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1. INTRODUCTION 

Tuberculosis and malaria are two infectious diseases which exert severe burden on mankind 

and their treatment still represents a major challenge in the dawn of the XXIth century. Although 

these two diseases possess distict pathological mechanism, potential drug target enzymes can 

be identified in both cases that are essential for viability of the respective causative agents. My 

thesis focuses on the catalytic mechanism of two such enzymes, namely dUTP pyrophosphatase 

from Mycobacterium tuberculosis and CTP:phosphocholine cytidylyltransferase from 

Plasmodium falciparum. These enzyme catalyze similar chemical reactions which include 

nucleotide hydrolysis or transfer associated with pyrophosphate cleavage. 

 

2. LITERATURE BACKGROUND 

 

Tuberculosis is still the most deadly infectious disease despite the extensive reserach and 

treatment efforts. Major health challanges associated with Mycobacterium tuberculosis 

infection include long-lasting drug treatment, co-infection with HIV as well as spread of 

multidrug-resistant bacteria. These urge the in-depth understanding of the molecular 

mechanisms of the causative agent bacteria as well as identification of novel drug targets. 

Thymidylate (dTMP) biosynthesis is known as a potential antimicrobial drug target.1 The 

dTMP precursor deoxyuridine monophosphate (dUMP) has key role is the biosynthetic 

pathway as Mycobacteria are unable to synthesize dTMP via the pyrimidine salvage pathway. 

dUTP pyrophosphatase (dUTPase) enzyme establishes a low cellular 

deoxyuridine triphosphate / thymidine triphosphate (dUTP/dTTP) ratio in a dual mode, thereby 

ensuring preventive DNA repair. Hydrolysis of dUTP prevents the incorporation of this 

noncaninical nucleotide into DNA whereas the dUMP reaction product is a precursor of dTTP. 

Pécsi and coworkers have shown that dUTPase is essential for the viability of Mycobacteria2. 

Active sites of homotrimer dUTPases are built up by five conserved motifs originating from all 

three subunits (Fig. 1). Each conserved motifs are important for ligand binding and catalysis, 

moreover, their interactions are crucial for the structural assembly of the enzyme3. 

                                                           
1 Chernyshev A, Fleischmann T & Kohen A (2007) Thymidyl biosynthesis enzymes as antibiotic targets. Appl. 

Microbiol. Biotechnol. 74, 282–289. 
2 Pecsi I, Hirmondo R, Brown AC, Lopata A, Parish T, Vertessy BG & Tóth J (2012) The dUTPase enzyme is 

essential in Mycobacterium smegmatis. PLoS One 7, e37461. 
3 Mol CD, Harris JM, McIntosh EM & Tainer JA (1996) Human dUTP pyrophosphatase: Uracil recognition by 

a beta hairpin and active sites formed by three separate subunits. Structure 4, 1077–1092. 
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Fig.1 Active site assembly of Mycobacterium tuberculosis dUTPase (PDB code 2PY4). 
Subunits of the enzyme are represented with different colors. Mg2+ cofactor is shown as a large green 

sphere whereas water molecules are represented by smaller red spheres. Wcat designates the nucleophile 

that performs the catalytic attack.  

Enzyme catalysis is assisted by a Mg2+ that is coordinated in a tridentate manner by the substrate 

nucleotide triphosphate chain. While Mg2+ is regarded as a cofactor of the enzyme, it has been 

shown that about half of the catalytic activity is retained in its absence.4 The only coordination 

partner of the metal cofactor is an aspartate from the first conserved motif.5 This residue 

contacts two water molecules of the hydrate shell of the metal ion and thus contributes to the 

formation catalytically competent enzyme:substrate:Mg2+ complex6. Investigation of the 

cognate D28 aspartate from Mycobacterium tuberculosis dUTPase (mtDUT) may shed light on 

the basis of the unusual cofactor dependence of enzyme activity and can also extend our 

knowledge of the cohesive interaction network of the enzyme active site. 

 

Malaria continues to be a major world health problem affecting hundred million people 

annually, mostly in African sub-Saharan countries. The disease is caused by the infection and 

destruction of red blood cells by protozoan parasites belonging to the genus Plasmodium, with 

Plasmodium falciparum being responsible for the most death cases. Due to the emerging drug 

                                                           
4 Kovári J, Barabás O, Varga B, Békési A, Tölgyesi F, Fidy J, Nagy J & Vértessy BG (2008) Methylene 

substitution at the α-β bridging position within the phosphate chain of dUDP profoundly perturbs ligand 

accommodation into the dUTPase active site. Proteins Struct. Funct. Genet. 71, 308–319. 
5 Barabás O, Pongrácz V, Kovári J, Wilmanns M & Vértessy BG (2004) Structural insights into the catalytic 

mechanism of phosphate ester hydrolysis by dUTPase. J. Biol. Chem. 279, 42907–15. 
6 Barabás O, Németh V, Bodor A, Perczel A, Rosta E, Kele Z, Zagyva I, Szabadka Z, Grolmusz VI, Wilmanns 

M & Vértessy BG (2013) Catalytic mechanism of α-phosphate attack in dUTPase is revealed by X-ray 

crystallographic snapshots of distinct intermediates, 31P-NMR spectroscopy and reaction path modelling. 

Nucleic Acids Res. 41, 10542–55. 
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resistance against all known antimalarials, there is thus an urgent need to identify new drug 

targets and develop new pharmacophores with unique structures and mode of action. In vitro 

and in vivo antimalarial potency of choline analogue compounds revealed the de novo 

phosphatidylcholine biosynthesis of the parasite as a potential drug target7. The bis-thiazolium 

salt compounds developed by Henri Vial and his collagues are considered to be one of the most 

promising antimalarials with a novel mode of action under clinical phase development8. The 

lead compound targets the choline carrier of the parasite, yet due to its intraerythrocytic 

accumulation it also can partially inhibit three consecutive enzymes of the de novo 

phosphatidylcholine biosynthetic pathway.9 The second, rate-limiting step of this pathway is 

catalyzed by CTP:phosphocholine cytidylyltransferase (CCT). It creates the energetic 

metabolic intermedier CDPCho together with pyrophosphate (PPi), by reacting choline-

phosphate (ChoP) with CTP (Fig. 2).  

 

Fig.2 Reaction catalyzed by CCT.  

CCT contributes to the membrane lipid composition homeostasis and thus influences several 

physiological processes. The underlying molecular mechanism is the reversible membrane 

interaction of the enzyme that enables transition between its inactive, cytosolic form and active, 

membrane bound form. Deletion of the membrane binding domain of CCT resulted in its 

constitutive i.e. lipid independent enzyme activity10. In contrast to its CCT homologues, the 

Plasmodial CCT enzymes possess two catalytic and membrane binding domains, evolved by a 

lineage-specific gene duplication. It is possible that the two plasmodial catalytic domains mimic 

the catalytic domain form observed at CCT homologues, although it has not been demonstrated 

                                                           
7 Wengelnik K, Vidal V, Ancelin ML, Cathiard A-M, Morgat JL, Kocken CH, Calas M, Herrera S, Thomas AW 

& Vial HJ (2002) A class of potent antimalarials and their specific accumulation in infected erythrocytes. 

Science 295, 1311–1314. 
8 Visser BJ, van Vugt M & Grobusch MP (2014) Malaria: an update on current chemotherapy. Expert Opin. 

Pharmacother., 1–36. 
9 Wein S, Maynadier M, Bordat Y, Perez J, Maheshwari S, Bette-Bobillo P, Tran Van Ba C, Penarete-Vargas D, 

Fraisse L, Cerdan R & Vial H (2012) Transport and pharmacodynamics of albitiazolium, an antimalarial drug 

candidate. Br. J. Pharmacol. 166, 2263–76. 
10 Friesen J a., Campbell H a. & Kent C (1999) Enzymatic and Cellular Characterization of a Catalytic Fragment 

of CTP:Phosphocholine Cytidylyltransferase  . J. Biol. Chem. 274, 13384–13389. 
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yet. The three-dimensional structure of Plasmodium CCT is not known. Current structural 

concepts rely on the three-dimensional CCT:CDPCho complex structures of the rat CCT 

catalytic domain11 12 , yet no structure of any CCT:substrate complex is available up to date. 

The lack of structural informations does not allow the understanding of conformational changes 

throughout the catalytic cycle as well as differences in substrate and product accommodation at 

the active site. 

We have a dual interest in the investigation of Plasmodium falciparum CCT (PfCCT). First, we 

aim to characterize the folding as well as enzymatic mechanism of its catalytic domain. Second, 

we wish to analyze enzyme-ligand interactions at the quaternary ammonium binding cleft at the 

enzyme active site, which could possibly serve as an interaction surface for choline analogue 

antimalarial compounds. In addition, we attempt to find general characteristics which are 

common among cognate quaternary ammonium enzyme binding sites. 

 

3. EXPERIMENTAL METHODS 

 

Homology model of PfCCT catalytic domain was built by MODELLER 9v8. Point mutations 

were generated by the Quikchange mehod (Agilent). The respective DNA constructs were 

verified by sequencing at MWG Eurofins Genomics. Protein constructs encompassing a 

6*histidine recombinant tag were expressed in Escherichia coli BL21 (DE3) Rosetta strain, and 

subsequently purified using Ni-nitrilotriacetic acid affinity chromatography. Mass 

spectrometric analysis of proteins was performed using a Waters QTOF Premier (Waters, 

Milford, MA, USA) electrospray ionization mass spectrometer in positive ion mode. 

Differential scanning fluorimetry measurements were performed using Sypro Orange dye in a 

Stratagene Mx3000P real-time PCR. dUTPase enzyme activity was followed by a continuous 

spectrofotometric pH indicator assay that measured proton release concomitant with dUTP 

hydrolysis. At steady-state conditions, measurements were carried out in a Specord 200 

spectrophotometer, while for transient kinetic measurements we used a SX-20 (Applied 

Photophysics, UK) stopped-flow device. Hydrolysis step of dUTPase was assessed by 

quench- flow measurements using a RQF-3 (KinTek Corp., Austin TX) device and γ32P-dUTP 

                                                           
11 Lee J, Johnson J, Ding Z, Paetzel M & Cornell RB (2009) Crystal structure of a mammalian CTP: 

phosphocholine cytidylyltransferase catalytic domain reveals novel active site residues within a highly conserved 

nucleotidyltransferase fold. J. Biol. Chem. 284, 33535–48. 
12 Lee J, Taneva SG, Holland BW, Tieleman DP & Cornell RB (2014) Structural basis for autoinhibition of CTP: 

Phosphocholine cytidylyltransferase (CCT), the regulatory enzyme in phosphatidylcholine synthesis, by its 

membrane-binding amphipathic helix. J. Biol. Chem. 289, 1742–1755. 
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radioactive substrate. We employed a coupled continuous spectrophotometric assay for analysis 

of PfCCT enzyme activity, which included pyrophosphatase and purine nucleoside 

phosphorylase auxiliary enzymes together with 7-methyl-6-thioguanosine (MESG) 

co- substrate. Thermodynamic analysis of ligand binding to PfCCT was assessed by isothermal 

titration calorimetry (ITC) measurements using a MicroCal ITC200 device (GE Healthcare). At 

fluorescence-based ligand binding measurements we followed the intrinsic tryptophan 

fluorescence signals of the respective mtDUT and PfCCT constructs using a Jobin Yvon SpeX 

Fluoromax-3 spectrofluorimeter. Protein crystallization was performed using the hanging drop 

vapor diffusion method. X-ray diffraction of protein crystals was done at DESY X12 

synchrotron source (Hamburg). Data processing, phase problem solving and model building 

were fulfilled using XDS, Molrep, Coot and Refmac softwares, respectively. A full-range query 

of the Protein Data Bank for quaternary ammonium ligand binding proteins was performed 

using Relibase, wich was followed by visual inspection of the identified structure hits. 

 

4. RESULTS 

4.1 Mg2+ cofactor coordination of Mycobaterium tuberculosis dUTPase  

 

The role of the aspartate from the first conserved motif Mycobacterium tuberculosis dUTPase 

that indirectly coordinates Mg2+ was investigated by designing the cognate aspartate/asparagine 

(D28N) point mutant. Analyzing the mutant with steady-state as well as transient kinetic setups 

revealed a fifty-fold decrease in its enzyme activity. Quench-flow measurements confirmed that 

the mutation specifically affected the rate of the hydrolysis step, without perturbing the overall 

enzymatic mechanism. Contrary to our previous expectations, the observed perturbation of 

enzymatic activity far exceeded the two-fold decrease effect induced by the absence of the Mg2+ 

ion. In addition, the metal ion dependence was still apparent in case of the D28N mtDUT 

mutant. We have investigated the effect of D28N exchange on the interaction between the 

nucleotide and the C-terminal arm of the enzyme. We measured ligand binding to the enzyme 

by following the intrinsic fluorescence signal of a tryptophan residue previously engineered 

into the construct (mtDUTD28N,H145W). The D28N mutation resulted in a profound, fifteen-fold 

decrease of α,β-imido-dUTP (dUPNPP) substrate analogue affinity. As the fluorescent quench 

observed at steady-state kinetic conditions was also markedly decreased, the active site of the 
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D28N mutant apparently cannot properly adopt a conformation required for catalytic function. 

At the same time, the product dUMP binding has not been affected by the mutation. 

We have solved the three-dimensional structure of mtDUTD28N:dUPNPP:Mg2+ by X-ray 

crystallography at 1.8 Å resolution. It was apparent that the carboxamide moiety of the N28 

asparagine has rotated by 45° from the position of the original aspartate carboxylate group. This 

prevented the proper coordination of waters belonging to the hydrate shell of the Mg2+ cofactor. 

This modification was responsible for further conformational changes that resulted in the partial 

disruption of interactions of conserved motifs originated from different protein subunits. The 

apparent disorder of the catalytically essential C-terminal arm together with an altered 

coordination of the nucleophile water molecule may correlate the observed decrease in the 

catalytic efficiency of the point mutant. Therefore our results indicate that the dominant role of 

the aspartate from the first conserved motif of mtDUT, beyond the indirect coordination of 

Mg2+, is in providing local structural integrity by enchancing inter-subunit contacts that ensures 

optimal catalytic efficiency of the enzyme. 

 

4.2 Characterization of the kinetic mechanism and ligand binding of PfCCT  

We employed a construct encompassing the second catalytic domain (C2) for biochemical 

characterization of PfCCT (PfCCT528-795, Δ720-737, termed as PfCCT MΔK). A homology model 

of both catalytic domains of PfCCT was built based on the published structure of the 

homodimer catalytic domain of rat CCT. We have inspected the residue differences between 

C1 and C2 domains on the model structure. The few altered residues were located neither at the 

active site nor at the dimer interaction surface of the enzyme, indicating that the homology 

model adequately represents the expected physiological C1/C2 dimer form of PfCCT catalytical 

domains. Electrospray ionization mass spectrometry of PfCCT MΔK indicated its homodimeric 

form that is in agreement with the homology model architecture as well as oligomerization state 

of CCT homologues. PfCCT steady-state enzyme activity was assessed under pseudo-first order 

conditions (Fig. 3). The turnover number determined from CTP titration was 1,45 ± 0,05 s-1 

whereas CTP Michaelis constant was 168 ± 17 µM. ChoP titrations revealed substrate inhibition 

at ChoP concentrations far exceeding the physiological concentration of this metabolite (30 

μM).13 

                                                           
13 Ancelin ML & Vial HJ (1989) Regulation of phosphatidylcholine biosynthesis in Plasmodium-infected 

erythrocytes. Biochim. Biophys. Acta 1001, 82–9. 
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Fig.3 Steady-state kinetic analysis of PfCCT MΔK. A) CTP titration at 5 mM fixed ChoP 

concentration. Initial velocity data were fitted with Michaelis-Menten kinetic model. B) ChoP titration 

at 900 μM fixed CTP concentration. Initial velocity data were fitted with competitive substrate inhibition 

kinetic model. 

 

In order to assess binding order of the substrates we performed CDPCho product inhibition 

kinetic analysis. We found that the inhibitory pattern of CDPCho showed a major competitive 

character with respect to either substrate, which can be interpreted within the frames of a 

random bi-bi kinetic mechanism, also observed at the rat CCT enzyme. 

Ligand interactions of PfCCT MΔK were followed by isothermal titration calorimetry and 

fluorescence spectroscopy. ITC titrations revealed that CDPCho and CTP ligand binding events 

are enthalpically favoured and entropically disfavoured. Titration of the enzyme with PPi 

product yielded only minor heat effects that indicate milimolar ligand affinity. In contrast, we 

could not obtain any measurable heat signal upon titration of MΔK enzyme with ChoP, even at 

concentrations corresponding to its Michaelis constant. Surprisingly, we observed a five-fold 

higher CTP affinity in absence (Kd,CTP =59 μM ), than in presence of the Mg2+ ion cofactor 

(Kd,CTP:Mg
2+

 = 294 μM). These two binding events had characteristically different entropy of 

binding. Our results suggest that Mg2+ is dispensable for nucleotide triphosphate coordination 

and thus its primary role may rely in facilitating the enzyme catalyzed conversion of substrates. 

It is worth to note that similar role of Mg2+ was discovered at two additional enzymes from the 
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HIGH nucleotidyltransferase enzyme superfamily namely at class I aminoacyl tRNA synthase14 

as well as at riboflavin kinase/flavin adenine dinucleotide synthase. 15 

Titration of PfCCT MΔK with CDPCho yielded tryptophan fluorescence intensity increase as 

well as a blue shift of the emission spectrum. By performing site-directed mutagenesis of the 

tryptophans within the construct, we have demonstrated that W692, located at the active site, is 

responsible for the ligand induced fluorescent changes. The underlying molecular basis of this 

signal is probably the cation- π interaction between the fluorophore and the quaternary 

ammonium moiety of CDPCho, that has been first identified in the rat crystal structure.16 Lack 

of the fluorescent signal change upon ChoP binding may reflect a different microenvironment 

of W692 in the presence of ChoP and CDPCho. Nevertheless, the PfCCT:ChoP interaction 

clearly requires further assessment. 

 

4.3 Role of choline binding site residues in ligand binding and catalysis of PfCCT  

The choline binding cleft of PfCCT is a partially hydrophobic pocket that accommodates 

quaternary ammonium moieties of ChoP and CDPCho. This subsite is built up of strictly 

conserved residues of either charged or aromatic character, the latter providing cation-π 

interaction to the choline moiety of cognate ligands. To investigate the role of these residues in 

ligand binding and enzyme action, we designed a series of point mutants conservative for 

structure in PfCCT MΔK by modulating the character of charged (D623N, Y741F) as well as 

aromatic (W692F, W692Y, Y714F) residues. The introduced mutations did not perturb the 

overall quaternary structure of the enzyme as shown by electrospray ionization mass 

spectrometry. Substitution of charged to non-charged residues yielded profound perturbation 

effects on catalytic efficiency (Fig. 4, up). This is considerably due to an altered choline 

coordination, as deduced from both KM, ChoP and impaired CDPCho binding capability, 

characterized with diminished enthalpy of binding (Fig. 4., down). Partial conservation of the 

aromatic residues involved in cation-π interactions by tuning electrostatics, ring size and 

                                                           
14 Kapustina M, Weinreb V, Li L, Kuhlman B & Carter CW (2007) A conformational transition state 

accompanies tryptophan activation by B. stearothermophilus tryptophanyl-tRNA synthetase. Structure 15, 

1272–84. 
15 Serrano A, Frago S, Velázquez-Campoy A & Medina M (2012) Role of key residues at the flavin 

mononucleotide (FMN): Adenylyltransferase catalytic Site of the bifunctional Riboflavin kinase/flavin adenine 

dinucleotide (FAD) synthetase from Corynebacterium ammoniagenes. Int. J. Mol. Sci. 13, 14492–14517. 
16 Lee J, Johnson J, Ding Z, Paetzel M & Cornell RB (2009) Crystal structure of a mammalian CTP: 

phosphocholine cytidylyltransferase catalytic domain reveals novel active site residues within a highly conserved 

nucleotidyltransferase fold. J. Biol. Chem. 284, 33535–48. 
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quadrupole moment of the aromatic ring is still somewhat compatible with ligand binding and 

catalysis. 

 

Fig. 4. Effect of mutations on PfCCT MΔK enzyme activity and ligand binding capability. 
Catalytic turnover and thermodynamic parameters of CDPCho binding (binding free enthalpy (ΔG), enthalpy (ΔH) 

and entropy (ΔS)) of PfCCT MΔK and its point mutants are shown in top and bottom panels, respectively. Colored 

scheme illustrate quaternary ammonium binding site of PfCCT with charged and aromatic interaction residues 

depicted as blue triangle and yellow ellipse, respectively. Functional effect of point mutation on residue is 

indicated: altered aromatic character is depicted with a grid; exchange of charged to non-charged residue is marked 

by open triangle whereas for the alanine mutation of a given residue, the respective symbol is deleted. Note the 

break on the y axis on the top panel. 

 

The observed diverse performance of the mutants argue for the valid distinction of their charged 

versus cation-π interaction nature. We also demonstated the different kind of interactions 

provided by the two tyrosines located at the binding sites. The significance of cation-π 

interactions to quaternary ammonium ligands was further underlined by the investigation of a 

PfCCT MΔK mutant with fully abolished aromatic character, W692A. This mutation lead to a 

drastic disruption of catalytic function and also strongly perturbed thermodynamics of CDPCho 

binding. Importantly, in this case it seems that binding of CDPCho in the W692A mutant is 

now entropy- rather than enthalpy-governed, which is in sharp contrast to the interactions to 

most of other MΔK mutants. Our study showed that during catalysis performed by PfCCT, 
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enzyme function is governed by a combination of cation-π and charged interactions to the 

quaternary ammonium moiety. 

 

4.4 Identification of a general quaternary ammonium ligand recognition site for enzymes  

We have performed a comprehensive search in the Protein Data Bank for structures containing 

quaternary ammonium ligands using Relibase.17 We found quaternary ammonium ligands in 

enzymes and also in receptors without enzymatic function. In the overwhelming majority of 

enzyme:ligand complex structures, the quaternary ammonium ligand was accommodated by 

both aromatic and charged or polar interactions (86 hits i.e. 93%). In these structures, only one 

or two aromatic rings coordinated the respective substrate or product, while further coordination 

was accomplished by polar or negatively charged residues (Fig. 5). Noteworthly, this general 

architecture appeared in a great number of protein families, belonging to 15 protein family clans 

thus providing another spectacular example for the concept of convergent evolution. We 

propose the term ‘composite aromatic box’ for this universal enzyme binding geometry. 

 

Fig. 5 Enzyme and receptor type of quaternary ammonium binding sites, the composite 

aromatic box and the aromatic box. 

 

                                                           
17 Hendlich M, Bergner A, Günther J & Klebe G (2003) Relibase: design and development of a database for 

comprehensive analysis of protein-ligand interactions. J. Mol. Biol. 326, 607–20. 
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The universal composite aromatic box recognition pattern is clearly distinct from the well-

known aromatic box or aromatic cage architecture, abundantly found at receptor proteins (78% 

of relevant receptor hits). The multiple aromatic rings in the aromatic box recognition site are 

positioned to face the bound charged moiety of the ligand and thus provide an optimal geometric 

fit. Ligand coordination is occasionally supplemented with an acidic sidechain that performs 

charge compensation with the quaternary ammonium moiety. The characteristic differences of 

the enzyme and receptor binding sites are probably tuned to the different kinetic, 

thermodynamic and conformational requirements of their respective biological roles. 

 

5. THESES 

 

1. It has been demonstrated that the aspartate from the first conserved motif of 

Mycobacterium tuberculosis dUTPase (mtDUT) that participates in Mg2+ cofaktor 

coordination is not responsible for the cofactor dependence of the enzymatic activity, 

nevertheless, it facilitates nuleotide triphosphate coordination and catalysis of the 

enzyme. [1] 

 

2. We have solved the three-dimensional structure of mtDUTD28N:dUPNPP:Mg2+ by X-ray 

crystallography at 1.8 Å resolution. The structural analysis revealed that the dominant 

role of the aspartate from the first conserved motif, beyond the indirect coordination of 

Mg2+, is to provide local structural integrity by enchancing inter-subunit contacts that 

ensures optimal catalytic efficiency of the enzyme. [1] 

 

3. We have demonstrated that the second catalytic domain construct of PfCCT forms 

dimers and faithfully represents the interactions of the two catalytic domains of the 

protein. We have revealed a random binding kinetic mechanism for the enzyme. With 

independent biophysical techniques we revealed that accommodation of the choline 

phosphate moiety in the CCT active site is different when it appears on its own as one 

of the substrates or when it is covalently linked to the CDPCho. [2] 

 

4. We have demonstrated that Mg2+, considered to be a cofactor of PfCCT is dispensable 

for CTP binding and thus its key role is assisting the enzyme catalysed conversion. [2] 
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5. We identified that residues at the choline binding site of PfCCT provide either 

electrostatic or cation-π interactions to the cognate ligands. We demonstrated that both 

type of interactions are essential for optimal PfCCT ligand binding and catalysis. [3] 

  

6. We have performed a comprehensive search of ligand binding sites containing 

quaternary ammonium ligands. We have identified for the first time a widespread 

enzyme recognition site termed composite aromatic box, where ligand coordination is 

affected by a combination of electrostatic and cation-π interactions. This recognition 

site is markedly different from the aromatic box site, often found at proteins with 

receptor function where efficient ligand binding is ensured by three of four cation-π 

interactions. [3] 

 

6. POSSIBLE APPLICATIONS 

 

The aspartate from the first motif of Mycobacterium tuberculosis dUTPase is conserved within 

the enzyme family and therefore it is expected to have a similar role in further trimeric 

dUTPases in the catalytic mechanism.  

The biochemical characterization of the catalytic domain of PfCCT could be the first step 

towards evaluation of this enzyme as a potential antimalarial drug target. We hope that our 

results will contribute to the rational design of choline analogue antimalarial drugs acting on 

the phosphatidylcholine biosynthesis pathway of the parasite.  

It has been independently demonstrated for two additional enzymes from the HIGH 

nucleotidyltransferase enzyme superfamily that Mg2+ cofactor attenuates nucleotide 

triphosphate affinity. It may be worthwhile to investigate whether this characteristics appears 

in additional, evolutionally related enzymes.  

The recently identified composite aromatic box recognition site may extend our knowledge of 

mechanism of action of enzymes with quaternary ammonium ligands. This may have additional 

pharmacological consequences, since many enzymes with quaternary ammonium ligands play 

important roles either in severe infectious diseases or in diverse metabolic processes as lipid 

biosynthesis, epigenetics or neurotransmitter metabolism. Their deficiencies lead to serious 

adverse phenotype effects in humans and therefore themselves are well established drug targets. 

Nevertheless, due to structural and mechanistic differences, in-depth kinetic and structural 
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analysis is necessary for the proper characterization of each quaternary ammonium ligand 

binding enzyme. 
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