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Nitration of tyrosine and tryptophan residues is common in cells under nitrative stress. However, physiological con-
sequences of protein nitration are not well characterized on a molecular level due to limited availability of the 3D struc-
tures of nitrated proteins. Molecular dynamics (MD) simulation can be an alternative tool to probe the structural 
perturbations induced by nitration. In this study we developed molecular mechanics parameters for 3-nitrotyrosine (NIY) 
and 6-nitrotryptophan (NIW) that are compatible with the AMBER-99 force field. Partial atomic charges were derived 
by using a multi-conformational restrained electrostatic potential (RESP) methodology that included the geometry 
optimized structures of both α- and β-conformers of a capped tripeptide ACE-NIY-NME or ACE-NIW-NME. Force 
constants for bonds and angles were adopted from the generalized AMBER force field. Torsional force constants for 
the proper dihedral C-C-N-O and improper dihedral C-O-N-O of the nitro group in NIY were determined by fitting 
the torsional energy profiles obtained from quantum mechanical (QM) geometry optimization with those from mole-
cular mechanical (MM) energy minimization. Force field parameters obtained for NIY were transferable to NIW so 
that they reproduced the QM torsional energy profiles of ACE-NIW-NME accurately. Moreover, the QM optimized 
structures of the tripeptides containing NIY and NIW were almost identical to the corresponding structures obtained 
from MM energy minimization, attesting the validity of the current parameter set. Molecular dynamics simulations 
of thioredoxin nitrated at the single tyrosine and tryptophan yielded well-behaved trajectories suggesting that the 
parameters are suitable for molecular dynamics simulations of a nitrated protein.

Key Words: Force field, Nitrotyrosine, Nitrotryptophan, Molecular mechanics, Molecular dynamics simula-
tion

Introduction

Nitrogen monoxide (nitric oxide) is produced in many cells 
under physiological and pathological conditions. It is oxidized 
to nitrite, which is utilized for quantitation of intracellular nitro-
gen monoxide by the Griess reaction. Nitrite can be oxidized 
further to nitrogen dioxide radical by metal ion- or heme-catalyz-
ed oxidation. In addition nitrogen monoxide reacts with super-
oxide anion radical to generate peroxynitrite. Both nitrogen 
dioxide1 and peroxynitrite2 are strong nitrating agents which 
frequently attack tyrosine and tryptophan residues in proteins 
producing 3-nitrotyrosine3 and isomers of singly nitrated tryp-
tophan.4

Recent reviews3,5 summarized the influences of protein tyro-
sine nitration on proteolytic degradation, tyrosine phosphoryla-
tion, immunogenecity, and mitochondrial physiology. Tyrosine 
nitration is also implicated in many diseases although it is not 
clear whether the former is a cause for the latter.5 Despite the 
accumulated evidence for protein nitration, its biological con-
sequences are not well understood on a molecular level prima-
rily due to scarcity of the 3D structures of nitrated proteins. So 
far crystal structures have been solved only for a few proteins 
with a nitrated tyrosine6-9 and none with a nitrated tryptophan. 
To overcome the limited structural information on nitrated pro-
teins, we employed a computational approach to probe the struc-
tural perturbations induced by protein nitration.

Molecular dynamics (MD) simulation is a method of choice 
to monitor a protein structure in motion. An MD software equi-
pped with an appropriate force field (the popular AMBER-99, 

for example) calculates the trajectory of each atom in a protein 
as a function of time. Usually an MD software package provides 
force field parameters only for standard residues. To run an 
MD simulation of a protein containing a modified residue like 
3-nitrotyrosine (NIY) or 6-nitrotryptophan (NIW), one must 
estimate the missing force field parameters: partial atomic char-
ges calculated by a protocol used in the original development 
of a given force field (RESP charges for the AMBER-99 force 
field, for example), force constants of the missing internal coor-
dinates, and van der Waals parameters of newly defined atom 
types. These new parameters must be validated by comparing 
the structure obtained from quantum mechanical (QM) geo-
metry optimization with that from molecular mechanical (MM) 
energy minimization.

In an effort to develop a force field appropriate for amino acid 
residues modified by reactive oxygen and nitrogen species, we 
previously reported molecular mechanics parameters for S- 
nitrosocysteine that are compatible with AMBER-99.10 Adopt-
ing a similar approach we here extended the work to NIY and 
NIW. With the new parameter set, MM calculations accurately 
reproduced the QM optimized structures of the tripeptides ACE- 
NIY-NME and ACE-NIW-NME. The parameters were also 
proven suitable for MD simulations of a nitrated protein fulfill-
ing our primary goal of expanding the repertoire of modified 
residues in AMBER-99.

Methods

Softwares. Chimera11 was used to set up the initial structures 
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Figure 1. Capped tripeptides containing (a) 3-nitrotyrosine and (b) 6-
nitrotryptophan. Atom names are given according to the conventions
of ffamber99, the AMBER-99 force field in GROMACS format. Also
shown are the positions of HH in anti- and syn-conformations of the 
hydroxyl group.

Table 1. Newly introduced force constants for the nitro groupa

Bondsb Kr
d req

e

CA-NO 322.6 1.468 (1.45)
NO-O2 761.2 1.219 (1.19)

Anglesb Kθ
d θeq

e

CA-CA-NO 66.9 119.54 (119.45)
CA-NO-O2 68.7 118.10 (117.76)
O2-NO-O2 76.4 127.55 (124.47)

Improper torsionsc Vn/2f γ g nh

CA-O2-NO-O2 7.28 180.0 2

Torsionsc no. of pathsi Vn/2 γ n

CA-CA-NO-O2 4 3.68 180.0 2
aAMBER-99 force field is based on the following energy function. 
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bValues adopted from the generalized AMBER force field. cNewly parametrized in 
this work. dForce constant for bonds in kcal/mol·Å2 or for angles in kcal/mol·rad2. 
eEquilibrium distance in Å or equilibrium angle in degrees. Numbers in parentheses
are the average values obtained from QM optimized structures. fTorsional potential
in kcal/mol. gPhase offset in degrees. hPeriodicity of the torsion. iNumber of bond 
paths that the total Vn/2 must be divided by. The middle two atoms CA and NO are 
bonded to two CA’s and two O2’s, respectively, so that the number of bond paths 
is equal to 2 × 2.

of ACE-NIY-NME, ACE-NIW-NME, and nitrated proteins. 
It was also employed in comparison and RMSD calculation of 
two structures. Gaussian 03 Rev. E.0112 was used in all quantum 
mechanics (QM) calculations. We carried out geometry opti-
mization at the level of HF/6-31G* and single-point energy 
calculations of the optimized structures at the level of B3LYP/ 
cc-pVTZ. A molecular dynamics (MD) software GROMACS 
4.0.513 was employed in all molecular mechanics (MM) cal-
culations. The AMBER force field parameters were translated 
into the GROMACS format as instructed by Sorin and Pande.14 
Topologies and coordinates obtained from the ANTECHAMB-
ER module of AMBER 9.0 MD software package15 were con-
verted to those in GROMACS formats by using a perl script 
amb2gmx.pl.16 Atomic charges were calculated by using the 
RESP module of AMBER with the help of R.E.D.-III tools.17

Calculation of partial atomic charges. To be compatible with 
the AMBER-99 force field,18 partial atomic charges were deriv-
ed according to a multi-conformational restrained electrostatic 
potential (RESP) approach.19 Both α- and β-conformers of a tri-
peptide ACE-NIY-NME or ACE-NIW-NME were included in 
the charge calculation. Unlike the unmodified residues, how-
ever, the number of nitrated proteins with a known 3-D structure 
is too small to deduce a preferred conformation. Therefore, for 
the initial structures of tripeptides containing NIY and NIW, 
we therefore adopted the conformations of unmodified residues 
that were used in the original AMBER force field develop-
ment.19 The peptide dihedrals ϕ/ψ were ‒60/‒40 degrees for the 

α-conformer of NIY (α-NIY) and ‒143/160 for the β-conformer 
(β-NIY). For NIW the corresponding values were ‒60/‒40 for 
the α-conformer (α-NIW) and ‒144/161 for the β-conformer (β- 
NIW). The nitro group was placed in plane with the aromatic 
ring. To comply with the general practice in the RESP pro-
cedure, the dihedral CE1-CZ-OH-HH of the hydroxyl group 
in NIY was set to zero (i.e. anti-conformation) to avoid hydro-
gen bonding with the nitro group (see Fig. 1). Initial conforma-
tions of ACE-NIY-NME and ACE-NIW-NME are summariz-
ed in Table S1.

Starting structures of the α- and β-conformers of ACE-NIY- 
NME or ACE-NIW-NME were subjected to geometry optimiza-
tion at the level of HF/6-31G* with ϕ and ψ fixed at the initial 
values. The other internal coordinates were allowed to vary 
during optimization. Conformations resulting from geometry 
optimization are also given in Table S1. RESP charges were 
calculated by using the program RESP implemented in the 
AMBER 9.0 package. In order to obtain the RESP charges of 
the central fragment, total charges of ACE and NME were 
restrained to zero and charges of the peptide bond atoms C, O, 
N, and H were set, respectively, to 0.5973, ‒0.5679, ‒0.4157, 
and 0.2719 as in the AMBER-99 force field.17

Determination of missing force field parameters. As none of 
the residues listed in AMBER-99 have a nitro group, we need 
to assign atom types to its nitrogen and oxygen. Based on che-
mical analogy we assigned a pre-existing atom type O2 (car-
boxyl) to the oxygen and a new type NO to the nitrogen. To 
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keep the number of new parameters minimal, we assigned the 
original atom types to CE2 and CH2 which now form a new 
bond with the nitro group. The atom type of CZ bonded to the 
hydroxyl group was changed from C in the unmodified tyrosine 
to CA in NIY. The van der Waals parameters for the new atom 
type NO were obtained from the generalized AMBER force 
field (GAFF)20,21 implemented in the ANTECHAMBER mo-
dule of AMBER 9.0 package.

For the nitro group attached to tyrosine or tryptophan we 
introduced seven new force constants: two for bonds (CA-NO 
and NO-O2), three for angles (CA-CA-NO, CA-NO-O2, and 
O2-NO-O2), and two for torsions (a proper dihedral CA-CA- 
NO-O2 and an improper dihedral CA-NO-O2-O2). Force con-
stants for the bonds and angles were readily obtained from GAFF 
(see Table 1). As the first step for the derivation of torsional 
force constants, conformers of β-NIY were generated by vary-
ing the proper dihedral angle CZ-CE2-NE2-ON1 (τCCNO) from 
0 to 180 degrees and the improper dihedral angle CE2-ON1- 
NE2-ON2 (τCONO) from 180 to 130 degrees. These structures 
were optimized at the level of HF/6-31G* with ϕ, ψ, and τ fixed 
at the initial values. Torsional energy profiles were obtained 
by performing single point energy calculations at the level of 
B3LYP/cc-pVTZ on the optimized structures. Torsional force 
constants were determined by fitting the QM torsional energy 
profiles with the corresponding energies obtained from MM 
calculations. For the latter we minimized the energy of a con-
former by a conjugate gradient method using GROMACS. We 
changed the torsional force constant until the MM energies re-
produced the QM energies. The force constant for τCONO was 
determined first because its MM torsional energy profile was 
not sensitive to the force constant for τCCNO.

Validation of the force field parameters. To validate the new 
force field parameters, we compared the QM geometry optimiz-
ed structures of tripeptides containing NIY and NIW with the 
corresponding structures obtained from MM energy minimi-
zations in vacuo. Same starting structures were used for both 
QM and MM calculations. The ϕ and ψ angles were frozen at 
the initial values whereas all other internal coordinates were 
allowed to vary to reach an energy minimum. Chimera was used 
to compare a QM geometry optimized structure with the corre-
sponding MM energy minimized structure and to calculate 
their RMSD value.

Molecular dynamics simulations of nitrated proteins. We 
nitrated the single tyrosine or the single tryptophan residue in 
thioredoxin (1eru.pdb)22 by using a structure building tool of 
Chimera. Molecular dynamics (MD) simulations were perform-
ed by using GROMACS with the AMBER-99 force field para-
meters. An initial structure was immersed in a periodic TIP3P 
water box of cubic shape whose edge was placed at 10 Å from 
the protein. The system was electrically neutralized by adding 
five Na+ ions. Particle mesh Ewald method23 was used in the 
calculation of electrostatic energy. Cutoff distances for the Cou-
lomb and van der Waals interactions were 9 and 14 Å, respec-
tively. After a short energy minimization step using a conjugate 
gradient method, the system was subjected to equilibration at 
300 K and 1 bar for 150 ps under the conditions of position re-
straints for heavy atoms and LINCS constraints24 for all bonds. 
The system was weakly coupled to the external bath by the 

Berendsen pressure and temperature coupling.25 Finally the 
position restraints were removed in the production MD calcula-
tions keeping all the other conditions unaltered. The results 
were analyzed using the standard softwares included in the 
GROMACS package.

Results and Discussion

Protein tyrosine nitration is common in cells that produce 
nitrogen monoxide. It often results in loss of protein function 
presumably due to the structural alteration induced by nitration 
of tyrosine and tryptophan. Crystal structures are available only 
for a few proteins with nitrated tyrosine residues,6-9 however, 
so that molecular dynamics (MD) simulation is a good choice 
for an alternative structural probe. Quality of an MD simulation 
depends heavily on the force field parameters used. Therefore 
it is prerequisite for a successful simulation of a nitrated protein 
to have a good set of parameters including partial atomic charg-
es, van der Waals parameters, and the force constants associat-
ed with the nitro group. We developed a force field that is 
compatible with AMBER-99 because it is a popular force field 
that can be used in conjunction with the generalized AMBER 
force field (GAFF),20,21 a versatile force field for small mole-
cules.

Geometry optimized structures. Initial structures of ACE- 
NIY-NME and ACE-NIW-NME were optimized at the level 
of HF/6-31G* and their energies were calculated at the level of 
B3LYP/cc-pVTZ. After geometry optimization with fixed ϕ 
and ψ, α-conformer of ACE-NIY-NME (α-NIY) changed its 
conformation significantly whereas β-NIY had similar χ’s as 
the initial structure (see Table S1). The nitro group in α-NIY 
and β-NIY rotated about the C-NO2 bond by 27.4 and -28.2 
degrees, respectively. In contrast, both α-NIW and β-NIW 
retained their initial structures including the nitro group that 
remained in plane with the aromatic ring. Energy of the syn- 
conformer (see Fig. 1) was lower than that of the anti-conformer 
by 10.1 and 10.3 kcal/mol for α-NIY and β-NIY, respectively. 
This corresponds approximately to the hydrogen bond energy 
of NIY. For comparison we obtained a value of 10.7 kcal/mol 
for 2-nitrophenol that agrees reasonably well with the reported 
value of 12.0 kcal/mol.26

Partial atomic charges of 3-nitrotyrosine and 6-nitrotrypto-
phan. In keeping with a minimalist strategy, the atom type of 
O in the nitro group was assigned by analogy to O2, which is 
already included in AMBER-99. A new atom type NO was 
assigned to the N atom and its van der Waals parameters were 
obtained from GAFF. In fact the van der Waals parameters of 
NO were the same as those of the other nitrogen atom types in 
AMBER-99.

To comply with the original protocol for the AMBER-99 
force field, a restrained electrostatic potential (RESP) appro-
ach18,19 was used in the calculation of partial atomic charges. 
Since hydrogen bonding should be avoided in an RESP charge 
derivation, the hydroxyl group of NIY was placed at the oppo-
site side of the nitro group (anti-conformation; see Fig. 1). Both 
α- and β-conformers after geometry optimization were included 
in the calculation. As summarized in Table S2, the partial atomic 
charge of N in the nitro group had a large positive value (+0.79 
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Table 2. Comparison of the structures obtained from quantum mechanical geometry optimizations and molecular mechanical energy minimiza-
tions

α-NIYa β-NIYa α-NIWa β-NIWa

QM MM QM MM QM MM QM MM

τCCOH
b 0.7 3.9 0.5 ‒3.6 - - - -

τCCNO
c 27.4 28.3 ‒28.2 ‒26.4 0.1 ‒0.1 ‒0.2 ‒0.1

τCONO
d ‒178.7 ‒178.2 178.9 178.8 179.9 179.9 ‒179.9 ‒179.8

aα- and β-XXX mean a tripeptide ACE-XXX-NME in α- and β-conformation, respectively. bProper dihedral CE1-CZ-OH-HH. cProper dihedral CZ-CE2- NE2-ON1 for NIY 
or CZ2-CH2-NH2-ON1 for NIW. dImproper dihedral CE2-ON1-NE2-ON2 for NIY or CH2-ON1-NE2-ON2 for NIW.
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Figure 2. Quantum mechanical (closed circles) and molecular mechani-
cal (open circles) energy profiles of 3-nitrotyrosine in β-conformation
as a function of the improper dihedral angle τCONO. The QM energies 
were calculated at the level of B3LYP/6-31G*//HF/6-31G* and the 
MM energies were calculated with the force constants (Vn/2) 7.28 and
3.68 kcal/mol for τCONO and τCCNO, respectively.

for NIY and +0.75 for NIW) whereas O had a large negative 
value (‒0.46 for both NIY and NIW). Compared with the un-
modified residues a large change was observed at the carbon 
atoms bonded to the nitro group, i.e. CE2 of NIY and CH2 of 
NIW, that lost electron density upon nitration. The next closest 
atoms became more negative in NIY (CD2 and CZ) but more 
positive in NIW (CZ2 and CZ3). To assess the polarity around 
the nitrated residues we calculated the dipole moments of phe-
nol, indole, and their nitro derivatives. Dipole moment of 5.07 
and 2.05 D were obtained for phenol and indole, respectively. 
Upon nitration the dipole moment increased to 6.39 D for nitro-
phenol in anti-conformation but decreased to 3.98 D for nitro-
phenol in syn-conformation. The results are consistent with the 
reported values.26-27 Since the hydrogen-bonded conformation 
of NIY is prevalent in proteins, the local polarity is likely to 
decrease when a tyrosine residue is nitrated. Dipole moment 
of nitroindole was 6.62 D, more than three times as large as 
that of unmodified indole. Nitration of a tryptophan residue 
would increase local polarity.

Determination of the force constants associated with the nitro 
group. We need to add two new force constants for bonds (CA- 
NO and NO-O2) and three for angles (CA-CA-NO, CA-NO- 
O2, and O2-NO-O2) associated with the nitro group in NIY 
and NIW. The atom type of CZ was changed from C in tyrosine 
to CA in NIY to reduce the number of force constants. In favor 
of our assignment, CZ is also defined as CA in GAFF. These 
force constants for bonds and angles can be readily obtained 
from GAFF20,21 by running the ANTECHAMBER module of 
AMBER and the results are summarized in Table 1. Equilibrium 
bond lengths and angles agreed well with those from QM op-
timized structures. We therefore used the GAFF parameters 
for bonds and angles without modifications.

We next turned to torsional force constants. Since torsional 
degrees of freedom are an important determinant of the protein 
conformation, we need to estimate their force constants very 
accurately. X-ray structures of proteins containing NIY residues 
show a rotation about the C-NO2 bond6,7,9 as well as an out- 
of-plane deformation6 of the nitro group. Therefore we decided 
to obtain refined force constants for both the proper dihedral 
CA-CA-NO-O2 (τCCNO) and improper dihedral CA- O2- NO-O2 
(τCONO). Preliminary MM calculations showed that the τCONO 
torsional energy is insensitive to the τCCNO force constant so 
that the τCONO force constant was determined first.

As an experimental profile for the τCONO torsion was not 
available, we calculated it using an ab initio method. A series 
of structures of β-NIY were generated by varying τCONO at an 

interval of 5 degrees. Their energies were calculated at the level 
of B3LYP/cc-pVTZ//HF/6-31G*. The peptide dihedrals (ϕ and 
ψ and τCONO were fixed during optimization whereas all other 
coordinates were allowed to vary. The calculated profile of the 
τCONO torsion was presented in Fig. 2 (closed circles). The τCONO 
torsional energy at 150 degrees was 9.30 kcal/mol, which is 
comparable to a reported value of 11.4 kcal/mol for nitroben-
zene.28 The QM torsional energy profile was then fitted with 
the energies obtained by MM energy minimizations performed 
on the same structures that were used in the QM optimizations. 
With a value of 7.28 kcal/mol for the τCONO force constant (Vn/2 
according to the AMBER convention), we observed a good 
agreement between the QM (closed circles) and MM energies 
(open circles). As mentioned above, the improper torsional ener-
gy was insensitive to the τCCNO force constant. We therefore 
fixed the τCONO force constant at 7.28 kcal/mol in the next step.

To obtain the τCCNO force constant we need to know torsional 
energies as a function of τCCNO. Again we constructed structures 
β-NIY by increasing τCCNO at an interval of 10 degrees. Their 
torsional energies were calculated at the level of B3LYP/cc- 
pVTZ//HF/6-31G* and a barrier height of 2.48 kcal/mol was 
obtained for β-NIY in anti-conformation. As shown in Fig. 3, 
the QM torsional energies (closed circles) were fitted almost 
perfectly with the MM energies (open circles) when a value of 
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Figure 3. Quantum mechanical (closed) and molecular mechanical 
(open) torsional energy profiles of the proper dihedral angle τCCNO for
3-nitrotyrosine (circles) and 6-nitrotryptophan (squares) in β-conforma-
tions. Torsional force constants for 3-nitrotyrosine were used for 6- 
nitrotryptophan without modification. Note the molecular mechanics
parameters produce a good fit for both 3-nitrotyrosine and 6-nitro-
tryptophan.
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Figure 4. Torsional energy profiles of the proper dihedral τCCNO for 3- 
nitrotyrosine with an out-of-plane deformation in the nitro group (τ
CONO = 160 degrees). Quantum mechanical (closed) and molecular 
mechanical (open) calculations were performed on anti- (circles) and
syn-conformers (squares) of 3-nitrotyrosine in β-conformation. Also
shown are the QM (closed triangles) and MM (open triangles) torsional
energy profiles of undistorted (τCONO = 0) 3-nitrotyrosine.

3.68 kcal/mol was used for the τCCNO force constant Vn/2. We 
also calculated the τCCNO torsional energies of β-NIW (closed 
squares). The torsional barrier of τCCNO in NIW (7.41 kcal/mol) 
was almost three times as large as that in NIY. Without chang-
ing the force constants obtained for β-NIY including τCONO and 
τCCNO, the QM torsional energy profile of β-NIW was almost 
perfectly reproduced by the MM calculations (open squares). 
A good quality fitting was also obtained for α-NIY and α-NIW 
(not shown). We can conclude that the values 3.68 and 7.28 
kcal/mol for the improper (τCONO) and proper (τCCNO) torsions, 
respectively, are transferable to other aromatic nitro compounds.

A value of 4.54 ± 0.72 kcal/mol was obtained for the τCCNO 
torsional barrier of nitrobenzene from gas-phase electron di-

ffraction.29 Our QM barrier (2.48 kcal/mol) for NIY in anti- 
conformation, where hydrogen bonding is excluded, was much 
smaller than the above experimental value. In order to account 
for the difference we calculated the τCCNO energy barriers for 
nitrobenzene and anti-nitrophenol at the level of B3LYP/cc- 
pVTZ//HF/6-31G*. We observed that hydroxylation of nitro-
benzene resulted in a large decrease in the τCCNO torsional barrier 
(from 5.85 kcal/mol for nitrobenzene to 1.64 kcal/mol for anti- 
nitrophenol). The value 5.85 kcal/mol for nitrobenzene was in 
reasonable agreement with the experimental value of 4.54 ± 
0.72 kcal/mol29 and a better agreement was obtained if cal-
culated at a higher level.28 To further test the quality of our 
parameters and see the effect of out-of-plane deformation on 
the τCCNO torsion, we calculated the τCCNO torsional energies 
with τCONO fixed at 160 degrees, a large distortion considering 
the τCONO force constant. Since the two-fold symmetry is lifted, 
we need to calculate the torsional profile of τCCNO ranging from 
0 to 360 degrees. QM torsional profile of β-NIY in anti-confor-
mation (closed circles) had the shifted maxima at 100 and 280 
degrees as shown in Fig. 4. Although deviations were evident 
in the range between 180 and 360 degrees, the MM energies 
(open circles) agreed reasonably well with the QM energies. 
The hydrogen-bonded syn-conformer showed a larger discre-
pancy between the QM (closed squares) and MM calculations 
(open squares) than the anti-conformer. This is not surprising 
considering that the atomic charges were derived for the anti- 
conformation. The τCCNO energy barrier of undistorted (τCONO = 
0) β-NIY in syn-conformation was 12.72 and 8.84 kcal/mol by 
QM (closed triangles) and MM calculations (open triangles), 
respectively. The MM value (8.84 kcal/mol) was closer than 
the QM value to the experimental value of 7.41 ± 1.20 kcal/mol 
obtained for 2-nitrophenol.29 Nevertheless the overall charac-
teristics of the QM torsional profiles were reproduced reason-
ably well by the MM calculations even for the structures with 
a large out-of-plane deformation.

Validation of the force field parameters. To test the validity 
of our parameters, we compared the structures obtained from 
QM geometry optimization and MM energy minimization. 
Initial structures were the same for QM and MM calculations. 
The conformations were adopted from the corresponding un-
modified residues employed in the AMBER-99 force field de-
velopment (see Table S1). The nitro group was in plane with 
the aromatic ring and the hydroxyl group in NIY had an anti- 
conformation to avoid hydrogen bonding. Only the peptide di-
hedrals ϕ and ψ were kept constant and all other coordinates 
were allowed to vary freely until during QM and MM cal-
culations. As shown in Fig. 5, QM geometry optimization and 
MM energy minimization on the NIY-containing tripeptides 
produced almost identical structures attesting the good quality 
of our parameters. The RMSD’s calculated for the coordinates 
of the heavy atoms in the QM and MM optimized structures 
were 0.092 and 0.096 Å for α-NIY and β-NIY, respectively. A 
good agreement was also observed for β-NIW (RMSD 0.111 
Å). In α-NIW, however, the discrepancy was significant (RMSD 
0.292 Å). If one considers only the nitrophenol and nitroindole 
moieties, however, the agreement between the QM and MM 
optimized structures was almost perfect for all four structures 
as summarized in Table 2. Tilting of the hydroxyl group was 
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Figure 5. Comparison of the structures obtained from quantum mechani-
cal geometry optimizations (dark) and molecular mechanical energy 
minimizations (light) of capped tripeptides of 3-nitrotyrosine in (a) α-
and (b) β-conformations and 6-nitrotryptophan in (c) α- and (d) β- 
conformations. Only heavy atoms are shown and included in the RMSD
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Figure 6. Trajectories of (a) Cα RMSD and (b) proper dihedral τCCNO
obtained from a 1 ns molecular dynamics simulation of thioredoxin 
nitrated at Tyr49 (closed) and Trp31 (open).

negligible in both QM and MM optimized structures. Rotation 
of the nitro group was remarkable, however. The nitro group 
was in plane with the aromatic ring (τCCNO = 0) in the initial 
structures. After a QM optimization it rotated about the C-NO2 
bond by 27.4 and -28.2 degrees for α-NIY and β-NIY, respec-
tively. The corresponding values from MM calculations, 28.3 
and ‒26.4 degrees, demonstrate that the rotation of the nitro 
group was accurately reproduced by MM calculations in both 
size and direction. In NIW the nitro group stayed in plane with 
the indole ring during both QM and MM optimizations. The 

improper dihedral of the nitro group τCONO also showed a good 
agreement between QM and MM calculations. Overall the para-
meters developed in this study were good enough to repro-
duce the QM optimized structures of ACE-NIY-NME and ACE- 
NIW-NME.

Molecular dynamics simulations of nitrated proteins. So far 
crystal structures have been solved only for a few proteins 
with a nitrotyrosine, i.e., Cu,Zn-superoxide dismutase (CuZn-
SOD),6 MnSOD,7 glutathione reductase,8 and laccase.9 Struc-
tures of nitrotryptophan-containing proteins are not available 
yet. We were not able to carry out MD simulations on these 
proteins, however, since some parameters are not provided in 
the AMBER-99 force field (for example, deprotonated histidine 
anion in CuZnSOD, Mn in MnSOD, FAD in glutathione re-
ductase, and glycosylation in laccase). Therefore we chose 
thioredoxin (Trx) as a model protein on which we previously 
reported MD simulations.10,30 Trx is a small molecule with a 
single tyrosine and tryptophan residue on the surface that are 
exposed to incoming nitrating agents. In fact Trx is known to 
be nitrated at tyrosine.31,32 Nitration of its tryptophan has not 
been reported.

Initial structures of Trx (1eru.pdb) nitrated at Tyr49 and Trp31 
were constructed by introducing a nitro group at CE2 and CH2, 
respectively, with the help of a structure building tool of Chi-
mera. The nitro group was always in plane with the aromatic 
ring in the starting structures. Each protein was immersed in 
water and subjected sequentially to a short energy minimiza-
tion, a position-restrained equilibration, and a 1 ns production 
MD simulation. Fig. 6a shows the RMSD’s of Cα of Trx with 
a nitrotyrosine (closed circles) and a nitrotryptophan (open 
circles). We obtained a well-behaved trajectory that reached 
equilibrium at an early time and stayed stable thereafter. This 
suggests that our new parameters are suitable for an MD simula-
tion of a nitrated protein.

We next examined the rotational motion of the nitro group. 
As shown in Fig. 6b (closed circles), the in-plane nitro group 
of NIY in anti-conformation flipped back and forth, and τCCNO 
spanned angles in between. A low torsional energy barrier 
(2.61 kcal/mol) could be responsible for the relatively easy 
rotation. Flipping was nearly impossible for NIY in syn-con-
formation so that the nitro group stayed in the same orientation 
most of the time (not shown). This could be due to hydrogen 
bonding in syn-conformation that resulted in a high rotation 
barrier (8.84 kcal/mol). However, though infrequent, the C-NO2 
bond could rotate as much as 70 degrees. Crystal structures of 
proteins with NIY agree with our prediction. Distribution of 
the τCCNO angle showed a large dispersion and the maximum 
value of 69.8 degrees was found in nitrated CuZnSOD.6 The 
τCCNO angle of NIW in Trx (open circles) had a value of ‒1.3 ± 
17.5 degrees (Fig. 6b, open circles), demonstrating that the nitro 
group could not flip over but rotate about the C-NO2 bond to 
some extent. This can also be explained in part by the high 
torsional barrier of the τCCNO in NIW (7.41 kcal/mol).

Out-of-plane deformation of the nitro group was small in 
the MD simulations due to its large force constant. The τCONO 
angle had a value of 180.1 ± 5.6 degrees for NIY and 180.7 ± 
5.7 degrees for NIW. Among ten tyrosine residues in four nitrat-
ed proteins with a known crystal structure,6-9 eight did not 
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suffer a significant deformation (τCONO = 2.4 ± 3.2 degrees). 
Only two NIY’s out of four in CuZnSOD6 had unusually large 
values (26.2 and 30.5 degrees) of τCONO. We could not repro-
duce such large deformations by MD simulations although in-
frequent deviations as large as 20 degrees were observed.

Conclusions

We developed AMBER-99 compatible force field parameters 
for 3-nitrotyrosine and 6-nitrotryptophan. Molecular mechanics 
calculations accurately reproduced the quantum mechanically 
optimized structures of capped tripeptides with a nitrated re-
sidue, attesting the validity of these parameters. Suitability of 
the parameters for molecular dynamics simulations of nitrated 
proteins in general was demonstrated by a well-behaved trajec-
tory observed in the simulations of model thioredoxin with a 
3-nitrotyrosine and 6-nitrotryptophan. Equipped with the app-
ropriate force field parameters, molecular dynamics simula-
tions can be an alternative tool for probing the structural per-
turbations induced by nitration.
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