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ABSTRACT

Bacterial RNA polymerase (RNAP) is an essential
multisubunit protein complex required for gene
expression. Here, we characterize YvgS (HelD)
from Bacillus subtilis, a novel binding partner of
RNAP. We show that HelD interacts with RNAP-
core between the secondary channel of RNAP and
the alpha subunits. Importantly, we demonstrate
that HelD stimulates transcription in an ATP-
dependent manner by enhancing transcriptional
cycling and elongation. We demonstrate that the
stimulatory effect of HelD can be amplified by a
small subunit of RNAP, delta. In vivo, HelD is not
essential but it is required for timely adaptations of
the cell to changing environment. In summary, this
study establishes HelD as a valid component of the
bacterial transcription machinery.

INTRODUCTION

RNA polymerase (RNAP) in bacteria is the key enzyme
responsible for transcription of DNA into RNA. The bac-
terial RNAP core consists of o,BB’® subunits and it is
capable of transcription elongation but not initiation.
Binding of an appropriate sigma factor to RNAP core
enables the holoenzyme to recognize promoter DNA
and initiate transcription (1). Unlike in gram-negative
bacteria, RNAP from Bacillus subtilis and other gram-
positive bacteria contains an additional subunit, 5. o
affects both transcription initiation and RNAP recycling,

the latter depending on the ability of RNAP to be
efficiently released from nucleic acids after transcription
termination (2,3).

Regulation of RNAP is a complex process involving
other factors besides the bona fide subunits. These
factors (e.g. Gre, Nus and Rho factors) interact with
RNAP and affect its function under various conditions
and in various ways (4-6). Understanding the function
of these factors and identification of new factors interact-
ing with RNAP is imperative for understanding
transcription and gene expression regulation.

Recently, HelD (YvgS) was identified as a binding
partner of B. subtilis RNAP (7) and is the main
copurifying band in preparations of RNAP from this
organism. It is a putative helicase, and based on
sequence homology, belongs to the superfamily I of
DNA and RNA helicases, most closely related to HellV
helicases from gram-positive bacteria. The best
characterized helicases, belonging to the same superfamily
but only distantly related to HelD or HellV, are UvrD
and Rep helicases from Escherichia coli, or PcrA helicase
from Geobacillus stearothermophilus. These helicases
unwind DNA duplexes in an ATP-dependent manner,
inchworming along the nucleic acid (8). HelD is strongly
expressed during the exponential phase of growth with a
further increase in expression in stationary phase (9).
However, the cellular role(s) of HelD are poorly under-
stood; it has been implicated in DNA repair and homolo-
gous recombination (10) but it has neither been
characterized biochemically nor has its role(s) in transcrip-
tion been investigated.
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In this study, we set out to characterize the function of
HelD in transcription. We confirmed that HelD interacts
with RNAP, and we identified the form of RNAP with
which it interacts, and the region of RNAP to which it
binds. Importantly, we found a functional link between
HelD and & and showed that these two proteins act
synergistically to stimulate transcription.

MATERIALS AND METHODS
Bacterial strains and plasmids

Strains and plasmids are listed in Table 1. Competent
E. coli cells [DH5a used for cloning or BL21 (DE3) used
for overproduction of proteins] were prepared according
to Hanahan (11). Competent B. subtilis cells were
prepared as described (12).

All polymerase chain reactions (PCRs) were performed
using the Expand High Fidelity System (Roche). All
constructs were verified by sequencing. Wild-type helD
was amplified by PCR from the genomic DNA of B.
subtilis  MHS5636 (forward primer: 5'-caccatgaatcag-
caggataagg-3', reverse primer: 5-tcattcagcaatctgatataag-
3), and cloned into the expression vector pET151/
D-TOPO (Invitrogen) allowing in-frame fusion of a Hisg
tag at the N-terminus of HelD. The resulting plasmid was
named pHelD-His6 (LK800, see Table 1).

Table 1. List of strains and plasmids

Strain/plasmid Relevant characteristics” Source

B. subtilis

MHS5636 rpoC-His10 (13)
MGNA-A456 helD::MLS (14)
LK637 rpoC-10His, rpoE::kan (15)
LK782 rpoC-10His, helD::MLS This work
LK1032 rpoC-10His, rpoE::kan, helD::MLS This work
LK 1401 amyE::helD-His6, spc This work
BSBI1 wt BaSysBio 9)

E. coli

LK22 BL21 pCD2/Bsu_sigd (16)
RLG770 pRLG770 17

LK1 pRLG770 with Pveg (—38/+1,+1G) (18)
LK1109 pRLG770 with PhelD This work
LK888 pRLG770 with PgipD This work
RLG7023 BL21/pFL31/Bsu_rpoE 3)

LK800 BL21/pHelD-His6 This work
LK 1413 pSG1721-HelD-His6 This work
pETI151 pET151/D-TOPO Invitrogen
pNG213 pETMCSIII/His6-rpoA (6)
pPNG490 pETMCSIIL/His6-rpoB.s0s (6)
pNG479 pETMCSIIL/His6-rpoBypo-760 (6)
pNG480 pETMCSIII/HlS'6-FPOB7§,)_1040 (6)
pNG481 pETMCSIIL/His6-rpoBoso. 1193 (6)
pNG482 pETMCSIII/His6-rpoC 433 (6)
pNG483 pETMCSIII/His6-rpoCsss3.610 (6)
pNG484 pETMCSIIL/His6-rpoCgpp.ors 6)
pNG485 pETMCSIII/Hl.S6—I’p()C8()()_[/99 (6)
pNG492 pETMCSIII/His6-yloH (®,) (6)
pNG579 pETMCSIII/His6-ykzG (®) (6)
pNG613 pETMCSIII/His6-rpoB;so.sus, s75-1040 (6)

“MLS, macrolide-lincosamide-streptogramin B resistance; kan, kanamy-
cin; spc, spectinomycin.

The B. subtilis helD-null knockout strain (LK782) was
prepared by transformation of B. subtilis strain MH5636
containing a Hisjy-tagged P’ subunit (13) with chromo-
somal DNA from MGNA-A456, kindly provided by the
National BioResource Project (Japan). A double knockout
strain LK 1032 (for /elD and rpoE encoding the & subunit of
RNAP) was obtained by transformation of strain LK637
(15) with MGNA-A456 chromosomal DNA.

Supercoiled plasmids and linear DNA for in vitro tran-
scription assays were obtained using the Wizard Midiprep
Purification System (Promega) and subsequently phenol-
chloroform extracted, precipitated with ecthanol, and
dissolved in water. The plasmids used in in vitro
transcriptions contained promoter fragments cloned into
p770 (17). Transcription terminated at a Rho-independent
terminator. Linear DNA templates were prepared by PCR
from the plasmid containing Pveg (LK1). All linear tem-
plates started at —118 relative to the transcription start
site. The template containing the Rho-independent ter-
minator (at +145) ended at +255. The template without
the Rho-independent terminator ended at +111. The
template with the short transcribed region (Figure 6D)
ended at +20.

For in vitro transcription assays, pRLG770 with Pveg
(—38/—1,+1G) was used (18) unless stated otherwise.

Media and growth conditions

For plasmid and protein purifications, appropriate strains
were grown in Luria-Bertani (LB) medium at 37°C. For
in vivo experiments, the cells were grown in defined 3-(N-
morpholino)propanesulfonate (MOPS) - buffered medium
(18) supplemented with 0.4% glucose and all 20 amino
acids at 25 pg/ml.

Purification of proteins

Bacillus subtilis RNAP with a Hisjg-tagged B’ subunit or
Hisg-HelD was purified from the strain LK782 (strain
without /ielD), LK1032 (strain without /elD and rpoE)
or LK1401 (strain with HelD-His6). The purifications
were performed as described (13). Induction of HelD-
His6 in strain LK 1401 was carried out at ODgy = 0.5
with 0.08% xylose for 2 h.

Plasmid pHelD-His6 was transformed into E. coli BL21
(DE3) and the production of HelD-Hiss induced following
the addition of 1 mM IPTG for 2h at room temperature.
Cells were harvested and protein was purified by affinity
chromatography as described for RNAP.

The o subunit of RNAP was overproduced from the
pCD2 plasmid (16) and purified as described (2).

The & protein was purified from RLG7023 as described
(3). Proteins were dialyzed against storage buffer contain-
ing S0 mM Tris—CI, pH 8.0, 100 mM NaCl, 50% glycerol,
3mM 2-mercaptoethanol and stored at —20° C. Proteins
were visualized on NuPAGE 4-12% Bis-Tris gels
(Invitrogen) with Novex Sharp Pre-Stained Protein
Standard as a marker.

Determination of experimental pl

The experimental pl of HelD was determined by isoelec-
tric focusing (IEF) using precast 5% polyacrylamide
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Vertical Novex® IEF Mini Gels pH 3-10 and XCell
SureLock™  mini-cell electrophoresis system  (Life
Technologies Corp.). IEF was performed according to
the manufacturer’s instructions.

Western blotting

Proteins were analyzed by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and
Coomassie blue staining (SimplyBlue, Invitrogen) and
detected by Western blotting using mouse monoclonal
antibodies to ¢’° [2G10] or to the P subunit of RNAP
[8RB13] (both from Santa Cruz) and secondary antibodies
conjugated with horseradish peroxidase. Signal was
created using SuperSignal West Femto Chemiluminiscent
Substrate (Thermo Scientific) and exposing blots to
photographic film.

Far western blotting

Purified proteins were biotinylated using the EZ-Link
sulfo-NHS-biotinylation system (Thermo Scientific). Far
western blots were performed as detailed by Yang et al.
(6), except protein—protein interactions were detected
using Horseradish peroxidase-conjugated streptavidin
and the Opti4dCN system (BioRad). Binding affinity to
RNAP fragments was determined from digitized scans
of blots using ImageJ (NIH) where maximal binding
(100%) was set as the intensity of the signal of HelD
bound to the B’00_915 fragment. HelD binding sites on
RNAP were mapped onto the B. subtilis RNAP
homology model (19) and visualized using PyMol
(Schrodinger).

Native PAGE assays

Five picomoles of RNAP and 25 pmol of HelD, T4 DNA
ligase (TaKaRa) or MLV reverse transcriptase (Promega),
respectively, were used. Proteins tested for mutual inter-
actions were incubated for 15min at 30°C in 10l in the
storage buffer. After incubation samples were mixed with
3 ul of Native PAGE 4x Sample buffer (Invitrogen) and
loaded onto the Native PAGE 4-16% Bis-Tris Gel
(Invitrogen) and electrophoresed. The gels were subse-
quently Coomassie stained.

Enzymatic digestion for mass spectrometry

Coomassie blue-stained protein bands were excised from
the gel, cut into small pieces and destained using 50 mM
4-ethylmorpholine acetate (pH 8.1) in 50% acetonitrile
(MeCN). The proteins were further reduced with 30 mM
tris(2-carboxyethyl)phosphine (TCEP) in 100 mM Tris—
HCI (pH 8.0) at 65°C for 30min and alkylated with
30mM iodacetamide in 100mM Tris—HCI (pH 8.0) for
60min in the dark. The gel was washed with water,
shrunk by dehydration in MeCN and re-swelled again in
water. The supernatant was removed and the gel was
partly dried in a SpeedVac concentrator. The gel pieces
were then incubated overnight at 37°C in cleavage buffer
containing 25 mM 4-ethylmorpholine acetate, 5% MeCN
and trypsin (100 ng; Promega). The resulting peptides were
extracted into 40% MeCN/0.3% trifluoroacetic acid
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(TFA). An aqueous 50% MeCN/0.1% TFA solution of
a-cyano-4-hydroxycinnamic acid (Smg/ml; Sigma) was
used as a MALDI matrix. One microliter of the peptide
mixture was deposited on the MALDI plate, allowed to
air-dry at room temperature and overlaid with 0.4 pl of the
matrix.

MALDI mass spectrometry and protein identification

Mass spectra were measured on an Ultraflex 111
MALDI-TOF instrument (Bruker Daltonics, Bremen,
Germany) in the mass range of 700-4000Da and
calibrated internally using the monoisotopic [M+H]"
ions of trypsin autoproteolytic fragments (842.5 and
2211.1 Da). The peak lists created using flexAnalysis 3.3
were searched using an in-house MASCOT search engine
against the SwissProt 2013_09 database subset of B.
subtilis proteins with the following search settings:
peptide tolerance of 30 ppm, missed cleavage site value
set to one, variable carbamidomethylation of cysteine, oxi-
dation of methionine and protein N-term acetylation.
Proteins with MOWSE scores over the threshold value
of 56 calculated for the used settings were considered as
being positively identified. If the score was lower or only
slightly higher than the threshold value, the identity of
protein candidate was confirmed by tandem mass
spectrometry analysis.

ATPase activity

ATPase activity was measured by the hydrolysis of inor-
ganic phosphate from [y-*>P] ATP. The reaction mixture
in 110 ul of 50 mM Tris—CI, pH 8; 5SmM MgCl,, I M KCl
contained 550 pmol HelD or 550 pmol bovine serum
albumin (BSA) or 275pmol Bacillus stearothermophilus
EF-Tu G-domain and 3450 pmol [y-**P] ATP (specific
activity 1800 cpm/pmol). The reaction was performed at
30°C and followed kinetically for 90 min at 30°C. Aliquots
of 20 ul were withdrawn at appropriate time intervals (0,
30, 60 and 90min) and liberated Pi determined by the
charcoal method (20). Five microliter of the product was
spotted on Whatman 3MM filter paper, dried and scanned
using a Molecular Imager FX (Bio-Rad). The amounts
were quantified with QuantityOne software (Bio-Rad).
Blank samples were run simultaneously to determine
background values of ATP hydrolysis. The experiments
were repeated three times. The amounts of hydrolyzed
ATP were calculated and plotted as the function of time.

In vitro transcription assays

Initiation competent enzyme was reconstituted using
RNAP isolated from LK782 or LK 1032 with a saturating
concentration of ¢ in storage buffer (50mM Tris—HCI,
pH 8.0, 0.1 M NaCl, 50% glycerol) for 15min at 30°C.
Multiple round transcription assays were carried out
essentially as described by (13,18) unless stated otherwise.
Briefly, reactions were carried out in 10 pl: 30 nM holoen-
zyme (RNAPG?), 2.5nM supercoiled or 50nM linear
DNA template unless stated otherwise, transcription
buffer (40 mM Tris—HCI, pH 8.0, 10mM MgCl,, 0.1 mg/
ml BSA and 1 mM dithiothreitol (DTT)), 150mM KCI
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and NTPs (ATP, CTP and GTP were 200 uM; UTP was
10 uM plus 2 uM of radiolabeled [a-**P]-UTP).

RNAP was reconstituted with HelD at a 1:4 ratio unless
stated otherwise. The RNAP:$ ratio used in experiments
where 6 was added was 1:4 (saturating concentration).
Reconstitution experiments were carried out in storage
buffer for 15min at 30°C. When denatured HelD was
used, native HelD protein was denatured at 90°C for 5 min.

All transcription reactions were allowed to proceed for
15min at 30°C (unless stated otherwise) and stopped with
equal volumes of formamide stop solution (95% formamide,
20mM EDTA, pH 8.0). Transcription assays on 20 nt linear
templates were allowed to proceed for 30 min.

In single round transcription assays, and in the multiple
round assays (Figure 6), RNAP was preincubated with
plasmid DNA and HelD and & were subsequently added
and incubated for 10 min at 30°C. Reactions were carried
out in transcription buffer supplemented with 150 mM
KCI and started by the addition of NTPs (concentration
of NTPs was the same as in multiple round in vitro tran-
scription assays) together with 600 nM double-stranded
DNA (dsDNA) competitor. The competitor dsDNA
with a full-consensus promoter sequence (21) was used
to sequester free RNAP and allow only one round of
in vitro transcription (22). Stock dsDNA competitor was
prepared by annealing equimolar amounts of complemen-
tary primers (LK 923: 5-ccggaattcaaatatttgttgttaactcttga-
caaaagtgttaaattgtgctatactgtattggttctcaagettecg-3’ and LK
924: 5'-cggaagcttgagaaccaatacagtatagcacaatttaacacttttgt-
caagagttaacaacaaatatttgaattccgg-3’) in 10mM Tris—HCI,
pH 8.0, 1mM EDTA, 50mM NaCl, which were
denatured at 95°C for S5min and then cooled down to
30°C (1°C per min). In negative controls, whole reaction
mix with plasmid DNA and competitor dsDNA was
started with RNAP to ensure that all RNAPs were seques-
tered by the dSDNA competitor.

In vitro transcription restart assays (Figure SE and F)
were carried out in two steps. The first 15-min step was
basically the same as described above for multiple round
reactions; KCI was used at 100 mM concentration. At the
beginning of step II, the main compounds (water, NTPs,
template DNA, 6, HelD, both 6 and HelD, RNAP) were
added to respective reactions in the same amounts as they
were at the beginning of step I. Reactions were then
allowed to proceed for another 15min and were stopped
with 10 pl of stop solution. In experiments with two tem-
plates (Figure 6A), 10nM final concentrations of the
plasmids were used.

Samples were loaded onto 7M Urea 7% polyacryl-
amide gels and electrophoresed. The dried gels were
scanned with a Molecular Imager FX (BioRad). The
amount of transcript (originating from the cloned pro-
moters) was quantified with QuantityOne software
(BioRad). All calculations and data fitting were carried
out using SigmaPlot (Jandel Scientific).

In vivo experiments: outgrowth from the lag phase

Wild type B. subtilis, & and HelD knockout, and the
double knockout strains (MH5636, LK637, LK782 and
LK1032, respectively) were cultivated in LB medium for

24h at 37°C under continuous shaking to ensure entry
into stationary phase and then diluted into fresh LB
medium to ODggp = 0.03. ODgo9 was measured during
outgrowth to compare the duration of the lag phase of
the respective strains.

Protein sequence and domain analysis

Protein sequence searches were performed with the
BLAST protein—protein service (23,24). Sequence align-
ments were carried out with Clustalx, using the Gonnet
250 weight matrix (25).

RESULTS
HelD copurifies with RNAP

In our preparations of B. subtilis RNAP by affinity chro-
matography, we regularly observed a  major
contaminating band of ~90kDa (Figure 1A). This band
did not appear in control experiments where the lysate
made from B. subtilis cells containing no His-tagged
protein was incubated with the affinity matrix, indicating
that the protein does not have an intrinsic ability to bind
the matrix (Figure 2A). This protein could not be removed
by gel filtration and its level in the preparation decreased
only after ion exchange chromatography [(26) and data

AkDa M B M
160 (BB’
10| HelD v HelD
80 e e
60
50
40 -0
30
20 S
15
10 o,
0‘)2
1 204 220-258 ATP-binding box 606 774
N-terminal C-terminal
? || 13%, E. coli UwrD, 1-281 | ey Bartaga”

Figure 1. HelD copurifies with RNAP. (A) RNAP purified by
Ni-affinity chromatography via the 10x N-terminal histidines on the
B’ subunit. Subunits of RNAP and the band corresponding to HelD are
indicated. (B) HelD purified by Ni-affinity chromatography via the 6x
N-terminal histidines. The apparent molecular weights are shown by
Novex Sharp Pre-Stained Protein Standard, M. Panel C, Putative
domain structure of B. subtilis HelD. Amino acid identity with respect-
ive protein fragments is indicated. The percent values show the level of
sequence identity to the marked protein segment.
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not shown]. This band was identified by MALDI mass
spectrometry as the HelD protein, which was recently
reported as a binding partner of RNAP (7).

The HelD protein is encoded by the yvgS (helD) gene and
consists of 774 amino acids (aa). Based on its aa sequence,
HelD is a putative UvrD-like helicase. Helicase from
Lactobacillus plantarum HelLp, with a sequence identity
of 39%, is the closest related protein for which any 3D
structure (C-terminal domain, PDB ID 3DMN, unpub-
lished) is available. The closest structurally related
helicase of this class, UvrD from E. coli, for which the
complete 3D structure has been determined (27), shows
only 12% sequence identity with HelD. Based on domain
arrangement of HelLp and UvrD and sequence compari-
sons of these two proteins with HelD, it is postulated that
HelD comprises three domains (Figure 1C). The first,
N-terminal domain (residues 1-204) may be involved in
DNA binding. The second domain (205-606) contains the
ATP-binding box and is related to the ATPase domain of
UvrD helicase (residues 1-281 in UvrD, domain marked as
UvrD1). The C-terminal domain (607—774) is related to the
domain of UvrD helicase involved in DNA unwinding and
shares significant similarity with the C-terminal domain of
HelLp. However, in the case of UvrD this domain is
formed by two distant parts of the protein chain, whereas
the HelLp C-domain is formed by a single section of
the protein chain. In summary, HelD is a unique pro-
tein only part of which resembles proteins characterized
to date.

For further studies, we prepared recombinant HelD.
The recombinant protein was purified by nickel affinity
chromatography via the introduced N-terminal 6xHis
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tag (Figure 1B) and the experimentally determined pl of
the protein under native conditions was ~7.1 (theoretical
pl = 6.1). HelD was able to bind DNA (Supplementary
Figure S1), and as it was predicted to be a helicase, we
attempted to detect this activity in strand displacement
assays. Using an array of DNA templates [5 or 3’ over-
hangs, forked DNA or blunt-ended DNA; (28)] we
detected no strand-displacement activity for this protein
(data not shown).

Interaction of HelD with RNAP

To confirm that HelD binds to RNAP and to establish to
which form (core or holoenzyme), we performed in vivo
and in vitro experiments. In vivo, we overproduced C-ter-
minally His-tagged HelD in B. subtilis cells (strain
LK1401) and subsequently purified it via the His-tag. In
parallel, we purified RNAP that was His-tagged at [’
(MHS5636) and we also performed a control purification
from a strain without any His-tagged protein (BSBI).
Figure 2A shows that RNAP core subunits copurified
with the His-tagged HelD, and that RNAP is the main
interacting partner of this protein. Western blot analysis
(Figure 2B) showed that HelD interacts predominantly
with the core form of RNAP as virtually no o® was
detected.

To verify that purified HelD binds to RNAP in vitro we
performed gel-shift experiments under native conditions in
nondenaturing PAGE gels. Figure 2C lane 1 shows that
HelD forms oligomers in solution as also seen by size
exclusion chromatography (Supplementary Figure S2).
The addition of HelD to RNAP resulted in reduced
migration of RNAP, suggesting binding of HelD to
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A2 {0 Q
T F & &
&S £
wa M & I & o & Q‘,z\
260 RIS S
160/ s . S 6
ST we (P P, _
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40| W - - o
30| G C 1 2 3 4 56 7 8
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20| - - ) *P RNAP =S ma-"‘ R H>RNAP
15| w— HeID< 4 L MLV RT
10 | w— s L [y
8; -e —T4 DNA ligase

Figure 2. HelD interacts with RNAP core. (A) Coomassie stained gel of proteins purified by nickel affinity chromoatography. Lane I—proteins
purified from strain MHS5636 containing His-tagged B’ subunit of RNAP; Lane 2—proteins purified from strain LK 1401 containing His-tagged
HelD; Lane 3—proteins purified from strain (BSB1) without any His-tagged protein. (B) Western blot of the gel from (A). The antibodies used are
indicated. In the last lane purified o was used as a marker. (C) Band shift assay on native PAGE gel. RNAP was incubated with potential
interacting partners: HelD, T4 DNA ligase (68 kDa), MLV reverse transcriptase (71 kDa). Samples were separated on 4-16% gradient native PAGE
Bis—Tris gels. Lane 1—HelD, lane 2—RNAP, lane 3—HelD with RNAP, lane 4—DNasel-treated HelD + DNasel-treated RNAP, lane 5—T4 DNA
ligase, lane 6—RNAP with T4 DNA ligase, lane 7—MLV reverse transcriptase, 6—RNAP with MLV reverse transcriptase. In all experiments,

RNAP was prepared from the AhelD strain (LK782).
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RNAP (Figure 2C, lane 3). To confirm results from the
gel-shift experiment, we excised the two bands predicted to
be RNAP from lane 2 and lane 3 and determined the
protein identity by mass spectrometry. The analysis con-
firmed the presence of the , B> and o subunits as well as
HelD in the bands in lane 3. It is not clear why RNAP and
RNAP-HelD complexes ran as two bands on the gel
(Figure 2C, lanes 2 and 3), but they appeared identical
by mass spectrometry analysis, and we speculate that
they may represent two conformational states of RNAP,
both capable of HelD binding. We also verified by mass
spectrometry that the bands in lane 1 consist of HelD

A B
1 2 34 5 6 7 8 9 10 11 12
— — —=
100 i
70— 5 A { P
-t ey et L
40— u"‘ =
..
Cc

(probably in different oligomeric states). As an additional
control to exclude the possibility that HelD binds to
RNAP via traces of DNA remaining in complex with
the proteins, DNasel was added to the RNAP and HelD
preparations before the experiment and we obtained the
same result (Figure 2C, lane 4). As specificity controls, we
used T4 ligase and murine reverse transcriptase and
neither of these proteins bound to RNAP (Figure 2C,
lanes 5-8).

We conclude that HelD interacts with RNAP core
in vivo and that purified HelD interacts directly with
RNAP in vitro.

1 2 34 5

6 7 8 9 10 11 12

% Binding

Figure 3. HelD binds on the downstream side of RNAP. (A) Coomassie blue stain of RNAP subunits and fragments showing approximate equal
loading in all lanes. (B) Negative control blot containing all components except biotinylated ligand. (C) Blot performed using biotinylated HelD. (D)

Control blot using biotinylated ”*. Molecular weights (kDa) are shown down the left hand side. Lane 1—a; lane 2—P;_go6; lane 3—Puago_760; lane 4—

B750-1040; lane 5—Poso_1193; lane 6P’ 433; lane 7—P253 610; lane 8—P’so0-015; lane 9—Pgo0-1199; lane 10—wo; lane 11—P7s0-1040 Aflap; lane 12—o;.
(E) Quantification of binding signal of HelD to B and B’ fragments normalized to the strongest binding fragment, ’509_915 (set at 100%). Dotted line
represents 30%. (F) Surface rendered model of B. subtilis RNAP with the strongest HelD binding fragments labeled in yellow (Bsoo_760) and red
(B’600-915)- & Subunits are shown in dark gray, p subunit in light gray and B’ subunit in medium gray. DNA is shown in blue; template strand in light
blue and nontemplate strand in dark blue. The approximate location of the secondary channel is indicated by the transparent gray circle.
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Localization of HelD on RNAP

Next, we addressed the topology of the binding of HelD to
RNAP. We used far western blot analysis using fragments
of subunits of B. subtilis RNAP probed with biotinylated
HelD (Figure 3). Controls were performed with no protein
(Figure 3B) and with biotinylated ¢* that bound to the
N-terminus of the B’ subunit as well as the fragment of the
B subunit containing the B-flap tip (Figure 3D). These data
are consistent with previous far western blot results using
anti-c® antibodies (6) and structural data (29). When
using HelD as a probe, signal was observed for most of
the fragments of the f and B’ subunits (Figure 3C), but as
shown in Figure 3E and F, it bound most strongly to two
fragments that form the rim of the secondary channel by
which it is believed that NTPs enter the active site (gray
circle, Figure 3F). Mapping of the fragments to which
HelD bound weakly enabled us to identify portions that
all triangulated to the surface of RNAP close to the sec-
ondary channel (not shown) consistent with HelD forming
extensive contacts with RNAP on the downstream side in
close proximity to DNA (light and dark blue, Figure 3F).
Assuming HelD binds on the downstream side of RNAP it
is unlikely there is significant steric hindrance preventing
from being simultaneously bound.

HelD affects transcription in vitro

Because HelD directly interacts with RNAP, we wished to
determine whether it was important for the DNA-
dependent synthesis of RNA. Therefore, we performed a
panel of in vitro transcription experiments with RNAP
purified from a HelD knockout strain, and studied the
effect of addition of HelD. As a model promoter, we
used Pveg, a strong constitutive promoter that is well
characterized (18). From this promoter RNAP transcribes
a 145 nt transcript and transcription is terminated at a Rho-
independent terminator (17,30). In in vitro multiple round
transcription assays HelD displayed a stimulatory effect on
transcription (Figure 4A, black columns; Supplementary
Figure S3). However, a large stoichiometric excess of
HelD over RNAP abolished transcription, possibly by
nonspecific binding of HelD to DNA, resulting in the for-
mation of transcription roadblocks (31). Negative control
experiments using heat-denatured HelD failed to produce
any stimulatory effect on transcription activity (Figure 4A;
gray columns). We also tested the effect of HelD with two
other templates containing two other promoters, Pie/D and
PglpD (32), and we obtained similar results to those
obtained with Pveg (Supplementary Figure S3AB).
Moreover the effect of HelD on transcription was salt-
concentration dependent, as increasing the amount of salt
in the reaction rendered the effect more pronounced
(Supplementary Figure S4).

We conclude that HelD in low stoichiometric excess
over RNAP stimulates transcription.

The effect of HelD is ATP-dependent

As HelD contains an ATP binding motif, we investigated
whether the effect of HelD on transcription depends on
ATP. First, we tested whether HelD possesses an ATPase
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activity. While none of the two control proteins, the
GTPase domain of B. stearothermophilus elongation
factor Tu or BSA, was able to hydrolyze ATP, HelD dis-
played significant ATPase activity (Figure 4B and C). This
effect was independent of the presence of RNAP (data not
shown). Next, we performed transcription assays with
increasing concentrations of ATP either in the presence
or absence of HelD. As a control, we performed the
same type of experiment with increasing concentrations
of CTP. When ATP or CTP concentrations were increased
(from 1 to 200 uM), the other NTP concentrations were
kept constant (100 uM). Figure 4D and E shows that by
increasing the concentration of ATP from 1 to 20uM
(where the effect plateaued) the level of transcription
increased ~6-fold in the presence of HelD. When HelD
was not present, this stimulation was absent.
Furthermore, increasing the CTP concentration had no
significant effect on transcription either in the presence
or absence of HelD. The overall higher level of transcrip-
tion in the presence of HelD when CTP concentration was
being varied was due to the 100 uM ATP that was present
in the reaction.

We conclude that HelD is an ATPase and the stimula-
tory effect of HelD on transcription is ATP-dependent.

HelD and 0 have a synergistic stimulatory effect on
transcription cycling

The next question was which part of the process of RNA
synthesis is affected by HelD. Even though Figure 2B
shows that HelD binds to core and not holoenzyme, we
wanted to test whether it has any effects on steps import-
ant for transcription initiation—RNAP association with
o™ and promoter binding. Unsurprisingly, the presence or
absence of HelD had no effect either on the affinity of o”*
for RNAP or the affinity of RNAP for promoter DNA
(Supplementary Figure S5A and B).

However, another putative helicase, the RapA protein
of E. coli, has been shown to associate with RNAP and
stimulate transcription by promoting cycling of RNAP by
enhancing the release of RNAP from nucleic acids after
termination and also by stimulating the dissociation of
RNA-DNA hybrids (30). HelD and RapA are not
sequence homologs; RapA belongs to the Swi2 family of
helicases, but we speculated that these two proteins may
be functional analogs. As the & subunit of RNAP was
previously also shown to enhance cycling of RNAP, we
included 6 as a positive control. We used RNAP from a
double knockout strain (6-null HelD-null, LK1032) in
in vitro transcription assays from a Pveg-based supercoiled
template. First, we tested the effects of HelD and & separ-
ately and observed moderate stimulatory effects for each
(2-fold increase) (Figure 5A and B; multiple rounds).
Surprisingly, when we combined HelD and & together,
we detected a strong increase in RNA synthesis. The
~10-fold stimulation by HelD and § together was more
than the sum of the stimulatory effects of HelD and 6
alone, suggesting a synergistic effect of these proteins.

Next, we decided to directly test whether the synergistic
effect of HelD and & is due to a more efficient cycling of
transcription. If this was true, then limiting transcription
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Figure 4. Effect of HelD on in vitro transcription. (A) RNAP (from HelD knockout strain LK782) was reconstituted with saturating concentrations
of ¢®. Holoenzyme was incubated with increasing amounts (molar ratio from 1:0 to 1:64) of HelD (black bars) or heat denatured HelD (gray bars)
and used to initiate transcription. Primary data are shown in the inserted box and show a representative experiment. The data were normalized to the
1:0 ratio set as 1. In this and the following experiments, the graphs represent data from three independent experiments £ SD. (B) HelD hydrolyzes
ATP. Primary data show spots with hydrolyzed y->*P (for details see ‘Materials and Methods’ section). (C) Graph showing the quantification, with
the symbol key presented in the graph. (D) The effect of HelD is ATP-dependent- representative primary data. RNAP from HelD knockout strain
(LK 782) was tested in in vitro multiple round transcription assays in the presence/absence of HelD and increasing amounts of ATP (from 1 to
200 uM total ATP). As a control, CTP was varied. The concentration of CTP was 100 uM when [ATP] was varied and vice versa. (E) The effect of
HelD is ATP-dependent quantification of the data normalized to transcription at 1 uM ATP or CTP. The color coding of the bars is defined in the

graph.

to a single round should abolish the effect. As shown in
Figure 5A and B, the pronounced stimulatory effect of
these factors was cancelled, consistent with the stimula-
tory effect of HelD and & being due to cycling of
transcription.

To examine the cycling in more detail, we performed mul-
tiple round transcription experiments where we followed
transcription in the presence/absence of 6, HelD or & and
HelD as a function of time. In the absence of HelD or 6,
transcription stopped at about the 5-min time point. The
addition of either protein modestly prolonged this time.
The addition of both proteins then markedly increased
the time with transcription still continuing at the final
25-min point (Figure 5C and D).

This experiment raised two principal questions: (i) Why
does the cycling of transcription stop after Smin in the
absence of & and HelD? and (ii) Why is the cycling more

efficient with 6 and HelD? We address these questions in
the following two sections.

Transcription cycling stops because the template is not
functional

There are three possibilities to explain why transcrip-
tion stops after Smin: first, depletion of NTPs prevents
RNA synthesis; second, RNAP is in complex with RNA
and/or DNA and inactive; third, the template DNA is not
functional either because it is blocked by RNAP, or
because it forms interactions with RNA [such as R-
loops (33)].

To distinguish between these possibilities we allowed
the in vitro transcription assays to proceed for 15min
without HelD and & and then divided the mixture into
several aliquots. Next, equal amounts of the main compo-
nents (NTPs, template DNA, RNAP) were added as at the
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Figure 5. HelD and ¢ stimulate cycling of transcription. (A) Multiple round transcription assays were conducted in the absence of a competitor
(dsDNA), whereas single round assays were conducted in its presence. In single round assays, the competitor was added to preform open complexes
together with NTPs that were used to initiate transcription. The negative control shows the efficiency of the dsDNA competitor at preventing
transcription of the 145-nt product when added to assay mixtures before formation of the open complex. (B) Quantification of data from multiple
round (gray bars) and single round (black bars) transcription assays. Data from three independent experiments were quantified; the graph shows
averages £ SD. (C) Multiple round in vitro transcription is limited in time—representative data. RNAP was preincubated with/without 6 and/or
HelD. Reactions were started at time zero by NTPs. Aliquots were withdrawn at 5, 10, 15, 20 and 25 min, respectively, and stopped by formamide
stop solution. (D) Multiple round in vitro transcription is limited in time—quantification. Data were quantified from two independent experiments
normalized to the value of transcription without & and HelD after 15 min (set as 1). The bars indicate the range. (E) HelD and & restart halted in vitro
transcription—a schematic drawing of the experiment. In step I, all the indicated components of the transcription reaction were combined together
and transcription reactions were allowed to proceed for 15 min. At this time point, the mixture was distributed to eight tubes containing the indicated
components, and the reactions (Step II) were allowed to proceed for further 15min. (F) HelD and o restart halted in vitro transcription—a
representative result and quantitation of the data. The quantified data were normalized to lane 1, set as 1. The graph represents data from three
independent experiments =+ SD.

beginning of the reaction, or HelD, & or HelD and ¢ were
added, and the reaction allowed to proceed for another
15 min. From the results (Figure SE and F) we can exclude
the first hypothesis: the addition of NTPs did not restart
transcription (Figure 5F, lane 3). We can also exclude
inactivation of all RNAP present in the experiment
(second hypothesis) as addition of RNAP did not restart

transcription (Figure SF, lane 8). This is in agreement with
the fact that there was 12-fold molar excess of RNAP over
the template DNA already at the beginning of the
reaction. Finally, the addition of plasmid DNA resulted
in ~2-fold increase in transcription, suggesting it is the
lack of an available template DNA that prevents further
transcription (third hypothesis).
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Figure 6. HelD liberates RNAP and affects elongation. (A) HelD lib-
erates sequestered RNAPs—primary data. Transcription assays were
performed with two supercoiled templates, either Pveg (145-nt tran-
script) or PhelD (245nt). Pveg was in all reactions from the beginning.
PhelD was added at the beginning (lane 1) or after 15min (lanes 2-5)
and reactions were allowed to proceed for another 15 min. RNAP con-
tained no HelD or 8. These proteins were added after 15min (lane 2—
no protein; lane 3—39; lane 4—HelD; lane 5~—HelD+3). (B) HelD and &
increase transcriptional rate on linear templates regardless of the
presence/absence of a Rho-independent terminator—representative
primary data. Two templates both containing the Pveg promoter were
used (see ‘Materials and Methods’ section for details). One template
contained a Rho-independent terminator, while the other lacked this
terminator. With both templates, the experiment was conducted
+HelD+4. (C) Quantification of the data (plus two more repeats)
from the experiment shown in (B). Panel (D), HelD stimulates tran-
scription of 20 nt RNA. Multiple round in vitro transcription reactions
on a linear template with a 20bp template were performed in the

The addition of HelD or & alone had again a moderate
stimulatory effect on transcription. However, a pronounced
stimulatory effect was observed on the addition of HelD
and § together (Figure SF, lane 7). This demonstrated that
the lack of transcription-competent template was not
caused by, for example, degradation or irreversible alter-
ation of DNA.

HelD and 6 release RNAP from DNA and affect
elongation

The reason for the transcriptional inactivity of the plasmid
in the previous experiment could be due to the presence of
stalled (nonproductive) RNAP complexes either on the
Pveg template or elsewhere on the plasmid. Another pos-
sibility is an alteration of the plasmid by transcription (e.g.
a change of supercoiling), which would suggest an effect of
HelD on elongation. Finally, the plasmid could be in
complex with RNA (e.g. R-loops) and thus not functional
in transcription. Previous experiments have already ruled
out such possibilities as affecting promoter affinity
(Supplementary Figure S5B) or affinity of 6® for RNAP
(Supplementary Figure S5A).

To test whether the presence of & and HelD releases
nonproductive RNAP from DNA we performed in vitro
transcription assays with two templates producing RNAs
of different length (from Pveg and Phel/D promoters). A
subsaturating concentration of RNAP (with respect to the
plasmid template) was used. When both templates were
added at time zero, both were transcribed by RNAP in
the absence of & and HelD (Figure 6A, lane 1).
When transcription started only from Pveg, and PhelD
was added after 15min, free RNAP appeared to be
unavailable, as only a small amount of transcript from
PhelD was generated (Figure 6A, lane 2), suggesting
that RNAP may be sequestered on the Pveg template
DNA. This effect was alleviated when HelD or HelD
with 6 were added together with the second template
(Figure 6A, lanes 4 and 5). The presence of 6 and HelD
enabled RNAP to be reused for transcription from both
templates. We note that 6 alone did not display a stimu-
latory effect with the PhelD template (Figure 6A, lane 3).
This could be due to an effect of & on transcription initi-
ation at PhelD, as o is known to decrease transcription
from promoters that form relatively unstable open
complexes (important intermediates during transcription
initiation) (15).

Next, we tested whether HelD and 6 were able to release
RNAP from posttermination complexes as suggested for
RapA (30,34). We performed in vitro transcription reac-
tions with linear templates containing or lacking Rho-
independent terminators. Figure 6B and C shows that
the presence or absence of the terminator had no effect
on the stimulatory effect of HelD and §. Interestingly,

Figure 6. Continued

presence/absence of HelD and/or 8. The radioactively labeled tran-
scripts were resolved on 20% polyacrylamide gels. The graph shows
a representative result and quantification of the data. The quantified
data were normalized to lane 1, set as 1. The graph represents data
from three independent experiments =+ SD.
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transcription did not stop on the linear templates after
Smin in the absence of these two proteins but continued
throughout the duration of the experiment. However, the
overall level of transcription was less in the absence of
HelD and 8. We tested the effect of HelD and 6 on
releasing RNAP from the linear template and detected
only a modest (20%) stimulation of this process
(Supplementary Figure S6A and B). Hence, the main
stimulatory effect of HelD on linear templates is most
consistent with an effect on elongation.

To test whether the elongation effect could be due to the
inability of RNAP to read through complexes of DNA
with RNA, as also suggested for RapA (34), we performed
experiments with a short linear DNA template where the
transcribed region was only 20 nt long. This short length
of transcribed template does not permit significant inter-
actions of the nascent RNA with DNA (35). As shown in
Figure 6D, HelD and 6 were still capable of stimulating
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transcription. Interestingly, the effect of & with HelD was
decreased relative to the effect of HelD alone. A possible
explanation could be a parallel negative effect of 6 on, for
example, the affinity of RNAP for the promoter located
on this short linear DNA fragment.

We conclude that the effect of HelD in conjunction with
d on transcriptional cycling on supercoiled templates
appears to be caused, at least in part, by liberating
nonproductive RNAPs from complexes with DNA. A
parallel stimulatory effect of HelD on the rate of elong-
ation that is more apparent with linear templates seems to
also play a role.

HelD and ¢ display similar phenotypes in vivo

To assess the importance of HelD for the cell, we per-
formed phenotypic experiments, using a HelD-null
strain. In comparison with wild type, no difference in
growth was observed in rich (LB) or nutritionally
defined media (MOPS). Similarly, no difference was
observed in response to various stresses, such as heat
and ethanol (data not shown). However, the mutant
strain displayed a prolonged lag phase for stationary
cells diluted into fresh medium. This phenotype was rem-
iniscent of the phenotype displayed by the &-null strain
(10,15). Therefore, we directly compared wild type,
6-null, HelD-null and the double knockout strain,
HelD-null and &-null (MHS5636, LK637, LK782 and
LK1032, respectively). The cells were grown for 24 h and
then diluted into fresh LB medium. The outgrowth from
lag phase of the 6-null strain was delayed compared with
wild-type cells for ~30min, as reported previously
(Figure 7A). Growth of the HelD-null strain was
delayed for ~15min and the double knockout strain dis-
played an identical delay to the &-null strain. The same
phenotype was observed for wild-type versus HelD-null
strain in defined rich medium (MOPS supplemented with
all amino acids) and in poor M9 medium (Supplementary
Figure S7A). Further, we also observed a minor effect on
growth in the presence of increased amounts of salt
(Figure 7B and Supplementary Figure S7B). Albeit rela-
tively small, these phenotypes were highly reproducible.
We concluded that the absence of HelD decreased the
ability of the cell to rapidly adapt to nutritional changes
in the environment.

DISCUSSION

In this study we confirmed HelD as a new interacting
partner of RNAP from B. subtilis, we identified that it
binds to the core form of the enzyme, localized its approxi-
mate binding region on RNAP and provided insights into
the role of HelD in transcription. We have shown that
HelD hydrolyzes ATP independently of RNAP and stimu-
lates transcription in an ATP-dependent manner. This
differs from RapA from E. coli where the ATPase
activity of RapA without RNAP was minimal (36).On
supercoiled templates, this effect can be enhanced by an
additional subunit called 6 and the two proteins promote
more efficient cycling of RNAP. Furthermore, HelD
appears to increase the transcription rate by stimulating
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elongation. Finally, we demonstrated that the absence of
HelD prolongs the lag phase of growth in a similar
manner as the absence of 6 does. This phenotype nega-
tively affects the ability of the cell to rapidly react to
nutritional changes in the environment.

Far western blotting experiments indicate that HelD
binds to RNAP core on the downstream side, in close
proximity to the secondary channel (Figure 3F).
Interestingly, RapA, a putative helicase that stimulates
transcription in an ATP-dependent manner in E. coli
was found to cross-link to B’ and o subunits on E. coli
RNAP (37). These results are at low resolution but they
are consistent with the possibility that HelD and RapA
may bind to the same region of their respective RNAPs.
Future studies will have to address the exact mode of
binding of these two proteins.

RapA is a putative helicase, and, similarly to HelD, no
helicase activity was detected for this protein (38).
Further, both HelD from B. subtilis and RapA of
Pseudomonas putida (39) bind to core RNAP although
RapA of E. coli was shown to bind to the holoenzyme
containing the main sigma factor (37,39). HelD and
RapA, however, belong to different protein families with
no significant amino acid sequence homology. Closer
sequence analysis suggests that even if both proteins use
ATP-binding domains, the structures of these domains
and also of the whole proteins are likely entirely unrelated.
The two proteins further differ in their effects during
UV-induced DNA damage when in B. subtilis the lack
of HelD was reported to have a negative effect (10),
whereas the lack of RapA had no effect in E. coli (37).
Nevertheless, both proteins stimulate transcription in an
ATP-dependent manner, and HelD can be further assisted
in this function by a small subunit of RNAP, &, which is
absent from gram-negative bacteria. Interestingly, both &
and HelD are conserved in the industrially and medically
important Firmicutes. The stimulatory effect of RapA was
shown to be caused by enhancing of the transcriptional
cycling by releasing RNAP from the DNA of posttermin-
ation complexes (30,34), and possibly also by assisting
with reading through RNA-DNA hybrids (34). HelD
and 0 enhance the release of stalled RNAP from DNA
and this, at least partially, contributes to the more efficient
cycling of transcription. The character of the RNAP-
DNA complexes is not apparent but it seems that it is
not a posttermination complex, as the presence or
absence of the terminator had no effect (Figure 6B and
C). Finally, it appears that HelD may also contribute to
more efficient elongation. Interestingly, the level of
expression of HelD inversely correlates with the level of
expression of topoisomerases TopA and TopB (9) that are
known to affect transcription elongation (9,40). The
elongation effect is unlikely to be due to a more efficient
reading through of RNA-DNA hybrids, such as R-loops,
as experiments with short transcribed regions seem to
argue against this possibility. Further studies will be
required to address the mechanistic details of the interplay
between HelD, 6, RNAP and nucleic acids.

The phenotype of the HelD-null strain is not dramatic
but it is likely that the prolonged lag phase would ad-
versely affect the competitive fitness of the cell in nature.

Further, it is possible that some other proteins, such as the
PcrA helicase (7,41), may have overlapping functions with
HelD and future studies will be required to decipher the
role of these RNAP-associated helicases or helicase-like
proteins in transcription. In conclusion, HelD is a novel
type of RNAP-associated protein with an important role
in transcription.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Material and methods

Preparation of radiolabeled DNA

Linear DNA templates were prepared with PCR from the plasmid containing Pveg (LK1) and
subsequently phenol-chloroform extracted, precipitated with ethanol, and dissolved in water. The DNA
fragments used in Fig. S1 started at -118 relative to the transcription start site and ended at +55. The
DNA templates used in Fig. S6 started at -118 relative to the transcription start site and ended at +255
(containing the rho-independent terminator (at +145)). The DNA fragments were radiolabeled at their

5’ends by T4 polynucleotide kinase and purified with Nucleotide removal kit (Qiagene).
Native PAGE assays

0.5-160 pmol of HelD and 0.5 or 1 pmol of 5°- radiolabeled DNA were incubated for 15 minutes at
30°C. As controls, denatured HelD (5 minutes in 95°C) or 160 pmol of BSA were used. After
incubation samples were mixed with Native PAGE 4X Sample buffer (Invitrogen) and loaded onto the
Native PAGE 4-16 % Bis-Tris Gel (Invitrogen) and electrophoresed. The dried gels were scanned with

a Molecular Imager_FX (BioRad).



Size exclusion chromatography

Size exclusion chromatography was performed by HiLoad™ Superdex 200 prep grade column and

absorbance profile was collected at 280 nm for HelD.
Plasmids for in vitro transcription

Plasmid pRLG770 (1) was used for cloning promoter constructs used in in vitro multiple-round
transcriptions in Fig S3. The GlpD promoter fragment was created by annealing two complementary
oligonucleotides with appropriate overhangs
(5‘AATTCGCTTTTAAATAAAGTAATACTATGGTATAATGGTTACAAGTA 3/,
5‘AGCTTACTTGTAACCATTATACCATAGTATTACTTTATTTAAAAGCG3’) and was inserted into the vector
using EcoRI and Hindlll restriction sites, yielding plasmid LK888. The HelD promoter region was
amplified via PCR (primers: 5‘CGCGAATTC GGCTGGGGAACTCGTTCGGC3’,
5’CCCAAGCTTCAAACATAGATGAAATACTG3’), cleaved by EcoRI and Hindlll restriction enyzmes and
cloned into the same vector, yielding plasmid LK1109. All constructs were verified by DNA
sequencing.

In vitro transcription
In vitro transcription was done as in main paper (see Mat & Met section). The salt used was 150 mM

KCL. In Fig S6 - the a**P-UTP was ommited and 50 fmol of 5° radiolabeled linear DNA was used as
the template with 300 nM RNAP.

In vivo experiments

Outgrowth from lag phase was conducted as in Fig 7 (shown in the main text). Media used for this
experiment were MOPS supplemented with 0.4% glucose and all 20 amino acids at 25 pg/ml (2) and

M9 medium supplemented with tryptophan and phenylalanin (25 pg/ml) (3).
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Figure S1.
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Figure S1. HelD binds to dsDNA. Radiolabeled dsDNA was incubated with increasing amounts of

HelD for 15 min at 30°C and separated on 4-16% gradient native PAGE Bis-Tris gels. Lane 1 —ds
DNA 0.5 pmol, lane 2-6— 0.5 pmol of dsDNA and 0.5, 1, 10, 100, 160 pmol of HelD respectively. As a
control we used BSA ( lane 7- 160 pmol) and HelD denatured for 5 minutes in 95°C (lane 8-10; 1, 10,
100 pmol of HelD respectively).
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Figure S2. HelD oligomerizes. A. Size exclusion chromatography (HiLoad™ Superdex 200 prep
grade column) absorbance profile collected at 280 nm for HelD. Peaks 2, 3 and 4 belong to different
oligomers of HelD. B. SDS PAGE analysis of the HelD size exclusion chromatography profile. In lane
0 is the original sample of HelD loaded on the column, in lanes 1 to 6 are the concentrated peaks from

the size exclusion chromatography with the corresponding numbering.
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Figure S3. Effect of HelD on in vitro transcription. RNAP (from HelD knock out strain LK782) was
reconstituted with saturating concentrations of o”. The holoenzyme was then incubated with
increasing amounts (molar ratio from 1:0 to 1:16) of HelD and used to initiate transcription. The
template plasmids with either the PglpD promoter LK888 (A) or PhelD promoter LK1109 (B) were
used. Primary data are shown in the upper panel and show a representative experiment. The data
were normalized to the 1:0 ratio that was set as 1. Graphs represent data from three independent

experiments £SD.

Figure S4.
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Figure S4. Effect of HelD on in vitro transcription is KCI- dependent.. RNAP (from HelD knock out
strain LK782) was reconstituted with saturating concentrations of o The holoenzyme with or without
HelD was then used to initiate transcription with increasing concentration of KCl in the reaction buffer
(0-600 mM). Primary data are shown in the upper panel and show a representative experiment. The

data were normalized to transcription without KCI set as 1. Experiment was repeated three times in

different conditions (RNAP:HelD ratio) with the same trend.
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Figure S5.
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Figure S5. HelD does not affect initial steps of transcription. A. RNAP (from HelD-null 8-null strain
LK1032) was reconstituted for 15 min at 30°C with increasing amounts of o” (molar ratio 1:0 to 1:20).
The holoenzyme was subsequently reconstituted for 15 min at 30°C with & (1:4 ratio) and/or HelD (1:4
ratio) and used to initiate transcription (proteins present in each reaction are indicated in graph
legend). B. RNAP (from LK 782) either was (black bars) or was not (grey bars) reconstituted with HelD
and used in transcription assays with increasing amounts of template DNA (Pveg, 10- 640 ng). The
data were normalized to the maximal value set as 1. Graphs represent data from three independent

experiments £SD.



Figure S6.
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Figure S6. Effect of 8 and HelD on the release of RNAP from linear template DNA after
transcription. A. In vitro transcription was performed as described in Materials & Methods in the main
paper with the following differences: a**P-UTP was ommited and 50 fmol of 5" radiolabeled linear
DNA was used as the template with 300 nM RNAP. The template DNA contained the Pveg promoter
and a Rho-independetnt terminator, as used in the experiments shown in Fig.6B and C. Transcription
was allowed to proceed for 15 min without 8 and HelD and then dsDNA competitor (6 uM) together
with & and/or HelD were added (1:4 molar ratio; lane 1 - no protein, lane 2- HelD, lane 3 - 3, lane 4 - &
and HelD). Lane 5 shows control with the competitor DNA- when the competitor was added at the
beggining of transcription, no RNAP bound to the radiolabeled DNA. Lane 6 - 100 fmol of radiolabeled
DNA, lane7 - 100 fmol of radiolabeled DNA with 12 pmol HelD (this amount of HelD is too low to
observe the binding of HelD to the DNA; see Fig. S1), lane 8 - 100 fmol of radiolabeled DNA with
RNAP (600 fmol) before transcription. Note that the band migrates faster because the complex of
RNAP-DNA lacks the transcribed RNA B. Quantification of data from lanes 1-4; the bars show the

averages from two independent experiments. The error bars show the range.



Figure S7.
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Figure S7. A. HelD affects the growth phenotype. A. The strains (wt, wild type B. subtilis strain
(MH5636); HelD-null (KO; LK782)) were grown for 24 hours at 37° C in either defined MOPS medium
supplemented with 0.4% glucose and all 20 amino acids at 25 pg/ml or in M9 medium supplemented
with tryptophan and phenylalanine (25 ug/ml). After 24 hours, the cells were diluted into fresh medium
and cultivated in 1 ml volumes at 37°C in 24-well EMSA plates in a TECAN Infinite® 200 Pro and OD
600 was measured every 10 min. B. Growth in defined MOPS medium supplemented with all 20
amino acids in the presence of various concentrations of NaCl (0, 0.5, or 1.0 M) as indicated in the

figure legend.
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Summary

Spx is a Bacillus subtilis transcription factor that
interacts with the alpha subunits of RNA polymer-
ase. It can activate the thiol stress response regulon
and interfere with the activation of many develop-
mental processes. Here, we show that Spx is a cen-
tral player orchestrating the heat shock response by
up-regulating relevant stress response genes as
revealed by comparative transcriptomic experi-
ments. Moreover, these experiments revealed the
potential of Spx to inhibit transcription of transla-
tion-related genes. By in vivo and in vitro experi-
ments, we confirmed that Spx caninhibittranscription
from rRNA. This inhibition depended mostly on UP
elements and the alpha subunits of RNA polymer-
ase. However, the concurrent up-regulation activity
of stress genes by Spx, but not the inhibition of
translation related genes, was essential for mediat-
ing stress response and antibiotic tolerance under
the applied stress conditions. The observed inhibi-
tory activity might be compensated in vivo by addi-
tional stress response processes interfering with
translation. Nevertheless, the impact of Spx on limit-
ing translation becomes apparent under conditions
with high cellular Spx levels. Interestingly, we
observed a subpopulation of stationary phase cells
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that contains raised Spx levels, which may contrib-
ute to growth inhibition and a persister-like behav-
iour of this subpopulation during outgrowth.

Introduction

All cells need to monitor and maintain their protein homeo-
stasis, which becomes particularly challenging during
adverse environmental conditions that induce unfolding,
misfolding or aggregation of cellular proteins. For this
purpose, a cellular protein quality control system (PQS)
evolved, which is conserved and present in all domains
of life (Balchin et al., 2016). This PQS includes chaper-
ones which can prevent protein aggregation or facilitate
the refolding of already misfolded proteins. Specific chap-
erone complexes can disaggregate and refold already
aggregated proteins. Furthermore, potentially toxic sub-
cellular protein aggregates can be removed from the
cell by AAA+ protease complexes (Wickner et al., 1999;
Kirstein et al., 2009; Mogk et al., 2011; Kim et al., 2013).
Consequently, the cellular levels of most chaperones and
proteases of the PQS, also known as heat shock proteins,
are increased in response to a temperature upshift, but
also to other stress conditions affecting protein homeo-
stasis. Importantly, a pre-shock at elevated but not lethal
temperature can provide cells with an acquired resistance
to extreme and otherwise lethal temperatures in a process
called priming or thermotolerance. This heat-mediated
acquisition of thermotolerance appears to be conserved
in all domains of life (Lindquist, 1986).

The heat shock response of the Gram-positive model
organism Bacillus subtilis is controlled by multiple reg-
ulators (Hecker et al., 1996; Elsholz et al., 2017). Two
heat-sensitive transcriptional repressors, HrcA and CtsR,
control the expression of chaperone systems of the
Hsp60 (GroESL) and Hsp40/70 (DnaKJ/GrpE) families,
or the Hsp100/Clp unfoldase/protease systems CIpCP,
ClpXP and CIpEP respectively (Mogk et al., 1997; Krliger
and Hecker, 1998; Wiegert and Schumann, 2001; Elsholz
et al., 2010). The membrane anchored proteases HtrA
and HtrB are under transcriptional control of the CssRS
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two-component system, which can respond to secretion
and cell wall stress (Darmon et al., 2002; Rojas-Tapias
and Helmann, 2018b). These stress response regulons
are augmented by the activation of the general stress
response controlled by the alternative sigma factor o®
also during heat stress (Hecker et al., 2007).

Recently, we identified Spx, the regulator of thiol- and
oxidative-stress response, which affects various regula-
tory pathways such as competence development (Nakano
etal., 2001; Petersohn et al., 2001; Zuber, 2004), as a crit-
ical regulator for thermotolerance development and heat
shock response (Runde et al., 2014). It should be noted
that Spx was initially identified and named as suppres-
sor of ¢clpP and clpX and that the raised levels of Spx in
B. subtilis strains lacking the active CIpXP protease sys-
tem result also in decreased growth rate, which can be
alleviated by mutations in spx (Nakano et al., 2002a;
Runde et al., 2014).

Spx is subject to multiple stages of regulation. Its tran-
scription is controlled by several promoters recognized by
the sigma factors o*, 6®, 6", 0" and o* and regulated
by the repressors PerR and YodB, thereby the transcrip-
tion of spx is stimulated under a variety of abiotic and
biotic stress conditions, including heat stress (Petersohn
et al., 1999; Antelmann et al., 2000; Helmann et al., 2001;
Leelakriangsak et al., 2007; Jervis et al., 2007; Nicolas
etal., 2012; Rojas-Tapias and Helmann, 2018a). However,
the activity of Spx is primarily controlled post-translation-
ally through regulatory proteolysis by the CIpXP protease
complex and the adaptor protein YjbH during non-stress
conditions (Nakano et al., 2003b; Larsson et al., 2007;
Garg et al., 2009).

Proteotoxic conditions such as heat and oxidative
stress lead to the aggregation and inactivation of YjbH
and thus increase the Spx protein level and activity
(Zhang and Zuber, 2007; Engman and von Wachenfeldt,
2015). As a second layer of post-translational activity
control, Spx possesses a CXXC motif that can undergo
reversible cysteine oxidation and disulphide bond forma-
tion, thereby acting as a redox-sensitive switch (Nakano
et al., 2005). The expression of some but not all genes
of the Spx regulon exclusively depends on the oxidized
state of Spx (Rochat et al., 2012; Gaballa et al., 2013;
Rojas-Tapias and Helmann, 2018a). Spx also becomes
activated upon cell wall stress via an independent mech-
anism by increased transcription of spx from a o™-depen-
dent promoter and stabilization of Spx by cell wall and
secretion stress dependent synthesis of the anti-adaptor
protein YirB (Rojas-Tapias and Helmann, 2018a; 2018b).

Unlike most transcriptional regulators, Spx does not
appear to possess DNA-binding activity on its own. Instead
it directly interacts with the C-terminal domain of the RNA-
polymerase (RNAP) alpha subunit (a-CTD), which itself
can interact with specific UP-elements, AT-rich sequences
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encoded in the DNA upstream of the core promoter region
(Zuber, 2004; Newberry et al., 2005; Reyes and Zuber,
2008; Lamour et al., 2009; Nakano et al., 2010; Delumeau
etal., 2011; Rochat et al., 2012). In this complex, Spx can
modulate RNAP activity and influence gene expression
by (1) disrupting the binding of other transcriptional acti-
vators, e.g. ResD or ComA (Nakano et al., 2003b; Zhang
et al., 2006). However, Spx can also (2) stimulate tran-
scription from certain promoters, e.g. of the trxA and trxB
genes. This stimulatory activity requires the interaction of
the Spx/a-CTD complex with a cis-acting sequence motif
associated with the UP-element upstream of the core
promoter (Nakano et al., 2003a; Reyes and Zuber, 2008;
Nakano et al., 2010; Rochat et al., 2012; Lin et al., 2013).

Several transcriptomic studies revealed that Spx is a
global and pleiotropic regulator of the thiol-stress and oxi-
dative stress response in B. subtilis (Leichert et al., 2003;
Nakano et al., 2003a; Rochat et al., 2012; Gaballa et al.,
2013). In addition, Rochat and co-workers applied global
ChIP—chip experiments, which allowed to specifically
identify the binding sites of the Spx/RNAP complex on the
B. subtilis chromosome (Rochat et al., 2012). Upon heat
or oxidative stress, i.a. the thioredoxin system encoded
by trxA and irxB, the AAA+ ATPase clpX, the genes of
the adaptor proteins YjbH, MecA and YpbH or the genes
required for the synthesis of bacillithiol bshA,B1,B2,C are
upregulated by Spx (Leichert et al., 2003; Nakano et al.,
2003a; Rochat et al., 2012; Gaballa et al., 2013). Thus,
B. subtilis cells lacking Spx display high sensitivity to a
variety of stress conditions, including heat, oxidative stress
caused by exposure to diamide or paraquat, low tempera-
tures, salt and cell wall-active antibiotics (Petersohn et al.,
2001; Hoéper et al., 2005; Reder et al., 2012; Runde et al.,
2014; Rojas-Tapias and Helmann, 2018a).

Previously, we studied thermotolerance in B. subtilis
and could show that the activity of Spx is directly required
for the development of thermotolerance. Cells lacking
Spx are unable to develop thermotolerance when primed
by a mild pre-shock. Additionally, accumulation of Spx
prior to stress, either by deletion of yjbH, clpX or clpP
or by expression of Spx°P in trans, resulted in a strongly
increased thermoresistance phenotype and reduced cell
growth (Nakano et al., 2002b; Runde et al., 2014).

By investigating the role of Spx in thermotolerance and
heat stress response, we observed a specific ability of Spx
to inhibit transcription of genes associated with translation
such as genes encoding ribosomal proteins (r-proteins)
and ribosomal RNA (rRNA). This inhibitory activity of Spx
depended mostly on specific UP elements and the inter-
action of Spx with the alpha subunits of RNAP. Further
experiments demonstrated that this specific ability of Spx
is not necessary for Spx-dependent stress response,
possibly because other redundant stress induced cellu-
lar systems, which also interfere with protein synthesis,
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might complement this inhibitory activity. However, during
specific environmental conditions such as the stationary
phase, Spx reaches relatively high cellular levels in a sub-
population of cells and might contribute to a slower growth
of this subpopulation during outgrowth in fresh medium.
The raised Spx levels may contribute to a persister-like
phenotype and support the survival of this sub-population
of cells, when confronted with antibiotics or environmental
stress.

Results

Microarray-based characterization of thermotolerance
development

In order to characterize the development of thermotol-
erance in B. subtilis, we carried out microarray exper-
iments of cells treated with a lethal heat shock with or
without prior priming. A log-phase culture of B. subtilis
grown at 37°C was divided and either treated with 48°C
or left untreated at 37°C. After 15 min, both cultures were

transferred to 53°C for another 15 min. Total RNA from
all samples was prepared and analysed by microarrays
directly comparing the four different conditions (Fig. 1A).

Transcriptional changes important for thermotolerance
could be recognized in array 4 that compared primed
(48-53°C) and non-primed (37-53°C) cells at 53°C (Fig.
1B, Tables S2 and S3). The transcripts of 334 genes were
more than twofold differentially expressed. A significant
portion of these differentially regulated genes are known
to be under SigB (88 with 87 up-regulated, according to
SubtiWiki (Michna et al., 2016)) or Spx (79 with 55 up-
and 24 down-regulated, as defined in previous studies
(Nakano et al., 2003a; Rochat et al., 2012), including
direct and indirect regulation control. In addition, many
of the most down-regulated genes are also known to be
under the control of stringent response mediated tran-
scriptional down-regulation upon amino acid starvation
(Eymann et al., 2002; Kriel et al., 2012; Hauryliuk et al.,
2015) (Fig. 1B, Tables S1-S3).

For the mild heat shock condition (37°C vs 48°C;
array 3), we observed 529 genes which appear to be
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Fig. 1. Differentially regulated genes during thermotolerance.

A. Schematic representation of the thermotolerance protocol and the analysed microarrays.
B. The distribution of regulated genes in Array 4 (37-53°C vs. 48-53°C). Bar tracks indicate the number and distribution of genes of the o®
regulon (SigB), regulated by the stringent response (SR), the HrcA and CtsR regulons (HrcA/CtsR) or the Spx regulon (Spx) as defined by

(Nakano et al., 2003a; Rochat et al., 2012),

C. The distribution of arrays 1-3, representing the conditions 37°C vs. 48°C, 37°C vs. 53°C or 48°C vs. 48—53°C and bars representing the
respective regulons with abbreviations as above. [Colour figure can be viewed at wileyonlinelibrary.com]
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differentially regulated more than twofold. This set of
genes partially overlapped with the set obtained from
array 4 (Fig. 1C). Consistent with previous reports, we
noticed an extensive up-regulation of genes controlled
by the heat-shock regulators HrcA and CtsR as well
as many genes of the general stress response regulon
controlled by SigB (116 genes), (Helmann et al., 2001)
(array 3; Fig. 1C). However, we observed relatively lit-
tle additional induction for most of these genes in the
microarray comparing 48°C vs 48-53°C, suggesting
that these regulons were already fully induced at 48°C
with little potential for further adjustments upon more
severe stress conditions (Array 1; Fig. 1C).

Moreover, array 2 (37-53°C) displayed a lower induc-
tion of heat shock genes controlled by HrcA, CtsR or SigB
than array 2 (37-48°C). The applied lethal heat shock
conditions (Vélker et al., 1999; Runde et al., 2014) most
likely also contributed to the diminished ability of the cells
to efficiently change their gene expression. Nevertheless,
a significant number of Spx-controlled genes were differ-
entially transcribed under these conditions.

Spx had emerged from these experiments as an import-
ant heat shock regulator (Runde et al., 2014), since a
substantial fraction of previously identified Spx-regulated
genes was observed in all investigated thermotolerance
conditions (Fig. 1) (Nakano et al., 2003a; Rochat et al.,
2012). While the regulons of SigB, HrcA and CtsR were
almost exclusively up-regulated, the Spx regulon differed
markedly from this pattern of transcriptional changes,
since it exhibited both up- and down-regulation which
appeared mostly equally distributed in all tested condi-
tions (Fig. 1B and C, Tables S1 and S2). Interestingly, a
Aspx strain exhibited the most severe thermosensitivity
phenotype assessed by growth on plates at 55°C com-
pared to the also strongly impaired AsigB mutant strain,
while both AhrcA or ActsR were not strongly affected
(Fig. S1A). In addition, AsigB, AhrcA or ActsR strains
were much less affected in thermotolerance development
(Fig. S1B) compared to the previously investigated Aspx
(Runde et al., 2014), corroborating an apparent difference
in the role of these heat shock transcription factors.

Taken together with our previous results showing a
strong impact of Spx on the development of thermotol-
erance (Runde et al., 2014), these findings (Figs. 1 and
S1, Table S1) further establish Spx as an important stress
response regulator intricately involved in heat stress
response.

Transcriptional changes of AclpX vs AclpX Aspx mutant
that mediate thermotolerance controlled by Spx

To understand the role of Spx in thermotolerance devel-
opment and the previously observed heat-resistant phe-
notype of the AcipX mutant strain in more detail (Runde
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etal., 2014), we carried out microarray experiments com-
paring AclpX vs AclpX Aspx mutant cells in the absence
of stress at 37°C (Fig. 2). Since Spx is stabilized in cells
lacking ClpX, we compare in this experiment the tran-
scriptome of cells containing raised Spx levels, with cells
lacking Spx, allowing to track the contributions of Spx
on changes in the transcriptome (Nakano et al., 2002b;
Runde et al., 2014).

In total, we observed 378 differentially transcribed genes
(>2-fold change, 201 up-regulated, 177 down-regulated,
Fig. 2A, Table S4) in this experiment. Besides up-regu-
lated genes encoding proteins with unknown functions,
there were many up-regulated genes encoding proteins
of the general and oxidative stress response, in accor-
dance with previous observations (Nakano et al., 2003a;
Rochat et al., 2012) (Fig. 2A). Notably, this included the
thioredoxin-system (trxAB), superoxide dismutase (sodF)
and genes required for the synthesis of bacillithiol (bsaA,
bshB2) but also genes of the heat-shock response (clpC,
hipG, ytvA, lonA). Furthermore, we noticed the up-reg-
ulation of genes that mediate resistance against heavy
metals (cadA, copA) or antibiotics (ycbd, ybxl). Some of
these genes were previously described to be regulated by
Spx, but other transcripts were not yet known to be Spx-
regulated (Table S4) (Gaidenko et al., 2006; Rochat et al.,
2012; Gaballa et al., 2013). Down-regulated transcription
units were enriched in genes required for motility, trans-
lation or stringent response (see below) and genes of
prophages (PBSX- and SP[-prophages) (Rochat et al.,
2012; Moliere et al., 2016).

We observed a large overlap when comparing the reg-
ulated genes of the AclpX vs AclpX Aspx microarray with
Spx-regulated genes identified in (Nakano et al., 2003a;
Rochat et al., 2012) (Fig. 2A, blue bars denoted ‘Spx’,
114 out of 378 genes). As expected, we also observed
a strong overlap with the regulated genes of the heat-
shock arrays (overlap with array 3: 100 genes; array 4: 93
genes, Fig. 2A) and observed a good correlation of up-
and down-regulated transcripts between these datasets.

We confirmed the Spx-dependent regulation of selected
genes in AclpX and AclpXAspx mutants by northern blot-
ting (Fig. S2). However, since a AclpX deletion strain
displays a considerable growth defect and a pleiotropic
phenotype with both Spx dependent and independent
regulated traits (Elsholz et al., 2017), we aimed to confirm
the Spx-dependent regulation of selected genes in inde-
pendent experiments by RT-gPCR (Fig. 2B-D). Therefore,
we utilized the conditional induction of the stabilized
SpxPP variant at 37°C in the absence of stress (Fig.
2B). In a second approach, we treated wild-type or Aspx
mutant cells with a mild heat-shock at 50°C for 15 min,
which is not yet lethal to the heat-sensitive Aspx mutant
strain (Fig. 2C—E). Thereby, we could confirm the Spx-
dependent regulation of trxB, hslO and ytvA, as described

© 2018 John Wiley & Sons Ltd, Molecular Microbiology, 111, 514-533
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Fig. 2. Transcriptional changes mediated by Spx-accumulation under stress and non-stress conditions.

A. Differentially regulated genes of the AclpX vs. AclpXAspx microarray. Bar tracks indicate the number and distribution of regulated genes
of the respective functional group (translation, motility, unknown, stress response, prophages), the overlap with the Spx-regulon (Spx) as
defined by (Nakano et al., 2003a; Rochat et al., 2012) and the overlap with the arrays 3 and 4.

B. Changes in relative transcrlptlon of selected targets after treatment of a culture of P, -spx°P cells (BHS225) with or without 1 mM IPTG for
30 min (to induce Spx°P) as determined by RT-qPCR. Means and standard errors of three biological replicates are shown.

C—E. Relative expression changes after application of heat stress as determined by RT-qgPCR. Means and standard errors of three biological
replicates are shown. All strains carried rrJ P1 -lacZ in the amyE site. Log-phase cultures of wild-type rrJ P1-lacZ (BHS220) or Aspx rrnJ P1-
lacZ (BHS222) were divided and incubated at 37°C or 50°C for 15 min, then harvested. [Colour figure can be viewed at wileyonlinelibrary.com]
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earlier (Nakano et al., 2003a; Rochat et al., 2012) (Fig.
2B) and observed that their heat-induced expression is
completely dependent on Spx (Fig. 2C). Interestingly,
htpG, encoding a HSP90 homolog, was up-regulated by
Spx in the AclpX vs AclpX Aspx microarray experiment
(Table S4). It was previously observed that Spx in com-
plex with RNAP binds to the promoter region of hipG, but
no Spx-dependent regulation was detected (Rochat et al.,
2012). While an up-regulation of this locus upon expres-
sion of SpxP° was not observed (Fig. 2B), we noticed a
clear reduction in its heat-induced expression in the Aspx
B. subtilis strain (Fig. 2D). These observations suggest
a partial, but not exclusive Spx-dependent heat regula-
tion of hipG transcription (Schulz and Schumann, 1996;
Versteeg et al., 2003). Similar Spx-binding sites were also
reported for other heat shock loci, such as smpB-ssrA
and groES-groEL transcription units (Rochat et al., 2012).
We could confirm a Spx-dependent induction of the ssrA
gene transcription at elevated temperature but observed
no Spx-dependent heat regulation of the groEL locus (Fig.
2D and E). Overall, we observed a strong up-regulation of
genes required for stress response and down-regulation
of genes active during vegetative growth.
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Spx down-regulates ribosomal promoters in vivo

Interestingly, we found the majority of r-proteins to be
strongly down-regulated by Spx in the AclpX vs AclpX
Aspx dataset (26 of 55 CDS down-regulated, with the
exception of romEB being up-regulated, Fig. 3A). In
addition, genes encoding subunits of RNAP (rpoA,
rpoC) or with functions in translation elongation (/epA)
or secretion (secY) were also found to be down-regu-
lated, while genes required for rRNA and tRNA matura-
tion (trmB, mrnC, cspR) were up-regulated. The same
pattern of strongly down-regulated genes for ribosomal
proteins and other translation related genes associ-
ated with stringent response could be clearly observed
for the thermotolerance array (Array 4 Fig. 1B, Tables
S1-S3).

A similar down-regulation of r-proteins and other genes
associated with the RelA-dependent stringent response
(Eymann et al., 2002) was observed for B. subtilis cells
exposed to various stress conditions where Spx could
be activated and involved in the response (Leichert
et al., 2003; Mostertz et al., 2004; Rochat et al., 2012).
Interestingly, the additional ChlIP—chip experiments by
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Fig. 3. Spx down-regulates transcription of ribosomal promoters in vivo and in vitro.

A. The fraction of ribosomal genes differentially regulated by Spx in the AclpX vs. AclpXAspx microarray.

B. Northern blots (rmJ P1 -lacZ, trxB) and western blot (a-Spx). A mid-log culture (ODg,, of 0.3—0.35) of BHS225 cells was divided and
treated with or without 1 mM IPTG. Samples were withdrawn at the time points indicated and 2 pg total RNA or 10 ug total protein per lane

were subjected to northern or western blotting.

C. In vitro transcription assays with B. subtilis RNA polymerase with or without Spx and/or dithiothreitol (DTT). The transcription rate with Spx
and DTT was set to 1. Means and standard deviations of four replicates and a representative experiment are shown.
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Rochat et al. suggest that the complex of Spx and RNAP
specifically interacts with binding sites in front of the pro-
motor regions of the rrn operons and other genes import-
ant for translation (such as, e.g. rplC, secY, ssrA, ffh)
(Rochat et al., 2012).

These observations strongly suggested that Spx may
contribute to regulation of these genes. Therefore, we
went on to investigate in more detail the possible role of
Spx in the repression of rRNA and other translation-re-
lated genes.

In order to assess the effect of Spx on rRNA expres-
sion, we combined an array of strains carrying transcrip-
tional rrn-gfp fusions in the amyE site (Rosenberg et al.,
2012) with an IPTG-inducible copy of spx°P in the lacA
site (Fig. S3A). Northern blot experiments revealed that
the transcription from all tested promoters was repressed
by the induction of spx°° with 1 mM IPTG for 30 min (Fig.
S4). Subsequently, we selected the rrnd-rrnW operon as
our model system. We constructed a transcriptional fusion
of a 132 bp fragment carrying rrnJ P1, the first of the two
promoters of the rrnd-rrnW transcription unit (Koga et al.,
2006; Natori et al., 2009), to the lacZ reporter gene (Fig.
S3B, see Materials and Methods). Northern blot experi-
ments revealed that the activity of the rrnJ P1 promoter
was strongly decreased shortly after the induction of
SpxPP by the addition of IPTG. As expected, the addition
of IPTG also resulted in a strong increase in the trxB con-
trol mRNA and an accumulation of the Spx protein, as
revealed by western blotting (Fig. 3B). RT-gPCR experi-
ments using the same strain confirmed that, after 30 min
of treatment with IPTG, the transcription of the lacZ gene
from the rrnJ P1 promoter and the selected transcripts
of rRNA genes were strongly down-regulated. (Fig. 2B).
Taken together, these results suggest that the observed
down-regulation of ribosomal genes can be directly or
indirectly caused by the activity of Spx.

Spx down-regulates rrnd P1 in vitro

In order to confirm the observed in vivo down-regu-
lation of the rrnJ P1 promoter and to assess whether
this inhibition can be directly caused by Spx or requires
another factor, in vitro transcription experiments using
B. subtilis RNAP were carried out with either reduced
(+DTT) or oxidized (-DTT) Spx (Fig. 3C). The results
demonstrated that transcription from rrmJ P1 was inhib-
ited upon Spx addition regardless of its oxidation state.
Interestingly, transcription of rrnJ P2 was inhibited only
by the reduced (+DTT) but not by oxidized Spx (-DTT).
Transcription from the rpsD promoter was not strongly
affected by Spx while transcription of the trxB pro-
moter was significantly stimulated by oxidized Spx, as
described previously (Nakano et al., 2005; Rochat et al.,
2012). From these experiments, we conclude that Spx
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can directly act on the ribosomal promoters rrJ P1 and
rrnd P2 and inhibit their transcription without the need for
additional factors.

Spx-RpoA interaction and the influence of specific
upstream sequences (UP-elements) are crucial for Spx-
dependent regulation of the RNAP

The promoters of the rrmn operons are well-conserved
but do not contain the Spx binding motif (-45-AGCA-42)
(Helmann, 1995; Reyes and Zuber, 2008; Nakano et al.,
2010; Rochat et al., 2012). However, transcription from
the rrn-promoters in B. subtilisis stimulated by contacts of
a-CTD with AT-rich upstream sequences (UP-elements)
(Ross et al., 1993; Rao et al., 1994; Krasny and Gourse,
2004; Murayama et al., 2015). As the transcriptional reg-
ulation by Spx depends on its interaction with a-CTD, it
was suggested that the Spx/a-CTD complex could rec-
ognize promoters by interaction with sequence motifs
associated with the UP-element upstream of the core
promoter (Reyes and Zuber, 2008; Nakano et al., 2010).
Therefore, we hypothesized that regulatory upstream
sequence motifs associated with the UP-elements of
rr-promoters could also be required for the observed
Spx-dependent transcriptional down-regulation.

To test whether there are any sequence-specific deter-
minants for Spx-dependent repression within the upstream
regulatory elements, we constructed a series of transcrip-
tional promoter-lacZ fusions, each comprising the 41 bp
rrnd P1 core promoter and upstream sequences of vari-
able-length. In addition, a 22 nt GC-rich sequence that
is not recognized by a-CTD (denoted ‘SUB’ sequence,
(Rao et al.,, 1994)) and a 22 nt sequence upstream of
the P, 5 promoter were fused to the same core promoter
sequence as well (Fig. 4A). The influence of Spx°° syn-
thesis, induced in trans, on the in vivo transcription from
these promoters was assessed by northern blotting and
RT-gPCR (Fig. 4B and C).

In the absence of the inducer IPTG, the shorter frag-
ments (61 nt or 41 nt) with truncated upstream elements
showed a decreased promoter activity compared to the
110 nt fragment with the longest upstream region and
the fusion of the SUB sequence further diminished the
promoter activity (Fig. 4B and C), consistent with previ-
ous reports (Rao et al., 1994; Krasny and Gourse, 2004).
Upon induction of SpxPP, the activity of all promoter
fragments was decreased, but the magnitude of repres-
sion differed between the tested fragments. For the 110
nt fragment, the promoter activity decreased about 6—7
times, whereas for the 61 nt- or 41 nt fragments, the
reduction of promoter activity was about 4-6 and 2-3
times respectively. This deletion analysis suggested a
direct influence of the upstream elements on the Spx-
dependent down-regulation.
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Fig. 4. UP elements are important for Spx-mediated up- and down-regulation.

A. Schematic drawing of the different rrnJ P1 variants with truncated or replaced upstream sequences.

B. Northern blot of BHS807 (110 nt), BHS516 (61 nt), BHS517 (41 nt), BHS601 (SUB-UP) or BHS602 (trxB-UP) cells treated with or without
1 mM IPTG for 30 min to induce prDD. Relative band intensities were calculated using ImageJ, Ratios indicate the absolute value of fold

change.

C. Relative transcription of /acZ in a similar but independent experiment as panel B. Means and standard errors of two biological replicates

are shown. Ratios indicate the absolute value of fold change.

D. Northern blot of BHS573 (Pveg-lacZ) BHS668 (SUB-Pveg-lacZ) and BHS669 (rrJ P1 UP-Pveg-lacZ) cells treated with or without 1 mM
IPTG for 30 min and relative transcription of /acZin a similar but independent experiment as determined by RT-qPCR. Means and standard
errors of two biological replicates are shown. [Colour figure can be viewed at wileyonlinelibrary.com]

Replacement of the upstream elements with the SUB
sequence, which is not acting as an UP-element (Rao
et al., 1994), significantly decreased the promoter activity.
However, the promoter was still repressed about two times
when SpxPP was synthesized in trans (Fig. 4B and C). This
suggested that features of the core promoter might also
influence the Spx-mediated down-regulation. Another
possibility could be that Spx can recognize sequences
within the GC-rich SUB element. However, when we fused
the upstream sequences of P, g that carries known bind-
ing sites for Spx (Reyes and Zuber, 2008; Nakano et al.,
2010), the basal activity of the rrnJ P1 core promoter was
significantly increased about three times and the transcript
level was further raised about 2—-3 times upon induction
of SpxPP synthesis (Fig. 4B and C), emphasizing the role
of the upstream sequences for alpha-subunit-dependent
activation together with Spx.

To confirm our findings, we fused the upstream ele-
ments of rrnd P1 as well as the SUB sequence to the
PVeg promoter. This promoter was previously shown to
be constitutively active (Fukushima et al., 2003; Sojka

et al., 2011; Nicolas et al., 2012; Radeck et al., 2013).
The activity of the PVeg core promoter alone and the
promoter with the SUB element was unchanged upon
induction of SpxPP synthesis (Fig. 4D). However, when
the upstream sequence of the rrnd P1 promoter was
fusedto the Pveg core promoter, a higher transcript level
was observed, consistent with the finding that these
upstream elements, containing the UP-elements, can
stimulate promoter activity. Importantly, this promoter
construct was sensitive to Spx and was down-regu-
lated upon induction of SpxPP synthesis, although
to a lesser extent than observed for the rrnd P1 pro-
moter (Fig. 4B and C). We also confirmed by RT-gPCR
measurements that the transcription of P, fused
to the SUB element was not regulated by SpxP°P°
induction while P, fused to the UP-element of rrJ
P1 was down-regulated by Spx°P (Fig. 4D).

Taken together, these experiments indicate that
sequence elements upstream of the core promoter are
a key factor for both positive and negative modulation
of promoter activity by Spx in conjunction with the alpha
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subunit of RNAP. Nevertheless, the properties of the
rrnd P1 core promoter also appear to influence the Spx-
dependent down-regulation.

The positive and negative influence of Spx on
transcription can be separated by a mutation in the
alpha subunit of the RNAP

To gain insights into the mechanism of the SpxPP-
dependent down-regulation of rmJ P1 we introduced
the previously described point mutants rpoAY263C or
rpoAV260A (cxs-1 or cxs-2) into the rpoA gene of the
rmmd P1-lacZ reporter strain. Both mutations change the
interaction surface of a-CTD with Spx and suppress
the detrimental effects of Spx accumulation on growth
by disturbing the interaction a-CTD-Spx required for
the activity of Spx (Nakano et al., 2000; Nakano et al.,
2003b). Northern blot experiments revealed that the neg-
ative regulatory impact of prDD induction is completely
suppressed in the cxs-1 background and almost com-
pletely suppressed in the cxs-2 background (Fig. 5A).
This finding is in agreement with the previous reports
that both mutations suppress any activity of Spx on gene
expression (Nakano et al., 2000; Nakano et al., 2003b).
Interestingly, only the rpoAY263C (cxs-1) variant also
abolished transcription of trxB. In contrast, frxBtranscrip-
tion was still activated by prDD induction similarly to the
wild-type in cells carrying the rpoAV260A (cxs-2) variant
(Fig. 5A).

These experiments support the hypothesis that the
tested ribosomal promoter is directly down-regulated by a
repressor activity of Spx while interacting with the a-sub-
unit. This activity is distinct from its previously described
functions for (1) transcriptional repression by interfering
with transcriptional activators (Nakano et al., 2003b) or
its second observed function as (2) direct activator of the
thiol stress response (Nakano et al., 2003a). Since both
mutations (cxs-1 and 2) also restore growth (Fig. S6B)
and viability of cells carrying P, -spx°® on agar plates
supplemented with IPTG (Fig. 5B), we assume that the

cxs-2

A spxPP SpxPP B

IPTG addition — + — + — +

cxs-1

rrJp1

lacz | - e - -
trxB S —

SpxPP —

wild type

DD

spx°P cxs-1

spxPP cxs-2

inhibitory effects of Spx accumulation on growth could
be caused rather by the depletion of rRNA than by Spx-
dependent induction of the synthesis of a toxic factor,
such as a toxin-antitoxin system.

Down-regulation of rrnd P1 and r-proteins can occur in
vivo in the absence of Spx

Next, we wished to determine to what extent Spx contrib-
utes to downregulation of rRNA genes during heat stress.
Therefore, we analysed the transcriptional response of
rmJ P1 to heat stress in wild-type and Aspx cells (Fig. 6A).
Upon a temperature upshift from 37 to 50°C we noticed
a pronounced down-regulation of rrndJ P1. Surprisingly,
a comparable downshift was observed also in the Aspx
mutant. We observed this Spx-independent down-regu-
lation of rRNA genes also during oxidative and cell wall
stress (Fig. S5A and C).

Hence, we asked whether another protein might func-
tion similarly to, and substitute for, Spx in the cell. Indeed,
B. subtilis possesses a paralog of Spx, MgsR, which
modulates the expression of a sub-regulon of the general
stress response controlled by o®.Giventhe high sequence
similarity between MgsR and Spx, MgsR may have a sim-
ilar negative regulatory activity on ribosomal promoters as
observed for Spx and might be able to complement a dele-
tion of spx in this regard. To test this hypothesis, we con-
structed and assessed the influence of AmgsR and Aspx
AmgsR deletion strains on heat-mediated rrnJ P1 tran-
scriptional down regulation. However, despite a slightly
increased transcription rate during non-stress conditions
in strains with the AmgsR background, we still observed
the down-regulation of rrnJ P1 and r-protein genes in the
double deletion strain during heat stress (Fig. S5B).

Thus, we confirmed the transcriptional down-regulation
of rRNA and r-proteins during severe stress conditions.
However, a deletion of spx and/or its paralog mgsR did not
significantly affect this down-regulation, suggesting that the
Spx-dependent downregulation of rRNA expression may
play a role under different conditions.

0 mM IPTG

5mM IPTG

©0003:>

Fig. 5. The impact of cxs mutations in rpoA on Spx-mediated transcriptional regulation.

A. Northern blot (rrnd P1-lacZ, trxB) and western blot (a-Spx) of BHS225, BHS729 and BHS730 cells. Mid-log cultures were divided and
treated with or without 1 mM IPTG for 30 min. 2 pg total RNA or 10 pg protein per lane were analysed.

B. Serial dilutions of B. subtilis wild type, BHS225, BHS729 or BHS730 cells spotted on agar plates without (left) or with 5 mM IPTG (right).

© 2018 John Wiley & Sons Ltd, Molecular Microbiology, 111, 514-533
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Fig. 6. Up-regulation of stress response-genes but not down-regulation of rRNA contributes to survival of stress.

A, B. Relative expression changes after application of heat stress as determined by RT-qPCR. Means and standard errors of three biological
replicates are shown. All strains carried rrnJ P1-lacZ in the amyE site. Log-phase cultures of BHS220 (wild-type rrnJ P1-lacZ), BHS222
(Aspx), BHS549 (cxs-1) and BHS550 (cxs-2) were divided and incubated at 37°C or 50°C for 15 min, then harvested.

C. Growth of wild type, Aspx (BNM111), cxs-1 (BHS475) or cxs-2 cells (BHS476) on agar plates incubated ON at 37°C, 55°C or supplemented
with 0.05 mM diamide and incubated at 37°C.

D. Subcellular protein aggregation of wild type, Aspx, cxs-1 or cxs-2 cells carrying a YocM-mCherry fusion after heat shock. Scale bars are

5 pym. Phase contrast images (P.C.) and fluorescence images with RFP-filters (YocM-mCherry) are shown. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Up-regulation of stress-response genes and not down-
regulation of rRNA is the important activity for Spx-
mediated thermoresistance in vivo

As Spx appeared to be dispensable for the stress-me-
diated down-regulation of rRNA genes, we explored the
roles of the cxs-1 (Y263C) and cxs-2 (V260A) mutants in
stress resistance and survival. We observed the strong
down-regulation of rrnd P1 upon heat shock, independent
of Spx and regardless of the rpoA point mutations in the
strain background (Fig. 6A and B). However, in line with
the observation from Fig. 5A, the heat-induced transcrip-
tion of trxB was abolished in the cxs-1 mutant (Y263C),
but not in the cxs-2 mutant (V260A). We assayed the
growth of wild-type and rpoA mutant cells on agar plates
incubated at high temperatures or supplemented with
diamide, a strong oxidizing agent (Fig. 6C). Both the Aspx
and the cxs-1 mutant exhibited a high sensitivity to both
stress conditions (Nakano et al.,, 2003a). However, the
strain carrying the cxs-2 mutation, which still allows the
upregulation of the thiol stress response, displayed only
slightly reduced growth compared to the wild type under
both stress conditions.

Previously, we reported that Spx protects the cells from
heat-induced protein aggregates that can be visualized
by fluorescence microscopy (Runde et al., 2014). We
developed a tool utilizing yocM, a member of the small
heat shock proteins in B. subtilis, fused to the fluorescent
mCherry protein, that localizes to and thus visualizes pro-
tein aggregates in vivo as similarly demonstrated with the
sHsp-GFP fusion from E. coli (Lindner et al., 2008; Runde
et al., 2014; Hantke et al., 2018). Upon the non-lethal pre-
shock, some protein aggregates were visible as fluores-
cent foci at the cell poles in all strains, that disappeared
during prolonged heat exposure in primed wild-type cells,
but not in the Aspx mutant (Fig. 6C) (Runde et al., 2014).
Cells carrying the cxs-1 mutation displayed a severe pro-
tein aggregation phenotype, similar to the Aspx mutant in
accordance with the other observations, while cells with
the cxs-2 mutation accumulated only slightly more protein
aggregates than the wild type (Fig. 6C).

From these observations, we infer that up-regulation of
stress response-genes is a crucial activity for the protec-
tive role of Spx during stress conditions and that a Spx-
mediated down-regulation of rRNA is either dispensable
under the tested conditions or can be complemented by
other redundant different stress response mechanisms
active under these conditions.

Spx-levels exhibit heterogeneity during outgrowth from
the stationary phase

Finally, the possible different conditions, mentioned in
the preceding paragraphs, must entail a high cellular
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level of Spx as the Spx-dependent inhibition of rRNA
promoters was observed either upon overexpression of
stabilized SpxP°P or in a strain where Spx was stabilized
(AclpX). To identify and search for such conditions where
Spx might accumulate either in all cells or in a subpop-
ulation of cells, we investigated the cellular Spx levels
during growth and stress response in a population of
cells on a single-cell level. For these experiments, we
utilized a recently constructed B. subtilis strain carrying a
translational GFP-Spx fusion that retains the native tran-
scriptional and post-translational regulation (Riley et al.,
2018).

We observed that upon heat or cell wall stress all the
cells of an exponentially growing cell population synthe-
sized the GFP-Spx fusion in high amounts with a broad
but unimodal distribution. We also examined the different
growth phases and observed for late stationary phase
cells from an over-night culture that a significant number
of the population displayed bright fluorescence (Fig. 7).
The establishment of the Spx positive subpopulation
took place late in stationary phase as Spx positive cells
started to appear after 540 min of incubation (Fig. S7).
This sub-population of cells with elevated Spx concentra-
tion diminished when exponential growth was resumed
(time points 90, 120, 180 min in Fig. S7) after dilution into
fresh medium (Figs 7 and S7). The increased fluores-
cence of the subpopulation was not caused by differential
autofluorescence of the stationary phase cells (Fig. S7
wild-type cells lacking GFP (PY97)). Furthermore, when
we correlated the cell size with the fluorescence signal we
observed a strong correlation between small cell sizes,
which are typical for non-growing stationary phase cells,
and high levels of Spx (Fig. S7). These results suggest
that Spx may contribute to the growth arrest of this distinct
subpopulation, possibly also by downregulating rRNA
expression. This observed heterogeneity of Spx levels in
stationary phase cells could represent an additional role
of Spx during outgrowth from stationary phase, where the
inhibition of growth activity by Spx in these cells might play
a role establishing a persister-like phenotype and support
the survival of the cell population when confronted with
antibiotics or environmental stress (Dubnau and Losick,
2006; Veening et al., 2008; Fridman et al., 2014).

Discussion

We analysed the transcriptome of B. subtilis cells during
thermotolerance development and observed that Spx,
a transcription factor interacting with the alpha-subunit
of the RNA polymerase, is a central player orchestrat-
ing heat shock response. We characterized a distinct
activity of Spx to inhibit transcription from specific pro-
moters of genes related to translation. The concurrent
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downregulation of translation as part of a protein folding
stress response would result in a reduction in the met-
abolic burden accompanying protein repair mediated
by the upregulated chaperone systems. However, only
the concurrent up-regulation activity of stress genes by
Spx is essential for mediating stress response and in a
spx deletion mutant strain the inhibitory activity could be
compensated in vivo by other differently acting cellular
stress response processes. Nevertheless, the impact
of Spx on limiting translation might become important
under different conditions.

Thermotolerance development as a concerted process
involving multiple regulators

The heat shock response in B. subtilis has been divided
into different classes, which depend on the activity of dif-
ferent transcription factors such as SigB, and the repres-
sors CtsR and HrcA (Hecker et al., 1996). Recently, Spx
the transcription factor controlling thiol stress response
was also identified as a heat stress sensing transcrip-
tion factor (Runde et al., 2014). Our results (Figs 1 and
2, Tables S1, S2 and S4) and other studies suggest that
Spx controls or influences the expression of heat shock
proteins such as CIpC, LonA and HtpG as well as tmRNA,
general stress proteins (YtkL, YraA, GabD, YfhF, YvgN)
or oxidative stress response (TrxA, TrxB) (Nakano et al.,
2003a; Rochat et al., 2012; Runde et al., 2014). It further
indicates that there exists a considerable overlap between
the Spx regulon and the heat shock regulons controlled
by CtsR and SigB (Figs 1 and 2). However, although
bindings sites for Spx near the promoters of the HrcA-
controlled chaperone systems dnaKJE and groESL were
reported, neither we nor others could detect an influence
of Spx on the expression of these transcription units in
response to heat- (Fig. 2) or oxidative stress (Rochat et
al., 2012).

Spx-mediated down-regulation of ribosomal promoters

We showed that Spx down-regulates promoters that initi-
ate transcription of rRNA and, to a lesser extent, promot-
ers of ribosomal proteins (Figs 2A and B and 3A and B).
This activity could be reconstituted in vitro and appears
to be partly dependent on the state of the CXXC redox-
switch of Spx in a promoter-specific manner (Fig. 3C). The
inhibitory effect of Spx on rrnJ P1 could be reduced but
not completely abolished by substitution of the UP ele-
ment with a mock sequence (Fig. 4) and reconstituted on
an unregulated promoter Pveg by fusing the UP element of
a regulated promoter (Fig. 4D).

Spx was first described as an ‘anti-alpha’ factor as it
could displace certain transcription factors and thereby
interfere with their activity without sequence-specific
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requirements to the promoter (Nakano et al., 2003b).
Later it was shown that Spx also has a stimulatory activ-
ity on certain promoters, which requires interactions with
an upstream sequence motif and is thought to re-position
the RNAP for better promoter-recognition (Nakano et al.,
2003a; Reyes and Zuber, 2008; Nakano et al., 2010).

As Spx binds close to the surface of a-CTD, which con-
tacts the upstream UP elements (Gaal et al., 1996; Zhang
et al., 2006; Birch et al., 2017), it could act by influenc-
ing the recognition and productive interactions of a-CTD
with the specific upstream sequences. The strong tran-
scription of rRNA promoters is also dependent on these
UP-elements (Fig. 4B and C) (Ross et al., 1993; Rao et
al., 1994). Therefore, accumulation of Spx could lead to
a down-regulation of the respective transcription units
in a sequence-independent manner similar to the previ-
ously observed ‘anti-alpha’ activity. A specific interaction
of Spx with the alpha subunit appears to be very import-
ant for the observed repressor activity of Spx, since both
rpoA mutations cxs-1 and cxs-2 result in the alleviation of
down-regulation of rrnJ P1 while cxs-2 can still upregulate
the transcription of e.g. irxB.

Interestingly, SoxS, the activator of the superoxide
stress response in E. coli, which shares no homology
to Spx, can modulate RNAP holoenzyme activity with
a ‘pre-recruitment’ mechanism by binding the DNA-
recognition surface of a-CTD. SoxS then redirects RNAP
to promoters that feature a degenerate ‘soxbox’ upstream
of or within the — 35 promoter element (Griffith et al.,
2002; Martin et al., 2002). Concurrently, binding of SoxS
to a-CTD renders the complex unable to interact with UP
elements, thereby decreasing the strong transcription of
the rrnB P1 promoter (Shah and Wolf, 2004).

Nevertheless, the interaction and architecture
of Spx/a-CTD is different from SoxS, which repro-
grams the up-element recognition and is therefore not
directly applicable for Spx-mediated promoter regu-
lation (Browning and Busby, 2016). A simple model
in which Spx interferes like SoxS with the recognition
of UP elements by a-CTD might not explain different
promoter-specific in vitro down-regulation of oxidized
or reduced form of Spx on rrnd P1 and rrnd P2 (Fig.
3C) or residual regulation of UPg g-rrnd P1 in vivo
(Fig. 4B and C). However, it was demonstrated that the
Spx-mediated up-regulation and the sequence specific
recognition and binding to promoters for different thi-
ol-stress or redox chaperone genes is controlled by the
redox state of the CXXC switch (Nakano et al., 2003a;
Reyes and Zuber, 2008; Nakano et al., 2010; Lin et al.,
2013). Therefore, it appears that Spx regulates these
promoters by a not yet understood mechanism, which
might require sequence-specific contact of the Spx-
RNAP complex with sequences upstream of or within
the core promoter as observed for the up-regulated



promoters. This hypothesis is supported by the obser-
vation of Spx-RNAP binding sites in close proximity of
rrn promoters (Rochat et al., 2012).

In addition, it was recently observed that Spx interacts
not only with a but also 8 or B’ subunits of RNAP (Birch
et al., 2017). Such a more complex interaction or differ-
ent binding mode of Spx and RNAP might also contribute
to the inhibition of transcription at the rrnJ P1 promoter.
However, mechanistic details are not yet known, and
more experiments are required to fully understand the dif-
ferent impacts which Spx can have on RNAP activity at
these different promoters. Our results reveal that the abil-
ity of the unusual transcription factor Spx to influence the
RNAP activity, especially via the alpha subunit is much
more versatile than expected.

It should be emphasized that the experiments
employing induction of SpxPP synthesis were carried
out in the absence of stress. Therefore, we assume that
the CxxC redox switch of Spx remains in its reduced
state (Nakano et al., 2005; Rojas-Tapias and Helmann,
2018a). Interestingly, we observed that both the reduced
and oxidized form of Spx were able to down-regulate
transcription of rrnd P1, while only the reduced state of
Spx could down-regulate transcription of rrnd P2 (Fig.
3C). These experiments suggest that the regulatory
activity of Spx on rrn promoters might be particularly
required during adverse conditions that do not involve
oxidative stress.

Significance of down-regulation of ribosomal promoters
for stress resistance and survival

During heat and oxidative stress, we and others
observed a pronounced down-regulation of genes
involved in transcription, translation and protein secre-
tion (Figs 1B and C and 4) (Helmann et al., 2001; Price
et al., 2001; Leichert et al., 2003; Mostertz et al., 2004;
Chi et al., 2011; Rochat et al., 2012). We showed that
Spx down-regulates the respective promoters during
non-stress conditions. However, we also observed that
this down-regulation occured independently of Spx
during heat stress (Fig. 6A and B). Therefore, we con-
clude that other redundant regulatory stress respon-
sive mechanisms must exist, that mediate the strong
repression of these genes during heat or oxidative
stress.

Moreover, a point mutation in rpoA conferring loss of
Spx-mediated repression of rrn transcription did not affect
survival or protein aggregation during heat stress (Fig. 6C
and D). Thus, the up-regulation of genes of the heat and
oxidative stress response (Fig. 2) appears to be the cru-
cial activity of Spx for survival and stress resistance, while
the negative impact on rrn transcription is dispensable for
survival (Fig. 6C and D).
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We believe that the herein described additional activity
of Spx may impose benefits for the B. subtilis cell popu-
lation under stress. Since the majority of total RNA syn-
thesized during fast growth is rRNA, Spx might actively
withdraw RNAP holoenzyme from the transcription of
rRNA and concurrently re-deploy the complex to promot-
ers of stress-related genes. This strategy could ensure
reallocation of RNAP for a fast and efficient transcrip-
tion of stress response genes during emerging stress.
Furthermore, regulation of rrn transcription by Spx may
become essential under environmental conditions not
tested in this work. Finally, down-regulation of rRNA ulti-
mately leads to a depletion of active ribosomes and the
total translation capacity which diminishes the burden for
protein quality control and reduces the cell growth. This
would also provide tolerance to antibiotics and proteotoxic
stress conditions.

An important role of Spx in antibiotic resistance espe-
cially against antibiotics interfering with cell-wall biosyn-
thesis is already well-established (Luo and Helmann,
2012; Rojas-Tapias and Helmann, 2018a; 2018b) and we
could clearly confirm the induction of Spx by vancomycin
(Figs 7 and S5C). B. subtilis strains where Spx is stabi-
lized due to mutations in clpX, clpP or yjbH are impaired
in growth and a longer lag phase after inoculation can
be observed. This growth impairment can be relieved by
suppressor mutants appearing in rpoA (Fig. S6) (Nakano
et al., 2000; 2003a; Moliere et al., 2016). The high Spx
concentration observed in the heterogenous population of
stationary phase cells could also contribute to the growth
inhibition of this subpopulation, most likely resulting in a
longer lag phase for this sub-population. This is reminis-
cent of the antibiotic tolerance in type 1 persister cell for-
mation, which could also be influenced by a variation of
the lag-phase during outgrowth from the stationary phase
(Balaban et al., 2004; Fridman et al., 2014). It is possi-
ble that in B. subtilis cell populations Spx is involved in
two different processes conferring antibiotic tolerance.
First through the Spx mediated stress response signalled
by cell-wall stress through application of antibiotics like
vancomycin, which affect cell-wall synthesis. Thereby
the Spx-mediated upregulation of, e.g., redox-stress
response genes might also enable a generally improved
stress resistance. In a second process, a higher Spx level
of a sub-population of stationary phase cells might facil-
itate possible persister-cell-like behaviour, which might
also contribute to a raised antibiotic resistance of B. sub-
tilis cells.

Redundancy in stress signal sensing, transduction
and subsequent gene regulation would allow a much
more robust cellular stress response. Therefore, we
hypothesize, that the negative regulatory activity of Spx
on rrn promoters may be complemented or superseded
by additional stress response systems under these
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conditions (Fig. 4A). In previous studies, the observed
down-regulation of ribosomal RNA and proteins was
frequently attributed to the (p)ppGpp-mediated strin-
gent response. However, despite a considerable num-
ber of reports on this topic for B. subtilis and other
organisms (Hecker et al., 1989; Yang and Ishiguro,
2003; Abranches et al., 2009; Fitzsimmons et al., 2018),
persuasive evidence for these hypotheses is scarce and
molecular details on the regulation of stress-mediated
(p)ppGpp-synthesis is lacking. However, the second
messenger-based stringent response could act rela-
tively fast on the protein level by shutting down trans-
lation and protecting ribosomes (Beckert et al., 2017).
This fast response could very well be complemented
by down-regulation of the transcription of translation-
related genes through (p)ppGpp induced changes in
the GTP concentration (Krasny and Gourse, 2004; Kriel
et al., 2012) together with the here described Spx
activity. A possible role of (p)ppGpp as a messenger
during heat and other stress conditions in B. subtilis will
have to be addressed in future studies.

Experimental procedures
Growth media and thermotolerance

B. subtilis strains were grown in a water bath at 37°C with
orbital shaking at 200 rpm in Lysogeny Broth LB medium
(5g1™" yeast extract, 10 g I~ tryptone-peptone, 10g I
NaCl). Belitzky minimal medium (Stulke et al., 1993) supple-
mented with 0.05% yeast extract was used for experiments
where diamide was added to the medium. Thermotolerance
development and survival assays were performed as
described previously (Runde et al., 2014).

Cloning and strain construction

PCR-amplification using Phusion® high-fidelity polymerase
(NEB), cloning using E. coli DH5a and transformation of B.
subtilis 168 was carried out according to standard meth-
ods (Spizizen, 1958; Inoue et al, 1990; Sambrook and
Russell, 2001). All utilized primers are listed in Table S7.
Transformants were selected on agar plates supplemented
with 100 ug mI~" ampicillin, 5 pg mI~' chloramphenicol, 1 g
ml™" erythromycin and 25 pg mi™" lincomycin, 10 pyg ml™
kanamycin or 100 pg mI™" spectinomycin when appropriate.
Correct insertion of integrative plasmids into the amyE or
lacA site was facilitated by digestion with Scal or Bsal and
screening for loss of a-amylase activity.

To construct pMADAhrcA, flanking regions of hrcA were
amplified using primers pMADhrcAp1-4, fused by over-
lap-extension PCR and cloned into the BamHI/Sall sites of
pMAD. Transformation of this plasmid into B. subtilis 168
and successive recombination yielded BAH42 (Arnaud
et al., 2004). pBSIIE-spxDD was generated by amplifi-
cation of a fragment containing Phy-spx°® and lac/ from
pSN56 (Nakano et al., 2003a) using primers p222/p223
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and ligation into the EcoRI/Spel sites of pBSIIE (Radeck
et al., 2013). To construct transcriptional fusions to the
lacZ reporter gene, the respective promoter fragments
were amplified from B. subtilis 168 genomic DNA and
cloned into pDG268 (Antoniewski et al., 1990). Substituted
upstream elements are encoded on the 5’ region of the
forward-primer. To construct pDG268-Pveg, primer p445
and p446 were annealed in a 1:1 ratio and directly ligated
into pDG268 digested with Hindlll/EcoRl. The insert for
pDG268-SUB-Pveg was created by annealing and exten-
sion of p493 and p494 in a standard PCR reaction with-
out additional template. The insert for pDG268-rrnd-Pveg
was created by annealing and extension of p493 and p495
without additional template and a subsequent PCR reac-
tion with p491 and p493 using the product of the first reac-
tion as template.

The generated and used strains and plasmids are listed in
Supplementary Tables S5 and S6.

In vitro transcription

His-tagged Spx was expressed from the plasmid pQE60-
spx in E. coli FI1202 and purified by nickel affinity chro-
matography as described previously (Runde et al., 2014).
Purification of His-tagged B. subtilis RNA polymerase and
in vitro transcription was carried out as described pre-
viously (Rochat et al., 2012). Briefly, control promoters
Pia: PrpsD and rrndJ P1 P2 were PCR amplified, cloned
via EcoRI and Hindlll into the p770 vector (Ross et al.,
1990). For in vitro transcription reactions, plasmid DNA
was linearized with EcoRI, and the restriction enzyme was
inactivated at 65°C for 15 min. RNAP from the spx-null
strain was reconstituted with saturating concentration of
o” (ratio 1:5) in storage buffer (50 mM Tris-HCI, pH 8.0,
0.1 M NaCl, 50% (v/v) glycerol) for 15 min at 37°C. Spx
either was or was not pre-incubated with 5 mM DTT for
30 min at 37°C before addition to the transcription reac-
tion. Multiple round transcription reactions were carried
out in 10 pL reaction volumes with 30 nM RNAP holoen-
zyme and 50 ng of linearized plasmid DNA with tested pro-
moters. The transcription buffer contained 40 mM Tris-HCI
pH 8.0, 10 mM MgCl,, 1 mM DTT, 0.1 mg mL™" BSA and
150 mM KCI and NTPs (ATP, CTP were at 200 pM; GTP
1300 uM; UTP was 10 pM plus 30 nM radiolabeled [a-*2P]
UTP). All transcription reactions were allowed to proceed
for 10 min at 37°C and were stopped with equal volumes
of formamide stop solution (95% formamide, 20 mM
EDTA, pH 8.0). Samples were loaded onto 7 M urea-7%
polyacrylamide gels and electrophoresed. The dried gels
were scanned with a Molecular Imager FX (Bio-Rad) and
visualized and analysed using the Quantity One software
(Bio-Rad). The lengths of the transcribed fragments were
233 nt (rrnd P1), 148 nt (rrd P2), 216 nt (prpsD) or 228 nt
(ptrxB) respectively.

Preparation of total RNA

Total RNA was prepared from cells from 15 to 25 mL cell
culture using the illustra RNAspin Mini Kit (GE Healthcare).
Cells were resuspended in 350 pl buffer Lysis Buffer,



supplemented with 0.2 mL zircomium/glass beads (0.1 mm
dia.) and lysed by vigorously shaking the suspension on a
Vortex-Genie 2 (Scientific Industries) for 2 minutes. Further
steps were carried out as recommended by the manufac-
turer. Additionally, RNA was treated with RNase-free DNase
I (NEB) for 15 min at 37°C. Integrity of the RNA was checked
by native agarose gel electrophoresis or methylene blue
stain of blotted samples.

Northern blotting

About 2 pg total RNA per sample was denatured for 10 min
at 65°C in sample buffer (50% formamide, 20 mM MOPS
pH 7.0, 50 mM sodium acetate, 19 mM EDTA, 2.2% form-
aldehyde, 1.5% Ficoll 70) and run on a 1.3% agarose, 6.6%
formaldehyde gel in 1x MOPS buffer (20 mM MOPS pH 7.0,
50 mM sodium acetate, 10 mM EDTA) for 1.5 h at 100 V. The
RNA was transferred to a positively charged nylon mem-
brane by upwards capillary transfer overnight (~16 h) using
10x standard saline citrate buffer (10x SSC; 150 mM sodium
citrate, 1.5 M sodium chloride, pH 7.0) and crosslinked to the
membrane by irradiation with 120 mJ cm~2in a Stratalinker
UV cross-linker apparatus. The membrane was stained
with methylene blue dye (0.02% methylene blue, 300 mM
sodium acetate pH 5.5) to verify integrity and equal loading
of the RNA, scanned and subsequently destained with 1%
SDS in 0.2x SSC. Digoxygenin-labelled RNA probes were
generated by in vitro-transcription with T7 RNA-polymerase
(NEB) and labelled DIG RNA Labelling Mix (Roche) in a
20 pl reaction for 3 h at 37°C. The templates were gener-
ated by PCR with primers listed in Table S7 that carry the
sequence of the T7-promoter.

Membranes were hybridized with labelled probes in
hybridization buffer (5x SSC, 0.02% sodium dodecyl sul-
phate, 0.1% N-laurylsarcosine, 2% blocking reagent
(Roche), 20 MM sodium maleate, 4 M urea, pH 7) at 68°C
over night as described in (Simard et al., 2001). The mem-
brane was blocked by incubation in 100 mM maleic acid pH
7.5, 150 mM NaCl, 1% w/v Blocking reagent (Roche Applied
Sciences) for 1 h. Anti-digoxigenin antibodies conjugated to
alkaline phosphatase (Roche Applied Sciences) were diluted
1:5000 in the same buffer and applied to the blot for 2 h with
mild shaking. The membrane was washed twice for 15 min in
100 mM maleic acid pH 7.5, 150 mM NaCl and equilibrated
in 100 mM Tris-HCI pH 9.5, 100 mM NaCl, 5 mM MgCl,.
CDP-Star solution (Tropix Inc.) was used as the substrate
and signals were detected in a ChemiBIS 4.2 imaging sys-
tem (DNR).

RT-gPCR

Total RNA was prepared as described above. cDNA
from was synthesized from 500 ng total RNA using
Protoscript® Il reverse transcriptase (NEB) in a 20 pl
reaction with 3.5 yM random hexamer primers for 1 h at
42°C and diluted in TE-Buffer (10 mM TRIS, 1 mM EDTA
pH 8). gPCR was performed using Luna® Universal gPCR
Master Mix (NEB) in a 20 pl reaction with 0.25 uM primers
and cDNA equivalent to 5 ng RNA (or 0.5 ng RNA for rRNA
targets). Cycling conditions were: 95°C for 60 s followed
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by 45 cycles of 95°C for 15 s and 60°C for 30 s. Primer
efficiency was calculated using a standard curve with
serial 10-fold dilutions of cDNA. 23S rRNA was used as
a reference and the 222CT Method (Livak and Schmittgen,
2001) was used to calculate relative gene expression. The
primers used for RT-gPCR are listed in Table S8.

Western blotting

Samples of 10 ml were collected by centrifugation for 5 min,
4°C, washed once in buffer TE (10 mM TRIS-HCI pH 8.0,
1 mM EDTA) and resuspended in the same buffer supple-
mented with 0.1 mM PMSF. Lysates were prepared by soni-
cation and cleared by centrifugation for 5 min at 11.000 x g.
Western blotting was carried out with antibody sera as
described previously (Moliere et al., 2016). Signals were
detected either using alkaline phosphatase (AP)-conjugated
antibody or the ECF-reagent (GE healthcare) (Moliere et al.,
2016) or HRP-conjugated antibody (Mruk and Cheng, 2011).
Images were acquired using the MF-ChemiBIS 4.2 imaging
system (DNR Bio-Imaging Systems) or ChemoStar imaging
system (Intas, Géttingen, Germany).

Growth on agar plates

Stationary-phase cultures were adjusted to an ODg,, of 1.0
and diluted in 0.9% NacCl. 5 pl cell suspension was spotted
on LB agar plates with or without IPTG or diamide as indi-
cated. Plates were incubated overnight (18 h) at 37°C.

Microarray experiments

For thermotolerance experiments, B. subtilis wild-type
cells were grown in LB medium at 37°C and shaking at
300 rpm to the mid-exponential phase (ODg, ,,,, 0.6) and
divided in four 50 ml cultures. Two cultures were incubated
for 15 min at 37 or 48°C and harvested. The other cultures
were incubated for 15 min at 37 or 48°C, then incubated
at 53°C for additional 15 min, harvested by centrifugation
at 3860 x g for 5 min and flash-frozen in liquid nitrogen.
AclpX (BNM107) cells or AclpXAspx (BNM112) cells were
grown in LB medium to the mid-exponential phase at 37°C
and 300 rpm, harvested by centrifugation and frozen in
liquid nitrogen.

Total RNA was prepared from frozen pellets using the ®
FastRNA Pro Blue Kit (Qbiogene, Inc., CA), resuspended
in 100 pl DEPC treated water, treated with DNase | at 37°C
for 20 min and purified by phenol/chloroform extraction and
ethanol precipitation. The quality of the RNA was checked
by agarose gel electrophoresis. cDNA was synthesized from
15 pg total RNA and 5 pg random hexamer primers in a 30 pl
scale using SuperScript® Plus Indirect cDNA Labelling Kit
(Invitrogen), purified using the Low Elution cDNA Purification
Module (Invitrogen) and labelled using the Alexa Fluor® 555
and 647 Reactive Dye modules (Invitrogen) according to the
manufacturer’s instructions.

The labelled cDNAs were concentrated to 6 pl, mixed with
35 pl prewarmed SlideHyb Glass Array Hybridization Buffer
#1 (Ambion) and applied to an oligonucleotide microarray
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prepared by the Center of Applied Genomics (ICPH, UMDNJ,
Newark) in a Micro-Array Hybrid Chamber (Amlab) and incu-
bated in a water bath over night at 55°C. The array was then
washed in buffer 1 (2 x SSC, 0.5% SDS), buffer 2 (0.5 x SSC,
0.5% SDS) and buffer 3 (0.5 x SSC, 0.03% SDS) for 5 min
each at 55°C and then washed with buffer 4 (0.2 x SSC), buf-
fer 5 (0.1 x SSC) and buffer 6 (0.01 x SSC) for 5 min each
at room temperature. The array was read in a Genepix 4100
Laserscanner (Molecular Devices) using auto PMT and the
GenePix Pro 6.1 software. The dye swap and further analy-
sis was performed using the Acuity 4.0 software (Axon) and
Microsoft Excel 2010. Functional groups and regulon anno-
tations were inferred from subtiwiki (Michna et al., 2016).The
data have been deposited NCBI's Gene Expression Omnibus
(Edgar et al., 2002) and are accessible through GEO Series
accession numbers GSE45972 and GSE50102.

Fluorescence microscopy

Cells carrying a xylose-inducible copy of a translational
fusion of yocM with mCherry were grown in LB medium sup-
plemented with 0.5% (w/v) xylose. Upon an OD600 of 0.4,
cells were treated with a 15 min pre-shock at 48°C followed
by a shift to 53°C. Strain BER550, carrying a translational
in cis GFP-spx fusion was inoculated in LB medium from a
stationary phase overnight culture. Cells were briefly con-
centrated by centrifugation at 5000 x g for 2 min. Samples
of 3 yl were subjected to phase contrast or fluorescence
microscopy on agarose-coated slides with a Axio Imager.Z2
(Zeiss) using the GFP or RFP filter set with a fixed exposure
time of 3000 ms (Runde et al., 2014). Images were obtained
with an AxioCam MRm (Zeiss). Fluorescence intensity of
individual cells was integrated on background-substracted
images using the Fiji distribution of Imaged (Schindelin
et al., 2012) and normalized to the cell area.
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Table S1 Summary of regulated genes and their regulons

See supplementary excel data file.

Table S2 Regulated genes of the thermotolerance arrays

See supplementary excel data file.

Table S3 the most up- and down-regulated genes of array 4 (37/53 °C vs 48/53 °C)

See supplementary excel data file.

Table S4 Regulated genes in the AclpX vs AclpXAspx array

See supplementary excel data file.

Table S5 List of strains

Strain genotype Source/construction

B. subtilis | trpC2 (Spizizen, 1958)

168

B. subtilis (Youngman et al., 1984)

PY79

BNM107 trpC2 AclpX::kan (Runde et al., 2014)

BNM111 trpC2 Aspx::kan (Runde et al., 2014)

BNM112 trpC2 Aspx::kan AclpX::spec (Runde et al., 2014)

BNM810 trpC2 amyE:: Py,-spx°° lacl spec (Runde et al., 2014)

BAH34 trpC2 ActsR::kan This work, BHL-5 -> B.
subtilis 168 (Kruger et al.,
2001)

BAH35 trpC2 AsigB::cat This work, ML-6 -> B.
subtilis 168 (Igo et al.,
1987)

BAH42 trpC2 AhrcA This work, pMADAhrcA >
B. subtilis 168

BNM855 AyjbH::spec (Moliére et al., 2016)

BHS201 trpC2 lacA::Phy-spx°° lacl erm This work, pBSIIE-spxDD
- B. subtilis 168

BHS220 trpC2 amyE::RrnJP1( -107/+25)-lacZ Cm | This  work, pDG268-
RrnJP1-132 - B. subtilis
168

BHS222 trpC2 amyE::RrnJP1-lacZ Cm Aspx::kan | This work, BNM111 -
BHS220

BHS225 trpC2 amyE::RrnJP1-lacZ Cm lacA::Pn- | This work, BHS201 ->

spx°° lacl erm BHS220

BHS475 trpC2 rpoA"°¢ This work, pYz37 > > B.
subtilis 168 (Nakano et al.,
2000)

BHS476 trpC2 rpoAY2%% This work, pYzZ38 > > B.

subtilis 168 (Nakano et al.,




2000)

BHS516 trpC2 amyE::RrnJP1( -59/+3)-lacZ cat This  work, pDG268-
RrnJP1-62 - B. subtilis
168
BHS517 trpC2 amyE::RrnJP1( -38/+3)-lacZ cat This  work, pDG268-
RrJP1-41 - B. subtilis
168
BHS549 trpC2  rpoAY?®*¢  amyE:RmJP1( -|This  work, BHS220
107/+25)-lacZ cat —->BHSA475
BHS550 trpC2  rpoAY®*  amyE:RrmJP1( -|This  work, BHS220
107/+25)-lacZ cat —>BHS476
BHS569 trpC2 amyE::Pveg (-38/+1) -lacZ cat This work, pDG268-Pveg
- B. subtilis 168
BHS573 trpC2 amyE::Pveg (-38/+1) -lacZ cat| This work, BHS201 -
lacA::Pry-spx°° lacl erm BHS569
BHS591 trpC2 amyE::RrnJP1(SUB -38/+3)-lacZ | This work, pDG268-SUB-
cat RrnJP1 - B. subtilis 168
BHS592 trpC2 amyE::RrnJP1(trxB_UP -38/+3)- | This work, pDG268-TRXB-
lacZ cat RrnJP1 - B. subtilis 168
BHS601 trpC2 amyE::RrnJP1(SUB -38/+3)-lacZ | This work, BHS201 -
cat lacA::Pp,-spx°° lacl erm BHS591
BHS602 trpC2 amyE::RrnJP1(trxB_UP -38/+3)- | This work, BHS201 -
lacZ cat lacA::Pry-spx°° lacl erm BHS592
BHS652 trpC2 amyE::Pveg (SUB -38/+1) -lacZ | This work, pDG268-SUB-
cat Pveg - B. subtilis 168
BHS653 trpC2 amyE::Pveg (rrnJ_UP -38/+1) - | This work, pDG268-rrnJ-
lacZ cat Pveg - B. subtilis 168
BHS668 trpC2 amyE::Pveg (SUB -38/+1) -lacZ | This work, BHS201 -
cat lacA::Pp,-spx°° lacl erm BHS652
BHS669 trpC2 amyE::Pveg (rrnJ_UP -38/+1) -| This work, BHS201 -
lacZ cat lacA::Pny-spx°° lacl erm BHS653
BHS729 trpC2  rpoA*®*¢  amyE:RmJP1( - | This work, BHS201 -
107/+25)-lacZ cat lacA::Pp,-spx°° lacl | BH549
erm
BHS730 trpC2  rpoAY***  amyE:RmJP1( - | This work, BHS201 -
107/+25)-lacZ cat lacA::Pn,-spx°° lacl | BHS550
erm
BHS800 trpC2 amyE::RrnJP1( -98/+3)-lacZ cat This  work, pDG268-
RrnJP1-101 -> B. subtilis
168
BHS807 trpC2 amyE::RrnJP1( -98/+3)-lacZ cat | This work, BHS201 -
lacA::Pyy-spx°® lacl erm BHS800
BHS882 trpC2 amyE::RrnJP1-lacZ Cm | This work, BAR1 -
AmgsR:.erm BHS220 (Reder et al.,
2008)
BHS883 trpC2 amyE::RmJP1-lacZ Cm Aspx::kan | This work, BAR1->
AmgsR:.erm BHS222
(Reder et al., 2008)
BHS932 PY79 amyE::PrrnA-gfpmut2 spc | This work, pBSIIE-spxDD

lacA::Pp,-spx°° lacl erm

-> AR13 (Rosenberg et




al., 2012)
BHS933 PY79 amyE::PrrnB-gfpmut2 spc | This work, pBSIIE-spxDD
IacA::Phy-spr lacl erm - AR14 (Rosenberg et
al., 2012)
BHS934 PY79 amyE::PrrnD-gfpmut2 spc | This work, pBSIIE-spxDD
lacA::Pry-spx°° lacl erm > ARI15 (Rosenberg et
al., 2012)
BHS935 PY79 amyE::PrrnE-gfpmut2 spc | This work, pBSIIE-spxDD
lacA::Pry-spx°° lacl erm > AR16 (Rosenberg et
al., 2012)
BHS936 PY79 amyE::PrrnO-gfpmut2 spc | This work, pBSIIE-spxDD
lacA::Pp,-spx°° lacl erm > AR17 (Rosenberg et
al., 2012)
BHS937 PY79 amyE::Prrnl-gfpmut2 spc lacA::Pny- | This work, pBSIIE-spxDD
spx°® lacl erm > AR18 (Rosenberg et
al., 2012)
BHS938 PY79 amyE::PrrnJ-gfpmut2 spc | This work, pBSIIE-spxDD
lacA::Pp,-spx°° lacl erm > AR19 (Rosenberg et
al., 2012)
(Hantke et al., 2018)
BIH369 trpC2 lacA::Pxyl yocM-mCherry erm
BIH632 trpC2  rpoA™?®C  JacA:Pxyl yocM- | BIH369 >BHS475
mCherry erm
BIH633 trpC2  rpoA°®¢  JacA:Pxyl yocM- | BIH369 >BHS476
mCherry erm
BER550 PY79 gfp-spx cat (Riley et al., 2018)
LK1119 rpoC-His10, spx::aphA-3 (Rochat et al., 2012)

Table S6 List of plasmids

Plasmid Relevant features Source or cloning
primers

pYZ37 rpoAY?e3¢ (Nakano et al.,
2000)

pYZ38 rpoAY2e%% (Nakano et al.,
2000)

pMADhrcA AhrcA pMADhrcApl-4

pDG268-RrnJP1- amyE3’ cat RrnJP1( -107/+25)-lacZ | p249/p250

132 amyE5’

pDG268-RrnJP1- amyE3’ cat RrnJP1( -98/+3)-lacZ amyES5’ | p377/p616

102

pDG268-RrnJP1-62 | amyE3’ cat RrnJP1( -59/+3)-lacZ amyE5’ | p377/379

pDG268-RrnJP1-41 | amyE3’ cat RrnJP1( -38/+3)-lacZ amyE5’ | p377/378

pDG268-SUB- amyE3’ cat RrnJP1(SUB -38/+3)-lacZ | p377/p463

RrnJP1 amyE5’

pDG268-TRXB- amyE3’ cat RrnJPL1(trxB_UP -38/+3)- | p377/p464

RrnJP1 lacZ amyES’

pDG268-Pveg amyE3’ cat Pveq (-38/+1)-lacZ amyE5’ p455/p456




pDG268-SUB-Pveg | amyE3’ cat Pveg (SUB-38/+1)-lacZ | p493/p494

amyE5’
pDG268-rrnJ-Pveg | amyE3’ cat Pveg (trxB_UP-38/+1)-lacZ | p493/p495,

amyEb5’ p491/p493
pBSIIE-spxDD lacA5’ erm Phy-spx"° lacl lacA3’ p222/p223
P770-rrnJ P1 P2 amp rrnJ P1 P2 (-108/+88) pLK2037/pLK2039
pEDJ160 amp p770-PtrxB (Rochat et al., 2012)
pEDJ163 amp p770-PrpsD (Rochat et al., 2012)
pCD2 B. subtilis sigA (Chang and Doi,

1990)

Table S7 List of oligonucleotides

primer Sequence (5’-3’)

pMADhrcApl CCCCGGATCCGGATATGATCAACCGCGTGC
pMADhrcAp2 CCCCGTCGACCATCACCTCTGTTAGCACTC
pMADhrcAp3 CCCCGTCGACGCTTCAGCATGTGACTTCGG
pMADhrcAp4 CTTTGACCATGGAAGGGCG

p249_EcoRI_PrmJ_P1
_for

CCGGAATTCAAGAGCGGTATCCTCCATAG

p250_BamHI_PrrnJ_P1
rev

CGCGGATCCCGTTATCGCCTTGTTTAGCG

p377 RrnJPL +3 rev

CGCGGATCCAACGAATAATAATATACCACC

p378 RrnJP1 -39 for

CCGGAATTCTATTGCACTATTATTTACTAGG

p379 RrnJP1 -60 for

CCGGAATTCTTAGTATTTCTTCAAAAAAACTATTGC

p616_RrnJP1 102

ATAGAATTCATCCTCCATAGGGAAAGG

p463_PrrnJ_SUB up_f
or

CCGGAATTCTCGACTGCAGTGGTACCTAGGCTATTGC
ACTATTATTTACTAGG

p464 _trxB_UP_rrnJ_cor
e

CCGGAATTCGAATACATTTAATCGTGTTGAGCAAAAAT
ATTGCACTATTATTTACTA

222 _pDR111_for

CAGGAATTCGACTCTCTAGC

223 pDR111 rev

taACTAGTATAATGGATTTCCTTACGCG

p455 Pveg core_for

AATTCTATTTGACAAAAATGGGCTCGTGTTGTACAATA
AATGTAA

p456_Pveg_core_rev

AGCTTTACATTTATTGTACAACACGAGCCCATTTTTGT
CAAATAG

491 RrnJP1_up

ataGAATTCGATGCCGCTCTTTTTAAATCCCTTAGTATT
TCTTCAAAAAAA

493 Pveg_core_rev

tatAAGCTTTACATTTATTGTACAACACGAGCCCATTTTT
GTCAAATA

494 _SUB_UP_Pveg

ataGAATTCTCGACTGCAGTGGTACCTAGGTATTTGAC
AAAAATGG

495 RrnJP1 UP Pveg

CTTAGTATTTCTTCAAAAAAATATTTGACAAAAATGGGC

LK2037/rrnJ_F

GCGAATTCAAGAGCGGTATCCTCCATAG

LK2039/rrnJP1+P2_R

GCAAGCTTGACTTTATTATTATAACTCG

Table S8 List of oligonucleotides for qPCR experiments

| primer

| Sequence (5'-3")




585 qPCR_lacZ rev CGTTTCACCCTGCCATAAAG
586_qPCR_lacZ_for GGAAGATCAGGATATGTGGC
595 qPCR_rpIC_for TCCGGTAACTGTTATCGAGG
596 _qPCR_rpIC_rev GACCAACTTCATACGCATCC
599 gPCR_trxB_for CCGTGCTGTCATCATTGCTG
600 gPCR trxB rev TATACGCCTTCTTCAACCGC
605 gPCR 23S for CTTTGATCCGGAGATTTCCG
606 gqPCR 23S rev GTACAGAGTGTCCTACAACC
638 gqPCR rplS_for GGTGGAATCAGCGAAACGTT
639 gqPCR rplS rev TAATACGAGCCGCTTTTCCG
640 gPCR rpsD for GGCTCGCTATACAGGTCCAT
641 qPCR rpsD rev TGCGGAATTGACGTTCGTTT
648 qPCR_ssrA for CGAGCTCTTCCTGACATTGC
649 gqPCR_ssrA rev AACCCACGTCCAGAAACATC
650 gqPCR rplO for GTCGTGGTATTGGTTCTGGC
651 gqPCR _rplO rev GTGACTTCCGTTCCTTCTGC
722 gPCR_ytvA for ATTGGCCCAAGTGAACGAAC
723 gPCR_ytvA rev ATCGGAAGCACTTTAACGGC
726 _gPCR_hag for CATGCGATCCTTCAACGTGT
727 qPCR _hag rev TGCAGGAGTAGCTGTGTCAA
758 qPCR_groEL for GGTGATCGCCGTAAAGCAAT
759 qPCR groEL rev | TGTTTCTTCCACTTGAGCGC
762 _gPCR_htpG_for GGCATAGACACGGATGAGGA
763 _qPCR_htpG_rev GCTGTCAGGCATCGCATTTA
765 gPCR_hslO_for ACGATGCCTGTCAGATTCCA
766 _gPCR_hslO_rev TAGTTTGGTCACGAAGCCCT
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Supplementary Figures

Figure S1. Growth and survival of strains with deletions of individual heat shock

regulators.

A: Growth of B. subtilis wild type, AsigB, ActsR, AhrcA or Aspx cells spotted on agar
plates at 37 °C (left) or 55 °C (right) over night. B: Survival of wild type (black lines)
and mutant strains AsigB, ActsR, or AhrcA (red lines) during thermotolerance. Solid

lines: 15 min pre-shock at 48 °C, dashed lines: no pre-shock. Means of normalized



logl0 colony forming units and standard errors of 3 (mutants) or 48 (wild type)

biological replicates are shown.

Figure S2: Relative levels of selected transcripts in mutant strains with increased or

decreased Spx levels.
Samples of exponentially growing AclpX or AspxAclpX cells were subjected to

western or northern blotting.

Figure S3: Genetic organisation of the transcriptional promoter fusions.

Transcriptional rrn-gfp fusions (A) or rrnJ-lacZ fusions (B) were integrated into the
amyE locus. The Digoxigenin-11-UTP labelled RNA probe binds within the gfp or

lacZ mRNA.

Figure S4: Spx acts similarly on all rrn-promoters

Northern blots of rrn-gfp transcripts. Mid-log cultures (ODgoo of 0.3-0.35) of BHS923 -
BHS938 cells, carrying transcriptional fusions of 7 rrn promoters to gfp, were divided
and treated with or without 1 mM IPTG. Samples were withdrawn after 30 min and 2
Mg total RNA per lane were subjected to northern blotting. The relative position of the

16 S and 23 S band is indicated.

Figure S5: Relative transcription of selected targets during oxidative stress and in
AspxAmgsR mutant cells

Relative expression changes as determined by RT-qPCR. Means and standard
errors of three biological replicates are shown. All strains carried rrnJ P1 -lacZ in the
amyE site. A: Log-phase cultures of BHS220 (wild type rrnJ P1-lacZ) and BHS222
(Aspx rrnJ P1l-lacZ) were grown in minimal medium, divided and supplemented with
or without 1 mM diamide for 15 min, then harvested. B: Log-phase cultures of

BHS220 (wild type rrnd P1-lacZ), BHS222 (Aspx rrnd P1-lacZ), BHS882 (AmgsR rrnJ



P1-lacZ) and BHS883 (Aspx AmgsR rrnJ P1-lacZ) were divided and incubated at 37
°C or 50 °C for 15 min, then harvested. C: Northern blot showing the rrnJ P1-lacZ
and trxB transcript. Log-phase cultures of BHS220 (wild type rrnJ P1-lacZ), BHS549
(cxs-1) and BHS550 (cxs-2) were divided and treated with or without 1 pg/mL

vancomycin for 15 min and then harvested.

Figure S6: Impaired growth of strains synthesizing Spx®® in trans

A: Growth of BHS148 (amyE::Phy-spx°®) cells in LB medium. The mid-log culture
was divided and supplemented with (red bar) or without (black bar) 1 mM IPTG. B:
Growth of BHS148 (amyE::Phy-spx°P), BHS535 (amyE::Phy-spx°® rpoA'?**¢) and
BHS536 (amyE::Phy-spx°® rpoAY?®*) cells with (squares and dashed lines) or

without (diamonds and solid lines) 1 mM IPTG added from the start.

Figure S7: Distribution of GFP-Spx fluorescence and cell size
Scatter plots and histograms showing the distribution and the relationship of GFP-

Spx fluorescence and cell area among single cells of the experiment shown in Fig. 7.
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The HelD is a helicase-like protein binding to Bacillus subtilis RNA poly-
merase (RNAP), stimulating transcription in an ATP-dependent manner.
Here, our small angle X-ray scattering data bring the first insights into the
HelD structure: HelD is compact in shape and undergoes a conformational
change upon substrate analog binding. Furthermore, the HelD domain struc-
ture is delineated, and a partial model of HelD is presented. In addition, the
unique N-terminal domain of HelD is characterized as essential for its tran-
scription-related function but not for ATPase activity, DNA binding, or bind-
ing to RNAP. The study provides a topological basis for further studies of
the role of HelD in transcription.

Keywords: Bacillus subtilis; HelD; RNAP; SAXS

Bacteria are the dominant form of life on Earth.
They inhabit every possible niche and excel at adap-
tation. Adaptation depends on changes in gene
expression. The first step in gene expression is tran-
scription of genetic information from DNA into
RNA. The key enzyme of this process in bacteria is
a multisubunit enzyme—DNA-dependent RNA poly-
merase (RNAP). The activity of RNAP has to be
tightly regulated. This is mediated by various factors,

Abbreviations

such as small molecules including nucleoside triphos-
phates (NTPs) [1,2] and ppGpp [3], by small RNAs,
like 6S and Msl RNA [4,5], and by numerous pro-
teins [6-8].

Previously, we and others identified a new interac-
tion partner of RNAP in Bacillus subtilis, a helicase-
like protein termed HelD (~ 90 kDa) [9,10]. HelD
belongs to the UvrD helicase family and, based on a
previous bioinformatics analysis, consists of three

AMP-PNP, adenosine 5'-(B,y-imido)triphosphate; MBP, maltose binding protein; Ry, radius of gyration; SAXS, small-angle X-ray scattering;
SEC, size-exclusion chromatography; SEC-SAXS, size-exclusion chromatography in line with small-angle X-ray scattering; TCEP, tris(2-car-
boxyethyl)phosphine.
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domains: (a) the N-terminal domain, which bears no
homology to other known helicases, (b) the ATPase
domain, and (c) the C-terminal domain. Other heli-
cases from this protein family (superfamily 1, SF1) are
capable of unwinding DNA in either 3'-5' (SFIA sub-
family) or 5-3’ (SF1B subfamily) translocation direc-
tion. Structural experiments with the SF1 family
helicases indicate that these enzymes are monomers
[11]. The most thoroughly studied helicases are PcrA
from gram-positive bacteria and UvrD from gram-
negative bacteria that share the same domain organi-
zation [12—15]. To the contrary, the predicted domain
structure of HelD is different and the sequence iden-
tity is low (12% between HelD and UvrD). Neverthe-
less, UvrD is a protein with known 3D structure that
is most related to HelD. UvrD’s ATP-ase and ‘C-ter-
minal” domains are similar to HelD but with different
topology; importantly, the DNA-binding domain of
UvrD is not present in HelD.

The Escherichia coli protein RapA, involved in
the release of stalled transcription complexes by
backward translocation, represents the only related
protein (sequence identity to HelD 21.0%), for
which coordinates of the complex with RNAP are
available (PDB ID 4S20) [16]. The domain structure
of RapA resembles that of UvrD (N-terminal
domain, ATPase domains) but with different chain
topology [17].

Previously, we showed that HelD binds to RNAP
and stimulates its activity in an ATP-dependent man-
ner by stimulating transcriptional cycling and elonga-
tion [9]. Also, HelD was reported to be involved in
DNA repair and homologous recombination [18] and
amyloid-like fibrils formation [19]. A strain lacking the
HelD-encoding gene displays prolonged lag phase [9].
Nevertheless, the specific role(s) and structure of HelD
are still unknown.

Here, we extend the knowledge on HelD by charac-
terizing its shape by small angle X-ray scattering
(SAXS), by analysis of its domain structure, and by
studies of the importance of the unique N-terminal
domain of HelD for binding to DNA and to RNAP
and for the activity of the protein.

Materials and methods

Preparation of protein samples and complexes
Bacillus subtilis HelD

The HelD from B. subtilis was expressed from pHelD-His6
(LK800, Table 1) in E. coli BL21 (DE3). The construct
contained a 6xHis tag at the N-terminus cleavable by TEV

B. subtilis HelD domains

Table 1. Bacterial strains and plasmids used in this study

Strain Description Source
LK782 Bsu RNAP rpoC-10xHis, helD::  Wiedermannova
MLS et al. [9]
LK22 pCD2/Bsu_sigA; BL21 (DE3) Chang and Doi
[21]
LK800 pHelD-His6; BL21 (DE3) Wiedermannovéa
et al. [9]
HelDAN MBP-HelDAN, Lemo21 (DE3) This work
Plasmid
pRLG7558 p770 with Pveg (—38/+1, +1G) Krasny and Gourse
[1]
pLK28 p770 with rrnB P1 (—248/+8) Krasny et al. [22]

protease. Details of the cloning, expression, and purifica-
tion procedures are in [9].

Bacillus subtilis HeIDAN

The truncated version of HelD (HelDAN, residues 204—
774) lacking the N-terminal domain was expressed in
E. coli using pET28-MBP-TEV, a gift from Zita Balklava
& Thomas Wassmer (Addgene plasmid # 69929; http://n2t.
net/addgene:69929; RRID:Addgene_69929) [20]. HelDAN
was prepared in fusion with maltose binding protein (MBP)
and His-tag at the N-terminus. MBP is cleavable from the
construct using TEV protease. HelDAN expression was
induced with 1 mm IPTG in E. coli Lemo21 (DE3) cells
(New England Biolabs, Ipswich, MA, USA) grown in
Power broth (Molecular Dimensions, Newmarket, UK).
HelDAN was purified using Ni-NTA affinity chromatogra-
phy and size-exclusion chromatography. For details, see
Supporting Information.

TEV digestion

Except for samples for SAXS experiments, both HelD
and HelDAN were treated with TEV protease. TEV cleav-
age was performed in 50 mm Tris/HCl, pH 7.5, 100 mm
NaCl, 0.5 mm TCEP, 0.5 mwm dithiothreitol (DTT), 1 mm
EDTA, and 5% (v/v) glycerol at 37 °C for 1 h. Both sam-
ples were then run on charged HisTrap™ FF (1 mL) col-
umns (GE-Healthcare, Chicago, IL, USA) using an
AKTA purifier and the proteins were in the flow-through
fraction. Samples were analyzed using SDS/PAGE
(Fig. S1).

Bacillus subtilis RNA polymerase

RNAPAHelD was produced using a strain lacking HelD
(LK782, Table 1). Expression and purification were done
according to Ref. [9] with the addition of size-exclusion
chromatography (SEC) performed using an AKTA puri-
fier, a Superose 6 10/300 GL column (GE Healthcare),
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and 100 mm Na/K phosphate buffer, pH 7.5 supple-
mented with 50 mm NaCl, 0.5 mm TCEP, and 3% (v/v)
glycerol.

SAXS data collection

Size-exclusion chromatography in line with small-angle X-
ray scattering (SEC-SAXS) were used to analyze HelD in
solution —/+ an ATP analog. HelD (10 mg-mL ') in the
presence of 10 mm adenosine 5'-(B,y-imido)triphosphate
(AMP-PNP), a non-hydrolysable analog of ATP, was
applied to a Superdex 200 10/300 GL column (GE Health-
care) at a flow rate of 0.5 mL-min~!. HelD without AMP-
PNP (19 mg-mL~") was applied to a Superose 6 10/300 GL
column (GE Healthcare) at a flow rate of 0.4 mL-min '
Both samples were applied using an FPLC Agilent Biolnert
system with an autosampler. Buffer containing 100 mm Na/
K phosphate pH 7.5, 50 mm NaCl, 0.5 mm TCEP, and 3%
(v/v) glycerol was used for HelD without AMP-PNP. For
HelD with bound AMP-PNP, 50 mm Tris pH 7.5, 50 mm
NaCl, 5 mm MgCl,, 0.5 mm TCEP, and 3% (v/v) glycerol
was used. SAXS data were collected on the eluted fractions
at beam line P12 of the synchrotron radiation source Pet-
ralll in Hamburg [23] using a Pilatus 2M detector (Dectris,
Baden-Daettwil, Switzerland) at sample to detector distance
3m, A=124 A, exposure time per image 0.995 s, at
20 °C. Quality of SAXS data and the SEC profiles are
shown in Supporting Information (Figs S2-S4).

SAXS data analysis and ab initio model
calculations

The SEC-SAXS data were processed using ATSAS version
2.8.2 with help of versions 2.7.2 (stable version of DAM-
MIF) and 2.8.3 [24]. Analysis of the resulting ab initio
models, generation of three-dimensional molecular envel-
opes, fitting with protein structures, and generation of the
graphics were performed with the UCSF CHIMERA
package [25]. SEC-SAXS frames were merged in interval
selected by R, value, omitting frames of low quality
(Fig. S2). The selected intervals were: for HelD:AMP-
PNP, frames 1268-1331 as body and 1420-1569 as sol-
vent; for HelD, frames 2443-2448 and 895-1027, 2807-
2980 as solvent. Solvent-subtracted merged SAXS curves,
Guinier plot, Kratky plot, and distance distribution func-
tion are shown in Figs S3 and S4. R,, Dy, and molecu-
lar weight estimated from SAXS data are shown in
Table 2.

Sequence analysis

Multiple and pairwise sequence alignments were performed
using the Clustal Omega server [27], MUSCLE v3.8.31 [28],
and GeneDoc [29]. Manual editing of sequence alignments
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was done in GeneDoc. Structure-based sequence alignments
were calculated using the Secondary structure matching
algorithm of the PDBeFold server (http://www.ebi.ac.uk/
msd-srv/ssm/) [30] and processed using GeneDoc and
MUSCLE.

Molecular modeling

Generation of the partial HelD model was based on the
coordinates of the C-terminal domain of the putative DNA
helicase from Lactobacillus plantarum (LpCter, PDB ID
3DMN, unpublished).
ligands were removed from the model. Two positions of
the domain in each of the structures of helicase UvrD from
E. coli (PDB ID 2IS4) [15] and of protein RapA from
E. coli (PDB ID 4S20) [16] were found using the PDBeFold
server with multiple hits option and standard parameters.
For each target structure, the first 20 matches were ana-
lyzed and assigned to two categories: (a) putative 1A
domain and (b) C-terminal domain (putative 2A domain).
Alignments of the full sequences of UvrD, RapA, and
HelD, and of sequences of individual domains of these pro-
teins with the addition of LpCter provided information on
localization of both domains in the HelD sequence. These
results together with structural alignments of 3D structures
of the full proteins and of individual domains were used as
a basis for assembling the model of the recurring domains
in HelD. On the basis of a higher sequence similarity
between HelD and UvrD (as opposed to RapA) in the
interdomain region, the mutual position of the putative 1A
and C-terminal (putative 2A) domains was defined as in
UvrD.

The C-terminal domain (putative 2A) of HelD could be
reliably modeled with LpCter (100% coverage, 40% iden-
tity). Unreliable parts of the 3D model of the putative 1A
domain similar to LpCter (as judged by agreement

Alternative conformations and

Table 2. Results of SAXS data processing. The individual columns
correspond to samples of HelD and complexes HelD:AMP-PNP.
The parameters (excluding DAMMIF values) were calculated using
PRIMUS [26]. Ry is radius of gyration calculated from the Guinier
plot (Figs S2-S4). Dqax is the estimated maximum size of the
particle (Fig. S2)

HelD HelD:AMP-PNP
/(0) [a.u.] (from Guinier) 3920.3 1588.9
Ry [A] (from Guinier) 356.0 36.2
Guinier analysis fidelity [%] 72 87
10) [a.u.] (from P(r)) 3913 1590
Ry 1A (from P(r) 35.0 36.3
Drnax [A] 113.8 115.1
Porod volume [A%] (from P(r)) 144 167
MW from sequence [kDa] 90 90
MW from DAMMIF [kDal 107 90
MW from Porod [kDa] 90 104
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between UvrD, RapA, and LpCter) were deleted. Second-
ary structure prediction for HelD was calculated using
Jpred4 [31]. The multiple structure-based sequence align-
ment of the putative 1A and C-terminal (putative 2A)
domains of the known structures was aligned against the
sequence of HelD to satisfy the results of the secondary
structure prediction. A satisfactory alignment was used to
assign sequence to the model of the putative 1A domain
of HelD. The assembled model of both domains of HelD
was energy minimized using the Yasara server [32].

In vitro transcription assays

Transcription experiments were performed with the B. sub-
tilis RNAP core lacking HelD (isolated from the strain
LK782) reconstituted with saturating concentration of o™
(ratio 1: 5, strain LK22, [21]) and HelD/HelDAN (ratio
1 :4) in storage buffer (50 mm Tris-HCI, pH 8.0, 0.1 M
NaCl, 50% (v/v) glycerol, 3 mm [-mercaptoethanol) for
15 min at 30 °C. Multiple round transcription reactions
were carried out in 10 pL reaction volumes with 30 nM
RNAP holoenzyme and 100 ng of supercoiled plasmid
DNA containing B. subtilis rrnB P1 promoter [22]. The tran-
scription buffer contained 40 mm Tris-HCI pH 8.0, 10 mm
MgCl,, 1 mm DTT, 0.1 mgmL~' BSA, 150 mm KCI, and
NTPs (ATP, CTP were at 200 pm; GTP 1300 um; UTP was
10 pM plus 2 pm radiolabeled [0->?PJUTP). All transcription
reactions were allowed to proceed for 15 min at 30 °C and
were stopped with equal volumes of formamide stop solu-
tion (95% formamide, 20 mm EDTA, pH 8.0). Samples
were loaded onto 7 M urea-7% polyacrylamide gels and elec-
trophoresed. The dried gels were scanned with a Molecular
Imager FX (Bio-Rad, Hercules, CA, USA) and visualized
and analyzed using the QUANTITY ONE software (Bio-Rad).

Analysis of the formation of RNAP:HelD/HelDAN
complexes

To analyze the association of HelDAN with RNAP in vitro,
we performed gel-shift experiments under native conditions
in non-denaturing PAGE gel. Full-length HelD was used as
a positive control. Both HelD and HelDAN were treated
using TEV protease prior to experiments (Fig. S1). For the
gel-shift assay, RNAP was mixed with either HelD or
HelDAN at molar ratio 1 : 1 and 1 : 2 and left in the dark
at room temperature for 1 h. This incubation was per-
formed in 100 mm Na/K phosphate buffer, pH 7.5, with
100 mm NaCl, 0.5 mm TCEP, and 3% (v/v) glycerol. The
gel-shift assay was performed using an XCell SureLock™
mini-cell electrophoresis system, polyacrylamide NuPAGE®
7% Tris-acetate gel, Novex™ Tris-Glycine Native Sample
Buffer, and Novex™ Tris-Glycine Native Running Buffer
(ThermoFisher Scientific, Waltham, MA, USA). Elec-
trophoresis was done according to the manufacturer’s
instructions.

B. subtilis HelD domains

ATPase activity of HelD and HelDAN

ATPase activity of both full-length HelD and of the truncated
construct HeIDAN was tested using samples treated with TEV
protease. Reactions were carried out at 25 °C for 30 min.
Mixtures (100 pL) contained 10 pg of protein and 10 mm of
ATP in 50 mm Tris pH 7.5, 50 mm NaCl, and 5 mm MgCl,.
The amount of released phosphate was analyzed according to
the modified molybdenum blue method [33] by spectropho-
tometry at 2 = 850 nm using a microplate reader CLARIOS-
tar (BMG LABTECH, Ortenberg, Germany).

DNA binding assay
Preparation of radiolabeled DNA

The DNA primer LK999 5-GCGCTACGGCGTTT-
CACTTC-3" was radiolabeled at the 5 end by T4 polynu-
cleotide kinase and purified with Nucleotide removal kit
(Qiagene, Venlo, Netherlands). A DNA fragment was prepared
with PCR from the plasmid containing Pveg (pRLG7558) using
the **P-labeled primer LK999 and primer LK 1000 5-CCACCT-
GACGTCTAAGAAACC-3'. The DNA fragment started at
—118 relative to the transcription start site and ended at +55.

Native PAGE assays

About 0.5 pmol of -radiolabeled DNA and HelD/HelDAN
atratios 1 : 10,1 :20,1 : 100, 1 : 400, and 1 : 800 were incu-
bated for 15 min at 30 °C in buffer containing 50 mm Tris-
HCI, pH 8.0, 0.1 m NaCl, 50% (v/v) glycerol, 3 mm B-mercap-
toethanol. Final concentrations in the 10 pL reactions were
0.05 pum for DNA and up to 40 pm for proteins, respectively.
As controls, denatured HelD/HelDAN (5 min at 95 °C) at
ratios 1 : 10, 1 : 100, 1 : 400, and 1 : 800 was used. After incu-
bation, samples were mixed with Native PAGE 4X Sample
buffer (Invitrogen, Waltham, MA, USA), loaded onto the
Native PAGE 4-16% Bis-Tris Gel (Invitrogen), and elec-
trophoresed. The dried gels were scanned with a Molecular
Imager_FX (BioRad).

Results

HelD shape

To provide structural information for HelD, we per-
formed numerous crystallization experiments with the
protein and its complex with RNAP, all without suc-
cess (data not shown). Therefore, we performed SAXS
experiments. SAXS data were obtained for HelD and
HelD in complex with AMP-PNP (an ATP analog
used to mimic the ATP-bound state) in the SEC-SAXS
mode. The average R, values corresponded to the size
of a monomer of HelD (Table 2).
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Domain structure and modeling of HelD (rm.s.d. 2.8 A on 109 C* atoms of RapA and 1.8 A
fragment on 152 C* atoms of UvrD, sequence identity 11.9%
and 23.0%, respectively). This Rossman fold was also
identified at a second location, in domains 1A (r.m.s.d
of C* coordinates 3.0 A for 113 residues of RapA and
2.5 A for 109 residues of UvrD, sequence identity
11.5% and 9.2%, respectively). The fit of LpCter with
domain 2A was better than the fit with domain 1A.
Therefore, we propose to name the C-terminal domain
of HelD as putative 2A and an internal part of HelD
as putative 1A (Fig. 2).

Given the sequence similarity between RapA, UvrD,
L. plantarum HelD, and B. subtilis HelD (illustrated in
Fig. S5), it was possible to create a limited model of
HelD consisting of two Rossman fold domains: the
putative domain 1A and the C-terminal domain which
corresponded to domain 2A (Fig. 1D). This partial
HelD model, based on the coordinates of UvrD (PDB
ID 2IS4) and LpCter (PDB ID 3DMN), was further
used for interpretation of the SAXS data.

To get better insights into the domain structure of
HelD, we performed sequence analysis and 3D model-
ing of (or parts of) HelD. We used sequences and
structures of related proteins RapA, UvrD, and the C-
terminal fragment of the Lactobacillus plantarum HelD
homolog (LpCter), displaying the Rossman fold
(Pfam, http://pfam.xfam.org) [34]. SF1 helicases, such
as UvrD, typically consist of two domains divided into
four subdomains: 1A, 1B, 2A, 2B. The domain struc-
ture of UvrD is shown in Fig. 1A. The following anal-
ysis starts with the C-terminal domain (of HelD) and
continues toward the N-terminus.

As the starting point, we used LpCter and created
its 3D superpositions with RapA and UvrD (Fig. 1B,
C) using SSM (secondary structure matching). The 3D
structure of LpCter superposed with 2A domains in
both RapA and UvrD all showing Rossman fold

Fig. 1. Typical domain organization of SF1 helicases and structural alignments of UvrD and RapA with partial model of HelD. All protein
chains are shown as cartoons with secondary structure elements. (A) Domain structure of UvrD from Escherichia coli. Domain 1A is colored
dark blue, domain 1B light blue, domain 2A orange, and domain 2B pale yellow. Domains are marked. The N- and C-termini of UvrD in the
structure are marked (protein chain continues with the C-terminal extension). (B) E. coli RapA (gray) with the best superposition of LpCter
on the internal ATPase domain (hot pink), on the C-terminal domain (magenta), and the partial model of HelD—internal ATPase domain
(putative 1A) in green and the C-terminal domain (putative 2A) in yellow. (C) E. coli UvrD with the best superposition of LpCter on the
internal ATPase domain (hot pink), on the C-terminal domain (magenta), and the partial model of HelD—internal ATPase domain (putative
1A) in green and the C-terminal domain (putative 2A) in yellow. (D) Partial HelD model of the internal ATPase domain (putative 1A, green)
and of the C-terminal domain (putative 2A, yellow) based on the coordinates of UvrD and RapA. Black dashed line—residues missing from
the model in the linker region between the two domains. The typical ATP-binding site residues in the ATPase domain are colored in
magenta (residues GSGK of the ATP-binding box, see Supplementary material Fig. S5, residues 236-239 and Fig. 2 for the placement of the
ATP-binding box).
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The remaining parts of HelD are the HelD-specific
and N-terminal domains. In the linear aa sequence,
the HelD-specific domain is inserted into the putative
domain 1A. No 3D structures of these domains or
their homologs exist.

The above described results suggested division of the
HelD protein into four structurally compact parts of

B. subtilis HelD domains

which one (putative domain 1A) is divided in the sequence
in two parts (by the HelD-specific domain) and the other
domains are continuous: N-terminal (residues 1-203,
MNQQ...HHSD), putative 1A—part 1 (residues 204—
~292, TQMK...EQAT), HelD-specific domain (~293-
~539, FQEY...KNTK), putative 1A—part 2 (~540-600,
IKHL...LKRT), and the C-terminal (putative 2A)

RapAE. coli: 2B
Linker1 Linker2 — = T~ Linker3

N-terminal _ 1B 2B(1) 2A 2B(2 Spacer C-terminal

1 109 147 335 415 441 489 616 658 712 791 268
ovro E% 1A T~ —— 2A T C-terminal
- 18 - 2A(1) 28 2A(2)

1 89 214 281 378 550 647 720

HelD B. subrils: putative 1A (1) = putative 1A ~ putative 1A (2) g:teartm;\

N-terminal - HelD-specific
1 203 293 539 606 774

Fig. 2. Comparison of domain structure of RapA and UvrD from Escherichia coli and HelD from Bacillus subtilis. Residue numbers delimiting
selected domains are shown. The black bar represents the estimated ATP-binding box, residues 220-258 in HelD.

Fig. 3. Small-angle X-ray scattering-based molecular envelopes for Bacillus subtilis HelD. (A) HelD with AMP-PNP. (B) HelD—without AMP-
PNP in the presence of 100 mm PO, ions. (C) Optimized fit of envelopes of HelD in the presence (pink) and absence (cyan) of AMP-PNP.
(D) Fit of the solvated structure of Escherichia coli UvrD in the envelope of HelD:AMP-PNP. (E) Fit of the solvated structure of RapA in the
envelope of HelD:AMP-PNP. (F) Partial model of HelD fitted into the SAXS envelope of HelD:AMP-PNP; the approximate position is based
on the fit of UvrD and RapA in panels D and E, respectively.
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Fig. 4. Truncated HelDAN lacking the N-terminal domain has still the ATPase activity and ability to form complex with RNAP and bind DNA
but cannot stimulate transcription. (A) HeIDAN has the same ATPase activity as full-length HelD. The ATPase assay was done in the
absence (indicated by —) and presence (indicated by +) of AMP-PNP as competitive inhibitor, in triplicates. Activity is quantified using the
amount of PO, (in umol) released from ATP by 1 umol of the enzyme at 25 °C in 1 min. (B) Gel-shift assay under native conditions using
non-denaturing PAGE. Lanes 1 and 5, RNAP expressed in the strain of Bacillus subtilis lacking the ability to produce HelD (LK782, Table 1);
lane 2, HelD; lanes 3 and 4, RNAP mixed and incubated with HelD at molar ratios of 1 : 1 and 1 : 2, respectively; lane 6, HelDAN; lanes 7
and 8, RNAP mixed and incubated with HeIDAN at molar ratios 1 : 1 and 1 : 2. (C) HelD and HelDAN interact with radiolabeled DNA. DNA
was prepared by PCR and the ratios of DNA: HelD/HelDAN were 1 : 10, 1 : 20, 1: 100, 1 : 400, and 1 : 800. As a control, the same ratios
of heat-denaturated HelD/HelDAN (with the exception of 1 : 20) were used (marked by symbol °C). (D) The N-terminal domain of HelD is
required for stimulation of transcription. Multiple round transcriptions were performed with B. subtilis RNAP” from a plasmid containing
the B. subtilis rrnB P1 promoter. Transcription in the presence of HelD or HelDAN is indicated; transcription in the absence of any factor is
marked as (—) and was set as 1. The experiment was performed three times, the bars show the average values and the error bars +SD.
While the full-length HelD showed stimulation of transcription as we reported previously [9], the stimulation level with the HelDAN product
was significantly lower—close to the background level without HelD.

domain (607774, YRST. ..QIAE). The suggested domain
structure of HelD and its comparison with the domain
structures of RapA and UvrD are shown in Fig. 2.
Subsequently, the SAXS-based ab initio shape calcu-
lations provided sets of three-dimensional models,
which could be represented by average models of HelD
shown in Fig. 3A-C. The optimized alignments
between the SAXS models and monomers of UvrD
and RapA (Fig. 3D,E) revealed that the AMP-PNP-
bound HelD acquired a different conformation with

the overall shape similar to its distant homologs.
Based on the fit of UvrD and RapA in the HelD
envelopes, an approximate position of the partial
HelD model can be estimated (Fig. 3F).

N-terminal domain of HelD

Motivated by the sequence analysis, we decided to
provide data for the unique N-terminal domain. We
designed a construct of HelD lacking this domain,
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hereafter called HeIDAN (residues 204—774). This trun-
cated version of HelD was recombinantly produced in,
and purified from E. coli, and subsequently used to
address the role(s) of this part of the protein in the
activity of HelD and its interactions with RNAP.
First, we tested whether the enzymatic activity of
HelD was still intact: HeIDAN maintained its ATPase
activity at a level comparable to full-length HelD
(Fig. 4A). Second, we investigated the importance of
the N-terminal domain for the interaction with RNAP.
Figure 4B shows that truncated HelD associated with
the RNAP core similarly as HelD. As HelD was previ-
ously shown to interact rather nonspecifically with
DNA [9], we compared HelDAN with full-length HelD
in their ability to bind DNA. Figure 4C shows that
even in the absence of the N-terminal domain HelD
still interacted with DNA although less strongly than
full-length HelD. Finally, we tested the ability of the
truncated protein to enhance transcription in vitro.
Multiple round transcription assays revealed that the
N-terminal domain was essential for the stimulatory
effect of HelD (Fig. 4D).

Discussion

In this study, we obtained the first insights into the
structure—function relationship of the RNAP-associ-
ated protein HelD. We characterized its overall 3D
shape and a conformational change induced by ATP.
Importantly, we described the domain structure of
HelD and partially characterized the role of its unique
N-terminal domain.

The shape of AMP-PNP-bound HelD differs from
that of the unliganded form and approximately resem-
bles the observed crystal structures of E. coli UvrD
and RNAP-bound RapA. HelD without AMP-PNP
likely represents a structurally distinct form. Even if
limited by the low resolution of the current SAXS
results, the observed changes suggest that, upon ATP
binding/cleavage, HelD undergoes a pronounced con-
formational change (data for isolated HelD in solu-
tion). This conformational change is supported by the
observed substantial increase in the thermal stabiliza-
tion of HelD upon AMP-PNP binding (change of T,
from 51 °C to 62 °C, Fig. S6). Similar to HelD, a con-
formational change (rotation of the 2B subdomain)
was observed for UvrD upon binding of nucleotide or/
and DNA [35]. The observed change of HelD confor-
mation can also be reminiscent of, for example, the
translation elongation factor Tu (EF-Tu) where the
binding of GTP or GDP radically affects the confor-
mation, and in the absence of either molecule the pro-
tein collapses [36].

B. subtilis HelD domains

The structure of HelD can be newly dissected into
the N-terminal domain (residues 1-203), the putative
1A domain, topologically split into two parts (204—
~292 and ~540-606), the HelD-specific domain inserted
in between them (293—~539), and the C-terminal (puta-
tive 2A) domain (607-774). The putative 1A domain
and the C-terminal domain together form the ATPase
unit. The overall organization of the protein is differ-
ent from UvrD and RapA. The role of the ATPase
unit most likely lies in securing the transfer of the
ATP-driven conformational changes (confirmed by our
SAXS results). Our results show that the N-terminal
domain of HelD appears to be essential for its tran-
scription-related function but not for ATPase activity,
DNA binding, or binding to RNAP. This domain is
instrumental for the HelD function by a yet unknown
molecular mechanism.

Further studies will focus on explaining the role of
the N-terminal domain, the structure and function of
the HelD-specific domain, and elucidation of the exact
mechanistic details of the ATP-driven action of HelD.
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Supplementary Materials and Methods
Cloning, expression and purification of HelDAN

HelDAN insert was amplified by PCR from the genomic DNA of B. subtilis MH5636 using forward
primer:
5’-TTCCAGGGCGCTAGCGGATCCACCCAAATGAAAAACATCGTG-3’ and reverse primer: 5°-
CAGGTTTTCTTCTCGAGAAGCTTCA TTCAGCAATCTGAT-3¢. It was cloned into pET28bMBP vector
using CyClone Ligase-free Cloning Kit (Jena Bioscience) according to manufacturer’s instructions.
Schematically, the sequence of the vector product is:

MVPHHHHHHSRAWRHPQFGGHHHHHH — MaltoseBindingProtein — ENLYFQGASGS — HelDAN
(construct abbreviated as MBP-HelDAN). The TEV protease cleavage site is underlined. Abbreviation of
the protein of interest is written in bold.

Competent E. coli Lemo21 (DE3) cells (New England Biolabs) were transformed using the heat shock
method (30 min on ice, 50 s at 42 °C, 2 min on ice) and afterwards incubated for 1 h in the Power broth
(PB) (Molecular Dimensions) medium. Selection was done using LB agar plates supplemented with
chloramphenicol at the concentration of 30 pg/mL, kanamycin at 50 pg/mL, and 1% (w/v) glucose. LB agar
plates were incubated at 37 °C overnight. Level of expression was analyzed for several randomly selected
colonies. For the expression of the protein for further experiments an overnight culture (PB medium with 30
ug/mL chloramphenicol, 50 pg/mL kanamycin, and 1% (w/v) glucose, 37 °C and 250 rpm overnight) was
diluted at 1:100 ratio in fresh PB medium supplemented with 30 pg/mL chloramphenicol and 25 pg/mL
kanamycin. The cells were grown to the ODggo of 0.6 at 37 °C, 250 rpm and then protein expression was
induced by adding IPTG to a final concentration of 1 mM. After induction, cells were cultivated overnight
at 25 °C and 250 rpm. Cells were harvested by centrifugation at 3000 x g, 4 °C for 30 min. Cell pellets were
stored at —80 °C.

Cell pellets were thawed and resuspended in 5 mL per 1 g of wet cells in the lysis buffer (50 mM Tris pH
7.5, 500 mM NaCl, 15 mM imidazole, 0.5% (v/v) TWEEN 20, 0.5 mg/mL lysozyme, 20 pg/mL DNasel
from bovine pancreas, and 0.5 mL of Protease Inhibitor Cocktail per 10 g of wet weight). Cells were
incubated in the lysis buffer on ice with gentle steering for 30 min. Lysate was afterwards treated by
sonication (15 cycles lasting 15 s with 40 s cooling period; 200 W). Cell debris were removed by
centrifugation at 30000 x g, 4 °C for 30 min. Supernatant was filtered using 0.22 um filter. The first
purification step of MBP-HelDAN was Ni-NTA affinity chromatography using an AKTA purifier, a
HisTrap™ FF (1 mL) column (GE-Healthcare), equilibration buffer (50 mM Tris pH 7.5 500 mM NaCl, 15



mM imidazole, and 5% (v/v) glycerol) and elution buffer (50 mM Tris pH 7.5, 500 mM NaCl, 500 mM
imidazole, and 5% (v/v) glycerol). MBP-HelDAN was eluted in a continuous rising gradient of the elution
buffer from 0% to 100% over 20 column volumes. The second purification step was size exclusion
chromatography using an AKTA purifier, a Superdex 200 10/300 GL column (GE Healthcare) and buffer
composed of 50 mM Tris pH 7.5, 100 mM NaCl, 0.5 mM TCEP, and 5% (v/v) glycerol. Unless stated

otherwise, all chemicals were purchased from Sigma-Aldrich.
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Fig. S1. SDS-PAGE analysis of HelD and HelDAN after TEV digestion. Lane 1, Mark12™ Unstained
Standard (Thermo Fisher Scientific); lanes 2-4, flow-through fractions containing HeIDAN; lanes 5-8, flow-

through fractions containing HelD.



B HelD:AMP-PNP

Vo

Ve =16.5 ml
MW ~ 70 kDa

Ve'=10.5 ml

0 500 1000 1500 2000 2500 300C 3500 0 500 1000 1500 2000 2500 3000

Frame Frame

Fig. S2. SEC-SAXS profiles for HelD. Average intensity of SAXS signal vs. SAXS frame number is shown.
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Fig. S5. Sequence alignment of HelD from B. subitlis and L. plantarum with sequence-based placement of
the structurally superimposed ATPase and C-terminal domains. Sequences from the following organisms
and proteins were used: L. plantarum (Lplan) HelD, E. coli RapA (RapA), E. coli UvrD (UvrD), and B.
subtilis HelD (HelD Bsub). Domains and protein parts: C-terminal domain (Cterm), internal ATPase
domain (intern). Division of B. subtilis and L. plantarum HelD is marked by color frames and
corresponding titles. Internal ATPase domains and C-terminal domains of structures of related proteins
were superimposed with use of the Secondary structure matching (SSM) algorithm and two occurrences of
similar domains in the HelD sequence are shown. Secondary structure elements of the internal ATPase
domain of UvrD are indicated by arrows (B-sheet) and bars (o-helix) above the sequences. Sequence
similarity is indicated in the blocks with SSM-aligned domains by background in shades of gray; in the
remaining parts identities are marked by black background. The starting residue of the HeIDAN product is
marked by an arrow. The region of HelD covered by the model is marked with color bars below the

sequences according to the domain structure.
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Fig. S6. Thermal stability of HelD with and without AMP-PNP measured by differential scanning
fluorimetry. Melting temperature increases by about 11 °C upon AMP-PNP binding (red curve).
Measurements were performed using a Prometheus NT.48 (Nanotemper) with protein concentration 1.5
mg/ml in 40 mM Tris-HCI pH 8.0, 10 mM MgCl12, 1 mM DTT, and 150 mM KCI. Measurements were

done in temperature range 20-80 °C with rate of temperature increase 2 °C per min.
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Abstract

Bacillus subtilis cells are well suited to study how bacteria sense and adapt to proteotoxic
stress such as heat, since temperature fluctuations are a major challenge to soil-dwelling
bacteria. Here, we show that the alarmones (p)ppGpp, well known second messengers of
nutrient starvation, are also involved in the heat stress response as well as the development
of thermo-resistance. Upon heat-shock, intracellular levels of (p)ppGpp rise in a rapid but
transient manner. The heat-induced (p)ppGpp is primarily produced by the ribosome-associ-
ated alarmone synthetase Rel, while the small alarmone synthetases RelP and RelQ seem
not to be involved. Furthermore, our study shows that the generated (p)ppGpp pulse primar-
ily acts at the level of translation, and only specific genes are regulated at the transcriptional
level. These include the down-regulation of some translation-related genes and the up-regu-
lation of hpf, encoding the ribosome-protecting hibernation-promoting factor. In addition, the
alarmones appear to interact with the activity of the stress transcription factor Spx during
heat stress. Taken together, our study suggests that (p)ppGpp modulates the translational
capacity at elevated temperatures and thereby allows B. subtilis cells to respond to proteo-
toxic stress, not only by raising the cellular repair capacity, but also by decreasing translation
to concurrently reduce the protein load on the cellular protein quality control system.

Author summary

We observed that the second messenger (p)ppGpp, known to be synthesized by the ribo-
some-associated Rel synthetase upon nutrient starvation during the stringent response, is
also intricately involved in the stress response of B. subtilis cells and can act as a pleiotro-
pic regulator during the adaptation to heat stress. (p)ppGpp can slow down and modulate
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translation and is, together with the transcriptional stress regulator Spx, partially involved
in the transcriptional down-regulation of the translation machinery. The stress-induced
elevation of cellular (p)ppGpp levels confers increased stress tolerance and facilitates an
improved protein homeostasis by modulating translation and reducing the load on the
protein quality control system.

Introduction

Bacteria have evolved complex and diverse regulatory networks to sense and respond to
changes in the environment, which can include physical stresses or nutrient limitation [1].
The universally conserved protein quality control system comprises a conserved set of chaper-
ones and proteases that monitor and maintain protein homeostasis. Various physical stresses,
such as heat stress, favor the unfolding and aggregation of cellular proteins, which can be
sensed by heat shock response systems, allowing an appropriate cellular stress response. The
response to such protein unfolding stresses includes the induction of the expression of genes
encoding chaperones and proteases of the quality control system, also known as heat shock
proteins, and is usually very fast (less than 2-5 min) [2-7].

Interestingly, in B. subtilis cells, a short exposure to a raised but non-lethal temperature
induces thermotolerance, an acquired resistance to otherwise lethal temperatures [8,9]. Inves-
tigating the adaptation to such adverse conditions, also known as priming, allows the molecu-
lar mechanisms and interplay of the various cellular processes involved in the cellular stress
and heat shock response to be studied [8,9]. In B. subtilis, the heat shock response is orches-
trated by multiple transcriptional regulators, including the heat-sensitive repressors HrcA &
CtsR, which control the expression of the protein quality control system and other general
stress genes [10-13]. The general stress response, activated by the alternative sigma factor o”,
is controlled by a complex regulatory network that integrates diverse stress and starvation
signals, including heat [14]. In addition, Spx is a central regulator of the heat and thiol stress
response, which is important for the development of thermotolerance. Spx activates the
expression of many genes of the heat shock response, including clpX, htpG and genes of the
oxidative and thiol stress response such as thioredoxin [9,15-18]. Interestingly, Spx can also
mediate the inhibition of cell growth by the concurrent transcriptional down-regulation of
many translation-related genes [17].

Another fast-acting bacterial stress response system is the stringent response (SR), which is
mediated by the second messenger alarmones (p)ppGpp [19]. The synthesis and hydrolysis of
(p)ppGpp is catalyzed by RelA/SpoT homologs (RSH) which contain N-terminal synthetase
and hydrolase domains (bifunctional Rel or SpoT subgroup), or an active synthetase and an
inactive hydrolase domain (RelA subgroup) together with additional regulatory domains at
the C-terminus [20]. RSH can therefore direct both synthesis and, in the case of Rel, hydrolysis
of (p)ppGpp. The enzyme activity of RelA or Rel is stimulated by association with uncharged
tRNAs and the ribosome, thereby mediating (p)ppGpp synthesis upon amino acid starvation
[21-25]. In addition to this long multi-domain RSH form, monofunctional small alarmone
synthetases (SAS) or small alarmone hydrolases (SAH) with single synthetase or hydrolase
domains are present in many bacteria [26]. In B. subtilis, alarmone levels are controlled by Rel
(often referred to as RelA), a bifunctional, RSH-type synthetase/hydrolase as well as two SAS
proteins RelP (SasA, YwaC) and RelQ (SasB, YjbM) [27-29].

The synthesis and hydrolysis of (p)ppGpp allows the activation or repression of different
cellular pathways by modulating various enzyme activities involved in GTP homeostasis,
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replication, transcription and translation, not only in response to amino acid starvation, but
also to various other signals or stresses. It was observed for different bacteria that additional
and diverse starvation or stress signals can activate the SR via interacting proteins or metabo-
lites that bind and modulate the activity of RSH-type enzymes, or by transcriptional or post-
translational regulation of monofunctional SAS [30,31]. B. subtilis and related Firmicutes lack
a DksA homolog and a direct binding site for (p)ppGpp on RNA polymerase (RNAP) which
mediate positive and negative stringent regulation in E. coli and other proteobacteria. Instead,
in B. subtilis (p)ppGpp can exert transcriptional regulation via a drop in GTP levels caused by
the direct inhibition of multiple enzymes of the GTP synthesis pathway [32,33]. Thus, tran-
scription of ribosomal RNA (rRNA) and ribosomal protein (r-protein) genes from promoters
that initiate transcription with GTP is strongly reduced, while in turn promoters that initiate
with ATP are activated [34,35]. In addition, the global regulator and repressor CodY is acti-
vated by GTP via an allosteric binding site, and therefore amino acid biosynthesis genes and
other pathways are de-repressed upon a drop of the cellular GTP level during the SR [36,37].
Beyond its impact on transcription, (p)ppGpp can modulate ribosome assembly, translation
initiation and elongation by binding, for example, to the translation initiation factor IF-2 and
other ribosome-associated GTPases [38-44]. With its ability to inhibit translation and growth,
the SR was also implicated in persister cell formation and development of antibiotic tolerance
[45]. In addition, (p)ppGpp is required for virulence as well as survival of pathogens during
infection [19,46].

During exposure to heat and oxidative stress, we and others previously observed in B. subti-
lis a pronounced down-regulation of rRNA and r-protein genes that resembled the pattern
of the SR [16-18,47]. Thus, we hypothesized that the alarmone (p)ppGpp and the SR-like
response could be part of the heat shock response of B. subtilis. Therefore, we investigated the
role of the SR and its intricate and mutual involvement with the cellular stress response under
various proteotoxic stress conditions, including various heat shock conditions [9,48].

Consistent with our hypothesis, we could demonstrate that the cellular level of (p)ppGpp
was increased upon heat shock, as well as upon salt and oxidative stress. In addition, raised
alarmone levels conferred increased stress tolerance and a (p)ppGpp° strain appeared more
stress sensitive. The presence of the bifunctional Rel was necessary and sufficient for the
observed stress induced increase of (p)ppGpp. Overall (p)ppGpp appeared to play only a
minor more complementary role for the heat mediated adjustments of transcription. However,
we observed a prominent and instantaneous effect of the cellular alarmone (p)ppGpp levels on
limiting and modulating translation by reducing the protein load on the quality control system
during heat stress and concurrently allowing the expression of heat shock genes. Thereby the
fast reallocation of cellular resources to raise the cellular repair capacity controlled by the other
known regulators of the heat shock response could be facilitated.

Results and discussion
Regimes for monitoring of heat shock stress response in B. subtilis

In this study, we investigated the stress response of B. subtilis by application of different, but
related, heat shock conditions: (i) growth and heat shock at 50 °C, a temperature that is non-
lethal for B. subtilis but already induces a significant heat shock response with a raised expres-
sion of chaperones and proteases, (ii) resistance to severe heat shock by measuring the survival
of exponentially growing cells exposed to a severe, lethal heat shock at 53 °C, which can also be
considered a measure for thermoresistance (37/53 °C) (Fig 1A), and (iii) the development of
thermotolerance by measuring the survival of exponentially growing cells primed by a mild
pre-shock for 15 min at 48 °C before their exposure to the severe heat shock at 53 °C (48/53
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Fig 1. (p)ppGpp levels are increased by heat shock and stress. (A) Outline of the thermotolerance protocol. A culture of cells growing exponentially
at 37 °C is divided and incubated at 48 °C or left at 37 “C. After 15 min, both cultures are shifted to 53 °C. (B-F) Levels of pGpp, ppGpp and pppGpp
under different conditions. Asterisks (*) indicate significance (paq;. < 0.05) of combined pGpp, ppGpp and pppGpp levels according to the Kruskal-
Wallis and Dunn-Bonferroni test. (B) Cells were grown in minimal medium to ODgg, of 0.4 and transferred to 50 °C. Means and and standard error of
mean (SEM) of four independent experiments are shown. (C) Cells were grown in minimal medium to the mid-exponential phase (ODggo ~ 0.4) and
treated with DL-norvaline (NV; 0.5 mg ml™), serine hydroxamate (SHX; 5 g ml™), NaCl (6%) or diamide (0.5 mM) for 10 min. Means and SEM of
three to four independent experiments are shown. (D) Wild type cells were grown at 37 °C and shifted to 48 °C for 15 min (pre-shock), then to 53 °C or
directly to 53 °C. Samples were taken at 2, 5 and 15 min. Means and SEM of four independent experiments are shown. (E) Wild type cells or strains
with mutations in (p)ppGpp synthetases (relP/Q “: BHS204, rel****V: BHS709; (p)ppGpp°: BHS214) were treated with or without heat shock at 50 °C for
2 min. Means and SEM of three to six independent experiments are shown. No alarmone peaks were detected in the (p)ppGpp° mutant (lower limit of
quantification: 0.26 pmol x mL™" x OD™). Asterisks (*) indicate significant changes (p < 0.05) of combined pGpp, ppGpp and pppGpp levels according
to Welch’s ¢-test. (F) The influence of chloramphenicol on alarmone accumulation during stress. Cells were grown in minimal medium and treated
with DL-norvaline (0.5 mg ml™) for 10 min, heat shock at 50 °C for 2 min or diamide (1 mM) for 10 min. Chloramphenicol (Cm, 25 pg ml™!) was
added at the same time to one part. Means and SEM of two independent experiments are shown.

https://doi.org/10.1371/journal.pgen.1008275.9001
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°C) (Fig 1A). We experimentally established that 55 °C was an appropriate temperature to
examine the impact of severe heat on B. subtilis cells growing on agar plates. In addition to
exposure to these various heat conditions, we also examined other potentially proteotoxic

stresses, such as salt and oxidative stress [9,17,48].

Cellular (p)ppGpp levels increase during heat shock exposure

To investigate the impact of heat on the SR, we first assessed the intracellular levels of the alar-
mones pGpp, ppGpp and pppGpp ((p)ppGpp) during the heat shock response at 50 °C. We
consider the sum of the cellular concentration of these three alarmones as a measure of the
total (p)ppGpp alarmones concentration. Cells were grown at 37 °C in minimal medium to an
optical density at 600 nm (ODggonm) of 0.4, and subsequently treated with a single, non-lethal
temperature upshift to 50 °C in order to induce the heat shock response. After 2, 5 and 10 min-
utes of incubation at 50 °C, the intracellular levels of the alarmones were examined by liquid
chromatography coupled mass spectrometry (LC-MS) (see Methods) (Fig 1) [49].

Already after 2 minutes, the alarmone levels increased approx. seven-fold (from 13 to 88
pmol OD ™' ml'") (Fig 1B), which is in a similar range to that observed upon amino acid starva-
tion induced by DL-norvaline (NV) (Fig 1C). In addition, significantly increased (p)ppGpp lev-
els could be observed upon treatment with serine hydroxamate (SHX), salt stress induced by
6% (w/v) NaCl or 0.5 mM diamide, a strong oxidant of thiol groups (Fig 1C) [50,51]. It should
be noted that (p)ppGpp levels increased only transiently during heat shock and returned to
almost basal levels after 10 minutes (Fig 1B). Thus, we conclude that exposure to a non-lethal
heat shock at 50 °C elicits a fast, but transient, increase of the (p)ppGpp alarmone levels.

We also assessed the levels of the alarmones under thermoresistance conditions (37/53 °C)
and after priming (48 °C) under thermotolerance conditions (48/53 °C) (Fig 1A and 1D). We
observed transiently increased (p)ppGpp levels (Fig 1D), however, the alarmone levels were
particularly high during the severe heat shock shift at 37/53 °C (about 25-fold increase) and
the induction was lower both for the 37/48 °C or 48/53 °C conditions (about 2-3 fold increase)
(Fig 1D). The priming at 48°C appear to limit the alarmone synthesis of thermotolerant cells,
when subsequently exposed to the lethal heat shock at 53 °C (Fig 1D).

The synthesis of (p)ppGpp that occurs during activation of the SR e.g. by treatment with
serine hydroxamate or DL-norvaline, is in B. subtilis accompanied by a rapid decrease in the
cellular GTP level [33], which we also observed after exposure to salt or diamide (S1A Fig).
Interestingly, we did not observe a reduction in the GTP level after exposure to 50 °C (S1A
Fig). The GTP level was at a relatively high level (S1B Fig) during temperature upshifts of 37/
48 °C, 37/53 *C and 48/53 °C. However, after 15 min exposure to the raised temperature, the
GTP level decreased in all temperature upshifts (S1B Fig).

Taken together, we observed that exposure to heat shock elicits a fast, but only transient,
increase of the (p)ppGpp alarmones, which did not immediately affect the cellular GTP levels,
which control the transcriptional response [33]. Therefore, it seems that alarmone levels might
exhibit a graded response to heat exposure and temperature levels.

Rel activity is the main source for (p)ppGpp synthesis during stress
response

Next, we aimed to identify the source of (p)ppGpp during the heat stress response. To this
end, strains with mutations that disrupt the (p)ppGpp synthetase activity of the proteins
encoded by relP and relQ (relP/Q" strain) or rel (rel®***V; inactive synthetase) were assayed for
(p)ppGpp accumulation and GTP levels upon heat shock at 50 °C for 2 min (Fig 1E and S1C
Fig). As a control, the (p)ppGpp accumulation was also measured in a (p)ppGpp° strain
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bearing inactivating mutations in all three alarmone synthetase genes (relP***", relQ*'**" and
Arel) (Figs 1E and 2E). In addition, the (p)ppGpp-dependent transcription of hpf was
employed as an additional read-out for the activation of the SR (S1D Fig) [52,53]. As expected,
alarmone nucleotides were not detected in the (p)ppGpp” mutant under any conditions [28]
(Fig 1E). We observed that upon heat exposure, the relP/Q (relP"**V, relQ*'**V) strain also
exhibited accumulation of (p)ppGpp (Fig 1E) and up-regulation of the hpf transcript similar to
wild type cells (S1D Fig), indicating that the activity of RelP and RelQ is dispensable for (p)
ppGpp production during heat stress. By contrast, the rel****" strain accumulated only small
amounts of (p)ppGpp, with even lower levels after a brief heat exposure to heat (Fig 1E). Con-
sistently, up-regulation of the hpf transcript in response to stress was also impaired in the
rel*>** strain (S1D Fig). Together, these results strongly suggest that the activity of Rel is the
main source of (p)ppGpp during heat stress.

Activation of Rel during amino acid starvation requires the presence of uncharged tRNA
and its association with the ribosome [21,22]. Early experiments by Cashel demonstrated that
(p)ppGpp accumulation upon starvation for amino acids was almost completely suppressed
in the presence of the translation inhibitor chloramphenicol, which indicated a connection
between Rel activation and translation [54]. Interestingly, we also observed the same suppres-
sion of alarmone accumulation also upon heat and diamide treatment (Fig 1F). These experi-
ments indicate that heat and oxidative stress mediated signal to activate Rel synthetase activity
could be similar to the tRNA mediated signal activating the ribosome associated Rel upon
amino acid starvation [19,20,54].

B. subtilis cells lacking (p)ppGpp are more sensitive to stress

To assess the importance of alarmone production for cellular survival under heat stress, we
monitored growth of wild type, (p)ppGpp°, relP/Q (relPE"*Y | relQFY) and rel****V B. subti-
lis strains at 37 "C and 55 °C on agar plates (Fig 2A and 2B). As expected, no obvious growth
defect was observed for any of the strains at 37 °C. While the survival of the cells from the relP/
Q—strain at 55 °C was identical to that of the wild type strain, strong growth defects were evi-
dent for the cells of the (p)ppGpp® and rel*>**" strains at 55 °C. These findings suggested that
production of (p)ppGpp by Rel, but not RelP/Q, is critical for survival of B. subtilis cells under
heat stress. Such severe growth defects were observed for both the (p)ppGpp° and rel****"
strains not only under heat-, but also under oxidative- and salt stress, whereas the growth
behavior of the relP/Q" strain again resembled the wild type strain under the same conditions
(Fig 2C and 2D). Collectively, these findings suggest that production of (p)ppGpp by Rel is
critical for survival of B. subtilis cells, not only under heat stress, but also conditions of oxida-
tive and salt stress.

High cellular (p)ppGpp levels confer elevated heat stress resistance

Next, we asked whether (p)ppGpp levels influence thermotolerance development and survival.
To do this, we utilized the (p)ppGpp" strain, which cannot synthesize (p)ppGpp (Fig 1LE) as
well as a Arel strain that exhibits constantly raised (p)ppGpp (Fig 2F) with concomitantly low-
ered GTP levels (S2A Fig). Rel is the only alarmone hydrolase in B. subtilis and the increased
high (p)ppGpp levels in cells of B. subtilis Arel strain cause also an overall decrease in the
growth rate (Fig 2F, S2A and S2B Fig), consistent with previous reports [28,29].

In the thermoresistance (37/53 °C) and thermotolerance (48/53 °C) experiments we
observed that, unlike the cells of wild type, (p)ppGpp° or the ArelP and ArelQ cells strains (Fig
2G and 2H, S2C and S2D Fig), the Arel strain exhibited strongly increased thermoresistance,
which was apparent from the high number of Arel cells still able to form colonies after the
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otherwise lethal heat shock (Fig 2G). Consistently, we also observed a strong reduction in pro-
tein aggregation during the 37/53 °C heat shock for the Arel strain, while the (p)ppGpp° strain
exhibited more protein aggregation when exposed to the 37/53 °C heat shock (Fig 2I).

To investigate whether the increased heat resistance of the Arel strain was caused by the ele-
vated levels of the alarmone (p)ppGpp, rather than the absence of the Rel protein, we expressed
a truncated form of the E. coli RelA (RelAy,,.,) that exhibits constitutive and hyperactive alar-
mone synthetase activity in trans in wild type B. subtilis cells [55,56]. As a control, we also
expressed a truncated form of the E. coli RelA (RelA;, 4ctive) that has no alarmone synthetase
activity [55,56]. In a second approach, we examined B. subtilis Rel variants inactive in either
the synthetase (Rel®***Y) or hydrolase (Rel177A/D78A) expressed in trans in the B. subtilis (p)
ppGpp° strain.

Expression of E. coli RelApype, or hydrolase-inactive B. subtilis Rel77AP784 iy trans resulted
in increased alarmone levels (S3A Fig) and conferred high thermoresistance (S3B and S3C
Fig), as observed for the B. subtilis Arel strain (Fig 2G). By contrast, B. subtilis (p)ppGpp°

E324V . .
15324V iy trans dis-

strains expressing E. coli RelA;,,cqive OF the B. subtilis synthetase-inactive Re
played neither increased alarmone levels (S3A Fig), nor increased survival to severe heat stress
(S3D and S3E Fig). This suggests that the increased alarmone levels, independent of the syn-

thetase, are responsible for the thermoresistance phenotype in B. subtilis.

The role of cellular GTP levels during heat stress

High (p)ppGpp levels during the SR lead in B. subtilis to a decrease in the cellular GTP level
and this decrease is known to be intricately involved in causing the transcriptional changes
during the SR [33,34] (S1, S2A and S3A Figs). To examine, whether the resistance to heat stress
observed in the Arel strain could be mediated simply by lowering the cellular GTP level, wild
type cells were treated with decoyinine, an inhibitor of GMP synthetase, which decreases the
cellular GTP level (> 3-fold) without increasing (p)ppGpp levels [57,58]. Treatment with

50 ug ml™" decoyinine showed no effect, while addition of 250 pg/ml decoyinine resulted in a
partially increased thermoresistance. (S4 Fig). However, further increased decoyinine concen-
trations reduced (400 pg/ml), or even abolished (1000 pg/ml) both thermoresistance and ther-
motolerance development (S4 Fig). These experiments suggest that the decoyinine-mediated
lowered cellular GTP level, which is a prerequisite for the reprogramming of the transcriptome
during SR [33,34,59], can elicit heat resistance only to a limited extent. However, the observed
effect of decoyinine on thermoresistance was weaker in comparison to the effect of raised (p)
ppGpp levels (Fig 2F and 2G and S3 Fig).

From these observations, we infer that raised (p)ppGpp levels are sufficient to confer
increased stress resistance and reduced levels of heat-induced protein aggregates. However,
the SR-mediated drop in the cellular GTP level [33] was not observed during the heat shock
response (S1 Fig) and an artificial reduction of the cellular GTP level by decoyinine had only
a moderate effect on thermoresistance and could even abolish thermotolerance (54 Fig).

Therefore, we went on and investigated the transcriptome, translation and proteome at
raised temperatures and in the absence and presence of (p)ppGpp.

Transcriptome changes in the presence and absence of (p)ppGpp at raised
temperatures

We performed global RNA-seq experiments to compare the transcriptome changes between B.
subtilis wild type, Arel and (p)ppGpp° strains under exponential growth (37 °C) after heat
shock (15 min 48 °C) as well as the thermotolerance conditions 37/53 °C and 48/53 °C (Fig
1A) in wild type cells. Since down-regulation of “stable” rRNA is a hallmark of the SR, we
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introduced a previously established chromosomal rrnjpl-lacZ fusion into the tested strains,
which allowed us to follow the activity of this rRNA promoter with RNA-seq and RT-qPCR
experiments in these B. subtilis strains [17].

Thereby we were able to gain insights into (i) the strong phenotype associated with a rel
deletion especially when compared with the (p)ppGpp° B. subtilis strain (Fig 3A and 3B) and
compare it to the (ii) transcriptome changes of wild type cells during thermotolerance 37 vs
48/53 °C (Fig 3C and 3D). At the same time (iii) the transcription pattern of all gene sets of
interest could be compared and inspected for all the tested conditions and introduced muta-
tions (Fig 4, S5, S6 and S7 Figs). In addition, we used RT-qPCR experiments to validate our
RNA-seq experiment and to investigate different conditions such as growth at 50 °C.

Stringent response. First, we analyzed the transcriptomic data from the exponentially
growing wild type, (p)ppGpp" and Arel strains (Fig 3A and 3B, S1, S2 and S3 Datasets). By
comparing Arel cells, which exhibit constitutively high alarmone levels (Fig 2F), with (p)
ppGpp° cells, 682 genes were found to be regulated by (p)ppGpp (Fig 3A) and we observed
a good correlation with RT-qPCR experiments of selected regulated genes (S5A Fig). We
noticed a broad down-regulation of many translation-related genes including the rrnjpl-lacZ
reporter as well as an extensive de-repression of CodY-controlled amino acid synthesis genes
(e.g. ilvB (Fig 3A and 3B, S5B and S6 Figs)), both of which are characteristic for the SR in
accordance with previous transcriptomic studies [37,53,60,61]. Furthermore, a strong decrease
in the transcription of CcpA-regulated genes required for the utilization of alternative carbon
sources was observed (e.g. rbsC (Fig 3A and 3B, S5B and S6 Figs)). Interestingly, the transcrip-
tion of many heat shock genes was decreased in Arel cells (e.g. dnaK and clpE (S5B Fig)). In
contrast, we noticed increased transcript levels of many general stress genes of the SigB regu-
lon (e.g. ssrA, dps, gsiB, ysnF) in the absence of stress at 37 °C Arel cells (Fig 3B and S5B Fig).
Notably, the transcript level of hpf (yvyD), encoding the hibernation promoting factor Hpf,
was increased by raised (p)ppGpp levels (24-fold up-regulated, (S5A and S5B Fig)), confirming
that the increased transcription of hpf can be considered as a reporter for the activation of the
SR [52,53].

The heat-induced (p)ppGpp pulse mediates only minor transcriptional changes. After
having established that alarmones can play a protective role during the heat shock response,
we sought to assess the role of (p)ppGpp in transcriptional changes during heat exposure. To
this end, we analyzed the thermoresistance (37/53 °C) and thermotolerance (48°/53 °C) condi-
tions (Figs 1A, 3C and 3D) [9,17] in wild type cells and investigated the wild type, (p)ppGpp°
and Arel strains also at 48 °C, of the same RNA-seq experiment. Overall, we detected only
small changes when comparing the transcriptome of wild type cells and (p)ppGpp° cells at 37
°Cand 48 °C, indicating that the majority of transcriptional changes of the heat stress response
are mediated independently of (p)ppGpp (Fig 4A and 4B). Thermotolerant wild type cells (48/
53 °C) exhibited a comprehensive down-regulation of translation-related genes including the
rrnJpl-lacZ reporter that was, to a lesser extent, also observed in the mild pre-shock (48 °C)
and severe heat shock (37/53 °C) conditions (Figs 3 and 4, S5 and S6 Figs), in agreement with
previous observations [17]. Importantly, the heat-mediated down-regulation of rrufpl-lacZ
appeared to be partially (p)ppGpp-dependent and was therefore less pronounced in the (p)
ppGpp° strain (Fig 4C and 4D). Independent RT-qPCR experiments confirmed this observa-
tion. The requirement of (p)ppGpp for repression of rrnjpl under heat stress became even
more apparent when the 50 “C heat shock condition was examined (S7A Fig).

By contrast, the heat-mediated down-regulation of many ribosomal protein genes and
other translation-related genes appeared to also occur in the absence of (p)ppGpp, indicating a
more complex and (p)ppGpp-independent control of the transcription of these genes (Fig 4C).
Furthermore, while an extensive de-repression of the CodY regulon could be observed in Arel
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https://doi.org/10.1371/journal.pgen.1008275.9g003

cells as a hallmark of the SR, no increased transcription of CodY-regulated genes was observed
in any of the heat shock conditions tested (S6 and S7B Figs), which could be explained by the
unchanged GTP level in heat shocked cells (S1 Fig).

The transcript level of the genes encoding conserved chaperones and proteases of the heat
shock response regulon were strongly up-regulated upon all temperature up-shifts, indepen-
dently of the presence or absence of (p)ppGpp (S6 and S7C Figs). Interestingly, additional RT-
qPCR experiments performed with RNA from 50 °C heat shock-treated cells revealed that the
heat-induced expression of some SigB-regulated genes was impaired in the (p)ppGpp° back-
ground, e.g. ssrA (approx. 2-fold lower expression in (p)ppGpp° cells at 50 °C) and dps
(approx. 3-fold lower expression), indicating a possible functional connection between the SR
and the general stress response (S7C and S7D Fig) [62,63]. However, the majority of genes of
the SigB regulon were found to be induced in the (p)ppGpp° strain similarly to wild type cells
at 48 °C (S6 Fig).
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https://doi.org/10.1371/journal.pgen.1008275.9g004

Notably, the heat-induced expression of hpf, which is positively regulated by the SR (S5A
Fig), was lower in the (p)ppGpp"° strain compared to wild type cells during heat stress (Fig 4D
and S7A Fig). Furthermore, while CcpA-regulated genes were repressed in wild type and (p)
ppGpp° cells under heat shock conditions (Fig 3 and S6 Fig), some genes (e.g. rbsD, ganP,
licH) were less down-regulated or even induced at 48 °C in the (p)ppGpp° strain (Fig 4B). In
contrast, motility-genes were particularly strongly down-regulated by heat in the (p)ppGpp”
mutant (Fig 4B, S5 and S6 Figs), while the down-regulation of these genes appeared not to be
significant in wild type cells at 48 °C (median 1.14-fold change, S6 Fig) [64].

Taken together, (p)ppGpp has a small but noticeable impact on the transcriptome during
heat stress. The heat-mediated up-regulation of hpf and the down-regulation of rrnjp1-lacZ
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appear to be dependent on (p)ppGpp. However, the overall induction of the heat shock
response as well as the strong repression of many ribosomal protein genes observed during
heat stress appear to be mostly independent of alarmones. The induction of the CodY regulon,
a hallmark of SR, was also not much effected during heat stress, most likely because the heat
mediated transient increase of (p)ppGpp might not be sufficient to lower the cellular GTP level
for the subsequent remodeling of the transcriptome known from the fully induced SR [60].

It should be noted that when designing the RNA-seq experiment, we choose 48 “C as a
simple heat shock condition for the mutant strains since it resembled the thermotolerance
protocol (Fig 1A) and the condition of previously published microarrays [17]. However, many
phenotypes of Spx and (p)ppGpp could be observed best upon a stronger, but non-lethal, heat
shock at 50 °C [17], which we could assess by RT-qPCR. We also observed that, while wildtype
cells treated with 37/53 °C exhibit a strong increase of (p)ppGpp within the first minutes of
stress (Fig 1D), the examination of cellular physiology under these lethal conditions might be
influenced by the apparent reduction of viability of about one order of magnitude (Fig 2G)
[9,17].

Complementary roles of Spx and stringent response during heat shock

Previously, we reported that Spx, a central regulator of the heat- and oxidative stress response,
can down-regulate the transcription of translation-related genes and rRNA [17]. However, an
spx deletion strain was not impaired in the heat-mediated down-regulation of these genes [17].
Here, we noticed a detectable, albeit limited, involvement of the SR in the transcriptional
down-regulation of specific genes during heat stress (rrnjpl-lacZ), suggesting an intricate reg-
ulation of these genes by different factors. To test for such a concurrent and complementary
transcriptional regulation by Spx and (p)ppGpp; a B. subtilis strain combining a spx deletion
with the (p)ppGpp " mutations was constructed. Down-regulation of rrnjpl-lacZ upon heat
shock appear to largely depend on (p)ppGpp (Fig 5A), however Spx can also repress this pro-
moter also in the absence of (p)ppGpp (S9B Fig) [17]. Interestingly, this (p)ppGpp° Aspx strain
also displayed a slow growth phenotype at 37 °C and a more severe growth defect at 50 °C
compared to the strains with single deletions of (p)ppGpp° or Aspx (Fig 5B and S8B Fig).
These findings suggest a possible genetic interaction of the SR and the spx regulon under heat
stress conditions. Consistently, the (p)ppGpp° Aspx strain accumulated more heat-induced
protein aggregates at 50 “C than cells lacking either (p)ppGpp or spx (S8C Fig). However, the
transcription of selected r-protein genes was also down-regulated in the (p)ppGpp°® Aspx strain
(S8A Fig), suggesting additional factors beyond Spx and (p)ppGpp, that can also influence the
promoter and/or the stability of these transcripts.

When mutations in rpoA were introduced in the (p)ppGpp"° strain that abolish Spx-medi-
ated up- and down-regulation (cxs-1/rpoAY>%*“), or interfere only with Spx-mediated repres-
sion of rRNA while still allowing up-regulation of redox chaperones (cxs-2 / rpoA“%°*) [17],
only the (p)ppGpp° cxs-1 strain displayed a severe growth defect as observed for the (p)ppGpp
° Aspx strain (S8B Fig). This experiment suggests that the Spx-mediated up-regulation of stress
response genes, and not the ability to down-regulate translation-related genes, is required for
efficient growth in the (p)ppGpp° background. Notably, (p)ppGpp is sufficient for the down-
regulation of translation-related genes during norvaline-induced amino acid limitation, while
Spx is dispensable for this process (S9A Fig). Conversely, Spx can act on rRNA promoters
independently of (p)ppGpp in vivo (S9B Fig) [17]. In addition, in vitro transcription experi-
ments with purified Spx and RNAP gave no indications that ppGpp could directly influence
Spx mediated transcriptional activation or inhibition of RNAP (S9C Fig). Furthermore, Spx-
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dependent stress response genes (e.g. trxB, clpX) are not up-regulated in the Arel strain (53
Dataset), suggesting that Spx is not activated by (p)ppGpp in vivo.

Together, these experiments suggest a complex interplay between Spx and (p)ppGpp during
the heat shock response and that the activity of at least either Spx or (p)ppGpp is important for
efficient growth during heat stress. However, the inhibitory activity of Spx on translation-related
genes appears to be dispensable for stress tolerance and many r-protein genes were down-regu-
lated during heat stress even in the absence of both Spx and (p)ppGpp.

The observation that transcription of spx is also activated by (p)ppGpp via CodY in Entero-
coccus faecalis and that rel transcription is activated by the disulfide-stress regulator ¢~ in
Streptomyces coelicolor points toward a possible functional connection of these two regulators
[65,66].

(p)ppGpp regulates translation during heat stress

Upon heat shock, we observed raised levels of (p)ppGpp, but not the transcriptional repro-
gramming triggered by lowered GTP levels (Figs 3 and 4, S6 and S7 Figs). Therefore, we
wanted to determine the impact of (p)ppGpp on translation during heat stress. To this end, a
method for pulse-labeling newly synthesized nascent peptide chains using puromycin was uti-
lized to estimate protein synthesis rates (see Methods, S10 Fig) [67]. As expected, expressing
the small alarmone synthetase relP (ywaC) in trans, results in accumulation of high (p)ppGpp
levels, which concurrently lead to a strong decrease in translation rate, indicating that transla-
tion is inhibited in these cells (S10D and S10E Fig) [39,53,68].

When we examined the translation rate in cells, we observed that the Arel strain always
exhibited a lower translation rate compared to wild type cells at 37°C (Fig 6A and 6B), consis-
tent with its raised (p)ppGpp levels and the observed “stringent” phenotype of this strain. The
difference between wild type and Arel strain diminished upon exposure to higher
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temperatures, possibly influenced also by stress induced raised levels of the alarmone in wild
type cells at these higher temperatures. By contrast, the “relaxed” (p)ppGpp° strain always
exhibited higher translation rates (Fig 6A and 6B), indicating a more deregulated translation
compared to wild type or Arel strains. During the non-lethal 50 °C heat shock, translation
rates transiently increased in all strains (Fig 6A). Nevertheless, the (p)ppGpp" strain still dis-
played significantly higher translation rates compared to wild type and the Arel B. subtilis
strains (Fig 6A and 6B). The observed influence of (p)ppGpp on translation suggests that the
most important impact of (p)ppGpp under heat stress appears not to be its effect on transcrip-
tion (Fig 4 and S5 Fig), but the direct modulation of translation (Fig 6), possibly by directly
interfering with the activity of different translational GTPases [39,40,68,69].

Down-regulation of translation accompanied by slower growth that increases thermoresis-
tance can also be observed in cells with defective ribosomes, lacking e.g. the ribosomal protein
L11 (RpIK). RpIK is not essential, however the ArplK strain exhibits severe translation defects
and a strongly reduced growth rate (S11 Fig), despite its inability to synthesize (p)ppGpp [70].
Such a B. subtilis ArplK strain exhibits increased heat stress tolerance similar to Arel cells (S11
Fig). This observation suggests that a reduced translation rate caused by a defective ribosome
is sufficient to increase survival under heat stress, even in the absence of the alarmone. In sum-
mary, these observations indicate that the intracellular (p)ppGpp second messenger can imme-
diately modulate translation during heat stress and that the reduction of the protein synthesis
rate per se can promote increased stress tolerance.

Changes in protein levels mediated by heat shock and (p)ppGpp

The observation that (p)ppGpp appears to directly regulate translation under heat stress
prompted us to also examine the effect of the alarmones and heat on changes in the proteome.
Therefore, we employed mass spectrometry for a proteome-wide identification and quantifica-
tion of cellular proteins from stressed (15 min 50 °C) and unstressed (37 °C) wild type, (p)
ppGpp° and Arel cells. In total, we quantified 2641 proteins which were identified with at least
two peptides in all conditions (54 and S5 Datasets, S12 and S13 Figs). Under heat stress (50
°C), a pronounced increase of heat-specific stress response proteins, e.g. ClpC or GroEL, was
observed in all strains, indicating that the translational capacity is sufficient to promote the
synthesis of heat shock proteins in wild type, and even in the Arel strains where the translation
rate is reduced (Fig 6C and S12 Fig).

In contrast, the heat mediated synthesis of SigB-controlled general stress proteins was
reduced in (p)ppGpp° cells, whereas their levels were increased in the Arel strain, which cor-
roborates the regulatory connection between alarmone synthesis and the general stress
response already observed in the RNA-seq experiment (Fig 6C and S12 Fig).

Abundant ribosomal proteins represent a large proportion of the cellular protein mass in
wild type and (p)ppGpp° cells, however their levels were strongly decreased in Arel cells in accor-
dance with the constitutive stringent regulation observed in this strain (Fig 6C, S12 and S13
Figs). Interestingly, the levels of many r-proteins appear to be reduced upon heat stress in wild
type but not in (p)ppGpp° cells (Fig 6C and S12 Fig), which supports an alarmone dependent
post-translational control mechanism of the abundance of these translation-related proteins.

When comparing the proteomes of Arel cells with wild type cells under unstressed condi-
tions, we observed large-scale changes that resembled in many ways the results obtained by
RNA-seq (S13 Fig). In contrast, the differences in the proteome between wild type and (p)
ppGpp° cells were comparatively smaller at both 37 “C and 50 °C (S13 Fig). Importantly, a gene
set enrichment analysis of the differentially regulated proteins from wild type or (p)ppGpp" at
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https://doi.org/10.1371/journal.pgen.1008275.9g006

37 °C or 50 °C revealed only few enriched functional categories (S5 Dataset). These observa-
tions suggest, that (p)ppGpp is involved in the regulation of the total translation capacity.

In summary, although (p)ppGpp may be involved in post-transcriptional regulation of
some proteins, it appears that the alarmones assist in the development of stress tolerance by
controlling global changes in translation rate. However, we observed a (p)ppGpp-dependent
regulation of specific protein classes of the proteome. (Fig 6C). Notably we observed a
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reduction of r- proteins depending on the alarmone and a relative increase in chaperone levels
during heat shock independent of the alarmone (Fig 6C, S12 and S13 Figs). Since we observed
the heat mediated induction of chaperones even in the rel strain with its constantly elevated
(p)ppGpp levels and a slowed down translation, we suspect the possibility of a mechanism
allowing the specific translation of chaperones, albeit the generally slowed down translation.

In addition to this protective function, (p)ppGpp, which is synthesized only as a pulse by
Rel during relatively uninhibited growth at 50 °C, could modulate or inhibit translation, pre-
sumably by directly interfering with translation factors [38,39,41,69]. A set of interesting in
vitro experiments suggested a modulating effect of ppGpp and (p)ppGpp on IF2 and transla-
tion initiation, which also depended on specific structured elements of translated mRNA,
allowing translation of specific mRNA’s in the presence of alarmones [41]. These experi-
ments indicate a specific ability of alarmones, interacting with IF2, to limit translation in
general, while possibly still allowing the expression of specific genes necessary for stress
resistance [41].

(p)ppGpp is required for ribosome integrity and 100S formation during
heat stress

Treatment with a lethal temperature shift (37/53 °C) without pre-shock resulted in a strong
decrease in translation efficiency in wild type and (p)ppGpp° strains. Interestingly, translation
was strongly decreased in (p)ppGpp° cells at 37/53 °C, while wild type cells still maintained
active translation under these conditions (S14A Fig). The lowered translation activity in (p)
ppGpp° cells appears to be accompanied by a strong reduction of the levels of cellular 16S
rRNA during this severe heat shock (Fig 6D). This could indicate a defect in 16S rRNA matu-
ration and the assembly and/or activity of the small ribosomal subunit, which would be consis-
tent with the observed heat sensitivity of the B. subtilis (p)ppGpp° strain (Fig 2A and 2B). In
contrast, the translation in Arel cells appeared to be transiently increased in comparison to the
wild type and (p)ppGpp® strains (S14A Fig), in agreement with the observed high heat-resis-
tance of this strain to the otherwise lethal heat shock, which negatively affects the growth of
the more sensitive wild type and (p)ppGpp° strain (Fig 2G).

The (p)ppGpp° strain also failed to induce expression of the hpf gene during heat stress
and did not accumulate the Hpf protein (Fig 4D and S14B Fig). Thus, the formation of 100S
disomes upon heat stress, which was clearly visible in the ribosome profiles of wild type and
Arel cells (especially under thermotolerance conditions) was abolished in the (p)ppGpp°
strain where only polysomes could be detected similarly as in Ahpf cells (Fig 6E and S14C
Fig) [71]. However, the apparent decrease in the 16S rRNA observed under severe stress
conditions was not prevented by in trans expression of Hpf (S14D Fig) and overexpression
of Hpf could not rescue the heat-sensitive phenotype of (p)ppGpp " strains (S14E Fig). Also,
the addition of translation-inhibiting antibiotics could not rescue this phenotype, indicating
that inhibition of translation per se is not sufficient to protect ribosomes during severe heat
stress (S14F Fig).

It was recently observed in B. subtilis that tRNA maturation defects could lead to an inhibi-
tion of rRNA processing and 30S assembly via the synthesis of (p)ppGpp [72], supporting a
role of the alarmone in ribosome maturation.

Taken together, these observations indicate that (p)ppGpp is also required for the integrity
of the ribosomal subunits and the formation of 100S particles under heat stress. These observa-
tions might be important to understand possible stress signaling pathways and also the protec-
tive effects of (p)ppGpp on translation under proteotoxic stress conditions.
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The activation of the stringent response during heat stress

The results presented here clearly reveal that (p)ppGpp accumulates rapidly during heat and
other environmental stresses (Fig 1). In addition, strains unable to synthesize (p)ppGpp are
rendered sensitive to high temperatures and accumulate more heat-induced protein aggregates
(Fig 2A-2D, 2H and 2I). Interestingly, (p)ppGpp synthesis and heat tolerance are solely depen-
dent on the synthetase activity of Rel, indicating that this enzyme is responsible for the synthe-
sis of (p)ppGpp under these conditions (Figs 1E and 2A-2D).

Similarly to heat stress, disulfide or salt stress can also lead to inactivation, unfolding and
aggregation of proteins [48,73]. It is possible that protein aggregation or inactivation could be
involved in the signal for the stress-mediated activation of Rel, since proteotoxic and oxidative
stress can result in the inactivation of enzymes and may impair uptake or biosynthesis of cer-
tain amino acids [51,74-76].

The transcriptional and translational heat shock response, which usually depends on sens-
ing temperature indirectly or directly by cellular protein unfolding is in the range of 2-5 min
[5,6]. Since the protein unfolding precedes the transcriptional or translational response, one
can estimate that cellular protein unfolding upon sudden proteotoxic stress happen faster than
2-3 min. This is also consistent with the observation of the in vivo formation of subcellular
protein aggregates, which are preceded by unfolding and misfolding events, can already be
observed about 2 min after heat shock [7]. The relatively fast and transient kinetics of heat
induced alarmone synthesis (Fig 1) would therefore be consistent with the time frame known
from general heat mediated protein misfolding and the unfolding or misfolding of specific
stress-sensor proteins during heat stress.

Our experiments demonstrate that Rel activation during heat- or oxidative stress can be
inhibited by chloramphenicol, similarly as during amino acid starvation (Fig 1F and S1E Fig).
Therefore, the underlying activation mechanisms during environmental stress likely share
some similarities to the well-studied SR-activation upon amino acid deprivation and may also
involve the sensing of uncharged tRNA on the ribosome [21,22,74,77].

The stress induced depletion of amino acids can result in the accumulation of uncharged
tRNA, which serves as a signal to activate Rel. In addition, tRNAs and proteins of the transla-
tional machinery are prone to oxidation or modification upon stress, leading to translation
stalling, which can also elicit the SR [78]. For example, oxidation of tRNAs at a conserved
4-thiouridine residue reduced the affinity for their cognate aminoacyl-tRNA synthetase, which
was found to be the basis for the activation of the SR upon UV-exposure in S. enterica [79].

It is very likely that the heat stress signal is first sensed via unfolded proteins which might
then be transmitted by specific tRNA to Rel on the ribosome by the various discussed possibili-
ties. However, it cannot be excluded that e.g. Rel itself can act as a heat stress sensing protein
on the ribosome, or that a heat stress sensing protein that interacts with Rel could be involved,
as for example suggested for competence development in B. subtilis [80]. Clearly, more experi-
ments are required to identify the molecular mechanism underlying the activation of Rel and
the control of the SR during heat stress in B. subtilis.

The role of (p)ppGpp and SigB upon heat stress

Both the transcriptomic and the proteomic datasets also indicate a possible activation of the
SigB-dependent general stress response by (p)ppGpp during stress- and non-stress conditions
(Figs 3B and 6C, S5B, S7, S12 and S13 Figs). SigB becomes activated by decreased GTP levels
as elicited by decoyinine [62,63]. In addition, a requirement of L11, which is necessary for Rel
synthetase activity, and Obg, a ribosome-associated GTPase that interacts with (p)ppGpp, for
the activation of SigB upon physical stress and an interaction of Obg with components of the
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SigB regulatory cascade was reported, suggesting an intricate connection between the ribo-
some, Rel and the activation of the general stress response [62,70,81].

The role of the SR during the heat stress response

Taken together, our data suggest a model in which cells respond to heat-mediated protein
unfolding and aggregation, not only by raising the repair capacity, but also by decreasing trans-
lation to concurrently reduce the load on the cellular protein quality control systems (Fig 7).

Upon heat shock, Rel is activated and rapidly synthesizes alarmones. The second messenger
(p)ppGpp can then directly control the activity of translation factors and may thereby mediate
a fast and immediate response to modulate translation during stress. At the same time (p)
ppGpp might play a significant role in maintaining and protecting active ribosomes, which
might involve modulating translation already at the ribosome assembly stage. The readjust-
ments of translation could then allow an efficient reallocation of cellular resources to the syn-
thesis of stress response proteins and concurrently minimize the load on the protein quality
control systems, thus contributing to protein homeostasis [3,82,83]. The unfolded protein
response to misbalances in protein homeostasis in the endoplasmic reticulum of eukaryotic
cells is a well-studied and analogous stress response mechanism where the up-regulation of
chaperones is also coupled to the concurrent down-regulation of translation, albeit by different
mechanisms [3,84].

It should be noted that lowering the cellular GTP level by treatment with decoyinine also
resulted in a limited increase of thermoresistance in the absence of elevated alarmone levels.
Similarly, it was reported that mutant strains of Lactococcus lactis with constitutively lowered
GTP levels also exhibited increased stress tolerance [85]. These observations suggest, that a
decrease in the cellular GTP concentration alone can reproduce many effects on the cellular
physiology that can also be observed in the presence of (p)ppGpp. However, the heat stress
resistance conferred by increased (p)ppGpp levels appeared to be stronger than observed upon
decoyinine treatment, which could indicate that certain processes important for stress resis-
tance are predominantly controlled by (p)ppGpp directly. Clearly, more work is required to

Exponential growth Heat shock

SigB, HrcA, Spx,CtsR

Synthesis of chaperones
and proteases, prevention
and removal of aggregates

(P)PPGpP, Spx

growth arrest and control

Heat shock ribosomal of translation to prevent Heat shock ribosomal

proteins

proteins further protein aggregation proteins  proteins

Fig 7. The role of the stringent response in the heat shock response. Model of the role of the stringent response in the regulatory network of the heat

shock response.

https://doi.org/10.1371/journal.pgen.1008275.9g007
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identify and characterize the cellular targets of (p)ppGpp and to examine the differential roles
of GTP and (p)ppGpp during thermotolerance development.

Interestingly, accumulation of (p)ppGpp upon heat or oxidative stress and its importance
for stress resistance has also been reported in other Firmicutes and also Proteobacteria that dif-
fer widely in terms of (p)ppGpp signaling [49,74,77,86,87]. Accumulation of (p)ppGpp was
shown to protect cells from salt or osmotic stress [85,88]. Conversely, the lack of (p)ppGpp is
known to render cells sensitive to heat or oxidative stress [74,89,90], suggesting that activation
of the SR, allowing the fast down-regulation of translation, is an important and conserved part
of the response to environmental stress in bacteria. It is interesting to note that the SR was also
implicated in B. subtilis competence development, facilitating a cellular state where cells cease
to divide, and most transcription and translation is strongly down-regulated (also referred to
as the K-state). In these cells, only competence proteins, together with DNA repair and recom-
bination genes, are expressed, allowing the uptake and possible utilization of homologous
DNA in this specific cellular state of a subpopulation of stationary phase cells [80]. Bacterial
cells thus appear to utilize the (p)ppGpp second messengers, which can interfere directly with
basic cellular processes such as translation, replication and growth, as an important part of dif-
ferent regulatory networks, facilitating and allowing the survival of bacterial cells in fast chang-
ing environments with limited nutrient availability and exposure to various stress conditions.

Methods
Construction of strains and plasmids

Strains, plasmids and primers are listed in S1 Table. PCR-amplification and molecular cloning
using E. coli DH5a as host was carried out according to standard protocols [91]. Point muta-
tions were introduced via overlap-extension PCR. To generate pBSII-spxDD-spec, a fragment
carrying spx"”", lacI and the spectinomycin resistance cassette was amplified from pSN56 [15]
with primers p289/p223 and ligated using Spel/Nsil sites into the pBSIIE backbone amplified
with primers p203/p288. Integrative plasmids were linearized by digestion with Scal or Bsal
prior to transformation. Point mutations in the rel gene were first cloned in the pMAD vector
and then re-amplified for cloning into pDRI111.

Transformation of B. subtilis strains, the generation of scarless mutations using the pMAD
system and the introduction of cxs-1/2 mutations in rpoA was carried out as described previ-
ously [92-94]. Mutants were selected on 100 pg ml™" spectinomycin, 10 pg ml"' kanamycin,

1 pg ml! erythromycin, 25 pg ml* lincomycin or 5 ug ml™* chloramphenicol, respectively. To
obtain the (p)ppGpp® strain (BHS214), markerless relP*'**" and relQ""**Y mutations were
introduced into B. subtilis 168 cells by successive transformation and recombination of plas-
mids pMAD-relP*"**" and pMAD-relQ"'**Y, yielding strain BHS204. Next, a PCR amplified
fragment carrying rel::erm [27] and flanking homologous regions was transformed to generate
BHS214. Since the (p)ppGpp" strain fails to develop natural competence, additional mutations
were introduced in BHS204 and transformed with a PCR-amplified rel::erm fragment or
BHS214 genomic DNA in a second step.

Growth conditions

B. subtilis strains were grown in LB medium (5 g L' yeast extract, 10 g ™" tryptone-peptone,
10 g L' NaCl) or minimal medium [95] supplemented with 0.5% casamino acids in water
baths with 200 rpm orbital shaking at the desired temperatures. 1 mM IPTG or 0.4% xylose
was supplemented if required.
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Survival and viability assays

The assays for thermotolerance development, survival and preparation of protein aggregate
are described previously [9]. 1 mM IPTG was added to induce expression of recombinant pro-
teins 30 min before the division of the culture. The influence of decoyinine on thermotoler-
ance was tested in 1.5 mL tubes in a ThermoMixer (Eppendorf). Detection of aggregates by
fluorescence microscopy was described previously in [48]. Spot colony formation assays were
carried out as described previously and incubated at the indicated temperatures [17].

Transcription analysis

Strains were grown in LB and treated as indicated. Samples of 15-25 mL were harvested by
centrifugation for 3 min at 3,860 x g at 4 °C and frozen in liquid nitrogen. Isolation of total
RNA, treatment with DNase I (NEB) and quality control by native agarose gel electrophoresis,
methylene blue staining and northern blotting was described previously [17]. Northern blot-
ting, hybridization with DIG-labeled RNA probes and detection was carried out as described
previously [17]. Primers for the synthesis of probes are listed in S1 Table. Reverse transcription
and qPCR were carried out as described previously [17]. The primers are listed in S1 Table. 23
S rRNA was used as a reference.

RNA sequencing

Cells of BHS220, BHS319 and BHS368 were grown in 150 mL LB medium in 500 mL flasks in
water baths at 37 °C and 200 rpm. In the mid-exponential phase (ODggg nm ~ 0.4), the culture
was divided and shifted to 48 “C or left at 37 °C. After 15 min, samples were withdrawn and
both cultures were shifted to 53 °C for another 15 min and harvested. Cells from 25 mL
medium were pelleted by centrifugation for 3 min at 3,860 x g and 4 °C and flash-frozen in lig-
uid nitrogen. RNA was prepared the using phenol/trizol method as described in [96] and
treated with TURBO DNase (Invitrogen). RNA quality was assessed on a Bioanalyzer 2100
System (Agilent).

rRNA depletion from total RNA using MICROBExpress (Ambion), treatment with tobacco
acid pyrophosphatase (TAP) for +TAP libraries, library preparation, Illumina sequencing and
quality control of the sequencing output was carried out as described previously [97]. Reads
were mapped to the Bacillus subtils 168 genome with insertion of rrnjpl-lacZ in the amyE site
(strain BHS220, amyE:rrnjpl-lacZ cat) using Bowtie2 (version 2.1.0) reads [98] with default
parameters and filtered for uniquely mapped reads using SAMtools [99]. The DEseq2 package
with default parameters was used for the detection of differentially expressed genes from raw
count data of triplicate experiments [100]. Expression changes were considered significant if
differentially regulated by at least 4-fold (p-value < 0.05). The data have been deposited in
NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession number
GSE125467 [101]. Transcription start sites were annotated from the comparison of rRNA-
depleted, tobacco acid pyrophosphatase (T AP) treated libraries that allow adaptor-ligation to
5’ primary transcripts and libraries, where TAP treatment was omitted using the TSSpredator
v1.06 software [102] in the “more sensitive” parameter preset and manually reviewed.

In vitro transcription

In vitro transcription assays using purified B. subtilis RNA polymerase and Spx protein was
carried out as described previously [17].
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Fluorescence microscopy

Strain BIH369 (lacA::Pxyl-yocM-mCherry erm) was grown in LB medium + 0.5% xylose. The
culture was divided in the mid-exponential phase, supplemented with puromycin for 15 min
and subjected to fluorescence microscopy in a Axio Imager.Z2 (Zeiss) microscope using the
RFP filter set [17].

SDS PAGE and western blotting

Strains were grown in LB medium and treated as indicated, harvested by centrifugation for 5
min at 3,860 x g at 4 °C, washed in TE buffer (10 mM TRIS-HCI, 1 mM EDTA, pH 8.0) and
disrupted by sonication in TE supplemented with 1 mM PMSF. Equal amounts of protein
were separated by SDS-PAGE and stained with coomassie or subjected to western blotting
[103-105]. For signal detection, polyclonal o-Hpf antibody (1:5,000) [71] or monoclonal anti-
puromycin antibody (1:10,000, Merck) and HRP-conjugated anti-mouse or anti-rabbit anti-
bodies (1:10,000, Roth) were used in conjunction with the ECL-system as described previously
[17]. Images were acquired using a ChemoStar Imaging System (Intas, Gottingen, Germany).

Translation rate analysis

Puromycin becomes covalently incorporated into nascent peptide chains, which can be used as
readout for the rate of translation [67,106,107]. We verified that low puromycin concentrations

(1 pg mL™") do not perturb growth or lead to the accumulation of misfolded proteins in cellular
protein aggregates, which can be visualized as using the previously established YocM-mCherrry
fusion protein (SI0A-S10C Fig) [48,108]. Strains were grown in LB medium and treated as indi-
cated. For in vivo labeling, 10 mL medium were separated, supplemented with 1 ug mL™ puromy-
cin (Roth) and incubated for 15 min at the same conditions. Then, samples were supplemented
with 25 pg mL™' chloramphenicol, harvested by centrifugation for 5 min at 3,860 x g at 4 °C,
washed in TE buffer (10 mM TRIS-HCI, 1 mM EDTA, pH 8.0) and disrupted by sonication in
TE supplemented with 1 mM PMSF. Equal amounts of protein were directly spotted on nitrocel-
lulose membranes (5 pg) or subjected to SDS-PAGE and western blotting [91]. Puromycin-signals
were detected using monoclonal anti-puromycin antibody (1:10,000, Merck), HRP-conjugated
anti-mouse antibody (1:10,000, Roth) and the ECL-system in a ChemoStar imaging system (Intas,
Gottingen, Germany). Signals were analyzed using Fiji distribution of Image] [109].

Sucrose density gradient centrifugation analysis

Early exponential phase cultures of B. subtilis strains grown in LB medium were treated with
heat shock at 48 *C or 48 *C/53 °C for 15 min each. Samples of 50 mL were supplemented
with 50 ug mL ™" chloramphenicol to stall translation and harvested by centrifugation at 4,000 x
g for 10 min at 4 °C. Cells were resuspended in 25 mM HEPES-KOH, pH 7.5, 150 mM KOAc,
25 mM Mg(OAc),, 1 mM dithiothreitol (DTT), n-Decyl-B-D-thiomaltopyranoside (DTM),
5% (w/v) sucrose) and lysed by sonication. The lysate was cleared by centrifugation at 16,000 x
g for 15 min at 4 “C. 10 OD ¢ units were loaded on a 10 mL 5-45% (w/v) sucrose gradient
prepared in the same buffer, run in a SW-40 Ti rotor (Beckman Coulter) at 57,471 x g for 16.5
h and analyzed using a Gradient Station (Biocomp) with an Econo UV Monitor (Bio-Rad).

Quantification of nucleotides

Cells were grown in minimal medium supplemented with 0.5% casamino acids to support
the growth of (p)ppGpp deficient strains [60] and treated as indicated. Samples of 2 mL were
removed, supplemented with 75 pL 100% formic acid and incubated on ice for 30 min.
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Extraction of nucleotides was carried out as described in [110] and detected by HPLC-E-
SI-MS/MS on a QTRAP 5500 instrument. Analytes were separated on a Hypercarb column
(30 x 4.6 mm, 5 um particle size) in a linear gradient of solvent A (10 mM ammonium acetate
pH 10) and solvent B (acetonitrile) at a flow rate of 0.6 mL/min from 96% A + 4% B (0 min) to
40% A + 60% B (8 min) into the ESI ion source at 4.5 kV in positive ion mode. Tenofovir was
used as internal standard. pGpp and pppGpp standards were synthesized in vitro from ATP
and GTP or GMP as described previously [111]. ppGpp was purchased from Trilink
Biotechnologies.

Identification and quantification of proteins by mass spectrometry

Strains were grown in LB medium at 37 °C and 200 rpm to the mid-exponential phase
(ODgponm 0-4) and transferred to a 50 °C water bath. Samples were taken at before, 5 min and 15
min after the temperature shift and washed three times in 50 mM HEPES pH 8, 150 mM NaCl.
Three biological replicates were analyzed. All samples were subjected to SP3 sample preparation
[112]. Briefly, to each sample 4x lysis buffer was added (4% SDS, 40 mM TCEP, 160 mM chlor-
oacetamide, 200 mM HEPES pH 8) and proteins were denatured, reduced and alkylated during
incubation at 95 °C for 5 minutes. 0.8 pL Benzonase (NEB) was added and samples were incu-
bated at 37 °C for 30 minutes. Ten ug of a 1:1 mixture of hydrophilic and hydrophobic carboxyl-
coated paramagnetic beads (SeraMag, #24152105050250 and #44152105050250, GE Healtcare)
were added for each ug of protein. Protein binding was induced by addition of acetonitrile to a
final concentration of 50% (v/v). Samples were incubated for 10 minutes at room temperature.
The tubes were placed on a magnetic rack and beads were allowed to settle for three minutes.
The supernatant was discarded and beads were rinsed three times with 200 pL of 80% ethanol
without removing the tubes from the rack. Beads were resuspended in digestion buffer contain-
ing 50 mM triethylammonium bicarbonate and both Trypsin (Serva) and Lys-C (Wako) in a
1:50 enzyme to protein ratio. Protein digestion was carried out for 14 hours at 37°C in a PCR
cycler. Afterwards the supernatant was recovered and 1 uL was used to perform peptide quantifi-
cation using a quantitative colorimetric peptide assay (Pierce, #23275) following the manufactur-
er’s instructions.

TMT 11plex (Pierce, #A37725) was used for peptide multiplexing and quantification.
Briefly, equal amounts of peptides were dried down in a vacuum concentrator and resus-
pended in 50 mM HEPES pH 8.5. Additionally, 10% from each sample was pooled to create a
common sample as internal standard. TMT reagents were allowed to equilibrate to room tem-
perature for 30 minutes and were dissolved in anhydrous acetonitrile to a final concentration
of 59 mM. To each sample TMT was added to a final concentration of 11.8 mM and tubes
were incubated at 25°C for 60 minutes with mixing at 500 rpm on a ThermoMixer. Labeling
was quenched by addition of hydroxylamine to a final concentration of 0.4%. Samples were
mixed, desalted using solid phase extraction (Seppak 1cc/50mg, Waters), dried down in a vac-
uum concentrator and resuspended in 20 pL 2% acetonitrile. Basic reversed phase fraction-
ation was performed on a quaternary Agilent 1290 Infinity II UPLC system equipped with a
Kinetex Evo-C18 column (150 x 2.1 mm, 2.6um, 100 A, Phenomenex) that was operated at 40
°C. Solvent A consisted of water, solvent B consisted of 100% acetonitrile, and solvent C con-
sisted of 25 mM ammonium bicarbonate. Fractionation was carried out at a constant flow rate
of 100 pl/min using a linear gradient from 2-25% acetonitrile within 50 minutes, followed by
column washing and equilibration. Over the whole gradient solvent C was kept constant at
10%. In total 32 fractions were collected in conical 96well plates. The organic solvent was
removed in a vacuum concentrator for one hour and fractions were combined into 8 final
samples. Peptides were acidified with formic acid, desalted using OASIS HLB 96well cartridges
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(Waters, #186001828BA), dried down and resuspended in 2% acetonitrile, 0.1% trifluoroacetic
acid (TFA) prior MS analysis.

All samples were analyzed on a Q-Exactive HF (Thermo Scientific) that was coupled to a
3000 RSLC nano UPLC (Thermo Scientific). Samples were loaded on a pepmap trap cartridge
(300 pm i.d. x 5 mm, C18, Thermo) with 2% acetonitrile, 0.1% TFA at a flow rate of 20 uL/min.
Peptides were separated over a 50 cm analytical column (Picofrit, 360 um O.D., 75 ym 1.D.,

10 pm tip opening, non-coated, New Objective) that was packed in-house with Poroshell 120
EC-C18, 2.7 um (Agilent). Solvent A consists of 0.1% formic acid in water. Elution was carried
out at a constant flow rate of 250 nL/min using a 180 minute method: 8-33% solvent B (0.1%
formic acid in 80% acetonitrile) within 120 minutes, 33-48% solvent B within 25 minutes, 48—
98% buffer B within 1 minute, followed by column washing and equilibration. Data acquisition
on the Q-Exactive HF was carried out using a data-dependent method in positive ion mode.
MS survey scans were acquired from 375-1500 m/z in profile mode at a resolution of 120,000.
AGC target was set to 3e6 charges at a maximum injection time of 60 ms. The ten most abun-
dant peptides were isolated within a 0.7 m/z window offset by +0.1 m/z and subjected to HCD
fragmentation at a normalized collision energy of 32%. The MS2 AGC target was set to 2e5
charges, allowing a maximum injection time of 78 ms. Product ions were detected in the Orbi-
trap at a resolution of 45,000. Precursors were dynamically excluded for 30 s.

Raw files were processed with Proteome Discoverer 2.3 (Thermo Scientific). Briefly, peak
lists were extracted from raw files and searched using SEQUEST HT against a Uniprot bacillus
subtilis database (version 190614, taxonomy ID 224308) and a database containing sequences
of common contaminants (derived from Maxquant v.1.6.0.1). Trypsin/p was set as enzyme
specificity, allowing a maximum of two missed cleavages. The minimum peptide length was
set to 7 amino acids. Carbamidomethylation on cysteine was set as fixed modification. Protein
N-terminal acetylation, oxidation of methionine, and TMT on lysines and peptide n-termini
were allowed as variable modifications. Mass tolerances for MS1 and MS2 were set to 10 ppm
and 0.02 Da, respectively. Peptide-spectrum-matches (PSMs) were filtered to a 1% FDR level
using Percolator employing a target/decoy approach. Only rank 1 peptides were allowed. TMT
reporter ion intensities were quantified within 20 ppm windows and quan value correction
was used to correct for reagent isotope impurities. Only unique peptides were used for protein
quantification. PSM with a co-isolation value of >50% were rejected. Further data processing
was carried out in R and Perseus (v. 1.6.2.3). Only proteins identified with at least two peptides
were included in the analysis. All contaminant proteins and proteins that have not been quan-
tified in all 18 samples were filtered out. A three step normalization procedure was applied.
First, the sum of the reporter ion intensities for each TMT channel was normalized to the aver-
age grand total to correct for mixing errors. Next, the common internal standard in each TMT
11plex set was used for internal reference scaling [113] in order to correct for batch effects.
Afterwards the data was normalized applying trimmed mean of M values (TMM) using the
edgeR package. Statistical analysis was performed using two-sample t-tests and multiple sam-
ple ANOVA tests. Resulting p-values were corrected for multiple testing using a permutation-
based FDR approach or by the method of Benjamini-Hochberg. The mass spectrometry prote-
omics data have been deposited to the ProteomeXchange Consortium via the PRIDE [114]
partner repository with the dataset identifier PXD015416.

Gene set enrichment analysis

A gene set enrichment analysis (GSEA) of the significantly regulated genes or proteins was car-
ried out on the Category (SW1 to SW4) and regulon datasets provided by SubtiWiki (http://
subtiwiki.uni-goettingen.de/v3/category/) [115]. The GNU R software v. 3.5.1 [116] and the
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clusterProfiler library v. 3.10.1 [117] was used. P values were adjusted according to the Benja-
mini-Hochberg (BH) method and P,gj,s < 0.05 was set as significance threshold.

Supporting information

S1 Fig. Alarmone and GTP levels during stress and starvation. (A) Means and SEM of GTP
after the application of different stress conditions. Sample sizes and treatments are the same as
in Fig 1A and 1B. NV: DL-norvaline, SHX: serine hydroxamate. Asterisks (*) indicate signifi-
cance (paqj. < 0.05) of combined pGpp, ppGpp and pppGpp levels according to the Kruskal-
Wallis and Dunn-Bonferroni test. (B) Levels of GTP during thermotolerance development.
Wild type cells were grown at 37 °C and shifted to 48 °C for 15 min (pre-shock), then to 53 °C
or directly to 53 °C. Samples were taken at 2, 5 and 15 min. Means and SEM of four indepen-
dent experiments are shown. All changes are not significant (p < 0.05) according to the Krus-
kal-Wallis test. (C) Means and SEM of GTP levels in wild type cells or strains with mutations
in (p)ppGpp synthetases (relP/Q: BHS204, rel****" (inactive synthetase): BHS709; (p)ppGpp":
BHS214) treated with heat stress (2 min 50 °C) or left untreated at 37 °C. Sample sizes are the
same as in Fig 1E. Asterisks indicate significant changes (p < 0.05) according to Welch’s ¢-test.
(D) Relative changes in the transcription of hpf during heat shock in the same strains (15 min
50 °C). Means and SEM of three independent experiments are shown. Asterisks (*) indicate
significant changes (p,4;. < 0.05) according to the Kruskal-Wallis and Dunn-Bonferroni test.
(E) The influence of chloramphenicol on GTP levels during stress. Sample sizes and treatments
are the same as in Fig 1F. Asterisks indicate significant changes (p < 0.05) according to
Welch’s t-test.

(TIFF)

S2 Fig. Phenotype of single deletions of (p)ppGpp synthetase genes. (A) Cellular GTP levels
in wild type or Arel: (BHS126) strains. (B) Growth of strains with mutations or deletions in (p)
ppGpp metabolizing enzymes in rich LB medium. Arel: BHS126, (p)ppGpp°: BHS214. (C/D)
Survival of wild type (black lines) and mutant strains (ArelQ: BHS127 or ArelP: BHS128) red
lines at 53 °C with (48/53 °C) or without (37/53 °C) pre-shock. Means and SEM of at least
three independent experiments are shown. Open symbols: no pre-shock, closed symbols: 15
min pre-shock at 48 °C. (E) Growth of wild type, (p)ppGpp" cells (BHS214) or strains with
deletions in relQ (BHS127) or relP (BHS128) on agar plates at 37 °C, during heat stress (55 °C)
or oxidative stress (0.2 mM diamide).

(TIFF)

S3 Fig. Thermotolerance and survival of strains expressing rel variants in trans. (A) Levels
of alarmones in strains expressing hyperactive or inactive variants of B.s. rel (E324V: inactive
synthetase, E77A/D78A: inactive hydrolase) or E.c. relA. Cells were treated with 1 mM IPTG
for 15 min. Asterisks indicate significant changes (p < 0.05) of combined alarmone levels
according to Welch’s t-test. (B-E) Survival of wild type (black lines) and mutant strains (red
lines) at 53 *C without pre-shock (37/53 °C; open symbols) or with pre-shock (15 min 48 °C/
53 °C; closed symbols). Means and SEM of at least three independent experiments are shown.
Strains were supplemented with 1 mM IPTG 15 min prior to 48 °C temperature shift. (B)
Expression of a truncated, hyperactive E. coli relA variant (designated relAy,,.,). (C) Expres-
sion of B.s. rel with inactive hydrolase domain (E77A D78A) in the (p)ppGpp° strain. (D)
Expression of a truncated, inactive E. coli relA variant (relA;,crive)- (E) Expression of B.s. rel
with inactive synthetase domain (E324V) in the (p)ppGpp" strain.

(TIFF)
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$4 Fig. Thermotolerance and survival of strains expressing treated with decoyinine. Ther-
motolerance development and survival of wild type cells treated with decoyinine (red lines) or
left untreated (black lines).

Means and SEM of at least three independent experiments are shown. Strains were supple-
mented with 50, 250, 400 or 1000 pg ml* decoyinine 15 min before heat treatment. Open sym-
bols: no pre-shock, closed symbols: 15 min pre-shock at 48 °C. n.d.: not determined, no cfu
could be detected from 100 pl cell culture.

(TIFF)

S5 Fig. Transcriptional changes mediated by changed (p)ppGpp levels or heat stress. (A)
Comparison of the relative transcription changes of selected genes in, Arel and (p)ppGpp0
strains during exponential growth at 37 °C as determined by RNA-seq or RT-qPCR from in-
dependent experiments. Means and SEM of three replicates are shown. (B) Heatmap showing
the expression changes of selected transcripts in wild type, (p)ppGpp° or Arel strains. Values
represent normalized log, scaled read counts centered on the mean expression level of each
transcript. (C/D) The distributions of all up- and down-regulated genes in wild type cells
(BHS220) heat shocked at 48 *C or 53 °C versus unstressed cells are shown. Bar tracks indicate
the distribution of the respective functional groups.

(TIFF)

S6 Fig. Up- or down-regulation of regulons or gene categories. Points in the scatterplot rep-
resent log2-transformed up- or down-regulation of individual genes of the respective regulons
relative to wild type cells at 37 °C. Blue/gray color indicates transcriptional changes above/
below the significance threshold (see Materials and Methods). Horizontal bars represent the
median expression changes of the whole gene set.

(TIFF)

S7 Fig. (p)ppGpp mediated transcriptional changes during heat stress. (A) Relative changes
in the transcription of selected genes known to controlled by the stringent response during
heat shock in wild type and (p)ppGpp" strains determined by RT-qPCR. Means and SEM of
three replicates are shown. Asterisks indicate significance (p < 0.05) according to Welch’s t-
test. (B/C) Heatmap showing expression changes of selected transcripts during mild heat stress
in wild type, (p)ppGpp" or Arel cells. Values represent log, fold changes of transcript levels
relative to wild type cells at 37 °C. (D) Relative changes in the transcription of selected stress
response genes during heat shock in wild type and (p)ppGpp° strains determined by RT-
qPCR. Means and SEM of three replicates are shown. Asterisks indicate significance

(p < 0.05) according to Welch’s t-test.

(TIFF)

S8 Fig. Phenotypes of (p)ppGpp°, Aspx and (p)ppGpp° Aspx strains. (A) RT-qPCR
experiment showing the relative transcription of rpIC and rplO in wild type (BHS220), Aspx
(BHS222), (p)ppGpp° (BHS319) or (p)ppGpp° Aspx (BHS766) cells treated with or heat stress
at 50 °C for 15 min. Means and SEM of three replicates are shown. Asterisks indicate signifi-
cant changes (p < 0.05) of transcript levels according to Welch’s ¢-test. (B) Growth of wild
type, Aspx, (p)ppGpp° or (p)ppGpp° Aspx cells in LB medium at 37 °C (left) as well as growth
of wild type, (p)ppGpp°, cxs-1, cxs-2, (p)ppGpp" cxs-1 or (p)ppGpp” cxs-2 cells in LB medium
at 50 °C (right). (C) The fraction of aggregated proteins (left) or soluble proteins (right) in
wild type, Aspx (BHS014), (p)ppGpp° (BHS214) or (p)ppGpp° Aspx (BHS766) cells treated
with or heat stress at 50 °C for 15 min.

(TIF)
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S9 Fig. (p)ppGpp and Spx act independently. (A) Northern and western blot of wild type,
Aspx (BHS014) or (p)ppGpp° (BHS214) strains treated with or without DL-norvaline. Cells
were grown in minimal medium supplemented with 0.5% casamino acids to ODggg 0.4. The
medium was removed by centrifugation and the cells were resuspended in fresh medium with
casamino acids (—) or 0.5 mg/ml DL-norvaline (+) and grown for 30 min. (B) Relative tran-
scription of rrnjpI-lacZ with or without expression of spx”” with 1 mM IPTG for 30 min in
the wild type or (p)ppGpp° background as determined by RT-qPCR. Means and SEM of three
replicates are shown. Asterisks indicate significant changes (p < 0.05) of transcript levels
according to Welch’s t-test. (C) In vitro transcription experiments with selected promoters in
the presence or absence of Spx or ppGpp under reducing (+ DTT) or oxidizing (- DTT) condi-
tions. Means and SEM of three replicates and a representative autoradiogram are shown.
(TIFF)

$10 Fig. Puromyin labels nascent proteins and does not disturb protein homeostasis at low
concentration. (A) Accumulation of subcellular protein aggregates (fluorescent spots) after
the addition of puromycin visualized by YocM-mCherry. BIH369 cells were grown in LB
+0.5% xylose and treated with 1, 10 or 25 ug ml™" puromycin or left untreated for 15 min.
Phase contrast images (P.C.) and fluorescence images with RFP-filters (YocM-mCherry) are
shown. (B) The effect of puromycin on growth. Wild type cells were grown in LB to the mid-
exponential phase (ODggg 0.4) and supplemented with puromycin at the indicated concentra-
tions. (C) Dot blot or western blot of puromycin-labeled proteins. Exponentially growing cells
grown in LB were treated with the indicated concentrations of puromycin for 15 min. (D)
Outline of the genotypes of the RIK1066 strain, carrying an inducible copy of relP in the (p)
ppGpp° background. (E) Relative puromycin incorporation in RIK1066 cells treated with or
without 1 mM IPTG. Cells were incubated with 1 mg ml™' puromycin for 15 min added
directly to the medium after the addition of IPTG (0-15 min) or after 15 min (15-30 min),
then harvested. One representative experiment and means and SEM from the quantification of
three independent experiments are shown. Asterisks indicate significance (p < 0.05) according
to Welch’s t-test.

(TIFF)

S11 Fig. Growth and thermotolerance development of ArplK cells. (A) Growth of wild type
and ArpIK (BHS859) cells. (B) Relative translation rates of wild type and ArpIK (BHS859) cells
at 37 °C. (C) Thermotolerance development and thermoresistance of ArpIK (BHS859) cells.
Means and standard error of three biological replicates are shown.

(TIFF)

$12 Fig. The influence of (p)ppGpp on individual protein levels upon heat treatment. Lev-
els of individual proteins in wild type and mutant strains with or without heat treatment (50
°C for 5 min or 15 min at 50 °C) relative to unstressed wild type cells. Means and standard
error of three biological replicates are shown.

(TIFF)

$13 Fig. Global changes in the proteome mediated by heat shock or (p)ppGpp. The distri-
butions of all up- and down-regulated in wild type or mutant cells with or without heat treat-
ment (15 min 50 °C). Bar tracks indicate the distribution of the respective functional groups.
(TIFF)

S14 Fig. The role of (p)ppGpp and Hpf on ribosome integrity and 100S formation. (A)
Relative translation (puromycin incorporation) of wild type, (p)ppGpp° (BHS214) and Arel
(BHS126) strains during heat stress at 53 °C. 1 g ml™' puromycin was added for 15 min to the
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medium directly after (sample “0-15 min”) or 15 min (sample “15-30 min”) after the tempera-
ture upshift. Means and SEM of three independent experiments are shown. Asterisks indicate
significance (p < 0.05) according to Welch’s ¢-test. (B) Western blot showing Hpf levels during
thermotolerance development in wild type, (p)ppGpp° (BHS214) or Arel (BHS126) strains.
Cells were heat shocked for 15 min each at the indicated temperature(s). (C) Sucrose gradient
profiles of extracts from untreated (37 °C) or thermotolerant (48/53 °C for 15 min each) Ahpf
(BHS008) or Arel (BHS126) cells. The dashed blue line of untreated wild type cells is shown for
reference. (D) Methylene blue stained membranes showing the integrity or degradation of
rRNA. Wild type, (p)ppGpp° (BHS214) Ahpf (BHS008) or (p)ppGpp° Pspac-hpf (BHS626) cells
were treated with or without heat shock at 53 °C for 15 min. 1 mM IPTG was added to the
strains to induce the expression of ipf 15 min prior to heat shock. 2 pg total RNA was sepa-
rated on denaturing agarose gels and blotted on nylon membranes. (E) Wild type, (p)ppGpp°
(BHS214) (p)ppGpp° Pypac-rel (BHS622) or (p)ppGpp° Pspac-hpf (BHS626) were spotted on
agar plates supplemented with 1 mM IPTG and incubated over night at 37 °C or 55 °C. (F)
rRNA degradation after severe heat stress (53 °C) in wild type or (p)ppGpp° (BHS214) cells
left untreated or treated with 5 ug ml"' chloramphenicol or 100 pug ml™" spectinomycin 15 min
prior to the application of stress. 2 pg total RNA was separated on denaturing agarose gels and
blotted on nylon membranes.

(TIFF)

S1 Table. List of strains, plasmids and oligonucleotides. This table lists all B. subtilis strains,
plasmids and oligonucleotides used in this study.
(DOCX)

S1 Dataset. List of identified transcription start sites. In this dataset, all identified transcrip-
tional start sites and their classification is shown.
(XLSX)

S2 Dataset. Results of the gene set enrichment analysis. This dataset lists all enriched func-
tional categories and regulons for each condition in separate sheets.
(XLSX)

S3 Dataset. List of differentially expressed genes. Global gene expression changes for all con-
ditions are listed in separate sheets.
(XLSX)

$4 Dataset. List of differentially regulated proteins. Changes in the cellular levels of individ-
ual proteins in the examined strains and heat shock conditions.
(XLSX)

S5 Dataset. Enrichment analysis for differentially expressed proteins. This dataset lists all
enriched functional categories and regulons for all differentially expressed proteins of S4 Data-
set.

(XLSX)
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The torpedo effect in Bacillus subtilis: RNase ]1
resolves stalled transcription complexes
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Abstract

RNase J1 is the major 5-to-3' bacterial exoribonuclease. We
demonstrate that in its absence, RNA polymerases (RNAPs) are
redistributed on DNA, with increased RNAP occupancy on some
genes without a parallel increase in transcriptional output. This
suggests that some of these RNAPs represent stalled, non-tran-
scribing complexes. We show that RNase J1 is able to resolve these
stalled RNAP complexes by a “torpedo” mechanism, whereby
RNase |1 degrades the nascent RNA and causes the transcription
complex to disassemble upon collision with RNAP. A heterologous
enzyme, yeast Xrnl (5'-to-3' exonuclease), is less efficient than
RNase J1 in resolving stalled Bacillus subtilis RNAP, suggesting that
the effect is RNase-specific. Our results thus reveal a novel general
principle, whereby an RNase can participate in genome-wide
surveillance of stalled RNAP complexes, preventing potentially
deleterious transcription—replication collisions.
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Introduction

Ribonucleic acids (RNAs) are indispensable for living organisms.
They are transcribed from DNA and function as templates for trans-
lation into proteins, while also serving regulatory, catalytic, and
structural roles (Jimenez et al, 2015; Radhakrishnan & Green, 2016;
Gimpel & Brantl, 2017; Sikova et al, 2018). The amount of any RNA
in the cell is determined by the ratio between its synthesis and
degradation rates (Arraiano et al, 2010).

& Libor Krasny™"

Synthesis of RNA in bacteria is dependent on RNA polymerase
(RNAP) that recognizes promoter DNA sequences where transcrip-
tion begins (Ruff et al, 2015). After initiation, RNAP forms the elon-
gation complex (EC) and proceeds in a step-wise manner,
functioning as a Brownian ratchet (Bar-Nahum et al, 2005). During
elongation, RNAP may encounter obstacles, such as thymidine
dimers or DNA-binding proteins that make it pause or even back-
track, and subsequently stall (He & Zalkin, 1992; Tornaletti & Hana-
walt, 1999; Kireeva & Kashlev, 2009). These stalled complexes can
be resolved by various factors that either allow RNAP to proceed
with transcription or liberate RNAP from the stalled complex
(Toulme et al, 2000; Peters et al, 2009; Epshtein et al, 2014; Fan
et al, 2016). These factors include (i) the termination factor Rho
(Epshtein et al, 2010), (ii) the transcription-repair coupling factor,
Mfd, that recognizes stalled RNAPs and which recruits UvrA to initi-
ate nucleotide excision repair (Le et al, 2018), and (iii) GreA, a trans-
lation elongation factor that induces hydrolysis of RNA by RNAP in
backtracked complexes (Kusuya et al, 2011). These factors are vital
for physiologically appropriate gene expression as well as for genome
integrity (Nadkarni et al, 2016). At the ends of genes, transcription is
terminated in a manner dependent on RNA hairpins and/or auxiliary
proteins such as Rho (Larson et al, 2008; Epshtein et al, 2010).

Degradation of RNA is carried out by various ribonucleases
(RNases) that can cleave RNA either endo- or exonucleolytically.
Exoribonucleases can function either in the 3’-to-5' or in the 5'-to-3’
direction (Lehnik-Habrink et al, 2012). Until relatively recently,
5’-to-3’ exoribonucleases were believed to be exclusively eukaryotic.
However, a bacterial 5'-to-3’ exoribonuclease, RNase J1, was discov-
ered in the model soil-dwelling organism Bacillus subtilis (Mathy
et al, 2007) and shown to be widespread in bacteria and archaea
(Phung et al, 2013; Condon et al, 2018). RNase J1 is a member of
the B-lactamase family of ribonucleases that also possesses endori-
bonucleolytic activity, at least in vitro (Even et al, 2005). In
B. subtilis, RNase J1 associates with its paralog RNase J2 in the cell
and although these two RNases act synergistically, formation of this
complex is not necessary for its enzymatic activity (Mathy et al,
2010). RNase J1 is not essential, but its depletion results in signifi-
cant changes in the transcriptome (Durand et al, 2012).
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Here, using the B. subtilis model system, we describe a new
phenomenon, the ability of RNase J1 to disassemble stalled tran-
scription complexes, preventing transcription-replication collisions.
Our initial goal was to determine the effect of the absence of RNase
J1 on the transcriptome using an rnjA (encodes RNase J1) deletion
strain, as previously this effect had been determined with a strain
that allowed only incomplete depletion of this enzyme (Durand
et al, 2012). We performed RNAseq and ChIPseq experiments and
detected massive changes both in the levels of individual transcripts
and in the distribution of DNA occupancy by RNAP, where RNAP
accumulated on genes that have low transcript levels, suggesting
the presence of stalled transcription complexes. Subsequently, we
demonstrated that RNase J1 is close to, and physically linked to,
RNAP through RNA in the cell. We present a model supported by
experimental evidence in which RNase J1 resolves stalled RNAP
complexes by degrading nascent RNA and disassembling the stalled
complex after colliding with it, thereby likely acting as a “torpedo”
in a manner analogous to a particular mode of eukaryotic transcrip-
tion termination (Luo & Bentley, 2004).

Results

The absence of RNase J1 affects the transcriptome and DNA
occupancy by RNAP

To characterize the global effects of a complete absence of RNase J1,
we first created a B. subtilis 168 tryptophan prototrophic strain
(BaSysBio; Nicolas et al, 2012) with a deletion of the rnjA gene. As
previously reported for rnjA deletions, this strain displayed a markedly
decreased growth rate (Fig EV1A) and altered cell morphology (Figaro
et al, 2013; Cascante-Estepa et al, 2016)—both with respect to cell
shape and length (Fig EV1B; see Fig EV1C for distribution of non-
spiral cell lengths). We also measured the overall RNA synthesis rate,
and, in agreement with the decreased growth rate of the ArnjA mutant,
it displayed a strongly decreased RNA synthesis rate (Fig EV1D).

Next, using RNAseq we determined the effects of the absence of
RNase J1 on individual gene expression. The ArnjA mutant showed
altered RNA levels for 1,740 genes (at least a twofold difference), of
which 879 were upregulated (1) and 861 were downregulated (V)
with respect to wt (Tables EV1 and EV2). Thirteen selected differen-
tially expressed genes were validated by RT-qPCR (Appendix Fig S1).
The similar distribution of up- and downregulated mRNAs applied to
five out of six major gene ontology categories; the exceptions were
mRNAs from prophages and mobile genetic elements where the gene
expression was preferentially downregulated (Appendix Fig S2).
Among the most upregulated mRNAs was mreBH (~ 16x 1) that
encodes a protein whose physiologically correct level is required for
cell shape determination (Kawai et al, 2009). We have shown previ-
ously that the upregulation of the mreBH mRNA is primarily due to
the strong stabilization of a non-functional degradation intermediate
whose 5’ end lies within the mreBH ORF (Durand et al, 2012). The
perturbed expression of this and several other mRNAs encoding
proteins involved in cell-wall synthesis possibly explains, at least in
part, the “spiral” phenotype [see (Figaro et al, 2013)].

Several alternative sigma factor-encoding mRNAs, especially sigD
[~ 8x ] but also sigB, sigM, sigW, sigX, and sigY were downregu-
lated in cells lacking RNase J1 (Fig 1C and D). While most of the
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upregulated mRNAs are likely due to the direct stabilization of
either full-length mRNAs or long degradation intermediates (Durand
et al, 2012), we anticipate that most of the downregulated mRNAs
are due to indirect transcription effects. This is because stabilizing
effects of RNase J1 5'-to-3’ exoribonuclease activity, the primary
in vivo activity of this enzyme, are expected to be rare (if any). The
downregulation of sigD expression likely explains the loss of motil-
ity as expression of the flagellar machinery is controlled by this
sigma factor (Mirel et al, 1992). The long filaments of the ArnjA
strain might be related to downregulation of the gene responsible
for cell separation—cwliS (~ 18x ¥; Fukushima et al, 2006).

A comparison with the previously reported transcriptome data
based on the depletion strain (Durand et al, 2012) revealed that the
effect of the complete absence of RNase J1 significantly overlapped
with the effect of its depletion. The depletion strain displayed
changes in RNA accumulation of 1,261 genes (at least a twofold dif-
ference). 239 out of the 385 downregulated mRNAs (62%) in the
RNase J1 depletion strain were also downregulated in the RNase J1
null strain. 504 out of the 876 upregulated mRNAs (58%) in the
RNase J1 depletion strain were also upregulated in the RNase J1 null
strain (Fig EV2). Nevertheless, using the deletion strain we identi-
fied ~ 1,000 new genes whose expression was affected by RNase J1
(Table EV3).

To see whether we could correlate the changes in gene expres-
sion with RNAP occupancy of the affected genes, we conducted
ChIPseq experiments, comparing wt and RNase J1-null strains,
where we sequenced the DNA associated with RNAP in the cell.
Surprisingly, we observed a major redistribution of RNAPs over the
genome. Figure 1A and B shows an overall comparison of the
RNAseq and ChIPseq data for wt and ArnjA.

For comparisons of RNAseq and ChIPseq data, we had antici-
pated and subsequently detected two types of effects: (i) correlated
effects—the more or less occupied a gene with RNAP, the higher or
lower the respective RNA level (classes I and II, showing transcrip-
tional up or down effects, respectively), and (ii) effects where genes
with increased RNA levels in the mutant displayed unchanged or
possibly decreased occupancy with RNAP, reflecting an increased
stability of these RNAs because they are direct targets of RNase J1
(class I, representing primarily post-transcriptional effects).
Indeed, the averaged effects of the rnjA deletion on both RNA abun-
dance (RNAseq) and DNA occupancy with RNAP (ChIPseq) showed
mRNAs belonging to these three classes (Fig 2).

Remarkably, we also detected another effect—a reciprocal
phenomenon to class III, i.e., an increased RNAP occupancy and an
equal or decreased mRNA level (Fig 2). This occurred especially in
the case of genes with less abundant transcripts, although some
genes, such as veg (Lei et al, 2013), with highly abundant tran-
scripts were identified as well (Fig EV3, class IV). These genes were
shifted to the right (in the ChIPseq dimension) in the graph in Fig 1,
unlike highly expressed genes in the upper part of the graph. The
increased occupancy of RNAP within these genes without a parallel
RNA output suggests the presence of non-productive or stalled elon-
gation complexes. Genes of classes I-IV represented three quarters
of all B. subtilis genes; a quarter of all genes was relatively unaf-
fected or not detected by RNAseq (Fig 2). The list of genes sorted
according to classes -1V is provided in Table EV4. Examples of indi-
vidual genes from these classes are shown in Fig EV3. Validations
of the ChIPseq data (by qPCR) are shown in Appendix Fig S3.

© 2019 The Authors
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Figure 1. Global changes in ArnjA compared to wt.

A, B Comparisons of RNAseq and ChIPseq data. Wt strain (A) and ArnjA (B). The x-axis shows the relative RNAP occupancy at a given gene (normalized ChIPseq
coverage). The y-axis shows the relative abundance of the transcript (normalized RNAseq coverage; each dot is one gene). The genes are color-coded, ranging from
yellow (low RNA abundance) to red (high RNA abundance) in wt. The ArnjA strain has higher RNAP occupancy mainly among the genes with less abundant
transcripts. The color coding in (B) reveals no dramatic overall changes in the vertical direction (RNA abundance). If anything, some of the low abundance
transcripts decreased further in level in the mutant strain. The main difference (mostly among the low abundance transcripts) is their shift in the horizontal
direction to the right (toward higher occupancy with RNAP). Data represent mean values of three independent experiments.

C Relative expression of all sigma factors in wt (LK1371) vs. ArnjA (LK1381). Wt levels of each sigma factor were set as 1 (indicated with the horizontal line).

D  Sigma-dependent genes and correlation with expression of sigma factors (significantly changed) in ArnjA (LK1381). The most downregulated sigma factor was sigD,
and almost all sigD-dependent genes were downregulated. A similar trend is visible for the rest of sigma factors and their respective dependent genes. The x-axis
shows expression of each sigma factor, and the y-axis shows expression of genes for each sigma regulon. The violet (dark blue) line: regression line.

Source data are available online for this figure.

We checked whether the increased occupancy of DNA with both wt and ArnjA cells. In fact, we detected a lower level of RNAP
RNAP on class IV genes might be explained by an elevated concen- in cells lacking RNase J1 (Fig EV4A—C). This correlated with the
tration of RNAP in the mutant; we determined the level of RNAP in decreased levels of transcripts of the rpoA, rpoB, and rpoC RNAP
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subunit-encoding genes, observed in the RNAseq experiments
(Fig EV4D). Thus, the redistribution of RNAP over the genome in
the rmjA mutant was not due to an increased abundance of RNAP.
These results prompted the following question: Could RNase J1
directly affect gene occupancy by RNAP? A possible scenario was
that it might contribute to removing stalled RNAP complexes from
the DNA. Hence, in the absence of RNase J1, the occupancy of some
genes with RNAP would increase as they would contain more
stalled RNAPs. To remove these stalled RNAPs, we speculated that
RNase J1 might act on the RNA extruding from RNAP and degrade
it in the 5'-to-3’ direction. Upon encountering RNAP, the resulting
interaction would cause the transcription complex to disassemble.

RNase J1 and RNAP co-localize in vivo and are associated
through RNA

If our hypothesis is correct, it would require RNase J1 and RNAP to
interact in the cell. However, RNase J1 has been reported to be
localized either in the polar regions of the cell (Cascante-Estepa
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et al, 2016) or associated with ribosomes (Even et al, 2005), and
generally not present around/in the nucleoid. To resolve this issue,
we used super-resolution microscopy (SIM) and strain bearing
RNase J1-GFP and RNAP-mCherry. Figure 3A shows that RNase J1
was present in other regions of the cell besides the poles. Moreover,
the strong overlap of the two fluorophores, especially on the periph-
ery of the nucleoid, supports the idea that these two enzymes could
encounter each other in the cell. To view a larger number of cells,
see Appendix Fig S4.

To test more directly whether RNase J1 is associated with RNAP,
we pulled down RNase J1 via a His-tag and used an antibody
against the B subunit of RNAP to detect its presence in complex with
RNase J1. Figure 3B shows that RNase J1 associates with RNAP in
both exponential and stationary phases (lanes 1 and 2), although
we retrieved larger amounts of RNase J1 in the latter. In a reciprocal
experiment with His-tagged RNAP, we detected RNase J1 in station-
ary phase only (lane 4). In a control (using a strain without His-
tagged proteins), neither RNase J1 nor RNAP was detected (lanes 7
and 8).

© 2019 The Authors
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Figure 3. RNAP and RNase J1 may interact in the cell.

A SIM of exponential Bacillus subtilis cells. RNase J1 was fused to GFP (green),
RNAP to mCherry (red). The graph shows relative fluorescence intensities at
the cell midsection (along the long axis); SIM of the cell is below. Yellow
indicates colocalization of the two proteins.

B Pull-down with RNase J1-8xHis tag and RNAP-10xHis tag and detection of
the proteins with antibodies. Lanes 1 and 2—RNase J1-8xHis was used to
pull down RNAP; lanes 3 and 4—RNAP-10xHis was used to pull down
RNase J1; lanes 5 and 6—purified proteins were used as markers; lanes 7
and 8—strains without His-tagged proteins were used as negative controls
to demonstrate the specificity of the interaction. M, molecular size marker;
EX, exponential phase; STA, stationary phase.

C Pull-down with RNase J1-8xHis tag from stationary phase cells—the same
conditions as in (B). The samples then either were (lane 9) or were not (lane
10) treated with RNase A to detect whether the interaction was via RNA.
Lanes 11 and 12——purified proteins were used as markers. The experiment
was performed three times (biological replicates) with the same result.

Source data are available online for this figure.

We next asked whether the observed complexes between RNase
J1 and RNAP represented a direct protein—protein interaction, or
whether this association depended on RNA. Figure 3C shows that
RNase A treatment abolished the association (lanes 9 and 10),
suggesting that RNase J1 and RNAP were linked via RNA.

RNase J1 dissociates transcription elongation complexes

To address directly whether RNase J1 is able to resolve stalled tran-
scription complexes, we set up an in vitro system with purified
components (Fig 4A). We assembled B. subtilis RNAP transcription
elongation complex on a DNA scaffold with a 30-nt RNA. The
complex was attached to streptavidin beads via biotinylated DNA.

© 2019 The Authors
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Then, we utilized the enzymatic activity of RNAP to label the RNA
with three consecutive Us (encoded in the DNA), by adding radioac-
tive UTP to the complex (Fig 4B). Subsequently, we washed off the
unincorporated UTP and added either RNase J1 or RNase R, a 3/-to-
5’ exoribonuclease, as a negative control. Figure 4B (lane 2) shows
that RNase J1 was able to degrade the extruding RNA up to RNAP,
leaving 17-18 nt long stubs, consistent with the length of the RNA
channel that protects the exiting RNA (~ 16 nt; Fig EV5A). Impor-
tantly, smaller RNA fragments, 1-5 nt in length, also appeared in
the gel. RNase J1 is known to have processive 5’ exoribonuclease
activity until RNA fragments are chewed down to <5 nts in size,
after which the enzyme behaves distributively (Dorleans et al,
2011). The fragments released in the in vitro degradation assay thus
correspond to the expected sizes of the distributive products of RNA
digestion by RNase J1, after the RNA was released from RNAP into
the buffer. That these short RNA products are no longer associated
with RNAP was confirmed by showing that they disappeared upon
washing the beads after RNase J1 treatment (lane 6). The 17-18 nt
long fragments, however, remained tightly associated with the
beads after the wash step showing they were still in complex with
RNAP and suggesting that not all RNAP complexes reached by
RNase J1 release their RNAs immediately.

The 3’ exoribonuclease RNase R was unable to digest the RNA,
as expected, since the 3’ RNA end is protected inside RNAP (Fig 4B,
lane 3). This control was important to show that no free RNA was
present in the reaction and that the complexes did not sponta-
neously dissociate during the incubation period. Lanes 4 and 5 show
reactions where the elongation complexes were heat-denatured
prior to nuclease treatment to show the patterns of free RNA
digested with the two RNases. As expected, no 17-18 nt long frag-
ments were detected with either RNase J1 or RNase R. Rather, the
1-5 nt distributive products of RNase J1 digestion were observed.
The experiments clearly show that RNase J1 can digest RNA in
stalled transcription complexes until it reaches RNAP and then trig-
ger the release of the 17-18 nt RNA stub to digest it further to 1-5 nt
end products.

Next, we wished to determine to what extent the effect of RNase
J1 was specific. We assembled elongation complexes and treated
them with either RNase J1 or the eukaryotic 5'-to-3’ exoribonuclease
Xrnl (Sun et al, 2013). Figure SA-C shows that RNase J1 was signif-
icantly more efficient at degrading full-length RNA than Xrnl, which
was stopped more frequently by RNAP, as indicated by the greater
quantities of RNA stubs still associated with RNAP. We also note
that Xrnl-generated stubs were more diverse than RNase J1-gener-
ated stubs (Fig 5SA—asterisks), likely reflecting differences in the
behavior of these two RNases as they approach RNAP (Fig EVSB
and C).

As in the previous experiments we used the degradation of RNA
in its entirety as an indirect indicator that the EC had been dissoci-
ated, we asked whether RNase J1 truly dissociates RNAP from DNA.
We assembled ECs as in the previous experiment and challenged
them either with buffer (mock treatment), RNase J1, or Xrnl. By
Western blotting with anti-p (subunit of RNAP) antibody, we then
detected the amounts of RNAP retained on beads (in complex with
DNA) and released in the buffer (dissociated). Figure 6A shows that
RNase J1 was able to dislodge RNAP from DNA and was more effi-
cient in this regard than Xrnl, consistent with the results from the
previous experiment.
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Figure 4. RNase J1 disassembles stalled transcription complexes (TC).

A Schematic representation of the flow of the experiment. TCs were
assembled on DNA-RNA scaffolds (DNA was biotinylated); RNA was labeled
at 3’ with radioactive UTPs (asterisks). The RNA length (including label) was
33 nt.

B Representative primary data—polyacrylamide gel (the experiment was
performed 3x with the same results). Lane 1, the full-length (33 nt) labeled
RNA; lane 2, the same as lane 1 but it included also incubation with RNase
J1 ()1), 17-18 nt long fragments (RNase |1 stopped by RNAP; indicated with
asterisks) and < 5 nt fragments (RNA released from TC into buffer—
indicative of TC disassembly) are shown; lane 3, the same as lane 1 but
included also incubation with RNase R (R); lanes 4 and 5, TCs were
denatured by heat prior to RNase addition to demonstrate the activity and
cleavage patterns of both enzymes; lanes 6 and 7, the same as lanes 2 and
3 but the buffer was washed off (TCs were retained by streptavidin beads)
to demonstrate which RNA fragments were associated with TC; lanes 8 and
9 (M1, M2) Mw marker generated by treating the 30 nt RNA with alkali and
formamide (M1—4-min treatment, M2—7-min treatment). As reported in
Costanzo et al (2016) (and references therein), the cleavage by alkali or
formamide leaves the phosphate group of the attacked phosphodiester
bond bound at 3/, initially in the 2/,3" cyclic form (upper band in the band
couples). This successively opens (lower band in the band couples) yielding
a double-banded pattern for short oligoribonucleotides.

Source data are available online for this figure.

To further pursue the question of specificity, we asked whether
RNase J1 and Xrnl would function similarly with RNAP from Escher-
ichia coli. We performed the same experiments as in Fig 5 and
obtained similar results (Fig 6B and C), suggesting that the effects of
these two RNases are relatively non-specific with respect to RNAP.

Finally, we tested whether ¢ (encoded by rpoY), a small, non-
essential subunit of B. subtilis RNAP, which is organized in a two-
gene operon with rnjA (Keller et al, 2014), had an effect on dissocia-
tion of ECs in the in vitro assay, but did not detect any impact (data
not shown).

Effect of Rho

Of the factors involved in the resolution of stalled RNAP
complexes, Rho was significantly downregulated in ArnjA (Fig 7B).
A decreased level of Rho could conceivably contribute to the
observed effect found in class IV genes. Another factor whose
activity significantly changed (fivefold 1) was HelD. HelD is a heli-
case-like protein that associates with RNAP and helps with tran-
scription recycling, possibly helping with RNAP release from DNA
(Wiedermannova et al, 2014). This increased expression may help
the cell to compensate for the absence of RNase J1. To address a
possible role for Rho or HelD, we compared wt cells with single
and double deletion mutants in RNase J1 and Rho or HelD under
normal conditions and after UV irradiation. UV irradiation
increases RNAP stalling as it creates changes in DNA (e.g.,
cyclobutane pyrimidine dimers and 6,4 pyrimidine—pyrimidones;
Goodsell, 2001) that form obstacles to transcription. Consistent
with the role of RNase J1 in disassembly of stalled RNAP
complexes, the ArnjA mutant displayed increased sensitivity to UV
irradiation compared to wt although the result was not statistically
significant (P = 0.06; Fig 7). Interestingly, the absence of neither
Rho nor HelD alone negatively impacted cell viability in response

© 2019 The Authors
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Figure 5. The effect of RNase J1 on TC is RNase-specific.

A Primary data—polyacrylamide gel—a representative result. The experimental setup was the same as in Fig 4. For the description of bands/fragments, see next panel

legend. Asterisks indicate STUBS (16-19 nt).

B A schematic representation of quantitation of fragments. OUTSIDE (16-30 nt) are RNA fragments that originated by digestion of the full-length RNA by RNases that
were stopped either before reaching or at the point of reaching RNAP; STUBS (16-19 nt) are RNA fragments that originated by digestion of the full-length RNA that
were stopped at the point of reaching RNAP; INSIDE (< 16 nt) are RNA fragments (oligonucleotides) that could be only generated after the disassembly of the
complex by the torpedo mechanism. The red color indicates parts of RNA that were digested.

C Quantitation of three independent experiments. “Full length“indicates the remaining undigested RNA. “OUTSIDE” and “INSIDE” are fragments as explained in (B) and
indicated in (A). The bars represent 100% (all fragments). The black-gray-white boxes indicate the percentage of each fragment group (in %). The error bars
indicate + SEM for each group of fragments calculated from three biological replicates.

Source data are available online for this figure.

to UV treatment. In combination with the ArnjA mutation, the
absence of Rho, but not HelD, appeared to lead to a further exacer-
bation of the UV-sensitive phenotype (Fig 7).

Discussion

In this study, we have characterized the effect of the absence of
B. subtilis RNase J1 on the transcriptome and DNA occupancy with

© 2019 The Authors

RNAP. Moreover, we identified a novel concept linking RNA tran-
scription and degradation: a 5'-to-3’ exoribonuclease (RNase J1 in
B. subtilis), in addition to its canonical role in mRNA turnover,
helps disassemble stalled transcription complexes, thereby
contributing to the smooth functioning of the transcription machin-
ery, and preventing transcription-replication collisions (Fig 8).
Parallels can be drawn to the effects of prokaryotic RNA/DNA
translocases such as Rho and Mfd, and even more closely to eukary-
otic 5'-to-3’ exonucleases (see the second part of Discussion).
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Figure 6. RNase J1 specifically dissociates RNAP from DNA in stalled TCs.

A TCs were assembled on DNA-RNA scaffolds (DNA was biotinylated and
attached to streptavidin-coated magnetic beads); TCs were then divided
into three tubes and challenged with buffer (“—”, mock treatment) or
RNase J1 of Xrnl. Dissociation of RNAP from DNA was monitored by
detecting RNAP with anti-f antibody in two fractions: B—beads (RNAP still
bound to DNA) and R—released (free in buffer). The gel strip shows
representative primary data (Western blot). The graph shows averages (the
bars) of two experiments (biological replicates), and the error bars show the
range. The combined signal for B+R for each treatment was set as 100%.

B Primary data—polyacrylamide gel. The experimental setup was the same
as in Fig 5 but with RNAP from Escherichia coli. Lane 1, the full-length (33
nt) labeled RNA; lane 2, the same as lane 1 but it included also incubation
with RNase J1 (J1); lane 3, the same as lane 1 but included also incubation
with Xrn1.

C Quantitation of three independent experiments. “Full length” indicates the
remaining undigested RNA. “OUTSIDE” and “INSIDE” are fragments as
explained in Fig 5. The bars represent 100% (all fragments). The black-gray-
white boxes indicate the percentage of each fragment group (in %). The
error bars indicate + SEM for each group of fragments.

Source data are available online for this figure.

Effect of the absence of RNase J1 on the transcriptome

More than one-third of all genes were affected in the B. subtilis
ArnjA mutant compared to wt, a moderately more pronounced
effect than the one observed previously with an RNase J1 depletion
strain (1,740 vs. 1,261 affected genes; Durand et al, 2012). In our
previous study with an RNase J1-depletion strain, we showed that
most upregulated mRNAs were due to an increase in RNA stability,
as one would expect for a loss of RNase activity, while most down-
regulated RNAs predicted to be due to indirect transcriptional effects
(Durand et al, 2012). Although more genes belonged to class I
(showing transcriptional up effects) than class III (post-transcrip-
tional up effects) in this study (Fig 2), some class I genes could have
both increased transcription levels and increased stability. It is also
important to note that “upregulated” mRNAs may not necessarily
result in upregulated protein levels. In many cases, only non-func-
tional RNA fragments, corresponding to the 3’ products of endonu-
cleolytic cleavages that are normally degraded by RNase J1, are
overexpressed (Durand et al, 2012). Since the RNAseq reads were
averaged over the whole open reading frame, if the degradation
intermediate was reasonably long, it would result in an “overex-
pressed” candidate mRNA but not in more protein. For the following
discussion, we will therefore only consider upregulated mRNA
candidates whose full-length, and presumably functional, mRNAs
accumulate.

Transcription and translation machineries

We detected lower amounts of mRNAs encoding the core RNAP
subunits (o, B, p'), which may be correlated with the slower growth
rate of the ArnjA mutant. We did not detect a difference in the
amount of the primary sigma factor mRNA, sigA (Nicolas et al,
2012; Ramaniuk et al, 2017). However, we observed differences (in
both directions) for most alternative sigma factors (Fig 1C). Sigma
factors involved in sporulation were generally upregulated as was
the master regulator for entry into sporulation, spo0OA (Molle et al,
2003). It should be noted, however, that the ArnjA mutant fails to
sporulate (Figaro et al, 2013). On the other side of the spectrum,
SigD, required for the motility of the cell (Helmann et al, 1988;

© 2019 The Authors
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Figure 7. Effect of RNase J1, Rho, and HelD in UV sensitivity assays.

A Exponential cells of indicated strains (below the bars) were plated onto LB
agar and either were or were not UV-irradiated. After overnight incubation,
CFU were counted. UV sensitivity of the mutant strains (KO) was then
calculated as the ratio between irradiated vs. non-irradiated cells and
normalized to this ratio from the wt strain. As a consequence, the wt ratio
is 1. The experiment was conducted 4x (biological replicates), and the bars
show the geometric mean. The P-values, shown above the bars, were
computed using two-tailed unpaired t-test for logarithms of the ratios. The
error bars show + SEM (computed on the log scale).

B Relative expression (MRNA) of helD, mfd, rho, greA, nusA, nusB, and nusG in
the ArnjA strain [normalized to wt (set as 1)].

Source data are available online for this figure.

Serizawa et al, 2004; Cozy & Kearns, 2010), was the most downreg-
ulated sigma factor, followed by extracytoplasmic function sigma
factors, SigW (Turner & Helmann, 2000; Zweers et al, 2012) and
SigM (Jervis et al, 2007; Eiamphungporn & Helmann, 2008). The
upregulation/downregulation of sigma factors correlated to various
degrees with upregulation/downregulation of the genes in their
respective regulons, with the best correlation observed for SigD
(Fig 1D). In general, the altered expression of sigma factors, espe-
cially those that were downregulated, appears to have contributed

© 2019 The Authors
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Figure 8. Model of RNase J1 functioning as the torpedo, dissociating
stalled complexes of RNAP from DNA.

RNase J1 is depicted as a dimer. RNase |1, after the nascent transcript has been
endonucleolytically cleaved, degrades RNA in the 5'-to-3' direction. Upon
encounter with RNAP, conformational changes are induced, likely resulting in
dissociation of the complex, and liberating RNAP from DNA thereby removing
obstacles potentially causing transcription—replication clashes.

to the shaping of the transcriptome in the mutant strain. Interest-
ingly, transcription elongation factors that stimulate pausing, NusA
and NusG (Ma et al, 2015; Yakhnin et al, 2016), were downregu-
lated (Fig 7B), which might be beneficial for the cell in light of the
already high number of RNAPs stalled over the genome.

Many mRNAs transcribed from genes encoding the translation
machinery were also downregulated, especially translation elonga-
tion factors (Appendix Fig S6), including tufA, encoding the most
abundant protein in exponentially growing cells (Krasny et al,
2000). This might reflect the decreased growth rate of the ArnjA
strain and may result in an increased stalling of ribosomes which
could in turn increase stalling of RNAPs through uncoupling of the
transcription—translation machineries (Nudler, 2012; Buskirk &
Green, 2017).

RNases

Out of 22 RNases, half of them changed gene expression in the rnjA
mutant. mRNAs for six RNases were upregulated (including rny,
yhaM) and five RNases were downregulated. Of the upregulated
RNases, RNase Y (rny) is a key RNase that is involved in maturation
of RNase P RNA, small cytoplasmic RNA, and many mRNAs
(Durand et al, 2012; Gilet et al, 2015). Upregulation of these RNases
may be the result of the cell attempting to increase RNA turnover in
the absence of RNase J1. The most downregulated RNase was rnhB,
encoding RNase HII which is responsible for removing incorporated
rNMP from DNA strand during replication (Randall et al, 2017). An
absence of this RNase increases mutation rate in B. subtilis
(Schroeder et al, 2017) and this could cause replication pausing,
leading to replication—transcription collisions. Overall, alteration of
expression of these RNases suggests that some of the effects of the
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absence of RNase J1 on RNA accumulation may be indirect, medi-
ated by other RNases.

DNA repair and replication

A number of proteins involved in DNA repair were upregulated in the
mutant strain (23 genes Table EVS), which may, at least in part, stem
from feedback mechanisms increasing the amount of these proteins to
help the cell cope with increased number of transcription-replication
collisions with mutagenic/DNA damaging effects. These upregulated
genes included genes for mismatch repair mutS, mutL (Liu et al,
2016; LeBlanc et al, 2018), nucleotide excision repair pcrA (Sanders
et al, 2017), base excision repair mutM, mutT, ung, processing of
abasic sites ygfS, exoA, yshC (Lenhart et al, 2012), and genes for
restart after replication—transcription collision addA, addB, recA
(Shepanek et al, 1989; Krajewski et al, 2014). Interestingly, genes
involved in DNA repair after UV damage (UvrABC; Lenhart et al,
2012) were either unchanged or upregulated.

Genes involved in DNA replication were either up- or downregu-
lated (see Table EV6). Conceivably, this imbalance in their expres-
sion could have contributed to the slow growth of the RNase J1-null
strain. Interestingly, ts (thermosensitive) mutants in the downregu-
lated mRNAs DnaE/G/C form long filaments similar to the pheno-
type observed in the ArnjA strain (Janniere et al, 2007; Figaro et al,
2013). This phenotype is induced, e.g., when perturbations in DNA
chain elongation lead to the generation of ssDNA.

RNase J1 and its role in disassembly of transcription complexes

The ChIPseq experiments revealed that genes, especially those with
relatively low expression, displayed increased accumulation of
RNAP in the ArnjA mutant, without a concomitant increase in RNA
levels. This indicates an increase in the number of stalled RNAP
complexes at these loci. Such complexes create obstacles for the
replication machinery, and their collision may result in mutations in
DNA and have an adverse effect on genome integrity. Pausing and
stalling of RNAP is widespread and affects gene expression (Kang
et al, 2019). The observed accumulation of RNAP on weakly tran-
scribed genes is consistent with the finding that trailing RNAPs on
heavily transcribed genes help the translocation of leading RNAPs,
allowing them transcribe through regions that are more pause-
prone, or through possible obstacles on the DNA. On weakly tran-
scribed genes, this phenomenon is absent (Epshtein & Nudler, 2003)
and correlates with increased accumulation of RNAP on these genes
in the absence of RNase J1.

Collectively, the experiments presented in this study reveal
that RNase J1 is present in the cell in the vicinity of DNA, associ-
ates with RNAP, and is able to disassemble stalled transcription
complexes.

Transcription and translation are often coupled when the leading
ribosome helps push RNAP forward (Kohler et al, 2017). However,
if these two processes become uncoupled, RNAP may be more
prone to pausing and possibly backtracking, remaining in an inac-
tive form (Zhang et al, 2014). RNase J1 access to primary transcripts
is known to be inhibited by the presence of the 5’ triphosphate
group (Mathy et al, 2007). We envision that either deprotection of
the 5’ end by RNA pyrophosphohydrolase (RppH) activity (Hsieh
et al, 2013; Frindert et al, 2018) or prior endonucleolytic cleavage
allows RNase J1 access to the mRNA to degrade it to the outer edge
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of the RNA exit channel. Subsequently, the remaining part of RNA,
initially protected by RNAP, becomes available for degradation by
action of RNase J1. The action may be mediated by the “torpedo”
effect. The torpedo effect was first described in eukaryotes, and it is
mediated by the 5'-to-3’ exonucleases Ratl/Xrn2 or CPSF-73 acting
on eukaryotic RNAP II to terminate its transcription (Kim et al,
2004; Yang et al, 2009; Pearson & Moore, 2013; Baejen et al, 2017).
This occurs after the nascent RNA has been cleaved at the
polyadenylation signal when RNAP continues synthesizing non-
coding RNA and needs to be stopped. The mechanistic details of the
torpedo effect are poorly understood. We do not know whether
RNase J1 first dissociates RNAP and then degrades the RNA, or if it
degrades the RNA first, which would cause collapse of the transcrip-
tion bubble and subsequent dissociation of RNAP. Alternatively,
shortening the RNA may induce backtracking and destabilize the
complex, resulting in its disassembly. However, the fact that Xrnl
was also capable of shortening RNA to the RNAP-protected stubs
but unable to degrade the remaining RNA as efficiently as RNase J1
argues against this possibility.

We also considered the possibility that the endoribonuclease activ-
ity of RNase J1 might contribute to the results observed in this study,
but a number of arguments favor the idea that the torpedo effect is
primarily related to its 5'-exoribonuclease activity. First, while RNase
J1 does have endoribonuclease activity in vitro, it is primarily thought
to act as an exoribonuclease in vivo. Indeed, most of the endonucle-
olytic cleavage sites previously ascribed to RNase J1 in vivo are now
thought to be performed by RNase Y, which has a similar specificity
(Condon, 2010). The enzyme’s preference for exonucleolytic activity
has been further confirmed by the crystal structure of RNase J1 bound
to RNA (Dorleans et al, 2011). While RNA can easily be threaded
through an entry channel to reach the catalytic site in exonucleolytic
mode, endonucleolytic cleavage requires dissociation of dimers and
then additional separation of the B-CASP from the p-lactamase
domain to allow the RNA to lie across the catalytic site. This likely
explains why endonuclease activity is only observed in the presence
of a large excess of enzyme over RNA, i.e., by simple probability, only
a few isolated RNase J1 molecules are likely to be in a conformation
capable of performing endonucleolytic cleavage. Lastly, RNase J1 acts
more processively as an exoribonuclease with increasing length of
RNA (Dorleans et al, 2011). Thus, if RNase J1 were to first shorten
the RNA endonucleolytically before acting as an exoribonuclease in
our torpedo assay, this would likely decrease the efficiency of degra-
dation of the short RNA (< 5 nts) buried within RNAP and an under-
estimate the torpedo effect.

The length of the stubs and the path of RNA in RNase J1 and RNAP
(Fig EVSA and B) suggest that RNase J1 and RNAP are likely in
contact at this point in the process. The region on the surface of RNAP
around the RNA exit channel contains elements important for the
stability of RNAP complexes. These elements include the » subunit
(Weiss & Shaw, 2015) and the B-flap helix that interacts also with
other proteins, such as NusA (Twist et al, 2011; Tagami et al, 2014;
Ma et al, 2015; Guo et al, 2018). Whether and how RNase J1 interacts
with these elements is currently unknown, and the details of the
RNase J1-RNAP contacts will be studied in future experiments.

Regardless of the mechanistic details, it appears that the effi-
ciency of the effect is RNase-specific as RNase J1 and Xrnl acted
with different efficiencies to provoke the release of the RNA and
dissociate the EC. Therefore, different 5'-to-3’ RNases likely
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possess different abilities to disassemble stalled transcription
complexes. This is consistent with the previously reported observa-
tion that yeast Ratl/Rail does not terminate E. coli RNAP, probably
due to the divergent structure of the yeast enzyme (Park et al,
2015). In contrast, the effect does not appear to discriminate
between E. coli and B. subtilis RNAPs as both RNase J1 and Xrnl
exerted similar effects on complexes assembled with these enzymes.
We stress, however, that despite the large phylogenetic distance
between these two species, the relevant regions (RNA exit channel
region) in B and B’ are highly homologous. It is possible that more
divergent RNAPs, such as single-peptide enzymes (e.g., E. coli T7
phage RNAP) may behave differently toward RNase “torpedoes”.

Other prokaryotic proteins that function in a “torpedo”-like
manner are Rho and Mfd. These factors are ATP-dependent (Epsh-
tein et al, 2010; Le et al, 2018). Their mechanisms of dissociating
the transcription complex differ from each other and are likely also
different from that of RNase J1. Rho was reported to decrease non-
specific, pervasive transcription (Bidnenko et al, 2017), and its
mRNA level was decreased in the ArnjA strain. We tested the
effect of its absence in UV sensitivity assay. While deletion of the
rho gene alone had no negative effect, deletion of rho and rnjA
appeared to exacerbate the phenotype, consistent with the hypoth-
esis that these two proteins function in an analogous manner, but
in different pathways. We compared RNAseq data from a
B. subtilis Arho strain (Nicolas et al, 2012) with our RNAseq data
from ArnjA, focusing on class IV genes. Appendix Fig S5 reveals
virtually no correlation between these two datasets, indicating that
RNase J1 and Rho act on different sets of genes.

5’-to-3’ exoribonucleases are widely present in eukaryotes where
transcription and replication also clash (Hamperl & Cimprich,
2016). Therefore, we envision that in eukaryotic cells 5'-to-3’ exori-
bonucleases may also be involved in the resolution of stalled RNAP
complexes to prevent transcription-replication clashes that could
result in mutations in DNA with undesirable consequences. This
could be linked to diseases, such as polyglutamine diseases (neu-
rodegenerative diseases) where, e.g., 5'-to-3’ exoribonuclease Xrnl
is sequestered and inactive in nuclear inclusions, a characteristic of
the pathological state of the cell (Mori et al, 2018).

Materials and Methods
Cloning and strain construction

To prepare a ArnjA strain in a widely used B. subtilis genetic back-
ground, chromosomal DNA from a ArnjA strain (LK1191 = CCB434
in Figaro et al, 2013) was transformed into B. subtilis BaSysBio
(Nicolas et al, 2012), yielding strain LK1381. Strains ArnjA Arho
(LK2082) and ArnjA AhelD (LK2336) were prepared with transfor-
mation of chromosomal DNA from the ArnjA strain (LK1190) into
B. subtilis Arho (LK2058) (Bidnenko et al, 2017) or AhelD (LK2329)
strain (Wiedermannova et al, 2014).

To prepare a strain for pull-out experiments, RNase J1 was first
amplified by PCR from gDNA of B. subtilis (LK566) and primers
#1647 /#1648 with Expand High Fidelity PCR System (Roche) and
ligated into the expression vector pMUTIN4 (LK957) encoding a N-
terminal 8xHis-tag via HindIII (Takara) and BamHI (Takara) restric-
tion sites and transformed into E. coli DH5a (RLG6911), yielding
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strain LK1647. The plasmid was isolated with Wizard Plus Midipreps
DNA purification system (Promega), verified by sequencing, and
transformed into B. subtilis BaSysBio, resulting in strain LK1651.

To prepare strains for super-resolution microscopy (SIM), chro-
mosomal DNA from B. subtilis expressing GFP-RNase J1
(LK1728 = 3,565 in Hunt et al, 2006) and plasmid from E. coli
mCherry-RNAP (LK2320 = pNG622 in Doherty et al, 2010), a gift
from P. Lewis] were transformed into B. subtilis BaSysBio.

For a complete list of strains (and their sources), see Table EV7.

Media and antibiotics

All experiments were performed in the rich LB medium, unless indi-
cated otherwise. When required, the medium was supplemented with
antibiotics: ampicillin 100 pg/ml (for E. coli), kanamycin 5 pg/ml,
lincomycin 12.5 pg/ml, erythromycin 0.5 pg/ml, chloramphenicol
5 pg/ml, spectinomycin 100 pg/ml, and phleomycin 2 pg/ml (for
B. subtilis). The expression of GFP and mCherry fusion proteins was
induced with 0.5% xylose (final concentration).

3H incorporation

This experiment was conducted as described previously (Panova et al,
2015). Wt and ArnjA strains were grown in defined MOPS medium to
ODgqp 0.3 (early exponential phase). RNA in cells was labeled with *H-
uridine (1 pCi/ml), and cold uridine was added to a final concentration
of 100 uM. At 0, 10, 20, 30, 40, 50, and 60 min, 100 pl and 250 pl of
cells were withdrawn to measure cell density and determine *H incor-
poration, respectively. The 250 pl of cells was mixed with 1 ml of 10%
trichloroacetic acid (TCA) and kept on ice for at least 1 h. Thereafter,
each sample was vacuum-filtered and washed twice with 1 ml of 10%
TCA and three times with 1 ml of ethanol. The filters were dried, scin-
tillation liquid was added, and the radioactivity was measured. The
signal was normalized to cell density.

Scanning electron microscopy

Exponential cultures of B. subtilis WT and ArnjA strains (ODggo 0.5)
were prefixed with 1.5% glutaraldehyde for 1 h at room temperature.
The cells were then washed with cacodylate buffer (Thermo Fisher
Scientific) and fixed with 3% glutaraldehyde in cacodylate buffer
overnight at 4°C. The extensively washed cells were allowed to sedi-
ment overnight at 4°C onto poly-L-lysine-treated circular glass cover-
slips. The coverslips were dehydrated in a graded ethanol series (25,
50, 75, 90, 96, 100, and 100%) followed by absolute acetone and criti-
cal point dried in a K850 Critical Point Dryer (Quorum Technologies
Ltd, Ringmer, UK). The dried samples were sputter-coated with 3 nm
of platinum in a Q150T Turbo-Pumped Sputter Coater (Quorum Tech-
nologies Ltd, Ringmer, UK). The final samples were examined in a FEI
Nova NanoSEM scanning electron microscope (FEI, Brno, Czech
Republic) at 5 kV using ETD, CBS, and TLD detectors.

Pull-down of RNase J1 and RNAP and Western blotting

Bacillus subtilis RNAP with a His;o-tagged B’ subunit (LK1275) or
Hisg-RNase J1 (LK1651) was pulled out from exponential and
stationary phase cells (EXP, ODgoo 0.5; STA ODggo ~ 3; 2 h after entry
into STA) via Ni-NTA beads. RNase A (200 ng/ml) was or was not
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added to the lysates. To determine the amount of RNAP, exponen-
tially growing wt and ArnjA cells were sonicated and 5 pg of proteins
was analyzed by sodium dodecyl sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and detected by Western blotting using
mouse monoclonal antibodies against the B subunit of RNA poly-
merase (clone name 8RB13) or rabbit polyclonal antibodies against
RNase J1 and secondary antibodies conjugated with a fluorophore
dye [WesternBright™ MCF-IR, Advansta, 700 nm anti-rabbit (RNase
J1) or 800 nm anti-mouse (RNAP) antibody], and the interactions
were quantified with an Odyssey reader (LI-COR Biosciences).

Purification of proteins

Bacillus subtilis RNAP from wild-type strain with a His;o-tagged B
subunit (LK1275), o (LK1365), and RNase J1 was purified. The
purification of RNAP was performed as described previously (Qi &
Hulett, 1998), and ¢” was purified as described previously (Chang
& Doi, 1990; Juang & Helmann, 1994). Purification of RNase J1 was
performed as in Condon et al (2008).

Super-resolution microscopy

One milliliter of exponentially growing cells (ODggg 0.5) with GFP-
RNase J1 and mCherry-RNAP (LK2328) was washed and resus-
pended in 1x PBS. To measure the cell length, exponentially growing
wt and ArnjA cells (ODgpo 0.5) were incubated with membrane dye
NileRed (5 pg/ml, Sigma-Aldrich) for 10 min at RT, washed, and
resuspended in 1x PBS. Strains were analyzed with super-resolution
microscopy DeltaVision OMX™ equipped with a 60 x 1.42, PlanApo
N, oil immersion objective, and softWoRx" Imaging Workstation
software. GFP-tagged proteins were imaged using 488 nm excitation;
mCherry-RNAP and NileRed were imaged using 568 nm excitation.
3D-SIM resolution in XY was 130 + 5 nm; 3D-SIM resolution in Z
was 340 + 10 nm. Cell length was analyzed with Fiji ImageJ.

Chromatin immunoprecipitation, ChIPseq, and qPCR validation

Bacillus subtilis wt (LK1371) and ArnjA (LK1381) cells were grown at
37°C in LB to exponential phase (ODgoo 0.4-0.5). The culture was
crosslinked with formaldehyde at a final concentration of 1%
(30 min, 37°C). Then, 150 mM glycine was added and the cultures
were incubated for additional 5 min at 37°C to stop the crosslinking
process. Subsequently, cells were collected by centrifugation, washed
with lysis buffer A (20 mM Tris-HCl, 150 mM NaCl, pH 8), resus-
pended in lysis buffer B (50 mM HEPES, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% natrium deoxycholate, protease inhibitor
cocktail, Calbiochem), and sonicated to obtain 200-500 bp long DNA
fragments. Concentrations of proteins were measured with the Brad-
ford method (Bradford, 1976). 20 pl of DynaBeads protein A (Thermo
Fisher Scientific) was incubated with 3 pg of antibody against the f
subunit of RNAP (8RB13, Santa Cruz) for 2 h at 4°C. Cell lysates
(1 mg of proteins) were then mixed with the complex of antibody-
DynaBeads and incubated overnight at 4°C. The beads were then
washed 2x with lysis buffer B, 2x with lysis buffer 500 (50 mM
HEPES, 1 mM EDTA, 500 mM NaCl, 1% Triton X-100, 0.1 % natrium
deoxycholate, pH 7.6), 1x with LiCl buffer (10 mM Tris—HCl, 1 mM
EDTA, 250 mM LiCl, 1% Triton X-100, 1% natrium deoxycholate, pH
8), and 1x with TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8).
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DNA-protein complexes were eluted from the beads with elution
buffer (50 mM Tris—HCI, 10 mM EDTA, 1% SDS, pH 8) for 10 min at
65°C, dissociated at 65°C for 6 h in the presence of 200 mM NaCl and
treated with 20 pg of proteinase K for 30 min at 37°C. Finally, DNA
was purified by QIAquick Nucleotide Removal Kit (QIAGEN).
Sequencing libraries were prepared in EMBL Heidelberg with
NEBNext ChIP-Seq Library Prep Master Mix Set for I[llumina (BioLabs)
according to the manufacturer’s instructions. Pooled barcoded
libraries (two samples in biological triplicates) were sequenced in a
single lane at Illumina HiSeq 2000 in the 50 bp single-end regime at
EMBL Genomics Core Facility (Heidelberg, Germany). Read quality
and potential adapter contamination were checked with FastQC
v0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fa
stqc/). Reads were aligned to the B. subtilis subsp. subtilis strain 168
genome (NCBI Nucleotide acc. no. NC_000964) using HISAT 2.0.5
(Kim et al, 2015)] and SAMtools 1.4 (Li et al, 2009). Only uniquely
mapped reads (MAPQ > 10) were kept. Alignment quality was
checked visually using IGV 2.6.3 (Thorvaldsdottir et al, 2013). Read
statistics for each sample can be found in Table EV8. Using deepTools
3.3.0 (Ramirez et al, 2016), sample data were first normalized to
library size; then, IP sample coverage was normalized to the corre-
sponding input samples, and finally, mean coverage from the three
independent replicates was calculated. Per-gene coverage values were
then obtained using genome annotation obtained from NCBI
(GCF_000009045.1; downloaded 15/Nov/2015), and coverage for
each gene was also normalized to gene length. The ChIPseq data are
available from the ArrayExpress database (www.ebi.ac.uk/arrayexpre
ss) under accession number E-MTAB-5659. The scripts used for
ChIPseq data processing and analysis are available from https://
github.com/mprevorovsky/krasny-torpedo. To validate the ChIPseq
data, we used quantitative PCR (qPCR) in a LightCycler 480 System
(Roche Applied Science) containing LightCycler® 480 SYBR Green I
Master and 0.5 uM primers (each). Primers were designed with
Primer3 software, and their sequences are in Table EV7. The data
were normalized to input.

RNAseq and RT-qPCR validation

Two milliliters of exponentially growing cells [wt (LK1371), ArnjA
(LK1381); ODggg 0.5] was treated with RNAprotect Bacteria Reagent
(QIAGEN), pelleted, and immediately frozen. RNA was isolated with
RNeasy Mini Kit (QIAGEN). Finally, RNA was DNase-treated
(TURBO DNA-free Kit, Ambion). Five micrograms of total RNA was
rRNA-depleted with Ribo-Zero Magnetic Kit; Gram-positive bacteria
(Epicentre) and strand-specific libraries were then prepared with
[llumina compatible NEXTflex Rapid Directional RNA-Seq Kit (Bioo
Scientific) according to the manufacturer’s instructions. Pooled
barcoded library (two samples in biological triplicates) was
sequenced in a single lane at Illumina HiSeq 2000 in 50 bp single-
end regime at EMBL Genomics Core Facility (Heidelberg, Germany).
Read quality and potential adapter contamination were checked with
FastQC v0.11.8 (https://www.bioinformatics.babraham.ac.uk/pro
jects/fastqc/). Reads were aligned to the B. subtilis subsp. subtilis
strain 168 genome (NCBI Nucleotide acc. no. NC_000964) using
HISAT 2.0.5 (Kim et al, 2015) and SAMtools 1.4 (Li et al, 2009).
Only uniquely mapped reads (MAPQ > 10) were kept. Alignment
quality was checked visually using IGV 2.6.3 (Thorvaldsdottir et al,
2013). Reads mapping to 30 ribosomal RNA genes (BSU_rRNA_1 —
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BSU_rRNA_30) amounted to only < 0.14% of total reads for each
genotype, confirming a high efficiency of rRNA depletion. Read
statistics for each sample can be found in Table EV8. Using deep-
Tools 3.3.0. (Ramirez et al, 2016), sample data were first normalized
to library size, and mean coverage from the three independent repli-
cates was calculated. Per-gene coverage values were then obtained
using genome annotation obtained from NCBI (GCF_000009045.1;
downloaded 15/Nov/2015), and coverage for each gene was also
normalized to gene length. The analysis of differential gene expres-
sion was performed using unnormalized BAM files and the
GenomicAlignments and DESeq2 packages in R/Bioconductor, with
FDR set to 0.05 (Love et al, 2014). RNAseq data are available in the
ArrayExpress database (www.ebi.ac.uk/arrayexpress) under acces-
sion number E-MTAB-5660. The scripts used for RNAseq data
processing and analysis are available from https://github.com/mpre
vorovsky/krasny-torpedo. Gene Ontology terms are according to
SubtiWiki (Zhu and Stulke, 2018). For Figs 1C, D, 7B, EV3, and EV4
and Appendix Figs S1 and S5, the log2(fold change) gene expression
values determined by DESeq2 are shown. Since DESeq2 only reports
wt-normalized relative expression values, normalized gene coverage
values determined by deepTools are shown in Figs 1A and B, and 2
to visualize gene expression levels separately for wt and the rnjA
mutant. The two methods of calculating gene expression levels were
in good agreement (Pearson’s R = 0.95). Validation of RNAseq data:
First, new RNA purifications were performed under identical condi-
tions as those for RNAseq experiments. Prior to RNA extraction,
recovery marker RNA was added [a fragment of 16S rRNA from M.
smegmatis (amplified by primers #1281 and #1282, see Table EV7)]
and total RNA was then extracted. 2 pg of total RNA was reverse-
transcribed to ¢cDNA with reverse transcriptase (SuperScript™ III
Reverse Transcriptase, Invitrogen). This was followed by qPCR, as
described for ChIPseq validation. The data were then normalized to
the recovery marker and the amount of cells.

Gene classification (classes I-1V)

Based on comparisons of mean normalized RNAP occupancy
(ChIPseq) and transcript differential expression (DESeq2 results)
between the rnjA mutant (ArnjA) and wt, 3,288 B. subtilis genes
were assigned into four classes (I-1V). Class I: > 120% RNAP occu-
pancy and significantly upregulated in the rnjA mutant; class II: 0—
80% RNAP occupancy and significantly downregulated in the rnjA
mutant; class III: 0-120% RNAP occupancy in wt and significantly
upregulated in the rnjA mutant; and class IV: > 120% RNAP occu-
pancy, and no significant change or significantly downregulated in
the rnjA mutant. Average gene analyses of ChIPseq and RNAseq
coverage for each class were performed using deepTools 3.3.0.
(Ramirez et al, 2016).

In vitro effect of RNases J1/R/Xrnl on elongation complexes

Transcription-competent ECs, containing a fully complementary
transcription bubble, were assembled with wild-type RNA poly-
merase (RNAP) from B. subtilis (LK1275) as described before
(Komissarova et al, 2003). DNA and RNA oligonucleotides were
purchased and are listed in Table EV7. The RNA (#-pRNA) was
monophosphorylated at the 5 end by the manufacturer. A twofold
molar excess of RNA was mixed with template DNA (#632) in water
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and annealed in a cycler (45°C 2 min, 42-27°C: T decreasing by 3°C
every 2 min, 25°C 10 min). RNAP (2 pmol per sample) was incu-
bated with a twofold molar excess of the annealed hybrid in 10 pl of
reaction buffer (40 mM Tris-HCl pH 8.0, 10 mM MgCl,, 1 mM
dithiothreitol) for 15 min at room temperature while shaking. A
fourfold molar excess of non-template DNA (#631), containing
biotin at the 5'-end, was added, and the mixture was incubated at
37°C for 10 min.

Streptavidin-coated magnetic beads (25 pl per sample; Sigma S-
2415) were washed with 500 pl of binding buffer (20 mM Tris, pH
8.0, 0.15 M NaCl) and resuspended in the same volume of fresh
binding buffer. Assembled elongation complexes were then mixed
with washed beads, and this was followed by incubation for 30 min
at RT with continuous gentle shaking. Unbound complexes were
removed by subsequent washing with 500 pl of binding buffer,
500 pl of washing buffer (20 mM Tris—-HCl pH 8.0, 0.5 M NacCl,
2 mM MgCl,, 1 mM dithiothreitol), and 500 pl of reaction buffer
(Dengl & Cramer, 2009). Beads were resuspended in 10 ul of reac-
tion buffer with 150 mM final concentration of KCI and 0.1 mg/ml
BSA. RNA in the elongation complex was labeled at the 3’-end by
RNAP (E. coli (BioLabs) or B. subtilis) activity by adding 0.1 ul of
[o3*P] UTP (10 mCi/ml) per reaction, followed by incubation at 37
°C for 15 min. Unincorporated nucleotides were washed off by
applying 500 pl of reaction buffer, two times 500 pl of washing
buffer. Beads with bound ECs were resuspended in RNAse R reac-
tion buffer (20 mM Tris—HCI, pH 7.0; 100 mM KCl, 1.1 mM MgCl,),
and 80 pmol of RNase J1 or 1U of RNase Xrnl (New England
Biolabs) or 1U of RNase R (Epicentre Biotechnologies) was added to
the reaction. Samples were incubated for 20 min at 37°C. When
indicated, samples were denatured for 3 min in 95°C and cooled
down prior to the addition of RNases, or the cleavage products were
washed off with 500 pl of binding buffer and 2 x 500 pl of washing
buffer and resuspended in 10 pl of RNase R buffer after the cleav-
age. All the reactions were stopped by adding 10 ul of 2x loading
buffer [95% formamide and 20 mM EDTA (pH 8.0)].

The RNA ladder was generated as follows: We phosphorylated a
30 nt RNA (the same as #-pRNA but without the 5" phosphate) with
32p by T4 polynucleotide kinase following the manufacturer’s
instructions. This RNA was then subjected to alkaline hydrolysis
(15 pl reaction containing: 1 pg of yeast RNA, 0.1-1 pg of radiola-
beled RNA, 1x alkaline hydrolysis buffer: 50 mM sodium carbonate
pH 9.2; 1 mM EDTA; incubated at 95°C for 4 or 7 min, and then,
equal amounts of 2x loading buffer [95% formamide and 20 mM
EDTA (pH 8.0)] were added.

Samples were resolved on 20% polyacrylamide sequencing gels,
and radioactively labeled RNA was detected by exposing the gels to
a storage phosphor screen (Fujifilm) overnight. Scanning of the stor-
age screens was done with a Molecular Imager FX (Bio-Rad). In
quantitative analyses, background of the appropriate lane was
subtracted from the specific signal.

RNAP release assay

Transcription elongation complexes were assembled, and the reac-
tion conditions were as described in the previous in vitro experi-
ment. TCs were bound to magnetic streptavidin-coated beads,
divided into three tubes, and treated with either buffer (mock treat-
ment) or 80 pmol RNase J1 or 1 U Xrnl (New England Biolabs) for
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20 min at 37°C. The bound (in complex with DNA) and released
(free in buffer) RNAPs were separated by using a DYNAL Invitrogen
bead separation device. Subsequently, the fractions were analyzed
with SDS-PAGE, and RNAPs were detected by Western blotting
using mouse monoclonal antibodies against the B subunit of RNA
polymerase (clone name 8RB13) and secondary antibodies conju-
gated with a fluorophore dye (WesternBrightTM MCF-IR, Advansta,
800 nm anti-mouse antibody) and scanned with an Odyssey reader
(LI-COR Biosciences). The analysis was done with the Quantity One
software (Bio-Rad). The experiment was conducted in two biologi-
cal replicates.

In silico models

Figures were created using the ICM Molsoft software package (ICM
Molsoft (http://www.molsoft.com/icm_browser.html). The PDB
codes are in the Figure legends.

UV sensitivity phenotype

Exponential cells of wt (LK1371), ArnjA (LK1381), Arho (LK2058),
AhelD (LK2329), ArnjAArho (LK2082), and ArnjAAhelD (LK2336)
strains (ODggp ~ 0.5) were serially diluted (10-fold dilutions) and
plated (100 pl) on duplicate LB agar plates (two sets of plates) with-
out antibiotics. One set of plates was irradiated by UVT-20M (Hero-
lab) at 312 nm for 15s (0.12 W/cm?); the other set was not
irradiated. Plates were incubated at 37°C overnight. Plates were
then analyzed: Colony-forming units (CFU) were counted. UV sensi-
tivity of the mutant strains (KO) was then calculated as the ratio
between irradiated vs. non-irradiated cells and normalized to this
ratio from the wt strain. As a consequence, the wt ratio is 1. The
experiment was conducted 4x (biological replicates). All analyses
were done on the log scale. The P-values were computed using two-
tailed unpaired t-test.

Data availability

The datasets produced in this study are available in the following
databases:

® RNAseq data: E-MTAB-5660 (www.ebi.ac.uk/arrayexpressexpe
riments/E-MTAB-5660)

® ChIPseq data: E-MTAB-5659 (www.ebi.ac.uk/arrayexpressexpe
riments/E-MTAB-5659)

Expanded View for this article is available online.
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Figure EV1. Phenotypic characterization of the ArnjA strain.
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Growth of Bacillus subtilis wt (LK1371) and ArnjA (LK1381) strains in LB medium at 37°C.

Morphology of wt (LK1371) and ArnjA (LK1381) strains as captured by electron microscopy of exponential phase cells (ODggo 0.5).

Quantification of cells length of exponentially growing (ODggo 0.5) wt (LK1371) and ArnjA (LK1381) cells stained with a membrane dye (NileRed, Sigma-Aldrich). The
analysis was performed on two sets consisting of 100 cells each. Due to technical considerations, the length of only non-spiral cells was measured. The length of the
cells was analyzed by Fiji Image).

Total RNA synthesis wt (LK1371) and 4rnjA (LK1381) strains normalized to cell density (ODgoo). The data points are averages from two independent experiments (each
done in technical duplicates); the error bars show the range.

Source data are available online for this figure.

EV1

The EMBO Journal 102500 | 2019 © 2019 The Authors



Michaela Sikoud et al The EMBO Journal

A DOWﬂ-regU|ated genes in ArnjA Figure EV2. Comparison of differentially regulated genes in RNase J1
depletion vs. deletion strains.
A Comparison of all downregulated genes in the ArnjA (LK1381) strain with
GUJ) 600+ the RNase J1-depleted strain (Durand et al, 2012). A small number of genes
c from depletion strain had opposite expression patterns. One-third of genes
() had the same expression pattern. Data from Table EV1 and Durand et al
8 (2012).
o 400 B Comparison of all upregulated genes in the ArnjA (LK1381) strain with the
CIL.) RNase J1-depleted strain. A majority of genes had the same expression
o pattern; only six genes had opposite expression patterns. Data from
g 2001 Table EV2 and Durand et al (2012).
zZ Source data are available online for this figure.
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Figure EV3. Detailed comparisons of the RNAseq and ChiIPseq data for selected genes.
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RNAP occupancy at selected genes (gene names indicated) in wt (blue) and ArnjA (red) strains. ymcB UP—S5' untranslated region (UTR) of the ymcB gene. Data
represent mean of normalized RNAP coverage from three independent ChIPseq experiments.
RNA abundance data for genes shown in (A). The genes are grouped into classes (indicated with colored bars with roman numerals) according to trends they
displayed between wt and ArnjA with respect to gene occupancy and relative expression. Class I: Increased gene occupancy in ArnjA is accompanied by increased
gene expression; class |I: decreased gene occupancy in ArnjA is accompanied by decreased gene expression; class I1I: decreased or equal gene occupancy in ArnjA is
accompanied by increased gene expression; and class IV: increased gene occupancy in ArnjA is accompanied by decreased or equal gene expression. The relative RNA

level in wt was set as 1. Data represent mean of normalized read coverage from three independent RNAseq experiments.

Source data are available online for this figure.
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Figure EV4. Amount of RNAP in wt and ArnjA strains.

A Determination of the amount of RNAP in wt (black circle) and ArnjA (open circle) strains by Western blotting with monoclonal antibody against the  subunit of
RNAP. The data for the calibration curve (squares) are shown above the graph; the data for the two strains are in the inset.

B Quantitation of the data shown in (A). The amount of RNAP in wt was set as 1. The experiment was performed three times on three different days. The bars show the
average, the error bars + SD.

C The amounts of cell lysates used to determine relative amounts of B. 5 ug of total protein was loaded per lane.

D Relative mRNA levels of three main RNAP subunits in wt [black bars, set as 1 (LK1371)] and ArnjA (gray bars; LK1381) strains. The main RNAP subunits (rpoA, rpoB,
rpoC) had lower expression compared to wt. The expression of small subunits (o, 8 and €) and sigA was unchanged.

Source data are available online for this figure.
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Figure EV5. Paths of RNA in RNAP, RNase J1, and Xrnl.

A Overall view of RNAP-16nt-mRNA (PDB id: 6flg). RNAP and bound nucleic acids are shown as cartoon (B—blue, p'—salmon, template DNA—yellow, non-template
DNA—green, mRNA—red).

B Overall view of RNase]J1-4nt-RNA substrate complex (PDB id: 3t30).

C Overall view of Xrn1-3nt-RNA substrate complex (PDB id: 2y35). RNaseJ1/Xrn1 are shown as surface representation. The nucleic acid substrates are shown in ball and
stick format. The carbon atoms of individual nucleotides are colored relative to the position of the scissile bond: yellow (—1), cyan (+1), green (+2), and pink (+3).
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Figure S1. RT-qPCR validation of RNAseq data.

Expression of selected genes was analyzed by RT-gPCR in wt (LK1371) and ArnjA
(LK1381) strains. New RNA purifications were performed, different from those used in

RNAseq experiments. The upper panel for each gene represents RNAseq values (dark
colors), the bottom panel represents RT-qPCR values (light colors). Wt — blue and light

blue, ArnjA — red and light red. The RNA level in wt was set as 1. The average value

represents four biological replicates, error bars +SEM.
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Figure S2. Gene ontology categories of differentially regulated genes in the
ArnjA strain.

Comparison of up- and down-regulated genes of the ArnjA (LK1381) strain categorized
into six main ontology categories according to (Zhu and Stulke, 2018). Green bars:
upregulated genes, orange bars: down-regulated genes; grey bars: no differences
between wt (LK1371) and ArnjA (LK1381) strain.
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Figure S3. qPCR validation of ChIPseq data.

RNAP occupancy on selected genes was analyzed by gPCR of immunoprecipitated
DNA (for details on immunoprecipitation see the Materials and Methods section).
Primers used in the validation are in the Key Resources Table. PCR conditions are
described in the Materials and Methods section. Wt was set as 1. The average value
(ratio of ArnjA to wt) represents three biological replicates (new immunoprecipitations
of DNA, different from those used for ChlPseq, were performed), error bars indicate
1+SD.
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Figure S4. Super-resolution microscopy of LK2328.

Structured illumination microscopy (SIM) of exponentially growing cells of Bacillus
subtilis, containing RNase J1 fused to GFP (green fluorescent protein) and RNAP to
mCherry (red) [strain LK2328]. The scale bar below the Figure represents 3 uM.

GFP-rnjA, mCherry-RNAP
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Figure S5. Effects of the absence of Rho or RNase J1 on RNA accumulation: a
correlation.

Correlations are shown for relative gene expression values between the Arho mutant
[expressed as log2 fold change vs wt; data taken from (Nicolas et al., 2012)] and
relative gene expression values for the ArnjA mutant [expressed as log2 fold change
vs wt]. Only class IV genes for which expression data were available from both ArnjA
and Arho mutants were used in this comparison (1609 out of 1654 class IV genes).
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Figure S6. mRNA levels of protein translation factors in ArnjA compared to wt.

Relative expression of protein translation genes (mMRNA levels) in the ArnjA strain
(normalized to wt [set as 1]).
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Abstract

RNA synthesis is central to life, and RNA polymerase (RNAP) depends on accessory factors
for recovery from stalled states and adaption to environmental changes. Here we
investigated the mechanism by which a helicase-like factor HelD recycles RNAP. We report
a cryo-EM structure of a complex between the Mycobacterium smegmatis RNAP and
HelD. The crescent-shaped HelD simultaneously penetrates deep into two RNAP channels
that are responsible for nucleic acids binding and substrate delivery to the active site,
thereby locking RNAP in an inactive state. We show that HelD prevents non-specific
interactions between RNAP and DNA and dissociates stalled transcription elongation
complexes. The liberated RNAP can either stay dormant, sequestered by HelD, or upon
HelD release, restart transcription. Our results provide insights into the architecture and
regulation of the highly medically-relevant mycobacterial transcription machinery and
define HelD as a clearing factor that releases RNAP from nonfunctional complexes with

nucleic acids.
Introduction

A smoothly functioning transcription machinery is essential for maintaining the
physiologically relevant levels of gene products and adequate changes in transcription are
necessary for cell survival when the environment changes. In bacteria, transcription is
executed by a single enzyme, DNA-dependent RNA polymerase (RNAP; composition of the
core enzyme: oPP'w'). The RNAP core is capable of transcription elongation and
termination but not initiation. To initiate, a o factor is required to form a holoenzyme that

recognizes specific DNA sequences, promotersz. RNAP holoenzymes can contain various o
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factors that allow interaction with diverse promoter sequences. The primary o factor is

termed o’%in E. coli and ¢” in most other species.

The two largest subunits, B and B’, held together by the a dimer, form a crab claw-
like structure (Figure 1a), each subunit protruding into a pincer (the respective parts are
called the B-protrusion and B-lobe [B-domain 1 and 2] and the B’-clamp). Subunits B and B’
then form three channels®. The opening between the B/’ pincers forms the primary
channel where nucleic acids bind. The primary channel is separated by the bridge helix (BH;
in B’) from the secondary channel, through which nucleoside triphosphates or other
substrates” access the active site (AS) that is positioned at the junction of the two channels.
Next to the BH the trigger loop (TL, in B’) is found; these two elements participate in the
nucleotide addition cycle. Finally, the RNA exit channel lies on the opposite side of the RNAP
core where nascent RNA passes between the base of the B-flap and the B’-lid. In the RNAP
elongation complex (Thermus thermophilus, PDB ID 205J°), the downstream DNA (dwDNA)
enters the complex through a cleft between the B’-clamp, B’-jaw and B-lobe; the template
strand then reaches the AS around the BH, and the DNA/RNA hybrid is held between B’-

rudder, B’-lid and B-protrusion.

Besides the RNAP subunits that are conserved in all bacteria some species contain
additional subunits, such as 6 and € that are present in Firmicutes®’. In addition, the
regulation of the transcription machinery depends on concerted activities of RNAP and

numerous transcription factors, such as RbpA in mycobacteria®.

Another transcription factor is HelD?, a protein similar to SF1 helicases'® that
associates with the RNAP core in the model gram-positive bacterium Bacillus subtilis (Bsu)

where it was shown to be involved in transcriptional recycling’’. Bsu HelD binds and

3
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hydrolyzes ATP and this is accompanied by conformational changes in the protein as
demonstrated by SAXS experiments'?. The absence of HelD from Bsu cells results in
prolonged lag phase during outgrowth of stationary phase cells when diluted into fresh
medium™. Overexpression of HelD then accelerates spore formation®®. However, the
structure of HelD, its binding mode to RNAP, and mechanistic details of its function are

unknown.

Here, we present structural data for HelD from Mycobacterium smegmatis (Msm) in
complex with the RNAP core and provide insights into its function. We solved the 3D
structures of three complexes of Msm RNAP and HelD by cryogenic electron microscopy
(cryo-EM). The structures represent a so far unknown type of interaction between an RNAP
and a protein. The structures suggested the possibility of simultaneous binding of HelD and
0" to RNAP and by immunoprecipitation experiments we detected this transitional complex
in the cell. Next, we provide biochemical evidence showing that in addition to being able to
hydrolyze ATP, HelD can also hydrolyze GTP. Finally, we demonstrate that HelD can both
prevent binding of the RNAP core to non-specific DNA and actively remove RNAP from
stalled elongation complexes. Together, the results provide the basis for defining the role of

HelD in the transcriptional cycle.



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Results
Cryo-EM of Msm RNAP-HelD complex

Our long-term attempts to crystalize Bsu HelD, RNAP core, or their complex failed; our cryo-
EM experiments with the Bsu RNAP core were not successful; also, our recent SAXS-based
data for the Bsu HelD-RNAP complex were not fully conclusive. However, in co-
immunoprecipitation experiments with Msm RNAP we identified MSMEG_2174, a potential
homolog of Bsu HelD (Supplementary Figure 1). We also solved the X-ray crystal structure of
Bsu HelD C-terminal domain (CTD), which was then used as a guide for building the model of

Msm HelD.

We reconstituted a complex of the Msm RNAP core and Msm HelD from purified
recombinant proteins (Supplementary Figure 2), and froze an isolated homogenous fraction
of the complex on cryo-EM grids. We collected multiple preliminary cryo-EM datasets,
which allowed us to optimize the cryo-EM conditions for high-resolution three-dimensional
(3D) single-particle reconstructions (Supplementary Figures 3, 4, 5 and 6). We identified two
major 3D classes (State | and State I, Supplementary Figure 4) at overall resolution ~3.1 A
(plus one subclass at ~3.6 A), visualising almost the complete structure of HelD bound to the
RNAP core in two conformations (Figure 1b,c, Supplementary Movies 1,2), and one minor
class (State Ill; Supplementary Figure 4), at ~3.5 A, which delineates only two domains of

HelD binding to the RNAP core (Figure 1d, Supplementary Movie 3).

The structures of States | and Il share the same overall fold of HelD, with a crescent-
like shape (Figure 1b,c). The main body of the crescent is sitting in between the B-lobe, the
cleft/jaw and the funnel/secondary channel of the B' subunit, burying about 774 and 2,608

A? in State | and 1,490 and 3,623 A? in State I of binding surface area of B and B' subunits,
5
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respectively*®. One end of the crescent protrudes deep into the primary channel, and the
other end into the secondary channel of the RNAP core. Indeed, to be able to reach both
RNAP channels simultaneously, the HelD protein is markedly elongated, around 200 A along
the outer edge of the virtual crescent, and the two ends of the HelD protein are separated

by ~75 A (State II; Figure 1c).

The HelD protein itself is divided into six structured domains (Figure 1e-h), several of
which possess unique, so far unknown folds. Interestingly, the 1A domain is composed of
two parts (1A-1 and 1A-2) that are separated in the primary amino acid sequence by the
intervening HelD-specific domain. According to the position of the HelD domains within the
primary channel (PCh) and active site (AS), we name State |: PCh-engaged, State Il: PCh-

engaged and AS-interfering, and State Ill: PCh dis-engaged and AS-interfering (Figure 1b-d).
The HelD N-terminal domain inserts into the RNAP secondary channel

The Msm N-terminal domain (HelD/1-144) forms an antiparallel a-helical coiled-coil (NCC)
(HelD/1-69) followed by, and packed against the four-B-strand globular (NG) domain
(HelD/70-144), which contains an additional prominent protruding loop (NG-loop, residues
HelD/88-103; Figure le-h and Figure 2a,b). The overall N-terminal domain structure is
analogous to the archetypal fold interacting with the secondary channel of RNAP present in

1317 Indeed, the HelD N-terminal

transcription factors such as GreA or ppGpp cofactor DksA
domain interacts tightly with the secondary channel, burying ~1,790 A% of interaction
surface, contributing largely to the HelD-RNAP interaction. Several specific hydrogen bonds
and salt bridges (Supplementary Table 1) are formed between the N-terminal domain and

the secondary channel, and particularly the NG-loop specifically recognises the tip of the

coiled-coil (CC) motif of the B'-funnel (Figure 2a).

6
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The topology of the Msm HelD NCC is conserved in comparison with other secondary
channel-interacting transcription factors (Supplementary Figure 8); however, in contrast to
the known structures of such complexes, the Msm HelD NCC is shorter and its tip does not
reach into the AS (Supplementary Figure 8). Indeed, a large part of the NCC is extensively
packed with the NG-domain into a common hydrophobic core, thereby preventing the NCC
to bind further towards the AS. The HelD NCC tip is positioned at the level of the RNAP AS '
bridge helix (B'-BH), ~10-12 A away from Mg?* metal A (MgA) of the AS, and as a result, it
constitutes one wall of the secondary channel pore leading to the AS. The pore itself is
approximately ~11 A wide (Figure 2b) and this would still allow nucleoside triphosphate
(NTP) passage into the AS. On the other hand, the NCC-domain restricts the conformational
freedom and induces folding of the AS trigger loop (B'-TL, B’/1009-1028). This would likely

interfere with the nucleotide addition cycle.

Another difference with respect to GreA family transcription factors is that the HelD

NCC tip does not contain the conserved DXX(E/D)*®*%°

motif (Supplementary Figure 8), and it
is, therefore, unlikely that the Msm HelD N-terminal domain possesses a Gre factor-like

endonuclease activity.

The NTPase unit of HelD is positioned in the vicinity of the downstream section of the

primary channel

The presented structure confirms our previous prediction’” that HelD, similarly to SF1
helicases, RapA and UvrD, contains a conserved Rossmann fold 1A-2A heterodimer. Domain
1A is formed by two subdomains 1A-1 and 1A-2 separated in amino acid sequence by the

HelD-specific part (Figure 1e). 1A-1 is connected with the N-terminal domain by the NG
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linker (HelD/145-173), which orders only in State I. 1A-2 is then followed by 2A (Figure 1e,f,g

and 2c).

The 1A domain docks on the B-lobe where it induces small changes in domain
orientation and conformation and it prolongs the wall of the downstream section of the
primary channel along the axis of the virtual dwDNA (Figure 2c). The 1A domain buries an
area of 725 A% of the interaction surface of the B-lobe, and the binding also involves
ordering of the PB-turn B/209-212 and many hydrogen bonds and salt bridges
(Supplementary Table 2). In addition, the extension of the 1A domain (HelD/504-521) is
clamped in between the prominent B-turn B/184-187 of the B-lobe and the tip of the B'-jaw,

further securing the 1A domain in its place (Figure 2c).

The 1A-2A heterodimer establishes the canonical tertiary structure to form an NTP-
binding pocket. Conserved residues of motifs Q, I, I, ~lll, Illa, Va, and VI are then likely
involved in NTP binding?* (Figure 2d), while residues typical for DNA binding (in SF1
helicases) are missing. However, the base type specificity is not obvious from the structural
data and, therefore, we measured nucleoside triphosphate hydrolysis activity of the isolated
HelD protein. HelD showed strong hydrolysis activity of purine base nucleoside
triphosphates but no activity towards a pyrimidine-containing counterpart (Figure 2e,

Supplementary Figure 9f).

We also added ATP or non-hydrolysable ATP analogue to the HelD-RNAP complex,
but we were not able to visualize any NTP-bound state by cryo-EM. Indeed, the orientations
of conserved HelD/Tyr589 and Arg/590 of motif llla, which are supposed to stack and
coordinate the base and phosphate groups in the canonical ATP-bound state??, are

incompatible with NTP binding in the HelD NTP-free states (States | and Il; Supplementary

8
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Figure 9a). Notably, helix a3 of the ordered NG-linker in State | covers the putative NTP-
binding pocket and partially obstructs the site entrance (Supplementary Figure 9a).
However, the entire linker can become disordered as seen in State Il (Supplementary Figure

10h), which is probably more compatible with NTP binding (see details below).

The superposition of HelD 1A-2A with similar structures of UvrD (PDB ID 2IS4)
(Supplementary Figure 9b,c), PcrA (PDB ID 3PJR), AdnA/B (PDB ID 6PPR) and RapA (PDB ID
6BOG) confirms that the Rossmann fold domains are packed in the canonical mutual
orientation. However, unlike in bona fide SF1 helicases®* where ssDNA is bound in the
interface cleft of the dimer by conserved motifs Ia, Ic, IV, and V (Supplementary Figure 9b,c),
these motifs are not conserved in HelD. Instead, HelD contains proline-rich loops in place of
these motifs and a large negatively charged surface patch in the equivalent areas
(Supplementary Figure 9 d,e). Similarly, the ssDNA-binding motifs are not conserved in
RapA, a functional homolog of HelD and a helicase-like protein involved in recycling of

RNAP. RapA, however, binds differently to RNAP than HelD*.

The Msm HelD-specific domain is inserted into the downstream section of the RNAP

primary channel

The HelD-specific insertion domain is composed of the clamp-opening domain (CO-domain,
HelD/261-447) and the primary channel loop (PCh-loop, HelD/448-503) (Figure 1e, 3b,c,d,e).
The CO-domain is an extended, mostly a-helical, and so far undescribed fold with no
structural homologs (Supplementary Figure 7b). On one side, the CO-domain packs against
the 1A domain helix 019 and B-turn HelD/561-564. Additionally, the CO-1A interaction is
stabilised by the CO-linker (HelD/259-275), which connects the two domains. In State |, the

other side of the CO-domain, the CO-tip, butts against the three-stranded sheet of the B’

9
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non-conserved domain (B’-NCD) and an a-helix (B’/122-133) of the B’-clamp just preceding
it (Figure 3a,b,d). The only significant ordered part of the PCh-loop in State |, the protruding
helix 016 (HelD/451-468), is erected against the B’ three-stranded sheet (B’/1164-1210) and
the a16 tip locks behind the helix-turn-helix motif B’/271-304 by HelD/Tyr466. Altogether,
the al6 interaction with the p’-clamp might be helping the CO-domain insertion into the
primary channel. In State Il, the CO-domain fold alters and the PCh-loop completely refolds.
The CO-domain tip shifts towards the B’ clamp coiled-coil domain (B’-CC) domain and
reaches the peptide B’/387-389 of the rudder (Figure 3c,e). The PCh-loop protruding helix
al16 refolds (016 register slightly shifts towards the C-terminus of HelD) and dis-engages
with the B’ three-stranded sheet (B’/1164-1210), and the whole PCh-loop orders towards
the AS (see next section). Correspondingly, the two insertion modes of the CO-domain and
PCh-loop into the primary channel force the f’-clamp domain to swing out into two distinct

positions (see details below).

The HelD PCh-loop is able to fold into the RNAP active site

In the cryo-EM map of the AS-interfering State Il, high-resolution density is present for the
entire register of the PCh-loop, which is folded in the AS cavity of RNAP (Figure 3c,f,g and
Supplementary Figure 5c). The folding of the PCh-loop in-between the walls of the AS
chamber is also compatible with the regular open form of the RNAP core as observed in

State IlI.

In comparison to State |, in State Il the protruding helix a16 refolds, the helix register
shifts to residues 455-472, and together with a newly folded helix 017 (HelD/495-500) they
tightly pack with the second half of the B’-BH (Figure 3g). In detail, BH B’/Arg874 and 875

sandwich al6 HelD/Tyr466 and, cooperatively, BH B’/Tyr871 stacks on HelD/Phe502 and is

10



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

inserted into a hydrophobic pocket formed by HelD/Tyr466, Ala467, Val470, and Leu498.
The rest of the PCh-loop (HelD/473-494) specifically wedges into the AS cavity
(Supplementary Table 3), towards the AS aspartate triad and MgA. Notably, there are four
acidic residues (482-DDED-485) at the very tip of the PCh-loop and the HelD/481-483
peptide folds along the AS B-strand B’/537-544, such that HelD/Asp483 is in contact with
MgA and HelD/Asp482 in its near proximity (Figure 3f and Supplementary Figure 5c).
HelD/Asp482 interacts with B’/Arg500, HelD/Glu484 stabilizes the loop in the active site by
interaction with B/His1026, and HelD/Asp485 contributes to the AS-interfering loop stability
by a salt bridge with the side chain of HelD/Arg477. Two other motifs support formation of
the PCh-loop structure in the RNAP AS — a small hydrophobic core formed by the
HelD/Val475, Leu480, and Leu488 side chains and an intra-chain ion-pair HelD/Arg477-

Asp491, with HelD/Arg477 leaning against B/Pro483.

As a result of the PCh-loop folding into the primary channel and HelD NCC folding in
the secondary channel, the NCC tip and the tip of the PCh-loop are brought close together
(the shortest distance between the two tips is about 17 A). This also restricts the trigger
loop, which is, therefore, partially folded in the space between the BH, HelD a2 and al7, the
peptide between al7 and a18, and the peptide of B/Ile182-Glul87. In summary, the PCh-
loop seems to interfere with the AS cavity so that it is not compatible with the NTP addition
cycle. Moreover, the superposition with the structure of Thermus thermophilus (Tt) RNAP EC
(PDB ID 205J; Figure 3h,i) suggests that the whole PCh-loop would be in steric clash with the
dwDNA duplex and the RNA/DNA hybrid in the AS as far as position -2. A parallel can be

drawn between the presence of the PCh-loop in State Il and the so called DNA-mimicking
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loop of Poll**, which also occupies the AS chamber and the surroundings of the AS and is

sterically incompatible with the presence of the DNA transcription bubble in RNAP.

Global domain changes of RNAP upon HelD binding

Superposition based on the B-core region (B/430-738) of the Msm RNAP core (PDB ID
6F6W), elongation complex (EC, model based on PDB ID 205J) and States I-lll enables
analyses of global differences of the three observed structural states (Supplementary Figure
10). The interaction of the HelD N-terminal domain with the secondary channel and its
influence on the rest of the complex remains very similar in all the States. This interaction
thus might be the initial one through which HelD starts its association with RNAP.
Furthermore, this interaction seems sufficient to alter the position of the B’-jaw/cleft and B-
lobe (Supplementary Figure 10g) which may weaken interaction with dwDNA, reminiscent

of TraR (a distant DksA homolog) binding to E. coli RNAP>.

The main change between the States is the interplay between the refolding of the
PCh-loop and the CO-domain position in the primary channel. In State lll, solely the PCh—
loop’s tight contact with the AS stabilizes a very open form of RNAP (Supplementary Figure
10a,b,f), ~33 A at the narrowest point of the primary channel (measured by the distance of
the C* atoms of B/Lys273 and B’/Lys123), comparable to the structures of two previously
identified conformations of very open forms of Msm RNAP core and holoenzyme, termed
Core2 and Holo2 (32.2 and 33.6 A, respectively)®. In State I, the PCh—loop’s interaction with
B’ helix-turn-helix and three-stranded sheet, and the CO-domain insertion into the primary
channel make the opening of the RNAP clamp (~35 A; Supplementary Figure 10a,b) slightly
wider than the already widely open forms of the Lipiarmycin-® (PDB ID 6FBV) and
Fidaxomicin-locked®” (PDB ID 6C06) RNAPs (34.2 and 33.6 A, respectively!). In State Il
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(Supplementary Figure 10e), while the CO-domain still inserted, the PCh-loop abolishes the
B’ contact and folds in the AS instead, and this forces the B’-clamp (B’/1-406) to rotate with
respect to the remaining parts of the complex so that the B’-NCD CC tip opens further away
from the juxtaposed B-lobe but at the same time the B’-rudder, B’-CC and adjacent
secondary elements move about 11 A closer to the tip of the HelD CO-domain. The RNAP
clamp is, therefore, splayed by 45 A (Supplementary Figure 10b). This clamp opening
together with the tight interaction of the PCh-loop with the AS is not compatible with

nucleic acids binding.

The next major differences are the B-lobe and CO-domain adjustments upon change
of the 1A-2A heterodimer (Supplementary Figure 10e). The mutual orientation of 1A and 2A
domains between States | and Il is almost preserved, although with much poorer density for
2A in State Il. This most likely stems from the more pronounced mobility of 2A, possibly
linked with the lack of stabilization by the unfolded NG-linker in State Il. The 2A relaxation
allows movement of 1A in respect to the N-terminal domain (~3° difference measured by
HelD al and a5) and a concomitant shift of both the B-lobe and CO-domain (Supplementary
Figure 10e). In detail, this global change is accompanied by a shift and changes in the
secondary structure of HelD/230-252 within the 1A domain (largest shift about 9.3 A for
Val245). Helix a6 is extended and helix a7 is formed in State Il (Supplementary Figure 7a)
and 1A-extension shifted. State | interactions between a6 and the NTPase site, and a6 and
the NG-linker that are NTP-binding prohibitive, are broken in State Il and the NTPase site of
HelD becomes wide open (NTP-binding permissive; Supplementary Figure 10h). Although
this change makes the NTPase site accessible for NTPs, additional conformational changes

are still required for NTP accommodation.
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Finally, HelD binding in States | and Il also leads to opening of the RNA exit channel
between the B-flap and B’-lid and B’-Zn-finger by about 15 A and 21 A, respectively
(Supplementary Figure 10c,d). State Il keeps the channel still rather open by about 12 A.
This is expected to contribute to RNA release.

HelD clears the RNAP primary channel

The position of the HelD CO-domain in the primary channel of RNAP suggests that HelD may
prevent non-specific interactions between the RNAP core and DNA. To test this, we
performed electrophoretic mobility shift assay (EMSA) with RNAP and a fragment of
mycobacterial DNA in the presence/absence of HelD. Figures 4a, b, and c show that HelD

significantly abolishes the nonspecific binding of the RNAP core to DNA.

Moreover, we speculated that HelD might not only prevent DNA binding, but also
actively disassemble stalled ECs. Stalled ECs (due to e. g. damaged DNA) are obstacles for

2829 and also for replicationao, with

both the coupled transcription-translation machinery
potentially deleterious consequences if not removed. To test the ability of HelD to rescue
stalled RNAP, we assembled ECs with the RNAP core on a DNA-RNA scaffold and challenged
them with HelD in the presence/absence of NTPs (Figure 4d). HelD then, relative to mock

treatment, was able to disassemble stalled ECs (Figure 4e). This process, interestingly,

appeared to be independent of ATP or GTP.
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HelD, 6" and RbpA can simultaneously bind RNAP core

Analysis of States I-11l suggested the possibility of simultaneous binding of HelD, 6" and RbpA
to RNAP. Modelling of hypothetical complexes of RNAP-HelD with ¢* and RbpA then
confirmed that relatively small changes in conformations of these proteins could allow their
simultaneous binding to RNAP in States I-lll (Supplementary Figure 11 and Discussion).
Therefore, we tested experimentally whether the HelD-RNAP complex is compatible with
the presence of other factors. Indeed, immunoprecipitation (IP) and Western blot
experiments with FLAG-tagged Msm RNAP revealed the presence of HelD and o” (Figure
4f g); FLAG-tagged Msm o” pulled down the RNAP core and HelD; FLAG-tagged HelD pulled
down the RNAP core and o”. These results suggested but not proved that HelD, ¢*, and
RNAP are together in one complex. Alternatively, HelD and ¢ could bind each other
independently of RNAP. To decide between the two possibilities, we first pulled down FLAG-
tagged HelD and associated proteins and from this mixture we subsequently pulled down ¢*
(with antibody against ¢”) and associated proteins. Supplementary Figure 12 shows the
presence of HelD and RNAP in the second pull-down, demonstrating that all these proteins
(RNAP, oA, HelD) can coexist in one complex. Additionally, RbpA, albeit in low amounts, was
also present in the HelD-immunoprecipitated complex and RbpA-FLAG pulled down RNAP
with o” and HelD (Supplementary Figure 13). We then confirmed the interactions between

the RNAP core, oA, RbpA, and HelD by in vitro EMSA (Figure 4h).
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Discussion

This study describes a structurally unique complex between Msm RNAP and the HelD

protein, defines its DNA-clearing activity, and outlines its role in transcription.
Comparison of M. smegmatis and B. subtilis HelD

Previous biochemical studies used HelD from Bsu, which is only 21 % identical with the Msm
homolog. Selected sequence homologs of Msm HelD are shown in Supplementary Figure 14,
revealing two main differences between Msm (Actinobacteria) and Bsu (Firmicutes). The
first marked difference is the absence of ~30 aa from the N-terminal NCC-domain region in
Msm HelD. This is consistent with the Bsu HelD NCC-domain protruding much deeper into
the RNAP secondary channel and even overlapping with the AS (See accompanying papers
Newing et al., 2020; Pei et al., 2020). The other difference is in the HelD-specific region
where Bsu HelD completely lacks the PCh-loop. On the other hand, the organisation of the

1A-1 and 1A-2 split followed by the complete 2A domain is maintained (Figure 1e,f,g).

Interestingly, Msm HelD, ¢, and RbpA can co-occur on RNAP (Figures 4h and
Supplementary Figure 11-13) and we infer that the RNAP-6"-RbpA-HelD complex thus likely
represents one of the possible transitional states in the transcriptional cycle. This differs
from Bsu where simultaneous HelD and ¢” binding has not been detected’'. Regardless of
the exact mutual positions of o", RbpA and HelD, RNAP must subsequently assume a

conformation that is compatible with promoter DNA binding and transcription initiation.
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Model of the HelD role in transcription

Based on the structural and functional data we propose a role for Msm HelD in transcription
(a model is shown in Figure 5). We envisage that upon transcription termination when RNAP
fails to dissociate from nucleic acids31, or in the event of stalled elongation, Msm HelD first
interacts with RNAP by its N-terminal domain, likely competing for binding to the secondary
channel with GreA-like factors. This initial HelD binding induces changes in B-lobe and B’-
jaw/cleft (Supplementary Figure 10g), possibly leading to destabilisation of dwDNA in the
primary channel. The trigger loop is conformationally locked. Subsequently, the CO-domain
and PCh-loop approach the primary channel. The PCh-loop, which is probably flexible in the
RNAP-unbound state, folds partially upon binding RNAP (captured in State I) and then it
penetrates deep into the primary channel, fully folds, and binds to the AS (captured in
States Il and Ill). The CO-domain interactions with B’-clamp then secure the primary channel
wide open (Supplementary Figure 10a,b). At the same time, the RNA exit channel dilates
(Supplementary Figure 10c,d). All these processes lead to the release of any contents of the

AS (compare states within Supplementary Figure 10a).

We note that neither HelD loading onto RNAP nor RNAP clamp opening nor EC
disassembly are dependent on NTP hydrolysis. Energy from NTP hydrolysis is probably
required to release HelD from its tight contact with RNAP. Free energy corresponding to ATP
hydrolysis under physiological conditions in cells is around =50 kJ/mol*2. This is comparable
to the estimated desolvation energy of the HelD-RNAP core interaction of —33.5 kJ/mol (A'G)
for State | and =57 kJ/mol for State Il. However, States | and Il are not fully compatible with
canonical NTP binding in the HelD NTPase unit. It remains to be answered which structural
changes are required to actually enable NTP binding and hydrolysis.
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To summarize, HelD clears RNAP of nucleic acids; this likely happens in non-
functional (e. g. stalled) transcription complexes or post-termination. This may contribute to
the smooth functioning of the transcription machinery. Furthermore, it is conceivable that
HelD may also function similarly to 65 RNA** or Ms1*, which keep RNAP in an inactive state
under growth-unfavourable conditions. This stored RNAP then accelerates restart of gene

expression when conditions improve.

Finally, the RNAP-inactivating ability of HelD might be utilized in development of
specific antibacterial compounds that would stabilize the non-productive HelD-RNAP
complex, shifting the equilibrium of RNAP states towards effective transcription inhibition,
as seen e.g. in the action of Fidaxomicin towards M. tuberculosis RNAP in complex with

RbpA?’.
Methods
Bacterial strains, plasmids, and oligonucleotides.

Bacterial strains and plasmids are listed in Supplementary Table 4. DNA oligonucleotides
are listed in Supplementary Table 5.

Strain construction - 6" and RbpA

o® (MSMEG_2758) and rbpA (MSMEG_3858) genes were amplified from genomic DNA by
PCR with Phusion High-Fidelity DNA Polymerase (NEB) with primers #1155 + #1156 (¢”) and
#1182 + #1183 (RbpA) and Msm chromosomal DNA as the template, cloned into pET22b via
Ndel/Xhol restriction sites and verified by sequencing. Resulting plasmids were transformed
into expression Eco BL21(DE3) strain resulting in strains LK1740 (¢”) and LK1254 (RbpA).
Strain construction - HelD

Plasmid encoding the N-terminally His-tagged Msm HelD protein was prepared by the
GeneArt® Plasmid Construction Service (Thermofisher). Gene construct for HelD expression

was designed by codon-optimized back translation of gene MSMEG_2174 from Msm (strain
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ATCC 700084 / mc? 155) with cleavage site for TEV protease placed at the 5’ end. This
synthetized gene was cloned into the Champion™ pET302/NT-His expression vector
(Thermofisher) via EcoRI and Xhol restriction sites. Resulting protein thus has 6xHis tag at its
N-terminus which is cleavable by TEV protease (protein construct starts with sequence
MHHHHHHVNSLEENLYFQG followed by the second amino acid of gene MSMEG_2174.

Strain construction - HelD-FLAG, ¢*-FLAG and RbpA-FLAG

The genes coding for the HelD-FLAG, 6*-FLAG and RbpA-FLAG proteins were amplified by
PCR using Q5® High-Fidelity DNA Polymerase (NEB) with primers #3130 + #3131 (HelD),
#2339 + #2340 (0”) and #2894 + #3093 (RbpA) and Msm chromosomal DNA as the template.
The C-terminal 1x FLAG-tags (DYKDDDDK) were encoded within the reverse PCR primers for
all genes. Subsequently, the genes were inserted into integrative plasmid pTetint® via
Ndel/HindllI restriction sites. The constructs were verified by sequencing. Resulting plasmids
were transformed into Msm mc? 155 (wt, LK865) cells by electroporation resulting in strains
LK2590 (HelD-FLAG), LK2073 (0*-FLAG) and LK2541 (RbpA-FLAG).

Growth conditions

Msm strains - mc? 155 (wt, LK865), o"-FLAG (LK2373), RNAP-FLAG (LK1468), HelD-FLAG
(LK2590), and RbpA-FLAG (LK2541) were grown at 37 °C in Middlebrook 7H9 medium with
0.2 % glycerol and 0.05 % Tween 80 and harvested in exponential phase (ODggo ~0.5; 6 h of
cultivation) or early stationary phase (ODggo ~2.5-3.0, 24 h of cultivation) unless stated
otherwise. When required, media were supplemented with kanamycin (20 pg/ml).
Expression of HelD-FLAG in exponential phase was induced by anhydrotetracycline (1 ng/ml)
at 3 h of cultivation. The cells were then grown for additional 3 h. Expressions of 6*-FLAG,
RbpA-FLAG, and HelD-FLAG in stationary phase were induced by anhydrotetracycline (10

ng/ml) at 8 h of cultivation. The cells were then cultivated for additional 16 h.
Msm RNAP core purification for cryo-EM

Eco strain BL21(DE3) was transformed with pRMS4 (kanR) plasmid derivative encoding
Msm subunits w, a, and B-B° fusion with C-terminal His8 tag in one operon from T7
promoter. Expression cultures were incubated at 37 °C and shaken at 250 rpm until ODggg
~0.8, expression was induced with 500 uM isopropyl B-D-thiogalactoside (IPTG) at 17 °C

for 16 h. Cells were lysed using sonication by Sonic Dismembrator Model 705 (Fisher
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Scientific) in a lysis buffer containing 50 mM NaH,P0,/Na,HPO4 pH 8 (4 °C), 300 mM
NaCl, 2.5 mM MgCl,, 30 mM imidazole, 5 mM B-mercaptoethanol, EDTA-free protease
inhibitor cocktail (Roche), RNase A (Sigma), DNase | (Sigma) and Lysozyme (Sigma).
Clarified lysate was loaded onto a HisTrap FF Crude column (GE Healthcare) and proteins
were eluted with a linear gradient of imidazole to the final concentration of 400 mM over
20 column volumes. The Msm RNAP core elution fractions were pooled and dialyzed to
20 mM Tris-HCl pH 8 (4 °C), 1 M NaCl, 5 % (v/v) glycerol and 4 mM dithiothreitol (DTT) for
20 h. The protein was further polished on XK 26/70 Superose 6 pg column (GE
Healthcare) equilibrated in 20 mM Tris-HCI pH 8 (4 °C), 300 mM Nacl, 5 % (v/v) glycerol
and 4 mM DTT. The Msm RNAP core final fractions were eluted at 6 uM concentration,

aliquoted, flash-frozen in liquid nitrogen and then stored at —80 °C.
Msm HelD protein purification for cryo-EM

Eco strain Lemo 21 (DE3) was transformed with pET302/NT-His (cmIR and ampR) plasmid
derivative encoding the Msm HelD protein fusion with N-terminal 6xHis tag under the
control of the T7 promoter. Expression cultures were incubated at 37 °C and shaken at
250 rpm until ODggg ~0.8, expression was induced with 500 uM IPTG at 17 °C for 16 h.
Cells were lysed using sonication by Sonic Dismembrator Model 705 (Fisher Scientific) in a
lysis buffer containing 50 mM Tris-HCI pH 7.5 (4 °C), 400 mM NacCl, 30 mM imidazole, 0.2
% Tween20, 2 mM B-mercaptoethanol, EDTA-free protease inhibitor cocktail (Roche),
RNase A (Sigma), DNase | (Sigma) and Lysozyme (Sigma). Clarified lysate was loaded onto
a HisTrap FF Crude column (GE Healthcare) and proteins were eluted with a linear
gradient of imidazole to the final concentration of 400 mM over 20 column volumes.
Fractions containing HelD protein were pooled and dialyzed for 20 h against the dialysis
buffer containing 20 mM Tris-HCI, pH 7.5 (4 °C), 500 mM NaCl, 1 mM DTT together with
TEV protease at a TEV protease:HelD ratio 1:20.

The protein was then concentrated to ~15 A,z units and further purified using size-
exclusion chromatography using a Superdex 75 column (GE Healthcare) equilibrated in 20
mM Tris-HCI, pH 7.5 (4 °C), 200 mM NaCl and 1 mM DTT. The HelD protein was eluted at
~160 uM concentration, aliquoted, flash-frozen in liquid nitrogen and then stored at —80

°C.
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In vitro HelD-RNAP complex reconstitution for cryo-EM

To assemble the HelD-RNAP complex, the individual proteins were mixed at a molar ratio
of 3:1. The in vitro reconstitutions were carried out at 4 °C, and the reconstitution
mixture was incubated for 15 min. 50 ul of the reconstitution mixture was injected onto a
Superose 6 Increase 3.2/300 column (GE Healthcare) equilibrated in 20 mM Tris-HCI, pH
7.8 (4 °C), 150 mM NaCl, 10 mM MgCl, and 1 mM DTT. 50-pl fractions were collected and

the protein was eluted at ~1 uM concentration.
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Electron microscopy

Complexes were diluted to ~850 nM and aliquots of 3 pl were applied to Quantifoil
R1.2/1.3 or R2/2 Au 300 mesh grids, immediately blotted for 2 s and plunged into liquid
ethane using an FEI Vitrobot IV (4 °C, 100 % humidity).

The grids were loaded into an FEI Titan Krios electron microscope at the European
Synchrotron Radiation Facility (ESRF) (beamline CMO01, ESRF) or CEITEC (Masaryk
University, Brno), operated at an accelerating voltage of 300 keV and equipped with a
post-GIF K2 Summit direct electron camera (Gatan) operated in counting mode. Cryo-EM
data was acquired using EPU software (FEI) at a nominal magnification of x165,000, with
a pixel size of 0.8311 and 0.840 A per pixel. Movies of a total fluence of ~40-50 electrons
per A*> were collected at ~1 e/A? per frame. A total number of 15,177 movies were

acquired at a defocus range from -0.7 to -3.3 um (Supplementary Table 6).
Cryo-EM image processing

All movie frames from three datasets were alighed and dose-weighted using the
MotionCor2 program (Supplementary Figure 3a) and then used for contrast transfer
function parameter calculation with Gctf*®. Initially, particles were selected without a
template by Gautomatch (provided by Dr. Kai Zhang, http://www.mrc-
Imb.cam.ac.uk/kzhang) from a small portion of the data set (~200 movies). This initial small
dataset was subjected to reference-free 2D-classification using RELION 3.0%’. Eight
representative classes of different views were selected from the two-dimensional averages
and used as reference for automatic particle picking for the dataset | by RELION. WARP*®

was used for particle picking for datasets Il and Ill.

The resulting particles were iteratively subjected to two rounds of 2D-classification
(Supplementary Figure 3b) at 3x and 2x binned a pixel size. Particles in classes with poor
structural features were removed. Particles from dataset | and Il were globally refined to
estimate the pixel size matching® and particles from dataset Il were estimated to match the
common pixel size 0.8311 A per pixel. Particles from all datasets were pooled (~1,560 k), 2x
binned and subjected to three-dimensional classifications with image alignment
(Supplementary Figure 4). The first round of 3D-classification was restricted to ten classes

and performed using Msm RNAP core (PDB ID 6F6W) as a 60 A low-pass filtered initial
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model. Classification was done during three rounds of 25 iterations each, using
regularization parameter T = 4. During the second and third round, local angular searches
were performed at 3.5° and 1.8° to clearly separate structural species. The three most
abundant and defined 3D-classes were re-extracted at the pixel size of 0.8311 A per pixel
and 3D auto-refined using respective masks in RELION 3.0 (Supplementary Figure 4). The
results of the 3D auto-refinement were used for per particle CTF refinement in RELION
3.1% and further 3D auto-refined. Further 3D classification was applied on class 1 and 3
(corresponding to States | and lll, respectively), but no better defined 3D classes were
identified. The 3D reconstruction of class 2 (corresponding to State Il) was further focus
3D auto-refined on the RNAP core region. The 3D reconstruction of class 2 was also 3D
focus classified on the region of the HelD-specific domain and a more defined class was
identified and 3D auto-refined separately. The final cryo-EM density maps were generated
by the post-processing feature in RELION and sharpened or blurred into MTZ format using
CCP-EM™. The resolutions of the cryo-EM density maps were estimated at the 0.143 gold
standard Fourier Shell Correlation (FSC) cut off (Supplementary Figure 3d). A local resolution
(Supplementary Figure 5a) was calculated using RELION and reference-based local
amplitude scaling was performed by LocScale*’. The directional resolution anisotropy

(Supplementary Figure 6) was quantified by the 3D FSC algorithm®.
Cryo-EM model building and refinement

Atomic models of Msm RNAP protein parts (Figure 1b-d) were generated according to the
known structure of the Msm RNAP core (PDB entry 6F6W). The whole RNAP core was first
rigid-body fitted into the cryo-EM density by Molrep* and individual sub-domains fits were
optimized using the Jigglefit tool* in Coot* and best fits were chosen according to a
correlation coefficient in the JiggleFit tool. The crystal structure of the Bsu HelD-2A domain
(Supplementary Figure 9g) was first rigid-body fitted into the cryo-EM density by Molrep®
and then manually adapted in Coot. Parts of the HelD main chain were first traced into the
cryo-EM density by Buccaneer®” and Mainmast®®. The rest of the HelD protein was built de-
novo in Coot*. The cryo-EM atomic-models of HelD-RNAP complexes were then iteratively
improved by manual building in Coot and refinement and validation with Phenix real-space

refinement®. The atomic models were validated with the Phenix validation tool

(Supplementary Table 6) and the model resolution was estimated at the 0.5 FSC cut-off.
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Structures were analyzed and Figures were prepared using the following software packages:
PYyMOL (Schrédinger, Inc.) with APBS plugin®®, USCF Chimera®, CCP4mg>?, PDBePISA

server®.
X-ray crystal structure determination of the Bsu HelD C-terminal domain

DNA sequence encoding the C-terminal domain of HelD (from residue 608 to 774) was
amplified by PCR and cloned into pET15b vector by Ndel and BamH| restriction sites to make
an N-terminal His6-tagged protein. Bacterial culture containing BL21(DE3) RIPL codon-plus
cells transformed with a pET15b—HelD-CTD vector was grown at 37 °C in LB medium
supplemented with 100 pug/ml ampicillin, protein expression was induced with 0.5 mM IPTG
at ODggo = 0.5, and incubated for additional 3 h to allow protein expression. Cells were
harvested by centrifugation and lysed by sonication in lysis buffer (50 mM Tris-HCI, pH 8.0 at
4 °C, 200 mM NaCl, 5 % glycerol, 2 mM B-mercaptoethanol, 2 mM phenylmethylsulfonyl
fluoride, PMSF). The lysate was clarified by centrifugation and HelD-CTD was purified by Ni-
NTA, Q-sepharose and Heparin-column chromatography. Fractions containing HelD-CTD
were concentrated using VivaSpin concentrators until 10 mg/ml in crystallization buffer (10

mM Tris-HCl, pH 8 at 4 °C, 50 mM NaCl, 1 % glycerol, 0.1 mM EDTA, 1 mM DTT).

Crystallization condition of HelD-CTD was screened by using JCSG+ screen (Molecular
Dimensions) and crystals were obtained in crystallization solution (0.1 M Na/K phosphate,
pH 6.2, 0.2 M NaCl, 50 % PEG200) at 22 °C. X-ray crystallographic data were collected at the
Penn State X-ray Crystallography Facility and the data were processed with HKL2000**. For
Sulfur single-wavelength anomalous dispersion phasing, 10 S atom positions were identified
and the initial phase and density-modified map were calculated by AutoSol followed by
automated model building by AutoBuild in the program Phenix®. Iterative refinement by
Phenix and model building using Coot*® improved the map and model. Finally, water
molecules were added to the model. The data statistics and X-ray structure parameters are

shown in Supplementary Table 7.
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Protein purification for biochemical assays - Msm RNAP core

Strain of Eco containing plasmid with subunits of the RNAP core (LK1853%) was grown to the
exponential phase (ODgg ~ 0.5). Expression of RNAP was induced with 500 uM IPTG for 4 h
at room temperature. Cells were harvested by centrifugation, washed, resuspended in P
buffer (300 mM NaCl, 50 mM Na,HPO4, 5 % glycerol, 3 mM B-mercaptoethanol) and
disrupted by sonication. Cell debris was removed by centrifugation and supernatant was
mixed with 1 ml Ni-NTA Agarose (Qiagen) and incubated for 90 minutes at 4 °C with gentle
shaking. Ni-NTA Agarose with bound RNAP was loaded on a Poly-Prep® Chromatography
Column (BIO-RAD), washed with P buffer and, subsequently, washed with P buffer with 30
mM imidazole. The proteins were eluted with P buffer containing 400 mM imidazole and
fractions containing RNAP were pooled and dialyzed against storage buffer (50 mM Tris—
HCI, pH 8.0, 100 mM NaCl, 50 % glycerol, 3 mM B-mercaptoethanol). The RNAP protein was
stored at —20 °C.

Protein purification for biochemical assays - Msm ¢"

Expression strain of Eco containing plasmid with gene of o* (LK1740) was grown at 37 °C
until ODggy reached ~0.5; expression of o was induced with 300 MM IPTG at room
temperature for 3 h. Isolation of 6" was done in the same way as RNAP purification with the
exception of 50 mM imidazole added to the P buffer before resuspending the cells. Instead
of the purification in a column, batch purification and centrifugation were used to separate

the matrix and the eluate.
Protein purification for biochemical assays - Msm RbpA

The expression and purification of RbpA (LK1254, this work) were done in the same way as
for RNAP except when ODgqo reached ~0.5, the expression was induced with 800 uM IPTG

at room temperature for 3 h.
Protein purification for biochemical assays - Msm HelD

Msm HelD was prepared as described previously, in the paragraph about purification of

proteins for cryo-EM experiments.
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Purity of all purified proteins was checked by SDS-PAGE gel.
Msm HelD ATP, GTP and CTP hydrolysis assay

Hydrolysis of ATP, GTP and CTP (Sigma-Aldrich) by Msm HelD was measured in a total
volume of 50 ul reaction mixture which contained 10 mM substrate, 10 pg of Msm HelD and
reaction buffer composed of 50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5 mM MgCl,. Incubation
was carried out at 37 °C for 30 min. The amount of released phosphate was analyzed
spectrophotometrically at A = 850 nm according to a modified molybdenum blue method**
using a microplate reader Clariostar (BMG LABTECH, Ortenberg, Germany). Briefly, the
reaction was stopped by adding 62 pul of reagent A (0.1 M L-ascorbic acid, 0.5 M CIsCCOOH).
After thorough mixing, 12.5 ul of reagent B (10 mM (NH4)sMo0,0,4) and 32 pl of reagent C
(0.1 M sodium citrate, 0.2 M NaAsO,, 10 % acetic acid) was added. All enzymatic reactions

were performed in triplicates with separate background readings for each condition.
DNA-Protein interaction analysis in vitro

DNA-Protein interactions were analyzed on 4-16% Bis-Tris native gels (Thermo Fisher
Scientific, cat. No. BN1002BOX) by Electrophoretic Mobility Shift Assay (EMSA). DNA
fragment was amplified by Expand High Fidelity PCR System (Roche, cat. No. 11732650001)
using #1101 and #1146 primers and Msm chromosomal DNA. The resulting 304 bp long PCR
fragment was excised and purified from agarose gel. Binding reactions were performed in
1xSTB buffer (50 mM Tris-HCl pH 8.0; 5 mM Mg(C;Hs0,),; 100 uM DTT; 50 mM KCl; 50 pg/mi
BSA) that contained RNAP (25 pmol), HelD (125 pmol) and DNA (0.2 pmol). First, RNAP was
pre-incubated in the presence or absence of HelD (at 37 °C, 45 min). Subsequently, DNA was
added and samples were incubated at 37 °C for additional 45 min. Then, NativePage buffer
(Invitrogen, cat. No. BN2003) was added and samples were loaded on native gel.
Electrophoresis was run in cold room (4 °C). Finally, the gel was stained with DNA stain
GelRed nucleic acid stain (Biotium, cat. No. 41003) in 1xTBS for 25 minutes and images were
taken with an Ingenius UV-light camera (Syngen). Unbound DNA was quantified by the
Quantity One software (BIO-RAD). The gel was subsequently stained with Simply Blue

(Invitrogen, cat. No. LC6060) for protein visualization.
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Protein-Protein interaction analysis in vitro

Protein-Protein interactions were analyzed on 7 % Tris-acetate native gels (Thermo Fisher
Scientific, cat. No. EA0355BOX) by EMSA. Binding reaction was done in 20 ul of 1xSTB buffer
containing RNAP (25 pmol), HelD (125 pmol), o" (1,250 pmol) and RbpA (1,250 pmol) -
protein combinations in reactions are specified in the Figure 4 legend. First, RNAP was
reconstituted with/without HelD (at 37 °C, 45 min). Then RbpA and/or o" were added,
followed by additional incubation at 37 °C for 45 min. 20 pl of Native Tris-Glycine buffer
(Invitrogen, cat. No. LC2673) was added and 20 pl of the mixture was then loaded on a
native gel. Electrophoresis was run in cold room (4 °C). Subsequently, for protein
visualization, the gels were stained with Simply Blue. The identity of proteins in each band

was determined by MALDI mass spectrometric identification.
Disassembly of elongation complexes

Elongation complexes (ECs), containing a transcription bubble, were assembled with the
Msm RNAP core, based on a previously described assay®®. Briefly, DNA and RNA
oligonucleotides were purchased and are the same as in Table EV7 in >’. The RNA (LK-pRNA)
was monophosphorylated at the 5’ end by the manufacturer. A 2-fold molar excess of RNA
was mixed with template DNA (LK632) in water and annealed in a cycler (45 °C for 2 min, 42-
27 °C: temperature was decreasing by 3 °C every 2 min, 25 °C for 10 min). RNAP (32 pmol
per sample) was incubated with 4 pmol of the annealed hybrid in 10 pl of reaction buffer
(40 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 1 mM DTT) for 15 min at room temperature with
gentle shaking. 8 pmol of non-template DNA (LK631) containing biotin at the 5" end was

added and the mixture was incubated at 37 °C for 10 min.

Streptavidin-coated magnetic beads (25 pl per sample; Sigma S-2415) were washed with
500 ul of binding buffer (20 mM Tris-HCI, pH 8.0, 0.15 M NaCl) and resuspended in the same
volume of fresh binding buffer. Assembled elongation complexes were then mixed with
washed beads. ECs and beads were incubated together for 30 min at RT (room temperature)
with continuous gentle shaking. Unbound complexes were removed by subsequent washing
with 500 pl of binding buffer, 500 pl of washing buffer (20 mM Tris-HCl pH 8.0, 0.5 M NacCl, 2
mM MgCl,, 1 mM DTT) and 500 pl of reaction buffer®®. Beads were resuspended in reaction

buffer with 100 mM final concentration of KCI, with or without GTP or ATP (final
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concentration 200 uM) in a total volume of 5 pl. HelD in 2-fold ratio over RNAP (64 pmol per
sample) or heat-inactivated HelD (5 min at 95 °C) or buffer were added to the final reaction
volume of 10 pl. Reactions proceeded for 20 min at 37 °C. The bound (in complex with EC)
and released (free in buffer) RNAPs were separated by using a DYNAL Invitrogen bead
separation device. Subsequently, the fractions containing released RNAPs were spotted
directly on nitrocellulose membrane. RNAPs were detected by Western blotting using
mouse monoclonal antibodies against the B subunit of RNAP (clone name 8RB13, dilution
1:1000) and secondary antibodies conjugated with a fluorophore dye (WesternBrightTM
MCF-IR, Advansta, 800 nm anti-mouse antibody, dilution 1:10 000) and scanned with an
Odyssey reader (LI-COR Biosciences). The analysis was done with the Quantity One software

(BIO-RAD). The experiment was conducted in five biological replicates.
Immunoprecipitation

150 ml of Msm exponential (Supplementary Figure 12) and 100 ml of stationary phase
(Figure 4f and Supplementary Figures 1 and 13) cells were pelleted and resuspended in 4 ml
of Lysis buffer (20 mM Tris-HCI, pH 8, 150 mM KCI, 1 mM MgCl,) with 1 mM DTT, 0.5 mM
PMSF and Sigma protease inhibitor cocktail P8849 (5 wl/ml), sonicated 15 x 10 s with 1 min
pauses on ice and centrifuged. 1 ml of stationary and 1.5 ml of exponential phase cells
lysates were incubated over night at 4 °C with 25 pl of ANTI-FLAG® M2 Affinity Agarose Gel
(Sigma, A2220). Agarose gel beads with the captured protein complexes were washed 4x
with 0.5 ml 20 mM Tris-HCl, pH 8, 150 mM KCI, 1 mM MgCl,. FLAG-tagged proteins were
eluted by 60 pl of 3x FLAG® Peptide (Sigma F4799) (diluted in Tris-buffered saline (TBS) to a
final concentration of 150 ng/ml). Proteins were resolved on sodium dodecylsulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Simply Blue-stained (SimplyBlue,

Invitrogen) or analyzed by Western blotting.
Double pull-down

Eluted proteins from the first immunoprecipitation (ANTI-FLAG, see above) from lysates of
the HelD-FLAG culture from exponential phase were incubated (O/N, 4 °C) with 5 ug of o or
IgG antibodies (negative control), respectively, bound to 20 pl of Protein G-plus Agarose
(Santa Cruz Biotechnology, Cat. No. sc-2002), and then 4x washed with 1 ml Lysis buffer.

Finally, proteins were analyzed by SDS-PAGE and Western blot.
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Western blotting

Proteins were resolved by SDS-PAGE and detected by Western blotting using mouse
monoclonal antibodies against 070/0A (clone name 2G10, Biolegend, cat. No. 663208,
dilution 1:1000), against the B subunit of RNAP (clone name 8RB13, Biolegend, cat. No.
663903, dilution 1:1000), monoclonal anti-FLAG (clone M2, Sigma cat. No. F1804, dilution
1:1000), and anti-mouse secondary antibodies conjugated with HRP (Sigma, cat. No. A7058,
dilution 1:80 000). Subsequently, the blot was incubated for 5 min with SuperSignal™ West
Pico PLUS Chemiluminiscent substrate (Thermo scientific, cat. No. 34577), exposed on film

and developed.
Trypsin digestion and MALDI mass spectrometric identification

Simply Blue-stained protein bands were cut out from gels, chopped into small pieces and
destained using 50 mM 4-ethylmorpholine acetate (pH 8.1) in 50 % acetonitrile (MeCN). The
gel pieces were then washed with water, reduced in size by dehydration in MeCN and partly
dried in a SpeedVac concentrator. The proteins were digested overnight at 37 °C using
sequencing grade trypsin (100 ng; Promega) in a buffer containing 25 mM 4-
ethylmorpholine acetate and 5 % MeCN. The resulting peptides were extracted with 40 %
MeCN/0.2 % TFA (trifluoroacetic acid).

For MALDI MS analysis, 0.5 ul of each peptide mixture was deposited on the MALDI plate,
air-dried at room temperature, and overlaid with 0.5 ul of the matrix solution (o-cyano-4-
hydroxycinnamic acid in 50% acetonitrile/0.1 % TFA; 5 mg/ml, Sigma). Peptide mass maps of
proteins in Figure 4f and Supplementary Figure 1 were measured using an Autoflex Speed
MALDI-TOF instrument (Bruker Daltonics, Billerica, USA) in a mass range of 700-4,000 Da
and calibrated externally using a PepMix Il standard (Bruker Daltonics). For protein
identification, MS spectra were searched against NCBIprot 20190611 database subset of
bacterial proteins using the in-house MASCOT v.2.6 search engine with the following
settings: peptide tolerance of 20 ppm, missed cleavage site set to one and variable oxidation
of methionine. The spectra of proteins in Figure 4h were acquired on a 15T Solarix XR FT-ICR
mass spectrometer (Bruker Daltonics) in a mass range of 500-6,000 Da and calibrated
internally using peptide masses of Msm RpoB and RpoC proteins. The peak lists generated using

DataAnalysis 5.0 program were searched against UniProtKB database of Msm proteins using the
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in-house MASCOT engine with the following settings: peptide tolerance of 3 ppm, missed

cleavage site set to two variable and oxidation of methionine.

Data Availability

All source data used for statistics and plots are available in the Source Data file. Other data
are available from the corresponding authors. Co-ordinates and structure factors or maps

have been deposited in the wwwPDB or EMDB:

Bsu HelD C-terminal domain (X-ray) PDB ID 6VSX [https://doi.org/10.2210/pdb6VSX/pdb]

Msm HelD-RNAP complex State | (cryoEM) EMD-10996
[https://iwww.ebi.ac.uk/pdbe/entry/emdb/EMD-10996] , PDB ID 6YXU
[https://doi.org/10.2210/pdb6YXU/pdb]

Msm HelD-RNAP complex State Il (cryoEM) EMD-11004
[https://mwww.ebi.ac.uk/pdbe/entry/emdb/EMD-11004] , PDB ID 6YYS
[https://doi.org/10.2210/pdb6YYS/pdb]

Msm HelD-RNAP complex State Ill (cryoEM) EMD-11026
[https://iwww.ebi.ac.uk/pdbe/entry/emdb/EMD-11026] , PDB ID 6211
[https://doi.org/10.2210/pdb6711/pdb]
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Figure legends

Figure 1: Cryo-EM structures of Msm HelD-RNAP complexes.

a, Description of Msm RNAP core (PDB ID 6F6W) subunits and domains; RNAP subunits are
color-coded according to the inset legend. b, c and d, Atomic model surface representation
of three identified Msm HelD-RNAP complexes: State | — PCh-engaged, State Il — PCh-
engaged AS-interfering and State Il — PCh-dis-engaged AS-interfering. When fully ordered in
State | and Il (b and c), the HelD protein [color-coded as in (e)] forms a crescent-like shape,
ends of which protrude to the primary and secondary channels of the RNAP core. The partly
ordered HelD protein in State Il (d) vacates most of the RNAP primary channel. e, Schematic
linear representation of the domain structure of the HelD protein. The 1A domain (two
shades of yellow) is split in aa sequence into two parts, separated by a large HelD-specific
insertion (hues of blue and orange). The nucleotide-binding motifs are marked as vertical
thick black lines. Aa numbering (Msm) is shown below. f, g and h, Three states of HelD as
observed in (b, ¢ and d) color-coded according to the domain structure (e); secondary
structure elements are marked as in Supplementary Figure 7a.

Figure 2: The HelD N-terminal domain inserts into the RNAP secondary channel; domains

1A-2A comprise the NTPase unit.

a and b, Ribbon (State 1) and surface (State Il) representation of the HelD N-terminal domain
interaction with the secondary channel of RNAP core (grey). The HelD coiled-coil domain
(NCC-domain, firebrick) and the distinct loop (NG-loop, red) of the HelD globular domain
(NG-domain, salmon) are inserted between B’-funnel, shelf and jaw. The NCC-domain
reaches only the boundary line of the B’ bridge helix (B’-BH, cyan) and leaves a passageway
to the RNAP core active site (MgA, magenta sphere). The HelD NCC also restricts the trigger
loop (TL, yellow) movement. The linker (NG-linker, violet) connects the N-terminal domain
with domain 1A-1. ¢, The two Msm HelD Rossman fold domains (1A yellow and 2A green)
form a canonical NTPase unit heterodimer with respect to structurally described SF1
helicases. Domain 1A tightly packs with B-lobe (dark grey) and its extension (brown) is
clamped in-between one B-turn (B/184-187) of B-lobe and the tip of the B' subunit jaw (light
grey). d, Model of ATP binding to the conserved nucleotide-binding site of motifs Q (blue), |
(brown), Il (pink), ~Ill (orange), llla (red), Va (pale green) and VI (deep blue). ATP (green) and
Mg?* (magenta sphere) are added based on superposition with the ternary complex of UvrD
(PDB ID 2IS4). e, HelD exhibits ATPase and GTPase activities but does not hydrolyse CTP. The
apparent negative value of CTP hydrolysis was caused by high background readings. The
bars show mean values, the error bars indicate +SD and the individual symbols represent
values from three independent replicates. The data were analysed and the graphics created
with GraphPad Prism 7.02.

Figure 3: The Msm HelD-specific domain interactions with the RNAP primary channel.

36



946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975

976

977

978
979
980
981
982
983
984
985
986
987
988
989
990

a, Surface of the Msm RNAP core (PDB ID 6F6W), color-coded as in Fig. 1a with description
of individual domains and functional parts. b and c, Surface representation of States | and Il
of the Msm HelD-RNAP complex with RNAP color-coding as in (a) and marked domain
names; HelD color-coding as in Fig. 1e. d and e, Ribbon representation of the HelD-specific
domain inserting into the RNAP primary channel in State | (d) and State Il (e). In State | (d),
the clamp-opening (CO, blue) HelD-specific domain is projected from the HelD 1A domain
(yellow) towards the B’-clamp (grey). At one end, the CO is bonded to the 1A domain by the
CO-linker (cyan), and stabilised by B-turn 561-563 and a19 (yellow). On the other end, the
CO-domain tip abuts towards the B’-NCD three-stranded sheet. Concomitantly, the HelD
helix a16 (part of peptide HelD/449-473, orange) butts against the B’/1164-1210 three-
stranded sheet. The connection between al6 and the 1A-extension is disordered (dotted
line). In State Il (e), The CO interaction with the 1A domain remains similar to State | (d). The
CO-domain tip, however, shifts towards the B’-rudder (green) and B’/122-133 a-helix.
Concomitantly, the HelD PCh-loop (orange) folds towards the active site (MgA, magenta
sphere) and folds back towards the 1A-extension (brick) and 1A domain. f, The PCh-loop
folds into the RNAP active site. The HelD loop 473-494 and the two adjacent a-helices (a16
and al7, orange) fold alongside the RNAP bridge helix (BH, cyan) towards the RNAP active
site and HelD/Asp482 directly contacts the MgA (magenta sphere, details in inset,
coordination of MgA is marked with blue dotted lines). The RNAP trigger loop (TL, yellow) is
restricted and folded between the HelD PCh-loop helix a17, the HelD NCC-domain (ruby), B’-
BH and the B-core domain (dark grey). g, Detail of the f’-BH interaction with HelD a16 and
al7. BH B’/Arg874 and 875 sandwich HelD/Tyr466, and B’/Tyr871 stacks on HelD/Phe502.
The stacking interactions are marked with yellow dotted lines. h and i, The HelD PCh-loop
binding in the active site chamber is mutually exclusive with the presence of the
transcription bubble. Two perpendicular views of superposition of the Tt RNAP elongation
complex (PDB ID 205J, pale colors) and HelD State Il (solid colors) are shown. The folded TL
in pre-translocated EC would sterically clash with the HelD NCC-domain. The HelD PCh-loop
tip would sterically clash with RNA/DNA hybrid at positions +1 to —2, and the HelD a16 and
a17 helices would clash with downstream DNA duplex. Color code as in (f), template DNA in
pink, non-template DNA in grey, product RNA and incoming NTP at position +1 in green.

Figure 4: Binding of Msm HelD to RNAP and its effects on DNA-RNAP interactions.

a, DNA binding to RNAP - EMSA - binding of 300 bp DNA to the Msm RNAP core and the
effect of HelD. b, the same gel as above but stained for proteins. The dotted line shows
where the gel was electronically assembled. ¢, quantitation of EMSA — the bars here (the
amount of unshifted DNA) and in (e) are mean values from at least three independent
experiments, the error bars show SD, the individual symbols show values of individual
independent replicates. The leftmost bars were set as 1 and the other values within each
graph were normalized relative to this bar. The turquoise bars here and in (e) indicate the
addition of HelD. d, EC disassembly - scheme: ECs were assembled on DNA:RNA scaffolds
and challenged with HelD and/or NTPs. RNAP released into buffer was quantitated by
Western dot blots. e, Quantitation of EC disassembly from five independent experiments.
Representative primary data are shown below the graph. Presence/absence of individual
components is indicated. +° indicates heat-inactivated HelD. The statistical significance in (e)
for the indicated combinations was p<0.05 (one-sided Student’s t-test; exact p values are
37
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written in the graph). f, Representative SDS PAGE of immunoprecipitations of Msm RNAP
(B), oA, and HelD. All proteins were FLAG fusions, the antibody was anti-FLAG. Wt, a strain
without any FLAG fusion. The identity of the bands was confirmed by mass spectrometry. IP,
immunoprecipitation; M, markers. The experiment (biological replicates) was performed 3x
with the same result. g, Representative Western blot of IPs of FLAG-tagged Msm RNAP (),
0", and HelD. Antibodies against RNAP B and o”* were used to detect the presence of
proteins in complexes. M, marker — purified 6*. The experiment was performed twice with
the same result. h, In vitro protein interactions - EMSA. Proteins were detected by Simply
blue SafeStain. In all cases, RNAP was first reconstituted with HelD and then with RbpA
and/or o’ A small, but reproducible shift was observed after addition of both RbpA and ot
to RNAP-HelD, indicating the presence of all proteins in one complex. Numbered arrows
indicate complexes with different protein composition (determined by mass spectrometry).
In some cases, complexes with different protein composition displayed the same migration
in the gel: 1. RNAP, RNAP-RbpA; RNAP-O’A,' 2. RNAP-HelD, RNAP-HelD-RbpA; 3. RNAP-HelD-
o”; 4. RNAP-HelD-0*-RbpA. The experiment (biological replicates) was performed 3x with
the same result.

Figure 5: A model of the HelD functioning in RNAP recycling.

a, When EC stalls, it needs to be disassembled. b The HelD N-terminal domain (pink) first
approaches the RNAP secondary channel and then induces changes in RNAP likely
destabilising the RNAP-dwDNA interaction. ¢, Subsequent interactions of the HelD PCh-loop
(orange) and the whole HelD-specific domain (cyan) in the RNAP primary channel open the
RNAP cleft, widen the RNA exit channel and mechanically interfere with dwDNA. d, An even
broader cleft/RNA exit opening together with the PCh-loop intervening deep in the AS
(MgA, magenta sphere) displace dwDNA and the RNA/DNA hybrid from the active site
cavity. e, The HelD-RNAP nucleic acid-free complex binds ¢” factor and RbpA, and all factors
can bind RNAP core simultaneously. f, The complex binds to DNA promoter via the o factor
with concomitant displacement of HelD from RNAP by an unknown mechanism, possibly
dependent on NTP hydrolysis by HelD and a new round of o*-dependent transcription cycle
can initiate.
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Supplementary Figure 1: Msm HelD is in complex with RNAP.

SDS-PAGE of IPs of RNAP-FLAG from Msm (RNAP-FLAG, strain LK1468; wt, strain LK865). The
gel shows boiled ANTI-FLAG M2 agarose with bound proteins. The identities of the pulled-
down proteins are indicated with arrows (determined by mass spectrometry). Wt — control, a
strain without any FLAG-fusion. The experiment was performed 3x (biological replicates) with
the same result. Mw, molecular weight marker. The two prominent un-marked bands
correspond to heavy and light antibody chains, respectively.
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Supplementary Figure 2: Reconstitution of Msm HelD-RNAP complex.

a, Size-exclusion chromatography (SEC) analysis of RNAP core alone (purple line) and HelD
protein alone (green line). SEC analysis of protein sample after reconstitution of RNAP core
with HelD protein at a 1:3 ratio (yellow line). The first yellow peak (from left) is the Msm HelD-
RNAP complex, the second yellow peak is excess of free HelD protein. The data were analysed
and the graphics created with GraphPad Prism 7.02.

b, SDS-PAGE analysis of the Msm HelD-RNAP complex and the Msm RNAP core. 40 pg protein
samples of fractions of Msm HelD-RNAP complex and RNAP core alone were loaded onto
analytical SDS-PAGE. Fractions are indicated by the elution volume. The first lane contains the
molecular weight marker.
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Supplementary Figure 3: Cryogenic electron microscopy of Msm HelD-RNAP complex.

a, Representative micrograph of Msm HelD-RNAP complex in free-standing ice after
MotionCor2! correction at defocus of ~2.5 um.

b, 2D-class averages of the Msm HelD-RNAP complex.

¢, Angular distribution for particle projections of the Msm HelD-RNAP complex State |, Il and
Il respectively, visualized on a globe-like plane. The data were analysed and the graphics
created with cryoEF?.

d, Fourier shell correlation (FSC) curves for Msm HelD-RNAP complex State | (yellow), Il
(green) and Il (purple), respectively. The plot of the FSC between two independently refined
half-maps shows the overall resolution of the two maps as indicated by the gold standard FSC
0.143 cut-off criteria3. The data were analysed and the graphics created with GraphPad Prism
7.02.
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Supplementary Figure 4: Cryo-EM data 3D classification and refinement scheme.

Summary of the cryo-EM 3D classification and refinement scheme of the Msm HelD-RNAP
complex. Initially, three different datasets were processed individually to the level of 2D
classification. 2D classes with well-defined secondary structure features were merged
(1,560.5k particles). The merged particles were classified into ten 3D classes with angular
assignment. Incomplete, low resolution, and damaged particle classes were excluded from
further data analyses. The three most prominent 3D classes of the Msm HelD-RNAP complex
were refined, and subsequently filtered by LocScale?, corresponding to State I, Il and lll. The
State Il class was focus-refined around the region of the RNAP core and the HelD N-terminal
and 1A domain and PCh-loop. In parallel, a round of focus classification was performed on the
region of the HelD 1A and HelD-specific domains using corresponding mask (cyan) in order to
get a better defined map for model building of the latter region. Atomic resolution cryo-EM
maps were refined and post-processed with their respective masks in RELION 3.0°°,
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Supplementary Figure 5: Local resolution and cryo-EM density maps of the Msm HelD-
RNAP complexes.

a, Cylinder model (left) and distribution of local resolution of the Msm HelD-RNAP State |, Il
and lll, respectively. Surface (middle) and slice (right) representation. The black line in the
middle panels delineates HelD in State | or Il. Maps are colored according to the local
resolution calculated within the RELION software package. Resolution is as indicated in the
color bar. Graphics created with Pymol (Schrédinger, Inc.) and Chimera’.

b, LocScale filtered cryo-EM density map for the Msm HelD protein in State I, Il and I,
respectively. Color coded as in Figure 1e. Graphics created with Chimera’.

¢, LocScale filtered cryo-EM density for the HelD PCh-loop tip, MgA is shown as magenta
sphere. Carved with a 1.75 A clip radius around the atomic model in CCP4mg8.

d, LocScale filtered cryo-EM density for the N-terminal CC-domain of HelD carved with a 1.75
A clip radius around the atomic model in CCP4mg2.
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Supplementary Figure 6: 3D FSC analysis of HeID-RNAP complexes cryo-EM maps.

a, b, ¢ Directional FSC analysis® (right) and 3D FSC analysis® (left) of HelD-RNAP in State I, II, and llI,
respectively. (right) Plots of the global half-map FSC (solid red line, right axis) together with the spread
of directional resolution values defined by +1o from the mean (area encompassed by dotted green
lines) and a histogram of Directional FSC (blue bars, left axis). (left) Directional FSC analysis in x (blue),
y (green) and z (red) direction compared to the global (yellow) FSC analysis. The analysis was
performed with the 3DFSC server v. 3.0°.
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Supplementary Figure 7: Secondary structure assignment of HelD protein.

a, State | (top) and State Il (bottom) secondary structure elements marked along the Msm
HelD amino acid sequence. Some regions (red marking) are not folded in one or the other
State, a7 exists in State Il only, al16 has a shifted register. The graphics was created using
ESPript 3.0%.

b, Topology of the new fold of the HelD-specific domain (no structural homolog identified).
The graphics was created using PDBsum server??,
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Supplementary Figure 8: Structural comparison of HelD and Gre-like transcription factors

a, b, ¢, and d Structural comparisons of (a) Msm HelD N-terminal domain and Gre-like
transcription factors. HelD anchors into the RNAP secondary channel similarly to (b) Tt Gfh1
(PDB ID 3A0H) and (c) Eco GreB (PDB ID 6RI7) N-terminal CC (orange) and globular (green)
domains. However, in contrast to GreB and Gfh1l CC domains, the tip of HelD NCC-domain
does not reach to the AS (insets, MgA as magenta sphere). (d) Eco DksA interacts with the
RNAP secondary channel in a similar fashion (PDB ID 5W1T). Graphics created with Pymol
(Schrodinger, Inc.).

e, Sequence alignment of HelD homologs and Gre-like transcription factors. The
mycobacterial HelD NCC-domain tip does not contain the conserved DXX(E/D) motif
necessary for Gre factor-like endonuclease activity. Sequence alignment was performed using
Clustal Omega®? and the graphics was created in ESPript 3.0%°.
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Supplementary Figure 9: Msm HelD 1A-2A heterodimer nucleotide binding site compared
to UvrD; NTPase activity of Msm HelD; Bsu HelD CTD crystal structure.

a, Superposition of the HelD NTP-binding site (State I, color coded) and the UvrD ATP-bound
state (grey, PDB ID 21S4). Conserved residues from motifs Q (blue), I (orange), Il (pink), ~Ill and
llla (firebrick), Va (lightgreen) and VI (deepblue) are present but not in conformations
compatible with NTP binding. The ordered NG-linker locks the conformation of Tyr589 (Van
der Waals interactions with residues HelD/157, 160 and 161 of a3) and of Arg590 (Arg side
chain links Asp157 and Glu672 of HelD) so that they would clash with the NTP base and ribose,
probably making the NTP binding/hydrolysis in State | impossible.

b and ¢, Conserved nucleotide binding site motifs Q, I, Il, lll, llla, Va, and VI (color coded as in
Figure 2d) as observed in HelD (a, b) in comparison to UvrD [(c),PDB ID 2154]. Residues
responsible for ssDNA [pale yellow in (c)] binding in motifs la and Ic (orange), IV (yellow) and
V (forest green) in UvrD are not present in HelD (red crossing).

d and e, Comparison of surface electrostatic potential of the HelD 1A-2A heterodimer and
UvrD ssDNA-bound 1A-2A heterodimer, respectively. A prominent positively charged groove
binds ssDNA (sticks in e) on the surface of UvrD (black oval). In contrast, a negatively charged
groove is present in a similar area of HelD surface (black oval). Electrostatics surfaces were
generated by APBS*3within PyMol according to heat bar in ksT/e units.
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f, Hydrolyses of ATP and GTP were monitored and evaluated at 0, 15, 30 and 60 min intervals.
Measurements were performed in 3 biological replicates for each time interval with separate
background readings for each condition. The results are shown as mean values of the amounts
of released phosphate in the reaction, with standard deviations shown as error bars. The
symbols are individual replicates (n=3). The data were analysed and the graphics created with
GraphPad Prism 7.02.

g, X-ray structure of the C-terminal domain of Bsu HelD compared with State | of Msm HelD.
The C-terminal domain of Bsu HelD (residues 608-773) shown as secondary structure
elements in grey superimposed by the SSM algorithm with the 2A domain of Msm HelD
(colored as in Figure 1d); ATP (green sticks) and Mg?* (magenta sphere) in positions as in the
structure 21S4 superimposed according to the NTP-binding site motifs in Msm HelD. The 2A
domain structure of Bsu HelD corresponds to the Rossman fold of the RecA-like domain
(central twisted 5-stranded B-sheet surrounded by 5 a-helices 611-620, 645-663, 674-687,
733-745, and 760-764); loop 624-630 was not localized. The domain is most similar to the
crystal structure of the C-terminal domain of putative DNA helicase from Lactobacillus
plantarum (PDB ID 3DMN, rmsd 1.23 A, 151 aligned C* atoms, 37.7% sequence identity) with
identical fold and topology (PDBeFold server'#). The structure aligns well with that of the
2A/2B domain of UvrD (PDB ID 2154, rmsd 1.6 A, 149 aligned C* atoms), with an almost perfect
match of the secondary structure, however of significantly different topology (not shown).
The C-terminal domain of Bsu HelD has a very similar localization of the amino acid residues
forming the expected NTP-binding site (Arg608 corresponds to UvrD/Arg284 — part of motif
Illa, motif VI occurs as 741-TACTRAM-747, Arg745 very likely participating in NTP binding and
cleavage, Glu716 is conserved in position of UvrD/Glu566, likely binding the NTP ribose
moiety). In comparison with State | of Msm HelD the Bsu structure is more similar to the 2A
domain (rmsd 2.2 A, 92 aligned residues, sequence identity of the aligned parts 21.7%,
alignment shown) than to 1A (2.7 A, 102 residues aligned, 9.8%, alignment not shown). The
helix-loop-strand motif 674-708 (cyan) of Bsu HelD does not match any element of 2A in Msm
HelD and the region 695-699 of the loop would clash (red arrow) with a6 of domain 1A in
Msm HelD.
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Supplementary Figure 10: The Msm HelD specific domain wedges into the RNAP primary
channel; global domain changes in Msm HelD states.

a, Surface representation of HelD specific domain interaction with RNAP primary channel in
State |, Il, and Ill, compared to Msm RNAP core (PDB ID 6F6W) and model of Msm elongation
complex according to PDB ID 205J. Color code as in Figure 1d, template DNA in pink, non-

template in yellow.

b, Comparison of RNAP primary channel opening in RNAP complex with HelD in State |

(orange), Il (red), lll (yellow), and without HelD in RNAP core (green) in EC (cyan).
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¢, Surface representation of RNA exit channel opening caused by HelD interaction with RNAP
in State I, I, and Ill, compared to Msm RNAP core (PDB ID 6F6W) and model of Msm
elongation complex according to PDB ID 205J. Color code as in Figure 1d, nascent RNA in red.

d, Comparison of RNAP RNA exit channel opening in RNAP complex with HelD in State |
(orange), Il (red), llI (yellow), and without HelD in RNAP core (green) in EC (cyan).

e, Two views of State | and Il superposition according to the RNAP core (f/430-738). The
collapse of NG-linker in State Il allows for 1A and 2A mutual reorientation (arrow 1 and 2).
Concomitantly this causes a shift of 1A extension (arrow 3 in left panel) and B-lobe (arrow 3
in right panel). The reorientation of 1A-2A also causes a shift of the HelD CO-domain (arrow
4) and a further swing-out of B’-NCD CC (arrow 5). On the other hand the B’-CC shifts towards
the HelD CO-domain (arrow 6). State | is colored as in Figure 1, State Il is in light transparent
grey. Only selected domains are displayed.

f, Two views of State Il and Il superposition according to the RNAP core (B/430-738). In State
lll, the HelD N-terminal domain slightly shifts within the RNAP secondary channel (arrow 1).
The absence of 1A and 2A domains in State Il allows relaxation of B-lobe, which shifts to a
similar position as in State | (arrow 2), The absence of the HelD-specific domain allows closure
of the B’-clamp (arrow 3 and 4). State Il is colored as in Figure 1; State Il is in light transparent
grey as in (e). Only selected domains are displayed.

g, Superposition of State Il (grey) with EC (black) according to the RNAP core (B/430-738),
only selected domains are displayed. The HelD N-terminal domain insertion into the
secondary channel induces changes in the RNAP primary channel that may destabilise the
dwDNA interaction. Notice the shifts of both B-lobe and B’-jaw/cleft and changes in the loops
contacting (double arrows) dwDNA in EC (cyan) and in the HelD presence (red).

h, Superposition of the 1A-2A heterodimer in State | (colored as in Figure 1) and State Il (light
grey) according to 1A-1 domain (1A-1 residues 174-259 superimposed by least squares on
main chain, rmsd 2.37 A). In state I, the disorder of NG-linker (arrow 1), rearrangement of a6
and formation of a7 (change from yellow to cyan, arrow 2), and shift of the 2A domain (arrow
3) altogether result in more open NTP-binding site (ATP in green, Mg?* magenta sphere,
modelled by superposition with UvrD ternary complex, PDB ID 21S4).
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Supplementary Figure 11: Models of HelD, o*, and RbpA coexistence on RNAP.

a,b,c Three hypothetical coexistence modes (ordered according to the least adjustments
needed) of HelD (only HelD-specific domains shown for clarity), o*, and RbpA in the RNAP
primary channel in two perpendicular views. Color code as in Figure 1, domains o3 in
magenta, o* in blue, RbpA in yellow.

a, The State Il complex superimposed with PDB entries ID 6EYD and ID 5TW1 based on the
RNAP core domain (B/430-738). In State Ill, the HelD CO-domain does not occupy the primary
channel, and o? can interact with the conserved binding site on the B’-clamp coiled-coil
domain (B’-CC). The o domain clashes sterically with B-protrusion (also called B-domain 1,
red arrow), however, a slight shift of 0> could accommodate the latter. The RbpA interaction
with both o and B’-clamp is preserved.

b, The State | complex superimposed with the PDB entries ID 6EYD and ID 5TW1 based on the
RNAP B’-clamp (B’/6-404). In State |, the HelD CO-domain occupies the primary channel and
o2 can interact with B’-CC if the CO-tip accommodates for o2 presence (red arrow) and o?
moves away. The opening of the RNAP clamp in State | causes o detachment from domain 1
(black arrow). The protein linker between o3 and o* has to accommodate the RNAP clamp
opening. The RbpA interaction with both ¢” and B’-clamp is preserved.

¢, The State Il complex superimposed with the PDB entry ID 5TW1 based on the RNAP core
domain (B/430-738). In State Il, the HelD CO-domain occupies the primary channel and moves
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even further towards p’-CC, disallowing o2 to bind the B’-clamp. In this situation o® and ¢*
hold only on the B-protrusion and B-flap and o? detaches from the B’-clamp (black arrow).
The resulting gap between o2 and B’-clamp may be filled with the HelD CO-domain.
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1" PULL-DOWN

2" PULL-DOWN

ANTI- Mw ' .- ---------------------------------
-FLAG |adder 5 5 IgG
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HelD-FLAG - -80 kDa : 3
o o |-60KkDa > ANTI-FLAG
—50 kDa
& —40kDa :

Supplementary Figure 12: HelD and 6* can coexist on RNAP.

Double pull-down: The first pull-down was performed from Msm lysates (strain LK2590) with
an antibody against the FLAG peptide (the same result as in Figure 4f). The Simply Blue-
stained gel shows the resulting pulled-down proteins —first lane (ANTI-FLAG). The second lane
shows Molecular weight (Mw) ladder. The two lanes were assembled electronically — marked
with the dotted line. The protein mixture from the first pull-down was then used for the
second pull-down with an antibody against ¢* and with IgG (negative control). The presence
of HelD-FLAG (anti-FLAG) and RNAP (anti-B) was verified by Western blotting. The identities
of the antibodies used for the detection are indicated next to the gel. The experiment was
performed 2x with identical results.
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RNAP-FLAG
Mw ladder

RbpA-FLAG
HelD-FLAG

B/p—|w== wm W 160 kDa
HelD—~— we |=80kDa
o —60 kDa
o= ~40 kDa
Rbphse —-15 kDa
-

Supplementary Figure 13: RbpA is in complex with RNAP, ¢”, and HelD.

Simply Blue-stained SDS-PAGE of IPs of FLAG-tagged proteins from Msm (RbpA-FLAG, strain
LK2541; HelD-FLAG, strain LK2590; RNAP-FLAG, strain LK1468). The identities of the FLAG-
tagged proteins are indicated above the lanes. The identities of the pulled-down proteins are
indicated with arrows (determined by mass spectrometry). The final gel was assembled
electronically as indicated with the dotted lines. The experiment was performed 3x (biological
replicates) with identical results.
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Supplementary Figure 14: Sequence alignment of HelD homologs.

Curated sequence alignment based on alignment generated by Clustal Omega software!?.
Amino acids in Msm HelD that make contacts with the RNAP core as observed in State |l
(Supplementary Tables 1-3) are marked with green rectangles. Secondary structure is
denoted for M. smegmatis HelD. GeneBank codes of used sequences: Msm WP_003893549.1,
M. tuberculosis: PLV44927.1; M. triplex: CDO88184.1, Nocardia asteroides: GAD85771.1,
Rhodococcus erythropolis: WP_095971734.1, Saccharopolyspora erythraea: PFG97077.1,
Tsukamurella pulmonis: WP_139061895.1; Streptomyces tendae: WP_150152972.1, Bsu
WP_003244180.1, Bacillus cereus WP_095971734.1, B. thuringiensis: WP_074790911.1, B.
anthracis: WP_071737252.1. The graphics was created using ESPript 3.0%
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Supplementary Table 1: Hydrogen bonds and salt bridges between HelD N-terminal domain
(State Il) and RNAP B’ subunit.

Interactions up to 4 A distance according to the PDBe PISA server!4.

# RNAP B’ subunit | HelD residue
1 D:1LYS 775 H:GLU 27
2 D:ASN 809 H:GLY 43
3 D:1LYS 820 H:GLU 48
4 D:ARG 865 H:ASP 50
5 D:ARG 757 H:ASP 96
6 D:GLN 778 H:ARG 34
7 D:GLN1008 H:ARG 49
8 D:GLN1146 H:ARG 49
9 D:GLU 751 H:ARG 93
10 D:ASP 779 H:ARG 93
11 D:GLY 762 H:MET 108
12 D:ARG 865 H:ASP 50
13 D:ARG1086 H:ASP 67
11 D:GLU 771 H:ARG 62

Supplementary Table 2: Hydrogen bonds and salt bridges between HelD 1A domain (State
I1) and RNAP B-lobe and p’-jaw.

Interactions up to 4 A distance according to the PDBe PISA server!4.

# RNAP B subunit HelD residue
1 C:LYS 188 H:THR 521
2 C:SER 185 H:ARG 513
3 C:GLU 187 H:ARG 226
4 C:GLU 187 H:ARG 513
5 C:LYS 209 H:GLU 519
6 C:ARG 210 H:GLU 519
7 C:ARG 210 H:ARG 543
8 C:LYS 209 H:THR 521
9 C:ASP 211 H:ARG 547
RNAP R’ subunit
1 D:VAL1040 H:GLU 504
2 D:LYS1061 H:GLY 250
3 D:ARG1084 H:GLU 251
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Supplementary Table 3: Hydrogen bonds and salt bridges between HelD primary channel
loop (State | and 1) and RNAP B and B’ constituents of the primary channel.

Interactions up to 4 A distance according to the PDBe PISA server??,

State I
# RNAP B’ subunit | HelD residue
1 D:ARG1205 H:ALA 467
State II
# RNAP B subunit HelD residue
1 C:LYS 184 H:ASP 500
2 C:ARG 456 H:GLN 490
3 C:ARG 464 H:ASP 491
4 C:GLN 605 H:GLU 484
5 C:LYS 875 H:ASP 483
6 C:LYS 883 H:ASP 483
7 C:HIS1026 H:GLU 484
8 C:HIS1026 H:GLU 484
9 C:ARG1058 H:ASP 479
RNAP B’ subunit
1 D:TYR 871 H:GLU 463
2 D:ARG 875 H:GLU 463
3 D:ARG 874 H:TYR 466
4 D:ARG 427 H:ASP 479
5 D:ARG 421 H:ASP 479
6 D:ARG 427 H:LEU 480
7 D:ARG 500 H:MET 481
8 D:GLN 540 H:MET 481
9 D:ALA 542 H:MET 481
10 D:ARG 500 H:ASP 482
11 D:ARG1039 H:PHE 502
12 D:ARG 874 H:TYR 466
13 D:ASP 878 H:TYR 466
14 D:ASP 539 H:ASP 483
15 D:ARG1012 H:ARG 501
16 D:ASP 868 H:ARG 501
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Supplementary Table 4: Bacterial strains.

Strain Description/Notes Source
E. coli
RNAP Msm LK1853 16
SigA(c”) Msm LK1740 25;252;;;"’;\2; tBeerﬁl"(gaE'g) This work
HelD Msm Mshel 6xHis-HelD Msm, Lemo21 This work
(DE3)
pET22b+ with C-terminal
RbpA Msm LK1254 6xHis RbpA Msm, This work
BL21(DE3)
M. smegmatis
wt LK865 M. smegmatis mc? 155 Laboratory strain
kindly provided by D.
RNAP-FLAG LK1468 Schnappinger, Weill 17
MR-sspB Cornell Medical College,
New York, USA
RbpA-FLAG LK2541 This work
SigA-FLAG LK2073 This work
HelD-FLAG LK2590 This work
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Supplementary Table 5: DNA oligonucleotides.

Primer

Sequence 5’ 3’

#1101

AAATCGGGCGGCGTCCCGGA

#1146

ACGGAAGCTTGGCGAGGC

Primers
for Msm
DNA
fragment
for EMSA
assays

#1155

GGAATTCCATATGGTGGCAGCGACAAAGGCA

#1156

CCGCTCGAG GTCCAGGTAGTCGCGCAG

Primers
for o?
(MSMEG_
2758)
cloning
into
pET22b

#1182

CCGCTCGAGGCTTCCGGTTCCGCGCCG

#1183

GGAATTCCATATGATGGCTGATCGTGTCCTG

Primers
for rbpA
(MSMEG_
3858)
cloning
into
pPET22b

#2339

CTTCATATGGCAGCGACAAAGGCAAGCCCG

#2340

CGTAAGCTTCTACTTGTCGTCGTCGTCCTTGTAGTCCAGGTAGTCGCGCAGCAC

Primers
for o?
(MSMEG_
2758)
cloning
into pTet-
Int

#2894

ATTCCATATGGCTGATCGTGTCCTGCGGGGC

#3093

CGTAAGCTTCTACTTGTCGTCGTCGTCCTTGTAGTCGCTTCCGGTTCCGCGCCGCTT

Primers
for rbpA
(MSMEG_
3858)
cloning
into pTet-
Int

#3130

CATTCATATGTCAGGTCGGGACTACGAGGAC

#3131

CGTAAGCTTCTACTTGTCGTCGTCGTCCTTGTAGTCTGCCGACGTGCGCTGCTCGACCGT

Primers
for helD
(MSMEG _
2174)
cloning
into
pTetint
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Supplementary Table 6. Cryo-EM data collection, refinement and validation statistics.

Msm HelD-RNAP  Msm HelD-RNAP Msm HelD-RNAP

complex complex complex
State 1 State 11 State 111
Deposition EMD-10996, PDB  EMD-11004, PDB  EMD-11026, PDB
ID 6YXU ID 6YYS ID 6711

Data collection and processing
Magnification 165,000 165,000 165,000
Voltage (kV) 300 300 300
Electron exposure (¢ /A?) 40-50 40-50 40-50
Defocus range (um) 0.7-3.3 0.7-3.3 0.7-3.3
Pixel size (A) 0.8311 0.8311 0.8311
Symmetry imposed Cl Cl C1
Initial particle images (no.) 1,560,500 1,560,500 1,560,500
Final particle images (no.) 185,400 173,500 119,100
Map resolution (A) 3.08 3.08 3.47

FSC threshold 0.143 0.143 0.143
Map resolution range (A) 3.08-5.90 3.02-5.90 3.29-5.90
Estimated angular accuracy (°) 0.693 0.729 0.795
Efficiency score? 0.4 0.50 0.65
Sphericity’ 0.938 0919 0.916
Refinement
Initial model used (PDB code) 6F6W!! 6F6W 6F6W
Model resolution (A) 3.2 3.2 3.5

FSC threshold 0.5 0.5 0.5
Model resolution range (A) 3.09-5.90 3.02-5.90 3.05-5.90
Map sharpening B factor (A?) -78.53 -81.37 -85.45
Model vs map cross correlation 0.81 0.79 0.81
Model composition

Non-hydrogen atoms 27791 27930 23948

Protein residues 3583 3597 3077

Nucleotide residues 0 0 0

Ligands 3 3 3
B factors (A?)

Protein 40.27 32.39 34.47

Ligand 61.69 47.49 46.56
R.m.s. deviations from ideal

Bond lengths (A) 0.006 0.005 0.005

Bond angles (°) 0.672 0.656 0.610
Validation

MolProbity score 2.03 2.00 2.01

Clashscore 9.28 9.18 7.94

Poor rotamers (%) 0.00 0.00 0.04
Ramachandran plot

Favored (%) 90.54 91.15 89.03

Allowed (%) 9.43 8.82 10.97

Disallowed (%) 0.03 0.03 0
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Supplementary Table 7: Data collection and refinement statistic of the B. subtilis HelD C-
terminal domain. Values in parentheses refer to the highest resolution shell.

PDB code 6VSX
Data collection
X-ray source Rigaku MicroMax 007 HF
Wavelength (A) 1.54178
No. if oscillation images 1080
Total oscillation angle 1080
Ad (%) 1
Crystal to detector distance (mm) 50
Average mosaicity (°) 1.4
Space group C2;
Cell dimensions
a (A) 106.96
b (A) 38.81
c(A) 44.43
B (°) 101.45
Resolution (A) 25.0-2.0
No. of all observed reflections 245,968
No. of unique reflections 11,905
Average redundancy 20.7 (14.1)
Completeness (%) 96.7 (72.0)
1/o(l) 60.1 (14.3)
Wilson B-factor (A?) 21.87
R-merge 0.044 (0.2006)
CC1/2 (0.991)
Ccc* (0.998)
SAD Phasing (S and P)
Number of sites 10 (S)and 1 (P)
Figure of Merit 0.296
Refinement
Resolution (A) 25.0-2.0
No. of reflections used in refinement 11,869 (1,186)
Rwork 0.1723 (0.1756)
Riree 0.2014 (0.2393)
No. of atoms 1,382
macromolecules 1,268
ligands 5
solvent 109
No. of protein residues 159
RMS deviations from ideal
bond lengths (A) 0.007
bond angles (°) 0.80
Clashscore (Molprobity) 5.92
Ramachandran plot, residues
in favored region (%) 98.06
outliers (%) 0.0
Average B-factor (A?) 25.2
Macromolecules (A?) 24.6
Ligands (A?) 30.5
Solvent (A?) 32.9
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Abstract: Expression of rRNA is one of the most energetically demanding cellular processes and as
such, it must be stringently controlled. Here we report that DNA topology, i. e. the level of DNA
supercoiling, plays a role in the regulation of Bacillus subtilis cA-dependent rRNA promoters in
a growth phase-dependent manner. The more negative DNA supercoiling in exponential phase
stimulates transcription from rRNA promoters, and DNA relaxation in stationary phase contributes
to cessation of their activity. Novobiocin treatment of B. subtilis cells relaxes DNA and decreases
rRNA promoter activity despite an increase in the GTP level, a known positive regulator of B. subtilis
rRNA promoters. Comparative analyses of steps during transcription initiation then reveal
differences between rRNA promoters and a control promoter, Pveg, whose activity is less affected
by changes in supercoiling. Additional data then show that DNA relaxation decreases transcription
also from promoters dependent on alternative sigma factors o®, oP, of, of, and o" with the exception
of oN where the trend is opposite. Finally, supercoiling also affects the ability of HelD,
a transcriptional factor associating with RNAP, to stimulate recycling of RNAP. To summarize, this
study identifies DNA topology as a factor important (i) for expression of rRNA in B. subtilis in
response to nutrient availability in the environment, (ii) for transcription activities of B. subtilis
RNAP holoenzymes containing alternative sigma factors, and (iii) for the capacity of B. subtilis HelD
to stimulate transcription.

Keywords: Bacillus subtilis; transcription; ribosomal RNA; DNA topology

1. Introduction

Bacterial cells need to adapt to environmental changes. In nutrient-rich environments, cells grow and
divide rapidly and this requires a large number of ribosomes to satisfy the need for new proteins. In
nutritionally poor environments, the synthesis of new ribosomes virtually stops. As production of
new ribosomes is energetically highly costly for the cell, it must be tightly regulated. The number of
ribosomes in the cell is regulated mainly on the level of transcription initiation of ribosomal RNA
(rRNA) [1].

Transcription initiation can be divided into several steps. First, when the RNA polymerase
(RNAP) holoenzyme (contains the core RNAP subunits [a2p w] in complex with a o factor) binds
to specific DNA sequences, promoters, it forms the closed complex where DNA is still in the double-
helical form [2]. The specificity of RNAP for promoter sequences is provided by the o factor [3-6].
Subsequently, this complex isomerizes and forms the open complex where the two DNA strands are
unwound and the transcription bubble is formed. At this stage, initiating nucleoside triphosphates
NTPs (iNTPs) can enter the active site and transcription can begin. RNAP then leaves the promoter
and enters the elongation phase of transcription [7].
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In bacteria, the concentrations of iNTPs act as key regulators of transcription and directly affect
RNAP at some promoters. These promoters form relatively unstable open complexes where the time
window available to iNTPs to penetrate into the active site and initiate transcription is relatively
short. The higher the concentration of the respective iNTP, the higher the chance that it penetrates
into the active site while the transcription bubble is still open. Hence, increases in intracellular
concentrations of iNTPs stimulate transcription whereas low levels of iNTPs result in inefficient
transcription initiation [8-10].

Another important factor for transcription initiation in bacteria is the topological state of DNA,
e. 1. the levels of supercoiling. DNA is in the cells usually underwound and this results in negative
supercoiling [11]. Negative supercoiling then helps RNAP to melt DNA in promoter regions. In
general, bacterial cells display more pronounced negative supercoiling in exponential than in
stationary phase of growth and initiation from a number of promoters is sensitive to this parameter
[12-16].

rRNA promoters are prime examples of where transcription initiation is regulated by the
concentration of the iNTP. In Bacillus subtilis, a model soil-dwelling, spore-forming gram-positive
bacterium, the iNTP of the tandem rRNA promoters of all 10 (or 9, depending on the strain) rRNA
operons is exclusively GTP [17]. The GTP level in B. subtilis is affected by (p)ppGpp, an alarmone that
is produced at times of stress, such as amino acid starvation or heat shock. (p)ppGpp inhibits GuaB,
the first enzyme in the de novo GTP biosynthesis pathway, which results in decreased GTP levels
and increased ATP levels as more of the last common intermediate for the synthesis of both GTP and
ATP, inosine monophosphate (IMP), is now available for ATP synthesis only [18,19]. By affecting the
GTP level (p)ppGpp indirectly affects the activity of rRNA promoters in B. subtilis [20-22].

Here, we investigated how the activity of rRNA promoters in B. subtilis changes when the cells
transition from exponential to stationary phase. These promoters depend on the primary o factor, 4.
We show that their activity decreases during the transition and this correlates with a decrease in the
GTP concentration. Nevertheless, there is a point in the process where the level of GTP does not
decrease any further but the activity of rRNA promoters does. We show that B. subtilis IRNA
promoters are, besides [GTP], regulated by the level of their supercoiling, and we dissect the effects
of supercoiling on the formation of closed and open complexes, thereby providing mechanistic
insights into the process. Next, we show that supercoiled (SC) DNA is a more efficient template for
transcription for all alternative o factors tested with the exception of oV, a relatively newly discovered
sigma factor, encoded on the pBS32 plasmid of the NCIB 3610 strain [23,24]. Finally, we show that
transcriptional cycling dependent on the HelD protein that associates with RNAP [25-27] also
depends on the DNA supercoiling level. In summary, a new updated model of B. subtilis promoter
regulation is presented here.

2. Materials and Methods

2.1 Media and growth conditions

Cells were grown at 37°C, either in LB or in rich MOPS supplemented with 20 amino acids: 50 mM
MOPS (pH 7.0), 1 mM (NH4)2S04, 0.5 mM KH2POs, 2 mM MgClz, 2 mM CaClz, 50 uM MnClz, 5 uM
FeCls, amino acids (50 pg/ml each), and 0.4 % glucose. Antibiotics used: ampicillin 100 ug/ml,
chloramphenicol 5 pg/ml and MLS — linkomycin 0.5 pg/ml and erythromycin 2.5 ug/ml.

2.2 Bacterial strains and primers

Table 1. Bacterial strains used in a study.

Name Original Nickname Description Reference
code
B. subtilis
RLG7554 BP1-lacZ MO1099 amyE::Cm rrnB P1 (-39/+1)- [17]

lacZ
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LK135 RLG7555 Pveg-lacZ MO1099 amyE::Cm Pveg (-38/-1, [17]
+1G)-lacZ
RLG6943 RM-lacZ MO1099 amyE::Cm rrnO P2 (-77/+50)- [17]
lacZ
LK1723  RLG7024 wt RNAP C-ter. His10xp' MH5636 [28]
LK1272 LK637 RNAPAhelD C-ter. His10x3', helD::MLS [25]
E. coli
LK22 SigA [29]
LK1207 SigB C-ter. His6x sigB This work
LK1187 SigD [30]*
LK2580 SigE C-ter. His6x sigE This work
LK1425 SigF C-ter. His6x sigF This work
LK1208 SigH This work
LK2531 SigN His-SUMO-SigN in pBMO05; This work?
BL21(DE3)
LKS800 HelD pHelD-His6x; BL21 (DE3) [25]
HelDAN MBP-HelDAN; Lemo21 (DE3) [31]
LK1177 RLG7558 Poveg PRLG770 with Poeg (-38/+1) +1G; [17]
DHba
LK1522 RLG7596  rrnB Plcore PRLG770 with rruB P1 (-39/+1); [17]
DHb5a
LK28 RLG6927 rrnB P1 P2 PRLG770 with rrnB P1 P2 (-248/+8); [21]
DHba
LK17 RLG6916 rrmQO P1 P2 PRLG770 with rrnO P1 P2 (-314/+9); This work
DHb5a
LK1231 PtrxA PRLG770 with PtrxA (-249/+11); This work
DHba
LK1233 PmotA PRLG770 with PmotA (-249/+11); This work
DHb5a
LK2594 PspollID pRLG770 with PspollID (-150/+10); This work
DH5a
LK1495 PspollIQ PRLG770 with PspolIQ (-251/+9); This work
DHba
LK1235 PspoVG pRLG770 with PspoVG (-94/+11) This work
DH5a
LK2672 sigN P2 P3 pRLG770 with PsigN P2 P3 This work
(-247/+159); DH5a
LK2673 PzpaB pRLG770 with PzpaB (-266/+175); This work
DH5a
LK2608 PzpbY pRLG770 with PzpbY (-304/+155); This work
DHb5a
LK2609 PzpdG PRLG770 with PzpdG (-244/+170); This work
DHb5a

* Thanks to Dr A. Gaballa for providing the strain.

# Thanks to Dr D. Kearns for the pBMO05 plasmid [24].
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96 Table 2. List of primers.
-~
rimer Sequence 5'— 3’
#1001 GGAATTCCATATGAATCTACAGAACAACAAGG Primers for sigH cloning
into pET-22b(+)
#1002 ~CGCTCGAGCTATTACAAACTGATTTCGCG
#1004  CGAATTCCATATGACACAACCATCAAAAAC Primers for sigB cloning into
pET-22b(+)
#1006 ~CGCTCGAGCATTAACTCCATCGAGGGATC
#1069 cCGGAATTCATTCCGGAGTCATTCTTACGG Primers for PlrxA cloning
into pRLG77O
#1070 ~CCAAGCTTCACTGTCATGTACTTTACCATG
#1075 CCGGAATTCCTTTACACTTTTTTAAGGAGG Primers for ProtA cloning
into pRLG770
#1076 cCCAAGCTTCTAGCTTGTCTATGGTTAATATC
#1079 CCGGAATTCTTTATGACCTAATTGTGTAAC Primers for PspoVG cloning
into pRLG77O
#1080  ~CCAAGCTTATAAAAGCATTAGTGTATC
#1309 GGAATTCCATATGGATGTGGAGGTTAAGAAAAAC ~ Primers for sigF cloning into
pET-22b(+)
FBI1  CCGCTCGAGGCCATCCGTATGATCCATTTG
#l425  CCGGAATTCCATTCCATCCGGTCTTCAGG Primers for PspolIQ cloning
into pRLG770
#1426 CCCAAGCTTCATCACCTCAGCAACATTCTG
#297 i i
973 CAGTAACTTCCACAGTAGTTCACCAC universal reverse primer for
PE and qPCR
#2974 TCTAAGCTTCTAGGATCCCC test. RNA-specific forward
primer for PE and qPCR
#2975 GTCGCTTTGAGAGAAGCACA RM RNA-specific forward
primer for PE and qPCR
#3109 GCGAATTCCGTGTCGGTCAACATAATAAAGG Primers for sigN P2 P3
cloning into pRLG770
#3110 GCAAGCTTCGGCAAAAATCTTTCTCTCACC
111 GCGAATTCGCGATGAATGAAGAGACACGG Primers for PzpaB cloning
into pRLG770
#3112 GCAAGCTTAGTCCATCTCGAAGATCTGGT
#3113 GCGAATTCGACTCCAACATTTCTATTCC Primers for PzpbY cloning
into pRLG770
#3114 GCAAGCTTGGTCTTCTTCACTTAATTCA
#3117 GCGAATTCTCAAAGATCTTCTAACTTGT Primers for PzpdG cloning
into pRLG77O
#3118 GCAAGCTTGGCAGTAATCAATCAATTCT
#3166 CGGCATATGTACATAGGCGGGAGTGAAGCC Primers for sigE active form
cloning into pET-22b(+)
#3167 CCGCTCGAGCACCATTTTGTTGAACTCTTTTC
#3170

GGCGAATTCGCITATTTCATTITACAGGAG
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BI71 CGAAGCTTTGTTAGGTTTGTAACAGTGT Primers for PspollID cloning
into pRLG770
PRIMER GGGAATTCATGGACATCAATGATATCTC Primers for rrnO P1 P2
A cloning into pRLG770
PRIMER GGAAGCTTTCAAAGCGACTACTTAATAG
B

97 2.3 Determination of GTP concentrations

98  Wild-type (RLG7554, for rrnB P1 and RLG7555 for Pveg) were grown in the MOPS 20 AA medium

99  supplemented with 2P KH2POs (100 uCi/ml) until early exponential phase (ODsoo ~ 0.3). Samples (100
100 ul) were pipetted into 100 pl 11.5 M formic acid, vortexed, left on ice for 20 min, and stored overnight
101 at -80°C [32]. After microcentrifugation (5 min, 4 °C) to remove cell debris, the samples (5 pl) were
102 spotted on TLC plates (Polygram®CEL 300 PEI purchased from Macherey-Nagel), developed in
103 0.85 M KH2PO: (pH 3.4) and quantified by phosphorimaging. The identity of GTP was verified by
104  comparison with commercial preparations of GTP run in parallel and visualized by UV shadowing

105 [8].

106 2.4 Promoter activity monitored by quantitative primer extension (gPE)

107  Promoter constructs were fused to lacZ and activities were assayed by primer extension of the short
108  lived lacZ mRNA that allows to observe rapid decreases in promoter activity in time. The
109 experiments were conducted as described in [21]. Typically, 1 ml of cells was pipetted directly into
110 2ml phenol/chloroform (1:1) and 0.25 ml lysis buffer (50 mM Tris—=HCI pH 8.0, 500 mM LiCl, 50 mM
111 EDTA pH 8.0, 5% SDS). After brief vortexing, the RM was added. The RM RNA was made from
112 B.subtilis strain RLG6943. This was followed by immediate sonication. Water was then added to
113 increase the aqueous volume to 6 ml to prevent precipitation of salts, followed by two extractions
114 with phenol/chloroform, two precipitations with ethanol, and suspension of the pellet in 20-50 ml
115 10 mM Tris-HCI, pH 8.0.

116 Primer extension was performed with M-MLV reverse transcriptase as recommended by the
117 manufacturer (Promega) with 1-10 ul purified RNA. The 2P 5'-labeled primer (#2973) hybridized
118 89 nt downstream from the junction of the promoter fragment used for the creation of the lacZ fusion.
119  Samples were electrophoresed on 7 M urea 5.5 % or 9% polyacrylamide gels. The gels were exposed
120 to screens. The screens were scanned with Molecular Imager FX (Bio-Rad) and were visualized and
121 analysed using the Quantity One software (Bio-Rad), and normalized to cell number (ODsow) and RM.

122 2.5 Promoter activity monitored by RT-gPCR

123 rrnB P1 and Pveg promoters were fused to the marker lacZ gene (RLG7554 and RLG7555), yielding
124 identical transcripts. The strains were grown to exponential phase (ODsw ~ 0.5). Each culture was
125 then divided into two flasks. Cells in one flask were treated with novobiocin (5 pg/ml) and cells in
126  the other flask were left non-treated. At 0, 10, 20 and 30min, two ml of cells were withdrawn and
127  treated with RNAprotect Bacteria reagent (QIAGEN), pelleted and immediately frozen. RNA was
128  isolated with RNeasy Mini Kit (QIAGEN) and recovery marker RNA (RM RNA) was added at the
129 time of extraction to control for differences in degradation and pipetting errors during extraction.
130 The RM RNA was prepared from B. subtilis strain RLG6943 as for qPE. Finally, RNA was DNase
131  treated according to manufacturers’ instructions (TURBO DNA-free Kit, Ambion). Total RNA was
132 thenreverse transcribed to cDNA with reverse transcriptase (SuperScript™ III Reverse Transcriptase,
133 Invitrogen) using primer #2973 that targets lacZ (both in the test mRNA and RM). This was followed
134 by qPCR in a LightCycler 480 System (Roche Applied Science) containing LightCycler® 480 SYBR
135  Green I Master and 0.5 uM primers (each). RM ¢cDNA was amplified with primers #2974 and #2973,
136  the testlacZ cDNA with primers #2975 and #2973. Sequences of primers were originally published in
137  [21]. The final data were normalized to RM and the amount of cells (ODso).
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2.6 3H incorporation in total RNA

This experiment was conducted as described previously [33]. Briefly, strain RLG7554 was grown in
LB medium to ODsoo ~ 0.3 (early exponential phase). Newly synthesized RNA in the cells was labeled
with *H-uridine (1 puCi/ml) (cold [non-radioactive] uridine was added to a final concentration of 100
uM). The bacterial culture was divided into three flasks — non-treated, treated with novobiocin
(5 ug/ml), and treated with rifampicin (2 pg/ml), respectively. At 0, 5, 10, 20 and 30 min, 100 ul and
250 pl of cells were withdrawn to measure cell density and determine 3H incorporation, respectively.
The 250 pl cell sample was mixed with 1 ml of 10 % trichloroacetic acid (TCA) and kept on ice for at
least 1 h. Thereafter, each sample was vacuum filtered, washed twice with 1 ml of 10% TCA and three
times with 1 ml of ethanol. The filters were dried, scintillation liquid was added and the radioactivity
was measured. The signal was normalized to cell density (ODsw).

2.7 RNAP levels in time

Cells (strain RLG 7554) were grown in LB rich medium to ODsow 0.3 (time point 0). Subsequently,
every 30min 10ml of cells were pelleted and ODew was measured. Pellets were washed with Lysis
Buffer (20 mM Tris-HCl, pH 8, 150 mM KCI, 1 mM MgCl2) and frozen. Next day, pellets were
resuspended in Lysis Buffer (100 — 500 ul, according to the size of pellet) and disrupted by sonication
2 x 1 min, with 1 min pause on ice between the pulses. After centrifugation (5 min, 4 °C) to remove
cell debris, the amounts of proteins were measured with the Bradford protein assay and 5 pg was
resolved by SDS-PAGE and analyzed by Western blotting, using mouse monoclonal antibodies
against the [ subunit of RNAP (clone name 8RB13, dilution 1:1000, Genetex) and anti-mouse
secondary antibody conjugated with HRP (dilution 1:80 0000, Sigma). Subsequently, the blot was
incubated for 5 min with SuperSignal™ West Femto PLUS Chemiluminiscent substrate (Thermo
scientific), exposed on film and developed.

2.8 Proteins and DNA for transcription in vitro

2.8.1 Strain construction

Genes encoding SigB, SigE, SigF and SigH were amplified from genomic DNA (LK566) by PCR with
Expand High Fidelity PCR System (Roche) with respective primers (Table 1, Material and Methods
section) and cloned into pET22b(+) via Ndel/Xhol restriction sites and verified by sequencing. Primers
for cloning of of were designed for the active form of protein, as its first 27 AA are in the cell
posttranslationally removed [34,35]. The resulting plasmids were transformed into expression strain
BL21(DE3), yielding strains LK1207 (sigB), LK2580 (sigE), LK1425 (sigF), and LK1208 (sigH). His-
SUMO-oN fusion protein in an expression plasmid pBMO05 [24] was transformed to BL21(DE3),
resulting in strain LK2531.

2.8.2 Protein purification

Wild type RNAP, containing a His10x-tagged 3 subunit was purified from LK1723 as described [28].
RNAPAHelD was purified from the strain LK1272 following the same protocol.

The SigA subunit of RNAP (LK22) was overproduced a purified as described [29].

o®, oM, oF, of expression strains were grown to ODew ~ 0.5 when IPTG was added to a final
concentration of 0.8 mM. After 3 hours at room temperature, cells were harvested, washed and
resuspended in P buffer (30 mM NaCl, 50 mM Na:HPOs, 3 mM (-mercaptoethanol). Cells were then
disrupted by sonication and the supernatant was mixed with 1ml Ni-NTA agarose (Qiagen) and
incubated for 1 h at 4 °C with gentle shaking. Ni-NTA agarose with the bound protein was loaded
on a Poly-Prep® Chromatography Column (BIO-RAD), washed with P buffer and subsequently with
the P buffer with the 30 mM imidazole. The protein was eluted with P buffer containing 400 mM
imidazole and fractions containing o factor were pooled together and dialyzed against storage buffer
(50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 50 % glycerol and 3mM (3-ME). The proteins were stored at
-20 °C.
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oP was purified from inclusion bodies as described in [30].

Cells containing the plasmid for overproduction of oN were grown to ODso ~ 0.5 and IPTG was
added to final concentration 0.3 mM. After 3 hours, the cells were harvested, washed and
resuspended in P buffer. All purification steps were done in P buffer, pH 9.5. Cells were then
disrupted by sonication and the supernatant was mixed with 1ml Ni-NTA agarose (Qiagen) and
incubated for 1 h at 4 °C with gentle shaking. Ni-NTA agarose with the bound His-SUMO-oN was
loaded on a Poly-Prep® Chromatography Column (BIO-RAD), washed with P buffer and
subsequently with the P buffer with the 30 mM imidazole. The protein was eluted with P buffer
containing 400 mM imidazole and fractions containing His-SUMO-oN were pooled together and
dialyzed against P buffer.

The SUMO tag was subsequently removed by using SUMO protease (Invitrogen). The cleavage
reaction mixture was again mixed with the Iml Ni-NTA agarose and allowed to bind for 1 h at 4 °C
and centrifuged to pellet the resin. Supernatant was removed, the resin was washed once more with
P buffer with 3 mM (-ME. The supernatants (containing oN) were pooled together and dialysed
against storage buffer. The protein was stored at -20 °C.

HelD-His6x expression strain (LK800) was grown to ODso ~ 0.5 when IPTG was added to a final
concentration of 1 mM for 2 hours at room temperature. Subsequent purification was done according
the same protocol mentioned above, in the section with alternative o purification.

HelDAN was purified by affinity chromatography as described in [31].

The purity of all proteins was checked by SDS-PAGE.

2.8.3 Promoter DNA construction

Promoter regions of alternative o-dependent genes were amplified from genomic DNA LK566 of
B. subtilis with primers listed in Table 2 (Material and Methods section) by PCR. All fragments were
then cloned into p770 (pRLG770 [36]) using EcoRI/HindIII restriction sites and transformed into
DHb5a. All constructs were verified by sequencing.

Supercoiled plasmids (SC) were obtained using the Wizard® Plus Midipreps DNA Purification
System, for higher yields Wizard® Plus Maxipreps DNA Purification System (both Promega) and
subsequently phenol-chloroform extracted, precipitated with ethanol and dissolved in water.
Aliquots of plasmids were linearized with the PstI restriction enzyme (TaKaRa), resulting in LIN, and
again precipitated with ethanol to remove salts.

The state of DNA topology (linear, supercoiled) was checked on agarose gels.

2.9 Transcription in vitro

Transcription experiments were performed with the B. subtilis RNAP core reconstituted with
a saturating concentration of o (ratio 1:5) in storage buffer (50 mM Tris-HC], pH 8.0, 0.1 M NaCl,
50% glycerol) for 15 min at 30°C. The 1:5 ratio was used also for o®, oP, of, of, and o". For oV, the ratio
was 1:8. Multiple round transcription reactions were carried out in 10 pl reaction volumes with 30
nM RNAP holoenzyme. The transcription buffer contained 40 mM Tris-HCl pH 8.0, 10 mM MgClz, 1
mM dithiothreitol (DTT), 0.1 mg/ml BSA and 150 mM KCl, and all four NTPs and 2 uM radiolabeled
[a-32P] UTP.

In Kcre determination experiments, the amount of DNA (SC or LIN form) was 100 ng, ATP, CTP
were 200 uM; UTP was 10 uM and GTP was titrated from 0 to 2,000 uM. To determine the affinity of
RNAP to DNA, ATP, CTP were at 200 uM; UTP was 10 uM, GTP was 1,000 pM and DNA (SC/LIN)
was titrated from 0 to 900 ng per reaction. In reactions with alternative o, DNA (SC or LIN form) was
100 ng, CTP were at 200 uM; UTP was 10 uM and GTP/ATP was 1000 uM, depending on the identity
of the base in the +1 position of the transcript. In reaction with HelD, HelD/HelDAN were used in
ratio 1:4 (RNAP:HelD), ATP, CTP were at 200 uM; UTP was 10 uM, GTP was 1,300 uM and DNA (SC
or LIN form) was 100 ng.

All transcription reactions were allowed to proceed for 15 min at 30 °C and then stopped with
equal volumes of formamide stop solution (95 % formamide, 20 mM EDTA, pH 8.0). Samples were
loaded onto 7 M urea-7 % polyacrylamide gels and electrophoresed. The dried gels were scanned
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with Molecular Imager FX (Bio-Rad) and were visualized and analysed using the Quantity One
software (Bio-Rad).

3. Results

3.1 The activity of rrnB P1 decreases during entry into stationary phase

As the main model rRNA promoter, we selected the rrnB P1 promoter as it is one of the best-
characterized rRNA promoters in B. subtilis that is regulated by [iNTP], [17,37-39]. Furthermore, the
dynamic range of the activity of rrnB P1 is wide, which facilitated the design and interpretation of
the experiments. As the main control promoter, we selected the strong Pveg promoter that forms
relatively stable open complexes and is saturated with a relatively low level of its iNTP. This
promoter drives transcription of the veg gene that is involved in biofilm formation [40,41]. Promoter
sequences are shown in Figure 1A.

To monitor promoter activities, we used promoter core promoter-lacZ fusions. The endogenous
copy of Pueg initiates transcription with ATP (+1A). Here, we used a +1G variant of Pveg so that both
transcripts (from rruB Pl-lacZ and Puveg-lacZ) were identical, excluding any effects due to e.g.
potentially differential decay of the transcripts. The +1G Pveg promoter variant behaves identically
with the +1A variant [17]. Throughout the study, promoter activity was determined by quantitative
primer extension (qPE) or reverse transcription followed by quantitative PCR (RT-qPCR).

We used defined rich MOPS medium to grow the cells and measured (i) relative GTP level
([GTP]) and (ii) relative promoter activity (r*nB P1 and Pveg) from early exponential phase till
approximately two hours into stationary phase by qPE (Figure 1).

We detected a moderate decrease in [GTP] already during exponential phase (Fig. 2B). This
moderate decrease was followed by a precipitous decline during the transition between the two
phases. This correlated with a sharp spike in the (p)ppGpp level (Figure S1). However, early on in
the stationary phase, [GTP] even slightly increased and then remained at the same level till the end
of the experiment. The activities of both rrnB P1 and Pveg decreased during the time course of the
experiment; the activity of the former more than of the latter, consistent with the behavior of these
promoters as reported in previous studies [10,17].

A ~35 =10 +1

Pveg tatTTGACAzaaatgggctcgtgttgTACAATaaatgt.G
rrnB Pl ctaTTGCAAtaaataaatacaggtgtTATATTattaaacG

B entry to
STA phase

Al

=]
log OD 4, [nm] —

rrnB P1

log (relative promoter activity;
GTP concentration)

wt | | | 5
0 50 100 150 200 250
time [min] after OD 0.3

Figure 1. Correlation between GTP concentration and promoter activity after entry into the

—_

0.01

stationary phase. A) Sequences of Pveg and rrnB P1. (B) Relative promoter activities of rrnB P1 (black
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circles) and Pveg promoters (open circles) after entry into stationary phase, relative GTP concentration
(green squares), and optical density (dashed grey line). Promoter activities and GTP concentrations
were normalized to 1 at time 0. Promoter activities were measured by qPE from wt B. subtilis strain:
rrnB P1 (RLG7554), Pveg (RLG7555). Promoter activities were calculated from three independent
experiments, the error bars show +SD. The GTP concentrations are from two independent
experiments, showing the mean, and a representative bacterial growth curve is shown. The vertical
arrow indicates the entry to stationary phase.

Surprisingly and interestingly, the activity rrnB P1 decreased even after the relative GTP
concentration had been stabilized at a constant level. This strongly suggested that another
mechanism, besides rRNA promoter regulation by [GTP], exists in the cell. DNA supercoiling is
known to change between growth phases, typically the negative supercoiling from exponential phase
becomes more relaxed in stationary phase [42]. Also, we noticed that the activity of Pveg significantly
decreased although the decrease was not as pronounced as that one of the ribosomal promoter. As
DNA topology is an important factor for gene expression regulation, we decided to assess the
potential of B. subtilis IRNA promoters to be regulated by the level of supercoiling.

3.2 Chromosome relaxation inhibits total RNA synthesis

To test whether DNA topology could affect rRNA expression in vivo, we used novobiocin.
Novobiocin is an antimicrobial compound that binds to the (3 subunit of gyrase and blocks its function
by inhibiting ATP hydrolysis [43—45]. Gyrase relieves tension in DNA caused by transcribing RNAPs
or helicases by creating the DNA to be more negatively supercoiled. Hence, inhibition of gyrase
causes DNA in the cell to be more relaxed [46].

In this experiment, we first used total RNA as a proxy for rRNA synthesis as in exponential
phase most of RNA synthesis comes for rRNA operons (~80% of RNA in cell is rRNA and tRNA
[32,47]). We treated early-exponentially growing cells (OD ~ 0.3) with novobiocin or mock-treated
them, and measured the rates of total RNA synthesis by following incorporation of radiolabeled 3H-
uridine into RNA. As a positive control, where we expected cessation of RNA synthesis, we treated
cells with rifampicin, a well-characterized inhibitor of bacterial RNAP.

Figure 2 shows that in the presence of novobiocin the synthesis of total RNA decreased/stopped,
similarly as in the presence of rifampicin, suggesting that relaxation of the chromosome affects total
RNA synthesis in the cell (Figure 2A).
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Figure 2. Effect of novobiocin-induced relaxation of chromosome on total RNA synthesis, GTP
level and selected promoter activities. (A-D) Cells were grown to early exponential phase (ODsoo ~
0.3), and at time 5 min they were treated with novobiocin (5 pg/ml). (A) Total RNA synthesis after
novobiocin treatment. After 3H uridine had been added, the culture was divided into three flasks. At
time 5 min the cells were treated with novobiocin or with rifampicin (2 ug/ml) as a control, or left
untreated. The amount radiolabeled RNA at 5 min was set as 1. Black circles, mock-treated; blue
triangles, treated with novobiocin; red squares, treated with rifampicin. The values are averages of
three experiments with error bars (+SD). (B) GTP concentration after novobiocin treatment. Cells were
grown in the presence of [32P] HsPOu and treated with novobiocin. Levels of GTP were determined by
the TLC chromatography. GTP level at 5 min was set as 1. Results are averages from two
measurements. The error bars show the range. (C-D) The activity of r#nB P1 and Pveg promoters after
novobiocin treatment. Cells were grown and at 5 min treated with novobiocin or not. RNA was
extracted and determination of promoter activity was done by RT-qPCR. Promoter activities were set
as 1 at time 0. The experiment was performed three times. The error bars show +SD.

3.3 Novobiocin-induced relaxation of DNA affects the activity of rrnB P1 in vivo

Next, by RT-qPCR we monitored the response of r#nB P1 and Pveg to novobiocin treatment,
using the same conditions as in the previous experiment. We grew cells carrying the appropriate
fusions [rrnB Pl-lacZ (RLG7554) and Pveg-lacZ (RLG7555)] to early-exponential phase (ODsoo ~ 0.3)
and either treated them with novobiocin or mock-treated them. In the case of rrnuB P1, the promoter
activity decreased after novobiocin treatment (as opposed to mock treatment), but in the case of Pveg,
the promoter activity displayed the same moderate decline regardless of the novobiocin treatment,
suggesting that rrnB P1 is more sensitive to changes in DNA topology (Figure 2CD).

We also measured the GTP levels in novobiocin treated cells. We observed that novobiocin-
induced relaxation resulted in an increase in the GTP level in cell (Figure 2C). The levels of ATP
remained almost unchanged (Figure S2). Thus, the activity of rruB P1 and the level of GTP became
uncoupled.

3.4 Changes in DNA topology affect the affinity of RNAP for iNTP in vitro

We had speculated that the in vivo decrease in the activity of rruB P1 during stationary phase and in
response to novobiocin treatment could be due to altered affinity of RNAP for iGTP at this promoter
(induced by changes in supercoiling levels): the GTP level does not change but the open promoter
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becomes less stable, requiring more iGTP for maximal transcription. To address this hypothesis
experimentally, we performed in vitro transcriptions with defined components. We used promoter
core variants of rrnB P1 and Pveg cloned in the p770 plasmid [17] (for details see Table 1 in Material
and Methods section). The DNA templates were used in two different topological forms — in the
negatively supercoiled plasmid form (SC), and in the relaxed form (LIN), using the same DNA
construct but linearized with the PstI restriction enzyme (Figure S3).

We performed multiple round transcriptions in vitro with increasing [GTP] (Figure 3). The GTP
concentration required for half-maximal transcription (Kcrr) was used as a measure of the affinity of
RNAP for iGTP at the promoter. A characteristic of TRNA promoters is their requirement for
relatively high levels of iGTP for maximal transcription (due to unstable open complexes), reflected
in high values of Karr in vitro. Pveg, to the contrary, has a low value of Kcre.

Experiments with SC templates confirmed previously published results [48], the Kcrr for rrnB
P1 was 275 + 22 uM, and for Pveg 35 + 9 uM. Experiments with the LIN templates then revealed that
Karr values for both promoters increased (rrnB P1 =411 + 35 uM, Pveg = 510 + 77 uM). In the case of
rruB P1 the Kcrr increased from SC to LIN ~1.5x, and in the case of Pveg Kcrr ~14x. Surprisingly, the
Kacrr value of LIN Pveg was even higher than the value for rruB P1 (Figure 2B). Furthermore, the
experiments showed that the strength (the maximal level of transcription) of the rrnB P1 promoter
dramatically decreased on the LIN template whereas in the case of Pveg the maximal level of
transcription was comparable for both types of the template.
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Figure 3. The affinity of RNAP for iNTP in vitro changes on different DNA templates. (A) Multiple-
round transcriptions as a function of GTP concentration: representative primary data and their
graphical comparison for rrnB Plcore and Pveg. The maximum signal was set as 1. (B) Graphical
comparison of Kcre values for SC and LIN DNA templates. The values are calculated from at least
four experiments, the error bars show +SD. (C) Low affinity for LIN rruB P1 is conserved in all variants
of rrn promoter variants. A representative primary data are shown.

As the preceding experiments were done with the core version of the r#nB P1 promoter, we also
decided to use an extended version of the promoter region to assess whether the surrounding
sequence has significant effects. Therefore, we used a DNA fragment containing both rruB P1 and
rruB P2 promoters in their native tandem arrangement. Each of them contained by their respective
native -60 to -40 regions encompassing the UP elements. UP elements are A/T-rich sequences that
enhance promoter activity by binding the C-terminal domains of a-subunits of RNAP [49-51].
Although their stimulatory effect on rRNA promoters in B. subtilis [17] is less pronounced than e. g.
in E. coli (~30x), it is still significant. Experiments with these promoter versions yielded virtually the
same results as with the core version (Figure 3C). The Karp for rrnB P1 (from the tandem promoter
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fragment) was 242 + 31 uM for SC and 361 + 46 uM for LIN. Kcrr for rrnB P2 was 62 + 13 pM for SC
and 427 + 61 uM for LIN (see Table S1 and Figure S4AB). Similar results were obtained also with rrnO
P1 and rrnO P2 promoters (Figure S4CD).

Hence, we concluded that for transcription from LIN templates higher concentrations of GTP
are needed, regardless of the promoter. The increased Kcrr of Pveg suggested that this change in
RNAP affinity for the substrate iNTP might be responsible, at least in part, for the decrease in its
activity during the transition from exponential to stationary phase. However, the moderate increase
in Karr of rrnB P1 suggested that other factor(s) must be involved in the decrease of this promoter’s
activity in vivo. A likely candidate factor was the affinity of RNAP for promoter DNA, i. e. formation
of the closed complex or/and the intracellular level of RNAP.

3.5 YRNA and Pveg promoter affinities for RNAP change with DNA relaxation

We tested the relative affinity of RNAP for promoter DNA by performing in vitro transcriptions as a
function of increasing promoter DNA concentration. We used the tandem rrnB P1+P2 DNA fragment
and Poveg. The GTP concentration was set to 1 mM to ensure high efficiency of open complex
formation for the tested promoters. Affinity for RNAP of both rRNA promoters was unchanged or
slightly decreased on relaxed templates - higher levels of promoter DNA were required to reach a
maximum activity(Figure 4 and Figure S5).
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Figure 4. The affinity of RNAP for promoter DNA. Multiple-round transcriptions were carried as a
function of the increasing DNA/RNAP ratio. The tested promoters were Pveg and rruB P1 and P2.
Primary data are shown above the graphs. The maximum signal in the plateau phase was set as 1. SC
— supercoiled and LIN — linear DNA templates. The experiments were conducted at least four times
with the similar results. Representative primary data are shown.

The opposite trend was observed with Pveg: a relatively low level of the relaxed promoter DNA
was able to saturate RNAP compared to the supercoiled template. This behaviour could then explain
why the activity of Pveg decreased less than the activity of rrnB P1 during the experiment shown in
Figure 1. Importantly, it was previously reported that the levels of RNAP subunits decrease from
exponential to stationary phase [52,53] and we also observed this trend (Figure 5).
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Figure 5. RNAP levels during bacterial growth.

Amounts of RNAP were detected by Western blotting from 5 pg of total protein per lane.
Representative primary data are shown above the graph. The RNAP level from time point 1 was set
as a 1. STA - stationary phase (indicated with arrow). The experiment was conducted in two
independents replicas. The points are averages, the error bars show the range. The dashed line shows
a representative bacterial growth.

3.6 The effect of supercoiling on transcription with alternative o factors

To extend the study, we tested the effect of supercoiling on transcription from promoters dependent
on alternative sigma factors: o®, o, of, of and o™. o® is a general stress response sigma factor [54,55],
oP transcribes genes linked with the cell motility and flagella formation [56]. of and of are sigma
factors of early sporulation [57,58]. " is responsible for transcription of early stationary genes [59].

We tested also oN (zpdN) is present only in the B. subtilis NCIB 3610 strain, which possesses a
large, low-copy-number plasmid pBS32, which was lost during domestication of the commonly used
laboratory strains [23,24,60]. pBS32 carries genes responsible for cell death after mitomycin C (MMC)
treatment, and this effect is dependent on oN. MMC is an antitumor antibiotic that induces DNA
strand scission, by DNA alkylation leading to crosslinking [61-63]. This DNA damage could lead to
forming of linear DNA fragments.

Sequences of respective promoters are listed in Table S2. We performed transcriptions in vitro
on SC and LIN DNA templates and in all but one cases it was the SC DNA that was the better template
for transcription, similarly to what we observed with c# (Figure 6).

The exception was oV, which displayed about the same or higher activity on LIN DNA than on
SC DNA, depending on the promoter (Figure 6B). To show that this effect was not due to some
unknown properties of the plasmid DNA bearing these promoters, we also tested a longer sigN
promoter construct (sigN P2+P3). This construct contains o4-dependent sigN P2 and oN-dependent
sigN P3 promoters [24] and allowed us to test the effect of SC vs LIN topology for two sigmas with
the same template. The results are shown in Figure 6C: 04-dependent P2 is more active on SC DNA
whereas oN-dependent P3 prefers LIN DNA for efficient transcription.
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Figure 6. Transcription in vitro with alternative o factors on different DNA templates.

Representative primary data are shown (radioactively labelled transcripts resolved by
polyacrylamide electrophoresis). SC stands for supercoiled promoter DNA, LIN for linear DNA.
Letters above the gels indicate the sigma factor used — A for o4, B for o efc. For each promoter three
independent reactions were performed. The graphs show averages +SD. The reactions with o on all
promoter fragments were used to show that the observed transcription was due to the addition of the
specific Sigma factors and not due to (theoretical) contamination of the core with 0. A) Transcription
in vitro on selected o®, oP, of, of and o -dependent promoters. B) Transcription in vitro on oN-
dependent promoters. C) Transcription in vitro using longer construct, sigN P2+P3. P2 is o*-
dependent, P3 is oN-dependent.

3.7 The effect of DNA topology on termination of transcription HelD-dependent transcriptional cycling

Finally, we asked whether DNA topology could affect also other aspects of transcription besides
initiation. So we decided to include in our studies the effects of HelD. HelD is a horseshoe-shaped
helicase-like protein of 774 amino acids, a binding partner of RNAP, originally identified in B. subtilis
([26,27,31,64]and recently also in Mycobacterium smegmatis [65]. B. subtilis HelD binds to the RNAP
core and stimulates transcriptional cycling by removing stalled transcriptional complexes from DNA
and RNAP from nucleic acids post-termination. Its activity is stimulated by ATP or GTP hydrolysis
[25,65].

We used multiple round transcriptions driven from the rrnB P1 and rrnB P2 promoters as in the
previous experiments. The experiments were conducted in the absence/presence of HelD on
supercoiled/relaxed templates. Figure 7 shows that on SC templates, similarly to previously
published results [25], HelD stimulated transcription. On LIN templates, the stimulation was absent
and even an inhibitory effect was detected. A mutant form of HelD (lacking the N-terminal domain),
which had been previously shown to bind to RNAP but not provide the stimulatory effect [31], did
not affect the reactions on either template. The same effect was observed with transcription from rrnO
P1 and P2 (Figure S6). We concluded that the effect of HelD was strongly dependent on DNA

topology.
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Figure 7. Effect of HelD on transcription in vitro from rRNA promoters. SC - supercoiled DNA,
LIN - linear DNA. Transcription without HelD added was set as 1 (black bars). HelD was added in
ratio 1:4 to RNAP (dark green; H), and HelDAN also in 1:4 ratio (light green; HAN). Graph shows
mean from at least three independent experiments, with the corresponding SD. A representative

primary data are shown below.

4. Discussion

In this study, we have identified the supercoiling level of DNA as a factor affecting the ability of
Bacillus subtilis RNAP to transcribe from c*-dependent rRNA promoters as well as from selected

promoters depending on alternative sigma factors. Lastly, supercoiling also influences the effects of
HelD on RNAP.

4.1. rRNA promoters and Pveg

The more negatively supercoiled DNA in exponential phase contributes to the high activity of B.
subtilis TRNA promoters. As this negative supercoiling becomes more relaxed when the cell
transitions into stationary phase, this decreases the affinity of RNAP for rRNA promoters and GTP,
and is affected by the concomitant decrease in the RNAP concentration. The decrease in the available
RNAP pool is further exacerbated by association of the RNAP:64 holoenzyme with 65-1 RNA that
sequesters it in an inactive form in stationary phase [66]. The combined effect results in the shut-off
of rRNA synthesis. This is similar but not identical to E. coli rRNA promoters where it is the decreased
stability of the open complex that was identified as the main kinetic intermediate affected by
supercoiling [67]. We note that supercoiling was also reported to be involved in rRNA expression in
yeast although the mechanistic aspects of this regulation are less understood [68]. Interestingly,
during novobiocin treatment the GTP level increases in B. subtilis and the changes in DNA topology
override its stimulatory effect so that the net result is a decrease in the activity of rrnB P1. This is the
first observation of a situation where the GTP level and rRNA promoter activity do not correlate in
B. subtilis.

The activity of the control Pveg promoter also decreases from exponential to stationary phase
but the decrease is not as pronounced as in the case of r*nB P1. The decrease in the activity of Pveg
can be attributed, at least in part, to its increased requirement for the concentration of the iNTP when
DNA supercoiling relaxes. Nevertheless, the affinity of Pveg for RNAP seems to increase with DNA
relaxation and this likely partially counteracts the negative effect on open complex formation.

4.2. Transcription with alternative o factors, HelD
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Transcription of promoters dependent on alternative ¢ factors revealed that linear templates are
poorer substrates for the majority of them (o®, oP, of, oF). This trend was reported also for RNAP:c!
transcribing from the spollA promoter [69]. The exception is oN, where transcription (SC vs LIN) is
either relatively unaffected or even increased on linear templates. This is likely physiologically
important as mitomycin, which induces oN expression [23], causes also DNA relaxation and N may
have evolved to be most active under such conditions. The proficiency of RNAP:oN on linear
templates then may stem from the relatively short spacers of oN dependent promoters (15 bp
compared to 17 bp for 64, [70], analogously to 07° and 0% of E. coli where the different o activities were
proposed to be due to preferences for differently DNA supercoiled templates [71-73].

Supercoiling can affect not only transcription initiation but also other steps of transcription
[74,75]. This is evident also for HelD where its stimulatory effect on transcription is lost on the linear
rRNA template. This might explain the apparent absence of a differential effect for transcription from
linear templates with/without Rho-independent terminators [25].

5. Conclusions

To conclude, our findings extend the current model of rRNA promoter regulation in B. subtilis, reveal
the effect of supercoiling on transcription with alternative sigma factors, and the helicase-like protein,
HelD.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure §1: GTP and
(p)ppGpp levels after entry into the stationary phase. Figure S2: Effect of novobiocin-induced relaxation of
chromosome on ATP levels. Figure S3: SC and LIN promoter DNA on agarose gel. Figure S4: The affinity of
RNAP for iNTP in vitro changes on different DNA templates. Figure S5: Graphical representation of RNAP
affinity for DNA. Figure S6. Effect of HelD on transcription in vitro from rRNA promoters. Table S1: The Kcre
values for the promoters tested in the transcriptions in vitro. Table S2: Alternative o factor-dependent promoters
used in the study.
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Figure S1. GTP and (p)ppGpp levels after entry into the stationary phase.

log (relative GTP; (p)ppGpp
concentration)

Relative GTP concentration (green squares) and relative (p)ppGpp concentration (blue triangles) in wt
genetic background, after entry into stationary phase. GTP concentration is normalized to 1 at time 0.
The GTP concentrations are from two independent experiments, showing the mean, and (p)ppGpp
concentration are from the same experiments as GTP (Figure 1), normalized to the GTP.
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ATP concentration [a.u.]

Cells were grown in MOPS media supplemented with 20 amino acids in the presence of the [32P] HsPO,4
to early exponential phase (ODgoo ~ 0.3), and at time 5 were treated with novobiocin (5 pg/ml). Levels
of ATP were determined by the TLC chromatography from the same TLC plate as GTP levels in Figure
2. ATP level was set as 1 in time 5. Results are average from two measurements. Please note the

w

N

ATP levels in MOPS 20AA

addition of
novobiocin

+ novobiocin
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Figure S2. Effect of novobiocin-induced relaxation of chromosome on ATP levels.

different scale than in Figure 2.
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Figure S3. SC and LIN promoter DNA on agarose gel.

100ng of DNA resolved on 0.8 % agarose gel. M stays for marker, - and + for effect of restriction enzyme
Pstl. DNA was stained with GelRed Marker was assembled electronically — marked with the dotted line.
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Figure S4. The affinity of RNAP for iNTP in vitro changes on different DNA templates.

Multiple-round transcriptions as a function of GTP concentration: representative primary data and
their graphical comparison for rrnB P1 (A), rrnB P2 (B), rrnO P1 (C) and rrnO P2 (D). For LIN rrnO P1

were levels of transcript so close to the background, that were almost not detectable. The panel with
asterics (*) was adjusted for better visibility. The Kere values are in Supplementary Table 1.
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Figure S5. Graphical representation of RNAP affinity for DNA.

In case of Pveg, affinity for SC x LIN is changed to 30 %, for rrnB P1 P2 is the affinity change under error.
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Figure S6. Effect of HelD on transcription in vitro from rRNA promoters. SC — supercoiled
DNA, LIN — linear DNA. Transcription without HelD added was set as 1 (black bars). HelD was
added in ratio 1:4 to RNAP (dark purple; H), and HelDAN also in 1:4 ratio (light purple; HAN).
Graph show mean from at least three independent experiment using, with the corresponding
SD. A representative primary data are shown below. For rrnO P1 were signals from LIN DNA
to close to background.
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Table S1: The Kgrp values for the promoters tested in the transcriptions in vitro.

The values were calculated at least from three independent experiments, showing the mean and £ SD.

Kere [UM] SC LIN Ratio SC/LIN
Pveg 369 511+78 ~ 14x

rrnB P core 277 £ 24 440 £ 25 ~1.5x

rrnB P1 242 £ 31 361 +46 ~ 1.5x

rrnB P2 6213 427 £ 61 ~ 7%

rrnO P1 240+ 18 ND

rrnO P2 98 + 22 2698 ~ 3x
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Table S2. Alternative o factor-dependent promoters used in the study.

o factor | promoter PrOdlf'Ct Sequence of promoter Reference
function*
Protection of
B PtrxA proteins against | TCAGGTTTTAAAACAGCTCCGGCAGGGCATGGTAAAGTACA [1]
oxidative stress
D PmotA Motility ar.md AATGTCCCTAAAGT TCCGGGCACCAAAACCGATATTAACCATA [2]
chemotaxis
Regulator of
E PspolllD mother cell ATATTCCCAAAAGAATGCTAATACACTGTTACA [3]
expression
Forespore
F PspollQ encasement by TTGTATATATTTTCAGAAAAGTGTTCAGAATGTTGCTG [4]
the spore coat
Cell division,
H PspoVG control c.)f AAAAACGAGCAGGATTTCAGAAAAAATCGTGGAATTGATACACTA [5]
sporulation
initiation
N PzpaB DNA gyrase® ATTTACGTTTTAGAAAGACTAGATATAAAGATTACG [6]
N PzpbY unknown? ATTTACGTTTTCAAAGGCACAGATATAATAACA [6]
N PzpdG DNA pol lII* ATTTACGTTTTTGCCGGTCCAGATATARATACTTTG [6]
N sigN P3 Sigma factor® TTTTCGTTTACGTTTCTATTTCTCTAGATAAAATCATTAAG [6]

*according to [7].

# as published in [6].
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