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Abstract: Among the malaria-causing parasites, the deadliest is Plasmodium falciparum, which
accounts for the majority of the fatalities. As the infection progresses inside erythrocytes, major
cellular and metabolic changes take place. For its own growth, the parasite relies on the accumulation
of phospholipids, which are essential for membrane synthesis. Within the Kennedy pathway, the
P. falciparum choline kinase (PfChoK) has a central role in the biosynthesis of phosphatidylcholine
and its selective inhibition leads to the parasite arrest and eradication. Here, we report the crystal
structure of the apo and the ADP-bound form of choline kinase from Plasmodium falciparum at 2.0 and
2.2 Å resolution, respectively. These new structural data will facilitate the implementation of effective
structure-based drug development strategies against PfChoK in the fight against malaria.

Keywords: choline kinase; Plasmodium falciparum; malaria; ADP; crystal structure

1. Introduction

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” [1], 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) [2], Plasmodium falciparum is the deadliest and is accountable for the majority of the estimated
cases [1].

Unfortunately, while conventional antimalarial remedies comprise artemisinin-based combination
therapies, chloroquine, sulfadoxine-pyrimethamine, and amodiaquine [3], resistance to these
conventional therapies has been reported worldwide [4,5]. 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 [6]. 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) [3,4,7].
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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 [8,9].

One of the most striking consequences of the blood-stage parasitization is the dramatic increase
of the phospholipid content, especially phosphatidylcholine (PC) and phosphatidylethanolamine
(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 [2,10–14].

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 [15]. 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 [2,10–13].

Targeting the PC biosynthetic pathways by designing choline analogues has been shown
to be lethal for the parasite in in vitro experiments [16–19]. In P. falciparum, PC biosynthesis is
operated by two distinct metabolic pathways: the CDP-choline or Kennedy pathway and the serine
decarboxylation-phosphoethanolamine methylation pathway [20,21]. The former is responsible for
89% of PC synthesis, while the latter accounts for the remaining 11% [22]. The Kennedy pathway
consists of a three-step enzymatic cascade, whereby choline is transformed into PC through the
action of choline kinase (ChoK), CTP:phosphocholine cytidylyltransferase, and choline/ethanolamine
phosphotransferase [23].

ChoK has been proved to be a cytosolic marker for human erythrocyte-infection by P. falciparum [16];
ChoK selective inhibition causes the asexual intra-erythrocytic cycle to arrest and results in the death of
the parasite [24–28]. Despite an extensive biochemical characterization of P. falciparum choline kinase
(PfChoK) [29–31] and the elucidation of its underlying ping-pong catalytic mechanism [25], reliable
and complete structural data that can guide the design of new and more potent inhibitors have so far
been partially elusive. Here, we present the crystal structure of PfChoK (EC 2.7.1.32) in its apo and in
its ADP-bound conformation.

2. Materials and Methods

2.1. Cloning, Protein Expression, and Purification

A truncated form of PfChoK (∆79-440) featuring an N-terminal 6xHis tag and cloned into a
pET-28a vector (Invitrogen, Carlsbad, CA, USA) was purchased from Genescript (Piscataway, NJ, USA)
and used to transform Escherichia coli BL21 (DE3) Star cells (Invitrogen, Carlsbad, CA, USA). Cells were
then cultured in Luria–Bertani (LB) medium until OD600 = 0.6, when protein expression was induced
using 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The culture was incubated overnight at
180 rpm and 20 ◦C. Cells were then pelleted by centrifugation at 10,000 rpm, resuspended in 50 mM
Tris/HCl pH 7.5, 500 mM NaCl, 0.2 mM phenylmethylsulphonyl fluoride (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 fraction was separated from the cell debris by
centrifugation at 15,000 rpm and 4 ◦C.

The PfChoK enzyme was isolated following a two-step purification protocol. In a first affinity
chromatography step, the soluble fraction was incubated with Ni-NTA agarose beads (Qiagen, Venlo,
The Netherlands) for 45 min. After washing the column extensively with a 50 mM Tris/HCl pH 7.5,
300 mM NaCl, 40 mM imidazole buffer solution, the His-tagged PfChoK was eluted in 50 mM Tris/HCl
pH 7.5, 300 mM NaCl, and 400 mM imidazole. The protein was then further purified by size-exclusion
chromatography using a HiPrep 26/60 Sephacryl 100 HR column (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) and a 20 mM Tris/HCl pH 7.5, 150 mM NaCl running buffer. The final protein
production yield was in the order of 2.5 mg of recombinant protein per liter of bacterial culture.
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2.2. Crystallization

Crystals of the apo and of the ADP-bound 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) and screening 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.

2.3. X-Ray Diffraction Data Acquisition, Structure Solution, and Refinement

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 [32] and
scaled with SCALA in the CCP4 program suite (Oxford, UK) [33]. Molecular replacement and model
refinement were done using Phenix (Berkeley, CA, USA) [34] 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 [35]. Data collection and
refinement statistics for the two crystal structures are shown in Table 1. Molecular graphics and
analyses were done using UCSF Chimera (University of San Francisco, San Francisco, CA, USA) [36]
and Pymol (Schrödinger Inc., New York, NY, USA) [37].

Table 1. Data collection and refinement statistics.

Crystallographic Table PfChoK Apo Form PfChoK ADP-Bound Form

Protein Data Bank ID 6YXS 6YXT

Space group P 21 21 21 P 21 21 21

Cell dimensions

a, b, c (Å) 66.41, 68.82, 104.80 66.45, 67.99, 105.11

α, β, γ (◦) 90, 90, 90 90, 90, 90

Wavelength (Å) 1.00 1.00

Resolution (Å) 57.53–2.00 (2.11–2.00) 68.00–2.20 (2.32–2.20)

Total reflections 263,600 (40,520) 125,859 (17,449)

Unique reflections 33,217 (4770) 24,873 (3571)

Multiplicity 7.9 (8.5) 5.1 (4.9)

Completeness (%) 100.0 (100.0) 99.90 (100.0)

Rmerge 0.203 (1.736) 0.146 (1.593)

Mean I/sigma(I) 8.00 (1.3) 6.5 (1.00)

Wilson B-factor (Å2) 24.5 37.1

CC1/2 0.995 (0.429) 0.994 (0.486)

Reflections used in refinement 33,149 (3242) 24,706 (2339)

Reflections used for Rfree 1739 (159) 1230 (114)
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Table 1. Cont.

Crystallographic Table PfChoK Apo Form PfChoK ADP-Bound Form

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

protein 3020 3028

ligands 53 41

solvent 204 96

Protein residues 359 359

RMS bonds (Å) 0.003 0.002

RMS angles (◦) 0.53 0.66

Ramachandran plot

Favored/allowed/outliers (%) 96.36/2.80/0.00 92.16/5.60/2.24

B-factor (average) (Å2) 38.25 57.15

protein 37.84 57.32

ligands 49.42 50.23

solvent 41.36 54.66

Statistics for the highest-resolution shell are shown in parentheses.

3. Results and Discussion

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) [38] and human (PDB code: 2CKO) [39] variants (ChoKA-2 and hChoKα1, respectively),
this N-terminal domain features a non-conserved region (Figure 1) that plays no role in catalysis.
The structure of the PfChoK apoenzyme was solved by molecular replacement using the incomplete
crystal structure of phosphocholine- and ADP-bound PfChoK available in the PDB (3FI8) (paper not
published) as search model. Each missing loops and side chain in the starting model were manually
assigned to fill all the available electron density and the model was refined at 2.00 Å resolution. Then,
the coordinates of the apoenzyme were used as starting model for solving the ADP-bound structure of
the enzyme, which was refined at 2.20 Å resolution.

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 2),
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 3,
blue). Helix η2 is followed by a five-stranded twisted antiparallel β sheet (Figure 3, 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 3, purple),
while helices η3 and α3 are inserted between strands C and D (Figure 3, magenta). Helices α2 and η3
are not found in ChoKA-2 and hChoKα1 and constitute a unique feature of PfChoK, while helix α3
is shorter than the corresponding helices in ChoKA-2 and hChoKα1. Interestingly, whereas helix α3
mediates dimer formation, both in the ChoKA-2 and in the hChoKα1 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 (Supplementary
Materials Figure S1).
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Figure 1. Sequence alignment of the full sequences of P. falciparum choline kinase (PfChoK), C.
Elegans ChoK-A2 and hChoKα1. In the alignment, the secondary structure of the PfChoK structure
is shown on the top, while the secondary structure of hChoKα1 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 hChoKα1, respectively. Figure obtained with
ESPript-http://espript.ibcp.fr [40].
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Figure 2. Overall fold of the PfChoK apoenzyme (PDB code: 6YXS) (A) and the ADP-bound PfChoK
enzyme (PDB code: 6YXT) (B). 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.

http://espript.ibcp.fr
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Figure 3. 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.

The N-terminal domain is connected to the C-terminal one by a short linker featuring a short β
strand (βF, Figure 3, 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 3, red), the insertion
subdomain (Figure 3, pink), and the C-terminal subdomain (Figure 3, 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
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 an 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 [38].

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 (r.m.s.d. = 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 r.m.s.d. values (3.75 Å and 2.35 Å, respectively, Supplementary Materials Figure S2). This is
despite the overall good sequence alignment and the similar folding topology. However, the r.m.s.d.
values get smaller when the individual N-terminal domains are considered (1.6 Å for ChoKA-2 and
1.15 Å for hChoKα1), while they remain relatively high for the C-terminal domain (2.10 Å for ChoKA-2
and 2.20 Å for hChoKα1). These r.m.s.d. values for the C-terminal domain seem to be due to the
marked differences in the secondary structure of the insertion subdomain.
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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 [41].

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 4). 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 4A). Moreover, Arg142 has a role in the binding of
ADP since it can interact with both its α and its β phosphate group.
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Figure 4. (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).

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 4A).

The residue His213 (Figure 4B), which is situated in helixα4, 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 4C) 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 5A).
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Figure 5. 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.

The ADP-bound structure reveals the binding mode of the adenosine nucleotide in PfChoK
(Figure 6). 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
hydrogen bonds the nitrogen in 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 5B).
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 hChoKα1
(2CKP) [39], in the incomplete ADP- and phosphocholine-bound form of the P. falciparum enzyme (3FI8,
unpublished data), and in the co-crystal structure of hChoKα1, ADP, and hemicholinium-3 (3G15) [42]
(Figure 7), even though, in all these structures, the presence and the number of magnesium ions vary.
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Figure 6. 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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Figure 7. (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 hChoKα1 (PDB code: 2CKP, magenta), and the co-crystal structure of hChoKα1,
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.

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, the only appreciable difference
between the two structures being the presence of only one magnesium ion that is coordinated by
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Asn293 and Asp305 (cyan sphere in Figure 7B) 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
hChoKα1 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.

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 8). In the hChoKα1, the choline binding site is an essentially
hydrophobic pocket that is capped by negatively charged residues [39]. Hence, two different functional
regions can be identified: one lined by Asp215, Glu217, Glu218, Glu309, Glu349, Asp353, Glu357, and
Glu434 (hChoKα1 numbering, Figure 8), 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 8, orange, and magenta residues).
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Figure 8. Structure alignment of the PfChoK (green cartoon) and the hChoKα1 (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.

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
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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 hChoKα1 is replaced by Ser192 in PfChoK. All other
residues (Glu309, Glu349, and Asp353) in hChoKα1 are conserved and superimpose well with their
PfChoK counterparts (Glu291, Glu324, and Asp328).

4. Conclusions

To date, despite its relevance as a drug target against malaria, PfChoK has been only partially
characterized from a structural viewpoint. As a result, the three-dimensional arrangement of the
corresponding C. elegans and human enzyme have often served for homology modeling purposes.
Here, we reported the complete structural characterization of the apo and the ADP-bound form of the
enzyme; thus, shedding light on previously elusive features of the PfChoK structure and catalytic cycle
and facilitating a structure-based drug discovery approach to this important target.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/7/613/s1,
Figure S1: Analytical size-exclusion chromatography, Figure S2: Structural superposition of PfChoK (6YXS),
CHA-2 (1NW1) and ChoKα1 (2CKO), Figure S3: omit map of the ADP molecule (6YXT).
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