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Abstract The structural, vibrational and electronic

properties of nitrotyrosine and 8-nitroguanine have been

investigated theoretically by performing the molecular

mechanics (MM? force field), the semi-empirical self-

consistent-field molecular-orbital (PM3), and density

functional theory calculations. The geometry of the nitro-

tyrosine and 8-nitroguanine molecules have been optimized,

the vibrational dynamics and the electronic properties

calculated in their ground states in the gas phase.
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Introduction

The nitration of protein tyrosine residues, both in protein-

bound form and free amino acid form, constitutes the

substitution of hydrogen by a nitro group at the 3-position

of the phenolic ring where the initial reaction is the oxi-

dation of the aromatic ring of tyrosine and then represents a

post-translational modification produced by nitric oxide

derived oxidants such as peroxynitrite (ONOO–) and

nitrogen dioxide radical (additional step). The principal

difference between both reaction pathways lies in the

oxidation step that generates Tyr� by a one-electron oxi-

dation process (Radi 2004; Peluffo and Radi 2007). The

increase of 3-nitrotyrosine (NOTYR; CAS: 621-44-3, MW:

226.19) to levels well above basal levels is established to

serve as a footprint of nitro-oxidative damage in vivo both

in animal models and human diseases and can be used as a

strong biomarker (Bartesaghi et al. 2007).

Nitration of protein tyrosine residues in vivo is widely

used as a bioassay indicative of ONOO- generation.

Peroxynitrite added to cells, tissues, and body fluids leads

to important biological processes such as:

1. Rapid protonation.

2. Followed by ONOOH- dependent depletion of -SH

groups and other antioxidants. Among protein targets

of attack are glutathione transferases, manganese

superoxide dismutase, structural proteins such as actin

and neurofilament L and a-synuclein, prostacyclin

synthase, ribonucleotide reductase, the copper trans-

port protein cerruloplasmin, and sarcoplasmic

reticulum Ca2?-ATPase.

3. Oxidaiton of lipids.

4. DNA strand breakage.

5. Nitration and deamination of DNA bases (especially

guanine).

6. Nitration of aromatic amino acid residues in proteins.

The most studied reaction in proteins has been

conversion of tyrosine to 3-nitrotyrosine, but trypto-

phan and phenylalanine can also be nitrated.

7. Methionine oxidation to its sulphoxide.

8. Addition of ONOO- (like that of HOCl) causes

inactivation of a1-antiproteinase.
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Levels of protein 3-nitrotyrosine in stressed tissues are

in the range of 10–100 pmol/mg, corresponding to

about 1–5 nitrated residues over 10,000 tyrosines

(100–500 lmol/mol). Mitochondrial proteins are also

important targets for reactive oxygen and nitrogen species.

A wide spectrum of other peroxidase-like hemoproteins

such as cytochrome c, present in diverse cell types, is

capable of catalyzing tyrosine nitration. Nitrotyrosine is a

relatively large and bulky amino acid, and tyrosine nitra-

tion may greatly change the chemical and biological

properties of soluble tyrosine and tyrosine-containing

proteins leading to altered protein conformation, solubility,

susceptibility to aggregation and increased protein degra-

dation (Chou 1988, 2004).

Nitric oxide radical (NO�) synthesized by tissues such as

the vascular endothelial cells reacts rapidly with superox-

ide anion giving peroxynitrite (1), peroxyl radicals to

giving alkyl peroxynitrite (2), and hydroxyl radical giving

nitrous acid (3) which are reactive nitrogen species (RNS):

O�2 þ NO� ! ONOO� ð1Þ

RO�2 þ NO� ! ROONO ð2Þ

NO� þ OH� ! HNO2 ð3Þ

Similar to attack of tyrosine residues in proteins by

RNS, HOCl also attacks tyrosine leading to chlorination.

Nitrotyrosines, have been detected in various inflammatory

processes including atherosclerotic lesions/plaques, cardiac

disease (both Apo A and to a lesser extent Apo B are

nitrated in vitro and in vivo and apolipoprotein nitration

increases in cardiovascular patients), rheumatoid arthritis,

multiple sclerosis, cystic fibrosis, Alzheimer’s disease,

chronic renal failure and septic shock. Nitrotyrosine levels

have been detected in human plasma and urine;

concentrations are higher in body fluids/tissues from

patients with chronic inflammatory diseases. Elevated

levels of NOTYR have been shown to cause DNA

damage or trigger apoptosis and can be also observed in

rejected kidney transplants. It is also used as predictor of

disease progression and severity in conditions such as acute

and chronic inflammatory processes, cardiovascular

disease, neurodegeneration and diabetic complications.

Upregulation of the inducible isoform of nitric oxide

synthase (iNOS) has been shown to accompany

inflammation in certain tissues (Bartesaghi et al. 2007;

Halliwell and Gutteridge 2001; Castro et al. 2004).

Another interesting application of NOTYR is use as a

spectroscopic probe in the study of protein–protein inter-

actions as an alternative to tryptophan and fluorescence

resonance energy transfer (FRET) studies, since it has great

potential as an energy acceptor in FRET and, indeed, direct

chemical nitration of tyrosine was used to investigate the

structural and folding properties of certain proteins such as

calmodulin and apomyoglobin (De Fillipis et al. 2006).

Nitration and deamination of DNA bases (especially

guanine at C8) by RNS (�NO2, ONOOH, N2O3, HNO2) can

produce nitration, nitrosation and deamination of DNA

bases such as 8-nitroguanine and deamination products

xanthine and hypoxanthine. 8-Nitroguanine (NTRGU)

rapidly depurinates from DNA (base abstraction, abasic

site, leading to potential mutagenesis), forming an apurinic

site in the DNA in vitro (Yermilov et al. 1995a) and

therefore has been considered as a marker for nitrative

nucleic acid damage. Additionally G:C to T:A transver-

sions were shown experimentally. Yermilov et al. (1995b)

were the first researchers to show guanine rapidly reacting

with the strong oxidant peroxynitrite anion to form

NTRGU; nitration of tyrosine did not lead to nitration of

guanine. Later 8-oxoguanine was also shown as a target for

nitration (Niles et al. 2006; Kawanishi et al. 2006). Akuta

et al. (2006) identified biologically formed NTRGU as a

potential biomarker and contributor for nitrative stress

occurring during infections and inflammation and NTRGU

was also found, along with 8-oxodeoxyguanosine, in gas-

tric gland epithelial cells in patients and mice infected with

Helicobacter pylori (Akuta et al. 2006). Nitrative stress via

guanine nitration is presently a critical area of research not

only in pathogenesis but also in molecular mechanisms of

the pathogenesis of many diseases (Sawa and Ohshima

2006).

Free as well as esterified fatty acids are important

components of lipoproteins and membranes that can be

modified by oxidative and nitrative damage and their

reactivity determined by the biological environment of

target molecules. Current data reveal that nitrated fatty

acids also serve as mediators of physiological and patho-

physiological cell signaling processes, including vascular

cell and inflammatory signaling (Trostchansky and Rubbo

2008). Sulfation of nitrotyrosine, by cytosolic sul-

fotransferases, as a possible means for the detoxification

and/or disposal of free nitrotyrosine by cells in vivo has

been reviewed by Liu et al. (2007).

Dong et al. (2007) studied the less well known inter-

actions of NOTYR with reactive oxygen species (ROSs).

Oxidation behavior of NOTYR by hydroxyl radical gen-

eration after gamma irradiation was chosen as the model

for ROSs. Density functional theory (DFT) calculation was

employed to investigate the reactivity of nitrotyrosine with

hydroxyl radical. They concluded that gamma radiation-

induced hydroxylation with hydroxyl radicals was selec-

tively at C5 (C5 of (Dong et al. 2007) corresponds to C2 in

the present study) of the benzene ring, producing

3,4-dihydroxy-5-nitrophenylalanine from NOTYR (Dong

et al. 2007).
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The reaction of NO with tyrosyl radical has been pro-

posed as a mechanism of action for interference of NO with

the catalytic activities of certain enzymes via tyrosine

iminoxyl radical (Scheme 1 of Gunther et al. 2002). The

determination of the origin of nitrotyrosine in vivo is a

difficult problem; at least six distinct biochemical pathways

to nitrotyrosine have been proposed, all of which require

nitric oxide (or its products) and ROS (Gunther et al.

2002). Recently DFT, calculations were carried out at the

B3LYP/cc-pVTZ level of theory to obtain a complete

investigation of the interactions between Tyr� and NO� by

using theoretical methods for exploring in detail the

Tyr-NO2 formation mechanism (Fig. 3 of Papavasileiou

et al. 2007). They also concluded that the reaction proceeds

via an iminoxyl radical.

Sadeghipour et al. (2005) studied the ability of 11

flavonoids (naturally occurring polyphenols) and their

related structure–activity relationships (SARs) for inhibit-

ing peroxynitrite-induced nitration of tyrosine and hence

protection of cells from potential toxic effects by using

molecular modeling with theoretical approaches. They

performed geometry optimizations by applying semi-

empirical method PM3 and obtained SAR data by apply-

ing single-point calculations at the DFT/B3LYP level

(Sadeghipour et al. 2005).

The aim of the present theoretical study is to investigate

the structural, electronic and vibrational properties of

nitrotyrosine (NOTYR) and 8-nitroguanine (NTRGU) due

to the potential biological and medical significance of

protein tyrosine nitration and DNA damage via nucleo-

bases such as guanine. There are limited studies in the

literature about the molecules considered in this work. The

results of such theoretical work will aid in the elucidation

of SARs and mechanisms of action of NOTYR, NTRGU

and similar biologically reactive intermediates, since

evaluation of new activities or interactions by nitrated

proteins and damaged DNA becomes a relevant matter in

the context of alterations of cell homeostasis by nitro-

oxidative stress. Work on the development of NTRGU as a

promising biomarker to evaluate the potential risk of

inflammation-mediated carcinogenesis still continues. The

species causing tyrosine nitration usually have very short

half-lives, and measuring them directly in the biological

system is extremely difficult; therefore, theoretical methods

are preferred to investigate these systems at the atomic and

molecular levels.

Computational methods

The geometries of nitrotyrosine (NOTYR) and 8-nitro-

guanine (NTRGU) have been optimized using different

levels of quantum chemical calculations. Preoptimizations

have been performed by applying the molecular mechanics

(MM) method (Burkert and Allinger 1982) using MM?

force field (Allinger 1977). The high computational speed

of molecular mechanics makes it easier to perform better

optimization using a higher level of computation methods.

These optimized structures were taken and the semi-

empirical self-consistent-field molecular-orbital (SCF-MO)

method (Stewart 1990) at PM3 (Stewart 1989) level within

the restricted Hartree-Fock (RHF) formalism (Roothaan

1951) have been applied to fully optimize the structures

and calculate the vibrational spectra. Geometry optimiza-

tions are carried out by using a conjugate gradient method

(Polak-Ribiere algorithm) (Fletcher 2000). The RMS

gradient of 10-5 was set to get sufficient structural opti-

mization. Harmonic frequency analysis indicated that all

stationary points were found to be true minima (there was

no imaginary frequency). At the end, the geometry taken

from PM3 was used to perform single-point calculations

with DFT (Kohn and Sham 1965) using Becke’s three-

parameter exchange functional (Becke 1993) with the

Lee–Yang–Parr correlation functional (Lee et al. 1988)

(B3LYP). Density functional theory calculations have been

realized using the 6-31G* basis set (Hehre et al. 1972). All

these calculations have been carried out with HyperChem

7.5 program package (Hypercube Inc. 2002).

Results

Optimized structures

Preoptimization by the MM method using MM? force field

is quite fast and gives a reliable optimized structure. In the

second stage of the optimization procedure the PM3

method has been applied by taking care of relatively fine

criteria. Figure 1 shows the final form of the optimized

structure (in ball and stick models) of NOTYR and

NTRGU. Figure 2 displays the atom symbols and labels in

stick models. The bond-lengths are displayed in Fig. 3.

After MM optimization, energy contributions are given in

Table 1. As seen from Table 1, the dominant positive

contribution to total energy of NOTYR comes from Vdw

interactions, whereas the dominant negative contributions

come both from dihedral and electrostatic interactions. The

resultant total energy has a negative value. On the other

hand, the dominant positive contribution to total energy of

NTRGU comes from angle bending, whereas the dominant

negative contribution comes from electrostatic interactions.

The resultant total energy has a positive energy. The

characteristics (magnitude and sign) of MM energy con-

tributions are quite different in these two molecules. After

the PM3 optimization some of the calculated energy values

are given in Table 2. According to the PM3 calculation the
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heat of formation of NOTYR is exothermic and has the

value of ca. -125 kcal/mol, whereas it is endothermic for

NTRGU and has the value of ca. 4 kcal/mol.

Vibrational analysis

The vibrational spectra of NOTYR and NTRGU, namely,

the infrared spectrum (IRS) (in harmonic approximation)

have been calculated within the PM3 level. The IRS,

including both frequencies and the corresponding intensi-

ties, are shown in Fig. 4. There are 72 and 42 normal

modes (harmonic vibrations) for the molecules studied

NOTYR and NTRGU, respectively. The first eight modes

with relatively largest intensity are given in Table 3. In the

case of NOTYR molecule, the vibrations with the first two

largest intensities are due to the twisting of the bond

C8–N11. The vibration with the third largest intensity is

due to the twisting of the bond C18–C23. The vibration

with the fourth largest intensity is due to the shrinking and

expansion of the benzene ring along C5–C7 direction and

the stretching of the bonds O6–C5 and N11–C8. The

vibration with the fifth largest intensity is due to the

twisting of the bond O4–C5. The calculated IRS qualita-

tively agrees with experimentally determined FTIR

spectrum (URL1 2008). The FTIR spectrum of NOTYR

features three main bands; the first band contains a series of

peaks between 450 and 900 cm-1, the second band con-

tains a series of peaks between 1,000 and 1,700 cm-1, and

the third band contains a series of peaks between 2,800 and

3,300 cm-1. The intensities of the peaks in the first band

Fig. 1 Ball and stick models of

the optimized structures of

NOTYR (left) and NTRGU

(right) molecules (PM3 results)

Fig. 2 Stick models of the optimized structures of NOTYR (upper) and NTRGU (lower) molecules (PM3 results)
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are relatively smaller than the other peaks taking place in

the second and third bands. On the other hand, in the case

of the NTRGU molecule, the vibrations with the first and

the third largest intensities are due to the twisting of the

bond C15–N17. The vibration with the second largest

intensity is due to the bond stretching of the bond C3–O2.

The fourth largest intensity is due to the vibration of bond

stretching of the bond C5–C7. To the knowledge of the

authors, there is no available experimental spectrum in the

literature for the NTRGU molecule. The PM3 harmonic

frequencies should be scaled by 0.976 to compare experi-

mental values (Scott and Radom 1996).

Electronic properties

Electronic properties have been obtained by performing the

DFT/B3LYP/6-31G* level calculation. Some of the

Fig. 3 Bond-lengths of the optimized structures of NOTYR (upper)

and NTRGU (lower) molecules (PM3 results)

Table 1 Energy contributions (in kcal/mol) after MM method with

MM? force field

Contribution NOTYR NTRGU

Bond 0.460884 0.69176

Angle 1.51389 17.3064

Dihedral -6.10937 4.47

Vdw 7.25102 2.69

Stretch-bend 0.0409798 -0.424015

Electrostatic -5.01583 -14.9259

Total -1.858416 9.808238

Table 2 Calculated energies (in kcal/mol) after PM3 method

Quantity NOTYR NTRGU

Total energy -69439.838 -57772.834

Binding energy -2707.346 -1915.587

Isolated atomic energy -66732.492 -55857.247

Electronic energy -399455.046 -302363.246

Core-core interaction 330015.208 244590.412

Heat of formation -124.521 3.948

Fig. 4 Calculated infrared spectra of NOTYR (upper) and NTRGU

(lower) molecules (PM3 results)

Table 3 The first eight relatively largest infrared intensities (in km/

mol) and the corresponding harmonic frequencies (in cm-1) after

PM3 method

NOTYR NTRGU

Intensity Frequency Intensity Frequency

283.671 1887.01 272.473 1923.53

131.182 1565.85 219.787 1965.20

118.442 1978.55 175.974 1579.20

113.304 1641.06 150.399 1721.49

102.710 3725.39 121.960 1480.72

69.274 1803.36 120.960 1685.81

56.574 807.83 111.052 898.13

51.013 1766.33 107.512 1624.01
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calculated energy values are given in Table 4. Molecular

orbital eigenvalue spectra of the molecules studied are

shown in Fig. 5. The 3D pictures of the highest occupied

molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO) are displayed in Fig. 6. As seen

from Fig. 6, in the case of the NOTYR molecule, HOMO is

localized mainly on the benzene ring, whereas LUMO is

localized mainly on the NO2 branch. The location of LUMO

may be interpreted as NOTYR may form radical on the NO2

branch. On the other hand, in the case of the NTRGU mol-

ecule, HOMO is mainly localized on the C5–C7 double

bond, and LUMO is mainly localized on the C15–N17 bond

and the oxygens O1 and O18. The location of LUMO in the

NTRGU molecule may be interpreted as, similar to NOTYR

molecule, NTRGU may form radical on the NOO functional

group. HOMO–LUMO energy difference, Eg, of both

NOTYR and NTRGU are close to each other, they have been

calculated to be ca. 4.1 and 4.0 eV, respectively.

The calculated dipole moment of both NOTYR and

NTRGU are close to each other, they are about 5.3 and

5.4 D (Debyes), respectively. Comparing this value to that

of water (exp. 1.85 D, same level of cal. 2.02 D), both

NOTYR and NTRGU have large dipole moments, and

seem to be polar (hydrophilic). The excess charge on atoms

is displayed in Fig. 7.

Discussion

Biologically critical molecules in the cell such as DNA and

protein are under potential oxidative/nitrative stress and cell

homeostasis can be established depending on the defense

systems status. Overall, in solutions buffered at physiologic

pH and containing CO2, the major reactive species are

expected to be CO3
-, �NO2, and ONOO-, along with minor

amounts of ONOOH and HO�. These reactive intermediates

lead to the formation of a spectrum of oxidation products,

later nitration reactions initiated with ONOO-. The result-

ing ROS and RNS are of importance when cell and tissue

level damage and toxic effects are considered. DNA base

modifications induced by RNS can occur by four types of

chemical reaction: (i) alkylation via nitrosamine formation,

(ii) deamination, (iii) oxidation, and (iv) nitration. Both

molecules studied have nitration potential together with

similar hydrogen bonding groups and therefore may pose a

risk to cells and their aqueous environment (De Fillips et al.

2006; Fletcher 2000). However, both molecules have also

been considered as biomarkers for the assessment of nitra-

tive stress in a number of disease states.

The structural, vibrational and electronic properties of

the molecules studied are given in detail in the section

‘‘Results’’. The bond length C15–C18 is the largest bond in

the molecule NOTYR and may fragment easily by breaking

of this bond. On the other hand, the bond length C15–N17 is

the largest bond in the molecule NTRGU. This information

may indicate that NTRGU is relatively more stable than

NOTYR in gas phase. Also HOMO–LUMO energy differ-

ence, Eg, of both NOTYR and NTRGU are close to each

other. That value of Eg may be considered as relatively

small and indicates that both NOTYR and NTRGU mole-

cules have low kinetic lability. The calculated excess charge

on atoms shows an interesting feature. For instance, in the

case of the NOTYR molecule, the nitrogen atom bonded to

benzene ring (N11) has a positive excess charge of ca.

?0.4e, whereas the other nitrogen atom (N20) has a nega-

tive excess charge of ca. -0.7e. This feature of excess

charge on atoms may play an important role in the inter-

action of NOTYR with its environment. The positively

charged nitrogen atom (N11) forms a negative terminal due

to the negatively charged oxygen atoms (O12, O13), which

may be attracted to its environment. Similarly the O24 is

Table 4 Some of the calculated quantities after DFT method

Quantity NOTYR NTRGU

Total energy

(kcal/mol)

-523380.916 -468519.665

Electronic kinetic energy

(kcal/mol)

519023.447 464247.897

eK, ee and eN energy

(kcal/mol)

-1217656.454 -1005371.153

Nuclear repulsion energy

(kcal/mol)

694275.538 536851.488

Lowest MO (eV) -522.370 -522.404

LUMO (eV) -6.353 -6.899

HOMO (eV) -2.253 -2.872

Highest MO (eV) 131.067 129.873

HOMO–LUMO difference,

Eg (eV)

4.10 4.03

Dipole moment,

l (Debye)

5.2871 5.3784

Virial (–V/T) 2.0084 2.0092

Fig. 5 Molecular orbital eigenvalue spectra of NOTYR (left) and

NTRGU (right) molecules (DFT results). Lowest and highest MO

values are given in Table 4
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also an attractive terminal for its environment. On the other

hand, in the case of the NTRGU molecule, all the nitrogen

atoms, except N17, have negative charge accumulation,

N17 has positive charge accumulation. The NOO functional

group of NTRGU has similar characteristics to that of the

NOTYR molecule. Figure 8 shows the 3D pictures of the

charge density and the electrostatic potential. In the case of

the NOTYR molecule, the negatively charged nitrogen

atom (N20) forms a positive terminal due to the positively

charged hydrogen atoms (H21, H22), which may be

attracted to water molecules. Similarly the H3 and H26

atoms are also positively charged, which are also attracted

to water molecules. Water molecules can be bonded to

positively charged hydrogens through hydrogen bonding

type interaction. Moreover, the NH2 terminal interacts first

when a molecule (a radical) approaches NOTYR; further-

more, this part of NOTYR may react with phosphate groups

of DNA. Similar features are also valid for the NTRGU

molecule. The present calculation results for NTRGU show

similar features to that of guanine and guanosine (Erkoç and

Erkoç 2002). Furthermore, Liu et al. (2006) investigated

reaction mechanisms of peroxynitrite oxidation of guanine

considering the same level of calculation as done in the

present study. The features of NTRGU seen in this work

also agree with those of Liu et al. (2006).

The results of the present study may be employed in

the development and further studies of the molecules as

Fig. 6 HOMO (left) and

LUMO (right) of NOTYR

(upper) and NTRGU (lower)

molecules (DFT results)

Fig. 7 Excess charge on atoms of NOTYR (upper) and NTRGU

(lower) molecules (DFT results)
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biomarkers for inflammatory situations and also inflam-

mation-mediated carcinogenesis. Efforts for using

NTRGU in urine released from DNA damage are avail-

able. However, NTRGU from tissue RNA is still to be

considered as a biomarker since it is more stable than the

DNA products.
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