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ABSTRACT: The spiroiminodihydantoins (Sp) are highly mutagenic oxidation products of guanine and 8-oxo-7,8-
dihydroguanine in DNA. The Sp lesions have recently been detected in the liver and colon of mice infected with Helicobacter
hepaticus that induces inflammation and the development of liver and colon cancers in murine model systems [Mangerich, A., et
al. (2012) Proc. Natl. Acad. Sci. U.S.A. 109, E1820−E1829]. The impact of Sp lesions on the thermodynamic characteristics and
the effects of the diastereomeric Sp-R and Sp-S lesions on the conformational features of double-stranded 11-mer oligonucleotide
duplexes have been studied by a combination of microcalorimetric methods, analysis of DNA melting curves, and two-
dimensional nuclear magnetic resonance methods. The nonplanar, propeller-like shapes of the Sp residues strongly diminish the
extent of local base stacking interactions that destabilize the DNA duplexes characterized by unfavorable enthalpy contributions.
Relative to that of an unmodified duplex, the thermally induced unfolding of the duplexes with centrally positioned Sp-R and Sp-
S lesions into single strands is accompanied by a smaller release of cationic counterions (ΔnNa+ = 0.6 mol of Na+/mol of duplex)
and water molecules (Δnw = 17 mol of H2O/mol of duplex). The unfolding parameters are similar for the Sp-R and Sp-S lesions,
although their orientations in the duplexes are different. The structural disturbances radiate one base pair beyond the flanking
C:G pair, although Watson−Crick hydrogen bonding is maintained at all flanking base pairs. The observed relatively strong
destabilization of B-form DNA by the physically small Sp lesions is expected to have a significant impact on the processing of
these lesions in biological environments.

Chronic inflammation plays a critical role in the initiation
and progression of many human cancers.1 The inflam-

matory response activates macrophages and neutrophils to
produce free radicals, strong oxidizing agents, and other
chemokines that generate persistent oxidative stress in inflamed
tissues.2 The reactive chemical mediators of inflammation are
capable of damaging cellular DNA to form a wide spectrum of
DNA base modifications.3 Many of these lesions are genotoxic;
if not removed by the DNA repair machinery, these lesions can
contribute to the mutagenic burden of the cells and ultimately
the development of cancer.4 The fundamental mechanism of
formation of DNA damage by the actions of certain oxidizing
species overproduced at sites of inflammation can be viewed as
a series of consecutive one-electron oxidations of guanine,5 the

most easily oxidizable nucleic acid base in DNA.6 The best
known, stable lesion derived from the abstraction of even
numbers of electrons is the well-known mutagenic biomarker of
oxidative stress, 8-oxo-7,8-dihydroguanosine (8-oxoG), the
product of a two-electron oxidation of guanine.7 Although
the levels of 8-oxoG in cellular DNA are quite low, in the range
of ∼0.3−4 8-oxoG residues per 106 guanines,8 8-oxoG is very
prone to further oxidation9 and can be selectively oxidized by
weak one-electron oxidants such as Fe(III) complexes even in
the presence of an excess of guanine bases.10 The stable
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products of a two-electron oxidation of 8-oxoG are the
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh)
lesions.11−13 These hydantoins are highly mutagenic, leading
to transversion mutations (G → T and G → C).14 In vitro, the
hydantoin lesions are efficiently repaired by base excision repair
enzymes that involve Escherichia coli Fpg,15 Nei,16 mammalian
NEIL1 and NEIL2,17 and human NEIL118,19 DNA glyco-
sylases. The accumulation of Sp lesions was detected in Nei-
deficient E. coli after these cells had been treated with
chromate.20 Recently, the Sp/Gh lesions were detected in
both the liver and colon of mice at levels ∼100 times lower
than those observed for 8-oxoG.21 However, the basal level of
Sp and Gh can contribute to the malignant transformations in
cells given that Sp is at least 1 order of magnitude more
mutagenic than 8-oxoG.14 Indeed, cellular levels of Sp lesions
were modestly correlated with the progression of the disease in
a mouse model of inflammation-induced colon cancer.21

In aqueous solutions, Gh readily interconverts to iminoal-
lantoin (Ia) via enolization, and the Gh/Ia isomers exist in an
equilibrium that depends on the pH of the solution.12 In turn,
spiroiminodihydantoin exists as a pair of diastereomers, Sp-R
and Sp-S11,22 (Figure 1A), which are stable and can be isolated

by high-performance liquid chromatography (HPLC) methods,
and their absolute configurations can be identified by optical
rotatory dispersion (ORD) and circular dichroism (CD)
methods.23−25 As discussed in more detail elsewhere,23,26 the
stereoisomeric Sp lesions can exist in either the amino or imino
tautomeric form; however, the calculations suggest that the
amino forms are favored by ∼1 kcal/mol over the imino form
and are thus depicted in Figure 1. Our molecular mechanics
calculations showed that the flexibility of the glycosidic torsion

angles in both Sp diastereomers is significantly more restricted
than in the case of unmodified 2′-deoxyguanosine.26 Computa-
tional analysis of the structures and energies suggested that the
Sp lesions could adversely impact base stacking and Watson−
Crick hydrogen bonding interactions in the double-stranded
DNA and cause a widening of both the minor and major
grooves.27 However, these predictions were not verified
experimentally. Some characteristics of the Sp lesions are
well-known, however. For example, the Sp lesions are
substrates of the human NEIL1 glycosylase28 and cause a
significant destabilization of double-stranded DNA.29−31 In this
work, we compare the thermodynamic characteristics of the Sp-
R and Sp-S diastereomeric lesions positioned in the center of
11-mer oligonucleotide duplexes (Figure 1B) as a function of
DNA concentration, ionic strength, and thermodynamic water
activity. The impact of the two Sp diastereoisomers on the
structural characteristics of double-stranded 11-mer oligonu-
cleotides was examined by standard solution nuclear magnetic
resonance (NMR) methods that are compared here to the
thermodynamic properties of the same duplexes.

■ MATERIALS AND METHODS
Preparation of Samples. The oligonucleotide adducts

containing enantiomeric Sp nucleobases (Figure 1A) were
prepared by oxidation of 5′-d(CCATCGCTACC) sequences
by photochemically generated carbonate radical anions.32,33

The samples containing 10 μM 5′-d(CCATCGCTACC)
(Figure 1B), 10 mM Na2S2O8, and 300 mM NaHCO3 in an
air-equilibrated phosphate buffer solution (pH 7.5−8.0) were
exposed to continuous light from a 100 W xenon arc lamp
reflected from a dichroic mirror to select the 300−340 nm
spectral range. The energy incident on the sample was ∼100
mW/cm2, and the irradiation time was 20−30 s. After
irradiation, the sample was immediately desalted by reversed-
phase HPLC, concentrated, and subjected to anion-exchange
HPLC analysis. The oxidatively modified oligonucleotides were
isolated by anion-exchange HPLC with an analytical [250 mm
× 4 mm (inside diameter)] DNAPac PA-100 column (Dionex,
Sunnyvale, CA) and a 10 to 90% linear gradient of solvent B
(10% acetonitrile and 90% 1.5 M ammonium acetate) in
solvent A (10% acetonitrile and 90% water) for 30 min at a flow
rate of 1 mL/min. The solutions were desalted with an
analytical [250 mm × 4.6 mm (inside diameter)] Microsorb-
MV C18 column (Varian, Walnut Creek, CA) and the
following mobile phases: ammonium acetate (5 mM, 10
min), water (10 min), and an isocratic acetonitrile/H2O
mixture (50:50, 15 min).

Stereochemistry. The anion-exchange HPLC elution
profiles of the purified 11-mer oligonucleotides (denoted by
oligo-Sp-R or oligo-Sp-S) containing either one diastereomeric
Sp lesion or the other are depicted in Figure 1C. To determine
the absolute configurations of the diastereomeric lesions, the
oligonucleotide adducts were digested to the level of
nucleobases by a soft acid hydrolysis of the dry oligonucleotide
samples in an HF/pyridine solution at 37 °C.22,23 The isolation
of Sp nucleobases was performed in two steps. The digestion
mixture was first separated by reversed-phase HPLC with an
analytical Microsorb-MV C18 column that does not retain the
Sp nucleobases. The void volume from this reversed-phase
HPLC run was collected, dried, and resuspended in the HPLC
mobile phase (see below). Pure Sp nucleobases were obtained
in a second HPLC experiment using a Hypercarb column [100
mm × 3 mm (inside diameter), Thermo Electron Corp.] using

Figure 1. (A) Structures of the Sp-R and Sp-S spiroiminodihydantoin
diastereomers. (B) Base sequence of 11-mer duplexes. (C) Anion-
exchange HPLC elution profile of 5′-CCATC[Sp-R]CTACC and 5′-
CCATC[Sp-S]CTACC adducts. Conditions (analytical DNAPac PA-
100 column, detection at 260 nm): 10 to 90% linear gradient of
solvent B (10% acetonitrile and 90% 1.5 M ammonium acetate) in
solvent A (10% acetonitrile and 90% water) for 30 min at a flow rate of
1 mL/min. (D) CD spectra of Sp-R and Sp-S nucleobases in water.
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an isocratic mobile phase (98:2 water/acetonitrile solvent
containing 0.5% formic acid). The Sp nucleobases excised from
the oligonucleotide adducts were identified by optical rotatory
dispersion and circular dichroism methods.23−25 The Sp
nucleobase excised from the adduct that eluted at 16.2 min
(fraction 1) was characterized by a positive CD signal at 235
nm and negative CD signals at 213 and 255 nm (Figure 1D), as
well as a negative ORD signal in the >300 nm region (data not
shown), and thus had an “R” absolute configuration.23−25 The
Sp nucleobase obtained from HPLC fraction 2 eluted at 18.4
min and exhibited CD and ORD spectra that were mirror
images of those obtained with the Sp nucleoside derived from
fraction 1, with a negative CD signal at 235 nm, positive CD
signals at 213 and 255 nm (Figure 1D), and a positive ORD
signal in the >300 nm region (data not shown). Thus, the
oligonucleotide in fraction 2 contained the Sp lesion with an
“S” absolute configuration.23−25 We note that the assignment of
the HPLC elution order is insufficient for correctly identifying
the Sp stereoisomers, because the elution order of the Sp
diastereomeric adducts reported here, with the Sp-R diaster-
eomer eluting first using an anion-exchange column (Figure
1C), can be reversed by using reversed-phase HPLC columns.32

In the case of dSp nucleosides, which have CD and ORD
spectra very similar to those shown for the base forms Sp,23 the
R dSp stereoisomer elutes first when a normal-phase amino
NH2-Hypersil column is utilized, as reported by Ravanat and
Cadet;22 however, this order of elution is reversed when a
Hypercarb column is used.23,34 It is therefore necessary to
specify the CD and/or ORD of each fraction to determine the
chiro-optical properties of the enzymatic digestion products of
the Sp-containing oligonucleotides to the Sp nucleoside or base
levels by determining their CD (or ORD) spectra (Figure 1D).
The assignments of the R and S absolute configurations used in
this work are based on comparisons of the experimentally
measured and computed CD and ORD spectra of the Sp/dSp
diastereoisomers as described in detail elsewhere.23−25 We
note, however, that Karwowski et al.,35 on the basis of two-
dimensional (2D) NOESY NMR spectra of dSp stereoisomers
dissolved in a dimethyl sulfoxide solution with low levels of
residual water, arrived at the opposite assignments. For the sake
of simplicity, we will refer to the modified double-stranded 5′-
d(CCATC[Sp]CTACC)·5′-d(GGTAGCGATGG) molecules
defined in Figure 1B as the Sp-R or Sp-S 11-mer duplexes
with the defined stereochemical properties and HPLC elution
orders identified in Figure 1.
To ensure the 1:1 strand stoichiometry of the modified

duplexes, we measured job plots to determine the molar
extinction coefficients (ε260) at 80 °C of the single-stranded
oligonucleotides. The values obtained for the Sp-containing
oligonucleotides were 86000 M−1 cm−1 for Sp-S and 84000
M−1 cm−1 for Sp-R, relative to the ε value of the unmodified
complementary strand (115000 M−1 cm−1).
Differential Scanning Calorimetry. The changes in heat

capacity (Cp) as a function of temperature were determined
with a VP-DSC differential scanning calorimeter (Microcal Inc.,
Northampton, MA). The oligonucleotide duplexes were
dissolved in 20 mM sodium phosphate buffer (pH 7.0) and
0.1 M NaCl. All heat capacity profiles were determined against
a reference buffer solution in the temperature range of 3−103
°C and with a scanning rate of 0.75 °C/min. The
thermodynamic characteristics of the double-strand → single-
strand transitions were determined as usual utilizing the

equations for the changes in enthalpy, entropy, and free
energy, using the respective thermodynamic equations:36

∫Δ = ΔH C Tdpcal (1)

∫Δ = ΔS C T T( / ) dpcal (2)

Δ ° = Δ − ΔG T H T S( ) cal cal (3)

where H, S, G, and Cp denote the enthalpy, entropy, free
energy, and heat capacity at constant pressure, respectively. The
calorimetric van’t Hoff enthalpies, ΔHvH

cal, were obtained from
shape analysis of the heat capacity thermograms using the
Origin software provided by the manufacturer.

UV Absorbance versus Temperature Melting Curves.
The DNA samples were contained in 10 mm × 10 mm square
Quartz cuvettes. The UV absorbance at 260 nm (A260) was
measured as a function of temperature within the temperature
range of 0−80 °C with the cuvette positioned within the
thermoelectrically controlled sample holder of a Lambda-10
Perkin-Elmer spectrophotometer. The melting points, TM, were
determined from the midpoints of the A260 versus T duplex →
single-strand melting curves. The van’t Hoff enthalpy changes,
ΔHvH

UV, were determined from the slopes of the linear plots of
the experimentally measured values of 1/TM versus ln(CT/4),
where CT is the total concentration of DNA strands. The values
of the entropy change, ΔSvH, were calculated from the intercept
of these linear plots as described in detail elsewhere for non-
self-complementary strands.36

UV melting curves were also determined at different salt
concentrations (conducted in the range of 30−225 mM NaCl
at pH 7.0) to determine the differential thermodynamic release
(or uptake) of counterions, ΔnNa+, and of water molecules, Δnw,
that accompany the dissociation of each DNA duplex to single
strands. The thermodynamic relationships describing these
terms are37

Δ = Δ ∂ ∂ +
+ ⎤⎦n H RT T0.483( / )[ /( log[Na ])Na cal M

2
M (4)

and

Δ = Δ ∂ ∂n H RT T a0.434( / ){ /[ log( )]}w cal M
2

M w (5)

where aw is the activity of water and R is the molar gas constant.
UV melting curves were determined at different concentrations
of ethylene glycol (0.5−4.0 M), and the activities (aw) were
calculated from osmolality measurements as described else-
where.38,39

The first terms in parentheses in eqs 4 and 5 were
experimentally determined from differential scanning calorim-
etry experiments, while the terms in brackets or braces in these
equations were determined by measurements of TM values at
different NaCl or ethylene glycol concentrations.

NMR Methods. The one-dimensional (1D) and 2D NMR
experiments were conducted using a Varian INOVA 600 MHz
spectrometer, and the solution conditions are described in
Figures 6 and 7, and in the Supporting Information. The NMR
data sets were processed using Varian software and analyzed
using FELIX (Accelrys, Inc.).

■ RESULTS
Thermodynamics. The differential scanning calorimetry

curves for the X = Sp-S, X = Sp-R, and unmodified (X = C)
duplexes are compared in Figure 2. The thermodynamic values
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ΔHcal and ΔScal were evaluated from these curves according to
eqs 1 and 2, while ΔG°(20 °C) was calculated from eq 3. These
values are summarized in Table 1.
The double-strand to single-strand dissociation UV absorb-

ance profiles at 260 nm of the different 1:1 duplexes as a
function of temperature are compared in panels A−C of Figure
3, and the TM values are summarized in Table 1. These profiles
show that at the lowest temperatures, below ∼10 °C, the
molecules are in the duplex state, while at higher temperatures,
all curves are sigmoidal in shape, which is characteristic of the
unfolding of DNA duplexes. However, both Sp lesions cause a
very strong thermal destabilization of the Sp-R and Sp-S
duplexes, consistent with previous observations with different
sequence contexts29 and one of the two diastereomeric
lesions.31 Analysis of the melting curves at different total
concentrations of DNA strands, CT, shows that the TM values
increase with an increasing DNA concentration, as expected for
the unimolecular dissociation of duplexes into two single
strands. The dependence of the TM values on CT is given by the
van’t Hoff equation:36

= Δ + Δ − ΔT R H C S R H1/ ( / ) ln ( ln 2)/M vH
UV

T vH
UV

(6)

where ΔHvH
UV is the van’t Hoff transition enthalpy. The values

of ΔHvH
UV and ΔHcal are compared in Table 1 and are similar;

this observation suggests that the unfolding of both the
unmodified and Sp-containing duplexes can be approximated
by a two-state model.36

The melting curves of the unmodified and Sp-R and Sp-S
duplexes measured at different salt concentrations in the range
of 32−232 mM are depicted in panels A−C of Figure 4,
respectively. All melting curves are shifted to higher temper-
atures as the NaCl concentration is increased. The TM values
increase linearly as a function of ln[Na+] as shown in Figure
4D. The stabilities, as reflected by the higher TM values of all
three types of duplexes, increase with an increasing NaCl
concentration, consistent with the observation that salt favors
the duplex state that is characterized by a higher charge density

Figure 2. Differential scanning calorimetry curves for each duplex in
20 mM sodium phosphate buffer containing 0.1 M NaCl (pH 7):
unmodified duplex (black), Sp-R (red), and Sp-S (blue).

Table 1. Thermodynamic Profiles for the Unfolding of Oligonucleotide Duplexesa

duplex TM (°C) ΔHcal (kcal/mol) ΔHvH
cal (kcal/mol) ΔHvH

UV (kcal/mol) TΔScal (kcal/mol) ΔG°(20 °C) (kcal/mol)

unmodified 59.8 ± 0.5 82.9 ± 5 78 ± 6 79.5 ± 6 73.0 ± 4 9.9 ± 0.7
Sp-R 29.2 ± 0.5 54.0 ± 3 59 ± 3 53.1 ± 3 52.4 ± 3 1.6 ± 0.1
Sp-S 28.6 ± 0.5 53.4 ± 3 58 ± 3 51.2 ± 3 51.9 ± 3 1.5 ± 0.1

aValues were determined in 20 mM sodium phosphate buffer and 0.1 M NaCl (pH 7), and the TM values correspond to a duplex concentration of
130 μM (in total strands).

Figure 3. Normalized UV melting curves of 11-mer duplexes with Sp-
R or Sp-S lesions at different DNA concentrations in 20 mM sodium
phosphate buffer solutions with 0.1 M NaCl (pH 7). (A) Unmodified
DNA concentrations of 5.7 (■), 13.4 (●), 32.3 (▲), and 65.5 μM
(▼). (B) Sp-R duplex. DNA concentrations of 8.1 (■), 18.2 (●), 47.1
(▲), and 96.7 μM (▼). (C) Sp-S duplex. DNA concentrations of 5.8
(■), 13.5 (●), 38.9 (▲), and 81.8 μM (▼). (D) Dependence of TM
on total DNA strand concentration: unmodified duplex (■), Sp-R
(●), and Sp-S (▲).

Figure 4. Normalized UV melting curves of 11-mer duplexes with Sp-
R or Sp-S lesions at different NaCl concentrations in 20 mM sodium
phosphate buffer solutions (pH 7). (A) Unmodified duplex (5.7 μM in
total strands) with NaCl concentrations of 32 (■), 50 (●), 82 (▲),
135 (▼), and 232 mM (◆). (B) Sp-R duplex (6.1 μM in total strands)
with NaCl concentrations of 32 (■), 50 (●), 82 (▲), 135 (▼), and
232 mM (◆). (C) Sp-S duplex (5.8 μM in total strands) with NaCl
concentrations of 32 (■), 50 (●), 82 (▲), 135 (▼), and 232 mM
(◆). (D) Dependence of TM on NaCl concentration: unmodified
duplex (■), Sp-R (●), and Sp-S (▲).
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parameter. The ΔnNa+ values can be calculated from eq 4 (Table
2), because the first term on the right can be directly evaluated
from the DSC data, and the second term is equal to the slope of
the linear plot shown in Figure 4D.
The single-strand−double-strand DNA equilibrium is also

dependent on the activity of water, Δaw (eq 5), which can be
experimentally varied by changing the concentration of
ethylene glycol, as discussed previously (e.g., refs 40 and 41).
As shown in panels A−C of Figure 5, increasing the ethylene

glycol concentration from 0.5 to 4 M gradually shifts the
melting curves from higher to lower temperatures; i.e., water
favors the duplex state with a higher degree of hydration. The
dependence of the TM values of each of the three types of
duplexes is plotted as a function of ln aw in Figure 5D. The
change in moles of water released, Δnw, can be calculated using
eq 5 by evaluating the first term on the right side from the DSC
ΔHcal value and the slopes of the linear TM versus ln aw plots
(Table 2).
NMR. Exchangeable Proton Spectra of the Sp-R 11-mer

Duplex. The exchangeable proton 1D NMR spectrum of the
11-mer duplex containing the Sp-R lesion in H2O buffer
solution (pH 6.8) at 0 °C is shown in Figure 6A. The
observable imino proton resonances appear in the 12.0−14.0
ppm range, which is expected for normal Watson−Crick base
pairing in B-form DNA in the same sequence context.42 These
and other resonances were assigned (Figure 6A) using standard
procedures.43,44

An expanded region of the NOESY contour plot (200 ms
mixing time) for the same Sp-R duplex in an aqueous buffer
solution at 0 °C is shown Figure 6C. The observable NOEs (a−
e) between some of the adjacent imino protons are identified in
this figure. No imino−imino connectivities can be observed
between Sp and the adjacent G18 and G16 imino protons.

Table 2. Parameters Used To Calculate the Differential of Counterion and Water Binding

duplex RTM
2/ΔH (K) ∂TM/∂(ln[Na

+]) (K) ΔnNa+ (mol of Na+/mol of duplex) ∂TM/∂(ln aw) (K) Δnw (mol of Na+/mol of duplex)

unmodified 2.65 6.4 2.65 126.3 47.6
Sp-R 3.36 6.2 2.04 102.0 30.4
Sp-S 3.40 6.0 1.95 103.8 30.7

Figure 5. Normalized UV melting curves of 11-mer duplexes with Sp-
R or Sp-S lesions measured at the same DNA strand concentrations as
in Figure 4 with different ethylene glycol concentrations in 20 mM
sodium phosphate buffer solutions (pH 7). (A) Unmodified duplex
with ethylene glycol concentrations of 0.5 (■), 0.85 (●), 1.4 (▲), 2.4
(▼), and 4 M (◆). (B) Sp-S duplex with ethylene glycol
concentrations of 0.5 (■), 0.85 (●), 1.4 (▲), 2.4 (▼), and 4 M
(◆). (C) Sp-R duplex with ethylene glycol concentrations of 0.5 (■),
0.85 (●), 1.4 (▲), 2.4 (▼), and 4 M (◆). (D) Dependence of TM on
water activity: unmodified duplex (■), Sp-R duplex (●), and Sp-S
duplex (▲).

Figure 6. Expanded 1D NMR spectrum and 2D NOESY spectra in the
imino proton to amino and base proton region of the Sp-R duplex in
100 mM NaCl and 10 mM sodium phosphate containing a 10% D2O
aqueous solution (pH 6.8) at 0 °C. (A) 1D NMR spectrum (7.0−15.0
ppm), in which the imino proton assignments are shown. (B)
Expanded NOESY (200 ms mixing time) contour plots for the Sp-R
lesion-containing 11-mer duplex. NOEs between imino protons
(12.2−14.0 ppm) and amino and nonexchangeable base protons
(4.5−9.0 ppm), with NOE cross-peaks f−u characteristic of Watson−
Crick base pairs. Cross-peaks f−u are assigned as follows: f,
T8(NH3)−A15(H2); g, T20(NH3)−A3(H2); h, T4(NH3)−
A19(H2); i, T14(NH3)−A9(H2); j and j′, G22(NH1)−C1(NH2);
k, G22(NH1)−C1(H5); l and l′, G21(NH1)−C2(NH2); m, G21-
(NH1)−C2(H5); n and n′, G13(NH1)−C10(NH2); o, G13(NH1)−
C10(H5); p and p′, G16(NH1)−C7(NH2); q, G16(NH1)−C7(H5);
r and r′, G18(NH1)−C5(NH2); s, G18(NH1)−C5(H5); t, G13-
(NH1)−A9(H2); u, G18(NH1)−A19(H2). (C) Expanded NOESY
(200 ms mixing time) contour plot of the imino proton region (12−14
ppm) for the Sp-R lesion-containing 11-mer duplex. Imino−imino
proton NOEs, with the cross-peaks labeled a−e, which are assigned as
follows: a, T8(NH3)−T14(NH3); b, T8(NH3)−G16(NH1); c,
T20(NH3)−G21(NH1); d, T4(NH3)−G18(NH1); e, T14(NH3)−
G13(NH1).
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These observations suggest that, in the absence of hydrogen
bonding between base pairs, the imino proton NOEs become
invisible because of line broadening effects due to rapid
exchange with water protons. However, NOEs between G18
and T4 and between G16 and T8 imino protons on the 5′- and
3′-sides of the Sp lesion, respectively, can be observed. These
and the other observed imino−imino connectivities suggest
that Watson−Crick base pairing is intact on either side of the
lesion in the 11-mer duplex. This conclusion is further
supported by the observation of NOEs between exchangeable
C(NH2) amino and G(NH1) imino protons, and between
T(NH3) imino and nonexchangeable A(H2) base protons on
opposite strands of the 11-mer duplex (Figure 6B). Cross-peaks
characteristic of Watson−Crick base pairing are observed
between all T(NH3) and A(H2) protons (f−i) and between
C(NH2) and G(NH1) protons (j and j′, l and l′, n and n′, p
and p′, and r and r′), except the terminal C11:G12 base pair.
Further NOEs between the exchangeable G(NH1) and
nonexchangeable C(H5) base protons are observed at all
base pairs except the C11:G12 base pair. These observations
indicate that B-form Watson−Crick base pairing is intact at all
base pairs except at the lesion site and at the terminal C11:G12
base pair. The latter is weakened by terminal fraying
phenomena.
Nonexchangeable Proton Spectra of the Sp-R 11-mer

Duplex. An expanded region of the NOESY contour plot (200
ms mixing time) of the Sp-R 11-mer duplex in a D2O buffer
solution (pH 6.8) at 10 °C is shown in Figure 7A. The NOE
connectivities between the base protons (purine H8 or
pyrimidine H6, 7.0−8.5 ppm) and their own H1′ and 5′-
flanking deoxyribose H1′ protons (5.0−6.4 ppm) are traced as
blue lines for the modified strand from C1 to C11 and as red
lines for the unmodified strand from G12 to G22. The NOEs
on the Sp-R lesion-containing strand are pronounced within the
-C2-A3-T4- and -T8-A9-C10- sequences, thus indicating that
the duplex has a right-handed, most likely B-form conformation
in these flanking duplex DNA segments. The B-form
assignment is favored over the A-form because random
sequence DNA in aqueous buffer solutions at low salt
concentrations (0.1 M NaCl) is known to assume the B-
form, while the A-form exists in aqueous/organic solvent
mixtures or at very high salt concentrations, i.e., under
conditions of lowered water activities. Furthermore, previous
studies of the aqueous solution NMR structures of the same
oligonucleotide sequence (Figure 1), but with a different lesion
at the position of the Sp, revealed a 2′-endo sugar pucker
conformation that is characteristic of B-DNA.45 The Sp residue
does not have any base protons, and thus, the connectivities
within the central -C5-[Sp]-C7- region cannot be observed.
The connectivities between the Sp-flanking base pairs T4 and
C5 as well as between C7 and T8 are quite weak, which is
consistent with the weak imino−amino proton connectivities
observed for the C5:G18 and C7:G16 bases pairs; this is
evident from the weak NOEs, p and p′ and r and r′,
respectively, relative to the much stronger NOEs between
C2:G21 (l and l′) and C10:G13 (n and n′) base pairs shown in
Figure 6B.
On the unmodified strand (red trace in Figure 7A),

connectivities can be traced within the -G13-T14-A15-G16-
and -G18-A19-T20-G21- segments, while NOEs in the -G16-
C17-G18- segment are not discernible. Overall, it is clear that
the central region of the duplex that includes the 3 bp, (...-C5-
[Sp-R]-C7-...)·(...-G18-C17-G16-...), is significantly destabilized

relative to the other flanking base pairs on either side of this
central 3 bp sequence. Furthermore, the C17(H6−H1′) NOEs
are weaker than those of nearby bases, suggesting that C17 is
not in its normal B-form position and is likely to be more
mobile than its neighboring bases that maintain their Watson−
Crick base pair properties, although the Watson−Crick
hydrogen bonding appears to be somewhat weakened at the
C5:G18 and C7:G16 flanking base pairs (Figure 6B, NOEs p
and p′ and r and r′) due to line broadening.

Sp-S 11-mer Duplex. The NMR characteristics of the Sp-S
11-mer duplex in a D2O buffer solution were also studied, and a
portion of the 2D NOESY contour plot is shown in Figure 7B.
The connectivities can be traced via identifiable NOEs from C1
to C5 and from C7 to C11 (blue lines) and from G12 to G22
(red lines), which is quite similar to those of the Sp-R 11-mer
duplex. In the Sp-S duplex, the C17(H6−H1′) NOE seems to
be stronger than in the case of the Sp-R duplex, but there is no
discernible NOE between C17 and G18 on the same strand in

Figure 7. Expanded NOESY (200 ms mixing time) contour plots for
the Sp 11-mer duplexes in 100 mM NaCl and 10 mM sodium
phosphate in a 100% D2O buffer solution (pH 6.8) at 10 °C. The
NOE connectivities between base protons and their own and 5′-linked
sugar H1′ protons are traced as blue lines for the Sp-modified strand
and as red lines for the unmodified strand. The NOE cross-peaks
between cytosine H6 and H5 protons are denoted with asterisks. (A)
Sp-R 11-mer duplex. The connectivities can be traced via identifiable
NOEs from C1 to C5 and from C7 to C11 (blue lines) and from G12
to G22 (red lines). (B) Sp-S 11-mer duplex. The connectivities can be
traced via identifiable NOEs from C1 to C5 and from C7 to C11 (blue
lines) and from G12 to G22 (red lines).
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either case. The C17−G16 NOE is in a region of the 2D plot
where it overlaps or is close to the strong C17 (H5−H6) NOE
in both the Sp-S and Sp-R duplexes. The weakened T4−C5,
C7−T8, G16−C17, and C17−G18 NOEs in the Sp-S duplex in
the central (...-C5-[Sp-R]-C7-...)·(...-G18-C17-G16-...) region
are similar to the weak connectivities in the Sp-R 11-mer
duplex. Expanded NOESY (200 ms mixing time) 2D contour
plots and the 1D NMR spectrum of the Sp-S 11-mer duplex in
100 mM NaCl and 10 mM sodium phosphate in a H2O buffer
solution are shown in Figures S1 and S2 of the Supporting
Information. These spectra are similar to those exhibited by the
Sp-R 11-mer duplex shown in Figure 6, except that the
Watson−Crick imino−amino NOEs, and thus hydrogen
bonding, in the G16:C7 [G16(NH1)−C7(NH2)] and
G18:C5 [G18(NH1)−C5(NH2)] base pairs appear to be
somewhat stronger in the 11-mer Sp-S than in the case of the
Sp-R duplex.

■ DISCUSSION
The melting points, TM, determined from UV melting curves
demonstrate that both the Sp-R and Sp-S lesions positioned in
the middle of the 11-mer sequences cause significant thermal
destabilization of the duplexes. This is consistent with the
deviations from normal B-DNA conformation in the central 3
bp segment of the duplex containing the Sp lesions assessed
from the analysis of the NMR characteristics of these
sequences. Because the Sp residues do not have any
nonexchangeable protons, while the imino protons exchange
with water too rapidly to be observable, the differences in the
conformations of the Sp-R and Sp-S lesions could not be
defined. However, it is evident that the Sp lesions cause
structural perturbations within the central -C5-Sp-C7- segment
and the partial destabilization of the flanking G16:C7 and
G18:C5 base pairs; the latter is evident from the somewhat
broadened imino proton resonances of G16 and G18 (Figure
6A and Figure S1 of the Supporting Information), and the loss
or weakened NOEs in the sequential “walk” connectivities from
G16 to C17 and from C17 to G18. Furthermore, the G16:C5
and G18:C7 imino−amino proton connectivities are signifi-
cantly weakened in the Sp-R duplex, and to a somewhat lesser
extent in the Sp-S duplex. The normal fraying of the terminal
base pairs at both ends of the duplexes, coupled with the short
4 bp segments of Watson−Crick base pairs on either side of the
lesion, accounts for the dramatic decrease in the TM values from
∼54 °C in the unmodified duplexes to ∼29 °C in the Sp
duplexes.
The hyperchromicity or the relative magnitude of the

increase in absorbance resulting from the double-strand−
single-strand melting transition reflects the base−base van der
Waals stacking interactions in double-stranded DNA. The
percent hyperchromicity is defined as %H = [A260(ss) −
A260(ds)]/[A260(ds)] × 100, where A260 is the absorbance at
260 nm and ds and ss define the double- and single-stranded
states, respectively. The %H value is ∼18% for unmodified
DNA and decreases to ∼14−16% in the case of the Sp-R and -S
duplexes, suggesting a finite loss of stacking interactions. This
loss of hyperchromicity is consistent with the lower
endothermic enthalpy change accompanying the dissociation
of the Sp 11-mer duplexes into single strands. The weaker
stacking interactions can be explained in terms of the propeller-
like orientations of the two spiroiminodihydantoin A- and B-
ring systems (Figure 1A) that decrease the extent of van der
Waals interaction with neighboring base pairs.26,27 The

structural and thermodynamic features of Sp-R and Sp-S
lesions embedded in the same 11-mer duplex studied in this
work (Figure 1B) have been studied previously by computa-
tional methods.27 Molecular dynamics (MD) simulation studies
suggested that intercalative conformations of both Sp-R and Sp-
S lesions are favored in the major groove of B-DNA. This
investigation showed that full intercalation of the propeller-like
Sp A- and B-rings (Figure 1A) is not favored because of severe
distortions of the DNA duplex. Instead, the positioning of both
the Sp-R and Sp-S stereoisomers is favored in the major groove,
although conformations in the sterically more favored minor
groove are also possible.27 Whatever the conformations, the
MD simulations suggest that both Sp diastereomers cause
severe perturbations of the local DNA conformation by
opening the major and minor grooves, by perturbing
Watson−Crick hydrogen bonding quality in adjacent base
pairs, and by diminishing the level of base stacking.
Furthermore, these perturbations affect the normal structural
parameters of adjacent base pairs as noted experimentally
(Figures 6 and 7).
The thermodynamic parameters of dissociation of duplexes

summarized in Table 1 indicate that the values of ΔHcal and
ΔHvH are rather similar. This indicates that the unfolding of the
unmodified and Sp-modified 11-mer duplexes is close to a two-
state model.36 It is noteworthy that the free energies of melting
are rather small, especially in the case of the Sp-containing
duplexes (Table 1), thus demonstrating the lower thermody-
namic stabilities of the modified relative to the unmodified
duplexes. These ΔG terms result from the compensation of
unfavorable enthalpy and favorable entropy terms. The
unfavorable ΔH terms correspond to the energy needed for
disrupting base pair stacking interactions and rupture of
hydrogen bonds, while the favorable entropy terms reflect
contributions of the dissociation of one DNA molecule into
two single strands, as well as the release of counterions and
water molecules. Via comparison of the ΔHcal and ΔHvH
columns with the TΔScal column in Table 1, it is evident that
the Sp lesions cause a greater change in the ΔHcal or ΔHvH
values than the TΔScal values. Thus, enthalpic effects contribute
more to the destabilization of duplexes caused by the Sp lesions
than entropic effects that are associated with the release of
counterions and water. The dominant contribution of the
enthalpic term to the destabilization of Sp duplexes is in
agreement with the work of Chinyengeter and Jamieson,31 who
investigated the thermodynamic properties of a single Sp lesion
embedded in a 15-mer duplex. They observed a 20 °C thermal
destabilization of their 15-mer duplex. Our conclusions, based
on the impact of both Sp lesions on the free energy and TM
values of the modified duplexes, are consistent with these
results. However, in our experiments, the ΔTM = TM
(unmodified duplex) − TM (Sp-modified) value was ∼30 °C
(Table 1) instead of the reported value of 20 °C.31 The lower
stabilities in our case can be attributed to the smaller-size 11-
mer duplexes used in our study.
Previous modeling studies indicate that there is an

orientational difference between the Sp-R and Sp-S residues.26

The O6 atom in the Sp B-ring (Figure 1A) tends to be oriented
toward the 3′-end of the modified strand in the Sp-R case, while
the same oxygen atom is directed toward the 5′-end.
Thermodynamic analyses of these stereoisomeric structures in
the same 11-mer duplexes indicate that the Sp-R stereoisomer
is associated with a somewhat lower free energy than the Sp-S
duplex.27 However, the experimental unfolding studies show
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that the free energy differences in the Sp-R and Sp-S duplexes
cannot be distinguished within experimental error (Table 1).
Variations in the salt concentration and activity of water exert

pronounced effects on the thermodynamics of dissociation of
the 11-mer double strands into single strands (Figures 4 and 5).
The difference in the number of moles of sodium ions bound to
the double-stranded DNA and single-stranded DNA is defined
by ΔnNa+ = nNa+(ds) − nNa+(ss) (Table 2). The differences in the
key thermodynamic parameters, reflecting the differences
between modified and unmodified duplexes, are summarized
in Table 3. The positive ΔnNa+ values reflect the greater charge
density associated with the double-stranded molecules than
with the single-stranded molecules. This effect is associated
with the shielding of the repulsive interactions between
adjacent negatively charged DNA phosphate groups by sodium
ions that enhance the stability of B-DNA in aqueous solutions.
Thus, upon dissociation of the duplexes, a fraction of these
positively charged counterions are released and ΔnNa+ is
therefore positive in sign (Table 2). In the case of the
unmodified DNA, ΔnNa+ = 2.65 Na+ ions per mole of duplex, or
2.65/20 = 0.13 sodium ion per phosphate group, which is
characteristic of the melting of short oligonucleotide
duplexes.46 The level of release of counterions is lower in
both the Sp-R and Sp-S duplexes [ΔnNa+ ≈ 2 (Table 2)] than in
the unmodified duplex [ΔnNa+ = 2.65 (Table 2)]. This
indicates, assuming that the association of Na+ ions with
unmodified and Sp-modified single-stranded DNA in solution
is similar, that the charge density is lower in the
spiroiminodihydantoin-containing 11-mer duplexes than in
the unmodified duplex. The differential counterion release
upon melting of the duplexes [ΔΔnNa+ = ΔnNa+ (Sp) − ΔnNa+
(unmodified)] is equal to 0.6−0.7 Na+ ion/mol of duplex
(Table 3). The loss of charge density is most likely localized
within the central (...-C5-[Sp-R]-C7-...)·(...-G18-C17-G16-...)
segment because the NMR data show that the structural
distortions caused by the Sp lesions are largely confined to this
central sequence. The lower charge density in the Sp 11-mer
duplexes is consistent with a loss of base stacking interactions
that result in greater distances between adjacent phosphate
groups. Analogous effects have been observed with minimal
duplex distorting base analogues38 and lesions such as 8-
oxoguanine,47 and the highly distorting cis-Pt lesions,48 while
ΔΔnNa+ ≈ 0 in duplexes with bulky benzo[a]pyrene diol
epoxide-N2-guanine adducts positioned in the minor groove of
B-DNA with all Watson−Crick base pairs remaining intact.49

The melting of double-stranded DNA is accompanied by the
release of water molecules as well as positively charged
counterions. The release of water can be determined by
measuring the dependence of the unfolding constant of each
DNA duplex on the activity of water, aw (eq 5). It was shown
earlier that ethylene glycol destabilizes DNA duplexes and
diminishes TM by lowering aw only.

50 The Δnw values estimated
from Figure 5D and eq 5 show that ∼48 water molecules per
mole of unmodified duplex are released during the melting
process, while only ∼30 molecules are released as a result of the
dissociation of either of the two Sp 11-mer duplexes. The

smaller number of water molecules released upon melting by
the Sp 11-mer duplexes is consistent with (1) a smaller number
of ordered structural, hydrogen-bonded water molecules in the
grooves of DNA due to the disruptive effect of the Sp lesions,
the widening of the grooves in its vicinity, and the concomitant
disruption of hydrogen-bonded structures and (2) a greater
level of exposure of hydrophobic surfaces due to the nonplanar
propeller-like structure of the Sp base. This reduction in the
level of stacking interaction is accompanied by hydrophobic
interactions of water molecules that have a higher enthalpy and
entropy than structural, more ordered, and better hydrogen-
bonded structural water in the grooves of B-DNA.47 The latter
effects contribute to the smaller enthalpy and entropy changes
upon dissociation of the Sp duplexes to single strands.

■ CONCLUSIONS

Both Sp lesions cause similar extents of destabilization of
double-stranded DNA that are associated with the nonplanar,
propeller-like orientations of the two rings that strongly
diminish the level of local base stacking interaction. The
lower extent of release of counterions and water points to an
enhanced exposure of hydrophobic residues induced by the
nonplanar Sp lesions that also distort the local DNA backbone,
thus requiring less screening of adjacent phosphate groups by
sodium ions. The structural perturbations caused by the Sp
lesions weaken the adjacent flanking Watson−Crick base pairs
but rupture the normal NOE connectivities among the central
G18-C17-G16 nucleotides on the complementary strand, with
C17 being the partner base of Sp. The connectivities with
nucleotides adjacent to G18 and G16 are also weakened, so that
the structural distortions radiate up to 2 bp beyond the Sp:C17
base pair. These structural features cause the same dramatic
decrease in the melting points, TM, of the Sp-R and Sp-S 11-
mer duplexes. The thermodynamic and structural NMR
characteristics established by NMR methods are remarkably
similar for both Sp-R and Sp-S lesions. These properties predict
that the biological response of these diastereomeric lesions by
mechanisms that recognize structural DNA distortions caused
by the lesions rather than the lesions themselves, e.g.,
nucleotide excision repair systems, is unlikely to be different
for the Sp-R and Sp-S stereoisomers. On the other hand,
recognition and incision by base excision repair have been
shown to be different for the Sp-R and Sp-S lesions,51 most
likely because the accommodation of the stereoisomeric Sp
lesions into the active site of BER enzymes depends on their
absolute configurations.28
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Figures S1−S3, showing 2D NMR NOE and COSY spectra of
site specifically modified 11-mer duplexes containing the Sp-S
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Table 3. Differential Thermodynamic Profiles for the Formation of Oligonucleotide Duplexes (using the unmodified duplex as a
control, i.e., unmodified → modified duplex)

duplex ΔΔG (kcal/mol) ΔΔH (kcal/mol) Δ(TΔS) (kcal/mol) ΔΔnNa+ (mol of Na+/mol of duplex) ΔΔnw (mol of Na+/mol of duplex)

Sp-R 8.3 28.9 20.6 0.6 17.2
Sp-S 8.4 29.5 21.1 0.7 16.9
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