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ABSTRACT

2-Nitropropane (2-NP), an important industrial
solvent and a component of cigarette smoke, is
mutagenic in bacteria and carcinogenic in rats.
8-Amino-2′-deoxyguanosine (8-amino-dG) is one of
the types of DNA damage found in liver, the target
organ in 2-NP-treated rats. To investigate the thermo-
dynamic properties of 8-amino-dG opposite each of
the four DNA bases, we have synthesized an 11mer,
d(CCATCG*CTACC), in which G* represents the
modified base. By annealing a complementary DNA
strand to this modified 11mer, four sets of duplexes
were generated each containing one of the four DNA
bases opposite the lesion. Circular dichroism
studies indicated that 8-amino-dG did not alter the
global helical properties of natural right-handed B-
DNA. The thermal stability of each duplex was exam-
ined by UV melting measurements and compared
with its unmodified counterpart. For the unmodified
11mer, the relative stability of the complementary
DNA bases opposite G was in the order C > T > G > A,
as determined from their –∆G° values. The free
energy change of each modified duplex was lower
than its unmodified counterpart, except for the G*:G
pair that exhibited a higher melting transition and a
larger –∆G° than the G:G duplex. Nevertheless, the
stability of the modified 11mer duplex also followed
the order C > T > G > A when placed opposite
8-amino-dG. To explore if 8-amino-dG opposite
another 8-amino-dG has any advantage in base
pairing, a G*:G* duplex was evaluated, which showed
that the stability of this duplex was similar to the
G*:G duplex. Mutagenesis of 8-amino-dG in this
sequence context was studied in Escherichia coli,
which showed that the lesion is weakly mutagenic
(mutation frequency ∼10–3) but still can induce a
variety of targeted and semi-targeted mutations.

INTRODUCTION

2-Nitropropane (2-NP) has been widely used as an industrial
solvent and as a component of paints, inks and varnishes (1,2).
It is also present in cigarette smoke (3). 2-NP is mutagenic in
Salmonella typhimurium (4) and a potent hepatocarcinogen in
rats (5,6). Analysis of 2-NP-treated rat liver DNA showed
8-oxo-2′-deoxyguanosine (8-oxo-dG) and 8-amino-2′-deoxy-
guanosine (8-amino-dG) as two major DNA modifications (7).
It was proposed that 2-NP is metabolized to hydroxylamine-O-
sulfonate or acetate that is capable of forming the reactive
nitrenium ion, NH4

+, which in turn aminates the 8 position of
dG (7). The well known oxidative DNA damage, 8-oxo-dG, is
a mutagenic lesion (8–10). Extensive thermodynamic and
structural studies on 8-oxo-dG have been carried out in an
attempt to relate its conformation and base pairing properties
with its mutagenic specificity and repair (11–13).

8-Amino-dG has not been studied as extensively as 8-oxo-
dG. Early studies on 8-amino-G riboside explored its base
pairing modes and ability to form triple helical DNA and tetra-
meric structures (14–16). In a more recent biological study,
incorporation of 8-amino-dGTP by mammalian DNA poly-
merases on a template DNA was measured (17). 8-Amino-dG
was incorporated more efficiently than 8-oxo-dG by both viral
reverse transcriptases and mammalian DNA polymerases (17).
In the only in vivo study in which the mutagenic effects of
8-amino-dG were investigated, this lesion was found to be
mutagenic inducing 2–3% transversions (primarily G→T base
substitutions) in simian kidney cells (18). Under comparable
conditions mutation frequency of 8-oxo-dG was estimated to
be 2–4-fold higher, but the mutational specificity of the two
lesions appeared to be similar (18).

In the current work, we have evaluated the thermodynamic
stability of 8-amino-dG opposite all four bases in DNA using
an 11mer, 5′-d(CCATCG*CTACC)-3′, in which G* represents
the modified base. We also determined the stability of
8-amino-dG located opposite 8-amino-dG in the complemen-
tary strand, because the mode of self-pairing was the subject of
much speculation in early studies. Finally, we have investi-
gated the mutagenicity of 8-amino-dG in Escherichia coli
using the same sequence context as used for the thermo-
dynamic studies.
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MATERIALS AND METHODS

Materials

All chemicals and solvents required for the synthesis of
8-amino-dG phosphoramidite monomer for the DNA synthesis
were purchased from Aldrich Chemical Co. (Milwaukee, WI).
[γ-32P]ATP was from Du Pont New England Nuclear (Boston,
MA). T4 DNA ligase and T4 polynucleotide kinase were
obtained from New England Biolabs (Beverly, MA).
Escherichia coli strains DL7 and GW5100 are available in our
laboratory.

Synthesis of oligonucleotides

The synthesis of 8-amino-dG phosphoramidite and its incorp-
oration into an oligonucleotide has been reported (19). Since
8-amino-dG is susceptible to air oxidation, deprotection and
subsequent manipulations were carried out in the presence of
2-mercaptoethanol (19). The modified oligonucleotides were
purified by reverse phase HPLC followed by denaturing poly-
acrylamide gel electrophoresis. The homogeneity of the puri-
fied oligonucleotides was analyzed on a polyacrylamide gel
after radiolabeling with [γ-32P]ATP in the presence of T4 poly-
nucleotide kinase, and the presence of the modified base was
confirmed by mass spectrometry using electrospray ionization.
The unmodified oligonucleotides were purchased from
commercial sources and purified by reverse phase HPLC.

Preparation of oligonucleotide duplexes

The concentration of the oligonucleotides was estimated from
the extinction coefficients according to Borer (20). Since in
guanosine the effect of introducing the 8-amino substituent on
the magnitude of ε260 is negligible (14,15), we used the same ε
values for both the unmodified and modified oligonucleotides.
The stock solution of each oligonucleotide was prepared in a
buffer containing 10 mM NaH2PO4 pH 7.0, 1 mM EDTA,
0.2 M NaCl and 0.7 M 2-mercaptoethanol and mixing experi-
ments were performed to verify that the 1:1 mixture showed
the greatest hyperchromicity.

Optical melting studies

Temperature-dependent changes in absorption (at 260 nm) of
the oligonucleotide duplexes were measured in a Hewlett-
Packard HP 8452A diode-array spectrophotometer equipped
with a Peltier temperature controller. Oligonucleotides were
dissolved in 10 mM NaH2PO4 pH 7.0, 1 mM EDTA, 0.2 M
NaCl and 0.7 M 2-mercaptoethanol. The solution was heated
to 70°C and slowly cooled to 4°C before temperature-
dependent absorption measurements were carried out. The
heating rate for these studies was 0.5°C/min and absorption
was taken at 260 nm. Thermodynamic parameters were calcu-
lated from van’t Hoff plots as described in detail by Marky and
Breslauer (21). At least eight different experiments were
performed for each set of duplexes. The standard deviations
were calculated as described by Persmerk and Guengerich
(22).

Circular dichroism (CD)

CD spectra were measured in 10 mM NaH2PO4 pH 7.0, 1 mM
EDTA, 0.2 M NaCl and 0.7 mM 2-mercaptoethanol using a
Jasco Model J-710 spetropolarimeter equipped with a refriger-
ated circulating waterbath.

Construction of M13 genome containing a single 8-amino-
dG and replication in E.coli

Construction of the modified and control M13 genome
involved digestion of M13mp7L2 single-stranded DNA with
EcoRI, annealing a 50mer scaffold and ligation of the 8-amino-
dG-containing and control 11mer, which followed the protocol
described earlier in detail (Scheme 1) (23,24). Briefly, 400 µg
bacteriophage M13mp7L2 DNA was digested with 3200 U of
EcoRI for 2 h at 25°C in 1 ml 100 mM Tris–HCl pH 7.5, 5 mM
MgCl2, 50 mM NaCl. An equimolar ratio of a scaffold 50mer
was annealed to the linear single-stranded DNA at a concentra-
tion of 100 ng/ml by heating at 75°C for 15 min followed by
slow cooling to room temperature over a period of 3–4 h. A 10-
fold molar excess of the modified or unmodified 5′-phosphor-
ylated 11mer was ligated into the gap of this annealed DNA in
the presence of 800 U of T4 DNA ligase in 40 mM Tris–HCl
buffer pH 7.8, 8 mM MgCl2, 16 mM dithiothreitol and 1 mM
ATP at 16°C for 48 h. After ethanol precipitation, an additional
round of EcoRI (5 U/µg DNA) digestion was carried out for
4 h to linearize any uncut or religated DNA. The efficiency of
ligation was ∼34% for both the control and modified 11mer.
To remove the 50mer scaffold from the M13 DNA, each DNA
solution was heated at 100°C for 45 s and rapidly cooled to
0°C. Prior to heating, a 10-fold molar excess of an ‘anti-
scaffold’ 50mer that contained the DNA sequence complemen-
tary to the scaffold oligomer was added to prevent the scaffold
from reannealing on the M13 DNA.

Repair-competent E.coli (DL7) cells were grown in 100 ml
cultures in Luria broth to 1 × 108 cells/ml and were made
electrocompetent with and without SOS induction using UV
light (254 nm; 20 J/m2) as described (23,24). For each trans-
formation, 60 µl of the cell suspension was mixed with 60 ng
M13 construct and transferred to the bottom of an ice-cold
Bio-Rad Gene-Pulser cuvette (0.1 cm electrode gap). Electro-
poration of cells was carried out in a Bio-Rad Gene-Pulser
apparatus at 25 µF and 1.8 kV with the pulse controller set at
200 Ω. Following a 1 h recovery at 37°C the cells were centri-
fuged to isolate the phage-containing supernatant. Analysis of

Scheme 1. Construction of M13 genome containing a single 8-amino-dG and
subsequent steps for mutational analysis.
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progeny phage was carried out by oligonucleotide hybridiza-
tion (23,24).

RESULTS

Thermodynamic stability of 8-amino-dG

Thermal melting profile of the 8-amino-dG-containing and
control 11mers showed cooperative transitions at all concen-
trations studied. Representative melting profiles are shown in
Figure 1. The thermodynamic parameters were determined by
van’t Hoff analysis of concentration-dependence of the opti-
cally monitored duplex melting transition as shown in the 1/Tm
versus ln CT plots in Figure 2. For the unmodified duplex, C

opposite G generated the most stable pair with a –∆G° of
∼15 kcal/mol at 25°C followed by T, G and A, as expected
(Table 1). For the duplexes containing 8-amino-dG, the trend
appeared to be similar with a small decrease in stability of the
modified pair compared to its unmodified counterpart, except
for the G*:G duplex that was found to be more stable than the
unmodified G:G pair. This suggests that amination of the 8
position of guanine destabilizes the helix but does not cause
severe perturbations and that G*:G pair may have some addi-
tional favorable interactions relative to G:G mismatched pair.
Since in the G:G mispair one of the Gs adopts a syn (or syn-
like) structure while the other G remains in normal anti confor-
mation (25), it is likely that the 8-amino group may allow for a
more facile syn rotation. In the 1970s 8-amino-G was the
subject of several studies that explored self-structure and triple
helix formation, although these studies employed the ribo-
nucleic acid polymers (14–16). We were therefore interested to
determine the pairing mode of 8-amino-dG with another
8-amino-dG in the complementary strand. We found that the
–∆G° value of G*:G* in this sequence was very similar to that
of G*:G. Even though G*:G* was more stable than the G:G
pair, the difference is small and it does not appear to stabilize
the duplex by some novel ordered structure.

CD

As shown in Figure 3, the CD spectra of unmodified and
8-amino-dG-containing 11mer duplexes opposite C were
virtually identical suggesting that 8-amino-dG does not alter
the global helical properties of natural right-handed B-DNA.

Biological effects of 8-amino-dG

The construction of 8-amino-dG containing M13 genome, its
replication in repair-competent E.coli cells, and analysis of the
progeny phage were accomplished according to Scheme 1.
Replication of the modified and control M13 genome in E.coli
showed that the presence of 8-amino-dG did not affect
viability, suggesting that the lesion does not interfere with

Figure 1. Representative thermal denaturation and first derivative curves for
d(CCATCG*CTACC) and its unmodified analog annealed to d(GGTAGCGA-
TGG) (left panels) or d(GGTAGGGATGG) (right panels).

Figure 2. van’t Hoff plots of 1/Tm versus ln CT for helix-to-coil transitions of
d(CCATCG*CTACC) and its unmodified analog annealed to an 11mer
d(GGTAGNGATGG) where N denotes C (filled circle), T (triangle), G (open
circle), A (square) or G* (+).

Table 1. Melting temperature and thermodynamic parameters for DNA
duplexes containing dG or 8-amino-dG

aConditions: 10 mM NaH2PO4 pH 7.0, 1 mM EDTA, 0.2 M NaCl, 0.7 mM
2-mercaptoethanol, 25 µM DNA. The precision of each determination was
0.5°C.
bObtained by plotting 1/Tm versus ln CT. At least eight concentrations were
used in each case.

Duplex Tm (°C)a –∆G° (kcal/mol)b –∆H° (kcal/mol)b –∆S° (cal/mol.K)b

G:C 63.4 15.0 ± 0.4 71.4 ± 6.0 189.3 ± 16.1

G*:C 59.4 14.7 ± 0.6 76.9 ± 6.0 208.7 ± 16.5

G:T 50.2 13.7 ± 0.5 87.9 ± 6.4 249.1 ± 18.3

G*:T 49.4 12.4 ± 0.5 75.1 ± 6.3 210.3 ± 17.9

G:G 49.2 11.2 ± 0.5 59.1 ± 6.6 199.3 ± 18.4

G*:G 50.2 12.3 ± 0.5 71.7 ± 6.1 134.4 ± 16.8

G:A 47.8 10.3 ± 0.4 50.4 ± 6.1 134.4 ± 16.8

G*:A 44.4 10.2 ± 0.2 56.0 ± 3.4 153.8 ± 9.5

G*:G* 46.8 12.0 ± 0.3 76.3 ± 3.9 215.7 ± 11.3
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translesion synthesis (Table 2). For screening mutant progeny,
we used the following approach. The M13 construct formed by
ligation of the 11mer is a +1 derivative of M13mp7, which
gave clear plaques in the presence of IPTG and X-gal. A –1
deletion should restore the reading frame, resulting in the
formation of blue plaques, which could be confirmed by DNA
sequencing. Using this strategy we detected four one-base
deletion mutants from a total of 8403 plaques screened. Only
one of these contained a targeted G deletion and the rest
contained semi-targeted one-base deletions (Table 3). To iden-
tify base substitution and other frame shift mutations, we used
oligonucleotide hybridization using a 17mer probe comple-
mentary to the region where the 11mer was inserted. The probe
was designed to bind to non-mutant plaques, and any plaques
that did not hybridize or hybridized weakly were subjected to
DNA sequencing (23,24). As shown in Table 3, of the 8403
clear plaques screened, only five base substitution and one
one-base addition mutants were identified. None of these point
mutations occurred at the lesion site. It is noteworthy that the

induction of SOS did not have a significant impact on muta-
genesis by 8-amino-dG. The combined mutation frequency
was therefore 10 out of 8403. For the control construct, no
mutants were detected after screening >9000 plaques. It is
intriguing that the frequency of 8-amino-dG induced mutations
is at least an order of magnitude higher in simian kidney cells
(18) than in E.coli.

DISCUSSION

2-NP forms two lesions at the 8 position of 2′-deoxyguanosine
to give 8-oxo-dG and 8-amino-dG. Although 8-amino-dG has
not been studied as extensively as 8-oxo-dG, several notable
differences between these two small lesions can be discerned.
The 6,8-diketo form of 8-oxo-dG, which predominates under
normal cellular condition (13), alters the hybridization state of
N7 of dG and 8-oxo-dG exists in an equilibrium of anti and syn
orientation. 8-Oxo-dG is mutagenic in bacterial and mamma-
lian cells inducing primarily G→T substitutions (8,9), but it
can also induce A→C transversions by misincorporation of
8-oxo-dGTP opposite dA (10). Spectroscopic and calorimetric
studies of 13mer duplexes containing an 8-oxo-dG in a CG*C
sequence context showed that free energy changes of the ther-
mally induced order to disorder transition of the modified
duplexes are lower than control duplexes (11). What is more
interesting, however, is that whereas a thermodynamic
comparison of the normal G:C pair with a mismatched G:A
pair is characterized by a large free energy difference, which is
the result of an unfavorable difference in transition enthalpy,
the change from G8-oxo:C→G8-oxo:A pair is thermodynamically
benign (11). Multiple DNA repair systems have been identified
in bacterial and mammalian cells, which repair 8-oxo-dG
(26,27). Escherichia coli utilizes a two-base excision repair
glycosylase, Fpg (MutM) and MutY for 8-oxo-dG repair.
Another enzyme, MutT, catalyzes the hydrolysis of 8-oxo-
dGTP to 8-oxo-dGMP, thus preventing its incorporation into

Figure 3. CD spectra of modified (solid line) and unmodified 11mer (broken
line) annealed to d(GGTAGCGATGG). For details see Materials and Methods.

Table 2. Viability of 8-amino-dG containing M13 in E.colia

aViability (%) was determined by comparing the number of plaques from the
8-amino-dG containing DNA with that of the control genome (assumed to
have 100% viability).
bEach experiment refers to a separate construction of the control and the
adducted genomes.
cSOS was induced by UV irradiation at 20 J/m2 as described by Bacolod et al.
(24).

Experiment no.b Relative survival

Control (%) 8-amino-dG (%)

–SOS +SOSc –SOS +SOSc

1 100 100 71 93

2 100 100 135 130

3 100 100 93 72

Average 100 100 100 98

Table 3. Analysis of progeny phage

Mutations found include:
aDeletion of C7 from 5′-C1C2A3T4C5G6C7T8A9C10C11-3′.
bBase substitution from C7→G.
cBase substitution from A3→T, T4→C, C5→G.
dDeletion of G6, addition of C 3′ to G6, base substitution from A9→G.
eDeletion of A3, deletion of C5.

Experiment no. Control 8-amino-dG

Plaques screened Mutants Plaques screened Mutants

–SOS –SOS

1 1680 0 907 1a

2 1114 0 1151 0

3 980 0 1026 1b

Total 3774 0 3084 2

+SOS +SOS

1 1480 0 1178 3c

2 2166 0 2737 3d

3 1934 0 1404 2e

Total 5580 0 5319 8
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DNA. Functional homologs of some of these proteins in
humans have been identified (27). By contrast, it is unknown if
a DNA repair system that excises 8-amino-dG exists, even
though it can no longer be characterized as a benign lesion as
evidenced by its mutagenicity in simian kidney cells (18) and
E.coli. In a study in vitro by Loeb and coworkers (17), incorpo-
ration efficiencies of 8-oxo-dGTP and 8-amino-dGTP by
several reverse transcriptases and mammalian DNA poly-
merases were compared. HIV-1 reverse transcriptase, murine
leukemia virus reverse transcriptase and pol α exhibit a strong
bias against the incorporation of 8-oxo-dG, whereas facile
utilization of 8-amino-dGTP was observed with all the
enzymes. The repair polymerase pol β incorporates both
analogs of dGTP efficiently. These data, taken together, may
suggest that even though both 8-oxo-dG and 8-amino-dG can
be classified as small non-distorting lesions, only the latter is
capable of interacting with the DNA polymerases in a manner
similar to undamaged dG or its triphosphate. The results of the
current study are consistent with this hypothesis. The thermo-
dynamic studies showed that 8-amino-dG destabilizes the
DNA helix, albeit not very significantly. With the exception of
G*:G and G*:G* pair, which showed favorable –∆G° and –∆H°
values compared to the G:G mispair, each modified pair
exhibited a slightly lower –∆G° value than the unmodified
duplex. A comparison of the extent of destabilization by
8-amino-dG and 8-oxo-dG can be made in the following
manner. Relative to the G:C pair, G8-oxo:C destabilizes a 13mer
duplex by 2.0 ± 0.7 kcal/mol (11), whereas 0.3 ± 1.0 kcal/mol
destabilization was observed for the G8-amino:C 11mer duplex
compared to its unmodified counterpart. Also noteworthy is
the finding that relative to the G:A mismatch, 8-oxo-dG is
stabilizing opposite dA, but no such stabilizing effect was
observed for 8-amino-dG. Indeed, unlike 8-oxo-dG, which
sometimes adopts a syn orientation, the thermodynamic data
for 8-amino-dG do not suggest a significant departure from the
pairing modes of dG. The results of the biological studies
provide additional evidence that 8-amino-dG behaves like dG.
Viability of 8-amino-dG-containing genome is similar to the
control, and mutagenesis occurred at a frequency of 10–3.
Nevertheless, various base substitution and frame shift muta-
tions at or near the 8-amino-dG site were detected. Since
8-amino-dG does not stall DNA replication, it is conceivable
that the high level of this damage may still contribute to
significant mutagenic effects. In view of the potential link of
8-amino-dG with 2-NP carcinogenesis, further studies on its
repair, persistence in DNA and mutagenesis should be carried
out.
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