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ABSTRACT

Proteins are essential in all living organisms and they are involved in a myriad of biological functions. It is
vital  for cells to have efficient surveillance and quality control systems that ensure damaged proteins are
either repaired to their functional state or quickly removed by degradation. Two crucial components of these
protein quality systems are molecular chaperones and proteases, of which one major contributor is the AAA+
(ATPases Associated with diverse cellular Activities) family that includes the Clp proteases. 

The Clp protease exists in many forms of life, ranging from eubacteria to mammals. In the bacterium E.
coli, the hexameric ATPases ClpX and ClpA recognize the substrate and once unfolded translocate it into the
proteolytic core, which is formed by two heptameric rings of ClpP. The complexity of Clp proteases in terms of
both composition and functionality is far greater in photosynthetic organisms compared with their bacterial
counterparts. This is highlighted in the cyanobacterium Synechococcus elongatus (Synechococcus), which has
at least two Clp proteases,  the essential  ClpCP3/R and the non-essential  ClpXP1/P2. Of these various Clp
proteins, the ClpR subunit is unique to photosynthetic  organisms and is proteolytically inactive, while the
existence of two ClpS adaptors (ClpS1 and ClpS2) is also unique for cyanobacteria. This thesis focuses on the
continued characterization of these Clp proteins in Synechococcus. 

In paper I, two conserved motifs in the ClpR and one motif in the ClpP3 N-terminus were identified as
being crucial for association to ClpC. It was also shown that these motifs were important for the stability of
the ClpP3/R complex. A C-terminal motif in ClpC (the R-domain) was also demonstrated as conferring the
specificity for ClpP3/R association. In paper II, the subunit stoichiometry of the ClpP1/P2 proteolytic core was
determined by non-denaturing mass spectrometry. The proteolytic core was composed of an equal amount of
ClpP1 and ClpP2 subunits arranged in an alternating pattern within each heptameric ring. The two double
heptameric  rings  had  dual  stoichiometry,  where  two  different  proteolytic  cores  could  be  formed,
(4ClpP1+3ClpP2) + (3ClpP1+4ClpP2) and 2×(3ClpP1+4ClpP2).  In paper III,  the functionality of the ClpP1/P2
protease was further characterized  in vitro. ClpP1/P2 displayed the expected proteolytic activity with ClpX,
but no activity was observed with ClpC. Both types of ClpP subunit appear to contribute to the proteolytic
activity of the ClpP1/P2 core, but the arrangement of these two ClpP paralogs somehow limits the overall
degradation rate.   It  was also revealed that  ClpP2 alone could not assemble  into higher molecular  mass
complexes, whereas ClpP1 readily formed a homo-tetradecamer that was proteolytically active with both ClpC
and ClpX but whose activity was dependent on increased Mg2+ concentrations. In paper IV, the cyanobacterial-
specific  ClpS2  adaptor  was  shown to  be  a  relatively  low-abundant,  soluble  protein  that  is  essential  for
phototrophic  growth.  Like  ClpS1,  ClpS2  redirects  the  general  substrate  specificity  of  ClpC  to  N-end  rule
substrates, but the two adaptors differ in exactly which N-end rule substrates they target. ClpS1 recognizes
Phe and Tyr as destabilizing amino acids, while ClpS2 recognizes Leu. In the final paper (paper V), the Δ clpS1
and ΔclpP2 mutants are shown to have greater  resistance to exogenously added H2O2,  while ΔclpP1 was
extremely sensitive. The different phenotypes of these mutants were dependent on the level of the catalase
peroxidase  KatG,  where  elevated  basal  expression  of  the  katG gene  was  responsible  for  the  resistance
observed in ΔclpS1 and ΔclpP2. In contrast, increased proteolysis of the KatG protein in ΔclpP1 caused the
extreme sensitivity of this mutant to the oxidative stress
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1. INTRODUCTION

Proteins are essential macromolecules in all  living organisms. They are involved in a
diverse  array  of  functions,  being  integral  components  of  membrane  structures  and
active participants in many different cellular processes. It is crucial to cell integrity that
proteins remain active during their lifetime and that non-functional variants, resulting
from  misfolding  or  other  forms  of  structural  damage  are  quickly  removed.  If  such
abnormal proteins are not efficiently eliminated, they can accumulate and jeopardize
cell viability by interfering with different cellular activities. This means that surveillance
and quality control systems are needed to ensure that damaged proteins are either
repaired  to  a  functional  state  or  removed  by  degradation.  As  a  consequence,  all
proteins have a certain lifespan and cell homeostasis relies on their constant turnover.
This balance between cellular protein synthesis and degradation is termed proteostasis.

Two key components underlying the protein quality control systems in all organisms
are molecular chaperones and proteases. Chaperones affect protein structures in many
different  ways  and  often  require  ATP  to  fuel  their  activities.  They  help  proteins  to
correctly fold into their active form and facilitate processes such as organellar protein
import. Chaperones also monitor protein structures throughout the cell and can rescue
those that  inadvertently  denature  or misfold.  This  function is  particularly important
during  periods  of  stress  when  the  occurrence  of  such  damaged  proteins  is  more
prevalent.  At  certain  times,  at  the  end of  a  protein’s  lifespan or  if  it  is  irreversibly
damaged, chaperones can also facilitate the degradation of these proteins by specific
proteases. Many different families of proteases also exist in the cell and they perform a
multitude  of  roles.  They  are  not  only  important  for  removing  unwanted  proteins,
proteases are also necessary for processing certain enzymes and regulatory proteins to
their active form. The degradation products from proteolysis can also act as regulatory
signals that ultimately affect gene expression (Wickner et al., 1999; Gottesman et al.,
1997). 

Proteases degrade proteins by breaking the peptide bond between adjoining amino
acids, the building blocks of all proteins. Proteases can be designated as either endo- or
exopeptidases,  depending  on  the  position  of  the  peptide  bond  cleaved  within  the
polypeptide  chain.  Endopeptidases  cleave  the peptide bond of  interior  amino acids
within  the  polypeptide,  typically  generating  peptide  fragments  of  varying  length.
Exopeptidases conversely break the terminal peptide bond at either end of the protein
and  generate  single  amino  acids  that  can  be  recycled  to  support  nascent  protein
synthesis. Proteases can also be mechanistically classified by the type of catalytic site
used to cleave the peptide bonds of  substrate  proteins.  There are  six  such groups:
aspartate-, cysteine-, glutamic acid-, metallo-, serine- and threonine-proteases (Beynon
and Bond, 2001). Proteases can also be divided into two larger types depending on if
they require energy in the form of ATP to perform their function. The best characterized
of the energy-independent proteases include Deg and OmpT, whereas the main group
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of energy-dependent proteases is the AAA+ (ATPases Associated with diverse cellular
Activities) proteases (Wickner et al., 1999; Sauer et al., 2004).

1.1. AAA
AAA+ proteases are a diverse group of ATP-dependent proteases that includes the 20S
and 26S proteasomes, FtsH, Lon, HslUV and Clp proteases (Neuwald et al., 1999). They
are  key  components  of  the  major  protein  surveillance  systems  in  all  cells  and  are
important  in  the  regulation  of  several  major  cellular  events.  AAA+  proteases  often
function in the essential process of cell maintenance or “housekeeping”, such as the 26S
proteasome in eukaryotes or Clp proteases in oxygenic photosynthetic organisms. They
can also be stress inducible, such as the Lon and Clp proteases in  Escherichia coli (E.
coli), providing the extra proteolytic activity needed to deal with the accumulation of
irreversibly damaged proteins (Sauer and Baker, 2006, 2011).

AAA+ proteases  consist  of  two  distinct  parts:  an  ATPase belonging  to  the AAA+
super-family  and a  proteolytic  core.  The two parts  can either  be separate  domains
within the same polypeptide as for FtsH and Lon, or they can be divided into two or
more  different  subunits  as  for  HslUV,  the  20S  and  26S  proteasomes,  and  the  Clp
proteases  (Figure  1).  In  either  case,  the  ATPase  component  has  at  least  one  AAA+
domain  that  contains  the  Walker  A  and  B  domains  where  nucleotide  binding  and
hydrolysis occurs (Neuwald et al., 1999). The ATPase components are responsible for
substrate recognition. They typically form hexameric ring structures with a central axial
pore, in which the bound protein substrates are unfolded and then translocated into the
proteolytic core. The proteolytic core has a barrel-like structure formed by rings of six
(HslV, Lon, FtsH) or seven subunits (ClpP, 20S proteasome, 26S proteasome), where the
active sites are enclosed inside the barrel.  The type of  active sites and thereby the
mechanism of degradation differs between the various AAA+ proteases. The cylindrical
shape  of  the  proteolytic  chamber  has  very  narrow  entrances  through  which  only
unfolded proteins can pass, which is why the substrate requires unfolding by the ATPase
component before translocation (Gottesman 2003; Baker and Sauer 2006) . 

The different AAA+ proteases vary in their substrate specificity but how are these
targeted proteins recognized? For certain AAA+ proteases, substrates are tagged with
additional  peptide sequences at  the C-terminus,  such as  SsrA,  or  protein  at  the N-
terminus as in the case of ubiquitin (Ub). Structural changes to the protein substrate
such  as  partial  unfolding/misfolding  can  also  act  as  recognition  signals  as  well  as
modifications like oxidation. Once the substrate is  identified and bound, each AAA+
protease has the same basic mechanism for unfolding the protein and threading it into
the proteolytic core. Powered by ATP binding and hydrolysis,  the ATPase component
undergoes conformational changes that lead to the unfolding of the protein substrate.
The unfolded polypeptide is then translocated through the central axial pore into the
proteolytic core, where it  is progressively degraded at several sites to produce small
peptide products. How these peptides fragments are released is not clear, although it 
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Figure 1. Pictorial representation of the different AAA+ proteases. The AAA+ proteases can be divided into
two groups;  one-component (FtsH and Lon)  and two-component  proteases (HslUV,  26S proteasome,  20S
proteasome and Clp). Shown are the large (orange box) and small (green box) AAA+ domains within each
protein, as well as the unique family domain (gray box). The protease part/protein is depicted in yellow, with
the catalytic amino acids indicated. The blue strips indicate the Walker A and Walker B domains, while the
black strip shows the location of the P-loop. The red strips are important regions involved in substrate and
ATPase association (adapted from Sauer and Baker, 2011; Gur et al., 2013).  

might occur by diffusion through the axial pores or via gaps between the flexible rings in
the proteolytic core (Sauer and Baker, 2006, 2011).

1.1 1. 26S proteasome
1.1.1.1 Structure

The 26S proteasome is the best studied of all the AAA+ proteases. It is located in the
cytoplasm and nucleus of all eukaryotes, and carries out an essential housekeeping role
in  both  compartments  (Voges  et  al.,  1999;  Tanaka,  2009).  Many  different  protein
substrates  have  now  been  identified  for  the  26S  proteasome,  with  most  being
recognized via ubiquitination. The 26S proteasome shares the same basic architecture
as  the  other  AAA+  proteases,  with  a  hexameric  ATPase  component  and  a  large
cylindrical proteolytic core, but its overall structure is by far the most complex (Peters et
al., 1993). The ATPase component is termed 19S and consists of two associated sub-
complexes, the lid and base. The base contains ten subunits, six distinct ATPase subunits

3



that form a hetero-hexameric ATPase ring, and four other peripherally-bound subunits
that  include an Ub receptor.  The lid  is also composed of  ten different subunits that
assemble into linear structures that overlay the base and include one deubiquitination
protein and a second Ub receptor subunit. It is the 19S complex that recognizes and
binds ubiquitinated proteins, and then sequentially removes the Ub tag, unfolds the
protein substrate and translocates it into the proteolytic core complex (Glickman et al.,
1998; Marques et al., 2009; Tomko et al., 2010). 

The proteolytic core is known as 20S and consists of 28 different subunits arranged
in the barrel-like shape characteristic of AAA+ proteases. The overall structure is formed
by four heptameric rings stacked on top of each other. The two outer rings consist of
proteolytically  inactive  α-subunits  while  the  two  inner  rings  are  composed  by
proteolytically active β-subunits (Groll et al 1997, Baumeister et al 1998; Unno et al.,
2002). Access to the inner β-rings is restricted by the N-termini of the α-subunits in the
adjacent α-rings. The N-termini extend into the central pore of the α-ring and form an
interfering  network  that  blocks  protein  translocation  (Groll  et  al.,  2000).  Entry  of
substrates occurs once the 19S complex associates to the outer α-ring, which causes
conformation changes to the α-subunits that allows passage of the substrate from the
19S complex into the β-rings for degradation (Smith et al., 2007; Kim et al., 2011). Each
β-ring consists of seven distinct subunits named for their position within the ring (i.e.,
β1-7). Of these seven subunits, only three are proteolytically active (β1, 2 and 5) and
each  has  distinct  endopeptidase  activity  -  β1  cleavages  after  acidic  residues
(peptidylglutamyl-peptide hydrolytic), β2 after basic residues (trypsin-like) and β5 after
hydrophobic  residues (chymotrypsin-like)  (Myung et  al.,  2001;  Gallastegui  and Groll,
2010).

1.1.1.2 Ubiquitin-mediated degradation pathway

Most substrates of  the 26S proteasome are targeted through addition of  Ub,  which
involves three different enzymes in a specific pathway. The first enzyme (E1) is the Ub–
activating  enzyme  that  as  its  name  implies  activates  Ub  via  the  ATP-dependent
formation of a bond between the active-site cysteine on E1 and the C-terminus of Ub.
This is then followed by the transfer of the activated Ub on E1 to the active-site cysteine
on  the  second  enzyme  (E2),  an  Ub-conjugating  enzyme.  Proteins  destined  for
degradation by the 26S proteasome are first recognized by the third enzyme (E3, Ub
protein ligase) that then transfers the Ub from E2 to a lysine on the protein substrate.
Several Ub can be added to the same protein substrate through the action of E3, either
to build a poly-Ub chain or addition of Ub to several different lysine residues (Myung et
al., 2001). Addition of at least four Ub in a chain appears necessary for the substrate to
be recognized by the 26S proteasome (Figure 2). However, for a protein substrate to be
degraded by the 26S proteasome it also needs an unstructured region. Control of the
Ub system and its broad substrate specificity occurs through the regulation of E3, of
which there are numerous in most eukaryotes; there are more than 600 different E3
enzymes in  humans and over 1000 in  the model  plant  species Arabidopsis  thaliana
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(Mazzucotelli et al., 2006). Protein degradation by the 26S proteasome begins when the
Ub chain on the substrate binds to one of the Ub receptors in the 19S complex. Once
the  unstructured  recognition  sites  are  situated  close  to  the  ATPase  ring  pore,
translocation starts and the poly-Ub chain is removed. As the protein substrate passes
through  the  base,  it  unfolds  and  is  then  threaded  into  the  proteolytic  core  for
proteolysis.  The  overall  importance  of  the  Ub-mediated  degradation  pathway  was
recognized in 2004 with the awarding of the Nobel Prize to those who discovered and
characterized much of this vital process (Myung et al., 2001).

Figure 2. Ubiquitin-mediated degradation pathway.  Protein substrates are targeted for degradation with a
polyubiquitin chain placed by the enzymatic cascade of E1-E2-E3. A ubiquitin-activating enzyme (E1) binds to
ubiquitin (Ub) in an ATP-dependent reaction and then transfers the activated Ub to a Ub-conjugating enzyme
(E2). E2 then interacts with the ubiquitin ligase (E3) that transfers the Ub to the protein substrate. The 26S
proteasome recognizes the Ub-chain and degrades the protein, with the Ub recycled for tagging additional
substrates (adapted from Myung et al., 2001). 

1.1.1.3 Substrate recognition by the N-end rule 

The main identifying feature within proteins recognized by the ubiquitin system is based
upon the N-end rule. The N-end rule refers to the type of amino acids at the N-terminus
of a protein and how these affect its stability, with so-called “destabilizing” residues
reducing the half-life of a protein in vivo (Varshavsky et al., 1996). Different amino acids
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are destabilizing in different organisms. In  eukaryotic cells,  it  is phenylalanine (Phe),
leucine (Leu), isoleucine (Ile), tryptophan (Trp), lysine (Lys), arginine (Arg) and histidine
(His) that are ubiquitinated by E3 (Varshavsky et al., 1996, 2003). There are two classes
of regions in E3 that recognize N-end rule substrates: the UBR box class (Lys, Arg and
His) or the ClpS-like class (hydrophobic side chains).  This differs somewhat in Gram-
negative  bacteria  in  that  Leu,  Phe,  tyrosine  (Tyr),  Trp,  Lys  and  Arg  that  are  main
destabilizing amino acids (Tobias et al., 1991; Shrader et al., 1993). These bacterial N-
end rule substrates are recognized by the adaptor ClpS that delivers them to the ClpAP
protease for degradation (discussed later) (Erbse et al., 2006). There are three levels at
which N-end rule substrates can be recognized.  Primary and secondary destabilizing
amino acids are found in both prokaryotes and eukaryotes, while tertiary destabilizing
residues have only so far been found in eukaryotes. Primary destabilizing amino acids
are directly identified by the ClpS or the E3 ligase, while the secondary and tertiary
destabilization amino acids require modification to be recognized. This modification is
done be specific enzymes, like the amino acyltransferase (Aat) in  E. coli that positions
the  primary  amino  acid  Leu  and  Phe  to  the  secondary  destabilization  amino  acids
(Shrader et al., 1993).

1.1.2. PAN/20S proteasome

Apart from eukaryotes, archaea also possess a proteasome but one in which the 20S
proteolytic  core  associates  to  an  ATPase  component  known  as  PAN  (Proteasome-
activating-nucleotidase) (Zwickl et al., 1998). The chaperone part of PAN is formed by
six identical multi-domain subunits, while the proteolytic 20S component is a threonine-
type protease composed of two different subunits, α and β (Löwe et al., 1995; Rubin et
al., 1995; Zwickl et al., 1998; Smith et al.,  2005). Like its eukaryotic counterpart, the
archaeal  20S component consists of  four heptameric rings arranged as α7β7β7α7 but
differs in that there is only one type of α- and β-subunit. Since all the β-subunits are
identical, all are therefore proteolytically active (Löwe et al., 1995; Rubin et al., 1995).
The  mechanism  by  which  protein  substrates  are  targeted  for  degradation  by  the
PAN/20S proteasome remains unclear but  it  does appear to involve the addition of
SAMPs (small archaeal modifier proteins)(Maupin-Furlow et al., 2006; Humbard et al.,
2010).

1.1.3. FtsH

FtsH (Filamentous temperature sensitive H) proteases are found in all eubacteria and
the mitochondria and plastids of eukaryotes, but not in the archaea. In bacteria like E.
coli, it is the only protease essential for cell viability, as well as the only AAA+ protease
that is anchored to the membrane through two transmembrane domains (Begg et al.,
1992; Akiyama et al., 1995; Jayasekera et al., 2000). Within the soluble region, the FtsH
protein has both an ATPase domain in the N-terminal half and a proteolytic domain in
the C-terminal half (Figure 1) (Tomoyasu et al., 1993). Crystallography and EM studies of
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FtsH from different organisms has shown that  the protein forms a single oligomeric
structure resembling two stacked heptameric rings, one formed by the AAA+ domains
and the second by the protease domains (Bieniossek et al.,  2006; Suno et al.,  2006;
Beniossel et al., 2009; Lee et al., 2011). The N-terminal region of FtsH is also important
for its oligomerization, while the transmembrane region is needed for the degradation
of membrane proteins (Makino et al., 1999).

FtsH is a metalloprotease, with a conserved Zn (II)  binding motif  that makes the
protease dependent on Zn2+  (Tomoyasu et al.,  1995).   The FtsH protease can extract
integral  protein  substrates  within  the  lipid  bilayer  and  degrade  them  in  an  ATP-
dependent manner. It  degrades membrane proteins that are misfolded or otherwise
damaged, and subunits of large multimeric complexes that have misassembled. Several
membrane proteins have been identified as FtsH substrates, such as the F0a subunit of
ATP synthase (Akiyama et al., 1996a, 1996b). There are also cytosolic substrates for FtsH
including σ32 (a heat shock sigma factor) and LpxC (a metallo-deacetylase involved in
endotoxin biosynthesis) (Herman et al., 1995; Tomoyasu et al., 1995; Kanemori et al.,
1997; Langklotz et al., 2011) . Despite this, the exact substrate specificity of the FtsH
protease remains unknown, although it does appear to preferentially cut at amino acids
with positively charged or hydrophobic side groups. FtsH can also degrade mistranslated
polypeptides that are tagged with the C-terminal SsrA motif, as well as proteins with
free unstructured N- and C-terminal ends around 10-20 amino acids in length (Herman
et al., 1998; Chiba et al., 2000, 2002). Compared with the Lon and Clp proteases, FtsH
has a relatively low unfolding activity and thus preferentially degrades proteins with low
thermo-stability;  a  preference  that  has  been  proposed  to  influence  the  protein
substrate selectivity for the FtsH protease (Herman et al., 2003).

Human, yeast and plant mitochondria have at least two FtsH proteases anchored to
the  inner  mitochondrial  membrane.  They  are  named  according  to  which  soluble
compartment the catalytic domains are in contact with; i-AAA (intermembrane space)
and  m-AAA  (matrix)  (Leonhard  et  al.,  1996).  The  m-AAA  protease  has  two distinct
subunits, paraplegin and AFG3L2 (ATPase), that form hexamers either with AFG3L2 only
or with both AFG3L2 and paraplegia (Atorina et al., 2003; Koppen et al.,  2007). Two
human diseases are connected to the m-AAA protease, hereditary spastic paraplegia
(mutations in paraplegin) and hereditary spinocerebellar ataxia (mutation in AFG3L2)
(Casari et al., 1998; Atorina et al., 2003).

The number and complexity of  FtsH proteases increases dramatically in oxygenic
photosynthetic organisms, for example the cyanobacterium Synechocystis sp. PCC 6803
(Synechocystis) has four and Arabidopsis 17 FtsH paralogs, respectively (García-Lorenzo
et al., 2006). Of the latter, five appear to be inactive due to the absence of the Zn motif
(Sokolenko  et  al.,  2010).  All  five  inactive  FtsH  proteins  plus  eight  active  ones  are
localized in plastids, whereas three are exclusively located in mitochondria (Ferro et al.,
2010; Janska et al., 2005). The remaining active paralog (FtsH11) appears to be dual
localized  in  both  mitochondria  and  plastids  (Urantowka  et  al.,  2005).  The  different
plastid FtsH proteins can form either homo- or hetero-oligomeric complexes, attached
to either the thylakoid or envelope membranes (Yu et al., 2004, 2005; Zaltsman et al.,

7



2005). Few protein substrates for the plastid FtsH protease have so far been identified
but one that has is the photosystem II reaction center protein D1, a crucial component
in the photosynthetic electron transport chain (Lindahl et al., 2000; Bailey et al., 2002;
Kato, 2009).

1.1.4. Lon

The Lon protease is a serine-type protease with a catalytic dyad of Ser and Lys. It exists
in  almost  all  bacteria  and  eukaryotes  (Amerik,  et  al  1991;  Rotanova  et  al.,  2004;
Tsilibaris et al., 2006). Based on structures, the Lon proteases can be divided into two
groups, LonA and LonB. Both LonA and B have the ATPase (located centrally within the
protein) and protease domains (C-terminal location, Figure 1), however LonA also has
an N-terminal domain while LonB is often membrane anchored. Most eukaryotes have
both LonA and LonB, and while certain bacteria can also possess both Lon types (e.g.,
Bacillus subtillis) LonA is more common in eubacteria and LonB in Archaea (Rotanova et
al.,  2004).  Depending  on  the  organism,  the  Lon  proteases  exist  as  either  a  single
hexameric  (bacteria)  or  heptameric  (yeast)  ring  (Ståhlberg  et  al.,  1999;  Park  et  al.,
2006).  Its  expression patterns  can also  differ  between  organisms,  being heat  stress
inducible in bacteria and yeast mitochondria but down-regulated during heat stress in
plant mitochondria (Riga et al., 2009). 

Several protein substrates have been identified for the Lon protease, with one of the
first being SulA, a regulatory protein involved in bacterial cell division. Like FtsH, Lon in
E. coli also degrades mistranslated proteins tagged with the C-terminal SsrA sequence
(Tsilibaris et al., 2006). Despite this, not much is known about how Lon recognizes its
protein  substrates,  although  it  does  appear  to  recognize  exposed  regions  rich  in
hydrophobic, aromatic amino acids that are usually buried within the native structure. It
is also thought that the addition of poly-phosphates to a substrate might target it for
degradation by Lon (Gur et al., 2008; Venkatesh et al 2012). Lon has been shown to bind
DNA, suggesting it might directly regulate the expression of certain genes (Chung et al.,
1987; Fu et al., 1997). Indeed, Lon has been shown to degrade the β-subunit of HU, a
nucleoid-binding  protein  that  alters  DNA  structures  and  thereby  controls  which
promoters are exposed for transcription (Liao et al., 2009).

1.1.5. HslUV

While most other AAA+ proteases are found in all kingdoms of life, the HslUV protease
has so far only been identified in eubacteria although some genomic evidence suggests
it might be in archaea as well (Couvreur et al., 2002) The HslUV protease in  E. coli is
involved in resistance to different stresses and both the HslU and HslV subunits are
induced during heat stress (Change et al., 1993). HslUV was the first complete AAA+
protease to be crystallized and its structure resolved in detail  (Bochtler et al.,  2000;
Sousa et al., 2000). The HslUV protease consists of a central proteolytic core comprised
of two heptameric rings of HslV (ClpQ) flanked at either end by a hexameric ring of the
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HslU (ClpY) ATPase components (Bochtler et al., 2000; Sousa et al., 2000; Song et al.,
2003). HslV is a threonine-type protease that requires the HslU component to recognize
and bind the protein substrates, then unfold and translocate them into the HslV core
complex for degradation (Change et al., 1993; Huang and Goldberg, 1997; Kwon et al
2003). Little is known about the actual degradation mechanism of the HslUV protease
but it does require both ATP and Mg2+ to bind the targeted substrates (Burton et al.,
2005)  .  Natural  substrates  for HslUV in  E.  coli have been identified and several  are
shared with other AAA+ proteases, such as the cell division inhibitor SulA that is also
degraded by the Lon protease, and the heat shock sigma factor σ32 degraded by the
FtsH protease (Kanemori et al., 1997; Cordell et al., 2003). Another substrate is the Arc
repressor (Burton et al., 2005), a DNA-binding protein that inhibits bacteriophage P22.
The Arc repressor is now often used as the model substrate for the HslUV protease
during  in vitro studies, which have revealed that a degradation tag in the N-terminal
region of the substrate (Burton et al., 2005).

1.1.6. Clp 

The Clp proteases are found in most domains of life, from bacteria to human, as well as
in parasites and plants. Clp are serine-type proteases where the catalytic triad consists
of active site Ser, His and Asp residues, with all three amino acids being essential for
catalytic activity (Maurizi et al., 1990a). The proteolytic core usually consists of a single
type of catalytically active subunit (ClpP) but the type and activity of the subunits can
vary considerably depending on the organism. As the other AAA+ proteases, Clp has an
ATPase part in the form of a hexameric ring and a proteolytic core consisting of twin
heptameric rings (Kessler et al., 1995; Wang et al., 1997; Gottesman et al., 1997). The
ATPase components of Clp proteases are now recognized as members of the HSP100
family of molecular chaperones and they can be divided into two major groups based
on the number  of  AAA+ domains  that  they contain.  The first  group of  Clp  ATPases
contains two AAA+ domains and can be further divided into ClpA-E and ClpL based on
conserved  amino  acid  sequences  and  the  length  of  sequence  separating  the  AAA+
domains. Members of the second group differ from the first by having only one AAA+
domain and include ClpX and ClpY (HslU) (Schirmer et al., 1996, Figure 1). Apart from
the AAA+ domains, other types can also be found in various members of the HSP100
family. For example, both ClpX and ClpE have Zn-finger motifs in the N-terminal region
that are involved in DNA binding (Donaldsson et al., 2003). All the Clp ATPases except
ClpB  and  ClpL  also  contain  the  so-called  P-loop  (IGF/L-motif)  that  is  necessary  for
association  to  the  Clp  proteolytic  core  (Kim  et  al.,  2001;  Singh  et  al.,  2001),  and
therefore they have the potential of operating as a chaperone both independently and
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Table 1. The diversity and function of Clp proteins in different organisms.  The Clp protein composition in
Homo  sapiens,  Escherichia  coli,  Bacillus  subtilis,  Streptococcus aureus,  Mycobacterium  tuberculosis,
Synechococcus elongatus,  Plasmodium falciparum and  Arabidopsis  thaliana is  shown. The far left  column
indicates the different functional groups of the Clp proteins. The different colored text indicates the location
of the protein: cytosol (black), mitochondrial (blue), chloroplastic (green) and apicoplastic (red). 

as the ATPase component of Clp proteases. The role for these ATPases within the Clp
protease is similar to that in other AAA+ proteases, i.e., to recognize and bind protein
substrates,  and  then  translocate  the  unfolded  protein  into  the  proteolytic  core  for
degradation. 

The  complexity  of  Clp  proteases  in  terms  of  composition  and  types  differs
tremendously between different organisms (Table 1). Among the eubacteria, the Gram-
negative species typically have ClpA and ClpX ATPases and a single ClpP, whereas Gram-
positive  bacteria  possess  ClpC,  ClpE  and  ClpX  along  with  one-to-five  ClpP  paralogs
(Ingmer et al., 1999; Frees et al., 2007). The diversity of Clp proteolytic core subunits
increases  further  in  oxygenic  photosynthetic  organisms,  with  cyanobacteria  usually
containing three ClpP paralogs and vascular plants having up to six, along with one or
more of a unique variant termed ClpR (Clarke et al., 1999). The functional importance of
the  Clp  protease  also  varies  significantly  from organism to  organism.  In  E.  coli,  for
example,  loss  of  Clp  proteolytic  activity  has  no  obvious  effect  on  cell  viability  or
exponential  growth,  but  does affect  certain growth transitions and stress  responses
(Chuang et al., 1993; Dougan et al., 2002; Thomsen et al., 2002; Erbese et al., 2006). In
contrast, the Clp proteases in cyanobacteria and plants are essential for normal growth
and appear to have little or no role during stresses (Schelin et al., 2002; Zheng et al.,
2002,  Peltier  et  al.,  2004).  Clp  proteases  are  also  important  for virulence in several
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different organisms, including pathogenic Gram-positive bacteria and certain protozoan
parasites (Mei et al., 1997; Frees et al., 2003; Raju et al., 2012, 2014). In general, Clp
proteases degrade a wide range of enzymes and regulatory proteins within the different
organisms and as such influence many different cellular pathways.

1.2. Clp Proteases in Different Organisms

1.2.1. E. coli 

Of all  the  different  Clp  proteases,  the one in  E. coli  has been the most  extensively
studied  and  therefore  most  of  what  we  know  today  about  the  mechanism  of  Clp
proteases comes from this model system. The E. coli Clp protease consists of four Clp
proteins:  ClpA,  ClpX,  ClpP  and  ClpS  (Katayama  et  al.,  1988;  Hwang  et  al.,  1988;
Gottesman et al., 1993; Wojtkowiak et al., 1993; Dougan et al., 2002). The clpX gene is
in an operon with clpP and both are co-expressed constitutively (under the control of
σ70) and during heat stress (σ32) (Maurizi et al., 1990; Gottesman et al., 1993). The
clpA and clpS genes are situated in a second operon and expressed constitutively under
the control of σ70 (Dougan et al., 2002). The overall amount of these Clp proteins is
relatively  low during normal  growth  but  they  can  rise  during  stresses  such as  high
temperatures (Chuang et al., 1993). Mutational studies have shown that the different
Clp proteins in E. coli are not essential for normal growth, but they are crucial for stress
survival  and  certain  growth  transitions  (Dougan  et  al.,  2002;  Thomsen  et  al.,  2002;
Erbese et al., 2006). 

ClpP in E. coli is synthesized as a precursor with a 14 amino acid extension at the N-
terminus that  is  later autolytically processed to generate the mature protein of 193
amino acids (Maruizi et al., 1990). The Clp proteolytic core consists of a barrel-shaped
tetradecamer characteristic of AAA+ proteases, in which the two heptameric rings of
ClpP subunits are stacked on top of each other (Kessler et al., 1995; Wang et al., 1997).
The two heptameric rings associate to each other via the handle region of opposing
ClpP subunits (Wang et al.,  1998), while the subunits within each ring bind through
hydrogen bonding between certain amino acids (Bewley et al.,  2006).  The entrance
pore into the degradative chamber is very narrow and restricts entry to all  proteins
apart from short, unfolded peptides (Thompson and Maurizi, 1994; Wang et al., 1997) It
is  only when the ClpA or  ClpX chaperones associate  to the ClpP core  complex that
longer unfolded polypeptides can be translocated inside for degradation (Gottesman et
al., 1997; Joshi et al., 2004; Kim et al., 2008; Kolygo et al., 2009). Not only do ClpA and
ClpX confer substrate specificity for the Clp protease but this specificity varies between
the two types of ATPases (Gottesman et al., 1993; Flynn et al., 2003; Mogk et al., 2004).
It appears that most of the Clp protease in E. coli consists of a hexameric ring of ClpA or
ClpX at either end of the proteolytic core, although only a single protein substrate is
translocated inside the core complex at any given time. It is also possible that a ClpA
hexamer can bind to one end of the proteolytic core with a ClpX hexamer bound to the
other (Grimaud et al., 1998).
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1.2.1.1. Mechanism

Structural studies on the ClpA hexamer has shown that the two AAA+ domains form
two stacked rings,  with the ring formed by the second AAA+ domain closest to the
proteolytic  core  within  the  Clp  protease  (Kessler  et  al.,  1995;  Guo  et  al  2002;
Hinnerwisch et al. 2005). With only one AAA+ domain, ClpX forms a single hexameric
ring structure but  one in which  there are two distinct  subunits.  The first  is  termed
“loadable” (L) where the small and large part of the AAA+ domain are oriented in such a
way that a clef is formed in which the nucleotide can bind.  The other is the unloadable
(U) subunit where the clef site is destroyed by a rotation in the hinge region. Within the
known atomic structure of E. coli ClpX, these two forms of subunits are arranged in the
following configuration L/U/L/L/U/L (Stinson et al., 2013).

Protein substrates specific for either ATPase component are bound to the N-terminal
region of ClpA/X (Singh et al., 2001; Wojtyra et al., 2003). Substrates are then pulled
into the central  cavity  of  the hexamer and are  unfolded through conversion of  the
energy from ATP hydrolysis to mechanical motion (Weber-Ban et al., 1999; Reid et al.,
2001).  When  nucleotide  binds  to  ClpX  it  leads  to  a  stepwise  alteration  of  the
neighboring subunit,  eventually  causing the loadable subunit  to be converted to  an
unloadable  one.  It  is  this  conversion  of  subunits  stimulated  by  ATP  hydrolysis  that
results in the mechanical force that unfolds the protein substrate (Stinson et al 2013).
The mechanical pulling is linked to conformation changes in ClpX close to the pore-1
loop, a region that lines the central cavity of the hexamer (Martin et al., 2008; Glynn et
al., 2009; Wang et al., 2001). A single pulling, or so called “power stroke” can fail several
times in vitro to unfold a region within the protein substrate, but it is not until a power
stroke coincides with destabilization of that region that the unfolding process of the
substrate can continue. This would mean that in theory the complete unfolding of a
stable protein substrate would require hydrolysis of only one ATP molecule per power
stroke,  but  the  high  cost  of  failure  could  increase  this  cost  dramatically  to  several
hundred ATP molecules. However, it remains unclear if the rate of power-stroke failure
in vivo is as high as that shown in vitro (Martin et al., 2005). In contrast, it is the D2 loop
in ClpA, situated in the axial channel of the ClpA hexamer that is important for the
substrate unfolding and translocation into the ClpP (Hinnerwisch et al., 2005; Bohon et
al. 2008; Farbman et al. 2008). 

Association between the ClpA/X hexamers and the ClpP proteolytic core occurs at
more than one region. The first involves the P-loop motif in the C-terminal region of
ClpA and ClpX that extends down and binds to a hydrophobic clef in the surface of the
heptameric  ring of  ClpP (Figure  3).  This  association probably  leads to  conformation
changes that  open up the narrow entrance in ClpP to enhance passage of  unfolded
substrates inside (Kim et  al.,  2001;  Singh et  al.,  2001;  Joshi  et  al.,  2004).  A  second
interaction occurs between the N-terminal region of the ClpP subunits and the pore-2-
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Figure 3. Mechanism of protein degradation by ClpXP. Shown is a schematic view of the regions important
for association between ClpX and ClpP. The essential P-loop in ClpX (red) associates to the hydrophobic clef in
ClpP (purple arrows). The N-terminus of ClpP (black loops) interacts with the 2-pore loop from ClpX (light
blue). The protein substrate is recognized by ClpX, where it first associates with the N-terminus (pink) and
then the substrate is pulled down by internal loops in ClpX (yellow)  (adapted from Gur et al., 2013). 

loop in ClpX (Gribun et al., 2005; Bewley et al., 2006; Martin et al., 2007, 2008; Jennings
et al., 2008; Figure 3). Structural studies have also shown that the N-terminal region of
ClpP is highly flexible and can form different conformations called “up” and “down”. In
the “up” conformation,  part  of  the N-terminus protrudes out  from the access  pore
while in the “down” conformation most of the N-terminus resides within the access
pore.  It  has  been  suggested  that  these  N-terminal  structures  could  also  provide  a
symmetrical match between the hexameric ClpA/X and heptameric ClpP rings if six of
the seven ClpP N-termini have the same conformation simultaneously (Bewley et al.,
2006). It is also thought that the N-terminal region of ClpP, presumably in the down
configuration closes the entrance channel and stabilizes the acyl-enzyme intermediate
during proteolysis (Jennings et al.,  2008). Later it  was suggested that charged amino
acids in the N-terminal region of ClpP that line the channel are involved in determining
the maximal rate of degradation (Lee et al., 2010). The degradative efficiency of the
ClpXP/ClpAP proteases is ensured by the high concentration of active sites inside the
barrel chamber and that the unfolded substrate can bind to more than one active site
simultaneously and be cleaved at multiple sites. How resulting peptide fragments are
released from the proteolytic core remains unknown but they are considered to freely
diffuse out via the axial entrance pores or through side gaps between the two rings
(Kang et al., 2005). The released peptide fragments are then degraded by exopeptidases
to single amino acids.

1.2.1.2. ClpA

Of the two ATPase components, ClpA has a higher affinity for the ClpP proteolytic core
than ClpX, and that during normal growth there are more ClpAP proteases than ClpXP
(Grimaud et al., 1998). To date, the only well-defined substrate for the ClpAP protease is
RepA, a P1 plasmid initiator protein (Wickner et al., 1994; Pat et al., 1997). Most of the
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RepA  protein  in  E.  coli  exists  as  inactive  dimers,  but  they  are  converted  to  active
monomers by ClpA in an ATP-dependent manner, enabling the active RepA to associate
to oriP1 DNA (Wickner et al., 1994). ClpA can also deliver RepA to the ClpP proteolytic
core for degradation (Sharman et al., 2005). Proteins with the C-terminal SsrA-tag are
also degraded by ClpAP in vitro, although their degradation in vivo appears to be done
primarily by ClpXP (Gottesman et al., 1998; Farell et al., 2005). The ClpA protein itself is
autoregulated, with any excess ClpA protein relative to that of ClpP being degraded by
the ClpAP protease (Gottesman et al., 1990).

1.2.1.3. ClpS adaptor

ClpS is a small protein (12 kDa) that when bound changes the substrate specificity of
ClpA  to  N-end  rule  substrates,  while  simultaneously  blocking  substrates  normally
recognized by ClpA alone such as SsrA-tagged proteins (Dougan et al., 2002; Erbse et al.,
2006). ClpS has a cone-shaped structure comprised of two parts, an N-terminal region
that extends out from the core region (Zeth et al., 2002; Roman-Hernandez et al., 2011).
In the core structure, there are two conserved domains, one of which is involved in the
interaction to ClpA and the other a hydrophobic pocket that binds via hydrogen bonding
to the primary destabilizing amino acid of N-end rule substrates (Guo et al., 2002; Zeth
et  al.,  2002;  Erbse et  al.,  2006;  Wang et  al.,  2008a;  Scuenemann et  al.,  2009).  The
hydrophobic pocket in ClpS is small but it can accommodate the side-chains of primary
destabilizing amino acids Leu, Phe, Tyr and possibly Trp (Wang et al., 2008a; Roman-
Hernandez et al., 2009; Schuenemann et al., 2009). 

The N-terminal region of the ClpS adaptor is necessary for delivery of the N-end rule
substrates to ClpA, but it is not needed for the actual substrate binding (Hou et al.,
2008; Roman-Hernandez et al., 2011). This was clearly shown using a truncated version
of  ClpS  lacking the N-terminal  region,  which  was  still  capable  of  associating  to  the
substrate but not initiating its degradation. It was also shown that this truncated version
could  still  inhibit  the  degradation  of  SsrA-tag  substrates  by  the  ClpAP  protease.  It
appears that it is not the actual amino acid sequence of the N-terminal region in ClpS
that is important but its length, suggesting it is the peptide backbone of the amino acids
that  are  important  for  the role  of  the  N-terminal  region  (Hou et  al.  2008).  The  N-
terminal region and the junction between this and the core structure enhance, but are
not essential for the association to ClpA (De Donatis et al., 2010; Roman–Hernandes et
al., 2011). One model suggests that ClpS first binds to the N-end rule substrate and then
associates to the ClpA hexamer via the flexible N-domain of ClpA and the core structure
of  ClpS.  The N-terminal  domain  of  ClpS then also  binds to  ClpA,  probably  near the
access pore so that the N-end rule substrate is in close proximity. This is followed by
ClpA pulling in the N-terminal domain of ClpS, thereby causing a conformational change
to  the  ClpS  core  that  releases  the  N-end  rule  substrate.  The  substrate  is  then
transported into the ClpA pore and protein unfolding begins, while ClpS is released. It
has been implied that this association between the N-terminal region of ClpS and ClpA
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ensures that only one substrate is delivered for eventual degradation at any given time
(Figure 4; Roman-Hernandes et al., 2011).

Figure 4.  Substrate delivery by ClpS to the ClpAP protease.  Shown is a schematic view of the suggested
model  for  substrate  degradation  by  ClpAPS.  ClpS  recognizes  and  binds  the  N-end  rule  substrate  (pink),
followed by the association to ClpA N-terminus via the region between the N-terminus and the core domain
of ClpS. Next, the N-terminus of ClpS binds to an unidentified site near the pore entry, which positions the
substrate  at  the  entry.  ClpA  then  finally  pulls  on  the  substrate,  which  probably  triggers  conformational
changes in ClpS that releases the substrate (adapted from Roman-Hernandes et al., 2011). 

In regards to the ClpS-ClpA interaction, there remains debate over exactly how many
ClpS proteins need to associate to a ClpA hexamer in order to maximize degradation of
targeted substrates. It is clear that a single ClpS monomer is sufficient to change the
substrate specificity of a ClpA hexamer and to inhibit the degradation of SsrA-tagged
proteins  (Hou  et  al.,  2008;  De  Donatis  et  al.,  2010).  There  is  however  conflicting
evidence on the extent of  this  stimulation and inhibition. One study showed that  a
single ClpS monomer associated to ClpA degrades N-end rule substrates at maximum
efficiency as well as blocking degradation of other substrates. They claim that only one
ClpS monomer via its N-terminal region is likely to bind to the ClpA hexamer with high
affinity, whereas additional ClpS monomers would associate only weakly (De Donatis et
al., 2010). However, another study has shown that when three or less ClpS monomers
associate  to  the  ClpA  hexamer  that  the  degradation  of  SsrA-tagged  substrates  is
inhibited by only 30%. They demonstrated that ClpA had higher affinity for N-end rule
substrates  with  only  two  ClpS  monomers  attached  but  that  four  were  needed  to
maximize  degradation  of  N-end  rule  substrates  while  also  completely  blocking
degradation of SsrA-tagged proteins (Hou et al. 2008).

In  regards  to  the  proteins  recognized by ClpS  in  E.  coli,  there  are  two types  of
destabilizing  amino acids  -  primary  and secondary.  The  primary  destabilizing  amino
acids are Leu, Phe, Tyr and Trp, and they interact directly with the ClpS adaptor (Tobias
et al., 1991). In contrast, the secondary destabilizing amino acids (Lys and Arg) must first
be  modified  before  being  recognized  as  N-end  rule  substrates  by  the  ClpS.  The
modification is the addition of the primary destabilizing amino acid Leu or Phe to the
secondary destabilizing amino acid by the enzyme amino acyltransferase (Aat) (Shrader
et  al.,  1993).  Also  required  for  the  degradation  of  N-end  rule  substrates  is  an
unstructured region between the primary destabilizing amino acid and the folded area
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of  the protein  (Erbese et  al.,  2006).  This unstructured region must  be at  least  four
amino acids long and include a hydrophobic element for delivery of the substrate to
ClpA (Wang et al., 2008b; Ninnis et al., 2009).

Two native substrates targeted by ClpS for the ClpAP protease were identified many
years ago (Ninnis et al., 2009; Schmidt et al., 2009); the Dps protein that helps protect
DNA  during  several  different  stress  conditions  including  starvation  and  oxidation
(Almiron et  al.,  1992;  Lomovskaya et  al.,  1994;  Altuvia et  al.,  1994;  Martinez et  al.,
1997), as well as the putrecine aminotransferase (PATase) (Ninnis et al., 2009). Studies
of the Dps protein revealed the primary destabilizing Leu in position 6, although how
this truncated Dps is generated is unknown (Ninnis et al., 2009; Schmidt et al., 2009). It
is important to note that the full-length Dps protein is a substrate for the ClpXP in vivo
(Flynn et al., 2003; Stephani et al., 2003). In a recent study, an additional 100 substrates
for ClpS were identified, of which some has been identified earlier. Most of these new
substrates (90%) contained the primary destabilizing amino acids Leu or Phe at the N-
terminus. However, in the native protein this sequence was internal indicating that the
proteins  had  undergone  an  earlier  proteolytic  event.  It  was  also  shown  that  this
proteolytic event seemed to occur mostly in accessible regions such as the N-terminal
and flexible surface exposed regions (Humbard et al., 2013).

1.2.1.4. ClpX

ClpXP is the protease in vivo primarily responsible for degrading SsrA-tag substrates in
E. col (Farell et al., 2005; Lies et al., 2008). The SsrA-tag is added to the C-terminus of
nascent polypeptides by the tmRNA when ribosomes stall during translation, ensuring
that unfinished proteins are degraded by the ClpXP protease before they interfere with
cellular functions (Keiler et al., 1996; Gottesman et al., 1998). The SsrA-tag in E. coli is
11 amino acids, of which only two are essential for recognition by ClpX (Kim et al., 2000;
Flynn et al., 2001). Proteins marked with SsrA substrates are recognized either directly
by ClpX or delivered by the adaptor SspB (Levchenko et al., 2000). ClpX recognizes the
C-terminal  dipeptide  and  the  α-carboxylate  within  the  SsrA  sequence,  while  SspB
recognizes the N-terminal sequence of the SsrA-tag and presents it to ClpX (Levchenko
et  al.,  2000;  Flynn et  al.,  2001).  The action of  the SspB adaptor  enables  the ClpXP
protease to degrade SsrA-tag substrates even at very low concentrations. Association
between SspB and ClpX occurs at several multivalent contacts, although the adaptor
readily  releases  the bound substrate  once ClpX begins  to pull  it  at  the start  of  the
unfolding process (Bolon et al., 2004).

Another ClpX adaptor is RssB that recognizes the global stress sigma factor RpoS
(σ38) and presents it as a substrate for the ClpXP protease (Zhou et al., 2001; Zhou and
Gottesman,  1998).  Other  substrates  for  the  ClpXP protease are  the  LexA  and RecN
proteins,  both  are  involved  in  the  regulation  of  DNA  repair  (Neher  et  al.,  2003;
Nagashima et al., 2006; Neher et al., 2006). ClpX can also function as a separate ATPase,
disassembling for example the MuA-transposase tetramer that associates to DNA, an
important step in phage replication (Mhammedi-Alaoui et al., 1994; Levchenko et al.,
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1995; Burton et al., 2001; Burton and Baker, 2003, 2005). Proteomic and bioinformatics
studies  have revealed many potential  substrates  for  the ClpXP  protease and within
them five  general  recognition  tags  could  be detected.  Two of  them are  C-terminal
sequences  that  resemble  the  SsrA-  and  MuA-tags.  Another  at  the  N-terminus  has
sequence similarity to the λO-protein, a known substrate for ClpXP, while a second N-
terminal sequence is associated secretion of proteins. Of all the potential substrates for
the ClpXP protease, around 25% contain two recognition tags (Gonciarz-Swiatek et al.,
1999; Flynn et al., 2003; Neher et al., 2006). Some of these tags associate to the axial
pore of ClpX, whereas others like SsrA cross-link to the pore-1 and pore-2 loops in the
axial chamber of ClpX (Martin et al., 2007, 2008b). For other substrates, the N-terminal
domain of ClpX is also important for their recognition (Wojtyra et al., 2003), as is a loop
in the entrance pore of ClpX containing a RKH sequence (Figure 4) (Farrell et al., 2007).

1.2.2. Gram-positive bacteria 

Gram-positive bacteria are a diverse group that includes several human pathogens such
as  Listeria monocytogenes  (L. monocytogenes),  Staphylococcus aureus  (S. aureus) and
Streptococci.  There  are  also  many  non-pathogenic  species  like  B.  subtilis,  which
decompose organic matter in the soil. Most of the Gram-positive bacteria studied so far
have three Clp ATPases (ClpX, ClpC and ClpE) and one Clp proteolytic core consisting of a
single type of ClpP (review by Frees et al., 2007). In many of these bacteria, the  clpP
gene is  inducible by heat  stress  and when mutated growth at  high  temperatures  is
restricted (similar to that observed in  E. coli) (Msadek et al., 1998; Frees and Ingmer,
1999; Gaillot et al., 2000; Lemos and Burne, 2002; Robertson et al., 2002; Frees et al.,
2003; Nair et al., 2003). In contrast, the function of ClpX appears to vary significantly
between the different Gram-positive bacteria and to E. coli (Nair et al., 1999; Chastanet
et  al.,  2001;  Miethke et  al.,  2006).  Deletion of  the  clpX gene in  B.  subtilis leads to
restricted growth at high temperatures (Gerth et al., 1998), whereas the same mutation
in  S. aureus confers increased tolerance to heat stress (Frees et al., 2003; 2004). In  L.
lactis, the ClpX is also inducible during heat stress but also at low temperatures, while
Streptococci ClpX is essential for normal growth (Skinner et al., 2001; Robertson et al.,
2003).

Of the ClpC proteins, the one in  B. subtilis is by far the most studied and whose
function relies on the adaptor MecA.  B. subtilis  ClpC can only form a hexamer when
MecA is bound to the protein (Kirstein et al., 2006). MecA associates to the N-terminal
region of  ClpC,  and following ClpC oligomerization it  can present substrates to ClpC
(Persuh et  al.,  1999;  Kirstein.,  2006;  Mei et  al.,  2009).  ClpCP is  the protease mainly
responsible in B. subtilis and S. aureus for degrading denatured or otherwise damaged
polypeptides during heat stress, although the ClpEP protease can also be involved (Kock
et al., 2004). ClpE in B. subtilis is relatively low abundant during normal growth, but it is
induced several fold in the early stages of heat stress (Miethke et al., 2006). The level of
ClpE is also regulated by the related ClpCP and ClpXP proteases  (Derre et al. 1999; Gerth
et al. 2004). Together, the various Clp proteases in B. subtilis are not only important for

17



protein degradation during stress conditions, but they contribute significantly to protein
turnover during normal growth. This is highlighted by the fact that 20-30% of nascent
polypeptides in B. subtilis aggregate when ClpP is inactivated (Kock et al., 2004). 

Expression of  most  of  Clp proteins  in  Gram-positive bacteria,  apart  from ClpX is
controlled through a fine-tuning system that involves the repressor CtsR (Derre et al.
1999). CtsR is itself regulated by all three Clp proteases in B. subtilis depending on the
growth conditions (Derre et al. 2000; Miethke et al., 2006; Kirsten et al. 2005). Other
repressor proteins also degraded by the Clp protease in Gram-positive bacteria include
Spx, a regulator of protein during oxidative stress (Nakano et al., 2002, 2003). Of the
different  Gram-positive  bacteria  studied  so  far,  Streptomyces  lividans stands  out  as
unusual  by having  five  clpP genes.  These genes are  organized in  two operons  with
clpP1clpP2 in  one and  clpP3clpP4 in  the other, while  clpP5 is  a monocistronic gene.
Little  is  yet  known about the regulation and function of  these multiple  clpP  genes,
although clpP3clpP4 appear not to be expressed during normal growth but are induced
when the clpP1 gene is inactivated (Viala et al., 2002). Also the L. monocytogenes has
two ClpP homologues (LmClpP1 and LmClpP2) that together form a proteolytic core.
The proteolytic core consists of one heptameric ring of only LmClpP1 and one with only
LmClpP2. The LmClpP1 is also different because the catalytic triad is Ser, His and Asn
(Zeiler et al., 2011, 2013) 

1.2.2.1. Virulence

When pathogens invade another organism they must survive many different adverse
environments including high temperatures, oxidative stress and antimicrobial peptides,
most of which will lead to extensive protein unfolding. As mentioned above, many of
the Clp proteins in  Gram-positive bacteria are induced during different stresses and
they have now been shown to be crucial  for  virulence of several  pathogenic Gram-
positive bacteria. One such example is  S. aureus, a human pathogen that gives rise to
life-threatening conditions such as bacteremia as well as other less harmful infections
(Lowy, 1998). Clp proteins are essential for virulence in S. aureus. When either clpX or
clpP are inactivated in  S. aureus, the pathogen has a lower infection rate of different
host cells  (Mei et  al.,  1997;  Frees et al.,  2003),  due possibly to the stress condition
inflicted on the mutant cells during the infection. S. aureus mutants of clpX, clpP or clpC
are also more sensitive to oxidative stress but they respond differently when exposed to
higher temperatures. The clpX mutant survives better at high temperature than the wild
type,  whereas  the  clpP and  clpC mutants  are  more  sensitive  (Frees  et  al.,  2003;
Chatterjee  et  al.,  2005).  However,  Clp  proteins  are not  only  important  for virulence
indirectly by their importance in stress tolerance, they are also more directly involved.
In both the S. aureus clpX and clpP mutants, expression of the major hemolysin proteins
(α- and β-hemolysin) is greatly reduced (Frees et al., 2003). Several regulatory proteins
of  virulence factors and stress adaption are now known to be substrates of the Clp
proteases in  S. aureus (Frees et al., 2003; Michel et al., 2006; Feng et al., 2013). Clp
proteases  are  also  involved  in  virulence  in  another  Gram-positive  bacterium  L.

18



monocytogenes, a human pathogen that can be found in food and can cause severe
infections. When the  clpP gene is mutated,  L. monocytogenes cells have a drastically
lower  survival  rate  in  macrophages,  due  to  the  mutant  secreting  a  much  lower
concentration of functional listerolysin O than the wild type (Gallito et al., 2000). ClpC is
also involved in the survival of the pathogen in macrophages (Rouquette et al., 1996,
1998), as is ClpE in virulence of L. monocytogenes more generally (Nair et al., 1999). 

A major medical dilemma facing society today is the growing spread of multi-drug
resistant bacteria worldwide (Otto 2012), for which the discovery of new drug targets is
of vital and immediate importance. As described above, Clp proteases are involved in
the virulence of several pathogenic bacteria and as such they are an interesting target
for  antibiotics.  The  acyl  depsipeptides  (ADEPs)  were  the  first  antibiotic  shown  to
function directly upon the Clp protease (Brötz-Oesterhelt et al.,  2005, Kirstein et al.,
2009).  ADEPs bind directly  to  the ClpP  subunit,  causing  the Clp  proteolytic  core  to
become proteolytically active without the ATPase partner and no longer ATP dependent
(Brötz-Oesterhelt  et  al.,  2005;  Kirstein  et  al.,  2009;  Li  et  al.,  2010).  This  leads  to
uncontrolled  degradation of  proteins that  eventually  becomes cytotoxic  (Sass  et  al.,
2011).  Unlike most other type of antibiotics,  ADEPs are effective on non-dividing or
dormant cells, and in these cells the unregulated ClpP core complex degrades over 400
different proteins (Conlon et al., 2013).  Another example of new antibiotics that targets
the ClpP subunit is the β-Lactones (Böttcher and Sieber, 2008). It should also be noted
that  Clp  proteases  can  also  help  confer  antibiotic  resistance,  as  for  example  in
vancomycin resistance (Shoji et al., 2011).

1.2.3. Mycobacterium tuberculosis 

Tuberculosis is a major global health issue, with nearly 1.3 million people killed by the
disease  annually  (WHO  2013).  The  causal  agent  of  tuberculosis  is  the  bacterium
Mycobacterium tuberculosis.  The Clp  protease is  essential  for  normal  growth of  M.
tuberculosis as well as for its virulence (Sassetti et al., 2003; Ollinger et al,. 2011; Raju et
al. 2012, 2014).  M. tuberculosis  possesses two different  clpP genes (clpP1 and  clpP2)
that  are  co-expressed  in  a  single  operon  controlled  by  ClgR  (Engles  et  al.,  2004;
Estorninho  et  al.,  2010;  Personne  et  al.,  2013).  The  clpP1 and  clpP2 genes  are
constitutively expressed but also stress inducible under conditions such as aerobic and
hypoxic growth (Muttucumaru et al., 2004) as well as during infection of macrophages
(Estorninho et al., 2010). 

There are three potential ATPase partners for the ClpP1 and ClpP2 proteins: ClpC1,
ClpC2 and ClpX. Earlier studies showed that ClpC1 associated to ClpP2 and not ClpP1
(Singh et al., 2006) and that ClpC1 was important for the degradation of RseA, an anti-
sigma factor. In this latter study, they showed that RseA was degraded by ClpC1P2  in
vitro and not by ClpXP1, ClpXP2 or ClpC1P1 (Barik et al., 2010). More recent work has
revealed that recombinant ClpP1 and ClpP2 form a mixed proteolytic core that consists
of one heptameric ring of ClpP1 and one of ClpP2 (Akopian et al., 2012; Raju et al.,
2012).  Each  of  the  recombinant  ClpP1  and  ClpP2  proteins  can  form  homo-
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tetradecamers,  but  the  resulting  core  complexes  are  proteolytically  inactive  against
model peptides or casein despite the ClpP subunits having catalytic triads in the active
configuration.  Formation  of  the  mixed  ClpP1P2  proteolytic  core  and  its  continued
proteolytic activity only occurs in the presence of a certain activator peptide (N-blocked
peptide aldehydes).  Degradation of  casein  was  considerably  faster  when ClpC1  was
added along with the activator, suggesting ClpC1 functions as the chaperone partner for
the mixed proteolytic core (Akopian et al., 2012).

ClpP1/P2  is  involved  in  recognizing  SsrA-tagged  substrates  (Raju  et  al.,  2012;
Personne et al., 2013). However, when ClpP1 and/or ClpP2 was overexpressed  in vivo
along with the LacZ protein tagged with the SsrA-tag (AANDENYALAA) or an altered tag
(AANDENYAGGG),  both ClpP1 and ClpP2 recognized the SsrA-tagged LacZ but  ClpP2
could  also  recognize  the  altered  tagged  LacZ  (Personne  et  al.,  2013).  Site-directed
mutagenesis also revealed that if either the ClpP1 or ClpP2 subunits were inactivated
the entire ClpP1/P2 complex had reduced degradation activity and the inhibition was
greater when ClpP1 was inactive than ClpP2 (Akopian et al., 2012). 

One substrate that has been identified for the ClpP1/P2 core is WhiB1, an essential
transcriptional repressor of several genes. It is the ClpP1/P2 core that controls the level
of the repressor via degradation, explaining at least in part why ClpP1/P2 is essential for
M. tuberculosis  cell  viability  (Raju  et  al.,  2014).  ClpP1/P2  is  also  important  for  the
degradation  of  misfolded  proteins  in  M.  tuberculosis and  is  responsible  for  the
degradation of SsrA-tagged proteins (Personne et al., 2013).  

1.2.4. Cyanobacteria 

Cyanobacteria are the only prokaryotes that perform oxygenic photosynthesis and they
can be found in almost all habitats globally. Ancestors of modern-day cyanobacteria are
responsible  for  the oxygenation of  our atmosphere and are  the progenitors for the
plastid  in  algae  and  plants.  Cyanobacterial  genomes  typically  code  for  multiple  Clp
proteins, with the model species Synechococcus elongatus (S. elongatus) having ten Clp
proteins: ClpB1-2, ClpC, ClpX, ClpP1-3, ClpR and ClpS1-2 (Figure 3)(Clarke et al., 2005). 

The  ClpC  in  cyanobacteria  and  other  photosynthetic  organisms  has  only  low
sequence similarity to the type of ClpC in Gram-positive bacteria. It also differs from
ClpC in Gram-positive bacteria by not requiring adaptors for its assembly or chaperone
activity (Andersson et al.,  2006).  A phylogenetic analysis of the three cyanobacterial
ClpP proteins suggests that ClpP1 is specific to cyanobacteria, ClpP2 the ortholog to
ClpP in E. coli and ClpP3 the ortholog to the plastid-encoded ClpP1 in algae and plants
(Peltier  et  al.,  2001).  ClpR is  a variant  of  ClpP that  has only been found to  date  in
cyanobacteria and plastids (Clarke et al., 1999). It has a similar amino acid sequence to
ClpP but crucially lacks some or all of the active site amino acids within the catalytic
triad. All ClpR proteins also have an insertion in the sequence that when modeled upon
known ClpP structures is  situated within the head domain and blocks the substrate
groove. As a consequence, ClpR was presumed to be proteolytically inactive and this
was later shown for the S. elongatus protein in vitro (Andersson et al., 2009). 
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In  most  cyanobacteria,  the  clpP2 and  clpX genes  as  well  as  clpP3 and  clpR are
arranged in bicistronic operons (Kaneko et al., 1996; Clarke et al., 1998), although in S.
elongatus the four genes can also be expressed as monocistronic messages (Schelin et
al., 2002). ClpC, ClpX, ClpP3 and ClpR are all essential in S. elongatus for cell viability and
photosynthetic growth (Clarke et al., 1996; Schelin et al., 2002). ClpP1 is inducible by
low temperatures, high light and UV-B radiation (Clarke et al., 1998; Porankiewicz et al.,
1998),  while  the amount  of  ClpX,  ClpP2,  ClpP3 and ClpR also increase at  high  light
intensities (Schelin et al., 2002).  S. elongatus has at least two Clp proteases, ClpCP3/R
and ClpXP1/P2. The ClpCP3/R protease is essential while the ClpXP1/P2 protease is not,
but the latter is important during certain stress conditions. The two adaptor proteins
ClpS1 and ClpS2 appear to associate to only the ClpCP3/R protease (Stanne et al. 2007).
ClpS1 is phylogenetically the ortholog to  E. coli ClpS, while ClpS2 is so far unique to
cyanobacteria (Lupas and Koretke, 2003, Nishimura et al., 2013). Although all the Clp
proteins in S. elongatus are soluble, a proportion of ClpC, ClpP1, ClpR and ClpS2 appear
to associate to membranes. As a result, it was suggested that a third Clp protease might
exist attached to membranes, a ClpCP1/R protease with and without the ClpS2 adaptor
(Stanne et al., 2007).  Indeed, it has been proposed that a membrane-bound ClpCP1/R
protease is responsible for degrading phycobilisomes (the main light-harvesting array in
cyanobacteria) in Synechocystis together with NblA as the targeting adaptor (Karradt et
al., 2008; Baier et al., 2014).

Our group has shown that the S. elongatus ClpP3/R proteolytic core consists of two
heptameric rings, each containing four ClpR and three ClpP3 monomers (Andersson et
al. 2009). The subunits in each ring are in alternating positions, except for two ClpR
monomers that are side by side (i.e.,  P3-R-P3-R-P3-R-R). When modelled against the
known structure of the E. coli ClpP core, the ClpP3/R complex appears to have entrance
pores narrower in diameter, so narrow that the entrance is essentially sealed. It is this
restricted  entrance  that  could  explain  why  the  ClpP3/R  core  does  not  exhibit  the
peptidase  activity  characteristic  of  ClpP  proteolytic  cores  (Anderssons  et  al.  2009).
Recombinant ClpC and ClpP3/R can degrade model substrates such as α-casein in vitro,
as well as N-end rule substrates when bound to the ClpS1 adaptor (Andersson et al.,
2006, 2009). 

1.2.5. Apicomplexa 

Apicomplexa is a family of protozoan parasites that possess a unique organelle called
the apicoplast. The apicoplast appears to originate from ancestral red algae and is a
non-photosynthetic  plastid  that  contains  several  metabolic  pathways,  the  most
important of which is  fatty acid biosynthesis.  Apicomplexan parasites are the causal
agents of several severe medical and veterinary diseases, the best known of which is
malaria caused by the genus Plasmodium. The most severe form of human malaria is
caused by P. falciparum, where the apicoplast is essential for parasite virulence (Ralph
et al., 2004). P. falciparum has several Clp proteins: ClpB1-2, ClpC, ClpM, ClpP, ClpR and
ClpS. All  are nuclear-encoded except ClpM which originates from an apicoplast gene
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(Ralph et al., 2004; El Bakkouri et al., 2010). ClpM, ClpB1, ClpC, ClpP and ClpR are all
located in the apicoplast, with ClpS also predicted to be apicoplast-localized (Ralph et al.
2004; El Bakkouri et al., 2010; Rathore et al., 2010; El Bakkouri et al., 2012). All the Clp
ATPases in P. falciparum have an insertion in the first AAA+ domain not present in their
counterparts from other organisms. ClpM has two AAA+ domains like ClpC, but the first
domain is missing conserved sequences in both the Walker A and B domains, indicating
that this domain in ClpM is inactive (El Bakkouri et al., 2010). This and the fact that only
ClpC has a recognizable P-loop suggest ClpC is the likely chaperone partner for any Clp
proteolytic core in the apicoplast (El Bakkouri et al., 2010). 

Both recombinant  P. falciparum  ClpP and ClpR proteins appear to form separate
heptameric  rings,  but  no interaction between the two different  rings  has  yet  been
observed  (El  Bakkouri  et  al.,  2010,  2012).  As  expected,  the  ClpR  protein  has  no
peptidase activity but ClpP exhibits only low activity. Crystal structures of P. falciparum
ClpP revealed the characteristic tetradecamer consisting of two heptameric rings. The
tetradecamer, however, has a more compressed structure compared to that of  E. coli
ClpP,  with  the  catalytic  triad  of  each  ClpP  subunit  in  an  inactive  conformation  (El
Bakkouri et al., 2010). Similar structures for ClpR also revealed heptameric rings that
were  in  a  more  flattened  conformation  than  is  usual  for  ClpP  proteases.  The  ClpR
structure  also  indicated  that  the  handle  region  of  each  ClpR  monomer  could  not
associate to the corresponding handle region within ClpP monomers, thus indicating
that the formation of a ClpPR tetradecamer is unlikely in P. falciparum (El Bakkouri et al.,
2012).

1.2.6. Photosynthetic eukaryotes 

The main Clp protease in photosynthetic eukaryotes such as green algae and vascular
plants is far more complex than those in bacteria. The model plant Arabidopsis has 23
Clp proteins, 16 of which are located inside plastids (Figure 3). These Clp proteins are
much more abundant in leaf chloroplasts than in other types of plastids and almost all
are constitutively expressed and essential for plant viability (Zheng et al., 2002; Peltier
et al., 2004).

 Arabidopsis has six ClpP (ClpP1-6) and four ClpR (ClpR1-4) paralogs, of which all but
ClpP2  are  located  in  chloroplasts.  All  are  nuclear-encoded  and  post-translationally
imported into chloroplasts, except for ClpP1 that is encoded within the plastome (Adam
et al.  2001; Peltier et al.  2001). All  chloroplast ClpP and ClpR proteins form a single
heterogeneous proteolytic core comprised of two distinct rings, one consisting of ClpP3-
6 (P-ring) and the other ClpP1 and ClpR1-4 (R-ring) (Sjögren et al.  2006). The R-ring
appears to contain three ClpP1 and one of each ClpR subunit (Olinares et al., 2011),
matching  the  ClpP:R  stoichiometry  of  the  cyanobacterial  ClpP3R  core  complex  and
possibly its alternating subunit arrangement. In contrast, the P-ring consists of four ClpP
paralogs, all  of which are predicted to catalytically active, and to contain one ClpP3
monomer, three ClpP4, two ClpP5 and one ClpP6 (Olinares et al. 2011; Sjögren et al.
2014).  The only other chloroplast  Clp proteolytic core studied to date is that  in  the
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green  alga  Chlamydomonas  reinhardtii,  which  consists  of  three  ClpP  and  five  ClpR
subunits (Majeran et al.  2005; Derrien et al.  2012).  Assembly of the chloroplast Clp
proteolytic core in  Arabidopsis  involves the two accessory ClpT1-2 proteins unique to
plants.  It appears that ClpT1 first associates to the P-ring followed by ClpT2, after which
only then can the P-ring associate to the R-ring to form the intact proteolytic core and
associate  with  the  ATPase  component  (Sjögren  and  Clarke  2011).  It  has  also  been
suggested  that  ClpT1  and  ClpT2  might  also  been  involved  in  substrate  recognition
(Olinares et al., 2011b).

Chloroplasts also contain four Clp ATPases (ClpC1-2, ClpB3 and ClpD), of which only
ClpC1-2 and ClpD contain the P-loop domain and are likely to function as regulatory
partners for the Clp proteolytic core (Adam et al., 2001; Peltier et al., 2004; Clarke et al.,
2005). ClpC1 is by far the most abundant of the three ATPase components throughout
vegetative  growth,  contributing  to  the  bulk  of  Clp  proteolytic  activity  observed  in
Arabidopsis chloroplasts. ClpC2 in comparison is relatively low abundant and constitutes
no more than 10% of  the total  chloroplast  ClpC protein (Sjögren et  al.  2014).  ClpD,
which is a variant of ClpC only found in vascular plants, exists in similarly low levels
during vegetative growth as that for ClpC2. However, ClpD is induced several fold in
leaves during certain stresses and senescence (Nakabayashi et al.  1999; Zheng et al.
2002).  Within  chloroplasts,  ClpD  is  only  found  in  the  stroma  whereas  a  significant
proportion of both ClpC1 and ClpC2 (ca. 30%) associate to the envelope membranes in
addition to their stromal localization (Akita et al 1997; Nielsen et al 1997; Sjögren et al.
2014). Recent quantifications have revealed that more of the Clp proteolytic core exists
in the stroma than the combined amount of ClpC1-2 and ClpD hexamers, suggesting
that these HSP100 proteins function only as ATPase components of the Clp protease
and not as independent chaperones (Sjögren et al., 2014). 

A small  proportion of  the Clp proteolytic core has also recently been discovered
attached to ClpC on the envelope membrane and in sufficient amounts to bind to all the
available ClpC (Sjögren et al.,  2014).  Membrane ClpC associates to Tic40 and Tic110
(Akita et al.,  1997; Nielsen et al.,  1997), key components of the Tic-Toc multiprotein
complexes responsible for translocating the majority of chloroplast-localized proteins
across the outer and inner envelope membrane following their synthesis in the cytosol
(review by Flores-Pérez and Jarvis, 2013). It has been proposed that ClpC via its ATPase
activity helps drive protein transport through the Tic complex and aid in the subsequent
refolding of the newly imported polypeptide (Akita et al., 1997; Nielsen et al., 1997;
Jackson-Constan et al., 2001). The discovery of the Clp proteolytic core on the envelope
membranes now suggests that ClpC might have an additional role during import, such
as  conferring  a  quality  control  mechanism  on  imported  polypeptides  as  recently
proposed (Sjögren et al., 2014).

Chloroplasts also contain an ortholog to bacterial ClpS that associates to ClpC1 and
ClpC2 in  Arabidopsis.  Inactivation of  Arabidopsis  ClpS however, produces no obvious
phenotypic changes, indicating that it plays a minor role in targeting protein substrates
for the chloroplast Clp protease (Nishimura et al. 2013). Up to 25 putative substrates
have now been identified for the stromal Clp protease, most of which perform various
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regulatory roles in maintaining chloroplast functions (Sjögren et al. 2006; Stanne et al.
2009). Several additional substrates specifically recognized by ClpS have also recently
been identified (Nishimura et al. 2013).

2. Results and Discussion

2.1. ClpC + ClpP3/R

2.1.1. Proteolytic core 

The  essential  Clp  protease  in  Synechococcus consists  of  the  ATPase  ClpC  and  a
proteolytic core composed of two types of subunits, ClpP3 and ClpR (Clarke et al., 1996;
Schelin  et  al.,  2002;  Andersson  et  al.,  2006;  Stanne  et  al.,  2007).  While  ClpP3  is
proteolytically active, ClpR is not and is found in only photosynthetic organisms and
Apicomplexan parasites. The proteolytic core consists of two heptameric rings with four
ClpR and three ClpP3 subunits in each arranged in an alternating configuration, except
for two ClpR that are situated next to each other (Andersson et al., 2009). It is clear that
the ClpP3/R proteolytic core associates to ClpC both in vivo and in vitro (Stanne et al.,
2007;  Andersson  et  al.,  2006,  2009).  There  is  certain  specificity  in  the  interaction
between ClpC and ClpP3/R,  in  that  ClpC does not  associate  to EcClpP while EcClpA
cannot associate to ClpP3/R (Andersson et al., 2009, paper I). Several of the interactive
determinants that have been identified for the E. coli Clp proteins are conserved in their
cyanobacterial counterparts, such as the P-loop in ClpC. An essential interaction region
is the N-terminus of EcClpP that associates directly to EcClpA and EcClpX, where the
interaction site on EcClpX is on the pore-2 loop (Fig. 4) (Gribun et al., 2005; Martin et
al.,  2007,  2008;  Jennings  et  al.,  2008).  There is  some conservation between the N-
terminus of ClpP3 to that of EcClpP, while there is no similarity in this region between
ClpR and EcClpP. This suggests that the N-terminus of ClpR is likely to be important for
the  specific  interaction  with  ClpC.  That  the  N-termini  of  both  ClpR  and  ClpP3  are
involved in the interaction with ClpC is supported by 3D-modeling of the two subunits,
with this region in ClpP3 and ClpR extending further out from the main proteolytic core
compared to that of EcClpP (Andersson et al., 2009, paper I). To further investigate the
importance of the N-terminus, we prepared alignments of many cyanobacterial ClpP3
and ClpR orthologs, of which several representative sequences are shown in Figure 6 to
identify conserved regions in the N-terminal domain of both types of subunit. 

Two conserved motifs  were identified  in the ClpR N-terminus,  where the first  is
situated in position 12-15 (YYGD, Tyr-motif) and the second at 19-23 (RTPPP, Pro-motif).
The ClpP3 N-terminus has one highly conserved region, that of the first six amino acids
(MPIGVP, MPIG-motif) (Figure 5, paper I). To investigate these conserved regions, three
different recombinant chimeric ClpR proteins were constructed, where different lengths
of the N-terminus were replaced with the corresponding sequence from ClpP3. Two
additional chimeric proteins were constructed in which the N-terminus of ClpP3 was
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changed to the corresponding region in ClpR (Figure 5, paper I). The functionality of the
constructed  chimeric  proteins  was  examined  in  vitro  by  assaying  their  proteolytic
activity as well as assaying the ATPase activity of the ClpC chaperone partner; CN-PAGE
was also performed to examine possible changes to the oligomeric  structure of the
chimeric proteins. Both the proteolytic and ATPase assays showed that all three of the
conserved motifs are important for association to ClpC. All but one of the chimerics had
a lower stimulation of the ClpC ATPase activity, indicating that they have a less stable
association to ClpC. The exception was ClpR-N3, the chimeric with both the ClpR motifs
intact but with the introduction of the MPIG-motif to the ClpR N-terminus. The ClpR-N3
core  stimulated  the  ATPase  activity  of  ClpC  to  a  greater  extent  than  the  wild  type
ClpP3/R.  This  indicates  that  when  all  the  subunits  in  the heptameric  ring  have  the
MPIG-motif the association between them and ClpC is stronger than normal.  

Figure 5. Identification of conserved motifs in the N-termini of ClpR and ClpP3.   A representative sequence
alignment of the N-terminal domain of five cyanobacterial ClpR (A) and ClpP3 (B) proteins. ClpP3 and ClpR
sequence  were  from  Synechococcus  elongatus PCC7942  (Synechococcus),  Synechocystis PCC6803
(Synechocystis),  Anabaena sp 7120 (Anabaena),  Prochlorococcus ma 1375 (Prochlorococcus) and Microcystis
ae NIES.843 (Microcystis). Included for comparison was EcClpP plus the other subunit within the ClpP3/R core
from  Synechococcus. Functionally  conserved amino  acids  are  shaded  in  grey  or  black  depending  on the
degree of conservation. The three conserved motif Tyr, Pro and MPIG are indicated, with arrows showing
which parts were altered in the different chimeric (adapted from Tryggvesson et al., 2012).
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However, as seen with the other chimerics if any of the conserved motifs are removed
the interaction is negatively affected (paper I). 

The N-terminal regions of ClpP3 and ClpR are not only involved in association to
ClpC but they also affect  proteolytic activity and oligomerization. This is clear when
observing the degradation rate  of  the model  substrate  α-casein  and the oligomeric
structure of the different chimerics. When the Pro-motif was removed from the ClpR
subunits, the ClpP3 and ClpR-N1 proteins formed two distinct core formations. One of
the core complexes was similar in size to the wild type ClpP3/R while the other core was
larger, corresponding in size to a double nonomeric core (paper I). In the  E. coli ClpP
core structure, a hydrogen bond formed between the Arg12 in one subunit to a Ser21 in
the  neighboring  subunit  is  crucial  for  ring  formation  (Bewley  et  al.,  2006).  In
comparison, all cyanobacterial ClpP3 proteins have a matching Arg at position 11 but no
Ser, whereas the ClpR proteins have no Arg in that region but there is a Ser at position
27,  which  could  explain  why  the  ClpP3  and  ClpR  subunits  alternate  within  the
heptameric  rings.  Removing  the  Pro-motif  (amino  acids  19-23)  as  in  ClpR-N1  is
therefore likely to disrupt the association between the ClpR and ClpP3 subunit and lead
to the formation of an aberrant core. This also explains why the ClpP3-N1 core is less
stable than the others since the Arg11 is missing in all subunits (paper I). This indicates
that the N-terminal region of both native ClpP3 and ClpR subunits is important for the
correct formation of the proteolytic core, and that both subunits have been modified
over time to strictly adhere to only one conformation of mixed heptameric ring. 

The MPIG motif at the very N-terminus of ClpP3 might also be important for the
actual degradation of substrates.  The proteolytic core formed by ClpR-N2 and ClpP3
stimulated less the ATPase activity of ClpC, but it still degraded α-casein at the wild type
rate. This indicates that removing the Tyr-motif in the ClpR subunit negatively affects
the chaperone association, but that the incorporation of the MPIG-motif enhances the
degradation rate. This is also observed in the ClpR-N3 chimeric that has both a better
association to ClpC and a faster degradation rate than the wild type. In  E. coli, the N-
terminal region of ClpP appears to extend into the entry pore and interact with the acyl-
enzyme intermediate, thereby affecting the maximum degradation rate (Bewley et al.,
2006; Jennings et al., 2008; Lee et al., 2010). It is possible, therefore, that the ClpP3 N-
terminus might stimulate the proteolytic activity of the ClpP3/R core in a similar way.
Another explanation for the relatively fast degradation rate of the ClpR-N3/ClpP3 core
could be that the ClpR N-terminus blocks the entry pore in the wild type structure.
However, this does not fit with the new model of the ClpP3/R core where both the N-
termini are unstructured and protrude from the core body (paper I). According to these
results, it is clear that both the ClpR and ClpP3 subunits contribute to the interaction
with ClpC. 

To  identify  potential  regions  in  ClpC  that  might  also  contribute  to  the  specific
interaction  with  ClpP3/R,  sequence  alignments  of  ClpC  orthologs  from  various
cyanobacteria  and plants  were prepared and included EcClpA for  comparison.  From
these  alignments,  a  short  region  (now  termed  the  R-domain)  was  identified  just
downstream of  the conserved P-loop of  all  ClpC proteins but  was absent  in  EcClpA
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(paper I). The importance of this region was investigated by constructing a recombinant
chimeric of  Synechococcus  ClpC (ClpCA), in which the R-domain was replaced by the
shorter  corresponding region in  EcClpA.  The resulting chimeric  ClpCA differed in  its
proteolytic core specificity from the wild type ClpC, in that it no longer associated to the
ClpP3/R core but it did to EcClpP. This was observed both in the stimulation of ClpCA
ATPase activity and in the degradation of α-casein. These results suggest that the R-
domain is a decisive factor in determining the proteolytic core specificity of the ClpC
chaperone  partner.  Also  involved  in  this  specificity  could  be  differences  in  the
hydrophobic clef on the surface of the proteolytic core of EcClpP and ClpP3/R. In EcClpP,
the hydrophobic clef is formed by Tyr60, Tyr62, Phe82, Ile90, Phe112 and Leu189, and it
is known that if the Phe112 is changed to Ala the association between ClpA and ClpP is
compromised (Bewley et al., 2006). Interestingly, all but one of these amino acids is
conserved in ClpR and ClpP3, with the Phe112 changed in both proteins to either an Ala
as in  ClpR or  Leu/Val  in  ClpP3.  This  again suggests  that  few amino acid  differences
between the E. coli and cyanobacterial Clp subunits could well be responsible for their
differences in interactive specificity. 

Quantifications of the amount of ClpP3 and ClpR protein in  Synechococcus show
there is around 0.20 pmol of complex / µg Chl. In comparison, there is relatively less of
the ClpC ATPase partner, with only ca. 0.13 pmol of ClpC hexamer / µg Chl. This suggests
that ClpC is unlikely to function as a separate chaperone, and that its availability is the
limiting  factor  in  the  formation  of  the  ClpCP3/R protease  (paper  III).  This  situation
corresponds to that in Arabidopsis, where the level of ClpC ATPases is also the limiting
factor  in  the  assembly  of  the  chloroplast  Clp  protease  (Sjögren  et  al.,  2014);  this
similarity could well be due to the endosymbiotic origin of the chloroplast Clp protease
from  its  ancestral  cyanobacterial  counterpart.  Earlier  it  had  been  shown  that
Synechococcus ClpC is  situated in  both  the soluble  and membrane protein  fractions
(Stanne et al., 2007), and we later confirmed that 20% of the total ClpC content was
attached  to  the  membranes  (paper  III).  However  both  ClpP3  and  ClpR  are  found
exclusively in the soluble fraction, inferring that the membrane-bound ClpC functions as
an independent chaperone, although it cannot yet be excluded that a proportion of
ClpP3/R detached from the membrane-bound ClpC during fractionation (paper III). The
chloroplast  ClpC  orthologs  in  vascular  plants  are  similarly  distributed  between  the
stroma and envelope membranes (Akita et al., 1997; Nielsen et al., 1997; Sjögren et al.,
2014), but it is unlikely that the cyanobacterial and chloroplast ClpC proteins share the
same  exact  function  on  the  membranes.  The  envelope  membrane-bound  ClpC
associates  to  the  Tic110  protein,  which  is  a  major  component  of  the translocation
complex in the inner membrane (Tic) that facilitates preprotein import into chloroplasts
(Akita et al., 1997; Nielsen et al., 1997). It has been proposed that ClpC acts as a motor
protein driving translocation of preproteins through the Tic complex (Flores-Pérez and
Jarvis, 2013), although the recent discovery of the Clp proteolytic core attached to ClpC
on the envelope membrane raises  the possibility  of  an  additional  role  as  part  of  a
quality control system on chloroplast protein import (Sjögren et al., 2014). Given that
there is no protein translocation system in cyanobacteria similar to the Tic complex, it is
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almost  certain  that  the specific  function of  membrane-bound ClpC in cyanobacteria
differs from that of the chloroplast orthologs. It is tempting to speculate that following
the endosymbiotic event the function of ClpC bound to the membranes changed in
response to the transfer of most genes to the nucleus and the subsequent requirement
for an efficient chloroplast protein import mechanism.

In paper I, we have continued the characterization of the ClpP3/R proteolytic core and
identified three motifs in the N-terminal regions of ClpP3 and ClpR that are important
not  only  for  the  association  to  ClpC  but  also  for  the  correct  assembly  of  the
tetradecamer. The N-terminal regions of both ClpP3 and ClpR also influence the actual
proteolytic activity of the ClpCP3/R protease. Furthermore, we have identified the R-
domain in ClpC that is essential for the specific interaction between ClpC and ClpP3/R.

2.1.2. Adaptors 

The ClpS adaptor  in  E.  coli changes the substrate  specificity  of  the ClpAP protease
towards N-end rule substrates (Dougan et al., 2002; Erbse et al., 2006). The N-end rule
pathway is dependent on destabilization amino acids at the N-terminus of the proteins
targeted for degradation and has been identified in both eukaryotes and prokaryotes
(Varshavsky et al., 1996). In eukaryotes, there are a multitude of distinct E3 ligases that
recognize the destabilizing amino acids in the N-end rule substrates and deliver them to
the  26S  proteasome  for  degradation  (Varshavsky  et  al.,  1996,  2003).,  It  is  ClpS  in
prokaryotes that recognizes the primary destabilization amino acids (Erbse et al., 2006),
which in  E. coli are Leu, Phe, Tyr and Trp (Tobias et al., 1991). Cyanobacteria possess
two ClpS adaptors, of which the closest ortholog to E. coli ClpS is ClpS1 (Nishismura et
al., 2013;  paper IV). Our group had earlier shown that both  Synechococcus  ClpS1 and
ClpS2 associate to ClpC in vivo (Stanne et al., 2007). Binding of ClpS1 to ClpC changes
the  substrate  specificity  of  the  chaperone  in  vitro  towards  N-end  rule  substrates
(Andersson et al.,  2006, 2009). To further investigate the role of ClpS1 and ClpS2 in
Synechococcus, we constructed inactivation constructs for each clpS gene. Inactivation
of  the  clpS1 gene  produced  no  obvious  phenotypic  changes  during  phototrophic
growth, but it did alter the susceptibility of Synechococcus to oxidative stress (paper V).
In  contrast,  all  attempts  to  inactivate  the  clpS2 gene proved lethal,  suggesting that
ClpS2 function is essential for cell viability (paper IV). During phototrophic growth, the
relative amounts of both ClpS adaptors are low compared to that of ClpC (0.13 pmol),
with ClpS1 almost an order of magnitude more abundant than ClpS2 (0.093 pmol ClpS1
vs 0.012 pmol ClpS2) (paper V). It is important to note that these values are based on
ClpS functioning as monomers and ClpC as hexamers.  A single EcClpS monomer can
change the substrate specificity of EcClpA, although there is conflicting evidence on the
extent of the stimulation of N-end rule substrate degradation. One study claims that
only a single EcClpS monomer is required to bind to a ClpA hexamer to maximize the
degradation of N-end rule substrates (De Donaties et al., 2010), while another claims
four EcClpS monomers are needed for the same maximal activity (Hou et al., 2008).
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Another study has also suggested that the proportion of ClpS (as monomers) to ClpA
hexamer is ca. 2:1 during exponential growth of E. coli (Farell et al., 2005). If there is a
need  for  more  than  one ClpS  monomer  to  change the  ClpC substrate  specificity  in
Synechococcus, then even fewer ClpC hexamers would be occupied by a ClpS adaptor
during phototrophic growth. It is clear that the relative ratio between ClpS:ClpA (2:1) in
E.  coli is  higher  than  Synechococcus ClpS  vs  ClpC  (0.8/1),  which  could  indicate  that
relatively  fewer  N-end  rule  substrates  exist  in  Synechococcus.  The  fact  that  ClpS2
function is vital for phototrophic growth, however, would suggest that the continued
turnover of these few N-end rule substrates is essential for cell viability.

The  Synechococcus clpS2 ORF codes for a polypeptide with an unusually long N-
terminal extension compared to that of other cyanobacterial ClpS2 proteins as well as
all other bacterial ClpS orthologs including ClpS1 (paper IV). An antibody made to a 15
amino acid synthetic peptide matching the C-terminal sequence of Synechococcus ClpS2
detected in cell extracts a 17 kDa protein that matched the predicted size of the full-
length ClpS2 and so it was concluded that this long N-terminal was translated (Stanne et
al., 2007). Subsequent work, however, cast doubt on the true identity of the protein
detected by immunoblotting, and so further investigations were initiated. First, a new
antibody  was  made  against  a  full-length  recombinant  Synechococcus  ClpS2  protein,
which eventually detected a protein of ca. 12 kDa in wild type Synechococcus  but not
the original 17 kDa protein (paper IV). To confirm the identity of the 12 kDa protein, the
native clpS2 gene was replaced in Synechococcus  with a modified version coding for a
ClpS2 protein with a C-terminal His6-tag. Immunoblotting with the new antibody of cell
extracts detected a single protein in the transformant that was slightly larger than the
one in wild type Synechococcus, but the size difference corresponded to that of the His6-
tag. Later examination of the N-terminal sequence of ClpS2 revealed an internal Val
(position 64) that is coded for by GTG, a codon that is well  known to function as a
translational start for many bacterial genes. Translation from the Val64 codon would
produce  a  protein  of  similar  size  to  ClpS1,  which  was  later  shown  by  phylogenetic
analysis  to  have  an  N-terminus  that  more  closely  matched  those  from  other
cyanobacterial ClpS2 orthologs (paper IV). Over-expression in E. coli  of Synechococcus
ClpS2  starting  from  the  Val64  position  (which  was  changed  to  a  Met)  produced  a
recombinant protein that again matched the size of the native protein with the addition
of the His6-tag (paper IV), further supporting that Val64 is the true start of the native
ClpS2 protein.  Given the misidentification of Synechococcus ClpS2 in the earlier study
(Stanne et al., 2007), we re-examined the cellular localization of ClpS2. Previously it was
shown  that  ClpS1  was  exclusively  a  soluble  protein  whereas  ClpS2  was  equally
distributed between the membrane and soluble protein fractions (Stanne et al., 2007).
In the new fractionations, both ClpS1 and ClpS2 were exclusively soluble proteins (paper
IV), where also 80% of the ClpC is situated (paper III).

In  paper IV, we show that  Synechococcus ClpS2 associates to ClpC and inhibits the
degradation  of  α-casein  while  promoting  the  degradation  of  certain  N-end  rule
substrates. The ClpS1 and ClpS2 adaptors differ in the types of N-end rule substrates
they recognize. ClpS1 targets proteins with a Tyr and Phe as the primary destabilization
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amino acid but not Leu, while ClpS2 recognizes Leu but not Tyr or Phe. This difference in
substrate specificity between ClpS1 and ClpS2 varies from that of EcClpS, which can
recognize all three destabilization amino acids. This variation can be explained at least
in part by conserved changes in important amino acids in the ClpS1 and ClpS2 proteins.
Two amino acids  in  EcClpS define the size of  the cavity and thereby its  specificity -
Met40 and Met62 (Wang et al., 2008a; Schuenemann et al., 2009). Both these amino
acids are conserved in ClpS1 but different in ClpS2, where Met40 is changed to a Phe
and  Met62  to  a  Thr.  In  EcClpS, when  Met40  was  changed  to  an  Ala  the substrate
specificity broadened to include Ile, but at the expense of weakening the association to
the usual N-terminal destabilization amino acids (Wang et al., 2008a; Schuenemann et
al., 2009). That ClpS2 lacks Met in these positions probably indicates that it has evolved
to recognize another set of de-stabilizing N-terminal residue(s). It is also possible that
this change in ClpS2 reduces its  affinity for other destabilization amino acids,  which
would explain why it fails to recognize the Phe or Tyr. The aromatic side group of the
Phe residue in position 42 would presumably make the substrate cavity of ClpS2 smaller
and thus more restrictive in the types of substrates that could be accommodated, which
could in part explain why ClpS2 recognizes Leu but not the larger Phe or Tyr residues.
This  might  furthermore  indicate  that  the  destabilization  amino  acids  recognized  by
ClpS2 are ones with less bulky side groups, although it is clearly not size alone that
determines the amino acid specificity since ClpS2 does not recognize Ser, Ala or Lys
(paper IV). 

Another interesting observation in paper IV was that ClpS1 did not recognize N-end
rule substrates with Leu despite having the conserved Met40 and Met 62 residues as
well  as  other  amino  acids  important  for  substrate  association  in  EcClpS.  One  such
important  amino  acid  is  Leu99  that  is  also  conserved  in  all  cyanobacterial  ClpS
orthologs, but in many ClpS1 proteins the three following amino acids are unusually
polar in nature, which could influence its substrate specificity. The different substrate
specificities between  Synechococcus ClpS1 and ClpS2  in vitro  also appear to occur  in
vivo, given that the more abundant ClpS1 cannot compensate for the inactivation of
ClpS2, or that ClpS2 levels do not change when ClpS1 is mutated is indicated by the
result observed in paper V, that the ClpS2 is not induced when the ClpS1 is missing
(paper  IV).  It  is  almost  certain  that  the  second  ClpS  adaptor  in  cyanobacteria  has
evolved to recognize a distinct set of substrates, while at the same time not losing the
specificity of ClpS1. One selective advantage for having a second ClpS protein is that if
the additional substrate recognition was instead incorporated into the already existing
single ClpS adaptor, then the broadened specificity could compromise its association to
the  other  previously-recognized  substrates.  Whatever  the  reason  underlying  the
appearance of ClpS2, it is clear from the phylogenetic analysis that ClpS2 is present in all
cyanobacterial species examined and is targeting proteins whose turnover is crucial for
cell  viability.  It  is  also  evident  that  whatever  these  substrates  of  ClpS2  are,  their
regulation in this way is specific to cyanobacteria and was not retained in chloroplasts
after the endosymbiotic event. 
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The only substrates that ClpS2 has so far degraded in vitro are LVK-Dps and LVK-GFP,
both of which were not degraded by ClpS1. In E. coli, it is only the truncated form of the
native Dps protein that is a substrate for EcClpS, while the full-length Dps is instead
degraded by ClpXP (Flynn et al., 2003; Stephani et al., 2003; Schmidt et al., 2009). The
fact that DspA levels do not change in the Synechococcus clpS1 mutant further supports
it is ClpS2 and not ClpS1 that recognizes the DpsA protein in vivo (paper V). Of course,
DpsA cannot be the only native substrate for ClpS2. Simply searching the Synechococcus
proteome for proteins with destabilization amino acids at  the N-terminus is  limited,
since  most  of  the  possible  substrates  for  EcClpS  are  now  known  to  have  internal
destabilization amino acids that are only recognizable after the upstream N-terminal
sequence is removed (Humbard et al., 2013). Despite this, screening the Synechococcus
proteome  for  the  sequence  Met-  Leu-Val  at  or  near  the  N-terminus  revealed  ten
potential substrates for ClpS2, four of which were hypothetical proteins.  The other six
proteins perform diverse roles in cyanobacteria and include Arabinose efflux permease,
Anthranilate  phophoribysltransferase,  HrcA  and  proton-translocating  NADH-quinone
oxidoreductase (NDH-1), chain M.

Another interesting observation in both paper IV and V is the possibility that ClpS2
in some cyanobacteria, including Synechococcus, might be a substrate for the ClpXP1/P2
protease. Many ClpS2 sequences include a recognition tag for ClpX of non-polar amino
acids at the C-terminus, ending most frequently with two Ala residues. Although this
twin  Ala  combination is  essential  for  the recognition  of  the substrate  CtrA  by  ClpX
(Domian et al., 1997; Flynn et al 2003), it is more commonly found at the end of the
SsrA tag that is typically added to the C-terminus of mistranslated polypeptides and
targets them for degradation by the ClpXP protease (Tu et al., 1995; Keiler et al., 1996).
The two Ala residues in the SsrA sequence are crucial for ClpX recognition and their
presence at the C-terminus of many ClpS2 orthologs suggests they might be regulated
by the ClpXP1/P2 protease in cyanobacteria. This is supported by the fact that ClpS2
accumulates  in  the  Synechococcus  clpP1 knockout  mutant  that  lacks  a  functional
ClpXP1/P2 protease (paper V). To investigate the possibility that ClpS2 is a substrate for
ClpX we performed an in vitro degradation assay with recombinant ClpS2, ClpP1/P2 and
EcClpX. Although no significant degradation of ClpS2 was observed, we cannot exclude
the possibility that ClpS2 recognition is specific to cyanobacterial ClpX and therefore
lacking in EcClpX, especially since ClpS2 is unique to cyanobacteria. 

In paper IV, we have shown that both ClpS adaptors in Synechococcus are relative low
abundant  compared to ClpC,  with the  level  of  ClpS1 almost  an  order  of  magnitude
higher  than  ClpS2.  Despite  its  low  level,  however,  ClpS2  activity  is  essential  for
phototropic growth of Synechococcus while that of ClpS1 is  not.  Both ClpS adaptors
recognize N-end rule substrates but with different specificity -  ClpS1 targets proteins
with destabilization Tyr and Phe residues at the N-terminus while ClpS2 recognizes those
with Leu.
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2.2. ClpX + ClpP1/P2

2.2.1. Structure 

There are at least two Clp proteases in Synechococcus, ClpCP3/R and ClpXP1/P2 (Stanne
et al., 2007). Despite the ClpX chaperone being essential for phototrophic growth, the
ClpXP1/P2 protease is not (Schelin et al., 2002; Clarke et al., 1998; Porankiewicz et al.,
1998). It has earlier been shown that the ClpP1 is induced during three different stress
conditions: low temperatures, UV-B irradiation and high light intensities (Clarke et al.,
1998; Porankiewicz et al., 1998). The fact that ClpX and ClpP2 were also induced by high
light intensities (Schelin et al., 2002) suggested that the activity of ClpXP1/P2 protease
in  Synechococcus  was more important under stress conditions. The work done in this
thesis  has  now  continued  the  characterization  of  the  ClpXP1/P2  protease  both
structurally and functionally (papers II,  III and  V).  We could show that the ClpP2 in
Synechococcus is autolytically processed, removing the first 30 amino acids. EcClpP also
post-translationally processes its N-terminus to produce the mature protein, but only 14
amino acids are removed (Maruizi et al., 1990). Using a similar strategy to that adopted
for ClpP3/R (Andersson et al., 2009), recombinant ClpP1 and ClpP2 were co-expressed
in E. coli with only ClpP2 containing the His6 affinity at the C-terminus. That both ClpP1
and  ClpP2  were  purified  together  after  affinity  and  gel  filtration  chromatography
confirmed  the  two  recombinant  ClpP  proteins  interacted.  Separation  of  the
recombinant  ClpP1/P2 proteins  by CN-PAGE revealed an oligomer matching a  single
mixed heptamer (paper II),  similar  to that  observed for the native ClpP1/P2  in  vivo
(Stanne  et  al.,  2007),  suggesting  the  intact  tetradecamer  is  unstable  under
electrophoretic conditions.

In order to determine how ClpP1 and ClpP2 are organized within the proteolytic
core,  the recombinant  proteins  were studied by non-denaturing mass spectrometry.
These experiments showed that the proteolytic core is composed of the same amount
of ClpP1 and ClpP2 in the form of two different mixed heptameric rings - 4ClpP1+3ClpP2
and 3ClpP1+4ClpP2. The two different ClpP subunits alternate in the assembly of each
ClpP1/P2 heptamer, similar to how the ClpP3 and ClpR subunits are arranged within the
ClpP3/R proteolytic core (Andersson et al., 2009). These two different heptamers then
appear to form two distinct tetradecamers - (4ClpP1+3ClpP2) + (3ClpP1+4ClpP2) and
2×(3ClpP1+4ClpP2),  with  little  evidence  for  the  possible  third  combination  of
2(4ClpP1+3ClpP2) (paper II). This means that both the ClpP1/P2 and ClpP3/R proteolytic
cores in Synechococcus are composed of heterogeneous heptameric rings (Andersson et
al., 2009), the existence of which has only been identified to date in Clp proteases from
photosynthetic  organisms.  Certain  Gram-positive  bacteria  also  contain  a  ClpP1/P2
proteolytic  core,  but  these  are  composed  of  one  homogeneous  heptameric  ring  of
ClpP1 and another of ClpP2 (Akopian et al., 2012; Raju et al., 2012; Zeiler et al., 2011,
2013).
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In paper II, we show that the Synechococcus ClpP1/P2 proteolytic core is composed of
mixed heptameric rings, either 4ClpP1+3ClpP2 or 3ClpP1+4ClpP2. Within each of these
rings, the ClpP1 and ClpP2 subunits are arranged in an alternating pattern. Two distinct
tetradecamers  appear  to  assemble  from  these  heptamers  consisting  of  either
(4ClpP1+3ClpP2) + (3ClpP1+4ClpP2) or 2×(3ClpP1+4ClpP2).

2.2.2. Function 

We also  further  investigated the  functionality  of  the ClpP1/P2  proteolytic  core.  We
made  numerous  attempts  to  purify  recombinant  Synechococcus ClpX  by  over-
expression in  E. coli, but failed each time due to the majority of the protein forming
inclusion  bodies.  Attempts  to  resolubilize  the  inclusion  bodies  using  different
denaturants along with different protein refolding protocols also proved unsuccessful,
with the ClpX protein either precipitating during the procedure or the final  purified
protein  being  inactive.  As  a  consequence,  we  instead  used  EcClpX  to  study  the
proteolytic activity of ClpP1/P2  in vitro.  ClpP1/P2 together with EcClpX degraded the
model GFP-SsrA substrate under the same standard conditions used for the EcClpXP
protease (papers II and IV). We could also show that the recombinant ClpP1/P2 has a
specificity in which chaperon partner it associate to. The ClpP1/P2 has only proteolytic
activity with EcClpX and not with ClpC, EcClpA or the chimeric ClpCA (paper IV and
result not shown).

Although it had been assumed that the non-essential ClpXP1/P2 protease would be
less  abundant  in  Synechococcus  than  the  essential  ClpCP3/R  protease  during
phototrophic growth, this now appears not to be the case. Quantifications of ClpP1 and
ClpP2  levels  in  wild  type  Synechococcus revealed  equimolar  amounts  of  both  ClpP
paralogs, consistent with the near 1:1 stoichiometry of both subunits in the ClpP1/P2
core as determined by native mass spectrometry (paper II). Based on this stoichiometry,
there is ca. 0.15 pmol of the ClpP1/P2 proteolytic core, which is considerably less than
that of the chaperone partner ClpX (0.40 pmol hexamers / µg Chl). Approximately one-
third of this ClpX, however, is bound to membranes leaving 0.28 pmol of ClpX hexamer
available for the soluble ClpP1/ClpP2 proteolytic core. This suggests therefore that it is
the amount of ClpP1/P2 proteolytic core that dictates how much ClpXP1/P2 exists in
Synechococcus  (i.e., 0.15 pmol complex), which now appears to be similar to that of
ClpCP3/R (0.13 pmol) (paper III). This also indicates that up to two-thirds of the ClpX
content in Synechococcus could be functioning as an independent chaperone (paper III),
which would be consistent with the known chaperone activity of EcClpX (Mhammedi-
Alaoui et al., 1994; Burton et al., 2001; Levchenko et al., 1995; Burton and Baker, 2003,
2005). 

It  has  been  observed  in  L.  monocytogenes that  in  addition  to  the  LmClpP1/P2
proteolytic core LmClpP2 can also form an active proteolytic core by itself,  whereas
LmClpP1 alone assembles only into inactive heptameric rings (Zeiler et al., 2011, 2013).
In Synechococcus, it has long been considered that ClpP1 might form a proteolytic core
separate from the ClpP1/P2. This assumption was based on the observation that loss of
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ClpP1 in the ΔclpP1 strain led to an almost complete loss of the ClpP2 protein, whereas
ClpP1 levels in the ΔclpP2 strain remained unchanged (Schelin et al., 2002; Stanne et al.,
2007;  paper  V).  To  further  investigate  the  potential  for  separate  ClpP1  and  ClpP2
proteolytic cores, we purified both individual ClpP paralog by over-expression in E. coli.
We show that recombinant ClpP2 is unable to form higher molecular mass structures
and as such displays no proteolytic activity with any of the chaperone partners tested.
ClpP1, on the other hand readily formed a stable tetradecameric proteolytic core that
was proteolytically active with all the Clp ATPases tested (i.e., ClpC, EcClpX, EcClpA and
the  ClpCA  chimeric)  (paper  III).  However,  the  proteolytic  activity  of  ClpP1  was
dependent on the MgCl2 concentration, with ClpP1 being inactive at 4 mM MgCl2 but
steadily increasing in activity from 7 mM until reaching the maximum degradation rate
at 16 mM MgCl2. The reason for this effect remains unclear, but it does not appear to
affect the formation of the ClpP1 tetradecamer (paper III). In  L. monocytogenes, the
assembly  of  the  LmClpP1/P2  proteolytic  core  activates  the  LmClpP1  subunit,
presumably by the association between the LmClpP1 and LmClpP2 rings modifying the
structure of the catalytic triad in LmClpP1 from a disordered state to one that is active
(Zeiler et al., 2011, 2013). In the absence of crystal structures for the ClpP1/P2 or ClpP1
proteolytic cores, it remains unclear if the catalytic triad of ClpP1 is disordered at low
MgCl2 concentration or if another as yet unknown factor is involved.

Both ClpP1 and ClpP2 contribute to the catalytic activity of the ClpP1/P2 proteolytic
core, but this rate is several times slower than that of the ClpP1 only core when assayed
at  the  higher  MgCl2 concentrations.  Interestingly,  when  either  ClpP1  or  ClpP2  was
inactivated the catalytic  activity  of  the proteolytic  core  was faster  than that  of  the
native ClpP1/P2 complex. This increase in proteolytic activity was observed at both 4
and 20 mM MgCl2 when it was the ClpP2 subunit that was mutated, but only at 20 mM
MgCl2 when it was the ClpP1 subunit that was inactivated. Instead, at 4mM MgCl2 the
proteolytic core with inactive ClpP1 subunits was catalytically slower than the native
ClpP1/P2  complex.  These  results  indicate  that  the incorporation  of  both  ClpP1  and
ClpP2 into the one tetradecamer actually generates a proteolytic core whose catalytic
activity is tightly regulated.

In  paper  III,  we  show  that  both  the  ClpP1  and  ClpP2  subunits  contribute  to  the
proteolytic active of the ClpP1/P2 core, but that its catalytic activity is relatively slow.
ClpP1 can also form an active tetradecamer by itself that has relatively fast catalytic
activity but only at higher MgCl2 concentrations, whereas ClpP2 alone is unable to form
higher molecular mass complexes. Although the exact effect of MgCl2  on the different
Clp proteolytic cores remains unclear, it appears to affect more the actual catalytic sites
of ClpP1 and ClpP2 and not their oligomerization.

2.3. A third Clp proteolytic core?

For  many years  our  group has  considered the possibility  of  a  third  Clp  protease in
Synechococcus.  Previous  fractionations  had  shown  that  a  small  proportion  of  ClpC,
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ClpP1 and ClpR were associated to the membranes,  raising the possibility that  they
could form an additional Clp protease (Stanne et al., 2007).  That there could be a third
protease including ClpP1 was suggested even earlier by the fact that ClpP1 is induced in
wild type Synechococcus during cold and UV-B irradiation stress but ClpP2 is not (Clarke
et al. 1998; Porankiewicz et al. 1998), and that loss of ClpP2 has no effect of ClpP1 levels
(Schelin et al., 2002). To further investigate this, we repeated the fractionation studies
to quantify the amount of each Clp protein associated to the membrane relative to that
in the soluble fraction. However, these new fractionations revealed that only ClpC and
ClpX were bound to the membrane, while ClpP1 and ClpR was now exclusively soluble
proteins along with ClpP2 and ClpP3 (paper III).  We also tested the possibility  of  a
ClpP1/R proteolytic core in vitro by co-expressing both proteins in E. coli using the same
system that successfully purified the ClpP3/R and ClpP1/P2 core complexes. However, it
was only the ClpP1 protein with the His6-tag that was eventually purified with no trace
of ClpR. Quantification of the relative amounts of each Clp protein also did not support
the possibility of a third Clp proteolytic core under standard growth conditions. The
amounts of ClpP3 and ClpR (1.31 and 1.46 pmol/µg Chl, respectively) were consistent
with their known 3:4 stoichiometry within the ClpP3/R proteolytic core (Andersson et
al., 2009), while to equal amounts of ClpP1 and ClpP2 also corresponded to the subunit
stoichiometry  of  the  ClpP1/P2  proteolytic  core  as  recently  documented  (paper  II).
Taking all  these results  together  suggests  that  the possible  existence of  a  third  Clp
protease consisting of ClpCP1/R is now highly unlikely. 

Although  it  is  almost  certain  that  a  third  Clp  protease  does  not  exist  in
Synechococcus during phototrophic growth, there remains the possibility during certain
stress conditions. Given that ClpP1, and not ClpP2 is inducible during stresses such as
cold and UV-B irradiation (Clarke et al., 1998; Porankiewicz et al., 1998) and that ClpP1
can form its own proteolytic core in vitro, together suggests that it might form a third
Clp protease in Synechococcus. According to the in vitro assays, the degradation rate of
the ClpP1 proteolytic core is considerably faster than that of both the ClpP1/P2 and
ClpP3/R complexes, which would be an advantage for a stress-inducible protease given
the increased propensity for protein damage during periods of stress. It is also plausible
that  a  stress-inducible ClpP1 proteolytic  core  could  function together  with the ClpX
chaperone,  since  according  to  the  quantifications  there  is  significantly  more  ClpX
hexamer in Synechococcus than the ClpP1/P2 proteolytic core (paper III). However, the
apparent lack of chaperone specificity of the ClpP1 proteolytic core suggests it could
also  function  with  ClpC  as  the  chaperone  partner,  thereby  increasing  the  range  of
potential  protein  substrates  that  could  be  degraded  during  the  stress.  We  have
attempted to test the affinity of ClpC for either ClpP1 or ClpP3/R by performing in vitro
competition experiments  using either inactive ClpP1 with  active ClpP3/R or inactive
ClpP3/R  with  active  ClpP1  and  testing  the  resulting  rates  of  α-casein  degradation.
However, we could not detect any reduction in the degradation of α-casein with either
combination of active and inactive proteolytic cores, suggesting that ClpC has equal
affinity for both ClpP1 and ClpP3/R. These experiments, however, need to be repeated
and fine-tuned before we can make this conclusion.
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Another observation that suggests a ClpP1 only proteolytic core can function with
ClpX in vivo comes from the oxidative stress experiments discussed below. The level of
both ClpP1 and ClpP2, along with ClpX increased in wild type Synechococcus during the
recovery phase after H2O2 treatment, suggesting a role for the ClpXP1/P2 protease. The
possibility that ClpP1 can form two distinct proteolytic cores, however, helps explain
why the clpP1 mutant was so sensitive to the oxidative stress while the clpP2 mutant
was not. If the ClpXP1/P2 protease is normally involved in the recovery from oxidative
protein damage, then ClpXP1 could substitute for this activity when ClpP2 is absent as
in ΔclpP2. When ClpP1 is missing, however, not only is ClpXP1/P2 activity lost but so is
any from a ClpXP1 protease, resulting in the extremely slow recovery of the ΔclpP1
strain after addition of H2O2 (paper V).  

It appears likely that a third Clp protease consisting of a homogeneous ClpP1 proteolytic
core  is  induced  in  Synechococcus  during  certain  stress  conditions.  The  potential
association of the ClpP1 proteolytic core to ClpC and/or ClpX could provide the extra
degradative  capacity  needed  in  response  to  the  accumulation  of  stress-damaged
polypeptides.

2.4. Involvement of the Clp protease in phycobilisome degradation 

When cyanobacteria are starved of certain critical nutrients such as nitrogen or sulfur,
the cells begin to bleach due to the rapid degradation of phycobilisomes (PBS), the main
light-absorbing antenna complex.  This degradation of PBS is  thought to reduce light
absorption during the stress period and thus minimize the risk of photo-damage, as well
as provide a source of recycled amino acids for continued protein synthesis. The PBS is a
large  complex  that  is  constructed  from  many  protein  subunits  and  pigments.  In
Synechococcus, the core structure is formed by the allophycocyanins from which several
rods extend out from. The rods consist of hexamers of phycobiliproteins that bind both
α and β phycocyanin, with each hexamer in the rod separated by specific linker proteins
(Fig. 7A). A small polypeptide called NblA is induced during such nutrient stresses and is
known  to  promote  PBS  degradation  by  presumably  destabilizing  the  PBS  complex
(Collier and Grossman, 1994; Dines et al., 2008). A study from another group showed
that NblA from Nostoc could associate to ClpC in vitro (Karradt et al., 2008), raising the
intriguing possibility that NblA functions as an adaptor for ClpC in targeting the PBS for
degradation by the Clp protease. We therefore investigated if NblA could also associate
to  the Clp  proteins  in  Synechococcus. We first  obtained  a  construct  to  overexpress
Synechococcus NblA  as  a  His-tagged  protein  from  Professor  Noah  Adir  (Hebrew
University of Jerusalem, Israel),  but the purification of the recombinant NblA proved
difficult.  After  trying many combinations of  buffers  and purification procedures,  the
recombinant NblA could only be kept soluble in the presence of high concentrations of
imidazole  (500  mM).  However,  this  high  concentration  of  imidazole  also  had  an
inhibitory effect on the degradation activity of ClpCP3/R, which could only be partly
overcome by the addition of extra ATP and MgCl2  to the assay buffers.  Using these
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modified conditions, we first tested if Synechococcus NblA functioned as an adaptor for
ClpC in the same way as ClpS by blocking the degradation of α-casein. However, when
NblA was added to ClpC and ClpP3/R no inhibition of α-casein degradation could be
observed. Interestingly, the one protein that was degraded during this assay was NblA
itself  (Fig. 7B). This unexpected finding was later confirmed by a study showing that
Synechocystis NblA was degraded in vitro by a supposed ClpCP1/R protease (Baier et al.,
2014). They also showed that NblA could associate to ClpC, the PBS and a phycocyanin
(PC)-GFP construct, concluding that this indicated NblA was an adaptor for ClpC in PBS
degradation although no actual PBS degradation was observed (Baier et al., 2014). To
understand why Synechococcus  NblA did not block α-casein degradation by ClpCP3/R,
we tested the solubility of NblA when combined with ClpC and the PBS (purified from
wild type  Synechococcus).  The NblA was indeed soluble when added to the purified
PBS, but was insoluble when combined with ClpC, indicating that the recombinant NblA
could bind to the PBS but not to ClpC.   

Figure 6. Degradation of Synechococcus NblA and phycobilisome rod linkers by the Clp protease in vitro. (A)
A schematic overview of the basic structure of the phycobilisomes (PBS) in Synechococcus, where the position
of the different linkers are indicated.  (B)  Degradation of recombinant  Synechococcus  NblA (rNblA) by the
ClpCP3/R  protease  as  visualized  by  denaturing-PAGE  and  colloidal  coomassie  blue  staining.  (C)  PBS
degradation  assay  with the ClpCP3/R protease performed at  37°C  with an ATP-regeneration system. The
control reaction contained all the components of the test sample except no Clp proteins were added. The
result was visualized by immunoblotting with the PBS antibody. The protein bands that correspond to the 27
and 33 kDa linkers, as well as α- and β-phycocyanin (PC) are indicated. 
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The lack of ClpC association was unlikely due to the His6-tag on the NblA protein
since the Synechocystis NblA contained the much larger GFP-tag and was still capable of
binding  ClpC  (Baier  et  al.,  2014).  Instead,  it  is  possible  that  high  concentration  of
imidazole  in  the  Synechococcus  NblA  sample  could  have  adversely  affected  the
association to ClpC.

To further investigate the role of the Clp proteases during PBS degradation, we used
the purified PBS in a proteolytic assay. We first examined the stability of the PBS under
the assay conditions and observed some instability of the PBS linkers over time (Fig. 7C).
However,  when  ClpC  and  ClpP3/R  was  included  in  the  assay  there  were  a  clear
degradation of the 27 and 33 kDa PBS linkers, but no degradation of the phycocyanins.
There might  also  have been degradation of  the 30 kDa linker,  but  the level  of  this
protein was too low to quantify accurately. It should be noted that prolonging the assay
also resulted in no degradation of the phycocyanins.  These results indicate that  the
ClpCP3/R  protease  might  be  involved  in  the  degradation  of  the  PBS  linkers.
Unfortunately, we could not test the effect of NblA on this degradation because of the
inhibitory  effect  of  the  imidazole.  One  suggested  function  of  NblA  during  PBS
degradation is to destabilize the entire complex by binding in the gap between PBS-
subunits (Dines et al., 2008). Since a slight instability of the PBS was observed under the
conditions that  the degradation assay was performed, we repeated the degradation
assays with added phosphate to maintain the PBS in a more stable state. Under these
conditions, no instability of the PBS was observed, but also no degradation of any of the
PBS proteins when ClpCP3/R was added with or without NblA. It is plausible that the
degradation  of  the  PBS  linkers  by  the  ClpCP3/R protease  is  dependent  on  the  PBS
complex  being first  destabilized.  It  has  been suggested that  the degradation of  the
Synechocystis PBS linkers requires them to first be dephosphorylated by a phosphatase
(Baier et al., 2014). It has also been suggested in Nostoc that dephosphorylation of the
PBS linkers is  a signal for PBS degradation (Ke and Hassletorn, 2013).  It  is  therefore
possible that in  the absence of added phosphate the  Synechococcus  PBS linkers are
dephosphorylated and thus susceptible to degradation by the ClpCP3/R protease. The
role for NblA in this scenario in vivo would therefore be to destabilize the PBS complex
in such a way that the linkers become accessible. NblA might then recognize the linkers
as  substrates  (which  could  include  a  dephosphorylation  step)  and  initiate  their
degradation by associating to the Clp protease. Once the linkers are degraded, the large
amount of phycocyanins could then be freely degraded by other proteases.

We have observed degradation of the PBS linkers by the ClpCP3/R protease in vitro,
suggesting that the Clp protease might be involved in PBS degradation in vivo. It is likely
that  NblA functions to destabilize the PBS so that  the linkers become accessible for
degradation by the ClpCP3/R protease. We could not confirm however if NblA functions
as an adaptor for the Clp protease. 
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2.5. Involvement of Clp proteins during oxidative stress 

Inactivation  of  the  clpS1 gene  in  Synechococcus resulted  in  no  obvious  phenotypic
changes  under  standard  growth  conditions.  The  ΔclpS1 strain,  however,  was  more
resistant to exogenously added H2O2 than the wild type, a phenomenon that was also
observed for the ΔclpP2 strain. In contrast, the ΔclpP1 strain was extremely sensitive to
the H2O2 treatment.  The  behavior  of  all  three  mutants  was  due at  least  in  part  to
changes  in  the  level  of  the  peroxidase-catalase  KatG  (paper  V).  The  KatG  enzyme
dismutates the H2O2 to water and molecular oxygen by a mechanism in which the two
oxygen atoms that form the O2 originate from the same H2O2 molecule (reviewed by
Vlasits et al., 2010). It was earlier shown that the inactivation of katG in Synechococcus
causes increased sensitivity to exogenously added H2O2 (Perelman et al., 2003). In the
two less sensitive mutants, ΔclpS1 and ΔclpP2, the basal level of KatG was considerably
higher than that in the wild type due to elevated expression of the  katG  gene. This
would explain why the mutants are more resistant to the oxidative stress, in that the
increased amount of basal KatG could more quickly dismutase the added H2O2.  The
sensitivity of the ΔclpP1 strain could also be explained by its relatively low basal level of
KatG. However, the reduced level of KatG in ΔclpP1 was not due to a down-regulation of
katG gene expression but instead to increased instability of the enzyme (paper V). It is
therefore the elevated rate of KatG degradation before and during the oxidative stress
that contributes to the sensitivity of ΔclpP1 to the added H2O2. The fact that KatG is not
induced in cyanobacteria during oxidative stress as shown in paper V and by others (Li
et al., 2004; Kanesaki et al., 2007), only intensifies the loss in KatG content as observed
in the ΔclpP1 strain. It might be that the ClpCP3/R protease in association with ClpS2 is
responsible for this accelerated degradation of KatG, since all the components of this
protease are induced in ΔclpP1 (paper V). To investigate this possibility, we performed
an  in  vitro degradation assay with recombinant KatG and ClpCP3/R with or without
ClpS1/S2, but could only observe a slow rate of KatG degradation by ClpCP3/R alone
and in the presence of ClpS2. Although KatG has not been identified as a substrate for
the Clp protease in other organisms, several other proteins involved in oxidative stress
have, including TrxB and the peroxidase AhpCF in both  Staphylococcus aureus and  E.
coli (Weichart et al., 2003; Michel et al., 2006).

While  KatG has  been  shown  to  be  important  during  the  removal  of  exogenous
added H2O2, the peroxidase 2-Cys prx is more important at relatively low levels of H2O2

(Perelman  et  al.,  2003).  The  2-Cys  prx  functions  as  homodimer  and  catalyzes  the
reduction  of  H2O2 by  using  the  thioredoxin  system  as  reducing  agents.  The  basic
mechanism of 2-Cys prx is that a thiol group in the catalytic cysteine is oxidized by the
H2O2 to form a sulphenic acid. The sulphenic acid is then reduced to a thiol once more
and H2O is released (Wood et al., 2003). Our results are consistent with those from the
earlier  study  (Perelman  et  al.,  2003)  since  in  the  highly  sensitive  ΔclpP1 strain  the
doubling of both 2-Cys prx transcript and protein cannot compensate for the loss of
KatG (paper V).  Despite this,  the induction of  2-Cys  prx in  ΔclpP1 might  be directly
connected to the endogenous levels of H2O2. It is known that 2-Cys prx is induced in
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response to elevated cellular levels of H2O2 (Stork et al., 2002). Given that the decrease
in basal KatG levels in ΔclpP1 would likely elevate the endogenous H2O2 concentration in
this strain, this could explain the observed induction of 2-Cys prx (paper V). This would
also explain the reduced transcriptional level of 2-cys prx in ΔclpS1 and ΔclpP2, in which
the  higher  level  of  KatG  would  almost  certainly  lower  the  endogenous  H2O2

concentration.  
Dps is another protein that has been linked to oxidative stress in E. coli, where it is

the truncated version of the protein that is a substrate for EcClpS (Ninnis et al., 2009;
Schmidt  et  al.,  2009).  As  discussed  earlier,  it  is  likely  that  the  DpsA  ortholog  in
Synechococcus is a substrate for ClpS2 rather than ClpS1. However, it is possible that the
less  abundant  ClpS2  targets  DpsA  during  normal  growth,  while  the  more abundant
ClpS1 recognizes it during oxidative stress, which would explain why DpsA accumulates
in  ΔclpS1 during  oxidative  stress  but  not  during  normal  growth  (paper  V).  It  has
previously  been  shown  that  the  ΔclpP and  ΔclpX strains  in  Staphylococcus  aureus
(Staphylococcus)  are  sensitive  towards  oxidative  stress  (Frees  et  al.,  2003).  That
Synechococcus  ΔclpP1 is sensitive to H2O2 is not surprising given its  susceptibility to
other stresses such as high light intensity, UV-B irradiation and low temperature that all
likely lead to the accumulation of reactive oxygen species (ROS) (Clarke et al.,  1998;
Porankiewicz  et  al.,  1998).  As  discussed  in  a  previous  section,  the  reason  for  the
different phenotypes between ΔclpP1 and ΔclpP2 is probably due to the ability of ClpP1
to form its  own proteolytic core  that  can associate  with ClpX and thus replace the
activity  of  ClpP1/2.  The  fact  that  ClpX,  ClpP1  and  ClpP2  levels  increase  during  the
recovery phase after the H2O2 treatment suggests that the ClpXP1/P2 protease plays a
role  during this  stage.  It  is  also  possible  that  KatG during  both normal  growth and
oxidative stress is degraded by the ClpCP3/R protease in association to ClpS1 or ClpS2.
The effect on katG expression in the ΔclpS1 and ΔclpP2 strain also suggests that the Clp
protease influences the regulation of certain genes during normal growth. 

Little  is  known about the protein regulation that underlies the oxidative stress
responses in cyanobacteria. In  Bacillus subtilis, the ClpXP protease has been shown to
degrade the important oxidative regulator, Spx (Nanako et al., 2001, 2002, 2003). Spx
controls  the  expression  of  several  genes  that  are  important  for  the  response  to
oxidative stress, including the induction of thioredoxin (trxA) and thioredoxin reductase
(trxB).  The thioredoxin in turn regulates  several  other  enzymes by reduction cycles,
including peroxidases (e.g., 2-Cys prx) (reviewed by Apel et al., 2004). Although there is
no  obvious  Spx  ortholog  in  cyanobacteria,  there  is  one  for  PerR  that  controls  the
expression of the dps, katG and ahpCF genes in several Gram-positive bacteria (Lee and
Helmann, 2007). However, the PerR ortholog in Synechocystis represses the expression
of dpsA and ahpC, but not that of katG (Li et al., 2004; Kobayashi et al., 2004). When the
perR gene is inactivated, the resulting mutant is more resistant to H2O2 (Houot et al.,
2007). It is possible therefore that the Clp protease degrades similar inducer/repressor
proteins during both standard growth and recovery after oxidative stress. It might also
be that the expression of  katG is indirectly affected by the accumulation of reactive
oxygen species (ROS). This is the case in both the ΔpsbU strain in Synechococcus as well
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as the Synechocystis ΔpsaE strain. PsbU is a subunit of photosystem II and is situated in
the cluster of Mn, Ca and Cl ions within the oxygen evolving complex (Shen et al., 1997,
Otha et al., 1999, Inoue-Kashino et al 2005). The  Synechococcus ΔpsbU strain is less
sensitive to H2O2 treatment because of increased catalase and peroxidase activity. It is
thought  that  the loss  of  PsbU leads  to  increased generation of  ROS,  which  in  turn
induces katG expression (Balint et al., 2006). A similar induction of katG is supposedly
behind the increased resistance to H2O2 observed in the ΔpsaE strain (Jeanjean et al.,
2008).  PsaE  is  a  subunit  of  photosystem  I  and  is  involved  in  the  binding  of
ferredoxin/flavodoxin (Weber and Strotmant,  1993;  Rousseau et  al.,  1993;  Xu et  al.,
1994; Barth et al., 1998; Meimberg et al., 1998). It is possible therefore that in ΔclpS1
and  ΔclpP2 the  level  of  ROS  increases  and  leads  to  the  induction  of  katG  gene
expression.

Another  indirect  effect  that  could  influence  katG expression  is  through  the
thioredoxin system. TrxB, as mention above, is a substrate for the Clp protease in E. coli
and when  trxB  is  inactivated  the resulting mutant  is  more  resistant  to  H2O2 during
exponential growth as a result of increased katG expression (Takemoto et al., 1998). It
has been shown that  Synechocystis KatG interacts with both thioredoxin (Trx) (Pererz-
Perez et al., 2006) and glutaredoxin (Grx) (Li et al., 2007), and thus any change to either
the Trx or Grx system in  Synechococcus could explain the phenotypes of all three  clp
mutants. Interestingly, when TrxA in  E. coli is inactivated, the mutant is instead more
sensitive to H2O2 (Takemoto et al., 1998). A preliminary experiment with Synechococcus
ΔclpP1 indicated that the levels of TrxA are lower than in the wild type under standard
growth conditons. A recent study on the chloroplast ClpS in Arabidopsis has identified
several putative substrates, including proteins involved in redox signaling that affect the
levels of iron superoxide dismutase and thioredoxins, as well as enzymes involved in the
tetrapyrrole biosynthetic pathway (Nishimura et al., 2013). The fact that KatG is a heme-
catalase  suggests  its  turnover  might  be  affected  if  the  tetrapyrrole  pathway  is
compromised, which could be a contributing factor to the elevated KatG levels observed
in the Synechococcus ΔclpS1 strain. 

The  results  in  paper  V  suggest  that  Clp  proteins  are  involved  in  the  response  of
Synechococcus  to  oxidative  stress  in  several  ways.  Firstly,  the  degradation  of  KatG
during both standard growth and oxidative stress might be performed by the ClpCP3/R
protease  in  association  with  ClpS1  and  ClpS2.  In  addition,  the  ClpXP1/P2  protease
appears to participate in the recovery phase following the initial oxidative damage. Clp
proteins also appear to influence the regulation of katG gene expression, although their
exact role remains unclear.
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3. Future perspectives 

In this thesis,  many questions concerning the structure and function of different Clp
proteins in  Synechococcus  have been answered.  However,  there  remain many more
questions left unanswered and much additional experimental work is still required to
finally  resolve  the  more  important  aspects  of  this  important  protease  family  in
cyanobacteria. Below are the most crucial issues I believe need to be addressed in the
future, and I have detailed how these could possibly be investigated. 

What  is  the  evolutionary  advantage  for  the  existence  of  ClpR  in  photosynthetic
organisms?

In  paper I, we have identified motifs important for the association between ClpC and
ClpP3/R. In this interaction, both the ClpP3 and ClpR subunits are necessary for the
association to ClpC, which indicates ClpR did not evolve solely to specify the binding to
this chaperone partner, which is further confirmed by the fact ClpP1 can also associate
to ClpC (paper IV). It was also clear from paper I that ClpR is necessary for the stable
formation  of  the  ClpP3/R  core,  but  this  again  does  not  answer  why  the  mixed
proteolytic  core  has  evolved.  If  we  compare  this  situation  with  that  of  the  26S
proteasome, we also see the development of inactive subunits incorporated into the
proteolytic core of the eukaryotic enzyme, which differs from that in the proteasome
from Archaebacteria. In fact, the β-rings of the eukaryotic 20S core have the same ratio
of  three  proteolytically  active  subunits  and  four  inactive  ones  (Myung  et  al.,  2001;
Gallastegui and Groll, 2010) to that in Synechococcus ClpP3/R. The persistence of ClpR
in photosynthetic organisms suggests that any loss in Clp proteolytic activity that could
result from incorporating an inactive subunit does not compromise the required rates of
substrate degradation. In fact, it could be that ClpR confers a slower but more tightly
regulated degradation activity that is crucial for certain key substrates. Evidence that
ClpR regulates the activity of the Clp proteolytic core was shown in paper I, in which the
addition  of  the MPIG motif  from ClpP3 to  the N-terminus of  ClpR produced a core
complex with considerably faster catalytic activity. This indicates that the corresponding
region  in  the  N-terminus  ClpR  somehow  restricts  the  activity  of  the  ClpP3/R  core,
possibly  by  regulating  translocation  of  the  substrate  into  the  degradative  chamber.
Another indication that ClpR might play an essential regulatory role comes from when a
re-activated ClpR along with ClpP3 was transformed into  Synechococcus and proved
lethal (unpublished result).

It  is  not  only  ClpP3/R  that  appears  to  have  evolved  a  more  tightly  regulated
proteolytic  activity,  but  also  the  other  main  Clp  proteolytic  core  in  Synechococcus,
ClpP1/P2. It is clear that the combination of ClpP1 and ClpP2 in the one proteolytic core
slows down the degradation rate compared to that of the ClpP1 only core, or even that
of the partly inactivated ClpP1/P2 cores (paper IV). The fact that the ClpP1 and ClpP2
subunits  in  ClpP1/P2  are  arranged  within  each  heptameric  ring  in  an  alternating
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pattern,  the  same  as  the  different  subunits  in  the  ClpP3/R  core  suggests  that  this
configuration is important in conferring the regulated catalytic activity. It is interesting
that in Gram-positive bacteria which have proteolytic cores of more than one type of
ClpP, that each ClpP paralog forms a separate heptameric ring and not mixed rings as
observed for the ClpP/R orthologs in photosynthetic organisms (Zelier et al., 2011, 2013,
Raju  et  al.,  2012,  Akopian  et  al.,  2012).  As  a  consequence,  it  is  likely  that  the
degradation activity of these ClpP1/P2 proteolytic cores in the Gram-positive bacteria is
not restricted by the incorporation of different subunits within the one heptameric ring.
It is also possible that the inactive ClpR actually enhances the catalytic activity of ClpP3,
as was observed for the partially inactivate ClpP1/P2 variants (paper III), while at the
same time eliminating  any  potential  limitation  on  ClpP3  activity,  such  as  the  Mg2+-
dependency of ClpP1. 

In the case of ClpP3/R, the alternating arrangement of different subunits could also
affect the structure of the substrate-binding groove within the proteolytic core, since
ClpR has an insertion that protrudes into the groove according to 3D models (paper I
and  Andersson  et  al.,  2009).  This  apparent  obstruction  could  affect  the  kinds  of
substrates the ClpP3/R core can degrade and thus limits its specificity. However, this
does not seem the case given that ClpP3/R can readily degrade α-casein, SsrA-tagged
GFP as well as N-end rule substrates with the ClpS adaptors.

Ultimately, the questions involving the exact function of ClpR will probably not be
resolved  until  a  proteolytic  core  like  Synechococcus  ClpP3/R  is  crystallized  and  the
atomic structure determined. It will only be then that an explanation might be found to
how the alternating arrangement of ClpR and ClpP3 subunits within each heptameric
ring affects the substrate-binding groove of the proteolytic core and its overall catalytic
activity. Such information could also be helpful in explaining the obvious regulation of
the ClpP1/P2 proteolytic core that occurs as a result  of a similar alternating subunit
configuration.  Several  attempts  over  the  years  have  been  made  to  crystallize  the
Synechococcus  ClpP3/R complex but with no success to date. Efforts still continue to
find  the  correct  conditions  for  ClpP3/R  crystallization  and  we  have  now  included
ClpP1/P2 into this project. In the future, attempts should also be made to crystallize the
ClpP1 proteolytic core in the presence of both low and high concentrations of MgCl 2 to
investigate how the catalytic site changes under these conditions.  

What are the native substrates for the different Clp proteases?

One outstanding issue that must be addressed in the near future is the identity of the
native  protein  substrates  for  both  the  ClpCP3/R  and  ClpXP1/P2  proteases.  Several
studies on Clp proteases from different organisms have successfully used different pull-
down and trap techniques to identify putative native substrates (Flynn et al., 2003; Feng
et al., 2013; Humbard et al., 2013; Nishimura et al., 2013). To identify substrates for
ClpP3/R, we have pursued the trap approach by preparing a variant of the proteolytic
core  in  which  the  ClpP3  subunit  has  been  inactivated  by site-directed  mutagenesis
(Andersson  et  al.,  2009).  Since  ClpP3/R  is  essential  for  cell  viability,  we  instead
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transformed  this  inactive  construct  into  a  neutral  site  locus  in  the  Synechococcus
genome under  the control  of  the  tac  promoter.  Although the transformations were
successful, problems occurred with the expression levels of the construct. When the
lacIq  repressor  gene  was  included  in  the  transformation,  over-expression  of  the
construct in  Synechococcus by addition of IPTG was too low for sufficient amounts of
the inactive ClpP3/R trap to be purified. Later when the  lacIq  gene was removed, no
variable  transformants  were  obtained  presumably  due  to  too  high  constitutive
expression  of  the  inactive  trap  interfering  with  normal  ClpP3/R  activity.  Alternative
promoters are now being considered to replace  tac, which will hopefully provide the
necessary controlled expression of the inactive ClpP3/R trap in Synechococcus.

An alternative approach to the in situ expression of the inactive ClpP3/R core could
be to simply incubate soluble protein extracts from wild type Synechococcus with large
amounts of recombinant ClpC and inactive ClpP3/R. Afterwards, the recombinant Clp
proteins  could  be  purified  on  Ni2+ affinity  columns  since  they  all  contain  His6-tags,
thereby removing the bulk of nonspecific  Synechococcus  soluble proteins. The eluted
Clp  proteins  would  then  be  denatured  by  urea  treatment,  disrupting  the  inactive
ClpP3/R core and liberating the native substrates trapped inside. Passing the sample
once more through the Ni2+ affinity columns would then separate the His-tagged Clp
proteins from the native substrates, which would simply flow through. The identity of
the  native  substrates  could  then  be  determined  by  mass  spectrometry  against  the
known  Synechococcus proteome.  Possible  controls  for  this  approach  could  be  to
perform the same steps with the active ClpP3/R core or to denature a proportion of the
inactive ClpP3/R trap before the first  Ni2+ affinity column. In either case,  only those
proteins found in the first trap isolations and not in the controls would be identified as
native substrates, thereby minimizing the risk of non-specific proteins being incorrectly
identified.  If  successful  for  ClpCP3/R,  the same approach  could  be adapted  for  the
ClpP1/P2 proteolytic  core  as  long  as  the solubility  issue with  ClpX could  be solved,
although in this case overexpressing the inactive ClpP1/P2 trap in Synechococcus would
likely be more successful.

For ClpS1 and ClpS2, it would also be feasible to use a pull-down approach similar to
that done for the chloroplast ClpS from  Arabidopsis  (Nishimura et al.,  2013). For the
chloroplast ClpS, a fusion with GST was used since a simple His-tag did not bind the ClpS
protein tightly enough to the affinity column. Although similar GST fusions could be
made for the Synechococcus ClpS proteins, I would suggest using instead the maltose-
binding protein (MBP). Our group has past experience over-expressing and purifying
MBP fusion proteins, which are remain soluble in E. coli at very high concentrations. The
purified MBP-ClpS1 or MBP-ClpS2 fusion could then be bound to an amylose column
and  soluble  cell  extracts  from  wild  type  Synechococcus washed  over  the  column.
Proteins bound to the MBP-ClpS fusion would then be eluted from the column using a
buffer containing maltose and later identified by mass spectrometry. The control for this
experiment would be to perform the same experiment but with just the MBP bound to
the amylose column.
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For each set of potential substrates for the different Clp proteases and adaptors,
several could be confirmed in vitro by preparing recombinant versions and testing their
degradation using our proteolytic  assays.  If  suitable antibodies are available,  certain
substrates identified for the ClpXP1/P2 protease and the ClpS1 adaptor could also be
confirmed by examining their level in the ΔclpP1/2  and ΔclpS1  strains, respectively. If
the protein accumulated in the mutant relative to the wild type, then this would be
consistent with its identification as a substrate.

What are the substrate specificities of ClpS1 and ClpS2?

Although we have begun to define the substrate specificities of  Synechococcus ClpS1
and ClpS2 (paper V), additional work is needed to provide a comprehensive analysis. To
identify  more  combinations  of  N-terminal  sequences  recognized  by  either  ClpS1  or
ClpS2, a library of synthetic peptides previously used to test the substrate specificity of
EcClpS will  soon be screened (Erbes et  al.,  2006).  However,  the number  of  peptide
sequences in this library is limited and so other approaches should also be considered.
If  money  was  no  object,  custom-made  peptide  libraries  could  be  commercially
synthesized that include at least 10 000 sequences to cover all the possible amino acid
combinations  in  the  first  three  positions  at  the  N-terminus.  An  alternative  peptide
library could be one covering the N-terminal sequence of all Synechococcus proteins (ca.
3 000), although this would not identify those substrates of ClpS1 or ClpS2 that first
requires internal processing. 

It  would  be  interesting  to  explore  the importance  of  the  conserved  amino  acid
differences  between  the  cyanobacterial  ClpS1  and  ClpS2  proteins.  Site-directed
mutagenesis could be used to make changes to key amino acids in the Synechococcus
ClpS proteins. For example, what would happen if the Phe40 and Thr62 in ClpS2 were
changed to Met, which is conserved in ClpS1 orthologs as well as EcClpS? Would the
modified ClpS2 then recognize N-end rule substrates normally recognized by only ClpS1
or  EcClpS?  Such  modifications  would  begin  to  unravel  the  structural  differences
between ClpS1 and ClpS2 that underlies their difference in substrate specificity. In this
regard, crystal structure of both Synechococcus ClpS1 and ClpS2 would provide valuable
insights into the important  amino acid variations between these two cyanobacterial
ClpS adaptors, and there are plans to soon begin crystallization trial of the recombinant
proteins.

Does Synechococcus ClpX function as EcClpX?

We have made numerous attempts to purify recombinant Synechococcus ClpX by over-
expression in E. coli but failed each time to produce an active protein. Although using
EcClpX has allowed us to study the activity of the ClpP1/P2 and ClpP1 proteolytic cores
in  vitro,  there  remains  the distinct  possibility  that  the characteristics  of  the  E.  coli
ortholog do not fully represent those of the cyanobacterial ClpX. One possible solution
would be to construct chimeric proteins in which key regions of the Synechococcus ClpX
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are engineered into the more soluble EcClpX. It has been shown that the N-terminal
domain in EcClpX is important for substrate association, while the C-terminal  region
including the P-loop is crucial for association to the proteolytic core (Singh et al., 2001;
Wojtyra et al., 2003). Two chimerics could therefore be made, in which either the N- or
C-terminal  domain  of  EcClpX  is  replaced  with  the  corresponding  region  from
Synechococcus ClpX. The chimeric ClpX with the C-terminal change could then be used
to  confirm the  core  specificity  for  ClpP1/P2  and  if  the  cyanobacterial  ClpX  actually
associates to the ClpP1 only proteolytic core. The chimeric ClpX with the N-terminal
change could be used test if ClpS2 is a substrate for ClpX in Synechococcus, as well as to
identify other native substrates for the cyanobacterial ortholog. Although it is hoped
that  the  solubility  of  these  chimeric  ClpX  proteins  is  better  than  the  native
Synechococcus ClpX, this is certainly not guaranteed. As such, an alternative could be to
over-express  the  ClpX  protein  from  another  cyanobacterium  such  as  Anabaena,
although the solubility  of this  ClpX protein is  not  guaranteed to be better than the
Synechococcus  ortholog. If we were sitting on a goldmine, we could also attempt to
commercially synthesize the Synechococcus ClpX protein, although again this would not
necessarily guarantee improved solubility. 

Does the Clp protease degrade the phycobilisome?

We  have  preliminary  evidence  that  the  ClpCP3/R  protease  degrades  the  rod-linker
proteins of the Synechococcus PBS in vitro, but it would be interesting to investigate this
phenomenon in more detail.  Firstly,  a  recombinant NblA would need to be purified
without requiring high concentrations of imidazole to remain soluble. One possibility is
to purify the NblA from another cyanobacterium such as Anabaena that is more soluble
(Bienert  et  al.,  2006).  The new NblA could  then be used to investigate  its  possible
interaction  with  ClpC  and  how  this  affects  PBS  degradation  in  vitro.  We also  have
evidence that  Synechococcus  ClpP1 could be involved in PBS degradation. When the
ΔclpP1 strain was starved for sulfur,  the normally rapid degradation of the PBS was
significantly slower,  while crosslinking studies showed that  both ClpC and ClpP1 are
bound to wild type PBS during its rapid degradation (Barker-Åström et al., unpublished).
It would therefore be interesting to further test the degradation of PBS in vitro using the
recombinant ClpC and ClpP1 and in combination with ClpS1 and ClpS2.

Do Clp proteases play a role during oxidative stress?

In  paper V,  we demonstrated that  certain  Synechococcus  Clp proteins are somehow
involved in the response to oxidative stress, although some of the characteristics of this
involvement  could not  be satisfactorily  explained.  More specifically,  how basal  KatG
levels are influenced by different Clp proteins needs to be further explored. Additional
assays should be performed to determine if the degradation of recombinant KatG by
the  ClpCP3/R protease  can  be  optimized  using  different  buffer  conditions  and  pre-
treatments. Why  katG expression is induced in the ΔclpP2 and ΔclpS1  strains should
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also be investigated further. The possibility that changes in the amount of enzymes such
as  thioredoxin  and  glutaredoxin  are  involved  could  be  examined  in  the  different
mutants by immunoblotting. Protein profile comparisons between the wild type and clp
mutants by techniques such as iTraq could also reveal other proteins affected by the
various CIp proteins and how these might influence the response to oxidative stress.
Similarly, the identification of native substrates for the different Clp proteases using the
pull-down  or  trap  approaches  described  above  could  also  provide  insights  into  the
different phenotypes observed during oxidative stress.
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5. POPULÄRVETENSKAPLIG SAMMANFATTNING

Alla levande organismer är  uppbyggda av celler  som innehåller  flera olika livsviktiga
byggstenar. En av dessa är proteiner och en enda cell kan bestå av flera tusen olika typer
av proteiner. Alla proteiner är uppbyggda av långa kedjor av aminosyror som veckar sig
till  olika  tredimensionella  strukturer  och  det  är  aminosyrorna  tillsammans  med
strukturen  av  proteinet  som  bestämmer  vilken  funktion  proteinet  har.   Proteiner
fungerar på flera olika sätt i cellen. De kan bl.a. vara en strukturell del i det skyddande
membranet som definierar cellen eller påverkar viktiga kemiska reaktioner. Dock kan
proteiner även vara skadliga för cellen, om ett protein veckar sig felaktigt eller på något
annat sätt blir skadat kan den utgöra en fara för cellens olika funktioner. För det första
kan proteinet inte längre utföra sin funktion i cellen, vilket i sig kan leda till problem
men det felaktiga proteinet kan också börja klumpa ihop sig med andra proteiner och
bilda aggregat  som kan vara livsfarliga för cellen.  Det  är  därför viktigt  för  cellen att
kontrollera funktionen av proteinerna genom att se till att de veckar sig korrekt och ta
bort skadade eller felveckade proteiner. Detta kontrolleras på flera nivåer och två viktiga
typer av proteiner som är involverade i detta system är chaperoner och proteaser. 

Chaperonerna  kontrollerar  så  att  proteiner  veckar  sig  till  sin  korrekta
tredimensionella  struktur,  om  proteinet  inte  kan  genomföra  detta  självständigt  så
binder chaperonet till proteinet och hjälper till. Chaperonerna ser också till att förhindra
att de farliga aggregaten bildas och om det ändå sker så kan chaperonen lösa upp dem.
Dessutom kan chaperonen se till  att proteiner som är obotligt skadade tas bort från
cellen. Detta görs genom att chaperonet känner igen det skadade protein genom olika
strukturella signaler som leder till att chaperonet binder till proteinet och presenterar
det för ett specifikt proteas. Proteaset har den proteolytiska aktiviteten, vilket betyder
att den bryter ner proteinet till aminosyror, genom att bryta de kemiska bindingarna
mellan aminosyrorna.  Det finns flera olika typer av chaperoner och proteaser i en cell,
där en viktigt typ är Clp-proteaser. 

Clp-proteaser existerar i nästan allt  levande från små bakterier till  människor och
växter. De har blivit noggrant studerade i modellorganismen E. coli (tarm-bakterier), där
Clp-proteaset  består  av  ett  energiberoende  chaperon  (ClpA  eller  ClpX)  och  en
proteolytisk  kärna.  Den  proteolytiska  kärnan  är  uppbyggd  av  två  ringar  av  sju  ClpP
proteiner  (en  heptamer)  och  har  formen  som  en  tunna.  Inuti  tunnan  finns  de
aminosyror som är viktiga för att bryta sönder proteinet, själva ingången till tunnan är
väldigt trång. Detta är ett sätt att kontrollera så att inga normala proteiner blir felaktigt
nedbrutna. Det hela fungerar på följande sätt: ClpA eller ClpX känner igen ett felaktigt
protein (ett substrat), binder till det och vecklar upp hela strukturen av proteinet så att
den blir en enda lång aminosyrakedja igen, som kan transporteras igenom den smala
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öppningen i ClpP proteaset och proteinet bryts ner. Även om Clp-proteaserna finns i de
flesta levande organismer är det hos de fotosyntetiska organismerna som de är mest
komplexa  och  funktionellt  livsviktiga.  En  viktig  modellorganism  för  fotosyntetiska
organismer  är  cyanobakterier  (förr  kallade  blågröna  alger).  Dessa  bakterier  kan
fotosyntetisera som växter, det vill säga de kan omvandla solljus och koldioxid till energi
i  en  reaktion  som  också  skapar  syre.  Förfäderna  till  cyanobakterien  var  viktiga  för
syresättningen av atmosfären för cirka 3,5 miljarder år sedan och de var även en del i
evolutionen  av  växter,  genom att  forma kloroplasten.   Cyanobakterier  lever  på  alla
möjliga  områden  i  världen,  både  i  världshaven  och  i  små  sjöar.  En  väl  använd
modellorganism  i  laboratorierna  är  Synechococcus  elongatus  (Synechococcus).
Synechococcus har ett  mer komplext  system med Clp-proteaser jämfört  med  E. coli.
Flertalet av Clp-proteiner i  Synechococcus  är livsviktiga för cellen medan inga av Clp-
proteinerna i  E. coli är det.  Synechococcus har två Clp-proteaser, som båda består av
proteolytiska  kärnor som är  uppbyggda av mer än  en typ av protein,  ClpCP3/R och
ClpXP1/P2.  Det  essentiella  ClpCP3/R är  uppbyggt  av  ett  proteolytiskt  aktivt  protein,
ClpP3  och  ett  proteolytisk  inaktivt  protein,  ClpR.  ClpR-proteiner  är  unika  för
fotosyntetiska organismer. ClpP3/R består av två ringar av tre ClpP3 och fyra ClpR, som
sitter alternerade till varandra. Synechococcus har också två ClpS (S1 och S2) adaptorer.
ClpS1 känner igen felaktiga proteiner, baserat på vilken aminosyra som proteinet börjar
på. ClpS1 binder till dessa proteiner och levererar dem till ClpC, som i sin tur ser till att
de blir nedbrytet av ClpP3/R. Detta betyder att en adaptor helt enkelt fungerar genom
att ändra vilka proteiner ClpC känner igen. I  mina studier har jag och mina kollegor
vidare undersökt funktionen av Clp-proteaser in Synechococcus, för att försöka besvara
vilken funktion dessa proteaser har.

I  den först  studien har  vi  undersökt  hur  det  kommer sig  att  ClpC  kan  binda till
ClpP3/R kärnan.  Vi kunde där bevisa att tre olika domäner på den N-terminala änden av
både  ClpP3  och  ClpR  binder  till  ClpC,  likväl  finns  en  domän  i  ClpC  som  gör  att
chaperonet endast kan binda till specifika proteolytiska kärnor, så som ClpP3/R men inte
EcClpP.  I  nästa  studie  studerades  själva  strukturen  av  den  proteolytiska  kärnan  i
ClpP1/P2. Detta gjordes genom en teknik som studerar olika massor av molekylerna
(masspektrometri). Genom detta kunde vi visa att ClpP1/P2 är uppbyggd av två ringar
av alternerande ClpP1 och ClpP2. Det var tydligt att det faktiskt kunde bildas två olika
typer  av  kärnor:  (4ClpP1+3ClpP2)  +  (3ClpP1+4ClpP2)  och  2×(3ClpP1+4ClpP2).  I  den
tredje studien fortsatte vi att studera ClpP1/P2, men fokuserade på funktionaliteten av
proteaset. ClpP1/P2 kunde nedbryta proteiner tillsammans med ClpX, men inte med
ClpC. Det var också tydligt att både ClpP1 och ClpP2 är proteolytiskt aktiva i kärnan. När
vi sedan studerade ClpP1 och ClpP2 var för sig, visade det sig att ClpP2-protein inte
kunde forma de typiska ringstrukturerna av en proteolytisk kärna för sig själv, medan
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ClpP1 kunde göra det. Dessutom hade denna självständiga ClpP1-kärna aktivitet med
både  ClpC  och  ClpX,  men  aktiviteten  var  beroende  av  en  högre  koncentration  av
magnesium. I den fjärde studien, fokuserade vi istället på proteinerna ClpS1 och ClpS2.
ClpS2 fungerade som ClpS1, men kände igen andra aminosyror än ClpS1. Dessutom är
ClpS2  livsviktig  för  cell,  vilket  ClpS1  inte  är.  I  den  sista  studien  använde  vi  oss  av
mutanter för att undersöka funktionen av ClpS1 i  Synechococcus. En mutant i de här
fallen är att vi har inaktiverat den gen som uttrycker det protein som vi är intresserade
av,  alltså kommer det proteinet  inte längre att  finnas i  cellen.  Vi inaktiverade  clpS1-
genen och denna mutant (ΔclpS1) hade en bättre överlevnad när den utsattes för H2O2

(väteperoxid). Det samma gäller ΔclpP2. Däremot var ΔclpP1 mer känslig än den vanliga
Synechococcus för H2O2. Dessa skillnader i mutanterna kunde förklaras med skillnader i
ett  protein  som heter  KatG.  Detta  protein  har  en  funktion  där  den  omvandlar  det
skadliga H2O2 till harmlöst vatten och syre. I de mer resistenta ΔclpS1  och ΔclpP2 var
nivåerna  högre  av  KatG  medan  i  ΔclpP1 var  den  lägre.  Detta  indikerar  att  Clp-
proteinerna är involverade i det försvar Synechococcus har emot H2O2.

Studierna  i  denna  avhandling  ger  en  ökad  förståelse  för  strukturerna  och  vilka
funktioner  de olika  Clp-proteinerna  har  i  Synechococcus.  Mina  förhoppningar  är  att
mina resultat kan användas vidare i forskningen för den fortsatta karakteriseringen av
Clp-proteinerna både i Synechococcus men även andra organismer. Exempelvis finns det
nya antibiotika  som påverkar  Clp-proteinerna i  olika  mänskliga  patogen.  Kanske  kan
mina resultat vara till nytta i den forskningen. 
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