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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 expresampdedign,

sensors and detection of diseases.

We consider an important class of biomolecular complexes, namely, restriction
endonucleases (REDNA. REs protect bacterial cells against bacteriophage infection by
cleaving the viral DNA into fragments. Tldeavage of a specific DNA strand by the REs
occurs in presence of M but not in presence of €aalthough the proteins bind to DNA in
presence of both metal ions. In order to understand the metal ion specificity in ECORV, we
compare the fluctuationsf microscopic degrees of freedom, like DNA base pair step
parameters and dihedral angles of protein residues usiatpail Molecular Dynamics (MD)
trajectories of the complexes. We calculate the changes in free energy and entropy due to
differences in coformations of the biomolecules in Mfgion bound ECoRVWDNA (Mg?*-
EcoRV-DNA) complex compared to those in Toéound ECORVDNA (Ca*-EcoRV-DNA)
complex. We find that the base pairs in the cleavage region are disordered-EcGR\V-

DNA compared to M§f-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, EcCORDNA, Mg?-EcoRFDNA, Ca&'-EcoRFDNA and Mg'-EcoRFMtDNA
where the secual base pair in the recognition sequence irf'MiIzoRFDNA is mutated. We

observe that the M§-EcoRFDNA complex shows the maximum conformational stability and



order in the cleavage region compared to the free components among all the complexes. The
numbe 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 #+BégRFDNA and muated
complexes compared to those of the other complexes. Hence, the HB network in the scissile
phosphate group is less strong in #gcoRFDNA and mutated complexes. This indicates

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

these complexes compared to the other complexes. Among these two complexes, however, the
conformational stability is higher in the ¥fgEcoRFDNA than Mg*-EcoRFMtDNA. Thus,

Mg?*-EcoRFDNA is having the maximum efficiency in cleavaagtivity.

Next, we consider a couple of nahim 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, ADRMP are
important to understand how the metal oxide nanoparticles affect the cellular energy transfer
reactions. We establish chelation of the metal oxide surface involvin@ Band through
ZnONPA phosphate CT and 2N bond via adenind ZnONP CT and dditional GH---O
nonclassical bonds with ZnO namtuster with phosphate groups in all the ndim
complexes. DFIbased Raman spectra strongly support the presence of these bonds in these

nancbhio complexes.

ZnO is extensively used in n@mzymatic gluose biosensors for the detection of
glucose concentrations in human blood. To understand the binding mechanism of glucose with
four common surfaces,p prt, p @m, (0001) and Tt tpT respectively of ZnO, and
examining the most preferable surface for glecadsorption in aqueous solution, we carry out
molecular dynamics (MD) simulations enhanced by umbrella samphiegobserve that the

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



the surfaces. The glucose déynss maximum near the surface g prt compared to the
other surfaces. Potential of mean force (PMF) calculations show that glucose molecules on
p pmnt surface shows strongest adsorption free energy. Thus, the interactions between glucose

and the surfaseare observed to be highly specific to the surface.



Table of Contents

CHAPTER 1 Introduction

1.1 List of publications

1.2 References

CHAPTER 2 Specificity of metal iooofactor in DNA cleavage by EcoRV

2.1 Introduction

2.2 Materials and methods

2.2.1 System preparations

2.2.2Molecular dynamics (@) simulations

2.2.3DNA base paistep parameters

2.2.4 Conformational thermodynamics

2.2 5ldentification of interfacial interactions

2.3 Results and discussion

2.3.1 Conformational stability and order of the complexes

2.3.2Specificity of metal ion

2.4 Conclusios

2.5 Appendix A Details of the methods

A.1 Molecular dynamics simulations

A.2 Forcefield for MD simulation

A.3 Longrange interactions

31

13

16

16

17

17

18

19

20

25

41

55

55

56

57



2.6 References 58

CHAPTER 3Cofactor and sequence sensitivity in DNA cleavage by EcoRIl 65

3.1 Introduction 65
3.2 Materials and rathods 67
3.2.1System preparations 67
3.2.2Molecular dynamic¢MD) simulations 67
3.2.3Steered molecular dynamics (SMD) simulations 68
3.2.4 Calculations of DNAase paistep parameters and 68
Conformationdthermodynamics
3.2.5 Calculations of densiprofile 68
3.2.6 Displacements of nucleotides 69
3.3 Results 69
3.3.1Microscopic fluctuations of conformational variables 71
3.3.2 Metal ion selectivity 74
3.3.3 Sequence selectivity 77
3.3.4Hydration levels 78
3.3.5SMD results 81
3.4Conclusions 86
3.5 References 87



CHAPTER 4Quantum chemical studies on interactions of ZnO nanopartigtl cellular

energy carrier molecules, ATP, ADP and AMP 89
4.1 Introduction 89
4.2 Computational details 91
4.3 Results 92

4.3.1Bonding Nature in Ground State 92
4.3.2Important molecular orbitals (MO) of the Complexes 97
4.3.3 HOMOLUMO energy gap andhargetransfer (CT) 103
4.3.4 Changes in Raman frequencies 106
4.4 Discussion 113
4.5 Conclusions 114
4.6 Appendix ADetails of the methods 114
A.1 Introduction 114
A.2 Many-body problem 115
A.3 Density functional theory 115
A.3.1 Exchangecorrelation energy approximations 116
A.3.1.1 Localdensity approximation (LDA) 116

A.3.1.2 Generalized gradieapproximation (GGA) 117

A.4 Basis sets 117

A.5 Natural bond orbital (NBO) analysis 119



A.6. Gaussian 16 code

4.7 References

CHAPTER 5Surface specific adsorption of glucose to ZnO

5.1 Introduction

5.2 Methods

5.2.1Quantum mechanical (QM) calculations

5.2.2 Molecular dynamics (MD) simulations

5.2.3 Calculations of density

5.2.4 Calculations gbotential of mean force (PMF)

5.3 Results

5.3.10ptimized structures of the slabs

5.3.2 Hydration of glucose

5.3.3 Hydration of ZnO surfaces

5.3.4 Glucose adsorption to hydrated ZnO surfaces

5.3.5 Potential of mean force (PMF)

5.4 Conclusions

5.5 Appendix ADetails of the quantum mechanical calculations

A.1 PBE (PerdewBurke-Ernzerhof) functional

A.2 Pseudopotential

A.3 ViennaAb initio Simulation Package (VASRpde

119

120

127

127

128

128

130

131

132

132

132

135

136

142

145

150

150

150

150

151



5.6 Appendix BDetails of the MD simulations

B.1 Umbrella sampling

B.2 Weighted histogram analysis method (WHAM)

5.7 References

151

151

153

14



CHAPTER 1

Introduction

Studying biomolecular complexes is important for their applications in biomedical
science and biotechnological aré®sBiomolecular 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 Haiooconjugates. Complexes between
biomolecules such as protein ihucleic 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 &’f@mn.the other hand,
the naw-bio conjugates attracts a great deal of attention due to their applications in biosensors,

detection of diseases ét¢°

The complexes of proteins with nucleic acids such as restriction enzyroksc acids
are responsible for performing many cellufanctions! 1112 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 infétfoREs occur
ubiquitously in bacteriaarchaea and in viruses of certain unicellular algae. The host DNA is
protected by a modification enzyme that methydtee host DNA in order to block the
cleavage by REs. REs are categorized into four types, type I, Il, Il and IV, depending on their
subwit composition, cofactor requirement and mode of actioifype Il REs are
extraordinarily important for their applications in gene cloning and gene analysis. Type Il REs
have been studied in great detail. Furthermore, they are outstanding model sysstnaying
highly specific proteirDNA interactions and structwfenction relationships. Type Il REs are
homodimers that recognize a palindromic sequenceBdidse pairs in length. They cleave the

two strands of the DNA in presence of g



Biomolecuks 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'#t&a$e chemical
compositon, surface functionalization, shape and angle of curvature, porosity, and surface
crystallinity of nanomaterials all play a significant role in the conjugation of nanoparticles and
biomoleculeg®2°The primary important factors at the naio interfa@ are the nanoparticle
surface, the soliiquid interface and the contact zone of the sbfdid interface with
biomolecules. Water plays a critical role when considering the interactions of inorganic
materials with biomolecules. So, understanding taeciio interface requires a thorough

investigation of the soliiquid interface.

In this thesis, we consider a couple of DIR&striction enzyme complexes. EcCoRV is
one of the type Il REs that binds to GATATC sequence of DNA both in presence’ bl
Cat*.122L22However, EcoRV cleaves DNA at the central base pair (TA) only in presence of
Mg?* but not in presence of &z%2° 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 iconformational 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, Md" and C&*, using the equilibrated trajectories ofalbm Molecular Dynamics
(MD) simulations (as detailed in Appendix | 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 estimatmntbenational free
energy changes from the Boltzmann weight and the entropy changes from Gibbs formula by

comparing the distributions in two states.



We observe that the base pair steps in the recognition region are all destabilized and
disordered in C4 loaded ECORVDNA (C&*-EcoRV-DNA) complex compared to those in
Mg?* loaded ECORVDNA (Mg?*-EcoRV-DNA) complex. The cleavage base pair step gets
maximum disordered in presence ofC#ne of the catalytically active residues ASP90 also
gets destabilized andisordered in C&EcoRV-DNA. The distance fluctuations between CG
atoms of two catalytically active residues, ASP74 and ASP90 reveals that these two residues
come closer in Ga-EcoRV-DNA compared to those in MGECoRV-DNA, leading to larger
electrostéic repulsion between these two residues in presence’af & he cleavage region
gets stabilized and ordered and the metal iostablein the neighbourhood of the scissile
phosphate group in MGEcoRV-DNA complex compared to EaEcoRV-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 Il BE, EcoRl, recognize&AATTC sequence and cuts the DNA between
G and A in presence of My Like EcoRV, the metal ion specificity of DNA cleavage is
unknown for EcoRI also. Watgslays a cruciakole in DNA recognition and cleavage by
EcoRV. According to ta experiment, when EcoRI binds to the cognate sequence (GAATTC),
it releases 70 fewer water molecules than when it binds to a noncognate sequence (TRATTC).
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 clé8vdge,

microscopic understanding is still elusive.

Here, we consider four systems, EcdRA, Mg?*-EcoRFDNA, Ca&*-EcoRFDNA
and Mg*-EcoRFmtDNA respectively. M&-EcoRFmtDNA is the complex where we mutate
the second base pair (A:T) in the recognition region by (G:C) ifff8goRFDNA complex.
We also consider their free components such as EcoRy'-BtmpRI, C&*-EcoRl and free

3



DNA respectively. Our calculation is divided antwo 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 sensitivityst, we calculate the conformational free
energy and entropy chargyef the baspair 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 %fidngas in the case of
EcoRV. Inorder 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 DiAhe recognitiomegion. We observe #b

f is minimum for the cleavage phosphatmpared to albther phosphate groups in all the
complexesAt the cleavage phosphate grofips minimum in wth Mg?*-EcoRFDNA and
Mg?*-EcoRFMtDNA complexesompared to the other complexes. This indicates that the HB
network is less strong around the phosphate grotigese complexes and more available for
nucleophilic attack for cleavagdowever, more fluctuationsithe protein active sites in Mg

EcoRFMtDNA makes it unfavourbale for cleavage compared t6"NEgoRFDNA.

We study a couple of nadmo complexes. ZnO nanoparticles are fukean
biotechnological applicatiof%®? as it is less toxic, biocompatible and biosafe. It is important
to understand ¢w 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 hydrolysté34 Hydrolysis of ATP forms ADP, and further hydrolysis produce
AMP3>3%_ During these hydrolysis processes, energy is released that fuel the other cellular
processesS>>37 We perform quantum chemical calculations based on DFT on ahiano
conjugate between the 72012 cluster (ZnONP) and ATP, ADP and AMIR.such calcudtions
the ground state of the system is obtained by variationally minimizing the ground state energy

of a fully interacting mamglectron system with respect to the electron density, given by the



squared modulus of the ground state wave function anahtdaction between the electrons
modelled via correlation terrifs The hybrid functional B3LY® is a standard method far
good compromise between computational cost, coverage, and accuracy of Vésutsow
from our quantum chemical calculations, tixésgence of a ZfN(adenine) bond and multiple
Zn-O(phosphate) bonds in the Di6ptimized geometries. In all three nalmio complexes,
phosphate groups form additionatHB--O nonclassical bonds with the ZnO nanluster.
Natural population analyses and ieSham MOs suggest that the adenine moiety forms a
coordinate covalent bond (%) with ZnO cluster through adenifg ZnO charge transfer
(CT), while phosphate groups from coordinate covalent bondsOjZthrough ZnOA
phosphate CT in all naAgio complexs, leading to better stability of biomolecdleO

complex with increasing of number of phosphate groups.

We also examine the interactions between glucose molecules and ZnO crystal surfaces.
An abnormal level ofglucose in bloodcan lead to many diseaseascluding diabetes,
cardiovascular diseases, metabolic syndrome to name #4&Whus, it is important to
develop sensitive and reliable glucdsesensorsn order to detect glucose in human blood.
Glucose biosensors are mainly enzymatic. Due to disaagas|ike high cost for purification
and fabrication, intrinsic instability and complicated immobilization procedure of eazyme
based glucose biosensors, it is desirable to develop enzyme free glucose bioSersors.
design depends on understanding imeraction between glucose and the common ZnO
surfaces, likep part, p @, (0001) and 1 TtEt. We carry out molecular dynamics (MD)
simulations enhanced by umbrella sampling to study glucose adsorption on four different
surfaces in aqueous solutions. Thelrated 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 p mrmt compared to the other surfaces. Potential of mean force (PMF) calculations

also shows tht p pmt surface has the strongest adsorption free energy.



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 conformationahriables may be useful to understand other Epi¥étein
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 naparticles affect the cellular energy transfer reactions. Our study on
nancebio complexes can also be applied to understand the microscopic interactions atthe nano

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

The tesis 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-BBRA
complexes to understand the specific recognition and cleavage of DNA by EcoRI is discussed
in Chapter 3. Chelations of ZnO nanopatrticles by energy carrier biomolecules, ATP, ADP and
AMP are reported in Chapter 4. The surface specific interactions of gluattsZnO surfaces

are discussed in Chapter 5.
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CHAPTER 2

Specificity of Metal Ion Cofactor in DNA Cleavage byEcoRV

2.1 Introduction

Restriction endonucleases (RE) catalysecleavage of DNAThese enzymes are not only
important to protect bacterial cells from invasion by viral DNAbut also widely used as
genetic toold$:®> The REsrequire metal ions as cofactor for their activitibky?>* being the
natural cofactors for majority of enzymes, like Ec6MEcoRI’, EcoRV"1°, SepMI®1L Ehol
10.11tg name only a fewAlthough REs can bind to othernvdilent metal ions, the protein has
specific binding'* to DNA in presence of botB&* and Mg*. However, gel shift experiments
show that the REs do not show DNA cleavage in presence?firfCaontrastto Mg?*.113
Numerous studies have been performed to understand role’d6Mgatural cofactofl1417
But the microscopic origin of the specificity of metal ion cofactoPMis-a-vis Ca*in DNA

cleavage is unknowtf 2°

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

Il and IV, depending on their structure, recognition site, cleavage sité @ter 3000 type

Il restriction endonucleases have been identified, having more than #6ferdi DNA
sequence specificiti€sType || REs recognize-8 base pair long DNA sequent&he best
characterized RE is EcoRYV, a type Il restriction endonuclease from EschericRicEoalRY
specifically binds to recognition sequence GATATC in DAresence of Mg and C&*. It
cleaves at the central mapair step (TAAT) only in presence of Mg.?? Crystal structures of
EcoRV and DNA complexes witlwo protein subunits in presencelmith Mg* 22 and C&*

24 have been reporte@hese structuragveal 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 Mgon bound complex, both the metal ions are present in the same
subunit, wiere one of the ions directly interacts with DNA backbone. In case?sf @a ions

are symmetrically located on both the subunits, enabling both to directly interact with the DNA
backbone. The acidic amino as@spartic acid, ASP74 and ASP90 holdingtietal ion and

basic amino acid lysine, LYS92 of EcoRYV lie in the vicinity of cleavage site. These residues
are important in cleavage process as shown by several experifdéhtaid earlier theoretical
studies®® Despite similarity in binding residue type, DNA cleaving takes place in presénce o
Mg?*andnot in presence of €4 A recent experimental study on ECOPDNA complex shows

that the speed of the enzymatic reaction can be modulated by mechanically stressing the DNA
substraté® The bent DNA conformations in the crystal structures ingsres of both Mg

and C&", rule out that the overall DNA conformations account for the specificity of cofactor
Mg?* vis-a-vis Ca*.1820 This, towever, does not rule out the possibility of sensitivity of
fluctuations of microscopic conformational variaBlgse the type and locations of the metal
ions. The microscopic conformational variables are thigedral antgs in protein and the
relative displacements and orientations of the base pagist€INA. Our primary objective

here is toexplore if thér fluctuations can yield physical insight to cofactor sensitivity of the

REs

Fluctuations of microscopiconformational variablesf a macromoleculean be captured
from in-silico molecular simulation® If the simulated trajectory is sufficiently long, the
distribution of fluctuations of a conformational degree of freedom can be taken as a marginal
probability distributon of the given degree of freedom in the background of all other
fluctuating conformational variablesccounting 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 conformatidineé energy using the Boltzmann weight and
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entropy from the Gibboés formula, c&thphsring
constitutes a mean field descripttonf thermodynamics of macromolecular conformatién.

the correlations between the microscopic conformational variables of the binding partners in a
bio-molecular complex are small, one can take the conforméatoamdributions 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 ¢z simulated in separate simulation boxes in

a given ensemble to obtain the conformational contribution to thermodynamics. Such
estimate®>* agree to e conformational coribution to entropy in protein complexes,
extracted from NMR experimerfsand give useful information on stability of protein
complexed’ and protein functior’§ 41. Here we extend the thermodynami@bysis based on

conformational variables to DNArotein complex.

We denote the complexes as followdg?"(A)-EcoRV-DNA denoting complex with
asymmetrically locatetg?* ions, andCa*(S}EcoRV-DNA that with symmetrically located
Ca*ions as in therystal structures. Weompute conformational thermodynamics data of the
cognate DNA base pairs and protein residuéisesecomplexes using long aditom molecular
dynamics (MD) simulation trajectorie#/e 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 molecule®/e focus on the cleavage regioWe observe tht both
Mg?*(A)-EcoRV-DNA and C&*(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 @e?*(S}-EcoR\V-DNA complex compared thMg?*(A)-ECoRV-

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

Ca&*(S}ECORV-DNA in contrast to that irMg?*(A)-EcCoRV-DNA. We also study model

15
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systems, namelyig?*(S)-EcoRV-DNA by replacingCa* by Mg?* andCa*(A)-EcoRV-DNA

by replacingMg?* by C&*. Such replacement of the metal iokesids to conformational
destabilizatiorthat hinder to stabilize the metal ion in proximity to the phosphate group at the
cleavage pointSuch differencei conformational fluctuationigad to differences of Mgand

Ca&" in the role of cofactor for catalytic activity of ECORV on substrate DNA.
2.2 Materials and methods

2.2.1System preparations

The initial structures for atitom MD simulations (See Methods for details) are tdk@n
PDB files with cognate DNA bound to EcoRYV in presence of Mig?*(A)-ECORV-DNA,
pdb id: 1IRVB*and C&" (Ca*(SrEcoRV-DNA, pdb id: 1B93%4. The sequence of DNA base
in the c¢rystdAAAGATATCTTC3 & ri8rd i Han Bné thé complementary
sequence as per the Watgorick base pairé?i n-5%6 di recti on. EcoRV i
dimer of two identical chains, A and B, each chain having 244 resiflbesrystal structure
showsMg?*ions in the vicinity otleavage pointRin3® 6 di rection. A sharp
angle of 58 hasbeen found at the centre (TA) base pair when the cognate DNA is bound to
EcoRV, while that of normal BNA is about 1.8% The initial structure of free DNA,
containing the recognition sequence (GATATC), is made using nucgen scftWaeecrystal
structure of Mg* bound EcoRYMg?*-EcoRYV is not available. We take Ffgoordinates from
the crystal structure of MgA)-EcoRV-DNA complex and copy these coordinates into the
crystal structure of free EcoRV (pdb id 1RAR and take the resulting structure as the initial
structure. We make €abound EcoRV in the same way as we madé‘Ngund EcoRV, since
the crystal structure of EaEcoRV is not availableWe have also simulated model systems

where we replace Mg ions by C&' ions in Mg*(A)-EcoRV-DNA complex, labelled as
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Ca&*(A)-EcoRV-DNA complex. Similarly, we replace €aions by Mdg* ions in C&"(S)

EcoRV-DNA complex to form Mg*(S)-EcoRV-DNA.
2.2.2Molecular dynamics (D) simulations

We use Amberff14SE force field for protein and the Amberffo9bgéeorce field for
DNA. The details of the method is described in Agper of this chapterWe prepae the
systemsusing the standard protocol of the AmberTool¥ packageThe systersaresolvated
in acubicwater box, containing TIP3P water molecules in such a way thataieea¢ least 15
A thick layers of water molecules around the saltfhe periodic boundary conditions are
imposed in all directionBy adding the required number of sodium {Nand chloride (C)
ions, the system is neutralizeBubsequently then the system is energy minimized using both
steepest descéfitand conjugate gradiéfitalgorithms. Particle mesh Ewald summation
methodis usedfor long ranged electrostatic interaction with 1 A grid spacing arld 10
convergence criterioriThe LennardJones andhe shortrangel electrostatic interactions are

truncated at 10 A.

Starting with the energy minimed structure, MD simulations aocarried outusing
NAMD program® at 310 K and 1 atmospheric pressure in an isothéisodlaric (NPT)
ensembleThe temperature is maintained bging Langevin hermostat, and the pressure is
controlledwith a NoséHoover Langevin pistonThe SHAKE constraints are applied to all
bonds involving hydrogen atomall calculationsare done using a simulation time stepl

fs.
2.2.3DNA base pairstep parameters

Thereare six DNA baseair step parameters, where three are rotational parameters (tilt
(0), rol | ()), and twist(y)) and other three

and rise (Dz)). Shift is defined as the displacement about an axidiaséeair 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 dke rotation of the base pairs around shift, slide, and rise axes.

The DNA basgoair step parameters are calculated using the formulae:
U -&£ Qd 8d),
y i=0d av),
r GEI[O d).@ )
Dx=0.(@+0 )W &S
Dy=0.(®@+®)/®w &S and
Dz=0.d

The coordinate frame consists of base pair (BP) short axipdinting towards the major
groove, BP long axisi) directed along the line joining C8 (of purine) and C6 (of pyrimidine)
in the BP, and the meaf the normal of the bases in the B.(Here 1 and 2 denote two
successive base pair planesis vector joining the BP centers of two consecutive base pairs.

«J is defined in the following formula,

2.2.4 Conformational thermodynamics

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

conformational thermodynamics is reportédhe normalized probability distribution of any

conformational variable d in frde [sa@tes al
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( | respectively. The change in free energy of any dihefiralof t he bound

compared to free state is defined as,
3 [ =1 keTIn(C s [ 7C &[)

where O6max06 represents t heeprpsensskhe pradinuesidue.f t h

The change in conformational entropy of a gi
33 [ =T ke[x( J 114 [ -xi(s T 1 UR T1

Here the sum is taken over hlstogram bins | corresponds to the bapair step parameter
for DNA and dihedral angle for the proteifhe dihedral distributions are calculated using in

house program
2.2 5ldentification of interfacial interactions

We calculate interactionbetween EcoRV and DNA atoms in the protBNA
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 A distarithis computation is done on the

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

The interactions are characterized by distance and angle ctit€ha.hydrogen bonds
are talen when the distance between donor (D) and acceptor (A) is less or equahtaril4
the angle (BH-A) cut off is 160. For salt bridg€SB)interactionsthe distance betweemyof
the nitrogen atoms of basic residaesl any of the oxygen atomspifosphate group are within
3.4 A and the cut off angle is same as in HB interactiomic species belonging to the DNA
and the protein at the interface are considered for electrostatic interathercalculations of
hydrogen bond, electrostatics andt $aidge interactions are done using Discovery studio

software?!
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2.3 Resultsand discussion

The force field parameters fdg?* and C&" are shown irTable 1 Thetotal 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 Mg* and Ca* ions.

Metal ion Rmin (A) (= 2160 ) U (kc!l mol
|\/|g2+ 0.7926 0.8947
ca* 1.7131 0.4538

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 th Total number of atoms
box
Mg®*(A)-EcoRV-DNA | 52164 165374
C&*(S)EcoRV-DNA 52164 165374
Mg?*-EcoRV 52404 165374
Ca*-EcoRV 52404 165374
Ca*(A)-EcoRV-DNA 52164 165374
Mg®*(SyEcCORV-DNA | 52164 165374
Free DNA 54885 165375

The numbering of phosphate, sugar and bases is shokg.ih. The DNA contains
the cognate sequence, consistings@fCoo, As:T19, Te:A1g, A7:T17, Te:A1s and G:Gis, shown
in the figure by the box in dotted line. The cleavage occurs ahd® Rgbetween §:A1s and
A7:T17 basepairs, represented by arrows in both stralds.have carried out total simulation
for 1gs f orMg?t(A)-EcoRs-DNA, EaFi(S).EcCoRV-DNA, Mg?"(A)-EcoRV,
Ca&*(SyEcoRV and free DNA respectivelyror the other two model systemdg?*(S)
EcoRV-DNA and C&*(A)-EcoRV-DNA, shorter simulations (250 ns) are carried @t root
mean square deviatiofisr free DNA Fig. 2(a), Mg?*-EcoRV (Fig. 2(b), Ca?*-EcoRV (Fig.
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2(c)), Mg?*(A)-EcoRV-DNA (Fig. 2(d), C&*(S}EcoRV-DNA (Fig. 2(d), C&*(A)-EcoRV-
DNA (Fig. 2(e) and M¢*(S)}-EcoRV-DNA (Fig. 2(f)) are used tgudgethe equilibrations of
different systems.Using an equilibrated trajectory of 6A@00 ns for crystal structured
complexes and 1550 ns for model complexes, wemputehistograms of protein dihedrals

and histograms of DNAase paistep parameters.

Fig. 1. Notations and numbering of DNA functional groups. The recognition sequencerigarked by box of

dashed line. The cleavage points are marked in arrows.
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Fig. 2. Root mean square deviations (RMSD) (A) oBj Free DNA, () Mg?*-EcoRV, (c) Ca2*-EcoRV, (d)
Mg?*(A)-EcoRV-DNA (black), Ca?*(S}EcoRV-DNA (grey), (€) Ca?*(A)-EcoRV-DNA and (f) Mg?*(S)
EcoRV-DNA.

We first consider systems where the complexes are experimentally reported, namely,
Mg?*(A)-EcoRV-DNA andCa*(S)}-EcoRV-DNA and in additionMg?*-EcoRV,C&*-EcoRY,
and the free DNAWe validate the simulated structut®scomparing to the available crystal
structuresThe average structures for all the cases using equilibrated portion of the trajectories
are generated. The DNA structure is given in tesfizsase pair step parameters (Sterials
andmet hods for details), consisting of the
describing relative orientations of a base pair step defined by two successive planes, each
consisting of a pair fobases and translational parameters Dy and O for relative

displacements between the base pair planes in a givePr.stéqe 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 Thevalues of the translational and rotational parametersnagreement to the crystal

structures.

Table 3. The values of DNA baspair step parameters corresponding to each base pair step of DNA in free
and in Mg2*(A)-EcoRV-DNA complex

Base U } ¥ Dx Dy Dz
pairs

Free | Compl | Free Compl | Free Compl | Free Compl | Free Compl | Free | Com
ex ex ex ex ex plex

GaCo |-0.2 | 0.26 2.44 -14.57 | 34.01 | 35.66 | 0.06 -042 | -0.8 -0.50 | 3.18 | 3.83

As:T1o

As:Tig -0.05| 1.09 -0.46 | 1.237 | 32.17 | 22.77 | -0.01 | -0.36 |-0.81 |-0.55 |34 |3.99

Te:A18

Te:A1s -0.06 | 1.89 11.25 | 55.57 | 30.5 24.80 | -0.0 -0.35 | -079 | -059 |32 |36

A7 Tz

A7 Tar 0.05 | -1.94 | -0.07 | -8.04 | 31.93 | 31.74 | 0.08 -0.179 | -0.82 | -0.47 | 3.46 | 3.88

Ts:A1s

Ts:A1e 0.96 | 1.05 2.0 -9.2 31.17 | 34.72 | 0.09 0.934 | -0.56 | -0.87 | 3.36 | 3.62

Co:G1s

Co:G1s -2.85| 2.20 5.49 2.96 17.64 | 29.37 | -0.96 | -0.305 | 0.06 -158 | 35 | 3.22

Ti0:A14

We show the interface near the cleavage reg®miven in theMaterials andmnethods
section The interface in M§(A)-EcoRV-DNA complex consists of gTA1s and A:T17 base
pairs of DNA and ASP 36(A)LYS92(A) and ASN 188(A) residues frorhain A and GLU
45(B), GLU 65(B),ASP74B), ASP9(B) andLYS92(B) residues from chain B of EcoRV.
Similarly, in C&*(S)}EcoRV-DNA complex, the DNA base pairs belong to the interface are
same as in Mg(A)-EcoRV-DNA complex. The interfacial protein residuese ASP74A),
ASP9(A) andLYS92(A) from chain A andASP74B), ASP9(B) andLYS92(B) from chain

B. The interfacial residues are in agreement to the crystal structures.
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Fig. 3. (a) Coordinating residues of M&(ASI) and Mg?*(ASIl) in Mg ?*(A)-EcoRV-DNA complex and (b)
coordinating residues of C&* (ASI) and Ca* (ASIl) in Ca?*(S}EcoRV-DNA from simulated structures.
Coordinating residues of (c)Mg?*(ASI) and Mg?*(ASII) in Mg 2*(A)-EcoRV, and (d) Ca?* (ASI) and Ca*
(ASII) in Ca?*(S)-EcoRV.

The M¢* coordinations in Mg (A)-EcoRV-DNA complex are shown iRig.3(a) There are
two active sites for coordinating Mg denoted by ME(ASI) and Mg*(ASIl). The
coordination is consideredttie distance between Kfgons and the atoms of EcoRV residues
or DNA is less than or equal to 3.0 A. OD2ABP74B), OD1 and OD2 oASP9(B) and
OP1 of Rs of DNA, participate in coordination to M{ASI). For Mg*(ASIl), OD2 of ASP
36(A), OE1 and OE2 of GLU 45(B), OD2 ASP74B) of ECORV participate in coordination.
In Ca&2*(S)-EcoRV-DNA the coordinating ligands{g. 3(b) to C&*(ASI) are: OD1 and OD2

of bothASP74A) andASP9QA), and OP1 of P For C&"(ASII), these are: OD1 and OD2 of
24



both ASP74B) andASP9(B), and OP1 of B. The coordinations in simulated structure are

in agreement to the crystal structure.

In the simulated structure of MigEcoRYV, the coordinating residues to #M@\SI) are same
as in he simulated structure of MgA)-EcoRV-DNA complex shown inFig. 3(c) In case of
Mg?* (ASI1), the coordinating residusSP74B) in Mg?*(A)-EcoRV-DNA is replaced by GLU
65(B), while the rest of the coordinagj residuesire saméFig. 3(c). In C&*-EcoRV, C&*
(ASI) is coordinated with OD1 and OD2 of botsP74B) andASP9(B) (Fig. 3(d)). OD1
and OD2 of botiASP74A) andASP9QA), OF1 of GLU 45(A) coordinate to Ca (ASII) (Fig.

3(d)). The rest of the coordinationsall 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
structuresThe fluctuations in M (A)-EcoRV-DNA complexare compared to those in free
DNA and Mg*-EcoRV, while C&"(S}-EcoRV-DNA complex to free DNA and CG&EcoRV
in terms of microscopic variables, namalihedral angles in proteit}, and the base pair step
parameters for DN. In order to define these parameters, we consider each base and its
WatsonCrick canonical pair to define a plarkhe two consecutive base pairs (i, j) and (i+1,
j+1) respectively, where i belongs to the first strand, and j belongs to the secondsbhid
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 stépe details of the base pair step parameters are given
in theMaterials and rathodsFor a giverbase paistep parameter of base pair stepHl) we
denote the distribution by ;  (b) in the free state and; (b) in the complex cEachpeak

in the histogram represesthe most probable value of the basér step parameterSimilarly,
the histogrars of dihedral—of a protein residue R of the protein is given(by (= in free

state and( (5 in the complex cThe peaks in the backbone dihedral distributions denote
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isomeric states, while those in the side chain dihedrals denote mliffetameric 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.
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Fig. 4. The distributions € “;H (b) and € i}nE 7H"A(b) of base pairstep parameters of base pair steps of DNA in
free (solidlines) and in Mg?*(A)-EcoRV-DNA (dotted | ines). The histogr ams
(light grey) of (6,7). Inset: Histograms of the translations parameters: Dx(black), Dy(grey), Dz(light grey)
of (6,7); (b) The histogr ams) ,arye :( |U7@ihihsetgbnib)ack), Do(dreyy Dz
(light grey) of (7,8). (c) The dihedral distributions of ECORV in Mg?*-EcoRF ,-;H( ) (solid lines) and in

Mg”(A)-EcoRV—DNA,éﬁ'ETH"A()(dottedlines).Thedistributionsare:t’j( bl ack), y(grey) of A:¢
(d) G(black), y(grey) of ASP90(B). The iibnl saedgksy),i nc ( c)

of ASP74(B) and ASP90(B).

We illustrate below a few cases of microscopic conformational degrees of fréedoen
cleavage region of Mg(A)-EcoRV-DNA complex.We first consider the fluctuations of the
base pair step parameters(6f7) and (7,8) base pair stepsi¥A, and the fluctuations of

dihedral angles oASP74(B) and ASP90(B) residues of EcoRMe distibutions of the
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rotational parameters f@6,7) base pair step are shownRig. 4@ The di stri buti o
(6,7) base pair step are single peaked both in free and complex gtates.h ows si ngl e
peaked distribution in the free state, while sharp single peaked distribution in the complex. The

distributions of ¥ for bot A shews the trasskat®nals i n g |

parameters of the same base pair step$ Bqt (Dx) and(  (Dy) have single broad peak,
while ( ; (Dx) and( ; (Dy) show sharp single peak. ; (Dz) has broad single peak,

while ( ; (Dz) is having sharp single peak. For base pair stef), the distributions for

rotational parameters are showrHig. 4(b) while those for the translational parameters are in

inset ofFig. 4(b) Heret he di stri butions of U and §j have
complex statesThe distributions of Dx, Dy, and Dz are all breadn free states than in
complex. Few representative histograms for the protein are shokigan4(c) and (d)The

backbone dihedral distributions of the residueSP74B) andASP9(B) in cleavage region

are single peaked in both stategy( 4(c) andd)). However, the side chains show differences.

( (% and ( ( $ are multimodal distributions, whilg (% and

( ( $ are single peakedhown in inset of Fig. 4(c) 1 asn & of @SP9(B) have

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

in inset ofFig. 4(d)
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Fig. 5. Distributions of DNA base pairstep parameters in Mg*(A)-EcoRV-DNA (solid lines) and in free

DNA (dotted lines). @)
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The histograms of the other base pair steps, (4,5), (5,6), (8,9) andiOr&8pgnition

Dx (bl a

region of DNA in Mg*(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

238



(5,6) (Fig. 5(c) and (d)) base pair steps show single peaked distnbbibth in free state and
Mg?*(A)-ECORV-DNA compl ex. U and §j of (8,9) are sin
single peaked distribution in free state and multimodal distribution in the complex, shown in

Fig. 5(e). Both Dx and Dy show single peakdidtributions 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 irfree and complex states.
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The histograms of the other residues, LYS 92(A), ASN 188(A) and LYS @2({avage
region of My?*(A)-EcoRV-DNA complex are shown in Figs. 6{¢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 distrbution
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 histogram$or the DNA baseoair stepparameters and the protein dihedral angles in
C&*(S)EcoRV-DNA (Figs. 7(a)(d)) also show sensitivities to the complexed and free
conformations.(  ( U) is single peakgd U)n shoes sudté
distribution for 6,7) basepair stegFig. 7a). } and ¥ are broad single
complex stategFig. 7(a). ( ; (Dx) is single peaked distribution, while ; (Dx) is
multimodal distributionshown in inset of Fig. 7(apPy shows single peak with long Itam
complex states, while sharp single peak in free gsae@nset of Fig. 7(3) Dz in both free and
complex states show sharp single peak. For the base pai7s8gp (bot h U and ¥ a
single peaked distri but nhothcaseswwninFeg. 7(h)Thes br oa
translational parameters, shown in inseEgfs. 7(b)are all single peaked in both cases. The
histograms of the protein residues in cleavage region are shofigsn7(c) and (d)The

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

( ( ¢ and( ( % are multimodal distributions, shown in inset Fify. 7(c).

Similarly, ( ( ¢ and( (# are single peaka&amndindhe hi

ASP90(B)(see inset of Fig. 7 (Mi¥how single peaked distributions in free state and multimodal

distributions in complex state.
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Fig. 7. The distributions & i;nH (b) and € iﬁE TH"A(b) of base pairstepparameters of base pair steps of DNA in
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ASP90(B) .

color conventions are:U

base

complexare shown in Figs. 8(&) d ) .

pair

(dotted lines). The67hinsett ogr ams

Histograms of the translational parameters: Dx, Dy, Dz of 6,7); (b) Th e hi stog#8 ms ar e:
Inset: Dx, Dy, Dz of (7,8). (c) The dihedral distributions of ECORV in Mg?*-EcoRFE th( ) (solid lines) and

inMg”(A)-EcoRV—DNA,ér-]"A'H’Z )(dottedlines) . The distributions are: a, y

The insets in (c) ando ASP)4(B) and ASBIO(B)ahee t he d

(bl ack), } (grey), ¥ (| i glight gray)rfax PNA, Dx (bl e

step par amet [ rbd, a ca&rgrepiiddirdteinaikedral anglésgr ey ) , ¢
The distributions of the backbone and side chain dihedral angles of the other residues,

ASP74(A), ASP90(A), LYS92(A) and LYS92(B) cleavage region of CHS)EcoRV-DNA

The backbone dihedr al ang

8(a)) show single peaked 1®diASR74A)but i on

(Fi gs.

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

( ( B is single peaked distribution, while ( & shows multimodal distribution
(see inset of Fig. 8(a)). 0 and y of ASP90( A
complex states( ( % and( ( $ are single peaked, while ( ¢ and
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( ( % are multimodal distributions, shown in inset of Fig. 8(b). The backbone dihedral
angles of LYS92(A) (Figs. 8(c)) show single peakmuth in free and complex states.

( ( 4§ is single peaked, while ( 16 shows multimodal distribution (see inset

of Fig. 8(c)). Both( ( B and( ( % are multimodal distributions (see inset of

Fig. 8(c)).Boh (G and y of LYS92(B) show single pe:
compl ex st at es,ianofefS92(B)shdwisiggle pdaked distributons in

free state and multimodal distributions in the complex, shown in inset of Fig. 8(d).
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Fig. 8. The dihedral distributions for Ca?*-EcoRV (solid lines) and for C&*(S)}EcoRV-DNA (dotted lines).
G(black), (gyey) of (@) ASP 74(A), ) ASP 90(A), €) LYS 92(A) and d) LYS 92(B). The insets illustrate
the distribution(laclén d(geyy espondi ng G

In order to compute the thermodynasiiue to conformationathanges, we compute the

statistical correlatioti®**betwveen all the variables where we find that the correlation between

the base pair step parameters and the protein dihedral angles are small (correlation coefficient
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< 0.5). Hence, we compute the changes in conformational free energy and entropy (see
Materids and nethods 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 dsgfdreedom

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 thatviidaes are in agreement within an

error of 5% in the meanWe 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
discussionThe changes in conformational free energy and entropy for a basnpaistep

parameter fori( i+1) stepwith respect to the free statge denotecby 3 ; & and

T33; & repectively.They are conformational thermodynamic cost by the DNgelpmirs

for going from free to complexed staide free energy and entropy changes of EcCORV residues

in complex ¢ with respect to the free state denoted as' [ and433 [ ,where i
denotes the EcoRV resi due duedhest,quarditiesdaren e dr a
conformational thermodynamic cost of the protein residues to go from free to complexed states.

A negative change in free energy and entropy represenformational stability and ordering
respectively in the complex with respeotthe free components, whereas positive chainge

represent conformational destabilization and disorder respectively.
The data for each base pair step in recognition sequence in tHéAMECORV-DNA

complex with respect to the free DNA @ and B3 & areshown inFig. 9(a) and

(b) respectively. The maximum conformational stabilization occurs4d) Gtep at the
beginning of the cognate sequence. The free energy of conformational stabilization then

decreases till9,10)step at tk end of the cognate sequence with oscillation at every alternate
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base pair stepshown in Fig. 9(a) In case of 4,5), the free energy change gets large
contributions fr om base minstp pargmetersvtontiibete aitntost e r
comparably. All théase paistep parameters contribute almost equally3g)step. The base

pair step §,7) at the cleavage site is stabilized through the translatibas¢ pairstep
parameters. In case af,8), al basepair step parameters contribute almost equally. B@®)(

large contributions of free energy come from Dx only, while other base pair step parameters
have almost equal contributions. Similarly, f8r1(0) the base pair step parameters contribute
amost equally. Thus, the translationtahse pairstep 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 oscillatiotal 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 a8, suggesting enhanced ordering

in the complex than in the free DNAhe individual contributions of thermodynamic changes

of dihedrals of the protein residues in the cleavage region and the metal ion coordinating
residuess- [ and433 | areshown inTable 4 We find that the residues except
ASP74B), ASP9(B) andLYS92(B) stow marginal changes (~ 2.5 kJ/mol) in conformational
thermodynamicsASP74B) and ASP9(B) coordinate with M§' ions are ordered through
reduced flexibility of the side chain dihedralsYS92(B) in cleavage region is disordered

through enhancefilictuations in the side chain dihedrals.
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Fig. 9. (a) QTE'E H% and (b)f lﬁEHfﬁ- of DNA basepair step parameters in recognition region for DNA
in Mg2*(A)-EcoRV-DNA with respect to free DNA.(c) &i*"% and (d)/  H*™% for Ca?(S)}EcoRV-
DNA. The circles connected by solid black lines are total change in thermodynamic parameters of each

base pair. The symbols for individual basgairst ep par amet er s: U (square),

Dx (down triangle), Dy (cross) andDz (diagonal cross). The cleavage base pair has been marked in box. All
guantities are in kJ/mol.

Table 4. Changes in conformational free energy and entropy (kJ/mol) of the residues in cleavage region in
Mg?*(A)-EcoRV-DNA with respect to Mg?*-EcoRV.
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Table 5. Changes in conformational free energy and entropy (kJ/mol) of the residues in cleavage region in
Ca?*(S)}EcoRV-DNA with respect to C&*-EcoRV.

Resi|s |0 |y |&a |& G | & [433 |0 [d |&a |& [ |&
(T) (T)
ASP [0.2(0. 10.2-0.10.(0.00.00.59-0.|-0.(¢0.|0.d0.00.0
74 (A
ASP [0.9(-0.(0.(0. 40.50.00.05.090.4d-0.142.13.d0o. Q0.0
90 (A
LYS 0.910. 22-0 0. 40. 4-0 0. 5. 640. 40. 32 2. 4-0 1.1
92 (A
GLU |0. 070. 1-0 0.00.00. 00. 0Q-3. 2 (-0 0. Q0 2. 3-6 0.0
45(B
ASP |3. 6(-0 3. 70. Q-0 0.00. Q-1. 31-0 -1 1 -0 0.00.0
74 (B
ASP |0.8¢0.(0.00.50.30.00.04.980.|-0.(3.]|1.4d0.00.0
90( B
LYS |(0.5%0.0-0.(0. 40.120.00.0-6.01J0.10. 81.(1.0-6. (3.
92 (B

The conformational thermodynamics data for the {p@se steps of DNA in CGa bound
complex with respect to free DNA @ and B3 @ are shown irFig. 9(c) and (d).
Significant stabilization in free energy occursonly #5jbase pair step thro
(Fig. 9(c)).Both the base pair stepg,%)and 8,9)ar e hi ghly ordered thro

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

3 [ and 433 | ae shown inTable 5 The most significant change is in
destabilization ofASP74 B) , the primary contribution bei
ASP9(A), LYS92(A), andASP9(B) are disordered throudfoth c; andc2. LYS92(B) shows

conformational order througts andca.
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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 [Referenc{ 3 Rotat | Tran | 433 Rotat | Tran (3" Back| Side (433 Back| Side |3 433
state ional | slatio ional | slato bone| chain bone|chain
nal nal
Mg?*( Mg?* - - -6.33 - -34.32 - - -12.35| -8.6 | -3.75 | -24.00 (-4.89| - -36.6 | -58.31
A) - EcoRV | 24.2 17.9 13.8 | 204 19.11
EcoRV 5 2 3 9
+
-DNA free
DNA
cat ca*- -3.43 | -0.90 | -253 | -16.22 | -4.1 | -12.1 | -1.61 |-6.04| 4.43 14.59 - |35.64 -5.04 | -1.63
(Sy EcoRW 21.05
EcoRV
free DNA|
-DNA
Ca&*'(A [Mg? (A)-| 5.61 | 4.76 | 0.85 15.56 768 | 7.88 | -4.22 |-1.15| -2.97 | -16.01 | -25| - 1.39 -0.45
)- EcoRV- 13.51
EcoRV | DNA
-DNA
Mg#(S | C&*(S) | -2.98 | -2.29 | -0.69 | -7.31 | -2.76 | -455 | 3.4 |1.22| 212 | -2.55 |[-0.07/-2.48 0.42 | -9.86
)
EcoRV | “ECORV
-DNA DNA
3 and 433 represent the total changes in conformational free energy and

entropy respectivelyn the complex compared to the free statdstained by adding all the

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

sequene, whiles- and 433 are those for ECOR\&' (B +3 )

and 433 (I 433  +433 ) are the overall changes in conformational free energy

and entropy in the complexes witlkspect to the free components. The conformational
thermodynamics data in the recognition region are showalite 6along with the respective
reference states and break up of different contributims translational parameters give more
contributionghan 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, thé#)-EcoRV-DNA complex is gabilized
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and ordered compared to the free DNA and®MgcoRV. The major contributions to the

changes in free energy and entropy in recognition region come from DNA itbkelfe is

conformational stabilization and order in®%)-EcoRV-DNA complex also empared to free

DNA and C&*-EcoRV. The DNA fragment is stabilized and ordered in th&(GREcoRV-

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

that in Mg*(A)-EcoRV-DNA complex.
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Fig. 10. Interactions between EcCoRV
and DNA in (a) Mg?*(A)-EcoRV-

DNA and (b) Ca?*(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.
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The conformational stability and order is less irf'C3)-EcoRV-DNA complex than
Mg?*(A)-EcoRV-DNA complex although both complexes are stabilized and ordered,
agreement te@xperimental dat&>°°In order to contrast two complexes at microscopic level,
we note the differences their interaction paernsat theproteinDNA interface for various
complexesn the cleavage regiofseeMaterials and rathods for details). We show hydrogen
bond (HB, black solid linesklectrostatic (EL, grey linesind salt bridge (SB, black dotted
lines)interactions inFig. 10(a) and (bjor Mg?*(A)-EcoRV-DNA and C&*(S)}-EcoRV-DNA
complexes respectivelthe participating atoms in the interactions shown within brackets. The
total number of HB interactions between protein residues and DNA bases in tyeitreno
region are 13 itMg?*(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 TeEctions
between EcoRV and DNA in the recognition region. The metal iorf;(§!) coordinates
with EcoRV residues and DNA backbone through EL interactidrere is only one SB
interaction.The total number of HB interactions @&*(S}EcoRV-DNA betweenEcoRV
residues and DNA bases is 5 much less than iR (MrEcoRV-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 EcoRYV residues and DNA phogphas are

7. The number of SB interaction is just 1.
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Table 7. Changes in conformational free energy and entropy (kJ/mol) of the residues in cleavage regio
Ca?*(S)rEcoRV-DNA with respect to Mg?*(A)-EcoRV-DNA along with PC1 of selected atoms.

Re s|a a % G (G G & (433 a |y G (& |6 [ |PC1l (PC1
Mg* |Ca*
Ec oHEc oH
DNA |[DNA
ASP(O. 0[0. 2|-0. 110. (-0. Q0. 0|0O. |-2. O |- 0. 1|0. |- 0.]0.]/0. 06(0. 02
4 B) 0. 2. (OD2( OD2
ASP(2. 6(-0. 1-0. 112. (0. 3|/0. 0|0. |2. 0 8- -0.42.(0.]0.|0.(0.06/0. 11
0( B) 0. (OoD1(OoDh1

0.060.21
(0oD2/( OD2

LYs|-0.d-0.10.0[0.|-0.14-0.10.]1.140.|0.4lo.|- |- |0.]0.020.01
2( B) 1.]0. ( CA)|(CA)

2.3.2 Specificity of metal ion

Let us now concentrate on the differences in the conformational stability andabrder
microscopic leveinduced by different metal ion3.0 this endthe thermodynamic data for
C&*(S)EcoRV-DNA complex are computedith respect to M§f(A)-EcoRV-DNA complex

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

both complexe¢Mg?*(ASI) and C&" (ASI)). The conformational free energy' - T H)

and entropya-3 7 & ) datafor each base paiong with individuabase paistep parameter

contribution for the DNA baspair steps are shown ig. 11(a) and (byespectively. It is
evident that the bageair steps are destabilized and disorderedC#"(S}EcoR\-DNA

compared toMg?*(A)-EcoRV-DNA. The @,5) step gets maximum destabilization. The
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maximum conformational disorder is shown by base pair €ief) &t the cleavage site
compared to thélg?* case The free energy destabilization is primarily due to the rotatio
parameters, whereas disorder is derived from all the rotational and the translational parameters.
Thus, the cleavage site gets more flexibility in presen@sdthan Md*. The protein residues

in the vicinity of cleavage point also show sensitit@iythe metal ion, as can be seeffable

7, showing3' | and 433 | data for the residues along with contributions of
individual conformational degrees of freedom, comparing the two comple$€574B) ges
ordered, with only marginal change in conformational stabilityCa®*(S}EcoRV-DNA
compared taVig®*(A)-EcoRV-DNA. Conformational destabilization and disordeCa*(S)
EcoRV-DNA compared toMg?*(A)-EcoRV-DNA are observed folASP9QB) primarily
through e, 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, cainjoatiee free
componentsLYS92(B) shows order in presence of €acompared to Mg case through side

chain fluctuations along with marginal stability.

We also have done principal component analysis (F@Apositional fluctuations itoth
DNA and Ec&RV. We show inFig. 11(c)t he f i rst principal-56o0mpon
strand. In M@*(A)-EcoRV-DNA complex, the fluctuations are having minima at&hd Ro.
Fluctuation at B belongs to the basin of minimum afeAPC1 of P in C&(S)}EcoRV-DNA
show contrasting behaviour, having larger fluctuations than i* Mgund complex. In
particular, the fluctuations show maxima af 81d Ro. For DNA base pair step in cleavage
region 6,7), PC1 of the center of the mass of base pair step in casé&’ofd@aplex (0.5) is
larger than that for Mg complex (0.35). So, larger fluctuation is observed fot* @aund
complex as compared with Migoound complex, which is in agreement to our thermodynamic

data Fig. 11(b). We show PC1 of relevant atoms (indicateithin brackets) of the protein
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residues in the vicinity of cleavage point in chain B'able 7 Our thermodynamic datalso
shown inTable 7 suggest thaASP74B) is ordered through side chain dihedral irf'Geund
complex compared with Mg bound complex. First principal component (PC1) dsdtaw
smaller fluctuations of this residue in E@)EcoRV-DNA than in Mg*(A)-EcCORV-DNA.
ASP9(B) shows significant change in conformational thermodynamics. It is destabilized and
disordered in C4 bound complex when compare with Kfgoound 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 OD?2 in this case, which pamicipate
side chain dihedrafluctuations We observe that CA atom &fYS92(B), conformationally
ordered inCa*(S)}-EcoRV-DNA complex shows more fluctuations in Mg (A)-EcoR\-DNA
complex than in C4(S)}EcoRV-DNA complex. So, he PCA data are consistent with
conformational thermodynamics data footeinresidues an®NA base paisteps

The differencesn conformational stability and order at the cleavage rediasing noHB
interaction can be understood in terms of dfestatic interactions. We show kig. 11(d)
histograms H(glm) of the distances fdi) between oxygen atom (OP1) sdissile phosphate
Pisand Mg*(ASI), and C&*(ASI). We observe that Mg(ASI) is closer to the phosphate group
in Mg?* bound complex tha C&*(ASI). So, the electrostatic attraction between?Mand
phosphate group is stronger than irfQaound case. The DNA base pair steps have more
rotational flexibility in presence of Gathan that in presence of Migdue to weaker

electrostatic interactions.

Next, we consider the protein residuégile ASP90(B) holdMg?*(ASI) in the vicinity
of Pis, ASP74B) is coordinated to bottMg?*(ASI) and Mg?*(ASIl). But for C&* bound
complex, bothASP74B) andASP9(QB) hold C&*(ASI) in the vicinity of Rs. We show the
histograms, H(escc) of distance (6zcc) between CG atoms in side chainA&P74B) and

ASP9(QB) in Fig. 11(e) for both Mg* and C&" bound complexes. Solid lines represent the
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case of Mg" bound comlex, while dotted lines for Gabound complex. The side chains of
two aspartic acids are closer in?Caound complex than in Mg bound complex. This is
because both the residues coordinate with one metal @&t ilbound complexDue to similar
charged states, these residues experience enhanced repulsion,teeadiancedide chain
fluctuations iInASP9(B). LYS92(B), on the other handhows marginal conformational
stability and order in G4 complex than M§ complex, indicéing role in structural
stabilization in C& complex.We calculate histograms H{gz) of the distance ¢chz) between
phosphorus of f2and positively charged NZ atom in side chain¥6592(B) (Fig. 11(f). We
find that NZ atom is closer toiPbut with larger fluctuations it€at* complex than in M¢f
complex. This suggests competitive electrostatic interactbh&Z atomwith metal ionand
P1s. Weaker electrostatic interaction between metal ion agdélps NZ atom to approachsP
closer than in M§(A)-EcoRV-DNA complex.This leads to conformational stability of the

residue.
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GLY 184(B)(N, O8) 3 Fig. 12. Interactions between

ervsEE e EcoRV and DNA in (a)
THREABIOSLOPE 1 Mg2+(S)-ECORV-DNA and (b)
TrRTEsEect o Ca2*(A)-ECORV-DNA.
THR83(B)0G1.0P1) | Hydrogen  bonding  (HB)
interactions are illustrated in
solid black lines, Electrostatic
Mg“(ASI) (EL) interactions in solid grey
GLY 109(B} lines and salt bridge (SB)
ASNTSSIMINDZ. NT) [ interactions in dotted black
r mioet, opy | liN€s. The participating atoms
of interaction are shown

GLY 184(A}(N, O8) within brackets.
ASN 185(A)(N. NT)

ASN 185(B)(N, N7)

ARG 221(A)}NH2. OP2)

ASN 185(B)(ND2, N7)

ASN 70(A}ND2, 04"

THR 108{A)0G1, OP2)

THR 188(A)OG1, 04)
THR 37(A)(OG1, OP1)
THR 94(A}{OG1, OP2)

ASN 70(B)(ND2, 02)
L] 5!
(b) 3

GLY 184(B)(N, O8)
ASN 185(BI(N, N7) 31
THR 37(B)(0G1, OP1)

THR 94(B)(OG1, OP2)

THR 111(A)(0G1, OP2) ~

ASN 185(B)(NDZ, N7)
SER 112(A)OG, OP1)

SER 112(B)(OG, OP1)

THR 83(A)(N. OP1) ASN 185(A)(ND2, N7)

THR 108(A)0G1, OP2) LYS 1HBYNZ, O4)

THR 37(A)OG1, OP1)

THR 94{A)(OG1, OP2) @ CB f— G15

T~ ARG 221(B)(NH2, OP2)

ASN 18S[A)N, N7)

Now we turn our attention to the specificity to tdentity of the metal ions considering
a couple of model systems, namely, gt symmetric locations in place of €adenoted by
Mg?*(S)}-EcoRV-DNA) and C&"in place of Md*at asymmetric locations, denoted by GA)-
EcoRV-DNA. Since we observe that 50 time windows for Mg"(A)-EcoRV-DNA and

Ca&*(S)EcoRV-DNA complexes yield well convergent thermodynamic quantities, we restrict
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to shorter runs for the model complexeBhe microscopic interactions at the protBINA
interfaces are shown for Mi§S)}-EcoRV-DNA and C&"(A)-EcoRV-DNA complexes irFig.

12(a) and (h)The total number of HB interactions between EcoRV and the DNA bases are 10
in Mg?*(S}-EcoRV-DNA, while this number is 5 in C§A)-EcoRV-DNA. There are 1 and 7

HB interactions between EcoRV andgan and phosphate groups in #¥&)EcoRV-DNA.
Similarly, the total number of HB interactions between EcoRV and phosphate groups in
Ca*(A)-EcoRV-DNA are 10. There is 1 HB interaction between EcoRV and the sugar group
in Ca*(A)-EcoR\-DNA. The total numbeof EL and SB interactions between EcoRV residues
and the phosphate groups are 6 and 1 in both the cases. BstioMgin Mg *(S)}-EcoR V-

DNA and C&*(ASI) ion in C&*(A)-EcoRV-DNA participate in EL interactions with the
phosphate groups of DNA. Thus, coaning the data for different complexdsds. 10(a) and

(b), andFigs. 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 ingmeition region for C&(A)-EcoRV-DNA
with respect to M&(A)-EcoRV-DNA and Mg *(S}-EcoRV-DNA with respect to CH(S)
EcoRV-DNA are shown ifTable 6 In C&*(A)-EcoRV-DNA complex, DNA is destabilized
through rotational parameters and disordered through batttional and translational
parametersThe destabilization and disorder are counterbalanced by stabilization and order in
the protein residues mainly via the side chain fluctuatibmsase of M§'(S}EcoRV-DNA,
the DNA base pairs are stabilized bug ffrotein 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)€ ”:f“ "/tb) andg i}IIETH"A(b) of the rotational parameters of the DNA base pair stes(7)in Mg2*(A)-

EcoRV-DNA (solid line) and C&*(A)-ECORV-DNA (dotted line); (b) & “"% d) &g d) of backbon
dihedral angles of the residue ASP90(B) in Mg(A)-EcoRV-DNA (solid line) and C&*(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 conventionsarel) ( bl ack), } (grey), ¥ (light grey
(l'ight grey) for DNA base pa(igr eaftlelpaolklfgegfedpreteis , and 0
dihedral angles.(c) &""4 and @) T §""4 of base pairstep parameters of DNA base pair steps (in

kJ/mol) in Ca%*(A)-EcoRV-DNA with respect to Mg?*(A)-EcoRV-DNA. Here,U( squafd) ampnd), ¥
(up triangle), Dx (down triangle), Dy (cross) and Dz(diagonal cross) The cleavage base pastephas been

marked in box. Inset (d) shows the distributiongd (dp-m) of distancede.w (A) between OP1 of Rsand Mg?*

in Mg?*(A)-EcoRV-DNA (solid line) and C&*in Ca?*(A)-EcoRV-DNA (dotted line).

Let us consider the microscopic details of thé*@g-EcoRV-DNA system first. We do
not observe any rearrangement of coordination of the metal ions in the complex compared to

Mg?*(A)-EcoRV-DNA complex. Representative histograms of base pair step parameters

(denotedby ( ;; (b)) and dihedral angles (denotedy ( dih the cleavage region and
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similar data for M§"(A)-EcoRV-DNA complex (denoted by (b) ard ( ( dare

shown inFig. 13 (a)and (b) especti vel y. Let us highlight t
and J} of t h67) aeasinge ppakdd in bahtcemplexés, but broader (&

EcoRV-DNA compared to the other complex, whte i s sharp single peak
(Fig. 13(a). The distributions of Dx, Dy and Dz are all single peaked in both csis@sn in

inset of Fig. 13(a)Next, we consider the fluctuations in dihedrals of the residue ASP90(B) in
cleavage region. The baakie dihedrals show sharp single peak in both q&sgs13(b). 1 G

in ASP90(B) is single peaked in both ca@e=® inset oFig. 13(b). Si mii$ muftimogal ¢
distribution in Mg*(A)-EcoRV-DNA, while single peaked in G4{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 C&A)-EcoRV-DNA with respect to Mg?*(A)-EcoRV-DNA.

Resi dig a % GL G Gs G 433 a q G G G &1
(T) (T)

ASP36(-0. 79-0. 4-0. 2 0-0.00.00.(-0.630.6-0.50.4|0.1|0. 0/|0.

GLU45¢(¢(1. 7 |-0.10. 0 . -0.40.20.(-7.94-0. 24-0. 2-2.6-3. 14-1. 70.

ASP74(0.6940. 1/-0. 2-. 01/-0. 40 0./3.717-0.0-0.0-0.5-3.0 0.

ASP90(-1. 04-0. (0 2-0. 3-0. 30 0./-3.670. 3-0.4-0. 6-2. 20 0.

The thermodynamic changes of the EcoRV residees ( [ and433 [ )in
cleavage region i€ *(A)-EcoRV-DNA with respect to Mg (A)-EcoRV-DNA are shown in
Table 8 The protein residues are marginally stabilized and ordered through the side chain
fluctuations. Thisis unlike the case observed in?@8)EcoRV-DNA complex compared to
Mg?*(A)-EcoRV-DNA in Table 7. However, the DNA bse pair step parameters show
destabilization and disordé@r Ca&2*(A)-EcoRV-DNA with respect to Mg (A)-ECORV-DNA,
similar to those observed in €()}EcoRV-DNA compared to Mg (A)-EcoRV-DNA

complex (Figd1(a) and )). The details of changes in confortioaal free energy and entropy
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of the DNAbase paistep parameters (denoted By ; @® and B3; & respectively)

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

the cleavage base pair, g¢tar ge destabi li zation through }
t hr ough 1} InseFigal3(d)shbws the histograms of the distances between the
oxygen of Rs and the metal ionkIg?* in Mg?*(A)-EcoRV-DNA (black solid line) and CGain
Ca*(A)-EcoRV-DNA (black dotted line)The data show that the replacement offhy C&*

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 parametergfamrnCaompared

to Mg?* ion which results in less electrostatic interactions in the corresponding complex.

Let us consider microscopic picture in the other model systerfi($)gEcoRV-DNA. In
this complex we observe a slight change in the coordinatimre GLU 45(A) in addition to

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

distributions ofbase paistep parameters of DNA base pair st¢igs; (b)) and EcoRV

residues (( ( dih dleavage region of Mg(S}EcoRV-DNA along with those in C&(S)-
ECoRV-DNA ( ( ; (b) and ( (d) r e s pre shownvndigsy }l4(a)aand (b)
respect i6ypshows muliimodal distribution in Mg(S)}EcoRV-DNA, while broad

single pek in C&*(SrEcoORV-DNA (Fig. 14(a)) 4 shows single peak wi
is broad single peaked in both cagég. 14(a)) Dx shows multimodal distribution in €4S)-
EcoRV-DNA, while single peak in M&(S)}EcoRV-DNA (see inset of Fig. 14(a)Yheother
translational parameters are single peaked in both c@kesbackbone dihedral angles of
ASP90(B)(Fig. 14(b))are all sharp single peaked for both caBes.t ita n @ of ASP90(B)

are multimodal distributions in E4S)}EcoR\-DNA (see inset ofFig. 14(b)) Si miil ar | y,
shows bi macidgke pbeakeddistrimtions in M¢S)}EcoRV-DNA complex(see inset

of Fig. 14(b))
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Fig. 14.(a) & & "(b) and& ,~"b) of U (bl ackpndy v( ¢ efghe DNAgase pajr step
(Te:A1e, A7 T17) Mg?*(S)-EcoRV-DNA (solid line) and C&*(S)}EcoRV-DNA (dotted line); (b) £ i'E?Hr"( d) and

¢ MM d)d o(fbl ack) an of the regidua ABRID(B)GnrME&(S)ECORV-DNA (solid line) and
Ca?*(S)}EcoRV-DNA (dotted line). The inset in @) illustrates the distributions of Dx (black), Dy (grey) and
Dz (light grey) of the same base pair step as i), Similarly, the inset in (b) illustrates the distributions of
G ( bl ac kz)(greg) ofdhe same residue as inbj. (c) qu” -H- and d) T lﬁw‘ -H- of base pairstep
parameters of DNA base pair steps (in kdJ/mol) in M&(S)}EcoRV-DNA with respect to C&*(S)}-EcoRV-
DNA. The symbol s are: U (square), } (diamond), ¥ (up
(diagonal cross). The cleavage base pair has been marked in box. The inset @) §éhows thedistributions
H(dop1-m) of distance aoim (A) between OD1 of ASP90B and C4(ASI) in Ca?*(S)}-EcoRV-DNA (dotted
line) and Mg?*(ASI) in Mg?*(SrEcoRV-DNA (solid line). Similarly, the inset in (@) illustrates the
distributions H(d op2-m) of distance @pzwm (A) between OD2 of ASP9(B) and Ca2*(ASI) in Ca?*(S)}EcoRV-
DNA (dotted line) and Mg?*(ASI) in Mg2*(S)-EcoRV-DNA (solid line). The total change in(e)  &;*
and ) T fp? -H- of the base pairstep parameters of the base pair stepg@n kJ/mol) in Mg?*(S}EcoRV-
DNA with respect to Mg?*(A)-EcoRV-DNA. The inset in €) shows the histogranmH (de.w) of distance gh-w
(A) between Rsand Mg?*(ASI) ion in Mg?*(A)-EcoRV-DNA (solid line) and Mg?*(ASI) in Mg2*(S)}-EcoRV-
DNA (dotted line).
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Among the protein residues’( [ and433 | in Table 9 in the cleavage region,

ASP90(A) and ASP90(B), holding the metal ions, undergo destabilization3i{S}gEcoR V-

DNA with respect to CA(S)-EcoRV-DNA complex through side chain fluctuations. This is
similar to destabilization observed in this residue irf"(&EcoRV-DNA compared to
Mg?*(A)-EcoRV-DNA in Table 7 and unlike the observationsTiable 8 Thedestabilization

in ASP (90) could result from proximity of ASP (74) residue in both the chains due to smaller
ionic size of M@*. The changes in conformational thermodynamics of the base pair step
parameters of DNA in Mg(S)EcoRV-DNA with respect to CHE(S)EcoRV-DNA

3 @ and B3 @) are shown irFig. 14 (c) and (d)The base pair step parameters
show overall marginal stabilization and order which is unlike the previouskigséd 8(c) and

(d)). The histogranti(dop1-m) of distance &b1-m (A) between OD1 and the histogram biel

m) of distance dpzm (A) between OD2 of ASP90B in insetsfify.14(c)andFig. 14(d)show
that the metal ion is better coordinated to the acidic residueifS}&EcoR\-DNA than in

Mg?*(S)}EcoRV-DNA throughOD1, 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 M&"(S)}-EcoRV-DNA with respect to C&*(S}EcoRV-DNA.

Resi d s G Y G (@ Gs G 433 G q G1 G2 Gs G4
GLU450.36/-0.00. 2/-0. 70.5/-0.00.0/-3.24-0.00.4|-2.6-0.3-0.60.0
ASPT74-0.0¢0.00.0-0.J0.10.0/0.0/0.86/0. 1|0 1.2 6/0. 0/0. 0
ASP90/2. 30-0. 2 4/0. 50.50.0/0.0/2.330.20.52.7/0.3/0.00.0
ASPT74-0.8¢0.2-0.00.¢(¢0.40.0/0.0{-2.1¢0.3-0.00.7|-2.40.00.0
ASP90|1. 7 10. 2|1. 50. 0/0. 0|0. O|-0. 4(¢(0. 10. 3|-1. 30.6/0.0/0.0

This also makes us compare between complexes with the symmetric versus asymmetric
locations of Mg*. We compare conformational thermodynamics of the symmetric complex
with respect to location of the Mgions (Mg*(S)}-EcoRV-DNA) to that with asymmetraily

located metal ions (Mg(A)-EcoRV-DNA). The data for changes in conformational free
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energy and entropy, denoted By ; @ and B35 @, shown inFig.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 residue§able 10do not show any
gualitative difference compared to thoséable 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 ingkFig. 14(e)with larger distance and fluctuations of
distance dm. Thus, the symmetric complex with Kfgs 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 ¥1¢S)-
EcoRV-DNA with respect to Mg?*(A)-EcoRV-DNA.

Residues| 3- a % G1 G2 Gs G 433 a q GL G2 Gs G4

ASP36 -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
/(AAS)P74 -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
,(AAS)PQO 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
EBAIZU45 -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
/(ABS)P74 -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
%:S;PQO 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 fieldbased simulations cannot yield detaif@dture of transition
states involving charge transfer in the cleavage regldowever, the conformational
thermodynamics data give useful microscopic insifglwte assume that the metal ion must be
stabilized in the vicinity of the scissile phosphapeoup for cleavage activityLarger
conformational stability and order at th&5) step suggests that this particular step helps to
stabilize and order the complébhe stability and order at the other base pair steps of the DNA

in the cleavage region pus to ceoperative effect of the entire regidn.the stable complex

52



theMg?*(ASI) can access the cleavage phosphate which is further helped by the conformational
order inASP74B) and ASP9(B) holding the metal ion. Our results are consistent to the
experimental observations thattalytic activity is lost upon mutation &&SP74B) and
ASPI(B) 2927, Although Mg?*(ASII) does not participatdirectly in interacting with £, it

helps to hold M§(ASI) in the vicinity of Rs by imparting stability to the aspartic acid residues.

The role of the second Mghas been discussed earlier. Siteected mutagenesis experiments
show that a water molecule, which is a part of the inner hydration sphere of sectind Mg
protonates t h-®©H)theoagh afawuraple simemberédXyclé’ Theoretical

study by Zahran et. al. shows that the second magnesium ion serves to stabilize the distorted
DNA.* Our observations otie stability of the aspartic acids is qualitatively consistent to this
theoretical report. The larger fluctuations at ASP90 (B) inQ#¢&(S)-EcoRV-DNA complex

cannot hold the metal ion in the vicinityBfs As a resultPigshows larger fluctuationshich

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. LY§B2 shows conformational
destabilization and disorder in KfgA)-EcoORV-DNA complex compared to the free
components, ruling out its role in stabilization in the complex. Earlier studies *%ttbthat

the residues which get conformationally destabilized and disordered participate in ligand
binding.Thus,in thiscomplex,LYS92(B) is likely to play functional roleThe 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 scissispphte.

Although the conformational destabilization is the least at the cleavage base pair steps in
Ca&*(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 tHopetive participation

of the DNA base pairs in the cleavage process. Simildmtyfluctuatons of DNA base pairs
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make it unfavourable in symmetric complex compared to the one with asymmetrically
positioned Md", ruling out the possibility of enzymatic activities in the symmetric complex.
Our results suggest that two Kgons located on one piain 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 fotiridfig, two each in

two protein subunits to achievadequate conformational stability and order for cleavage.
2.4 Conclusiors

To summarizemicroscopic fluctuatiofbased picture shows that tbhkeavage region gets
conformational stability and order and timetal ion is placed stably in tmeighbourhood of
the scissile phosphate group in #1@\)-EcoRV-DNA in preference to C&S)}-EcoRV-DNA.
On the other handeplacements of the metal iomsthese complexes renders the cleavage
region unstable and disorderethis suggests that both the itype and their locations are
decisive for cofactor sensitivity for cleavage activity by EcoRNore importantly, our
proposed scenario based on the fluctuations in microscopic conformational variables can be
verified in NMR experimentsT h e mo t i f XKR®iépfolng, B) aspartic acid, &
glutamic acid, Ki Lysine, and X' any amino acid) is identified as common catalytic sequence
motif for all type Il RES®%55"where two carboxylates are responsible foPMgnding. The
activity of this catalytic motif is M§ dependent® Not only type 1l REs, but this catalytic
motif is seen in some -exorudease s EAKS@NdEf or e x
coli MutH (QD™% E’’LK).%° The scenario based on the microscopic fluctuations is expected
to hold in all such caseBlicroscopic fluctuations of the conformational variablesing robust
in nature,may provide useful to understand other enzyme complexes and prosdiean

guideline in designing genetic tools for targeted DNA manipulations.
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2.5Appendix A

Details of the method

A.1 Molecular dynamics simulations

Molecular dynamics (MD) simulation is the study of time dependent belzhggstem
of particles. MD si mul ations begin with part
algorithm is used to update each particles positions and velocities. The result is a trajectory of
how the particl esd p owthtine. dhe partieles dre coesidered tot i e s
interact with each other via a pair potentialiV){ wherel » »,Q Gand» and»
are the positions of tH@ and’@ particles. The trajectory of the particles is obtained by solving
Newt on §s alda,whereq is the force acting oif? particle,& is the mass angt
is the acceleration of tH@ particle.sq can be obtained from the gradientofi ). The most
widely used algorithm is Verlet algorithm which is based on central difference algorithm. In
Verlet algorithm, the advanced positiend 0, at timed w ds calculated by using the
positions and the accelerations at ticend he positions from the previous sté&pd w O.

Using Taylor series expansion,

PO WO PO WO —@dO0 E 1)

o C L WO, o .

PO WO PO WO Teao E (2)
Combined these two equations gives,

PO WO CPO PO WO WODO 3)

The velocity does not appear explicitly in Verlet algorithm. It can be obtained from the

following formula, 6 ——mo——. (4)
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A.2 Force-field for MD simulation s

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-eepirical quantm
mechanical calculations, or by fitting experimental data such as neutmay, ahd 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 conumenfields
contain bonded and ndosonded interactions. The bonded interactions include bond stretching,
bond rotations and torsional dihedrals via simple harmonic oscillations, wherebsnmded

interactions include van der Waals and Coulomb interactions

The expression of a potential energy is given by,

Q0 0 T- — — T (5)

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 duelionded
interactions’Q is force constant due to bond stretchingis equilibrium bond length, while

i 1 isthe deviation of the bond length. Similarly- — is the deviation of the angle
from an equilibrium angle— with force constaniQ. 'Q is dihedral force constant, n is the
multiplicity number and is phase shift.0 0 is the deviation of the outer plane angle
from 0 with force constankQ . For nonrbonded interactions, is the depth of the potential,

» implies the distance at which the intermolecular potential between two partices.igkze
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last term represents the Coulomb interactions, wherandr] are the charges &) and®
particles.- and- are permittivity in vacuum and relativity permittivity respectivaly.

» » is the magnitude of the distance betw&and@particles.

A.3 Long-range interactiors

Longrange interactions decay as , where n is the dimensionality of the system. It

is very important to appropriately model the lenagpge interactions for charged spee@ssheir
range is often greater than half of the box lengtie chargecharge interaction, decaying-as

is very dfficult to handle. Different methods are developed for handling the-tange
interactions such as Ewald summations, Particle mesh Ewald (PME) ntéthoekction field

method etc. We use PME method for lelagge interactions.

In the PME summation, thengrange interaction is split into short range and {ong
range contributions. The shadnge contribution is estimated in real space, whereas the long
range contribution is calculated in Fourier space. PME method uses discrefe st
transforms (FT) to approximate the reciproespace 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 EcoRl

3.1Introduction

Here we study another type Il RE, namdétgoRL EcoRlis a dimeit protein having
two identical chains A and B. Each chain consists of 261 residues. The recognition sequence
of EcoRIl is GAATTC, and the cleavage occurs between G and A on both strands in presence
of Mg?*ions'® The esiduesASP75 and GLU95 in EcoRI hold the metal.fdiSeveralfactors

are important to the cleavage as detailed below:

1. Experi ment al and theoret?acala dsitawcdiogs asu g
EcoRV detail ed i n ?tnmhieg hptr ehva voeu ss ecvhearpatle rf. u n
It might aid in the binding and position
the extra negative charge ilreatvh engt rgamaipt
cleavage by providing a watfer molecul e i

2. Mut ation of t he DNA sequence al snoateaeffec

sequence (GAATTC) of EcoRI differ by a si

is termed as EcoRI* site. EcoRI * sites a
t he canonical sites. Experimental ystudy
accurately between its cognate sequence
(EcoRI* site) wunder” nor mal buffer condit
3. The role of water mol ecul es I n DNA <cl ec
experi ment . The cleavage of DNA by EcoRI

on thel®eciphosphate group. Ex{Rer ipmemstpdlor s
oxygen of the phosphate group on the 3' s

water mMBteBRuLUlRBinding to the cognate seque
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water mol ecules than binding to a nonco:

anot her EBXKpetr henemor e, the cleavage reac!H

binding of 30 water nfMoécewlueari mWlynagmnatse

study proposes that one of?athetackysthaeé sve

phosphate?tmakehgvbBgas a Lewis acid. Howe

why the waterameteduhBTO®@adredDMNAOIRYS unabl

to attack the sci s s?idoee sp hi‘bne pMiga t-B A 0B p

order to cleave the DNA.

We report in Chapter 2 molecular dynamics (MD) simulations studies which show that
replacemendf Mg?* ions by C&" ions result in the cleavage region in ECGRMA complex
becomingunstable and disordered due to enhanced fluctuations of one of the catalytically
active residues and the cleavage base pairs of the ‘DiNfis 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) EGEARA, (2) EcoRI and cognatequence in presence
of Mg?* ions (Mg*-EcoRFDNA), (3) EcoRI and cognate sequence in presence ofiQas
(Ca*-EcoRFDNA) and (4) Md* loaded EcoRI and mutated DNA sequence {MgcoR}
mtDNA). We also consider the free states of the components. We tthpiconformational
thermodynamics of the dihedral angles of EcoRI and the base pair step parameters of DNA in
the complex compared to the free DNA, as detailedhiapter 2We 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 t#gt*-EcoRFDNA 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 leastirBdgRFDNA.
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3.2 Materials and methods

3.2.1 System preparations

The initial stucture of free DNA that contains the EcoRI recognition sequence (GAATTC)
is modelled by using nucg¥software. The DNA bases sequence isiCGGGAATTC GCG
3owi th the recognition 8éq uenmeahe somplementaryn b ol
sequen&é® idnm.TReanttial straocture of EcoRl is obtained from protein data bank
(PDB) (PDB ID: 1QC9). The metal ions, such as?fand C&" loaded EcoR(Mg?*-EcoRI
and C&"-EcoRl)are not available in PDB. So, weodel M¢*-EcoRI complex by inserting
one Md" ion in the vicinity of ASP75 and GLU95 residues as these residues are reported to be
the catalytically active residues, in each subunit of ECORImodel C&-EcoRI complex the
same way as we model ffgEcoRIcomplex.The crystal structure of EcoRI bound with DNA
(EcoRIDNA) is also taken fromprotein data bank (PDB) with PDB ID 1ERIIn this

complex, the sequence of the DNA basesime to that of free DNA in both strands.

The complexes of metal ioysuch as M§ and C&" loaded EcCoRDNA are not available.
We model Mg"-EcoRFDNA complex by inserting two Mg ions in the vicinity of the two
active sitesof ECORFDNA. Similarly, we model C&-EcoRFDNA complex by placing two
Ca* ions in the vicinity of the twactivesitesof ECORFDNA. We also model M§-EcoRF
MtDNA complex, where we mutatke first A:Tbase paim recognition sequend®/ G:C base
pair in Mg*-EcoRFDNA 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 SME? simulations by applying a force to one end of the DNA along the DNA
helix, which is aligned along z axis. Thécarbons of EcoRI residues are restrained by a
harmonic potential of force constaif2, =10kcal mof! nm2, 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,00 Q & 0O «a 0 , whered 0 is the z coordinate of
the center of mass (COM) of DNA, o «a m 0 o0 =05nmndisthe

SMD velocity, andQ =50,000 kcal mot nm? is the force constant.

In addition to the SMD simulations, we carry out a series of stopped SMD simulations. A
stopped SMD simulation e continuation of a constamelocity SMD with the velocity set
to zero. A stopped SMD simulation is described by the reference SMD simulaticyvineee
the complex is subjected to a high strain rate. We carry out both SMD and stopped SMD
simulatiors on ECoRIDNA, Mg?*-EcoRFDNA, Ca&*-EcoRFDNA and M¢*-EcoRFMDNA

complexes.

3.2.4 Calculations of DNA base pair step parameters and conformational

thermodynamics

The detailed calculations of the DNbase paistep parameters and the calculations of
the changes in conformational thermodynamics is discuss#tk iMaterials and methods

section in Chapter 2.
3.25 Calculations of density profile

The density profile is calculated by the following formula,
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We calculate 1 the number of water molecules withirandi  'Q iaround the metal ion,
we consider a shell of thickne&siaround the metal ion. Hekéis the volume of the shell

and m is the molecular mass. Thus,

3.26 Displacements of nucleotides

The displacement of nucleotide from the interaction regime of EcoRlI is characterized
as follows: first, for each nucleotide, we calculate the distance between each atom of a
particular nucleotide and daatom of EcoRI residues. If the distance is less than 0.45 nm, we
make a list of the atom pair§YQvhere atontbelongs to EcoRlI, and atobelongs to DNA.

We compute the average distance of the atom pairs of each nucleotide in a single snapshot,
denoted a¥2 . Finally, we calculate the average distanee (Q of the atom pairs of each
nucleotide over the last 10 ns of the equilibratiois the number of pair§Ve also calculate

‘Q from the SMD trajectory for each snapsHeihally, the displacement of each nucleotide is
computed a®© -B Q Q . We consider a nucleotide being rupture®if 0.25

nm during the SMD simulation.
3.3Results

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 aradiie sites in ECORDNA complex
one contaimg G4:C21 and As:Too base pairs, and another one conitas:A17 and G:Gie
base pairs. The arrows in the figure shows the cleavage points. Both ASP75 and GLU95 in
chain A for the first active site artle same residuas 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. N, Nz, etc. are the nucleotides where each of them contains
a phosphate group, a sugar group and one of the four bases. Coordinations of (b) ¥Min Mg?*-EcoRlI-
DNA and (c) C&*in Ca®*-EcoRI-DNA.

We carry out MD simulation&s detailed in Materials amdethods section of Chapte). 2
We show the coordinations of Mfgin Mg?*-EcoRFDNA complex, andhe coordinations of
Ca* in Ca&*-EcoRFDNA complex, shown irFigs. 1(b) and (cjespectively If the distance
between any atom of DNA or EcoRI and #Mgr C&* is less or equal to 34, coordination
is considered. OD1 of ASP75, OE1 of GLU95 and OP1sgfdrticipate in coordination with
Mg?* in Mg?*-EcoRFDNA. Similarly, OD1 and OD2 of ASP75, OE1 and OE2 of GLU95 and
OP1 of B participate in coordination with&". The rest of the coordinations of kKignd C&*

are satisfied by the O atoms of water molecules.
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3.3.1Microscopic fluctuations of conformational variables

We calculate fluctuations afonformational variables, likbasepair step parameters of
DNA base pair steps aride proteirdihedralsas detailed in chapter Blere, weshow data for
the fluctuations of base pair ste@4(Co1, As:T20) and the EcoRI residues, ASP75 and GLU95,
belongng to the cleavage regianf the first ative site.For a given base pair step (i and i+1),
the distribution is denoted lfy; (b) in the free state ard;, (b) in the complex for a given

base paistep parametdrintroduced in the previous chapter. Here c = MFHCORFDNA, ¢

= Mg for Mg?*-EcoRIDNA, ¢ = Ca forC&*-EcoRFDNA and ¢ = Mut for Mg?*-EcoR}
mtDNA. Similarly, for a given dihedrabof a residue Rthe distribution in free state {s (V)

and in complex( (V.

0.6

10 20,30 40 50
b

0.6

= 05} (@) & o5 ()
= 04| = 04
; 03 =~ 03¢ Fig. 2. Distributions of base pair step
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We consider the distributions of DNA base pair step parametdise distributions

of U aimgkepeaked for M§" -EcoRFDNA andfor Mg?* -EcoRFMtDNA, but broad for the
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other two complexes (Fig. 2 (a)jhe other rotational degree of freedpreahow single peaks

in free state as well as in all the complexes. So far asmiseis concerned,( (¥) and
( r (¥) are multimodal distributions, while  (¥), ( y (¥)and( j (¥) show single peaked
distributions (Fig. 2(c)). Both  (Dx),( r (Dx)and( j (Dx)show broad distributions, while
( 5 (Dx)and( f (Dx) are sharp single peaked (Fig. 2(d)) (Dy) is broad single peaked
(Fig. 2(e)).(  (Dy) shows multimodal distribution (Fig. 2(e). ; (Dy), (  (Dy) and
( (Dy) are all single peaked (Fig. 2(e)). The distribution of $€hows single peaked

distributions for all the cases (Fig. 2(f)). Overale 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 dihedrainglesof ASP75in free EcoRI and EcoRI in the
complexesre shown ifrigs. 3(a)(d). The backbone dihedrédl of ASP75 shows si |
distributionsfor all cases (Fig. 3(a)while the other backbone dihedrgl s h lwmwodal

distribution in freestate and single peakedlistributionsin the complers (Fig. 3(b))
( ( ¢ of ASP75in EcCORFDNA is single peaked, whilé ( 1 showsmultimodal
distribution (Fig. 3(c)) ( (1 ( (1% ( ( 1 are all multimodal distributions
(Fig. 3(c)) ( ( & shows multimodal distributiofFig. 3(d)) ( ( B and( (D

are bimodal distributions, whilé (% and( ( % show multimodal distributions.

The distributions of the dihedral angles for GLU95 are shown in Figs(li®(@) of GLU95
shows single peaked distributions for all cases (Fig. 3(e)). However, ( i) s hows s mal
peak height with broad peak comed to other cases. Similarly, (yl, (y) .,

( (yl ( yagnd( ( y(Fig. 3(f) are all single peaked with similar peak

heights.( ( 1 shows multimodal distributio(Fig. 3(g)) while ( (5 ( ()

and ( ( ¢ are single peake(Fig. 3(g)). ( ( & shows multimodal distribution.
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( ( & ((Fig. 3(h))) ismultimodal distribution( (B ( (B ( (&) and
( ( % are all single peaked distributio(fsig. 3(h)) All the backbone dihedral angles of

the residues show single peaked distributions ex¢ept (y) which shows bimodal
distribution. The side chain dihedrals of ASP75 for most of the cases show mddtimo
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 EcoRlI in free case (cyan), EceRNA (black), Mg?*-EcoRlI-
DNA (red), Ca?*-EcoRI-DNA (blue) and Mg?*-EcoRI-mtDNA (green). Distributions of (a) G, (b) y, (c) &
and (d) ez of ASP75. Histograms of (efi, (f) y, (g) a: and (h) ez 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 fre&\V&ate.
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compute thestatistical correlation between all variablédVe observe that the correlation
between the variables is small (corriglatcoefficient 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 frelécstate.

a givenbase paistep parameter, the changes in free energy and entrgiiz ofp) stepin the
complexwith respect to the free state are denoted'ag (b) and433 (b) respectively

the change in a given base pair step is given by the sum of thigliradicontributions.

The total free energy and entropy changes of the DNA base pair step parameters for the
complexes with respect to free DNA are showfigs. 4(a) and (bjespectively. All the base
pair steps in recognition region show marginal changeboth free energy and entropy in
EcoRFEDNA complex (Fig. 4(a)). All the base pair steps are highly stabilized and ordered in
Mg?*-EcoRFDNA. However, the base pair step (4,5) in cleavage region shows maximum
conformational stabilization and order cormgmhito those of the other base pair steps. fi-Ca
EcoRFEDNA complex, the (6,7) step is destabilized. The other base pair steps in this complex
show marginathanges (< 2.5 kJ/mol)The entropy changes show similar ordering at all the
basepair steps. Fothe cleavage base pair step (4,5), the stability and order 3+ BogpRF

DNA is greater than those in any other complex.
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Fig. 4. (@) &8H(b)and (b)fi ™ (b) of base pairstep parameters of base pair steps of DNA iEcoRI-
DNA (black), Mg?*-EcoRI-DNA (red) and Ca?*-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 ECORINA, Mg?*-EcoRFDNA, C&*-EcoRFDNA and Mg *-EcoR}
MtDNA complexes with respect to the free EcoRITable 1 Both the residues in cleavage
region show marginathanges in conformational free eneigyall the complexes. However,
both the residues are ordered in all the complexes compared to those in free state. The
maximum ordeoccurs inGLU95 in Mg*-EcoRFDNA complexthroughes, 6z andGs. Thus
the overall fluctuations are diminished in the cleavage regidfgii-EcoRFDNA compared
to the Ca2*-EcoRFDNA. This scenario is quite analogous to that of ECORV. The enhanced
stability and order is preequisite for positioning the metal ion in the igity of the scissile

phosphate and is more efficiently doneig?*-EcoRFDNA than inCa*-EcoRFDNA.
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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.

ResidSystels (T]U ¥ G G G 433 (T| @ ¥ G G G

EcoRI |-2.51-0.9-1.4-0.4-0.20.0-5.03]- 1.4-1.9-1.090.0
DNA 0.5
Mgt -1.12/-0.0d-1.0g0.0{-0.00.0|-2.79]- -1.30.2|-1.20.0
ASP7| Eco-RI 0. 4
DNA
Cat -1.76/-0.2-1.2-0.0¢-0.130.0[-4.40{- -1.40.0(-2.50.0
Ec o-RI 0. 3
DNA
Mgt -1.47,-0.2-1.20.0[{0.0/0.0|-2.59]- -1.3-0.6-0.20.0
Ec o-RI 0. 3
mt DNA
EcoRI |-0.550.3/-0.2-0.3-0.2-0.0-3.09 0.40.2|-2.14-1.7-0.7
DNA
Mg * 0.47({0.3/0.0/0.3-0.2-0.0-5.29(0.00.3[/-1.9-1.9-1.17
GLU95 Eco-RI
DNA

C4at -0.250.6/-0.00.24-0.30.24.07{2.00.3[-1.21-2.86-1.17
Ec o-RI
DNA

Mg * 0.550.0/-0.00.0g0.2-0.3-2.68{0.00.4[{0.7|-1.4-2.14
Ec o-RI
mt DNA

3.3.3 Sequence selectivity

We now focus on how mutatiai A: T base paim recognition sequendsy G:C affects
the DNA cleavage by EcoRl in presence of #gns Here we focus othe conformational
thermodynamics changes in the active site protein residues. We consider twacalyalyt
active residues ASP75 and GLU95 in Mg coRFDNA and Mg *-EcoRFmMtDNA complexes,
shown in Table 1. Both the residues show marginal changes in conformational free energy in
both complexes. However, the changes in conformational entropy aiference 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 Mg-EcoRFDNA complex comparedb those inMg?*-EcoRF

MtDNA complex through the side chain dihedrals. So, GLU95 makes the coordination of the
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metal ion better in Mg-EcoRFDNA than in the M§*-EcoRFmtDNA complex. This could be

the microscopic mechanism behind the sequence selectivity
3.3.4 Hydration levels

We calculate thevater density profilegdetails in Materials and methods)ound the
metal ions in metal ion loaded complexiery. 5a) shows the distribution of water molecules
around Md@" in both Mg*-EcoRFDNA and Mg *-EcoRFMtDNA complexes and around €a
in C&*-EcoRFDNA complex. For all cases, the distributions show two well defined peaks.
The first peak in M&-EcoRFDNA appears at 0.215 nm, while the second peak arises at 0.285
nm. The density is observed to be maximun3.097 gm/cc at 0.215 nm. The distribution in
Mg?*-EcoRFMtDNA is similar as those in Mg-EcoRFDNA. However, the distribution in
C&*-EcoRFDNA complex varies widely. As the radius of Cés greater than that of Mg
the peaks appear further away fr@#* than in the case of Mg 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 thatislgetter hydrated than €adue to

smaller sie and larger charge density.

We also calculate the water distributions arougdPPand P in ECORFDNA, Mg?*-
EcoRIDNA, C&*-EcoRFDNA and Mg?*-EcoRFMtDNA near the cleavage region. The
density peak aroundsRFig. 5(b)) is similar ifMg?*-EcoRFDNA andMg?*-EcoRFMIDNA,
and larger compared to the other complexes. T¥g$' ion captures more water molecule due
to stronger electrostatic interactions. The density aroun@Fig.5(c)) is similar in all the
complexes. However, the scenario change for thervasgtribution around KFig.5 (d)). The
density of water for Mg?*-ECORFDNA, Ca&*-EcoRFDNA and Mg?*-EcoRFMtDNA

complexes shows a significant decrease compared to those forBb#Rtomplex.
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Fig. 5. (a) Density of water} (gm/cc) around Mg?* in Mg2*-EcoRI-DNA (red) and in Mg?*-EcoRI-mtDNA
(green), and around C&"* in Ca?*-EcoRI-DNA (blue). Water density around (b) B, (c) Ps and (d) P for
EcoRI-DNA (black), Mg?*-EcoRI-DNA (red), Ca?*-EcoRI-DNA (blue) and Mg?*-EcoRI-mtDNA (green).

We calculate the number of water molecules around each phosphate ardugso
calculatenumber ofhydrogen bonds between O atoms of each phosphate group in recognition
region and water molecude 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)4@ (donor)i O (acceptor) angle is less or equal to®150e define
f, the fraction of hydrogen bonded water molecules out of the available water molecules

number As the two strands of free DNA, EcoRNA, Mg?*-EcoRFDNA and C&*-EcoRF
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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 CiNides not

show sequence specificitjor different phosphate groups. However, the complexes show
sequence specificvalue. In EcCORIDNA complex,f shows minimum value for theleavage
phosphate groupsPin Mg?*-EcoRFDNA complex,the minimum off at Ps further deeper and

a mximum aP; unlike ECORFDNA complex In Ca*-EcoRFDNA complex,f has a minimum

at B and a maximum & but the minimum is comparable with thatEeoR-DNA complex.

As the two strands are asymmetric in3gcoRFMtDNA complex, we separately calculdte

for each strand, shown Figs. 6(b) and (c) in both strands show similar profile as those in
Mg?*-EcoRFDNA complex.Thus, the data suggest that kiyelrogen bond formation becomes

sequence specific in presence of the metal ion.

It may be noted that the number of water molecules surrouriding more in the
presence oMg?" than the other cases. Theénimum of f at Psin 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 presenbégéfthan Ca". The decrease in
is compensated by, Ehat belongs to wre fluctuating part of the sequence as evident from the

conformational thermodynamics data.

1.2 1

1 (b) (€)
1 k 081
0.8 F
o 7 0.6
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04 04r
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Fig. 6. (@) The number of hydrogen bonds per water moleculé,n free DNA (cyan), EcCoRFDNA (black),
Mg?*-EcoRI-DNA (red) and C&*-EcoRI-DNA (blue). f for Mg ?*-EcoRI-mtDNA in (b) first strand and (c)
second strand.
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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 EcoRFDNA, Mg?*-EcoRFDNA, C&*-EcoRIDNA and Mg*-EcoRFmtDNA
complexesin Fig. 7. For EcoRIDNA, Mg?*-EcoRFDNA, C&*-EcoRFDNA, 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 both34gcoRFDNA than the other case.

This indicates that the interactions between EcoRI and DNA is strongerirRBdgRIDNA.
The Mg?*-EcoRFMtDNA complex on the other hanghows only a broad maximuwhich
suggests that the binding is rather insensitiv@pared to the other complex&be force data

indicates that the strongest bindingMig?*-EcoRFDNA..

15 ' e
I e 4 Fig. 7. SMD force profile for EcoRI-DNA
~ 1.2 F .',f 1 (black), Mg?*-EcoRI-DNA (red), Ca?*-EcoRI-
< I 1 DNA (blue) and Mg?*-EcoRI-mtDNA (green).
2 09 ;
O | 4
2 0.6} -
0.3 '/’ .
0 VAN WU WU (U N N
0 2 4 6 8 10 12 14

Time (ns)

The displacements of each nucleoti®@ of both strands fodifferentcomplexes with
SMD simulation time are shown kig. 8 In the first strand, the nucleotides in the recognition
region are ¥+No, while the nucleotides in the second strand ageN¥1. The D data of the first
strand and the second strandErfoRFDNA are shown in Fig. 8(a) and (b) respectively.

Nucleotide Noin the second strand is the first nucleotide that breaks away from thetiotera
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regime of EcoRI around ns. It leaves the binding site beforaWhi ch br eaks away

Nucleotide No also leaves at same time ag.Mfter that around 3.8 nd|4 in the first strand

leaves the binding sit&he complex is then stabilized up to 4.7 Inghe range % ns,Ns, Ns

and N in the first strandreak awayn which Ns and N break away at the same time&J.2

ns), while both Ng, N17in the second strand also leave the binding site. The last tidel@o

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 earliet*stiadyever,

the rupture time somewhat less in our system which may beodii#erences in force fields

in two cases

Next, we consider the two strands (Figs. 8 (c) and (dy)gi*-EcoRFDNA complex
In the second stranfpththe nucleotides N andNxpar e r upt u Brs(Fig.8) und
Nz and Ng break awayat 3.4 ns and 3.9 ns respectivelifs breals awayat 4.95ns N4-Ng
rupture gradually in a gap of 1 ns, while both M and N nucleotides break away
approximately athe same tim¢ 5.8ns). The remaining two nucleotideBli7 and N in the
secondeaves the binding si@ r o u n5ins while6the remaining nucleotideghh the first
strand br eak8&nsnE@RIDNAYtlewurcldotide starts breaking away at 2ns,
whereas inMg?*-EcoRFDNA complex this time is 3ns. We also observe thag tlast
nucleotide in the recognition region stabilized up to 6.8 ns, while the last nucleolidgin
EcoRIDNA complexremains stabilized up to 7.9 ns. It indicates that the interactions between

EcoRI and DNA is stronger iMg?*-EcoRFDNA than in ECORIDNA.
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Fig. 8. Displacement$D) of the nucleotides in (a) ECORIDNA, (b) Mg?*-EcoRI-DNA, (c) Ca?*-EcoRI-DNA
and (d) Mg?*-EcoRI-mtDNA for the first strand. Similarly, the displacements of nucleotides in () EcoRI
DNA, (f) Mg?*-EcoRI-DNA, (g) Ca?*-EcoRI-DNA and (h) Mg?*-EcoRI-mtDNA for the second strand.The
symbols are as follows: M(black), Ns (red), Ns (blue), N7 (green), Ns (magenta), N (cyan) in the first strand
and Nie (black), Na7 (red), Nis (blue), Nig (green), Neo (magenta) and N1 (cyan) in the second strand.

The sequence of events@#*-EcoRFDNA complexis quite different. D in first and
second strands is shown in Fig. 8(e) andiff)his complex, N, N2o andN>;1 leaves the binding

site approximately at the same tim&.7 ns Nio breaks away at 4.05 ns. After thaall four
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nucleotideNs, Ne, N7 andNo in the first strandbreak away at approximately same tié.1
ns (Fig. 8(e)) N1g breals awayat 5.6 ns, whileNg breals awayaround 6 ns.Here,Ng is
ruptured befor®s (Fig. 8(e)).N1s comes out from the binding pocket aroun@ nsbefore N7
which breaks away at6.55 ns (Fig. 8(f)). Here, Mbreaks away at 6.55 ns, while in M§'-
EcoRIDNA the last nucleotide is dthat breaks away at8 ns, indicating M§-EcoRFDNA

complex is more stable than T-&ECORFDNA.,

In Mg?*-EcoRFMtDNA complex,in the second stranthe first nucleotide B (Fig.
8(h) in the recognitionregiobh r e a k s a.2wvg whileNibr e 8ks awa ¥ig.at 3
8(g)). Both Ns and Ns nucleotides break away tite same time (4.5 ng (Fig. 8(g)) Around
5 ns, another two nucleotidesdand Ng break away. Similarly, both.™Nand N\s are ruptured
at 5.3 ns.The remaining nucleotidessNNig, N.;7zand Nebr eak away at the s

6.35 ns).The results indicate thitg?*-EcoRFDNA is more stable thaMg?*-EcoRFMtDNA.

(©) @)

05 1 1 1 1 05 1 1 1 1
PR Ps P P, P P PP Ps Ps P, Py P

Fig. 9. The number of hydrogenbonds per water moleculef 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, Mg?*-EcoRI-DNA and Ca?*-EcoRI-DNA respectively.
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Fig. 10. Number of hydrogen bonds per water moleculd, around each phosphate group of Mégf-EcoRI-
mtDNA for stopped SMD simulations at (a) 4 ns, (b) 5ns, (c) 6 ns and (d) 6.5 nghe first strand. f for (e)
4 ns, (f) 5ns, (g) 6 ns and (h) 6.5 ns the secondstrand.
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We carry out stopped SMD simulatioms snapshots from SMD simulation trajectory at 4
ns, 5 ns, 6 ns and 6.5 &ach snapshot is used for further simulation of 5&ntwe calculate
f. At 4 ns (Fig. 9(a))f hassimilar values foall the phospate groups in recognition regidor
EcoRFDNA and C&*-EcoRFDNA. For Mg?*-EcoRFDNA complex,f has minimum at P
Similar behaviotlis observedt 5 ns of stopped SMD simulations (Fig. 9(b)). At 6 ns and 6.5
ns,the values of get more and more uniform with the SMD time over the phospivaié

the three complexes.

For Mg?*-EcoRFMtDNA complex, the results are shown for both strands individirlly
Fig 10due to asymmetric arrangement of the bases in two stedtetsthe mutton. In the
first strand(Figs. 10(a}(d)) f shows minimum at Pwhich does not change much in the first
strand. However, in the second strand the minimumsdbrP4 ns (Fig.10(e)) and 5 ns
(Fig.10(f)) shows tendency to homogenize at 6rig. (10Q)) ard 6.5 ns Fig. 10f)). Itis 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 thathef tleavage site, while the first strand hardly show any

change.
3.4Conclusiors

Our study based on microscopic fluctuations shows that the cleavage region is highly stabilized
and ordered both in MGEcoRFDNA and Mg*-EcoRFMtDNA complexes compared to those

in the C&"-EcoRFDNA complex. Howeverthe active protein residues holding the metal ion

is less stabilized in MdEcoRFMDNA compared to those in MGECORFDNA. This
suggests that DNA cleavagman take placén the Mg*-EcoRI-DNA complex. It is also
observed that theetal ion mediated hydratiast the scissilephosphate group is higher for

both Mg*-EcoRFDNA and Mg*-EcoRFMtDNA complexes compared to those in EcoRl
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DNA and C&"-EcoRFDNA complexes.However, the thermodyngics data show that the

cleavage of DNA irMg?*-EcoRFMtDNA is less probable than Mg?*-EcoRFDNA.
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CHAPTER 4

Quantum Chemical Studies onlnteractions of ZnO Nanoparticles with
Cellular Energy Carrier Molecules, ATP, ADP and AMP

41 ntroduction

Nanobio conjugates stabilized via interactions betwe@organic moieties and
biomolecules attract a great deal of attention due to their importance in biomedical
applications’®> The bio-conjugate nanomaterials typically use -bafe metabxide
nanoparticle§ Out of metaloxide nanoparticles, strongly Raman active ZnO nanoparticles
(ZnONP) conjugated with biomoleculés? like tyrosine/tryptophaf® DNA baseg* RNA
sequencg'® adenosine triphosphateare important in various applicationscluding drug
carriers, cosmetics and medicinal matertafs early detection of symptoms of severaicas
chronic disease's ultra-fast DNA sequencing devicé$to name only a fewl'he conjugation
of bio-molecules to nanopdcte surfaces depends on variety of factors, including chemical
composition, porosity and surface crystallinity of trenomaterial$®2* Biomolecules may
further induce phase transformations, free energy releases, restructuring, and dissolution at the
nanomateriaburface’! All these factors make ieroscopic understanding of bamnjugate

materialschallenging andacking, despite intense studies in recent tiffés*

With high potential biological applications, it is quite imperative to understand how ZnONP
interacts with different bionoleculespresentin cellular environmentEnergy carrier bio
molealles play important role in all cellular metabolic procesgetenosine triphosphate
(ATP), consisting of three phosphate groups, a ribose and an adenine gestipipates in
biological energy transfer reactions, primarily via controlled hydrolysishosphate group
forming adenosine diphosphate (ADP) molecule with two phosphate groups where adenosine

monophosphate (AMP) with one phosphate group is formed as an intermediate cafpound
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These biemolecules have@hosphateadenine and ribose groug3hosphate groups bind to
metal ions by virtue of large valence charge, in particular the divalent metal ions which control
of host of processe8 3 Raman spectroscopic study shows that*@ad Mdg* ions bind
strongly with the phosphate group, while?Cinteracts simultaneously with the phosphate
group and the adenine ring of ATP at neutral $#-Chelation has been reported by recent
experimentaRaman spectroscopic studies of ZNONP and ATRcbigugate® where in
addition to the phosphate groups, adenine moiety also participate in the chblatioa

interaction of Zn witmitrogenof adenine

There is as yet ndi¢oretical studfor microscopic understanding of chelatiomudtal oxide
nano particledy the energy carrier biamolecules. The interactions of biomolecules with
nanoparticle surfaces at atomistic level are investigated by quantum chemical calculations
using the density functional theory (DFT). TBET method with B3LYP functional® has
already been successfully employed to study ground state properties, reaction mechanism,
vibrational absorption, and circular dichroismtainsition metal complexes having organic
ligands, metabxide nanoparticles as well as bio molecutds®. It also determines the
electrostatic properties which are not readily accessible from experiments, as well as giving
additional information about chemical bonding and chemical reactidssa result such
techniquehas emerged as a good compromise between computational cost, coverage, and

accuracy of resulf®

Here, we carry out DFbasedquantum chemical calculations to investigate the #aoo
conjugate consisting of ZNONP with ATP, ADP and AMP. Our objective is to understand
microscopic details of chelation by individual groups (phosphate, ribose aminad
respectively) of the ligands with ZnONP. We restrict to small ZnONP, nameb2Arcluster
to keep the computation cost manageable. TheOimcluster is stable due to its cage like
structure, and have been extensively investigated theoretcallgxperimentally” 4 We not
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only check the chelation process reported in the experimemtslso eglore its generality
across these phosphate containing moielinesrder 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 chemicatalculations are performeasing B3LYP functionaf? within the
density functional theory (DFT) implementedthre Gaussian 1@ackage’? The theoretical
background of the calculations has been given in Appentdlhel optimizations are done using
double zeta quality-81G (d) basis set function for the C, N, O and P atoms &8idbasis
set for the H atoms, while the LANL2DB¥* basis set with effective core potential (EER
used for the Zn atoms. For single point gyetalculations, triple zeta split valence basis set
along with the diffuse and polarization functions3BL++G (d,p) is used for the C, N, O, P,

and H atoms, while Stuttgaftresden basis set with EERs used for the Zn atoms.

The population analysis is carried out by natural bond orbital (NBO) nfétHoat
B3LYP/6-311++G (d,p) level of theory using NBO progrémunder the Gaussian 16
package’? The optimized structural parameters ased 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 equatiofb % %

% hwhere % is the total energy of the complex of ZnONP and
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biomolecule,% and % are the total energies of the isolatBdONP and

biomoleculerespectively
4.3 Results

4.3.1 Bondingnature in ground state

Theoptimized cage structure of Q1> cluster, as shown iRig. 1(a) with six (ZnO)
and eight (ZnQ) rings forming a truncated octahedrddere all Zn and O vertices are
equivalent. In ZgO12 cluster, shorter ® bond distance is 1.94 and longer ZrO bond
distance is.98 A (see Figure 1(a)) which are in good agreement with the previous theoretical
studies’®*® The ground state structures tbie biomolecules ATP, ADP, and AMBnd the
methyl phosphate (MRyre shown irFigs. 1(bj(e) respectivelyThe 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 figufes ATP (Fig.1(b)), the @ bond lengths
in adenine group varies in the range 11328A, while the bond length of both the M bonds
is 1.01A. C-H bond lengths in ATP vary from 1.08 to 11 All the OH bond lengths are
similar with an average value of 0.4 Similarly, the bond lengths of-© bonds in the
phosphate group are in the raigé9-1.7A. 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 GH bond lengths are similar as those in the biomolecules.
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Fig. 1. Optimized geometiesof (a) Zn12012 cluster, (b) ATP, (c) ADP, (d) AMP and (€) MP. The bond
lengths of each connecting group are given.

Optimized geometries of the nab@ complexesalong with the bond lengths artde
Wiberg bond indices (shown in greeare shown irFig. 2(a}(d). ATP forms 5 bonds with
ZnONP Fig. 2(a), one with N atom of adenine group, ZN2 (2.129R) and other four bonds
of lengths around 2-2.1 A with oxygens of three phosphate groups, as shown by )2
Zn3-06, Zn408, and Zn4011 Non-zero Wiberg bond indices (:2),asshown in Fig2(a),
of all these bonds suggest existences of above said bonding interactions -itn@NP
complex. In ADRZnONP complex Fig. 2(b), ZnONP forms bonds with one N atom of the
adenine group (see Z#N2 bond (2.1164\) in Fig. 2(b))and three bonds of lengths around 2.0
A with O atoms of two phosphate groups, as shown by@®2Zn306 and Zn409 bonds.
ZnONP forms ae bond ZniIN2 of length 2.10% with the N atom of adenine group of AMP
and one bond Zn®6 of bond length around 24 with O atom of the phosphate group, as

shown inFig. 2(c) Zn-N bond distance is similar (=1A) 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 inligiand from 1 (in AMP) to 3 (in ATP). Note

that the ribose group does not participate in bonding with ZnONP in fatlyese three
complexes. ZNONP forms two bonds of length around 2.1 A with the MP ligand via two
oxygen atoms O1 and O2 of the phosphate group, as shown bBQZafd Zn402 in Fig.

2(d). These ZrO(phosphate) bond distances are similar to thos®©@@mophate) bond
distances INnATP-ZnONP, ADRZnONP, and AMPZNnONP complexes indicating that
presences of adenine and ribose groups in-beam@omplexes do not influence much the
bonding interactions between ZnO cluster and phosphate group. Wiberg bond fiodedés
complexes, as shown in Fig. 2, also support the bonding interactions between bio ligands and

nano particle described above.

94



(C) J' (d)
Py

)
2.105 A

L/ 4—_ 1987 A

0.247
H1

Fig. 2. Optimized geometries of the complexes: (a) ATBnONP, (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.

In addition to bonding interactions discussed above, another type of burgkisedn the
complexes (se€igs. 2 (aj(d). Two H atoms connected with O atoms of two phosphate groups

in ATP and ADP ligands form ® bonds of lengths 0.8 with O atoms of ZnO cluster, while

two O(phosphatel bonds in bio ligands are elongated in the range frord 1672.9A in all
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three complexed-or instance, the hydrogen atoms H1 and H4 of the phosphate groups at ATP
form two new bonds with oxygen ator@d,, and O2p at ZNONP in ATPZnONP complex,

as shown irFig. 2(a) At the same time O11(phosphat¢) and O6(posphateH4 bonds in
ATP are elongated to 28 and 2.94, respectively. Wiberg bond indices of 0.7 for these new
O-H bonds indicate presence of strong O(ZikO)onding interactions in all four complexes.
Therefore, two noflassical GH---O bonding inteactions are formed in AFRNnONP (Fig.

2(a) and ADRZnONP (Fig. 2(b) complexes. Such neciassical bonding interaction of H
atomis also reported in interaction of transition metal and organosilicon ligamad AMP-
ZnONP complex, only one such nolassical GH---O bond is formed (se&ig. 2(c)
indicating that number of ®I---O bonds increases with number of phosphate groups in
ligands. Presence of-B---O bond in MRPZNONP complexas well shown inFig. 2(d)
indicates that phosphate group interacts with ZnONP through formations of suclassinal
bonds. Presence of adenine and ribose groups in ATP, ADP and Addirodanfluence much
these nortlassical OH---O bond formatios. All these geometrical features suggest presence
of Zn-N(adenine) and multiple Z0(phosphate) bonding interactions along with presence of

O-H---O nonclassical bonds in all three nabm complexes.

Table 1. Binding energiesand HOMO-LUMO gaps of the complexes.

Systems Binding energy Eg | HOMO LUMO | HOMO-LUMO gap Y
(kcal/mol) (eV) (eV) (eV)

Pristine ZnONP| ----- -7.32 -3.37 3.95

ATP-ZNnONP -119.20 -6.75 -3.08 3.67

ADP-ZnONP -105.9 -6.73 -3.23 3.50

MP-ZnONP -37.13 -6.80 -3.33 3.47

AMP-ZnONP -51.9 -6.51 -3.51 3.00

The binding energies @f (see Computational detail®f nanebio complexes are

shown in Table 1. The order ogks ATP-ZnONP (119.2 kcal/mol) > ADZnONP (105.9
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kcal/mol) > AMRZnONP (51.5 kcal/mgl> MP-ZnONP @7.13kcal/mo). Thus the binding
energy increases with increase of number of phosphate group in those molecofeSMP-
ZnONP(51.5 kcal/mol) is higher than that of MEWNONP (37.13 kcal/mol) which suggests that
presences of adenine groups as® enhancethe 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 theHighest OccupiedMolecular Orbital (HOMO) andhe Lowest Unoccupied
Molecular Orbital (LUMO) which provide information onstability and reactivity of a
molecule®?>°>3 HOMO acts as electron donor and LUMO as electron accedfoMO of
ZnONP clustergFig.3(a) mainly consists of €p and Zr3d orbitals, while LUMQFig. 3(b)
consists of @s and Zrds orbitals. HOMO of ATRFig.3(c) is distributed ovepurine ring
of the adenine moiety, while LUM@Fig3(d)), over phosphatgroups.We consider the
HOMOs and LUMOs of ADP and AMP and MP as welere, botrHOMOs and LUMOf
ADP (Fig.3(e) and (frespectively and AMP(Fig.3 (g) and (h) respectivelare distributed
mainly over purine ring of the adenine moiety. In MP, HOF®.3 (i)) and LUMO(Fig.3()))

are distributed all over the molecule.
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(i)

Fig. 3. (a) HOMO and (b) LUMO of Zn12012; (¢) 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, € HOMO-62, f) HOMO -69 respectively of
ZnONP-ATP. The corresponding energy of each state is shown ihe figure.

Important KohaSham MOs iPATP-ZnONPare shown irFig. 4(a)}(f). HOMO (Fig. 4(a))is
mainly distributed over purine ring of adenjnehile LUMO (Fig. 4(b))is located over ZnO
cluster We also consider some MOs near HOMO. The orbital of endi@®6 eV HOMO-

57, Fig. 4(c))showsoverlap of electron densities between the adenine moiety of ATP and ZnO
cluster, whilethat with energy-11.33 eV HOMO-60, Fig. 4(d) showsbonding overlaps
between the phosphate groups and ZnO cluSteto more orbitals with energyl1.60 eV
(HOMO-62, Fig. 4(e) and-12.40 eV HOMO-69, Fig. 4(f)) represent two €H bonding
overlaps in ATPZnONP.Important MOs for ADPZnONP are shown in Figs. 5¢€). HOMO

(Fig. 5(a)) is distributed over adenine group, while LUMBig. 5(b) is distributed over the
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cluster. HOMG55 with energy-10.95 eV (see Fig. 5(c)) illustrates the bonding overlap of
electron densities between-drorbital and Np orbital, while HOMG57 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 HOBBDand HOMG69 with energy12.59 eV and
-12.63 eV respectively, shown in Figs. 5(e) and (f) respecti@atyilarly, the MOs of HOMO

and LUMO in AMRZnONP are same as those in AZRONP or ADRZnONP, shown in Fig.

6(a) and (b). The electron density overlaps between adenine group and the cluster is represented
by the orbital of energyl0.51 eV (HOMG51, Fig.6(c)), while the orbital of energy0.62

eV (HOMO-52, Fig. 6(d))illustrates the bonding overlap between phosphate group and the
Zn12012 cluster. The €H bonding overlap is represented by the orbital of enel@yr7 eV
(HOMO-70, Fig. 6(e)The HOMOandLUMO for MP-ZnONP are shown iRkig. 7 (a) and (b)
respectivelyHOMO is distributed mainly over O atoms of the cluster, while LUMO is located
mainly over Zn atoms of the clustérhe bonding overlapbetween phosphate group and
ZnONPareobserved foorbitals with energy10.4 eV HOMO-37, Fig. 7 (c) and-11.39 eV

(HOMO-41, Fig. 7d)).
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Fig. 5. (&) HOMO, (b) LUMO, (c) HOMO-55, (d) HOMO-57, ) HOMO -68 and ) 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.

HOMO
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Fig. 7. (a) HOMO, (b) LUMO, (c) HOMO -37 and @)

HOMO -41 of MP-ZnONP.
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4.3.3 HOMO-LUMO energy gap andcharge transfer (CT)

The HOMGLUMO energy and th&ap ) between the HOM@QUMO energy levels for
isolated moleculeas well as th@anebio complexes arshown in Tablel. In all nanebio
complexesy value decreases compared to that in pristine ZnONP. The ordérfATP-
ZnNONP > ADRZnONP >MP-ZnONP > AMRZnONP. This indicaks that the stabilityof
nancbio complexes increases with incrieesnumber of phosphate group time ligand. The
difference ofY between MPZnONP and AMPZnONP again suggests the involvement of the

adenine group in the stability.

We illustrate the role of phosphate and adenine groups in the&Z&, we use natural
population analysis (NPA) method to calculate the atomic chakiyescalculate 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 isolade molecules and narao complexes are
summarized irmable 2 Electron populations of ZnONP decrease in Raisocomplexes than
those in isolated ZNONP by 0.42e, 0.37¢e, 0.18e, and 0.22e iRZADRP, ADRZnONP,
AMP-ZnONP, and MPZnONP complexes, respectiyeln 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
electrontransfersoccur from the ZNnONRo phosphate ligand that results in-@ncoordinate

bond formation in MEZnONP.
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Table 2. Charge transfer (in terms of magnitude of electronic charge) between ZnONP and the

biomolecules using natural population analysis (NPA).

Individual ATP-ZnONP | ADP-ZnONP | MP-ZnONP AMP-ZnONP
contribution

Zn12012, YN -0.42 -0.37 -0.22 -0.18
Phosphat®ry | 0.49 0.47 0.22 0.27
AdenineYn -0.07 -0.08 - 10.07
RiboseYn -0.00 -0.02 - -0.02

Let us now consider the presence of both adenine and phosphate dtmghson
populations of adenine groups in naso complexeATP-ZnONP, ADRZnONP and AMP
ZnONPdecrease by 6.07e than those in isolatéd P, ADP and AMPmoleculegsee Table
2), indicating that electron donation occurs from the adenine moiety to ZnONP in albimano
complexes Thisis supported by presence of-Ehbonding interaction and electron density

overlap between adenine group and ZnONP.

Note that both of MRZNONP and AMRZnONP complexes have only one phosphate group.
The population difference (0.22e) of ZnO cluster betweerZMBNP complex and isolated
ZnO cluster is exactly equal to that (0.22e) of phosphate group between®IRP and
isolated MP but the populah difference (0.18e) of ZnO cluster between AMKRONP
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 AMRONP complex consists electron donations
from ZnONP to phosphaigroup of AMP ligand as well as electron donations from adenine
moiety of AMP ligand to ZnONP. Finally, both CTs, ZnOWP phosphate and adenidg
ZnONPplay major role to stabilize AMZNONP complex through ZN and ZrO(phosphate)

coordinate bonds.

The CT results are supported lifie correspondingptimized geometry anthe MOs.
Presence of multiple phosphate groups in bio ligands as in ADP and ATP will therefore

increase ZNONR, phosphate CTs which is well reflected in decrease of electron population
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of ZnO cluster in ADPZNnONP and ATFZnONP complexes than that in AMEhNONP
complex where single phosphate group is pre(saa Table 2)Thus,adenine moiety forms a
coordinate covalent bond (A4) with ZnONP through adening ZnONP CT and phosphate
growps from coordinate covalent bonds {@0) through ZnONR phosphate CT in all nano

bio complexes. These two types of CTs from ZnO nanoclusterdaybiad and from bio ligand

to ZnO nanecluster stabilize the nano bio complexes. Multiple@ibonds form irpresence

of multiple phosphate groups in bigands that increases the stability of ndmo complexes
ADP-ZnONP and ATPZnONP compared to that of AMPNnONP as ZnONR, phosphate CT
increasesElectron population of ribose group does not change muchniotlma 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. Thechanges of the Raman peaks of ZnONP due to the adsorption of ATP, ADP, AMP and MP
respectively. Here, STi stretching, BD T bending. The positive difference means blue shifting, while
negative difference, red shifting.

Molecular | Wavelength Shift in wavelength oZnONPIn

Vibrations | in free ATP- ADP- AMP- | MP-
ZnONP ZNONP | ZnONP | ZnONP | ZnONP
(cm™) (cm?) (cm™) (cmt) | (cm)

Second 73.05 2.72 2.96 5.26 1.65

order

vibrations

E2 (low) 97.40 -0.29 -8.11 -2.64 0.88

Second 191.40 -2.54 6.11 -11.21 | -5.13

order

vibrations

Second 217.64 -4.71 -3.75 -3.84 -1.44

order

vibrations

E1l (TO) 407.47 -1.06 -3.56 0.55 -9.14

Second 660.73 4.44 9.36 -1.25 2.09

order

vibrations
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4.3.4 Changes in Raman frequencies

The wurtzite structure of ZnBelongs to the space gro@p , having two formula units
per primitive cell, where all atoms are occupyihg sites. A1+E1+2E2 are the Raman active
modes in ZnO, predicted by the group theéty® The modes Al and Eare 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’®. In a wurtzite ZnO, the following fundamental modes exist: E2 (low) at
101 cnt, Al (TO) at 380 ¢, E1 (TO) at 407 cmy, E2 (high) at 437 crh Al (LO) at 574
cmtand E1 (LO) at 583 cth) shown inTable 3°*°°. Here,we obseve two fundamental peaks
of bare ZnONP at 97.40 chwhich is due to E2 (low) mode and at 407.47'aine 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 Zn@Okémplexes compared to
the free ZNONP highlighted ifiable 3 The peak at 97.4 cis blue shifted by 0.88 cin
MP-ZnONP and red shifted by 2.64 &m8.11 cm', and 0.29 cm in AMP-ZnONP, ADR
ZnONP, ATRZnONP complexes, respectively. The peakQit.47 cm' is red shifted by 9.14
cm?, 3.56 cm', and 1.06 cm in MP-ZnONP, ADRZnONP, and ATFZnONP, respectively
and blue shifted by 0.55 chin 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 frequenciesdue to the interactionsof
ATP with ZnONP. A T adeninegroup, RT ribosegroup and Pi phosphategroup(s). The positive difference
means blue shifting, while negative differece meansred shifting. The stretching and bendingof the bonds
are labelled as ST and BDespectively The missing frequencies arenarked in dash ).

ATP in free ATP in ATP- ZnONP | Difference| Molecular Vibrations

state (crm) complex (cnt) (cm?)

687.48 701.53 14.05 STand BDof 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

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

882.88 885.89 3.01 C6H16 BD ofA

926.24 950.23 23.99 ST and BD of A, Rand 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, N3H15ST 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 nowhe Raman frequencies of isolated ATP, ADP, AMP and MP and their
shiftsin frequencies due to interactions with ZnOMNPisolatedATP, the Raman peaks arising
from stretching(ST) and bendingBD) of phosphate group aw# 687.48, 746.63, 820.03
926.24and1178.69 crit, though there are small contributions of ribose and adenine vibrations
in some of the peakshown inTable 4 Thevibrational frequencies ranging from 1282.15 to
1501.87 crit come from the adenine and ribd&€andBD modes, while 1528.73 to 1686.92
cmit represen8T andBD modes adenine. The peak at 1686.92 amdicates bending of NH2
bonds in adenine. The peak317.03 comes due to tisd of C6H16 bond of adenine. The
frequency at 3483.40 is due to tB& of O-H group of phosphates. The vibration at 3714.06

cm! arises due to th8T 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 ADP in ADP- Difference | Molecular
state (crr) ZnONP complex (cmh) Vibrations
(cmt)
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 -0.8 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 STof CO9H12 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 AMP in AMP- Change | Molecular Vibrations
(cmh) ZnONP complex (cmh)
(cmt)

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, AST,OP ST of P
(also BD for all)

877.7 816.95 -60.75 Vibrations of A group

856.52 860.01 3.49 Vibrationsof A, R and P
groups

910.9 894.25 -16.65 R, AST, 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 OHSTP

3663.19 - OHSTof 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 frequenciesdue to the interactions of MP with
ZnONP.

Free Phosphate in Difference | Molecular Vibrations

phosphate | phosphateZnONP (cmh)

(cmt) (cmt)

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,
0O4H2

1070.35 - BD of O3H1 and
04H2

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 bondsof P

3753.9 - ST of O4H2 of P

The wave numbers corresponding to different Raman modes ingdePable 5: The
peaks at 722.3 and 754.36 ¢mrise fromthe BD andST of adenine and ribose groups. The
vibrations in pure ADP ranging from 1240.65 to 1528.05'@omes fromST and BD of
adenine and ribose. The peak at 1612.52 ismlue to theST andBD of adenine gyup. The
peak at 1687.02 cthconsists of theST of C7C8, C7C10 and N3@ bonds and th&D of
N3H13 and N3H14 bonds. The vibrational frequencies in AMP, ranging from 1030.94 to
1530.42 crit is due to theBD andST of both adenine and ribose groughown n Table 6
The peak at 1612.96 cm and 1687.38 crhare due to the vibratisrof adenine group. The
peaks at 3208.15 and 3292.64coome from theST of C9H11 and C6H14 bonds. Theaks
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in MP (seeTable 3 at 1168.77, 1194.05, 1498.12, 1536.45 and 1546.%indicate theBD
of CH3 group. The peak at 885.04 ¢imdicatesthe ST of O1P, O2P, O3P and O4P bonds.

The peaks at 3065.45, 3154.66 and 3183.1% come from the stretching of CH3 group.

The frequencies of the Raman spectra of tlgands in complexes following their
differenceswith respect to the free ligandsealsoshown inthe tablesThe vibrations ranging
from 500 to 1700 cm are due to the ST or BD or both of adenine or ribose ospitaie or
bothfor all the biomoleculesNe focus on the higher energy region (20@@00 cm'), where
the vibrations of each bond are clearly distinguishabl&TP-ZnONP (Table 4) e blue shift
of 16.31 cm' of the peak at 3317.03 chis due to thestretching of CeH16 bond and the
bending of N1C6 and N2C6 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 2947124 cm
due to the stretching of NB14 and bendig of N3H15 bonds, indicates the bonding
interaction between the-N (N3-H15) bond of adenine moiety and O (O4) atom of ZnONP.
Few vibrational frequencies (3427.72, 3483.40, 3535.7¢) ¢émisolated ATP appear due to
the stretching or bending or both@fH bonds of the phosphate groups (P1 and P3) which are
missing in ATRZnONP due to the dissociations of theseH(onds in the complex, as
described in previous sections. The new peaks at 3723.16 and 3745.a8smdue to the O
H stretching of the bwds Ol,,-H1 and O2,-H4, whereOl,, and O2,, atoms belong to the
ZnONP and the H atoms,1-ind H} are dissociated from3and R groups. Similar shifts of
vibrational frequencies were observed in other Hainocomplexes ADFZNONP (Table 5)
and AMRZnONP (Table 6)for stretching and bending of-&, N-C, N-H, O-H bonds of
adenine and phosphate moieties that clearly indicate that all thelsgabids ATP, ADP, and
AMP form bonding interactions with the ZnONP via adenine and phosphate groups: In MP

ZnONP canplex(Table 7) a peak was observed at 3741.03'aiue to the stretching of-8
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(Olnp-H1) bond, where OQ1,p) atom belongs to ZnONP and H (H1) atom, dissociated from

the phosphate group, indicates the interaction of phosphate group with ZnONP.
4.4 Discussion

Thechelationof phosphate and adenine groups of ATP to chelate ZnO nanopatrticles has been
reported from Raman spectroscd®ur electronic structure, and Raman specalaulations
support this picture of chelation in ATJFhONP complexIn addition, we generalize the
chelation process to other energy carrier molecWesobservéhat the phosphateaups from
coordinate covalent bonds (Z) through ZnONR, phosphate Candadenine moiety forms
a coordinate covalent bond (&) with ZnONP through adenin® ZnONP CT inthe nanc
bio complexes. Phosphate groups form additiondd-©O nonclassical bonds with ZnO
nanaocluster in all three nanbio complexesAll the bonds have their spectral signature in

Raman lines.

Hydrolysis of ATP is a highly exergonic process whérensical energy stored in the high
energy phosphoanhydride bonds is released by their splfiffy The product of ATP
hydrolysis is ADP and inorganic phosphate, and furtherdiysied of ADP produce energy,
AMP and another phosphate group. ATP hydrolysis is initiated by nucleophilic attéoé
third phosphate groupy a water molecule. The hydroxide idn( ) of the nucleophilic water
molecule attacks the phosphate graugree ATPfor dissociation of the phosphoanhydride
bond. In free ATP, vhile theHOMO is distributedoverpurine ring of the adenine moietie
LUMO is distributed over the phosphate groups (séédn3(c) and (d) The last phosphate
group (P3), has the amimum contribution, and is favourable for the nucleophilic attack.
However, in ATRZnONP 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 energynhsfer is likely to be affected by the ndmo conjugation.
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4 5Conclusiors

We have theoretically investigated the interactions of energy carrier biomolecules,
ATP, ADP, and AMRwith Zn:201» clustersurfaceusing theDFT-based quantum calculations.
We establish chelation of the metal oxide surface involdngd bondthrough ZnONPA
phosphate CandZn-N bond viaadenined, ZnONP CTand additionaD-H---O nonclassical
bonds with ZnO nanaclusterwith phosphate groups in all the nabm complexes. DF-
calculated Raman spectra strongly support presendbestbonds in all three nanrboio
complexesOur results may also be important to understand how the metal oxide nanopatrticles

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,

uQr w
R ‘ ‘ B ‘ (1)
_Cd o Wl W [[ o 0O w

whered is the mass of the particle, QJ¢* i s the reduced oPibthenc k 6 s
wavefunction,w @ is the potential energy, is the Hamiltonian operator ar@is the total

energy]  describes the behavior of a particle. The energy of the sy@tan be obtained

by solving the Schrodinger equation. The Schrodieg@ation, on the other hand, can only be
solved exactly for H atom and H#nholecule. To solve Schrodinger equation beyond H atom

and HZ molecule, density functional theory (DFT) is one most important and powerful tool
that is used widely nowadays.
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A.2 Many-body problem
The manybody Hamiltonian of a system 6f electrons and nuclei is of the form,
T Y Y o 0o

B B,— -B B
SO PS P b

8D b
(2)

where i and j run over the electronic degrees of freedom, and | and J run over the nuclei degrees
of freedom.& , & and @ are mass of electron, mass of nuclei and atomic number
respectively.b and o are the positions oft) electorn and® nucleus respectively. The
Hamiltonian consists of five terms: the kinetic energy of electrons, kinetic energy of nuclei,
electronnuclei interactions, electreglectron interactions and nucleuclei interactions.
According to the BorrOppenheimer approximation, the nuclear motion is neglected as the
mass of nucleons is a few orders of magnitude higher than that of el&xrdhe nuclei can

be considered as classical particles that generates an external paiedtidde electrons as

guantum particles are subjected to that poter@m@l.equation (2) can be written as,

o B 1 — B

5995_88899 (3)

A.3 Density functional theory (DFT)

DFT is a very powerul and most commonly used tool to calulate the electronic
properties of mampody systems. Thomas and Fermi first propose the initial version of DFT
in 1927. Later, DFT of the quantum ground state is established by Hohenberg, Kohamnd Sh
which is superior to botffhomasFermi and Hartre&ock theories, allowing for a wide range
of applications in realvorld physical systems. In theoretical physics and molecular chemistry,

DFT becomes one of the main tools for electronic structure esilmas 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 densityr)). The total energy is given by,

-O ” ‘l uY ” ‘l (b ” ‘l (b ” ‘I lO ” ‘l , (4)

where"Y is the kinetic energy of electrow, is the nucleielectron potential energyy is the
electronelectron potential energy, ai@l is the exchangeorrelation energyO is the only
term unknown here. The estimate log texchangeorrelation energy causes the biggest error
in DFT. In order to calculat® two most useful approximations are uséxtaldensity

approximation (LDA) and generalized gradient approximation (GGA).
A.3.1 Exchangecorrelation energy approximations
A.3.1.1 Localdensity approximation (LDA)

LDA, an approximation to the exchangerrelation 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 systemasally homogeneous. For a spinpolarized system, the XC

energy can be written as

o e _Ci- e (5)

where- " » is the exchangeorrelation energy per particl€éhe 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 groustdte for many simpler systems, and also

the description of hydrogen bonding using this functional is very poor.
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A.3.12 Generalized gradient approximation (GGA)

As the real systems are inhomogeneous, the variation in electron density over space is

takeninto account by GGA. Here, the excharggerelation energy can be written as,
O O "1 h"”i (6)

For molecular geometries, binding energies, and grsteug energies, the GGA functional
provides very good results. Nowadato deal with the gradient of the electron density, there
are many different functionals available, such as PBE (PeBiswe-Ernzerhof), B3LYP

(Becke, 3parameter, LéeYang Pari), etc.
B3LYP

B3LYP is a Hybrid functional. Hybrid functionals are a clasapproximations to the
exchangecorrelation energy functional that incorporate a part of exact exchange from
Hartred Fock theory, while the rest of the exchaing@relation energy is incorporated from

ab initio or empirical method. The form of the B3LY(ihctional is,

0 p ©O [ O YY) a0 p 0O , (7)

where® m& fio T cand® TR pO is thestandard local exchange functional of

the local spin density approximation, a@d is the exacHartreé Fock exchangeO  and

O ar e Beckeods gradi ent correcti oYanglPaor t he
correlation functional, respectivel® Is the VWN {/osko, Wilk, and Nusa)rlocal spin

density approxirationto the correlation functional
A.4 Basis sets

A basis set is a set of functions used to describe the electronic wavefunction in the

HartreeFock method or in DFT. Quantum chemistry community uses basis set as a linear
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combinations of atomic orbitalsyhile the solidstate community uses plane wave basis set.
Atomic orbitals can be Gaussitype orbitals, Slatetype orbitals, etc. The wavefunction in

plane wave basis set has the form,
r » Bao QB8 (8)
where_and-; are reciprocalattice vectorse  are plane waves coefficients.

Gaussiartype orbital(GTO) has the form,

~

oftin 0w dQ (9)
where N is normalization constadi, @andcontrols the angular momentum, £ @ @

, controls the widthof the orbital. We have used-81G(d), 6311++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, whilethe inner part of the valence orbitals isantraction of three GTOs, and
the outer part of the valence orbitals represented by one GTO. d inside the bracket represents

that we include dype polarization function on heavy atoms.
6-311++G(d,p)

This is a triple zeta split valence basis where the odvitals 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 theecond + 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 Nationdla bor at ory 2 doubl e ¢)

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 tr@ateplicitly. 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 effectsn polyatomic wave functions. NBO aptally transforms a given wave
function into localized form which corresponds to the-oeeter ("lone pairs") and twoenter
("bonds") elements of the chemist's Lewis structure picture. Natural atomic orbitals (NAOSs)
and natural hybrid orbitals (NHOs) arsed 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 ricesgieof
compounds. It not only determines the ground state structures, but also predicts the structures
of transition stateBoth stable species and chemicals that are difficult or impossible to examine
experimentally can be studied from Gaussian 16@atsoGaussian 16 uses different methods
for electronic structure calculations including HartFeeek, Density functional theory (DFT),

semiempirical: 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 candiddtdor 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. Monitadongeglevels 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
guality and safety of ingredients. Hence, a sensitist diad 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 matri¢d% The enzymebased biosensors show high
sensitivity and selectivity. However, they have few shortcomings, like coat@tl 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 enzymebased glucose biosensors, the developmiembnenzymatic glucose biosensors is
highly desirable. Many experiments have been performed to develegnagmatic glucose
biosensorsPur e and copper doped ZnO nanoparticles
no@nzymatic gfPBcectolBecamniser ssed-eansz yanadd sct gd fufc
bi osensor. HompvewgegsCuheopengiitivity for glu
the detection | imit of ~0.4 ¢ Mnledicgllygrevan achi
ZnO nanorods on fluorine doped tin oxide (FTO) electrode after modifying the ZnO surface

with CuOnanoparticles® It is reported that zinc oxide (ZnO) nanorod powder surtacted
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with carbon material, which has low detection limitlalhM with a linear range from 0.1 mM

to 10 mM, can be applied as c@sfective norenzymatic glucose biosensadfs.

The development of neanzymatic biosensors needs a detailed understanding of
interfacial chemistry at the na#mo interface. The interactions of biomolecules with metal
oxide surfaces in aqueous solutions is dominated by adhesion of biomolecules en to th
surfaces via water molecules. The interactions of amino acids with ZnO surfaces have been
studied using molecular dynamics simulatiéhi. is observed that the first layer of water
molecules near theurfaces 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 binder to TiO

surface!®

Here we investigate interactions between glucose molecules and common surfaces of
ZnO, (o mm), (p @m), (0001) and1t tExin 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 glucosexhibits strongest adsorption gn fir) 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 |,
Chapter 4 for theoretical background), using the projector augmesatesl methotf %! as
implemented in the Vienna Ab initio Simulation Package (VASPWe use generalized

gradient approximation (GGA) with the Perdew, Burke, and Ernzerhof (PBE) atarel
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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* eV/atom. The optimization of ZnO bulk is done usingaoknt mesh of 8x8x4

making sure that the | point is included in

A supercell of 2 3 3 is made using the optimized structure of ZnO bulk. We
construct slabs with desired exposed Zu@ace from the supercell and modelled by including
a vacuum of 15 A above crystallographic direction.-8effsistent calculations of the surfaces
are doneusingakmeshof14 4for(p pm),4 1 4for(pgmand4 4 1 forthe
slab containig both (Tt tgx and Q001) surfaces respectively. We also optimize glucose
molecule by keeping it inside a box of dimension 2 2 nn?. We use a k mesh of 88
8. The optimizations of the surfaces are done by keeping the middle two layers fixedhavhile

other layers of both sides are relaxed in all directions.

We also considerp( ) surface with glucose and water for QM calculations. We
perform single point calculations of the systems using a k mesh ofi1 4 considering
snapshots from the moleanldynamics 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 stucture using a grithased Bader charge analy&is! The formula for calculating the

charge transfer between any two specteandB) is,
wn Qweé 3 ;

where the number of electrons calculated around an atom is and¢ 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 6.895 5.29 nni. The system attains
a total number of 20970 atoms with the volume of the box 180.85Wmprepare 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 15 5 for (p pm) surface, 5 1 5 for (o @M
surface and 5 5 1 for the slab containing botl®@01) and §t rtax surfaces. The total
number of atoms of each extended slab is 2400 (1200 Zn and 1200 O). The sprfpogs (
and @ gm) are placed in the middle of the bokdimensions 6.89 4.95 5.29 nnfand 5.69

6.0 5.29 nnirespectively. Similarly, the slab, containing bdB@1) and ¢t tax surfaces
is placed in the middle of the box of dimension 5.68.94 6.43 nni. Subsequently, the

boxes are solvated witsit 90 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 nm) and the total number of atoms (20970 atoms) forhallsystems are same. As
both sides of@ pm) and p @m) surfaces are identical, all the analyses are averaged over both

sides of the surfaces.

The force field of gromos54&7and spc/e water model are used in this study. The
LennardJones (kJ) paramters for ZnO are calculated through density functional tiféory
The L-J parameters for Zn afe =0.171 nm ana&k = 1.254 kJ/mol, and for Of =0.213

nm andrR =0.418 kJ/mol. The pameters corresponding to the atom Zn interacting with atom
O are determined through - A A andr R R . For each surface, both

Zn and O atoms are restrained by a harmonic potential of force constant 10006 kdrrhol
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so that during the sintation the volume of the box does not fluctuate wid®grticle mesh
Ewald summation method for long ranged electrostatic interaction is used with 0.1 nm grid
spacing and I®convergence criterion. We use a cut off of 1 nm for befhand short ranged

electrostatic interactions.

The steepest descent and conjugate gradiafgorithms are used to minimize the
systems. Molecular dynamics simulations are performed using Gromacs 2019 pfégaam
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 toamaganstant
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 foretilee —. Here, 00 0 0

"Qhwherel , 0 are the total length of the box in x and y directions, @nig the effective

height of the box. n is the number of glucose in which the centre of mass (COM) of glucose lie
within volumeU of thesimulation box, and 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 withirb . 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 degisitpsé, 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, Pz . fFweater botln ie presente @ndlalzsséncecoh s o0 |

131



glucose, we take the distance between the COM of glucose and the O atoms of water molecules.

A bin size of 0.2 A is used.
5.2.4 Calculations of potential of mean force (PMF)

The adsorption free energy of glucose dfedent surfaces in aqueous solutions is calculated

by using umbrella sampling method as implemented in GrofidtShe details are given in

Appendix | 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 haselmecarried 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
pulledtovar ds t he surface from i dnseparatingthe @IMofposi t i
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 nhwith the COM of glucose is dragged by

a harmonic force of spring constant, k=1000 kJ hmoi?. 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 feach 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 oz.
weighted histogna analysis method (WHAM§Y as implemented in g_wham analy&isl?®in

Gromacs827
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 A and ¢ = 5.29 A,
which are close to the experimental valéfeShe gtimized geometries of different slabs and

132



that of glucose are shown in Figs. 1(d). In the top layer of the optimized structure of the
slab with exposed( pm) surface (Fig. 1(a)), Z0@ bonds are tilted with a relative displacement

of 0.2 A in the diretion perpendicular to the surface between where O is outward and Zn,
inward. The ZrO bond lengths decrease by 0.14 A with respect to the bulk. Our results agree
with the previous theoretical studi€s**For slab with exposeg (@) surface (Fig. 1(b)), the

Zn atoms in the top Yer show relative inward displacement of 0.2 A in the direction
perpendicular to the surface. However, O atoms remain almost same as in their bulk positions
in agreement with previous theoretical wotks® The ( gm) surface shows a groove like
structure. The contraction of ZB bond length on the top surface is small (0.09 A). The top
and bottom layers for botlp (mm) and © @) surfaces are identical. The top layer of the slab
with exposed@001) surface is Zn terminated, whereas the bottom exposed surfagay (s

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) (), (b) ( ), () ( )and ( ) 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 sugiface 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.
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