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Zusammenfassung

Die ATP-abhangigen Proteasen ClpCP und ClpXP sind an der generellen und regu-
latorischen Proteolyse in dem grampositiven Bakterium Bacillus subtilis beteiligt. Im
Rahmen der generellen Proteolyse bauen sie unter Stress falsch gefaltete und aggregierte
Proteine ab und tragen gemeinsam mit Chaperonen zur Proteinqualitatskontrolle, zum
Uberleben bei hohen Temperaturen und zur Thermotoleranz bei. Die gleichen Pro-
teasekomplexe beeinflussen die zellulare Regulation durch kontrollierten Abbau von
Regulatorproteinen. Regulatorische Proteolyse spielt eine wichtige Rolle bei der Gen-
regulation, Signaltransduktion und bei der Differenzierung in spezialisierte Zelltypen
wie Endosporen und kompetente Zellen.
ClpCP und CIpXP sind essentiell fiir die Motilitat von B. subtilis. Die hier gezeigten
Daten sprechen dafiir, dass eine Funktion von ClpCP wahrend der Motilitatsentwicklung
darin besteht, durch Proteolyse die Konzentration des Regulators DegU zu vermindern,
der als Repressor von Motilitatsgenen wirkt. ClpXP reguliert die Motilitatsentwicklung
durch Abbau des Redoxstressregulators Spx. Zusatzlich konnte gezeigt werden, dass
Spx die Motilitatsgene transient herunter reguliert, wenn der Regulator durch oxida-
tiven Stress stabilisiert wird. Erste Ergebnisse zum Mechanismus der Spx-vermittelten
Motilitatsregulation sprechen dafiir, dass Spx indirekt durch Transkriptionsaktivierung
eines unbekannten negativen Motilitatsregulators wirkt.
Im zweiten Teil dieser Arbeit wurde die Proteolyse von Hag, der Hauptstruktureinheit
des Flagellums, untersucht. Hag wurde in wvitro von ClpCP mit Hilfe des Adapter-
proteins YpbH abgebaut und von F1iW vor der Proteolyse geschiitzt. In vivo wurde
Hag jedoch nur in Abwesenheit des Exportchaperons FliS unabhéngig von ClpP abge-
baut. Diese Ergebnisse sprechen fiir die Existenz von zwei unterschiedlichen Wegen der
Hag-Proteolyse. Einer dieser Wege konnte dazu dienen, die Aggregation oder verfriihte
Assemblierung von Hag zu verhindern, wenn seine Sekretion gestort ist.
Es konnte ebenfalls gezeigt werden, dass Spx fiir die Auspragung der Thermotoleranz
bendtigt wird, wahrscheinlich durch Aktivierung unbekannter schiitzender Zielgene.
Auflerdem wurde gezeigt, dass gsiB, mesB und ywlE wichtig fiir die Thermotoleranz-
entwicklung sind. Schliellich wurden Hinweise auf eine ClpP-unabhangige Funktion
von ClpC in der Thermotoleranz gefunden. Moglicherweise wirkt ClpC als Proteindis-

aggregase, ahnlich wie ClpB und Hsp104.



Abstract

The ATP-dependent proteases ClpCP and ClpXP are involved in general and reg-
ulatory proteolysis in the Gram—positive bacterium Bacillus subtilis. In general pro-
teolysis, they degrade misfolded and aggregated proteins during stress and contribute
to protein quality control, survival at high temperatures and thermotolerance together
with chaperones. The same protease complexes act as key players in cellular regulation
by controlled proteolysis of regulators. Regulatory proteolysis is important for gene
regulation, signal transduction and differentiation into specialized cell types, such as
endospores and competent cells.
ClpCP and ClpXP are required for swimming motility in B. subtilts. The results
presented in this work suggest that one function of ClpCP in motility regulation is to
reduce the levels of the response regulator DegU, which acts as a repressor of motility
genes. ClpXP positively regulates swimming motility by proteolysis of the oxidative
stress regulator Spx. Furthermore, it could be demonstrated that Spx transiently
downregulates motility genes when the regulator is stabilized during oxidative stress.
Initial studies of the mechanism, by which Spx regulates motility genes imply that
Spx acts indirectly by transcriptional activation of an unknown negative regulator of
motility.
In the second part of this study, the degradation of Hag, the structural component of
the flagellum, was investigated. Hag was degraded in vitro by ClpCP assisted by the
adaptor protein YpbH and protected from proteolysis by F1iW. However, Hag was only
degraded in the absence of the export chaperone FliS in vivo, which was independent
of ClpP. These results suggest that two distinct pathways of Hag proteolysis exist, one
of which may be important to prevent Hag aggregation or premature assembly, when
its secretion is compromised.
Spx was also shown to be required for thermotolerance, probably through the activation
of unknown protective target genes. Furthermore, it was demonstrated that gsiB,
mesB and ywlE are important for thermotolerance development. Finally, evidence for
a ClpP—independent function of ClpC in thermotolerance was acquired. Possibly, ClpC
acts as a protein disaggregase, similar to ClpB and Hsp104.
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1 Abbreviations

A
AAA+
AB-3
AP
APS
ATP
BCIP
BSA

CCD
CDP
CFU
CHAPS
CI

CM
CTD
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DIG
DNA
dNTP
DTT
DYT
ECF
EDTA
FPLC
FR

GFP
HAP

adenosine

ATPases associated with various activities
3x acryl amide-bis acryl amide
alkaline phosphatase

ammonium persulfate

adenosine triphosphate
5-bromo-4-chloro-3-indoyl-phosphate
bovine serum albumine

cytosine

charge coupled device

cytidine diphosphate

colony forming units
3-[(3-cholamidopropyl)-dimethylammonio|-1-propanesulfonate
chloroform isoamyl alcohol
competence medium
carboxy(C)-terminal domain

Dalton

diethylpyrocarbonate

digoxigenin

desoxy ribonucleic acid

desoxy nucleotide triphosphate
dithiothreitol

double yeast tryptone

enhanced chemofluorescence
ethylene diamine tetra acetic acid
fast protein liquid chromatography
flanking region

guanosin

green fluorescent protein

hook associated protein



IPTG
KI

LB

kb
kDa
MDH
MOPS
NBT
Ni-NTA
NTD
OD
ODgoo
ONPG
PAGE
PCI
PCR
PEP
PK
PQC
PVDF
RNA
rpm
SDS
SSC
STM

TAE
TBS
TBS-M
TBS-T
TCA

isopropyl 5-D thiogalactoside
Koimmunoprazipitation

Luria Bertani

kilobases

kilo Dalton

malate dehydrogenase
3-(N-morpholino)propanesulfonic acid
nitro blue tetrazolium chloride
nickel nitrilotriacetic acid
amino(N)-terminal domain

optical density (absorbance)
optical density (absorbance) at 600 nm
ortho-nitrophenyl--galactoside
poly acryl amide gel electrophoresis
phenol chloroform isoamyl alcohol
polymerase chain reaction
phosphoenol pyruvate

pyruvate kinase

protein quality control
polyvinylidene fluoride

ribonucleic acid

rotations per minute

sodium dodecyl sulfate

standard saline citrate

sucrose tris magnesium

tymidine

Tris acetate EDTA

Tris buffered saline

Tris buffered saline-milk

Tris buffered saline-tween

trichloro acetic acid
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TE
TEMED
TES
™™

Tris
TTSS

Tris EDTA

N, N, N’, N’- tetra methyl ethylen diamine
Tris EDTA salt

Tris magnesium
tris-(hydroxymethyl)-aminomethane

Type III secretion system

uracil

ultra violet

volume per volume

weight per volume

5-bromo-4-chloro-indolyl-3-D-galactopyranoside
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2 Introduction

Proteolysis is a crucial process in all living cells. The proteome is in a dynamic equi-
librium of constant protein synthesis and degradation. This equilibrium is frequently
perturbed by changing environmental conditions such as starvation and stress. Stress
can be defined as external physical or chemical conditions, which interfere with vital
cellular functions, such as protein folding and membrane integrity.

For example, during heat stress, proteases can remove unfolded and aggregated pro-
teins, which would otherwise become toxic to the cell. Molecular chaperones can pro-
tect unfolded proteins from aggregation, actively induce protein folding or remove
aggregates by disaggregation. By their combined function, chaperones and proteases
contribute to protein quality control[241, 25]. Proteases are also intricately involved
in gene regulation and signaling by controlled degradation of key transcription factors
and other regulator proteins[170].

In this work, protein degradation was studied in the Gram—positive model organism
Bacillus subtilis. This bacterium is ideally suited for these experiments because it is
easy to manipulate, highly stress tolerant and able to differentiate into a number of
different cell types, which requires complex signaling and regulation. Furthermore, B.
subtilis is the best characterized Gram—positive bacterium and serves as a model or-
ganism for this taxonomic group, which includes pathogens, such as Bacillus anthracis
and Staphylococcus aureus.

Recently, the protease ClpP was identified as the target of the novel antibiotic ADEP,
which triggers non-selective degradation of nascent polypeptide chains emerging from
the ribosome as well as the essential cell division protein FtsZ[24, 115, 205]. This
example demonstrates the vital importance of controlled proteolysis for the bacterial
cell and suggests that proteases can serve as drug targets.

In the following sections, the current knowledge about chaperones and proteases in B.
subtilis will be presented as scientific background of this study. In addition, the regu-
latory pathways and stress response mechanisms, which are influenced by chaperones

and proteases will be discussed.
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2.1 Proteolysis

Proteolysis is defined as the cleavage of peptide bonds within a protein by hydrolytic en-
zymes termed proteases. The first enzymes with such an activity to be discovered were
extracellular proteases from the mammalian digestive tract, namely pepsin, trypsin
and chymotrypsin. These enzymes degrade proteins from food into small peptides,
which are then further broken down into amino acids. They are synthesized as inactive
preproteins, which are secreted and later cleaved resulting in their active form. Bac-
teria also secrete extracellular proteases into the culture medium in order to scavenge

nutrients[197]. An example from B. subtilis is subtilisin (AprE)[102].

In contrast to nutrient proteins, cellular proteins were viewed as stable structures up
to the mid-20th century. This changed with the groundbreaking studies of Schoen-
heimer who used isotope labeled amino acids to show that proteins are in a dynamic
equilibrium of synthesis and turnover in living organisms[211]. Later, it was discov-
ered that in contrast to extracellular proteolysis during digestion, intracellular protein
breakdown requires metabolic energy[217]. With the discovery of the lysosome[45]
it became clear that intracellular proteolysis takes place in membrane embedded or-
ganelles in eukaryotes and it was assumed that metabolic energy is required for the

transport of substrates into the lysosomes.

However, protein degradation activity could still be demonstrated in a cell free system
lacking lysosomes[40, 63] and subsequently, a totally different class of proteases was
identified in the cytosol of bacteria[34, 39, 77, 101, 106] and eukaryotes[52]. In contrast
to the extracellular proteases, these enzymes hydrolyze ATP to fuel protein degrada-
tion. At first glance, the consumption of energy to permanently destroy proteins may
seem like a wasteful process. However, proteins frequently unfold, form toxic aggregates
or become chemically modified, interfering with normal cellular function[25]. These
non-native proteins can either be protected or repaired by chaperones or degraded by
energy dependent proteases (general proteolysis)[25]. This becomes especially impor-

tant when cells are confronted with stressful environmental conditions.

Furthermore, many important regulatory proteins are tightly controlled by proteolysis
at times when their accumulation is unwanted or even damaging to the cell (regula-

tory proteolysis)[116, 170]. In addition, proteolysis might benefit cell metabolism by
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generation of peptides, which can be further broken down into amino acids.
In the eukaryotic cytosol, energy—dependent protein degradation is mediated by the
26S proteasome[89], whereas in Bacteria this task is shared between several protease

complexes, such as Clp, Lon, HslUV and FtsH[170].

2.2 Structural and biochemical properties of protein degrada-

tion machines

The most critical requirement of proteases in the cytosol is the ability to discriminate
between substrates and non-substrate proteins. Without this pre-selection, intact cel-
lular proteins could be destroyed, while aggregated and damaged substrates might be
retained in the cell. As a solution to this problem, evolution has led to cellular protein
destruction machines of a very elaborate compartmentalized architecture.

These proteases form large cylindrical complexes with a central pore. The active site
residues line the inner surface of this cavity, thus preventing interaction of these residues
with protein substrates. Access of substrates to the active sites is regulated by a ring-
shaped complex of ATPases of the AAA+ (ATPases associated with various activities)
family that binds and unfolds cognate substrates and translocates the unfolded protein
chains into the central chamber of the protease component, where they are cleaved into

small peptides (Figure 1)[125, 206].

2.2.1 Structure and function of bacterial protein degradation machines

Clp proteases Prokaryotes have several different compartmentalized protease com-
plexes. ClpP is a double heptameric serine protease that interacts with the AAA+
ATPases ClpA and ClpX in E. coli or ClpC, ClpE and ClpX in B. subtilis. The
Clp/Hspl00 ATPases are composed of one or two AAA+ Walker type ATPase do-
mains with relatively high sequence conservation, a more diverse N-terminal domain
(NTD) and in some cases (ClpB and ClpC) an additional domain inserted near the
junction of the two AAA+ domains[125, 206]. Whereas monomeric Clp/Hsp100 pro-
teins display very low ATPase activity, ATP hydrolysis is stimulated by assembly into
a donut-shaped hexameric complex. Most Clp proteins spontaneously oligomerize into

this active hexamer, but B. subtilis ClpC requires an adaptor protein such as MecA
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for hexamerization[117]. Conserved loops near the C-termini of the monomers bind to

ClpP, leading to formation of a large ATPase/protease complex[157].

ClpYP, Lon and FtsH The hexameric ClpQ (HslV) serine protease associates
with the AAA+ ATPase ClpY (HslU). In the hexameric Lon and FtsH proteases,
AAA+ ATPase and protease domains are fused together on a single polypeptide chain.
Whereas Lon is a cytosolic serine protease, FtsH is a zinc metalloprotease with a trans-

membrane domain.

Functions of B. subtilis proteases The protease complexes described in the previ-
ous section contribute to the degradation of misfolded, aggregated proteins during stress
(general proteolysis), but also influence important regulatory pathways by proteolysis
of transcription factors and other regulators (regulatory proteolysis)[170]. Specifically,
ClpCP is involved in competence development, motility, sporulation, regulation of the
heat shock response and protein quality control[227, 226, 198, 147, 189, 114, 128, 103,
209]. ClpXP regulates the oxidative stress response[179] and is involved in the degra-
dation of ssrA-tagged proteins[242] and in protein quality control[128, 103]. ClpEP
is thought to modulate the heat shock response and may influence protein quality
control[160].

The ClpYQ protease complex is localized in foci close to the cytoplasmic membrane[216].
However, the function of this protease is elusive at the moment. B. subtilis encodes
two lon genes. Whereas lonA is induced by stress[202], lonB is expressed in the fore-
spore during sporulation[214]. Both genes are involved in sporulation[210, 146], and
lonA plays only a minor role in general proteolysis[128]. FtsH is involved in heat
and salt tolerance, secretion of exoenzymes and sporulation, but not in heat shock

regulation[48, 47].

2.2.2 Substrate targeting mechanism of bacterial Clp proteases

Degradation tags In contrast to the eukaryotic proteasome, which binds substrate
proteins by a covalently attached ubiquitin tag (see section 2.2.3), bacterial protease
complexes can directly recognize short peptide sequences in their substrates. These

recognition sequences are termed degrons or degradation tags[206]. For example, ClpX
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Figure 1: Mechanism of Clp/Hsp100 proteases.

A. Direct targeting of proteolysis substrates. A substrate protein (orange) binds di-
rectly to the pore loops of the Clp ATPase complex (blue). Coupled to ATP hydrolysis,
the substrate is unfolded, translocated into the ClpP complex (red) and degraded. B.
Adaptor protein mediated substrate targeting. A substrate protein (purple) is teth-
ered to the Clp ATPase ring by a cognate adaptor protein (green). Subsequently, the
substrate is handed off to the pore loops. Unfolding, translocation and degradation
proceeds as described in A.

recognizes about 50 different substrates by 5 different degrons, 3 N-terminal and 2
C—terminal tags[66]. Some substrates also contain intrinsic degradation tags (which
are not located at the N— or C—termini) as exemplified by ComK and ComS, two
substrates of B. subtilis ClpCP[196]. Degradation tags are often unmasked by binding

to interacting proteins, proteolytic cleavage or unfolding[116, 206].

Substrate recognition, unfolding and translocation Prior to degradation, sub-
strates are bound by conserved tyrosine residues on flexible loops lining the pore of the
ATPase hexamer[91]. Subsequently, mechanical force is generated by the movement of
the tyrosine pore loops, which is driven by the ATPase activity of the AAA+ subunits.
This pulling force unfolds the three-dimensional structure of the substrate protein and
translocates the substrate through the pore into ClpP, where it is cleaved into short

peptides (Figure 1A)[91, 237, 199, 125, 206].
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Adaptor protein mediated degradation Whereas some substrates, such as ca-
sein, are directly bound by the pore loops, others require accessory domains of the
AAA+ ATPases (N-terminal domain and linker if present) for binding[61, 41]. In most
cases, these accessory domains serve as binding sites for adaptor proteins[41]. By bind-
ing to the AAA+ ATPase and the degradation tag of the cognate substrate, these adap-
tor proteins mediate tethering of the substrate to the AAA+ ATPase hexamer[116]. In
this manner the local substrate concentration is increased, facilitating handoff to the

pore binding sites of the ATPase complex (Figure 1B).

SspB This mechanism was studied in great detail for E. colt SspB, a ClpX adaptor,
which targets ssrA-tagged proteins for degradation by ClpXP[141]. The ssrA-tag is
a short unstructured peptide sequence that is attached to the C—terminus of incom-
plete translation products on stalled ribosomes[111]. This degron features two distinct
binding sites. Whereas the substrate is tethered to SspB by the N-terminal part of
the tag, the C—terminus is bound by the ClpX pore loops to initiate unfolding and
translocation[65].

This bipartite architecture of recognition tags is conserved in the eukaryotic ubiquitin—
dependent proteasome pathway (see section 2.2.3): whereas the poly-ubiquitin tag
serves to tether the substrate to the ubiquitin receptor at the 19S lid complex, a second
unfolded sequence is required for engagement by the ATPases of the 19S base[195, 194].
For bacterial protease complexes it is unknown whether a distinct unfolded initiation

sequence is always required in addition to the degradation tag.

RssB Interestingly, two distinct targeting sequences were identified in the proteolysis
substrate 0° of E. coli[221]. In its phosphorylated form, the adaptor protein RssB binds
to 0°[13] and exposes a ClpX binding tag in the N-terminal region of 0°[221], resulting
in degradation by ClpXP.

ClpS A different mechanism of adaptor/substrate interaction was demonstrated for
ClpS[203], an adaptor protein that targets N-end rule substrates for degradation by
CIpAP in E. coli[60]. N-end rule substrates contain a very short degron of two destabi-

lizing amino acids at their N-terminus, which is recognized and bound by the adaptor
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protein ClpS[212, 203]. ClpS also binds to the NTD of ClpA[247], leading to the for-
mation of a low affinity ternary complex[203]. In contrast to other adaptors, ClpS has
a long unstructured N—terminal extension, which interacts with CIpA pore residues,
thereby stabilizing ClpS-ClpA and ClpS-substrate interaction and resulting in a high
affinity ternary complex[203]. Substrate handoff from ClpS to ClpA dissolves this
complex by an unknown mechanism[203]. Interestingly, ClpS cannot only target N-

end rule substrates, but also unfolded and aggregated model proteins for degradation

by ClpAP[51].

MecA B. subtilis MecA is an adaptor protein with a dual function: MecA activates
ClpC by triggering the oligomerization of the ATPase[117], but also targets substrate
proteins for degradation. These substrates include the competence transcription fac-
tor ComK (see section 2.3.1)[226], the unfolded protein casein and aggregated model
proteins[209] for degradation by ClpCP. Similar to other adaptor proteins, MecA medi-
ates ComK targeting by simultaneous binding to ClpC and ComK][227, 228, 117, 196].
Complex formation of MecA and ComK also inhibits the DNA binding activity of
ComK|[227].

Anti-adaptors In some cases, the stabilization of proteolysis substrates is mediated
by anti-adaptors, which are produced in response to external signals. These proteins
are themselves bound by protease complexes with high affinity, thereby competing
with binding of other substrates and resulting in their stabilization[116]. For example,
the small protein ComS is produced under competence-promoting conditions in B.
subtilis. ComS binds to MecA and is targeted for degradation by ClpCP, leading to
stabilization of ComK[227, 226]. A similar process has been described for the anti-
adaptors IraP[20], IraD and IraM[19] of E. coli, which interfere with RssB-targeted o

proteolysis in response to stress or starvation.

2.2.3 The ubiquitin-proteasome system

Substrate selection In eukaryotes, cytosolic protein turnover is performed by the 26
S proteasome. This large complex of 33 protein subunits recognizes substrates, which

are covalently linked to several copies of the small protein ubiquitin. The ubiquitin C—
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terminus is activated by a single E1 ubiquitin activating enzyme, subsequently bound
by one of several E2 conjugating enzymes, and finally covalently attached to lysine
residues of the substrate protein by an E3 ubiquitin ligase[75]. This reaction is repeated
multiple times on lysine residues of the terminal ubiquitin, resulting in a poly ubiquitin
tagged substrate. In contrast to bacterial proteases that bind to recognition tags in
their substrates directly or via adaptor proteins (see section 2.2.2), substrate selection
in eukaryotes is mediated by a large variety of E3 ubiquitin ligases that specifically
recognize structural motifs in their cognate substrates. The 26S proteasome binds

ubiquitin tagged substrates, unfolds and degrades them.

Structure of the 26S proteasome The general architecture of the proteasome is
similar to Clp proteases, albeit a lot more complex. The 20S core complex consists
of four stacked rings of pseudo 7—fold symmetry, two inner rings of seven different /3
subunits and two outer rings of seven a subunits[112]. Three of the seven 8 subunits
are threonine proteases with distinct substrate specificities, the active sites of which
are oriented to the inner surface of the barrel-like complex[112]. The « subunits serve

as a gatekeeper that blocks entry of substrates into the proteolytic chamber[112].

Poly ubiquitin recognition, substrate deubiquitination, unfolding and translocation, as
well as opening of the « ring gates is mediated by the 19S regulatory particle, which
is further sub-divided into the base and lid complexes[112]. The base is composed of
a hexameric ring of the AAA+ ATPase subunits Rpt1-6, which directly abuts the «
ring of the 20S core particle, along with two other non-ATPase proteins and an ubiq-
uitin receptor[16, 224]. This ATPase hexamer is responsible for substrate unfolding,
translocation and opening of the «a ring pore. The lid complex consists of ten different

proteins, some of which are involved in ubiquitin binding and deubiquitination[112].

Functions of the 26S proteasome Similar to the bacterial proteases, the 26S pro-
teasome is important both for protein quality control[89] and for regulatory proteolysis[133],
i.e. in cell cycle regulation[76], the inflammatory response[36], cancer[96] and cystic
fibrosis[236]. Interestingly, a simpler form of the proteasome is also found in archea[43]

and the Actinomycetes group of bacteria[150, 120].
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2.3 Regulatory proteolysis and gene regulatory networks

In B. subtilis regulatory proteolysis is crucial for various differentiation and develop-
mental processes[170]. This is exemplified by the pleiotropic phenotypes of protease
mutants in this organism. For instance, a clpP deletion mutant is defective in com-
petence, endospore formation, as well as swimming motility[74, 173]. In the following
sections, the current knowledge about the role of proteolysis in regulatory networks of

B. subtilis will be discussed.

2.3.1 Competence development

Genetic competence is the ability of bacterial cells to take up DNA from the envi-
ronment and incorporate it into their genome by homologous recombination[55]. The
biological implication of competence development is controversially discussed. One ob-
vious advantage of competence is the incorporation of genes, which are beneficial in a
stressful environment and can lead to a fitness advantage. In B. subtilis genetic com-
petence is initiated under nutrient starvation conditions during the stationary phase[2]
by a subpopulation of the culture[10, 151, 218].

ComK, the competence master regulator, is active in competent cells and controls
the expression of downstream competence genes[229]. This transcriptional activator
is present at very low concentrations during logarithmic growth due to continuous
synthesis and degradation by the ClpCP protease, targeted by the adaptor protein
MecA[226]. In addition, MecA inhibits the DNA-binding activity of ComK by direct
protein-protein interaction[227].

When the cell density increases at the onset of the stationary phase, the quorum
sensing peptides ComX and CSF trigger a signal transduction cascade that activates
the expression of the comS gene[54, 53, 79, 219] via the two-component system ComP-
ComA[239]. The phosphorylated response regulator ComA activates the expression
of comS. Subsequently, the small protein ComS binds to MecA, leading to release,
stabilization and activation of ComK][227, 226]. The comK gene is subject to positive
autoregulation[230, 151].

In a small subpopulation of cells, ComK reaches a sufficiently high threshold level to

mediate entry into the physiologically and morphologically distinct K-state by acti-
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vation of its target genes. In this competent state, cells can bind and import DNA
fragments from the environment and integrate them into their genome by homologous
recombination[55]. ComS is also targeted for degradation by ClpCP[226]. Degradation
of ComK and ComS may be important for the exit from the competent state after

DNA transformation.

2.3.2 Swimming motility

Flagellar structure The bacterial flagellum is a highly complex nanomotor, which
has evolved to propel the bacterium through its liquid environment driven by the
proton motive force[8, 162, 163]. Most of the experimental work on flagellar struc-
ture and assembly has been performed in the Gram-negative organisms FE. coli and
Salmonella. However, electron microscopy experiments have revealed a similar archi-
tecture of Salmonella and B. subtilis flagella[1]. Furthermore, many flagellar genes are
highly conserved between Gram-negative model organisms and B. subtilis[1]. As there
is currently not much information available about the B. subtilis flagellum, the assem-
bly model described below is based on experimental data from E. coli and Salmonella
if not stated otherwise.

The flagellum consists of a membrane embedded basal body, a flexible hook and a left-
handed helical filament (Figure 2). The basal body can be divided into the C and MS
rings and the rod, which is of smooth appearance in B. subtilis owing to the absence

of the P (periplasmic) and L (outer membrane) rings|[1].

Assembly of the basal body The assembly of the basal body complex starts with
the formation of the FIliF 26-mer in the cytoplasmic membrane. Subsequently the
proteins FliG and FliM assemble on the cytoplasmic face of the FliF ring to form the
C ring[8]. FIiG interacts with the MotAB channel in the mature flagellum (Figure 2),
which is thought to be responsible for torque generation[250].

After completion of the C ring the flagellar type I1I secretion system (TTSS) assembles
in the cytoplasmic membrane encased by the MS ring complex. The TTSS consists
of a transmembrane part and the soluble proteins Flil, FliH and FliJ (Figure 2). Flil
is an ATPase with extensive homology to the o and § subunits of the FOF1 ATPase.
FliH interacts with Flil and modulates its ATPase activity[162] and FliJ interacts with
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Figure 2: Flagellum of B. subtilis

The flagellum is anchored in the cytoplasmic membrane by the M ring complex. The
C ring associates to the M ring on the cytoplasmic face of the membrane. The S ring
abuts the M ring on the extracellular side. The basal body (grey) is completed by
the rod. Components of the type III secretion system assemble in the cytoplasmic
membrane. The flexible hook is assembled on top of the rod. Finally, Hag monomers
are polymerized to form the filament, which is completed by a FliD pentamer. The
MotAB complex associates with the C-ring, forms the stator that anchors the flagellum
in the cell wall and functions as the motor of the flagellum. The direction of the motor
is regulated by chemotaxis via the two—component system CheA-CheY, which interacts
with FliM. Important proteins of the different complexes are listed. The diagram is
based mostly on data from E. coli and Salmonella. Details are explained in the text.



24 2 INTRODUCTION

secretion chaperones and the FIhA protein in B. subtilis[11]. In the presence of FliH,
Flil forms a hexameric complex that binds to FIhA and F1hB[162]. It was previously
suggested that Flil provides the energy for flagellar protein secretion. Since it is now
clear that the proton motive force and not ATP hydrolysis is the energy source of
flagellar protein export, it is more likely that FIlil has a regulatory function in flagellar

assembly[165, 190].

Rod and hook assembly The components of the flagellar rod are secreted by the
TTSS and assemble on top of the MS ring. Next, the hook cap protein FlgD is as-
sembled on top of the rod. Subsequently, the hook structure is completed by secretion
and polymerization of FIgE (Figure 2)[164]. How the hook length is controlled is still
not completely understood. However, the protein FIiK plays an important part in this
process and two models, the cup filling model[155] and the tape measure model[172],
have been proposed for the molecular mechanism of F1iK[8]. Regardless how FIiK mea-
sures the length of the hook, it is established that FIiK interacts with F1IhB, triggering
an autocleavage event in its C—terminal domain that is thought to lead to an altered

substrate specificity[164].

Filament assembly When the hook has reached the appropriate length, the hook
associated proteins (HAPs) FlgL, FlgK and FliD are assembled on top of the structure
(Figure 2)[8]. FliD forms a pentamer and functions as the filament capping protein.
Once the FIiD cap is in place, the T'TSS export apparatus switches its substrate speci-
ficity and Hag (flagellin) is polymerized to form the flagellar filament. Hag monomers
are translocated through a narrow pore formed by the flagellum and assemble at the

top of the structure, directly below the FLiD cap[8].

Selection of secretion substrates in B. subtilis A recent study has shed light on
how the switch between these secretion substrates might be regulated in B. subtilis[11].
In the cytosol, prior to secretion, F1iD and Hag both occur in a one to one complex with
their cognate secretion chaperones FIiT and FliS. It was demonstrated that the both
the Hag-F1iS and the FliD-F1iT complexes are recognized by the cytosolic domain of the
transmembrane protein F1hA, which forms part of the TTSS (Figure 2). Whereas Hag-
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FliS is always bound with high affinity, F1iD-F1iT is only recognized in the presence of
FliJ. Importantly, unbound FIliT remains tightly bound to FIhA, so that further F1iD-
FIiT complexes will not be secreted. Depending on the number of FIhA subunits in
the secretion complex, which is not known at the time, this could provide a mechanism
to ensure that only one FLiD pentamer is assembled[11]. A FILiS homolog FLiW also
forms a one to one complex with Hag and may play a role in secretion[223]. However,

a recent publication suggests that FIiW is rather involved in hag regulation[177].

Torque generation and chemotaxis During the late stages of flagellar assembly
the MotAB complex associates with the basal body. An extracellular domain anchors
MotB in the peptidoglycan matrix, forming the stator of the flagellum (Figure 2).
MotAB is a proton channel that converts the energy of the proton gradient into torque
of the rotor[163].

The direction of the rotation is controlled by chemotaxis. 10 different chemotaxis re-
ceptors sense and integrate various attracting and repelling signals, which leads to
autophosphorylation of the kinase CheA[l]. CheA in turn phosphorylates the re-
sponse regulator CheY, which interacts with FIiM on the flagellar C ring to reverse
the direction of the motor and switch from tumbling to smooth swimming (Figure
2)[1, 193]. This system is further modulated by methylation, phosphorylation and
deamidation|[1, 193].

Regulation of the fla/che operon A master regulator of swimming motility, sim-
ilar to FIhDC in E. coli and Salmonella[148, 152], has not been identified in B. subtilis.
However, the hierarchy of class II (dependent on the housekeeping sigma factor) and
class IIT genes (dependent on the flagellar sigma factor o”)[152] is conserved in this
organism (Figure 3). The class IT genes are clustered in a 27 kb fla/che operon[3, 88|,
including the sigD gene that encodes the flagellar sigma factor o”. Two promoters have
been identified in front of this operon[62]. Although one of these is o”—dependent[62],
transcription of the fla/che-operon is almost exclusively driven by the o“-dependent
promoter (Pfiq/chea)[110].

Transcription from the Pyjq/che a-promoter is modulated by the transcriptional repressor

CodY[15], the response regulator DegU[5] and the activator of swarming motility SwrA
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(Figure 3)[109, 27]. CodY is active as a repressor in the presence of GTP and branched
chain amino acids and is thought to regulate the Py, /cne promoter in response to nutri-
ent availability[15]. Both the expression of the fla/che operon and the hag gene peak
in post-exponential phase (about ODggo 1.0)[12, 167, 198]. This transient expression
pattern was only observed in complex medium and was dependent on the presence of
the codY[167], suggesting that it is a consequence of nutritional repression by CodY.

DegU represses Pfjq/che in its phosphorylated form([5], but has also been reported to
activate Pfq/che in its unphosphorylated form[121, 225]. SwrA[109, 27] acts as a Pria/che
activator, which is important for swarming motility (see section 2.3.4), but not for

swimming motility[109].

Regulation of ¢” activity RNA polymerase containing o” drives transcription of
the class III genes, which are distributed in several transcriptional units[156]. Among
the oP-dependent class III genes are hag, encoding flagellin, the major structural
subunit of the flagellum[166] and genes encoding autolytic enzymes responsible for cell
separation[156].

oP forms a complex with its anti-sigma factor FlgM[67], which inhibits the activity of
ol (Figure 3)[29]. In E. coli and Salmonella FlgM is exported by the type III secretion
system of the flagellar basal body complex, signaling the completion of this complex
and resulting in an upregulation of class III gene expression[100]. Whether FlgM is also
exported in B. subtilis or inactivated by another mechanism is unknown at present.
Recently, the phosphorylated form of DegU has been implicated in the activation of
flgM expression[99]. In addition to the direct repression of the fla/che operon, this
represents another mechanism by which DegU negatively regulates motility. Interest-
ingly, DegU and FlgM were shown to be essential for downregulation of hag expression,
when the basal body complex is disrupted[99].

oP activity is also activated by SwrB, a regulator encoded by the last gene of the

fla/che operon[108]. The mechanism of this activation is currently unclear.

Transcriptional regulation of hag The hag gene is preceded by a relatively long
untranslated region and a UP element, which enhances transcription of its o”~dependent

promoter[30]. This promoter is repressed by ScoC (Figure 3)[123]. However, ScoC
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Figure 3: Regulation of flagellar gene expression in B. subtilis.
Flagellar genes are organized in two classes: the fla/che operon (class I genes) is
transcribed from a o4-dependent promoter, whereas the class III genes, including
hag, are controlled by o”. Both the fla/che genes and hag are transcriptionally and
posttranscriptionally regulated by several regulator proteins (bold face). Export of
Hag is regulated by FliS and F1liW. Details are explained in the text.
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also represses flgM (Figure 3), resulting in a net positive effect of ScoC on hag ex-
pression[123]. SIrR in complex with SinR acts as a repressor of hag during biofilm
formation and in the subpopulation of chaining cells during exponential growth (Fig-
ure 3)[33]. YmdB, a protein of unknown function, acts as a negative regulator of hag

through SIrR/SinR by an undefined mechanism[50].

Posttranscriptional regulation of motility In addition, hag is subject to complex
posttranscriptional regulation. Translation of the hag gene is negatively regulated by
CsrA, which binds to hag mRNA close to the Shine Delgarno sequence and interferes
with translation initiation (Figure 3)[244]. Hag mRNA is probably processed or turned
over by RNases J1 and J2 (Figure 3)[153] and is polyadenylated at the 3’-end[2§],
although the functional significance of this modification is unclear.

In the cytosol, Hag is bound to its export chaperone FliS[11, 35|, which escorts Hag
to the type III secretion system. FIiW was identified as an ortholog of FliS, which
also forms a one-to—one complex with Hag and was suggested to play a role in Hag
stabilization and possibly export[223]. Recently, it was demonstrated that FIiW has
a regulatory function[177]: FIiW binds to CsrA and competes with CsrA binding to
hag mRNA (Figure 3)[177]. According to the model of Kearns and colleagues, export
of Hag during flagellar assembly results in accumulation of monomeric FIiW in the
cytosol. This serves as a signal that more Hag is required for export. FIiW is free to
interact with CsrA, thus causing the release of CsrA from hag mRNA and positively
regulating hag translation[177].

Inverse regulation between competence and motility clpC and mecA dele-
tion mutants were found to be non-motile[147, 198]. Two groups reported that this
effect is at least partially dependent on ComK[147, 198], and Zuber and colleagues
went on to characterize the mechanism of this inverse regulation between motility and
competence[147]. In clpC and mecA mutants the competence master regulator ComK
accumulates because it is no longer degraded by ClpCP[226].

A ComK-dependent late competence gene, comFA, is located directly upstream of
the flgM gene, separated by a weak transcriptional terminator. Under conditions,

when ComK is active, transcription continues from comFA into flgM, which leads to
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increased levels of the anti-sigma factor FlgM[147]. FlgM inhibits the activity of the
flagellar sigma factor o, thus negatively regulating flagellar gene expression (Figure
3)[67]. This mechanism may have evolved to ensure that competent cells, which are
highly differentiated and non-dividing, shut down flagellar biosynthesis to save energy.
Rashid and colleagues also reported that not only o” activity, but also o” levels are
decreased in clp mutants, indicating that a second pathway, by which ClpCP-MecA

influences motility, exists[198].

2.3.3 Biofilm formation

In recent years, the view that bacteria predominantly exist as single cells was challenged
by a number of studies. Instead, the coexistence of different bacterial cells types with
distinct functions in multicellular communities termed biofilms seems to be the rule
and not the exception in natural habitats. For B. subtilis the ability to form biofilms
was lost during domestication of laboratory strains and was only recently reassessed
by the investigation of wild isolates of this bacterium[22, 81, 159].

In B. subtilis biofilms, chains of individual cells are held together laterally by an ex-
tracellular matrix composed of exopolysaccharides (EPS)[108] and amyloid-like fibers
of the protein TasA[21]. The biofilm consists of a highly structured community of
different cell types[22, 235]. Sporulating cells exist predominately at the tip of aerial
fruiting body like structures[22], while motile cells are oriented near the base and side
of the biofilm[235]. Interestingly, the extracellular matrix components are produced by

a specialized subpopulation of cells[235, 149].

Regulation of biofilm formation The operon responsible for production of the ex-
opolysaccherides (epsA-0O) and the operon encoding TasA (tapA-sip W-tasA) are both
controlled by the repressor SinR[37, 108]. Under biofilm inducing conditions, Spo0A
(the master regulator of sporulation, but also of other stationary phase processes) ac-
tivates Sinl, the antirepressor of SinR in a subpopulation of cells[31], which results in

derepression of the epsA-O and tapA-sip W-tasA operons.

Inverse regulation between biofilm formation and motility Recently, it was

discovered that the gene encoding the SinR ortholog SIrR is also controlled by SinR
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and derepressed during biofilm formation[38]. Interestingly, SIrR forms heterodimers
with SinR, which redirects the DNA target specificity of this repressor[33]. The SIrR-
SinR dimer represses the hag gene (Figure 3) and autolysin genes, whereas the biofilm
operons epsA-O, tapA-sipW-tasA and slrR are derepressed[33].

This mechanism stabilizes the biofilm promoting SIrR-HIGH state, while motility is
repressed and cell chaining is favored because autolysins are downregulated. The
bistable distribution of single motile cells and non-motile chains during the logarithmic
growth phase[110] was also shown to depend on SIrR, which is probably switched on
in a small fraction of cells by stochastic fluctuations in sinl expression under these
conditions[33]. In an investigation concerning the exit from the biofilm forming state,
it was recently shown that SIrR undergoes autocleavage during transition back to the
SIrR-LOW state[32]. Subsequent proteolysis of an SIrR fragment depended on the
presence of ClpC, suggesting that SIrR may be a ClpCP substrate[32].

An interesting posttranscriptional cross-regulation between biofilm formation and motil-
ity was demonstrated recently. The epsFE gene, which is part of the biofilm operon
epsA-0O, encodes a protein that interacts with FIiG, a component of the flagellar rod[17].
During biofilm formation, EpsE acts as molecular clutch that uncouples the flagellum
from the MotAB channel, but leaves it freely rotatable, so that it can be reused later

when the same cell becomes motile[17].

2.3.4 Swarming motility

Similar to biofilm formation, swarming motility is a coordinated behavior that was lost
during the domestication of laboratory strains of B. subtilis[109, 159]. In contrast to
swimming motility of individual cells, swarming is a coordinated movement of bundles
or rafts of cells over surfaces[107]. This process requires a higher number of flagella
(hyperflagellation) and surfactin, a cyclic lipopeptide that reduces surface tension[107].
Swarming also depends on the presence of SwrA, a transcriptional activator of the
fla/che operon[27, 109].

Laboratory strains of B. subtilis exhibit a frameshift mutation in the swrA gene and
are thus deficient in swarming motility[109]. It is still not established if SwrA binds
to the fla/che-promoter, but it is clear that this regulator activates the transcription

of the operon, resulting in higher levels of o”. SwrB, a regulator encoded by the last
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gene of the fla/che-operon is an activator of o”—dependent gene expression [110, 240].

This boost of oP-activity is required for hyperflagellation[240].

2.3.5 Degradative enzyme synthesis and other stationary phase processes

B. subtilis cultures produce a number of extracellular degradative enzymes during
stationary phase. The DegS-DegU two-component system was originally discovered
as a regulator pair that activates the synthesis of these enzymes[174]. Later, it turned
out that DegS-DegU is involved in the control of several stationary phase processes,
such as competence[80], swimming and swarming motility[5, 121, 225, 232|, biofilm
formation[121, 232] and poly-y-glutamic acid production[220]. DegU is a response
regulator with DNA binding affinity that is phosphorylated by the sensor histidine
kinase DegS[42].

Regulation of the DegS—DegU two—component system In contrast to most
sensor kinases DegS is a soluble cytoplasmic protein. Although salt stress[131] and
dissociation from the SMC-ScpA-ScpB complex responsible for DNA condensation and
repair[46] have been suggested to trigger phosphorylation of DegU by DegS, the signal
that activates DegS is still unknown. Phosphotransfer from DegS to DegU is stimulated
by the small protein DegQ[121] and the phosphorylated form of DegU is stabilized by
another small protein, DegR[176]. Thus, DegQ and DegR both contribute to a higher
concentration of phosphorylated DegU. Whereas degR is a o”—dependent gene, degQ) is
activated by ComPA and is thus under the control of ComX quorum sensing. According
to one publication, DNA binding activity but not the phosphorylation state of DegU
is regulated by the phosphatase RapG that also dephosphorylates Spo0A[187]. RapG
is inhibited by the quorum sensing peptide PhrG[187].

Regulation of target genes by DegU Surprisingly, different levels of phosphory-
lated DegU affect different groups of target genes[232]. Unphosphorylated DegU acti-
vates comK expression[80]. According to contrasting reports, activation of swarming
motility is achieved either by unphosphorylated DegU[225] or low levels of phospho-
rylated DegU[232]. Intermediate levels of DegU phosphorylation activate the biofilm
genes yucA and yuaB[232, 233], whereas high levels of DegU phosphorylation acti-
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vate transcription of exoprotease genes and negatively regulate competence, biofilm
formation, swimming and swarming motility. Accordingly, DegU has been described
as a cellular rheostat that converts changes in environmental conditions into a gradual
change of gene expression[178|.

Such a differential response of different target gene groups to the phosphorylation state
of a response regulator has also been observed for the master regulator Spo0A[69] and
has been explained by different binding site affinities. For instance, a low-affinity bind-
ing site will yield a response only at high concentrations of the regulator. The negative
regulation of targets at high concentrations, which are activated at low concentrations
can be explained by the presence of different activating and inhibitory binding sites
near the target promoters. Interestingly, two inverted repeat DegU binding sites were
identified by footprinting analysis upstream of the fla/che promoter[225]. Whereas
unphosphorylated DegU bound to both sites, in vitro phosphorylated DegU interacted
only with one of the sequences, which may suggest such a regulation[225]. However,
DegU regulation of the fla/che promoter appears to be complex and awaits more de-

tailed characterization.

2.3.6 Spx and the oxidative stress response

Spx is an unusual global transcription factor, which directs the transcription of several
hundred genes [182, 183, 251]. Remarkably, Spx acts both as a positive and negative
transcriptional regulator. Spx positively regulates genes involved in the thiol specific
oxidative stress response, including thioredoxin, thioredoxin reductase and superoxide
dismutase[183]. A distinct group of genes is negatively regulated by Spx[182, 183].
Among these is the srf operon, which is important for competence development[53].
In contrast to most other transcriptional regulators, Spx itself has never been observed
to directly bind DNA. Instead, Spx forms a complex with the C—terminal domain of
the RNA polymerase « subunit (a-CTD)[135, 183, 185], which is required for both its
activating and repressing activities[182, 183, 248].

Mechanism of Spx repression Negative regulation by Spx can be explained by
the interference model[182, 248]: many transcriptional activators interact with the

a-CTD[26]. At high cellular concentrations of Spx, these activators are displaced
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from the a-CTD by Spx binding, thereby interfering with activator—controlled gene
expression[182]. Indeed, many of the negatively regulated Spx target genes require
an activator for their expression. For example, the phosphorylated response regula-
tor ComA activates the expression of the srf operon by interaction with the a-CTD,

explaining the repression of competence development at high levels of Spx :
plaining the repressi f pet development at high levels of Spx[182]

Putative mechanism of Spx activation Positive regulation by Spx is still not
completely understood. Most transcriptional activators directly bind to DNA. For
example, the catabolic activator protein of E. coli binds to DNA sequences upstream
of target promoters and subsequently recruits RNAP holoenzyme to the promoter UP
element|[26].

In contrast, Spx has never been observed to bind DNA by itself[181]. Moreover, no evi-
dence for Spx~DNA interaction was found in DN A-protein crosslinking experiments[201].
However, it was suggested that Spx recruits RNA polymerase to the trzA and trzB
promoters[201]. In complex with the a-CTD, Spx induced binding of ¢ to the -10
region and of the S’ subunits to the core promoter[201]. Furthermore, a complex of
a-CTD and oxidized Spx protected a DNA segment upstream of the trzA and trzB
promoters in DNase I footprinting experiments[181].

Recently, evidence for sequence-specific DNA binding of the Spx-a-CTD complex was
acquired for the first time[180]: purified a-CTD bound to a trzB promoter fragment in
gel shift experiments. Notably, in the presence of Spx, a super shift could be detected.
DNA binding of the complex was inhibited by addition of DTT, suggesting that oxida-
tion of Spx is required for DNA binding. Interestingly, a comparison of the Spx-a-CTD
crystal structures in the oxidized and reduced form revealed the displacement of an al-
pha helix, which positioned an arginine residue in an orientation that might promote
DNA binding[180]. Mutation of this residue to a glutamate abolished the activating,
but not the repressing function of Spx in vivo, indicating that Spx-a-CTD complex for-
mation was not affected by the mutation[180]. Importantly, the mutated Spx protein
was also defective in super shift formation in the in wvitro trxB binding experiment.
Furthermore, an AGCA site at positions -42 to -45 upstream of the trzB promoter
was required for Spx—mediated activation[201, 180]. A second AGCG site at positions
-34 to -31 also affected activation[201, 180]. Spx was proposed to bind to these sites
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in complex with the a-CTD. An AT-rich stretch between the two putative binding
sites might be bound by the a-CTD, which could explain the observed stabilization
of the ternary complex[180]. If bound to this position, the a-CTD would also be
appropriately oriented to promote core promoter binding by the RNA polymerase.
Recently, it was demonstrated that only one Spx monomer associates with one RNA
polymerase holoenzyme[144]. This excludes an activation mechanism, in which two

Spx molecules associate with a promoter upstream sequence.

Transcriptional regulation of Spx Spx is essential for survival during oxidative
stress[183] and accumulates transiently after exposure to thiol oxidizing agents, such
as diamide[183]. The spz gene is transcribed from at least five promoters[140]. One
of these promoters is negatively controlled by the repressors PerR and YodR, which
are inactivated by oxidative stress[139], resulting in de-repression of spx. However,
posttranscriptional regulation of Spx appears to be more important for stress induction
than transcriptional regulation[249]. Interestingly, Spx dependent gene products were
shown to be induced not only by oxidative stress, but also by heat, high osmolarity and
ethanol treatment by 2D gel electrophoresis [222]. If the induction of these proteins
is really dependent on Spx, which was not directly addressed by the study, the results
might suggest that Spx is rather a general stress regulator than a specific oxidative

stress regulator.

Posttranscriptional regulation of Spx by proteolysis The spr gene was origi-
nally identified by a suppressor mutation that bypasses the requirement of clpX and
clpP for competence development (suppressor of clpP and clpX)[179]. Later, it was
discovered that Spx is degraded by ClpXP[184]. This explains the competence defect
of clpP and clpX mutants: Spx accumulates to high levels in these mutants, which in-
terferes with ComA—dependent activation of the srf operon[182]. This operon encodes

comsS and is thus required for competence development[53].

Mechanism of Spx proteolysis and stabilization An alanine asparagine se-
quence at the extreme C-terminus of Spx functions as a degradation tag[183]. If

these amino acids are mutated to two aspartates, Spx can no longer be degraded by
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ClpXP[183]. Spx proteolysis is accelerated by the adaptor protein YjbH[70, 136]. Under
non-stress conditions, Spx is synthesized and rapidly turned over by ClpXP, resulting
in a very low Spx protein level[183]. After treatment with thiol-oxidizing agents, Spx is
transiently stabilized[183]. This stabilization appears to be a consequence of oxidative
inactivation of ClpX[249] and the adaptor protein YjbH[70], which both contain a zinc
binding domain. These zinc atoms are released by oxidation, leading to inactivation
of ClpX and YjbH[249, 70]. Recently, the small protein YirB was identified as an
anti-adaptor, which binds to YjbH and interferes with Spx targeting to ClpXP[124].
However, it is currently unknown whether YirB contributes to the stabilization of Spx

under oxidative stress conditions.

Mechanism of Spx activation In addition to transcriptional regulation and prote-
olysis, Spx activity is directly induced by thiol oxidative stress[181, 180]. Spx contains
two conserved cysteine residues at positions 10 and 13, which form an intramolecular
disulfide bond under oxidizing conditions[181, 185]. Oxidation of the disulfide bond
is strictly required for the activating effect of Spx[181], but not for binding of the a-
CTDI180]. This activation might be achieved by the replacement of « helix 4, which
was observed by comparison of the crystal structures of the reduced and oxidized form
of Spx|[185, 180]. The observed conformational change leads to a movement of arginine

60, which is involved in activation and possibly in DNA binding[180].

2.4 General proteolysis and protein quality control

B. subtilis is extremely well adapted to survival in a changing and stressful environment.
A major problem that cells encounter during adverse conditions, such as heat shock
and oxidative stress, is protein unfolding, misfolding, oxidative protein modification
and aggregation[25]. To maintain vital protein functions, cells from all kingdoms of
life rely on elaborate protein quality control (PQC) systems|25]. These systems consist
of a wide variety of chaperones and proteases. In order to quickly respond to stressful
external conditions, the expression of chaperone and protease genes has to be regulated.
In B. subtilis, heat shock genes are part of a complex regulatory network, which will

be described in the following section.
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2.4.1 Heat shock regulation in B. subtilis

Heat shock genes of B. subtilis have been classified in five groups[87]. The class I genes
are controlled by the repressor HrcA and include the dnaK and groES operons[169].
The class II genes are under the control of the general stress sigma factor o?[86].
These genes are induced not only by heat shock, but also by a variety of other stress
stimuli. This mechanism might provide cross-protection from types of stress, which
the cells have not yet encountered directly, but which are likely to occur in a stressful
environment.

Class III genes are repressed by CtsR and include clpP, clpE and the ctsR-mcsA-mcsB-
clpC operon[126]. The class I and class IIT genes were also induced by the heterologous
over—production of the outer membrane protein PorA, which forms inclusion bodies in
the cytosol[103], suggesting that unfolded proteins serve as an activating signal of class
I and III genes.

Heat-induced genes with an unknown induction mechanism (i.e. htpG and clpX) are
grouped under class IV. Finally, class V genes are targets of the CssRS two-component
system and are induced both by protein secretion stress and heat shock[44].

The class IIT heat shock genes are of special interest for this study because they are
regulated by ClpC. Therefore, the regulation of class III heat shock genes will be

described in the following section.

Regulation of class III heat shock genes The promoters of class III heat shock
genes are preceded by operator sequences, which serve as binding sites for the repressor
CtsR[126]. CtsR senses heat directly and undergoes a conformational change that
leads to dissociation from its binding sites on target DNA[58]. In addition, CtsR is
phosphorylated by the protein arginine kinase McsB[119][68]. The kinase activity of
MesB is inhibited by ClpC, activated by McsA and counter-acted by the phosphatase
YwlE[119].

In its autophosphorylated, kinase active state, McsB also acts as a ClpC adaptor pro-
tein, which targets CtsR for degradation by ClpCP during heat shock[129][114]. Ac-
cording to recent results, neither phosphorylation by McsB nor degradation by ClpCP
is strictly required for heat activation of CtsR[58] and it was suggested that phospho-

rylation and proteolysis serve to remove inactivated CtsR from the cell.
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Interestingly, the activation of class III heat shock genes by oxidative stress follows a
different route, which requires McsB and the co-adaptor McsA. McsA may be post-
translationally modified by oxidation and cleaved[56][57]. McsB is also able to remove
CtsR from DNA[129], which seems to play a role during oxidative stress activation[57].
McsB does not only phosphorylate CtsR, but also many other proteins. It could be
recently demonstrated that 87 proteins are modified by arginine phosphorylation in
B. subtilis, which affects the regulation of motility, competence, the stringent response

and stress response[59].

2.4.2 Function of chaperones and proteases during heat stress

Chaperones Chaperone activities can be classified into at least three partially over-
lapping categories: by their holding activity, chaperones shield hydrophobic patches
in unfolded or de movo synthesized proteins and thereby prevent them from aggre-
gation. For example, this activity has been demonstrated for DnaK (Hsp70)[90, 71]
and for ClpC in the presence of the adaptor protein MecA[209]. Folder chaperones,
which actively induce folding of their bound substrates constitute the second group.
For instance, GroEL/GroES provides a protected, closed-off environment for protein
folding and initiates substrate folding by an ATP driven conformational change[97].
The DnaK/DnaJ/GrpE system can also actively promote folding by cyclic substrate
binding and release, which is driven by ATP hydrolysis[25].

Finally, a third group of chaperones can disaggregate and refold protein aggregates.
The bacterial hexameric AAA+ ATPase ClpB and the homologous Hsp104 from fungi
and plants can perform this remarkable task. ClpB is very similar in sequence and
structure to other Clp/Hspl00 ATPases, but lacks a ClpP binding loop in its C—
terminal domain. As expected from the absence of this interaction site, ClpB retains the
ATPase and unfolding activity of other Clp ATPases, but is unable to target substrates
for proteolysis by ClpP[83]. Instead, ClpB unfolds substrate proteins and translocates
them through the narrow pore formed by the ClpB hexamer[84]. After exit from the
pore, unfolded substrates can then refold into their native structure. Interestingly,
disaggregation and refolding by ClpB is assisted by the DnaK/DnaJ/GrpE system
and the small heat shock proteins IbpA and IbpB, which bind to aggregates, thereby
preparing them for disaggregation by DnaK/DnaJ/GrpE and ClpB[168].
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Chaperone systems in B. subtilis protein quality control As in most other
bacteria, groEL/groES genes are essential in B. subtilis[143]. This observation might
be explained by GroEL/GroES mediated folding of an unknown essential protein. Al-
ternatively, this may be due to an important general function of the GroEL/GroES
chaperone complex in protein quality control, even under non-stress conditions.
Interestingly, the dnaK mutant, which is highly temperature sensitive in E. coli, only
had a slight effect on growth at high temperature in B. subtilis[213] and a dnaK tig
double mutant is viable[200] in contrast to E. coli, where this combination is syn-
thetically lethal under most conditions[49, 72]. The tig gene encodes trigger factor,
a ribosome-associated chaperone, which is believed to shield or actively fold nascent
protein chains emerging from the ribosome[92].

A ClpB homolog is not encoded in the B. subtilis genome. Instead, disaggregation
and refolding activity was demonstrated in vitro for B. subtilis ClpC in conjunction
with the adaptor protein MecA[209]. However, degradation by ClpCP-MecA was much
faster than disaggregation by ClpC-MecA[209]. Therefore, it is questionable whether
disaggregation by ClpC/MecA takes place in vivo. Alternatively, the absence of ClpB
and small heat shock proteins from B. subtilis could be an indication that protein aggre-
gates are rather removed by proteolysis than repaired by disaggregation and refolding
in this organism.

In E. coli, disaggregation and refolding by ClpB is essential for thermotolerance, the
ability to survive severe heat stress better if the culture is primed by a pre—shock
at lower temperature[238]. Interestingly, B. subtilis cells become thermotolerant[234],
even though they do not encode ClpB and small heat shock proteins. This observation
suggests that thermotolerance is achieved by a different mechanism in this organism.
This could either be disaggregation/refolding by ClpC and MecA, proteolysis, i.e. by
ClpCP or ClpXP or a completely different process.

Proteases An alternative to the chaperone activities described above is the irre-
versible destruction of misfolded proteins and protein aggregates, which is performed
by the ATP-dependent Lon and Clp proteases in bacteria[170] and by the proteasome
in eukaryotes[89].

Several observations suggest that Clp proteases play an important part in protein
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quality control in B. subtilis. A first indication for such an involvement was the heat
sensitive phenotype reported for clpP, clpC and clpX mutants|[74, 127, 173].

The effect of Clp proteases on protein aggregation was directly tested by examining
the time dependent decrease of radiolabeled aberrant translation products, which were
induced by the addition of the antibiotic puromycin[128]. The half-life of the bulk
radioactive peptides was significantly increased in the clpP, clpC and clpX mutant
strains compared to the wild type, whereas the lonA mutant had no effect, suggest-
ing that ClpCP and ClpXP, but not LonA, contribute to the degradation of protein
aggregates in B. subtilis[128]. In vitro experiments have also shown that ClpCP can de-
grade aggregated model proteins, such as luciferase and malate dehydrogenase, which

requires the adaptor protein MecA[209].

Localization to aggregates Two studies have demonstrated the association of
ClpP, ClpC and ClpX with insoluble proteins. Such inclusion bodies were formed by
puromycyl treatment[128] or by heterologous production of the Neisseria outer mem-
brane protein PorA[103]. In both cases, the Clp proteases co-localized with the inclu-
sion bodies, as detected by immuno—gold labeling and electron microscopy[128, 103].
In more recent studies, GFP fusions to ClpP, ClpC, ClpE and ClpX were observed in
clusters close to the cell poles and division sites[104, 118, 216]. These clusters, which in-
creased in size and brightness after heat shock, co-localized with over—produced PorA,
which confirms that Clp proteases localize to aggregate structures and corroborates

their involvement in protein quality control[118].

2.5 Aim of this work

The general aim of this work was to better understand the function of Clp proteases
in regulatory proteolysis, general proteolysis and protein quality control in B. subtilis.
Mutants in clpP, clpC' and clpX are non—motile, suggesting that regulators of motility
gene expression are subject to regulatory proteolysis. One objective of this study was
to identify these regulators and to unravel the mechanisms, by which they regulate
swimming motility.

Hag, the major structural component of the flagellar filament, was previously identified

as a ClpCP substrate in vitro. This observation suggested that Hag could be a general
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proteolysis substrate. Therefore, a goal of this work was to test whether Hag is also
degraded in vivo, and to elucidate how this proteolysis might benefit the cell.

The last part of this study was concerned with the mechanism of protein quality con-
trol, in which Clp proteases are of vital importance. The ClpCP and ClpXP protease
complexes have a direct function in protein quality control, but are also involved in
regulatory proteolysis. Here, it was investigated how this regulatory proteolysis in-
fluences thermotolerance, the mechanism of which is still unknown. To obtain more
information about this process, several mutant strains were analyzed for their thermo-
tolerance phenotype. Furthermore, it was investigated whether ClpC acts as a protein

disaggregase in vivo during thermotolerance.
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3 Materials and Methods

3.1 Materials

Table 2: Devices

Device

Akta purifier FPLC system
Centrifuge 5804 R

Centrifuge Sorvall RC 6+
Fluorescence microscope Type 120 Eclipse 90i
Microcentrifuges Pico/Frico
Nanodrop spectrophotometer
Phosphoimager Fla 2000

Pipetman pipettes

Platereader Sunrise Remote
PowerPac basic power supply
Protean mini gel system

Research pro multichannel pipettes
Shaking incubator

Shaking water bath HT

Speed Vac lyophylizer

Thermo cycler T personal

Thermo shaker

UV Documentation station

Manufacturer

GE Healthcare (Miinchen)
Eppendorf (Hamburg)
Thermo Scientific (Schwerte)

Nikon Instruments (Japan)

Heraeus/Thermo Scientific (Schwerte)

Peqlab (Erlangen)

Fujifilm (Japan)

Gilson (Villiers le bel, France)
Tecan (Grodig, Austria)

Biorad (Miinchen)

Biorad (Miinchen)

Eppendorf (Hamburg)

Infors (Bottmingen, Switzerland)
Infors (Bottmingen, Switzerland)
Eppendorf (Hamburg)

Biometra (Gottingen)
Eppendorf (Hamburg)

Thermo scientific (Schwerte)



42

3 MATERIALS AND METHODS

Table 3: Reagents

Manufacturer
5Prime (Hamburg)
Applichem (Darmstadt)

Biozym Scientific (Hessisch Oldendorf)

Carl Roth (Karlsruhe)
Fermentas (Leon—Roth)
GE Healthcare (Miinchen)
Hiss Diagnostics (Freiburg)

Millipore (Molsheim)

MP Biomedical (Eschwege)

New England Biolabs (Schwalbach)
Perkin Elmer (Waltham, USA)
Pineda Antikorper Service (Berlin)
Qiagen (Hilden)

Roche Applied Sciences (Mannheim)

Sarstedt (Niimbrecht)

Sigma Aldrich (Seelze)

Stratagene (Heidelberg)

Thermo Scientific (Schwerte)
VWR (Darmstadt)

Product

Phase Lock tubes

acryl amide solution, PEP, IPTG

Phusion polymerase

basic chemicals, RotiQuant

FastDigest restriction endonucleases, dANTPs
ECF Western blotting kit

ZymoClean™ Gel DNA recovery kit, DNA
Clean and Concentrator kit
nitrocellulose filters

FastRNA Pro Blue kit

Phusion polymerase, Chitin beads
35S—methionine

polyclonal antibodies

QIAprep Spin Miniprep kit

CDP Star, Nylon membranes, Blocking
reagent, DIG labeling kit, DIG-Easy hy-
bridization buffer, RNase free DNase |
tubes, pipette tips, 96 well microplates
DNase I, RNase A, Proteinase K, APS,
spectinomycin, erythromycin, lincomycin
Quikchange site—directed mutagenesis kit, F.
coli XL—1 blue competent cells
oligonucleotides, Protein A-MagnaBeads

glassware
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Table 4: E. coli strains
Genotype Reference
Strain
ER2566 F- A~ fhuA2 [lon] ompT lacZ::T7 gene New England Biolabs
1 gal sulA11 A(merC-mrr)114::1S10
R(mer-73:miniTn10-Tet®)2  R(zgb-
210::Tn10)(Tet®) endA1 [dem]
F11202 lacI? lacL8 gln5::Tnb 1202 [64]
W3110 F- A- rph-1 INV(rrnD, rrmkFE) [85]
XL-1 Blue recA1 endAl1 gyrA96 thi-1 hsdR17 Stratagene
supE44 relAl lac [F proAB lacl?ZM15
Tn10 (Tet™)]
Table 5: B. subtilis strains
Strain Genotype Reference
168 trpC2 wild type 6]
BUG1 trpC2 AclpP::spec [74]
BNM102 trpC2 AclpP::spec, suppressor mutation this study
BNM103 trpC2 AclpP::spec this study
QPB418 trpC2 AclpC'::tet [189]
BNM105 trpC2 AclpC'::tet this study
BMMO03 trpC2 AclpE::spec [160]
BNM106 trpC2 AclpE::spec this study
BEK90 trpC2 AclpX ::kan [73]
BNM107 trpC2 AclpX::kan this study
ORB3834  trpC2 pheAl Aspz:kan (JH642) [179]
BNM111 trpC2 Aspz::kan this study
ORB3838  trpC2 pheAl Aspz:kan AclpX ::spec [179]
BNM112 trpC2 Aspz:kan AclpX ::spec this study
QB4652 trpC2 AmecA::spec [173]
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BNM113
BNM115
BNM116
BEKS89
BNM117
BT02
BNM 118
BNM126
NRS1314
BNM137
NRS1499
BNM138
BNM139
BNM140
BNM141
BNM142
BNM149
BNM150
BNM216
BNM217
BNM224
BNM227
BNM233
BNM234
BNM236
Y244
BNM239
YF248
BNM240
TM044
BNM241

trpC2 AmecA::spec

trpC2 AypbH ::spec

trpC2 AmecA::spec AypbH ::kan
trpC2 AmesB::kan

trpC2 AmecsB::kan

trpC2 AdnaK ::cat

trpC2 AdnaK ::cat

trpC2 Ahag

NCIB 3610 AdegU::cat

trpC2 AdegU ::cat

NCIB 3610 AdegSU ::spec

trpC2 AdegSU ::spec

trpC2 AdegU::cat AclpP::spec
trpC2 AdegSU ::spec AclpC'::tet
trpC2 AdegU::cat AclpE::spec
trpC2 AdegSU::spec AclpX ::kan
trpC2 AcomK

trpC2 AcomK AclpC'::tet
trpC2 amykE':: Py -1bpA-gfp::spec
trpC2 amyk':: Pyy-ibpB-gfp::spec
trpC2 mdh-gfp::cat

trpC2 AdnaK ::cat amyFE::P,y-dnaK-gfp::spec

trpC2 mdh-gfp::cat clpP::spec
trpC2 mdh-gfp:.cat clpC'::tet
trpC2 mdh-gfp::cat clpX ::kan
trpC2 metC7 AiolR::cat (60015)
trpC2 AiolR::cat

trpC2 metC7 AP,y ::cat (60015)
trpC2 AP, ::cat

trpC2 metC7 pMUTIN4-iolX ::erm (60015)

trpC2 pMUTIN4-i0lX ::erm

3 MATERIALS AND METHODS

this study
[191]

U. Gerth
[129]

this study
[95]

this study
this study
[232]

this study

N. Stanley—Wall

this study
this study
this study
this study
this study
A. Heinz
A. Heinz
this study
this study
this study
this study
this study
this study
this study
[246]

this study
[246]

this study
[171]

this study



3.1 Materials

TMO043
BNM242
MB82
BNM243
BNM245
BNM253
BAE048
DS791
BNM301
BNM302
BNM303
BNM304
BNM305
BNM306
BNM307
BNM308
DS793
BNM328
BNM329
BNM330
BNM331
BNM332
BNM333
BNM334
BNM335
BNM337
BNM338
BNM339
BNM341
BNM345
BNM346

trpC2 metC7 pMUTIN2-i0l W ::erm::tet (60015)
trpC2 pMUTIN2-i0l W ::erm::tet

trpC2 pheA1 AgsiB:kan (JH642)

trpC2 AgsiB::kan

trpC2

clpC(VGF::GGR)

trpC2 AdnaK ::cat AclpC'::tet
trpC2 AywlE::kan amyFE::clpE-bgaB::cat
NCIB 3610 amyE::Pfiq/che-lacZ ::cat

trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2

amyk'::
amyk'::
amyk'::
amyk'::
amyk'::
amyk::
amyk'::
amykl::

Ppiajene-lacZ:
Priajehe-lacZ:
Priajche-lacZ:
Ppiajehe-lacZ:
Priajene-lacZ:
Priajehe-lacZ:

Ppiajche-lacZ ::cat

:cat AclpP::spec
:cat AclpC'::tet
:cat AclpE::spec
:cat AclpX ::kan
:cat AdegSU ::spec
:cat Aspr::kan

Priajene-lacZ::cat Aspr::kan AclpX ::spec

NCIB 3610 amyE::Ppe4-lacZ::cat

trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2
trpC2

amyk'::
amyk'::
amyk'::
amyk'::
amyk'::
amyk'::
amyk'::
amyk'::
amyk'::
amyk'::
amyk::
amyk'::
amykl'::

amyl

Phog-lacZ:
Prag-lacZ:
Prog-lacZ:
Phag-lacZ:
Prog-lacZ:
Prag-lacZ:
Prag-lacZ:
Prog-lacZ:

:cat

:cat AclpP::spec

:cat AclpC'::tet

:cat AclpE::spec

:cat AclpX ::kan

:cat AdegSU'::spec

:cat Aspz::kan

:cat Aspzr:kan AclpX::spec
Priajene-lacZ:cat AdegSU::spec clpC':tet
Prag-lacZ:
Phag-lacZ:

:cat AdegSU::spec clpC'::tet
:cat AdegSU::spec clpX ::kan
Prigjche-lacZ :cat AdegSU::spec clpC'::tet
Pjia)che1s2-bgaB::cat

1 Ppiajenerse-lacZ :cat
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[171]

this study
[175]

this study
this study
A. Heinz
[58]

[110]

this study
this study
this study
this study
this study
this study
this study
this study
[110]

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
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BNM347
BNM348
BNM349
BNM350
BNM351
BNM403
BNM404
BNM412
BNM413
BNM414
BNM415
BNM421
BNM422
BNM423
BNM424
BNM425
BNM426
BNM427
BNM428
BNM430
BNM436
BNM437
BNM446
BNM447
BNM448
BNM449
BNM450
BNM457
BNM458

3 MATERIALS AND METHODS

trpC2 amyE:: Ppiqjcheso-lacZ :cat AdegSU ::spec

trpC2 amyE::Ppiq)chers2-lacZ:cat AclpC::tet

trpC2 amyE::Ppiq)che1s2-lacZ:cat AdegSU::spec AclpC'::tet

trpC2 Aspz:kan amyE:: Phyperspank(Hy)-SPT::SPeC

trpC2 Aspz:kan amyl:: Phyperspank(Hy)- spzPP:spec

trpC2 AfliS
trpC2 AfliW

trpC2 AfliS AclpP::spec
trpC2 AfliS AclpC'::tet

trpC2 AfliS AmecA::spec
trpC2 AfliS AypbH ::spec

trpC2 Ahag amykE:
trpC2 Ahag amyFE:
trpC2 Ahag amykE:
trpC2 Ahag amyFE:
trpC2 Ahag amykE:
trpC2 Ahag amykE:
trpC2 Ahag amyFE:
trpC2 Ahag amykE:
trpC2 Ahag amyFE:
trpC2 Ahag amykE:
trpC2 Ahag amyFE:
trpC2 Ahag amykE:
trpC2 Ahag amykE:
trpC2 Ahag amyFE:
trpC2 Ahag amykE:
trpC2 Ahag amyFE:

:Ppyi-hagl:
:Ppyi-hagl:
Prpy-hagl:
:Ppyi-hagl:
:Ppyi-hagl:
Pry-hags:
:Ppyi-hagy:
:Ppyi-hagy
:Ppyi-hagy:
Pry-hags:
:Ppyi-hagy:
:Ppyi-hagy:
Pry-hags:
:Ppyi-hagy:
:Ppyi-hagy
:Ppyi-hag4

:cat

:cat AclpP::spec

:cat AclpC'::tet

:cat AclpE::spec

:cat AclpX ::spec

:cat

:cat AclpP::spec

:cat AclpC'::tet

:cat AclpX::spec

:cat Aspz::kan

:cat Aspr:kan AclpX ::spec
:cat AfliS

:cat AfliS AclpP::spec
cat AfliS AclpC'::tet
:cat AfliS AclpE::spec
scat AfliS AclpX :kan

trpC2 amyE':: Phyperspank(my)-YhfK ::spec

trpC2 amyFE':: Phyperspank(my)-YukF ::spec

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
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Plasmid
pQEG60
pQEG6O-f1iS
pQE60-hag
pQEG60-mecA
pQEG60-ypbH
pQET70
pQET70-clpP
pQET0-fli W
pTYB2
pTYB2-clpC
pTYB2-clpC(VGF::GGR)
pDG268
pDG-fla/chel52-lacZ
pDL
pDL-fla/che152-bgaB
pDR111
pDR111-yhfK
pDR111-yukF
pMAD
pMAD-clpC(ORF)
pMAD-clpC(VGF::GGR)
pMAD-fiS
pMAD-fli W
pMAD-hag
pMarB
pMMNb521
pSG1151

pSG1151-mdh

Table 6: Plasmids

Construction

vector for C—terminal Hisg tag

fliS in Ncol /BglIT of pQE60

hag in Ncol /BglII of pQEG0

mecA in Ncol /Bglll of pQEG0

ypbH in Ncol/Bglll of pQE60

vector for C-terminal-Hisg tag

clpP in Sphl/Bglll of pQET70

fliW in Sphl/Bglll of pQEG0

vector for C—terminal intein fusion

clpC in Ndel/Smal of pTYB2
clpC-V671G-F673G in Ndel /Smal of pTYB2
vector for transcriptional lacZ fusion
fla/che152 in EcoRI/BamHI of pDG268
vector for transcriptional bgaB fusion
fla/che152 in EcoRI/BamHI of pDL
expression from Phyperspank(my) in amyl
yhfK in HindIII/Nhel of pDR111

yukF in HindIII(bl)/Nhel of pDR111

vector for markerless deletion mutants

clpC in BamHI/Ncol of pMAD
clpC(VGF::GGR) in BamHI/Ncol of pMAD
fliS FR in BamHI/Sall and Sall/Ncol

fiW FR in BamHI/Sall and Sall/Ncol

hag FR in BamHI/Sall and Sall/Ncol
vector carrying the TnYLB-1 transposon
spx from Phyperspank(my) in amyE
Campbell integration of C-term. GFP-
fusion

mdh in Kpnl/EcoRI of pSG1151
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Reference
Qiagen
this study
J. Kirstein
[227]

[191]
Qiagen
[226]

this study
NEB

[227]

this study
[7]

this study
73]

this study
[23]

this study
this study
[9]

this study
this study
this study
this study
[17]
[137]
[182]
[142]

this study
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pSG1154
pSG1154-dnaK
pSG1154-ibp A
pSG1154-ibpB
pSN5H6

pX

pX-hagl
pX-hag4

3 MATERIALS AND METHODS

C-term. GFP-fusion from P, in amyE
dnaK in Kpnl/Xhol of pSG1154

E. coli ibpA in Kpnl/Ecol of pSG1154
E. coli ibpB in Kpnl/Ecol of pSG1154
spzPP from Phyperspank(Hy) 10 amyl
vector for expression from Py, in amyl

hag in BamHI of pX

hag with 5’- and 3’-UTR in BamHI of pX

Table 7: Primers

[142]
this study
this study
this study
[182]
[113]
this study
this study

Primer Amplified fragment

158
159
165
166
182
183
184
185
202
208
219
224
225
227
280
281
283
284
285
286

Kpnl-dnaK for
Xhol-dnaK rev
BamHI-hag! for
BamHI-hag! rev
Kpnl-ibpA for
EcoRI-ibpA rev
Kpnl-ibpB for
EcoRI-ibpB rev
BamHI-hag4 for
BamHI-hag4rev

hag RNA probe for
BamHI-fIi W-FR-p1 for
Sall-fli W-FR-p2 rev
Ncol-fliW-FR-p4 rev
BamHI-fliS-FR-p1 for
Sall-fliS-FR-p2 rev
Ncol-fliS-FR-p4 rev
Ncol-fiiS for
BgllI-fliS rev

Sphl-fli W for

Sequence
ccceggtaccgtgagtaaagttatecggaategac
cceectegagttttttgttttggtegtegtttac
cccggatcecatgagaattaaccacaatattge
cccggatcecttaacgtaataattgaagtacgttttge
cceeggtaccatgegtaactttgatttate
ccccgaattcegttgatttecgatacggegeg
ccceggtaccatgegtaacttegatttate
ccccgaattcgctatttaacgegggacgttc
cccggatcctgtageegggaggaggegea
ccceggatccagaccctggeaacgecaagg
attgaaagttgttgatgaag
cceeggatectggaggeacttetgaaageg
ccceegtegactgttcacgatecttttetttttac
cccceccatggegatatcageagtatetgetg
ccceggatccegetgaaagaagaaaaataccgag
cceegtegacgtgtcatecteccaaattacatttattg
caaaccatgggagagggaaaagagaaagagace
caaaccatggcgatccaaaatccatatacage
ccccagatcettgegateccgectgateegtg

cccegeatgcetcattcatacgaagtaccatg
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287
288
289
292
293
298
299
300
301
302
303
304
305
306
317
318
319
332
333
335
338
339
340
344
345
seq44
seq4b
seq63
seq64

BgllI-fli W rev
Kpnl-mdh for
EcoRI-mdh rev

clpC VGF-GGR for
clpC VGF-GGR rev
Pria/che-152 for
Pria/che-152 rev
Sall-fli W-FR-p3 for
Priajche -209 to -6 for
Priajche -209 to -6 rev
Priajche -106 to 98 for
Priajche -106 to 98 rev
Pria/che -1 to 203 for
Priajche -1 to 203 rev
Sall-fliS-FR-p3 for
BamHI-clpC' for
Ncol-clpC rev
HindIII-yhfK for
Nhel-yhfK rev
Nhel-yukF rev

sigD RNA probe for
sigD RNA probe rev
yukF for

flyB RNA probe for
flgB RNA probe rev

upstream of hag for

downstream of hag rev

upstream of amyFE for

downstream of amyF rev
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ccccagatctgeatgattetectecaateggatg
ccceggtaccttgttettgttgacatteege
ccccgaattcggataatactttcatgacatttttg
gctaaaacgcaataaatatggeggecgcaacgttcaggatgaaac
gtttcatcetgaacgttgeggecgecatatttattgegttttage
ggaattcttgetgaccgtgteggeattac
cgggatccgegatattattagttatgac
cceegtegacttggaggagaatcatgetag
goaattcattttgecatttttcttcaaaaag
cgggatcctattgtaagaaataacagge
ggaattcctaacaatctaggactttatac
cgggatcccaagattttgtategt
ggaattctatagttttacaattctegac
cgggatccaattttggaaagagactttttttg
cceegtegacatgaataatatagatcaactatacactg
ccceggatcecatgatgtttggaagatttacag
cccceccatggttaattegttttagecagteg
ccccaagcettatgaaagtgtttttaatcggag
ccccgetagcetecatagtttettcaatgetteg
ccccgetagcetcacaaatccatgtgecgaag
getatgettggtttatatgatge
gcaagctgtgcaatcagt
tatgtcaaagagaaatcaagcacgaaaag
ttgagcttattttctggaacg
tcattttectectgttaatacgg
atccagcgatgtgatcteeg
caggttgtaacgtagtgage
tgtattcactctgecaagttg
cgattaaagctactttatttac
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3.2 Basic methods

Media and growth conditions For bacteriological work, all media, buffers and
materials were autoclaved at 121°C for 20 minutes prior to use. Antibiotic stock
solutions and heat—sensitive media supplements were filtrated through a 0.2 pm syringe
filter. B. subtilis stocks were stored at -80°C in LB medium + 20% glycerol. To start
a culture, an aliquot from the glycerol stock was streaked on LB agar plates and
grown over night at 37°C. If not otherwise indicated, 3 ml LB medium containing the
appropriate antibiotics in a sterile test tube were inoculated with a single colony and
grown over night at 37°C with shaking. The next morning, the optical density at 600
nm (ODggo) was determined using a microplate reader.

Over night cultures were diluted to ODggg 0.05 in fresh LB medium without antibiotics
and grown at 37°C with rigorous shaking. Erlenmeyer flasks were filled with medium
to a maximum of 20% of the total volume to ensure sufficient aeration. Antibiotics
were used at the concentrations indicated below. Antibiotic stocks were prepared at
1000x concentration either in 50% ethanol (chloramphenicol and erythromycin), 70 %
ethanol (tetracyclin) or deionized water and stored at -20°C. Erythromycin was used in
combination with lincomycin at the indicated concentrations. The erm cassette confers
resistance to both antibiotics. Strains carrying Campbell integrations (i.e. BNM205
and BNM224) were grown in the presence of antibiotics to avoid crossing out of the
plasmid. Growth media were prepared as follows, supplements were filtrated and added

after autoclaving.

Antibiotic concentration [ug/ml]
ampicillin 100
chloramphenicol 10
erythromycin 1

lincomycin 25
kanamycin 10
spectinomycin 100

tetracyclin 10
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LB

DYT

LB agar

Belitsky medium

Supplements

51

5 g/l yeast extract
10 g/1 tryptone/peptone
5 ¢/1 NaCl

dissolved in deionized H,O

10 g/l yeast extract
10 g/1 tryptone/peptone
5 g/1 NaCl

dissolved in deionized HyO

5 g/l yeast extract

10 g/1 tryptone/peptone
5 g/1 NaCl

15 g/l agar, Kobe 1

dissolved in deionized H5O

50 mM Tris-HCI pH 7.5

1 g/1 (NHy)2 SOy4

1 g/1 Mg SOy

1 g/1 KCI

1 g/1 tri- sodium citrate x2H,O

0.2% glucose

4.5 mM L-glutamate
160 pg/ml L-tryptophan
2 mM CaCl,

600 uM KH5POy4

10 pM MnSO,4 x4H,0

1 uM FeSO,x7H,0O

dissolved in deionized HyO
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OD measurement At regular intervals, 200 ul were withdrawn from growing cul-
tures to measure ODggg in a microplate reader using clear flat-bottom 96 well plates
(200 pl per well). Samples were diluted 10—fold in LB from an ODggy of 1.0 to en-
sure that the absorbance was in the linear range. To correct for the smaller sample
density compared to cuvettes, the sample density for 200 ul in the 96 well plates was
determined experimentally by parallel OD measurement of samples in a 1 cm cuvette
(OD.yy) and a microtiter plate (OD,,;.). The ODgyg was corrected for this value by
the formula

ODcorr =dx ODm'Lc

ODcuv
ODmic .

d:

Agarose gel electrophoresis DNA fragments were mixed with 6x loading buffer
and separated on 1% agarose gels without ethidium bromide in TAE buffer. Elec-
trophoresis was run at 90 V for 45 to 90 minutes. Gels were stained in aqueous
ethidium bromide solution (1 pug/ml) for 10 to 30 minutes and bands were visualized

by UV irradiation. Ecol30I-digested A DNA was used as a molecular size marker.

TAE buffer 40 mM Tris-acetic acid pH 8.5
1 mM EDTA

SDS-PAGE Tris-Glycin SDS-PAGE was performed according to the protocol of
Laemmli [134]. 12.5% or 15% polyacryl amide minigels were prepared using acryl amide
solution with a 37.5 to 1 ratio of acryl amide and bisacryl amide and polymerized by
addition of APS solution and TEMED. 15 pul samples were mixed with 5 pl reducing
4x SDS sample buffer and boiled at 95°C for 5 minutes. 10 ul of this mixture was
applied to the gels.

On gels for Coomassie staining, 5 ul protein molecular weight marker were applied as
a standard. 5 pl Prestained Molecular Weight marker was used on gels for Western
blotting. Electrophoresis was performed in Protean minigel chambers filled with SDS
electrophoresis buffer for 45 minutes to 1 hour at a fixed current of 25 mA per gel.

Gels were stained with Coomassie Brilliant Blue R250 solution for 15-30 minutes and
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destained with Destain solution twice for 15 minutes. Wet SDS gels were scanned using

a flat bed scanner.

12.5% separation gel solution (2 gels) 6.25 ml

15% separation gel solution

5% sample gel solution

SDS electrophoresis buffer

4x SDS sample buffer

3.75 ml
4.7 ml
150 pl
150 gl
6 pul

7.5 ml
3.75 ml
3.45 ml
150 pl
150 pl
6 pul

0.83 ml
1.25 ml
2.82 ml
50 pl
50 pl

25 mM
192 mM
0.1% w/v

500 mM
8% w/v
40% v /v
20% v/v
5 mg/l

30% v/v acryl amide
1.5 M Tris-HCI pH 8.8
H,O

10% SDS

10% APS

TEMED

30% v/v acryl amide
1.5 M Tris-HCI pH 8.8
H,O

10% SDS

10% APS

TEMED

30% v/v acryl amide
0.5 M Tris-HCI pH 6.8
H,O

10% SDS

10% APS

Tris base (3 g/1)
Glycin (14.4 g/1)
SDS (1 g/1)

Tris-HCI pH 6.8
SDS

glycerol
[-mercaptoethanol

bromphenol blue
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Coomassie staining solution

Destain solution

3 MATERIALS AND METHODS

50% v/v  ethanol

10% v/v  acetic acid

250 mg/l  Coomassie Brilliant Blue R250
20% v/v  ethanol

10% v/v  acetic acid

Tris—tricine SDS-PAGE Tris—tricine gel electrophoresis was performed as described

by Schégger[207]. Separation gels contained 16% v/v acryl amide and no urea. 3x

Acrylamide/bisacryl amide (AB-3) solution was prepared freshly and used to prepare

the gel solutions listed below. Samples were mixed with 4x Tris/Tricine sample buffer,

boiled for 5 minutes at 95°C and applied to the gels. Gels were run initially at 30 V.

After the samples had entered the separation gel, electrophoresis was continued for 4-5

hours at 200 V and stained.

AB-3 solution

3x gel buffer

16% separation gel solution

48 g
15g
ad 100 ml

3M
0.3% w/v

10 ml
10 ml
3 ml
7 ml
100 pl
10 pl

acryl amide
bisacryl amide

deionized HyO

Tris-HCI pH 8.45
SDS

AB-3 solution
3x gel buffer
glycerol
deionized HyO
10% w/v APS
TEMED
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4% sample gel solution 1 ml AB-3 solution
3 ml gel buffer
8 ml deionized H5O
90 pl 10% w/v APS
9 pl TEMED
Anode buffer 100 mM Tris-HC1 pH 8.9
Cathode buffer (pH 8.25) 100 mM Tris base

100 mM Tricine
0.1% w/v  SDS

4x Tris/tricine sample buffer 150 mM Tris-HC1 pH 7.0
12% w/v  SDS
30% v/v glycerol
6% v/v [B-mercaptoethanol
0.05% w/v  Coomassie Brilliant Blue G-250

3.3 Molecular biology techniques
3.3.1 Preparation of chromosomal DNA

To prepare chromosomal DNA, B. subtilis cells were grown over night in 3 ml LB
(with antibiotics if applicable) at 37°C. 2 ml of the over night culture were centrifuged
for one minute at 17000 g (13000 rpm). The pellet was resuspended in 1 ml TES
buffer and centrifugation was repeated. The supernatent was discarded and the pellet
was resuspended in 700 pl TES + 25 pl lysozyme solution (10 mg/ml in TES). The
suspension was mixed well by inversion of the tube and incubated for 5 minutes at
37°C. Subsequently, 50 ul Proteinase K (10 mg/ml) and 150 ul Laurylsarcosine (6%
w/v) were added and the mixture was incubated for 30-60 minutes at 37°C until the

solution was clear, indicating complete cell lysis. For precipitation of cell debris and
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proteins and extraction of DNA, 250 pl phenol (equilibrated at pH 8.0) and 250 pl
chloroform were added and the sample was thoroughly mixed by inversion of the tube.
To separate the ageous from the organic phase, the sample was centrifuged for 15
minutes at 17000 g and 4°C. The upper (aqueous) phase was carefully transferred to
a fresh tube without disturbing the interphase and mixed with 500 pl chloroform for a
second extraction.

After centrifugation for 15 minutes at 17000 g and 4°C, 600 pl of the upper phase were
transferred to a fresh tube and mixed with 1.2 ml ethanol. The sample was carefully
mixed by inversion until a cloud of precipitated DNA became visible. To facilitate
DNA precipitation, the sample was incubated at -20°C for at least 30 minutes. Sub-
sequently, the DNA was pelleted by centrifugation (15 minutes at 17000g and 4°C)
and washed twice with 1 ml 70% v/v ethanol. After the second centrifugation step,
the pellet was dried in a SpeedVac instrument for 30 minutes at 42°C. The dried DNA
pellet was resuspended in 200 pl TE buffer by mild shaking (400 rpm) for one hour at
42°C in a thermo shaker. DNA concentration was determined by absorbance at 260

nm using a Nanodrop spectrophotometer. Typical concentrations were 100-300 ng/pl.

TES buffer 10 mM Tris-HCI pH 8.0
1 mM EDTA
100 mM NaCl

TE buffer 10 mM Tris-HC1 pH 8.0
1 mM EDTA

3.3.2 Transformation of E. coli

Preparation of competent cells To prepare heat shock competent E. coli cells, an
over night culture was inoculated from a single colony and grown at 37°C. This culture
was diluted to an ODggp 0.01 in 25 ml LB and grown at 37°C. At ODggp 0.35, 20 ml
of the culture were harvested by centrifugation for 10 minutes at 5000 g and 4°C in a
swingout rotor. The pellet was washed once in 10 ml ice-cold 50 mM CaCl,; and then
resuspended in 1.6 ml 50 mM CaCl,. The cells were incubated for 60 minutes on ice,

then mixed with 1 ml 50% glycerol and frozen at -80°C in 100 ul portions.
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Transformation 100 ul heat competent cells were thawed on ice, mixed with 1 ul
plasmid DNA (50-100 ng) or 20 ul ligation reaction and incubated for 30 minutes on
ice. Subsequently, the cells were heat shocked at 42°C for 90 seconds and rapidly cooled
on ice. After 10 minutes incubation on ice, 500 ul LB was added and the cells were
grown with shaking for 40 minutes at 37°C. For transformation of ligation reactions,
the bacteria were pelleted for 1 minute at 17000 g and resuspended in 100 pl LB.
Finally, 100 ul were plated on selective agar.

3.3.3 Transformation of B. subtilis

A single colony from a fresh streak of B. subtilis cells was used to inoculate an over
night culture in 10 ml CM medium with antibiotics in a 100 ml Erlenmeyer flask at
37°C. After about 16 hours, 600 ul of the over night culture was used to inoculate a 10
ml CM culture without antibiotics in a 200 or 250 ml Erlenmeyer flask. After 3 hours
of growth at 37°C with rigorous shaking, the culture was diluted by addition of 10 ml
starvation medium and shaking was continued for 2 hours to obtain competent cells.
400 pl of the competent cells were mixed with 300-600 ng of chromosomal DNA or 1-2
1g plasmid DNA and incubated for 1 hour at 37°C with shaking.

CM medium 14 g/1 Ko HPO,
6 g/l KH,PO4
2 g/1 (NHy)250,
1 g/1 tri- sodium citrate x2H,O
0.2 g/1 MgSO,x7H,0

Supplements 0.5% glucose
6 mM MgSO,
1 mg/ml L-tryptophan
0.02% casamino acids

0.22 pug/ml ammonium iron citrate
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Starvation medium 14 g/l K;HPO,
6 g/l KH,PO,
2 g/1 (NH4)2S04
1 g/1 tri- sodium citrate x2H,O
0.2 g/1 MgSO,x7H20

Supplements 0.5% glucose

3.3.4 Cloning

PCR was performed using Phusion polymerase according to the manufacturer’s in-
structions. PCR products were purified by the Zymo DNA Clean & concentrator kit
using the manufacturer’s protocol. Plasmids were transformed into E. coli XL-1 blue
for amplification and prepared from 3 ml LB over night cultures using the QIAprep
Spin Miniprep kit according to the manufacturer’s instructions. Plasmids and puri-
fied PCR products were digested with FastDigest restriction enzymes using FastDigest
buffer for 1-2 hours at the temperature and enzyme concentration recommended by the
manufacturer. Digested plasmids were purified by agarose gel electrophoresis and gel
extraction using the ZymoClean”™ Gel DNA recovery kit following the supplied proto-
col. Digested PCR products were purified using the Zymo DNA Clean & concentrator
kit according to the standard protocol.

For ligation, 10-50 ng of plasmid were mixed with a 3-fold to 10-fold molar excess of
insert PCR product and digested with 5 units of T4 DNA Ligase. Ligation reactions
(20 pl) were incubated in a 5 liter water bath starting at room temperature and cooled
down to 4°C over night in the cold room. Ligation products and negative controls
containing no insert DNA were transformed into 100 pl competent E. coli XL-1 blue
by heat shock transformation (20 pl ligation product), plated on LB plates containing
100 pg/ml ampicillin and grown over night at 37°C. Clones were grown over night in 3
ml LB and plasmid was extracted (QiaPrep Spin kit). Control digestion was performed

using the same restriction enzymes as for cloning and positive clones were sequenced.
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All inserts were amplified by PCR using 10-30 ng chromosomal DNA extracted from
the B. subtilis 168 wild type strain as a template, except for ibpA and ibpB, which were
amplified from F. coli W3110 chromosomal DNA. Primer sequences are listed in Table
7. Restriction digests and ligation reactions were performed as described in section
3.3.4, page 58. The restriction sites that were used for each plasmid are listed in Table

6.

pDR-yhfK To obtain plasmid pDR-yhfK, plasmid pSN56 (which is identical to
pDR111 with spzPP[182] in HindIIT/Nhel) was digested with HindIII and Nhel to cut
out the spzDD insert, gel-purified and ligated with the HindIII/Nhel-digested yhfK
insert. Due to a HindIII restriction site in the yukF gene, this strategy was not pos-
sible for pDR~yukF. Therefore, pSN56 was linearized with HindIII and blunted with
T4 DNA Polymerase according to the manufacturer’s protocol. The linear blunted
plasmid was then digested with Nhel to cut out the spz”” insert and gel extracted.
The yukF gene was amplified with a 5-phosphorylated forward primer (340) and a
reverse primer carrying a Nhel restriction site (335). This fragment was ligated into
the linear blunted plasmid resulting in pDR-yukF. The HindIII restriction site in this

plasmid was reconstituted by additional residues on primer 340.

PMAD plasmids For plasmids pMAD-fiS and pMAD-fli W, the 1000 kb upstream
and downstream flanking regions of the fliS and flilW genes were amplified by PCR
using the primer pairs 280/281 and 317/283 (fiiS) and 224/225 and 300/227 (flilV).
The fliS gene is positioned in the fliDST operon and the fliS ORF is translationally
coupled to fliT[130]. Likewise, fliW is translationally coupled to the downstream csrA
gene[177]. The primers 300 and 317 are designed to preserve these adjacent genes
to avoid polar effects. The upstream fragments were digested with BamHI and Sall
and the downstream regions were cut with Sall and Ncol. To facilitate digestion, the
pMAD-hag plasmid was used for cloning instead of empty pMAD. After digestion with
BamHI and Ncol, the plasmid was purified by extraction from an agarose gel and

ligated with both the upstream and downstream flanking reagions in a single reaction.
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pTYB2-clpC(VGF::GGR) and pMAD-clpC(VGF::GGR) To obtain plasmid
pTYB2-clpC(VGF::GGR), pTYB2-clpC was mutagenized using the Quikchange Site
Directed Mutagenesis Kit and primers 292 and 293, encoding the amino acid exchanges
V671G and F673R and an additional Notl restriction site. For construction of the
pMAD-clpC(VGF::GGR), which is designed to introduce the point mutations into
the chromosome-encoded clpC' gene, the wild type clpC' gene was first cloned into the
BamHI and Ncol sites of pMAD to obtain pMAD-clpC'(ORF). Quikchange mutagenesis
was attempted with this plasmid, however no positive clones were obtained, possibly
due to the size of this plasmid (12,5 kb). Therefore, primers 318 and 319 were used
to amplify the mutated clpC gene from plasmid pTYB2-c¢lpC(VGF::GGR) and the
product was ligated into the BamHI and Ncol sites of pMAD, resulting in pMAD-
clpC(VGF::GGR).

3.3.5 Strain construction

All in vivo experiments were performed in the B. subtilis 168 (trpC2) background|6].
Strains obtained from other laboratories were crossed into this background. To this
end, the recipient strains were made competent and transformed with chromosomal
DNA prepared from the donor strains. For example, strain BNM103 was obtained by
crossing of chromosomal DNA from strain BUG1 (U. Gerth, University of Greifswald)
into 168. Double and triple mutants were generated in a step—wise manner, in which

one single mutant was transformed with chromosomal DNA of the other single mutant.

clp mutants ClpP, clpC and clpX, degU mutations were always introduced last
because of competence defects and/or growth problems in competence medium of
these strains and to avoid the selection of suppressor mutants. The clpCdegSU and
clpX degSU double mutants were obtained by simultaneous transformation with two

chromosomal DNA samples and selection for two antibiotics.

GFP fusion strains Strains BNM224 were constructed by transformation of the
pSG1151-mdh plasmid into strain 168 and selection for chloramphenicol. Strains
BNM216, BNM217 were constructed by transformation of plasmids pSG1154-ibpA
and pSG1154-tbpB in strain 168 and selection for spectinomycin. Strain BNM227
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was constructed by transformation of plasmid pSG1154-dnaK into strain BNM118

(AdnaK::cat) and selection for chloramphenicol and spectinomyecin.

amyFE insertions Strains BNM345, BNM346, BNM421, BNM426 were obtained by
transforming plasmids pDL-fla/che152-bgaB, pDR~fla/chel52-lacZ, pX-hagl and pX-
hag/, respectively, into the wild type strain and selection for chloramphenicol. These
plasmids integrate into the amyFE locus by double homologous recombination, thus
inactivating the amyE gene. This knockout was confirmed by an amylase assay. To
this end, the strains were patched on LB agar plates containing 1% starch. After over
night incubation, the plates were placed over a plastic lid containing a few iodine crys-
tals. After a few minutes, iodine staining of the starch plates was observed. Amylase
positive strains produce a non—stained halo around the patch, wheras successful amyFE

insertions lack this zone of starch degradation.

Combination of strains Strain BNM111 was transformed with plasmids pMMN521
and pSNH6 to obtain BNM350 and BNM351. Strains BNM301 and BNM328, which
were constructed by transformation of chromosomal DNA from strains DS791 and
DS793 (D. Kearns), were also tested for amylase activity. Strains BNM302 to BNM308
and BNM337 are derivatives of BNM301 obtained by transformation of chromosomal
DNA from the respective single mutants. Likewise BNM329 to BNM335, BNM338
and BNM339 are derivatives of BNM328 and BNM347 to BNM349 are derived from
BNM346.

Construction of markerless deletions and chromosomal point mutations
To obtain the markerless deletion mutants BNM126 (Ahag), BNM403 (AfliS) and
BNM404 (AftiW), plasmids pMAD-hag (kindly provided by D. Kearns, University
of Atlanta, USA), pMAD-fliS and pMAD-fli W, respectively, were transformed into
strain 168 at 37°C by natural competence, selecting for the erythromycin/lincomycin
(ery/linc) marker to force an unstable Campbell integration of the plasmid into one of
the flanking regions[9]. Two to three single clones were picked from the ery/linc plates
and grown over night at 22°C in LB without antibiotics. The culture was diluted 1:100

in fresh LB medium and over night cultivation at 22°C was repeated. By this proce-
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dure, the plasmid was forced to cross out of the chromosome and was lost due to the
absence of ery/linc[9]. Subsequently, a dilution series (10 to 107) was plated on LB
plates without antibiotics and inbubated at 37°C over night.

Approximately 8 to 16 clones were picked from the plates and replica-plated on LB
plates with and without ery/linc. Sensitivity to ery/linc indicates a successful loss of
the pMAD plasmid. To screen the ery/linc sensitive clones for deletions of hag, fliS
and flilW, chromosomal DNA was extracted from a number of clones and used as a
template for control PCR reactions with primers that bind 1000 bases upstream and
downstream of the gene of interest (primers 280/283 for fiiS, 224/227 for fliW and
seqd4 /seq4b for hag). The PCR products were digested with Sall and their size was
analyzed by agarose gel electrophoresis and ethidium bromide staining. A successful
deletion event by pMAD generates a Sall restriction site in place of the gene and is

thus indicated by two 1000 bp fragments after the Sall digest.

Combination of markerless deletions with other strains To obtain strain
BNM446, the pMAD-fliS plasmid was transformed into strain BNM126 (Ahag) and
crossed out to produce a Ahag AfliS double mutant. Subsequently, plasmid pX-
hag/ was transformed into this strain to yield strain BNM446. Strains BNM412
to BNM415, BNM422 to BNM425, BNM427 to BNM430 and BNM447 to BNM450
were constructed by transformation of chromosomal DNA from clp mutants (BNM103,
BNM105, BNM106, BNM107) and the ypbH mutant (BNM115) into strains BNM403
(AfliS), BNM421 (Ahag amyE:: P,-hagl ::cat), BNM426 (Ahag amyE:: P, -hag4 ::cat)
and BNM446 (AfliS Ahag amyL::P,,-hag ::cat), respectively.

Chromosomal clpC point mutant To obtain strain BNM245, plasmid pMAD-
clpC(VGF::GGR), carrying the entire clpC gene with point mutations encoding a Notl
restriction site was transformed into the 168 strain, selecting for ery/linc. Negative
selection at 22°C was performed as described above. Chromosomal DNA from ery/linc
sensitive clones was used as a template for a control PCR reaction with primers 318
and 319, generating a 2.4 kb ¢lpC fragment. The successful introduction of the point

mutations was confirmed by Notl digestion of the fragment and gel electrophoresis.
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3.4 Genetic screens

Construction of a transposon library To isolate motile suppressor mutants from
strain BNM351 and non-motile mutants from BNM301, the strains were transformed
with plasmid pMarB[137], harboring a mariner transposon, as described in section
3.3.3, selecting for kanamycin resistance. The kanamycin resistance cassette is located
in the transposon, wheras an erythromycin/lincomycin (ery/linc) cassette is situated
outside of the transposon. Plates were incubated at 30°C for 2 days to avoid transposi-
tion of the mariner transposon at this step. 24 clones were replica—plated on kanamycin
and ery/linc. 8 clones that were resistant to both antibiotics, indicating the presence
of a complete pMarB plasmid, were grown in 10 ml LB medium without antibiotics at
37°C for 8 hours to reduce the copy number of the plasmid. Aliquots of these cultures
were frozen in 20% glycerol and stored at -80°C.

For each clone, a dilution series (10° to 107%) was plated on kanamycin and on ery/linc
plates and the plates were incubated over night at 50°C to initiate transposition (the
transposase gene is under the control of a heat-inducible o®-dependent promoter on
plasmid pMarB[137]). The next day, colonies were counted and the ratio of kanamycin
resistant colonies to ery/linc resistant colonies was determined for each clone. The
clone with the highest ratio (indicating the largest percentage of complete transposition
events) was selected for construction of a transposon library. To this end, the strain
was plated on 10 large LB plates, aiming for 2500 colonies per plate (library of 25000
clones) and incubated at 50°C over night for transposition. The colonies were scraped
from the plates and resuspended in 5 ml LB each. The suspensions were pooled and
centrifuged for 10 minutes at 4500g and 4°C and resuspended in LB + 20% glycerol.
The cells were resuspended carefully by vortexing and subsequently mixed on an orbital
rotator for 30 minutes at 4°C. The library was aliquoted in 1 ml portions, frozen in

liquid nitrogen and stored at -80°C.

Screen for suppressors of spzP”?” To determine the number of colony forming
units (CFU) in the library pools, aliquots of the library were thawed and plated on LB
without antibiotics at dilutions of 10° to 1079, incubated over night at 37°C and colonies
were counted. For the BNM351 suppressor screen, 200 3 ul samples from the transposon

library were used to inoculate swim plates (section 3.9) containing 0.1 mM IPTG. Under
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these conditions, the parent strain BNM351 is non-motile. Swim plates were incubated
for 8 hours at 37°C and left over night at room temperature. Motile suppressors were
picked and streaked to single colonies on LB plates and the motility phenotype was
verified by motlity assays. Chromosomal DNA was isolated from 25 candidate clones
(section 3.3.1) and backcrossed into the parent strain BNM351, selecting for kanamycin
resistance (section 3.3.3) to separate multiple transposon insertions.

Four colonies from each backcross were tested for motility in the presence of 0.1 mM
IPTG, resulting in 70 non-motile candidates with a single transposon insertion. Chro-
mosomal DNA was extracted from these clones and used as a template for a control
PCR with primers seq63/seq64 to amplify the amyFE locus and verify if the transpo-
son had inserted into this locus. Insertion into this locus could result in rescue of the
motility phenotype by inactivation of the Phyperspank(my)-spr-:spec construct. 53 out
of the 70 backcrossed clones from 22 out of 25 original clones had no insertion in the
amyF locus, indicating correct second site suppressor mutations. Chromosomal DNA

from these clones will be sequenced for mapping of the transposon insertion site.

Screen for positive regulators of fla/che To screen for positive regulators of the
fla/che operon, the transposon library constructed from BNM30, carrying a Pfq/che-
lacZ fusion, was plated on LB agar plates containing 0.02% X-Gal and incubated over
night at 37°C. 40000 colonies (10 plates harboring 4000 colonies each) were screened
and 167 white colonies were picked and restreaked on 0.02% X-Gal. 78 clones ap-
peared white compared to the parent strain and were tested for swimming motility,
thus eliminating transposon insertions in the lacZ gene. 14 clones were compromised
in swimming motility. From these clones, chromosomal DNA was extracted and back-
crossed into the parent strain BNM301 to separate mutlitple transposon insertions.
Four clones from each backcross were tested for swimming motility. DNA was ex-
tracted from the clones exhibiting a motility defect and will be sequenced for mapping

of the transposon insertion site.

3.5 Protoplast preparation

30 ml of a growing B. subtilis culture were collected and centrifuged for 10-15 minutes

at 4500g and 4°C in a swingout rotor centrifuge. Pellets were frozen and stored at
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-20°C for 1-3 days or immediately used for protoplast preparation. The pellets were
resuspended in 1 ml STM buffer containing sucrose and centrifuged for 15 minutes
at 17000g and 4°C. The supernatent was discarded and the washing procedure was
repeated once. Subsequently, the pellet was resuspended in 200 pl STM buffer + 0.3
mg/ml lysozyme and incubated for 30 minutes at 37°C to obtain protoplasts. The
protoplasts were carefully resuspended in 1 ml STM by vortexing and centrifuged
for 15 minutes at 17000g and 4°C. After repeating this washing procedure once, the
protoplasts were lysed by resuspension in 200 pl TM buffer with DNase and RNase and
incubated on ice for 30 minutes for DNA and RNA degradation. Finally, the lysate
was centrifuged for 20 minutes at 17000g and 4°C to separate cell debris and unlysed

protoplasts and the supernatent was transferred to a fresh tube.

Total protein concentration of the lysate was determined by the Bradford assay, using
Rotiquant solution. 5 pl of protein lysate (diluted in TM buffer if necessary) was trans-
ferred to a flat-bottom 96-well plate and mixed with 250 ul Rotiquant solution diluted
1:5. Absorbance at 495 nm was measured and concentration was determined according
to a BSA calibration using TM buffer as a blank sample. Typical concentrations were

5-10 mg/ml total protein from a 30 ml B. subtilis sample grown to OD 1.0.

3.6 Western blot analysis

SDS-PAGE gels loaded with 2.5 to 10 ug protein lysate per lane were run at 25 mA
per gel for 45 minutes to 1 hour and subsequently incubated in Transblot buffer for
2 minutes. A stack of 4 3MM Whatman papers were drenched in Transblot buffer
and placed on the lower electrode of a semidry blotting chamber. A PVDF membrane
was quickly submerged in methanol, incubated in Transblot buffer for 2 minutes and
then placed onto the Whatman papers. Next, the SDS-PAGE gel was placed onto the
PVDF membrane and topped with another stack of 4 Whatman papers drenched in
Transblot buffer. After careful removal of air bubbles, the blotting chamber was closed
by attachment of the upper electrode. The blotting chamber was connected to a power
supply and electroblotting was performed at a fixed current of 1 mA per cm? (typically

50 mA per gel) for 1 hour.
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Transblot buffer (pH 8.2) 20 mM
150 mM
20% w/v
TBS buffer 50 mM
150 mM
TBS-T buffer 50 mM
150 mM
0.5% w/v
Blocking buffer (TBS-M) 50 mM
150 mM
5% w/v

Alkaline phosphatase (AP) buffer 100 mM

100 mM

5 mM
NBT 5% w/v
BCIP 5% w/v

MATERIALS AND METHODS

Tris base
glycine

methanol

Tris-HCI pH 8.0
NaCl

Tris-HCI pH 8.0
NaCl
Tween-20

Tris-HC1 pH 8.0

NaCl

skim milk pouder
Tris-HCI pH 9.5
NaCl

MgCIQ

in 70% v/v dimethyl formamide

in dimethyl formamide

After disassemby of the blotting chamber, the PVDF membrane was incubated with

10-20 ml TBS-M blocking buffer over night at 4°C with shaking. Subsequently, the

PVDF membrane was incubated with primary antibodies against the protein of interest

diluted in 10-20 ml TBS-M for 1-3 hours at room temperature. Origin and dilutions for

the antibodies used are listed in Table 11. The blot was washed twice in TBS-T buffer

for 10 minutes to remove the primary antibodies and then incubated with secondary

antibodies (goat anti-rabbit or rabbit anti-sheep) conjugated to alkaline phosphatase

for 1 hour at room temperature. The secondary antibodies were removed by washing

twice in TBS buffer. Finally, the membrane was incubated in 20 ml AP buffer for



3.7 Northern blot analysis 67

10 minutes. Western blots were developed either by addition of 66 ul BCIP and 132
pul NBT in 20 ml AP buffer or by the ECF Western blotting kit. ECF substrate is
dephosphorylated by alkaline phosphatase, resulting in fluorescence, which was scanned

using a Phosphoimager.

Table 11: Antibodies

Detected epitope Dilution Source Supplied by

CodY 1:10000  rabbit  A.L. Sonenshein (Tufts University)

DegU 1:5000 sheep N. Stanley-Wall (University of Dundee, UK)
Digoxigenin 1:5000 sheep Roche Applied Science

Hag 1:40000 rabbit  Pineda Antibody Service

MDH 1:10000 rabbit  Pineda Antibody Service

Rabbit IgG 1:10000 goat GE Healthcare

RnjA/B 1:10000  rabbit  H. Putzer (University of Paris)

SigD 1:5000 rabbit  J. Helmann (Cornell University, USA)

Spx 1:1000 rabbit  P. Zuber (University of Oregon, USA)
Sheep IgG 1:10000 rabbit  Antikoerper Online

3.7 Northern blot analysis

RNA preparation To avoid contaminations with RNases, plastic tubes were au-
toclaved twice, sterile RNase free pipette tips were used and latex gloves were worn
for all RNA experiments. All buffers were either stirred over night with 0.1% DEPC
and autoclaved or autoclaved twice (i.e. Tris buffers). RNA was extracted from B.
subtilis cultures using the FastRNA Pro Blue kit. 30 ml cultures were harvested by
centrifugation for 10 minutes at 4500g and 4°C in a swingout rotor centrifuge. Pellets

M

were resuspended in 1 ml RNApro™ containing acidic phenol and transferred to a

screw-cap tube containing Lysing Matrix B.

The cells were lysed by shaking in a Retsch mill for 10 minutes at a frequency of 30 s7.
The samples were then centrifuged for 5 minutes at 17000g to pellet beads and unlysed
cells and the supernatent was transferred to fresh tubes. After incubation for 5 minutes

at room temperature, the lysate was mixed with 300 ul chloroform, vortexed for 10
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seconds and incubated for 5 minutes at room temperature to facilitate dissociation
of protein-RNA complexes. After centrifugation for 5 minutes at 17000g and 4°C,
the upper phase was transferred to a fresh tube. 500 ul cold ethanol were added to
precipitate the RNA and the solution was mixed by inversion of the tube.

To facilitate precipitation, the samples were incubated at -20°C for 30 minutes. Sub-
sequently, the samples were centrifuged for 15 minutes at 17000g and 4°C. After this
step, RNA was visible as a white pellet at the bottom of the tube. The precipitated
RNA was washed once with 500ul 70% v/v ethanol diluted in DEPC-H50. The pellet
was air-dried for 5 minutes at room temperature under a flow hood and finally resus-
pended in 100 ul DEPC-H;0. RNA concentration was measured by absorbance at 260
nm using a NanoDrop spectrophotometer. The RNA was stored at -80°C or at -20°C

for shorter periods.

DNase digestion In order to eliminate contaminations with genomic DNA, the RNA
samples were digested with RNase free DNase I according to the following scheme and

incubated for 1 hour at 37°C.

DNase I digest

87 ul RNA in DEPC-H50
10 pl 10x DNase I buffer
3 1l (30 U) RNase free DNase I

DNase I was inactivated for 20 minutes at 75°C. After this step, 1.5 ml Phase Lock
tubes were prepared by short centrifugation to allow the Phase Lock material to set-
tle at the bottom of the tubes. 100 pul DEPC-H;O were added to the RNA, the
samples were mixed and transferred to Phase Lock tubes. Subsequently, 200 ul phe-
nol:chloroform:isoamyl alcohol (25:24:1, PCI) was added to the tubes. The samples
were mixed by inverting 10 times and centrifuged for 5 minutes at 17000g and 4°C.
The phenolic phase was retained under the Phase Lock gel matrix in this step, wheras
the aqueous phase was on top of the gel matrix. 200 pl chloroform:isoamyl alcohol
(24:1) were added to this upper phase and the tubes were inverted 10 times for mixing.
After centrifugation for 5 minutes at 17000g and 4°C, the upper phase (200 ul) was
carefully removed and transferred to a fresh tube. 20 ul 3 M sodium acetate (pH 5.2)

and 600 ul cold ethanol were added to this solution and the sample was incubated for
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30 minutes at -80°C to allow RNA precipitation. The pellet was washed twice with 70%
ethanol in DEPC-H50 and air dried under a flow hood. The RNA was resuspended
in 100 ul DEPC-H5O for 2 hours at 4°C. RNA concentration was measured in a Nan-
oDrop spectrophotometer and was typically 1-5 pug/ul from a 30 ml culture grown to
ODgoo 1.0. In addition, RNA quality was checked by agarose gel electrophoresis and

ethidium bromide staining to visualize ribosomal RNAs.

Denaturing formaldehyde gel elecrophoresis A horizontal elecrophoresis cham-
ber was cleaned by over night incubation in hypochloride solution and the chamber
was rinsed in DEPC-H,0O. To prepare a 1.2 % agarose gel, 1.2 g agarose were dissolved
in 72 ml DEPC-H50 in a microwave oven and cooled to about 50°C. Subsequently,
10 ml 10x MOPS buffer and 18 ml 37% formaldehyde solution were mixed with this
solution and the gel mix was poured into the chamber and allowed to solidify. The gel
chamber was filled with 1x MOPS buffer. RNA samples were diluted in DEPC-H50,
mixed 1:1 with 2x RNA sample buffer and heated to 65°C for 10 minutes to denature

secondary structures.

10x MOPS buffer 400 mM MOPS
50 mM sodium acetate
10 mM EDTA
0.1% v/v  DEPC
2x RNA sample buffer 1.5x MOPS buffer
5% v /v formamide
3.33% w/v formaldehyde
3% w/v Ficoll 70
0.02% w/v  Bromphenol blue
20x SSC 300 mM tri-sodium citrate pH 7.0
3 M NaCl
0.1% DEPC

An appropriate volume to yield 200 ng to 10 pg/lane total RNA was applied to the
pockets of the gel. 10 ul RNA Molecular Weight Marker I1I was mixed 1:1 with 2x RNA
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sample buffer and applied to the gel as a size standard. Electrophoresis was performed
at a fixed voltage of 80 V for 2 hours and 45 minutes. Subsequently, the gel was rinsed
three times in DEPC-H;0O and and formaldehyde was removed by incubation in 20x
SSC twice for 15 minutes with mild shaking.

Vacuum blotting A positively charged nylon membrane was shortly drenched in
DEPC-H,0, incubated in 10x SSC for 5 minutes and then placed on top of a Whatman
paper drenched in DEPC-H,0 on a vacuum blotter. A plastic membrane with a cut-
out space (mask) the size of the nylon membrane was adjusted on top and locked.
Next, the agarose gel was placed on the nylon membrane so that the mask was covered
completely and the gel was covered in 10x SSC. After removal of air bubbles, a vacuum
pump was connected to the system and vacuum blotting was performed for 1.5 hours
at a pressure of 5 mm Hg. The level of 10x SSC was checked in regular intervals and
10x SSC was added if necessary to cover the gel. After transfer of the RNA the nylon
membrane was washed twice for 5 minutes in 2x SSC, dried for 5 minutes and then
UV irradiated for 10 minutes at 328 nm to crosslink the RNA to the nylon membrane.
Subsequently, the blot was stained in methylen blue solution for 5 minutes to visualize
the 23S, 16S and 5S ribosomal RNAs as a control for equal sample application and
blotting. The membrane was destained in Bleaching buffer twice for 15 minutes and

re-equilibrated in 2x SSC twice for 5 minutes.

10x SSC 150 mM tri-sodium citrate pH 7.0
1.5 M NaCl
0.1% DEPC

2x SSC 30 mM  tri-sodium citrate pH 7.0
300 mM NaCl
0.1% DEPC

Methylene blue solution 0.02% methylene blue
300 mM  sodium acetate pH 5.5
0.1% DEPC
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Bleaching buffer 0.2x SSC
1% w/v  SDS
0.1% DEPC

Preparation of the hybridization probes Digoxigenin (DIG) labeled DNA probes
were prepared by PCR using PCR DIG labeling mix containing DIG-dUTP. PCR was
performed with Phusion polymerase and primers 219/166 (hag probe), 338/339 (sigD
probe) and 334/335 (figB probe, see Table 7 for sequences). A first round of PCR
was performed with chromosomal DNA as a template without DIG labeling mix. The
product of this reaction was used as a template for a second round of PCR in the
presence of DIG labeling mix. The PCR products were purified by gel extraction using
the ZymoClean™ Gel DNA recovery kit and eluted in 20 ul DEPC-H,0. The probes

were denatured for 5 minutes at 95°C and cooled rapidly on ice.

Northern hybridization The nylon membrane was transferred to a hybridization
glass tube and incubated with 20 ml DIG Easy Hybridization solution for 1 hour at
47°C with rotation in a hybridization oven. 20 pl DIG-labeled probe was diluted in
20 ml DIG Easy Hybridization solution and the membrane was hybridized with this
solution over night at 47°C with rotation. The next day, the blot was washed twice
with 20 ml wash buffer 1 for 5 minutes at 47°C and twice with wash buffer 2 for 30

minutes (also at 47°C) to wash off unbound probe.

Wash buffer 1 2x SSC
0.1% SDS
0.1% DEPC

Wash buffer 2 0.1x SSC
0.1% SDS
0.1% DEPC
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Detection with anti-DIG antibodies The blot membrane was transferred to a
Petri dish and rinsed in Detection buffer 1. Next, the membrane was blocked in Block-
ing buffer for 30 minutes at room temperature. Anti-digoxigen antibodies conjugated
to alkaline phosphatase were diluted 1:5000 in Blocking buffer and applied to the blot
for 1.5 hours at room temperature. Subsequently, the blot was washed twice for 15
minutes in Detection buffer 1 and finally equilibrated in Detection buffer 2 for 2 min-
utes. Detection was performed either with CDP Star solution followed by development
of X-ray films or by the ECF Western blotting kit and fluorescence scanning using a
phosphoimager (used for quantification of the RNA stability experiments).

Detection buffer 1 100 mM maleic acid pH 7.5
150 mM  NaCl

Blocking buffer 100 mM  maleic acid pH 7.5
150 mM  NaCl
1% w/v  Blocking reagent

Detection buffer 2 100 mM Tris-HCI
100 mM NaCl

3.8 RNA stability experiments

A culture of B. subtilis strain BNM351 was inoculated to ODggg 0.05 in 200 ml LB in
a 2 1 flask and grown at 37°C. At ODggo 0.5, the culture was split in 2 100 ml cultures
in 500 ml flasks. IPTG was added to a concentation of 1 mM to one of the cultures,
while the second culture was not induced and shaking was continued for either 10 or 30
minutes. At this time, rifampicin was added to both cultures to a final concentration of
100 pg/ml to inhibit the RNA polymerase. 10 ml samples were removed immediately
from both cultures, rapidly mixed with 1.25 ml Stop solution (5% phenol diluted in
ethanol) and stored on ice. Shaking at 37°C was continued and further samples were
withdrawn after 2, 4, 6, 8 10, 20 and 40 minutes, mixed with Stop solution and
stored on ice. Samples were centrifuged at 4500g in a swingout rotor centrifuge for 10

minutes at 4°C. The supernatent was removed and pellets were stored at -20°C. RNA
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preparation from the cell pellets and Northern blotting was performed as described in

section 3.7.

3.9 DMotility assay

Over night cultures were grown in 3 ml LB with antibiotics at 37°C. The next day,
ODggp was determined and the cultures were diluted to ODggy 2.0 in fresh LB medium.
Swim plates were freshly prepared in large Petri dishes (100 ml Swim plate agar per
plate) and dried at room temperature with closed lids. 3 ul of the diluted cultures were
pipetted under the surface of the swim plates and the plates were incubated at 37°C

for 6-8 hours.

Swim plate agar 10 g/l tryptone/peptone
5g/l  NaCl
3 g/l agar, bacteriologic

dissolved in deionized HyO

3.10 (-galactosidase assay

1 ml samples of a growing B. subtilis carrying a lacZ fusion were collected and cen-
trifuged for 5 minutes at 17000g. The supernatent was discarded and the pellets were
frozen at -20°C. ODggy was determined in parallel as described above. At lower OD
values, sample volumes were adjusted to 2 ml or 5 ml to increase the number of cells
for a higher (-galactosidase activity. The sample volume was included in the formula
for the determination of 3 -galactosidase activity.

For the [-galactosidase measurement, the cell pellets were thawed on ice and resus-
pended in 500 pl freshly prepared Z buffer. 10 pul toluene were added to make the cells
permeable for the ONPG substrate. The samples were vortexed for 15 seconds and
incubated on ice for 30 minutes. For the assay, 150 ul Z buffer were transferred into
the wells of a flat-bottom 96 well plate using a 8-channel multi-pipette. Subsequently,
50 plof the samples were added to these wells and mixed by pipetting.

To start the assay, 50 pul ONPG (4 mg/ml in Z buffer) were added to the wells by
a 8-channel multi-pipette, the 96 well plate (with lid attached) was quickly inserted

into the slot of a microplate reader and a kinetic measurement (absorbance at 420 nm,
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measurement every 60 seconds for 15 minutes, shaking between the measurements,

room temperature) was started. The [-galactosidase activity (in Miller Units[161])

dA420 )

was calculated from the linear slope of the absorbance at 420 nm over time (%

according to the following formula:

o dAs0 fxd i
tivity[MU] = 1000 = 20000 dat
activity[MU] ~a " ODygoo * Vi[ml] : O Dgog * Vi[ml]

f is a dilution factor obtained by the ratio of the total sample in Z buffer (500 pl) and
the sample used for the assay (50 pl). d is factor that takes into account the difference
of the sample thickness between a 250 ul sample in a microplate well and a regular 1
cm cuvette and was determined experimentally to 2.0 (measured as described above in

section 3.2).

Z buffer 100 mM NaPO, pH 7.0
100 mM  S-mercaptoethanol

For comparison of f-galactosidase activities of strains exhibiting lag phases in growth
(i.e. clpP and clpX mutants), the time axis was normalized to T0, the point of deviation

from exponential growth.

3.11 Pulse chase labeling and immunoprecipitation

Cells were grown in Belitsky minimal medium (see section 3.2) to ODgoy 0.7 at 37°C.
3.5 ml bacteria were removed and pulse labeled with 30 uCi L-33S-methionine for 10
minutes at 37°C. The chase was started by addition of 100 ul L-methionine and 400
pl samples were taken after different times (typically 0, 5, 10, 20, 40 and 60 minutes)
and mixed with 50 pul TCA. TCA-precipitated samples were incubated on ice for 10
minutes and centrifuged for 15 minutes at 17000g and 4°C. The pellets were washed
twice in 1 ml acetone, air-dried shortly and resuspended in 20 pl lysis buffer containing
SDS. Next, the samples were boiled for 3 minutes at 95°C to denature proteins. 270
1l KI buffer was added and the samples were incubated on ice for 15 minutes.

Remaining precipitate was separated by centrifugation for 15 minutes at 17000g and

4°C and 100 pl of the supernatent were mixed with 2 ul polyclonal anti-Hag antiserum
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and incubated over night at 4°C for immunoprecipitation. The next day, 8 ul ProteinA-
Magnabeads were added to the solution and mixed. The magnetic beads with bound
Hag antibodies and immunoprecipitated Hag were washed twice in 200 pl KI buffer
using a magnet. Subsequently, the magnetic beads were resuspended in 20 pl 4x SDS
sample buffer (see section 3.2), boiled for 3 minutes at 95°C and applied to 12.5% SDS—
PAGE gels (see section 3.2). After electrophoresis at 25 mA per gel for 1 hour, gels were
vacuum dried on Whatman paper for 2 hours at 85°C. The dried gels were placed on

a phosphoimager screen for at one day and screens were scanned on a phosphoimager.

3.12 Light microscopy

B. subtilis cultures were grown in LB to mid-exponential phase at 37°C. 0.5 ul samples
were removed and applied to a microscope glass slide covered with 1% agarose. The
slides were briefly air-dried and a cover slip was attached. Microscopy was performed
using a fluorescence microscope equipped with a 100x oil immersion phase contrast
objective and standard GFP excitation and emission filters. Pictures were taken with

a CCD camera. A typical exposure time was 1.5 seconds.

3.13 Protein production and purification

Purification of ClpP, MecA, YpbH, Hag, FliS, FliW and MDH ClpP, MecA,
YpbH, Hag, FliS, FliW and MDH were produced as C—terminal fusions to a hexahis-
tidine tag under the control of the IPTG—inducible T5 promoter (pQE-60 and pQE70
plasmids) in E. coli F11202 (Table 4). 1.51 (ClpP, Hag and MDH) or 31 (MecA, YpbH,
FliS and FIiW) DYT medium (see section 3.2) in 5 1 flasks were inoculated 1:100 with
over night cultures grown in LB with 100 pg/ml ampicillin and cultivated at 37°C and
170 rpm with 100 pug/ml ampicillin. At ODggy 0.6-0.8, protein production was induced
by addition of 1 mM IPTG and growth was continued for 3 hours at 37°C. Cells were
harvested by centrifugation and resuspended in 10 ml Ni-NTA lysis buffer per liter
culture. The cell suspension was passed through a 40 ml French Pressure Cell 3 times
at 18000 psi for lysis. The cell lysate was cleared by centrifugation for 45 minutes at
20000g and 4°C (SS-34 rotor).

The supernatent containing soluble proteins was passed over a 1 ml Ni-NTA column
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equilibrated in Ni-NTA lysis buffer. To remove unspecifically bound proteins, the
column was washed in 20-50 ml Ni-NTA wash buffer. Proteins were eluted with 3 ml
Ni-NTA elution buffer. The raw extract, flow through, wash and elution fractions were
analyzed by SDS-PAGE (see section 3.2). The eluted proteins were dialyzed twice
against 2l Dialysis buffer at 4°C to remove the imidazol. Protein concentration was
determined by the Bradford assay using RotiQuant solution and aliquots were frozen

in liquid Ny and stored at -80°C.

Ni-NTA lysis buffer 50 mM Tris-HC1 pH 8.0
300 mM NaCl
5 mM MgCl,
1 mM [-mercaptoethanol
10 mM imidazol
1 tablet/50 ml cOmplete EDTA-free Protease Inhibitor
5 pug/ml DNase I

Ni-NTA wash buffer 50 mM Tris-HCI pH 8.0
300 mM NaCl
5 mM MgCl,
1 mM [-mercaptoethanol
20 mM imidazol

Ni-NTA elution buffer 50 mM Tris-HCI pH 8.0
300 mM NaCl
5 mM MgCl,
1 mM [-mercaptoethanol
250 mM imidazol

Dialysis buffer 50 mM Tris-HC1 pH 8.0
300 mM NaCl
5 mM MgCly

1 mM [-mercaptoethanol
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Purification of ClpC ClpC was produced from pTYB-clpC as a C—terminal intein
fusion to a chitin binding protein under the control of a T7 promoter in E. coli ER2566
(Table 4). 6 1 DYT were inoculated 1:100 with an LB over night culture and grown at
37°C and 170 rpm with 100 pg/ml ampicillin. At ODggo 0.7 cells were shifted to 16°C
and induced with 1 mM IPTG over night. Cells were harvested by centrifugation and
resuspended in 10 ml chitin lysis buffer per liter culture.

The cell suspension was passed through a 40 ml French Pressure Cell 3 times at 18000
psi for lysis. The cell lysate was cleared by centrifugation for 45 minutes at 20000g
and 4°C (SS-34 rotor). The cleared lysate was bound to a 3 ml chitin column and the
column was washed with 20-50 ml chitin column buffer. Subsequently, 10 ml intein
cleavage buffer, containing DTT were quickly passed through the column, the column
was closed and incubated at 4°C over night. The next day, the protein was eluted in
10 ml chitin column buffer.

To remove two lower molecular weight contaminations and to remove DTT, gel filtra-
tion chromatography was performed as a second purification step. To this end, ClpC
eluted from the chitin column was loaded onto a High Load Superdex 75 16/60 gel
filtration column equilibrated in gel filtration buffer and connected to an Akta Purifier
FPLC system. Fractions were analyzed by SDS-PAGE.

The fractions containing ClpC were diluted to a final volume of 50 ml in Q1 buffer A
and loaded on a 1 ml Resource Q column equilibrated in Q1 buffer A for concentration
and further purification. Anion exchange chromatography was performed using an
Akta Purifier FPLC system with a gradient from 0 to 1 M KCI (Q1 buffer B) and 0.6
ml fractions were collected. ClpC eluted from the column (at a concentration of about

200 mM KCl) was aliquoted, frozen in liquid Ny and stored at -80°C.

Chitin lysis buffer 50 mM Tris-HCI pH 8.0
300 mM NaCl

1 tablet/50 ml cOmplete EDTA-free Protease Inhibitor
5 ug/ml DNase I
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Chitin column buffer

Intein cleavage buffer

Gel filtration buffer

Q1 buffer A

Q1 buffer B

50 mM
300 mM
5 mM

50 mM
300 mM
5 mM
30 mM

20 mM
200 mM
5 mM

20 mM
5 mM

20 mM
1M
5 mM

3 MATERIALS AND METHODS

Tris-HCI pH 8.0
NaCl
MgClz

Tris-HCI pH 8.0
NaCl

MgCly

DTT

Bicin pH 8.9
KCl
MgCIQ

Bicin pH 8.9
Mng

Bicin pH 8.9
KCl
MgCIQ

3.14 In vitro degradation assay

ClpC, MecA and substrate (casein or Hag) were diluted to 1 xM monomer concentra-

tion in Degradation buffer in the presence of 5 mM ATP and a pyruvate kinase/PEP

ATP regeneration system and incubated for 5 minutes at 37°C to initiate oligomeriza-

tion of the ClpC-MecA. Degradation was then started by addition of 1 uM ClpP and

the reaction mix was incubated at 37°C. 15 ul samples were taken immediately and

after 15, 30, 60 and 90 minutes and mixed with 5 pl 4x SDS sample buffer. Samples

were heated to 95°C for 5 minutes and then applied to 12.5% or 15% Tris-Glycine

SDS-PAGE gels or 16% Tris-Tricine gels depending on the proteins separated. Gels
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were stained with Coomassie Brilliant Blue, destained and scanned.

Degradation buffer 50 mM Tris-HCI1 pH 8.0
300 mM  KCI
20 mM MgCly
15% v/v  glycerol
5 mM DTT
5 mM ATP
2 mM PEP
66 pg/ml  pyruvate kinase

3.15 Thermotolerance experiments

20 ml LB medium was inoculated to ODgyo 0.05 from an overnight culture and grown
at 37°C to ODggo 0.5-0.7. The culture was split in two 10 ml cultures in prewarmed
100 ml flasks. One 10 ml culture was placed in a shaking water bath preheated to 48°C
and cultivated for 15 minutes, whereas the other half of the culture was left at 37°C
with shaking. After the preshock, both 10 ml cultures were placed in a shaking water
bath preheated to 53°C and grown for 2 hours. 100 pl samples were removed before
transfer to 53°C and after 30, 60 and 120 minutes and dilution series were plated on
LB plates and incubated over night at 37°C. Typical dilutions were 1073 to 10~% with
pre-shock and 10° to 10~* without pre-shock depending on the mutants used. Colonies
were counted the next day and colony forming units (CFU) were determined for each
sample. The data were normalized to the CFU at time 0 at 53°C separately for the
cultures with and without preshock at 48°C.

3.16 Aggregate preparation

Cells were grown in 500 ml LB to ODggy 0.5 at 37°C and heat shocked as indicated.
30 ml samples were withdrawn, pelleted by centrifugation for 10 minutes at 4500g and
frozen at -20°C. Pellets were thawed on ice, washed once in 5 ml phosphate buffer and
resuspended in aggregate lysis buffer containing lysozyme, DNase I and RNase A. The
suspension was incubated for 20 minutes at 37°C for lysozyme digestion of the cell wall.

Subsequently, the samples were passed through a French Pressure Cell three times at
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18000 psi. 100 gl of the lysate were collected and frozen (total cell extract). The lysate
was centrifuged for 15 minutes at 1500g (4000 rpm) in a microcentrifuge at 4°C to
pellet unlysed cells. Next, the supernatent was centrifuged for 30 minutes at 17000g
(13000 rpm) in a microcentrifuge. The supernatent of this centrifugation step was
removed and samples were frozen (soluble extract). The pellet was resuspended in the
same volume of aggregate wash buffer + 1% v/v Triton X-100 and incubated for two
hours at 4°C with mixing every 15 minutes to solubilize membrane proteins. Subse-
quently, the samples were centrifuged again for 30 minutes at 16000g and resuspended
in aggregate wash buffer + 0.5 % v/v Triton X-100 and the solubilization procedure
was repeated. The samples were washed with aggregate wash buffer without Triton
X-100 and insoluble aggregates were resuspended in Rehydration buffer and subjected
to SDS-PAGE and Coomassie staining or Western blotting.

Phosphate buffer 50 mM NazPO, pH 7.0

Aggregate lysis buffer 50 mM NazPO, pH 7.0
10 pg/ml  lysozyme
10 pg/ml  DNase I
5 ug/ml  RNase I

Aggregate wash buffer 50 mM Tris pH 8.0
150 mM  NaCl

Rehydration buffer 7M urea
2 M thiourea
4% w/v ~ CHAPS
100 mM  DTT
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3.17 Electron microscopy

1 ml over night culture was pelleted by centrifugation and resuspended in 100 pul TBS
buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl). The samples were stained with
0.2% w/v ammonium molybdate and observed by transmission electron microscopy at
2000x magnification. Experiments were performed with the help of Beatrix Fauler and

Professor Dr. Rudi Lurz at the Max Planck Institute for Molecular Genetics in Berlin.
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4 Results

4.1 The effect of Clp proteases on the regulation of swimming
motility

Hag (flagellin) was identified as a putative ClpC interaction partner in a co-immuno-
precipitation experiment (J. Kirstein and K. Turgay, unpublished). Subsequently, Hag
was over—produced in E. coli, purified and in vitro degradation assays were performed
with Hag as a substrate (J. Kirstein, unpublished). Hag was degraded in vitro by
ClpCP in the presence of the adaptor protein YpbH, but much slower in the presence
of MecA (J. Kirstein, unpublished data and Figure 36). This observation raised the
question whether Hag is also degraded by ClpCP in vivo.

One indication of in vivo Hag proteolysis by CIpCP could be accumulation of Hag in
clpC and clpP mutant cells. To investigate whether Hag levels are higher in these
mutants compared to the wild type, protoplasts were prepared from exponentially
growing cultures of wild type and clp mutant cells and lysed. The cell lysates were then
separated by SDS-PAGE and analyzed by Western blot using Hag antibodies (Figure
4). Unexpectedly, the Western blot analysis revealed strongly reduced Hag protein
levels in the clpP, clpC and clpX mutants, but not in the clpE mutant compared to
wild type cells (Figure 4).

Hag | s -
WT AclpP AclpC AclpE AclpX

Figure 4: Hag levels in wild type and clp mutant cells.
Hag Western blot. Strains 168, BNM103 (AclpP::spec), BNM105 (AclpC'::tet),
BNM106 (AclpE::spec) and BNM107 (AclpX::kan) were grown in LB to ODgy 1.0
at 37°C and harvested for protoplast preparation. Protoplasts were lysed and the
lysates (2.5 pg total protein per lane) were separated by SDS-PAGE and subjected to
Western blotting. Hag levels are strongly reduced in the clpP, clpC and clpX mutants.

These data suggest that clp mutant cells are unable to synthesize Hag. To analyze
whether this also affects swimming motility, motility assays were performed with wild
type and mutant cells. To this end, the different strains were spotted on soft agar

plates and the plates were incubated at 37°C for several hours. Whereas the wild type
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and the clpFE mutant produced circular halos around the point of inoculation, which
indicate swimming through the soft agar, the clpC' mutant spread to a much smaller
area and the clpP and clpX mutants only formed a small colony at the inoculation

point (Figure 5).

Figure 5: Swimming motility in wild type and clp mutant cells.
Swim plates were inoculated with cultures of strains 168 (wild type), BNM103
(AclpP::spec), BNMI105 (AclpC::tet), BNM106 (AclpE::spec) and BNM107
(AclpX::kan) and incubated for 6 hours at 37°C. Wild type and clpE mutant cells
were motile, clpP, clpC and clpX mutants were non-motile.

This indicates that the clpP and clpX mutants are non-motile and that the clpC
mutant displays strongly reduced motility, consistant with the observation that these
mutants do not produce flagellin (Figure 4). To investigate whether this defect in Hag
synthesis interferes with the synthesis of flagella, electron microscopy of the wild type
and clpP mutant strains was performed. As expected, the wild type was flagellated,
whereas no flagellar structures were visible on the cell surface of the clpP mutant and
the hag mutant, which was used as negative control (Figure 6). The c¢lpP mutant also

appeared elongated (Figure 6) as described previously [74, 173].

Impact of adaptor protein mutants on swimming motility A mecA mutant has
previously been described as non—motile[198, 147], which was partially due to MecA—
mediated targeting of ComK to ClpCP (see sections 2.3.2 and 4.1.1)[147]. In order
to investigate which ClpC adaptor protein is responsible for the motility functions of

ClpC, swimming motility assays were performed with cells mutated in adaptor protein
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WT AclpP Ahag

Figure 6: Electron microscopy of wild type and clpP mutant cells.
Over night cultures of strains 168 (wild type, A), BNM103 (AclpP::spec, B) and
BNM126 (Ahag, C) were stained with 0.2% ammonium molybdate and subjected
to transmission electron microscopy. Flagella could be observed on wild type cells,
whereas clpP and hag mutant cells were non-flagellated. Pictures were taken with the
help of Beatrix Fauler and Rudi Lurz (MPI for Molecular Genetics, Berlin).

genes. As shown in Figure 7, mecA mutants exhibit reduced motility, as previously
observed[198, 147], whereas the ypbH and mcsB mutations have no effect on swimming.
These data suggest that MecA is the only known adaptor protein required for motility.
Interestingly, the mecA ypbH double mutant appears to partially suppress the motility
phenotype of the mecA mutant. Possibly, this phenotype might be the consequence of
YpbH-mediated Hag proteolysis. However, the pulse chase results presented in section

4.2 argue against this hypothesis.

The observed motility phenotypes of clp mutants had been reported in previous stu-
dies[147, 173, 198]. However, except for the effect of clpC and mecA, which is dependent
on comK and flgM (see sections 2.3.2 and 4.1.1)[147], the motility defect of the clp
mutants was not further characterized. Furthermore, a second, comK-independent
effect of clpC' was described but not further investigated[198]. Therefore, the details
of this regulatory proteolysis were further investigated here. In addition, proteolysis of
Hag itself was studied by in vivo pulse chase analysis, the results of which are described

in section 4.2.

So far, the results shown above indicate that ClpCP and ClpXP positively regulate

hag expression and swimming motility. Since Clp proteases are involved in cellular
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Figure 7: Swimming motility in ClpC adaptor mutants.
Swim plates were inoculated with cultures of strains 168 (wild type), BNM106
(AclpE::spec), BNMI113 (AmecA:spec), BNMI115 (AypbH:spec), BNM116
(AmecA:kan AypbH ::spec) and BNM117 (AmesB::kan) and incubated over night at
37°C. Only the mecA mutant and the mecA ypbH double mutant exhibited reduced
swimming motility. The experiment was performed with the help of Jorn Hossmann.

regulation by degradation of regulators, it was hypothesized that ClpCP and ClpXP
degrade one or several negative regulators of swimming motility. Inactivation of the
proteases by mutation would then result in accumulation of the negative regulator and

inhibition of motility.

Flagellar gene expression studies In order to investigate which process in flagellar
gene expression is influenced by ClpCP and ClpXP, it was first analyzed whether tran-
scription initiation from the Ppjq/che and Phqy promoters is affected by clp mutations.
To this end, clpP, clpC, clpE and clpX mutants were crossed with the lacZ reporter
strains Priq/che-lacZ and Pog-lacZ (kindly provided by D. Kearns, Indiana University)
and [-galactosidase activities were measured along the growth curve.

In the wild type background, as well as in the clpFE mutant, the characteristic post-
exponential expression peak was observed for both promoter lacZ fusions. However,
as demonstrated in Figure 8 A and Figure 9, the clpP and clpX mutations resulted
in a strong downregulation of Pji,/che and P,y promoter activities at all measured
timepoints. The clpC mutant exhibited reduced P, promoter activity, but had no

effect on the Py cne — lacZ fusion. Notably, the postexponential expression peak was
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Figure 8: [-galactosidase assays of Pfq/che-lacZ fusions in wild type and clp mutant
cells.

A. -galactosidase assay of amyl::Pyiq)che-lacZ ::cat strains BNM301 (wild type, black
circles), BNM302 (AclpP::spec, green squares), BNM303 (AclpC'::tet, red diamonds),
BNM304 (AclpE::spec, orange diamonds) and BNM305 (AclpX::kan, blue trian-
gles). [-galactosidase activity is strongly reduced in clpP and clpX mutants. B. -
galactosidase assay of amyE::Pfq/che152-lacZ::cat strains BNM346 (wild type, black
circles) and BNM348 (AclpC'::tet, red squares), carrying a longer lacZ-fusion. [-
galactosidase activity of this fusion was reduced by the clpC' mutation.
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still detected in the clpC’ mutant, but not in the clpP and clpX mutants.

Interestingly, a different lacZ fusion, which extended further into the first open reading
frame of the fla/che operon (Pfiq)cheise-lacZ) was downregulated in the clpC' mutant
background (Figure 8 B) in contrast to the shorter fusion (Figure 8 A). These data
imply that DNA sequences downstream of the transcriptional start site are required

for repression of Pji,/che promoter activity in the clpC mutant.
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Figure 9: [-galactosidase assays of a Pp.e-lacZ fusion in wild type and clp mutant
cells.

amyE::Ppog-lacZ::cat  strains BNM328 (wild type, black circles), BNM329
(AclpP::spec, green squares), BNM330 (AclpC::tet, red squares) and BNM332
(AclpX ::kan, blue triangles) were assayed for -galactosidase activity. Activity was
strongly reduced in clpP, clpC and clpX mutants.

As a control, flagellar transcripts were directly visualized by Northern blot analysis.
For these experiments, total RNA was extracted from wild type and clp mutant strains
grown to postexponential phase. The samples were then separated by denaturing
agarose gel electrophoresis, blotted on nylon membranes and hybridized to digoxigenin
labeled DNA probes. These probes were designed to hybridize to the hag, flgB (the
first gene of the fla/che operon) and sigD (the second to last gene of the fla/che operon
encoding the flagellar sigma factor o) transcripts (Figure 10).

For each probe, a band of the expected size was detected in the sample from the wild

type strain, but was absent or strongly reduced in the clpP, clpC and clpX mutant
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Figure 10: Analysis of flagellar transcript levels in c¢lp mutant cells.
RNA extracted from strains 168 (wild type), BNM103 (AclpP::spec), BNM105
(AclpC::tet), BNM106 (AclpE::spec), BNM107 (AclpX::kan) and BNM126 (Ahag)
grown to ODggg 1.0 at 37°C in LB was subjected to Northern blot analysis with DIG-
labeled DNA probes against hag (A), figB (B) or sigD (C). The levels of all three
mRNAs were strongly reduced in the clpP, clpC and clpX mutants. A smaller band
of approximately 500 bases was observed in hag and clpC mutants.

samples. Interestingly, the Northern blot experiments revealed the accumulation of
small RNA fragments of about 500 bases length in the clpC' mutant and in the hag
mutant in the presence of all three RNA probes (Figure 10). The reason for this
observation is unknown at the moment.

Additionally, it was tested whether the levels of the flagellar sigma factor o” in wild
type and clp mutant strains reflect the pattern observed in the Pf,/che reporter gene
studies and in the sigD Northern blot. The Western blot experiments with o? anti-
bodies demonstrated that o protein levels are downregulated in the clpP, clpC and

clpX mutants as expected (Figure 11).

WT  AclpP AclpC AclpE AclpX

Figure 11: o Western blot in wild type and clp mutant cells.
Protoplast lysates (LB, ODgoo 1.0, 10 pg total protein per lane) of strains 168 (wild
type), BNM103 (AclpP::spec), BNM105 (AclpC::tet), BNM106 (AclpE::spec) and
BNM107 (AclpX ::kan) were subjected to Western blot analysis with antibodies against

oP. oP levels were reduced in clpP, clpC and clpX mutants.

In summary, it can be inferred from these data that the Pjy,/che promoter activity is

reduced by mutation of clpP, clpC and clpX, which results in a low abundance of the
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flgB and sigD transcripts and low o? protein levels. The reduced cellular concentration
of o in turn leads to reduced transcription initiation from the P,,, promoter, resulting
in low levels of hag mRNA and Hag protein and the inability to assemble flagella. One
possible explanation of these data is regulatory proteolysis of a negative regulator of

Prfia/cne by ClpCP and CIpXP.

4.1.1 Investigation of ClpCP substrates, which regulate swimming motility

The results shown in the previous section gave rise to the hypothesis that negative reg-
ulators of the Pfq/cne promoter might be proteolysis substrates of ClpCP and ClpXP.
To identify these proteolysis targets, strains mutated in genes encoding known nega-
tive regulators of motility, such as ComK, DegU (this study), FlgM and CsrA (Joérn
Hossmann, diploma thesis) were constructed and combined with the ¢lpC and clpX
mutants. Suppression of the motility phenotype in the double mutant suggests that
the effect of the clp mutation is caused by the accumulation of the corresponding
regulator.

In the motility and reporter gene studies, it was noticed that although both the clpC
mutant and the clpX mutant interfere with Pfq/cne promoter activity and swimming
motility, they have slightly different phenotypes. For instance, only the activity of the
longer Priq/che-lacZ fusion is altered in the clpC mutant, whereas both Prq/cne-lacZ
fusions are downregulated in the c¢lpX mutant (Figure 8 and data not shown). More-
over, the effect of the clpC’ mutant on motility, hag expression and Pj,/che promoter
activity is weaker than the effect of the ¢lpX mutant. Therefore, it appears likely that
distinct negative regulators of motility are degraded by ClpCP and ClpXP.

ComK /FlgM Zuber and colleagues demonstrated that the motility phenotype of the
mecA mutant is suppressed by comK [147]. This was explained by upregulation of flgM,
coding for FlgM, the anti-sigma factor of o”, by transcriptional read-through from a
ComK activated gene. ComK is targeted for ClpCP degradation by the adaptor protein
MecA[226]. Therefore, deletion of clpC' or mecA results in elevated ComK levels, which
lead to higher FlgM levels and a subsequent downregulation of o” dependent genes.

To investigate whether ComK contributes to the motility defect of the c¢lpC mutant,
which was not directly demonstrated by Liu and Zuber[147], a comK clpC double
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mutant was constructed and assayed for swimming motility and Hag levels. Indeed,
swimming motility and Hag protein levels were upregulated in the double mutant
compared to the ¢lpC single mutant (Figure 12). The comK single mutant had no

effect on motility or Hag concentration (Figure 12).

AcomK AcomK AclpC

B Hag [ | [ewew wie]

WT  AclpC AcomK AclpC AcomK

Figure 12: The motility defect of a clpC' mutant is partially suppressed by a comK
mutation.

A. Swim plates were inoculated with cultures of strains 168, BNM105 (AclpC'::tet),
BNM149 (AcomK) and BNM150 (AcomK AclpC::tet) and incubated for 6 hours at
37°C. The wild type and comK mutant were motile, the clpC mutant was non-motile
and the comK clpC double mutant was motile, albeit less than the wild type. B. Hag
Western blot of strains 168, BNM105, BNM149 and BNM150. Hag levels were restored
partially in the comK clpC double mutant compared to the clpC' single mutant.

These results demonstrate that ComK is involved in downregulation of motility in
the clpC' mutant. In addition, there is evidence that the clpC' motility defect is also
suppressed by a flgM mutation (Jorn Hossmann, unpublished), implying that ClpC
acts on motility through ComK and FlgM as suggested previously[147].

DegU FlgM directly inhibits the activity of the flagellar sigma factor o, which
initiates transcription of flagellar class III genes, but not of the fla/che operon[110].
Nevertheless, a downregulation of the Prq/cheiso-lacZ fusion (Figure 8 B), flgB and

sigD transcript levels (Figure 10) and o protein levels (Figure 11) was observed in
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the ¢lpC mutant. In addition, swimming motility and Hag protein levels were only

partially restored in the clpC comK double mutant (Figure 12).
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Figure 13: DegU levels in wild type and clp mutant cells.

Protoplast lysates were prepared from samples of strains 168 (wild type), BNM103
(AclpP::spec), BNM105 (AclpC::tet), BNM106 (AclpE::spec), BNM 107 (AclpX ::kan)
and BNM138 (AdegSU::spec) at different points during growth in LB at 37°C. A: 1
hour prior to the end of exponential growth (T-1), B: at the end of exponential growth
(T0), C: TO 4+ 2 hours (T2), D: TO + 3 hours (T3), E: TO + 4 hours (T4). 5 ug
total protein per lane was separated by SDS-PAGE and blotted. Blots were cut and
the upper half was incubated with HtpG antibodies as a loading control, whereas the
lower half was probed with DegU antibodies. Band intensities were quantified and
normalized to HtpG band intensities. DegU levels were higher in the clpX mutant at
T-1 and in the clpC and clpP mutants at TO and T2 compared to the wild type.

These observations suggested that a second ClpCP substrate negatively regulates the
Ptia/che promoter. One candidate was DegU, which has been shown to repress the
Priqjche promoter in its phosphorylated form([5] and was recently identified as a sub-
strate of ClpCP[188].

In order to investigate the levels of DegU in wild type and clp mutant strains, quanti-

tative Western blot experiments were performed with DegU antibodies (Figure 13). As
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reported in a recent publication[188], DegU was produced in higher amounts in clpC
and clpP mutant cells. This effect was only observed from postexponential phase (T0)
until 2 hours into stationary phase (T2, Figure 13). Interestingly, DegU protein levels
were also increased in a clpX mutant during exponential phase. The reason for this

effect is currently unknown.

A
AdegSU AdegSU AclpC
B Hag | s - — — o

WT AclpC AdegSU AdegSU AclpC

Figure 14: The motility defect of a c¢lpC mutant is partially suppressed by mutation
of degSU.

A. Swim plates were inoculated with cultures of strains 168, BNM105 (AclpC'::tet),
BNM138 (AdegSU::spec) and BNM140 (AdegSU::spec AclpC'::tet) and incubated for
6 hours at 37°C. The degSU clpC double mutant suppressed the motility phenotype of
the clpC mutant. B. Hag Western blot of strains 168, BNM105, BNM138 and BNM140.
Hag levels are restored in the degSU clpC' double mutant compared to the clpC' single
mutant.

To test the assumption that clpC acts on motility via degU, a degSU clpC double mu-
tant was constructed and analyzed by motility assays and Hag Western blots. Similar
to the comK clpC double mutant, both swimming motility (Figure 14 A) and Hag
levels (Figure 14 B) were partially restored in the degSU ¢lpC double mutant.

Furthermore, the activity of the Prq/che152-lacZ reporter gene fusion was upregulated
almost to wild type levels in the degSU clpC' double mutant compared to the clpC single
mutant (Figure 15 A). Interestingly, the Pyqg-lacZ fusion was only slightly upregulated
in this strain (Figure 15 B). As a control, the §-galactosidase activity of the Pyq4-lacZ-
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fusion was measured in the clpX and degSU clpX double mutant (Figure 15B). The
degSU mutation was insufficient to suppress the phenotype of the clpX mutant (Figure
15), suggesting that clpX does not act on motility genes via degU.
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Figure 15: p-galactosidase assays in clpC degSU mutant cells.

A. B-galactosidase assay of amyE::Pjq/che1s2-lacZ::cat strains BNM346 (wild type,
closed black circles), BNM347 (AdegSU::spec, open black circles), BNM348
(AclpC':tet, closed red squares) and BNM349 (AdegSU::spec AclpC'::tet, open red
squares). Mutation of degSU suppresses the effect of clpC on the Ppig/cherso-
lacZ fusion. B. f-galactosidase assay of amyE::Py,,-lacZ::cat strains BNM328 (wild
type, closed black circles), BNM333 (AdegSU::spec, open black circles), BNM330
(AclpC':tet, closed red squares), BNM332 (AclpX ::kan, closed inverse blue triangles),
BNM338 (AdegSU::spec AclpC'::tet, open red squares) and BNM339 (AdegSU::spec
AclpX ::kan, open inverse blue triangles). [-galactosidase activity of the ¢lpC mutant,
but not the clpX mutant was partially restored by mutation of degSU.

CodY Like DegU, CodY is a transcriptional repressor of the fla/che operon[15].
Therefore, it was important to establish whether CodY might be a ClpCP or ClpXP
substrate and whether the clpC or clpX mutants act on motility through codY. Unfor-
tunately, the attempts to construct codY clpC and codY clpX double mutants failed.
However, it was demonstrated by Western blot analysis that CodY levels are equal
in wild type cells and all ¢lp mutant strains (Figure 16). In addition, preliminary in

vivo stability experiments suggested that CodY is a stable protein (data not shown).
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Therefore, it can be inferred that neither ClpCP nor ClpXP are involved in CodY

degradation and that their effect on swimming motility is independent of CodY.

COQY | o o — — —

WT AclpP  AclpC AclpE AclpX

Figure 16: CodY Western blot of wild type and clp mutant cells.
10 ug total protein per lane from protoplast lysates of strains 168 (wild type), BNM103
(AclpP::spec), BNM105 (AclpC'::tet), BNM106 (AclpE::spec), BNM107 (AclpX ::kan)
was separated by SDS-PAGE, blotted and probed with CodY antibodies. CodY levels
were equal in all strains.

In summary, the data presented here are consistant with the model that ClpC influences
transcription from the Pjq/cne promoter by degradation of DegU, which acts as a

D

fla/che repressor. In addition, clpC regulates o” activity by proteolysis of ComK,

which activates flgM.

4.1.2 Negative regulation of swimming motility by the ClpXP substrate
Spx

During the initial characterization of the clp motility phenotype it was noticed that
the clpP mutant strain frequently picked up suppressor mutations that resulted in
restoration of swimming motility and Hag levels (Figure 17 C). Such a suppressor
mutant, which exhibited a larger colony size on LB plates, was further characterized by
analysis of its growth behavior and cell morphology. As shown in Figure 17, this strain
grew as quickly as the wild type in LB medium (Figure 17 A) and was morphologically
indistinguishable from wild type cells (Figure 17 B), whereas a freshly transformed
clpP mutant displayed a lag phase of about four hours during growth in LB (Figure
17 A) and formed long chains (Figure 17 B).

The transcriptional regulator Spx is a substrate of ClpXP and accumulates to high
levels in clpP and clpX mutants[179]. Because high levels of the normally tightly
controlled stress regulator Spx interfere with normal growth, suppressor mutations in
spx are easily acquired by these mutants[179]. To investigate whether the suppressor
mutation in the motile clpP strain might have occurred in spzr, Western blot analysis

was performed with lysates from wild type, clpP mutant and clpP suppressor strains.
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Figure 17: Growth, cell morphology and Spx levels of a clpP suppressor mutant.
A. Strains 168 (wild type, black circles), BNM102 (AclpP::spec, suppressor, blue tri-
angles) and BNM103 (AclpP::spec, red squares) were inoculated to ODggg 0.05 and
grown in LB at 37°C. Strain BNM103 displayed a lag phase of approximately 4 hours,
wheras BNM102 grew as fast as the wild type. B. Phase contrast microscopy of strains
168 (upper), BNM102 (middle) and BNM103 (lower) grown in LB to ODgy 0.4-0.6.
BNM103 formed long chains and exhibited aberrant cell morphology, BNM102 was
indistinguishable from the wild type. C. Hag and Spx Western blots of samples from
168 (wild type), BNM102 and BNM103. Spx was barely detectable in the wild type
and strain BNM103 displayed high levels of Spx. Spx was not visible in BNM102.
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Spx accumulated to high levels in the c¢lpP mutant and was barely detectable in the
wild type strain as expected under non-stress conditions (Figure 17 C). In contrast, no
Spx was detected in the suppressor mutant (Figure 17 C), suggesting that the mutation
occured either in the spx ORF, in its promoter region, or in a gene required for the
expression of spz.

To test directly, whether the motility defect of c¢lpP and clpX mutants is caused by
Spx accumulation, a spz clpX double mutant was constructed and motility assays and
Hag Western blots were performed with the strain. As shown in Figure 18 A, the
wild type and the spr mutant were motile, whereas the clpX mutant was non-motile.
Notably, the spz clpX double mutant was motile (although slightly less than the wild
type, Figure 18 A).

AclpX Aspx AclpX /

B Hag |+ s —

WT Aspx  AclpX Aspx AclpX

Figure 18: Suppression of the clpX motility phenotype by mutation of spx.

A. Swim plates were inoculated with cultures of strains 168 (wild type), BNM107
(AclpX::kan), BNM111 (Aspz::kan) and BNM112 (Aspz::kan AclpX::spec) and in-
cubated for 6 hours at 37°C. Mutation of spx suppressed the motility phenotype of
the c¢lpX mutant. B. Hag Western blot. Strains 168, BNM107, BNM111 and BNM112
were grown in LB to ODggo 1.0 at 37°C and harvested for protoplast preparation. Pro-
toplasts were lysed and the lysates (2.5 ug total protein per lane) were separated by
SDS-PAGE and subjected to Western blotting. Hag levels were restored in the spz
clpX double mutant compared to the clpX single mutant.

Analogous results were obtained by Hag Western blot experiments (Figure 18 B): the
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spx mutant produced wild type levels of Hag. In contrast, very low amounts of Hag were
detected in the clpX mutant. Importantly, the spx clpX double completely suppressed
the phenotype of the c¢lpX mutant (Figure 18 B), suggesting that clpX downregulates

motility and Hag production via spz.
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Figure 19: Expression of Pj,/cne-lacZ is restored in a clpX spz double mutant.
(-galactosidase assay of amyE:Ppq che-lacZ::cat strains BNM301 (wild type, closed
black circles), BNM305 (AclpX ::kan, closed blue triangles), BNM307 (Aspz::kan, open
black circles), BNM308 (Aspz::kan AclpX ::spec, open blue triangles).

To investigate whether the spz clpX also restores Ppq/chne and Phqg promoter activities,
reporter gene studies were performed in the single and double mutant strains. Notably,
the (-galactosidase activities of the Pyjq/che-lacZ (Figure 19) and Phog-lacZ (Figure 20)
fusions were partially restored compared to the clpX single mutant.

Furthermore, the mRNA levels of hag and other flagellar transcripts were also upregu-
lated in the spz clpX double mutant compared to the clpX single mutant in microarray
experiments (K. Turgay, unpublished data), demonstrating that clpX acts globally on
motility genes via spz. These results strongly suggest that the motility defect of the
clpP and clpX mutants is a result of Spx accumulation. This would imply that Spx
acts as a negative regulator of motility genes, which has not been reported previously.
Moreover, it can be inferred from the reporter gene studies (Figure 19) that Spx acts

on motility at the level of the Pyq/cne promoter.
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Figure 20: Expression of Py,g-lacZ is restored in a clpX spxr double mutant.

A. [-galactosidase assay of amyE::Pp.,-lacZ::cat strains BNM328 (wild type, closed
black circles), BNM332 (AclpX ::kan, closed blue triangles), BNM334 (Aspz::kan, open
black circles), BNM335 (Aspz::kan AclpX::spec, open blue triangles). For both con-
structs, f-galactosidase activity was reduced in the clpX mutant and partially restored
in the spz clpX double mutant. B. Mean -galactosidase activities of strains BNM328,
BNM332, BNM334 and BNM335 at the postexpontial peak (around ODgy 1.0) were
determined from 3 independent experiments and normalized separately to wild type
activity. Error bars indicate standard deviations.
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Induction of proteolysis—resistant Spx To show whether Spx production is suffi-
cient for the inhibition of motility in a clpX™ background, two strains (kindly provided
by P. Zuber, University of Oregon) were used, in which spz is placed under the control
of an IPTG-inducible promoter[182]. In strain BNM350, wild type Spx is produced,
whereas in strain BNM351 the C—terminal ClpXP degradation tag of Spx is mutated
(spxPP), resulting in stabilization of Spx and accumulation to higher levels (Figure 22
A)[182].

Swim plates containing 0.1 mM IPTG or no inducer were inoculated with these strains
to test swimming motility. Interestingly, strain BNM351, but not strain BNM350 was
motile without IPTG (Figure 21 A), but non—motile in the presence of IPTG (Figure 21

B), suggesting that high levels of Spx are sufficient to downregulate swimming motility

and confirming that Spx acts as a negative regulator of motility genes.

N T O\ A

Aspx\ _

Figure 21: Swimming motility is inhibited by Spx.
Swim plates without IPTG (A) or with 0.1 mM IPTG (B) were inoculated with strains
168 (wild type), BNM111 (Aspz::kan), BNM350 (Aspz:kan amyE:: Phyperspank(Hy)-
spz::spec) and BNM351 (Aspz:kan amyE:: Pyyperspank(ty)-spr> P :spec) and grown for
6 hours at 37°C. BNM351 was non-motile in the presence of IPTG.

Spx and SpxP? were also induced by IPTG addition in liquid medium and samples
were analyzed by Western blot (Figure 22) and Northern blot (Figure 23). Hag protein
concentration (Figure 22) as well as hag and sigD transcript levels (Figure 23) were
measured after 30 and 60 minutes of induction.

As shown in Figure 22, Hag protein levels decreased to about 50% of the initial level
after 60 minutes of induction. For hag and sigD mRNA, the effect was much stronger:
after 30 mintues of Spx”? induction, both transcripts were below the detection level

of the Northern blot experiment (Figure 23). The different results obtained in Western
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Figure 22: Spx inhibits Hag production.

Strains BNM350 (Aspz::kan amyE:: Phyperspank(ty)-spr::spec) and BNM351 (Aspz::kan
amyE::Phyperspank(Hy)—sp:vDD ::spec) were grown to ODgy 0.3 in LB at 37°C and spz
expression was induced by addition of 1 mM IPTG. Samples were withdrawn before
induction and 30 and 60 minutes thereafter, protoplasted and lysed. Lysates were
separated by SDS-PAGE, blotted and developed with Hag and Spx antibodies (A) or
Hag antibodies (B). Hag levels decreased to about 50% of the initial value after IPTG
induction.

and Northern blot experiments were probably due to the higher stability of Hag protein
compared to hag and sigD mRNAs.

Aspx amyE P, -spx bb

hag

0O 30 60 O 30 60 min

-IPTG +1mMIPTG

Figure 23: Spx inhibits transcription of hag and sigD.
Strain BNM351(Aspz::kan amyE:: Phyperspank Hy)-spzDD ::spec) were grown to ODggg 0.3
in LB at 37°C and spz expression was induced by addition of 1 mM IPTG. Total RNA
was prepared from samples taken before and 30 and 60 minutes after induction and
2 nug RNA were separated on denaturing agarose gels and subjected to Northern blot
analysis. Blots were hybridized with DIG-labeled DNA probes against hag (upper) and
sigD (lower). Both transcripts were undetectable after 30 and 60 minutes induction.

Motility regulation during stress In wild type cells, Spx is quickly degraded
by ClpXP under non-stress conditions and only accumulates after oxidative stress.
Therefore, it was investigated whether Spx affects swimming motility during its natural

induction by oxidative stess. To this end, the lacZ reporter strains Pj/che-lacZ and
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Phog-lacZ were grown to early exponential phase, the culture was split and diamide (an
oxidaizing agent that causes the formation of disulfide bonds in cytoplasmic proteins)
was added to one half of the culture. Samples were removed after the shock and (-
galactosidase activites were measured. The same samples were used to determine Spx
levels by Western blot analysis.

As shown in Figure 24, both the Pyjq/che and P,y promoters were strongly downreg-
ulated for approximately one hour in the presence of diamide. After this period, the
promoter activity increased and displayed the usual peak that is observed in postex-
ponential phase in the absence of stress. Interestingly, Spx protein accumulated at
exactly the same time, at which the promoters were downregulated. Unfortunately,
these experiments yielded inconclusive results in spr mutant cells, because the spx
mutant did not survive the diamide shock (data not shown). Therefore, it cannot be
directly inferred that downregulation of motility genes during oxidative stress depends
on spz, although this hypothesis is strongly favored.

Spx appears to be induced not only by oxidative stress, but also by heat stress (A. Heinz
& K. Turgay, microarray experiments, S. Runde, Western blot analysis). Therefore, it
was tested whether the Ppq/cne promoter activity was downregulated by heat stress.
A fusion of the long Pfq/cne promoter fragment (identical to the one used for strain
BNM346) to the heat stable (-galactosidase BgaB from Bacillus stearothermophilus
was constructed, grown at 37°C and 48°C and BgaB acivity was determined.

BgaB is more stable than LacZ at 37°C. Therefore, the expression peak in postex-
ponential phase was less well defined than with the lacZ fusions and BgaB activity
increased further after the peak (Figure 25, closed black circles). At 48°C however,
the Ppiq)che-bgaB fusion was completely inactive, demonstrating that motility genes are
downregulated at high temperature, possibly by Spx. Confirming this result, motility
genes were strongly downregulated in microarray experiment in response to heat shock

(A. Heinz & K. Turgay, unpublished data).

Investigation of the Spx repression mechanism Spx is an unusual transcrip-
tional regulator that can act as an activator or repressor on distinct target genes|[182,
183]. Interestingly, Spx itself has never been observed to bind DNA[181], but interacts

with the C—terminal domain of the RNA polymerase a subunit (a-CTD), which is re-
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Figure 24: Oxidative stress leads to transient downregulation of motility genes.
Strains BNM301 (amyl::Pfiqjche-lacZ::cat, A) and BNM328 (amyE::Pye4-lacZ::cat,
B) were grown in LB to early exponential phase (ODgyy 0.15-0.3) and split into two
smaller cultures. 1 mM diamide was added to one of these cultures (red squares), the
other was grown in the absence of diamide (black circles) and samples were taken for
measurement of [-galactosidase activity and Spx Western blot (lower panel). Open
symbols indicate ODggy and closed symbols indicate [-galactosidase activities. Both
lacZ fusions were transiently downregulated after diamide treatment, which correlates
with accumulation of Spx.
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Figure 25: Heat stress downregulates the P, che promoter.
Strain BNM345 (amyl:: Pyiq)che150-bgaB::cat) was grown at 37°C (black circles) or 48°C
(red squares). Open symbols: ODggg, closed symbols: bgaB activity. Promoter activity
was inhibited throughout growth at 48°C. The experiment was performed by Ingke
Marg.

quired both for activation and repression[182, 201, 180]. According to the interference
model, Spx represses activator—controlled genes by competition with activators, such as
ComA, for binding to the a-CTD[182]. Activation requires binding of the Spx-a-CTD

complex to sequences upstream of the core promoter of the regulated genes[201, 180].

The negative regulation of the Ppiq/cne promoter observed in this study (Figure 19)
might be explained by interference of Spx with an a-CTD binding Pfq/che activator.
However, such an activator has never been described, raising the possibility that Spx

regulates Ppi,/che by a different mechanism.

In order to rule out that Spx binds directly to the Py che promoter, Spx was over—
produced in E. coli with a C—terminal His-tag and purified by affinity chromatography.
Subsequently, electrophoretic mobility shift assays were performed with purified Spx
protein and 3 overlapping DNA fragments (generated by PCR), which cover the entire
Pria/che promoter and part of the flgB open reading frame. As shown in Figure 26,
even at high protein concentrations, no Spx bound to the DNA fragments, in line with
previous reports that Spx alone does not bind to DNA[181]. These results suggest that

Spx does not repress Pq/cne by direct binding. However, interference of Spx with an
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Figure 26: Spx does not directly bind to the fla/che promoter region.
Purified Spx protein was mixed with different DNA fragments close to the fla/che
promoter (A: -209 to -6, B: -106 to 98, C: -1 to 203 relative to the flgB transcription
start site) in the presence of poly d-IC under oxidizing (left) and reducing conditions
(right). After incubation, the samples were separated on an acryl amide gel and stained
with ethidium bromide. Spx bound to neither of the promoter fragments, but caused
a shift of the poly d-IC band at high protein concentrations.

unknown transcriptional activator of Pyjq/cne cannot be ruled out by the data presented
here.

Alternatively, Spx may regulate the Pfq . promoter indirectly by transcriptional acti-
vation of a Pjq/che repressor. Microarray experiments of RNA from a spz clpX double
mutant compared to the clpX single mutant revealed several genes that were upregu-
lated by Spx (K. Turgay, unpublished). These microarray data were searched for puta-
tive transcription factors. Two candidate genes of unknown function, yhfK and yukF
were identified. These genes were cloned and expressed in B. subtilis from an [IPTG—
inducible promoter. The respective strains were assayed for swimming motility on swim
plates containing 1 mM IPTG (Figure 27). In contrast to spzDD, over-expression of
both genes had no effect on swimming motility, excluding them as negative regulators
of Pria/che-

In order to identify negative regulators of Py, che, Which are activated by Spx, a genetic
suppressor screen was performed. To this end, a transposon insertion library was
constructed from a strain expressing spz”? from an IPTG-inducible promoter. As
shown in Figure 21, this strain is non-motile in the presence of IPTG, very likely due
to Spx-mediated repression of Ppjq/che. This library was screened for clones, which
restore swimming motility in the presence of IPTG.

In a second screen for novel activators of Pp/che, strain BNM301, expressing a tran-

scriptional lacZ-fusion to Ppq/che, Was transposon mutagenized and the transposon
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Figure 27: YhfK and YukF are not involved in downregulation of swimming motility.
Strains ~ BNM351  (Aspzikan — amyE::Pryperspank(ry)-spr”Pspec),  BNM457
(amyE:: Pyyperspank(iy)-yhfK :spec) and BNM458  (amyE:: Phyperspank(ty)-yukF ::spec)
were spotted on swim plates in the absence (A) or presence (B) of 1 mM IPTG and
incubated at 37°C for 6 hours. Production of YhfK or YukF did not interfere with
swimming motility.

library was screened for clones, in which Py /che and swimming motility are downregu-
lated. The identification of such an activator might help to explain the Spx—mediated
repression of Prjq/che by interference with the a-CTD. Chromosomal DNA of clones

from both screens is currently being sequenced to map the transposon insertion sites.

4.1.3 Possible posttranscriptional regulation of motility by ClpXP /Spx

The data presented in section 4.1 clearly indicate that the expression of the hag gene is
downregulated in clpP, clpC and clpX mutants. These effects were due to repression of
the Piq/che promoter by DegU (for the clpC mutant) and by Spx (in case of the clpX
mutant), resulting in lower levels of o (see section 4.1.1). In addition, the clpC mutant
was shown to downregulate o activity via ComK and FlgM (see section 4.1.1)[147].
Notably, hag is not only regulated at the transcriptional level, but is also subject
to posttranscriptional regulation (see section 2.3.2 and Figure 3). For instance, hag
mRNA might be processed by RNases J1 and J2[153] and translation initiation of hag
is inhibited by CsrA[244].

In order to investigate whether transcriptional regulation is the only step influenced
by the Clp proteases or whether posttranscriptional regulation of hag is also affected,
hag expression was uncoupled from transcriptional regulation by o”. To this end, hag
was placed under the control of the xylose-inducible promoter P,,; in the amyFE locus

of a hag mutant (strain hagl, Figure 28 A). If only the transcriptional regulation of
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hag was regulated by ClpCP and ClpXP, clp mutations introduced into strain hagl
would be expected to no longer influence Hag protein levels. Uncoupling hag from o?
regulation also proved useful for in vivo studies of Hag proteolysis (see section 4.2).

It is also possible that the fla/che operon is regulated posttranscriptionally. Indeed,
the observation that RNA probes against both flgB and sigD detected a much smaller
RNA fragment than the expected 27 kb full length transcript (Figure 10) strongly
suggests that this transcript is processed after transcription. This assumption might

be directly tested either by ectopic expression of the entire 27 kb fla/che operon or by

replacement of the fla/che promoters i.e. by a P,, promoter.
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Figure 28: Uncoupling of hag expression from flagellar regulation.

A. hag was expressed from a xylose-inducible promoter in a hag deletion background
and combined with clp mutants. BNM421 (Ahag amyE::P,,-hagl::cat), BNM422
(hagl AclpP::spec), BNM423 (hag! AclpC::tet), BNM424 (hag! AclpE::spec) and
BNM425 (hag! AclpX::kan). B. Hag was expressed with 5'- and 3’-untranslated regions
from an xylose-inducible promoter. BNM426 (Ahag amyE:: Py, -hag4 :cat), BNM427
(hag4 AclpP::spec), BNM428 (hagf AclpC::tet), BNM429 (hag4 AclpE::spec) and
BNM430 (hag4 AclpX::kan). Strains were grown in LB with 2% xylose to ODggg 1.0
and protoplast extacts were subjected to Hag Western blot. Hag levels were equal
to the wild type in clpC and clpE mutants after xylose induction, but were strongly
reduced in clpP and clpX mutants.

However, since the observed pattern of P,,, promoter activity in wild type and clp
mutant cells (Figure 9) was very similar to Ppq/cne activity (Figure 8), flgB and sigD
transcripts (Figure 10) and o protein levels (Figure 11), posttranscriptional regulation

of the fla/che operon does not appear to play a role in the motility regulation by ClpCP
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and ClpXP and was not further investigated in this study.

Hag levels in the hagl strain Hag levels were analyzed by Western blot in the
strain with a xylose-inducible copy of hag (hagl) combined with clp mutants (Figure
28). Induction with 2% xylose resulted in lower Hag levels than in the wild type
strain 168 (data not shown). As shown in Figure 28 A, the clpC mutant displayed
the same Hag level as the wild type in the hag! background, demonstrating that hag
expression was independent of clpC. This result confirms that clpC' acts upstream of
hag transcription, which is consistant with the data presented above (section 4.1).
However, the clpP and clpX mutants still displayed lower levels of Hag protein than
the wild type in the hagl background (Figure 28 A), suggesting that hag under control
of the P,,; promoter is still regulated by clpP and clpX.

A - xXylose B + 2% xylose

AclpP AclpP

AclpE  WT  AclpC AclpE  WT  AclpC,

Figure 29: Motility of the hag4 strain
Swim plates of strains BNM426 (Ahag amyE::P,y,-hagj:cat), BNM427 (hag4
AclpP::spec), BNM428 (hag/ AclpC::tet), BNM429 (hag4 AclpE::spec) and BNM430
(hag{ AclpX:kan) in the absence (A) or presence of 2% xylose (B). All strains were
non-motile in the absence of xylose (A). In the presence of xylose (B), BNM426
and BNM429 were motile, whereas BNM428 displayed reduced motility and strains
BNM427 and BNM428 were non-motile. Experiments performed by Jorn Hossmann.

Hag levels in the hag4 strain Since the hagl strain turned out to be non-motile
for unknown reasons (data not shown), strain BNM426 (hag/ ), which contains non-
translated upstream and downstream sequences in addition to the hag open reading
frame, was constructed (Figure 28 B). Hag levels were similar to or slightly higher in

hag4 than in the wild type strain 168 (data not shown). Interestingly, this strain was
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Figure 30: Suppression of a posttranscriptional clpX effect by mutation of spz.
Ahag amyE::Pyy,-hag :cat strains BNM426 (WT), BNM430 (AclpX ::kan), BNM436
(Aspz::kan) and BNM437 (Aspz::kan AclpX::spec) were grown in LB with 2% w/v
xylose to ODggg 1.0 at 37°C and harvested for protoplast preparation. Protoplast
lysates (2.5 pg total protein per lane) were separated by SDS-PAGE and subjected to
Western blotting. Hag levels were restored in the spx clpX double mutant compared
to the clpX single mutant.

motile in the wild type background, but not combined with the clpP, clpC and clpX
mutants (Figure 29).

These data suggest that untranslated regions upstream or downstream of the hag gene
are strictly required for motility. The lack of complementation of the motility phe-
notype in the clpP, clpC and clpX mutants (Figure 29) was expected because other
components of the flagellum cannot be produced at sufficient levels in these strains due
to the downregulation of the fla/che operon.

When strain BNM426 was combined with the clpC' mutant and Hag levels were an-
alyzed by Western blot after xylose induction, Hag accumulated to wild type levels
(Figure 28 B) as for the hag! strain background. It could be confirmed by these data
that clpC acts on motility at or upstream of the Pj,, promoter, consistant with the
results shown in section 4.1.1.

However, less protein was detected in the clpP and clpX mutants similar to the hagl
strain (Figure 28 B). It can be inferred from these results that either the P,,; promoter
is downregulated in the clpP and clpX mutants, or that a negative posttranscriptional

regulator of Hag is upregulated in these mutants.

Spx dependence of the putative posttranscriptional ClpXP effect To eluci-
date the mechanism, by which clpP and clpX influence hag expression from the P,
promoter, it was tested whether Spx is responsible for the observed effect. To this

end, the spx and spz clpX mutations were introduced into the hag4 background and
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Figure 31: Northern blot analysis of wild type and xylose-induced hag transcripts.
Northern blot of total RNA (2 pg/lane) from strains 168 (wild type), BNM126 (Ahag)
and BNM426 (Ahag amyE::P,,-hag4 ::cat with or without 2% xylose) grown in LB at
37°C to ODgpo 1.0. RNA from strains BNM126 and BNM426 without xylose exhibited
a small RNA species of about 500 bases, which was bound by the hag probe. In the
presence of xylose, RNA from strain BNM426 exhibited two hag bands, which were
larger than the single hag band in the wild type strain.

Hag Western blots were performed with lysates of the hag/ strain in the wild type,
spx, clpX and spz clpX backgrounds after xylose induction (Figure 30). Indeed, Hag
was restored to wild type levels in the spx clpX double mutant compared to the clp X
single mutant (Figure 30), suggesting that the effect of ¢lpX on hag is dependent on

D control.

Spx, even in the hag4 strain, in which hag expression is uncoupled from o
Next, it was important to determine, how Spx exerts this putative posttranscriptional

control.

Northern blot analysis of strain hag4 To analyze whether Spx acts on hag ex-
pression at the mRNA level or the protein level, Northern blots of RNA extracted from

the xylose induced hag/ strain were performed.

As depicted in Figure 31, two bands above 1.5 kb were detected by the probe in the
presence of xylose in contrast to the wild type strain, which displayed only one band
of roughly 1 kb. The greater length of the ectopically produced hag transcript may be
the result of a xylA linker downstream of the P,,; promoter [113]. However, the reason

for the second band is unknown. In addition, a band of about 500 bases was observed
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Figure 32: Spx influences xylose-induced hag mRNA levels.

Northern blot of total RNA (2 pg/lane) from strains BNM126 (Ahag), BNM426
(Ahag amyE::Py,y-hagj::cat), BNM427 (Ahag amyE::P,y,-hag::cat AclpP::spec),
BNM428 (Ahag amyFE::Pyy-hag4::cat AclpC:tet), BNM429 (Ahag amyE:P,y-
hag4::cat AclpE::spec), BNM430 (Ahag amyE::Pyy-hag4 :cat AclpX::kan), BNM436
(Ahag amyE::Pyy-hags::cat Aspz::kan) and BNM437 (Ahag amyE::Py,-hag4::cat
Aspz::kan AclpX ::spec) grown in LB with 2% w/v xylose to ODggo 1.0 at 37°C. Hag
transcript levels were reduced in the clpP and clpX mutants and restored in the clp X
spx double mutant.

in the hag4 strain without xylose and in the hag mutant.

A Northern blot with RNA samples extracted from wild type and clp mutant strains,
as well as the spr and spz clpX mutants revealed that hag transcript levels are signif-
icantly lowered in the clpP and clpX mutants compared to the wild type (Figure 32).
Furthermore, transcript levels were restored in a spz c¢lpX double mutant (Figure 32).
These data indicate that Spx acts on hag at the mRNA level.

This implies that Spx influences either transcription initiation from the P,,; promoter or

a step downstream of hag transcription initiation and upstream of translation initiation.

RNaseJ These steps could be either transcription elongation or mRNA degradation.
If the regulated step was mRNA stability, the regulator of interest could be an RNA
degrading enzyme that is upregulated by Spx. One candidate for such an enzyme was

identified in microarray experiments (K. Turgay, unpublished): the transcript levels of
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Figure 33: RNaseJ Western blot of wild type and clp mutant cells.
Lysates from strains 168 (wild type), BNM103 (AclpP::spec), BNM105 (AclpC'::tet),
BNM106 (AclpE::spec) and BNM107 (AclpX::kan) grown to ODgy 1.0 in LB at
37°C were separated by SDS-PAGE, blotted and probed with antibodies against
RnjA/RnjB. The clpX mutant had slightly higher levels of RNaseJ than the wild
type. All other mutants were equal to the wild type.

rngA encoding RNaseJ1 were 3—fold upregulated in the c/pX single mutant compared
to the spx clpX double mutant.

RNaseJ1 and RNaseJ2 have been implicated in the degradation of flagellar trans-
cripts[153]. Unfortunately, construction of a rnjA clpX double mutant, which could
have unambiguously demonstrated whether clpX acts via rnjA was not possible, be-

cause mnjA is an essential gene[122].

A B
+1mMIPTG
PHy-spx PHy-sprD
P,,-Spx P,,-Spx°°
Spx | —— _IPTG +IPTG  -IPTG +IPTG
0 30 60 0 30 60 Aspx 0 30 60 30 60 0 30 60 30 60

Figure 34: RNaseJ production is not activated by Spx.
Strains BNM350 (Aspz::kan amyl:: Phyperspank(ty)-sp2::spec) and BNM351(Aspz::kan
amyE:: Pyyperspank(my)-spr PP :spec) were grown to ODggo 0.3 in LB at 37°C and spzx
expression was induced by addition of 1 mM IPTG. Samples were withdrawn before
induction and 30 and 60 minutes thereafter, protoplasted and lysed. Lysates were
separated by SDS-PAGE, blotted and developed with RnjA /B and Spx antibodies (A)

or RnjA/B antibodies (B). RNaselJ levels did not change after induction of Spx or
SpxPP.

Instead, it was tested whether RNase J protein levels are affected by clp mutations in
the wild type background (with hag under control of its native promoter). To this end,
RNase J Western blots were performed with lysates from wild type and clp mutant
strains. The RNase J polyclonal antiserum (kindly provided by H. Putzer, University
of Paris), detects both isoforms of RNase J, which appear as one band on SDS-PAGE
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gels. As shown in Figure 33, RNaselJ levels were slightly elevated in the clpX mutant,
but not in the clpP, clpC and clpFE mutants.

Because of this ambiguous result, it was directly investigated whether RNaseJ is in-
duced by Spx. To this end, RNaseJ levels were measured in strains BNM350 and
BNM351 (IPTG-inducible spz or spzPP) 30 and 60 minutes after IPTG induction.
The Western blot shown in Figure 34 revealed that RNase J protein levels were un-
changed by Spx or Spx”? induction.

In summary, although RNases J1 and J2 may be involved in the processing or turnover
of flagellar RNAs[153], these enzymes do not appear to be degraded by Clp proteases
and their cellular levels are not affected by Spx, judging by the data shown here.

-IPTG +IPTG

0 2 4 6 8 10 20 40 2 4 6 8 10 20 40 min

Strain Asp>.( PHy-§prD - ;g,
100 pg/ml rifampicin 30 min + IPTG
contrast enhanced

Figure 35: Transcript stability of hag is not influenced by Spx.

Strain BNM351 (Aspz::kan amyE::Phyperspank(Hy)—sprD ::spec) was grown to ODggo 0.5
in LB at 37°C and split into two cultures. 1 mM IPTG was added to one culture, and
shaking was continued for either 10 minutes (upper) or 30 minutes (lower). Subse-
quently, rifampicin was added to both cultures to a final concentration of 100 pug/ml
and samples were removed at different times for RNA preparation. Total RNA (2
pg/lane) was subjected to Northern blot analysis. The hag transcript was degraded
with a half-life between 10 and 20 minutes independently from IPTG induction of
spzPP | even though hag RNA levels at time 0 were strongly reduced after 30 minutes
induction.

RNA stability experiments To directly test whether Spx affects hag mRNA degra-
dation, RNA stability assays were performed. Strain BNM351 (harboring IPTG-
inducible spz”?) was grown to ODggp 0.5 and the culture was split. One half was

induced with IPTG for either 10 minutes or 30 minutes to produce Spx”P. Subse-
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quently, rifampicin was added to both cultures to inhibit RNA synthesis and samples
were removed at different timepoints for RNA extraction and Northern blot analysis.
As shown in Figure 35, the half-life of RNA turnover was in the range of 10-20 min-
utes without IPTG induction, as previously described for the hag transcript[50]. Im-
portantly, the transcript half-life did not change significantly after IPTG induction
of SpxPP (Figure 35). When SpxP? was induced for 30 minutes, hag mRNA levels
were already very low at the time of rifampicin addition, probably due to the negative
effect of Spx on hag transcription (see Figure 23). Nevertheless, analysis of the data at
increased contrast revealed that the half-life of the hag transcript was unaffected by
induction of Spx”? also in this experiment.

It can be concluded from these data that the putative posttranscriptional regulation of
hag by Spx occurs either at the level of transcription elongation or that the observed
effect is a consequence of Spx-dependent downregulation of the P,,; promoter.

In accordance with this hypothesis, it was demonstrated that Hag levels in the hag4
clpP and hag4 clpX are unaffected by mutation of c¢srA (J. Hossmann, unpublished),
thus suggesting that regulation of translation initiation by CsrA is not involved in the

putative postranscriptional regulation of hag.

4.2 Putative general proteolysis of flagellin (Hag)

Hag was identified as an interaction partner of ClpC in a pulldown experiment. Sub-
sequently it was shown that recombinant purified Hag is a substrate of the ClpCP
protease complex, which is targeted for degradation by the adaptor protein YpbH (Ja-
nine Kirstein, unpublished data). This result was reproduced here and it was confirmed
that Hag is targeted for degradation by ClpCP specifically by YpbH (Figure 36).

In order to investigate whether Hag is also degraded in vivo, pulse chase labeling exper-
iments were performed in the wild type strain 168. To this end, cells were grown to late
exponential phase (the growth phase of maximal hag expression) in minimal medium,
newly synthesized proteins were labeled with radioactive methionine for 10 minutes
and subsequently an excess of unlabeled methionine was added (chase). Samples were
taken at different times and TCA-precipitated. Hag protein was enriched from these

samples by immunoprecipitation with Hag antibodies and protein A—coated magnetic
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Figure 36: Hag proteolysis by ClpCP-YpbH in vitro.
1 puM purified ClpC, ClpP, Hag and MecA or YpbH were incubated at 37°C in degra-
dation buffer containing ATP and pyruvate kinase (PK)/PEP as an ATP regeneration
system. Samples were removed at the times indicated and analyzed by Tris-Tricine
SDS-PAGE. The asterix indicates a minor protein band from the pyruvate kinase
preparation, which runs at the same height as MecA. Hag was rapidly degraded by
ClpCP in the presence of the adaptor YpbH (left), but not MecA (right).

beads and subjected to SDS-PAGE and autoradiography. As shown in Figure 37, Hag
was successfully labeled and immunoprecipitated, but remained relatively stable up to

one hour after the chase.

Hag degradation assays during stress A possible explanation of these data is
that the ClpCP protease is capable of Hag degradation, but not under the conditions
of the in vivo pulse chase experiment. The crystal structure of flagellin from Salmonella
suggest that flagellin confers unfolded stretches at the N— and C—termini[245]. It was
hypothesized that these unfolded regions may lead to Hag aggregation under stress
conditions. In addition, ClpC, ClpP and YpbH are produced in higher amounts during
stress, which might favor general proteolysis of Hag.

Therefore, in vivo pulse chase experiments were performed at elevated temperatures
and during oxidative stress. Hag was completely stable at 50°C (Figure 38) and after
addition of diamide, an oxidizing agent, which results in the formation of disulfide

bonds (Figure 39). Hag was also not degraded during stationary phase (data not
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Figure 37: In vivo pulse chase analysis of Hag.
Wild type B. subtilis cells were grown to late exponential phase in Belitsky minimal
medium at 37°C and pulse labelled with 25 ;Ci L-33S-methionine for 10 minutes. Fol-
lowing a chase with non-labelled L-methionine, Hag was immunoprecipitated and visu-
alized by SDS-PAGE and autoradiography. The data were quantified and normalized
to the band intensity at time 0. The upper plot shows mean values from 6 independent

experiments. Error bars indicate standard deviations. Hag protein appeared stable
over a timecourse of 60 minutes.
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Figure 38: Hag pulse chase analysis under heat stress conditions.

Wild type B. subtilis cells were grown to late exponential

phase in Belitsky minimal

medium at 37°C, pulse labelled with 25 ;Ci L-2*S-methionine for 10 minutes at 37°C
(upper, black circles) or 50°C (lower, red triangles) and treated as described above.

Hag was stable both at 37 and 50°C.
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Figure 39: Hag pulse chase analysis during oxidative stress.
Wild type B. subtilis cells were grown to late exponential phase in Belitsky minimal
medium at 37°C and pulse labelled with 25 xCi L-3*S-methionine for 10 minutes at
37°C (upper, black circles) in the presence (lower, red triangles) or absence (upper,
black circles) of 1 mM diamide and treated as described above. Hag was stable during
oxidative stress.

Effect of secretion chaperones on Hag degradation Since stress was insufficient
to induce Hag degradation in vivo, it was surmised that the degradation tag in this
protein might be masked by the interaction with other factors. Two candidates for
such an interaction were the export chaperone FliS and the FliS homolog F1iW, which
have both been shown to form a complex with Hag[11, 177, 223]. FliS and FliW were
produced in E. coli and purified by affinity chromatography.

The interaction of both proteins with Hag was tested by analytical size exclusion chro-
matography (Figure 40). FliS eluted from the gel filtration column in two peaks for an
unknown reason. However, in the presence of Hag, these peaks were clearly shifted to
a smaller retention volume and FIiS was detected in the high molecular peak by SDS—

PAGE and Coomassie staining (Figure 40 A). FIiW eluted in a single peak, which was
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Figure 40: Analytical gel filtration of FliS-Hag and FliW-Hag complexes.

5 uM Hag was mixed with either 5 uM FliS (A) or 5 uM FLiW (B) and pre-incubated
for 15 minutes at room temperature. 100 ul of each sample was loaded onto a Superdex
75 10/300 GL gel filtration column and chromatography was performed as described
in Materials and Methods. As a control, 5 uM Hag, FIliS and FIliW alone were loaded
onto the column. Retention profiles were measured by UV absorbance at 220 nm. 1
ml fractions were collected from each run, acetone precipitated and analyzed by Tris-
Glycine SDS-PAGE (15% v/v acryl amide). Hag formed a higher molecular weight
complex with both FliS and FLiW.
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completely shifted to a higher molecular weight in the presence of Hag (Figure 40 B),

indicating that the two proteins formed a stable complex.
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Figure 41: Hag proteolysis is inhibited by FLiW in vitro.
1 uM Hag was preincubated for 15 minutes at room temperature with 1 M FLiW (right)
or without FLiW (left) and subsequently mixed with 1 M ClpC, ClpP and YpbH for
in vitro degradation at 37°C. Samples were analyzed by Tris-Tricine SDS-PAGE at the
timepoints indicated. Hag proteolysis was strongly inhibited in the presence of FIiW,
whereas YpbH proteolysis was unaffected by FLiW.

In order to investigate whether FliS and FI1iW affect Hag degradation by ClpCP-YpbH,
in vitro degradation assays were performed. As shown in Figure 41, FIiW premixed
with Hag at a 1:1 ratio was sufficient to stabilize Hag over a timecourse of 1.5 hours.
In contrast, even a 5—fold excess of FliS had no effect on Hag proteolysis (Figure 42 B).
When both proteins were added to Hag, proteolysis was inhibited as with FIiW alone
(Figure 42 A).

To determine whether FliS and FIiW are required for protection of Hag from proteolysis
in vivo, markerless deletion mutants of fliS and flilW were constructed. In order to
prevent polar effects on the adjacent genes fliT (for fiiS) and csrA (for fliW), which
are translationally coupled to fliS and fli W, the mutants were constructed in a way to
preserve the fliT and csrA coding regions (see section 3.3.4).

The fliS mutant was non-motile, whereas the flilW’ mutant displayed normal swim-
ming motility (Figure 43). Hag levels measured by Western blot in the fliS mutant
were reduced to roughly 50% of the wild type (Figure 45). In contrast to previous
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Figure 42: Hag proteolysis in the presence of FliS and FIliW.
1 uM Hag was preincubated for 15 minutes at room temperature alone (A, left), with
5 uM FliS and 5 uM FLiW (A, right), with 5 uM F1iS (B, left) or with 5 uM FLiW (B,
right) and subsequently mixed with 1 uM ClpC, ClpP and YpbH complex for in vitro
degradation at 37°C. Samples were removed at the times indicated and analyzed by
Tris-Glycine SDS-PAGE (15% v/v acryl amide). ClpP ran at exactly the same size as
YpbH under these electrophoresis conditions.
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Figure 43: Swimming motility of fliS and fliWW mutants.
Swim plates were inoculated with cultures of strains 168 (wild type), BNM403 (AfliS)
and BNM404 (AfiiWW) and grown for 8 hours at 37°C. Wild type and Aflil¥ mutant
cells were motile, strain BNM403 (Af{iS) was non-motile.

observations [177, 223|, the flil¥’ mutant exhibited the same amount of Hag as the

wild type (Figure 44).

WT  AfliW

Figure 44: Hag levels in wild type and fli W’ mutant cells.
Strains 168 (wild type) and BNM404 (AfliWW) were grown to ODgyo 1.0 in LB, pro-
toplasted and lysed. Lysates (2.5 ug total protein per lane) were separated on SDS—
PAGE gels and Western blot with anti-Hag antiserum was performed. Hag levels were
approximately equal in wild type and fli/W mutant cells.

Interestingly, pulse chase analysis of the fli.S and fliWW mutant strains revealed that
Hag is quickly degraded in the f1iS mutant, but not in the flilW mutant (Figure 46).
This result was unexpected because the in vitro data suggested that Hag is protected
from proteolysis by FliW, but not by F1iS, whereas the in vivo data are in accordance

with protection of Hag by FIiS.

ClpCP-YpbH dependence of Hag degradation in vivo It was further investi-
gated whether ClpCP and YpbH are responsible for Hag degradation in the fliS mutant.
To this end, fliS ypbH and fliS mecA double mutants were constructed and pulse chase
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Figure 45: Hag levels in fliS mutants with xylose-inducible hag.

Strains 168 (wild type), BNM403 (AfliS), BNM426 (Ahag amyE::P,,-hag4::cat) or
BNM446 (Ahag amyFE::Pyy- hagj::cat AfliS) were grown to ODggo 1.0 in LB or Be-
litsky medium as indicated, lysed and protoplasted. Samples of 2.5 ug total protein
per lane were separated on SDS-PAGE gels and Western blot with anti-Hag antiserum
was performed. Hag levels are 3—fold lower in f1iS mutant cells compared to the wild
type. Hag was slightly over—produced (1.5—fold) by xylose induction and Hag levels
were still reduced 2-fold in the flzS mutant in this background.

analysis was performed with these strains. Hag appeared slightly stabilized both in the
ypbH mutant and the mecA mutant (Figure 47). However, quantification of the data
revealed more subtle differences between the three strains: Hag was indeed degraded
slightly slower in the ypbH mutant (half-life 20 minutes compared to 17 minutes in
the wild type, Figure 47).

In contrast, Hag was even degraded faster in the mecA mutant (half-life 13 minutes,
Figure 47). Nevertheless, these data should be judged with caution, because the ex-
perimental error was relatively large. It can be concluded that ypbH exerts a small

positive effect on Hag proteolysis, whereas mecA has a small negative effect.

Pulse chase experiments were also attempted with fliS clpP, fliS clpC and fliS clpX
double mutants to directly show if Hag degradation in a fliS mutant background re-
quires ClpCP or ClpXP. However, these experiments were technically very challenging
for two reasons: first, due to amino acid auxotrophies, clp mutants grow poorly in
minimal medium, which is required for labeling with 33S-methionine. Second, both
clp mutants and fliS mutants exhibit reduced Hag levels (see section 4.1), resulting in

extremely weak signals.

To circumvent the auxotrophy problem, Belitsky medium with 0.01% yeast extract
was used, which restored growth, but may have made labeling less efficient because
yeast extract may contain unlabeled methionine. For better hag expression, strain

BNM426 was used, in which the hag gene is placed under the control of a xylose-
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Figure 46: Hag is degraded in a fliS mutant.

Pulse chase analysis of strains BNM403 (AfliS, lower, black circles) and BNM404
(AfliW, upper, blue triangles). Hag was degraded with a half-life of 15-20 minutes in

the fliS mutant, but was stable in the flil}¥’' mutant.
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Figure 47: Hag proteolysis in vivo is independent of YpbH and MecA.
Pulse chase analysis of strains BNM403 (AfliS, open black inverse triangles), BNM414
(AfliS AmecA, closed red triangles) and BNM415 ( AfliS AypbH, closed green inverse
triangles). Hag was degraded in all three strains.
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inducible promoter (described in section 4.1.3). Although hag expression is uncoupled
from transcriptional control in this strain, the clpP and clpX mutations still result in
lower Hag levels due to an unknown posttranscriptional effect (section 4.1.3). Hag was
only slightly over—produced (150% of the wild type level, Figure 45) in BNM426 in
the presence of 2% xylose. Strain BNM426 was first subjected to pulse chase analysis
in the wild type background. As shown in Figure 48, Hag was stable under these

conditions as expected.

P -hag4 WT
xyl

100 ////ﬂ .
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Figure 48: Hag pulse chase analysis with xylose-inducible hag.
Pulse chase analysis of strain BNM426 (Ahag amyE::P,,-hag4 ::cat). Cells were grown
at 37°C in Belitsky Medium to ODggg 0.3-0.4. Expression of hag was induced by
addition of 2% w /v xylose. Growth was continued for one hour and pulse labeling was
performed as described above. Hag was stable in strain BNM426.

Next, a markerless fliS deletion was introduced into strain BNM426. Hag levels were
still reduced to about 50% of the wild type level in this background (Figure 45). Muta-
tions in clpP, clpC and clpX were introduced into this mutant and the resulting strains
were tested for Hag stability by pulse chase analysis. As shown in Figure 49, Hag is
degraded in the fliS mutant as well as in all fliS clp double mutants. Unfortunately,
quantification of these data was unreliable due to weak signal intensities and large
experimental errors, so that small effects on Hag stability could not be measured.

In order to assay Hag degradation by a second independent method, non-radioactive
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Figure 49: Hag degradation in vivo is independent of ClpCP and ClpXP.
Pulse chase analysis of strains BNM426 (Ahag amyE::P,,-hag4 ::cat), BNM427 (Ahag
amyE::Pyy-hag4 :cat AclpP::spec), BNM428 (Ahag amyE:: Py, -hag4 ::cat AclpC':tet)
and BNM430 (Ahag amyE:: P,y -hagj :cat AclpX::kan). The cells were grown in Be-
litsky Medium containing 0.01 % w/v yeast extract to alleviate growth problems of the
clp mutants. Hag was degraded in all strains.

stability experiments were performed with the fiiS and fliS clpP mutants in the xylose—
inducible hag background. To this end, bacteria were grown in LB in the presence of
xylose and tetracyline was added to inhibit protein synthesis. Samples removed at
different times after addition of the antibiotic were analyzed by Western blot against
Hag. As shown in Figure 50, Hag degradation appears slower under these conditions.
However, Hag proteolysis is clearly not blocked in the clpP mutant. Taken together,
the data strongly suggest that Hag is degraded predominantly by proteases distinct
from ClpP in the absence of FliS in vivo. In addition, a second general proteolysis
pathway of Hag may be relevant under yet undefined conditions. It is possible that
this degradation is mediated by ClpCP-YpbH, as suggested by the in wvitro results

presented here.

Motility regulation and general proteolysis by ClpCP and ClpXP In sum-
mary, the results presented here indicate that ClpCP regulates transcription from the
Pfia/che promoter by degradation of the repressor DegU. In addition, ClpCP regulates
transcription from the Py, promoter by proteolysis of ComK, which acts on o activity
via FlgM. ClpCP does not affect any step downstream from hag transcription, as hag

expression from a xylose—inducible promoter was completely uncoupled of ¢lpC' control.
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Figure 50: Non-radioactive Hag degradation assay in wild type and clpP mutant cells.
Strains BNM426 (Ahag amyFE::P,y-hagj::cat) and BNM427 (Ahag amyE::Pyy-
hag4 ::cat AclpP::spec) were grown in LB medium at 37°C to ODggg 0.3-0.4. Expression
of hag was induced by addition of 2% w/v xylose and growth was continued for one
hour. To inhibit protein synthesis, tetracycline was added to the cultures to a final
concentration of 200 pg/ml. Hag degradation appeared slightly slower compared to
the pulse chase experiments in minimal medium, but could be observed in wild type
and clpP mutant cells.

CIpXP affects transcription from the Pfjq/che promoter by degradation of Spx, which
acts as a negative regulator at this promoter by a yet undefined mechanism. ClpXP
also influences either transcription from the P,,; promoter or transcription elongation
of the hag transcript. The observation that Hag interacts with ClpC and is targeted by
the adaptor protein YpbH for degradation by ClpCP in wvitro suggests that Hag might
be a general proteolysis substrate of ClpCP in vivo. This could serve as a mechanism to

prevent the aggregation or premature polymerization of Hag monomers in the cytosol.

Unexpectedly, Hag was found to be relatively stable in vivo under non—stress conditions
as well as during heat and oxidative stress. However, evidence is presented here for
rapid in vivo degradation of Hag in the absence of the export chaperone FliS, which
is probably independent of ClpCP and YpbH. Therefore, the results presented here
might suggest that Hag is degraded by two general proteolysis pathways. Whereas
degradation in the absence of FliS might be mediated by an unknown protease, the
observed in vitro degradation of Hag by ClpCP raises the possibility that ClpCP may
be responsible for in vivo proteolysis of Hag by a second pathway under yet unknown

conditions.
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4.3 In vwvo investigation of protein quality control

Clp proteases have a strong impact on protein quality control and thermal stress man-
agement in B. subtilis[127, 103, 128], suggesting that misfolded and aggregated proteins
are degraded by these proteases. For ClpCP, this activity was directly demonstrated
in vitro[209]. However, both ClpCP and ClpXP are involved in regulatory proteolysis
(see section 4.1), which also influences stress response pathways.

For example, ClpXP degrades Spx, a transcriptional regulator of oxidative stress genes[179].
It could recently be demonstrated that Spx—dependent genes are induced during heat
stress, suggesting that some of these target genes are required for thermal stress man-
agement and possibly protein quality control (A. Heinz & K. Turgay, unpublished
data).

Likewise, ClpCP modulates the expression of class III heat shock genes by degradation
of the transcriptional repressor CtsR[129, 114]. This process requires the adaptor pro-
tein McsB[114], which is also a protein arginine kinase[68]. To gain more insight in the
significance of direct and regulatory effects of Clp proteases on protein quality control,

thermotolerance experiments were performed in wild type and mutant B. subtilis cells.

4.3.1 Interplay of protein quality control and regulation

Thermotolerance is a priming process, in which cells exposed to a sublethal pre-
heat shock survive a more severe heat shock better than cells directly shifted to
the high temperature. In E. coli, protein disaggregation by ClpB, DnaK and small
heat shock proteins is required for thermotolerance[238]. B. subtilis cells also exhibit
thermotolerance[234], but the molecular mechansim of this process is unclear. Anja
Heinz and Kiirsad Turgay have recently analyzed various protease and chaperone mu-

tants for their thermotolerance phenotypes (Anja Heinz, Master Thesis, unpublished).

Involvement of Spx in thermotolerance According to their data, mutants in
dnaK and clpC negatively affect thermotolerance development. In contrast, clpX and
clpP mutants were equivalent to the wild type or even more thermotolerant and sur-
vived better than the wild type in the absence of a pre-heat shock (see also Figure 57
B). These results suggest that regulatory proteolysis of a stress regulator by ClpXP
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might be more important than the direct effect of ClpXP on protein unfolding and ag-
gregation during thermotolerance development. Based on the results presented above
(see section 4.1), the proteolysis substrate Spx, a transcriptional regulator of the ox-
idative stress response, was an obvious candidate for such a regulator. Indeed, spx
mutants were found to heat sensitive, also in combination with a clpX mutation (A.
Heinz, unpublished).

Therefore, the effect of Spx on thermotolerance was tested. To this end, thermotoler-
ance measurements were performed in wild type and spr mutant cells complemented
with ectopically expressed Spx or SpxPP(see section 4.1.2). The strains were grown at
37°C to mid-exponential phase and production of Spx or Spx”? was induced for 15
minutes by addition of IPTG. Subsequently, the cultures were split and one half was
incubated at 48°C for 15 minutes, while the other half was cultivated at 37°C. Next, all
cultures were transferred to 53°C and aliquots were plated for determination of colony
forming units (CFU).

As demonstrated in Figure 51 A, the spxr mutation almost completely abolished ther-
motolerance. The spx phenotype was partially complemented by IPTG induction of
either Spx or Spx”? for 15 minutes before the pre-shock (Figure 51). The comple-
mentation effect was most apparent up to 30 minutes after the shift to 53°C (Figure
51). After 60 and 120 minutes at 53°C, survival rates dropped sharply. At the 60 min-
utes timepoint, the strain, in which Spx”? was induced, still survived 10-fold better
with preshock than without preshock, but 3 orders of magnitude worse than the wild
type, whereas production of Spx induction had no effect at this timepoint (Figure 51).
After 120 minutes, the survival rate of the SpxP? strain decreased to the level of the
culture without preshock. Furthermore, both the spr and the spzP? expressing strain
displayed a slight complementation effect without IPTG induction (Figure 51).

As a control experiment, wild type and spr mutant cells with and without comple-
mentation were incubated at 48°C for up to one hour and colony forming units (CFU)
were determined. As shown in Figure 52, all strains survived as well as the wild type in
the presence and absence of IPTG. These results demonstrate that the effect of Spx on
thermotolerance (Figure 51) is not due to a survival defect during the 48°C pre—shock.
The data presented here indicate that Spx is essential for thermotolerance development.

Importantly, Spx is not sufficient for this process, because induction of Spx did not
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Figure 51: Spx is required for thermotolerance
Strains 168 (wild type, black circles), BNM111 (Aspz::kan, green triangles in A and B),
BNM350 (Aspz::kan amyE:: Phyperspank(Hy)-SPT::spec, red inverse triangles in A and C,
blue triangles in C) and BNM351 (Aspz::kan amyE::Phyperspank(Hy)-sprD ::spec, red
squares in B and D, blue squares in D) were grown in LB at 37°C to ODgy 0.4-
0.6. Strains BNM350 and BNM351 were split into two 20 ml cultures and one half
was induced with 1 mM IPTG for 15 minutes (C+D: red symbols + IPTG, blue
symbols -IPTG). Subsequently, thermotolerance assays were performed (see Materials
and Methods). Open symbols, no pre—shock; closed symbols: 15 minutes pre-shock at
48°C. The spr mutant was defective in thermotolerance. This phenotype was partially
complemented by expression of spz or spz”” from an IPTG-inducible promoter.

100 120 140
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Figure 52: Spx does not influence growth at 48°C

Cultures of strains 168 (wild type, black circles), BNM111 (Aspz::kan, open green cir-
cles), BNM350 (Aspz::kan amyE:: Pryperspank(ty)-Spr::spec, blue squares) and BNM351
(Aspz:kan amyE:: Phyperspank(ty)-spz” P :spec, red triangles) were grown at 37°C to
ODgoo 0.4-0.6. BNM350 and BNM351 were split and one half was induced with 1 mM
IPTG for 15 minutes (open symbols: -IPTG, closed symbols: +IPTG). The cultures
were then transferred to 48°C and grown for one hour. Colony forming units were de-
termined before the heat shock, 30 and 60 minutes thereafter. All strains grew equally
well at 48°C.

substitute for a 48°C preshock (compare i.e. samples +/- IPTG without preshock;
red and blue open symbols in Figure 51 D). Moreover, the natural heat induction of
Spx (in the wild type strain) was much more efficient than artificial induction of the

regulator.

The results shown above provide a possible explanation for the positive effect of clpP
and clpX mutants on thermotolerance: as regulatory proteolysis of Spx is blocked in
these mutants, cells prematurely activate the Spx—dependent stress response during

normal growth, which could be advantageous during subsequent heat stress.

Interestingly, a different effect of clpP and clpX mutants was observed during growth
at high temperatures (A. Heinz and N. Moliere). These mutants displayed slow growth
at 50°C and this phenotype was aggravated in the dnaK clpP and dnaK clpX double
mutants, suggesting that ClpX and ClpP positively influence protein quality control

under these conditions, probably by general proteolysis.

These observations imply that clpP and clpX mutants differentially affect thermotol-

erance and growth at high temperatures. The experimental conditions of both assays
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are quite different: whereas cells are subjected to a temperature shift at relatively high
density and followed for up to two hours in thermotolerance assays, bacteria encounter
heat stress at low OD and for 8 to 10 hours during growth experiments. Furthermore, a
heat shock at 53°C was applied during thermotolerance measurements, whereas growth
curves were performed at up to 50°C. While clpP and clpX mutants appear to influ-
ence thermotolerance positively because Spx accumulates in these mutants (Figure 57
B), these mutants could negatively affect growth at high temperatures due to reduced

general proteolysis of aggregates.

kDa
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Figure 53: Protein aggregates in wild type and clpP mutant cells.
Strains 168 (wild type) and BNM103 (AclpP::spec) were grown to mid—exponential
phase at 37°C and heat—shocked at 50°C for 30 minutes. Aggregates were prepared as
described in Materials and Methods. CE: total cellular extract, SN: supernatent after
centrifugation, W: wash, A: aggregate fraction. An increased amount of aggregated
proteins was detected in the AclpP lysate compared to the wild type.

To verify whether ClpP is directly involved in aggregate removal as described previously
[128], aggregated protein fractions were prepared from wild type and c¢lpP mutant cells
(see section 3.16) after a heat shock for 30 minutes at 50°C. As shown in Figure 53,
more proteins were detected in the aggregate fraction of the clpP mutant compared
to the wild type. These results suggest that ClpP is indeed involved in the removal of

protein aggregates under certain conditions.
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In summary, it can be proposed that ClpP is involved in heat stress management
both by general proteolysis of aggregated proteins and by regulatory proteolysis of
Spx. The importance of these pathways is apparently determined by the experimental
conditions: during thermotolerance, regulatory proteolysis is more important, whereas

during growth at high temperatures general proteolysis prevails.

Involvement of McsB and YWwIE in thermotolerance The protein arginine ki-
nase McsB and the phosphatase YwlE are involved in the regulation of the class II1
heat shock genes[114, 129]. McsB also acts as an adaptor protein for ClpC, which
targets CtsR for degradation[116]. Furthermore, mcsB is itself a class III heat shock
gene. Thus, the effect of mscB and ywlE mutants on thermotolerance of mscB and

ywlFE mutant cells was examined.
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Figure 54: Both McsB and YwlE are involved in thermotolerance.
Thermotolerance assays were performed as described with strains 168 (wild type, black
circles), BNM117 (mecsB::kan, red squares in A) and BAE048 (ywlE::kan, red squares
in B). Open symbols: no pre-shock; closed symbols: 15 minutes pre-shock at 48°C.
Both mutants displayed reduced thermotolerance.

As demonstrated in Figure 54, both mutants displayed a reduction in survival rates
at 53°C following a 48°C pre—shock, but colony forming units (CFU) were unchanged
without the pre-shock. The effect of the mesB mutant was moderate (Figure 54 A),
whereas the ywlE mutant displayed a strong thermotolerance phenotype (Figure 54
B).

These results imply that McsB and YwlE are involved in thermotolerance development,



134 4 RESULTS

although the mechansim of this effect awaits further characterization. It can be con-
cluded that regulatory effects by Spx and by the kinase/phosphatase pair McsB/YwlE
play an important part in thermotolerance development. Furthermore, thermotoler-
ance appears to be more complex than previously anticipated, justifying a more detailed

analysis of this process.

4.3.2 Involvement of gsiB and inositol catabolic genes in thermotolerance

Recently, microarray experiments were performed under thermotolerance conditions to
distinguish between genes, which are activated during the 48°C pre-heat shock, at 53°C
or at 53°C following the pre-shock (A. Heinz & K. Turgay, unpublished). Among the
genes, which were upregulated at 48°C compared to 37°C and were further upregulated
during incubation at 53°C after the pre—shock, were ¢gsiB and the iol operon comprising

mmsA-i0olBCDEFGHIJ.

Involvement of gsiB in thermotolerance ¢siB is a o dependent gene of un-
known function. The amino acid sequence of GsiB features 5 repeats of almost iden-
tical primary sequence separated by putative glycine-rich linkers. In addition, GsiB
has been implicated in salt tolerance, suggesting that the protein may have a stress
tolerance related function[105].

As shown in Figure 55, the gsiB mutant displayed reduced survival at 53°C following
a pre-heat shock compared to the wild type. These data suggest that the gsiB mutant
exhibits a moderate thermotolerance defect. However, the gsiB mutant displayed a
growth phenotype on agar plates. Therefore, more experiments are required to show

that the thermotolerance effect of the mutant is not a result of this growth defect.

Inositol as a putative chemical chaperone in thermotolerance The iol genes
are involved in inositol catabolism. Myo-inositol can be taken up from the growth
medium and utilized as a carbon source[246]. Interestingly, scyllo-inositol, a stereo
isomer of myo-inositol, which can also be catabolized by B. subtilis[171], has been
implicated as a chemical chaperone that inhibits the formation of amyloid fibers in
vitro[158]. The iol operon is controlled by the transcriptional repressor IolR.

Because the iol genes are strongly induced under thermotolerance conditions (A. Heinz,
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Figure 55: Thermotolerance of wild type and g¢siB mutant cells.
Strains 168 (wild type, black circles) and BNM243 (AgsiB::kan, green triangles) were
tested for thermotolerance as described. Open symbols: no pre-shock; closed symbols:
15 minutes pre—shock at 48°C. The ¢gsiB mutant displayed reduced thermotolerance.

unpublished), it was investigated whether inositol plays a role as a chemical chaperone
during thermotolerance. To this end, thermotolerance assays were performed with
mutants, in which either the ol promoter (AP,,) or the repressor IolR was removed
(AiolR). The AP, strain is unable to metabolize inositol, whereas the inositol catabolic
enzymes are over—produced in AdolR. In addition, mutants in 0lX and ¢0lW, encoding
two scyllo-inositol dehydrogenases that are responsible for interconversion between
scyllo-inositol and scyllo-inosose, a reaction intermediate of the myo-inositol catabolic
pathway[171], were examined for their thermotolerance phenotype.

As depicted in Figure 56 A, thermotolerance of the wild type strain was slightly en-
hanced in the presence of 25 mM inositol. However, this effect was not observed in all
experiments (see Figure 56 D).

Surprisingly, the olR mutant displayed reduced thermotolerance in the absence of
inositol (Figure 56 A) and did not grow in the presence of 25 mM myo-inositol (data not
shown). The AP;,; mutant did not influence thermotolerance both with and without
inositol in the growth medium (Figure 56 B+C). Furthermore, the iolX and iollW
mutants did not display any thermotolerance phenotype (Figure 56 C+D).

The small effect of myo-inositol on thermotolerance might suggest that this compound
might act as a chemical chaperone during thermotolerance, although it was not repro-

duced in all experiments. However, conversion of myo-inositol into scyllo-inositol or



136 4 RESULTS

10 T T T 10 T T T T T
1 WT + inositol 48/53°C i 1 i
0.1 1 01 AP 48/53°C 1
o o iol
Q @
E o - E
° 0.01 WT - inositol 48/53°C i ° 0.01 |- WT 48/53°C 4
e AiolR - inositol 48/53°C 2
3 0001 | . 3 0001 | 1
('?j WT - inositol 53°C g
0.0001 |- T - 0.0001 |- APy 5%C
\ WT + inositol 53°C —_—
10° | 4 10° | WT 53°C
AiolR - inositol 53°C
10° I I I I I I 10° I ! 1 I I I
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)
1 O T 1] T 10 T T T ' T
. WT + inositol 48/53°C
1 + 25 mM myo-inositol | WT - inositol 48/53°C
14 4
AP 48/53°C AI.O/W + .mos.\tol 48/53°C
ol AjolW - inositol 48/53°C
4 0.1 E ©
Q Q
£ LiolX 48/53°C £ 0.1 | p
L2 L
£ oot WT 48/53°C 2
5 . . 5
© AiolX 53°C ® o1l AioIW + inositol 53°C ]
=) " =) . ; N 5
6 0.001 | Apa’53ac i 6 AiolW - inositol 53°C
WT 53°C 0.001
0.0001 |- ] .001 - ]
WT + inositol 53°C
10° 0.0001 WT - inositol 53°C
B 1 1 Il L 1 1 1 L 1 1 1 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)

Figure 56: Thermotolerance of wild type and iol mutant cells.

Strains 168 (wild type, black circles or blue squares in A and D), BNM239 (AiolR, red
triangles), BNM240 (AP,,, blue inverse triangles), BNM241 (AiolX, green diamonds
in C) and BNM242 (AiolW, green diamonds in D) were tested for thermotolerance
in LB medium or LB 4+ 25 mM myo-inositol as indicated. The AiolR mutant was
defective in thermotolerance in the absence of myo-inositol (A). The AP;,; mutant
had no influence on thermotolerance (B, C). AiolX and AiolW did also not affect
thermotolerance development (C, D).
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other compounds does not seem to be important, because the absence of the inositol
catabolic pathway (in the AP, mutant) had no effect. The growth and thermotoler-
ance defects of the 70/R mutant imply that high levels of inositol catabolic enzymes are

detrimental to cell growth and survival during thermotolerance.

4.3.3 Possible ClpP—independent function of ClpC in thermotolerance

Thermotolerance in E. coli, yeast and plants requires the Clp/Hsp100 ATPase ClpB or
its homolog Hsp104[204, 138, 208, 238]. ClpB is a special Hsp100 protein that lacks the
residues responsible for interaction with ClpP and is able to disaggregate and refold
protein aggregates aided by DnaK/Hsp70 and small heat shock proteins[238, 84, 83].
Interestingly, both ClpB and small heat shock proteins are not encoded in the B.
subtilis genome. In contrast, ClpC exhibits protein disaggregase activity in wvitro[209],
suggesting that ClpC could substitute for the function of ClpB in B. subtilis.
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Figure 57: ClpC allows thermotolerance independent of ClpP.
Thermotolerance experiment performed with strains 168 (wild type, black circles),
BNM103 (AclpP::spec, blue diamonds in B), BNM105 (AclpC':tet, blue triangles in
A) and BNM245 (¢clpC(VGF::GGR), red squares). Open symbols: no preshock; closed
symbols: 15 minutes pre-shock at 48°C. Strain BNM245 was more thermotolerant
than the ¢lpC mutant (A). The clpP mutant survived as well as the wild type after a
preshock and even better than the wild type without preshock (B).

To directly test whether ClpC can facilitate thermotolerance by disaggregation in the
absence of ClpP, a mutant was constructed, in which the peptide loop in ClpC that is
responsible for ClpP binding is mutated in the native chromosomal clpC' locus. This

strain (BNM245, VGF loop mutant) was assayed for thermotolerance.
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As displayed in Figure 57 A, the VGF loop mutant was only slightly less thermotolerant
than the wild type, whereas the clpC' deletion mutant exhibited a strong thermotol-
erance defect. As previously observed, a clpP mutant displayed no thermotolerance
phenotype (Figure 57 B). These results suggest that ClpC might exert a ClpP in-
dependent chaperone function in vivo during thermotolerance. However, it should be
considered that the VGF loop mutant affects regulatory proteolysis mediated by ClpCP

and adaptor proteins, which might influence thermotolerance development.

Heat sensitivity of a dnaK clpC double mutant In E. coli, ClpB cooperates
with DnaK in protein disaggregation during thermotolerance. To elucidate whether
ClpC might cooperate with DnaK in B. subtilis, a dnaK clpC double mutant was
constructed (A. Heinz & N. Moliere, unpublished) and growth curves were measured

at different temperatures.

As shown in Figure 58, at 47-49°C growth temperature, the dnaK single mutant had
only a minor effect on growth. At 50°C, this mutant displayed slightly delayed growth
compared to the wild type, suggesting that the cells are only slightly more heat sensitive
in the absence of DnakK, as observed previously[213]. In contrast, the ¢lpC' mutant grew
markedly slower than the wild type at 49°C and was unable to grow at 50°C, confirming
earlier reports that ClpC is very important during heat stress[127].

The dnaK clpC double mutant, however, grew significantly slower than both single
mutants at 47-49°C (Figure 58 B and C). These data corroborate that DnaK and ClpC
are both important for growth during heat stress and suggest that the removal of both
components strongly reduces the capacity of the protein quality network to cope with
heat stress. Whether DnaK and ClpC actually cooperate during the stress response
and whether the function of ClpC in thermal stress management is degradation or

disaggregation cannot be answered by the studies performed here.

In summary, the results of this section suggest that both degradation and disaggre-
gation contribute to protein quality control in B. subtilis. To further investigate the
mechanism of aggregate removal at the single cell level, GFP-tagged marker proteins

were developed as described in the following section.
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Figure 58: Growth of dnaK clpC' double mutant cells at high temperature.

Strains 168 (wild type, black circles), BNM105 (AclpC::tet, blue squares), BNM118
(Adnak ::cat, green diamonds) and BNM253 (AdnaK ::cat AclpC':tet, red triangles)
were grown in LB medium at 37°C (A), 47°C (B), 49°C (C) and 50°C (D). The dnaK
clpC double mutant was more thermosensitive than the dnaK and clpC' single mutants

(B, C).
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4.3.4 Development of in vivo markers of protein aggregation

The effect of Clp proteases on protein aggregates has only been studied using over—
produced heterologous model proteins, such as PorA[103] or aggregation—prone pep-
tides produced by puromycyl treatment[128]. To study aggregates from intrinsic B.
subtilis proteins, three types of GFP-tagged marker proteins were designed and tested.
In one construct, B. subtilis DnaK was tagged with GFP to serve as a marker pro-
tein for aggregates. The small heat shock proteins IbpA and IbpB from E. coli were
also GFP-tagged and used as external aggregate binding markers, which do not natu-
rally occur in B. subtilis. As an endogenous aggregation—prone protein from B. subtilis,
malate dehydrogenase (MDH) was chosen. Eukaryotic MDH is a heat—sensitive protein
that has been used as a model protein for in vitro aggregation studies and is degraded
by ClpCP[209]. Furthermore, MDH interacted with ClpC in co-immunoprecipitation

experiments (Janine Kirstein, unpublished).

DnaK-GFP DnaK-GFP was expressed from a xylose-inducible promoter in a dnaK
mutant background in order to preserve the dnaK operon, which contains the co-
chaperone genes dnaJ and grpE. Cells were grown to mid—exponential phase in the
presence of inducer and observed by fluorescence microscopy before and after heat
shock at 50°C. As shown in Figure 59, DnaK—GFP localized in foci and patches already
at 30°C. After the heat shock, the localization pattern did not change significantly.
The localization pattern of DnaK is similar, but slightly distinct from that observed
for ClpP-GFP, ClpC-GFP and ClpX-GFP[118]. DnaK-GFP foci appear to be more
heterogeneous in size and shape and are not restricted to polar and mid—cell locations,

but occur along the whole length of the cell.

The fact that the intensity of DnaK foci did not change after heat shock is not suprising
considering that the gene fusion was expressed from an artificial promoter, which is not
upregulated by heat stress. Nevertheless, the patchy localization of the DnaK-GFP
before the heat shock suggests that DnaK either binds to aggregates that are already
present at ambient temperatures or that the chaperone is part of a pre—formed higher

order structure, to which aggregated proteins might be targeted.
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Figure 59: Localization of DnaK-GFP.
Strain BNM227 (AdnaK::cat amyE::P,y,-dnaK-gfp::spec) was grown in LB medium
with 2% w/v xylose at 30°C to ODggg 0.4-0.6 and heat shocked for 10 minutes at 50°C.
Samples were analyzed by phase contrast and fluorescence microscopy before (A and
B) and after heat shock (C and D). Xylose-induced DnaK-GFP formed several foci
per cell at 30°C, which did not change in size or number after heat shock.
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Figure 60: Localization of IbpA-GFP and IbpB-GFP.
Strains BNM216 (amyFE::P,y-ibpA-gfp::spec, A, B, E, F) and BNM217 (amyE::P,y-
ibpB-gfp::spec, C, D, G, H) were grown in LB with 2% w/v xylose at at 37°C to ODggq
0.4-0.6 and heat shocked for 10 minutes at 50°C. Samples were analyzed by phase
contrast and fluorescence microscopy before (A, E, C, G) and after heat shock (B, F,
D, H). Both IbpA-GFP and IbpB-GFP formed foci at the cell poles and at mid—cell
before heat shock. After heat shock, the number and size of the foci increased.
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Small heat shock proteins fused to GFP The small heat shock proteins IbpA
and IbpB bind to protein aggregates and contribute to protein disaggregation together
with ClpB and DnaK in E. coli[168]. IbpA and IbpB were successfully applied as
aggregate markers previously[145]. The ibpA and ibpB genes were expressed from a
xylose—inducible promoter in the ectopic amyE locus as C—terminal GFP fusions. Cells
grown in the presence of xylose were heat shocked at 50°C in exponential phase and
observed by fluorescence microscopy before and after the heat shock. Both GFP fusions
were localized in predominantly polar foci at 37°C (Figure 60 E and G). IbpA-GFP
foci have previously been observed in non-stressed bacteria[145] and were interpreted
as protein aggregates. These aggregates could result from small amounts of unfolded
proteins, which are present under non-stress conditions and had escaped detection by
less sensitive methods, such as phase contrast microscopy.

In contrast to the DnaK—GFP fusion, both size and number of these foci increased after
heat shock (Figure 60 F and H), suggesting that the small heat shock proteins bound
to additional protein aggregates formed in response to the heat stress. The IbpA-—
GFP and IbpB-GFP fusions have been characterized in detail by Etienne Maison-
neuve and Kiirgad Turgay (unpublished work) and were also successfully applied as
aggregate markers during thermotolerance experiments (Anja Heinz, Master thesis,

and Stephanie Runde, unpublished).

MDH-GFP B. subtilis MDH gene was C—terminally fused to GFP and the gene
fusion was inserted into the genome as a Campbell integration under the control of its
natural promoter. During the exponential phase in LB medium at 37°C MDH-GFP
displayed a weak but homogeneously distributed fluorescence signal (Figure 61 F). After
heat shock at 50°C some MDH-GFP localized to polar foci, whereas the majority
of the fusion protein remained homogeneously localized (Figure 61 G). Following a
more severe heat shock at 53°C, several MDH-GFP patches of different sizes and
shapes became visible (Figure 61 H), suggesting that MDH-GFP aggregates under
these conditions. These patches were even visible as dark structures in phase contrast
microscopy (Figure 61 C). Interestingly, a stronger MDH-GFP fluorescence signal was
observed in Belitsky minimal medium at 37°C (Figure 61 I) and foci were much more

clearly visible already after heat shock at 50°C (Figure 61 J).
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Since GFP alone does not form foci after heat shock (Stephanie Runde, unpublished
results), the MDH-GFP foci observed in the fluorescence microscopy experiments can
be interpreted as MDH aggregates. However, the fact that MDH-GFP is only partially
localized in these aggregates suggests that B. subtilis MDH is more heat stable than
anticipated. To test MDH heat sensitivity directly, a His-tagged variant of MDH was
produced in F. coli and purified. To determine MDH activity in wvitro, the rate of
oxalo acetate reduction to malate was measured by monitoring the decrease of NADH

fluorescence at 455 nm during oxidation to NAD™.

MDH-GFP

Figure 61: Localization of MDH-GFP
Strain BNM224 (mdh-gfp::cat) was grown in LB or Belitsky Medium to ODggo 0.4-0.6
at 37°C and heat—shocked for 10 minutes at 50°C or 53°C. Samples were analyzed by
phase contrast and fluorescence microscopy before and after heat shock. MDH-GFP
was homogeneously localized prior to heat shock (F, I). A heat shock at 50°C resulted
in a mixture of foci at polar and mid—cell location and cytoplasmic localization (G),
with brighter foci in cells grown in Belitsky Medium than in LB (J). At 53°C, MDH—-
GFP formed brighter foci of more heterogeneous size and shape all along the cell (H).
These foci co-localized with phase-dark structures visible by phase contrast microscopy

(C).

At room temperature, the enzyme activity B. subtilis MDH was similar to that of
pig MDH (Figure 62). In order to heat inactivate B. subtilis MDH, the enzyme was
incubated for 30 minutes at different temperatures at a concentration of 2 uM. As
demonstrated in Figure 62 B, B. subtilis MDH was still about 80% active after in-
cubation at 47°C, a temperature commonly used to inactivate pig MDH[209]. Even
at 53°C, which is more than the maximum temperature at which B. subtilis 168 can

grow, MDH was still about 40% active. Complete inactivation of the enzyme was only
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achieved at 55°C (Figure 62).
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Figure 62: Heat inactivation of B. subtilis MDH.
For determination of MDH activity, 50 nM purified MDH from B. subtilis or pig MDH
were mixed with 280 uM NADH and 500 uM oxalo acetate and the decrease of NADH
fluorescence was monitored for 25 minutes at 455 nm (A). Slopes were determined
from the phase of linear decrease and used to calculate MDH activities (B). For heat
inactivation, MDH was incubated at a concentration of 2 M for 30 minutes at the
indicated temperatures and MDH activity was determined. B. subtilis MDH was still
more than 80% active at 47°C and was completely inactivated by incubation at 55°C

(B).

To investigate whether B. subtilis heat inactivated MDH is degraded by ClpCP, as
demonstrated for pig MDH[209], in vitro degradation assays with ClpCP, MecA and
MDH from B. subtilis were performed (Figure 63). Both MDH kept at room tempera-
ture and heat inactivated for 30 minutes at 55°C were stable for over 1.5 hours in the
presence of ClpCP-MecA complex (Figure 63). The Clp protease complex was highly
active, as demonstrated by MecA degradation on the same gel and casein degradation
in a parallel experiment (Figure 63). ClpCP-YpbH was also insufficient to degrade
B. subtilis MDH in vitro (data not shown). It can be concluded that MDH is either
targeted for degradation by a different adaptor protein, such as McsB or an unknown
adaptor, or is not targeted for degradation by ClpCP at all.

In summary, IbpA-GFP and IbpB-GFP appear to be well suited as aggregate markers
at least for some applications, as suggested previously for E. coli cells[145]. The obser-
vation that foci containing these GFP fusions were already visible in non-stressed cells
may be due to a small amount of aggregates in the absence of stress. However, this high
sensitivity of aggregate detection might be a disadvantage for some experiments (see
section 4.3.5). Importantly, the number and intensity of IbpA-GFP and IbpB-GFP

foci increased after heat shock, presumably due to the accumulation of heat aggregated
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proteins, in contrast to the DnaK-GFP fusion, which displayed a similar localization

pattern before and after heat stress.
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Figure 63: B. subtilis MDH is not degraded by ClpCP in vitro.

Purified B. subtilis MDH was incubated at room temperature (A, left) or at 55°C
(A, right) for 30 minutes and then added to purified ClpP, ClpC and MecA (1 uM
monomer each) with ATP and pyruvate kinase/PEP as ATP regenerating system for
in vitro degradation at 37°C. As a control for ClpCP-MecA activity, casein was used
as a substrate (B). Reaction products were removed at different times and analyzed by
SDS-PAGE and Coomassie staining. MDH was not degraded by ClpCP-MecA over a
time course of 1.5 hours (A). In contrast, casein (B) and MecA (A, B) were quickly
degraded.

MDH-GFP aggregated exclusively during heat shock, but was comparably thermostable,
so that only a small fraction of the protein formed aggregates even at temperatures
of 53°C. Since a GFP fusion to a more unstable endogenous protein of B. subtilis ap-
pears to be required for some experiments (see section 4.3.5), future experiments will

be aimed at identifying such a protein.

4.3.5 Single cell investigation of protein aggregation using MDH-GFP

Localization of MDH—-GFP in clp mutant strains Although the MDH-GFP
fusion is far from an ideal aggragate marker, this fusion was utilized for a preliminary

investigation of the influence of Clp proteases on protein aggregation at the single cell

level. MDH-GFP was preferred to IbpA-GFP or IbpB-GFP for two reasons: first,
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the small heat shock proteins IbpA and IbpB do not naturally occur in B. subtilis and
might alter the effect of Clp proteins on the aggregates as well as aggregate removal,
whereas MDH can be expected to naturally occur in aggregates. Second, the presence of
IbpA-GFP or IbpB-GFP foci under non—stressed conditions might complicate studies
on aggregate removal because the foci might not competely disappear during recovery
from heat shock.

Therefore, clp mutants were introduced into the MDH-GFP strain and cells were
observed by fluorescence microscopy at 37°C and after heat shock at 50°C. To obtain a
better signal, these experiments were performed in Belitsky Medium (with 0.05% w/v
casamino acids to circumvent growth problems of the clp mutants).

Unexpectedly, the clpP mutant displayed a MDH-GFP localization similar to the wild
type both before and after heat shock (Figure 64). In constrast, the clpC mutant had
highly aberrant cell morphology and displayed very small dispersed foci in a number
of cells, whereas other cells exhibited a homogeneous GFP signal. After the heat
shock, the localization pattern was very similar, although a few more aggregates were
observed. Interestingly, in the c/pX mutant MDH-GFP was weakly detectable, but
homogeneous both before and after heat stress.

The results in the clpP and clpX mutants correlate with the observation that these
mutants were equally or more thermotolerant compared to the wild type (see section
4.3.1). The significance of the dramatically altered MDH-GFP localization in the clpC
mutant is currently unknown, but possible explanations will be discussed (see section

5.3).

Heat shock recovery experiments Thermotolerance experiments with a ClpC—
VGF loop mutant indicated that ClpC may have a ClpP—-independent function as a
disaggregase in vivo (Figure 57). Since clpC also affected the localization of MDH-
GFP, an interesting question was whether MDH aggregates are degraded or disaggre-
gated and refolded.

To investigate this, cells producing GFP-tagged MDH were heat shocked for 15 min-
utes at 50°C, transferred back to 37°C and the cells were observed by fluorescence mi-
croscopy (Figure 65). This experiment was repeated in the presence of spectinomycin

to inhibit protein synthesis during the recovery phase (Figure 66). In both cases, the
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Figure 64: MDH-GFP localization in wild type and clp mutants.
mdh-gfp::cat strains BNM224 (WT), BNM233 (AclpP::spec), BNM234 (AcipC'::tet)
and BNM236 (AclpX ::kan) were grown in Belitsky Medium + 0.05% casamino acids to
ODgoo 0.4-0.6 at 37°C and heat—shocked for 10 minutes at 50°C. Samples were analyzed
by phase contrast and fluorescence microscopy before (A-H) and after heat shock (I-
P). The clpP mutant displayed a localization pattern that was similar to the wild type
(F, N). In contrast, MDH-GFP in the ¢lpC mutant (G, O) exhibited a heterogeneous
patchy localization pattern before heat shock, which changed only slightly after heat
shock. In the clpX mutant, MDH-GFP was homogeneously localized in the cytoplasm
both before and after heatshock (H, P).
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60 min 37°C
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Figure 65: MDH-GFP localization during recovery from heat shock
Strain BNM224 (mdh-gfp::cat) was grown to ODgg 0.4-0.6 in Belitsky Minimal Medium
at 37°C (A, F), heat—shocked for 15 minutes at 50°C (B, G) and then transferred back
to 37°C (C-E, H-J). Samples were analyzed by phase contrast (A-E) and fluorescence
microscopy (F-J). MDH-GFP foci decreased in intensity after 15 minutes at 37°C (H)
and were undetectable after 30 minutes at 37°C (I).

MDH-GFP  + 500 ug/ml spectinomycin

Figure 66: MDH-GFP localization during recovery from heat shock (with inhibition
of protein synthesis)

Strain BNM224 (mdh-gfp::cat) was grown to ODgg 0.4-0.6 in Belitsky Minimal Medium
at 37°C (A, F) and heat-shocked for 15 minutes at 50°C (B, G). 500 ug/ml specti-
nomycin was added to inhibit protein synthesis and the culture was transferred back
to 37°C (C-E, H-J). Samples were analyzed by phase contrast (A-E) and fluorescence
microscopy (F-J). MDH-GFP foci decreased in intensity after 15 minutes at 37°C (H)
and were almost undetectable after 30 minutes at 37°C (I).
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majority of MDH-GFP foci that were formed during the heat shock disappeared after
15 minutes of recovery (Figures 65 F to J and 66 F to J).

If MDH-GFP was predominantly disaggregated, an increase of the homogeneously
localized fluorescence signal would be expected in parallel with an intensity decrease
of the MDH-GFP foci. In contrast, MDH-GFP degradation would simply result in a
loss of total fluorescence. Unfortunately, quantification of the GFP fluorescence was
difficult due to the relatively weak signals against the background of homogeneously
localized fluorescence. Therefore, it could not be deduced from these experiments

whether MDH-GFP in the foci is disaggregated or degraded.
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Figure 67: Effect of recovery from heat shock on protein aggregates.

Wild type cells (strain 168) were grown in LB to ODggg 0.4-0.6 at 37°C, heat shocked
for 15 minutes at 50°C and transferred back to 37°C. Samples were removed for ag-
gregate preparation (Material and Methods) at the timepoints indicated. Aggregate
preparations were separated by SDS—PAGE and stained with Coomassie Brilliant Blue
(upper) or subjected to Western blotting with anti-MDH antibodies (lower). T: total
extract, S: soluble fraction after centrifugation, A: aggregates. Aggregated proteins
were undetectable after 15 minutes at 37°C. MDH could be detected in the aggregate
fraction after heat shock, but not after recovery for 15 minutes at 37°C.

In a different approach, wild type cells were subjected to a heat shock for 15 minutes
at 50°C followed by a recovery phase at 37°C and samples were collected for aggre-
gate preparations. Purified aggregates were separated by SDS-PAGE and analyzed by
Coomassie staining and MDH Western blot. As shown in Figure 67, aggregates accu-

mulated after the heat shock and disappeared during the recovery phase. In addition,
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MDH could be detected in the aggregate fraction as well as in the soluble fraction after
heat shock. During recovery, MDH was removed from the aggregate fraction. However,
due to the relatively low yield of aggregated proteins (aggregates were concentrated
100—fold compared to soluble fractions) it was impossible to determine whether MDH
was refolded or degraded.

In future studies, these experiments should be repeated with an aggregate marker
protein, which quantitatively aggregates during heat shock. This will hopefully provide
information about the relative importance of disaggregation and degradation in B.

subtilis.
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In this work, different aspects of proteolysis by ClpCP and ClpXP in B. subtilis were
studied. In the first part of the study, it was investigated how these proteases influ-
ence swimming motility by regulatory proteolysis. The results presented here suggest
that ClpCP contributes to motility by regulatory proteolysis of the response regulator
DegU, a negative regulator of the fla/che operon. ClpXP affects swimming motility by
degradation of the stress regulator Spx. Like DegU, Spx appears to act as a negative
regulator of the fla/che operon by an unknown mechanism, which could be important
to downregulate swimming motility during stress.

Clp proteases also contribute to general proteolysis by removal of aggregated or dam-
aged protein substrates. Hag, the major structural subunit of the flagellum, may be
subject to general proteolysis in the cytosol prior to its secretion and assembly under
certain conditions. Here, evidence is presented that two general proteolysis pathways
of Hag might exist, one of which may depend on ClpCP and the adaptor protein YpbH.
B. subtilis cells become tolerant to severe heat stress, when they are primed by a mild
heat shock, a phenomenon known as thermotolerance. Previous results suggested that
general proteolysis by Clp proteases is important during the heat stress response[128,
209]. Surprisingly B. subtilis clpP and clpX mutants appear to be as thermotolerant
as the wild type. It could be demonstrated in this work that this effect is due to
regulatory proteolysis of Spx by ClpXP. Furthermore, the data shown here indicate

that the Spx regulon contributes to the heat stress response.

Surprisingly, thermotolerance experiments with a strain, in which ClpC could no longer
target substrates to ClpP, revealed a putative ClpP-independent function of ClpC in
thermotolerance, possibly disaggregation and refolding of aggregated proteins. Subse-
quently, experimental tools were developed to specifically study protein disaggregation
and aggregate degradation in vivo.

Taken together the results shown here demonstrate that the function of Clp proteins
in protein quality control and the heat stress response are more complex than antici-
pated. In addition to general proteolysis, regulatory proteolysis is intricately involved
in protein quality control.

The common theme of many results presented in this study is the interconnection be-
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tween gene regulation (including regulatory proteolysis) and the stress response (gen-
eral proteolysis and protein quality control). For instance, swimming motility is in-
fluenced by oxidative stress and heat shock through Spx, whereas thermotolerance is

strongly influenced by regulatory proteolysis of Spx.

Furthermore, the putative ClpP—independent activity of ClpC might represent a novel

aspect of protein quality control in B. subtilis.

5.1 Motility regulation

The motility defect of clpP, clpC and clpX mutants was described previously[173, 198|.
However, the molecular details of this effect were only partially characterized[147, 198].
Therefore, the motility regulation by the ClpCP and ClpXP proteases was analyzed in
detail.

As demonstrated previously[147] and consistant with the results presented here, ClpCP
regulates o activity through ComK and FlgM. In addition, it could be established
that ClpCP and ClpXP positively regulate transcription of the fla/che operon. These
data led to the hypothesis that ClpCP and ClpXP proteolytically degrade negative
transcriptional regulators of the fla/che promoter, which accumulate in the absence of

the proteases and repress the fla/che promoter.

Motility regulation by ClpCP via DegU In order to identify the regulator re-
sponsible for ClpCP-mediated motility regulation, mutants of known negative fla/che
regulators were combined with clp mutations. The resulting double mutants were
tested for suppression of the clp mutant phenotype. Using this method, it could be
demonstrated that the effect of ClpCP on the fla/che promoter is due to its substrate
DegU (Figure 14), which acts as a transcriptional repressor of fla/che[5]. CodY, an-
other fla/che repressor is unlikely to play a role in this process, because this regulator
did not accumulate in clp mutants (Figure 16). It was also previously demonstrated
that SwrA is not directly involved, as clp mutants still had an effect on swimming in

a strain, in which functional swrA is reconstituted in B. subtilis 168 (J. Hossmann,

unpublished).
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Function of DegU in motility regulation DegU regulation of the fla/che operon
is complex and still controversially discussed[121, 225, 232]. At high concentrations
phosphorylated DegU acts as a repressor of fla/che[5], whereas either unphosphory-
lated DegU or low concentrations of phosphorylated DegU act as an activator of the
operon[121, 225, 232]. The activator function of DegU is more significant in strains
with a functional copy of the swarming regulator SwrA[225] and activation by DegU

is required for swarming motility, but not for swimming motility[232].

The results presented in this work confirm that only the repressor function of DegU
is relevant for swimming motility in the non—swarming strain 168, because degSU and
degU mutants were motile (Figure 14) and expressed flagellar genes normally (Figure
15). Reporter gene studies (Figure 8) revealed that clpC specifically affects a lacZ
fusion to a fla/che fragment that extends into the flgB open reading frame (to position
+152 relative to the transcription start), but not a shorter fusion (4+47). Interestingly,
this additional DNA fragment contains an inverted repeat sequence, to which DegU
bound in wvitro[225] (BR2, position +119 to +136). These data suggest that DegU
binding to BR2 is responsible for the repressing effect on fla/che. This is consistant
with the observation that BR2 is required for downregulation of the fla/che promoter
in a hyperphosphorylated degU mutant[225]. More experiments are required to clarify
whether a second upstream inverted repeat sequence (BR1, position -95 to -69) also

contributes to repression of Prq/che-

Notably, BR2 is situated far downstream from the core promoter sequence, which
suggests that DegU does not repress fla/che transcription by restricting access of RNA
polymerase to the core promoter sequence, but acts by a distinct mechanism. Recently,
such a mechanism was demonstrated for the repressor CodY[14]. CodY binds to a site
80 nucleotides downstream of the ybgE transcription start and represses transcription
by a roadblock mechanism, resulting in a short terminated transcript. Interestingly, a
small RNA fragment was detected by flgB specific probe in Northern blot experiments
(Figure 10). This fragment may represent a terminated transcript resulting from a
DegU-mediated roadblock of fla/che transcription. Future experiments may elucidate

whether DegU indeed regulates fla/che transcription by this mechanism.
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Function of DegU proteolysis Recently, DegU was identified as a proteolysis sub-
strate of ClpCP[188] in wvitro and in vivo. According to the in vitro data, phosphory-
lated DegU was preferentially degraded. The ClpC adaptor protein MecA was sufficient
to target DegU for degradation by ClpCP. However, other adaptor proteins were not
tested in this study[188].

The rationale of DegU degradation is currently unclear. It has been suggested that
DegU proteolysis by ClpCP prevents the premature accumulation of phosphorylated
DegU during exponential growth[188]. The degSU operon features an internal pro-
moter in the intergenic region between degS and degU that is positively auto-regulated
by phosphorylated DegU[188]. This regulatory circuit would result in a high level of
phosphorylated DegU in the absence of a proteolytic mechanism. In stationary phase,
an unknown signal was suggested to activate DegS and possibly stabilize DegU, leading
to induction of phosphorylated DegU[188]. ClpCP was reported to preferentially de-
grade phosphorylated DegU[188]. The finding that deletion of ¢lpC' leads to repression
of motility by DegU is consistant with this model.

The biological significance of motility regulation by ClpCP through DegU is difficult
to assess, because the activating signal for the DegS histidine kinase, which in turn
phosphorylates DegU, is still elusive. However, it is known that distinct levels of
DegU phosphorylation regulate important stationary phase processes, such as biofilm
formation and degradative enzyme synthesis[174, 232]. One function of ClpCP may
be to keep the concentration of phosphorylated DegU below a threshold level to al-
low motility gene expression during postexponential phase, but high enough to allow
transcriptional activation of other genes. Interestingly, the largest differences in DegU
levels between wild type and clpC mutant strains were observed between T0 and T2
(Figure 13). At later time points, when DegU accumulated to higher levels also in
wild type cells, DegU levels were no longer affected by mutation of clpC, suggesting
that either DegU is stabilized by an unknown mechanism or that the ClpCP protease
is titrated by other substrates. However, accumulation of DegU in stationary phase
is not the reason for downregulation of motility genes in stationary phase because the
characteristic postexponential peak expression pattern of class II and class III genes
was preserved in the degSU mutant (Figure 15). This observation is consistant with

reports that nutritional repression by CodY contributes to the postexponential peak
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of motility gene expression[15].

Regulation of FlgM by DegU Interestingly, a recent publication showed that
phosphorylated DegU activates the transcription of flgM[99]. Through this pathway,
DegU negatively regulates o” activity. As demonstrated previously, flagellar genes
are downregulated by disruption of the basal body structure (i.e. by mutation of a
basal body component)[12]. This effect was shown to be dependent on flgM activation
by DegU[99]. Therefore, DegS was proposed to sense the integrity of the basal body
complex and regulate flagellar gene expression via DegU and FlgM, a mechanism,
which could substitute for export of FlgM through the flagellar type III secretion
system[99]. FlgM export is important for flagellar gene regulation in Gram-negative
organisms|[132], but has never been demonstrated in B. subtilis.

Direct regulation of DegU at P che and indirect regulation via FlgM constitute a
coherent negative feed—forward loop. These network motifs often act as noise filters
in signaling pathways, which ensure that a pathway is only activated if a consistant
signal is present[4]. The DegU- o feed forward loop could act as such a noise filter
that integrates an unknown FIliS activating signal. This regulatory circuit could then

be modulated by proteolysis of DegU[188] and ComK][226, 147].

Motility regulation by SIrR and putative influence of ClpC Another regulator
of hag expression is the biofilm regulator SIrR[33], which downregulates hag in complex
with SinR during biofilm formation and also in the chaining subpopulation during
exponential growth. According to a recent publication, SIrR is more stable in a clpC
mutant, suggesting that SIrR might be degraded by ClpCP[32]. However, elevated
SIrR levels could not be observed in a clpC mutant in postexponential phase (Jérn
Hossmann, Diploma Thesis), implying that SIrR accumulation is not the reason for
repression of hag in the c¢lpC mutant under these conditions. More experimental data

are required to assess the function of ClpC on motility regulation by SIrR.

Motility regulation by ClpXP via Spx The motility phenotype of the clpX mu-
tant was clearly separable from that of the clpC' mutant and was not suppressed by

mutation of degU. In contrast, all motility-related functions were restored in a clpX spx
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double mutant (Figures 18, 19 and 20). It could also be directly shown that ectopi-
cally produced proteolysis-resistant Spx downregulates fla/che transcription (Figure
23) and inhibits swimming motility (Figure 21). Furthermore, it was demonstrated
that motility genes are downregulated by oxidative stress (Figure 24) and heat shock
(Figure 25), conditions under which Spx is induced (S. Runde, unpublished)[183, 249].
These data suggested that accumulation of the oxidative stress regulator Spx inter-
feres with expression of the fla/che operon. Under normal growth conditions, this is

prevented by the ClpXP protease, which degrades Spx (Figure 68)[179].
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Figure 68: Model of gene regulation by Spx.
Under non—stress conditions, Spx is degraded by ClpXP. Oxidative stress leads to sta-
bilization and activation of Spx, which activates stress genes and inhibits the expression
of activator—controlled genes and motility genes.

Interestingly, heat-mediated downregulation of the Py, /che promoter persisted through-
out the experiment (Figure 25), whereas Ppiq/che Was only transiently downregulated
by oxidative stress (Figure 24). One possible explanation of these data is that oxidiz-
ing radicals are enzymatically removed over time, resulting in a relaxation from the
stressed state, whereas heat stress requires continuous chaperone and protease activity,
as well as new synthesis of degraded proteins. These processes would consume energy,
justifying the continuous downregulation of motility gene expression in order to save
energy.

It was also noticed here that the characteristic lag phase of ¢lpP (Figure 17) and clpX
mutants (data not shown) is a consequence of Spx accumulation. How Spx causes this
growth arrest is not known. The data shown in this work also suggest that the chaining
phenotype of the clpP mutant (Figure 17) is suppressed by mutation of spz. Notably,
autolytic enzymes are under control of ”[198], implying that cell chaining in the clpP

mutant might be caused by Spx—mediated downregulation of autolysins.
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Mechanism of motility regulation by Spx Three alternative mechanisms for
fla/che regulation by Spx could be imagined. The first possibility is direct bind-
ing of Spx and repression at the fla/che promoter. This scenario is unlikely because
Spx—DNA interaction has only been observed in complex with the a subunit of RNA
polymerase[201, 180]. As expected, no evidence for Spx binding to the fla/che pro-
moter was found in gel shift experiments (Figure 26). Nevertheless, the possibility that
direct Spx binding and repression of the Pyjq/cne promoter requires additional proteins
should not be excluded.

Another possible mechanism of negative regulation by Spx is interference with a tran-
scriptional activator by titration of the RNA polymerase o subunit. Such a pathway
has been demonstrated i.e. for the response regulator ComA, which results in downreg-
ulation of competence development in the presence of high levels of Spx[183]. However,
according to current knowledge, expression of the fla/che operon is not dependent on
transcriptional activators. The only known fla/che activator is SwrA[109, 27], which
is required for swarming but not swimming motility and is not expressed in the B.
subtilis strain used in this study[109]. Still, it should be considered that Spx may
interfere with activation by unknown positive regulars of Pfq/che. A genetic screen
aiming for the identification of novel activators of flagellar gene expression is currently
being performed (see section 4.1.2).

Finally, Spx could indirectly downregulate the fla/che promoter by activation of a
negative regulator. Two putative transcription factors, YhfK and YukF could be ruled
out as negative regulators of motility, because they do not interfere with swimming
motility when over-produced (Figure 27).

Recently, the yip() gene was identified as a Spx-activated gene that enhances the
redox sensitivity of the spr mutant when deleted and seems to play a part in iron
homeostasis[252]. Interestingly, hag transcription was strongly upregulated in the yip@
mutant, suggesting that ytp(@) constitutes a link between Spx and swimming motility.
Since the function of ytp() is unknown and the YtpQ sequence is not similar to genes
of known function, the mechanism of hag regulation by ytp@ is still elusive.

A genetic screen for suppressor mutants that restore motility in the presence of proteol-
ysis—resistant Spx is presently being performed. Further candidates for Spx—activated

negative regulators of motility may be identified in this screen (see section 4.1.2).
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Biological function of motility repression during stress Why is motility gene
expression downregulated under stress conditions? At first glance, it appears more
logical for a bacterial cell to upregulate swimming motility under these conditions in
order to swim faster and escape a local source of stress. However, chemotactic repulsion
by heat or oxidative stress has never been observed. In contrast, B. subtilis cells use
aerotaxis mediated by the oxygen sensor protein HemAT to swim in the direction of
higher oxygen concentration[98].

Interestingly, hemAT belongs to the o” regulon and is strongly downregulated by heat
shock and in a ¢/pX mutant compared to a clpX spz double mutant (A. Heinz and
K. Turgay, unpublished microarray data). As aerotaxis may accidentally direct cells
towards a local source of oxidizing radicals, stress—induced downregulation of hemAT
may be beneficial for survival.

The results presented here suggest that motility genes are only transiently inhibited
during oxidative stress (Figure 24). Therefore, it can be assumed that the cells merely
downregulate new synthesis of flagella and are still able to swim during a redox shock
using existing flagella, if these are stable enough to resist shearing forces, unfolding
and extracellular proteases. The most obvious advantage of halting flagellar assembly
during stress is to save metabolic energy for the expression of stress genes, which is

crucial for survival during adverse conditions.

Putative posttranscriptional motility regulation by Spx In addition to regu-
lation of the Pf/che promoter, evidence that ClpXP influences the expression of hag
from a xylose—inducible promoter is presented in this work. Spx is responsible for this
effect (Figure 32), whereas regulation of translation initiation by CsrA (results by Jorn
Hossmann, unpublished) and regulation of RNA stability (Figure 35) are not involved.
An effect of ClpXP via RNases J1 and J2 is also unlikely because the levels of these
RNases are only slightly affected by a ¢lpX mutation (Figure 33) and independent of
Spx (Figure 34). By demonstrating that Spx acts at the mRNA level, but does not af-
fect hag mRNA stability, the process affected by Spx could be narrowed down to either
transcriptional elongation or initiation from the P,,;-promoter. Recently, transcrip-
tional units of B. subtilis were accurately defined by a tiled microarray approach[186].

In this work, the effect of Rho—dependent transcription termination on mRNA elonga-
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tion was investigated on a global scale. By this method, the hag gene was found to be
Rho-independent[186], which implies that hag transcript elongation is not regulated
by Rho at least under non-stress conditions.

Nevertheless, hag transcription elongation could be downregulated by a different Spx—
dependent mechansim. If this is the case, various molecular mechanisms for this process
can be imagined. For example, Spx may inhibit elongation factors required for the
transcription of the hag gene. Alternatively, Spx might induce the formation of a
stable hairpin structure in the hag gene. In this case, it is unlikely that this structure
is formed in the 5’- or 3’-UTR, because the effect of clpP and clpX on hag expression
is also observed when the hag open reading frame without the untranslated regions is
expressed from the P,,-promoter (Figure 28).

In addition to the effect of Spx on hag mRNA levels, Hag protein levels in the xylose—
inducible strains are expected to be lowered by Hag degradation, because the expression
of fliS, a class II flagellar gene, should be downregulated by Spx-mediated repression
of the fla/che promoter, which could result in Hag proteolysis (Figure 46).

Effect of the untranslated regions of hag on swimming motility Interestingly,
the experiments with the xylose-inducible hag strain also revealed that either the 5’-
or the 3’-untranslated regions of hag are required for swimming motility. When only
the hag ORF was expressed from P,,;, Hag protein levels were reduced to about 40-
50% of the wild type level, whereas Hag concentrations were about equal in the wild
type and the strain, in which hag with 5" and 3’-UTRs is expressed from P, (Figure
28). One possible explanation of these data is that the untranslated regions contribute
to hag expression. This would explain the effect on motility, if a certain threshold
concentration of Hag is required for efficient export by the flagellar type III secretion
system. Mechanistically, the 5’- or 3’-UTR could be required for mRNA stabilization
or mRNA targeting to a specific location in the cell, i.e. close to the membrane. This

mechanism could ensure that translation of Hag occurs close to the site of secretion.

fla/che and hag RNA fragments detected in Northern blot experiments
The accumulation of a small RNA band of around 500 bases length was observed by

Northern blot analysis in the clpC' mutant by three independent RNA probes (hag,



160 5 DISCUSSION

flgB and sigD). Therefore, it can be assumed that these bands are three distinct RNA
fragments of similar size. Unexpectedly, the fragment detected by the hag probe also
accumulated in the hag mutant and in the hag P,y -hag4 spr clpX mutant. This
fragment could be the mRNA of the hag homolog yvcZ (with a function in dendritic
swarming[82]), which could be recognized by the hag probe in the absence of the hag
transcript. The yveZ gene may be upregulated in the absence of hag and repressed (as
all other flagellar genes) in the presence of high Spx levels.

The flgB and sigD fragments may constitute stable mRNA processing products from
different segments of the polycistronic fla/che mRNA. At least in case of flgB, the first
gene of the fla/che-operon, this RNA fragment could also be a terminated mRNA,
which is still transcribed in the presence of high DegU levels, perhaps due to an elon-
gation "roadblock”, as suggested for CodY repression of ybgF[14]. Because a double
stranded DIG-labeled PCR product was used as a RNA probe, it is also possible that
antisense RNA fragments were detected. However, antisense RNA was not detected
in this area of the fla/che operon in a recent study[186]. More experimental work is
required to clarify the nature of the RNA fragments accumulating in the clpC and hag

mutants.

Inverse regulation in cellular differentiation Inverse regulation of differentiation
processes appears to be a common mechanism in bacterial cells[17, 192, 231, 235, 149,
18, 33, 50]. For example in E. coli, motility and biofilm formation are mutually exclusive
due to regulation at two levels. Biofilm genes, which are dependent on the alternative
sigma factor o°, are downregulated by the FIhDC-controlled regulator F1iZ[192]. In
addition, the second messenger cyclic di-GMP downregulates motility and activates the
expression of biofilm genes[192]. One target of cyclic di-GMP is YcgR, a protein that
interacts with MotA in the presence of the second messenger to inhibit the rotation of
flagella[18].

In B. subtilis, an analogous system exists: at the level of gene expression, the SlrR-
SinR heterodimer, an activator of biofilm genes, represses the hag promoter, thereby
negatively regulating motility[33] and YmdB is a negative regulator of motility that
apparently acts via SIrR[50]. At the posttranscriptional level, EpsE, encoded in a

biofilm operon, interacts with FIiG and acts as a molecular clutch, thus resulting in an
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uncoupled flagellar rotation[17].

DegU repression of motility genes might also play a role during differentiation into spe-
cialized cell types[231, 235, 149]. Phosphorylated DegU is an activator of exoenzyme
genes[174]. One study has shown that degU expression levels are broadly distributed
among individual cells and that DegU is involved in differentiation into specialized
exoenzyme producing cells by a bistable switch[231]. It may be beneficial to the bac-
terial colony to downregulate motility genes in these "miner” cells in order to keep
them in close vicinity to the biofilm to scavenge nutrients[149]. In structured biofilms,
this phenomenon has actually been observed, as exoenzyme producing cells localized in
patches, whereas motile cells were situated at the base and rim of the community[235].
DegU proteolysis could be important in multicellular communities of B. subtilis to sta-
blize the motile subpopulation or to regulate the exit from the exoenzyme producing
state as suggested previously[231].

A similar kind of mutually exclusive gene expression between competenent and motile
cells may be mediated by transcriptional readthrough of flgM at high ComK levels[147].
In competent cells, ComK accumulates to high levels, which would be expected to ac-
tivate flgM expression and downregulate swimming motility. Whether such an inverse
regulation exists in individual cells remains to be shown experimentally.

An inverse regulation between swimming motility and stress, mediated by Spx, was
also observed in this work. During oxidative stress or heat shock, motility genes were
repressed (Figures 24 and 25). However, it is currently unknown whether this regulation
occurs in the whole population or whether distinct subpopulations expressing either

motility genes or stress response genes form in response to the stress.

5.2 General proteolysis of Hag

There is some evidence that Hag might be a general proteolysis substrate of the ClpCP
protease. Hag interacted with ClpC in a pulldown experiment (Janine Kirstein, un-
published), was degraded in vitro by ClpCP and specifically targeted by the adaptor
protein YpbH (Figure 36). This is the first account of a YpbH-specific ClpCP substrate.
In contrast, the pulse chase results presented here revealed that Hag is a relatively

stable protein in vivo both under normal growth conditions and during stress (Figures
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37, 38 and 39). These experiments were performed at ODgy 0.7, at the time of maximal
hag expression. Hag also remained stable after pulse labeling at ODggo 2.5 (data not
shown). However, these results do not rule out that Hag is degraded under growth
conditions not tested here.

Furthermore, it should be kept in mind that Hag is a secreted protein that is only
accessible to cytoplasmic proteases during the time between its ribosomal synthesis
and its translocation by the the flagellar type III secretion system. This protein export
could apparently stabilize Hag, because newly synthesized labeled protein could escape
from degradation by secretion.

It is also possible that Hag proteolysis is only of relevance in vivo when secretion is
blocked. Indeed, Hag was rapidly degraded when the secretion chaperone FliS was
removed by mutation (Figure 46). This could be explained by a model, according to
which monomeric Hag molecules are degraded quickly to prevent aggregation or prema-
ture filament formation. During secretion stress, the accumulation of Hag monomers

in the cytoplasm would be counteracted by degradation.

Putative molecular mechanism of Hag protection from proteolysis The dif-
ference in Hag stability between the fliS mutant and the wild type (Figure 46) could
be explained by two different models. Physical interaction of F1iS with Hag could
mask a putative degradation tag or stabilize the three dimensional structure of the
protein. Alternatively, Hag could be degraded because it accumulates to high levels
due to the Hag secretion defect of the fliS mutant. Therefore, it was attempted to
assay Hag degradation in a fli/ knockout strain, in which FIiS is still able to form a
complex with Hag, but chaperone subunit complexes can no longer be delivered to the
TTSS. Unfortunately, Hag levels in this mutant were extermely low, preventing the
acquisition of meaningful pulse chase data. This effect may be due to a feedback on
hag transcription or translation or could be a hint that Hag is indeed degraded when

protein translocation is blocked.

Influence of FliW on Hag proteolysis FIliW was previously reported to form a
complex with Hag[223]. In the same study, it was reported that a fliW mutant displays
lower Hag levels than the wild type strain[223]. This was interpreted as evidence that
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FliW might protect Hag from proteolysis|[223].

It was recently demonstrated in another publication that FIiW exerts a regulatory ef-
fect on hag translation[177]. FiW was shown to bind to CsrA, thereby interfering with
binding of CsrA to hag mRNA and facilitating hag translation[177]. Although inter-
action of Hag and FliW was also confirmed by Kearns and colleagues[177], inhibition
of CsrA by FliW provided an alternative explanation for the motility defect and low
Hag levels observed in the flilW mutant[177].

In accordance with both reports, a FIiW-Hag complex could be detected in wvitro by
gel filtration in this study (Figure 40). Furthermore, F1iW stabilized Hag from YpbH-
mediated proteolysis by CIpCP in vitro (Figure 41).

In contrast, a fliW deletion mutant did not destabilize Hag in vivo (Figure 46), sug-
gesting that Hag protection by F1iW is not relevant in vivo. Alternatively, it is possible
that an unknown suppressor mutation occurred in the fliW mutant used in this study.
Notably, the phenotype of the flilW mutant constructed in this work is different from
that reported by two publications[223, 177]. Whereas the mutants used by the Kearns
and Uetz groups displayed a defect in swimming motility and Hag production[223, 177],
the strain used here was motile (Figure 43) and exhibited wild type Hag levels (Figure
44).

Like the two previously described mutants, the flz /¥ mutant used here was constructed
to preserve the downstream csrA gene, which is translationally coupled to fli TV [244).
Importantly, Kearns et al. reported that a mutation in csrA suppressed the motility
phenotype and restored Hag levels of the flilW mutant[177]. Although the csrA open
reading frame is intact in the fli// mutant used in this study, it is still possible that a
spontaneous loss of function mutation occurred in csrA or other genes, thereby restoring
motility and Hag protein levels.

Whether this putative suppressor mutation could also stabilize Hag from proteolysis in
vivo is not known. In case of a mutation in csrA, Hag stabilization appears unlikely be-
cause the only known activity of csrA in B. subtilis is inhibition of hag translation[244).
Although the data presented in this study seem to suggest that FIiW is not involved
in Hag stabilization from proteolysis in wvivo, more experiments will be required to
answer this question. Most importantly, the fli1/ mutant used here should be carefully

examined for suppressor mutations. In addition, it should be investigated whether Hag
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stability is further reduced in a fliS flilW double mutant. If this turns out to be true,
it could be argued that FliS and F1iW both contribute to Hag stability in vivo.

Interestingly, in vitro degradation by ClpCP-YpbH was almost completely inhibited by
FliW, but was not influenced by addition of FliS. This result was unexpected, because
a fliS mutant destabilized Hag in vivo (Figure 46). To explain these data, it should
not be excluded that in the in vitro assay FliS interacted with Hag in a different way
than n vivo. This should be tested for expample by co—expression of FliS and Hag,
purification of homogeneous one-to—one FliS-Hag complex and in vitro degradation

assays.

Evidence for two pathways of Hag proteolysis The results of the in vivo sta-
bility experiments in clp mutants suggest that Hag degradation in a fliS mutant is
independent of YpbH, ClpC, ClpP or ClpX (Figures 47 and 49). According to these
data, it could be assumed that Hag is degraded by another protease, such as LonA,
LonB, ClpYQ or FtsH in the absence of FliS or when secretion is blocked (Figure
46). ClpCP-YpbH clearly targeted Hag for degradation in vitro, but could not be ob-
served in vivo so far. Therefore, it might be possible that two distinct mechanisms of
Hag proteolysis exist: ClpCP-YpbH dependent Hag degradation, which is inhibited by
FLiW, but not F1iS, and ClpP-independent Hag proteolysis, blocked by FliS. Distinct
degradation tags in Hag, which are specifically recognized by the two proteases and
masked by either FIiS or FIiW, could explain the in vitro data.

In future experiments, Hag degradation should be assayed in other protease mutant
strains to determine which proteolytic system is responsible for this process. The re-
spective protease should then be purified and tested in Hag in vitro degradation assays
with and without F1iS. In order to elucidate whether ClpCP-dependent proteolysis is
relevant in vivo, pulse chase experiments should be performed under various conditions.
It will be interesting to determine the molecular details and biological significance of

both pathways in more detail in future studies.
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5.3 Protein quality control

Effect of Spx on thermotolerance In addition to their function in regulatory
proteolysis, Clp proteases influence protein quality control directly by degradation of
aggregated proteins (Figure 53)[128, 103, 209]. In this work, it was demonstrated that
ClpXP indirectly influences thermotolerance by regulatory proteolysis of Spx (Figure
57 B). Spx accumulates in clpX and clpP mutants[179], which interferes with growth
(Figure 17), motility (Figure 18) and competence development[179] under non-stress
conditions, but appears to be beneficial during thermotolerance (Figure 51). In these
mutants, the thermotolerance defect, which is expected to result from the inability to
degrade protein aggregates, seems to be balanced by Spx accumulation, explaining the
unexpected observation that the clpX and clpP mutants are normally thermotolerant.
Consistant with this hypothesis, spr mutants were unable to develop thermotolerance,
which could be partially complemented by ectopic expression of spz (Figure 51).

Spx—dependent gene expression is induced by thiol oxidative stress[182]. However, the
results of a proteomics study suggest that Spx—dependent genes are also upregulated
by salt, ethanol and heat stress[222]. Furthermore, Spx accumulates during heat stress
(S. Runde, unpublished data) and the expression of Spx—dependent genes is upregu-
lated under thermotolerance conditions (A. Heinz & K. Turgay, unpublished microarray
data). These observations suggest that Spx is not a specific oxidative stress regula-
tor, as previously assumed[182], but rather a general stress regulator. Spx activates a
large number of genes, which include for example trzA and trzB, encoding thioredoxin
and thioredoxin reductase and sodA, encoding superoxide dismutase, but also many
functionally uncharacterized genes[182]. It will be interesting to determine which tar-
get genes are required for thermotolerance and how they influence thermotolerance

development.

Effect of McsB and YWIE on thermotolerance Interestingly, it could be demon-
strated in this study that both the protein arginine kinase McsB and its cognate phos-
phatase YwIE contribute to thermotolerance (Figure 54). Both effects may either
depend on the function of McsB as a ClpC adaptor protein or on its arginine kinase
function. McsB might be required to target aggregated substrates for degradation by
ClIpCP or disaggregation by ClpC. Alternatively, McsB could phosphorylate substrate
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proteins, which may stablize them or even mark them for degradation or disaggregation.
The fact that YwlE affects thermotolerance suggests that high levels of arginine phos-
phorylation are detrimental to thermotolerance development. Furthermore, it should
be considered that McsB and YwlE influence thermotolerance by an indirect regula-
tory effect. Indeed, it was recently demonstrated that arginine phosphorylation has an

effect on gene expression on a global scale[59].

Effect of McsB and ClpC on cluster formation An mcsB mutation dramatically
alters the localization of the IbpA-GFP (Etienne Maisonneuve, unpublished data) and
MDH-GFP fusions (Stephanie Runde, unpublished data). In these strains, the GFP
fusion proteins localize as extremely bright polar foci. A similar localization has been
observed for the competence protein ComGA in the mesB mutant[78]. Interestingly,
the opposite phenotype was observed here for MDH-GFP in a ¢lpC mutant (Figure 64).
After heat shock, no polar foci were visible in this strain. Instead smaller aggregates
were dispersed throughout the cell. Possibly, small protein aggregates are more toxic
to the cell than large clusters, in which the surface area and therefore the potential to
co—aggregate other proteins is minimized. Interestingly, it has been shown for yeast
prion proteins that small amyloid fibrils seed the formation of larger aggregates and
that the ClpB homolog Hsp104 is involved both in the breakdown of these aggregates
and in prion propagation[215].

On the basis of the current data, it can be hypothesized that ClpC is involved in
stablization of these polar clusters, whereas McsB is involved in breakdown of the clus-
ters. Interestingly, both ClpC and McsB localize to polar foci themselves[118]. Detailed
characterization of the impact of cluster formation and protein arginine phosphoryla-
tion may help to better understand the mechanisms of protein aggregate removal in B.

subtilis.

Role of GsiB in thermotolerance With the aim to identify additional determi-
nants of thermotolerance in B. subtilis, genes, which are upregulated during thermo-
tolerance on a global scale were identified by microarray experiments (Anja Heinz,
unpublished). In these studies, gsiB, a o®~dependent gene of unknown function was

identified. It could be demonstrated here that gsiB influences thermotolerance (Figure
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55). GsiB has an interesting repeat structure of extremely homologous 20 amino acid
stretches separated by glycine pairs, which may constitute flexible linkers. Interest-
ingly, proteins with homology to GsiB conferred salt tolerance to E. coli cells[105].
Therefore, it is tempting to speculate that GsiB acts as chaperone that protects pro-
teins from salt and heat stress. It will be very interesting to further study the function

of GsiB in stress tolerance in vitro and n vivo.

Putative effect of chemical chaperones on thermotolerance The iol operon,
which mediates inositol catabolism, was also strongly upregulated under thermotol-
erance conditions (A. Heinz, unppublished). Interestingy, scyllo-inositol inhibits the
aggregation of amyloid fibers in vitro[158], suggesting that this compound may also
be important for the bacterial cell as a chemical chaperone during heat-induced pro-
tein folding stress. Other chemical chaperones, such as glycine betaine and proline have
been shown to influence tolerance to heat, salt and cold stress in B. subtilis[243, 94, 93].
Indeed, a slight positive effect on thermotolerance could be observed in some experi-
ments when myo-inositol was added to the medium (Figure 56 A). However, deletion of
the o0l promoter had no effect on thermotolerance under the conditions tested (Figure
56 B and C) and deletion of the repressor iolR even negatively influenced growth and
thermotolerance (Figure 56 A). Furthermore, the enzymes, which interconvert the myo
and scyllo isoforms of inositol, were not required for thermotolerance (Figure 56 C and
D). However, it is possible that the complex growth medium that was used for the
thermotolerance experiments is not optimal for the utilization of inositol. Therefore,

it will be important to repeat these experiments in minimal medium.

Evidence for a ClpP independent function of ClpC In E. coli, thermotolerance
requires ClpB, an AAA+ ATPase with protein disaggregase activity, which is unable
to interact with ClpP[238]. As ClpC displays disaggregase activity in vitro[209] and
is involved in thermotolerance (A. Heinz & K. Turgay, unpublished), it was tempting
to speculate that ClpC is involved in protein disaggregation during thermotolerance
development in B. subtilis. In this work, evidence for in vivo disaggregation by ClpC
during thermotolerance was acquired: a strain, in which the ClpP binding loop in ClpC

was mutated (VGF loop mutant), was as thermotolerant as the wild type, whereas the
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clpC' mutant had a significant thermotolerance defect.

More experiments will be required to demonstrate whether the observed effect of the
VGF loop mutant is a consequence of ClpC disaggregase activity or is at least par-
tially due to an indirect regulatory effect. In principle, the VGF loop mutant should
result in accumulation of ClpCP proteolysis substrates, similar to the clpC' deletion
mutant. However, it is possible that ClpC and its adaptor proteins also exert a ClpP—
independent regulatory effect on thermotolerance development. Furthermore, it will
have to be investigated whether the VGF loop mutant is unable to interact with ClpP
i vitro and whether this protein has in vitro disaggregation activity.

Although a number of control experiments are missing at this time, it can be tenta-
tively suggested that ClpC might have a dual function in protein quality control and
specifically thermotolerance. According to this model, ClpC could associate with ClpP
to degrade aggregates or could act independently of ClpP to disaggregate and refold
aggregated substrates.

Disaggregase activity of ClpC in wild type cells could only be relevant if a significant
fraction of ClpC exists as hexamers, unbound to ClpP. This fraction should depend on
the relative abundance of ClpP and Clp ATPases and on the protease/ATPase binding
affinities and kinetics. In one study, cellular levels of ClpP and its three associated
ATPases were measured by quantitative Western blot analysis|[73]. According to this
publication, 1200 ClpP tetradecamers, 250 ClpC complexes, 100 ClpE hexamers and
1400 ClpX hexamers per cell can be detected under non—stress conditions. After heat
shock, these numbers increased to 2500 ClpP complexes, 1000 ClpC complexes and 450
ClpE complexes per cell, whereas the ClpX level remained constant[73]. In another
publication, 670 to 1300 ClpC molecules per cell were detected in minimal medium
containing glucose[226].

According to in vitro data, two ClpC hexamers form a complex with one ClpP tetra-
decamer|[117]. Therefore, the Western blot results by Gerth et al. would suggest that
ClpP is present in excess over ATPase hexamers both under non—stress conditions and
after heat shock[73]. However, it has been demonstrated that E. coli ClpXP complexes
consist of a a mixture of 1 to 1 and 2 to 1 complexes[154] and the situation could be
similar for ClpCP in vivo. Furthermore, depending on binding affinities, a significant

fraction of unassembled Clp hexamers might exist at equilibrium, even though excess



5.3 Protein quality control 169

ClpP is available for complex formation. Finally, the calculated protein levels after heat
shock may be an underestimation, because ClpP and its ATPases localize to insoluble
aggregates under these conditions[73]. Therefore, it can be concluded that the actual
abundance of ClpC hexamers without associated ClpP is a matter of speculation at
present.

If protein disaggregation plays a role in B. subtilis, it will be highly interesting to study
how substrates are selected for disaggregation or degradation in vivo. Mechanistically,
this is a very interesting question, especially for ClpC, which appears to mediate both
disaggregation and degradation. In principle, a substrate, which is unfolded by ClpC,
should always be translocated into ClpP and degraded if ClpP is associated with this
particular ClpC hexamer. Therefore, the decision between disaggregation and degra-
dation could be expected to depend only on association of ClpC and ClpP complexes
and not on the sequence or structure of the substrate, except if the substrate or an-
other factor actively inhibits ClpP or interferes with ClpC-ClpP complex formation.
To experimentally distinguish between disaggregation and degradation, GFP-tagged
substrates can be followed by fluorescence microscopy after recovery from heat shock.
Alternatively, proteins can be detected by Western blotting of aggregate preparations.
Both experiments were performed with MDH in this work (Figures 65, 66 and 67).
However, due to the low relative amount of aggregated B. subtilis MDH after heat
shock, the data were inconclusive. Therefore, an important task for future work will
be to identify a heat unstable B. subtilis protein, which completely aggregates during
heat stress. This protein could then be tagged to GFP and used to monitor the fate

of aggregates after recovery from heat shock.

Cooperation of chaperone and protease systems in protein quality control
Since ClpB cooperates with the DnaK system in E. coli, it is possible that ClpC
is also functionally connected to other chaperones in B. subtilis. The data shown
in this work suggest that the combined function of ClpC and DnaK is important
for protein quality control, as the dnaK clpC double mutant is highly temperature
sensitive (Figure 58). This double mutant should also be tested for its thermotolerance
phenotype. Furthermore, it will be very interesting to investigate if and how these two

proteins cooperate in protein quality control. It could be imagined that DnaK directly
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binds to ClpC to deliver substrates or modulate its activity. Alternatively, DnaK might
prepare substrates for unfolding by ClpC. Moreover, it is possible that some substrates,

which are stabilized or refolded by DnaK can also be degraded or refolded by ClpC.

5.4 Summary and conclusion

The work presented here was originally prompted by the observation that Hag, the
structural subunit of the flagellum interacts with the Hsp100/Clp ATPase ClpC in
co-immunoprecipitation experiments (J. Kirstein, unpublished). Indeed, Hag was de-
graded by ClpCP in wvitro, which corroborated that this interaction is functional and
that Hag is a general proteolysis substrate. However, Hag was shown to be stable in
vivo except if the export chaperone FliS was mutated. Even in this case, Hag degrada-
tion did not depend on ClpCP, suggesting the existance of two proteolytic pathways.
One of these pathways is ClpCP-dependent and occurs under yet unknown conditions
in vivo, whereas the other is mediated by a protease distinct from ClpP and may
represent general proteolysis to remove cytosolic Hag when secretion is compromised.
Furthermore, Western blot analysis revealed that Hag does not accumulate in clp mu-
tant strains as expected for a proteolysis substrate. In contrast, Hag levels were lower
in these strains, demonstrating that regulatory proteolysis of upstream regulators is in-
volved in the synthesis of Hag. Subsequenty, these regulators were identified by genetic
methods: ClpCP degrades DegU, a negative regulator of the flagellar fla/che operon.
Likewise, Spx, a proteolysis substrate of ClpXP, downregulates motility, although the
molecular mechanism of this process is not clear at the moment. These results indicate
that Clp proteases affect swimming motility by general and regulatory proteolysis at
different levels.

Further experiments demonstrated that Clp proteases also act on protein quality con-
trol and specifically thermotolerance by general and regulatory proteolysis. ClpXP
acts on protein quality control directly by degradation of aggregated proteins. At the
same time, ClpXP indirectly influences thermotolerance by proteolysis of Spx, a regula-
tor, which is required for thermotolerance. By regulatory proteolysis of CtsR together
with McsB and by McsB inhibition[119], ClpC might also exert a regulatory effect on

thermotolerance and protein quality control. ClpC contributes to these processes by
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general proteolysis and possibly protein disaggregation independent of ClpP.

It is interesting to note that MDH, which, like Hag, was identified as a ClpC interaction
partner in a co-immunoprecipitation experiment (J. Kirstein, unpublished) could not
be degraded by CIpCP in witro, at least with the adaptor proteins tested. However,
an in vivo effect of ClpC on aggregated MDH-GFP was observed, suggesting that the
interaction of the two proteins might have some functional significance.

Taken together, both the studies on swimming motility and on thermotolerance show
that Clp proteases are part of a highly complex network, in which general and regu-
latory proteolysis are interconnected. These interconnections should always be taken
into account, when effects of the pleiotrophic Clp proteases are investigated. However,
in spite of the apparent complexity of these protease systems, it appears that general
and regulatory effects can be distinguished experimentally by appropriate methods.
Proteolysis and protein quality are involved in a plethora of cellular activities in organ-
isms from all kingdoms of life. Insight into the complex and highly regulated network
of proteases and chaperones is crucial for the better understanding of the bacterial cell
and its various ways to respond to stress and differentiate into specialized cell forms.
Better knowledge of these pathways may spark new ideas for antibiotics against bacte-
rial pathogens as well as for industrial applications. Finally, many concepts of bacterial
proteolysis and protein quality control can also be applied to eukaryotic cells and have

proven to be valuable in the battle against human diseases.
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