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SUMMARY

Many stress conditions a cell encounters threaten the continuation of basic biological

processes ultimately endangering its survival. Heat shock and antibiotic exposure can

lead to a sudden surge of protein un- and misfolding, while nutrient starvation directly

causes a lack of energy and molecular building blocks.  Our understanding of how

cells integrate environmental stress signals, execute protective functions and handle

persistent damage is still far from comprehensive. In this thesis the model bacterium

Caulobacter  crescentus was  used  to  answer  basic  questions  about  the  regulation  and

execution of bacterial stress responses and damage clearance.

Persistent larger protein aggregates can be maintained as remnants of a past stress

exposure and in all of the few bacteria studied to date these particles collect at the

poles.  In  the  symmetrically  dividing  bacterium  E.  coli this  aggregate  localization

pattern was shown to lead to an old pole lineage-specific retention. In  paper I, we

studied aggregate formation and inheritance in an asymmetrically dividing bacterium.

While  aggregates  are  dissolved  by  molecular  chaperones  following  moderate  heat

stress, intense stress induces the emergence of long-lived aggregates. Surprisingly, we

find that the majority of persistent  aggregates  do not collect at  the old poles  but

instead describe a mechanism by which they are constantly displaced towards the new

pole. This causes inheritance of aggregates by old and new pole cells at a stable rate

without  lineage-specific  retention,  a  previously  unknown  pattern  of  aggregate

inheritance in bacteria.

While we found that deletion of most chaperones in C. crescentus does not affect

viability in the absence of stress, the mechanistic basis for why DnaK, like in other

bacteria, is also required in the absence of stress remains unclear. In  paper II, we

show that DnaK’s function as a negative regulator of the heat shock sigma factor σ32

is essential for viability at physiological temperatures and uncover potential new layers

of σ32 regulation. We find that the σ32-dependent response comprises a reallocation of

resources from proliferative to maintenance functions and in addition to its known
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function  in  blocking  DNA  replication  also  affects  other  processes  like  protein

translation, a process vulnerable to proteotoxic stress. Prolonged unrestricted activity

of this stress response induced by the absence of DnaK is lethal. We conclude that

while DnaK is essential for protein folding at elevated temperatures, its evolutionarily

newer function in balancing the cell’s  proliferative and maintenance programs is a

requirement for survival.

Growth  and  cell  cycle  progression  is  also  regulated  in  response  to  nutrient

limitation.  Like  under  heat  shock  conditions,  we  show in paper  III that  carbon

starvation during entry into stationary phase leads to a block of DNA replication for

which, in contrast to heat stress, the molecular basis was not yet understood. We find

that  downregulation  of  DnaA levels  is  achieved  by  an  as  yet  unknown  nutrient

availability sensing process involving the 5’ untranslated region, inhibiting translation

of the  dnaA mRNA, which combined with constant  degradation of DnaA by the

protease Lon results in its elimination. This study provided new mechanistic insight

into  nutrient-dependent  control  of  DNA  replication  and  shows  that  the  same

regulatory outcomes can be achieved through different means depending on the stress

response.

In conclusion this thesis describes the discovery of an unanticipated alternative

way  of  protein  aggregate  inheritance  with  implications  for  our  view  on  damage

segregation in bacterial populations as well as new mechanistic insight into how cells

balance proliferative with protective functions in response to heat shock and nutrient

limitation.
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POPULAR SCIENCE SUMMARY

In their environment bacteria often face adverse conditions. Increases in temperature

can damage a cell’s proteins and cause them to stick together in larger nonfunctional

particles - so-called protein aggregates. The absence of nutrients will cause a lack of

energy and cellular building blocks. As a countermeasure, bacteria engage in defensive

responses,  actively  slowing  down  vulnerable  growth  and  cell  cycle  processes  and

increase  activities  aimed at  preventing  and repairing  damage.  Furthermore,  lasting

damage in the form of protein aggregates is often asymmetrically distributed upon

division. This allows for rapid damage clearance in one of the two daughter cells,

possibly  to  the  detriment  of  the  aggregate-inheriting  cell.  Understanding  bacterial

stress  response  regulation  and  execution  is  important  for  controlling  bacterial

behavior  in  industrial  processes  and  infectious  disease  treatment  while  studying

bacterial aggregate inheritance could serve as a model system for human aging and

protein aggregation diseases.

In  this  thesis  the  model  bacterium  Caulobacter  crescentus was  used  to  answer

fundamental questions of bacterial stress response regulation and damage distribution.

The results present mechanistic details about the regulation of growth and the cell

cycle  during  stress  and  uncover  a  hitherto  unknown  pattern  of  bacterial  protein

aggregate inheritance.
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POPULÄRVETENSKAPLIG SAMMANFATTNING

Bakterier  exponeras  för  ogynnsamma  förhållanden  i  sin  omgivning.  Temperatur-

ökningar kan skada cellens proteiner och få dem att fälla ut i stora icke funktionella

partiklar, så kallade proteinaggregat. Avsaknaden av näringsämnen leder till brist på

energi  och  cellulära  byggstenar.  Som  en  motåtgärd  reagerar  bakterier  med

försvarsmekanismer som att bromsa känsliga tillväxt- och cellcykelprocesser samt öka

åtgärder som siktar på att förebygga och reparera skador. Varaktiga skador i form av

proteinaggregat fördelas ofta assymetriskt vid celldelningen. Detta möjliggör för en av

dottercellerna  att  snabbt  bli  fri  från  skada,  eventuellt  på  bekostnad  av den andra

dottercellen som ärver alla aggregat. Att förstå hur bakterier reglerar och verkställer

sitt svar mot stress är viktigt för att kontrollera hur bakterier beter sig i industriella

processer och i behandlingen av infektionssjukdomar. Dessutom kan förståelse för

hur bakterier ärver aggregat fungera som ett modellsystem för mänskligt åldrande och

proteinaggregatsjukdomar. 

I denna avhandling används modellbakterien  Caulobacter crescentus för att besvara

grundläggande  frågor  om  bakteriell  stressförsvarsreglering  och  skadefördelning.

Resultaten  visar  verkningsmekanismen  bakom regleringen  av  tillväxt  och  cellcykel

under  stress  och  avslöjar  ett  hittills  okänt  mönster  i  bakteriell  nedärvning  av

proteinaggregat.
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INTRODUCTION

1. MAINTENANCE OF PROTEIN HOMEOSTASIS

Proteins  are  central  effectors  and building  blocks  of  the  cell  encoded  by  genetic

information. Beginning as a nascent peptide on the ribosome most mature by folding

into a specific conformation in which they fulfill myriads of functions in the cell1–3.

Fulfilling these functions often requires protein-protein interactions or trafficking to

specific destinations. At the end of their lifespans proteins are degraded in the course

of  many  regulatory  as  well  as  quality  control  processes4.  The  functional  balance

between the interconnected and competing processes  of protein synthesis,  folding

and refolding, oligomerization, aggregation, trafficking and finally degradation make

up  the  cell’s  protein  homeostasis  (proteostasis)5 (Fig.  1).  To  effectively  maintain

protein  homeostasis  cells  employ  a  plethora  of  machineries  dedicated  to  these

different processes in form of molecular chaperones and proteases4,6,7. 

1.1. PROTEIN FOLDING 

Critical for their function, most proteins must fold into and maintain a defined three-

dimensional structure. The blueprint lies in the amino acid sequence, also called the

primary structure1–3. While in some mature proteins regions will remain unstructured,

the  formation  of  hydrogen  bonds  between  the  peptide  bonds  of  the  peptide

backbone will give rise to local secondary structures like α-helices and β-sheets8,9. The

sequence of unstructured and structured regions along the peptide chain as well as

their spatial arrangement determines the tertiary structure, the fold of a protein2,10–12.

Spatial arrangement is sometimes achieved through covalent bonds between amino

acid side chains, like in the case of disulfide bridges formed by cysteines, but mainly

through non-covalent interaction between the side chains of the amino acids that can
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be far apart in the primary structure. Hydrophobic interactions are of especially high

importance.  The  collapse  of  hydrophobic  amino acids  into the  water  un-exposed

center of the structure is a major driving force of protein folding13. Finally, proteins

can  function  as  subunits  of  larger  protein  complexes  of  which  the  number  and

arrangement is known as the quaternary structure.

Figure 1: Summary of major interconnected, reversible and irreversible processes governing
protein homeostasis.  After  emergence at  the ribosome a peptide chain will  fold into its  native
conformation over several productive folding steps. Proteins can be transported to or through the
membrane as folding intermediates or fully folded proteins. Especially under stresses but also under
normal conditions  proteins  can un-  and misfold.  When these unproductive folding intermediates
occur  at  high  densities  these  tend  to  aggregate.  Proteins  are  removed  from  the  proteome  by
degradation. The presence of a single arrow between depicted processes signifies irreversibility while
two arrows show that a process is reversible. Adapted from (6).

The process of protein folding is thought to follow a rugged multidimensional

funnel  shaped  energy  landscape  in  which  a  polypeptide  moves  towards  its

thermodynamically  favorable functional  fold or native state12–14.  Depending on the
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protein, this is achieved through a number of possible folding paths. Along these, a

polypeptide chain will go through intermediate unfolded and partially folded states

coming closer to the native fold step by step. While the folding of small proteins is

often fast and does not entail many intermediate conformations, bigger multidomain

proteins will  go through a number of folding states that sometimes have to cross

considerable  energetic  barriers  before  assuming  the  next  conformation12.  As  a

consequence, these proteins can linger at different folding steps. This puts them at

risk of forming unproductive interactions within their own or with another protein’s

peptide chain causing misfolding12,13.  Especially in the crowded environment inside

the cell unproductive interactions between proteins can endanger protein homeostasis

and lead to the formation of aggregates (Fig. 1). Protein aggregation will be discussed

in detail in section 2.

1.2. THE MOLECULAR CHAPERONE NETWORK

To cope with physical  constraints  of protein folding and to prevent unproductive

peptide  chain  interactions  in  vivo,  cells  harbor  molecular  chaperones.  These  are

(mostly15)  proteins  which  interact  with  clients  to  promote  their  folding  into  or

maintenance of their functional conformation, without remaining associated with the

folded client. Many chaperones belong to one of the several  highly conserved but

phylogenetically unrelated groups of protein folding machineries16,17. Different cellular

compartments often have their own sets of paralog or unique chaperone machineries.

While cells express an especially diverse arsenal of chaperones under various stress

conditions16,18,  a  number  of  abundant  chaperones  are  constitutively  produced and

belong to a basic and often conserved set guiding the folding of a protein from as

early  on  as  its  birth  at  the  ribosome6.  Through  interaction  with  each  other  and

handing  over  of  folding  client  proteins  chaperones  are  organized  in  chaperone

networks.  Complex proteins especially are often handed down to several  different

chaperone types in a sequential hierarchical order6,19–21. 

The first cytosolic chaperones to bind to a nascent chain generally involved in the

de  novo folding  of  proteins  are  the  non-homologous  ATP-independent  bacterial
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ribosome-associated trigger factor and the eukaryotic ribosome-associated complex

(RAC) as well as the nascent-chain-associated complex (NAC). These are followed by

the ATP-dependent  chaperones  (bacterial/eukaryotic  homolog)  DnaK/Hsp70 (70-

kDa  heat  shock  protein)  functioning  together  with  the  ATP-independent  co-

chaperone  DnaJ/Hsp40  and  nucleotide  exchange  factors,  GroEL/ES  (a  complex

composed  of  GroEL  and  GroES  monomers)/TRiC  as  well  as  HtpG/Hsp90

systems17,20,22–24. 

The bacterial  cytosolic  chaperone network has been most intensely  studied in

Escherichia  coli  (Fig. 2). Trigger factor is a ribosome-associated chaperone forming a

cradle for the nascent chain22,25 and helps the folding of about 70% of the  E. coli

proteome6. For proteins requiring more assistance, the next chaperone to bind either

directly to the nascent chain or after release from the ribosome is DnaK20,26. DnaK is

a monomer forming a clamp cycling through an open and a substrate enclosing state

in  dependence  of  ATP-hydrolysis27–31.  The  co-chaperone  DnaJ  recognizes  and

transfers substrates to DnaK and thus modulates substrate specificity while, together

with the nucleotide exchange factor GrpE, also regulating DnaK’s  conformational

changes by modulating ATP hydrolysis and nucleotide exchange31–33.

DnaK is  involved in the folding of  20% of  the  E. coli proteome6.  If  protein

folding is not completed or cannot be performed through interaction with DnaK,

proteins are handed down to one of the two more specialized machineries19,20,34–37.

While  HtpG  chaperones  do  not  belong  to  the  standard  bacterial  repertoire,  the

GroEL/ES machinery is almost ubiquitous38. The GroEL/ES machinery consists of

two heptameric rings of GroEL forming two protein folding chambers oriented back

to back that can each be capped by a smaller heptameric lid of GroES subunits. ATP-

and cap-binding induced conformational changes of a GroEL folding chamber lead

to the transfer  of  a  bound protein  into the chamber  which provides  a  beneficial

environment for folding39–43.  In addition, GroEL/ES can also assist  the folding of

substrates  too  large  to  be  transferred  into  the  folding  chamber44.  In  E.  coli the

GroEL/ES system is involved in the folding of 10% of the proteome6.
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Figure 2: Chaperone network in
the  E. coli cytosol.  The  ribo-
some  associated trigger  factor  is
the first chaperone to interact with
a  nascent  peptide  chain.  Down-
stream  of  trigger  factor  nascent
chains  and  unfolded  proteins
interact  with  DnaK  (DnaJ  and
GrpE  are  not  shown).  Proteins
not  achieving  their  final  confor-
mation  through  interaction  with
trigger  factor  and  DnaK  are
passed  on  to  the  downstream
chaperones GroEL/ES or HtpG.
Percentages  indicate  the  portion
of the proteome folded by a given
machinery. Adapted from (6, 17).

1.3. PROTEIN DEGRADATION BY AAA+ PROTEASES

In addition to the folding and transport capacity provided by chaperones, the ability

to  process  proteins  by  cleavage  or  to  completely  remove  them is  essential  for  a

functional proteome4,7,45,46.  To this end cells harbor peptidases,  proteolytic proteins

capable of cleaving a protein’s peptide backbone. 

Peptidases  can  be  ATP-independent  or  associated  with  an  AAA+  (ATPases

associated with various cellular activities) ATPase domain driving protein unfolding,

in which case these are termed AAA+ proteases4,7,45,47–49. All AAA+ proteases form a

barrel-shaped oligomeric complex composed of one or several multimeric rings of six

to seven monomers. The proteolytic chamber consists of a ring of peptidase regions

of which the active sites face the interior while the AAA+ ring is responsible for

substrate  recognition,  unfolding and translocation into the proteolytic  chamber by

ATP-driven conformational  changes.  The peptidase  chamber  and AAA+ ring can

either be made up of separate monomers or of one monomer with both activities7,45,50.

The 26S proteasome is the only member of the AAA+ protease family usually

found in the eukaryotic cytosol. In bacteria and bacteria-derived eukaryotic organelles

the AAA+ protease diversity is higher. Commonly occurring AAA+ proteases are the
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single ring Lon and FtsH and the multiring HslUV and ClpP. The latter associates

with  one  of  the  unfoldase  rings  ClpX,  ClpA,  ClpC or  ClpE7,38,45,51,52.  The  AAA+

proteases  can have  different  localizations  in  the  cell.  FtsH is  a  membrane-bound

protease which degrades inner membrane proteins but also proteins of other cellular

compartments  including  the  cytosol53.  The  protease  Lon  is  involved  in  the

degradation of cytosolic proteins and can also localize to the nucleoid54 and degrade

DNA-bound  proteins55.  ClpP  and  HslUV  are  thought  to  mainly  reside  in  the

cytoplasm but can relocalize during stress37,54,56 or, in the case of ClpXP, cell cycle

phases57.

Regulated  proteolysis  by  AAA+  proteases  often  follows  two  principles  for

attaining  substrate  recognition  and  specificity7.  Firstly,  the  substrates  themselves

contain certain motifs targeting them for degradation4. These so-called degrons are

more or less strict sequence motifs that can be located internally58 or at a protein’s

termini59–61.  Appending  degrons  co-60 or  post-translationally59 or  exposing  them

through  for  example  peptide  cleavage62,63,  complex  dissolution64,65 and  protein

conformational  changes58 are all  important  factors regulating proteolysis.  Secondly,

while  some  substrates  can  be  recognized  by  the  AAA+  ATPase  ring  directly66,

different adaptor proteins will either deliver certain substrates67 or prime the protease

towards the degradation of certain proteins68. A well-known example of degron and

adaptor-mediated  protein  quality  control  can  be  found  in  the  degradation  of

nonfunctional polypeptides originating from the rescue of stalled ribosomes. In the

process of trans-translation these are C-terminally appended with an SsrA peptide tag

targeting the polypeptides for degradation by the ClpXP protease, aided by the SspB

adaptor, which recognized the SsrA tag60. Protein quality control and bulk degradation

of  misfolded  proteins  can  become  particularly  important  when  cells  experience

various  stresses7,69.  Furthermore,  single  backbone  cleavage  events  or  complete

degradation  of  proteins  is  important  in  a  variety  of  processes  including  protein

transport70,  many regulatory processes  during cell-cycle71–73,  developmental  growth-

phase transitions7 and in stress responses7,69,74. These aspects of protein degradation

will be discussed in the sections 4.2 and 6.1.
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2. PROTEOTOXIC STRESS AND PROTEIN AGGREGATION

Various  stresses  a  cell  encounters  cause  protein  un-  and  misfolding.  When  the

chaperoning and degradation machinery is oversaturated, un- and misfolded proteins

separate from the phase of the soluble proteins by collecting into larger assemblies

called protein aggregates75. Protein aggregates can tentatively be defined as a separate

phenomenon from other  phase separated structures  like membrane-less organelles

and stress granules by representing nonfunctional assemblies formed by non-native

interaction of un- and misfolded proteins75–77.  However, this common definition is

more and more challenged by findings suggesting that aggregates exhibit a spectrum

of properties shared with other phase-separated structures76,77. Further understanding

of protein aggregation and other processes of protein phase separation is required to

better evaluate the adequacy of commonly used definitions. While protein aggregation

has traditionally been viewed as purely detrimental, it has become increasingly clear

that collecting un- and misfolded proteins into larger assemblies can represent a stress

adaptive response78–80.

2.1. PROTEOTOXIC STRESS

Multiple stresses, whether inherent to the cell or environmental, can dysregulate the

protein  homeostasis  by  causing  un-  and  misfolding16 promoting  unproductive

interactions between peptide chains – a condition termed proteotoxicity (Fig. 3A).

Common intrinsic causes of proteotoxic stress are mutations and aging5,81–85 mostly

known from eukaryotic cells and common interlinked drivers in the development of

human proteinopathies. Here, mutations reducing the functionality of components of

the protein homeostasis network or affecting the folding of certain proteins will be

amplified by an age-dependent decline in the buffering capability of the proteostasis

network5,81–85.  In  particular,  proteins  are  damaged  by  reactive  oxygen  species  that

occur  in  the  cell  even  in  the  absence  of  stress,  which  burdens  the  proteostasis

network and is linked to aging86. 
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A  multitude  of  environmental  stresses  induce  proteotoxicity  (Fig.  3A).

Environmental exposure to substances like hydrogen peroxide and hypochlorous acid

can drastically  increase  levels  of  reactive  oxygen  and chlorine  species  in  the  cell.

Reactive oxygen and chlorine species cause carbonylation and chlorination of amino

acid  side  chains,  respectively,  leading  to  a  strong  increase  in  irreversible  un-  or

misfolding87–91 and  can  inactivate  ATP-dependent  chaperones92–94.  The  often

refolding-resistant covalently modified proteins sometimes cannot be proteolyzed and

thus can accumulate in the cell and hamper the folding of other proteins87. Protein

carbonylation is also observed after exposure to mistranslation-inducing antibiotics95.

While  these  do  not  increase  levels  of  reactive  oxygen  species  per  se,  reducing

translation fidelity produces peptides prone to oxidation by the natural background

levels of reactive oxygen species in the cell.

Since protein folding is highly dependent on temperature, pH and ionic strength,

changes  in  these  parameters  away  from an organism’s  optimal  range  will  lead  to

protein un- and misfolding1 (Fig.  3A).  Especially  strong  heat  shocks  induce bulk

unfolding of the proteome16,17.  Thermal  un-  and misfolding of proteins  caused by

milder heat exposures in a cell is often temporary and can be reversed by increased

chaperoning activity or after return to the optimal growth temperature6,18,96.
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2.2. DIFFERENT TYPES OF PROTEIN AGGREGATES

As variable as the stresses causing protein un- and misfolding, protein aggregates have

very  different  sizes,  compositions  and structures  and form by  different  processes

(Fig.  3B,  C).  Aggregates  can  start  out  as  small  oligomers  only  detectable  by

biochemical methods and end up as large inclusions visible at cellular or even tissue

scale75. General processes causing aggregation are the formation of intermolecular β-

sheet  structures  and  hydrophobic  interactions  which  have  different  levels  of

prevalence depending on the nature of the un- or misfolded protein species75.

In amyloid proteinopathies, the detection of large intra- or extracellular protein

aggregates is a hallmark of disease development. Aggregation is initially triggered by

β-sheet associations of often only one misfolded aberrant protein species into smaller

oligomers,  seeding  the  formation  of  highly  structured  fibrils  in  which  monomers

contact each other through β-sheets running perpendicular to the fibril’s axis97,98 (Fig.

3B,  C).  Another  type  of  fibril  not  belonging  to  the  amyloid class  are  formed  in

serpinopathies. In a domain swapping event, a peptide loop of one serpin monomer

reaches out into a β-sheet of another monomer99,100. Thus, aggregates formed in these

diseases are often composed of proteins assuming a largely or partially folded but

non-native  conformation.  In  contrast,  stress  induced  bulk  unfolding  entails  the

presence  of a  large diversity  of un-  and misfolded proteins  which are thought  to

mainly interact through now-exposed hydrophobic residues. The resulting amorphous

aggregates are composed of diverse proteins in a much more unstructured state than

in the fibrillar aggregates75. However, it has become increasingly clear that also in less

structured aggregates proteins can contact each other through β-sheet interactions16,101

(Fig. 3B, C). 
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2.3. PROTEIN AGGREGATION – FRIEND OR FOE?

Bulk  protein  un-  and  misfolding  is  likely  to  cause  a  significant  fraction  of  the

proteome to become nonfunctional75.  How  does the downstream event of protein

aggregation affect the cell? Large microscopically observable aggregate assemblies are

seen  as  a  hallmark  of  proteotoxic  stress  and many studies  have  used  fluorescent

reporter-tagged chaperones or model unfolding protein reporters to visualize large

aggregates54,78,102,103.  These  microscopically  observable  structures  are  often  the  final

result of disturbances in the protein homeostasis. They represent the biggest particles

in the aggregate size-range and require the preceding emergence of smaller aggregates

and un- and misfolded proteins only detectable by biochemical methods75. Thus, it

can  be  difficult  to  uncouple  whether  microscopically  observable  aggregates  are  a

symptom or cause of deterioration in the cell. In the case of amyloid diseases it was

proposed that mainly non-aggregated or the smaller oligomeric states of the disease-

causing misfolded proteins are associated with toxicity84,97. Common mechanisms by

which un- and misfolded proteins and aggregates of any size can interfere with the

normal  conformation of  functional  proteins  is  by trapping  them with their  sticky

surfaces6,75. Thus sequestering un- and misfolded proteins as well as smaller oligomers

into bigger assemblies can effectively reduce the amount of these surfaces in the cell75.

Furthermore,  concentrating un- and misfolded proteins  in specific  locations could

facilitate the disaggregating work of chaperones16. In eukaryotic cells deposition close

to autophagosomal structures allows for the removal of irreversibly un- or misfolded

proteins in bulk in the process of autophagy16.

By  now  several  mechanisms  have  been  proposed  arguing  for  protein  phase

separation during stress as an adaptive and beneficial event for the cell, not without

sometimes  blurring  the  line  between  which  assemblies  should  be  considered

aggregates and which are not. It was shown in the baker’s yeast Saccharomyces cerevisiae

that small heat shock proteins drive the site-specific deposition of proteins in a near-

native state78 (Fig. 3B, C). Deletion of these chaperones leads to an inhibition or

retardation in the formation of larger aggregate assemblies in response to heat stress

and a loss in viability, showing that aggregation can be an active chaperone-driven
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process beneficial to the cell78–80. Furthermore, the assembly of specific proteins into

larger structures was also proposed to be part of general regulatory mechanisms in

eukaryotes104–106. Translation factors were shown to assemble into hydrogels forming

stress  granules  (a  name for  larger  assemblies  composed of translation factors  and

often  also  mRNAs)  proposedly  temporarily  shifting  translation  towards  mRNAs

encoding stress-adaptive proteins. Importantly, it was suggested that some proteins

contain specific domains evolved to drive stress-dependent phase separation while the

majority of the protein remains folded106. 

Although  collecting  proteins  into  larger  aggregates  or  other  phase  separated

assemblies  during proteotoxic stress  can mean a fitness  advantage to the cell,  the

consequences  of  maintaining  these  over  a  longer  period  can  be  different.  Cells

incapable of dissolving aggregate  assemblies,  for example when the disaggregation

machinery  is  deleted54,107–110,  are  very  sensitive  to  proteotoxic  stress.  Furthermore,

depending on the protein and the stress, some aggregate assemblies are disaggregation

resistant102.  Continued growth of aggregate assemblies can mean a sequestration of

essential  proteins111 and  particularly  large  aggregates  can  hinder  cellular  processes

through their sheer size75.  Furthermore,  in situations when the burden of un- and

misfolded  proteins  or  smaller  oligomers  is  effectively  reduced,  persistent  larger

aggregate  assemblies  can  still  be  proteotoxic  through  their  remaining  potentially

disordered surfaces75 and can act as a source of proteotoxic species by shedding112.  
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3. AGGREGATE INHERITANCE

If aggregates are not dissolved after a stress exposure or the condition of the protein

homeostasis  leads  to continuous  protein  aggregation,  aggregates  will  linger  in  the

cell54,102,103,113–115.  In a  population of  growing and dividing unicellular  eukaryotes  or

bacteria,  large  persistent  aggregates  constitute  discrete  particles  that  can  be

asymmetrically  inherited  by  daughter  cells  and  represent  a  potential  source  of

heterogeneity.  Inheritable  protein  aggregates  have  been  linked  to  fundamentally

important  topics  such as  replicative  aging,  where they are  seen as  “damage”,  and

cellular  memory103,116,117.  However,  the  impact  of  aggregates  is  controversial  and

principles  governing  their  inheritance  appear  to  vary  between  organisms.  In  the

bacteria studied so far aggregates appear to collect at the poles and this was shown to

ensure retention in the old pole lineage of E. coli54,102,118,119. Replicative aging has been

shown in the asymmetrically dividing bacterium C. crescentus120 and assumed to be in

part  caused  by  accumulation  of  aggregates  in  the  old  pole  lineage118,121,  however

without  experimental  validation.  Studying  protein  aggregate  inheritance  in  this

organism promises to shed further light on the potential role of aggregates as aging

factors and how they are managed in a bacterial cell.

3.1. REPLICATIVE AGING IN UNICELLULAR ORGANISMS 

Aging is largely seen as a progressive loss of functionality associated with a decrease in

growth,  reproductive  rates  and  survival  caused  by  the  accumulation  of  various

damages122. While in many multicellular organisms aging appears mandatory for the

individual,  offspring  will  be  born  fully  rejuvenated.  This  has  been  explained  by

asymmetry in damage repair or retention between parent and offspring and proposed

to  reflect  a  trade-off  between  reproduction  and  survival  in  a  resource  limited

environment121,123,124.

First indication that aging also takes place in unicellular organisms came from the

asymmetrically dividing baker’s yeast S. cerevisiae125. During the asymmetric division of

this organism a smaller daughter cell  buds off the larger mother  cell126 (Fig. 4A).
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While the number of consecutive divisions a cell undergoes (the replicative lifespan) is

in priniciple already limited by a constant age-independent hazard rate, progression

through  consecutive  division  rounds  in  a  baker’s  yeast  mother  cell  leads  to  a

continuous decrease in growth rate and increase in mortality125,127 – a phenomenon

called replicative aging128–130. In contrast, in daughter cells (with exception of late born

cells) the replicative age is fully reset leading to a rejuvenation of the lineages127,131,132.

Importantly,  this  observation was correlated with accumulation of  cellular damage

that appears to be specifically retained in the aging mother cell133. Taken together, the

budding yeast’s morphological asymmetry is accompanied by a strong asymmetry in

damage retention and aging (Fig. 4A). 

Figure 4: Replicative aging in unicellular organisms. A) Schematic cell cycle of the budding yeast
S. cerevisiae indicating replicative age as the number of divisions a mother cell went through (number
inside  cells),  and  the  accumulated  damage  associated  with  cells  of  different  replicative  ages
(represented by absence or presence as well as size of weights underneath second generation cells).
While  the oldest mother cell  has accumulated the most damage, daughter  cells  are age-reset  and
damage-free.  B) Cell pole inheritance in  E. coli. Cells are born with an old pole (labeled in orange)
that was already present in the mother cell  and a new pole (labeled in green) that formed at the
division plane.  Cells  consecutively inheriting the old pole will  have the highest  old pole age and
potentially  accumulate  the  most  damage  while  cells  inheriting  the  new pole  evade  damage.  (B)
adapted from (130).

Since this discovery, it has been strongly debated if replicative aging takes place in

symmetrically  dividing  unicellular  organisms  lacking  a  distinction  in  size  or

morphology between daughter cells130. With the fission yeast Schizosaccharomyces pombe

and the bacteria Bacillus subtilis and E. coli these questions have been addressed in both

eu- and prokaryotes. Because of the lateral growth mode of B. subtilis134 and E. coli135,
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in which new cell wall material is incorporated along the length of the cell but not at

the poles, the old pole’s cell wall has a slower turn-over compared to other parts of

the cell. This region is generally thought of as a location for accumulation of older cell

constituents and thus potential damage136 (Fig. 4B). The replicative age of a bacterial

cell is generally defined by how many consecutive divisions the old pole versus the

new pole was inherited (Fig. 4B). Initial microscopy-based studies in  B.  subtilis and

E. coli showed  that,  after  a  division event,  the  old  pole-inheriting  daughter  has  a

slower  growth  rate  than  the  daughter  inheriting  the  newly  synthesized  pole.

Consecutive inheritance of the old pole was proposed to lead to slower and slower

growth until death while the new pole-inheriting cells are rejuvenated, suggesting that

aging might also take place in such organisms54,118,136 (Fig. 4B). 

Aging in E. coli has been addressed in numerous further, sometimes contradictory

studies and the interpretation of observed growth rate differences between old pole

and new pole-inheriting cells has evolved116,130,137–140.  Recently,  using a microfluidics

systems, the growth rates of continuously old pole and new pole-inheriting lineages

were shown to converge  towards two equilibria  representing a stable  slowest  and

fastest growth rate, respectively, in an unstressed population of cells140. Exemplified,

this means that a lineage having previously continuously inherited the new poles of its

mother  cells  will  first  exhibit  slower  and  slower  growth  rates  when  it  now

continuously inherits  the old pole. After a certain number of continuous old pole

inheritances the growth rate will however not decrease further, even when the lineage

continues consecutively inheriting the old pole. The establishment of the two growth

rate  equilibria  is  proposedly  achieved  when  the  asymmetrical  damage  acquisition

(through inheritance and cell intrinsic formation) and dilution (through growth and

passing  down to a sibling during division)  are  balanced and the same amount  of

damage is distributed between the daughter cells at every division140. These results and

the proposed mechanism behind them potentially reconcile  conflicting findings of

studies describing a growth decline in old pole-inheriting cells136 with those of studies

observing  a  stable  growth  rate137.  The  difference  between the  fastest  and slowest

growth rates was shown to increase as a function of stress intensity116,139. Under severe

stress, the damage dose present in the lineage continuously inheriting the old pole can
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lead to a steady growth rate decline culminating in death130.  Importantly, asymmetric

damage segregation in the form of protein aggregates has been proposed to benefit an

E. coli population especially under high stress conditions during antibiotic treatment

or thermal upshift116. 

In  S. pombe signs of replicative aging were reported early  on141,  however,  later

studies  showed  that  under  physiological  conditions  the  growth  rate  does  not

continuously decrease nor does the mortality increase from division to division 142,143.

In contrast to E. coli and B. subtilis,  S. pombe exhibits polar growth and new cell wall

structures are first predominantly integrated at the old cell pole and later also at the

new pole144. While S. pombe, does not appear to show mandatory aging, it is currently

debated if aging phenotypes can be observed after stress exposures but are likely to be

absent at least in old pole daughter cells (the experimental set-ups of the microfluidics

devices  used  did  not  allow  the  long-term  tracking  of  new  pole-inheriting

cells)103,142,143,145.  Interestingly,  in the asymmetrically  dividing bacterium  M. smegmatis

under physiological conditions, the old pole-inheriting daughter is longer and shows

faster growth than the new pole-inheriting daughter. Here new cell material is also

integrated first preferentially at the old pole and later also at the new pole146.

Replicative  aging  is  seen  in  the  asymmetrically  dividing  yeast  S.  cerevisiae.  In

contrast  the  results  in  the  asymmetrically  dividing  M. smegmatis and  symmetrically

dividing organisms studied until now present a variety of situations that in many cases

need further research for clarification. While S. pombe and E. coli share the absence of

a  continuous  growth  decline  in  the  absence  of  stress,  only  the  latter  appears  to

experience an increasing mortality rate with progression of replicative age137.  Thus

S. pombe does not seem to age under physiological conditions at all and  E. coli only

shows some of its aspects under these conditions. It remains to be understood if and

how aging might be affected by damage occurring during stress conditions.
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3.2. AGGREGATION PATTERNS AND AGGREGATE DISTRIBUTION

Although its occurrence is still disputed in many organisms, aging has been associated

with  the  accumulation  of  a  variety  of  cellular  damages.  Amongst  these,  the

accumulation of protein aggregates appears to be universal and belongs to the most

studied potential aging factors in unicellular organisms130. Importantly, in the model

organisms in which aggregate inheritance has been tracked over many generations,

aggregates are immediately or gradually retained in the cell type or lineage associated

with aging (e.g. the S. cerevisiae mother cell and the old pole cell in E. coli and S. pombe),

a process requiring asymmetric aggregate inheritance. 

Asymmetric aggregate inheritance can be caused by various and often interlinked

processes. The most simple is their numeric reduction by aggregate fusion or dilution

through cell division which will make asymmetric distribution of the aggregate load

very  likely  or  even  mandatory  at  the  next  division  event102,103.  However,  without

aggregate localization-determining mechanisms in place the probability of aggregate

inheritance will only strongly depend on how much of the mother cell’s volume is

inherited by a given daughter. Thus, asymmetry caused by numeric reduction alone is

not sufficient to cause cell type-specific retention and accumulation over generations

but  further  requires  active  or  passive  rentention  mechanisms  in  one  of  the

daughters114,115,147–151 or specific deposition sites the cell54,78,80,102,118,150,152,153 (Fig. 5). 

In the asymmetrically dividing  S. cerevisiae aggregates are retained in the mother

cell  during  division  (Fig.  5).  The  cells  exhibit  different  general  deposition  sites

depending  on  the  type  of  stress,  on  the  type  of  aggregating  protein  and  on  its

subcellular localization. Aggregates emerging from the formation of amyloid fibrils

are deposited in close proximity to the vacuole or preautophagosomal structures150,152.

Other protein classes are commonly deposited at sites inside the nucleus or in the

cytoplasm78,80,153.  Different  models  exist  explaining  how aggregate  retention  in the

mother  cell  is  achieved  ranging  from  active  to  passive  mechanisms  including

retrograde transport from the daughter cell along actin filaments114,115,147,148, attachment

of  aggregates  to non-inherited  organelles149,150 and  the  reduced likelihood  of  large

protein deposits crossing the narrow bud neck151.
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In the symmetrically dividing fission yeast S. pombe, aggregates form randomly in

two compartments with low exchange rates between one another: the space between

the old pole and the nucleus (old pole compartment) or that between the new pole

and the nucleus (new pole compartment)103,142,145 (Fig. 5). While the aggregate load

thus has a high probability of being equally distributed between both daughter cells

during  the first  division rounds,  the irreversible  differentiation of  every  new pole

compartment  into  an  old  pole  compartment  leads  to  a  preferential  retention  of

aggregates in the cell inheriting the old pole103,142,145. Aggregates can however escape

this  compartment  at  a  low frequency eventually  allowing  inheritance  to new pole

cells145. Interestingly, it was shown that especially during stress, sHSP-driven aggregate

fusion facilitates asymmetric aggregate distribution103.

In bacteria aggregate distribution amongst daughter cells has been studied in the

symmetrically  dividing  B.  subtilis and  E. coli and  the  asymmetrically  dividing

M. smegmatis146 (Fig. 5). In these organisms aggregates are either directly deposited at

the poles, in the case of B. subtilis119 and E. coli54,117,118, or will gradually move towards

the poles as described for M. smegmatis102. While the reason for aggregate collection at

the poles of  M. smegmatis is unknown, it has been studied in more detail in  E. coli.

Most models favor a passive mechanism involving occlusion of larger particles from

midcell by the densely packed nucleoid over active transport or the involvement of

chaperones54,154. The polar collection of aggregates which will usually not leave this

location anymore has the consequence that aggregates will mostly be inherited by the

old  pole  daughter  lineages  after  the  second  division  post  aggregate  formation  in

E.  coli54,118. Nucleoid occlusion has also been proposed to drive the polar aggregate

formation  observed  in  B.  subtilis119.  It  remains  to  be  shown  if  aggregates  are

maintained in the old pole cell lineages over generations in B. subtilis and M. smegmatis.

Taken  together,  in  all  the  unicellular  organisms  in  which  protein  aggregate

segregation patterns  over  many generations  have been studied to date,  passive  or

active mechanisms appear to drive retention in the cell with the higher replicative age.
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Figure 5: Aggregate localization and inheritance pattern in symmetrically and asymmetrically
dividing unicellular eukaryotes and bacteria.  In the symmetrically dividing  S. pombe multiple
aggregates (green particles) form in the region between the old pole and the nucleus (blue region) or
the new pole and the nucleus after stress exposure. These fuse in a sHSP-dependent way to form
larger particles that can move around their respective compartment but only rarely cross the barrier
imposed by the nucleus. When equal aggregate amounts are present on both sides of the nucleus the
aggregate  load  will  be  symmetrically  distributed  between  daughter  cells.  However,  the  resulting
numeric reduction of aggregates and the differentiation of new cell pole compartments into old cell
pole  compartments  will  lead to an asymmetric  preferential  inheritance  by  the  old pole  cell  after
following division events. In the asymmetric division event of S. cerevisiae a smaller cell buds off a
larger mother cell. Heat shock induced aggregates are collected and deposited at different sites in the
cell. These will specifically be retained in the mother cell by active and passive mechanisms upon
division causing strong asymmetry in aggregate inheritance between mother and daughter cells. In the
symmetrically dividing bacteria B. subtilis and E. coli aggregates are quickly deposited at the poles
upon formation. In  E. coli this is caused by occlusion from the centrally positioned nucleoid (blue
region)  enforcing  aggregate  localization  at  the  aggregate  free  poles  and likely  also takes  place  in
B. subtilis. In E. coli the polar localization of aggregates will lead to a strong asymmetry of aggregate
inheritance  in  the  second  division  by  retaining  aggregates  in  the  old  pole  lineages.  In  the
asymmetrically dividing bacterium M. smegmatis aggregates were also shown to collect at the cell
poles (only collection on one pole shown although bipolar collection possibly also takes place in this
organism) causing asymmetric inheritance upon division. However, it is not known if these aggregates
are specifically maintained in the old pole lineage over consecutive division events.
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3.3. CONSEQUENCES OF AGGREGATE INHERITANCE

Separating correlation and causation between aging and aggregate accumulation in

non-dividing terminally differentiated cells (e.g. neurons) has proven to be difficult.

Studying  the  effect  of  unequal  distribution of  protein  aggregates  between cellular

siblings that largely share the same history has the potential to facilitate understanding

the impact of protein aggregates on aging.

It was shown that aggregates accumulating in the S. cerevisiae mother cell inhibit

proteasome activity155 and that deficiency in this proteolytic machinery156 as well as in

disaggregation114 shorten the replicative lifespan. In turn, providing higher proteasome

activity was able to augment the replicative lifespan156. It is however not clear if this is

directly due to the reduction of damaged protein or factors not directly related to this

function133.  

Several  studies  in  E. coli showed a relative  growth reduction in an aggregate-

inheriting compared to an evading sibling54,116,118.  Although aggregates almost always

localize at the old poles54,117,118 effects caused by aggregate inheritance were able to be

separated  from  those  caused  by  pole  age54,118.  Thus,  these  studies  proposed  that

aggregates are likely one but not the sole aging factor in  E. coli54,118.  Complicating

matters, a very recent study claims that protein aggregation does not take place under

physiological conditions and that aggregate inheritance generally has less of an impact

on growth rate than previously thought117. While the authors could reproduce the old

pole-new pole effect,  they did not observe a correlation between inheriting a heat

shock-induced  aggregate  and  growth  decline.  Interestingly,  it  was  shown  that

inheriting  such  aggregates  post  stress  confers  superior  heat  stress  resistance  in  a

following insult. Thus, aggregates were proposed to be  particles of cellular memory

conferring an advantage under certain conditions117. In stressed fission yeast103,142 and

M. smegmatis102, a lower growth rate and higher mortality were observed in the sibling

receiving the majority of the aggregate load from the mother while no differences

could be observed when aggregates were distributed equally. However, as in E. coli, a

more  recent  study  in  S.  pombe reported  neither  growth  reduction  nor  increased
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mortality upon aggregate inheritance post stress, even in the case of large aggregates

assemblies145. 

Taken  together,  to  date  studies  about  aggregate  inheritance  in  the  different

unicellular  systems  do not  allow us  to draw a  universal  picture  of  the  effects  of

aggregate inheritance. The effects, or lack thereof, of aggregates on the cells inheriting

them  might  depend  on  the  received  amount,  the  nature  of  the  aggregate,  the

environmental condition under which cells inherit an aggregate and the organism. 

3.4. CAULOBACTER CRESCENTUS – A MODEL FOR AGING AND DAMAGE SEGREGATION IN 

AN ASYMMETRICALLY DIVIDING BACTERIUM?

In contrast to  S. pombe and the bacterial model organisms  B. subtilis and  E. coli, the

freshwater α-proteobacterium Caulobacter crescentus exhibits an asymmetric cell cycle157–

159. Because of its genetic accessibility and the ease of distinguishing cell types and cell

cycle phases, this organism has mainly advanced as model for mechanistic studies on

bacterial  development.  Each division  results  in  a  larger  sessile  stalked  cell  that  is

~17% longer  and  ~5% thicker  than  the  smaller  motile  swarmer  cell160 (Fig.  6).

Swarmer  cells  cannot  initiate  DNA  replication  and  are  thus  locked  in  a  stage

reminiscent  of  the  eukaryotic  G1-phase159,161.  During  a  developmental  program in

which the single flagellum is shed from the old pole giving way to the emerging stalk,

the swarmer  cell  accumulates  cell  mass  and differentiates  into a stalked cell.  This

stalked cell will initiate DNA replication once and only once per cell cycle, accumulate

more cell mass and segregate into the two cell types158,159. 

Figure  6:  Schematic  cell  cycle  of  Caulobacter
crescentus. The  motile  flagellated  swarmer  cell
differentiates  into  a  stalked  cell  capable  of
chromosome replication and increasing in mass until
division.  The  asymmetric  division  yields  a  larger
stalked  cell  inheriting  the  old  pole  and  a  smaller
swarmer cell inheriting the new pole.
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Interestingly, as for the S. cerevisiae mother cell, replicative aging in C.  crescentus was

reported for stalked cells albeit at a slower pace. Microfluidics experiments tracking

up  to  ~130  consecutive  divisions  showed  that  for  many  cells  the  time  intervals

between  divisions  increased  or  reproduction  stopped120.  As  in  E.  coli and

B. subtilis134,135, incorporation of new cell wall material in C. crescentus takes place along

the  length  of  the  cell  and  at  the  division  septum  but  not  at  the  poles  making

accumulation  of  damaged  material  at  the  old  poles  possible162,163.  Because  of  the

morphological asymmetry in C.  crescentus the stalked old pole of a stalked cell always

corresponds to the old pole of the mother cell while the swarmer cell’s flagellated old

pole corresponds to the mother’s new pole.

Although  not  stated  in  the  original  work,  later  publications  propose  the

asymmetric retention of damage in analogy to S. cerevisiae mother cells and E. coli old

pole cells as a cause of aging for stalked cells118,121. However, until now no results have

ever been reported to validate these assumptions. Especially in light of the many still

open  questions  regarding  the  role  of  protein  aggregation  and  its  asymmetric

distribution  in  cellular  aging,  expanding  the  study  of  these  processes  beyond  the

commonly  used  models  promises  new  insight.  C.  crescentus as  an  asymmetrically

dividing bacterium with a reported aging phenotype represents an excellent starting

point. 
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4. THE HEAT SHOCK RESPONSE

In  response  to  proteotoxic  stress,  cells  will  engage  in  a  stress-adaptive  program

augmenting their repair and maintenance capacities while rewiring the physiology of

the cell – a process comprehensively known as the heat shock response18. Depending

on the organism this includes the induction of 50-200 heat shock protein encoding

genes that can be subdivided into different  classes  according to the function they

fulfill18. Molecular chaperones prevent further protein un- and misfolding and drive,

manage and reverse protein aggregation6,75 while the proteolytic machinery removes

damaged or other unwanted proteins7,18. Further classes of proteins are involved in

maintaining  other  cellular  components  or  processes  like  protecting  and  repairing

nucleic  acids,  sustaining  cytoskeletal  structures  and  modulating  protein  transport,

membrane transport and detoxification18. In addition to these repair and maintenance

functions,  certain  metabolic  enzymes  are  upregulated  and  although  not  fully

understood, proposedly act in setting up and stabilizing energy supply under adverse

conditions18. Finally, the expression of additional regulatory proteins can initiate other

stress responses and fine-tune stress adaptation18. 

While heat shock response activation and shut-down can be quickly regulated, its

general  dynamics depend on stress intensity and duration. Furthermore, significant

differences  can  be  seen  in  the  relative  induction  levels  as  well  as  the  timing  of

individual heat shock protein expression164,165.  Generally,  molecular chaperones and

proteases are encoded by early-induced genes and belong to the most upregulated and

abundant heat shock proteins.

4.1. THE CHAPERONE NETWORK IN HEAT STRESSED CELLS 

While all organisms constantly express a specific suite of chaperones and proteases

for the house keeping of the proteome, the quantitative and qualitative composition

of the protein homeostasis network is strongly adapted in response to proteotoxic

stress.  Many  chaperones  involved  in  de  novo protein  synthesis  as  well  as  AAA+

proteases which are constitutively expressed as part of the basal proteostasis network
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will be strongly upregulated17,18,166. Furthermore, cells will start producing high levels

of  chaperones  more  specialized in  aggregate  handling  and dissolution to facilitate

refolding18,75,167. These include small heat shock proteins (sHSPs) as well as the ClpB/

Hsp104 disaggregation machineries. 

sHSPs comprise the most diverse class of chaperones and are characterized by

the presence of an α-crystallin domain168,169. These ATP-independent chaperones were

shown to bind and stabilize substrates but not to catalyze folding17,170. While under

some  conditions  this  prevents  protein  aggregation168,170,  under  others  the  sHSPs

specifically drive aggregation80,153,171. As a result, sHSPs are present in many aggregates

of which they can make up a significant fraction107,172–174.  Importantly,  sHSPs bind

early-unfolded  proteins  and  maintain  them in  a  near-native  state171 (Fig. 7).  The

resulting aggregates composed of sHSP-substrate complexes are better shielded from

the environment175, have a different architecture facilitating later disaggregation and

prime the protein content towards refolding instead of degradation75,175. 

In  many  organisms  DnaK/Hsp70  is  crucial  for  protein  disaggregation.

DnaK/Hsp70 chaperones bind to a broad variety of aggregate types176–178 and also

bind  to  and  help  to  dissolve  aggregates  formed  in  the  absence  of  sHSPs107.

Furthermore, only these chaperones appear to be able to displace sHSPs from the

aggregate  surfaces  to  allow dissolution  of  sHSPs-containing  aggregates175 (Fig. 7).

While the DnaK/Hsp70 system is capable of dissolving smaller protein aggregates on

its  own179,  larger  protein  aggregates  are  dissolved  in  cooperation  with  additional

factors. In metazoans Hsp70 is assisted by an unusual Hsp110 nucleotide exchange

factor180,181 whereas  many  bacteria  and  non-metazoan  eukaryotes  make  use  of  a

DnaK/Hsp70-ClpB/Hsp104 bichaperone system to dissolve aggregates174,182 (Fig. 7).

The highly conserved AAA+ disaggregase ClpB/Hsp104 forms an oligomeric ring

capable of extracting proteins from aggregates by threading them through a central

pore under ATP consumption183,184.  However, ClpB has no activity of its own and

requires  aggregate-bound  DnaK  for  recruitment185–188,  substrate  transfer189,190 and

modulation of its ATPase activity190–192(Fig. 7). While proteins disaggregated by this

mechanism are often refolded, aggregate dissolution by other mechanisms can result
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in their degradation75. For instance the unfolding subunits of many AAA+ proteases

have a disaggregating activity but will target the extracted proteins for degradation56.

This  process  could  be  more  common in  organisms  like  B.  subtilis  that  lack  ClpB

homologs  and  further  do  not  strongly  rely  on  DnaK  for  thermal  stress

adaptation96,193,194.

Figure  7:  Protein  aggregation  and  disaggregation  by  heat  shock-inducible  chaperone
machineries. sHSPs bind early-unfolded proteins  and can drive  their  aggregation in  near-native
states while  being incorporated into the aggregate.  In many bacteria  and eukaryotes the resulting
aggregates will be dissolved by a bi-chaperone system consisting of the DnaK/Hsp70 (DnaJ/Hsp40
co-chaperones and nucleotide exchange factors not shown) and ClpB/Hsp104 machineries. DnaK/
Hsp70 binds to the surface of aggregates and displaces sHSPs. In a following step DnaK/Hsp70
recruits and activates the disaggregase ClpB/Hsp104 through which proteins will be threaded by ATP
consumption  leading  to  their  extraction  from the  aggregate.  The  extracted  protein  can  then  be
refolded into its native conformation by the cytoplasmic chaperones. Adapted from (175).

4.2. AAA+ PROTEASES DURING PROTEOTOXIC STRESS

If proteins are terminally damaged or remain un- or misfolded for a prolonged time,

AAA+ proteases will take care of their removal7,96,194. In  E. coli ClpP and HslUV at

least partially relocate to protein aggregate assemblies in heat stressed cells37,54 and all

of  the cytosolic  proteases  have been suggested  to be  involved in the  removal  of

cytosolic un- and misfolded proteins to varying degrees195.  Compared to the other

AAA+ protease-encoding genes, those encoding HslUV are particularly heat shock-

inducible196. The membrane-bound FtsH also degrades damaged cytosolic proteins197

but is especially important for quality control in the inner membrane198,199.    

Amongst the cytosolic AAA+ proteases in E. coli, Lon was shown to have a more

important role in the removal of un- and misfolded proteins96,200. Appropriately, Lon
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has  a  large  substrate  repertoire,  at  least  under  proteotoxic  stress.  Under  these

circumstances, instead of strict sequence motifs, this protease is believed to recognize

hydrophobic regions that would normally be buried in the native conformation of a

protein58.  Importantly,  Lon is allosterically activated by its substrates, meaning that

with increasing concentrations of un- or misfolded proteins the proteolytic activity

will  increase201,202.  In that way protease activity can be regulated dependent on the

level of proteotoxic stress203. 

4.3. REGULATION OF THE HEAT SHOCK RESPONSE

The induction of  heat  shock  proteins  under  thermal  stress  and other  proteotoxic

stress conditions as part of  the heat shock response is a universal  process18.  Heat

shock-inducible proteins can generally be regulated on the level of transcription (by

transcriptional  activators  or  repressors204,205),  translation  (involving  RNA-

thermometers206) and activity (for example increasing protease activity203,207)205,208. 

While in eukaryotes the heat shock factors (HSFs) are conserved transcriptional

activators  of  HSP  expression209 various  factors  are  used  in  bacteria205,208.  Here,

different phylogenetic groups have independently evolved fully or partially specialized

heat shock alternative sigma factors priming the RNA polymerase to the transcription

of heat shock genes. For this purpose many  Proteobacteria like  E. coli use the sigma

factor σ32 210–212 (and in response to outer envelope stress also σE 213,214) while the gram-

positive B. subtilis, amongst other factors, employs the general stress response sigma

factor σB to induce genes required for thermal stress adaption215. In addition to these

transcriptional activators many bacteria regulate heat shock gene expression by one or

several transcriptional repressors205,208,216. The widespread repressors HrcA, HspR and

CtsR often bind to inverted or direct repeat DNA motifs in the operons of  dnaKJ,

grpE and groESL under non-stress conditions and thereby prevent their induction in

the absence  of stress205,217–221.  While some bacteria  base  their  heat  shock response

regulation on only  activation or  repression mechanisms,  most  species  investigated

show combinations of these with overlap between regulons205.
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4.4. MOLECULAR CHAPERONES IN HEAT SHOCK RESPONSE REGULATION

In  addition  to  their  conserved  roles  in  counteracting  protein  unfolding  and

aggregation, different molecular chaperones are involved in the regulation of the heat

shock response222–225.  This is generally achieved through chaperones functioning as

positive regulators of heat shock gene repressors or as negative regulators of heat

shock gene activators205,208,226. 

GroEL/ES  is  responsible  for  maintaining  activity  of  the  repressor  HrcA  by

promoting its folding222,227,228 while DnaK functions as a co-repressor for HspR229,230.

A paradigm of chaperone-mediated regulation is the role of Hsp70 class chaperones

in  regulating  the  activity  of  heat  shock  transcription  factors  in  eukaryotes  and

Proteobacteria. In animals231, fungi232 and plants233 Hsp70 chaperones  were shown to

bind  to  HSFs  and  inhibit  HSF-driven  gene  expression226,231,234,235.  Furthermore

Hsp90236–239 and the  eukaryotic  distantly  GroEL-related  chaperonin  TRiC are  also

involved in regulating HSF240. In  Proteobacteria, DnaK directly interacts with  σ32 and

inhibits its association with the core RNA polymerase241–243. GroEL/ES was proposed

to also be involved in σ32 regulation244,245. 

An  increase  in  un-  and  misfolded  proteins  will  titrate  the  chaperones  away,

alleviating heat shock gene repression by HrcA and CtsR while freeing transcriptional

activators  like  σ32 or  the  HSF  to  induce  the  expression  of  their  heat  shock

regulon205,226.  Thus,  intensity  of heat  shock  gene  expression will  be  regulated as  a

function of the folding demand. The regulating chaperones are usually under control

of  their  respective  activators  or repressors  which provides  an effective means for

feedback  control  of  heat  shock  regulon expression205,246–249.  Once the  new folding

demands have been satisfied, freed-up chaperones can shut down heat shock regulon

expression again205,226. Importantly, this kind of feedback control on the heat shock

response effector can be exerted by an entire array of factors as is well known for

E. coli.
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4.5. REGULATION OF σ32 IN ESCHERICHIA COLI

The heat shock alternative sigma factor σ32 is restricted to but widespread in the large

phylum of the Proteobacteria of which some members harbor several paralogs212,250. The

majority  of  knowledge  about  σ32-dependent  heat  shock  regulon  regulation  comes

from  research  in  the  γ-proteobacterium  E.  coli in  which  the  single  σ32 controls

transcription from an estimated 120-150 promoters248.

In the absence of stress,  σ32 occurs in low numbers due to RNA-thermometer

regulated low translation251 and constant proteolysis reducing the half-life to about 30-

60 s241,252–254. Under low stress conditions and in the heat shock response downshift

phase,  the GroEL/ES244,245 and the DnaK machinery224,243,255 will  interact  with and

inhibit σ32 activity. DnaK binding is promoted by DnaJ and both heat shock proteins

were shown to bind to several and different regions in σ32 (region C and a region

including  amino  acids  198-201  for  DnaK)  leading  to  its  destabilization  and

supposedly  inhibiting  its  capability  to  interact  with  the  RNA  polymerase256–259.

Interestingly, mutations in the 2.1 domain of  σ32  were found to greatly increase its

stability and activity in vivo although chaperone binding was not affected260–263. It was

later shown that the signal recognition particle (SRP) binds to this region and targets

the sigma factor to the inner membrane264,265 where it then can efficiently be degraded

by the membrane-bound protease FtsH253,254,266–268. While region 2.1 is important for

FtsH-dependent  degradation  in  vivo, efficient  reduction  of  σ32  levels  also  requires

region C269. In addition to FtsH, several studies indicate that the cytoplasmic proteases

Lon, HslUV and ClpXP are also involved in the degradation of σ32, albeit to a lesser

degree195,207,270,271. Although DnaK and SRP are both required for effective control of

σ32 by FtsH264,272, it is not known if they can bind to the same sigma factor at the same

time and if binding is sequential265.

Taken together the regulation of σ32 activity by multiple elements of the protein

quality control and transport machinery allows for the induction of heat shock genes

in response to proteotoxic stress in the cytosol and the membrane as well as when

increased protein targeting capacity is required205,208,264 (Fig. 8). As in other systems,
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GroEL/ES,  DnaK, SRP as well  as FtsH and the other  proteases  involved in the

control of σ32 are all part of the sigma factor’s regulon248,249,273, thus allowing for tight

feedback control. Although the regulation of  σ32  has been mainly studied in  E. coli,

features like FtsH-dependent degradation267 and DnaK-dependent inhibition seem to

be widespread and to also take place in C.  crescentus203,268,274,275.

Figure 8: Interconnected processes regulating  σ32 activity in  E. coli.  In the absence of stress,
induction of the  σ32  regulon is kept low by inactivation and degradation of the heat shock sigma
factor. Under conditions of normal protein folding demands a portion of the DnaK (DnaJ and GrpE
not shown) and GroEL/ES machinery will be free to bind to  σ32,  impede its association with the
RNA polymerase (RNAP) and promote  its  targeting  to the  protease FtsH by the SRP in a  still
unknown fashion. While many signal recognition particles (SRPs) are bound to ribosomes harboring
nascent chains exposing signal peptides (SP), a fraction of free SRP will bind to  σ32  and target the
sigma factor to the membrane by interaction with the SRP receptor and the Sec translocon. At the
membrane σ32 will be degraded by the membrane-bound protease FtsH. Under proteotoxic stress or
situations of increased SRP-dependent transport demands, the majority of DnaK and GroEL/ES will
be associated with un- or misfolded proteins while a larger fraction of SRP will  be bound to the
ribosomes. Furthermore, unfolding of membrane proteins increases the demand for FtsH-dependent
degradation  which  could  reduce  the  efficiency  of  σ32 degradation.  The  reduced  association  of
inhibiting  factors  with  σ32,  reduced targeting  of  the  sigma factor  to the  membrane and possibly
reduced  degradation  because  of  a  busy  FtsH protease  allows  an  increase  of  free  σ32 which  can
associate with the RNAP core and drive the increased expression of its regulon.

29

 

free σ32 

FtsH
protease

chaperones
bound
 to σ32

folded
membrane 

proteins

Sec translocon
&

SRP receptor 

σ32 degradationIM bound 
SRP･σ32  

SRP 
bound to SP
and ribosome

SRP 
bound 
to σ32 

normal protein
folding 
demand

 low σ32 regulon expression 

No stress Proteotoxic stress & increased targeting demands

un- and misfolded
membrane 

proteins

Sec translocon
&

SRP receptor 

SRP 
bound to SP
and ribosome

DnaK

GroEL/
ES

high σ32 regulon expression 

FtsH
protease

high protein
folding 
demand

increased degradation of 
membrane proteins

IM





5. CHAPERONE AND PROTEASE ESSENTIALITY

A gene is considered essential when it is required for the reproductive success of an

organism276.  While this requirement is sometimes unconditional, some genes might

only  be  necessary  for  growth  in  certain  environmental  or  genetic  contexts.

Unconditionally  essential  genes  include those  encoding  the machinery  involved in

basic  processes  like  DNA  replication,  transcription  and  translation  which  are

universal to life277–279. At the other extreme a gene involved in amino acid synthesis

will often only be required when this amino acid is not obtainable from an external

source  and  is  thus  conditionally  essential280,281.  Furthermore,  differences  in  gene

essentiality  can  be  observed  in  different  strains  of  the  same  organism  owing  to

variability  of  interaction  networks  and  the  degree  of  functional  redundancy276,282.

Together with differences in life style, these reasons can be extrapolated to variability

of gene essentiality between organisms in general276. Conditionality of gene essentiality

can also be judged by the capability of a cell to compensate for the loss by mutating

another  gene276.  This  often takes  place if  a  gene product  is  essential  because it  is

required for prohibiting the potentially lethal activity of another factor283,284. Screening

for suppressing mutations has been and is a fundamental tool in the understanding of

essentiality and how regulatory networks function285.

Although  the  different  chaperone  and  AAA+  protease  classes  are  highly

conserved throughout the bacterial tree of life, not all of them are present in every

phylogenetic group4,38,286. This shows that not all chaperone systems and proteases are

obligatory for a functional protein homeostasis  and that functions fulfilled by one

machinery in a particular organism can be fulfilled by another in a different one286.

Furthermore, in most organisms the proteostasis network shows both high functional

redundancy  and specialization,  which also strongly  depends  on the environmental

conditions the organism experiences38,96. On the one hand this will be reflected by the

fact  that  chaperones  and  proteases  can  share  substrate  pools  and  that  one  can

compensate for the other after deletion20,287–289.  On the other hand some chaperones

and proteases are absolutely required for cellular survival or their loss has at least
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severe  debilitating  consequences  under  stress  or  even  under  physiological

conditions107,290–294.

Because many chaperones and proteases, at least potentially, act on a multitude of

proteins and in general  protein quality  control6,7,20,  defects in the absence of these

machineries  are  often  attributed  to  pleiotropy.  However,  numerous  instances  of

suppressing mutations have revealed in many cases that even for these broadly acting

machineries the essential function can be attributed to an activity towards a specific

substrate290,292,293,295.  Understanding  these  specific  and  essential  functions  has

important  implications  for  unraveling  the  involvement  of  chaperones  and AAA+

proteases  in regulatory networks and how broader-acting factors can pass over to

functional specialization. 

5.1. CHAPERONE AND PROTEASE ESSENTIALITY UNDER STRESS

Given  the  increased  need  for  protein  folding  and  degradation  capacity  during

proteotoxic  stress,  single  or  combined  deletion  of  many  chaperones  and  AAA+

proteases hinders stress adaptation to varying degrees96,107,275,294,296 while boosting their

levels can increase resistance. For example  E. coli mutants identified in a screen for

increased heat resistance compared to the wild type showed augmented production of

GroEL/ES297. In certain chaperone and protease deletion mutants the accumulation

of a broad range of un- and misfolded proteins and increased formation of protein

aggregate  assemblies  is  observable  under  heat  stress96,107,193.  Deletion  of  ClpB will

often  fully  abolish  the  capability  of  a  cell  to  dissolve  larger  protein  aggregate

assemblies and/or prevent thermal stress adapation54,107–110. 

While  most  bacteria  (including  C. crescentus)  harbor  only  one  DnaK homolog,

some  bacteria  have  several.  In  addition  to  DnaK,  E.  coli has  two  further  DnaK

homologs,  HscA  and  HscB  which  are  involved  in  the  biogenesis  of  iron-sulfur

clusters and the resistance to cadmium ions and UV radiation, respectively298. Out of

these three DnaK homologs only DnaK is induced upon heat stress, required for heat

stress resistance and broadly involved in the maintenance of protein homoestasis298.

Similarly, also in other bacteria harboring several DnaK homologs, one homolog is
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required for maintaining general protein homeostasis under heat stress as seems to be

the case  for  most  bacteria  harboring  only  one DnaK homolog96,295,299–301 (Tab.  1).

Thus, while some DnaK homologs exhibit functional specialization accompanied by a

smaller substrate pool, in most bacteria one DnaK homolog is heavily involved in or

required for the folding of a large pool of thermolabile substrates20,174. 

A noteworthy exception among studied bacteria is the gram-positive B. subtilis in

which the sole DnaK homolog can be deleted without pronounced consequences for

heat shock resistance apart from very severe thermal upshifts302. Here, heat-resistance

seems to strongly depend on the ClpP protease system, which appears to be involved

in maintenance of protein integrity and bulk degradation193,294. Interestingly, B.  subtilis

lacks a ClpB homolog and prevention of aggregate formation or aggregate removal is

highly dependent on the ClpP protease193,194. In contrast, in E. coli deletion of all three

cytosolic proteases ClpXP, Lon and HslUV does not entail strong accumulation of

un- and misfolded proteins nor is cell viability affected upon exposure to 42°C96,195.

Only during heat stress under DnaK-limiting conditions could a substantial increase

in un- and misfolded proteins  be identified in the absence of the protease  Lon96.

Together  these  findings  show  that  at  least  under  stress  conditions  the  protein

homeostasis networks can be set up very differently between organisms96,193,194. 

Thermosensitivity as well as bulk protein unfolding and the detection of protein

aggregates is a useful phenotype for understanding the function and measuring the

degree of involvement of specific chaperones and proteases in general protein quality

control.  However,  it  is  difficult  to  judge  what  defects  directly  originate  from the

burden of un- and misfolded proteins and what amount is actually lethal. For example

E. coli cells in which an estimated total of 5-10% of the proteome is aggregated are

still viable96. Thus, evaluating general protein un- and misfolding only provides limited

insight  on  the  possibility  that  the  failure  of  folding  or  interacting  with  a  specific

substrate causes death. Genetic screens have proven useful to identify these essential

functions. For example, an overexpression screen showed that a  Shewanella oneidensis

mutant lacking HtpG has a reduced resistance to heat stress because the chaperone is

required  for  the  folding  of  the  essential  tRNA-maturation factor  TilS  under  heat

stress290. Overexpression of TilS was found to restore viability in heat-challenged cells.
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Furthermore, since proteases and chaperones often have regulatory functions in stress

responses as well as cell  cycle and developmental  processes, major impairments in

viability can result from misregulation, which often also affects viability in the absence

of stress.

Table 1: Summary of DnaK homolog essentiality among investigated species. When a bacterial
species  harbors  several  DnaK homologs  all  homologs  are  listed. A DnaK homolog  is  listed  as
essential in the absence of stress when depletion of the chaperone is lethal or no knockout strains
could be obtained under standard laboratory or low temperature conditions. If a DnaK homolog is
essential  in  the  absence  of  stress  its  potential  essentiality  under  heat  stress  was  not  tested  (not
available, n.a.). The presence or absence of heat-inducibility is shown for every homolog. DnaK in
B.  subtilis is  not  considered  essential  for  heat  shock  survival,  because  a  phenotype  can  only  be
observed during relatively severe stress. References are indicated next to the species name.

phylum species name no
stress

heat
shock

heat-
induced

Actinobacteria Mycobacterium smegmatis mc2155291 DnaK yes n.a. yes
Actinobacteria Streptomyces coelicolor A3(2)230,303 DnaK yes n.a. yes
Cyanobacteria Synechococcus sp. PCC7942304 DnaK1 no no no

DnaK2 yes n.a. yes
DnaK3 yes n.a. no

Cyanobacteria Synechocystis sp. PCC6803305 DnaK1 no no no
DnaK2 yes n.a. yes
DnaK3 no no no

Firmicutes Bacillus subtilis 1012302 DnaK no no yes
Firmicutes Listeria monocytogenes 10403S299,306 DnaK no yes yes
Firmicutes Staphylococcus aureus SH1000301 DnaK no yes yes
Proteobacteria Escherichia coli MC4100295,298,307,308 DnaK no yes yes

HscA no no no
HscC no no no

Proteobacteria Brucella suis 1330 (ATCC 23444)300 DnaK no yes yes
Proteobacteria Caulobacter crescentus NA1000203,274,275 DnaK yes n.a. yes
Proteobacteria Bradyrhizobium japonicum 110spc4309 DnaK yes n.a. yes

5.2. CHAPERONE AND PROTEASE ESSENTIALITY IN THE ABSENCE OF STRESS

While  some  chaperones  and  proteases  are  essential  for  viability  under  stress

conditions, loss of certain machineries has little consequence in the absence of stress.

A prominent example of such a factor is the disaggregase ClpB54,107–110. However, a

number of chaperones and AAA+ proteases are absolutely required for viability of

the cell even in the absence of stress, phenotypes that again depend on the machinery

and  the  organism  investigated.  While  ClpP  mutants  in  B.  subtilis are  very  heat
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sensitive, a high number of un- and misfolded proteins can be detected even in the

absence of stress showing that the protease machinery is important for maintaining

overall protein homeostasis193. However, these cells have also a lot of other defects

including in processes such as motility, cell separation upon division, sporulation and

competence development294. While these can in principle all be affected by the general

lack of protein quality control, impaired competence development in B. subtilis lacking

ClpP is  largely attributable to the absence of regulated proteolysis  of  ComK310 or

Spx311. A suppressor mutation in Spx was found to restore competence in B. subtilis

cells in which clpP was deleted312.

Similar  or  even  more  severe  defects  after  loss  of  AAA+ proteases  resulting

primarily or in part from misregulation are also known in other organisms. While not

lethal, knockout of the protease Lon leads to slower growth and cell cycle defects

including cell elongation in E. coli and C. crescentus. In E. coli Lon is responsible for the

regulated proteolysis of the DNA-damage effector SulA. Elevated levels of this factor

partially  inhibit  cell  division313.  In  C.  crescentus Lon  is  involved  in  the  temporal

regulation of cell  cycle factor levels73.  While loss of FtsH is highly detrimental for

growth but not lethal in  C. crescentus268, loss of this protease is lethal in  E. coli314,315.

Through  identification  of  a  suppressing  mutation,  the  protease  was  found  to  be

crucial  for  cell  membrane/envelope  synthesis  by  degrading  the  lipopolysaccharide

biosynthesis  key enzyme LpxC in  E. coli293.  Interestingly,  although degradation by

ClpXP plays an important role in regulating the cell cycle in C. crescentus73 loss of this

protease is lethal because it is required for the degradation of the SocB toxin affecting

the DNA sliding clamp292. Suppressor mutations in the toxin-encoding gene restored

viability in the absence of ClpXP.

The essentiality of the constitutively expressed basic chaperoning machineries is

often variable between organisms but can also be highly conserved.  In E. coli the

chaperonin  GroEL/ES is  absolutely  required for  the maturation of  13 proteins23.

Depletion of the chaperone leads to filamentation and lysis in  E. coli. Interestingly,

GroEL/ES homologs  (some bacteria  have several  homologs316,317)  is  essential  in a

broad spectrum of phylogenetically unrelated bacteria318–321. Thus, folding of certain
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conserved substrates is likely to be a universal essential function of this machinery

across bacteria. In the case of the heat-inducible DnaK homologs, requirements for

growth in the absence of stress are more varied (Tab. 1).  While deletion of the sole

DnaK homolog  in  B.  subtilis302 does  not  lead to reduced growth,  homologs  were

found  to  be  essential  in  representatives  of  such  diverse  bacterial  groups  as  the

Actinobacteria291,303,  Cyanobacteria304,305 and Proteobacteria274,275,309. In  M. smegmatis DnaK is

required to prevent strong protein aggregation even under physiological conditions.

Furthermore,  the chaperone is directly required for the folding of an essential large

multimodular lipid synthase without which membrane integrity is severely impaired291.

DnaK is not absolutely required for the viability of E. coli but its loss only permits

cells to live at temperatures lower than the standard culture temperature of 37°C 322.

Severe protein aggregation in cells lacking DnaK can only be observed after additional

deletion of the trigger  factor  encoding gene287,323,324 or when cells  are incubated at

elevated temperatures96. Interestingly, mutations in the  σ32  encoding gene  rpoH were

found to partially suppress the defects in cells lacking DnaK suggesting that although

not  essential  the  chaperone’s  regulation  of  the  heat  shock  sigma  factor  plays  an

important role for the viability at reduced temperatures295. 

Taken together, although AAA+ proteases and chaperones often have global

functions in protein quality control, their essentiality can depend on discrete activities

on specific  factors.  Importantly,  understanding this  essentiality  often yields deeper

insight  into regulatory pathways.  As in many organisms but in contrast  to  E.  coli,

DnaK is also essential for viability in the absence of stress in the model bacterium

C. crescentus203,274,275.  Here  DnaK  controls  DNA  replication  through  σ32 regulation,

however, it is not clear if this is the only essential function controlled through this

activity203. 
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6. BACTERIAL GROWTH AND CELL CYCLE CONTROL UNDER 

STRESS

Progression through the cell cycle is a fundamental requirement for the multiplication

of  cells.  To this  end a  cell  has  to increase  in  mass,  replicate  its  genetic  material,

segregate its chromosomes and finally divide. However, under stress conditions cells

can arrest growth processes or specific cell cycle steps  in order to avoid potentially

lethal  consequences if  they were carried out with errors  or failed325.  Furthermore,

arresting proliferative functions can allow for the reallocation of resources towards

the expression of protective and reparative factors.  For example, during heat shock

the  translation  of  a  large  subset  of  proliferative  proteins  can  be  reduced  while

translation of chaperones and proteases is not impaired or even favored106,326. 

The cell cycle model bacterium C. crescentus has proven to be an excellent tool to

study stress adaptive mechanisms targeting cell cycle and growth and by now several

mechanisms  affecting  different  cell  cycle  steps  are  known325.  For  instance,  in  an

analogous way to E. coli, damage to the chromosome elicits the production of small

proteins  inhibiting  cell  division  but  still  allowing  growth,  leading  to  filamentous

cells327–329. Regulated proteolysis of cell cycle factors causing the inhibition of specific

cell cycle steps has recently been shown to take place under various conditions like

osmotic and ethanol stress330 as well as proteotoxicity induced by heat shock or DnaK

depletion203. In addition to a block in DNA replication other yet unknown processes

seem to  be  affected  by  the  heat  shock  regulon.  In  C.  crescentus,  DNA replication

initiator levels are strongly reduced in response to stationary phase entry and nutrient

starvation  by  mechanisms  currently  not  understood.  Taken together  the  study  of

these still poorly understood processes in C. crescentus promises more insight into how

bacteria adjust growth and their cell cycle in response to stress.
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6.1. REGULATED PROTEOLYSIS IN CELL CYCLE PROGRESSION AND STRESS ADAPTATION

Regulated proteolysis plays an important role in regulation of cell cycle processes by

ensuring  their  correct  sequence  and their  arrest  and modulation  during  stress  by

acting  in  initiating,  effecting  and  shutting  down  stress  responses7,73.  Regulated

proteolysis  by  Lon  and  ClpXP  are  crucial  for  proper  cell  cycle  progression  in

C. crescentus73. Here, periodical degradation of the cell cycle master regulator CtrA by

ClpXP regulates the swarmer to stalk cell transition and DNA replication. Compared

to  transcriptional  and  translational  activation  or  shut-down,  degradational  control

allows for faster regulation of protein levels. Interestingly, it was recently shown that

the degradational control  over CtrA extends to conditions of high  osmolarity  and

ethanol stress. These stresses induce rapid degradation of the cell cycle regulator CtrA

culminating in a cell division block330. The resulting filamentous cells were shown to

have a growth advantage over those not degrading CtrA under the same conditions.

Similar to heat shock response regulation through σ32 degradation by FtsH253,254,266–268,

many transcriptional programs of stress responses are under degradational control7.

For example, in E. coli ClpXP regulates the transcription of genes which are part of

the stationary phase and envelope stress response by degrading σS 331 while promoting

σE activity by degrading the antisigma factor RseA332.

6.2. DNAK AND LON IN PROTEOTOXIC STRESS-DEPENDENT CELL CYCLE REGULATION OF 

CAULOBACTER CRESCENTUS

It was recently shown that inhibition of DNA replication by regulated proteolysis

represents a discrete activity of the C. crescentus heat shock response203. In a screen for

mutants  surviving  otherwise  lethal  overreplication-inducing  overexpression  of  the

replication initiator DnaA, mutations reducing but not abolishing the functionality of

the DnaK machinery were found to restore viability.

DnaK indirectly  controls  DNA replication through its  function as  a  negative

regulator  of  the  σ32-dependent heat  shock regulon203 (Fig.  9).  DnaK depletion or

proteotoxic stress-dependent activation of σ32 induces transcription of the heat shock
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regulon, leading to increased expression of the protease Lon. Elevated levels of Lon

as well  as its  allosteric  activation by unfolded proteins increase  the rate  of DnaA

degradation  and  prevent  DNA  replication203.  Reduction  of  Lon  levels  through

attenuating mutations in  σ32  were found to restore DNA replication and viability in

the absence of DnaK203. However, it is not clear if maintaining DnaA levels is the

only  essential  function  mediated  by  DnaK’s  regulation  of  σ32. For  example,  in  a

similar fashion to the increase in Lon levels, higher levels of other proteases or heat

shock proteins  induced as part  of  the  σ32  regulon could inhibit  other  proliferative

functions. Further investigation of DnaK essentiality and cellular changes occurring

during  σ32  regulon activation in  C. crescentus will shed light on chaperone essentiality

and if and how the heat shock response protects the cell from proteotoxic stress by

inhibiting proliferative processes.

Figure  9: Model  of  DnaK’s
role  in  controlling  DNA
replication in C. crescentus. In
the absence of proteotoxic stress
DnaK inhibits  the  induction  of
the  σ32  regulon  by  destabilizing
σ32.  DnaA  can  accumulate  and
DNA  replication  is  initiated.
Under strong proteotoxic  stress,
un- and misfolded proteins titrate
DnaK  away  from  σ32.  The
liberated  sigma  factor  induces
expression of Lon and other heat
shock  proteins.  Elevated  Lon
levels,  together  with  an
allosterically regulated increase in
degradation  efficiency  by
unfolded proteins (symbolized by
unfolded proteins associated with
Lon),  lead  to  the  removal  of
DnaA and thus the inhibition of
DNA replication.  Adapted from
(203).
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6.3. CELL CYCLE REGULATION IN RESPONSE TO NUTRIENT STARVATION

In  their  natural  environment  bacteria  often  face  fluctuating  nutrient  availability

resulting in periods  of starvation.  In the absence  of nutrients  cells  stop cell  cycle

progression  and  increasing  in  cell  mass.  Guanosine  penta-  and  tetraphosphate

((p)ppGpp) are signaling molecules strongly produced during carbon and amino acid

starvation and have been shown to globally reduce protein synthesis and the growth

rate in general as part of the so-called stringent response333. 

In many organisms, starvation also leads to cessation of DNA replication. High

production of (p)ppGpp inhibits the initiation of DNA replication in E. coli334,335 and

C. crescentus336,337 while replication fork progression is affected in B. subtilis338. Previous

work in  C. crescentus has  shown that  DnaA abundance  is  greatly  decreased during

nutrient  limitation337,339,340.  It  was  proposed  that  starvation  stimulates  DnaA

degradation337 and  that  (p)ppGpp  is  involved  in  regulating  the  stability  of  the

replication  initiator  under  this  condition339.  Interestingly,  in  E.  coli (p)ppGpp  and

polyphosphate,  production  of  which  increases  in  response  to  elevated  levels  of

(p)ppGpp, were shown to activate Lon to degrade ribosomal proteins64.  While the

mechanism controlling DnaA abundance in response to heat shock has recently been

revealed203, it still remains largely unclear how DnaA levels are regulated in response

to nutrient starvation and what direct roles, if any, the protease Lon and (p)ppGpp

play in this process.    
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AIMS OF THE THESIS

In this thesis I aimed at deepening our understanding of basic molecular mechanisms

governing chaperone essentiality  as well  as bacterial  stress  responses  and recovery

using proteotoxicity and nutrient starvation as model stresses in Caulobacter crescentus.

Specifically, I addressed the following aims:

Aim I: Tracking and uncovering the dynamics of protein aggregate formation

and inheritance in an asymmetrically dividing bacterium (paper I).

Aim II: Deepening  our  understanding  of  the  essential  role  of  the  highly

conserved  chaperone  DnaK  in  controlling  heat  shock  regulon-

dependent functions (paper II).

Aim III: Elucidating  the  mechanisms  by  which replication  initiator  levels  are

regulated in response to stationary phase entry and nutrient starvation

(paper III).
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MAIN FINDINGS

Paper I 

Growth-driven displacement of protein aggregates along the cell  length

ensures partitioning of aggregates to both daughter cells in  Caulobacter

crescentus

In  all  bacteria  in  which  protein  aggregate  localization  was  studied  to  date,  these

particles collect at the cell poles54,102,118,119. In E. coli this aggregation pattern was shown

to lead to an almost obligatory retention in old pole cell lineages54,118. Replicative aging

of  the  old  pole-inheriting  stalked  cells  in  the  strongly  asymmetrically  dividing

bacterium C.  crescentus was tentatively explained by a similar preferential retention of

aggregates in these cells versus the new pole-inheriting swarmers118,121. In this study we

have investigated the dynamics and composition of protein aggregates, chaperone and

protease  requirements  for aggregate dissolution as well  as aggregate inheritance in

C.  crescentus.  We  describe  a  new  pattern  of  bacterial  aggregate  localization  and

inheritance preventing cell type-specific enrichment of the majority of aggregates.

Aggregates  form  as  multiple  DnaK-attended  foci  throughout  the  cell  volume  of

Caulobacter crescentus

To monitor the dynamics of protein aggregate formation and dissolution as well as

heat shock response induction in  C. crescentus by microscopy, we natively tagged the

major chaperone DnaK with the monomeric fluorescent protein mVenus. Analysis of

aggregation patterns  and dynamics  in  Lon,  sHSP and ClpB deletion backgrounds

revealed  similar  requirements  for  aggregate  dissolution  as  in  E.  coli.  Heat  shock

treatments  as  well  as  exposures  to  sublethal  concentrations  of  the  antibiotic

kanamycin  induced  relocalization  of  DnaK-mVenus  from  a  diffuse  pattern  into

mainly two to four foci. These did not preferentially collect at the poles but were

equally  distributed  over  the  cell  length.  Furthermore,  the  presence  of  aggregates
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induced a change in the spatial organization of the chromosome, with DNA staining

less  intense  in  regions  occupied  by  aggregates.  We  conclude  that  in  contrast  to

previously studied bacteria, in C. crescentus aggregate formation is not restricted to the

cell poles which could be explained by Caulobacter’s less compact chromosome.

The  stress  severity  determines  aggregate  longevity  and  thus  damage  clearance

through dissolution or dilution

After establishing the basics of aggregate formation and dissolution in C. crescentus, we

sought  to  track  the  dynamics  of  protein  aggregation  and  aggregate  clearance  in

developing microcolonies under different heat stress regimes by fluorescence time-

lapse microscopy. While cells recovering from a one hour exposure to 40 or 42°C

showed normal cell  morphology and dissolved all  aggregates within one cell cycle,

cells  stressed  more  severely  were  often  elongated  and  exhibited  heterogeneous

aggregate lifespans.  Both short-lived aggregates which are dissolved within a time-

span shorter than a cell cycle as well as long-lived aggregates persisting over multiple

generations could be found in cells continuously exposed to 44°C or recovering from

one hour at 44 or 46°C. In turn,  aggregates were largely stable in living but non-

growing cells observed after temporary exposure to 46°C or continuous exposure to

44°C. Thus, we find that aggregate lifespan strongly depends on stress severity and

the growth rate of the cells. Lower stress intensities allow for aggregate removal from

individual cells by dissolution while during more severe stress persistent aggregates

are handed down to the progeny over generations.

Aggregates  are  handed  down  to  both  cell  types  at  a  stable  frequency  in

C. crescentus

Aggregates were shown to be specifically retained in the old pole-inheriting cell in

E.  coli  and  S.  pombe.  We  tracked  the  subcellular  localization  and  inheritance  of

persistent aggregates arising under different conditions over several generations. We

found that  aggregates are relatively static particles that do not change their position

relative to the cell poles during the longitudinal growth of a cell. However, the growth

along  the  length  of  the  cell  and  setting  of  new  cell boundaries  will  cause  most

aggregates to assume a position closer to the new pole after each division event until
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they  are  inherited  by  a  swarmer  cell  (Fig.  10).  Only  a  minor  fraction  (30%)  of

aggregates originally formed at the poles will remain in this location presumably due

to the absence of cell growth in this area. The pattern of aggregate displacement and

inheritance prevents polar deposition of aggregates that did not originally form there

and results in these aggregates being partitioned to the old pole/stalked daughter cell

and the new pole/swarmer cell at a constant rate.  Taken together, we describe the

mechanistic basis for a new pattern of bacterial aggregate inheritance in which most

aggregates are not retained in the old pole-inheriting lineage.

Figure 10: Inheritance pattern of persistent protein aggregates in the asymmetrically dividing
bacterium C. crescentus. Schematic showing how aggregate positional changes and inheritance are
determined by growth along the length of the cell, the pole regions being excluded, and cell division.
Numbers  represent relative cell  positions  between the old (0)  and the new pole (1).  Lines allow
tracking these positions along the growth and division events of the cell. Reproduced from (paper I).
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Paper II

An  essential  regulatory  function  of  the  DnaK  chaperone  dictates  the

decision between proliferation and maintenance in Caulobacter crescentus

While  DnaK’s  global  chaperoning  activity  is  absolutely  required  for  withstanding

thermal upshifts in many bacteria96,295,299–301, it is not clear why the chaperone is also

often  essential  in  the  absence  of  stress.  In  C.  crescentus DnaK  is  required  for

maintaining DnaA levels through inhibiting  σ32  203, however, their restoration is not

sufficient to rescue DnaK-lacking cells. We provide new insight into potential further

mechanisms  involved  in  σ32 regulation  and  show  that  in  addition  to  causing  the

degradation of DnaA, strong σ32  regulon induction leads to reallocation of cellular

resources  from  proliferative  to  maintenance  functions.  We  conclude  that  in

C.  crescentus preventing  the  inappropriate  induction  of  the  σ32-dependent  stress

response which affects multiple cellular processes  is the only essential  function of

DnaK in the absence of stress.

DnaK’s chaperoning function is dispensable in the absence of stress

Since DnaK is well known for its global chaperoning function as well as for being an

essential partner for the disaggregase ClpB we hypothesized that its loss might induce

strong  protein  aggregation  affecting  viability.  However,  in  vivo  aggregation  assays

revealed that the depletion of DnaK under non-stress conditions does not induce a

significant  increase  in  protein  aggregation.  We conclude that  while  loss  of  DnaK

exacerbates protein aggregation during heat shock the chaperone is not required for

maintaining global protein homeostasis in the absence of stress.

Mutations reducing  σ32  regulon  induction restore viability in the absence of DnaK

and provide new insight into the mechanisms controlling σ32 activity

To identify  causes  for  DnaK essentiality  other  than its  role in maintaining DnaA

levels,  we  performed  a  screen  for  mutations  restoring  viability  in  the  absence  of

DnaK under DnaA overproduction conditions.  Similar to the previously identified

mutations suppressing the strong degradation of DnaA, also in the presence of DnaA

most mutations were localized in the gene encoding σ32, leading to a reduction of the
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sigma  factor’s  activity.  Importantly,  the  suppressor  mutations  could  not  rescue

viability of DnaK-lacking cells at higher temperatures where cells sustained strong

protein aggregation indicating a requirement for DnaK’s chaperoning activity during

heat shock. 

We also found other mutations negatively affecting the heat shock sigma factor

less  directly.  An  amino  acid  exchange  in  the  C-terminus  of  the  sigma  factor-

contacting  constituent  of  the  RNA  polymerase  RpoB  reduced  σ32 promotor

occupancy and thus regulon induction likely by lowering the affinity of the RNA

polymerase for σ32. Another mutation affecting availability of the RNA polymerase led

to  an  increase  in  house-keeping  sigma  factor  σ70 levels  resulting  in  increased

competition  between  σ32 and  σ70 for  the  formation  of  a  transcriptional  complex.

Finally, we found a mutation in the protease HslUV rendering the protease capable of

degrading σ32 and strongly lowering sigma factor levels in the absence of DnaK. 

Taken  together  our  genetic  screen  and the  analysis  of  the  identified  mutants

provided  new  insight  into  the  regulatory  mechanisms  controlling  σ32  activity  and

showed that DnaK’s regulatory function on σ32 is essential not only to maintain DnaA

replication but also other proliferative processes. 

σ32  activity induces reprogramming of gene expression, reallocates resources from

proliferative towards protective functions and inhibits growth 

The fact that most identified mutations circumvent strong σ32 regulon induction in the

absence of DnaK even when DNA replication is enabled indicates that  σ32 activity

globally affects the cell or at least several processes in addition to DnaA degradation. 

To understand mechanisms  underlying  the  heat  shock  sigma factor’s  growth-

inhibitory effect we sought to identify the genes under its control as well as proteomic

changes  upon  sustained  σ32  regulon  induction.  We  identified  338  genes  to  be

upregulated due to σ32  activity of which 181 represent probable direct targets of  the

sigma  factor. Importantly,  the  conserved  heat  shock-inducible  chaperones  and

proteases only comprised a small fraction of these genes, while many were involved in

metabolism, small molecule membrane transport and other functions. These results

suggest that the σ32-dependent transcriptional response in C. crescentus has the potential

to rewire the cell in a profound way. Finally, we compared whole proteome fractions
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of DnaK-harboring and -depleted cells by mass spectrometry to see how sustained σ32

regulon induction affects the proteome. While, as expected, the total mass fraction of

the  part  of  the  proteome  containing  highly  abundant  chaperones  and  proteases

involved in repair and maintenance was strongly  upregulated,  proteins  involved in

DNA  replication,  certain  metabolic  processes  and  generally  the  sub-proteome

involved in protein translation was strongly downregulated. Especially, levels of the

translation elongation factor Tu (EF-Tu) and the small ribosomal protein RpsF were

highly reduced. 

In summary our data show that the σ32-dependent stress response in C. crescentus

represents a global reprogramming of the cell away from proliferative functions and

towards  cell  maintenance.  Importantly,  in  C. crescentus,  keeping  this  program

suppressed is the sole essential function of DnaK in the absence of stress (Fig. 11).
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Figure 11: Temperature-dependent essential function of DnaK and the decision between cell
proliferation and maintenance in response to heat stress. A) Model depicting the temperature-
dependent change of DnaK’s essentiality and how it dictates the decision between proliferation and
maintenance behaviors. The wedge-shaped color-gradients symbolize how the essentiality of DnaK
changes  depending on the temperature.  Temperatures  at  which experiments were performed are
indicated.  At  low temperatures  DnaK's  essential  function is  to  inactivate  σ32 and in  this  way to
promote proliferation while repressing maintenance functions. The higher the temperature, the more
DnaK's chaperone activity is required to prevent cytotoxic protein aggregation until , at the highest
temperatures,  it becomes essential for surviving heat shock. Under these conditions  σ32-dependent
gene  expression  is  de-repressed  leading  to  the  upregulation  of  maintenance  functions  while
downregulating proliferative processes.  B) Scheme of how activation of the  σ32  regulon reprograms
the cell by inhibiting cell cycle progression and growth generally while upregulating functions required
for cell maintenance. 
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Paper III

Nutritional  control  of  DNA  replication initiation through  the  proteolysis

and regulated translation of DnaA

In response to nutrient starvation and stationary phase entry bacteria actively arrest

their growth and cell cycle. It was shown that in various organisms DNA replication

is often targeted at different levels334–338. In this study we uncovered a mechanism by

which levels of the DNA replication initiator DnaA are regulated as a function of

nutrient availability in  C. crescentus. While constant degradation by the protease Lon

keeps DnaA turnover at an unchanged rate between exponential phase and nutrient-

depleted conditions, the 5’ untranslated region (5’UTR) of the  dnaA mRNA causes

downregulation  of  translation  under  the  latter.  We  show  that  by  combining

proteolytic  and translational  regulation,  cells  can  achieve  fast  regulation  of  DnaA

levels and thus DNA replication in response to nutrient availability.

DnaA levels correlate with nutrient availability in Caulobacter crescentus

Similar to heat shock conditions, entry into stationary phase in the standard peptone

and yeast extract based rich PYE (peptone-yeast extract) growth medium leads to a

strong  downregulation  of  DnaA levels  and  thus  a  block  of  DNA  replication  in

C.  crescentus.  Multiple  stress  factors  like  the  accumulation  of  toxic  products  or

exhaustion of resources could affect DnaA levels during entry to stationary phase.

However,  we  found  that  nutrient  depletion  is  the  driving  factor  causing  DnaA

depletion  and  that  DnaA  levels  are  generally  highly  correlated  with  nutrient

availability  and  growth  rate.  Stepwise  reconstitution  of  PYE  by  adding  different

amounts of its components to minimal medium increased DnaA levels in a dose-

dependent  manner.  Similarly,  readdition  of  concentrated  PYE  components  to  a

stationary phase culture quickly restored growth and DnaA levels.  Together,  these

results excluded the possibility of an accumulation of waste products as a driver of

DnaA  downregulation.  Furthermore,  C.  crescentus cells  starved  of  glucose  when

provided  as  the  sole  carbon  source  in  minimal  medium  experienced  a  drastic

reduction of DnaA levels that can be restored by nutrient readdition. Taken together

we identify the decline of nutrient  availability  and cellular growth rate at  entry  to

stationary phase in PYE as the cause of the observed reduction of DnaA levels.
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DnaA elimination during entry into stationary phase and carbon source depletion is

not caused by (p)ppGpp

Nutrient  starvation  conditions  like  entry  into  stationary  phase  or  carbon  source

exhaustion  induce  the  stringent  response  mediated  through  (p)ppGpp.  Alongside

functions  in  downregulating  protein  translation  and modulating  transcription,  this

small signaling molecule has also been proposed to affect DnaA levels in C. crescentus

and  E. coli.  To test if (p)ppGpp is involved in the downregulation of DnaA upon

stationary  phase  entry  or  carbon  source  depletion  we  compared  DnaA  levels  at

different time points along the growth curve in the wild type and a mutant lacking

SpoT, the only (p)ppGpp synthase in C. crescentus. While ∆spoT cells were deficient in

arresting growth, we found that DnaA levels are downregulated and DNA replication

arrested with similar timing as in the wild type. Thus, we conclude that (p)ppGpp is

not required to downregulate DnaA during entry to stationary phase or carbon source

depletion.

Growth  phase-dependent  reduction  of  DnaA  requires  degradation  by  Lon  and

inhibition of dnaA mRNA translation through the 5’UTR

It was previously shown that DnaA is constantly degraded at a stable rate by the

protease Lon even in the absence of stress. Proteotoxic stress leads to quick depletion

of DnaA levels by increasing the rate at  which Lon degrades DnaA, while DnaA

synthesis remains largely unaffected (Fig. 12). By monitoring DnaA levels in ∆lon cells

entering stationary phase or starving for a carbon source, we found that degradation

by Lon is also required to reduce DnaA levels under these conditions. However,  in

vivo degradation assays revealed that in contrast to heat stress, the degradation rate is

not  significantly  increased  in  comparison  to  non-stress  conditions,  indicating  that

DnaA levels  are  regulated  on  the  level  of  synthesis.  While  we  found  that  dnaA

transcript  levels  do  not  change  significantly  enough  to  account  for  the  observed

reduction in DnaA levels, the relatively long 5’UTR of the dnaA mRNA turned out to

be of great importance in controlling DnaA synthesis. Removing this sequence stretch

from transcripts expressed from either the native dnaA or a lac promoter completely

abolished DnaA downregulation. 
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In summary, these results show that the reduction of DnaA levels during nutrient

depletion is achieved through unchanged constant degradation by Lon outpacing the

now strongly reduced  dnaA mRNA translation. Translation of the  dnaA mRNA is

regulated  by  a  yet  to  be  elucidated  mechanism  involving  a  directly  or  indirectly

nutrient availability-sensing 5’UTR (Fig. 12).

Figure 12: Regulation of DnaA levels in response to stress. During exponential growth DnaA
levels  allowing  DNA  replication  initiation  are  maintained  despite  constant  degradation  by  the
protease Lon through high translation rates of the dnaA mRNA. During stationary phase and carbon
starvation, the reduced nutrient availability causes the inhibition of translation of the dnaA mRNA by
a yet unresolved mechanism involving the 5’UTR. Under these conditions of reduced DnaA synthesis
the  constant  degradation  rate  of  Lon  is  sufficient  to  clear  DnaA  and  cause  a  block  of  DNA
replication initiation. In contrast, under proteotoxic stress, synthesis rates are largely maintained while
the degradation of DnaA by Lon is strongly increased as a result of higher levels of Lon and allosteric
activation of Lon leading to a G1-arrest. Adapted from (paper III).
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DISCUSSION AND FUTURE PERSPECTIVES

This thesis provided new insight into bacterial aggregate inheritance, the molecular

principles  causing  chaperone  essentiality  and  the  regulatory  mechanisms  affecting

growth  and  cell  cycle  progression  in  response  to  proteotoxic  stress  and  nutrient

starvation. Our findings have implications for the general view of aggregates as aging

factors  as well  as on the general  idea of pleiotropy behind chaperone essentiality.

Furthermore, they build a fundament for future research on bacterial growth and cell

cycle adjustment in response to stress.

A  new  pattern  of  protein  aggregate  inheritance  and  its  relevance  for

questions of cellular damage segregation

Larger  aggregates,  as discrete particles unequally distributed over a cell  population

have been proposed to be driving factors for heterogeneity in cellular aging and stress

resistance54,102,113,117,118,142. We find that in  C. crescentus aggregates form throughout the

cell volume, do not collect at the poles and are partitioned between daughter cells

over generations at a stable rate. This represents an aggregation pattern very different

from the polar collection observed in previously studied bacteria and the concomitant

retention in the old pole daughter cell in E. coli54,102,118. In E. coli, spatial occlusion by

the compact nucleoid in the center of the cell enforces aggregate formation at the

poles54,154.  In  agreement  with  this,  we  suggest  that  the  comparably  more  relaxed

chromosome which extends  through the  entire  cell  body in  C.  crescentus does  not

produce high enough differences in molecular crowding to drive polar deposition. 

Similarly  as  for  the  old  pole  cell  in  E.  coli,  S.  pombe and  the  mother  cell  in

S.  cerevisiae, previous works proposed that aging in C. crescentus could be caused by the

accumulation of protein aggregates in the old pole/stalked cell118,121. Our finding that

most persistent aggregates do not accumulate at the poles could refute this hypothesis

and  calls  for  other  explanations,  for  example  the  retention  of  older  membrane
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components341. First results of an analysis of the growth rate of aggregate containing

versus aggregate-lacking cells indicate that only inheritance of very large aggregates

might reduce a cell’s growth rate in C. crescentus. It remains to be investigated in detail,

including  different  aggregate  types  and  environmental  conditions,  if  inheriting  an

aggregate impacts cell growth in this organism. Since most aggregates eventually leave

an old pole/stalked cell to be inherited by a swarmer cell long after stress exposure,

we propose C. crescentus as an excellent model system to study potential age-related old

pole and aggregate effects in isolation. This might be of even higher importance in

light of recent studies performed in E. coli and S. pombe in which the long established

negative impact of the presence of aggregates was relativized117,145. 

By studying aggregate formation and inheritance in the asymmetrically dividing

bacterium C. crescentus we have uncovered a new mechanism of aggregate inheritance.

We expect that the study of further species, especially those belonging to groups with

unusual  morphology  or  intracellular  structures  like  Streptomycetes,  Planctomycetes or

Cyanobacteria342,343,  will  lead to important  new insight  on aggregate distribution and

inheritance  in  bacteria  and help  understand  processes  of  damage  segregation  and

heterogeneity in aging and stress resistance.

Heat shock protein essentiality and single cause behind pleiotropy

In this  work we have tested the requirement  of different  chaperones  and AAA+

proteases for the viability of  C. crescentus in the absence of stress and find that the

disaggregase  ClpB, the two small  heat  shock proteins  sHSP1 and sHSP2 and the

protease  Lon are dispensable  under these  conditions.  In stark contrast,  the highly

conserved  chaperone  DnaK is essential  even in the absence  of stress.  DnaK is a

major  hub  for  protein  homeostasis  in  E.  coli20 and  loss  of  this  chaperone  in

mycobacteria leads to a lethal protein homeostasis collapse291. Thus defects in the cell

cycle,  growth or  in  general  viability  after  the  loss  of  major  chaperones  are  often

tentatively explained as being of pleiotropic origin due to the lack of folding of several

or many clients. 

Importantly,  we  find  that  DnaK’s  chaperoning  function  is  dispensable  at

physiological  temperatures  in  C.  crescentus and  that  its  regulatory  function  as  an

inhibitor of the  σ32  regulon is not only required to allow DNA replication but also
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essential for other proliferative processes. Interestingly, although loss of DnaK is not

lethal in E. coli, reducing induction of the σ32  regulon alleviates defects in the cells295.

We thus propose that DnaK essentiality in other Proteobacteria might be explainable by

the chaperone’s evolutionary new function as a regulator of the  σ32  regulon in this

bacterial group.

Taken together, this study exemplifies that the essentiality of such a broad acting

factor as DnaK can at least in some cases be broken down to one specific function.

Furthermore, we have shown that identifying the reason for essentiality under one

condition is not always sufficient to extrapolate to others. While DnaK’s chaperoning

function is essential under heat stress in C. crescentus it is its regulatory function that is

required in the absence of stress. The reason for the essentiality of other chaperones

in the absence of stress still remains unclear. For example, depletion of GroEL/ES

leads to distinct  cell  cycle defect  phenotypes in  C. crescentus275.  Future studies  thus

promise to deepen our knowledge about chaperone function in growth and cell cycle

control.

Additional regulatory layers of σ32 control and the HslU mutation as a tool

for studying protease function 

In our suppressor screen we identified a number of mutations reducing heat shock

response induction that were located outside of the  σ32 encoding gene  rpoH. These

affected the association of  σ32 with the RNA polymerase or caused non-canonical

degradation of the sigma factor. In principle, all these processes could also be relevant

in wild type cell σ32 regulation. It is intriguing to find a mutation in the sigma factor-

contacting domain of the RNA polymerase  β-subunit  which reduces  σ32 promoter

occupancy. While regions relevant for house-keeping sigma factor binding have been

identified  in  this  protein344,  knowledge  about  alternative  sigma  factor  binding

determinants is still limited. It is attractive to speculate that different regions of the

β-subunit could be involved in stress-dependent regulation of the RNA polymerase’s

affinity  for  alternative  sigma  factors.  Similarly,  regulation  of  the  abundance  or

availability of sigma factors competing with σ32 could be an important  mechanism

regulating the heat shock response in wild type cells as proposed previously274,345.
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In addition to these alterations in the transcriptional machinery, we found that a

small  amino acid deletion in the unfoldase ring of HslUV causes  the protease  to

degrade σ32. Amongst the highly conserved AAA+ proteases in bacteria, the biological

function of HslUV is least understood. This is particularly surprising in  light of the

fact that it is the most strongly heat shock response induced AAA+ protease, both in

E. coli196 and in C. crescentus. It was suggested that in addition to FtsH, HslUV is also

involved in the degradation of  σ32 E. coli and it was later shown that  E. coli HslUV

degrades  σ32 in vitro with increasing efficiency as temperature increases. We did not

observe that C. crescentus cells overproducing wild type HslUV exhibit a shorter half-

life of  σ32, neither under normal nor under elevated temperatures. It remains to be

understood if in  C. crescentus under certain conditions an adaptor or other processes

modulate HslUV-dependent degradation of σ32  or if it takes place with the wild type

protein at all. Independent of this question, finding a mutation so drastically affecting

substrate recognition or degradation efficiency of HslUV could provide an important

tool for gaining further insight into the machinery’s mode of action and biological

function.

Arresting growth and cell cycle progression as a potential function of the

σ32 regulon

We show that in C. crescentus strong induction of the σ32-dependent regulon leads to

the reallocation of resources  by the proteome involved in translation towards the

synthesis of heat shock proteins. While we as of yet do not know how drastic this

effect is under heat stress or other proteotoxic stress conditions, we suggest that a

lower  or  temporary  inhibition  of  translation  could  be  beneficial  during  stress.

Especially nascent peptide chains are vulnerable to these stresses under which they

are thought to be one of the main sources of protein aggregation346.  Furthermore,

slowing down translation can increase viability in cells experiencing proteotoxic stress

which was among other conditions shown for EF-Tu depletion347. Importantly, our

data  show that  this  translation factor  is  strongly  downregulated  after  strong  heat

shock response induction. 

Regulated proteolysis  is an integral  part  of many stress adaptive mechanisms7.

Under proteotoxic stress conditions, Lon-dependent proteolysis of DnaA is strongly
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increased leading to a DNA replication block and thereby protection of chromosome

integrity203. We show that all of the highly conserved AAA+ proteases are upregulated

as part of the σ32  regulon. This provides the possibility that at least a number of the

downregulated proteins are subject to regulated proteolysis with the possible purpose

of  inhibiting  a  vulnerable  proliferative  process  or  redirecting  the  cellular  program

towards maintenance.

By studying the essential  function of DnaK in the absence of stress  we have

found that the σ32-dependent regulon has a growth-inhibiting activity. While we have

many indications of how σ32 activity might inhibit growth and cell cycle progression, it

remains  to  be  shown  if  it  does  so  under  stress  conditions  and  what  specific

mechanisms  may  underlie  this  inhibition.  Specific  experimental  inhibition  of

identified processes without a concomitant upregulation of heat shock proteins could

allow to test if the cell benefits from the inhibition of certain processes under stress in

an independent way.

Targeting of DNA replication as specific cell cycle control mechanism under

nutrient starvation

Conceptually  similar  to  the  σ32  activity-dependent  inhibition  of  DNA  replication

initiation203, different examples of how cells block proliferative processes in response

to nutrient  starvation are known in various bacteria333.  Here we have identified a

discrete (p)ppGpp-independent mechanism by which DNA replication is specifically

regulated in response to nutrients. While the replication initiator DnaA is constantly

degraded by Lon at a stable rate, entry to stationary phase and glucose exhaustion

leads to a strong reduction of dnaA mRNA translation which is sensed through the

5’UTR. We suggest that the combination of the short half-life of DnaA together with

its translational control allows for faster and more precise regulation than possible

through transcriptional regulation alone.

While  we  have  identified  the  long  5’UTR  as  being  responsible  for  nutrient-

dependent regulation of dnaA translation, the nature of the signal and how it is sensed

remains  to  be  uncovered.  Importantly,  in  addition  to  carbon  source  exhaustion,

starvation  for  nitrogen339 as  well  as  fatty  acids340 was  shown  to  lead  to  the

downregulation of DnaA and we found that to also be the case for starvation for
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phosphate  and  sulfur  (unpublished  data,  Michele  Felletti).  It  remains  to  be

investigated if the downregulation under these conditions also involves the 5’UTR.

Depletion  of  various  nutrients  influencing  translation  in  this  way  suggests  that

changes in the central metabolism or the growth rate control the signal sensed by the

leader. We envisage a 5’UTR-interacting metabolite, a regulatory protein or a small

non-coding RNA as signals transmitting nutritional state potentially by changing the

mRNA’s secondary structure.

Our study has unveiled a new mechanism by which bacteria regulate the essential

and sensitive process of DNA replication initiation in response to nutrient availability.

Future work identifying the discrete signal transferring the information to the  dnaA

leader will have significant impact on our understanding of how bacteria balance cell

cycle progression and protection of vulnerable processes.

60



ACKNOWLEDGEMENTS

The  work  culminating  in  this  thesis  would  not  have  been  possible  without  the

scientific and moral support  of a lot of people.  I want to use this opportunity to

acknowledge them.

First and foremost I would like to express my deepest appreciation towards my

supervisor Kristina Jonas. I count myself lucky to have been given the opportunity

to join her then newly formed group and to later gain the experience of having lived

and worked in  Stockholm.  Her  guidance  was  of  great  value  for  learning  how to

perform and present scientific work. The encouraging and supportive environment

she created as a supervisor are something for which I am very grateful. I think it

speaks for itself that leaving her office after a long discussion always left me highly

motivated to pursue and value my research. 

I  would  also  like  to  extend  my  gratitude  to  the  members  of  the  different

committees evaluating my progress as a PhD student for their time spent and the

input they gave: Martin Thanbichler and Victor Sourjik during my time in Marburg

as  well  as  Diarmaid  Hughes,  Ute  Römling,  Stefan  Åström and  Claes

Andréasson in Stockholm. Here, I want to particularly express my gratitude to my

co-supervisor Claes Andréasson with whom I had the opportunity to discuss projects

in more detail and whose expert knowledge in the chaperone field was of great help.

Many  thanks  to  collaborators,  other  groups  and  facilities  whose  work  and

suggestions have improved the articles published within the frame of this thesis. Jörg

Bernhardt for  his  help  in  data  visualization,  Ilaria  Testa,  Jonatan  Alvelid,

Giovanna Coceana, Jes Dreier and Francesca Pennacchietti for the preparation

and analysis of super resolution microscopy data and Georg Fritz and Marco Mauri

for valuable discussion.  I  also thank the  mass spectrometry facility at Philipps

University of Marburg and the Clinical Proteomics Mass Spectrometry facility

at the Science for Life Laboratory in Stockholm for their services and advice for

data analysis.

61



Thanks should furthermore go to the German Academic Exchange Service

for providing me with a stipend funding a part of my research performed in Sweden. 

I am extremely grateful to the past and current  members of the Jonas lab. I

am very lucky to have worked with such engaged, talented and supportive people.

Thanks for the great friendships that have developed and the time we spent together

in and outside the lab. I cannot begin to express my thanks to  Kristina Heinrich,

who introduced me to many techniques, contributed to one of the publications of this

thesis and whose organizational skill improved life in the lab. She was the first to go

through all the different steps of the PhD and I thank her for paving the way for us

to follow. I am highly indebted to David Leslie for his immense readiness to help. I

thank  him  for  the  numerous  times  he  has  helped  me  with  programming-related

questions, the discussion of cloning strategies and correcting and commenting on this

thesis. Special thanks go to Kristen Schroeder with whom I have shared the project

leading  to  the  last  publication  of  this  thesis.  Her  work  and  writing  skill  have

significantly furthered our project and improved more than one manuscript. Thanks

should  also  go  to  Marietta  Thüring who  performed  some  of  the  experiments

included  in  this  work.  I  thank  the  most  experienced  members  of  the  Jonas  lab

Michele Felletti and Deike Omnus for sharing their knowledge and enriching our

lab with new angles from which to approach scientific problems. Further, I thank

Michele Felletti for suggestions in the process of writing this thesis.

I  want  to thank  the people at  the  Center for Synthetic Microbiology in

Marburg for a great working environment and  the people at the Department of

Molecular  Biosciences,  The  Wenner-Gren  Institute and  Science  for  Life

Laboratory for welcoming and integrating us so quickly after our arrival to Sweden.

Many thanks to Anna Masser and Deike Omnus for the translation of the popular

science  summary  of  this  thesis  into  Swedish. Special  thanks  to  the  people  on

Gamma 5 at SciLifeLab who have shaped the experience of living in Sweden into

something I will always fondly remember.

Finally I want to thank my friends and family on which I know I can always

count, their moral support have been an important ingredient for this thesis. I very

much appreciate the effort and the result of the time my sister  Isabelle Schramm

put into making the artwork for this thesis’ cover. Last but not least, I would like to

62



express my deepest gratitude to my beloved parents Catherine and Peter Schramm

for  fostering  my  childhood  curiosity,  their  strong  support  for  my  education  and

encouraging me to follow my interests.

63





REFERENCES

1. Anfinsen, C. B. & Scheraga, H. A. Experimental and theoretical aspects of protein folding. Advances
in Protein Chemistry 29, (1975).

2. Onuchic, J. N. & Wolynes, P. G. Theory of protein folding. Curr. Opin. Struct. Biol. 14, 70–75 (2004).

3. Dill, K. A. & MacCallum, J. L. The Protein-Folding Problem, 50 Years On. Science 338, 1042–1046
(2012).

4. Sauer, R. T. & Baker, T. A. AAA+ proteases: ATP-fueled machines of protein destruction. Annu. Rev.
Biochem. 80, 587–612 (2011).

5. Powers,  E.  T.,  Morimoto,  R.  I.,  Dillin,  A.,  Kelly,  J.  W.  &  Balch,  W.  E.  Biological  and  Chemical
Approaches to Diseases of Proteostasis Deficiency. Annu. Rev. Biochem. 78, 959–991 (2009).

6. Balchin, D., Hayer-Hartl, M. & Hartl, F. U. In vivo aspects of protein folding and quality control.
Science 353, aac4354-1 (2016).

7. Mahmoud, S. A. & Chien, P. Regulated Proteolysis in Bacteria.  Annu. Rev. Biochem. 87, 677–696
(2018).

8. Pauling, L., Corey, R. B. & Branson, H. R. The Structure of Proteins: Two Hydrogen-Bonded Helical
Configurations of the Polypeptide Chain. Proc. Natl. Acad. Sci. U. S. A. 37, 205–211 (1951).

9. Drozdetskiy,  A.,  Cole,  C.,  Procter,  J.  &  Barton,  G.  J.  JPred4:  A  protein  secondary  structure
prediction server. Nucleic Acids Res. 43, W389–W394 (2015).

10. Richardson, J. S. Describing Patterns of Protein Tertiary Structure. 115, 341–358 (1985).

11. Dill, K. A., Ozkan, S. B., Shell, M. S. & Weikl, T. R. The Protein Folding Problem. Annu. Rev. Biophys.
37, 289–316 (2008).

12. Brockwell, D. J. & Radford, S. E. Intermediates: ubiquitous species on folding energy landscapes?
Curr. Opin. Struct. Biol. 17, 30–37 (2007).

13. Dinner, A. R., Šali, A., Smith, L. J., Dobson, C. M. & Karplus, M. Understanding protein folding via
free-energy surfaces from theory and experiment. Trends Biochem. Sci. 25, 331–339 (2000).

14. Onuchic,  J.  N.,  Luthey-Schulten,  Z.  &  Wolynes,  P.  G.  Theory  of  protein  folding:  The  Energy
Landscape Perspective. Annu. Rev. Phys. Chem. 48, 545–600 (1997).

15. Gray, M. J., Wholey, W.-Y., Wagner, N. O., Cremers, C. M., Mueller-Schickert, A., Hock, N. T., Krieger,
A.  G.,  Smith,  E.  M.,  Bender,  R.  A.,  Bardwell,  J.  C.  A.  & Jakob, U. Polyphosphate is  a primordial
chaperone. Mol. Cell 53, 689–699 (2014).

16. Tyedmers, J., Mogk, A. & Bukau, B. Cellular strategies for controlling protein aggregation.  Nat.
Rev. Mol. Cell Biol. 11, 777–788 (2010).

17. Hartl,  F.  U.,  Bracher,  A.  &  Hayer-Hartl,  M.  Molecular  chaperones  in  protein  folding  and
proteostasis. Nature 475, 324–332 (2011).

18. Richter, K., Haslbeck, M. & Buchner, J. The Heat Shock Response: Life on the Verge of Death. Mol.
Cell 40, 253–266 (2010).

19. Langer, T., Lu, C., Echols, H., Flanagan, J., Hayer, M. K. & Hartl, F. U. Successive action of DnaK,
DnaJ and GroEL along the pathway of chaperone-mediated protein folding.  Nature 356, 683–
689 (1992).

20. Calloni, G., Chen, T., Schermann, S. M., Chang, H.-C., Genevaux, P., Agostini, F., Tartaglia, G. G.,
Hayer-Hartl, M. & Hartl, F. U. DnaK functions as a central hub in the E. coli chaperone network.
Cell Rep. 1, 251–264 (2012).

21. Hartl, F. U. & Hayer-Hartl, M. Molecular Chaperones in the Cytosol: from Nascent Chain to Folded
Protein. Science 295, 1852–1858 (2002).

65



22. Hoffmann, A., Bukau, B. & Kramer, G. Structure and function of the molecular chaperone Trigger
Factor. Biochim. Biophys. Acta 1803, 650–661 (2010).

23. Kerner,  M.,  Naylor,  D.,  Ishihama,  Y.,  Maier,  T.,  Chang,  H.-C.,  Stines,  A.  P.,  Georgopoulos,  C.,
Frishman, D.,  Hayer-Hartl,  M.,  Mann, M. & Hartl,  F.  U.  Proteome-wide Analysis of Chaperonin-
Dependent Protein Folding in Escherichia coli. Cell 122, 209–220 (2005).

24. Thomas, J. G. & Baneyx, F. ClpB and HtpG facilitate de novo protein folding in stressed Escherichia
coli cells. Mol. Microbiol. 36, 1360–1370 (2000).

25. Ferbitz, L., Maier, T., Patzelt, H., Bukau, B., Deuerling, E. & Ban, N. Trigger factor in complex with
the ribosome forms a molecular cradle for nascent proteins. Nature 431, 9396–9401 (2004).

26. Willmund,  F.,  del  Alamo,  M.,  Pechmann,  S.,  Chen,  T.,  Albanèse,  V.,  Dammer,  E.  B.,  Peng,  J.  &
Frydman,  J.  The cotranslational  function of ribosome-associated Hsp70 in  eukaryotic  protein
homeostasis. Cell 152, 196–209 (2013).

27. Qi, R., Sarbeng, E. B., Liu, Q., Le, K. Q., Xu, X., Xu, H., Yang, J., Wong, J. L., Vorvis, C., Hendrickson, W.
A., Zhou, L. & Liu, Q. Allosteric opening of the polypeptide-binding site when an Hsp70 binds
ATP. Nat. Struct. Mol. Biol. 20, 900–907 (2013).

28. Kityk,  R.,  Kopp, J.,  Sinning, I.  & Mayer,  M. P.  Structure and Dynamics of the ATP-Bound Open
Conformation of Hsp70 Chaperones. Mol. Cell 48, 863–874 (2012).

29. Sekhar,  A.,  Rosenzweig,  R.,  Bouvignies,  G.  & Kay,  L.  E.  Mapping the conformation of a  client
protein  through the  Hsp70  functional  cycle.  Proc.  Natl.  Acad.  Sci.  U.  S.  A. 112,  10395–10400
(2015).

30. Zhuravleva, A.  & Gierasch, L.  M. Substrate-binding domain conformational dynamics mediate
Hsp70 allostery. Proc. Natl. Acad. Sci. U. S. A. 112, E2865–E2873 (2015).

31. Mayer, M. P. & Bukau, B. Hsp70 chaperones: Cellular functions and molecular mechanism.  Cell.
Mol. Life Sci. 62, 670–684 (2005).

32. Bracher,  A.  & Verghese,  J.  The nucleotide  exchange factors  of  Hsp70 molecular  chaperones.
Front. Mol. Biosci. 2, 1–9 (2015).

33. Kampinga, H. H. & Craig, E. A. The HSP70 chaperone machinery: J proteins as drivers of functional
specificity. Nat. Rev. Mol. Cell Biol. 11, 579–592 (2010).

34. Kirschke, E.,  Goswami,  D.,  Southworth, D., Griffin, P.  R. & Agard, D. A. Glucocorticoid receptor
function regulated by coordinated action of the Hsp90 and Hsp70 chaperone cycles.  Cell 157,
1685–1697 (2014).

35. Cuéllar, J., Martín-Benito, J., Scheres, S. H. W., Sousa, R., Moro, F., López-Vĩas, E., Gómez-Puertas,
P.,  Muga,  A.,  Carrascosa,  J.  L.  &  Valpuesta,  J.  M.  The  structure  of  CCT-Hsc70NBD suggests  a
mechanism for Hsp70 delivery of substrates to the chaperonin. Nat. Struct. Mol. Biol. 15, 858–864
(2008).

36. Morgner, N., Schmidt, C., Beilsten-Edmands, V., Ebong, I., Patel, N. A., Clerico, E. M., Kirschke, E.,
Daturpalli,  S.,  Jackson,  S.  E.,  Agard,  D.  &  Robinson,  C.  V.  Hsp70  Forms  Antiparallel  Dimers
Stabilized by Post-translational Modifications to Position Clients for Transfer to Hsp90. Cell Rep.
11, 759–769 (2015).

37. Kumar, M. & Sourjik, V. Physical map and dynamics of the chaperone network in Escherichia coli.
Mol. Microbiol. 84, 736–47 (2012).

38. Wong,  P.  & Houry,  W.  A.  Chaperone networks in bacteria:  analysis  of protein homeostasis  in
minimal cells. J. Struct. Biol. 146, 79–89 (2004).

39. Clare, D. K., Vasishtan, D., Stagg, S., Quispe, J., Farr, G. W., Topf, M., Horwich, A. L. & Saibil, H. R.
ATP-triggered conformational changes delineate substrate-binding and -folding mechanics of
the GroEL chaperonin. Cell 149, 113–123 (2012).

40. Gupta,  A.  J.,  Haldar,  S.,  Miličić,  G.,  Hartl,  F.  U.  &  Hayer-Hartl,  M.  Active  cage  mechanism  of
chaperonin-assisted  protein  folding  demonstrated at  single-molecule  level.  J.  Mol.  Biol. 426,
2739–2754 (2014).

41. Hayer-Hartl, M., Bracher, A. & Hartl, F. U. The GroEL-GroES Chaperonin Machine: A Nano-Cage for
Protein Folding. Trends Biochem. Sci. 41, 62–76 (2016).

66



42. Saibil, H. R., Fenton, W. A., Clare, D. K. & Horwich, A. L. Structure and allostery of the chaperonin
GroEL. J. Mol. Biol. 425, 1476–1487 (2013).

43. Taguchi,  H. Reaction Cycle of Chaperonin GroEL via Symmetric ‘football’  Intermediate.  J.  Mol.
Biol. 427, 2912–2918 (2015).

44. Chaudhuri, T. K., Farr, G. W., Fenton, W. A., Rospert, S. & Horwich, A. L. GroEL/GroES-Mediated
Folding of a Protein Too Large to Be Encapsulated. Cell 107, 235–246 (2001).

45. Bittner,  L.-M.,  Arends,  J.  & Narberhaus,  F.  Mini  Review:  ATP-Dependent  Proteases in Bacteria.
Biopolymers 105, 505–517 (2016).

46. Dalbey, R. E., Wang, P. & van Dijl, J. M. Membrane Proteases in the Bacterial Protein Secretion and
Quality Control Pathway. Microbiol. Mol. Biol. Rev. 76, 311–330 (2012).

47. Koppen,  M. & Langer,  T.  Protein degradation within mitochondria:  Versatile activities  of  AAA
proteases and other peptidases. Crit. Rev. Biochem. Mol. Biol. 42, 221–242 (2007).

48. Rawlings,  N. D.,  Barrett,  A.  J.  & Finn, R.  Twenty years  of the MEROPS database of proteolytic
enzymes, their substrates and inhibitors. Nucleic Acids Res. 44, D343–D350 (2016).

49. Schuhmann,  H.  &  Adamska,  I.  Deg  proteases  and  their  role  in  protein  quality  control  and
processing in different subcellular compartments of the plant cell.  Physiol. Plant. 145, 224–234
(2012).

50. Olivares, A. O., Baker, T. A. & Sauer, R. T. Mechanistic insights into bacterial AAA+ proteases and
protein-remodelling machines. Nat. Rev. Microbiol. 14, 33–44 (2015).

51. Glynn, S. E. Multifunctional Mitochondrial AAA Proteases. Front. Mol. Biosci. 4, (2017).

52. Sakamoto,  W. Protein Degradation Machineries  in  Plastids.  Annu.  Rev.  Plant Biol. 57,  599–621
(2006).

53. Bittner,  L.-M.,  Arends, J.  & Narberhaus,  F.  When, how and why? Regulated proteolysis by the
essential FtsH protease in Escherichia coli. Biol. Chem. 398, 625–635 (2017).

54. Winkler, J., Seybert, A., König, L., Pruggnaller, S., Haselmann, U., Sourjik, V., Weiss, M., Frangakis, A.
S.,  Mogk, A.  & Bukau, B.  Quantitative and spatio-temporal  features of  protein aggregation in
Escherichia coli and consequences on protein quality control and cellular ageing.  EMBO J. 29,
910–23 (2010).

55. Karlowicz, A., Wegrzyn, K., Gross, M., Kaczynska, D., Ropelewska, M., Siemiatkowska, M., Bujnicki,
J.  M.  &  Konieczny,  I.  Defining  the  crucial  domain  and  amino  acid  residues  in  bacterial  Lon
protease  for  DNA  binding  and processing  of  DNA-interacting  substrates.  J.  Biol.  Chem. 292,
7507–7518 (2017).

56. Kirstein, J., Molière, N., Dougan, D. A. & Turgay, K. Adapting the machine: Adaptor proteins for
Hsp100/Clp and AAA+ proteases. Nat. Rev. Microbiol. 7, 589–599 (2009).

57. Williams, B.,  Bhat, N., Chien, P. & Shapiro, L. ClpXP and ClpAP proteolytic activity on divisome
substrates  is  differentially  regulated following the  Caulobacter asymmetric  cell  division.  Mol.
Microbiol. 93, 853–866 (2014).

58. Gur, E. & Sauer, R. T. Recognition of misfolded proteins by Lon, a AAA+ protease. Genes Dev. 22,
2267–2277 (2008).

59. Tasaki, T., Sriram, S. M., Park, K. S. & Kwon, Y. T. The N-end rule pathway. Annu. Rev. Biochem. 81,
261–289 (2012).

60. Moore,  S.  D.  &  Sauer,  R.  T.  The  tmRNA  System  for  Translational  Surveillance  and  Ribosome
Rescue. Annu. Rev. Biochem. 76, 101–124 (2007).

61. Führer, F., Langklotz, S. & Narberhaus, F. The C-terminal end of LpxC is required for degradation
by the FtsH protease. Mol. Microbiol. 59, 1025–1036 (2006).

62. Neher, S. B., Flynn, J. M., Sauer, R. T. & Baker, T. A. Latent ClpX-recognition signals ensure LexA
destruction after DNA damage. Genes Dev. 17, 1084–1089 (2003).

63. Flynn,  J.  M.,  Levchenko,  I.,  Sauer,  R.  T.  & Baker,  T.  A.  Modulating substrate  choice:  The SspB
adaptor delivers a regulator of the extracytoplasmic-stress response to the AAA+ protease ClpXP
for degradation. Genes Dev. 18, 2292–2301 (2004).

67



64. Kuroda, A., Nomura, K., Ohtomo, R., Kato, J., Ikeda, T., Takiguchi, N., Ohtake, H. & Kornberg, A. Role
of Inorganic Polyphosphate in Promoting Ribosomal Protein Degradation by the Lon Protease in
E. coli. Science 293, 705–708 (2001).

65. Mettert, E. L. & Kiley, P. J. ClpXP-dependent proteolysis of FNR upon loss of its O 2-sensing [4Fe-
4S] cluster. J. Mol. Biol. 354, 220–232 (2005).

66. Levchenko, I., Seidel, M., Sauer, R. T. & Baker, T. A. A specificity-enhancing factor for the ClpXP
degradation machine. Science 289, 2354–2356 (2000).

67. Bolon, D. N., Wah, D. A., Hersch, G. L., Baker, T. A. & Sauer, R. T. Bivalent Tethering of SspB to ClpXP
Is Required for Efficient Substrate Delivery: A Protein-Design Study. Mol. Cell 13, 443–449 (2004).

68. Lau, J., Hernandez-Alicea, L., Vass, R. H. & Chien, P. A Phosphosignaling Adaptor Primes the AAA+
Protease ClpXP to Drive Cell Cycle-Regulated Proteolysis. Mol. Cell 59, 104–116 (2015).

69. Amm, I., Sommer, T. & Wolf, D. H. Protein quality control and elimination of protein waste: The
role of the ubiquitin-proteasome system. Biochim. Biophys. Acta 1843, 182–196 (2014).

70. Paetzel, M., Karla, A., Strynadka, N. C. J. & Dalbey, R. E. Signal peptidases. Chem. Rev. 102, 4549–
4579 (2002).

71. Koepp, D. M., Harper, J. W. & Elledge, S. J. How the cyclin became a cyclin: Regulated proteolysis
in the cell cycle. Cell 97, 431–434 (1999).

72. King, R. W., Deshaies, R. J., Peters, J.-M. & Kirschner, M. W. How proteolysis drives the cell cycle.
Science 274, 1652–1659 (1996).

73. Joshi, K. K. & Chien, P. Regulated proteolysis in bacteria: Caulobacter. Annu. Rev. Genet. 50, 423–
445 (2016).

74. Patil, C. & Walter, P. Intracellular signaling from the endoplasmic reticulum to the nucleus: The
unfolded protein response in yeast and mammals. Curr. Opin. Cell Biol. 13, 349–356 (2001).

75. Mogk, A., Bukau, B. & Kampinga, H. H. Cellular Handling of Protein Aggregates by Disaggregation
Machines. Mol. Cell 69, 214–226 (2018).

76. Alberti, S. Phase separation in biology. Curr. Biol. 27, R1097–R1102 (2017).

77. Boeynaems, S., Alberti, S., Fawzi, N. L., Mittag, T., Polymenidou, M., Rousseau, F., Schymkowitz, J.,
Shorter, J., Wolozin, B., Van Den Bosch, L., Tompa, P. & Fuxreiter, M. Protein Phase Separation: A
New Phase in Cell Biology. Trends Cell Biol. 28, 420–435 (2018).

78. Miller, S. B. M., Ho, C.-T., Winkler, J., Khokhrina, M., Neuner, A., Mohamed, M. Y. H., Guilbride, D. L.,
Richter, K., Lisby, M., Schiebel, E., Mogk, A. & Bukau, B. Compartment-specific aggregases direct
distinct nuclear and cytoplasmic aggregate deposition. EMBO J. 34, 778–97 (2015).

79. Miller, S. B. M., Mogk, A. & Bukau, B. Spatially Organized Aggregation of Misfolded Proteins as
Cellular Stress Defense Strategy. J. Mol. Biol. 427, 1564–1574 (2015).

80. Escusa-Toret,  S.,  Vonk,  W.  I.  &  Frydman,  J.  Spatial  sequestration  of  misfolded  proteins  by  a
dynamic chaperone pathway enhances cellular fitness during stress. Nat. Cell Biol. 15, 1231–1243
(2013).

81. Wang, J.,  Farr,  G.  W., Zeiss, C.  J.,  Rodriguez-Gil,  D. J.,  Wilson, J.  H.,  Furtak,  K.,  Rutkowski,  D.  T.,
Kaufman,  R.  J.,  Ruse,  C.  I.,  Yates  III,  J.  R.,  Perrin,  S.,  Feany,  M.  B.  & Horwich,  A.  L.  Progressive
aggregation  despite  chaperone  associations  of  a  mutant  SOD1-YFP  in  transgenic  mice  that
develop ALS. Proc. Natl. Acad. Sci. U. S. A. 106, 1392–1397 (2009).

82. Morley,  J.  F.,  Brignull,  H.  R.,  Weyers,  J.  J.  &  Morimoto,  R.  I.  The threshold for  polyglutamine-
expansion  protein  aggregation  and  cellular  toxicity  is  dynamic  and  influenced  by  aging  in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A. 99, 10417–10422 (2002).

83. Ben-Zvi, A., Miller, E. A. & Morimoto, R. I. Collapse of proteostasis represents an early molecular
event in Caenorhabditis elegans aging. Proc. Natl. Acad. Sci. U. S. A. 106, 14914–14919 (2009).

84. Chiti, F. & Dobson, C. M. Protein Misfolding, Functional Amyloid, and Human Disease. Annu. Rev.
Biochem. 75, 333–366 (2006).

85. Ross, C. A. & Poirier, M. A. Protein aggregation and neurodegenerative disease. Nat. Med. 10, S10
(2004).

68



86. Labbadia,  J.  &  Morimoto,  R.  I.  The  Biology of  Proteostasis  in  Aging and Disease.  Annu.  Rev.
Biochem. 84, 435–464 (2015).

87. Grune,  T.,  Jung,  T.,  Merker,  K.  &  Davies,  K.  J.  A.  Decreased  proteolysis  caused  by  protein
aggregates,  inclusion  bodies,  plaques,  lipofuscin,  ceroid,  and  ‘aggresomes’  during  oxidative
stress, aging, and disease. Int. J. Biochem. Cell Biol. 36, 2519–2530 (2004).

88. Hawkins,  C.  L.,  Pattison,  D.  I.  &  Davies,  M.  J.  Hypochlorite-induced oxidation of  amino acids,
peptides and proteins. Amino Acids 25, 259–274 (2003).

89. Pattison, D. I. & Davies, M. J. Absolute rate constants for the reaction of hypochlorous acid with
protein side chains and peptide bonds. Chem. Res. Toxicol. 14, 1453–1464 (2001).

90. Hawkins,  C.  L.  &  Davies,  M.  J.  Radicals  From  Lysine  Residues  and  Their  Role  in  Protein
Fragmentation. Biochem. J. 332, 617–625 (1998).

91. Winterbourn,  C.  C.  Comparative  reactivities  of  various  biological  compounds  with
myeloperoxidase-hydrogen  peroxide-chloride,  and  similarity  of  the  oxidant  to  hypochlorite.
Biochim. Biophys. Acta 840, 204–210 (1985).

92. Winter, J., Linke, K., Jatzek, A. & Jakob, U. Severe oxidative stress causes inactivation of DnaK and
activation of the redox-regulated chaperone Hsp33. Mol. Cell 17, 381–392 (2005).

93. Khor, H. K., Fisher, M. T. & Schöneich, C. Potential Role of Methionine Sulfoxide in the Inactivation
of the Chaperone GroEL by Hypochlorous Acid (HOCl) and Peroxynitrite (ONOO -).  J. Biol. Chem.
279, 19486–19493 (2004).

94. Melkani,  G. C.,  McNamara, C.,  Zardeneta, G. & Mendoza, J.  A.  Hydrogen peroxide induces the
dissociation  of  GroEL  into  monomers  that  can  facilitate  the  reactivation  of  oxidatively
inactivated rhodanese. Int. J. Biochem. Cell Biol. 36, 505–518 (2004).

95. Dukan, S., Farewell, A., Ballesteros, M., Taddei, F., Radman, M. & Nyström, T. Protein oxidation in
response to increased transcriptional or translational errors. Proc. Natl. Acad. Sci. U. S. A. 97, 5746–
5749 (2000).

96. Tomoyasu, T., Mogk, A., Langen, H., Goloubinoff, P. & Bukau, B. Genetic dissection of the roles of
chaperones and proteases in protein folding and deradation in the Escherichia coli cytosol. Mol.
Microbiol. 40, 397–413 (2001).

97. Rambaron, R.  N. & Serpell,  L. C.  Amyloid fibrils. Abnormal protein assembly.  Prion 2,  112–117
(2008).

98. Bourdenx, M., Koulakiotis, N. S., Sanoudou, D., Bezard, E., Dehay, B. & Tsarbopoulos, A. Protein
aggregation and neurodegeneration in prototypical neurodegenerative diseases: Examples of
amyloidopathies, tauopathies and synucleinopathies. Prog. Neurobiol. 155, 171–193 (2017).

99. Gooptu,  B.  & Lomas,  D. A.  Conformational  Pathology of the Serpins:  Themes,  Variations,  and
Therapeutic Strategies. Annu. Rev. Biochem. 78, 147–176 (2009).

100. Huntington,  J.  A.,  Sendall,  T.  J.  &  Yamasaki,  M.  New  insight  into  serpin  polymerization  and
aggregation. Prion 3, 12–14 (2009).

101. Bednarska, N. G., Schymkowitz, J., Rousseau, F. & Van Eldere, J. Protein aggregation in bacteria:
The thin boundary between functionality and toxicity. Microbiology 159, 1795–1806 (2013).

102. Vaubourgeix, J., Lin, G., Dhar, N., Chenouard, N., Jiang, X., Botella, H., Lupoli, T., Mariani, O., Yang,
G., Ouerfelli, O., Unser, M., Schnappinger, D., McKinney, J. & Nathan, C. Stressed Mycobacteria Use
the  Chaperone  ClpB  to  Sequester  Irreversibly  Oxidized  Proteins  Asymmetrically  Within  and
Between Cells. Cell Host Microbe 17, 178–190 (2015).

103. Coelho, M., Lade, S. J., Alberti, S., Gross, T. & Tolić, I. M. Fusion of protein aggregates facilitates
asymmetric damage segregation. PLoS Biol. 12, e1001886 (2014).

104. Cherkasov, V., Hofmann, S., Druffel-Augustin, S., Mogk, A., Tyedmers, J., Stoecklin, G. & Bukau, B.
Coordination of translational control and protein homeostasis during severe heat stress.  Curr.
Biol. 23, 2452–2462 (2013).

105. Wallace, E. W. J., Kear-Scott, J. L., Pilipenko, E. V., Schwartz, M. H., Laskowski, P. R., Rojek, A. E.,
Katanski,  C.  D.,  Riback,  J.  A.,  Dion,  M.  F.,  Franks,  A.  M.,  Airoldi,  E.  M.,  Pan,  T.,  Budnik,  B.  A.  &
Drummond,  D.  A.  Reversible,  Specific,  Active  Aggregates  of  Endogenous  Proteins  Assemble
upon Heat Stress. Cell 162, 1286–1298 (2015).

69



106. Riback,  J.  A.,  Katanski,  C.  D.,  Kear-Scott,  J.  L.,  Pilipenko,  E.  V.,  Rojek,  A.  E.,  Sosnick,  T.  R.  &
Drummond,  D.  A.  Stress-Triggered  Phase  Separation  Is  an  Adaptive,  Evolutionarily  Tuned
Response. Cell 168, 1028–1040 (2017).

107. Mogk, A.,  Deuerling, E., Vorderwülbecke, S.,  Vierling, E. & Bukau, B. Small heat shock proteins,
ClpB  and  the  DnaK  system  form  a  functional  triade  in  reversing  protein  aggregation.  Mol.
Microbiol. 50, 585–595 (2003).

108. Ekaza, E., Teyssier, J., Ouahrani-Bettache, S., Liautard, J.-P. & Köhler, S. Characterization of Brucella
suis clpB and clpAB Mutants and Participation of the Genes in Stress Responses. J. Bacteriol. 183,
2677–2681 (2001).

109. Allan, E., Mullany, P. & Tabaqchali, S. Construction and Characterization of a  Helicobacter pylori
clpB Mutant and Role of the Gene in the Stress Response. J. Bacteriol. 180, 426–429 (1998).

110. Eriksson,  M.-J.  &  Clarke,  A.  K.  The  heat  shock  protein  ClpB  mediates  the  development  of
thermotolerance in the cyanobacterium  Synechococcus sp.  strain  PCC 7942.  J.  Bacteriol. 178,
4839–4846 (1996).

111. Olzscha,  H.,  Schermann,  S.  M.,  Woerner,  A.  C.,  Pinkert,  S.,  Hecht,  M.  H.,  Tartaglia,  G.  G.,
Vendruscolo, M., Hayer-Hartl, M., Hartl, F. U. & Vabulas, R. M. Amyloid-like aggregates sequester
numerous metastable proteins with essential cellular functions. Cell 144, 67–78 (2011).

112. Tipping, K. W., Oosten-Hawle, P. van, Hewitt, E. W. & Radford, S. E. Amyloid Fibres: Inert End-Stage
Aggregates or Key Players in Disease? Trends Biochem. Sci. 40, 719–727 (2015).

113. Aguilaniu, H., Gustafsson, L.,  Rigoulet, M. & Nyström, T. Asymmetric Inheritance of Oxidatively
Damaged Proteins During Cytokinesis. Science 299, 1751–1753 (2003).

114. Erjavec, N., Larsson, L.,  Grantham, J. & Nyström, T. Accelerated aging and failure to segregate
damaged  proteins  in  Sir2  mutants  can  be  suppressed  by  overproducing  the  protein
aggregation-remodeling factor Hsp104p. Genes Dev. 21, 2410–2421 (2007).

115. Tessarz, P., Schwarz, M., Mogk, A. & Bukau, B. The Yeast AAA+ Chaperone Hsp104 Is Part of a
Network That Links the Actin Cytoskeleton with the Inheritance of Damaged Proteins. Mol. Cell.
Biol. 29, 3738–3745 (2009).

116. Vedel,  S.,  Nunns,  H.,  Košmrlj,  A.,  Semsey,  S.  &  Trusina,  A.  Asymmetric  Damage  Segregation
Constitutes an Emergent Population-Level Stress Response. Cell Syst. 3, 187–198 (2016).

117. Govers, S. K., Mortier, J., Adam, A. & Aertsen, A. Protein aggregates encode epigenetic memory of
stressful encounters in individual Escherichia coli cells. PLoS Biol. 16, e2003853 (2018).

118. Lindner,  A. B.,  Madden, R.,  Demarez,  A.,  Stewart, E.  J.  & Taddei,  F.  Asymmetric segregation of
protein aggregates is associated with cellular aging and rejuvenation. Proc. Natl. Acad. Sci. U. S. A.
105, 3076–3081 (2008).

119. Kirstein,  J.,  Strahl,  H.,  Molière,  N.,  Hamoen,  L.  W.  &  Turgay,  K.  Localization  of  general  and
regulatory proteolysis in Bacillus subtilis cells. Mol. Microbiol. 70, 682–694 (2008).

120. Ackermann, M., Stephen, C. S. & Jenal, U. Senescence in a Bacterium with Asymmetric Division.
Science 300, 1920 (2003).

121. Ackermann, M.,  Chao,  L.,  Bergstrom, C.  T.  & Doebeli,  M. On the evolutionary origin of  aging.
Aging Cell 6, 235–244 (2007).

122. Rose, M. R. Evolutionary biology of aging. Oxford Univ. Press. New York, NY. (1991).

123. Williams, G. C. Pleiotropy, Natural Selection, and the Evolution of Senescence. Evolution 11, 398–
411 (1957).

124. Kirkwood, T. B. L. Evolution of ageing. Nature 270, 301–304 (1977).

125. Mortimer, R. K. & Johnston, J. R. Life span of individual yeast cells. Nature 183, 1751–1752 (1959).

126. Hartwell, L. H. & Unger, M. W. Unequal division in Saccharomyces cerevisiae and its implications
for the control of cell division. J. Cell Biol. 75, 422–435 (1977).

127. Egilmez, N. K. & Jazwinski, S. M. Evidence for the involvement of a cytoplasmic factor in the aging
of the yeast Saccharomyces cerevisiae. J. Bacteriol. 171, 37–42 (1989).

128. Steinkraus, K. A., Kaeberlein, M. & Kennedy, B. K. Replicative Aging in Yeast: The Means to the
End. Annu. Rev. Cell Dev. Biol. 24, 29–54 (2009).

70



129. Longo, V. D., Shadel, G. S., Kaeberlein, M. & Kennedy, B. Replicative and Chronological Aging in
Saccharomyces cerevisiae. Cell Metab. 16, 18–31 (2012).

130. Florea, M. Aging and immortality in unicellular species. Mech. Ageing Dev. 167, 5–15 (2017).

131. Johnston, J. R. Reproductive capacity and mode of death of yeast cells. Antonie Van Leeuwenhoek
32, 94–98 (1966).

132. Kennedy, B. K., Austriaco Jr., N. R. & Guarente, L. Daughter Cells of Saccharomyces cerevisiae from
Old Mother Display Reduced Life Span. J. Cell Biol. 127, 1985–1993 (1994).

133. Nyström,  T.  &  Liu,  B.  The  mystery  of  aging  and rejuvenation  -  a  budding  topic.  Curr.  Opin.
Microbiol. 18, 61–67 (2014).

134. Bhavsar,  A.  P.  &  Brown,  E.  D.  Cell  wall  assembly  in  Bacillus  subtilis:  how  spirals  and spaces
challenge paradigms. Mol. Microbiol. 60, 1077–1090 (2006).

135. De Pedro, M. A., Quintela, J. C., Höltje, J.-V. & Schwarz, H. Murein Segregation in Escherchia coli.
Microbiology 179, 2823–2834 (1997).

136. Stewart, E. J., Madden, R., Paul, G. & Taddei, F. Aging and death in an organism that reproduces
by morphologically symmetric division. PLoS Biol. 3, 0295–0300 (2005).

137. Wang, P., Robert, L., Pelletier, J., Dang, W. L., Taddei, F., Wright, A. & Jun, S. Robust Growth of
Escherichia coli. Curr. Biol. 20, 1099–1103 (2010).

138. Rang, C. U., Peng, A. Y. & Chao, L. Temporal dynamics of bacterial aging and rejuvenation. Curr.
Biol. 21, 1813–1816 (2011).

139. Rang, C. U., Peng, A. Y., Poon, A. F. & Chao, L. Ageing in Escherichia coli requires damage by an
extrinsic agent. Microbiology 158, 1553–1559 (2012).

140. Proenca, A. M., Rang, C. U., Buetz, C., Shi, C. & Chao, L. Age structure landscapes emerge from the
equilibrium between aging and rejuvenation in bacterial populations. Nat. Commun. 9, (2018).

141. Barker,  M.  G.  &  Walmsley,  R.  M.  Replicative  ageing in  the  fission yeast  Schizosaccharomyces
pombe. Yeast 15, 1511–1518 (1999).

142. Coelho, M., Dereli, A., Haese, A., Kühn, S., Malinovska, L., DeSantis, M. E., Shorter, J., Alberti, S.,
Gross, T. & Tolić-Nørrelykke, I. M. Fission yeast does not age under favorable conditions, but does
so after stress. Curr. Biol. 23, 1844–1852 (2013).

143. Spivey, E. C., Jones, S. K., Rybarski, J. R., Saifuddin, F. A. & Finkelstein, I. J. An aging-independent
replicative lifespan in a symmetrically dividing eukaryote. Elife 6, 1–25 (2017).

144. Mitchison, J. M. & Nurse, P. Growth in cell length in the fission yeast Schizosaccharomyces pombe.
J. Cell Sci. 75, 357–376 (1985).

145. Nakaoka,  H.  &  Wakamoto,  Y.  Aging,  mortality,  and  the  fast  growth  trade-off  of
Schizosaccharomyces pombe. PLoS Biol. 15, 1–29 (2017).

146. Aldridge,  B.  B.,  Fernandez-Suarez,  M.,  Heller,  D.,  Ambravaneswaran,  V.,  Irimia,  D.,  Toner,  M.  &
Fortune, S. M. Asymmetry and aging in mycobacterial cells lead to variable growth and antibiotic
susceptibility. Science 335, 100–104 (2012).

147. Liu, B., Larsson, L., Caballero, A., Hao, X., Öling, D., Grantham, J. & Nyström, T. The Polarisome Is
Required for Segregation and Retrograde Transport of Protein Aggregates.  Cell 140,  257–267
(2010).

148. Song, J., Yang, Q., Yang, J., Larsson, L., Hao, X., Zhu, X., Malmgren-Hill, S., Cvijovic, M., Fernandez-
Rodriguez, J., Grantham, J., Gustafsson, C. M., Liu, B. & Nyström, T. Essential Genetic Interactors of
SIR2 Required for Spatial  Sequestration and Asymmetrical  Inheritance of Protein Aggregates.
PLoS Genet. 10, 17–19 (2014).

149. Zhou, C., Slaughter, B. D., Unruh, J. R., Guo, F., Yu, Z., Mickey, K., Narkar, A., Ross, R. T., McClain, M.
&  Li,  R.  Organelle-based  aggregation  and  retention  of  damaged  proteins  in  asymmetrically
dividing cells. Cell 159, 530–542 (2014).

150. Spokoini,  R.,  Moldavski,  O.,  Nahmias,  Y.,  England,  J.  L.,  Schuldiner,  M.  &  Kaganovich,  D.
Confinement to Organelle-Associated Inclusion Structures Mediates Asymmetric Inheritance of
Aggregated Protein in Budding Yeast. Cell Rep. 2, 738–747 (2012).

71



151. Zhou, C., Slaughter, B. D., Unruh, J. R., Eldakak, A., Rubinstein, B. & Li, R. Motility and segregation
of Hsp104-associated protein aggregates in budding yeast. Cell 147, 1186–96 (2011).

152. Kaganovich,  D.,  Kopito,  R.  &  Frydman,  J.  Misfolded  proteins  partition  between  two  distinct
quality control compartments. Nature 454, 1088–1095 (2008).

153. Specht, S., Miller, S. B. M., Mogk, A. & Bukau, B. Hsp42 is required for sequestration of protein
aggregates into deposition sites in Saccharomyces cerevisiae. J. Cell Biol. 195, 617–629 (2011).

154. Govers, S. K., Dutré, P. & Aertsen, A. In vivo Disassembly and Reassembly of Protein Aggregates in
Escherichia coli. J. Bacteriol. 196, 2325–2332 (2014).

155. Andersson,  V.,  Hanzén,  S.,  Liu,  B.,  Molin,  M.  & Nyström, T.  Enhancing protein  disaggregation
restores proteasome activity in aged cells. Aging 5, 802–812 (2013).

156. Kruegel,  U.,  Robison,  B.,  Dange,  T.,  Kahlert,  G.,  Delaney,  J.  R.,  Kotireddy,  S.,  Tsuchiya,  M.,
Tsuchiyama, S., Murakami, C. J., Schleit, J., Sutphin, G., Carr, D., Tar, K., Dittmar, G., Kaeberlein, M.,
Kennedy,  B.  K.  &  Schmidt,  M.  Elevated Proteasome  Capacity  Extends  Replicative  Lifespan in
Saccharomyces cerevisiae. PLoS Genet. 7, e1002253 (2011).

157. Ausmees, N. & Jacobs-Wagner, C. Spatial and Temporal Control of Differentiation and Cell Cycle
Progression in Caulobacter crescentus. Annu. Rev. Microbiol. 57, 225–247 (2003).

158. Skerker,  J.  M.  &  Laub,  M.  T.  Cell-cycle  progression  and  the  generation  of  asymmetry  in
Caulobacter crescentus. Nat. Rev. Microbiol. 2, 325–337 (2004).

159. Curtis,  P.  D.  &  Brun,  Y.  V.  Getting  in  the  Loop:  Regulation  of  Development  in  Caulobacter
crescentus. Microbiol. Mol. Biol. Rev. 74, 13–41 (2010).

160. Sliusarenko, O., Heinritz, J., Emonet, T. & Jacobs-Wagner, C. High-throughput, subpixel precision
analysis of bacterial morphogenesis and intracellular spatio-temporal dynamics.  Mol. Microbiol.
80, 612–627 (2011).

161. Collier, J.  Regulation of chromosomal replication in  Caulobacter crescentus.  Plasmid 67,  76–87
(2012).

162. Lambert, A., Vanhecke, A., Archetti, A., Holden, S., Schaber, F., Pincus, Z., Laub, M. T., Goley, E. &
Manley,  S.  Constriction  Rate  Modulation  Can  Drive  Cell  Size  Control  and  Homeostasis  in  C.
crescentus. iScience 4, 180–189 (2018).

163. Aaron,  M.,  Charbon,  G.,  Lam,  H.,  Schwarz,  H.,  Vollmer,  W.  &  Jacobs-Wagner,  C.  The  tubulin
homologue  FtsZ  contributes  to  cell  elongation  by  guiding  cell  wall  precursor  synthesis  in
Caulobacter crescentus. Mol. Microbiol. 64, 938–952 (2007).

164. Gasch, A. P.,  Spellman, P. T.,  Kao, C. M., Carmel-Harel, O., Eisen, M. B.,  Storz, G., Botstein, D. &
Brown,  P.  O.  Genomic  expression programs in  the response of  yeast  cells  to  environmental
changes. Mol. Biol. Cell 11, 4241–4257 (2000).

165. Eisen, M. B., Spellman, P. T., Brown, P. O. & Botstein, D. Cluster analysis and display of genome-
wide expression patterns. Proc. Natl. Acad. Sci. U. S. A. 95, 14863–14868 (1998).

166. Lindquist, S. & Craig, E. A. The heat-shock proteins. Annu. Rev. Genet. 22, 631–677 (1988).

167. Mogk,  A.  &  Bukau,  B.  Role  of  sHsps  in  organizing  cytosolic  protein  aggregation  and
disaggregation. Cell Stress Chaperones 22, 493–502 (2017).

168. Haslbeck, M., Franzmann, T., Weinfurtner, D. & Buchner, J.  Some like it hot: The structure and
function of small heat-shock proteins. Nat. Struct. Mol. Biol. 12, 842–846 (2005).

169. Basha, E., O’Neill, H. & Vierling, E. Small heat shock proteins and α-crystallins: Dynamic proteins
with flexible functions. Trends Biochem. Sci. 37, 106–117 (2012).

170. Jakob,  U.,  Gaestel,  M.,  Engel,  K.  &  Buchner,  J.  Small  heat  shock  proteins  are  molecular
chaperones. J. Biol. Chem. 268, 1517–1520 (1993).

171. Ungelenk, S., Moayed, F., Ho, C.-T., Grousl, T., Scharf, A., Mashaghi, A., Tans, S., Mayer, M. P., Mogk,
A.  &  Bukau,  B.  Small  heat  shock  proteins  sequester  misfolding  proteins  in  near-native
conformation for cellular protection and efficient refolding. Nat. Commun. 7, 1–14 (2016).

172. Allen,  S.  P.,  Polazzi,  J.  O.,  Gierse,  J.  K.  & Easton,  A.  M.  Two novel  heat shock genes encoding
proteins produced in response to heterologous protein expression in Escherichia coli. J. Bacteriol.
174, 6938–6947 (1992).

72



173. Laskowska, E., Wawrzynów, A. & Taylor, A. IbpA and IbpB, the new heat-shock proteins, bind to
endogenous  Escherichia  coli proteins  aggregated intracellularly  by  heat  shock.  Biochimie 78,
117–122 (1996).

174. Mogk,  A.,  Tomoyasu,  T.,  Goloubinoff,  P.,  Rüdiger,  S.,  Röder,  D.,  Langen,  H.  &  Bukau,  B.
Identification of thermolabile Escherichia coli proteins: prevention and reversion of aggregation
by DnaK and ClpB. EMBO J. 18, 6934–6949 (1999).

175. Żwirowski, S., Kłosowska, A., Obuchowski, I., Nillegoda, N. B., Piróg, A., Ziętkiewicz, S., Bukau, B.,
Mogk, A.  & Liberek,  K.  Hsp70 displaces small  heat shock proteins from aggregates to initiate
protein refolding. EMBO J. 36, 783–796 (2017).

176. Walters,  R.  W.  & Parker,  R.  Coupling of Ribostasis  and Proteostasis:  Hsp70 Proteins  in  mRNA
Metabolism. Trends Biochem. Sci. 40, 552–559 (2015).

177. Gao, X., Carroni, M., Nussbaum-Krammer, C., Mogk, A., Nillegoda, N. B., Szlachcic, A., Guilbride, D.
L., Saibil, H. R., Mayer, M. P. & Bukau, B. Human Hsp70 Disaggregase Reverses Parkinson’s-Linked
α-Synuclein Amyloid Fibrils. Mol. Cell 59, 781–793 (2015).

178. Carrió, M. M. & Villaverde, A. Localization of chaperones DnaK and GroEL in bacterial inclusion
bodies. J. Bacteriol. 187, 3599–3601 (2005).

179. Diamant,  S.,  Peres Ben-Zvi,  A.,  Bukau,  B.  & Goloubinoff,  P.  Size-dependent  disaggregation of
stable protein aggregates by the DnaK chaperone machinery.  J. Biol. Chem. 275, 21107–21113
(2000).

180. Rampelt, H.,  Kirstein-Miles, J.,  Nillegoda, N. B., Chi, K.,  Scholz, S. R.,  Morimoto, R. I. & Bukau, B.
Metazoan Hsp70 machines use Hsp110 to power protein disaggregation. EMBO J. 31, 4221–4235
(2012).

181. Hjerpe, R., Bett, J. S., Keuss, M. J., Solovyova, A., McWilliams, T. G., Johnson, C., Sahu, I., Varghese,
J.,  Wood,  N.,  Wightman,  M.,  Osborne,  G.,  Bates,  G.  P.,  Glickman,  M.  H.,  Trost,  M.,  Knebel,  A.,
Marchesi, F. & Kurz, T. UBQLN2 Mediates Autophagy-Independent Protein Aggregate Clearance
by the Proteasome. Cell 166, 935–949 (2016).

182. Glover, J. R. & Lindquist, S. Hsp104, Hsp70, and Hsp40: A novel chaperone system that rescues
previously aggregated proteins. Cell 94, 73–82 (1998).

183. Kummer, E., Szlachcic, A., Franke, K. B., Ungelenk, S., Bukau, B. & Mogk, A. Bacterial and Yeast AAA
+  Disaggregases  ClpB  and  Hsp104  Operate  through  Conserved  Mechanism  Involving
Cooperation with Hsp70. J. Mol. Biol. 428, 4378–4391 (2016).

184. Hodson, S.,  Marshall,  J.  J.  T. & Burston, S. G. Mapping the road to recovery :  The ClpB/Hsp104
molecular chaperone. J. Struct. Biol. 179, 161–171 (2012).

185. Weibezahn, J., Tessarz, P., Schlieker, C., Zahn, R., Maglica, Z., Lee, S., Zentgraf, H., Weber-Ban, E. U.,
Dougan,  D.  A.,  Tsai,  F.  T.  F.,  Mogk,  A.  &  Bukau,  B.  Thermotolerance  requires  refolding  of
aggregated proteins by substrate translocation through the cetral pore of ClpB.  Cell 119, 653–
665 (2004).

186. Ziȩtkiewicz,  S.,  Krzewska,  J.  & Liberek,  K.  Successive and synergistic  action of the Hsp70 and
Hsp100 chaperones in protein disaggregation. J. Biol. Chem. 279, 44376–44383 (2004).

187. Acebrón, S. P., Martín, I., del Castillo, U., Moro, F. & Muga, A. DnaK-mediated association of ClpB
to protein aggregates. A bichaperone network at the aggregate surface.  FEBS Lett. 583, 2991–
2996 (2009).

188. Winkler, J., Tyedmers, J., Bukau, B. & Mogk, A. Hsp70 targets Hsp100 chaperones to substrates for
protein disaggregation and prion fragmentation. J. Cell Biol. 198, 387–404 (2012).

189. Rosenzweig, R., Moradi, S., Zarrine-Afsar, A., Glover, J. R. & Kay, L. E. Unraveling the mechanism of
protein disaggregation through a ClpB-DnaK interaction. Science 339, 1080–1083 (2013).

190. Deville, C., Carroni, M., Franke, K. B., Topf, M., Bukau, B., Mogk, A. & Saibil, H. R. Structural pathway
of regulated substrate transfer and threading through an Hsp100 disaggregase. Sci. Adv. 3, 1–8
(2017).

191. Hayashi, S., Nakazaki, Y., Kagii, K., Imamura, H. & Watanabe, Y. Fusion protein analysis reveals the
precise regulation between Hsp70 and Hsp100 during protein disaggregation. Sci. Rep. 7, 1–14
(2017).

73



192. Oguchi, Y., Kummer, E., Seyffer, F., Berynskyy, M., Anstett, B., Zahn, R., Wade, R. C., Mogk, A. &
Bukau, B. A tightly regulated molecular toggle controls AAA+ disaggregase. Nat. Struct. Mol. Biol.
19, 1338–1346 (2012).

193. Kock, H., Gerth, U. & Hecker, M. The ClpP peptidase is the major determinant of bulk protein
turnover in Bacillus subtilis. J. Bacteriol. 186, 5856–5864 (2004).

194. Molière, N. & Turgay, K. Chaperone-protease systems in regulation and protein quality control in
Bacillus subtilis. Res. Microbiol. 160, 637–644 (2009).

195. Kanemori,  M.,  Nishihara,  K.,  Yanagi,  H.  & Yura,  T.  Synergistic  Roles  of  HslVU and Other  ATP-
Dependent Protease in Controlling In Vivo Turnover of σ32 and Abnormal Proteins in Escherichia
coli. J. Bacteriol. 179, 7219–7225 (1997).

196. Richmond, C. S., Glasner, J. D., Mau, R., Jin, H. & Blattner, F. R. Genome-wide expression profiling
in Escherichia coli K-12. Nucleic Acids Res. 27, 3821–3835 (1999).

197. Herman, C., Thévenet, D., Bouloc, P., Walker, G. C. & D’Ari, R. Degradation of carboxy-terminal-
tagged cytoplasmic proteins by the  Escherichia coli protease HflB (FtsH).  Genes Dev. 12, 1348–
1355 (1998).

198. Akiyama,  Y.  Quality control of  cytoplasmic  membrane proteins in  Escherichia  coli.  J.  Biochem.
146, 449–454 (2009).

199. Yang, Y., Guo, R., Gaffney, K., Kim, M., Muhammednazaar, S., Tian, W., Wang, B., Liang, J. & Hong,
H.  Folding-Degradation  Relationship  of  a  Membrane  Protein  Mediated  by  the  Universally
Conserved ATP-Dependent Protease FtsH. J. Am. Chem. Soc. 140, 4656–4665 (2018).

200. Chung, C. H. & Goldberg, A. L. The product of the lon (capR) gene in Escherichia coli is the ATP-
dependent protease, protease La. Proc. Natl. Acad. Sci. U. S. A. 78, 4931–4935 (1981).

201. Gur, E. & Sauer, R. T. Degrons in protein substrates program the speed and operating efficiency
of the AAA+ Lon proteolytic machine. Proc. Natl. Acad. Sci. U. S. A. 106, 18503–18508 (2009).

202. Waxman, L. & Goldberg, A. L. Selectivity of intracellular proteolysis: protein substrates activate
the ATP-dependent protease (La). Science 232, 500–503 (1986).

203. Jonas,  K.,  Liu,  J.,  Chien,  P.  &  Laub,  M.  T.  Proteotoxic  Stress  Induces  a  Cell-Cycle  Arrest  by
Stimulating Lon to Degrade the Replication Initiator DnaA. Cell 154, 623–636 (2013).

204. Åkerfelt,  M.,  Morimoto,  R.  I.  &  Sistonen,  L.  Heat  shock  factors:  Integrators  of  cell  stress,
development and lifespan. Nat. Rev. Mol. Cell Biol. 11, 545–555 (2010).

205. Roncarati,  D. & Scarlato, V. Regulation of heat-shock genes in bacteria: from signal sensing to
gene expression output. FEMS Microbiol. Rev. 41, 549–574 (2017).

206. Kortmann, J. & Narberhaus, F. Bacterial RNA thermometers: molecular zippers and switches. Nat.
Rev. Microbiol. 10, 255–65 (2012).

207. Kanemori, M., Yanagi, H. & Yura, T. Marked instability of the σ32 heat shock translocation factor at
high temperature. J. Biol. Chem. 274, 22002–22007 (1999).

208. Schumann, W. Regulation of bacterial heat shock stimulons. Cell Stress Chaperones 21, 959–968
(2016).

209. Westerheide, S. D., Raynes, R., Powell, C., Xue, B. & Uversky, V. N. HSF Transcription Factor Family,
Heat Shock Response, and Protein Intrinsic Disorder. Curr. Protein Pept. Sci. 13, 86–103 (2012).

210. Reisenauer, A., Mohr, C. D. & Shapiro, L. Regulation of a heat shock σ32 homolog in Caulobacter
crescentus. J. Bacteriol. 178, 1919–1927 (1996).

211. Arsène, F.,  Tomoyasu,  T.  & Bukau,  B.  The heat shock response of  Escherichia  coli.  Int.  J.  Food
Microbiol. 55, 3–9 (2000).

212. Permina,  E.  A.  &  Gelfand,  M.  S.  Heat  Shock  (σ32 and  HrcA/CIRCE)  Regulons  in  β-,  γ-  and  ε-
Proteobacteria. J. Mol. Microbiol. Biotechnol. 6, 174–181 (2003).

213. Raina, S., Missiakas, D. & Georgopoulos, C. The rpoE gene encoding the σE (σ24) heat shock sigma
factor of Escherichia coli. EMBO J. 14, 1043–1055 (1995).

214. Ades, S. E., Grigorova, I.  L. & Gross, C. A. Regulation of the Alternative Sigma Factor  σE during
Initiation, Adaptation, and Shutoff of the Extracytoplasmic Heat Shock Response in Escherichia
coli. J. Bacteriol. 185, 2512–9 (2003).

74



215. Hecker, M., Schumann, W. & Völker, U. Heat-shock and general stress response in Bacillus subtilis.
Mol. Microbiol. 19, 417–428 (1996).

216. Narberhaus, F. Negative regulation of bacterial heat shock genes. Mol. Microbiol. 31, 1–8 (1999).

217. Spohn,  G.,  Danielli,  A.,  Roncarati,  D.,  Delany,  I.,  Rappuoli,  R.  &  Scarlato,  V.  Dual  control  of
Helicobacter pylori Heat Shock Gene Transcription by HspR and HrcA. J. Bacteriol. 186, 2956–2965
(2004).

218. Schulz, A. & Schumann, W.  hrcA, the first gene of the  Bacillus subtilis dnaK operon encodes a
negative regulator of class I heat shock genes. J. Bacteriol. 178, 1088–1093 (1996).

219. Grandvalet,  C.,  Coucheney, F.,  Beltramo, C.  & Guzzo, J.  CtsR Is the Master Regulator of Stress
Response Gene Expression in Oenococcus oeni. J. Bacteriol. 187, 5614–5623 (2005).

220. Derré, I.,  Rapoport, G. & Msadek, T. CtsR, a novel regulator of stress and heat shock response,
controls clp and molecular chaperone gene expression in Gram-positive bacteria. Mol. Microbiol.
31, 117–131 (1999).

221. Krüger,  E.  &  Hecker,  M.  The  First  Gene  of  the  Bacillus  subtilis  clpC Operon,  ctsR,  Encodes  a
Negative Regulator of Its Own Operon and Other Class III Heat Shock Genes.  J. Bacteriol. 180,
6681–6688 (1998).

222. Wilson, A. C., Wu, C. C., Yates III, J. R. & Tan, M. Chlamydial GroEL autoregulates its own expression
through direct interactions with the HrcA repressor protein. J. Bacteriol. 187, 7535–7542 (2005).

223. Shi,  Y.,  Mosser,  D.  D. & Morimoto, R.  I.  Molecular  chaperones as HSF1-specific transcriptional
repressors. Genes Dev. 12, 654–666 (1998).

224. Liberek, K., Galitski, T. P., Zylicz, M. & Georgopoulos, C. The DnaK chaperone modulates the heat
shock response of Escherichia coli by binding to the σ32 transcription factor. Proc. Natl. Acad. Sci.
U. S. A. 89, 3516–3520 (1992).

225. Zou, J., Guo, Y., Guettouche, T., Smith, D. F. & Voellmy, R. Repression of heat shock transcription
factor HSF1 activation by HSP90 (HSP90 complex) that forms a stress-sensitive complex with
HSF1. Cell 94, 471–480 (1998).

226. Gomez-Pastor, R., Burchfiel, E. T. & Thiele, D. J. Regulation of heat shock transcription factors and
their roles in physiology and disease. Nat. Rev. Mol. Cell Biol. 19, 4–19 (2018).

227. Mogk, A.,  Homuth, G., Scholz, C.,  Kim, L.,  Schmid, F. X. & Schumann, W. The GroE chaperonin
machine is the major modulator of the CIRCE heat shock regulon of Bacillus subtilis. EMBO J. 16,
4579–4590 (1997).

228. Reischl, S.,  Wiegert, T. & Schumann, W. Isolation and analysis of mutant alleles of the  Bacillus
subtilis HrcA repressor with reduced dependency on GroE function.  J. Biol. Chem. 277, 32659–
32667 (2002).

229. Bucca, G., Brassington, A. M. E., Schönfeld, H.-J. & Smith, C. P. The HspR regulon of Streptomyces
coelicolor:  A role for the DnaK chaperone as a transcriptional co-repressor.  Mol. Microbiol. 38,
1093–1103 (2000).

230. Bucca,  G.,  Brassington,  A.  M.  E.,  Hotchkiss,  G.,  Mersinias,  V.  & Smith,  C.  P.  Negative feedback
regulation of  dnaK,  clpB and  lon expression by the DnaK chaperone machine in  Streptomyces
coelicolor,  identified by transcriptome and  in vivo DnaK-depletion analysis.  Mol.  Microbiol. 50,
153–166 (2003).

231. Baler, R., Zou, J. & Voellmy, R. Evidence for a role of Hsp70 in the regulation of the heat shock
response in mammalian cells. Cell stress & chaperones 1, 33–39 (1996).

232. Boorstein,  W.  R.  &  Craig,  E.  A.  Transcriptional  regulation  of  SSA3,  an  HSP70  gene  from
Saccharomyces cerevisiae. Mol. Cell. Biol. 10, 3262–3267 (1990).

233. Lee,  J.  H.  & Schöffl, F.  An  Hsp70 antisense gene affects  the expression of HSP70/HSC70,  the
regulation of HSF, and the acquisition of thermotolerance in transgenic  Arabidopsis  thaliana.
Mol. Gen. Genet. 252, 11–19 (1996).

234. Abravaya, K., Myers, M. P., Murphy, S. P. & Morimoto, R. I. The human heat shock protein hsp70
interacts with HSF, the transcription factor that regulates heat shock gene expression.  Genes
Dev. 6, 1153–1164 (1992).

75



235. Baler, R.,  Welch, W. J. & Voellmy, R. Heat shock gene regulation by nascent polypeptides and
denatured  proteins:  hsp70  as  a  potential  autoregulatory  factor.  J.  Cell  Biol. 117,  1151–1159
(1992).

236. Duina, A. A., Kalton, H. M. & Gaber, R. F. Requirement for Hsp90 and a CyP-40-type Cyclophilin in
Negative Regulation of the Heat Shock Response. J. Biol. Chem. 273, 18974–18978 (1998).

237. Bharadwaj,  S.,  Ali,  A.  & Ovsenek, N. Multiple Components of the HSP90 Chaperone Complex
Function in Regulation of Heat Shock Factor 1 In Vivo. Mol. Cell. Biol. 19, 8033–8041 (1999).

238. Ali, A., Bharadwaj, S., O’Carroll, R. & Ovsenek, N. HSP90 Interacts with and Regulates the Activity
of Heat Shock Factor 1 in Xenopus Oocytes. Mol. Cell. Biol. 18, 4949–4960 (1998).

239. Anckar, J. & Sistonen, L. Regulation of HSF1 Function in the Heat Stress Response: Implications in
Aging and Disease. Annu. Rev. Biochem. 80, 1089–1115 (2011).

240. Neef,  D.  W.,  Jaeger,  A.  M.,  Gomez-Pastor,  R.,  Willmund, F.,  Frydman, J.  & Thiele,  D. J.  A direct
regulatory interaction between chaperonin TRiC and stress-responsive transcription factor HSF1.
Cell Rep. 9, 955–966 (2014).

241. Straus, D. B., Walter, W. A. & Gross, C. A. The heat shock response of E. coli is regulated by changes
in the concentration of σ32. Nature 329, 348–351 (1987).

242. Tomoyasu, T., Ogura, T., Tatsuta, T. & Bukau, B. Levels of DnaK and DnaJ provide tight control of
heat shock gene expression and protein repair in  Escherichia coli.  Mol. Microbiol. 30,  567–581
(1998).

243. Gamer, J., Bujard, H. & Bukau, B. Physical interaction between heat shock proteins DnaK, DnaJ,
and GrpE and the bacterial heat shock transcription factor σ32. Cell 69, 833–842 (1992).

244. Patra,  M.,  Roy,  S.  S.,  Dasgupta,  R.  &  Basu,  T.  GroEL to  DnaK chaperone  network  behind the
stability modulation of σ32 at physiological temperature in Escherichia coli. FEBS Lett. 589, 4047–
4052 (2015).

245. Guisbert, E., Herman, C., Lu, C. Z. & Gross, C. A. A chaperone network controls the heat shock
response in E. coli. Genes Dev. 18, 2812–2821 (2004).

246. Boy-Marcotte, E., Lagniel, G., Perrot, M., Bussereau, F., Boudsocq, A., Jacquet, M. & Labarre, J. The
heat shock response in yeast: differential regulations and contributions of the Msn2p/Msn4p and
Hsf1p regulons. Mol. Microbiol. 33, 274–283 (1999).

247. Solís, E. J.,  Pandey, J.  P.,  Zheng, X.,  Jin, D. X.,  Gupta, P. B.,  Airoldi,  E. M., Pincus, D. & Denic, V.
Defining the Essential  Function of Yeast Hsf1 Reveals a Compact Transcriptional Program for
Maintaining Eukaryotic Proteostasis. Mol. Cell 63, 60–71 (2016).

248. Wade, J. T., Castro Roa, D., Grainger, D. C., Hurd, D., Busby, S. J. W., Struhl, K. & Nudler, E. Extensive
functional overlap between σ factors in Escherichia coli. Nat. Struct. Mol. Biol. 13, 806–814 (2006).

249. Nonaka, G.,  Blankschien,  M.,  Herman, C.,  Gross,  C.  A.  & Rhodius,  V.  A.  Regulon and promoter
analysis of the E. coli heat-shock factor, σ32, reveals a multifaceted cellular response to heat stress.
Genes Dev. 20, 1776–1789 (2006).

250. López-Leal, G., Cevallos, M. A. & Castillo-Ramírez, S. Evolution of a Sigma Factor: An All-In-One of
Gene Duplication, Horizontal Gene Transfer, Purifying Selection, and Promoter Differentiation.
Front. Microbiol. 7, 581 (2016).

251. Morita, M. T., Tanaka, Y., Kodama, T. S., Kyogoku, Y., Yanagi, H. & Yura, T. Translational induction
of heat shock transcription factor σ32: evidence for a built-in RNA thermosensor.  Genes Dev. 13,
655–665 (1999).

252. Tilly, K., Spence, J. & Georgopoulos, C. Modulation of stability of the Escherichia coli heat shock
regulatory factor σ32. J. Bacteriol. 171, 1585–1589 (1989).

253. Tomoyasu, T., Gamer, J., Bukau, B., Kanemori, M., Mori, H., Rutman, A. J., Oppenheim, A. B., Yura,
T., Yamanaka, K., Niki, H., Hiraga, S. & Ogura, T. Escherichia coli FtsH is a membrane-bound, ATP-
dependent protease which degrades the heat-shock transcription factor σ32.  EMBO J. 14, 2551–
2560 (1995).

254. Herman, C., Thévenet, D., D’Ari, R. & Bouloc, P. Degradation of  σ32, the heat shock regulator in
Escherichia coli, is governed by HflB. Proc. Natl. Acad. Sci. U. S. A. 92, 3516–3520 (1995).

76



255. Straus, D., Walter, W. & Gross, C. A. DnaK, DnaJ, and GrpE heat shock proteins negatively regulate
heat shock gene expression by controlling the synthesis and stability of σ32. Genes Dev. 4, 2202–
2209 (1990).

256. McCarty,  J.  S.,  Rüdiger,  S.,  Schönfeld,  H.  J.,  Schneider-Mergener,  J.,  Nakahigashi,  K.,  Yura,  T.  &
Bukau, B. Regulatory Region C of the  E. coli Heat Shock Transcription Factor,  σ32, Constitutes a
DnaK Binding Site and is Conserved Among Eubacteria. J. Mol. Biol. 256, 829–837 (1996).

257. Rodriguez,  F.,  Arsène-Ploetze,  F.,  Rist,  W.,  Rüdiger,  S.,  Schneider-Mergener,  J.,  Mayer,  M.  P.  &
Bukau, B. Molecular Basis for Regulation of the Heat Shock Transcription Factor σ32 by the DnaK
and DnaJ Chaperones. Mol. Cell 32, 347–358 (2008).

258. Suzuki,  H.,  Ikeda,  A.,  Tsuchimoto,  S.,  Adachi,  K.,  Noguchi,  A.,  Fukumori,  Y.  &  Kanemori,  M.
Synergistic  Binding  of  DnaJ  and  DnaK  Chaperones  to  Heat  Shock  Transcription  Factor  σ32

Ensures  Its  Characteristic  High  Metabolic  Instability:  Implications  for  Heat  Shock  Protein  70
(Hsp70)-Hsp40 Mode of Function. J. Biol. Chem. 287, 19275–19283 (2012).

259. Noguchi, A., Ikeda, A., Mezaki, M., Fukumori, Y. & Kanemori, M. DnaJ-Promoted Binding of DnaK
to Multiple Sites on σ32 in the Presence of ATP. J. Bacteriol. 196, 1694–1703 (2014).

260. Horikoshi,  M.,  Yura,  T.,  Tsuchimoto,  S.,  Fukumori,  Y.  & Kanemori,  M.  Conserved Region 2.1 of
Escherichia coli Heat Shock Transcription Factor  σ32 Is Required for Modulating both Metabolic
Stability and Transcriptional Activity. J. Bacteriol. 186, 7474–7480 (2004).

261. Obrist, M. & Narberhaus, F. Identification of a Turnover Element in Region 2.1 of Escherichia coli
σ32 by a Bacterial One-Hybrid Approach. J. Bacteriol. 187, 3807–3813 (2005).

262. Obrist, M., Milek, S., Klauck, E., Hengge, R. & Narberhaus, F. Region 2.1 of the Escherichia coli heat-
shock  sigma  factor  RpoH  (σ32)  is  necessary  but  not  sufficient  for  degradation  by  the  FtsH
protease. Microbiology 153, 2560–2571 (2007).

263. Yura,  T.,  Guisbert,  E.,  Poritz,  M.,  Lu,  C.  Z.,  Campbell,  E.  & Gross,  C.  A.  Analysis  of  σ32 mutants
defective in chaperone-mediated feedback control reveals unexpected complexity of the heat
shock response. Proc. Natl. Acad. Sci. U. S. A. 104, 17638–17643 (2007).

264. Lim, B., Miyazaki, R., Neher, S., Siegele, D. A., Ito, K., Walter, P., Akiyama, Y., Yura, T. & Gross, C. A.
Heat Shock Transcription Factor σ32 Co-opts the Signal Recognition Particle to Regulate Protein
Homeostasis in E. coli. PLoS Biol. 11, e1001735 (2013).

265. Miyazaki,  R.,  Yura, T.,  Suzuki,  T.,  Dohmae, N., Mori,  H. & Akiyama, Y.  A Novel SRP Recognition
Sequence in the Homeostatic Control Region of Heat Shock Transcription Factor σ32. Sci. Rep. 6,
24147 (2016).

266. Blaszczak, A., Georgopoulos, C. & Liberek, K. On the mechanism of FtsH-dependent degradation
of  the  σ32 transcriptional  regulator  of  Escherichia  coli and  the  role  of  the  DnaK  chaperone
machine. Mol. Microbiol. 31, 157–166 (1999).

267. Urech, C., Koby, S., Oppenheim, A. B., Münchbach, M., Hennecke, H. & Narberhaus, F. Differential
degradation  of  Escherichia  coli σ32 and  Bradyrhizobium  japonicum RpoH  factors  by  the  FtsH
protease. Eur. J. Biochem. 267, 4831–4839 (2000).

268. Fischer, B., Rummel, G., Aldridge, P. & Jenal, U. The FtsH protease is involved in development,
stress response and heat shock control in  Caulobacter  crescentus.  Mol.  Microbiol. 44,  461–478
(2002).

269. Obrist, M., Langklotz, S., Milek, S., Führer, F. & Narberhaus, F. Region C of the Escherichia coli heat
shock sigma factor RpoH (σ32) contains a turnover element for proteolysis by the FtsH protease.
FEMS Microbiol. Lett. 290, 199–208 (2009).

270. Wawrzynow, A., Wojtkowiak, D., Marszalek, J., Banecki, B., Jonsen, M., Graves, B., Georgopoulos, C.
&  Zylicz,  M.  The  ClpX  heat-shock  protein  of  Escherichia  coli,  the  ATP-dependent  substrate
specificity component of the ClpP-ClpX protease, is a novel molecular chaperone.  EMBO J. 14,
1867–1877 (1995).

271. Xu, X., Niu, Y., Liang, K., Wang, J., Li, X. & Yang, Y. Heat shock transcription factor σ32 is targeted for
degradation via an ubiquitin-like protein ThiS in Escherichia coli. Biochem. Biophys. Res. Commun.
459, 240–245 (2015).

77



272. McCarty, J. S. & Walker, G. C. DnaK mutants defective in ATPase activity are defective in negative
regulation  of  the  heat  shock  response:  Expression  of  mutant  DnaK  proteins  results  in
filamentation. J. Bacteriol. 176, 764–780 (1994).

273. Zhao,  K.,  Liu,  M.  &  Burgess,  R.  R.  The  Global  Transcriptional  Response  of  Escherichia  coli to
Induced σ32 Protein Involves σ32 Regulon Activation Followed by Inactivation and Degradation of
σ32 in Vivo. J. Biol. Chem. 280, 17758–17768 (2005).

274. da  Silva,  A.  C.  A.,  Simão,  R.  C.  G.,  Susin,  M.  F.,  Baldini,  R.  L.,  Avedissian,  M.  &  Gomes,  S.  L.
Downregulation of the heat shock response is independent of DnaK and σ32 levels in Caulobacter
crescentus. Mol. Microbiol. 49, 541–553 (2003).

275. Susin,  M.  F.,  Baldini,  R.  L.,  Gueiros-Filho,  F.  & Gomes,  S.  L.  GroES/GroEL and DnaK/DnaJ have
distinct roles in stress responses and during cell cycle progression in  Caulobacter crescentus.  J.
Bacteriol. 188, 8044–8053 (2006).

276. Rancati,  G.,  Moffat,  J.,  Typas,  A.  &  Pavelka,  N.  Emerging  and  evolving  concepts  in  gene
essentiality. Nat. Rev. Genet. 19, 34–49 (2018).

277. Zhan, T. & Boutros, M. Towards a compendium of essential genes - From model organisms to
synthetic lethality in cancer cells. Crit. Rev. Biochem. Mol. Biol. 51, 74–85 (2016).

278. Juhas, M., Reuß, D. R., Zhu, B. & Commichau, F. M.  Bacillus subtilis and Escherichia coli essential
genes and minimal cell factories after one decade of genome engineering.  Microbiology 160,
2341–2351 (2014).

279. Kim, D.-U., Hayles, J., Kim, D., Wood, V., Park, H.-O., Won, M., Yoo, H.-S., Duhig, T., Nam, M., Palmer,
G., Han, S., Jeffery, L., Baek, S.-T., Lee, H., Shim, Y. S., Lee, M., Kim, L., Heo, K.-S., Noh, E. J., Lee, A.-R.,
Jang, Y.-J., Chung, K.-S., Choi, S.-J., Park, J.-Y., Park, Y., Kim, H. M., Park, S.-K., Park, H.-J., Kang, E.-J.,
Kim, H. B., Kang, H.-S., Park, H.-M., Kim, K., Song, K., Song, K. Bin, Nurse, P. & Hoe, K. L. Analysis of a
genome-wide  set  of  gene  deletions  in  the  fission  yeast  Schizosaccharomyces  pombe.  Nat.
Biotechnol. 28, 617–623 (2010).

280. Sikorski, R. S. & Hieter, P. A system of shuttle vectors and yeast host strains designed for efficient
manipulation of DNA in Saccharomyces cerevisiae. Genetics 122, 19–27 (1983).

281. Gelfand, D. H. & Steinberg, R. A. Escherichia coli mutants deficient in the aspartate and aromatic
amino acid aminotransferases. J. Bacteriol. 130, 429–440 (1977).

282. Dowell, R. D., Ryan, O., Jansen, A., Cheung, D., Agarwala, S., Danford, T., Bernstein, D. A., Rolfe, P.
A., Heisler, L. E., Chin, B., Nislow, C., Giaever, G., Phillips, P. C., Fink, G. R., Gifford, D. K. & Boone, C.
Genotype to phenotype: A Complex problem. Science 328, 469 (2010).

283. Chen, P.,  Wang, D., Chen, H., Zhou, Z. & He, X. The nonessentiality of essential genes in yeast
provides therapeutic insights into a human disease. Genome Res. 26, 1355–1362 (2016).

284. Commichau, F. M., Pietack, N. & Stülke, J. Essential genes in Bacillus subtilis: a re-evaluation after
ten years. Mol. Biosyst. 9, 1068–1075 (2013).

285. Van Leeuwen, J., Pons, C., Mellor, J. C., Yamaguchi, T. N., Friesen, H., Koschwanez, J., Ušaj, M. M.,
Pechlaner,  M.,  Takar,  M.,  Ušaj,  M.,  VanderSluis,  B.,  Andrusiak,  K.,  Bansal,  P.,  Baryshnikova,  A.,
Boone, C. E., Cao, J., Cote, A., Gebbia, M., Horecka, G., Horecka, I., Kuzmin, E., Legro, N., Liang, W.,
van Lieshout, N., McNee, M., San Luis, B. J., Shaeri, F., Shuteriqi, E., Sun, S., Yang, L., Youn, J.-Y.,
Yuen, M., Costanzo, M., Gingras, A. C., Aloy, P., Oostenbrink, C., Murray, A., Graham, T. R., Myers, C.
L., Andrews, B. J., Roth, F. P. & Boone, C. Exploring genetic suppression interactions on a global
scale. Science 354, aag0839-1-aag0839-11 (2016).

286. Powers, E. T. & Balch, W. E. Diversity in the origins of proteostasis networks - a driver for protein
function in evolution. Nat. Rev. Mol. Cell Biol. 14, 237–248 (2013).

287. Genevaux, P., Keppel, F., Schwager, F., Langendijk-Genevaux, P. S., Hartl, F. U. & Georgopoulos, C.
In vivo analysis of the overlapping functions of DnaK and trigger factor.  EMBO Rep. 5, 195–200
(2004).

288. Ullers, R. S., Luirink, J., Harms, N., Schwager, F., Georgopoulos, C. & Genevaux, P. SecB is a bona
fide generalized chaperone in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 101, 7583–7588 (2004).

289. Vorderwülbecke, S., Kramer, G., Merz, F., Kurz, T. A., Rauch, T., Zachmann-Brand, B., Bukau, B. &
Deuerling, E. Low temperature or GroEL/ES overproduction permits growth of  Escherichia coli
cells lacking trigger factor and DnaK. FEBS Lett. 559, 181–187 (2004).

78



290. Honoré,  F.  A.,  Méjean, V.  & Genest,  O. Hsp90 Is Essential  under Heat Stress  in  the Bacterium
Shewanella oneidensis. Cell Rep. 19, 680–687 (2017).

291. Fay,  A.  & Glickman,  M.  S.  An Essential  Nonredundant  Role  for  Mycobacterial  DnaK in  Native
Protein Folding. PLoS Genet. 10, e1004516 (2014).

292. Aakre,  C.  D.,  Phung,  T.  N.,  Huang,  D. & Laub,  M. T.  A bacterial  toxin inhibits  DNA replication
elongation through a direct interaction with the β sliding clamp. Mol. Cell 52, 617–628 (2013).

293. Ogura, T., Inoue, K., Tatsuta, T., Suzaki, T., Karata, K., Young, K., Su, L.-H., Fierke, C. A., Jackman, J.
E.,  Raetz,  C.  R. H., Coleman, J.,  Tomoyasu, T. & Matsuzawa, H. Balanced biosynthesis of major
membrane components through regulated degradation of the committed enzyme of lipid A
biosynthesis  by the AAA protease FtsH (HflB)  in  Escherichia  coli.  Mol.  Microbiol. 31,  833–844
(1999).

294. Msadek, T., Dartois, V., Kunst, F., Herbaud, M.-L., Denizot, F. & Rapoport, G. ClpP of Bacillus subtilis
is  required for  competence development,  motility,  degradative  enzyme synthesis,  growth at
high temperature and sporulation. Mol. Microbiol. 27, 899–914 (1998).

295. Bukau,  B.  & Walker,  G.  C.  Mutations  altering heat  shock specific  subunit  of  RNA polymerase
suppress major cellular defects of E. coli mutants lacking the DnaK chaperone. EMBO J. 9, 4027–
4036 (1990).

296. Schlieker, C., Bukau, B. & Mogk, A. Prevention and reversion of protein aggregation by molecular
chaperones  in  the  E.  coli cytosol:  implications  for  their  applicability  in  biotechnology.  J.
Biotechnol. 96, 13–21 (2002).

297. Rudolph, B., Gebendorfer, K. M., Buchner, J. & Winter, J. Evolution of Escherichia coli for growth at
high temperatures. J. Biol. Chem. 285, 19029–19034 (2010).

298. Genevaux, P., Georgopoulos, C. & Kelley, W. L. The Hsp70 chaperone machines of Escherichia coli:
a paradigm for the repartition of chaperone functions. Mol. Microbiol. 66, 840–857 (2007).

299. Hanawa,  T.,  Fukuda,  M.,  Kawakami,  H.,  Hirano,  H.,  Kamiya,  S.  &  Yamamoto,  T.  The  Listeria
monocytogenes DnaK chaperone is required for stress tolerance and efficient phagocytosis with
macrophages. Cell stress & Chaperones 4, 118–128 (1999).

300. Köhler,  S.,  Teyssier,  J.,  Cloeckaert,  A.,  Rouot,  B.  & Liautard,  J.-P.  Participation of the molecular
chaperone DnaK in intracellular growth of  Brucella suis within U937-derived phagocytes.  Mol.
Microbiol. 20, 701–712 (1996).

301. Singh,  V.  K.,  Syring,  M.,  Singh,  A.,  Singhal,  K.,  Dalecki,  A.  & Johansson,  T.  An insight into the
significance of the DnaK heat shock system in Staphylococcus aureus. Int. J. Med. Microbiol. 302,
242–252 (2012).

302. Schulz, A., Tzschaschel, B. & Schumann, W. Isolation and analysis of mutants of the dnaK operon
of Bacillus subtilis. Mol. Microbiol. 15, 421–429 (1995).

303. Brans,  A.,  Loriaux,  A.,  Joris,  B.  &  Dusart,  J.  Cloning  and  sequencing  of  the  dnaK locus  in
Streptomyces coelicolor A3(2). DNA Seq. - J. Seq. Mapp. 6, 179–184 (1996).

304. Nimura, K., Takahashi, H. & Yoshikawa, H. Characterization of the dnaK Multigene Family in the
Cyanobacterium Synechococcus sp. Strain PCC7942. J. Bacteriol. 183, 1320–1328 (2001).

305. Varvasovszki, V., Glatz, A., Shigapova, N., Jósvay, K., Vígh, L. & Horváth, I. Only one dnaK homolog,
dnaK2,  is  active  transcriptionally  and  is  essential  in  Synechocystis.  Biochem.  Biophys.  Res.
Commun. 305, 641–648 (2003).

306. Hanawa, T., Kai, M., Kamiya, S. & Yamamoto, T. Cloning, sequencing, and transcriptional analysis
of the dnaK heat shock operon of Listeria monocytogenes. Cell Stress Chaperones 5, 21–29 (2000).

307. Kluck, C. J., Patzelt, H.,  Genevaux, P., Brehmer, D., Rist, W., Schneider-Mergener, J.,  Bukau, B. &
Mayer, M. P. Structure-function analysis of HscC, the Escherichia coli member of a novel subfamily
of specialized Hsp70 chaperones. J. Biol. Chem. 277, 41060–41069 (2002).

308. Hesterkamp, T. & Bukau, B. Role of the DnaK and HscA homologs of Hsp70 chaperones in protein
folding in E.coli. EMBO J. 17, 4818–4828 (1998).

309. Minder, A. C., Narberhaus, F., Babst, M., Hennecke, H. & Fischer, H.-M. The dnaKJ operon belongs
to the  σ32-dependent class of heat shock genes in  Bradyrhizobium japonicum.  Mol. Gen. Genet.
254, 195–206 (1997).

79



310. Turgay, K., Hahn, J., Burghoorn, J. & Dubnau, D. Competence in Bacillus subtilis is controlled by
regulated proteolysis of a transcription factor. EMBO J. 17, 6730–6738 (1998).

311. Nakano, S., Zheng, G., Nakano, M. M. & Zuber, P. Multiple pathways of Spx (YjbD) proteolysis in
Bacillus subtilis. J. Bacteriol. 184, 3664–3670 (2002).

312. Nakano, M. M., Hajarizadeh, F., Zhu, Y. & Zuber, P. Loss-of-function mutations in  yjbD result in
ClpX- and ClpP-independent competence development of  Bacillus subtilis.  Mol.  Microbiol. 42,
383–394 (2001).

313. Mizusawa, S. & Gottesman, S. Protein Degradation in Escherichia coli: The lon Gene Controls the
Stability of sulA Protein. Proc. Natl. Acad. Sci. U. S. A. 80, 358–362 (1983).

314. Tomoyasu, T., Yuki, T., Morimura, S., Mori, H., Yamanaka, K., Niki, H., Hiraga, S. & Ogura, T. The
Escherichia  coli FtsH Protein is  a Prokaryotic Member of a Protein Family of  Putative ATPases
Involved in  Membrane Functions,  Cell  Cycle  Control,  and Gene Expression.  J.  Bacteriol. 175,
1344–1351 (1993).

315. Akiyama, Y.,  Shirai,  Y. & Ito, K. Involvement of FtsH in protein assembly into and through the
membrane. J. Biol. Chem. 269, 5225–5229 (1994).

316. Huq,  S.,  Sueoka,  K.,  Narumi,  S.,  Arisaka,  F.  &  Nakamoto,  H.  Comparative  Biochemical
Characterization of  Two GroEL Homologs from the Cyanobacterium  Synechococcus  elongatus
PCC 7942. Biosci. Biotechnol. Biochem. 74, 2273–2280 (2010).

317. Rinke de Wit, T. F., Siraj, B., Arve, O., Miko, T. L., Hermans, P. W. M., Soolingen, D. van, Drijfhout, J.-
W., Schöningh, R., Janson, A. A. M. & Thole, J. E. R. Mycobacteria contain two  groEL genes: the
second Mycobacterium leprae groEL gene is arranged in an operon with groES. Mol. Microbiol. 6,
1995–2007 (1992).

318. Fayet, O., Ziegelhoffer, T. & Georgopoulos, C. The groES and groEL heat shock gene products of
Escherichia coli are essential for bacterial growth at all temperatures. J. Bacteriol. 171, 1379–1385
(1989).

319. Li, M. & Wong, S.-L. Cloning and characterization of the  groESL operon from  Bacillus subtilis.  J.
Bacteriol. 174, 3981–3992 (1992).

320. Sato, M., Nimura-Matsune, K., Watanabe, S., Chibazakura, T. & Yoshikawa, H. Expression analysis
of multiple  dnaK genes in the cyanobacterium  Synechococcus elongatus PCC 7942.  J. Bacteriol.
189, 3751–3758 (2007).

321. Nakamoto, H. & Kojima, K. Non-housekeeping, non-essential GroEL (chaperonin) has acquired
novel structure and function beneficial under stress in cyanobacteria.  Physiol. Plant. 161, 296–
310 (2017).

322. Bukau, B. & Walker, G. C. Cellular defects caused by deletion of the  Escherichia coli dnaK gene
indicate roles for heat shock protein in normal metabolism. J. Bacteriol. 171, 2337–2346 (1989).

323. Teter, S. A., Houry, W. A., Ang, D., Tradler, T., Rockabrand, D., Fischer, G., Blum, P., Georgopoulos,
C. & Hartl, F. U. Polypeptide flux through bacterial Hsp70: DnaK cooperates with trigger factor in
chaperoning nascent chains. Cell 97, 755–765 (1999).

324. Deuerling, E., Schulze-Specking, A., Tomoyasu, T., Mogk, A. & Bukau, B. Trigger factor and DnaK
cooperate in folding of newly synthesized proteins. Nature 400, 693–696 (1999).

325. Jonas, K. To divide or not to divide: control of the bacterial cell cycle by environmental cues.
Curr. Opin. Microbiol. 18, 54–60 (2014).

326. Schäfer, H., Heinz, A., Sudzinová, P., Voß, M., Hantke, I., Krásný, L. & Turgay, K. Spx, the central
regulator of the heat- and oxidative stress response in  B. subtilis,  can repress transcription of
translation-related genes. Mol. Microbiol. 0, 1–20 (2018).

327. Modell, J. W., Hopkins, A. C. & Laub, M. T. A DNA damage checkpoint in  Caulobacter crescentus
inhibits cell division through a direct interaction with FtsW. Genes Dev. 25, 1328–1343 (2011).

328. Mukherjee, A., Cao, C. & Lutkenhaus, J. Inhibition of FtsZ polymerization by SulA, an inhibitor of
septation in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 95, 2885–2890 (1998).

329. Modell,  J.  W.,  Kambara,  T.  K.,  Perchuk,  B.  S.  &  Laub,  M.  T.  A  DNA  Damage-Induced,  SOS-
Independent  Checkpoint  Regulates  Cell  Division  in  Caulobacter  crescentus.  PLoS  Biol. 12,
e1001977 (2014).

80



330. Heinrich, K.,  Sobetzko, P.  & Jonas,  K.  A Kinase-Phosphatase Switch Transduces Environmental
Information into a Bacterial Cell Cycle Circuit. PLoS Genet. 12, e1006522 (2016).

331. Zhou, Y., Gottesman, S., Hoskins, J. R., Maurizi, M. R. & Wickner, S. The RssB response regulator
directly targets σS for degradation by ClpXP. Genes Dev. 15, 627–637 (2001).

332. Chaba,  R.,  Grigorova,  I.  L.,  Flynn,  J.  M.,  Baker,  T.  A.  &  Gross,  C.  A.  Design  principles  of  the
proteolytic cascade governing the σE-mediated envelope stress response in Escherichia coli: keys
to graded, buffered, and rapid signal transduction. Genes Dev. Dev. 21, 124–136 (2007).

333. Potrykus, K. & Cashel, M. (p)ppGpp: Still Magical? Annu. Rev. Microbiol. 62, 35–51 (2008).

334. Ferullo, D. J. & Lovett, S. T. The stringent response and cell cycle arrest in  Escherichia coli.  PLoS
Genet. 4, 21–23 (2008).

335. Schreiber,  G.,  Ron,  E.  Z.  & Glaser,  G.  ppGpp-mediated regulation of DNA replication and cell
division in Escherichia coli. Curr. Microbiol. 30, 27–32 (1995).

336. Boutte,  C.  C.,  Henry,  J.  T.  &  Crosson,  S.  ppGpp  and  polyphosphate  modulate  cell  cycle
progression in Caulobacter crescentus. J. Bacteriol. 194, 28–35 (2012).

337. Lesley,  J.  A.  &  Shapiro,  L.  SpoT regulates  DnaA stability  and initiation  of  DNA replication in
carbon-starved Caulobacter crescentus. J. Bacteriol. 190, 6867–6880 (2008).

338. Wang,  J.  D.,  Sanders,  G.  M.  &  Grossman,  A.  D.  Nutritional  Control  of  Elongation  of  DNA
Replication by (p)ppGpp. Cell 128, 865–875 (2007).

339. Gorbatyuk, B.  & Marczynski,  G.  T.  Regulated degradation of chromosome replication proteins
DnaA and CtrA in Caulobacter crescentus. Mol. Microbiol. 55, 1233–1245 (2005).

340. Stott, K. V, Wood, S. M., Blair, J. A., Nguyen, B. T., Herrera, A., Perez Mora, Y. G., Cuajungco, M. P. &
Murray, S. R. (p)ppGpp modulates cell size and the initiation of DNA replication in Caulobacter
crescentus in response to a block in lipid biosynthesis. Microbiology 161, 553–564 (2015).

341. Bergmiller, T., Andersson, A. M. C., Tomasek, K., Balleza, E., Kiviet, D. J., Hauschild, R., Tkačik, G. &
Guet,  C.  C.  Biased partitioning of the multidrug efflux pump AcrAB-TolC underlies long-lived
phenotypic heterogeneity. Science 356, 311–315 (2017).

342. Diekmann,  Y.  & Pereira-Leal,  J.  B.  Evolution of intracellular  compartmentalization.  Biochem.  J.
449, 319–31 (2013).

343. Flärdh,  K.  Growth polarity  and cell  division in  Streptomyces.  Curr.  Opin.  Microbiol. 6,  564–571
(2003).

344. Gruber,  T.  M.,  Markov,  D.,  Sharp,  M.  M.,  Young,  B.  A.,  Lu,  C.  Z.,  Zhong,  H.  J.,  Artsimovitch,  I.,
Geszvain, K. M., Arthur, T. M., Burgess, R. R., Landick, R., Severinov, K. & Gross, C. A. Binding of the
Initiation Factor σ70 to Core RNA Polymerase Is a Multistep Process. Mol. Cell 8, 21–31 (2001).

345. Blaszczak, A., Zylicz, M., Georgopoulos, C. & Liberek, K. Both ambient temperature and the DnaK
chaperone machine  modulate  the heat  shock response  in  Escherichia  coli by  regulating  the
switch between  σ70 and  σ32 factors assembled with RNA polymerase.  EMBO J. 14,  5085–5093
(1995).

346. Hartl,  F. U. & Hayer-Hartl,  M. Converging concepts of protein folding  in vitro and  in vivo.  Nat.
Struct. Mol. Biol. 16, 574–581 (2009).

347. Bruel, N., Castanié-Cornet, M.-P.,  Cirinesi, A.-M., Koningstein, G., Georgopoulos, C.,  Luirink, J.  &
Genevaux, P. Hsp33 controls elongation factor-Tu stability and allows Escherichia coli growth in
the absence of the major DnaK and trigger factor chaperones.  J. Biol. Chem. 287, 44435–44446
(2012).

81


