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Sammanfattning 
Abstract 

Protein science gives important tools for designing efficient pharmaceuticals with specific target molecules. Calmodulin (CaM) is an essential 
protein existing in most species. In humans and the parasite Plasmodium falciparum the sequence differs in a few amino acids. Since the pandemic 
disease malaria is caused by P.falciparum, differences between human CaM and P.falciparum CaM is of interest for specific inhibition of CaM in 
P.falciparum. In this project, differences in affinity and stability for the C-lobe of CaM (CaMC) in both human and P.falciparum was studied as a 
result of ligand binding and differences in thermal- and chemical stability. Furthermore, the secondary structure was examined by circular dichroism 
spectroscopy (CD). The stability differences between human CaMC and P.falciparum CaMC was examined by using CD and fluorescence 
spectroscopy. Fluorescence spectroscopy was also used when examining ligand binding with Trifluoperazine (TFP), 8-Anilinonaphthalene-1-
sulfonic acid (ANS) and Artemisinin (ART). Both human CaMC and P.falciparum CaMC contains two tyrosines in their primary structure, which 
along with ANS was used as fluorophores when practising fluorescence spectroscopy. Human CaMC and P.falciparum CaMC were compared at 
different levels of structure and ligand docking by modelling. Modelling with PyMOL and sequence alignment with protein BLAST showed that the 
structures of CaMC in human and CaMC in P.falciparum are similar, however, the primary structure differs at eleven positions whereof three of them 
are considered to be significant. Along with these differences in the primary structure there are other structural differences such as conformational 
openness, the area of the hydrophobic cleft and the structure of the reactive loops. The structural analysis performed by CD consolidates that CaMC 
have a similar secondary structure in human and P.falciparum. The results from the thermal and chemical stability analysis shows that both 
P.falciparum CaMC and human CaMC have stable structures. The fluorescence measurements of binding TFP to CaMC implies a higher binding 
affinity to human CaMC than P.falciparum CaMC. Moreover, further fluorescence measurements indicate a binding of ART to P.falciparum CaMC. 
To gain a better understanding of both P.falciparum CaMC and human CaMC it would be of interest to investigate more specific ligands bound to the 
structures i.e. derivates of TFP and ART with lower Kd than the original TFP and ART; how they affect the stability, the structure and the activity of 
the C-lobe. This knowledge could be helpful in the development of malaria treatments.  
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Abstract 
Protein science gives important tools for designing efficient pharmaceuticals with specific 
target molecules. Calmodulin (CaM) is an essential protein existing in most species. In 
humans and the parasite Plasmodium falciparum the sequence differs in a few amino acids. 
Since the pandemic disease malaria is caused by P.falciparum, differences between human 
CaM and P.falciparum CaM is of interest for specific inhibition of CaM in P.falciparum.  
 
In this project, differences in affinity and stability for the C-lobe of CaM (CaMC) in both 
human and P.falciparum was studied as a result of ligand binding and differences in thermal- 
and chemical stability. Furthermore, the secondary structure was examined by circular 
dichroism spectroscopy (CD). The stability differences between human CaMC and 
P.falciparum CaMC was examined by using CD and fluorescence spectroscopy. Fluorescence 
spectroscopy was also used when examining ligand binding with Trifluoperazine (TFP), 8-
Anilinonaphthalene-1-sulfonic acid (ANS) and Artemisinin (ART). Both human CaMC and 
P.falciparum CaMC contains two tyrosines in their primary structure, which along with ANS 
was used as fluorophores when practising fluorescence spectroscopy. Human CaMC and 
P.falciparum CaMC were compared at different levels of structure and ligand docking by 
modelling. 
 
Modelling with PyMOL and sequence alignment with protein BLAST showed that the 
structures of CaMC in human and CaMC in P.falciparum are similar, however, the primary 
structure differs at eleven positions whereof three of them are considered to be significant. 
Along with these differences in the primary structure there are other structural differences 
such as conformational openness, the area of the hydrophobic cleft and the structure of the 
reactive loops. The structural analysis performed by CD consolidates that CaMC have a 
similar secondary structure in human and P.falciparum. The results from the thermal and 
chemical stability analysis shows that both P.falciparum CaMC and human CaMC have stable 
structures. The fluorescence measurements of binding TFP to CaMC implies a higher binding 
affinity to human CaMC than P.falciparum CaMC. Moreover, further fluorescence 
measurements indicate a binding of ART to P.falciparum CaMC. 
 
To gain a better understanding of both P.falciparum CaMC and human CaMC it would be of 
interest to investigate more specific ligands bound to the structures i.e. derivates of TFP and 
ART with lower Kd than the original TFP and ART; how they affect the stability, the structure 
and the activity of the C-lobe. This knowledge could be helpful in the development of malaria 
treatments.  
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Acronyms and abbreviations 
 
∆GH20  Gibbs free energy in water 
ANS  8-anilino-1-naphthalenesulphonic acid 
ART  Artemisinin 
Autodock4.2  Software tool for ligand docking 
BLAST  Basic local alignment search tool 
Ca2+  Calcium ion 
CaM  Calmodulin 
CaMC  C-lobe of calmodulin 
CD  Circular dichroism 
CDpal  A tool used to analyse protein thermal and chemical stability 
Cm  Chemical melting point 
CV  Column volume 
Dichroweb  A tool used to analyse secondary structure and CD data. 
E.coli  Escherichia coli 
EtOH  Ethanol 
GF  Gel filtration 
GraphPad Prism 7 A tool for curve fitting and scientific graphing 
GuHCl  Guanidinium hydrochloride 
HSQC-NMR Hetero singular quantum correlation nuclear magnetic resonance 
IEC  Ion-exchange chromatography 
IPTG  Isopropyl-β-D-thiogalactopyranoside 
ITC  Isothermal titration calorimetry 
Kd  Dissociation constant 
NMR  Nuclear magnetic resonance 
P.falciparum  Plasmodium falciparum 
PDB  Protein data bank 
pI  Isoelectric point 
PyMOL  A molecular visualization and modelling system  
RMS   Root mean square  
SDS-PAGE  Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
SEC  Size exclusion chromatography 
TFP  Trifluoperazine 
Tm  Thermal melting point 
WBS  Work breakdown structure 
WL-scan  Wavelength-scan 
X-ray  X-radiation 
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1. Introduction 

1.1 Aim 
The aim of this project is to examine the C-lobe of calmodulin (CaMC) extracted from the 
malaria parasite Plasmodium falciparum and compare it to human CaMC. Before the analysis, 
P.falciparum CaMC is produced, expressed and purified from the bacteria Escherichia coli. 
CaM is involved in cellular signal transduction and is vital for P.falciparum [1], therefore it 
could be a potential target molecule for drugs against malaria. Success in inhibition of CaM 
from P.falciparum could result in novel drugs for treatment of malaria. This study is 
performed by examine differences in ligand binding and in thermal- and chemical stability of 
P.falciparum CaMC and human CaMC. 
 
The stability differences in human CaMC and P.falciparum CaMC will be examined by using 
circular dichroism (CD) and fluorescence spectroscopy. Fluorescence spectroscopy will also 
be used when examining ligand binding. One of the ligands in the study Trifluoperazine 
(TFP), is interesting to examine since it is known to bind and consequently inhibit CaM in 
humans [2]. The aim is also to examine if TFP interacts with CaMC from P.falciparum and if 
there is a difference in the dissociation constants when TFP binds to P.falciparum CaMC and 
human CaMC respectively. Another ligand that will be studied is Artemisinin (ART), it is 
together with its derivatives one of the most effective drugs against P.falciparum malaria [3]. 
There are only a few available studies of the binding between human CaM and ART, but 
CaM from P.falciparum could be a possible target molecule for ART. 8-Anilinonaphthalene-
1-sulfonic acid (ANS) is a fluorescent ligand which will be used in fluorescence studies 
concerning ligand binding and chemical stability. 

1.2 Background 

1.2.1 Malaria 

Malaria is a pandemic disease caused by parasites. In the year 2013 approximately 128 
million people were infected with malaria and the disease caused approximately half a million 
deaths, a majority of the fatalities occurred in the African region [3].  
 
Four species of the malaria parasite infects humans, one of them is P.falciparum which will 
be examined further in this project. P.falciparum is the parasite responsible for most deaths 
[4]. P.falciparum has a complex life cycle involving two hosts, a mosquito and a human [5]. 
The development of P.falciparum inside human erythrocytes is the main cause of 
malaria. During the infection of erythrocytes, P.falciparum resides in the erythrocytes vacuole 
and develops, leading to production of several merozoites. Upon release, merozoites will 
invade new fresh erythrocytes leading to an increased parasite level in the body causing 
malaria [6]. The symptoms of malaria can differ, fever and various severe forms of anaemia 
are common symptoms [4].  
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1.2.2 Calmodulin 

CaM is a protein with 148 amino acids, which consists of two lobes, one N-lobe and one C-
lobe. These lobes are bound together by a central linker, which gives CaM its flexible 
properties. The two lobes fold independently which makes it possible to study only one of the 
lobes [7]. Studies have shown that the C-lobe is more reactive, regarding binding of target 
molecules, compared to the N-lobe [8]. The independent folding and reactivity of the C-lobe 
makes it suitable for separate studies. A lobe consists of two EF-hand domains. Each EF-hand 
consists of two perpendicular alpha-helices connected with a twelve-residue loop. The 
residues 1, 3, 5, 7, 9 and 12 in each EF-hand are responsible for Ca2+-binding [9]. Upon 
binding of Ca2+ the orientation of the alpha-helices will change which results in a transition of 
CaM from a closed apo-form to an open holo-form. This change will expose a hydrophobic 
binding site, allowing CaM to bind its target proteins [10]. 
 
CaM is a primal intracellular Ca2+ sensor in eukaryotic cells and has an essential role in Ca2+-
mediated signal transduction [1]. The Ca2+-CaM complex activates many different processes 
in the body for instance inflammation, muscle contraction and apoptosis [9]. Dysfunctional 
CaM could cause severe damage due to its involvement in many important body functions. It 
could for instance disrupt the Ca2+ signalling transduction which affects the membrane ion 
channels and could cause arrhythmia [11]. 
 
There are few studies on CaM from P.falciparum, however, since it could be a target 
molecule for future drugs against malaria it would be essential to learn more about this 
protein. In this project only Ca2+ saturated CaMC from P.falciparum will be examined and 
compared to Ca2+ saturated human CaMC. E.coli will be used to express and produce CaMC 

from P.falciparum. P.falciparum CaMC will then be purified using different methods such as 
sonication, ion-exchange chromatography and size exclusion chromatography.  

1.2.3 Ligands 

TFP is a ligand which acts as an inhibitor of human CaM. When TFP interacts with the Ca2+-
CaM-complex a tertiary conformational change occurs. The structure changes from an 
elongated dumbbell shape with exposed hydrophobic regions on the surface to a compact 
globular shape which cannot interact with target molecule of CaM [2].  
 
ANS is a fluorescence probe which is used for characterizing binding sites and detect 
conformational changes of proteins [12]. Protein unfolding and conformational changes, due 
to ligand binding, often leads to increased exposure of hydrophobic parts. These changes in 
the environment can be detected by ANS and reveal a structural change [13].  

 
ART and its semi-synthetic derivatives are one of the most effective groups of drugs effective 
against P.falciparum malaria. Resistance against ART has been detected in five countries and 
in many areas P.falciparum has become resistant to most of the existing, available malaria 
medicines [3]. 
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1.2.4 Experiments 

To examine the secondary structure of CaMC from both P.falciparum and human, CD is used 
in the far-UV spectra. Examination of the secondary structure is performed to investigate if 
P.falciparum CaMC and human CaMC are properly folded. To obtain a value of the protein 
thermal melting point (Tm) a CD experiment will be performed at a wavelength specific for 
detecting secondary structure and with increasing temperature. From these experiments a 
comparison of P.falciparum CaMC and human CaMC can be performed. 
 
The stability of P.falciparum CaMC and human CaMC will also be examined with 
fluorescence spectroscopy with increasing concentration of denaturant, where ANS is used as 
a fluorophore. From this experiment a value of the chemical melting point (Cm) and the 
change in Gibbs free energy in water (∆GH20) will be received. Fluorescence spectroscopy 
will also be used to examine CaMC-ligand binding, where the tyrosines in the C-lobe will be 
used as a fluorophore. From this measurement a value of Kd can be received for CaMC-ligand 
interactions.  

1.2.5 Modelling 

The difference in primary, secondary and tertiary structure between human CaMC and 
P.falciparum CaMC will be examined by sequence alignment and modelling using protein 
BLAST [14]  and PyMOL [15]. Simulations of ligand binding with TFP, ANS and ART will 
be conducted with Autodock4.2 [16] and visualized in PyMOL [15]. 
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2. Theory 

2.1 Calmodulin 
CaM is a Ca2+-binding protein that regulates many cellular signalling pathways by binding to 
different protein targets. Most proteins cannot bind Ca2+, CaM is therefore essential and is 
used as a Ca2+ sensor and signal transducer [1]. CaM is a well-studied protein in humans, 
however, few studies of CaM functions in P.falciparum has been performed.  
 
Ca2+-CaM is involved in the signalling pathway of P.falciparum by activating protein kinase 
B-like enzyme. This may be important for the erythrocyte invasion which is an essential 
process for P.falciparum to spread. Experiments have been performed to block the function of 
upstream activators for instance CaM and phospholipase C, this resulted in decrease of the 
invasion of P.falciparum to erythrocytes. A control if the signalling pathway had an effect on 
the invasion by regulating protein kinase B was made. This was performed by developing 
inhibitors against protein kinase B. P.falciparums ability to invade erythrocytes were greatly 
reduced due to the inhibitors [6]. 
 
CaM is a conserved protein and is completely invariant among all vertebrates. In all 
eukaryotes the Ca2+ binding regions 1, 2, 3 and 4 in CaM are retained and has the highest 
internal homology. A study of calmodulin conservation of 470 orthologs of human, rat and 
mice shows that they have three non-identical CaM genes encoding identical CaM proteins. 
The mean percentage identity of the coding DNA sequence in these species are 85 % identical 
[17].  
 
CaM consists of two independent domains, one N-lobe and one C-lobe. The N-lobe refers to 
amino acids 1-75 in the primary sequence and the C-lobe refers to amino acid 76-148. The 
two lobes fold independently which makes it possible to study only one of the lobes [7]. The 
C-lobe of CaM could therefore be a suitable model in ligand studies. Studies have shown that 
the C-lobe is more reactive, regarding binding of target molecules, compared to the N-lobe 
[8]. In each lobe there are two EF-hand motifs, which has a helix-loop-helix motif, see Figure 
1. The motif consists of two alpha-helices that are bridged by a Ca2+-chelation loop. The 
motif almost always occurs in pairs. Upon binding to Ca2+ the motif changes and exposes 
hydrophobic side chains leading to a more favourable binding to target molecules, this state is 
called the holo-state. When the motif is in its closed state it is called apo-state [10]. There are 
four methionine residues in the hydrophobic cleft, located in position 109, 124, 144 and 145 
[18]. The side chains of the residues in the hydrophobic cleft have been shown to change the 
dynamics and flexibility when bound to a peptide target [19].  
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Figure 1: Human CaM with bound Ca2+. Visualized in PyMOL [15]. 

CaM binds Ca2+ through positive cooperativity which is caused by the flexibility of the EF-
loops. The apo-state allows different conformations and the affinity for Ca2+ is low compared 
to the holo-state. The backbone dynamics will change from the previous form with flexible 
loops to a more stable form which is more similar to the Ca2+ bound conformation. This leads 
to higher affinity for the second ion [10]. 
 
In human CaM there is an antiparallel beta-sheet between the two EF-hands in the binding 
loop. This beta-sheet is believed to have a role in the positive cooperativity. The Ca2+-binding 
sites are believed to communicate through the hydrogen bonds in the beta-sheet. The 
hydrogen bonds are more stable in the holo-state, however, both present in the apo- and the 
holo-state [10].  
 
The binding loop in the EF-hand consists of twelve amino acids of which the amino acids in 
position 1, 3, 5, 7, 9 and 12 contributes to Ca2+-binding. Each EF-hand binds one Ca2+ ion in 
its loop. The amino acid in position 1, 3 and 5 requires a carboxyl carbon in its side chain, the 
amino acid is either aspartic acid or asparagine. Ca2+ binds to the backbone carboxyl carbon 
in position seven, which enables any amino acid to occupy that position. The amino acid in 
position nine require an oxygen in its side chain, enabling binding to H2O which will bind to 
Ca2+. The most common amino acid in position twelve is glutamic acid [10].  

2.2 Ligands 

2.2.1 Trifluoperazine 

TFP is an anti-psychotic drug that is primarily used in treatment for schizophrenia, it is also 
used for treating patients with other anxiety disorders. The effect of TFP as a drug derives 
from its ability to block central dopamine receptors, reducing the effects of delusions and 
other symptoms caused by an excess amount of dopamine [20]. TFP is a phenothiazine, a 
class of polycyclic aromatic organic compounds, characterized by a linear tricyclic system 
that consists of two benzene rings joined by a para-thiazine ring, see Figure 2 [21].  
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Figure 2: Chemical structure of TFP A) visualized in PyMOL [15] and B) sketched in Chem Doodle [22] 

TFP is a known inhibitor of human CaM [21] and its structure is important for the inhibition. 
TFP and other similar drugs consists of a hydrophobic aromatic head and a basic tail via an 
aliphatic side chain. These two components are important for the binding of TFP to human 
CaM. A molecule that lack both these features may bind to human CaM, however, not as an 
inhibitor [23]. TFP changes the tertiary structure of human CaM and acts as an inhibitor by 
blocking the interactions between human CaM and its target proteins [19]. When TFP binds 
to Ca2+-saturated human CaM, the aromatic part of the drug will be placed in the hydrophobic 
cleft, similar to peptide interactions of human CaM. Like target peptides, TFP will bind to 
human CaM when it is in the open conformation, an elongated dumb-bell shape, with exposed 
hydrophobic surfaces [24]. Crystallographic studies have determined the structure of the 
CaM-TFP-complex to be a more compact and ellipsoidal shape compared to the open 
structure. This structural shape is also found in CaM-peptide complexes [19]. 
 
TFP is known to bind human (Ca2+)4-CaM at ratios of 1:1, 2:1 and 4:1 [19] however, the 
binding of TFP differs amongst the different CaM-TFP complexes. 1:1 has one TFP in the 
hydrophobic cleft in the C-lobe, 2:1 has two TFP bound to the C-lobe and 4:1 has three TFP 
bound to the C-lobe and one TFP bound to the N-lobe [18]. Studies have shown that TFP has 
a higher affinity for the C-lobe of (Ca2+)4-CaM than the N-lobe [19]. 
 
The hydrophobic pockets of human CaM are important for the binding of inhibitors, the CF3 
groups and the phenothiazine ring of TFP interacts with the hydrophobic pockets of CaM and 
the piperazine groups will interact with acidic side chains [23]. Studies have shown different 
orientations of the CF3 groups in the various CaM-TFP complexes, the group is buried in the 
cleft of the C-lobe in the 2:1 and 4:1 complexes but extends out in the 1:1 complex [19]. The 
different orientations of the TFP molecules can be explained by the conformational changes 
of methionine residues covering the hydrophobic clefts. The methionines changes from a 
flexible to a more rigid conformation when bound to target peptides [19]. The side chain 
Met144 has been shown to be more flexible compared to the other methionine residues and 
has an important role in the binding of targets and the orientation of TFP binding [24]. The 
orientation of an inhibitor bound to a target protein is important for understanding and 
designing specific drugs [19]. 
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2.2.2 ANS 

ANS is a fluorescence probe which is widely used for characterizing binding sites of proteins 
and conformational changes, see Figure 3.The probe has an emission spectrum in 400-550 nm 
and the intensity depends on different environmental properties [12]. In a non-polar 
environment, as in hydrophobic pockets of proteins is highly fluorescent, however, as the 
protein unfolds it gets exposed to a more polar belting leading to an almost non-fluorescent 
property [25]. 

 
Figure 3: Chemical structure of ANS A) visualized in PyMOL [15] and B) sketched in Chem Doodle [22]. 

ANS binds to proteins non-covalently and the emission spectrum undergoes a blue-shift and 
increased intensity in fluorescence when the probe is bound to non-polar proteins. Protein 
unfolding and conformal changes, due to ligand binding, often leads to a structure where 
hydrophobic parts are more highly exposed to the environment. This makes it possible to 
detect structural changes with ANS as a fluorescence probe [13]. 

2.2.3 Artemisinin 

ART is a substance extracted from a herb named Artemisia annua, sometimes called 
Qinghaosu. Chemically ART is a sesquiterpene lactone having a peroxide group essential for 
its activity [3], see Figure 4. Together with its semi-synthetic derivatives, ART is one of the 
most effective groups of drugs against malaria caused by P.falciparum. Few side effects of 
the medicine have been shown due to high efficiency, fast action and low toxicity, although 
combined-therapy or long term use have reported increased side effects [26]. Resistance 
against ART has been detected in five countries and in many areas P.falciparum has become 
resistant to most of the existing, available malaria medicines [27]. 

 
Figure 4: Chemical structure of ART A) visualized in PyMOL [15] and B) sketched in Chem Doodle [22]. 
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The malaria parasites contain a great amount of hemin, studies show interactions between 
ART and hemin which leads to oxidation of protein thiols. This may in turn, explain how 
ART is selectively toxic for the malaria parasites. It is believed that the two step action of 
ART involves cleavage of the peroxide bridge and covalent binding of the formed free 
radicals to parasite proteins [27]. 

2.3 Protein stability 
Proteins need to have a unique conformation to be functional; this state is the folded state (F). 
The folded state is only marginally more stable than the unfolded state of the protein (U). The 
conformational stability of a protein can be defined by Gibbs free energy (∆G) [28]. 
 
∆𝐺 = 	𝐺% − 𝐺' = 	−𝑅𝑇𝑙𝑛𝐾-. = 	−𝑅𝑇𝑙𝑛

'
%

   (1) 

 
∆𝐺 = ∆𝐻 − 𝑇∆𝑆     (2) 
 
Gibbs free energy depends on two different forces, stabilizing and destabilizing. The entropic 
effect is the force that contributes the most to the destabilizing. The major stabilizing forces 
are the hydrophobicity effect and hydrogen bonding. Other stabilizing forces are salt bridges, 
disulphide bonds and van der Waals interactions. The destabilizing forces do not outweigh the 
stabilizing forces, which leads to the native state being more favourable compared to the 
denatured state [28].  
  
When comparing the stability of two proteins there are three different parameters that can be 
investigated, chemical melting point (Cm), Gibbs free energy in water (∆GH2O) and thermal 
melting point (Tm). 

2.3.1 Chemical stability and Gibbs free energy in water 

The chemical stability is examined by analysis of Cm and ∆GH2O. Cm is defined as the 
concentration of denaturant when the concentration of the folded state of the protein is equal 
to the concentration of the unfolded state of the protein. Gibbs free energy in water is defined 
as the stability of the protein in water. To be able to calculate Cm and ∆GH2O fluorescence 
spectroscopy, while adding denaturant, is used. From the experiment ∆G can be calculated 
from the estimated value of Keq at each data point, this is performed by using equations (3) 
and (1).  
 
𝐾-. = 	

1231456
1456317

     (3) 

 
where yf is the fluorescence intensity at the folded state, yu is the fluorescence intensity at the 
unfolded state and yobs is the observed intensity. 
 
The obtained ∆G value generates a straight line (4) with the constant m.  
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∆𝐺 = 	∆𝐺89: − 𝑚[𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡]    (4) 
 
By extrapolation of data points one can calculate the Cm from the intersection of the x-axis 
and ∆GH2O from the intersection of the y-axis. It can also be performed using software i.e. 
CDpal [29]. 

2.3.2 Thermal stability 

The thermal stability is examined by estimate the Tm. Tm is defined as the temperature when 
the concentration of the folded state of the protein is equal to the concentration of the 
unfolded state of the protein. To calculate Tm, CD is used, measurements are performed 
during increasing temperature. From the experiment, Keq can be calculated with equation (3) 
and (1). ∆G generates a straight line (2) which from Tm can be estimated [30]. 

2.4 Protein purification 

2.4.1 Expression of protein 

P.falciparum CaMC is produced by E.coli bacteria containing expression vector pET-29b. The 
gene coding for P.falciparum CaMC is inserted into the vector and transformed into the 
bacteria. By using an inducer, Isopropyl-β-D-thiogalactopyranoside (IPTG), the initially 
bound repressor protein in the lac promoter can be removed. The removal of the repressor 
protein allows RNA polymerase to bind tightly to the T7 promoter which initiate the 
transcription. T7 is a strong promoter, leading to efficient transcription [31]. 
 
Since the vector pET-29b also contains a gene coding for resistance against kanamycin, the 
bacteria carrying the vector can be distinguished by exposure to kanamycin. To extract the 
produced P.falciparum CaMC from the cytoplasm of the cells the membrane is destroyed 
using sonication [31].  

2.4.2 OD600 

E.coli multiply itself every 20 minutes until the culture reaches the maximal density at 2.0-
3.0∙109 cells/ml. To examine the cell growth, the optic density (OD) can be measured at 600 
nm. One OD600 unit corresponds to 0.8∙109 cells/ml [32]. 

2.4.3 Sonication 

Sonication is a method used to lyse the cell membrane with high-frequency sound waves, 
normally around 20-50 kHz. The sound waves propagates into the liquid at altering 
frequencies which causes high-pressure and low-pressure cycles. This results in the formation 
of small vacuum bubbles or voids in the liquid. The bubbles will eventually collapse during a 
high-pressure cycle since it can no longer absorb energy. The collapse breaks the cell 
releasing the protein content [31].  
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2.4.4 Ion-exchange chromatography 

Ion-exchange chromatography (IEC) is a method for separation of proteins and is based on 
the attraction of oppositely charged molecules. IEC involves applying the solution containing 
the desired protein to a charged column with buffers with a specific pH apart from the 
protein's isoelectric point (pI). Proteins expose charged surfaces which can interact with the 
ion exchangers. The protein will bind to the column since its net surface charge depends on its 
surrounding pH [33]. When eluting, ion strength or pH in the buffer is changed with gradient 
range and the elute is gathered in fractions which is later analysed with chromatography [34]. 
 
The structure and the chemical microenvironment for the charged units of a protein that create 
the net surface charge contribute to different pKa values. The net surface charge is therefore 
pH dependent. The amino acid side chains have a variety of weak acidic and basic properties 
for each specific amino acid, which make the net surface charge change gradually along with 
changes in pH. Since every protein has its own composition of amino acids each protein will 
have a unique relationship between net charge and pH value [34]. 
 
In the IEC separation reversible interactions between charged proteins and the oppositely 
charged matrix make it possible to bind or elute specific proteins in order to get separation. 
There are two types of ion exchangers, cation which is negatively charged and anion which is 
positively charged. At a pH equivalent with the proteins pI, the protein has zero net charge 
and will not interact with the matrix. At pH above its pI, the protein will bind an anion 
exchanger and for pH below pI the protein will bind a cation exchanger [34]. 
 
The ion exchanger contains a base matrix often put together by porous beads packed into a 
column. Before starting separation, the column is equilibrated with equilibration buffer. It is 
important that the buffer has a specific pH and ion strength regarding to the desired protein. 
This ensures that the protein of interest binds effectively to the matrix when the sample is 
loaded, while most of the other proteins and contaminations passes right through the column 
[34]. 
 
The sample need the same conditions as the equilibration buffer to bind efficiently. After all 
sample has been loaded, the column is washed with buffer to make sure all non-binding 
particles has passed through. To be able to elute the protein, buffers with gradually higher 
ionic strength is loaded to the column, the ions in the new buffers will compete with the 
bound protein and as the ion strength gets higher more protein will be released. At last the 
column is washed with very high ion strength buffer to elute leftover proteins [34]. 
 
The elute is collected in fractions and the first ones will contain the proteins with lowest net 
charge at the selected pH while the last ones will contain the proteins with highest net charge 
and is often the ones with the desired protein [34]. 
  
A chromatogram over the fractions ability to absorb UV or visible light is used to estimate if 
the ion exchange was successful [34]. 
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2.4.5 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a technique for 
analytical separation of proteins regarding to their size and to confirm the purity of the protein 
sample. The method is performed with a detergent, SDS, thus generating denaturing 
conditions under the electrophoresis. SDS will bind to the proteins and denature secondary 
and non-disulphide linked tertiary structures and provide them with a negative charge, 
regardless of the native charge, that is proportional to their size. The negative charges that are 
introduced in the amino acids will make the proteins linear. An electric field is applied to the 
gel, causing the proteins to migrate from the negative electrode to the positive electrode [35]. 
 
The gel is made of a porous acrylamide matrix consisting of cross-linked acrylamide and 
bisacrylamide which the proteins have to migrate through. The network size, which is chosen 
to fit the proteins molecular weight, depends on the ratio of acrylamide and bisacrylamide 
[36]. 
 
With SDS and reducing agents used the sample will thus only separate based on the size of 
the proteins. A loading buffer with dye is added to the sample before it is placed on the gel. 
Reference proteins with known molecular weight are also added to the gel. The molecular 
weight of the proteins is evaluated by comparing the migration distances in relation to the 
reference protein [35]. 

2.4.6 Size exclusion chromatography 

Size exclusion chromatography (SEC), also called Gel filtration (GF), is a separation method 
of particles based on their size, where molecules with larger molecular weight elute faster 
than molecules with smaller molecular weight. To separate the particles, a SEC media 
consisting of a matrix with spherical pore particles is packed in a column [37]. 

Molecules too large to enter the pore particles will flow with the buffer and elute first. Since 
the smaller molecules can enter the pore particles, they will take longer time to pass through 
the column compared to the larger molecules, making the smallest particles like salt elute last 
[37]. 

Proteins and salt in the eluate are detected by absorbance at 280 nm and by conductivity of 
buffer respectively. This gives a chromatogram for the different fractions, with peaks 
corresponding to different proteins. From the chromatogram, the fractions with the desired 
protein can be used for further studies [37]. 

2.4.7 Nanodrop 

The concentration of the purified protein sample is estimated using a nanodrop 
spectrophotometer at a wavelength of 280 nm. The benefits of using nanodrop is that the 
required volume of the analysed sample is only 0.5-2.0 µl. The sample is placed directly 
between two measurement surfaces thus eliminates the use of cuvettes. This leads to decrease 
in measurement time and increase of the concentration range that can be measured [38]. 
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The measured absorbance can be used in Beer-Lambert's law (5) to calculate the protein 
concentration. 
 
𝐴 = 𝑐 ∙ 𝑙 ∙ 𝜀       (5) 
 
The extinction coefficient, ε, can be calculated by summation of all tryptophans, tyrosines and 
phenylalanine in the protein sequence. The tool ProtParam can be used to calculate ε [39]. 

2.5 Protein analysis 

2.5.1 Circular dichroism 

CD is a universally applied method for rapid determination of secondary structure, folding 
and binding properties of proteins. CD is an optical phenomenon, which is based on the fact 
that chiral molecules absorb left- and right-handed circularly polarized light differently. 
Chiral molecules exist as mirror-image stereoisomers. Stereoisomers with an optically active 
centre have identical properties except their absorption of polarized light and how they 
interact with other chiral molecules. 19 of the 20 common amino acids that exist in proteins 
are chiral, this leads to the ability to examine proteins with CD [30]. 
 
The results from a CD-experiment are reported in units of ∆ε (mol-1dm3cm-1), which 
represents the difference in absorbance of the left- and right-handed light [40]. Ellipticity ([θ], 
deg.∙cm2dmol-1) is also an approved unit to use; the ellipticity is defined as the angle whose 
tangent is the ratio of the minor to the major elliptical axis [41]. 
 
Different secondary structures of a protein results in different characteristic CD spectra; the 
structures have different extreme values at different wavelengths between 180 nm and 300 
nm. This property leads to the ability to analyse the secondary structure of the protein via CD 
spectra by performing a wavelength-scan (WL-scan). A CD spectrum does not give the 
secondary structure of specific regions of the protein; it only gives an overall percentage of 
the different secondary structures. Since CD spectra are dependent on the conformation of the 
protein, the spectra can give information about conformational changes due to changes in the 
environment of the protein, for instance addition of ligand. Thermal stability can also be 
analysed by using CD at a fixed wavelength [30]. 
 
There are several methods to analyse a CD spectrum; one online server for analysis is 
Dichroweb. Dichroweb provides calculated secondary structure content by using a reference 
database of proteins with known structures and different algorithms [42].  

2.5.2 Fluorescence 

Substances able to absorb electromagnetic radiation are called fluorophores [43]. The 
absorption causes excitation of outer shell electrons from their ground electronic state to an 
excited electronic state. Fluorescence is the emission of photons when molecules in the 
excited electronic state return to the ground electronic state [30]. 
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In proteins, the aromatic amino acids tryptophan, tyrosine and phenylalanine are absorbent. 
Tryptophan is the one aromatic amino acid that usually has the strongest emission [30]. The 
emission wavelengths are: 350 nm for tryptophan, 304 nm for tyrosine and 282 nm for 
phenylalanine [44]. In both P.falciparum CaMC and human CaMC there are two tyrosines that 
can be used as a fluorophore in fluorescence spectroscopy. If the amino acid sequence lacks 
aromatic amino acids, fluorescent probes like ANS can be used [45]. 

A decrease in fluorescence intensity can be caused by quenching. Quenching can occur due to 
collisions between the protein and small molecules in the buffer or energy transfers within the 
protein. Upon ligand binding quenching can occur due to either conformational changes or 
direct energy transfer. An increase in concentration of quencher molecules lead to a decrease 
in fluorescence [30]. 

If a protein is denatured and hydrophobic amino acids are exposed to the polar aqueous 
environment, the wavelength maximum shift to a longer wavelength, called a red shift. The 
opposite occur if hydrophobic amino acids are embedded in the protein, a shift in the 
wavelength maxima to a shorter wavelength will occur, called a blue shift. The shift in the 
wavelength maxima is due to a change in the chemical environment, for example as a result 
of exposure of positive and negative charges in the protein [46].  
 
Fluorescence can be used to study chemical stability of the protein at increasing 
concentrations of denaturant. Protein-ligand interactions can be studied by measuring the 
change in fluorescence when adding different concentrations of ligand to the protein [47]. 
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3. System and process 

3.1 Flow plan 
A GANTT-schedule, shown in Figure 5, was created in the beginning of the project to get an 
overview of the project. The schedule shows dependencies, milestones and when an activity 
starts and how long it proceeds. 
 

 
Figure 5: Initial version of the GANTT-schedule. 

3.2 Risk analysis 
A risk analysis was created in the beginning of the project and updated throughout the project, 
see Table 1. 
 
Table 1: Risk analysis 

Risk Probability 
(1-5) 

Consequence 
(1-5) 

Risk 
Factor 
(1-25) 

Prevention and correction  

Risks that may arise throughout the project 

A group member 
cannot proceed. 

2 3 6 Cannot be prevented. 
Minimize the consequences by 
having an open 
communication and sharing all 
documents. 
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Conflicts 
between group 
members. 

1 2 2 Prevent by having a group 
contract and an open 
communication. Have a 
meeting with the project 
leader if a conflict occurs. 

Problems with 
laboratory 
materials and 
equipment occur.  

4 4 16 Check if other materials and 
equipment are available for 
use. 

Buffers and 
solutions are 
prepared 
incorrectly. 

3 4 12 Prevent by having two people 
accepting the calculations. 
Correct by preparing new 
samples if needed. 

Risks that may arise during production, expression and purification of CaM 

The bacteria do 
not produce 
CaMC. 

1 5 5 Prevent by preparing IPTG 
correctly. Correct by 
performing the laboratory 
work again. 

CaMC does not 
bind to the IEC 
column.  

2 2 4 Prevent by inspecting the pH. 
Correct by collecting all 
sample and redo the 
chromatography. Do not throw 
away the samples. 

No visible band 
on the SDS-gel. 

3 5 15 Prevent by performing the 
laboratory work thoroughly. 
Corrected by redoing 
necessary purification steps. 

The protein 
concentration is 
calculated 
incorrectly.   

4 5 20 Prevent by performing the 
preparations properly for 
nanodrop. 
Correct by measuring again 
with nanodrop.  

Aggregation of 
protein due to 
high 
concentration. 

3 
 

4 12 Prevent and correct by diluting 
solutions to acquire lower 
concentrations for analysis.  
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Risks that may occur during protein analysis 

The proportions 
between protein 
and ligands are 
incorrect. 

3 3 9 Prevent by careful planning 
and consultation with the 
supervisor. Test runs will be 
performed to prevent 
complications. Correct by 
analysing the obtained results 
and perform a new experiment 
with new proportions. 

Problems in 
analysing the 
results. 

3 3 9 New measurements are 
necessary. 

Loss of data. 
 
 

1 5 5 Prevent by saving all 
documents in the cloud and 
taking notes by hand during 
lab sessions. Correct by 
performing the experiments 
again if possible. 

Ligand is 
depleted. 

2 5 10 Prevent with careful 
calculations of the required 
ligand amount for each 
experiment. Correct by 
ordering new ligand. 

Protein is 
depleted. 

2 4 8 Prevent with careful 
calculations of the required 
protein amount for each 
experiment. Note how much 
available protein is left. 
Correct by using protein from 
the supervisor. 

Inconsistent use 
of automatic 
pipettes. 

2 3 6 Prevent by having the same 
person performing the 
pipetting throughout the 
experiment. Correct by 
performing the experiment 
again. 
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Ligands 
aggregate in 
buffer. 

3 4 12 Prevent by freezing the 
ligands without buffer for 
backup. Correct by using a 
different buffer and notice if 
the ligand aggregate. 
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4. Materials 

4.1 Calmodulin 
The gene for P.falciparum CaMC was provided in a pET-29b which was transformed into 
E.coli. The vector pET-29b is an expression vector with IPTG as an inducer, when 
P.falciparum CaMC was produced it was available in the cytoplasm of E.coli. The vector also 
contains a gene that codes for kanamycin resistance which leads to the ability to distinguish 
between bacteria having the plasmid. 

4.2 Buffers and solutions 
All buffers and solutions are available in appendix 1.2. 

4.3 Gels and filters 

4.3.1 SDS-PAGE 

For SDS-PAGE analysis a MINI-PROTEAN® TGX™ gel from Bio-Rad with the following 
properties; 4-20 % SDS, 15 well-comb and 15 µl wells was used.  

4.3.2 Ion-exchange chromatography 

During IEC a mono Q® FF column from GE Healthcare was used.  

4.3.3 Size exclusion chromatography  

A superdex® 75 120 ml column from GE Healthcare was used during SEC. 

4.4 Ethic statement 

4.4.1 Laboratory work 

The E.coli K-12 (BL21 DE3) used in this study are of an attenuated strain, which does not 
normally colonize the human intestine. According to the National Institutes of Health 
Guidelines for Research Involving Recombinant DNA Molecules [48] is the E.coli K-12 
strain classified as a class 1 agent. Class 1 agents are neither pathogens for humans or animals 
and lack the ability to produce sufficient quantities of toxins to affect animals or humans [49].     
 
All work with bacteria was handled with care, by autoclaving the used content. Liquids and 
containers in contact with kanamycin were autoclaved and then burned. These security 
measurements were taken to prevent chemicals from damaging the environment and exposing 
animals to antibiotics, which could lead to antibiotic resistance. All laboratory work was 
executed according to the safety regulations for chemistry laboratory at Linköping University.  
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4.4.2 Global effects 

If a cure to malaria is found, millions of human lives can be saved. This could lead to an 
increase in living standard in terms of better health and economy among those living in 
malaria affected areas. Another aspect is that heterozygotes for the sickle-cell anaemia gene 
have shown to be somewhat immune towards malaria [50], which makes sickle-cell anaemia 
favourable in malaria affected areas. A cure to malaria will thus evolutionarily make it less 
beneficial for the sickle-cell anaemia gene to be passed on to further generations. In a long-
term matter this could lead to eradication of sickle-cell anaemia.  
 
On the other hand, a cure to malaria will lead to fewer deaths caused by the disease which can 
indirectly temporary increase the global population. A result of this is a larger request for food 
and water which in turn can lead to starvation and dehydration. However, are the long term 
advantages of a healthy population of more significance than a temporary lack of resources.    
 
There are both advantages and disadvantages to finding a cure for malaria, lives will be 
affected either way. 

  



Protein Engineering with Project Management ISRN: LITH-IFM-G-EX--16/3179--SE: 
E. Fornander, L. Smedéus, E. Mattsson, M. Strannermyr, J. Lassi, L. Sorjonen, J. Bergqvist, S. Duong. 
 

 26 

5. Methods 

5.1 Practical restrictions 
The practical parts of this project was divided into two major parts, expression and 
purification of P.falciparum CaMC and examination of CaMC from both P.falciparum and 
human. Due to limited time of the project the purification was restricted to only P.falciparum 
CaMC. CaMC from human was purified in advance by supervisor Cecilia Andrésen. 

5.2 Expression and purification of P.falciparum CaMC 

5.2.1 Protein expression 

E.coli was cultured in LB-media, see Appendix 1.2.1, glycerol and kanamycin, see Appendix 
1.2.2, overnight. The overnight culture was diluted in more LB-media and additional 
kanamycin was added. OD600 was measured over six hours until a value of 0.9 (>0.8) was 
obtained. IPTG, see Appendix 1.2.3,  inducer was added to the culture and stored in room 
temperature until the next day. E.coli was concentrated by centrifugation and HCl was added 
to adjust the pH to approximately 2.0. To separate P.falciparum CaMC from the bacteria cells 
sonication was performed in a Branson Digital Sonifier®. A cycle with 20 seconds pulsing 
followed by 40 seconds of resting was repeated six times. The sample was then centrifuged to 
discard the cell debris and then the pH was adjusted to 5.2.  

5.2.2 Ion-exchange chromatography 

The column was equilibrated with 5 column volumes (CV) milliQ-H2O and then with 6 CV 
equilibration buffer, see Appendix 1.2.6. The protein solution was filtered and loaded to the 
column. The solution was run through the column with a rate of 4.0 ml/min. The column with 
the bound protein was washed with approximately 10 CV equilibration buffer. To elute the 
protein an ÄKTA-system was used with an elution buffer, see Appendix 1.2.7, containing 
NaCl. The flow rate was set to 3.0 ml/min and the flow through was collected in fraction 
wells. To collect the remaining protein from the column, a peristaltic pump was used with 
elution buffer. 

5.2.3 SDS-PAGE 

Protein from fraction wells corresponding to a peak in a chromatogram were mixed with 
loading buffer, see Appendix 1.2.9. The samples were heated before they were loaded onto 
the gel. As a reference ladder PageRuler Prestained Protein Ladder was used. The SDS-PAGE 
was set to 200 V for 30 minutes of run time. When finished, the gel was rinsed with distilled 
water to minimize salt content in the gel. The gel was put in distilled water and heated in a 
microwave oven, this process was repeated twice. The gel was stained with Coomassie 
brilliant blue and heated in a microwave. 
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5.2.4 Concentration of the protein 

A centriprep tube from MerckMillipore with a cut-off molecular weight of 3000 kDa was 
washed with distilled water for ten minutes at 2500 x g in a Sigma® 6-16K centrifuge with a 
swing-out rotor. A fraction of the protein samples from the ÄKTA-system was added to the 
centriprep tube, which was then centrifuged. This process was repeated until all protein 
samples had been centrifuged and the concentrated protein sample had a volume of 4.8 ml.  

5.2.5 Size exclusion chromatography  

SEC was performed by the ÄKTA-system. The concentrated protein sample was injected into 
the system´s loop and a 96-well plate was put on a fraction collector. The ÄKTA-system was 
set to a flow rate of 1.0 ml/min.  

5.2.6 Concentration determination 

The concentration of protein in the sample was estimated with an IMPLEN P330 
NanoPhotometer® using Lid 10 with a cuvette length of 0.1 cm. Running buffer, see 
Appendix 1.2.10, was set as blank. Thereafter the absorbance of the protein sample was 
measured. The extinction coefficient of the protein was calculated to 2980 M-1cm-1 with 
ProtParam [39] and then the concentration was calculated with Beer-Lambert's law, see 
equation 5.   

5.3 Analysis of P.falciparum CaMC and human CaMC 

5.3.1 Secondary structure 

CaMC from P.falciparum with the concentration 728.2 µM was diluted in distilled water to a 
P.falciparum CaMC concentration of 4.0 µM and a total volume of 1.0 ml. The solution was 
transferred to a cuvette with the length 0.4 cm. A WL-scan was performed with a Chirascan 
CD spectrometer in an interval from 280 to 190 nm. An average of ten measurements per step 
in wavelength was calculated. A background scan was performed and set as baseline. 
 
The same experiment was performed on human CaMC. Human CaMC with the concentration 
1401 µM was diluted in distilled water to a concentration of 4.2 µM.   

5.3.2 Thermal stability 

CaMC from P.falciparum with the concentration 721.5 µM was diluted in distilled water to a 
P.falciparum CaMC concentration of 8.0 µM and a total volume of 1.0 ml. The solution was 
transferred to a cuvette with the length 0.4 cm. A measurement at 222 nm on Chirascan CD 
spectrometer with increasing temperature, 16-94°C, and a step-size of 1°C was carried out 
with five repeats on each step. The first measurement on each temperature occurred after 120 
seconds. An average was calculated from the different measurements and then the curve was 
smoothed.  
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The same experiment was performed on human CaMC. Human CaMC with the concentration 
1401 µM was diluted in distilled water to a concentration of 8.4 µM.   

5.3.3 Chemical stability 

20 mM chemical denaturation buffer, see Appendix 1.2.11, 0.04 mM ANS, 5 µM 
P.falciparum CaMC and increasing volume of 8 M guanidine hydrochloride (GuHCl), 
according to Appendix table 5, was added to Eppendorf tubes and the volume was corrected 
to 1.0 ml with distilled water. Reference samples without ANS were prepared for every third 
sample. All samples were stored in room temperature overnight.  
 
The samples were measured with a Fluoromax-4 Spectrophotometer with excitation 
wavelength 380 nm. The excitation slit and emission slit were 4 nm. The sample without 
GuHCl was measured, the wavelength where the maximum intensity occurred was decided to 
501.3 nm. The intensity for the remaining samples were measured at emission wavelength 
501.3 nm. The wavelength at maximum intensity for each sample was noted.  
 
The same experiment was performed on human CaMC with the concentration 5 µM. 
 
The data from the experiment was analysed in CDpal [29].  

5.3.4 Ligand binding with TFP 

The experiment was performed by measuring tyrosine fluorescence with a Fluoromax-4 
Spectrophotometer with the excitation wavelength 270 nm, emission wavelength spectrum 
290-400 nm, excitation slit 5.0 nm and emission slit 5.0 nm. 
 
CaMC from P.falciparum with the concentration 721.5 µM was diluted in running buffer to a 
P.falciparum CaMC concentration of 5.0 µM and a total volume of 2.0 ml. An initial scan was 
performed on half of the sample and the emission peak wavelength was estimated to 307.7 
nm. TFP with the concentration of 500 µM was titrated into the sample in volume steps of 2.0 
µl each until a protein equivalent of 2 was reached, followed by 5000 µM TFP in volumes of 
2.0 µl, see Appendix table 2. The emission intensity at 307.7 nm was noted at each 
measurement. The same procedure was performed on the remaining 5.0 µM P.falciparum 
CaMC solution but with titration of running buffer instead of TFP to receive a reference 
intensity. The background emission of 1.0 ml running buffer was also measured. Background 
and reference measurements were subtracted from the TFP intensity.  
 
The same experiment was performed on human CaMC with the original concentration of 
1553.7 µM diluted in running buffer to a concentration of 5.0 µM, see Appendix table 2. The 
emission peak wavelength was estimated to 308.9 nm. The data from P.falciparum and 
human CaMC were analysed in GraphPad [51] to receive Kd and R2 from ligand binding with 
TFP. 
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5.3.5 Ligand binding with ANS 

A F-4500 Fluorescence Spectrophotometer from Hitachi with the excitation wavelength 380 
nm, emission wavelength spectrum 450-550 nm, excitation slit 5.0 nm and emission slit 5.0 
nm was used.  
CaMC from P.falciparum was diluted in 9.8 µl 95-% ethanol and running buffer to a 
P.falciparum CaMC concentration of 95.4 µM with a total volume of 1048 µl. 6250 µM ANS 
was then titrated in volumes of 4.0 µl until a protein equivalent of 7.25 was reached, followed 
by 10.0 mM ANS in volumes of 4.0 µl until an equivalent of 14.4 was reached. A background 
scan for ANS was also measured. The experiment was performed for both human CaMC and 
P.falciparum CaMC according to Appendix table 3. The dilution factor was calculated 
theoretically. 

5.3.6 Ligand binding with ART 

The experiment was performed by measuring the tyrosine fluorescence with a Fluoromax-4 
Spectrophotometer with the excitation wavelength 270 nm, emission wavelength spectrum 
290-400 nm, excitation slit 5.0 nm and emission slit 5.0 nm. 
 
CaMC from P.falciparum was diluted in 11.2 µl 95-% ethanol and running buffer to a 
P.falciparum CaMC concentration of 5.0 µM and a total volume of 1 ml. An initial scan was 
performed on the P.falciparum CaMC solution and the emission peak was noted at 307.8 nm. 
ART with the concentration of 500 µM was titrated into the sample in volume steps of 2.0 µl 
until a protein equivalent of 2 was reached, followed by 5000 µM ART in volumes of 2.0 µl, 
see Appendix table 4. The emission intensity at 307.8 nm was noted at each measurement. 
The background emission of 1.0 ml running buffer was also measured. The dilution factor 
was calculated theoretically. 

5.4 Modelling of P.falciparum CaMC and human CaMC 
To investigate the differences between P.falciparum CaMC and human CaMC a number of 
comparisons were made at different levels of structure; primary, secondary and tertiary.  
 
Differences in primary structure were investigated by using the sequence alignment software 
protein BLAST [14]. When comparing the secondary and tertiary structures, a solution 
nuclear magnetic resonance (NMR) structure of Bos taurus (1CMG) from PDB [52] and the 
in-house solution NMR structure of P.falciparum constructed at Linköping University were 
used. Due to conservation during evolution, see section 2.1, the sequence and structure of 
CaM are identical amongst vertebrates. Thus is the comparison between CaMC from Bos 
taurus and CaMC from P.falciparum equivalent to the comparison between CaMC from 
humans and CaMC from P.falciparum. Henceforth, will the structure of Bos taurus be referred 
to as human CaMC.  
 
Several comparisons were performed in order to quantify the differences in secondary and 
tertiary structure of P.falciparum CaMC and human CaMC. Similarities and differences of the 
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methionine surface area, total surface area and total hydrophobic surface area were studied. 
The purpose of measuring these surface areas is to quantify differences in conformal 
openness, placement and surface area of hydrophobic regions and surface area of methionine 
in the hydrophobic cleft. This was performed by using computations in PyMOL [15].  
Furthermore, Autodock4.2 [16] was used to simulate ligand docking with TFP, ANS and 
ART. The templates used in the simulations were the in-house solution NMR structures of 
P.falciparum CaMC constructed at Linköping University and the PDB [52] structure 1CMG. 
The predicted models were then evaluated and visualized in PyMOL [15].   
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6. Result 

6.1 Process analysis 
The GANTT flow plan was modified from the original version, see Figure 6. A few changes 
have been made regarding the start- and end dates on some activities, mostly the activities 
regarding the project report and modelling. This due to the activities taking more time to 
complete than originally planned. Another major change is that “Protein analysis - lab 
execution” was expected to start May 2, but was started April 22 instead. This change was 
made because the laboratory could be accessed earlier than originally planned. Due to time 
constraints and complications during parts of the “Protein analysis – lab execution”, no 
reference or experiment on human CaMC performed for ligand binding with ART. 
 

 
Figure 6: Final version of GANTT with new start- and end dates. 

6.2 Protein purification 

6.2.1 Ion-exchange chromatography 
After expression and purification with the ÄKTA-system, the chromatogram showed two 
peaks, see Figure 7. This means that another substance was eluted apart from P.falciparum 
CaMC. Therefore, fractions from both peaks were selected to be run on the SDS-gel.    

 
Figure 7: A chromatogram obtained from the ÄKTA-system. The first peak corresponds to an unknown 
substance. The second peak corresponds to P.falciparum CaMC. 
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6.2.2 SDS-PAGE: ion-exchange chromatography 
After ion-exchange chromatography, a purity test for P.falciparum CaMC was performed 
using SDS-PAGE. 14 preselected fractions of protein from the ÄKTA-system are displayed in 
the gel, see Figure 8. Two different proteins are present, as seen in Figure 8, two different 
travel distances of the bands are visible. P.falciparum CaMC has a molecular weight of ~ 10 
kDa and the unknown substance ~ 70 kDa, according to the reference ladder. 

    

Figure 8: The left picture shows a purity test of proteins. From the left, the reference ladder, unknown substance 
(well C12 & D8) and P.falciparum CaMC from different fractions (F1-H1). On the right picture, a reference 
ladder from Page Ruler Prestained Protein. 

6.2.3 Size exclusion chromatography with ÄKTA-system 
The chromatogram from the SEC with P.falciparum CaMC displays three peaks, see Figure 9. 
This indicates that there are three different substances, where each peak has its own specific 
molecular weight. The first peak corresponds to P.falciparum CaMC and the other two peaks 
are unknown substances.  

 
Figure 9: A chromatogram from size exclusion chromatography with ÄKTA-system. P.falciparum CaMC eluted 
first due to higher molecular weight. 

6.2.4 SDS-PAGE: Size exclusion chromatography 
The fractions with P.falciparum CaMC from the SEC were tested for presence of impurities. 
The fractions were pure, this is seen in Figure 10 where there are only one band at the SDS-
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PAGE gel at approximately 10 kDa for each sample. The fraction F9 was analysed to 
investigate potential protein, the fraction did not show a band on the gel.  

 
Figure 10: A SDS-gel where all bands are at approximately 10 kDa. The sample F9 has no band. 

6.2.5 Protein amount  
The fractions containing P.falciparum CaMC from SEC had the final concentration of 721.5 
µM with a total volume of 2.0 ml. This results in approximately 12.4 mg of P.falciparum 
CaMC using a molecular weight of 8.6 kDa. 

6.3 Protein analysis 

6.3.1 Secondary structure 

The secondary structure of both P.falciparum CaMC and human CaMC were examined using 
CD spectroscopy. The result received from the WL-scan of P.falciparum CaMC and human 
CaMC show that both P.falciparum CaMC and human CaMC contain mainly alpha-helices, see 
Figure 11. Both curves have a minimum at 208 nm and 222 nm and a peak at 193 nm which is 
characteristic for alpha-helices [41].  
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Figure 11: WL-scan of P.falciparum CaMC and human CaMC.  

To achieve an overview of the P.falciparum CaMC and human CaMC secondary structure, the 
results were analysed in Dichroweb [42] with the algorithm Contin-LL and reference dataset 
7 since this showed the best curve fitting, see Table 2.   
 
Table 2: Percentage of the different secondary components in P.falciparum CaMC and human CaMC by using 
Contin-LL with reference dataset 7. The results from Contin-LL is an average of all matching solutions. 

 Helices Strands Turns Unordered Total 
P.falciparum 55 8 16 22 100 
Human 58 6 14 22 100 

6.3.2 Thermal stability 

The thermal stability of both P.falciparum CaMC and human CaMC were examined by using 
CD spectroscopy with a temperature interval between 16-94 °C at 222 nm, with a step size of 
1 °C. The results from the thermal stability experiments show that both P.falciparum CaMC 
and human CaMC have a stable  global structure since the curves are similar and has a linear 
and not sigmoidal form, see Figure 12. Due to the high stability no value of Tm could be 
estimated. However, are the similar curves an indication that P.falciparum CaMC and human 
CaMC have approximately the same Tm. The results were normalized and analysed in CDpal 
[29].  
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Figure 12: CD Thermal stability of P.falciparum CaMC and human CaMC. Temperature range between 16-94ºC 
with a step size of 1°C and 120 seconds of stabilization. 

6.3.3 Chemical stability 
By using fluorescence spectroscopy with ANS as a fluorophore and GuHCl as a denaturant 
the chemical stability of P.falciparum CaMC and human CaMC was examined. The results 
from chemical denaturation of P.falciparum CaMC and human CaMC provided two similar 
curves, shown in Figure 13. Local values are obtained when using a florescent probe in 
chemical denaturation. The values of Cm and ∆GH2O was calculated by a two-state model in 
CDpal [29]. For P.falciparum CaMC a Cm of approximately 3.1 M GuHCl and a ∆GH2O of 
14.4 kJ/mole was received. Human CaMC had a Cm of approximately 3.4 M GuHCl and a 
∆GH2O of 7.4 kJ/mole. The values of the parameters are shown in Table 3.  
 
The received values have been calculated by CDpal [29] where in both graphs the first data 
point has been modified. The modification was necessary due to that the intensity was lower 
than expected and no valid parameters could be calculated before the modification. A better 
fitted curve could be received when assuming that the intensity for the first data point was 
equal to the second data point. Due to the standard deviation and the modification of the first 
data point, no conclusion can be drawn whether P.falciparum CaMC is more or less stable 
than human CaMC. 
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Figure 13: Chemical stability examination of P.falciparum CaMC and human CaMC. 

Table 3: Values of Cm, Cm standard deviation, ∆GH2O and ∆GH2O standard deviation for both P.falciparum CaMC 
and human CaMC. 

 Cm (M) Cm standard 
deviation (M) 

∆GH2O 
(kJ/mole) 

∆GH2O
 standard 

deviation (kJ/mole) 

P.falciparum 3.1 0.4 14.4 9.9 
Human 3.4 0.6 7.4 1.7 

6.3.4 Ligand binding of TFP  
Fluorescence spectroscopy of ligand binding with TFP to P.falciparum CaMC and human 
CaMC with the tyrosines as fluorophores was performed to examine the affinity for TFP to 
P.falciparum CaMC and human CaMC. The results show a decrease in intensity with higher 
concentration of TFP until saturation was achieved, see Figure 14. The intensity interval for 
P.falciparum CaMC was 1128823-31890and for human CaMC it was 1124044-23812. 
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Figure 14: Ligand binding of TFP to P.falciparum CaMC and human CaMC. 

To obtain a Kd and R2 value from ligand binding with TFP, the results were analysed in 
GraphPad Prism 7 [51] using least square fit, see Table 4. The Kd value received for TFP 
binding to P.falciparum CaMC was calculated to 8.2 µM while the Kd value for TFP binding 
to human CaMC was approximately 3.2 µM. These results indicate that TFP has higher 
affinity for human CaMC than to P.falciparum CaMC. The R2 values for TFP binding to both 
P.falciparum CaMC and human CaMC are close to one, which indicates that the TFP binding 
curve has a good fit to the experimental data.   

Table 4: Calculated Kd, standard deviation of Kd and R2 values of ligand binding with TFP from GraphPad 
Prism 7 [51]. 

 Kd (µM) Kd standard deviation (µM) R2 
P.falciparum 8.2 1.3 0.9866 

Human 3.2 0.6 0.9824 

 
6.3.5 Ligand binding of ANS  
Fluorescence spectroscopy of ligand binding with ANS to P.falciparum CaMC and human 
CaMC with ANS as a fluorophore was performed to examine the binding of ANS to 
P.falciparum CaMC and human CaMC. Since several ANS binds to P.falciparum CaMC and 
human CaMC quenching occurs and the intensity decreases and no plateau is achieved. This 
leads to difficulties in interpretation of the data. No significant differences between 
P.falciparum CaMC and human CaMC were detected from ligand binding of ANS, displayed 
in Figure 15. Since P.falciparum CaMC and human CaMC have similar structures and 
hydrophobicity are more specific ligands and lower concentrations of ligand necessary to 
detect a difference between P.falciparum CaMC and human CaMC.  
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Figure 15: Ligand binding of ANS to P.falciparum CaMC and human CaMC. 

6.3.6 Ligand binding of ART 
Fluorescence spectroscopy of ligand binding with ART to P.falciparum CaMC with the 
tyrosines as fluorophores was performed to examine the affinity for ART to P.falciparum 
CaMC and human CaMC. The fluorescence spectrum of ART binding to P.falciparum CaMC 
show a decrease in fluorescence intensity with increasing concentrations of ART, see Figure 
16. The intensity interval was 1188968-683779. The values of Kd and R2 for ART binding to 
P.falciparum CaMC is 5.7 µM and 0.9822 respectively, see Table 5. The values were obtained 
using GraphPad Prism 7 with least square fit [51]. R2 for ART binding to P.falciparum CaMC 
is close to one and indicates that the ART binding curve has a good fit to the experimental 
data. The Kd value of ART binding to P.falciparum CaMC is of the same magnitude as the Kd 
of TFP binding P.falciparum CaMC and human CaMC, it is probable that experiments with 
ART and human CaMC would generate a similar Kd value. 
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Figure 16: Ligand binding of ART to P.falciparum CaMC. 

Table 5: Calculated Kd, standard deviation of Kd and R2 values of ligand binding with ART from GraphPad 
Prism 7 [51]. 

 Kd (µM) Kd standard deviation (µM) R2 
P.falciparum 5.7 1.5 0.9822 

 

6.4 Modelling of P.falciparum CaMC and human CaMC 

6.4.1 Primary structure  
Eleven positions in the amino acid sequence differs P.falciparum CaMC from human CaMC, 
these were observed with protein BLAST [14]. This corresponds to 85% sequence identity 
between P.falciparum CaMC and human CaMC, for the entire alignment see Appendix figure 
1 and Appendix table 1. Three of these alterations in amino acid sequence between 
P.falciparum CaMC and human CaMC are of significance, this according to the results 
obtained from Protein BLAST [14]. The other variations are viewed as less significant since 
the amino acids have similar properties. 
 
The three major alterations between the amino acid sequence of P.falciparum CaMC and 
human CaMC are in position 86, 103 and 146. For human CaMC arginine, alanine and 
threonine are located in those positions respectively. In P.falciparum CaMC isoleucine, 
aspartic acid and isoleucine are located in those positions.  

6.4.2 Secondary structure  

P.falciparum CaMC and human CaMC have overall an alpha-helical structure consisting of 
two EF-hand motifs, see section 2.1. An overview of the secondary structure of P.falciparum 
CaMC and human CaMC is shown in Figure 17. The noticeable difference between the 
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secondary structure of P.falciparum CaMC and human CaMC is the beta-sheet in human 
CaMC, which is not present in P.falciparum CaMC. 

 
Figure 17: Solution NMR structure of A) P.falciparum CaMC and B) human CaMC. 

The placements of the alterations in amino acid sequence in the secondary structure of human 
CaMC can be viewed in Figure 18. The first amino acid differences in position 76 and 81 are 
in the random coil before the first alpha-helix. Changes in amino acid sequence position 85 
and 86 are in the first alpha-helix in the first EF-hand motif. The alterations 94 and 97 are 
located in the first Ca2+ binding loop. The difference in amino acid sequence in position 103, 
is in the first loop. Alteration in position 118 is in the loop just before the first alpha-helix in 
the second EF-hand motif. The difference in position 136 are located in the second beta-
strand. Changes in position 143 and 146 are in the second alpha helix in the second EF-hand 
motif. None of the significant amino acid alterations, position 86, 103, 146, are situated in 
either Ca2+-binding loops or in the hydrophobic cleft of CaMC from P.falciparum. 

 
Figure 18: Human CaMC, showing the first EF hand motif in yellow and the second in green, significant 
differences in amino acid sequence are coloured in red, non-significant differences in amino acid sequence are 
coloured in blue. 
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6.4.3 Tertiary structure  

Differences in tertiary structure is observed when superimposing the structures of CaMC from 
human and CaMC from P.falciparum with PyMOL [15]. The tertiary structure of CaMC from 
human seems to have a more open conformation than CaMC from P.falciparum, see Figure 
19. In the aligning process PyMOL calculated a RMS-value, which describes the average 
distance between atoms in the aligned model [53]. The RMS-value obtained in the alignment 
between CaMC from human and CaMC from P.falciparum is 1.4 Å, which indicates the 
presence of certain structural differences.  

     

Figure 19: Superimposed model of human CaMC (red) and P.falciparum CaMC (blue). 

The total surface area in human CaMC is nearly 1000 Å2 larger than the corresponding surface 
area in P.falciparum CaMC. The surface area of methionine in human CaMC is about five 
times larger than the corresponding surface area in P.falciparum CaMC, which indicates that 
human CaMC has a more open conformation. The summarized data from all surface area 
measurements can be viewed in Table 6. In Figure 20, differences in methionine surface area 
is visualized.  
 
Table 6: Summarized data from measurements of surface area. 

 Total area (Å2) Hydrophobic area 
(Å2) 

Surface area of 
methionine (Å2) 

P.falciparum 4803.6 1000.9 31.8 
Human 5806.0 1205.0 191.1 
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Figure 20: Surface area of methionine (blue/red) for A) P.falciparum CaMC  and B) human CaMC. 

There is a significant difference in distribution of total hydrophobic area of P.falciparum 
CaMC and human CaMC. In CaMC from human, a clear hydrophobic area exists in a cleft. 
However, in CaMC from P.falciparum the hydrophobic area is more evenly distributed over 
the entire protein. In Figure 21, the placement and size of the total hydrophobic area of 
P.falciparum CaMC and human CaMC can be viewed. 

 
Figure 21: Hydrophobic area coloured with the Eisenberg hydrophobicity scale of CaMC from A) P.falciparum 
front  B) P.falciparum back C) human front and D) human back 
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Although there is a significant difference in the distribution of hydrophobic area, the 
percentage compared to each total area is similar. Both total areas of CaMC from human and 
CaMC from P.falciparum consists of approximately 20 % hydrophobic area.    

6.4.4 Ligand docking  

The number one ranked pose for docking TFP to both P.falciparum CaMC and human CaMC 
is situated in the hydrophobic cleft, see Figure 22. In most of the cases for CaMC from human 
the poses are situated in the hydrophobic cleft. The poses for CaMC from P.falciparum are not 
as concentrated in the hydrophobic cleft, however, they are in a greater extent situated in 
proximity to the two tyrosines on the other side of P.falciparum CaMC than human CaMC. In 
general, the most poses for both simulations are situated at hydrophobic areas with the tri-
fluor group directed towards the solution. Since the docking with TFP gave a great number of 
poses in both P.falciparum CaMC and human CaMC and it is therefore difficult to determine 
with certainty which pose is the most accurate. However, previous studies have shown that 
TFP binds to the hydrophobic cleft in human CaMC, which indicates that the number one 
ranked poses in P.falciparum CaMC and human CaMC could be correct.  
 
 

 
Figure 22: TFP docking poses for CaMC from A) P.falciparum and B) human. 

The calculated binding energies and Kd values for the most favourable poses of TFP binding 
gives that TFP bind weaker to CaMC from P. falciparum compared to CaMC from human, see 
Table 7. This correlates with the experimental data, which show similar Kd values. The 
composition of binding energies is, however, similar. Most of binding energies composes of 
van der Waals, hydrogen bonds and electrostatic forces. The bond between TFP and CaMC 
from human has slightly bigger contribution from electrostatic forces than CaMC from 
P.falciparum.  
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Table 7: Data of ligand binding obtained in Autodock4.2 [16]. 

Species Ligand Lowest total 
binding energy 

(kcal/mole) 

vdW + H-
bond 

(kcal/mole) 

Electrostatic 
energy 

(kcal/mole) 

Kd 
(µM) 

P. falciparum TFP -6.8 -6.2 -2.1 10.6 
Human TFP -7.5 -5.6 -3.4 3.1 

P. falciparum ANS -4.5 -4.4 -1.1 433.0 
Human ANS -5.1 -5.4 -0.6 171.9 

P. falciparum ART -6.2 -6.3 0.1 27.4 
Human ART -6.1 -5.9 -0.2 35.0 

 
Docking with ANS gave fewer and more accurate poses than TFP. The most favourable pose 
for ANS in human CaMC are situated at one of the tyrosines, see Figure 23.B. In P.falciparum 
CaMC the most favourable pose is situated at a small hydrophobic area on the protein, see 
Figure 23.A. ANS does not exclusively bind to hydrophobic areas or the tyrosines on the 
protein surface. A number of poses are situated elsewhere, which makes ANS unfit as a 
ligand in P.falciparum CaMC and human CaMC. The result from titrating ANS, see section 
6.3.5, strengthen the conclusion that ANS is unfit as ligand.    

 
Figure 23:ANS docking poses for CaMc from A) P.falciparum and B) Human. 

In docking ART, fewer and more accurate poses were obtained compared to docking with 
TFP. The most favourable pose for CaMC from P.falciparum is situated in the same position 
as TFP in the hydrophobic cleft, see Figure 24.A. However, for CaMC from human the best 
pose is situated at a hydrophobic area in proximity to a tyrosine, see Figure 24.B. 
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Figure 24: ART docking poses for CaMC from A) P.falciparum and B) human. Tyrosines are coloured green. 

In likeness to the poses obtained by docking with TFP the poses for ART are in great extent 
situated at hydrophobic areas in both proteins. The calculated binding energies and Kd values 
for the most favourable poses of ART binding gives that ART bind stronger to CaMC from 
P.falciparum compared to CaMC from human, however, within the same magnitude, see 
Table 7. The composition of binding energy is, however, of high similarity. The binding 
energy compose almost exclusively of van der Waals and hydrogen bonds. 
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7. Discussion 

7.1 Flow plan and risk analysis 
The protein purification of P.falciparum CaMC went according to plan. Since the detail plan 
for the protein purification was premade by the supervisors of the project, few changes were 
made by the project group. 
 
Binding properties of TFP and ART to P.falciparum CaMC has not been studied in extent due 
to this the analysis did not proceed straightforward. The usage of P.falciparum CaMC was 
high since experiments had to be redone, partly due to finding an optimal TFP concentration 
and P.falciparum CaMC concentration to work with. Due to this, changes had to be made in 
the detail plan. To ensure that enough P.falciparum CaMC would be available for all the 
experiments, supervisor Cecilia Andrésen supplied samples of her own P.falciparum CaMC to 
use. Despite changes in the detail plan for the protein analysis, the end date for lab-execution 
was not postponed. Mainly because the execution was started earlier than the original plan 
which resulted in more time for laboratory procedures. In this project, time and resources 
were limited and more experiments with ART would be desirable. 
 
As stated in the risk analysis, see section 3.2, the largest risks were that the concentration of 
P.falciparum CaMC and human CaMC was calculated incorrectly and that difficulties with 
laboratory materials and equipment could occur. The concentration of P.falciparum CaMC 
and human CaMC were estimated using an IMPLEN P330 NanoPhotometer® and no 
significant difficulties were encountered. Measurement difficulties with ART were 
encountered with the F-4500 Fluorescence Spectrophotometer from Hitachi. Due to this, 
another spectrophotometer, Fluoromax-4, was used. Difficulties with instruments during the 
laboratory work was foreseen in the risk analysis, see section 3.2, where issues with 
instruments was given a high risk factor. Due to time constraints with Fluoromax-4, only 
P.falciparum CaMC could be analysed during the fluorescence measurements with ART and 
the dilution factor had to be calculated theoretically. To verify the results obtained from the 
measurements with Fluoromax-4, Isothermal titration calorimetry (ITC) was used to analyse 
the binding of ART with both P.falciparum CaMC and human CaMC. Due to time constraints 
in the laboratory and difficulties when solving ART, no reliable results could be obtained 
from the ITC studies.  
 
Due to taking difficulties and unexpected events into consideration when planning the time 
cost for every activity, less time was required to complete the project than originally planned.  

7.2 Experimental results and modelling 

7.2.1 Protein purification and structure, stability analysis 

In order to conduct experiments regarding stability and structure of a protein, a pure and 
folded protein sample is required. The expression and purification of P.falciparum CaMC was 
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successful. The SDS-PAGE after SEC shows that the extracted P.falciparum CaMC was pure 
and the final concentration was estimated to 721.5 µM in a sample volume of approximately 
2.0 ml. The results of the secondary structure analysis with CD show that the structures of 
P.falciparum CaMC and human CaMC have been folded into a secondary structure after 
purification, implying a desired result from the purification was obtained.  
 
The experiments from the thermal stability reveals that CaMC from human and CaMC from 
P.falciparum are both stable and no significant differences between the curves can be 
observed, see Figure 12. Since the curves are similar it is likely that the Tm-values of both 
P.falciparum CaMC and human CaMC are approximately the same. The fact that human 
CaMC is stable is supported by earlier studies [54]. The high stability of P.falciparum CaMC 
and human CaMC may be caused by the small size and the numerous hydrophobic side chains, 
which are able to interact with each other. 
 
P.falciparum CaMC had a lower value of Cm than human CaMC, however, ∆GH2O for 
P.falciparum CaMC had a value almost twice the size of ∆GH2O for human CaMC, as can be 
viewed in Table 3. Standard deviation for both parameters indicate a low accuracy. Due to the 
standard deviation and the modification of the first data point, no conclusion can be drawn 
whether P.falciparum CaMC is more or less stable than human CaMC. However, earlier 
studies support the experimentally received Cm value for human CaMC [55]. 
 
According to the secondary structure analysis with CD P.falciparum CaMC and human CaMC 
have similar secondary structure consisting of mainly alpha-helices, see Figure 11. The 
comparison between human CaMC and P.falciparum CaMC show that human CaMC has a 
lower minimum at 222 nm and 208 nm, this indicate that human CaMC consist of more alpha-
helices than P.falciparum CaMC. The result from Contin-LL, Table 2, indicate that human 
CaMC has more alpha-helices. It also shows that human CaMC has 6 % strands and 
P.falciparum CaMC has 8 % strands, this contradict the results from the comparison done in 
section 6.4 whilst the solution NMR-structure of P.falciparum CaMC has no strands. The 
experimental results and NMR-structure might differ since the in-house NMR-structure of 
P.falciparum CaMC is unpublished and Contin-LL use pre-determined templates of 
previously published structures.  
 
A reason for the difference between P.falciparum CaMC and human CaMC could be the 
alteration in sequence at position 136. In position 136 valine is exchanged for isoleucine, as 
can be seen in Figure 18, the position is exactly where the beta-strand is in human CaMC. It is 
therefore possible that the difference in amino acid sequence at position 136 is responsible for 
the lack of beta-strands in P.falciparum CaMC. This could possibly give an explanation for 
one of the aspects governing the difference in Ca2+ binding and in extension also ligand 
binding of P.falciparum CaMC and human CaMC. Binding of Ca2+ in human CaM is a 
cooperative reaction and is believed to be as such due to the hydrogen bonds in the beta-sheet 
[10]. The lack of beta-sheet in P.falciparum CaMC could therefore alter the binding and 
possibly the affinity of Ca2+. Ligands as TFP are known to bind the hydrophobic cleft of 
human CaM when Ca2+ are bound to CaM, see section 2.2.3. The altered binding of Ca2+ 
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could therefore be a reason for the difference in ligand affinity between P.falciparum CaMC 
and human CaMC. 
 
The result from superimposing the structures of P.falciparum CaMC and human CaMC gave a 
larger RMS-value than expected for structures with 85% sequence identity [56]. However, 
there is an uncertainty in determination of structure due to the fact that proteins are flexible in 
solution and a solution NMR gives thousands of possible conformations. In P.falciparum 
CaMC and human CaMC there is a flexible tail which in the whole CaM is a part of the 
connective alpha-helix between the two lobes. This tail is oriented differently in the NMR 
structure of CaMC from P.falciparum compared to CaMC from human which is a possible 
reason for the large RMS-value.  
 
Surface area calculations of P.falciparum CaMC compared to human CaMC confirms that 
CaMC from human has a more open conformation than CaMC from P.falciparum. The 
methionine area in human CaMC constitutes a five times larger area than the methionine area 
of P.falciparum CaMC. The total area of CaMC from human is 1000 Å2 larger than CaMC 
from P.falciparum despite the fact that the two structures have an equal amount of amino 
acids. Both the methionine area and the total area indicate that human CaMC is more open 
conformation than P.falciparum CaMC. 
 
When analysing the primary, secondary and tertiary structure of CaMC from P.falciparum 
compared to CaMC from human, the two structures are similar in a number of aspects. 
However, there are differences between P.falciparum CaMC and human CaMC. A sequence 
identity of 85% is rare amongst two species with a distant kinship as humans and 
P.falciparum. This extraordinary conservation of sequence in vertebrates CaM gives 
mutations, who in other cases could not affect function and structure significantly, a whole 
different impact. In humans the slightest mutation results in severe complications for the 
affected individual [11]. 

7.2.2 Ligand binding analysis 

Ligand binding to P.falciparum CaMC and human CaMC could reveal differences in structure 
and affinity. The results from the TFP binding experiments show a decrease in fluorescence 
intensity which is likely to depend on quenching that occurs from the ligand binding to 
P.falciparum CaMC and human CaMC. Since the tyrosines in P.falciparum CaMC and human 
CaMC is responsible for the emitted light, the results indicate that when TFP binds to 
P.falciparum CaMC or human CaMC it affects one or both tyrosines. The decrease in intensity 
was larger for TFP with human CaMC than for TFP with P.falciparum CaMC, which indicates 
on more quenching in human CaMC. The position of the tyrosines is not located in the 
hydrophobic cleft for any of the structures so the decrease in fluorescence intensity might 
depend on a conformational change that occurs when TFP binds. Docking results also 
indicates that TFP could bind in proximity to the tyrosines for P.falciparum CaMC in a greater 
extent than for human CaMC. This disagrees with the experimental results since the decrease 
in intensity was greater for human CaMC. However, experiments concerning differences in 
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intensity are sensitive to concentration. Further experiments would therefore be necessary to 
confirm the results.     
 
A difference was noted when comparing the dissociation constants of TFP with P.falciparum 
CaMC and human CaMC, 8.2±1.3 µM and 3.2±0.6 µM respectively, seen in Table 4. The Kd 
standard deviation for human CaMC and P.falciparum CaMC are too small to significantly 
affect the difference between the respective Kd values. This implies that TFP has a higher 
binding affinity to human CaMC then to P.falciparum CaMC. Since the received values are in 
a µM range the size of the difference is not large enough to have a biological significance. 
The calculated Kd from docking TFP to P.falciparum CaMC and human CaMC consolidates to 
our experimental data, see Table 7. Both calculations and experimental data indicates that 
TFP have a higher affinity for human CaMC. Considering the difference in Kd values and the 
similarity of P.falciparum CaMC and human CaMC are the results promising. Further 
experiments with ligands that have a lower Kd and are more sensitive to conformational 
differences are of interest.    
 
The most favourable binding poses for both P.falciparum CaMC and human CaMC with TFP 
were positioned in the hydrophobic cleft in proximity to the four methionine residues, which 
confirms the result from crystal determination of TFP binding with human CaM [57]. Since 
the residues in the hydrophobic cleft are important for binding target molecules, and human 
CaMC has a more defined hydrophobic cleft, it could be a reason why TFP shows a higher 
binding affinity for human CaMC. Docking with TFP gave a large number of possible poses 
for both P.falciparum CaMC and human CaMC, which makes it difficult to determine a clear 
binding pose for both P.falciparum CaMC and human CaMC. This is, however, generally 
unavoidable with large ligands due to the fact that torsional freedom within the ligand makes 
docking less certain. 
 
The three major differences in amino acid sequence are not positioned in proximity to the 
hydrophobic cleft and it is therefore unlikely that the differences would directly affect the 
binding affinity for TFP. An issue in docking TFP which makes the docking models possibly 
faulty is that it is known from the determination of crystal structure that more than one TFP 
bind to one human CaMC [19]. In docking TFP to the NMR-structures, 1CMG and the in-
house NMR-structure constructed at Linköping University, only one TFP was docked to 
P.falciparum CaMC and human CaMC respectively. If TFP interact with each other upon 
binding P.falciparum CaMC or human CaMC respectively, then the executed dockings could 
be misleading. 
 
No conclusions regrading affinity and saturation of ANS could be obtained from experimental 
data. The ligand docking of ANS gave more clustered poses in P.falciparum CaMC and 
human CaMC respectively compared to TFP. A few well-defined clusters was found in 
P.falciparum CaMC and human CaMC. ANS is known to bind in hydrophobic regions of 
protein surfaces, see section 2.2.2. The docking poses obtained contradict that ANS binds 
exclusively to hydrophobic regions. A number of poses show that ANS could possibly bind to 
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other areas as well. In binding P.falciparum CaMC and human CaMC ANS is too unspecific to 
be used as a ligand or fluorescent probe.  
 
The result from the ligand binding of ART to P.falciparum CaMC show a decrease in 
fluorescence intensity as the concentration of ART increases. This might be caused by either 
quenching or a change in the conformation of the structure leading to a more open 
conformation for the tyrosines. The decrease in intensity indicates on ART binding to 
P.falciparum CaMC.  
 
The Kd value from docking ART to P.falciparum CaMC is 27.4 µM which differs from the 
experimental value 5.7 µM. The Kd value for docking human CaMC is 35.0 µM, experimental 
Kd values for human CaMC should be in the same order. The experimental results could have 
been affected by the curve not levelling out at a certain intensity to indicate saturation, see 
Figure 15, the dilution factor was calculated theoretically hence potential fluorescent 
molecules was not taken into consideration. The results from ligand binding with ART to 
P.falciparum CaMC are promising, however, further experiments are needed to validate the 
result. Furthermore, would investigation of more specific ligands be of interest, i.e. derivates 
of ART. 
 
When docking ART, both P.falciparum CaMC and human CaMC gave a few likely poses 
whereof the best for P.falciparum CaMC was situated in the hydrophobic cleft. The best pose 
for ART docked with human CaMC was situated at a hydrophobic area in proximity to a 
tyrosine. There is, however, also a likely pose situated in the hydrophobic cleft for CaMC 
from human. The fact that both P.falciparum CaMC and human CaMC gave a few poses with 
high degree of clustering could indicate multiple binding with ART to both CaMC. No 
complete ligand interaction studies have been performed on ART with CaMC for both 
P.falciparum and human. It seems, however, that ART similar to TFP bind to hydrophobic 
areas in CaMC for both P.falciparum and human. 
 
It can be concluded that CaMC is a suitable model to use in searching for ligands and 
inhibitors for P.falciparum CaM.  

7.3 Future prospects 
P.falciparum CaMC has recently been structurally estimated by NMR which open up for 
various experimental studies, helpful in the development of malaria treatments. In the future it 
is most essential to find a substance that can inhibit P.falciparum CaMC but does not affect 
human CaMC. It is of importance to not harm any physiological functions in human CaMC 
while P.falciparum CaMC is neutralized.  
 
There are two main strategies to inhibit CaMC; outcompete Ca2+ and thereby prevent 
activation of CaMC or binding to the hydrophobic cleft so that CaMC cannot bind its target 
molecules. Our results have shown that the inhibitor TFP binds with higher affinity to human 
CaMC than to P.falciparum CaMC. Therefore, it would be relevant to examine where TFP 
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binds, this could be performed by using X-ray crystallography. To learn more about structural 
changes due to ligand binding it would be interesting to perform heteronuclear single 
quantum coherence spectroscopy (HSQC-NMR). Experiments could be performed with apo- 
and holo conformation of both P.falciparum CaMC and human CaMC to investigate how Ca2+ 
affect the ligand binding and how the ligand affect the two different structures of CaMC. With 
this knowledge a derivate of TFP which binds stronger to P.falciparum CaMC than human 
CaMC could be developed.  
 
The ligand ART is shown to bind to P.falciparum CaMC, therefore studies on human CaMC 
would be interesting to perform to see if a difference exists between the structures. The 
experiments with ITC and ART gave no valuable results, ART is however an interesting 
ligand to investigate further since it is already used in malaria treatment [58]. Since the 
project proceeded for a short period of time and with limited resources, the experiments could 
not be refined. It would be necessary to redo and develop the ITC experiments to evaluate the 
affinity of ART to P.falciparum CaMC and to human CaMC. 
 
Protein modelling and docking are a rising field, including computational chemistry in 
projects involving protein science are paramount for the success of future prospects. An 
approach in evolving this theoretical part could be conducting sequential blind docking to 
refine the results from previous dockings. Furthermore, experimental data could be used to set 
parameters for more accurate docking.      
 
To get a better understanding of both P.falciparum CaMC and human CaMC it would be of 
great interest to investigate different ligands bound to the structure; how they affect the 
stability, the structure and the activity of P.falciparum CaMC and human CaMC. By 
investigating differences in these parameters of P.falciparum CaMC and human CaMC when 
bound to a ligand, the knowledge about each structure could be expanded. If a difference is 
found, it would be favourable for the development of malaria treatments.  
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8. Conclusions 
CaMC from P.falciparum and CaMC from human have resembling primary-, secondary- and 
tertiary structure. The primary structure differs in only eleven positions when comparing 
P.falciparum CaMC and human CaMC, which is a small difference when comparing a protein 
from a parasite and human. The secondary structure for P.falciparum CaMC and human CaMC 
have many similarities which were shown in both the CD experiments and when comparing 
the NMR structures. The tertiary structure has a more open conformation in human CaMC 
than P.falciparum CaMC, shown with computations in PyMOL [15]. 
 
Both P.falciparum CaMC and human CaMC show similarities in their structural stability, 
which is indicated by the thermal and chemical stability results. 
 
TFP has a higher binding affinity for human CaMC than P.falciparum CaMC, which is 
supported by ligand docking with Autodock4.2. This indicates that TFP inhibit human CaMC 
more than P.falciparum CaMC. In the future, more detailed studies about the binding 
differences of TFP with P.falciparum CaMC and human CaMC can lead to finding a ligand 
which does not affect the active human CaMC but only inhibit P.falciparum CaMC. If such a 
ligand can be found, it would be the first step in developing new malaria treatments.  
 
Ligand binding of ART indicates binding to P.falciparum CaMC. However, since ART 
already is used in malaria treatment [26], it would be of interest to confirm the binding to 
P.falciparum CaMC and investigate if ART also binds to human CaMC to see if the interaction 
with CaM may be the reason why the malaria medicine with ART is effective. 
 
The project results will hopefully be of help when practicing further studies on P.falciparum 
CaMC and thereby supporting the development of antimalarial compounds. 
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Appendix 1 

1.1 Sequence alignment  

 
Appendix figure 1: Sequence alignment of human CaMC and P.falciparum CaMC taken from protein BLAST 
[14]. Showing important differences in green. 

Appendix table 1: List over all differences found with protein BLAST, significant differences are marked in bold 
letters. 

Position Human CaMC P.falciparum CaMC 

76 M L 
81 S T 
85 I L 
86 R I 
94 K R 
97 N D 
103 A D 
118 D N 
136 V I 
143 Q K 
146 T I 

1.2 Solutions  

1.2.1 LB-medium 

20.0035 g Peptone, 20.0163 g yeast extract and 10.094 g NaCl was added to 1 litre of distilled 
water in an Erlenmeyer flask. The LB-medium was autoclaved and cooled to room 
temperature before use. 
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1.2.2 Kanamycin 

300 g of pulverized kanamycin was dissolved in 10 ml of distilled water. The solution was 
sterile filtered and stored in fractions of 1 ml in Eppendorf tubes. 

1.2.3 IPTG 

1.1954 g of pulverized IPTG was dissolved in 10 ml of distilled water. The solution was 
sterile filtered and stored in fractions of 1 ml in Eppendorf tubes. 

1.2.4 Resuspension buffer 

2.3962 g NaH2PO4 with molar mass 137.99 g/mole was dissolved in approximately 950 ml 
distilled water. The pH was correlated to 2.01 by titration of 6 M HCl before the volume was 
adjusted to 1 litre. The concentration of NaH2PO4 in the prepared solution was calculated to 
17.37 mM. 

1.2.5 Dilution buffer 

10.46 g Bis-Tris was dissolved in approximately 950 ml distilled water. The pH was 
correlated to 5.5 by titration of 6 M HCl before the volume was adjusted to 1 litre. The 
concentration of Bis-Tris in the solution was calculated to 50 mM. 

1.2.6 Equilibrium buffer 

4.18 g Bis-Tris was dissolved in approximately 950 ml distilled water. The pH was correlated 
to 5.08 by titration of 6 M HCl before the volume was adjusted to 1 litre. The concentration of 
Bis-Tris in the solution was calculated to 20 mM. 

1.2.7 Elution buffer 

4.18 g Bis-Tris and 58.44 g NaCl was dissolved in approximately 950 ml distilled water. The 
pH was correlated to 5.1 by titration of 6 M HCl before the volume was adjusted to 1 litre. 
The concentration of Bis-Tris in the solution was calculated to 20 mM and NaCl was 
calculated to 1 M. 

1.2.8 Electrode buffer 

This buffer was pre-made by the supervisor Cecilia Andrésen and was containing 25 mM 
Tris-HCl, 0.2 M Glycine and 0.1 % SDS. 

1.2.9 Loading buffer 

This buffer was pre-made by the supervisor Cecilia Andrésen and was containing 84 mM 
Tris-HCl, 35 % Glycerol, 2.8 % SDS and 20 µM bromophenol blue. 

1.2.10 Running buffer 

This buffer was pre-made by the supervisor Cecilia Andrésen and was containing 20 mM Bis-
Tris and 10 mM CaCl2, having a pH of 7.0. Used in the fluorescence experiments. 
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1.2.11 Chemical denaturation buffer 

This buffer was pre-made by the supervisor Cecilia Andrésen and was containing 0.2 M Bis-
Tris and 0.2 M CaCl2, having a pH of 7.1. Used in the chemical denaturation experiments. 

1.3 Ligands 

1.3.1 TFP 

0.1994 g TFP was dissolved in 20 ml 20 mM Bis-Tris/20 mM CaCl2 (pH 7.1) buffer to a final 
concentration of 21 mM. 1000 µM sample for fluorescence measurements was made by 
taking 19.32 µl 21 mM TFP solution and diluting with 380.68 µL buffer to a final volume of 
400 µl. 

1.3.2 ART 

A 88.54 mM solution of ART with 95-% ethanol buffer was pre-made by supervisor Cecilia 
Andrésen. 1000 µM sample for fluorescence measurements was made by taking 2.26 µl 88.54 
mM ART solution and diluting with 197.8 µl buffer to a final volume of 200 µl. 

1.3.3 ANS 

0.0791 g ANS was dissolved in 25 ml 20 mM Bis-Tris/20 mM CaCl2 (pH 7.1) buffer to a 
final concentration of 10 mM. 

1.4 Tables  
Appendix table 2: Measurement data from ligand binding of TFP to P.falciparum CaMC and human CaMC. 

Measurement 
number 

Volume added 
TFP (µl) 

Total volume in 
cuvette (µl) 

[CaMC] 
(µM) 

[TFP] 
(µM) 

Protein 
equivalent 

0 0 1000 5 0 0.0 
1 2 1002 4.99 1.0 0.2 
2 4 1004 4.98 1.99 0.4 
3 6 1006 4.97 2.98 0.6 
4 8 1008 4.96 3.97 0.8 
5 10 1010 4.95 4.95 1.0 
6 12 1012 4.941 5.93 1.2 
7 14 1014 4.931 6.90 1.4 
8 16 1016 4.921 7.87 1.6 
9 18 1018 4.912 8.84 1.8 
10 20 1020 4.902 9.80 2.0 
11 22 1022 4.892 20.55 4.2 
12 24 1024 4.883 30.29 6.2 
13 26 1026 4.873 40.00 8.2 
14 28 1028 4.864 49.67 10.2 
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15 30 1030 4.854 59.31 12.2 
16 32 1032 4.845 68.90 14.2 
17 34 1034 4.836 78.46 16.2 
18 36 1036 4.826 87.98 18.2 
19 38 1038 4.817 97.47 20.2 
20 40 1040 4.808 106.92 22.2 

 

Appendix table 3: Measurement data from ligand binding of ANS to P.falciparum CaMC and human CaMC. 

Measurement 
number 

Volume added 
ANS (µl) 

Total volume in 
cuvette (µl) 

[CaMC] 
(µM) 

[ANS] 
(µM) 

Protein 
equivalent 

1 4 1052 95.06 308.94 3.25 
2 8 1056 94.70 331.44 3.50 
3 12 1060 94.34 353.77 3.75 
4 16 1064 93.98 375.94 4.00 
5 20 1068 93.63 397.94 4.25 
6 24 1072 93.28 419.78 4.50 
7 28 1076 92.94 441.45 4.75 
8 32 1080 92.59 462.96 5.00 
9 36 1084 92.25 484.32 5.25 
10 40 1088 91.91 505.51 5.50 
11 44 1092 91.58 526.56 5.75 
12 48 1096 91.24 547.45 6.00 
13 52 1100 90.91 568.18 6.25 
14 56 1104 90.58 588.77 6.50 
15 60 1108 90.25 609.21 6.75 
16 64 1112 89.93 629.50 7.00 
17 68 1116 89.61 649.64 7.25 
18 72 1120 89.29 1071.43 12.00 
19 76 1124 88.97 1103.20 12.40 
20 80 1128 88.65 1134.75 12.80 
21 84 1132 88.34 1166.08 13.20 
22 88 1136 88.03 1197.18 13.60 
23 92 1140 87.72 1228.07 14.00 
24 96 1144 87.41 1258.74 14.40 
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Appendix table 4: Measurement data from ligand binding of ART to P.falciparum CaMC. 

Measurement 
number 

Volume 
added ART 

(µl) 

Total volume in 
cuvette (µl) 

[CaMC] 
(µM) 

[ART] 
(µM) 

Protein 
equivalent 

0 0 1000 5 0 0 
1 2 1002 4.99 1.00 0.2 
2 4 1004 4.98 1.99 0.4 
3 6 1006 4.97 2.98 0.6 
4 8 1008 4.96 3.97 0.8 
5 10 1010 4.95 4.95 1.0 
6 12 1012 4.94 5.93 1.2 
7 14 1014 4.93 6.90 1.4 
8 16 1016 4.92 7.87 1.6 
9 18 1018 4.91 8.84 1.8 
10 20 1020 4.90 9.80 2.0 
11 22 1022 4.89 10.76 4.0 
12 24 1024 4.88 11.72 6.0 
13 26 1026 4.87 12.67 8.0 
14 28 1028 4.86 13.62 10 
15 30 1030 4.85 14.56 12 
16 32 1032 4.84 15.50 14 
17 34 1034 4.84 16.44 16 
18 36 1036 4.83 17.37 18 
19 38 1038 4.82 18.30 20 
20 40 1040 4.81 19.23 22 
21 42 1042 4.80 20.15 24 
22 46 1046 4.78 21.99 28 
23 50 1050 4.76 23.81 32 
24 54 1054 4.74 25.62 36 
25 58 1058 4.73 27.41 40 

 

Appendix table 5: Chemical denaturation of P.falciparum CaMC and human CaMC´, in presence of ANS. 

Measurement number 
for P.falciparum CaMC 

[GuHCl] for 
P.falciparum 

CaMC (M) 

Measurement number 
for human CaMC 

[GuHCl] for 
human CaMC (M) 

1 0.0 1 0.0 
2 0.5 2 0.5 
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3 1.0 3 1.0 
4 1.5 4 1.5 
5 1.7 5 1.6 
6 1.9 6 1.8 
7 2.1 7 2.0 
8 2.3 8 2.2 
9 2.5 9 2.4 
10 2.7 10 2.6 
11 2.9 11 2.8 
12 3.1 12 3.0 
13 3.3 13 3.2 
14 3.5 14 3.4 
15 3.7 15 3.6 
16 3.9 16 3.8 
17 4.1 17 4.0 
18 4.3 18 4.3 
19 4.5 19 4.5 
20 4.7 20 4.8 
21 4.9 21 5.0 
22 5.0 22 5.5 
23 5.5 23 6.0 
24 6.0 24 6.5 
25 6.5 25 7.0 
26 7.0   

 


