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Department of Chemistry, Wayne State UniVersity, Detroit, Michigan, 48202, and Department of Chemistry,
UniVersity of Utah, 315 South 1400 East, Salt Lake City, Utah 84112
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Experimentally, it was observed that the oxidized guanine lesion spiroiminodihydantoin (Sp) contained
in highly purified oligodeoxynucleotides slowly converts to guanidinohydantoin (Gh). The reaction is
accelerated in the presence of acid. The possible mechanisms of this transformation have been analyzed
computationally. Specifically, the potential energy surface for formation of Gh from Sp has been mapped
using B3LYP density functional theory, the aug-cc-pVTZ and 6-31+G(d,p) basis sets, and the integral
equation formalism for the polarizable continuum model (IEF-PCM) solvation model. The results favor
a mechanism in which proton-assisted hydration of the C6 carbonyl group forming a gem-diol leads to
ring opening of the iminohydantoin ring. The resulting species resembles a �-ketoacid in its ability to
decarboxylate; tautomerization of the resulting enol forms Gh. The results of these studies indicate that
incubation of nucleosides or oligonucleotides containing Sp should be avoided in acidic media when
high purity or an accurate assessment of the amounts of hydantoin lesions is desired.

Introduction

Spiroiminodihydantoin (Sp, 1) and guanidinohydantoin (Gh,
7) are secondary oxidation products of the guanine nucleobase
with highly mutagenic properties (1, 2). Formation of both of
these oxidation products from guanine and 8-oxoguanine has
been studied extensively over the past decade (3-22). Experi-
mental and computational studies have indicated that both Sp
and Gh are formed via a common intermediate, 5-hydroxy-8-
oxoguanine (5-OH-OG) (Scheme 1) (7, 9, 10, 23). The ratio of
Sp to Gh observed in vitro has been shown to be dependent on
the pH and temperature of the reaction. High pH and temperature
favor the rearrangement of 5-OH-OG to form Sp, 1, whereas
low pH and temperature favor hydration of 5-OH-OG and
subsequent loss of CO2 to form Gh, 7 (24).

Similarly, the formation of spirodihydantoin (Scheme 1), a
minor product formed during the oxidation of uric acid to
allantoin, was also found to be correlated with high pH and
temperature (25). The formation of allantoin via the oxidation
of uric acid has been the subject of experimental study for many
years (26, 27). Allantoin differs from Gh, 7, by the substitution
of a carbonyl group instead of an imino group at the C2 position.
13C NMR studies provided evidence that the formation of
allantoin from 5-hydroxyisourate under basic conditions pro-
ceeds via hydrolysis of the N1-C6 bond followed by a 1,2
carboxylate shift and then decarboxylation (Scheme 1) (27). In
the latter experiment, the carboxylate shift from the C5 to C4
position was confirmed by preparing [4,6-13C2]urate and fol-
lowing its conversion over time to allantoin via 13C NMR. The
signals from the C4 and C6 were doublets with coupling
constants consistent with the Jcc values observed for the R- and
carbonyl carbons in amino acids.

Rather than the carboxylate shift proposed above, these
experimental results could also suggest that, under basic
conditions, formation of allantoin may proceed through a short-
lived spirodihydantoin intermediate. This alternative mechanism
is consistent with the experimental observation that the oxidized
guanine lesion spiroiminodihydantoin contained in highly puri-
fied oligodeoxynucleotides slowly converts to guanidinohydan-
toin. As with formation of Sp and Gh from 5-OH-OG, this
conversion is sensitive to reaction pH. The present study
evaluates the possible formation of Gh directly from Sp via
hydration of the carbonyl group at C6 and subsequent loss of
carbon dioxide. The effect of pH on the possible mechanisms
for this conversion have been evaluated computationally.

Experimental Procedures

Synthesis of 2′,3′,5′-Tri-O-acetyl-8-oxo-7,8-dihydrogua-
nosine (7). A mixture of 7,8-dihydro-8-oxoguanosine (25 mg)
and 4-dimethylaminopyridine (2 mg) in acetic anhydride (2.5
mL) was stirred at room temperature for 3 days. To the resulting
mixture was added 15 mL of toluene, and the solution was
evaporated under reduced pressure four times. The yield was
above 95%. The resulting residue was characterized by elec-
trospray ionization mass spectrometry (ESI-MS), found to have
a purity of >95%, and used without further purification.

Synthesis of 2′,3′,5′-Tri-O-acetyl-spiroiminodihydantoin.
To a 1 mL solution of 75 mM potassium phosphate (pH 8.0)
and 2′,3′,5′-tri-O-acetyl-8-oxo-7,8-dihydroguanosine (2 mg, 4
mmol) was added Na2IrCl6 (4 mg, 8 mmol). The solution was
incubated at room temperature for 30 min. The reaction mixture
was purified by high-performance liquid chromatography (HPLC)
with a 4.6 mm × 250 mm Alltima C18-NUC (Alltech) reversed-
phase column using an isocratic solvent system consisting of
12% acetonitrile and 88% water (0.1% TFA). The flow rate
was 1.0 mL/min, and the UV spectra were recorded at 220 nm.

Analysis of the Conversion of Spiroiminodihydantoin
to Guanidinohydantoin under Acidic Conditions. For nucleo-
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side studies, the purified spiroiminodihydantoin nucleoside
triacetate was incubated in HPLC buffer (12% acetonitrile, 88%
water, and 0.1% TFA, pH ) 1.5) at room temperature. The
incubated spiroiminodihydantoin was then analyzed by liquid
chromatography mass spectrometry (LC/MS) at different time
points over the course of several days. The studies were repeated
at pH 2.0, 2.5, and 5.3.

The nucleoside samples were analyzed by positive ESI on a
Waters SQ mass spectrometer equipped with a Waters Acquity
UPLC system. Chromatographic separation was accomplished
using a Waters Acquity UPLC HSS T3 (1.8 µm, 50 mm × 2.1
mm) reversed-phase column and a linear gradient of 5% solvent
B to 90% solvent B over 6.5 min. Solvent A consisted of 0.1%
formic acid in water, while solvent B was acetonitrile. The flow
rate was 0.6 mL/min, and UV spectra were recorded in the range
of 210-400 nm. The mass spectrometer source and desolvation
temperatures were 150 and 400 °C, respectively. The capillary
voltage was set to 3.5 kV, sampling cone voltage to 17 V, and
the extractor cone to 3 V. The instrument was operated and
data accumulated with Micromass Masslynx software (version
4.1). The relative ionization efficiency of Gh/Sp on this
instrument was previously found to be 2.4:1 (8), and this factor
was used to correct the values reported herein.

For oligomer studies, an Sp-containing 13-mer with the
sequence5′-d(CGTCCASpGTCTAC)-3′waspreparedbyNa2IrCl6-
mediated oxidation of an OG-containing synthetic oligomer
according to previously published methods (24). Solutions of
the oligomer (10 µM) were incubated at pH 3.5 or 4.5 for 5
days at room temperature and then analyzed by HPLC on a
Beckman 126 solvent module equipped with a Beckman 168
PDA detector. Chromatographic separation was accomplished
using a Dionex DNAPac PA-100 (250 mm × 4.6 mm) ion-
exchange column with a linear gradient of 15% B to 100% B
in 30 min. Solvent A was 10% acetonitrile and 90% water, while
solvent B was 10% acetonitrile and 90% 1.5 M sodium acetate
(pH 7). The flow rate was 1.0 mL/min, and UV spectra were
recorded at 260 nm.

Computational Methods. Molecular orbital calculations were
carried out using the development version of the Gaussian series
of programs (28). Optimized geometries and energies in the gas
phase were computed with the B3LYP density functional
method (29-31) using the 6-31+G(d,p) basis set (32-37) for
all but two of the reactants, products, and transition states. The

transition states for two of the acyl migration reactions (16/23
TS and 1N1H taut/22 TS) were located by optimizing the
geometries in solution using the integral equation formalism of
the polarizable continuum model (IEF-PCM) solvation model
(23). Our previous computational studies with the 8-hydrox-
yguanine radical indicated that the potential energy profiles of
adducts substituted at N9 with methyl, hydroxymethyl, and
methoxyethyl were similar to those observed with hydrogen as
the substituent (38). Therefore, the model compounds for the
calculations were the Sp and Gh nucleobases with hydrogen as
the substituent at N9.

Transition states involving proton transfer from one adduct
to another were modeled with one or two explicit molecules of
water assisting the proton transfer. In general, the transition
states thus formed were six-membered rather than four-
membered ring systems and should therefore represent a lower
energy pathway. For addition of water to the C6 carbonyl, two
waters are needed to form the six-membered ring. For proton
relays, two waters were usually needed to span the space
between the proton donor and the proton acceptor. In a few
cases, due to the geometry of the intermediate, it was possible
to form a six-membered ring transition state with only one water
molecule. Addition of a second explicit water molecule to the
latter calculations would result in an eight-membered ring
transition state and was thought unlikely to provide a lower
energy pathway. Single-point calculations in aqueous solution
were carried out at the gas-phase-optimized geometry for the
adducts and corresponding transition states using IEF-PCM at
the B3LYP/aug-cc-pVTZ (39) level of theory. The computations
were conducted with the F01, F02, F02plus, and G01 develop-
ment versions of the Gaussian suite of programs and employed
a solvent-excluding surface cavity model, UAKS radii, and
tesserae with an average area of 0.200 Å2. Cartesian coordinates
for the optimized geometries and gas-phase energies for the
adducts and transition states are provided in the Supporting
Information. Vibrational frequencies were computed in the gas
phase at the B3LYP level with the 6-31+G(d,p) basis set and
were used without scaling since the B3LYP frequencies agree
quite well with experimental values for a wide range of second-
and third-period compounds (40). Thermal corrections and
enthalpies were calculated by standard statistical thermodynamic
methods (41) using the unscaled B3LYP frequencies and the
ideal gas/rigid rotor/harmonic oscillator approximations. The

Scheme 1. Comparison of Pathways for Conversion of 8-oxoG to Gh, 7, and Sp, 1, and for Conversion of Uric Acid to Allantoin
and Spirodihydantoin
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energy in solution for each species is the sum of the electronic
energy in the gas phase calculated at B3LYP/aug-cc-pVTZ//
B3LYP/6-31+G(d,p), the zero-point energy (ZPE) and thermal
corrections for enthalpy at B3LYP/6-31+G(d,p), and the
solvation free energy calculated at IEF-PCM/B3LYP/aug-cc-
pVTZ//B3LYP/6-31+G(d,p).

To maintain the charge balance within the calculations, proton
transfer between cation adducts was modeled as a proton transfer
to guanine’s Watson-Crick base pair partner, cytosine. Between
anions the charge balance was maintained by assuming the
proton is transferred from the neutral adduct to a methane thiol
anion and, conversely, from the neutral methane thiol back to
an anion adduct. Methane thiol has been selected as the smallest
possible model for dithiothreitol, a reagent commonly used
experimentally for examining electron and proton transfer within
DNA.

Results and Discussion

Experimental Analysis. The spirocyclic nucleoside Sp is a
major product of oxidation of G or 8-oxoG under neutral or
basic conditions (i.e., pH g 7) (24). We observed that a purified
Sp sample stored at pH 1.5 for 24 h at room temperature formed
trace amounts of Gh (5%). Interestingly, repurification of this
Sp sample still gave a trace amount of Gh as the impurity. This
puzzling observation led to a hypothesis that Sp is converted
to Gh under acidic conditions.

To test this hypothesis, Sp nucleoside (Supporting Informa-
tion, Figure S-3) was incubated at pH 1.5 at room temperature
for 1, 5, and 17 days, and the composition was examined by
LC/MS. The results indicated that a significant amount of Gh
(∼30%) appeared in the sample after 5 days (Figure 1). Since
little Gh was detected in a fresh Sp sample, the possibility of a
significant amount of Gh originating in mass spectrometry can
be ruled out. After 17 days, most of the mixture (∼90%) had
been converted to Gh (Figure 1). Therefore, it can be concluded
that Sp converts to Gh at pH 1.5 at room temperature with a
half-life of approximately 9 days for nucleoside samples.

The conversion of Sp to Gh is highly acid sensitive; the
amount of Gh formed after 3 days decreased dramatically if
the pH of medium was raised to 2 or 2.5 (Figure 2). To further
probe the acid sensitivity, the Sp nucleoside was incubated at
pH 5.3 at 37 °C overnight; these conditions mimic those used
during nuclease digestion with enzymes such as nuclease P1.
Under these conditions, no significant increase in the amount
of Gh could be detected (see the Supporting Information).

Additional studies were performed to examine the conversion
of Sp to Gh in an oligodeoxynucleotide. In oligomers shorter
than 50-mers, the Sp and Gh-containing strands of identical

sequence are usually separable by HPLC. Thus, a 13-mer
sequence 5′-d(CGTCCASpGTCTAC)-3′′ was incubated at pH
3.5 or 4.5 for 5 days followed by HPLC analysis (Figure 3).
Note that prolonged incubation at lower pHs was not carried
out due to the possibility of competing depurination reactions
in the oligomer that would complicate the analysis. HPLC
separation and confirmation of structure by negative ion ESI-
MS showed that small but significant amounts of Gh (∼5%)
were formed in this time period at pH 3.5.

When the structures of Sp and Gh are compared, three steps
have to be involved in the mechanism of the Sp to Gh
conversion: water addition, ring opening, and decarboxylation.
The hydantoin ring of Sp may break between C4 and C5 or
between C6 and N1 (Scheme 1). Moreover, water addition may
occur before or after ring opening. Accordingly four possible
pathways are proposed and evaluated by computational methods.

Computational Analysis. Four pathways for conversion of
Sp, 1, to Gh, 7, were evaluated (Schemes 2-5). In pathway A,
water adds to the carbonyl group at C6 forming a gem-diol
intermediate (3, 8, and 11) which can undergo ring opening to
a 4-carboxy-guanidinohydantoin (4-carboxy-Gh) intermediate
(4, 9, and 12). Loss of carbon dioxide leads to formation of the
Gh-enol (5, 10, and 13) which then tautomerizes to form Gh,
7. Pathway B examines the energetics of concerted water
addition to C6 and cleavage of the C6-C4 bond to form a
carbamate intermediate, 14. This intermediate can then lose
carbon dioxide and tautomerize to form Gh, 7. Pathway C begins
with cleavage of the C6-C4 bond to form the isocyanate
intermediate, 16. Addition of water to the isocyanate yields the
carbamate intermediate, 17, which loses carbon dioxide and
tautomerizes to Gh, 7. Pathway D outlines the energetics for

Figure 1. Percentages of Gh and Sp at different incubation times in
pH 1.5 buffer, corrected for relative ionization as analyzed by ESI-
MS.

Figure 2. HPLC analysis of Sp nucleoside diastereomers converting
to Gh after being incubated at pH 2 or 2.5 for 3 days. Identities of Gh
and Sp were confirmed by ESI-MS and comparison to authentic
samples.

Figure 3. HPLC analysis of an Sp-containing oligomer (X ) Sp)
converting to Gh after overnight incubation at pH 3.5 vs 4.5.
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formation of Gh, 7, from Sp, 1 via reversion to 5-OH-OG and
then acid-catalyzed hydration of the carbonyl at C6 and
decarboxylation to Gh.

1. Pathway A (Scheme 2). The energetics for formation
of Gh, 7, from Sp, 1, via the gem-diol intermediate have been
evaluated for acidic, neutral, and basic conditions by
conducting the calculations with protonated, neutral, and
anionic species (Figure 4). For the protonated species, the
positive charge in the relative energy calculations is balanced
by assuming that the proton moves from a cytosine cation
(CH+) to neutral Sp, 1. For the hydroxide and other anionic
species (e.g., 11, 12, and 13) the calculation assumes that
the proton moves from a neutral water molecule or other
reaction intermediate to a CH3S anion.

The various species evaluated for pathway A are shown in
Scheme 2. Relative energies of the reactants, intermediates, and

products are provided in Figure 4 and Table 1. Under neutral
conditions, addition of water to Sp, 1, to form the gem-diol, 8,
is endothermic by 14.7 kcal/mol with a forward barrier height
modeled with one reactive and one catalytic molecule of water
of 43.0 kcal/mol. The diol, 8, can undergo concerted proton
transfer and ring opening to form the 4-carboxy-Gh intermediate,
9. This reaction is predicted to be thermoneutral with a
difference in energy between the two species of -0.2 kcal/mol
and a forward barrier height of 16.3 kcal/mol when modeled
with one explicit water molecule assisting with the proton
transfer. The proton transfer and decarboxylation of 9 yields
Gh-enol, 10, and is predicted to be endothermic by 4.6 kcal/
mol with a forward barrier height, modeled with two explicit
molecules of water, of 23.1 kcal/mol. The enol-keto tautomer-
ization of 10 to form Gh, 7, is exothermic by 24.6 kcal/mol.
These results agree with the experimental observation that the

Scheme 2. Possible Pathway for Conversion of Sp, 1, to Gh, 7, via a Gem-Diol Intermediate (Pathway A)

Figure 4. Relative energies in solution of pathway A under neutral (solid black line), basic (red dashed line), and acidic (blue dotted line) conditions
for formation of Gh, 7, from Sp, 1 calculated at IEF-PCM/B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d,p).
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keto form of small molecules is generally more stable than the
corresponding enol form. In the case of acetone, the keto form
is 12-13.9 kcal/mol lower in energy (42). The forward barrier
height modeled with two molecules of water is 26.1 kcal/mol
which is consistent with published calculations for the keto-enol
tautomerization of acetone and in line with the experimental
observation that the two Gh diasteromers epimerize at room
temperature with a half-life of about 30 min (9). A study
conducted by Lee et al. (43) indicates that addition of one
catalytic molecule of water lowered the solution-phase barrier
height from 73.1 (uncatalyzed reaction) to 45.1 kcal/mol (MP2/
6-31G(d,p)//MP2/6-31G(d,p) level of theory). Calculations on
the keto-enol tautomerization of acetone conducted by Cuci-
notta et al. using ab initio molecular dynamics provided a similar
barrier height for the reaction catalyzed by one molecule of

water and suggest that addition of further water molecules may
bring the barrier down by a few more kilocalories per mole
(42). On the basis of the experimental findings of Capon and
Zucco, under acidic conditions, the rate for the enol-keto
tautomerization may increase by an order of magnitude,
suggesting 1.5-3 kcal/mol decrease in the barrier height for
this reaction (44).

Acid-mediated addition of water to the C6 carbonyl of Sp,
1, is most likely to occur via protonation at the N1 nitrogen, 2,
and is predicted to be endothermic by 4.1 kcal/mol. Protonation
at the oxygen of either the Sp C6 carbonyl or C5 carbonyl is
unlikely to occur as these species are predicted to be 23.4 and
13.8 kcal/mol higher in energy, respectively, than 2. The
protonated gem-diol formed from 2 is the N1H protonated Sp-
diol, 3. The forward barrier height for formation of 3 from 2

Table 1. Relative Energies of Adducts for Conversion of Sp, 1, to Gh, 7

summary of energetics
schemes 2-4
structure no.

E + ZPE + ∆H298 +
∆Gsolv (kcal/mol)

Sp + CH+ + 3H2O + CH3S- 1 0.0
Sp-N1H taut + CH+ + 3H2O + CH3S- 1-N1H taut 3.9
Sp-N1HN3H imine + CH+ + 3H2O + CH3S- 1-N1HN3H imine 1.9
Sp-TS-Sp diol + CH+ + 1H2O + CH3S- 1/8 TS 43.0
Sp-TS-carbamate N3H enol + CH+ + 1H2O + CH3S- 1/14 TS 51.2
Sp-TS-isocyanate enol + CH+ + 1H2O + CH3S- 1/16 TS 33.1
Sp-C5OH+ + C + 3H2O + CH3S- 2-C5OH taut 27.5
Sp-N1H+ + C + 3H2O + CH3S- 2 4.1
Sp-C6OH+ + C + 3H2O + CH3S- 2-C6OH taut 17.9
Sp-C6OH+ TS Sp diol N1H+ + C + 2H2O + CH3S- 2-C6OH taut/3 TS 43.1
Sp-N1H+ TS carbamate enol N1H+ + C + 1H2O + CH3S- 2N1H+/14N1H+ TS 38.1
Sp-N1HH+TS-Sp diol-N1H+ + C + 1H2O + CH3S- 2/3 TS 18.6
Sp diol-N1H+ + C + 2H2O + CH3S- 3 11.8
Sp diol-N1H+-TS-imidazolidine C4 carboxylic acid-N1H+ + C + 1H2O
+ CH3S-

3/4 TS 46.9

Sp diol-N1H+-(ring opening) TS-imidazolidine C4 carboxylic
acid-C6OH+ + C + 2H2O + CH3S-

3/4C6OH+ TS 48.9

C4-carboxy-Gh N1H+ + C + 2H2O + CH3S- 4 12.8
C4-carboxy-Gh N1H+ TS Gh enol cation + C + 2H2O + CH3S- 4/5 TS 35.7
C4-carboxy-Gh C5OH+ + C + 2H2O + CH3S- 4C5OH+ TS 42.3
Gh enol N1H+ + C + 2H2O + CH3S- + CO2 5 11.2
Gh enol N1H+-TS-Gh keto N1H+ + C + CH3S- + CO2 5/6 TS 35.5
Gh keto N1H+ + C + 2H2O + CH3S- + CO2 6 -11.2
Gh + CH+ + 2H2O + CH3S- + CO2 7 -5.5
Sp diol + CH+ + 2H2O + CH3S- 8 14.7
Sp diol-TS-C4-carboxy-Gh + CH+ + 2H2O + CH3S- 8/9 TS 31.0
C4-carboxy-Gh + CH+ + 2H2O + CH3S- 9 14.5
C4-carboxy-Gh-TS-Gh enol + CH+ + CH3S- 9/10 TS 37.6
Gh enol + CH+ + 2H2O + CH3S- + CO2 10 19.1
Gh enol-TS-Gh + CH+ + CH3S- + CO2 10/7 TS 45.2
SpC6diol anion + CH+ + 2H2O + CH3SH 11 21.8
SpC6diol anion TS Gh anion + CH+ + 1H2O + CH3SH 11/13 TS 47.4
C4-carboxy-Gh anion + CH+ + 2H2O + CH3SH 12 -2.0
C4-carboxy-Gh anion-TS-Gh anion + CH+ + 2H2O + CH3SH 12/13 TS 27.5
Gh enol anion + CH+ + 2H2O + CH3S- + CO2 13 17.7
carbamate N3H enol + CH+ + 2H2O + CH3S- 14 22.9
carbamate N3H enol-TS-Gh N3H enol + CH+ + 2H2O + CH3S- 14/10 TS 38.4
carbamate N3H enol-keto + CH+ + CH3S- 14/15 TS 50.5
carbamate N1HN3H enol cation + C + 2H2O + CH3S- 14N1H+ 24.0
carbamate N3H ketone + CH+ + 2H2O + CH3S- 15 -8.5
carbamate N3H ketone-TS-Gh + CH+ + 1H2O + CH3S- 15/7 TS 5.8
isocyanate enol + CH+ + 3H2O + CH3S- 16 33.9
isocyanate enol-TS-carbamate N1H enol + CH+ + 1H2O + CH3S- 16/17 TS 63.4
isocyanate enol-keto tautomerization + CH+ + 1H2O + CH3S- 16/19 TS 68.9
imidazolidone carbamate N1H enol + CH+ + 2H2O + CH3S- 17 24.5
imidazolidone carbamate N1H enol-TS-Gh enol + CH+ + 1H2O +
CH3S-

17/18 TS 55.7

Gh enol + CH+ + 2H2O + CH3S- + CO2 18 20.4
Gh-enol-ketone TS + CH+ + CH3S- + CO2 18/21 TS 47.0
isocyanate ketone + CH+ + 3H2O + CH3S- 19 22.9
isocyanate keto-TS-carbamate N1H keto + CH+ + 1H2O + CH3S- 19/20 TS 46.5
imidazolidone carbamate N1H ketone + CH+ + 2H2O + CH3S- 20 1.4
imidazolidone carbamate N1H ketone-TS-Gh taut + CH+ +H2O +
CH3S-

20/21 TS 31.1

Gh N1H2 taut + CH+ + 2H2O + CH3S- + CO2 21 -2.9
Gh N1H2 taut-TS-Gh + CH+ +H2O + CH3S- + CO2 21/7 TS 13.1
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modeled with two explicit water molecules is 14.5 kcal/mol,
28.5 kcal/mol lower than the barrier height for addition of water
to the C6 carbonyl of unprotonated Sp (1/8 TS). Ring opening
of the protonated diol intermediate, 3, yields 4-carboxy-Gh
protonated at N1, 4. Similar to the unprotonated reaction (8/9
TS), this reaction is predicted to be nearly thermoneutral with
a difference in energy between 3 and 4 of 1.0 kcal/mol.
However, the forward barrier height for this reaction is 35.1
kcal/mol, 18.8 kcal/mol higher than the height predicted for the
unprotonated species (8/9 TS). Reaction path following calcula-
tions indicate that 3 to 4 transition begins with nearly complete
cleavage of the C6-N1 bond (C6-N1 bond distance ∼2 Å)
prior to transfer of a proton from the gem-diol to the already
protonated N1 position of the guanidine subunit. In a separate
calculation modeled without an explicit water molecule, the
transition state for ring opening of 3 to form a 4-carboxy-Gh
intermediate protonated at the C6 carboxylic acid was estimated
to be 48.9 kcal/mol suggesting that the large forward barrier
height is being driven by the energy require to cleave the
C6-N1 bond. In contrast, the 8 to 9 transition begins with
transfer of a proton from the gem-diol to an unprotonated N1
position followed by cleavage of the C6-N1 bond. Concurrent
ring opening and proton transfer to form a 4-carboxy-guanidi-
nohydantoin species protonated at the oxygen of the C5 carbonyl
was also examined, but this intermediate, 4C5OH+ taut, is 29.5
kcal/mol higher in energy than 4 making it thermodynamically
unfavorable.

Results of calculations from a previous computational study
(45) suggest that the pKa of Sp is ∼0.5, similar to that observed
for 8-oxoguanine (pKa(exp) ) -0.1) (46). At pH 2, ap-
proximately 18.5% of the Sp should be protonated (2), and this
would facilitate formation of the tetrahedral gem-diol intermedi-
ate (4). The pKa of intermediate 4 is predicted to be 5.6
calculated using the same method as that described in our
previous research. At pH 2, 3% of the gem-diol intermediate is
predicted to be unprotonated and available to proceed via the
kinetically preferred transition state (8/9 TS). A plot of the
predicted percentage of protonated Sp and Sp-diol is provided
in the Supporting Information.

The carboxylic acid intermediate, 4, may undergo decar-
boxylation to yield a protonated Gh enol, 5. This reaction is
slightly exothermic (1.6 kcal/mol) and is predicted to have a
forward barrier height of 22.9 kcal/mol. Enol-keto tautomer-
ization of Gh enol, 5, provides a protonated Gh, 6. As expected,
the keto form of the protonated Gh, 6, is 22.4 kcal/mol more
stable than the enol form. The forward barrier height for this
tautomerization is predicted to be 24.3 kcal/mol. Consistent with
experimental data indicating that the pKa of guanidine is 13.8
(47), the protonated form of Gh, 6, is thermodynamically favored
over the unprotonated species, 7.

Formation of the gem-diol under basic conditions has been
modeled by addition of hydroxide anion to Sp, 1. Addition of

hydroxide to the C6 carbonyl of Sp is predicted to be
endothermic by 21.8 kcal/mol; however, at this level of theory
a transition state has not been identified. Proton transfer and
cleavage of the C6-N1 bond should lead to the formation of
the 4-carboxy-guanidinohydantoin anion, 12. At the level of
theory used in this study, a loosely bound complex of carbon
dioxide and Gh anion was identified. This structure had a
C6-C4 bond length of 1.64 Å and was 23.8 kcal/mol lower in
energy than intermediate 11. The forward barrier height for
formation of this product is 28.3 kcal/mol. Decarboxylation of
12 to form the Gh anion, 13, is predicted to be endothermic by
19.7 kcal/mol with a forward barrier height of 29.5 kcal/mol.
Our calculations suggest that a kinetically more likely pathway
is for the Sp diol anion, 11, to undergo coupled proton transfer
and decarboxylation to yield the Gh anion, 13, directly. This
reaction is exothermic by 4.1 kcal/mol and has a forward barrier
height of 25.6 kcal/mol when modeled with one catalytic
molecule of water. Protonation of 13 at the C5 oxygen is
endothermic by 1.4 kcal/mol and yields Gh enol, 10, which then
undergoes enol-keto tautomerization to form Gh, 7, as de-
scribed previously.

The data suggests that the kinetically and thermodynamically
favored mechanism along pathway A likely proceeds via proton-
assisted water addition to the C6 carbonyl group to yield the
gem-diol intermediate followed by proton transfer and decar-
boxylation to form the Gh enol, 5. Tautomerization of the enol,
5, yields the protonated Gh species, 6. Base-assisted conversion
of Sp, 1, to Gh, 2, via an anion intermediate along pathway A
is predicted to be thermodynamically unfavorable.

2. Pathway B (Scheme 3). The energetics for formation of
Gh, 7, from Sp, 1, via a carbamate intermediate were evaluated
for neutral, protonated, and deprotonated intermediates using
the procedures described for pathway A (Scheme 3 and Figure
5). Under neutral conditions, concurrent addition of water and
cleavage of the C6-C4 bond to yield the carbamate intermedi-
ate, 14, is predicted to be endothermic by 22.9 kcal/mol with a
forward barrier height modeled with one reactive and one
catalytic molecule of water of 51.2 kcal/mol. Protonation of Sp
at the N1 nitrogen reduces the forward barrier height for this
reaction to 34.0 kcal/mol (2/14N1H+ TS). Deprotonation of the
14N1H+ cation intermediate is exothermic by 1.1 kcal/mol.
Enol-keto tautomerization of the carbamate enol intermediate,
14, leads to formation of 15 and is exothermic by 31.4 kcal/
mol with a forward barrier height modeled with two explicit
water molecules of 27.6 kcal/mol. Coupled proton transfer and
decarboxylation of 15 yielding Gh, 7, is predicted to be
endothermic by 3.0 kcal/mol with a forward barrier height of
14.3 kcal/mol. Alternatively, proton transfer and decarboxylation
could take place from the carbamate enol, 14, producing the
Gh enol, 10, which then tautomerizes to form Gh, 7. The
forward barrier height for decarboxylation of the carbamate enol,
14, is only 15.5 kcal/mol, suggesting that this reaction is

Scheme 3. Possible Pathways for Conversion of Sp, 1, to Gh, 7, via Carbamate Intermediate (Pathway B)
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kinetically preferred to the enol-keto tautomerization (14/15
TS). Deprotonation of Sp, 1, followed by addition of water to
the C6 carbonyl, leads to the formation of the Sp diol anion,
11, shown in Figure 4. This reaction is endothermic by 21.8
kcal/mol, and the intermediate has C4-C6 and C6-N1 bond
lengths of 1.71 and 1.49 Å, respectively. At the level of theory
used in this study, we were not able to identify either an unbound
carbamate anion intermediate or a transition state for complete
cleavage of the C4-C6 bond suggesting that, under basic
conditions, ring opening and decarboxylation probably proceeds
via cleavage of the C6-N1 bond, as described previously for
pathway A.

The data suggest that pathway A would be thermodynamically
preferred over pathway B as the predicted relative energies of
the gem-diol and C4-carboxy-Gh intermediates along pathway
A are approximately 8-12 kcal/mol lower in energy than the
carbamate enol intermediates along pathway B. Under proto-

nated and neutral conditions, pathway A may also be kinetically
preferred over pathway B as the forward barrier heights for the
initial hydration reactions along pathway A are 19.5 and 8.2
kcal/mol lower than the coordinated hydration and ring-opening
reactions along pathway B.

3. Pathway C (Scheme 4). The energetics for formation of
Gh, 7, from Sp, 1, via water-assisted proton transfer and ring
opening to an isocyanate enol intermediate, 16, were also
evaluated. The structures and relative energies of all reactants,
intermediates, and products are provided in Scheme 4 and Figure
6. Formation of the isocyanate enol intermediate, 16, from Sp,
1, is predicted to be endothermic by 33.9 kcal/mol. The
energetics of formation of Gh, 7, from the isocyanate enol
intermediate, 16, have been described previously (23) and are
summarized here for clarity. The kinetically favored mechanism
was predicted to be hydration of 16 to form the carbamate enol

Figure 5. Relative energies in solution of pathway B via the enol (solid blue line) or ketone (red dashed line) for formation of Gh, 7, from Sp, 1
calculated at IEF-PCM/B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d,p).

Scheme 4. Possible Pathways for Conversion of Sp, 1, to Gh, 7, via Ring Opening to Isocyanate Intermediate (Pathway C)
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intermediate 17 followed by decarboxylation to Gh enol, 18,
and subsequent tautomerization to form Gh, 7.

Under neutral conditions, the forward barrier height for the
initial step along pathway C, ring opening of Sp, 1, to form the
isocyanate enol, 16, is approximately 10-18 kcal/mol lower in
energy than the initial steps along pathways A and B. However,
the intermediates along pathway C are at least 10 kcal/mol
higher in energy than those along pathways A and B making
pathway C thermodynamically less favorable. The protonated
variant of pathway A remains the kinetically preferred pathway.

4. Pathway D (Scheme 5). The energetics for formation of
Gh, 7, from Sp, 1, via reversion to 5-OH-OG (Scheme 5) and
then acid-catalyzed hydration of the carbonyl at C6 and
decarboxylation to Gh were investigated in our previous study
(23) and are summarized in Figure 7. Formation of 5-OH-OG,
24, from Sp is predicted to be endothermic by 22.8 kcal/mol.
The forward barrier heights for formation of the isocyanate
intermediate, 16, and the 5-OH-OG zwitterion intermediate, 22,
are 33.1 and 33.9 kcal/mol, respectively, approximately

10-20 kcal/mol lower than the barrier height predicted for the
initial steps along pathways A and B. However, the isocyanate
and 5-OH-OG intermediates initially formed along pathway D
are at least 10 kcal/mol higher in energy than those along
pathways A making pathway D thermodynamically less favor-
able. The kinetically preferred pathway remains the protonated
variant of pathway A.

Conclusions

Spiroiminodihydantoin and guanidinohydantoin are highly
mutagenic lesions found in DNA subjected to oxidative stress.
Their quantification in cellular DNA samples is therefore of
immediate interest. The present experimental studies highlight
the fact that care must be exercised in the manipulation and
storage of DNA samples containing Sp because prolonged
incubation at low pH will result in conversion of Sp to Gh.

Quantitative analysis of the conversion indicates that Sp is
converted to Gh at pH 1.5 with a half-life of approximately 1

Scheme 5. Possible Pathways for Conversion of Sp, 1, to Gh, 7, via 5-OH-OG, 23, (Pathway D)

Figure 6. Relative energies in solution of pathway C via the enol (solid blue line) or ketone (red dashed line) for formation of Gh, 7, from Sp, 1
calculated at IEF-PCM/B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d,p).
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week. The reaction slows dramatically if the pH is maintained
above 4. Thus, while Sp to Gh conversion also occurs in
oligodeoxynucleotides at pH 3.5, the reaction is negligible at
pH 5.3 where nuclease digestion might be conducted for trace
analysis of lesions in oxidatively damaged DNA. Nevertheless,
HPLC separation conditions often call for the use of formic
acid or trifluoroacetic acid-containing solvent systems, and these
conditions could be detrimental to accurate measurement of the
relative amounts of Sp compared to Gh.

Four pathways were evaluated for formation of Gh from Sp.
Pathways A, B, and C all involve hydration of the C6 carbonyl,
ring opening, and decarboxylation. Pathways A and C differ
by the order of hydration and cleavage of the C4-C6 bond.
Pathway B considers the energetics of concurrent hydration at
C6 and cleavage of the C6-N1 bond. In pathway D, Sp reverts
to 5-OH-OG prior to hydration, ring opening, decarboxylation.
The computational data suggest that formation of Gh from Sp
most likely proceeds via proton-assisted hydration of the C6
carbonyl group to yield the gem-diol intermediate followed by
proton transfer and decarboxylation to form the Gh enol (Figure
4, pathway A). The barrier height for the initial step along this
pathway (2/3 TS) is at least 20 kcal/mol lower than those for
the other three pathways. In addition, the key intermediates along
this pathway, the Sp gem-diol (3 and 8) and the C4-carboxy-
Gh (4 and 9), are thermodynamically favored over intermediates
along pathways B, C, and D by 7.6-19.4 kcal/mol. Tautomer-
ization of the Gh enol formed via any of the four pathways
results in formation of Gh. Since the calculations are in an
achiral environment, both the R and S enantiomers yield the
same energetics along the reaction path. However, in a chiral
environment, e.g., within a DNA oligomer, the two enantiomers
could have slightly different reactivity.
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