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ABSTRACT

Malaria continues to be one of the most serioubaldealth
challenges. The increasing incidence of drug rasist
Plasmodium strainshas emphasised the need for urgent action in
the development of new therapeutic strategies ag#iis disease.
Development of new drug targets is of vital impoda in this
regard. The recent availability of genomic inforioatand the
resultant observation that in many instances, pradi@ases from
parasitic protozoa are phylogenetically distantnfrdhose in
humans has established this group of enzymes antmitdrug
targets in the Malaria parasite. In order to raltyndesign novel
inhibitors and chemical tools exclusively targetif@OPKs,
reliable  molecular  structures are needed.  Strulctura
Bioinformatics, specifically molecular modellingarc contribute
immensely to improving access to structural infaiarafor these
challenging targets. Here, a three dimensionalctira of
PfCDPK4 created by homology modelling is reporteditier, a
model structure with computationally docked ATP cieated.
These structures will be used to facilitate thecalery and
development of novel inhibitors and chemical prai@s tools
for the study of this sub-family of proteins.

Categoriesand Subject Descriptors
J3 [Computer Applications]: Life and Medical Sciences —
biology and genetics.

General Terms
Algorithms, Experimentation.

Keywords
Structural bioinformatics, homology modelling, it kinase,
Plasmodium falciparum, Malaria.

1. INTRODUCTION
Malaria continues to be one of the most serioudajldealth
challenges.

The increasing incidence of drug resistBl#tsmodium strainshas
emphasized the need for urgent action in the dpuedmt of new
therapeutic strategies against this disease. Dpreint of new
drug targets is of paramount importance in thisrég

Until recently, protein kinases were not viewed véable drug

targets in parasitic infectious diseases; not ldastto the fact that
the human host for these parasites expresses rhare five

hundred different protein kinases. Availability afenomic

information and the resultant observation that Bmyninstances,
protein kinases from parasitic protozoa are phyletjeally

distant from those in humans has resulted in tlgsv\being

reversed [1].

The protein kinase complement Bfasmodium falciparum, the
main infectious agent of lethal malaria in humahas been
analysed in detail [2, 3].

These analyses revealed that Fhdalciparum kinome comprises
as many as 65 sequences related to typical eukarpottein
kinases (ePKs) as defined in model organisms. Aeinfamily of
phylogenetically distinct ePK-related genesPinfalciparum has
been identified. These kinases (up to 20 in nurfRjedesignated
the FIKK family due to a conserved amino-acid matiftheir
catalytic domain, are only found in the Apicompleaad are
particularly highly-represented iR. falciparum [4]. A further
difference from the host kinome was the presenceabdium
dependent protein kinases (CDPKs), normally onlynfb in
plants. The presence of these kinases and kinaskefathat are
only remotely related to human ePKs might faciitathe
discovery of novel inhibitors and drugs with exchasspecificity
for P. falciparum. In addition to their absence in the human host,
CDPKs demonstrate several characteristics of a gioog target.
These include the essential involvement of CDPK4séxual
development of the parasite [1].

In order to develop novel inhibitors and chemicall$ targeting
CDPKs, reliable molecular structures are neededrre@tly, no
reports of experimentally solved structures of €K kinases or

P. falciparum CDPKs exist. This can be attributed to a number of
factors including the continued limited interesorfr industrial
research groups in the biology of the Malaria ptgak addition,
major challenges are often experienced in attertpptexpress
protein targets fromP. falciparum in heterologous hosts for



subsequent crystallisation. The AT rich genom®.d&lciparum
can result in difficulties in heterologous expressidue to the
resultant high prevalence of rare codons relativethte host
machinery [5]. The presence of low complexity itis&s in
Plasmodium proteins also contributes to the inability of thes
proteins to express in soluble form in heterolodoosts [6].

Structural Bioinformatics, specifically molecularodelling, can
contribute immensely to improving access to stmattu
information for these challenging targets. Here, tlree
dimensional structure ofPfCDPK4 created by homology
modelling is reported. Further, a model structurathw
computationally docked ATP is created. These strestwill be
used to facilitate the discovery and design of havbitors and
chemical proteomics tools for the study of this -faily of
proteins.

2. METHODS
2.1 Molecular Graphics Software

All molecular modelling operations were carried ousing
Discovery Studio 2.1 (Accelrys Inc., San Diego, CAStructure
images were generated using Pymol 0.99.

2.2 Template Selection and Alignment

The amino acid sequence Bf falciparum CDPK4 PfCDPK4)
was retrieved from the UniProt Protein Knowledgebasd used
to search non redundant protein chains from theefrdData
Bank (PDB)via PSI-BLAST using the BLOSUMG62 scoring
matrix. The crystal structure of the kinase donwdi€DPK1 from
Cryptosporidium parvum (PDB Id: 2qg5) was ultimately selected
as a template due to its relatively close sequedeatity to
PfCDPK4 and our speculation that since the two pteasi
organisms are phylogenetically related, their CDRKay have
functional similarity. The structure coordinatdsGpCDPK were
obtained from the RCSB Protein Data Bank and thmaracid
sequence of chain A extracted. A sequence alignrbetween
PfCDPK4 and CpCDPK was generated using the Alignl123
module in Discovery Studio 2.1 (Accelrys Inc., Saiego, CA).
Align123 is based on ClustalW and uses a progregsairwise
alignment algorithm. A gap open penalty of 10 andgap
extension penalty of 0.05 were used.

2.3 Homology Modelling of PFCDPK 4

Structure

PfCDPK4 was modelled again®pCDPK (PDB Id: 2qg5) using
the Modeller [7] engine operatedia Discovery Studio 2.1
(Accelrys Inc., San Diego, CA). Five models wereated with

the alignment produced as described above usedpas. i The
one insertion-loop (Arg38 — Asp41; this region te=iliin a gap
in the alignment) from the best model (selectedttan basis of
PDF Total Energy score) was refined using the Medelnergy
function without homology constraints. Other regionf the

protein were held rigid. A subset of amino-acidestthains from
the best model after loop refinement was subjetteside chain
refinement using ChiRotor [8]. This program optiessprotein
side-chain conformations based on systematic searaf side-

chain conformation followed by CHARMmM energy mingation.

Only amino acids which fell on low homology (i.e9 sequence
identity or similarity) regions of the alignment reeselected for
ChiRotor refinement.

The final refined, minimised model was validatedhgsProfiles
3D verify and Modeller verify in Discovery Studiol2and using
the WHAT-IF server
(http://swift.cmbi.ru.nl/servers/html/index.html).

2.4 Computational docking of ATP

The refined, minimised model created above was tsedmall-
molecule docking studies. First, a 12 A ligand spheentred on a
major cavity (around the typical ATP- binding sibé¢ protein
kinases) was defined. ATP was then docked using CKER
[9]. CDOCKER uses a CHARMm-based molecular dynamics
(MD) method for ligand-docking. In the current sgud0 random
conformations of each ligand were generated usingh-h
temperature MD. After these conformations were di&ed into
the binding sphere, candidate poses were creaied wwndom
rigid-body rotations followed by simulated annegliand a final
energy minimisation. The final ligand poses werersd using a
variety of scoring functions including LigScoreljg&core2,
PLP1, PLP2, Jain, PMF and PMF04.

3. RESULTS
3.1 Homology Model of PFCDPK 4

A search of non-redundant protein structures irctiveent release

of the Protein Data Bank (PDBja PSI-BLAST yielded several
homologues ofPfCDPK4. The crystal structure of the kinase
domain of CDPK1 fron€Cryptosporidium parvum (PDB Id: 29g5)
was ultimately selected as a template. This siracvas selected
on the basis of its close sequence and putativetiaunal
homology toPfCDPK4. On alignment, the amino acid sequences
of the two proteins’ kinase domains showed 39% eede
identity and 63% sequence similarity (Figure 1).
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Figure 1 Alignment of the amino acid sequences of PFCDPK 4
and CpCDPK 1.



The alignment between the two protein sequencedagisd long
stretches of matched amino acid residues, with only gap due
to a short insertion in tHRfCDPK4 sequence.

One model was selected from the five structureseifed on the
basis of this alignment. This initial model wasthar refined
using several tools (Section 2.2). Validation ressdemonstrated
that these refinement procedures resulted in inengah
improvement of the model at each stage of refinerfieable 1).

Table 1 Validation statistics for homology model of PFCDPK 4.
At each stage of refinement, the quality of model improved.

Initial Loop L oop/Sidechain
M odel Refined Refined and
M odel minimized (Final)
M odel
DOPE -28511 -28642 -28692
Score
Verify 108.55 108.75 108.82
Score
Ramachan | 1.256 1.103 1.103
dran Z-
score

The overall fold of the final model d®fCDPK4 was typical of
protein kinase catalytic domains. The structure wmisbal

comprising an N-terminal domain Bfsheets and a larger, mainly

a-helical C-terminal domain. Superimposition BICDPK4 to
the template structure showed close similarity leetwthe two
structures, with a Root Mean Square Deviation (RM8Donly
0.153 A.

Figure 2 Cartoon representation of superimposition of
PfCDPK4 (Green) and CpCDPK1 (Magenta). The typical
bilobal kinase catalytic domain structure can be seen.

3.2 ATP-bindingto PfCDPK4
Protein kinases that bind ATP have the classic moaleotide
binding fold. This fold comprises &3-strand-loopea-helix

secondary structure [10] and is important for higdiof ATP,
particularly the phosphate tail.

This fold was identified in the structure BFCDPK4 and used to
determine the positioning of a binding sphere for silico
docking. The sphere was centred on a major bidimgket and
spanned 12 A.  The program CDOCKER [9] was used for
docking. Poses were prioritized by scoring usingaaiety of
scoring functions. Based on this ranking procedBase number

6 was selected as the most likely orientation fording as it
returned consistently high scores from the vari@eoring
functions.

In this pose, ATP nestles into the catalytic cabigfween the N-
terminal and C-terminal lobes. The molecule formirbgen
bonds with several amino acid residues (Figure 3).

The adenine hydrogen bonds to a sidechain oxygehS#f145
and to GLU48. One of the ribose hydroxyl groupsysirogen
bonded to the side chain of GLU48. Since the mededtructure
does not contain water molecules or magnesiumalhahalogous
interactions of the adenine and ribose groups erokinase
structures could be identified (e.g., those thajuire bridging
water).

Figure 3 Binding of ATP to PfCDPK4. ATP forms several
hydrogen bonds (yellow dashed lines) with amino acid residues
ASP145 and GL U48.

4, CONCLUSION

Since the beginning of this millennium, the teclugiés required
to progress from cloning of a gene of interest xpegimental
determination of the high resolution structure habeen
accessible even to non-specialist crystallograpdiyoratories,
including research facilities on the African coetih [11; 12].
However, the pace of determining structures ofgnofrom the
malaria parasiteP. falciparum has been disappointingly slow.
This low rate of success can be attributed to abaurof factors
including the continued limited interest from inthied research
groups in the biology of the Malaria parasite. tfdision, major
challenges are often experienced in attempts toesgpprotein
targets fromP. falciparum in heterologous hosts for subsequent
crystallisation.



These limitations in obtaining structural inforneati for
challenging targets can be circumvented using wirak
bioinformatics tools, as demonstrated in this studyere, the
structure of Calcium Dependent Protein Kinase 4mfre.
falciparum (PfCDPK4) was modelled using computational
homology modelling. The structure obtained wassegbently
used forin silico docking of a key interacting small molecule,
ATP. The structures obtained show remarkable siityilao
experimentally determined structures of relatedginokinases.

The ultimate goal of this study is to rationallysig or identify
new small molecules for application in the studfPf€DPK4 as a
potential drug target in the treatment of Malarie initial

approach will be to apply Structure-based Virt8ateening of a
subset the ZINC database [13, 14] and the Natidehcer
Institute Diversity Set Il database. Promising coonmuds will be
selected for furthein vitro assays.
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