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Abstract 

The data presented in this thesis was generated using molecular biology, protein chemistry and X-ray 

crystallography techniques. However, while the methodologies employed are essentially the same, 

the research work presented here refers to two different proteins, which are part of different research 

projects in the laboratory. For this reason, the content of this thesis is divided in two independent 

parts, each provided with an introduction and a general overview of the research topic and state-of-

the-art, a materials and methods section discussing the techniques used and the protocols followed, 

and a section where the results are presented and discussed in detail. 

The first half of the thesis deals with the structural characterization of the complex between human 

E-cadherin and three different small molecule potential inhibitors identified via a fragment-based 

drug discovery (FBDD) screening campaign that was conducted using a library of commercially 

available small fluorinated chemical fragments. For this screening phase, we used 19F-NMR as 

readout. The NMR experiments were done by our collaborator Dr. Marina Veronesi at the D3 

PharmaChemistry division of the Italian Institute of Technology (IIT) in Genova (Italy). Functional 

cell adhesion assays to validate the inhibitory effects of the fragments thus identified were carried out 

in collaboration with Prof. Frédéric André at the University of Marseille (France).  

The second half of the thesis describes the structural characterization of Plasmodium falciparum 

Choline Kinase (PfChoK), an important pharmaceutical target in the fight against malaria, as well as 

the biochemical characterization of a library of potential inhibitors of PfChoK. These inhibitors were 

synthetized in the group of Prof. Luisa Carlota López-Cara at the Department of Pharmaceutical and 

Organic Chemistry of the University of Granada (Spain) in the framework of an ongoing 

collaboration between the two groups. 
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Introduction 

In the course of the evolution from single cell to multicellular organisms, the appearance of adhesion 

molecules marked a fundamental step toward the formation of organized multicellular structures, held 

together by cell-cell and cell-matrix contacts. In any newborn mammal, the critical role of adhesion 

molecules and cell-cell junctions becomes apparent from the very first stages of development. Indeed, 

the formation of specialized cell-cell junctions occurs during the first rounds of cleavage of 

embryonic stem cells and contributes to the formation of the blastocyst, which will later develop into 

entire complex organisms.  

Adherens junctions allow the formation of a compact two-dimensional layer of cells to form tissues 

that not only act as protective barriers against the environment, but also affect the spatial distribution 

of biologically active molecules (nutrients, signaling molecules, grow factors…) and allow the 

mechanical coupling between cells. The ability of cells to distribute mechanical stresses makes them 

capable of responding to external stimuli while maintaining their functionality.  

Cell adhesion molecules are crucially involved in tissue organization, development, homeostasis, and 

re-modelling. Hence, their altered expression levels or their functional impairment is often associated 

with pathological conditions [1]. 

Four different protein families are classified as adhesion molecules, each having a different function: 

immunoglobulins mediate cell-cell recognition in the immune system cells; integrins mediate cell-

matrix interactions; selectins are involved in the recognition and binding of sugar moieties; cadherins 

mediate cell-cell adhesion and the formation of adherens junctions [2]. 

The focus of this thesis is on the cadherin superfamily, with particular reference to its prototypic 

member E-cadherin. 
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The Cadherin Superfamily 
Cadherins are a large superfamily of calcium-dependent membrane glycoproteins that are involved 

in cellular adhesion and recognition. Each member of the superfamily is characterized by the tandem 

arrangement of a variable number of extracellular cadherin (EC) domains and by the conserved DRE, 

DXNDN, and DXD calcium-binding motifs in their sequence. All cadherins are composed of an 

extracellular portion, also referred to as the ectodomain, a transmembrane region and a cytoplasmatic 

domain, the latter featuring specific binding regions for adaptor proteins such as α- and β- catenin, 

which are responsible for linking cadherins on the surface of the cell to the actin cytoskeleton. The 

domain topology of an EC repeat is showed in Figure 1. It is an immunoglobulin-like fold consisting 

of a “Greek-key” β sandwich motif formed by seven β strands arranged in a circular fashion and a 

characteristic β helix between strand C and D. Overall, each EC repeat forms a globular domain and 

three calcium ions are found at the level of the linker region within each EC tandem repeat (Figure 

2).  

 

Figure 1: Extracellular cadherin domain 
Panel A depicts the side view of the EC domain, while panel B its top view. The domain is drawn in cartoon representation colored in 
rainbow with a blue N-terminal and a red C-terminal. Each strand is labelled with an alphabetical letter. The label “q-β” indicates the 
β helix featured between strand C and D. The coordinates used for the images are taken from the crystal structure of E-cadherin 
(PDBID: 2O72). 
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So far, 114 different human genes have been classified as cadherin-encoding genes (Table 1). These 

genes have been further divided into three families based on their function, structure and evolutionary 

history: major cadherins (CDH), protocadherins (PCDH) and cadherin-related molecules (CDHR) 

[3], [4]. In the following, while I will discuss the CDH family in detail, I will only briefly introduce 

the PCDH and CDHR families, as these latter ones are not the focus of my thesis. 

  

Figure 2: General scheme of a prototypical cadherin 
The drawing shows the overall structure of a prototypical cadherin molecule, featuring several EC domains (five in the classical 
cadherins). Three calcium ions are found at the interface in each tandem repeat  (green dots). 
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PCDH are mainly expressed in the central nervous system of vertebrates. They were identified by 

Sano et al. in 1993 and they feature either six or seven EC repeats, a transmembrane domain and a 

cytoplasmic tail [5]. In 1999, Wu et al. discovered that tandemly arranged gene arrays of PCDH were 

organized as three clusters on human chromosome 5q31 and named the three clusters as α-, β- and γ-

PCDH [6]. Later, this subfamily was called clustered PCDH (cPCDH) to distinguish their members 

from the other family members, which are called non-clustered PCDH (ncPCDH) because their 

coding sequences were found to be distributed throughout the human genome [7]. 

PCDH expression is important for the development of the central nervous system. The diverse 

expression of different cPCDH isoforms contributes to the creation of diversity on neuronal cell 

membranes, hence to specificity, creating functional diversification between neurons. Furthermore, 

cPCDH are involved in dendrite and axon directional growth, synapse formation and neuronal 

survival. NcPCDH have a region-dependent expression profile contributing to the specification of a 

neuron identity and, like cPCDH, play a role in dendritic, axonal and synaptic development [8]- [9]. 

The CDHR family gathers the most varied members of the cadherin superfamily and many of their 

functions are still unclear. For example, it is not known whether calsystenins, which are composed of 

only two EC repeats, mediate adhesion or are secreted ligands or chaperones. Others, like Dachsous 

and FAT, on the other hand, are among the longest cadherins known to date as they feature up to 34 

EC repeats. They are known to regulate planar cell polarity and proliferation [3]. 

  

Table 1: Official nomenclature of the 114 human genes encoding cadherin molecules.  
Adapted from [3]. 



 

 

17 

The Major Cadherin Family 
The CDH family is divided into type I and type II classical cadherins, 7D cadherins, desmosomal 

cadherins, Flamingo or CELSR cadherins, and some solitary members such as cadherin 23 (H-

cadherin). With the exception of the 7D and Flamingo cadherins, the other subfamilies possess five 

EC repeats. Conventionally, they are numbered from the outmost (EC1) to the membrane proximal 

(EC5) domain. The two members of the 7D cadherin subfamily, cadherin 16 (kidney-specific (Ksp) 

cadherin) and cadherin 17 (liver-intestine (LI) cadherin), originated after chromosomal duplication 

during vertebrate evolution and are expressed in kidney and intestine epithelia, where they mediate 

cell adhesion [10]. Interestingly, unlike classical cadherins, the two 7D cadherin members do not 

form complexes with catenins because they display shorter cytoplasmatic domains (around 20 amino 

acids); however, even without interacting with the actin cytoskeleton, they can still mediate adhesion 

[11]. The CELSR cadherin subfamily comprises three members, CELSR1, CELSR2 and CELSR3, 

which are characterized by a large ectodomain featuring nine EC repeats, several cysteine-rich 

epidermal growth factor (EGF) repeat-like domains, two laminin G-type domains, one hormone 

receptor motif (HRM), and a G-protein-coupled receptor proteolytic site (GPS). Further features 

include a seven-pass transmembrane domain and a cytoplasmic domain. CELSR1 is involved in 

establishing and maintaining the epithelial cell-polarity of epithelial tissues while CELSR2 and 

CELSR3 play a role in neural development, especially neuronal migration and axon development and 

guidance in the central and peripheral nervous system [12]. 

Type I and type II classical cadherins as well as desmosomal cadherins share a great deal of similarity 

in their molecular structure and in their homophilic dimerization mechanism. Indeed, their 

extracellular domain consist of five EC repeats and they employ the two outermost EC repeats, EC1 

and EC2, to dimerize through strictly homophilic interactions (type I classical cadherins and 

desmosomal cadherins) or through partly promiscuous heterophilic interactions involving different 

family members (type II cadherins) [13].  

Type I classical cadherins and desmosomal cadherins employ the N-terminal EC1 repeat to interact 

in trans with an identical cadherin molecule protruding from an opposing cell. Here, a highly 

conserved tryptophan residue in position 2 docks inside a hydrophobic pocket of the partner molecule 

forming a so-called strand swap dimer. This interaction is usually coupled with a so-called cis 

interaction, whereby a second cadherin molecule, seemingly protruding from the same cell as the 

reference protein, interacts via its second EC repeat, EC2, at the level of the EC1 of a strand-swapped 

cadherin [14]. This mechanism will be discussed in detail in the paragraph where the structural 

features involved in the dimerization process are described. Type I classical cadherins are responsible 
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for the formation of adherens junctions between epithelial cells, which occurs via the synergic 

cooperation between trans and cis interactions [15]. Likewise, desmosomal cadherins are related to 

the formation of desmosomes, which are another type of specialized cell-cell junctions that connect 

epithelial cells [16]. 

Type II classical cadherins are characterized by the presence of two conserved tryptophan residues 

(in positions 2 and 4 of the N-terminal adhesion arm) that insert in a large hydrophobic pocket within 

the EC1 of the partner molecule in the homo-dimerization process [17]. Type II cadherins are 

expressed combinatorially in the nervous system and thanks to their ability to interact both 

homophilically and heterophilically with one another [13], they contribute to the development of 

neural circuits and to the spatial organization of neurons [18]. 

A schematic representation of the main features of the major cadherin subfamilies is depicted in 

Figure 3. In the following, the discussion will focus on the structure and functions of the adherens 

junction and on the prototypical member of the classical cadherin subfamily, E-cadherin, with 

particular reference to its possible druggability.  

 

Figure 3: Schematic representation of the main features of the major cadherin subfamilies 
Here, a drawing highlighting the main structural features of the major cadherin subfamilies is shown. Starting from left, type I classical 
cadherins (red), desmosomal cadherins (blue), type II cadherins (green), 7D cadherins (pink) and CELSR cadherins (light blue) are 
depicted. The cell membrane is shown in grey and EC repeats are numbered from the outmost to the most proximal to the cell membrane. 
The abbreviation in the drawing stand for: TM, transmembrane domain; 7P-TM, seven-pass transmembrane domain; CD, 
cytoplasmatic domain; GPS, G-protein-coupled receptor proteolytic site; HRM, hormone receptor motif; EGFD, cysteine-rich 
epidermal growth factor repeat-like domains; and LAM, laminin G-type domain. 
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The Adherens Junction and E-cadherin 
Immunoistological studies have shown that while E-cadherin is ubiquitously distributed in all 

epithelial tissues, it is particularly abundant in the adherens junctions between epithelial cells, where 

it mediates cellular assembly [19], [20], [21]. Interestingly, an aberrant E-cadherin expression pattern 

often correlates with malignancy. Indeed, E-cadherin upregulation and/or downregulation, absence 

or mutations are associated with tumor growth, progression, and invasion. In this process, cancer cells 

undergo an epithelial-to-mesenchymal transition (EMT) and migrate from the tumor primary site into 

the blood stream. Finally, they undergo a reverse transition, the so-called mesenchymal-to-epithelial 

transition (MET), which restores their adhesive properties and allow them to adhere to other organs, 

thus establishing metastases in different regions of the body (Figure 4) [22], [23].  

 

 
 
E-cadherin-mediated adherens junction formation is a key event in the development of epithelial 

tissues. Indeed, after the first few rounds of cell divisions, which take place during the early stages of 

development, the establishment of the apico-basal polarity and the formation of E-cadherin-mediated 

adherens junctions, i.e. the formation of the first epithelial tissue of an organism, mark the transition 

from morula to blastula [24]. 

Figure 4: The adherens junction and the process of tumor formation 
The figure depicts a simplified epithelial tissue sheet and the process of formation of a solid tumor: a cancer cell detaches from the 
epithelial sheet by undergoing EMT and it is able to migrate toward a blood vessel where the process of invasion begins. The migrating 
cancer cell eventually exits the blood vessel and undergoing a MET regresses to its original epithelial phenotype starting the process 
that ultimately leads to the formation of a solid tumor. 
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Adhesive forces provided by cadherins at the adherens junctions contribute to the prevention of tissue 

dissociation into their cellular components and their inherent dynamicity provides tissues with the 

ability to withstand mechanical stresses while, at the same time, retaining cellular mobility [25]. As 

dynamic entities, adherens junctions confer adequate mechanical properties to the tissues. Moreover, 

they ensure the renewal process and the healing of wounds through cell movements and 

rearrangements. 

The adherens junction is an extremely complex cell-cell interface. E-cadherin is a transmembrane 

protein that provides a linkage between cells while communicating with the underlying cellular 

cytoskeleton. The dynamic oligomerization of the E-cadherin ectodomain determines the formation, 

the rearrangement and the dissolution of adherens junctions [26]. The E-cadherin ectodomain is the 

major determinant of the overall architecture of the adherens junction, as it regulates its characteristic 

zipper-like structure and the spacing between cells (Figure 5: The structure of the adherens junction 

is regulated by the extracellular portion of classical cadherins (Figure 5) [14]. 

In this context, the initial study on C-cadherin, the ortholog of E-cadherin in Xenopus Laevis, revealed 

that the supramolecular arrangement of the full ectodomain (Figure 5, panel A) found in the crystal 

structure is compatible with the hypothesis that cadherin-mediated cell-cell adhesion is guided and 

organized by a complex array of so-called cis and trans intermolecular interactions. Moreover, it 

suggested that one layer of the C-cadherin EC1-EC5 portion in the crystal represents an accurate, 

albeit only partial, model for understanding the role of classical cadherins in cell adhesion and their 

activation mechanism [27]. 

 

 
 

Figure 5: The structure of the adherens junction is regulated by the extracellular portion of classical cadherins  
In the panel A, cadherin molecules of the same array contact each other in cis and at the same time establish a trans interaction with a 
molecule protruding from the opposite cell membrane (light blue molecules with red ones and cyan molecules with orange ones). Arrows 
exiting from the cellular membrane (depicted in gray) stand for the continuation of the array. Adapted from PDBID: 1L3W. 
Panel B depicts an electron tomography of a desmosome, where desmosomal cadherins are observed in multiple orientations.  
Adapted from [28]. 
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Indeed, the observed distance between the EC5s of two interacting proteins in the crystal is 

remarkably similar to the average width of an adherens junction, as observed and measured by 

electron tomography studies [27]. 

As highlighted in panel A of Figure 5, the zipper-like structure of an adherens junction is formed by 

parallel arrays of cadherin molecules that are protruding from the same cell (cis interaction). In turn, 

they contact partner molecules forming trans interactions with cadherins that seemingly protrude 

from the opposing cell. Both interactions involve mostly the EC1 and the EC2 repeats. 

However, although this extremely ordered two-dimensional crystal lattice has been actually observed 

in mature desmosomes [28], it is not completely accountable for the overall structure of the adherens 

junction. Indeed, in another electron tomography study [29], the authors demonstrated that cadherin 

molecules adopt a great variety of different conformations in cell-cell junctions and this enormous 

conformational freedom is one of the factor contributing to the dynamic properties of cadherin-

mediated cell-cell junctions (Figure 5 panel B). 

The great conformational flexibility of cadherin ectodomains can also be explained by the presence 

of three calcium ions at the interface between each EC tandem repeat, where they are coordinated by 

conserved Asp residues. Several studies [30], [31], [32] demonstrated that calcium chelation is 

essential for the dimerization of classical cadherins because it provides rigidity to the ectodomains 

and the necessary strain to position the EC repeats at the right relative orientation. At the same time, 

calcium chelation leaves enough conformational freedom to the protein to adjust the angles between 

its different EC domains, thus maximizing the likelihood of finding a homo-dimerization partner 

among those proteins that protrude from the neighboring cell (Figure 6, panel A). 

In the absence of calcium, cadherins lose their structural rigidity and collapse onto themselves, finally 

being degraded by proteases. Interestingly, the effect of the absence of calcium on classical cadherins 

has not only been assessed functionally but it has also been shown by X-ray crystallography. Indeed, 

the EC1-EC2 portion of mouse H-cadherin was crystallized without calcium (PDB code 3K5R). The 

structure shows that the two EC domains collapse on one another, thus causing the ectodomain to 

lose its characteristic banana-shape and its functionality (Figure 6, panel B) [33]. 

The formation and the maturation of the adherens junction are complex processes that relate to the 

cadherin dimerization mechanism and to the supramolecular dynamic assembly of the E-cadherin 

ectodomains. Based on pioneering studies on Madin-Darby Canine Kidney (MDCK) epithelial cells 

[34], we can divide this overall process into three phases. 
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In the first phase, which is usually referred to as the exploratory phase, E-cadherin clusters assemble 

onto the cell membrane due to 1) the clustering forces provided by homophilic cis interactions acting 

via the passive trap mechanism [35] and 2) the intracellular dimerization of catenins, which bind to 

the E-cadherin cytoplasmic domain. Catenins stabilize E-cadherin clusters and, at the same time, 

contact actin bundles and filaments, providing further stabilization [36]. In this phase, lamellipodia-

mediated contacts are populated by adhesion spots or puncta, in which E-cadherin begins to localize. 

As such, they represent the initial contacts between cells. 

In the second phase, the so-called adhesion plaque is formed by the coalescence of puncta and by 

subsequent extension through the zippering of the plasma membranes. At this stage, the actin 

cytoskeleton rearranges because it is stimulated by the mechanical tensions that exist between adhered 

cells [37]. The newly formed adherens junction is connected to microtubules, which run radially and 

parallel to the apico-basal axis, through a plethora of adaptor proteins that mediate the linkage to the 

E-cadherin cytoplasmatic domain [38]. The connection between adherens junctions and microtubules 

provides a route for the myosin- and dynein-mediated active transport of E-cadherin-containing 

vesicles to the adherens junction and this cooperative interaction contributes to the regulation of cell-

cell adhesion [39]. The steady-state levels of E-cadherin molecules in dynamic clusters at the 

adherens junction is preserved by a combination of fission, fusion, endocytosis, recycling, and 

exocytosis of clusters and molecule pools [40]. 

Figure 6: The effect of calcium binding 
On top of panel A, a schematic representation of a calcium activated cadherin molecule is shown and, on the bottom, the typical 
conformation of a calcium-binding region is highlighted. In this case, the interface between EC1 and EC2 of human E-cadherin is 
shown as example. Each residue that binds calcium is drawn in sticks and labelled with its three-letter code name and its residue 
number. Calcium ions are drawn in green spheres and water molecules binding the calcium on the top are drawn as small red spheres 
and labelled with an asterisk. The figure was drawn starting from PDBID: 2O72. 
On top of panel B, a probable conformation for calcium-free cadherin ectodomain is drawn and on the bottom the structure of calcium-
free mouse H-cadherin (PDBID: 3K5R) is drawn as cartoon with the conserved calcium-binding amino acids shown in sticks. Carbon 
atoms are drawn in orange, oxygen in red and nitrogen in blue. 
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The final phase is the condensation phase, in which the formation of multiple adherens junctions in 

epithelial cells leads to the formation of larger cell-cell contacts and to the redistribution of 

mechanical stresses via the maximization of the contact area between adhered cells. 

Clearly, the E-cadherin dimerization process is only one of the many events that lead to the formation 

of the adherens junction. However, understanding its stress- and conformational-dependent adhesive 

properties allows the elucidation of its crucial role in the genesis of cell-cell contacts. 
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Structural Determinants of E-cadherin Cis and Trans Interactions 
As previously stated, the organized, zipper-like array of molecules that characterizes adherens 

junctions is determined by the cooperation between cis and trans interactions in the ectodomains of 

classical cadherins. These interactions occur at the level of the two outmost EC repeats, as shown by 

the crystal structures of the whole ectodomain of C-cadherin of Xenopus Laevis [27] (PDBID: 1L3W) 

as well as E- (PDBID: 3Q2V) and N-cadherin (PDBID: 3Q2W) of Mus Musculus [14]. Since the 

heterologous expression of these long constructs is difficult in bacteria and usually requires the use 

of a mammalian expression system, which is typically characterized by a lower yield compared to the 

bacterial expression system, further crystallographic studies have focused on the minimal construct 

that is capable of mediating homo-dimerization, i.e. the EC1-EC2 fragment. Indeed, the simultaneous 

presence of cis and trans interactions has been confirmed for instance by Parisini et al. [41] in the 

high resolution strand-swapped structure of the EC1-EC2 domain of human E-cadherin (PDBID: 

2O72). This minimal construct has significant advantages: it can be heterologously expressed in 

bacteria and with a significantly higher yield of soluble protein while, at the same time, resulting in 

a crystal structures where the nature of classical cadherin cis and trans interactions is fully preserved 

The trans interaction results from a domain swapping mechanism, a protein dimerization mechanism 

that is common in nature and consists in the exchange of one domain from one protein with an 

identical one from the partner protein, whereby both swapped domains become stabilized by the same 

interface in the dimer. When two identical monomers come into contact, domain swapping is 

triggered by conformational changes that occurs at the level of the portion of the molecule that 

connect the swapping domain to the body of the protein, the so-called hinge loop, and the overall 

process leads to the stabilization of the swapped domains in the partner molecules [42]. The lengths 

and structures of the swapping domains can vary significantly among different proteins and range 

from entire globular domain to single α helices or β strands. 

In all classical cadherins, the swapping domain is composed of the first six N-terminal residues of the 

protein that are contained in the first β strand of the EC1. This is usually referred to as the adhesion 

arm. The highly conserved Trp2 residue fits into a ~800 Å2 wide, highly conserved hydrophobic 

pocket in the EC1 of the partner molecule. Here, it is stabilized by van der Waals interactions with 

the residues that line the adhesion pocket (Ile24, Ser26, Tyr36, Ser78, Ala80, Glu89, Met92) and by 

a hydrogen bond between the nitrogen atom of the Trp2 side chain (indole) and the carbonyl oxygen 

of Asp90 (Figure 7, panel A). At the N-terminus, the Asp1 residue is involved in multiple interactions: 

a salt bridge with Glu89 of the partner molecule, a hydrogen bond between its backbone carbonyl 

group and the backbone amide group of Asn27, and a hydrogen bond between the N-terminal nitrogen 
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with the side chain of Asn27 (Figure 7, panel A). In its swapped conformation, the arm is also 

stabilized by a hydrogen bond between Val3 and Lys25 of the partner molecule. This interaction 

mimics the contacts formed by the adhesion arm in the monomeric cadherin structure, when the arm 

folds against the protein’s own body (closed conformation) and the Trp2 docks inside the protein’s 

own acceptor pocket. Further stabilization is due to two water-mediated hydrogen bonds that are 

formed by the backbone amide group of Ile4 and the backbone carbonyl group of Pro5 with the 

cadherin body with the backbone carbonyl of Glu93 and the backbone amide group of Leu95, 

respectively (Figure 7, panel B). Moreover, the adhesion arm of E-cadherin is characterized by a 

diproline motif situated in position 4 and 5. When the adhesion arm is in its swapped conformation, 

such motif is strained because it features a conformational angle of -86°, which is significantly outside 

the energetically favorable -55° to -75° range [41]. Since the proline residues cannot act as hydrogen 

bonding donors/acceptors, they prevent the formation of a stable intermolecular conformation of the 

adhesion arm [43]. Hence, the diproline motif can be regarded as a particular hinge loop and its 

conformational strain might be thought of as a “spring force” that unlocks the Trp2 residue from its 

acceptor pocket. 

 

Figure 7: Structural determinants of the trans interaction of E-cadherin 
The top side of the figure shows the cartoon model obtained from the crystal structure of E-cadherin EC1-2 in strand swap conformation 
(PDBID:2O72), where the two proteins in the dimer are colored in orange and cyan with green spheres as calcium atoms. The 
interactions depicted in the two underlying panels take place in the two EC1. 
Panel A highlights the interactions of Trp2 and Asp1 in the acceptor pocket of the partner molecule. Here, the hydrophobic residues 
that compose the pocket are colored in dark red, the cadherin body in orange and the swapped adhesion arm in cyan with red oxygens, 
blue nitrogens, and yellow sulphurs. All residues are labelled according to their three-letter code and sequence number. Hydrogen 
bonds are indicated by yellow dashed lines and accompanied by their corresponding distances, while the green spring corresponds to 
a salt-bridge whose distance is indicated on top of it. 
Panel B depicts the stabilizing interactions that the swapped adhesion arm establishes with its partner molecule and with the cadherin 
body from which it protrudes. Here the color-code of panel A is still applied and water molecules are indicated as small red spheres. 
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The cis interaction (Figure 8, top panel) involves the formation of an interface between two regions, 

one situated in the EC1 domain and one in the EC2 domain of two E-cadherin proteins seemingly 

protruding from the same cell. Multiple interfacing residues mediate the cis interaction in EC1 

occupying an extended region of circa 500 Å2. They are: Phe35, Tyr36, Ser37, Ile38, Thr39, Asp44, 

Arg55, His79, Ala80, Val81, Ser82, Ser83, Asn84, Gly85, Asn86, Ala87, and Pro91; while in EC2 

they are: Gly120, Leu122, Pro123, Gly124, Asp159, Asn161, Thr164, Ile165, Asn166, Arg167, 

Asn168, Val171, Ser173, Val174, Val175, Thr176, Thr177, and Gly178. At the center of these 

interfaces lie the conserved His79-Ala80-Val81 (HAV) motif in the EC1 and the Pro123-Gly124-

Thr125 (PGT) motif in the EC2.  

As shown in panel A and panel B of Figure 8, both HAV and PGT motifs are situated in hydrophobic 

regions that are surrounded by polar residues. Here, Pro123 forms a characteristic kink that fits into 

the HAV motif and establishes stabilizing hydrophobic interactions, while the surrounding polar 

regions feature hydrogen bonds (e.g. between the carbonyl group of Ser83 and the side chain of 

Thr164 or between the side chain of Asn84 and the backbone amide of Arg167) and water-mediated 

contacts (Figure 8, panel C).  

 

Figure 8: Structural determinants of the cis interaction in E-cadherin 
The top side of the figure shows the cartoon model obtained from the crystal structure of E-cadherin EC1-2 in strand swap 
conformation (PDBID:2O72), where the two proteins are obtained through crystal symmetry and are colored in orange and brown 
with green spheres as calcium atoms. The interactions depicted in the two underlying panels take place in one EC1 and one EC2. 
Panels A and B highlight the two interfaces in respectively EC1 and EC2 that are involved in the cis interaction. Both protein bodies 
are shown in cartoon model with the respective surface superimposed. The residues involved in the interaction are drawn in sticks and 
the color code used for the residues and the surface is based on the Kyte and Doolittle hydrophobicity scale using dark gray for the 
most hydrophobic residues and orange red for the least hydrophobic. Each interacting residue is labelled with its three-letter code 
and sequence number. 
Panel C depicts the two interfacing while interacting and uses the same color code as the previous panels. Water molecules are 
represented as small red spheres and hydrogen bonds are drawn with yellow dashed lines with their corresponding distance. 
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Interestingly, mutating the HAV motif by inverting it into VAH does not affect the adhesive ability 

of E-cadherin in in vitro cell assays, despite the HAV motif being totally conserved among classical 

cadherins, [44]. However, Harrison et al. [14] have shown that site-directed mutagenesis of either 

Val81 in EC1 or Leu175 in EC2 into Asp resulted in the abolishment of cis interaction in crystal 

structures, due to the perturbation of the hydrophobic nature of the contact. These data confirm the 

importance of the cis interaction in the supramolecular assembly of E-cadherin molecules.  

  



 

 

28 

The E-cadherin Homo-dimerization Process 
In order for the cadherin homo-dimerization process to occur, the energy barrier that is associated 

with strand swapping event needs to be overcome. This results in a slow process that, rather than 

featuring an instant on/off mechanism, requires E-cadherin molecules to transit between several 

intermediate conformational states before reaching the final strand-swap dimer conformation [45].  

Historically, the exploration and the elucidation of this complex mechanism began with the 

crystallization of an E-cadherin molecule featuring an amino acid N-terminal extension of a few 

amino acids resulting from the cleavage of the His-tag that was used for purification purposes [46]. 

In the cell, E-cadherin is produced as an inactive protein whose 100 residue-long N-terminal portion 

folds into a prodomain that is subsequently cleaved by proteases during protein maturation in the 

Golgi apparatus [46]. Before prodomain cleavage, the protein stays inactive and in a close 

conformation, featuring the Trp2 residue docked into the protein’s own binding pocket. Indeed, the 

bulky prodomain portion prevents the protein from undergoing adhesion arm opening and proceeding 

to strand swap dimer formation. Similarly, it has been found that in all classical cadherins the N-

terminal addition of amino acid sequences of any length provide a bulky extension that results in the 

hindering of the strand-swap (trans) interaction. In this context, depending on the type of N-terminal 

extension, Trp2 has been found to be either docked inside its own acceptor pocket (PDBID: 1FF5, 

[30]) or crystallographically disordered, i.e. non-visible in the electron density map (PDBID: 1EDH, 

[47]). In all cases, the corresponding crystal structures feature two E-cadherin molecules arranged in 

an X-shaped dimer whereby they contact each other at the level of the calcium-binding domains, 

which are located near the linker regions between the EC1 and the EC2 of the two proteins. Owing 

to the shape of this type of dimer, this conformational state is usually referred to as the X-dimer 

(Figure 9). Although the X-dimer was initially considered to be a crystallographic artifact because of 

the presence of an artificial N-terminal amino acid extension in the protein, subsequent structural 

studies demonstrated that the X-dimer is a bona fide and biologically relevant adhesive conformation. 

Indeed, it was shown that other classical cadherins [46], [48] interact homophilically to form X-

dimers; interestingly, H-cadherin, which lacks the conserved Trp2 residue that is found in all classical 

cadherins, has been shown to be nevertheless able to mediate adhesion [33]. Furthermore, the 

adhesive properties of the X-dimer have also been characterized by atomic force microscopy (AFM) 

in a study published by Rakshit et al. [49] where it was also demonstrated that, to reach the strand 

swap conformation, cadherins pass through the X-dimer conformation, which allow the lowering of 

the energy barrier that is associated with the strand swapping event. 
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Therefore, the so-called X-dimer conformation can be considered as an intermediate checkpoint in 

the cadherin dimerization process in which the EC domains of the two interacting molecules come in 

close contact and conveniently orient themselves so that strand swapping becomes more energetically 

favorable. 

The crystal structure of human E-cadherin in the X-dimer conformation (PDBID: 4ZT1) revealed that 

the binding involves the same amino acids on the two protomers [50]. These residues, which are 

distributed across an 800 Å2 surface area, are: Pro5, Pro6, Ser8, Pro10, Glu11, Asn12, Glu13, Lys14, 

Gly15, Lys19, Leu21, Val22, Thr99, Asp100, Gln101, Asn102, Asp103, Lys105, Asp138, Val139, 

Asn140, Thr141, Tyr142, Asn143, Leu196, Glu199, Gly200, and Leu201. Overall, the interaction is 

fundamentally hydrophobic in nature, with contributions from water-mediated contacts and hydrogen 

bonds (Figure 9, panel A).  

 

Figure 9: Structural determinants of the X-dimer 
The central side of the picture shows the X-dimer conformation observed in the crystal structure of a truncated form of E-cadherin 
(v3-E-cadherin) (PDBID: 4ZT1), where the two interacting proteins are drawn in cartoon model and are colored in orange and cyan 
with green calcium ions. The truncation involved the removal of the first two amino acids at the N-terminus of the protein. 
Panel A shows the residues that form the X-dimer interface. Each residue is labelled with its three-letter code and sequence number, 
and it is drawn in sticks. The surface of the protein is also shown with a color-code based on the Kyte and Doolittle hydrophobicity 
scale using dark gray for the most hydrophobic residues and orange red for the least hydrophobic. 
Panel B depicts the hydrogen bonding network described in the text. Each hydrogen bond is drawn with yellow dashed lines and the 
measured distance is indicated. Each interacting residue is drawn with sticks, the protein body in cartoon model and the color code is 
the same as the central panel, the red box encompasses roughly the considered region of the dimer. 
Panel C shows the details of the interactions of Lys 14 and Asp138 in the two monomers showing that Lys14 from monomer B is much 
closer to Asp138 in monomer A compared to the other couple. Hydrogen bonds are indicated with yellow dashed lines and coulomb 
interactions with green springs. Each interaction mode is accompanied by its measured distance colored with the same color code. 
Each interacting residue is drawn with sticks, the protein body in cartoon model and the color code is the same as the central panel. 
Asterisks refer to the position of the represented interaction in the crystal structure. 
Panel D shows the hydrophobic interactions described in the text. Each interacting residue is drawn with sticks, the protein body in 
cartoon model, and the color code is the same as the central panel, the black box encompasses roughly the considered region of the 
dimer. 
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As the two protomers form a dimer featuring a pseudo C2 symmetry axis (Figure 9, left panel: the 

two proteomers are drawn in cartoon models and colored orange and cyan), the hydrogen bonding 

pattern across the dimer is mainly symmetric. Stabilizing interactions between the side chain of Ser8 

of monomer A and its counterpart from monomer B, between Asn140 backbone carbonyl group and 

the backbone amide group of Lys14, between Asp100 backbone carbonyl group and the side chain 

of Gln101, and between Gln101 side chain and the side chain of Asn143 are clearly identifiable 

(Figure 9, panel B). 

Notably, the only asymmetric interaction is the one made by Lys14, whose side chain in monomer A 

is at hydrogen bonding distance with the side chain of Asp138, while in monomer B it is farther from 

Asp138, at a distance that is however compatible with the formation of a salt-bridge (Figure 9, panel 

C). 

Furthermore, the amino acid pairs Leu196-Leu201 and Pro5-Pro6, which are symmetrically oriented 

and interact via van der Waals forces, constitute the only hydrophobic residues involved in the X-

dimer interface (Figure 9, panel D). 

While the characterization of the X-dimer conformation clarified the most important intermediate 

step in the E-cadherin dimerization process, the starting point of the whole dimerization process 

remained structurally uncharacterized until the structure of human P-cadherin in closed conformation 

was determined by Dalle Vedove et al. in 2014 [51]. P-cadherin is another Type I classical cadherin 

that shares 67% sequence identity to E-cadherin and, so far, is the only classical cadherin that 

naturally crystallizes as a closed monomer. The kD measured by ultracentrifugation of its EC1-EC2 

fragment is 31 µM, a value that is compatible with the standard concentration used in crystallization 

experiments [52]. In fact, in ultracentrifugation experiments the E-cadherin EC1-EC2 construct 

displays a kD value of 97 µM, which excludes the possibility to crystallize it in monomeric form 

because the standard concentration used in crystallization experiments is lower than the kD. This 

difference can be ascribed to the lack of the diproline motif in the adhesion arm of human P-cadherin. 

This allows P-cadherin to crystallize in the closed or in the strand swap conformation, depending on 

the crystallographic conditions. Indeed, the introduction of the diproline motif in the adhesion arm of 

P-cadherin forces the crystallographic structure to be in the strand swap conformation [45], [51]. 

Besides providing structural information on the starting point in the classical cadherin dimerization 

process, the crystal structure of human P-cadherin (PDB ID: 4OY9) reveals further crucial functional 

information. Indeed, the human P-cadherin structure allowed to infer that in solution, prior to the 

strand swapping event, classical cadherins feature two interconverting conformational states: one 

characterized by the adhesion arm stabilized in its acceptor pocket and the other with the adhesion 
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arm in an open (albeit not strand swapped) conformation. In fact, the side chain of Trp2 is found in 

two alternative conformations inside the acceptor pocket (Figure 10, panel A and B). In one 

conformation, the nitrogen in the Trp2 side chain forms a hydrogen bond with the backbone carbonyl 

of Asp90, as also seen in the E-cadherin strand swap dimer; in the other, it interacts with the backbone 

carbonyl group of Lys25, which is situated at the opposite side of the acceptor pocket. Since the 

distance between the two residues that sandwich Trp2, Glu89 and Met92, is not compatible with a 

rotation of its side chain inside the pocket, it must be concluded that cadherin monomers exist as 

interconverting conformations. In essence, the adhesion arm continuously enters and exits the 

acceptor pocket, thus offering the indole the possibility to re-enter with any of the two possible 

orientations. The speed of this conformational interconversion is much higher that the speed of the 

overall dimerization process, which has been estimated to be in the order of seconds [26]. 

 

 

 
 
Thanks to the possibility to map a variety of conformation states provided by several different 

available crystal structures of P-cadherin and to the extensive structural data previously collected on 

E-cadherin, we are now able to elaborate the following model for the dimerization of classical 

cadherins (Figure 11). 

Figure 10: Detail of P-cadherin in closed conformation 
The left side of the figure shows the crystal structure of P-cadherin in closed conformation represented as cartoon model with the 
protein colored in orange and the calcium ions represented as green spheres. 
Panel A shows the hydrogen bonding interaction between Trp2 and Lys25. The two residues are drawn in sticks, while the hydrogen 
bond is represented with a yellow dashed line and labelled with the measured distance. 
Panel B shows the hydrogen bonding interaction between Trp2 and Asp90. The two residues are drawn in sticks, while the hydrogen 
bond is represented with a yellow dashed line and labelled with the measured distance. 
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1. Monomeric cadherins that are primed for adhesion (i.e. after prodomain cleavage) exist in two 

different conformations, one with the Trp2 docked into the protein’s own acceptor pocket and 

the whole adhesion arm folded in a closed conformation, the other with the Trp2 outside the 

EC1 acceptor pocket and the adhesion arm taking up an open conformation, as described by 

Dalle Vedove et al. [51]. 

2. When two cadherin molecules approach each other, they start interacting through the calcium-

binding regions to form the so-called X-dimer. In this conformation, the two EC1 repeats are 

put into close contact and, thanks to the hydrophobic environment at the bottom of the 

adhesion arms, strand swap can occur. In turn, the X-dimer conformation can be considered 

as an ensemble of different conformations that mark the progressive approach of EC1 

domains, as it was determined by the different X-dimer conformations crystallized by Kudo 

et al. [45]. In fact, in the structure named enc-X-dimer (PDBID: 4ZMW) the contact between 

Figure 11: Cadherin homodimerization model 
The picture depicts the current model for the cadherin dimerization process. Cadherin molecules are drawn in orange and cyan, with 
EC1 and EC2 drawn as cartoon models obtained from the deposited crystal structures (PDBIDs: 4OY9, 4ZMW, 4ZT1, 4ZMQ, 2O72), 
while EC3 to 5 as colored ellipses, with the exception of stage 4, where EC1 and EC2 structures were substituted by ellipses for clarity. 
The plasma membrane bilayer is schematically drawn in gray. 
The picture shows the pathway of cadherin homodimerization and adherens junction formation by going through different 
conformational states in dynamic equilibrium with one another. 
In stage 1, monomeric cadherins meet at the interfaces between cells, their first approach results in the formation of an encounter 
complex that over time evolves into the X-dimer. All the X-dimer conformations are collected in stage 2 that is terminated when the 
adhesion arms are exchanged. From this moment onward, the cadherin bodies begin to shift and reorient and eventually they establish 
the strand swap dimer (trans interaction). 
Over time, strand swap dimers cluster on the cell membrane surface of adhering cells (cis interaction) and this event marks the formation 
of a stable cell-cell contact and the formation of the adherens junction that matures when more strand swapped dimers coalesce in the 
early junction interacting through lateral clustering. 
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P-cadherin molecules is at the level of the EC2 domains and it can be regarded as the initial 

contact between cadherin molecules. After this initial contact, P-cadherin shifts toward the 

conventional X-dimer conformation, where the interaction between the two proteins occurs 

almost exclusively at the level of the calcium-binding regions (PDBID: 4ZMX). At this point, 

cadherin molecules further proceed in their dimerization process by forming yet another 

intermediate state in which the X-dimer conformation is still present, albeit with the adhesion 

arms of the two protomers swapped (ss-X-dimer, PDBID: 4ZMQ). This latter state explains 

why the X-dimer is said to “catalyze” the formation of the strand swap despite the fact that 

cadherins are not enzymes: the progressive approach between cadherin molecules to take up 

the X-dimer conformations generates the necessary conformational changes that ultimately 

lower the energy barrier associated with the exchange of the adhesion arms. In a similar 

fashion, enzymes orient their substrates to catalyze biochemical reactions by lowering their 

activation energy. 

3. Once the adhesion arms have been exchanged and the Trp2 residues have been accommodated 

in the partner acceptor pockets (trans interaction), the cadherin bodies begin a twisting 

rearrangement movement perpendicular to the scissoring direction defined by the formation 

of the X-dimer and this movement leads to the formation of the final strand swap dimer [53]. 

Here, as initially noted by the analysis of human E-cadherin strand swap dimer by Parisini et 

al. in [41] and subsequently in P-cadherin by Kudo et al. in [45], water molecules stabilize the 

opened conformation of the adhesion arm. Indeed, their contributions in terms of hydrogen 

bonding is highly relevant for the stabilization of the strand swap dimer, which otherwise 

would tend to rapidly dissociate. 

4. The lateral clustering of strand swap dimers through cis interactions provides further 

stabilization to the strand swap dimer. Henceforth, arrays of cadherin strand swapped dimers 

can stabilize one another by clustering together, thus providing sufficient resistance to the 

mechanical stresses that the cell is subjected to by responding as a single entity within an 

adherens junction. 
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E-cadherin and the Cancer Phenotype 
The formation of E-cadherin-mediated cell-cell contacts marks a crucial step in the development of 

epithelial tissues, the most simple, primordial, and widespread tissues in most organisms. The 

organization of cells in epithelial tissues stands at the basis of the process of developing, remodeling 

and protecting organs against external hazards. Moreover, the epithelium acts as a physical barrier to 

prevent dehydration, while contributing to the integrity and to the shaping of different organs. 

The correct segregation of different cell populations relies on the formation of selective cell-cell 

contacts. The formation and the dissolution of such cell-cell junctions hold equal importance for the 

formation of patterns of different cells. Indeed, by dissolving the adherens junctions, epithelial cells 

become capable of movement and can invade different regions of a developing body by acquiring a 

motile phenotype that grants the possibility of reorganizing and creating new cellular structures and 

patterns in order to develop adult organs and tissues [24], [54]. 

The process of the acquisition of a motile phenotype is called epithelial-to-mesenchymal transition 

(EMT), while the inverse process is the MET. A complex network of intracellular, intercellular and 

microenvironmental cues that can translate into the downregulation or the upregulation of epithelial 

and mesenchymal markers orchestrates both processes. 

Despite being held together by specialized cellular junctions such as the adherens junction, epithelial 

cells retain the ability to move and rearrange inside the two-dimensional epithelial layer in which 

they lie. On the other hand, mesenchymal cells contact their neighbors only focally and are generally 

highly motile [55]. 

The ability to undergo EMTs and/or METs is an evolutionary requirement that defines both the 

natural processes of development and regeneration (type I EMTs) and the pathological ones of 

fibrosis (type II EMTs), tumor growth and cancer progression  (type III EMTs) [56]. 

According to the U.S. National Cancer Institute, the origin of almost 90% of cancer cases are 

carcinomas, i.e. malignancies of the epithelial tissue [57]; this high percentage is not surprising since 

epithelial tissues are widely spread in the human body as they form the skin, the covering and lining 

of all organs and internal passageways. 

Even though the precise molecular details vary from case to case, the overall sequence of events that 

lead to type III EMTs and METs in carcinomas can be considered essentially the same as those that 

govern the physiological processes of development and wound healing. In type III EMTs, epithelial 

cancer cells disassemble the intercellular and cell-matrix contacts and reorganize their cytoskeleton 

to form lamellipodia and filopodia and be able to onset migration. As they acquire a motile phenotype, 

new cell-matrix contacts are formed at the leading edge to provide anchorage to the cell body and the 
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pericellular matrix is degraded. In particular, the motile phenotype is provided by changes in the type 

of adhesion molecules [58]. Eventually, cancer cells can intravasate into a blood or lymphatic vessel 

and after circulating in the blood system, they extravasate from it when they reach a new location 

[59]. Despite the vast majority of cancer cells that escape into the systemic circulation either die, fail 

to invade distant sites or lie dormant for extended periods of time, only a small population actually 

recapitulates the EMT through a MET, regains its epithelial phenotype by forming new cell-cell and 

cell-matrix contacts and establishes a new tumor growth site [60], [61], [62]. 

The tumor microenvironment is characterized by abnormal conditions such as hypoxia, low pH, 

inflammation as well as scarce nutrient concentrations and these factors contribute to eliciting a series 

of responses that go in the direction of cancer cell metabolic adaptation (Warburg and post-Warburg 

effects), epigenetic alterations and dedifferentiation [63]. All these phenotypic modifications 

characterizing cancer cells are related in complex ways to signaling pathways and promote signaling 

cascades that affect the expression of classical cadherins and in particular E-cadherin. Indeed, E-

cadherin is generally downregulated to dismantle cell-cell contacts in the preparatory phase of EMTs 

and then upregulated during METs and solid tumor formation [63], [64]. 

In the context of oncogenesis, E-cadherin has been extensively described both as a tumor suppressor 

gene and as a pro-oncotic gene, depending on the cellular context and malignancy [65]. 

Examples of epithelial tumor cells that usually lose E-cadherin expression and/or function during 

their progression toward malignancy are pancreatic cancer [66], gastric cancer [22], [67], [68], [69], 

[70], melanoma [71], prostate cancer [72], [73], [74], solid and ascitic sarcoma [75] and colorectal 

cancer [76]. Here, the tumor suppressor role of E-cadherin is attested by the fact that rescuing its 

expression leads to the inhibition of invasiveness and eventually to tumor cell death. 

In turn, the pro-oncotic behavior of E-cadherin is observed for example in ovarian cancer [77], [78], 

[79] and inflammatory invasive breast cancer [80], [81], where E-cadherin overexpression is the main 

cause of solid tumor growth and compaction. 

The alteration of the expression profile of E-cadherin in tumor progression can occur via different 

mechanisms, namely increased endocytosis and proteolytic degradation, loss of heterozygosity in E-

cadherin gene, epigenetic modifications and silencing, and inactivating mutations [82]. 

Moreover, it has been observed that tumors often recapitulate a process reminiscent of the switching 

in adhesion molecules that takes place during normal embryonic development. This process has been 

named “cadherin switching” and consists in the change in the expression profiles of cadherin 

molecules (Table 2). Although it was initially thought that cadherin switching proceeded through the 

exchange of E-cadherin to N-cadherin, further evidences in the literature suggested that a general rule 
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could not be established, as the change does not exclusively involves N-cadherin, but also other 

cadherin molecules. Moreover, the expression profiles of the normal cadherin set of a cell can be 

affected, not limiting the cadherin switching phenomenon to the downregulation of E-cadherin [83].  

 

 

 

 
 

 

The Limitations of Conventional Therapies and the Possible Role of E-cadherin 

as a Pharmaceutical Target 
The unregulated proliferation and survival of cancer cells within a solid tumor results in the 

production of gradients of nutrients, byproducts, and acidity because of the increased intervascular 

distances. In fact, the formation of neo-vasculature is necessary for tumor growth, but the developing 

blood vessels cannot keep pace with the growth rate of an expanding tumor and therefore develop as 

highly chaotic, i.e. lacking hierarchy and regularity. Since the speed and flow direction in the neo-

vasculature are unstable because of the fragility of these vessels, blocked red blood cells and 

lymphocytes or the very tumor cells growing into them are the likely cause of blockages in the 

vasculature. These factors ultimately contribute to the development of a starving, hypoxic and highly 

acidic environment, where the unstable and dysfunctional neo-vasculature is not able to ensure 

suitable gradients and concentrations of anticancer drugs inside the solid tumor. In turn, the solid 

tumor develops therapeutic resistances over time [84] and the hypoxic environment greatly 

diminishes the effects of radiation therapy since the creation of reactive oxygen species that damage 

tumor cells is based on the presence of oxygen molecules [85]. 

The factors that mainly affect the delivery of chemotherapeutics through the bloodstream and their 

effectiveness on cancer cells are: 

Table 2: Cadherin switching during oncogenesis. 
Adapted from [83].  
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1. The limited availability of a suitable diffusion gradient because of the leaky and aberrant 

tumor neo-vasculature. 

2. The variability in tumor vessel perfusion characterized by irregular periods of opening and 

closing. 

3. The microenvironmental conditions such as low oxygen and glucose, high acidity, and 

irregular blood flow, coupled to the genetic instability of tumor cells might contribute to the 

production of mutated tumor cell lines that are more aggressive and insensitive to treatment. 

4. The ability of tumor cells to express drug-transporters that can secrete chemotherapeutics 

outside tumor masses further decrease intratumoral drug concentrations. 

Therefore, it is apparent that pharmacokinetics and biological variables (dose, drug metabolism, 

excretion rates and drug sequestration) are the main supply factors to take into account, while the 

intratumoral distribution of drugs is determined by the physicochemical properties of the active 

molecule and represent an important clinical parameter that, however, is often hard to evaluate with 

precision. 

Given the importance of E-cadherin in the formation of the adherens junction and its role in tumor 

onset and progression and provided that conventional therapies present the above-mentioned 

limitations, we might attribute the possible role of pharmacological target to E-cadherin. 

This role is clearly not the one of target for an antitumoral therapy per se, as it might be pointed out 

that targeting the homo-dimerization of E-cadherin in tumors might stimulate them to acquire a motile 

phenotype and prime them for invasiveness. However, given the limited possibility for 

chemotherapeutics of penetrating solid tumors and of reaching effective intratumoral concentrations, 

we might think of E-cadherin antagonists as molecules that act in cooperation with conventional 

antitumoral drugs in such a way that they could enhance their effectiveness by increasing their 

permeation and penetration inside tumor masses. As they interfere with E-cadherin function, at a 

suitable concentration they might be able to loosen solid tumors cell-cell contacts, thus modifying the 

diffusive properties of the tumor environment. 

Finally, not only do potential E-cadherin antagonists represent viable cell adhesion modulators, but 

also their possible use might not be limited to pharmacology and clinical treatments. In fact, they 

might find application as chemical tools in future academic studies on the properties and functions of 

adherens junctions, such as for instance in mechanobiology studies. 
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Drug Discovery on E-cadherin 
To date, despite its relevance as a tumor suppressor gene, pro-oncotic and potential biomarker of 

malignancy, E-cadherin is still a poorly explored pharmacological target since the greatest efforts 

towards the discovery and the development of classical cadherin binding molecules have been mainly 

directed towards N- and P-cadherin [86], [87]. 

In 1990, Blaschuk et al. [88] demonstrated that synthetic peptides that contained the HAV motif in 

their sequence were able to abrogate E-cadherin dependent mouse embryo compaction and to 

interfere with N-cadherin-mediated neurite outgrowth in astrocytes. This initial discovery and its 

further development [88], [89], [90] paved the way for the formulation of the anti-adhesion drug 

model, which is based on the notion that the destabilization of the adhesive function of classical 

cadherins can help fight cancer progression by promoting the apoptosis of cancer cells [91]. However, 

based on the considerations expressed in the previous section, it is evident that this vision is largely 

surpassed by the observation that tumor cells require, and employ based on their needs, adhesion and 

anti-adhesion. Therefore, anti-adhesion drug molecules might still find practical applications in the 

contexts where their dissociative action acts in coordination with chemotherapeutic drugs to enhance 

their cytotoxic power. 

The identification of N- and E-cadherin antagonists [86], [90], allowed the development of the first 

N-cadherin antagonist, ADH-1 (ExherinTM), which has been demonstrated to be effective against 

tumor vasculogenesis, and thus can determine tumor cell apoptosis as well as metastasis development 

[92], [93], [94], [95]. 

ADH-1 is a cyclic peptide composed of the HAV motif flanked by two cysteine residues that has 

been shown to possess anti-cancer activity, especially in gynecological cancers. It has been tested in 

phase I clinical trials where it has shown an acceptable toxicity profile, a mean half-life of 20 minutes 

in the bloodstream and a mean terminal phase of 2.2 hours [96], [97], [98]. 

Despite the promising results of phase I clinical trials, ADH-1 was demonstrated to have no 

perceivable effect in melanoma cases when combined with melphalan after 12 weeks of clinical trials 

compared to patient that were administered with melphalan only [99]. 

To date, the exact mechanism of action of ADH-1 is still unclear as the only published paper on the 

topic is a computational study [100] where ADH-1 was docked into the N-cadherin adhesion pocket. 

However, given the rigid nature of the docking process and the highly dynamic dimerization 

mechanism of classical cadherins, these computational results do not provide a direct evidence of the 

binding mechanism and do not consider other binding sites or multiple conformational states of N-

cadherin. 
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Recently, Mrozik et al. [101] used the structure of ADH-1 to perform a small molecule library screen 

and identified a novel mimetic compound that was characterized in vitro and in vivo in mouse models 

of multiple myeloma. The compound was found to increase the activity of bortezomib in a synergistic 

way. 

If we exclude a publication of Senoo et al. [102] where an SPR-based assay was used to discover 

small molecules that are able to inhibit P-cadherin adhesion in vitro, the drug discovery approaches 

on P-cadherin have mainly relied on the use of monoclonal antibodies. Such antibodies are either able 

to interfere with P-cadherin adhesive functions in vitro [103] or consist of anti-P-cadherin antibodies 

conjugated with a microtubule-disrupting agent to deliver antitumoral drugs to cancer cells [104]. 

The drug discovery process on E-cadherin started from an in silico virtual screening based on the 

tetrapeptide sequence DWVI of its adhesion arm [105]. This study aimed at the individuation of 

peptidomimetic compounds with general formula NH3
+-Asp-scaffold-Ile-NHCH3 that could interfere 

with E-cadherin dimerization and modulate cadherin mediated cell-cell adhesion. From this 

screening, three peptidomimetic compounds that showed comparable and better results than ADH-1 

at 1 and 2 mM concentrations in epithelial ovarian cancer cell lines were identified. In particular, the 

best performing molecule, named FR159 (Figure 12, panel B), is the first small molecule to be 

crystallized with E-cadherin (PDBID: 4ZTE, [50]). 

 
 

Figure 12: FR159 V3-E-cadherin co-crystal structure 
Panel A shows the chemical structure of FR159 (Ph stands for phenyl, adapted from [106]), while panel B depicts FR159 that binds the 
E-cadherin X-dimer conformation at the level of the hydrophobic pocket at the bottom of the adhesion arm. Cadherin molecules are 
shown in orange and cyan cartoons, while FR159 is drawn in ball and sticks with green carbon atoms, blue nitrogens, and red oxygens. 
The picture was obtained from the co-crystal structure deposited in with PDBID: 4ZTE. 
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Contrary to expectations, FR159 was not found to be bound to the protein with the phenyl ring fitting 

inside the adhesion pocket, but to interact with the two E-cadherin molecules in the X-dimer 

conformation at the level of the hydrophobic pocket formed near the diproline motifs (Figure 12, 

panel B). Here, the phenyl ring of the peptidomimetic compound fits into the hydrophobic pocket 

lined by residues Ile4, Pro5, Pro6, Ile7 and Val22. Here, the tert-butyl moiety is rather disordered and 

makes van der Waals contacts with Thr97 and Pro10. At the same time, its Asp side chain forms 

water-mediated hydrogen bonds with the carbonyl group of Glu13, and the carbonyl group in the 

heterocycle forms a hydrogen bond with the amide of Ser8. 

Obtaining co-crystal structures with the intact E-cadherin adhesion arm was not possible and FR159 

was co-crystallized with a truncated version of E-cadherin (named from here on V3-E-cadherin 

because it has been obtained through the elimination of the Asp1 and Trp2 residues). Interestingly, 

given the pseudo-C2 symmetry of E-cadherin X-dimer crystals, FR159 has been found in two 

alternative conformations, which have been refined with 50% occupancy each. 

In a later study [106], a high-throughput docking screening has been performed on two sets of 

commercially available compounds that were docked to the crystal structure of human E-cadherin-

EC1EC2 in X-dimer conformation. Molecular dynamics simulations were used to inspect the 1000 

best-scored compounds visually. Then, based on a similarity cluster analysis, this initial pool was 

reduced to 200 candidate compounds, and finally 15 of them were selected to be tested 

experimentally, as representative of each obtained cluster.  

To investigate the impact of the virtual screening-derived library of small molecules on cadherin-

dependent cell–cell adhesion, the ability to interfere with the capacity of adenocarcinoma cells 

(BxPC-3) expressing E-cadherin and P-cadherin and forming compact spheroids was analyzed. Using 

an inhibitor concentration of 1 mM, i.e., the lower active concentration determined for FR159, 5 of 

the 15 identified compounds (AS2, AS8, AS9, AS11, and LC11) were found to affect BxPC-3 cell–

cell adhesion, although some of them showed solubility problems. 

To avoid solubility issues, cell-cell adhesion assays were performed at an inhibitor concentration of 

0.05 mM: at this concentration, three molecules (AS11, AS9, and, to a lesser extent, AS8, shown in 

Figure 13) retained anti-cell-cell adhesion activity.  
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The quantification of the spheroid areas confirmed that treatment with AS11, AS9 and AS8 promoted 

the formation of less compact spheroids than when cells were treated with DMSO (~ 100 %, 75 % 

and 25 % more compared with DMSO for AS11, AS9, and AS8 respectively). To determine which 

of the two cadherins is impacted by the compounds, P-cadherin or E-cadherin were stably knocked 

down by RNA interference, and cell-cell adhesion assays were performed on the obtained cell models. 

Both AS09 and AS11 efficiently impaired BxPC-3 E-cadherin cell–cell adhesion at 0.05 mM, while 

at the same concentration they had no effect on cells expressing only P-cadherin, and without 

affecting cell viability, as demonstrated by trypan blue exclusion assay. 

AS9 affected BxPC-3 E-cadherin cell aggregation less efficiently than AS11 for whichever 

concentration was used. Indeed, while both AS9 and AS11 showed a clear dose–response relationship 

when tested at different concentrations (0.05 and 0.1 mM), based on the area of the spheroids formed 

by both BxPC-3 E-cadherin/P-cadherin and BxPC-3 E-cadherin cells after 24 h of incubation with 

the two compounds, AS11 showed greater potency than AS9. 

Interestingly, all our numerous attempts to crystallize either AS9 or AS11 in complex with E-cadherin 

following the same approach used for FR159 failed, most likely because of the much higher potency 

of these two compounds relative to FR159, which makes them incompatible with the formation of 

the stable hydrophobic pocket where FR159 was found to bind the E-cadherin X-dimer. 

The successful identification of the first E-cadherin inhibitors has led us to the conclusion that, despite 

their conformational flexibility, cadherins are druggable proteins and has encouraged us explore 

further approaches to identify novel modulators of E-cadherin-mediated cell-cell adhesion. Our latest 

efforts are described in the following sections. 

  

Figure 13: Chemical structures of AS8, AS9 and AS11 
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Aim of the Project 

The aim of the project is to identify through a fragment-based drug discovery approach (FBDD) novel 

small chemical fragments as potential E-cadherin binders and to characterize their binding mode via 

X-ray crystallography. To this end, I expressed and purified wild-type E-cadherin EC1-EC2 protein. 

The protein served as target in a FBDD screening using a library of small fluorinated chemical 

fragments and 19F-NMR spectra as the readout method. The FBDD screening was performed by Dr. 

Marina Veronesi at the D3 PharmaChemistry division of the Italian Institute of Technology (IIT) in 

Genova. The screening allowed the identification of five potential binders (hits), which were then 

used in the following crystallization experiments with the truncated form of E-cadherin lacking the 

first two amino acids at the N-terminus (V3-E-cadherin-EC1-EC2) that I produced for X-ray 

crystallography purposes. I obtained three high resolution crystal structures of different cadherin-

small fragment complexes explaining the binding interaction of the hit compounds. The fragments 

were also tested in cell adhesion and cell invasion assays in order 1) to measure their ability to 

modulate E-cadherin-mediated cell-cell adhesion and 2) to assess their specificity toward different 

members of the classical cadherin family. Cell adhesion and cell invasion assays were performed in 

the laboratory of Prof. Frédéric André at the University of Marseille (France).  

The details of the experiments and the results are described in the following sections. 
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Materials and Methods 

Cloning, Protein Expression and Purification of E-cadherin and V3-E-
cadherin Constructs 
The two DNA constructs of wild-type E-cadherin EC1-EC2 and V3-E-cadherin EC1-E2, a construct 

lacking Asp1 and Trp2 at the N-terminus, were already present in the lab as they had been previously 

cloned into pET-3a expression vectors and used in other publications of Dr. Parisini’s group [41], 

[50]. Both E-cadherin fragments are fused at their N-terminus to a 6xHis-tag, a spacer peptide (Ser-

Ser-Gly-His-Ile) and the enterokinase recognition site (Asp-Asp-Asp-Asp-Lys). 

The two constructs were used to transform BL21(DE3) pLysS E. coli cells (Invitrogen, Carlsbad, CA, 

USA). The transformed cells were cultured at 37°C until OD600 was equal to 0.6. Protein expression 

was then induced with 1 mM of IPTG, and cells were cultured overnight at 25°C and 180 rpm. 

Cells were separated from the exhausted medium by centrifugation at 10,000 rpm and 4°C. Cell 

pellets were then resuspended in a 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM CaCl2 buffer 

supplemented with 0.2 mM PMSF (Sigma Aldrich, St. Luis, MO, USA), DNase (Sigma Aldrich, St. 

Luis, MO, USA), 0.5 mM β-mercaptoethanol (Sigma Aldrich, St. Luis, MO, USA), sonicated and 

further centrifuged at 15,000 rpm and 4°C to separate the soluble fractions from the cellular debris. 

Cell lysates were loaded into a Ni-NTA column (Qiagen, Venlo, The Netherlands) for an affinity 

purification run. After incubation, the column was extensively washed with 40 column volumes (CV) 

of 50 mM Tris/HCl pH 7.5, 150 mM NaCl, 2 mM CaCl2 and 1 CV of 50 mM Tris/HCl pH 7.5, 150 

mM NaCl, 2 mM CaCl2, 10 mM imidazole buffer. Finally, the His tagged protein was eluted from 

the column using a 50 mM Tris/HCl pH 7.5, 150 mM NaCl, 2 mM CaCl2, 400 mM imidazole elution 

buffer. 

A second purification step was done using a HiPrep 26/60 Sephacryl 100 HR size-exclusion 

chromatography column (GE Healthcare, Little Chalfont, Buckinghamshire, UK) previously 

equilibrated with the running buffer: 50 mM Tris/HCl pH 7.5, 150 mM NaCl, 2 mM CaCl2. 

Further CaCl2 was then added to the protein to reach 20 mM final concentration prior to digestion 

with enterokinase (New England Biolabs, Ipswich, MA, USA) overnight at room temperature. The 

digested fractions were separated from the undigested ones and from the cleaved His-tag by passing 

the sample over a Ni-NTA column following the same procedure described for the first purification 

step. 
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NMR Fragment-Based Screening 
According with the works of Vulpetti [107] and Dalvit [108] we decided to perform a 19F NMR 

binding screening on the wt human E-Cadherin EC1-EC2 testing the Local Environmental Fluorine 

(LEF) compounds library in house at the D3 PharmaChemistry division of the Italian Institute of 

Technology (IIT) in Genova. The library was previously built clustering about 7000 commercial 

fluorinated compounds as function of the fluorine environment and selecting about 1200 commercial 

fluorinated compounds (19F-cpds) containing CF or CF3 moieties. Out of the 1200 ordered 

compounds, about 800 compounds passed the SPAM filter [109] showing solubility > 300 µM in 

PBS (pH 7.4) with 10% D2O and 5 µM EDTA, purity > 75% and lack of aggregation, which are 

crucial features for obtaining reliable hits and avoid false positives and/or negatives in the binding 

assays. These 800 compounds constituted the LEF-library. 

All NMR screening experiments were recorded at 298 K with a Bruker FT NMR Avance III 600 

MHz spectrometer, equipped with a 5 mm CryoProbe QCI 1H/19F–13C/15N–D quadruple resonance, 

a shielded z-gradient coil, and an automatic sample changer SampleJet NMR system. All NMR 

samples were in 50 mM Tris HCl pH 8.0, 150 mM NaCl, 2 mM CaCl2, 10% D2O for the lock signal 

using at maximum 2% of DMSOd6. For each samples a 1D 19F and two 19F-R2 filter have been 

recorded, all with an acquisition time of 0.8 s, relaxation delay (d1) of 5 s, number of scans of 128 

for CF3 mixtures and 256 for CF mixtures, and a spectral width of 80 ppm and of 40 ppm for the CF 

and CF3 mixtures, respectively. The R2 filter experiments were recorded with the Carr-Purcell-

Meibom-Gill [110] scheme with a time interval of 23.5 ms between the 180° pulses and with different 

total lengths (94 and 282 ms). The spectra were acquired with proton decoupling using the Waltz-16 

composite pulse sequence with a 90° pulse of 120 μs. Chemical shifts are referenced to the CFCl3 

signal in water.  

Crystal structures of the V3-E-cadherin-small fragment complexes 
Co-crystals of V3-E-cadherin and the best hits from the FBDD screening, ARN1577, ARN1883 and 

ARN1512, were obtained by the hanging drop vapor diffusion method using VDXm 24-well plates 

and siliconized glass coverslips (Hampton Research, Aliso Viejo, California, USA).  

In each experiment, 1 µL of a 10 mg/mL V3-E-cadherin sample solution was mixed with an equal 

volume of crystallization buffer and with 1 µL of a 6 mM solution of ARN1512 or ARN1577 or, as 

in the case of ARN1883, with 1 µL of a 100 mM stock solution of the compound. The droplet was 

left equilibrating against a 1 mL reservoir at room temperature, yielding crystals of suitable 

dimensions for X-ray data collection within a few days. 
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Crystals grew in all the tested conditions comprising varying concentrations of ammonium sulfate 

ranging from 1.1 M to 1.6 M, 80 mM CaCl2 and 0.1 M of Tris-HCl pH 7.5. Crystals were flash-frozen 

in 25% (v/v) glycerol for X-ray diffraction experiments. 

X-Ray Diffraction Data Acquisition and Structure Determination 
High-resolution datasets were collected for the three complex structures at the Swiss Light Source 

(Paul Scherrer Institute, Villigen, Switzerland) using a λ = 1.000 Å (beamline X06DA-PXIII).  

Diffraction images were processed using iMosflm [111] and scaled with AIMLESS in the CCP4 

program suite (Oxford, UK) [112]. Molecular replacement and model refinement were done using 

Phenix (Berkeley, CA, USA) [113] and the V3-E-cadherin X-dimer structure (PDBID: 4ZT1) as 

starting model. During refinements, manual adjustments to the model were performed with Coot 

[114].  

Data collection and refinement statistics for the two crystal structures are shown in Table 3. Molecular 

graphics and analyses were done using UCSF Chimera (University of San Francisco, San Francisco, 

CA, USA) [115] and Pymol (Schrödinger Inc., New York, NY, USA) [116]. 
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Table 3: Data collection and refinement statistics for the three co-crystal structures 
Crystallographic Table 

Compound ARN1512 ARN1577 ARN1883 

Protein Data Bank ID 7QW0 7QW1 7QW2 

Wavelength 1.000 1.000 1.000 

Resolution range 51.9-1.75 (1.81-1.75) 39.68-1.5 (1.55-1.5) 38.48-1.65 (1.71-1.65) 

Space group C 1 2 1 C 1 2 1 C 1 2 1 

Cell dimensions    

a, b, c (Å) 120.44, 77.1, 72.73 121.86, 79.36, 73.03 121.37, 76.96, 72.64 

α, β, γ (°) 90, 110.43, 90 90, 114.41, 90 90, 110.7, 90 

Total reflections 122,553 (11963) 201,131 (20113) 149,526 (14953) 

Unique reflections 61,431 (5986) 101,191 (10105) 75,151 (7487) 

Multiplicity 6.1 (5.6) 6.1 (5.8) 6.1 (5.6) 

Completeness (%) 98.1 (96.8) 100.0 (100.0) 100.0 (100.0) 

Mean I/sigma(I) 5.4 (1.4) 10.3 (0.9) 9.8 (1.0) 

Wilson B-factor 21.92 20.29 18.17 

Rmerge 0.208 (1.32) 0.080 (1.96) 0.126 (1.99) 

CC1/2 0.969 (0.635) 0.999 (0.541) 0.998 (0.468) 

Reflections used in refinement 61,392 (5986) 101,091 (10077) 75,117 (7481) 

Reflections used for Rfree 3091 (308) 5178 (508) 3771 (344) 

Rwork 0.1728 (0.2762) 0.1995 (0.4302) 0.1916 (0.3320) 

Rfree 0.2023 (0.3235) 0.2257 (0.4529) 0.2171 (0.3403) 

Total number of non-H atoms 3919 3881 3788 

macromolecules 3248 3262 3219 

ligands 128 96 82 

solvent 543 523 487 

Protein residues 421 420 420 

RMS     

bonds (Å), angles (°) 0.017, 1.51 0.014, 1.38 0.015, 1.44 

Ramachandran plot    

favored, allowed, outliers (%) 97.12, 2.88, 0.00 97.36, 2.64, 0.00 97.36, 2.64, 0.00 

Rotamer outliers (%) 0.27 0.26 0.27 

Clashscore 4.19 3.75 3.39 

Average B-factor 33.75 36.20 31.66 

macromolecules 31.64 34.62 29.74 

ligands 54.17 61.36 69.40 

solvent 41.57 41.46 37.96 

Statistics for the highest-resolution shell are shown in parentheses. 
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Cell Adhesion and Cell Invasion Assays 
The human pancreatic BxPC-3 cell line was routinely cultured in DMEM/10% fetal calf serum (FCS) 

as previously described [117] and authenticated using short tandem repeat (STR) profiling (ATCC). 

BxPC-3 cells were used as a model system since these cells express high levels of both E-cadherin 

and P-cadherin at cell–cell contacts. E- and P-cadherin were stably knocked down in the BxPC-3 cell 

line by RNA interference using mission shRNA lentiviral transduction particles (Sigma, St Quentin 

Fallavier, France). The generated stable BxPC-3 cell lines were called E-cadherin/P-cadherin (no 

cadherin depletion), E-cadherin (P-cadherin depletion), and P-cadherin (E-cadherin depletion). Cell 

surface cadherin extinction was assessed by both immunofluorescence and western blot for 

immunofluorescence detection,  

The human pancreatic MiaPaca cell line was routinely cultured in RPMI 10% fetal calf serum (FCS). 

MiaPaca cells do not express any cadherin. We generated N-cadherin expressing cells by transfecting 

cells with a plasmid encoding EGFP tagged N-cadherin (Addgene). Mock cells transfected with 

plasmid encoding EGFP. Stable clones were obtained after limited dilution and genistein selection. 

All cell lines were cultured in the laboratory for no more than 10 passages and were tested 

for Mycoplasma every 3 weeks. 

A spheroid formation assay was used to investigate the effect of inhibitors on cadherin-mediated cell–

cell adhesion properties. Isolated BxPC-3 cells were seeded onto U-bottom untreated tissue culture 

96-well plates at a concentration of 5000 cells per well in 100 μl DMEM containing 10% FCS and 

0.24 % methylcellulose supplemented or not with inhibitors. Spheroids were then incubated for 24 h 

in a temperature- and CO2-controlled chamber. Images were taken using an Olympus microscope 

equipped with a ×4 objective. The size of the spheroids was quantified by measuring the area occupied 

by cells using image J software [118]. Each tested condition was done in octuplets repeated at least 2 

times. 

In cell invasion assays, cells were cultured for 72 h as described above to obtain compact spheroids. 

The latter were embedded into 1.6 mg/ml of bovine collagen I matrix (Advanced Biomatrix) diluted 

in 0.12% methylcellulose and covered with serum-free medium. Spheroids were then incubated for 

24 h in a temperature and CO2 controlled chamber. Images were captured 48 h after embedding using 

an Olympus microscope equipped with a ×4 objective. The size of the spheroids was quantified by 

measuring the area occupied by cells using ImageJ software [118]. Each tested condition was done at 

least in sextuplet repeated 2 times 
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Results 

E-cadherin and V3-E-cadherin Production and Purification 
The productions of the E-cadherin EC1-EC2 and V3-E-cadherin EC1-EC2 proteins followed the 

same protocol. Hence, for simplicity, here I will show the SDS-PAGE gels and the chromatograms 

that were obtained for the E-cadherin EC1-E2 construct; indeed, those of the V3-E-cadherin EC1-

EC2 construct are very similar, the latter being a truncated version of the former as it lacks the first 

two amino acids. 

Overnight expression of both constructs resulted in the isolation of an average value of almost 4 

grams per liter of cellular pellets after centrifugation. After the extraction of the soluble fractions, the 

first protein purification step was done via Ni-NTA affinity chromatography and resulted in a 

relatively pure sample, as assessed by SDS-PAGE analysis. 

 

 

Figure 14 shows the profile of the first protein purification step: clearly, the two washing steps (lane 

1 to 4) removed the majority of contaminants from the cell lysate and the elution resulted in fractions 

enriched in the band with a molecular weight of roughly 30 kDa, which could readily be identified as 

E-cadherin EC1-EC2. Indeed, despite having a theoretical molecular weight of ~25 kDa, E-cadherin 

EC1-EC2 is known to migrate in SDS-PAGE as a 30 kDa protein. Following the Ni-NTA affinity 

chromatography, the isolated proteins were further purified via size-exclusion chromatography.  

Figure 14: SDS-PAGE of the purification profile of E-cadherin EC1-2 after Ni-NTA affinity chromatography 
A 28 kDa marker line is drawn on the left, while on top the content of each lane is labelled according to the different phase in the affinity 
chromatography process: lanes 1 and 2 correspond to the beginning and the end of the preliminary washing without imidazole, lanes 
3 and 4 to the beginning and the end of the 10 mM imidazole wash, and the lanes from 5 to 9 to the first fractions of the 400 mM 
imidazole elution, where it is evident the presence of an enriched spot at ~30 kDa mass weight corresponding to the E-cadherin EC1-
2 fragment. 
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The elution profiles for both constructs was very similar and consisted of a two-peak chromatogram 

where the fist peak corresponded to E-cadherin molecules that co-eluted with a higher molecular 

weight contaminant, while the second peak was predominant and corresponded to the substantially 

pure E-cadherin or V3-E-cadherin constructs, as assessed by SDS-PAGE (Figure 15). 

 

 
The purified sample was digested with enterokinase overnight at room temperature to remove the N-

terminal His-tag and produce an E-cadherin fragment that is primed for adhesion. 

Upon termination of the digestion reaction, the sample was loaded onto a Ni-NTA affinity 

chromatography column and the flow through containing the His-tag-free digested protein was 

collected for further processing (Figure 16). 

 
 
 

Figure 15: Size-exclusion chromatogram and corresponding SDS-PAGE gel 
In panel A, the two-peaks chromatogram of E-cadherin EC1-2 fragment is displayed. On the horizontal axis is displayed the elution 
volume in mL, while on the vertical axis the absorbance at 280 nm is shew in milli arbitrary units (mAU). 
In panel B, the corresponding SDS-PAGE gel showing the purification profile of the size-exclusion chromatography. Lanes from 1 to 3 
are relative to the first elution peak (marked with one asterisk in both panels) and the remaining lanes from 4 to 9 corresponds to 
fractions eluted under the second peak (marked with two asterisks in both panels). Mass weights of 28 kDa and 50 kDa are depicted on 
the left side of the SDS-PAGE gel. 

Figure 16: SDS-PAGE profile of the enterokinase digested fraction 
Lanes from 1 to 8 are here shown to depict the purification profile of the Ni-NTA unbound fraction (lanes 1-6) and the eluted fraction 
(lanes 7-8). On the left side of the gel, the 28 kDa marker line is drawn. 
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The purified fractions were pooled and concentrated at 10 mg/ml. The protein thus obtained was used 

both for FBDD experiments (E-cadherin EC1-EC2) and in co-crystallization experiments with the 

fragments identified via FBDD (V3-E-cadherin EC1-EC2). 

To summarize the purification profile, the SDS-PAGE gel in Figure 17shows that the majority of 

recombinant protein remained in the soluble fraction after sonication and that the target proteins were 

obtained at a suitable purity for crystallization experiments. 

 
 

  

Figure 17: Summary SDS-PAGE gel showing E-cadherin EC1-2 purification profile 
Lanes 1 and 2 are labelled P and S that indicate the pellet and soluble fractions obtained after the extraction by sonication, respectively. 
Lanes 4 and 5 are labelled Ni-NTA and SEC to indicate samples obtained during the first and second purification steps during Ni-NTA 
affinity chromatography and size-exclusion chromatography, respectively. The last lane, correspond to the final sample. On the left 
side of the gel, the 28 kDa mass weight line is drawn. 
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Hit Compounds from the 19F NMR-based Screening 
For the sake of clarity, here I will only briefly report and describe the results of the 19F NMR-based 

small fragment screening using wt E-cadherin EC1-EC2 as target, which was done by Dr. Marina 

Veronesi using a library of small fluorinated chemical fragments at the D3 PharmaChemistry division 

of the IIT in Genova. 

Firstly, the stability and the possible aggregation state of the wt E-cadherin EC1-EC2 was assessed 

by NMR over two days. To this end, two mixtures of 25 compounds each were tested in the absence 

and in the presence of 1, 2, 4 µM wt E-cadherin EC1-EC2 and recording the NMR spectra every 12 

hours. In the presence of aggregated protein, it is expected that most of the compounds show a binding 

effect: in our experiment, the substantially identical NMR spectra recorded at different concentrations 

of the protein (Figure 18) indicate that the protein is not aggregated. Hence, since the protein appeared 

to be stable in our experimental condition, it could be safely used in FBDD screening using NMR.  

 
 

 
 

Therefore, we first screened the LEF library in mixtures of 25 compounds each, at the concentration 

of 20 µM (CF3 labeled compounds) and 40 µM (CF labeled compounds) in the presence and in the 

absence of 2uM wt E-cadherin EC1-EC2. About 50 compounds showed a line broadening of their 19F 

NMR signal in the presence of protein (Figure 19), indicating a binding event. 

 

Figure 18: NMR spectra recorded in the presence of 25 compounds and of 1, 2, and 4 µM wt E-cadherin EC1-EC2 
The picture shows the NMR spectra a mix of 25 compounds recorded in the presence and absence of wt E-cadherin EC1-2 at different 
concentrations, showing that the NMR signal is unchanged over time and indicating the absence of aggregation of the protein. 
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To confirm that the compounds were hits, the putative binding compounds were then deconvoluted 

and the individual compounds were tested in the presence of two non-binding compounds (negative 

control) in the same experimental condition of the screening. As depicted in Figure 20 the compound 

ARN1512 showed an evident line broadening of its 19F NMR signal in the presence of 2 µM wt E-

cadherin EC1-EC2 whereas no variation in the NMR signals was visible for the two negative controls, 

indicating that ARN1552 binds to wt E-cadherin EC1-EC2.  

 
  

Figure 19: Line broadening of the 19F NMR signal 

Figure 20: Line broadening of ARN1512 
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As further confirmation of this binding event, six compound were tested in the presence of an 

increasing concentration of wt E-cadherin EC1-EC2, to test a possible dose-response effect. In 

general, the line broadening of the 19F signal of a binder is proportional to [EL]/[LTOT] ratio, where 

EL is the concentration of the Ligand-Protein complex and LTOT is the total concentration of the 

Ligand. Four of these six compounds showed a clear dose effect response (an example in Figure 21) 

and were therefore considered real hits and used for further experiments, whereas the other two, not 

showing a dose response effect were discarded. The confirmation of the other putative hits is ongoing. 

 
 

Table 4 reports in a synthetic way the results of the hits characterized by the greatest chemical shift 

during the screening. It also lists some properties of the hit compounds such as identifier, mass weight, 

and molecular structure and some NMR-screening parameters such as the effect of the hit compounds 

in mixture, the effect of the compound in single composite-pulse decoupling and the 19F chemical 

shift. 

  

Figure 21: NMR dose-response curve of ARN1534 
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Table 4: Results of the 19F NMR-based screening. 

Compound 
Identifier 

Mass 
Weight Molecular Structure 

19F-NMR 
Effect in 
Mixtures 

19F-NMR Effect Single 
Composite-Pulse 

Decoupling 

19F 
Chemical 

Shift 

ARN1577 289.352 

 

Medium shift 
signal 

Confirmed weak-
medium signal -122.83 

ARN1512 408.306 

 

Strong shift 
signal 

Confirmed strong 
signal -116.64 

ARN1883 348.423 

 

Medium-
strong shift 

signal 

Confirmed medium-
strong signal -123.86 

 

Based on these results, we set out to identify the mode of binding of these hits with E-cadherin by X-

ray crystallography. To this end, we used the V3-E-cadherin-EC1-EC2 construct, i.e. the protein 

lacking the first two aminoacids at the N-terminus. The use of the V3-E-cadherin EC1-EC2 fragment 

reflects the same strategy that allowed the crystallization of E-cadherin with FR159, the first crystal 

structure of a complex of a E-cadherin extracellular portion with a small molecule [50]. In essence, 

this strategy provides two major advantages: 1) it leaves the Trp2 pocket constiutively open, thus 

eliminating the competition between the Trp2 and the fragment for binding into the Trp2 pocket, a 

potentially crucial binding site for the inhibition of the cadherin dimerization mechanism. 2) it greatly 

limits the conformational space that can be explored by the protein, i.e. it limits its conformational 

flexibility, as the lack of the first two residues impair the formation of the strand exchange dimer and 

allows the highly dynamic E-cadherin protein to shuttle only between its monomeric state and its X-

dimer state. 
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ARNs and V3-E-cadherin EC1-EC2 Co-Crystallization Experiments 
Co-crystals of the three ARN compounds and V3-E-cadherin EC1-E2 grew in 1.1 M to 1.6 M 

(NH4)2SO4, 80 mM CaCl2, and 0.1 M of Tris-HCl pH 7.5. Representative images of the grown crystals 

are shown in Figure 22. 

 

 
 
All crystals usually grew forming clusters and had roughly the same plate-like rectangular 

morphology. Despite their apparent multiplicity, each cluster turned out to be composed of single 

crystals, which, upon gentle touch, could be readily separated into single crystals suitable for X-ray 

diffraction experiments. Crystals were cryo-protected with 25% glycerol prior to data collection. 

  

Figure 22: Crystal morphologies of V3-E-cadherin EC1-2 co-crystallized with the ARN compounds 
The picture shows the crystal morphologies for the co-crystals obtained during the co-crystallization experiments. Plate-like crystals 
grew as clusters that could easily be separated in order to obtain single crystals for the successive diffraction experiments. 
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Structure Determination of the V3-E-cadherin EC1-EC2:ARN complex 
From the crystals thus obtained, numerous high-resolution datasets were collected at the Paul Scherrer 

Institute in Switzerland. The best three datasets in terms of resolution cut-off, completeness, intensity-

to-noise ratio, ligand occupancy and quality of the electron density map were refined until 

convergence. 

As expected, in all crystals the V3-E-cadherin EC1-EC2 construct adopted the X-dimer conformation. 

Their structure showed little to no difference in terms of RMSD (0.41 Å, 1.07 Å, and 0.85 Å for the 

complexes with ARN1512, ARN1577 and ARN1883, respectively) compared to the unligated E-

cadherin EC1-EC2 structure that is available in the protein databank (PDBID: 4ZT1), as shown in 

Figure 23. 

 
 

Unlike FR159, which was found to bind into a hydrophobic pocket at the bottom of the adhesion arm 

that only forms, transiently, as the protein goes through its X-dimer conformation, the ARN 

compounds were all found to bind inside the acceptor pocket that is usually occupied by the Trp2 

residue, which is lacking in our crystallographic construct. To provide scientific evidence for their 

effective localization, the omit maps drawn at 2.0 sigma level are shown in Figure 25, Figure 24, and 

Figure 26. 

 

Figure 23: Structural alignment between E-cadherin X-dimer and the three obtained co-crystal structures 
Structural superimposition of the E-cadherin X-dimer (PDBID: 4ZT1)  with the three ARN co-crystal structures. The backbone atoms 
of the four aligned proteins are drawn in wires and each protein is colored differently: V3-E-cadherin X-dimer is colored in orange, 
while the co-crystal structures of ARN1512_A, ARN1577_Z, and ARN1883 in cyan, green, and yellow, respectively.   
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Figure 24: Omit maps of ARN1577 
In panel A the V3-E-cadherin X-dimer in orange cartoon model with calcium ions in green and ARN1577 in cyan ball and stick is 
depicted. 
Panel B display the section containing the adhesion pocket where ARN1577 has been found. The protein body is drawn in orange sticks 
with the corresponding electron density at 1.00 rmsd sigma level superimposed and colored in orange. The ligand is drawn in cyan ball 
and sticks and the electron density of its omit map is drawn at 2.00 rmsd sigma level and colored in green. 
Panel C shows the details of the omit map electron density drawn in green and at 2.00 rmsd sigma level with the underlying model 
drawn in cyan ball and sticks. 
Oxygen atoms are depicted in red, nitrogens in blue, phosphoruses in yellow and fluorines in green. 

Figure 25: Omit maps of ARN1512 
In panel A the V3-E-cadherin X-dimer in orange cartoon model with calcium ions in green and ARN1512 in cyan ball and stick is 
depicted. 
Panel B display the section containing the adhesion pocket where ARN1512 has been found. The protein body is drawn in orange sticks 
with the corresponding electron density at 1.00 rmsd sigma level superimposed and colored in orange. The ligand is drawn in cyan ball 
and sticks and the electron density of its omit map is drawn at 2.00 rmsd sigma level and colored in green. 
Panel C shows the details of the omit map electron density drawn in green and at 2.00 rmsd sigma level with the underlying model 
drawn in cyan ball and sticks. 
Oxygen atoms are depicted in red, nitrogens in blue, phosphoruses in yellow and fluorines in green. 
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Figure 26: : Omit maps of ARN1883 
In panel A the V3-E-cadherin X-dimer in orange cartoon model with calcium ions in green and ARN1883 in cyan ball and stick is 
depicted. 
Panel B display the section containing the adhesion pocket where ARN1883 has been found. The protein body is drawn in orange sticks 
with the corresponding electron density at 1.00 rmsd sigma level superimposed and colored in orange. The ligand is drawn in cyan 
ball and sticks and the electron density of its omit map is drawn at 2.00 rmsd sigma level and colored in green. 
Panel C shows the details of the omit map electron density drawn in green and at 2.00 rmsd sigma level with the underlying model 
drawn in cyan ball and sticks. 
Oxygen atoms are depicted in red, nitrogens in blue, phosphoruses in yellow and fluorines in green. 

Figure 27: 2Fo-Fc electron density of the ARN ligands 
The picture shows the calculated 2Fo-Fc electron density of the models in which the three ARN compounds have been inserted. All 
ligand electron densities are displayed with a blue mesh superimposed to the compound structures that are displayed in cyan ball and 
stick model with blue nitrogens and green fluorines. 
Panels A, C, and E show the electron density at 0.7 rmsd sigma level, while panels B, D, and F at 0.5 rmsd sigma level. 
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The full models calculated upon ligand insertion feature a very good electron density coverage of the 

ligand molecules, whose fluorinated moiety can be fully appreciated in the electron density map at 

0.7 sigma level (Figure 27 panels A, C, and E). Map coverage of the full ligand becomes almost 

complete at 0.5 rmsd sigma level (Figure 27, B, D, and F).  

A detailed description of the mode of binding of the three binders for which we could determine the 

X-ray crystal structure is provided in the Discussion chapter.  
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Cell Adhesion and Cell Invasion Assays 
To assess the ability of these fragments to modulate cell adhesion and/or cell invasion, our 

collaborator, Dr. Frédéric André’ and his team at the Centre de Recherches en Oncologie biologique 

et Onco-pharmacologie of the University of Aix-Marseille (France), performed standard cell adhesion 

and cell adhesion functional assays. 

The effects of various compounds on cell-cell adhesion of BxPC3 E-cadherin/P-cadherin cell were 

evaluated at 0.05 mM concentration and compared to 0.1 % DMSO control, and the measured 

spheroid area after 24 hours was calculated and used to compare the effect of each compound (Figure 

28). The degree of spheroid compaction is caused by the expression of E- and P-cadherin on the 

surface of the cells; thus, when cadherin inhibition occurs, the spheroids tend to spread. Hence, an 

increase in the area of the spheroid is correlated with the inhibitory action of the compound. The data 

show that a statistically significant increase in the area is observed when ARN1512 and ARN1883 

are used, while the variations in the spheroid areas for the other tested compounds is not significant. 

The best performing compounds, ARN1512, was also tested at different concentrations and Figure 

29 shows that there is a statistically significant increase in the spheroid area at 0.05 mM, while at 0.01 

mM the effect is not significant, indicating that the activity of ARN1512 is concentration-dependent. 

The effects of the two best performing compounds on cells expressing only either E- or P-cadherin 

was evaluated with a cell-cell adhesion assay employing RNA interference on BxPC-3 cells as 

described in [106] generating stable cell lines expressing either E-cadherin or P-cadherin (Figure 30). 

The anti-adhesion effect is maintained regardless of both E- and P-cadherin-mediated cell adhesion 

(Figure 31). 

The effect of ARN1512 and ARN1883 on N-cadherin was evaluated with a cell-cell adhesion assay 

performed with MiaPaca-2 N-cadherin expressing cells, obtained as described in the Cell Adhesion 

and Invasion Assay section of the Material and Methods chapter (Figure 32).  

As shown in Figure 33, ARN1512 has no effect on N-cadherin expressing cells, that form more 

compact spheroids compared to the not transfected MiaPaca-2 cells (mock cells) used as control in 

this experiment. Similar results were obtained for ARN1883 (personal communication, data not 

shown). 

Preliminary data on invasion assays performed on BxPC3 E-cadherin/P-cadherin cells with 

ARN1512 and ARN1883 shows that both compounds inhibit cell invasion with a slightly better 

efficacy compared to AS11 (Figure 34). However, the graph in Figure 34 was obtained by performing 

two experiments in octuplets and therefore it is not possible to provide a complete statistical analysis 

to assess if the results are significant. 
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Moreover, the combined use of the most potent ARN compound, ARN1512, and AS11 both at 0.025 

mM showed better results in terms of anti-adhesion efficacy relative to the two single compounds at 

0.025 mM concentration (Figure 35). These data were obtained from two single experiment and 

therefore should not be considered as statistically significant yet. However, if combined with the 

structural data presented in this thesis and with the previous knowledge on AS11 [106], they provide 

an indication for the fact that the ARN compounds and AS11 have a different E-cadherin binding site 

mechanisms and the combined use of both compounds might display a synergistic effect. 

 

 
 

 

Figure 28: Effect of ARN1512, ARN1883, ARN1577, ARN1879, and ARN2068 on cell-cell adhesion. 
In panel A, representative pictures of the spheroids after incubation of 24 hours with 0.05 mM compound and 0.1 % DMSO are shown. 
In panel B, the measured spheroid area is plotted against the experimental condition referring to it. Values represent the mean of 5 
experiments performed at least in quintuplet. A p<0.05 was considered as statistically significant and is indicated by (**) when p<0.005 
and (*) when p<0.05. 

Figure 29: ARN 1512 reduces cell-cell adhesion in a concentration-dependent fashion 
BxPC3 E-cadherin/P-cadherin cells were incubated in the presence of either 0.1% DMSO or various doses of ARN1512. Cells were 
allowed to form spheroids in suspension for 24 h. Values represent the mean spheroid are of 1 to 5 experiments performed in octuplets 
Double asterisks indicate statistical significance with the reported p value, and ns stands for not significant. 
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Figure 30: Results of the RNA interference on BxPC-3 cells 
In panel A, using RNA interference, E- and P-cadherin were stably knocked down in BxPC-3 cells expressing both cadherins. Images 
were captured and analyzed using a SP5 Leica confocal microscope equipped with LAS AF Lite software. Scale bar: 25 µm. 
In panel B, BxPC-3 E-cadherin/P-cadherin, BxPC-3 E-cadherin, and BxPC-3 P-cadherin cells were lysed, and the expressions of both 
P-cadherin and E-cadherin were detected by western blot.  
Adapted from [106]. 

Figure 31: Effects of ARN1512 and ARN1883 targeting either E-cadherin or P-cadherin 
BxPC-3 E-cadherin (A) and BxPC-3 P-cadherin cells (B) were incubated in the presence of 0.1% DMSO or 0.05 mM ARN 1883 or 
ARN 1512 for 24 h.  The spheroid area was measured by phase-contrast microscopy and analyzed by ImageJ. Values represent the 
mean of 5 experiments performed in quintuplet. Double asterisks indicate statistical significance with the reported p value. 
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Figure 32: N-cadherin expression and its adhesive function in Miapaca-2 cells 
Miapaca-2 cells were stably transfected with a N-cadherin-GFP containing vector (N-cadherin) or a GFP-containing vector (pEGFP). 
In panel A, the E-cadherin, N-cadherin and β catenin expression assessment by western blot by using specific antibodies is shown. Note 
that N-cadherin expression promotes β catenin expression. 
In panel B, the result of the cell surface expression assessed by fluorescence of GFP are shown. Images were captured using a LSM 
Zeiss confocal microscope equipped with Zen software.  
In panel C, the impact of N-cadherin on cell-cell adhesion is shown by using an aggregation assay as described in the Materials and 
Methods section. Miapaca-2 and Miapaca-2 N-cadherin cells  were allowed to form spheroids in suspension for 24 h and images were  
captured using a LSM Zeiss confocal microscope equipped with Zen software. 

Figure 33: Effect of ARN1512 and ARN1883 on MiaPaca-2 N-cadherin cells 
Miapaca-2 (mock) and Miapaca-2 N-cadherin cells were incubated in the presence of 0.1% DMSO or 0.05 mM ARN 1512 for 24 h. 
The spheroid area mas measured by phase-contrast microscopy and analyzed by ImageJ. Values represent the mean of 5 experiments 
performed in octuplets. Corresponding p values are reported, and ns stands for not significant. 
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Figure 34: Effects of ARN1512 and ARN1883 on cell invasion 
BxPC3 E-cadherin/P-cadherin cells were allowed to form spheroids for 72 h. Spheroids were embedded in type I collagen then 
incubated for 48 h in the presence of 0.1% DMSO or 0.05 mM ARN 1883, ARN 1512 or AS11. The spheroid area was observed 
by phase contrast microscopy 48 h after embedding. The spheroid area was evaluated using ImageJ software. Values represent 
the mean of 2 experiments performed in octuplets. 

Figure 35: ARN1512 and AS11 target E-cadherin in an independent manner 
BxPC-3 E-cadherin cells  were incubated for 24 h in the presence of 0.1% DMSO, 0.025 mM ARN 1512, 0.025 mM AS11, or a 
combination of both 0.025 mM ARN1512 and 0.025 mM AS11. The spheroid area mas measured by phase-contrast microscopy and 
analyzed by ImageJ. Values represent the mean of 2 experiments performed in octuplets. 
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Discussion 

Binding Mode of the ARN Compounds 
All three ARN compounds were found to bind both monomers in the X-dimer at the level of the 

adhesion pocket where, in wt-E-cadherin, Trp2 is located (Figure 36, panels A, D, and G). As shown 

in panels B, E, and H of Figure 36, the two monomers of all three structures superimpose within a 

very small rmsd value (1.05 Å, 0.87 Å, and 0.98 Å for the structures of ARN1512, ARN1577, and 

ARN1883, respectively). In particular, the rmsd values calculated from the superimposition of the 

two ligands in the asymmetric unit for the three structures gave similar results (0.41 Å, 1.87 Å, and 

0.95 Å for the structures of ARN1512, ARN1577, and ARN1883, respectively; panels C, F, and I of 

Figure 36). The slightly higher value for the structural superimposition of ARN1577 is due to the fact 

that the “tail” composed by the amide bond linked to a metylpirrole moiety is oriented in opposite 

directions in the crystallographic model. Moreover, the electron density of this portion of the 

molecules is extremely diffuse since it does not form any stabilizing contacts with the protein. Indeed, 

the alignment of the only 5-fluoro-3-methylindole moieties gives a rmsd value of 0.03 Å, indicating 

that they align almost perfectly. 

In general, the fluorinated moiety (fluorobenzene moiety for ARN1512, 5-fluoro-3-methylindole 

moiety for ARN1577, and 7-fluoro-3,13,15-triazapentacyclononadeca-2(10),4(9),5,7-tetraene moiety 

for ARN1883) is always inserted into the Trp2 hydrophobic pocket, while the remaining part of the 

molecules are not stabilized by any contact with the other residues of the protein. 

The binding of the three small chemical fragments to the protein does not generate conformational 

changes or rearrangements, neither globally, as attested by the rmsd values calculated by comparing 

the three structures with the unligated form of E-cadherin in a X-dimer conformation (PDBID: 4ZT1), 

nor locally in the residues lining the region of the adhesion pocket (Figure 37). 
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Figure 36: Summary of the structural details of the three co-crystal structures 
The whole picture is divided in two views: one from the side and one from the bottom; and in different degrees of superimpositions. 
Panels A, B, and C refer to ARN1512_A, panels D, E, and F to ARN1577_Z, and panels G, H, and I to ARN1883. 
Panels A, D, and G show the co-crystal structures from the side and top point of views. The two X-dimer monomers are drawn in orange 
and cyan ribbon with the compounds drawn in ball and stick model with either yellow or magenta carbon atoms, blue nitrogens, red 
oxygens and green fluorines. Calcium ions in the side views are shown in green spheres.  
Panels B, E, and H display the structural superimposition of the two monomers of the asymmetric unit and are colored according to 
the same color code. 
Panels C, F, and I show the structural superimposition between the two compounds in the asymmetric unit and are colored according 
to the same color code. 
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It is worth noting that all the side chains of the residues that are located in a 3 Å spherical region 

centered around the ARN ligand possess the same side chain orientation, with the only exception of 

Met92, which occupies the adhesion pocket in the place of the Trp2. The difference in the position of 

the Met92 side chain in the three ARN structures makes the conformation of their adhesion pocket 

more similar to the one of the strand-swap E-cadherin dimer (PDBID: 2O72) than to that of the X-

dimer (PDBID: 4ZT1). Indeed, the adhesion pocket is occupied by the ARN compounds in the case 

of the three co-crystal structures and by the Trp2 of the partner molecule in the case of the strand 

swap conformation. In the structure of all three complexes, Met92 is at the bottom of the pocket and 

providing a “floor” on which the fluorinated hydrophobic moiety of the compounds can lie, 

sandwiched between Met92 and Glu90 in the same way the natural Trp2 residue is stabilized by those 

two amino acids. 

 

Figure 37: Structural superimposition between the three co-crystal structures, E-cadherin strand swap and X-dimer 
The figure shows the structural superimposition between the ARN1512_A (orange), ARN_1577_Z (cyan), ARN1883 (green) co-crystal 
structures and E-cadherin strand swap (PDBID: 2O72, yellow) and X-dimer (PDBID: 4ZT1, magenta) drawn as wires with the residues 
in the 3 Å wide sphere drawn with wires and colored with carbon atoms of the color corresponding to the belonging structure, red 
oxygens, blue nitrogens, and yellow sulfurs. Each residue is labelled, and the label is connected to the structure by an arrow. 
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The binding of the ARN compounds to the acceptor pocket is particularly favored by the electrostatic 

profile of the EC1 domain. Indeed, if we look inside of the pocket from its entrance, we can appreciate 

either a nonpolar environment inside the adhesion pocket on the left hand-side and a negatively 

polarized/charged environment on the top and the right hand-side side of the pocket (Figure 38, panel 

A). The electrostatic surface of the ligands is complementary to the one of the EC1 pocket region 

because all compounds are mainly nonpolar, with a positively polarized region that is due to the 

presence of nitrogen atoms. This electrostatic complementarity allows the positioning of the nonpolar 

bulky fluorinated “head” of the compound inside the pocket and the “tail” in correspondence to the 

negatively charged region of the pocket (Figure 38, panels B, C, and D). 

 
Finally, it is worth mentioning that, although the structural data presented here were obtained from a 

truncated form of E-cadherin, the absence of the first two N-terminal amino acids is not likely to 

influence the overall binding mode of the ARN compounds. Indeed, the conformational changes that 

are associated with the opening of the adhesion arm do not involve changes in the conformation of 

the residues that interact with the compounds within the adhesion pocket. The presence of Asp1 and 

Trp2 might have an effect on the strength and on the kinetics of the binding since they can provide 

additional sites for “tails” of the compounds to interact either in an attractive or repulsive way, 

depending on their chemical nature. However, an exact assessment of this issue cannot be made 

without additional biochemical data, which could be obtained by NMR or by calorimetry, or with the 

determination of the crystal structure of the complex between wt E-cadherin and the compounds. To 

this end, while considerable attempts to crystallize this latter complex have been made, they have so 

far been unsuccessful.  

Figure 38: Electrostatic surface calculated by Chimera of the empty and compound occupied pockets 
The figure shows the electrostatic potential of the adhesion pocket region when the pocket is empty (panel A), and when it is filled by 
ARN1512_A (panel B), ARN1577_Z (panel C), and ARN1883 (panel D). 
White regions are attributed to nonpolar atoms, blue ones to positively charged/polarized atoms and red ones to negatively 
charged/polarized atoms. 
All electrostatic surfaces have been calculated with the ‘Coulombic surface coloring’ function included in the Chimera software. 
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Description of the ARN1512 Interaction Mode 
Figure 39 shows the interactions that ARN1512 makes with the E-cadherin monomers.  

As previously discussed, the interaction between the ligand and the protein involves mainly the 

fluorobenzene moiety of the ligand and the acceptor pocket of the protein. The fluorinated aromatic 

ring forms hydrophobic interactions with the hydrophobic regions of the side chains of Gln23, Ile24, 

Tyr36, Ser78, Ala80, Glu89, Asp90, and Met92. In particular, the portion of the compound that more 

closely mimics Trp2 is sandwiched between Met92 and Glu89 in the same way as Trp2. Furthermore, 

the pyridine moiety of the ligand makes a hydrophobic contact with the side chain of Ile4 (Figure 39, 

panel A and B).  

The compound is also stabilized by a hydrogen bonding between the nitrogen in the pyridine moiety 

and the backbone amide of Lys25 and between one nitrogen atom in the core of the compound and 

the sulfur of Met92, and by a water mediated contact with the backbone carbonyl of Asp90 (Figure 

39, panels C and D). 

Finally, the fluorine atom establishes a multipolar interaction with the backbone carbonyl group of 

Ala80 (Figure 39, panels E and F). 
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Figure 39: Details of the interaction of ARN1512_A with E-cadherin acceptor pocket 
The picture shows the interactions of both ARN1512_A molecules in the two monomers: panels A, C, and E refer to monomer A, while 
panels B, D, and F to monomer B and they are colored according to the same color code of Figure 36. 
Panels A and B show the hydrophobic interactions of the compounds inside the Trp2 acceptor pockets. Interacting residues are drawn 
in sticks and colored in either dark red or dark blue according to the belonging monomer, A or B, respectively. 
Panels C and D highlight the hydrogen bonding interactions between ARN1512_A and the protein molecule. Interacting residues are 
labelled with their three-letter code and sequence number and hydrogen bonds are indicated with dashed lines and they are labelled 
with their measured distances. The water molecule that is involved the water-mediated contact is drawn as a small red sphere. 
Panels E and F display the multipolar interaction between the ARN1512_A fluorine atom and the carbonyl group of Ala80, that is 
involved with the amide group in hydrogen bonding. Multipolar interactions are drawn in green dashed lines and hydrogen bond with 
yellow ones. Each interaction is provided with the corresponding distance. 
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Description of the ARN1577 Interaction Mode 
Figure 40 describes the interactions that ARN1577 makes with E-cadherin. 

The ligand interacts with the protein mainly via the 5-fluoro-3-methylindole moiety, which forms 

hydrophobic contacts with the hydrophobic regions of the side chains of Ile24, Lys25, Tyr36, Ser78, 

His79, Ala80, Glu89, Asp90, and Met92 (Figure 40, panels A and B). In particular, the portion of the 

compound that more closely mimics Trp2 is sandwiched between Met92 and Glu89 in the same way 

of Trp2. 

The nitrogen in the 5-fluoro-3-methylindole moiety forms a hydrogen bond with the backbone 

carbonyl group of Asp90 (Figure 40, panels C and D) and the fluorine atom makes a polar interaction 

with the aromatic ring of Tyr36 (Figure 40, panels E and F). 
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Figure 40: Details of the interaction of ARN1577_Z with E-cadherin acceptor pocket 
The picture shows the interactions of both ARN1577_Z molecules in the two monomers: panels A, C, and E refer to monomer A, while 
panels B, D, and F to monomer B and they are colored according to the same color code of Figure 20. 
Panels A and B show the hydrophobic interactions of the compounds inside the Trp2 acceptor pockets. Interacting residues are drawn 
in sticks and colored in either dark red or dark blue according to the belonging monomer, A or B, respectively. 
Panels C and D highlight the hydrogen bonding interactions between ARN1577_Z and the protein molecule. Interacting residues are 
labelled with their three-letter code and sequence number and hydrogen bonds are indicated with dashed lines and they are labelled 
with their measured distances. 
Panels E and F display the polar interaction between the ARN1577_Z fluorine atom and the side chain of Tyr36. Polar interactions are 
drawn in green dashed lines and hydrogen bond with yellow ones. Each interaction is provided with the corresponding distance. 
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Description of the ARN1883 Interaction Mode 
Figure 41 shows the interaction mode of ARN1883 with E-cadherin. 

As always, the fluorinated moiety is inserted in the acceptor pocket and makes hydrophobic contacts 

with the side chains and the nonpolar regions of Ile24, Lys25, Tyr36, Ser78, His79, Ala80, Glu89, 

Asp90, and Met92 (Figure 41, panels A and B). In particular, the portion of the compound that more 

closely mimics Trp2 is sandwiched between Met92 and Glu89 in the same way of Trp2. 

Unlike the two previous co-crystal structures, ARN1883 has different orientations in the two E-

cadherin pockets. In monomer A, the fluorine atom forms a hydrogen bond with a water molecule 

that, in turn, forms hydrogen bonds with the backbone carbonyl of Glu89 and with the backbone 

amide of Ala80 (Figure 41, panel C). In monomer B, the fluorine atom forms a polar contact with the 

aromatic ring of Tyr36 (Figure 41, panel D). 

Furthermore, the hydrogen bonding pattern of the nitrogen in the condensed bicyclic rings is different 

from the two monomers since the atom has opposite orientations: in monomer A, the interacting 

residue is Lys25 with its backbone carbonyl (Figure 41, panel E), while in monomer B it is the 

backbone carbonyl of Asp90 (Figure 41, panel F). These different orientations, which are reminiscent 

of the double conformation of Trp2 in the crystal structure of human P-cadherin in closed 

conformation (PDBID: 4OY9), were the only possible ones that did not result in the appearance of 

negative density around the fluorine atom in the Fo-Fc map and in either one of the compounds during 

model refinement. While some attempts were made to model in each pocket these double 

conformations, these yielded poor results in terms of quality of the final electron density map in the 

region. However, as we observe the two orientations in the proteins, we cannot rule out the presence 

of both conformation at the same time in the pockets and that one is not traceable: this fact might be 

the cause for the diffuse and somehow fragmented electron density observed for ARN1883. 
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Figure 41: Details of the interaction of ARN1883 with E-cadherin acceptor pocket 
The picture shows the interactions of both ARN1883 molecules in the two monomers: panels A, C, and E refer to monomer A, while 
panels B, D, and F to monomer B and they are colored according to the same color code of Figure 36. 
Panels A and B show the hydrophobic interactions of the compounds inside the Trp2 acceptor pockets. Interacting residues are drawn 
in sticks and colored in either dark red or dark blue according to the belonging monomer, A or B, respectively. 
Panels C and D highlight the different interaction modes of the ARN1883 fluorine atom: in monomer A, the fluorine atom is hydrogen 
bonding a water molecule that in turn acts as a bridge between Asp90 and Ala80, while in monomer B, it is observed to interact with 
the side chain of Tyr36 making a polar contact as it does ARN1577_Z. Interacting residues are drawn in ticks and colored according 
to the usual color code of Figure 36. Hydrogen bonds are indicated with yellow dashed lines and polar interactions with green ones, 
and both are labelled with the measured distances. 
Panels E and F display the hydrogen bonding interactions between the ARN1577_Z and the backbone of either Lys 25 (monomer A, 
panel E) or Asp90 (monomer B, panel F Hydrogen bonds are indicated with dashed lines, and they are labelled with their measured 
distances. 
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Cell Adhesion and Cell Invasion Assays 
The cell-cell adhesion assay reported in Figure 28 and the invasion assay reported in Figure 34 clearly 

indicate that ARN1512 and ARN1883 are capable of inhibiting cell-cell adhesion and cell migration 

in BxPC3 cells with statistical significance at µM concentrations. Furthermore, the most potent 

compound of the series, ARN1512, is also able to exert its antiadhesive activity in a concentration 

dependent manner, as shown in Figure 29. 

Given that BxPC3 cells were engineered to express both E- and P-cadherin and the good results 

obtained in cell-cell adhesion assays, prompted the possibility to evaluate whether the activity of the 

most potent compounds, ARN1512 and ARN1883, was due to the inhibition of either E- or P-

cadherin.  

Unlike AS9 and AS11, which displayed selectivity towards E-cadherin but no effect on P-cadherin, 

the establishment of BxPC-3 cells stably expressing either E- or P-cadherin through RNA interference 

revealed that, at least in the case of ARN1512 and ARN1883, there is no difference in the spheroid 

area increase when the two cadherins are separately targeted in BxPC-3 E-cadherin and BxPC-3 P-

cadherin cell lines, and therefore, the antiadhesive effect of the compounds is exerted on both E- and 

P-cadherin-mediated cell-cell adhesion (Figure 31). Given the structural homology between the 

adhesion pockets of E- and P-cadherin, it is conceivable that the ARN compounds have similar effects 

on both proteins. 

Interestingly, the cell-cell adhesion assay performed on MiaPaca2 cells expressing N-cadherin 

revealed that ARN1512 has no inhibitory effect on N-cadherin-mediated cell adhesion (Figure 33), 

despite the high sequence identity and structural homology with E-cadherin, indicating that this class 

of compounds are specific only towards E- and P-cadherin. The sequence alignment between E-, P- 

and N-cadherin may provide a possible explanation for this selective behavior. As shown in Figure 

42, the most striking differences between the three is the presence of Ile and not Met in position 92, 

the “floor” of the adhesion pocket, and the presence of Arg in position 25 instead of Lys. 

The first difference might be responsible for the loosening of the sandwiching interaction (previously 

described in detail in [41]) that holds in place both Trp2 and the ARN compounds. On the other hand, 

the second difference might be responsible for an unfavorable electrostatic surface: the presence of 

Arg24 and, above it, of Arg27 create a positively charged rim that might interfering with the positively 

charged compound. Molecular dynamics simulations are ongoing to test these hypotheses. 
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Figure 42:Sequence differences between E- and N-cadherin 
In panel A, the sequence alignment of E-, P- and N-cadherin is displayed. Residues involved in the binding of the ARN compounds are 
contoured by red boxes and the most evident sequence differences are circled in blue. 
In panel B and C, the electrostatic surfaces of N- and E-cadherin are respectively shown. The asterisk marks the position of either 
Arg24 or Lys24 depending on the considered protein. 
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Conclusions 
Here, I reported the structural and functional characterization of three novel small molecule inhibitors 

of E-cadherin homo-dimerization. 

For all the reasons described above, the ARN compounds can be regarded as “competitive” inhibitors 

of E-cadherin homo-dimerization. Of course, in this context the term competitive is used somewhat 

improperly as this is mostly an enzymology term utilized for inhibitors that hinder the access of a 

substrate to its catalytic site and E-cadherin is not an enzyme. However, if we think of the Trp2 

residue as the “substrate” of the dimerization “reaction”, our comparison holds and the understanding 

of the mechanism of action of the ARN molecules might be easily explained and visualized. 

While FR159 has been the first inhibitor ever to be co-crystallized with E-cadherin and has allowed 

the identification of a novel drugging site (i.e. the hydrophobic pocket that is formed when the protein 

is in the X-dimer conformation), these three ARN compounds are the first ever reported to be found 

to bind inside the adhesion pocket of E-cadherin. Such pocket has, for a long time and always 

elusively, being the actual target of many cadherin drug design studies. Hence, our data validate the 

cadherin adhesion pocket as a bona fide drugging site.  

The functional data reported here demonstrate that ARN1512 and ARN1883 are the most potent 

compounds in in vitro cell assays and they effectively modulate BxPC-3 pancreatic adenocarcinoma 

cell-cell adhesion at micromolar concentrations, while showing no effect on N-cadherin-mediated 

cell-cell adhesion in another cell line of pancreatic adenocarcinoma (Miapaca-2). Their inhibitory 

effect is greater than that observed with AS11, which, to date, could be considered the gold standard. 

However, it remains to be established with statistical significance whether the ARN compounds are 

able to inhibit tumor cell invasion, if they outperform AS11 and if there is a synergistic effect with 

the combined use of the ARN compounds and AS11 provided that they have two different 

mechanisms of modulation of the cadherin dimerization process.  

These issues are currently under investigation and therefore no definitive conclusion can be drawn so 

far. The structural data presented herein are the first of their kind and establish the ground for further 

developments that might lead to the improvement of the initial hits through successive rounds of 

structure-based drug design and to the discovery of other adhesion-pocket binding molecules through 

virtual screening of chemically similar molecules. 
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Introduction 

The Protein Kinase Superfamily 
Protein Kinases (PKs) are a wide-spread class of enzymes that catalyze the formation of a 

phosphodiester bond between an amino acid of a protein that acts as an acceptor and a phosphate 

group that is generally provided by a donor molecule. These enzymes usually act in coordination with 

the phosphatases, a class of enzymes that mediate the opposite chemical reaction, i.e. the removal of 

a phosphate group and therefore the breakage of the phosphodiester bond. 

Phosphorylation of proteins is a process that affects virtually every activity of cells, including 

proliferation, gene expression, transport across membranes, homeostasis, metabolism, motility, and 

apoptosis [119]. 

The process of protein phosphorylation/dephosphorylation is, arguably, the most common process of 

active regulation of the functional activity of proteins. Indeed, it is present in all organisms, ranging 

from the simplest prokaryotes [120], [121] to the more complex eukaryotic organisms [119], [122], 

[123]. Its ubiquitous presence might be ascribed to different factors, such as its high charge density, 

hydrophilicity, and propensity of the phosphate group to form salt bridges. These may be coupled 

with the low structural requirements that are involved with the creation of a phosphorylation site, i.e., 

a nucleophilic oxygen or nitrogen atom in a side chain of an amino acid surrounded by few other 

specific ones that act as recognition features. Moreover, this regulation mechanism provides an easy 

way to create complex signaling networks. Indeed, multiple phosphorylation sites can easily be 

accommodated in protein structures and can readily work as an ensemble to implement the biological 

equivalent of the logic gates that are nowadays present in our electronic equipment. In fact, 

phosphorylation in one site is able to affect allosterically the state of a protein and to interact in the 

same way with another phosphorylation site, providing a way to integrate multiple biochemical 

signals [124]. 

Almost all the phosphorylations that occur in the eukaryotic cells are mediated by a single superfamily 

of PKs, called eukaryotic Protein Kinases (ePKs), which share a conserved catalytic domain; 

however, several other proteins that lack sequence similarity to ePKs (albeit sharing some structural 

ones) are able to phosphorylate substrates and are called atypical Protein Kinases (aPKs) [123]. These 

latter are different from ePK since they generally phosphorylate small molecules instead of protein 

residues. 
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The first classification of PKs was done by Hanks et al. [125] in 1995. In their monumental work, 

they aligned the sequences of almost 400 ePKs belonging to different organisms, ranging from 

vertebrates to lower organisms, and established the first phylogenetic tree for the superfamily. 

This phylogenetic tree is composed of five branches: 

• The AGC group consists of basic amino acid-directed kinases that phosphorylate a Ser or a 

Thr residue located near an Arg or a Lys residue. This group is further classified into different 

families: the cyclic-nucleotide-dependent kinases, the protein kinase C family, the β-

adrenergic receptor kinases, the ribosomal S6 kinases, and other close relatives. 

• The CAMK group consists of basic amino acid-directed kinases that target Ser or Thr residues 

and are activated upon binding of calcium ions. It can be further divided into the 

calcium/calmodulin-dependent protein kinases, the Snf1/AMPK family, and some close 

relatives. 

• The CMGC group consists of protein-serine kinases that phosphorylate their target substrates 

in Pro-rich regions. Members of this group are the cyclin-dependent kinases, Erk (MAP) 

kinases, the glycogen synthase 3 family, the casein kinases II, Cdk-like kinases, and other 

closely related members. 

• The PTK group is composed of the protein tyrosine kinase family that is further divided into 

more than a dozen of membrane-spanning receptor families and nine nonreceptor families. 

The members of the PTK group can also be classified into conventional protein tyrosine 

kinases that phosphorylate exclusively Tyr residues and dual-specific protein tyrosine kinases 

that are able to attach the phosphate group also to Ser and Thr. 

• Other unclassified members that displayed sequence similarity but were not assigned to any 

family at that time. 

This initial classification has been more recently updated by Manning et al. [122] in 2002, where four 

additional groups have been added and aPKs have been included in the superfamily. The new groups 

are: 

• The STE group composed by the MAPK cascade family. 

• The CK1 group composed by the casein kinase 1 family, the tau tubulin kinase family and the 

vaccina-related kinase family. 

• The TKL group composed of all the protein tyrosine kinase-like families that resemble both 

Tyr and Ser/Thr protein kinases. Examples for this group are the mixed-lineage kinases, LISK, 

intrleukin.1 receptor-related protein kinases, activitin kinases and TGFβ receptor kinases. 

• The GYC group composed by the family of receptor guanylate cyclase kinases. 
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In total, in this work 518 PK genes were identified throughout the human genome: 478 were classified 

as ePK genes, while the remaining 40 ones as aPK genes. Figure 43 displays the phylogenetic tree of 

the Human Kinome. 

 
 

  

Figure 43: The Human Kinome 
The picture displays the phylogenetic tree of the whole Human Kinome. In the main tree all the groups mentioned in the text are shown 
while the aPKs are depicted in a separate box in the bottom left of the picture. Illustration reproduced courtesy of Cell Signaling 
Technology, Inc. (www.cellsignal.com). 
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The Eukaryotic Protein Kinase Fold 
After the first protein kinase crystal structure was determined in 1991 by Knighton et al. [126], an 

increasing number of protein kinase structures have been deposited in the PDB Database and the 

picture that has emerged is that all ePKs share a common catalytic core folding topology [127], [128]. 

Despite aPKs showing little to no sequence similarity to ePKs, the same folding topology was later 

observed in the crystal structures of some aPKs [129], [130], [131], [132], leading to their inclusion 

in the superfamily classification. 

The ePK fold is essentially the same: two lobes with the active site located in the cleft between the 

lobes. The N-terminal lobe is the smaller one and consists mainly of β strands, while the C-terminal 

lobe is larger and is mainly composed of α helices [133].  

The most important structural motifs are located near the interface between the two lobes and are the 

nucleotide-binding site, the phosphate-binding site loop, the activation loop, and the substrate-binding 

site. 

The nucleotide-binding site is the one involved in the binding of ATP and is mainly located in the 

smaller lobe where the β sheet region is found; it contributes to the correct orientation of the adenosine 

nucleotide that positions itself with the phosphate groups pointing outward toward the edge of the 

cleft. The phosphate-binding site is involved in the binding of the γ-phosphate group from ATP. 

Usually, this is a very flexible loop that contains the so-called glycine-rich motif, a structural motif 

that is highly conserved in all PKs and that features the sequence Gly-Thr-Gly-Ser-Phe-Gly. 

The activation loop often contains additional phosphorylation sites and usually provides a suitable 

surface for binding the substrate. Finally, the substrate-binding site is contained in the C-terminal 

lobe and is involved in the binding and correct orientation of the substrate for the phosphotransfer 

reaction. 

Despite their variable mechanism for controlling the activity of PKs [134], all protein kinases catalyze 

the same reaction: the transfer of a γ-phosphate group from ATP to a Ser, Thr, Tyr residue or a small 

molecule. 

The kinase described in this thesis, Choline Kinase (ChoK), is classified as aPK and is present in the 

genome of various organisms, where it is mainly involved in lipid metabolism.  
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The Structure of Choline Kinase  
The first experimental evidence of the existence of an enzyme that is capable of phosphorylating 

choline dates back to 1953, when Wittenberg et al. [135] demonstrated that crude yeast extracts and 

liver, brain, intestine, and kidney acetone extracts from several organisms were able to catalyze the 

phosphorylation of choline according to the reaction: 

 

Choline + ATP → Phosphorylcholine + ADP 

 

In the following years, the enzyme has been purified to homogeneity starting from different 

mammalian sources [136], [137], [138] and from Saccharomyces cerevisiae [139], [140] and the 

genes encoding for bona fide ChoKs were identified in mammals [141], [142], [143] and plants [144]. 

All these studies demonstrated that the presence of magnesium ions is necessary for the proceeding 

of the phosphotransfer reaction, and that, to a certain extent, ChoK displays the ability to 

phosphorylate ethanolamine too, despite the presence and existence of another enzyme that 

specifically phosphorylates ethanolamine (ethanolamine kinase) [138]. 

While the existence of ChoK has been known for several years, the first crystal structure was reported 

only in 2003, when Peisach et al. [145] determined the structure of the A-2 isoform of C. Elegans 

ChoK (PDBID: 1NW1). This enzyme is one of the seven proteins identified in the analysis of the C. 

Elegans genome and it belongs to the group of sequences that are the most similar to mammalian 

ChoKs (sequence identity ranging from 30 to 36% compared to mouse ChoK and depending on the 

sequence considered) [146]. 

This crystal structure revealed that C. Elegans ChoK isoform A-2 is a homodimeric enzyme 

constituted by two domains: a smaller N-terminal domain (152 amino acid long) and a larger C-

terminal domain (271 amino acid long) connected by a short five-residue long linker strand. The 

overall architecture of this protein is the same as the one already found in ePKs catalytic domains, 

and its structure is very well superimposable to the structure of other ePKs [147]. 

As expected, the N-terminal domain is mainly composed of β strands (five in total) that form a twisted 

antiparallel β sheet with two helices inserted between the strands. One of these helices is involved in 

the formation of the dimer interface. On the other hand, the C-terminal domain is larger, and, aside 

from some β sheets that are found in hairpin loops, it is almost exclusively α helical. Peisach et al. 

divided it into three distinct regions: the central core, the insertion, and the C-terminal subdomains. 

The most important region is the central core subdomain because the most catalytically important 

motifs are located here. 
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Finally, the linker strand, which is bordered by two 90° turns, allows the N- and C-terminal domains 

to be placed in communication with each other. 

Figure 44 shows the crystal structure of ChoK from C. Elegans highlighting the structural features 

discussed above. 

 
 

Since the structure does not have any bound substrates, the authors could only speculate on the 

location of the ATP and choline binding sites, their hypotheses being based on the structure similarity 

between different ePKs. They identified a putative ATP binding site mainly located in the N-terminal 

domain, the phosphotransferase Brenner’s motif, and a choline binding site in the C-terminal domain, 

as these are both highly conserved sequences. 

More accurate information on the ATP and choline binding sites were provided in 2007 by Malito 

et al., as they determined the crystal structures of the isoform α2 of human ChoK in its apo- and 

product-binding (ADP and phosphorylcholine) forms (PDBIDs: 2CKO, 2CKP, and 2CKQ for 

respectively the apo-, ADP- and phosphorylcholine-bound forms) [148]. This human enzyme 

displays a sequence identity of 42% to the primary sequence of the C. Elegans ChoK, and, not 

surprisingly, it adopts the same overall folding topology and oligomerization state (homodimer). 

ADP was found to bind in a cleft between the N- and C-terminal domains and conserved residues 

Figure 44: Structural features of the crystal structure of C. Elegans ChoK 
The N-terminal region is shown in blue and the β strand linker in yellow. The C-terminal domain is further subdivided into the central 
core subdomain (Brenner’s motif in light green and choline kinase motif in dark green), the insertion subdomain (pink) and the C-
terminal subdomain (dark red). 
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among the protein family from both domains participate in the adenosine nucleotide binding. Here, 

the adenine ring interacts with the backbone carbonyls of Gln207 and Ile209 and with the side chain 

of Glu206 via hydrogen bonds and it is sandwiched between Leu144 and Leu313, which help its 

positioning inside the pocket through hydrophobic interactions. All these interactions provide an 

explanation for the specificity of ChoK towards adenine nucleotides and are shown in the panel A 

of Figure 45. The ribose moiety of ADP forms hydrogen bonds with the backbone carbonyl group 

of Ser211 and the backbone amide of Arg213 (whose side chain is, however, not traceable in the 

electron density map and therefore it was modeled as Ala). An important contribution to the binding 

of ADP is provided also by the hydrophobic interaction with Leu214, which helps the correct 

positioning of the ribose (panel B of Figure 45). The α-phosphate group of ADP makes a salt bridge 

with the side chain of Arg146 and a hydrogen bond with Asp330. This latter residue is catalytically 

essential, and it is believed to be involved in the coordination of two magnesium ions that 

participate, as cofactors, in the phosphotransfer reaction; however, these ions are not present in the 

active site of the enzyme. The β-phosphate group hydrogen bonds the side chains of Arg117 and 

Asn122, these two residues being part of the so-called P-loop that is a necessary but not sufficient 

structural motif for phosphate-binding [149]. The interactions made by the two phosphate groups of 

ADP are depicted in panel C of Figure 45. 

 
  

Figure 45: Interactions of the ADP molecule with human ChoK 
On the top left there is a light green cartoon representation of PDBID 2CKP, with the ADP molecule drawn in ball and stick with light 
blue carbon atoms. 
The interactions described in the text are depicted in panels A, B, and C, and they refer to the adenine, ribose, and phosphate groups 
respectively. Involved residues are indicated by their three name code and residue number, hydrogen bonding and electrostatic 
interactions are indicated by dashed orange lines and α and β phosphate groups are labelled accordingly. 
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The structure of ChoK with phosphorylcholine (PDBID: 2CKQ) allows the characterization of the 

choline binding site, which mainly involves some residues belonging to the Brenner’s motif (residues 

from 302 to 311) and of the choline kinase motif (residues from 326 to 354). The architecture of the 

choline binding site consists of a deep hydrophobic pocket (Tyr333, Tyr354, Tyr440, Trp420, and 

Trp423) contoured by a series of negatively charged residues (Glu215, Glu217, Glu218, Glu309, 

Glu349, Asp353, Glu357, and Glu434). These charged residues steer the positively charged 

quaternary ammine into the choline binding site and stabilize it through electrostatic interactions, 

while the hydrophobic pocket participates in the correct orientation of the substrate (panel A of Figure 

46). The phosphate group of phosphorylcholine forms hydrogen bonds with the side chains of 

Asp306, Gln308, and Asn311 and with the backbone amide of Leu120 (panel B of Figure 46). Water 

mediated hydrogen bonds are also present at the base of the choline binding site and involve two 

water molecules that put Asp306 in contact with Asn345 and Glu349 on the opposite side of the 

pocket. 

 
 

The comparison between the ADP- and phosphorylcholine-bound forms of the enzyme shows that 

the enzyme undergoes important conformational changes upon substrate binding and catalysis as it 

has been observed in other ePKs [150]. In particular, the N-terminal domain undergoes a rotation of 

about 16° upon phosphorylcholine binding, the P-loop switches to a more closed conformation 

compared to the ADP-bound form, while the C-terminal domain retains the same orientation 

notwithstanding which product it binds. 

These structural data helped in the definition of the reaction mechanism of ChoK, which has been 

established through the study of the substrates kinetics [151]. For most PKs, the transfer of the 

phosphate group from ATP to the substrate proceeds through the formation of a ternary complex that 

Figure 46: Interactions of the phosphorylcholine molecule with human ChoK 
On the left, a light green cartoon representation of PDBID 2CKQ, with the phosphorylcholine molecule drawn in ball and stick with 
light blue carbon atoms. 
The interactions described in the text are depicted in panels A and B. In panel A, the electrostatic surface of the choline binding site is 
displayed and the hydrophobic and negatively charged regions are labelled accordingly. In panel B, the interactions of the phosphate 
group are shown. The involved residues are indicated by their three-name code and residue number, and hydrogen bonding interactions 
are indicated by dashed orange lines. 
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involves both substrates at the same time [152], [153], [154], [155], [156], [157], [158]. However, 

some aPKs have been demonstrated to catalyze their reaction via a double displacement (ping-pong) 

mechanism [159], [160], [161]. In their work, Hudson et al. [151] established that the phosphotransfer 

reaction catalyzed by human ChoK proceeds with a ping-pong mechanism when the first product 

(ADP) must be dissociated before the second substrate (choline) can bind. Hence, the reaction must 

proceed through a phospho-enzyme intermediate. 
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The Biological Significance of Human Choline Kinase  
According to the HUGO database [162], [163], the human genome contains two genes for ChoK, 

CHKA and CHKB, which encode for three isoforms: α1, α2 and β [164], [165]. Both genes are 

ubiquitously expressed in the cytoplasm of human cells where their active form is either homo- or 

heterodimeric. Interestingly, in mouse liver tissue the heterodimeric form is the most active, 

accounting for 60% of ChoK activity [166]. The isoform α1 differs from the α2 one by a twenty 

residue insertion that is absent in the α2 form, and it shares a 60% sequence identity with the isoform 

β. Both isoforms have the ability to phosphorylate either choline or ethanolamine. However, isoform 

β appears to be able to affect the production of phosphorylethanolamine [167]. The reported values 

for the kinetic parameters for the ChoK isoforms are reported in Table 5. 

 

 
Table 5: Michaelis-Menten constants for the two ChoK isoforms. Data obtained from the BRENDA database [168] 

Isoform KM ATP [mM] KM Choline [mM] KM Ethanolamine [mM] 

Isoform α 0.4 0.2 12 

Isoform β 0.4 0.57 2.9 

 

 

In 1956, Kennedy and Weiss discovered that ChoK activity is related to lipid metabolism and, in 

particular, to the biosynthesis of two important phospholipids: phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) [169]. The two researchers discovered two related biochemical 

pathways (later called “Kennedy” pathway) that are ubiquitously found in eukaryotes and lead to the 

production of PC and PE through a three-step reaction pathway. Since PC and PE are required for the 

formation of two high-energy intermediates (CDP-ethanolamine for PE and CDP-choline for PC), 

the pathways are also named CDP-ethanolamine or CDP-choline, respectively [170]. 

The CDP-ethanolamine and CDP-choline pathways are highly similar, as they use a series of similar 

reactions that only differ in the involvement of two different initial substrates, either choline or 

ethanolamine (Figure 47).  
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Figure 47: The Kennedy pathway 
Schematic representation of the Kennedy pathway with both choline and ethanolamine as initial substrates. Adapted from [168]. 
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The first enzymatic reaction consists of the ATP-dependent phosphorylation of either choline or 

ethanolamine that is performed by ChoK or Ethanolamine Kinase, respectively, and that lead to the 

formation of a phosphorylated substrate and ADP as a side-product [171]. Phosphorylcholine is a 

very important metabolite: it is very stable in physiological conditions, and it is essential for the 

induction of DNA synthesis, thus affecting the growth factor-stimulated cell proliferation [172]. 

The second step is considered to be rate-limiting for the pathway [173] and it involves a reaction 

catalyzed by either CTP:phosphorylethanolamine- or CTP:phosphorylcholine cytidylyltransferase. 

This results in the transfer of CDP to the substrate with the release of the phosphate group, forming 

the high-energy intermediates CDP-ethanolamine and CDP-choline [166]. 

The final step is performed by two enzymes (CDP-ethanolamine:1,2-diacylglycerol 

ethanolaminephosphotransferase or CDP-choline:1,2-diacylglycerol cholinephosphotransferase), 

which catalyze the transfer of ethanolamine or choline to two lipid anchors (which can be either 

diacylglycerol and alkyl-acylglycerol), releasing CMP as a byproduct and forming either PE or PC 

[171]. 

Beside their great similarity, the two pathways also feature a great degree of overlapping. For 

instance, despite being directed toward choline, ChoK has the ability to phosphorylate ethanolamine 

too and some phosphotransferases have been shown to be capable of using both substrates for the 

synthesis of PE and PC (see Table 5) [174], [175], [176]. Furthermore, these two pathways are 

connected by a third one, which enables the production of PC starting from PE. This third pathway is 

usually referred to as the PE methylation pathway and is mediated by PE methyltransferase, which 

catalyzes all the three methylations that are necessary for the conversion. However, the PE 

methylation pathway seems to have a significant effect on PC levels only in hepatocytes, where it 

accounts for almost 30% of the hepatocyte PC content [177]. 

PE and PC are two ubiquitously present phospholipids in human cell membranes, where they account 

for a variable range (20-30% and 30-60%, respectively) of the phospholipid content of various cell 

membranes [178].  

From the molecular point of view, since PE is characterized by a small ethanolamine head group and 

long, unsaturated fatty acid tails, it adopts a conical shape. Lacking a charged head group and thanks 

to its shape, it induces a negative curvature in membranes, and its presence in cell membranes as a 

minor component compared to PC determines the formation of discontinuities in the fluid lipid 

bilayer. The discontinuities that are due to its presence have been reported to favor membrane fusion 

events and the molecular folding of some membrane proteins. Moreover, the reactive primary amino 
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group of its head is also able to form protein and lipid conjugates, affecting a substantial number of 

biological pathways [178], [179].  

On the other hand, PC is a zwitterionic phospholipid that accounts for a considerable amount of the 

phospholipid mass of eukaryotic cell membranes. Its cylindrical molecular shape is one of the 

determinants of the formation of the membrane bilayer structure and its quaternary amine head is 

essential for PC function, since its replacement with secondary or primary amines has negative effects 

on cell viability. PC acts as cellular reservoir for second messengers such as fatty acids, 

diacylglycerol, phosphatic acid and lysophosphatidylcholine, which can be released in the cell upon 

arrival of a primary signal that activates the lipase enzymes. It is also a precursor of other 

phospholipids such as phosphatidylserine and sphingomyelin. It is not surprising that inhibiting its 

synthesis or depriving the cells of its precursors results in growth arrest and apoptosis, since cells are 

no longer capable of building new membranes and their signaling cascades are disturbed. Its scarce 

availability results in the inhibition of the secretion of some lipid-protein complexes and ultimately 

interferes with essential cellular functions [179], [180], [181], [182].  
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Implications of Choline Kinase in Pathological Conditions 
Given the central role of ChoK in human lipid metabolism and the importance of the final products 

of the Kennedy pathway for the biosynthesis of the plasma membrane, it is not surprising that 

dysregulation of ChoK activity or perturbance of the choline metabolism can result in the onset of 

pathological conditions. 

Over the years, abnormal choline metabolism has emerged as a relevant hallmark for malignancy 

[183] to such an extent that PET choline imaging has substituted the classical 1H magnetic resonance 

spectroscopy in oncological applications, including detection and the possibility to evaluate the 

response to treatment [184], [185], [186], [187]. 

The molecular causes for the abnormal choline metabolism are to be looked for in the increased 

phosphorylcholine and cytoplasmatic free choline levels in cancer cells and solid tumors. These 

abnormal levels of metabolites have different and often concurring causes. For example, choline is 

transported into the tumor cells with a higher rate compared to normal cells [188], [189]. Moreover, 

there is an increased activity of PC-targeted phospholipases that breaks down PC into its single 

components, thus freeing them into the cell [190], [191], [192], [193] Finally, an increased ChoK 

expression level and activity (especially of the isoforms α) [190], [191], [192], [194], [195], [196], 

[197]. 

A complete picture of the most relevant enzymes involved in the choline metabolism are presented 

in Figure 48, and, as it is shown in Figure 49, numerous oncogenic pathways share reciprocal 

interactions with them [198]. The two oncogenic signaling pathways that are able to affect both the 

choline metabolism-related enzymes activity and their transcription levels are the RAS pathway and 

the PI3K-AKT pathway. 
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Figure 48: Key enzymes involved in the choline metabolism 
Enzymes are indicated in grey shapes in the correspondence of the organelle they work in. Inactive enzyme forms are indicated in blue 
shapes; they are activated upon translocation to a different organelle or cellular compartment. Black arrows indicate metabolic 
reactions and substrates, and products are written in bold and indicated by green rectangles. Dashed arrows indicate the translocation 
to a different organelle or cellular compartment. Abbreviation list: CCT, CTP: phosphocholine cytidylyltransferase; CDP-Cho, 
cytidinediphosphate-choline; CHKα, choline kinase-α; Choe, extracellular free choline; Choi, intracellular free choline; CHPT1, 
diacylglycerol cholinephosphotransferase 1; CMP, cytidine monophosphate; CTP, cytidine triphosphate; FA, fatty acid; GPC, 
glycerophosphocholine; GPC-PDE, glycerophosphocholine phosphodiesterase; Gro-3-P, glycerol-3-phosphate; Lyso-PLA1, lyso-
phospholipase A1; PCho, phosphocholine; PC-PLC, phosphatidylcholine-specific phospholipase C; PC-PLD, phosphatidylcholine-
specific phospholipase D; PLA2, cytoplasmic phosphatidylcholine-specific phospholipase A2; PPi, diphosphate. Adapted from [181]. 

Figure 49: Oncogenic signaling pathways and choline metabolism 
On the left side of the picture, oncogenic pathways that affect the choline metabolism (on the right side) are depicted. Grey arrows 
and grey shapes represent the enzymes involved with the choline metabolism, while red shapes represent the oncogenes. Dashed grey 
lines represent regulatory pathways in the choline metabolism. Black arrows indicate a connection between an oncogene and the 
choline metabolism; solid lines represent increased or decreased enzyme activity, while dashed ones indicate increased gene 
expression. Abbreviation list: AP1, activator protein 1; CHK, choline kinase; CHPT1, diacylglycerol cholinephosphotransferase 1; 
CCT, CTP:phosphocholine cytidylyltransferase; DAG, diacylglycerol; FA, fatty acid; GPC, glycerophosphocholine; HIF1, hypoxia-
inducible factor 1; JNK, JUN N-terminal kinase; PC-PLC, phosphatidylcholine-specific phospholipase C; PC-PLD, 
phosphatidylcholine-specific phospholipase D; PLA2, phosphatidylcholinespecific phospholipase A2; PCho, phosphocholine; 
PtdCho, phosphatidylcholine; RALGDS, RAL GTPase guanine nucleotide dissociation stimulator; RTK, receptor tyrosine kinase; 
SREBP, sterol regulatory element binding protein- Adapted from [181]. 
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Aberrant or increased levels of ChoKα expression and activity have been observed in a variety of 

human cancers: such as, breast [199], [200], [201], [202], [203], [204], lung [187], [196], [205], [206], 

colorectal [207], [208], [209], ovarian [191], [192], [210], [211], [212], endometrial [213], pancreatic 

[214], [215] and prostate [216], [217], [218], [219], [220], [221] cancer. 

In many cases, siRNA-based downregulation or inhibition of the enzyme resulted in the arrest of 

tumor cell proliferation and decreased invasiveness and migration [195], [222], [223], [224]. 

However, the antiproliferative effect of the inhibition of ChoKα is not enough to determine the cancer 

cell death alone; but, when it is accompanied by other antitumoral therapies, it greatly increases their 

efficacy [225], [226]. 

It has been estimated that between 40 to 60% of human tumors are accompanied by ChoKα 

overexpression [227] and high levels of ChoKα in the cytoplasm of cancer cells are associated to poor 

prognosis [196]. Moreover, the overexpression of ChoKα can promote oncogenesis even in 

noncancerous cells and its non-catalytic role as scaffold for the assembly of protein signaling 

complexes promotes cancer cell survival [228]. 

If on one hand ChoKα plays a relevant role as a pro-oncogenic agent and its selective inhibition has 

antiproliferative effects on tumor cells, on the other, ChoKβ has also been recently characterized as 

a novel potential therapeutic target in muscular dystrophy, bone deformities and narcolepsy [229]. 

In 2006, Sher et al. [230] were the first to show that a recessive mutation in the CHKB gene in mouse 

caused an intragenic deletion and therefore resulted in the production of an inactive ChoKβ enzyme, 

causing rostrocaudal muscular dystrophy and neonatal forelimb bone deformity. The loss of ChoKβ 

physiological activity resulted in an impairment of PC biosynthesis and the consequent accumulation 

of choline inside cells, decreased phosphorylcholine concentration, and an increased PC degradation. 

Mice presenting an aberrant ChoKβ had abnormally large mitochondria that were characterized by a 

lower inner membrane potential and an aberrant cellular localization in muscle cells [231], [232]. 

Over the years, many CHKB mutations have been discovered and characterized in human cases of 

muscular dystrophy globally [233], [234], [235], [236], [237], [238], [239], [240], [241], [242], 

presenting characteristics and symptoms similar to the ones observed in mice (mitochondria 

enlargement and aberrant localization, loss of mitochondria or mitochondria functions, loss of 

components of the electron transport chain and progressive deterioration of muscle tissue). 

A genome-wide association study also linked some genetic variants of CHKB to a predisposition and 

a susceptibility to narcolepsy [243] and other studies in mice [244], [245], linked the activity of 

ChoKβ to ossification, bone formation and homeostasis and the loss of ChoKβ has been connected to 
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bone defect formation and osteoporosis. While the molecular causes of this connection are not known 

yet, it seems that the lower levels of PC might be partially responsible for these pathologies. 

To date, several small molecule compounds have been developed to target ChoKα to exploit the 

resulting antiproliferative and antitumoral effects of its inhibition. A special effort has also been 

directed towards the development of highly specific molecules that are able to target ChoKα but not 

ChoKβ, since this isoform has not been implicated in the promotion of tumor formation and therefore 

its inhibition might impair the mitochondrial function and alter the normal physiology of muscle cells. 

Contrary to ChoKα, there are no data on ChoKβ inhibitors in the scientific literature. Moreover, the 

emerging strategy to target the pathologies caused by ChoKβ deficiency is to bypass it by externally 

providing CDP-choline, a product related to ChoKβ catalytic cascade. Supplementation of CDP-

choline inside ChoKβ deficient mice determined an increase in the PC content inside muscles, 

partially rescued the animal from muscle weakness and could elicit a cell membrane repairing effect 

in aged animals [231], [246]. 

CDP-choline administration might also be an effective treatment for muscular dystrophy and for the 

mitigation of the effects of osteoporosis, since it has been shown to attenuate oxidative stress-induced 

cell death in human cardiac myocytes [247] and to restore to physiological levels the number of 

osteoclasts in vitro and in vivo in mouse models [245]. 

All the data here presented, highlight the importance of ChoK as new pharmacological target that 

might be important not only in the treatment of such pathologies but also as a diagnostic marker for 

early cancer detection. 
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Human Choline Kinase α Inhibition 
There is a great deal of literature on ChoKα inhibition in tumor drug discovery [248], [249], [250]; 

Hence, for the sake of simplicity, here I will focus on the roughly 20 years of ChoKα inhibitors study 

that lead to the synthesis of the library of compounds that I worked on for this thesis. 

The first ChoKα specific inhibitor that was discovered is Hemicholinium-3 (Hc-3) (Figure 50, panel 

A). It was initially identified as a mouse ChoK inhibitor by Spanner et al. in 1973 [251]. In their study 

on mouse brain, they determined that Hc-3 affected PC biosynthesis by targeting mouse ChoK (in 

vitro IC50 of 20 µM calculated on the mouse enzyme). Other studies [252], [253], [254], revealed that 

Hc-3 was also able to impair choline transport by acting as competitive inhibitors of choline 

transporters.  

Hc-3 is a molecule composed by a biphenyl ring with two choline-like groups containing positively 

charged quaternary amine groups connected to its extremities. In solution, the structure of the two 

choline-like groups of Hc-3 closes on itself forming two oxazonium rings [255]. 

The inhibitory activity of Hc-3 for the human ChoK enzyme was characterized only later and the 

compound showed an IC50 value of 500 µM against the purified enzyme [256] and the ability to 

determine an antiproliferative effect with an EC50 of 2.5 mM on human colon adenocarcinoma cells 

HT-29 [257]. Unfortunately, beside featuring a substantially low potency, Hc-3 shows also 

respiratory toxicity, since at effective concentrations it causes respiratory paralysis and failure in 

animal models, which are due to an impairment of the activity of cholinergic nerve terminals [255]. 

However, the structure of Hc-3 (PDBIDS: 3F2R) became the starting point for the design of a great 

variety of new ChoK inhibitors being synthetized to obtain higher potencies and to mitigate the toxic 

effects of Hc-3. In this process, the elucidation of the binding mode of Hc-3 on human ChoK isoforms 

has greatly helped in guiding the design of new compounds [258]. The first structural data on Hc-3 

interactions with ChoK became available in 2010 and it showed that the compound is able to inhibit 

both ChoKα and ChoKβ, with higher specificity towards the α isoform than the β one. The measured 

Ki value was 0.21, 0.23 and 116 µM towards ChoKα1, ChoKα2 and ChoKβ, respectively. Hence, the 

inhibitory effect was ~500 times higher towards the α isoforms than to the β one. Furthermore, the 

co-crystal structures of both isoforms revealed that the binding occurred in the same place, a groove 

in the C-terminal lobe near a cleft, and one oxazinium ring occupied the choline-binding site and the 

other was exposed to the solvent. In this region, the hydrophobic biphenyl group of Hc-3 interacted 

with a series of hydrophobic residues that lined the groove (Figure 50, panels B).  

  



 

 

97 

 
 

Interestingly, contrary to the structure of the ChoKα complex, the structure of the ChoKβ complex 

featured a phosphorylated Hc-3, leading the authors to conclude that, albeit through a slow process, 

ChoKβ is able to phosphorylate Hc-3 while the α isoform is not. The authors suggested that small 

differences in the two isoforms might account for a greater flexibility of the Hc-3 binding groove in 

ChoKβ than in ChoKα, which ultimately results in a better accommodation of the inhibitor in the 

choline-binding site, hence, in its phosphorylation. 

An initial attempt to improve the potency of Hc-3 was made by Hernández-Alcoceba et al. in 1997, 

when they synthetized two different Hc-3-derived generations of compounds [259]. The first series 

of derivates was composed of symmetrical bis-quaternary derivatives that displayed a bis-phenacyl 

moiety linked to different ammonium and pyridinium rings as terminal fragments, while the other 

series was characterized by an either rigid or semirigid central group containing aromatic rings and 

two terminal fragments such as pyridinium, quinolinium or isoquinolinium cations. 

Compared to Hc-3, these compounds showed a 10-1000-fold increase in potency in vitro (IC50 values 

ranging from 90µM to 1µM) and a 30-2500-fold increase in ex vivo antiproliferative potency in Ras-

transformed NIH3T3 cell lines. This study demonstrated that terminal pyridinium groups provided 

the best results in terms of ChoK inhibition and antiproliferative effect, but also that the lipophilicity 

of the compounds played an important role in determining its potency. Follow up studies focusing on 

the possibility to substitute pyridinium and quinolinium rings at position 4 with different functional 

groups led to the development of an extensive library of symmetrical bis-quaternary compounds 

[260]. A quantitative structure-activity relationship analysis demonstrated that strong electron-donors 

Figure 50: Binding mode of Hc-3 
Panel A shows the molecular structure of Hc-3 in ball and stick model. Panel B depicts the crystal structure from PDBID 3F2R with 
the protein surface colored accordingly to the electrostatic potential and the Hc-3 molecule in ball and stick model. 
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and highly lipophilic groups provided the most potent compounds in terms of antiproliferative effects 

on HT-29 cells. 

The effects of mono-quaternary compounds based on the previously analyzed symmetric ChoK 

inhibitors were also evaluated, and it was demonstrated that these compounds were less potent ChoK 

inhibitors, often displaying also high toxicity. Therefore, it was concluded that, albeit not strictly 

necessary to have ChoK inhibitory effects, the presence of the second charge greatly enhanced the 

potency of the compound [261]. 

The effect of the distance between the two positively charged quaternary groups in symmetric 

compounds was also evaluated by Conejo-García et al. in [262] via the synthesis of different 

compounds with central moieties of increasing lengths. It was established that the optimal distance 

corresponded to the 3,3’-bisphenyl spacer. Moreover, it was observed that the potency of the 

compound increased with increasing length of the central linker and once it exceeded the optimal 

distance, the inhibitory potency dropped. 

The effect of the number of charges on the head of these compounds was also considered [263]. Since 

monocationic compounds have been demonstrated to have low potency and poor antitumoral activity, 

a new library of bis- and triscationic compounds with substituted pyridinium groups was synthetized 

and their ex vivo potency and in vitro antiproliferative activity on the HT-29 cell line were evaluated. 

The study showed that while the introduction of the third charge determined a 7- to 35-fold increase 

in the ex vivo potency compared to the biscationic compounds, the loss in hydrophobicity of the 

triscationic compounds determined a drastic decrease in the antiproliferative activity of these 

compounds. The increase in their potency was attributed either to a statistical effect due to the 

presence of an additional binding group that results in the presence of more binding groups near the 

enzyme and ultimately a more favorable entropy, or to the presence of another binding site for the 

additional pyridinium group. Whatever the reason for the improved ex vivo potency of these 

compounds, their poor antiproliferative activity greatly hinders their possible use and further 

development. 

Another strategy that was adopted to increase the efficacy of this library of compounds was to rigidify 

their molecular structure by taking the highly flexible conformation of these molecules and locking 

it into a fixed conformation via a cyclization reaction [264]. The activity of these compounds was 

also evaluated ex vivo and in vitro on HT-29 cells, but, despite their higher ex vivo inhibitory potency, 

they displayed modest in vitro antiproliferative activity. 

Of all the synthetized compounds of the so-called first generation of Hc-3 derivates, one called 

MN58b stood out with exceptionally high antiproliferative effects measured against a panel of 
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different human cancer cells (colon adenocarcinoma, carcinoma of the cervix, epidermoid carcinoma, 

breast cancer, histiocytic lymphoma, and chronic myeloid leukemia) at effective concentrations of 

less than 2.1 µM. Furthermore, the compound showed a well-tolerated toxicity profile in in vivo 

experiments of human tumor xenografts in mice, featuring also good antiproliferative effects [265]. 

MN58b showed a stronger specificity towards ChoKα (IC50 of 5 µM) compared to ChoKβ (IC50 of 

107.5 µM, ~22 times more potent on the α isoform) [167] and, while causing a reversible cell cycle 

arrest in normal cells, it caused an irreversible G0-G1 cell cycle arrest in tumor cells that caused 

oscillations in the availability of phospholipids (especially PC), loss of mitochondrial membrane 

potential and, ultimately, a promotion of apoptosis in malignant cells [266], [267]. 

The information and data obtained from the first Hc-3 derivates allowed Lacal and colleagues to 

synthesize a new library of rationally designed compounds [268]. The compounds in this library 

showed potent in vitro antiproliferative and in vivo antitumoral activity against different human tumor 

xenografts in mice. The IC50 values against ChoKα and ChoKβ were calculated from bacterial 

extracts expressing one of the two proteins and values in the range from 0.1 to 7 µM were obtained 

for ChoKα, while values in the range 33 to more than 50 µM were obtained for ChoKβ. Hence, the 

compounds showed from ~7 to 400 times higher selectivity towards the α isoform. Against the 

different human tumor cell lines that were tested, the efficacy was high, and the toxicity in mice was 

low. Of all compounds, RSM-932A (IC50 of 1 and 33 µM for ChoKα and ChoKβ, respectively) was 

selected as the best candidate in terms of potency and safety profile to be tested in the first phase I 

clinical trial on ChoK inhibition, where it was renamed TCD-717 [269]. 

Whereas no structural data are available on MN58b, in 2018 the co-crystal structure of TCD-717 with 

ChoKα was published by Kall et al. [270]. TCD-717 was shown to constrict conformational changes 

of ChoKα by binding across the N- and C-terminal lobe and determining several conformational 

changes in the side chains of the residues in its proximity (Figure 51). Interestingly, contrary to 

expectations, TCD-717 does not bind inside the choline-binding site but immediately under it, causing 

conformational changes in the hydrophobic amino acids that were observed to interact with Hc-3 

biphenyl ring. 
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The main feature of all the compounds described so-far is their symmetry: they are all characterized 

by symmetrical cationic heads. The second generation of ChoKα inhibitors was based on the synthesis 

of asymmetrical monocationic compounds that would be able to bind into the choline binding site 

with the charged head and to bind the ATP binding site with the other head, which needs to be 

designed in such a way to mimic ATP [271]. This family of compounds is composed by an adenine 

head to mimic ATP and either 4-dimethylamino- or 4-pyrrolidino-pyridinium charged group 

separated by linkers of different length (benzene, biphenyl, 1,2-diphenylethane and 1,4-

diphenylbutan moieties). When tested, all the synthetized compounds presented good potency and 

antiproliferative activity on HepG2 cells (hepatocellular carcinoma). The crystal structure of the 

complex between ChoKα and one of these compounds (named compound 1 in this study) was 

determined (PDBID: 3ZM9) (Figure 52). As expected from computational studies, the compound 

was found to bind both substrate-binding sites, inducing an allosteric coupling characterized by a 

negative cooperativity in binding both ChoKα monomers and breaking the crystallographic symmetry 

between the two monomers [272].  

Figure 51: Binding mode of TCD-717 
The picture shows the binding mode of TCD-717 that is drawn in ball and stick model: carbon atoms are cyan; nitrogens are blue and 
chlorines are green. The enzyme body is depicted in light green ribbon. 
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Another asymmetrical compound of the series (named compound 2 in the study) was also co-

crystallized with ChoKα (PDBID: 4BR3) [273]. The structure of this compound is characterized by 

a short linker featuring a biphenylic group that connects an adenine and a 1-

4(dimethylamino)pyridinium group. Its peculiarity is that in the crystal structure of the complex it is 

observed both in the choline binding site and in the ATP binding site, interacting with them via the 

two different head groups (Figure 53). The choline binding site is efficiently occupied by the 1-

benzyl-4-(dimethylamino)pyridinium moiety, which interacts with Tyr333, Tyr354, Tyr423, Phe435 

and Trp423 via hydrophobic, π-π, and cation-π interactions, while the ATP binding site is contacted 

by the adenine moiety in a ATP-like fashion. The chemical deconvolution approach of the study 

allowed the identification of the adenine and the 1-benzyl-4-(dimethylamino)pyridinium moieties as 

the most efficient binding fragments in the library of asymmetrical compounds.  

However, the antiproliferative activity of asymmetrical compounds was lower than the 

antiproliferative activity of symmetrical ones. To explore a new strategy, a new library of 

asymmetrical biscationic compounds was synthesized using variable linker lengths and combining 

derivates  of the most efficient head groups, 4-(4-chloro-N-methylanilino)-pyridinium and 1-benzyl-

4-(dimethylamino)pyridinium with 4-pyrrolidinopyridinium fragments, as heads [274]. 

The ex vivo value of IC50 for this series of compounds is in the low micromolar range (less than 2.5 

µM) and three of them (compounds 5, 12 and 14) were co-crystallized with ChoKα (Figure 54). 

  

Figure 52: Binding mode of compound 1 
The picture shows the binding mode of compound 1 that is drawn in ball and stick mode: carbon atoms are cyan, and nitrogens are 
blue. The enzyme body is depicted in light green ribbon. 
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Despite the suboptimal quality of the electron density maps in the compound-binding regions, in both 

4CGA and 4CG9 it is possible to observe that the 1-benzyl-4-(dimethylamino)pyridinium moiety 

binds to the choline binding site in the same fashion as the compounds in Figure 52 and Figure 53 

(Figure 54, panels A and B). Conversely, in 4CG8 the 4-chloro-N-methylaniline fragment binds 

deeply into the hydrophobic choline binding site, interacting with Trp248, Thr252, Tyr256, Tyr333, 

Leu419, Trp420, and Trp423, and affecting in particular the local conformation of Tyr256, Glu332, 

Tyr333, and Trp420. The compound assumes a twisted conformation thanks to the longer linker and 

to the 4-(dimethylamino)pyridinium moiety binding in a region just below Trp420 in the choline 

binding site, involving the hydrophobic residues Tyr333 and Tyr440 (Figure 54, panel C). 

Figure 53: Binding mode of compound 2 
The picture shows the binding mode of compound 2 that is drawn in ball and stick model: carbon atoms are cyan, and nitrogens are 
blue. The enzyme body is depicted in light green ribbon. 

Figure 54: Binding mode of compounds 5, 12 and 14 
The picture shows the binding mode of compounds 5 (A), 12 (B), and 14 (C) that are drawn in ball and stick model: carbon atoms are 
cyan, and nitrogens are blue. The enzyme body is depicted in light green ribbon. 
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In vitro assays on HeLa cells demonstrate that this family of compounds is able to induce a cell cycle 

arrest, hence, to increase the number of apoptotic cells in cultures [274]. The compound in 4CG8 was 

the only one tested for selectivity towards ChoKβ, featuring a 200-fold preference for the α isoform. 

A follow up paper [275] aimed at increasing the solubility of the compounds and at introducing 

hydrogen bonding interactions with the protein by adding electron donor or acceptor groups in linkers 

between biphenylic or bipyridinic rings through a bioisosteric replacement of carbon atoms with 

oxygen ones. A library of symmetrical and nonsymmetrical compounds with derivates of the most 

successful cationic heads was synthesized and evaluated ex vivo and in vitro on a panel of nine 

different human cancer cell lines. The ex vivo IC50 of the series ranged from 40 to 4.7 µM and the in 

vitro GI50 on the different cell lines ranged from low micromolar to nanomolar. Only one of them 

(PDBID: 5FTG) was successfully co-crystallized with ChoKα and shows the usual interaction of the 

1-benzyl-4-(dimethylamino)pyridinium moiety with the choline binding site of the protein while the 

second head points away from the protein, interacting only with Phe361 and Ile433 (Figure 55). 

In particular, this compound was shown to have higher sensitivity towards proliferating cells rather 

than quiescent ones and inhibited the cell growth through cell-cycle arrest. In a follow up paper [276], 

its antiproliferative activity was tested on a panel of eight human tumor cell lines and displayed GI50 

values encompassing the 500 and the 1 nM values, which are comparable to those of MN58b and 

TCD-717. It was established that the apoptotic effects on leukemia T-cells in vitro is due to an 

interference with MAPK and mTOR signaling. 

The most recent series of compounds has been designed with a drug optimization strategy using 

symmetrical and asymmetrical compounds bearing the N,N-dimethylpyridinium moiety and a 

quinolinic ring as cationic heads using MN58b and TCD-717 as lead compounds. This series showed 

low toxicity in nonproliferating cells, ex vivo IC50 values and in vitro GI50 values in the low 

micromolar/high nanomolar range. The lead compound of the series was found to induce senescence 

in MDA-MB-231 cells, but did not promote apoptosis at concentration levels lower than 5 µM. 
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Figure 55: Binding mode of compound in PDBID 5FTG 
The picture shows the binding mode of compound in 5FTG that is drawn in ball and stick model. The enzyme body is depicted in light 
green ribbon. 
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The Biological Significance of Plasmodium falciparum Choline Kinase 
Malaria remains a major public health concern, especially in the African region, where most of the 

cases are reported. According to the latest “World Health Organization Malaria Report” [277], 

between 206 and 258 million cases were reported worldwide in 2018, resulting in an estimated death 

toll of 405,000, 67% of which occurred amongst children aged under 5, the most vulnerable 

population to the disease. Malaria is caused by the blood-parasites protozoa of the Plasmodium genus. 

Amongst the four human malaria parasites (P. falciparum, Plasmodium vivax, Plasmodium ovale, and 

Plasmodium malariae) [278], Plasmodium falciparum is the deadliest and is accountable for the 

majority of the estimated cases [277]. 

Unfortunately, while conventional antimalarial remedies comprise artemisinin-based combination 

therapies, chloroquine, sulfadoxine-pyrimethamine, and amodiaquine [279], resistance to these 

conventional therapies has been reported worldwide [280], [281]. Hence, there is an urgent need for 

new antimalarial drugs to eradicate chemotherapy-resistant strains. 

During their 48-hour long asexual intra-erythrocytic maturation cycle, P. falciparum merozoites 

go through different developmental stages (ring, trophozoite, and schizont state), which lead to 36 

new daughter parasite cells [282]. Each of these cells is capable of beginning a new intra-erythrocytic 

life cycle, thus fostering the spread of the disease and causing the characteristic pathological 

symptoms of malaria (headache, fatigue, abdominal pain, fever, chills, perspiration, vomiting, 

metabolic acidosis, anemia, hypoglycemia, renal failure, and pulmonary edema) [279], [280], [283]. 

The intra-erythrocytic growth of the parasite is accompanied by substantial biochemical and 

biophysical changes in the host cell membrane. These changes are required in order to internalize 

large amounts of nutrients and to dispose of the waste products of the parasite metabolism [284], 

[285]. 

One of the most striking consequences of the blood-stage parasitization is the dramatic increase 

of the phospholipid content, especially PC and PE, inside the infected erythrocyte, which can reach 

up to five times its physiological level; this is a necessary requirement for the parasite membrane 

biosynthesis and, therefore, for its growth and replication [278], [286], [287], [288], [289], [290]. 

Interestingly, erythrocytes are enucleated cells that lack the enzymatic machinery for the de novo 

synthesis of phospholipids. Moreover, P. falciparum plasma membrane is mainly composed by PC 

and PE, which represent 40–50% and 35–40% of the total phospholipid content, respectively [291]. 

Hence, targeting the parasite lipid metabolism for pharmacological action constitutes an effective way 

of dealing with the spreading of the disease and with conventional therapy-resistant strains [278], 

[286], [287], [288], [289]. 
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In P. falciparum, PC biosynthesis is operated by two distinct metabolic pathways: the Kennedy 

pathway and the serine decarboxylation-phosphoethanolamine methylation pathway [292], [293]. 

The former is responsible for 89% of PC synthesis, while the latter accounts for the remaining 11% 

[294]. Even in P. falciparum, the Kennedy pathway consists of a three-step enzymatic cascade, 

whereby choline is transformed into PC through the action of ChoK, CTP:phosphocholine 

cytidylyltransferase, and choline/ethanolamine phosphotransferase [170]. 

Similarly to its human counterpart, P. falciparum choline kinase (PfChoK) has also been 

demonstrated to be more selective to choline but also capable of phosphorylating ethanolamine [295], 

[296] and, likewise, it has been demonstrated that it also catalyze the phosphorylation of choline via 

a ping-pong mechanism [297]. PfChoK is expressed and localized in the cytoplasm of the parasite 

and displays Km for choline and ATP of 145±20 μM and 2.5±0.3 mM, respectively [298]. 
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Human Choline Kinase α Inhibitors Repurposed as Plasmodium falciparum 
Choline Kinase Inhibitors 
Targeting the PC biosynthetic pathways by designing choline analogues has been shown 

to be lethal for the parasite in in vitro experiments, and ChoK has been proved to be a cytosolic marker 

for human erythrocyte-infection by P. falciparum [299], [300], [301], [302]. 

Over the years, several human ChoK inhibitors have been also tested on PfChoK and demonstrated 

that its selective inhibition causes the asexual intra-erythrocytic cycle of P. falciparum  to arrest and 

results in the death of the parasite [297], [303], [304], [305], [306].  

The choice to repurpose some human ChoKα inhibitors to inhibit the activity of PfChoK derived from 

the observation that the parasite enzyme catalytic regions share 67 % identity to the human ones 

[304]. One monocationic compound formed by a biphenyl linker connected to the cationic dimethyl-

pyridinium moiety and an asymmetric biscationic one featuring the same linker and two cationic 

heads containing a combination of quinolinium and azepane moieties showed ex vivo IC50 values 

against PfChoK in the micromolar range, comparable to those of MN58b and TCD-717 [304]. A 

subsequent library of compounds derived from second-generation inhibitors of human ChoKα 

featured IC50 values in the low nanomolar range in vitro in erythrocytes infected with the parasite. 

The parasite cell cycle arrest was demonstrated to be due to the inhibition of PfChoK and the 

compounds bearing the dimethylpyridinium fragment displayed competitive inhibition with respect 

to choline. The drastic decrease of PfChoK activity was related to a low availability of PE and PC 

and therefore to parasite death [305]. 
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Aim of the Project 

This project has been conducted in collaboration with the research group of Dr. Luisa Carlota Lopez 

Cara of the Department of Pharmaceutical and Organic Chemistry of the University of Granada. This 

group synthetized a library of symmetrical biscationic choline kinase inhibitors featuring different 

pyridinium, quinolinium, thienopyridine and thienopyrimidine heads substituted at position 4 with 

pyrrolidinium, piperidium, azepane, N-methyl-aniline, or p-Chloro-N-methyl aniline substituents and 

biphenyl, bipyridinyl, bibenzyl, biphenethyl, diphenoxiethane, dibenzyldisulfide and 1,2-

bis(phenylthio)ethane linkers. The rationale of the synthesis of this new library is to find the best 

replacement for the quinoline and pyridine heads as cationic group and, at the same time, to increase 

the affinity for the target protein. 

I was in charge of the production of both human ChoKα and PfChoK proteins, the former to be 

delivered to our collaborator in Spain for carrying out enzymatic assays on a different library of 

compounds, the latter for the biochemical and the structural characterization of the above-mentioned 

library against PfChoK, which I both did in our laboratory at the IIT in Milano. 
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Materials and Methods 

Cloning, Protein Expression and Purification of human Choline Kinase 
A truncated form of hChoKα1 (Δ75-457) cloned into a pET-28a vector (Invitrogen, Carlsbad, CA, 

USA) and featuring an N-terminal 6x His tag, was purchased from Genescript (Piscataway, NJ, USA) 

and used to transform Escherichia coli BL21 (DE3) Star cells (Invitrogen, Carlsbad, CA, USA). 

The transformed cells were cultured in Luria-Bertani (LB) medium at 37°C until OD600 = 0.6 and 

then protein expression was induced with 1mM IPTG. 

After induction, cell cultures were incubated overnight at 20°C and 180 rpm. The cellular pellet was 

then separated from exhausted medium by centrifugation at 10,000 rpm, resuspended in 50 mM 

Tris/HCl pH 7.5, 500 mM NaCl, 0.2 mM PMSF (Sigma Aldrich, St. Luis, MO, USA), DNase (Sigma 

Aldrich, St. Luis, MO, USA), 0.5 mM β-mercaptoethanol (Sigma Aldrich, St. Luis, MO, USA) and 

sonicated. Finally, the soluble fraction was separated from the cell debris by centrifugation at 15,000 

rpm and 4°C. 

A two-step purification protocol was implemented to isolate the target enzyme. The first step 

consisted in a Ni-NTA affinity chromatography run: the cell lysate was incubated for 45 minutes with 

Ni-NTA agarose beads (Qiagen, Venlo, The Netherlands). After incubation, the column was 

extensively washed with 40 column volumes (CV) of 50 mM Tris/HCl pH 7.5, 300 mM NaCl, 10 

mM imidazole and 1 CV of 50 mM Tris/HCl pH 7.5, 300 mM NaCl, 40 mM imidazole. Finally, the 

His tagged enzyme was eluted from the column with 50 mM Tris/HCl pH 7.5, 300 mM NaCl, 400 

mM imidazole. 

The second step consisted in a size-exclusion chromatography run using a HiPrep 26/60 Sephacryl 

100 HR column (GE Healthcare, Little Chalfont, Buckinghamshire, UK) previously equilibrated with 

20 mM Tris/HCl pH 7.5, 150 mM NaCl running buffer. 

Cloning, Protein Expression and Purification of Plasmodium falciparum 
Choline Kinase 
To produce PfChoK, a construct featuring an N-terminal truncation (Δ79-440) and a 6xHis tag was 

purchased from Genescript (Piscataway, NJ, USA) and cloned into a pET-28a vector. 

The plasmid was used to transform Escherichia coli BL21 (DE3) Star cells (Invitrogen, Carlsbad, 

CA, USA) for protein production. The transformed bacteria were cultured in Luria-Bertani (LB) 

medium at 37°C until OD600 = 0.6 and the expression was induced with 1 mM IPTG. 



 

 

110 

Cell cultures were incubated overnight at 20°C and 180 rpm and then they were centrifuged at 10,000 

rpm to pellet the cells and separate them  from exhausted medium. Following centrifugation, the pellet 

was resuspended in 50 mM Tris/HCl pH 7.5, 500 mM NaCl, 0.2 mM PMSF (Sigma Aldrich, St. Luis, 

MO, USA), DNase (Sigma Aldrich, St. Luis, MO, USA), 0.5 mM β-mercaptoethanol (Sigma Aldrich, 

St. Luis, MO, USA) and sonicated. The soluble cell lysate fraction was then separated from the cell 

debris by centrifugation at 15,000 rpm and 4°C. 

The target enzyme was purified by a two-step purification protocol. In the first affinity 

chromatography step, the cell lysate was incubated for 45 minutes in a Ni-NTA agarose bead column 

(Qiagen, Venlo, The Netherlands). The column was then extensively washed with 40 column volumes 

(CV) of 50 mM Tris/HCl pH 7.5, 300 mM NaCl, 10 mM imidazole and 1 CV of 50 mM Tris/HCl pH 

7.5, 300 mM NaCl, 40 mM imidazole. Finally, the His-tagged enzyme was eluted from the column 

with 50 mM Tris/HCl pH 7.5, 300 mM NaCl, 400 mM imidazole. 

A subsequent size-exclusion chromatography run was done using a HiPrep 26/60 Sephacryl 100 HR 

column (GE Healthcare, Little Chalfont, Buckinghamshire, UK) previously equilibrated with 20 mM 

Tris/HCl pH 7.5, 150 mM NaCl buffer, resulting in a highly pure sample. The final protein 

purification yield was 2.5 mg of recombinant enzyme per liter of bacterial culture. 

25 μM Fractional Activity Screening 
All compounds were dissolved at 100 mM concentration in pure DMSO. A spectrophotometric 96-

well plate endpoint assay was adapted for PfChoK from a previously described IC50 assay [305]. The 

reaction mix was prepared as follows: 100 mM Tris/HCl pH 7.5, 100 mM KCl, 10 mM MgCl2, 0.5 

mM phosphoenolpyruvate, 0.25 mM NADH, 4 U of pyruvate kinase, 5 U lactate dehydrogenase, 2 

mM ATP, 4 mM choline chloride for the positive control. A 0.2 % final concentration of DMSO was 

also added to the rection mixture to provide another positive control to take into account the possible 

effect of DMSO. Finally, each tested compound was added to the reaction mix at a concentration of 

25 μM to perform the initial screening. 

All the necessary components of the reaction mix for the assay were purchased from Sigma Aldrich 

(St. Luis, MO, USA) and the final assay volume of each experiment was 200 μl. 

The enzymatic reaction was initiated by adding the enzyme at a less than 10 nM concentration and 

the reaction rates were measured by monitoring the decrease in the absorbance at 340 nm for 20 

minutes at room temperature using a Spark10M instrument (Tecan). 
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Fractional activity was calculated as a percentage obtained from the ratio between the positive DMSO 

control activity and the activity measured in the presence of the tested compound at a concentration 

of 25 μM concentration. 

The list of the tested compounds is shown in Table 6 and Table 7. 

 
Table 6: Scheme of the synthetized library 

Compounds Linker Bioisosteric cationic head 4-subtituent 

CKFa-M2 

m
on

oc
at

io
ni

c 

bi
ph

en
yl

 
 

thieno[3,2-b]pyridin-1-ium 

N

S  

Pyrrolidinyl 

 

CKFa-M1 

thieno[3,2-d]pyrimidin-1-ium 

N

N

S  

N

 

CKFa-M3 

thieno[2,3-d]pyrimidin-1-ium 

N

N S

 

 

CKFg-9 

bi
sc

at
io

ni
c 

bi
ph

en
yl

 
 

thieno[3,2-b]pyridin-1-ium 
Pyrrolidinyl 

N

 
CKFa-21 thieno[3,2-d]pyrimidin-1-ium  
CKFg-14 thieno[2,3-d]pyrimidin-1-ium  

CKFa-24 thieno[3,2-d]pyrimidin-1-ium Piperidinyl 
N

 
CKFg-30 thieno[2,3-d]pyrimidin-1-ium  

CKFg-10 thieno[3,2-b]pyridin-1-ium 
Azepanyl 

N

 
CKFa-22 thieno[3,2-d]pyrimidin-1-ium  
CKFg-18 thieno[2,3-d]pyrimidin-1-ium  

CKFP-1 thieno[3,2-d]pyrimidin-1-ium N-methyl-aniline 
NH3C

 

CKFP-8 thieno[2,3-d]pyrimidin-1-ium   p-Chloro-N-methyl aniline 

NH3C

Cl  
CKFg-12 

bi
py

ri
di

ny
l 

thieno[3,2-b]pyridin-1-ium 
Pyrrolidinyl N

 
CKFg-17 thieno[3,2-d]pyrimidin-1-ium 
CKFg-13 thieno[2,3-d]pyrimidin-1-ium 

CKFa-27 thieno[3,2-d]pyrimidin-1-ium Piperidinyl 
N

 
CKFg-32 thieno[2,3-d]pyrimidin-1-ium  

CKFa-26 thieno[3,2-d]pyrimidin-1-ium Azepanyl 
N

 
CKFg-20 thieno[2,3-d]pyrimidin-1-ium  
CKFg-11 

bi
be

nz
yl

 

thieno[3,2-b]pyridin-1-ium 
Pyrrolidinyl N

 
CKFg-16 thieno[3,2-d]pyrimidin-1-ium 
CKFg-15 thieno[2,3-d]pyrimidin-1-ium 

CKFa-25 thieno[3,2-d]pyrimidin-1-ium Piperidinyl 
N

 
CKFg-31 thieno[2,3-d]pyrimidin-1-ium  
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CKFa-23 thieno[3,2-d]pyrimidin-1-ium Azepanyl 
N

 
CKFg-19 thieno[2,3-d]pyrimidin-1-ium  

CKFf-1 

bi
ph

en
et

hy
l 

thieno[3,2-b]pyridin-1-ium 
Pyrrolidinyl 

N

 
CKFf-7 thieno[3,2-d]pyrimidin-1-ium  
CKFf-3 thieno[2,3-d]pyrimidin-1-ium  

CKFa-33 thieno[3,2-d]pyrimidin-1-ium Piperidinyl 
N

 
CKFf-6 thieno[2,3-d]pyrimidin-1-ium  

CKFa-29 thieno[3,2-d]pyrimidin-1-ium Azepanyl 
N

 
CKFf-35 thieno[2,3-d]pyrimidin-1-ium  

CKFf-2 

di
ph

en
ox

ie
th

an
e 

thieno[3,2-b]pyridin-1-ium 
Pyrrolidinyl 

N

 
CKFf-8 thieno[3,2-d]pyrimidin-1-ium  
CKFf-4 thieno[2,3-d]pyrimidin-1-ium  

CKFa-28 thieno[3,2-d]pyrimidin-1-ium Piperidinyl 
N

 
CKFf-5 thieno[2,3-d]pyrimidin-1-ium  

CKFf-34 thieno[3,2-d]pyrimidin-1-ium Azepanyl 
N

 
CKFf-36 thieno[2,3-d]pyrimidin-1-ium  

      
 
 
 
Table 7: Scheme of the synthetized diphenyl disulfide and 1,2-bisphenylthioethane linker compounds 

Compounds Linker Bioisosteric cationic head 4-subtituent 

CKEP-16 

bi
sc

at
io

ni
c 

diphenyl disulfide 

Pyridinium 
Dimethylamino N

 

 

CKFP-2 Pyrrolidinyl N

 

CKFP-7 Quinolinium p-Chloro-N-methyl aniline 

NH3C

Cl  

CKFP-4 
thieno[2,3-d]pyrimidin-1-ium 

Piperidinyl N

 

CKFP-3 Azepanyl N

 

CKFP-5 7-chloro-quinolinium Pyrrolidinyl N

 

CKFP-16 thieno[3,2-d]pyrimidin-1-ium Pyrrolidinyl N

 
PL46 1,2-

bis(phenylthio)ethane 

Pyridinium Pyrrolidinyl N

 
PL48 7-chloro-quinolinium Pyrrolidinyl N
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Enzymatic Assay for the IC50 Calculation 
To assess PfChoK activity, a spectrophotometric 96-well plate assay was established based on a 

previously described assay [305]. The reaction mix was prepared as follows: 100 mM Tris/HCl pH 

7.5, 100 mM KCl, 10 mM MgCl2, 0.5 mM phosphoenolpyruvate, 0.25 mM NADH, 4 U of pyruvate 

kinase, 5 U lactate dehydrogenase, 2 mM ATP, 4 mM choline chloride and different concentrations 

of the selected compounds. The final assay volume was 200 μl for each experiment. 

The enzymatic reaction was initiated by adding the enzyme at a less than 10 nM concentration and 

the reaction rates were measured by monitoring the decrease in the absorbance at 340 nm for 20 

minutes at room temperature using a Spark10M instrument (Tecan). 

Finally, the IC50 values for each compound were determined by plotting the enzyme fractional activity 

(f.a.) against the logarithm of compound concentration (log[I]). Curve-fitting was performed with a 

dose-response curve from Origin (OriginLab Corporation, Northampton, MA, USA), using the 

following equation: 

𝑓𝑓. 𝑎𝑎. =
1

1 + 10log(𝐼𝐼𝐶𝐶50)−log [𝐼𝐼] 

All data points were collected in triplicate and the final dose-response curves were plotted with 

MATLAB (MathWorks, Natick, MA, USA). 

Enzymatic Assay for the Determination of the Inhibition Mode 
The inhibition mechanism of the inhibitors with respect to the two substrates, choline and ATP, was 

determined using a method previously described by Lai et al. [307].  

First, the IC50 of each compound was determined at the KM of choline using the previously described 

spectrophotometric assay. Then, using the same assay conditions, the concentration of one substrate 

was kept constant at saturating conditions (4 mM for choline and 2 mM for ATP) while varying the 

concentration of the other substrate and initial velocities were measured in the presence and in the 

absence of the inhibitor. By dividing the reaction velocity in the absence of the inhibitor with its 

corresponding velocity in the presence of the compound the percentage of inhibition (I%) was 

obtained. Inhibition percentages were plotted against the concentration of the varying substrate and 

fitted using a two-parameter-fit nonlinear regression algorithm manually implemented in Origin 

(OriginLab Corporation, Northampton, MA, USA) with the following equation: 

𝐼𝐼% = 100 ∙ �

[𝐼𝐼]
𝐾𝐾𝑖𝑖

+
[𝑆𝑆][𝐼𝐼]
𝛼𝛼𝐾𝐾𝑖𝑖𝐾𝐾𝑠𝑠

1 + [𝑆𝑆]
𝐾𝐾𝑖𝑖

+ [𝐼𝐼]
𝐾𝐾𝑖𝑖

+ [𝑆𝑆][𝐼𝐼]
𝛼𝛼𝐾𝐾𝑖𝑖𝐾𝐾𝑠𝑠

� 
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where [S] is the concentration of the varying substrate, [I] is the inhibitor concentration, Ki is the 

dissociation constant that is assumed to be equal to the KM and α is a constant that quantifies the 

effect that the inhibitor has on substrate binding and vice versa. Ki is the dissociation constant of the 

inhibitor. 

Analytical Size-exclusion Chromatography 
To determine the oligomerization state of PfChoK, an analytical size-exclusion chromatography run 

was done. on a Superdex 200 Increase 10/300 GL column (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK) using a 20 mM Tris HCl pH 7.5, 150 mM NaCl buffer . PfChoK was run 

through the column a three different concentrations (2, 1 and 0.5 mg/mL, respectively). Human 

Albumin (66 kDa) and eGFP (26 kDa) samples at 1 mg/mL, which are known to migrate as monomers 

and feature a single elution peak were used as markers of known molecular weight. For this analysis, 

the volume of the analyte was 500 μL, the flow rate was set at 0.5 mL/min and the protein elution 

was followed by monitoring absorbance at 280 nm. 

Crystallization 
Crystals of the apo and of the ADP-bound form of the PfChoK enzyme were obtained by the hanging 

drop vapor diffusion method using VDXm 24-well plates with siliconized glass circle slides 

(Hampton Research, Aliso Viejo, California, USA). The screening for optimal crystallization 

conditions was done around the crystallization conditions reported in the PDB for the incomplete 

crystal structure of phosphocholine- and ADP-bound PfChoK (3FI8) (unpublished data). In each 

experiment, 1 µL of a 10 mg/mL PfChoK sample solution was mixed with an equal volume of 

crystallization buffer and the droplet was left equilibrating against a 500 µL reservoir at room 

temperature, resulting in crystals of suitable dimensions within one week. Crystals of the apoenzyme 

grew in a 16% (v/v) polyethylene glycol (PEG) 8000, 0.2 M NaCl, 0.1 M HEPES pH 7.5, 2 mM 

Tris(2-carboxyethyl)phosphine (TCEP), and 4 mM MgCl2 crystallization buffer. Likewise, crystals 

of the ADP-bound form of the enzyme were obtained in 16% (v/v) polyethylene glycol (PEG) 4000, 

0.2 M NaCl, 0.1 M HEPES pH 7.5, 2 mM Tris(2-carboxyethyl)phosphine (TCEP), 4 mM MgCl2, 

and 2 mM ADP. Crystals of the apo and of the ADP-bound enzyme were then flash-frozen in 25% 

(v/v) glycerol and in 25% (v/v) ethylene glycol, respectively, for X-ray diffraction experiments. 
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X-Ray Diffraction Data Acquisition and Structure Determination 
A 2.0 Å resolution dataset and a 2.2 Å dataset were collected for the apo and for the ADP-bound 

enzyme, respectively, at the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland) using 

a λ = 1.000 Å (beamline X06DA-PXIII). Diffraction images were processed using iMosflm [111] and 

scaled with SCALA in the CCP4 program suite (Oxford, UK) [112]. Molecular replacement and 

model refinement were done using Phenix (Berkeley, CA, USA) [113] and the incomplete crystal 

structure of phosphocholine- and ADP-bound PfChoK as the search and starting model (PDB code: 

3FI8). During refinements, manual adjustments to the model were performed with Coot [114]. Data 

collection and refinement statistics for the two crystal structures are shown in Table 8. Molecular 

graphics and analyses were done using UCSF Chimera (University of San Francisco, San Francisco, 

CA, USA) [115] and Pymol (Schrödinger Inc., New York, NY, USA) [116]. 
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Table 8: Data collection and refinement statistics for 6YXS and 6YXT 
Crystallographic Table 

 PfChoK apoenzyme PfChoK ADP-bound form 

Protein Data Bank ID 6YXS 6YXT 

Wavelength (Å) 1.00 1.00 

Resolution range 57.53  - 2.00 (2.11  - 2.00) 68.00  - 2.20 (2.32  - 2.20) 

Space group P 21 21 21 P 21 21 21 

Unit cell dimensions   

a, b, c (Å) 66.41, 68.82, 104.8 66.45, 68.00, 105.11 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Total reflections 263600 (40520) 125859 (17449) 

Unique reflections 33217 (4770) 24873 (3571) 

Multiplicity 7.9 (8.5) 5.1 (4.9) 

Completeness (%) 100.0 (100.0) 99.90 (100.0) 

Mean I/sigma(I) 8.00 (1.3) 6.5 (1.00) 

Wilson B-factor 24.5 37.1 

Rmerge 0.203 (1.736) 0.146 (1.593) 

CC1/2 0.995 (0.429) 0.994 (0.486) 

Reflections used in refinement 33149 (3242) 24706 (2339) 

Reflections used for Rfree 1739 (159) 1230 (114) 

Rwork 0.2063 (0.3247) 0.2305 (0.4671) 

Rfree 0.2385 (0.3812) 0.2553 (0.4983) 

Total number of non-H atoms 3277 3165 

macromolecules 3020 3028 

ligands 53 41 

solvent 204 96 

Protein residues 359 359 

RMS    

bonds (Å), angles (°) 0.003, 0.53 0.002, 0.66 

Ramachandran plot   

favored, allowed, outliers (%) 96.36, 2.80, 0.84 92.16, 5.60, 2.24 

Rotamer outliers (%) 0.00 0.00 

Clashscore 3.11 5.59 

Average B-factor 38.25 57.15 

macromolecules 37.84 57.32 

ligands 49.42 50.23 

solvent 41.36 54.66 

Statistics for the highest-resolution shell are shown in parentheses. 
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Results 

Human ChoKα and PfChoK Production and Purification 
The productions of the human ChoKα and PfChoK enzymes followed the same protocol. Hence, for 

simplicity, here I will show only the SDS-PAGE gels and the chromatograms that were obtained for 

the PfChoK construct, as those of the ChoKα enzyme are very similar. Both constructs have been 

cloned as N-terminal truncated form (Δ75-457 and Δ79-440 for ChoKα and PfChoK, respectively). 

Overnight expression of both enzymes provided an average value of 15 grams of cellular pellets after 

centrifugation. After the extraction of the soluble fractions, the first protein purification step was done 

via Ni-NTA affinity chromatography and resulted in a relatively pure sample, as assessed by SDS-

PAGE (Figure 56). 

 
 
Figure 56 shows the profile of the first protein purification step: clearly, the two washing steps (lane 

1 to 4) removed the majority of contaminants from the cell lysate and the elution resulted in fractions 

enriched in the band with a molecular weight of roughly 45 kDa, which could be readily be identified 

Figure 56: SDS-PAGE of the purification profile of PfChoK after Ni-NTA affinity chromatography 
A 50 kDa marker line is drawn on the left, while on top the content of each lane is labelled according to the different phase in the affinity 
chromatography process: lane 1 corresponds to the cell lysate, lane 2 to the end of the preliminary washing with 10 mM imidazole, 
lanes 3 and 4 to the end of the 40 mM imidazole wash, and the lanes from 5 to 9 to the first fractions of the 400 mM imidazole elution, 
where it is evident the presence of an enriched spot at ~45 kDa mass weight corresponding to PfChoK. 
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as PfChoK. Following the Ni-NTA affinity chromatography, the isolated enzymes were further 

purified via size-exclusion chromatography.  

The elution profiles for both enzymes were very similar and consisted of a two-peak chromatogram 

where the fist peak corresponded to ChoK molecules that co-eluted with a higher molecular weight 

contaminant, while the second peak was predominant and corresponded to the substantially pure 

human ChoKα or PfChoK, as assessed by SDS-PAGE (Figure 57). 

 

 
 
The purified fractions (indicated by the double asterisks mark in Figure 57) were pooled and 

concentrated at 10 mg/ml. The obtained human ChoKα was shipped to our collaborator at the 

University of Granada for further tests, while the PfChoK enzyme was further used in our lab at the 

IIT in Milano in crystallization and biochemical assays. 

To summarize the purification profile, the SDS-PAGE gel in Figure 58 shows that the majority of 

recombinant protein remained in the soluble fraction after sonication and that the target enzymes were 

obtained at a suitable purity for both crystallization and biochemical experiments. 

  

Figure 57: Size-exclusion chromatogram and corresponding SDS-PAGE gel 
In panel A, the two-peaks chromatogram of PfChoK is displayed. On the horizontal axis the elution volume is displayed in mL, while 
on the vertical axis the absorbance at 280 nm is shew in milli arbitrary units (mAU). 
In panel B, the corresponding SDS-PAGE gel showing the purification profile of the size-exclusion chromatography. Lanes from 1 to 3 
are relative to the first elution peak (marked with one asterisk in both panels) and the remaining lanes from 4 to 9 corresponds to 
fractions eluted under the second peak (marked with two asterisks in both panels). Mass weights of 50 kDa is depicted on the left side 
of the SDS-PAGE gel. 
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Figure 58: Summary SDS-PAGE gel showing the PfChoK purification profile 
Lanes 1 and 2 refer to the expression phase where it is displayed the difference between the Not induced (lane 1) and the IPTG Induced 
(lane 2) fractions. Lanes 3 and 4 display the Insoluble and Soluble fractions after sonication, showing that despite some PfChoK remains 
insoluble and precipitates, the majority of the expressed recombinant enzyme remains in the soluble fraction. The three final lanes refer 
to the two step purification phase (lane 5, Ni-NTA Affinity Chromatography; lane 6, Size-exclusion Chromatography) and to the final 
sample. 
The mass weight of 50 kDa is represented on the left side of the gel. 
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PfChoK Crystallization Experiments 
Crystals of PfChoK and ADP-PfChoK grew in two similar conditions: 16% (v/v) PEG 8000, 0.2 M 

NaCl, 0.1 M HEPES pH 7.5, 2 mM TCEP, and 4 mM MgCl2 for the apoenzyme and 16% PEG 4000, 

0.2 M NaCl, 0.1 M HEPES pH 7.5, 2 mM TCEP, 4 mM MgCl2, and 2 mM ADP for the ADP-bound 

structure. 

The crystals of both structures displayed the same form and shape, and representative images of the 

grown crystals are depicted in Figure 59. 

 

 
 
All crystals usually grew forming clusters and had roughly the same elongated needle-like 

morphology. In each cluster, the single crystals could be readily separated from the others upon gentle 

touching and used in X-ray diffraction experiments. Crystals of the apoenzyme were cryo-protected 

with 25% (v/v) glycerol and crystals of the ADP-bound form with 25% (v/v) ethylene glycol prior to 

data collection. 

Like other choline kinase eukaryotic enzymes, the structure of both the PfChoK apoenzyme and its 

ADP-bound form feature the typical globular and bilobate eukaryotic protein kinase fold (Figure 60), 

consisting of a 184-residue long N-terminal domain and a 245-residue long C-terminal domain that 

are connected by a short linker region. 

  

Figure 59: Crystal morphologies of PfChoK apoenzyme and ADP-bound form 
The picture shows the crystal morphologies obtained during the crystallization experiments. Elongated pillar-like crystals grew as 
clusters originating from a common point, but each crystal could be easily singularly separated and cryo-protected. 
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Figure 60: Overall fold of the PfChoK apoenzyme (PDBID: 6YXS) and the ADP-bound PfChoK enzyme (PDBID: 6YXT) 
Panel A refers to the apoenzyme, while panel B to the ADP-bound form. Proteins are shown as green cartoons, while magnesium ions 
are depicted as yellow spheres and the ADP molecule in panel B is shown in sticks with carbon atoms in purple, nitrogen atoms in blue, 
phosphorus atoms in orange and oxygen atoms in red. 
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PfChoK Oligomerization State 
Since both the crystal structures feature only one protein in the asymmetric unit, an analytical size-

exclusion chromatography was done to assess the monomeric state of PfChoK in solution. The results 

shows that the enzyme is essentially monomeric in solution (Figure 61), as derived from a comparison 

with eGFP and human Albumin that were used as known mass weight markers (27 and 66 kDa, 

respectively). 

 

 
The shoulders present in the elution profiles are experimental artifacts due to the flow rate of the 

experiment or to different migration conformation of the same protein. They cannot be attributed to 

contaminants since after each chromatographic run, the elution profile was checked with an SDS-

PAGE (data not shown). 

  

Figure 61: Results of the analytical size-exclusion chromatography 
(A) Chromatograms of the normalized absorbance as a function of the elution volume of eGFP (blue line), human Albumin (red line) 
and PfChoK at the concentration of 2 mg/mL (green line) showing that the main PfChoK peak falls between the peaks of the two markers 
and therefore can be related to the molecular mass of the monomeric state (45 kDa). (B) Chromatograms of the PfChoK absorbance 
as a function of the elution volume at the three chosen concentrations (2 mg/mL as a blue line, 1 mg/mL as a red line and 0.5 mg/mL as 
an orange line) shows that the chromatogram morphology is the same regardless of the enzyme concentration. (C) Chromatograms of 
the normalized absorbance as a function of the elution volume at the three chosen concentrations (2 mg/mL as a blue line, 1 mg/mL as 
a red line and 0.5 mg/mL as an orange line) show that the relative height of the peaks remains the same at all the concentrations. 
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25 μM Fractional Activity Screening 
The results of the PfChoK inhibition screening performed at a concentration of 25 µM are shown in 

Figure 62 in a graph featuring the percentual fractional activity of each tested compound. 

The results of this screening, together with the work performed by Dr. Lopez Cara’s group on P. 

falciparum infected erythrocytes in vitro (which is briefly reported here in Table 9) allowed for the 

identification of the most potent molecules inside the library. 

It has to be noted that the compounds featuring the diphenyl disulfide or the 1,2-

bis(phenylthiol)ethane linker (respectively identified by the acronyms CKFP and PL in Figure 62) 

had better performances ex vivo compared to the other compounds in the library since in most cases 

they resulted in a more than 50% reduction in PfChoK residual activity. However, since this project 

is still ongoing, the in vitro potency on infected erythrocytes has not yet been fully characterized yet 

and this matter is still under investigation. 

 

 

 

 
 
  

Figure 62: Percentual fractional activity at 25 µM compound concentration 
The graph shows on the horizontal axis the Percentual fractional activity of PfChoK in the presence of 25 µM of the tested compound 
and on the horizontal axis the name of the considered compound. 
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Table 9: Inhibitory effect of the compounds from the library, excluding the one featuring the sulfur-containing linker. N.d., not 
determined. The CK prefix is omitted for brevity 

 
  

Compounds Linker Bioisoterics cationic head 4-subtituent 
In vitro 

GI50 

PfCK Fractional Activity at 

25µM 

Fa-M2 
monocationic 

bi
ph

en
yl

 
 

thieno[3,2-b]pyridin-1-ium 
pyrrolidinyl 

0,0489 100,75 ± 13,73 
Fa-M1 thieno[3,2-d]pyrimidin-1-ium 0,0410 54,65 ± 11,69 
Fa-M3 thieno[2,3-d]pyrimidin-1-ium 0,0351 96,91 ± 18,68 
Fg-9 

biscationic 

bi
ph

en
yl

 
 

thieno[3,2-b]pyridin-1-ium 
pyrrolidinyl 

0,1659 nd  
Fa-21 thieno[3,2-d]pyrimidin-1-ium 0,0137 nd   
Fg-14 thieno[2,3-d]pyrimidin-1-ium 0.0115 nd  
Fa-24 thieno[3,2-d]pyrimidin-1-ium piperidinyl 0,0578 57,08 ± 5.15  
Fg-30 thieno[2,3-d]pyrimidin-1-ium --- 54,77 ± 7,20 
Fg-10 thieno[3,2-b]pyridin-1-ium 

azepanyl 
0,0530 44,66 ± 8,55 

Fa-22 thieno[3,2-d]pyrimidin-1-ium 0,0514 57,03 ± 5,37 
Fg-18 thieno[2,3-d]pyrimidin-1-ium 0,0604 49,53 ± 8,06 

FP-1 thieno[3,2-d]pyrimidin-1-ium N-methyl-
aniline 0.1422 12,88 ± 3,32 

FP-8 thieno[2,3-d]pyrimidin-1-ium p-Chloro-N-
methylaniline 0,2816 8,10 ± 5,80 

Fg-12 

bi
py

rid
in

yl
 

thieno[3,2-b]pyridin-1-ium 
pyrrolidinyl 

0,3049 nd 
Fg-17 thieno[3,2-d]pyrimidin-1-ium 0,2273 50,28 ± 7,88 
Fg-13 thieno[2,3-d]pyrimidin-1-ium 0,1429 99,13 ± 12,01 
Fa-27 thieno[3,2-d]pyrimidin-1-ium piperidinyl 0,1205 82,64 ± 4,90 
Fg-32 thieno[2,3-d]pyrimidin-1-ium >0,25 83,85 ± 9,53 
Fa-26 thieno[3,2-d]pyrimidin-1-ium 

azepanyl 
0,2093 78,02 ± 8,13 

Fg-20 thieno[2,3-d]pyrimidin-1-ium 0,0976 96,62 ± 13,12 
Fg-11 

bi
be

nz
yl

 

thieno[3,2-b]pyridin-1-ium 
pyrrolidinyl 

0,2321 32,96 ± 1,48 
Fg-16 thieno[3,2-d]pyrimidin-1-ium 0,0206 79,74 ± 10,35 
Fg-15 thieno[2,3-d]pyrimidin-1-ium 0.0127 97,48 ± 9,22 
Fa-25 thieno[3,2-d]pyrimidin-1-ium piperidinyl 0,0347 nd 
Fg-31 thieno[2,3-d]pyrimidin-1-ium 0,0347 87,41 ± 2,20 
Fa-23 thieno[3,2-d]pyrimidin-1-ium azepanyl 0,0678 nd  
Fg-19 thieno[2,3-d]pyrimidin-1-ium 0,0715 nd   
Ff-1 

bi
ph

en
et

hy
l 

thieno[3,2-b]pyridin-1-ium 
pyrrolidinyl 

0,0901 47,03 ± 3,53 
Ff-7 thieno[3,2-d]pyrimidin-1-ium 0,0219 55,02 ± 4,07 
Ff-3 thieno[2,3-d]pyrimidin-1-ium 0,0388 nd 
Fa-33 thieno[3,2-d]pyrimidin-1-ium piperidinyl 0,0439 68,76 ± 6,03 
Ff-6 thieno[2,3-d]pyrimidin-1-ium 0.0279 nd  
Fa-29 thieno[3,2-d]pyrimidin-1-ium 

azepanyl 
0,0556 46,72 ± 9,49 

Ff-35 thieno[2,3-d]pyrimidin-1-ium 0,0484 57,62 ± 12,29 
Ff-2 

di
ph

en
ox

ie
th

an
e 

thieno[3,2-b]pyridin-1-ium 
pyrrolidinyl 

0,0740 81,77 ± 3,93 
Ff-8 thieno[3,2-d]pyrimidin-1-ium 0,0352 63,06 ± 6,74 
Ff-4 thieno[2,3-d]pyrimidin-1-ium 0,0121 90,72 ± 4,57 
Fa-28 thieno[3,2-d]pyrimidin-1-ium piperidinyl 0.0471 84,39 ± 7,53 
Ff-5 thieno[2,3-d]pyrimidin-1-ium 0,0224 91,06 ± 4,27 
Ff-34 thieno[3,2-d]pyrimidin-1-ium 

azepanyl 
0,0879 52,17 ± 12,43 

Ff-36 thieno[2,3-d]pyrimidin-1-ium 0,1861 46,39 ± 12,44 
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IC50 Determination 
The most active compounds have been further characterized and their IC50 has been calculated. The 

IC50 curves are shown in Figure 63 and the results are summarized in Table 10. All the tested 

compounds displayed a low micromolar potency. Data were taken in triplicates to allow statistical 

analysis. 
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Figure 63: IC50 curves of all the tested compounds 
The normalized fractional activity is expressed as number comprised from 0 to 1 on the vertical axis, while the logarithm of the 
concentration of the compound is on the horizontal axis. 
 
Table 10: Summary of the IC50 values calculated from the curves displayed in Figure 47 

Compound IC50 (μM) 

CKFa-22 11.70 ± 0.49 

CKFa-29 4.64 ± 0.20 

CKKFf-1 10.90 ± 1.33 

CKFf-4 37.36 ± 3.24 

CKFf-7 13.32 ± 3.82 

CKFg-11 16.46 ± 1.43 

CKFg-16 26.53 ± 2.46 

CKFg-18 11.09 ± 1.00 

PL48 1.77 ± 0.32 

PL46 22.42 ± 3.30 

CKEP-16 1.78 ± 0.39 

CKFP-16 0.33 ± 0.05 

CKFP-7 0.72 ± 0.12 

CKFP-4 0.32 ± 0.02 

CKFP-5 0.42 ± 0.01 

CKFP-1 7.27 ± 0.23 

CKFP-2 0.44 ± 0.03 

CKFP-3 0.16 ± 0.01 

CKFP-8 4.35 ± 0.63 
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Determination of the Inhibition Mode 
Since the majority of compounds featuring the sulfur-containing linker shows IC50 values in the very 

low micromolar range with most values being less than 1 µM (~10 times lower than all the IC50 values 

that were calculated for the other compounds that displayed a high in vitro antiplasmodial activity). 

Hence, I set out to evaluate the inhibition modality of this subgroup of compounds in the library. The 

results of these assays are reported in Figure 64 and Figure 65 and are summarized by Table 11. 

As it can be observed, all the IC50 values calculated at a concentration of choline equals to its KM are 

approximately identical to the previously calculated IC50 and a similar trend is observed with the Ki.  

All values of the α parameter, which represents the index that provides a quantitative measure of the 

interaction between the inhibitor and the substrate binding site that are calculated for both substrates, 

are really close to the unitary value. According to the method described by Lai et al. [307], this 

indicates that the inhibition modality of this class of compounds is the noncompetitive one. In fact, α 

= 1 indicates that there is no interaction between the inhibitor and the substrate binding site (the range 

of values for synergistic inhibition is α > 1, while for antagonistic inhibition is α < 1). 
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Figure 64: IC50 curves of all the tested compounds calculated at a choline concentration equals to its Michaelis-Menten constant 
The normalized fractional activity is expressed as number comprised from 0 to 1 on the vertical axis, while the logarithm of the 
concentration of the compound is on the horizontal axis.  
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Figure 65: Fractional activity calculated with a constant compound and one substrate concentrations, while varying the concentration 
of the other 
On the left side of the picture, the compound identifier is shown the logarithms of the varying substrate concentrations used in the 
experiments are plotted on the horizontal axis. The column of graphs on the left refers to the curves obtained while varying choline, 
while the other on the right refers to the experiments when ATP was varied.  
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Table 11: Summary of the Ki and α parameters calculated from the inhibition curves in Figure 64 and Figure 65 
Compound IC50 (μM) IC50 @ KMCholine (μM) KiCholine (μM) αCholine KiATP (μM) αATP 

PL48 1.77 ± 0.32 1.78 ± 0.07 1.62 ± 0.07 0.95 ± 0.05 1.62 ± 0.12 0.94 ± 0.09 

PL46 22.42 ± 3.30 19.66 ± 1.98 17.86 ± 0.49 1.02 ± 0.04 18.63 ± 1.24 0.94 ± 0.08 

CKEP-16 1.78 ± 0.39 1.74 ± 0.54 1.52 ± 0.10 1.02 ± 0.09 1.71 ± 0.11 0.91 ± 0.07 

CKFP-16 0.33 ± 0.05 0.26 ± 0.04 0.24 ± 0.02 0.95 ± 0.08 0.23 ± 0.01 0.96 ± 0.08 

CKFP-7 0.72 ± 0.12 0.65 ± 0.03 0.62 ± 0.05 1.00 ± 0.10 0.66 ± 0.06 1.04 ± 0.14 

CKFP-4 0.32 ± 0.02 0.29 ± 0.05 0.26 ± 0.02 0.98 ± 0.08 0.27 ± 0.01 0.94 ± 0.07 

CKFP-5 0.42 ± 0.01 0.36 ± 0.01 0.32 ± 0.02 1.02 ± 0.09 0.35 ± 0.01 0.92 ± 005 

CKFP-1 7.27 ± 0.23 8.61 ± 0.27 8.33 ± 0.25 0.97 ± 0.03 8.16 ± 0.39 1.02 ± 0.06 

CKFP-2 0.44 ± 0.03 0.41 ± 0.02 0.39 ± 0.02 0.97 ± 0.07 0.38 ± 0.02 0.99 ± 0.08 

CKFP-3 0.16 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 1.08 ± 0.06 0.13 ± 0.01 0.99 ± 0.01 

CKFP-8 4.35 ± 0.63 4.51 ± 0.16 3.87 ± 0.03 1.03 ± 0.02 4.27 ± 0.31 1.02 ± 0.10 
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Discussion 

Structure of the Apo and ADP-bound form of P. falciparum Choline Kinase  
We produced a 361 amino acid-long truncated form of the enzyme lacking the first 79 N-terminal 

residues. As shown in previous structural studies on the nematode Caenorhabditis Elegans (PDB 

code: 1NW1) [145] and human (PDB code: 2CKO) [148] variants (ChoKA-2 and human ChoKα1, 

respectively), this N-terminal domain features a non-conserved region (Figure 66) that plays no role 

in catalysis. 

 
  

Figure 66: Sequence alignment of the full sequences of P. falciparum choline kinase (PfChoK), C. Elegans ChoK-A2 and human 
ChoKα1 
 In the alignment, the secondary structure of the PfChoK structure is shown on the top, while the secondary structure of human ChoKα1 
is shown at the bottom. Helices (α) are indicated by numbers, while strands (β) by alphabetical letters. PfChoK exhibits a sequence 
identity of 23.0% with ChoK-A2 and 25.3% with human ChoKα1, respectively. Figure obtained with ESPript-http://espript.ibcp.fr . 

http://espript.ibcp.fr/
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Like other choline kinase eukaryotic enzymes, the structure of both the PfChoK apoenzyme and its 

ADP-bound form feature the typical globular and bilobate eukaryotic protein kinase fold, consisting 

of a 184-residue long N-terminal domain and a 245-residue long C-terminal domain that are 

connected by a short linker region. 

 

 

The N-terminal domain begins with one α helix and two 310 helices (α1, η1, and η2, Figure 67, blue). 

Helix η2 is followed by a five-stranded twisted antiparallel β sheet (Figure 67, light sea green), a 

highly conserved structural motif among eukaryotic protein kinases, especially strands A and B, 

which contain the ATP-binding motif. The α2 helix is inserted between strands B and C (Figure 67, 

purple), while helices η3 and α3 are inserted between strands C and D (Figure 67, magenta). Helices 

α2 and η3 are not found in ChoKA-2 and human ChoKα1 and constitute a unique feature of PfChoK, 

while helix α3 is shorter than the corresponding helices in ChoKA-2 and human ChoKα1. 

Interestingly, whereas helix α3 mediates dimer formation, both in the ChoKA-2 and in the human 

ChoKα1 crystal structure, the structure of PfChoK is monomeric. Consistent with this observation, 

analytical size-exclusion chromatography analysis shows that the oligomerization state of PfChoK in 

solution is also monomeric (Figure 61). 

The N-terminal domain is connected to the C-terminal one by a short linker featuring a short β strand 

(βF, Figure 67, yellow) within a longer loop portion that makes a 90 degree turn. The PfChoK C-

terminal domain is divided in three regions: the central core subdomain (Figure 67, red), the insertion 

subdomain (Figure 67, pink), and the C-terminal subdomain (Figure 67, orange). The central core 

subdomain is composed by helices η4, α4, and α7 and by a harpin-shaped loop that contains two β 

sheets (formed by the antiparallel strands βG, βH, and βI, βJ) and η6, a 310 helix. These two β sheets 

Figure 67: Two 180-degree rotated views of the PfChoK apoenzyme structure (PDB code: 6YXS) 
The atypical protein kinase fold regions are depicted in color code: helices α1, η1, and η2 are colored in blue; strands βA, βB, βC, and 
βD in light sea green; helix α2 in purple, helices η3, and α3 in magenta; β strand F in yellow; the central core subdomain in red; the 
insertion subdomain in pink; and the C-terminal subdomain in orange. 
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are especially relevant for PfChoK catalytic activity since they house the Brenner’s motif (βG, βH, 

and η6) and the choline kinase motif (βI, βJ). 

The insertion subdomain is placed between helix α4 and strand βG and is composed by two helices, 

α5 and α6, which are connected by a loop and by helix η5. In the PfChoK structure, this insertion is 

located behind the central core and the C-terminal subdomains and, unlike the C. Elegans and the 

human enzymes, where a long β hairpin motif and a α helix are present between the helices 

corresponding to α5 and α6, it features a loop. 

The C-terminal subdomain is located between the insertion and the core subdomains, and it is 

connected to the final portion of the central core subdomain by a hairpin-like loop containing a β 

sheet composed by β strands K and L. Since this hairpin-like loop is positioned in front of the choline 

binding site, it is believed that it may regulate the accessibility to the active site; hence, the binding 

of choline, as proposed previously [145]. 

The harpin-like loop is followed by helices η8, α8, α9, and α10, which compose the remaining of the 

C-terminal subdomain. Helix α8 is situated beneath helix α4 and is connected to helix α9 through a 

reverse turn. Helix α9 runs across the whole molecule and features a kink in its middle region. Another 

reverse kink connects helix α9 to α10, which extends towards the C-terminus of the enzyme. While 

structure superimposition between the apo and the ADP-bound form of PfChoK shows no significant 

conformational variability (rmsd. = 0.38 Å for Cα atoms), a comparison between the PfChoK 

apoenzyme and ChoKA-2 (PDB code: 1NW1) and hCKα1 (PDB code: 2CKO) shows relatively high 

rmsd values (3.75 Å and 2.35 Å, respectively). This is despite the overall good sequence alignment 

and the similar folding topology. However, the rmsd values get smaller when the individual N-

terminal domains are considered (1.6 Å for ChoKA-2 and 1.15 Å for human ChoKα1), while they 

remain relatively high for the C-terminal domain (2.10 Å for ChoKA-2 and 2.20 Å for human 

ChoKα1). These rmsd values for the C-terminal domain seem to be due to the marked differences in 

the secondary structure of the insertion subdomain. 

From a phylogenetic point of view, choline kinases have been classified as members of the atypical 

kinases (AK) family, a subgroup of eukaryotic protein kinases having a homologous catalytic core 

but not having all the other usual kinase motifs conserved [147]. 
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Aside from the conserved catalytic central core domain, other AK family structural features are also 

present in the crystal structure of the PfChoK apoenzyme (Figure 68). For instance, two highly 

conserved residues, Arg142 and Glu183 form a salt bridge that plays an important stabilizing role in 

the architecture of the N-terminal domain (Figure 68, panel A). Moreover, Arg142 has a role in the 

binding of ADP since it can interact with both its α and its β phosphate group. 

Another salt bridge between conserved residues in the ChoK family is formed between Arg181 and 

Glu157; thus, stabilizing the interaction between β strand E and helix α3 (Figure 68, panel A). 

The residue His213 (Figure 68, panel B), which is situated in helix α4, is also highly conserved and 

possesses an important structural role. Indeed, by linking together three different helices of the C-

terminal domain, it greatly contributes to the overall fold stability. This linkage is provided by the 

side chain of His213 forming a hydrogen bond with the hydroxyl group of Tyr357 in helix α8 and 

with the carboxyl group of Asp317 in helix α7. 

Another important structural motif that contributes to the stability of the eukaryotic protein kinase 

fold, and in particular of its catalytic central core, is the hydrogen-bonding network that involves 

those highly conserved residues that coordinate magnesium. This network (Figure 68, panel C) 

features a hydrogen bond between His213 and Asp317, while the side chain of the latter contacts the 

nitrogen atoms of the backbone amide group of His286 and Asn287 situated in the Brenner’s motif. 

The imidazole ring of His286 is sandwiched between the backbone carbonyl groups of Ile304 and 

Asp305 situated in the choline kinase motif and the backbone nitrogen of Asp288 positioned in the 

Brenner’s motif. The backbone carbonyl group of Asp288 hydrogen bonds the nitrogen in the amide 

group of Asn293, which is located in helix η6 in the Brenner’s motif and whose side chain is also 

involved with the carbonyl group of Asp305 in the coordination of the catalytic magnesium. Four 

water molecules complete the octahedral coordination of the magnesium ion. All metal coordination 

distances are within a 2.02–2.15 Å range (Figure 68, panel A). 

Figure 68: Structural features of PfChoK 
(A) The salt bridge interactions between Arg142 and Glu183 and Arg181 and Glu157 in the N-terminal domain. (B) Stabilizing role of 
His213, which forms H-bonding interactions with Asp317 and Tyr357. (C) hydrogen bonding network stabilizing the central catalytic 
core domain. The protein is shown as green cartoon, while highlighted residues are depicted in sticks colored with green carbon atoms, 
blue nitrogen atoms, and red oxygen atoms. Structural details are from the structure of the PfChoK apoenzyme (PDB code: 6YXS). 



 

 

138 

 

 
 

 
  

Figure 69: Magnesium ion coordination in the apoenzyme (PDB code: 6YXS) (A) and in the ADP-bound form (PDB code: 6YXT) (B) 
Magnesium ions are depicted in small yellow spheres, interacting residues are indicated with the corresponding number and one letter 
code, shown in ball and stick and are colored with carbon atoms in green, nitrogen atoms in blue, and oxygen atoms in red. The electron 
density from omit maps is contoured at the 4.0σ level. The ADP molecule is drawn in stick with purple carbon atoms, red oxygen atoms 
and orange phosphorus atoms. 

Figure 70: Stereodiagram of the ADP binding mode 
The hydrophobic interactions with the non-polar residues that line the pocket in which ADP is bound are shown with grey carbon 
atoms, while the polar residues that interact with ADP by hydrogen bonding are shown with light blue carbon atoms. All protein 
residues are drawn in ball and stick, while the ADP molecule is drawn in sticks and shown with purple carbons. Nitrogen atoms are 
colored in blue, oxygen atoms in red, and phosphor atoms in orange. Structural details are from the ADP-bound form of PfChoK (PDB 
code: 6YXT). 
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The ADP-bound structure reveals the binding mode of the adenosine nucleotide in PfChoK (Figure 

70). The ligand is found in a hydrophobic pocket comprised by the N-terminal domain and the C-

terminal central core domain and involves many residues of the Brenner’s motif. The hydrophobic 

pocket is mainly lined by non-polar residues, such as Ile111, Leu112, Ser113, Leu140, Pro171, 

Trp185, Leu186, Pro190, Met295, and Ile304. Moreover, ADP is further stabilized within the enzyme 

by a number of hydrogen bonds. In particular, the backbone amide group of Gly114 interacts with 

one of the oxygen atoms in the β phosphate group (2.87 Å), the side chain of Asn117 makes a 

hydrogen bond with the same oxygen of the β phosphate group (2.98 Å) and the backbone carbonyl 

group of Glu184 forms a hydrogen bonds with the nitrogen of the adenine ring (2.84 Å). Furthermore, 

here the highly conserved Arg142 is observed in the proximity of one of the oxygen atoms of the α 

phosphate group of ADP at a distance of 3.42 Å, forming an electrostatic interaction. 

The ADP molecule also participates in the coordination of two magnesium ions (Figure 69, panel B). 

Unlike the regular octahedral coordination of the magnesium ion in the apoenzyme structure, here 

the octahedral coordination is highly distorted due to the participation of the ADP phosphate groups 

in the metal coordination sphere. One magnesium ion is coordinated by the side chains of Asp305 

and Glu307, by two water molecules and by two oxygen atoms of the β phosphate group, while the 

second one is coordinated by the side chains of Asn293 and Asp305, two water molecules and two 

oxygen atoms of the ADP molecule originating from the α and β phosphate groups. 

In our PfChoK structure (6YXT), ADP binds to the same ADP-binding motif as in human ChoKα1 

(2CKP) [148], in the incomplete ADP- and phosphocholine-bound form of the P. falciparum enzyme 

(3FI8, unpublished data), and in the co-crystal structure of human ChoKα1, ADP, and 

hemicholinium-3 (3G15) [258] (Figure 71), even though, in all these structures, the presence and the 

number of magnesium ions vary.  

 

Figure 71: Structural superimposition of ADP molecules and ADP molecules with magnesium ions 
(A) Structural superimposition of ADP molecules in the ADP-bound form of PfChoK (PDB code: 6YXT, green), the ADP- and 
phosphocholine-bound form of PfChoK (PDB code: 3FI8, cyan), the ADP-bound form of human ChoKα1 (PDB code: 2CKP, magenta), 
and the co-crystal structure of human ChoKα1, ADP and hemicholinium-3 (PDB code: 3G15, blue). (B) Structural superimposition of 
ADP and magnesium ions with the same models and with the same color code. ADP molecules are shown in sticks and magnesium ions 
are drawn as spheres. 
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By comparing our ADP-bound PfChoK structure (6YXT) with 3FI8, we cannot detect any differences 

in the enzyme portion and in the residues that bind the ADP molecule. Indeed, the only appreciable 

difference between the two structures is the presence of only one magnesium ion that is coordinated 

by Asn293 and Asp305 (cyan sphere in Figure 71, panel B) and that interacts with ADP. The other 

magnesium ion that is present in 6YXT is not found in 3FI8. The positions of the magnesium ions 

and of ADP in our PfChoK structure (6YXT) are similar to those observed in the ADP- and 

hemicholinium-3-bound human ChoKα1 structure (3G15). Since it is known that two magnesium 

ions are required to perform the breaking of the ATP phosphodiester bond, the varying number of 

magnesium ions that are present in the crystal structures may suggest that these are different stages 

in the catalytic process that leads to the production of phosphocholine. 

  

Figure 72: Structure alignment of the PfChoK (green cartoon) and the human ChoKα1 (blue and orange cartoons) choline binding 
sites 
The alignment was obtained by superimposing the human apoenzyme (PDB code: 2CKO, orange cartoon), the phosphocholine-bound 
form of the human enzyme (PDB code: 2CKQ, blue cartoon) and the apo form of PfChoK (PDB code: 6XYS, green cartoon). Residues 
involved in choline binding are shown in sticks with orange, blue or green carbon atoms, blue nitrogen atoms, and red oxygen atoms. 
Residues are labeled with the corresponding one letter code and residue number, which is green for PfChoK and black for 2CKO and 
2CKQ. Phosphocholine (labelled PCho) is shown in sticks with carbon atoms in cyan, nitrogen atoms in blue, oxygen atoms in red, and 
phosphorous atoms in yellow. 
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As for the choline binding site, the majority of the residues that bind choline in the human enzyme 

are conserved in PfChoK as well (Figure 72). In the human ChoKα1, the choline binding site is an 

essentially hydrophobic pocket that is capped by negatively charged residues [148]. Hence, two 

different functional regions can be identified: one lined by Asp215, Glu217, Glu218, Glu309, Glu349, 

Asp353, Glu357, and Glu434 (human ChoKα1 numbering, Figure 72), which are involved in the 

electrostatic steering of choline and in the binding of the quaternary amine; the other forming a groove 

lined by Tyr333, Tyr354, Trp420, Trp423, and Tyr440, which provide direct binding to choline. It 

should be noted that there are no structural differences between the human apoenzyme (2CKO) and 

the human phosphocholine-bound form of the enzyme (2CKQ) (Figure 72, orange, and magenta 

residues). 

In PfChoK, while the hydrophobic residues lining the choline-binding pocket are conserved (Tyr308, 

Tyr329, Trp392, Trp395, and Tyr414 in the parasite enzyme sequence) and superimpose well with 

the corresponding residues in the choline-binding site of the human enzyme, the majority of the 

differences are among the negatively charged residues involved in choline binding. Indeed, Glu217, 

Glu218, and Glu357 in the human enzyme are replaced by Asp194, Asp195, and Asn332 in PfChoK, 

the latter of the three substitutions altering the electrostatic landscape of the loop that is found in close 

proximity to the pocket. Finally, Asp215 of human ChoKα1 is replaced by Ser192 in PfChoK. All 

other residues (Glu309, Glu349, and Asp353) in human ChoKα1 are conserved and superimpose well 

with their PfChoK counterparts (Glu291, Glu324, and Asp328). 
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Antiplasmodial Activity and Ex Vivo Potency 
Table 9 and Table 10 and Figure 62 and Figure 63 summarize the effect of the final compounds in 

infected erythrocytes and ex vivo. From here on, for every compound the CK prefix is omitted for 

brevity. In general, all compounds show nanomolar activity in infected erythrocytes, the most active 

compound being Fg-14 (11.5 nM). In terms of structure, there seems to be no difference between 

monocationic and bis-cationic compounds regarding the in vitro antimalarial activity, while the ex 

vivo potency of biscationic compounds is higher. Among the monocationic compounds, Fa-M3 

(isomer thieno[2,3-d]pyrimidin) stands out, but the rest of the isomers follow up very closely, and the 

difference in the in vitro activity is not considered to be remarkable.  

With respect to the biscationic compounds and considering the five types of linker used in in vitro 

experiments, it can be observed that when the spacer is bipyridinyl (Fg-12, Fg-17, Fa-27, Fg-32, Fa-

26 and Fg-20) there is a notable decrease in the activity with respect to their biphenylic counterparts 

(Fg-9, Fa-21, Fg-14, Fa-24, Fg-30, Fg-10, Fa-22, Fg-18, Fp-1 and Fp-8). This difference is more 

pronounced when the volume of the 4-substituent in the cationic head increases (Fa-22 and Fg-18 vs 

Fa-26 and Fg-20). Conversely, when the substituent is pyrrolidine there is hardly any difference, 

except for Fg-13 and Fg-17 vs Fg-14 and Fa-21, where there is more than a 10-fold difference in 

activity. 

The remaining biphenyl and bibenzyl, biphenethyl and 1,2-diphenoxyethane linkers feature very 

similar values. Starting with the biphenyl spacer, the substituent at 4 has a visible influence, with 

pyrrolidine again giving the best results (see Table 9 Fa-21 and Fg-14) the increased volume of this 

cycloalkylamine from piperidine to azepane gradually decreases the activity. However, it can be 

considered one of the best families, as there is hardly any difference between the less active Fg-18 

(GI50= 60 nM) and the more active Fg-14 (GI50= 11 nM). It is worth noting that in this family two 

thienopyrimidine isomers Fp-1 and Fp-8 substituted at 4 by an N-methyl-aniline and p-Chloro-N-

methyl-aniline, were also synthesized and evaluated in order to compare the results with those where 

the substituent is a cycloalkylamine. However, there was a drastic decrease in activity. Finally, the 

thienopyrimidin isomers stand out versus the thienopyridin isomers, so the introduction of a second 

N atom in the cationic head is highly beneficial. 

Continuing the SAR analysis, the pattern is the same, the thieno[2,3-d] pyrimidine isomers stand out 

versus thieno[3,2-d]pyridine in both, when the spacer is bibenzyl (Fg-15 and Fg-31) and when there 

are 4 carbon atoms between the aromatic rings (Ff-3, Ff-6 and Ff-35). The volume of the pyrrolidine 

ring is postulated to be the best even if the differences are not too great especially, in the biphenyl 

derivatives. 
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The 1,2-diphenoxyethane derivatives behave similarly and the introduction of 2 oxygen atoms 

between the aromatic rings does not seem to affect them. In comparison to the reference compounds 

10a and 10k, previously described in [306], it can be observed how the homologous compounds Ff-

4 and Ff-5 provides better values. Both of them belong to the series of bioisosteres derived from 

thieno[2,3-d]pyrimidin-1-ium, with a pyrrolidine and piperidine group in position 4 respectively. In 

the consecutive isomers with azepane Ff-34 and Ff-36 (similar 10k with quinoline), the activity 

decreases and inexplicably in Ff-36 (thieno[2,3-d]pyrimidin-1-ium), it exhibits 6 times less activity 

than 10k.  

All final compounds were analyzed as PfChoK inhibitors in the 25 µM screening, and those with a 

small residual activity had their IC50 calculated. The values obtained show, at first sight, two striking 

findings; the first is that the monocationic compounds, despite their potent antimalarial activity, do 

not inhibit choline kinase activity at 25 µM. The second is that the bipyridinic linker derivatives’ 

(with moderate antimalarial values) are likewise no inhibitors of PfChoK at 25 µM. 

Starting with the biphenyl linker derivatives, compounds Fp-1 and Fp-8 feature the most remarkable 

IC50 values (7.27 ± 0.23 and 4.17 ± 0.48 μM respectively). Interestingly, these two thienopyrimidine 

isomers have N-methyl-aniline and p-Chloro-N-methyl aniline as substituents at the 4-position of the 

heterocycle. Therefore, these compounds can be considered as bioisosteres of compound TCD-717 

which had an IC50 of 1.75 μM and where the 7-quinoline ring is replaced by the two thienopyrimidine 

isomers. The antimalarial activity has also decreased up to 10-fold with respect to TCD-717: from 

0.0265 μM to 0.1422 μM for Fp-1 and 0.2816 μM for Fp-8. These results point out that the bioisosteric 

change has favoured neither the inhibitory nor the antimalarial activity. However, it is noticed that 

there is a direct correlation between both activities and therefore, these compounds would display a 

similar mechanism of action, i.e. the antimalarial activity is directly related to the inhibition of the 

enzyme when the substrate is choline and hence shows activity towards choline kinase and not 

ethanolamine kinase. The differences in enzyme activity are lower than those in antimalarial activity 

and this could be because of the decreased lipophilicity of these new compounds: Fp-1 (cLogP = 

3.413) and Fp-8 (cLogP = 4.44) while for RSM-923A is (cLogP = 7.44). In this same family, however, 

it is observed that when the substituents in 4 are cycloalkylamines, for example Fa-22 and Fg-18, the 

IC50 of the enzyme activity reaches moderated values of 11 μM, while the antimalarial activity is 

0.0514 μM and 0.0604 μM respectively, so it is deduced that an alternative and complementary 

mechanism to PfChoK inhibition could be involved. Only a moderate increase in enzymatic activity 

seems to be observed when the isomer is thieno[3,2-d]pyrimidine with respect to the other isomer, 

which has the sulphur closer to the positive charge of the cationic heads. 
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The introduction of 2 carbon atoms between the aromatic rings (the bibenzyl family), exerts a 

negative effect on the enzyme inhibition, being Fg-11 and Fg-16 the most actives compounds. In 

addition, compound Fg-16 was found to be one of the most lethal against the parasite regarding this 

family and it can be considered that the inhibition of the enzyme is at least partly involved. The 

addition of 2 more carbon atoms (Ff-1, Ff-7, Ff-3, Fa-33, Ff-6, Fa-29 and Ff-35) produces a 

significant increase in the enzyme inhibition, which is also partially reflected in the notable 

improvement of the antimalarial activity. 

Among these two families, the most active compound is Fa-29, with an IC50=4.64 ± 0.20 μM. It is a 

derivative of thieno[3,2-d]pyrimidin-1-ium with an azepanyl group as substituent and biphenethyl as 

a linker and shows an antimalarial activity of 55.6 nM, which is not the best value but exhibits a direct 

correlation with the inhibition values.  

It is worth noting that the asymmetrical reference compounds BR-23 and BR-25 [305], with excellent 

antimalarial values, can be considered bioisosteres of the compounds described in this work: Fg-9, 

Fa-21, Fg-14 for BR-23 and Ff-1, Ff-7 and Ff-3 for BR-25. A 10-fold decrease in antimalarial activity 

is observed with respect to the reference compounds, but it is nevertheless striking that the 

synthesized bioisosters do possess enzymatic activity when the substrate is choline, in contrast to BR-

23 and BR-25, which only had inhibitory activity when the enzyme-substrate was ethanolamine.  

Analysing the compounds with the linker 1,2-diphenoxyethane, it can be observed that compounds 

Ff-34 and Ff-36 show the lowest residual enzyme activity with values of 52.17 % ± 12.43 and 46.39 

% ± 12.44, which are precisely the homologues of compound 10k [306] with quinoline and azepane 

as substituent in position 4.  However, there is a difference with respect to enzyme activity, since for 

compound 10a, the mechanism of action must be different as no inhibition of the enzyme in its choline 

kinase or ethanolamine kinase activity is observed. In contrast, when the head is quinolinic and carries 

an azepane group in position 4 (10k), there are values similar to those presented here.  
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Determination of the Inhibition Mode 
For low enzyme concentrations (less than 10 nM in our assay) and substrate concentrations around 

the KM, the relation between the dissociation constant and the IC50 can be described mathematically 

by the Cheng-Prusoff relationship [308] that has been formulated for each modality of inhibition. For 

competitive and uncompetitive inhibition, the study of the Cheng-Prusoff equation results in the 

following relationship: 

𝐼𝐼𝐶𝐶50 = 2 𝐾𝐾𝑖𝑖 

meaning that the IC50 value is always greater than the dissociation constant by a factor of 2. 

However, for mixed inhibition the relationship is different and the IC50 value is generally greater than 

the Ki by a factor that can range between 1 and 2, depending on the ratio between the dissociation 

constant of the inhibitor w.r.t. the enzyme and to the enzyme-substrate complex. 

Being a special case of mixed inhibition where the dissociation constants of the inhibitor w.r.t. the 

enzyme and to the enzyme-substrate complex are equal, noncompetitive inhibition is the only case in 

which the Cheng-Prusoff relationship: 

𝐼𝐼𝐶𝐶50 =

⎝

⎛ [𝑆𝑆] + 𝐾𝐾𝑀𝑀
[𝑆𝑆]
𝐾𝐾𝑖𝑖

𝐸𝐸𝐸𝐸 + 𝐾𝐾𝑀𝑀
𝐾𝐾𝑖𝑖

𝐸𝐸⎠

⎞ 

leads to 

𝐼𝐼𝐶𝐶50 = 𝐾𝐾𝑖𝑖 

since 𝐾𝐾𝑖𝑖
𝐸𝐸𝐸𝐸 = 𝐾𝐾𝑖𝑖

𝐸𝐸  and therefore, the IC50 value is equal to the dissociation constant. 

Thus, a close inspection of the IC50 and Ki values reported in Table 11 reveal that in many cases the 

two measured values are close, indicating that noncompetitive inhibition is the inhibition modality 

that best fits the experimental data. 

Furthermore, the value of the α index also corroborates the noncompetitive inhibition mechanism, 

since it approaches the unity in all considered cases, it indicates that the binding of the inhibitor does 

not affect the binding of the substrates. 
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Conclusions and Future Perspectives 
The analysis of Figure 62 and Table 9 reveal that the compounds that feature the sulfur-containing  

linker perform significantly better as ex vivo PfChoK inhibitors and they are characterized by a 

potency that is almost ten times higher compared to the other compounds and it is always less than 1 

µM. This effect seems to be independent from the type of cationic head that is present on the 

compound and only due to the different chemical nature of the linker. However, since this project is 

still ongoing, in vitro antiplasmodial activity data on this subgroup of compounds is still under 

investigation and therefore a comparison with the other that are already characterized is not possible 

yet. 

Despite this fact, the higher potency of these compounds prompted us to characterize their mechanism 

of action, which resulted to be noncompetitive. Therefore, one can speculate based on the obtained 

biochemical data that these compounds do not bind to the choline binding site as it might be expected 

from the comparison with their human counterparts, but rather bind the enzyme at another binding 

site, which still needs to be discovered. 

Thus, the future perspectives of this work are the evaluation of the in vitro antiplasmodial activity of 

this class of compounds and the determination of a co-crystal structure, which would allow the 

elucidation of the novel binding site that can be predicted based on biochemical data. 
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