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ABSTRACT. 5-Guanidino-4-nitroimidazole (NI), derived from guanine oxidation by reactive oxygen and
nitrogen species, contains an unusual flexible ring-opened structure, with nitro and guanidino groups
which possess multiple hydrogen bonding capabilities. In vitro primer extension experiments with bacterial
and mammalian polymerases show that NI incorporates C as well as A and G opposite the lesion, depending
on the polymerase. To elucidate structural and thermodynamic properties of the mutagenic NI lesion, we
have investigated the structure of the modified base itself and the NI-containing nucleoside with high-
level quantum mechanical calculations and have employed molecular modeling and molecular dynamics
simulations in solution for the lesion in B-DNA duplexes, with four partner bases opposite the NI. Our
results show that NI adopts a planar structure at the damaged base level. However, in the nucleoside and
in DNA duplexes, steric hindrance between the guanidino group and its linked sugar causes NI to be
nonplanar. The NI lesion can adopt batynandanti conformations on the DNA duplex level, with the
guanidino group positioned in the DNA major and minor grooves, respectively; the specific preference
depends on the partner base. On the basis of hydrogen bonding and stacking interactions, groove dimensions,
and bending, we find that the least distorted NI-modified duplex contains partner C, consistent with observed
incorporation of C opposite NI. However, hydrogen bonding interactions between NI and partner G or A
are also found, which would be compatible with the observed mismatches.

Reactive oxygen and nitrogen species are products of 5-Guanidino-4-nitroimidazole (NI) is derived from guanine
normal cellular metabolism. In some cases, they are producedoxidation by peroxynitrite anion (ONOQ (30) or reaction
specifically to serve essential biological functions, in regulat- of the nitrogen dioxide radicatNO,) with guanine radicals
ing circulation, energy metabolism, and apoptosis, and theyin DNA (7, 33). These endogenous active oxidative agents
constitute a major defense against pathog&r®) (However, are produced by reactive oxygen and nitrogen species in
these highly reactive species also have the capability of mitochondria and macrophage/inflammatory cellg)( The
damaging DNA. Base lesions are prominent among the chemical change involves nitration, hydrolytic opening of
resulting forms of DNA damage(-9). If the damaged DNA  the six-membered ring of guanine, and decarboxylatdih (
is not removed by repair enzymes, processing by polymerasesThe product contains a guanidino group and a nitroimidazole
may cause mutations, which can in turn initiate can&er( ring. This DNA lesion lacks a WatserCrick hydrogen
14). In addition, aging 15—19) and a variety of diseases bonding edge and is characterized by opportunities for tor-
such as Alzheimer’s and cardiovascular diseases have beesional flexibility (Figure 1A). Of particular importance are the
linked to DNA damage caused by oxidative mechanis20s ( torsion angle® (N2—C2—N3—C4) andf (C2—N3—C4—N09)

21). involving the guanidino group. The rotation 6fgoverns

Guanine has the lowest redox potential of the four DNA the coplanarity between the guanidino group and the imi-
nucleobases and hence is a primary target of oxidative dazole ring. The planarity of the guanidino group itself is
modification @, 22). 8-Oxo-7,8-dihydroguanine (8-oxo&)  governed primarily by rotation od; rotation between C2
(29) is considered to be the most important of more than and N2 is also feasible. All bond lengths, bond angles, and
100 oxidized DNA lesions 12, 24, 25). Other oxidation dihedral angles are unrestrained in the QM and MD com-
products of guanine include 5-guanidino-4-nitroimidazole
.(N.I)’ cyanuric acid (Ca), oxalur.lc .ac.ld (Qa), oxaz.olone (©2), 1 Abbreviations: 8-0x0G, 8-oxo-7,8-dihydroguanine; Ca, cyanuric
imidazolone (Iz), urea (Ua), spiroiminodihydantoin (Sp), and  acid: 0a, oxaluric acid; Oz, oxazolone; Iz, imidazolone; NI, 5-guani-
guanidinohydantoin (Gh)26—32). dino-4-nitroimidazole; Ua, urea; Sp, spiroiminodihydantoin; Gh, guani-
dinohydantoin; G, guanine; A, adenine; C, cytosine; T, thymine;
ONOQO, peroxynitrite anion;NO,, nitrogen dioxide radical; BER, base
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computational investigations at the levels of the damaged
base and nucleoside and in duplex DNA to elucidate the NI
structural preferences. At the base level, quantum mechanical
studies provided a geometry-optimized lowest-energy planar
structure of NI. At the nucleoside level, geometry optimiza-
tion reveals the NI base is no longer planar due to steric
hindrance to the sugar, consistent with a previous semiem-
pirical MO calculation 88). At the DNA duplex level, we
investigated the NI lesion paired with all four partner bases
in a B-form 11-mer. Molecular dynamics (MD) simulations
in aqueous solution were carried out to obtain ensembles of
structures, and trajectories were employed to analyze the
structures and to compute free energies. The structural and
thermodynamic analyses suggest that the nonplanar NI lesion
can adopt botlsynandanti conformations with the specific
(B) prefergnce d_e_pendin_g on the partner base, and the guanidino
group is positioned in the DNA major and minor grooves.
Sequence: The unique hydrogen bond properties and the opportunity
for flexibility play an important role in the distinct structural
5. Cl C2 A3 T4 C5 G*6 C7 T8 A9 CI0 Cll -3 features of this unusual lesion.
3- G22 G21 T20 Al19 GI8 X17 Gl6 AlS Ti4 G13 GI12 -5

(A)

HO

METHODS

G*=NIor G (unmodified control) Quantum Mechanical Geometry Optimization of NI on the
X=A,C,G,orT Base Leel

Ficure 1: (A) Structure of 5-guanidino-4-nitroimidazole deoxyri- NI was built by SPARTAN from Wavefunction, Inc., and
bonucleoside. Atom numbers and torsion angles are defined as, afimni g ;
follows. Glycosidic torsion anglg is O4—C1'—N9—-C4 (68); 6 ﬂg‘{gﬂaw gl:]eorpetrfy optlfm léatlﬁrgﬂvgésgaerfg rf“egp"xg‘ the
is N2-C2-N3—C4, andf is C2-N3—C4—N9. The guanidino < molecular force field ( H)J9) in SPAR-
group is colored red. (B) Sequences for the molecular dynamics TAN. Sixteen starting structures were built by surveying the
simulations. torsion angle® (N2—C2—N3—C4) andf (C2—N3—C4—N9)

. . . . (Figure 1A) at 90 intervals, in combination. However, two
putations. The opportunities for conformational flexibility ¢ them @ = 180 andd = 0° and 180) had collisions
can permit various conformations of the lesion. The lesion \otveen the nitro group and amino/imino group and were
is notable for its multiple and unique hydrogen bond donor g|iminated from further consideration (Table 1). We applied
and acceptor groups. These properties have the potential tqne quantum mechanical density functional theory (DFT)
produce novel structural features in the lesion-containing athod (B3LYP/6-31G*)40, 41) in Gaussian 0342) from
DNA, which are of interest in relation to its biological  G4sgjan, Inc., to perform high-level geometry optimizations.
function. The geometry-optimized structure with the lowest energy was

It has been demonstrated that the NI lesion blocks gmpioved for both geometry optimization on the nucleoside
polymerases and causes mutations, both in vitro and in Vivo e and molecular dynamics simulation on the DNA duplex
(29, 34). In vitro primer extension studies show that NI level.

presents a significant replication block in the case of calf
thymus poloc andEscherichia colipol I (Klenow fragment,  Quantum Mechanical Geometry Optimization of the NI
exo’), but not in the case of human p#l(34). The normal  Nycleoside
partner C is primarily incorporated opposite the NI lesion
in the case of pgb and pol |, while A and G are also inserted The planar geometry-optimized NI base was connected
in the case of pol I. In the case of pm] A and G are chiefly to the standard B-DNA Czendo sugar® = 162) (43).
incorporated opposite NI34). In E. coli, the bypass  The glycosidic torsiory was systematically rotated to locate
efficiency of the NI lesion is 7.0t 1.6% under normal  structures with minimal collisions between NI and the sugar,
conditions and 57+ 1% under SOS-induced conditions since the QM calculations are impossible for structures with
where bypass polymerases are likely involved. The order of severe collisions. Only two starting structures for the QM
incorporation preference under both conditions is @ ~ geometry optimization could be created in i domain.
T > G (29. Synconformers with completely planar NI (Figure 2) were
Oxidative DNA base lesions are repaired by the base not suitable for the QM calculations, because in this case
excision repair (BER) systen8%—37). However, a repair  the guanidino group has massive collisions with the sugar.
pathway has not yet been identified for the NI lesion. Neither To investigate thesyn domain, we therefore created a
E. coli formamidopyrimidine glycosylase (Fpg) nor endo- representative set of eight different nonplarsgn initial
nuclease IIl (Nth) appears to be effective in NI rep&i)( structures by adjusting torsiomsandd to avoid collisions
To investigate the biological effects of the NI lesion, a and at the same time minimize nonplanarity (Table 2). The
knowledge of the structure of NI itself as well as of NI- same method as in the base level study was employed to
damaged DNA duplexes is needed. However, at present, suclperform QM geometry optimization. The gas phase geometry-
structural information is not available. We have carried out optimized structures produced a nonplanar NI amino group,
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as is usually the case for such computed structutés4g).

Jia et al.

Molecular Dynamics ProtocoDetails of the MD protocol

However, in all crystal structures of guanines and adenines, (53, 60—66) are given in the Supporting Information.

these groups are planat-48), and we therefore remodeled
them to be planar for the next stage of our studies involving
the modified DNA duplexes.

Molecular Dynamics Simulation of the NI-Damaged DNA
Duplex

Initial Models. We created initial DNA models for the

Structural AnalysesSnapshots of the DNA structures
during the simulation and the average structures, with solvent
and counterions stripped away, were obtained with the
PTRAJ module of the AMBER 8.0 suite. PTRAJ was also
employed to obtain the time dependence of the rmsd, the
torsion angles), 6, andy, and the sugar pucke? (43) of
the NI residue, and the corresponding dG residue in the

molecular dynamics simulations in the sequence shown in unmodified control. Hydrogen bonding analyses were carried

Figure 1B by replacing an unmodified guanine with the
geometry-optimized NI base in an energy-minimizd@)(

out with the CARNAL module of the AMBER 7.0 suité7).
In addition, we employed a hydrogen bond quality index

B-DNA of that sequence. This is the same sequence that we(49), Iu, to quantitatively assess the deviation from ideal

employed in our previous study of the Hoand S stereoi-
someric lesionsH0), and we retain this sequence here to

permit comparison with those results. In addition, mismatches

were created by replacing the NI partner C with A, G, or T.
Both synand anti glycosidic bond orientations for the NI,

Watson-Crick hydrogen bonding distances and angles for
5" and 3 neighboring base pairs of NI:

D;‘.A [(doa

Iy = — dpa)® + (1 + cosy)?

as well as for its partners when these were purines opposite

Nl(anti) (51, 52), were considered. We did not considgn—
synpairing orsynpyrimidines since these are rarely observed
(46). The B-DNA energy-minimized values foy were
employed for theanti partner structures, while theyn
structures were obtained by rotation by ~180°, using
optimal stacking as the criterion for the actsghy values.

where dpa is the instantaneous doneacceptor distance,
dgA is an ideal donoracceptor distance) [the distance
from N4 (C) to 06 (G) is 2.91 A, from N1 (G) to N3 (C) is
2.95 A, and from N2 (G) to O2 (C) is 2.86 A], andis the
instantaneous BH---A bond angle with an ideal value of
18C°. The summation is over the three Watsd®rick

To prevent collisions between the guanidino and the sugarhydrogen bonds in a ® base pair and then over the selected

moieties, torsion angled and 6 of the NI were adjusted.
Table S1 of the Supporting Information givgso, and 6

trajectory window. |y adopts a value of 0 when ideal
Watson-Crick hydrogen bonding is maintained. The DNA

values of NI employed in all starting models. Representative groove width was analyzed with MD Toolche&8(70). The
starting structures are shown in Figure S1. In these structurespend angle of the duplex was analyzed with CURVES(

the NI imidazole ring is stacked within the helix; the
guanidino group is also stacked in taeti structures but is
in the major groove in theynones.

Force Field. Computations were carried out with the
AMBER 8.0 (63) suite of programs, the Cornell et al. force
field (54), and the PARM 99 parameter sé&5]. The force
field was parametrized for the NI consistent with the rest of
the force field. Partial charges for NI were obtained as
described by Cieplak et al5¢). HF calculations with the
6-31G* basis setH7) were used to calculate the electrostatic
potential using Gaussian 033), and the restrained elec-
trostatic potential fitting algorithm RESP54, 58) was

employing the “UU” option, which yields a bend angle
measured between the first and last vectors defining the
helical axis. The first and last base pairs were removed prior
to this analysis. In addition, we removed the NI and its
partner when the partner wagnsince CURVES could not
recognize these moieties. The computed bend angles were
thus based on global helix axes determined by the four base
pairs surrounding the lesion in each direction. The stacking
interactions were estimated by computing the van der Waals
interaction energy between adjacent base pairs, including the
NI lesion-containing pair, with the program ANAL from the
AMBER 7.0 suite 67). Hydrogen bond occupancies between

employed to fit the charge to each atom center. Partial NI donor or acceptor atoms and water were also computed

charges were separately computeddati (y = 24C°) and
syn(y = 60°) conformers and averaged. One missing atom
type was obtained from the GAFF (General Amber Force
Field) parameter set0). Missing bond length and angle
equilibrium values for NI were taken from the QM-optimized

with CARNAL.

Free Energy Analyse$he molecular mechanics Poisson
Boltzmann surface area (MM-PBSA) method which has been
described in detailf2—77) was employed in the free energy
analyses. In brief, the free enerd${) was computed from

structures. Bond length, angle, and dihedral angle force the molecular mechanical energi&s ), the solvation free
constant parameters not present in the PARM 99 parameterenergy Gsonvation, and the solute entropic contributions to
set were obtained from the GAFF parameter set or assignedhe free energyGiot = Eum + Gsowvation— T (78, 79). The

by analogy with chemically similar atom types already
present in the AMBER force field. All of the added force

molecular mechanical energidsfu) were calculated from
internal energiesH,;) stemming from deviations of the bonds

field parameters, atom types, and topology assignments areEqongd, angles Eanged, and dihedral angleEfinedray from

listed in Tables S2 and S3. It is also worth noting that torsion
angleo (Figure 1) is less rigid than in the guanidino group
of arginine; this stems from the proximity of the aromatic
imidazole ring with its electron-withdrawing nitro group,
especially when the lesion is nonplanar, in which case

their equilibrium values, the van der Waals energ&gy),
and the electrostatic energidSterostard- 1he solvation free
energies Gsovation Were estimated from the electrostatic
solvation energiesGpg) calculated using DelPhi8Q) and
the nonpolar solvation energyGfonpoia); the latter was

electron conjugation is weakened. This is reflected in the approximated aSnonpolar= ySs + b (y = 0.00542 kcal/A,

relatively low torsion barrier\(¢/2 = 2.7 kcal/mol, Table
S2) of § in the GAFF parameter se59).

b = 0.92 kcal/mol) 81), whereS, is the solvent accessible
surface area (SASABR) computed by Sanner’s algorithm
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Table 1: NI Base Torsions and Energi@&?

initial structure final structure
0 (deg) 0 (deg) 0 (deg) o (deg) AE (kcal/mol)
0 0 5 328 8.1
0 90 -1 182 0
0 180 -2 182 0
0 270 -1 182 0
90 0 132 328 151 FIGURE 2: Structures of the NI base after QM geometry optimiza-
88 128 £014 18325 103-0 tion. .The Igeft v.iew is perpendicular to the NI imidazole ring, and
90 270 5 182 0 the right view is rotated 90out of the plane of the paper.
180 90 104 35 13.0 - -
180 270 1 178 0 Table 2: NI Nucleoside Torsions, Sugar Puckers, and Energigs,
270 0 256 325 13.0 initial structure final structure
270 90 -5 32 8.1
270 180 -1 182 0 x 0 0 P | x 0 0 P AE
270 270 1 178 0 (deg) (deg) (deg) (deg)|(deg) (deg) (deg) (deg)| (kcal/mol)
aEnergies are relative to 0 kcal/mol for the lowest-energy structure. 200 0 180 162 238 301 196 17 6.6
270 0 180 162| 216 55 169 164 8.5

60 —145 180 162 51 —125 —-174 155 10.6
in MSMS (83). The solute entropic contributions to the free 60 145 180 162/ 58 126 180 133 14.4

energies were approximated with normal mode calculations 60 —145 0 162} 49 —118 —22 157 0
) ! ; 60 145 0 162| 44 116 31 148 0.6
(849). Detalls_ of the protc_)coIE(3—55, 82, 85) are given in 60 180 —135 162| 51 125-174 155 10.6
the Supporting Information. 60 180 135 162 59 125 152 149 9.9
INSIGHT 1l from Accelrys, Inc., was employed for 60 180 35 162| 49 —118 —23 157 0
visualization and model building. Computations were carried _ 60 180 —35 1621 44 116 31 144 0.6
out on our own cluster of Silicon Graphic Origin and Altix Energies are relative to 0 kcal/mol for the lowest-energy structure.
high-performance computers. Synis 60°; 200° and 270 areanti.
RESULTS AND DISCUSSION the sugar (see Methods). Due to steric hindrance between

the planar NI in the initial structure and the sugar, after the
geometry optimization the NI base itself was never planar.

ties for NI-dama_ged DNA duplexes in 50.'““‘”_‘ thro_ugh We employ the term “planar” to include coplanarity between
molecular modeling and molecular dynamics simulations. the imidazole ring and the guanidino group as well as the

Detfeuled danalyéses OT theh MD-generallted derrllsemblc;-:-s We.replanarity within the guanidino group itself. The initial and
performed to determine the structural and thermodynamic g torsions and relative energies are listed in Table 2. The

features of these lesion-containing DNA duplexes. eight syninitial structures converged to five different final
nonplanar structures with the guanidino group above and
below the plane of the imidazole ring (Figures 3 and S2).
The two initial anti structures provided two different
In the first stage of this study, we created 14 differ- geometry-optimized final structures, also with the guanidino
ent conformations for the NI tautomer of Figure 1. We group above and below the plane of the imidazole ring. The
surveyed the torsion angles (N2—C2—N3—C4) and 8 anti final structure with lowest energy is 6.6 kcal/mol higher
(C2—N3—C4—N9) (Figure 1A) at 9@ intervals, in combina- in energy than the lowest-energyn structure. Thesyn
tion (@ = 180° andd = 0° and 180 were excluded since lowest-energy structures (Figure 3) are favored due to a
they have collisions between the nitro and amino/imino hydrogen bond between the nitro oxygen atom and the amino
group), and carried out quantum mechanical geometry group in the guanidino moiety.
optimization for each structure using the DFT method
(B3LYP/6-31G*). From the initial 14 structures, eight Structures in DNA Duplexes: Major and Minor Gro®
converged to one final lowest-energy structure. Five ad- NI with a Flexible and Nonplanar Guanidino Group
djtional Qistinct energy minima were obtained from the other  \y/a carried out 8 ns molecular dynamics simulations to
six starting structures (Table 1). These nonplanar structureSypain ensembles for structural and thermodynamic analyses.
had energies between 8.1 and 15.1 kcal/mol above theqpa QM geometry-optimized NI structure with the lowest
lowest-energy form. The structure with the lowest energy gnergy was modeled into four 11-mer B-DNA duplexes in
has a flat fwe—membe(eq |m|dazolle ring with the C,N,and hich the partner base opposite the NI was A, C, G, or T.
O atoms in the guanidino and nitro groups in one plane |, 5qgition, we investigated an unmodified control duplex
(Figure 2). containing a normal € pair in place of the damaged site.
We considered botlynandanti glycosidic bond orientations
for the NI modifications, as well as for their partners when
these were purines opposite Bift). Plots of root-mean-
Two anti initial structures ¢ = 200° and 270) with planar square deviations (rmsd) of the current structure, relative to
NI and eight nonplanasyninitial structures employing the  the starting structure, as a function of time, are shown in
QM geometry-optimized structure for the NI base lesion were Figure S3. The structures generally fluctuate stably after 2
created, on the basis of minimal collisions between NI and ns, and our further analyses employed the most stable 3 ns

The goal of our work was to delineate structural possibili-

Planar Quantum Mechanical Geometry-Optimized
Structures of NI on the Base il

Nonplanar Quantum Mechanical Geometry-Optimized
Structures of NI on the Nucleoside det
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% =44°, P =148°,0=116", 5 =31°
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Ficure 3: Stereoviews of the two geometry-optimized lowest-energy NI nucleosides (Table 2). All stereo figures are prepared for viewing
with a stereoviewer.

Table 3: Relative Free Energies (kilocalories per nfole) Table 4: Sum of van der Waals Interaction Energi&g.®
NI(anti)-X(anti) NI(syn-X(anti) NI(anti)-X(syn Evaw (kcal/mol)
NI-A 1.4 14.8 0 NI(anti)-A(anti) —114.8
NI-C 7.0 0 b NI(anti)-A(syn —-120.2
NI-G 7.4 0 10.3 NI(syn-A(anti) —-110.1
NI-T 0 0.8 b NI(ant)-C(anti) 1178
aEnergies are relative to 0 kcal/mol for the lowest-energy structure NI(syn-C(anti) —-117.1
in each sequencé Synpyrimidines were not considered (see Methods). NI(anti)-G(ant) 1204
] ) ) NI(anti)-G(syn —118.7
time frame extracted from the relatively stable region of the NI(syn-G(anti) —121.3
trajectories (Tablle S5). NI(anti)T(anti) ~1181
Thermodynamic Analyse$able 3 shows the results of NI(syn-T(anti) -117.3

our thermodynamic analyses. This table includes relative aThe sum is over all pairs in the given duplex. The two base pairs
stabilities ofsynandanti conformations for each base partner. at the ends of the duplex are not included. Note that energies may be
Figure 4 shows the structures of each of these conformations compared only within the groups containing the same partner base to
The guanidino group is in the major groove for thaand the NI.

minor groove for theanti conformation of NI. Theanti

conformation is favored when Nl is paired with A (regardless hydrogen bond quality indexes of the base pairs adjacent to

of whether the glycosidic torsion of the partnersign or the lesion are shown in Figure 5.

anti), and thesyn conformation is energetically preferred Pairing of NI with A in the Complementary Strarid.the

when NI is paired with C and G; botlsyn and anti case of NI paired with A, the Nhanti conformation is
conformations are approximately equal in energy when NI energetically favored, with Asyn or anti, due to better
is paired with T. stacking interactions and Watse@rick hydrogen bonding

To better understand the conformational preferences forof base pairs adjacent to the NI lesion. The stacking
each partner suggested from the thermodynamic analysesinteraction energies for the Nit)-A(anti) and Nl@nti)-
we evaluated hydrogen bonding and base stacking propertiesA(syn pairs are 4.7 and 10.1 kcal/mol lower than that for
Both hydrogen bonding between base partners and basahe Ni(syn)-A(anti) pair, respectively (Table 4); in the latter
stacking contribute to the stability of the damaged DNA. A case, N7 of NI forms a hydrogen bond to H6N6 of partner
partial energetic assessment of stacking interactions can be\, which extrudes the NI imidazole ring out of the duplex
obtained from van der Waals interactions between base pairgFigures S4 and S5). [This pairing scheme and attendant NI
(or the NI residue and partner with each adjacent base pair).extrusion is not possible for the Nin)-G(anti) pair:
These values are given in Table 4. We also analyzed consequently NI is better stacked and hydrogen bonded as
hydrogen bonding at the lesion site and nearest base paidescribed below.] NKyr) does not stack well with its base
neighbors (see Methods). The hydrogen bonds in which theneighbors and hence disturbs their Wats@mick hydrogen
NI lesion is involved are shown in Table S6. Watsd®rick bonding qualities (Figure 5). Specifically, the quality index
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Nl(anti) - A(anti)

Ficure 4: Stereoviews of the central 5-mer of the NI trajectory-
average duplex structures. The low-energy structures of Table 3

are shown. The NI base is colored by atom. The NI base partners

are colored yellow (A), pink (C), purple (G), and orange (T). The
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Ficure 5: Trajectory-summed hydrogen bond quality index for
the 8 (C5G18) and 3(C7-G16) NI neighboring WatsonCrick
base pairs. The values for the {@.8 pair in Nl@nti)-T(anti) and

the C*G16 pair in Nlgyn-A(anti) and Nl@nti)-G(syn) are not
shown to full scale; their values are given at the top of the bar. An
ideal Watson-Crick pair ha a 0 quality index. The energetically
favored pairs are colored red.

NI(syn) - C(anti)

o2P

Ficure 6: Hydrogen bonds (black lines) between NI and the
adjacent backbone in Ndyr) structures, illustrated with partner C.
Hydrogen bonds (occupancy 6f50%) within the NI nucleotide
are marked.

Pairing of NI with C or G.In the cases of NI paired with
C and G, the NI in thesyn conformation is energetically
favored due to hydrogen bonding within the modified
nucleotide and concomitant better Watsda@rick hydrogen
bonding of adjacent base pairs, because NI is anchored and
prevents the disturbance of the neighbors. The base stacking
energies are nearly the same in the DNA duplexes containing
synandanti NI lesions (Table 4). However, NI in thgyn
conformation disturbs its neighboring Watse@rick base
pairs less than when it is in thenti conformation. There
are two to three hydrogen bonds between the guanidino group
and the sugar moiety of the NI nucleotide in DNA when NI
is syn(Figure 6 and Table S6). These hydrogen bonds, not
possible for Nlanti), help hold the flexible guanidino group
so that there is little perturbation to the adjacent base pairs
when NI@yn is paired with C or G.. This is shown in the
Watson-Crick hydrogen bonding quality indexes of Kyf)-
C(anti) and NIEyn-G(anti) pairs, which are lower than the
NI(anti) cases (Figure 5).

NI Paired with T When NI is paired with T, boteynand
anti conformations are equally favored, with a free energy
difference of<1 kcal/mol. The stacking interaction energies
are essentially the same for the two conformations (Table
4). In the Nl@nti)-T(anti) pair, one bifurcated hydrogen bond

NI adjacent bases C5 and C7 are also marked. The view is into theforms between NI and its partner T which stabilizes the pair.

major groove.

of the C*G16 pair is near 60 000 for the Min)-A(anti)
sequence, which indicates that this Wats@rick base pair

is completely disrupted. This is consistent with the higher
(by 14.6 kcal/mol) free energy of the Nin)-A(anti) pair
compared to that of the lowest-energy conformation for this
sequence, N§nti)-A(anti) (Table 3).

In the NI(syn)-T(anti) pair, there is no hydrogen bond formed
between NI and its partner T. However, one bifurcated
hydrogen bond forms between the N3H3 group of the
guanidino group and the sugar moiety of the NI nucleotide.
This hydrogen bond helps hold the flexible guanidino group,
as in the NIgyn-C/G(anti) cases, so that the Watse@rick
hydrogen bonding of the adjacent base pairs is less disturbed
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than that for the NEnti) case (Figure 5). Hence, the damaged
DNA duplexes with Nl&nti) and NIy have interactions
overall equally contributing to the free energy and are about
equally favored.

Structural Analyses/Ve confine our discussion of detailed

structural analyses to the energetically favored DNA duplexes

(Table 3). These show that the NI lesion can adopt kgth
and anti conformations. The flexible guanidino group is
positioned in the DNA majorsyr) and minor énti) grooves,

and the specific preference depends on the partner base. As

shown in Figure 4, for botlsynandanti conformations of
NI, the five-membered imidazole ring is stacked into the
DNA duplex. The flexible and hydrogen bond donor-rich
guanidino group is located in the minor groove when the NI
is in theanti conformation and in the major groove, stabilized
by at least two hydrogen bonds to the sugar moiety, when it
is syn The nitro group on the imidazole ring, which contains
multiple hydrogen bond acceptors, is positioned in the DNA
duplex, facing the base partner for theaiti conformation;
however, in thesynconformation, this nitro group is placed
in the major groove, where it is less likely to form hydrogen
bonds to the partner.

The NI lesion, in bottsynandanti conformations, perturbs
the DNA duplexes to various extents, depending on its

partner. As detailed below, this can be manifested by opening

and closing of the major or minor grooves, with disturbance
to the Watson-Crick hydrogen bonding quality in adjacent

base pairs and concomitant disturbed base stacking. NI-

modified duplexes show reduction of thermal stabilities

compared to the unmodified ones in the range 612 °C,

depending on partner base, in 19-mer dupled}. (
Hydrogen Bonding Interaction¥Ve analyzed the hydro-

gen bonds between NI and partner, as shown in Figure 7.

Irrespective of the partner base and the conformation of NI

and its partner, at most one hydrogen bond is observed except

for the NI(syn-G(anti) and Nl@nti)-T(anti) pairs, which have
two hydrogen bonds and one bifurcated hydrogen bond,
respectively. There is no hydrogen bond in the S\ij-
T(anti) pair. Other hydrogen bonding interactions are given
in Table S6.

We also analyzed the hydrogen bonding of base pairs

adjacent to the lesion. The hydrogen bond quality indexes
(Figure 5) of the energetically favored structures show that

generally the adjacent base pairs are less disturbed in the

NI(syn-damaged DNA duplexes than in the Hihfi)-

damaged ones. The flexible guanidino group plays a key role

in disturbing the base neighbors when N&iti, in the DNA
minor groove. For example, the €518 Watson-Crick pair

is quite disturbed in the N&fti)- T(anti) case (Figure 4), with
the hydrogen bonding quality index3 times that in the
unmodified control (Figure 5). This stems from interaction
between the minor groove-positioned guanidino group point-
ing to the 5 direction of the damaged strand, which crowds
and repositions the C5 base. Howeveyn NI places the
guanidino group in the DNA major groove so that it does
not interact with the base neighbors as much (Figure 4).
Among the energetically favored structures, the sy
C(anti) pair has the least disturbed Watsa@rick hydrogen
bonding in both adjacent base pairs compared to the
unmodified control. Concomitant with the impaired Watson
Crick hydrogen bonding, stacking is also weakened for NI-
(anti)-A(anti), NI(anti)-A(syn, Nl(anti)-T(anti), and Nl@nti)-
T(syn pairs (Figure 4).

Jia et al.

Ni(anti) - A(anti)

(Minor Groove Side)

(Major Groove Side)

Ni(anti) - A(syn)

7

Ni(syn) - T(anti)

Ficure 7: Hydrogen bonds (black lines) between NI and the partner
base. The low-energy structures of Table 3 are shown. The base
pairs were obtained from the trajectory-average structures of the
selected simulation window. Hydrogen bonds that are shown have
occupancies of>50%. Major and minor groove sides for all
structures are designated in the first pair.

Hydrogen bond occupancies between NI donor or acceptor
atoms and water were also computed and are listed in Table
5. No such interactions were found for the N6 and N9 atoms
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Table 5: Occupancies (%) of Hydrogen Bonds between NI Atoms imidazole groups and adjacent bases playing a more impor-
and HO in Energetically Favored Structufes tant part.
NI N2 N3 N6 N7 N9 061 062 Bending and Groge DimensionsWe analyzed bending
- - Figur nd groove dimensions (Figure S7 -
Ni(ant)-A(ant) 48.1 47.9 204 0 1071 0 1190 514 fj gure 26) and groo ek? de sions (Figure S7) of the NI
Ni(ant)-A(sy) 43 143 47 0 342 264 271 damaged DNA (see Methods). Among energetically favored
Ni(sy)-Clant) 58.1 82.4 O 0 146 1520 129.6 Structures, an increased level of bending was observed
0
0

NI(syn-G(ant) 52.4 623 0 0 117.9 60.6 compared to the unmodified control (Figure S6 and Table
Ni(syn-T(ant) 67.4 90.2 0O 65.0 155.9 1155  6), the extent of which depends on the partner. Thanl)-
Ni(ant)-T(ant) 46.2 67.6 519 O 825 0 508 559 A(syn pair has the highest average bendi7°. The NI-
_#An occupancy of>100% occurs because the atom is engaged in (syr)-C(anti) and NI@yn-G(anti) pairs are bent less-20°
bifurcated hydrogen bonding to more than one water. and~16°, respectively). Major grooves at the lesion site are
all closed for the energetically favored structures, irrespective
of NI (Figure 1). The principal observation is that the more of whether NI issynor anti. For thesyn case, there are
solvent-exposed atoms are highly hydrogen bonded to solventhydrogen bonds between the guanidino group and the sugar
while buried atoms are rarely solvent hydrogen bonded (seemoiety which close the groove; in the case of NI in drei
Figures 4 and 7). Thus, for th&n NI structures, oxygen  conformation, the guanidino group is in the minor groove,
atoms (061 and O62) in the nitro group are most exposedwhich causes concomitant major groove closing. The minor
in the major groove and most solvated. Nitrogen atoms (N1 groove is closed in the N8¢n-G(ant) case since the
and N2) in the guanidino group are also exposed, but to aguanidino group of the N$yr) lesion is in the major groove;
lesser extent, and are somewhat less solvated. N3 in théhowever, it is opened in the Ni(ti)-A(anti) case because
guanidino group is not solvated, even though it is on the of the minor groove positioning of the guanidino group of
major groove side, because it is shielded from exposure. N7the Nli(@nti) lesion. The minor groove is normal near the
in the imidazole ring is either solvated [$in)-T(anti)] or lesion site for the NKyn)-C(anti), NI(syrfanti)-T(anti), and
hydrogen bonded to a partner base Byh-C(ant) and NI(anti)-A(syn) cases. The pyrimidine partners as well as
NI(syn-G(anti)]. For two Nli(@nti) structures [Nlanti)- A(syn (which somewhat mimics a pyrimidine) allow more
A(anti) and Ni@nti)-T(anti)], N7 on the major groove side room to accommodate the guanidino group and cause less
is highly exposed and solvated, while nitrogen atoms (N1, disturbance to the minor groove.
N2, and N3) in the guanidino group are less exposed on the NI Torsional Flexibility in Duplex DNAAn especially
narrower minor groove side and therefore less solvated.interesting feature of the NI lesion is the flexibility of the
Oxygen atoms (061 and 062) in the nitro group dynamically nitro and guanidino groups. Though the QM geometry-
interchange between hydrogen bonding to solvent and aoptimized structure with lowest energy for NI itself is planar
partner base. For the case of the aiiij)-A(syn) pair, there (Figure 2), the structures from the QM geometry optimization
are unusual structural features: the guanidino group is within on the nucleoside level in this work and by Neeley et al.
the DNA duplex inaccessible to solvent, accounting for the (38) and in our MD simulation for the DNA duplexes are
weak solvation of atoms N1, N2, and N3. The O6 atoms on no longer planar. The torsions in the nitro group and
the nitro group in the major groove are each only solvated guanidino amino/imino group depend on the intrinsic tor-
~25% of the time; at any given instant, one is totally exposed sional preferences as found in the QM study of the lesion
and the other is directed inward and shielded, but the nitro itself, together with steric effects stemming from the presence
group rotates. Also, for this Naiti)-A(syn) pair, N7 is less of adjacent sugar and neighboring bases on the same and
exposed and solvated than the ottearti NI structures. opposite strands, as well as possible hydrogen bonding
Overall, these results suggest that$igaNI structures, with interactions in the DNA duplexes.
the guanidino group in the major groove, are stabilized by  Glycosidic torsiony as well as torsion® and¢d in the
the high likelihood of hydrogen bonding to solvent on the guanidino group during our MD simulations (Figure 1) rotate
major groove side of the lesion. For thati structures, with within certain preferred domains (Figure S8). Among
the guanidino group in the minor groove or within the DNA energetically favored structures, there are five clear states
duplex, solvation appears to play a lesser role in providing for the combination of the three torsions (Table 7). The
stability, with interactions between NI guanidino, nitro, or corresponding NI nucleotide structures are shown in Figure

o9 oo

Table 6: Structural Analyses for Energetically Favored Structures

HB quality inde»

sequence C5G18 C7G16 no. of HBs to partner bend angle(deg) major groové(A) minor groove (A)
unmodified control 406 417 3 (100%) 14.6 (8.7) 16.4 (1.6) 7.4(1.3)
NI(syn)-C(anti) 451 454 1 (75%) 19.5 (10.0) 14.1 (2.0) 7.3(1.5)
NI(syn-G(anti) 526 596 2 (91%) 16.1 (7.7) 14.4 (1.3) 4.2 (1.5)
NI(anti)-A(anti) 606 640 1 (59%) 16.4 (8.9) 12.1(1.6) 13.1 (4.0)
Nli(anti)-A(syn) 527 668 1 (64%) 46.8 (17.7) 13.0 (1.9) 5.3(1.5)
NI(anti)- T(anti) 1236 514 1.5(66%) 27.5(20.3) 13.5(2.2) 6.9 (1.4)
NI(syn)-T(anti) 573 440 0 35.5(19.2) 15.1 (1.8) 6.7 (1.3)

aHydrogen bond quality index (Figure #Number of hydrogen bonds between NI and its partner (Figure 6) with average occupancy shown
in parentheses.Trajectory-average bend angle of the DNA duplex (Figure STyajectory-average major groove dimension at the lesion site
(Figure S8).° Trajectory-average minor groove dimension at the lesion site (Figure’ B8%. standard deviation is shown in parenthegés.
bifurcated hydrogen bond.




6652 Biochemistry, Vol. 45, No. 21, 2006 Jia et al.

Table 7: Torsions in NI for Energetically Favored DNA Duplekes QM1 (x=60° 06=0° 5= 180°)
state x (deg) 6 (deg) o (deg) a .
1 49 (8) 127 (14) 180 (27)
2 268 (21) 71 (15) 303 (53)
3 268 (21) 264 (11) 303 (53)
4 20 (12) 238 (15) 37 (58) \ i\
5 309 (14) 116 (22) 185 (27)
aAverage values are shown. The standard deviations are in QM2 (3 = 240°, 0 = 0°, 5 = 180°)

parentheses. Table 3 gives the energetically favored duplexes

Scheme 1: NI Tautomerism ' '

NO, . NO,
. — X al ”
< —_— < \ N/H J ¢

R
)\ o M )\ o W L w State1 (=49, 0 = 127°, 5 = 180°)
N N

P\'
(A) (B) ©
2R represents a hydrogen atom (on the base level) or the sugar
moiety (on the nucleoside level); on the base level, the imidazole ring
was protonated at N9 as the N7H tautomer is not relevant to DNA.

State2 (y =268, 0="71°6 =303
8. The conformations of the NI base in all five states on the ( )

DNA duplex level are different from the planar lowest-energy :
structure obtained by QM geometry optimization of the lesion

itself, and also different from the nonplanar QM geometry- J
optimized nucleoside structures. Due to steric hindrance from

the sugar, the conformation of the NI base is no longer planar

in the nucleoside. However, the NI conformations on the

DNA duplex level differ from those in the nucleoside due State3 (= 268°, 0 = 264°, 5 = 303°)

to the interactions with the partner base or with adjacent
nucleosides on the same strand. The most predominant stat
is state 1 which is favored in most i) conformations
because of the hydrogen bonds formed between the guani-
dino group and the sugar moiety. State 2 was found in two
trajectories, in which NI is in thanti conformation paired

with pyrimidine orsyn(pyrimidine-like) purine. State 3 was i - .
observed in one trajectory in which NI is in thenti Stated (1 =20°,0=238",5=37°)

conformation paired witlsynpurine. Two additional states
were sampled for+1.5 ns in the trajectory of the Nd(ti)-
A(anti) pair, anti NI paired with ananti purine. Notably,
state 4 shows the NI flipping from thenti conformation to
syn The flexibility of these torsions provides enhanced
opportunities for the hydrogen bond donor and acceptor-
rich NI lesion to form hydrogen bonds.

The nonplanar orientation of the guanidino group with ) . .
respect to the imidazole ring is due to the steric hindrance Stated (x = 309°, 6 =116°, 5 = 185°)

with its own sugar and occurs despite the conjugation of the a

7t electrons which favor coplanarity. Such nonplanarity due

to steric hindrance has been observed in a crystal structure

of 2-guanidinium-1,3-dimethylbenzimidazokgj. Similarly,

the guanidino group itself can be nonplanar and has also

been observed in a crystal structure containitgpropyl- g )
L-arginine (PDB entry 1QW6)8(7). '

Other tautomers may be possible for the NI lesion (Scheme
1). Three tautomeric alternatives involving the guanidino Ficure8: Stereoviews of the NI deoxyribonucleotide in five stable
group are illustrated in Scheme 1. This study focuses on states observed during the MD simulations for the DNA duplexes
structure A, which allows maximal coplanarity of the (Table 7). The QM calculated planar base structure with the lowest

o - . energy (Table 1) is also shown connected to the sugargadp,
nitroimidazole and guanidino groups in the base as shownp — 162) in syn and anti conformations ¥ = 60° and 240,

in our quantum mechanical studies; this coplanarity promotes respectively) for comparison; the steric hindrance between NI and
resonance interaction between these groups. Other tautomerthe sugar moiety is circled.
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may be worthy of investigation in the future, particularly in
relation to the conformational flexibility of the lesion.

Possible Biological Implications

NI does not have a WatseiCrick hydrogen bonding edge,
yet data from primer extension studies in vitro using Kf
(exo") and human pgB have shown that C is preferentially
incorporated opposite the NI lesion. Calf thymus pand
Kf (exo™) also incorporate A and G. T is not incorporated
with these polymerase84). In E. coli, both with and without
SOS induction, the incorporation preference is as follows:
C>A~T > G (29. Our simulations may provide some
insight into these findings.

In the case of partner C, the ISi()-C(anti) pair is lower
in energy (Table 3). In this case, we find that duplex
perturbation is the weakest. Specifically, from Table 6, the
Watson-Crick hydrogen bonding quality of the adjacent base
pairs and concomitant stacking is maintained well (Figures
4 and 5), the minor groove is not disturbed (Figure S7), and
there is little bending (Figure S6), compared to the unmodi-
fied control. Also, there is one hydrogen bond in this pair
(Figure 7). However, with partner T, the simulations show
more disturbances to the duplexes. Bothayitff and NI-
(anti) are approximately equal in relative energy (Table 3).
With the NI(@syn-T(anti) pair, there is no hydrogen bond
between the lesion and its partner (Figure 7). In the case of
the Nl(@nti)-T(anti) pair, there is one bifurcated hydrogen
bond, but the quality of WatserCrick hydrogen bonding
adjacent to the lesion at the €&18 pair is the poorest of
any low-energy structure; the flexible guanidino group
distorts this pair when the lesionasti (Figure 5), resulting
also in perturbed stacking of C5 with T4 (Figure 4). The
simulations for partners G and A also show some distortion
relative to the unmodified control, but hydrogen bonding
interactions between NI and G or A (Figure 5) could support
observed G to C and T transversiodl)( the lowest level
of T incorporation may be reflected by the presence of just
one bifurcated hydrogen bond in the two structures with a

partner T. However, studies with polymerases are needed to

improve our understanding of the NI accommodation within
different polymerase active sites, and specific interactions
within polymerase active sites could influence the planarity
features of the lesion. Repair of the NI lesion may also be
affected by its flexibility. Repair data for this lesion, available
only for two members of th&. coli BER pathway namely
Fpg and Nth, show that these enzymes do not repaiBHI (
There are thus insufficient data to draw conclusions concern-
ing the NI repair susceptibility, but the flexibility and multiple
hydrogen bonding opportunities are likely to be important
parameters determining the repair enzymology.

SUPPORTING INFORMATION AVAILABLE

Figure S1 shows representative starting models for the MD
simulations. Figure S2 shows stereoviews of geometry-
optimized NI nucleosides. Figure S3 shows rmsd versus time
plots of each molecular dynamics simulation. Figures S4 and
S5 show stereoviews of the central 5-mer of the NI trajectory-
average duplex structures and hydrogen bonds between N
and partner base of high-energy structures. FiguresSB6

show the average bend angles, groove dimensions of the NI-

damaged DNA, and trajectory plots of torsion angles of the

Biochemistry, Vol. 45, No. 21, 2006653

NI lesion, respectively. Tables SE5 list added force field
parameters, torsion angles, simulation box sizes, numbers
of added waters of initial models, and time windows chosen
for our analyses. Table S6 lists hydrogen bonds involving
NI and their occupancies. Table S7 lists MM-PBSA free
energy analysis components for each DNA duplex. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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