After dissolving the pellets in water, the RNA was
mixed with 500 pmol RACE adapter (5'-GAUAUGCGCG
AAUUCCUGUAGAACGAACACUAGAAGAAA-3') and de-
natured at 95°C for 5 min. Ligation of the adapter was car-
ried out at 17°C overnight with 100 units T4 RNA ligase
(Epicentre Biotechnologies, Madison) in the presence of 80
units Super RNaseIn RNAse inhibitor (Ambion, Austin).
Again, the reactions were phenol/chloroform extracted,
ethanol precipitated, and the pellets were resuspended in wa-
ter. One microgram RNA was used for reverse transcription
with gene-specific primers (GSP1, Table S2) and the iScript
Select cDNA Synthesis Kit (Bio-Rad, Miinchen) according
to the manufacturer’s protocol. The cDNA was then ampli-
fied with nested primers and a primer complementary to the
RACE adapter sequence (GSP2 and 679, Table S2) and the
transcription start sites were identified by sequencing.

Western Blot analysis

Bacillus subtilis strains containing overexpression plasmids
were grown in LB medium at 37°C to an ODggy of ~0.4.
Expression of Ecf41y;-FLAG and its variants was induced
by adding 0.5% xylose. After 1 h, 15 mL of each culture
was harvested. The pellets were resuspended in ZAP buffer
(10 mM Tris, pH 7.4, 200 mM NacCl), cells were lysed by
sonication, and cell debris was removed by centrifugation.
A total of 20 ug of the cleared lysate was separated by SDS-
PAGE and transferred to a Polyvinylidene difluoride (PVDF)
membrane using a Mini Trans-Blot Electrophoretic Transfer
Cell (Bio-Rad, Miinchen) according to the manufacturer’s
instructions. The membrane was then incubated overnight
at 4°C with blotto (2.5% skim milk in TBS [50 mM Tris, pH
7.6,150 mM NaCl]) to prevent nonspecific binding. Then, the
membrane was incubated with the primary antibody (anti-
FLAG [Sigma, Miinchen] diluted 1:2000 in blotto) at room
temperature for 1 h followed by four 10 min washing steps
with blotto. Then the blot was incubated for 1 h with the sec-
ondary antibody (anti-rabbit IgG HRP conjugate [Promega]
diluted 1:2000 in blotto). After four washing steps with
blotto, the membrane was washed with TBS before the signals
were detected with a Lumilmager (Peqlab, Erlangen) using
AceGlow (Peqlab, Erlangen) as chemiluminescence substrate.

RNAP pull-down assays

Different versions of Ecf41p);-FLAG under control of a xylose-
inducible promoter were introduced into B. subtilis 1A774,
which contains a Hise-tag fused to the 8’ subunit of the RNAP,
to form strains TMB1099 (wt Ecf41gy;), TMB1100 (Ecf41gy;
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204), and TMB1101 (Ecf4ly; 167). As controls, the same
constructs were transformed into B. subtilis W168 resulting
in TMB695, TMB746, and TMB666. The RNA pull-down
assays were performed as described previously (MacLellan
etal. 2008). In brief, 100 mL LB medium supplemented with
5 pg/mL chloramphenicol was inoculated from fresh
overnight cultures and grown till ODggy ~0.4. Cultures were
induced with 0.5% xylose for 1 h and cells were harvested by
centrifugation. The pellets were resuspended in phosphate
buffer (50 mM phosphate buffer, pH 7.6, 100 mM NacCl,
0.1 mM PMSEF, 5 mM imidazole) and cells were lysed by son-
ication. The cleared lysate was loaded on a column containing
0.5 mL Ni-NTA metal affinity beads. The beads were washed
with each 10 column volumes of the above-mentioned phos-
phate buffer containing 5, 10, and 20 mM imidazole. Elution
was carried out using 0.5 mL phosphate buffer with increas-
ing imidazole concentration (50, 100, 250, and 500 mM).
Samples of the cleared lysate, washing steps, and elution frac-
tions were run in duplicates on 10% and 12% SDS-PAGE
gels and checked for presence of RNAP (coomassie stain-
ing) and Ecf41p;-FLAG (Western Blot using anti-FLAG anti-
bodies). For quantitative analysis, 5 ug of lysate as well as 5
and 10 pg of the 100 mM imidazole elution fractions were
used and analyzed as mentioned above.

Results
In silico analysis of group ECF41 ¢ factors
Phylogenetic distribution

The initial analysis of group ECF41 (Staron et al. 2009) was
based on a dataset generated in 2008 containing 115 ECF41
protein sequences from five different phyla. To account for the
huge increase in bacterial genomes sequenced within the last
three years, we reanalyzed group ECF41 based on 373 ECF41
o factors extracted from the Microbial Signal Transduction
Database (MiST2) (Ulrich and Zhulin 2010) (Table S1).

Group ECF41 shows a wide taxonomic distribution and
proteins of this group can be found in 10 different phyla,
but predominantly in the Actinobacteria and Proteobacteria
(Table 3). In addition, ECF41 o factors can also be found
in the phyla Firmicutes, Chloroflexi, Acidobacteria, Bacteri-
odetes, Cyanobacteria, Spirochaetes, Verrucomicrobia, and
Gemmatimonadetes.

The 373 proteins of group ECF41 derive from 150 differ-
ent species. Therefore, these organisms often encode more
than one copy of the ECF41 gene in the genome (Tables 3
and S1). Especially within the Actinobacteria, multiple copies
are very common. Only 14 of the 60 ECF41-containing acti-
nobacterial species harbor just one copy of this o factor, while
the genomes of the remaining 46 contain several copies. Es-
pecially the genus Streptomyces contains large numbers of
ECF41 o factors with at least four copies per genome, which
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may reflect the complex lifestyle of these bacteria (Flirdh and
Buttner 2009). The ECF41 copy number correlates well with
the genome size and the overall abundance of signal trans-
ducing systems. For example, the genome of S. coelicolor en-
codes as many as 45 ECF ¢ factors (Bentley et al. 2002), 13 of
which belong to group ECF41. A high abundance of ECF41
genes can also be found in the phylum Chloroflexi (11 ECF41
o factors/3 genomes), whereas most of the Proteobacteria
(84 ECF41 o factors/66 genomes) and Firmicutes (15 ECF41
o factors/10 genomes) harbor only one to two ECF41 o fac-
tors per genome.

We constructed an unrooted phylogenetic tree based on a
gapless multiple sequence alignment of all 373 ECF41 o fac-
tors using the neighbor-joining method implemented in the
Phylip program Protdist (Felsenstein 1989) provided by the
BioEdit Sequence Alignment Editor (Hall 1999). In general,
the terminal nodes representing sequences of ECF41 o fac-
tors cluster according to the phylum (Fig. 1). The two phyla
containing the highest number of sequences (Actinobacteria
and Proteobacteria) are divided into five and three different
branches, respectively. One cluster within one actinobacterial
branch is rather diverse and includes ECF o factors from Pro-
teobacteria, Chloroflexi, Firmicutes, and Acidobacteria. The
remaining ECF41 o factors from Firmicutes as well as Chlo-
roflexi form single branches. The ECF41 proteins from Bac-
teriodetes and Cyanobacteria also cluster together, whereas
the proteins from Acidobacteria, Spirochaetes, Verrucomi-
crobia, and Gemmatimonadetes cluster within or between
actinobacterial and proteobacterial branches (Fig. 1).

Genomic context conservation

In contrast to most ECF o factors studied to date (Butcher
et al. 2008), no gene encoding an obvious anti-o factor can
be found in direct vicinity of the genes encoding the ECF41
o factors. Instead, they are genomically associated with genes
encoding carboxymuconolactone decarboxylases, oxido-
reductases, or epimerases (collectively referred to as “COE”
from here on) (Fig. 2). While this genomic context is highly
conserved, the order and orientation of the associated genes is
diverse. In almost 50% of the cases, both genes are orientated
in the same direction and could potentially be transcribed
as an operon. In less than 20%, the genes are orientated di-
vergently. The remaining ~30% of ECF41 o factors do not
cluster with genes encoding COEs (Table 4). Such “orphans”
are especially abundant in actinobacterial species (Fig. 2),
which often contain multiple copies of ECF41 genes in the
genome (Table S1). Here, at least one copy of the ECF41 genes
shows the conserved genomic context.
Carboxymuconolactone decarboxylases. Commonly, pro-
teins of the carboxymuconolactone decarboxylase fam-
ily (PF02627) can be divided into two main groups:
the y-carboxymuconolactone decarboxylases and the

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Table 3. Phylogenetic distribution of ECF41 o factors.

ECF41 Sigma Factors

ECF41 proteins Percentage of

Species with Percentage of Sequenced

Phyla per phylum ECF41 proteins ECF41 protein sequenced species genomes/species'
Actinobacteria 252 68 60 51 181/118
Proteobacteria 84 23 66 15 705/414
Firmicutes 15 4.0 10 2.5 404/182
Chloroflexi 11 2.9 3 60 15/5
Acidobacteria 4 1.1 4 67 6/6
Bacteriodetes 2 0.5 2 4.4 53/45
Cyanobacteria 2 0.5 2 6.3 44/32
Spirochaetes 1 0.3 1 5.6 23/18
Verrucomicrobia 1 0.3 1 25 4/4
Gemmatimonadetes 1 0.3 1 100 171

'Numbers of sequenced genomes and species of each phylum were extracted from the MiST2 database (Ulrich and Zhulin 2010) in October 2010.

AhpD-like alkylhydroperoxidases (Ito et al. 2006). The
y -carboxymuconolactone decarboxylases are involved in
the degradation of aromatic compounds. They catalyze
the decarboxylation of y-carboxymuconolactone to -
ketoadipate enol-lactone in the protocatechuate branch of the
B-ketoadipate pathway (Eulberg et al. 1998). The best inves-
tigated example of the second group is the alkylhydroperoxi-
dase AhpD of Mycobacterium tuberculosis. This protein con-
tains a CxxC motif critical for catalytic activity and is part of
the antioxidant defense system of this organism (Hillas et al.

Figure 1. Phylogenetic tree of ECF41

o factors. The phylogenetic tree is based on a
gapless multiple sequence alignment of 373
ECF41 protein sequences constructed using
ClustalW (Thompson et al. 1994). The
resulting phylogenetic tree was calculated
using the neighbor-joining method of the
Phylip (Felsenstein 1989) program Protdist
implemented in the BioEdit Sequence
Alignment Editor (Hall 1999). Assignment to
bacterial phyla is indicated by a color code.

B Acidobacteria

[ Actinobacteria

Ecf41gs, of Rhodobacter sphaeroides, Ecf41g | Bac"e"jme'te’s
of Bacillus licheniformis, and o’ of g gg‘:lc:ggg:;ena

Mycobacterium tuberculosis are highlighted.

© 2012 The Authors. Published by Blackwell Publishing Ltd.

[ Proteobacteria

2000; Koshkin et al. 2003). In the archaeon Methanosarcina
acetivorans, it was shown that the product of gene MA3736
encodes an uncharacterized carboxymuconolactone decar-
boxylase homolog with disulfide reductase activity dependent
on a CxxC motif (Lessner and Ferry 2007). It was suggested
to play a role in the oxidative stress response of this organ-
ism. All carboxymuconolactone decarboxylases genomically
linked to ECF41 o factors contain a conserved CxxC motif,

suggesting a role of this group in the defense against oxidative
stress.

B Spirochaetes

[ Firmicutes

[ Verrucomicrobia

0.1 B Gemmatimonadetes
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Figure 2. Genomic context conservation of ECF41 o factors. ECF o factors are shown by black, carboxymuconolactone decarboxylases by gray,
oxidoreductases by striped and epimerases by dotted arrows. Genes encoding hypothetical proteins, that either contain the conserved ECF41-
dependent promoter motif (Fig. 4) or are located between the ECF41 o factor and the COE, are displayed in white. The genomic context is represented
according to the phylum with the number of species in parentheses. The number in front of each context indicates how often this combination of
genes occurs within the designated phylum.

Oxidoreductases. The reactions catalyzed by oxido- can use a variety of different molecules as electron donor or
reductases can be very diverse, but are always characterized by acceptor, it is difficult to assign a specific function to these
the transfer of electrons from one molecule to another, often enzymes. In case of genes next to ECF41 o factors, they were
using NAD(P)H or FAD as cofactors. Since oxidoreductases classified as oxidoreductase if their product carried at least
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Table 4. Genomic context and promoter occurrence.

Genomic context! Number Pece? Pcoe?
SECF> 126 (34%) 38 n.a.
>COE> >ECF> 107 (29%) - 97
>ECF> >COE> 53 (14%) 14 24
>ECF> <COE< 9(2%) 3 4
<ECF< >COE> 55 (15%) 36 41
Ungrouped 23 (6%) n.a. n.a.

'The arrows indicate the organization of the genes. ECF, gene encoding
an ECF41 o factor; COE, gene encoding a carboxymuconolactone de-
carboxylase, oxidoreductase, or epimerase; ungrouped, genomic context
differs from the above-mentioned groups and contains genes encoding
hypothetical proteins of unknown function.

2"-" no promoter occurs upstream of the gene; n.a., the corresponding
gene is not present or was omitted from analysis in case of ungrouped
genomic context.

one of the following Pfam domains: Oxidored_FMN, Flavo-
doxin_2, Pyr_redox/_2, FAD binding_2/3/4, Amino_oxidase,
Pyridox_oxidase, or FMN_red.

Epimerases. The third group contained either an NmrA
(PF05368) or an Epimerase (PF01370) domain. NmrA is a
negative transcriptional regulator of AreA and involved in
nitrogen metabolite repression in different fungi. The crystal
structure of NmrA revealed a Rossmann-fold and similarity
to members of the short-chain dehydrogenase/reductase fam-
ily (Stammers etal. 2001 ), which generally deploy nucleotide—
sugar substrates for chemical conversions. The Rossmann-
fold is typical for two-domain redox enzymes that use NAD*
as cofactor. The UDP-galactose 4-epimerase is the best un-
derstood example of this family and catalyzes the conversion
of UDP-galactose to UDP-glucose (Allard et al. 2001).

Miscellaneous. In some cases, genes encoding other than
the above-mentioned proteins can also be linked to ECF41
o factors. These neighboring genes were included in
Figure 2 if they (1) carry the typical promoter sequence (see
below and Fig. 4), or (2) are located between the ECF41- and
the COE-encoding genes. Most of these other genes encode
hypothetical proteins of unknown function. Four of these hy-
pothetical proteins (Table S1) contain the conserved B-barrel
domain of the cupin superfamily, which members often func-
tion as dioxygenases in bacteria (Dunwell et al. 2004). The
C-terminal domain of the cytoplasmic anti-o factor ChrR
from R. sphaeroides o® also adopts such a cupin fold (Camp-
bell et al. 2007). In all four cases, the genes encoding these
cupin fold proteins are in the same orientation than the ECF
o factor and presumably form an operon.

ECF41 proteins contain a large C-terminal
extension

Group 4 alternative o factors contain the smallest proteins of
the 07 family, in which only regions o', and o, are present
and sufficient for promoter recognition and RNAP interac-

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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tion. An alignment of classical ECF ¢ factors from different
organisms and proteins of group ECF41 revealed a large C-
terminal extension of about 100 amino acids only present in
ECF41 o factors (Fig. 3). Based on an alignment of all ECF41
proteins (Fig. S1), we identified three conserved motifs within
this extension (Fig. 3). Another characteristic feature of the
ECF41 proteins is a highly conserved WLPEP motif in the
linker region between o, and o4, which usually does not
show much sequence conservation in other ECF ¢ factors.

By analogy to other group 4 o factors, we expect activity
of the ECF41 proteins to be regulated in response to some
unknown signal. Based on the observations regarding the
genomic context and domain architecture of ECF41 o fac-
tors, we propose three hypotheses to explain their regulation:
(1) the COE genes could be targets of ECF41-dependent reg-
ulation, (2) the COEs could be part of the signal transducing
mechanism and function as an anti-o factor, or (3) the C-
terminal extension could be involved in controlling o factor
activity.

To address these hypotheses directly and generalize our
findings, we experimentally investigated ECF41 ¢ factors
from two different organisms: BLi04371 of B. licheniformis
and RSP_0607 of R. sphaeroides. We named the genes encod-
ing the ECF41 o factors to ecf4lpj; and ecf41gy, and used these
terms for the following analysis. The genomic neighborhood
including the genes encoding the carboxymuconolactone de-
carboxylases YdfG and RSP_0606 is shown in Figure 4A.

Targets of ECF41 o factors

COE-encoding genes represent targets of
ECF41-dependent signal transduction

We first investigated if the COE-encoding genes next to the
ECF41 o factors are targets of the ECF41-dependent signal
transduction. Therefore, we monitored expression of ydfG
at different growth phases in a B. licheniformis wild-type
and an isogenic Aecf41lpy; deletion strain. Both strains show
no difference in growth behavior (Fig. 4B), indicating that
Ecf41p;; is not required under standard laboratory condi-
tions. At designated time points, samples of both strains were
taken, total RNA was prepared, and Northern Blot analysis
was performed using a ydfG-specific probe. At the transi-
tion from the exponential to the stationary growth phase, an
~0.5 kb transcript appears in the wild-type strain in agree-
ment with a monocistronic expression of ydfG (Fig. 4B). No
ydfG transcript is visible in the Aecf4lpy; deletion mutant,
demonstrating that detectable expression of ydfG is com-
pletely Ecf41pj;-dependent under the conditions tested.

We also examined the transcriptome upon overexpres-
sion of Ecf4lgy, in R. sphaeroides by DNA microarrays
to test if a similar result can be obtained in another or-
ganism and to possibly identify additional target genes
of ECF41 o factors. Strains containing either an Ecf4lg,,
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Figure 3. Characteristic features of group ECF41 proteins and comparison with classical ECF o factors. The multiple sequence alignment of selected
ECF o factors was constructed using ClustalW (Thompson et al. 1994). Identical amino acids at the same position are shaded in black, similar amino
acids in gray. The o, and o4 domains and the C-terminal extension are marked. Conserved motives of ECF41 proteins are defined by the complete
multiple sequence alignment of group ECF41 (Fig. S1) and are highlighted. Abbreviations: Bce, Bacillus cereus; Bli, B. licheniformis; Bsu, B. subtilis;
Eco, Escherichia coli; Nfa, Nocardia farcinica; Rsp, Rhodobacter sphaeroides; Reu, Ralstonia eutropha.

overexpression plasmid (YSD333) or the empty vector
(YSD354) were grown aerobically to ODgog ~0.3 and expres-
sion of the ECF41 o factor was induced by adding IPTG. Af-
ter 3 h of incubation, the cells were harvested, total RNA was
prepared, and microarray analysis performed (see materials
and methods for details). The mRNA level for ecf41gy, was
~80-fold increased in cells overexpressing this protein. The
only other more than twofold-induced gene was RSP_0606
(~threefold), which encodes the associated carboxymucono-
lactone decarboxylase (data not shown). With this approach,
we cannot discriminate between the expression level of the
native and the ectopic copy of ecf41s,. Nevertheless, we pro-
pose that ecfdlg,, and RSP_0606 form a bicistronic operon
due to an overlap of the structural genes. Taken together,
these results indicate that Ecf41g, seems to control expres-
sion of only a single transcript that contains the ecf41gy, and
RSP_0606 genes.

Analysis of ECF41-dependent target promoters in
B. licheniformis and R. sphaeroides

Since ECF o factors recognize alternative promoter se-
quences, we investigated if the identified ECF41 target genes
ydfG and RSP_0606 are preceded by such a unique sequence
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motif. We therefore mapped the transcriptional start site by
5'RACE in RNA samples from cells overexpressing the ECF41
o factor (R. sphaeroides) or samples taken throughout the
growth cycle (B. licheniformis) (Fig. 4B). In both organisms,
we identified a “G” residue as the transcriptional start site
followed by a 22/23 bp untranslated region containing a suit-
able ribosome-binding site (Fig. 4A). Upstream of this start
point, we identified a bipartite sequence motif with similar-
ity to typical ECF-dependent promoter elements (Helmann
2002; Staron et al. 2009): a —35 region identical in both or-
ganisms (TGTCACA) and a —10 region (TGTT or CGTC).
Next, we tested if this predicted target promoter responds
to the corresponding ECF41 o factor. Because of the lack
of genetic tools for B. licheniformis, we heterologously ex-
pressed Ecf41p);-FLAG from a xylose-inducible promoter in
B. subtilis, an organism lacking an ECF41 o factor, and
measured the activity of the target promoter P, trans-
criptionally fused to lacZ by S-galactosidase assays (Fig. 4D).
Without xylose, the resulting reporter strain TMB696 shows
only low P, activity, presumably due to weak basal expres-
sion of Ecf4lg; from P4 in complex LB medium. Addi-
tion of 0.5% xylose increased promoter activity ~70-fold,
indicating that Ecf41gy; activates P 4r upon its overexpres-
sion. Almost no B-galactosidase activity was detectable in

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Figure 4. Targets of ECF41-dependent signal transduction. (A) Genomic context organization and target promoter sequence of the ECF41 o factors
from B. licheniformis and R. sphaeroides. Genes encoding the ECF41 o factor (black) and the carboxymuconolactone decarboxylase (gray) as well as
the promoter sequences are shown. Flanking genes not belonging to the ECF41 loci are shown in white. The —35 and —10 region, the transcriptional
start site +1, and the ATG start codon are highlighted in bold. The RACE adapter sequence is indicated by lower case letters. (B) Northern Blot analysis
of Ecf41g;-dependent ydfG expression in B. licheniformis. Bacillus licheniformis MW3 (wt) and TMBIi003 (Aecf41g;;) were grown aerobically in LB
medium. At the time points indicated by arrows, samples of both strains were harvested and total RNA was prepared. A total of 10 g total RNA was
separated on a 1% formaldehyde gel and transferred to a nylon membrane followed by hybridization and detection with a DIG-labeled ydfG-specific
probe. Ribosomal RNA is shown to ensure equal amounts of RNA in each lane. (C) Weblogo of ECF41-dependent target promoters. The weblogo
was generated using the WebLogo tool (Crooks et al. 2004) available at http://weblogo.berkeley.edu. The weblogo graphically represents a position
weight matrix and illustrates the degree of sequence conservation for each nucleotide. The matrix is based on 285 putative promoter sequences
identified upstream of genes encoding ECF41 o factors and COEs. (D) ECF41-dependent target promoter activation. Bacillus subtilis strains TMB696
(Ecf41g;) and TMB623 (pHCMCO04) were grown in LB medium to ODggo ~0.4 and split into two samples. In one sample, expression of Ecf41g; was
induced by addition of 0.5% xylose and cells were harvested after 1 h. Rhodobacter sphaeroides strains TMROO5 (Ecf41rs,) and YSD434 (pIND4) were
grown in Sistrom’s minimal medium to ODggo ~0.3 and split into two samples. In one sample, expression of Ecf41gs, was induced by 100 uM IPTG.
After 3 h, the cells were harvested. P4 and Prsposos activities were measured by g-galactosidase assays with normalization to cell density.

the control strain TMB623, harboring only the empty ex- from two independent organisms demonstrate that the pro-
pression vector, demonstrating that P, from B. licheni- moter identified by 5’'RACE (Fig. 4A) specifically responds to
formis is not recognized and activated by any o factor of  the overexpression of ECF41 o factors.

B. subtilis under the laboratory conditions used in these
experiments.

To test for promoter recognition in R. sphaeroides, we
expressed Ecf4lgy, from an IPTG-inducible promoter and
measured the activity of the target promoter Pgrsp_os06 After we identified an ECF41-dependent promoter in two or-
by B-galactosidase assays. Without inducer present, strain ganisms, we expected that this motif should also be present
TMRO05 shows Prep_ge06 activity of about 25 Miller Units, in the ECF41 loci of other organisms. To verify this, we ex-
which can be increased twofold by addition of IPTG tracted 250-bp regions upstream of the COE- as well as the
(Fig. 4D). The high Prsp_gsos activity of TMROO05 in the ab- ECF41-encoding genes and searched for overrepresented se-
sence of IPTG is presumably due to background transcription quence motifs with similarity to the identified promoter, ei-
from the leaky promoter of the expression plasmid. In com- ther manually or by using the MEME algorithm (Bailey and
parison, the control strain YSD434, which carries the empty Elkan 1994). We identified the two motifs described above
vector, shows only marginal promoter activity. These results separated by a 16 & 1 bp spacer within most of these regions

Prediction of a general ECF41-dependent target
promoter motif

© 2012 The Authors. Published by Blackwell Publishing Ltd. 205



ECF41 Sigma Factors

and constructed a weblogo based on 285 sequences (Fig. 4C).
The —10 region with the consensus “CGTC” is comparable
to many typical ECF promoters, whereas the —35 consensus
“TGTCACA” is specific for group ECF41. This bipartite pro-
moter motif can be found upstream of both the COE- and
ECF41-encoding genes, often preceding a potential operon
consisting of these two genes (Tables 4 and S1). In about
one-third of all ECF41 o factors, the COE-encoding gene is
located upstream of and in the same orientation than the ECF
gene. Here, the COE gene usually carries the promoter motif
while the ECF41 o factor lacks it. In case of this predomi-
nant locus organization, both genes could form an operon
transcribed from the COE promoter. If the ECF o factor is
located upstream of the COE gene, less than 30% of the ECF-
and almost 50% of the COE-encoding genes harbor the pro-
moter, in case of 20% both genes are preceded by the motif.
About 17% of the ECF41 o factors show opposite orientation
relative to the COE gene, either >ECF><COE< or <ECF<
>COE>. In the latter case, often both genes are preceded
by the motif, whereas for the first combination usually only
either the ECF- or COE-encoding gene shows the promoter.
More than 30% of all ECF41 o factors do not show the ge-
nomic context conservation. Of these “orphan” genes, only
30% are preceded by the ECF41-specific promoter.

Next, we used the derived position weight matrix
graphically represented in Figure 4C to perform genome-
wide searches for additional ECF41 target promoters in
R. sphaeroidesand B. licheniformis, using the algorithm virtual
footprint (Miinch et al. 2005) implemented in the Prodoric
database (Miinch et al. 2003). In both organisms, only a
few potential ECF41 target promoters could be identified
(Table 5), but none exactly matched the ECF41 consensus.
Construction of transcriptional lacZ-fusions to three of these
promoters from B. licheniformis (Pupax, Puyx, and Pyppp) and
subsequent determination of f-galactosidase activity did not
reveal any Ecf41p);-dependent activation. Even expression of
a highly active truncated version of Ecf41yj; (see below) did
not result in any promoter activation (data not shown). In
addition, we performed a genome-wide analysis on the pres-
ence and conservation of the ECF41-dependent promoter
motif upstream of orthologous genes in a wide range of
ECF41-harboring organisms. While this in silico analysis has
been successfully used to identify candidate promoters and
core regulons for other regulators including ECF ¢ factors
(Dufour et al. 2008, 2010), it failed to reveal any potential
conserved regulon members, with the exception of genes en-
coding the COEs or ECF41 o factors (data not shown). Taken
together, our collective data strongly suggest that the proteins
of group ECF41 generally control expression of only a sin-
gle target gene or operon, which includes the COE and the
ECF41 o factor, if cotranscribed. The COE-encoding genes
therefore represent the only known and detectable targets of
ECF41-dependent gene expression.
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Phenotypes linked to ECF41-dependent
gene expression

The analysis of the function of ECF41-dependent target genes
could provide some hints for the physiological role of this
novel group of ECF o factors. The only detectable target
gene of the ECF41 o factor in both B. licheniformis and
R. sphaeroides encodes a carboxymuconolactone decarboxy-
lase, which is usually involved in the degradation of aro-
matic compounds (Eulberg et al. 1998; Lorite et al. 1998).
But besides this function, proteins annotated as carboxy-
muconolactone decarboxylases can also exhibit a role in
the oxidative stress response (Hillas et al. 2000; Lessner
and Ferry 2007). Additionally, a strain of M. tuberculo-
sis lacking the ECF41 o factor o/ is slightly more sensi-
tive to H,O, (Hu et al. 2004). Based on these observa-
tions, we investigated a potential link between ECF41 o
factors and oxidative stress response. We performed se-
rial dilution spot tests to compare the viability of an
R. sphaeroides wild-type (YSD354) and RSP_0606-ecf41gs,
deletion mutant (YSD331) or Ecf4lpyi_s06 OVerexpression
strain (TMRO03, expressing a highly active version of
Ecf41g,p, see below) as well as B. licheniformis wild-type
(MW3) and Aecfdlg; (TMBILi006) or AydfG (TMBIi003)
deletion strains, respectively. No significant differences were
observed in the presence of the oxidative stress generating
compounds H,0,, cumene hydroperoxide, t-butyl hydro-
peroxide, or paraquat (data not shown).

We subsequently performed a phenotype microarray
(PM) analysis. This high-throughput approach allows
testing hundreds of different conditions in parallel in
order to identify phenotypes associated with genetic al-
terations (Bochner 2003). Our PM analysis included
960 assays for carbon, nitrogen, phosphorus, and sulfur
utilization, nutrient stimulation, pH and osmotic stress,
as well as chemical sensitivity tests covering 240 different
substances (see http://www.biolog.com/PM_Maps.html for
details). We compared phenotypic differences between the
R. sphaeroides wild-type (2.4.1) and RSP_0606-ecf4 1, dele-
tion strain (YSD239) as well as a strain expressing the highly
active variant of Ecf41,, (TMRO003; see below). Overall, only
very few phenotypes can be linked to the expression or dele-
tion of the ECF41 o factor. Besides resistance to spectino-
mycin due to the resistance cassette, strain YSD239 showed
only a positive phenotype against the sulfonamide anti-
biotic sulfadiazine. As expected, strain TMRO003 displayed
relative resistance to aminoglycoside antibiotics (kanamycin,
neomycin, geneticin, paromomycin) due to the resistance
cassette of the overexpression plasmid. Surprisingly, gained
phenotypes were observed for the carbon sources adonitol,
p-mannitol, p-sorbitol, and glucose, suggesting a metabolic
function of the ECF41 o factors in utilization of ad-
ditional carbon sources. But none of these additional

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Table 5. Putative ECF41 target promoters in B. licheniformis and R. sphaeroides.

Gene! Promoter sequence? 5'UTR? Putative function, homology

B. licheniformis

BLi01248 TGTCACAAAAACATAAATAATAGATGTC 142 Hypothetical, putative membrane protein
Bli03073 TGTCACCCCTTCCTT-TTTCGAGCCGTC 109 Hypothetical, putative membrane protein
hprP TGTCACGCTTGCTTTTATTTTTCTCGTC 163 Putative phosphatase

mtrB TGTCACTTCAGCTGT-AAGGGGAACGTT 76 Transcription attenuation protein

nhaX TGTCACGTTTAGGTG-CTTTTGTTIGTT 199 Stress response protein

puck TGTCACAAATCCGCT-CATTTTTIGTT 39 Purine catabolism regulatory protein

sat TGTCACAAGCGTTCTGCTGGCATCTGTC 97 Sulfate adenylyltransferase, dissimilatory-type
spolISB TGTCACAGAATTTGA-TTATCTCCTGTT 60 Stage Il sporulation protein SB

uvrX TGTCACCTTCTTTCC-AAAGAAGGTGTT 120 DNA-damage repair protein

ybxF TGTCACTAAAAATTG-TCATCATATGTT 68 Firmicutes ribosomal L7Ae family protein
ydfG TGTCACAAACTCCGT-TTCTCTCTTIGTT 31 Putative carboxymuconolactone decarboxylase
yfmE TGTCACGGCAATGAT-TGGGACGCCGTT 42 Heme ABC type transporter HtsABC, permease
ykpA TGTCACAAAGAAAGTGGAAATAAGCGTT 108 ABC transporter, ATP-binding protein

YPbE TGTCACGGCACATTTTTTGATCGATGTT 48 Unknown, LysM domain, cell wall degradation
yvdl TGTCACACTGCTCATTTCTTTCATTGTC 63 Maltose/maltodextrin ABC transporter

R. sphaeroides

gcvH TGTCACGTCCGGCG-GCTTCGGCCCCTC 151 Glycine cleavage system H protein,

repA TGTCACCGTTTCG-CCCCAAGAACGTG 152 RepA partitioning protein/ATPase, ParA type
rplL TGTCACCCACC-ATGTTGGACCCCATC 20 Ribosomal protein

RSP-0606 TGTCACAACCGC-CTTCCCTCGCCCGTC 32 Putative carboxymuconolactone decarboxylase

'Genes highlighted in bold were tested for activation by the corresponding ECF41 o factor.
2Underlining indicates 35 (left) and —10 (right) regions, the spacing was adjusted indicated by dashes.
35'UTR, length of 5’-untranslated region (in nucleotides) between the postulated transcriptional start site and the AUG start codon.

phenotypes not due to the presence of a resistance cas-
sette could be verified by serial dilution spot tests (data
not shown). Taken together, the mutant and overexpres-
sion strains do not show any reproducible growth differences
compared to the wild type under all the conditions tested.
Therefore, we were not able to identify an ECF41-related
phenotype.

Signal transduction of ECF41 ¢ factors

The activity of ECF o factors is normally regulated by a cog-
nate anti-o factor. The genes encoding these two proteins
are usually located next to each other on the chromosome
and cotranscribed (Helmann 2002; Butcher et al. 2008). As
mentioned above, no obvious anti-o factor is encoded in di-
rect vicinity to the genes encoding the ECF41 o factors. The
results of our in silico analysis (Figs. 2 and 3) suggest that
either the corresponding COEs or the C-terminal extension
of the ECF41 proteins could be involved in the regulation
of o factor activity. We first tested if YAfG has any influence
on the target promoter activation by Ecf41py;. Therefore, we
expressed Ecf41py; separately (TMB455) and simultaneously
with YdfG (TMB456) in B. subtilis and measured the activity
of P45 fused to lacZ by B-galactosidase assays, but did not
observe any significant differences (data not shown). There-
fore, we do not have any indication that the corresponding
COEs are involved in ECF41-dependent signal transduction

© 2012 The Authors. Published by Blackwell Publishing Ltd.

and focused our attention on the C-terminal extension. To
study a possible function of this extension, we investigated
the effect of C-terminal truncations of Ecf41pj; on promoter
activation and RNAP interaction.

Sequential deletion analysis of the C-terminal
extension

We constructed three C-terminally truncated alleles of
ecfd1p;-FLAG and tested their ability to activate the target
promoter P,q;. The different mutant proteins were named
according to their length (Fig. 5A). Truncation of the C-
terminal part of the extension (204) resulted in a very active
ECF o factor leading to an ~20-fold increase in P ac-
tivity relative to the full-length protein. Surprisingly, further
truncation (192) of Ecf41gy; resulted in clearly decreased tar-
get promoter activation. Furthermore, expression of variant
167, which lacks the whole extension, completely lost the
ability to activate the target promoter (Fig. 5B). This was un-
expected, since regions o, and o4 are usually sufficient for
promoter recognition and activation by other ECF o factors.
This indicates that at least N-terminal parts of the exten-
sion are required for ECF41-dependent promoter activation,
although partly truncations lead to a highly active protein.
Expression of all of these Ecf41p;;-FLAG variants was verified
by Western Blot (Fig. 5B).
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B. licheniformis

a, a, C-terminal extension
wt || |weeep]| | | | |oceek] [inDakevi] |NPDKL|
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Figure 5. Effect of C-terminal tr.LJncfations of ECF41 . wt 204 192 167
o factors on target promoter activation. (A) Schematic
representation of C-terminally truncated Ecf41g;; -
proteins of B. licheniformis. The name of each variant
is given at the beginning of each line and correlates
with the length of the protein. The domains o, and .
o4 as well as the C-terminal extension are displayed C R- Sphaer’mdes
as gray boxes. The amino acid sequence of the highly
conserved motives is shown. (B) S-galactosidase O, Oy C-terminal extension
activities of B. subtilis strains overexpressing truncated wt || [wiper| | | | Ioceek| [paipeyv] [nPDKL
Ecf41;-FLAG proteins. Strains TMB696 (wt), TMB742 206 ] Twieer] | [1 [ocGeK]

(204), TMB741 (192), and TMB667 (167) were grown
169 II IWLPEPI I Il

in LB medium to ODggo ~0.4 and split into two
samples. In one sample, protein expression was
induced by addition of 0.5% xylose. The cells were

harvested after 1 h and B-galactosidase activity was D 7000+ 3 - IPTG
measured. Expression of the Ecf41g; variants was

verified by Western Blot using a FLAG-tag-specific 60004 | +IPTG
antibody and is shown below. (C) Schematic

representation of C-terminally truncated Ecf41gs, i"i-

proteins of R. sphaeroides. Details are shown as g 5000+

described for Figure 4. (D) B-galactosidase activities of = -

R. sphaeroides strains overexpressing truncated g

Ecf41gs, proteins. Strains TMR0O5 (wt), TMRO06 = 60+

(169), and TMROQ7 (206) were grown in Sistrom’s 40

minimal medium to ODggg ~0.4 and split into two

samples. In one sample, expression of Ecf41ggp 204

variants was induced by 100 uM IPTG. After 3 h, the 0 e

cells were harvested and B-galactosidase assays were
performed.

To test if similar results can be observed for Ecf41g,, we
tested the effects of C-terminal truncations on o factor func-
tion (Fig. 5C and D). Expression of the C-terminal truncated
Ecf41g, (206) led to ~120-fold higher Prsp o606 activity than

208

wt 206 169

the full-length protein, whereas deletion of the whole exten-
sion (169) resulted in a total loss of promoter activation. Our
collective data therefore strongly suggest that the C-terminal
extension of group ECF41 proteins might represent a fused

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Figure 6. Interaction of Ecf41g; with RNA polymerase. (A) SDS-PAGE
of Ni affinity-purified proteins from strains TMB1099 (wt), TMB1100
(204), and TMB1101 (167) carrying a Hisg-tag fused to the B’ subunit
of the RNAP. The different truncated versions of Ecf41g;-FLAG were
overexpressed and the RNAP complex was purified (see Materials and
Methods for details). A total of 5 ug of the cleared lysate and 5 and
10 png of the 100 mM imidazole elution fraction were loaded. (B) Detec-
tion of copurified Ecf41g;-FLAG and its variants by Western Blot analysis
of a gel identical to the one in (A) using a FLAG-tag-specific antibody.

regulatory domain that is involved in controlling o factor
activity.

Interaction of Ecf41p; with RNA polymerase

Bacterial o factors form a complex with the RNAP core
enzyme and recruit the resulting holoenzyme to the corre-
sponding target promoters (Burgess and Anthony 2001). To
demonstrate that Ecf41p); interacts with RNAP, we performed
in vivo RNAP pull-down assays. Ecf415);-FLAG was expressed
from a xylose-inducible promoter in a B. subtilis strain car-
rying a Hise-tagged B’-subunit of RNAP. The Hiss-tag was
used for rapid purification of RNAP holoenzyme (Anthony
et al. 2000). The success of the purification was verified by
the presence of bands on a Coomassie-stained SDS-PAGE gel
corresponding to the 88’ and « subunits (Fig. 6A). Western
Blot analysis with a FLAG-tag-specific antibody shows that
Ecf41p;-FLAG copurifies with RNAP (Fig. 6B). The same
protein is not detectable in the elution samples of cells lack-
ing the Hisg-tag (data not shown) indicating that enrichment
of Ecf41;-FLAG from B. licheniformis is due to interaction
with RNAP.

Next, we analyzed if the observed effect of Ecf41p; trun-
cations (Fig. 5A and B) on target promoter activation can be
explained by their ability to interact with RNAP core enzyme.
We repeated the RNAP pull-down assay quantitatively with
the highly active (204), the inactive (167), and the wild-type
version of Ecf41g;;-FLAG. All three proteins are expressed at

© 2012 The Authors. Published by Blackwell Publishing Ltd.
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comparable levels in soluble form as demonstrated by West-
ern Blot analysis of the cleared lysate before purification,
but show considerable different binding behavior to RNAP
(Fig. 6B). Hardly any binding can be observed for the short-
est Ecf4ly); protein (167), which is consistent with its in-
ability to activate the target promoter (Fig. 5B). In contrast,
the protein with only partly truncated extension (204) co-
purifies with RNAP to a much lesser extent than the full-
length protein although promoter activation is significantly
higher.

Taken together, C-terminal truncations of Ecf41py; signif-
icantly alter the binding behavior to RNAP, but this affinity
does not completely reflect the observed o factor activity of
the corresponding allele. While loss of promoter activation
for the complete deletion of the C-terminal extension can
be—at least partially—explained by the significantly reduced
ability of the shortest version of Ecf4lg; (167) to interact
with RNAP, additional factors must account for the strongly
increased promoter activation of the partly truncated version
(204), despite its weaker interaction with RNAP compared to
the wild-type protein.

Taken together, our data demonstrate that the ECF41 o
factors seem to have a completely new way of signal trans-
duction presumably not involving a second protein function-
ing as an anti-o factor. Instead, the C-terminal extension,
which is not present in other ECF o factors, affects both the
target promoter activation and binding to RNAP (Figs. 5 and
6). The mechanism of this mode of regulation remains to be
investigated in subsequent studies.

Discussion

A recent classification identified a large number of novel
groups of ECF o factors with unique features compared to
“classical” ECF o factors (Staron et al. 2009), including group
ECF41. This group shows a wide phylogenetic distribution
with about 400 proteins from 10 different phyla (Tables 3
and S1; Fig. 1). The genomic context of group ECF41 is
highly conserved and distinct from other ECF groups. An
obvious anti-o factor is missing. Instead, a gene encoding a
carboxymuconolactone decarboxylase, an oxidoreductase, or
an epimerase (COE) is located directly up- or downstream of
the ECF41 o factor (Fig. 2). We did not observe any function
of the COE proteins in signal transduction, but identified the
neighboring genes encoding these proteins as the sole targets
of ECF41 o factors, both by in silico and comprehensive
gene expression analyses. We identified a unique promoter
signature (TGTCACA-n;6-CGTC) upstream of these COE
genes that is recognized by the corresponding ECF41 o factor
(Fig. 4).

The most important finding of our study concerns the
regulatory role of the C-terminal extension of group ECF41,
which is not present in any other group of ECF o factors
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(Staron et al. 2009). Based on our data, ECF41-dependent
signal transduction does not seem to involve a second
protein that functions as an anti-o factor. Instead, our
data clearly demonstrate the importance of the C-terminal
extension for both target promoter activation and affinity
to RNAP (Figs. 5 and 6). Moreover, our sequential deletion
analysis indicates that the extension plays both a positive
and negative role in ECF41-dependent gene regulation. A
short N-terminal part of the extension directly following the
region o4 is absolutely required for o factor activity, in con-
trast to other ECF o factors described so far. But most of
the C-terminal part of the extension clearly plays a negative
regulatory role: even partial deletions result in a strongly in-
creased activity of the target promoters in both organisms
studied (Fig. 5), suggesting that this part of the extension
functions as a fused inhibitory domain. To our knowledge,
this is the first report of a regulatory domain being fused to
the ECF o factor. Based on our results, we propose that the
group of ECF41 o factors represents a novel mechanism of
ECF-dependent signal transduction.

While our data clearly establish a regulatory role of the
C-terminal extension for the activity of the ECF41 o factor,
the exact molecular mechanism will be the subject of further
investigations. One possibility would be that the C-terminal
extension functions as a sensory domain. In the absence of a
suitable trigger, it could keep the o factor domains inactive
through intra- or intermolecular interactions. These inter-
actions could prevent the binding of the ECF41 o factor to
RNAP or promoter DNA. The presence of an input signal
could then result in a conformational change that releases
the o factor domains from the inhibitory grip of the exten-
sion, thereby initiating transcription of the COE genes. Such
a mechanism involving intramolecular interactions has for
example been described for the primary o factor of E. coli,
o7%. While this o factor does not need to be activated, binding
of free o7 to DNA is inhibited by region 1.1, presumably by
interaction with the 04 DNA-binding domain (Dombroski
et al. 1993). A similar inhibitory role of N-terminal regions
has also been shown for alternative o factors such as E. coli
0% and B. subtilis X (Dombroski et al. 1993; Johnson and
Dombroski 1997). Another attractive but completely hypo-
thetical possibility is that ECF41 proteins exist as inactive
dimers in the cell with the extension being the dimerization
interface. Activation would involve conformational changes
and dissociation, resulting in a monomeric form that is able
to interact with RNAP and promoter DNA. If a similar mech-
anism involving intra- or intermolecular interactions also ap-
plies to the C-terminal region of ECF41 ¢ factors needs to be
investigated.

Alternatively, though maybe less likely, a stimulus sensed by
the C-terminal regulatory domain could also result in a con-
formational change that exposes a protease recognition site.
After regulated cleavage, the truncated and thereby activated
o factor would then mediate transcription initiation. Alter-
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native o factors such as o* and o'%, which are involved in the
sporulation process in B. subtilis, are known to be expressed
as inactive precursors. Activation is achieved by regulated
proteolytic processing of the N-terminus of these proteins
(LaBell et al. 1987; Lu et al. 1990; Zhang et al. 1998). But in
addition to its inhibitory function, the role of the extension
of ECF41 proteins seems to be more complex. Partial dele-
tion of the C-terminal extension results in high activity, but
at least the N-terminal part of the extension is also required
for transcription. Since a complete deletion of the C-terminal
extension seems to decrease the affinity of the ECF41 o fac-
tor to RNAP (Fig. 5), the N-terminal part of the extension
could be involved in stabilizing the complex of RNAP and
o factor. So far, we do not know any inducing conditions
for ECF41-dependent gene expression. Hence, we could not
investigate the influence of the C-terminal extension in signal
transduction under natural conditions. Expression of Ecf41g;
is already sufficient to activate the target promoter, showing
that the full-length protein is not completely unable to initi-
ate transcription. But the resulting activity can be drastically
increased by truncation of the ECF o factor. Since these ex-
pression and promoter activity experiments were carried out
heterologously in B. subtilis, which does not possess an ECF41
o factor, it is unlikely that another protein is involved in the
signal transduction.

Future studies will be necessary to unravel both the physi-
ological role and the mechanistic details underlying ECF41-
dependent signaling. But the data presented in this initial
study clearly demonstrate the value of our ECF classification
(Staron et al. 2009) and can serve as blueprint for study-
ing additional conserved and novel groups of ECF ¢ factors,
with yet to be explored mechanisms of signal transduction
and gene regulation.

Acknowledgments

We would like to thank J. Vierstra for strain construction
and S. R. MacLellan for critical reading of the manuscript
and his suggestions on performing RNAP pull-down ex-
periments. This work was supported by grants from the
Deutsche Forschungsgemeinschaft (DFG-grant MA2837/2-
1), the Fonds der Chemischen Industrie, and the Concept
for the Future of the Karlsruhe Institute of Technology
within the framework of the German Excellence Initiative (to
T. M.). T. W. is the recipient of a Chemiefonds Ph.D. schol-
arship of the Fonds der Chemischen Industrie, and a travel
grant from the Karlsruhe House of Young Scientists (KHYS).
Y. S. D. was a fellow on the DOE GTL BACTER grant
ER63232-1018220-0007203 and DE-FG02-05ER15653 (to
T.]. D.) and a recipient of a Wisconsin Distinguished Grad-
uate Fellowship from the UW-Madison College of Agricul-
tural and Life Sciences and of the William H. Peterson Pre-
doctoral Fellowship from the UW-Madison Department of
Bacteriology.

© 2012 The Authors. Published by Blackwell Publishing Ltd.



T. Wecke et al.

References

Ades, S. E. 2004. Control of the alternative sigma factor ofin
Escherichia coli. Curr. Opin. Microbiol. 7:157-162.

Allard, S. T., M. E Giraud, and J. H. Naismith. 2001. Epimerases:
structure, function and mechanism. Cell Mol. Life Sci.
58:1650—-1665.

Alm, E. J,, K. H. Huang, M. N. Price, R. P. Koche, K. Keller, I. L.
Dubchak, and A. P. Arkin. 2005. The MicrobesOnline web site
for comparative genomics. Genome Res. 15:1015—

1022.

Anthony, L. C., I. Artsimovitch, V. Svetlov, R. Landick, and R. R.
Burgess. 2000. Rapid purification of His(6)-tagged Bacillus
subtilis core RNA polymerase. Protein Expr. Purif. 19:350—
354.

Arnaud, M., A. Chastanet, and M. Debarbouille. 2004. New
vector for efficient allelic replacement in naturally
nontransformable, low-GC-content, gram-positive bacteria.
Appl. Environ. Microbiol. 70:6887-6891.

Bailey, T. L., and C. Elkan. 1994. Fitting a mixture model by
expectation maximization to discover motifs in biopolymers.
Proc. Int. Conf. Intell Syst. Mol. Biol. 2:28-36.

Bentley, S. D., K. E Chater, A. M. Cerdeno-Tarraga, G. L. Challis,
N. R. Thomson, K. D. James, D. E. Harris, M. A. Quail, H.
Kieser, D. Harper, et al. 2002. Complete genome sequence of
the model actinomycete Streptomyces coelicolor A3(2). Nature
417:141-147.

Bhavsar, A. P, X. Zhao, and E. D. Brown. 2001. Development and
characterization of a xylose-dependent system for expression
of cloned genes in Bacillus subtilis: conditional
complementation of a teichoic acid mutant. Appl. Environ.
Microbiol. 67:403-410.

Bochner, B. R. 2003. New technologies to assess genotype-
phenotype relationships. Nat. Rev. Genet. 4:309-314.

Bolstad, B. 2004. Low level analysis of high-density
oligonucleotide array data: background, normalization and
summarization. Dissertation at University of California,
Berkeley, CA.

Burgess, R. R., and L. Anthony. 2001. How sigma docks to RNA
polymerase and what sigma does. Curr. Opin. Microbiol.
4:126-131.

Butcher, B. G., T. Mascher, and J. D. Helmann. 2008.
Environmental sensing and the role of extracytoplasmic
function (ECF) sigma factors. Pp. 233-261 in W. M.
El-Sharoud, ed. Bacterial physiology—a molecular approach.
Springer GmbH, Berlin, Heidelberg.

Campbell, E. A., R. Greenwell, J. R. Anthony, S. Wang, L. Lim, K.
Das, H. J. Sofia, T. J. Donohue, and S. A. Darst. 2007. A
conserved structural module regulates transcriptional
responses to diverse stress signals in bacteria. Mol. Cell
27:793-805.

Campbell, E. A., L. E. Westblade, and S. A. Darst. 2008.
Regulation of bacterial RNA polymerase sigma factor activity:
a structural perspective. Curr. Opin. Microbiol. 11:121-127.

© 2012 The Authors. Published by Blackwell Publishing Ltd.

ECF41 Sigma Factors

Crooks, G. E., G. Hon, J. M. Chandonia, and S. E. Brenner. 2004.
WebLogo: a sequence logo generator. Genome Res.
14:1188-1190.

Dombroski, A. J., W. A. Walter, and C. A. Gross. 1993.
Amino-terminal amino acids modulate sigma-factor
DNA-binding activity. Genes Dev. 7:2446-2455.

Dufour, Y. S., R. Landick, and T. J. Donohue. 2008. Organization
and evolution of the biological response to singlet oxygen
stress. J. Mol. Biol. 383:713-730.

Dufour, Y. S., P.J. Kiley, and T. J. Donohue. 2010. Reconstruction
of the core and extended regulons of global transcription
factors. PLoS Genet. 6:¢1001027.

Dunwell, J. M., A. Purvis, and S. Khuri. 2004. Cupins: the most
functionally diverse protein superfamily? Phytochemistry
65:7-17.

Eulberg, D., S. Lakner, L. A. Golovleva, and M. Schlomann. 1998.
Characterization of a protocatechuate catabolic gene cluster
from Rhodococcus opacus 1CP: evidence for a merged enzyme
with 4-carboxymuconolactone-decarboxylating and
3-oxoadipate enol-lactone-hydrolyzing activity. J. Bacteriol.
180:1072-1081.

Felsenstein, J. 1989. PHYLIP—phylogeny inference package
(version 3.2). Cladistics 5:164—166.

Flardh, K., and M. J. Buttner. 2009. Streptomyces
morphogenetics: dissecting differentiation in a filamentous
bacterium. Nat. Rev. Microbiol. 7:36-49.

Francez-Charlot, A., J. Frunzke, C. Reichen, J. Z. Ebneter, B.
Gourion, and J. A. Vorholt. 2009. Sigma factor mimicry
involved in regulation of general stress response. Proc. Natl.
Acad. Sci. USA 106:3467-3472.

Gruber, T. M., and C. A. Gross. 2003. Multiple sigma subunits
and the partitioning of bacterial transcription space. Annu.
Rev. Microbiol. 57:441-466.

Guerout-Fleury, A. M., N. Frandsen, and P. Stragier. 1996.
Plasmids for ectopic integration in Bacillus subtilis. Gene
180:57-61.

Hall, T. A. 1999. BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows
95/98/NT. Nucl. Acids Symp. Ser. 41:95-98.

Heinrich, J., and T. Wiegert. 2009. Regulated intramembrane
proteolysis in the control of extracytoplasmic function sigma
factors. Res. Microbiol. 160:696—703.

Helmann, J. D. 2002. The extracytoplasmic function (ECF) sigma
factors. Adv. Microb. Physiol. 46:47-110.

Helmann, J. D. 2010. Regulation by alternative sigma factors.
Pp. 31-43 in G. Storz and R. Hengge, eds. Bacterial stress
responses. ASM Press, Washington, DC.

Helmann, J. D., and M. J. Chamberlin. 1988. Structure and
function of bacterial sigma factors. Annu. Rev. Biochem.
57:839-872.

Hillas, P. J., E S. del Alba, J. Oyarzabal, A. Wilks, and P. R. Ortiz
de Montellano. 2000. The AhpC and AhpD antioxidant
defense system of Mycobacterium tuberculosis. J. Biol. Chem.
275:18801-18809.

211



ECF41 Sigma Factors

Hong, H. J., M. S. Paget, and M. J. Buttner. 2002. A signal
transduction system in Streptomyces coelicolor that activates the
expression of a putative cell wall glycan operon in response to
vancomycin and other cell wall-specific antibiotics. Mol.
Microbiol. 44:1199-1211.

Hu, Y, S. Kendall, N. G. Stoker, and A. R. Coates. 2004. The
Mycobacterium tuberculosis sig] gene controls sensitivity of the
bacterium to hydrogen peroxide. FEMS Microbiol. Lett.
237:415-423.

Ind, A. C,, S. L. Porter, M. T. Brown, E. D. Byles, J. A. de Beyer, S.
A. Godfrey, and J. P. Armitage. 2009. Inducible-expression
plasmid for Rhodobacter sphaeroides and Paracoccus
denitrificans. Appl. Environ. Microbiol. 75:6613-6615.

Ito, K., R. Arai, E. Fusatomi, T. Kamo-Uchikubo, S. Kawaguchi,
R. Akasaka, T. Terada, S. Kuramitsu, M. Shirouzu, and S.
Yokoyama. 2006. Crystal structure of the conserved protein
TTHAO0727 from Thermus thermophilus HB8 at 1.9 A
resolution: a CMD family member distinct from
carboxymuconolactone decarboxylase (CMD) and AhpD.
Protein Sci. 15:1187-1192.

Johnson, B. D., and A. J. Dombroski. 1997. The role of the pro
sequence of Bacillus subtilis X in controlling activity in
transcription initiation. J. Biol. Chem. 272:31029-

31035.

Kang, J. G., M. S. Paget, Y. J. Seok, M. Y. Hahn, J. B. Bae, J. S.
Hahn, C. Kleanthous, M. J. Buttner, and J. H. Roe. 1999. RsrA,
an anti-sigma factor regulated by redox change. Embo. J.
18:4292-4298.

Koshkin, A., C. M. Nunn, S. Djordjevic, and P. R. Ortiz de
Montellano. 2003. The mechanism of Mycobacterium
tuberculosis alkylhydroperoxidase AhpD as defined by
mutagenesis, crystallography, and kinetics. J. Biol. Chem.
278:29502-29508.

LaBell, T. L., J. E. Trempy, and W. G. Haldenwang. 1987.
Sporulation-specific o factor 0?° of Bacillus subtilis is
synthesized from a precursor protein, P>!. Proc. Natl. Acad.
Sci. USA 84:1784-1788.

Lessner, D. J., and J. G. Ferry. 2007. The archaecon Methanosarcina
acetivorans contains a protein disulfide reductase with an
iron-sulfur cluster. J. Bacteriol. 189:7475-7484.

Letunic, I., R. R. Copley, B. Pils, S. Pinkert, J. Schultz, and P.
Bork. 2006. SMART 5: domains in the context of genomes and
networks. Nucl. Acids Res. 34:D257-D260.

Lonetto, M. A., K. L. Brown, K. E. Rudd, and M. J. Buttner. 1994.
Analysis of the Streptomyces coelicolor sigE gene reveals the
existence of a subfamily of eubacterial RNA polymerase sigma
factors involved in the regulation of extracytoplasmic
functions. Proc. Natl. Acad. Sci. USA 91:7573-7577.

Lorite, M. J., J. Sanjuan, L. Velasco, J. Olivares, and E. J. Bedmar.
1998. Characterization of Bradyrhizobium japonicum pcaBDC
genes involved in 4-hydroxybenzoate degradation. Biochim.
Biophys. Acta Gene Struct. Expr. 1397:257-261.

Lu, S., R. Halberg, and L. Kroos. 1990. Processing of the

K

mother-cell o factor, o, may depend on events occurring in

212

T. Wecke et al.

the forespore during Bacillus subtilis development. Proc. Natl.
Acad. Sci. USA 87:9722-9726.

MacLellan, S. R., T. Wecke, and J. D. Helmann. 2008. A
previously unidentified sigma factor and two accessory
proteins regulate oxalate decarboxylase expression in Bacillus
subtilis. Mol. Microbiol. 69:954-967.

Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY.

Miinch, R., K. Hiller, H. Barg, D. Heldt, S. Linz, E. Wingender,
and D. Jahn. 2003. PRODORIC: prokaryotic database of gene
regulation. Nucl. Acids Res. 31:266—269.

Miinch, R., K. Hiller, A. Grote, M. Scheer, J. Klein, M. Schobert,
and D. Jahn. 2005. Virtual Footprint and PRODORIC: an
integrative framework for regulon prediction in prokaryotes.
Bioinformatics 21:4187—4189.

Nguyen, H. D., Q. A. Nguyen, R. C. Ferreira, L. C. S. Ferreira, L.
T. Tran, and W. Schumann. 2005. Construction of
plasmid-based expression vectors for Bacillus subtilis
exhibiting full structural stability. Plasmid 54:241-248.

Paget, M. S., and J. D. Helmann. 2003. The o7° family of sigma
factors. Genome Biol. 4:203.

Pappas, C. T., J. Sram, O. V. Moskvin, P. S. Ivanov, R. C.
Mackenzie, M. Choudhary, M. L. Land, F. W. Larimer, S.
Kaplan, and M. Gomelsky. 2004. Construction and validation
of the Rhodobacter sphaeroides 2.4.1 DNA microarray:
transcriptome flexibility at diverse growth modes. J. Bacteriol.
186:4748-4758.

Prentki, P, and H. M. Krisch. 1984. In vitro insertional
mutagenesis with a selectable DNA fragment. Gene
29:303-313.

Sambrook, J., and D. W. Russell. 2001. Molecular cloning—a
laboratory manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

Schultz, J., E. Milpetz, P. Bork, and C. P. Ponting. 1998. SMART, a
simple modular architecture research tool: identification of
signaling domains. Proc. Natl. Acad. Sci. USA 95:5857-5864.

Simon, R., U. Priefer, and A. Piihler. 1983. A broad host range
mobilization system for in vivo genetic engineering:
transposon mutagenesis in Gram-negative bacteria.
Biotechnology 1:784-791.

Sistrom, W. R. 1960. A requirement for sodium in the growth of
Rhodopseudomonas spheroides. J. Gen. Microbiol. 22:778-785.

Smyth, G. K. 2005. Limma: linear models for microarray data.
Pp. 397-420. in R. Gentleman, V. J. Carey, W. Huber, R. A.
Irizarry, and S. Dudoit, eds. Bioinformatics and computational
biology solutions using R and bioconductor (Statistics for
Biology and Health). Springer, Berlin Heidelberg.

Stammers, D. K., J. Ren, K. Leslie, C. E. Nichols, H. K. Lamb, S.
Cocklin, A. Dodds, and A. R. Hawkins. 2001. The structure of
the negative transcriptional regulator NmrA reveals a
structural superfamily which includes the short-chain
dehydrogenase/reductases. Embo. J. 20:6619-6626.

Staron, A., H. J. Sofia, S. Dietrich, L. E. Ulrich, H. Liesegang, and
T. Mascher. 2009. The third pillar of bacterial signal

© 2012 The Authors. Published by Blackwell Publishing Ltd.



T. Wecke et al.

transduction: classification of the extracytoplasmic function
(ECF) o factor protein family. Mol. Microbiol. 74:557-581.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994.
CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22:4673-4680.

Ulrich, L. E., and L. B. Zhulin. 2010. The MiST2 database: a
comprehensive genomics resource on microbial signal
transduction. Nucleic Acids Res. 38:D401-D407.

Waschkau, B., J. Waldeck, S. Wieland, R. Eichstadt, and E
Meinhardt. 2008. Generation of readily transformable Bacillus
licheniformis mutants. Appl. Microbiol. Biotechnol.
78:181-188.

Zhang, B., A. Hofmeister, and L. Kroos. 1998. The prosequence
of pro-o X promotes membrane association and inhibits RNA
polymerase core binding. J. Bacteriol. 180:2434-2441.

© 2012 The Authors. Published by Blackwell Publishing Ltd.

ECF41 Sigma Factors

Supporting Information

Additional Supporting Information may be found online on
Wiley Online Library.

Figure S1. Alignment of ECF41 proteins.

Table S1. Excel file containing the nonredundant dataset with
373 proteins extracted from the MiST?2 database (Ulrich and
Zhulin 2010) in October 2010.

Table S2. Oligonucleotides used in this study.
Please note: Wiley-Blackwell is not responsible for the content
or functionality of any supporting materials supplied by the

authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

213



