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Área Fisicoquı́mica, Facultad de Ciencias Exactas y Naturales y Agrimensura, UNNE, Campus

Universitario, Av. Libertad 5400, (3400), Corrientes, Argentina

A. Grand • J. Cadet

CEA Grenoble -Institut Nanosciences et Cryogénie/SCIB/LAN (UMR-E n 3 CEA-UJF),

CEA-Grenoble, 17, rue des Martyrs, 38054 Grenoble Cedex 9, France

© Springer International Publishing Switzerland 2014

F. De Proft, P. Geerlings (eds.), Structure, Bonding and Reactivity of Heterocyclic
Compounds, Topics in Heterocyclic Chemistry 38, DOI 10.1007/978-3-642-45149-2_2

35

mailto:Christophe.morell@univ-lyon1.fr


Abstract In this chapter, the use of conceptual DFT descriptors for understanding

the occurrence and likely mechanisms of formation of DNA lesions is reviewed.

After a synthetic presentation of the principal DFT-based descriptors, the global

reactivity and selectivity of DNA bases are investigated from global and local

descriptors. Then, the formation of several DNA lesions is studied including

cytosine compound deamination, intra-strand DNA cross-links, and pyrimidine

dimer photoproducts. It appears from the use of the global and local DFT-based

descriptors that most of the experimental facts can be theoretically rationalized.

Keywords Descriptors of chemical reactivity • Conceptual DFT • DNA damage •

Cytosine deamination • Cyclobutane pyrimidine dimers • Pyrimidine (6–4)

pyrimidone photoproducts • Tandem base lesions • Purine 50,8-cyclonucleosides •
Dual descriptors

1 Introduction

Deoxyribonucleic acid (DNA) in its cellular environment is prone to a wide range

of degradation pathways involving hydrolysis and reactions with various chemicals

and physical agents [1, 2]. One of the two main hydrolytic reactions involving DNA

leads to the cleavage of the N-glycosidic bond of 20-deoxyribonucleosides, prefer-
entially at guanine (Gua) and to a lesser extent at adenine (Ade) sites with

subsequent formation of highly mutagenic abasic sites [3]. Purine bases are also

subject to deamination as well as cytosine (Cyt) and 5-methylcytosine (5-MeCyt)

[1, 2], the fifth nucleobase [4] that has recently received major attention due to its

strong implication in epigenetic pathways [5] through enzymatic oxidation of the

5-methyl group of the pyrimidine ring [6, 7].

Early evidence has shown that the susceptibility of the nucleobases to hydrolytic

deamination decreases for model compounds in the following order: Cyt> 5-

MeCyt> purine bases [8–10]. It is worth noting that uracil (Ura) and thymine

(Thy), the two main bases thus hydrolytically generated, are efficiently removed

from DNA by uracil and thymine DNA glycosylases respectively, two mismatch

repair enzymes [11, 12]. Other important endogenous reactions to cellular DNA are

mediated by reactive oxygen species (ROS), actually mostly by hydroxyl radical

(•OH) that efficiently reacts indistinctively with neighboring molecules at the site

where it is generated [13].

The initial event of the pathway leading to cellular DNA oxidation is mono-

electronic reduction of dioxygen (O2) during mitochondrial respiration [14],

inflammation [15], or phagocytosis [16] giving rise to an unreactive superoxide

anion radical (O2
•�) [13]. Dismutation of O2

•� leads to low reactive H2O2 that is

able to migrate through the cells before eventually being reduced by transition

metals such as Fe2+ ions and converted into highly reactive •OH. A large body of
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information is now available on the reaction of •OH with nucleobases [17, 18] and

2-deoxyribose [17, 19, 20] in terms of reactivity, mechanisms involved, and

oxidation products. Thus more than 100 oxidatively generated modifications

including single and tandem base lesions together with oxidized sugar residues

have been characterized in model compounds [17–20]. It may be added that almost

20 modified nucleosides have been accurately measured in cellular DNA, mostly by

using high-performance liquid chromatography (HPLC) coupled with either tan-

dem mass spectrometry (MS/MS) or MS3 experiments [21].

Carbonate anion radical (CO3
•�), another powerful oxidant, may be generated

during inflammation through, in the initial step, recombination of O2
•� and nitrite

oxide (•NO), the product of NO synthase [22]. Subsequent reaction of peroxynitrite

thus formed with CO2 gives rise to unstable nitrosoperoxycarbonate that decom-

poses with simultaneous release of CO3
•� and nitrating •NO2 [23, 24]. CO3

•� is able

to selectively one-electron-oxidize guanine [25], producing a related radical cation

that efficiently reacts with nucleophiles generating a variety of damage including

single lesions, intra- and inter-strand DNA cross-links, and DNA-protein adducts

[19, 26–28].

Numerous exogenous agents are also able to oxidize DNA either directly or after

metabolic activation. It is well documented that ionizing radiation generates •OH

through radiolysis of water molecules and ionize DNA components via indirect and

direct effects, respectively [17]. Other relevant oxidizing agents include endoge-

nous and exogenous photosensitizers that may act as one-electron oxidants (type I

photosensitization mechanism) and/or generators of singlet oxygen (type II photo-

sensitization mechanism) [29, 30], another important ROS that selectively reacts

with guanine [27]. The main important genotoxic effects of solar radiation on

human skin are explained in terms of direct excitation of nucleobases by the UV

components including mostly the more energetic UVB photons and to a lesser

extent UVA radiation [31, 32]. An excited pyrimidine base is able to react with

vicinal thymine or cytosine via two competitive photoreactions whose efficiency is

strongly primary sequence dependent. The formation of cis-syn cyclobutane pyrim-

idine dimers (CPDs) involves a [2 + 2] photocycloaddition reaction, whereas

competitive Paternò-Büchi photocycloaddition gives rise to pyrimidine (6–4)

pyrimidone photoproducts (6–4PPs) through either a dioxetane or an azetidine

intermediate [32]. Photoisomerization of the UVB-induced 6-4PPs into related

Dewar valence isomers has been shown to imply mostly UVA radiation in cellular

DNA [33].

The base modifications generated to cellular DNA by deamination, oxidants, or

photochemical reactions are usually removed from double-stranded DNA either by

base excision repair for single lesions [34] or nucleotide excision repair for bulky

DNA damage such as CPDs and 6-4PPs [35–37]. However, if DNA replication

occurs before repair of the modifications, there is a risk of mutation induction in the

newly synthesized DNA strand when the damage is miscoding [38]. This may lead

to deleterious effects including long-term occurrence of carcinogenesis as the result

of incorrect processing of cytosine-containing CPDs that are likely to undergo

deamination [37]. This explains why numerous and extensive investigations have
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been devoted to the characterization, measurement, and biological assessment

(repair, mutagenic potential) of DNA lesions.

More recently, major efforts have been made to complement the above infor-

mation by using theoretical approaches for gaining further insights into the chem-

ical reactivity of the bases. In the present chapter, emphasis is placed on the critical

review of information gained from the use of density functional theory-based

descriptors that shed new light on the endogenous and exogenous formation of

several single and tandem lesions. Deamination of unsaturated and 5,6-saturated

cytosine compounds that involves tautomerization reaction is first considered. In

addition three main types of DNA modifications are reviewed. Two involve radical

reactions initiated by •OH that lead to the formation of tandem base lesions between

two adjacent thymine-purine bases [19, 39] and cross-links between the

2-deoxyribose from the intramolecular cyclization of C50 radical to either adenine

or guanine at C8 [40, 41]. Lastly the relevance of DFT descriptors for investigating

the reactivity of excited pyrimidine bases has been challenged through consider-

ation of the relative formation of CPDs and 6-4PPs, the main UVB-induced

bipyrimidine photoproducts [32].

2 Theoretical Framework

It is a chemical fact that some molecules are more stable and others more reactive. It

is also often observed that some atomic positions within molecules are more prone

to react than their neighbors. Different chemical theories have the ambition to

rationalize these experimental facts. The most fruitful and elegant framework so

far is certainly the density functional theory of chemical reactivity, also called

conceptual DFT [42, 43]. Conceptual DFT is a subfield of DFT in which one tries to

extract from the electron density relevant concepts and principles that help us to

understand and predict the chemical behavior of a molecule. The aim of this section

is to briefly present the chemical descriptors used in the chapter and the way they

are usually computed.

First an overall picture of the theoretical framework is depicted and discussed.

Section 2.2 gives an introduction to global indexes such as chemical potential and

chemical hardness. In Sect. 2.3 the local counterparts of the global descriptors are

presented. The last section is dedicated to the extension of the local reactivity

descriptor, called dual descriptor, to photoexcited biomolecules.

2.1 Conceptual DFT Framework

Density functional theory is original in the sense that within the DFT framework, a

molecule is considered as an electron density stabilized and shaped by the electric

field created by nuclei. In other words, in DFT a molecule is seen as a whole and not
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as a collection of atoms. This way of considering a molecule simplifies the

modeling of chemical processes. During a reaction, the molecular system

undergoes either a loss or a gain of electrons or both and a relocation of the nuclei.

These modifications of the molecular structure can be monitored through the

successive responses of the energy with respect to the variation of the number of

electrons and to the modification of the external potential [44].

dℰ¼
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Interestingly, each and every derivative of the energy within this framework has a

chemical meaning generally related to a property already in use by theoreticians and

experimentalists. The identification of the first derivative of the energy with respect

to the number of electrons to the opposite of the electronegativity exemplifies this

statement. It is worth noticing that three sets of derivatives exist. Derivatives with

respect to the number of electrons give rise to global descriptors. Their values are

the same wherever position they are calculated. The global descriptors measure the

chemical reactivity of the system as a whole. The responses of the energy with

respect to the external potential are local descriptors and constitute the second set of

indexes. Their values are dependent on the position where they are evaluated. These

indexes probe the chemical selectivity of the system. Generally, positions exhibiting

the highest values of a local descriptor are more prone to react than positions

exhibiting the lowest values. Finally, second derivatives with respect to the external

potential give rise to nonlocal responses [45]. The values of this kind of descriptors

depend on two sets of spatial variables, and they are likely related to the polarization

of the system. Table 1 summarizes the names and definitions of the main global and

local descriptors. The chemical relevance of the last two entries of Table 1 has not

yet been investigated. As a consequence, they have not been named and will not

been considered further in this chapter.

The two next sections detail the mathematical definition and chemical meaning

of these indexes.
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2.2 Global Descriptions

As already mentioned in the previous section, global DFT-based descriptors con-

nect the electronic features to the reactivity of the system. The very basis of

conceptual DFT has been the identification of the first derivative of the energy

with respect to the number of electrons (called chemical potential for obvious

reasons) to the opposite of the electronegativity as it has been proposed by

Iczkowski and Margrave [46, 52]:

∂ℰ
∂N

� �
v

¼ μ ð2Þ

Using the finite difference approximation, the chemical potential can be computed

as

μ � �1

2
Iþ Að Þ ð3Þ

In Eq. 3, I and A respectively stand for the vertical ionization potential and the

electron affinity. This working equation shows how the chemical potential is

connected to Mulliken [53] electronegativity. By adding a second layer of approx-

imation, based upon the Koopmans’ theorem, one gets

Table 1 Summary of global and local descriptors as energy derivatives

Derivative order Mathematical definition Name

0 E N; v½ � ¼ Eelec ρ½ � Energy

1 ∂ℰ
∂N

� �
v
¼ μ Chemical potential [46]

δℰ
δv rð Þ
� 	

N
¼ ρ rð Þ Electron density

2 ∂2ℰ
∂N2

� 	
v
¼ η Chemical hardness [47]

δ2ℰ
∂Nδv rð Þ
� 	

¼ f rð Þ Fukui function [48]

δ2ℰ
δv rð Þδv r0ð Þ
� 	

N
¼ χ1 r, r0ð Þ Linear response [49]

3 ∂3ℰ
∂N3

� 	
v
¼ ∂η

∂N

� 	
v
¼ γ Hyper-hardness [50, 51]

δ3ℰ
∂2

Nδv rð Þ

� 	
¼ ∂f rð Þ

∂N

� 	
v
¼ δη

δv rð Þ
� 	

N
¼ f 2ð Þ rð Þ Dual descriptor [50]

δ3ℰ
∂Nδv rð Þδv r0ð Þ
� 	

¼ ∂χ r, r0ð Þ
∂N

� 	
v
¼ δf rð Þ

δv r0ð Þ
� 	

N
¼ ξ r, r0ð Þ

δ3ℰ
δv r00ð Þδv r0ð Þδv rð Þ
� 	

N
¼ δχ r, r0ð Þ

δv r00ð Þ
� 	

N
¼ χ2 r, r0, r00ð Þ
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μ � 1

2
εLUMO N; v½ � þ εHOMO N; v½ �ð Þ ð4Þ

where εLUMO and εHOMO are the energies of the lowest unoccupied molecular

orbital (LUMO) and the highest occupied molecular orbital (HOMO). Just like

the electronegativity, the chemical potential evaluates the escaping tendency of the

electrons.

Another great achievement of conceptual DFT was the proposal by Parr and

Pearson [47] to measure the chemical hardness (concept introduced by the very

same Pearson in the 1960s) using the second N-derivative:

∂2ℰ
∂N2

� �
v

¼ η ð5Þ

Softness [54] has been naturally defined as the hardness inverse (S¼ 1/η). Chemical

hardness is a versatile concept upon which two quite important principles are built.

Originally, chemical hardness has been designed to rationalize the outcome of

Lewis acid-base reactions. As stated by Pearson [55], hard acids prefer to bind

hard bases, and soft bases preferentially react with soft acids. This statement is the

basis of the hard and soft acids and bases principle. As 90 % of the chemical

reactions belong into this heading, the HSAB principle proved itself quite handy.

Later considerations by Pearson led to believe that hardness is also a strong

indicator of chemical stability. The maximum hardness principle [56, 57] that states

that molecules tend to be as hard as possible is the consequence of the evolution of

the concept.

Later on, another index built upon the chemical potential and the chemical

hardness has been proposed to describe the electrophilicity of a system. The

chemical potential, as first N-derivative, must be negative for an electronically

stable system. Indeed, a positive chemical potential would lead to an autoionization

of the system that would lower its energy. Since the chemical potential is always

negative, all systems are considered as electrophile and their energies decrease as

they acquire electrons. In a seminal publication, Parr and coworkers [58] have

shown that the maximum number of electrons a system can acquire is given by

ΔN ¼ � μ
η

ð6Þ

The lowering in energy is

Δℰ ¼ � μ2

2η
ð7Þ

The electrophilicity index has been defined as
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ω ¼ μ2

2η
ð8Þ

The higher the value of this descriptor, the more electrophilic the system is.

2.3 Local and Nonlocal Descriptors

Besides global indexes, several local indexes have been defined as derivatives of

the energy with respect to the external potential. Those descriptors whose values are

dependent on the position they are evaluated ascribe the selectivity of atomic sites.

In most cases, three different kinds of energies can control the selectivity of a

chemical process, namely, electrostatic, frontier, and polarization interactions [59,

60]. Each local index happens to describe the corresponding local response.

The first v-derivative is the electron density, which enters the integral describing

electrostatic interactions:

δℰ
δv rð Þ
� �

N

¼ ρ rð Þ ð9Þ

Two kinds of second derivatives of the energy including the crossed N,v-derivative

of the energy and the second v-derivative can be defined. The crossed derivative has

been named Fukui function [48] after Kenichi Fukui, the founder of frontier

molecular orbital theory [61, 62]. This function can be roughly approximated by

the density of the frontier orbitals HOMO and LUMO.

δ2ℰ
δv rð Þ∂N
� �

¼ ∂ρ rð Þ
∂N

� �
v

¼ f rð Þ ð10Þ

This quantity can be seen as the distribution function of one electron gained or lost

over the system. To really get these two kinds of information, the right and left

derivatives have been actually used. They are called electrophilic/nucleophilic

Fukui functions [63] ( f+ and f�):

∂ρ rð Þ
∂N

� �þ=�

v

¼ fþ=� rð Þ ð11Þ

From this function the actual location of the charge transfer can be monitored.

Fukui function has been widely used in the last two decades to predict and

rationalize the regioselectivity or regiospecificity of chemical processes [64–67].

The second v-derivative of the energy is the linear response function [68, 69]:
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δ2ℰ
δv rð Þδv r0ð Þ
� �

¼ δρ rð Þ
δv r0ð Þ
� �

v

¼ χ r, r0ð Þ ð12Þ

This function describes how the electron density is modified at point r0 when the

external potential is changed at position r. Descriptors that depend on more than one

set of coordinates are called nonlocal. This function is symmetrical with respect to

the exchange of coordinates. The computation of the latter quantity is quite

cumbersome. Besides, the chemical understanding of a function that depends on

two sets of coordinates is quite difficult. It is therefore easily understandable that

this function has been scarcely used so far. However, its usefulness in the rational-

ization of inductive and mesomeric effects [70] came out lately.

The last local descriptor presented here is the dual descriptor [71, 72], also

known as second-order Fukui function. This index has been introduced in 2005 to

predict whether an atomic site within a molecule is more electrophilic than nucle-

ophilic or the other way around. The definition of the dual descriptor, symbolized

by Δf(r) or f (2)(r), as the third derivative of the energy is not very meaningful:

δ3ℰ
∂2Nδv rð Þ
� �

¼ f 2ð Þ rð Þ ¼ Δf rð Þ ð13Þ

An alternative and more useful definition is

∂2ρ rð Þ
∂N2

 !
v

¼ Δf rð Þ ð14Þ

Using the finite difference approximation and the Koopmans’ theorem, the dual

descriptor can be computed through

∂2ρ rð Þ
∂N2

 !
v

� fþ rð Þ � f� rð Þ � ρLUMO rð Þ � ρHOMO rð Þ ð15Þ

From this working definition, it is plain that the sign of this descriptor describes the

philicity of a molecular site. Positions with positive values of dual descriptor are

more electrophilic than nucleophilic. The density of the LUMO at this location is

higher than that of the HOMO. On the contrary, positions with negative values of

dual descriptor are more nucleophilic than electrophilic. In this case, at those

locations, the density of the HOMO is higher than that of the LUMO. This

descriptor has proved quite useful to rationalize both the regioselectivity and the

regiospecificity of chemical processes.

It is quite important to point out that local reactivity indexes described so far are

not suited for a comparison between species. To perform these kinds of studies, one

needs to combine selectivity and reactivity information. Thus several indexes have

been designed to help rationalize the reactivity difference of the same atomic site
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within a molecular family. Historically, the first descriptor proposed was the local

softness [73]:

s rð Þ ¼ ∂ρ rð Þ
∂μ

� �
v

¼ ∂ρ rð Þ
∂N

� �
v

∂N
∂μ

� �
v

¼ f rð Þ
η

ð16Þ

Obviously, the local softness contains the same information about selectivity as the

Fukui function. Local softness also contains additional information about the global

reactivity of the molecule. Combined, these pieces of information allow making a

comparison between molecules.

More recently, using a similar line of arguments, the grand canonical dual

descriptor (GCDD), symbolized by Δs(r) or s (2)(r), has been developed [74]:

s 2ð Þ rð Þ ¼ Δs rð Þ ¼ ∂s rð Þ
∂μ

� �
v

¼ ∂
∂μ

f rð Þ
η

� �
v

¼ Δf rð Þ
η2

� f rð Þ
η3

∂η
∂N


 �
ð17Þ

As the derivative of the chemical hardness with respect to the electron number is

supposedly negligible, the GCDD is generally assessed through

s 2ð Þ rð Þ ¼ Δs rð Þ � Δf rð Þ
η2

ð18Þ

2.4 Selectivity Descriptors for Excited States

Descriptors presented in the previous section characterize either the reactivity or the

selectivity for chemical processes that occur in the ground state. A recent extension

of conceptual DFT has been proposed to tackle the selectivity of excited species

[75, 76]. Basically, when an electronic system is excited by an electromagnetic

field, its electron density is distorted. The main assumption is that the predominant

process is the relaxation of the density (geometrical relaxation is overlooked).

Mathematically, the whole extension is based upon a singularity of density func-

tional theory. Indeed for whatever excited state, the electronic chemical potential is

no longer a global quantity but on the contrary a local quantity. This property is due

to the fact that the electron density of an excited species is not stationary. In other

words, the excited electron density is not an optimum of the electron density

functional. Translated into mathematics, this property reads

δℰ ρi½ �
δρ rð Þ

� �
v

¼ μi rð Þ ð19Þ

in which ρi is the density of the ith excited state. When the energy is computed using

the true ground state electron density, Eq. 19 becomes
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δℰ ρ0½ �
δρ rð Þ

� �
v

¼ ∂E ρ0½ �
δN

� �
v

¼ μ � Cst ð20Þ

The chemical potential has then the same value anywhere within the molecular

volume, noted Cst in Eq. 20. The minimization of the integral form of Eq. 19

provides an excellent descriptor of the chemical behavior of atomic site within the

molecule:

δℰ ¼
ð

ρi!ρ0

μi rð Þδρ rð Þdr ð21Þ

Indeed, for this equation to be minimum, it is obvious that positions with high

values of the local chemical potential are depleted during the relaxation process,

while positions with low values of the local chemical potential gain electron

density. To reformulate this statement, it can be established that during the relax-

ation process from the excited state to the ground state, an intramolecular electron

flux appears driven by the opposite of the gradient of the local chemical potential.

The main assumption upon which the whole development is based is that the

physical relaxation can be induced by a chemical partner. Following this line, an

electrophile would attack positions which are depleted during the density relaxa-

tion. On the other hand, a nucleophile would attack locations that gain electron

density during the relaxation. If one is capable of getting an analytical expression of

the local chemical potential, one can monitor the electron flux and get a chemical

picture of the selectivity of excited species. From the basics of DFT, it is well

known that

μi rð Þ ¼ v rð Þ þ δF ρi½ �
δρ rð Þ ð22Þ

in which F[ρ] is the Hohenberg-Kohn universal functional.

The next step is to assume that the excited density can be written as a distortion

of the ground state density. Then, using a Taylor expansion, one gets after several

cumbersome approximations the following expression:

μi rð Þ � μ0 þ
ð
δ i0ρ r0ð Þ
r � r0j j dr

0 ð23Þ

Specifically, for the first excited state, the quantity δi0ρ(r) has very recently been

defined as the first-order state-specific dual descriptor [77]. It can be approximated

by the difference between the densities of the LUMO and the HOMO and therefore

is very similar to the usual dual descriptor defined in Sect. 2.3. Therefore, the

second term of the right-hand side of Eq. 23 can be seen as an electrostatic potential

created by the dual descriptor density. This potential constitutes the local response

and has been called dual potential (VΔf). It is quite straightforward to show that the
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sign of this dual potential has a chemical meaning opposite to that of the dual

descriptor for the ground state. As a consequence, the best interaction between two

species, one of which being excited, is given in Table 2.

From these sets of descriptors, most of the chemical reactivity and selectivity

can be explained. The next section is dedicated to the use of these indexes for the

rationalization of the formation of several DNA lesions.

3 Application: Reactivity of Nucleic Acid Bases

3.1 Introduction

DNA, though responsible for carrying the genetic information, is characterized by

some chemical instability; this may be particularly important when cellular DNA is

exposed to external aggressions but also occurs under physiological conditions

[1]. DNA is damaged continuously and, hopefully, in most cases efficiently

repaired. Nonetheless, when repair is deficient, or if DNA replication takes place

(mitosis) before repair is achieved, mutation may occur. Therefore genome integ-

rity is lost and errors are susceptible to occur during transcription and translation

processes. These can be responsible for cellular aging and cancers. Among the

different DNA lesions that are known to be generated, many concern the

nucleobases whose structures are depicted in Fig. 1. Despite many structural

similarities – all of them being aromatic nitrogenated heterocycles – nucleobases

show different susceptibilities to chemical or physical damaging agents. In order to

find efficient ways to fight against the generation of DNA damage, it is fundamental

on one hand to understand the mechanisms of formation of the different lesions that

may be produced endogenously or exogenously in cellular DNA and, on the other

hand, to be able to rationalize the differences of reactivity of the nucleobases

toward a given genotoxic agent. The second aspect has been the subject of theo-

retical studies where the reactivity indexes presented in the previous section have

been successfully applied to a number of cases [78–83]. Some of them will be

described below with the aim of showing the wide range of reactivity issues that

conceptual DFT can address.

In a first part, global and local reactivity indexes computed for the five main

purine and pyrimidine nucleobases are gathered in the same place in order to have

preliminary information on the differences between the nucleobases. The second

Table 2 Chemical behavior for the ground state and the first excited state

Ground state Δf(r) Excited state δ10ρ(r
0)

InteractionsSign Character Sign Character

+ Electrophilic + Nucleophilic Favorable

– Nucleophilic – Electrophilic Favorable

+/� el/nu �/+ el/nu Unfavorable
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part concentrates on information showing that reactivity descriptors can provide

relevant structural features adopted by the nucleobases (base-pair formation, tau-

tomers). Finally, the third and last part focuses, strictly speaking, on reactivity

differences between the bases in the particular context of the formation of a given

lesion.

3.2 Reactivity Descriptors Computed for Isolated
Nucleobases

All the molecular properties have been computed through DFT methodology by

using the B3LYP functional with the triple-zeta split valence basis set 6-311G(d,p).

All the computations have been performed using the Gaussian package software

[84]. The molecules have been fully optimized. Then the DFT-based descriptors

have been calculated using the two usual sets of approximations, first the finite

difference approximation, then the Koopmans’ theorem. The latter approximation

is questionable, especially for local indexes, but to our best knowledge, it has

Pyrimidine bases

Pyrimidine Cytosine (Cyt) Thymine (Thy) Uracil (Ura)

Purine bases

Purine Adenine (Ade) Guanine (Gua)

Fig. 1 Structure of DNA bases found in all living beings. Note that uracil is only present in RNA,

contrary to thymine which is found in DNA only
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always proved satisfactory for this kind of systems. Practically, the post calcula-

tions and condensations have been performed using the procedure proposed by

Chamorro and Perez through their package “Global and Local Descriptor version

2.0” [85]. In this first part, the reactivity and selectivity descriptors of isolated bases

are presented.

Global Indexes

The global indexes calculated as stated above are gathered in Table 3. It is plain to

note that the chemical potential (μ) of purine bases appears higher (less negative)

than that of pyrimidine bases, making the former components better electron donors

than the latter constituents. More precisely, Gua appears as the base which is the

most easily oxidized, while Ura is the most resistant to oxidants. This is consistent

with the fact that Gua is the preferential target in the formation of oxidatively

generated damage at least when exposed to one-electron oxidants and singlet

oxygen [18, 27]. In particular it can explain that usually Gua is the main target of

ionization giving rise predominantly to 8-oxo-7,8-dihydroguanine (8-oxoGua)

through the transient formation of the guanine radical cation either directly or

after charge transfer from other one-electron oxidized nucleobases [18, 27, 86].

Besides, it is remarkable how close the hardness (η) of the five nucleobases are to
each other (and thus their softness (S)), suggesting a similar resistance to charge

transfer, though it can be noticed from comparison between Thy and Ura that

methylation on C5 decreases the hardness by about 0.3 eV. Since the electrophi-

licity power is computed through (μ2/2η), the differences in electrophilicity power

(ω) between the bases are mainly due to differences in their chemical potential. It

appears that the purine bases are being better nucleophiles than the pyrimidine

bases. Descriptors are also able to characterize the selectivity of molecules. This is

the subject the next section focuses on.

Table 3 Global indexes computed from frontier orbitals at the B3LYP/6-311G(d,p) level

Bases

Canonical ensemble Grand canonical ensemble

OtherFirst order Second order First order Second order

μ (eV) η (eV) N S (eV�1) ω (eV)

Pyrimidines Cyt �3.70 5.38 58 0.186 1.28

Thy �4.16 5.39 66 0.185 1.60

Ura �4.26 5.70 58 0.175 1.59

Purines Ade �3.40 5.44 70 0.184 1.06

Gua �3.33 4.58 78 0.179 1.20
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Local Indexes of the Canonical Ensemble

Local reactivity descriptors for pyrimidine and purine bases are reported in Tables 4

and 5. Specifically, in Table 4 spatial maps of electrophilic and nucleophilic Fukui

functions along with dual descriptor are displayed, while in Table 5 the

corresponding condensed values are given. From a general point of view, it can

be noted that spatial maps of Fukui functions are not very conclusive, while the

tabulated data are more useful. Indeed the most reactive site, with respect to either

an electrophile or a nucleophile, is respectively obtained by looking at the highest

value of the electrophilic or nucleophilic Fukui function. On the contrary, since the

sign of the dual descriptor carries information about the chemical philicity (elec-

trophilicity/nucleophilicity), the maps are very often self-sufficient for rationalizing

the chemical selectivity.

Table 4 Local reactivity indexes computed from frontier orbitals at B3LYP/6-311G(d,p) level

Base

Second order Third order

fþ rð Þ f� rð Þ Δf rð Þ

Electrophilic sites Nucleophilic sites

Red: more E than Nu

Yellow: more Nu than E

Pyrimidine Cyt

Thy

Ura

Purine Ade

Gua
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Table 5 Local reactivity indexes of pyrimidine and purine bases condensed through Chamorro

and Perez scheme

Pyrimidine bases Cytosine Atom number f
+
k f

�
k Δf k

N1 0.112 0.157 �0.045

C2 0.007 0.015 �0.007

N3 0.127 0.176 �0.049

C4 0.190 0.007 0.183

C5 0.097 0.262 �0.164

C6 0.393 0.067 0.326

N4 exo 0.001 0.002 �0.001

Thymine Atom number f
+
k f

�
k Δf k

N1 0.056 0.231 �0.175

C2 0.014 0.010 0.003

N3 0.061 0.002 0.060

C4 0.185 0.008 0.177

C5 0.158 0.331 �0.173

C6 0.381 0.149 0.233

O4 exo 0.122 0.085 0.037

Uracil Atom number f +
k f �

k Δf k

N1 0.059 0.253 �0.194

C2 0.019 0.009 0.010

N3 0.059 0.000 0.059

C4 0.160 0.006 0.154

C5 0.171 0.375 �0.204

C6 0.399 0.123 0.276

O4 exo 0.113 0.118 �0.006

Purine bases Adenine Atom number f +
k f �

k Δf k

N1 0.126 0.149 �0.023

C2 0.185 0.069 0.117

N3 0.005 0.045 �0.040

C4 0.211 0.067 0.144

C5 0.036 0.159 �0.124

C6 0.007 0.056 �0.050

N7 0.073 0.060 0.013

C8 0.246 0.121 0.126

N9 0.038 0.015 0.024

Guanine Atom number f
+
k f

�
k Δf k

N1 0.100 0.011 0.089

C2 0.277 0.059 0.218

N3 0.008 0.048 �0.040

C4 0.192 0.112 0.080

C5 0.110 0.220 �0.110

C6 0.044 0.017 0.027

N7 0.008 0.048 �0.040

C8 0.028 0.175 �0.147

N9 0.070 0.004 0.066
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Pyrimidine Bases

The substantial contribution of C5 and C6 carbons of pyrimidine bases to the f+(r)
and f�(r) descriptors indicates that the C5–C6 double bond of the pyrimidine ring is

susceptible to both nucleophilic and electrophilic attacks. Nonetheless, the sign of

the dual descriptor Δf(r) indicates than carbon C5 is more nucleophilic than

electrophilic (Δf(r)< 0), while this is the reverse for carbon C6 (Δf(r)> 0). Thus,

an electrophile will add more efficiently to carbon C5 than to carbon C6, contrary to

a nucleophilic reagent which will add more rapidly to carbon C6. This is consistent

with the fact that the electrophilic •OH, which is responsible for the majority of

oxidatively generated damage to DNA, adds preferentially to carbon C5 of pyrim-

idine bases compared to carbon C6 [87]. It may be pointed out that •OH addition to

the 5,6-pyrimidine double bond is under kinetic control since several computational

studies have shown that addition to carbon C6 leads to a more stable adduct than

addition to carbon C5 [88, 89].

It is well documented that Cyt, Ade, and Gua may spontaneously deaminate

through hydrolysis. Carbons holding the corresponding amino groups (C4 of Cyt,

C6 of Ade, and C2 of Gua) all exhibit an electrophilic character. It will be shown in

the following, in the particular case of Cyt (vide infra), that the reaction mechanism

associated with spontaneous deamination reactions involves nucleophilic addition

of a water molecule to those carbons (see Sect. 3.4).

Another well-documented fact is the chemical stability of the urea moiety of

pyrimidine bases. Thus, position C2 is almost insensitive to both electrophiles and

nucleophiles. All the selectivity indexes corroborate this statement for each pyrim-

idine base. As can be seen in Tables 4 and 5, neither the electrophilic nor the

nucleophilic Fukui function exhibits significant values on C2. It is even clearer

using the dual descriptor for which the value on C2 is roughly seven times lower

than that of the other carbons.

Purine Bases

The most striking feature of purine bases is that two carbons of the 5-membered

imidazole ring of the purine bases exhibit a different sign of the dual descriptor

Δf rð Þ. C4 of Ade is nucleophilic only (almost zero contribution to fþ rð Þ), while that
of Gua shows both nucleophilic and electrophilic characters (nonzero contribution

to fþ rð Þ and f� rð Þ), the latter prevailing on the former. This is exactly the reverse

for carbon C8 which corresponds to a pure nucleophilic site in Gua and to a

nucleophilic and electrophilic site in Ade though more electrophilic than nucleo-

philic. In the following this difference in reactivity of the C8 carbon of purine bases

is proposed to participate in the difference of reactivity of Gua and Ade toward the

formation of tandem lesions in oxygen-free aqueous solution when DNA is exposed

to •OH generated by radiolysis (see Sect. 3.4).
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First Excited State

Finally, the latter section deals with the preliminary information that can be

extracted from indexes describing excited states. As already explained in

Sect. 2.4, it can be inferred from the sign of the dual descriptor and that of the

dual potential (see Table 6) that the nucleophilicity/electrophilicity excess of the

reactive sites of the nucleobases is reversed when moving from the ground state to

the first excited state of a base. As a consequence, the chemical behavior toward a

partner is reversed too: sites which most easily give electrons in the ground state

Table 6 Comparison of the dual descriptor and the dual potential computed from frontier orbitals

at B3LYP/6-311G(d,p) level

Bases

Ground state First excited state

Δf rð Þ VΔf rð Þ
Red: more E than Nu Red: more Nu than E

Yellow: more Nu than E Yellow: more E than Nu

Pyrimidines Cyt (canonical)

Cyt (imino tautomer)

Thy

Ura

Purines Ade

Gua
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most favorably accept electrons in the first excited state and vice versa. We will see

that this plays an important role in the regioselectivity observed in the formation of

pyrimidine dimers when DNA is exposed to UVB radiation as discussed in

Sect. 3.4.

3.3 Structural Features of DNA

The results presented so far deal only with isolated DNA bases in their ground and

first excited states. In this context, they are only relevant for the test tube study of

chemical reactions. Within biological environment, the chemical reactivity and

selectivity of DNA bases may change. For instance, what is the impact of

pyrimidine-purine hydrogen bond coupling? Besides, the influence of DNA back-

bone and chemical environment may modify the relative contribution of the

tautomers. In this section, some interesting results regarding the role of such factors

upon the chemical behavior of DNA bases are presented.

Formation of Base Pairs

The influence of the hydrogen bonding on the reactivity of DNA and RNA bases

has been recently investigated by Toro-Labbé et al. [90] (Table 7). Their compu-

tation has been reproduced using B3LYP/6-311G(d,p) level of theory. The results

are given in Tables 8 and 9. It appears that both the global and local reactivity are

affected by the base pairing. Both chemical potential and hardness are of general

lower value. The lowering of chemical potential signifies that, once paired, the

bases are more easily excited and ionized. They are also more prone to react as their

global hardness decreases. The local selectivity is also widely modified since it

appears from the dual descriptor maps that electrophilic and nucleophilic sites are

gathered on only one base. As it can be seen in Table 9, purine bases muster all the

nucleophilic sites, while pyrimidine bases gather the electrophilic sites.

Table 7 Watson-Crick base pairs

AT base pair GC base pair
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It is also interesting to compare the two base pairs. The couple Ade-Thy has a

lower chemical potential than that of Gua-Cyt, which means that the latter is more

easily ionized for generating a radical cation. As already discussed, nucleophilic

zones are mainly located on the purine moieties. Therefore the generated radical is

also very likely to be located on the purine bases. The couple Gua-Cyt also has a

lower hardness and therefore is more prone to undergo chemical reactions than the

couple Ade-Thy. From this investigation, two main conclusions can be drawn. First,

the effect of pairing can be rather important upon selectivity; the meaning of the

dual descriptor between two species in interaction might be questionable though.

Second, the couple Gua-Cyt is more reactive than the couple Ade-Thy.

Tautomerism

It is generally assumed that DNA bases do not possess tautomers at neutral pH and

that they are always present in DNA in their canonical forms (see Table 10).

However, numerous tautomers can be built by modifying the position of a hydrogen

atom (prototropy). An example is given for cytosine for which four tautomers are

easily identified. Chemical potential, hardness, and electrophilicity values for each

of the tautomers are given in Table 11. As can be seen in Table 11, the hydrogen

shift mildly modifies the chemical reactivity. The chemical potential varies of about

Table 8 Watson-Crick base pairs global descriptors computed from frontier orbitals at B3LYP/6-

311G(d,p) level

DNA base pairs

Canonical ensemble Grand canonical ensemble

OtherFirst order Second order First order Second order

μ (eV) η (eV) N S (eV�1) ω (eV)

Ade Thy �3.57 4.87 136 0.20 1.30

Gua Cyt �3.28 3.74 136 0.27 1.45

Table 9 Watson-Crick base

pairs dual descriptor maps

computed from frontier

orbitals DNA base pairs

Δf rð Þ
Red: more E than Nu

Yellow: more Nu than E

Guanine-cytosine

Adenine-thymine
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0.25 eV. The variations of chemical hardness are larger than that of chemical

potential and go up to 0.40 eV.

From the local point of view, it is worth noticing that the exocyclic N4 atom of

the amino group is predicted as a nucleophile for all the tautomers, while for the

canonical form it is proposed to be electrophile. This modification of the local

reactivity has proved to be useful for understanding the occurrence of pyrimidine

dimer lesions (see Sect. 3.4).

3.4 Reactivity Differences Between the Nucleobases

As mentioned earlier, experimentalists have identified many examples where the

nucleobases show differences in the susceptibility to a given genotoxic agent/

environment, for example, because they measured different rate constants associ-

ated with the formation of a transient damage, or because they observed different

regioselectivities associated with a given set of experimental conditions. In those

Table 10 Different forms of cytosine along with dual descriptor maps computed from frontier

orbitals at B3LYP/6-311G(d,p) level

Cytosine 5-Methylcytosine

(1) (2) (3) (4)

Canonic Tautomers Methylated (epigenetic
mark)

Δf(r)

Table 11 Chemical potential, hardness, and electrophilicity values for the main tautomers of

cytosine computed from frontier orbitals at B3LYP/6-311G(d,p) level

Numbering μ (eV) η (eV) ω (eV) Rel. Etot (kJ/mol)

(1) Cyt – amino/oxo �3.70 5.38 1.28 0.0

(2) Cyt – imino/oxo �3.80 5.41 1.34 +4.5

(3) Cyt – amino/enol – 1 �3.56 5.81 1.09 +3.3

(4) Cyt – amino/enol – 2 �3.57 5.80 1.10 +6.6
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cases where the lesion is formed under kinetic control, conceptual DFT reactivity

descriptors can be helpful in providing rationalizing elements. As the nucleobases

have different numbers of electrons (see Table 3), responses of the grand canonical

potential are expected to be the relevant reactivity descriptors to analyze for this

purpose. The spontaneous deamination of cytosine and its derivatives will be used

to illustrate how such an approach can allow quantifying differences of reactivity.

Nonetheless, it will be shown beforehand that the consideration of the dual

character of some reactivity descriptors of the canonical example can give useful

information as long as one is interested by qualitative differences in reactivity. This

will be illustrated through two examples: one lesion formed on the electronic

ground state potential energy surface and another lesion involving a base in an

electronic excited state.

Qualitative Differences of Reactivity

In the Ground State: Exploiting the Dual Descriptor

When DNA is exposed to ionizing radiation, surrounding water molecules are

subject to radiolysis with the subsequent generation, among several reactive oxygen

species (ROS), of highly reactive •OH [91]. The latter ROS is able to induce several

types of oxidatively generated damage to DNA [18, 27]. Depending on the condi-

tions, typically aerobic versus anaerobic, some lesions are specifically produced or

their formation favored. In anaerobic conditions, a covalent link can be more

efficiently formed between carbon C8 of a purine base and radicals issued from

either its adjoining sugar moiety [40, 41] or the methyl group of an adjacent Thy

[19, 39]. Though both purine bases can be involved in the formation of these

lesions, Gua is experimentally observed to be more susceptible than Ade [92–94].

The general reaction mechanism proposed for the formation of these lesions

involving Gua is shown in Fig. 2. The first step involves •OH-mediated hydrogen

atom abstraction from either the sugar moiety of Gua or the methyl group of a Thy,

leading to the formation of an electrophilic RR0CH2
• or RR0R00CH• radical. Subse-

quently, the carbon-centered radical thus formed adds to carbon C8 of the purine

base by electrophilic radical addition. H• abstraction by a radical from the environ-

ment or through the implication of O2 in aerated solutions [40] finally leads to the

formation of the tandem lesion.

This mechanism has been studied computationally by DFT in the cases of Gua

and Ade [95–97].

For both types of lesions (cdG/cdA and G^T/A^T), the electrophilic radical

addition to C8 appears to be responsible for the difference of reactivity observed

between the two purine bases. Computed activation energies associated with this

radical step are reported in Table 12.

First, from the point of view of the relative global reactivity of the purine bases,

since the chemical potential of Gua is higher than that of Ade (see Table 3), an

electrophilic addition to Gua is expected to be less destabilizing (lower activation
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barrier) than to Ade. In addition, from a more local point of view, as we mentioned

earlier, the two purine bases are characterized by different signs of the dual

descriptor Δf r
!� 	

in the region of their C8 carbon, the site of addition during the

formation of the tandem lesions. Thus, though both nucleophilic, the C8 carbons of

the two purine bases are qualitatively different: carbon C8 of Gua is more nucle-

ophilic than electrophilic (Δf rð Þ < 0), while carbon C8 of Ade is more electrophilic

than nucleophilic (Δf rð Þ > 0) (see Table 4).

Fig. 2 Reaction scheme for the formation of cross-linked adducts between a purine base and

either an adjacent thymine (G^T) or its sugar moiety (cdG)

Table 12 Activation energies (in kJ/mol) computed by DFT for the radical addition step leading

to the formation of the tandem lesions sketched in Fig. 2

Lesion

Δ6¼E (ZPE

included)

Computational

methodology Reference

G^T 72.3 B3LYP/6-31G(d,p) Xerri et al. [96], Labet et al. [98]

A^T 173.5

cdG 41.0 B3LYP/6-31 +G(d,p) Zhang and Eriksson [95]

cdA 55.2
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Now the dual descriptor Δf rð Þ has been shown to be closely related to the

maximum hardness principle [72]. When an electrophile approaches a nucleophile

in a region characterized by Δf rð Þ < 0, then the hardness of the nucleophile is

expected to increase, which is favorable. On the contrary, if the electrophile attacks

the nucleophile on a reaction site characterized by Δf rð Þ > 0, the hardness of the

nucleophile decreases, which is unfavorable.

As a conclusion, from both a global and local reactivity points of view, Gua is

expected to be more susceptible than Ade to an electrophilic attack on its carbon

C8. This explains the different formation yields experimentally observed between

the purine bases for the tandem lesions reported in Fig. 2.

In an Excited State: Exploiting the Dual Potential

When DNA is exposed to UVB radiation (290–320 nm), the nucleobases can get

electronically excited, thus allowing photochemical reactions to take place. Cova-

lent links between two adjacent nucleobases can then be formed [32]. This is

particularly frequent at bipyrimidine sites, i.e., when two pyrimidine bases are

adjacent on the same DNA strand. As mentioned previously, the resulting

photocycloadducts are called pyrimidine dimers. They are of two kinds: i) cis-syn
cyclobutane pyrimidine dimers (CPDs) resulting from the [2 + 2]

photocycloaddition between the C5 and C6 double bonds of two adjacent pyrimi-

dine bases and (ii) pyrimidine (6–4) pyrimidone photoproducts (6-4PPs) resulting

from a Paternò-Büchi [2 + 2] photocycloaddition between the C5 and C6 double

bond of the 50-end pyrimidine base and the exocyclic C4-O/C4-N bond of the 30-end
thymine/cytosine imino tautomer, followed by opening and rearrangement of the

oxetane/azetidine ring. The two kinds of pyrimidine dimers involving two adjacent

thymines are shown in Fig. 3.

A Regioselectivity Problem

The eight possible bipyrimidine lesions susceptible to be formed (two structural

types of dimers – four different bipyrimidine sites) are produced in very different

proportions as shown in Fig. 4 where the yields of formation of each photoproduct

within isolated DNA exposed to UVB radiation are reported [99].

From the consideration of the formation yields, it can be noticed that at any

given bipyrimidine site, CPDs are produced more efficiently than 6-4PPs. The

effect is more pronounced when the 30-end pyrimidine base is Thy. To rationalize

this experimental finding, which is merely a regioselectivity issue, reactivity

descriptors can be analyzed. This is indeed possible, despite the fact this concerns

photochemical properties, because a local descriptor that is applicable to the first

excited state (the dual potential presented in Sect. 2.4) is now available in addition

to the “classical” dual descriptor available for the ground state.
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Fig. 3 Reaction scheme for the UV-induced formation of thymine dimers: cyclobutane

pyrimidine dimer (CPD) and pyrimidine (6-4) pyrimidone photoproduct (6-4PP)

Fig. 4 Yield of formation of the main photoinduced bipyrimidine products within isolated DNA

exposed to UVB radiation (dose range, 0–3.4 kJ·m�2) [99]
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During the [2 + 2] photocycloadditions involved in both the formation of CPDs

and 6-4PPs, one of the nucleobases is still in the ground state, while the other lies in

the first excited state corresponding to the first π! π* transition. Reaction between
the two bases is all the more favorable because electrophilic sites of the excited base

interact with nucleophilic sites of its partner and vice versa. As mentioned earlier

and reminded in Table 13, the chemical behavior of reactive sites of the excited

base is characterized by the sign of the dual potential VΔf r
!� 	

; as for that of the

reactive sites of the base in its ground state, it can be inferred from the sign of the

dual descriptorΔf rð Þ. As a consequence interactions between a nucleophilic site of
one base and an electrophilic site of the other base correspond to interactions

between sites where the dual descriptor of one base and the dual potential of the

other base are of the same sign.

About the Number of Stabilizing Interactions

Interacting sites are related to the pyrimidine dimer of interest. Formation of a CPD

involves interaction between carbons C5 of both bases plus interaction between

their carbons C6. The formation of a 6-4PP also involves two interactions: a first

one between carbon C6 of the 50-end base and carbon C4 of the 30-end one and a

second interaction between carbon C5 of the 50-end base and O or N of the 30-end
base. In Fig. 5 the interactions that develop between the dual descriptor of the

50-end base and the dual potential of the 30-end base are shown for each of the eight
potential photoadducts. Note that the fact to have considered the 30-end base to be

excited rather than the 50-end one is purely arbitrary. Indeed, since the electrophi-

licity/nucleophilicity excess of the reactive sites is exactly reversed between the

ground state and the first excited state (see Table 13), results would have been the

same if we had considered the another alternative.

Since in a given electronic state the chemical behavior of C5 and C6 carbons is

the same for Thy and Cyt and that this chemical behavior is reversed between the

ground state and the first excited state, formation of CPDs systematically requires

two stabilizing interactions, whatever the sequence of bases involved.

Table 13 Chemical behavior related to the sign of the dual descriptor for the ground state and the

dual potential for the first excited state

Electronic state Sign of the relevant descriptor Chemical behavior

Ground state Δf r
!� 	

> 0 Electrophile

Δf r
!� 	

< 0 Nucleophile

First excited state VΔf r
!� 	

> 0 Nucleophile

VΔf r
!� 	

< 0 Electrophile
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Fig. 5 Interactions at the four kinds of bipyrimidine sites between the dual descriptor of the 50-end
base in its ground state and the dual potential of the 30-end base in its first excited state to form

either a CPD or a 6-4PP lesion (Adapted from Ref. [76])
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The formation of 6-4PPs, as shown in Fig. 5, involves two stabilizing interac-

tions when a Cyt (in its imino form) constitutes the 30-end base, but only one when

this is a Thy. This is due to the fact that the oxygen linked to carbon C4 in Thy and

the nitrogen linked to carbon C4 in the imino form of Cyt have reversed chemical

behaviors. Therefore, the activation energy associated with the formation of a

6-4PP lesion is expected to be higher when a Thy base is at the 30-end rather a

Cyt. This explains why the formation of 6-4PP at 50-TT-30 and 50-CT-30

bipyrimidine sites is so inefficient compared to the corresponding CPDs.

About Secondary Interactions

The relative orientation of adjacent pyrimidine bases is governed by DNA double-

stranded structure. Reacting bases approach each other in parallel planes (supra-
supra approach). In addition to the interactions mentioned above which are

Fig. 6 Interactions at 50-TC-30 and 50-CC-30 bipyrimidine sites between the dual descriptor of the

50-end pyrimidine base in its ground state and the dual potential of the 30-end pyrimidine base in its

first excited state to form either a CPD or a 6-4PP lesion. Dashed lines correspond to interactions

leading to formation of the σ-bonds during the [2 + 2] photocycloaddition reaction. Dotted lines
correspond to secondary interactions (Adapted from Ref. [76])

62 V. Labet et al.



responsible for the formation of two covalent links between adjacent pyrimidine

bases, secondary interactions can develop. These are shown in Fig. 6 for the four

dimers formed at bipyrimidine sites with 30-end Cyt. The approach of pyrimidine

bases to form 6-4PPs does not involve secondary interactions contrary to the

approach giving rise to CPDs. In the latter case, four stabilizing secondary interac-

tions develop (dotted lines in Fig. 6), facilitating the formation of CPDs compared

to that of 6-4PPs, even in cases where the two primary interactions are stabilizing.

As a conclusion, the more efficient production of CPDs compared to 6-4PPs has

two origins: (i) the number of stabilizing interactions responsible for the formation

of covalent bonds between the two adjacent bases, which is 2 for all CPDs and 2 for

6-4PPs involving a 30-end Cyt but only 1 for 6-4PPs involving a 30-end Thy and

(ii) the development of stabilizing secondary interactions during the formation of

CPDs which do not exist in the case of 6-4PPs.

Quantitative Differences of Reactivity

Exploiting the Grand Canonical Equivalent of the Dual Descriptor

Spontaneous Cyt deamination by hydrolysis occurs in living organisms. This

hydrolytic reaction gives rise to Ura, the equation being shown in Fig. 7, whose

abnormal presence in DNA is hopefully easily detected and removed by a dedicated

repair enzyme.

Modified forms of canonical Cyt bases are also susceptible to deamination. This

is, for example, the case of 5-methylcytosine and of 5,6-saturated derivatives of Cyt

such as cytosine-containing pyrimidine dimers formed under UV radiation. These

structural modifications affect strongly the deamination rate constants as reported in

Table 14. Saturation of the C5–C6 bond accelerates considerably the deamination

reaction. Incidentally, methylation at position 5 increases the deamination rate for

5,6-unsaturated cytosine derivatives, while it has exactly the opposite effect on

5,6-saturated derivatives.

A mechanism has been proposed and studied by DFT for cytosine deamination

which is in agreement with the activation energy determined experimentally for the

reaction (117� 4 kJ/mol [104]). The deamination pathway involves in a first step a

nucleophilic addition of a water molecule to carbon C4 with the assistance of a

second water molecule from the environment, followed by protonation of the amino

Fig. 7 Spontaneous

cytosine deamination
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group and finally -NH3 departure [98]. The same mechanism happens to hold for

5-methylcytosine deamination [105]. For 5,6-saturated derivatives, it appears that a

tautomerization step leading to the imino form of the cytosine derivative is needed

prior to the nucleophilic addition [106, 107]. In each case, the assisted nucleophilic

Table 14 Experimental deamination rate constant (k) of cytosine and some of its derivatives

under various conditions

Bases k Experimental conditions References

2.1� 10�10 s�1 Single-stranded DNA [100]

pH¼ 7.4 – T¼ 37 �C

9.5� 10�10 s�1 Single-stranded DNA [100]

pH¼ 7.4 – T¼ 37 �C

6� 10�5 s�1 Free base [101]

pH¼ 7.4 – T¼ 37 �C

10�3 min�1 Dinucleoside

monophosphate

[102]

pH¼ 7 – T¼ 25 �C

10�5 min�1 Dinucleoside

monophosphate

[103]

pH¼ 7 – T¼ 25 �C

64 V. Labet et al.



addition, schematized in Fig. 8, has been identified as the rate-controlling step. It

may be pointed out that the differences in the activation energies associated with

this step for various investigated cytosine derivatives are in agreement with the

deamination rate constants experimentally observed [107].

Since the nucleobases, either in their amino or imino form, constitute the

reactant of the rate-determining step, the origin of the difference in sensitivity of

the different forms of cytosine to the deamination reaction rate has to be searched

among reactivity differences of the bases themselves, either global differences or

local differences of their carbon C4 which undergoes the nucleophilic addition

during the rate-determining step. In that purpose several global indexes and

C4-local indexes computed for the different cytosine derivative are reported in

Tables 15 and 16 respectively, both for the amino and imino forms of each base.

For 5,6-unsaturated forms of cytosine, methylation at position 5 tends to increase

the chemical potential and to decrease, though only slightly for the imino form, the

hardness. As a consequence the electrophilic power is quasi unchanged. It may be

noted that this applies for both the amino and imino forms.

For 5,6-saturated forms of cytosine, methylation at position 5 has almost no

effect, either on the chemical potential or on the hardness. And therefore this is also

true for the electrophilic power. On the other hand, it has to be noted that

5,6-saturated derivatives of cytosine have higher chemical potentials than their

5,6-unsaturated counterparts and also much higher hardnesses, resulting in substan-

tial lower electrophilic powers. This is in contradiction with the fact that methyl-

ation at position 5 and saturation of the C5–C6 bond both enhance the deamination

Fig. 8 Rate-controlling step of the mechanism proposed for deamination of 5,6-unsaturated (a)

and 5,6-saturated (b) cytosine derivatives
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rate. In conclusion, the difference in sensitivity of the different forms of cytosine to

deamination must have a local origin.

Methylation at position 5 and saturation of the C5–C6 bond both tend to decrease

the partial charge hold by carbon C4, indicating that the rate-controlling step is not

under electrostatic control. Saturation of the C5–C6 double bond increases consid-

erably the
Δf C4
η2 value, in agreement with the fact that 5,6-saturated derivatives of

cytosine undergo deamination much faster than the unsaturated forms.

As mentioned earlier, the grand canonical dual descriptor is a size consistent

local index, suitable for comparing the reactivity of chemical systems of different

sizes (as the different forms of cytosine) for a reaction under charge transfer control.

This suggests that the nucleophilic addition of water to carbon C4 is under charge

transfer control. This is supported by the fact that methylation at position 5 increases

the value for 5,6-unsaturated forms of cytosine, while a decrease is observed for

saturated compounds, in agreement with the effect of C5 methylation on the

deamination reaction rate, which has opposite effects on saturated and unsaturated

forms of cytosine.

Then, it can be concluded that the differences in sensitivity of the different forms

of cytosine derivative to spontaneous deamination are closely related to modifica-

tions of the electrophilic power of their carbon C4 that is attacked during the

reaction.

Table 15 Chemical potential, hardness, and electrophilic power of cytosine (Cyt),

5-methylcytosine (5mCyt), 5,6-dihydrocytosine (dhCyt), and 5,6-dihydro-5-methylcytosine

(dh5mCyt) in their amino and imino tautomeric forms

Amino form Imino form

μ (eV) η (eV) ω (eV) μ (eV) η (eV) ω (eV)

Cyt �3.70 5.38 1.28 Cyt �3.80 5.41 1.34

5mCyt �3.55 5.25 1.20 5mCyt �3.67 5.38 1.25

dhCyt �3.49 6.08 1.00 dhCyt �3.56 6.72 0.94

dh5mCyt �3.52 6.02 1.03 dh5mCyt �3.60 6.82 0.95

Table 16 Electrostatic charge on carbon C4 (CHELPG method) [108] and grand canonical dual

descriptor (
Δf C4
η2 term) condensed (through Chamorro and Perez scheme) on carbon C4 for cytosine

(Cyt), 5-methylcytosine (5mCyt), 5,6-dihydrocytosine (dhCyt), and 5,6-dihydro-5-methylcytosine

(dh5mCyt) in their amino and imino tautomeric forms

Amino form Imino form

qC4 Δf C4
η2 (10�2 eV�2) qC4 Δf C4

η2 (10�2 eV�2)

Cyt 0.91 0.63 Cyt 0.73 0.29

5mCyt 0.74 0.73 5mCyt 0.63 0.40

dhCyt 0.86 1.03 dhCyt 0.65 0.61

dh5mCyt 0.70 1.02 dh5mCyt 0.56 0.58
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4 Conclusions

This chapter aims to review the use of DFT-based descriptors for understanding the

chemical behavior of DNA bases. This approach can provide important information

about the mechanism of formation of important DNA lesions and their occurrences.

The usefulness of global DFT descriptors for investigating and predicting the

reactivity of the bases is illustrated for several kinds of chemical situations. In

parallel, local descriptors, specially the dual descriptor, help monitor the more

reactive atomic sites within the bases. For instance, for the ground state, the dual

descriptor gives a rationale for understanding the differences in reactivity of carbon

C8 of adenine and guanine. Besides, the evolutions of the condensed values of the

grand canonical dual descriptor of carbon C4 of Cyt derivatives clearly relate to the

deamination rates of these compounds. Reactions between excited and ground state

molecules are investigated by combining the dual potential and the dual descriptor

respectively. This model accounts for the difference in formation efficiency

between the formations of pyrimidine dimers. A general conclusion can be drawn

from these investigations. Basically, the use of conceptual DFT descriptors is

particularly efficient to explain qualitative differences of reactivity and selectivity

between molecules, while quantum computations provide precise information but

solely for a very specific set of chemical reagents. For an overall picture of a

chemical reaction, it is interesting to combine the use of quantitative (computa-

tional reactivity studies) and qualitative (conceptual DFT approach) methods.
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