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SUMMARY

The caseinolytic protease P (ClpP) is an essential protein for bacteria and bacterial
derived organelles. It belongs to the AAA+ family of proteases and has proteolytic
activity, thereby, it plays an important role in protein digestion. This protease is involved
in essential processes such as, cellular regulatory mechanisms, protein homeostasis,

responses to environmental stimuli and host infections.

The ClpP complex is formed by two principal components. In one hand, two heptameric
rings of ClpP forms the proteolytic core, with catalytic activity. The second major
component is the Clp-ATPases, which forms an hexameric ring in both edges of the
complex. The function of this ATPase is selecting the substrate for degradation. There
are different Clp-ATPases depending on the organism, and each of them recognise a
different substrate. For a further specificity, the Clp-ATPase interacts with adaptor

proteins.

In humans, the only Clp-ATPase interacting with ClpP is ClpX. The human Clp system
plays its role inside the mitochondrial matrix, therefore, a transport of both ClpP and
ClpX to the mitochondrial matrix is required for the function of the protease. For this
transport to happen, both proteins are first translated as premature proteins, with a
Mitochondrial Target Sequence (MTS). This sequence will be then recognised by the cell
machinery to transport the proteins inside the mitochondrial matrix. Afterwards, the

MTS sequence will be cleaved when the proteins pass into the matrix.

In this study, the proteins of the human Clp system, as well as the Clp protease of S.
aureus, were purified through the Akta Column, using the Strep-tag purification
technique. Prior to the purification, E. coli cells were transformed with a pET plasmid
containing the gen of interest, and then the expression of the protein was induced with

IPTG. Later, the purification through the column was performed.

Finally, after the purification, the protein concentration was measured, and the proteins
were stored at -80°C for further in vitro assays. Afterwards, the purification results were

also confirmed by doing an SDS-PAGE Electrophoresis.

As a conclusion, this study fathom in the understanding of Clp protease system

expression in the cells, in order to use this knowledge in future studies with this complex.
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ABBREVIATONS

°C Degree Celsius

B Beta

ADEP Acyldepsipeptide

Amp Ampicillin

ATP Adenosine triphosphate

B. subtilis | Bacillus subtilis

ClpP Caseinolytic protease P

E. coli Escherichia coli

HClpP Human Caseinolytic protease P

IPTG Isopropyl B-D-1-thiogalactopyranosid
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MPP Mitochondrial Processing Peptidase
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OXPHOS Oxidative phosphorylation
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rpm Revolutions per minute

SaClpP Staphylococcus aureus Caseinolytic protease P
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Tim Translocase of the Inner Mitochondrial Membrane
Tom Translocase of the Outer Mitochondrial Membrane
tst Staphylococcal toxic shock toxin

uv UltraViolet

Xg Relative Centrifugal Force
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1. INTRODUCTION

The caseinolytic protease P (ClpP) system is a highly conserved serine protease present
in bacteria and mitochondria. It has been demonstrated to be responsible for
maintaining protein homeostasis and protein quality control, as well as virulence

regulation in some bacteria (llligmann et al., 2021).

This enzyme belongs to the family of ATP-dependent proteases. The functional ClpP
protease is formed by a tetradecameric proteolytic core with catalytic activity and a
hexameric Clp-ATPase bound to each end of the complex. The latter is involved in

substrate specificity (llligmann et al., 2021).

In recent studies, it has been shown that ClpP machinery is important for some types of
cancer cells. Therefore, this protease could be a potential target for cancer treatment.

The ClpP protease is also involved in other human diseases (Ishizawa et al., 2019).

On the other hand, protein purification is a fundamental step to study individual
proteins, but also protein complexes, like Clp system. Through this process it is possible
to obtain a high concentration of protein for further studies of any kind (Ferrer-Miralles

et al.,, 2015).

Nowadays, there are several techniques to purify a protein. In this project, the technique
used was Strep-tag purification, and it is based in the interaction between the sequence

Strep-tag I, which is fused to the protein of interest, and the affinity column.

1.1. GENERAL INTRODUCTION TO CLP PROTEASE SYSTEM

The Clp protease system is a multi-component machinery that plays an essential role in
protein homeostasis and protein quality control, as well as in targeted proteolysis of
transcriptional regulators. It is present in prokaryotic cells, and it is also conserved in

prokaryote-derived organelles of eukaryotic cells (llligmann et al., 2021).

ClpP forms an heptameric structure, while the Clp-ATPase forms an hexameric ring. A
functional Clp protease complex is formed by two components (Figure 1). The first one
is a tetradecameric proteolytic core ClpP (two heptameric ClpP rings), which consists of

a serine protease with peptidolytic activity. The core ClpP needs a second component, a
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hexameric energy-dependent Clp-ATPase for the protein hydrolysis. There are different
ATPases e.g., ClpX, CIpA, ClpE, ClpC (llligmann et al.,, 2021). These ATPases are
responsible for the substrate specificity and this control is enhanced by the interaction

of the ATPases with adaptor proteins (Kirstein et al., 2009).

CIp-ATPase

adaptor protem

+ ATP
substrate ClpP

degron

Figure 1 Operation mode and structure of the Clp protease complex. Clp-ATPase-mediated substrate degradation by
the proteolytic core ClpP is fuelled by ATP hydrolysis. Further substrate specificity is obtained by interaction with
adaptor proteins (llligmann et al., 2021).

The ClpP is a dynamic molecular machine. In several crystal structures, for example from
E. coli (Kimber et al., 2010), it has been revealed in three different barrel conformations:
compressed, compact and extended. The compact state is a stable intermediate and the
other two are the endpoints of the dynamic transition (Wong et al., 2018). The
conformation affects to catalysis. Only in the extended conformation, the active sites
residues (S, Hand D) are in the proper distance and spatial orientation to form hydrogen
bonds, which are needed for peptide hydrolysis. The flexibility of the complex is also

important for the product release (Geiger et al., 2011).

The Clp-ATPases are bound to hydrophobic pockets in each apical face of ClpP. The

interaction with Clp-ATPases stabilizes the active extended state of ClpP.

1.2. CLP PROTEASE IN BACTERIA

Bacteria depend on the Clp system (llligmann et al., 2021). The ability of adaptation to
different environments and changes implies a correct regulation of the bacterial

proteome. To do that, is important the control and activation of protein expression, but
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also a targeted proteolysis of regulatory factors. There is a diversity in the Clp system is

between the species (llligmann et al., 2021).

B. subtilis S. aureus M. tuberculosis
ClpC CIpE ClpC
ClpX ClpX
ClpP ClpP ClpP ClpP ClpP Cord
P
p p p p CIpP2
ClpC1

L. monocytogenes C. trachomatis

ClpP1 CipP1

ClpP2 ClpC n.d. ClpP2 ClpC n.d.

ClpX ClpX

Figure 2. Operation mode and structure of the Clp protease complex in different bacterial species. In B. subtilis and S.
aureus, the Clp-ATPases ClpX, ClpC, and in B. subtilis also CIpE can bind to both sides of the tetradecameric barrel.
Contrariwise, in L. monocytogenes, M. tuberculosis, and C. trachomatis, comprising a heteromeric ClpP1P2 core,
ClpP2 acts as the exclusive interaction partner for the Clp-ATPases ClpX and ClpC1 in M. tuberculosis, ClpX in L.
monocytogenes, and ClpX in C. trachomatis. The composition of CIpCP in L. monocytogenes and C. trachomatis has
not been determined (n.d.) so far. (llligmann et al., 2021).

1.2.1. B. subtilis

In B. subtilis, the Clp system has 4 main functions: adaptation to external stress,
migration to a favourable environment, allow natural competence, and positively
regulates sporulation. The Clp-ATPases that can bind B. subtilis CIpP proteolytic core are

ClpC, ClpX and ClpE (Figure 2) (llligmann et al., 2021).

As it has been mentioned before, Clp machinery is essential for protein quality control,
specially under stress conditions. ClpP and ClpC also participate in protein turnover
under non-stressed conditions. Clp proteases become essential during the stationary
phases or when cells are grown in minimal media conditions. Responses like degradative

enzyme synthesis, or motility are regulated by ClpP (llligmann et al., 2021).

In summary, Clp machinery in B. subtilis is essential for the regulation of a variety of

process, therefore, is important for B. subtilis surveillance.



1.2.2. S. aureus

S. aureus also requires the presence of the Clp system for general stress response but
also for regulation of virulence factors secretion (llligmann et al., 2021). It has been
shown that lack of ClpX ATPase facilitates growing at hight temperatures, and the reason
could be that the increase binding between ClpC and ClpP leads to improve protein
quality control (Frees et al., 2003). However, ClpX is important for growing at low
temperatures. The absence of ClpX decrease the growth at low temperatures. ClpX also
plays a major role in cell division, due its involvement in septum formation (Jensen, Bk,

et al., 2019; Jensen, Fosberg, et al., 2019).

Growing at decreased temperatures is not only supported by ClpX, but also by ClpXP
protease. This protease is important for regulating the stability of cell wall hydrolyses,

which allows a control of the cell wall metabolism (Feng et al., 2013).

As it has been said before, Clp system is also essential for regulation of virulence factors
in S. aureus. It was shown that mutants lacking c/pP and clpX were unable to cause local
skin abscess in mice. During infection, there is an upregulated expression of genes as
clpP or clpX, for S. aureus to adapt to the host conditions. Another method for
adaptation is iron scavenging from host haemoglobin, which involves CIpXP (Frees et al.,

2003).

ClpP and ClpX are essential for the pathogenicity of S. aureus due its involvement in the
production of a wide variety of virulence factors, as a-haemolysin (Frees et al., 2003;
Lowy, 1998). In addition, a functional ClpXP protease is required for the induction of sec,
sed a tst, which are important staphylococcal superantigens, responsible for severe

diseases (Etter et al., 2020).

Treatment of diseases caused by strains like methicillin-resistant S. aureus (MRSA), is
really difficult due to the high B-lactam resistance. ClpXP also controls this resistance by
degradation of Slel, and cells lacking ClpXP protease activity are B-lactam hyper-

resistant (T et al., 2014).

Comparing both proteases’ subtypes (Figure 2), ClpXP is more involved in controlling the
S. aureus pathogenicity, while ClpCP is more important for protein quality control

(llligmann et al., 2021).



Clp protease also affects biofilm formation by S. aureus. Deletion of clpP increases the
formation, while clpX and clpC deletion decrease it. In addition, ClpCP was shown to

degrade antitoxins in S. aureus (P et al., 2010).

Taken all mentioned above together, Clp system is fundamental for S. aureus, because
it promotes colonisation and infection in the host. As it was mentioned, both proteases
have different roles: CIpCP is involved in protein quality control, and ClpXP is more
important for pathogenicity. There are two additional Clp-ATPases in S. aureus, ClpB and
Clpl, but they lack the motif that interacts with ClpP (Frees et al., 2004; P et al., 2010).

Therefore, they act as independent chaperones.

1.3. Clp IN EUKARYOTIC CELLS: MITOCHONDRIAL Cip

ClpP is not only essential for bacteria, but also crucial for eukaryotic cells, due its
importance in mitochondria and chloroplasts. The mitochondrial Clp protease is located
in the mitochondrial matrix and is involved in the protein quality control and
homeostasis, and in the regulation of oxidative phosphorylation (OXPHOS),
mitochondrial ribosome biogenesis, various stress responses and signalling cascades
(Valera-Alberni & Canto, 2018; Voos, 2013). On the other hand, in chloroplasts is essential
for plastid biogenesis and plant survival, and in Plasmodium falciparum for survival to

the malaria parasite (el Bakkouri et al., 2010).

Mitochondria have several functions that are essential for eukaryotic cell survival. To
work properly, a protein homeostasis is required, which is maintained by Clp protease

among other proteins.

The loss of HCIpP has been related to infertility and sensorineural hearing loss, while

overexpression of HCIpP has been linked to several carcinomas (Larkin & Byrd, 2015).

HClpP only interacts with HClpX, which is the unique Clp-ATPase present in mammals
(Gispert et al., 2013). The genes of human Clp complex are encoded in different
chromosomes. ClpP gene is encoded in chromosome 19, while clpX is encoded in

chromosome 15 (llligmann et al., 2021).
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1.3.1. Transport of HCIpP to the mitochondrial matrix

The transport of human ClpP and human ClpX to the mitochondrial matrix is mediated

by the Mitochondrial Target Sequence (MTS) mechanism (Kang et al., 2002).

Firstly, the proteins are translated as precursor proteins with the MTS in the N-terminal.
This target sequence is recognised by a cytoplasmatic chaperon called Mitochondria
Import Stimulation Factor (MSF). Preprotein unfolding is induced by this factor using
ATP, and, in the unfolded state, MSF binds to it. Afterwards, the MSF-preprotein
complex binds to a subcomplex of the outer membrane translocation machinery,
formed by Tom proteins (Translocase of the Outer Mitochondrial Membrane),
specifically. Then, the protein is translocated through the protein translocation channel

to the inner membrane (Omura, 1998).

For the protein translocation through the inner membrane, an electrochemical
membrane potential is required. The protein translocation machinery in the inner
membrane is composed by Tim (Translocase of the Inner Mitochondrial Membrane)
proteins. The translocation of the protein to mitochondrial matrix is made in an ATP-

dependent manner (Omura, 1998).

Finally, the targeting sequence is removed by the Mitochondrial Processing Peptidase

(MPP), when the protein goes to the organelle matrix (Kang et al., 2002).

A i LsePs7 G252 1277 s Mitochondria

i |
HsClpP F ,‘ 1:' ClpX

Mitochondrial-targering Proteolytic domain
sequence

ClpP

M1 $56 S91 Q163/K164 E620 S633

HsClpX f l ’H i

Mitochondrial-targering  Zinc-binding domain  AAA+ATPase domain
sequence

Figure 3 Domain architecture of human caseinolytic protease and structure of hClpP active complex in mitochondria.
A. Domain structure of human caseinolytic protease (HsClpP) and human Clp-ATPase (HsClpX) (Luo et al., 2021). B.
Structure of the active complex of human Clp system (llligmann et al., 2021).
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1.3.2. Clp system structure in humans

In humans there are two forms of HCIpP. The premature form contains 277 aminoacids
and includes the MTS domain (composed by 56 aminoacids) and a proteolytic domain
(Figure 3A). It is in the cytoplasm. The other form is the mature one, which has the MTS

removed, therefore, it has about 221 aminoacids (Luo et al., 2021).

On the other hand, HCIpX contains 633 residues, including the MTS, a zinc-binding
domain (ZBD) and the AAA + ATPase domain (Figure 3A). MTS is responsible of the
transport of the protein to the mitochondrial matrix. The ZBD domain recognizes the
substrate protein, and the highly conserved ATPase domain binds and hydrolyses ATP
(Luo et al., 2021).

HClpP forms an heptameric ring, whereas HClpX forms an hexameric ring. The functional
oligomeric state of the complex consists of a double heptameric ring that is capped at
each end by an hexameric ring (Figure 3B). The interaction between the rings is stabilized
in the presence of ATP. This association depends on the docking of the Clp ATPase
through IGF loops. It has been demonstrated that the C-terminus of HClpP is not
necessary for the interaction with HCIpX or for the enzymatic activity (llligmann et al.,

2021).

The process of degrading proteins is tightly regulated. First, the substrate is recognized
and bound HClpX, which is involved in its unfolding in an ATP-dependent way. Then, the
unfolded substrate is translocated to the lumen of HClpP, where is degraded into small

peptides expelled through the side pores of HClpP (Geiger et al., 2011).

The sensitivity of substrates is species specific. All of the substrates are selected by the
ATPase and regulated by adaptors, such as RssB. Furthermore, antiadaptors can regulate

the function of adaptors on the substrates and ATPase (Bhandari et al., 2018).

The expression of human mitochondrial ClpP depends on the cell type; a strong
expression was shown in skeletal muscle, heart, liver, pancreas and reproductive organs,

whereas lung, placenta and kidney reported a lower expression (llligmann et al., 2021).
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1.3.3. Heterologous human Clp complexes

Human ClpP is remarkably similar to its bacterial equivalents (Kang et al., 2002). Thanks
to these similarities, it is possible to have an interaction between mitochondrial ClpP
and E. coli ClpX, creating an active complex able to recognise E. coli-specific substrates
and bound their degradation tags, like the ssrA-tag, in contrast to mitochondrial ClpXP
(llligmann et al., 2021). In that way, substrate recognition appears not to be dependent
on a homologous ClpX-ClpP interaction, but it only depends on the Clp-ATPase (Kang et
al., 2002). Surprisingly, the other ATPase present in E. coli, ECIpA, do not bind to HClpP.
The inverse heterologous complex, EClpP and HClpX, was also tested, but it could not be

formed (Kang et al., 2002).

Mutants of HCIpP has been studied in presence of HClpX and EClpX, but they were
inactive. It was demonstrated that the HCIpP mutant was able to interact with EClpX but

did not have proteolytic activity (Kang et al., 2002).

NOA1 is the only substrate verified in vitro for the moment. It is an essential
mitochondrial GTPase that plays a role in controlling mitochondrial respiration and
ribosome biogenesis (Heidler et al., 2011; Kolanczyk et al., 2011). There are also deduced

substrates, as SDHB, required for a functional respiratory complex Il (Seo et al., 2016).

1.3.4. Role of human Clp protease complex in eukaryotes

As it was mentioned before, HCIpP complex plays several functions. When a protein
stress is sensed, thanks to ClpP, among other proteins, chaperones and proteases
encoded in the nucleus are upregulated and imported in the mitochondria to re-
establish the homeostasis. ClpXP also plays an important role in mammalian cells since
it reduces protein stress in the mitochondrial matrix by degrading defective proteins (Al-
Furoukh et al., 2015). The protease also alleviates the accumulation of ROS by inhibiting
the function of some subunits of complex |, where the major amount of ROS is produced
(Pryde et al., 2016). In addition, ClpXP is involved in activating the autophagy machinery
to produce the organelle’s death. Furthermore, Clp protease is implicated in

mitochondrial fusion and fission dynamics (llligmann et al., 2021).

13



HClpX can also play different roles independent of HClpP. For example, it can act as a
molecular chaperone, or it can also maintain mitochondrial genome by stabilizing

mitochondrial transcription factor A (Al-Furoukh et al., 2015).

1.4. ROLE OF Clp PROTEASE HUMAN DISEASES

Given the role of ClpP in different diseases, the protease is considered a potential target

for drug development (Bhandari et al., 2018).

1.4.1. Role of HClpP in human diseases

Dysfunction of human ClpP can cause non-infectious human diseases. They can be
categorised in two groups (Bhandari et al., 2018). The first group includes the genetic
disorders caused by mutations that disrupt normal ClpP expression or its function,
leading to mitochondrial dysfunction that impacts specific tissues and organs. This is the
case of Perrault syndrome, where clpP genes are mutated. As a result, there is an
unstable ClpP protein that leads to mitochondrial dysfunction (Bhandari et al., 2018;
Gispert et al., 2013). Another example is the neurodegenerative disease Friedrich ataxia,
whose progression increases due to an ClpP upregulation (Guillon et al., 2009). The
second group are oncogenic diseases in which ClpP is vital in sustaining the growth and

metastasis of human cancer cells (Bhandari et al., 2018).

1.4.1.1. HCIpP in Perrault Syndrome

Perrault syndrome is a rare genetic disorder that is characterized by bilateral,
sensorineural hearing loss in both genders in patients. In addition, female patients also
suffer from ovarian dysfunction that results in sterility or severe difficulties in
conception (Ahmed et al., 2015). Patients might also suffer from neurological defects,
such as intellectual disability, as well as motor and sensory peripheral neuropathy.
Surprisingly, these phenotypes resemble the phenotypes obtain in a study using ClpP

knock-out mice (Gispert et al., 2013).
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Perrault syndrome is associated to mutations in five genes, and one of them is c/pP gene.
The primary effect of Perrault mutation in this gene is weaken its structural integrity,
leading to an unstable ClpP with a shorter half-life. This leads to mitochondrial
dysfunction and the manifestation of the disease (Ahmed et al., 2015). Given that ClpP

is highly expressed in ovaries, these organs seem to be affected in this disease.

1.4.1.2. HClpP role in Cancer

Mitochondrial Clp protease is a really interesting protein that is going to be deeply
studied in future research due its importance for cancer treatment. It has been shown
that HClIpP is upregulated in cancer cells, so that by targeting and modulating this

protein we might come up with an effective treatment (Zong et al., 2016).

Cancer cells need more energy than normal cells, and the majority of this energy is
produced in the mitochondrial OXPHOS. Mitochondria has several roles in tumour cell
progression, as protein homeostasis (DeBerardinis & Chandel, 2016; Zong et al., 2016). It is
important to remark that cancer cells suffer continuous stress situations due to multiple
factors: elevated ROS levels, constant need of nutrients and ATP, or acidosis. One of the

ways to solve this stress includes proteases like ClpXP (DeBerardinis & Chandel, 2016).

Some studies have revealed that certain tumours require Clp-XP-mediated protein
homeostasis to maintain mitochondrial function and tumour cell survival under stress,
and that is needed for the proliferation and metastasis. For example, proliferation of the
prostate cancer cells PC3 has been shown to decrease when HCIpP is not expressed (Seo
et al., 2016). Also, the ability of these cells to invade other tissues is compromised if

HClpP is depleted.

Depletion of HClpP has been demonstrated to reduce the rate of proliferation and
viability of several lines of leukemic cells, due to the stress situation originated by a
decreased OXPHOS and an increased ROS production (Cole et al., 2015). There are heat
shock proteins and molecular chaperones overexpressed in cancer cells. These proteins

might serve as potential anticancer drug targets, as well as HCIpP (Larkin & Byrd, 2015).
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1.5. CHEMICAL MODULATORS OF hClpP ACTIVITY

1.5.1. Inhibitors of HCIpP

There are two types of drugs depending on the effect they have in HCIpP activity. On
one hand, there are the inhibitors of HCIpP which are the most direct therapeutic
strategy against cancer cells. These compounds covalently modify the 14 catalytic Ser
residues (Stahl et al., 2018). This group include B-lactones, like A2-32-01, which is toxic
for primary leukemic cells with a high HClpP expression but does not have effects against
normal primary hematopoietic cells, which means that it has specific targeting of cancer
cells (Hackl et al., 2015). Another group of inhibitors are the phenyl esters, as AV-167,
which bases its effect in a nucleophilic attack from the catalytic Ser of ClpP’s (Hackl et

al., 2015).

1.5.2. Activators of HCIpP

On the other hand, there are activators of HClpP. In the HClpPX complex, HClpP has the
proteolytic function and HClpX has the ATPase activity. Moreover, substrate
degradation by HClpP is dependent on the unfoldase activity of HCIpX (Stahl et al., 2018).
For this reason, it is possible to interference the activity by disabling the gatekeeping
function of HClpX. Indeed, some HCIpP activators, like ADEPs, have been shown to
dysregulate the function of bacterial ClpXP, while keeping ClpP in its activated state
(Kirstein, Hoffmann, et al., 2009). This dysregulated activation leads to potent
bactericidal effects. Recently, have been identified some analogues of ADEP that can

specifically target HCIpP, and they have shown anticancer properties (Wong et al., 2018).

1.6. PROTEIN PURIFICATION

Protein purification is an essential step for studying proteins and the interactions
between them. There are several mechanisms to purify a protein, but all of them share
some common steps. First of all, the protein of interest is expressed in the model strain.
Secondly, cells are lysed, and then, the real process of purification starts. The protein of

interest is bound to a matrix, and afterwards there is a washing to remove the rest of
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proteins that did not bind to the column. Finally, the protein of interest is eluted and

collected (Ferrer-Miralles et al., 2015).

Proteins are really sensitive molecules to the external conditions, and they easily
misfold. Therefore, the conditions applied while working with the protein can play the
difference during the purification protocol. One of the most important factors is the
strain used. E. coli is the most common strain for this kind of protocol, and it is also the

strain used in this project (Ferrer-Miralles et al., 2015).

As | mentioned before, there are multiple ways of purifying a protein. The technique
used in this project was Strep-Tag purification, which is a Tandem Affinity Purification
(TAP) method. It is based in the fusion of a TAP tag, which is a peptide sequence, with
the protein of interest. This sequence is then responsible of the protein isolation (Puig

et al,, 2001).

Prior to the Strep-Tag purification, it is necessary to express the protein in the model
strain. One of the most common used strategies for protein expression, and also the one
used in this project, is based in the lac promoter of E. coli, using as inducer of the

expression the IPTG (Marbach & Bettenbrock, 2012).

In this technique, the gen of interest is cloned in a pET plasmid, which has the T7

promoter fused to the gene of interest.

1.6.1. Protein expression with pET plasmid adding IPTG

PET plasmid is a common plasmid used to express a protein, and it is based in the
functionality of the lac operon. The protein expression is induced by IPTG, which is an
analogue of the lactose, so it activates the promoter of the lac operon, leading to the
expression of the genes in that operon, among which is the one that codes for the

protein of interest (Marbach & Bettenbrock, 2012).

For a successful expression of the protein of interest, the vector must have some
essential components (Figure 4). First of all, is must carry an origin of replication (ori),
which is needed for the plasmid to replicate inside E. coli. It must also have an antibiotic

resistance gene; in this case, AmpR is the resistance gene to Ampicillin, thus, we can

17



select the cells that have acquired the plasmid by using a medium with Ampicillin. In
addition, it must contain the gen for the lac repressor (lacl) to avoid the expression of
the protein in the absence of IPTG. The Lac operator site is also essential for the binding
of the repressor (Lewis & Bell, 2000). Another key component is the T7 promoter, which
is recognised by the T7 RNA polymerase to initiate the expression of the gene of interest
when IPTG is added (Dubendorf & Studier, 1991; William Studier et al., 1990). This promoter
is fused with the lac operon site, therefore, when the lac repressor is bound to the
promoter, the polymerase cannot bind, and the gen of interest cannot be transcribed.
The plasmid also contains the gene of interest (in this project is hclpP and hclpX) fused
with the Strep-tag Il sequence, which is the responsible of the protein binding to the

column while purification.

pET-strep
6211 bp

(3‘&

> e
Oﬁ ‘erminator i 0

tet promoter

‘\ T7 promoter
Strep-Tag II RBS

Figure 4. Structure of the pET-11a-Streptag plasmid used in the
project. The arrows represent the different genes contained in
this plasmid (AG Brotz-Oesterhelt (Unpublished), n.d.).

For this technique to work properly, the expression strain must have the lac promoter
followed by the T7 RNA polymerase gene, thereby, IPTG will also induce T7 RNA

polymerase expression.

Given all this vector components, the protein expression can be regulated, and the
process is as showed in Figure 5. In normal conditions, while the expression culture is
growing and there is no IPTG, the lac repressor is bound to the lac operator, so the

expression of the gene of interest is inhibited, as well as the expression of T7 RNA
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polymerase. After the expression has growth until it reaches a particular OD, IPTG is
added, so the repressor is removed. This will have two consequences. In one hand, T7
RNA polymerase is expressed in the expression strain. As a result, T7 promoter of the
plasmid is activated, and together with lacl removal, the gene of interest is transcribed.
Finally, the mRNA binds to the ribosome and the protein of interest is expressed

(Dwivedi, 2011).

IPTG Induction
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MITm !ﬂflI!'m
a"% T e iy
v |
4 T > 1> S ﬁ| ‘
| lac promoter _1'7 promoter
; -
lac
.
|
lac | gene

HOST CELL
for Expression

Figure 5. Scheme of the protein expression using pET plasmid and the induction with IPTG.
When IPTG is added, the T7 RNA polymerase is expressed in the expression strain. This event,
together with the removal of lacl from the lac operator in the T7 promoter of the pET plasmid,
leads to the expression of the gene of interest (Dwivedi, 2011).

E. coli genome

1.6.2. Strep-tag purification technique

The basis of the Strep-tag purification protocol is the binding affinity between biotin and
streptavidin. The column has streptavidin, and the protein of interest is a recombinant
protein that is fused with a peptide capable of binding in the biotin binding pocket of
streptavidin (Strep-tag |l sequence) (Expression and Purification of Proteins Using Strep-Tag®
or Twin-Strep-Tag® A Comprehensive Manual, n.d.). In this particular technique, streptavidin

has been changed for Strep-Tactin to improve the interaction.

To start the purification, the column is equilibrated. Secondly, the cell lysate with the

protein of interest is loaded in the column (Figure 6). When the solution passes through

19



the column, only the recombinant protein should bind to Strep-Tactin, while the rest of
host proteins are washed with buffer. Once all the proteins have been removed,
desthiobiotin is added. This molecule is an analogue of the biotin, so it binds to Strep-
Tactin in the same place as Strep-tag Il, but with more affinity, so the protein of interest
is eluted and collected in tubes (Expression and Purification of Proteins Using Strep-Tag® or

Twin-Strep-Tag® A Comprehensive Manual, n.d).

Finally, the column is regenerated to remove the binding with desthiobiotin.

HABA (not bound)
lysate application
& specific binding

recombinant
protein

/V
host proteins
HABA (bound) N
L Strep-tag”ll

Ve

resin

Strep-Tactin®
purification Strep-Tactin®
regeneration cycle

physiological washing

0 Desthiobiotin O

competitive elution

Figure 6. Schematic view of the Strep-Tactin purification cycle. Firstly, the sample is loaded, and
the specific binding occurs. Secondly, there is a physiological washing of the host proteins that
do not bind to the column. Then, desthiobiotin is added for a competitive elution to collect the
protein of interest. Finally, the column is regenerated (Expression and Purification of Proteins
Using Strep-Tag® or Twin-Strep-Tag® A Comprehensive Manual, n.d.).

1.6.2.1. Strep-tag |l sequence

The Strep-tag Il sequence is composed by 8 residues, and it is essential for Strep-Tag
purification technique, because it is fused with the protein of interest to separate them
from the rest of host proteins. This small peptide binds to core streptavidin with high

specificity and has a remarkable intrinsic stability (Schmidt & Skerra, 2007).

Given that the binding with streptavidin is reversible, this peptide is a powerful tool for

protein purification on affinity column with immobilized streptavidin. The elution is
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made by competition with a peptide that also binds to the same streptavidin site, but

with higher affinity, such as desthiobiotin (Schmidt & Skerra, 2007).

The Strep-tag Il sequence can be easily fused to the gen of interest, and it does not affect
the protein function. In addition, it has high resistant to cellular proteases (Schmidt &

Skerra, 2007).

1.7. PROJECT OBJECTIVES

The aim of this project is to purify the different proteins of the human Clp system for
further in vitro assays, as well as comparing these results with the ones obtained in the

purification of S. aureus ClpP, which is supposed to be an easier purification.

The goal is to understand how the expression of this system occurs in cells by using E.

coli as model organism for the experiments.

To reach this goal, the project will be structured in different steps (Figure 7). Firstly, the
E. coli strain is transformed with the pET plasmid that carries the gen of interest, and
this pre-culture is grown overnight. The following day, the pre-culture is grown in a
bigger flask until it reaches a particular OD, and afterwards, the protein expression is

induced with IPTG.

Next day, the purification is performed using the Akta Column. Finally, the results

obtained in the chromatogram are confirmed with an SDS-PAGE Electrophoresis.

IPTG
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Figure 7. Scheme of the purification protocol followed in the Project. First is the E. coli transformation. Secondly, the
pre-culture is grown. The following day the expression culture is grown until it reaches an OD and afterwards, the
expression of the protein is induced with IPTG. Then, the protein is purified through the Akta Column. Finally, the
results are confirmed with an SDS-PAGE Electrophoresis.
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2. MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. Equipment

Equipment Type Company
Precision balance Weight Ohaus Adventurer
pH Meter Calibration Calibrator Mettler Toledo
Magnetic stirrer C-MAG HS7 - IKA
300 Volt peqPower Electrophoresis PEQLAB

Bolt 4-12% Bis-Tris Plus

Electrophoresis gel

Thermo Scientific

Heraeus Multifuge X3R Centrifuge Thermo Fisher Scientific
Ecotron (Incubation Shaker) Incubator INFORS HT
Biowave CO8000 Cell density meter | WPA
PreCellys Evolution Homogeneizer | Lysis Bertin Technologies
PreCellys Lysing Kit Lysis Bertin Technologies
Sorvall LYNX 6000 Super Speed | Centrifuge Thermo Fisher Scientific
Centrifuge
Akta Pure Chromatography
Filtropour S 0,45 Filtration SARSTEDT AG & Co. KG
Amicon 10000 MWCO filter tube | Filtration Thermo Fisher Scientific
Amicon 30000 MWCO filter tube | Filtration Thermo Fisher Scientific
Syringe Omnifix Luer Solo Sterile filtration BRAUN
Eppendorf Biospectrometer Basic | Spectrometer Eppendorf
2.1.2. Chemicals and Buffers

Chemical Company

Ampicilin ROTH

IPTG, dioxane free

Thermo Scientific

PageRuler unstained protein ladder

Thermo Scientific

miliQ water
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Storage Buffer (20 mM Tris-HCI pH7 + 100 mM NaCl + 10% v/v Glycerol)

Strep-tag Washing Buffer (100 mM Tris-Cl pH 8.0 + 150 mM NaCl + 1 mM EDTA)

StrepE Buffer (100 mM Tris-Cl pH 8.0 + 150 mM NaCl + 1mM EDTA + 2,5 mM

desthiobiotin)

Strep Regeneration Buffer (100 mM Tris-Cl pH 8.0 + 150 mM NaCl + 1 mM EDTA +
1mM HABA + 0,5 M NaOH)

Desthiobiotin Iba
10X Bolt Sample Reducing Agent Novex
4X Bolt LDS Sample Buffer Novex

‘Der blaue Jonas’ single step Coomassie blue protein dye

2.1.3. Bacterial strains, plasmids and medium

‘ E. coli (SG1146 AclpP AclpX AclpA) (Pan et al., 1996)

Plasmid Provided by
pET-11a- Strep Tag — HClpP AG Brotz-Oesterhelt
pET-11a- Strep Tag — HCIpP+MTS AG Brotz-Oesterhelt
pET-11a- Strep Tag — HCIpX AG Brotz-Oesterhelt
pET-301-Strep Tag - SaClpP AG Brotz-Oesterhelt
Difco LB Broth, Miller (Luria-Bertani)

2.2. METHODS

2.2.1. Expression of E.coli with pET plasmid and induction with IPTG

The main goal of this step is to express the protein of interest in an E. coli culture. The
cells in this culture are knock-out for AeClpP, AeClpA and AeClpX genes, so they do not

interfere with the expression of the protein of interest, which are HClpP and HClpX.

2.2.1.1. Growth of the expression strain

First of all, the E. coli cells are inoculated in LB Media with an Ampicillin concentration

of 100 pg/ml and are grown in shaking at 37°C and 190 rpm. This will be the preculture.
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The following day, OD of the overnight culture is measured. Afterwards, the culture is
transferred to fresh LB medium with an Ampicillin concentration of 100 pug/ml and is
grown at 37°C and 150 rpm. When the culture reaches an OD between 0.5-0.8, it is

induced with IPTG, in order to promote the expression of the protein of interest.

2.2.1.2. Protein expression with pET plasmid adding IPTG

As it was already said, in this project | used pET plasmids for the protein expression. This

vector has different components and each one fulfils a function (Figure 4).

When the cells have reached the required OD, IPTG is added to induce the expression of
the protein of interest. The induction occurs in shaking conditions at 150 rpm and 20°C,

for around 20 hours.

As | mentioned in the introduction, during this process the lac repressor is removed from
the lac operator, therefore the promoter is activated and initiates the transcription of

the gen of interest.

2.2.2. Purification of the protein of interest through Strep-Tag purification.

2.2.2.1. Preparation of the sample to load it in the affinity column.

Once the protein has been expressed, the culture is centrifuged at 4900 rpm during 30’
in order to get all the cells in the bottom. The supernatant is discarded, and the cells are

stored at -20°C.

The following day, the cells are melted down with StrepW Buffer and afterwards, they
are mechanically disrupted with Precellys Homogenizer, using a protocol that consists
of three rounds of 30" at 6400 rpm centrifuge with breaks in between of 20”. This

protocol should be repeated three times.

The next step is filling the disrupted cells into ultracentrifuge tubes and ultracentrifuge
them at 32.000 xg for 30’ at 4°C. This step is necessary in order to get rid of the solid
materials from the cells after the lysis and other contaminants. After the centrifugation,

the supernatant is poured in new ultracentrifuge tubes and centrifuge again in the same
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conditions. Then, the supernatant with the protein of interest is poured in a Falcon tube.
Finally, the solution with the protein is filtered through a 0.45 um pore in a different

Falcon tube.

2.2.2.2.  Strep-Tag purification

Afterwards, the Strep Tag purification is performed.

Firstly, the column is equilibrated using 20% ethanol, miliQ water and StrepW Buffer.
Then, the sample is loaded in the column (Figure 6). During this process, the protein of
interest should bind to the column thanks to the Strep tag Il sequence, while the rest of
proteins are washed with buffer during the washing of the column step. Afterwards, the

recombinant protein is eluted with Buffer E that contains 2.5 mM desthiobiotin.

Finally, the column is regenerated with water, NaOH and ethanol.
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Figure 8. Representation of an example of the Akta column chromatogram. Each number
corresponds with one step of the purification process. Step 1 is the wash of the column.
Step 2 is the sample load. Step 3 matches with the washing of all the proteins that did not
bind to the column. Step 4 is the elution and fractioning step, when desthiobiotin is added.
Step 5 is a new wash of the column. Step 6 is the prime and equilibration step.
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After the purification, the results are visualized in the Chromatogram (Figure 8). The
peak of UV seen in the graph during the elution step matchs with the major amount of
protein eluted, which is expected to be the protein of interest due it is supposed to be

eluted when desthiobiotin is added. Therefore, the fractions in the peak are collected.

2.2.2.3. Buffer exchange and protein concentration measurement

Then, a Buffer Exchange is performed by using an Amicon 10000MW and 30000MW
filter tube for HCIpP and HClpX, respectively. To do that, the solution with the protein is
loaded in the tube, and it is centrifuged until the sample is only at 500 pl. The aim of this
step is to eliminate the old buffer and add new Storage Buffer, where the protein is more
stable. In addition, this step also pretends to concentrate the protein of interest. After
the first centrifugation, the tube is filled up with Storage Buffer (new Buffer) and it goes

to centrifuge again until the sample is at 200-500 pl.

Afterwards, the protein is collected in Eppendorf’s in aliquotes of 25 pl. The aliquotes

are measured with Nanodrop in order to know the protein concentration.

Lastly, the aliquotes are shockfreezed with liquid nitrogen and stored at -80°C for further

in vitro assays.

2.2.3. SDS-PAGE Electrophoresis

After Strep-tag purification process and before collecting the protein of interest to
perform the Buffer Exchange, a sample of 20 ul of each fraction obtained after the
chromatography is collected in eppendorfs tubes and storage at -20°C to do an SDS-

PAGE electrophoresis afterwards and check the quality of the purification.

SDS-PAGE electrophoresis is a method to separate the proteins according to their
polypeptide chain length and molecular weight, due to the fact that the proteins are
unfolded by SDS (Matsumoto et al., 2019). Smaller proteins will run faster in the gel. In

this case, the gel used is 4%-12%, which makes the separation of the proteins better.

The gel has two parts: concentration gel and separator gel. The separation is produced

in the separator gel, but before the proteins enter in that gel, they pass through the
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concentration gel, which avoids protein dispersion and makes sure that all proteins
enter in the separation gel at the same time and speed. Then, the proteins are separated

according to their molecular weight (Menor-Salvan, 2019).

To do the electrophoresis, the first step is preparing the electrophoresis mix, which is
made with Bolt sample reducing agent and a Bolt LDS Sample Buffer in a proportion 2:1.
6 ul of this mix are added to each sample and then, they are heated at 70 °C for about
15’. While the samples are being heated, the gel is prepared, and the electrophoresis

buffer is added (MOPS Buffer).

When the Eppendorfs tubes are heated, they go to centrifuge for 1’, and then they are
ready for the electrophoresis. First of all, the marker is loaded. The marker used in the
electrophoresis was a PageRuler Unstained Protein Ladder. It has 14 markers, and the
size goes between 10 to 200 kDa. The bands correspond with the different molecular

weight: 200, 150, 120, 100, 85, 70, 60, 50, 40, 30, 25, 20, 15, 10 kDa

After that, each sample is loaded in a different lane. Finally, the electrophoresis is run at

150V for 1 hour and 15’.

Once the run has finished, the gels are stained while they are lightly agitated with ‘Der
blaue Jonas’ single step Coomassie blue protein dye, which is a special fast type of
Coomassie blue. Finally, ‘Der blaue Jonas’ is substituted by miliQ water, and after 30’

approximately, the gels can be seen in the Gel Doc XR+ Gel Documentation System.
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3. RESULTS
3.1. PROTEIN PURIFICATION

Prior to the purification of the proteins of interest, which are the ones forming the
human Clp protease complex (HCIpP, HCIp+MTS and HClpX), the functionality of the
transformation with pET in E. coli and the late Strep-tag purification was checked using

S. aureus ClpP, which is supposed to give more efficient results.

During the purification, the sample was collected in different fractions of 5 ml, thereby,

the fractions containing the protein of interest can be stored and used in further studies.

3.1.1. Checkerboard: Purification of SaClpP protein

As | said before, in order to check the functionality of the protocol, ClpP of S. aureus was
purified. This protocol is similar to the one used in HCIpP, premature HClpP and HCIpX,
but changing some details as the plasmid, which was pET-301-Streptag. Furthermore,
the chromatography column used was different, but the essence of the processes is the

same.
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Figure 9. Chromatogram of S. aureus ClpP Strep-tag purification. The blue line is the UV signal. Written in red are
the names of the different steps of the purification protocol. The different fractions are named as the letter T
followed by the number of the fraction. B. Zoom in of the region where the UV peak is, around 310 mAU

In the chromatogram (Figure 9), the different steps of the purification protocol appear.

During the wash of the column, the UV signal is really high because all the proteins that
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are not from interest, are running through. Then, the signal decreases when the sample

application starts.

Around 40 ml, when the elution step begins, it appears a peak of UV signal,
corresponding with the protein of interest. This peak occurs in fraction 4 and reaches
310 mAU. This is a pretty good signal, meaning that the amount of SaClpP purified is
pretty high. After that, the signal decreases while the elution is happening until it goes
to 5 mAU. Finally, after this step, the UV reaches 0 mAU and this is maintained until the

purification finishes.

Afterwards, the concentration of the protein collected in fractions 4, 5 and 6 was
measured with Nanodrop, and the result obtained was 1,37 mg/ml, which is a pretty
good concentration.

As it was mentioned, the SaClpP Strep-tag purification is quite easy to perform and

obtain good results, as we can see in the graph (Figure 9).

3.1.2. HClpP Strep-tag Purification

After checking the effectiveness and functionality of Strep-tag protein purification, the

protocol was performed with human Clp protease complex.

HCIpP was purified three times. The start culture was the E. coli strain mentioned at the

beginning, transformed with pET-11a-Strep tag plasmid, which contained hclpP.

First of all, | will mention the expression results and then the purification results of each
attempt. After every purification, an SDS-PAGE was performed to confirm the results
obtained in the chromatogram, with the exception of the SaClpP purification and the

first HCIpP purification.

3.1.2.1. First try of HClpP purification

In the first try, the OD of the E. coli preculture after letting it grow overnight was 2 in
both of the flasks. Before inducing with IPTG, the OD in the Expression flasks were 0,54
and 0,60.

29



Regarding the purification results of the first try. As it can be seen in the chromatogram
(Figure 10), the elution of HCIpP starts in fraction 4 (T4), where is the peak. In this
process, the desthiobiotin is removing the binding between Strep-Tactin and HClpP. This
time, the fractions expected to contain the protein of interest are T4 and T5, as they are
the ones with more UV signal. After that peak, there is supposed to be no more HClpP,
as the UV signal is near 0 mAU. In the Zoom zone in chromatogram (Figure 10B), it is
possible to see that in T4 the UV signal reaches 140 mAU, and then it decreases until 20

in fractions 6 and 7. It is a lower UV signal than the one seen in SaClpP chromatogram.
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Figure 10. Chromatogram of first human ClpP Strep-tag purification. A.The blue line is the UV signal. Written in red
are the names of the different steps of the purification protocol. The different fractions are named as the letter T
followed by the number of the fraction. B. Zoom in of the region where the UV peak is, which reaches around 140
mAU.

The concentration of the protein in the fractions T4 and T5 was measured with

Nanodrop. In the first try, the protein concentration obtained was 0,73 mg/ml.

3.1.2.2.  Second try of HCIpP purification and electrophoresis

Expression results in the second try were a bit different than the first ones. The OD of
the E. coli preculture was 2,30 in both flasks, which means the cells have grown more
overnight than in the first try, while the OD of the expression flask before inducing with
IPTG were 0,78 and 0,65. As the cells were kept more time in the media compared to

the previous attempt, it is coherent they got a bigger OD.
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In the second HCIpP purification, the results were also quite similar to the first ones
(Figure 11). As usual, the first part of the chromatogram (until T11) corresponds to the
wash of the column. After fraction T11, the elution of HCIpP starts. In this case, the
fractions with higher UV signal are T14 (around 100 mAU) and T15 (around 45 mAU), so

these fractions are the ones expected to contain the protein of interest (Figure 11).
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Figure 11. Chromatogram of second human ClpP Strep-tag purification. A. The blue line is the UV signal. Written in
red are the names of the different steps of the purification protocol. The different fractions are named as the letter
T followed by the number of the fraction. B. Zoom in of the region where the UV peak is, which reaches around 100
mAU.

It can be seen that the peak of UV signal in the second purification (Figure 11B) is a bit
lower than the one obtained in the first purification (Figure 10B), as it reaches an UV

signal near 100 mAU.

The protein concentration was measured at first in fractions T14, T15 and T16, and the
amount obtained was 0,58 mg/ml, which makes sense due to the fact that a lower UV

signal was obtained in the chromatogram comparing with the first try.

With the fractions obtained in the second and third try, an electrophoresis was
performed in order to know if the fractions collected had the HClpP completely purified

(Figure 12). Each number corresponds to the fractions obtained in the purification.

As it was mentioned, the bands of the marker correspond with different molecular

weights: 200, 150, 120, 100, 85, 70, 60, 50, 40, 30, 25, 20, 15, 10 kDa.

In the lane where fraction 1 was loaded, it is expected to see nothing, given that fraction

1 corresponds with the washing of the column using StrepW Buffer, so there should be
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no bands. As we can see in the gel picture (Figure 12A), that is exactly what it happened
because it is completely clean, which is a good signal meaning the buffer used was not

contaminated.
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Figure 12. Electrophoresis of second human ClpP Strep-tag purification. Each number corresponds with one fraction.
Marker is represented with an M. A. First gel with fractions from 1-9. B. Second gel with fractions from 10-17. The
protein of interest is in fraction 14-17.

The lanes with fractions 2-7 correspond with the wash of the column, so they contain
every molecule that did not bind to the Strep-Tactin. In these lanes, it is expected to see
a lot of bands corresponding with all the proteins that remained in the sample but did
not bind to the column, so they are not of interest. When those lanes are analysed with
more detail, it is possible to see that lane 7 has a lesser band intensity, which might be
because it is the final part of the washing of the column, so there are less proteins to be

washed.

Then, in lane with fraction 13 (Figure 12B), and specially in lanes 14, 15, 16 and 17 it is
possible to see a strong band under 30 kDa. The expected weight for the mature HCIpP
protein is 25,5 kDa, but is should be kept in mind that in SDS-PAGE Buffer the protein
runs a bit higher, so the band should appear lightly under 30 kDa. Therefore, the strong
bands in lanes 14, 15, 16, 17 could match with HClpP. However, in fraction 14 there is
also a strong band around 15 kDa, which might correspond with another protein that

skipped the purification process.

In addition, as the fraction T17 was not selected at first but it has a band that fits with
the protein of interest, the protein concentration in that fraction was also measured,

and the result was 0,14 mg/ml. It is reasonable that the protein concentration was lower
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than in the other fractions (58 mg/ml) because the band was lighter than the others,

which means that the amount of protein is lower.

3.1.2.3.  Third try of HCIpP purification and electrophoresis

In the third and last try, the OD obtained in the preculture was 2 in both flasks, as in the

first try. Before inducing with IPTG, the OD of the expression flasks were 0,64 and 0,71.
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Figure 13. Chromatogram of third human ClpP Strep-tag purification. The blue line is the UV signal. Written in red are
the names of the different steps of the purification protocol. The different fractions are named as the letter T followed
by the number of the fraction. B. Zoom in of the region where the UV peak is, which reaches around 150 mAU.

In the chromatogram (Figure 13) the high UV signal, matches again with the host
proteins that did not bind to the column because they did not have affinity for Strep-

Tactin.

The important part is the peak that appears in fraction T14, which indicates the start of
the elution step of HCIpP. In the Zoom in chromatogram (Figure 13B), is shown that the
UV peak reaches 150 mAU, which is the highest signal in the three HClpP purifications,
and then it decreases until 20 mAU. This region corresponds with the fractions T14, T15
and T16, which are the ones supposed to contain the protein of interest. T17 might have

also a small amount of protein but it will be better seen in the electrophoresis gel.

The concentration of the protein measured in those fractions was 0,74 mg/ml.
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Afterwards, the SDS-PAGE electrophoresis was performed. As it can be seen in the first
gel (Figure 14A), the first lane is completely clean, as it was expected, because in that
fraction there is supposed to be only washing buffer used to wash the column. Then,
lanes with fractions 2-7 have several bands because they correspond to the column
washing process after the sample is loaded, so there are lots of proteins that do not bind

to the column.
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Figure 14. Electrophoresis of third human ClpP Strep-tag purification. Each number corresponds with one
fraction. Marker is represented with an M. A. First gel with fractions from 1-9. B. Second gel with fractions from
10-17. The protein of interest in in fraction 14-17.

On the other hand, as it can be seen in the second gel (Figure 14B), fractions 13-17
contain the protein of interest, because they have strong bands under 30 kDa. Fraction

14 is the one with that shows the thickest band on the expected height of HClpP.

The bands appearing in the second gel (Figure 14B) above and under the bands of HCIpP

might be an impurity of the purification.

3.1.3. HClpP+MTS Strep-Tag purification

After the three HCIpP purifications, the protocol was tried with the pre-mature HClpP,
therefore it still has the Mitochondrial Target Sequence (MTS). For this process, the
column used was a different one, but the protocol was the same. The purification was
tried twice, but in any of them bands around the expected weight for HClpP+MTS were

obtained in the electrophoresis.

It is important to keep in mind that in these purifications, the cells were grown only in

one flask, instead of the two flasks used in the HCIpP purifications, therefore, the
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number of cells is reduced by 50%, and in the same way, the amount of protein

expressed.

3.1.3.1. First try of HCIp + MTS purification and electrophoresis

Regarding the expression results of the first try, the OD obtained in the pre-culture was

2. Before inducing with IPTG, the expression flask had an OD of 0,78.

may mAU

Figure 15. Chromatogram of human ClpP+MTS Strep-tag purification. The blue line is the UV signal. Written in red
are the names of the different steps of the purification protocol. The different fractions are named as the letter T
followed by the number of the fraction. B. Zoom in of the region where the UV peak is, which reaches around 125
mAU.

In the chromatogram (Figure 15), the UV peak appears in fraction T13, and it reaches
around 125 mAU, as it can be seen in the Zoom mode (Figure 15B). This signal means
that there is a quite high amount of protein, but it is not possible to assess if it is the
protein of interest. The fractions collected to continue the purification were T13 and
T14. In fraction 15 the signal is very light, so maybe there is some protein, but the
amount will be very low, therefore it is not collected. The protein concentration

obtained in fractions 13 and 14 was 0,57 mg/ml.

For the electrophoresis, in addition to the fractions obtained after the purification, three
other samples were loaded. One sample was taken after the expression culture grown
during the first night (1). Other sample was taken before inducing the cells with IPTG (2).
The third sample was taken just before centrifuging the cells after the night of IPTG

induction (3).
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As it can be seen, the first gel might run correctly (Figure 16A). The lane where fraction
1 was loaded is completely clean, as it was expected, because it should contain only
washing buffer. Then, in lanes from 2-5, there are several bands matching with the
different proteins that did not bind and were washed during purification. In lane 6, it

can also be appreciated some light bands, also corresponding to the washing of the

proteins that did not bind.
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Figure 16. Electrophoresis of human ClpP+MTS Strep-tag purification. Each number corresponds with one
fraction. Marker is represented with an M. A. First gel with fractions from 1-9. B. Second gel with fractions from
10-15. (1) is the sample taken after the expression culture was grown during the first night. (2) is the sample
taken just before inducing the cells with IPTG. (3) is the sample taken after letting the IPTG work for one night,

just before centrifuging the cells.

The HCIpP+MTS band should appear in fractions 13 and 14, at least, as it was shown in
the chromatogram. The weight of the premature of HCIpP is 30,2 kDa, but, as it runs a
bit higher in SDS-PAGE Buffer, the band is expected to appear above 30 kDa. However,
by seeing the second gel (Figure 16B), the results were not as expected. There are no

bands in the lanes where the fractions with the protein of interest were loaded.

In addition, there is a band in fraction 12 around 15 kDa. This band should not be there,

so it is probably a contamination.

3.1.3.2.  Second try of HCIpP+MTS purification and electrophoresis

In the second try, the OD of the preculture after growing overnight was 2. Next day, the
expression culture grew until reaching an OD of 0,70. It should be noticed that the cells

grew slower than the times before. Afterwards, the cells were inducted with IPTG.
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During the purification protocol, there was an error connection with the column, so the
process was divided in two parts, thereby, there are two chromatograms (Figure 17).
The first part of the process, before the error, is represented by the Figure 17A, while
the second part is represented in Figure 17B. The fractions collected before the error
are named by the number of the tube, while the ones collected after the error are

named by the number of the tube and *.

The elution and fractioning step occurred in the second part, and as it can be seen in the
chromatogram (Figure 17B), a peak that reached around 35 mAU was obtained in

fraction 8*.
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Figure 17. Chromatogram of second human ClpP+MTS Strep-tag purification. The blue line is the UV signal. Written
in red are the names of the different steps of the purification protocol. The different fractions are named as the
letter T followed by the number of the fraction. A. First part of the purification, before the connection error. B.
Second part of the purification, after the connection problem. In this part, the elution phase occurred, so the
protein was collected. The peak appears in fraction T8* and reaches around 35 mAU.

To continue the protocol and finally measure the protein concentration, fractions 8*, 9*
and 10* were collected. The protein concentration was measured in the different
eppendorfs where the protein was stored, and the results obtained were between 0,18
and 0,25 mg/ml. This low concentration fits with the small peak obtained in the

chromatogram.

However, in the electrophoresis no bands around the expected weight for HClpP+MTS

were obtained. It can be seen in Figure 18.

The expectations were to see a band above 30 kDa in lanes where fraction 8* and 9*
were loaded representing HCIpP+MTS and matching with the peak seen in the
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chromatogram (Figure 18B). In contrast, there is no band in those lanes. However, two

bands are observed around 15 kDa in lanes 7* and 8*. These bands may represent a

contamination collected in those fractions (Figure 18B).
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Figure 18. Electrophoresis of second human ClpP + MTS Strep-tag purification. Each number corresponds with
one fraction. Fractions collected during the second part of the process, after the connection problem are
represented by the number of the fraction followed by *. Marker is represented with an M. B. There are two
bands around 15 kDa in fractions 7* and 8* that do not match with the protein of interest.

3.1.4. HClpX Strep-tag purification

Finally, HClIpX, which is the ATPase of the human Clp complex, was also tried to purify
twice. As it happened with HClpP+MTS purification, the number of cells grown were

reduced by 50% compared to HClpP and SaClpP purifications, so the amount of protein

is expected to be lower also.

It is important to keep in mind that HClpX is very difficult to purify because it is very low

expressed in the cells. Knowing that, | would mention that in any of the cases the

purification succeeded.

3.1.4.1. First try of HClpX purification and electrophoresis

In the first try, the OD reached in the preculture was 2. On the other hand, the OD in the

expression flask before the induction with IPTG was 0,61.

During the purification, there was another problem with the connection, so there are
again 2 chromatograms, each of them matching with a part of the process (Figure 19).

This time, the problem occurred at the beginning, during the sample application, so the
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fractions in the first chromatogram are not important because they only contain

washing particles.

In the chromatogram of the second part of the process (Figure 19B) it is really difficult
to differentiate any UV peak in the elution and fractioning step corresponding with the
protein of interest. Nevertheless, by doing some zoom in that particular step (Figure
19C), there is a really small UV peak in the fraction T10*, which might correspond with

HClpX, but it cannot be assessed. This peak is really small, it barely reaches 5 mAU.

In spite of this small peak, fractions T10 and T11 were collected to continue with the

purification with the buffer exchange step.
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Figure 19. Chromatogram of first human ClpX Strep-tag purification. The blue line is the UV signal. Written in red
are the names of the different steps of the purification protocol. The different fractions are named as the letter T
followed by the number of the fraction. A. First part of the purification before it stopped due to the error. The
process is stopped in the washing step, in fraction T3. B. Second part of the purification after the error. C. Zoom in
the peak zone during the second part of the purification, although is really small. The peak barely reaches 5 mAU
in fraction T10*.
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Finally, the concentration of the protein was measured in some eppendorfs. The protein
concentration was between 0,20 and 0,35 mg/ml. Although this is a very low

concentration, is higher than | expected for that small peak.

Afterwards, the SDS-PAGE Electrophoresis was performed (Figure 20). The only bands
that could be seen were in the first gel (Figure 20A), and were the ones corresponding
to the fractions 2, 3, 4, 5 and 6, which include the proteins washed at the beginning of
the process. In the second gel (Figure 20B) HCIpX was expected to appear, but it did not.
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Figure 20. Electrophoresis of first try of human ClpX Strep-tag purification. Each number corresponds with one
fraction. Fractions collected after the connection error are named by the number of the fraction followed by *.
Marker is represented with an M. B. Second gel with fractions from 10-17. (1) is the sample taken after the
expression culture was grown during the first night. (2) is the sample taken just before inducing the cells with
IPTG. (3) is the sample taken after letting the IPTG work for one night, just before centrifuging the cells.

3.1.4.2. Second try HClpX purification and electrophoresis

The results of the second time HClpX was purified were very similar to the ones obtained

in the previous try, which means the purification did not work either.

First of all, the OD obtained after letting the preculture grow overnight was 2, as usual.
On the other hand, the OD of the expression culture was 0,55, but it took a lot of time

for the cells to grow until that OD. That signal means that something is going wrong.

The purification process through the column was stopped twice due to two connection
problems. As the second part of the process, between the errors, only affected the

sample application process, there is no change in the chromatogram, thereby | am not
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including that graphic in the figure (Figure 21). Fractions collected after the two

problems are named with the number and **.

If there were protein in the sample loaded in the column, there was supposed to be a
peak when the elution and fractioning step started, so in fraction T10**. As it can be
seen in the Zoom figure of the chromatogram (Figure 21C), there is no peak, meaning
that no protein was eluted, or at least, the amount of protein was too small to be

detected.
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Figure 21. Chromatogram of second human ClpX Strep-tag purification. Blue line is UV signal. In red it appears the
names of the different steps of the purification protocol. The different fractions are named as the letter T followed
by the number of the fraction. A. First part of the purification before it stopped due to the first error. The process is
stopped in the sample application step, in fraction T2. B. Third part of the purification after the second error. C.
Zoom where it was supposed to be the peak during the third part of the purification, but there is no peak.

Despite not obtaining a peak in the chromatogram, fraction 10** was collected to

continue with the buffer exchange step. At the end, the protein concentration was
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measured in the different Eppendorf tubes where the protein was collected to be

stored. The protein concentration obtained was 0,15 mg/ml.

Later on, and as it was expected due to the small amount of protein obtained, the

electrophoresis showed no band matching with HClpX (Figure 22).

If the purification had been successful, a band was supposed to appear around 70 kDa
in some fractions in the second gel corresponding with HClpX (Figure 22B). In contrast,

there is no band around 70 kDa in those fractions.
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Figure 22. Electrophoresis of second try of human ClpX Strep-tag purification. Each number corresponds with one
fraction. Fractions collected after the connection error are named by the number of the fraction followed by *.
Fractions collected after the second connection problem are named with the number of the fraction followed by
** Marker is represented with an M. B. (1) is the sample taken after the expression culture was grown during the
first night. (2) is the sample taken just before inducing the cells with IPTG. (3) is the sample taken after letting the
IPTG work for one night, just before centrifuging the cells.
The only bands that can be appreciated in the gels are the ones corresponding to the
proteins washed before eluting the protein of interest, in fractions 2-3** (Figure 22A),
and the proteins expressed in the cells before breaking them, represented in lanes (1),

(2) and (3). As we can see in those lanes, there is a small band around 70 kDa, which

might represent that HCIpX expressed inside the cells.
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4. DISCUSSION AND CONCLUSIONS

In this part of | would like to discuss the results obtained in the different purifications,

as well as to give the conclusions | obtained after doing this project.

The aim of the project was to purify the different proteins forming the human Clp
protease system, but the results obtained were different depending on the protein

purified in each case.

4.1. DISCUSSION OF THE RESULTS

The materials and methods used in the purification protocol of this project had been
already used by my supervisor Yvonne Thoma during her research for the PhD. The

strain and the plasmids were the same, as well as the proteins purified.

Although | used the same protocol for every purification, the results were different in

any case, to the point that some of them worked, while others did not succeed.

4.1.1. SaClpP Purification

First of all, the results of SaClpP purification were consequent with what could be seen
in the chromatogram. The peak obtained reached 320 mAU, and the protein
concentration measured was 1,37 mg/ml. It should be said that it is not difficult to obtain
this protein concentration because the protein is high expressed in the cells, and it is

easy to purify.

In addition, both the peak and the concentration measured, might correspond with
SaClpP protein, but it is not possible to assess that only using the purification
experiment. To ensure that those results match with SaClpP, they should be analysed in

an SDS-PAGE electrophoresis or a similar assay.

After this checkboard assay, it is possible to conclude the protein expression using pET
plasmids in E. coli, the subsequent induction with IPTG, and the later purification using
the Akta column is working. Therefore, this protocol can be tried with the proteins of

real interest, which are HClpP, the premature for of HClpP (HCIpP+MTS) and HClpX.
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4.1.2. HClpP Purification

HCIpP protein purification was tried three times. In all the cases the results were quite
similar, which makes sense, given that the design of the experiments was the same. The
only difference is that the SDS-PAGE electrophoresis was performed only in the second

and the third tries.

4.1.2.1. Purification results

Looking to the overall results, HClpP was successfully purified. In every try there was a
peak where the protein of interest was expected to be eluted, being the highest in the
third purification, which reached 150 mAU (Figure 13). In addition, the protein
concentrations measured were also in harmony with the results obtained in the

chromatogram. The higher the UV signal, the higher the protein concentration.

The amount of protein obtained in each try (0,73 mg/ml, 0,58 mg/ml, 0,74 mg/ml) by a
volume of 500ul is not very high compared to the ones standardly obtained in other
purification tries by other colleague of the research group, which are around 5-8 mg/ml

(Yvonne Thoma, 2022).

4.1.2.2. Electrophoresis results

Regarding the SDS-PAGE electrophoresis, the results were also successful because they
support the results obtained during the purification. It is possible to see bands in the
expected weight for HClpP in the fractions where the protein of interest was supposed

to be collected during the purification.

However, the band appearing around 10 kDa in fraction 14 in the second try (Figure
12B), should not be there. This band might be a contamination, but there are other
options. There is a small chance that during the purification, HCIpP protein was cleaved
by a random reason (no protease inhibitors were used in the protocol), making the
protein smaller; thereby, that band could be HCIpP after losing a part of its sequence. It
also can be another protein that was able to bind to Strep-Tactin at the same time as

the HCIpP because it also appears in fraction 13 and 15.
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As | mentioned before, in the electrophoresis gel of the third try (Figure 14B), there are
some bands appearing above and under HClpP bands. These bands might be an impurity
of the purification and might correspond to proteins that were not washed before the
elution during the wash and outbound step, and they finally eluted with the protein of
interest. A possible solution to avoid these bands could be washing the column with
more CV before the elution process, so it is possible to get rid of them before the protein

of interest is collected.

4.1.3. HClpP+MTS Purification

To continue with the discussion, | would say that | did not get the expected results in the
purification of the premature form of HClpP (HClp+MTS). The protocol design was very

similar to the previous purifications, but with two differences.

First of all, the column used was different because it was specific for this protein. The
other difference, and for me the most important one, that might be the responsible of
not obtaining a complete success in the results was that the population of cells used in
these purifications was reduced by 50% comparing to the previous purifications. In the
previous experiments | used two big flasks for the expression strain, while in HCIpP+MTS
expression, | only used one big flask, because it was performed as the same time as
HClpX expression, so | used one flask for each protein. As the number of cells is reduced

by half, the amount of protein expressed should be lower than in the other purifications.

4.1.3.1. Purification results

The protocol was tried twice. In both cases, the purification process worked, as a peak
was obtained. The highest one appeared in the first try (Figure 15), given that it reached
125 mAU. This peak is expected to correspond to the HCIpP+MTS, but it cannot be
ensured only with this experiment. We need an additional assay, such as the SDS-PAGE

electrophoresis.

4.1.3.2. Electrophoresis results

In contrast, the SDS-PAGE electrophoresis did not work in any of the cases.
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This is not surprising in the second try, because the amount of protein obtained in the
purification was not really high (peak of 35 mAU), so maybe there was not enough

protein to give a band in the gel.

Furthermore, the bands obtained in fractions 7* and 8* around 15 kDa (Figure 18B)
might be a contamination, but there can be another possibility. Maybe, during the
purification process, HCIp+MTS was cleaved by a protease, so the molecular weight was
reduced. Thereby, those bands around 15 kDa might correspond to the premature form

of the HCIpP after losing part of its sequence.

On the other hand, in the first try, the amount of protein was high enough to give a
band, so | assume that the reason why there are no bands matching with the protein of
interest in the gel (Figure 16B) is because | made some mistakes while loading the
samples. Another possible reason is that during the time that passed between the
purification and the SDS-PAGE electrophoresis (one day), the store conditions of the
protein were not correct, so the protein degraded. There is a third reason to explain the
absence of the bands matching with HCIpP+MTS in the gel. In that gel (Figure 16B)
samples takes of the cell lysate were also loaded, so it was expected to see a lot of bands
in those lanes, which are named (1), (2) and (3), corresponding with all the protein
expressed inside the cells. In contrast, the bands cannot be clearly seen. Thereby, maybe
the problem was that the gel was not left enough time in ‘Der blaue Jonas’ for the bands

to stain.

4.1.4. HClpX Purification

HCIpX purification was designed exactly like HCIpP+MTS, so the number of cells
expressing the protein was reduced by 50% compared to HCIpP and SaClpP purifications.
The only difference was the column used and Amicon tube to concentrate the protein

after the purification through the Akta Column.

4.1.4.1. Purification results

This purification did not succeed, even though it was tried twice. There was no peak in

any of the purifications.
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These results are not surprising, given that HCIpX is really low expressed in the cells,

therefore, it is difficult to obtain a good amount of protein in the purification.

4.1.4.2. Electrophoresis results

In both tries, the SDS-PAGE electrophoresis did not show any band in the location where
HClpX was expected to be. In fact, the absence of the band corresponding to HClpX is
not strange, due to the fact that the UV signal obtained in the chromatogram in all the
cases was very low, or even did not exist. In the case that there was a little amount of
protein, it could have degraded before the electrophoresis, keeping in mind it was

performed the following day after the purification.

As this protein is really low expressed in the cells, maybe it is better to check if the
protein has been expressed before doing the purification. To do this, | suggest taking a
sample of the cell lysate before and after the IPTG induction and let them run in an SDS-
PAGE electrophoresis. If there is a difference in the bands appearing around 70 kDa

between the two samples, that would mean the protein had been expressed.

4.1.5. Troublesshooting

All these differences in the results of the purifications doing the same protocol make me
thing that the reason why some purifications did not work is not in the general protocol,
but in specific problems, and | would like to mention some of them that, from my point

of view, clearly affected the success of the purifications.

After the first purification tries, | decided to let the expression culture reach a higher OD
before inducing with IPTG, in order to have more cells able to express the protein. As a
result, the amount of protein expressed should be higher than in previous purifications,

but only in the third HCIpP purification and in the first HClpP+MTS | reached this goal.

One mistake that | was making during the first purifications, but | was not realizing, was
the temperature in which the proteins must be kept during some steps of the process.
Each time | used the centrifuge, and the protein should stay at a particular temperature

during the process, | was not waiting to initiate the centrifugation until the centrifuge
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reached the appropriate temperature. The same happened with the shaker used to

grow the cultures.

At the beginning, this might not be a big problem, as HClpP and HClp+MTS are very
stable and high expressed in the cells, therefore, they may not have degraded. In
contrast, when HClpX purification did not work for the first time, | realised that | was
making this mistake. Therefore, | corrected it for the last HClpX purification. However,

the purification was not successful either.

After searching in the literature, | have found that in other human Clp system
purifications using E. coli as expression strain, scientist have induced the protein
expression with 1ImM IPTG (el Bakkouri et al., 2010), while in this project the protein
expression in all cases (HCIpP, HClpP+MTS, HClpX) was induced with 0,5 mM IPTG.
Maybe, if the induction had been done with more IPTG, the amount of protein would

have been higher. So, that should be a change | would do for following tries.

On the other hand, the Akta column was not working properly. It had several connection
problems while the protein was running though the column. As these problems started
to appear in the second HClp+MTS purification, that is also when the results started to
be bad, it might also affect the process. Nevertheless, the only consequence of the
connection problem is that the purification process is stopped, so it should not affect

the protein purification at all.

Lastly, | would repeat that, particularly HCIpX is really difficult to purify as it is very low
expressed in the cell. So, | would suggest that for the next time | could try to increase
the protein expression by adding more IPTG or using two flasks for the expression
culture, instead of one, therefore, there are more cells to express the protein. | also read
in the literature that when this protein is purified, it is loaded in three different columns,
in order to get a more quality purification (Kang et al., 2002). This can also be an

improvement in the protocol for the next time to get better results.
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4.2. GENERAL CONCLUSION

As it can be seen, there are a lot of aspects to improve for the next time, but the results
were not so bad keeping in mind that | was a completely unexperienced student in this

kind of protocols.

As | just mentioned, maybe if a higher amount of IPTG had been used to induce the
protein expression, or if a higher number of cells had been transformed with the

plasmid, more protein would have been obtained.

Furthermore, | would like to remark that no protease inhibitors were used during the
protocol. Given that the proteins are susceptible of being degraded by proteases present
in the medium during the purification process, | would also suggest for next tries using
protease inhibitors, in order to avoid the degradation of the protein of interest before it

gets separated when passing through the affinity column (Ryan & Henehan, 2017).

As an overall conclusion | would say that there are lot of differences between the
protocol used in this project, and the protocols used in other human Clp system
purifications, and there are several improvements that can be made to get better
results. However, as | said before, this protocol had been already tried by my supervisor

Yvonne Thoma and it succeed.

Also, it must be kept in mind that during the laboratory work, there are several factors
that might affect the proteins and some of them are beyond human control, meaning

that is very difficult to get perfect results, even though the protocol is perfectly made.
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