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Abstract 

Interaction of monooaqua and diaqua ruthenium complexes such as, [trans-RuCl3(H2O)(3H-

imidazole)(dmso-S)] I, [trans-RuCl2(H2O)2(3H-imidazole)(dmso-S)]+1 
II, [trans-RuCl3(H2O)(4-amino-

1,2,4-triazole)(dmso-S)]  III and trans-RuCl2(H2O)2(4-amino-1,2,4-triazole)(dmso-S)]+1 IV, which are 

formed after intracellular aquation of their respective complexes, with human serum albumin (HSA) has 

been computationally investigated by molecular docking and two layer QM/MM hybrid methods.  The 

computed binding energy of monoaqua adduct I-HSA and III-HSA evaluated by docking simulation are 

found to be -4.52 kcalmol-1 and -4.58 kcalmol-1 whereas the binding energy of diaqua adducts II-HSA and 

IV-HSA  are evaluated to be -4.74 kcalmol-1 and -4.91 kcalmol-1, respectively. Docking results also show 

that the ruthenium atoms of all the complexes are actively involved in coordination with histidyl nitrogen 

atoms in the active site of protein. In addition, in order to probe the stabilities of monoaqua and diaqua 

ruthenium complexes in the active site of protein, we have calculated their energetic by two layer 

QM/MM method.  QM/MM study suggests higher stability of diaqua adduct, II-HSA. The stability of 

adducts varies in the order: II-HSA> IV-HSA> I-HSA> III-HSA.  Binding energy values of all the 

complexes increase with the incorporation of solvent effect. Thus molecular docking and QM/MM results 

show that ruthenium complexes interact with the protein receptor more rapidly after their second 

hydrolysis. Hence, docking as well as ONIOM results will be highly beneficial for providing insight into 

the molecular mechanism of ruthenium complexes with protein receptor. 
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Introduction 

Platinum complexes like cisplatin, carboplatin, oxaliplatin etc. are the most commonly used anticancer 

agents in chemotherapeutic treatment for last thirty years. However, high toxicity and undesirable side 

effects of these complexes1-2 lead to the discovery of new metal based anticancer agents3-4. Among the 

other metal complexes, ruthenium complexes are found to be effective alternatives to platinum.5-6 Two 

Ru(III) complexes, NAMI-A and KP1019 are currently in phase II clinical trials.7-8 NAMI-A has shown 

its activity against cancer metastases9  while KP101910  is effective towards primary cancers. 

Antimetastatic agents are extremely important in the treatment of cancer because 90 percent of cancer 

deaths are reported to be due to metastasis formation. NAMI-A complex is very unstable at physiological 

conditions like pH 7.4, [Cl] =0.1 M, 37 °C.  It has undergone hydrolysis after dissolution11-14 and 

subsequent dissociation of chloride or DMSO ligand leading to the formation of diaqua derivatives.12 It 

has been investigated further that dissociation process gives rise to formation of ruthenium complexes 

with only one imidazole and one chlorido ligands.14 Hence to enhance hydrolytic stability, infusion 

solution of NAMI-A is dissolved in physiological concentration of sodium chloride, when given to 

patients.15   

Over the past 25 years, a large number of studies have been carried out in order to clarify the 

mechanism of action of ruthenium complexes towards biomolecular target. In general, increasing 

evidences in the literature show that mechanism responsible for anticancer activities of ruthenium 

complexes are based on their DNA nucleobases interaction.16-18 But before such interaction occurs, these 

complexes should be passed from cellular memebrane to the nuclear memebrane. During this time 

ruthenium complexes may interact with many active sites such as proteins, peptides and other molecular 

targets.19-21  It is well-recognized that ruthenium complexes interact with  protein receptor immediately 

after its intravenous administration.22-23  Transferrin, which is mainly responsible for transporting iron to 

the body cells could be employed as a natural carrier for delivering cytotoxic ruthenium agents to tumor 

cells because of their higher demand for iron.24-25 On the other hand albumin, a most abundant human 

plasma protein displays high binding affinity26 and act as a reservoir for the transferrin cycle.  Lots of 

efforts have been devoted for investigating the interactions between ruthenium complexes and proteins. It 

is believed that ruthenium complexes tend to coordinate N-side chains of amino acids like histidine, 

arginine as well as other amino acids, since these complexes are known to bind selectively to imine sites 

in biomolecules.27-28 Also there are evidences for binding of ruthenium to sulfur (S donor/thiolate) 

compounds, but these complexes are kinetically unstable, especially in the presence of oxygen.29-30  The 

interactions are generally facilitated by aqua derivatives of ruthenium (III) complexes because these 

derivatives are much more reactive towards intracellular target as compared to their parent chloro 
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complexes. In case of NAMI-A, very interesting information have been obtained when crystal structures 

of lactoferrin―NAMI-A31 and carbonic anhydrase ―NAMI-A adducts32 are examined.  The crystal 

structure of carbonic anhydrase―NAMI-A adduct reveals that ligands of ruthenium complex are 

progressively lost during protein binding and in final adduct ruthenium complex retains its octahedral 

arrangement completed by water molecules, imidazolium nitrogen atom of His64 and carbonyl oxygen 

atom of Asn62 .32 Recently, Vergara et al.33 has investigated the binding properties of a new NAMI-A 

analogue called azi-Ru, which is more cytotoxic and shows higher antiproliferative activity than NAMI-A 

towards hen egg lysozyme (HEWL).  They have reported that azi-Ru binds with the protein lysozyme 

through His15 and Asp87 amino acid residue. So far, numbers of experimental researches on mode of 

action of ruthenium-based drugs (including the hydrolysis mechanism and binding to biomolecules) have 

been done but to the best of our knowledge only a few computational studies have been performed at the 

molecular level.34 Besker et.al.35 have published a DFT study on binding nature of antitumor ruthenium 

(II) and ruthenium (III) complexes with DNA and protein. It is found that N7 of guanine, histidyl 

imidazole residue and sulfur containing methionine and cysteine residues are the preferred binding sites 

for ruthenium complexes. Chen et al.36 has investigated the two step hydrolysis reaction of NAMI-A by 

DFT method where they found that chloroaquated and cis diaquated species of NAMI-A is 

thermodynamically more stable than corresponding trans diaquated species.  Recently, many studies have 

reported the stepwise mechanism of interaction of monoaquated and diaquated species of metal 

complexes with DNA and protein residues.37-39   

 Present work examines the stability and binding affinity of monoaqua and diaqua complexes of 

NAMI-A: [trans-RuCl3(H2O)(3H-imidazole)(dmso-S)](I), [trans-RuCl2(H2O)2(3H-imidazole)(dmso-S)]+1 

(II) and its amino derivative: [trans-RuCl3(H2O)(4-amino-1,2,4-triazole)(dmso-S)]  (III) and trans-

RuCl2(H2O)2(4-amino-1,2,4-triazole)(dmso-S)]+1 (IV) with human serum albumin (HSA). Currently, it is 

not clear whether monoaqua or diaqua complexes or both of them are active species before reaction with 

protein receptor. Therefore we have considered both monoaqua and diaqua form of ruthenium (III) 

complexes for protein interaction.  In order to find out the stability and binding affinity of anticancer 

drugs with protein receptor, many researchers have utilized two powerful computational strategies: 

docking and ONIOM (Our own N-layered Integrated molecular Orbital and Molecular Mechanics).40-42 In 

the current study , to find out the appropriate orientation of the metal complex into the binding site of 

protein receptor,  molecular docking simulations are taken up in an initial step and then quantum chemical 

calculations are performed using two layer ONIOM method.  

Computational Details 

Structure 
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DFT optimized geometry of I, II, III and IV complexes in gas phase are obtained using unrestricted 

Becke’s43 three parameter hybrid exchange functional (B3) and the Lee-Yang-Parr correlation functional 

(LYP) (B3LYP)44 functional with LANL2DZ + 6-31G (d,p) basis sets. LANL2DZ basis set45 which 

describe effective core potential of Wadt and Hay (Los Alamos ECP) on ruthenium atom and 6-31G(d,p) 

basis set46 for all other non metal atoms are used for ground state geometry optimization.   LANL2DZ 

basis set is used as it reduces the calculation time containing larger nuclei.  Vibrational analysis has been 

performed at the same level of theory for achieving energy minimum. GAUSSIAN 09 program package47 

is employed to carry out all the DFT calculations. 

Molecular docking simulation 

DFT optimized structure of ruthenium complexes such as I, II, III and IV and crystal structure of 

human serum albumin (HSA) entitled 1H9Z, obtained from research collaboratory for structural 

bioinformatics (RCSB) protein data bank are taken for molecular docking simulation.  The three 

homologous domains of HSA are 1, 2, 3 each of which is composed of A and B subdomains.48 Site 1 and 

site 2, located in hydrophobic cavities in subdomains 2A and 3A are the two major drug binding site of 

HSA.48-49 Some recent investigations have demonstrated that anthanthracycline drugs bind to a non 

classical binding site on subdomain 1B of HSA.50-51 Therefore in this study, subdomain 1B has been 

chosen as ligand binding site during docking simulation.  Autodock 4.2 program52, an interactive 

molecular graphics program is used to perform molecular docking simulation. For docking, the protein 

structure in pdb format is prepared by structure preparation tool available in Auto Dock Tools package 

version 1.5.4.  All the water molecules and the residues (warfarin moieties namely Coumarin, Benzyl and 

Acetonyl which are found to be complexed with HSA receptor) have been removed from the crystal 

structure of HSA and then polar hydrogen atoms are added for saturation, Gasteiger charges are computed 

and non-polar hydrogen atoms are merged.  A grid box with grid spacing of 0.375 Å and dimension of 

60×60×60 grid points along x, y and z axes are built around the ligand binding site. The grid box carries 

the complete binding site of the protein receptor and gives sufficient space for the ligand translational and 

rotational walk.  Finally, ten possible docking runs are performed with step sizes of 2 Å for translation 

and 500 for rotation. A maximum number of energy evaluations are set to 25000 and a maximum number 

of 27000 GA operations are generated with an initial population of 150 individuals.  The rate of gene 

mutation and crossover are set to 0.02 and 0.80, respectively. 

QM/MM calculation 

 The lowest energy structure, obtained from preceding docking simulation is chosen as the 

starting geometry for the two layer ONIOM study. The residues located outside the active site region of 

protein receptor are removed in order to reduce the system size. Investigation of the whole protein-ligand 

adduct by quantum mechanics (QM) is very computationally demanding.  Hence, we have applied QM on 
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the interacting residues with the ruthenium complex and molecular mechanics (MM) for the remaining 

part of the system (Fig.1). For monoaquated adduct, the QM region is composed of ruthenium complex, 

His146 and Gln459 residue while MM region is composed of Ala194, Arg145, Arg197, Asp108, Glu425, 

Leu463, Phe149, Pro147, Ser193 and Tyr148 residue respectively. Here charge of both the layer is set to 

be 0. On the other hand, for diaquated adducts, QM part includes ruthenium complex, His146 and Ser193. 

Along with these two residues Lys190 (for II-HSA), Pro147 and Glu425 (for IV-HSA) are included in 

the QM layer. The charge of QM set for diaquated adduct is set to be +1.  Finally, the whole structure is 

optimized using two layer ONIOM method by treating QM region at UB3LYP/ (LANL2DZ+6-31G (d,p)) 

level. MM region is described using universal force field, implemented in GAUSSIAN 09 program.                                                     

In the two layers ONIOM method, the total energy (EONIOM) of the entire system is obtained from three 

independent energy calculations: 

                            
low

systemlmode
low

systemreal
high

systemmodel
2 EEEEONIOM −+=

 

Real system contains full geometry of the molecule and is considered as MM layer while the 

model system contains the chemically most important (core) part of the system that is considered as QM 

layer. 

To find the relative stability of respective adducts, we have evaluated the interaction energy, ∆E, which is 

given by the expression: 

                           

                     complexRuHSAcomplexRuHSA −− ∆Ε−∆Ε−∆Ε=∆Ε /  

complexRuHSA −∆Ε /  is the energy of the optimized adduct of complex-HSA, HSA∆Ε  is the energy of the 

optimized HAS receptor and the  complexRu−∆Ε
 
is the energy of the optimized ruthenium complexes.  

To observe effect of solvation in the ruthenium complex―HSA interaction, single-point 

calculations have been performed on the interacting part of the protein by the UB3LYP functional, using 

LANL2DZ and 6-31G(d,p) basis sets and conductor-like polarized continuum model.53-54 In order to 

reduce the calculation time, we have taken only the high level (QM) part  for single point calculation. 

Results and Discussion 

 Structural analysis of monoaqua and diaqua complexes 

Important geometrical parameters of the ruthenium complexes evaluated in gas phase are 

presented in Table1 and their optimized geometries evaluated by DFT at B3LYP level are shown in Fig. 

2. In complex I, the Ru―Cl1, Ru―Cl2, Ru―Cl3, Ru―O, Ru―N and Ru―S bond lengths are 

calculated to be 2.43 Å, 2.38 Å, 2.34 Å, 2.21 Å, 2.10 Å and 2.36 Å respectively. Ru―O bond length is 

found to be shorter than that of Ru―Cl bond lengths, indicating the stronger coordination ability of water 
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ligands than that of chloride ligands. The coordinated water molecule of complex I form a hydrogen bond 

with DMSO oxygen atom (1.85 Å). The bond angles Cl1―Ru―O(wat1), O(wat1)―Ru―Cl2 , 

Cl2―Ru―Cl3 and Cl3―Ru―Cl1 of the complex I are found to be as: 80.60, 86.30,97.20 and 95.70, 

respectively.  As a consequence of this deviation of bond angles from 900, the geometry about the 

ruthenium atom is distorted from regular octahedral structure. For complex II, ruthenium atom is 

coordinated with two water molecules and one of the two water molecules have formed hydrogen 

bonding interaction with DMSO oxygen atom within a distance of 1.70 Å. Ru―O(wat1) and  

Ru―O(wat2) bond lengths are found to be  2.23 and 2.16 Å, respectively. Complex II also exhibits 

pseudooctahedral configuration having Cl1―Ru―O(wat1), O(wat1)―Ru―O(wat2), (wat2)2―Ru―Cl3 

and Cl3―Ru―Cl1 bond angles are in the range of 83.90―99.80. These geometrical parameters are 

comparable with available experimental data. Similar geometrical parameters are also reported by Chen et 

al. on studying the aquation of NAMI-A.36 However, slightly higher values of bond lengths of all 

complexes are thought to be due to systematic errors caused by computation method, basis set and 

environment factors.36 Electronic structures of complex III and complex IV are found to be similar to that 

of complex I and complex II.   

Stability of the ruthenium complexes 

Chemical properties of ruthenium complexes are determined by analyzing the nature of highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).  Calculated 

LUMO and HOMO energies of the ruthenium complexes are listed in Table 2.  With the help of 

LUMO―HOMO energy separation, the kinetic stability and relative reactivity pattern of a chemical 

system can be predicted.  The lower value of energy separation indicates higher reactivity and lower 

kinetic stability of a molecule.55 Pearson pointed out that the LUMO―HOMO energy separation 

represents the chemical hardness which is a reliable reactivity parameter to predict the stability of a 

molecule.56 Greater stability of molecules is due to their higher hardness value as stated by maximum 

hardness principle.57  It is observed from computational investigation that complex II (Table 2) having 

higher value of LUMO―HOMO energy gap as well as higher chemical hardness value, exhibits higher 

stability than that of complex I, III and IV. 

Docking study 

The analysis of molecular docking calculations between ruthenium complexes with HSA shows 

that all the complexes exhibit almost similar binding orientation. The interaction energy of all the protein 

adducts along with their experimental binding constant (metal complexes binding to albumin) 58 are 

reported in Table 3. The binding energy for I-HSA, II-HSA, III-HSA and IV-HSA adducts are evaluated 

to be -4.52, -4.74, -4.58 and -4.91 kcal mol-1. The larger negative value of binding energy reflects greater 
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binding affinity of ruthenium complexes with the protein receptor. The most important amino acid 

components involved in binding interaction with protein receptor are Ala194, Arg145, Arg197, Asp108, 

Gln459, Glu425, His146, Lys190, Phe149, Pro147 and Tyr148.  Docking results of ruthenium complexes 

are shown in Fig. 3-4 and possible binding interaction of ruthenium complexes with the receptor in terms 

of hydrogen bond and metal-receptor interaction are presented in Table 4.  Fig. 3 shows the binding 

interaction of I and III at the surface binding site of subdomain 1B. Complex I form a hydrogen bonding 

interaction with the amino acid residue Gln459 at a distance of about 1.90 Å through its DMSO oxygen 

atom and a metal receptor interaction is observed with the His146 residue at a distance of about 3.00 Å. A 

similar orientation is observed for docked structure of complex III as it shows a hydrogen bonding 

interaction with the amino acid residue Gln459 (1.93 Å) and a metal receptor interaction with the residue 

His146(4.05 Å).  Fig. 4 presents the docked structure of complex II and complex IV at the active site of 

the protein receptor. Two hydrogen bonding interaction of the complex II with amino acid residue His146 

(1.69 Å) and Lys190 (2.79 Å) have been observed through its DMSO oxygen atom and imidazolium 

hydrogen atom while only a single hydrogen bonding interaction is observed for complex IV with Glu425 

residue at a distance of 2.32 Å.  Both the complexes form metal receptor interaction with His146 and 

Ser193 within a distance of 3.05 Å. As it is observed, the interaction between ruthenium complexes and 

HSA is not completely hydrophobic in nature since there are several ionic (Asp108, Glu425, Arg145, 

Arg197 and Lys190) and polar residues (His146, Ser193, Tyr148 and Gln459) in the proximity of the 

bound ligand (within 4 Å) playing crucial role in stabilizing ruthenium complexes via hydrogen bonding 

and electrostatic interactions. 

ONIOM study 

Structural Characteristics 

The fully optimized structures of all the adducts of ruthenium complexes with HSA calculated at 

UB3LYP/ 6-31G (d,p): UFF level are shown in Fig. 5 and  significant geometrical  parameters are listed 

in Table 5.  

Monoaqua interaction: 

From Fig. 5 and Table 5, it is seen that inside the binding site of HSA, complex I has retained its 

pseudooctahedral configuration, in which water ligand has been replaced from the system by histidyl 

residue and coordinated with the ruthenium atom at a distance (Ru―NHis) of 2.18Å.  The Ru―Cl bond 

lengths are in the range of 2.38-2.42 Å whereas Ru―N and Ru―S bond lengths are 2.11 and 2.43 Å, 

respectively.   It is also observed that complex I forms a hydrogen bond between DMSO oxygen atom 

and one of the hydrogen atoms of glutamine side chain. The existence of the hydrogen bonding in this 
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adduct is indicated by the two important aspects: (i) short DMSO―HGln, contact distance of 2.03 Å (ii) 

deviations of Cl1―Ru― NHis (85.7°) and Cl2―Ru― NHis (88.1°) bond angle from the octahedral 90° 

value.  Presences of hydrogen bonding gives additional stability to this adduct.  The calculation shows 

that the dihedral angle Cl3―Cl2―NHis―C of I–HSA is 91.50 which indicate that histidyl ring is found to 

be perpendicular to the molecular plane about its central axis. Electronic structures of I–HSA and III–

HSA are found to be similar but Ru―NHis bond is slightly longer in III–HSA, indicating a weaker 

coordination ability of complex III as compared to complex I.  The dihedral angle Cl3―Cl2―NHis―C of 

III–HSA is found to be 47.60
 reflecting a deviation of histidyl ring from molecular plane. 

Diaqua interaction 

In II–HSA, the ruthenium atom is coordinated with histidyl nitrogen atom and oxygen atom of 

serine residue of protein receptor at a distance of 2.18 and 1.89 Å. The angle Cl1―Ru―NHis is 84.10 

whereas the angle OSer―Ru― NHis is 88.80.  This observed deviation of bond angles from 900 clearly 

indicates a distortion of geometry from regular octahedral structure. Complex II form two intermolecular 

hydrogen bonding with the protein receptor: DMSO―HHis at 2.06 Å and ImidazoliumCH―OLys at 2.28 

Å.  The geometrical parameters of II–HSA and IV–HSA are almost similar but the latter one is stabilized 

by presence of two additional hydrogen bonding with glutamic acid residue via imidazolium hydrogen 

atom.  The dihedral angle (Cl3―O―NHis―C) of II–HSA is found to be 116.70 and for IV-HSA is 94.70. 

 Stability  

In order to find out the stability of the four adducts we have evaluated the binding energy which 

are presented in Table 6 along with the absolute energy values of the interacting moieties. These results 

shown in Table 6 allow us to conclude that the binding energies of diaqua adducts are higher than that of 

monoaqua adducts. That is diaqua adducts are more stable than the corresponding monoaqua adducts. 

Again, IV–HSA have lowest absolute energy value ( complexRuHSA −∆Ε / ), suggesting that this diaqua form of 

amino derivative of NAMI-A has higher reactivity towards protein receptor, in agreement with the 

experimental studies reported by Grossl et al.58 This is mainly due to the presence of primary amine group 

in this derivative which favors formation of hydrogen bonding interaction towards protein residues, 

making protein―complex conjugation. In spite of its higher reactivity towards protein receptor, the 

evaluated binding energy of IV–HSA adduct is lower as compared to II–HSA and hence exhibited less 

stability than that of II–HSA.  II–HSA having energy 958.50×102 kcalmol-1 being the most stable adduct 

followed by IV–HSA, I–HSA and III–HSA.   

Since all biological interactions are occur in aqueous environments, we have carried out single 

point calculations on interacting part of all the four adducts to get an estimate of the solvent effect.  

Inclusion of solvent effect in energy calculations lead to changes in energy and stability of the 

corresponding adducts.  The order of binding energy in aquous solution is found to be in the order: II–
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HSA> IV–HSA> I–HSA> III–HSA. The binding energies of all adducts are evaluated to be higher 

compared to their respective counterpart in gas phase, indicating the increased stability of all the adducts 

with the inclusion of solvent medium. 

Conclusion 

Molecular docking and QM/MM calculation has been carried out for monoaqua and diaqua 

ruthenium (III) complexes in order to evaluate the binding affinity and stability of the complexes in 

protein environment. Molecular docking simulation shows that diaqua adduct i.e. II–HSA and IV–HSA 

has exhibited higher binding affinity than the corresponding monoaqua adducts (I–HSA and III–HSA). 

These studies reveal that in the active site of protein, residues Ala194, Arg145, Arg197, Asp108, Gln459, 

Glu425, His146, Lys190, Phe149, Pro147 and Tyr148 play a key role in binding with the complexes. In 

monoaqua adducts, ruthenium complex are found to interact with His146 and Gln459 while ruthenium 

complexes in diaqua adducts interact with Ser193, Lys190 and Glu425 in addition to His146.  Again, two 

layer ONIOM calculations analyze the stability and energetic details of the interacting ruthenium 

complexes with protein. The binding energy evaluated by ONIOM calculation suggests the highest 

stability of II–HSA adduct.  However, interaction energy of IV–HSA adduct is higher than other adduct 

indicating higher reactivity of complex IV towards protein, in agreement with experimental data. Binding 

energy values suggest that diaqua adducts is more stable than monoaqua adducts. Presence of more 

hydrogen bonding in diaqua adducts gives extra stability as compared to monoaqua adducts.  In addition, 

the interaction energies of all the four adduct increases in water solvent.  
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Table1. Selected bond lengths (Å) and bond angles (0) calculated for complex I and complex II at 

B3LYP level in the gas phase 

Parameters I II III IV 

Ru―Cl1 2.43 2.34 2.41 2.32 

Ru―Cl2 2.38  2.41  

Ru―Cl3 2.34 2.31 2.33 2.30 

Ru―Cl4     

Ru―O(wat1) 2.21 2.23 2.24 2.24 

Ru―O(wat2)  2.16  2.18 

Ru―N1 2.10 2.10 2.10 2.09 

Ru―S1 2.36 2.41 2.36 2.41 

N1―Ru―S1 176.3  176.1 175.5 

Cl1―Ru―Cl2     

Cl1―Ru―O(wat1) 80.6 83.9 85.1 85.6 

O(wat1)―Ru―Cl2 86.3  80.5  

O(wat1)―Ru―O(wat2)  85.5  82.5 

O(wat2)―Ru―Cl3  91.2  90.1 

Cl2―Ru―Cl3 97.2  97.6  

Cl3―Ru―Cl1 95.7 99.8 96.9 99.9 

 

 Table2. Energies of HOMO ( HE  in eV) and LUMO ( LE  in eV) and chemical hardness (η  in eV) of 

ruthenium (III) complexes 

Complex 
HE  LE  E∆  η  

I -6.204 -3.646 2.558 1.279 

II -10.095 -7.335 2.758 1.379 

III -6.177 -3.646 2.531 1.266 

IV -9.905 -7.510 2.395 1.198 
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 Table3. Binding energy (∆E in kcal mol-1) and binding constant (kb in min-1) of all the complexes with 

HSA, evaluated by molecular docking. 

Adducts ∆E Kb 

(experimental data) 

I-HSA -4.52 0.210 

II-HSA -4.74  

III-HSA -4.58 0.436 

IV-HSA -4.91  

Table 4. Hydrogen bond and metal-receptor interaction of complex I and complex II with HSA evaluated 

by docking analysis 

  Amino acid residue involved in hydrogen 

bonding 

Adducts Groups HSA 

amino acid residue 

I–HSA DMSO O atom HNGln459(1.90Å) 

Metal-receptor N-imidazole His146(3.00Å) 

II–HSA DMSO O atom HCH2His146(1.69Å) 

Imidazolium H atom O Lys190(2.79 Å) 

Metal-receptor N-imidazole His146(3.05Å) 

Metal-receptor OSer193(2.15Å) 

III–HSA DMSO O atom HNGln459(1.93Å) 

Metal-receptor N-imidazole His146(4.05Å) 

IV–HSA Metal-receptor N-imidazole His146(3.03Å) 

Metal-receptor OSer193(2.57Å) 

 Imidazole H atom O Glu425(2.32 Å) 
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  Table5. Calculated bond length (Å) and bond angles (0) of monoaquated and diaquated adduct 

 I-HSA III-HSA  II-HSA IV-HSA 

Ru-

coordination 

Hydrogen 

bonding 

Ru-

coordination 

Hydrogen 

Bonding 

Ru-

coordination 

Hydrogen 

bonding 

Ru-

coordination 

Hydrogen 

bonding 

Ru―NHis 2.18  2.25   2.18  2.16  

Ru―OSer      1.89  1.99  

Ru―Cl1 2.42  2.45   2.38  2.38  

Ru―Cl2 2.40  2.38       

Ru―Cl3 2.38  2.36   2.34  2.47  

Ru―S 2.43  2.42   2.48  2.37  

Ru―N 2.11  2.10   2.14  2.16  

DMSO―HGln  2.03  1.98      

DMSO―HHis       2.06  2.43 

ImidazoliumCH―OLys       2.28   

DMSOCH2H―OSer       2.50  2.28 

ImidazoliumNH―OGlu         1.88 

ImidazoliumCH―OGlu         2.04 

Cl1―Ru― NHis 85.7  87.2   84.1  94.9  

Cl2―Ru― NHis 88.1  93.5       

Cl2―Ru― Cl3 92.8  91.5       

Cl3―Ru― Cl1 93.4  87.8   92.6  85.2  

OSer―Ru― NHis      88.8  87.8  
OSer ―Ru― Cl3      95.5  92.1  

Cl3―Cl2―NHis―C 91.5  47.6       
Cl3―O―NHis―C      116.7  94.7  
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Table 6. Absolute energy values (in au ) of interacting adducts and  calculated binding energy (∆Ε ×102 in kcalmol-1) of ruthenium complexes 

with HSA calculated by two layer ONIOM method in gas phase.  Interacting part of HSA in aqueous phase is calculated by high level 

UB3LYP/(LANL2DZ+6-31G(d,p)) method. 

 

Adduct Gas phase Solvent phase 

complexRuHSA −∆Ε /

 

HSA∆Ε  complexRu−∆Ε

 

∆Ε  
complexRuHSA −∆Ε /  HSA∆Ε  complexRu−∆Ε  ∆Ε  

I–HSA -3333.57 -1080.52 -2330.49 479.67 -3334.66 -1080.58 -2330.52 479.70 

II–HSA -3087.34 -1293.53 -1946.47 958.50 -3087.34 -1293.65 -1946.56 959.23 

III–HSA -3405.91 -1080.52 -2401.83 479.62 -3405.99 -1080.58 -2401.86 479.69 

IV–HSA -3538.64 -1672.88 -2017.81 954.12 -3538.68 -1672.92 -2017.98 954.68 
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Fig.1. Schematic 2D diagram of the model system for ruthenium complex bound to HSA binding 

site. Layers that are partitioned are shown for ONIOM2 calculations. A is the inner layer (QM 

calculations) and B is the outer layer (MM calculations). The arrangement of the residues shown in 2D 

diagram is not their actual position in 3D. 
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I 

 

II 

 

III 

 

IV 

Fig.2. Optimized geometries of complex I and complex II with appropriate numbering obtained from 

B3LYP/ (LanL2DZ+6-31G**) calculation. 
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I–HSA 

 

III–HSA 

Fig.3. Docked structures of monoaqua complex I and complex II at the active site of protein receptor. 

The rest part of protein structure is not shown for clarity. 

 

II–HSA 

 

IV–HSA 

Fig.4. Docked structures of diaquated adducts at the active site of protein receptor. The rest part of protein 

structure is not shown for clarity 
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I–HSA 

 

III–HSA 

 

II–HSA 

 

IV-HSA 

 

Fig.5. Optimized geometries of monoaquated and diaquated addcuts with appropriate numbering obtained 

from two layer QM/MM method. 
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