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ABSTRACT: Recent advances in the metal-organic framework (MOF) have accelerated the 

discovery of novel metal-based anticancer, antibacterial and antimalarial compounds. This is 

substantiated by many serendipitously discovered metals (Ru, Rh, and Ir) based inhibitors that 

established the importance of metal inserted into the known organic scaffold. Conversely, it is 

possible to design novel bioactive compounds by mimicking hypervalent carbon atoms by 

transition metals. This process can be facilitated by computational drug discovery by treating 

metal center using optimized parameters that can be used for molecular docking and molecular 

dynamics simulations. Further, the method can be plugged with high computational power and 

refined algorithms to interpret chemical phenomena with atomic-level insights. In the present 

work, we have demonstrated an approach for parameterizing three organometallic ligands (FLL, 

E52, and staurosporine) using MCPB.py. In particular, we report that E52 and FLL have a better 

shape complimentary and affinity compared to staurosporine identified inhibitor (staurosporine) 

against Calcium-dependent protein kinases 2  (CDPK2). This study also revealed that a flexible 

approach (ensemble) outperforms for the given target with dynamic movements. The calculated 

MMPBSA energies for staurosporine, FLL and E52 were -66.461 ± 2.192, -67.182 ± 1.971 and -

91.339 ± 2.745 kcal/mol respectively.  

Introduction 

The biochemistry of half of all known enzymes requires metal ion for proper functioning 

(Waldron, Rutherford, Ford, & Robinson, 2009). Recent progress in structural biology have 
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provided new avenues with therapeutically and pharmacologically important targets for 

structure-based drug design (SBDD). This opens up a new landscape for organometallic 

chemistry which has recently delivered promiscuous organometallic compounds with unique 

properties (Babak & Ang, 2018; Jürgens & Casini, 2017; Parveen, Arjmand, & Tabassum, 

2019). Interestingly, over the past decade, the growth of medicinal organometallic compounds 

has increased rapidly with approximately 670 reports as evidenced from the published literature 

(Ndagi, Mhlongo, & Soliman, 2017; Ravera, Moreno-Viguri, Paucar, Pérez-Silanes, & Gabano, 

2018). While much attention has been given to anticancer agents, there are numerous reports that 

organometallics have great potential for antimalarial and antibacterial agents (Jaouen & Metzler-

Nolte, 2013). The idea is to introduce a pharmaceutically relevant metal scaffold that can 

increase the efficacy of a natural product or organic drug without displaying any metal-related 

cytotoxicity. Such insertion of metal to organic scaffold present new opportunities for the design 

of bioactive compounds by rendering access to enlarged chemical space that may not be easily 

accessible with purely organic scaffolds (D. S. Williams et al., 2005). Recent efforts in similar 

direction have shown that the kinetically inert metal center (Ru, Rh, and Ir) could complement 

with organic fragment and serve as “hyper-valent carbon” which is not involved in any direct 

interactions but plays important role in building 3D space (Debreczeni et al., 2006; Meggers, 

2009). Earlier, a plethora of literature has claimed the antimalarial properties of transition metal-

based compounds (Adams et al., 2015, 2013; Barbosa et al., 2014; Chellan et al., 2014; Glans et 

al., 2012). One of the potential successes is the antimalarial activity of ferroquine, a chloroquine-

derived iron-based organometallic compound which has proceeded to Phase IIB clinical trials 

(Biot, Castro, Botté, & Navarro, 2012; Dubar et al., 2011, 2013; Held et al., 2015). 
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Various metals have been introduced in designing metal-organic framework in drug 

development, in which ruthenium is often considered as the most promising transition metal 

from the pharmaceutical viewpoint because of its safe and druggable properties (Maschke, 

Alborzinia, Lieb, Wölfl, & Metzler-Nolte, 2014; Meier et al., 2013). The ruthenium (Ru-based) 

compounds have also demonstrated promising biological activities such as antibacterial (F. Li, 

Collins, & Keene, 2015; Mu et al., 2018), antileishmanial (Iniguez et al., 2016; Marcusso Orsini 

et al., 2016), anticancer (Su, Li, & Li, 2018; Thota, Rodrigues, Crans, & Barreiro, 2018) and 

antiplasmodial (Ekengard et al., 2015; Rylands et al., 2019). Notably, reports revealed that Ru 

complexation improves the antiplasmodial activity in comparison to free ligands e.g. Ru-pyridyl 

ester (Chellan et al., 2014) or ether complexes (Chellan et al., 2013), Ru-lapachol complexes 

(Barbosa et al., 2014) and Ru-cotrimazole complex (Iniguez et al., 2016). Conversely, the 

substitution of Fe by Ru in ferroquine derivatives can increase the antiplasmodial activity against 

the K1 resistance strain (Beagley et al., 2003). Apart from experimental methods in the discovery 

of organometallic compounds as potent inhibitors, it is also necessary for parallel advancements 

in computational modeling which will support in unravelling untapped pharmaceutical potential 

in metal-ligand interactions. In this work, we undertook Calcium-dependent protein kinases 2 

(CDPK2) from P. falciparum as a case study to showcase the possibilities of computational 

modeling and simulations of metal-containing inhibitors. P. falciparum CDPKs (PfCDPKs) are 

important mediators of transduction and signalling pathways that regulate calcium ions for 

physiological processes (Miller, Ackerman, Su, & Wellems, 2013). CDPK2 is a 59 kDa protein 

exhibiting calcium-dependent kinase activity in an in vitro phosphorylation assay (Färber, 

Graeser, Franklin, & Kappes, 1997) and lacks considerable homology with human counterpart 

CDPK as revealed by our BLAST search. The unique structural features of PfCDPK2 compared 
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to human CDPK counterpart additionally serve an opportunity for exploring structure-based drug 

design strategy.  

Recent advances in computational chemistry have achieved reasonable achievements in 

structure-guided drug discovery that enable the prediction/prioritization of ligand/inhibitors 

binding in virtual screens (Ferreira, dos Santos, Oliva, & Andricopulo, 2015; Śledź & Caflisch, 

2018). Most molecular docking programs consider the flexibility of ligand, though many of them 

treat the macromolecule as a rigid structure. In practical scenarios where the receptor is derived 

from an X-ray structure of the apo-kinase or ligand-bound kinases, the rigid-receptor docking 

often fails to estimate accurate bound conformation. To overcome this limitation, docking 

followed with Molecular Dynamics (MD) simulations offer major improvement by considering 

structural flexibility of the drug-target complexes with respect to explicit solvent (De Vivo & 

Cavalli, 2017; Gioia et al., 2017). MD based studies can also estimate the kinetics and 

thermodynamics of the ligand-binding event. These computational methods have not been well 

applied to inorganics as compared to organic compounds due to their atomic diversity/atom types 

and varied electronic structure (d-orbitals) (Bernhardt & Comba, 1992).  

Historically, standard docking approaches either neglect or partially consider the flexibility of 

target and thereby relies on one receptor conformation. Alternatively, it is reasonable to take 

multiple distinct conformations from apoprotein and protein-ligand complex. The representative 

protein conformations can be randomly selected or identified from the clustering schemes. This 

approach is known as ‘ensemble docking’ where multiple independent target conformations 

(extracted through clustering algorithms) are used to achieve more realistic complex structure 

(Amaro et al., 2018; Nichols, Baron, & McCammon, 2012). In this work, we applied this 

approach to predict the binding mode of PfCDPK2 with Ruthenium-based compounds (structural 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 7

scaffold of known kinase inhibitor- staurosporine). Parameterization of metal center (includes the 

bonded model, nonbonded model, cationic dummy atom model, etc.) by quantum mechanical 

(QM) parameters enables the reliable computational modeling of these chemical entities. 

Routinely, available force fields contain libraries and parameter files for 20 standard amino acids 

and 5 standard nucleic acids only but not for metal sites (Case et al., 2005; Van Der Spoel et al., 

2005). Transition metals, in particular, have d or f as outermost orbitals that have varied 

valencies and complicated shapes. As a result, it can be led to the possibility of multiple 

oxidation states/spin state, unconventional chemical bonding and secondary orbital interactions 

(Sridharan & Sridharan, 2016). To overcome these challenges, density functional theory (DFT) 

is likely to be required to model these systems with reasonable accuracy. For the first time, our 

approach has addressed the transitions metal parameterization and force constant derivation 

using metal center parameter builder tool (MCPB.py) (P. Li & Merz, 2016) and its downstream 

integration in to MD simulation packages GROMACS (Abraham et al., 2015; Van Der Spoel et 

al., 2005). We believed that our current hybrid (QM/MD) integrated approach provides a 

connecting bridge between quantum mechanics (QM) and Molecular Dynamics Simulations 

(MDS) tools that can overcome the challenges associated with metal ion modeling. 

 

Materials and Methods: 

The flowchart in scheme 1 demonstrates the complete hybrid approach used for the current 

study. Briefly, the protein conformations for ensemble generations were sampled with all-atom 

molecular dynamics simulations with explicit solvent. The diverse poses generated in the entire 

MDS trajectory were clustered to yield dominant conformation. The ligands STU 

(Staurosporine), FLL (Octahedral Ru-Pyridocarbazole) and E52 (Methylated Ruthenium 
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Pyridocarbazole) used in the current study were then docked into each of the protein 

conformations to generate different poses. 

 

Scheme 1. Flow chart for the hybrid methodology of the current study. 

 

Metal parameterization for the compounds was then performed for the selected best pose using 

MCPB.py. Parameters and force constants were generated followed by topology and detailed 
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input for MDS runs. The AMBER compatible generated parameters and force constant were later

converted into GROMACS compatible formats for MDS. Thereafter, the binding affinity was

calculated for each protein-ligand complexes using molecular mechanics generalized Born and

surface area continuum solvation (MM/GBSA) methods. 

 

 

FLL 

Ru-Pyridocarbazol,  

octahederal Ru+2 (complex: +1 
charge, singlet) 

 

E52 

(Methylated Ru-Pyridocarbazole), 
pseudotetrahedral Ru+2 (complex, +2 charge, 

singlet) 

 

STU 

(Staurosporine) 

 
  

Figure 1: Chemical structures of the modeled Ru-complexes and staurosporine 

Generation of protein conformation 

The protein ensemble conformations of PfCDPK2 were constructed based on the

crystallographic structure of the PfCDPK2 complex with inhibitor staurosporine (PDB: 4MVF).

The initial structure of PfCDPK2 deposited in the PDB had missing residues mainly due to lack

of densities or molecular replacement models while solving the structures. To gratify the missing

residues in docking and simulation, the protein sequence of PfCDPK2 was used to generate

homology model using I-TASSER (Yang et al., 2015) and PDB: 4MVF as a template structure.

The output model quality was assessed with Ramachandran statistics and compared with the

9

ter 

as 

nd 

he 

F). 

ck 

ng 

ate 

re. 

he 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 10

original deposited structure. The control docking was performed for staurosporine (STU) with 

the model to confirm and preserve its native pose as found in PDB: 4MVF using AutoDock 4.2 

(Morris et al., 2009b) as mentioned below. The ensembles of conformations were generated by 

performing two 50 ns molecular dynamics simulations (MDS): one for apo-PfCDPK2 and other 

for PfCDPK2 complexed with STU (PfCDPK2_STU). The generated model and the docked 

model with STU respective to crystal structure were used as the starting conformations. For each 

MDS, the Amber99SB force-field (Lindorff-Larsen et al., 2010) was used with GROMACS ver. 

2016.4 (Van Der Spoel et al., 2005) as reported in our earlier studies (P. Patel, Parmar, Vyas, 

Patel, & Das, 2017). For inhibitor STU topology and parameterization, ACPYPE (Sousa da Silva 

& Vranken, 2012) tool was used followed by file format conversion into GROMACS compatible 

force-field format. The MDS systems were prepared as accordingly to earlier studies (Manhas, 

Patel, Lone, & Jha, 2019; Palak Patel et al., 2018). Briefly, the MDS systems were solvated with 

Three-site model (TIP3P) model for water in a dodecahedron box maintaining a distance of 1 nm 

from all the directions of the protein and periodic boundaries. The system was neutralized by 

adding an equal number of counterions. Subsequently, it was subjected to energy minimization 

using the steepest descent algorithm in order to remove any steric clashes and bad contacts prior 

to actual MD run. After the completion of energy minimization, the systems were equilibrated 

with position restraint simulations of 1 ns carried out under NVT (the constant Number of 

particles, Volume, and Temperature) and NPT (the constant Number of particles, Pressure, and 

Temperature) conditions. Finally, the MDS were subjected to 50 ns of production dynamics with 

default parameters. The trajectories were visualized using VMD (Humphrey, Dalke, & Schulten, 

1996) and Chimera (Pettersen et al., 2004). The gmx rms, gmx rmsf, and gmx hbond tools were 
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used for trajectories analysis and GRACE (xmgrace) was used for generation and visualization 

of plots (http://plasma-gate.weizmann.ac.il/Grace).   

Clustering of conformations and essential dynamics  

The entire MDS trajectories were subjected to rmsd based clustering via ‘gmx cluster’ tool that 

explores the conformational landscape among the ensemble of protein structures. The GROMOS 

algorithm as described by Daura and co-workers (Daura et al., 1999), was used to determine the 

dominant conformation with 0.2 mm Cα RMSD cutoff. The collective motion and dynamics of 

Cα backbone atoms were also assessed during the entire simulations, as computed by Principal 

Component Analysis (PCA) using gmx covar and gmx anaeig tools.  

Ensemble Docking with Ru-based organometallic inhibitors  

For molecular docking, AutoDock 4.2 program (Morris et al., 2009a) was used to generate and 

rank a large set of receptor-ligand complex conformations based on their relative stability in 

conformational space. In biological systems, the majority of interactions are driven by 

complementing flexible movement of ligand and protein. AutoDock explicitly considers ligand 

flexibility, while the protein flexibility was taken into account implicitly in our MD simulations 

as mentioned above. AutoDock calculates the approximate binding free energy based on the 

evaluation of a single receptor-ligand complex which assumes binding free energy ΔG = ΔGVdW 

+ ΔGhbond + ΔGelec + ΔGconform + ΔGtor + ΔGsol, where the first four terms are molecular 

mechanics terms, namely, dispersion/repulsion, hydrogen bonding, electrostatics and deviations 

from the covalent geometry, the fifth term models the restriction of internal rotors, global 

rotation and translation, and the last term accounts for desolvation and the hydrophobic effect. 

The grid maps for docking were determined by STU re-docking trials into the generated model 

for PfCDPK2 till near-native pose was observed as seen in the crystal structure. The grid maps 
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used for each protein conformation were 40×40×40 dimension points with grid spacing 0.375 Å 

and grid coordinates of 32.24, 84.719 and 21.838 for x, y and z dimensions. The Lamarckian 

genetic algorithm (LGA) was used for scoring the conformational space of ligand. For each 

docking run, the individual population in GA was set to 150, the maximum number of energy 

evaluations and generations were set to 2500000 and 27000 respectively. A total of 10 GA runs 

was performed for each protein conformation and the entire ensemble docking was achieved 

using in-house scripts developed for automation. This choice for the set of parameters is 

adequate enough to reach the convergence of the docking results as performed in our earlier 

study (B. Patel et al., 2018). The PfCDPK2 conformations generated for ensemble approach 

were redocked with STU to select the best pose for further docking. Two more organometallic 

inhibitors FLL (Octahedral Ru- Pyridocarbazole) and E52 (Methylated Ruthenium 

Pyridocarbazole) were subsequently docked with the selected conformations for further study. A 

separate control docking was also performed for PAK1 kinase (PDB:3FXZ) with its natural 

ligand FLL to confirm our docking protocol and parameters. FLL is a very well-known inhibitor 

of PAK1, GSK3 α and PIM1 (Maksimoska et al., 2008). However, E52 is a potent inhibitor 

against PI3K lipid kinase inhibitor as well as show 50% inhibition against PIM1 and GSK3α 

(Xie et al., 2008). For docking of organometallic compounds, the parameter file in Autodock was 

incorporated with ruthenium metal van der Waals and other needed parameters (Rii-2.96; epsii-

0.056; vol-12.00; solpar-0.00110) which were obtained from the Autodock website (“AutoDock 

- ADL: Parameters for docking with metal ions in receptor,” n.d.). For the Ru atom charge, we 

applied the native charge of +2 as reported in other complex/receptor interaction studies 

(Adeniyi & Ajibade, 2013). 
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Metal center parameterization, Density Functional Theory calculations, and force-field 

generation 

MD simulation is a well-established tool with a plethora of force-field parameters available for 

proteins as well as organic molecules. Parameterization of force field for metalloproteins or 

organometallic inhibitors may seem to be a daunting task due to challenges related to the 

transferability of ion parameters and development of polarizable non-bonded models (P. Li & 

Merz, 2016). There always remains the chances of biases from factors like choice of QM 

methods, basis sets and charge models. To assist in parameterization, Kenneth M. Merz Jr. group 

have developed MCPB code (P. Li & Merz, 2016) to facilitate framework development 

(Seminario, Z-matrix and empirical), basis sets (DFT theory); bonded model & non-bonded 

models for metal ions and charge models. In our current work, the AMBER ff99SB force-field 

parameters were used to model all standard amino acid residues, while Ru metal parameters were 

calculated using the python-based metal center parameter builder- MCPB.py program. Briefly, 

the metal site force-field parameters and  RESP charges were derived from QM calculations at 

B3LYP/6-31G(d) level of theory using Gaussian 09 (Frisch et al., 2009). In particular, based on 

the experimental results, +2 oxidation state of Ru in FLL (octahedral geometry) and E52 (pseudo 

tetrahedral geometry) ligands with singlet complex-multiplicity were modeled for the calculation 

of RESP charges. Frequency calculations were also performed at the same level to approximate 

the force constants. In particular, the Seminario method based on the Hessian matrix was used to 

derive the Ru-related force field parameters for AMBER. For Cp ring Ru based molecule, ten 

harmonic restraints connecting each carbon atom of the Cp ring to the Ru center was used, as 

described earlier (de Hatten, Cournia, Huc, Smith, & Metzler-Nolte, 2007). 

MD simulations of PfCDPK2 complex with STU and Ru-based FLL and E52 
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For MDS, the AMBER ff99SB force-field parameter was used to model all standard amino 

acid residues, while Ru metal parameters were calculated using the metal center parameter 

builder as mentioned above. The standard output of MCPB.py (P. Li & Merz, 2016) was used to 

generate prmtop and inpcrd amber files using tleap program with the default setup. The amber 

parameter and coordinate files were converted to gromacs compatible file format using ACPYPE 

(Sousa da Silva & Vranken, 2012). Remaining steps for MDS is similar as mentioned earlier in 

the ensemble conformation generation section. Three independent 50 ns production MD run 

were generated each for STU, FLL, and E52.  

Binding free-energy calculations 

The Poisson–Boltzmann or generalized Born and surface area continuum solvation (MM-

PBSA and MM-GBSA) methods (Genheden & Ryde, 2015; Sun et al., 2018; Wang et al., 2016) 

are used to estimate the free energy of binding in the receptor-ligand complexes. The analysis of 

free energy and energy contribution by individual residues were used to quantitatively estimate 

the ligand affinity for PfCDPK2 receptor. The g_mmpbsa tool (Kumari, Kumar, Lynn, & Lynn, 

2014) with default parameters was used for molecular mechanics potential energy (electrostatic + 

Van der Waals interactions) and solvation free energy (polar + non-polar solvation energies) 

calculations. The last stable 30 ns trajectories which were identified based on the RMSD plot, 

consisting of 120 frames in the timeframe of 250 ps were used to estimate binding free energy 

using the g_mmpbsa tool. The frames were selected covering a wide range of trajectory in order 

to cover different conformational space of the receptor-ligand complexes for better 

structure‐function correlation. 

Results and Discussion 

Ensemble conformation generation 
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The aim of the procedure was to explore the structural basis for the interaction between known 

Ru-based inhibitors having staurosporine backbone and Plasmodium calcium-dependent kinase 2 

(PfCDPK2). Docking molecules to apoprotein or protein complexes with other ligand have 

reasonably advanced but it merely considers protein flexibility. Especially proteins from kinase 

family, which shows higher flexibility in variable loops; the docking interpretation in static 

structure might result in loss of accurate information (Cozzini et al., 2008). We, therefore, used 

ensemble conformation for docking with known inhibitor staurosporine to explore the sampling 

of protein-ligand conformational space. Prior to ensemble generation, the full-length model of 

PfCDPK2 was generated using PDB: 4MVF as a template structure using I-TASSER. The 

Ramachandran statistics for crystal structure was compared with the output model for testing 

model significance. The final output model showed significant statistics with 96.5% residues in 

the favored region, 2.7% residues in allowed region and 0.9% residues as an outlier. The known 

inhibitor STU was re-docked on the final output model to get near-native conformation with 

reference to the crystal structure (Fig. 2a). The generated model and the docked model with STU 

respective to crystal structure were used to serve as the starting conformations for 50 ns MDS. 

The RMSD values for Cα backbones from its starting to the final position were calculated for the 

entire MDS trajectory as shown in the plot of RMSD (nm) vs Time (ns) in Fig. 2b. The RMSD 

plot indicated that the apoprotein MDS reached equilibrium after 20 ns while the 

PfCDPK2_STU reached equilibrium around 10 ns. The mean RMSD values for apoprotein and 

PfCDPK2_STU were 0.57 ± 0.10 and 0.35 ± 0.04 respectively. The decrease in stability of 

PfCDPK2_STU compared to apoprotein suggested intrinsic flexibility of loop region in the 

native apo structure which forms induced-fit movement to accommodate the ligand in the active 

site in a later case.  
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a 

 

b 

 

c 

 

d 

Figure 2. Molecular docking and Dynamics simulation analysis for ensemble conformation

generation of PfCDPK2 and Staurosporine (STU) in complex with protein

(PfCDPK2_STU). (A) Post docking and 2D comparison of docked STU with PDB:4MVF

crystal structure. (B) Computed Cα backbone RMSD (nm) values for 50 ns MDS. (C) PCA 2D

scatter plot projecting the motion of the protein in phase space for the two principle components,

PC1 and PC3 (D) The plot representing eigenvalues calculated from the covariance matrix of

backbone fluctuations vs. the respective eigenvector indices for first 20 eigenvectors from 1000

eigenvectors. In plot (B), (C) and (D) the colour representation is PfCDPK2 (black) and

PfCDPK2_STU (red).  
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Essential Dynamics and Clustering of MDS trajectories 

The conformational space and transitions in the apo and complex structure were inspected by 

Prinicpal Component Analysis (PCA) analysis. The PCA is a statistical computation which 

decreases the complexity of the MDS trajectories by extracting only collective motion of Cα 

atoms while preserving most of the variation. It calculates the covariance matrix of positional 

fluctuations for backbone atoms which may decipher the dynamics and coherted motions of 

PfCDPK2 in absence/presence of ligands. The plot which is shown in Fig. 2c is the 2D 

projection of the trajectories for two major principal components PC1 and PC2 for PfCDPK2 and 

PfCDPK2_STU which represents different conformations in 2D space. The 2D projection of 

PfCDPK2 has more variation compare to PfCDPK2_STU due to the stabilization effect on the 

dynamics motion due to the ligand.  

Representative structures for the conformational space traversed by the MDS based ensemble 

method, GROMOS (Daura et al., 1999) based algorithm in clustering was applied on PfCDPK2 

and PfCDPK2_STU MDS. The method basically creates representative RMSD based clusters 

from the trajectory frames.  It counts the number of the neighboring structure using a 0.2 nm 

cutoff, and then form a cluster set with the largest numbers of neighbor structures followed by its 

elimination from the pool of clusters. The process is repeated for the remaining frames to 

identify other clusters with decreasing numbers of neighbor structures and each centroid of the 

cluster are used as a representative structure. These centroid structure members from each cluster 

are representative structures of distinct frames. The RMSD values in the clusters ranges from 

0.0676 – 0.534 nm (average RMSD 0.267) and 0.0633 - 0.5 nm (average RMSD 0.248) for 

PfCDPK2 and PfCDPK2_STU respectively. A total of 16 clusters with 310 transitions were 

found in PfCDPK2 MDS, while the PfCDPK2_STU MDS has 10 clusters with 247 transitions 
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(Fig. 3d). The representative structures from each cluster from PfCDPK2 and the

PfCDPK2_STU MDS are shown in supplementary figure (S2, S3) along with the total numbers

of structures in each cluster. 

 

 

a b 

Figure 3. Docking results for each cluster generated from the PfCDPK2 and

PfCDPK2_STU MDS. (A) Average docked energy values (kcal/mol) for 10 runs for each

cluster generated from the PfCDPK2 MDS. (B) Average docked energy values (kcal/mol) for 10

runs for each cluster from the PfCDPK2_STU MDS. (C) Superposition of average poses of STU

for all the clusters from PfCDPK2 MDS (D) Superposition of average poses of STU for all the

clusters from PfCDPK2_STU MDS. The standard deviation is denoted by a bar in plot A & B. 

Ensemble Docking  

The overall interest in predicting and comparing the interactions between the Ru-based

compounds and PfCDPK2 was to envisage the dynamic residue-wise structural stabilization of

the protein-ligand complexes. The docking protocol to non-native protein conformations

(apoprotein or protein complexed with the ligands) is still a challenging problem and to

overcome this and take flexibility into account, we employed the ensemble-based docking

protocol. The current protocol was first tested using PfCDPK2, whose crystal structure has been
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solved with known inhibitor staurosporine (STU) (PDB ID: 4MVF). The reliability of our 

docking protocol was determined by ensemble generations using MDS for apo PkCDPK2 

structure and PfCDPK2_STU structure with bound STU. The clusters were then generated from 

these MDS trajectories representing the representative structures for which docking was 

performed using FLL a known Ru-based inhibitor for PIM1, GSK-3β and CDK2/cyclin A 

kinase. The ensemble-based approach is already validated as a suitable approach for this family 

of kinases (Liu, Agrawal, & Radhakrishnan, 2013). In each docking set, the representative 

clusters from both the MDS were chosen to generate 10 poses of complex docked structure for 

each cluster representative. A total of 160 poses from 16 clusters and 100 poses from 100 

clusters were generated by docking for PkCDPK2 and PfCDPK2_STU. For each cluster from 

both the MDS, average values for docked energy were calculated for 10 runs with standard 

deviation and are plotted in Fig. 3a, 3b.  The average dock energy for 10 runs of all the clusters 

from apo PfCDPK2 and PfCDPK2_STU MDS is -9.88 ± 0.42 and -8.93 ± 0.44 kcal/mol 

respectively. The overall dock energy is significant to indicate a strong interaction between 

ligand and the protein active site. Fig. 3c, 3d shows the average pose of STU for all the clusters 

from both the MDS superposed with each other. All the poses were manually inspected for the 

best pose with respect to the known inhibitor and docked energy, of which one pose was selected 

from the apo PfCDPK2 ensembles. The basis for selecting the conformation for further MD 

studies and binding free energy estimation was near-native pose and dock energy. Overall, the 

poses, as well as docked energy in each cluster in apo conformations, had less variability 

indicating convergence. The best conformation pose was from the cluster#13 of the apo clusters 

and the average docked pose with dock energy -10.62 kcal/mol and 3.042 RMSD value was 

selected for docking with FLL and E52, Ru-based known kinase inhibitor-based on staurosporine 
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scaffold. Our docking protocol and parametrization of grid as well as Ru metal was validated by 

control docking of PIM1 kinase (PDB:3FXZ) with its co-crystal ligand FLL. The comparison of 

ligand pose after docking and co-crystal conformation were in agreement (Fig. S4). The same 

protocol and parameters used in control docking were used for docking of PfCDPK2 with two 

organometallic compounds FLL and E52, Ru-based known kinase inhibitor-based on 

staurosporine scaffold. The both docked complex were further subjected to detailed molecular 

dynamics studies and binding-free energy estimation.  

Molecular Dynamics Simulations of PfCDPK2 with Ru-based inhibitors 

A total of four MDS were carried out to study the conformational dynamics and stability of 

protein-inhibitor complexes. The four MDS consists of one for apoprotein (PfCDPK2), one for 

PfCDPK complexed with staurosporine (PfCDPK2_STU) and two for protein in complex with 

two Ru-based known kinase inhibitor having staurosporine scaffold (PfCDPK2_FLL and 

PfCDPK2_E52). The MDS of protein-inhibitor complex post-molecular docking have been 

conclusive for deciphering the molecular interaction of protein target on scales where dynamics 

of individual atoms are investigated. In the current study, we analyzed the RMSD, RMSF, H-

bonds as well as PCA of the protein-inhibitor complexes and compared with apo-protein. All the 

analysis for protein-inhibitor complexes was compared vis-à-vis with PfCDPK2_STU crystal 

structure MDS as a reference inhibitor (staurosporine). Additionally, the binding free energy of 

all the complexes for the last stable 30 ns equilibrated trajectory was performed.  
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Figure 3. Molecular Dynamics Analysis of PfCDPK2 and PfCDPK2_inhibitor complexes, 

computing the deviation (nm) vs. function of time (50 ns) for entire MDS. (A) RMSD of the 

protein Cα backbone atoms. (B) RMSD of the inhibitors PfCDPK2_STU (black), 

PfCDPK2_FLL (red), PfCDPK2_E52 (green) (C) Computed Cα backbone RMS fluctuations for 

each residue. (D) Computation of H-bond formation for protein-inhibitor complexes for entire 

MDS. In (A), (C) & (D) plots, the colour representation is PfCDPK2 (black), PfCDPK2_STU 

(red), PfCDPK2_FLL (green), PfCDPK2_E52 (blue). 

For evaluating the dynamic stability of protein–inhibitor complexes and understanding the 

binding interactions of metal-based compounds, RMSD values for Cα backbone were calculated 

for the entire 50 ns simulations. RMSD is a means to measure the structural variation between 
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the Cα backbones from its initial conformation to its final position during the entire simulation 

trajectory. Smaller RMSD values indicate higher stability of the simulation. The RMSD values 

are shown in the plot of RMSD (nm) vs. Time (ns) in Fig. 4a for PfCDPK2, PfCDPK2_STU, 

PfCDPK2_FLL, and PfCDPK2_E52. The RMSD plot for Cα backbone values indicated that 

most of the MDS reached equilibrium within 20 ns. The mean RMSD values for PfCDPK2, 

PfCDPK2_STU, PfCDPK2_FLL, and PfCDPK2_E52 were 0.573 ± 0.108, 0.354 ± 0.040, 0.412 

± 0.047 and 0.495 ± 0.103 nm respectively. An overall comparison of Ca backbone RMSD 

showed that the PfCDPK2_STU, PfCDPK2_FLL, and PfCDPK2_E52 were much more stable 

during the entire simulations in compared to apo-protein PfCDPK2. The RMSD analysis was 

also carried out with inhibitors to assess the overall stability during the entire course of 

simulations as shown in Fig. 4b. The mean RMSD values for STU, FLL and E52 were 0.051, 

0.077 and 0.15 nm respectively Our MDS results suggested that the Cα backbone RMSD 

variation of PfCDPK2_FLL is comparable to reference ligand (PfCDPK2_STU). 

For analyzing each residue fluctuations during the entire MDS, the Root Mean Squared 

Fluctuations (RMSF) plot was generated. RMSF values of each protein-inhibitor complexes, as 

well as the apo-protein and reference inhibitor, were calculated for 50 ns trajectory and overlay 

on each other to have a comparison of flexible residues in absence and presence of inhibitor 

binding (Fig 4c). The average RMSF value for PfCDPK2, PfCDPK2_STU, PfCDPK2_FLL, and 

PfCDPK2_E52 were 0.214 ± 0.19, 0.187 ± 0.18, 0.145 ± 0.10 and 0.211 ± 0.11 respectively. The 

RMSF analysis of the Cα backbone of protein reveals the residues from 160-185, to be one of the 

highly flexible regions in the apo-protein as well as the reference inhibitor. Whereas in the case 

of PfCDPK2_FLL and PfCDPK2_E52 complexes, RMSF values of these flexible residues were 

decreased substantially. All the protein-inhibitor complexes show less RMS fluctuations 
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compared to apo-protein, which indicates that the binding of inhibitors leads to decrease in 

flexibility and hence, these compounds have the potential to inhibit the catalytic activity of 

PfCDPK2. Also, the PfCDPK2_FLL showed very lesser RMSF values compared to 

PfCDPK2_STU indicating the importance of Ru metal in the ligand moiety. 

 

a 

 

b 
Figure 5. Principle Component Analysis of PfCDPK2 and PfCDPK2_inhibitor complexes 

for 50 ns MDS. (A) The plot representing eigenvalues calculated from the covariance matrix of 

backbone fluctuations vs. the respective eigenvector indices for first 20 eigenvectors from 1000 

eigenvectors. (B) PCA 2D scatter plot projecting the motion of the protein in phase space for the 

two principle components, PC1 and PC3. In both the plots, the colour representation is PfCDPK2 

(black), PfCDPK2_STU (red), PfCDPK2_FLL (green), PfCDPK2_E52 (blue). 

The essential dynamics of PfCDPK2 and PfCDPK complexes were assessed by calculating 

Principal Component Analysis (PCA). PCA decreases the complexity of trajectory data by 

extracting only the collective motion of Cα atoms that are significantly important to investigate 

the protein-inhibitor complexes stability. The positional fluctuations of the backbone are 

computed by generating a covariance matrix that reveals the dynamics of PfCDPK2 as well as 

the difference in concerted motions during ligand binding. Figure 5a shows a plot of eigenvalues 

in decreasing order vs. the respective eigenvector indices for PfCDPK2, PfCDPK2_STU, 
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PfCDPK2_FLL, and PfCDPK2_E52. The top 15 eigenvectors accounted for 93.7%, 71.8%, 

37.3% and 65.6% of the motions observed for 50 ns trajectory for the PfCDPK2, 

PfCDPK2_STU, PfCDPK2_FLL, and PfCDPK2_E52 respectively. The PCA plot summarized 

that the values for the first few eigenvalues of PfCDPK2 were much higher compared to the 

PfCDPK2 complexes indicating that the inhibitor binding leads to a conformational change in 

protein dynamics. These different correlated motions in absence and presence of inhibitor may 

be due to the stabilization effect by complex generation. As similar to RMSD and RMSF, the 

first few eigenvalues PfCDPK2_FLL complex have considerable lesser values even compared to 

PfCDPK2_STU indicating a better replacement for staurosporine. The plot in Fig. 5b shows the 

2D projection of the trajectories for two major principal components PC1 and PC3 for PfCDPK2 

and PfCDPK2 complexes. It is evident from the 2D plot that the PfCDPK2 complexes showed 

higher stability and occupies lesser phase space along with well-defined clusters compare to 

PfCDPK2. To visualize the essential dynamics, 50 structures were extracted from each MDS 

projecting the extremely selected eigenvectors. The extreme motion of PfCDPK2 complexes was 

less deviating when compare to PfCDPK2 indicating a more stable complex formation, 

especially the PfCDPK2_FLL, showing the least dynamics and stable conformational space. 

Molecular interaction and Binding free-energy estimation 

The Hydrogen bond formation (H-bond) is the key determinants of specificity and molecular 

interactions between protein and ligand molecule. The average H-bonds formed between protein 

and ligand were calculated from stable trajectories 20 to 50 ns of MDS and are plotted in Fig. 4d. 

The final structures of PfCDPK2_STU, PfCDPK2_E52, and PfCDPK2_FLL formed two H-

bonds after simulations and the percentage existence for each H-bond in all three complexes are 

mentioned in Supplementary file S4. In PfCDPK2_STU complex the residues involved in H-
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bond interactions throughout the course on entire simulations were GLY20, GLN21, LYS29,

CYS90, GLY92, GLU94 and ASP97. For PfCDPK2_FLL complex, the residues involved in H-

bond interactions were TYR24, GLY25, CYS26, LYS42, GLU43, ASN138, ARG54, ILE153,

and ASP154. While in PfCDPK2_E52 complex, the residues involved in H-bond interactions

were LEU19, GLY20, GLN21, GLY22, THR23, CYS26, TYR39, LYS42, GLU43, GLU44,

ARG48, LYS50, LYS135, GLU137, ASN138, and ASP154. The residues (GLY, GLN, CYS,

ASP and GLU) involved in the active site chemistry of PfCDPK2_STU were also observed to

form H-bond in MDS of Ru-based FLL and E52. The 2D protein-ligand plots of post-simulation

complexes are shown in Fig. 6. Overall, the molecular interaction pattern from our MDS study

revealed that the Ru-based inhibitor has the important interaction with the residues involved in

binding with the natural substrate and may have the capability to inhibit the activity of

PfCDPK2. 

 

Figure 6. 3D protein-ligand plots of post-simulation for PfCDPK2_inhibitor complexes. The

interacting amino acids are labelled with three-letter code and corresponding residue number. 3D

plot for PfCDPK2_STU complex, PfCDPK2_FLL complex and PfCDPK2_E52 complex

respectively. 
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The binding free energy between protein-ligand complexes which is often referred to as ∆G 

was calculated using the MM-PBSA method for the last 30 ns stable trajectories. A total of 120 

frames at every 250ps from 30 ns trajectories were taken for the calculations of binding free 

energy (∆G) which is an estimation of the non-bonded interaction energies. The ∆G values for 

PfCDPK2_STU, PfCDPK2_FLL, and PfCDPK2_E52 were negative (Fig. 7a) and for 

PfCDPK2_FLL the values were similar to known reference inhibitor and for PfCDPK2_E52 

values were better compared to known reference inhibitor PfCDPK2_STU. The individual 

component for binding energy, the Van der Waals, the electrostatic interactions and non-polar 

solvation energy had contributed negatively to the overall interaction energy as shown in Fig. 7b. 

The only exception was the polar solvation energy which contributed positively. To gain more 

insights into key residues involved in ligand binding, the residue-wise energy decomposition plot 

was generated which shows the total binding energy contribution for each residue for all three 

MDS (Fig. 7c). 
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Figure 7. MM-PBSA Calculation of binding free energy. (A) The total binding free energy for

all the PfCDPK2_inhibitor complexes calculated for last 30 ns stable trajectory for a total of 120

frames, each at 250 ps interval. (B) Representative contributions of each energy component for

binding free energy for PfCDPK2 interactions with inhibitors. (C) The contribution of important

binding residues of PfCDPK2 with three inhibitors to the total binding free energy. The (-ve)

values indicate stable complex formation for PfCDPK2_inhibitor complexes, while the (+ve)

values indicate a destabilizing effect. In all the plots, the colour representation is PfCDPK2_STU

(red), PfCDPK2_FLL (blue), PfCDPK2_E52 (green). 
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Conclusion and Discussion 

Modeling the dynamic behavior of bounded metal-ligand complex using MD simulation 

requires a comprehensive understanding of the metal-ligand bonding, thermodynamics and 

coordination chemistry within the receptor binding sites (Riccardi, Genna, & De Vivo, 2018). 

This would undeniably accelerate the opportunities for novel design and discovery of 

metalloenzyme-inhibitors (inhibitors for enzymes containing metals) and metallodrugs 

(organometallic inhibitors with metals). However, there are several methodological challenges 

associated with the transition metals such as ion parametrization, multiple oxidation states, 

flexible metal-coordination and schemes for non-bonded models. These challenges can be 

compensated by utilizing free energy sampling based on DFT geometry optimizations (of metal 

coordination in protein-ligand complexes) (Gaspari et al., 2016). MD simulations consider 

structural flexibility and thereby reasonably approximate ligand recognition and binding 

(Grubmüller, Heymann, & Tavan, 1996). It is worth to mention that unconventional transition 

metal-centre complexes are difficult to simulate using default molecular mechanics (MM) 

parameters (Brooks et al., 2009). This issue has been previously addressed by Bosnich and co-

workers that introduced the idea of additional five-fold torsion angle parameters to model metal-

containing complex viz. ferrocene (Bosnich, 1994; D. J. Williams et al., 1995). Further, this topic 

was well-reviewed and persuaded by Li and Merz (P. Li & Merz, 2017). As an extension to the 

practical utility of this idea, we report the ensemble docking and dynamics of Ruthenium-based 

organometallic inhibitor with staurosporine moiety which can be used as kinase inhibitor against 

malarial CDPKs. Ruthenium is considered as most promising transition metal for drug 

development and pharmaceutical values (Abid, Shamsi, & Azam, 2016; Dragutan, Dragutan, & 

Demonceau, 2017; Meier-Menches, Gerner, Berger, Hartinger, & Keppler, 2018; Meier et al., 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 29

2013). In the context of ruthenium-based kinase inhibitor, Meggers and co-workers have 

pioneered the development of potent and selective kinase inhibitors through the use of octahedral 

pyridocarbazole complexes mimicking the pan-kinase inhibitor staurosporine (Debreczeni et al., 

2006). 

Through this study, we observed that apo PfCDPK2 clusters were reliable for molecular 

docking approach as they were distinct conformation covering flexibility aspects as well as the 

docking score which was high and clustered together with fewer deviations. Two known 

inhibitors, FLL, and E52 of protein kinases based on staurosporine moiety were used for 

molecular docking evaluation. The complexes predicted from docking were further subjected to 

MD simulations and free energy sampling, which takes into account the structural flexibility of 

the drug target in order to investigate ligand recognition and binding. Overall, the binding pose, 

MD simulations and free energy of these complexes suggested that FLL and E52 are two 

promising drug targets comparable to known STU inhibitor. We also showed that FLL is a more 

potent drug target against PfCDPK2. Earlier attempt to use these molecules against protein 

kinase also showed the importance of ensemble docking but the results lacked in dynamic 

information of these molecules (Liu et al., 2013). Here, we have demonstrated a hybrid-

methodology which includes ensemble docking approach, DFT-derived transition-metal-

parameterization to prepare the system for MD simulations and free binding energy estimation. 

In conclusion, this study along with previous reports establishes a simplistic modeling 

approach and underpins the attributes needed for modeling metal-ligand complexes for 

developing bioactive metal compounds. We believe that our approach involving ensemble 

docking, DFT calculations for metal-ligand parameterization using MCPB.py in AMBER (Case 

et al., 2005) and MD simulations can be further adapted to explore the potential of transitions 
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metals in drug discovery and overcoming the challenges associated with transition metal 

parameterization. 

 

REFERENCES 

Abid, M., Shamsi, F., & Azam, A. (2016). Ruthenium Complexes: An Emerging Ground to the 
Development of Metallopharmaceuticals for Cancer Therapy. Mini Reviews in Medicinal 
Chemistry, 16(10), 772–786. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/26423699 

Abraham, M. J., Murtola, T., Schulz, R., Páll, S., Smith, J. C., Hess, B., & Lindahl, E. (2015). 
GROMACS: High performance molecular simulations through multi-level parallelism from 
laptops to supercomputers. SoftwareX, 1–2, 19–25. 
https://doi.org/10.1016/J.SOFTX.2015.06.001 

Adams, M., de Kock, C., Smith, P. J., Land, K. M., Liu, N., Hopper, M., … Smith, G. S. (2015). 
Improved antiparasitic activity by incorporation of organosilane entities into half-sandwich 
ruthenium( ii ) and rhodium( iii ) thiosemicarbazone complexes. Dalton Transactions, 
44(5), 2456–2468. https://doi.org/10.1039/C4DT03234A 

Adams, M., Li, Y., Khot, H., De Kock, C., Smith, P. J., Land, K., … Smith, G. S. (2013). The 
synthesis and antiparasitic activity of aryl- and ferrocenyl-derived thiosemicarbazone 
ruthenium(II)-arene complexes. Dalton Transactions (Cambridge, England�: 2003), 
42(13), 4677–4685. https://doi.org/10.1039/c3dt32740j 

Adeniyi, A. A., & Ajibade, P. A. (2013). Comparing the Suitability of Autodock, Gold and Glide 
for the Docking and Predicting the Possible Targets of Ru(II)-Based Complexes as 
Anticancer Agents. Molecules, 18, 3760–3778. https://doi.org/10.3390/molecules18043760 

Amaro, R. E., Baudry, J., Chodera, J., Zlem Demir, O. ¨, Mccammon, J. A., Miao, Y., & Smith, 
J. C. (2018). Ensemble Docking in Drug Discovery. 
https://doi.org/10.1016/j.bpj.2018.02.038 

AutoDock - ADL: Parameters for docking with metal ions in receptor. (n.d.). Retrieved March 
30, 2020, from http://autodock.1369657.n2.nabble.com/ADL-Parameters-for-docking-with-
metal-ions-in-receptor-td2505649.html 

Babak, M. V., & Ang, W. H. (2018). 6. Multinuclear Organometallic Ruthenium-Arene 
Complexes for Cancer Therapy. In A. Sigel, H. Sigel, E. Freisinger, & R. K. O. Sigel (Eds.), 
Metallo-Drugs: Development and Action of Anticancer Agents (Vol. 18, pp. 171–198). 
Berlin, Boston: De Gruyter. https://doi.org/10.1515/9783110470734-012 

Barbosa, M. I. F., Corrêa, R. S., de Oliveira, K. M., Rodrigues, C., Ellena, J., Nascimento, O. R., 
… Batista, A. A. (2014). Antiparasitic activities of novel ruthenium/lapachol complexes. 
Journal of Inorganic Biochemistry, 136, 33–39. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 31

https://doi.org/10.1016/j.jinorgbio.2014.03.009 

Beagley, P., Blackie, M. A. L., Chibale, K., Clarkson, C., Meijboom, R., Moss, J. R., … Su, H. 
(2003). Synthesis and antiplasmodial activity in vitro of new ferrocene–chloroquine 
analogues. Dalton Trans., 0(15), 3046–3051. https://doi.org/10.1039/B303335J 

Bernhardt, P. V., & Comba, P. (1992). Molecular mechanics calculations of transition metal 
complexes. Inorganic Chemistry, 31(12), 2638–2644. https://doi.org/10.1021/ic00038a060 

Biot, C., Castro, W., Botté, C. Y., & Navarro, M. (2012). The therapeutic potential of metal-
based antimalarial agents: implications for the mechanism of action. Dalton Transactions 
(Cambridge, England�: 2003), 41(21), 6335–6349. https://doi.org/10.1039/c2dt12247b 

Bosnich, B. (1994). Molecular mechanics force fields for cyclopentadienyl complexes. Chemical 
Society Reviews, 23(6), 387. https://doi.org/10.1039/cs9942300387 

Brooks, B. R., Brooks, C. L., Mackerell, A. D., Nilsson, L., Petrella, R. J., Roux, B., … Karplus, 
M. (2009). CHARMM: The biomolecular simulation program. Journal of Computational 
Chemistry, 30(10), 1545–1614. https://doi.org/10.1002/jcc.21287 

Case, D. A., Cheatham, T. E., Darden, T., Gohlke, H., Luo, R., Merz, K. M., … Woods, R. J. 
(2005). The Amber biomolecular simulation programs. Journal of Computational 
Chemistry, 26(16), 1668–1688. https://doi.org/10.1002/jcc.20290 

Chellan, P., Land, K. M., Shokar, A., Au, A., An, S. H., Taylor, D., … Smith, G. S. (2013). Di- 
and Trinuclear Ruthenium-, Rhodium-, and Iridium-Functionalized Pyridyl Aromatic 
Ethers: A New Class of Antiparasitic Agents. Organometallics, 32(17), 4793–4804. 
https://doi.org/10.1021/om400493k 

Chellan, P., Land, K. M., Shokar, A., Au, A., An, S. H., Taylor, D., … Smith, G. S. (2014). 
Synthesis and evaluation of new polynuclear organometallic Ru( ii ), Rh( iii ) and Ir( iii ) 
pyridyl ester complexes as in vitro antiparasitic and antitumor agents. Dalton Trans., 43(2), 
513–526. https://doi.org/10.1039/C3DT52090K 

Cozzini, P., Kellogg, G. E., Spyrakis, F., Abraham, D. J., Costantino, G., Emerson, A., … 
Sotriffer, C. (2008). Target Flexibility: An Emerging Consideration in Drug Discovery and 
Design†. Journal of Medicinal Chemistry, 51(20), 6237. 
https://doi.org/10.1021/JM800562D 

Daura, X., Gademann, K., Jaun, B., Seebach, D., van Gunsteren, W. F., & Mark, A. E. (1999). 
Peptide Folding: When Simulation Meets Experiment. Angewandte Chemie International 
Edition, 38(1–2), 236–240. https://doi.org/10.1002/(SICI)1521-
3773(19990115)38:1/2<236::AID-ANIE236>3.0.CO;2-M 

de Hatten, X., Cournia, Z., Huc, I., Smith, J. C., & Metzler-Nolte, N. (2007). Force-Field 
Development and Molecular Dynamics Simulations of Ferrocene–Peptide Conjugates as a 
Scaffold for Hydrogenase Mimics. Chemistry - A European Journal, 13(29), 8139–8152. 
https://doi.org/10.1002/chem.200700358 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 32

De Vivo, M., & Cavalli, A. (2017). Recent advances in dynamic docking for drug discovery. 
Wiley Interdisciplinary Reviews: Computational Molecular Science, 7(6), e1320. 
https://doi.org/10.1002/wcms.1320 

Debreczeni, J. É., Bullock, A. N., Atilla, G. E., Williams, D. S., Bregman, H., Knapp, S., & 
Meggers, E. (2006). Ruthenium Half-Sandwich Complexes Bound to Protein Kinase Pim-1. 
Angewandte Chemie International Edition, 45(10), 1580–1585. 
https://doi.org/10.1002/anie.200503468 

Dragutan, I., Dragutan, V., & Demonceau, A. (2017). Special Issue on Ruthenium Complexes. 
Molecules, 22(2), 255. https://doi.org/10.3390/molecules22020255 

Dubar, F., Egan, T. J., Pradines, B., Kuter, D., Ncokazi, K. K., Forge, D., … Biot, C. (2011). The 
antimalarial ferroquine: role of the metal and intramolecular hydrogen bond in activity and 
resistance. ACS Chemical Biology, 6(3), 275–287. https://doi.org/10.1021/cb100322v 

Dubar, F., Slomianny, C., Khalife, J., Dive, D., Kalamou, H., Guérardel, Y., … Biot, C. (2013). 
The Ferroquine Antimalarial Conundrum: Redox Activation and Reinvasion Inhibition. 
Angewandte Chemie International Edition, 52(30), 7690–7693. 
https://doi.org/10.1002/anie.201303690 

Ekengard, E., Glans, L., Cassells, I., Fogeron, T., Govender, P., Stringer, T., … Nordlander, E. 
(2015). Antimalarial activity of ruthenium(II) and osmium(II) arene complexes with mono- 
and bidentate chloroquine analogue ligands. Dalton Transactions (Cambridge, England�: 
2003), 44(44), 19314–19329. https://doi.org/10.1039/c5dt02410b 

Färber, P. M., Graeser, R., Franklin, R. M., & Kappes, B. (1997). Molecular cloning and 
characterization of a second calcium-dependent protein kinase of Plasmodium falciparum. 
Molecular and Biochemical Parasitology, 87(2), 211–216. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9247932 

Ferreira, L., dos Santos, R., Oliva, G., & Andricopulo, A. (2015). Molecular Docking and 
Structure-Based Drug Design Strategies. Molecules, 20(7), 13384–13421. 
https://doi.org/10.3390/molecules200713384 

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., … 
Fox, D. J. (n.d.). Gaussian~09 {R}evision {E}.01. 

Gaspari, R., Rechlin, C., Heine, A., Bottegoni, G., Rocchia, W., Schwarz, D., … Cavalli, A. 
(2016). Kinetic and Structural Insights into the Mechanism of Binding of Sulfonamides to 
Human Carbonic Anhydrase by Computational and Experimental Studies. Journal of 
Medicinal Chemistry, 59(9), 4245–4256. https://doi.org/10.1021/acs.jmedchem.5b01643 

Genheden, S., & Ryde, U. (2015). The MM/PBSA and MM/GBSA methods to estimate ligand-
binding affinities. Expert Opinion on Drug Discovery, 10(5), 449–461. 
https://doi.org/10.1517/17460441.2015.1032936 

Gioia, D., Bertazzo, M., Recanatini, M., Masetti, M., Cavalli, A., Gioia, D., … Cavalli, A. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 33

(2017). Dynamic Docking: A Paradigm Shift in Computational Drug Discovery. Molecules, 
22(11), 2029. https://doi.org/10.3390/molecules22112029 

Glans, L., Ehnbom, A., de Kock, C., Martínez, A., Estrada, J., Smith, P. J., … Nordlander, E. 
(2012). Ruthenium(ii) arene complexes with chelating chloroquine analogue ligands: 
Synthesis, characterization and in vitro antimalarial activity. Dalton Transactions, 41(9), 
2764. https://doi.org/10.1039/c2dt12083f 

Grubmüller, H., Heymann, B., & Tavan, P. (1996). Ligand binding: molecular mechanics 
calculation of the streptavidin-biotin rupture force. Science (New York, N.Y.), 271(5251), 
997–999. https://doi.org/10.1126/SCIENCE.271.5251.997 

Held, J., Supan, C., Salazar, C. L. O., Tinto, H., Bonkian, L. N., Nahum, A., … Kremsner, P. G. 
(2015). Ferroquine and artesunate in African adults and children with Plasmodium 
falciparum malaria: a phase 2, multicentre, randomised, double-blind, dose-ranging, non-
inferiority study. The Lancet. Infectious Diseases, 15(12), 1409–1419. 
https://doi.org/10.1016/S1473-3099(15)00079-1 

Humphrey, W., Dalke, A., & Schulten, K. (1996). VMD: Visual molecular dynamics. Journal of 
Molecular Graphics, 14(1), 33–38. https://doi.org/10.1016/0263-7855(96)00018-5 

Iniguez, E., Varela-Ramirez, A., Martínez, A., Torres, C. L., Sánchez-Delgado, R. A., & 
Maldonado, R. A. (2016). Ruthenium-Clotrimazole complex has significant efficacy in the 
murine model of cutaneous leishmaniasis. Acta Tropica, 164, 402–410. 
https://doi.org/10.1016/j.actatropica.2016.09.029 

Jaouen, G., & Metzler-Nolte, N. (2013). Medicinal Organometallic Chemistry. Springer Berlin. 

Jürgens, S., & Casini, A. (2017). Mechanistic Insights into Gold Organometallic Compounds and 
their Biomedical Applications. CHIMIA International Journal for Chemistry, 71(3), 92–
101. https://doi.org/10.2533/chimia.2017.92 

Kumari, R., Kumar, R., Lynn, A., & Lynn, A. (2014). g_mmpbsa —A GROMACS Tool for 
High-Throughput MM-PBSA Calculations. Journal of Chemical Information and Modeling, 
54(7), 1951–1962. https://doi.org/10.1021/ci500020m 

Li, F., Collins, J. G., & Keene, F. R. (2015). Ruthenium complexes as antimicrobial agents. 
Chemical Society Reviews, 44(8), 2529–2542. https://doi.org/10.1039/c4cs00343h 

Li, P., & Merz, K. M. (2016). MCPB.py: A Python Based Metal Center Parameter Builder. 
Journal of Chemical Information and Modeling, 56(4), 599–604. 
https://doi.org/10.1021/acs.jcim.5b00674 

Li, P., & Merz, K. M. (2017). Metal Ion Modeling Using Classical Mechanics. Chemical 
Reviews, 117(3), 1564–1686. https://doi.org/10.1021/acs.chemrev.6b00440 

Lindorff-Larsen, K., Piana, S., Palmo, K., Maragakis, P., Klepeis, J. L., Dror, R. O., & Shaw, D. 
E. (2010). Improved side-chain torsion potentials for the Amber ff99SB protein force field. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 34

Proteins, 78(8), 1950–1958. https://doi.org/10.1002/prot.22711 

Liu, Y., Agrawal, N. J., & Radhakrishnan, R. (2013). A flexible-protein molecular docking study 
of the binding of ruthenium complex compounds to PIM1, GSK-3β, and CDK2/Cyclin A 
protein kinases. Journal of Molecular Modeling, 19(1), 371–382. 
https://doi.org/10.1007/s00894-012-1555-4 

Maksimoska, J., Feng, L., Harms, K., Yi, C., Kissil, J., Marmorstein, R., & Meggers, E. (2008). 
Targeting Large Kinase Active Site with Rigid, Bulky Octahedral Ruthenium Complexes. 
Journal of the American Chemical Society, 130(47), 15764–15765. 
https://doi.org/10.1021/ja805555a 

Manhas, A., Patel, D., Lone, M. Y., & Jha, P. C. (2019). Identification of natural compound 
inhibitors against Pf DXR: A hybrid structure�based molecular modeling approach and 
molecular dynamics simulation studies. Journal of Cellular Biochemistry, jcb.28714. 
https://doi.org/10.1002/jcb.28714 

Marcusso Orsini, T., Kawakami, N. Y., Panis, C., Fortes dos Santos Thomazelli, A. P., 
Tomiotto-Pellissier, F., Cataneo, A. H. D., … Pavanelli, W. R. (2016). Antileishmanial 
Activity and Inducible Nitric Oxide Synthase Activation by RuNO Complex. Mediators of 
Inflammation, 2016, 1–10. https://doi.org/10.1155/2016/2631625 

Maschke, M., Alborzinia, H., Lieb, M., Wölfl, S., & Metzler-Nolte, N. (2014). Structure-activity 
relationship of trifluoromethyl-containing metallocenes: electrochemistry, lipophilicity, 
cytotoxicity, and ROS production. ChemMedChem, 9(6), 1188–1194. 
https://doi.org/10.1002/cmdc.201402001 

Meggers, E. (2009). Targeting proteins with metal complexes. Chemical Communications, (9), 
1001. https://doi.org/10.1039/b813568a 

Meier-Menches, S. M., Gerner, C., Berger, W., Hartinger, C. G., & Keppler, B. K. (2018). 
Structure-activity relationships for ruthenium and osmium anticancer agents - towards 
clinical development. Chemical Society Reviews, 47(3), 909–928. 
https://doi.org/10.1039/c7cs00332c 

Meier, S. M., Novak, M., Kandioller, W., Jakupec, M. A., Arion, V. B., Metzler-Nolte, N., … 
Hartinger, C. G. (2013). Identification of the Structural Determinants for Anticancer 
Activity of a Ruthenium Arene Peptide Conjugate. Chemistry - A European Journal, 
19(28), 9297–9307. https://doi.org/10.1002/chem.201300889 

Miller, L. H., Ackerman, H. C., Su, X., & Wellems, T. E. (2013). Malaria biology and disease 
pathogenesis: insights for new treatments. Nature Medicine, 19(2), 156–167. 
https://doi.org/10.1038/nm.3073 

Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, D. S., & Olson, 
A. J. (2009a). AutoDock4 and AutoDockTools4: Automated docking with selective 
receptor flexibility. Journal of Computational Chemistry, 30(16), 2785–2791. 
https://doi.org/10.1002/jcc.21256 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 35

Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, D. S., & Olson, 
A. J. (2009b). AutoDock4 and AutoDockTools4: Automated docking with selective 
receptor flexibility. Journal of Computational Chemistry, 30(16), 2785–2791. 
https://doi.org/10.1002/jcc.21256 

Mu, C., Prosser, K. E., Harrypersad, S., MacNeil, G. A., Panchmatia, R., Thompson, J. R., … 
Walsby, C. J. (2018). Activation by Oxidation: Ferrocene-Functionalized Ru(II)-Arene 
Complexes with Anticancer, Antibacterial, and Antioxidant Properties. Inorganic 
Chemistry, 57(24), 15247–15261. https://doi.org/10.1021/acs.inorgchem.8b02542 

Ndagi, U., Mhlongo, N., & Soliman, M. (2017). Metal complexes in cancer therapy – an update 
from drug design perspective. Drug Design, Development and Therapy, Volume11, 599–
616. https://doi.org/10.2147/DDDT.S119488 

Nichols, S. E., Baron, R., & McCammon, J. A. (2012). On the Use of Molecular Dynamics 
Receptor Conformations for Virtual Screening (pp. 93–103). https://doi.org/10.1007/978-1-
61779-465-0_7 

Parveen, S., Arjmand, F., & Tabassum, S. (2019). Development and future prospects of selective 
organometallic compounds as anticancer drug candidates exhibiting novel modes of action. 
European Journal of Medicinal Chemistry, 175, 269–286. 
https://doi.org/10.1016/j.ejmech.2019.04.062 

Patel, B., Patel, D., Parmar, K., Chauhan, R., Singh, D. D., & Pappachan, A. (2018). L . 
donovani XPRT: Molecular characterization and evaluation of inhibitors. Biochimica et 
Biophysica Acta (BBA) - Proteins and Proteomics, 1866(3), 426–441. 
https://doi.org/10.1016/j.bbapap.2017.12.002 

Patel, P., Parmar, K., Vyas, V. K., Patel, D., & Das, M. (2017). Combined in silico approaches 
for the identification of novel inhibitors of human islet amyloid polypeptide (hIAPP) 
fibrillation. Journal of Molecular Graphics and Modelling, 77. 
https://doi.org/10.1016/j.jmgm.2017.09.004 

Patel, Palak, Parmar, K., Patel, D., Kumar, S., Trivedi, M., & Das, M. (2018). Inhibition of 
amyloid fibril formation of lysozyme by ascorbic acid and a probable mechanism of action. 
International Journal of Biological Macromolecules, 114, 666–678. 
https://doi.org/10.1016/j.ijbiomac.2018.03.152 

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. C., & 
Ferrin, T. E. (2004). UCSF Chimera?A visualization system for exploratory research and 
analysis. Journal of Computational Chemistry, 25(13), 1605–1612. 
https://doi.org/10.1002/jcc.20084 

Ravera, M., Moreno-Viguri, E., Paucar, R., Pérez-Silanes, S., & Gabano, E. (2018). 
Organometallic compounds in the discovery of new agents against kinetoplastid-caused 
diseases. European Journal of Medicinal Chemistry, 155, 459–482. 
https://doi.org/10.1016/j.ejmech.2018.05.044 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 36

Riccardi, L., Genna, V., & De Vivo, M. (2018). Metal–ligand interactions in drug design. Nature 
Reviews Chemistry, 2(7), 100–112. https://doi.org/10.1038/s41570-018-0018-6 

Rylands, L., Welsh, A., Maepa, K., Stringer, T., Taylor, D., Chibale, K., & Smith, G. S. (2019). 
Structure-activity relationship studies of antiplasmodial cyclometallated ruthenium(II), 
rhodium(III) and iridium(III) complexes of 2-phenylbenzimidazoles. European Journal of 
Medicinal Chemistry, 161, 11–21. https://doi.org/10.1016/j.ejmech.2018.10.019 

Śledź, P., & Caflisch, A. (2018). Protein structure-based drug design: from docking to molecular 
dynamics. Current Opinion in Structural Biology, 48, 93–102. 
https://doi.org/10.1016/j.sbi.2017.10.010 

Sousa da Silva, A. W., & Vranken, W. F. (2012). ACPYPE - AnteChamber PYthon Parser 
interfacE. BMC Research Notes, 5(1), 367. https://doi.org/10.1186/1756-0500-5-367 

Sridharan, K., & Sridharan, K. (2016). The Electromagnetic Spectrum. Spectral Methods in 
Transition Metal Complexes, 1–12. https://doi.org/10.1016/B978-0-12-809591-1.00001-3 

Su, W., Li, Y., & Li, P. (2018). Design of Ru-arene Complexes for Antitumor Drugs. Mini-
Reviews in Medicinal Chemistry, 18(2). 
https://doi.org/10.2174/1389557517666170510113453 

Sun, H., Duan, L., Chen, F., Liu, H., Wang, Z., Pan, P., … Hou, T. (2018). Assessing the 
performance of MM/PBSA and MM/GBSA methods. 7. Entropy effects on the performance 
of end-point binding free energy calculation approaches. Physical Chemistry Chemical 
Physics�: PCCP, 20(21), 14450–14460. https://doi.org/10.1039/c7cp07623a 

Thota, S., Rodrigues, D. A., Crans, D. C., & Barreiro, E. J. (2018). Ru(II) Compounds: Next-
Generation Anticancer Metallotherapeutics? Journal of Medicinal Chemistry, 61(14), 5805–
5821. https://doi.org/10.1021/acs.jmedchem.7b01689 

Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E., & Berendsen, H. J. C. 
(2005). GROMACS: Fast, flexible, and free. Journal of Computational Chemistry, 26(16), 
1701–1718. https://doi.org/10.1002/jcc.20291 

Waldron, K. J., Rutherford, J. C., Ford, D., & Robinson, N. J. (2009). Metalloproteins and metal 
sensing. Nature, 460(7257), 823–830. https://doi.org/10.1038/nature08300 

Wang, C., Nguyen, P. H., Pham, K., Huynh, D., Le, T.-B. N., Wang, H., … Luo, R. (2016). 
Calculating protein-ligand binding affinities with MMPBSA: Method and error analysis. 
Journal of Computational Chemistry, 37(27), 2436–2446. https://doi.org/10.1002/jcc.24467 

Williams, D. J., Ashton, P. R., Ballardini, R., Balzani, V., Credi, A., Gandolfi, M. T., … Prodi, 
L. (1995). Molecular Meccano. 4. The Self-Assembly of [2]Catenanes Incorporating 
Photoactive .pi.-Extended Systems. Journal of the American Chemical Society, 117(45), 
11171–11197. https://doi.org/10.1021/ja00150a015 

Williams, D. S., Atilla, G. E., Bregman, H., Arzoumanian, A., Klein, P. S., & Meggers, E. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.017541doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.017541


 37

(2005). Switching on a Signaling Pathway with an Organoruthenium Complex. Angewandte 
Chemie, 117(13), 2020–2023. https://doi.org/10.1002/ange.200462501 

Xie, P., Williams, D. S., Ekin Atilla-Gokcumen, G., Milk, L., Xiao, M., Smalley, K. S. M., … 
Marmorstein, R. (n.d.). Structure-based design of an organoruthenium Phosphatidyl-
Inositol-3-Kinase inhibitor reveals a switch governing lipid kinase potency and selectivity. 
https://doi.org/10.1021/cb800039y 

Yang, J., Yan, R., Roy, A., Xu, D., Poisson, J., & Zhang, Y. (2015). The I-TASSER Suite: 
protein structure and function prediction. Nature Methods, 12(1), 7–8. 
https://doi.org/10.1038/nmeth.3213 

 

SUPPLEMENTARY FIGURES 

 

Figure S2. The representative structures from each cluster from PfCDPK2 MDS is shown with 

the time point (ns) and along with the total numbers of structures in each cluster indicated in 

parenthesis. 
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Figure S3. The representative structures from each cluster from the PfCDPK2_STU MDS is 

shown with the time point (ns) and along with the total numbers of structures in each cluster 

indicated in parenthesis. 

 

Figure S4. Interaction of Ru-based FLL organometallic inhibitor and PIM1 Kinase (PDB:

3FXZ). (A) 3D interactions of FLL with PIM1 Kinase (PDB: 3FXZ) with interacting labeled

with residues name and hydrogen bond length in Å.(B) 3D interactions of FLL after control

docking with PIM1 Kinase (PDB: 3FXZ) with interacting labeled with residues name and

hydrogen bond length in Å. (C) Superpose 3D images of FLL co-crystal interaction (red) and

docked FLL interaction (blue) with  PIM1 Kinase (PDB: 3FXZ). 
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