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The influence of ionic liquids (ILs) on the structural properties of
DNA was revealed by experimental and molecular dynamics (MD)
simulation. In the first part of experimental section, six new 1-alkyl-
3-butylimidazolium bromide ILs ([C,bim][Br] where n = 2, 4, 6, 8, 10
and 12) were successfully synthesized. All of the ILs was obtained
using simple alkylation reaction of 1-butylimidazole with various
bromoalkanes, which gave high yield above 85%. Their physico-
chemical properties, including the spectroscopic characteristics
have been comprehensively studied. Three of these ILs (C,, C4, Cg)
exist in liquid form while the others appear as semi solid at room
temperature. Proton and carbon NMR and CHN elemental analysis
were carried out to identify the molecular structure and purity of ILs
produced. The thermal stability studied using TGA indicated that
these new ILs were stable up to 270°C. As expected, the viscosity
of three liquid salts hugely increased from 199 mPa-s ([C,bim][Br])
to 1180 mPa-s ([Cebim][Br]), while the density slightly decreased
with increasing length of alkyl chains.

The properties of Calf thymus DNA in hydrated ILs were studied
using spectroscopic analysis. The strong interactions between the
P-O bond of DNA phosphate groups and the [C.bim]" lead to
compact DNA conformation, which excludes the intercalation of
ethidium with DNA. Although the DNA stability is mainly due to the
electrostatic attraction between DNA and ILs’ cation, hydrophobic



interactions between hydrocarbon chains of [C,bim]" and DNA
bases also provided a major driving force for the binding of ILs to
DNA. The effect of ILs concentration at 25°C shows that the DNA
maintains its B-conformation in all solution of hydrated ILs despite
the high concentration up to 75% (w/w). During heating process,
hydrated ILs are observed to stabilize DNA helical structure up to
56°C £ 1.0°C, almost 11°C higher than DNA in water. The DNA
melting temperature is found gradually increases with increasing
length of alkyl chain from 56°C + 1.0°C (in [C,bim][Br]) to 58°C %
1.0°C in the presence of [Cgbim][Br].

In the first part of MD simulation, the force fields (FFs) parameter
for these three liquid ILs ([C,bim][Br] where n = 2, 4 and 6) was
validated based on experimental evidences. The modified collision
parameter (o) to 0.369 nm for the anion shows the simulation data
obtained were in agreement with experimental density and viscosity
with the percentage error below + 2.0% and + 10.0%, respectively.
The validated FFs were then applied for simulation of DNA in these
ILs. The MD data offers clear evidence that the DNA maintains its
B-conformation in all [C4bim]Br systems (25, 50 and 75% w/w). The
hydration layer around the DNA phosphate group was the main
factor in determining DNA stabilization. Stronger hydration shells in
25% [C4bim][Br] in water (w/w) reduced the binding ability of ILs’
cations to the DNA phosphate groups. The computed energy shows
that the electrostatic energy between [C4bim]"—[PO,] (-46.55 + 4.75
kcal mol'1) is lower than water—[PO,](-12.78 £+ 2.12 kcal mol'1).
Effect of temperature revealed that ILs was able to retain DNA
native conformation at high temperature up to 373.15 K in the
presence of 75% [C4bim]Br. All the simulations findings were in
agreement with experimental evidences. The prediction solvation
free energy of nucleic acids bases performed in last part of MD
simulation revealed that the nucleic acid bases were better solvated
in ILs rather than in aqueous solution.
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Pengaruh cecair ionik (ILs) pada sifat-sifat struktur DNA telah
didedahkan oleh experimen dan simulasi molekul dinamik (MD).
Dalam bahagian pertama seksyen experiment, enam 1-alkil-3-
butilimidazolium bromida ILs baharu ([C,bim][Br] di mana n = 2, 4,
6, 8, 10 dan 12) telah berjaya disintesis. Kesemua ILs diperolehi
menggunakan tindak balas pengalkilan mudah 1-butilimidazol
dengan pelbagai bromoalkana, yang memberi hasil tinggi di atas
85%. Sifat-sifat fiziko-kimia termasuk ciri-ciri spektroskopi telah
dikaji secara menyeluruh. Tiga daripada ILs ini (C,, C4, Cg) wujud
dalam bentuk cecair manakala yang lain muncul sebagai separuh
pepejal pada suhu bilik. Proton dan karbon NMR dan analisis
elemen CHN dilakukan untuk mengenal pasti struktur molekul dan
ketulenan ILs yang dihasilkan. Kestabilan terma yang telah dikaji
menggunakan TGA menunjukkan bahawa ILs baharu ini stabil
sehingga suhu 270°C. Seperti yang dijangka, kelikatan tiga garam
cecair meningkat mendadak daripada 199 mPa-s ([C,bim][Br])
kepada 1180 mPa-s ([Cebim][Br]), manakala data ketumpatan
sedikit menurun dengan peningkatan rantai alkil.

Sifat-sifat DNA daripada Calf thymus dalam ILs terhidrat telah dikaji
menggunakan analisis specktroskopi. Interaksi kuat antara ikatan
P-O kumpulan fosfat DNA dan [C.bim]" membawa kepada bentuk
DNA yang padat, yang mana menyingkirkan interkalasi etidium
dengan DNA. Walaupun kestabilan DNA terutamanya adalah



disebabkan oleh tarikan elektrostatik antara DNA dan kation ILs,
interaksi hidropobik antara rantaian hidrokarbon [C,bim]" dan bes
DNA juga memberikan daya pendorong utama untuk pengikatan
ILs kepada DNA. Kesan kepekatan ILs pada suhu 25°C
menunjukkan bahawa DNA mengekalkan konformasi-B dalam
semua larutan ILs terhidrat meskipun dalam kepekatan yang tinggi
sehingga 75% (w/w). Semasa proses pemanasan, larutan ILs
terhidrat diperhatikan menstabilkan struktur helix DNA sehingga
suhu 56°C % 1.0°C, hampir 11°C lebih tinggi daripada DNA di
dalam air. Suhu lebur DNA didapati beransur-ansur meningkat
dengan peningkatan panjang rantaian alkil daripada 56°C = 1.0°C
(di dalam [C,bim][Br]) kepada 58°C + 1.0°C dalam kehadiran
[Cebim][Br].

Dalam bahagian pertama simulasi MD, parameter medan daya
(FFs) untuk tiga cecair ILs ([C.,bim][Br] di mana n = 2, 4 dan 6) telah
disahkan berdasarkan bukti-bukti eksperimen. Parameter
perlanggaran (o) untuk anion yang telah diubahsuai kepada 0.369
nm menunjukkan bahawa data simulasi yang diperolehi didapati
bersetuju dengan data experimen ketumpatan dan kelikatan
dengan peratus ralat masing-masing di bawah +2.0% and £10.0%.
FFs yang telah disahkan kemudiannya digunakan untuk simulasi
DNA dalam ILs ini. MD data menunjukkan bukti yang jelas bahawa
DNA mengekalkan konformasi-B di dalam semua sistem [C4bim]Br
(25%, 50% dan 75% w/w). Lapisan penghidratan sekitar kumpulan
fosfat DNA adalah faktor utama dalam menentukan kestabilan
DNA. Lapisan penghidratan lebih kuat dalam 25% [C4bim][Br] (w/w)
di dalam air telah mengurangkan keupayaan pengikatan kation ILs
kepada kumpulan fosfat DNA. Tenaga yang dikira menunjukkan
bahawa tenaga elektrostatik antara [C,bim]'—[PO,]” (-46.55 + 4.75
kcal mol'1) adalah lebih rendah berbanding air—[PO,] (-12.78 + 2.12
kcal mol'1). Kesan suhu mendedahkan bahawa ILs telah berupaya
mengekalkan konformasi asal DNA pada suhu tinggi sehingga
373.15 K dalam kehadiran 75% [C,bim][Br]. Semua penemuan
simulasi didapati bersetuju dengan bukti-bukti eksperimen.
Ramalan tenaga bebas pensolvatan bes nukleik acid yang
dilakukan dalam bahagian akhir simulasi MD mendedahkan
bahawa bes nukleik acid lebih mudah terlarut di dalam ILs
berbanding di dalam larutan akues.
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CHAPTER 1

INTRODUCTION

1.1 Background of Research

Since the discovery of DNA over half a century ago, doing research
on DNA has become a subject of intense interest. In many aspects
of nucleic acid metabolism, the stability of double helical DNA
structure is extremely important and plays a main role especially in
biomedical applications. The specificity of hybridization is at the
core of many molecular biology techniques including the DNA
sequencing, polymerase chain reaction (PCR), microarray
technology as well as an essential material in the development of
advanced molecular devices (Krishnan and Simmel, 2011; Kutzler
and Weiner, 2008; Jobling and Gill, 2004).

For many years, the solution environment strongly influences the
stability of DNA. Both aqueous and organic solvents are widely
used as an extraction media or molecular solvent for DNA
solvation. The stability of biological structure of DNA mainly
depends on the water molecules. Particularly, the conformational
and stability of DNA are controlled by the interactions between DNA
and nearby water molecules (Westhof, 1988; Saenger, 1987;
Texter, 1978). Since there is a close connection between DNA
structure and their biological function, understanding the water-DNA
relationship is significantly important. Other than water, the ambient
environment such as different buffer conditions (pH, types of buffer
solutions), concentrations of molecules, higher salt concentrations
or even different type of non-aqueous solvents may all affect the
stability of DNA conformation (Bonner and Klibanov, 2000).
Previous studies of DNA in non-aqueous solutions have revealed
that most organic solvents such as methanol, phenols, chloroform
and DMSO, whether neat or in a mixture with water, all
spontaneously denature DNA.

The dry storage of DNA, utilizing the basic concept of anhydrobiosis
or “life without water” is an alternative to old-style DNA storage
(Bonnet et al., 2009). The development of other non-aqueous
media which can stabilize and maintain native DNA structure for a
long period especially at ambient temperature is increasing.
Recently, huge attention is directed to the development of specific
solvent for DNA. lonic liquids (ILs) which is one of the non-aqueous
ionic solvent have attracted many attentions due to their interesting



properties. The usage of ILs is attractive as they are almost non-
toxic, having good solubility and high conductivity (Sun et al.,
2008a; He et al., 2006; Nishimura et al., 2005; Qin and Li, 2003).
They offer unique opportunities as alternatives to aqueous and non-
aqueous solvents in DNA biotechnology.

The behavior of DNA structure in ILs is of both practical and
fundamental interest. Structural studies using crystallography and
NMR provide tremendous amounts of information with the
determination of three-dimensional pictures of various complexes.
From a historical point of view, the first structure of DNA solved by
single crystal x-ray analysis was a tetramer reported by Viswamitra
et al. (1978). Until now, there are many ligand/compound-DNA
structures deposited to the Nucleic Acids Database (NDB) and also
Protein Data Bank (PDB) (Berman et al., 2000). However, these
techniques only provide static pictures and often it is desirable to
follow the progression of molecules as a function of time.
Additionally, not all structures are possible to obtain via these
methods due to technical issues. Molecular dynamics (MD)
simulation technique provides another way to look at the structures
and interactions and complements the experimental evidences
nicely.

This study focused on understanding of how the ILs influence the
dynamics and structural stability of DNA from both experimental
and computational point of views. The results of our work may
provide more insight into the studied system, allowing a better
understanding of the IL-DNA binding and expanding the overall
capabilities and applications of ILs in biological and biomedical
applications. This study is also vital for future development of
specific solvent especially for DNA and RNA solutes.

1.2 Problem Statements

The problems in current DNA technology are related to the use of
aqueous and conventional organic solvents as a media for DNA
solvation. Although DNA is considered stable in aqueous solution, it
is susceptible to slow hydrolytic reaction such as deamination and
depurination, which caused serious damage to DNA helical
structure (Lukin and de los Santos, 2006). Furthermore, aqueous
solution is not able to stabilize DNA helical structure over a long
period especially at room temperature (several days up to 1 month)
(Vijayaraghavan et al., 2010a) due to the degradation by
contaminating nucleases (Sasaki et al., 2007) and inherent
chemical instability.



Moreover, DNA in various organic solvents such as DMSO, DMF,
formamide, methanol or pyridine is found to have lost its native
structure, undergo strand separation or formation of toroid-like
conformations (Ke et al.,, 2010; Hammouda and Worcester, 2006;
Montesi et al., 2004; Bonner and Klibanov, 2000). Even worse,
addition of ethanol to an aqueous solution induces drastic changes
in the duplex structure, forcing a B- to A-DNA transition (Herskovits
and Harrington, 1972). Traditional extractions  using
chloroform/phenol (Muller et al., 1983) can also cause denaturation
of DNA during the extraction process. More importantly, the
contamination of extracted DNA by organic solvents is unavoidable
and creates vital problems for the biological investigations as the
traditional organic solvents are known to be toxic to bioprocesses
(Matsumoto et al., 2004; Albarino and Romanowski, 1994).
Physical factors such as ionic strength, pH and temperature can
also disturb the helical structure and cause denaturation (Cheng
and Pettitt, 1992; Lindahl and Nyberg, 1972). Therefore, the
development of potential molecular solvent is aimed to overcome
these limitations and its application especially in the DNA
biotechnology.

Therefore, there is a great need to introduce other solvent for DNA
such as ILs. Based on their remarkable properties, ILs have proved
to be preferred solvents to replace traditional organic solvents and
aqueous solution in many types of reactions. Over the last few
years, several authors have reported the use of ILs in extraction
and separation/purification of traces species of interest from
complex matrixes including metal and organic compounds as well
as amino acids (Han and Armstrong, 2007). ILs also have been
used for gene delivery vectors, capillary electrophoresis and DNA
isolation (Zhang et al., 2009b; Wang et al., 2007a; Qin and Li,
2003). It has been reported that ILs are able to extract DNA without
any contamination from proteins and metal specifies during the
extraction process (Wang et al., 2007a). This finding provides an
alternate approach for the measurement of DNA in ILs as well as
for the separation/purification of trace amounts of DNA in real-world
biological matrices.



1.3 Research Objectives

This research was embarked with the main goal to show that ionic
liquids (ILs) have good properties as molecular solvent for DNA.
Hence, the experimental and computational studies were performed
to fulfill the objectives as below:

i) Experimental part

1. To design and synthesize new alkylimidazolium-based ILs.

2. To characterize the physico-chemical properties of the
synthesized ILs.

3. To elucidate the IL-DNA interaction using biophysical
characterizations.

i) Computer modeling via MD simulation

4. To study the properties and behavior of ILs and IL-DNA at
molecular level.

5. To determine the solvation free energy of nucleic acid bases
in ILs.



REFERENCES

Abdul Rahman, M.B., Jumbri, K., Sirat, K., Kia, R. and Fun, H.-K.
Tetra-ethylammonium L-malate  1.36-hydrate. Acta
Crystallographica Section E: Structure Reports Online
2009; 65: 49-50.

Abdul Rahman, M.B., Jumbri, K., Basri, M., Abdulmalek, E., Sirat,
K. and Salleh, A.B. Synthesis and physico-chemical
properties of new tetraethylammonium-based amino acid
chiral ionic liquids. Molecules 2010; 15: 2388—2397.

Abdul Rahman, M.B., Jumbri, K., Sirat, K., Kia, R. and Fun, H.-K.
Tetraethylammonium L-tartarate dihydrate. Acta
Crystallographica Section E: Structure Reports Online
2008; 64: 2343.

Ajam, M. Methathesis and hydroformylation reactions in ionic
liquids. MSc Thesis, 2005, University of Johannesburg,
Auckland Park, South Africa.

Albarino, C.G. and Romanowski, V. Phenol extraction revisited: A
rapid method for the isolation and preservation of human
genomic DNA from whole blood. Molecular and Cellular
Probes 1994; 8: 423-427.

Anouti, M., Caillon-Caravanier, M., Le Floch, C. and Lemordant, D.
Alkylammonium-based protic ionic liquids part I
Preparation and physicochemical characterization.
Journal of Physical Chemistry B 2008; 112: 9406-9411.

Antony, J.H., Mertens, D., Délle, A., Wasserscheid, P. and Carper,
W.R. Molecular reorientational dynamics of the neat ionic
liquid 1-butyl-3-meth3ylimidazolium hexafluorophosphate
by measurement of *C nuclear magnetic relaxation data.
ChemPhysChem 2003; 4: 588-594.

Arai, S., Chatake, T., Ohhara, T., Kurihara, K., Tanaka, |., Suzuki,
N., Fujimoto, Z., Mizuno, H. and Niimura, N. Complicated
water orientations in the minor groove of the B-DNA
decamer d(CCATTAATGG)2 observed by neutron
diffraction measurements. Nucleic Acids Research 2005;
33:3017-3024.

131



Auffinger, P. and Westhof, E. Melting of the solvent structure
around a RNA duplex: A molecular dynamics simulation
study. Biophysical Chemistry 2002; 95: 203-210.

Awad, W.H., Gilman, J.W., Nyden, M., Harris Jr., R.H., Sutto, T.E.,
Callahan, J., Trulove, P.C., DeLong, H.C. and Fox, D.M.
Thermal degradation studies of alkylimidazolium salts and
their application in nanocomposites. Thermochimica Acta
2004; 409: 3—11.

Barreleiro, P.C.A. and Lindman, B. The kinetics of DNA-cationic
vesicle complex formation. Journal of Physical Chemistry
B 2003; 107: 6208-6213.

Bash, P.A., Singh, U.C., Langridge, R. and Kollman, P.A. Free
energy calculations by computer simulation. Science
1987; 236: 564—-568.

Bayly, C.I., Cieplak, P., Cornell, W.D. and Kollman, P.A. A well-
behaved electrostatic potential based method using
charge restraints for deriving atomic charges: the RESP
model. Journal of Physical Chemistry 1993; 97: 10269—
10280.

Becke, A.D. Density functional thermochemistry. Ill. The role of
exact exchange. The Journal of Chemical Physics 1993;
98: 5648-5652.

Bennett, C.H. Efficient estimation of free energy differences from
Monte Carlo data. Journal of Computational Physics
1976; 22: 245-268.

Berendsen, H.J.C., Postma, J.P.M., Van Gunsteren, W.F., Dinola,
A. and Haak, J.R. Molecular dynamics with coupling to an
external bath. The Journal of Chemical Physics 1984; 81:
3684-3690.

Berendsen, H.J.C., van der Spoel, D. and van Drunen, R.
GROMACS: A message-passing parallel molecular
dynamics implementation. Computer Physics
Communications 1995; 91: 43-56.

Berman, H.M. Hydration of DNA: Take 2. Current Opinion in
Structural Biology 1994; 4: 345-350.

132



Berman, H.M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T.N.,
Weissig, H., Shindyalov, I.N. and Bourne, P.E. The
Protein Data Bank. Nucleic Acids Research 2000, 28:
235-42.

Bhattacharya, S. and Chaudhuri, P. Medical implications of
benzimidazole derivatives as drugs designed for targeting
DNA and DNA associated processes. Current Medicinal
Chemistry 2008; 15: 1762-1777.

Bhattacharya, S. and Mandal, S.S. Interaction of surfactants with
DNA. Role of hydrophobicity and surface charge on
intercalation and DNA melting. Biochimica et Biophysica
Acta (BBA) — Biomembranes 1997; 1323: 29-44.

Bonhéte, P., Dias, A.-P., Papageorgiou, N., Kalyanasundaram, K.
and Gratzel, M. Hydrophobic, highly conductive ambient-
temperature molten salts. Inorganic Chemistry 1996; 35:
1168-1178.

Bonner, G. and Klibanov, A.M. Structural stability of DNA in
nonaqueous solvents. Biotechnology and Bioengineering
2000; 68: 339-344.

Bonnet, J., Colotte, M., Coudy, D., Couallier, V., Portier, J., Morin,
B. and Tuffet, S. Chain and conformation stability of solid-
state DNA: Implications for room temperature storage.
Nucleic Acids Research 2009; 38: 1531-1546.

Boon, J.A., Levisky, J.A., Pflug, J.L. and Wilkes, J.S. Friedel-Crafts
reactions in ambient-temperature molten salts. Journal of
Organic Chemistry 1986; 51: 480—483.

Cadena, C., Anthony, J.L., Shah, J.K., Morrow, T.I., Brennecke,
J.F. and Maginn, E.J. Why is CO, so soluble in
imidazolium-based ionic liquids? Journal of the American
Chemical Society 2004; 126: 5300-5308.

Cadena, C., Zhao, Q., Snurr, R.Q. and Maginn, E.J. Molecular
modeling and experimental studies of the thermodynamic
and transport properties of pyridinium-based ionic liquids.
Journal of Physical Chemistry B 2006; 110: 2821-2832.

Cao, M., Deng, M., Wang, X.-L. and Wang, Y. Decompaction of
cationic gemini surfactant-induced DNA condensates by
B-cyclodextrin or anionic surfactant. Journal of Physical
Chemistry B 2008; 112: 13648-13654.

133



Cardoso, L. and Micaelo, N.M. DNA molecular solvation in neat
ionic liquids. ChemPhysChem 2011; 12: 275-277.

Case, D.A., Cheatham Ill, T.E., Darden, T., Gohlke, H., Luo, R.,
Merz Jr., K.M., Onufriev, A. and Woods, R.J. The AMBER
biomolecular  simulation programs. Journal of
Computational Chemistry 2005; 26: 1668—1688.

Chaires, J.B. and Dongchul, S. Criteria for the mode of binding of
DNA binding agents. Bioorganic and Medicinal Chemistry
1995; 3: 723-728.

Chaires, J.B. Equilibrium studies on the interaction of daunomycin
with deoxypolynucleotides. Biochemistry 1983; 22: 4204—
4211.

Chandran, A., Ghoshdastidar, D. and Senapati, S. Groove binding
mechanism of ionic liquids: A key factor in long-term
stability of DNA in hydrated ionic liquids? .Journal of the
American Chemical Society 2012; 134: 20330-20339.

Chaudhary, G.R., Bansal, S., Saharan, P., Bansal, P. and Mehta,
S.K.  Applications of surface modified ionic
liquid/nanomaterial composite in electrochemical sensors
and biosensors. BioNanoScience 2013; 3: 241-253.

Cheng, D.-H., Chen, X.-W., Wang, J.-H.and Fang, Z.-L. An
abnormal resonance light scattering arising from ionic-
liquid/DNA/ethidium interactions. Chemistry - A European
Journal 2007; 13: 4833-4839.

Cheng, Y.-K. and Pettitt, B.M. Stabilities of double- and triple-
strand helical nucleic acids. Progress in Biophysics and
Molecular Biology 1992; 58: 225-257.

Chiappe, C. and Pieraccini, D. lonic liquids: Solvent properties and
organic reactivity. Journal of Physical Organic Chemistry
2005; 18: 275-297.

Ciccotti, G., Jacucci, G. and McDonald, |.R. "Thought-experiments"
by molecular dynamics. Journal of Statistical Physics
1979; 21: 1-22.

Cornell, W.D., Cieplak, P., Bayly, C.I., Gould, |.R., Merz Jr., K.M.,
Ferguson, D.M., Spellmeyer, D.C., Fox, T., Caldwell, J.W.
and Kollman, P.A. A second generation force field for the
simulation of proteins, nucleic acids, and organic

134



molecules. Journal of the American Chemical Society
1995; 117: 5179-5197.

Cramer, C.J. and Truhlar, D.G. Polarization of the nucleic acid
bases in aqueous solution. Chemical Physics Letters
1992; 198: 74-80.

Cullis, P.M. and Wolfenden, R. Affinities of nucleic acid bases for
solvent water. Biochemistry 1981; 20: 3024—-3028.

Darden, T., York, D. and Pedersen, L. Particle mesh Ewald: An
N-log(N) method for Ewald sums in large systems. The
Journal of Chemical Physics 1993; 98: 10089-10092.

de Andrade, J., Bdes, E.S. and Stassen, H. A force field for liquid
state simulations on room temperature molten salts: 1-
ethyl-3-methylimidazolium tetrachloroaluminate. Journal
of Physical Chemistry B 2002a; 106: 3546—3548.

de Andrade, J., Boes, E.S. and Stassen, H. Computational study of
room temperature molten salts composed by 1-alkyl-3-
methylimidazolium cations - force field proposal and
validation. Journal of Physical Chemistry B 2002b; 106:
13344-13351.

Del Popolo, M.G. and Voth, G.A. On the structure and dynamics of
ionic liquids. Journal of Physical Chemistry B 2004; 108:
1744-1752.

Del Pépolo, M.G., Lynden-Bell, R.M. and Kohanoff, J. ab initio
molecular dynamics simulation of a room temperature
ionic liquid. Journal of Physical Chemistry B 2005; 109:
5895-5902.

DelLano, W.L. The PyMOL Molecular Graphics System.DelLano
Scientific LLC, Palo Alto, CA, USA, 2008.

Dickerson, R.E., Drew, H.R., Conner, B.N., Wing, R.M., Fratini, A.V.
and Kopka, M.L. The anatomy of A-, B-, and Z-DNA.
Science 1982; 216: 475-485.

Ding, Y., Zhang, L., Xie, J. and Guo, R. Binding characteristics and
molecular mechanism of interaction between ionic liquid
and DNA. Journal of Physical Chemistry B 2010; 114:
2033-2043.

135



Docherty, K.M. and Kulpa Jr., C.F. Toxicity and antimicrobial
activity of imidazolium and pyridinium ionic liquids. Green
Chemistry 2005; 7: 185-189.

Dong, K., Zhang, S., Wang, D. and Yao, X. Hydrogen bonds in
imidazolium ionic liquids. Journal of Physical Chemistry
A2006; 110: 9775-9782.

Drew, H.R. and Dickerson, R.E. Structure of a B-DNA dodecamer.
Ill. Geometry of hydration. Journal of Molecular Biology
1981; 151: 535-556.

Dupont, J., Consorti, C.S., Suarez, P.A.Z. and de Souza, R.F.
Preparation of 1-butyl-3-methylimidazolium-based room
temperature ionic liquids. Organic Syntheses 2004; 10:
184-189.

Dzyuba, S.V. and Bartsch, R.A. Influence of structural variations in
1-alkyl(aralkyl)-3-methylimidazolium
hexafluorophosphates and bis(trifluoromethyl-
sulfonyl)imides on physical properties of the ionic liquids.
ChemPhysChem 2002; 3: 161-166.

Edwards, G.S., Davis, C.C., Saffer, J.D. and Swicord, M.L.
Resonant microwave absorption of selected DNA
molecules. Physical Review Letters 1984; 53: 1284-1287.

Egli, M., Tereshko, V., Teplova, M., Minasov, G., Joachimiak, A.,
Sanishvili, R., Weeks, C.M., Miller, R., Maier, M.A. and
An, H. X-ray crystallographic analysis of the hydration of
A- and B-form DNA at atomic resolution. Biopolymers
1998; 48: 234-252.

Elcock, A.H. and Richards, W.G. Relative hydration free energies of
nucleic acid bases. Journal of the American Chemical
Society 1993; 115: 7930-7931.

Ellis, B., Keim, W. and Wasserscheid, P. Linear dimerisation of but-
1-ene in biphasic mode using buffered chloroaluminate
ionic liquid solvents. Chemical Communications 1999;
337-338.

Erkkila, K.E., Odom, D.T. and Barton, J.K. Recognition and reaction

of metallointercalators with DNA. Chemical Reviews 1999;
99: 2777-2795.

136



Essmann, U., Perera, L., Berkowitz, M.L., Darden, T., Lee, H. and
Pedersen, L.G. A smooth particle mesh Ewald method.
The Journal of Chemical Physics 1995; 103: 8577-8593.

Every, H.A., Bishop, A.G., MacFarlane, D.R., Orddd, G. and
Forsyth, M. Transport properties in a family of
dialkylimidazolium ionic liquids. Physical Chemistry
Chemical Physics 2004; 6: 1758—-1765.

Fioroni, M., Burger, K., Mark, A.E. and Roccatano, D. A new 2,2,2-
trifluoroethanol model for molecular dynamics simulations.
Journal of Physical Chemistry B 2000; 104: 12347-12354.

Foloppe, N. and MacKerell Jr., A.D. All-atom empirical force field for
nucleic acids: |. Parameter optimization based on small
molecule and condensed phase macromolecular target
data. Journal of Computational Chemistry 2000; 21: 86—
104.

Fox, D.M., Awad, W.H., Gilman, J.W., Maupin, P.H., De Long, H.C.
and Trulove, P.C. Flammability, thermal stability, and

phase change characteristics of several
trialkylimidazolium salts. Green Chemistry 2003; 5: 724—
727.

Fredlake, C.P., Crosthwaite, J.M., Hert, D.G., Aki, S.N.V.K. and
Brennecke, J.F.  Thermophysical properties of
imidazolium-based ionic liquids. Journal of Chemical &
Engineering Data 2004; 49: 954-964.

Friedman, A.E., Chambron, J.-C., Sauvage, J.-P., Turro, N.J. and
Barton, J.K. Molecular "light switch" for DNA:
Ru(bpy)z(dppz)2+. Journal of the American Chemical
Society 1990; 112: 4960—-4962.

Fujita, K., MacFarlene, D.R. and Forsyth, M. Protein solubilising
and stabilising ionic liquids. Chemical Communications
2005; 4804—4806.

Fujita, K., MacFarlene, D.R., Forsyth, M., Yoshizawa-Fujita, M.,
Murata, K., Nakamura, N. and Ohno, H. Solubility and
stability of cytochrome in hydrated ionic liquids: Effect of
oxo acid residues and kosmotropicity. Biomacromolecules
2007; 8: 2080-2086.

137



Fuller, J., Carlin, R.T., De Long, H.C. and Haworth, D. Structure of
1-ethyl-3-methylimidazolium hexafluorophosphate: Model
for room temperature molten salts. Journal of the
Chemical Society, Chemical Communications 1994; 299—
300.

Gao, J. The hydration and solvent polarization effects of nucleotide
bases. Biophysical Chemistry 1994; 51: 253-261.

Garbett, N.C., Hammond, N.B. and Graves, D.E. Influence of the
amino substituents in the interaction of ethidium bromide
with DNA. Biophysical Journal 2004; 87: 3974-3981.

Goodsell, D.S. Refinement of Netropsin bound to DNA: Bias and
feedback in electron density map interpretation.
Biochemistry 1995; 34: 4983-4993.

Gordon, C.M., Holbrey, J.D., Kennedy, A.R. and Seddon, K.R. lonic
liquid crystals: Hexafluorophosphate salts. Journal of
Materials Chemistry 1998; 8: 2627-2636.

Gordon, C.M., in ionic liquids in synthesis; Wasserscheid, P. and
Welton, T., eds.; Wiley-VCH, Weinheim, Germany, 2003.

Gorke, J., Srienc, F. and Kazlauskas, R. Toward advanced ionic
liquids. Polar, enzyme-friendly solvents for biocatalysis.
Biotechnology and Bioprocess Engineering 2010; 15: 40—
53.

Gundertofte, K., Liljefors, T., Norrby, P.-O. and Pettersson, I. A
comparison of conformational energies calculated by
several molecular mechanics methods. Journal of
Computational Chemistry 1996; 17: 429-449.

Guo, C., Song, Y., Wei, H., Li, P.,, Wang, L., Sun, L., Sun, Y. and Li,
Z. Room temperature ionic liquid doped DNA network
immobilized horseradish peroxidase biosensor for
amperometric determination of hydrogen peroxide.
Analytical and Bioanalytical Chemistry 2007; 389: 527—
532.

Hammouda, B. and Worcester, D. The denaturation transition of
DNA in mixed solvents. Biophysical Journal 2006; 91:
2237-2242.

138



Hammouda, B. Insight into the denaturation transition of DNA.
International Journal of Biological Macromolecules 2009;
45: 532-534.

Han, X. and Armstrong, D.W. lonic liquids in separations. Accounts
of Chemical Research 2007; 40: 1079-1086.

Hanke, C.G., Price, S.L. and Lynden-Bell, R.M. Intermolecular
potentials for simulations of liquid imidazolium salts.
Molecular Physics 2001; 99: 801-809.

Hardacre, C., Holbrey, J.D., McMath, S.E.J., Bowron, D.T. and
Soper, A.K. Structure of molten 1,3-dimethylimidazolium
chloride using neutron diffraction. Journal of Chemical
Physics 2003a; 118: 273-278.

Hardacre, C., Hunt, P. A., Maginn, E. J., Lynden-Bell, R. M.,
Richter, J., Leuchter, A., Palmer, G., Dolle, A., Wahlbeck,
P. G. and Carper, W. R. Molecular structure and
dynamics, in lonic Liquids in Synthesis, Second Edition
(eds P. Wasserscheid and T. Welton), 2008, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany. DOI:
10.1002/9783527621194.ch4

Hardacre, C., McMath, S.E.J., Nieuwenhuyzen, M., Bowron, D.T.
and Soper, AK. Liquid structure of 1,3-
dimethylimidazolium salts. Journal of Physics Condensed
Matter 2003b; 15: S159—-S166.

He, Y., Li, Z., Simone, P. and Lodge, T.P. Self-assembly of block
copolymer micelles in an ionic liquid. Journal of the
American Chemical Society 2006; 128: 2745-2750.

Headley, A.D. and Jackson, N.M. The effect of the anion on the
chemical shifts of the aromatic hydrogen atoms of liquid 1-
butyl-3-methylimidazolium salts. Journal of Physical
Organic Chemistry 2002; 15: 52-55.

Herfort, M. and Schneider, H. Spectroscopic studies of the solvent
polarities of room-temperature liquid ethylammonium
nitrate  and its mixtures with polar solvents.
LiebigsAnnalen der Chemie 1991; 1: 27-31.

Herskovits, T.T and Harrington, J.P Solution studies of the nucleic
acid bases and related model compounds. Solubility in
aqueous alcohol and glycol solutions. Biochemistry 1972;
11: 4800—4811.

139



Hess, B. Determining the shear viscosity of model liquids from
molecular dynamics simulations. The Journal of Chemical
Physics 2002; 116: 209-217.

Hess, B., Bekker, H., Berendsen, H.J.C. and Fraaije, J.G.E.M.
LINCS: A linear constraint solver for molecular
simulations. Journal of Computational Chemistry 1997;
18: 1463—-1472.

Hess, B., Kutzner, C., van Der Spoel, D. and Lindahl, E.
GRGMACS 4: Algorithms for highly efficient, load-
balanced, and scalable molecular simulation. Journal of
Chemical Theory and Computation 2008; 4: 435—447.

Holbrey, J.D. and Seddon, K.R. The phase behaviour of 1-alkyl-3-
methylimidazolium tetrafluoroborates: lonic liquids and
ionic liquid crystals. Journal of the Chemical Society -
Dalton Transactions 1999: 2133-2139.

Huddleston, J.G., Visser, A.E., Reichert, W.M., Willauer, H.D.,
Broker, G.A. and Rogers, R.D. Characterization and
comparison of hydrophilic and hydrophobic room
temperature ionic liquids incorporating the imidazolium
cation. Green Chemistry 2001; 3: 156—164.

Jiang, Y-Y., Wang, G-N., Zhou, Z., Wu, Y-T., Geng, J. and Zhang,
Z-B. Tetraalkylammonium amino acids as functionalized
ionic liquids of low viscosity. Chemical Communications
2008: 505-507.

Jobling, M.A and Gill, P. Encoded evidence: DNA in forensic
analysis. Nature Reviews Genetics 2004; 5: 739-751.

Johnson, W.C. Circular dichroism: Principles and applications, 2
ed. (Eds.: N. Berova, K. Nakanishi, R. W. Woody), Wiley,
New York, 2000.

Jordan, C.F., Lerman, L.S. and Venable, J.H. Structure and circular
dichroism of DNA in concentrated polymer solutions.
Nature: New Biology 1972; 236: 67—70.

Jorgensen, W.L. Optimized intermolecular potential functions for

liquid alcohols. Journal of Physical Chemistry 1986; 90:
1276-1284.

140



Jorgensen, W.L., Maxwell, D.S. and Tirado-Rives, J. Development
and testing of the OPLS all-atom force field on
conformational energetics and properties of organic
liquids. Journal of the American Chemical Society 1996;
118: 11225-11236.

Ke, F. Luu, Y.K. Hadjiargyrou, M. and Liang, D. Characterizing DNA
condensation and conformational changes in organic
solvents. PLoS One 2010, 11, No. e13308.

Kioupis, L.I., Arya, G. and Maginn, E.J. Pressure-enthalpy driven
molecular dynamics for thermodynamic property
calculation 1l: Applications. Fluid Phase Equilibria 2002;
200: 93-110.

Korolev, N., Lyubartsev, A.P., Laaksonen, A. and Nordenskiold, L.
A molecular dynamics simulation study of oriented DNA
with polyamine and sodium counterions: diffusion and
averaged binding of water and cations. Nucleic Acids
Research 2003; 31: 5971-5981.

Kowsari, M.H., Alavi, S., Ashrafizaadeh, M. and Najafi, B. Molecular
dynamics simulation of imidazolium-based ionic liquids. I.
Dynamics and diffusion. Journal of Chemical Physics
2008; 129: 224508.

Krishnan, Y. and Simmel, F.C. Nucleic Acid Based Molecular
Devices. Angewandte Chemie International Edition 2011;
50: 3124-3156.

Kulschewski, T. and Pleiss, J. A molecular dynamics study of liquid
aliphatic alcohols: Simulation of density and self-diffusion
coefficient using a modified OPLS force field. Molecular
Simulation 2013; 39: 754—767.

Kutzler, M.A. and Weiner, D.B. DNA vaccines: ready for prime
time?. Nature Reviews Genetics 2008; 9: 776—788.

Leach, A.R. Molecular Modelling: Principles and Applications, 2m
Ed., Prentice Hall, New York, 2001.

Lee, C., Yang, W. and Parr, R.G. Development of the Colle-Salvetti

correlation-energy formula into a functional of the electron
density. Physical Review B 1988; 37: 785-789.

141



Leone, A.M., Weatherly, S.C., Williams, M.E., Thorp, H.H. and
Murray, R.W. An ionic liquid form of DNA: Redox-active
molten salts of nucleic acids. Journal of the American
Chemical Society 2001; 123: 218-222.

Lerman, L.S. Structural considerations in the interaction of DNA
and acridines. Journal of Molecular Biology 1961; 3: 18—
30.

Lerman, L.S. The structure of the DNA-acridine complex.
Proceedings of the National Academy of Sciences of the
United States of America 1963; 49: 94—-102.

Lide, D.R. CRC Handbook of Chemistry and Physics, 73" Ed, CRC
Press, 1992, Boca Raton.

Lindahl, T. and Nyberg, B. Rate of depurination of native
deoxyribonucleic acid. Biochemistry 1972; 11: 3610-
3618.

Liu, X., Zhang, S., Zhou, G., Wu, G. Yuan, X. and Yao, X. New
force field for molecular simulation of guanidinium-based
ionic liquids. Journal of Physical Chemistry B 2006; 110:
12062-12071.

Liu, X., Zhou, G. and Zhang, S. Molecular dynamics simulation of
acyclic guanidinium-based ionic liquids. Fluid Phase
Equilibria 2008; 272: 1-7.

Liu, Z., Chen, T., Bell, A. and Smit, B. Improved united-atom force
field for 1-alkyl-3-methylimidazolium chloride. Journal of
Physical Chemistry B 2010; 114: 4572—4582.

Liu, Z., Huang, S. and Wang, W. A refined force field for molecular
simulation of imidazolium-based ionic liquids. Journal of
Physical Chemistry B 2004; 108: 12978—12989.

Long, E.C. and Barton, J.K. On demonstrating DNA intercalation.
Accounts of Chemical Research1990; 23: 271-273.

Lopes, J.N.C, Costa Gomes, M.F. and Padua, A.A.H. Nonpolar,
polar, and associating solutes in ionic liquids. Journal of
Physical Chemistry B 2006; 110: 16816—16818.

Lopes, J.N.C, Deschamps, J. and Padua, A.A.H. Modeling ionic

liquids using a systematic all-atom force field. Journal of
Physical Chemistry B 2004; 108: 2038—2047.

142



Lopes, J.N.C. and Padua, A.A.H. Molecular force field for ionic
liquids Ill: Imidazolium, pyridinium, and phosphonium
cations; chloride, bromide, and dicyanamide anions.
Journal of Physical Chemistry B 2006a; 110: 19586—
19592.

Lopes, J.N.C. and Padua, A.A.H. Molecular force field for ionic
liquids composed of triflate or bistriflylimide anions.
Journal of Physical Chemistry B 2004; 108: 16893—16898.

Lopes, J.N.C. and Padua, A.A.H. Nanostructural organization in
ionic liquids. Journal of Physical Chemistry B 2006b; 110:
3330-3335.

Lukin, M. and de los Santos, C. NMR structures of damaged DNA.
Chemical Reviews 2006; 106: 607—-686.

Luque, F.J., Alhambra, C. and Orozco, M. Effect of solvent
polarization on bimolecular interactions. Journal of
Physical Chemistry 1995a; 99: 11344—11349.

Luque, F.J., Gadre, S.R., Bhadane, P.K. and Orozco, M. The effect
of hydration on the molecular charge distribution of
cations. An ab initio SCRF study. Chemical Physics
Letters 1995b; 232: 509-517.

Luque, F.J., Orozco, M., Bhadane, P.K. and Gadre, S.R. Effect of
solvation on the shapes, sizes, and anisotropies of
polyatomic anions via molecular electrostatic potential
topography: An ab initio self-consistent reaction field
approach. Journal of Chemical Physics 1994; 100: 6718—
6728.

MacFarlane, D.R., Pringle, J.M., Johanson, K.M., Forsyth, S.A. and
Forsyth, M. Lewis base ionic liquids. Chemical
Communications 2006: 1905-1917.

MacKerell Jr., A.D., Bashford, D., Bellott, M., Dunbrack Jr.,
R.L., Evanseck, J.D., Field, M.J., Fischer, S., Gao,
J., Guo, H.,Ha, S, Joseph-McCarthy, D., Kuchnir,
L., Kuczera, K., Lau, F.T.K., Mattos, C., Michnick, S., Ngo,
T.,Nguyen, D.T., Prodhom, B., Reiher Ill, W.E., Roux,
B., Schlenkrich, M., Smith, J.C., Stote, R., Straub,
J., Watanabe, M., Widrkiewicz-Kuczera, J., Yin, D.
and Karplus, M. All-atom empirical potential for molecular
modeling and dynamics studies of proteins. Journal of
Physical Chemistry B 1998; 102: 3586—-3616.

143


http://www.scopus.com/source/sourceInfo.url?sourceId=23340&origin=resultslist
http://www.scopus.com/authid/detail.url?authorId=7005690760&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7004790566&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=8773124400&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7003392559&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7003392559&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=6701479417&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7201475778&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=55423043300&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7404476130&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7404476130&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=16236337600&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7202501169&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=6602184249&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=8773125300&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=8773125300&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=35463568100&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=35911277100&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=6603792366&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7003919112&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=36841698100&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=36841698100&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=35376658800&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=8773126000&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=55610886600&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=35464598700&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=35464598700&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=6506371268&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7410168050&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7003909098&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7101800259&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7101800259&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=55686678500&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=6506609529&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7202455335&amp;eid=2-s2.0-0041784950
http://www.scopus.com/authid/detail.url?authorId=7202536975&amp;eid=2-s2.0-0041784950

Margulis, C.J. Computational study of imidazolium-based ionic
solvents with alkyl substituents of different lengths.
Molecular Physics 2004; 102: 829-838.

Margulis, C.J., Stern, H.A. and Berne, B.J. Computer simulation of
a "green chemistry" room-temperature ionic solvent.
Journal of Physical Chemistry B 2002; 106: 12017-12021.

Marmur, J. and Doty, P. Determination of the base composition of
deoxyribonucleic acid from its thermal denaturation
temperature. Journal of Molecular Biology 1962; 5: 109—
118.

Martinez, L., Andrade, R., Birgin, E.G. and Martinez, J.M.
PACKMOL: A package for building initial configurations
for molecular dynamics simulations. Journal of
Computational Chemistry 2009; 30: 2157-2164.

Matsumoto, M., Mochiduki, K. and Kondo, K. Toxicity of ionic liquids
and organic solvents to lactic acid-producing bacteria.
Journal of Bioscience and Bioengineering 2004; 98: 344—
347.

Meng, Z., Dolle, A. and Carper, W.R. Gas phase model of an ionic
liquid: semi-empirical and ab initio bonding and molecular
structure. Journal Molecular Structure - Themochem
2002; 585:119-128.

Mestres, J., Sola, M., Carbd, R., Luque, F.J. and Orozco, M. Effect
of solvation on the charge distribution of a series of
anionic, neutral, and cationic species. A quantum
molecular similarity study. Journal of Physical Chemistry
1996; 100: 606-610.

Micaelo, N.M., Baptists, A.M. and Soares, C.M. Parameterization of
1-butyl-3-methylimidazolium hexafluorophosphate/nitrate
ionic liquid for the GROMOS force field. Journal of
Physical Chemistry B 2006; 110: 14444—-14451.

Miller, J.L. and Kollman, P.A. Solvation free energies of the nucleic
acid bases. Journal of Physical Chemistry 1996; 100:
8587-8594.

Mohan, V., Davis, M.E., McCammon, J.A. and Pettitt, B.M.
Continuum model calculations of solvation free energies:
Accurate evaluation of electrostatic contributions. Journal
of Physical Chemistry 1992; 96: 6428—431.

144



Monajjemi, M., Ketabi, S., Hashemian Zadeh, M. and Amiri, A.
Simulation of DNA bases in water: Comparison of the
Monte Carlo algorithm with molecular mechanics force
fields. Biochemistry (Moscow) 2006; 71: S1-S8.

Montesi, A. Pasquali, M. and MacKintosh, F.C. Collapse of a
semiflexible polymer in poor solvent. Physical Review E
2004, 69, 021916-1-021916-10.

Morrow, T.l. and Maginn, E.J. Erratum: Molecular dynamics study
of the ionic liquid 1-n-butyl-3-methylimidazolium
hexafluorophosphate (Journal of Physical Chemistry B
2002; 106: 12807-12813). Journal of Physical Chemistry
B 2003; 107: 9160.

Morrow, T.I. and Maginn, E.J. Molecular dynamics study of the ionic
liquid 1-p-butyl-3-methylimidazolium hexafluorophosphate.
Journal of Physical Chemistry B 2002; 106: 12807-12813.

Mou, Z., Li, P.,, Bu, Y., Wang, W., Shi, J. and Song, R.
Investigations of coupling characters in ionic liquids
formed between the 1-ethyl-3-methylimidazolium cation
and the glycine anion. Journal of Physical Chemistry B
2008; 112: 5088-5097.

Muller, D. Hofer, B. Koch, A. and Ko'ster, H. Aspects of the
mechanism of acid-phenol extraction of nucleic acids.
BBA - Gene Structure and Expression 1983; 740: 1-7.

Muldoon, M.J., Gordon, C.M. and Dunkin, |.R. Investigations of
solvent-solute interactions in room temperature ionic
liquids using solvatochromic dyes. Journal of the
Chemical Society, Perkin Transactions 2 2001; 433—435.

Ngo, H.L., Le Compte, K., Hargens, L. and McEwen, A.B. Thermal
properties of imidazolium ionic liquids. Thermochimica
Acta 2000; 357-358: 97-102.

Nishimura, N. and Ohno, H. Design of successive ion conduction
paths in DNA films with ionic liquids. Journal of Materials
Chemistry 2002; 12: 2299-2304.

Nishimura, N., Nomura, Y., Nakamura, N. and Ohno, H. DNA

strands robed with ionic liquid moiety. Biomaterials 2005;
26: 5558-5563.

145



Ohno, H. and Nishimura, N. lon conductive characteristics of DNA
film containing ionic liquids. Journal of the Electrochemical
Society 2001; 148: E168—E170.

Oostenbrink, C., Villa, A., Mark, A.E. and Van Gunsteren, W.F. A
biomolecular force field based on the free enthalpy of
hydration and solvation: The GROMOS force-field
parameter sets 53A5 and 53A6. Journal of Computational
Chemistry 2004; 25: 1656—1676.

Orozco, M. and Luque, F.J. Self-consistent reaction field
computation of the reactive characteristics of DNA bases
in water. Biopolymers 1993; 33: 1851-1869.

Orozco, M., Colominas, C. and Luque, F.J. Theoretical
determination of the solvation free energy in water and
chloroform of the nucleic acid bases. Chemical Physics
1996; 209: 19-29.

Perdew, J.P., Chevary, J.A., Vosko, S.H., Jackson, K.A., Pederson,
M.R., Singh, D.J. and Fiolhais, C. Atoms, molecules,
solids, and surfaces: Applications of the generalized
gradient approximation for exchange and correlation.
Physical Review B 1992; 46: 6671-6687.

Pereiro, A.B., Legido, J.L. and Rodriguez, A. Physical properties of
ionic liquids based on 1-alkyl-3-methylimidazolium cation
and hexafluorophosphate as anion and temperature
dependence. Journal of Chemical Thermodynamics 2007;
39: 1168-1175.

Pérez, A., Marchan, I., Svozil, D., Sponer, J., Cheatham IlI, T.E.,
Laughton, C.A. and Orozco, M. Refinement of the AMBER
force field for nucleic acids: Improving the description of
aly conformers. Biophysical Journal 2007; 92: 3817—
3829.

Pomaville, R.M. and Poole, C.F. Gas chromatographic study of the
solution thermodynamics of organic solutes in
tetraalkylammonium alkanesulfonate and
perfluoroalkanesulfonate solvents. Journal of
Chromatography A 1990; 499: 749-759.

Pringle, J.M., Golding, J., Baranyai, K., Forsyth, C.M., Deacon,

G.B., Scott, J.L. and MacFarlane, D.R. The effect of anion
fluorination in ionic liquids - physical properties of a range

146



of bis(methanesulfonyl)amide salts. New Journal of
Chemistry 2003; 27: 1504-1510.

Pullman, A. and Pullman, B. Molecular electrostatic potential of the
nucleic acids. Quarterly Reviews of Biophysics 1981; 14:
289-380.

Qin, W. and Li, S.F.Y. Electrophoresis of DNA in ionic liquid coated
capillary. Analyst 2003; 128: 37—41.

Raabe, G. and Koéhler, J. Thermodynamical and structural
properties of imidazolium based ionic liquids from
molecular simulation. Journal of Chemical Physics 2008;
128: art. no. 154509.

Reichmann, M.E., Rice, S.A., Thomas, C.A. and Doty, P. A further
examination of the molecular weight and size of
desoxypentose nucleic acid. Journal of the American
Chemical Society 1954; 76: 3047—3053.

Rodryguez-Pulido, A., Ortega, F., Llorca, O., Aicart, E. and
Junquera, E. A physicochemical characterization of the
interaction between DC-Chol/DOPE cationic liposomes
and pDNA. Journal of Physical Chemistry B 2008; 112:
12555-12565.

Rozenberg, H., Rabinovich, D., Frolow, F., Hegde, R.S. and
Shakked, Z. Structural code for DNA recognition revealed
in crystal structures of papillomavirus E2-DNA targets.
Proceedings of the National Academy of Sciences of the
United States of America 1998; 95: 15194—-15199.

Saenger, W. Structure and dynamics of water surrounding
biomolecules.Annual Review of Biophysics and
Biophysical Chemistry 1987; 16: 93—114.

Sasaki, Y., Miyoshi, D. and Sugimoto, N. Regulation of DNA
nucleases by molecular crowding. Nucleic Acids
Research 2007, 35, 4086—4093.

Satyanarayana, S., Dabrowiak, J.C. and Chaires, J.B.
Tris(phenanthroline)ruthenium(ll) enantiomer interactions
with DNA: mode and specificity of binding. Biochemistry
1993; 32: 2573-2584.

147



Schmidt, M.W., Baldridge, K.K., Boatz, J.A., Elbert, S.T., Gordon,
M.S., Jensen, J.H., Koseki, S., Matsunaga, N., Nguyen,
K.A., Su, S.J., Windus, T.L., Dupuis, M. and Montgomery,
J.A. General atomic and molecular electronic structure
system. Journal of Computational Chemistry 1993; 14:
1347-1363.

Schneider, B., Patel, K. and Berman, H.M. Hydration of the
phosphate group in double-helical DNA. Biophysical
Journal 1998; 75: 2422-2434.

Seddon, K.R., Stark, A. and Torres, M.-J. Influence of chloride,
water, and organic solvents on the physical properties of
ionic liquids. Pure and Applied Chemistry 2000; 72: 2275—
2287.

Shah, J.K., Brennecke, J.F. and Maginn, E.J. Thermodynamic
properties of the ionic liquid 1-n-butyl-3-methylimidazolium
hexafluorophosphate from Monte Carlo simulations.
Green Chemistry 2002; 4: 112—118.

Shimizu, K., Padua, A AA.H. and Lopes, J.N.C. Nanostructure of
trialkylmethylammonium bistriflamide ionic liquids studied
by molecular dynamics. Journal of Physical Chemistry B
2010; 114: 15635-15641.

Sines, C.C., McFail-lsom, L., Howerton, S.B., VanDerveer, D. and
Williams, L.D. Cations mediate B-DNA conformational
heterogeneity. Journal of the American Chemical Society
2000; 122: 11048-11056.

Sinha, R., Islam, Md. M., Bhadra, K., Kumar, G.S., Banerjee, A. and
Maiti, M. The binding of DNA intercalating and non-
intercalating compounds to A-form and protonated form of
poly(rC)-poly(rG): Spectroscopic and viscometric study.
Bioorganic and Medicinal Chemistry 2006; 14: 800—-814.

Sirjoosingh, A., Alavi, S. and Woo, T.K. Molecular dynamics
simulations of equilibrium and transport properties of
amino acid-based room temperature ionic liquids. Journal
of Physical Chemistry B 2009; 113: 8103-8113.

Sun, H., Qiao, B., Zhang, D., Liu, C. Structure of 1-butylpyridinium
tetrafluoroborate ionic liquid: Quantum chemistry and
molecular dynamic simulation studies. Journal of Physical
Chemistry A 2010; 114: 3990-3996.

148



Sun, W., Li, Y., Duan, Y. and Jiao, K. Direct electrocatalytic
oxidation of adenine and guanine on carbon ionic liquid
electrode and the simultaneous determination. Biosensors
and Bioelectronics 2008a; 24: 988-993.

Sun, W., Li, Y, Yang, M. Liu, S. and Jiao, K. Direct
electrochemistry of single-stranded DNA on an ionic liquid
modified carbon paste electrode. Electrochemistry
Communications 2008b; 10: 298-301.

Swartling, D., Ray, L., Compton, S. and Ensor, D. Temperature
dependence of viscosity for room temperature ionic
liquids. Bulletin Biochemistry and Biotechnology 2000; 13:
145-151.

Szefczyk, B. and Cordeiro, M.N.D.S. Physical properties at the
base for the development of an all-atom force field for
ethylene glycol. Journal of Physical Chemistry B 2011;
115: 3013-3019.

Takahashi, S., Suzuya, K., Kohara, S., Koura, N., Curtiss, L.A. and
Saboungi, M.-L. Structure of 1-ethyl-3-methylimidazolium
chloroaluminates: Neutron diffraction measurements and
ab initio calculations. Zeitschrift fur Physikalische Chemie
1999; 209: 209-221.

Texter, J. Nucleic acid-water interactions. Progress in Biophysics
and Molecular Biology 1978; 33: 83-97.

Tokuda, H., Hayamizu, K., Ishii, K., Susan, M.A.B.H. and
Watanabe, M. Physicochemical properties and structures
of room temperature ionic liquids. 2. Variation of alkyl
chain length in imidazolium cation. Journal of Physical
Chemistry B 2005; 109: 6103-6110.

Tokuda, H., Hayamizu, K., Ishii, K., Susan, Md.A.B.H. and
Watanabe, M. Physicochemical properties and structures
of room temperature ionic liquids. 1. Variation of anionic
species. Journal of Physical Chemistry B 2004; 108:
16593-16600.

Tokuda, H., Ishii, K., Susan, M.A.B.H., Tsuzuki, S., Hayamizu, K.
and Watanabe, M. Physicochemical properties and
structures of room-temperature ionic liquids. 3. Variation
of cationic structures. Journal of Physical Chemistry B
2006a; 110: 2833—-2839.

149



Tokuda, H., Tsuzuki, S., Susan, Md.A.B.H., Hayamizu, K. and
Watanabe, M. How ionic are room-temperature ionic
liquids? An indicator of the physicochemical properties.
Journal of Physical Chemistry B 2006b; 110: 19593—
19600.

Umecky, T., Kanakubo, M. and Ikushima, Y. Effects of alkyl chain
on transport properties in 1-alkyl-3- methylimidazolium
hexafluorophosphates. Journal of Molecular Liquids
2005a; 119: 77-81.

Umecky, T., Kanakubo, M. and Ilkushima, Y. Self-diffusion
coefficients of 1-butyl-3-methylimidazolium
hexafluorophosphaate with pulsed-field gradient spin-
echo nmr technique. Fluid Phase Equilibria 2005b; 228-
229: 329-333.

Urahata, S.M. and Ribeiro, M.C.C. Single particle dynamics in ionic
liquids of 1-alkyl-3-methylimidazolium cations. Journal of
Chemical Physics 2005; 122: art. no. 024511.

Urahata, S.M. and Ribeiro, M.C.C. Structure of ionic liquids of 1-
alkyl-3-methylimidazolium cations: A systematic computer
simulation study. Journal of Chemical Physics 2004; 120:
1855-1863.

van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A.E.
and Berendsen, H.J.C. GROMACS: Fast, flexible, and
free. Journal of Computational Chemistry 2005; 26: 1701—
1718.

Vijayaraghavan, R., lIzgorodin, A., Ganesh, V., Surianarayanan, M.
and MacFarlane, D.R. Long-term structural and chemical
stability of DNA in hydrated ionic liquids.
AngewandteChemie - International Edition 2010a; 49:
1631-1633.

Vijayaraghavan, R., Thompson, B.C., MacFarlene, D.R., Kumar, R.,
Surianarayanan, M., Aishwarya, S. and Sehgal, P.K.
Biocompatibility of choline salts as cross linking agents for
collagen based biomaterials. Chemical Communications
2010b; 46: 294-296.

Viswamitra, M.A., Kennard, O., Jones, P.G., Sheldrick, G.M.,
Salisbury, S., Favello, L., Shakked, Z. DNA double helical
fragment at atomic resolution. Nature 1978, 273: 687-
688.

150


http://www.scopus.com/authid/detail.url?authorId=6701493490&amp;eid=2-s2.0-27344454932
http://www.scopus.com/authid/detail.url?authorId=6701738260&amp;eid=2-s2.0-27344454932
http://www.scopus.com/authid/detail.url?authorId=7201746470&amp;eid=2-s2.0-27344454932
http://www.scopus.com/authid/detail.url?authorId=6506118299&amp;eid=2-s2.0-27344454932
http://www.scopus.com/authid/detail.url?authorId=7202572735&amp;eid=2-s2.0-27344454932
http://www.scopus.com/authid/detail.url?authorId=7102172537&amp;eid=2-s2.0-27344454932

Walden, P. Molecular weights and electrical conductivity of several
fused salts. Bulletin of the Imperial Academy of Sciences
(Saint Petersburg) 1914; 1800: 405-422.

Wang, H., Wang, J. and Zhang, S. Binding Gibbs energy of ionic
liquids to calf thymus DNA: A fluorescence spectroscopy
study. Physical Chemistry Chemical Physics 2011; 13:
3906-3910.

Wang, J., Wang, H., Zhang, S., Zhang, H. and Zhao, Y.
Conductivities, volumes, fluorescence, and aggregation
behavior of ionic liquids [C;mim][BF4] and [C,mim][Br] (n =
4, 6, 8, 10, 12) in aqueous solutions. Journal of Physical
Chemistry B 2007b; 111: 6181-6188.

Wang, J., Wolf, R.M., Caldwell, J.W., Kollman, P.A. and Case, D.A.
Development and testing of a general AMBER force field.
Journal of Computational Chemistry 2004; 25: 1157-
1174.

Wang, J.-H., Cheng, D.-H., Chen, X.-W., Du, Z. and Fang, Z.-L.
Direct extraction of double-stranded DNA into ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate and its
quantification. Analytical Chemistry 2007a; 79: 620—625.

Wang, Y. and Voth, G.A. Unique spatial heterogeneity in ionic
liquids. Journal of the American Chemical Society 2005;
127: 12192—-12193.

Wartell, R.M., Larson, J.E. and Wells, R.D. Netropsin. A specific
probe for AT regions of duplex deoxyribonucleic acid.
Journal of Biological Chemistry 1974; 249: 6719-6731.

Wasserscheid, P. and Keim, W. lonic liquids - New 'solutions' for
transition metal catalysis. Angewandte Chemie -
International Edition 2000; 39: 3773-3789.

Wasserscheid, P. and Welton, T. lonic Liquids in Synthesis, eds.
Weinheim, Germany: Wiley-VCH, 2003.

Westhof, E. Water: An Integral Part of Nucleic Acid Structure.
Annual Review of Biophysics and Biophysical Chemistry
1988; 7: 125—-144.

Wilkes, J.S. and Zaworotko, M.J. Air and water stable 1-ethyl-3-

methylimidazolium based ionic liquids. Chemical
Communications 1992: 965-967.

151



Wilkes, J.S., Levisky, J.A., Wilson, R.A. and Hussey, C.L.
Dialkylimidazolium chloroaluminate melts: A new class of
room-temperature ionic liquids for electrochemistry,
spectroscopy and synthesis. Inorganic Chemistry 1982;
21: 1263-1264.

Wu, Y. and Zhang, T. Structural and electronic properties of amino
acid based ionic liquids: A theoretical study. Journal of
Physical Chemistry A 2009; 113: 12995-13003.

Xie, Y.N., Wang, S.F., Zhang, Z.L. and Pang, D.W. Interaction
between room temperature ionic liquid [bmim]BF,; and
DNA investigated by electrochemical micromethod. The
Journal of Physical Chemistry B 2008; 112: 9864—-9868.

Yan, T., Burnham, C.J., Del Pépolo, M.G. and Voth, G.A. Molecular
dynamics simulation of ionic liquids: The effect of
electronic polarizability. Journal of Physical Chemistry B
2004; 108: 11877-11881.

Yi-Gui, G., Robinson, H. and Wang, A.H.-J. High-resolution A-DNA
crystal structures of d(AGGGGCCCCT) an A-DNA model
of poly(dG) - poly(dC). European Journal of Biochemistry
1999; 261: 413-420.

Young, P.E. and Hillier, I.H. Hydration free energies of nucleic acid
bases using an ab initio continuum model. Chemical
Physics Letters 1993; 215: 405—408.

Zhang, W., Yang, T., Zhuang, X., Guo, Z. and Jiao, K. An ionic
liquid supported CeO,nanoshuttles-carbon nanotubes
composite as a platform for impedance DNA hybridization
sensing. Biosensors and Bioelectronics 2009a; 24: 2417—
2422.

Zhang, Y., Chen, X., Lan, J., You, J. and Chen, L. Synthesis and
biological applications of imidazolium-based polymerized
ionic liquid as a gene delivery vector. Chemical Biology
and Drug Design 2009b; 74: 282—-288.

152



	DESIGN AND SYNTHESIS OF NEW 1-ALKYL-3-BUTYLIMIDAZOLIUM BROMIDE IONIC LIQUIDS AS MEDIA FOR DNA SOLVATION
	Abstract
	TABLE OF CONTENTS
	CHAPTER 1
	REFERENCES



