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In this study it is demonstrated that use of laser Raman spectroscopy for monitoring
biochemical reactions provides the detection and control of the processes of renaturation and
denaturation of DNA strands, the determination of state of strands, and also the control of
possible mutations in DNA molecules. The obtained results are very promising to improve
the fidelity of DNA computations, i.e. to provide the greater convergence of the estimated and

exact values.
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1. Introduction

Although now molecular biology has not reached a level that
allows the monitoring and control of a cell completely, dis-
tinct physical processes are fairly well understood and can be
used for the elaboration of new devices [1-3]. The formation
of weak bonds based on the Watson—Crick complementar-
ity principle, DNA restriction and hybridization, and protein
mechanical processes refer to such processes [1]. As a result
of these discoveries, the natural means of data storage, and the
processing and transfer of information in biological systems
have become clear. In turn, progress in the field of the latest
informational and molecular technologies has made it possible
to install information in a biomolecular medium and to read it.
This has promoted the elaboration of principles of molecular
computations using biological objects and the development of
biocomputers [4].

In living cells genetic information is encoded by the deox-
yribonucleic acid (DNA) molecule. DNA provides storage,
transfer from generation to generation, as well as the realiza-
tion of the genetic program of evolution and the functioning of
living organisms [5]. These unique properties of DNA are used
in molecular computations. In DNA computations every DNA
molecule corresponds to another molecule; the Watson—Crick

1054-660X/16/025206+9$33.00

complement [1]. The complement has an opposite direction in
comparison with the original molecule and its bases, adenine
(A), thymine (T), cytosine (C), guanine (G), are replaced with
their paired bases [1]. As a result of the attraction of adenine
to thymine and cytosine to guanine a double helix is formed,
which provides the opportunity of doubling the number of
DNA bases at cell division [6, 7].

The problem of doubling is solved using a special enzyme,
polymerase. This enzyme moves along a DNA molecule and
synthesizes on its base a new molecule, in which all of the
bases are replaced by the corresponding paired bases (PCR, the
polymerase chain reaction). The synthesis begins only in a case
where a short segment of the complementary strand (primer)
is attached to the initial DNA strand. This property is actively
used in molecular biology and molecular computations.
In fact, PCR is an implementation of the Turing machine [8].
It consists of two tapes and a programmable control desk. The
control desk reads data from one tape, processes them accord-
ing to a certain algorithm, and records them on another tape.
The polymerase also consecutively reads an initial data from
one tape (DNA) and forms on their base a new tape with the
results of the computations (the Watson—Crick complement).

DNA molecules were used by Adleman for the first time for
the solution of the computational problem of the existence of

© 2016 Astro Ltd Printed in the UK
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the Hamiltonian path in the given directed graph with selected
first and last vertexes, that is, the path that passes each vertex
exactly once [9]. He suggested encoding the information about
the vertexes and the edges of the graph using DNA strands and
carrying out the process of searching for the Hamiltonian path
by means of biochemical reactions. Adleman’s ‘computer’
itself was a test-tube with a water solution of DNA strands.
The solution of this problem took 7 d [9]. The synthesis of the
initial data and the immediate carrying out of the biochemi-
cal reactions took several min, and the rest of time was taken
by the extraction of already prepared result, the sequencing
obtained DNA strands using gel-electrophoresis.

The suggested approach was developed further in the series
of studies [10-19]. In [10] the possibility of using a DNA
‘biocomputer’ for the solution of the Boolean satisfiability
problem was considered, and in [11] molecular computations
were used for breaking one of the data encryption systems—
DES (Data Encryption Standard System) with 256 different
methods of data encryption. One should note that in this study
only the principal opportunity of breaking the data encryp-
tion system was demonstrated in supposition of the absence
of experimental errors during the realization of the algorithm.

Algorithms for the solution of various problems using
DNA strands suggested by Adleman and Lipton [10-12]
were developed in the studies of many scientific groups. The
theoretical schemes of the solution of a wide class of optim-
ization problems relating to graph theory were suggested and
tested experimentally by the group of Watada. In [13, 14] the
problem of scheduling was solved first for two elevators in
a six-storey building, then for many elevators in multi-storey
building. In [15] the algorithm for the solution of the cable
trench problem (CTP) was elaborated. For the first time in the
group of Watada, DNA computations were used for the devel-
opment of the clustering technique [16]. The authors of [17]
suggested the solution of the sufficiently important problem of
the creation of a true random number generator using molecu-
lar computation. It was shown that as a result of biochemical
reactions in solutions of long DNA strands occurring in spe-
cial temperature conditions, one can create a random number
generator. In [18] the further development of the algorithm of
data encryption and decryption based on DNA computations
was suggested. In [19] molecular computations were used for
searching for structural errors in the Rule-Based Systems.
The suggested algorithm allowed them to find all the basic
errors in Rule-Based Systems: Redundancy, Incompleteness,
Circularity, and Inconsistency.

In conversation about quantum and molecular computa-
tions the same problems are the subject of discussion: Integer
factorization, searching for the paths in a graph with differ-
ent parameters, and pattern recognition. It is still unclear if
it can be explained by the small number elaborated for both
paradigms’ algorithms, or if some interior propinquity exists
between these paradigms. It is obvious that quantum and
molecular computations have many evident common charac-
teristics distinguishing these approaches from conventional
computations on silicon-based computers: For example,
a very high degree of parallelism of the calculations, high
energy efficiency, and high density of information in the unit

of volume. However, quantum and molecular computations
have many common problems, for example, fidelity of the
computations. This problem is very complex and versatile.

The authors of many publications about the experimental
approbation of the algorithms of DNA computations note a
substantial dependence of the accuracy of the computations
on the state and the concentration of biological molecules, the
length of the DNA strands, the temperature and time regimes
of the biochemical reactions, the type of buffer solution, and
the pH values of the mixtures [20-23]. The authors of [21]
have demonstrated that the accuracy of the DNA computa-
tions strongly depends on the temperature of the solutions and
the duration of the reactions. On changing the temperature
one can achieve an increase in the efficiency of the reactions
between DNA molecules, and control of the processes of the
denaturation and renaturation of the strands. The temperatures
can vary from O up to 95 °C. Therefore, one should first track
the moment of the DNA duplexes melting, i.e. control the
state of the complementary strands at different moments of
time and at different temperatures.

In the process of biochemical reactions the loss or dam-
age of the DNA molecules during intermediate operations, an
accidental mutation in the DNA strands, and a violation of the
conditions of the reactions are possible. Meanwhile, the loss
of even 1% of the initial mass of the DNA molecules during
the computations leads to missing the correct solution of the
problem. All this makes the problem of the control of errors
during molecular computations very important. It is obvious
that, first of all, the fidelity of the DNA computations depends
on the control of the state and the concentration of the DNA
molecules and on the selection of the optimal parameters of
the reaction regime and their control throughout the time of
the biochemical reaction. It is also obvious that the methods
of this control must be non-invasive, express, and must work
in real-time mode. That is why for the elaboration of these
methods laser spectroscopy is used, and Raman spectroscopy
in particular.

Laser Raman spectroscopy successfully and for a long
time has been used for the study of the structure, state, and
properties of DNA strands [24-32]. In the Raman spectra of
DNA molecules the bands corresponding to the vibrations of
the nitrogenous bases (adenine, guanine, thymine, cytosine)
and the DNA backbone are identified [24-32], and the char-
acteristic bands-markers of every base are determined [26].
There is information about the peculiarities of the behavior
of several vibrational bands of DNA strands during melting
duplexes [27-30]. In [31, 32] it was demonstrated that laser
Raman spectroscopy provides the opportunity of determining
a concentration of individual nitrogenous bases in their one-
component solutions by a non-destructing method in real-time
mode. For this the calibration dependencies of the intensities
of the Raman markers on concentration were used; the total
concentration of DNA in the solution was also determined.

This paper continues the series of publications regarding
the successful application of Raman spectroscopy for increas-
ing the accuracy of molecular DNA computations. In this
study, the basics of the method of the control of the state of
DNA molecules during the biochemical reactions, namely,
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Figure 1. Nucleotide sequence of specially synthesized complementary DNA strands X1 and X3.

during the renaturation and denaturation of DNA strands,
were elaborated using Raman spectroscopy. The elaborated
method can be implemented in remote real-time mode.

2. Materials and methods

2.1. Objects of research

As mentioned in [31, 32], the question about the concentra-
tion of DNA molecules in the solution, ‘working substance’,
is very important for molecular computations. According to
the literature data, this concentration can vary in a rather wide
range, from units [33] to tens [34] g 1~ depending on the con-
crete problem.

Since the main objective of the given study was to deter-
mine the state of DNA strands at the moment of duplex melt-
ing, the linear complementary DNA strands X1 and X3 were
used as objects of research. These samples were synthesized
specially for this experiment. Each X1 and X3 strand con-
sisted of 54 specified in advance nucleotides (figure 1) in a
saline-sodium citrate (SSC) buffer (20 x).

The maximal concentration of each of the X1 and X3
strands in the SSC buffer (20x) was 11.8¢g 1=, As a result of
the renaturation of the complementary X1 and X3 strands the
DNA double helix was formed. The temperature dependence
of the Raman spectra of the solution of the formed duplex
was studied experimentally in order to reveal the peculiari-
ties of the vibrational bands at the moment of duplex melting/
denaturation.

2.2. Experiment

Due to the high concentration of DNA molecules in the sam-
ples it was possible to use macro-Raman spectroscopy, when
the signal was collected from the bulk of the solution. This
allowed us to control almost the whole volume of the ‘work-
ing substance’. The Raman spectra were measured using a
spectrometer consisting of an argon laser (wavelength 488 nm,
incident laser power 250 mW) and a system of registration
comprising a monochromator (Acton, focal length 500 mm,
grades 900 and 1800g mm™') and a CCD-camera (Horiba
Jobin-Yvon, Synapse 1024 * 128 BIUV-SYN). The spectra
were measured in 90° scattering geometry with a practical
resolution of 1cm™! in the spectral range 200-4000cm ™.
In order to suppress the signal of elastic scattering, an edge-
filter (Semrock) was used.

To measure and maintain the temperature of the samples, a
special thermostabilization system KRIO-VT-01 was used. It
provided the samples’ temperature setting and monitoring in

a wide range from —30 °C up to +100 °C with an accuracy
better than 0.1 °C.

The primary spectra processing consisted of a subtracting
pedestal and normalization by the square of the water Raman
valence band (in order to exclude the influence of the instabil-
ity of the laser power on the measured spectra). Then the spec-
tra were normalized by the intensity of band near 1090cm ™.

3. Results and discussion

3.1. Signs of changes in the state of the DNA strands during
molecular computations

As a result of the renaturation of the complementary X1 and
X3 strands with the concentrations 11.8g 17! in the SSC
(20x) buffer at a temperature of 25 °C the DNA double helix
was formed. In figure 2 the Raman spectra of the solutions of
single DNA X1 and X3 strands and a double helix (X1 + X3)
with an equal concentration of DNA molecules 11.8g 17! are
presented.

As can be seen from figure 2, the spectra of the solutions
both of the single DNA X1, X3 strands and the double helix
(X1 4 X3) contain many spectral bands corresponding to cer-
tain molecular groups of DNA molecules. As a result of the
formation of the duplex the parameters of the spectral bands of
the single-stranded DNA changed: Some bands disappeared,
and some new bands caused by new interactions between the
strands appeared in the Raman spectrum of the (X1 + X3)
solution. This behavior of the bands provides an opportunity
for the determination of the state of the DNA strands during
the biochemical reactions. Analysis of the mechanisms of the
formation of the Raman spectra of single-stranded DNA and
the duplex was performed as a result of studying the process
of DNA thermal denaturation.

To determine the state of the DNA strands in the solutions
the experimental temperature dependence of the Raman spec-
tra on the solution (X1 + X3) with concentration 11.8 g1~ was
obtained in the range from 25 °C to 93 °C with a temperature
increment of 5-10 °C. In figure 3, one can see Raman spectra
of the solution (X1 + X3) at different temperatures. Analysis
of the obtained dependence demonstrated the existence of a
series of spectral features of duplex melting (in our sample
melting occurs near 60 °C) (figure 4). Exactly this variety of
the found identification features turned out to be the basis of
the express remote method of the determination of the state of
the DNA strands during molecular computations. Let us con-
sider the detected spectral features of DNA duplex melting.

The band with a maximum near 667 cm ™" in the spectrum
of double strand (X1 + X3) is the thymine marker caused by
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Figure 2. Raman spectra of single DNA X1 and X3 strands and a double helix (X1 + X3) with an equal concentration of DNA molecules

11.8g1°".
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Figure 3. Raman spectra of the DNA solution (X1 + X3) with the concentration 11.8 g 17! at different temperatures.
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Figure 4. Melting DNA duplex at temperature 60 °C.

the ‘windshield-wiper’ motions of the C = O groups of the
thymine ring [21]. With a temperature increase starting from
the melting temperature 60 °C this band slightly shifts to

lower frequencies (figures 3 and 5). This behavior is caused
by an emergence of several conformers of thymine nucleo-
side, which induces the slight fading and shifting of the band.

The band centered near 728 cm ™! is the adenine marker.
This is caused by the ‘breathing’ vibrations of the purine ring
of adenine. During the DNA duplex melting the intensity of
this band increases (figure 3), and the band slightly shifts to
higher frequencies (figure 6). Similar changes of the DNA
Raman band near 730cm ™! were obtained in [29].

The band centered near 751 cm ™! is the thymine marker.
This is caused by ‘breathing’ vibrations of pyrimidine ring
of thymine. During the DNA duplex melting this band broad-
ens and shifts to lower frequencies (figure 6). At temperatures
above 60 °C (after melting) this band disappears, merging
with the band near 728cm ™! (figures 3 and 6). The behavior
of this band is similar to the behavior of the thymine marker
near 667cm™"'. This can be explained by the emergence of
other conformers of thymine nucleoside as the temperature
increases (for example, the C2’-endo-anti conformer [28, 29]).
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Figure 6. Changes of the bands near 728 cm™' and 751 cm ™! in the Raman spectra of the solution (X1 + X3) with a temperature increase.

Thus, both thymine markers characterize the distribution of
different conformers of thymine nucleoside [28].

The band near 787 cm ™! is caused by the ‘breathing’ vibra-
tions of the pyrimidine ring of cytosine near 784 cm~! and by
the DNA backbone vibrations (O-P—O bond) near 792cm ™.
The main contribution is brought by the backbone vibrations.
During the DNA duplex melting the band shifts to lower fre-
quencies (figures 3 and 7(b)).

The band centered near 1090cm ™! is caused by the DNA
backbone vibrations (symmetric valence vibrations of the PO,
groups). It is present both in the spectra of the single strands
and the duplexes (figures 2 and 3). When the temperature

changes the parameters of this band do not change. This is
why this band can be used as an inner standard. The absence
of changes in the intensity of this band is explained by the
high localization of the vibrations of the PO, groups [28].

The band centered near 1251cm™! is an indicator of the
interactions of adenine with thymine. When the sample is
heated to melting point, this band shifts significantly to lower
frequencies, to 1238cm™! (figure 7(b). This shift can be
explained by the abrupt weakening of the bonds between ade-
nine and thymine when the temperature increases. A similar
shift of the mentioned band under heating was found by the
authors of [30].
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The bands centered near 1485cm~! and 1578cm™! are
caused by the guanine and adenine vibrations (mainly by gua-
nine). When the duplex solution temperature increases (dur-
ing thermal denaturation) these bands behave similarly: They
shift to lower frequencies (figure 8). This can be explained by
the following: The hydrogen bonds between the nitrogenous
bases in the DNA duplex are weaker in comparison with the
hydrogen bonds between the water molecules and nitrogenous
bases in the single strand.

As can be seen from figure 3, when the temperature of the
solution increases, the position and ratio of the intensities of
the three narrow bands centered near 1302cm™' (adenine
band), 1340cm™! (adenine band), and 1373cm™! (thymine
and adenine band) (figure 2) change. In figure 3 one can see
these bands at different temperatures. For the quantitative
characterization of the ratio of the intensities of the above-
mentioned bands we introduced parameter 7, which is equal
to the ratio of maximal intensity of the middle peak to the
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sum of the intensities of all three peaks: n = L/(I} + I, + I3)
(figure 3). In figure 9 the dependence of the parameter 7 on the
temperature is demonstrated. As is seen, parameter 1 abruptly
decreases at the moment of duplex melting. This is also one of
the indicators of the state of the DNA strands.

The bands near 2800-3000cm ™" are caused by the valence
vibrations of the CH groups of deoxyribose (figure 3 from
[31]). It is known that these bands are very sensitive to changes
in DNA conformation: In the B-conformation there are broad
bands with the maximum at 2963cm~! and two more weak
satellites at 3021 cm ™' and 2890cm ™' in the A-conformation
the maximum of the main peak shifts to 2950cm™" and the
small shoulder near 2971cm™! increases [35]. When the

temperature increases to the melting temperature the position of
the main peak abruptly shifts to lower frequencies (figure 10),
and during further heating it does not return to the initial
position. This shift of the band near 2950cm ™! is a reliable
criterion of the state of the DNA strands.

3.2. Monitoring of the state of DNA strands during molecular
computations

Thus, as the result of the analysis of the changes in the char-
acteristics of the spectral Raman bands of the DNA duplex
solution during its melting, many potential signs of changes
in the DNA strands state were revealed, namely, the signs of
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Table 1. The revealed signs of changes in the states of the DNA strands during the biochemical reactions.

Signs of change in the state of

Conclusion about the state of the

Ne  Band Indicator the DNA DNA
1 667cm™! Thymine marker Broadening and shifting of the ~Start of duplex melting. Emergence
band to lower frequencies of several conformers of thymine
nucleoside
2 728cm™! Adenine marker Increase in the intensity and DNA duplex melting
shifting of the band to higher
frequencies
3 75lcm™! Thymine marker (a) Broadening and shifting of (a) DNA duplex melting.
the band to lower frequencies Emergence of several conformers
of thymine nucleoside
(b) Disappearing of the band  (b) DNA molecules are in the
single-stranded state
4 787cm! Marker of the Shift of the band to lower DNA duplex melting
cytosine and backbone  frequencies
vibrations
5 1090cm ™! Backbone vibrations Change in the intensity or the  Change of the concentration of
position of the band nucleotides in DNA solution
6 1251 cm™! Interaction between (a) Position of the maximum (a) DNA duplex melting completed

7  1485cm~'and 1578cm™!
8 1302, 1340, 1373 cm ™!

9  2800-3000cm™!

adenine and thymine

Marker of guanine and
thymine

Parameter n = I,/
(h+hL+1h)
Vibrations of CH

change and becomes equal to
1240cm™!

(b) Position of the maximum
does not change and is equal
to 1240cm™!

Shift of the bands to lower
frequencies

Abrupt decrease of
parameter 7

(a) Position of the main peak

(b) DNA molecules are in the
single-stranded state

Probability of DNA duplex

denaturation increases
DNA duplex melting completed

(a) 2963 cm ™~ '—B-conformation

groups of deoxyribose

(b) Abrupt shift of the main

of DNA duplex; 2950 cm™~'—A-
conformation of DNA duplex
(b) DNA duplex melting completed

peak to lower frequencies

changes in the nucleoside conformation, and the denaturation
and renaturation of the DNA strands. The set of the revealed
signs is presented in table 1.

Permanent monitoring of the behavior of the specified (table
1) bands-indicators of the state of the DNA molecules during
the biochemical reactions, serves as a basis for this method to
increase the accuracy of molecular DNA computations.

4. Conclusions

Experiments carried out in this study to reveal the peculiarities
of the behavior of the Raman bands of DNA solutions during
the melting/denaturation of the duplex have demonstrated the
principal opportunity of the determination and control of the
state of the DNA strands during molecular computations using
Raman spectroscopy. As a result of the conducted analysis of
changes in the characteristics of spectral bands of the DNA
duplex during its melting, many signs of the change of the
state of the DNA strands were revealed, namely, the signs of
change of the conformation of the DNA double helix, changes
in the conformation of nucleosides, signs of the processes of
the renaturation and denaturation of the DNA strands.

By carrying out periodic (or continuous) laser sensing of
a container where biochemical reactions occur, and obtaining
sequentially a series of Raman spectra of the solutions of DNA
molecules during these reactions, one can control the behav-
ior of the specified bands-indicators of the state of the DNA
strands. This control allows us to reveal possible changes in
the DNA double helix conformation and changes in the con-
formation of the nucleosides. Besides that, this monitoring of
the process of biochemical reactions provides the revelation of
the processes of the renaturation and denaturation of the DNA
strands, the determination of the state of the strands (single or
twisted in a helix), and also control of possible mutations in
the DNA molecules.

Thus, permanent control of the behavior of the detected
bands-indicators of the state of the DNA molecules during
biochemical reactions serves as a basis for the method of
increasing the accuracy of molecular computations.

Acknowledgments

This work was supported by Grant no.14-02-00710-a of the
Russian Foundation for Basic Research.



Laser Phys. 26 (2016) 025206

T A Dolenko et al

All the authors want to express their deep appreciation to S P
Kulik, Professor of Physical Department of MSU, who initi-
ated the study in this direction.

References

[1] Paun G, Rozenberg G and Salomaa A 1998 DNA Computing:
New Computing Paradigms (Heidelberg: Springer)

[2] Bruce A 2002 Molecular Biology of the Cell 4th edn
(New York: Garland Science)

[3] Popov V Yu 2008 DNA Mechanical Robots and Computing
Devices (Ekaterinburg: Ural State University)

[4] Moe-Behrens G H G 2013 The biological microprocessor,
or how to build a computer with biological parts Comput.
Struct. Biotechnol. J. 8 1-18

[5] Watson J and Crick F 1953 Molecular structure of nucleic
acids: a structure for deoxyribose nucleic acid Nature
171 737-8

[6] Watson J D 1968 The Double Helix: a Personal Account
of the Discovery of the Structure of DNA (New York:
Atheneum)

[7] Kornberg A 1974 DNA Synthesis (San Francisco:

Freeman)

[8] Hopcroft J E, Motwani R and Ullman J D 2001 Introduction
to Automata Theory, Languages, and Computation 2nd edn
(Reading, MA: Addison-Wesley)

[9] Adleman L M 1994 Molecular computation of solutions to
combinatorial problems Science 266 1021-4

[10] Lipton R J 1995 DNA solution of hard computational prob-
lems Science 268 542-5

[11] Boneh D, Dunworth C and Lipton R 1995 Breaking DES
using a molecular computer (Princeton university) Techni-
cal Report CS-TR-489-95

[12] Boneh D, Dunworth C, Lipton R J and Sgall J 1996 On
the computational power of DNA Discrete Appl. Math.
71 79-94

[13] Mohd Saufee M et al 2005 Solving elevator scheduling
problem using DNA computing approach Adv. Soft Comput.
29 359-70

[14] Watada J, Kojima S, Ueda S and Ono O 2006 DNA computing
approach to optimal decision problems Int. J. Innovative
Comput. Inf. Control 3 1579-84

[15] Jeng D J-F, Kim I and Watada J 2006 DNA-based evolutionary
algorithm for cable trench problem Lect. Notes Artif. Intell.
4253 922-9

[16] Bakar R B A, Watada J and Pedrycz W 2008 DNA approach to
solve clustering problem based on a mutual order Biosys-
tems 91 1-12

[17] Saman H, Nazri K and Suriayati C 2014 A sticker-based
model using DNA computing for generating real random
numbers Int. J. Secur. its Appl. 8 113-22

[18] UbaidurRahman N H, Balamurugan C and Mariappan R 2015
A Novel DNA Computing based encryption and decryption
algorithm Proc. Comput. Sci. 46 46375

[19] Madahian B, Salighehdar A and Amini R 2015 Applying
DNA computation to error detection problem in rule-based
systems J. Intell. Learn. Syst. Appl. 7 21-36

[20] Kari L, Losseva E and Sosik P 2005 DNA Computing and
Errors: a Computer Science Perspective (Idea Group)

[21] James K et al 1998 The fidelity of template-directed oligo-
nucleotide ligation and its relevance to DNA computation
Nucl. Acids Res. 26 5203-11

[22] Faulhammer D, Lipton R and Landweber L 2000 Fidelity of
enzymatic ligation for DNA computing J. Comput. Biol.

7 839-48

[23] Housby J N and Southern E M 1998 Fidelity of DNA ligation:
a novel experimental approach based on the polymerisation
of libraries of oligonucleotides Nucl. Acids Res. 26 4259-66

[24] Thomas G 1999 Raman spectroscopy of protein and nucleic
acid assembles Annu. Rev. Biophys. Biomol. Struct. 28 1-27

[25] Deng H, Bloomfield V A, Benevides J M and Thomas G J Jr
1999 Dependence of the Raman signature of genomic
B-DNA on nucleotide base sequence Biopolymers 50 65666

[26] Shanmugasundaram M and Puranik M 2011 Vibrational mark-
ers of structural distortion in adenine nucleobases upon
DNA damage Phys. Chem. Chem. Phys. 13 3851-62

[27] Erfurth S C and Peticolas W L 1975 Melting and premelting
phenomenon in DNA by laser Raman scattering Biopoly-
mers 14 247-64

[28] Duguid J G, Bloomfield V A, Benevides J M and Thomas G J
Jr 1996 DNA melting investigated by differential scan-
ning calorimetry and Raman spectroscopy Biophys. J.

71 3350-60

[29] Thomas G J Jr et al 1995 Polarized Raman spectra of oriented
fibers of A DNA and B DNA: anisotropic and isotropic
local Raman tensors of base and backbone vibrations
Biophys. J. 68 1073-88

[30] Movileanu L, Benevides J M and Thomas G J Jr 2002
Temperature dependence of the Raman spectrum of DNA.
II. Raman signatures of premelting and melting transitions
of Poly(dA) Poly(dT) and comparison with Poly(dA-dT)
Poly(dA-dT)* Biopolymers 63 181-94

[31] Dolenko T A, Burikov S A, Laptinskiy K A, Moskovtsev A A,
Mesitov M V and Kubatiev A A 2015 Improvement of
fidelity of molecular DNA computing using laser spectr-
oscopy Laser Phys. 25 1-10

[32] Laptinskiy K A, Burikov S A and Dolenko T A 2015
Determination of type and concentration of DNA
nitrogenous bases by Raman spectroscopy Proc. SPIE
9448 94480J

[33] Lee J Y, Shin S-Y, Park T H and Zhang B-T 2004 Solving
traveling salesman problems with DNA molecules encoding
numerical values Biosystems 78 39-47

[34] Masamichi T ef al 1997 Raman and infrared spectra of
(2'S)-[2/-2H] thymidine: vibrational coupling between
deoxyribosyl and thymine moieties and structural implica-
tion J. Am. Chem. Soc. 119 2025-32

[35] Prescott B, Steinmetz W and Thomas G J Jr 1984 Charac-
terization of DNA structures by laser Raman spectroscopy
Biopolymers 23 235-56


http://dx.doi.org/10.5936/csbj.201304003
http://dx.doi.org/10.5936/csbj.201304003
http://dx.doi.org/10.5936/csbj.201304003
http://dx.doi.org/10.1038/171737a0
http://dx.doi.org/10.1038/171737a0
http://dx.doi.org/10.1038/171737a0
http://dx.doi.org/10.1126/science.7973651
http://dx.doi.org/10.1126/science.7973651
http://dx.doi.org/10.1126/science.7973651
http://dx.doi.org/10.1126/science.7725098
http://dx.doi.org/10.1126/science.7725098
http://dx.doi.org/10.1126/science.7725098
http://dx.doi.org/10.1016/S0166-218X(96)00058-3
http://dx.doi.org/10.1016/S0166-218X(96)00058-3
http://dx.doi.org/10.1016/S0166-218X(96)00058-3
http://dx.doi.org/10.1109/fuzzy.2004.1375414
http://dx.doi.org/10.1109/fuzzy.2004.1375414
http://dx.doi.org/10.1109/fuzzy.2004.1375414
http://dx.doi.org/10.1016/j.biosystems.2007.06.002
http://dx.doi.org/10.1016/j.biosystems.2007.06.002
http://dx.doi.org/10.1016/j.biosystems.2007.06.002
http://dx.doi.org/10.1016/j.procs.2015.02.045
http://dx.doi.org/10.1016/j.procs.2015.02.045
http://dx.doi.org/10.1016/j.procs.2015.02.045
http://dx.doi.org/10.1093/nar/26.22.5203
http://dx.doi.org/10.1093/nar/26.22.5203
http://dx.doi.org/10.1093/nar/26.22.5203
http://dx.doi.org/10.1089/10665270050514963
http://dx.doi.org/10.1089/10665270050514963
http://dx.doi.org/10.1089/10665270050514963
http://dx.doi.org/10.1093/nar/26.18.4259
http://dx.doi.org/10.1093/nar/26.18.4259
http://dx.doi.org/10.1093/nar/26.18.4259
http://dx.doi.org/10.1146/annurev.biophys.28.1.1
http://dx.doi.org/10.1146/annurev.biophys.28.1.1
http://dx.doi.org/10.1146/annurev.biophys.28.1.1
http://dx.doi.org/10.1002/(SICI)1097-0282(199911)50:6<656::AID-BIP10>3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1097-0282(199911)50:6<656::AID-BIP10>3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1097-0282(199911)50:6<656::AID-BIP10>3.0.CO;2-9
http://dx.doi.org/10.1039/c0cp01731k
http://dx.doi.org/10.1039/c0cp01731k
http://dx.doi.org/10.1039/c0cp01731k
http://dx.doi.org/10.1002/bip.1975.360140202
http://dx.doi.org/10.1002/bip.1975.360140202
http://dx.doi.org/10.1002/bip.1975.360140202
http://dx.doi.org/10.1016/S0006-3495(96)79528-0
http://dx.doi.org/10.1016/S0006-3495(96)79528-0
http://dx.doi.org/10.1016/S0006-3495(96)79528-0
http://dx.doi.org/10.1016/S0006-3495(95)80282-1
http://dx.doi.org/10.1016/S0006-3495(95)80282-1
http://dx.doi.org/10.1016/S0006-3495(95)80282-1
http://dx.doi.org/10.1002/bip.10022
http://dx.doi.org/10.1002/bip.10022
http://dx.doi.org/10.1002/bip.10022
http://dx.doi.org/10.1088/1054-660X/25/3/035202
http://dx.doi.org/10.1088/1054-660X/25/3/035202
http://dx.doi.org/10.1088/1054-660X/25/3/035202
http://dx.doi.org/10.1117/12.2180055
http://dx.doi.org/10.1117/12.2180055
http://dx.doi.org/10.1016/j.biosystems.2004.06.005
http://dx.doi.org/10.1016/j.biosystems.2004.06.005
http://dx.doi.org/10.1016/j.biosystems.2004.06.005
http://dx.doi.org/10.1021/ja962676t
http://dx.doi.org/10.1021/ja962676t
http://dx.doi.org/10.1021/ja962676t
http://dx.doi.org/10.1002/bip.360230206
http://dx.doi.org/10.1002/bip.360230206
http://dx.doi.org/10.1002/bip.360230206

