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ABSTRACT: N2-Furfuryl-deoxyguanosine (fdG) is carcino-
genic DNA adduct that originates from furfuryl alcohol. It is
also a stable structural mimic of the damage induced by the
nitrofurazone family of antibiotics. For the structural and
functional studies of this model N2-dG adduct, reliable and
rapid access to fdG-modified DNAs are warranted. Toward
this end, here we report the synthesis of fdG-modified DNAs
using phosphoramidite chemistry involving only three steps.
The functional integrity of the modified DNA has been
verified by primer extension studies with DNA polymerases I and IV from E. coli. Introduction of fdG into a DNA duplex
decreases the Tm by ∼1.6 °C/modification. Molecular dynamics simulations of a DNA duplex bearing the fdG adduct revealed
that though the overall B-DNA structure is maintained, this lesion can disrupt W−C H-bonding, stacking interactions, and minor
groove hydrations to some extent at the modified site, and these effects lead to slight variations in the local base pair parameters.
Overall, our studies show that fdG is tolerated at the minor groove of the DNA to a better extent compared with other bulky
DNA damages, and this property will make it difficult for the DNA repair pathways to detect this adduct.

■ INTRODUCTION

DNA damage is central to chemical carcinogenesis and occurs
due to the continuous exposure to various endogenous and
exogenous genotoxic agents.1 Different carcinogens create a
variety of metabolites, which can form significant modifications
(adducts) in the DNA strands.2 Such DNA adducts have the
potential to inhibit the DNA replication process.3 The presence
of these adducts leads to recruitment of pathways and
molecules that serve to neutralize their deleterious effects on
replication and remove them from the genome.4 One such
event is DNA damage response (DDR), which eliminates
various DNA adducts by various DNA repair mechanisms,
thereby preventing the formation of lethal mutations.4

Translesion synthesis (TLS) is a damage tolerance pathway
in which the damage is bypassed with the assistance of
specialized DNA polymerases (Y-family) to rescue DNA
replication stalled at these lesions.5 Failure to neutralize the
deleterious effects of the damaged nucleotide on different
genomic processes can lead to genetic instability, which
generally leads to the death or oncogenic transformation of
the cell.4

The N2-position of the deoxyguanosine (dG) is one of the
most susceptible sites in DNA, and a large number of adducts

are known to form at this site from various genotoxic agents.2

Many of the N2-dG adducts such as N2-benzo[a]pyrene, N2-
carboxyethyl, N2-furfuryl (fdG, Figure 1), etc., are reported to
be lethal to the cells.6−9 The fdG adduct is caused by furfuryl
alcohol (FFA, Figure 1), which is used as a flavoring agent.10

Also, FFA has been detected in several foodstuffs such as coffee,
red wine, rice cakes, cooked meat, and milk products.11 It is
mostly produced in heat-treated foods via thermal and acid-
catalyzed dehydration of pentoses.12 Moreover, it can be
formed by reduction of hepatocarcinogenic agent furfural.12

FFA is an established rodent carcinogen, and its carcinogenic
effects on humans are being investigated.13 Recently, FFA-
induced fdG adduct has also been detected in human lung
specimens.10,13,14 The metabolic pathway of FFA follows
bioactivation of furfuryl alcohol by endogenous sulfotrans-
ferases to form a furfuryl sulfate intermediate (Figure 1).13 This
highly unstable intermediate generates an electrophilic carbon-
ium ion, which is prone to react with nucleophilic sites on the
DNA and forms furfuryl-modified DNA adducts.13 fdG (Figure
1) and N6-furfuryl deoxyadenosine (fdA) are the main exocyclic
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adducts, which have been detected so far and associated with
mutagenesis and lethality.10,12 Similar adducts can also be
induced by 5-hydroxymethylfurfural (HMF, Figure 1),15 a
carcinogen present in food stuffs, beverages, and cigarette
smoke, which is also produced by the Maillard reaction.15,16

The fdG DNA adduct is also a structural analogue of the
DNA adduct formed from the antimicrobial drug nitrofurazone
(NFZ).6 NFZ can be reduced in the presence of cellular
nitroreductases, and the reduced NFZ upon acetylation holds
the potential for the formation of N2-dG adducts; however, the
exact structure of NFZ-induced DNA adduct is yet to be
reported. The antibacterial action has been attributed to the
damage of the DNA caused by NFZ.6,17 However, bacteria can
develop resistance to NFZ by employing polymerase IV (Pol
IV), which efficiently and accurately bypasses fdG by TLS.6,18

Therefore, fdG adduct serves as a model N2-dG adduct to
elucidate the mechanistic insights of TLS by functional and
structural studies.6 To study the effect of this adduct, a rapid
and reliable access to the fdG-modified DNAs is warranted.
The reported method of synthesis relies on postsynthetic
modification, where 2-F-O6-trimethylsilylethyl (TMSE)-deoxy-
inosine (2-F-dI)-modified DNA is subjected to fluoro displace-
ment using furfuryl amine to generate final fdG-modified
DNAs.6 However, high quality material in high preparative
yield is not guaranteed due to varying yield of the substitution
reaction. Moreover, the syntheses of the 2-F-dI-modified
building block involve five steps, and it demands the use of
highly toxic fluorinating agent HF−pyridine.19 To address
those difficulties, herein we report the synthesis of fdG-
modified DNAs employing the corresponding modified
phosphoramidite, which is accessed in the least number of
steps using less hazardous chemicals.
We have synthesized the fdG nucleoside using two different

strategies in single or three steps (Scheme 1). Reductive
amination of dG with furfural directly yielded fdG nucleoside in
a one-step reaction, while the Buchwald−Hartwig coupling of
the furfurylamine with protected 2-chloro-deoxyinosine pro-
duced the nucleoside in three steps. The fdG-modified
phosphoramidite have been successfully incorporated into
DNA strands of different lengths using solid-phase synthesis.
The functional integrity of the fdG-modified DNA was
validated by primer extension studies using replicative and
translesion polymerases from E. coli. The effect of fdG
modification on the thermal stability of duplex DNAs have
been investigated by UV-melting studies, which are further
validated by molecular dynamics (MD) simulations.

■ RESULTS AND DISCUSSION

Synthesis of fdG-Modified Phosphoramidite and Its
Incorporation into DNAs. The synthesis of fdG-modified
nucleoside 4 and the corresponding phosphoramidite 6 is

shown in Scheme 1. In the first route utilizing Buchwald−
Hartwig (B−H) coupling, the 2-chloro deoxyinosine 120 was
reacted with furfurylamine in the presence of Pd(OAc)2, (R)-
BINAP, and Cs2CO3 in toluene to give modified nucleoside 2
in 57% yield.20 Deprotection of O6-p-nitrophenylethyl (NPE)
by DBU in pyridine produced the diacetate compound 3, which
upon deacetylation using methylamine in ethanol yielded the
fdG nucleoside 4.21 Protection of 5′-OH group as DMT ether
led to the nucleoside 5 (76% yield after three steps from 2).
Phosphitylation at the 3′-OH using 2-cyanoethyl-N,N-diiso-
propylchlorophosphoramidite (CEP-Cl) in DCM furnished
fdG phosphoramidite 6 in 74% yield.22 In an alternate
approach, we synthesized fdG nucleoside 4 in 46% yield by
reductive amination of dG with furfural in the presence of
sodium cyanoborohydride. Though the purification of the
product is cumbersome, this method provides access to fdG
nucleoside in a single step, and it is, therefore, superior to the
chemistry which relies on B−H coupling. Protection of 5′-OH
by DMT of 4 yielded the nucleoside 5 in 70% yield.
Subsequent phosphitylation produced the fdG phosphorami-
dite in just three steps with an overall yield of 23% (Scheme 1).
The fdG phosphoramidite obtained was utilized to introduce

the fdG modification into the DNA strands of varying lengths
(sequences D1 to D6 as shown in Table 1) using standard
solid-phase synthesis protocols. The 14-mer DNAs, D1 and
D2, were used to evaluate the thermal stability of the modified
duplexes. The modified DNAs D3 to D5 were 18 nt long and
had been used in a previous study to crystallize a ternary
complex with DNA Pol IV from E. coli.23 The primer extension
assays against the fdG site were performed with a 50 nt long
DNA, D6 or 18 nt DNA, D3. The chemical integrities of all the
modified DNAs were confirmed by mass spectrometric analysis
using ESI or MALDI ionization methods (Table 1).

Thermal Melting Studies. UV-melting studies were
carried out to examine the effect of fdG modification on
DNA duplex stability. The melting temperatures (Tm) are
summarized in Table 2. The unmodified duplex (D7−D8)
exhibited Tm of 62.5 while Tm of single (D1−D8 and D2−D7)
and dual (D1−D2) fdG-modified duplexes were 61.3, 60.5, and
59.6 °C, respectively. These results show that the DNA duplex
with single and dual fdG modification show reduction of ∼1.6
°C in Tm per modification. Thermodynamic parameters (ΔH°,
ΔS°, and ΔG°298) were also determined from melting curves
using a two-state model24 (Table 2 and Figure S1 of the
Supporting Information). No appreciable change in ΔH° and
ΔS° was observed due to the presence of the fdG in a DNA
duplex. The observed slight destabilization may have arisen
from the local structural/solvation effects, which were probed
using MD simulations (see the respective section for details).

Primer Extension Studies. The functional integrity of the
fdG lesion was assessed by probing the effect of this

Figure 1. Likely metabolic pathway depicting the formation of the N2-dG DNA adducts.
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modification on DNA replication. The ability of the replicative
Klenow fragment of DNA polymerase I exo+ (Pol I) and
translesion Pol IV to bypass the fdG adduct was tested. The
primer extension reactions were performed with 6-carboxy-
flurescein (6FAM)-labeled primer using either all four dNTPs
individually or together. The extension reactions were analyzed
by denaturing PAGE (20%), and the products were visualized
at 488 nm (Figure 2 and Figure S2 of the Supporting
Information). In reactions employing Pol IV, and only dCTP,
we observed a prominent extension product of 16 nucleotide
length, which corresponds to single dCTP incorporation
(Figure 2, and Figure S2 of the Supporting Information).
These results validate the fidelity and catalytic efficiency of Pol
IV for dCTP incorporation across fdG, which is in agreement
with the literature reports.6,23 Furthermore, the reaction with a

mixture of all dNTPs was more efficient with the fdG-
containing DNA template compared to that in the unmodified
one (Figure 2 and Figure S2 of the Supporting Informa-
tion).6,7,23 The better efficacy of Pol IV for TLS across fdG can
be attributed to the unique structural features of Pol IV, which
helps the enzyme to accommodate the fdG adduct in the active
site.23 As expected, the replicative polymerase Pol I having 3′ to
5′ exonuclease activity (KF exo+) was inefficient to bypass fdG
template when compared to unmodified one (Figure S3 of the
Supporting Information).6 As a result, only ∼5.5% of the full
length product was observed in the experiment using fdG-
modified template. Under similar conditions, unmodified
template yielded >90% of the full length product (Figure S3
of the Supporting Information).

Scheme 1. Synthesis of N2-Furfuryl-deoxyguanosine (fdG) Phosphoramidite 6a

aReagents and conditions: (i) furfurylamine, Pd(OAc)2, (R)-BINAP, Cs2CO3, toluene 80 °C, 45 h; (ii) DBU, pyridine, rt, 6 h; (iii) 40% MeNH2 in
EtOH (v/v), rt, 16 h; (iv) DMT-Cl, pyridine, rt, 2 h; (v) CEP-Cl, DIPEA, DCM, rt, 40 min; (vi) NaCNBH3, furfural, MeOH, 50 °C, 36 h.

Table 1. FdG-Modified and the Unmodified DNAs and Their Molecular Weights

aThe modified (X = fdG) and unmodified DNAs were characterized using ESI-MS or MALDI-MS.
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The translesion polymerases exhibit low processivity, and
they are generally not efficient in synthesizing full length
products.5,25−27 To verify this, running start experiments were
performed using 11-mer primer and 18 mer template (D3,
Table 1) in which the modification site is three nucleotides
away from the starting site (Figure S4A of the Supporting
Information). Results clearly showed that, though the bypass
across fdG is facilitated, formation of full length product was
only observed in experiments employing a large excess of
enzyme (Figure S4B and S4C of the Supporting Informa-
tion).6,7,23

To validate the ability of Pol I, which lacks 3′ to 5′
exonuclease activity (KF exo−), to perform TLS across fdG
modification, the running start experiments were also carried
out using the same template primer system as described above
(Figure S5A of the Supporting Information). The results
indicated that the KF exo− was capable of bypassing fdG
modification in a manner similar to that by Pol IV (Figure S5B
and S5C of the Supporting Information). Overall, the
experiments with TLS as well as replicative polymerases clearly

underscore the functional integrity of the chemically synthe-
sized fdG DNA templates.

Molecular Modeling Studies. To evaluate the structural
and conformational flexibility of fdG-containing DNA and to
validate the effect of fdG on thermal stability of the duplex, MD
simulations in explicit solvent were performed for 300 ns using
AMBER 14.28 In brief, the energy-optimized (HF/6-31G(d),
Gaussian 0929) and RESP charge-fitted fdG nucleotide (Figure
S6 of the Supporting Information) was placed in a B-DNA
sequence, which was used in the thermal melting studies (D1−
D8, Table 2). To compare the possible structural changes
induced by the fdG in a duplex, the corresponding unmodified
DNA (D7−D8, Table 2) was also simulated for 300 ns. The
average RMSD of heavy atoms with respect to the
corresponding equilibrated structure of the unmodified and
the modified DNA was ∼2.8 Å and ∼3.5 Å, respectively (Figure
S7 of the Supporting Information). The final MD snapshot of
modified and unmodified DNA (Figure 3) showed no
significant changes in the global structure of the modified
DNA in comparison to the unmodified structure. The local
architectures of B-DNA around fdG and the corresponding

Table 2. DNA Duplexes Reported in This Study and Their Thermodynamic Parameters

aThermal denaturation was performed at 25 °C using phosphate buffer (100 mM NaCl, 20 mM phosphate buffer, 0.1 mM EDTA, pH 7.4), and
monitored at 260 nm with 0.5 °C min−1 in the range 20−80 °C using three cycles. The concentration of each DNA strand was 1 μM. The fdG
modification is highlighted in red and represented as a X. bΔTm represents the [Tm(DNAmod) − Tm(DNAunmod)]. The Tm values reported are
average of three independent measurements with the estimated standard deviation. Thermodynamic parameters were calculated from the melting
curves using a two state model and error propagation of thermodynamic parameters were calculated using a reported protocol.24

Figure 2. PAGE (20%, 8 M urea) of primer extension reactions with E.
coli DNA polymerase IV. (A) Partial sequence of primer and template
(X = dG or fdG); (B) and (C) lane 1: primer only; lane 2: reaction
with mixture of all dNTPs; lane 3: reaction with dCTP.

Figure 3. Final MD simulation (300 ns) snapshots of the unmodified
and fdG-modified DNA show the global conformation of the B-DNA.
The fdG adduct is highlighted in yellow color, the backbone is
represented as a cartoon, and the atoms are shown as sticks.
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unmodified region are shown in Figure 4A and 4B. There are
only slight disturbances in the stacking and base pairing
interactions observed at the modified site.
To probe the stacking interactions in detail, the intrastrand

phosphate distances between the bases were calculated from
the 300 ns MD trajectories (Figure S8 of the Supporting
Information). The results indicated that the average phosphate
intrastrand phosphate atom (P−P) distance around fdG in the
modified DNA (∼6.7 Å ± 0.7) was slightly higher in
comparison to that in the unmodified DNA (∼5.7 Å ± 0.5).
This high phosphate distance is a sign of relatively weak
stacking interactions between the fdG and the neighboring base
(Figure 4C and 4D). To verify this inference further, the
percentages of stacking interactions around the fdG-modified
site were calculated from the MD simulations (Table S1 of the
Supporting Information). The stacking interactions of fdG with
dA were found to be present during ∼68% of the total
simulation time. In the case of the unmodified DNA the
stacking interaction of dG with dA was found to be present
during 99% of the total simulation time (Table S1 of the
Supporting Information). The distance and percentage
occupancies of W−C H-bonds between the fdG and dC in
the modified DNA and the corresponding parameters for the
dG and dC in the unmodified DNA were also probed during
the MD simulations (Figure 4E, 4F, and S9 of the Supporting
Information). The results indicate that the occupancies of H-
bonds were slightly less in the fdG-modified site. The average
H-bond distance between the O6···N4 atoms was found to be
fluctuating between 2.92 to 7.66 Å (Figure S9 of the Supporting
Information). The average distances between the N1···N3 and
the N2···O2 atoms were found to be 2.81 ± 0.12 Å and 2.91 ±
0.09 Å, respectively (Figure S9 and Table S2 of the Supporting
Information). The distances and percentage occupancies
indicate that W−C H-bond in the unmodified DNA (dG:dC)
was more or less intact during the course of MD simulations
(Figure S9 and Table S2 of the Supporting Information).
Furthermore, the C1′−C1′ distance between the fdG:dC was
found to be ∼10.9 ± 0.2 Å, which was similar to the ∼10.7 ±
0.2 Å distance observed for the unmodified dG:dC pair (Figure
4E and 4F). In the crystal structures of Pol IV in complex with
DNA bearing the fdG adduct, the fdG:dC base pair was found

to retain the hydrogen bonding and stacking interactions
observed in canonical Watson−Crick base pairs (PDB entries:
4Q44 and 4Q45).23

The sugars fdG in the modified and the corresponding dG in
the unmodified DNAs predominantly adopt C2′-endo
puckering, and the χ was found to be −142° ± 22 (fdG) and
−151° ± 26 (dG) during the course of MD simulations. The
average of the six backbone dihedral angles (α, β, γ, ε, δ, and ζ)
during the MD simulations for the fdG nucleotide in the
modified DNA were found to be −71.08° ± 11.8, 110.9° ±
20.9, 55.9° ± 8.7, 120.1° ± 19.5, 88.02° ± 36.8, and −72.76° ±
26.8, respectively, whereas those for the dG in the unmodified
were found to be −67.5° ± 30.2, 158.6° ± 44.3, 43.2° ± 38.6,
104.8° ± 28.5, 138.3° ± 42.8, and −75.9° ± 38.8, respectively.
Among these, β and δ were found to be more deviated in the
fdG in comparison to the dG in the unmodified DNA. The
variations in the β and δ backbone dihedral angles seem to
affect the stacking interactions and W−C H-bondings.30

The six local base pair parameters were also calculated using
X3DNA from the MD simulation trajectories of the unmodified
and modified DNA (Figure 5). The stretch values in both the
unmodified and modified DNA were quite similar along the
sequences (Figure 5B), except at the end part of the DNA,
which is due to the fraying effect that occurred during the
course of simulations. The stagger and buckle parameters were
also found to be similar in both the unmodified and the
modified DNA (Figure 5C and 5D). These results indicate that
there is no global helical bending in the B-DNA geometry. The
propeller values were found to be higher in the fdG-modified
DNA than those in the unmodified DNA along the sequence
(Figure 5E). The shear and opening parameters (Figure 5A and
5F) deviated only around the fdG site of the modified DNA in
comparison to the corresponding unmodified site.
The number of water molecules and their percentage

occupancies around the modified site were also calculated.
On average, ∼3 water molecules were found to be present in
the minor groove of the dG:dC base pair throughout the MD
simulations whereas only one water molecule was found to be
present in the minor groove of the fdG:dC base pair in the
modified DNA (Table S3 of the Supporting Information). The
hydration was also affected in the consecutive base pair dT:dA,

Figure 4. MD snapshot (300 ns) of unmodified and fdG-containing modified DNA depicting the W−C H-bonding and stacking interactions. (A)
Architecture of B-DNA in the unmodified region. (B) Architecture of B-DNA around the fdG in the modified DNA. (C) Stacking interaction
between the dG and the successive nucleotide dA in the unmodified DNA. (D) Stacking interaction between the fdG and the successive nucleotide
dA in the modified DNA. (E) W−C base pairing and H-bonds between dG and dC atoms in the unmodified DNA. (F) W−C base pairing and H-
bonds between fdG and dC atoms in the modified DNA. The occupancies of H-bonds are mentioned in percentage of the total simulation time. The
black dashed line indicates the W−C H-bonds between the bases, the magenta line indicates the C1′−C1′distance between the bases, and the black
line indicates the stacking distance between the bases. The fdG adduct is highlighted in yellow color, and atoms are represented as sticks.
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in which two water molecules were occupied for ∼68% of the
total simulation time. Such alterations in the hydration pattern
were also observed at the minor groove of the N2-lucidin-dG
adduct-bearing DNA.31

The furfural moiety of the fdG adduct was predicted to be
positioned toward the 3′-end of the minor groove of the B-
DNA. The dihedral angle C2−N2−C11*−C12* (Ω, Figure
S4) connecting the furfural and guanine was found to be
∼130.3° ± 20.2 in the first 115 ns of simulations, after which
the Ω was found to be ∼171.5° ± 7.3 until the end of the
simulations time. This denotes the conformational fluctuation
of the furfural moiety linked with the dG base, which can also
lead to disturbances in the minor groove hydrations. The Ω in
the crystal structure of fdG-containing modified DNA in
complex with DNA Pol IV was found to be 177.2° and 140°
(PDB entry: 4Q45, 4Q44).23 This shows that the observations

from the MD simulations are broadly in agreement with those
from the crystal structures.
To probe the possibility of intercalation of the furfural

moiety into the B-DNA, the base pair opening angle of fdG:dC
was studied using umbrella sampling MD simulations following
reported protocols.32,33 The results showed that the opening
angle of fdG base is −6° deviated with respect to the dG base in
the unmodified DNA (Figure S10 of the Supporting
Information). The opening angle of the unmodified DNA
was found to be similar to that reported in the literature.32 The
results also indicate that the opening of the fdG base into the
major groove of DNA is not energetically favorable (Figure
S10B of the Supporting Information). Overall, the data from
the umbrella sampling simulations rule out the intercalation
mode of the furfuryl moiety into the DNA helix.
In summary, the results from the MD simulation studies of

the unmodified and fdG-modified DNAs suggest that the fdG

Figure 5. Six local base pair parameters of unmodified and fdG-modified DNAs. Local base pair parameters for each base pair were calculated from
the averaged structure obtained from MD simulations of unmodified (black) and modified (red) DNA. (A) Shear, (B) stretch, (C) stagger, (D)
buckle, (E) propeller, and (F) opening parameters were plotted for each base pair of the unmodified and modified DNA. The shear, stretch, and
stagger values are reported in angstroms (Å), and buckle propeller and opening values are reported in degrees. The modified positions are
highlighted by underlines. All the parameters were calculated using X3DNA.
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adduct slightly disturbs W−C H-bonds, stacking interactions
with the successive nucleotide, and minor groove hydrations,
that results in only minor local structural disturbances in the B-
DNA. These results may explain the slight destabilizing effect
imparted by the fdG adduct observed in the UV-melting
studies.

■ SUMMARY AND CONCLUSIONS
We have achieved the cost- and labor-efficient synthesis fdG-
modified DNAs using phosphoramidite chemistry. Our strategy
employing reductive amination is the shortest route to access
large quantities of fdG phosphoramidite.34 Functional assays
showed that replicative polymerase Pol I was inefficient to
bypass the fdG adduct, while TLS polymerase Pol IV was able
to bypass fdG adduct in a proficient and accurate manner.
Thermal melting studies of fdG-modified duplex showed slight
destabilization by ∼1.6 °C in Tm. Molecular modeling and
atomistic MD simulation (300 ns) studies of the unmodified
and the fdG-modified DNAs revealed the conformational
flexibility induced by the fdG adduct in the B-DNA. Results
suggest that there are slight disturbances in W−C H-bonding,
stacking interactions, and hydrations in the minor groove
around the fdG adduct site. These effects in combination may
account for the slightly reduced destabilization of the fdG-
modified DNA observed in the UV-melting studies. Overall,
there are only marginal changes in the structure of B-DNA due
to the presence of the fdG adduct, and hence the DNA repair
machinery will find it difficult to detect and repair this adduct.35

The inability of DNA repair machinery to remove the adduct
and its potent ability to block replication by high fidelity DNA
polymerases may be responsible for the proto-oncogenic nature
of this adduct.

■ EXPERIMENTAL SECTION
General. All the necessary solvents and chemicals were obtained

from commercial sources. Acetonitrile, DCM, pyridine, and DIPEA
were dried over calcium hydride, and toluene was dried using calcium
chloride. Thin layer chromatography (TLC) was performed using
precoated silica gel plates and visualized by UV light (254 nm) or by
spraying a solution of 5% (v/v) concd H2SO4 in ethanol on silica
plates followed by heating. For column chromatography, 100−200
mesh size silica gel was used. 1H (400 and 500 MHz), 13C (100 MHz),
and 31P NMR (162 MHz) were recorded on 400 and 500 MHz NMR
instruments. Chemical shifts were reported in parts per million (δ)
downfield from TMS (0 ppm) and referenced to the TMS signal or
residual proton signal of the deuterated solvent as follows: TMS (0
ppm) or CD3OD (3.31 ppm) or DMSO-d6 (2.5 ppm) for 1H NMR
spectra, and CDCl3 (77.2 ppm) or CD3OD (49.1 ppm) or DMSO-d6
(39.5 ppm) for 13C NMR spectra. Multiplicities of 1H NMR spin
couplings are mentioned as s for singlet, br s for broad singlet, d for
doublet, q for quartet, quint for quintet, td for triplet of doublets, dd
for doublet of doublets, ddd for doublet of doublet of doublets, or m
for multiplet and overlapping spin systems. Values for the coupling
constants (J) are reported in hertz (Hz). High resolution mass spectra
(HRMS) were obtained in positive ion electrospray ionization (ESI)
mode using a Q-TOF analyzer. Mass spectra of oligonucleotides were
obtained by ESI or MALDI in negative mode using TOF analyzers.
3′,5′-O-Diacetyl-N2-furfuryl-O6-(2-(4-nitrophenyl)ethyl)-2′-

deoxyguanosine (2). To a solution of compound 1 (1.8 g, 3.46
mmol) in dry toluene (72 mL) was added furfurylamine (0.50 mL,
5.88 mmol). The mixture was degassed for 8 min by passing nitrogen.
Pd(OAc)2 (78 mg, 0.35 mmol), (R)-BINAP (301 mg, 0.48 mmol) and
Cs2CO3 (1.7 g, 4.84 mmol) were added to this, and the whole mixture
was purged with nitrogen. Reaction was then stirred at 80 °C for 45 h.
The reaction mixture was filtered through a Celite pad and washed
with ethyl acetate (250 mL). The filtrate was concentrated to give a

dark brown residue, which was purified by column chromatography
(60% ethyl acetate in petroleum ether) to yield solid brown compound
2 (1.15 g, 57%); Rf = 0.4, (60% ethyl acetate in petroleum ether); mp
102−103 °C; 1H NMR (400 MHz, CDCl3) δ: 8.11 (d, J = 8 Hz, 2H),
7.72 (s, 1H), 7.43 (d, J = 8.0 Hz, 2H), 7.33−7.32 (m, 1H), 6.29 (dd, J
= 3.0, 2.0 Hz, 1H), 6.25 (t, J = 7.0 Hz, 1H), 6.20 (d, J = 2.8 Hz, 1H),
5.46−5.44 (m, 1H), 5.40 (t, J = 5.6 Hz, 1H), 4.69 (t, J = 6.8 Hz, 2H),
4.61 (d, J = 5.8 Hz, 2H), 4.40 (q, J = 6.9 Hz, 1H), 4.31−4.24 (m, 2H),
3.23 (t, J = 6.8 Hz, 2H), 3.06 (quint, 7.0 Hz, 1H), 2.49 (ddd, J = 14.1,
6.3, 2.9 Hz, 1H), 2.11 (s, 3H), 2.04 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ: 170.6, 170.3, 160.7, 158.5, 153.5, 152.7, 146.8, 146.1, 141.9,
137.8, 130.0, 123.7, 115.8, 110.5, 106.8, 84.5, 82.2, 74.6, 66.0, 63.9,
63.7, 39.2, 36.5, 35.2, 21.0, 20.8; HRMS: m/z calcd for C27H29N6O9
[M + H]+ 581.1996, found [M + H]+ 581.1985 (Δm −0.0011, error
−1.8 ppm)

5′-O-(4,4′-Dimethoxytrityl)-N2-furfuryl-2′-deoxyguanosine
(5). Nucleoside 2 (1.05 g, 1.8 mmol) was dissolved in 0.5 M DBU in
pyridine (37 mL) and was stirred at room temperature for 6 h. Then
50% acetic acid was added to neutralize the reaction, followed by
dilution with DCM (150 mL). The organic layer was washed with
saturated NaHCO3 (50 mL) and water (2 × 70 mL). The DCM layer
was dried over Na2SO4, evaporated, and dried. The crude diacetate
compound 3 was stirred with 40% MeNH2 in EtOH (31 mL, v/v) for
16 h. Solvent was removed, and the residue was coevaporated with dry
pyridine (2 × 5 mL) and was dissolved in the same solvent (9 mL). To
this solution was added DMT-Cl (730 mg, 2.16 mmol), and the
reaction was stirred at room temperature for 2 h. The reaction mixture
was diluted with DCM (100 mL) and washed with saturated NaHCO3
(60 mL) and water (2 × 100 mL). The DCM layer was dried over
Na2SO4 and evaporated. Crude compound was purified by column
chromatography (1% MeOH in DCM + 2% Et3N) to furnish yellow
solid 5 (900 mg, 76% after three steps); Rf = 0.55 (ethyl acetate + 2%
Et3N); mp 75−76 °C; 1H NMR (400 MHz, CD3OD) δ: 7.83 (br s,
1H), 7.44−7.41 (m, 1H), 7.41−7.36 (m, 2H), 7.30−7.24 (m, 4H),
7.23−7.13 (m, 3H), 6.81−6.73 (m, 4H), 6.35−6.32 (m, 1H), 6.32−
6.29 (m, 1H), 6.28−6.24 (m, 1H), 4.65−4.56 (m, 3H), 4.14−4.08 (m,
1H), 3.75 (d, J = 0.9 Hz, 6H), 3.39 (dd, J = 8.0, 4.0 Hz, 1H), 3.24 (dd,
J = 8.0, 4.0 Hz, 1H), 2.95−2.86 (m, 1H), 2.38 (ddd, J = 13.6, 6.8, 4.4
Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ: 158.0, 158.0, 156.6,
152.1, 151.7, 150.1, 144.9, 142.3, 136.2, 135.6, 135.5, 129.6, 127.7,
126.6, 117.4, 113.0, 110.5, 107.2, 85.8, 85.4, 83.0, 70.8, 64.4, 54.9, 38.7,
37.4; HRMS: m/z calcd for C36H36N5O7 [M + H]+ 650.2605, found
[M + H]+ 650.2615 (Δm −0.001, error −1.5 ppm)

3′-O-[2-Cyanoethoxy-(N,N′-diisopropylamino)phosphino]-
5′-O-(4,4′-dimethoxytrityl)-N2-furfuryl-2′-deoxyguanosine (6).
To a solution of compound 5 (200 mg, 0.30 mmol) in DCM (4 mL)
were added DIPEA (0.4 mL, 2.45 mmol) and CEP-Cl (181 mg, 0.77
mmol), and the reaction mixture was stirred at room temperature for
40 min. After completion of the reaction, MeOH (0.05 mL) was added
and stirred for 15 min. Reaction mixture was diluted with DCM (100
mL), washed with NaHCO3 (3 × 50 mL), dried over Na2SO4, and
evaporated under reduced pressure. The crude compound was purified
by column chromatography (1% MeOH in DCM + 2% Et3N) to give
brown solid 6 (190 mg, 74%); Rf = 0.6, (ethyl acetate + 2% Et3N); mp
75−76 °C; 1H NMR (500 MHz, CDCl3) δ: 7.51 (d, J = 9.5 Hz, 1H),
7.41 (dd, J = 7.0, 4.6 Hz, 2H), 7.33−7.27 (m, 4H), 7.25−7.14 (m,
4H), 6.82−6.75 (m, 4H), 6.29−6.22 (m, 1H), 6.21−6.12 (m, 2H),
4.71−4.62 (m, 1H), 4.50−4.40 (m, 2H), 4.29−4.22 (m, 1H), 3.74 (d, J
= 4.0 Hz, 6H), 3.71−3.54 (m, 4H), 3.39−3.25 (m, 2H), 2.73−2.63 (m,
1H), 2.58 (t, J = 6.4 Hz, 1H), 2.53−2.46 (m, 1H), 2.44 (t, J = 6.4 Hz,
1H), 1.21−1.14 (m, 9H), 1.10 (d, J = 6.7 Hz, 3H); 13C NMR (125
MHz, CDCl3) δ: 159.5, 158.7, 158.7, 152.64, 152.1, 152.1, 151.4,
151.3, 144.7, 141.9, 135.9, 135.8, 135.8, 135.7, 130.2, 130.1, 128.3,
128.3, 128.0, 127.1, 127.0, 117.6, 117.5, 113.3, 110.5, 110.4, 107.5,
107.5, 86.6, 86.6, 85.8, 85.8, 85.6, 85.5, 84.2, 84.1, 74.6, 74.4, 74.3,
74.1, 64.0, 63.8, 58.6, 58.5, 58.4, 58.3, 55.4, 43.6, 43.5, 43.5, 43.4, 39.7,
38.3, 24.7, 24.7, 24.6, 20.5, 20.5, 20.4, 20.3; 31P NMR (162 MHz,
CDCl3) δ: 149.08, 148.67; HRMS: m/z calcd for C45H53N7O8P [M +
H]+ 850.3693, found [M + H]+ 850.3676 (Δm −0.0017, error −2.1
ppm)
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N2-Furfuryl-2′-deoxyguanosine (4). To a solution of deoxy-
guanosine 7 (1 g, 3.50 mmol) in dry methanol (50 mL) were added
furfural (4.4 mL, 52.5 mmol) and NaCNBH3 (660 mg, 10.5 mmol),
and the reaction mixture was heated at 50 °C for 12 h. Then an
additional batch of furfural (4.4 mL, 52.5 mmol) and NaCNBH3 (660
mg, 10.5 mmol) was added and stirred further for 24 h. The reaction
mixture was filtered through a Celite pad, washed with methanol (250
mL), and evaporated. The crude compound was purified using column
chromatography (20% MeOH in DCM) to yield brown solid 4 (562
mg, 46%); Rf = 0.6 (20% MeOH in DCM); mp 143−144 °C; 1H
NMR (400 MHz, CD3OD) δ: 7.99 (br s, 1H), 7.46−7.44 (m, 1H),
6.38−6.36 (m, 1H), 6.35−6.30 (m, 2H), 4.58 (br s, 2H), 4.56−4.51
(m, 1H), 4.01−3.96 (q, J = 4.0 Hz, 1H), 3.76 (dd, J = 12.0, 4.0 Hz,
1H), 3.70 (dd, J = 12.0, 4.0 Hz, 1H), 2.79−2.69 (m, 1H), 2.39 (ddd, J
= 14.5, 6.4, 3.5 Hz, 1H); 13C NMR (100 MHz, CD3OD and CDCl3)
δ: 160.2, 152.3, 152.0, 151.7, 142.8, 137.1, 116.3, 111.0, 108.6, 88.0,
84.5, 71.8, 62.7, 40.7, 38.2; HRMS: m/z calcd for C15H17N5O5Na [M
+ Na]+ 370.1127, found [M + Na]+ 370.1143 (Δm +0.0016, error +4.2
ppm)
Oligonucleotide Synthesis and Purification. The unmodified

and the fdG-modified DNA sequences were synthesized on 1 μmol
scale employing an automated DNA/RNA synthesizer using a
controlled pore glass (CPG) solid support. The coupling time used
for the unmodified amidites was 2 min and for the modified one was
10 min. 5-Ethylthio-1H-tetrazole (ETT) was used as the coupling
agent. The deprotection of DNA was performed employing a 1:1
mixture of 41% methylamine in water and 30% aq NH3 (1 mL, v/v) at
65 °C for 18 min. The supernatant layer was collected, and the CPG
beads were washed with a 1:1 mixture of EtOH and water (300 μL).
The obtained crude DNA was further purified by 20% denaturing
PAGE (7 M urea) at 30 W for 3.5 h using 1X TBE buffer (89 mM
each of Tris-HCl and boric acid and 2 mM EDTA, pH 8.3). The gel
dimension was 20 × 30 cm, and gel thickness was 1 mm. The gel was
visualized under a UV lamp (260 nm), and the desired DNA bands
were excised. DNA was extracted from the gel using 15 mL of TEN
buffer (10 mM Tris, 1 mM EDTA, and 300 mM NaCl, pH 8.0) by
shaking at room temperature for 12 h. Desalting of DNA samples was
carried out using a Sep-Pak (C-18) column using standard protocols.
The final concentration was measured at 260 nm in a UV−vis
spectrophotometer using molar extinction coefficients (ε): for D1 and
D7 139500 L m−1 cm−1; for D2 and D8 121300 L m−1 cm−1; for D3,
D4, and D5 163900, 163900, and 167800 L m−1 cm−1, respectively,
and for D6 464200 L m−1 cm−1.
Thermal Melting Experiments. The unmodified and the fdG-

modified DNA duplex solutions were prepared using 14-mer
complementary DNA strands of equimolar concentration (1 μM) in
phosphate buffer (20 mM Na2PO4, 100 mM NaCl, 0.1 mM EDTA,
pH 7.4). Annealing of the strands was performed by heating at 95 °C
for 3 min followed by slow cooling to room temperature. In Tm
measurements, the change in absorbance at 260 nm was measured
with increase in temperature using a UV spectrophotometer coupled
with a Peltier-controller. Samples were equilibrated at 25 °C for 10
min before starting the experiment and then heated to 80 °C in an
increment of 0.5 °C per minute. To decipher Tm and ΔH° values, the
data of change in absorbance versus increase in temperature were fit to
a two-state model with a sloping baseline and analyzed using a
Marquadt algorithm for nonlinear curve fitting using KaleidaGraph
(version 3.5).24 The following equations were used to calculate ΔS°
and ΔG° values: ΔS° = ΔH°/Tm and ΔG° = ΔH°(1 − T/Tm). All
experiments were triplicated, and the Tm values reported are the
average of three independent measurements (Table 2). The error
propagations for the thermodynamic parameters were derived using
reported protocols.24

5′-Radiolabeling of DNAs. The 11-mer primer (5′-
GGGTCCTAGGA-3′) and 18-mer standard (3′CCCAG-
GATCCTGGGGTCT-5′) were radiolabeled using [γ-32P]ATP. The
25 pmol of each DNA strand was mixed with [γ-32P]ATP (20 μCi) in
1X PNK buffer (50 mM Tris-HCl, 10 mM MgCl2, 5 mM DTT, 0.1
mM spermidine, 0.1 mM EDTA, pH 7.6) and T4 polynucleotide
kinase (PNK) enzyme (5 U) in a total reaction volume of 10 μL.

Reaction mixture was incubated at 37 °C for 1 h and then kept at 70
°C for 3 min to deactivate the PNK enzyme. The purification of
radiolabeled DNAs were carried out using QIAquick nucleotide
removal kit.

Primer Extension Studies. For these studies, Pol I and Pol IV
from E. coli have been used. Pol IV was purified using published
procedure.36 The primer extension reactions were carried out at 37 °C
for 2 h using a 5′-FAM-labeled primer. The reaction mixture contained
40 nM of DNAs, 50 μg/mL of BSA, 0.1 mM of ammonium sulfate, 2.5
mM MgCl2, 5 μM of dCTP, 4 μL of 5X assay buffer (125 mM Tris-Cl,
5 mM DTT, pH = 8.0), and 4 nM of Pol I or Pol IV in total 20 μL of
volume. The reactions were terminated using stop solution (80%
formamide, 1 mg/mL xylene cyanol, 1 mg/mL bromophenol blue, and
20 mM EDTA). Then the reaction mixtures were incubated at 95 °C
for 2 min and transferred to ice for 10 min. Finally, the reactions
products (15 μL) were loaded on to 20% polyacrylamide gel (8 M
urea). The resolved reaction products were observed by excitation at
488 nm, and the bands were recorded using a fluorescence image
scanner.

The running start experiments using Pol IV were carried out using
10 nM of DNAs (1:1 ratio of primer and template) containing traces
of 5′-radiolabeled primer. The mixture was annealed, and the reactions
were performed using same reaction conditions used for primer
extension assay employing a mixture of dNTPs (250 μM). In reactions
using KF exo−, the reaction mixture contained 10 nM DNAs, 250 μM
concentration of dNTPs, and 1X polymerase buffer (50 mM NaCl, 10
mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9) in a total reaction
volume of 20 μL. The reactions were terminated as mentioned
previously. The desired products were loaded on a 20% denaturing
PAGE (7 M urea). The autoradiograms were generated using a
phosphorimager, and the bands were quantified by using Image-
QuantTL software.

Molecular Modeling Studies. The force field parameters and
RESP charges were developed for the fdG adduct from the energy-
optimized structure using Gaussian 09.29,37 The B-form structure of
the unmodified DNA sequence (D7−D8, Table 2) was built using
nucleic acid builder module in AMBER 14.28 The fdG-modified ds
DNA sequence (D1−D8, Table 2) was used for the MD simulations
studies. Using xleap module in AMBER 14, dG in the unmodified
DNA was replaced by the fdG nucleotide to generate the modified
DNA, and AMBER parmbsc0 force field was used for the DNA.38 The
unmodified and modified structures were initially minimized using
5000 steps of steepest descent minimization. Sodium ions were used to
neutralize the backbone of the DNA, and an octahedral TIP3P water
box was extended up to 8 Å from any of the solute atoms.
Consequently, a steepest descent minimization was carried out for
10000 steps, and then the system was heated from 10 to 300 K in 100
ps with the restraint force for 10 kcal/mol Å2. The equilibration was
carried for 750 ps in 1 atm pressure at a constant temperature of 300
K. Minimization and equilibration was carried using SANDER in
AMBER 14. After equilibration, the MD simulations of the unmodified
and fdG-modified duplex DNA was carried for 300 ns each using
PMEMD in the GPU accelerated version of AMBER 14. MD
trajectories were saved for every 2 ps. The RMSD, hydration in the
major and the minor groove, stacking interactions, W−C H-bond
distances, and occupancies were calculated using CPPTRAJ module in
AMBER 14. Six local base pair parameters, torsion angles of the DNA
backbone, and the intrastrand phosphate distances were calculated
using X3DNA.39

The final structures of the unmodified and fdG-modified DNA
obtained from the 300 ns of unrestrained MD simulations were taken
as the initial structure to calculate the base pair opening parameters in
the umbrella sampling simulations. The opening of the dG:dC and the
fdG:dC base pairs was probed. The protocols for generating the angle
constraint and the umbrella sampling simulation protocol were
adapted from the method developed by Lavery and co-workers.32,33

Simulations were carried out with increasing and decreasing values of
opening angle (θ). The θ was increased by 4°, and a force constant of
0.05 kcal mol−1 deg−2 was added to the structure. The conformation
developed for the each opening angle was solvated, minimized, and
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equilibrated for 300 ps. A further 1 ns of MD simulations was carried
out to sample the fluctuation of θ. The conformation obtained from
the end of the simulations for a specific θ was used as the starting
structure to generate the next conformation of θ. In total, 50
conformations of θ were generated to study the opening angle
(±100°), which results in 50 ns of simulations. The sampling of all the
θ values was verified using the adjacent overlapping in the histogram,
and then the potential of mean force or the free energy associated with
the base opening was constructed using the WHAM algorithm using
the histogram.40 MD trajectories were visualized using UCSF Chimera.
Figures were rendered using PyMOL.
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