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Summary:

The protein quality control (PQC) network, consisting of molecular chaperones
and proteases, maintains correct cellular functions in both prokaryotic and eukaryotic
cells.

The proteolytic arm of this network employs large oligomeric barrel-like

structures, generally comprised of a peptidase and AAA+ (ATPase associated with a
variety of cellular activities) unfoldase to degrade target proteins. The activity of these
large proteolytic machines can be modified by a group of proteins known as adaptor
proteins, often via a specific interaction between the adaptor protein and accessory
domain of the AAA+ unfoldase.

Collectively, mammalian mitochondrial AAA+

proteases (i-AAA, m-AAA and LONM) participate in biogenesis and quality control
of proteins. The specific role of ClpXP in this organelle is currently unknown.
Interestingly, the AAA+ unfoldase ClpX contains two accessory domains suggesting it
may co-operate with adaptor proteins.
To examine the role of ClpXP in mammalian mitochondria interacting proteins
were

investigated.

„Pull-down

experiments‟

utilising

soluble

mammalian

mitochondrial extracts identified PDIP38 (Polymerase Delta Interacting Protein 38), as
a ClpX-specific interacting protein. The data presented here provides evidence that
PDIP38 is a mitochondrial protein. The PDIP8 preprotein is imported into mammalian
mitochondria in a membrane potential-dependant manner and processed to the mature
protein. PDIP38 interacts with ClpX via the accessory N-domain of the unfoldase.
PDIP38 is composed of two domains: an N-terminal domain which interacts with
mammalian ClpX, and C-terminal domain of unknown function, conserved in some Fbox proteins, which is proposed to be a substrate binding domain. PDIP38 modulates
the ATPase activity of ClpX and degradation of a model substrate by ClpXP. Also,
recombinant PDIP38 is not degraded by ClpXP nor does it uncouple ClpP from ClpX.

xi

Summary

Furthermore, PDIP38 contributes to ClpX stability or maintenance in mitochondria.
Collectively, these data indicate that PDIP38 is an adaptor of the ClpXP protease in
mammalian mitochondria. Finally, models are presented which outline the mechanism
by which PDIP38 may act as a ClpXP substrate delivery or specificity factor.
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Chapter 1
- General introduction
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1.1

Mitochondria

Mitochondria are double membrane bound organelles found in the vast
majority of eukaryotic cells which are involved in a number of cellular processes, such
as: oxidative phosphorylation, calcium signaling, fatty acid oxidation, apoptosis,
development and the biosynthesis of Fe-S clusters, heme, other cofactors and amino
acids (Meisinger et al., 2008). They vary greatly in size, morphology and the number
of mitochondria per cell, and possess a number of components that make them a
unique, versatile and semi-autonomous organelle, these being: a highly dynamic
membrane structure that can divide and fuse, their own genomic DNA packaged into
protein-DNA complexes known as nucleoids, their own transcription and translation
machinery, an efficient protein import and processing system and a conserved protein
quality control system of prokaryotic origins.

1.1.1

Mitochondrial structure

Mitochondria possess a highly dynamic membrane structure, which enables
them to form a complex reticulum that can interact with other parts of the cell, such as
the cytoskeleton and endoplasmic reticulum (Kornnmann, 2009; Mannella et al., 1998;
Rizzuto et al., 1998; Rutter and Rizzuto, 2000). The mitochondrion consists of two
membranes, the outer membrane (OM) and inner membrane (IM), and two aqueous
spaces, the intermembrane space (IMS) and matrix. The inner membrane of the
mitochondrion forms a highly convoluted membrane with numerous projections
known as cristae (Frey and Mannella, 2000) which are the main sites of oxidative
phosphorylation (Gilkerson et al., 2003; Vogel et al., 2006). This double membrane
arrangement facilitates the formation of an electrochemical proton gradient across the
inner membrane that is utilised for generation of ATP (Stock et al., 2000) and many
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mitochondrial transport processes (Palmieri, 2008), as well as sequestering proapoptotic proteins and limiting potential damage from reactive oxygen species (ROS).

1.1.2

Mitochondrial processes

A major role of mitochondria is energy transduction, where catabolism of
carbohydrates, fats and amino acids leads to the synthesis of ATP via a process known
as oxidative phosphorylation. ATP is used as the major source of chemical energy in
cells and while it can be produced anaerobically via glycolysis, which occurs in the
cytosol, far more (18 fold) is generated in mitochondria by cellular respiration. The
oxidation of pyruvate, fatty acids (-oxidation) and amino acids occurs in
mitochondria generating acetyl-CoA. The acetyl groups are then fed into the Krebs‟
cycle (also known as the TriCarboxylic Acid (TCA) cycle) where it is oxidised to
generate CO2 and the resultant free energy stored in the form of NADH and FADH2.
These reduced coenzymes are subsequently oxidised to generate free protons and
electrons via the electron transport chain (ETC) (Scheffler, 2008). The ETC consists
of five large multimeric complexes (complexes I – V) containing both mitochondrial
and nuclear encoded protein subunits. The reduction in free energy accompanying
electron transfer is utilised to pump protons out of the matrix into the intermembrane
space, creating an electrochemical gradient that drives chemiosmotically coupled ATP
synthesis at the F1-Fo ATP synthase complex (Kadenbach et al., 2010; Mitchell and
Moyle, 1967).
Mitochondria are also involved in a number of other biochemical processes,
such as: iron-sulfur (Fe-S) and heme biosynthesis (Ye and Rouault, 2010), amino acid
metabolism, calcium signaling (Walsh et al., 2009), ROS generation and apoptosis
(Ott et al., 2007).

xix
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function of mitochondria is the biogenesis of Fe-S clusters (ISCs). Eukaryotic cells
contain a number of Fe-S proteins, which reside in at least three compartments: the
mitochondria, cytosol and nucleus. The synthesis of ISCs is a complex process in
which mitochondria play an essential role. The sulphur required for biogenesis of
ISCs in mitochondria is scavenged from cysteine via a desulpherase (Nfs1-Isd11),
resulting in formation of a persulphide intermediate on the conserved cysteine residues
of the enzyme. The persulphide intermediate can then be transferred directly or via
helper proteins onto scaffold proteins (Lill, 2009), which form part of the ISC
assembly machinery, consisting of more than 20 proteins, that essentially acts as a
scaffold for ISC formation (Ye and Rouault, 2010). For example, the mitochondrial
protein frataxin acts as an iron donor for the Fe-S cluster scaffold protein (ISU) (Yoon
and Cowan, 2003). Synthesised Fe-S clusters are subsequently incorporated into
mitochondrial apoprotein targets or transported out of mitochondria to be incorporated
into apoprotein targets in other cellular compartments.
With respect to the role of mitochondria in metabolism amino acids can be
generated from intermediates of the Kreb‟s cycle or by degradation of peptides via
mitochondrial oligopeptidases such as oligopeptidase M (Krause et al., 1997), Mop112
and Prd1 (Kambacheld et al., 2005) or degraded via the urea cycle. Furthermore, most
terrestrial animals excrete excess nitrogen in the form of urea, which is generated via
the urea cycle. In these organisms mitochondria play a significant role in this process,
as the urea cycle is partially located in this organelle. Amino groups derived from
amino acids are fed into the urea cycle via the action of carbamoyl phosphate
synthetase I (CPSI) in which carbamoyl phosphate is generated from ammonia and
bicarbonate in the presence of ATP. Ornithine transcarbamylase (OTC) then catalyses
the formation of citrulline from carbamoyl phosphate and ornithine (transported into
mitochondria from the cytosol). Citrulline is then transported out of mitochondria to
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the cytosol where the urea cycle is completed. Urea is largely produced in the liver
where it passes into the bloodstream and via the kidney is excereted into the urine
(Wraith, 2001).
Mitochondria are also involved in calcium signaling (Pacher and Hajnoczky,
2001; Rizzuto, 2003; Rutter and Rizzuto, 2000; Yi et al., 2004) and can act as calcium
sinks thus performing a buffering role for the cell. For example pancreatic acinar cells
contain a separate population of mitochondria around the nucleus to protect the cell
from global effects arising due to rapid increases in Ca2+ levels (Park et al., 2001;
Ryan and Hoogenraad, 2007).
Finally, reactive oxygen species (ROS) generated in mitochondria as a result of
free electrons from the ETC reacting directly with electron acceptors, such as oxygen,
contribute to a number of processes including ageing (Herrero and Barja, 1997;
Moghaddas et al., 2003), apoptosis (Kumar et al., 2002), cellular injury (Ambrosio et
al., 1993; Lesnefsky et al., 2001) and various redox-dependant signaling processes
(Balaban et al., 2005). ROS production can be amplified by mitochondria, termed
ROS-induced ROS release (RIRR), potentially leading to opening of the mitochondrial
permeability transition (MPT) pore and thus abrupt depolarization of mitochondria
(Zorov et al., 2000). Since ROS production contributes to a number of processes in
the cell, mitochondria contain a range of antioxidant enzymes and superoxide
dismutases (Halliwell, 1991), such as manganese superoxide dismutase (MnSOD),
catalase and glutathione peroxidase (GPx) (Kirkman and Gaetani, 1984; McCord and
Fridovich, 1969; Ursini et al., 1995) to control deleterious build-up of ROS without
completely preventing it. For example, loss of mitochondrial MnSOD (SOD-2) causes
widespread organ damage (Melov et al., 1999), and embryonic or neonatal lethality in
mice (Lebovitz et al., 1996; Li et al., 1995).
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1.1.3

Distribution of mitochondria

The energy requirement of cells has a significant influence on the size,
morphology and number of mitochondria (Bereiter-Hahn and Voth, 1994; Detmer and
Chan, 2007; Hermann and Shaw, 1998; Warren and Wickner, 1996; Yaffe, 1999).
Cells with high energy requirements such as muscle, liver and heart contain greater
quantities of mitochondria (Warren and Wickner, 1996).

Proliferating and non-

proliferating cells also have different energy requirements, e.g. proliferating cells use
glycolysis instead of oxidative phosphorylation for generation of biomass and ATP
due to the significant requirement for nucleotides, amino acids, and lipids (Vander
Heiden et al., 2009). This has been observed in some cancer cell lines which rely on
relatively inefficient aerobic glycolysis instead of oxidative phosphorylation, termed
the „Warburg effect‟, in the presence of high oxygen tension in spite of a lack of
impairment of mitochondrial function (Kroemer and Pouyssegur, 2008; Vander
Heiden et al., 2009).

1.1.4

mtDNA

Mitochondria are commonly considered to have arisen from the endosymbiosis
between an -protobacteria and an archaebacteria (Gray, 1999; Gray et al., 1999; Lang
et al., 1999) as determined via phylogenetic analysis of mitochondrial DNA on protein
coding genes (Gray et al., 1999) and ribosomal RNA genes (Gray, 1998; Timmis et
al., 2004); although recent advances in the origins of eukaryotes have indicated a more
complex picture (Embley and Martin, 2006). Over time a large percentage of the
genes from the ancestral -protobacterium relocated to the nucleus via gene-transfer
resulting in a greatly reduced mitochondrial genome. In humans mtDNA forms a
circular genome of 16,533 bp containing 37 genes, 13 of which encode polypeptides
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(Ingman et al., 2000) which are inherited in a maternal, non-mendelian fashion (Giles
et al., 1980; Hutchison et al., 1974). Human mtDNA is associated with a number of
different proteins (Bogenhagen et al., 2008; Wang and Bogenhagen, 2006), including
those which participate in mtDNA replication and transcription, such as: mitochondrial
transcription factor A (TFAM) and mitochondrial single stranded binding protein
(mtSSB) (Garrido et al., 2003), mitochondrial RNA polymerase (POLRMT),
mitochondrial transcription termination factor proteins (MTERF1-4), mitochondrial
transcription factor B1 (mtTFB1) and mitochondrial transcription factor B2 (mtTFB2)
(Bogenhagen et al., 2008), and ATPase family AAA-domain containing protein 3A
(ATAD3) (He et al., 2007). This mtDNA-protein complex is known as a nucleoid
which can vary greatly (from species-to-species) in size, morphology, and the number
of nucleoids per cell. In humans there are between 6 - 10 copies of mtDNA per
nucleoid (Iborra et al., 2004). mtDNA also contains a short triple-stranded region in
the major non-coding region known as the D-loop, which likely serves as an anchor
facilitating formation or segregation of mitochondrial nucleoids (He et al., 2007)
possibly via interactions with the C-terminal domain of ATAD3 which is located in
the matrix (Gilquin et al., 2010). A range of chaperones and proteases have also been
identified in association with the nucleoid such as LONM (Liu et al., 2004), Hsp70
and Hsp60 (although peripherally located) (Bogenhagen et al., 2008), linking the
mitochondrial nucleoid to the protein folding machinery (Wang and Bogenhagen,
2006). Furthermore, the molecular composition of nucleoids may vary in response to
physiological cues, such as observed for the yeast bifunctional enzymes Aconitase 1
and Ilv5 (acetohydroxyacid reductoiso-merase).

Aconitase 1 is activated and

accumulates in nucleoids via the haem activator protein complex when cells are
shifted to respiratory conditions (Liu and Butow, 1999) or the retrograde pathway in
response to mitochondrial dysfunction (Butow and Avadhani, 2004), whereas Ilv5 is
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activated and accumulates in nucleoids via the general amino-acid pathway in
response to amino-acid starvation (Petersen and Holmberg, 1986). Interestingly, the
AAA+ protein ClpX (casein lytic peptidase X) (see section 1.4.2 and 1.6.3) was also
recently identified in association with nucleoids (Cheng et al., 2005), and thus could
potentially play a role in mtDNA stability or maintenance, directly or indirectly via
proteolytic regulation of the mitochondrial nucleoid components.

1.1.5

Mitochondrial dysfunction and disease

A growing number of human diseases (i.e. ~1 in 50,000 live births) have been
attributed to mutations in genes encoding mitochondrial proteins. Mutations can occur
in genes encoded by the nuclear DNA or mitochondrial DNA (mtDNA) and affect a
number of different processes with a typical and strong overrepresentation of
metabolic and neuromuscular disease (Johannsen and Ravussin, 2009). Also, they
frequently affect numerous physiological process at the same time (Huynen et al.,
2009). Some examples of mitochondrial diseases and the processes they affect are:
hepatic mitochondrial DNA depletion syndromes and paragangliomas with affect
oxidative phosphorylation (Elpeleg et al., 2002), Friedreich ataxia with affect ISC
synthesis (Schmucker and Puccio, 2010), Optic atrophy with affect mitochondrial
morphology (Alexander et al., 2000; Delettre et al., 2000), and a range of diseases due
to mitochondrial-carrier defects characterised by specific metabolic dysfunctions
(Palmieri, 2008).

Mitochondrial defects can also result in neurodegenerative

disorders, such as: Hereditary Spastic Paraplegia (Atorino et al., 2003; Casari et al.,
1998; Ferreirinha et al., 2004), ataxia-like disease SCA28 (Di Bella et al., 2010),
Parkinsons disease (Betarbet et al., 2000; Mizuno et al., 1989; Orth and Schapira,
2002; Parker et al., 1989; Schapira et al., 1989; Valente et al., 2004) and Alzheimers
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disease (Devi et al., 2006; Hirai et al., 2001; Wang et al., 2008b). Mitochondrialrelated diseases can arise due to mutations in mtDNA, such as: Myoclonic epilepsy
and ragged-red fibre (MERRF) disease (Shoffner et al., 1990), mitochondrial
encephalopathy, lactic acidosis and stroke-like episodes (MELAS) (Scaglia and
Northrop, 2006) and Leigh‟s syndrome (Gerards et al., 2010; Grafakou et al., 2003;
Matthews et al., 1993; Mootha et al., 2003b; Rotig and Munnich, 2003).

Finally,

perturbations to mitochondrial homeostasis can result in developmental defects (Chen
et al., 2003; Davies et al., 2007).

1.2

Biogenesis of mitochondria

1.2.1

Inheritance

New mitochondria are actively generated from existing mitochondria,
mitochondrial continuity requiring transmission of mitochondria to daughter cells
before every cell division (Yaffe, 1999). Inheritance of mitochondria can involve
utilization of cytoskeletal components such as kinesin (Tanaka et al., 1998),
intermediate filaments (Couchman and Rees, 1982; David-Ferreira and DavidFerreira, 1980; Hirokawa, 1982) and actin (Altmann and Westermann, 2005; Drubin et
al., 1993; Lazzarino et al., 1994; Pruyne et al., 2004). In yeast, important proteins
implicated in the movement of mitochondria, and thus inheritance are: Mmm1p,
Mdm10p and Mdm12p (Boldogh and Pon, 2006).

1.2.2

Fusion and fission

Mitochondria are constantly being remodeled by the processes of fission and
fusion, which collectively are important for: embryonic development (Chen et al.,
2003), induction of apoptosis (Lee et al., 2004; Perfettini et al., 2005; Youle and
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Karbowski, 2005), recruitment of mitochondria to nerve terminals (Verstreken et al.,
2005), replacement of damaged proteins with functional, active proteins (Nakada et
al., 2001) and sequestering of irreversibly damaged proteins. These processes can be
transient events, which preserve the original morphology or prolonged events that lead
to complete fusion (Liu et al., 2009; Tondera et al., 2009). Tight regulation of this
process is important as imbalances in mitochondrial fusion and fission can lead to
mitochondrial fragmentation (Chen et al., 2003; Hermann and Shaw, 1998) or
excessive elongation and interconnectivity (Bleazard et al., 1999; Labrousse et al.,
1999; Sesaki and Jensen, 1999; Smirnova et al., 2001). Imbalances can be triggered
by loss or change of function in key players in either process, such as mutations in
Opa1 which lead to Autosomal Dominant Optic Atrophy (ADOA) (Alexander et al.,
2000; Delettre et al., 2000). While many of the mechanistic details are yet to be
revealed, a number of dynamin-related GTPases have been identified as major
components in these processes and are reviewed in Bernad and Karbowski (2009).
The major components in the process of mitochondrial fusion (see Figure 1.1)
are: Mfn1 (Chen et al., 2003; Santel and Fuller, 2001), Mfn2 (Chen et al., 2003; Santel
and Fuller, 2001), Opa1 (MGM1 in yeast) (Olichon et al., 2002; Satoh et al., 2003),
and Bax and Bak (Karbowski et al., 2006). Mfn1 and Mfn2 are located in the outer
mitochondrial membrane (Rojo et al., 2002) and act to tether opposing mitochondria
(Koshiba et al., 2004), using energy released from hydrolysis of GTP by Opa1 for
mitochondrial fusion of the inner and outer membrane in successive and independent
reactions (Liu et al., 2009; Malka et al., 2005; Meeusen et al., 2004). The major
players in the opposing process of mitochondrial fission (see Figure 1.2) are: Drp1
(Bleazard et al., 1999; Otsuga et al., 1998) and Fis1 (Jakobs et al., 2003; James et al.,
2003; Mozdy et al., 2000). Drp1 is recruited from the cytosol to discrete spots on the
mitochondrion (Smirnova et al., 2001) via Fis1 and two adaptor proteins, Mdv1 and
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Figure 1.1: Regulation of mitochondrial morphology via fusion
An overview of proteins considered to be involved in mitochondrial fusion modified
from Benard and Karbowski (2009) showing tethering of mitochondria via
interactions between Mfn1/Mfn2 and Opa1-L. Opa1-L can be processed to a fusion
incompetent form by a number of proteases (including i-AAA and m-AAA) with both
forms being required for fusion. Members of the Bcl-2 family are also involved in
activating assembly of the Mfn2 complex and altering its submitochondrial location.

Figure 1.2: Regulation of mitochondrial morphology via fission
An overview of proteins considered to be involved in mitochondrial fusion modified
from Benard and Karbowski (2009) showing fusion of mitochondria via the action of
Drp1 (recruited from the cytosol by Fis1 and activated through phosphorylation by a
number of different protein kinases). Mff is simarly anchored in the OM but has been
suggested to mediate different steps in mitochondrial fission.
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Caf4 (Griffin et al., 2005; Mozdy et al., 2000; Tieu et al., 2002), where upon it can
assemble into multimeric complexes that constrict lipid membranes (Ingerman et al.,
2005).
Tight regulation of mitochondrial fusion and fission is complicated by the need
for precise spatial coordination of fusion and fission processes in both the OM and IM.
Recent results from dominant-negative mutants in Drosophila melanogaster have
indicated that ATAD3A (ATPase family AAA domain-containing protein 3A)
regulates dynamic interactions between the OM and IM (Gilquin et al., 2010).
Rousseau and colleagues have proposed that in humans ATAD3A spans both the inner
and outer mitochondrial membranes, with its C-terminal region located in the matrix
and N-terminal region located in the intermembrane space or cytosol (Hubstenberger
et al., 2010). Overexpression of a Walker A mutant of ATAD3A in human U373 cells
(or murine NIH3T3 cells) results in fragmentation of the mitochondrial network,
indicating an ATP-dependant role for ATAD3A in mitochondrial morphology
(Gilquin et al., 2010).

1.2.3

Import of nuclear encoded proteins

The human mitochondrial proteome contains between 1000 - 1500 proteins
(Pagliarini et al., 2008; Taylor et al., 2003), 13 of which are encoded by the
mitochondrial genome and synthesised in the matrix. Thus, the vast majority of
mitochondrial proteins are nuclear encoded, synthesised in the cytosol and targeted to
and transported into the organelle (Chacinska et al., 2009; Truscott et al., 2003). To
this end mitochondria possess a complex protein import and processing network
consisting of a number of receptors, membrane translocases, shuttling proteins, a
chaperone-based import motor and processing peptidases (see Figure 1.3).
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Mitochondrial preproteins are recognised by receptors on the surface of mitochondria.
They are then translocated through the OM via the Translocase of the outer membrane
(TOM) complex where the pore forming integral membrane protein Tom40 acts as the
general gateway for entry of the nuclear encoded mitochondrial proteins. From this
point, preproteins may take a number of different routes depending on their intrinsic
targeting and sorting signals and hence final location. Outer mitochondrial -barrel
membrane proteins are inserted via the Sorting and Assembly Machinery (SAM)
complex with the assistance of the small Tim proteins located in the intermembrane
space (Pfanner et al., 2004) while metabolite transporters (carrier proteins) are shuttled
to the Translocase of the inner membrane 22 complex (TIM22) via the small Tims
(Tim9 - 10) for insertion in the IM. Many mitochondrial matrix, inner membrane and
even intermembrane space proteins are directed to their final compartment via a
cleavable N-terminal targeting signal.

These targeting signals (presequences),

frequently possess a high percentage of positively charged, hydrophobic and
hydroxylated amino acids (von Heijne et al., 1989) resulting in formation of a
positively charged amphipathic -helix (Pfanner et al., 2004). The presequences are
recognised by Tom receptors on the mitochondrial outer membrane and transported
through the TOM complex where they are directed to the TIM23 (presequence)
translocase. In a membrane potential dependent manner they are then translocated
through the inner membrane via a translocation pore formed by Tim23 and imported
into the mitochondrial matrix with the assistance of the TIM23-associated PAM
complex with mtHsp70 acting as an ATP-dependent molecular motor (see Figure 1.3).
Preproteins that also contain a sorting signal in addition to the presequence (bipartite
signal) laterally transfer into the inner membrane where they reside or are further
processed for release into the intermembrane space.
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Figure 1.3: Biogenesis of nuclear-encoded mitochondrial matrix proteins
Schematic overview of mitochondrial matrix protein biogenesis from nuclear-encoded
genes. Newly translated polypeptides (bound by chaperones to prevent misfolding)
are targeted to the mitochondria via their N-terminal targeting sequence. Prior to
import through the TOM complex chaperones are released. The major peptidases
responsible for maturation of newly imported protein are IMP in the IMS and MPP,
MIP and Icp55 in the matrix.

The maturation of preproteins following the presequence pathway involves the
removal of the targeting signal by the mitochondrial processing peptidase (MPP), and
in some cases further processing by the mitochondrial intermediate peptidase (MIP) in
the matrix (see Figure 1.3). Some proteins sorted to the inner membrane are further
processed by the inner membrane protease (IMP) releasing the protein into the
intermembrane space (Gakh et al., 2002). MIP generally removes an octapeptide
(Isaya et al., 1992) whereas IMP removes the hydrophobic sorting signal located
adjacent to the N-terminal targeting signal. MPP is an - heterodimer, the -subunit
encoding a metal-binding sequence (HXXEH) for catalytic activity (Kitada et al.,
1995). Important determinants for substrate recognition by MPP include: an arginine
residue at position -2 from the cleavage site, flexible linker region containing proline
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and/or glycine between two distal basic residues, and an aromatic or bulky
hydrophobic residues at position +1 from the cleavage site (Niidome et al., 1994;
Ogishima et al., 1995; Ou et al., 1994; Shimokata et al., 1998; Shimokata et al., 1997;
Song et al., 1996). Four MPP cleavage site motifs have been proposed for eukaryotic
proteins (Gavel and von Heijne, 1990), these being: R2 motif, xRxx(S/x); R3 motif,
xRx(Y/x)(S/A/x)x;

R10

motif,

xRx(F/L/I)xx(S/T/G)xxxx;

R-none

motif,

xxx(S/x). However, recent data from Pfanner and colleagues has resolved a longstanding controversy regarding MPP specificity with respect to R2 and R3 motifs.
Analysis of the N-terminal proteome of yeast mitochondria lead to the finding that
preproteins processed by the MPP are cleaved at an R3 recognition motif and then a
subset undergo a second cleavage event by an intermediate cleaving peptidase (Icp55),
removing a singe amino acid from the N-terminus of the preprotein (Vogtle et al.,
2009).

All Icp55 substrates tested were found to have a tyrosine, leucine or

phenylalanine at position -1 from the processing site with cleavage most frequently
revealing serine, alanine or threonine. In an ∆icp55 yeast strain preproteins that had
not undergone the second processing step (i.e. retained Tyr, Leu and Phe) where
moderately unstable indicating that a single N-terminal amino acid could signal
degradation, analogous to the prokaryotic N-end rule (Dougan et al., 2010). AAA+
proteases are also involved in the maturation of mitochondrial preproteins, such as
seen for the m-AAA protease, which removes a propeptide from paraplegin, MrpL32
and cytochrome C peroxidase (Ccp1) following MPP processing (Esser et al., 2002;
Koppen et al., 2009; Nolden et al., 2005), demonstrating the importance of posttranslational modifications for mitochondrial protein maturation.

Having being

successfully imported and processed, mitochondrial proteins must then fold into their
functional three-dimensional structure. This may occur spontaneously or with the
assistance of molecular chaperones such as Hsp70, Hsp40, GrpE, Hsp60 and Hsp10
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(Hartl and Hayer-Hartl, 2009). These individual folded protein subunits may then
assemble to form functional oligomers such as enzymes of the TCA cycle or assemble
into large macromolecular and even supramolecular complexes, such as seen for the
ETC (Lenaz and Genova, 2009). Assembly of large complexes is expected to require
the assistance of various nuclear-encoded assembly factors (Dunning et al., 2007;
Fontanesi et al., 2006; McKenzie and Ryan, 2010; Sugiana et al., 2008).

1.3 Mechanisms for maintaining functional mitochondria

Quality control of mitochondria occurs at a number of levels to limit
mitochondrial damage and maintain cellular integrity (see Figure 1.4). As a first line
of defence mitochondria possess a network of chaperones and proteases, forming a
conserved protein quality control network (mtPQC) (see section 1.4). As a second line
of defense mitochondria utilise the processes of mitochondrial fusion or fission to
replace damaged proteins with functional, active proteins or remove irreversibly
damaged proteins or compromised mitochondria via mitophagy (Twig et al., 2008).
Finally, in the case of excessive mitochondrial damage arising from a wide range of
factors such as: radiation, cytotoxic drugs, cellular stress and growth factor withdrawal
cells can undergo apoptosis (Adams and Pollard, 1986). A number of key events in
this process involving mitochondria, known as the mitochondrial apoptotic or intrinsic
pathway, include: release of proapoptotic factors (such as SMAC/DIABLO and
cytochrome C) (Kluck et al., 1997; Liu et al., 1996), changes in electron transport
(Eguchi et al., 1997),

altered

cellular oxidation-reduction, loss of mitochondrial

membrane potential and participation of pro- and anti-apoptotic Bcl-2 family proteins
(Vander Heiden et al., 1997). Released cytochrome C, in conjunction with dATP or
ATP, induces oligomerisation and formation of a large multimeric complex known as
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the apoptosome, which activates procaspase-9 leading to activation of downstream
caspases such as caspase-3 and ultimately apopotosis (Garrido et al., 2006; Zou et al.,
1999). Concurrently, SMAC/DIABLO is able to inactivate the inhibitor of apoptosis
(IAP) proteins in the cytosol thus relieving inhibition of caspase-9 (Du et al., 2000).

Figure 1.4: Quality control of mitochondria
Mitochondria contain a number of mechanisms for limiting mitochondrial damage and
maintain cellular integrity. Initially, mitochondria make use of a conserved prokaryoticlike system of chaperones and proteases to limit damage at the molecular level. As the
level of potential damage increases quality control is also performed at the organeller level
via mitochondrial morphology and mitophagy. Finally, in the face of excessive damage
apoptosis is intiated to prevent detremintal effects on nearby cells.
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1.4

Bacterial Protein Quality Control

Mitochondria contain a conserved protein quality control (PQC) network
although many of the details are yet to be determined. The related bacterial protein
quality control system has been extensively studied and is therefore discussed below
as a relevant starting point to better introduce the mitochondrial PQC system. The
bacterial PQC system performs a number of important functions, such as: assisting in
maturation and folding of newly synthesised, refolding of unfolded or aggregated
proteins, „conformational maintenance‟ of unstable proteins, removal of unfolded or
damaged proteins and affecting turnover of regulatory proteins. It is comprised of two
arms: molecular chaperones and proteases, and is essential for correct functioning of
the cell. This thesis is focused on the proteolytic arm of protein quality control and is
therefore described in detail in the following sections. These proteases contribute to
both protein quality control, via the degradation of incorrectly synthesised proteins
(Flynn et al., 2001; Gottesman et al., 1998), unfolded, misfolded, mis-assembled or
aggregated proteins, and metabolic or regulatory circuits through the conditional
degradation of enzymes (Ninnis et al., 2009) and transcription factors (Muffler et al.,
1996; Turgay et al., 1998; Zhou et al., 2001). The proteolytic arm of the protein
quality control system achieves the degradation of proteins through use of ATPdependent proteases. The most widely known cellular ATP-dependant protease is the
26S proteasome of the cytosol (and nucleus) of eukaryotes with a related protease
found in archaebacteria and in some bacterial species such as Mycobacterium
tuberculosis (Pearce et al., 2008). In the vast majority of bacteria and some eukaryotic
organelles including mitochondria the proteases belong to the Clp/Hsp100 family of
proteases (also known as AAA+ proteases) of which there are often more than one
type. Clp was originally used to describe a family of two-component proteases that
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catalysed ATP-dependant degradation of casein (Katayama-Fujimura et al., 1987). In
Escherichia coli there are five different AAA+ proteases ClpAP, ClpXP, HslUV, Lon
and FtsH and homologs of most of these proteins are present in mitochondria (see
section 1.6). These ATP-dependant proteases as well as the 26S proteasome are large
ring-shaped molecular machines that consist of a multimeric AAA+ chaperone with
protein unfolding capabilities directly associated with a multimeric peptidase (see
Table 1 and Figure 1.5). In the majority of cases the chaperone subunits (e.g. ClpX)
and the peptidase subunits (e.g. ClpP) are encoded by separate genes, such as seen for
the ClpXP, ClpAP and HslUV proteases of E. coli (see Table 1 below). In some cases
the subunits of the protease are encoded by one gene and thus the AAA+ chaperone
and peptidase components are synthesised together as domains on a single
polypeptide, such as seen for the Lon and FtsH proteases in E. coli (see Table 1).

Figure 1.5: Comparison of ATP-dependant proteases
Schematic diagram of FtsH, HslUV and the 26S proteasome showing the peptidase and
AAA+ unfoldase components. For the 26S proteasome, the 20S core acts as the peptidase
and the base of the 19S regulatory particle as the unfoldase.
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AAA+
protease

AAA+
chaperone
subunit
(no. of s.u.)

Peptidase
subunit
(no. of s.u.)

Subunit
stoichiometry
(no. of s.u.)

Molecular
mass

Reference

ClpXP

ClpX6

ClpP14

ClpX6ClpP14

598 kDa

(Kim and Kim, 2003)
(Wang et al., 1997)

ClpAP

ClpA6

ClpP14

ClpA6ClpP14

826 kDa

(Guo et al., 2002b)
(Wang et al., 1997)

HslUV

HslU6

HslV12

HslU6HslV12

567 kDa

(Sousa et al., 2000)
(Bochtler et al., 2000)

Lon

Lon6

Lon6

Lon6

525 kDa

(Duman and Lowe, 2010)

FtsH

FtsH6

FtsH6

FtsH6

420 kDa

(Bieniossek et al., 2006)
(Bieniossek et al., 2009)

Table 1: AAA+ proteases of Escherichia coli
Stoichiometric ratios (and respective theoretical molecular weights) relevant to single-headed
complexes of the E. coli AAA+ proteases.

1.4.1

Peptidases of the PQC system

In general the peptidases of the PQC system form homo-oligomeric ringshaped structures, in either hexameric or heptameric form, that can stack back-to-back
to sequester catalytic residues inside an enclosed internal degradation chamber. An
example of this is E. coli ClpP which consists of two heptameric rings stacked backto-back to form a stable tetradecamer (Sauer et al., 2004) (see Figure 1.6). Each
subunit contains a catalytic triad resulting in a high concentration of active sites within
this enclosed degradation chamber (see Figure 1.6, yellow stars indicating active sites)
ensuring that polypeptides are cleaved multiple times into small fragments of 5 - 20
residues (Sauer et al., 2004) that are proposed to diffuse out through the side wall of
the peptidase molecule due to conformational changes in the chamber walls (Kang et
al., 2004; Sprangers et al., 2005). This high concentration of active sites imposes a
high priority for preventing uncontrolled protein degradation that could severely
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disrupt the proteome and thus cellular homeostasis. This is achieved by the back-back
stacking of the oligomeric peptidase, which results in narrow entry portals (see Figure
1.6) at either end of the degradation chamber of approximately 10Å that prevents entry
to all but short polypeptides (Wang et al., 1997). Thus, the AAA+ chaperones are
required for regulated unfolding and translocation of target proteins into the peptidase
component. The essential gate keeping function of the AAA+ chaperones to prevent
uncontrolled entry of proteins into the peptidase chamber is highlighted by the
antibiotic ADEP which causes unregulated degradation of substrates by binding
directly to the ClpP core activating chaperone-independent proteolytic activity (BrotzOesterhelt et al., 2005; Kirstein et al., 2009a).

Figure 1.6: Oligomeric structure of the E. coli ClpP peptidase based on Wang et al.,
(1997).
A. Surface representation of the 3D structure of ClpP taken from Wang et al., (1997)
B. Cartoon representation of ClpP showing individual subunits and active sites (yellow
stars) viewed from the top and the side of the protease to illustrate the narrow entry
pore and enclosed degradation chamber respectively
xxxvii
20

Chapter 1: Introduction

1.4.2

Chaperone component of AAA+ proteases - AAA+ proteins

The chaperone component of AAA+ proteases (e.g. ClpX) belong to a large
superfamily of proteins known as AAA+ proteins. The unifying feature of this family
of proteins is a structurally conserved module (known as AAA module or cassette)
within the polypeptide that binds ATP and promotes oligomerisation of subunits into
stable ring-shaped complexes (Beuron et al., 1998; Grimaud et al., 1998) with a
narrow central pore (see Figure 1.7A and 1.7B) of between approximately 10 – 20 Å
in diameter (Bochtler et al., 2000; Guo et al., 2002b; Kim et al., 2003). Furthermore,
the modulation of target proteins such as unfolding and translocation is mediated by
conformational changes in the AAA+ protein stemming from the binding and
hydrolysis of ATP (see Figure 1.7B, white balls).

This conserved structural

arrangement permits the conversion of chemical energy stored in ATP into a

A.

B.

Figure 1.7: Crystal structure of the hexameric ring-shaped AAA+ chaperone ClpX
and HslU
A. Crystal structure of ClpX from Helicobacter pylori taken from Kim et al. (2003)
as viewed along the six-fold axis from the distal end of the protease. ATPase core
domain (magenta), SSD domain (green) and LGF tripeptide (red).
B. Crystal structure of HslU from Haemophilus influenza taken from Sousa et al.
(2000) viewed along the six-fold axis from the distal end of the protease.
Individual subunits in different colours with ATP molecules coloured white.
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mechanical force that ultimately drives a range of cellular processes such as protein
unfolding and disassembly, membrane fusion, protein transport, DNA replication and
stress response regulation (Brunger and DeLaBarre, 2003; Burton et al., 2001a; Cao et
al., 2003; Tomoyasu et al., 1995; Ye et al., 2001). Some members of the AAA+
superfamily of proteins include clamp loaders, initiators, hexameric remodelers,
helicases, dyneins and chelatases (Neuwald et al., 1999; Ogura and Wilkinson, 2001).

1.4.3

Chaperone component of AAA+ proteases - AAA+ module

The AAA+ module is composed of approximately 220 residues (Neuwald et
al., 1999) and forms a large -helical domain and smaller primarily -helical Ndomain (see Figure 1.8) (Bochtler et al., 2000; Sousa et al., 2000; Wang et al., 2001).
ATP binding sites, usually containing one or more sensors to relay the presence of the
-phosphate group of ATP (Ogura and Wilkinson, 2001), are located at the junction of
the small and large domains, and the junction of two adjacent monomers (Wang et al.,
2001) (see Figure 1.8). The AAA+ module displays high sequence conservation, and
possesses two specific motifs called the Walker A (WA) and Walker B (WB) motifs,
utilised for ATP binding and hydrolysis. The consensus sequences respectively are:
GxxxxGKT (x = any residue), which forms a loop connecting strand 1 to helix 2,
and hhhhDExx (h = hydrophobic residue, x = any residue) located in strand 3 and the
ensuing loop (Ogura and Wilkinson, 2001). The WA motif interacts with the Mg2+ ion
and the phosphate group of the nucleotide, whereby: the -phosphate interacts with an
absolutely conserved threonine, -phosphate with highly conserved glycine, threonine
and lysine residues, and the -phosphate and -phosphate oxygen atoms with the
conserved lysine (Zhang et al., 2000). The Walker B motif also interacts with the
Mg2+ ion via conserved carboxylate side chains that project into the active site with the
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carboxylate of the conserved glutamate residue believed to be the catalytic base.
Indeed, site-directed mutagenesis has confirmed its importance in various AAA+
proteins (Ogura and Wilkinson, 2001).

Figure 1.8: Structural diagram
shown as a ribbon
representation taken
from Sauer et al.
(2004) of the large
and small domain
of a AAA+ protein,
showing the location
of ATP binding sites
with ATP bound.

1.4.4

Chaperone component of AAA+ proteases – translocation pore

The AAA+ chaperone uses a number of conserved structural elements and
residues, in particular two sets of loops known as the pore-1 and pore-2 loops (see
Figure 1.9) to translocate polypeptides through its pore.

The pore-1 loop which

contains a GYVG sequence is highly conserved in ClpX enzymes and related
Clp/HSP100 ATPases (Martin et al., 2008a; Ogura et al., 1991; Wang et al., 2001).
This sequence contains a conserved aromatic-hydrophobic dipeptide motif that
protrudes from every subunit into the pore and is proposed to be involved in „gripping‟
substrates during unfolding and translocation (Martin et al., 2008b). The activity of
these loops varies between individual subunits based on the ATP state, removal of this
residue in even a few ClpX subunits leading to slippage, frequent failure to denature a
substrate and a dramatic increase in the energetic cost of substrate unfolding. Sauer
and colleagues have proposed that pore-1 loops in nonhydrolytic subunits support or
assist neighbouring hydrolysis subunits or reduce „slippage‟ between power strokes
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Figure 1.9: Conserved pore loops in the ClpX hexamer are involved in protein
recognition and substrate translocation
Model of the ClpX hexamer shown as a ribbon representation taken from Martin et
al. (2008a) based on the subunit structure of H. pylori ClpX and the HslU hexamer,
depicting the RKH (distal side of the unfoldase), pore-1 (located in the central pore)
and pore-2 loops (proximal end of the unfoldase).

from hydrolysis of ATP. Mutations in this loop can reduce or eliminate the activity of
a number of unfoldases (Graef and Langer, 2006; Hinnerwisch et al., 2005; Okuno et
al., 2006; Park et al., 2005; Song et al., 2000; Yamada-Inagawa et al., 2003).

1.4.5

Chaperone component of AAA+ proteases – domain structure and
accessory domains

The functional variety of the AAA+ superfamily of proteins is attributed to
differences in the number of AAA modules, unique accessory domains and structural
motifs linked to the AAA module, variations in module arrangement and
oligomerisation, association with cofactors (adaptors) and the heterogeneity of amino
acid sequence particularly outside of the AAA module. Here I will limit discussion of
these aspects to AAA+ chaperones and to those protein that form part of a AAA+
protease.
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As outlined previously (Table 1) the AAA+ chaperones of ATP dependent
proteases in E. coli are ClpX, ClpA, HslU, Lon and FtsH. Firstly, these proteins can be
divided into two sub-groups based on the number of ATP-binding domains they
contain: Class I proteins (i.e. ClpA) are distinguished by the presence of two AAA+
modules, also known as Nucleotide Binding Domains (NBDs), separated by a variable
linker and Class II proteins (i.e. ClpX and HslU) are distinguished by the presence of
only a single AAA+ module (Schirmer et al., 1996) (see Figure 1.10).
In cases where the chaperone and peptidase are not encoded on a single
polypeptide the AAA+ chaperone possess a structural motif for interaction with its
partner peptidase. For example ClpA and ClpX contain the „P-loop‟ for interaction
with their cognate peptidase ClpP (see Figure 1.10, P).

An IG(F/L) tripeptide

sequence within the P-loop is important for ClpP binding forming strong interactions
with hydrophobic pockets near the periphery of ClpP (Joshi et al., 2004; Kim et al.,
2001; Singh et al., 2001). Another important factor that can define the role of AAA+
proteases is the occurrence of a transmembrane (TM) domain for anchoring of the
protein to membranes. For example the E. coli protease FtsH has two TM domains
(see Figure 1.10, TM) which anchor it to the periplasmic membrane with its catalytic
domains facing into the cytosol.
Perhaps one of the most important features of AAA+ proteins in defining their
role is their accessory domains. These are structural domains that confer specific
properties or functions to these proteins. The majority of AAA+ proteins contain their
accessory domain at the N-terminus of the protein and are referred to as N-domains
(see Figure 1.10, N). Although there is considerable variation between the N-domains
of different AAA+ proteins (length, sequence and structural fold), they are invariably
located at the distal end of the chaperone, in a perfect position for protein-protein
interactions (Dougan et al., 2002b). In p97, a eukaryotic AAA+ protein, the N-domain
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is located at the perimeter of the hexameric ring, comparisons of X-ray structure and
Cryo-EM images indicating that these normally slightly flexible N-domains (Beuron et
al., 2003; Rockel et al., 1999; Rouiller et al., 2000; Zhang et al., 2000) become more
rigid during the transition state of the ATP hydrolysis cycle (DeLaBarre and Brunger,
2003). In E. coli AAA+ proteases ClpX, ClpA and Lon all contain N-domains (see
Figure 1.10, N), which are unrelated in primary sequence and structure.

Other

accessory domains may lie adjacent to the AAA+ module or inserted within it. For
example, HslU contains an accessory insertional-domain (I-domain) between the WA
and WB motifs (Song et al., 2000; Sousa et al., 2000) (see Figure 1.10, I) which is
situated at the distal end of the AAA+ chaperone in the HslUV complex (Bochtler et
al., 2000; Sousa et al., 2000). Accessory domains particularly N-domains provide a
platform near the AAA+ protein translocation pore in which substrates or protein

Figure 1.10: Diagram of the linear structure of AAA+ proteases
Cartoon linear diagram of E. coli AAA+ proteases showing AAA modules (and
associated structural motifs, e.g. WA and WB) and unique accessory domains that
give rise to their functional variety. Abbreviations are as follows: N, N-terminal
domains; I, insertional domain; WA, Walker A; WB, Walker B; P, P-loop; TM,
Transmembrane domain.
xliii
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cofactors (known as adaptors, see section 1.5) can bind. Accessory domains may also
convey a mechanical force driven by the molecular motor (ATP hydrolysis by AAA
module) to manipulate substrates or alternatively to act as sensors to alter the speed of
ATP hydrolysis (Rouiller et al., 2002).

1.4.6

Substrate degradation by ATP-dependant proteolytic complexes

Bacterial AAA+ proteases are able to degrade a wide range of substrates, such
as bacteriophage proteins (Burton et al., 2001a; Hoskins et al., 2000), misfolded and
aggregated proteins (Dougan et al., 2002c), incorrectly synthesised proteins (Flynn et
al., 2001; Gottesman et al., 1998), enzymes (Ninnis et al., 2009) and transcription
factors (Muffler et al., 1996; Turgay et al., 1998; Zhou et al., 2001). In the vast
majority of situations the degradation signal is intrinsic to the protein, an exception
being the ssrA tag and substrates of the N-end rule pathway. Although eukaryotes do
not possess the ssrA tagging system, proteins can be marked for degradation via a
ubiquitin tag which directs them to the 26S proteasome for subsequent proteolytic
degradation. The specific details of substrate recognition and binding via degradation
tags may vary significantly between different proteolytic complexes, such as ClpAP or
ClpXP (Sharma et al., 2005). Substrates are directed to the AAA+ proteases by
intrinsic degradation signals or tags and can be separated into two broad types:
primary signals and tethering signals.

Interestingly, for the ClpXP proteolytic

complex it is not the intrinsic stability of the target protein but the presence of a tag
that affects the efficiency of degradation (Sharma et al., 2005). Primary signals are
directly involved in proteolytic degradation, directing the targeted substrate into the
pore of the chaperone, compared to tethering signals that simply increase binding
affinity of targeted substrates to the chaperone, resulting in a greater concentration of
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bound substrates and thus increased probability of substrate engagement and hence
degradation (Sauer et al., 2004). Problems may arise when distinguishing signal types
experimentally as a weak primary or strong tethering signal can both bring in a
substrate for proteolytic degradation (Sauer et al., 2004). The N- and C- terminal ends
of native substrates are often unstructured or exposed, and thus serve as degradation
tag locations, although a signal may also be found at internal sites (Sauer et al., 2004).
The ssrA degradation tag is an example of a primary degradation signal and consists of
a stretch of 11 amino acids (AANDENYALAA) (Tu et al., 1995) that are added to the
C-terminal end of incompletely synthesised polypeptides in response to stalled
ribosomal translation as part of the E. coli quality-control system (Keiler et al., 1996).
The major protease responsible for degradation of ssrA tagged substrates is ClpXP
(Gottesman et al., 1998). In this case the basic RKH loop at the entry to the central
pore of ClpX is responsible for the recognition of the negatively charged -carboxyl
group at the C-terminus of the ssrA tag (Martin et al., 2008a). The RKH loop is
highly conserved amongst ClpX orthologs but replaced by much shorter loops in ClpA
and HslU and completely absent in FtsH (Martin et al., 2008a; Wang et al., 2001). A
second set of loops, known as the pore-2 loop which is roughly 30Å away from the
RKH loop, also plays a key role in recognition of the ssrA tag for both the AAA+
chaperone ClpX and ClpA, which is able to recognize the ssrA tag despite lacking the
RKH loop and possessing a dramatically different pore-2 loop (Martin et al., 2008a).
Folding of proteins into the correct three-dimensional structures while essential
for enabling biological activity, importantly also endows long-term stability in
crowded biological environments (Radford and Dobson, 1999).

Native states of

protein correspond to those structures which are the most thermodynamically stable
under physiological conditions (Dobson, 2003), thus imposing an energetic hurdle for
unfolding of native substrates. More than 50 substrates have been identified for the
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E. coli AAA+ ClpX chaperone, containing either a N-terminal or C-terminal
recognition motif for degradation (Flynn et al., 2003). In the case of ClpX, the
hexameric complex contains a small 10Å opening (pore) that denies entry to globular
folded polypeptides.

Thus, a denaturing force is required to unfold proteins for

subsequent translocation (Sauer et al., 2004) (see Figure 1.11).
This process can be a costly exercise due to highly stable proteins taking
potentially hundreds of cycles of binding, application of a denaturing force, and
dissociation prior to successful translocation into the peptidase (Sauer et al., 2004).
ATP hydrolysis is brought about by nucleophilic attack of an activated water molecule
at the -phosphate resulting in subsequent formation of a penta-coordinate state (Ogura
and Wilkinson, 2001). Early proposals for cycling of ATP hydrolysis included the
synchronised, rotational and sequential model. In these models ATP is hydrolysed
simultaneously by all six subunits
of

the

AAA+

chaperone,

sequentially by three of the six
subunits, or sequentially by pairs
of subunits on opposite sides of the
ring,

respectively

(Ogura

and

Wilkinson, 2001). However, more
recent

studies

argue

against

concerted and strict sequential
models of ATP hydrolysis cycling
(Martin et al., 2005).
An

alternative

model

proposed by Beuron and colleagues
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Figure 1.11: Cartoon schematic of ATP driven
Substrate, unfolding and translocation.
Repetitive cycles of ATP binding,
hydrolysis and release are used to
drive global substrate unfolding and
subsequent translocation into the
peptidase.
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for p97, which contains two AAA+ modules, suggested that ATP hydrolysis results in
movement of one ring, by 8.6 for each ATP hydrolysed, in relation to another
stationary ring (Huyton et al., 2003). While exact progression of ATP cycling is
unclear, evidence from Sauer and colleagues indicates that, in the case of ClpX, up to
two subunits act as sites of fast ATP hydrolysis, up to two subunits for slow ATP
hydrolysis and at least two subunits that are nucleotide free (Hersch et al., 2005).
Recent crystal structures of nucleotide-free and nucleotide bound ClpX similarly
indicated the presence of two subunits that cannot bind nucleotide, resulting from a
staggered arrangement of subunits (Glynn et al., 2009).

Analysis of the crystal

structures indicated movement between the large and small domains by approximately
15, in opposing directions between subunits, resulting in a complex set of motions of
associated rigid body units composed of adjacent small and large AAA+ domains
(Glynn et al., 2009). Differences between the nucleotide-bound and nucleotide-free
states also suggested the possibility that the ClpX pore could expand during
translocation of polypeptides (Glynn et al., 2009). This is important as the GYVG and
pore-2 loops fill most of the space in the pore, yet ClpX can translocate two
polypeptides joined by disulphide bonds together (Barkow et al., 2009; Bolon et al.,
2004; Burton et al., 2001b). It has been proposed for the E. coli ClpXP proteolytic
complex that binding of ClpX to ClpP can facilitate a stronger denaturation force,
whereby interactions between the N-terminal loops of ClpP, which extend „up‟ from
the narrow entry portal, and ClpX pore-2 loops, that extend „down‟ from the central
pore, extend the substrate binding channel facilitating more efficient substrate
unfolding (Sauer et al., 2004).
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1.5

Adaptor proteins

AAA+ proteins utilise extra proteins, called adaptor proteins, to enhance or
extend their substrate binding repertoire (see Figure 1.12). By binding directly to the
substrate and interacting specifically with a common area such as the N-domain of the
AAA+ chaperone, adaptor proteins such as Stringent starvation protein B (SspB) and
the Regulator of SigmaS B (RssB) of E. coli can redirect the activity of AAA+
proteins without affecting other AAA+ functions (Dougan et al., 2002b). In some
cases adaptor proteins can trigger complete switches in the activity of AAA+
chaperones (Sauer et al., 2004).

Furthermore, regulation of adaptor proteins

themselves provides another avenue to control the substrate repertoire of AAA+
proteins spatially or temporarily to facilitate rapid and precise responses to
environmental stress, such as protein damaging agents or nutrition starvation (Dougan
et al., 2002b; Flynn et al., 2001).

Adaptor proteins range in primary sequence,

structure and function and assist AAA+ proteins in both bacteria and eukaryotes
(Dougan et al., 2002b). To date there have been no adaptor proteins identified for any
mitochondrial matrix proteolytic machines (see section 1.6.3 - 1.6.5).

1.5.1

Bacterial adaptor proteins

Some specific AAA+ protease adaptor proteins in E. coli are: SspB (Dougan et
al., 2003; Levchenko et al., 2003; Levchenko et al., 2000; Song and Eck, 2003), RssB
(Muffler et al., 1996; Pratt and Silhavy, 1996; Zhou et al., 2001) and the ClpA
specificity factor (ClpS) (Dougan et al., 2002c; Erbse et al., 2006; Wang et al., 2008a).
The gene encoding E. coli ClpS is located in an operon together with the gene
encoding ClpA (Dougan et al., 2002c). ClpS is able to modulate the activity of ClpA
through binding to its N-domain (Dougan et al., 2002c; Guo et al., 2002a; Zeth et al.,

xlviii
31

Chapter 1: Introduction

2002). ClpS is essential for the ClpAP mediated degradation of N-end rule substrates
binding tightly to the substrate and delivering them to ClpAP protease (Dougan et al.,
2010; Erbse et al., 2006; Ninnis et al., 2009; Roman-Hernandez et al., 2009;
Schuenemann et al., 2009; Wang et al., 2008a). ClpS is also able to redirect the
ClpAP proteolytic complex away from degradation of ssrA-tagged protein towards
aggregated proteins, blocking binding of these substrates (Dougan et al., 2002a).
While ClpS triggers release of any ssrA tagged substrates already bound to ClpA, the
Stringent Starvation Protein B (SspB) redirects ssrA-tagged substrates to the ClpXP
proteolytic complex through direct binding to the ssrA tag (Flynn et al., 2001). SspB
also binds to and delivers a fragment of RseA to ClpXP for degradation thereby
releasing the envelope stress transcription factor SigmaE leading to the upregulation of
periplasmic stress response genes (Flynn et al., 2004). Degradation of the general
stress response transcription factor SigmaS by ClpXP is strictly dependent on another
ClpX adaptor protein known as RssB (Muffler et al., 1996; Pratt and Silhavy, 1996;
Zhou et al., 2001). In this case under non-stress conditions RssB binds to SigmaS
facilitating its rapid degradation by ClpXP thereby maintaining very low steady state
levels of SigmaS. When the cell encounters stress, small proteins known as antiadaptors inhibit RssB mediated degradation by ClpXP leading to stabilisation of
SigmaS and the upregulation of general stress response genes (Bougdour et al., 2008;
Bougdour and Gottesman, 2007; Bougdour et al., 2006).
In the model Gram positive bacterium Bacillus subtilis the AAA+ protein,
ClpC interacts with an adaptor protein MecA to control competence development in
this organism (Turgay et al., 1998; Turgay et al., 1997). This adaptor protein (MecA)
also performs a vital role in the protein quality control system of B. subtilis as it is
required for all of the major chaperone activities of ClpC (Kirstein et al., 2006;
Schlothauer et al., 2003).
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Figure 1.12: Conditional nature of proteolytic degradation by the prokaryotic AAA+
proteases
Prokaryotic AAA+ proteases can recognize a wide range of substrates via
degradation tags that can be intrinsic to the protein or added post-translationally (i.e.
ssrA tag). Degradation tags can also be recognized via adaptor proteins which
subsequently act to target them to the AAA+ chaperone. Once substrates are
delivered there is ATP-dependant unfolding and translocation into the peptidase,
followed by peptide hydrolysis and subsequent release of short peptides through
transient openings in the side wall of the degradation chamber.

Thus, adaptor proteins play an important role in modulating the substrate
repertoire of AAA+ proteases contributing directly to protein quality control through
the clearance of damaged proteins and also indirectly by controlling the levels of
housekeeping proteins or enzymes.

1.6

Mitochondrial Protein Quality Control (mtPQC)

Mammalian mitochondria are estimated to contain around 1000 - 1500
proteins, the vast majority of which are nuclear-encoded, synthesised in the cytosol
and imported into the organelle.

Like in bacteria and other compartments of

eukaryotes the structural integrity and hence function of proteins is maintained by the
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protein quality control network.

However, since mitochondria evolved from an

ancient -proteobacteria the components of the quality control system resemble
bacterial molecular chaperones and proteases rather than those residing in the cytosol
of eukaryotes. For example the mitochondrial Hsp60 and Hsp10 are homologs of the
bacterial Group I chaperonins GroEL and GroES (Hartl and Hayer-Hartl, 2009;
Nielsen et al., 1999). Consistently, homologs of the Group II chaperonin TriC/CCT
are not represented in the mitochondrion. With respect to the proteolytic arm of
protein quality control a 26S proteasome and ubiquitin tagging system is not
represented in mitochondria and there is no apparent mechanism equivalent to
endoplasmic reticulum associated degradation (ERAD).

Instead PQC in the

mitochondrial matrix is controlled by a group of AAA+ proteases related to several of
the bacterial counterparts described in section 1.6.1 – 1.6.5 although mammalian
mitochondria lack homologs of the ClpAP or HslUV machinery. The AAA+ proteases
in mitochondria (see Figure 1.13) are: i-AAA (intermembrane space AAA protease),
m-AAA (matrix AAA protease), LONM and ClpXP.

The mitochondrial AAA+

proteases are involved in the maturation of newly synthesised or imported proteins
(Nolden et al., 2005; Tatsuta et al., 2007), mitochondrial DNA stability (Campbell and
Spitzfaden, 1994; Suzuki et al., 1994), proteolytic removal of irreversibly damaged or
mutant proteins, „conformational maintenance‟ of unstable proteins (Krzewska et al.,
2001), and turnover of regulatory proteins, such as the -subunit of MPP
(Ondrovicova et al., 2005) and the mitochondrial steroidogenic acute regulatory
protein (StAR) (Granot et al., 2007). Some of these processes are critical for normal
mitochondrial function as genetic mutation in subunits of AAA+ proteases give rise to
neurodegenerative diseases (Atorino et al., 2003; Di Bella et al., 2010).

The

components and functions of the mitochondrial AAA+ proteases are detailed below.
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Figure 1.13: Mitochondrial AAA proteases involved in mitochondrial protein quality
Control (mtPQC)
Cartoon diagram depicting the contribution of mitochondrial AAA proteases to mtPQC
(see section 1.6 for details). The m-AAA, Lon and ClpXP proteases contribute to PQC
in the mitochondrial matrix via proteolysis of unfolded or damaged proteins and
housekeeping proteins or enzymes, e.g. low levels of oxygen (hypoxia) lead to
degradation of COX4-1 by LONM. Complmentary to these processes the i-AAA
protease contributes to PQC in the intermmebrane space.

1.6.1

i-AAA / m-AAA are inner membrane anchored AAA+ proteases

Mitochondria possess homologs of the prokaryotic FtsH AAA+ protease,
known as i-AAA and m-AAA. Similar to their prokaryotic counterpart the AAA+
domain and peptidase components are encoded on the same polypeptide containing a
conserved HEXGH (x = any amino acid) motif for peptidase activity (Rawlings and
Barrett, 1995). The i-AAA protease is an inner mitochondrial membrane anchored,
homo-oligomeric complex of YME1L (Yme1p in yeast) in which the enzymatic
domains face the inter-membrane space (Leonhard et al., 1996; Shah et al., 2000) (see
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Figure 1.13).

Subsequently it contributes to protein quality control in the

mitochondrial inner membrane and intermembrane space. The mature protein contains
four domains, these being: N-terminal region, single TM domain, AAA+ domain
linked to a peptidase domain, and a C-terminal coil-coiled domain which plays a role
in substrate recognition. Defective or reduced levels of the i-AAA protease in yeast
leads to respiratory deficiency at high temperatures, cold-sensitive phenotype on
glucose-media, poor growth in the absence of mitochondrial DNA (Arnold and
Langer, 2002), and the accumulation of punctate mitochondria (Campbell et al., 1994).
The physiological substrates of the i-AAA protease are largely unknown, putative
substrates identified to date are: Cox2 (Nakai et al., 1995; Pearce and Sherman, 1995;
Weber et al., 1996) and Opa1 (Griparic et al., 2007; Ishihara et al., 2006; Song et al.,
2007) (see section 1.2.2). Interestingly, in yeast two proteins, mitochondrial growth
requirement 1 (Mgr1p) and 3 (Mgr3p) were recently shown to enhance substrate
degradation by the i-AAA protease (Dunn et al., 2006; Dunn et al., 2008). Both
proteins interact directly with the substrate in absence of the i-AAA protease and form
a complex with the i-AAA protease, thus potentially constituting the first known
adaptors of the i-AAA protease.
The m-AAA protease is similarly anchored in the inner membrane, although in
contrast to i-AAA it is composed of two related AAA+ polypeptides known as
AFG3L2 and paraplegin (Yta10p and Yta12p in yeast) (Arlt et al., 1996). Both
proteins are composed of two TM domains placing the enzymatic domain in the matrix
(see Figure 1.13). Humans possess an extra form of the m-AAA protease consisting of
a homo-oligomer of AFG3L2 (Atorino et al., 2003; Koppen et al., 2007).

The

m-AAA protease also contributes to protein quality control in the mitochondrial inner
membrane (Arlt et al., 1998; Arlt et al., 1996; Leonhard et al., 2000), including
biogenesis of some nuclear-encoded mitochondrial proteins such as a component of

liii
36

Chapter 1: Introduction

the large mitochondrial ribosomal subunit (MrpL32) (Nolden et al., 2005) and
cytochrome c peroxidase (Ccp1) (Tatsuta et al., 2007). Though not necessary for
biogenesis, in yeast the m-AAA protease is also responsible for degradation of some
non-assembled subunits of complex III, IV and V of the ETC (Cicero et al., 2007). In
humans, loss of paraplegin leads to an autosomal recessive form of hereditary spastic
paraplegia (Casari et al., 1998), and yeast lacking the m-AAA protease display
respiratory deficiencies and a lack of assembled respiratory chain and ATP synthase
complexes (Arlt et al., 1998; Guelin et al., 1994; Tauer et al., 1994; Tzagoloff et al.,
1994).

Loss of paraplegin has been observed to give rise to mitochondrial

morphological abnormalities in the synaptic terminals and distal regions of axons of a
murine model (Ferreirinha et al., 2004). Hereditary Spastic Paraplegia results in
axonal degeneration of cortical motor neurons and ultimately rigidity and weaknesses
in the lower limbs (Casari et al., 1998).

1.6.2

Lon is a matrix localised AAA+ protease

LONM (Pim1p in yeast) is a mitochondrial matrix serine protease with the
AAA+ unfoldase and peptidase encoded by a single AAA+ polypeptide (Suzuki et al.,
1994; Van Dyck et al., 1994; Wang et al., 1993). Pim1p contains a serine-lysine dyad
for peptidase activity and is able to form oligomeric complexes in the absence of ATP,
although addition of ATP favours formation of uniform heptameric ring-shaped
structures (Stahlberg et al., 1999). However, the exact stoichiometry of Lon oligomers
is controversial as other studies have suggested that Pim1p is hexameric (van Dijl et
al., 1998). Lon has been demonstrated to be involved in a range of mitochondrial
processes, such as protection against oxidative stress, respiratory complex assembly
and regulation of mitochondrial gene expression and genome integrity (Bota and
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Davies, 2002; Bota et al., 2005). Loss of Pim1p leads to accumulation of electron
dense aggregates and large mtDNA deletions in S. cerevisiae (Suzuki et al., 1994; Van
Dyck et al., 1994). In contrast knock down of LONM (LONM) in human lung
fibroblasts leads to defects in mitochondrial membrane potential, respiration and
morphology, as well as apoptotic death (Bota et al., 2005; Ngo and Davies, 2007).
However, no apoptotic effects in a colon adenocarcinoma cell line were observed
even after approximately three weeks (Lee and Suzuki, 2008). Known physiological
substrates include: mildly oxidatively damaged aconitase (Bota and Davies, 2002), a
Kreb‟s cycle enzyme that is particularly susceptible to oxidative damage; an oxygen
inefficient isoform of cytochrome C oxidase 4 (COX4) (Fukuda et al., 2007) (see
Figure 1.13); mitochondrial steroidogenic acute regulatory (StAR) protein, which
facilitates transfer of cholesterol into mitochondria for steroid biogenesis (Granot et
al., 2007); and the -subunit of MPP, which is involved in protein import and
maturation (Ondrovicova et al., 2005). Also, LONM is able to interact preferentially
with G-rich ssDNA (and RNA), DNA-binding activity being stimulated by an
unfolded substrate and inhibited by ATP or other nucleotides (Fu and Markovitz,
1998; Lee and Suzuki, 2008; Van Dyck and Langer, 1999), leading to the proposal that
LONM uses DNA as a non-proteinaceous adaptor.

Interestingly, it was recently

shown that the speed and energetic efficiencies of the prokaryotic Lon protease can be
affected by degradation tags, which appeared to result in different enzyme
conformations, these being: no protease activity and a basal ATPase rate, low protease
activity and a high ATPase rate, and high protease activity and a low ATPase rate (Gur
and Sauer, 2009).
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1.6.3

ClpX is a matrix localised AAA+ unfoldase

The prokaryotic AAA+ chaperone, ClpX, is conserved in mammalian
mitochondria and encoded on chromosome 15 at position 15q22.1 - 15q22.32
(Corydon et al., 2000). ClpX contains 14 exons and 13 introns and was found to be
ubiquitously expressed in a large-scale proteomics survey (Pagliarini et al., 2008),
although mRNA has been identified in greatest abundance in the mitochondrially rich
tissue of the liver, heart and testes, and the relative expression is highly variable
between tissues types (Corydon et al., 2000; Santagata et al., 1999). Mammalian ClpX
is expressed as a single 633-amino acid polypeptide preprotein, found predominantly
as a single transcript with the exception of the testes where two isoforms may exist
(Corydon et al., 2000; Santagata et al., 1999). It contains a predicted N-terminal
mitochondrial targeting sequence (Santagata et al., 1999) with a cleavage site between
residues 67 – 68 as determined via N-terminal sequencing of ClpX isolated from
murine mitochondria (mmClpX) (Lowth, Truscott and Dougan, unpublished data).
Localisation studies have demonstrated mammalian ClpX is targeted to mitochondria
(Corydon et al., 2000). Also, ClpX was identified during the course of a large-scale
proteomic survey of mitochondrial-rich murine liver, kidney, spleen and testes tissue
(Mootha et al., 2003a) and has been shown to be recovered as part of formaldehyde
cross-linked mtDNA nucleoids, which reside inside the mitochondrial matrix (Cheng
et al., 2005). The mature protein is 566 amino acids long with a calculated molecular
weight of 63,767 Da. Human ClpX displays extensive similarity to its prokaryotic
homolog in E. coli with 44 % amino acid identity and 62% amino acid similarity,
which importantly includes conservation of all the known catalytic residues (Kang et
al., 2002). As seen for bacterial ClpX, the mammalian ClpX AAA+ chaperone is also
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able to form hexameric ring-shaped structures in the presence of ATP and magnesium
as determined via gel filtration, analytical ultracentrifugation and and electron
microscopy (Kang et al., 2002) (see
Figure 1.14).

Like bacterial ClpX, the

mammalian ClpX AAA+ chaperone also
possesses

a

number

of

conserved

domains, these being: a C4-zinc binding
motif which is proposed to serve as a
platform for adaptor or substrate protein
binding

(Dougan et al., 2002a; Dougan

et al., 2003)

and

a

AAA+ domain

(with Walker A and Walker B motifs for

Figure 1.14: Representative image
of electron micrographs
of mammalian ClpX in
the presence of ATPS
taken from Kang et al.,
(2002), demonstrating
the six-fold symmetry
of the ClpX hexamer
and central narrow
entry portal.

ATP binding and hydrolysis respectively).
Mammalian ClpX also possess a tripeptide motif (known as the P-loop) for
interaction with the ClpP peptidase (see Figure 1.15, P). This loop is absent in yeast
ClpX (known as Mcx1p), consistent with the absence of a ClpP homolog in yeast.
Finally, eukaryotic ClpX from S. cerevisiae and H. sapiens possesses an insertion of
83 amino acids relative to the bacterial ClpX AAA+ chaperone based on sequence
alignments, which we have termed the eukaryotic domain (Truscott et al., 2010) (see
Figure 1.15, E). This domain is expected to be located at the distal end of the ClpXP
complex. The physiological substrates of the ClpX AAA+ chaperone in metazoan
mitochondria are unknown. Interacting proteins identified to date are the cytosolic
protein cIAP (Verhagen et al., 2007) and the model substrates -casein and a short
peptide (Cleptide) originating from the N-terminus of E. coli ClpP (Kang et al., 2002;
Thompson and Maurizi, 1994). Identifying the physiological substrates of mammalian
ClpX will prove invaluable in gaining an understanding of its contribution to
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mitochondrial homeostasis. A possible key to determining the protein targets of ClpX
in this organelle is the identification of adaptor molecules.

Figure 1.15: Diagram of the linear structure of the mammalian ClpX AAA+ chaperone
Cartoon linear diagram of ClpX and Mcx1p showing the conserved AAA domain (with
WA and WB motifs) and E-domain (based on sequence alignments and structural
predictions). ClpX contains a Zinc-binding domain (ZBD) and LGF motif (P-loop) not
seen in Mcx1p. Abbreviations are as follows: ZBD, Zinc-binding domain; E,
eukaryotic domain; WA, Walker A; WB, Walker B; P, P-loop.

1.6.4

ClpP is a matrix localised peptidase

The prokaryotic peptidase, ClpP, is also conserved in mammalian mitochondria
and encoded on chromosome 19 at position 19q13.3 (Bross et al., 1995).

ClpP

contains 6 exons and 5 introns, and similarly to ClpX was found to be ubiquitously
expressed in a large-scale proteomic survey (Pagliarini et al., 2008) with mRNA being
identified in greatest abundance in the mitochondrially rich tissue of the liver, heart
and testes (Bross et al., 1995). Mammalian ClpP is expressed as a 280 amino acid
polypeptide, produced as a single transcript with a single isoform. Removal of the
mitochondrial targeting sequence and prosequence leads to a loss of approximately 56
residues from the N-terminus (Kang et al., 2002). Truncated recombinant hsClpP
(58) shows similar mobility to endogenous ClpP following separation on SDSpolyacrylamide gels (de Sagarra et al., 1999; Spall, Truscott and Dougan, unpublished
data) from rat liver mitochondria. Gel filtration experiments also indicated a similar
molecular weight of purified recombinant hsClpP to partially purified rat ClpP (de
Sagarra et al., 1999). Mutational and biochemical analysis indicates an important role
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for the N-terminus of mature ClpP as a structural component of the substrate
translocation channel (Kang et al., 2004).

In-line with a mitochondrial location,

overexpressed ClpP has been shown to co-localise with mtHsp60 in Chang cells as
shown via immunofluorescence assays (IFAs) (Corydon et al., 1998) and endogenous
ClpP has been recovered from solubilised rat liver mitochondria (de Sagarra et al.,
1999). The mature ClpP polypeptide is approximately 170 residues (cleavage site has
yet to be experimentally determined) in length with a calculated molecular weight of
26,331 Da (de Sagarra et al., 1999). The amino acid sequence of human ClpP and E.
coli ClpP show extensive homology with 56% amino acid identity and 71% amino acid
similarity (Kang et al., 2002) with hsClpP similarly forming heptameric rings (de
Sagarra et al., 1999; Kang et al., 2002) (see Figure 1.16). However, in contrast to E.
coli ClpP which is able to form a stable tetradecamer, hsClpP remains as a
monodisperse species at concentrations up to 3mg/ml in the absence of ClpX. Each
mammalian ClpP subunit possess a catalytic triad consisting of Ser97, His122 and
Asp171 (Kang et al., 2004) which is considered to be in an inactive confirmation in the
heptameric ring. In the absence of ClpX, ClpP exhibits weak peptidase activity, being
able to degrade oxidised insulin B chain and
short peptides (e.g. Cleptide) but not a
fully folded protein (Kang et al., 2005;
Kang et al., 2002) thus preventing
detrimental effects on the mitochondrial
proteome.

Interestingly, mammalian

ClpP, relative to ecClpP, contains an
additional 28 residues at the C-terminus
the function of which is unknown (Kang

Figure 1.16: Representative image of
electron micrographs of
mammalian ClpP taken
from Kang et al. (2002)
showing the seven-fold
axis of symmetry of
heptameric ClpP

et al., 2004).
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1.6.5

ClpXP is a matrix localised AAA+ protease

In contrast to the other mitochondrial AAA+ proteases (i-AAA, m-AAA and
Lon), ClpXP is a two-component ATP-dependant protease, consisting of an
oligomeric unfoldase of the AAA+ superfamily and an oligopeptidase resulting in
formation of barrel-like structures consisting of two seven-membered ClpP rings
flanked on one or both sides by six-membered hClpX rings (Kang et al., 2002) (see
Figure 1.17A). In the presence of a nucleotide the mammalian ClpX AAA+ chaperone
forms hexameric rings that can interact with mammalian ClpP, promoting a favourable
interaction between two heptameric ClpP rings thus shifting the equilibrium towards
formation of the tetradecamer of ClpP with a mass of 340 kDa (Corydon et al., 2000;
Kang et al., 2005; Kang et al., 2002) (see Figure 1.17B). The structural stability of
the tetradecamer is increased by interlocking of the handle regions of individual
ClpP subunits (see Figure 1.17C) (Kang et al., 2005).

Formation of the ClpP

tetradecamer is coupled to conformational changes in the active site via involvement
of highly conserved neighboring residues resulting in a ClpXP proteolytic
complex

with protease activity and higher peptidase activity relative to single

heptameric ClpP rings (Kang et al., 2005). A peptide binding groove surrounding the
active site plays the major role in positioning the substrate for proteolytic cleavage
(Kang et al., 2002) (see Figure 1.17D). While many of the details of the ClpXP
proteolytic complex are largely unknown, it is able to degrade the model substrate casein and Cleptide in an ATP-dependant manner (Kang et al., 2002).
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Figure 1.17: Structural details of the mammalian ClpXP protease
A. Diagramatic representation of the ClpXP protease showing a double-headed
complex consisting of the central peptidase (ClpP) component flanked on both
sides by the AAA+ unfoldase (ClpX).
B. Representative image of electron micrographs of the hsClpXP protease in the
presence of ATPS (Kang et al., 2002)
C. Cartoon representation of the ClpP tetradecamer showing interlocking of the 
handle regions from the individual ClpP subunits which assist in stabilising the
overall structure
D. Space-filling representation of the ClpP active site shown as the transparent
electrostatic potential from -15.0 kT (deep red) to +15.0 kT (deep blue) as taken
from Kang et al. (2004). Putative N-formyl methionine molecule (bound in a
hydrophobic pocket) and residues in side chains involved in stabilising the
oxyanion
have
been mapped
onto theClpXP
surface plan.
1.6.6 intermediate
Physiological
function
of mammalian

Hints as to the possible function of a protein can sometimes be gained from
knowledge of homologs in other organisms. One of the best characterized ClpXP
proteases with respect to its contribution to general and regulated proteolysis is the E.
coli ClpXP complex as several substrates and the pathways they contribute to are
known.

As outlined in section 1.5 the ClpXP protease of E. coli is primarily

responsible for the removal of incompletely synthesised proteins through recognition
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via the SsrA tag. Thus this protease plays a major direct role in protein quality control
in this organism. Furthermore two key transcription factors are influenced by ClpXP
mediated degradation; SigmaS is a target of degradation by ClpXP delivered by the
adaptor protein RssB (Muffler et al., 1996; Pratt and Silhavy, 1996). This activity
contributes to regulation of the general stress response of E. coli which is critical for
its adaptation to changes in cellular environment. The E. coli ClpXP protease also
contributes to the envelope stress response activating SigmaE by releasing it through
the targeted degradation of the anti-sigma factor RseA (Flynn et al., 2004). Thus, it is
plausible that both ClpX and ClpP contribute to sensing (or) recovery of general or a
specific stress in metazoan mitochondria.

To date there is no evidence that

mitochondria possess an ssrA tagging system for the clearance of stalled mitochondrial
ribosomes or the removal of incompletely synthesised proteins.

However,

independent reports have linked the metazoan ClpP component of the ClpXP protease
to both a direct and indirect role in the mitochondrial specific unfolded protein
response (UPRmt). Recently, ClpX has also been shown to play a direct role in UPRmt
in C. elegans.
Hoogenraad and co-workers identified a „mitochondrial specific unfolded
protein stress response‟ (UPRmt), generated by the overexpression of an aggregationprone mutant protein in the mitochondrial matrix (Zhao et al., 2002). The approach
involved targeting of a mutant form of the mitochondrial protein ornithine
transcarbamylase (termed OTC), into the mitochondrial matrix. The presence of
OTC resulted in the specific up-regulation of mitochondrial chaperones and
proteases such as chaperonin 60 (Hsp60), chaperonin 10 (Hsp10), mtDnaJ and ClpP
(Zhao et al., 2002), as well as transcription factors CHOP and C/EBP (Horibe and
Hoogenraad, 2007; Zhao et al., 2002). Subsequently, eight other UPRmt responsive
genes, including the mitochondrial AAA+ protease, i-AAA, have been experimentally
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confirmed as well as two putative regulatory elements either side of the CHOP
elements, named mitochondria unfolded response element 1 (MURE1) and MURE2
(Aldridge et al., 2007) in promoters of most UPRmt responsive genes (see Figure 1.18).
Transcription factors that bind to these MURE elements are not known. The stress
was specific to mitochondria as the expression of chaperones and proteases of other
cellular compartments were not affected. More recently (see Figure 1.18), the JNK
pathway has been implicated in the UPRmt and an AP-1 site identified in the promoters
of the chop and c/ebp genes (Horibe and Hoogenraad, 2007).

Figure 1.18: Current understanding on the mammalian UPRmt
Cartoon diagram summarising findings on the recently discovered unfolded protein
response in the mammalian mitochondrion as detailed in section 1.6.5 whereby a stress
(i.e. unfolded protein) in the mitochondria triggers the UPRmt leading to upregulation
of the transcription factors C/EBP and CHOP via the JNK2/MEK pathway.
C/EBP/CHOP complexes (synthesised in the cytosol) can then upregulate of a
number of genes, including the ClpP peptidase

The presence of a UPRmt has also been demonstrated in C. elegans (see Figure
1.19), by various methods including the knock down of critical protein quality
chaperones such as mtHsp70 (Benedetti et al., 2006; Haynes et al., 2007; Haynes et
al., 2010; Yoneda et al., 2004). How unfolded proteins are sensed in mitochondria
and a signal sent across the two mitochondrial membranes to mediate transcriptional
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up-regulation of nuclear encoded mitochondrial chaperones and proteases is not
currently understood. However Ron and colleagues revealed that mitochondrial ClpP
was involved in this stress signaling pathway. Recently, ClpX was also found to be a
component of the UPRmt signalling pathway in C. elegans, as well as the ABC
transporter HAF-1 (Haynes et al., 2010). The current hypothesis proposed by Ron and
colleagues suggests that unfolded proteins are recognised by ClpXP and degraded into
peptides. These peptides are then transported across the inner membrane by the ABC
transporter HAF-1 and subsequently across the outer membrane of mitochondria, by
an as yet to be determined mechanism. From this point a number of possibilities exist
for triggering of the downstream components of the UPRmt, Ron and colleagues
proposing it could be due to: a specific peptide receptor that recognises
mitochondrially derived peptides (produced by ClpXP), peptide efflux sensor or a nonpeptide ligand (i.e. heme) released from a matrix protein degraded by ClpXP.
Subsequently, the transcription factors bZIP and DVE1 are translocated into the
nucleus, whereby UBL-5 and DVE1 form a complex that binds to the promoter
regions of UPRmt responsive genes, such as hsp60 and hsp6 (Haynes et al., 2010).
UBL-5 activates its own expression, leading to regulation of the signal transduction
pathway (Haynes et al., 2010). A fourth gene was identified, F54C8.5 (homologous to
mammalian Rheb), which may play a role in the C. elegans UPRmt with knock down
via RNAi promoting nuclear redistribution of DVE-1, induction of ubl-5, and
formation of DVE-1-UBL-5 complexes (Haynes et al., 2007).
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Figure 1.19: Model of the UPRmt pathway in C. elegans.
Cartoon diagram summarising findings on the recently discovered unfolded protein
response in the C. elegans as detailed in section 1.6.5 above.
Cartoon diagram summarising findings on the recently discovered unfolded protein
response in the mammalian mitochondrion as detailed in section 1.6.5 whereby
peptides generated by the ClpXP protease are involved in a C. elegans UPRmt.
Peptides are transported across the IM by the HAF-1 transporter (and OM by an
unknown mechanism/protein channel) triggering relocation of the transcription
factor bZIP to the nucleus. Concurrently by an as yet to be identified mechanism
ClpXP triggers relocation of DVE-1 to the nucleus where it can interact with UBL-5,
resulting in upregulation of Hsp60.

1.7

Description of scientific aims

In mammalian mitochondria the matrix compartment contains three different
AAA+ proteases (two of which are well characterised). However, the role of the third
and last protease ClpXP is poorly defined. The initial aim of this study was to
determine the contribution of mammalian ClpXP to mitochondrial protein
homeostasis. Is ClpXP involved in general protein quality control via the removal of
damaged or unfolded proteins, mitochondrial gene expression via regulated
degradation of transcription factors or a component of the mitochondrial unfolded
protein response signalling pathway? There is also the possibility that mitochondrial
ClpX performs chaperone only functions independent of ClpP such as the disassembly
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of protein complexes or protein refolding in conjunction with other molecular
chaperones such as the mtHsp70 refolding system. At the start of this study only C.
elegans ClpP (and not ClpX) was implicated in the UPRmt and purified human ClpXP
was unable to degrade aggregated mitochondrial proteins in vitro (Spall, Dougan and
Truscott, unpublished data). Hence there was a need for a broad approach to gain
insight into the physiological function of this machinery. The purpose of this study
was to examine any potential ClpX interacting proteins that may constitute adaptors
for the delivery of substrates. The inability of ClpXP to degrade aggregated proteins
in vitro could of course be due to the absence of an appropriate delivery factor. For
example SigmaS degradation by ClpXP in E. coli is strictly dependent on the adaptor
protein RssB. However, none of the bacterial adaptor proteins (RssB and SspB)
appear to be conserved in mitochondria. The identification of new adaptor proteins of
the ClpXP proteolytic complex could help reveal the function of the protease in
mammalian mitochondria.

As previously mentioned (see section 1.6.3) the

mammalian mitochondrial AAA+ unfoldase, ClpX, contains two accessory
domains(see Figure 1.20, N- and E-domain) predicted to be located on the distal
surface, thus placing them in an ideal position for involvement in substrate or adaptor
recognition (Truscott et al., 2010). The conservation of the N-domain of ClpX, often
the site of adaptor protein binding provides support to the idea that mitochondria may
contain ClpX adaptor protein(s).
To examine this possibility during my Honours year I generated recombinant
forms of the ClpX N-domain and E-domain and utilised them as „bait‟ in „pull-down
experiments‟ with solubilised mitochondrial extracts from murine liver tissue. This
resulted in identification of a murine ClpX-specific interacting protein, highly
homologous to the human protein known as Polymerase Delta Interacting Protein 38
(PDIP38) also known as DKFZP586F1524 and recently renamed Mitogenin I

lxvi
49

Chapter 1: Introduction

67

Figure 1.20: Multiple sequence alignment using ClustalX against a range of ClpX protein sequences (without the predicted mitochondrial
Targeting sequence)
sequences).

(Arakaki et al., 2006). All other protein matches were disregarded due to significantly
different molecular weights or low scores. PDIP38 was originally identified via yeasttwo hybrid assays as a Polymerase  interacting protein, but since has been identified
in a variety of different subcellular locations and thus roles in eukaryotic cells (see
Chapter 3). This thesis describes the characterisation of PDIP38 and its relationship to
the mammalian ClpXP protease
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Chapter 2
– Materials and Methods

69

2.1

Molecular biology techniques
Basic molecular biology techniques essentially performed as described in

Maniatis et al. (1982).

2.1.1 Polymerase Chain Reaction (PCR)

PCR was performed using specifically designed synthetic oligonucleotide
primers (see Appendix I, Table 1) containing appropriate restriction endonuclease sites
in order to facilitate cloning of amplified cDNA into suitable expression vectors (see
Appendix I, Table 2). Individual primers synthesised by Sigma-Aldrich and provided
lyophilized were directly resuspended in sterile water (10 pmol/l). Polymerase chain
reactions (20 l – 50 l) contained 25 pmol of each primer, 1.6 mM dNTPs
(Boehringer, Mannheim), 1 x Thermopol buffer, 2 U Vent polymerase (New England
Biolabs (NEB) and 0.2 g – 0.4 g of DNA template. In all cases reactions began
with an initial denaturation of 95C (5 min) followed by 30 cycles with a denaturing
temperature of 95C (1 min), annealing temperature of 55C (1 min), and an
elongation temperature of 72C (2 min). Reactions were completed with a final
incubation at 72C (10 min), whereupon the temperature was dropped to 4C until
reactions were removed.

PCR was performed in a Mastercycler ep gradient S

(Eppendorf).

2.1.2 Oligonucleotide directed PCR mutagenesis

Point mutations were generated in desired cloned cDNA using oligonucleotide
directed site specific mutagenesis essentially as described by Zheng et al. (2004). The
two oligonucleotide primers containing the desired mutation(s) (see Appendix I, Table
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1) and complimentary to opposite strands of the target plasmid were resuspended in
sterile water (10 pmol/l). Reactions (50 l) containing 25 pmol of each primer, 1.6
mM dNTPs (Boehringer, Mannheim), 1 x Thermopol buffer, 2 U Vent polymerase
(NEB) and 0.2 g – 0.4 g of plasmid DNA were subjected to thermal cycling with an
initial denaturation of 95C (4 min) followed by 16 cycles with a denaturing
temperature of 95C (1 min), annealing temperature of 52C (1 min), and an
elongation temperature of 68C (9 min). Reactions were completed with a final
incubation at 68C (60 min). Following thermal cycling parental template DNA was
eliminated by addition of 20 U of Dpn I (NEB) to the 50 l reaction and subsequent
incubation at 37C for 90 min. Restriction enzyme was removed via a PCR cleanup
kit (QIAGEN) as per the manufacturer‟s instructions. The nicked plasmid DNA
containing the desired mutation(s) was then transformed into CaCl2 competent
Escherichia coli strain XL1-Blue for selection and propagation as outlined in 2.1.10.

2.1.3 Restriction endonuclease digestion

Digestions (20 l) were routinely prepared using 5 U – 10 U of each restriction
enzyme (NEB), 0.5 g – 2 g of PCR product or vector, 1 x buffer (NEB buffers
number 1 – 4 as appropriate) and where necessary 1 g of BSA and incubated for 1 h
– 2 h at 37C. For Sma I restriction endonuclease digestion, reactions were incubated
for 2 h at 25C. DNA of interest was separated by agarose gel electrophoresis (section
2.1.5).
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2.1.4 Ligations

20 l ligations containing: 0.08 g – 0.15 g of insert and 0.2 g – 1 g of
vector (molar ratio of 1:1 and 5:1), 40 U of T4 DNA ligase (NEB), 1 x ligation buffer
(50 mM Tris–HCl pH 7.5, 10 mM MgCl2, 10 mM dithiothreitol (DTT), 1 mM ATP)
(NEB) were routinely incubated at 16C overnight or 2 h – 3 h at room temperature
(RT). Ligation products were then directly transformed into CaCl2 competent E. coli
XL1–Blue cells, and positive transformants selected by plating on 2YT–agar plates
containing ampicillin (100 g/ml).

2.1.5 Agarose gel electrophoresis

Agarose gel electrophoresis was routinely used to separate DNA fragments.
DNA grade agarose (0.8 % – 1.2 % (w/v)) in 1 x TAE buffer (40 mM Tris–acetate
pH 8.0, 2 mM EDTA) was melted by heating, supplemented with ethidium bromide
(~0.1 mg/ml of agarose solution) then cast in plastic trays using 8 well combs. DNA
sample preparation was via addition of 6 x loading dye (0.25  (w/v) bromophenol
blue, 0.25  (w/v) xylene cyanol FF, 15  (w/v) Ficoll (Type 400, Pharmacia)) at a
ratio of 1 part dye to 5 parts DNA sample and subsequent application of the sample
into the wells of the agarose gel. Approximately 6 l of prepared 1 kb+ DNA
standands (Invitrogen) was also loaded for estimation of fragment sizes (bp).
Electrophoresis was performed in a mini–sub cell apparatus (Bio–Rad) using 1 x TAE
buffer and 100 V. DNA fragments were subsequently visualised on a ChemiGenius2
imaging system using the GeneSnap software (Syngene).
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2.1.6 DNA extraction from agarose gels

Following separation of DNA by agarose gel electrophoresis desired fragments
were visualised under UV light (300 nm) and quickly excised with minimum agarose
using a clean sterile scalpel blade. DNA was purified using a QIAGEN gel extraction
kit as per the manufacturer‟s instructions.

2.1.7 Plasmid DNA preparation – miniprep

Overnight cultures of E. coli (see section 2.1.11) containing the plasmid of
interest were utilised for creation of plasmid preparations via a QAIquickspin miniprep
kit as per the manufacturer‟s protocol. Briefly, cells from overnight cultures were
collected by centrifugation (16,060 g, 1 min), resuspensed in 50 mM Tris–HCl pH 8.0,
10 mM EDTA containing RNase (100 μg/ml), lysed using alkaline lysis buffer (200
mM NaOH, 1 % (w/v) SDS) then chromosomal DNA precipitated upon addition of
neutralisation buffer (3 M KOAc pH 5.5).

The aggregated chromosomal DNA,

proteins and cellular debris were pelleted via centrifugation (16,060 g, 10 min) at RT.
The particulate–free supernatant containing plasmid DNA was applied to a
QAIquickspin membrane and centrifuged at 16,060 g for 1 min. The flow through
was discarded then the column washed with 80 % (v/v) ethanol. Following removal of
ethanol via centrifugation (16,060 g, 1 min) the plasmid DNA was eluted from the
adsorbent with sterile ultrapure water (30 l) and collected via centrifugation
(16,060 g, 1 min). Plasmid DNA was stored at –20C.
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2.1.8 Plasmid DNA preparation – midiprep

Large quantities of plasmid (~100 g – 300 g) were isolated from E. coli
using a QAIquickspin midiprep kit as per the manufacturer‟s protocol. Briefly, E. coli
strain XL1–Blue containing the desired plasmid was cultured overnight at 37C with
shaking (140 rpm) in 100 ml – 200 ml of 2YT containing the appropriate antibiotic
selection then cells were collected by centrifugation (6,000 g, 15 min) at 4C.
Alkaline lysis was performed as described above (see section 2.1.7). The particulate–
free supernatant was applied under gravity to a pre–equilibrated QAIquickspin
membrane (50 mM MOPS pH 7.0, 750 mM NaCl, 15 % (v/v) isopropanol, 0.15 %
(v/v) Triton X-100), the flow through discarded and the column washed with 20 ml of
wash buffer (50 mM MOPS pH 7.0, 1.0 M NaCl, 15 % (v/v) isopropanol). Finally the
isolated DNA was eluted from the absorbent using 5 ml of elution buffer (50 mM
Tris–HCl pH 8.5, 1.25 M NaCl, 15 % (v/v) isopropanol) into sterile polycarbonate SS–
34 rotor tubes, precipitated with isopropanol, then the pellet collected via
centrifugation (20,200 g, 30 min) at 4C. The DNA pellet was washed with 70 %
(v/v) ethanol and re–isolated via centrifugation (20,200 g, 10 min). The supernatant
was removed and the isolated DNA pellet allowed to air–dry for 5 min – 10 min.
Isolated plasmid DNA was resuspended in 100 l – 200 l of sterile ultrapure water
and stored at –20C.

2.1.9 Preparation of samples for nucleotide sequencing

A BigDye® Terminator v3.1 cycle sequencing kit (Applied Biosystems) and
ABI3730xl DNA analyzer (Applied Biosystems) was used for nucleotide sequencing
and was performed commercially by AgGenomics (La Trobe University). A DNA and
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primer mix was prepared for sequencing as follows: 600 ng of plasmid DNA and T7
promoter or terminator primer (final concentration of 3.2 pmoles/l) were mixed and
the appropriate amount of ultrapure water added to generate a 15.5 l reaction.
Chromatograms provided by AgGenomics were viewed using DNA Strider or 4Peaks
software.

2.1.10 Transformation of CaCl2 competent E. coli cells

CaCl2 competent E. coli strains XL1–Blue or BL21(DE3) codon+ RIL (300 l)
were thawed on ice, mixed with 0.1 g – 1 g of DNA and placed on ice for 15 min.
Cells were subsequently heat shocked (42C, 2 min) and immediately placed on ice
(3 min – 5 min). 2YT media (1 ml) was added to cells followed by incubation at 37C
(30 min), with gentle agitation.

Following centrifugation (16,060 g, 1 min), the

supernatant (1 ml) was removed and cells resuspended in the remaining media.
Resuspended cells (~300 l) were spread onto 2YT–agar plates (2YT, 1.5  (w/v)
bacteriological agar supplemented with the appropriate antibiotic) using a sterile
spreader and incubated at 37C overnight.

2.1.11 Overnight cultures of E. coli

Using aseptic technique 5 ml of 2YT (or LB) was transferred to a sterile
aluminum–capped glass test tube (150 mm x 16 mm) or 50 ml Falcon tube and
supplemented with the appropriate antibiotic(s). The media was inoculated with a
single colony taken from a 2YT–agar plate (or cells taken from a glycerol stock), then
incubated overnight at 37C with vigorous shaking (140 rpm).
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2.1.12 Preparation of glycerol stocks

For long term storage of E. coli strains (+/– plasmids) glycerol stocks (1.5 ml)
were made. Overnight liquid culture of E. coli (1.05 ml) was mixed with 450 l of
sterile glycerol (50 % (v/v)), briefly mixed using a vortex then snap–frozen in liquid
nitrogen and stored at –80C.

2.2

Isolation of recombinant protein

2.2.1 Small–scale expression of recombinant protein in E. coli

The OD600

nm

of overnight cultures (see section 2.1.11) of transformed cells

(E. coli strain BL21(DE3) codon+ RIL or XL1-Blue) was measured and an appropriate
volume used to inoculate 5 ml of sterile 2YT media (containing appropriate
antibiotic(s)) to an initial OD600nm of 0.1. Cells were then incubated at 37C with
shaking (140 rpm) to an OD600nm of ~0.8 – 1.0 and a 50 l aliquot taken (pre–induced)
followed by induction of recombinant protein expression via addition of IPTG
(0.5 mM). Aliquots (50 l) of induced cells were taken at 1, 2, 3, 4 and ~16 h post–
induction of expression unless stated otherwise. The OD600 nm was determined, cells
pelleted via centrifugation (16,060 g, 1 min) and an appropriate volume of supernatant
removed to give a OD600 nm identical to that achieved at ~16 h post–induction upon
resuspension of cells. Equal volumes of cell suspension were then mixed (5:1) with 6
x Laemmli dye and subjected to SDS–PAGE (see section 2.3.1) to analyse protein
expression. Protein identity was confirmed by Western blotting (see section 2.4.1 and
section 2.4.2).
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2.2.2 Large–scale expression of recombinant protein in E. coli

Transformed cells (E. coli strain BL21(DE3) codon+ RIL or XL1-Blue) were
used to inoculate 100 ml – 200 ml of sterile 2YT media (in a 2 l baffled flask)
containing appropriate antibiotic(s) and incubated overnight at 37C with shaking
(140 rpm). Overnight cultures were used to inoculate 1.5 l of sterile 2YT media (in a
5 l baffled flask) containing appropriate antibiotic(s) to give a starting OD600nm of 0.1
then grown at 37C with shaking. Upon reaching an OD600nm of 0.8 – 1 recombinant
protein expression was induced with IPTG (0.5 mM), and following growth for a
further 4 h or 16 h cells were harvested via centrifugation (3,856 g, 15 min, 4C) and
the pellet used immediately or snap–frozen and stored at –20C. Recombinant protein
expression was confirmed by SDS–PAGE analysis (see section 2.3.1) and Western
blotting (see section 2.4.1 and section 2.4.2).

2.2.3 Bacterial cell lysis

Bacterial lysates were prepared as described in the QIAexpressionistTM
Handbook (QIAGEN) with modifications.

Pelleted cells were subjected to three

rounds of freeze/thaw whereby cells were snap–frozen in liquid nitrogen and thawed
on ice or in cold–water. Unless already performed, prior to freeze/thaw cycles cells
were resuspended in extraction buffer (50 mM Tris–HCl pH 8.0, 300 mM NaCl,
0.05  (v/v) Triton X-100, 1 mM EDTA and 10  (v/v) glycerol), using 3 ml – 5 ml
per 1 g of cells (wet weight), and in the event of excessive protein degradation
supplemented with complete EDTA–free protease inhibitors (Roche).

Following

addition of egg white lysozyme (200 g/ml) and PMSF (2 mM) the cell suspension
was incubated for 30 min at RT, with gentle mixing on a rotating wheel, followed by
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treatment with DNase I (10 g/ml) for a further 15 min at RT with gentle mixing.
Cellular debris was removed by centrifugation (16,060 g, 30 min, 4C) using an
Eppendorf centrifuge (for small volumes of extract) or for large volumes of extract at
20,200 g for 15 min at 4C using either a Beckman J1–2E centrifuge with a JA20 rotor
or a Sorvall RC6 centrifuge with a SS34 rotor (see section 2.2.1 and 2.2.2
respectively). Protein concentration was determined using the Bradford assay (see
section 2.2.7)

2.2.4 Immobilised–Metal Affinity Chromatography (IMAC)

IMAC was utilised to purify over–expressed histidine–tagged (10 x or 6 x His)
recombinant proteins from E. coli extracts utilising Ni–NTA Agarose beads
(QIAGEN) as per the manufacturer‟s instructions with modifications.

Ni–NTA

Agarose beads, 100 l and 750 l – 2 ml settled volume in 10 ml and 20 ml plastic
columns (Bio–Rad) for small– and large–scale purifications respectively, were pre–
equilibrated with 5 – 10 bed volumes (BV) of equilibration buffer (50 mM Tris–HCl
pH 8.0, 300 mM NaCl and 10 mM imidazole). Cell free lysates of E. coli (see section
2.2.3) were applied to Ni–NTA Agarose column under gravity flow. For 6 x His–
tagged recombinant proteins beads were washed with 3 x 5 BV of W20 buffer (50 mM
Tris–HCl pH 8.0, 300 mM NaCl and 20 mM imidazole) whereupon bound proteins
were eluted using 4 BV of E250 buffer (50 mM Tris–HCl pH 8, 300 mM NaCl and
250 mM imidazole) and collected into 6 equal fractions supplemented with glycerol
(final concentration of ~10 % (v/v)). For 10 x His–tagged recombinant proteins beads
were washed with 5 BV of W20 buffer, followed by 10 BV of W65 buffer (50 mM
Tris–HCl pH 8.0, 300 mM NaCl and 65 mM imidazole) and an optional 5 BV of W80
buffer (50 mM Tris–HCl pH 8.0, 300 mM NaCl and 80 mM imidazole). Bound
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proteins were subsequently eluted using 4 BV of E500 buffer (50 mM Tris–HCl
pH 8.0, 300 mM NaCl and 500 mM imidazole) and collected into 6 equal fractions
supplemented with glycerol (final concentration of ~10 % (v/v)). For both 6 x and
10 x His–tagged recombinant proteins recovery and degree of purity was determined
by SDS–PAGE analysis (see section 2.3.1 and 2.4.2). Fractions containing the desired
protein were pooled, aliquots made and stored at –80C following snap–freezing in
liquid nitrogen.

2.2.5 Affinity purification of GST–fusion proteins using GSH Agarose

For the purification of recombinant GST–tagged proteins from E. coli extracts
GSH Agarose (Bioserve) was used essentially as per the manufacturer‟s instructions.
GSH Agarose beads (10 ml settled volume) were transferred to a 20 ml plastic column,
and washed with 5 BV of distilled water, then pre–equilibrated with 5 BV of 1 x
phosphate–buffered saline (PBS) (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4 pH 7.3). Cell free lysate of E. coli in GSH extraction buffer (20 mM
Tris–HCl pH 8.0, 20 mM EDTA, 0.1 % (v/v) Triton X-100) was applied to GSH
Agarose beads at approximately 1 ml/min using a P–1 peristaltic pump (GE
Healthcare), then the beads were washed with 5 BV (at 1 ml/min) of 1 x PBS,
followed by elution of bound proteins using 3 BV of 50 mM Tris–HCl, pH 8.0,
10 mM reduced glutathione, and collected into 4 equal fractions. Eluted fractions
were immediately mixed with glycerol (to give a final concentration of ~10 % (v/v))
and samples taken from each fraction for analysis by SDS–PAGE (see section 2.3.1
and 2.4.2) and protein estimation (see section 2.2.8). Fractions containing desired
GST–tagged proteins were aliquoted then snap–frozen in liquid nitrogen and stored at
– 80C.
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2.2.6 Cleavage of ubiquitin fusion proteins

Purified protein of interest from IMAC (1.25 mg – 8 mg) (see section 2.2.4)
was transferred to dialysis tubing (14 kDa cut-off, Sigma) and dialysed in 2 x 1 l (1 h,
4C) of ubiquitin cleavage buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 % (v/v)
glycerol). Post dialysis the protein concentration was determined via Bradford assay
as described in section 2.2.8 and Usp2cc deubiquilating enzyme (25 g – 160 g) and
DTT (1 mM) added directly to dialysed ubiquitin fusion protein. Cleavage reactions
were left overnight at 16C in an Eppendorf Thermomixer and efficiency of cleavage
determined via SDS-PAGE analysis (see section 3.2.1).

Subsequently, proteins

samples supplemented with imidazole (5 mM) were added to 200 l – 400 l of
Ni-NTA Agarose beads pre-equilibrated with 5 BV of ubiquitin cleavage buffer and
mixed gently on a spinning wheel (30 min, 4C). The non-bound fraction containing
protein of interest was collected following absorbent settling via centrifugation (800 g,
5 min, 4C). The protein of interest was aliquoted then snap–frozen in liquid nitrogen
and stored at – 80C.

2.2.7 Protein concentration

Concentration of protein for SDS–PAGE analysis was performed via either
acetone precipitation essentially as described by Jiang et al. (2004) or trichloroacetic
acid precipitation according to Ryan et al. (2001). For acetone precipitation a four
fold excess of ice–cold acetone (4C) was added to protein solutions, vortexed briefly
and then left on ice for 60 min. Precipitated protein was subsequently re–isolated via
centrifugation (15,000 g, 10 min) at 4C and following removal of the supernatant the
protein pellet allowed to air–dry for 10 min – 30 min at RT.
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For trichloroacetic acid precipitation protein solutions were supplemented with
sodium deoxycholate (0.0125 % (w/v)) (Bensadoun and Weinstein, 1976) and
trichloroacetic acid (12 % (w/v)), mixed and left on ice for 30 min. Precipitated
protein was subsequently isolated via centrifugation (16,060 g, 30 min) at 4C, washed
with 500 l of ice–cold acetone, re–isolated via centrifugation (16,060 g, 10 min) at
4C, then pellets air–dried at 37C for 5 min – 10 min.

2.2.8 Bradford assay

Protein concentrations were routinely estimated using the Bio–Rad Protein
Assay (Bio–Rad), based on the dye binding method of Bradford, (1976). Protein
solution (0.5 l – 10 l) was added to either 1 ml or 200 l of Bio–Rad Protein Assay
reagent (1 part concentrate to four parts ultrapure water), mixed and incubated
(10 min) at RT for colour development. A595nm was measured against a control (no
protein). A protein standard curve was generated using BSA (Pierce).

2.3

SDS–PAGE
2.3.1

SDS–PAGE analysis

Protein monomers were routinely resolved by reducing SDS polyacrylamide
gel electrophoresis (SDS–PAGE) via glycine– or Tricine–buffered methodology
(Laemmli, 1970; Schagger and von Jagow, 1987) or UREA methodology (Ito et al.,
1980). Samples were mixed (5:1) with 6 x Laemmli dye (480 mM Tris–HCl pH 6.8,
12  (w/v) SDS, 30  (v/v) glycerol, 10  (w/v) DTT, 0.12  (w/v) Bromophenol
Blue) and heat–treated at 95C for 5 min. Separating gels for glycine–buffered SDS–
PAGE contained 10, 12.5 or 15 % (w/v) Bis/Acrylamide (1 % : 37.5 %) in 375 mM
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Tris–HCl pH 8.8, 0.1 % (w/v) SDS.

The stacking gel containing 4 % (w/v)

Bis/Acrylamide (1 : 37.5) in 80 mM Tris–HCl, 0.1 % (w/v) SDS was layered on the
top of the separating gels post polymerisation to facilitate sample loading and
subsequent focusing during running. Glycine-buffered gels were run in 1 x SDS–
PAGE running buffer (25 mM Tris–HCl pH 8.3, 190 mM glycine, 1  (w/v) SDS) at
200 V following migration of samples into the separating gel.
Tricine–buffered SDS–PAGE was utilised for resolution of small molecular
weight protein monomers.

Separating gels for Tricine–buffered SDS–PAGE

contained 16.5 % (w/v) Bis/Acrylamide (1 : 32) in 1 x gel buffer (1 M Tris–HCl pH
8.45, 0.1 % (w/v) SDS) supplemented with glycerol (13 % (v/v)) (separating gel) and
10  (w/v) Bis/Acrylamide (1 : 32) in 1 x gel buffer (spacer gel), with the spacer gel
being gently applied on top of the separating gel prior to polymerization. The stacking
gel for Tricine–buffered SDS–PAGE contained 4 % (w/v) Bis/Acrylamide (1 : 32) in
1 x gel buffer and was added post polymerisation of the separating gel. Tricinebuffered gels were run in 1 x anode solution (200 mM Tris–HCl pH 8.9) and 1 x
cathode solution (100 mM Tris–HCl pH 8.25, 100 mM Tricine, 0.01  (w/v) SDS) at
100 V following migration of samples into the separating gel.
Urea SDS–PAGE was utilised to facilitate greater signal strength in subsequent
immunoblotting experiments (see section 2.4.2 and section 2.4.3). The separating gel
for urea SDS–PAGE contained 17.5 % (w/v) Bis/Acrylamide (1 : 75) in 761 mM Tris–
HCl pH 8.8, 0.1 % (w/v) SDS, 9 mM NaCl, 6 M urea and the stacking gels contained
5.5 % (w/v) Bis/Acylamide (1 : 75) in 113 mM Tris–HCl pH 6.8, 0.12 % (w/v) SDS,
3.8 M urea and was added post polymerisation of the separating gel. Urea gels were
run in 1 x urea SDS–PAGE running buffer (107 mM Tris, 412 mM glycine, 2 % (w/v)
SDS) at 30 mA following migration of samples into the separating gel.
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Mini gels and large gels were both created with 1 mm spacers and run in a mini
PROTEAN 3 electrophoresis system (Bio–Rad) or SE600 electrophoresis apparatus
(GE Healthcare) respectively. In all cases large gels were run at an initial voltage of
15 mA – 25 mA subsequently increased to 30 – 35 mA post migration of prepared
samples into the separating gel.
Mark12TM unstained and SeeBlue Plus2TM pre–stained molecular weight
markers (Invitrogen) were utilised for protein monomer molecular weight estimation.
Gels were stained with Coomassie dye (0.1 % (w/v) Coomassie Brilliant Blue R250,
15 % (v/v) acetic acid, 50 % (v/v) methanol) and destained with destain solution (15 %
(v/v) acetic acid, 15 % (v/v) ethanol) with gentle agitation or stained with silver stain
(see section 2.3.2 below).

2.3.2 Silver staining

Silver staining was utilised to visualise small quantities of individual protein
subunits (< ~0.1 g) following separation by SDS–PAGE (Maniatis et al., 1982;
Merril et al., 1984; Oakley et al., 1980; Sammons et al., 1981; Switzer et al., 1979)
according to the methodology of Dr Jan De May (EMBL, Heidelberg). Gel(s) were
prepared by incubating them in fixing solution (10  (v/v) acetic acid, 30  (v/v)
ethanol) for 30 min at RT (with gentle agitation) followed by incubation in thiosulfate
solution (100 mM NaAOc pH 6.0, 30  (v/v) ethanol) supplemented with sodium
thiosulfate (4 mM) for 30 min at RT (with gentle agitation). Excess solution was
rinsed off with distilled water after each incubation.

The gel was subsequently

incubated (25 min, RT) with silver nitrate solution (0.1  (w/v) AgNO3)
supplemented with formaldehyde (0.009  (v/v)). Colour was then developed in
2.5  (w/v) Na2CO3 supplemented with 0.019 % (v/v) formaldehyde, and upon
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reaching a suitable staining level the reaction was halted with the addition of glacial
acetic acid (1 ml / 100 ml developing solution). The gel was rinsed three times with
distilled water then stored in 0.03  (w/v) Na2CO3 to prevent bleaching.

2.3.3 Gel drying

SDS–PAGE gels were stained with Coomassie Brilliant Blue R250 and
destained (as outlined in section 2.3.1) or fixed for 40 min in 40 % (v/v) ethanol, 7 %
(v/v) acetic acid. In all cases gels were subsequently incubated in 50 % (v/v) ethanol
for 30 min and placed on a piece of Whatman 3MM chromatography paper prior to
drying for 45 min (mini gels) or 2 h (large gels) at 80C. Radioactive dye (6 x
Laemmli dye supplemented with 35EXPRE35S35S radiolabel (~10 Ci/ml) was spotted
onto protein markers, air–dried and covered with transparent tape prior to loading in a
pre–blanked phosphor cassette (Molecular Dynamics).

Phosphor screens were

scanned after sufficient development time on a TyphoonTM Trio variable mode imager
scanner using Typhoon Scanner Control (v5.0) software and images subsequently
analysed using ImageJ software (http://rsbweb.nih.gov/ij/).

2.4

Immunoblotting

2.4.1 Semi–dry Western transfer

Western transfers were routinely performed upon entire or selected sections of
unstained protein gels (see section 2.3.1) using the semi–dry method (Harlow and
Lane, 1999). Pre–cut 3MM Whatman blotting paper (2 thick pieces and 4 thinner
pieces) were placed in 1 x transfer buffer immediately before use (4.8 mM Tris–HCl
pH 8.3, 39 mM glycine, 0.037  (w/v) SDS and 20 % (v/v) methanol). Concurrently
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pre–cut polyvinylidene difluoride (PVDF) membrane (Millipore) was wet in methanol
and placed in 1 x transfer solution. A gel/membrane sandwich was then created as
outlined in Maniatis et al. (1982) in a HEP–1 Panther semi dry electro–blotting system
(Owl Separation Systems) and protein transfer performed for 1.5 h – 2 h at 350 mA.
Membranes were stained with Coomassie Brilliant Blue, destained using destain
solution (20  (v/v) ethanol, 10  (v/v) acetic acid) supplemented with methanol and
allowed to air–dry to quantitatively assess the efficiency of protein transfer.
Membranes were stored in a plastic pocket until required or further destained in
methanol (100 % v/v)) for subsequent immunoblotting (see section 2.4.2 below).

2.4.2 Immunoblotting

Immunoblotting was performed as described in Harlow and Lane (1999)
whereby the PVDF membrane was wet with methanol and blocked in 5 % (v/v) skim
milk powder in 1 x Tris-buffered Saline, Tween 20 (TBS–T)) (20 mM Tris-HCl
pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween 20) or 5 % (v/v) bovine serum albumin
(BSA) in 1 x TBS-T for 2 h or overnight (with gentle agitation). Membrane(s) were
then immunodecorated with primary antibodies (see Appendix II, Table 3) for 1 h
(RT) or overnight (4C) then washed with 1 x TBS–T for 1 x 15 min and 2 x 5 min.
The membrane(s) were then incubated with Horse Radish Peroxidase (HRP)
conjugated secondary antibodies (see Appendix II, Table 3) for 1 h (RT) followed by
1 x 15 min and 2 x 5 min washes with 1 x TBS–T. The membrane(s) were then
incubated (1 min) with enhanced chemiluminescence reagent (GE Healthcare) and
antibody complexes visualised in a ChemiGenius2 imaging system and images
captured using Genesnap software (Syngene).
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membrane(s) was also taken to facilitate correct positioning of molecular weight
markers onto captured images.

2.4.3 Immunoblotting – One–StepTM IP–Western kit

Affinity purified anti–hsClpX antibodies (kindly provided by Bradley Lowth)
were split into 10 g aliquots, snap–frozen in liquid nitrogen and freeze–dried
overnight using a DYNAVAC FD5 freeze–drier (Vacumn Solutions Australia).
Antibody solutions were subsequently created using 10 g of freeze–dried antibody
via a One–StepTM IP–Western kit for use with secondary rabbit antibodies (GenScript)
as per the manufacturer‟s instructions. Briefly, PVDF membrane(s) were blocked with
equal volumes of freshly mixed pretreatment solution (5 min, RT) and membrane(s)
rinsed twice with 1 x wash solution.

Concurrently antibodies were prepared by

resuspending 10 g freeze-dried affinity purified anti-hsClpX antibodies in 100 l IPWB 1 solution whereupon the resulting solution was incubated for 40 min (RT). A
further 100 l of IP-WB 2 solution was added and a final incubation performed for
5 min (RT). The membrane(s) were subsequently incubated with prepared antibody
solution above and 10 ml of IP-WB 3 solution for 40 min (RT), followed by a quick
rinse and 3 x 5 min washes with 1 x wash solution. Finally, the membrane(s) were
incubated (3 min) with LumiSensorTM Chemiluminescent HRP reagents (GenScript)
and antibody complexes visualised as described above in section 2.4.2.
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2.5

Biochemical characterisation

2.5.1 In vitro ClpXP–mediated protein degradation assays

Susceptibility of recombinant proteins or -casein (Sigma) (1 M – 3 M) to
proteolytic degradation was examined, as described by Kang et al. (2002) in the
presence of either E. coli ClpXP (ecClpXP) complexes (1.2 M ecClpX, 2.8 M
ecClpP) or human ClpXP (hsClpXP) complexes (2.4 M hsClpX, 5.6 M hsClpP) in
1 x ClpXP buffer (50 mM Tris–HCl pH 8.0, 100 mM KCl, 20 mM MgCl2, 0.02 %
(v/v) Triton X-100, 10 % (v/v) glycerol, 1 mM DTT). Reactions were initiated by
addition of ATP (5 mM), and equal volume aliquots subsequently taken at appropriate
time–points and immediately mixed with Laemmli loading dye (1 x) and heat–treated
at 95C for 5 min. Samples were subsequently analysed by SDS–PAGE analysis (see
section 2.3.1)

2.5.2 Limited proteolysis

Limited proteolysis was utilised to determine the domain structure of
recombinant proteins as described in Schwartz et al. (1999) with minor modifications,
whereby proteins of interest (20 g – 50 g) were incubated at 4C – 30C in the
presence of thermolysin (Sigma) or subtilisin (Sigma) at a molar ratio (target protein :
protease) of 1 : 100 or 1 : 50 respectively in 50 mM Tris–HCl pH 7.0, 150 mM NaCl
and 5 mM CaCl2. Equal volume samples were taken at defined times and reactions
terminated with PMSF (2 mM) followed by heat–treatment (95C, 5 min) in 1 x
Laemmli loading dye. Samples were subjected to SDS–PAGE analysis (see section
2.3.1) and N–terminal sequencing (see section 2.11.2).
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2.5.3 „Pull–down experiments‟ using Ni–NTA Agarose with immobilised His–
tagged proteins

ClpX interacting proteins in mammalian mitochondrial extracts were examined
via „pull–down‟ experiments using conditions described in Geissler et al. (2002).
Briefly, 10 ml of soluble cell–free extract (containing His–tagged protein of interest,
see section 2.2.3) or 25 g – 100 g of IMAC purified protein (see section 2.2.4) was
incubated for 15 min at 4C with Ni–NTA Agarose beads (25 l – 100 l settled
volume) pre–washed with equilibration buffer (see section 2.2.4) containing 10 %
(v/v) glycerol and 0.1 % (v/v) Triton X-100 with gentle mixing on a spinning wheel.
The beads were then washed with 15 BV of equilibration buffer (see section 2.2.4)
containing 10 % (v/v) glycerol and 0.1 % (v/v) Triton X-100, followed by 5 BV of
W65 buffer (see section 2.2.4) and 5 BV of buffer C (20 mM Hepes–KOH pH 7.5, 100
mM KOAc, 10 mM Mg(OAc), 10  (v/v) glycerol, 65 mM imidazole and 0.5  (v/v)
Triton X-100), then split into equal volumes and kept on ice. Concurrently isolated
mitochondria (see section 2.8.2) were pelleted via centrifugation at 16,060 g for
15 min at 4C then resuspensed in 1 ml of buffer C freshly supplemented with PMSF
(2 mM). Following incubation for 20 min at 4C (with gentle mixing) the insoluble
material was removed by centrifugation (16,060 g, 4C, 10 min). Prepared Ni–NTA
Agarose beads with immobilised His–tagged protein were subsequently incubated
batchwise with soluble mammalian mitochondrial extract (25 mg – 300 mg protein)
for 30 min at 4C with gentle mixing on a spinning wheel. The beads were then
reisolated via centrifugation at 800 g for 2 min at 4C and resuspended in 300 l of
buffer D (20 mM Hepes–KOH at pH 7.5, 100 mM KOAc, 10 mM Mg(OAc), 10 %
(v/v) glycerol, 65 mM imidazole and 0.25 % (v/v) Triton X-100) to facilitate transfer
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to individual MoBiTec columns (Molecular Biologische Technologie).

Finally,

Ni–NTA Agarose with immobilised protein complexes were washed ten times with
400 l of buffer D under gravity flow (residual buffer D from the final wash was
removed via centrifugation at 800 g for 1 min at 4C) and all proteins eluted with
1 BV of buffer E500 (see section 2.2.4) via centrifugation at 800 g for 1 min at 4C.
Samples were separated via SDS–PAGE (see section 2.3.1) and subjected to both
silver staining and immunoblotting for visualisation of proteins (see section 2.3.2 and
2.4.2 respectively).

2.5.4 „Pull–down‟ experiments using GSH Agarose with immobilised GST–tagged
proteins

The PDIP38-ClpX interaction was analysed via „pull–down‟ experiments using
GSH Agaraose with immobilised GST-tagged protein. Briefly, 1 ml (settled volume)
of GSH Agarose was pre–washed with 5 BV of distilled water followed by 5 BV of
1 x PBS, then incubated batchwise (30 min, 4C) with 10 ml of E. coli extract
containing recombinant GST–tagged protein (extracted in buffer A supplemented with
complete EDTA–free protease inhibitor tablets (Roche) as per the manufacturer‟s
instructions, see section 2.2.3) with gentle mixing on a spinning wheel. Cell lysis was
performed as described in section 2.2.3 including three rounds of sonication on ice for
45 s at 70 % intensity with 30 sec breaks to enhance cell lysis. GSH Agarose beads
with bound GST–tagged proteins were subsequently washed with 5 BV of 1 x PBS
followed by 5 BV of buffer C and kept on ice. Concurrently, His–tagged recombinant
proteins were obtained as described in section 2.2.3 (using buffer C, see section 2.5.3)
and prepared GSH Agarose beads with immobilised GST–tagged protein subsequently
incubated bacthwise with 10 ml of soluble cell free extract(s) containing His-tagged
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recombinant proteins for 30 min at 4C with gentle mixing on a spinning wheel.
Finally, GSH Agarose beads were transferred to 10 ml plastic columns (Bio–Rad),
washed with 5 BV of buffer C followed by 10 BV of buffer D and bound protein
complexes eluted with 3 BV of GSH elution buffer (50 mM Tris-HCl pH 8.0, 10 mM
reduced glutathione).

Elution fractions were supplemented with glycerol (final

concentration of ~10 % (v/v)) then samples separated via SDS–PAGE (see section
2.3.1) and proteins visualised via Coomassie dye staining and immunoblotting (see
section 2.4.2). Used GSH Agarose beads were cleaned with 3 BV of cleaning buffer
(50 mM Tris-HCl pH 9.0, 1 M NaCl) and stored in 2 BV of 50 mM K2HPO4, 20 %
(v/v) ethanol at 4C.

2.5.5

Gel filtration

Superose 6 10/300 GL, Superose 12 HR 10/30 and Superdex 75 HiLoad 16/60
preparative grade chromatography columns (GE Healthcare) were used to analyse
hsPDIP38–hsClpX complexes as described by Kang et al., (2002, 2005) or further
purify hsPDIP38 protein obtained via IMAC (see section 2.2.4).

hsPDIP38 was

prepared in gel filtration buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl) and hsClpX
(individualy or in complex with hsPDIP38) in gel filtration buffer supplemented with
20 mM MgCl2, 5 % (v/v) glycerol, 5 mM DTT and 2 mM ATP. In all cases columns
were connected to an AKTATM 900 UPC Basic chromatography system fitted with an
AKTATM Frac–900 fraction collector (GE Healthcare) at 4C or RT and elution
volumes determined spectrophotometrically at 280 nm and 254 nm for samples
without and with ATP respectively.

Sample were analysed by SDS–PAGE and

immunoblotting (see section 2.3.1 and 2.4.2) and columns calibrated with molecular
weight standards from either a LMW or HMW gel filtration calibration kit as
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appropriate (GE Healthcare), including: blue dextran (2,000,000 Da, 1 mg/ml), ferritin
(440,000 Da, 0.5 mg/ml), catalase (232,000 Da, 5 mg/ml), aldolase (158,000 Da,
2 mg/ml), albumin (67,000 Da, 5 mg/ml), ovalbumin (43,000 Da, 5 mg/ml),
chymotrypsinogen A

(25,000 Da, 2 mg/ml) and ribonuclease A (13,700 Da, 10

mg/ml).

2.5.6

Analytical Ultracentrifugation – Fluorescent System (AUC-FS)

The ability of hsPDIP38 to form a complex with hsClpXP was analysed via
AUC–FS in the lab of Dr Matt Perugini, at the Bio21, Molecular Science and
Biotechnology Institute (University of Melbourne) using recombinant hsPDIP38–GFP
essentially as described by Bailey et al. (2009).

Ice–cold (4C) solutions of

hsPDIP38–GFP (50 nM), hsClpX (500 nM - 600 nM) and hsClpP (2.8 M) were
prepared in 350 l of 1 x ClpXP buffer (see section 2.5.1) and loaded at 4C into
aluminum cells fitted with a 2 channel charcoal/epon centerpiece and sapphire
windows (adjusted to 125 Psi) containing 50 l of FC–43 heavy oil (3M, ID no. 98–
0204–0101–8). Loading holes were sealed with thin plastic covers and screws, cells
loaded into an An50 TI rotor (Beckman Coulter) (pre–chilled) at 4C and centrifuged
in an XL–A ultracentrifuge (Beckman Coulter) retrofitted with an Aviv Biomedical
fluorescence detector. Samples were centrifuged at 725 g to optimize gain settings,
whereupon radial scans were collected at 72,500 g at 10C – 20C continuously
between 5.8 cm – 7.3 cm using 2 x 10-4 cm increments with fluorescence counts being
measured at each radial position (five averages).

Collected data was fitted to a

continuous

using

c(s)

and

c(m)

model

SEDFIT

software

(http://www.analyticalultracenrifugation.com). Density and viscosity (poise) were
experimentally determined to be 1.0394 and 1.902 x 10-2 respectively in a DMA 4100
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densitometer and AntonPar AMVn automated Micro Viscometer (MEP instruments)
fitted with a 1.6 mm capillary tube and 1.5 mm ball.

2.5.7

Long term solubility assays

Purified hsPDIP38-GFP (50 nM - 100 nM), hsClpX (0.6 M – 1.2 M) and
hsClpP (2.8 M – 5.6 M) was resuspended in 1 x ClpXP buffer with or without
20 mM ATP and placed at 10C for 48 h – 72 h. At appropriate times samples were
taken and insoluble material removed via centrifugation (16,060 g, 5 min). The
remaining soluble supernatant was mixed with Laemmli loading dye (1x) and heat–
treated at 95C for 5 min. Samples were subsequently analysed by SDS–PAGE (see
section 2.3.1) and the amount of soluble protein(s) remaining determined via
immnuoblotting (see section 2.4.2) using appropriate antisera (see Appendix II, Table
3).

2.6

Cell culture

2.6.1 Cell lines and culturing conditions

The cervical adenocarcinoma cell line HeLa was used in this study and was
kindly provided by Joan Hoogenraad. Cells were cultured in Dubleco‟s modified
Eagles medium (DMEM) (Invitrogen) supplemented with 5 % – 10 % fetal calf serum
(FCS) (complete DMEM) (Sigma/Invitrogen) at 37C (in 5 % CO2) in a HERAcell
incubator (Heraeus). For passaging (splitting) the adherent cells were detached using
either 1 ml – 2 ml of 1 x trypsin solution (0.25 % (w/v) trypsin, 1 mM EDTA.Na4)
(Invitrogen) for 1 min – 2 min, resuspensed in 1 x complete DMEM and reseeded with
~2.1 x 106 and ~6 x 106 cells onto 100 mm x 20 mm (10 cm) plate (Becton Dickson)
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and 140 mm x 20 mm (14 cm) plate (NUNC) respectively. Cell passaging was
performed 5 – 20 times (maximum of one month).

2.6.2 Harvesting of adherent cells

Adherent cells were removed as above (see section 2.6.1) or in the case of
6 well plates, cells in each well were rinsed with 2 ml of sterile 1 x PBS, then treated
with 300 l – 500 l of 1 x tryspin solution for 30 s at RT and removed using 1 ml of
the original culturing media.

In all cases cells were subsequently pelleted via

centrifugation (1000 g, 5 min) at RT in a MiniSpin centrifuge equipped with a F45–
12–11 rotor (Eppendorf) or Z300 centrifuge equipped with a 220.72 VO4 rotor
(Hermle) and rinsed 4 times with 1 ml (cells recovered from a 3.5 cm well) or 2 ml –
5 ml (cells recovered from a 10 cm – 14 cm plate) of sterile 1 x PBS, supernatant
carefully removed and cells placed on ice for subsequent use.

2.6.3 Storage of adherent cells

Cells at 80 % – 100 % confluency in plastic plates were used to make stocks
for storage. Cells were harvested (see section 2.6.2 above), gently resuspended in
freezing solution (complete DMEM supplemented with 20 % (v/v) FCS and 10 %
(v/v) DMSO) at a ratio of 1 ml per 10 cm plate and 3 ml per 14 cm plate, and 1 ml
aliquot(s) added to sterile, clean 2 ml cryogenic vials (Nalgene) that were subsequently
allowed to freeze over two days at –80C in a Cryo 1C freezing container (Nalgene).
Frozen cells were stored at –160C in a K series cytostorage system (Taylor Wharton).
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2.6.4 Extraction of soluble protein from HeLa cells

For extraction of proteins HeLa cells were resuspended in 100 l – 300 l of
TC extraction buffer (50 mM Tris–HCl, pH 8.0, 375 mM NaCl, 1 mM EDTA, 1 %
(v/v) Triton X-100), subjected to sonication (Branson 1200 sonicating waterbath) for
3 x 1 min with a 30 s break in–between, and the soluble cell–free extract obtained via
centrifugation (16,060 g, 15 min) at 4C in an Eppendorf centrifuge fitted with a 2 ml
rotor.

2.6.5 Transient transfection

HeLa cells were grown to approximately 20 % – 40 % confluency on glass
coverslips (10 mm x 10 mm) (Menzel-Gläser) in 6 well plates (NUNC) or 40 % –
80 % confluency in plates prior to transient transfection using LipofectamineTM 2000
reagent (Invitrogen) essentially according to manufacturer‟s instructions. Midiprep
DNA (see section 2.1.6) (10 g per 500 l incomplete DMEM) and LipofectamineTM
2000 transfection reagent (10 l per 500 l incomplete DMEM) was aliquoted into
separate sterile microcentrifuge tubes and incubated (30 min, RT), then combined and
incubated for a further 30 min (RT). The sample(s) was then diluted with 6 ml of
incomplete DMEM (to final concentration of 1.43 g DNA and 1.43 l
LipofectamineTM 2000 / l incomplete DMEM) to create desired DNA – lipofectamine
complexes. Finally, 1 ml (per well), 7 ml or 10 ml of this solution was gently applied
to 6 well, 10 cm or 14 cm plates respectively of HeLa cells pre-rinsed with 2 ml – 5ml
of sterile 1 x PBS and incubated at 37C (in 5 % CO2) for 1.5 h.

Following

transfection the cells were rinsed with 2 ml – 5 ml of sterile 1 x PBS then provided
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with standard growth media and conditions as per the culturing conditions outlined
(see section 2.6.1) and incubated for the desired growth period.

2.6.6 RNA interference (RNAi) in mammalian cell lines

HeLa cells were grown to ~20 % – 40 % confluency prior to transient
transfection with pre–designed Silencer® siRNA (Ambion) against hsPDIP38 (siRNA–
1: GGUUCCCAUCCAACAUGAA; siRNA–2: GCUUUAGGUAUGGAUUGAU;
siRNA–3: GGGCAAAGUGUUGGAGACA) or hsClpP (GCCUUGUUAUCGCACA
GCU) as described in section 2.6.1. Separate solution(s) containing 10 l – 30 l of
siRNA (2 mM) in DECP treated water (per 100 l of incomplete DMEM) and 1 l of
LipofectamineTM 2000 (per 30 l of incomplete DMEM) were incubated at RT for
5 min, whereupon they were combined together (1:1 ratio) then incubated at RT for
30 min and subsequently diluted with incomplete DMEM (to a final concentration of
20 nM – 60 nM) to create a 2 x working stock of desired siRNA – LipofectamineTM
2000 complexes. Concurrently cells were washed with 2 ml of 1 x sterile PBS, then
500 l of both 2 x working stock(s) and incomplete DMEM added to each well.
Finally, cells were incubated at 37C (in 5 % CO2) for 1.5 h, washed with 2 ml of
sterile 1 x PBS (per well) and incubated as per standard culturing conditions (see
section 2.6.1) for the desired growth period.

2.6.7 Fluorescence Activated Cell Sorting (FACS)

Endogenous hsPDIP38 expression was knocked down in HeLa cells using pre–
designed siRNA (see section 2.6.6) prior to FACS analysis and incubated as per
standard culturing conditions (see section 2.6.1) for the desired growth period.
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Treated cells (~80 % confluency at time of harvesting) were removed using 1 x trypsin
solution (see section 2.6.2) and split into two sample: one for FACS analysis and one
for immunoblotting. In both cases cells were pelleted via centrifugation (1000 g,
5 min) at RT and the supernatant removed. For FACS analysis cells were gently
resuspended in 300 l of sterile 1 x PBS containing propidium iodide (2 g/ml)
(Sigma), transferred to 5 ml tubes (Becton Dickson) and cellular viability determined
on a FACS CantoII (Becton Dickson) using FACS Diva software.

For all

cytofluorometric experiments a minimum of 1 x 104 cells were analysed (excitation:
530 nm, emission: 617 nm) with forward and side–scatters adjusted onto the major
population of normal–sized cells. For immunoblotting a cell free extract was made as
outlined in section 2.6.4 with 25 g – 50 g of protein (see section 2.6.4) resolved via
SDS–PAGE (see section 2.3.1) and protein of interest subsequently visualised via
immunoblotting (see section 2.4.2).

2.6.8 Radiolabeling of mtDNA–encoded translation products

HeLa cells were transfected with pre–designed Silencer® siRNA (Ambion) to
knock down PDIP38 expression (see section 2.6.6) 72 h prior to performing
radiolabeling experiments as described by Chomyn (1996). Treated cells (~80 %
confluency) were rinsed with 2 ml – 5 ml of 1 x PBS, incubated in 1.5 ml (per 3.5 cm
well) or 7 ml – 10 ml (per 14 cm plate) of Methionine free DMEM (Invitrogen)
supplemented with sodium pyruvate (100 mM) and L–glutamine (20 mM) at 37C (in
5 % CO2) for 10 min, and subsequently incubated as above for a further 15 min at
37C (in 5 % CO2) in media supplemented with dialysed fetal bovine serum (5 %
(v/v)) (Invitrogen) and cyclohexamide (0.1 mg/ml) (Sigma). Radiolabeled Met/Cys
amino acid mix L–[35S]–Met (~73 %) was added directly to the cells (0.5 Ci/ml –
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0.7 Ci/ml) and incubated at 37C (in 5 % CO2) for 2 h (pulse). Further radiolabeling
of proteins was inhibited by addition of an excess of non radiolabeled methionine
(0.1 mM) and following a short incubation (chase) (15 min at 37C in 5 % CO2) cells
were harvested via standard procedures (see section 2.6.2) with the addition of a
thorough rinse (4 x 25 ml of sterile 1 x PBS) for radiolabeled cells from 14 cm plates.
A cell free extract was subsequently generated (see section 2.6.4) and 25 g – 50 g of
soluble protein resolved via SDS–PAGE (see section 2.3.1) with radiolabeled proteins
visualised via autoradiography (see section 2.3.3)

2.7

Fluorescence Microscopy

2.7.1 Organelle staining

Cells were grown on glass coverslips (10 mm x 10 mm) (Menzel-Gläser), prerinsed with ethanol and sterile 1 x PBS, as per standard culturing conditions (see
section 2.6.1) for the desired growth period. Prior to viewing of cells flourescent dyes
were added directly to tissue culture media (per well) as follows: Hoescht DNA stain
(10 g/ml) (Sigma) for 20 – 30min, MitoTracker® Red CMXRos (10 M) (Invitrogen)
for 20 – 30 min, or Quant–iT PicoGreen dsDNA reagent (3 l/ml) (Invitrogen) for 1 h
(Ashley et al., 2005). Cells were rinsed with 2 ml of sterile 1 x PBS then the coverslip
was mounted, cells down, on a clean microscope slide and subsequently sealed with
nail polish (thin layer) around the edge.

2.7.2 Fluorescence microscopy

Images were captured using an Olympus BX–50 fluorescent microscope fitted
with a SPOT RT 3CCD camera (Diagnostics Instruments) and processed using SPOT
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Advanced software (version 3.4). Images were obtained with a 100x oil immersion
objective lens using a MWIBA2 filter for GFP (green) fluorescence (excitation: 460
nm – 490 nm, emission: 510 nm – 550 nm), MNG2 filter for MitoTracker® Red
CMXRos (red) fluorescence (excitation: 530 nm – 550 nm, emission: 590 nm and
higher), and MWU filter for Hoescht (blue) fluorescence (excitation: 330 nm – 385
nm, emission: 420 nm and higher). Analysis of captured images was performed with
ImageJ software (http://rsbweb.nih.gov/ij)

2.8

Mitochondrial isolation

Crude mitochondria were isolated from murine liver tissue and HeLa cells by
differential centrifugation essentially as described by Tatsuta and Langer (2007) and
Johnston et al. (2002) respectively.

2.8.1 Isolation of mitochondria from murine liver tissue

Black 6 mice (old breeders, La Trobe University Central Animal House) were
freshly killed by cervical dislocation (performed by Ms Catherine Hall), and finely
chopped liver tissue added to chilled solution B (20 mM Hepes pH 7.6, 220 mM
Mannitol, 70 mM Sucrose, 1 mM EDTA) supplemented with PMSF (0.5 mM) and
BSA (2 mg/ml) at a ratio of 9 ml solution / 1 g tissue. After incubating on ice for
15 min contents were transferred to a chilled 50 ml glass homogeniser (Wheaton) and
homogenised using 40 strokes of a drill–fitted Teflon pestle (Wheaton) at 4C. Liver
homogenate was transferred to 50 ml polycarbonate centrifuge tubes and nuclei and
cellular debris removed via centrifugation (800 g, 15 min) at 4C using a Beckman J1–
2E centrifuge fitted with a JA20 rotor or a Sorvall RC6 centrifuge fitted with a SS34
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rotor. The resulting supernatant was collected and crude mitochondria isolated via
centrifugation (10,000 g, 10 min, 4C), whereupon the pellet was resuspended in
solution B (27 ml per 1 g tissue) supplemented with PMSF (0.5 mM) and crude
mitochondria re–isolated via centrifugation (10,000 g, 10 min) at 4C. Finally, the
supernatant was poured off, crude mitochondria resuspended in ~3 ml of solution B
and the protein concentration determined via Bradford assay (see section 2.2.8). The
mitochondrial suspension was subsequently diluted to a final protein concentration of
~5 mg/ml using sucrose buffer (10 mM Hepes pH 7.6, 0.5 M sucrose) and placed
directly at –80C for long–term storage.

2.8.2 Isolation of mitochondria from HeLa cells

HeLa cells were harvested from 14 cm plates at ~80 % – 100 % confluency as
outlined in section 2.6.2 and gently resuspended in 5 ml of chilled solution B (see
section 2.8.1) freshly supplemented with PMSF (0.5 mM). The concentration of total
cellular protein was then estimated via the Bradford assay (see section 2.2.8). After a
20 min incubation on ice (gentle mixing every 5 min) HeLa cells were diluted with
solution B (final protein concentration of 1 mg/ml – 2 mg/ml) supplemented with
PMSF (0.5 mM) and homogenised (10 strokes per 1 ml solution) using a 27 G needle
attached to a 1 ml syringe or a drill–fitted Teflon homogeniser (30 strokes) (Wheaton).
Whole cells, nuclei and cellular debris were removed via two rounds of centrifugation
(800 g, 10 min) at 4C (the vast majority of the supernatant was collected each time).
Crude mitochondria were then obtained from the collected supernatant via
centrifugation (10,000 g, 10 min, 4C) and the resulting pellet gently resuspended in
1 ml of solution B and the crude mitochondrial protein concentration determined via
the Bradford assay (see section 2.2.8). Finally, crude mitochondria were re–isolated
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via centrifugation (10,000 g, 10 min, 4C), resuspended to a final volume of 500 l –
1 ml in sucrose buffer (0.5 mg/ml – 2 mg/ml) and placed directly at –80C for long–
term storage.

2.9

Immunoprecipitation

2.9.1 Cross–linking of IgGs to Protein A Sepharose

Cross–linking of IgGs to Protein A Sepharose (PAS) Fast–Flow beads (GE
Healthcare) beads was performed as described in Harlow and Lane (1999). Antiserum (diluted 2 - 3 fold with 0.1 M KPi pH 7.5) was added to PAS beads preequilibrated with 0.1 M KPi pH 7.5 and incubated for 60 min at 4C (gentle mixing on
spinning wheel). The bead suspension was centrifuged (800 g, 3 min, 4C), the
supernatant completely removed and the remaining beads rinsed with 30 BV of 0.1 M
Naborate pH 9.0. Beads were then incubated in 10 BV of fresh 0.1 M Naborate
pH 9.0 containing freshly added 7 mM Dimethyl–Pimilimidate dihydrochloride
(DMP) (Sigma) for 30 min at 4 (with gentle end-over-end mixing). The resulting
covalently linked IgG-PAS beads were pelleted via centrifugation (800 g, 5 min, 4C),
rinsed with 10 BV of 1 M Tris–HCl pH 7.5 and incubated in 10 BV of 1 M Tris–HCl
pH 7.5 for 2 h at 4C (with gentle end-over-end mixing). Finally, cross-linked IgGPAS beads were rinsed with 10 BV of 10 mM Tris–HCl pH 7.5 at 4C and stored on
ice.

2.9.2 Immunoprecipitation

Immunoprecipitation experiments were performed with purified recombinant
protein (0.3 M – 1.2 M), solubilised murine mitochondria (500 g) (see Section
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2.8.1) or solubilised HeLa mitochondria (~1 mg – 2.5 mg) (see Section 2.8.2) using
25 l (settled bead volume) of PAS beads as per the manufacturer‟s instructions. PAS
beads were equilibrated in 20 BV of 10 mM Tris–HCl pH 8.0 prior to incubation with
30 l – 50 l of anti–serum for 15 min at RT (gentle mixing on spinning wheel).
Prepared beads were then incubated with the desired protein source from above in 1 x
IP buffer (50 mM Tris–HCl pH 7.5, 100 mM KCl, 10 mM Mg(OAc), 5 % (v/v)
glycerol) supplemented with 0.25 % - 0.5 % (v/v) Triton X-100, 10 mM ATP and
2 mM PMSF for 1 h at 4C (gentle mixing on spinning wheel).

Non–specific

interacting proteins were subsequently removed with three washes of 1 x IP buffer
(100 l), whereupon beads were incubated in 45 l of IP elution buffer (45 l of
50 mM glycine–HCl pH 2.5) for 1 min (RT), and antibody-protein complexes
recovered from the beads via centrifugation (10,000 g, 1 min, 4C) and transferred to
clean microfuge tubes containing 5 l of 1 M Tris–HCl pH 8.0 to re–establish a
neutral pH. Finally IgG-PAS beads were neutralised with 1 ml of 1 M Tris–HCl
pH 8.0, rinsed with 1 ml of 10 mM Tris–HCl pH 8.0 and stored in 500 l –1 ml of
PAS storage buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.01 % (w/v)
Thiomesol). Eluted proteins were resolved by SDS–PAGE (see section 2.3.1) and
subsequently visualised via immunoblotting (section 2.4.2).

2.10

Mitochondrial import

2.10.1 In vitro transcription/translation reactions

Midiprep DNA (10 g) was digested with Sma I restriction enzyme (20 U) for
~3 h – 5 h at 25C to completely linearise the DNA. Resulting DNA was isolated
using a QIAGEN QuickSpin PCR cleanup kit, then 2 g – 5 g was added to an in
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vitro radiolabeled transcription reaction under the control of an SP6 RNA polymerase
(17 U/l) using a Riboprobe® in vitro Transcription System (Promega) as per
manufacturer‟s instructions, and the presence of mRNA verified by DNA agarose gel
electrophoresis (see section 2.1.5). For translation reactions mRNA (1, 2, 5 or 10 l),
1 mM amino acid mix (minus Met/Cys) and radiolabeled amino acid mix L–[35S]–Met
(~73 %) (11 Ci/l) (Perkin Elmer) was added to 10 l of a Nuclease treated Rabbit
Reticulocyte Lysate (Promega) then the translation reaction was immediately
incubated at 37C for 2 h. Alternatively midiprep DNA (10 g) (see section 2.1.8) and
L–[35S]–Met (~73 %) (0.6 Ci/l lysate) was added directly to 65 l of TnT SP6–
Quick Coupled Transcription/Translation System (Promega) and incubated at 30C for
2 h. The presence of radio–labeled precursor protein was verified by SDS–PAGE
analysis and autoradiography (see section 2.3.1 and 2.3.3).

2.10.2 Mitochondrial in vitro import assays

In vitro import assays with radiolabeled precursor protein and protease
protection procedures (section 2.10.4 and 2.10.5) were performed essentially as
described in Wiedemann et al. (2006) with minor modifications.

Crude HeLa

mitochondria (see section 2.8.2) were pelleted via centrifugation (7,000 g, 15 min) at
4C and gently resuspended in 1 x import buffer (20 mM Hepes–KOH pH 7.4,
250 mM Sucrose, 5 mM MgOAc, 80 mM KOAc and 10 mM Na succinate, 1 mM
DTT, 2 % (w/v) BSA, 5 mM ATP, 5 mM Methionine) to a final concentration of
1 mg/ml. The resulting mitochondrial suspension was split into 500 l and 100 l
aliquots and placed at 37C for 5 min in an Eppendorf Thermomixer. The 100 l
aliquot was supplemented with VO mix (1 M valinomycin, 1 M oligomycin) to
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dissipate the membrane potential then 10 l of radiolabeled precursor protein (see
section 2.10.1) was added, mixed then incubated for 20 min at 30C.

Upon

completion of incubation ethanol (1 % (v/v)) was added. The 500 l aliquot of
mitochondria was supplemented with ethanol (1 % (v/v)) and 50 l of radiolabeled
precursor protein (see section 2.10.1) then incubated at 30C. 100l aliquots, taken at
2.5 min, 5 min, 10 min and 20 min post addition of radiolabeled precursor protein,
were immediately supplemented with 1 % (v/v) VO mix (1 M valinomycin, 1 M
oligomycin) then placed on ice. Upon completion of the time–course, samples were
subjected to proteinase K treatment (see section 2.10.4) or trypsin treatment (see
section 2.10.5). Subsequently, all mitochondrial pellets were gently rinsed with 200 l
of SEM buffer (10 mM Mops–KOH pH 7.2, 250 mM sucrose, 1 mM EDTA), re–
isolated via centrifugation (13,000 g, 15 min) at 4C, and resuspended in 100 l of 1 x
Laemmli dye and heat–treated (95C, 5 min). The success of in vitro imports was
determined by SDS–PAGE analysis and autoradiography (see section 2.3.1 and 2.3.3).

2.10.3 Mitochondrial osmotic swelling

Mitochondrial osmotic swelling was performed essentially as described in
Stojanovski et al. (2007) with minor modifications. Crude HeLa mitochondria (see
section 2.8.2) were pelleted via centrifugation (7,000 g, 10 min) at 4C and 400 g
resuspended in 80 l of SEM buffer then mixed with 720 l of EM buffer (10 mM
Mops–KOH pH 7.2, 1 mM EDTA). Mitoplasts were formed by incubation on ice for
20 min with gentle mixing (5 min intervals) using a P1000 pipette tip.
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2.10.4 Proteinase K treatment

Import assays were performed as described (see section 2.10.2 above) and all
samples split into 2 x 45 l aliquots. One set of aliquots was then treated with
proteinase K (43 g/ml) (Sigma) for 15 min at 4C, whereupon proteinase K was
subsequently inactivated by addition of freshly prepared PMSF (2 mM – 8 mM).
Following incubation for 10 min at 4C crude mitochondria were re-isolated via
centrifugation (13,000 g, 5 min - 15 min) at 4C and rinsed with 300 l of SEM buffer
(supplemented with 2 mM PMSF).

2.10.5 Trypsin treatment

Import assays were performed as described (see section 2.10.2) and all samples
split into 2 x 47.5l aliquots. One set of aliquots was then treated with trypsin
(50 g/ml) (Sigma) for 30 min at 4C, whereupon trypsin was subsequently
inactivated via addition of Soy Bean Trypsin Inhibitor (SBTI) (1 mg/ml). Following
incubation for 10 min at 4C on ice crude mitochondria were re–isolated via
centrifugation (13,000 g, 5 min - 15 min) at 4C and rinsed with 300 l of SEM
buffer.

2.11

Miscellaneous

2.11.1 Mass spectrometry

Proteins were separated via SDS–PAGE (see section 2.3.1), stained and
destained and appropriate bands excised using a clean scalpel and placed into
siliconised low protein binding microcentrifuge tubes (TRACE plastics).
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preparation and subsequent mass spectrometry was performed commercially by the
Australian Proteome Analysis Facility (APAF) and the Mass Spectrometry and
Proteomics Facility (La Trobe University) via matrix assisted laser desorption
ionization (MALDI) mass spectrometry using TOF/TOF optics in MS and MS/MS
mode. Gel slices submitted to APAF were subjected to in–gel tryptic digestion (16 h,
37C), zip tip cleaned, spotted onto a sample plate and allowed to air–dry, and analysis
performed on an Applied Biosystems 4700 Proteomics Analyser equipped with a
Nd:YAG laser (355 nm).

Gel slices submitted to the Mass Spectrometry and

Proteomics Facility were subjected to in-gel tryptic digestion (2 h, 40C), spotted onto
a sample plate and allowed to air-dry, and subsequent analysis performed on a Bruker
Daltronics Ultraflex III Mass Spectrometer equipped with a „Smartbeam laser‟.

2.11.2 N–terminal sequencing

Proteins were separated via SDS–PAGE (see section 2.3.1), transferred to
PVDF membrane essentially as described in Harlow and Lane (1999) (see section
2.4.1) except CHAPS buffer (10 mM CHAPS-OH pH 11.0, 10 % (v/v) methanol) was
used as the transfer buffer then following staining and partial destaining the
appropriate band(s) were excised (clean scalpel) and placed into clean microcentrifuge
tubes. N–terminal sequencing was subsequently performed on 27 – 80 pmol of protein
by the Australian Proteome Analysis Facility (APAF) via 5 – 6 cycles of Edman
degradation on an Applied Biosystems 494 Procise Protein Sequencing System.
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2.11.3 Antibody generation

Antibodies were raised in New Zealend white rabbits following procedures
outlined in the Department of Biochemistry approved animal ethics committee
application AEC 03/25[BG] by intra muscular injection of antigen (50 g – 200 g)
using emulsions of purified recombinant protein (in 1 ml of sterile 1 x PBS) and 1 ml
of Freund‟s Complete Adjuvant (first injection) or Freud‟s Incomplete Adjuvant (all
boosts). Collected blood was allowed to coagulate at 4C overnight onto a solid
support (sterile wooden stick). Insoluble material was then removed via centrifugation
(10,000 g, 10 min, 4C) and clarified polyclonal anti–serum(s) stored directly at –
20C. All surgical procedures were performed by Ms Catherine Hall and staff at the
Central Animal House (La Trobe University, Bundoora).

106
89

Chapter 2: Materials and Methods

Chapter 3
- hsPDIP38 is a mitochondrial protein that
is targeted to the matrix
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3.1

Introduction

3.1.1 History of studies on PDIP38 localisation

Human PDIP38 (hsPDIP38) was initially identified as a nuclear localised
protein that interacted with polymerase  as determined by yeast-two hybrid assays
(Liu et al., 2003). In late 2003 this was contradicted by data from Mootha and
colleagues who identified murine PDIP38 (mmPDIP38) as a mitochondrial protein in
liver cells based on a large-scale proteomic survey of mitochondria isolated from
murine liver, kidney, spleen and testes tissue (Mootha et al., 2003a). Indeed, in early
2005 Lee and colleagues readdressed their original findings now reporting hsPDIP38
to be primarily located in mitochondria based on immunochemical and cellular
fractionation studies (Xie et al., 2005). They reported a predicted mitochondrial
targeting sequence at the N-terminus of the protein which could account for the
difference between the calculated molecular weight of PDIP38 of 42 kDa (based on
the primary amino acid sequence deduced from its cDNA sequence) and the size of the
endogenous protein estimated to be ~38 kDa based on its mobility on SDSpolyacrylamide gels. While the first 35 amino acids of hsPDIP38 are sufficient to
direct the hsPDIP38 protein to mitochondria presequence prediction programs
MITOPROT and TargetP predict MPP cleavage sites following residue 51 and 58
respectively (Xie et al., 2005). Using N-terminal truncation constructs of hsPDIP38
with C-terminal EGFP and FLAG tags the presequence cleavage site of hsPDIP38 was
estimated to occur around residue 50 (Xie et al., 2005). Furthermore, hsPDIP38 was
reported to be a mitochondrial matrix protein as determined via osmotic swelling
coupled with proteinase K digestion (Cheng et al., 2005). In-line with both of the
above results in 2005 I identified mmPDIP38 as a 38 kDa specific-ClpX interacting
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protein (Strack, 2005) isolated from murine liver mitochondria.

Consistently, a

mitochondrial location for mmPDIP38 (referred to as Mitogenin 1) has also been
claimed by Arakaki and colleagues, albeit with a reported processing site between
residues 30 – 31 (Arakaki et al., 2006). However, a couple of alternative cellular
locations have been proposed in more recent years, these being the nucleus, cytoplasm
and plasma membrane (Klaile et al., 2008; Klaile et al., 2007). Klaile and colleagues
suggested that hsPDIP38 is not a mitochondrial protein and that the mitochondrial
location observed is possibly a consequence of mistargeting due to placement of tags,
such as EGFP and FLAG, at the C-terminus of the protein (Klaile et al., 2007).
Finally, last year Lyle and colleagues proposed a nuclear location, as well as at
discrete points on stress fibres and in focal adhesions, for PDIP38 in vascular smooth
muscle (VSMC) cells (Lyle et al., 2009). In summary, PDIP38 has been reported to
occur in a number of different cellular locations suggesting a myriad of different
putative functions for this protein. In determining the physiological function of a
protein it is critical that the activity correlates with the subcellular location of that
protein. To examine the significance of the interaction between PDIP38 and ClpX
studies were undertaken to (1) verify the ClpX-PDIP38 interaction identified in
preliminary experiments and (2) experimentally determine the proteolytic processing
sites and the subcellular location of mature endogenous PIDP38. The results and
conclusions from these studies are described in this chapter.
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3.2

Results

3.2.1 Isolation of endogenous mmPDIP38 protein from murine liver mitochondria

In preliminary experiments a vast excess of immobilised His-tagged human
ClpXN domain (hsClpXN) (100 g) was used to affinity purify interacting proteins
from 25 mg of detergent solubilised murine liver mitochondria revealing a specific
interaction with mmPDIP38 (see section 1.7).

To determine if this result was

reproducible, again leading to isolation of mmPDIP38 the experiment was repeated
using different amounts of immobilised His10-hsClpXN (1 g – 20 g) and each
incubated with 25 mg of Triton X-100 solubilised murine liver mitochondria (see
section 2.5.3). Following several washes hsClpXN was eluted from Ni-NTA Agarose

Figure 3.1: „Pull-down‟ showing recovery of endogenous mmPDIP38 from
solubilised mammalian mitochondria.
Mammalian mitochondrial extract (Lane 1, T) was applied to NiNTA agarose beads
immbolised with (Lane 3, U) and without (Lane 4, U) hsClpXN and bound proteins
eluted with buffer containing imidazole (Lanes 5 – 7, E). Recovered proteins were
separated by Tricine-buffered SDS-PAGE and stained with Coomassie stain. Protein
sizes estimated using SeeBlue Plus2 prestained molecular weight markers (Lane 1).
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and samples analysed by SDS-PAGE. A protein of ~38 kDa, the expected size of
mmPDIP38, was observed specifically in the eluted fraction containing 10 g of
hsClpXN (Figure 3.1, Lane 6) but not in the Agarose beads plus mitochondria control
(Figure 3.1, Lane 5) or no mitochondria control (Figure 3.1, Lane 7). The 38 kDa
protein was also observed in experiments using 5 g and 20 g of hsClpXN (data not
shown).

3.2.2 Elucidation of the proteolytic processing site for maturation of mmPDIP38
preprotein in mitochondria

To confirm the identity of the 38 kDa protein as mmPDIP38 and to determine
its processing site (since TargetP and MITOPROT predicted two different sites for
proteolytic processing of mmPDIP38, between residues 21 - 22 and 58 - 59
respectively (Figure 3.2)), N-terminal sequencing via Edman degradation was
performed on ~27 pmol of the endogenous 38 kDa protein isolated from murine liver
mitochondria (see section 2.11.2). This analysis revealed the sequence SSRNR which
confirmed its identity as PDIP38 and that the protein is proteolytically processed at its
N-terminus with the sequence obtained being consistent with proteolytic cleavage
occurring between residues 51 - 52 (Figure 3.2) of the preprotein. Removal of an

Figure 3.2: Proteolytic processing site of mmPDIP38
Primary sequence of mmPDIP38 deduced from cDNA showing predicted sites for
proteolytic processing of the mmPDIP38 preprotein based on presequence prediction
programs TargetP and MitoPROT, and the experimentally determined processing site
revealed in this study. The underlined sequence shows the sequence obtained via
Edman degradation of endogenous mmPDIP38 isolated from liver mitochondria.
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~5 kDa N-terminal sequence from the 42 kDa preprotein is consistent with the
mobility of the endogenous protein (~38 kDa) on SDS-polyacrylamide gels and the
cleavage site experimentally estimated by Lee and colleagues (Xie et al., 2005). The
amino acid sequence of mmPDIP38 flanking the cleavage site (RRHLSS) fits
perfectly with the previously defined mitochondrial processing peptidase (MPP) R3
recognition motif of xRx(Y/x)(S/A/x)x (for a review see Gakh et al., 2002). A recent
N-proteome study of mitochondrial proteins in yeast revealed that the cleavage of
presequences from mitochondrial preproteins containing an R3 recognition motif is a
two-step process in which MPP cleaves off the presequence followed by removal of
the newly exposed N-terminal bulky hydrophobic residue (L, F and W) by the
peptidase Icp55 (Vogtle et al., 2009). Thus mmPDIP38 is most likely cleaved by MPP
followed by APP3m (the homolog of Icp55 in human mitochondria) (Vogtle et al.,
2009). The yeast proteome analysis revealed a population of Icp55 substrates that
retained their bulky N-terminal hydrophobic amino acid. In order to determine if the
murine liver mitochondria also contained a minor population of PDIP38 retaining an
N-terminal leucine a pull-down experiment was performed using immobilised E. coli
ClpS (ecClpS) and solubilised murine liver mitochondria.

ClpS, the substrate

recognition component of the N-end rule degradation pathway binds bulky
hydrophobic amino acids (L, F, Y or W) at the N-terminus of proteins (Dougan et al.,
2010). Therefore it was proposed that ClpS could be used to recover endogenous
protein retaining N-terminal bulky hydrophobic amino acids.

As a control ClpS

bearing a double mutation in two highly conserved residues (D35A and D36A),
referred to in the literature as ClpSDD/AA (Erbse et al., 2006), was utilised which is no
longer able to bind bulky hydrophobic N-terminal amino acids thus preventing
recovery of any endogenous L-mmPDIP38. Elution of bound mitochondrial protein
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Figure 3.3: „Pull-down‟ experiment with ecClpS, ecClpSDD/AA and mammalian
mitochondrial extract
Coomassie Brilliant Blue stained Tricine-buffered SDS-PAGE (A) and immunoblot
(B) showing attempted isolation of endogenous L-mmPDIP38 from solubilised
mammalian mitochondria.
Mammalian mitochondrial extract (Lane 1, T) was applied to Ni-NTA agarose beads
immbolised with ClpS (Lane 2, U) or ClpSDD/AA (Lane 3, U) and bound proteins
eluted with dipeptide (FR) (Lanes 4 and 5, E (dipeptide)) followed by buffer
containing imidazole (Lanes 7 and 8 lower panel, E500). Recovered proteins were
separated by Tricine-buffered SDS-PAGE and stained with Coomassie stain.
Molecular weights estimated using SeeBlue Plus2 prestained molecular weight
markers (Lane 6 upper panel) and untagged hsPDIP3852-368 (see section 4.24 – 4.26.)
used as a positive control for immunoblot (Lane 6, lower panel).

was performed using an excess of competing dipeptide (FR) as previously described
by Ninnis et al. (2009). Although not relevant in the context of this study, a ClpSspecific interacting protein of ~36 kDa was recovered (Figure 3.3A, Lane 4) relative to
the ClpSDD/AA binding mutant (Figure 3.3A, Lane 5). This protein was subsequently
identified by mass spectrometry as dihydrodipicolinate synthase-like protein (data not
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shown). In contrast, endogenous mmPDIP38 was not recovered by ClpS affinity
chromatography (Figure 3.3A, Lane 4).

These data were also confirmed by

immunoblotting of the eluted proteins by anti-PDIP38 antisera (Figure 3.3B)
suggesting that cleavage of PDIP38 by APP3m is efficient in murine liver
mitochondria.

3.2.3 Comparison of mmPDIP38 and hsPDIP38

To establish if PDIP38 is conserved across different mammalian species I
identified a number of PDIP38 homologs (see Figure 3.4).

As can be observed

PDIP38 is highly conserved in metazoans, although Drosophila melangoster PDIP38
contains a large insertion in the N-terminal region. Interestingly, mammalian PDIP38
homologs, including the human protein, all contain the same peptidase processing
recognition sequence RRHLSS and therefore the same processing site is highly
likely. To provide support for this the size of endogenous murine and human PDIP38
was compared following separation of mitochondrial proteins (HeLa and murine liver)
and immunoblotting for detection of the proteins.

Consistent with a conserved

processing site for hsPDIP38 (e.g. between residues 51 – 52) human and murine
PDIP38 co-migrate on an SDS-polyacrylamide gel (see Figure 3.5). The predicted
mature human PDIP38 has 95 % amino acid sequence identity with mature murine
PDIP38.
Bioinformatic analysis of hsPDIP38 revealed the presence of a conserved
domain found in bacterial ApaG proteins and some F Box A proteins (Liu et al., 2003
and Figure 3.4) of unknown function, hence it is annotated as DUF525 (Domain of
Unknown Function 525) which is predicted to form a fibronectin type-III fold (Cicero
et al., 2007). The presence of the DUF525 domain in F Box A proteins is particularly
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interesting since F Box proteins act as adaptor-like proteins in Skp1-Cullin-F Box
(SCF) complexes which regulate the delivery of targets to the 26S proteosome for
degradation.

Figure 3.4: Multiple sequence alignment of metazoan PDIP38
Multiple sequence alignment using Clustal X showing the mitochondrial targeting
sequence (MTS), based on the experimentally determined cleavage site for mmPDIP38,
and conserved DUF525/ApaG homology domain.
Sequence of mmPDIP38 preprotein (residues 1 - 368) from Swiss-Prot database (Mus
musculus, CAI25551) aligned using a ClustalX program with homologs possessing the
following accession numbers: Homo sapiens, Q9Y2S7; Rattus norvegicus, C8YL70;
Canis familiaris, XP_548282; Bos Taurus, A5D9H9; Danio rerio, Q6TGW1;
Drosophila melanogaster, Q9VNCO; Caenorhabditis elegans, Q95PW5.
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Figure 3.5: Immunoblot of solubilised human and murine mitochondria
PVDF membrane probed with PDIP38 antisera (see Appendix II, Table 3) showing
the mobility of endogenous hsPDIP38 (Lane 1) and mmPDIP38 (Lane 2).
Mitochondrial extracts (50 g) were separated using glycine-buffered SDS-PAGE.

3.2.4 Determining if hsPDIP38 resides in mitochondria

The purpose of this aspect of the study was not to reinvestigate all possible
cellular locations of PDIP38 as this has been done several times in different cell types
with different conclusions. The purpose of the following experiments was to examine
if PDIP38 can be targeted to and internalised within the matrix of mitochondria using
a combination of approaches that included both tagged and untagged versions of
PDIP38.
In the first approach the cellular location of PDIP38 was examined via
fluorescence microscopy using a pre-hsPDIP38-GFP construct transiently expressed
in HeLa cells. In order to generate the required expression construct the cDNA coding
for hsPDIP38 including its presequence was successfully amplified by PCR (Figure
3.6A, Lane 2) using a cDNA clone of hsPDIP38 as a template and primer pair A
(Appendix I, Table 1) as described in section 2.1.1. Following restriction digestion of
both hsPDIP38 and the mammalian expression vector pEGFP with Bam HI and Hind
III, ligations were set up alongside controls lacking either the T4 DNA ligase or
hsPDIP38 insert or both. Following transformation of the ligation products into
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competent E. coli XL1-Blue cells and positive selection on 2YT-agar plates containing
kanamycin, transformants were obtained.

A positive clone, containing an

approximately 1,250 bp insert, was identified by restriction endonuclease digestion of
the isolated plasmid with Bam HI and Hind III (Figure 3.6B, Lane 2). Successful
cloning of hsPDIP38 into pEGFP was verified by nucleotide sequencing (see section
2.1.9).

A frameshift mutation was corrected by oligonucleotide directed PCR

mutagenesis (see section 2.1.2) and the pEGFP/hsPDIP38 construct subsequently
A.

B.

C.

Figure 3.6: Amplification of hsPDIP38, cloning into a pEGFP vector and expression in
HeLa cells
EtBr stained agarose gels (A and B) showing generation of the pEGFP/hsPDIP38
construct and PVDF membrane showing subsequent successful expression of
hsPDIP38-GFP in HeLa cells.
A. Analysis of hsPDIP38 amplification via PCR. Lane 1, 1kbp+ DNA ladder; Lane 2,
Amplification of product of expected size (~1,250 bps); Lane 3, control minus
cDNA template. DNA was separated on a 0.8 % (w/v) agarose gel.
B. Analysis of putative pEGFP/hsPDIP38 clone via restriction endonuclease digestion
(Bam H1 and Hind III). Lane 1, 1kb+ DNA ladder (bp); Lane 2, Putative
pEGFP/hsPDIP38 clone with the release of an ~1250 bp fragment. DNA was
separated on a 0.8 % (w/v) agarose gel.
C. hsPDIP38-GFP expression in HeLa cells. Immunoblot (of HeLa cells transfected
with pEGFP/hsPDIP38) probed with anti-GFP antisera (see Appendix II, Table 3).
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transiently transfected into HeLa cells (see section 2.6.5). Cells were then harvested
(see section 2.6.2) and successful expression of hsPDIP38-GFP confirmed by
immunoblotting using anti-GFP antisera (Figure 3.6C) as described in section 2.4.2.
HeLa cells were transiently transfected with prepared plasmid DNA
(pEGFP/hsPDIP38), then 33 h later cells were stained with Hoescht (10 g/ml) (see
Figure 3.7A) and MitoTracker® Red CMXRos (10 M) (see Figure 3.7B) and
analysed by fluorescent microscopy (see section 2.7.2).

The green fluorescence

corresponding to hsPDIP38-GFP (see Figure 3.7C) colocalised with the red

Figure 3.7: Fluorescence microscopy of hsPDIP38-GFP
Flourescent microscopy of HeLa cells showing a mitochondrial location for
hsPDIP38-GFP.
Flourescent microscopy 33 h post transient transfection of HeLa cells with prepared
plasmid DNA (pEGFP/hsPDIP38) (green signal), showing cells stained with Hoechst
nuclear stain (10 g/ml)(blue signal) and MitoTracker® Red CMXRos
(10 nM)
(red signal).
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fluorescence of the mitochondrial staining dye MitoTracker® Red CMXRos (see
Figure 3.7D) indicating that the hsPDIP38-GFP fusion is targeted to mitochondria in
HeLa cells. Expression of hsPDIP38-GFP could be detected in mitochondria as early
as 8 h post-transfection, and overexpression did not appear to deleteriously effect
mitochondrial morphology up until 33 h post-induction (the last time point examined).
This is in contrast to Higuti and colleagues who reported that overexpression of
PDIP38 in C1C12 cells resulted in elongated mitochondria indicating an increase in
fusion events (Arakaki et al., 2006).

The differing effects on mitochondrial

morphology observed by Higuti and colleagues and this study could be due to the use
of different cell types.

3.2.5 In vitro import of radiolabeled hsPDIP38 into isolated mitochondria

In order to determine if untagged hsPDIP38 could be imported into
mitochondria and proteolytically processed an in vitro import assay was performed. In
order to do this hsPDIP38 preprotein was synthesised in vitro in the presence of

35

S-

Met/Cys. Initially, cDNA encoding the hsPDIP38 preprotein in pOTB7 was linearised
with the restriction endonuclease Sma I, and mRNA was synthesised using an SP6
RNA polymerase. However, translation of this mRNA using a rabbit reticulocyte
lysate failed to generate a product of the correct size (data not shown).

In an

alternative approach an SP6 coupled transcription-translation system was used (see
section 2.10.1) to generate radiolabeled preprotein (hsPDIP38) from uncut plasmid
DNA. While a number of non-specific products were observed a major product of
approximately 42 kDa corresponding to the correct size of the hsPDIP38 preprotein
was present (see Figure 3.8A).

To examine the import of hsPDIP38, rabbit

reticulocyte lysate (containing radiolabeled preprotein) was added to energised and
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non-energised mitochondria isolated from HeLa cells and incubated at 37°C for up to
30 min. As can be seen an ~38 kDa radiolabeled product accumulated in a time and
membrane potential dependant manner (Figure 3.8B, Lanes 1 - 6) consistent with the
import profile of presequence containing mitochondrial proteins (Truscott et al.,
2003). Furthermore, the 38 kDa product was largely resistant to treatment of whole
mitochondria with proteinase K (Figure 3.8B, Lanes 7 - 12) or trypsin treatment (data

A.

B.

Figure 3.8: Synthesis of radiolabeled hsPDIP38 preprotein and import into isolated
mitochondria
A. Lysate from Promega TnT quick-coupled transcription/translation of
pOTB7/hsPDIP38 uncut plasmid DNA radiolabeled with 35S-methionine. Proteins
separated via glycine-buffered SDS-PAGE and visualised via autoradiography.
B. Lanes 1 - 5, Time-course of import not subjected to proteinase K treatment; Lane 6, 20
min sample from import not subjected to proteinase K treatment, pre-treated with
valinomycin; Lanes 7 - 11, Time-course of import subjected to proteinase K treatment;
Lane 12, 20 min sample from import subjected to proteinase K treatment, pre-treated
with valinomycin. Proteins separated via glycine-buffered SDS-PAGE and visualised
via autoradiography.
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not shown) (but not resistant following Triton X-100 lysis of the mitochondrial
membranes; Figure 3.9, Lanes 8 - 10) indicating that processed hsPDIP38 can be fully
imported into the inner compartments of mitochondria, most likely the matrix.

3.2.6 Confirmation of a matrix location for hsPDIP38 in HeLa mitochondria

To determine which internal mitochondrial compartment hsPDIP38 resides,
protease protection assays were performed using mitochondria and mitoplasts (swollen
mitochondria in which the outer membrane has been disrupted) isolated from HeLa
cells. In these experiments endogenous hsPDIP38 was detected by immunoblotting
using anti-hsPDIP38 antisera (see Appendix II, Table 3). Mitochondria, mitoplasts
and Triton X-100 solubilised mitochondria were treated with and without proteinase K
for the times indicated (see Figure 3.9).

These experiments revealed that the

mitochondrial outer membrane protein Mitofusin 2 (Mfn2, 95 kDa) was sensitive to
degradation by proteinase K treatment (Figure 3.9, Lanes 2 – 10) in all conditions.
The intermembrane space protein cytochrome C was highly sensitive to proteinase K
treatment in Triton X-100 treated mitochondria (Figure 3.9, Lanes 8 - 10), partially
sensitive in mitoplasts (Figure 3.9, Lanes 5 - 7) due to rupturing of the outer
mitochondrial membrane and protected in whole mitochondria (Figure 3.9, Lanes 2 4). Finally, the mitochondrial matrix protein mtHsp60 (~60 kDa) was sensitive to
proteinase K degradation only in Triton X-100 treated mitochondria (Figure 3.9, Lanes
8 - 10). Similar to endogenous mtHsp60, hsPDIP38 was only sensitive to degradation
by proteinase K when both mitochondrial membranes had been ruptured (Figure 3.9,
Lanes 8 - 10). This analysis indicates that all or the vast majority of the population of
endogenous hsPDIP38 possessing a mitochondrial location resides in the matrix of
mitochondria in HeLa cells.
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Figure 3.9: Osmotic swelling of HeLa mitochondria.
PVDF membrane immunodecorated with anti-Mfn2, anti-mtHsp60 and anti-PDIP38
antisera and anti-cytochrome C antibodies (see Appendix II, Table 3) showing the
susceptibility of endogenous hsPDIP38 to externally added protease. Proteins were
separated by Tricine-buffered SDS-PAGE.
Lane 1, mitochondria; Lanes 2 – 4, mitochondria treated with proteinase K for the
times indicated; Lanes 5 – 7, hypotonically swollen mitochondria treated with
proteinase K for the times indicated; Lanes 8 - 10, mitochondria treated with Triton X100 and proteinase K for the times indicated.
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3.3

Discussion

3.3.1 hsPDIP38 is localised to the mitochondrial matrix and may possess a dual
localisation

The cellular location of hsPDIP38 is controversial as it has been reported to
reside in the nucleus, cytosol, at the plasma membrane and in mitochondria (Klaile et
al., 2007; Lyle et al., 2009; Mootha et al., 2003a; Xie et al., 2005). My preliminary
data revealed an interaction between hsClpX and mmPDIP38 (and hsPDIP38, see
section 4.2.1) however in order to begin to determine if this interaction was
physiologically relevant I first sought to determine if hsPDIP38 is located in
mitochondria. The data presented here, in line with a number of studies (Arakaki et
al., 2006; Bogenhagen et al., 2008; Cheng et al., 2005; Mootha et al., 2003a; Xie et
al., 2005) indicates that a pool of PDIP38 resides in the matrix of mammalian
mitochondria. Firstly, mmPDIP38 was isolated from murine liver mitochondria using
the N-domain of hsClpX (Figure 3.1) consistent with it being a component of the
mitochondrial proteome as reported by Mann and colleaugues who analysed highly
purified mitochondria from murine tissues (Mootha et al., 2003a). The isolation of
endogenous mmPDIP38 permitted, for the first time, the opportunity to directly
analyse the N-terminal sequence of mmPDIP38. Microsequencing of mmPDIP38 by
Edman degradation revealed that the protein had indeed been processed with cleavage
occurring between residue 51 and 52 with the sequence specificity being consistent
with a two step processing by MPP and APP3m (Gakh et al., 2002; Vogtle et al.,
2009). This experimentally determined processing site is consistent with the estimated
cleavage site determined by Lee and colleagues for hsPDIP38 (Xie et al., 2005). The
data presented here provides strong evidence that hsPDIP38 is synthesised as a
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preprotein protein and targeted to mitochondria where it is processed to the mature
protein. To be confident that human, like murine PDIP38 is targeted to mitochondria
and processed, further experiments were performed. Immunoblotting of solubilised
crude mitochondrial extracts was used to visualise endogenous mmPDIP38 and
hsPDIP38 which were observed to be of similar size thus indicating conservation of a
cleavage site between residue 51 - 52 and the potential for a mitochondrial location of
the protein. Further testing via fluorescence microscopy of a hsPDIP38-GFP fusion
protein revealed that the transiently expressed protein colocalised with mitochondria in
HeLa cells which is consistent with previous studies (Xie et al., 2005). Klaile and
colleagues suggested that a C-terminal GFP fusion may misdirect the protein to
mitochondria (Klaile et al., 2007). This possibility is not supported by the data
presented here as in vitro import of non-tagged pre-hsPDIP38 into mitochondria
revealed that the ~42 kDa preprotein is imported into mitochondria in a membrane
potential dependent manner and processed to a mature ~38 kDa protein (which
migrates on the SDS polyacrylamide gel to the same position as endogenous PDIP38).
Furthermore the processed 38 kDa hsPDIP38 was protected against externally added
proteinase K suggesting that at least a portion of the protein is fully imported and not
spanning the outer and inner membrane of mitochondria as a translocation
intermediate (partially imported species). Thus, for the first time, these data provide
evidence that hsPDIP38 can be imported into internal compartments of mitochondria.
Protease protection assays (Figure 3.9) revealed that endogenous hsPDIP38 is most
likely located in the mitochondrial matrix consistent with previous reports and follows
a classic presequence pathway of import into the organelle.
In summary mammalian PDIP38 (human and murine) has the capacity to be
targeted to mitochondria, imported and processed to the mature 38 kDa protein. How
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then can the 38 kDa and thus processed PDIP38 be found in other cellular
compartments? The disparity of predicted locations in the cell can be reconciled by
the proposal that PDIP38 is „dual‟ targeted. A very recent study revealed that mature
Nsf1, a mitochondrial cysteine desulfurase, is located in both mitochondria and the
nucleus (Naamati et al., 2009). The unusual distribution is proposed to involve a
partial entry of the preprotein protein into mitochondria, thus permitting processing of
the presequence and then „retrieval‟ of a subpopulation of the partially translocated
protein into the cytosol and subsequently the nucleus.

It is thought that reverse

translocation is responsible for the release of the protein into the cytosol (Naamati et
al., 2009). However, slippage from the translocation machinery or active export of the
protein as a mechanism to dual target cannot be excluded. Thus processed PDIP38
(~38 kDa) which is found in other cellular compartments may arise due to partial
import of the protein into mitochondria then slippage or reverse translocation
facilitating its release back into the cytosol. The ability of mitochondria to trap and
fully import PDIP38 may vary between cell types or in respect of different cellular
conditions (mitochondrial membrane potential) thereby accounting for the different
cellular distributions observed for this protein. While dual targeting of mitochondrial
proteins is a new and interesting concept examining this possibility for PDIP38 was
beyond the scope of this study.

3.3.2 The potential for APP3m processing of the mature hsPDIP38 protein

Meisinger and colleagues recently revealed that cleavage of MPP R3
recognition sequences in mitochondrial preproteins is a two-step process via MPP and
the peptidase Icp55 in yeast, although this process was found to be less than 100%
efficient as some protein targets of Icp55 retained their bulky hydrophobic residue
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(Vogtle et al., 2009). In this study I utilised a ClpS „pull-down‟ methodology in an
attempt to enrich for any minor population of hsPDIP38 that may have retained its Nterminal Leu. Endogenous mmPDIP38 was not recovered (Figure 3.3) suggesting that
cleavage is efficient in murine liver mitochondria, which is consistent with the Nterminal sequencing data obtained. Humans possess three genes for homologs of the
APP metalloproteases which are widely conserved from bacteria to humans (Ersahin et
al., 2005; Rawlings et al., 2010; Wilce et al., 1998). APP3 exists as one of two splice
variants, APP3c (cytosolic) and APP3m (mitochondrial) which is imported into
mitochondria and processed in a membrane dependant manner (Vogtle et al., 2009).
While APP metalloproteases are normally very specific for x-Pro linkages where x is
the N-terminal amino acid, Meisinger and colleagues demonstrated that Icp55 exhibits
a broader specificity (Vogtle et al., 2009). In light of the sequence and structural
similarity between APP3m, yeast Icp55 and E. coli APP, high resolution x-ray
crystallography of E. coli APP in complex with aspstatin indicated that other amino
acids can also be compatible with the active site (Graham et al., 2004), it is likely that
APP3m also displays a broader substrate specificity to deal with unstable
intermediates generated by MPP. The ability of APP3m to remove the N-terminal
leucine from hsPDIP38 processed by MPP is quite possibly influenced by the
propensity for mitochondria to trap and fully import PDIP38, thus the presence or
absence of an N-terminal leucine may vary between cell types or in respect of different
cellular conditions (mitochondrial membrane potential).

3.3.3 hsPDIP38 does not possess a major role in mitochondrial dynamics

Higuti and colleagues have reported a role for hsPDIP38 in the regulation of
mitochondrial morphology in C2C12 cells whereby overexpression resulted in
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elongated mitochondria indicating an increase in fusion events and conversely knock
down of endogenous PDIP38 resulted in fragmented mitochondria indicating an
increase in fission events (Arakaki et al., 2006). This is in contrast to the results from
overexpression of hsPDIP38 (data not shown) and hsPDIP38-GFP (Figure 3.7) or
knock down of endogenous hsPDIP38 (Figure 6.5) in HeLa cells obtained in this study
which showed no changes in mitochondrial morphology as determined by fluorescent
microscopy. Nevertheless a minor role, for PDIP38, in mitochondrial morphology can
not be excluded as blind-counting or computer-based statistical approaches were not
performed in this study. To date, a role for hsPDIP38 in regulation of mitochondrial
morphology has yet to be confirmed and thus under normal physiological conditions
(in HeLa cells) hsPDIP38 does not appear to play a significant role in mitochondrial
fusion or fission dynamics. Analysis of a wider range of cell types however is
required in order to verify if this is a cell-specific effect or consistent across all human
cell types.

3.3.4 Concluding comments

In summary, the results presented in this chapter indicate that hsPDIP38 is
imported into mitochondria in a membrane-potential dependant manner, undergoes
two-step processing most likely by MPP and the peptidase APP3m by virtue of its R3
recognition motif in the matrix of the mammalian mitochondrion where the protein
resides. At present there is no reported genetic or functional link between between
human ClpX and PDIP38. However, murine and human PDIP38 do possess a high
degree of similarity and thus it is plausible that this interaction is retained in human
mitochondria. This possibility is examined in detail in the following chapter.
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Chapter 4
- hsPDIP38 – substrate or adaptor?

128

4.1

Introduction

4.1.1 Identifying substrates and/or adaptors of AAA+ complexes

In vitro „pull-down‟ experiments are useful for identifying interacting proteins
of the protein of interest however there is a risk with this type of experiment that the
interactions observed are an artifact of the method employed. As there is no reported
genetic or functional link between ClpX and PDIP38 to provide supporting evidence
that the in vitro interaction between these proteins is physiologically relevant I sought
to further examine the nature of the interaction. Also in vitro pull down experiments
using AAA+ unfoldases or their domains, do not discriminate between substrates or
adaptors of the machine. Although a recently identified groups of proteins, adaptors
have been found to functionally influence their cognate AAA+ unfoldases (for reviews
see Dougan et al., 2002; Baker and Sauer, 2006; Kirstein et al., 2009) without
themselves being susceptible to proteolytic degradation. Thus, these properties form
important criteria for discriminating between substrates and adaptors of the AAA+
proteases.
Reported in this chapter are the results of a detailed analysis of the hsPDIP38hsClpX interaction both in vitro (using recombinant proteins) and in vivo (through
coimmunoprecipitation of mitochondrial proteins).

Mature, untagged authentic

recombinant hsPDIP38 was generated for use in in vitro ClpXP degradation assays. In
order to determine if PDIP38 functions as an adaptor protein or substrate of the ClpXP
machine to examine its stability and ability to influence the ClpXP proteolytic
complex it was important to generate a non-tagged version as addition of a tag to the
N- or C- terminal end of native substrates can mask potential degradation signals. For
this purpose PDIP38 was expressed in E. coli using the ubiquitin fusion system which
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permits rapid purification of recombinant proteins lacking any additional residues. In
most cases tested it is a robust, rapid and convenient system for obtaining untagged
recombinant proteins. In this system ubiquitin (Ub) is fused directly to the N-terminus
of the protein target of interest (see Figure 4.7B). The Ub is then cleaved from the
fusion protein using an engineered murine deubiquitylating (DUB) enzyme, Usp2cc
(Baker et al., 2005; Catanzariti et al., 2004). The cleaved His-tagged Ub and Histagged DUB are subsequently removed via a second round of IMAC purification with
the resulting flow-through containing the purified untagged protein of interest.
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4.2

Results

4.2.1 In vitro analysis of the hsPDIP38-hsClpX interaction

Initially, in order to confirm the specificity of the interaction between ClpXN
and PDIP38 a „reverse‟ pull-down experiments were performed whereby GSThsPDIP38 was immobilized to GSH Agarose and incubated with E. coli extract
containing over expressed hsClpXN-His10.

As a control an unrelated human

mitochondrial protein (hsFis1) fused to GST was also tested. Importantly, hsClpXNHis10 was only recovered in the presence of GST-hsPDIP38 (Figure 4.1, Lane 4) and
not in the presence of GST-hsFis1 (Figure 4.1, Lane 6). Interestingly, immobilised
GST-hsPDIP38 was much less efficient at recovering hsClpXN-His10 than the Ni-NTA
Agarose „pull-down‟ experiment (compare Figure 4.1, Lane 4 with Figure 4.2 and 4.3,
Lane 10). This may have been due to steric hindrance with appropriate binding sites
for the recombinant hsClpXN being largely occluded by the GST tag and / or GSH
Agarose beads.
To ensure that the apparent interaction between mmPDIP38 / hsPDIP38 and
His-hsClpXN was specific and not due to a non-specific interaction with the His10 tag
or linker region a pull down experiment was performed with recombinant hsClpX Edomain (hsClpXE-His10) which contained the same C-terminal His10 tag and linker
region as hsClpXN-His10. Both His-tagged domains (hsClpXN and hsClpXE) were
immobilised to Ni-NTA Agarose and incubated with E. coli lysate containing overexpressed GST-hsPDIP38.

The lysate (total, T) was applied to the appropriate

columns and unbound (U) proteins were collected. Following extensive washing of
the column, ClpX (and bound ClpX interacting proteins) were eluted using buffer
containing imidazole and the samples analysed by SDS-PAGE. This analysis revealed
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Figure 4.1: Confirmation of the specificity of hsPDIP38 for the accessory N-domain
of hsClpX.
Upper panel: Coomassie Brilliant Blue stained glycine-buffered SDS-PAGE showing
samples from in vitro GSH Agarose „pull-down‟ experiments between hsClpXN-His10
and GST-hsPDIP38 or GST-hsFis1. Lower panel: immunoblot probed anti-penta-His
antibodies (see Appendix II, Table 3) following concentration of proteins via TCA
precipitation (see section 2.2.7).
Lane 1, bacterial soluble extract containing expressed hsClpXN-His10; Lanes 2 and 3,
pass-through fraction from GSH Agarose columns; Lanes 4 - 8, proteins eluted from
GSH Agarose; Lane 9, purified hsClpXN-His10 recombinant protein (1 g).

that GST-hsPDIP38 was only recovered in the presence of hsClpXN-His10 (Figure
4.2A, Lane 10 and Figure 4.2B, Lane 2) and not in the presence of hsClpXE-His10
(Figure 4.2A, Lane 7 and Figure 4.2B, Lane 1).

Consistent with these results,

immunoblotting of the elution fractions using anti-GST antibodies confirmed that
hsPDIP38 interacted specifically with the N-domain of hsClpX.
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Figure 4.2: Demonstration of the specificity of hsPDIP38 for the accessory N-domain
of hsClpX.
Coomassie Brilliant Blue stained glycine-buffered SDS-PAGE showing samples from
in vitro Ni-NTA Agarose „pull-down‟ experiment between hsClpXN-His10 or hsClpXEHis10 and GST-hsPDIP38.
A. Lane 1, M12 molecular weight markers; Lanes 2, 5 and 8, bacterial soluble
extracts containing expressed GST-hsPDIP38; Lanes 3, 6 and 9, pass-through
fraction from Ni-NTA Agarose column; Lanes 4, 7 and 10, proteins eluted from
Ni-NTA Agarose; Lane 11, control – purified hsClpXE-His10 only; Lane 12,
control – purified hsClpXN-His10 only; Lane 13, purified GST-hsPDIP38 from
GSH Agarose. Abbreviations are as follows: T, total; U, unbound; E, eluted.
B. Same samples as in lanes 7 and 10 (1/15 volume) above but probed with anti-GST
antibodies (see Appendix II, Table 3).

In order to determine if PDIP38 can still bind the N-domain in the context of
the full-length ClpX in vitro „pull-down‟ experiments using hsClpXN and hsClpX were
performed. In this case, hsClpXN-His10 or hsClpX-His10, immobilised to Ni-NTA
Agarose beads, were incubated with an E. coli lysate containing expressed GSThsPDIP38 (see section 2.2.2 and 2.2.3). The lysate (total, T) was applied to the
appropriate columns and unbound (U) proteins were collected. Following extensive
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washing of the column, ClpX (and bound ClpX interacting proteins) were eluted using
buffer containing imidazole and the samples analysed by SDS-PAGE. This analysis
revealed that both the N-domain and full-length hsClpX interacted with hsPDIP38
(Figure 4.3, Lanes 7 and 10). Consistently, depletion of GST-hsPDIP38 from the
bacterial lysate could be observed in the unbound fraction (Figure 4.3, Lanes 6 and 9).
The recovery of GST-hsPDIP38 relative to full length hsClpX-His10 (Figure 4.3, Lane
7) was approximately 1:1. Importantly, GST-hsPDIP38 was not recovered from the
beads only control (Figure 4.3, Lane 4).

Figure 4.3: Conservation of the PDIP38-ClpX interaction
Coomassie Brilliant Blue stained glycine-buffered SDS-PAGE showing samples
from in vitro Ni-NTA Agarose „pull-down‟ experiment between GST-hsPDIP38
and hsClpXN-domain (hsClpXN) or hsClpX.
Lane 1, M12 molecular weight markers; Lanes 2, 5 and 8, bacterial soluble extracts
containing expressed GST-hsPDIP38; Lanes 3, 6 and 9, pass-through fraction from
Ni-NTA Agarose column; Lanes 4, 7 and 10, proteins eluted from Ni-NTA
Agarose. Abbreviations are as follows: T, total; U, unbound; E, eluted.
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To confirm binding of hsPDIP38 to full length hsClpX in vitro and gain further
information regarding the oligomeric state of hsPDIP38 gel filtration was performed
with purified proteins using a calibrated (see appendix III, Figure 1) Superose 12 HR
10/30 analytical column. Purified His10-hsPDIP38 eluted from the column as a single
peak (Figure 4.4A and Figure 4.4D) corresponding to a molecular weight of 39,224 Da
consistent with a monomer. Purified hsClpXN-His10 was also run individually eluting
as a small population of dimeric complexes (Figure 4.4B and Figure 4.4E). In light of
these successful results His10-hsPDIP38 was pre-incubated in the presence of
hsClpXN-His10 and both proteins run together resulting in a shift of nearly all of the

Figure 4.4: hsPDIP38-hsClpXN-domain complex formation via gel filtration
A.-C. Gel filtration (Superose 12 HR 10/30) elution profiles of hsPDIP38 alone (A), hsClpXN
alone (B) or hsPDIP38 in the presence of hsClpXN (C). Lane 1, M12 molecular weight
markers; Lanes 2 - 13, eluted fractions; Lane 14, His10-hsPDIP38 recombinant protein
(1 g); Lane 15, hsClpXN-His10 recombinant protein (1 g).
D.
Quantitation of the amounts of His10-hsPDIP38 recombinant protein alone ( ) and in the
presence of hsClpXN-His10 ( ).
E.
Quantitation of the amounts of hsClpXN-His10 recombinant protein alone ( ) and in the
presence of His10-hsPDIP38 ( ).
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dimeric hsClpXN-His10 to a higher molecular weight species (Figure 4.4C and Figure
4.4E). It was not possible to reconstitute a hsPDIP38-hsClpX complex using this
approach (due to hsClpX interacting with the matrix). These results indicate that
monomeric hsPDIP38 can interact with dimeric hsClpXN in vitro strengthening the
hypothesis that hsPDIP38 can interact specifically with the N-domain of hsClpX in
vivo.

4.2.2 Co-immunoprecipitation of endogenous hsPDIP38-hsClpX complexes

The data presented so far indicates a specific interaction between ClpX and
PDIP38 in vitro, however it was important to determine if this interaction could also
be observed with the endogenous proteins.

One approach to confirm such an

interaction is to perform co-immunoprecipitation experiments using antibodies
directed against the proteins of interest. To this end polyclonal PDIP38 antibodies
were raised in two separate rabbits and tested against different amounts of solubilised
mitochondria isolated from murine liver, whole cells (HeLa) and untagged PDIP38.
This analysis revealed that the polyclonal serums 72-8 and 88-4 (see Appendix II,
Table 3) were the most effective at detecting PDIP38 (data not shown).
For immunoprecipitation experiments mitochondria were isolated from HeLa
cells by differential centrifugation as described in section 2.8.2. Consistent with a
mitochondrial location for PDIP38 observed using fluorescent microscopy (see section
3.2.4) and by in vitro import assays (see section 3.2.5), endogenous hsPDIP38 was
enriched in the mitochondrial fraction (compare Figure 4.5A, Lanes 1 and 3 or 2 and
4) by approximately 2 – 3 fold. Importantly a mitochondrial protein, mtHsp70, also
showed a similar enrichment in the mitochondrial fraction (Figure 4.5A, compare
Lanes 1 and 3 with Lanes 2 and 4). In order to ensure that the antisera (72-8 and 88-4)
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were

suitable

for

coimmunoprecipitation

studies,

trial

immunoprecipitation

experiments using purified His10-hsPDIP38 and solubilised mitochondrial extracts
were performed. These preliminary experiments demonstrated that both antisera were
able to immunoprecipitate His-hsPDIP38 and endogenous hsPDIP38 (see section
2.9.2).

88-4 antisera was found to be more effective at immunoprecipitating

endogenous PDIP38 (data not shown) and hence was only used for coimmunoprecipitation experiments (see section 2.9.1 and 2.9.2) while 72-8 antisera was
used for immunoblotting (see section 2.4.2).
Having demonstrated that endogenous PDIP38 could be specifically recovered
by immunoprecipitation from solubilised mitochondria (2 mg) isolated from HeLa
cells (see secion 2.8.2) (Figure 4.5B lower panel, Lane 2) relative to the pre-immune
antisera (Figure 4.5B lower panel, Lane 1), next I wanted to determine if endogenous
hsClpX co-immunoprecipitated with PDIP38. Immunoblotting using affinity purified
anti-hsClpX antibodies (from sera 71-3) kindly provided by Bradley Lowth and
detected using a one-step Western KitTM (see section 2.4.3) showed that endogenous
hsClpX had indeed co-immunoprecipitated with endogenous PDIP38 (Figure 4.5B
upper panel, Lane 2) relative to the pre-immune antisera (Figure 4.5B upper panel,
Lane 1) indicating that endogenous PDIP38 indeed interacts with endogenous hsClpX.
To confirm these results immunoprecipitation experiments were performed in the
reverse direction using anti-ClpX antisera (71-3) (see section 2.9.1 and 2.9.2) to
specifically precipitate endogenous hsClpX from solubilised mitochondria isolated
from HeLa cells (see section 2.8.2). Relative to the pre-immune antisera (Figure 4.5B
upper panel, Lane 3) ClpX was recovered by immunoprecipitation using the anti-ClpX
antisera (Figure 4.5B upper panel, Lane 4). Importantly, immunoblotting using antiPDIP38 polyclonal antisera (72-8) verified that endogenous PDIP38 had been
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successfully co-immunoprecipitated (Figure 4.5B lower panel, Lane 4) relative to the
pre-immune antisera (Figure 4.5B lower panel, Lane 3). Thus, these results provide
the first evidence that the interaction between hsPDIP38 and hsClpX also occurs in
vivo.

Surprisingly hsClpP was not detected in the experiment (data not shown).

However, from these data alone, it cannot be concluded that hsPDIP38 acts on ClpX to
dissociate the hsClpXP protease. Binding of antibodies, especially to critical regions
for protein-protein interactions, may trigger allosteric effects or introduce steric
hindrance that would adversely affect recovery of any putative hsPDIP38-hsClpXP
complexes (e.g. anti-ClpX antibodies may occlude the ClpP binding site).

A.

B.

Figure 4.5: Co-immunoprecipitation of endogenous hsPDIP38-hsClpX complexes
PVDF membranes probed with polyclonal antibodies showing A) HeLa cells enriched for
mitochondria and B) endogenous PDIP38 interacting/associating with endogenous ClpX in
cells.
A. Enrichment of HeLa cells via homogenisation utilising a 27G needle. Lane 1, HeLa
soluble extract (50 g); Lane 2, HeLa soluble extract (100g); Lane 3, crude HeLa
mitochondrial extract (50 g); Lane 4, crude HeLa mitochondrial extract (100 g);
Lane 5, His-hsPDIP38 recombinant protein (100 ng). Proteins separated via Glycinebuffered SDS-PAGE and probed with anti-PDIP38 antibodies (1:100)
B. UREA SDS-PAGE showing eluted samples only of co-immunoprecipitation (IP) of
endogenous hsClpX or hsPDIP38 from crude HeLa mitochondria preparations using
polyclonal antisera (as indicated) cross-linked to Protein A Sepharose.
Immunoprecipitation (IP). Lanes 1 – 4, Eluted samples only probed with anti-PDIP38
or anti-ClpX antisera and ECL Western blotting reagents or a One-Step Rabbit
Western kit (Genesearch) respectively.
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4.2.3 Cloning of hsPDIP3852-368 into pHUE

To facilitate expression and purification of untagged, mature recombinant
hsPDIP38 the region of cDNA which codes for mature hsPDIP38 (residues 52 - 368)
was cloned into the E. coli ubiquitin fusion expression vector pHUE.

Initially

hsPDIP3852-368 was successfully amplified using Vent DNA polymerase by PCR (data
not shown) together with primer pair C (Appendix I, Table 2) and a cDNA clone of
hsPDIP38 as the template. Due to initial difficulties encountered when attempting to
clone the PCR product directly into the pHUE vector, it was initially subcloned into
pBluescript (see strategy outlined in Figure 4.6A). Briefly, ligations containing PCR
amplified hsPDIP3852-368 and Eco RV digested pBluescript (see section 2.1.4) were
incubated with T4 DNA ligase (and appropriate controls). The ligated DNA was
transformed into competent E. coli XL1-Blue cells and transformants selected on
2YT-agar plates containing ampicillin. A positive clone, containing an ~1,000 bp
insert, was identified by restriction endonuclease digestion (using Sac II and Hind III)
(Figure 4.6B, Lane 2). The digested insert was then successfully cloned into Sac II
and Hind III digested pHUE as indicated by release of an ~1,000 bp insert from Sac II
and Hind III digestion of a putative clone (Figure 4.6B, Lane 4). The putative positive
clone (pHUE/hsPDIP3852-368) was verified by nucleotide sequencing as described in
2.1.9.
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A.

B.

Figure 4.6: Amplification and cloning of hspdip3852-368 into pHUE
A. Schematic representation of the successful strategy used to generate pHUE/hspdip3852-368:
amplification of hsPDIP3852-368 via PCR, blunt end ligation to produce initial
pBluescript/hsPDIP3852-368 clone, restriction digestion of pBluescript/hsPDIP3852-368 and
pHUE and ligation of hsPDIP3852-368 insert and pHUE vector to generate
pHUE/hsPDIP3852-368.
B. EtBr stained 0.8 % (w/v) agarose gels showing analysis of putative
pBluescript/hsPDIP3852-368 (left panel) and pHUE/hsPDIP3852-368 (right panel) via
restriction endonuclease digestion with Sac II and Hind III. Left panel: Lane 1, 1kb+
DNA ladder (bp); Lane 2, positive pBluescript/hsPDIP3852-368 clone showing vector and
release of an ~1,000 bp fragment. Right panel: Lane 3, 1kb+ DNA ladder (bp); Lane 4,
positive pHUE/hsPDIP3852-368 clone showing vector and release of an ~1,000bp fragment.

4.2.4 Expression of His6-Ub-hsPDIP3852-368

For

expression

of

His6-Ub-hsPDIP3852-368,

pHUE/hsPDIP3852-368

was

transformed into E. coli BL21(DE3) codon+ RIL cells. SDS-PAGE analysis (see
section 2.3.1) indicated that a band of the expected molecular weight (~45 kDa) was
expressed following induction with IPTG (Figure 4.7A, Lanes 3 – 5). In order to
improve the soluble expression of PDIP38 a range of temperatures (20C - 37C) and
strains were tested (uncluding Artic ExpressTM at 16C which express cold-adapted
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chaperonins Cpn60 and Cpn10 from the Antartic isolate Oleispira Antarctica to assist
with folding in vivo). However this was did not make a significant difference (data not
shown) and thus all subsequent experiments were peformed at 20C using BL21.

4.2.5 Purification of untagged hsPDIP3852-368 via two-step affinity chromatography

Untagged recombinant hsPDIP3852-368 was obtained following incubation of
isolated His6-Ub-hsPDIP3852-368 with His6-Usp2cc deubiquitylating enzyme for
removal of the His6-Ub fusion tag (as outlined in the schematic shown in Figure 4.7B)
and subsequent IMAC using Ni-NTA Agarose.

Specifically, a soluble extract

containing over-expressed His6-Ub-hsPDIP3852-368 was applied to Ni-NTA Agarose
beads under gravity flow, washed with buffers containing 20 mM imidazole and bound
proteins were eluted with buffer containing 250 mM Imidazole. Analysis of protein
samples by SDS-PAGE indicated partial purification of His6-Ub-hsPDIP3852-368
(Figure 4.7C, Lanes 7 – 11). A large amount of His6-Ub was seemingly recovered
indicating substantial pre-cleavage of the His6-Ub-hsPDIP3852-368 most likely by an
endogenous E. coli deubiquitylating enzyme (Catic et al., 2007). Fractions containing
His6-Ub-hsPDIP3852-368 were pooled and trial deubiquitylation assays performed.
Recombinant His6-Ub-hsPDIP3852-368 was cleaved slowly by Usp2cc and recovery of
the final untagged protein was poor (data not shown). Therefore, in subsequent
purifications a number of modifications were made to the purification procedure (as
outlined in section 2.2.6). Briefly, fusion protein (up to ~ 8 mg/ml) was cleaved
overnight at 16C and all procedures performed without freezing of the samples.
SDS-PAGE analyis revealed successful cleavage of His6-Ub-hsPDIP3852-368 (data not
shown). The majority of contaminating proteins present in the cleaved sample were
eliminated or significantly reduced following recovery of untagged hsPDIP3852-368 in
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A.

C.

B.

D.

Figure 4.7: Generation of untagged hsPDIP3852-368 recombinant protein
A. Coomassie Brilliant Blue stained glycine-buffered SDS-PAGE showing inducible expression
of His6-Ub-hsPDIP38. E. coli strain BL21(DE3)-codon+ transformed with
pHUE/hsPDIP3852-368 was induced with 0.5 mM IPTG overnight at 20°C. Lane 1, M12
molecular weight markers; Lane 2, pre-induced cells (-IPTG); Lanes 3 - 5, induced cells
(+IPTG). Abreviations are as follow: Ub, Ubiquitin.
B. Schematic representation of successful strategy used to generate mature, untagged hsPDIP38
protein: His6-Ub-hsPDIP38 recombinant protein expressed in E. coli strain BL21(DE3)codon+ cells, purified via IMAC, dialysed into cleavage buffer, cleaved with His6-Usp2cc
deubiquitylating enzyme, untagged protein isolated via IMAC. Abreviations are as follow:
Ub, Ubiquitin.
C. Coomassie Brilliant Blue stained glycine-buffered SDS-PAGE showing purification of His6Ub-hsPDIP38 by affinity chromatography. Lane 1, Mark12 molecular weight markers; Lane
2, soluble extract containing over-expressed His6-Ub-hsPDIP38; Lane 3, pass-through
fraction from Ni-NTA Agarose column; Lanes 4 - 6, proteins washed off Ni-NTA Agarose
beads with 20 mM imidazole; Lanes 7 - 11, proteins eluted from Ni-NTA Agarose with
250 mM imidazole. Abreviations are as follow: Ub, Ubiquitin.
D. Coomassie Brilliant Blue stained glycine-buffered SDS-PAGE showing isolation of mature,
untagged hsPDIP38 by affinity chromatography. Lane 1, Mark12 molecular weight markers;
Lane 2, isolated fusion protein dialysed into cleavage buffer; Lane 3, pass-through fraction
from Ni-NTA Agarose column; Lanes 4 and 5, proteins washed off Ni-NTA Agarose beads
with 20 mM imidazole. Abreviations are as follow: Ub, Ubiquitin; W, wash.
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the flow-through fraction of a second round of IMAC (due to removal of the His 6-Ub
protein (Figure 4.7D, compare Lanes 2 and 3). Addition of imidazole (5 mM) to
cleaved hsPDIP3852-368 prior to application to Ni-NTA Agarose beads was found to be
optimal for minimising loss of the mature hsPDIP3852-368 without affecting His6-Ub
binding to the Ni-NTA Agarose.

4.2.6 Examination of hsPDIP38 stability in the presence of active hsClpXP
proteolytic complexes

Active hsClpXP proteolytic complexes were successfully reconstituted in vitro
from purified His-tagged hsClpX and hsClpP (see section 2.5.1) as determined by their
ability to degrade the model substrate -casein in an ATP-dependent manner (Figure
4.8A, Lanes 2 - 7).

Having established the successful generation of a hsClpXP

proteolytic complex the stability of untagged hsPDIP3852-368 was monitored in the
presence of hsClpXP at 30°C. As can be observed (Figure 4.8B, Lanes 2 – 7)
hsPDIP3852-368 was resistant to degradation by active hsClpXP for up to two hours
indicating that the recombinant mature protein is not a substrate of the hsClpXP
proteolytic complex. Interestingly, the introduction of untagged hsPDIP3852-368 into a
degradation reaction containing active hsClpXP proteolytic complexes and -casein
(Figure 4.8C, open circles) reduced the rate of -casein degradation (Figure 4.8C,
open squares). This inhibition is possibly due to competitive binding for the Ndomain of hsClpX as „pull-down‟ experiments indicate that -casein also interacts
with the N-domain of the hsClpX AAA+ chaperone (Lowth, Truscott and Dougan,
unpublished data).
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A.

B.

B.

Figure 4.8: Stability of untagged hsPDIP38 during hsClpXP-mediated protein
degradation.
Coomassie Brilliant Blue stained glycine-buffered SDS-PAGE showing in vitro ClpXP–
mediated protein degradation assays of -casein and / or hsPDIP38
A. Left panel: samples treated with Laemmli buffer from a time-course of an in vitro
hsClpXP degradation containing -casein (upper panel, Lanes 2 – 7) or untagged
hsPDIP3852-368 (lower panel, Lanes 2 – 7) only. Protein sizes estimated using
SeeBlue Plus2 prestained molecular weight markers (Lane 1). Right panel:
Quantitation of hsClpXP degradation assays (n = 3) containing 1 M of -casein or
untagged hsPDIP3852-368 only (error bars represent the standard error of the mean).
B. Quantitation of hsClpXP degradation assays containing 1 M of -casein in the
presence and absence of 1 M of untagged hsPDIP3852-368 (n = 3). Error bars
represent the standard error of the mean.
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4.3

Discussion

4.3.1 hsPDIP38: substrate or adaptor?

In-vitro „pull down‟ experiments showed that hsPDIP38 forms a specific
interaction with the accessory N-domain of hsClpX. Thus the accessory N-domain of
hsClpX has the potential to act as a platform for protein-protein interactions similarly
to other AAA+ unfoldases where deletion of the N-domain has been shown to affect
adaptor-mediated degradation events (Dougan et al., 2002c; Dougan et al., 2003; Wah
et al., 2003; Wojtyra et al., 2003). The hsPDIP38-hsClpX interaction of endogenous
protein was demonstrated by co-immunoprecipitation using both PDIP38 and ClpX
antisera. Suprisingly endogenous hsClpP was not recovered during the course of these
experiments. It may be that antibody binding triggers allosteric changes adversely
effecting the hsClpX-hsClpP interaction or causes steric hinderance blocking ClpXClpP interactions and therefore repetition of co-immunoprecipitation should be
performed upon obtaining suitable ClpP antibodies that have been demonstrated to coimmunoprecipitate endogenous ClpX. Another possible explanation is that hsPDIP38
binding to hsClpX allosterically inhibits its binding to ClpP. This possibility was
further explored in Chapter 5.
Since „pull-down‟ experiments do not distinguish between substrates or
adaptors, the possibility that hsPDIP38 could be degraded by an active ClpXP
proteolytic complex was investigated.

An example of a nuclear-encoded

mitochondrial protein that can be targeted to the mitochondria for degradation is the
steroidogenic acute regulatory protein (StAR), which is targeted to the mitochondrial
matrix for degradation by the LONM protease (Granot et al., 2007; Ondrovicova et al.,
2005). The results shown in this chapter indicate that hsPDIP38 is resistant to
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proteolytic degradation by the ClpXP protease for up to 2 h. A current limitation with
this experiment is that untagged, mature hsPDIP38 was produced in a heterologous
host E. coli and thus may lack post-translational modifications that would normally
occur in eukaryotic cells.

In order to address this possibility the stability of

endogenous PDIP38 isolated from murine liver could be examined in the presence of
an active ClpXP complex.

Alternatively translation arrest experiments could be

performed in ClpX knockdown (ClpX) and / or ClpP knockdown (ClpP) cells to
examine the stability of endogenous PDIP38.

At this point in time there is no

evidence that hsPDIP38 is a substrate of ClpXP and initial indicators are consistent
with a role for hsPDIP38 as an adaptor protein of the mammalian ClpXP protease.

4.3.2 hsPDIP38 can modulate the activity of the hsClpX AAA+ unfoldase

Currently the data in the literature indicates that adaptor proteins are able to
functionally influence their cognate proteases (Dougan et al., 2002c; Levchenko et al.,
2000; Zhou et al., 2001). Therefore I wanted to determine if hsPDIP38 can influence
the activity of the hsClpXP protease. Since the only known substrate of hsClpXP is casein, I examined the effect of hsPDIP38 on the degradation of this model unfolded
protein using in vitro degradation assays. Inhibition of the degradation of -casein
was observed although this is likely to be an indication of a competition for the
accessory N-domain of the ClpX unfoldase. A second test for assessing the effect of
hsPDIP38 on the hsClpXP protease is to determine if it can affect the intrinsic ATPase
rate of the ClpX AAA+ unfoldase, ATP providing the „power‟ for remodelling of
protein complexes. In ATPase assays hsPDIP38 was able to significantly reduce the
intrinsic ATPase rate of the ClpX AAA+ unfoldase, and thus potentially degradation
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by the ClpXP protease (Dougan, unpublished data). This effect is similar to the ClpAspecific adaptor protein ClpS, which is able to inhibit the ClpAP-mediated rate of
degradation of ssrA-tagged substrates (Dougan et al., 2002c) and the ATPase of ClpA
(Hou et al., 2008). Use of a panel of N- and C-terminal truncations of hsPDIP38 in
ATPase assays may be beneficial in defining a minimal region required for the
observed inhibition of the ATPase rate of the ClpX AAA+ unfoldase thus providing
further details on the precise nature of the PDIP38-ClpX interaction

4.3.3 Concluding remarks

In summary hsPDIP38 interacts with the hsClpX AAA unfoldase in vivo,
modulating the ClpX ATPase activity and inhibiting degradation of a model substrate.
These properties are consistent with other known adaptor proteins. In light of a
putative functional link between hsPDIP38 and hsClpXP, efforts were directed
towards examining if hsPDIP38 could form a stable interaction with the hsClpXP
protease and in doing so determine if hsPDIP38 has the potential to act as a substrate
delivery factor for the hsClpX unfoldase and / or the hsClpXP protease. I also wanted
to identify discrete regions in this protein for recognition of the ClpX AAA+ unfoldase
and its cognate interacting proteins, to serve as a basis for more detailed analysis
aimed at identifying critical motifs or residues for protein-protein interactions. The
structure-function relationship between PDIP38 and ClpX is examined in Chapter 5.
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Chapter 5
- Better understanding hsPDIP38
structure and the hsPDIP38-hsClpX
interaction

148

5.1

Introduction

5.1.1

Use of limited proteolysis to elucidate the domain structure of hsPDIP38

Many adaptor proteins contain separate areas for recognition of the associated
AAA+ unfoldase and their cognate interacting proteins (Dougan et al., 2003; Erbse et
al., 2006; Zeth et al., 2002). For example, SspB contains a highly conserved Nterminal domain for binding of ssrA-tagged substrates and 11 amino acids at its Cterminus essential for its interaction with the E. coli ClpX unfoldase (Dougan et al.,
2003; Wah et al., 2003). Bioinformatic analysis indicates that hsPDIP38 contains at
least one conserved region known as the ApaG homology domain. In Xanthomonas
axonopodis the ApaG protein forms a fibronectin type-III like fold as revealed by the
NMR solution structure (Campbell and Spitzfaden, 1994; Cicero et al., 2007) which
has been proposed to mediate protein-protein interactions (Cicero et al., 2007).
Consistent with other adaptor proteins, hsPDIP38 is likely to possess a conserved
motif, region or domain for interaction with hsClpX. To date however no structures of
PDIP38 have been reported. Therefore analysis of the hsPDIP38 protein structure may
provide a more detailed understanding of this adaptor protein and its interaction with
hsClpX. To this end we used partial proteolysis to probe its overall structure as more
tightly folded regions (globular domains) display resistance to proteolytic digestion.
This is a useful method for identifying linker regions or sites of local unfolding in
protein chains and thereby can assist in the analysis of protein structural domains.
Often protein structural domains correlate with specific functions and therefore
generation of these structural domains may help define protein function. The resulting
proteolytically stable fragments can be analysed by mass spectrometry or N-terminal
sequencing to precisely define the putative protein domain boundaries.
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identification of the domain boundaries the appropriate coding sequence is cloned into
bacterial expression vectors and the recombinant protein domains expressed and
purified. The results (as outlined in this chapter) of the limited proteolysis studies,
combined with „pull-down experiments utilising generated hsPDIP38 domains,
allowed us to assign a functional role for the N-terminal region of hsPDIP38 and
putative role for the C-terminal domain.

5.1.2 Determining if hsPDIP38 can interact with hsClpXP proteolytic complexes

In the previous chapter hsPDIP38 was observed to inhibit the degradation of casein, the only model substrate currently known for the hsClpXP AAA+ protease.
Two possibilities were proposed for this inhibition: (1) competitive inhibition for the
accessory N-domain of the hsClpX AAA+ unfoldase and (2) hsPDIP38 acts as a
dissociation factor to trigger release of the hsClpP peptidase.

In the later case

hsPDIP38 would act primarily as an adaptor for the hsClpX unfoldase for modulation
of protein structure (not degradation).

As mentioned previously (Chapter four),

hsClpP was not recovered in co-immunoprecipitation experiments together with
hsClpX and hsPDIP38 lending support to the hypothesis that hsPDIP38 triggers the
disassembly of active hsClpXP proteolytic complexes. Therefore it was decided to
investigate if hsPDIP38 forms a hsClpXP proteolytic complex to confirm a potential
role as a substrate delivery factor for proteolytic degradation in vivo or alternatively as
a hsClpX regulator factor uncoupling it from hsClpP.
Due to the propensity of the hsClpX unfoldase to interact with the solid support
(i.e. Sepharose and Agarose beads) observed in initial investigations via gel filtration
and co-immunoprecipitation trials, it was necessary to move to a solution-based
method to analyse the effect of PDIP38 on ClpXP complexes. For this purpose
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analytical ultracentrifuge coupled with a fluorescent detection system (AUC–FS)
(Figure 5.1) was chosen. AUC-FS has the advantage of allowing the detection of
subnanomolar concentration of macromolecules even in the presence of ligands (i.e.
ATP) with similar absorbance spectra (Burgess et al., 2008; Cole et al., 2008; Kroe
and Laue, 2009; MacGregor et al., 2004). This is advantageous for studying complex
formation of the ATP-dependant proteases as background absorbance normally
introduced by the presence of ATP is effectively eliminated from the raw data. In
order to use this approach a hsPDIP38-GFP fusion protein was generated (Spall,
Truscott, Dougan, unpublished data).
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Figure 5.1: Schematic diagram of the AUC-FS system
The AUC-FS is analogous to that a laterally mobile confocal microscope system.
Excitation is achieved with a 15 mW, 488 nm laser and emission detected coaxially
through a 520 nm long-pass filter. A stepping motor controls the movement of the optics
along the radius of the rotor, absorbance being measured as a function of the radial
position (cm) from the axis of rotation at different times (MacGregor et al., 2004).
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5.2

Results

5.2.1 Elucidating the domain structure of hsPDIP38

In order to define the precise details of the hsPDIP38-hsClpX interaction, and
ascertain if hsPDIP38 possess a bipartite domain structure in which one domain
interacts with the cognate substrate and the other domain interacts with the appropriate
AAA+ unfoldase, limited proteolysis was performed on recombinant His-hsPDIP38
and His-Ub-hsPDIP38 in the presence of thermolysin and subtilisin at a range of
concentrations and temperatures.
Initially, His10-hsPDIP38 (20 g) was incubated with thermolysin (5 x 10-4
units – 1 x 10-3 units/g target protein) at 30C and 4C. Here, a stable fragment of
approximately 25 kDa for His10-hsPDIP38 (Figure 5.2A, Lanes 4 – 7) appeared upon
addition of thermolysin.

A similar protein profile was also observed in partial

proteolysis experiments using subtilisin (1.4 x 10-4 units – 2.8 x 10-4 units/g target
protein) at 4C (Figure 5.2B, Lanes 4 – 7). Likewise partial proteolysis of His6-UbhsPDPI3852-368 (data not shown) also generated a stable 25 kDa fragment (expected to
tbe the C-terminal DUF525/ApaG homology domain).
To identify the region of PDIP38 corresponding to the ~25 kDa fragment the
N-terminus of this fragment was sequenced by Edman degradation. To generate
enough protein (~ 40 – 80 pmol) for this analysis, limited proteolysis was repeated on
a larger scale for His10-hsPDIP38 (20 g) in the presence of thermolysin (5 x 10-4 units
– 1 x 10-3 units/g target protein) for 30 min (as outlined in section 2.5.2). Following
termination of the reaction the proteins were separated by SDS-PAGE and transferred
to PVDF membrane using CHAPS buffer.

After staining of the membrane the

~25 kDa fragment (Figure 5.3A, Lane 3) was excised and analysed via 6 cycles of
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A.

B.

Figure 5.2: Limited proteolysis of His10-hsPDIP38 using thermolysin and subtilisin
A. Coomassie stained SDS-PAGE showing limited proteolysis of His10-hsPDIP38 with
thermolysin at 30C. Lane 1, SeeBlue Plus2 prestained molecular weight markers;
Lanes 2 - 7, samples treated with laemmli dye from a time-course of a limited
proteolysis experiment.
B. Coomassie stained SDS-PAGE showing limited proteolysis of His10-hsPDIP38 with
subtilisin at 4C. Lane 1, M12 unstained molecular weight markers; Lanes 2 - 7,
samples treated with laemmli dye from a time-course of a limited proteolysis
experiment.

Edman degradation (see section 2.11.2).

The resulting N-terminal sequence,

FLANHD, (Figure 5.3B, in red), corresponded to residues 157 – 162 of hsPDIP38
(numbering for preprotein). The theoretical molecular weight of PDIP38 (residues
157 – 368) is 23,210 Da which is consistent with migration of the observed stable
protein fragment on SDS-polyacrylamide gel. Thus by combining limited proteolysis
of hsPDIP38 with N-terminal sequencing it was determined that this protein is
composed of 2 domains, a stable C-terminal domain, beginning at residue 157, and an
N-terminal region (residues 52 – 156) consistent with structural predictions and
bioinformatics analysis of the hsPDIP38 sequence. Interestingly, however only a
portion of the N-terminal region appears to form a globular domain given the
appearance of an ~6 kDa fragment (see Figure 5.2A, Lanes 4 - 7) on SDSpolyacrylamide gels following limited proteolysis. The information from N-terminal
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sequencing was used as a basis for defining the domain boundaries of hsPDIP38 and
for the generation of recombinant protein domains used to examine the hsPDIP38hsClpX interaction.
A.

B.
FLANHD = Determined by Edman degradation of
~25 kDa proteolytic fragment
SSRNRPEGKVLETVGVFEVPKQNGKYETGQLFL
HSIFGYRGVVLFPWQARLYDRDVASAAPEKAEN
PAGHGSKEVKGKTHTYYQVLIDARDCPHISQRS
QTEAVTFLANHDDSRALYAIPGLDYVSHEDILP
YTSTDQVPIQHELFERFLLYDQTKAPPFVARET
LRAWQEKNHPWLELSDVHRETTENIRVTVIPFY
MGMREAQNSHVYWWRYCIRLENLDSDVVQLRER
HWRIFSLSGTLETVRGRGVVGREPVLSKEQPAF
QYSSHVSLQASSGHMWGTFRFERPDGSHFDVRI
PPFSLESNKDEKTPPSGLHW

= hsPDIP38N-domain
= hsPDIP38C-domain
z
Figure 5.3: Defining the N-terminal sequence of the stable C-terminal domain of
hsPDIP38
A. Coomassie stained PVDF membrane showing hsPDIP38 fragments following
limited proteolysis. Lane 1, M12 unstained molecular weight markers; Lane 2,
His10-hsPDIP38 recombinant protein (2 g); Lane 3, His10-hsPDIP38 incubated with
thermolysin at 30C.
B. Location of unique sequence from N-terminal sequencing in the mature hsPDIP38
protein, shading indicating the position of the putative N- and C-domains of
hsPDIP38. Upper panel: N-terminal sequence of ~25 kDa proteolytic fragment of
hsPDIP38 obtained by Edman degradation. Lower panel: primary sequence of
mature hsPDIP38 with shading indicating the putative N- and C-domains. Bold font
indicates N-terminal sequence obtained for putative C-domain fragment.

5.2.2 Creating soluble hsPDIP38 C-terminal and N-terminal domains

Having determined the putative domain structure of hsPDIP38 experimentally,
I initially attempted to obtain soluble recombinant His10-hsPDIP3852-156 (N-domain)
and His10-hsPDIP38157-368 (C-domain). The generation of the expression constructs
was performed essentially as outlined in section 2.1.2 using primer pair D (Appendix
I, Table 1) and pET10N/hsPDIP3852-368 miniprep DNA as a template (Appendix I,
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Table 2).

While expression of both PDIP38 fragments was observed in E. coli

BL21(DE3) codon+ RIL at 20C - 37C as determined by SDS-PAGE analysis (data
not shown) only a low yield of recombinant protein could be obtained for hsPDIP38Cdomain

(data not shown). Therefore an attempt was made to increase the solubility of

the hsPDIP38 domains by expressing them as a fusion protein. While a number of
fusion protein systems are available in this case a GST tag (Smith and Johnson, 1988)
was chosen as it was previously used to obtain soluble protein GST-hsPDIP3852-368
expressed in E. coli (see section 4.2.1 and Figure 4.2A, Lane 13).

To this end

oligonucleotide directed PCR mutagenesis was performed using Vent DNA
polymerase together with pGEX-4T-1/hsPDIP38 as a template and primer pair G
(Appendix I, Table 1). This approach resulted in the introduction of both a stop codon
(for generation of GST-hsPDIP38N-domain) and a Bam HI site (for generation of the
GST-hsPDIP38C-domain) (Figure 5.4A and 5.4B, Lane 2). Following Dpn I digestion
and transformation, a positive clone was identified via restriction endonuclease
digestion with Bam HI (Figure 5.4C, Lane 2). Successful introduction of a stop codon
was verified by nucleotide sequencing and this construct named pGEX-4T1/hsPDIP38N-domain as introduction of the stop codon would generate the N-domain of
hsPDIP38. Following Bam HI digestion and religation of PGEX-4T-1/hsPDIP38Ndomain

a positive clone was identified by restriction endonuclease digestion with Bam

HI and Xho I (Figure 5.4D, Lane 2). Initial attempts to express GST-tagged hsPDIP38
domains in E. coli were performed at a range of temperatures (20C - 37C).
Following induction a protein with the expected molecular weight was expressed
(36 kDa for GST-hsPDIP38N-domain (Figure 5.5A, Lanes 3 and 4) or 50 kDa for GSThsPDIP38C-domain (Figure 5.5B, Lanes 3 and 4)). Although solubility of both domains
was low, at all temperatures tested, the greatest solubility was achieved at 20C.
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A.

B.

C.

D.

Figure 5.4: Cloning and expression of recombinant hsPDIP38 domains
A. Schematic representation of successful strategy used to generate pGEX-4T1/hsPDIP38N-domain and pGEX-4T-1/hsPDIP38C-domain: stop codon and Bam HI
restriction site introduced via oligonucleotide directed PCR mutagenesis into pGEX4T-1/hspdip38 using primer pair G (Appendix I, Table 2), starting material eliminated
via Dpn I digestion, sequence coding for the hsPDIP38N-domain fragment (324 bp)
removed via digestion with Bam HI, cut vector subsequently religated and putative
positive clones containing the sequence coding for the hsPDIP38C-domain fragment (654
bp) screened by digestion with Bam HI and Xho I.
B. Amplification of putative pGEX-4T-1/hsPDIP38N-domain via oligonucleotide directed
PCR mutagenesis. Lane 1, 1kbp+ DNA ladder; Lane 2, amplification of product of
expected size (~5.9 kbps); Lane 3, control minus cDNA template. DNA was separated
on a 0.8 % (w/v) agarose gel and stained with EtBr.
C. Restriction digestion with Bam HI releasing ~320 bp fragment. Lane 1, 1kb+ DNA
ladder (bp); Lane 2, putative pGEX-4T-1/hsPDIP38N-domain clone with the release of an
~320 bp fragment. DNA was separated on a 0.8 % (w/v) agarose gel and stained with
EtBr.
D. Analysis of putative pGEX-4T-1/hsPDIP38C-domain clone via restriction endonuclease
digestion (Bam HI and Xho I). Lane 1, 1kb+ DNA ladder (bp); Lane 2, putative pGEX4T-1/hsPDIP38C-domain clone with the release of an ~650 bp fragment. DNA was
separated on a 0.8 % (w/v) agarose gel and stained with EtBr.
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Therefore subsequent expressions in E. coli XL1-Blue cells were performed at 20C in
an attempt to improve protein recovery.
Overexpressed recombinant proteins proved amenable to subsequent GSH
Agarose purification (data not shown), although a low yield was still observed for the
GST-hsPDIP38N-domain and to a lesser extent GST-hsPDIP38C-domain.

The reduced

solubility of the GST-hsPDIP38N-domain construct, relative to GST-hsPDIP38C-domain, is
probably due to the inclusion of a region that affects solubility since the C-terminal
sequence of the ~6 kDa globular domain was not defined.
A.

B.

Figure 5.5: Cloning and expression of hsPDIP38 domains
A. Inducible expression of GST-hsPDIP38N-domain. E. coli strain XL1-Blue
transformed with pGEX-4T-1/hsPDIP38N-domain was induced with 0.5 mM IPTG
overnight at 20°C. Lane 1, M12 pre-stained molecular weight markers; Lane 2,
pre-induced cells (-IPTG); Lanes 3 and 4, induced cells. Proteins were separated
via glycine-buffered SDS-PAGE and stained with Coomassie Brilliant Blue.
B. Inducible expression of GST-hsPDIP38C-domain. E. coli strain XL1-Blue
transformed with pGEX-4T-1/hsPDIP38C-domain was induced with 0.5 mM IPTG
overnight at 20°C. Lane 1, M12 pre-stained molecular weight markers; Lane 2,
pre-induced cells (-IPTG); Lanes 3 and 4, induced cells. Proteins were separated
via glycine-buffered SDS-PAGE and stained with Coomassie Brilliant Blue.

5.2.3 Determination of the contribution of the hsPDIP38N-domain and
hsPDIP38C-domain to the hsPDIP38-hsClpX interaction

Having developed the necessary tools (i.e. hsPDIP38N-domain and hsPDIP38Cdomain)
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interaction.

Due to the low yield of recombinant protein isolated by affinity

chromatography recombinant protein from soluble-cell free extracts was used in „pulldown‟ experiments instead of purified protein.
For „pull-down‟ experiments hsClpXN (100 g) was immobilised onto Ni-NTA
Agarose (bait) and incubated together with extracts containing GST-hsPDIP38N-domain,
GST-hsPDIP38C-domain or GST-hsPDIP38 (as a control) (see section 2.2.3).

This

analysis revealed a specific interaction between hsClpXN-His10 and both GSThsPDIP38N-domain (Figure 5.6A, Lanes 6 and 7) and the GST-hsPDIP38 control (Figure
5.6A, Lanes 3 and 5). In order to confirm this interaction the pull-down was also
performed using full length hsClpX immobilised to Ni-NTA Agarose beads.
Consistent with the hsClpXN pull-down an interaction between hsClpX and GSThsPDIP38N-domain (Figure 5.6B Lanes 7 and 9) but not GST-hsPDIP38C-domain (Figure
5.6B, Lanes 11 and 13) was observed. In all cases the identity of the recovered GSThsPDIP38N-domain or GST-hsPDIP38 was verified by immunblotting (see section 2.4.2)
using an anti-GST antibody. Of note, a small amount of GST-hsPDIP38C-domain was
recovered in both pull-down experiments (i.e. using either hsClpXN-His10 or hsClpXHis10) however this low level of GST-hsPDIP38C-domain was also observed in the beads
only control (Figure 5.6A, Lane 9 and Figure 5.6B, Lanes 13 and 14) indicating that
recovery of GST-hsPDIP38C-domain was likely due to non-specific binding with the
beads. Based on these results it appears that the hsPDIP38-hsClpX interaction occurs
primarily via a specific interaction between the N-terminal region of hsPDIP38 and the
accessory N-domain of the hsClpX AAA+ chaperone.
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A.

B.

Figure 5.6: Defining the GST-hsPDIP38 domain that interacts with hsClpX
A. Lane 1, SeeBlue Plus2 pre-stained molecular weight markers; Lane 2, Control - recombinant hsClpXN-His10 only; Lanes 3, 6 and 8,
Proteins eluted from Ni-NTA Agarose; Lanes 4, 5, 7 and 9, proteins eluted from Ni-NTA Agarose probed with anti-GST antisera (see
Appendix II, Table 3). GST-hsPDIP38 constructs (prey) added to „pull-down‟ experiment are indicted above the relevant lanes. Arrow
indicates the GST-hsPDIP38N-domain construct. Abbreviations area as follows: CBB, Coomassie Brilliat Blue
B. Lane 1, SeeBlue Plus2 pre-stained molecular weight markers; Lane 2, Control - recombinant hsClpX-His10 only; Lanes 3, 7 and 11,
Proteins eluted from Ni-NTA Agarose; Lanes 4, 8 and 12, Controls - GST-hsPDIP38, GST-hsPDIP38N-domain and GST-hsPDIP38C-domain
recombinant proteins only; Lanes 5 - 6, 9 - 10, 13 and 14, Proteins eluted from Ni-NTA Agarose probed with anti-GST antisera (see
Appendix II, Table 3). GST-hsPDIP38 constructs (prey added to „pull-down‟ experiment are indicted above the relevant lanes. Arrow
indicates the GST-hsPDIP38N-domain construct. Abbreviations area as follows: CBB, Coomassie Brilliat Blue
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5.2.4 Reconstituting a hsPDIP38-hsClpX complex in vitro

As ClpX has the potential to function on its own as a molecular chaperone (in
the absence of ClpP) or as a protease (together with ClpP) it was important to
determine what effect binding of hsPDIP38 to hsClpX has on the association of
hsClpX with hsClpP. Therefore, the purpose of this part of the study was to ascertain
if hsPDIP38 can interact with a hsClpXP proteolytic complex and not to demonstrate
the ability of hsPDIP38 to interact with the hsClpX AAA+ unfoldase. In light of the
difficulties to identify PDIP38-ClpX complexes using a solid support based method
(see Chapter Four) it was decided to utilise the AUC-FS system. This solution-based
methodology allows for the detection of sub-nanomolar concentrations of
macromolecules even in the presence of ligands with similar absorbance spectra
(Burgess et al., 2008; Cole et al., 2008; Kroe and Laue, 2009; MacGregor et al.,
2004). Being a solution-based methodology it avoids problems with non-specific
interactions with a solid support with the added benefit of eliminating „background
noise‟ introduced in the presence of ATP which itself absorbs at 280nm. To facilitate
these studies a hsPDIP38-GFP fusion was generated (Spall, Truscott and Dougan,
unpublished data) in which GFP was placed at the C-terminus to avoid disrupting the
hsPDIP38-hsClpX interaction (at the N-terminal region of PDIP38). In order to ensure
that attachment of GFP to PDIP38 did not affect the biochemical properties or
structural stability of hsPDIP38 a range of preliminary experiments were performed.

5.2.5 Isolation and quality control of recombinant hsPDIP38-GFP-His6

Attempts to express recombinant hsPDIP38-GFP-His6 in E. coli BL21 (DE3)codon+ RIL cells at 20C proved to be successful (Figure 5.8A) as monitored by
separation of protein samples by SDS-PAGE analysis and subsequent visualisation by

160
143

Chapter 5: Better understanding hsPDIP38 structure and the hsPDIP38-hsClpX interaction
int.teraction

Coomassie Brilliant Blue staining showing the induction of a recombinant protein,
following the addition of IPTG, at the expected molecular weight of approximately
~66 kDa (Figure 5.8A, Lanes 3 and 4). Human recombinant PDIP38-GFP-His6 was
purified by IMAC (Figure 5.8B, Lanes 4 - 6), following extensive washing (Figure
5.8B, Lane 3) of the column (experimental details are outlined in section 2.2.4).
Immunoblotting with anti-GFP antisera (see section 2.4.2) of purified protein from
IMAC (see section 2.2.4) confirmed that hsPDIP38-GFP still retained the GFP tag.
Although some contaminating bands were visible in the Coomassie Brilliant Blue
stained gel, immunoblottting confirmed that the major contaminating band was GFP
and hence unlikely to interact with hsClpX (data not shown).
A.

B.

Figure 5.8: Expression and isolation of hsPDIP38-GFP-His6
Inducible expression of hsPDIP38-GFP-His6. E. coli strain BL21(DE3)-codon+ RIL
transformed with pNHIS/hsPDIP3852-368 was induced with 0.5 mM IPTG overnight
at 20°C. Lane 1, M12 pre-stained molecular weight markers; Lane 2, Pre-induced
cells (-IPTG); Lanes 3-4, Induced cells (+IPTG). Proteins were separated via
Glycine-buffered SDS-PAGE and stained with Coomassie Brilliant Blue.
B. Purification of hsPDIP38-GFP-His6 by affinity chromatography. Lane 1, soluble
extract containing over-expressed hsPDIP38-GFP-His6; Lane 2, pass-through fraction
from Ni-NTA Agarose column; Lane 3, proteins washed off Ni-NTA Agarose beads
with buffer containing 20 mM imidazole; Lanes 4 - 6, proteins eluted from Ni-NTA
Agarose with buffer containing 250 mM imidazole.
A.
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To assess the suitability of the hsPDIP38-GFP-His6 recombinant protein in
AUC-FS experiments two test were performed: (a) „pull-down‟ experiments to verify
retention of the hsPDIP38-hsClpX interaction, and (b) in vitro degradation assays to
ensure that addition of GFP did not destabilise the hsPDIP38 protein thereby
generating a substrate of the hsClpXP protease. In the first of these tests, „pull-down‟
experiments were utilised in which hsPDIP38-GFP-His6 (100 g) or as a control His10hsPDIP38 (100 g) were immobilised onto Ni-NTA Agarose. Immobilised hsPDIP38
contructs were then incubated with purified untagged hsClpXN generated by the Ub
fusion system (see section 4.2.4 and 4.2.5), unbound material removed through
extensive washing of the column and bound protein eluted with buffer containing
500 mM imidazole. This analysis revealed that untagged hsClpXN interacted with
both hsPDIP38-GFP-His6 (Figure 5.9A, Lane 1) and His10-hsPDIP38 (Figure 5.9A,
Lane 3). The degree of recovery was observed to be similar in both cases indicating
that addition of GFP had no major effect on the hsPDIP38-hsClpX interaction. In the
second test, in vitro degradation assays were performed using recombinant hsClpX6P14
(400nM) complexes in the presence of ATP (5 mM) and increasing concentration of
the recombinant hsPDIP38-GFP-His6.

This was to examine whether or not the

addition of the GFP tag adversely affected the structural stability of hsPDIP38 due to
changes in protein conformation (Chant et al., 2005). Importantly no ClpXP-mediated
degradation of hsPDIP38-GFP was observed relative to ClpXP-mediated degradation
of -casein (data not shown). Taken together these data suggest that recombinant
hsPDIP38-GFP-His6 did not adversely affect hsPDIP38 function and therefore could
be used in AUC-FS experiments.
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Figure 5.9: Quality control of hsPDIP38-GFP-His6 for AUC-FS
NiNTA agarose beads immbolised with hsPDIP38-GFP-His6 (Lanes 1 - 2) or His10hsPDIP38 (Lane 3 - 4) were incubated with purified untagged hsClpXN (Lanes 1 and 3
respectively), washed stringently and bound proteins eluted with buffer containing
imidazole (Lanes 1 - 4). Recovered proteins were separated by glycine-buffered SDSPAGE and stained with Coomassie stain.

5.2.6 Reconstitution of a stable hsPDIP38-hsClpXP interaction in vitro via AUC-FS

One concern in light of the long running times required for AUC-FS analysis
was the consumption of ATP (by ClpX) during the experiment, which could result in
disassociation of the hsClpXP complex. In order to overcome these potential issues a
mutant form of hsClpX was used refered to as hsClpXTRAP (Lowth, Truscott and
Dougan, unpublished data). The hsClpXTRAP protein contains a mutation (E359A) in
the Walker B motif which abolishes its ability to hydrolyse ATP (Lowth, Truscott and
Dougan, unpublished data) consistent with similar Walker B mutations in a range of
other AAA+ or AAA-like proteins (Babst et al., 1998; Bosl et al., 2005; Hartman and
Vale, 1999; Hersch et al., 2005; Mogk et al., 2003; Weibezahn et al., 2003).
Importantly hsClpXTRAP is able to oligomerise and interact with hsClpP in the
presence of ATP.

Moreover, the inability of the hsClpXTRAP to hydrolyse ATP

increases the stability of the hexameric rings thereby reducing the likelihood of
precipitation during AUC-FS analysis.
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Having verified that hsPDIP38-GFP is suitable for use in AUC-FS studies,
experiments were performed using a range of hsPDIP38-GFP concentrations in the
presence and absence of 5 mM ATP (see section 2.5.6). This analysis consistently
revealed a single, clear peak with an S20,w of approximately 5.8 at 20C as determined
by continuous c(s) distributions using Sedfit software (Figure 5.10A and Figure 5.10C,
open diamond). In order to confirm that PDIP38 was stable through the time-course of
the experiment long term solubility assays were performed which indicated that
hsPDIP38-GFP was stable for up to 72 h at temperatures up to 30C (data not shown)
(see section 2.5.7). This is well beyond the required time of approximately 6 - 8 h for
performing sedimentation velocity analysis. Continuous c(M) distributions predicted a
molecular weight for hsPDIP38-GFP-His6 of approximately 63 kDa in the absence and
presence of 5 mM ATP (data not shown) corresponding to the major species with an
S20,w of approximately 5.8 from continuous c(s) distributions. This is very similar to
the theoretical molecular weight of 65,912 Da indicating that hsPDIP38-GFP-His6 is a
monomer in solution consistent with gel filtration analysis of hsPDIP38 (see section
4.2.1). In light of the successful initial AUC-FS trials using hsPDIP38-GFP-His6
alone, recombinant hsClpXTRAP protein was introduced into the reaction in the
presence and absence of ATP. Addition of recombinant hsClpXTRAP in the presence of
hsPDIP38-GFP without GFP resulted in a broad distribution of species (Figure 5.10C,
open circles) consisting of a range of unknown complexes. In contrast, in the presence
of ATP (5 mM) this broad distribution of species resolved to a single peak with an
S20,w of approximately 16.5 (Figure 5.10B and 5.10C, open triangles). Given that
some protein precipitation was observed at the conclusion of sedimentation velocity
experiments performed at 20C a range of modifications were made including the use
of a carrier protein and performing the experiment at a lower temperature (i.e. at 10C
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Figure 5.10: AUC-FS of hsPDIP38-GFP and hsClpXTRAP complexes at 20C
A. Sedimentation velocity analysis of hsPDIP38-GFP in the presence of 5 mM ATP in
experimental buffer augmented with 50 l of FC-43 heavy oil, centrifuged at 72,500 g
at 10C. Radial time-dependant scans were acquired continuously, and the PMT and
PGA gains were set to 95 % and 8x respectively. For clarity every 20 th scan is shown.
The data was analysed in terms of a continuous size distribution using the c(s) model
in SEDFIT. Insert: Plot of the residuals.
B. Sedimentation velocity analysis of hsPDIP38-GFP and hsClpXTRAP in the presence of
5 mM ATP as described above.
C. c(s) distribution profiles for hsPDIP38-hsClpX complex formation reactions in the
absence and presence of 5 mM ATP. For „hsPDIP38 + hsClpXTRAP‟, n = 3.

using pre-chilled cells (4C), although the addition of a carrier protein did not affect
the quality of the data obtained. Under these conditions > 90 of hsClpX remained in
solution after 48 h in the presence or absence of hsPDIP38-GFP and ATP (Figure
5.11A) (see section 2.5.7). Reducing the temperature to 10C appeared to reduce the
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Adaptor

AAA+ protease

Subunit
stoichiometry
(no of subunits)

hsPDIP38-GFP(1)

hsPDIP38-GFP(4)-hsClpXTRAP(6)

Sedimentation
coefficient
(S20,w)

5.8

16.5

Theoretical MW
(kDa)

65.9

646

Predicted MW
(kDa)

~ 63

~ 654

Fitted frictional
ratio
(ffo)

1.09

2.16

Figure 5.11: AUC-FS of hsPDIP38-GFP-hsClpXTRAP complexes at 10C
A. Stability assay for hsClpXTRAP (600 nM) in the presence and absence of ATP (20 mM)
and recombinant (5 g) hsPDIP38 over 48 h at 10C
B. Sedimentation velocity analysis of hsPDIP38-GFP in the presence of 5 mM ATP in
experimental buffer augmented with 50 l of FC-43 heavy oil, centrifuged at 72,500 g
at 10C. Radial time-dependant scans were acquired continuously, and the PMT and
PGA gains were set to 95 % and 8x respectively. For clarity every 20th scan is shown.
The data was analysed in terms of a continuous size distribution using the c(s) model
in SEDFIT. Insert: Plot of the residuals.
C. Sedimentation velocity analysis of hsPDIP38-GFP and hsClpXTRAP in the presence of
5 mM ATP as described above.
D. c(s) distribution profiles for hsPDIP38-hsClpXTRAP complex formation in the absence
and presence of 5 mM ATP. For „hsPDIP38-GFP + hsClpXTRAP‟, n = 3. Insert:
comparison of theoretical and predicted molecular weights based on c(M) distributions
(n = 4) for peak S20,w values.
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number of potential stoichiometric states that can be adopted by hsPDIP38-GFPhsClpXTRAP complexes in the absence of a nucleotide. In this case two peaks with
S20,w values of 6.4 and 14.6 (Figure 5.11D, open triangles) most likely indicative of
hsPDIP38-hsClpXTRAP

complexes

consisting

of

hsPDIP38-GFP1-hsClpX1

or

hsPDIP38-GFP2-hsClpX2 and an unknown stoichiometry respectively. Unfortunately
due to the complexity of the system an exact molecular weight for the predominant
species resolving at an S20,w of 16.5 (Figure 5.11C and 5.11D, open circles) could not
be determined due to persistent issues with „moving boundaries‟ in the raw data.
Therefore, an estimation of the molecular weight was performed by creating c(M)
distributions using predicted frictional ratios from SEDNTERP (University of New
Hampshire) for all potential stoichiometric ratios, subsequently floated during fitting
of curves. The average molecular weight corresponding to the maximum c(M) values
was then determined, creating the best possible estimation of the stoichiometric ratio
of 4 hsPDIP38-GFP molecules per hsClpXTRAP hexameric ring in vitro (corresponding
average frictional ratio resolved by sedfit during fitting of curves is approximately
2.16) (Figure 5.11D). The slight discrepancy between the theoretical and predicted
molecular weight is most likely due to the complexity of the system, in respect to the
very significant shape changes occurring during formation of hsPDIP38-GFPhsClpXP complexes, vital information that is essentially lost during sedfit analysis.
Interestingly, under the same conditions the addition of ADP results in a smaller
species with S20,w of approximately 14.6 (data not shown).

This could be due

conformational changes in the hsClpX hexameric ring in the presence of different
nucleotides, similar to the E. coli ClpX AAA+ unfoldase (Glynn et al., 2009), or
indicate a change in the stoichiometry of hsPDIP38-hsClpX complexes relative to
addition of ATP.
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Importantly in terms of answering the primary question of whether hsPDIP38hsClpXP complexes can form in vivo, when hsClpP was introduced into the system a
further shift was observed as compared to hsPDIP38 in the presence of only
hsClpXTRAP, in an ATP dependant-manner, resulting in a peak and shoulder with S20,w
values of approximately 22 and 28 respectively (Figure 5.12A and 5.12, open
triangles). Although it is not possible to predict an accurate molecular weight for these
two populations, I speculate that these two species represent single-headed and
double-headed hsClpXTRAPClpP complexes bound to hsPDIP38-GFP-His6.

This

behaviour, and distribution of the two populations, has been observed for AUC-FS
sedimentation velocity experiments of hsClpXP complexes (Kang et al., 2005).
Maurizi and colleagues similarly predicted the presence of two distinct populations to
A.

B.

Figure 5.12: AUC-FS of hsPDIP38-GFP-hsClpXP complexes at 10C
A. Sedimentation velocity analysis of recombinant hsPDIP38-GFP, hsClpXTRAP and
hsClpP in the presence of 5 mM ATP in experimental buffer augmented with 50 l of
FC-43 heavy oil, centrifuged at 72,500 g at 10C. Radial time-dependant scans were
acquired continuously, and the PMT and PGA gains were set to 95 % and 8x
respectively. For clarity every 20th scan is shown. The data was analysed in terms of a
continuous size distribution using the c(s) model in SEDFIT. Insert: Plot of residuals.
B. c(s) distribution profiles for hsPDIP38-hsClpXP complex formation reactions in the
presence of 5 mM ATP. For „hsPDIP38-GFP + hsClpXTRAP‟ and „hsPDIP38-GFP +
hsClpXTRAP + hsClpP‟, n = 3.
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be reflective of single-headed and double-headed hsClpXP complexes. The smaller
than reported S20,w values for hsClpXP complexes obtained in this AUC-FS analysis is
likely a reflection of the change in shape due to the addition of hsPDIP38-GFP
protein, since it can not be attributed to a decrease in mass.
As a control to ensure the specificity of the interaction the sedimentation of
hsPDIP38-GFP-His6 was also monitored in the presence of hsClpP (Figure 5.13) or a
mutant of ClpXTRAP (hsClpXTRAP-AAAA) which is unable to bind PDIP38 (Valente,
Truscott and Dougan, unpublished data) (Figure 5.14).

Collectively these data

confirm that hsPDIP38, through a specific interaction with the N-domain of hsClpX
can form a hsPDIP38/hsClpXP quaternary complex.

A.

B.

Figure 5.13: hsPDIP38-GFP does not interact with hsClpP
A. Sedimentation velocity analysis of hsPDIP38-GFP and hsClpP in the presence of
5 mM ATP in experimental buffer augmented with 50 l of FC-43 heavy oil,
centrifuged at 72,500 g at 10C. Radial time-dependant scans were acquired
continuously, and the PMT and PGA gains were set to 95 % and 8x respectively.
For clarity every 20th scan is shown. The data was analysed in terms of a
continuous size distribution using the c(s) model in SEDFIT. Insert: Plot of
residuals.
B. c(s) distribution profiles at 10C for hsPDIP38-GFP relative to sample with both
hsPDIP38 and hsClpP in the presence of 5 mM ATP (n = 2).
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A.

B.

Figure 5.14: Verification of a hsPDIP38 binding region between residues 120 - 123
in hsClpXTRAP
A. Sedimentation velocity analysis of hsPDIP38-GFP and hsClpXTRAP-AAAA in the
presence of 5 mM ATP in experimental buffer augmented with 50 l of FC-43
heavy oil, centrifuged at 72,500 g at 10C. Radial time-dependant scans were
acquired continuously, and the PMT and PGA gains were set to 95 % and 8x
respectively. For clarity every 20th scan is shown. The data was analysed in
terms of a continuous size distribution using the c(s) model in SEDFIT. Insert:
Plot of residuals.
B. c(s) distribution profiles for hsPDIP38-GFP relative to sample with both
hsPDIP38-GFP and hsClpXTRAP-AAAA in the presence of 5 mM ATP (n = 2).
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5.3

Discussion

5.3.1

hsPDIP38 is a two-domain protein with two or more regions for proteinprotein interactions

If PDIP38 is indeed an adaptor protein of ClpXP that delivers substrates for
either unfolding/refolding by ClpX or degradation by the ClpXP proteolytic complex
then it will likely possess a region for interaction with the ClpX N-domain and another
region for substrate binding. To dissect the structure of hPDIP38 and identify which
region of the protein is responsible for binding the hsClpX N-domain partial
proteolysis of hsPDIP38 was performed.

These data revealed that hsPDIP38 is

composed of two regions, a stable ~25 kDa protein fragment (residues 157 – 368)
which is referred to here as the C-terminal domain and an N-terminal region (residues
52 – 156) which is partially protease resistant as suggested by the appearance of an
~6 kDa fragment (see Figure 5.2A) which is referred to as the N-domain. N-domain
and C-domains of hsPDIP38 were successfully expressed in E. coli as GST fusion
proteins which permitted the analysis of the region responsible for binding to hsClpX.
This study revealed that the N-terminal region of PDIP38 is responsible for its
interaction with the N-domain of ClpX. Thus PDIP38 could thus far be dissected to
reveal a ~12 kDa N-terminal region, containing a partially stable ~6 kDa domain,
responsible for binding the AAA+ protein and a highly stable ~25 kDa C-terminal
domain of unknown function. It is proposed that this domain is responsible for
binding substrates if indeed PDIP38 is a substrate delivery factor.
Although these domains exhibited limited solubility, they could be expressed
in E. coli as GST fusion proteins. The use of an alternative tag may well increase the
solubility of these domains, varying results being observed in this report for the
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addition of a GST, GFP or Ub moiety to the full-length mature protein, ranging from
only slight effects on protein solubility to dramatic reduction in solubility. Although
not performed due to time limits, testing a range of soluble tags could be beneficial in
finding an ideal recombinant fusion protein construct for expression of highly soluble
hsPDIP38 domains in future studies that could be subsequently utilised for „pulldown‟ experiments. It is likely from this observation that both domains are pivotal in
achieving correct quaternary folding in vivo with the stable C-terminal domain
potentially acting as a scaffold to facilitate folding of the more labile N-terminal
region.

5.3.2 hsPDIP38 can interact with hsClpXP complexes

In this chapter I was able to demonstrate (using AUC-FS) that hsPDIP38 can
interact with hsClpXP in vitro. The sedimentation coefficients determined here are
similar with published values for the hsClpXP complex as analysed by AUC (Kang et
al., 2005). Similarly to Maurizi and colleagues a higher peak for the smaller species
(S20,W of 22) as compared to the lager species (S20,w of 28) was observed irrespective
of the amount of purified hsClpX and hsClpP used (Kang et al., 2005). As proposed
for hsClpXP complexes, in the presence of 10 % (v/v) glycerol at 4C hsPDIP38hsClpXTRAPClpP complexes may be sensitive to the high centrifugal force resulting
from sedimentation at >100,000 g. Differences between our determined values and
those reported in the literature are likely to be due to the extra mass, and subsequent
shape changes, resulting from binding of hsPDIP38-GFP to the hsClpXTRAP AAA+
unfoldase. One limitation of the AUC-FS data, at this point in time, is that a complete
depletion of the hsPIDP38-GFP population of protein was not observed upon addition
of the hsClpXTRAP unfoldase or hsClpXTRAPClpP protease. However, this is expected
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to be due to the presence of contaminating GFP fragments which lack full-length
hsPDIP38 and hence would not bind to the hsClpXTRAP AAA+ unfoldase (complete
depletion of the ~63 kDa population was observed in continuous c(M) distributions).
Therefore, it may be beneficial to further purify these samples via gel filtration in order
to remove the minor contaminants. A second more significant limitation was however
the lack of appropriate recording of time data by the AVIV software utilised to run the
fluorescent-detection system. Unfortunately due to this technical hurdle, that was not
apparent during the course of these experiments, Ultrascan software which is able to
accurately predict the molecular weights of the complexes from the sedimentation
velocity runs (Demeler, 2005; Demeler et al., 2010) could not be utilised to extract this
information from the raw data. As a consequence the precise stoichiometry of the
hsPDIP38-hsClpX complex in the presence and absence of hsClpP is yet to be
determined although these data indicate that hsPDIP38-hsClpX complexes can form in
vitro. hsPDIP38-hsClpXP complexes have yet to be observed in vivo. Nevertheless at
present there are a number of limitations that can explain the lack of
coimmunoprecipitation of endogenous hsClpP using polyclonal anti-PDIP38 or antiClpX antisera (see section 4.2.2). It is possible that the anti-ClpP antibodies are not
sensitive enough to detect low levels of endogenous hsClpP present, the hsClpPhsClpX interaction is negatively regulated by other unknown cellular proteins (not
present in the in vitro setting) or the interaction between endogenous ClpX and ClpP is
too transient to be captured (AUC-FS utilised the hsClpXTRAP protein which displays
enhanced stability of the hexameric rings).
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5.3.3

Concluding remarks

In summary, limited proteolysis and „pull-down‟ experiments have revealed
that hsPDIP38 is composed of two regions, an N-terminal region of hsPDIP38
required for binding to the hsClpX AAA+ unfoldase, and a stable C-terminal domain,
conserved in selected F-box proteins, the function of which is currently not well
defined but involved in protein mediated degradation pathways.

This domain is

expected to act as a platform for binding of substrates or other hsPDIP38-specific
interacting proteins. It may not be a simple situation where all substrates in the
vicinity of hsPDIP38 automatically get delivered for unfolding or proteolysis. For
example, while the the F Box protein, Fbx3, is utilised as part of the SCF complex to
target HIPK2 and p300 for ubquitin-dependant degradation, this can be inhibited by
the promyelocytic leukemia (PML) protein (Shima et al., 2008). It is also possible that
the C-domain of PDIP38 binds non-proteinaceous targets, such as DNA, which play
an important role in its location and / or function as is the case for LONM (Chen et al.,
2008b; Fu and Markovitz, 1998; Liu et al., 2004). Importantly, the results from this
analyis of hsPDIP38 structure further implicate hsPDIP38 as an adaptor of the
hsClpXP protease providing greater insight into its potential function in mitochondria.
This analysis by AUC-FS also confirmed the role of residues 120 – 123 (within the Ndomain of hsClpX) in the formation of hsPDIP38-hsClpXP complexes as suggested
previously by „pull-down‟ experiments (Valente, 2008).

In light of these results

efforts were undertaken to identify the protein targets of hsPDIP38 and thus better
understand its role in mammalian mitochondria. This information may also provide
prove invaluable in the search for the protein targets of the hsClpX unfoldase.
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Chapter 6
- Investigating the role of hsPDIP38
in mitochondrial homeostasis
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6.1

Introduction

6.1.1 Current understanding of the physiological substrates and the role of PDIP38
in mammalian mitochondria

To date the cellular location and physiological role of hsPDIP38 remains
unclear. However several reports have identified PDIP38 as a component of the
mtDNA nucleoids in the matrix (Cheng et al., 2005). Interestingly the data presented
here indicates that hsPDIP38 is a mitochondrial protein that interacts with the
hsClpXP protease. Collectively these data suggest that hsPDIP38 may play a role in
the maintenance of mitochondrial DNA. Interestingly, a role for PDIP38 in
mitochondrial morphology and cellular viability was also reported (Arakaki et al.,
2006). In this chapter I have attempted to address the physiological role of hsPDIP38
within mitochondria using a range of different approaches.
Initially, an affinity purification approach (with hsPDIP38 as bait) was used to
isolate putative hsPDIP38-specific interacting proteins. The success of such an
approach depends on the affinity of interacting proteins to hsPDIP38. A second
limitation is that it may not be possible to capture substrates from an extract
containing the intact proteolytic machinery, as these substrates will be degraded prior
to their isolation. However, ClpS, an adaptor of the ClpAP proteolytic machine in E.
coli has been used successfully to isolate physiological substrates from wild type E.
coli cells (Ninnis et al., 2009; Schmidt et al., 2009). As an alternative approach to
examine PDIP38 function, endogenous hsPDIP38 was knocked down using predesigned siRNAs. This methodology was chosen as RNAi provides a powerful tool
for manipulation of gene expression and probing of gene function on a whole-genome
scale (Chen et al., 2008a) and has been previously used to study a wide range of
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mitochondrial processes such as: Iron-sulphur metabolism (Biederbick et al., 2006;
Stehling et al., 2008), regulated proteolysis (Bota et al., 2005), stress response
pathways (Benedetti et al., 2006), mtDNA nucleoid translation (Di Re et al., 2009),
fusion and fission (Parone et al., 2008; Wang et al., 2008b), ETC assembly and
regulation (Pagliarini et al., 2008; Shen et al., 2009), and mitochondrial homeostasis
(Chen et al., 2006). Factors affecting the ability to knock down endogenous protein
or observe phenotypes include: highly stable mRNA transcripts, abundant or highly
stable endogenous protein expression and the ability of other proteins to „functionally‟
complement for missing proteins. Here the various putative roles of PDIP38
including: (1) cellular viability, (2) mitochondrial morphology and (3) mtDNA
maintenance and translation of mitochondrial encoded proteins, were examined in
mammalian cells. The aim of these experiments was to try to correlate phenotypic
changes observed upon knock down of PDIP38 in HeLa cells, with substrates isolated
by pull-down methodology. The results of the various pull-down and knockdown
screens are described in this chapter.
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6.2

Results

6.2.1 Isolation of hsPDIP38-specific interacting proteins

A first step to investigating the role of hsPDIP38 in mammalian mitochondria
was to identify the protein targets of this protein. In light of the previous success of
the „pull-down‟ methodology used to identify PDIP38, a similar approach was taken to
isolate PDIP38-specific interacting proteins. To this end, Ni-NTA Agarose beads
immobilised with His10-hsPDIP38 were incubated with detergent solubilised murine
liver mitochondria (25 mg). The lysate (total, T) was applied to the appropriate
columns unbound (U) proteins were collected. Following extensive washing of the
column, ClpX (and bound ClpX interacting proteins) were eluted (E) using buffer
containing imidazole and the samples analysed by SDS-PAGE. In this case, a number
of putative hsPDIP38-specific interacting proteins of approximately 10 kDa (Figure
6.1, Lane 5), 28 kDa (Figure 6.1 and 6.2, Lane 5) and 65 kDa (Figure 6.2, Lane 5)
relative to appropriate controls (Figure 6.1 and 6.2, Lanes 4 and 6) were isolated from
detergent solubilised murine liver mitochondria (25 mg). The 65 kDa protein was
revealed to be mmClpX as determined by immunoblotting using polyclonal anti-ClpX
antisera (see section 2.4.2).

To facilitate identification of these low-abundant

interacting proteins „pull-down‟ experiments were „scaled-up‟ for subsequent mass
spectrometry analysis. Here Ni-NTA Agarose immobilised with His10-hsPDIP38 (3.9
mg) was used to isolate interacting proteins from detergent solubilised murine liver
mitochondria (805 mg).

Proteins eluted with buffer containing imidazole were

concentrated via acetone precipitation (see section 2.2.7) into a final volume of
approximately 180 l in a solution containing 8 M urea. The plan was to then remove
the large amount of His10-hsPDIP38 from the sample by passing the urea denatured
proteins over Ni-NTA Agarose and collecting hsPDIP38-specific interacting proteins
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in the flowthrough.

Since the majority of pelleted material from the acetone

precipitation (see section 2.2.7) failed to resolubilise, removal of hsPDIP38 was not
possible. Thus, the remaining pellet was solubilised with Laemmli buffer (to a final
concentration of a 1x solution), separated via SDS-PAGE (see section 2.3.1) and
candidate hsPDIP38-specific interacting proteins excised and submitted to mass
spectrometry for analysis (see section 2.11.1). Submitted samples were subject to in–
gel tryptic digestion (16 h, 37C), spotted onto a sample plate, allowed to air-dry and
subjected to MALDI analysis. MS analysis returned a strong hit for hsPDIP38 in all

Figure 6.1: Isolation of putative hsPDIP38 interacting proteins
Silver stained Tricine-buffered SDS-PAGE showing pull-down experiment using
solubilised mitochondrial proteins.
Lane 1, Total – Mammalian mitochondrial extract; Lanes 2 and 3, Unbound
material; Lane 4, Control – solubilised mitochondria only (prey); Lane 5, Test –
hsPDIP38 recombinant protein and solubilised mitochondria; Lane 6, Control –
hsPDIP38 recombinant protein and buffer only (bait); Lane 7, M12 molecular
weight markers.
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samples. Generated peptides were subjected to MS/MS analysis but unfortunately, no
unique sequences were obtained. Therefore unique proteins from the „pull-down‟
experiment of less than 36 kDa were very likely proteolytic fragments of hsPDIP38.
No further „pull-down‟ experiments were pursued.

Figure 6.2: Isolation of putative hsPDIP38 interacting proteins
Silver stained Tricine-buffered SDS-PAGE showing pull-down experiment using
solubilised mitochondrial proteins.
Lane 1, Total – Mammalian mitochondrial extract; Lanes 2 and 3, Unbound
material; Lane 4, Control – solubilised mitochondria only (prey); Lane 5, Test –
hsPDIP38 recombinant protein and solubilised mitochondria; Lane 6, Control –
hsPDIP38 recombinant protein and buffer only (bait); Lane 7, M12 molecular
weight markers.
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6.2.2 Testing of pre-designed hsPDIP38 siRNAs

As an alternative approach to identify the role of PDIP38 in mammalian cells,
PDIP38 was knocked-down and a number of general screens were performed. Prior to
examining the physiological role of hsPDIP38 it was necessary to verify that predesigned siRNA‟s could be used to deplete the steady-state protein levels of
endogenous hsPDIP38. To this end, transient transfections were performed into HeLa
cells (see section 2.6.5) using three different pre-designed siRNAs at 2 different
concentrations (10 nM and 30 nM) (see section 2.6.6 for sequences). These
concentrations were chosen as they have been found to minimise non-specific effects
while maintaining maximal target gene silencing (Persengiev et al., 2004). As a
control a universal siRNA, composed of a randomised nucleotide sequence lacking
any significant sequence homology to murine, rat, or human gene sequences, was
included.
A significant reduction of the steady-state levels of endogenous hsPDIP38 was
achieved in HeLa cells at both 48 h (data not shown) and 72 h (Figure 6.3, Lanes 2 –
5) post-transfection, relative to the universal siRNA (Figure 6.3, Lane 6) and
untransfected HeLa cells (Figure 6.3, Lane 7). Although all 3 siRNAs directed against
hsPDIP38 mRNA did reduce the level of endogenous protein, siRNA-1 (targeted
against exon 6) was the most affective (data not shown) and therefore this siRNA was
used in all subsequent experiments. As an indication of the specificity of the different
siRNAs, the PDIP38 cross-reactive proteins migrating above and below hsPDIP38
were unaffected by knockdown at 72 h post-transfection (Figure 6.3, Lanes 2 - 7).
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Figure 6.3: Validation of the ability of pre-designed siRNAs to knock down
endogenous hsPDIP38.
Immunblot probed with anti-PDIP38 antisera (Appendix II, Table 3) following
separation by glycine-buffered SDS-PAGE at 72 h post transfection with all three
PDIP38 siRNAs (siRNA 1, Lanes 3 and 4; siRNA 2, Lane 4; siRNA 3, Lane 5)
relative to the universal siRNA (Lane 6, uni) and untreated cells (Lane 7). Purified
hsPDIP3852-368 (Lane 1) was used to show expected position of endogenous hsPDIP38
on SDS-polyacrylamide gel. Star denotes a non-specific immuno reactive band.

6.2.3 Effect of hsPDIP38 knockdown on cellular viability

Adaptor proteins have been shown to be an important component in regulation
of AAA+ protease activity and perturbations in the regulation of the mitochondrial
AAA+ proteases are expected to affect the ability of mitochondria to respond to
physiological stresses. Consistent with this idea, knock down of LONM in human
lung fibroblasts was reported to lead to apoptosis (Bota et al., 2005). Interestingly, a
functional link between hsPDIP38 (which we propose is an adaptor of the
mitochondrial ClpXP protease) and cellular viability was also reported by Higuti and
colleagues who found that knock down of PDIP38 in C2C12 cells caused a significant
increase in cell death as determined by trypan blue exclusion (Arakaki et al., 2006).
Likewise, very recently Cordonnier and colleagues observed a similar role for PDIP38
in the survival of MRC5 cells, albeit in response to UV-induced DNA damage
(Tissier et al., 2010). In order to examine a potential functional role of PDIP38 as a
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pro-survival factor, the cellular viability of HeLa cells was tested using FACS
analysis of propidium iodide (PI) stained cells (see section 2.6.7), following knock
down of hsPDIP38.
To this end HeLa cells were transiently transfected with siRNA-1 or siRNA-3
at 10 nM (see section 2.6.5), cells were then harvested at 50 h and 74 h (Figure 6.4).
The harvested cells were gently resuspended in PBS supplemented with propidium
iodide (PI) (2 g/ml), following a brief rinse with 1 x PBS. Finally cells were
subjected to FACS analysis whereby cells with a side scatter (SSC) under 3 x 104 and
forward scatter (FSC) under 2 x 104 were considered to be necrotic and excluded. No
significant differences were observed between control and siRNA treated cells (data
not shown). The percentage of viable cells was determined from the remaining
population by excluding all cells with PI values above approximately 1 x 104 which
were considered to be non-viable. The efficiency of PDIP38 knockdown was verified
by immunoblotting with polyclonal anti-PDIP38 antisera (see section 2.4.2). These
data suggest there is no significant change in cellular viability in response to knock
down of hsPDIP38 in HeLa cells (Figure 6.4, black bars or grey bars) relative to the
universal siRNA (Figure 6.4, white bars). Therefore in constrast to the findings of
Higuti and colleagues I found that hsPDIP38 does not appear to play a role in cellular
viability and hence this role may be limited to specific cell types or conditions. This
also argues against an essential constitutive, anti-apoptotic regulatory role for
hsPDIP38 under normal physiological conditions in cells.

Nevertheless, having

established the conditions for knock down of hsPDIP38 it was possible to screen for
other cellular affects.
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Figure 6.4: Effect of hsPDIP38 knockdown on cellular viability
Average percentage of viable cells in population of HeLa cells from FACS analysis
of multiple transient-transfection experiments utilising either pre-designed negative
control siRNA (10 nM), hsPDIP38 siRNA-1 (10 nM) or hsPDIP38 siRNA-3 (10
nM). Number of replicates as follows: n = 2 (universal siRNA and hsPDIP38
siRNA-1 at 50 h), n = 4 (universal siRNA at 74 h), n = 3 (hsPDIP38 siRNA-1 at 74
h), or n = 1 (hsPDIP38 siRNA-3 at 50 h and 74 h).

6.2.4 Effect of hsPDIP38 knockdown on mtDNA morphology

Having determined that knock down of hsPDIP38 does not affect HeLa cell
viability it was decided to examine the effect of PDIP38 knockdown on mitochondrial
morphology in HeLa cells since Higuti and colleagues proposed a role for PDIP38 in
mitochondrial fusion in C1C12 cells (Arakaki et al., 2006). To investigate this, HeLa
cells were transiently transfected (see section 2.6.5) using the appriopriate siRNA-1
(10 nM), cells were examined at 47 h or 72 h post-transfection, by fluorescent
microscopy (see section 2.7.2) following staining with Hoescht and MitoTracker® Red
CMXRos stain (see section 2.7.1). In contrast to Higuti and colleagues who
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Figure 6.5: Effect of hsPDIP38 knockdown on mitochondrial morphology
HeLa cells either untransfected (A, D), transfected with universal siRNA (B, E) or hsPDIP38 siRNA-1 (C, F) were grown for 47 h (A – C) or 72 h
(D – F) and cells stained with 10 g/ml Hoechst nuclear stain (blue) and 10 nM MitoTracker® Red CMXRos (red).
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reported that knock down of PDIP38 resulted in fragmented mitochondria (Arakaki et
al., 2006), hsPDIP38 knockdown in HeLa cells (Figure 6.5C and 6.5F) did not appear
to affect mitochondrial morphology relative to the universal siRNA control (Figure
6.5B and 6.5E) or untreated cells (Figue 6.5A and 6.5D). The differing effects on
mitochondrial morphology observed by Higuti and colleagues and this study could be
due to the different cell types used. These data suggest that hsPDIP38 does not play a
major role in mitochondrial morphology.

6.2.5 Effect of hsPDIP38 knockdown on mtDNA metabolism and maintenance

The ClpX and Lon AAA+ proteases have both been identified as components
of the mtDNA nucleoid (Bogenhagen et al., 2008). In light of the confirmed link
between hsClpX and hsPDIP38 it is likely that hsPDIP38 is present, at least in a
transient manner, as a component of the mtDNA nucleoid. This has been shown
through immunoprecipitation of formaldehyde cross-linked mtDNA nucleoids
(Bogenhagen et al., 2008; Cheng et al., 2005). Kang and colleagues proposed that
PDIP38 is only a minor or peripheral component of the mtDNA nucleoid (Cheng et
al., 2005). If PDIP38 is acting as an adaptor to deliver protein components of mtDNA
nucleoids, then this is not surprising as there would always be a subpopulation in
transit and / or bound to the hsClpXP protease. A functional link between PDIP38
and regulation of mtDNA metabolism has not been demonstrated to date.
To investigate this possibility radiolabeling of mtDNA translation products
and picogreen staining of mtDNA foci were performed to look at mtDNA regulation
and maintenance respectively. Under normal physiological conditions all or most of
13 mtDNA radiolabeled translation products are visible (Dunning et al., 2007;
Hofhaus and Attardi, 1993; Tiranti et al., 2000; and also see Figure 6.6A). To
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A.

B.

C.

Figure 6.6: Effect of hsPDIP38 knockdown on translation of mtDNA-encoded
proteins
A. Schematic diagram of 13 proteins expected for [35S]-Met/Cys radiolabeling of
mtDNA translation products under normal physiological conditions.
Abbreviations are as follows: ATP6, ATP synthase subunit a; Cyt b, cytochrome
b; COI - COIII, cytochrome C oxidase subunit I - III; ND1 - ND5, NADH
dehydrogenase subunit 1 – 5.
B. Radiolabeling of mtDNA translation products at 48 h post transfection with predesigned hsPDIP38 siRNA-1. Lane 1, soluble extract from HeLa cells; Lane 2,
soluble extract from HeLa cells treated with hsPDIP38 siRNA-1 (10 nM).
Proteins separated via Tricine-buffered gradient SDS-PAGE and probed with
anti-PDIP38 and anti-mtHsp70 antisera (see Appendix II, Table 3). Star denotes
a non-specific immuno reactive band.
C. Quantitation of hsPDIP38 protein steady state-levels at 48 post transfection
(normalised to mtHsp70 loading control) for single experiment from above.

187
170

Chapter 6: Investigating the role of hsPDIP38 in mitochondrial homeostasis

examine the potential of hsPDIP38 to effect expression of mtDNA encoded proteins,
HeLa cells were transiently transfected with siRNA-1 (10 nM) and siRNA-3 (10 nM)
for 1.5 h (see section 2.6.6), then grown for a further 48 h under standard conditions
(see section 2.6.1).

Next cytoplasmic translation was stopped by addition of

cycloheximide (0.1 mg/ml) and cells radiolabeled for 2 h by addition of [35S]-Met/Cys
radiolabeled amino acids (see section 2.6.8) prior to harvesting.

Soluble

mitochondrial proteins were extracted (see section 2.6.4), separated by SDS-PAGE
and visualised by autoradiography. A change in the amount of mtDNA encoded
proteins synthesised was apparent in hsPDIP38 knockdown cells compared to mock
transfected cells (Figure 6.6B, compare lanes 1 and 2).

While knock down of

hsPDIP38 expression was confirmed (Figure 6.6B, lower panels and Figure 6.6C) the
significance of this result is unclear as other radiolabeled proteins expected to be
nuclear-encoded proteins are also reduced in hsPDIP38 knockdown cells relative to
the mock control suggesting that the lanes were not equally loaded. Also in this
experiment a mock transfection control was used rather than the siRNA universal
control. These factors may account for the difference observed in this experiment.
Unfortunately attempts to repeat this experiment resulted in poor specific
radiolabeling of mtDNA encoded proteins and / or poor hsPDIP38 knockdown and
thus clear conclusions could not be drawn. No major changes in the amount of
mtDNA encoded proteins synthesised (Figure 6.6B, Lane 2) were observed in
response to knock down of hsPDIP38 by ~50  (Figure 6.6C) relative to untreated
cells (Figure 6.6B, Lane 1).
The second step was to investigate mtDNA maintenance via picogreen
staining which results in a punctate green fluorescence pattern by flourescent
microscopy in normal cells and has been used previously to study depletion of
mtDNA (Ashley et al., 2005; Ashley et al., 2008; He et al., 2007).
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Figure 6.7: Effect of hsPDIP38 knockdown on mitochondrial nucleoids.
HeLa cells were stained with Hoechst, MitoTracker® Red CMXRos and Quant-iT dsDNA
picogreen stain 76 h post transfection with pre-designed hsPDIP38 siRNA-3 (B) relative to
untransfected cells (A). The average number of mtDNA nucleoids per cell (C) was
quantitated (n = 5) and knock down of PDIP38 verified by glycine-buffered SDS-PAGE
and immunoblotting (D and E) using anti-PDIP38 antisera and GAPDH antibodies (see
Appendix II, Table 3). Star denotes a non-specific immuno reactive band.
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determine if knock down of hsPDIP38 affects mtDNA maintenance, indicated by a
change in the number of mtDNA nucleoids, HeLa cells were grown in 6-well tissue
culture plates (see section 2.6.1), transfected with siRNA-1 (10 nM), siRNA-3
(10 nM) and universal control siRNA (10 nM) (see section 2.6.6) and stained with
picogreen stain for approximately 30 min - 60 min prior to flourescent microscopy
(see section 2.71 and 2.72). No change in the number of mtDNA foci was observed
relative to untransfected cells (compare Figure 6.7B and 6.7C with Figure 6.7A and
6.7C). The picogreen stain also stained the nuclear DNA thus „hiding‟ any mtDNA
foci present in this section of the field of view. Knock down of hsPDIP38 was
verified via immunoblotting using polyclonal anti-PDIP38 antisera (Figure 6.7D and
Figure 6.7E). These results suggest that PDIP38 does not possess a major role in
mtDNA metabolism or maintenance under normal physiological conditions.

6.2.6 Effect of hsPDIP38 knockdown on endogenous hsClpX and hsClpP steadystate protein levels

Finally, since it has been shown that the adaptor protein ClpS can influence
the stability of its cognate unfoldase ClpA (Dougan et al., 2002c), the steady-state
protein levels of the matrix localised mitochondrial AAA+ proteases were examined
in hsPDIP38 knockdown cells. To this end HeLa cells were transiently transfected
(see section 2.6.5) with hsPDIP38 siRNA-1 (10 nM), hsPDIP38 siRNA-3 (10 nM) or
universal control siRNA (10 nM), and cells grown for 76 h under standard conditions
(see section 2.6.1).

Soluble extracts were separated by SDS-PAGE then

immunodecorated with appropriate polyclonal antisera (or affinity purified
antibodies).
This analysis showed that knock down of hsPDIP38 resulted in a reduction of
hsClpX steady-state levels (Figure 6.8A, Lane 3 and 4) relative to the universal
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siRNA (Figure 6.8A, Lane 2).

Interestingly, more pronounced knock down of

hsPDIP38 resulted in greater destabilisation of hsClpX (Figure 6.8B, black bars). A
reduction in the steady-state protein levels of hsLONM was also observed but only in
the presence of significant knock down of hsPDIP38 (Figure 6.8B, grey bars).
Although auto-degradation of hsClpX or hsLONM has yet to be observed, this affect
by hsPDIP38 is similar to the adaptor protein ClpS which modulates the steady-state
levels of the ClpA unfoldase by inhibiting ClpP-mediated autodegradatrion (Dougan
et al., 2002c). As a preliminary step to ascertaining if hsPDIP38 is also able to affect
the stability of the hsClpXP protease the steady-state levels of hsClpP were examined.
In contrast to hsClpX and LONM, knock down of hsPDIP38 did not affect the steadystate levels of hsClpP (Figure 6.8C, Lane 3) relative to the untransfected cells (Figure
6.8C, Lane 1). Likewise knock down of hsClpP showed no effect on the steady-state
level of hsPDIP38 in HeLa cells (Figure 6.8C, Lane 2). These results indicate that in
mitochondria the stability of hsClpX, and to a lesser degree LONM, is positively
influenced by hsPDIP38.

These data reveal for the first time a functional link

between hsPDIP38 and hsClpX.
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Figure 6.8: Effect of hsPDIP38 knockdown on steady-state protein levels of
AAA+ proteases located in the mitochondrial matrix.
hsPDIP38 knockdown was performed, cells grown for 76 h whereupon proteins
were separated by glycine-buffered SDS-PAGE and membranes immunodecorated
with hsLONM, hsClpX, hsPDIP38 antisera and GAPDH antibodies (A) or
hsPDIP38 and hsClpP antisera (C). Steady-state protein levels quantitated for a
single experiment (from A) normalised to GAPDH loading control (B). Star
denotes a non-specific immuno reactive band. See Appendix II, Table 3 for
antisera/antibody details.
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6.3

Discussion

6.3.1

Limitations of general phenotypic screens utilised to investigate the role of
hsPDIP38

To date no physiological substrates of hsClpX or hsClpXP have been
described to assist in identification of PDIP38-specific interacting proteins. Since
PDIP38-specific interacting proteins could not be recovered, a number of general
screens were performed based on the putative roles of PDIP38 described in the
literature. These data fail to identify a specific role for hsPDIP38. However, there are
a number of limitations that can be addressed in subsequent studies to improve the
chances of identifying a specific role for hsPDIP38 in mammalian mitochondria.
Although siRNA against hsPDIP38 worked consistently well on a small-scale in
6 well plates this became less efficient upon up-scaling of experiments (especially
14 cm plates) making it difficult to interpret results when performing general screens
to examine cellular viability, mtDNA metabolism and maintenance. Parameters that
could be tested in more detail include: the point in time post-transfection of siRNA at
which cytoplasmic translation was inhibited and radiolabeling performed, the duration
of radiolabeling of mtDNA translation products, preparation of ultra-pure
mitochondria and examination of changes in the mRNA profile of treated cells.
Currently it is not possible to exclude a role for hsPDIP38 in mtDNA maintenance
without using more quanitative measures, such as: double-blind counting of
enlargened immunoflourescence images, real-time quantitative PCR of mtDNA,
measurement of overall fluorescent intensity and IFAs using monoclonal anti-DNA
antibodies (Legros et al., 2004). For counting of mtDNA nuceoids and IFAs using
monoclonal antibodies nuclear fluorescence can be mostly eliminated by examining
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images of low focal planes which visualise most of the cell but exclude for part of the
peri-nuclear region (Legros et al., 2004).

6.3.2

Concluding remarks

Identification and characterisation of adaptor proteins is expected to provide
vital clues in elucidating the protein targets of the hsClpX AAA+ unfoldase, and thus
its role in human mitochondria. A number of putative hsPDIP38-specific interacting
proteins were isolated but could not be recovered at sufficient levels to enable protein
identification. Nevertheless this strengthens the hypothesis that hsPDIP38 acts as an
adaptor to deliver specific protein targets to the hsClpX unfoldase or hsClpXP
protease. Based on these studies knock down of hsPDIP38 does not appear to effect
cellular viability, mitochondrial morphology or mtDNA maintenance in HeLa cells.
Nevertheless similar experiments should be performed in a primary cell line and
optimisation of experimental parameters is needed prior to eliminating a role for
hsPDIP38 in these processes. Importantly, a functional link between hsPDIP38 and
hsClpX could be observed for the first time, as the steady-state levels of hsClpX were
reduced as a result of knock down of hsPDIP38. A partial reduction in hsLONM
levels was also observed in hsPDIP38 knockdown cells. These observations are
interesting and require further investigation to discount non-specific effects of the
hsPDIP38 siRNA on hsClpX or hsLONM mRNA levels. The importance of these
results and future directions for this work are discussed in the following chapter.
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Chapter 7
- Concluding remarks and future
directions

195

7.1

Introduction

In order to define the physiological role of mammalian ClpXP a search for
ClpX-interacting proteins was undertaken. Preliminary data performed during my
Honours research project revealed that the N-domain of hsClpX interacted with a
38 kDa mouse liver protein identified as a homolog of hsPDIP38, which was later
termed Mitogenin I by Higuti and colleagues (Arakaki et al., 2006). This thesis aimed
to characterise PDIP38 and its relationship to the mammalian ClpXP protease. The
outcomes of this research and the future directions are summarised in this chapter.

7.2

PDIP38: a novel component of the ClpXP proteolytic machinery in human
mitochondria

Given the controversy surrounding the cellular location of mammalian PDIP38
it was necessary to carefully determine if a population of PDIP38 resides in
mitochondria. Several lines of evidence support the view that mammalian PDIP38 is
targeted to mitochondria. This study revealed that (1) PDIP38 can be isolated from
mouse liver mitochondria, (2) the endogenous protein isolated from mitochondria is
processed at its N-terminus at a site consistent with cleavage by MPP and APP3m
which are both mitochondrial matrix processing peptidases responsible for removing
mitochondrial targeting signals, (3) transiently expressed hsPDIP38-GFP co-localised
with MitoTracker® Red CMXRos in HeLa cells, (4) in vitro synthesised PDIP38
preprotein was imported into isolated mitochondria in a membrane potential
dependent manner and was processed to a 38 kDa protein and (5) endogenous PDIP38
was protected against externally added protease added to isolated mitochondria and
mitoplasts consistent with it residing in the mitochondrial matrix.
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Having established that PDIP38 is located in the same cellular compartment as
ClpX the nature of the interaction between these two proteins was investigated in
detail. Preliminary data revealed a heterologous interaction between hsClpXN and
mmPDIP38. Experiments outlined in this study revealed that the interaction between
hsClpX and hsPDIP38 was conserved which was not surprising given the high degree
of amino acid sequence identity between human and mouse PDIP38. hsPDIP38
interacted with hsClpX and not just the N-domain as revealed by in vitro pull-down
experiments and co-immunoprecipitation of endogenous hsClpX from mitochondria
isolated from HeLa cells using anti-PDIP38 antisera.

Conversly, endogenous

hsPDIP38 could be co-immunoprecipitated from mitochondria isolated from HeLa
cells using anti-ClpX antisera.

Consistent with a physiological role for this

interaction, the steady-state levels of hsClpX was reduced in HeLa cells lacking
hsPDIP38 (i.e. in which PDIP38 was knocked down via RNA interference). While
the turnover of hsClpX was not directly examined (e.g. by pulse-chase
immunoprecipitation experiments) in hsPDIP38 knockdown cells it does suggest that
hsPDIP38 plays a role in stabilising hsClpX in cells.
Biochemical analysis of hsPDIP38 revealed that it is a monomeric protein
consisting of two globular domains: an N-terminal domain (~6 kDa) linked to a highly
stable C-terminal domain (~25 kDa) by a protease accessible region. The interaction
between hsPDIP38 and hsClpX is mediated by the N-terminal domain of hsPDIP38.
A function for the C-terminal domain of hsPDIP38, however, was not elucidated.
Nevertheless, the C-terminal domain of hsPDIP38 (DUF525) is conserved in bacterial
ApaG proteins and the C-terminal domain of the F-box protein Fxb3, which mediates
protein-protein interactions as part of an SCFFxb3 ubiquitin ligase complex (Shima et
al., 2008). The three dimensional structure of ApaG from Xanthomonas axonododis
pv. citri revealed a fibronectin type 3 fold which is a common scaffold for protein-
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protein interaction. It is expected that the ApaG domain of hsPDIP38 will also form a
fibronectin type 3 fold and our preliminary X-ray crystal structure of hsPDIP38 is
consistent with this structure (Zeth, Strack, Truscott and Dougan, unpublished). It is
anticipated that the C-domain of hsPDIP38 mediates protein-protein interactions and
thus possibly interactions with substrates of the hsClpXP protease.
Both the instrinsic ATPase activity of hsClpX and hsClpXP mediated
degradation of -casein was inhibited in the presence of hsPDIP38. In order to
ascertain if the inhibition of -casein degradation was caused by a specific
modulation of the hsClpXP protease or due to dissociation of ClpP from ClpX further
studies were performed using AUC-FS with a GFP-tagged version of hsPDIP38. This
analysis showed that hsPDIP38 is able to interact with the hsClpXP proteolytic
complex in vitro, which is inconsistent with idea of hsPDIP38 acting as a disassembly
factor of the hsClpXP protease.
Results from the detailed biochemical analysis performed in this study
revealed that hsPDIP38 shares a number of features with other known adaptor
proteins, of AAA+ protease machines. Firstly, hsPDIP38 interacts with the accessory
N-domain of hsClpX. This is consistent with the E. coli adaptor proteins ClpS and
SspB which interact with the N-domain of ClpA and ClpX respectively (Dougan et
al., 2002c; Dougan et al., 2003; Guo et al., 2002a; Houry, 2001; Zeth et al., 2002).
Next, hsPDIP38 is composed of two regions, an N-terminal region for interaction with
the N-terminal domain of mammalian ClpX and a large C-terminal domain which is
free to bind substrates or promote other interactions. This organisation is similar to
SspB which contains a short C-terminal region for ClpX docking and a large Nterminal domain for substrate binding (Dougan et al., 2003; Levchenko et al., 2003).
Finally, hsPDIP38 is able to inhibit both the ATPase activity of hsClpX and the
hsClpXP-mediated degradation of -casein. This is similar to the activity observed
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for ClpS, which is able to inhibit both the ATPase activity of ClpA and the ClpAPmediated degradation of SsrA-tagged substrates or ClpA itself (Dougan et al., 2002c;
Hou et al., 2008), while promoting degradation of heat-aggregated proteins and N-end
rule substrates (Dougan et al., 2002c; Erbse et al., 2006; Ninnis et al., 2009; Schmidt
et al., 2009).
The properties of hsPDIP38 revealed in this study indicate that it may act as an
adaptor of the mammalian ClpX AAA+ unfoldase and/or ClpXP AAA+ protease. A
model for PDIP38 mediated delivery of substrates to ClpX or ClpXP is outlined in
Figure 7.1.

Figure 7.1: Model showing hsPDIP38 acting as a substrate delivery factor.
PDIP38 interacts with substrate via its C-terminal domain (I), then docks to ClpX via
an N-domain to N-domain interaction (II). If ClpX is not bound to ClpP then substrate
unfolding may result (III). If ClpX is in complex with ClpP then the substrate may be
degraded (IV). Since the interaction between PDIP38 and ClpX is very stable,
substrates may only bind to a PDIP38/ClpX complex.

(II) for unfolding
ClpX (III)experiments
and/or proteolysis
by ClpXP
(IV).mature
Mitochondrial
osmoticbyswelling
indicated
that the
hsPDIP38 is located in the mitochondrial matrix (discussed in chapter three), where it
could become oxidatively damaged as a result of exposure to free radicals generated
by the ETC. Interestingly, preliminary data from our laboratory indicated that mild
oxidative damage reduced the hsPDIP38-hsClpX interaction (Valente, 2008). As a
conseqence, it is possible that oxidatively damaged hsPDIP38 could be degraded by
hsLONM (Bota and Davies, 2002). This loss of hsPDIP38 binding to hsClpX, could
provide an extra avenue for regulation of hsClpXP, whereby an alternative set of
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substrates are degraded by the ClpXP machine under conditions of oxidative stress
(see Figure 7.2).

Figure 7.2: Hypothetical model showing hsPDIP38 acting as a regulator of hsClpXP
in response to oxidative damage.
PDIP38 under normal cellular conditions docks to ClpX via an N-domain to N-domain
interaction and the substrate can be degraded. However, in the presence of oxidative
stress, PDIP38 is damaged and can no longer bind to the ClpXP protease whereupon it
is degraded by an as yet to be identified protease (e.g. LONM). This results in
substrates being able to bind directly to the ClpXP protease via the accessory Ndomain of ClpX for proteolytic degradation.

As mentioned previously (see section 1.6.6) recent findings from Ron and
colleagues have shown that in C. elegans the ClpXP protease is intimately involved in
the UPRmt by generating peptides that are transported to the cytoplasm, activating
cytosolic transcription factors via an unknown mechanism (Haynes et al., 2007;
Haynes et al., 2010).

A specific accumulation of unfolded protein in the

mitochondrial matrix (Zhao et al., 2002) leads to activation of the JNK2 pathway and
CHOP / C/EBP transcription factors (Horibe and Hoogenraad, 2007; Zhao et al.,
2002) ultimately upregulating UPRmt responsive genes such as ClpP (Aldridge et al.,
2007; Zhao et al., 2002). Similar to C. elegans, it is possible that efflux of peptide
products generated by the ClpXP protease in mammalian mitochondria provides a
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functional link between a specific mitochondrial unfolded protein stress and UPRmt
responsive genes.

This could be explained by the unique cocktail of peptides

generated by proteolytic degradation of substrates related to the prevailing stress. For
example, the accumulation of unfolded protein in mammalian mitochondria may
indirectly create an oxidative stress, damaging sensitive proteins such as PDIP38 and
abolishing its interaction with ClpXP. Proteolytic degradation of substrates now free
to interact with ClpXP upon loss of PDIP38 binding may create a different „cocktail‟
of peptides to those generated under non-stress conditions. Peptides generated from
proteolytic degradation of PDIP38 (possibly by LONM) could contribute to this pool
of “activating” peptides (see Figure 7.3).

Figure 7.3: Hypothetical model showing different pools of peptides generated upon loss of
hsPDIP38 binding to hsClpXP due to conditions of oxidative stress, which may activate the
UPRmt.

7.3

hsPDIP38 location, maturation and stability

The results presented in this thesis demonstrate that hsPDIP38 is synthesised
as preprotein and imported into the mitochondrial matrix where the presequence is
cleaved between residues 51 - 52. These data are consistent with several studies that
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indicate that PDIP38 is a mitochondrial protein (Cheng et al., 2005; Mootha et al.,
2003a; Xie et al., 2005). Moreover the cleavage site, revealed in this study, was
consistent with an R3 recognition motif. Mature endogenous hsPDIP38 does indeed
exist in the matrix of metazoan mitochondria in line with current literature (Cheng et
al., 2005; Mootha et al., 2003a; Xie et al., 2005). Interestingly, in yeast cleavage of
mitochondrial presequences containing an R3 recognition motif occurs in a two-step
process involving MPP and the peptidase Icp55 (see section 1.2.4 and 3.3.2). The
human mitochondrial homolog of Icp55, is known as APP3m, and is expected
proposed to be responsible for removal of the N-terminal leucine revealed following
MPP cleavage of the hsPDIP38 preprotein.

Efforts to confirm this through the

recovery of a minor population of mmPDIP38 retaining an N-terminal leucine proved
unsuccessful, most likely as a result of its efficient cleavage in mouse liver
mitochondria by APP3m during its biogenesis (see section 3.2.2). In order to isolate a
potential processing intermediate of hsPDIP38 (if its maturation involves APP3m) it
would likely be necessary to knock down expression of APP3m via RNAi
interference or block its activity using a specific inhibitor. Also, in order to directly
determine if APP3m can indeed process an intermediate form of human PDIP38 to the
mature form by removal of a single amino acid residue (Leu) from its N-terminus, a
cleavage assay could be reconstituted in vitro using purified recombinant APP3m and
the immature PDIP38 intermediate (L-PDIP38). In this study I have shown that
untagged mature human PDIP38 can be generated by the ubiquitin fusion method and
therefore it should be possible to also produce recombinant human L-PDIP38. As the
lack of loss of Icp55-mediated processing of preproteins by Icp55 in yeast has been
linked to their stability of the intermediate (unstable) the above experiments would
help to determine if PDIP38 expression levels in mitochondria are influenced or
regulated post-translationally by APP3m.
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Despite this positive evidence for the mitochondrial location of PDIP38,
several other reports have identified PDIP38 in other cellular locations, raising the
possibility that PDIP38 is dual localized. Efforts to determine if PDIP38 is processed
in the mitochondria and „actively‟ transported out to the cytoplasm or undergoes a
„slippage‟ mechanism during translocation into the mitochondrion (see section 3.3.1
for detailed discussion) will be highly beneficial. Although beyond the scope of this
study, future studies could investigate the location of PDIP38 using IFAs and live
imaging via confocal microscopy on a range of cell lines. Live cell imaging could be
performed with the existing pEGFP/hsPDIP38 construct or hsPDIP38 fused Cterminally to one of a number of GFP-like proteins that have been developed that
allow for fluorescent signal activation (Chudakov et al., 2003) such as PA-GFP
(Patterson and Lippincott-Schwartz, 2002). Alternatively, a tight binding pair of
molecular components such as that described for the tetracycline (TC) tag-FLASH
system could be used. FLASH is a small, membrane permeable ligand that only
shows strong fluorescence upon binding to the tetracycline tag (Griffin et al., 1998).
The tetracycline tag, CCXXCC, is much smaller than GFP and thus less likely to
adversely affect binding of PDIP38-specific interacting proteins in vivo.
One possibility is that PDIP38 is imported into mitochondria under certain
conditions to shield it from other parts of the cell. Alternatively, “unwanted” PDIP38
may be sent to the mitochondria for degradation, although currently there is no
evidence for this idea. Nevertheless, the possibility that hsPDIP38 is a conditional
substrate of the hsClpXP protease cannot be discounted at this point in time.
Moreover, given that the in vitro degradation assays performed in this study used
bacterialy expressed recombinant PDIP38, this protein may lack the appropriate posttranslation modifications required to target it for degradation by ClpXP. It will be
important to examine the steady state levels and / or half-life of PDIP38 in
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mammalian cells containing or lacking ClpP and / or ClpX. The stability of PDIP38
should also be examined under normal and stress conditions.

7.4

Identification and characterisation of putative hsPDIP38-specific
interacting proteins

Identification of other hsPDIP38 interacting proteins will greatly benefit our
understanding of this protein and its role in mammalian mitochondrial homeostasis.
Standard „pull-down‟ experiments performed in this study did not reveal any PDIP38
interacting proteins apart from ClpX. The use of cross-linking during „pull-down‟ or
co-immunoprecipitation experiments however may help to capture any transient
interacting proteins.

To reduce or eliminate the potential recovery of non-

mitochondrial proteins, „pull-down‟ experiments could be performed with ultra-pure
mitochondria and would ideally be performed in ClpX knockdown or ClpP
knockdown cells to prevent possible PDIP38-specific substrates being degraded by
endogenous ClpXP proteolytic complexes. As a second possibility a yeast-two hybrid
screen could be performed using the C-terminal domain of PDIP38 (see section 5.2.1)
as the bait. Non-mitochondrial proteins or proteins with significantly low probability
of containing a predicted mitochondrial targeting sequence would be disregarded.
This would create a „shortlist‟ of putative positive hits that can be further investigated
to confirm them as PDIP38-specific interacting proteins.
An important question to answer for any putative hsPDIP38-specific
interacting proteins is whether mature hsPDIP38 can influence the rate of their
turnover by the hsClpXP protease.

This could be examined via import–chase

experiments (Tatsuta and Langer, 2007; Bezawork-Geleta, Dougan and Truscott,
unpublished data) whereby the radiolabeled putative substrate preprotein is
synthesised in vitro, imported into mitochondria isolated from normal cells or cells in
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which hsPDIP38, hsClpX or hsClpP was knocked-down. Then following removal of
non-imported species and dissipation of the membrane potential, a chase is performed
to monitor the half-life of the protein (see Figure 7.4). This will show the effect of
hsPDIP38 and hsClpXP on the degradation of putative substrates in mitochondria. A
specific inhibitor of the hsClpXP protease would be very helpful in analysing putative
substrates and one was recently reported. Unfortunately, it is not suitable for use in
vivo and requires an approximately 30 min incubation for complete inhibition (> 90%)
(Knott et al., 2010). Evidence for turnover of a substrate can be gained via successful
reconstitution of degradation in vitro using purified proteins. The effect of hsPDIP38
could then be easily monitored.

As previously mentioned reconstitution of

degradation may be unsuccessful if a post-translational modification of the substrate
(important for targeting to the degradation machinery) is missing.

Figure 7.4: Flow diagram of an import-chase assay.
Radiolabeled preprotein is imported into isolated mitochondria (normal, hsPDIP38,
hsClpX or hsClpP). Following removal of non-imported protein mitochondria are
incubated (chase) and samples taken to monitor the loss of radiolabeled protein over
time. Samples are analysed by SDS-PAGE and autoradiography (see section 2.3.1
and 2.3.3)
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7.5

Future directions – the role of hsPDIP38 in mitochondrial homeostasis

The results presented in this thesis help narrow the scope of potential
„physiological substrates‟ for hsPDIP38 although the exact role of hsPDIP38 in
mammalian mitochondrial homeostasis is yet to be determined. A knockout mouse (if
not lethal) could be beneficial in determining the physiological function of this
protein. Interestingly, in these studies, knock down of hsPDIP38 in HeLa cells did
not result in an adverse effect on cell survival or morphology as compared to the
primary cell line C1C12 (Arakaki et al., 2006). This indicates that hsPDIP38 may be
playing a part in apoptotic processes which is not detectable in immortalized cells,
such as HeLa, at least under the standard growth conditions employed in this study.
Consistent with a role in apoptotic processes PDIP38 has been proposed to be
involved in up-regulation of ROS production in VSMC cells (Lyle et al., 2009).
PDIP38 has also been reported to interact with the mammalian inhibitor of apoptosis
protein (IAP) cIAP (Jin et al., 2003) thus also providing an indirect role for PDIP38 in
apoptotic processes. The different cellular locations of these two proteins can be
explained by the possibility of a dual-localisation as discussed in detail in Chapter
Three.
Another possibility to be investigated further is that hsPDIP38 stabilises
hsClpX which would of course affect the activity of the ClpXP protease. To confirm a
change in ClpX stability in PDIP38 depleted mitochondria it would be necessary to:
(1) Examine ClpX steady state levels by immunoblotting as performed in Chapter 6
(see section 6.2.6) over a range of times post-transfection of PDIP38 specific siRNA,
(2) Perform pulse-chase immunopreciptation (anti-ClpX) experiments following
knock down of endogenous hsPDIP38 and (3) Perform RT-qPCR to examine CLPX
mRNA levels to discount non-specific effects on ClpX expression from the PDIP38
siRNA. If the activity of either the hsClpX unfoldase or hsClpXP protease is altered
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in reponse to loss of PDIP38 this could effect the ability of mitochondria to respond to
an unfolded protein load, thus linking hsPDIP38 to the UPRmt. To test this hypothesis
an aggregation prone mutant mitochondrial protein, such as OTC, could be
expressed in HeLa cells and the activation of UPRmt could be assessed in both wildtype cells and cells where endogenous PDIP38 has been knocked down.
As a link between ClpX and UPRmt signalling in C. elegans was only made
this year this study did not examine a potential role of PDIP38 in contributing to
regulation of the mammalian unfolded response. Future work should investigate a
putative role for PDIP38 in mitochondrial protein quality control and UPRmt
signalling. Such information would further our understanding of PDIP38 and the
mechanisms of mitochondrial protein maintenance in health and disease.
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Appendix I
Table 1: Summary of primers utilised to facilitate the outlined studies

Primer
pair

Used for
cloning of

Sequence

Features
(restriction site underlined)

A

pEGFP/hsPDIP38P

5‟–tcgtagaagcttatggcagcctgta
cagcccggc–3‟

Hind III restriction site for cloning

A

pEGFP/hsPDIP38P

5‟–ctcagacagaataaggatccttctt
ggctaaccatg–3‟

Bam HI restriction site for cloning

B

pEGFP/(stop)hsPDIP38

5‟–cactggtgatcgatcggtcgccacc
atggtg–3‟

B

pEGFP/(stop)hsPDIP38

5‟–cgaccgatcgatcaccagtgaaggcc
tgaggg–3‟

C

pHUE/hsPDIP38

5‟–gactctccgcggtggatcctcccga
aaccgaccagagggc–3‟

Sac II restriction site for cloning

C

pHUE/hsPDIP38

5‟–gctacgaagcttctaccagtgaagg
cctgagggtgg–3‟

Hind III restriction site for cloning

D

pET10/hsPDIP38
domains

5‟–gacagaagcggccgccttcttggct
aaccatgatg–3‟

D

pET10/hsPDIP38
domains

5‟–gccaagaaggcggccgcttctgtct
gagatctctg–3‟

E

pGEX–4T–
1/hPDIP38
domains

5‟–ctcagacagaataaggatccttctt
ggctaaccatg–3‟

E

pGEX–4T–
1/hsPDIP38
domains

5‟–gccaagaaggatccttattctgtct
gagatctctgag–3‟
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Loss of a Bam HI and introduction of a
Pvu I restriction site for screening, stop
codon for terminating protein expression
Loss of a Bam HI and introduction of a
Pvu I restriction site forAppendix
screening, stop
codon for terminating protein expression

Introduction of stop codon for termination
of protein expression, followed by Not I
restriction site for removal of N–terminal
fragment
Introduction of stop codon for termination
of protein expression, followed by Not I
restriction site for removal of N–terminal
fragment
Introduction of stop codon for termination
of protein expression, followed by Bam HI
restriction site for removal of N–terminal
fragment
Introduction of stop codon for termination
of protein expression, followed by Bam HI
restriction site for removal of N–terminal
fragment

Appendix

Appendix I
Table 2: Summary of clones generated or used in these studies
Name

Code

cDNA insert

Parental
backbone

Restriction Sites
Employed

Antibiotic
resistance

Created for these study /
existing lab stock

pEGFP/hsPDIP381-368

DT1833

hsPDIP38

pEGFP-N1

Bam HI / Hind III

Kanamycin

Created for these studies

pEGFP/(stop)hsPDIP381-368

DT1821

hsPDIP38
(stop codon)

pEGFP-N1

Bam HI

Kanamycin

Created for these studies

pNHIS/hsPDIP3852-368

DT1767

hsPDIP3852-368

pNHIS

Not I / Hind III

Ampicillin

Created for these studies

pGEX-4T-1/hsPDIP3852-368

DT1356

hsPDIP3852-368

pGEX-4T-1

Bam HI / Xho I

Ampicillin

Existing lab stocks

pET10N/hsPDIP3852-368

DT1355

hsPDIP3852-368

pET10N

Not I / Xho I

Ampicillin

Existing lab stocks

pET10C/hsPDIP3852-368

DT1568

hsPDIP3852-368

pET10C

Nde I / Not I

Ampicillin

Existing lab stocks

pHUE/hsPDIP3852-368

DT1434

hsPDIP3852-368

pHUE

Sac II / Hind III

Ampicillin

Created for these studies

pET10N/hsPDIP38N-domain
pGEX-4T-1/hsPDIP38N-domain

DT1610
DT1788

hsPDIP3852-156

pET10N
pGEX-4T-1

Not I / Xho I
Bam HI / Xho I

Ampicllin

Created for these studies

pET10C/hsPDIP38C-domain
pGEX-4T-1/hsPDIP38C-domain

DT1611
DT1791

hsPDIP38157-368

pET10C
pGEX-4T-1

Nde I / Not I
Bam HI / Xho I

Ampicillin

Created for these studies

IMAGE clone: 3349399

DT1329

hsPDIP38

pOTB7

Sma I

Chloroamphenicol

Existing lab stocks
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Name

Antigen

Raised
in

Dilution

Diluant
(all in 1 x TBS–T)

Incubati
on time

Incubation
temperature

Secondary antibody

72-8

His10–hsPDIP38
hsPDIP38

Rabbit

1:100

3 % BSA

1h

RT

anti–rabbit IgG (1:5000)

88-4

hsPDIP38–His10

Rabbit

1:100

3 % BSA

1h

RT

anti–rabbit IgG (1:5000)

71-3
71-6

hsClpXTRAP–
His10

Rabbit

1h

RT

anti–rabbit IgG (1:5000)

89-3

hsClpP–His6

Rabbit

1:100

3 % skim milk powder

1h

RT

anti–rabbit IgG (1:5000)

mtHsp70

mtHsp70

Rabbit

1:100

3 % skim milk powder

1h

RT

anti–rabbit IgG (1:5000)

mtHsp60

mtHsp60

Rabbit

1:5000

3 % skim milk powder

1h

RT

anti–rabbit IgG (1:5000)

IMS

cytochrome C

Murine

1:250

3 % BSA

1h

RT

anti-murine IgG (1:5000)

OM

Matrix

Table 3: Summary of antibodies utilised to facilitate the outlined studies

Mfn2

Rabbit

1:200

PBS

overnight

4C

anti–rabbit IgG (1:5000)

GAPDH

Murine

1 mg/ml

3 % BSA

1h

RT

anti–murine IgG (1:5000)

DnaK

Rabbit

1:10,000

3 % skim milk powder

1h

RT

anti–rabbit IgG (1:5000)

Penta–His

Murine

1:2000

3 % BSA

1h

RT

anti–murine IgG (1:5000)

GST

Donkey/
Goat

1:1000

3 % skim milk powder

1h

RT

anti–goat / anti–sheep IgG
(1:5000)

1:100
3 % skim milk powder
1mg/ml
3 % BSA
(for affintity purified) (for affinity purified)

Abbreviations: BSA, bovine serum albumin; IMS, inter–membrane space; OM, outer mitochondrial membrane.
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Appendix III

Figure 1: Elution calibration profile for Superose 12 HR 10/30 column
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