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Abstract Among approximately 65 kinases of the malarial
genome, RIO2 (right open reading frame) kinase belonging to
the atypical class of kinase is unique because along with a
kinase domain, it has a highly conserved N-terminal winged
helix (wHTH) domain. The wHTH domain resembles the wing
like domain found in DNA binding proteins and is situated near
to the kinase domain. Ligand binding to this domain may
reposition the kinase domain leading to inhibition of enzyme
function and could be utilized as a novel allosteric site to design
inhibitor. In the present study, we have generated a model of
RIO2 kinase from Plasmodium falciparum utilizing multiple
modeling, simulation approach. A novel putative DNA-binding
site is identified for the first time in PfRIO2 kinase to under-
stand the DNA binding events involving wHTH domain and
flexible loop. Induced fit DNA docking followed by minimi-
zation, molecular dynamics simulation, energetic scoring and
binding mode studies are used to reveal the structural basis of
PfRIO2-ATP-DNA complex. Ser105 as a potential site of
phosphorylation is revealed through the structural studies of
ATP binding in PfRIO2. Overall the present study discloses the
structural facets of unknown PfRIO2 complex and opens an
avenue toward exploration of novel drug target.

Keywords Archaeoglobus fulgidusRIO2 kinase . Induced
fit docking . Molecular docking . Molecular modeling .
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Abbreviations
DNA Deoxyribonucleic acid
ATP Adenosine triphosphate
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Introduction

Malaria is a mosquito-borne infectious disease caused by
parasitic protozoa (an eucaryote) of the genus Plasmodium,
and severe disease is largely caused by Plasmodium falci-
parum. Today drug-resistant malaria is a persistent global
health threat following the emergence of chloroquine resis-
tance. Artemisinin combination therapy has been useful, but
the recent emergence of resistance [1, 2] provides strong
motivation to identify novel drug targets.

Metabolism of host haemoglobin as a nutrient source by
the parasite involves production of pro-oxidant heme, per-
oxide and other free radicals which are detoxified by the
glutathione and thioredoxin dependent parasitic antioxidant
system as well as by up-regulation of membrane transporters
that acquire small molecule antioxidants from the host [3].
Several drug targets have been identified to disturb this
redox balance and induce parasitic death due to an apoptotic
like process [4–6]. On the other hand, the parasite can
upregulate its own antioxidant defence to acquire drug re-
sistance [7–9]. Transcriptome studies of intra-erythrocytic
stages of parasite indicate that oxidative stress activates the
transcriptional machinery to produce antioxidant enzymes,
proteins involved in merozoite invasion, drive different
phases of lifecycle in erythrocytes [10–13]. In eukaryotic
system, protein kinases are involved in responses to oxida-
tive stress and survival of the organism. The malarial ge-
nome contains approximately 65 protein kinases including
an atypical family of RIO kinases [14–16]. One of the
members of RIO kinase family, RIO2 kinase is unique
because it has a kinase domain capable of catalyzing phos-
phorylation, similar to other kinases [17, 18] as well as a
highly conserved N-terminal winged-helix (wHTH) domain
[19–21]. No such combination of winged helix domain and
kinase catalytic domain has been observed previously. Al-
though the function of winged helix domain is still
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unknown, it resembles the wing like domain found in DNA
binding proteins (capable of binding DNA and single
stranded nucleotides). Recently, the crucial role of RIO2
enzymatic activity for cleavage of 20S pre-rRNA, ribosome
biogenesis [22, 23] and the possibility to develop therapeu-
tic agents against this protein have been reported [24–26].
Therefore, we chose to explore PfRIO2 kinase as a plausible
novel anti-malarial drug target as an effort to support our
ongoing anti-malarial drug discovery program. The present
era of drug discovery heavily depends on significant 3D
structural information regarding the target protein. As no
co-crystal structure or validated model of PfRIO2 is avail-
able, a 3D model utilizing the available crystal structure
(pdb:1ZAO) of RIO2 kinase from Archaeoglobus fulgidus
(AfRIO2) was built [27]. Molecular modeling and molecu-
lar dynamics (MD) simulations were conducted to study the
putative auto-phosphorylation site. A site map analysis was
carried out to predict possible binding sites in the overall
protein, which suggested four possible sites. Among them a
plausible DNA binding groove was identified and a DNA
probe (DNA trinucleotide base-pair) was successfully
docked by induced fit (IF) mechanism to produce the
PfRIO2-DNA-ATP complex structure. To the best of our
knowledge this is the first report of application of IF meth-
odology for DNA docking into a protein-ATP complex.

All the known kinase inhibitors (drugs) target the ATP
binding site. Therefore, we first studied ATP binding to
PfRIO2 to validate the newly built model. The wHTH
domain of PfRIO2 is situated very close to the catalytic
kinase domain. The binding of any ligand to this domain
may reposition the kinase domain leading to inhibition of
kinase function, which could be utilized as a novel allosteric
site to design kinase inhibitor. Therefore, we analyzed the
possibility of DNA binding to utilize this site as a novel
kinase inhibitors (drugs) target.

Materials and methods

In-absence of PfRIO2 co-crystal structure, a valid RIO2
template was necessary to build the model of PfRIO2. Until
today the only crystal structure reported for RIO2 is from
Archaeoglobus fulgidus (AfRIO2). Therefore, we intended
to utilize AfRIO2 as a template for our study. Further, to
understand the sequence similarity pattern of RIO2 in vari-
ous organism, a sequence alignment of RIO2 from Plasmo-
dium falciparum (protozoa), Archaeoglobus fulgidus
(archaea), Homo sapiens (Human), Saccharomyces cerevi-
siae (yeast) and protein kinase alfa (from human) was con-
ducted. All these protein sequences were obtained from
universal protein resource UniProtKB database (ID Q8I1N8,
O30245, Q9BVS4, P40160 and P17612 respectively). The
sequences were aligned using multiple sequence alignment

utility in sequence viewer tool of Schrödinger suite 2011 and
the sequence alignment is shown in Fig. 1.

Most of the modeling and simulation were carried out
with the modeling suite from Schrödinger 2011 [28]. The
3D models of RIO2 Kinase-ATP complex were built and
refined using the Prime module [29]. The Protein Prepara-
tion Wizard (PPW) and Epik module of Schrödinger suite
were utilized iteratively to check for any errors related to
bond-order, metal charges (+2 for Mn ion), proton assign-
ment, protonation state or H-bonding to ensure the chemical
correctness of model. MD simulations were conducted
through the Maestro interface to Desmond [30]. As ATP is
the natural substrate, it was used to validate the docking
protocol. In one case, ATP from the crystal structure (pdb:
1ZAO) and in the other case manually built and conforma-
tionally optimized ATP (using Maestro) was docked into the
active site. SiteMap analysis followed by IF docking [31]
was used to identify the DNA binding site. No constraints or
restraints were applied to the enzyme residues, cofactors or
ATP during the simulation studies. The crystallographic
waters were removed to avoid conformational discrepancies
associated with water sampling during the simulations.
Overall, the implicit-water model was used during minimi-
zation, conformational search, molecular docking, SiteMap
analysis, loop refinement and energetic calculation using
Schrodinger 2011. Only the MD simulations studies were
conducted using the explicit-water model using Desmond.

AfRIO2-ATP model development and optimization

The available crystal structure of AfRIO2 (pdb: 1ZAO)
provided a major modeling platform to construct a model,
which can work for structural simulation and detail investi-
gation. The experimental crystal structure has several miss-
ing residues in flexible loop region (amino acid 128–142)
indicative of its dynamic role for conducting biological
catalysis. Therefore, a complete model structure is necessary
to understand the structural perspectives and its relation with
biological processes. Firstly, the template structure was tak-
en from protein data base and missing residues 128–142
were added using Prime module of PPW followed by loop
refinement through Prime using extended sampling [29].
Then the structure was pre-processed using PPW module
of Schrodinger 2011 which started with assignment of bond
order and addition of hydrogens. Then all heteroatoms were
identified and manually corrected for proper ionization
states. All the waters were removed and the protein assign-
ment was run to select the most likely position for hydroxyl,
thiol protons as well as the most probable protonation states
and tautomers of His residues and to check the “χ-flip”
assignments for Asn, Gln and His residues. Finally a re-
strained minimization using OPLS2005 force field was con-
ducted to refine disallowed torsion angles and eliminate
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Fig. 1 Multiple sequence
alignment between RIO2
protein from Plasmodium
falciparum (PfRIO2), Archaeo-
globus fulgidus (AfRIO2),
Homo sapiens (HuRIO2),
Saccharomyces cerevisiae
(YeRIO2) and kinase alfa
(Kinase from human) with
UniprotKB ID Q8I1N8,
O30245, Q9BVS4, P40160,
P17612 respectively. The
conserved, strongly similar and
weakly similar residues marked
as (*, dark gray), (:, light gray)
and (., magenta) respectively.
Additionally, the conserved
residues only in RIO2 (red),
similar residues in all but
conserved only in RIO2 (blue)
and weakly similar in all but
conserved only in RIO2
(yellow) has been observed

J Mol Model (2013) 19:485–496 487



unfavorable contacts. The heavy atoms were restrained to
within a maximum RMSD of 0.3 Å . Further, side chain
refinement was performed on residues within 7.5 Å of the
large loop (newly added residues 128–142) using default
parameters of Prime. Finally, the Polak-Ribiere conjugate
gradient (PRCG) minimizations using OPLS2005 force
field for 5000 iterations with convergence of 0.05 kJmol−1

was conducted through MacroModel module [32]. The water
solvation using generalized-Born/surface-area (GB/SA) algo-
rithm with constant dielectric treatment (1.0) for the electro-
static part of the calculation was chosen during energy
minimization. The generated model of AfRIO2-ATP complex
was subjected to a 5 nsMD simulation to further check overall
stability and an average structure of AfRIO2-ATP complex
(Fig. 2a) was chosen for further studies.

PfRIO2 model development

PfRIO2 protein sequence (UniProt accession number
Q8I1N8, isolate 3D7) with 581 amino acids [33] was used
as the query sequence and aligned with the template of
AfRIO2. The comparative modeling structure prediction
tool in Prime module of Schrodinger suite 2011 was utilized
to build a 3D model of PfRIO2. In the final model building
step ATP and two Mn2+ were included as was present in the
crystal structure of AfRIO2. The similar loop refinement
and optimization work-flow were conducted as was dis-
cussed for AfRIO2 for final PfRIO2 model optimization
(Fig. 2b).

ATP binding by molecular docking

The ATP was extracted from the crystal structure (pdb
1ZAO) and manually corrected for bond order using builder
module of Maestro. The minimization of PfRIO2 model
without ATP was conducted using MacroModel, followed
by redocking of the manually corrected ATP using Glide
[34]. To validate our docking protocol, ATP was built

manually using maestro interface followed by minimization
and conformational search through MacroModel to pick the
lowest energy conformer and docked into the ATP binding
site of PfRIO2 kinase.

MD simulation

The newly added large loop can possibly impart steric
clashes in constructed models. Therefore, both AfRIO2
and PfRIO2 structures were refined through 5 ns MD sim-
ulation using Desmond. An SPC water box was placed
around each model structure to mimic the biological solvent
environment. The solvated structures were minimized with
the steepest-descent method and was further relaxed with a
24 ps molecular dynamics simulation at 300 K and 1 atm
through “quick relaxation” protocol of Desmond. After the
equilibration phase, 5 ns production simulations were run
without any constraint using the default temperature of
300 K [35] and 1 atm pressure [36]. All simulations used a
10 Å cut-off radius for both VdW’s and electrostatic inter-
actions along with the smooth particle mesh Ewald method
[37] to calculate long-range electrostatic interactions. The
energy and structural variation as a function of simulation
time was used to analyze the convergence of the final result.
The last 3 ns trajectories were used to extract the snapshots
for binding free energy calculation. An average structure
between 3 ns and 5 ns was generated for final MacroModel
minimization and structural analysis. Ramachandran plot
was generated to check the overall 3D quality of the built
model.

SiteMap analysis for DNA binding site identification

The RIO2 model and crystal structure are able to provide
significant information regarding ATP binding site, however
there is no information available regarding possible binding
site of DNA. Thus, we intended to find the active sites that
might be useful for DNA binding. Binding site analysis

Fig. 2 a AfRIO2 model based
on crystal structure (pdb:
1ZAO). b PfRIO2 model
developed using the AfRIO2
model. The major domains such
as winged helix, flexible loop,
ATP binding site including two
Mn2+ ions, C- and N-terminal
have been labeled
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through SiteMap Program [38, 39] can successfully suggest
possible binding sites [40]. Therefore, this method was used
and “four site points” were disclosed as possible ligand
binding site in PfRIO2 kinase. Online server of MetaDBSite
[41] (http://projects.biotec.tu-dresden.de/metadbsite/) was
used for prediction of residues on protein responsible for
DNA binding.

Induced-fit DNA docking

The PfRIO2 model was not built from a DNA complex
crystal structure template. Therefore, docking a long DNA
chain may not be a rational step. Thus, a DNA probe
comprising trinucleotide base-pairs (GC, TA, CG) was ran-
domly selected for the present docking studies. The DNA
probe was manually edited from the extracted crystal struc-
ture of DNA (pdb: 1ZLK) using Maestro. The active site
was defined by choosing centroid of the selected basic
residues of DB region (Gln64, Lys67, Lys142, and His29).
Enzymes are highly dynamic and undergo side chain or
backbone movements, or both due to IF ligand binding.
Thus, DNA binding in PfRIO2 might also proceed through
induced fit mechanism. Therefore, IF docking protocol [42,
43] was used to conduct docking of the built DNA probe to
the identified site in PfRIO2 followed by side chain refine-
ment through Prime to allow receptor flexibility according
to binding mode. The IF docking strategy uses molecular
mechanics-generalized Born surface area (MM-GBSA)
scoring function with protein flexibility algorithm and over-
all docking processed through iteratively approach of dock-
ing and protein chain refinement, respectively [31]. Several
docked poses were generated and the best receptor-DNA
docked complex (with lowest G-score) was selected for final
minimization in MacroModel module using OPLS2005
force field to relax and optimize the structure.

Energy calculation by Prime/MM-GBSA simulation
and eMBrAcE minimization

The Prime/MM-GBSA simulation was performed on the
selected poses DNA-PfRIO2 complex (pose 1 to pose 3)
obtained from induced fit molecular docking. The poses
were minimized using the local optimization feature in
Prime, whereas the energies of complex were calculated
with the OPLS2005 force field and Generalized-Born/Sur-
face Area continuum solvent model. During the simulation
process, the ligand strain energy was also considered. The
Prime/MM-GBSA method [44] was used to calculate the
binding-free energy (DG) of DNA, using equation DG 0

ΔEMM + ΔGsolv + ΔGSA, where ΔEMM is the difference
between the minimized energy of the DNA-PfRIO2complex
and the sum of the minimized energies of PfRIO2 and DNA.
ΔGsolv is the difference in the generalized-Born/surface area

(GBSA) solvation energy of the DNA-PfRIO2 complex and
the sum of the solvation energies of the PfRIO2 and DNA.
Similarly, ΔGSA is the difference in surface area energies for
the complex and the sum of the surface area energies for the
individual molecules. To consider the final docked poses, the
pose energies have been further verified by the eMBrAcE
module of Schrödinger [32]. This module has been used to
determine the binding energy differences through minimiza-
tion using OPLS2005 force field. All the calculations were
performed with GB/SA continuum water solvation model.
During eMBrAcE minimization, residues were allowed to
move freely. Minimization calculations were performed for
5000 steps or until the energy difference between subsequent
conformations was 0.05 kJmol−1. These calculations provided
energy difference in terms of VdW, electrostatic and total (ΔE
0 Ecomplex − Eligand − Eprotein).

Results and discussion

Multiple sequence alignment

The sequences alignment of RIO2 from Plasmodium falci-
parum (protozoa), Archaeoglobus fulgidus (archaea), Homo
sapiens (Human), Saccharomyces cerevisiae (yeast) and
protein kinase alfa (from human) was performed to under-
stand the sequence similarity pattern of RIO2 in diverse
organisms. The sequence alignment is shown in Fig. 1.
The overall sequence similarity of RIO2 from Plasmodium
falciparum with RIO2 from archaea, human, yeast and
protein kinase alfa from human was found to be 51 %,
71 %, 65 % and 25 % respectively. The conserved residue
verification of PfRIO2 in comparison to AfRIO2 was done.
Glu103, Ser104, Lys120 Asp218, Asn223, Asp235 and
Gln238 were found to be conserved in AfRIO2 active site.
The similar conserved residues were found in PfRIO2 as
Glu104, Ser105, Lys121 Asp225, Asn230, Asp243 and
Gln246 which was further confirmed through ATP-binding
mode in PfRIO2 model (Fig. 2b). The presence of these
conserved residues at PfRIO2 ATP binding site suggests that
the two RIO2 kinases follow a similar kind of binding
mechanism in both organisms.

Model optimization of PfRIO2

The RMSD-plot (Fig. 3a) of 5 ns MD simulation reveals
considerable stability in overall protein, however significant
movement was observed in the flexible loop region. The
study of generated model for secondary structural elements
revealed ten helices (H), 11 strands, three beta (β) sheets (A,B,
C), six beta hairpins, 27 beta turns, and seven gamma (γ) turns
(Fig. 3b). The major residues that interact with ligand (ATP)
and Mn ions are shown as red and blue dots respectively.
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Molecular recognition study of ATP binding and serine-
phosphorylation in PfRIO2

The superimposition of docked pose (Fig. 4a) of manually
built ATP (using maestro interface) on manually corrected
ATP (from the crystal structure) shows significant similarity
in their binding conformation, which validates the docking
protocol to investigate the binding mode analysis.

Based on our docking results, we found that the adenine
moiety of ATP is located in the active site via hydrophobic
interactions with Pro174, Met186, Tyr188, Ile189, Ile242 and
Leu232 (Fig. 4b). ATP catalytic site is comprised of conserved
amino acids like Glu104, Ser105, Lys121, Asp225, Asn230,
Asp243 Gln246, Met186 and Ile189 (Fig. 4c). The three
phosphate groups of ATP attained proper catalytic orientation

for phosphate transfer via a bridge like network through
interaction with conserved residues and two metal ions
(Mn2+). The first metal ion (Mn1) coordinates with oxygens
of α and β phosphate (Pα and Pβ) at a distance of 1.9 and
2.0 Å respectively. Also it coordinates with Asp243 (2.0 Å),
Asn230 (2.1 Å) and Asp225 (1.9 Å). The conserved residue
Lys121 forms a strong electrostatic interaction with oxygen of
Pα at 1.4 Å. TheMn2 orients at the center of phosphate (Pγ), at
1.9 Å distance via the interaction with Gln246 and Asp243
through the coordination at 2.0 Å and 1.9 Å respectively.
Further Pγ is stabilized at its location with an electrostatic
interaction with Arg127 (1.4 Å) and His123 (1.4 Å). All these
interactions stabilize the phosphate backbone and orients Pγ
in favorable conformation toward Ser105 at a distance of
4.2 Å. Lys121 was observed in close circumference of

Fig. 3 a RMSD vs. simulation
time for the 5 ns molecular
dynamics simulation of the
PfRIO2 model. b The
secondary structure elements of
PfRIO2 showing (helix, H; beta
sheet, β; gamma turn, γ) The
major residues those interact
with ligand (ATP) and Mn+2
ions are shown as red and blue
dots respectively
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Ser105 and Pγ, which enhances the nucleophilicity of hy-
droxyl group of Ser105 to form bonds with Pγ to conduct
auto-phosphorylation. These interaction profiles and structur-
al orientations significantly support Ser105 to be the major
conserved residue of PfRIO2 for auto-phosphorylation. How-
ever, it opens an avenue to conduct experimental investiga-
tion to confirm Ser105 as possible auto-phosphorylation site.

Analysis of ramachandran plot

Ramachandran plot estimates the 3D structural quality
of optimized model. It determines the number of resi-
dues that are present in the allowed or disallowed
regions. Rmachandran plot for AfRIO2 (Fig. 5a) and
PfRIO2 (Fig. 5b) shows the presence of 91.1 % and

Fig. 4 a The superimposition of docked pose of manually built
ATP (999: green) with ATP (111: blue) extracted from crystal
structure shows significant similarity in their binding conforma-
tion. b Hydrophobic interactions of the ATP adenine moiety. Van
der Waal surfaces around the purine ring and the surrounding

residues are also shown as mesh to highlight the interaction
profile of the adenine moiety of ATP. c Only the triphosphate
moiety of ATP is shown for better clarity. A close view of the
binding mode of the triphosphate backbone of ATP with the
active site residues and two Mn2+ ions (Mn1 and Mn2)
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82.4 % residues in the most favored phi-psi regions
respectively.

The lower percentage of residues in most favored region
of PfRIO2 ramchandran plot is obvious due to the presence
of several missing residues in template sequence. The addi-
tionally allowed regions were observed with 8.2 % residues
for AfRIO2 and 14.1 % residues for PfRIO2 model. Gener-
ously allowed region consist of 0.8 % and 2.3 % residues for
AfRIO2 and PfRIO2 model respectively. Disallowed region
consist of 0.0 % and 1.1 % residues for AfRIO2 and PfRIO2
model respectively.

DNA binding site identification

The SiteMap analysis revealed “four site points” as plausible
ligand binding site (Fig. 6a). The major active sites for ligand
binding were observed in wHTH (blue) and flexible loop

(green) region. The green location is found closely associated
with ATP binding (including auto-phosphorylation site) and
wHTH domain (blue). The other two locations (red and violet)
are fragmented and significantly smaller in size in comparison
to blue and green regions. Thus, a putative DNA binding site
has been considered as a combination of blue and green
region. The electrostatic charge distribution map (Fig. 6b)
was created in PyMol using APBS tool [45]. The positive
location around wing-helix & flexible loop region indicated
the plausible DNA binding region. Online server of Meta-
DBSite [41] (http://projects.biotec.tu-dresden.de/metadbsite/)
was used for prediction of residues on protein responsible for
DNA binding. The analysis reveals that residue from wHTH
(Gln64, Lys66, Lys67, Lys88 and Arg89) and flexible loop
(Arg137, Tyr139, Lys142, Lys143 and Arg146) have DNA
binding properties. Therefore, the results obtained fromMeta-
DBSite strongly support our studies. Further, on the basis of

Fig. 5 a Ramachandran plot
for AfRIO2 model showing
91.1 % residues in most favored
region. b Ramachandran plot
for PfRIO2 model showing
82.4 % residues in most favored
region

Fig. 6 a The site-map analysis of PfRIO2 showing four locations as
plausible ligand binding site. The blue and green location is situated in
wHTH and flexible loop region respectively. The green location is found
closely associated with ATP binding (including auto-phosphorylation
site) and wHTH domain. The other two locations (red and violet) are

fragmented and are significantly smaller in size in comparison to blue and
green regions. Thus, a putative DNA binding site has been considered as
combination of blue and green region. b The electrostatic surface shows
the major positive region situated near wHTH and flexible loop region,
which supports the site-map analysis to identify DNA binding region
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reported domain studies of RIO2 kinase it has been suggested
that the possible DNA binding site could be close to the
wHTH domain region [27]. Thus, the intersection of blue
and green regions adjacent to ATP binding site was identified
as a putative DNA binding region. These types of domains
have been reported in DNA binding proteins having two
different modes of binding [19, 20].

The first mode is reported in the crystal structure of
transcription factor HNF-3 bound to DNA, where site-
specific interactions of DNA major groove plays important
role toward its binding to the protein [46]. The second mode
reported in the crystal structure of hRFX1 bound to DNA,
where interactions between W1, β2, and β3 with the major
groove of the DNA are responsible for DNA positioning in
protein [47]. In continuation, the other experimental evi-
dence indicated that RIO2 may bind non-specifically to
single-stranded oligonucleotides and also suggest the bind-
ing potential with oligonucleotides [27]. The sequence anal-
ysis of RIO2 shows the presence of charged amino acids in
helix 4 of the wHTH domain and basic residues in flexible
loop region, which supports its possible DNA binding abil-
ity. Also the result of loop refinement using Prime suggests
the location of a large loop closed to the wHTH domain.
Thus, PfRIO2 kinase may functions by induced fit mecha-
nism involving flexible loop in association with wHTH
region to conduct DNA binding. Further, the identified blue
and green SiteMap regions are adjacent to ATP binding site,
which supports the hypothesis to consider the intersection of
these two regions as a putative DNA binding (DB) region.
Thus, we believe that intersection associated with wHTH
domain and flexible loop will assist in DNA binding, which
is indirectly supported by experimental crystal structure,
where the electron density of flexible loop is absent due to
its high dynamic nature. Further, we can hypothesize that
the dynamic nature of flexible loop is responsible for auto-
phosphorylation followed by conformational change to

interact with wing-region for completing the DNA binding
events.

Induced fit docking

There is no native ligand or DNA reported in any experi-
mental RIO2 kinase structure and this is the first report
where we identified a possible DNA binding region in
PfRIO2. The earlier report also supports the possible DNA
location near helix 3 in AfRIO2 [27]. Further, the built
model did not contain DNA and was also not built from a
DNA complex crystal structure template, which put a major
challenge to study the DNA binding mode. The rigid recep-
tor docking methods may not represent the real binding
process, because enzymes are in dynamic motion and un-
dergo side chain or backbone movements, or both due to
induced fit ligand binding. Thus, it was necessary to allow
flexibility to DNA binding region of protein for DNA dock-
ing. Therefore, docking of the DNA to the identified Site-
Map regions (intersection of blue and green) was conducted
using IF docking.

DNA-PfRIO2 binding energetic

The top three induced fit docking (IFD) poses of DNA
docking were investigated in terms of binding mode and
binding energies. The energy values are shown in Table 1
for all three poses.

The poses from IF docking were ranked on the basis of
their G-score and pose 1 showed significantly lower energy
state (−8.7 kcalmol−1) in comparison to pose 2 and 3. The
poses were further rescored by Prime and eMBrAcE (multi-
ligand bimolecular association with energetics) module of
Schrödinger [32]. The rescoring using MMGBSA free en-
ergy of binding, which includes DNA-PfRIO2 interaction
energy (DG: Table 1) shows relatively better profile of

Table 1 The molecular docking score and binding energy calculation (kcalmol−1) of short DNA into the PfRIO2 kinase by induced-fit method
followed by Prime-MMGBSA and eMBrAcE minimization

S. no DNA-PfRIO2 complex pose Induce fit dockinga MM-GBSA scoreb eMBrAcE scorec energy difference

G-score DG VdW Electrostatic Total (ΔE)

1 Pose-1 −8.7 −77.1 −17.4 −1436.2 −52.4

2 Pose-2 −7.8 −75.1 −9.9 −1008.8 −33.1

3 Pose-3 −7.3 −54.5 −13.4 −1420.9 −25.2

a Induce fit docking score: G-score (Glide score): The minimized poses are rescored using Schrödinger’s proprietary GlideScore scoring function
and the binding affinity can be estimated by G-score
bMM-GBSA score: DG 0 E_complex(minimized) − [E_ligand(from minimized complex) + E_receptor]; DG is the ligand/receptor interaction
energy of the complex
c eMBrAcE (multi-ligand bimolecular association with energetics): (ΔETotal 0 Ecomplex − Eligand − Eprotein); VdW: van der Waals interaction. bΔE 0
Energy difference
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−77.1 kcalmol−1 for pose 1. The MM-GBSA scoring is
based on the difference between the energy of the DNA
bound complex and sum of the energy of unbound protein
and DNA [Ebinding 0 Ecomplex − (Eprotein + EDNA)]. The
eMBrAcE module significantly supports pose 1 with three
major scoring functions; VdW energy, electrostatic energy
and overall total energy difference. The VdW energy

difference of −17.4 kcalmol−1 (for DNA binding) was ex-
cellent in comparison to −9.9 and −13.4 kcalmol−1 for pose
2 and 3 respectively. The higher total energy difference
of −52.4 kcalmol−1 for pose 1 supports it as the possi-
ble DNA binding structure of PfRIO2. Thus, pose-1 has
been finally considered as DNA-PfRIO2 kinase complex
(Fig. 7a).

Fig. 7 a The best docked pose obtained after induced fit docking of
short-DNA (CPK representation of DNA-trinucleotide chain) into the
DNA binding groove. The DNA-trinucleotide accommodated within a
groove between wHTH domain and flexible loop region. Overall the
figure demonstrates DNA binding region, ATP binding and phosphor-
ylation site. b The final selected pose of DNA-PfRIO2 showing

residues from wHTH domain (Gln64 and Lys67) and residues from
flexible loop (His29, Tyr31, Lys142 and Arg146) primarily participat-
ing in interaction with DNA chain. c A closer view of DNA-binding
interaction with wHTH domain and flexible loop residues. The major
basic residues interacting through H-bonding (dotted pink line) with
DNA are shown in blue shade with labeling
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DNA binding mode analysis

The binding mode obtained from docked pose 1 (Fig. 7b)
reveals proper DNA base pairing, H-bonding interactions with
wHTH region (Gln64 and Lys67) and loop region (Lys142,
His29, Arg146 and Tyr 31), which validates the pose selection
to demonstrate the DNA binding in PfRIO2 kinase. His29 and
Tyr31 form H-bonds with nucleotide phosphate at 1.5 Å and
1.6 Å respectively. His29 forms an additional H-bond with the
hydroxyl group of ribose sugar of cytosine at 2.1 Å. Arg142
and Lys146 from flexible loop strengthen this interaction via
H-bonds with phosphate oxygen at 1.5 Å each. The DNA
binding interactions are further stabilized by H-bonding inter-
actions of Gln64 with guanine at 1.9 Å and with sugar ring
oxygen of thymine at 1.7 Å. Similarly Lys67 fromwing part of
wHTH domain forms H-bond at 1.7 and 1.9 Å with cytosine
and adenine respectively. Thus, overall DNA binding complex
is stabilized by all these non-covalent interactions. A closer
view of DNA-binding interaction with wHTH domain and
flexible loop residues is shown in Fig. 7c.

Conclusions

In summary, our in-depth structural analysis enlightens the
salient biochemical processes involving 3D structural impli-
cation toward PfRIO2 recognition phenomenon involving
ATP-binding, auto-phosphorylation, and DNA interactions.
The present structural exploration suggests a novel putative
DNA-binding site in PfRIO2 kinase to understand the DNA
binding events involving wHTH domain and flexible loop.
The formation of a stable PfRIO2-ATP-DNA complex
enhances hope for exploiting this novel allosteric site of
PfRIO2 as a potential anti-malarial drug target. Thus the
structural facets of unknown PfRIO2 complex were inves-
tigated by multiple modeling-simulation approaches, which
opens an avenue toward exploration of new drug target.
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