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ABSTRACT
During 1950s, X-Ray fiber diffraction technique was widely used in numerous researches about
the structure of nucleic acids and later, single crystal diffraction has been the most implemented
technique for this purpose [1-4]. Such investigations were led to identification of the structural
details of some right- and left–handed DNA and RNA helices at the atomic resolution level. While
nucleic acid crystals are necessary for reliable X-Ray Diffraction (XRD) data acquisition, the triple
helical structures have not been successfully crystalized yet. Further, the biological importance
of the nucleic acid structure can be understood if the geometry of DNA and RNA in aqueous
solutions is clearly known. In this regard, it has been confirmed that vibrational spectroscopy
can be effectively used to investigate the structure of nucleic acid {the limitation of NMR (Nuclear
Magnetic Resonance) is the size of the entities that can be studied}.
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INTRODUCTION
Using vibrational spectroscopy, both infrared (IR) spectroscopy [5,6] and Raman spectroscopy
[7-9], for structural identification of nucleic acid backs to 1950s. Some advantages of this technique
are listed:
(a) Samples can be investigated in both polycrystalline and crystalline states as well as in
various conditions such as solution, hydrated fibers or films.

(b) The size of the considered structure is not a limitation and hence, it allows studying
numerous and various structures including, but not limited to, native DNA or RNA, polynucleotides,
DNA fragments obtained by enzymatic or chemical cleavage, or short synthetic oligonucleotides.
(c) This is a non-destructive technique and a little amount of sample is enough for investigation
(typically 100 gr).
(d) It allows to simply correlating the structures identified in the solid state using X-Ray crystal
diffraction and in solution using NMR. Therefore, the structural results in aqueous solutions can
be estimated from single-crystal investigation through comparing the corresponding IR and/or
Raman spectra.

(e) It easily allows varying numerous external parameters such as ionic strength, nature of
counter ions, pH, temperature or hydration.

A set of marker IR bands and Raman lines can be obtained by combining X-Ray, IR and Raman
techniques using the same DNA or RNA crystals as well as characteristic of different geometries in
solid state and more detected in amorphous (hydrated fibers and films) and solution states [1020]. It is possible to simply follow various conformational transitions such as helix → coil, B → A,
B → Z, antiparallel → parallel and double helical → triple helical [21-24]. Vibrational spectroscopy
can be effectively used to determine the base pairing schemes (Watson–Crick, reverse WatsonCrick, Hoogsteen, etc.), the sugar conformations (C2’-endo, S-type or C3’-endo, N-type) and the
glycosidic torsion in some nucleosides (anti or syn) [25-39]. In addition, the stability of the
obtained structures (melting of double and triple helices) can be analyzed using this technique
[40-45].
The aim of the current book chapter is discussing the IR bands and Raman lines as structure
indicators of various DNA and RNA double helices. Then, multistranded structures (triple helices
and quadruplexes) and their characterization are investigated and finally, the effectiveness of
vibrational spectroscopy for understanding the hydration of nucleic acids is discussed. In the
text, RNA (r) and DNA (d) sequences are written using the usual notation (i.e. A, G, C, T, and
U designate nucleotides containing, respectively, adenine, guanine, cytosine, thymine and uracil
bases) [46,47].
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Vibration spectroscopy is of many advantages, among them providing structural data for
nucleic acids in various physical states, are very important [48-50]. The IR spectra of nucleic
acids can be seen in a crystalline form, as a hydrated film at high (98%) relative humidity and in
solution. It should be pointed out that the latter spectrum was recorded using a multiple internal
reflection device in which the DNA concentration expressed as phosphates was 20mM, which is
lower than the typical concentrations used in NMR experiments [51-59].

As going from the crystalline state to the dilute solution, the ratio of the relative intensities
of the absorptions characteristic of the nucleic acids (principally observed in the 1800-600 cm-1
region) and of the solvent (in the present case around 3400 cm-1 for H2O) is clearly decreased
[60-63]. Although the amount of interfering solvent absorptions is very high in low-concentration
solution spectra, it is possible to extract structural data to analyze them [64,65]. It can be evidently
shown that the recorded spectrum of rAn-rUn in H2O solution [66,67]. It can be obviously seen that
the nucleic acid bands in some informative regions is hidden by the solvent absorptions [68-70].
The spectrum of the same sample after H2O-D2O exchange shows that these water contributions
are shifted toward lower wavenumbers due to the use of D2O as the solvent [71-77]. It can be seen
that the difficulty of observation of the nucleic acid absorptions is reduced as the important H2O
contributions shift from their original location, at around 1600 cm–1 and below 1000 cm–1, toward
around 1200 cm–1 and below 600 cm–1 [78, 84]. It is possible to obtain valuable data for vibrations
of different parts of the nucleic acid molecules using a parallel study in both solvents. As can be
seen, the region ranges between 1800-600 cm–1 is divided into four domains, numbered I to IV
[85-95].
The range between 1800 and 1500 cm-1 is named as domain I. In this domain, the peaks are
principally corresponding to in-plane double-bond stretching vibrations of the bases which are
characteristic of various base pairing schemes in double and multiple stranded DNA and RNA
structures. This spectral domain is basically investigated in D2O solutions.
The range between 1500 and 1250 cm-1 is a base-sugar fingerprint region named as domain II
in which there are some absorptions that are particularly sensitive to the anti or syn conformation
of purine nucleosides.

The range between 1250 and 1000 cm-1 named as domain III in which there are two high
peaks related to the IR spectra of nucleic acids. The first peak is located around 1230 cm-1 which
belongs to the anti-symmetric stretching vibrations of the phosphate groups and its position is a
function of the secondary structure of the nucleic acid. However, the position of the second peak is
approximately unique, at around 1089 cm-1, for almost all DNA or RNA spectra and belongs to the
symmetric stretching vibration of the phosphate groups. As a result of this uniqueness, this band
can be considered as an internal standard for spectral normalization.

The region below 1000 cm-1 is named as domain IV in which there are various absorptions
such as vibrations of the phosphodiester chain, vibrations of the sugars sensitive to the pucker
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(C20-endo, S-type or C30-endo, N-type) and out-of-plane double bond vibrations of the bases. It is
easier to investigate this domain in D2O solutions.

A series of issues in using H2O-D2O exchange including non–specific deuteration of labile

Hydrogens in NH groups of thymines, NH2 groups of adenines, guanines and cytosines, and of

OH groups in RNA sugars may cause band shifts and hence, should be kept in mind. Moreover,

at high temperature, Hydrogens attached to Carbon atoms, such as C(8) of purine bases, can be
exchanged very slowly.

It should be pointed out that comparing all the informative spectral data on a single figure is

not practically possible due to the presence of numerous peaks of these IR spectra with various
and therefore, they are divided into domains I-IV.

DOUBLE HELICAL STRUCTURES

It is well known that double helical DNA is highly polymorphic in contrast to RNA. As base

sequence effects, curvatures, kinks, and groove width variations were appeared, the modulation

of the initial regular double helix of Watson and Crick were detected. In addition, new double
helical structures (parallel duplexes) also were presented. The helical parameters have been
standardized to describe all these macromolecules.

Canonical Antiparallel Duplexes
Right-handed B and A families

Aqueous solutions with low-ionic-strength and fibers or films exposed to high relative humidity

are suitable media to observe B-DNA which is basically considered as the main structural form
in vivo. However, low-water-activity conditions, e.g., water-ethanol solutions or fibers or films

exposed to below 76% RH, are essential for stabilizing A-DNA. The double stranded right handed

RNA has always been observed in the A family conformation in a solution. Among the differences
between both structures going from B to A, the most important ones are: (a) Producing a typical
central void as the x displacement of the base pairs displace in x direction and lead to moving the
helix axis within the major groove when the A family structure is viewed from the top; and (b) The
variation of the sugar pucker from C2’-endo (S-type) to C3’-endo (N-type).

The first observation of Raman spectra for A and B genus forms were related to fibers of

native DNAs and then in oligomer crystals. IR studies concerning these conformations have been
developed.

It can be seen that the spectra for the d(CCCCCGCGGGGG)2 crystal. The crystal was also studied

by X-Ray Diffraction (XRD) and the results were shown that a complete turn of A DNA is formed.
As can be seen, the spectra for rAn-rUn in solution are illustrated which can be considered as the
characteristic of the A family form of double helical RNA. Also, it can be seen that the spectra for
dAn-dTn in solution which are the characteristic of the B family form of double helical DNA. It
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should be noted that the average values of wavenumbers are listed which introduce the families
of geometries. However, the exact values may be differing by several wavenumbers as they
are strongly dependent on the sequence of the nucleic acid. The results corresponded to each
described structure show the exact positions of them.

It can be seen that the sharp band resulted from the base pairing in double stranded helices
in the B geometry and the A geometry are at around 1715 cm-1 and 1705 cm-1, respectively,
while the antisymmetric phosphate stretching vibration are located at 1224 cm-1 and 1243 cm-1,
respectively. A sugar band can be seen around 1188 cm-1 for A DNA. The absorption around 835
cm-1 indicates the S-type sugar pucker of the B family form double helix. However, the presence
of N-type sugars in the A family double helix is indicated by absorptions around 807 and 864 cm-1.

Here, we show that how B and A geometries for nucleic acids containing A-T or A-U base
pairs can be characterized. For this purpose, a series of double stranded polynucleotides are
investigated and their corresponding IR spectra within domain II are shown for those were
formed by homobase strands and (e)-(h) for those were formed by regularly alternating purinepyrimidine strands. Adenine and thymine (or uracyl) are the bases while the sugars deoxyribose
or ribose. As a result, the characteristic of B and A geometries has been determined by a set of
IR absorptions. It was found that the bands of adenosine and thymidine in the B geometry which
were at 1344 cm-1, 1328 and 1281 cm-1, respectively, can be observed in the A geometry at 1335
cm-1 and 1275 cm-1 as the overlap of adenosine and thymidine and thymidine, respectively. The IR
spectra from within domain IV are shown. It can be seen that for the spectra of d(A-T)n-d(A-T)n in
high hydration conditions while domain IV is the same but in low hydration conditions. However,
it can be seen that the spectra of r(A-U)8-r(A-U)8 in solution. It is possible to distinguish between
both geometries through characteristic absorptions of C2’-endo, S-type sugars at 841 cm-1 and of
C3’-endo, N-type sugars around 810, 864 and 880 cm-1.

DNA-RNA hybrid structures

There are some conditions in which DNA-RNA hybrids can be formed in vivo; e.g., during
transcription of DNA into RNA or reverse transcription of viral RNA into DNA. In addition, the
antisense gene expression control strategy is strongly dependent on the formation of hybrids
between generally modified DNA oligonucleotides (future potential pharmaceuticals) and the
targeted messenger RNA or viral RNA. For designing the distinguish between both geometries,
hence, it is very important to have a good knowledge about the ability of an oligomer to form a
hybrid and the resulted structure.

One of the best methods for adopting the heteronomous geometries of hybrids with one
complete RNA strand and one DNA strand such as rAn-dTn, dAn-rUn or rCn-dIn (I = Inosine) is
fiber X-Ray Diffraction (XRD). This issue is confirmed by the Raman study in solution of the rA8dT8 hybrid. The IR spectra of rAn-dTn and dAn-rUn are investigated, respectively. The above
mentioned characteristic marker bands of adenosines with sugars in N- or S-type conformations
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(respectively 1344 and 1335 cm-1) and thymidines (respectively 1328, 1281 cm-1 and 1335,
1275 cm-1) demonstrate the adoption of an N-type geometry and the deoxyribose strand sugars
an S-type geometry in both hybrids of the ribose strand sugars. It should be pointed out that
the previously performed investigations have been shown that sugar puckers of hybrids with
sequences containing all four bases cannot be clearly identified by NMR and they are not uniform.

In order to evaluate the potential use of modified DNA oligomers in gene therapy, they are
tested in a way that rapid enzymatic degradation is not allowed in vivo. IR spectroscopy has
been confirm that it is possible to form DNA-RNA hybrids with DNA containing (methylene)methylimino instead of native phosphodiester linkages. All sugars adopt the N-type conformation
in such hybrids.

Left-handed Z family

The investigation of the d(CGCGCG)2 crystal by X-Ray Diffraction (XRD) was led to proposing
the left-handed double helical Z conformation. The results obtained from the Raman spectra of
the crystal of the high-ionic-strength solution of the oligomer and of the d(G-C)n-d(G-C)n polymer
has emerged the interesting investigations about the presence of such left-handed structures (Z
family form) in biological systems. The Raman spectra of Z conformation have been previously
described and there is an in-depth discussion about the IR Z-form bands in the literature.

The Z-form spectra, i.e. the Raman spectra of solutions and IR spectra of hydrated films, are
related to the three regularly alternating purine-pyrimidine polymers. The same IR spectra are
studied while presents the scale of the base fingerprint region (part of domain II) is expanded.
Through a specific interactions of divalent transition metal ions on the N(7) sites of the purines,
the left-handed structures incorporating A-T base pairs in hydrated films has been stabilized.
It has been confirmed through the IR spectroscopy implemented on polynucleotides containing
guanines and/or adenines deuterated on the C(8) site that the interaction is localized. In solutions,
however, it has been shown that the Z form also can be determined by interaction with transition
metal ions in low-water-activity conditions and it can be characterized by Raman spectroscopy.
The level of the purine nucleosides is one of the major differences between the right- and lefthanded helices. In right-handed geometries, guanosines and/or adenosines are in the anticonformation while in left-handed geometry they are in the syn conformation. This difference
can be obviously recognized on the IR spectra as the anti dG and/or anti dA bands located around
1420 and 1374 cm-1 are shifted to around 1410 and 1354 cm-1 for syn dG and/or syn dA. This is
also happened on the Raman spectra as the anti dG and/or anti dA bands located around 682 and
727 cm-1 are shifted to around 625 and 622 cm-1 for syn dG and/or syn dA.

The characteristic marker peaks of the B, A and Z geometries can be easily used to determine
the antiparallel double helical conformations. The markers often used for this purpose are
investigated. Only the spectra that concern sequences containing G-C base pairs are illustrated for
simplicity. The Raman spectra of the B form of d(G-C)n-d(G-C)n, the A form of d(CCCCCGCGGGGG)2
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and the Z form of d(G-C)n-d(G-C)n are studied, respectively. However, the IR spectra of (d-f) the B,
A and Z forms of d(CCCGCGGG)2 are investigated, respectively. It should be noted that the above
mentioned marker bands of B, A and Z geometries are of similar hatches on the Raman and IR
spectra.

Conformational transitions

The transition from helix to coil in nucleic acids as well as the transitions between different
double helical geometries resulted from the change in the temperature or the hydration of the
DNA samples can be easily determined by the vibrational spectroscopy. Several examples are
given below.

Helix to Coil Transition. In the early 1970s, the transition from helix to coil, known as
melting transition, was firstly characterized by Raman spectroscopy for the native DNAs and
polynucleotides. However, the IR spectroscopy also was used for this purpose. An example of
transition from helix to coil for a DNA is studied. The relative intensity of the adenine absorption,
which is very sensitive to base pairing, located at 1622 cm-1 can be measured to identify the
melting of the d(A-G)7-d(T-C)7 duplex structure on the IR spectra recorded in D2O. As can be
seen, the melting occurs at around 70°C in these experimental conditions. As discussed in Section
“Purine Motif Triplexes”, 3.2., the multiphasic melting in triple helices containing T*A-T or A*A-T
base triplets can be easily identified by this adenine band. It can be observed that melting causes
a decrease in intensity of the symmetric stretching vibration band of the phosphates (located at
1089 cm-1) and shifts it to lower wavenumbers (1064 cm-1).
The involvement of guanine or cytosine in base pairing is dependent on the DNA sequence and
it can be identified by measuring the evolution of the relative intensities of absorptions assigned
to guanine (1576 cm-1) or cytosine (1524 cm-1) vibrations.

B to A Transition. The Raman experiments performed on the fibers exposed to various ethanol/
water mixtures and the IR experiments using polarized radiation on oriented hydrated films can
be used to identify the conformational transition from B to A for native DNAs. During the transition
from B to A, a reorientation occurs for the phosphate groups which can be determined by linear
dichroism measurement. In the A form, the perpendicular polarization of the non-dichroic B-form
antisymmetric phosphate stretching vibration which locates around 1224 cm-1 occurs at around
1243 cm-1. Vice versa, the symmetric phosphate stretching vibration around 1089 cm-1 becomes
parallel during the same transition. The conformational transition can be identified by using the
orientations of the corresponding transition moments as probes.
The modification of sugar pucker can be considered to identify the same B to A transition using
the characteristic S-type and N-type sugar bands. It can be seen that for a transition from B to A
for d(A-T)n-d(A-T)n in film, which resulted from a decrease in the RH to which the sample was
exposed. While the only thing that can be observed at 98% RH is the marker band of S-type sugars
at 841 cm-1, it is possible to detect a contribution around 866 cm-1 at 81% RH which confirms the
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beginning of the S-type to N-type sugar repuckering. By more decreasing down to 71% RH and
below it, it can be seen that all markers of N-type geometry (808, 866, 880 cm-1) are emerged
while no absorption can be seen around 841 cm-1 which indicates that the transition from B to A
is complete.
B to Z Transition. As the ionic strength of d(G-C)n-d(G-C)n increases, a conformational transition
would occur from B to Z. Previously, the Raman spectra of d(G-C)n-d(G-C)n had been obtained in
low- and high ionic-strength conditions. However, it was not possible to certainly assign the high
salt spectrum to the left-handed structure as there was not enough crystallographic data at that
time.

During the crystallization process, it is possible to see a conformational transition in
oligonucleotide duplexes. However, the structural results from X-Ray crystal diffraction and
NMR solution studies will be different in this condition. It can be seen that such apparent
discrepancy can be easily explained by vibrational spectroscopy for two duplexes which have
been investigated in solution (a,c) and crystalline states (b,d). The Raman data are studied while
the IR data are illustrated. It can be seen that in both cases, crystallization leads to a transition
from a right-handed B form to a left-handed Z form. The Raman peaks characteristic of the B
form for d(CACGTG)2 occurs in solution at around 682 and 830 cm-1, while those are found in the
crystal for the Z form at around 621 and 807 cm-1. Similar results are obtained by IR spectroscopy
as the IR bands characteristic of the B form for d(CCGCGG)2 are observed in solution at around
1087, 1372 and 1420 cm-1 while those are found in the crystal for the Z form at around 924, 1320,
1360 and 1413 cm-1.

Parallel DNA Duplexes

The newly discovered parallel structures for DNAs have been firstly observed in hairpin
structures and some particular linear duplexes. It seems that they have a key functional role in
gene expression and recombination. There are various types of parallel DNA helices which are
dependent on the DNA sequence, the pH, and the counter ions and some types of them can be
stabilized by the addition of drugs. Various researchers have been proposed some models for
base pairing in parallel duplexes. The spectra of the parallel structures recorded in D2O (spectral
domain I) are illustrated while the corresponding spectra of classical antiparallel duplexes with
identical base sequences and that of a single stranded structure are investigated, respectively.

The Raman and IR spectroscopy have been used to investigate the secondary structure
of parallel DNAs containing only A-T base pairs. The spectrum of a parallel duplex 50-d(AAA
AAA AAA ATA ATT TTA AAT ATT T)-30-50-d(TTT TTT TTT TAT TAA AAT TTA TAA A)-30 is
studied. New results show that the characteristic marker bands of the C(2)DO(2) and C(4)DO(4)
carbonyl stretching vibrations of thymines and for the antiparallel stranded reference spectrum
are emerged at 1685, 1668 cm-1 and 1696, 1663 cm-1, respectively. This difference is due to the
reverse Watson-Crick base pairing of A-T with Hydrogen bonds which is established between
N(6)H (A)Ð Ð ÐO(2) (T) and N(1) (A)Ð Ð ÐHN(3) (T).
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It can be seen that another example of reverse Watson–Crick base pairing for sequences with
mixed A-T/G-C composition. A 50-50 linker is introduced in the sequence during DNA synthesis
30-d(TTA TAG GGA T)-50-linker-50-d(A TCC CTA TAA)-30 to force the parallel character of the
duplex in which the linker is -PO-(CH2CH2O)3P-. The parallel structure can be stabilized by Lithium
counter ions. It can be seen that the spectrum of the corresponding antiparallel duplex 50-d(AAT
ATC CCT A)-30-linker-50-d(T AGG GAT ATT)-30 with regular Watson-Crick base pairing which
recorded in the same conditions. The absorptions of the thymine carbonyl can be found at around
1683 and 1668 cm-1 which confirms the presence of reverse Watson-Crick A-T base pairing.

It is also possible to form a parallel duplex structure in acidic pH conditions, for the IR
characterization of such duplexes. A non-perfectly matched antiparallel duplex (10 out of 14 A-T
or G-C Watson-Crick base pairs) is studied as the oligonucleotide 50-d(AGA AAA AAG AAG AA)-30
can form with 30-d(TTC TTC TTT TTT CT)-50 at neutral pH. By decreasing the pH to 4, cytosines
are protonized. Hence, a new structure is formed in the presence of Mg2C counter ions. As a result
of this, the C(4)DO(4) thymine carbonyl band shifts to lower wavenumbers (1657 cm-1) while
the thymine band at 1641 cm-1 completely disappears. It confirms that a non-perfectly matched
antiparallel Watson-Crick duplex is reorganized into a perfectly matched parallel Hoogsteen
paired duplex with isomorphous A-T and G-CC base pairs.
It is well known that the oligonucleotides formed by regularly alternating A and G bases are
self-associate and have the ability to form parallel duplexes. A parallel duplex which formed by a
non-regularly alternating AG-rich sequence d(GAA GAG AAA GAA GG) in acidic pH conditions is
investigated. The considerable IR spectrum of the single strand at pH 7 decrease of the guanine
contribution at 1565 cm-1 confirms that the double stranded parallel DNA at pH 4 is formed.

TRIPLE HELICAL STRUCTURES

During the 1950s, triple helical structures were firstly developed for RNA homopolymers, rAn
and rUn45 and then, the literature were continuously enriched by various researchers about the
nucleic acid triplexes, with more emphasize on the fundamental potential of them in pharmaceutical
applications in gene therapy. NMR has been used to obtain structural data in solution. It is very
interesting that triple helices could not crystallize yet. There are rare researches about X-Ray
crystal diffraction concerning the formation of base triplets using interactions between dangling
ends of incompletely base paired duplexes or with duplex junctions.
It is well known that the main types of base triplets are the pyrimidine motif pyr*pur-pyr and
the purine motif pur*pur-pyr (In this notation, the “*” indicates the Hydrogen bonds between the
third strand written on the left and the purine strand of the original duplex while the “ - ” indicates
the Watson-Crick Hydrogen bonds of the duplex.).
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The base triplets of pyrimidine motif are T*A-T (or U*A-U for ribonucleotides) and CC*G-C
(it should be noted that the formation of an H bond with the guanine N(7) is only possible if the
third strand cytosines on the N(3) site is protonized). The Hoogsteen paired to the purine bases
of the duplex are the third strand bases and the base triplets are isomorphous. The orientation of
the third strand is parallel to the purine strand of the Watson-Crick duplex. If G-C base pairs are
targeted, an acidic pH is necessary to form such triplexes.

The base triplets of the purine motif are A*A-T, G*G-C and T*A-T but its three canonical base
triplets are not isomorphous and hence, there is a possibility of backbone distortions when the
base triplets are mixed. It is considered that the third strand is oriented antiparallel to the purine
strand of the duplex. However, its orientation may be changed from antiparallel to parallel when
the third strand is composed of both guanines and thymines. This change is dependent on the
number of GpT and TpG steps in the sequence. The third strand polarity is parallel when only
G*G-C base triplets are present. It is possible to observe purine motif triplexes in neutral pH.
Generally, it is necessary to have divalent ions such as Mg2C or Mn2C for stabilizing purine motif
triplexes.

Vibrational spectroscopy is a powerful technique to detect the formation of the triple helices,
to identify the Hydrogen bonding scheme between the third strand and the duplex purine strand
bases, and to characterize the sugar conformations of the different strands. The third strand
orientation can be determined in combination with molecular modeling investigations. The best
method to detect triple helical formation is investigating the base vibrations involved in the
structure. Valuable data can be obtained by IR spectroscopy as shown in this section. The Raman
spectra of triple helices are also fully described.

Pyrimidine Motif Triplexes

In this section, various IR spectra obtained from D2O solutions (spectral domain I) of DNA and
RNA homopolymer triple helices formed by various canonical pyrimidine base triplets, are shown
(for dTn*dAn-dTn; for rUn*rAn-rUn; for rCn C*rGn-rCn; for dCn C*dGn-dCn; and for a 29-mer
RNA intramolecular triple helix formed at acidic pH, which contains both CC*G-C and U*A-U base
triplets, r(GAGAGAACCCC-UUCUCUC-UUUU-CCUCCUCCUU). The spectra of the corresponding
duplexes are shown for dAn-dTn; for rAn-rUn; for rGn-rCn; for dGn-dCn; and for the 29mer RNA
at neutral pH.

The absence of the low-wavenumber adenine band at 1622 cm-1 (1632 cm-1) which confirms
the involvement of the purine in Hoogsteen Hydrogen bonds with the third strand thymine
(uracyl) demonstrates that T*A-T (U*A-U) base triplets is formed. If any of the four duplexes
dAn-dTn, dAn-rUn, rAn-dTn or rAn-rUn combine with either a rUn or a dTn third strand, eight
different triple helices will form leading to very similar IR spectra in the base double bond in-plane
stretching vibration region. The first conclusion of this issue is that triple helices can be formed for
any possible initial geometry of the duplex in solution (B form for dAn-dTn, heteronomous forms
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for dAn-rUn and rAn-dTn, A form for rAn-rUn). The second one is that it is possible to identify the
third strand base pairing (Hoogsteen) and its orientation (parallel to the purine duplex strand) in
all these triplexes.

If triple helices contain T*A-T base triplets, another third-strand base pairing can exist. For
instance, the orientation of the third strand of triple helices formed with a third alpha anomeric
dTn strand remains parallel to the polypurine duplex strand. However, the difference is that the
third strand binding scheme changes from Hoogsteen to reverse Hoogsteen. For intramolecular
triple helices containing T*A-T base triplets, this is the similar case but the orientation of these
helices is forced to antiparallel. It should be pointed out that the adenine absorption band at 1622
cm-1 is not presented in the spectra of these two last triplexes which confirms the T*A-T base
triplets are formed. The presence of two different C(2)DO(2) carbonyl stretching vibrations near
1712 and 1695 cm-1 shows that a third strand reverse Hoogsteen Hydrogen binding.

A high-wavenumber band around 1710 cm-1 on the IR spectrum shows that the CC*G-C
base triplets is obtained after protonation of the N(3) of cytosine in acidic pH conditions. Using
alpha anomeric third strand deoxycytidines, triple helices containing CC*G-C base triplets can
be formed. In this case, the type of third strand pairing is still Hoogsteen but its orientation is
switched from parallel to antiparallel.

Both T*A-T (U*A-U) and CC*G-C triplets will simultaneously form when the targeted sequence
contains both purine bases while the corresponding absorptions overlap on the IR spectrum.
It is possible that the IR spectra of a 29-mer RNA fold backs twice on itself to form a duplex
with a dangling unpaired tail in neutral or basic pH conditions and in acidic pH conditions, after
protonation of the unpaired cytosines which is an intramolecular triple helix. An interesting note
is that the adenosine band at 1633 cm-1, which is the characteristic of the formation of the U*A-U
base triplets, is not presented on the spectrum recorded at acidic pH, while a cytosine band at
1705 cm-1 is found, which is the characteristic of the CC*G-C base triplet formation. It should be
pointed out that similar trends have also been found for an intramolecular triple helix formed by a
chimeric DNA-RNA oligonucleotide d(GAGAGAA-CCCC-TTCTCTC-TTTT)-r(CUCUCUU) containing
rCC*dG-dC and rU*dA-dT nucleotide motives at acidic pH.

The sugar geometries in the triplexes also can be detected by vibrational spectroscopy in
addition to their formation and the base pairing. The Raman and IR spectra of three pyrimidine
motif triple helices, i.e. rUn*rAn-rUn, dTn*dAn-dTn and dCnC*dGn-dCn are investigated,
respectively. For rUn*rAn-rUn, an N-type geometry is adopted by all sugars at 815 and 868 cm-1
IR bands and at 815 and 863 cm-1 Raman lines. For dTn*dAn-dTn, however, an S-type geometry
is adopted by all sugars with a peak at around 841 cm-1 for both IR and Raman spectra. Further,
both types of sugar geometries are identified for dCn C*dGn-dCn by IR with bands at 867 and 829
cm-1. However, the sugars of the deoxyguanosine strand are detected in the Raman spectrum in
an S-type conformation (line at 684 cm-1).
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Purine Motif Triplexes
It can be seen that the IR spectra of purine motif triplexes for spectral domain I. The double
stranded dGn.dCn has been modified by adding either a third dGn or rGn strand. The presence of
an absorption around 1715 cm-1 assigned to a C(6)DO(6) guanine carbonyl stretching vibration
is a sign of formation of the triple helix. It has been shown by molecular modeling investigations
using the IR data that the Hoogsteen-type base pairing with the dGn strand of the duplex involves
the third strand and it is oriented parallel to this strand.
The A*A-T is the second possible base triplet in purine motif triplexes. The spectrum of double
stranded dAn.dTn and that of the antiparallel triple helix containing A*A-T base triplets induced
by folding back twice on itself of the dA10-linker-dA10-linkerdT10 oligonucleotide are studied.
As indicated in Section “Conformational Transitions”, 2.1.4., the variations of the relative intensity
of the adenine absorption located at 1625 cm-1 against temperature show a biphasic melting of
the structure. The molecular modeling data along with the IR results are in good accordance with
a reverse Hoogsteen-like third strand base pairing.

It can be seen that how the sugar conformations in purine motif triplexes is determined. It can be
observed in the IR spectra of dGn*dGn-dCn and rGn*dGn-dGn in spectral domain IV that there are
both N- and S-type sugar conformations in these triplexes. When the third dGn strand is replaced
by an rGn strand, the intensity ratio of the characteristic bands of both geometries at 860 and
835 cm-1, respectively, is inverted. It can be obviously seen in the corresponding Raman spectra
for dGn*dGn-dCn that there are two different backbone geometries (lines at 808 and 841 cm-1).
In addition, it is clear that the guanosine sugars are equally divided into the S-type conformation
(line at 689 cm-1) and the N-type conformation (line at 662 cm-1). However, all guanosine sugars
are in the N-type conformation for rGn*dGn-dGn. As a result, it can be concluded that the dCn
strand and dGn strand of the Watson-Crick duplex are of S- and N-type sugars, respectively, while
the third strand has either N-type sugars (rGn strand) or S-type sugars (dGn strand).

Recombinant Three-Stranded Structures

It has been proposed that the formation of three-stranded complexes with a third strand
parallel to the identical strand of the Watson-Crick duplex which are able to accommodate all four
bases is a putative intermediate in the homologous recombination process mediated via the RecA
protein. It has been demonstrated by electron microscopy technique that RecA protein leads to
unwinding of the nucleic acid which in turn leads to an extended form of it. New results illustrate
the IR spectrum of an intramolecular triplex with parallel homologous strands which induced
by forced folding back on itself of the oligonucleotide d(CATGCTAACT)-linker-d(AGTTAGCATG)linker-d(CATGCTAACT). Considering the characteristic S–type sugar absorption at 838 cm-1, the
spectrum of the mixture of the hairpin duplex with a third strand previously coated by RecA
protein is investigated. It should be pointed out that similar oligonucleotide sequences were used
in both experiments. The band at 875 cm-1 shows the existence of N-type sugars which in turn,
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confirms that the three stranded structure formed in the vicinity of the protein are undergoing
unwinding.

QUADRUPLEXES

There are many repeating sequences in the telomeric DNAs existed at chromosome extremities
in which guanine and cytosine clusters are located on different strands. The possibility of formation
of G quadruplexes and intercalated C-CC parallel duplexes of opposite polarity (i-motif) have been
demonstrated by both NMR and X-Ray crystal diffraction investigations. If counter ions or pH
conditions change to some extent, an important conformational reorganization may be occurred
in these multistranded nucleic acids. For example, variation of KC and NaC concentrations can
lead to change in geometry of guanine quadruplexes in telomeres. The Raman spectroscopy has
been used to investigate G quadruplexes and C-CC quadruplexes (i-motif).

It can be seen that the recorded IR spectra in D2O and H2O solutions of d(TCCCCC) at neutral
pH (a,c) and acidic pH (b,d) as an example of IR evidence for cytosine–rich quadruplex formation
(i-motif). It has been shown that this sequence can form the i-motif quadruplex structure at acidic
pH. A base pairing consisting of hemiprotonated C-CC base pairs with three Hydrogen bonds can
be formed when cytosine is protonated at Nitrogen N(3). There is a N(3)HCÐ Ð ÐN(3) Hydrogen
bond at the center of the cytosine pairs while there are two Hydrogen bonds that contain the N(4)
H2 amino group and the C(2)DO(2) carbonyl group. Both parallel-stranded base-paired duplexes
of the i-motif which stabilized by C-CC base pairs are intercalated within each other in opposite
polarity.

It can be seen that the single C(2)DO(2) stretching vibration of the neutral, non-associated dC
residues of d(TCCCCC) is located at 1652 cm-1. According to the proposed base pairing scheme, p
electrons can be better localized on the carbonyl groups due to protonation and Hydrogen bonding.
The presence of two high frequency shifted carbonyl bands at 1697 cm-1 and 1666 cm-1 confirm
that at room temperature and acidic pH, the hemiprotonated C-CC base pairs in the d(TCCCCC)
self-association is formed. Considering self-complexation, the intensity of motions of the N(3)
atom decreased considerably and the bands characteristic of the unassociated unprotonated dC
residues shifts to 1511 cm-1 and 1528 cm-1 from 1505 cm-1 and 1524 cm-1. However, the mode at
1618 cm-1 mode which involves the ND2 scissoring of the neutral cytosines is shifted to 1610 cm-1.

It can be observed that at acidic pH and room temperature, the bands observed at 868 cm-1
and 801 cm-1 are the characteristic of N-type sugars and the band at 838 cm-1 is the characteristic
of S-type sugars in region IV. The interesting issues are the unusual large intensity and broad
bandwidth of the absorption at 868 cm-1 while there is not any contribution at 896 cm-1.

Moreover, the tetraplex structure of d(TCCCCC) at acidic pH is also formed with a low-frequency
shift of the band assigned to the symmetric stretching vibration of the phosphate groups from
1088-1090 cm-1 to 1080 cm-1 for all double stranded (both parallel and antiparallel) DNA helices.
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HYDRATION OF NUCLEIC ACIDS
The adopted conformation by a nucleic acid is mainly dependent on the presence of ions and
water. It was previously mentioned that the B to A interconversion in double helical DNA can be
easily detected by the hydration of the nucleic acid. It has been well known that water is a key
parameter for recognizing macromolecular activities. A direct way for measuring the hydration
is vibrational spectroscopy using the solvent absorptions. One of the methods for measuring the
hydration number of DNA is using Raman scattering of the O-H stretching modes in DNA films.
Falk et al. proposed a correlation between the IR data and gravimetric measurements performed
on native DNAs. Moreover, the hydration in double stranded rAn-rUn and dAn-dTn can also be
estimated. An example of this measurement for the dTn*dAn-dTn triple helix can be obtained
by measuring the water absorption at 3400 cm-1 from the spectra of triplex films recorded at
decreasing relative humidities. As can be seen, the plots are normalized for the nucleotide content
of the samples. It should be noted that the water content per nucleotide is highly decreased as
the triple helix is formed through binding of the third strand in the major groove of the duplex.
It can be estimated that how many triple helix of around 17 water molecules are solved using
gravimetric measurements performed on the same samples compared to 21 for the duplex. This
process is not performed on the case of the formation of the rUn*rAn-rUn triplex by addition of a
third rUn strand to the rAn-rUn duplex. In this case, the average hydration is found to be around
15 water molecules per nucleotide for the triplex, similar to the duplex.

CONCLUSION AND FUTURE STUDIES

The use of vibrational spectroscopy as an effective technique to characterize the structure
of nucleic acids, to obtain exact local conformational parameters and to demonstrate that the
resulted macromolecules are stable has been widely accepted since the early 1950s. However,
it can be hopefully used in future studies about the nucleic acids in complex biological systems.
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