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Abstract 

The thesis is based on studies of two types of biomolecular complexes: (1) complexes 

between biomolecules and (2) complexes of biomolecules with inorganic moieties. These 

complexes are important for their applications in gene cloning, protein expression, drug design, 

sensors and detection of diseases.  

We consider an important class of biomolecular complexes, namely, restriction 

endonucleases (RE)-DNA. REs protect bacterial cells against bacteriophage infection by 

cleaving the viral DNA into fragments. The cleavage of a specific DNA strand by the REs 

occurs in presence of Mg2+, but not in presence of Ca2+, although the proteins bind to DNA in 

presence of both metal ions. In order to understand the metal ion specificity in EcoRV, we 

compare the fluctuations of microscopic degrees of freedom, like DNA base pair step 

parameters and dihedral angles of protein residues using all-atom Molecular Dynamics (MD) 

trajectories of the complexes. We calculate the changes in free energy and entropy due to 

differences in conformations of the biomolecules in Mg2+ ion bound EcoRV-DNA (Mg2+-

EcoRV-DNA) complex compared to those in Ca2+ bound EcoRV-DNA (Ca2+-EcoRV-DNA) 

complex. We find that the base pairs in the cleavage region are disordered in Ca2+-EcoRV-

DNA compared to Mg2+-EcoRV-DNA. One of the acidic residues ASP90, coordinating to the 

metal ion in the vicinity of the cleavage site, is conformationally destabilized and disordered. 

Previous studies suggest that water plays an important role in the DNA cleavage activity 

by the REs. We extend consider another complex of RE, EcoRI with DNA to investigate 

cofactor the DNA sequence in DNA cleavage, emphasizing the role of water. We consider four 

complexes, EcoRI-DNA, Mg2+-EcoRI-DNA, Ca2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA 

where the second base pair in the recognition sequence in Mg2+-EcoRI-DNA is mutated. We 

observe that the Mg2+-EcoRI-DNA complex shows the maximum conformational stability and 



 
 

order in the cleavage region compared to the free components among all the complexes. The 

number of hydrogen bonds (HBs) with the surrounding water molecules around the scissile 

phosphate group is less compared to that for the other phosphate groups in all the complexes. 

This number at the cleavage phosphate group is smaller in Mg2+-EcoRI-DNA and mutated 

complexes compared to those of the other complexes. Hence, the HB network in the scissile 

phosphate group is less strong in Mg2+-EcoRI-DNA and mutated complexes. This indicates 

that the probability of attacking the scissile phosphate group by a water molecule is more in 

these complexes compared to the other complexes. Among these two complexes, however, the 

conformational stability is higher in the Mg2+-EcoRI-DNA than Mg2+-EcoRI-mtDNA. Thus, 

Mg2+-EcoRI-DNA is having the maximum efficiency in cleavage activity. 

Next, we consider a couple of nano-bio complexes. We investigate the interactions of 

ZnO nanoparticles (ZnONP) with ATP, ADP and AMP using density functional theory (DFT) 

based quantum chemical calculations. Interactions of ZnONP with ATP, ADP and AMP are 

important to understand how the metal oxide nanoparticles affect the cellular energy transfer 

reactions. We establish chelation of the metal oxide surface involving Zn-O bond through 

ZnONP  phosphate CT and Zn-N bond via adenine  ZnONP CT and additional O-H---O 

non-classical bonds with ZnO nano-cluster with phosphate groups in all the nano-bio 

complexes. DFT-based Raman spectra strongly support the presence of these bonds in these 

nano-bio complexes. 

ZnO is extensively used in non-enzymatic glucose biosensors for the detection of 

glucose concentrations in human blood. To understand the binding mechanism of glucose with 

four common surfaces, (101̅0), (112̅0), (0001) and (0001̅) respectively of ZnO, and 

examining the most preferable surface for glucose adsorption in aqueous solution, we carry out 

molecular dynamics (MD) simulations enhanced by umbrella sampling. We observe that the 

layered water molecules formed above the surfaces hinder the closer approach of glucose to 



 
 

the surfaces. The glucose density is maximum near the surface of (101̅0) compared to the 

other surfaces. Potential of mean force (PMF) calculations show that glucose molecules on 

(101̅0) surface shows strongest adsorption free energy. Thus, the interactions between glucose 

and the surfaces are observed to be highly specific to the surface. 
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CHAPTER 1 

Introduction 

Studying biomolecular complexes is important for their applications in biomedical 

science and biotechnological areas.1–5 Biomolecular complexes are of two major kinds: (i) 

complexes of biomolecules with other biomolecules and (ii) complexes of biomolecules with 

inorganic surfaces, more commonly known as nano-bio conjugates. Complexes between 

biomolecules such as protein with nucleic acids, protein with small molecules, nucleic acids 

with small molecules etc. perform almost all biological processes in the cell, such as DNA 

replication, transcription, translation, protein expression to name a few.6,7 On the other hand, 

the nano-bio conjugates attracts a great deal of attention due to their applications in biosensors, 

detection of diseases etc.8–10 

 The complexes of proteins with nucleic acids such as restriction enzymes-nucleic acids 

are responsible for performing many cellular functions.7,11,12 Restriction endonucleases or 

restriction enzymes (REs) are proteins that cleave DNA into fragments at or near specific 

recognition sites in order to protect cells against bacteriophage infection.11–13 REs occur 

ubiquitously in bacteria, archaea and in viruses of certain unicellular algae. The host DNA is 

protected by a modification enzyme that methylates the host DNA in order to block the 

cleavage by REs. REs are categorized into four types, type I, II, III and IV, depending on their 

subunit composition, cofactor requirement and mode of action.14 Type II REs are 

extraordinarily important for their applications in gene cloning and gene analysis. Type II REs 

have been studied in great detail. Furthermore, they are outstanding model systems for studying 

highly specific protein-DNA interactions and structure-function relationships. Type II REs are 

homodimers that recognize a palindromic sequence of 4-8 base pairs in length. They cleave the 

two strands of the DNA in presence of Mg2+. 
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 Biomolecules also form complexes with inorganic materials. The interface between 

inorganic materials like ZnO, TiO2, etc. and biomolecules show unique physicochemical 

properties that has applications in nanotechnology and biomedical areas.15–18 The chemical 

composition, surface functionalization, shape and angle of curvature, porosity, and surface 

crystallinity of nanomaterials all play a significant role in the conjugation of nanoparticles and 

biomolecules.19,20 The primary important factors at the nano-bio interface are the nanoparticle 

surface, the solid-liquid interface and the contact zone of the solid-liquid interface with 

biomolecules. Water plays a critical role when considering the interactions of inorganic 

materials with biomolecules. So, understanding the nano-bio interface requires a thorough 

investigation of the solid-liquid interface. 

In this thesis, we consider a couple of DNA-Restriction enzyme complexes. EcoRV is 

one of the type II REs that binds to GATATC sequence of DNA both in presence of Mg2+ and 

Ca2+.12,21,22 However, EcoRV cleaves DNA at the central base pair (TA) only in presence of 

Mg2+ but not in presence of Ca2+.23–25 The microscopic picture of the cofactor sensitivity of 

EcoRV in cleaving the DNA is yet to be known. We investigate metal ion sensitivity of the 

catalytic activity to understand this difference using conformational thermodynamics by 

calculating changes in conformational free energy and entropy of conformational degrees of 

freedom, like base pair steps of DNA and dihedral angles of protein residues in presence of 

metal ions, Mg2+ and Ca2+, using the equilibrated trajectories of all-atom Molecular Dynamics 

(MD) simulations (as detailed in Appendix I of Chapter 2) of the complexes. If the distribution 

of fluctuations of a conformational degree of freedom are known between two conformational 

states of the macromolecule in a given ensemble, one can estimate the conformational free 

energy changes from the Boltzmann weight and the entropy changes from Gibbs formula by 

comparing the distributions in two states. 
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We observe that the base pair steps in the recognition region are all destabilized and 

disordered in Ca2+ loaded EcoRV-DNA (Ca2+-EcoRV-DNA) complex compared to those in 

Mg2+ loaded EcoRV-DNA (Mg2+-EcoRV-DNA) complex. The cleavage base pair step gets 

maximum disordered in presence of Ca2+. One of the catalytically active residues ASP90 also 

gets destabilized and disordered in Ca2+-EcoRV-DNA. The distance fluctuations between CG 

atoms of two catalytically active residues, ASP74 and ASP90 reveals that these two residues 

come closer in Ca2+-EcoRV-DNA compared to those in Mg2+-EcoRV-DNA, leading to larger 

electrostatic repulsion between these two residues in presence of Ca2+. So, the cleavage region 

gets stabilized and ordered and the metal ion is stable in the neighbourhood of the scissile 

phosphate group in Mg2+-EcoRV-DNA complex compared to Ca2+-EcoRV-DNA complex. 

Replacement of the metal ions type in these complexes makes the cleavage region unstable and 

disordered. This suggests that both the type of the metal ions and their locations are important 

for cofactor sensitivity for cleavage by EcoRV. 

Another type II RE, EcoRI, recognizes GAATTC sequence and cuts the DNA between 

G and A in presence of Mg2+. Like EcoRV, the metal ion specificity of DNA cleavage is 

unknown for EcoRI also. Water plays a crucial role in DNA recognition and cleavage by 

EcoRV. According to the experiment, when EcoRI binds to the cognate sequence (GAATTC), 

it releases 70 fewer water molecules than when it binds to a noncognate sequence (TAATTC).26 

Furthermore, 30 water molecules are bound in the cognate sequence during the cleavage event. 

Although there are several experimental studies on the role of water in DNA cleavage,26–28 a 

microscopic understanding is still elusive. 

Here, we consider four systems, EcoRI-DNA, Mg2+-EcoRI-DNA, Ca2+-EcoRI-DNA 

and Mg2+-EcoRI-mtDNA respectively. Mg2+-EcoRI-mtDNA is the complex where we mutate 

the second base pair (A:T) in the recognition region by (G:C) in Mg2+-EcoRI-DNA complex. 

We also consider their free components such as EcoRI, Mg2+-EcoRI, Ca2+-EcoRI and free 
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DNA respectively. Our calculation is divided into two parts: (1) Metal ion specificity of DNA 

cleavage using conformational thermodynamics and (2) role of water in DNA cleavage due to 

cofactor sensitivity and DNA sequence sensitivity. First, we calculate the conformational free 

energy and entropy changes of the base pair step parameters of DNA base pair steps in EcoRI-

DNA as well as metal ion loaded complexes with respect to free DNA. We observe that the 

cleavage region gets stabilized and ordered only in presence of Mg2+ ion as in the case of 

EcoRV. In order to find out the role of water molecules in DNA cleavage due to cofactor 

sensitivity and DNA sequence sensitivity, we calculate the hydrogen bonds (HBs) per water 

molecule (f) around each phosphate group of DNA in the recognition region. We observe that 

f is minimum for the cleavage phosphate compared to all other phosphate groups in all the 

complexes. At the cleavage phosphate group, f is minimum in both Mg2+-EcoRI-DNA and 

Mg2+-EcoRI-mtDNA complexes compared to the other complexes. This indicates that the HB 

network is less strong around the phosphate group in these complexes and more available for 

nucleophilic attack for cleavage. However, more fluctuations in the protein active sites in Mg2+-

EcoRI-mtDNA makes it unfavourbale for cleavage compared to Mg2+-EcoRI-DNA.  

We study a couple of nano-bio complexes. ZnO nanoparticles are useful in 

biotechnological applications29–32 as it is less toxic, biocompatible and biosafe. It is important 

to understand how these nanoparticles interact with biomolecules prevalent in cellular 

conditions. ATP is an energy carrier biomolecule that provides energy to the cells by the 

process of hydrolysis33,34. Hydrolysis of ATP forms ADP, and further hydrolysis produce 

AMP35,36. During these hydrolysis processes, energy is released that fuel the other cellular 

processes33,35,37. We perform quantum chemical calculations based on DFT on a nano-bio 

conjugate between the Zn12O12 cluster (ZnONP) and ATP, ADP and AMP. In such calculations 

the ground state of the system is obtained by variationally minimizing the ground state energy 

of a fully interacting many-electron system with respect to the electron density, given by the 
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squared modulus of the ground state wave function and the interaction between the electrons 

modelled via correlation terms38. The hybrid functional B3LYP39 is a standard method for a 

good compromise between computational cost, coverage, and accuracy of results. We show 

from our quantum chemical calculations, the existence of a Zn-N(adenine) bond and multiple 

Zn-O(phosphate) bonds in the DFT-optimized geometries. In all three nano-bio complexes, 

phosphate groups form additional O-H---O non-classical bonds with the ZnO nano-cluster. 

Natural population analyses and Kohn-Sham MOs suggest that the adenine moiety forms a 

coordinate covalent bond (Zn-N) with ZnO cluster through adenine  ZnO charge transfer 

(CT), while phosphate groups from coordinate covalent bonds (Zn-O) through ZnO  

phosphate CT in all nano-bio complexes, leading to better stability of biomolecule-ZnO 

complex with increasing of number of phosphate groups. 

We also examine the interactions between glucose molecules and ZnO crystal surfaces. 

An abnormal level of glucose in blood can lead to many diseases including diabetes, 

cardiovascular diseases, metabolic syndrome to name a few.40,41 Thus, it is important to 

develop sensitive and reliable glucose biosensors in order to detect glucose in human blood. 

Glucose biosensors are mainly enzymatic. Due to disadvantages, like high cost for purification 

and fabrication, intrinsic instability and complicated immobilization procedure of enzyme-

based glucose biosensors, it is desirable to develop enzyme free glucose biosensors. Such 

design depends on understanding the interaction between glucose and the common ZnO 

surfaces, like (101̅0), (112̅0), (0001) and (0001̅). We carry out molecular dynamics (MD) 

simulations enhanced by umbrella sampling to study glucose adsorption on four different 

surfaces in aqueous solutions. The hydrated layer above the surfaces hinders the approach of 

glucose to the surface. The glucose density of 0.478 gm/cc is found to be maximum near the 

surface of (101̅0) compared to the other surfaces. Potential of mean force (PMF) calculations 

also shows that (101̅0) surface has the strongest adsorption free energy. 
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Our study reveals microscopically the importance of metal ions and water in DNA 

recognition and cleavage by the REs, which has long been debated. The microscopic 

fluctuations of the conformational variables may be useful to understand other DNA-protein 

enzyme complexes and in designing genetic tools for targeted DNA manipulations. The 

investigation on interactions of ZnO nanoparticles with energy carrier biomolecules can help 

to understand how nanoparticles affect the cellular energy transfer reactions. Our study on 

nano-bio complexes can also be applied to understand the microscopic interactions at the nano-

bio junctions. This may help in designing the sensitive, fast and reliable biosensors. 

The thesis is organised as follows: Chapter 2 contains the details of metal ions specificity 

of DNA cleavage by EcoRV using conformational thermodynamics. The details on changes in 

the conformational thermodynamics and hydration of DNA and metal ions in DNA-RE 

complexes to understand the specific recognition and cleavage of DNA by EcoRI is discussed 

in Chapter 3. Chelations of ZnO nanoparticles by energy carrier biomolecules, ATP, ADP and 

AMP are reported in Chapter 4. The surface specific interactions of glucose with ZnO surfaces 

are discussed in Chapter 5. 
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CHAPTER 2 

Specificity of Metal Ion Cofactor in DNA Cleavage by EcoRV 

 

2.1 Introduction 

    Restriction endonucleases (RE) catalyse the cleavage of DNA. These enzymes are not only 

important to protect bacterial cells from invasion by viral DNA,1–3 but also widely used as 

genetic tools.4,5  The REs require metal ions as cofactor for their activities, Mg2+ being the 

natural cofactors for majority of enzymes, like EcoAI 6, EcoRI 7, EcoRV 7–10, SepMI 10,11, EhoI 

10,11 to name only a few. Although REs can bind to other divalent metal ions, the protein has 

specific binding 11 to DNA in presence of both Ca2+ and Mg2+.  However, gel shift experiments 

show that the REs do not show DNA cleavage in presence of Ca2+ in contrast to Mg2+.12,13 

Numerous studies have been performed to understand role of Mg2+ as natural cofactor. 11,14–17 

But the microscopic origin of the specificity of metal ion cofactor Mg2+ vis-à-vis Ca2+ in DNA 

cleavage is unknown.18–20 

     Naturally occurring restriction endonucleases are classified as four types such as type I, II, 

III and IV, depending on their structure, recognition site, cleavage site etc.1,2 Over 3000 type 

II restriction endonucleases have been identified, having more than 200 different DNA 

sequence specificities.8 Type II REs recognize 4-8 base pair long DNA sequence.8 The best 

characterized RE is EcoRV, a type II restriction endonuclease from Escherichia coli.21 EcoRV 

specifically binds to recognition sequence GATATC in DNA in presence of Mg2+ and Ca2+. It 

cleaves at the central base pair step (TA-AT) only in presence of Mg2+.22 Crystal structures of 

EcoRV and DNA complexes with two protein subunits in presence of both Mg2+ 23 and  Ca2+ 

24 have been reported. These structures reveal that the cognate DNA is in bent conformation in 

both cases. However, there is difference in the two cases so far the location of the metal ions 
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are concerned. In case of Mg2+ ion bound complex, both the metal ions are present in the same 

subunit, where one of the ions directly interacts with DNA backbone. In case of Ca2+, the ions 

are symmetrically located on both the subunits, enabling both to directly interact with the DNA 

backbone. The acidic amino acids aspartic acid, ASP74 and ASP90 holding the metal ion and 

basic amino acid lysine, LYS92 of EcoRV lie in the vicinity of cleavage site. These residues 

are important in cleavage process as shown by several experimental 25–28 and earlier theoretical 

studies.29 Despite similarity in binding residue type, DNA cleaving takes place in presence of 

Mg2+ and not in presence of Ca2+. A recent experimental study on EcoRV-DNA complex shows 

that the speed of the enzymatic reaction can be modulated by mechanically stressing the DNA 

substrate.30 The bent DNA conformations in the crystal structures in presence of both  Mg2+ 

and  Ca2+, rule out that the overall DNA conformations account for the specificity  of cofactor 

Mg2+ vis-à-vis Ca2+.18–20  This, however, does not rule out the possibility of sensitivity of 

fluctuations of microscopic conformational variables31 to the type and locations of  the metal 

ions. The microscopic conformational variables are the dihedral angles in protein and the 

relative displacements and orientations of the base pair steps in DNA. Our primary objective 

here is to explore if their fluctuations can yield physical insight to cofactor sensitivity of the 

REs. 

     Fluctuations of microscopic conformational variables of a macromolecule can be captured 

from in-silico molecular simulations.32 If the simulated trajectory is sufficiently long, the 

distribution of fluctuations of a conformational degree of freedom can be taken as a marginal 

probability distribution of the given degree of freedom in the background of all other 

fluctuating conformational variables, accounting for all sorts of coupling with the other 

variables implicitly. If the marginal distributions of the microscopic conformational variables 

between two conformational states of the macromolecule are known in a given ensemble, one 

can compute the changes in conformational free energy using the Boltzmann weight and 
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entropy from the Gibb’s formula, comparing the marginal distributions in two states 33,34. This 

constitutes a mean field description35 of thermodynamics of macromolecular conformation. If 

the correlations between the microscopic conformational variables of the binding partners in a 

bio-molecular complex are small, one can take the conformational contributions to the free 

energy and entropy simply additive and can assign the conformational contribution to free 

energy and entropy changes to each of the binding partners. In practice, in such cases, the 

complex and the individual binding partners can be simulated in separate simulation boxes in 

a given ensemble to obtain the conformational contribution to thermodynamics. Such 

estimates33,34 agree to the conformational contribution to entropy in protein complexes, 

extracted from NMR experiments36 and give useful information on stability of protein 

complexes37 and protein functions38–41. Here we extend the thermodynamic analysis based on 

conformational variables to DNA-protein complex. 

        We denote the complexes as follows: Mg2+(A)-EcoRV-DNA denoting complex with 

asymmetrically located Mg2+ ions, and Ca2+(S)-EcoRV-DNA that with symmetrically located 

Ca2+ ions as in the crystal structures. We compute conformational thermodynamics data of the 

cognate DNA base pairs and protein residues in these complexes using long all-atom molecular 

dynamics (MD) simulation trajectories. We simulate the complex, individual DNA and metal 

ion bound protein in separate simulation boxes with same number (N) of particles, same 

pressure (P=1atm) and temperature (T=300 K). The particle number is kept fixed by adjusting 

the number of water molecules. We focus on the cleavage region. We observe that both 

Mg2+(A)-EcoRV-DNA and Ca2+(S)-EcoRV-DNA are conformationally stable and ordered 

compared to the free components. However, the DNA base pair steps and the protein residues 

show enhanced fluctuations in Ca2+(S)-EcoRV-DNA complex compared to Mg2+(A)-EcoRV-

DNA complex so that the metal ion cannot be held in the proximity of the cleavage point in 

Ca2+(S)-EcoRV-DNA in contrast to that in Mg2+(A)-EcoRV-DNA. We also study model 
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systems, namely, Mg2+(S)-EcoRV-DNA by replacing Ca2+ by Mg2+ and Ca2+(A)-EcoRV-DNA 

by replacing Mg2+ by Ca2+.  Such replacement of the metal ions leads to conformational 

destabilization that hinder to stabilize the metal ion in proximity to the phosphate group at the 

cleavage point. Such differences in conformational fluctuations lead to differences of Mg2+ and 

Ca2+ in the role of cofactor for catalytic activity of EcoRV on substrate DNA. 

2.2 Materials and methods 

2.2.1 System preparations 

    The initial structures for all-atom MD simulations (See Methods for details) are taken from 

PDB files with cognate DNA bound to EcoRV in presence of Mg2+ (Mg2+(A)-EcoRV-DNA, 

pdb id: 1RVB)23 and Ca2+ (Ca2+(S)-EcoRV-DNA, pdb id: 1B94)24. The sequence of DNA bases 

in the crystal structure is 5’-dAAAGATATCTT-3’ in 5’-3’ direction and the complementary 

sequence as per the Watson-Crick base pairs 42 in 3’-5’ direction. EcoRV in both pdbs is a 

dimer of two identical chains, A and B, each chain having 244 residues. The crystal structure 

shows Mg2+ ions in the vicinity of cleavage point P18 in 3’-5’ direction. A sharp kink with a roll 

angle of 500 has been found at the centre (TA) base pair when the cognate DNA is bound to 

EcoRV, while that of normal B-DNA is about 1.50.43 The initial structure of free DNA, 

containing the recognition sequence (GATATC), is made using nucgen software.44 The crystal 

structure of Mg2+ bound EcoRV, Mg2+-EcoRV is not available. We take Mg2+ coordinates from 

the crystal structure of Mg2+(A)-EcoRV-DNA complex and copy these coordinates into the 

crystal structure of free EcoRV (pdb id 1rve 22) and take the resulting structure as the initial 

structure. We make Ca2+ bound EcoRV in the same way as we made Mg2+ bound EcoRV, since 

the crystal structure of Ca2+-EcoRV is not available. We have also simulated model systems 

where we replace Mg2+ ions by Ca2+ ions in Mg2+(A)-EcoRV-DNA complex, labelled as 
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Ca2+(A)-EcoRV-DNA complex. Similarly, we replace Ca2+ ions by Mg2+ ions in Ca2+(S)-

EcoRV-DNA complex to form Mg2+(S)-EcoRV-DNA. 

2.2.2 Molecular dynamics (MD) simulations 

 We use Amberff14SB45 force field for protein and the Amberff99bsc046 force field for 

DNA. The details of the method is described in Appendix I of this chapter. We prepare the 

systems using the standard protocol of the AmberTools 1547 package. The systems are solvated 

in a cubic water box, containing TIP3P water molecules in such a way that there are at least 15 

Å thick layers of water molecules around the solute. The periodic boundary conditions are 

imposed in all directions. By adding the required number of sodium (Na+) and chloride (Cl-) 

ions, the system is neutralized. Subsequently then the system is energy minimized using both 

steepest descent48 and conjugate gradient49 algorithms. Particle mesh Ewald summation 

method is used for long ranged electrostatic interaction with 1 Å grid spacing and 10−6 

convergence criterion. The Lennard-Jones and the short-ranged electrostatic interactions are 

truncated at 10 Å. 

Starting with the energy minimized structure, MD simulations are carried out using 

NAMD program50 at 310 K and 1 atmospheric pressure in an isothermal–isobaric (NPT) 

ensemble. The temperature is maintained by using Langevin thermostat, and the pressure is 

controlled with a Nosé-Hoover Langevin piston. The SHAKE constraints are applied to all 

bonds involving hydrogen atoms. All calculations are done using a simulation time step of 1 

fs. 

2.2.3 DNA base pair step parameters 

There are six DNA base pair step parameters, where three are rotational parameters (tilt 

(τ), roll (ρ), and twist(ω)) and other three are translational parameters (shift (Dx), slide (Dy), 

and rise (Dz)). Shift is defined as the displacement about an axis in the base-pair plane, directed 
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from minor to major groove, while slide is the displacement about an axis in base pair plane, 

directed from one strand to the other. Rise is described as the displacement along the helix axis. 

Tilt, roll, and twist are defined as the rotation of the base pairs around shift, slide, and rise axes. 

The DNA base pair step parameters are calculated using the formulae:  

τ = - 𝑠𝑖𝑛−1(𝑍̅𝑚. 𝑋̅1), 

ρ = 𝑠𝑖𝑛−1(𝑍̅𝑚. 𝑌̅1), 

ω = 𝑐𝑜𝑠−1[(𝑋̅1 × 𝑍̅𝑚). (𝑋̅2 × 𝑍̅𝑚)], 

Dx = 𝑀̅. (𝑋̅1+𝑋̅2)/|𝑋̅1 + 𝑋̅2|, 

Dy = 𝑀̅. (𝑌̅1+𝑌̅2)/|𝑌̅1 + 𝑌̅2|, and  

Dz = 𝑀̅. 𝑍̅𝑚 

The coordinate frame consists of base pair (BP) short axis (𝑋̅) pointing towards the major 

groove, BP long axis (𝑌̅) directed along the line joining C8 (of purine) and C6 (of pyrimidine) 

in the BP, and the mean of the normal of the bases in the BP (𝑍̅). Here 1 and 2 denote two 

successive base pair planes. 𝑀̅ is vector joining the BP centers of two consecutive base pairs. 

𝑍̅𝑚 is defined in the following formula,  

𝑍̅𝑚 = 
(𝑋̅1+𝑋̅2)×(𝑌̅1+𝑌̅2)

|(𝑋̅1+𝑋̅2)|.|(𝑌̅1+𝑌̅2)|
 . 

2.2.4 Conformational thermodynamics 

The detailed description of histogram based method (HBM) for calculating the 

conformational thermodynamics is reported.34 The normalized probability distribution of any 

conformational variable θ in free states and complex states are given by  Hi 
free(θ) and 
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Hi 
complex

(θ) respectively. The change in free energy of any dihedral θ of the bound state as 

compared to free state is defined as,  

 ΔGi 
conf(θ) = − kBT ln (Hmax,i 

complex
(θ)/ Hmax,i 

free (θ)), 

where ‘max’ represents the peak value of the histogram and i represents the protein residue. 

The change in conformational entropy of a given dihedral θ, is evaluated from Gibbs formula, 

 ΔSi 
conf(θ) = − kB [∑j Hi,j 

complex
(θ) ln Hi,j 

complex(θ) - ∑j Hi,j 
free(θ) ln Hi,j 

free(θ)]. 

Here the sum is taken over all histogram bins j. θ corresponds to the base pair step parameter 

for DNA and dihedral angle for the protein. The dihedral distributions are calculated using in-

house program. 

2.2.5 Identification of interfacial interactions 

 We calculate interactions between EcoRV and DNA atoms in the protein-DNA 

interface. The interface is defined as the region where a pair of atoms, one belonging to the 

DNA and the other to the protein, lie within 6 Å distance. This computation is done on the 

average structure of the molecules generated over the equilibrium portion of the trajectory. 

The interactions are characterized by distance and angle criteria.51 The hydrogen bonds 

are taken when the distance between donor (D) and acceptor (A) is less or equal to 3.4 Å and 

the angle (D-H-A) cut off is 1600. For salt bridge (SB) interactions, the distance between any of 

the nitrogen atoms of basic residues and any of the oxygen atoms of phosphate group are within 

3.4 Å and the cut off angle is same as in HB interaction. Ionic species belonging to the DNA 

and the protein at the interface are considered for electrostatic interactions. The calculations of 

hydrogen bond, electrostatics and salt bridge interactions are done using Discovery studio 

software.51 
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2.3 Results and discussion 

The force field parameters for Mg2+ and Ca2+ are shown in Table 1. The total number 

of water molecules (see Table 2) is adjusted to ensure that the total number of atoms is the 

same in all cases in order to make the ensembles comparable. 

Table 1. Lennard-Jones parameters for Mg2+ and Ca2+ ions. 

Metal ion Rmin (Å) (= 21/6 σ) ε (kcal mol-1) 

Mg2+ 0.7926 0.8947 

Ca2+ 1.7131 0.4598 

 

Table 2. The number of water molecules taken to solvate the cubical boxes and the total number of atoms 

in the systems. 

 

Systems  No. of water molecules in the 

box 

Total number of atoms 

Mg2+(A)-EcoRV-DNA 52164 165374 

Ca2+(S)-EcoRV-DNA 52164 165374 

Mg2+-EcoRV 52404 165374 

Ca2+-EcoRV 52404 165374 

Ca2+(A)-EcoRV-DNA 52164 165374 

Mg2+(S)-EcoRV-DNA 52164 165374 

Free DNA 54885 165375 

 

The numbering of phosphate, sugar and bases is shown in Fig. 1. The DNA contains 

the cognate sequence, consisting of G4:C20, A5:T19, T6:A18, A7:T17, T8:A16 and C9:G15, shown 

in the figure by the box in dotted line. The cleavage occurs at P7 and P18 between T6:A18 and 

A7:T17 base pairs, represented by arrows in both strands. We have carried out total simulation 

for 1μs for the systems, Mg2+(A)-EcoRV-DNA, Ca2+(S)-EcoRV-DNA, Mg2+(A)-EcoRV, 

Ca2+(S)-EcoRV and free DNA respectively. For the other two model systems, Mg2+(S)-

EcoRV-DNA and Ca2+(A)-EcoRV-DNA, shorter simulations (250 ns) are carried out. The root 

mean square deviations for free DNA (Fig. 2(a)), Mg2+-EcoRV (Fig. 2(b)), Ca2+-EcoRV (Fig. 



21 

 

2(c)), Mg2+(A)-EcoRV-DNA (Fig. 2(d)), Ca2+(S)-EcoRV-DNA (Fig. 2(d)), Ca2+(A)-EcoRV-

DNA (Fig. 2(e)) and Mg2+(S)-EcoRV-DNA (Fig. 2(f)) are used to judge the equilibrations of 

different systems. Using an equilibrated trajectory of 600-1000 ns for crystal structured 

complexes and 150-250 ns for model complexes, we compute histograms of protein dihedrals 

and histograms of DNA base pair step parameters. 

 

Fig. 1. Notations and numbering of DNA functional groups. The recognition sequence is marked by box of 

dashed line. The cleavage points are marked in arrows. 
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Fig. 2. Root mean square deviations (RMSD) (Å) of (a) Free DNA, (b) Mg2+-EcoRV, (c) Ca2+-EcoRV, (d) 

Mg2+(A)-EcoRV-DNA (black), Ca2+(S)-EcoRV-DNA (grey), (e) Ca2+(A)-EcoRV-DNA and (f) Mg2+(S)-

EcoRV-DNA. 

 

    We first consider systems where the complexes are experimentally reported, namely, 

Mg2+(A)-EcoRV-DNA and Ca2+(S)-EcoRV-DNA and in addition, Mg2+-EcoRV, Ca2+-EcoRV, 

and the free DNA. We validate the simulated structures by comparing to the available crystal 

structures. The average structures for all the cases using equilibrated portion of the trajectories 

are generated. The DNA structure is given in terms of base pair step parameters (see Materials 

and methods for details), consisting of the rotational parameters, tilt (τ), roll (ρ), twist (ω) 

describing relative orientations of a base pair step defined by two successive planes, each 

consisting of a  pair of bases and translational parameters Dx, Dy and Dz for relative 

displacements between the base pair planes in a given step 52. The mean values of DNA base 
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pair step parameters of simulated structures for free DNA and DNA in complex are shown in 

Table 3. The values of the translational and rotational parameters are in agreement to the crystal 

structures. 

Table 3. The values of DNA base pair step parameters corresponding to each base pair step of DNA in free 

and in Mg2+(A)-EcoRV-DNA complex. 

 

Base 

pairs 

τ ρ ω Dx Dy Dz 

Free  Compl

ex  

Free  Compl

ex  

Free  Compl

ex 

Free  Compl

ex 

Free  Compl

ex 

Free  Com

plex 

G4:C20 

A5:T19 

-0.2 0.26 2.44 -14.57 34.01 35.66 0.06 -0.42 -0.8 -0.50 3.18 3.83 

A5:T19 

T6:A18 

-0.05 1.09 -0.46 1.237 32.17 22.77 -0.01 -0.36 -0.81 -0.55 3.4 3.99 

T6:A18 

A7:T17 

-0.06 1.89 11.25 55.57 30.5 24.80 -0.0 -0.35 -0.79 -0.59 3.2 3.6 

A7:T17 

T8:A16 

0.05 -1.94 -0.07 -8.04 31.93 31.74 0.08 -0.179 -0.82 -0.47 3.46 3.88 

T8:A16 

C9:G15 

0.96 1.05 2.0 -9.2 31.17 34.72 0.09 0.934 -0.56 -0.87 3.36 3.62 

C9:G15 

T10:A14 

-2.85 2.20 5.49 2.96 17.64 29.37 -0.96 -0.305 0.06 -1.58 3.5 3.22 

 

We show the interface near the cleavage region as given in the Materials and methods 

section. The interface in Mg2+(A)-EcoRV-DNA complex consists of T6:A18 and A7:T17 base 

pairs of DNA and ASP 36(A), LYS92(A) and ASN 188(A) residues from chain A and GLU 

45(B), GLU 65(B), ASP74(B), ASP90(B) and LYS92(B) residues from chain B of EcoRV. 

Similarly, in Ca2+(S)-EcoRV-DNA complex, the DNA base pairs belong to the interface are 

same as in Mg2+(A)-EcoRV-DNA complex. The interfacial protein residues are ASP74(A), 

ASP90(A) and LYS92(A) from chain A and ASP74(B), ASP90(B) and LYS92(B) from chain 

B. The interfacial residues are in agreement to the crystal structures. 
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Fig. 3. (a) Coordinating residues of Mg2+(ASI) and Mg2+(ASII) in Mg2+(A)-EcoRV-DNA complex and (b) 

coordinating residues of Ca2+ (ASI) and Ca2+ (ASII) in Ca2+(S)-EcoRV-DNA from simulated structures. 

Coordinating residues of (c) Mg2+(ASI) and Mg2+(ASII) in Mg2+(A)-EcoRV, and (d) Ca2+ (ASI) and Ca2+ 

(ASII) in Ca2+(S)-EcoRV. 

 

    The Mg2+ coordinations in Mg2+(A)-EcoRV-DNA complex are shown in Fig.3(a). There are 

two active sites for coordinating Mg2+, denoted by Mg2+(ASI) and Mg2+(ASII). The 

coordination is considered if the distance between Mg2+ ions and the atoms of EcoRV residues 

or DNA is less than or equal to 3.0 Å. OD2 of ASP74(B), OD1 and OD2 of ASP90(B) and 

OP1 of P18 of DNA, participate in coordination to Mg2+(ASI). For Mg2+(ASII), OD2 of ASP 

36(A), OE1 and OE2 of GLU 45(B), OD2 of ASP74(B) of EcoRV participate in coordination. 

In Ca2+(S)-EcoRV-DNA the coordinating ligands (Fig. 3(b)) to Ca2+(ASI) are: OD1 and OD2 

of both ASP74(A) and ASP90(A), and OP1 of P7. For Ca2+(ASII), these are: OD1 and OD2 of 
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both ASP74(B) and ASP90(B), and OP1 of P18. The coordinations in simulated structure are 

in agreement to the crystal structure. 

     In the simulated structure of Mg2+-EcoRV, the coordinating residues to Mg2+(ASI) are same 

as in the simulated structure of Mg2+(A)-EcoRV-DNA complex, shown in Fig. 3(c). In case of 

Mg2+ (ASII), the coordinating residue ASP74(B) in Mg2+(A)-EcoRV-DNA is replaced by GLU 

65(B), while the rest of the coordinating residues are same (Fig. 3(c)). In Ca2+-EcoRV, Ca2+ 

(ASI) is coordinated with OD1 and OD2 of both ASP74(B) and ASP90(B) (Fig. 3(d)). OD1 

and OD2 of both ASP74(A) and ASP90(A), OE1 of GLU 45(A) coordinate to Ca2+ (ASII) (Fig. 

3(d)). The rest of the coordinations in all the cases are fulfilled by water molecules. 

2.3.1 Conformational stability and order of the complexes 

We focus on the complexes having asymmetric locations of the metal ions in the crystal 

structures. The fluctuations in Mg2+(A)-EcoRV-DNA complex are compared to those in free 

DNA and Mg2+-EcoRV, while Ca2+(S)-EcoRV-DNA complex to free DNA and Ca2+-EcoRV 

in terms of microscopic variables, namely, dihedral angles in protein 31, and the base pair step 

parameters for DNA. In order to define these parameters, we consider each base and its 

Watson-Crick canonical pair to define a plane. The two consecutive base pairs (i, j) and (i+1, 

j+1) respectively, where i belongs to the first strand, and j belongs to the second strand of DNA, 

are defined as a single base pair step. Here, for the simplicity, we rewrite the above symbol as 

(i, i+1) to define a single base pair step. The details of the base pair step parameters are given 

in the Materials and methods. For a given base pair step parameter of base pair step (i, i+1) we 

denote the distribution by Hi,i+1 
f (b) in the free state and Hi,i+1 

c (b) in the complex c. Each peak 

in the histogram represents the most probable value of the base pair step parameters. Similarly, 

the histograms of dihedral 𝜃  of a protein residue R of the protein is given by HR 
(f)

(𝜃)  in free 

state and  HR 
(c)

(𝜃)  in the complex c. The peaks in the backbone dihedral distributions denote 
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isomeric states, while those in the side chain dihedrals denote different rotameric states. Larger 

widths of the peaks denote more conformational fluctuations. We find that overall, the number 

of peaks, peak heights and widths are different in free and complexed states and typically 

sensitive to the nature of the metal ion. 

 

 

 

 

 

 

 

 

 

Fig. 4. The distributions 𝐇𝐢,𝐢+𝟏 
(𝐟)

(b) and 𝐇𝐢,𝐢+𝟏 
(𝐌𝐠𝐀)

(b) of base pair step parameters of base pair steps of DNA in 

free (solid lines) and in Mg2+(A)-EcoRV-DNA (dotted lines).  The histograms are: (a) τ (black), ρ (grey), ω 

(light grey) of (6,7). Inset: Histograms of the translations parameters: Dx(black), Dy(grey), Dz(light grey) 

of (6,7); (b) The histograms are: τ (black), ρ (grey), ω (light grey) of (7,8).  Inset: Dx(black), Dy(grey), Dz 

(light grey) of (7,8). (c) The dihedral distributions of EcoRV in Mg2+-EcoR, 𝐇𝐑 
(𝐟)

(𝛉) (solid lines) and in 

Mg2+(A)-EcoRV-DNA, 𝐇𝐑 
(𝐌𝐠𝐀)

(𝛉) (dotted lines). The distributions are:  φ(black), ψ(grey) of ASP74(B); and 

(d) φ(black), ψ(grey) of ASP90(B). The insets in (c) and (d) illustrate the distributions of χ1(black), χ2(grey) 

of ASP74(B) and ASP90(B). 

 

We illustrate below a few cases of microscopic conformational degrees of freedom in the 

cleavage region of Mg2+(A)-EcoRV-DNA complex. We first consider the fluctuations of the 

base pair step parameters of (6,7) and (7,8) base pair steps of DNA, and the fluctuations of 

dihedral angles of ASP74(B) and ASP90(B) residues of EcoRV. The distributions of the 
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rotational parameters for (6,7) base pair step are shown in Fig. 4(a). The distributions of τ for 

(6,7) base pair step are single peaked both in free and complex states. ρ shows single broad 

peaked distribution in the free state, while sharp single peaked distribution in the complex. The 

distributions of ω for both cases are single peaked. The inset in (A) shows the translational 

parameters of the same base pair steps. Both H6,7 
(f)

(Dx) and H6,7 
(f)

(Dy) have single broad peak, 

while H6,7 
(MgA)

(Dx) and H6,7 
(MgA)

(Dy) show sharp single peak. H6,7 
(f)

(Dz) has broad single peak, 

while H6,7 
(MgA)

(Dz) is having sharp single peak. For base pair step (7,8), the distributions for 

rotational parameters are shown in Fig. 4(b), while those for the translational parameters are in 

inset of Fig. 4(b). Here the distributions of τ and ρ have single broad peak for both free and 

complex states. The distributions of Dx, Dy, and Dz are all broader in free states than in 

complex. Few representative histograms for the protein are shown in Figs. 4(c) and (d). The 

backbone dihedral distributions of the residues, ASP74(B) and ASP90(B) in cleavage region 

are single peaked in both states (Fig. 4(c) and (d)). However, the side chains show differences. 

HASP74(B) 
(f)

(χ1) and HASP74(B) 
(f)

(χ2) are multimodal distributions, while HASP74(B) 
(MgA)

(χ1) and 

HASP74(B) 
(MgA)

(χ2) are single peaked, shown in inset of Fig. 4(c). χ1 and χ2 of ASP90(B) have 

multimodal distributions in free state and single peaked distributions in complex state, shown 

in inset of Fig. 4(d). 
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Fig. 5. Distributions of DNA base pair step parameters in Mg2+(A)-EcoRV-DNA (solid lines) and in free 

DNA (dotted lines). (a) τ, ρ and ω and (b) Dx, Dy, and Dz of (4,5); (c) τ, ρ and ω and (d) Dx, Dy, and Dz of 

(5,6); (e) τ, ρ and ω and (f) Dx, Dy, and Dz of (8,9); (g) τ, ρ and ω and (h) Dx, Dy, and Dz of (9,10). The 

color conventions are: τ (black), ρ (grey), ω (light grey), Dx(black), Dy(grey), and Dz(light grey). 

 

The histograms of the other base pair steps, (4,5), (5,6), (8,9) and (9,10) in recognition 

region of DNA in Mg2+(A)-EcoRV-DNA complex along with the data for free DNA are shown 

in Figs. 5(a)-(h). All the rotational and translational parameters of (4,5) (Fig. 5(a) and (b)) and 
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(5,6) (Fig. 5(c) and (d)) base pair steps show single peaked distributions both in free state and 

Mg2+(A)-EcoRV-DNA complex. τ and ρ of (8,9) are single peaked in both states, while ω has 

single peaked distribution in free state and multimodal distribution in the complex, shown in 

Fig. 5(e). Both Dx and Dy show single peaked distributions in free state and multimodal 

distributions in the complex, shown in Fig. 5(f). Dz is single peaked in both states (see Fig. 

5(f)). All the base pair step parameters for (9,10) (see Fig. 5(g) and (h)) show single peaked 

distributions both in free and complex states. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The dihedral distributions of Mg2+-EcoRV (solid lines) and Mg2+(A)-EcoRV-DNA (dotted lines). (a) 

φ (black), ψ (grey) and (b) χ1 (black), χ2 (grey) of LYS 92(A); (c) φ (black), ψ (grey) and (d) χ1 (black), χ2 

(grey) of ASN 188(A); (e) φ (black), ψ (grey) and (f) χ1 (black), χ2 (grey) of LYS 92(B). 
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The histograms of the other residues, LYS 92(A), ASN 188(A) and LYS 92(B) in cleavage 

region of Mg2+(A)-EcoRV-DNA complex are shown in Figs. 6(a)-(f). We observe that in both 

the free and complex states, all the backbone dihedral angles of LYS 92(A) (Fig. 6(a)), ASN 

188(A) (Fig. 6(c)), and LYS 92(B) (Fig. 6(e)) residues have single peaked distributions. 

Similarly, the side chain dihedral angles of LYS 92(A) (Fig. 6(b)), ASN 188(A) (Fig. 6(d)), 

and LYS 92(B) (Fig. 6(f)) residues show multimodal distributions both in free and complex. 

The histograms for the DNA base pair step parameters and the protein dihedral angles in 

Ca2+(S)-EcoRV-DNA (Figs. 7(a)-(d)) also show sensitivities to the complexed and free 

conformations. H6,7 
(f)

(τ) is single peaked in free state, while H6,7 
(CaS)

(τ) shows multimodal 

distribution for (6,7) base pair step (Fig. 7(a)). ρ and ω are broad single peaked in both free and 

complex states (Fig. 7(a)). H6,7 
(f)

(Dx) is single peaked distribution, while H6,7 
(CaS)

(Dx) is 

multimodal distribution, shown in inset of Fig. 7(a). Dy shows single peak with long tail in 

complex states, while sharp single peak in free state (see inset of Fig. 7(a)). Dz in both free and 

complex states show sharp single peak. For the base pair step (7,8), both τ and ω are sharp 

single peaked distributions, while ρ is broad single peak in both cases, shown in Fig. 7(b). The 

translational parameters, shown in inset of Figs. 7(b) are all single peaked in both cases. The 

histograms of the protein residues in cleavage region are shown in Figs. 7(c) and (d). The 

backbone dihedrals of ASP74(B) and ASP90(B) (Figs. 7(c) and (d)) are all single peaked. 

HASP74(B) 
(f)

(χ1) and HASP74(B) 
(f)

(χ2) are multimodal distributions, shown in inset of Fig. 7(c). 

Similarly, HASP74(B) 
(CaS)

(χ1) and HASP74(B) 
(CaS)

(χ2) are single peaked. The histograms of χ1 and χ2 in 

ASP90(B) (see inset of Fig. 7 (d)) show single peaked distributions in free state and multimodal 

distributions in complex state. 
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Fig. 7. The distributions 𝐇𝐢,𝐢+𝟏 
(𝐟)

(b) and 𝐇𝐢,𝐢+𝟏 
(𝐌𝐠𝐀)

(b) of base pair step parameters of base pair steps of DNA in 

free (solid lines) and in Ca2+(S)-EcoRV-DNA (dotted lines).  The histograms are: (a) τ, ρ, ω of (6,7). Inset: 

Histograms of the translational parameters: Dx, Dy, Dz of (6,7); (b) The histograms are: τ, ρ, ω of (7,8). 

Inset: Dx, Dy, Dz of (7,8). (c) The dihedral distributions of EcoRV in Mg2+-EcoR, 𝐇𝐑 
(𝐟)

(𝛉) (solid lines) and 

in Mg2+(A)-EcoRV-DNA, 𝐇𝐑 
(𝐂𝐚𝐒)

(𝛉) (dotted lines). The distributions are:  φ, ψ of ASP74(B); and (D) φ, ψ of 

ASP90(B). The insets in (c) and (d) illustrate the distributions of χ1, χ2 of ASP74(B) and ASP90(B). The 

color conventions are: τ (black), ρ (grey), ω (light grey), Dx(black), Dy(grey) and Dz(light grey) for DNA 

base pair step parameters, and φ(black), ψ(grey), χ1 (black) and χ2 (grey) for protein dihedral angles. 

 

The distributions of the backbone and side chain dihedral angles of the other residues, 

ASP74(A), ASP90(A), LYS92(A) and LYS92(B) in cleavage region of Ca2+(S)-EcoRV-DNA 

complex are shown in Figs. 8(a)-(d). The backbone dihedral angles (φ and ψ) of ASP74(A) 

(Figs. 8(a)) show single peaked distributions both in free and complex states. χ1 of ASP74(A) 

shows multimodal distributions both in free and complex, shown in inset of Fig. 8(a). 

HASP74(A) 
(f)

(χ2) is single peaked distribution, while HASP74(A) 
(CaS)

(χ2) shows multimodal distribution 

(see inset of Fig. 8(a)). φ and ψ of ASP90(A) (Figs. 8(b)) are all single peaked both in free and 

complex states. HASP90(A) 
(f)

(χ1) and HASP90(A) 
(f)

(χ2) are single peaked, while HASP90(A) 
(CaS)

(χ1) and 
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HASP90(A) 
(CaS)

(χ2) are multimodal distributions, shown in inset of Fig. 8(b). The backbone dihedral 

angles of LYS92(A) (Figs. 8(c)) show single peaked both in free and complex states. 

HLYS92(A) 
(f)

(χ1) is single peaked, while HLYS92(A) 
(CaS)

(χ1) shows multimodal distribution (see inset 

of Fig. 8(c)). Both HLYS92(A) 
(f)

(χ2) and HLYS92(A) 
(CaS)

(χ2) are multimodal distributions (see inset of 

Fig. 8(c)). Both φ and ψ of LYS92(B) show single peaked distributions both in free and 

complex states, shown in Fig. 8(d). χ1 and χ2 of LYS92(B) show single peaked distributions in 

free state and multimodal distributions in the complex, shown in inset of Fig. 8(d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The dihedral distributions for Ca2+-EcoRV (solid lines) and for Ca2+(S)-EcoRV-DNA (dotted lines). 

φ(black), ψ(grey) of (a) ASP 74(A), (b) ASP 90(A), (c) LYS 92(A) and (d) LYS 92(B). The insets illustrate 

the distributions of corresponding χ1(black) and χ2(grey). 

 

In order to compute the thermodynamics due to conformational changes, we compute the 

statistical correlation53,54 between all the variables where we find that the correlation between 
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< 0.5).  Hence, we compute the changes in conformational free energy and entropy (see 

Materials and methods for details) in the complex with respect to free states of the components, 

simulated in equivalent ensemble. We consider the individual histograms as marginal 

distributions, implicitly taking care of coupling between the conformational degrees of freedom 

of the individual systems. We check the convergence of the marginal distributions by drawing 

20 random samples, each consisting of 500 conformations over the equilibrated trajectories and 

compute the thermodynamic quantities. We find that the values are in agreement within an 

error of ±5% in the mean. We arrive at similar estimate of error in the mean by constructing 

data for consecutive windows each of 50 ns width. We consider the mean values for further 

discussion. The changes in conformational free energy and entropy for a given base pair step 

parameter for (i, i+1) step with respect to the free state are denoted by ΔGi,i+1 
fc (𝑏) and 

TΔSi,i+1 
fc (𝑏) respectively. They are conformational thermodynamic cost by the DNA base pairs 

for going from free to complexed state. The free energy and entropy changes of EcoRV residues 

in complex c with respect to the free state are denoted as ΔGi
conf(θ)  and TΔSi

conf(θ), where i 

denotes the EcoRV residue and θ, a dihedral angle of the residue. These quantities are 

conformational thermodynamic cost of the protein residues to go from free to complexed states. 

A negative change in free energy and entropy represents conformational stability and ordering 

respectively in the complex with respect to the free components, whereas positive changes 

represent conformational destabilization and disorder respectively. 

The data for each base pair step in recognition sequence in the Mg2+(A)-EcoRV-DNA 

complex with respect to the free DNA ΔGi,i+1 
fMgA(𝑏)  and TΔSi,i+1 

fMgA(𝑏) are shown in Fig. 9(a) and 

(b) respectively. The maximum conformational stabilization occurs at (4,5) step at the 

beginning of the cognate sequence. The free energy of conformational stabilization then 

decreases till (9,10) step at the end of the cognate sequence with oscillation at every alternate 
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base pair step, shown in Fig. 9(a). In case of (4,5), the free energy change gets large 

contributions from ω and Dy, while other base pair step parameters contribute almost 

comparably. All the base pair step parameters contribute almost equally for (5,6) step. The base 

pair step (6,7) at the cleavage site is stabilized through the translational base pair step 

parameters.  In case of (7,8), all base pair step parameters contribute almost equally. For (8,9), 

large contributions of free energy come from Dx only, while other base pair step parameters 

have almost equal contributions. Similarly, for (9,10), the base pair step parameters contribute 

almost equally. Thus, the translational base pair step parameters contribute more than the 

rotational parameters, and make uneven contributions to different base steps, leading to 

oscillation in conformational free energy changes. We observe the oscillation in total change 

in conformational entropy as well. The conformational entropy decreases and is comparable at 

(4,5) and (6,7) (Fig. 9(b)), containing the cleavage site and (8,9), suggesting enhanced ordering 

in the complex than in the free DNA. The individual contributions of thermodynamic changes 

of dihedrals of the protein residues in the cleavage region and the metal ion coordinating 

residues ΔGi
conf(θ)  and TΔSi

conf(θ) are shown in Table 4. We find that the residues except 

ASP74(B), ASP90(B) and LYS92(B) show marginal changes (~ 2.5 kJ/mol) in conformational 

thermodynamics. ASP74(B) and ASP90(B) coordinate with Mg2+ ions are ordered through 

reduced flexibility of the side chain dihedrals. LYS92(B) in cleavage region is disordered 

through enhanced fluctuations in the side chain dihedrals. 
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Fig. 9. (a) 𝚫𝐆𝐢,𝐢+𝟏 
𝐟𝐌𝐠𝐀(𝒃) and (b) 𝐓𝚫𝐒𝐢,𝐢+𝟏 

𝐟𝐌𝐠𝐀(𝒃) of DNA base pair step parameters in recognition region for DNA 

in Mg2+(A)-EcoRV-DNA with respect to free DNA. (c) 𝚫𝐆𝐢,𝐢+𝟏 
𝐟𝐂𝐚𝐒 (𝒃) and (d) 𝐓𝚫𝐒𝐢,𝐢+𝟏 

𝐟𝐂𝐚𝐒 (𝒃) for Ca2+(S)-EcoRV-

DNA. The circles connected by solid black lines are total change in thermodynamic parameters of each 

base pair. The symbols for individual base pair step parameters: τ (square), ρ (diamond), ω (up triangle), 

Dx (down triangle), Dy (cross) and Dz (diagonal cross). The cleavage base pair has been marked in box. All 

quantities are in kJ/mol. 

 

Table 4. Changes in conformational free energy and entropy (kJ/mol) of the residues in cleavage region in 

Mg2+(A)-EcoRV-DNA with respect to Mg2+-EcoRV. 

Residues  ΔGi
conf 

(T) 

φ ψ χ1 χ2 χ3 χ4 TΔSi
conf 

(T) 

φ Ψ χ1 χ2 χ3 χ4 

ASP 

36(A) 

-0.04 0.15 -0.02 -0.24 0.07 0.00 0.00 -0.75 0.34 0.32 -0.79 -0.61 0.00 0.00 

LYS 

92(A) 

-0.39 -0.03 -0.02 -0.3 0.05 0.02 -0.1 0.58 0.36 0.72 -1.22 -0.08 0.17 0.63 

ASN 

188(A) 

0.07 -0.06 -0.06 0.15 0.05 0.00 0.00 0.52 -0.15 0.08 0.18 0.42 0.00 0.00 

GLU 

45(B) 

0.11 -0.15 -0.11 0.16 0.10 0.12 0.00 1.22 -0.01 -0.06 0.28 0.51 0.5 0.00 

GLU 

65(B) 

0.22 0.38 -0.12 -0.28 -0.19 0.43 0.00 -1.76 -0.02 -0.72 -0.16 -1.97 1.12 0.00 

ASP 

74(B) 

-0.54 -0.14 0.25 -0.41 -0.23 0.00 0.00 -2.04 -0.09 0.09 -1.53 -0.50 0.00 0.00 

ASP 

90(B) 

-0.98 -0.12 -0.01 -0.53 -0.32 0.00 0.00 -2.31 -0.11 -0.13 -0.99 -1.07 0.00 0.00 

LYS 

92(B) 

-0.17 -0.11 -0.03 -0.27 0.23 -0.03 0.04 2.25 -0.49 -0.13 -1.93 1.66 0.42 2.72 
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Table 5. Changes in conformational free energy and entropy (kJ/mol) of the residues in cleavage region in 

Ca2+(S)-EcoRV-DNA with respect to Ca2+-EcoRV. 

 

Residues  ΔGi
conf 

(T) 

φ ψ χ1 χ2 χ3 χ4 TΔSi
conf 

(T) 

φ Ψ χ1 χ2 χ3 χ4 

ASP 

74(A) 

0.20 0.14 0.21 -0.14 -0.00 0.00 0.00 0.59 -0.26 -0.06 0.04 0.88 0.00 0.00 

ASP 

90(A) 

0.96 -0.02 -0.04 0.49 0.52 0.00 0.00 5.09 0.04 -0.28 2.27 3.06 0.00 0.00 

LYS 

92(A) 

0.91 0.21 -0.32 0.45 0.42 -0.03 0.19 5.66 0.29 0.35 2.04 2.65 -0.81 1.14 

GLU 

45(B) 

0.07 0.14 -0.24 0.07 0.09 0.00 0.00 -3.2 -0.22 0.04 0.76 2.38 -6.17 0.00 

ASP 

74(B) 

3.60 -0.11 3.77 0.06 -0.12 0.00 0.00 -1.35 -0.28 -1.83 1.32 -0.56 0.00 0.00 

ASP 

90(B) 

0.86 -0.05 0.03 0.53 0.35 0.00 0.00 4.98 -0.13 -0.03 3.5 1.68 0.00 0.00 

LYS 

92(B) 

0.55 0.06 -0.06 0.4 0.15 0.00 0.00 -6.01 0.16 0.80 1.86 1.08 -6.66 -3.27 

 

     The conformational thermodynamics data for the base-pair steps of DNA in Ca2+ bound 

complex with respect to free DNA ΔGi,i+1 
fCaS (𝑏)  and TΔSi,i+1 

fCaS (𝑏) are shown in Fig. 9(c) and (d). 

Significant stabilization in free energy occurs only for (4,5) base pair step through ω and Dy 

(Fig. 9(c)). Both the base pair steps (4,5) and (8,9) are highly ordered through ω, Dx, and Dy 

(Fig. 9(d)). The changes in free energy and entropy of the residues of EcoRV in cleavage region 

ΔGi
conf(θ)  and TΔSi

conf(θ) are shown in Table 5. The most significant change is in 

destabilization of ASP74(B), the primary contribution being due to ψ. On the other hand, 

ASP90(A), LYS92(A), and ASP90(B) are disordered through both  1 and 2. LYS92(B) shows 

conformational order through 3 and 4. 
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Table 6. Total changes (kJ/mol) in conformational thermodynamics in recognition region. We indicate the 

reference state for each case. 

 

System Reference 

state 

ΔGtotal 
DNA  Rotat

ional 

Tran

slatio

nal 

TΔStotal 
DNA  Rotat

ional 

Tran

slatio

nal  

ΔGtotal 
EcoRV Back-

bone 

Side-

chain 

TΔStotal 
EcoRV Back

bone 

Side-

chain 
ΔGTotal 

complex
 TΔSTotal 

complex
 

Mg2+(

A) -

EcoRV

-DNA 

Mg2+ -

EcoRV 

 + free 

DNA 

-

24.2

5 

-6.33 -

17.9

2 

-34.32 -

13.8

3 

-

20.4

9 

-12.35 -8.6 -3.75 -24.00 -4.89 -

19.11 

-36.6 -58.31 

Ca2+ 

(S)-

EcoRV

-DNA 

Ca2+ -

EcoRV+ 

free DNA 

-3.43 -0.90 -2.53 -16.22 -4.1 -12.1 -1.61 -6.04 4.43 14.59 -

21.05 

35.64 -5.04 -1.63 

Ca2+(A

)-

EcoRV

-DNA 

Mg2+ (A)-

EcoRV-

DNA 

5.61 4.76 0.85 15.56 7.68 7.88 -4.22 -1.15 -2.97 -16.01 -2.5 -

13.51 

1.39 -0.45 

Mg2+(S

)-

EcoRV

-DNA 

Ca2+ (S) 

-EcoRV-

DNA 

-2.98 -2.29 -0.69 -7.31 -2.76 -4.55 3.4 1.22 2.12 -2.55 -0.07 -2.48 0.42 -9.86 

 

       ΔGtotal 
DNA   and  TΔStotal 

DNA  represent the total changes in conformational free energy and 

entropy respectively in the complex compared to the free states, obtained by adding all the 

individual contribution of DNA base pair step parameters of all base pair steps in recognition 

sequence, while ΔGtotal 
EcoRV and  TΔStotal 

EcoRV are those for EcoRV. ΔGtotal 

complex
 (≡ ΔGtotal 

DNA + ΔGtotal 
EcoRV) 

and  TΔStotal 

complex
 (≡ TΔStotal 

DNA + TΔStotal 
EcoRV) are the overall changes in conformational free energy 

and entropy in the complexes with respect to the free components. The conformational 

thermodynamics data in the recognition region are shown in Table 6 along with the respective 

reference states and break up of different contributions. The translational parameters give more 

contributions than rotational parameters in thermodynamic changes of DNA. In case of EcoRV, 

the backbone dihedrals contribute more to the total free energy, while side chain dihedrals give 

more contribution to entropy change.  Overall, the Mg2+(A)-EcoRV-DNA complex is stabilized 
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and ordered compared to the free DNA and Mg2+-EcoRV. The major contributions to the 

changes in free energy and entropy in recognition region come from DNA itself. There is 

conformational stabilization and order in Ca2+(S)-EcoRV-DNA complex also compared to free 

DNA and Ca2+-EcoRV. The DNA fragment is stabilized and ordered in the Ca2+(S)-EcoRV-

DNA complex. The protein becomes disordered due to enhanced side chain fluctuations unlike 

that in Mg2+(A)-EcoRV-DNA complex. 

 

  

Fig. 10. Interactions between EcoRV 

and DNA in (a) Mg2+(A)-EcoRV-

DNA and (b) Ca2+(S)-EcoRV-DNA. 

Hydrogen bonding (HB) interactions 

are illustrated in solid black lines, 

Electrostatic (EL) interactions in 

solid grey lines and salt bridge (SB) 

interactions in dotted black lines. 

The participating atoms of 

interaction are shown within 

brackets. 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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The conformational stability and order is less in Ca2+(S)-EcoRV-DNA complex than 

Mg2+(A)-EcoRV-DNA complex, although both complexes are stabilized and ordered, in 

agreement to experimental data.12,55 In order to contrast two complexes at microscopic level, 

we note the differences in their interaction patterns at the protein-DNA interface  for various 

complexes in the cleavage region (see Materials and methods for details). We show hydrogen 

bond (HB, black solid lines), electrostatic (EL, grey lines) and salt bridge (SB, black dotted 

lines) interactions in Fig. 10(a) and (b) for Mg2+(A)-EcoRV-DNA and Ca2+(S)-EcoRV-DNA 

complexes respectively, the participating atoms in the interactions shown within brackets. The 

total number of HB interactions between protein residues and DNA bases in the recognition 

region are 13 in Mg2+(A)-EcoRV-DNA complex. Similarly, for sugar and phosphate groups 

the total number of HB interactions are 1 and 8 respectively. EL interactions occur only 

between EcoRV residues and the phosphate groups of DNA. There are 7 EL interactions 

between EcoRV and DNA in the recognition region. The metal ion, Mg2+(ASI) coordinates 

with EcoRV residues and DNA backbone through EL interaction. There is only one SB 

interaction. The total number of HB interactions in Ca2+(S)-EcoRV-DNA between EcoRV 

residues and DNA bases is 5 much less than in Mg2+(A)-EcoRV-DNA complex. The HB 

interaction between EcoRV residues and sugar and phosphate groups are 1 and 10 respectively. 

The total number of EL interactions between EcoRV residues and DNA phosphate groups are 

7. The number of SB interaction is just 1. 
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Fig. 11. (a) 𝚫𝐆𝐢,𝐢+𝟏 
𝐌𝐠/𝐂𝐚(𝒃) and (b) 𝐓𝚫𝐒𝐢,𝐢+𝟏 

𝐌𝐠/𝐂𝐚(𝒃) (in kJ/mol) of DNA base pair step parameters in Ca2+(S)-

EcoRV-DNA with respect to Mg2+(A)-EcoRV-DNA. The symbols are: τ (square), ρ (diamond), ω (up 

triangle), Dx (down triangle), Dy (cross) and Dz (diagonal cross). The total changes are shown in circles. 

The cleavage base pair has been marked in box. (c) PC1 (first eigenvalue of principal component analysis) 

of P atoms of the 5’-3’ DNA strand in Mg2+(A)-EcoRV-DNA (black cross) and Ca2+(S)-EcoRV-DNA (grey 

diagonal cross). (d) Distributions H(dP-M) of distance dP-M (Å) between P18 and Mg2+ in Mg2+(A)-EcoRV-

DNA (solid line) and Ca2+ ion in Ca2+(S)-EcoRV-DNA (dotted line). (e) Distributions H(dCG-CG) of the 

distances dCG-CG (Å) between CG of ASP74(B) and CG of ASP90(B) in Mg2+(A)-EcoRV-DNA (solid line) 

and Ca2+(S)-EcoRV-DNA (dotted line) complexes. (f) Distributions H(dP-NZ) of the distance dP-NZ (Å) 

between P18 and NZ of LYS92(B) in Mg2+(A)-EcoRV-DNA (solid line) and Ca2+(S)-EcoRV-DNA (dotted 

line). 
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Table 7. Changes in conformational free energy and entropy (kJ/mol) of the residues in cleavage region in 

Ca2+(S)-EcoRV-DNA with respect to Mg2+(A)-EcoRV-DNA along with PC1 of selected atoms. 

 

Res  ΔGi
conf 

 

φ ψ χ1 χ2 χ3 χ4 TΔSi
conf φ ψ χ1 χ2 χ3 χ4 PC1 for 

Mg2+ -

EcoEV-

DNA 

PC1 for 

Ca2+ -

EcoEV-

DNA 

ASP7

4(B) 

0.06 

 

0.24 

 

-0.14 

 

 

0.04 

 

-0.09 

 

 

0.00 

 

0.00 

 

 

-2.0 

 

-

0.01 

 

0.13 

 

0.03 

 

-

2.15 

 

0.00 

 

0.00 

 

0.06 

(OD2) 

 

0.02 

(OD2) 

ASP9

0(B) 

2.65 

 

-0.11 

 

-0.16 

 

2.61 

 

0.32 

 

0.00 

 

0.00 

 

2.08 

 

-

0.25 

 

-0.42 

 

2.27 

 

0.49 

 

0.00 

 

0.00 

 

0.06 

(OD1) 

0.06 

(OD2) 

0.11 

(OD1) 

0.21 

(OD2) 

LYS9

2(B) 

-0.07 

 

-0.13 

 

0.03 

 

0.16 

 

-0.14 

 

-0.1 

 

0.12 

 

-1.14 

 

 

0.00 

 

0.43 

 

0.90 

 

-

1.15 

 

-

0.82 

 

-0.5 

 

0.02 

(CA) 

0.01  

(CA) 

 

 

 

2.3.2 Specificity of metal ion 

Let us now concentrate on the differences in the conformational stability and order at 

microscopic level induced by different metal ions. To this end, the thermodynamic data for 

Ca2+(S)-EcoRV-DNA complex are computed with respect to Mg2+(A)-EcoRV-DNA complex 

directly. We consider chain B of EcoRV which holds the metal ions near the cleavage point in 

both complexes (Mg2+(ASI) and Ca2+ (ASI)). The conformational free energy (ΔGi,i+1 
Mg/Ca(𝑏)) 

and entropy (ΔSi,i+1 
Mg/Ca(𝑏)) data for each base pair along with individual base pair step parameter 

contribution for the DNA base-pair steps are shown in Fig. 11(a) and (b) respectively. It is 

evident that the base-pair steps are destabilized and disordered in Ca2+(S)-EcoRV-DNA 

compared to Mg2+(A)-EcoRV-DNA. The (4,5) step gets maximum destabilization. The 
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maximum conformational disorder is shown by base pair step (6,7) at the cleavage site 

compared to the Mg2+ case. The free energy destabilization is primarily due to the rotational 

parameters, whereas disorder is derived from all the rotational and the translational parameters. 

Thus, the cleavage site gets more flexibility in presence of Ca2+ than Mg2+. The protein residues 

in the vicinity of cleavage point also show sensitivity to the metal ion, as can be seen in Table 

7, showing ΔGi
conf(θ)  and TΔSi

conf(θ)  data for the residues along with contributions of 

individual conformational degrees of freedom, comparing the two complexes. ASP74(B) gets 

ordered, with only marginal change in conformational stability in Ca2+(S)-EcoRV-DNA 

compared to Mg2+(A)-EcoRV-DNA. Conformational destabilization and disorder in Ca2+(S)-

EcoRV-DNA compared to Mg2+(A)-EcoRV-DNA are observed for ASP90(B) primarily 

through χ1 fluctuations. We consider LYS92(B) as well. Although this basic residue in the 

interface of the cleavage region does not participate directly in metal ion coordination, it shows 

significant changes in conformational thermodynamics in the complex, compared to the free 

components. LYS92(B) shows order in presence of Ca2+ compared to Mg2+ case through side 

chain fluctuations along with marginal stability. 

    We also have done principal component analysis (PCA) for positional fluctuations in both 

DNA and EcoRV. We show in Fig. 11(c), the first principal component (PC1) of P of 3’-5’ 

strand. In Mg2+(A)-EcoRV-DNA complex, the fluctuations are having minima at P14 and P19. 

Fluctuation at P18 belongs to the basin of minimum at P19. PC1 of P in Ca2+(S)-EcoRV-DNA 

show contrasting behaviour, having larger fluctuations than in Mg2+ bound complex. In 

particular, the fluctuations show maxima at P14 and P19. For DNA base pair step in cleavage 

region (6,7), PC1 of the center of the mass of base pair step in case of Ca2+ complex (0.5) is 

larger than that for Mg2+ complex (0.35). So, larger fluctuation is observed for Ca2+ bound 

complex as compared with Mg2+ bound complex, which is in agreement to our thermodynamic 

data (Fig. 11(b)). We show PC1 of relevant atoms (indicated within brackets) of the protein 
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residues in the vicinity of cleavage point in chain B in Table 7. Our thermodynamic data, also 

shown in Table 7, suggest that ASP74(B) is ordered through side chain dihedral in Ca2+ bound 

complex compared with Mg2+ bound complex. First principal component (PC1) data show 

smaller fluctuations of this residue in Ca2+(S)-EcoRV-DNA than in Mg2+(A)-EcoRV-DNA. 

ASP90(B) shows significant change in conformational thermodynamics. It is destabilized and 

disordered in Ca2+ bound complex when compare with Mg2+ bound complex. The disorder of 

this particular residue comes from the side chain dihedrals. Our PCA data, in same table, also 

shows greater fluctuations in side chain atoms, OD1 and OD2 in this case, which participate in 

side chain dihedral fluctuations. We observe that CA atom of LYS92(B), conformationally 

ordered in Ca2+(S)-EcoRV-DNA complex, shows more fluctuations in Mg2+(A)-EcoRV-DNA 

complex than in Ca2+(S)-EcoRV-DNA complex. So, the PCA data are consistent with 

conformational thermodynamics data for protein residues and DNA base pair steps. 

     The differences in conformational stability and order at the cleavage region, having no HB 

interaction, can be understood in terms of electrostatic interactions. We show in Fig. 11(d), 

histograms H(dP-M) of the distances (dP-M) between oxygen atom (OP1) of scissile phosphate 

P18 and Mg2+(ASI), and Ca2+(ASI). We observe that Mg2+(ASI) is closer to the phosphate group 

in Mg2+ bound complex than Ca2+(ASI). So, the electrostatic attraction between Mg2+ and 

phosphate group is stronger than in Ca2+ bound case. The DNA base pair steps have more 

rotational flexibility in presence of Ca2+ than that in presence of Mg2+ due to weaker 

electrostatic interactions. 

       Next, we consider the protein residues. While ASP90(B) holds Mg2+(ASI) in the vicinity 

of P18, ASP74(B) is coordinated to both Mg2+(ASI) and Mg2+(ASII). But for Ca2+ bound 

complex, both ASP74(B) and ASP90(B) hold Ca2+(ASI) in the vicinity of P18. We show the 

histograms, H(dCG-CG) of distance (dCG-CG) between CG atoms in side chains of ASP74(B) and 

ASP90(B) in Fig. 11(e), for both Mg2+ and Ca2+ bound complexes. Solid lines represent the 
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case of Mg2+ bound complex, while dotted lines for Ca2+ bound complex. The side chains of 

two aspartic acids are closer in Ca2+ bound complex than in Mg2+ bound complex. This is 

because both the residues coordinate with one metal ion in Ca2+ bound complex. Due to similar 

charged states, these residues experience enhanced repulsion, leading to enhanced side- chain 

fluctuations in ASP90(B). LYS92(B), on the other hand, shows marginal conformational 

stability and order in Ca2+ complex than Mg2+ complex, indicating role in structural 

stabilization in Ca2+ complex. We calculate histograms H(dP-NZ) of the distance (dP-NZ) between 

phosphorus of P18 and positively charged NZ atom in side chain of LYS92(B) (Fig. 11(f)). We 

find that NZ atom is closer to P18 but with larger fluctuations in Ca2+ complex than in Mg2+ 

complex. This suggests competitive electrostatic interactions of NZ atom with metal ion and 

P18. Weaker electrostatic interaction between metal ion and P18, helps NZ atom to approach P18, 

closer than in Mg2+(A)-EcoRV-DNA complex. This leads to conformational stability of the 

residue. 
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Fig. 12. Interactions between 

EcoRV and DNA in (a) 

Mg2+(S)-EcoRV-DNA and (b) 

Ca2+(A)-EcoRV-DNA. 

Hydrogen bonding (HB) 

interactions are illustrated in 

solid black lines, Electrostatic 

(EL) interactions in solid grey 

lines and salt bridge (SB) 

interactions in dotted black 

lines. The participating atoms 

of interaction are shown 

within brackets. 

 

 

 

 

 

 

 

 

Now we turn our attention to the specificity to the identity of the metal ions considering 

a couple of model systems, namely, Mg2+ at symmetric locations in place of Ca2+, denoted by 

Mg2+(S)-EcoRV-DNA) and Ca2+ in place of Mg2+at asymmetric locations, denoted by Ca2+(A)-

EcoRV-DNA. Since we observe that 50 ns time windows for Mg2+(A)-EcoRV-DNA and 

Ca2+(S)-EcoRV-DNA complexes yield well convergent thermodynamic quantities, we restrict 

(a) 

(b) 
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to shorter runs for the model complexes.  The microscopic interactions at the protein-DNA 

interfaces are shown for Mg2+(S)-EcoRV-DNA and Ca2+(A)-EcoRV-DNA complexes in Fig. 

12(a) and (b). The total number of HB interactions between EcoRV and the DNA bases are 10 

in Mg2+(S)-EcoRV-DNA, while this number is 5 in Ca2+(A)-EcoRV-DNA. There are 1 and 7 

HB interactions between EcoRV and sugar and phosphate groups in Mg2+(S)-EcoRV-DNA. 

Similarly, the total number of HB interactions between EcoRV and phosphate groups in 

Ca2+(A)-EcoRV-DNA are 10. There is 1 HB interaction between EcoRV and the sugar group 

in Ca2+(A)-EcoRV-DNA. The total number of EL and SB interactions between EcoRV residues 

and the phosphate groups are 6 and 1 in both the cases. Both Mg2+ ions in Mg2+(S)-EcoRV-

DNA and Ca2+(ASI) ion in Ca2+(A)-EcoRV-DNA participate in EL interactions with the 

phosphate groups of DNA. Thus, comparing the data for different complexes (Figs. 10(a) and 

(b), and Figs. 12(a) and (b)), it is clear that the microscopic interaction pattern is sensitive to 

both the type and locations of the metal ions. 

    The total free energy and entropy changes in recognition region for Ca2+(A)-EcoRV-DNA 

with respect to Mg2+(A)-EcoRV-DNA and Mg2+(S)-EcoRV-DNA with respect to Ca2+(S)-

EcoRV-DNA are shown in Table 6. In Ca2+(A)-EcoRV-DNA complex, DNA is destabilized 

through rotational parameters and disordered through both rotational and translational 

parameters. The destabilization and disorder are counterbalanced by stabilization and order in 

the protein residues mainly via the side chain fluctuations. In case of Mg2+(S)-EcoRV-DNA, 

the DNA base pairs are stabilized but the protein residues undergo destabilization, while both 

show marginal order. Overall, the model complexes show marginal changes in conformational 

thermodynamics.  
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Fig. 13. (a) 𝐇𝐢,𝐢+𝟏 
(𝐂𝐚𝐀)

(b)  and 𝐇𝐢,𝐢+𝟏 
(𝐌𝐠𝐀)

(b)  of the rotational parameters of the DNA base pair step (6,7) in Mg2+(A)-

EcoRV-DNA (solid line) and Ca2+(A)-EcoRV-DNA (dotted line); (b) 𝐇 𝐢
(𝐂𝐚𝐀)

(θ) and 𝐇 𝐢
(𝐌𝐠𝐀)

(θ) of backbone 

dihedral angles of the residue ASP90(B) in Mg2+(A)-EcoRV-DNA (solid line) and Ca2+(A)-EcoRV-DNA 

(dotted line). The inset in (a) illustrates the distributions of translational parameters of the same base pair 

step as in (a). Similarly, the inset in (b) illustrates the distributions of side chain dihedrals of the same 

residue as in (b). The color conventions are: τ (black), ρ (grey), ω (light grey), Dx (black), Dy (grey) and Dz 

(light grey) for DNA base pair step parameters, and φ (black), ψ (grey), χ1 (black) and χ2 (grey) for protein 

dihedral angles. (c) 𝚫𝐆𝐢,𝐢+𝟏 
𝐂𝐚𝐀 (𝒃) and (d) T𝚫𝐒𝐢,𝐢+𝟏 

𝐂𝐚𝐀 (𝒃)  of base pair step parameters of DNA base pair steps (in 

kJ/mol) in Ca2+(A)-EcoRV-DNA with respect to Mg2+(A)-EcoRV-DNA. Here, τ (square), ρ (diamond), ω 

(up triangle), Dx (down triangle), Dy (cross) and Dz (diagonal cross). The cleavage base pair step has been 

marked in box.  Inset (d) shows the distributions H (dP-M) of distance dP-M (Å) between OP1 of P18 and Mg2+ 

in Mg2+(A)-EcoRV-DNA (solid line) and Ca2+ in Ca2+(A)-EcoRV-DNA (dotted line). 

 

       Let us consider the microscopic details of the Ca2+(A)-EcoRV-DNA system first. We do 

not observe any rearrangement of coordination of the metal ions in the complex compared to 

Mg2+(A)-EcoRV-DNA complex. Representative histograms of base pair step parameters 

(denoted by Hi,i+1 
(CaA)

(b)) and dihedral angles (denoted by H i
(CaA)

(θ)) in the cleavage region and 
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similar data for Mg2+(A)-EcoRV-DNA complex (denoted by Hi,i+1 
(MgA)

(b) and H i
(MgA)

(θ)) are 

shown in Fig. 13 (a) and (b) respectively. Let us highlight the contrasts. The histograms of τ 

and ρ of the base pair step (6,7) are single peaked in both complexes, but broader in Mg2+(S) -

EcoRV-DNA compared to the other complex, while ω is sharp single peaked in both cases 

(Fig. 13(a)). The distributions of Dx, Dy and Dz are all single peaked in both cases, shown in 

inset of Fig. 13(a). Next, we consider the fluctuations in dihedrals of the residue ASP90(B) in 

cleavage region. The backbone dihedrals show sharp single peak in both cases (Fig. 13(b)). χ1 

in ASP90(B) is single peaked in both cases (see inset of Fig. 13(b)). Similarly, χ2 is multimodal 

distribution in Mg2+(A)-EcoRV-DNA, while single peaked in Ca2+(A)-EcoRV-DNA (see inset 

of Fig. 13(b)). 

Table 8. The changes in conformational thermodynamics of metal ion (kJ/mol) coordinating EcoRV 

residues in cleavage region of Ca2+(A)-EcoRV-DNA with respect to Mg2+(A)-EcoRV-DNA. 

 

Residues  ΔGi
conf 

(T) 

φ ψ χ1 χ2 χ3 χ4 TΔSi
conf 

(T) 

φ Ψ χ1 χ2 χ3 χ4 

ASP36(A) -0.79 -0.40 -0.25 -0.06 -0.08 0.00 0.00 -0.63 -0.61 -0.58 0.41 0.16 0.00 0.00 

GLU45(B) -1.7 -0.10 0.01 -0.90 -0.44 -0.29 0.00 -7.94 -0.13 -0.24 -2.65 -3.18 -1.75 0.00 

ASP74(B) -0.69 0.16 -0.29 -.012 -0.43 0.00 0.00 -3.77 -0.02 -0.09 -0.56 -3.09 0.00 0.00 

ASP90(B) -1.04 -0.03 -0.25 -0.39 -0.37 0.00 0.00 -3.67 -0.39 -0.44 -0.65 -2.2 0.00 0.00 

 

    The thermodynamic changes of the EcoRV residues (ΔGi
conf(θ)  and TΔSi

conf(θ) )) in 

cleavage region in Ca2+(A)-EcoRV-DNA with respect to Mg2+(A)-EcoRV-DNA are shown in 

Table 8. The protein residues are marginally stabilized and ordered through the side chain 

fluctuations.  This is unlike the case observed in Ca2+(S)-EcoRV-DNA complex compared to 

Mg2+(A)-EcoRV-DNA in Table 7. However, the DNA base pair step parameters show 

destabilization and disorder in Ca2+(A)-EcoRV-DNA with respect to Mg2+(A)-EcoRV-DNA, 

similar to those observed in Ca2+(S)-EcoRV-DNA compared to Mg2+(A)-EcoRV-DNA 

complex (Fig. 11 (a) and (b)). The details of changes in conformational free energy and entropy 
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of the DNA base pair step parameters (denoted by  ΔGi,i+1 
CaA (𝑏) and TΔSi,i+1 

CaA (𝑏) respectively) 

of the base pair steps are shown in Fig. 13(c) and (d). The base pair step (5,6) in the vicinity of 

the cleavage base pair, gets large destabilization through ρ and ω and disorder primarily 

through ρ, ω and Dx. Inset, Fig. 13(d) shows the histograms of the distances between the 

oxygen of P18 and the metal ions Mg2+ in Mg2+(A)-EcoRV-DNA (black solid line) and Ca2+ in 

Ca2+(A)-EcoRV-DNA (black dotted line). The data show that the replacement of Mg2+ by Ca2+ 

increases the distance between scissile phosphate group and the metal ion. The increased 

distance is due to larger ionic size and differences in the LJ parameters for Ca2+ ion compared 

to Mg2+ ion which results in less electrostatic interactions in the corresponding complex. 

     Let us consider microscopic picture in the other model system, Mg2+(S)-EcoRV-DNA.  In 

this complex we observe a slight change in the coordination where GLU 45(A) in addition to 

the other residues is located within the coordination distance in the second site. Representative 

distributions of base pair step parameters of DNA base pair steps ( Hi,i+1 
(MgS)

(b)) and EcoRV 

residues (H i
(MgS)

(θ)) in cleavage region of Mg2+(S)-EcoRV-DNA along with those in Ca2+(S)-

EcoRV-DNA ( Hi,i+1 
(CaS)

(b) and  H i
(CaS)

(θ) respectively) are shown in Figs. 14(a) and (b) 

respectively. τ of (6,7) shows multimodal distribution in Mg2+(S)-EcoRV-DNA, while broad 

single peak in Ca2+(S)-EcoRV-DNA (Fig. 14(a)). ρ shows single peak with long tail, while ω 

is broad single peaked in both cases (Fig. 14(a)). Dx shows multimodal distribution in Ca2+(S)-

EcoRV-DNA, while single peak in Mg2+(S)-EcoRV-DNA (see inset of Fig. 14(a)). The other 

translational parameters are single peaked in both cases. The backbone dihedral angles of 

ASP90(B) (Fig. 14(b)) are all sharp single peaked for both cases. Both χ1 and χ2 of ASP90(B) 

are multimodal distributions in Ca2+(S)-EcoRV-DNA (see inset of Fig. 14(b)). Similarly, χ1 

shows bimodal and χ2, single peaked distributions in Mg2+(S)-EcoRV-DNA complex (see inset 

of Fig. 14(b)). 
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Fig. 14. (a) 𝐇𝐢,𝐢+𝟏 
(𝐌𝐠𝐒)

(b)  and 𝐇𝐢,𝐢+𝟏 
(𝐂𝐚𝐒)

(b)  of τ (black), ρ (grey) and ω (light grey) of the DNA base pair step 

(T6:A18, A7:T17) Mg2+(S)-EcoRV-DNA (solid line) and Ca2+(S)-EcoRV-DNA (dotted line); (b) 𝐇 𝐢
(𝐌𝐠𝐒)

(θ) and 

𝐇 𝐢
(𝐂𝐚𝐒)

(θ) of φ (black) and ψ (light grey) of the residue ASP90(B) in Mg2+(S)-EcoRV-DNA (solid line) and 

Ca2+(S)-EcoRV-DNA (dotted line). The inset in (a) illustrates the distributions of Dx (black), Dy (grey) and 

Dz (light grey) of the same base pair step as in (a). Similarly, the inset in (b) illustrates the distributions of 

χ1 (black) and χ2 (grey) of the same residue as in (b). (c) (𝚫𝐆𝐢,𝐢+𝟏 
𝐌𝐠𝐒 (𝒃) and (d) T𝚫𝐒𝐢,𝐢+𝟏 

𝐌𝐠𝐒 (𝒃) of base pair step 

parameters of DNA base pair steps (in kJ/mol) in Mg2+(S)-EcoRV-DNA with respect to Ca2+(S)-EcoRV-

DNA. The symbols are: τ (square), ρ (diamond), ω (up triangle), Dx (down triangle), Dy (cross) and Dz 

(diagonal cross). The cleavage base pair has been marked in box. The inset in (c) shows the distributions 

H(dOD1-M) of distance dOD1-M (Å) between OD1 of ASP90B and Ca2+(ASI) in Ca2+(S)-EcoRV-DNA (dotted 

line) and Mg2+(ASI) in Mg2+(S)-EcoRV-DNA (solid line). Similarly, the inset in (d) illustrates the 

distributions H(dOD2-M) of distance dOD2-M (Å) between OD2 of ASP90(B) and Ca2+(ASI) in Ca2+(S)-EcoRV-

DNA (dotted line) and Mg2+(ASI) in Mg2+(S)-EcoRV-DNA (solid line). The total change in (e) 𝚫𝐆𝐢,𝐢+𝟏 
𝐒𝐀 (𝒃) 

and (f) T𝚫𝐒𝐢,𝐢+𝟏 
𝐒𝐀 (𝒃) of the base pair step parameters of the base pair steps (in kJ/mol) in Mg2+(S)-EcoRV-

DNA with respect to Mg2+(A)-EcoRV-DNA. The inset in (e) shows the histogram H (dP-M) of distance dP-M 

(Å) between P18 and Mg2+(ASI) ion in Mg2+(A)-EcoRV-DNA (solid line) and Mg2+(ASI) in Mg2+(S)-EcoRV-

DNA (dotted line). 
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    Among the protein residues (ΔGi
conf(θ)  and TΔSi

conf(θ) in Table 9) in the cleavage region, 

ASP90(A) and ASP90(B), holding the metal ions, undergo destabilization in Mg2+(S)-EcoRV-

DNA with respect to Ca2+(S)-EcoRV-DNA complex through side chain fluctuations. This is 

similar to destabilization observed in this residue in Ca2+(S)-EcoRV-DNA compared to 

Mg2+(A)-EcoRV-DNA in Table 7, and unlike the observations in Table 8. The destabilization 

in ASP (90) could result from proximity of ASP (74) residue in both the chains due to smaller 

ionic size of Mg2+. The changes in conformational thermodynamics of the base pair step 

parameters of DNA in Mg2+(S)-EcoRV-DNA with respect to Ca2+(S)-EcoRV-DNA 

(ΔGi,i+1 
MgS (𝑏) and TΔSi,i+1 

MgS (𝑏)) are shown in Fig. 14 (c) and (d). The base pair step parameters 

show overall marginal stabilization and order which is unlike the previous case (Fig. 13(c) and 

(d)).  The histogram H(dOD1-M) of distance dOD1-M (Å) between OD1 and the histogram H(dOD2-

M) of distance dOD2-M (Å) between OD2 of ASP90B in insets of Fig.14(c) and Fig. 14(d) show 

that the metal ion is better coordinated to the acidic residue in Ca2+(S)-EcoRV-DNA than in 

Mg2+(S)-EcoRV-DNA through OD1, while that through OD2 does not change much. 

Table 9. The conformational thermodynamic changes of the metal ion coordinating residues (kJ/mol) in 

cleavage region of Mg2+(S)-EcoRV-DNA with respect to Ca2+(S)-EcoRV-DNA. 

 

Residues  ΔGi
conf 

 

φ ψ χ1 χ2 χ3 χ4 TΔSi
conf φ Ψ χ1 χ2 χ3 χ4 

GLU45(A) 0.36 -0.06 0.23 -0.28 0.53 -0.06 0.00 -3.24 -0.03 0.48 -2.68 -0.32 -0.69 0.00 

ASP74(A) -0.08 0.09 0.07 -0.37 0.13 0.00 0.00 0.86 0.11 0.37 -1.25 1.62 0.00 0.00 

ASP90(A) 2.30 -0.25 1.47 0.57 0.51 0.00 0.00 2.33 -0.25 -0.55 2.75 0.38 0.00 0.00 

ASP74(B) -0.88 -0.29 -0.08 -0.02 -0.48 0.00 0.00 -2.10 -0.35 -0.05 0.75 -2.45 0.00 0.00 

ASP90(B) 1.7 -0.13 0.21 1.56 0.07 0.00 0.00 -0.40 -0.16 0.36 -1.36 0.61 0.00 0.00 

 

    This also makes us compare between complexes with the symmetric versus asymmetric 

locations of Mg2+. We compare conformational thermodynamics of the symmetric complex 

with respect to location of the Mg2+ ions (Mg2+(S)-EcoRV-DNA) to that with asymmetrically 

located metal ions (Mg2+(A)-EcoRV-DNA). The data for changes in conformational free 



52 

 

energy and entropy, denoted by ΔGi,i+1 
SA (𝑏) and TΔSi,i+1 

SA (𝑏), shown in Fig.14(e) and (f) 

respectively, for the base pair steps show the conformational destabilization and disorder for 

symmetrical arrangement of the metal ions with respect to their asymmetric location. The 

conformational stability and order of the protein residues in Table 10 do not show any 

qualitative difference compared to those in Table 9. For instance, ASP90(B) remains unstable 

in the symmetric complex with respect to the asymmetric one. The enhanced fluctuations in 

DNA base pairs are reflected in the inset of Fig. 14(e) with larger distance and fluctuations of 

distance dP-M. Thus, the symmetric complex with Mg2+ is less efficient than the asymmetric 

one in holding the metal ion in the neighbourhood of the scissile phosphate group. 

 

Table 10. Conformational thermodynamic changes of the residues in cleavage region (kJ/mol) in Mg2+(S)-

EcoRV-DNA with respect to Mg2+(A)-EcoRV-DNA. 

 

Residues  ΔGi
conf 

 

φ ψ χ1 χ2 χ3 χ4 TΔSi
conf 

 

φ Ψ χ1 χ2 χ3 χ4 

ASP36 

(A) 

-0.14 -0.11 -0.06 0.09 -0.07 0.00 0.00 0.78 1.04 -1.39 0.81 0.31 0.00 0.00 

ASP74 

(A) 

-0.45 0.14 -0.31 -0.19 -0.09 0.00 0.00 -0.67 0.07 -0.38 -0.78 0.41 0.00 0.00 

ASP90 

(A) 

1.76 -0.18 1.42 0.46 0.07 0.00 0.00 -0.15 -0.33 -0.95 2.36 -1.23 0.00 0.00 

GLU45 

(B) 

-1.16 -0.06 0.01 -0.54 -0.38 -0.19 0.00 -4.74 -0.05 -0.12 -1.16 -2.21 -1.20 0.00 

ASP74 

(B) 

-0.56 0.05 -0.28 0.01 -0.35 0.00 0.00 -1.85 0.09 -0.05 0.52 -2.41 0.00 0.00 

ASP90 

(B) 

0.99 -0.17 -0.02 1.39 -0.22 0.00 0.00 -3.27 -0.26 0.01 -1.59 -1.48 0.00 0.00 

 

Our classical force field-based simulations cannot yield detailed picture of transition 

states involving charge transfer in the cleavage region. However, the conformational 

thermodynamics data give useful microscopic insight, if we assume that the metal ion must be 

stabilized in the vicinity of the scissile phosphate group for cleavage activity. Larger 

conformational stability and order at the (4,5) step suggests that this particular step helps to 

stabilize and order the complex. The stability and order at the other base pair steps of the DNA 

in the cleavage region points to co-operative effect of the entire region. In the stable complex, 
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the Mg2+(ASI) can access the cleavage phosphate which is further helped by the conformational 

order in ASP74(B) and ASP90(B) holding the metal ion. Our results are consistent to the 

experimental observations that catalytic activity is lost upon mutation of ASP74(B) and 

ASP90(B) 25–27. Although Mg2+(ASII) does not participate directly in interacting with P18, it 

helps to hold Mg2+(ASI) in the vicinity of P18 by imparting stability to the aspartic acid residues. 

The role of the second Mg2+ has been discussed earlier. Site-directed mutagenesis experiments 

show that a water molecule, which is a part of the inner hydration sphere of second Mg2+, 

protonates the leaving group (3’-OH) through a favourable six-membered cycle.29 Theoretical 

study by Zahran et. al. shows that the second magnesium ion serves to stabilize the distorted 

DNA.14 Our observations on the stability of the aspartic acids is qualitatively consistent to this 

theoretical report. The larger fluctuations at ASP90 (B) in the Ca2+(S)-EcoRV-DNA complex 

cannot hold the metal ion in the vicinity of P18. As a result, P18 shows larger fluctuations which 

stands in the way of the cleavage activity in the complex. It may be interesting to point out the 

role of basic LYS92 (B) in the EcoRV interface with the cleavage region. This residue is not 

directly involved in coordination of the metal ion. LYS92(B) shows conformational 

destabilization and disorder in Mg2+(A)-EcoRV-DNA complex compared to the free 

components, ruling out its role in stabilization in the complex. Earlier studies show 38–41 that 

the residues which get conformationally destabilized and disordered participate in ligand 

binding. Thus, in this complex, LYS92(B) is likely to play functional role.  The important point 

here is that the DNA fragment and the protein residues in the cleavage region need to be 

stabilized and the metal ion is to be placed in the vicinity of the scissile phosphate. 

      Although the conformational destabilization is the least at the cleavage base pair steps in 

Ca2+(S)-EcoRV-DNA, larger fluctuations in the neighbouring regions do not hold the metal 

ion in the vicinity of the scissile phosphate. This further supports the co-operative participation 

of the DNA base pairs in the cleavage process. Similarly, the fluctuations of DNA base pairs 
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make it unfavourable in symmetric complex compared to the one with asymmetrically 

positioned Mg2+, ruling out the possibility of enzymatic activities in the symmetric complex.  

Our results suggest that two Mg2+ ions located on one protein subunit is essential for cleaving 

one phosphate group. In catalytically active complex cleaving occurs at two scissile phosphate 

groups on two DNA strands in the cleavage region. This requires four Mg2+ ions, two each in 

two protein subunits to achieve adequate conformational stability and order for cleavage. 

2.4 Conclusions 

   To summarize, microscopic fluctuation-based picture shows that the cleavage region gets 

conformational stability and order and the metal ion is placed stably in the neighbourhood of 

the scissile phosphate group in Mg2+(A)-EcoRV-DNA in preference to Ca2+(S)-EcoRV-DNA. 

On the other hand, replacements of the metal ions in these complexes renders the cleavage 

region unstable and disordered. This suggests that both the ion type and their locations are 

decisive for cofactor sensitivity for cleavage activity by EcoRV. More importantly, our 

proposed scenario based on the fluctuations in microscopic conformational variables can be 

verified in NMR experiments. The motif PD…(D/E)XK (P – proline, D – aspartic acid, E – 

glutamic acid, K – Lysine, and X – any amino acid) is identified as common catalytic sequence 

motif for all type II REs,8,56,57 where two carboxylates are responsible for Mg2+ binding. The 

activity of this catalytic motif is Mg2+ dependent.58 Not only type II REs, but this catalytic 

motif is seen in some other REs also, for example, in λ-exonuclease (PD119…E129LK),59 and E. 

coli MutH (QD70…E77LK).60 The scenario based on the microscopic fluctuations is expected 

to hold in all such cases. Microscopic fluctuations of the conformational variables, being robust 

in nature, may provide useful to understand other enzyme complexes and provide in-silico 

guideline in designing genetic tools for targeted DNA manipulations. 
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2.5 Appendix A 

Details of the methods 

A.1 Molecular dynamics simulations 

Molecular dynamics (MD) simulation is the study of time dependent behavior of system 

of particles. MD simulations begin with particles’ initial positions and velocities and then an 

algorithm is used to update each particles positions and velocities. The result is a trajectory of 

how the particles’ positions and velocities change with time. The particles are considered to 

interact with each other via a pair potential V (𝑟𝑖𝑗), where 𝑟𝑖𝑗 = |𝒓𝑖 − 𝒓𝑗|, 𝑖 ≠ 𝑗 and 𝒓𝑖 and 𝒓𝑗 

are the positions of the 𝑖th and 𝑗th particles. The trajectory of the particles is obtained by solving 

Newton’s law, 𝑭𝑖 = 𝑚𝑖𝒂𝑖 , where 𝑭𝑖 is the force acting on 𝑖th particle, 𝑚𝑖 is the mass and 𝒂𝑖 

is the acceleration of the 𝑖th particle. 𝑭𝑖 can be obtained from the gradient of V (𝑟𝑖𝑗). The most 

widely used algorithm is Verlet algorithm which is based on central difference algorithm. In 

Verlet algorithm, the advanced position 𝑟(𝑡 + 𝛥𝑡), at time 𝑡 + 𝛥𝑡 is calculated by using the 

positions and the accelerations at time 𝑡 and the positions from the previous step, 𝑟(𝑡 − 𝛥𝑡). 

Using Taylor series expansion, 

𝑟(𝑡 + 𝛥𝑡) = 𝑟(𝑡) + 𝛥𝑡 𝑣⃗(𝑡) +
𝛥𝑡2

2
𝑎⃗(𝑡) + ⋯ 

𝑟(𝑡 − 𝛥𝑡) = 𝑟(𝑡) − 𝛥𝑡 𝑣⃗(𝑡) +
𝛥𝑡2

2
𝑎⃗(𝑡) + ⋯ 

Combined these two equations gives, 

𝑟(𝑡 + 𝛥𝑡) = 2𝑟(𝑡) − 𝑟(𝑡 − 𝛥𝑡) + 𝛥𝑡2𝑎⃗(𝑡) 

The velocity does not appear explicitly in Verlet algorithm. It can be obtained from the 

following formula, 𝑣⃗(𝑡) =
𝑟(𝑡+𝛥𝑡)−𝑟(𝑡−𝛥𝑡)

2𝛥𝑡
. 

(1) 

(2) 

(3) 

(4) 
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A.2 Force-field for MD simulations 

The packages we have used in our study to simulate biomolecular complexes are 

NAMD and GROMACS. These standard packages use force field to describe the interactions 

between atoms within the biomolecules or biomolecules with another biomolecules. The 

parameters of a force field are often derived through ab initio or semi-empirical quantum 

mechanical calculations, or by fitting experimental data such as neutron, X-ray and electron 

diffraction, NMR etc. The appropriate choice of force field (CHARMM, GROMOS and 

AMBER) is necessary in order to improve the accuracy of the results. All common force fields 

contain bonded and non-bonded interactions. The bonded interactions include bond stretching, 

bond rotations and torsional dihedrals via simple harmonic oscillations, whereas non-bonded 

interactions include van der Waals and Coulomb interactions. 

The expression of a potential energy is given by, 

𝑈 = ∑ 𝑘𝑏(𝑟 − 𝑟0)2

𝑏𝑜𝑛𝑑𝑠

+ ∑ 𝑘𝜃(𝜃 − 𝜃0)2

𝑎𝑛𝑔𝑙𝑒𝑠

+ ∑ 𝑘𝜑

𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

[1 + cos(𝑛𝜑 − 𝛿)]

+ ∑ 𝑘𝑤(𝑤 − 𝑤0)2

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠

+ ∑ 4𝜀

𝐿𝐽

[(
𝜎𝑖𝑗

𝑟𝑖𝑗
)12 − (

𝜎𝑖𝑗

𝑟𝑖𝑗
)6] + ∑

𝑞𝑖𝑞𝑗

4𝜋𝜀𝑟𝜀0𝑟𝑖𝑗
𝑒𝑙𝑒𝑐

 

Here, the first four terms refer to the contributions to the total energy due to intramolecular 

interactions, and the last two terms refer to the contribution to total energy due to non-bonded 

interactions. 𝑘𝑏 is force constant due to bond stretching, 𝑟0 is equilibrium bond length, while 

(𝑟 − 𝑟0) is the deviation of the bond length. Similarly, (𝜃 − 𝜃0) is the deviation of the angle 

from an equilibrium angle 𝜃0 with force constant 𝑘𝜃. 𝑘𝜑 is dihedral force constant, n is the 

multiplicity number and 𝛿 is phase shift. (𝑤 − 𝑤0) is the deviation of the outer plane angle 

from 𝑤0 with force constant 𝑘𝑤. For non-bonded interactions, 𝜀 is the depth of the potential, 

𝜎𝑖𝑗 implies the distance at which the intermolecular potential between two particles is zero. The 

(5) 
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last term represents the Coulomb interactions, where 𝑞𝑖  and 𝑞𝑗 are the charges of 𝑖th and 𝑗th 

particles. 𝜀0 and 𝜀𝑟 are permittivity in vacuum and relativity permittivity respectively. 𝑟𝑖𝑗 =

|𝒓𝑖 − 𝒓𝑗| is the magnitude of the distance between 𝑖th and 𝑗h particles. 

A.3 Long-range interactions 

Long-range interactions decay as 𝑟−𝑛, where n is the dimensionality of the system. It 

is very important to appropriately model the long-range interactions for charged species as their 

range is often greater than half of the box length. The charge-charge interaction, decaying as 
1

𝑟
 

is very difficult to handle. Different methods are developed for handling the long-range 

interactions such as Ewald summations, Particle mesh Ewald (PME) method, the reaction field 

method etc. We use PME method for long-range interactions. 

In the PME summation, the long-range interaction is split into short range and long-

range contributions. The short-range contribution is estimated in real space, whereas the long-

range contribution is calculated in Fourier space. PME method uses discrete Fast-Fourier 

transforms (FFT) to approximate the reciprocal-space term of the standard Ewald summation 

by a discrete convolution on an interpolating grid. 
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CHAPTER 3 

Cofactor and Sequence Sensitivity in DNA Cleavage by EcoRI  

3.1 Introduction 

Here we study another type II RE, namely, EcoRI. EcoRI is a dimeric protein, having 

two identical chains A and B. Each chain consists of 261 residues. The recognition sequence 

of EcoRI is GAATTC, and the cleavage occurs between G and A on both strands in presence 

of Mg2+ ions.1–5 The residues ASP75 and GLU95 in EcoRI hold the metal ion.2,6 Several factors 

are important to the cleavage as detailed below: 

1. Experimental and theoretical studies suggest that only Mg2+acts as a co-factor as in 

EcoRV detailed in the previous chapter. Mg2+ might have several functions in EcoRI: 

It might aid in the binding and positioning of DNA, as well as partially neutralizing 

the extra negative charge in the transition state and protonate the leaving group after 

cleavage by providing a water molecule in its coordination sphere.6  

2. Mutation of the DNA sequence also affects the cleavage activity. When cognate 

sequence (GAATTC) of EcoRI differ by a single base pair from this sequence, the site 

is termed as EcoRI* site. EcoRI* sites appear in natural DNA more frequently than 

the canonical sites. Experimental study shows that EcoRI is able to discriminate very 

accurately between its cognate sequence and the sequence differing by one base pair 

(EcoRI* site) under normal buffer conditions.7 

3. The role of water molecules in DNA cleavage by RE has been emphasized in 

experiment. The cleavage of DNA by EcoRI involves an attack of a water molecule 

on the scissile phosphate group. Experimental study shows that the pro-Rp phosphoryl 

oxygen of the phosphate group on the 3' side of the scissile bond activates the attacking 

water molecule.6 EcoRI binding to the cognate sequence (GAATTC) releases 70 fewer 
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water molecules than binding to a noncognate sequence (TAATTC), according to 

another experiment.8 Furthermore, the cleavage reaction is accompanied by the 

binding of 30 water molecules in cognate sequence.8 Molecular dynamics simulations 

study proposes that one of the crystal water coordinated with Mg2+ attacks the scissile 

phosphate, making Mg2+ to behave as a Lewis acid. However, it is yet to be understood 

why the water molecule coordinated with Ca2+ in Ca2+ loaded EcoRI-DNA is unable 

to attack the scissile phosphate group like Mg2+ does in Mg2+ loaded EcoRI-DNA in 

order to cleave the DNA. 

    We report  in Chapter 2 molecular dynamics (MD) simulations studies which show that 

replacement of Mg2+ ions by Ca2+ ions result in the cleavage region in EcoRV-DNA complex 

becoming unstable and disordered due to enhanced fluctuations of one of the catalytically 

active residues and the cleavage base pairs of the DNA.9 In this chapter our primary aim is to 

describe the sensitivity to metal ion cofactor and DNA sequence with emphasis on hydration 

level. We consider several cases: (1) EcoRI-DNA, (2) EcoRI and cognate sequence in presence 

of Mg2+ ions (Mg2+-EcoRI-DNA), (3) EcoRI and cognate sequence in presence of Ca2+ ions 

(Ca2+-EcoRI-DNA) and (4) Mg2+ loaded EcoRI and mutated DNA sequence (Mg2+-EcoRI-

mtDNA). We also consider the free states of the components. We compute the conformational 

thermodynamics of the dihedral angles of EcoRI and the base pair step parameters of DNA in 

the complex compared to the free DNA, as detailed in chapter 2. We also perform steered 

molecular dynamics (SMD) simulations and stopped SMD simulations using the SMD 

snapshots to investigate the dynamic role of water in the DNA recognition region. The 

conformational thermodynamics data shows that Mg2+-EcoRI-DNA complex has maximum 

stabilization and order among all complexes. We observe that the number of hydrogen bonded 

water molecules around the scissile phosphate is the least in Mg2+-EcoRI-DNA. 

 



67 

 

3.2 Materials and methods 

3.2.1 System preparations 

      The initial structure of free DNA that contains the EcoRI recognition sequence (GAATTC) 

is modelled by using nucgen10 software. The DNA bases sequence is 5’-dCGCGAATTCGCG-

3’, with the recognition sequence shown in bold, in 5’-3’ direction and the complementary 

sequence in 3’-5’ direction. The initial structure of EcoRI is obtained from protein data bank 

(PDB) (PDB ID: 1QC9). The metal ions, such as Mg2+ and Ca2+ loaded EcoRI (Mg2+-EcoRI 

and Ca2+-EcoRI) are not available in PDB. So, we model Mg2+-EcoRI complex by inserting 

one Mg2+ ion in the vicinity of ASP75 and GLU95 residues as these residues are reported to be 

the catalytically active residues, in each subunit of EcoRI. We model Ca2+-EcoRI complex the 

same way as we model Mg2+-EcoRI complex. The crystal structure of EcoRI bound with DNA 

(EcoRI-DNA) is also taken from protein data bank (PDB) with PDB ID 1ERI11. In this 

complex, the sequence of the DNA bases is same to that of free DNA in both strands. 

      The complexes of metal ions, such as Mg2+ and Ca2+ loaded EcoRI-DNA are not available. 

We model Mg2+-EcoRI-DNA complex by inserting two Mg2+ ions in the vicinity of the two 

active sites of EcoRI-DNA. Similarly, we model Ca2+-EcoRI-DNA complex by placing two 

Ca2+ ions in the vicinity of the two active sites of EcoRI-DNA. We also model Mg2+-EcoRI-

mtDNA complex, where we mutate the first A:T base pair in recognition sequence by G:C base 

pair in Mg2+-EcoRI-DNA complex. As the two active sites are symmetrical in all the 

complexes, we consider in our study the first active site involving chain A of EcoRI. 

3.2.2 Molecular dynamics (MD) simulations 

   We follow similar protocol as detailed in the Materials and methods of Chapter 2 to perform 

MD simulations. 
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3.2.3 Steered molecular dynamics (SMD) simulations 

    We carry out SMD12 simulations by applying a force to one end of the DNA along the DNA 

helix, which is aligned along z axis. The α carbons of EcoRI residues are restrained by a 

harmonic potential of force constant, 𝑘𝑟𝑒𝑠=10 kcal mol-1 nm-2, while the protein is able to move 

freely along x and y directions. The SMD force that varies with time, is calculated by the 

following formula, 𝐹(𝑡) = 𝑘𝑆𝑀𝐷[𝑧𝑆𝑀𝐷(𝑡) − 𝑧𝐶𝑂𝑀(𝑡)], where 𝑧𝐶𝑂𝑀(𝑡) is the z coordinate of 

the center of mass (COM) of DNA, 𝑧𝑆𝑀𝐷(𝑡) = 𝑧𝐶𝑂𝑀(0) + 𝑣𝑆𝑀𝐷𝑡. 𝑣𝑆𝑀𝐷 = 0.5 nm ns-1 is the 

SMD velocity, and 𝑘𝑆𝑀𝐷= 50,000 kcal mol-1 nm-2 is the force constant. 

     In addition to the SMD simulations, we carry out a series of stopped SMD simulations. A 

stopped SMD simulation is the continuation of a constant-velocity SMD with the velocity set 

to zero. A stopped SMD simulation is described by the reference SMD simulation time 𝑡 where 

the complex is subjected to a high strain rate. We carry out both SMD and stopped SMD 

simulations on EcoRI-DNA, Mg2+-EcoRI-DNA, Ca2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA 

complexes. 

3.2.4 Calculations of DNA base pair step parameters and conformational 

thermodynamics 

The detailed calculations of the DNA base pair step parameters and the calculations of 

the changes in conformational thermodynamics is discussed in the Materials and methods 

section in Chapter 2. 

3.2.5 Calculations of density profile 

The density profile is calculated by the following formula,   

𝜌(𝑟) =
𝑛(𝑟)𝑚

𝑉
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We calculate 𝑛(𝑟) the number of water molecules within 𝑟 and 𝑟 + 𝑑𝑟 around the metal ion, 

we consider a shell of thickness 𝑑𝑟 around the metal ion. Here V is the volume of the shell 

and m is the molecular mass. Thus, 

𝜌(𝑟) =
𝑛(𝑟)𝑚

[(
4
3) 𝜋(𝑟 + 𝑑𝑟)3 − (

4
3) 𝜋𝑟3]

 

3.2.6 Displacements of nucleotides 

The displacement of nucleotide from the interaction regime of EcoRI is characterized 

as follows: first, for each nucleotide, we calculate the distance between each atom of a 

particular nucleotide and each atom of EcoRI residues. If the distance is less than 0.45 nm, we 

make a list of the atom pairs (𝑖𝑗), where atom 𝑖 belongs to EcoRI, and atom 𝑗 belongs to DNA. 

We compute the average distance of the atom pairs of each nucleotide in a single snapshot, 

denoted as 𝑑𝑖𝑗. Finally, we calculate the average distance (
1

𝑛
< 𝑑𝑖𝑗 >) of the atom pairs of each 

nucleotide over the last 10 ns of the equilibration. 𝑛 is the number of pairs. We also calculate 

𝑑𝑖𝑗 from the SMD trajectory for each snapshot. Finally, the displacement of each nucleotide is 

computed as 𝐷 =
1

𝑛
∑ (𝑑𝑖𝑗−< 𝑑𝑖𝑗 >𝑖𝑗 ). We consider a nucleotide being ruptured if 𝐷 > 0.25 

nm during the SMD simulation. 

3.3 Results 

     Fig. 1(a) depicts the numbering of phosphate, sugar and bases of DNA. The recognition 

sequence is shown by the box in dotted line. There are two active sites in EcoRI-DNA complex, 

one containing G4:C21 and A5:T20 base pairs, and another one containing T8:A17 and C9:G16 

base pairs. The arrows in the figure shows the cleavage points. Both ASP75 and GLU95 in 

chain A for the first active site and the same residues in chain B for the second active site are 

known to be the catalytically active residues. 
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Fig. 1. (a) Labelling of DNA functional groups. N1, N2, etc. are the nucleotides where each of them contains 

a phosphate group, a sugar group and one of the four bases. Coordinations of (b) Mg2+ in Mg2+-EcoRI-

DNA and (c) Ca2+ in Ca2+-EcoRI-DNA. 

 

   We carry out MD simulations (as detailed in Materials and methods section of Chapter 2). 

We show the coordinations of Mg2+ in Mg2+-EcoRI-DNA complex, and the coordinations of 

Ca2+ in Ca2+-EcoRI-DNA complex, shown in Figs. 1(b) and (c) respectively. If the distance 

between any atom of DNA or EcoRI and Mg2+ or Ca2+ is less or equal to 3.0 Å, coordination 

is considered. OD1 of ASP75, OE1 of GLU95 and OP1 of P5 participate in coordination with 

Mg2+ in Mg2+-EcoRI-DNA. Similarly, OD1 and OD2 of ASP75, OE1 and OE2 of GLU95 and 

OP1 of P5 participate in coordination with Ca2+. The rest of the coordinations of Mg2+ and Ca2+ 

are satisfied by the O atoms of water molecules. 
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3.3.1 Microscopic fluctuations of conformational variables 

       We calculate fluctuations of conformational variables, like base pair step parameters of 

DNA base pair steps and the protein dihedrals as detailed in chapter 2. Here, we show data for 

the fluctuations of base pair step, (G4:C21, A5:T20) and the EcoRI residues, ASP75 and GLU95, 

belonging to the cleavage region of the first active site. For a given base pair step (i and i+1), 

the distribution is denoted by Hi,i+1
f (b) in the free state and Hi,i+1

c (b) in the complex for a given 

base pair step parameter b introduced in the previous chapter. Here c = MF for EcoRI-DNA, c 

= Mg for Mg2+-EcoRI-DNA, c = Ca for Ca2+-EcoRI-DNA and c = Mut for Mg2+-EcoRI-

mtDNA. Similarly, for a given dihedral ξ of a residue R, the distribution in free state is HR 
(f)

(ξ) 

and in complex, HR 
(c)

(ξ). 

 

 

Fig. 2. Distributions of base pair step 

parameters of DNA in free state (cyan), 

EcoRI-DNA (black), Mg2+-EcoRI-DNA 

(red), Ca2+-EcoRI-DNA (blue) and Mg2+-

EcoRI-mtDNA (green). The histograms 

are: (a) τ, (b) ρ, (c) ω, (d) Dx, (e) Dy and 

(f) Dz of (4,5) base pair step. 

 

 

 

 

 

 

We consider the distributions of DNA base pair step parameters. The distributions 
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other two complexes (Fig. 2 (a)). The other rotational degree of freedom ρ show single peaks 

in free state as well as in all the complexes. So far as the twist is concerned,  H4,5
f (ω) and 

H4,5
MF(ω) are multimodal distributions, while H4,5

Mg
(ω), H4,5

Mut(ω) and H4,5
Ca (ω) show single peaked 

distributions (Fig. 2(c)). Both H4,5
f (Dx), H4,5

MF(Dx) and H4,5
Ca (Dx) show broad distributions, while 

H4,5
Mg

(Dx) and H4,5
Mut(Dx) are sharp single peaked (Fig. 2(d)). H4,5

f (Dy) is broad single peaked 

(Fig. 2(e)). H4,5
MF(Dy) shows multimodal distribution (Fig. 2(e)). H4,5

Mg
(Dy), H4,5

Mut(Dy) and 

H4,5
Ca (Dy) are all single peaked (Fig. 2(e)). The distribution of Dz shows single peaked 

distributions for all the cases (Fig. 2(f)). Overall, we observe that the distributions of rotational 

parameters of the base pair steps are broader in all cases than those of translational parameters. 

The distributions of the dihedral angles of ASP75 in free EcoRI and EcoRI in the 

complexes are shown in Figs. 3(a)-(d). The backbone dihedral φ of ASP75 shows single peaked 

distributions for all cases (Fig. 3(a)), while the other backbone dihedral ψ shows bimodal 

distribution in free state and single peaked distributions in the complexes (Fig. 3(b)). 

HASP75 
(MF)

(χ1) of ASP75 in EcoRI-DNA is single peaked, while HASP75 
(f)

(χ1) shows multimodal 

distribution (Fig. 3(c)). HASP75 
(Mg)

(χ1) HASP75 
(Ca)

(χ1) HASP75 
(Mt)

(χ1) are all multimodal distributions 

(Fig. 3(c)). HASP75 
(f)

(χ2) shows multimodal distribution (Fig. 3(d)). HASP75 
(MF)

(χ2) and HASP75 
(Mg)

(χ2) 

are bimodal distributions, while HASP75 
(Ca)

(χ2) and HASP75 
(Mt)

(χ2) show multimodal distributions. 

The distributions of the dihedral angles for GLU95 are shown in Figs. 3(e)-(h). φ of GLU95 

shows single peaked distributions for all cases (Fig. 3(e)). However, HGLU95 
(Ca)

(φ) shows smaller 

peak height with broad peak compared to other cases. Similarly, HGLU95 
(f)

(ψ), HGLU95 
(MF)

(ψ), 

HGLU95 
(Mg)

(ψ), HGLU95 
(Ca)

(ψ) and HGLU95 
(Mt)

(ψ) (Fig. 3(f)) are all single peaked with similar peak 

heights. HGLU95 
(f)

(χ1) shows multimodal distribution (Fig. 3(g)), while HGLU95 
(MF)

(χ1), HGLU95 
(Ca)

(χ1) 

and HGLU95 
(Mt)

(χ1) are single peaked (Fig. 3(g)). HGLU95 
(Mg)

(χ1) shows multimodal distribution. 
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HGLU95 
(f)

(χ2) ((Fig. 3(h))) is multimodal distribution. HGLU95 
(MF)

(χ2), HGLU95 
(Mg)

(χ2), HGLU95 
(Ca)

(χ2) and 

HGLU95 
(Mt)

(χ2) are all single peaked distributions (Fig. 3(h)). All the backbone dihedral angles of 

the residues show single peaked distributions except HASP75 
(f)

(ψ) which shows bimodal 

distribution. The side chain dihedrals of ASP75 for most of the cases show multimodal 

distributions, while side chain dihedrals of GLU95 for most cases show single peaked 

distributions. 
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Fig. 3. Histograms of the dihedral angles of EcoRI in free case (cyan), EcoRI-DNA (black), Mg2+-EcoRI-

DNA (red), Ca2+-EcoRI-DNA (blue) and Mg2+-EcoRI-mtDNA (green). Distributions of (a) φ, (b) ψ, (c) χ1 

and (d) χ2 of ASP75. Histograms of (e) φ, (f) ψ, (g) χ1 and (h) χ2 of GLU95. 

 

3.3.2 Metal ion selectivity 

We compute the changes in the conformational free energy and entropy (as detailed in 

the Materials and methods of Chapter 2) in the complex with respect to the free state. We 
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compute the statistical correlation between all variables.13 We observe that the correlation 

between the variables  is small (correlation coefficient less than 0.5). Hence, we consider the 

changes in the components separately as in the previous chapter. Here, we compute the changes 

in conformational free energy and entropy in the complexes with respect to the free state. For 

a given base pair step parameter, the changes in free energy and entropy of (i, i + 1) step in the 

complex with respect to the free state are denoted as ΔGi,i+1
cf (b) and TΔSi,i+1

cf (b) respectively, 

the change in a given base pair step is given by the sum of the individual contributions. 

The total free energy and entropy changes of the DNA base pair step parameters for the 

complexes with respect to free DNA are shown in Figs. 4(a) and (b) respectively. All the base 

pair steps in recognition region show marginal changes in both free energy and entropy in 

EcoRI-DNA complex (Fig. 4(a)). All the base pair steps are highly stabilized and ordered in 

Mg2+-EcoRI-DNA. However, the base pair step (4,5) in cleavage region shows maximum 

conformational stabilization and order compared to those of the other base pair steps. In Ca2+-

EcoRI-DNA complex, the (6,7) step is destabilized. The other base pair steps in this complex 

show marginal changes (< 2.5 kJ/mol).  The entropy changes show similar ordering at all the 

base pair steps. For the cleavage base pair step (4,5), the stability and order in Mg2+-EcoRI-

DNA is greater than those in any other complex. 
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Fig. 4. (a) 𝚫𝐆𝐢,𝐢+𝟏
𝐜𝐟 (b) and (b) 𝐓𝚫𝐒𝐢,𝐢+𝟏

𝐜𝐟 (b) of base pair step parameters of base pair steps of DNA in EcoRI-

DNA (black), Mg2+-EcoRI-DNA (red) and Ca2+-EcoRI-DNA (blue) with respect to free DNA. 

 

We also show the total changes in conformational free energy and entropy for ASP75 

and GLU95 residues in EcoRI-DNA, Mg2+-EcoRI-DNA, Ca2+-EcoRI-DNA and Mg2+-EcoRI-

mtDNA complexes with respect to the free EcoRI in Table 1. Both the residues in cleavage 

region show marginal changes in conformational free energy in all the complexes. However, 

both the residues are ordered in all the complexes compared to those in free state. The 

maximum order occurs in GLU95 in Mg2+-EcoRI-DNA complex through χ1, χ2 and χ3. Thus, 

the overall fluctuations are diminished in the cleavage region in Mg2+-EcoRI-DNA compared 

to the Ca2+-EcoRI-DNA. This scenario is quite analogous to that of ECORV. The enhanced 

stability and order is pre-requisite for positioning the metal ion in the vicinity of the scissile 

phosphate and is more efficiently done in Mg2+-EcoRI-DNA than in Ca2+-EcoRI-DNA. 
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Table 1. Changes in conformational free energy and entropy of ASP75 and GLU95 in the complexes with 

respect to free EcoRI. 

 
Residues  System ΔGR

cf(T) φ ψ χ1 χ2 χ3 TΔSR
cf(T) φ ψ χ1 χ2 χ3 

 

 

 

ASP75 

EcoRI-

DNA 

-2.51 -0.54 -1.43 -0.41 -0.13 0.00 -5.03 -

0.54 

-1.46 -1.98 -1.06 0.00 

Mg2+-

EcoRI-

DNA 

-1.12 -0.01 -1.02 0.01 -0.09 0.00 -2.79 -

0.44 

-1.37 0.27 -1.27 0.00 

Ca2+-

EcoRI-

DNA 

-1.76 -0.27 -1.28 -0.08 -0.14 0.00 -4.40 -

0.34 

-1.49 0.02 -2.59 0.00 

Mg2+-

EcoRI-

mtDNA 

-1.47 -0.25 -1.27 0.02 0.04 0.00 -2.59 -

0.37 

-1.33 -0.67 -0.22 0.00 

 

 

 

GLU95 

EcoRI-

DNA 

-0.55 0.3 -0.24 -0.33 -0.22 -0.06 -3.9 0.46 0.27 -2.14 -1.76 -0.73 

Mg2+-

EcoRI-

DNA 

0.47 0.39 0.03 0.36 -0.22 -0.09 -5.29 0.03 0.33 -1.99 -1.95 -1.70 

Ca2+-

EcoRI-

DNA 

-0.25 0.60 -0.09 -0.19 -0.35 -0.22 -4.07 1.08 0.38 -1.11 -2.65 -1.77 

Mg2+-

EcoRI-

mtDNA 

-0.55 0.09 -0.05 -0.01 -0.21 -0.36 

 

-2.68 0.09 0.44 0.7 -1.43 -2.47 

 

 

3.3.3 Sequence selectivity 

We now focus on how mutation of A:T base pair in recognition sequence by G:C affects 

the DNA cleavage by EcoRI in presence of Mg2+ ions. Here we focus on the conformational 

thermodynamics changes in the active site protein residues. We consider two catalytically 

active residues ASP75 and GLU95 in Mg2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA complexes, 

shown in Table 1. Both the residues show marginal changes in conformational free energy in 

both complexes. However, the changes in conformational entropy make a difference in these 

two complexes. ASP75 is ordered through both backbone and side chain dihedrals in both the 

complexes. The changes in entropy of this residue is similar in both the complexes. However, 

GLU95 is highly ordered in Mg2+-EcoRI-DNA complex compared to those in Mg2+-EcoRI-

mtDNA complex through the side chain dihedrals. So, GLU95 makes the coordination of the 
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metal ion better in Mg2+-EcoRI-DNA than in the Mg2+-EcoRI-mtDNA complex. This could be 

the microscopic mechanism behind the sequence selectivity. 

3.3.4 Hydration levels 

We calculate the water density profiles (details in Materials and methods) around the 

metal ions in metal ion loaded complexes. Fig. 5(a) shows the distribution of water molecules 

around Mg2+ in both Mg2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA complexes and around Ca2+ 

in Ca2+-EcoRI-DNA complex. For all cases, the distributions show two well defined peaks. 

The first peak in Mg2+-EcoRI-DNA appears at 0.215 nm, while the second peak arises at 0.285 

nm. The density is observed to be maximum of 3.097 gm/cc at 0.215 nm. The distribution in 

Mg2+-EcoRI-mtDNA is similar as those in Mg2+-EcoRI-DNA. However, the distribution in 

Ca2+-EcoRI-DNA complex varies widely. As the radius of Ca2+ is greater than that of Mg2+, 

the peaks appear further away from Ca2+ than in the case of Mg2+. The first peak arises at 0.25 

nm, while the second peak appears at 0.315 nm. Here, the maximum density is 1.982 gm/cc 

which occurs at 0.25 nm. So, the results suggest that Mg2+ is better hydrated than Ca2+ due to 

smaller size and larger charge density. 

We also calculate the water distributions around P5, P6 and P7 in EcoRI-DNA, Mg2+-

EcoRI-DNA, Ca2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA near the cleavage region. The 

density peak around P5 (Fig. 5(b)) is similar in Mg2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA, 

and larger compared to the other complexes. Thus, Mg2+ ion captures more water molecule due 

to stronger electrostatic interactions. The density around P6 (Fig.5(c)) is similar in all the 

complexes. However, the scenario change for the water distribution around P7 (Fig.5 (d)). The 

density of water for Mg2+-EcoRI-DNA, Ca2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA 

complexes shows a significant decrease compared to those for EcoRI-DNA complex. 
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Fig. 5. (a) Density of water, ρ (gm/cc) around Mg2+ in Mg2+-EcoRI-DNA (red) and in Mg2+-EcoRI-mtDNA 

(green), and around Ca2+ in Ca2+-EcoRI-DNA (blue). Water density around (b) P5, (c) P6 and (d) P7 for 

EcoRI-DNA (black), Mg2+-EcoRI-DNA (red), Ca2+-EcoRI-DNA (blue) and Mg2+-EcoRI-mtDNA (green). 

 

We calculate the number of water molecules around each phosphate group, and also 

calculate number of hydrogen bonds between O atoms of each phosphate group in recognition 

region and water molecules. For the detection of hydrogen bonds (HBs), we consider the 

following protocol: (i) the distance between the donor O atom and acceptor O atom is less or 

equal to 0.34 nm and (ii) O-H (donor) – O (acceptor) angle is less or equal to 1500. We define 

f, the fraction of hydrogen bonded water molecules out of the available water molecules 

number. As the two strands of free DNA, EcoRI-DNA, Mg2+-EcoRI-DNA and Ca2+-EcoRI-
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DNA complexes are symmetric, the results are averaged over two strands in these complexes, 

shown in Fig. 6(a). We show results for free DNA as a reference. For free DNA, f does not 

show sequence specificity for different phosphate groups. However, the complexes show 

sequence specific f value. In EcoRI-DNA complex, f shows minimum value for the cleavage 

phosphate group P5. In Mg2+-EcoRI-DNA complex, the minimum of f at P5 further deeper and 

a mximum at P7 unlike EcoRI-DNA complex.  In Ca2+-EcoRI-DNA complex, f has a minimum 

at P5 and a maximum at P7 but the minimum is comparable with that in EcoRI-DNA complex. 

As the two strands are asymmetric in Mg2+-EcoRI-mtDNA complex, we separately calculate f 

for each strand, shown in Figs. 6(b) and (c). f in both strands show similar profile as those in 

Mg2+-EcoRI-DNA complex. Thus, the data suggest that the hydrogen bond formation becomes 

sequence specific in presence of the metal ion. 

It may be noted that the number of water molecules surrounding P5 is more in the 

presence of Mg2+ than the other cases. The minimum of f at P5 in presence of metal ions, 

indicate that this phosphate group is highly hydrated and more accessible to nucleophilic attack 

required for cleavage. This is more dominant in presence of Mg2+ than Ca2+. The decrease in f 

is compensated by P7 that belongs to more fluctuating part of the sequence as evident from the 

conformational thermodynamics data.  

 

 

Fig. 6. (a) The number of hydrogen bonds per water molecule, f in free DNA (cyan), EcoRI-DNA (black), 

Mg2+-EcoRI-DNA (red) and Ca2+-EcoRI-DNA (blue). f for Mg2+-EcoRI-mtDNA in (b) first strand and (c) 

second strand. 
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P4       P5     P6     P7      P8      P9 P4      P5       P6     P7      P8     P9 P16     P17    P18    P19    P20     P21 
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3.3.5 SMD results 

To investigate the effect of unbinding of DNA from the binding pocket of EcoRI, SMD 

simulations are conducted. We show the force experienced by the system due to unbinding of 

DNA for EcoRI-DNA, Mg2+-EcoRI-DNA, Ca2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA 

complexes in Fig. 7. For EcoRI-DNA, Mg2+-EcoRI-DNA, Ca2+-EcoRI-DNA, the force 

increases gradually until it reaches a maximum, and after that it gradually decreases. The force 

is maximum when all the nucleotides of the DNA come out from the interaction regime of 

protein. The maximum of the force is larger for both Mg2+-EcoRI-DNA than the other case. 

This indicates that the interactions between EcoRI and DNA is stronger in Mg2+-EcoRI-DNA. 

The Mg2+-EcoRI-mtDNA complex, on the other hand, shows only a broad maximum which 

suggests that the binding is rather insensitive compared to the other complexes. The force data 

indicates that the strongest binding in Mg2+-EcoRI-DNA. 

 

Fig. 7. SMD force profile for EcoRI-DNA 

(black), Mg2+-EcoRI-DNA (red), Ca2+-EcoRI-

DNA (blue) and Mg2+-EcoRI-mtDNA (green). 

 

 

 

 

 

The displacements of each nucleotide (D) of both strands for different complexes with 

SMD simulation time are shown in Fig. 8. In the first strand, the nucleotides in the recognition 

region are N4-N9, while the nucleotides in the second strand are N16-N21. The D data of the first 

strand and the second strand of EcoRI-DNA are shown in Fig. 8(a) and (b) respectively. 

Nucleotide N20 in the second strand is the first nucleotide that breaks away from the interaction 
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regime of EcoRI around 2 ns. It leaves the binding site before N21 which breaks away at ⁓ 3ns. 

Nucleotide N19 also leaves at same time as N21. After that around 3.8 ns, N4 in the first strand 

leaves the binding site. The complex is then stabilized up to 4.7 ns. In the range 5-6 ns, N5, N6 

and N7 in the first strand break away in which N6 and N7 break away at the same time (⁓ 5.2 

ns), while both N18, N17 in the second strand also leave the binding site. The last nucleotide in 

the recognition region of second strand leaves at 6.6 ns, while that in the first strand breaks 

away at 6.9 ns. The sequence of nucleotide rupture is similar to the earlier study.14 However, 

the rupture time somewhat less in our system which may be due to differences in force fields 

in two cases. 

Next, we consider the two strands (Figs. 8 (c) and (d)) in Mg2+-EcoRI-DNA complex. 

In the second strand, both the nucleotides N21 and N20 are ruptured around ⁓ 3 ns (Fig. 8(d)). 

N4 and N19 break away at 3.4 ns and 3.9 ns respectively. N18 breaks away at 4.95 ns. N4-N6 

rupture gradually in a gap of ⁓ 1 ns, while both N7 and N8 nucleotides break away 

approximately at the same time (⁓ 5.8 ns). The remaining two nucleotides, N17 and N16 in the 

second leaves the binding site around ⁓ 6.5 ns, while the remaining nucleotide N9 in the first 

strand breaks away around ⁓ 8 ns. In EcoRI-DNA, the nucleotide starts breaking away at 2ns, 

whereas in Mg2+-EcoRI-DNA complex, this time is 3ns. We also observe that the last 

nucleotide in the recognition region stabilized up to 6.8 ns, while the last nucleotide in Mg2+-

EcoRI-DNA complex remains stabilized up to 7.9 ns. It indicates that the interactions between 

EcoRI and DNA is stronger in Mg2+-EcoRI-DNA than in EcoRI-DNA. 
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Fig. 8. Displacements (D) of the nucleotides in (a) EcoRI-DNA, (b) Mg2+-EcoRI-DNA, (c) Ca2+-EcoRI-DNA 

and (d) Mg2+-EcoRI-mtDNA for the first strand. Similarly, the displacements of nucleotides in (e) EcoRI-

DNA, (f) Mg2+-EcoRI-DNA, (g) Ca2+-EcoRI-DNA and (h) Mg2+-EcoRI-mtDNA for the second strand. The 

symbols are as follows: N4 (black), N5 (red), N6 (blue), N7 (green), N8 (magenta), N9 (cyan) in the first strand 

and N16 (black), N17 (red), N18 (blue), N19 (green), N20 (magenta) and N21 (cyan) in the second strand. 

 

The sequence of events in Ca2+-EcoRI-DNA complex is quite different. D in first and 

second strands is shown in Fig. 8(e) and (f). In this complex, N4, N20 and N21 leaves the binding 

site approximately at the same time ⁓ 3.7 ns. N19 breaks away at ⁓ 4.05 ns. After that all four 
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nucleotides N5, N6, N7 and N9 in the first strand break away at approximately same time (⁓ 5.1 

ns) (Fig. 8(e)). N18 breaks away at ⁓ 5.6 ns, while N8 breaks away around ⁓ 6 ns. Here, N9 is 

ruptured before N8 (Fig. 8(e)). N16 comes out from the binding pocket around ⁓ 6 ns before N17 

which breaks away at ⁓ 6.55 ns (Fig. 8(f)). Here, N17 breaks away at ⁓ 6.55 ns, while in Mg2+-

EcoRI-DNA the last nucleotide is N9 that breaks away at ⁓ 8 ns, indicating Mg2+-EcoRI-DNA 

complex is more stable than Ca2+-EcoRI-DNA. 

In Mg2+-EcoRI-mtDNA complex, in the second strand, the first nucleotide N21 (Fig. 

8(h) in the recognition region breaks away at ⁓ 3.2 ns, while N4 breaks away at ⁓ 3.6 ns (Fig. 

8(g)). Both N5 and N6 nucleotides break away at the same time (⁓ 4.5 ns) (Fig. 8(g)). Around 

⁓ 5 ns, another two nucleotides N20 and N19 break away. Similarly, both N7 and N8 are ruptured 

at ⁓ 5.3 ns. The remaining nucleotides N9, N18, N17 and N16 break away at the same time (⁓ 

6.35 ns). The results indicate that Mg2+-EcoRI-DNA is more stable than Mg2+-EcoRI-mtDNA. 

 

 

 

                                                    

 

 

 

 

 

 

 

 

 

 

Fig. 9. The number of hydrogen bonds per water molecule, f of each phosphate group for stopped SMD 

simulations at (a) 4 ns, (b) 5 ns, (c) 6ns and (d) 6.5 ns. The colors in black, red and blue illustrate the results 

for EcoRI-DNA, Mg2+-EcoRI-DNA and Ca2+-EcoRI-DNA respectively. 
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Fig. 10. Number of hydrogen bonds per water molecule, f around each phosphate group of Mg2+-EcoRI-

mtDNA for stopped SMD simulations at (a) 4 ns, (b) 5ns, (c) 6 ns and (d) 6.5 ns in the first strand. f for (e) 

4 ns, (f) 5ns, (g) 6 ns and (h) 6.5 ns in the second strand. 
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We carry out stopped SMD simulations on snapshots from SMD simulation trajectory at 4 

ns, 5 ns, 6 ns and 6.5 ns. Each snapshot is used for further simulation of 50 ns and we calculate 

f. At 4 ns (Fig. 9(a)), f has similar values for all the phosphate groups in recognition region for 

EcoRI-DNA and Ca2+-EcoRI-DNA. For Mg2+-EcoRI-DNA complex, f has minimum at P4. 

Similar behavior is observed at 5 ns of stopped SMD simulations (Fig. 9(b)). At 6 ns and 6.5 

ns, the values of f get more and more uniform with the SMD time over the phosphates in all 

the three complexes. 

For Mg2+-EcoRI-mtDNA complex, the results are shown for both strands individually in 

Fig 10 due to asymmetric arrangement of the bases in two strands after the mutation. In the 

first strand (Figs. 10(a)-(d)) f shows minimum at P5 which does not change much in the first 

strand. However, in the second strand the minimum at P5 for 4 ns (Fig.10(e)) and 5 ns 

(Fig.10(f)) shows tendency to homogenize at 6 ns (Fig. 10(g)) and 6.5 ns (Fig. 10(h)).  It is to 

note that we mutate the second base pair in the recognition region that involves the cleavage 

region in the first strand, but the cleavage region in the second strand remains same. So, the 

second strand behaves as that of the cleavage site, while the first strand hardly show any 

change. 

3.4 Conclusions 

Our study based on microscopic fluctuations shows that the cleavage region is highly stabilized 

and ordered both in Mg2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA complexes compared to those 

in the Ca2+-EcoRI-DNA complex. However, the active protein residues holding the metal ion 

is less stabilized in Mg2+-EcoRI-mtDNA compared to those in Mg2+-EcoRI-DNA. This 

suggests that DNA cleavage can take place in the Mg2+-EcoRI-DNA complex. It is also 

observed that the metal ion mediated hydration of the scissile phosphate group is higher for 

both Mg2+-EcoRI-DNA and Mg2+-EcoRI-mtDNA complexes compared to those in EcoRI-
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DNA and Ca2+-EcoRI-DNA complexes. However, the thermodynamics data show that the 

cleavage of DNA in Mg2+-EcoRI-mtDNA is less probable than in Mg2+-EcoRI-DNA. 
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CHAPTER 4 

Quantum Chemical Studies on Interactions of ZnO Nanoparticles with 

Cellular Energy Carrier Molecules, ATP, ADP and AMP 

 

4.1 Introduction 
 

      Nano-bio conjugates stabilized via interactions between inorganic moieties and 

biomolecules, attract a great deal of attention due to their importance in biomedical 

applications.1–5 The bio-conjugate nanomaterials typically use bio-safe metal-oxide 

nanoparticles.6 Out of metal-oxide nanoparticles, strongly Raman active ZnO nanoparticles 

(ZnONP) conjugated with biomolecules,7–12 like  tyrosine/tryptophan,13 DNA bases,14 RNA 

sequences,10 adenosine triphosphate,9 are important  in various applications including drug 

carriers, cosmetics and medicinal materials,15–17 early detection of symptoms of several serious 

chronic diseases,13 ultra-fast DNA sequencing devices 18 to name only a few. The conjugation 

of bio-molecules to nanoparticle surfaces depends on variety of factors, including chemical 

composition, porosity and surface crystallinity of the nanomaterials.19–21 Biomolecules may 

further induce phase transformations, free energy releases, restructuring, and dissolution at the 

nanomaterial surface.21 All these factors make microscopic understanding of bio-conjugate 

materials challenging and lacking, despite intense studies in recent times.3,22–24 

     With high potential biological applications, it is quite imperative to understand how ZnONP 

interacts with different bio-molecules present in cellular environment. Energy carrier bio-

molecules play important role in all cellular metabolic processes. Adenosine triphosphate 

(ATP), consisting of three phosphate groups, a ribose and an adenine group,  participates in 

biological energy transfer reactions, primarily via controlled hydrolysis of phosphate group 

forming adenosine diphosphate (ADP) molecule with two phosphate groups where adenosine 

monophosphate (AMP) with one phosphate group is formed as an intermediate compound.25 
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These bio-molecules have phosphate, adenine and ribose groups. Phosphate groups bind to 

metal ions by virtue of large valence charge, in particular the divalent metal ions which  control 

of host of processes.26–30 Raman spectroscopic study shows that Ca2+ and Mg2+ ions bind 

strongly with the phosphate group, while Cu2+ interacts simultaneously with the phosphate 

group and the adenine ring of ATP at neutral pH.31 Chelation has been reported by recent 

experimental Raman spectroscopic studies of ZnONP and ATP bio-conjugate 9  where in 

addition to the phosphate groups, adenine moiety also participate in the chelation by the 

interaction of Zn with nitrogen of adenine. 

    There is as yet no theoretical study for microscopic understanding of chelation of metal oxide 

nano particles by the energy carrier bio-molecules. The interactions of biomolecules with 

nanoparticle surfaces at atomistic level are investigated by quantum chemical calculations 

using the density functional theory (DFT). The DFT method with B3LYP functional 32 has 

already been successfully employed to study ground state properties, reaction mechanism, 

vibrational absorption, and circular dichroism of transition metal complexes having organic 

ligands, metal-oxide nanoparticles as well as bio molecules 33–35. It also determines the 

electrostatic properties which are not readily accessible from experiments, as well as giving 

additional information about chemical bonding and chemical reactions. As a result such 

technique has emerged as a good compromise between computational cost, coverage, and 

accuracy of results.36 

      Here, we carry out DFT based quantum chemical calculations to investigate the nano-bio 

conjugate consisting of ZnONP with ATP, ADP and AMP. Our objective is to understand 

microscopic details of chelation by individual groups (phosphate, ribose and adenine 

respectively) of the ligands with ZnONP.  We restrict to small ZnONP, namely, Zn12O12 cluster 

to keep the computation cost manageable. The Zn12O12 cluster is stable due to its cage like 

structure, and have been extensively investigated theoretically and experimentally.37–41 We not 
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only check the chelation process reported in the experiments, but also explore its generality 

across these phosphate containing moieties. In order to emphasize roles of adenine and ribose 

groups in chelation process, we also consider a model calculation of methyl phosphate (MP) 

conjugated to the ZnONP which lacks these groups. 

4.2 Computational details 

      All quantum chemical calculations are performed using B3LYP functional32 within the 

density functional theory (DFT) implemented in the Gaussian 16 package.42  The theoretical 

background of the calculations has been given in Appendix I. The optimizations are done using 

double zeta quality 6-31G (d) basis set function for the C, N, O and P atoms and 6-31G basis 

set for the H atoms, while the LANL2DZ43,44  basis set with effective core potential (ECP)45 is 

used for the Zn atoms. For single point energy calculations, triple zeta split valence basis set 

along with the diffuse and polarization functions, 6-311++G (d,p) is used for the C, N, O, P, 

and H atoms, while Stuttgart-Dresden basis set with ECP45 is used for the Zn atoms. 

      The population analysis is carried out by natural bond orbital (NBO) method46,47 at 

B3LYP/6-311++G (d,p) level of theory using NBO program48 under the Gaussian 16 

package.42 The optimized structural parameters are used to calculate vibrational frequencies to 

ascertain that each equilibrium geometry does not have any imaginary frequency. These 

vibrational frequency calculations are done using the same type of basis sets as of geometry 

optimization. 

     Binding energy is defined as the differences in total energies of the complex and isolated 

systems at equilibrium configurations. So, the binding energy of the complex system is 

determined through the following equation: EB = Ebiomolecule−ZnONP − (Ebiomolecule +

EZnONP ), where Ebiomolecule−ZnONP is the total energy of the complex of ZnONP and 
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biomolecule, EZnONP  and Ebiomolecule are the total energies of the isolated ZnONP and 

biomolecule respectively. 

4.3 Results 

4.3.1 Bonding nature in ground state 

The optimized cage structure of Zn12O12 cluster, as shown in Fig. 1(a), with six (ZnO)2 

and eight (ZnO)3 rings forming a truncated octahedron. Here all Zn and O vertices are 

equivalent. In Zn12O12 cluster, shorter Zn-O bond distance is 1.91 Å and longer Zn-O bond 

distance is 1.98 Å (see Figure 1(a)) which are in good agreement with the previous theoretical 

studies.49,50 The ground state structures of the biomolecules ATP, ADP, and AMP and the 

methyl phosphate (MP) are shown in Figs. 1(b)-(e) respectively. The numbering of the atoms 

of the biomolecules and MP along with the bond lengths of the connecting groups of the 

biomolecules and MP are also shown in the figures. For ATP (Fig.1(b)), the C-N bond lengths 

in adenine group varies in the range 1.32-1.38 Å, while the bond length of both the N-H bonds 

is 1.01 Å. C-H bond lengths in ATP vary from 1.08 to 1.1 Å. All the O-H bond lengths are 

similar with an average value of 0.99 Å. Similarly, the bond lengths of P-O bonds in the 

phosphate group are in the range 1.49-1.7 Å. The bond lengths for the other biomolecules (ADP 

(Fig.1(c)) and AMP (Fig.1(d))) are similar as those in ATP. Similarly, in MP (Fig.1(e)), the C-

H, P-O and O-H bond lengths are similar as those in the biomolecules. 
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Fig. 1. Optimized geometries of (a) Zn12O12 cluster, (b) ATP, (c) ADP, (d) AMP and (e) MP. The bond 

lengths of each connecting group are given. 

 

     Optimized geometries of the nano-bio complexes, along with the bond lengths and the 

Wiberg bond indices (shown in green) are shown in Fig. 2(a)-(d). ATP forms 5 bonds with 

ZnONP (Fig. 2(a)), one with N atom of adenine group, Zn1-N2 (2.129 Å) and other four bonds 

of lengths around 2.0-2.1 Å with oxygens of three phosphate groups, as shown by Zn2-O5, 

Zn3-O6, Zn4-O8, and Zn4-O11. Non-zero Wiberg bond indices (~ 0.2), as shown in Fig. 2(a), 

of all these bonds suggest existences of above said bonding interactions in ATP-ZnONP 

complex. In ADP-ZnONP complex (Fig. 2(b)), ZnONP forms bonds with one N atom of the 

adenine group (see Zn1-N2 bond (2.116 Å) in Fig. 2(b)) and three bonds of lengths around 2.0 

Å with O atoms of two phosphate groups, as shown by Zn2-O5, Zn3-O6 and Zn4-O9 bonds. 

ZnONP forms one bond Zn1-N2 of length 2.105 Å with the N atom of adenine group of AMP 

and one bond Zn3-O6 of bond length around 2.0 Å with O atom of the phosphate group, as 

shown in Fig. 2(c). Zn-N bond distance is similar (~ 2.1 Å) in all three complexes, indicating 
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that the bonding interaction between ZnO cluster and adenine group does not influence much 

with increasing number of phosphate groups in bio-ligand from 1 (in AMP) to 3 (in ATP). Note 

that the ribose group does not participate in bonding with ZnONP in any of these three 

complexes.  ZnONP forms two bonds of length around 2.1 Å with the MP ligand via two 

oxygen atoms O1 and O2 of the phosphate group, as shown by Zn2-O3 and Zn4-O2 in Fig. 

2(d). These Zn-O(phosphate) bond distances are similar to those Zn-O(phosphate) bond 

distances in ATP-ZnONP, ADP-ZnONP, and AMP-ZnONP complexes indicating that 

presences of adenine and ribose groups in nano-bio complexes do not influence much the 

bonding interactions between ZnO cluster and phosphate group. Wiberg bond indices for all 

complexes, as shown in Fig. 2, also support the bonding interactions between bio ligands and 

nano particle described above. 
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Fig. 2. Optimized geometries of the complexes: (a) ATP-ZnONP, (b) ADP-ZnONP, (c) AMP-ZnONP and 

(d) MP-ZnONP. The bond lengths with the Wiberg bond indices (shown in green) of the corresponding 

bonds are shown in the figures. 
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three complexes. For instance, the hydrogen atoms H1 and H4 of the phosphate groups at ATP 

form two new bonds with oxygen atoms O1np and O2np at ZnONP in ATP-ZnONP complex, 

as shown in Fig. 2(a). At the same time O11(phosphate)-H1 and O6(phosphate)-H4 bonds in 

ATP are elongated to 2.8 Å and 2.9 Å, respectively. Wiberg bond indices of 0.7 for these new 

O-H bonds indicate presence of strong O(ZnO)-H bonding interactions in all four complexes. 

Therefore, two non-classical O-H---O bonding interactions are formed in ATP-ZnONP (Fig. 

2(a)) and ADP-ZnONP (Fig. 2(b)) complexes. Such non-classical bonding interaction of H 

atom is also reported in interaction of transition metal and organosilicon ligand. 51 In AMP-

ZnONP complex, only one such non-classical O-H---O bond is formed (see Fig. 2(c)) 

indicating that number of O-H---O bonds increases with number of phosphate groups in 

ligands. Presence of O-H---O bond in MP-ZnONP complex as well, shown in Fig. 2(d), 

indicates that phosphate group interacts with ZnONP through formations of such non-classical 

bonds. Presence of adenine and ribose groups in ATP, ADP and AMP does not influence much 

these non-classical O-H---O bond formations. All these geometrical features suggest presence 

of Zn-N(adenine) and multiple Zn-O(phosphate) bonding interactions along with presence of 

O-H---O non-classical bonds in all three nano-bio complexes. 

Table 1. Binding energies and HOMO-LUMO gaps of the complexes. 

Systems  Binding energy, EB 

(kcal/mol) 

HOMO 

(eV) 

LUMO 

(eV) 
HOMO-LUMO gap, ∆ 

(eV) 

Pristine ZnONP ----- -7.32 -3.37 3.95 

ATP-ZnONP -119.20 -6.75 -3.08 3.67 

ADP-ZnONP -105.90 -6.73 -3.23 3.50 

MP-ZnONP -37.13 -6.80 -3.33 3.47 

AMP-ZnONP -51.50 -6.51 -3.51 3.00 

 

The binding energies (EB) (see Computational details) of nano-bio complexes are 

shown in Table 1. The order of EB is ATP-ZnONP (119.2 kcal/mol) > ADP-ZnONP (105.9 
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kcal/mol) > AMP-ZnONP (51.5 kcal/mol) > MP-ZnONP (37.13 kcal/mol).  Thus, the binding 

energy increases with increase of number of phosphate group in those molecules. EB of AMP-

ZnONP (51.5 kcal/mol) is higher than that of MP-ZnONP (37.13 kcal/mol) which suggests that 

presences of adenine groups are also enhances the adsorption of bio molecules onto the metal 

oxide NP surface. 

4.3.2 Important molecular orbitals (MO) of the complexes 

      Let us now consider different important MO. The Frontier molecular orbitals (FMO) 

consist of the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied 

Molecular Orbital (LUMO) which provide information on stability and reactivity of a 

molecule.52,53 HOMO acts as electron donor and LUMO as electron acceptor. HOMO of 

ZnONP clusters (Fig.3(a)) mainly consists of O-2p and Zn-3d orbitals, while LUMO (Fig. 3(b)) 

consists of O-2s and Zn-4s orbitals. HOMO of ATP (Fig.3(c)) is distributed over purine ring 

of the adenine moiety, while LUMO (Fig3(d)), over phosphate groups. We consider the 

HOMOs and LUMOs of ADP and AMP and MP as well. Here, both HOMOs and LUMOs of 

ADP (Fig.3(e) and (f) respectively) and AMP (Fig.3 (g) and (h) respectively) are distributed 

mainly over purine ring of the adenine moiety. In MP, HOMO (Fig.3 (i)) and LUMO (Fig.3(j)) 

are distributed all over the molecule. 
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Fig. 3. (a) HOMO and (b) LUMO of Zn12O12; (c) HOMO and (d) LUMO of ATP; (e) HOMO and (f) 

LUMO of ADP; (g) HOMO and (h) LUMO of AMP; (i) HOMO and (j) LUMO of MP. 
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Fig. 4. (a) HOMO, (b) LUMO, (c) HOMO-57, (d) HOMO-60, (e) HOMO-62, (f) HOMO-69 respectively of 

ZnONP-ATP. The corresponding energy of each state is shown in the figure. 

 

Important Kohn-Sham MOs in ATP-ZnONP are shown in Fig. 4(a)-(f). HOMO (Fig. 4(a)) is 

mainly distributed over purine ring of adenine, while LUMO (Fig. 4(b)) is located over ZnO 

cluster. We also consider some MOs near HOMO. The orbital of energy -10.96 eV (HOMO-

57, Fig. 4(c)) shows overlap of electron densities between the adenine moiety of ATP and ZnO 

cluster, while that with energy -11.33 eV (HOMO-60, Fig. 4(d)) shows bonding overlaps 

between the phosphate groups and ZnO cluster. Two more orbitals with energy -11.60 eV 

(HOMO-62, Fig. 4(e)) and -12.40 eV (HOMO-69, Fig. 4(f)) represent two O-H bonding 

overlaps in ATP-ZnONP. Important MOs for ADP-ZnONP are shown in Figs. 5(a)-(f). HOMO 

(Fig. 5(a)) is distributed over adenine group, while LUMO (Fig. 5(b)) is distributed over the 
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cluster. HOMO-55 with energy -10.95 eV (see Fig. 5(c)) illustrates the bonding overlap of 

electron densities between Zn-d orbital and N-p orbital, while HOMO-57 with energy -11.19 

eV (see Fig. 5(d)) represents the bonding overlap of phosphate groups with the cluster. The O-

H bonding overlaps are represented by HOMO-68 and HOMO-69 with energy -12.59 eV and 

-12.63 eV respectively, shown in Figs. 5(e) and (f) respectively. Similarly, the MOs of HOMO 

and LUMO in AMP-ZnONP are same as those in ATP-ZnONP or ADP-ZnONP, shown in Fig. 

6(a) and (b). The electron density overlaps between adenine group and the cluster is represented 

by the orbital of energy -10.51 eV (HOMO-51, Fig. 6(c)), while the orbital of energy -10.62 

eV (HOMO-52, Fig. 6(d)) illustrates the bonding overlap between phosphate group and the 

Zn12O12 cluster. The O-H bonding overlap is represented by the orbital of energy -12.77 eV 

(HOMO-70, Fig. 6(e). The HOMO and LUMO for MP-ZnONP are shown in Fig. 7 (a) and (b) 

respectively. HOMO is distributed mainly over O atoms of the cluster, while LUMO is located 

mainly over Zn atoms of the cluster. The bonding overlaps between phosphate group and 

ZnONP are observed for orbitals with energy -10.4 eV (HOMO-37, Fig. 7 (c)) and -11.39 eV 

(HOMO-41, Fig. 7(d)). 

 

 

 

 



101 

 

 

 

 

 

 

 

Fig. 5. (a) HOMO, (b) LUMO, (c) HOMO-55, (d) HOMO-57, (e) HOMO-68 and (f) HOMO-69 respectively 

of ADP-ZnONP. 
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Fig. 6. (a) HOMO, (b) LUMO, (c) HOMO-51, (d) HOMO-52 and (e) HOMO-70 of AMP-ZnONP.  

 

 

 

 

 

Fig. 7. (a) HOMO, (b) LUMO, (c) HOMO-37 and (d) HOMO-41 of MP-ZnONP. 
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Overlap of Zn-d of 

ZnONP and O-p 

orbitals of phosphate 
group 

HOMO – 70 

-12.77 eV 

Overlap of O1np -p 

with H1-s orbitals 

(e) 

HOMO – 37 

-10.4 eV 

HOMO – 41 
-11.39 eV 

LUMO 

-3.33 eV 
HOMO 

-6.80 eV 

(a) (b) (c) (d) 

Overlap of Zn4-

d of ZnONP and 

O2-p orbitals of 

phosphate group 

Overlap of Zn2-

d of ZnONP and 

O3-p orbitals of 

phosphate group 
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4.3.3 HOMO-LUMO energy gap and charge transfer (CT) 

     The HOMO-LUMO energy and the Gap (∆) between the HOMO-LUMO energy levels for 

isolated molecules as well as the nano-bio complexes are shown in Table 1. In all nano-bio 

complexes, ∆ value decreases compared to that in pristine ZnONP. The order of ∆ is ATP-

ZnONP > ADP-ZnONP > MP-ZnONP > AMP-ZnONP. This indicates that the stability of 

nano-bio complexes increases with increasing number of phosphate group in the ligand. The 

difference of ∆ between MP-ZnONP and AMP-ZnONP again suggests the involvement of the 

adenine group in the stability. 

 We illustrate the role of phosphate and adenine groups in the CT. Here, we use natural 

population analysis (NPA) method to calculate the atomic charges. We calculate atomic 

charges of each atom of a molecule in free state as well as when it is in the complex. Finally, 

CT is calculated by subtracting the total atomic charges of each atom in free state from the 

complex state. Natural populations for isolated molecules and nano-bio complexes are 

summarized in Table 2. Electron populations of ZnONP decrease in nano-bio complexes than 

those in isolated ZnONP by 0.42e, 0.37e, 0.18e, and 0.22e in ATP-ZnONP, ADP-ZnONP, 

AMP-ZnONP, and MP-ZnONP complexes, respectively. In MP-ZnONP complex, population 

of phosphate group increases by 0.22e than that in isolated MP, while population of ZnONP 

decreases by the same amount 0.22e from that in isolated ZnONP. These results suggest that 

electron transfers occur from the ZnONP to phosphate ligand that results in Zn-O coordinate 

bond formation in MP-ZnONP. 
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Table 2. Charge transfer (in terms of magnitude of electronic charge e) between ZnONP and the 

biomolecules using natural population analysis (NPA). 

 

Individual 

contribution 

ATP-ZnONP ADP-ZnONP MP-ZnONP AMP-ZnONP 

Zn12O12, ∆𝑞𝑁𝑃 -0.42 -0.37 -0.22 - 0.18  

Phosphate ∆𝑞𝑃 0.49 0.47 0.22 0.27  

Adenine ∆𝑞𝐴 -0.07 -0.08 - −0.07  

Ribose ∆𝑞𝑅 -0.00 -0.02 - -0.02  
 

        Let us now consider the presence of both adenine and phosphate groups. Electron 

populations of adenine groups in nano-bio complexes ATP-ZnONP, ADP-ZnONP and AMP-

ZnONP decrease by ~ 0.07e than those in isolated ATP, ADP and AMP molecules (see Table 

2), indicating that electron donation occurs from the adenine moiety to ZnONP in all nano-bio 

complexes. This is supported by presence of Zn-N bonding interaction and electron density 

overlap between adenine group and ZnONP.  

     Note that both of MP-ZnONP and AMP-ZnONP complexes have only one phosphate group. 

The population difference (0.22e) of ZnO cluster between MP-ZnONP complex and isolated 

ZnO cluster is exactly equal to that (0.22e) of phosphate group between MP-ZnONP and 

isolated MP but the population difference (0.18e) of ZnO cluster between AMP-ZnONP 

complex and in isolated ZnO cluster is larger by 0.1e than that (0.28e) of phosphate group in 

MP-ZnONP and in MP. This is because AMP-ZnONP complex consists electron donations 

from ZnONP to phosphate group of AMP ligand as well as electron donations from adenine 

moiety of AMP ligand to ZnONP. Finally, both CTs, ZnONP  phosphate and adenine  

ZnONP play major role to stabilize AMP-ZnONP complex through Zn-N and Zn-O(phosphate) 

coordinate bonds.  

     The CT results are supported by the corresponding optimized geometry and the MOs. 

Presence of multiple phosphate groups in bio ligands as in ADP and ATP will therefore 

increase ZnONP  phosphate CTs which is well reflected in decrease of electron population 
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of ZnO cluster in ADP-ZnONP and ATP-ZnONP complexes than that in AMP-ZnONP 

complex where single phosphate group is present (see Table 2). Thus, adenine moiety forms a 

coordinate covalent bond (Zn-N) with ZnONP through adenine  ZnONP CT and phosphate 

groups from coordinate covalent bonds (Zn-O) through ZnONP  phosphate CT in all nano-

bio complexes. These two types of CTs from ZnO nanocluster to bio-ligand and from bio ligand 

to ZnO nano-cluster stabilize the nano bio complexes. Multiple Zn-O bonds form in presence 

of multiple phosphate groups in bio-ligands that increases the stability of nano-bio complexes 

ADP-ZnONP and ATP-ZnONP compared to that of AMP-ZnONP as ZnONP  phosphate CT 

increases. Electron population of ribose group does not change much in nano-bio complexes 

from that in isolated bio molecules as ATP, ADP and AMP which is consistent with absences 

of bonds as well as absences of electron density overlap between ribose moiety and ZnONP in 

optimized geometry and MOs discussed above. 

Table 3. The changes of the Raman peaks of ZnONP due to the adsorption of ATP, ADP, AMP and MP 

respectively. Here, ST – stretching, BD – bending. The positive difference means blue shifting, while 

negative difference, red shifting. 

 

Molecular 

Vibrations 

Wavelength 

in free 

ZnONP 

(cm-1) 

Shift in wavelength of ZnONP in 

ATP- 

ZnONP 

(cm-1) 

ADP- 

ZnONP 

(cm-1) 

AMP- 

ZnONP 

(cm-1) 

MP- 

ZnONP 

(cm-1) 

Second 

order 

vibrations 

73.05 2.72 2.96 5.26 1.65 

E2 (low) 97.40 -0.29 -8.11 -2.64  0.88 

Second 

order 

vibrations 

191.40 -2.54 6.11 -11.21 -5.13 

Second 

order 

vibrations 

217.64 -4.71 -3.75 -3.84 -1.44 

E1 (TO) 407.47 -1.06 -3.56 0.55 -9.14 

Second 

order 

vibrations 

660.73 4.44 9.36 -1.25 2.09 
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4.3.4 Changes in Raman frequencies 

The wurtzite structure of ZnO belongs to the space group 𝐶6𝑣
4 , having two formula units 

per primitive cell, where all atoms are occupying 𝐶3𝑣 sites. A1+E1+2E2 are the Raman active 

modes in ZnO, predicted by the group theory 54,55. The modes A1 and E1 are split into 

longitudinal optical (LO) and transverse optical (TO) components. Similarly, E2 has two 

components: E2 (high) vibrational mode associated with oxygen atoms and E2 (low) associated 

with Zn sublattice 55. In a wurtzite ZnO, the following fundamental modes exist: E2 (low) at 

101 cm-1, A1 (TO) at 380 cm-1, E1 (TO) at 407 cm-1, E2 (high) at 437 cm-1, A1 (LO) at 574 

cm-1 and E1 (LO) at 583 cm-1, shown in Table 3 54,55. Here, we observe two fundamental peaks 

of bare ZnONP at 97.40 cm-1 which is due to E2 (low) mode and at 407.47 cm-1 due to E1 (TO) 

mode. The other peaks of the ZnONP, arises due to the second order vibrations. 

We calculate the changes in the Raman spectra of ZnONP in complexes compared to 

the free ZnONP highlighted in Table 3. The peak at 97.4 cm-1 is blue shifted by 0.88 cm-1 in 

MP-ZnONP and red shifted by 2.64 cm-1, 8.11 cm-1, and 0.29 cm-1 in AMP-ZnONP, ADP-

ZnONP, ATP-ZnONP complexes, respectively. The peak at 407.47 cm-1 is red shifted by 9.14 

cm-1, 3.56 cm-1, and 1.06 cm-1 in MP-ZnONP, ADP-ZnONP, and ATP-ZnONP, respectively 

and blue shifted by 0.55 cm-1 in AMP-ZnONP. All these results suggest presence of strong 

interactions between bio ligands and ZnONP. 
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Table 4. Vibrational frequencies of isolated ATP and the shifts of frequencies due to the interactions of 

ATP with ZnONP. A – adenine group, R – ribose group and P – phosphate group(s). The positive difference 

means blue shifting, while negative difference means red shifting. The stretching and bending of the bonds 

are labelled as ST and BD respectively. The missing frequencies are marked in dash (-). 

 

ATP in free 

state (cm-1) 

ATP in ATP- ZnONP 

complex (cm-1) 

Difference 

(cm-1)  

Molecular Vibrations 

687.48 701.53 14.05 ST and BD of A, R, P 

746.63 752.01 5.38 ST and BD of both A and 

R 

820.03 816.21 -3.82 ST and BD of both R and P 

866.08 864.98 -1.1 ST and BD of both A and 

R 

873.8 877.02 3.22 ST and BD of both R and P 

882.88 885.89 3.01 C6H16 BD of A 

926.24 950.23 23.99 ST and BD of A, R and P 

1178.69 1174.86 -3.83 ST and BD of P 

1282.15 1289.74 7.59 ST and BD of both A and 

R 

1325.27 1336.04 10.77 Same as above 

1370.4 1382.28 11.88 Same as above 

1451.46 1448.66 -2.8 Same as above 

1501.87 1509.16 7.29 Same as above 

1528.73 1548.3 19.57 ST and BD of A and BD of 

CH groups of R 

1612.14 1608.68 -3.46 ST and BD of A 

1686.92 1643.99 -42.93 ST and BD of NH2 of A 

- 2947.24  N3H14 ST, N3H15 BD of 

A 

3041.36 3062.76 21.4 C3H8, C4H10, C5H11 ST 

of R 

3053.74 3052.25 -1.49 Same as above 

3073.68 3080.47 6.79 C1H5, C1H6, C2H7 ST, 

C5H11, C4H10 BD of R 

3088.74 3092.94 4.2 Same as above 

3154.91 3149.82 -5.09 C1H5, C1H6 ST of R 

- 3193.12  O10H3 ST of P 

3206.48 3205.09 -1.39 C9H13 ST of A 

3317.03 3333.34 16.31 C6H16 ST, N1C6 and 

N2C6 BD of A 

3407.68 3455.66 47.98 O1H12 ST of R 

3427.72 -  OH ST of P 

3483.40 -  OH ST of P 

3535.70 -  OH ST of P  

3590.55 3624.29 33.74 N3H14, N3H15 ST of A 

3645.62 3655.17 9.55 O2H9 ST of R 

3714.05 -  N3H14, N3H15 ST of A 

- 3723.16  OH groups ST of P1 

3744.85 3741.34 -3.51 O11H2 ST of P 

- 3745.13  OH groups ST of P3 
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We consider now the Raman frequencies of isolated ATP, ADP, AMP and MP and their 

shifts in frequencies due to interactions with ZnONP. In isolated ATP, the Raman peaks arising 

from stretching (ST) and bending (BD) of phosphate group are at 687.48, 746.63, 820.03, 

926.24 and 1178.69 cm-1, though there are small contributions of ribose and adenine vibrations 

in some of the peaks, shown in Table 4. The vibrational frequencies ranging from 1282.15 to 

1501.87 cm-1 come from the adenine and ribose ST and BD modes, while 1528.73 to 1686.92 

cm-1 represent ST and BD modes adenine. The peak at 1686.92 cm-1 indicates bending of NH2 

bonds in adenine. The peak at 3317.03 comes due to the ST of C6H16 bond of adenine. The 

frequency at 3483.40 is due to the ST of O-H group of phosphates. The vibration at 3714.06 

cm-1 arises due to the ST of NH2 group of adenine. 
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Table 5. Vibrational frequencies of ADP and the vibrational shifts due to the interactions of ADP with 

ZnONP. 

 

ADP in free 

state (cm-1) 

ADP in ADP- 

ZnONP complex 

(cm-1) 

Difference 

(cm-1) 

Molecular 

Vibrations 

696.29 684.6 -11.69 ST and BD of A, R 

and P 

722.3 732.65 10.35 Same as above 

754.36 752.59 -1.77 Same as above 

817.72 817.26 -0.46 Same as above 

864.14 865.68 1.54 Same as above 

878.26 888.68 10.42 Same as above 

1085.7 1091.31 6.05 Same as above 

1240.65 1236.65 -4 ST and BD of both 

A and R 

1273.65 1276.03 2.38 Same as above  

1281.97 1288.50 6.53 Same as above 

1339.35 1334.95 -4.4 Same as above 

1370.43 1380.83 10.4 Same as above 

1451.45 1446.42 -5.03 Same as above 

1501.7 1508.1 6.4 Same as above 

1528.05 1546.94 18.89 Same as above 

1612.52 1609.73 -2.79 ST and BD of A 

1687.02 1644.58 -42.44 Same as above 

- 2994.59  BD of N3H13 and 

ST of N3H14 

3041.34 3058.07 16.73 ST of CH groups of 

R 

3072.69 3062.8 -9.8 Same as above 

3095.85 3092.1 -3.75 Same as above 

3161.19 3139.72 -21.47 Same as above 

3206.23 3206.0 -0.23 ST of C9H12 of A 

3320.97 3333.16 12.19 ST of C6H15 and 

BD of N1C6 and 

N2C6 of A 

- 3336.72  ST OH groups of P2 

3406.40 3473.28 66.88 ST of O1H11 of R 

3439.33 -  ST OH groups of P2 

3590.23 3625.23 35 ST of N3H13 and 

N3H14 of A 

3641.30 3659.05 17.75 ST of O2H8 of R 

3713.68 -  Same as above 

3748.10 3754.42 6.32 ST of O10H2 of P1 
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Table 6. Vibrational frequencies of AMP and their shifting due to the interactions of AMP with ZnONP.  

 

Free AMP 

(cm-1) 

AMP in AMP- 

ZnONP complex  

(cm-1) 

Change  

(cm-1) 

Molecular Vibrations 

715.82 713.22 -2.6 Ribose, Adenine ST, OH 

BD of P (also BD for all) 

742.91 745.4 2.49 Same as above 

758.49 768.62 10.13 R, A ST, OP ST of P 

(also BD for all) 

877.7 816.95 -60.75 Vibrations of A group 

856.52 860.01 3.49 Vibrations of A, R and P 

groups 

910.9 894.25 -16.65  R, A ST, OP ST of P 

(also BD for all) 

1012.69 1021.97 9.28 Adenine, Ribose ST BD 

1030.94 1030.37 -0.57 Adenine, Ribose ST BD, 

Phosphate OH BD  

1239.12 1282.42 43.3 Ribose and Adenine ST, 

BD 

1327.1 1331.71 4.61 Adenine, Ribose ST, BD 

1371.15 1381.54 10.39 Adenine, Ribose ST, BD 

1454.87 1443.01 -11.86 Same as above 

1510.45 1504.56 -5.89 Same as above 

1530.42 1541.65 11.23 Adenine ST, BD, Ribose 

BD 

1612.96 1618.15 5.19 Adenine ST, BD 

3057.28 3040.74 -16.54 C5H9 ST, C4H9 BD of 

Ribose 

3069.42 -  CH ST of Ribose 

3077.24 3059.43 -17.81 CH ST of Ribose 

3142.91 3122.91 -20 C1H3, C1H4 ST of 

Ribose 

3208.15 3206.07 -2.08 C9H11 ST of Adenine 

3292.64 3344.75 52.11 C6H14 ST, N1C6 and 

N2C6 BD of Adenine 

- 3400.99  NH2 ST of Adenine 

3426.29 3512.07 85.78 O1H10 ST of Ribose 

- 3652.36  O2H7 ST of Adenine 

3514.0 -  OH ST of Phosphate 

3591.11 3671.41 80.3 NH2 ST of Adenine 

- 3739.89  OH ST P 

3663.19 -  OH ST of P 

3714.61 -  NH2 ST of Adenine 

3759.13 3757.43 -1.7 O6H11 ST of Phosphate  
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Table 7. Vibrational frequencies of MP and the shifts of frequencies due to the interactions of MP with 

ZnONP. 

 

Free 

phosphate 

(cm-1) 

Phosphate in 

phosphate- ZnONP 

(cm-1) 

Difference  

(cm-1) 

Molecular Vibrations 

763.3 768.66 5.36 ST of O2P and CO1  

885.04 850.12 -34.92 ST O1P, O2P, O3P 

and O4P 

916.74 1050.87 134.13 ST of O3P, O4P 

1027.46 1090.81 63.35 ST CO2 

1052.77 -  BD of CO1, O2P ST, 

O4H2 

1070.35 -  BD of O3H1 and 

O4H2 

1168.77 1185.95 17.18 ST of CH3 group 

1194.05 1214.49 20.44 ST of CH3 group 

1335.83 -  ST of OP bonds of P 

and BD of O3H1 

- 1368.37  BD of O16H2 of P 

1498.12 1498.33 0.21 ST of CH3 group 

1536.45 1523.53 -12.92 ST of CH3 group 

1546.94 1532.86 -14.08 BD of CH3 group 

3065.45 3060.98 -4.47 ST of CH3 group 

3154.66 3167.41 12.75 Same as above 

- 3141.93  ST of O4H2 of P 

3183.15 3167.41 -15.74 ST of CH3 group 

- 3741.03  ST of OH bonds of P 

3753.9 -  ST of O4H2 of P 

 

The wave numbers corresponding to different Raman modes in ADP (see Table 5): The 

peaks at 722.3 and 754.36 cm-1 arise from the BD and ST of adenine and ribose groups. The 

vibrations in pure ADP ranging from 1240.65 to 1528.05 cm-1 comes from ST and BD of 

adenine and ribose. The peak at 1612.52 cm-1 is due to the ST and BD of adenine group. The 

peak at 1687.02 cm-1 consists of the ST of C7C8, C7C10 and N3C8 bonds and the BD of 

N3H13 and N3H14 bonds.  The vibrational frequencies in AMP, ranging from 1030.94 to 

1530.42 cm-1 is due to the BD and ST of both adenine and ribose groups, shown in Table 6. 

The peaks at 1612.96 cm-1 and 1687.38 cm-1 are due to the vibrations of adenine group. The 

peaks at 3208.15 and 3292.64 cm-1 come from the ST of C9H11 and C6H14 bonds. The peaks 
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in MP (see Table 7) at 1168.77, 1194.05, 1498.12, 1536.45 and 1546.94 cm-1 indicate the BD 

of CH3 group. The peak at 885.04 cm-1 indicates the ST of O1P, O2P, O3P and O4P bonds. 

The peaks at 3065.45, 3154.66 and 3183.15 cm-1   come from the stretching of CH3 group. 

     The frequencies of the Raman spectra of the ligands in complexes following their 

differences with respect to the free ligands are also shown in the tables. The vibrations ranging 

from 500 to 1700 cm-1 are due to the ST or BD or both of adenine or ribose or phosphate or 

both for all the biomolecules. We focus on the higher energy region (2000 – 4000 cm-1), where 

the vibrations of each bond are clearly distinguishable. In ATP-ZnONP (Table 4), the blue shift 

of 16.31 cm-1 of the peak at 3317.03 cm-1 is due to the stretching of C6-H16 bond and the 

bending of N1-C6 and N2-C6 bonds of the adenine group, indicates the interactions of nitrogen 

(N2) atom of adenine group with zinc (Zn6) atom of ZnONP. The new peak at 2947.24 cm-1 

due to the stretching of N3-H14 and bending of N3-H15 bonds, indicates the bonding 

interaction between the N-H (N3-H15) bond of adenine moiety and O (O4) atom of ZnONP.  

Few vibrational frequencies (3427.72, 3483.40, 3535.70 cm-1) in isolated ATP appear due to 

the stretching or bending or both of O-H bonds of the phosphate groups (P1 and P3) which are 

missing in ATP-ZnONP due to the dissociations of these O-H bonds in the complex, as 

described in previous sections. The new peaks at 3723.16 and 3745.13 cm-1 arise due to the O-

H stretching of the bonds O1np-H1 and O2np-H4, where O1np and O2np atoms belong to the 

ZnONP and the H atoms, H1 and H4 are dissociated from P3 and P1 groups. Similar shifts of 

vibrational frequencies were observed in other nano-bio complexes ADP-ZnONP (Table 5) 

and AMP-ZnONP (Table 6) for stretching and bending of C-H, N-C, N-H, O-H bonds of 

adenine and phosphate moieties that clearly indicate that all these bio-ligands ATP, ADP, and 

AMP form bonding interactions with the ZnONP via adenine and phosphate groups. In MP-

ZnONP complex (Table 7), a peak was observed at 3741.03 cm-1 due to the stretching of O-H 
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(O1np-H1) bond, where O (O1np) atom belongs to ZnONP and H (H1) atom, dissociated from 

the phosphate group, indicates the interaction of phosphate group with ZnONP. 

4.4 Discussion 

   The chelation of phosphate and adenine groups of ATP to chelate ZnO nanoparticles has been 

reported from Raman spectroscopy.9 Our electronic structure, and Raman spectra calculations 

support this picture of chelation in ATP-ZnONP complex. In addition, we generalize the 

chelation process to other energy carrier molecules. We observe that the phosphate groups from 

coordinate covalent bonds (Zn-O) through ZnONP  phosphate CT and adenine moiety forms 

a coordinate covalent bond (Zn-N) with ZnONP through adenine  ZnONP CT in the nano-

bio complexes. Phosphate groups form additional O-H---O non-classical bonds with ZnO 

nano-cluster in all three nano-bio complexes. All the bonds have their spectral signature in 

Raman lines. 

    Hydrolysis of ATP is a highly exergonic process where chemical energy stored in the high-

energy phosphoanhydride bonds is released by their splitting 56–58. The product of ATP 

hydrolysis is ADP and inorganic phosphate, and further hydrolysed of ADP produce energy, 

AMP and another phosphate group. ATP hydrolysis is initiated by nucleophilic attack at the 

third phosphate group by a water molecule. The hydroxide ion (OH−) of the nucleophilic water 

molecule attacks the phosphate group in free ATP for dissociation of the phosphoanhydride 

bond.  In free ATP, while the HOMO is distributed over purine ring of the adenine moiety, the 

LUMO is distributed over the phosphate groups (see in Fig. 3(c) and (d)). The last phosphate 

group (P3), has the maximum contribution, and is favourable for the nucleophilic attack. 

However, in ATP-ZnONP complex, the LUMO is distributed over ZnONP, and there is no 

contribution of ATP on LUMO. This suggests that the ATP hydrolysis pathway, and 

consequently the energy transfer is likely to be affected by the nano-bio conjugation. 
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4.5 Conclusions 

We have theoretically investigated the interactions of energy carrier biomolecules, 

ATP, ADP, and AMP with Zn12O12 cluster surface using the DFT-based quantum calculations. 

We establish chelation of the metal oxide surface involving Zn-O bond through ZnONP  

phosphate CT and Zn-N bond via adenine  ZnONP CT and additional O-H---O non-classical 

bonds with ZnO nano-cluster with phosphate groups in all the nano-bio complexes. DFT-

calculated Raman spectra strongly support presence of these bonds in all three nano-bio 

complexes. Our results may also be important to understand how the metal oxide nanoparticles 

affect the cellular energy transfer reactions and the reaction pathways. 

 

4.6 Appendix A 

Details of the methods 

A.1 Introduction 

The time independent Schrodinger equation in one dimension is, 

−ħ2

2𝑚

𝑑2𝜓(𝑥)

𝑑𝑥2
+ 𝑉(𝑥)𝜓(𝑥) = Ĥ𝜓(𝑥) = 𝐸𝜓(𝑥) 

where 𝑚 is the mass of the particle, ħ = (ℎ/2𝜋) is the reduced Planck’s constant, 𝜓(𝑥) is the 

wavefunction, 𝑉(𝑥) is the potential energy, Ĥ is the Hamiltonian operator and 𝐸 is the total 

energy. 𝜓(𝑥) describes the behavior of a particle. The energy of the system 𝐸 can be obtained 

by solving the Schrodinger equation. The Schrodinger equation, on the other hand, can only be 

solved exactly for H atom and H2+ molecule. To solve Schrodinger equation beyond H atom 

and H2+ molecule, density functional theory (DFT) is one most important and powerful tool 

that is used widely nowadays. 

(1) 
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A.2 Many-body problem 

The many-body Hamiltonian of a system of 𝑁𝑒 electrons and 𝑁𝑛 nuclei is of the form, 

𝐻̂ = 𝑇̂𝑒 + 𝑇̂𝑛 + 𝑉̂𝑛𝑒 + 𝑉̂𝑒𝑒 + 𝑉̂𝑛𝑛 

=
−ħ2

2𝑚𝑒
∑ ∇𝑖

2𝑁𝑒
𝑖 +

−ħ2

2𝑚𝑛
∑ ∇𝑖

2𝑁𝑛
𝑖 +

𝑒2

4𝜋𝜀0
[− ∑ ∑

𝑍𝐼

|𝑟𝑖−𝑟𝐼|

𝑁𝑛
𝐼

𝑁𝑒
𝑖 +

1

2
∑ ∑

1

|𝑟𝑖−𝑟𝑗|

𝑁𝑒
𝑗.𝑖

𝑁𝑒
𝑖 +

1

2
∑ ∑

1

|𝑟𝐼−𝑟𝐽|

𝑁𝑛
𝐽.𝐼

𝑁𝑛
𝐼 ]

                      (2) 

where i and j run over the electronic degrees of freedom, and I and J run over the nuclei degrees 

of freedom. 𝑚𝑒, 𝑚𝑛 and 𝑍𝐼 are mass of electron, mass of nuclei and atomic number 

respectively. 𝑟𝑖 and 𝑟𝐼 are the positions of 𝑖th electorn and 𝐼th nucleus respectively. The 

Hamiltonian consists of five terms: the kinetic energy of electrons, kinetic energy of nuclei, 

electron-nuclei interactions, electron-electron interactions and nuclei-nuclei interactions. 

According to the Born-Oppenheimer approximation, the nuclear motion is neglected as the 

mass of nucleons is a few orders of magnitude higher than that of electron. So, the nuclei can 

be considered as classical particles that generates an external potential, and the electrons as 

quantum particles are subjected to that potential. So, equation (2) can be written as, 

𝐻̂ =
−ħ2

2𝑚𝑒
∑ ∇𝑖

2𝑁𝑒
𝑖 +

𝑒2

4𝜋𝜀0
[− ∑ ∑

𝑍𝐼

|𝑟𝑖−𝑟𝐼|

𝑁𝑛
𝐼

𝑁𝑒
𝑖 +

1

2
[∑ ∑

1

|𝑟𝑖−𝑟𝑗|

𝑁𝑒
𝑗.𝑖

𝑁𝑒
𝑖 ]              (3) 

A.3 Density functional theory (DFT) 

DFT is a very powerul and most commonly used tool to calulate the electronic 

properties of many-body systems. Thomas and Fermi first propose the initial version of DFT 

in 1927. Later, DFT of the quantum ground state is established by Hohenberg, Kohn and Sham 

which is superior to both Thomas-Fermi and Hartree-Fock theories, allowing for a wide range 

of applications in real-world physical systems. In theoretical physics and molecular chemistry, 

DFT becomes one of the main tools for electronic structure calculations and many other. In 
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DFT, the properties of a system are not calculated through the many electron wavefunction, 

but calculated from the electron density (ρ(r)). The total energy is given by, 

𝐸(𝜌(𝑟)) = 𝑇𝑒 [𝜌(𝑟)] + 𝑉𝑛𝑒 [𝜌(𝑟)] + 𝑉𝑒𝑒 [𝜌(𝑟)] + 𝐸𝑥𝑐[𝜌(𝑟)],            (4) 

where 𝑇𝑒 is the kinetic energy of electron, 𝑉𝑛𝑒 is the nuclei-electron potential energy, 𝑉𝑒𝑒 is the 

electron-electron potential energy, and 𝐸𝑥𝑐 is the exchange-correlation energy. 𝐸𝑥𝑐 is the only 

term unknown here. The estimate of the exchange-correlation energy causes the biggest error 

in DFT. In order to calculate 𝐸𝑥𝑐 two most useful approximations are used: local-density 

approximation (LDA) and generalized gradient approximation (GGA). 

A.3.1 Exchange-correlation energy approximations 

A.3.1.1 Local-density approximation (LDA) 

LDA, an approximation to the exchange-correlation energy, depends only on the 

electronic density at each point in space. Here, the local density can be treated as a uniform 

electron gas, i.e., the system is locally homogeneous. For a spin-unpolarized system, the XC 

energy can be written as 

𝐸𝑥𝑐
𝐿𝐷𝐴(𝜌(𝒓)) = ∫ 𝜌(𝑟)𝜀𝑥𝑐

𝐿𝐷𝐴 (𝜌(𝒓))𝑑𝒓,  (5) 

where 𝜀𝑥𝑐
𝐿𝐷𝐴(𝜌(𝒓)) is the exchange-correlation energy per particle. The systems in which the 

electron density varies slowly, LDA gives very good results. However, LDA predicts that 

transition metal oxides XO (X = Fe, Mn, Ni) are either semiconductors or metals, even though 

they are Mott insulators. LDA gives wrong ground state for many simpler systems, and also 

the description of hydrogen bonding using this functional is very poor. 
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A.3.1.2 Generalized gradient approximation (GGA) 

As the real systems are inhomogeneous, the variation in electron density over space is 

taken into account by GGA. Here, the exchange-correlation energy can be written as, 

𝐸𝑥𝑐
𝐺𝐺𝐴 = 𝐸𝑥𝑐[𝜌(𝑟), 𝛻 𝜌(𝑟)]                (6) 

For molecular geometries, binding energies, and ground-state energies, the GGA functional 

provides very good results. Nowadays, to deal with the gradient of the electron density, there 

are many different functionals available, such as PBE (Perdew-Burke-Ernzerhof), B3LYP 

(Becke, 3-parameter, Lee–Yang–Parr), etc. 

B3LYP 

B3LYP is a Hybrid functional. Hybrid functionals are a class of approximations to the 

exchange–correlation energy functional that incorporate a part of exact exchange from 

Hartree–Fock theory, while the rest of the exchange–correlation energy is incorporated from 

ab initio or empirical method. The form of the B3LYP functional is, 

𝐸𝑥𝑐
𝐵3𝐿𝑌𝑃 = (1 − 𝑎)𝐸𝑥

𝐿𝑆𝐷𝐴 + 𝑎𝐸𝑥
𝐻𝐹 + 𝑏𝛥𝐸𝑥

𝐵88 + 𝑐𝐸𝑐
𝐿𝑌𝑃 + (1 − 𝑐)𝐸𝑐

𝐿𝑆𝐷𝐴,       (7) 

where 𝑎 = 0.20, 𝑏 = 0.72 and 𝑐 = 0.81. 𝐸𝑥
𝐿𝑆𝐷𝐴 is the standard local exchange functional of 

the local spin density approximation, and 𝐸𝑥
𝐻𝐹 is the exact Hartree–Fock exchange. 𝐸𝑥

𝐵88 and 

𝐸𝑐
𝐿𝑌𝑃 are Becke’s gradient correction to the exchange functional and Lee–Yang–Parr 

correlation functional, respectively. 𝐸𝑐
𝐿𝑆𝐷𝐴 is the VWN (Vosko, Wilk, and Nusair) local spin 

density approximation to the correlation functional. 

A.4 Basis sets 

A basis set is a set of functions used to describe the electronic wavefunction in the 

Hartree-Fock method or in DFT. Quantum chemistry community uses basis set as a linear 
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combinations of atomic orbitals, while the solid-state community uses plane wave basis set. 

Atomic orbitals can be Gaussian-type orbitals, Slater-type orbitals, etc. The wavefunction in 

plane wave basis set has the form, 

𝜓𝑘(𝒓) = ∑ 𝑐𝑘+𝐺 𝑒𝑖(𝒌+𝑮).𝒓
𝐺 ,   (8) 

where 𝒌 and 𝑮 are reciprocal lattice vectors. 𝑐𝑘+𝐺  are plane waves coefficients. 

Gaussian-type orbital (GTO) has the form, 

𝛷(𝑥, 𝑦, 𝑧) = 𝑁𝑥𝑎𝑦𝑏𝑧𝑐𝑒−𝜉𝑟2
,   (9) 

where N is normalization constant, 𝑎, 𝑏 and 𝑐 controls the angular momentum, L= 𝑎 + 𝑏 + 𝑐. 

𝜉 controls the width of the orbital. We have used 6-31G(d), 6-311++G(d,p) and LANL2DZ 

basis sets in this chapter. 

6-31G(d) 

This is a double zeta split valence basis. Here, the core orbitals are described by a sum 

of six GTOs, while the inner part of the valence orbitals is a contraction of three GTOs, and 

the outer part of the valence orbitals represented by one GTO. d inside the bracket represents 

that we include d-type polarization function on heavy atoms. 

6-311++G(d,p) 

This is a triple zeta split valence basis where the core orbitals are described by the sum 

of six GTOs. The valence orbitals are split into three functions, described by three, one and one 

GTOs respectively. The first + indicates that one set of diffuse s and p functions are added to 

the heavy atoms, while the second + represents that diffuse s function is also added to the 

hydrogen atoms. d and p illustrate that the d type polarization on heavy atoms and p type 

polarization function on hydrogen atoms respectively are included. 
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LANL2DZ (Los Alamos National Laboratory 2 double ζ) 

LANL2DZ is an effective core potentials (ECPs) basis used for transition metals. ECPs are a 

useful means of replacing the core electrons of atomic or molecular systems by an effective 

potential, while the valance electrons are treated explicitly. As a result, the computational effort 

is significantly reduced. 

A.5 Natural bond orbital (NBO) analysis 

Natural bond orbital analysis is a useful tool for understanding hybridization and 

covalency effects in polyatomic wave functions. NBO optimally transforms a given wave 

function into localized form which corresponds to the one-center ("lone pairs") and two-center 

("bonds") elements of the chemist's Lewis structure picture. Natural atomic orbitals (NAOs) 

and natural hybrid orbitals (NHOs) are used to transform the input atomic orbital basis set into 

natural bond orbitals in NBO analysis. 

A.6 Gaussian 16 code 

Gaussian 16 is the most recent version of the Gaussian electronic structure software 

series, which is used by chemists, physicists, chemical engineers, biochemists, and other 

professionals. It predicts the energies, molecular structures, vibrational frequencies of 

compounds. It not only determines the ground state structures, but also predicts the structures 

of transition states. Both stable species and chemicals that are difficult or impossible to examine 

experimentally can be studied from Gaussian 16's models. Gaussian 16 uses different methods 

for electronic structure calculations including Hartree-Fock, Density functional theory (DFT), 

semi-empirical: AM1, PM6, PM7 and DFTB, etc. 
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CHAPTER 5 

Surface Specific Adsorption of Glucose to ZnO 

5.1 Introduction 

In the previous chapter we discuss the chelation of energy carrier biomolecules with ZnO 

nanoparticles. ZnO acts as a promising candidate 10,11 for bio- sensors. Although glucose is the 

most important source of energy in all organisms, an abnormal level of this substance in human 

body can lead to heart failure, stroke, diabetes, obesity and so on. Monitoring glucose levels in 

human blood is necessary to avoid such diseases. Even in the manufacturing sectors, such as 

food, beverage and fermentation, the control of glucose level is important to maintain the 

quality and safety of ingredients. Hence, a sensitive, fast and reliable biosensor is necessary for 

detection of glucose levels.  

Glucose biosensors have been developed based on the immobilization of glucose 

oxidase (GO) enzyme on different matrices.13,14 The enzyme-based biosensors show high 

sensitivity and selectivity. However, they have few shortcomings, like complicated and costly 

fabrication process, degradation of the enzyme in biological environments after longer use and 

sometimes low sensitivity owing to indirect electron transfer. To overcome the disadvantages 

of enzyme-based glucose biosensors, the development of non-enzymatic glucose biosensors is 

highly desirable. Many experiments have been performed to develop non-enzymatic glucose 

biosensors. Pure and copper doped ZnO nanoparticles have been investigated for their use in 

non-enzymatic glucose sensors.15 Both can be used as a cost effective non-enzymatic glucose 

biosensor. However, Cu doping improves the sensitivity for glucose detection. In another study, 

the detection limit of ~0.4 μM has been achieved by the glucose sensor in a vertically grown 

ZnO nanorods on fluorine doped tin oxide (FTO) electrode after modifying the ZnO surface 

with CuO nanoparticles.16 It is reported that zinc oxide (ZnO) nanorod powder surface-coated 
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with carbon material, which has low detection limit of 1 mM with a linear range from 0.1 mM 

to 10 mM, can be applied as cost-effective non-enzymatic glucose biosensors.17  

The development of non-enzymatic biosensors needs a detailed understanding of 

interfacial chemistry at the nano-bio interface. The interactions of biomolecules with metal 

oxide surfaces in aqueous solutions is dominated by adhesion of biomolecules on to the 

surfaces via water molecules. The interactions of amino acids with ZnO surfaces have been 

studied using molecular dynamics simulations.18 It is observed that the first layer of water 

molecules near the surfaces affects the approach of the amino acids to the surface. Another MD 

simulations study on amino acid side chain analogous and a titanium binding peptide on TiO2 

(100) surface shows that polar and aromatic side chain are the strongest binders to TiO2 

surface.19 

Here we investigate interactions between glucose molecules and common surfaces of 

ZnO, (101̅0), (112̅0), (0001) and (0001̅) in hydrated conditions, using the molecular dynamics 

(MD) simulations. We further compute the potential of mean force (PMF) using the umbrella 

sampling technique to quantify energetics of surface specific interactions. These calculations 

show that glucose exhibits strongest adsorption on (101̅0) surface. We confirm the stability of 

glucose on this surface also by quantum mechanical (QM) calculations based on density 

functional theory (DFT) method. 

5.2 Methods 

5.2.1 Quantum mechanical (QM) calculations 

All QM calculations are performed within density functional theory (DFT) (see Appendix I, 

Chapter 4 for theoretical background), using the projector augmented-wave method20,21 as 

implemented in the Vienna Ab initio Simulation Package (VASP)22. We use generalized 

gradient approximation (GGA) with the Perdew, Burke, and Ernzerhof (PBE) correlation 
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functional. We use a plane wave cut off energy of 500 eV, and the total energies are converged 

to within 10-4 eV/atom. The optimization of ZnO bulk is done using a k-point mesh of 8x8x4 

making sure that the Г point is included in the mesh. 

A supercell of 2 × 3 × 3 is made using the optimized structure of ZnO bulk. We 

construct slabs with desired exposed ZnO surface from the supercell and modelled by including 

a vacuum of 15 Å above crystallographic direction. Self-consistent calculations of the surfaces 

are done using a k mesh of 1 × 4 × 4 for (101̅0), 4 × 1 × 4 for (112̅0) and 4 × 4 × 1 for the 

slab containing both (0001̅) and (0001) surfaces respectively. We also optimize glucose 

molecule by keeping it inside a box of dimension 2 × 2 × 2 nm3. We use a k mesh of 8 × 8 × 

8. The optimizations of the surfaces are done by keeping the middle two layers fixed, while the 

other layers of both sides are relaxed in all directions. 

We also consider (101̅0) surface with glucose and water for QM calculations. We 

perform single point calculations of the systems using a k mesh of 1 × 4 × 4 considering 

snapshots from the molecular dynamics trajectory. The total number of atoms of the surfaces 

are restricted to 192 (96 Zn and 96 O atoms) for making the systems computationally 

affordable. We calculate the electronic charge for each atom using the calculated charge density 

of the structure using a grid-based Bader charge analysis.30,31 The formula for calculating the 

charge transfer between any two species (A and B) is, 

                     𝛥𝑞 = −𝑒𝛥𝑛 = 𝑛𝑎𝑡𝑜𝑚 −  𝑛𝑣𝑎𝑙𝑒𝑛𝑐𝑒, 

where the number of electrons calculated around an atom is 𝑛𝑎𝑡𝑜𝑚 and 𝑛𝑣𝑎𝑙𝑒𝑛𝑐𝑒 is the number 

of valence electrons considered for the corresponding atom. 
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5.2.2 Molecular dynamics (MD) simulations 

Next, we prepare the systems for the MD simulations (see Appendix I, Chapter 2 for 

theoretical background) as detailed below. First, we prepare a system where we add 100 

glucose molecules in water in a box of dimension 6.89 × 4.95 × 5.29 nm3. The system contains 

a total number of 20970 atoms with the volume of the box 180.55 nm3. We prepare the system 

of ZnO surface with water as follows: First, the optimized structures of the slabs are extended 

into two periodic directions in a fashion 1 × 5 × 5 for (101̅0) surface, 5 × 1 × 5 for (112̅0) 

surface and 5 × 5 × 1 for the slab containing both (0001) and (0001̅) surfaces. The total 

number of atoms of each extended slab is 2400 (1200 Zn and 1200 O). The surfaces (101̅0) 

and (112̅0) are placed in the middle of the box of dimensions 6.89 × 4.95 × 5.29 nm3 and 5.69 

× 6.0 × 5.29 nm3 respectively. Similarly, the slab, containing both (0001) and (0001̅) surfaces 

is placed in the middle of the box of dimension 5.69 × 4.94 × 6.43 nm3. Subsequently, the 

boxes are solvated with 6190 water molecules. 

We take an equilibrated system of ZnO slab with water. We remove few water 

molecules and add 100 glucose molecules into the system for each cases. The total box volume 

(180.55 nm3) and the total number of atoms (20970 atoms) for all the systems are same. As 

both sides of (101̅0) and (112̅0) surfaces are identical, all the analyses are averaged over both 

sides of the surfaces. 

The force field of gromos54a723 and spc/e water model are used in this study. The 

Lennard-Jones (L-J) parameters for ZnO are calculated through density functional theory24. 

The L-J parameters for Zn are σZn= 0.171 nm and εZn= 1.254 kJ/mol, and for O, σO= 0.213 

nm and εO= 0.418 kJ/mol. The parameters corresponding to the atom Zn interacting with atom 

O are determined through σZnO =
1

2
(σZn + σO) and εZnO = √εZnεO . For each surface, both 

Zn and O atoms are restrained by a harmonic potential of force constant 10000 kJ mol-1 nm-2, 
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so that during the simulation the volume of the box does not fluctuate widely. Particle mesh 

Ewald summation method for long ranged electrostatic interaction is used with 0.1 nm grid 

spacing and 10-6 convergence criterion. We use a cut off of 1 nm for both L-J and short ranged 

electrostatic interactions. 

The steepest descent and conjugate gradient25 algorithms are used to minimize the 

systems. Molecular dynamics simulations are performed using Gromacs 2019 program26,27 at 

a temperature of 300 K and 1 atm pressure in a canonical (NVT) ensemble starting from the 

energy minimized structure. Modified Berendsen thermostat is used to maintain constant 

temperature. A total simulation of 100 ns has been carried out for each system. All the analyses 

have been done from the equilibrated trajectories of last 50 ns. 

5.2.3 Calculations of density 

The effective density is calculated from the formula, 𝜌′ =
𝑛𝑀

𝑣′ . Here, 𝑣′ = 𝐿𝑥 × 𝐿𝑦 ×

ℎ′,  where 𝐿𝑥, 𝐿𝑦 are the total length of the box in x and y directions, and ℎ′ is the effective 

height of the box. n is the number of glucose in which the centre of mass (COM) of glucose lie 

within volume 𝑣′of the simulation box, and 𝑀 is the molar mass of glucose. When calculating 

the density of water, n becomes the number of water molecules in which O atoms of water 

molecules lie within 𝑣′. For each surface, we calculate the density of water both in presence 

and absence of glucose, and the density of glucose. We also compute the density of water 

around each glucose molecule in presence and absence of the surfaces. For the calculations of 

density of water both in presence and absence of glucose, and the density of glucose, we first, 

compute the mean of z coordinates of the atoms in the top layer of each surface to define the 

mean surface locations with respect to which the density is calculated as a function of 

separation in z, Δz. For the calculations of density of water both in presence and absence of 
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glucose, we take the distance between the COM of glucose and the O atoms of water molecules. 

A bin size of 0.2 Å is used. 

5.2.4 Calculations of potential of mean force (PMF) 

The adsorption free energy of glucose on different surfaces in aqueous solutions is calculated 

by using umbrella sampling method as implemented in Gromacs.26,27 The details are given in 

Appendix I of this chapter. First, we consider a single glucose molecule, placed at a larger 

distance from the surface. Subsequently, the system is solvated with water. A molecular 

dynamics simulation of 10 ns has been carried out for equilibration, keeping the glucose fixed 

in its position. The last structure of this 10 ns run has been considered for steered molecular 

dynamics (SMD) simulations prior to umbrella sampling. In SMD simulations, the molecule is 

pulled towards the surface from its initial position, in z direction, Δzcm, separating the COM of 

glucose and the top of the surface. The pulling is done through a dummy particle moving 

towards the surface with a constant speed of 1 nm ns-1 with the COM of glucose is dragged by 

a harmonic force of spring constant, k=1000 kJ mol-1 nm-2. The conformations are saved within 

each of the intervals of 0.1 nm from the SMD simulation trajectory. In this way we have 

collected about 25 conformations for each of these surfaces. They are used for further run of 

10 ns each (5 ns for equilibration), where the z location of the glucose is fixed and the COM 

moves within a sampling window of width Δz. Finally, PMF calculation is done by using 

weighted histogram analysis method (WHAM)28 as implemented in g_wham analysis tool29 in 

Gromacs.26,27 

5.3 Results and discussion 

5.3.1 Optimized structures of the slabs 

The calculated lattice parameters for ZnO bulk system are a=3.28 Å and c = 5.29 Å, 

which are close to the experimental values.32 The optimized geometries of different slabs and 
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that of glucose are shown in Figs. 1(a)-(d). In the top layer of the optimized structure of the 

slab with exposed (101̅0) surface (Fig. 1(a)), Zn-O bonds are tilted with a relative displacement 

of 0.2 Å in the direction perpendicular to the surface between where O is outward and Zn, 

inward. The Zn-O bond lengths decrease by 0.14 Å with respect to the bulk. Our results agree 

with the previous theoretical studies.33,34 For slab with exposed (112̅0) surface (Fig. 1(b)), the 

Zn atoms in the top layer show relative inward displacement of 0.2 Å in the direction 

perpendicular to the surface. However, O atoms remain almost same as in their bulk positions 

in agreement with previous theoretical works.33,35 The (112̅0) surface shows a groove like 

structure. The contraction of Zn-O bond length on the top surface is small (0.09 Å). The top 

and bottom layers for both (101̅0) and (112̅0) surfaces are identical. The top layer of the slab 

with exposed (0001) surface is Zn terminated, whereas the bottom exposed surface (0001̅) is 

O terminated (Fig. 1(c)). As a result, a net dipole moment arises in the slab, rendering the slab 

polar. We also show the optimized structure of glucose in Fig. 1(d). 
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Fig. 1. Optimized geometries of (a) (𝟏𝟎𝟏̅𝟎), (b) (𝟏𝟏𝟐̅𝟎), (c) (𝟎𝟎𝟎𝟏) and (𝟎𝟎𝟎𝟏̅) surfaces, and (d) glucose. 

We carry out MD simulations in different situations: (a) glucose in water without 

surface; (b) ZnO surface with water; (c) ZnO surface with water and glucose. The schematic 

diagrams of the simulated systems for one such surface are shown in Fig. 2(a), (b) and (c) 

respectively. First, we illustrate the hydration of the chemical moieties and then describe the 

adsorption of glucose to the hydrated surface. 

(101̅0) (112̅0) 

(0001) 

(0001̅) 

(a) (b) 

(d) (c) 
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Fig. 2. Schematic diagrams of (a) glucose with water, (b) ZnO surface with water and (c) ZnO surface with 

glucose and water. 

 

5.3.2 Hydration of glucose 

We carry out simulation of glucose molecules in water alone without any surface. The 

density of water 𝜌𝑤𝑔 (r) around glucose molecules are shown in Fig. 3(a). Here, r is the distance 

between the COM of glucose and the COM of water molecule. The density consists of a peak 

at 0.47 nm with height of 1.357 gm/cc. The density finally saturates to bulk water density (1 

gm/cc) for large enough r. We calculate hydrogen bonds (HBs), nHB
g

, between glucose and 

water molecules. In order to calculate HBs, we consider the following protocol: (a) the distance 

between the donor O and the acceptor O is less or equal to 0.34 nm and (b) the O-H (donor) – 

O (acceptor) angle is less or equal to 1500. We observe that nHB
g

, shown in Fig. 3(b) is 

approximately 4 per glucose molecule. 

 

 

 

 

(a) (b) (c) 
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Fig. 3. (a) Density of water around glucose molecules in absence (𝛒𝐰𝐠(r)) and in presence (𝛒𝐰𝐠
𝐬 (r)) of the 

surfaces. (b) Fluctuations of number of hydrogen bonds (HBs) (𝐧𝐇𝐁
𝐠

, 𝐧𝐇𝐁
𝐬𝐠

) between glucose and water with 

time. The colors in black, red, blue and green represent the results for (𝟏𝟎𝟏̅𝟎), (𝟏𝟏𝟐̅𝟎), (𝟎𝟎𝟎𝟏) and (𝟎𝟎𝟎𝟏̅) 

surfaces. The results in absence of the surfaces are illustrated in cyan. 

 

5.3.3 Hydration of ZnO surfaces 

Now, we consider ZnO surfaces with water only. We show density profile of water 

above the surfaces, illustrated in Fig. 4. The water density profile ρws (Δz) for (101̅0) surface, 

shown in Fig. 4(a), consists of two well defined maxima at 0.12 nm (density of ~ 4.7 gm/cc) 

and 0.4 nm respectively. Water penetration occurs for (112̅0) surface where first peak extends 

to Δz<0 in ρws (Δz) (see Fig. 4(b)). This is due to grooves present in the surface and agrees 

with previous theoretical study.18. The strong density peak of 2.44 gm/cc at 0.178 nm has been 

found for this surface. 𝜌𝑤𝑠 (z) has three well defined maxima at 0.161 nm, 0.42 nm and 0.61 

nm are observed for (0001) surface with maximum density 3.976 gm/cc at 0.161 nm, shown 

in Fig. 4(c). 𝜌𝑤𝑠 (z) in the vicinity of (0001̅) surface (Fig. 4(d)) has two well defined maxima 

at 0.099 nm and 0.356 nm respectively. Thus, each slab has got strong hydration layer. 
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Fig. 4. 𝛒𝐰𝐬(𝚫𝐳) (red), 𝛒𝐰𝐬
𝐠 (𝚫𝐳) (black) and 𝛒𝐆(𝚫𝐳) (cyan) data for (a) (𝟏𝟎𝟏̅𝟎), (b) (𝟏𝟏𝟐̅𝟎), (c) (𝟎𝟎𝟎𝟏) and 

(d) (𝟎𝟎𝟎𝟏̅) surfaces. The data for glucose density are multiplied by a factor of 9. 

 

 We capture the microscopic details of the water arrangement in the hydration layer.  

To facilitate the discussion, we show snapshots of water molecules above the surfaces of 

different slabs in Fig. 5. Three types of orientations of water molecules above the (101̅0) 

surface can be seen in Fig. 5(a): (i) Water molecules where both the H atoms of each water 

molecule face to the surface O atoms, marked in blue solid ellipse; (ii) Water molecules with 

one H atom of each water molecule face to the surface O atoms of the top layer of the surface, 

while the other H face the O atoms in the second layer of the surface, as shown by the blue 

dotted ellipse; (iii) Water molecules where one H atom of each water molecule face to the 

surface O atom, while the other to the solvent, highlighted in yellow solid ellipse. The 
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orientations of most of the water molecules on (112̅0) surface corresponds to the water 

molecules where one H atom of each water molecule face the surface O atom, while the other 

the solvent water molecule (see Fig. 5(b)). There are two types of orientations of water 

molecules found above the (0001) surface. In both the types, one H atom of each water 

molecule faces the surface O atom, and the other faces the solvent above the (0001) surface. 

They are arranged differently, shown in solid blue ellipse and dotted blue ellipse in Fig. 5(c). 

Similarly, two types of orientations of water molecules on (0001̅) surface are observed. Here, 

both types of orientations belong to the water molecules where both H of each water molecule 

face the surface, but their arrangement are different, shown in Fig. 5(d). The orientations of the 

water molecules of the first layer above the different surfaces agrees with the previous 

theoretical results.18 
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Fig. 5. Snapshots of solid-water interface for (a) (𝟏𝟎𝟏̅𝟎), (b) (𝟏𝟏𝟐̅𝟎), (c) (𝟎𝟎𝟎𝟏) and (d) (𝟎𝟎𝟎𝟏̅) surfaces. 

Zn atoms are represented in grey, while O atoms in black. For water molecules, O atoms are illustrated in 

red, and H atoms are in white. The angle between the normal of the surface and the dipole moment of water 

for different orientations of water molecules are also shown. In (c), in addition to the angle between surface 

normal and dipole moment of water, the angle between tangent to the surface and the dipole moment is 

also calculated for different orientations of water molecules, shown in brackets. 
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Fig. 6. Definition of surface vector for (a) (𝟏𝟎𝟏̅𝟎), (b) (𝟏𝟏𝟐̅𝟎), (c) (𝟎𝟎𝟎𝟏) and (d) (𝟎𝟎𝟎𝟏̅) surfaces. 

 

Fig. 7. 𝐇𝐰(𝐂𝐨𝐬𝛉) of the orientations of the first layer 

of water molecules with respect to the surfaces. The 

orientations of water molecules with respect to the 

tangent of the (𝟎𝟎𝟎𝟏) surface is shown in inset. The 

results for (𝟏𝟎𝟏̅𝟎), (𝟏𝟏𝟐̅𝟎), (𝟎𝟎𝟎𝟏) and (𝟎𝟎𝟎𝟏̅) 

surfaces are illustrated in black, red, blue and green 

respectively. 

 

 

 

We quantify the molecular orientation of water molecules by the orientation 

distributions Hw(cosθ) of water molecules in the vicinity of the surface. Here θ is the angle 

between surface normal and the dipole vector of water. The surface normal is defined for 

(101̅0) surface as follows: we consider two bonds, Zn-O1 and Zn-O2, in which a particular Zn 

atom in the top surface forms with two adjacent O atoms, shown in Fig. 6(a). The vectors 

correspond to Zn-O1 and Zn-O2 are A1⃗⃗⃗⃗⃗⃗  and B1⃗⃗⃗⃗⃗⃗  respectively. Now, S1⃗⃗⃗⃗⃗ = A1⃗⃗⃗⃗⃗⃗  ×  B1⃗⃗⃗⃗⃗⃗ . Similarly, 

we construct normals S2⃗⃗⃗⃗⃗, S3⃗⃗⃗⃗⃗ and S4⃗⃗⃗⃗⃗ for (112̅0) (Figs. 6(b)), (0001) (Figs. 6(c)) and (0001̅) 

(Figs. 6(d)) surfaces as well. The orientation profiles Hw(cosθ) are shown in Fig. 7. Water 

molecules show three strong orientations on (101̅0) surface at θ = 61.310, 108.660 and 
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151.640 which are consistent to the orientations marked in Fig. 5(a). The non-polar surface 

(112̅0), shows preferred orientation of water molecules at θ = 900 in agreement to the 

snapshot in Fig. 5(b). The water molecules in the vicinity of the (0001) surface exhibits only 

one strong peak at θ = 900. As both types of orientations of water molecules on this surface 

shows the same angle (θ = 900) with respect to the normal of the surface, we also calculate 

the angle between the tangent of the surface with the water dipole moment. This gives the two 

orientations of water molecules at θ = 00 and 1800, shown in brackets in the snapshot of Fig. 

5(c). The other polar surface (0001̅) shows two maxima at θ = 900 and 136.050 as in the 

snapshot of Fig. 5(d). 

 

The number of hydrogen bonds, 𝑛𝐻𝐵 per surface O atom in absence of glucose for 

different surfaces with simulation time are shown in Fig. 8. It is observed that 𝑛𝐻𝐵 strongly 

depends on the type of the surface. The fluctuations in 𝑛𝐻𝐵 with simulation time are negligible 

for all these surfaces, indicating strong adsorption of the first layer of water to the surfaces. 

The average number of hydrogen bonds per O are 1.68 and 1.39 for (101̅0) and (112̅0) surfaces 

respectively. On (0001) surface, one of the H atoms of each water molecule face the solvent, 

while the other one to the O atom of the surface (see Fig. 5(c)). As a result, 𝑛𝐻𝐵 is 1, shown in 

the figure. The maximum number (𝑛𝐻𝐵 = 2) is observed for (0001̅) surface as for this surface 

both the H atoms of each water molecule are facing the surface and each surface O atom makes 

two HB with two water molecules, shown in Fig. 5(d). 
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Fig. 8. The number of hydrogen bonds (𝒏𝑯𝑩) between the first layer of water molecules and (𝟏𝟎𝟏̅𝟎), (𝟏𝟏𝟐̅𝟎), 

(𝟎𝟎𝟎𝟏) and (𝟎𝟎𝟎𝟏̅) surfaces. The color in black, red, blue and green represent the results for (𝟏𝟎𝟏̅𝟎), 

(𝟏𝟏𝟐̅𝟎), (𝟎𝟎𝟎𝟏) and (𝟎𝟎𝟎𝟏̅) surfaces. 

 

5.3.4 Glucose adsorption to hydrated ZnO surfaces 

Next, we consider the system of ZnO along with water and glucose. The snapshots of 

glucose molecules above different surfaces are shown in Figs. 9(a)-(d). Most of the glucose 

molecules above (101̅0) surface show flat conformations with respect to the surface (Fig. 9(a)). 

One such glucose molecule, having flat conformation is shown by the blue ellipse. For slabs 

with other exposed surfaces, glucose molecules are typically far away from the surface. Only 

few glucose come within 5 Å from the surface. Glucose molecules on (112̅0) surface (Fig. 

9(b)) do not show any specific orientations. The rings of the glucose molecules lie almost 

vertically with respect to the (0001) surface (Fig. 9(c)); one such glucose is marked in blue 

ellipse. For (0001̅) surface (Fig. 9(d)), glucose molecules do not have any preferred 

orientations. 
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Fig. 9. Snapshots of glucose molecules above (a) (𝟏𝟎𝟏̅𝟎), (b) (𝟏𝟏𝟐̅𝟎), (c) (𝟎𝟎𝟎𝟏) and (d) (𝟎𝟎𝟎𝟏̅) surfaces. 

Water molecules are not shown due to clarity. The most probable orientations of glucose molecules are 

highlighted in ellipse for (𝟏𝟎𝟏̅𝟎) surface and in circle for (0001) surface. 

 

Fig. 4 shows water density profile ρws
g

 (Δz) in presence of glucose and glucose density 

profile ρG (Δz). We observe that the positions of the maxima of ρws
g

 (Δz) do not change in 

presence of glucose compared to ρws (Δz). The first peak heights are similar for both ρws
g

 (Δz) 

and ρws (Δz) for all surfaces. However, the other peak heights differ depending on the surface. 

The second peak height in ρws
g

 (Δz) is reduced for (101̅0) surface (Fig. 4(a)). ρG (Δz) appears 

approximately at the same positions (0.425 nm) as the second peak of water. This indicates that 

glucose molecules replace some water from the second layer to approach the surface. For the 

other surfaces, (112̅0) (Fig. 4(b)), (0001) (Fig. 4(c)) and (0001̅) (Fig. 4(d)), ρws
g

 (Δz) are intact 

(a) (b) 

(c) 
(d) 
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compared to ρws (Δz). ρG (Δz) do not have any significant peak in the density profile for these 

surfaces. Thus, glucose molecules are adsorbed on the (101̅0) hydrated surface only. 

The density of water around glucose molecules ρwg
s  (r) in presence of the surfaces are 

shown in Fig. 3(a). All the distributions have similar peak values occurred at 0.47 nm, and then 

saturates to 1 gm/cc. The distributions in absence of surface are similar to those in presence of 

the surfaces. Thus, glucose molecules interact with the surfaces in hydrated conditions. We 

calculate the number of hydrogen bonds between glucose and water molecules, per glucose 

molecule in presence of surfaces with simulation time, shown in Fig. 3(b). It is observed that 

the non-polar surfaces (101̅0) and (112̅0) show similar HB profile compared to the glucose 

free solution, while the average number of HBs for both the polar surfaces are larger compared 

to those for the non-polar surfaces and for glucose free solution. The (0001̅) surface shows the 

highest number of average HB (5.75) per glucose molecule. 

    We calculate further the orientation distributions of glucose HG(cos𝜑)  with respect to ZnO 

surfaces where 𝜑 is the angle between the normal to the plane of the sugar ring and the surface. 

We consider those glucose molecules for which any atom of glucose lies within 5Å from the 

top of the surfaces. We take two bonds of glucose between O atom and two adjacent C atoms 

in the ring, i.e., Og-C1 and Og-C2 bonds, labelled as E⃗⃗⃗ and F⃗⃗ vectors respectively in Fig. 10(a), 

so that the normal to the ring, G⃗⃗⃗ = E⃗⃗⃗ × F⃗⃗. Finally, we calculate the cosine of the angle φ 

between the surface normal (S1⃗⃗⃗⃗⃗, S2⃗⃗⃗⃗⃗, S3⃗⃗⃗⃗⃗ and S4⃗⃗⃗⃗⃗ respectively) and G⃗⃗⃗. The orientation profile of 

the ring of glucose with respect to the surface normal, HG(cos𝜑) is shown in Fig. 10(b). (101̅0) 

surface shows a strong orientation at φ = 28.360, while the other orientations are less 

favourable. This angle represents nearly a flat conformations of glucose with respect to the 

surface in Fig. 9(a). For (112̅0) surface, glucose molecules do not have any preferred 

orientations. (0001) exhibits a strong orientation at φ = 71.340 in agreement to the snapshot 



145 

 

in Fig. 9(c). Glucose molecules on (0001̅) surface do not show any preferred orientations (Fig. 

10(b)). 

 

 

 

 

 

 

Fig. 10. (a) Calculation of the vector normal to the ring of glucose. (b) Orientation distributions, 𝐇𝐠(𝐂𝐨𝐬𝛗) 

of glucose with respect to the different surfaces. The colors in black, red, blue and green represent the 

results for (𝟏𝟎𝟏̅𝟎), (𝟏𝟏𝟐̅𝟎), (𝟎𝟎𝟎𝟏) and (𝟎𝟎𝟎𝟏̅) surfaces respectively. 

 

5.3.5 Potential of mean force (PMF) 

The PMF profile, V(Δzcm) as a function of Δzcm where Δzcm is the separation between 

the centre of mass (COM) of glucose and the mean surface for different surfaces are shown in 

Figs. 11(a)-(d). We observe multiple minima in V(Δzcm) profile, one being global and the others 

the secondary minima. The global minimum in PMF profile for a particular surface corresponds 

to the adsorption free energy of glucose of that particular surface.  

    Two distinct well-defined minima in the PMF profile are observed for (101̅0) surface in Fig. 

11(a). The global minimum occurs at 0.429 nm with adsorption free energy -3.814 kJ/mol and 

a secondary minimum at 0.714 nm with a potential depth -1.114 kJ/mol. The barrier height 

between secondary and the global minima is 0.628 kJ/mol smaller than the room temperature 

thermal energy, 2.479 kJ/mol. So, when a glucose molecule approaches the surface, it enters 

the secondary minimum, but easily escape from the secondary minimum, and enter the global 
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minimum. Inside the global minimum, glucose is trapped and unable to escape from the global 

minimum since the barrier height (4.6 kJ/mol) has now surpassed that of room temperature 

energy. The value of Δzcm, corresponding to the binding energy value agrees with the position 

(0.425 nm) of the peak where maximum density of glucose occurs (See Fig. 4(a)). 

 

  

Fig. 11. Potential of mean force (PMF) profiles for glucose adsorption on (a) (𝟏𝟎𝟏̅𝟎), (b) (𝟏𝟏𝟐̅𝟎), (c) (𝟎𝟎𝟎𝟏) 

and (d) (𝟎𝟎𝟎𝟏̅) surfaces respectively. 

 

The (112̅0) surface shows a global minimum at 0.714 nm with adsorption free energy 

value of -1.2 kJ/mol, shown in Fig. 11(b). The secondary minima occur at 0.554 nm and 0.624 
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nm with potential depths -0.504 kJ/mol and -0.704 kJ/mol respectively. The barrier height 

between any two minima is smaller than the room temperature energy. So, glucose can make a 

transition between any two minima. As a result, the adsorption of glucose on this surface is 

weak. 

The polar surface (0001) shows global minimum at 0.544 nm with adsorption free 

energy -2.406 kJ/mol, shown in Fig. 11(c). The other two secondary minima for this surface 

occur at 0.717 nm and 0.769 nm with same potential depths -1.706 kJ/mol separated by a 

negligible barrier height. Hence, the barrier height between any of the two secondary minima 

and the global minimum is -1.706 kJ/mol which is smaller than the room temperature energy. 

So, glucose can easily make transitions to among the minima. As a result, there is no strong 

adsorption. 

For (0001̅) surface, there are two minima occur at 0.45 nm and 0.728 nm with similar 

well depth separated by a large barrier of 4.8 kJ/mol, shown in Fig. 11(d). The adsorption free 

energy value is -1.49 kJ/mol occurred at 0.45 nm. The potential depth of the other minimum, 

occurred at 0.728 nm is -1.39 kJ/mol. Hence, once the glucose molecule enters the secondary 

minimum, the transition between secondary to the global minima under room temperature is 

energetically unlikely. 

The largest adsorption free energy found for (101̅0) surface, happens due to two 

reasons: 1) glucose molecules come closer to this surface than they are to all other surfaces that 

increases the electrostatic interactions with the surface and 2) flat conformations of the glucose 

with respect to the surface, as we have already seen in the orientation profile of glucose on this 

surface (see Fig. 9(b)). When glucose is flat, it is more likely to have higher adsorption due to 

more contacts of glucose molecules with the water molecules that form bridges with the 

surface. 
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As (112̅0) surface is rough and the water molecules have many orientations above this 

surface, glucose molecules are further away from this surface. But, for the (0001) surface, as 

the H atoms of each water molecule face the solvent, these H atoms form an almost frozen grid 

of positive partial charges (see Fig. 5(c)). So, the water molecules in the second layer are adjust 

in the way that the O atoms of each water molecule face the H atoms of the first layer. Hence, 

the second layer of water molecules for this surface is less mobile compared to those in the 

(101̅0) surface. So, glucose molecules cannot penetrate even the second layer. Similar scenario 

holds for (0001̅) surface, where both H atoms of each water molecule face the surface, while 

O atom to the solvent (see Fig. 5(d)). So, O atoms form a grid of partial negative charges, and 

the second layer of water molecules are adjusted in the way that H atoms of water molecules 

face the O atoms of the first layer. This makes the second layer less mobile. Hence, the breaking 

of the second layer by glucose molecules is unlikely. 

The MD simulations results suggest that (101̅0) surface has the largest adsorption free 

energy. As the water molecules form bridge between glucose molecules and the surface, we 

investigate the role of water molecules which form the bridge by quantum mechanical 

calculations in the framework of DFT. We choose two systems from the MD simulation 

trajectory with two different orientations of glucose molecules (system A, φ = 51.080 and 

system B, φ = 36.400), where both the orientations belong to the peak in the orientation profile 

of glucose with respect to the surface (see Fig. 10(b)). The systems are shown in Figs. 12(a) 

and (b). We perform single point calculations for both the systems. 
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Fig. 12. QM structures, showing interactions between glucose and the surface via water molecules for (a) 

𝛉 = 𝟓𝟏. 𝟎𝟖𝟎 and (b) 𝛉 = 𝟑𝟔. 𝟒𝟎𝟎. 

 

The adsorption energy of glucose on hydrated ZnO surface is calculated by the 

following formula, 

𝐸𝑎𝑑 = 𝐸𝑠𝑢𝑟𝑓−𝑔𝑙𝑢−𝑤𝑎𝑡 − 𝐸𝑠𝑢𝑟𝑓 − 𝐸𝑔𝑙𝑢 − 𝐸𝑤𝑎𝑡, 

where 𝐸𝑠𝑢𝑟𝑓−𝑔𝑙𝑢−𝑤𝑎𝑡 is the total energy of the system containing ZnO surface, glucose and 

water, 𝐸𝑠𝑢𝑟𝑓 is the total energy of the ZnO surface, 𝐸𝑔𝑙𝑢 is the total energy of a single glucose 

molecule and 𝐸𝑤𝑎𝑡 is the total energy of a single water molecule. The adsorption energies of 

system A and system B are calculated to be -29.332 kJ/mol and -37.822 kJ/mol respectively. 

In system A, a charge of 0.02 e is transferred from water molecules to the glucose, while 0.04 

e charge is transferred to the (101̅0) surface from water molecules. This suggests that the water 

molecules help the glucose stabilize above the surface. However, the charge transfer is just too 

small to qualify for chemisorption. 

 

 

(a) (b) θ = 51.080 θ = 36.400 

A 
B 
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5.4 Conclusions 

    We have investigated adsorption of glucose molecules to different surfaces of ZnO in 

aqueous solutions by means of MD simulations, coupled with umbrella sampling.  The strong 

hydration layer on the surfaces hinders closer approach of the glucose molecules to the 

surfaces. However, considerable adsorption free energy of glucose on (101̅0) surface indicates 

strong surface adhesion on the surface compared to the other surfaces. Hence, (101̅0) surface 

is most preferable for adhesion of glucose in aqueous solution that may be useful in designing 

non-enzymatic glucose biosensors. 

 

5.5 Appendix A 

Details of the quantum mechanical calculations 

A.1 PBE (Perdew-Burke-Ernzerhof) functional 

To approximate the exchange-correlation energy, many different functionals are 

available. The details about the approximations to the exchange-correlation energy is already 

discussed in Appendix I of Chapter 4. Here, we have used PBE functional to approximate the 

exchange-correlation energy. PBE belongs to a class of GGA functional where no fitting 

parameters are used. 

A.2 Pseudopotential 

As the core and valence electrons’ wavefunctions are orthogonal to each other, valence 

electrons show rapid oscillations near the core region. The size of the basis set would make it 

difficult to describe such functions using plane waves. One way to solve this issue is to use 

pseudopotentials. Pseudopotential is an approximation where the complicated effects of the 

motion of the core is replaced by an effective potential or pseudopotential. So, in this approach, 



151 

 

the core electrons are considered to be frozen, while the valence electrons are described 

explicitly. Projector augmented wave (PAW) method is a combination of pseudopotential and 

linear augmented-plane-wave (LAPW) method. This increases the computing efficiency of 

density functional theory calculations. LAPW method considers both valence and core 

electrons explicitly in DFT calculations, and it treats the full potential and charge density 

without any shape approximation. 

A.2 Vienna Ab initio Simulation Package (VASP) code 

The Vienna Ab initio Simulation Package (VASP) is a computer program that uses 

first-principles calculations for atomic scale materials modelling (e.g., electronic structure 

calculations). VASP uses density functional theory (DFT) or the Hartree-Fock (HF) 

approximation to construct an approximate solution to the many-body Schrödinger equation. 

5.6 Appendix B   

Details of the MD simulations 

B.1 Umbrella sampling 

For complex chemical and biological systems, Boltzmann sampling does not allow for 

proper exploration of phase space due to the fact that different volumes of phase space are 

separated by high energy barriers and the transitions between these volumes are very unlikely. 

To overcome the sampling problem, many techniques have been developed. 'Umbrella 

sampling or biased molecular dynamics' is one of the most used sampling methods for 

calculating free energy differences along a reaction coordinate. A reaction coordinate is a 

coordinate which represents the path or progress of a reaction. In umbrella sampling the 

reaction coordinate is divided into a number of windows. A target reaction coordinate is 

assigned to each window. The system is subjected to a bias potential Vi(ξ), which is only a 
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function of the reaction coordinate, in each window. So, the biased energy of the system can 

be written as, 

Ui
b(𝐫) = Ui(𝐫) + Vi(ξ)                (1) 

However, the unbiased probability distribution is necessary to construct a free energy landscape 

along a reaction coordinate. The unbiased probability distributions (Pi
u(ξ)) can be written as, 

Pi
u(ξ) =

∫ exp [−βUi(𝐫)]δ(ξ − ξi)d𝐫]

∫ exp [−βUi(𝐫)]d𝐫]
 

Whereas, the biased probability distributions along the reaction coordinate, Pi
b(ξ) is given by 

Pi
b(ξ) =

∫ exp [−βUi(𝐫) + 𝑉i(ξ)]δ(ξ − ξi)d𝐫]

∫ exp [−βUi(𝐫) + Vi(ξ)]d𝐫]
 

therefore,  

Pi
b(ξ) = exp (−β𝑉𝑖(ξ)) 

∫ exp [−βUi(𝐫)]δ(ξ − ξi)d𝐫]

∫ exp [−βUi(𝐫) + Vi(ξ)]d𝐫]
 

Equation 4 can be written in terms of equation 2 as follows, 

Pi
u(ξ) = Pi

b(ξ) exp [βVi(ξ)]〈exp [−βVi(ξ)]〉 

So, the free energy can be obtained easily as follows, 

Ai(ξ) = −
1

𝛽
ln (Pi

b(ξ)) −Vi(ξ) + Fi 

where, Fi = −
1

𝛽
ln (〈exp [−βVi(ξ)]〉) depends on bias potential and is undetermined. 

To obtain a global free energy curve, the free energy curves of each window are combined. 

Therefore, it is necessary to calculate Fi. The Weighted Histogram Analysis Method (WHAM), 

discussed in the next section, is a special technique for calculating potentials of mean force 

(PMFs) from a set of umbrella sampling simulations. 

(2) 

(3) 

(4) 

(5) 

(6) 
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B.2 Weighted histogram analysis method (WHAM) 

WHAM is used to obtain an unbiased probability distribution from biased probability 

distributions generated by umbrella sampling. A weighted average of the distributions of the 

individual windows yields the global distribution. The unbiased probability distribution is 

given by, 

Pu(𝜉) = ∑ 𝑤𝑖(𝜉)𝑃𝑖
𝑢(𝜉)

𝑁

𝑖=1

 

So, for a one dimensional reaction coordinate the WHAM equations are given by  

Pu(𝜉) =
∑ ni

N
i Pi

b(ξ)

∑ njexp [−β(Vj(ξ) − Fj)]N
j

 

and      exp[−βFj] = ∫ exp [−βVj(ξ)]Pu(ξ)dξ 

where ni is the total number of data points in ith histogram. 

To obtain an unbiased probability distribution, equations 8 and 9 are solved iteratively until the 

convergence is reached. 

 

 

 

 

 

 

(7) 

(8) 

(9) 
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