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CHAPTER I

1 INTRODUCTION
Malaria is a mosquito-borne infectious disease and considered as one of the ‘Big Four’ deadliest humaninfectious diseases (1). According to the World Health Organization, more than 229 million clinical
cases and 409 million deaths were reported in 2019. Children under the age of five accounted for 67%
of all malaria deaths worldwide. Parasites of the Plasmodium genus are responsible for the disease, of
which P. falciparum is the most virulent human-infective strain (2).
The transmission of the parasite to the human host takes place during a blood meal by
the Anopheles mosquito, the vector. This leads to the introduction of the parasite into the human body
under its sporozoite (SPZ) form. A malaria infection consists of two stages: the liver and the blood stage.
After being bitten by an Anopheles mosquito, SPZs are injected in the skin and reach the liver through
the bloodstream. Those SPZs then infect the hepatocytes, transform into merozoites (MRZs) and are
released from the liver cell into the bloodstream (3, 4).
Once the infection reaches the blood phase, the first signs of the disease may start to show with fever
attacks (so-called “paroxysms”) as the most remarkable symptom. Nausea, body aches and headaches
are also other symptoms that typically occur. Leaving malaria untreated or poorly treated can lead to
severe complications with a potentially fatal outcome (3, 4). Acquired resistance against antimalarial
drugs has further increased the need for an effective malaria vaccine and the amelioration of the existing
antimalarial drugs. Because the SPZs play a prominent role in the infection, they might be an interesting
target for further research (2, 5).
During its life cycle, the parasite produces a myriad of stage-specific surface proteins. The variety of
those surface proteins make the battle against this parasite even more complex, but on the other hand
they also offer a diversity of opportunities in the development of new antimalarials. The reason why
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those SPZ surface proteins are so important, is because by eliminating SPZs both the disease and the
transmission can be prevented (6).
One of those SPZ surface proteins, and the most prominent one, is the circumsporozoite protein (CSP)
whose structure-function relationship remains poorly understood, despite decades of research. CSP has
many functions, making it very thought-provoking and research can clear up the mechanisms in the liver
stage. It plays a central role in the immunobiology of the malaria parasite in both the mosquito and
vertebrate hosts. In the latter it is known that CSP plays a prominent role in the SPZ’s recognition and
afterwards invasion of the hepatocyte. Once inside the hepatocyte, CSP has been proposed to be
translocated to the cytoplasm as an effector protein to manipulate the host environment. It is speculated
that in the cytoplasm, CSP competes with transcription factors by interacting with members of the
importin-α family. This may lead to the dampening of the inflammatory responses, resulting in the
survival and further development of the parasite during the liver stage (5).
By investigating this possible interaction of CSP and the importin-α proteins, the aim is to discover more
about the structure and mechanism of CSP and to validate the known information.
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2 LITERATURE REVIEW
2.1 MALARIA: A GLOBAL HEALTH BURDEN
Malaria is a vector-borne infectious disease caused by Plasmodium parasites that are transmitted by
female Anopheles mosquitoes. It is endemic in tropical and subtropical areas, where the mosquito and
the parasite have the ideal environment to survive due to the temperature and humidity (Figure 2.1) (3).
The most dominant human-infective Plasmodium species are P. vivax and P. falciparum, of which the
latter is responsible for the deadliest form of malaria. In 2019, over 220 million clinical cases and more
than 400 million deaths were reported, with children aged under five years being the most vulnerable
population. More than 95% of those cases globally occurred in 26 countries, mainly in the Sub-Saharan
region (51%) (2).
It is crucial to know more and to validate the known information. The survival of the Anopheles
mosquito and the parasites are both linked to the climatic conditions. In the 1970s malaria was eradicated
from Europe (7). However due to the climate change, the return of the disease is plausible as was recently
evidenced by mysterious cases in Italy and Belgium in 2017 and 2020, respectively (8) and (9).
Considering that malaria is already causing so much trouble globally and the ongoing climate change,
basic research on this topic is crucial (7).
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Figure 2.1 MALARIA WORLD MAP. This world map shows the distribution of malaria cases around the globe.
Figure adapted from ref (2).
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2.2 THE BIOLOGY AND PATHOLOGY OF THE PLASMODIUM PARASITE
2.2.1

The life cycle of the parasite in the human body is an organized mechanism

A malaria-infected female Anopheles mosquito injects the parasites into the skin of the human host
during a blood meal (Figure 2.2). The first life form of the parasite is called the sporozoite (SPZ). The
SPZs have a gliding1 motility that ensures that they reach the liver cells and invade them. The journey
from the skin to the liver is called the ‘pre-erythrocytic phase’ and is clinically silent (10).
Inside the hepatocyte, one SPZ develops into thousands of merozoites (MRZs), the second life form of
the parasite. Eventually, the MRZs are released into the blood circulation, where they initiate an asexual
reproduction cycle consisting of the following four steps: i) invasion of erythrocytes, ii) remodeling of
the infected erythrocyte to ensure the survival of the parasite, iii) maturation of the parasite in the
erythrocyte, and iv) release of the newly formed MRZs. The cycle can now start again by invading other
erythrocytes (10).
A small subset of parasites may differentiate into male and female gametocytes which in turn lead to the
sexual reproduction cycle inside the next mosquitoes feeding off the infected human (10) (Figure 2.2).

Figure 2.2 SCHEMATIC REPRESENTATION OF THE PLASMODIUM LIFE CYCLE. The life cycle of
malaria with the female Anopheles mosquito as host and vector of the parasite and the human body as the host.
1

Substrate-dependent movement where the SPZ maintains its shape (30, 32)
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2.2.2

The aftermath of an infection by a malaria parasite

As mentioned before, the notorious malaria pathology is caused by the blood stage or erythrocytic stage
of the infection, while the liver or pre-erythrocytic stage is clinically silent. Symptoms occur after seven
days to a month, are periodic and most commonly exist of fever attacks, nausea and vomiting, malaises,
headaches, chills, sweats and body aches (3).
The fever attacks and rigors occur after red blood cells rupture and MRZs are released, infecting other
blood cells. Those attacks are typically periodic and can reoccur every three or four days, depending on
the malaria species (3, 11).
Untreated or undertreated malaria can lead to severe cases. In general, there are three syndromes that
are known to have a very high mortality: severe anemia, cerebral malaria and respiratory distress (3,
12). Anemia is a prominent consequence of malaria following the hemolysis of the red blood cells. This
loss of red blood cells can also result in jaundice. Moreover, infected red blood cells attach to the
vascular endothelium and in specific cases, this may result in cerebral or placental malaria (3, 11, 13).
Acute respiratory distress syndrome is another manifestation of severe malaria as a result of systemic
inflammation and metabolic acidosis (3, 14).

2.2.3

The battle against malaria requires a multidisciplinary strategy

Malaria is a global health burden which, given the complexity of the parasite life cycle, requires a
multifaceted strategy to prevent, control, cure and eventually eradicate the disease. This is not selfevident and requires several tools: vector control, diagnosis, treatment and vaccination (15).
VECTOR CONTROL. The first and most widely employed tool is vector control, which has proven
itself to be highly effective over history. By denying the female Anopheles mosquito a blood meal, both
disease and further transmission can be avoided. This method was used in Northern America and Europe
and resulted in the elimination of malaria. The two major methods involved are pyrethroid insecticidetreated nets (ITNs) and indoor residual spraying (15-17). An uprising problem is the mosquito resistance
against insecticides, but research has showed that applying antimalarials on those nets may be a hopeful
solution to halt transmission (15, 18, 19).
DIAGNOSIS. There are three effective ways to detect whether a person is infected or not, namely
microscopy, rapid diagnostic tests and Plasmodium species-specific PCR. An accurate diagnosis then
leads to the next step or third tool: the treatment of malaria (3, 20).
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TREATMENT. Because malaria can have a fatal outcome, an immediate and adequate treatment is
crucial. The kind of treatment that can be used depends on, not only the state of the patient, but also on
the parasite species and the geographical region (3). In case of uncomplicated malaria, chloroquine can
be used, but because of the growing resistance against this drug, artemisinin-based combination therapy
is a better and more effective option. However, in some area’s artemisinin-resistant P. falciparum cases
have been noticed. This growing problem of drug-resistance is a reason to consider developing novel
anti-malaria drugs instead of ameliorating existing drugs and is also a driving force for finding new
ways to combat the malaria disease, for example a vaccine (2, 11, 21-23).
A VACCINE. There are several vaccines in development, targeting different life cycle stages of the
parasite: the pre-erythrocytic stage (SPZs), asexual blood stage (MRZs) and the sexual blood stage
(gametocytes) (24, 25). Vaccines with the MRZs as target, can prevent the manifestation of the disease.
This is not the case for the transmission blocking vaccines, targeting the sexual stage, because they can
only block the transmission but have no effect on the infection or the clinical symptoms (24, 25).
An example of a vaccine targeting the pre-erythrocytic stage is the RTS, S/AS01 vaccine, which is a
CSP subunit vaccine and thus targets the SPZs before entering the hepatocytes. This vaccine is very
interesting because it does not only block the infection and disease, but also further transmission
However, this is only a subunit vaccine and not a whole SPZ vaccine, which can restrict the efficacy
against variants. Therefore, it may be more interesting to develop whole SPZ or full length CSP vaccines
(6, 26-28). Another interesting strategy is, instead of targeting a specific stage of the parasite, to target
multiple life stages (24, 25).
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2.3 THE JOURNEY OF THE SPOROZOITE: ‘A LONG AND WINDING ROAD’
The remarkable journey of the Plasmodium SPZs in its mammalian host begins in the skin and ends up
in the liver (29). Mature SPZs are slender shaped and motile cells. Interaction between different SPZ
surface proteins such as thrombospondin-related anonymous protein (TRAP) and host receptors are
crucial for the ‘gliding motility’ of these cells (30, 31).
At the apical end of the apicomplexan SPZs, three specialized secretory organelles are localized (Figure

2.3). Proteins stored in the micronemes, rhoptries and dense granules are respectively important for the
cell adhesion and motility, for the invasion and formation of the parasitophorous vacuole (PV) and for
modification of the host cell during invasion (30, 31).

Figure 2.3 STRUCTURE OF THE SPOROZOITE. The secretory organelles: dense granules (brown), rhoptries
(pink) and micronemes (blue) are localized at the apical end. Figure reprinted from ref (30).

INOCULATION INTO THE SKIN. After a bite by an infected mosquito, a small number (50-100) of
SPZs are injected directly into the skin. The gliding motility ensures that these SPZs can travel through
the skin with three possible destinations: I) reaching the bloodstream to eventually end up in the liver;
II) staying in the skin; and III) draining by lymphatic nodes which results in elimination by macrophages
and dendritic cells (30, 32).
THE JOURNEY TO THE LIVER. SPZs recognize different cell types based on the sulfation level of
their heparan sulfated proteoglycans (HSPGs) 2 (30, 33). This is based on the specific interaction
between the SPZ’s major surface antigen (the circumsporozoite protein, CSP) and highly sulfated
HSPGs (HS-HSPGs), which are typically presented on the surface of liver cells (30). During their
migratory mode, Plasmodium SPZs can also traverse cells with low-sulfated HSPGs (LS-HSPGs) on
their surface but do not infect those cells productively (29, 32). Due to fenestration in the blood vessels,

2

A family of glycoproteins present on the surface of most mammalian cells (30).
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the HS-HSPGs can be recognized by SPZ (Figure 2.4). The motility decreases due to this interaction,
which results in the arrest of the SPZs (30, 34).
INVASION OF THE HEPATOCYTES. Prior to invasion of the hepatocytes, SPZs need to cross the
sinusoidal barrier, which consists of three types of liver cells: Kupffer cells3, endothelial cells and stellate
cells4 (Figure 2.4). The SPZ can rely on five different pathways, but traversing Kupffer cells via the
formation of a vacuole, is the best studied pathway (30, 34). After crossing the sinusoidal barrier, SPZs
reach the hepatocytes.
However, the switch from the ‘migratory mode’ to the ‘invasion mode’ of the SPZs is a progressive
process. Migration of SPZs through different hepatocytes leads to the exposure of parasitophorous
membrane proteins, such as TRAP and apical membrane antigen 1 (AMA1) by the secretory organelles
localized at the apical end of the SPZs. These proteins form an ‘apical cap’ to enlarge the contact
between the hepatocytes and SPZs, which is required for invasion (34). The contact with hepatocytes
also triggers the proteolytic cleavage of the CSP by a cysteine protease, which is essential for the
activation of the invasion mode (30, 35). When SPZs invade a final hepatocyte, a PV is formed,
providing the necessary nutrients and ensuring the survival of the parasite (30, 33, 34).

Figure 2.4 CROSSING THE LIVER SINUSOIDS. The SPZs (green) interact with HS-HSPG (dark grey), cross
the endothelial sinusoidal layer (orange) and reach the hepatocytes (yellow).

3
4

A macrophage localized in liver between the lumen and sinusoids.
A star-like shaped liver cell localized between hepatocytes and endothelial cells.
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2.4 THE CIRCUMSPOROZOITE PROTEIN IS THE SPORZOITE’S KEY PLAYER
2.4.1

The architecture of the circumsporozoite protein

CSP has a molecular mass between 32 and 48 kDa, depending on the Plasmodium species and isolate
(36). Despite differences in amino acid composition, all CSPs have the same modular build-up
composed of three main domains: a N-terminal domain with a signal peptide, a central repeat region and
a C-terminal domain with a glycosylphosphatidylinositol (GPI) anchor to attach CSP to the surface of
the parasite (37) (Figure 2.5). The N-terminal junction forms a connection between the N-terminal
domain and the central repeat region. The C-terminal junction connects the central repeat region with
the C terminal domain (38, 39).

Figure 2.5 CSP IS THE MAIN SURFACE PROTEIN OF THE PARASITE. Schematic representation of CSP
on the sporozoite’s surface.

N-TERMINAL DOMAIN. The N-terminal domain of CSP contains several conserved regions. The
stretch of amino acids in the N-terminal domain composed of KLKQP is called Region I. This highly
conserved region plays a crucial role during hepatocyte invasion (5, 35). Depending on the Plasmodium
species, one or two Plasmodium export element (PEXEL) motifs are also present in this domain, which
might be involved in CSP’s intracellular effector function (5, 36). However, the structure of the Nterminus remains enigmatic.
CENTRAL REPEAT REGION. The linker repeat region contains tandem repeats of which the
composition and number depend on the Plasmodium species and isolate (36). The tandem repeats in P.
falciparum contain the tetrapeptide: Asn-Ala-Asn-Pro (NANP). This region is interrupted with four
copies of another tetrapeptide: Asn-Val-Asp-Pro (NVDP) (37). CSP has been observed to adopt various
conformations due to the highly flexible and dynamic character of the linker, which gives the protein
features of an intrinsically disordered protein (40). The elongated and flexible NANP-structure shows a
stem-like (elongated helical) structure, giving CSP an overall rod-like shape (38).
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C-TERMINAL DOMAIN. The C-terminal domain is most probably the only CSP domain with a welldefined globular fold (Figure 2.6). It is composed of Region III, the highly conserved Region II+ and
the nuclear localization signal (NLS) motif. The C-terminal domain adopts an αTSR fold which consists
of an α-helix on the N-terminal side, a typical thrombospondin-like type I repeat (TSR) fold and a CSPflap (39). Region III forms the α-helix and contains a polymorphic Th2R region. The α-helix lies
perpendicular to the TSR-like domain which consists of three antiparallel strands of which two are βstrands (39, 41). The two β-strands are connected by a flexible fold called the CSP-flap (39) (Figure
2.6B). This CSP-flap contains a polymorphic Th3R region and the NLS motif. The NLS motif is
believed to play a pivotal role in the transport of CSP by the importin-α proteins to the nucleus of the
liver cells (5, 39).
During the migratory mode, the C-terminal region of CSP is shielded by the N-terminal domain, which
results in protection against possible attacks from the immune system. This shield is only removed
during hepatocyte invasion when the migratory mode is switched for the invasion mode due to
conformational changes. The N-terminus is cleaved proteolytically, leaving the C-terminus unprotected.
Thus, the conformation of CSP changes from an open or non-adhesive state to a collapsed or adhesive
state which emphasizes the role of the C-terminus in the hepatocyte’s invasion (35, 41, 42). This
flexibility of CSP may be the factor that helps with the SPZ motility and hepatocyte invasion (41-43).

Figure 2.6 THE GENERAL ARCHITECTURE OF CSP. (A) SP = signal peptide, RI = Region I, NTJ = Nterminal junction, CTJ = C-terminal junction, RIII = Region III, RII+ = Region II+, NLS = the nuclear localization
signal, GPI = glycosylphosphatidylinositol anchor. (B) Crystal structure of the α-TSR domain. Figure reprinted
from ref. (39).
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2.4.2

The functions of the circumsporozoite protein

CSP plays a central role in the immunobiology of the malaria parasite, not only in the vertebrate host
but also in the insect host (44). However, the functions in the latter are not relevant for this thesis and
will not be further discussed here. The first proposed function of CSP inside the vertebrate host is to
protect the SPZ during its migration through the skin by forming a shield at the surface (45). Secondly
it is the main antigen that interacts with the humoral immune system of the host (46). Thirdly, after
reaching the liver cells, CSP is essential for hepatocyte invasion by interacting with HS-HSPGs,
typically presented by those hepatic cells (47, 48). Finally, once settled inside the infected liver cell,
evidence has suggested that the parasite translocates CSP to the host cell’s cytoplasm (5, 45, 48-50). It
is believed that CSP has an intracellular effector function. CSP possibly competes with the transport of
transcription factors to the nucleus resulting in the dampening of the inflammatory responses to ensure
parasite survival (5, 45, 48, 49) (Figure 2.7).

2.4.3

The circumsporozoite protein is believed to have an intracellular effector
function during liver stage malaria

In this thesis, the focus lies on the liver stage and more specifically on the possible intracellular effector
function of CSP inside the infected hepatocyte. First, it is important to mention that the liver stadium is
clinically silent. This is interesting, considering that a parasite resides inside the liver cell and takes up
more than a half of the volume, causing enormous stress. Moreover, the fact that no apoptotic markers
are observed, suggests that cell death is suppressed somehow by the parasite (51). This all indicates that
the parasite most likely manipulates its environment to promote its survival inside the infected host cell,
as death of the latter would imply a halt in the parasite’s life cycle. In case of the MRZs, which infect
red blood cells and reside in a PV as well, it is known that the parasite translocates proteins from the
parasite to the host cytoplasm through the PV membrane (PVM) to remodel the host cell (52). Many of
these proteins contain a Plasmodium export element (PEXEL) motif, composed of the semi-conserved
pentapeptide RxLxE/Q/D (53, 54). The export of PEXEL-positive proteins is mediated by the
Plasmodium translocon of exported proteins (PTEX), a complex of various proteins located in the PVM
(55-57). Interestingly, CSP possesses one or two (depending on the species) functional PEXEL motifs
in its N-terminal domain, suggesting that PTEX-mediated export is an event that does not only occur
during the blood stage, but might also play a role during the liver stage (5) (Figure 2.7). Whether or not
PTEX-mediated export of parasite effector proteins occurs inside the infected hepatocyte remains an
open question in the field of SPZ biology.
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Inside the hepatocyte’s cytoplasm, CSP has been proposed to interact with ribosomes, possibly
interfering with the host cell’s protein synthesis machinery (50). Besides interacting with ribosomes,
CSP has been shown to be translocated to the nucleus of the liver cells (5) (Figure 2.7). This translocation
event is proposed to be mediated by members of the importin-α protein family, since CSP possess a
nuclear localization signal (NLS). Importin-α proteins typically recognize the cargo they must transport
by their NLS. In the case of CSP, the NLS is located in the CSP-loop of the αTSR domain, where it is
freely available and exposed for interaction with importins. A study reported that each member of the
importin-α protein family has a different strength in interaction with CSP, with importin-α3 as the
strongest interaction partner (5). The precise biological function of CSP in the nucleus remains unclear,
but it is presumed that CSP competes with host transcription factors (particularly NFκB) for interaction
with importin-α proteins (5, 58). This may lead to a diminution of the inflammatory response and gives
the chance to the parasite to fully develop by forming an ideal, protective niche (5).

Figure 2.7 CSP PLAYS A ROLE IN THE SURVIVAL OF THE PARASITE INSIDE THE LIVER CELL.
CSP is transported from the PV to the cytoplasm by PTEX. In the cytoplasm it is believed to interact with the
importin-α proteins. According to Singh et al., 2007, CSP may be transported to the nucleus by the importin-α
proteins, resulting in a competition with NFκB to dampen inflammatory responses (5).
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3 AIMS OF THIS THESIS
While it has been proposed that the CSPs from the rodent-infective Plasmodium species P. yoelii
(PyoCSP) and P. berghei (PbeCSP) are translocated to the cytoplasm and nucleus of infected host
hepatocytes, the exact mechanisms of translocation remain elusive and have only been described in a
single paper (5). It has been described that PyoCSP interacts with members of the importin-α protein
family by in-vitro pull-down assays with recombinantly produced proteins (5, 59). However, the
biophysical and structural aspects of this interaction have not yet been investigated, nor has this
interaction been validated for CSP from other Plasmodium species. Investigating the above-mentioned
aspects of the possible intracellular effector function of CSP during liver stage malaria may provide new
insight in the complex immunobiology of the parasite.
This master thesis contributes to the ongoing investigation on the interaction between CSP and members
of the importin-α protein family and had the following aims:
§

Recombinant production of full-length PfaCSP and PbeCSP (PfaCSPFL and PbeCSPFL,
respectively) in E. coli

§

Purification of PfaCSPFL and PbeCSPFL via the following chromatographic methods:
-

Immobilized metal affinity chromatography (IMAC)

-

Size-exclusion chromatography (SEC)

-

Heparin affinity chromatography (HAC)

§

Cultivation of Hepa1-6 and HepG2 cells and preparation of cell lysates

§

Investigation of the interaction between PfaCSPFL and PbeCSPFL and members of the importin-α
protein family by pull-down assay
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4 MATERIALS AND METHODS
4.1 MATERIALS
CELL CULTURE
Cells

HepG2 (Silvie lab)
Hepa1-6 (Silvie lab)
Dulbecco's Modified Eagle's Medium (DMEM)
(Gibco)

Complete growth medium

1% penicillin
10% fetal bovine serum (FBS) heat inactivated
(HI)
Store at -20°C
10mM Tris
150 mM NaCl

Lysis buffer

0.02% NaN3
1% Triton X-100
1x tablet of a Protease Inhibitor Cocktail Tablets
(Roche, COMPLETE tablets)

Enzyme

1X TrypLE Express (Gibco)
PROTEIN PRODUCTION

Vector

pET21b plasmid
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Bacterial growth media
2.00% Tryptone
0.50% Yeast extract
10 mM NaCl
Super optimal broth with catabolite repression
(SOC) medium

2.5 mM KCl
0.40% Glucose
10 mM MgSO4
10 mM MgCl2
Autoclave

LB-agar/Glucose/Ampicillin plates

2.50% LB Miller Broth (high salt)
1.50% NaCl
1.60% Tryptone
1.00% Yeast extract

2x Tryptone Yeast extract, 2xTY medium

0.50% NaCl
pH 8.0
Autoclave

Antibiotic
100mg/mL in 70% Ethanol
1000x Ampicillin stock solution

Filter (0.22 μm)
Store at -20°C

Molecular reagents
1 M IPTG
1000x Isopropyl β-D-1-thiogalactopyranoside
(IPTG) stock solution

Filter (0.22 μm)
Store at -20°C
2 mM Leuptin
125 mM AEBSF

1000x protease inhibition mix (PIM)

100 mM EDTA
Filter (0.22 μm)
Store at -20°C

Stock solutions
20% Glucose stock solution

20% D-glucose
Autoclave
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50% Glycerol stock solution

50% Glycerol
Autoclave

Buffer
50 mM Tris
500 mM NaCl
20 mM Imidazole
Lysis buffer A

1x PIM
pH 8.0
Filter (0.45 μm)
Degas
PROTEIN PURIFICATION

Buffers
Buffer A

Idem lysis buffer A
50 mM Tris
500 mM NaCl
1 M Imidazole

Buffer B

1x PIM
pH 8.0
Filter (0.45 μm)
Degas
50 mM Tris
1x PIM

Buffer C

pH 8.0
Filter (0.45 μm)
Degas
50 mM Tris
1 M NaCl

Buffer D

1x PIM
pH 8.0
Filter (0.22 or 0.45 μm)
Degas

Columns
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Immobilized metal affinity chromatography
(IMAC)

5 mL HisTrap HP (GE Healthcare)

Size-exclusion chromatography (SEC)

HiLoad 16/60 Superdex200 pg (GE Healthcare)

Heparin affinity chromatography (HAC)

1 mL HiTrap Heparin HP (GE Healthcare)

SDS-PAGE & WESTERN BLOT SOLUTIONS
Protein marker

Precision plus protein dual color standard (BioRad)

Buffers
137 mM NaCl
Phosphate buffered saline (PBS)

2.7 mM KCl
10 mM Na2HPO4
1.8 mM KH2PO4
pH 7.5

Blocking buffer

Washing buffer (PBST)

5% skimmed milk powder
In PBS
0.1% Tween20
In PBS
1M MES

20x 2-(N-morpholino) ethanesulfonic acid
(MES) electrophoresis buffer

1M Tris
2% SDS
20 mM EDTA
0.2 mM Glycine

Transfer buffer

25 mM Tris
20% Methanol

Antibodies
Mouse anti-His mAb (Bio-Rad, clone AD1.1.10)
Primary antibodies

Mouse anti-importin-α mAb (Sigma, clone IM75)

Secondary antibody

Goat anti-mouse (Sigma, clone A4416)

Developing substrate
Kits

Pierce™ CN/DAB Substrate Kit (Thermo
Scientific)
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SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Scientific)
PULL-DOWN ASSAYS
Quickpick IMAC kit (Bio-Nobile)

IMAC magnetic particles
Phosphate buffer (pH 7.0)
Magnetic Beads

NaCl
Tween20
0.02% NaN3
Aqueous NiSO4 solution

Regeneration Buffer

Tween20
0.02% NaN3
Phosphate buffer (pH 7.0)

Wash buffer 1

250 mM NaCl
Tween20
0.02% NaN3
Phosphate buffer (pH 7.0)

Wash buffer 2

250 mM NaCl
20 mM Imidazole
0.02% NaN3
20 mM Tris-HCI (pH 8.0)
250 mM NaCl

Elution Buffer

300 mM Imidazole
0.05% Tween20
0.02% NaN3
DEVICES

Centrifuge

Multifuge 35-R Heraeus

Vortex

Lab-Line Instruments inc. Super-mixer

Centrifugal filter devices

10K Amicon Ultra-0.5 mL Centrifugal Filters
(Merck)
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4.2 METHODS
4.2.1

Cell culture

CELL LINES. Hepa1-6 and HepG2 cells were cultured for the experiments further described in this
master thesis. The Hepa1-6 cell line is a murine liver cell line, while the HepG2 cell line is a human
hepatocyte cell line. The cells were grown in cell culture T-flasks (Greiner Bio-One) and maintained in
a humidified incubator at 37°C under 5% CO2. Both cell lines were kindly provided by dr. Olivier Silvie
(INSERM, Paris, France).
CELL THAWING. The cells were stored in liquid nitrogen with dimethylsulfoxide (DMSO) as
cryoprotectant. To thaw the cells, the cryotube was shortly placed in a water bath at 37°C. The thawed
cells were then transferred to a tube and complete growth medium was added. This suspension was then
centrifuged for 5 minutes at 125xg. Subsequently, the supernatant was removed, and the pellet was
resuspended in 10 mL growth medium, whereafter, the cell suspension was transferred to a T25 flask
and incubated at 37°C and 5% CO2.
CELL SUBCULTIVATION. When 80% confluency was reached, the cells were subcultivated. To do
so, the growth medium was removed. This caused no issue because the cells are adherent and stay behind
in the flask. The cells in the flask were then washed with pre-heated phosphate-buffered saline (PBS).
After discarding the PBS from the flask, 1X TrypLE Express was added to disassociate the adherent
cells, whereafter the flask was incubated for 5 minutes at 37°C. To make sure that the dissociation was
completed, an inverted microscope was used to look at the cells. The cells are now clearly moving and
fleeting instead of adhering to the wand. In a next step the 1X TrypLE Express was neutralized by adding
growth medium, which contains FBS that inhibits trypsin.
The content of the flask was transferred to a tube and centrifuged for 5 minutes at 125xg. Then, the
supernatant was removed, and the pellet was resuspended in pre-heated growth medium. Afterwards,
the suspension was divided into new flasks. The recommended subcultivation ratio is 1:4 to 1:6 for
HepG2 cells and 1:3 to 1:8 for Hepa1-6 cells. If needed, growth medium can be added to the flasks to
reach the end volume. The amount of reagent required during the cultivation, differs depending on the
size of the flask (Table 4.1).
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Table 4.1 THE AMOUNT (ML) OF PRODUCT THAT WAS USED, DEPENDING ON THE SIZE OF
THE FLASKS.

Growth medium

Flask (cm2)

PBS (mL)

1X TrypLE Express (mL)

T25

5

2

6

10

T75

10

5

10

15

T175

15

7

13

30

(mL)

End volume (mL)

COLLECTION OF PELLETS. HepG2- and Hepa1-6 cells were collected at passage 5 and 4-5,
respectively. To collect adherent cells, the cell suspensions were centrifuged at 300xg. The supernatant
was removed, 15 mL PBS was added to the tubes and the pellets were resuspended. Those re-suspended
cells were centrifugated again at 300xg for 5 minutes, resulting in the formation of pellets. The
supernatant was removed, and the pellets were stored at -20°C until needed for lysis.
For HepG2 cells, frozen pellets were also used. One of those pellets was stored at -80°C for a long period
of time.
LYSATES FROM THE HEPA1-6 CELLS AND THE HEPG2 CELLS WERE PREPARED. To
each tube, cold lysis buffer was added. How much buffer needed, depends on the size of the pellets. For
small pellets (± 1 x 106 cells) 5 mL buffer was used, while 10 mL buffer was used for the larger pellets
(± 5 x 107 cells). The cells were then vortexed every 5 minutes during half an hour. Throughout the
process it is important to keep the tubes on ice to prevent protein degradation.
Next, the suspension was divided over microcentrifuge tubes, each containing 1 mL. These were then
centrifuged at 14000xg for 15 minutes and the supernatant of each microcentrifuge tube was then
transferred to a new set of microcentrifuge tubes. Those new tubes now contain the lysates of the Hepa16 and HepG2 cells and were stored in the freezer at a temperature of -20°C.

21

CHAPTER IV
4.2.2

Detection of importin-α proteins in the soluble fractions of Hepa1-6 and HepG2
cells

One aliquot of each lysate (HepG2 and Hepa1-6) was thawed in hand and put on ice. Lysates were
concentrated with 10K concentrator and samples of unconcentrated (1X), 2X, 5X and 10X concentrated
lysates were prepared by mixing 30 µL sample with 10 µL 4x sample buffer and boiling them for 10
min. SDS-PAGE and a wet transfer were performed as described in section 4.2.6.
The primary monoclonal mouse anti-importin-α Ab (details in material section) was diluted 1/2000 in
blocking buffer and incubated with the membrane for 2 h at room temperature (RT). Moreover, a
secondary antibody (goat anti-mouse) conjugated with HRP was also used for detection. The WB was
developed with the SuperSignal West Femto Maximum Sensitivity Substrate.

4.2.3

Protein Production

TRANSFORMATION. The plasmid pET21b-PbeCSPFL was transformed into E. coli SHuffleÒ T7
Express cells for the recombinant production of PbeCSPFL. To produce PfaCSPFL, an existing glycerol
stock of the same bacterial cell-line transformed with the pET21b-PfaCSPFL plasmid was used.
An aliquot of 50 μL chemocompetent E. coli SHuffleÒ T7 Express cells was thawed on ice for 10 min.
Subsequently, 50 ng of the pET21b-PbeCSPFL expression vector was added to the cells and the
suspension was incubated on ice for 30 min. Then a heat shock was applied by incubating the cell
suspension for 45 s at 42°C in a water bath, after which the cells were incubated for 5 min on ice. The
cells were then incubated with 950 µL SOC medium for 60 min at 37°C with agitation for recovery.
Transformants were selected by plating 100 µL of undiluted and 10-fold diluted cell suspension (in SOC
medium) on LB-agar plates supplemented with 100 µg/mL ampicillin and 2% glucose and overnight
(ON) (upside-down) incubation at 37°C. The remaining undiluted cell suspension was spun down for 2
min at 14000 rpm. The cell pellet was re-suspended in 100 μL SOC medium and plated out as well.
PRE-CULTURES. Pre-cultures were started by inoculation of 10-15 mL 2xTY medium (supplemented
with 100 µg/mL ampicillin and 0.2% glucose) with a single colony from the fresh transformation or
some cell paste from an existing glycerol stock and ON incubation at 37°C with agitation.
PRODUCTION. Main cultures of 1x 1 L PbeCSPFL and 3x 1 L for PfaCSPFL 2xTY medium
(supplemented with 100 µg/mL ampicillin and 0.2% glucose) were inoculated by the addition of 250fold dilutions of pre-culture and incubated at 37°C with agitation. When the cell-cultures reached an
OD600

nm

of 0.6 - 0.8, protein production was induced by the addition of isopropyl β-D-1-
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thiogalactopyranoside (IPTG) to a final concentration of 1 mM and further incubated ON at 20°C with
agitation.
PRODUCTION ANALYSIS. Culture samples of 1 mL were collected at different timepoints for SDSPAGE and WB analysis: before induction (BI), 2 h after induction, 4 h after induction and after ON
incubation. Samples were normalized against the BI sample. The appropriate volumes were centrifuged
for 2 min at 14000 rpm, after which the cell pellets were re-suspended in 40 μL Milli-Q water and boiled
for 10 min. After the samples were cooled down, 5 μL DNase I (with a stock concentration of 50 μg/mL)
was added and incubated for 1 min. For SDS-PAGE analysis 4x sample buffer was added, and the
samples were boiled for 10 mins.
CELL HARVESTING. The main cultures were centrifuged (Eppendorf Centrifuge 5810R, A-4-81
rotor) for 30 min at speed of 4000 rpm and 4°C. Each pellet from a 1 L culture was re-suspended in 40
mL lysis buffer A1, flash frozen in liquid nitrogen and stored at -20°C.

4.2.4

The purification of PfaCSPFL and PbeCSPFL

Prior to purifying CSP, the E. coli cells were lysed by sonication. The target proteins in the soluble
fractions were purified by chromatographic methods on the Akta Pure or Explorer purification
platforms.
LYSIS. Aliquots of the cell suspensions were thawed at RT and 1:1 diluted with lysis buffer A1. Four
different lysis methods were tested to lyse the cells containing PfaCSPFL, while for PbeCSPFL only
methods 1 and 2 were tested (Table 4.2).
Table 4.2 DIFFERENT METHODS TO LYSE THE CELLS

Method

Lysozyme (µg/mL) Sonication

1

0

10 cycles (± 7 min): 10 s pulses, 20% amplitude, 30 s breaks

2

300

10 cycles (± 7 min): 10 s pulses, 20% amplitude, 30 s breaks

3

0

180 cycles (± 30 min): 5 s pulses, 20% amplitude, 5 s breaks

4

300

180 cycles (± 30 min): 5 s pulses, 20% amplitude, 5 s breaks
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After sonication, the suspensions were transferred to 50 mL conical tubes and centrifuged for 30 minutes
at 18000xg and 4°C to separate the soluble and insoluble fractions. Subsequently, the supernatant was
filtered through a syringe filter (0.22 µm) to remove residual cellular debris.
Samples of the soluble and insoluble fractions were prepared for western blot (WB) analysis. The
insoluble fractions were prepared by scraping off some pellet and re-suspending it in 0.5 mL MQ (for
PfaCSPFL) or re-suspending the pellet in MQ to the initial volume prior to taking a 50 µL sample (for
PbeCSPFL). In all cases (soluble and insoluble fractions), 50 µL samples were mixed with 20 µL 4x
sample buffer and boiled for 10 min.
IMMOBILIZED METAL AFFINITY CHROMATOGRAPHY (IMAC). The first step is IMAC. A
5 mL HisTRAP HP was equilibrated with 5 column volumes (CVs) wash buffer (buffer A1), after which
the sample was applied to the column at 2 mL/min (PfaCSPFL) or 1 mL/min (PbeCSPFL) with a peristaltic
pump at 4°C. Prior to elution, the column was washed with 10 CVs wash buffer at 1 mL/min. The target
protein was eluted via a gradient elution from 0 to 50% elution buffer (buffer B) over 20 CVs, followed
by a step elution to 100% for 2 CVs, both at 1 mL/min.
Samples of the flow-through, wash fraction and specific elution fractions (based on chromatogram
profile) were prepared by mixing 30 µL sample with 10 µL 4x sample buffer and boiling for 10 min.
Per well 15 µL sample was loaded, after which SDS-PAGE and WB were executed as described in
section 4.2.6.
SIZE EXCLUSION CHROMATOGRAPHY (SEC). A HiLoad 16/60 Superdex200 pg column was
equilibrated with 2 CVs buffer C prior to injecting the relevant IMAC elution fractions. An isocratic
elution over 1 CV was used to remove the remaining contaminants based on their molecular size.
Relevant elution fractions were again subjected to SDS-PAGE analysis, as described in section 4.2.6.
HEPARIN AFFINITY CHROMATOGRAPHY (HAC). This last purification step had two purposes:
i) it is used as a polishing step to remove the last remaining contaminants, and ii) it selects for functional
and therefore biological relevant protein since heparin is a structural analog of HS-HSPGs. A 1 mL
HiTRAP HP column was equilibrated with 5 CVs wash buffer (buffer C) prior to loading the relevant
SEC fractions with a peristaltic pump at 0.2 mL/min and 4°C. Subsequently, the column was washed
with 5 CVs wash buffer, after which the target protein was eluted via a gradient elution from 0 to 100%
elution buffer (buffer D) over 40 CVs. Relevant HAC fractions were again analyzed by SDS-PAGE and
WB, as described in section 4.2.6. Fractions containing the target protein were pooled and their
concentration was determined by UV spectrophotometry. Aliquots of 250 µL were made and stored at
4°C or -20°C (after flash freezing in liquid nitrogen) until further use.
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4.2.5

Pull-down assays

Multiple pull-downs were performed with PfaCSPFL and PbeCSPFL (as baits), and HepG2 and Hepa1-6
(as sources of importin-α proteins), using the QuickPick IMAC kit. Reaction mixtures of 0.5 mL were
prepared by adding 25 µg CSP to 2X concentrated cell lysate and interaction was allowed for 2 h at
room temperature. Two negative controls were incorporated by adding i) no CSP or ii) a non-relevant
Nanobody instead of CSP, to the lysates. For each reaction, 100 µL magnetic beads was transferred to
a microcentrifuge tube and activated by incubation in 400 µL regeneration buffer for 10 minutes.
Subsequently, the beads were equilibrated in 400 µL wash buffer 1 and added to the reaction mixture.
Capture of the his-tagged CSP by the beads was allowed for 30 minutes, after which the beads were
washed in 400 µL wash buffer 2 for 2 minutes. Finally, proteins were eluted from the beads by
incubation in 30 µL elution buffer for 10 minutes. The beads were discarded and all assay samples
(reaction mixture or flow-through, wash fractions and elution fraction) were prepared for SDS-PAGE
and WB by adding the appropriate amount of 4x sample buffer and boiling them for 10 min.

4.2.6

SDS-PAGE and Western blot

SDS-PAGE. For SDS-PAGE, 5 μL Precision plus protein dual color standard was loaded on 7.5% or
10% polyacrylamide gels as reference. Gels were run in 1x MES buffer for 40 - 60 min at 120 V. Protein
bands were visualized by Coomassie Brilliant Blue R-250 (CBB R-250) or CBB G-250 staining.
Background staining was removed with destaining solution or MQ, respectively.
WESTERN BLOT (WB). For WB, 7.5 μL protein marker was loaded on gel as reference. Proteins
were transferred to a 0.45 µm nitrocellulose membrane (Bio-Rad) via a wet transfer in transform buffer
for 1 h at 100 V and 250 mA. Residual binding sites were blocked ON in blocking buffer at 4°C while
shaking. Between every solution change, the membrane was washed three times with PBST. The
primary and secondary antibodies were mouse anti-His or mouse anti-importin-α and goat anti-mouse
(conjugated with HRP), resp. The Abs were 2000-fold (anti-importin-α) or 4000 to 5000-fold (anti-His
and anti-mouse) diluted in blocking buffer and incubated with the membrane for 1-2 h at room
temperature. Prior to development, the membrane was washed once more with PBS. Development was
performed with the Pierce CN/DAB Substrate Kit (anti-His WB) or SuperSignal West Femto Maximum
Sensitivity Substrate (anti-importin-α WB).
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5 RESULTS AND DISCUSSION
5.1 CELL CULTIVATION
The Hepa1-6 cells grew well and fast. In contrast, the HepG2 cells displayed some problems with
bacterial contamination and there was also a risk of Mycoplasma contamination, as observed in the past.
However, it is remarkable that only the HepG2 cells had issues with Mycoplasma contamination, while
Hepa1-6 cells did not. It is possible that the contamination originates from the supplier of those HepG2
cells. Given the fact that other cell cultures were not contaminated, it means that all the work, after
handling the HepG2 cells, was done aseptically. Another possibility is that the HepG2 cells may be more
susceptible to Mycoplasma (60). Nonetheless, for researching the interaction between importin proteins
and CSP, Mycoplasma contamination would not be as big of an issue regarding the outcome. On top of
that, Mycoplasma contamination was solved by disinfecting the laboratories and attaining a new cell
line.
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5.2 IMPORTIN-α PROTEINS CAN BE DETECTED IN HEPATOCYTE LYSATES
One of the key factors of this research is to detect importin-α proteins in human and murine hepatocyte
lysates. A commercial monoclonal anti-importin-α antibody was assessed in its ability to detect
members of the importin-α protein family in hepatocyte cell lysates via a western blot (WB) assay.
Different concentrations of lysates were tested to determine optimal detection conditions for the planned
pull-down experiments. Single protein bands with a molecular mass typical for importin-α proteins (53
to 60 kDa) are detected in both lysates at all concentrations (Figure 5.1). This demonstrates that the
antibody can detect members of the importin-α protein family in both Hepa1-6 (murine-origin) and
HepG2 (human-origin) cell lysates. The signals in the lysates concentrated 5-fold or more (indicated by
5X and 10X in Figure 5.1) are blurry, probably due to oversaturation. Since the most abundant and clear
signals were measured for the 2X concentrated lysates, this concentration was used as starting point for
the pull-down experiments.

Figure 5.1 IMPORTIN-α PROTEINS ARE DETECTED IN BOTH THE HEPA1-6 AND HEPG2
LYSATES. Abbreviation: M = reference marker.

27

CHAPTER V
5.3 PROTEIN PRODUCTION
For the visualization of the progress of recombinant PfaCSPFL and PbeCSPFL production in E. coli,
culture samples were collected at different time points and analyzed by SDS-PAGE and WB (Figure
5.2). This confirms the successful recombinant production of PfaCSPFL and PbeCSPFL in a bacterial
system. The theoretical molecular masses (MM) of PfaCSPFL and PbeCSPFL based on their primary
sequences are 40.996 kDa and 33.388 kDa, respectively. However, the proteins display higher
electrophoretic mobilities which are consistent with observation made both in-house (R. Geens,
unpublished results) and by other groups and may be explained by CSP’s intrinsic disordered protein
(IDP)-like properties (38, 61, 62) . As expected, no target proteins are observed in the samples before
induction (BI), but only after inducing gene expression with IPTG from where the concentration
increases over time.

Figure 5.2 RECOMBINANT PRODUCTION OF PfaCSPFL AND PbeCSPFL. Culture samples before-induction
(BI), 2 h and 4 h post-induction (2h and 4h), and after overnight incubation (ON) were analyzed by (A) WB with
an anti-His primary antibody and (B) SDS-PAGE (Coomassie Brilliant Blue (CBB)). 2.5 µg of a His-tagged
Nanobody was used as positive control (+).
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5.4 PROTEIN PURIFICATION
5.4.1

Cell lysis: the detection of PfaCSPFL and PbeCSPFL in the lysates

Several lysis conditions were tested to optimize cell lysis of E. coli containing the recombinantly
produced target proteins in their cytoplasm. In the case of PfaCSPFL, four different lysis conditions were
tested in which two sonication protocols were compared with and without pre-incubation with lysozyme.
WB shows that all conditions result in soluble target protein, but none yields significantly higher
amounts compared to the others (Figure 5.3A). For PbeCSPFL, only two lysis conditions were compared
using the same sonication protocol with and without lysozyme. Here the amount of target protein present
in the insoluble and soluble fractions was also compared by maintaining equal volumes. Although some
target protein can be observed in the insoluble fractions, the major part is soluble (Figure 5.3B). No
significant differences can be observed between the lysis conditions based on the WB analysis.

Figure 5.3 COMPARISON OF CELL LYSIS CONDITIONS FOR E. Coli CONTAINING (A) PfaCSPFL
AND (B) PbeCSPFL BY WESTERN BLOTTING. Abbreviations: CP = cell pellet (insoluble fraction), CL = cell
lysate (soluble fraction).

5.4.2

Purification of PfaCSPFL

PfaCSPFL is purified by a three-step protocol comprising immobilized metal affinity chromatography
(IMAC) and size exclusion chromatography (SEC) to remove the bulk of contaminants, and heparin
affinity chromatography (HAC) as a last polishing step. The HAC also serves a second function as it
selects for functional (and thus biologically relevant) proteins since heparin is structural analogue of
liver HS-HSPGs, CSP’s natural binding partner.
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As observed from the IMAC elution profile, two peaks emerge starting from 10% elution buffer. SDSPAGE and WB analyses show that PfaCSPFL is mainly present in fractions 4 to 15. These fractions
correspond to the first peak of the elution profile (grey arrow in Figure 5.4A). The remaining
contaminants were removed by SEC. The SEC chromatogram displays one large peak which eluted at
approximately 65 mL and SDS-PAGE reveals that it mainly contains PfaCSPFL, together with some
smaller impurities (Figure 5.4B). The last impurities were removed for the most part by the final
purification step, HAC. The HAC elution profile of PfaCSPFL typically displays a landscape of elution
peaks as can also be observed in the chromatogram (Figure 5.4C). SDS-PAGE and WB analyses show
that most PfaCSPFL is biological relevant since it binds to heparin and eluted between 155 and 365 mM
NaCl, which is consistent with previous reports in the literature (39). Some minor contaminants around
25 kDa are still present, however, the final purity of PfaCSPFL is sufficient for the pull-down assays.
The recombinant production and purification of PfaCSPFL yielded 1.51 mg per liter of bacterial culture
and aliquots at 0.5 mg/mL were prepared.
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Figure 5.4 PURIFICATION OF PfaCSPFL. (A) IMAC purification: fractions were selected for analysis based
on the chromatogram (purple curve) with elution buffer B (grey curve): flow-through (green arrow), wash
(orange arrow), elution peak harboring most PfaCSPFL (grey arrow). (B) SEC purification: fractions were chosen
for analysis based on the elution profile (purple curve). (C) HAC purification: fractions were selected for
analysis based on the elution profile (purple curve) with elution buffer D (grey curve): flow-through (green
arrow), wash (orange arrow), elution fractions containing most PfaCSPFL (grey arrow). The SDS-PAGEs were
performed with CBB. Abbreviations: M = reference marker, FT = flow-through, W = wash, E = elution, (+) =
positive control.
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5.4.3

Purification of PbeCSPFL

PbeCSPFL is purified through the same protocol as PfaCSPFL and the results obtained are very similar.
In the IMAC elution profile, a peak can be observed starting from 5% buffer. The target protein is mainly
present in fractions 11 till 20. Those fractions correspond with the peak (grey arrow) in the elution
profile (Figure 5.5A). The SEC chromatogram reveals different peaks, and the elution starts from
approximately 50 mL (Figure 5.5B). Elution fractions 9 till 21 contain the most target protein,
corresponding to the first two peaks (grey arrow) in the elution profile. The remaining and last
contaminants were mostly removed by HAC. PbeCSPFL is biologically relevant and eluted between 140
and 420 mM NaCl and the final purity of PbeCSPFL is sufficient for the pull-down assays (Figure 5.5C).
Finally, the recombinant production and purification of PbeCSPFL yielded 2.15 mg per liter of bacterial
culture and aliquots at 0.5 mg/mL were prepared.
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Figure 5.5 PURIFICATION OF PbeCSPFL. (A) IMAC purification: fractions were chosen for analysis based on
the elution profile (purple curve), elution buffer A (grey curve), fractions that contained the most PbeCSPFL (grey
arrow), wash (orange arrow), flow-through (green arrow) (B) SEC purification: fractions were chosen for analysis
based on the elution profile (purple curve), fractions that contained the most PbeCSPFL (grey arrow). (C) HAC
purification: fractions were chosen for analysis based on the elution profile (purple curve), elution buffer D (grey
curve), fractions that contained the most PbeCSPFL (grey arrow), wash (orange arrow), flow-through (green
arrow). The SDS-PAGEs were performed with CBB. Abbreviations: M = reference marker FT = flow-through, W
= wash, E = elution, (+) = positive control.
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5.5 PERFORMING PULL-DOWN ASSAYS AS THE LAST STEP
For the detection of a possible interaction between the CSP and members of the importin-α protein
family, several pull-down assays were performed. The lysates of two hepatocyte cell-lines were used as
sources of importin-α proteins (“prey”): HepG2 (human-derived) and Hepa1-6 (murine-derived).
Recombinant PfaCSPFL and PbeCSPFL (“bait”) were added to the hepatocyte lysates to investigate
whether an interaction partner would bind (“catching prey”). Nickel-coated magnetic beads were
subsequently used as affinity ligand to capture the hexahistidine-tagged CSPs. The various fractions
obtained during the assay were analyzed by SDS-PAGE and WB. In the next sections, the optimization
and results of the pull-downs will be discussed.

5.5.1

The first round of pull-down assays

During the first pull-down assays, the interactions between PfaCSPFL and PbeCSPFL with Hepa1-6 and
HepG2 importin-α proteins were tested.
SDS-PAGE and anti-His WB show that both PfaCSPFL and PbeCSPFL are present in the elution, while
little is left in the wash and flow-through (Figure 5.6A and Supplementary figure S1). This demonstrates
that the experimental set-up is valid since the antigen capturing by and the subsequent elution from the
affinity ligand was successful. The small amounts of CSP in the flow-through and wash fraction indicate
that not all CSP could bind to the beads. This may be explained by the limited capture capacity of the
beads and the relatively high amount of CSP used during the pull-downs. On top of that, the signals of
the anti-His WB look cluttered because of oversaturation due to the combination of the high amount of
CSP and the use of an extremely sensitive substrate.
Based on the anti-importin-α WB, only importin-α proteins from the Hepa1-6 lysates have possibly
interacted with PfaCSPFL and PbeCSPFL (Figure 5.6B). However, the signals are rather weak, especially
in the case of the pull-down with PbeCSPFL. It should be noted that these first pull-downs with PbeCSPFL
were performed with a mix of the two lysates due to a manual error. Furthermore, only the Hepa1-6
positive control shows a signal, in contrast to the HepG2 control (Figure 5.6B). This means that even if
there is an interaction between those HepG2 importin-α proteins and the CSP, it cannot be detected.
This is a strange outcome since importin-α proteins were detected in both the Hepa1-6 and HepG2
lysates and most human and mouse homologs display a high sequence identity (Figure 5.1 and
Supplementary table S1).
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A possible explanation might be that more sample should be loaded for anti-importin-α WB. Another
possibility is that this problem may lie in the different batches, because there were originally two batches
from both the Hepa1-6 and HepG2 lysates. This is especially the case for the HepG2 lysates, since one
batch contained freshly cultivated cells, while the other contained frozen pellets. One of those frozen
pellets was stored at -80°C for a long time, which may have an impact on the structural integrity of the
importin-α proteins. To examine whether there is a difference between those batches, an additional WB
was performed. However, the WB demonstrated that there are no significant differences in the detection
of importin-α proteins between the batches (Supplementary figure S2).

Figure 5.6 FIRST ROUND OF PULL-DOWN ASSAYS. (A) SDS-PAGE with oriole staining. (B) Antiimportin-α WB. Abbreviations: M = reference marker, FT = flow-through, W = wash, E = elution, (+) = positive
control.

5.5.2

The second round of pull-down assays

To optimize the assay, 35 µL of the samples was loaded (instead of 15 µL) for analysis. Therefore, three
pull-down assays were performed in parallel (one for each analysis: SDS-PAGE, anti-His WB and antiimportin-α WB). Moreover, to obtain stronger signals for the elution fractions in the anti-importin-α
WB, 30 µL elution fraction with 10 µL sample buffer was used instead of 30 µL of both elution fraction
and sample buffer. The HepG2 lysates were concentrated 5X (instead of 2X).
For the PbeCSPFL-Hepa1-6 pull down, there are clearly importin-α proteins present in the elution, but
also in the flow-through and some were also left behind in the wash fraction, which may suggest that
the PbeCSPFL – importin-α interaction displays a low affinity (Figure 5.7A). With regards to the
PbeCSPFL-HepG2 pull-down, the HepG2 positive control now shows a signal, which was not the case
before (Figure 5.6B and Figure 5.7B). Some importin-α proteins were left behind in the flow-through,
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while little reached the elution (Figure 5.7B). But once again the results for HepG2 are not clear enough
even though the lysate was concentrated 5X and more sample was loaded for analysis. For the PfaCSPFLHepa1-6 pull-down, the WB results show that there are importin-α proteins in the elution fraction. This
may imply an interaction with the Hepa1-6 importin-α proteins and PfaCSPFL. But this was not the case
with HepG2 importin-α proteins. The HepG2 positive control does not show a signal (Figure 5.7C). It
should be noted that the pull-downs with PbeCSPFL and PfaCSPFL were executed separately as were the
concentrations of the lysates.
The problem with the HepG2 importin-α proteins is still present. This resulted in the preparation of a
third batch of HepG2 lysates. However, no importins were detected, hence the fresh HepG2 lysates
could not be used for the pull-down assays. It was observed that HepG2 cells were more difficult to
work with than Hepa1-6 cells. Only Hepa1-6 lysates were used during the next assays.

Figure 5.7 SECOND ROUND OF PULL-DOWN ASSAYS: HEPA1-6 IMPORTIN-α PROTEINS SHOW
AN INTERACTION WITH PbeCSPFL AND PfaCSPFL. Anti-importin-α WBs of (A) the PbeCSPFL-Hepa1-6
pull-down, (B) the PbeCSPFL-HepG2 pull down, and (C) the PfaCSPFL pull-downs with Hepa1-6 and HepG2
lysates. Abbreviations: M = reference marker, FT = flow-through, W = wash, E = elution, (+) = positive control.
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5.5.3

The third round of pull-down assays

This time, assays with only magnetic beads (MBs) and a non-relevant hexahistidine-tagged nanobody
(Nb), instead of PfaCSPFL or PbeCSPFL, were included as negative controls. On top of that, 7.5% gels
(instead of 10%) were used for the analysis of the pull-downs with PfaCSPFL and PbeCSPFL, such to
increase the separation of proteins between 50 and 75 kDa. Moreover, an additional washing step (W2)
was added to ensure that as little impurities as possible would be transferred to the elution.
It is expected to detect CSP and importin-α proteins in the elution fraction to conclude that there is an
interaction. Indeed, for the PbeCSPFL as for the PfaCSPFL pull-downs, the importin-α proteins and CSP
are both present in the elution fraction (Figure 5.8A-B and Supplementary figure S5 ). In case of the
importin-α proteins, a considerable amount stayed behind in the flow-through as well. Altogether, these
results are in agreement with those of the second round of pull-down assays and it may indicate that an
interaction took place.
For the samples containing only magnetic beads and importin-α proteins, it is expected that only the
anti-importin-α WB shows a signal in the flow-through sample. However, no signal is observed in any
of the fractions (Figure 5.8C). This may indicate that importin-α proteins bind non-selectively to the
beads, because the bounded importin-α proteins were discarded with the beads.
A non-relevant Nb was used as another control to make sure that the pull-down assays are valid. The
Nb is not expected to interact with importin-α proteins, meaning that the importins should stay behind
in the flow-through, while the Nb is transferred to the elution fraction. But the anti-importin-α WB
shows no signal, not even in the flow-through (Figure 5.8F). In the elution fraction on the anti-His WB
and the SDS-PAGE, Nbs can indeed be detected (Figure 5.8G-H). This once again possibly shows that
the hypothesis of non-selective binding may be true. However, to test whether this hypothesis of nonselective binding is true, another round of pull-down assay could be performed in the future.
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Figure 5.8 THIRD ROUND OF PULL-DOWN ASSAYS: HEPA1-6 IMPORTIN-α PROTEINS SHOW AN
INTERACTION WITH PbeCSPFL. (A) Anti-importin-α WB (PbeCSPFL). (B) Anti-importin-α WB (PfaCSPFL).
(C-E) Magnetic beads as sample: (C) anti-importin-α WB, (D) anti-His WB, and (E) SDS-PAGE (CBB). (F-H)
Nanobodies as sample: (F) anti-importin-α WB, (G) anti-His WB, and (H) SDS-PAGE (CBB staining).
Abbreviations: MB = magnetic bead, Nb = nanobody, M = protein marker, FT = flow-through, W = wash, E =
elution, (+) = positive control.
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CONCLUSION
During this thesis, an attempt was made to validate the interaction between PbeCSPFL and members of
the importin-α protein family and to investigate whether a similar interaction exists for PfaCSPFL.
PbeCSPFL and PfaCSPFL were successfully recombinantly produced in E. coli SHuffleÒ T7 Express and
purified by various chromatographic techniques. Hepa1-6 (murine hepatocyte cell-line) and HepG2
(human hepatocyte cell-line) cells were cultivated, and lysates were prepared to serve as sources of
importin-α proteins.
Importin-α proteins were detected in the cultivated hepatocyte lysates at different concentrations through
WB with a monoclonal anti-importin-α primary antibody. The clearest signal was observed in lysates
that were concentrated two times for both cell types. This was used as starting point for the pull-downs.
The obtained results indicate a possible interaction of both PfaCSPFL and PbeCSPFL with murine
importin-α proteins. However, it cannot be excluded that the importin-α proteins interact nonspecifically with the beads. For the HepG2 importin proteins, the results are not clear but based on the
second round of pull-downs there is a possible interaction with PbeCSPFL. PfaCSPFL was not observed
to interact with HepG2 importins. But, because there were not that many pull-downs performed with
HepG2 lysates (due to some issues with the lysates), the conclusion is incomplete. To have a better view,
more pull-down assay with HepG2 still must be performed. Since it was observed that HepG2 cells
could be problematic, the cultivation and processing of the lysates should be optimized.
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Despite performing third rounds of pull-downs and optimizing every round, no unambiguous evidence
of the interaction between importin-α proteins and CSP could be formed and further investigation is
required to unequivocally demonstrate an interaction (or non-interaction).

40

CHAPTER VII

CHAPTER VII

7

ANDERSTALIGE SAMENVATTING
Malaria is één van de vier dodelijkste infectieziekten en wordt overgebracht door de vrouwelijke
Anopheles mug. Deze aandoening wordt veroorzaakt door parasieten van het Plasmodium genus. De
levenscyclus begint met de aanwezigheid van sporozoïeten (SPZn) in de bloedbaan van de menselijke
gastheer als gevolg van een beet van een geïnfecteerde mug. Deze SPZn kunnen vervolgens de
levercellen bereiken en deze binnendringen met behulp van de interactie tussen hun belangrijkste
oppervlakte-eiwit, het circumsporozoïet proteïne (CSP), en hoog-gesulfateerde heparaansulfaatgroepen
op de levercellen. Eenmaal in de levercel, wordt verondersteld dat CSP in het cytoplasma terechtkomt
en het transport van de transcriptiefactoren naar de celkern verhindert. Op deze manier zou het
immuunsysteem van de levercel mogelijk onderdrukt worden en de overleving van de parasiet bevorderd
worden. Pas wanneer de parasiet de bloedfase bereikt, is er sprake van ziekteverschijnselen zoals de
kenmerkende koortsaanvallen. Het is van belang dat malaria goed en op tijd wordt behandeld om verdere
complicaties te voorkomen. Als behandeling kan er gebruik gemaakt worden van chloroquine- en
artemisine-gebaseerde therapieën. De stijgende resistentie tegen deze behandelingen is echter een
stimulans voor het vinden van nieuwe middelen.
Het doel van deze thesis was om te onderzoeken of er een interactie plaatsvindt tussen de importine-α
eiwitten en het CSP van zowel P. falciparum als P. berghei. Om dit te bereiken werden PfaCSPFL en
PbeCSPFL recombinant geproduceerd in E. coli en opgezuiverd via chromatografische methoden. Voor
het verkrijgen van de importine-α eiwitten van zowel menselijke als murine oorsprong, werden
respectievelijk HepG2 en Hepa1-6 cellen gecultiveerd. Tenslotte werden pull-down assays uitgevoerd
om de mogelijke interactie tussen CSP en importine-α eiwitten te onderzoeken
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PERSPECTIVES
Although the pull-downs hint at a possible interaction between importin-α proteins and CSP, we were
unable to provide unambiguous evidence to support the hypothesis. More clarity can be gained by further
optimizing the pull-down assays or using other protein detection analyses. Because there were a lot of
problems with HepG2 cells, it may also be interesting to recombinantly produce the importin-α proteins
instead of cultivating liver cells. Since it seems that the CSP-importin-α interaction may display a low
affinity, a label transfer interaction analysis could be a better option (63).
To further optimize the pull-down assays, it can be interesting to differentiate the importin-α proteins
into importin-α1, 3, 4, 5, 6 and 7. This way, interaction can be measured with the different importin-α
proteins.
On top of this, performing further pull-down assays may give out some clearness about the theory of
possible non-selective binding of importin-α proteins with the magnetic beads (MBs). To realize this, a
buffer that breaks the interaction between the MBs and the nickel (“stripping”) can be added. If
importin-α proteins are bound non-selectively to the MBs, then it is expected to detect a signal in the
stripping fraction.
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SUMMARY
Malaria is one of the ‘Big Four’ deadliest human-infectious disease and is transmitted by the female
Anopheles mosquito. This disease is caused by parasites from the Plasmodium genus. The lifecycle starts
with the presence of sporozoites (SPZn) in the bloodstream of the human host as a result of a bite from
an infected mosquito. These SPZn can then reach and enter the liver cells through the interaction
between one of their major surface proteins, the circumsporozoite protein (CSP), and the highly sulfated
heparan sulfate proteoglycans on the liver cells. It is speculated that, once inside the liver cell, CSP can
enter the cytoplasm and possibly prevent the transport of some transcription factors to the nucleus of the
liver cell. This may result in the dampening of the inflammatory responses and thus promote the survival
of the parasite. Once the parasite reaches the blood phase, symptoms such as the characteristic fever
attacks can occur. It is important that malaria is treated properly and on time to prevent further
complications. Chloroquine- and artemisin-based therapies can be used as treatment. However, the
increasing resistance against these treatments is a motive to find new ways to combat or treat malaria.
The aim of this thesis was to investigate whether there is an interaction between the importin-α proteins
and the CSP of both P. falciparum and P. berghei. To achieve this, PfaCSPFL and PbeCSPFL were
recombinantly produced using E. coli cells and purified using chromatographic techniques. To obtain
both human and murine importin-α proteins, respectively HepG2 and Hepa1-6 cells were cultivated.
Finally, pull-down assays were performed to investigate whether there is a possible interaction between
CSP and importin-α proteins.
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APPENDIX

SUPPLEMENTARY MATERIALS

Supplementary figure S1 FIRST ROUND OF PULL-DOWN ASSAYS. Anti-importin-α western blot.
Abbreviations: M = reference marker, FT = flow-through, W = wash, E = elution.
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Supplementary table S1 THE SEQUENCE IDENTITY OF HUMAN AND MOUSE IMPORTIN-α3
PROTEINS. (Sequences reprinted from UniProt: O35343 and O00629)

IMPORTIN SUBUNIT α-3
Homo sapiens

Mus musculus

(human)

(mouse)
AMINO ACID SEQUENCES

MADNEKLDNQRLKNFKNKGRDLETMRRQ
RNEVVVELRKNKRDEHLLKRRNVPHEDIC
EDSDIDGDYRVQNTSLEAIVQNASSDNQGI
QLSAVQAARKLLSSDRNPPIDDLIKSGILPIL
VHCLERDDNPSLQFEAAWALTNIASGTSE
QTQAVVQSNAVPLFLRLLHSPHQNVCEQA
VWALGNIIGDGPQCRDYVISLGVVKPLLSF
ISPSIPITFLRNVTWVMVNLCRHKDPPPPME
TIQEILPALCVLIHHTDVNILVDTVWALSYL
TDAGNEQIQMVIDSGIVPHLVPLLSHQEVK
VQTAALRAVGNIVTGTDEQTQVVLNCDAL
SHFPALLTHPKEKINKEAVWFLSNITAGNQ
QQVQAVIDANLVPMIIHLLDKGDFGTQKE
AAWAISNLTISGRKDQVAYLIQQNVIPPFC
NLLTVKDAQVVQVVLDGLSNILKMAEDE
AETIGNLIEECGGLEKIEQLQNHENEDIYKL
AYEIIDQFFSSDDIDEDPSLVPEAIQGGTFGF
NSSANVPTEGFQF

MADNEKLDNQRLKNFKNKGRDLETMRRQ
RNEVVVELRKNKRDEHLLKRRNVPQEDIC
EDSDIDGDYRVQNTSLEAIVQNASSDNQGI
QLSAVQAARKLLSSDRNPPIDDLIKSGILPIL
VHCLERDDNPSLQFEAAWALTNIASGTSE
QTQAVVQSNAVPLFLRLLHSPHQNVCEQA
VWALGNIIGDGPQCRDYVISLGVVKPLLSF
ISPSIPITFLRNVTWVMVNLCRHKDPPPPME
TIQEILPALCVLIHHTDVNILVDTVWALSYL
TDAGNEQIQMVIDSGIVPHLVPLLSHQEVK
VQTAALRAVGNIVTGTDEQTQVVLNCDAL
SHFPALLTHPKEKINKEAVWFLSNITAGNQ
QQVQAVIDANLVPMIIHLLDKGDFGTQKE
AAWAISNLTISGRKDQVAYLIQQNVIPPFC
NLLTVKDAQVVQVVLDGLSNILKMAEDQ
AETIANLIEECGGLEKIEQLQNHENEDIYKL
AYEIIDQFFSSDDIDEDPSLVPESVQGGTFG
FNSSTNVPTEGFQF

SEQUENCE SIMILARITY
98.8% identity in 521 residues overlap
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Supplementary figure S2 IMPORTIN-α PROTEINS ARE DETECTED IN HEPG2 LYSATES. Abbreviation:
M = reference marker.
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Supplementary figure S3 PURIFICATION OF CSP. (A) IMAC purification: anti-His WB (PfaCSPFL). (B) HAC
purification: anti-His WB (PfaCSPFL). (C) IMAC purification: anti-His WB (PbeCSPFL). (D) HAC purification:
anti-His WB (PbeCSPFL). Abbreviations: M = reference marker, FT = flow-through, W = wash, E = elution, (+) =
positive control.

51

Supplementary figure S4 THE SECOND PULL-DOWN ASSAY WITH PbeCSPFL. (A) Anti-His WB. (B) SDSPAGE with CBB staining. Abbreviations: M = reference marker, FT = flow-through, W = wash, E = elution, (+)
= positive control.

Supplementary figure S5 THE THIRD PULL-DOWN ASSAY. (A) PbeCSPFL: anti-His WB. (B) PfaCSPFL:
anti-His WB. Abbreviations: M = reference marker, FT = flow-through, W = wash, E = elution, (+) = positive
control.
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