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ABSTRACT

Uracil (U) can be found in DNA as a mismatch paired
either to adenine (A) or to guanine (G). Removal of U
from DNA is performed by a class of enzymes
known as uracil–DNA–glycosylases (UDG). Recent
studies suggest that recognition of U–A and U–G
mismatches by UDG takes place via an extra-helical
mechanism. In this work, we use molecular
dynamics simulations to analyze the structure,
dynamics and open base pair kinetics of U–A base
pairs relative to their natural T–A counterpart in 12
dodecamers. Our results show that the presence of
U does not alter the local conformation of B-DNA.
Breathing dynamics and base pair closing kinetics
are only weakly dependent on the presence of U
versus T, with open T–A and U–A pairs lifetimes in
the nanosecond timescale. Additionally, we
observed spontaneous base flipping in U–A pairs.
We analyze the structure and dynamics for this
event and compare the results to available crystal-
lographic data of open base pair conformations. Our
results are in agreement with both structural and
kinetic data derived from NMR imino proton
exchange measurements, providing the first
detailed description at the molecular level of
elusive events such as spontaneous base pair
opening and flipping in mismatched U–A sequences
in DNA. Based on these results, we propose that
base pair flipping can occur spontaneously at room
temperature via a 3-step mechanism with an open
base pair intermediate. Implications for the molecu-
lar basis of U recognition by UDG are discussed.

INTRODUCTION

Uracil (U) is not contained in DNA as a natural base, but
it can be found as one of its most common lesions (1),
paired either to guanine (G) or to adenine (A) (2,3). While
U–G mismatches are generated by enzymatic and
non-enzymatic deamination of cytosine (C), U–A mis-
matches derive from misincorporation of deoxyuridine-
monophosphate (dUMP) during replication (4). U–A
pairs represent the vast majority of U lesions in the mam-
malian genome (5). Contrary to U–G mismatches, U–A
pairs are non-mutagenic. Indeed, replication of U–A
results in a T–A pair and in another U–A pair. The cyto-
toxicity of U–A pairs stems directly from the repair
process. It has been shown that increased levels of
dUMP are linked to DNA fragmentation due to
repeated repair cycles (6–8).
Removal of U from DNA is carried out by a class of

enzymes known as uracil–DNA–glycosylases (UDG)
(3,9). UDGs excise the glycosylic bond between the pyr-
imidine and the deoxyribose of U, leaving an abasic
(apyrimidinic, AP) site (9,10). The elucidation of the
many steps involved in DNA lesions recognition and
repair remains a challenge. Nonetheless, over the last
few years significant progress has been made towards the
clarification of UDG catalysis. Particularly important is
the discovery that UDGs are able to scan DNA for lesions
by hopping on and sliding along short stretches of the
double helix in search for uracil (11–13). After lesion rec-
ognition, the first step in the UDG-repair process involves
the extraction of the damaged base from the double helix
into the enzyme-active site, where the glycosylic bond is
cleaved (9,10,12,14–18). Crystal structures of DNA/UDG
complexes suggest that the base extraction process is
facilitated by intercalating residues [e.g. Leu 272 in
human UDG (UNG) (3)], which protrude into the
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DNA-minor groove, pushing the base into the enzyme-
active site stabilizing the rest of the bases via stacking
interactions (3,16,19,20). While complete base extraction
from the DNA double helix (i.e. base flipping) seems to
require the action of repair enzymes, partial base opening
or base pair breathing, is known to be a natural occur-
rence in DNA dynamics and is probably triggered by
thermal fluctuations (21–23). Recent studies have shown
that UDG slides along short stretches of DNA, locating U
while it is in an extra-helical position (12,18,24). It has
been estimated that during the 1D-DNA sliding, UDG
is able to sample about four opening events per base
pair (12). NMR data showed that the lifetime of
extra-helical T is enhanced by the presence of UDG,
whereas UDG does not affect the T–A base pair
opening rate relative to free DNA (24,25). If, as it
seems, UDG interrogates base pairs while in an open,
non-Watson–Crick conformation, then the characteriza-
tion of the structure and dynamics of naturally occurring
base pair opening events is a fundamental step towards
understanding the DNA-damage recognition mechanism.
Structural details of DNA-breathing events are rather

difficult to obtain experimentally due to their transient
nature. Nevertheless, base pair opening kinetics has been
studied extensively by means of NMR imino proton
exchange experiments (22,23,26–31). These studies have
shed some light on the base pair opening timescales as a
function of sequence and strand length. An interesting set
of data suggests that methylation of C5 of pyrimidine
bases (e.g. as found in T but not in U or C) dampens
base pair opening kinetics (22,23). For example, base
pair opening kinetics in A-tracts is shown to be much
slower than in G-tracts (23), which implies that Watson–
Crick base pairing has a longer lifetime in T–A relative to
G–C. Watson–Crick base pair lifetimes are in the order of
milliseconds (ms), while open base pair lifetimes are in the
order of nanoseconds (ns) (28,31). These data indicate that
while base pair opening kinetics is accessible to experimen-
tal timescales, closing kinetics can be estimated either in-
directly by extrapolation from experimental data, or
directly by molecular simulation techniques.
Computational techniques have proven to be a valuable

tool in the elucidation of elusive processes in DNA recog-
nition and repair (28,32–42). In this work, our goal is to
uncover structural and/or dynamical characteristics that
might differentiate T–A from U–A base pairs as the mo-
lecular basis of U recognition in DNA. To this end, we
used molecular dynamics (MD) simulations to study how
the presence of U relative to T in the DNA double helix
affects the local structure, dynamics, and open base pair
kinetics in 12 DNA dodecamers. While six of those
dodecamers have only natural bases and contain four
central T–A (A–T) base pairs in different combinations,
the other six have corresponding sequences but with one
of the T replaced by a U (Table 1). We focused our atten-
tion on the four central base pairs of each dodecamer,
which contain only A, T or U. The first and last four
base pairs (CGCG) are identical for all 12 sequences.
Our results show that the replacement of T with U in

T–A pairs does not affect the base pair structure signifi-
cantly, making U virtually indistinguishable from T when

in a Watson–Crick conformation. This suggests that
mismatches are not likely to be recognized while in a
closed conformation within the helical stacking. The
analysis of the open U–A and T–A pairs kinetics shows
that both pairs close in the low nanosecond timescale.
This timescale is in agreement with values derived from
NMR imino exchange data (28,31). Finally, we describe in
detail spontaneous base pair opening and flipping events
in U–A pairs. We also compare the structure of our DNA
with an extra-helical U to the structure of a DNA
fragment with an extrahelical thymine-analog that was
co-crystallized with human UDG (UNG2) (18). Based
on these results, we propose a 3-step opening mechanism
where extra-helical bases are produced spontaneously at
room temperature via an open base pair intermediate.

This work provides for the first time a detailed descrip-
tion of the structural and kinetic features of elusive events
such as base pair opening and flipping and supports that
U recognition by UDG occurs via an extra-helical
mechanism.

MATERIALS AND METHODS

The 12 dodecamers studied in this work are shown in
Table 1. Initial structures were built using the ‘make_na
server’ web tool (http://structure.usc.edu/make-na/server
.html). The six sequences containing U were derived
from the corresponding natural sequences by manually
substituting the methyl group on the thymine (T) with
hydrogen. MD simulations were performed with
AMBER param99 force field (43,44) for nucleic acids, in
TIP3P water (45). Parameters for the U base were taken
from the parameters for U in RNA, while the deoxyribose
parameters were taken from the T deoxyribose. Charges
for the U nucleotide were adjusted to reach neutrality
(Supplementary Table S1). Each sequence was centered
in a cubic TIP3P water box of 65 Å side. A total of 36
Na+ and 14 Cl� ions were added to neutralize the system
and reach an ion concentration of �0.3 M (46). The ionic
atmosphere was created with the program ‘genion’
included in the GROMACS software package (47,48).
Such a high-ionic concentration was chosen to increase
the chance of observing binding events of Na+ in the
grooves and examine the possibility of preferential

Table 1. The DNA sequences studied in this

work are shown below in 50!30 direction

Sequences

50 CGCG-AATT-CGCG 30

50 CGCG-AAUT-CGCG 30

50 CGCG-ATAT-CGCG 30

50 CGCG-AUAT-CGCG 30

50 CGCG-ATTA-CGCG 30

50 CGCG-ATUA-CGCG 30

50 CGCG-TATA-CGCG 30

50 CGCG-TAUA-CGCG 30

50 CGCG-TAAT-CGCG 30

50 CGCG-TTAA-CGCG 30

50 CGCG-UTAA-CGCG 30
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binding of native versus damaged sequences. MD simula-
tions were run in the NPT ensemble. Temperature control
was achieved via a Langevin thermostat with 300 K as
reference temperature and 0.1 ps as inverse friction
constant. Pressure was held constant at 1 bar via exponen-
tial pressure coupling with a time-constant of 1 ps. Long-
range electrostatics were treated with the Particle Mesh
Ewald (PME) algorithm (49). Maximum grid spacing for
the fast Fourier transform (FFT) was set to 1Å and the
Coulomb cutoff was set to 10Å. The Lennard–Jones (LJ)
potential cutoff was set at a distance of 9Å. Water box and
ions were equilibrated for 1 ns while restraining the DNA
internal degrees of freedom. The whole system was then
equilibrated without restraints for 10 ns and data were
collected along 100 ns trajectories for a total simulation
time of 110 ns for each one of the 12 sequences. In a
separate set of simulations, base pair opening was
induced by imposing a distance harmonic restraint with
force constant k=5000kJ�mol�1�nm�2 and r0=2.90Å
between O2 of thymine (or uracil) and NH2 of adenine
(Figure 1a and b). A similar reaction pathway was
chosen in an earlier work to generate base pair opening
events consistent with NMR imino proton exchange data
(50). All sequences were equilibrated with restrained open
U–A and corresponding T–A base pairs for 5 ns.

The strength of the restraint was then lowered
from k=5000 kJ�mol�1�nm�2 to 1000 kJ�mol�1�nm�2 for
10 ns. During this trajectory 50 snapshots were collected
every 200 ps. Unrestrained MD simulations were run for
each one of the 50 snapshots until base pair closing, for a
total simulation time of �5.5ms. We defined base pairs as
closed when the distance between O2 of thymine (or
uracil) and NH2 of adenine (Figure 1a) was >4.5Å. In
each case, closed structures were visually inspected to
ensure that the correct base pairing took place. Decay
curves were calculated based on the closing times col-
lected. MD simulations were run with versions 3.3.3 up
to 4.0.4 of the GROMACS software package (47,48).
Structural parameters were determined with the

3DNA software package (51,52). The pymol (www
.pymol.org) software package was used to generate figures.

RESULTS AND DISCUSSION

Groove widths and Na+ binding

Minor and major grooves widths, defined according to
(51–53), were monitored during 100 ns trajectories.
Average values calculated >100 ns are shown in Table 2,
while averages collected at 20 ns intervals are shown in

Figure 1. A T–A base pair in Watson–Crick conformation is shown with green C atoms in panel (a), and a U–A base pair in an open conformation
is shown with orange C atoms in panel (b). The open conformation is held together by one hydrogen bond between the O2 of U and the the NH2
of A. Schematic of the proposed 3-steps spontaneous base flipping mechanism is shown in panel (c).
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Supplementary Table S2. All data refer to the central four
nucleotides, unless specified otherwise. X-ray crystallo-
graphic data have shown that the minor groove in
AT-rich sequences is narrower than in GC-rich ones
(54–56), indicating that sequence plays a major role in
the helix structure. Previous studies have also highlighted
a characteristic narrow minor groove in AT-rich tracts
(40,57). The results shown in Table 2 indicate that the
minor groove width is not greatly affected by the
presence of U relative to T. AATT and AAUT, for
which the minor grooves differ by only 0.1Å, are the
narrowest amongst the 12 sequences. The largest differ-
ence in minor groove width, 0.7Å, is found between
TAAT and TAAU (Tables 2, 3 and Supplementary
Table S2). This difference is not actually due to intrinsic
structural or dynamic behavior, but to Na+binding. It has

been shown that monovalent cations reside mostly in the
minor groove floor (58) in sequence-dependent patterns
(57,59,60). We observed that a single Na+ ion binds the
centre of the TAAU minor groove, between the last two
base pairs in ApU (Figure 2). The average Na+occupancy
in this particular site is above 90% during the first 60 ns of
the simulation (Table 3), with residence times ranging
from 100 ps up to 20 ns. Indeed, one specific ion
remained continuously bound in this location for over
20 ns. Long-residence times between 10 ns and 100 ms for
Na+ in A-tracts have also been determined experimentally
(61). Previous computational studies highlighted the
occurrence of anomalous KCl aggregates in the vicinity
of biomolecular systems during MD simulations with the
AMBER parameter set (62) at ion concentrations >0.25
M (63). We ran all our simulations in 0.3 M NaCl with the

Table 3. Minor groove widths and relative Na+ occupancy (percentage of Na+) at the level of the uracil (thymine) base

20 ns 40 ns 60 ns 80 ns 100 ns Average (SD)

Width Na+ (%) Width Na+ (%) Width Na+ (%) Width Na+ (%) Width Na+ (%) Width Na+ (%)

XpU

AAUT 5.20 3 5.30 5 5.20 7 5.10 6 5.60 5 5.28 (0.19) 5
AUAT 7.00 3 7.00 9 7.00 10 7.30 11 7.20 16 7.10 (0.14) 9
ATUA 6.50 17 5.90 23 7.00 25 5.80 28 5.90 27 6.22 (0.52) 24
TAUA 7.50 12 7.10 16 7.30 21 7.70 24 6.70 28 7.26 (0.38) 20
UTAA 7.00 13 7.10 15 7.10 13 6.80 11 7.30 15 7.06 (0.18) 14
TAAU 4.90 96 4.70 98 4.40 93 5.70 72 5.00 58 4.94 (0.48) 83

XpT

AATT 4.80 2 4.50 4 5.40 5 4.80 3 5.50 3 5.00 (0.43) 3
ATAT 7.20 10 7.50 7 7.00 8 7.40 10 6.50 14 7.12 (0.40) 10
ATTA 6.80 13 6.60 10 6.70 13 6.50 14 6.00 19 6.52 (0.31) 14
TATA 7.90 20 7.30 18 7.70 17 7.10 17 7.50 14 7.50 (0.32) 17
TTAA 7.40 9 7.50 7 7.30 11 7.30 9 7.60 12 7.42 (0.13) 10
TAAT 6.00 5 6.10 23 6.30 17 6.50 14 5.50 15 6.08 (0.38) 15

TAUA groove widths values for TAAU are highlighted to show dependence on Na+ binding. All widths are in Angstrom and the Na+ occupancy is
normalized to the number of MD snapshots selected for the calculation (i.e. 2000).

Figure 2. Na+ bound in the TAAU minor groove. Only the two base
pairs involved in the ion binding are shown. Adenine (A) 7 and
thymine (T) 18 are shown with green C atoms, while uracil (U) 8
and A17 are shown with blue C atoms. Na+ is coordinated to the O
of U8 and T18.

Table 2. Average values of minor and major grooves widths

calculated for each dodecamer over 100 ns MD trajectories

Sequence Minor groove Major Groove

Average
(Å)

SD Abs.
Dev.

Average
(Å)

SD Abs.
Dev.

AATT 5.9 1.2 0.1 13.3 1.7 0.2
AAUT 6.0 1.5 13.1 1.9

ATAT 7.0 1.9 0.2 13.8 1.8 0.4
AUAT 6.8 1.5 13.4 1.6

ATTA 6.9 1.5 0.5 13.2 2.0 0.6
ATUA 6.4 1.7 13.8 1.9

TAAT 6.9 1.4 0.7 13.4 2.0 0.7
TAAU 6.2 1.4 14.1 1.8

TATA 7.2 1.4 0.1 13.4 2.0 0.1
TAUA 7.1 2.4 13.5 1.8

TTAA 7.4 1.3 0.4 13.1 1.6 0.4
UTAA 7.0 1.6 13.5 2.2

Standard deviations (SD) are also indicated together with the absolute
deviations (Abs. Dev.) between values corresponding to natural and
lesioned sequences. For each sequence, only the central four bases in
the 50!30 direction have been shown for clarity. All values are in
Angstrom.
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same AMBER parameter set. No salt clustering or anom-
alous aggregates were found.

Na+-binding stability in the TAAU minor groove might
come from its coordination between stacked base pairs.
In TAAU, Na+ interacts directly with O of U8 and T18

(Figure 2). In agreement with previous work (64,65), this
study supports that ion binding, and thus the electrostatic
environment, influences the dimensions of the minor
groove. In TAAU, the width of the minor groove at the
ApU level varies between 4.4 and 4.9Å, during the time
when Na+ occupancy in the groove floor is �90%, but
rises to 5.7Å following Na+ unbinding (Table 3).
Although sequence-dependent, counter-ion binding pat-
terns do not appear to be particularly affected by the
presence of U relative to T. In all other sequences, Na+

binding is a frequent but transitory event, with average
residence times in the order of 100 ps to a few ns.
Despite the high-salt concentration used in the simula-
tions, in all these cases occupancy rates are generally
<30%. The average local width of the minor groove in
ApU sites (other than in TAAU) is between 5.3 and 7.3Å
(Table 3). The narrowing of the TAAU minor groove is
reflected in the corresponding widening of the major
groove. Results in Table 2 show that like the minor
groove, the major groove width is unaffected by the re-
placement of T with U.

Base pair structure and dynamics

In order to compare the structure and dynamics of U–A
and T–A base pairs, selected helical and step base pair
parameters were monitored throughout the 100 ns
trajectories. Twelve different helical parameters can be
used to describe different structural motifs in nucleic
acids (51,52). Based on these parameters’ values, the B
form of DNA, the most stable conformation in the cell
environment, can be differentiated from other DNA con-
formers, such as A-DNA and Z-DNA (66). We chose to
focus our attention on parameters that highlight the weak-
ening of base pairing, and therefore the propensity for
spontaneous opening of U–A versus T–A. These param-
eters are: shear, stretch and opening (Figure 3).
Additionally, in order to compare the local inclination
of the helical axis at the lesion level, we also monitored
tilt values (Figure 3). Shear and stretch are defined as the
relative offset of the two base origins in the mean base pair
plane, while the opening angle is defined as the angle
between the two x-axes with respect to the average
normal to the base pair plane (51). Positive opening
values indicate opening towards the major groove, while
negative values indicate opening towards the minor
groove.

Average values of shear and stretch are within the
standard values observed for B-DNA (51,67) for both T
and U containing sequences. Average values of shear and
stretch calculated >100 ns are shown in Table 4, while
values calculated at 20 ns intervals are shown in
Supplementary Tables S3 and S4. Average shear values
for T–A and U–A pairs (excluding TAUA) are �0.06
and �0.10Å, respectively (Table 4). These values
indicate a very small local displacement of the base pairs

and no significant structural difference between T–A and
U–A base pairing. However, significant differences in
shear values can be seen during the first 20 ns of the MD
simulation of TAUA (Supplementary Table S3). During
this time, the U–A base pair underwent spontaneous
opening, where the U–A base pair was held together by
a single H-bond between NH2 of A and the O2 of U
(Figure 1b). The corresponding shear value for U–A is
2.14 Å. Shear values �2 Å are characteristic of non-
Watson–Crick pairing such as U–G wobble pairs found
in RNA (51). As the U–A returned to the Watson–Crick
conformation, the average shear value went back to
standard B-DNA values, e.g. �0.01 Å.
The average stretch does not present any significant dif-

ference in the separation between T–A and U–A base
pairs while in Watson–Crick conformation (Table 4).
Stretch values increased as a function of base pair
opening. During the first 20 ns of the TAUA simulation,
the U–A stretch was 0.22 Å as compared to an average of
0.05 Å for the remainder of the simulation (Supplementary
Table S4).
Although the opening parameter might seem an ideal

indicator of base pair opening events, it appears to be less
sensitive than the shear. Opening values for TAUA during
the first 20 ns were indeed large and positive, i.e. 3.18 Å
(Table 4 and Supplementary Table S5). However, large
positive opening values are also seen for other sequences
and for TAUA at times where no complete base pair
opening was observed. Large positive opening values can
also result from the transient elongation of one or two of
the H-bonds between the A and T (or U). These events are
part of DNA dynamics and do not necessarily develop
into breaking of the Watson–Crick conformation. In
addition, we observed large negative opening values for
TAAU and UTAA (i.e. opening >�2.50Å, see Supple-
mentary Table S5). These values indicate opening

Figure 3. Graphical representation of the four helical parameters
monitored throughout the MD simulations. Each rectangle represents
a base. The representation is adapted from (51,52). Shear and stretch
parameters are measured in Angstrom (Å), while opening and tilt in
degrees.
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towards the minor groove and, in the case of TAAU and
UTAA, correspond to Na+ binding events in the minor
groove.
Finally, results listed in Table 4 show that sequences

containing T–A have a consistently larger negative tilt
compared to their U–A counterpart. However, these dif-
ferences are rather small, i.e. in the range between 1� and
1.4�, and in most cases within 1 SD. The U–A base pair
opening during the first 20 ns of the TAUA simulation
does not induce significant changes from the average tilt
value (Supplementary Table S6).
The helicoidal parameters analysis shows that replace-

ment of T with U in T–A pairs does not affect significantly
the base pair structure, making U virtually indistinguish-
able from T when in a Watson–Crick conformation.
Based on these considerations, it is likely that mismatch
recognition does not occur while base pairs are in a closed
conformation. During the DNA-helix scan, repair
enzymes may in principle either actively pull all bases
out of the stacking to inspect them or capture bases
while in an extra-helical position.
Together with the shear, the sugar–phosphate backbone

torsions are indicative of base pair opening. Backbone
dynamics is discussed in detail in the next section.

Structure of the U–A open conformation in the TAUA
dodecamer

During the first 20 ns of MD simulation the U–A base pair
in the TAUA dodecamer broke out of the Watson–Crick
conformation and adopted an open conformation which
persisted for 13.6 ns. The opening process involved the
rapid breaking of both Watson–Crick hydrogen bonds
(H-bonds) between U and A (Figure 1a) and the forma-
tion of a single H-bond between NH2 of A and O2 of U
(Figure 1b). We describe base pair opening by monitoring
the variation of a particular angle, defined by the atoms
N9 of A, and N1 and O4 of U (Figure 4). This angle has
an average value of 53.2� when U–A is in the Watson–
Crick configuration and increases to an average of 85.2� in
the open state. The opening event does not cause disrup-
tion of the DNA double helix either above or below the

open base pair. The most significant conformational
changes are at the base pair level and involve both
the backbone and the bases of U and A. As shown in
the previous section, certain base pair parameters,
such as shear, are good indicators of deviations from
the Watson–Crick pairing. From the analysis of the
U–A dynamics it appears that the breaking of the
H-bonds between bases is accompanied by a specific con-
formational change of two of the sugar–phosphate
torsions. These two torsions, e and z, are defined by
the atoms C40C30O30P and C30O30PO50, respectively
(Supplementary Figure S1). Figure 5 shows the variation
of e and z during opening. When the U–A pair is in the
closed conformation, the e/� torsions are in a trans/
gauche� (t/g�) conformation, where t refers to angles
between 140� and 220�, and g� to angles between 260�

and 340�. The t/g� conformation of e/� torsions defines
what is known as the BI sub-state of canonical B-DNA
(68–70). When U opens, the e/� torsions undergo inversion

Table 4. Average values of base pair and helical parameters (shear, stretch, opening and tilt) calculated over 100 ns MD trajectories

Sequence Shear (Å) Stretch (Å) Opening (deg.) Tilt (deg.)

Average SD Average SD Average SD Average SD

AATT �0.08 0.02 0.00 0.02 �0.83 0.48 �0.09 0.69
AAUT �0.11 0.04 0.01 0.02 �0.82 0.89 �1.22 0.39
ATAT �0.03 0.03 0.00 0.02 0.02 0.56 �0.23 0.15
AUAT �0.07 0.02 0.02 0.02 0.83 1.84 �1.55 0.97
ATTA �0.06 0.06 0.00 0.02 �0.40 1.22 0.81 1.84
ATUA �0.04 0.03 0.02 0.02 2.31 1.56 �0.54 1.70
TAAT �0.04 0.07 0.01 0.02 �0.23 1.00 0.45 0.50
TAAU �0.17 0.03 0.02 0.01 �2.35 1.38 �0.48 1.65
TTAA �0.11 0.02 0.00 0.02 �1.44 0.56 �0.07 0.34
UTAA �0.11 0.02 0.04 0.02 �2.48 0.62 �1.33 1.18
TATA �0.04 0.05 0.02 0.01 �0.18 0.56 �0.01 1.15
TAUA 0.42 0.96 0.00 0.12 3.29 1.96 � 1.07

Highlighted values indicate deviations from the standard B-DNA conformation due to base pair opening. For each sequence, only the central four
bases in the 50!30 direction have been shown for clarity. SDs are based on the average values.

Figure 4. Variation of the opening angle for the U7A18 base pair
during the first 20 ns of MD simulation of the TAUA dodecamer.
The opening angle is defined by the atoms N9-N1-O4, as shown in
the panel on the top-right corner. Arrows indicate the timeframe
during which the base pair is, respectively, ‘closed’ or in the Watson–
Crick configuration or ‘open’. Average opening angle in the ‘closed’
conformation is 53.2�, while in the ‘open’ conformation is 85.2�.
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from t/g� to g�/t, which corresponds to the BII sub-state,
a higher energy conformer of canonical B-DNA (68–70).
As seen in Figure 5, the e/� torsions return to the t/g�

conformation only briefly during the lifetime of the open
state. This transition does not cause closing of the base.
BI/BII transitions have been previously associated to
de-stacking between adjacent base pairs (69,71). The in-
version of the e/� torsions from t/g� to a g�/t conform-
ation happens when the base opening was purposely
induced (e.g. by applying a distance restraint) and per-
sisted for virtually the whole time that U–A remains in
the open conformation (data not shown). Consistently
with this finding, transitions in the e and z dihedral
angles were previously identified by principal component
analysis (PCA) as one of the crucial modes involved in
base pair opening (72).

The conformation of a/g torsions was also monitored.
During the whole 100-ns trajectory, the U–A a/g remain
in the B-DNA standard g�/g+ conformation (39), where
g+ refers to angle values between 20� and 100�. The
average values of a and g>100 ns are, respectively, �65�

(±11�) and 54� (±11�), while the standard values for
B-DNA are, respectively, �41� and 38�. Based on the
10 000 snapshots used to compute the a/g values over
100 ns, no transitions for a/g conformations (73) were
observed.

U–A versus T–A open base pair kinetics

In agreement with previous studies (74–77), we have
shown in the previous sections that the replacement of
thymine (T) with uracil (U) does not significantly affect
the overall structure of the B-DNA dodecamers.
The sequence dependence of base pair opening kinetics

has been investigated extensively by means of NMR imino
proton exchange (22,23,28,29). Some of these studies
showed that C5-methylation alters base pair kinetics by
dampening base pair opening dynamics (22,23). This effect
has been interpreted as due to an increased stability of
base pair stacking when a pyrimidine base is methylated
in C5 (22,30). This rationale was used to explain why base
pair opening kinetics is much faster in G-tracts than in
A-tracts (22,23). The same effect was observed when
replacing T by U in AT-rich sequences (22). The kinetic
analysis of base pair opening is a difficult task to under-
take computationally due to the fact that opening events
occur in the millisecond timescale (22,23,30). The opening
of the U-A base pair that we observed in TAUA is signifi-
cant as a mechanistic example of how an opening event
may occur, but it is hardly representative of the propensity
of U–A pairs to open relative to T–A. Inversely, the
kinetics of open base pairs is difficult to study experimen-
tally because base pair closing takes place in the nano

Figure 5. Phosphate backbone torsions e (a) and � (b) at the U of the TAUA sequence during the 20-ns MD simulation when the opening takes
place. The change in configuration seems to happen as an immediate response to the base opening, which occurs at 3.62 ns. The U–A base pair
returns to the Watson–Crick configuration after 13.62 ns. The time interval during which the U–A base pair is in the open conformation is
highlighted in pink.
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second timescale (28,31). However, this timescale is
directly accessible to computational techniques.
We studied the kinetic decay of open base pairs, i.e. the

closing kinetics or open base pairs kinetics, in our 12
sequences with the aim of identifying possible differences
in the lifetime of U–A open base pairs relative to T–A
pairs. NMR imino proton-exchange data show that both
DNA sequence and strand length contribute to determine
base pair opening kinetics (22). All our systems have the
same strand length and are pair-wise identical except for
one mismatch per strand (see Table 1), therefore our results
reflect exclusively the effects of the replacement of T by U.
Base pair kinetics is usually interpreted in terms of

imino proton-exchange theory (78). The latter is based
on the assumption that proton exchange between the
H-bond donor in the DNA base, e.g. N3 in U or T, and
the proton acceptor in solution occurs only when the base
pair is in an open configuration (Figure 1b). In order to
ensure that the limiting step of the exchange process is
indeed base pair opening and not proton transfer to the
solution, ammonia is usually used as a catalyst instead of
water.
Closing kinetics is well described by the equation:

dXOpen

dt
¼ ��XOpen ð1Þ

where � is the decay rate and XOpen is the mole fraction of
open base pairs relative to Watson–Crick base pairs.
Integration of Equation (1) gives:

Xopen ¼ e��t ð2Þ

base pair lifetime, �0, is defined as the inverse of the decay
rate (i.e. 1/�)� In the logarithmic form of Equation (2), � is
given by the slope of the decay line.

Based on the structure and on the opening reaction
pathway observed for the spontaneous opening of the
U–A base pair in TAUA, we generated open T–A and
corresponding U–A base pairs in all 12 dodecamers.
Decay curves were obtained from data derived from 50
separate unconstrained MD trajectories for each
dodecamer. Each MD simulation was extended until
base pair closing, for a total simulation time of >5.5 ms.
Results are shown in Table 5 and the open states decay
lines are shown in Figure 6. We find that open base pair
lifetimes at 300 K are in the low nanosecond timescale for
both U–A and T–A pairs. This is in agreement with NMR
studies of the kinetics of C–G pairs (28,31) and A–T pairs
(28). Indeed, closing rates derived from NMR imino
proton-exchange data at 35�C show that the apparent
lifetime of an open C–G pair is 9±3ns (31). The agree-
ment of our data measured at 300 K (or 27�C) with the
open base pair lifetime values derived from NMR experi-
ments at 35�C suggests that there is no significant tem-
perature dependence of base pair closing rates at
physiologically relevant temperatures.

Figure 6. Decay kinetics of the open base pair states for all 12 dodecamers. The legend on the right indicates the symbols assigned to each sequence.
Trend lines are shown as solid lines for all natural sequences and as dotted lines for sequences containing U. The relative R2-values are shown within
brackets for each dodecamer.

Table 5. Open states lifetimes �0 (ns) calculated for natural DNA

sequences relative to their damaged counterparts

T–A sequences �0 (ns) U–A sequences �0 (ns)

AATT 7.5 (0.1) AAUT 5.8 (0.1)
ATAT 9.8 (0.2) AUAT 18.2 (1.2)
ATTA 5.7 (0.0) ATUA 11.6 (0.9)
TTAA 6.4 (0.5) UTAA 9.8 (1.2)
TATA 11.7 (0.7) TAUA 7.5 (0.3)
TAAT 10.7 (0.4) TAAU 14.1 (0.2)

Shaded cells indicate the sequence with the highest lifetime. Errors,
indicated in parenthesis, are based on the R2-values, shown in Figure 6.
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Our results show only moderate sequence specificity of
the closing rates. For natural DNA dodecamers, we find
that the open T–A pair in the ATTA dodecamer has
the shortest lifetime, while TATA has the longest, i.e.
5.7 and 11.7 ns, respectively (Table 5). For the six
dodecamers-containing U the shortest lifetime (5.8 ns) is
found for the AAUT sequence, while the longest open
base pair lifetime (18.2 ns) is seen in the AUAT sequence
(Table 5).

For four out of six sequences containing U–A, the
lifetime of the open base pair-containing U is only
slightly longer than in its natural counterpart. The
largest difference in open states lifetimes (��0) is
observed between ATAT and AUAT, with ��0=8.5 ns
longer for U–A than for T–A. AATT and AAUT have
the smallest difference in open state lifetimes, where
��0=1.7 ns in favor of the T–A base pair. Such
moderate differences in open-state lifetimes are within
the timescale of local molecular motions and are
unlikely to affect the recognition mechanism of repair
enzymes, which operate in the millisecond timescale.

Base pair flipping from open U–A pair

This study is based on an opening-reaction coordinate
which results in an open state held together by one
single H-bond (shown in Figure 1b). Different reaction
coordinates, such as opening angles (41), dihedral angles
(28,32,42,79) and linear collective coordinates (72), have
been used in the past to study the free energy of base pair
opening and flipping in DNA and RNA, but not base pair
opening or closing kinetics. Our kinetic study requires
only the equilibration of open base pairs consistent with
the structural features of the spontaneously opened U–A
in the TAUA dodecamer. We chose the NH2-O2 distance
because it is the structural parameter that captured this
event most directly. The same coordinate was used in an
early study of natural DNA sequences to generate open
base pairs consistent with NMR data (50). Non-Watson–
Crick open conformations such as the one we have been
studying here were found to be local minima, with energy
barriers dependent on the sequence (50,72). Base flipping
beyond such open state has been difficult to characterize
both computationally and experimentally. This is because
the rupture of the single H-bond holding together the
open state can in principle produce a multitude of differ-
ent conformations with a flipped-out base (72). One inter-
esting example of a DNA fragment with a flipped-out base
is found in the structure of an UDG (UNG2)
co-crystallized with a DNA fragment which carries an
extra-helical base (18). The capture of a short-lived
extra-helical state was facilitated by replacing the A
paired to the extra-helical T by a 4-methyl-indole (18).

During the 5.5 ms of unconstrained MD performed col-
lectively on the 12 dodecamers, we did observe that the
breaking of the H-bond holding the open conformation
can develop into a complete extra-helical (or flipped-out)
base. Specifically, a complete base flipping event occurred
in the AUAT dodecamer. From a flipped-out state, the
U–A base pair eventually returned directly into the
Watson–Crick conformation. Partial base flipping

triggered by the breaking of the single H bond holding
the open state was also observed in the TAUA and
TAAU dodecamers. In the latter systems, the flipped-out
state held only for a few hundred ps before returning to
the open state. In contrast, no spontaneous base flipping
was observed for T–A base pairs.
Due to the highly dynamic nature of extra-helical bases,

base pair parameters are not very descriptive in
characterizing flipping events. We found that base pair
opening and flipping is best captured by dON, the
distance between the O2 of U and NH2 of A (Figure 7)
and by the variation of the e/� torsions at the base pair
level. Snapshots from the MD simulation are shown on
the top panel for clarity. Base flipping started from the
open U–A conformation, shown in the top-left panel of
Figure 7. This conformation persisted unaltered for �1 ns.
During this interval, the average dON=3.0±0.2Å, where
the error is calculated as standard deviation. As the single
H-bond-holding U–A in the open conformation breaks, U
evolved into a complete extra-helical state, instead of
going back to a closed pair. Based on the dON values,
we can identify four stages in the flipping process. The
first stage begins at 1 ns and persists until 5.2 ns. During
this time, the average dON=8.4±1.4Å and the base
plane rotated to become almost parallel to the helical
axis. This orientation lasted until base closing. During
the second phase, i.e. from 5.2 to 9.3 ns, U reached the
maximum extra-helical extension, with an average
dON=12.0±1.5Å. During the third phase, between 9.3
and 12.1 ns, U returned closer to A with an average
dON=9.8±1.3Å. Finally, the base gradually rotated
back into a conformation where the base plane is perpen-
dicular to the helical axis as it returned to a closed con-
formation. The latter is characterized by an average
dON=6.8±0.5Å. The large standard deviation values
calculated dON in extra-helical U demonstrate the high
mobility and complex dynamics of a flipped-out base.
On the top-right panel of Figure 7, we also show for com-
parison the modified DNA fragment taken from the struc-
ture of the DNA with an extra-helical T from the DNA/
UNG2 complex (18). The DNA helical structure and es-
pecially the phosphate backbone in the DNA/UNG2
complex appear to be affected by direct contacts with
the protein surface. Nonetheless, the distances between
U–A in AUAT when U is flipped-out and between equiva-
lent atoms in the DNA fragment from the DNA/UNG2
crystal structure are comparable. In the DNA/UNG2
complex, the distance between O2 of the extra-helical
T and C4M of the methyl group replacing NH2 in the
modified A is 13.7Å. For direct comparison, the DNA
fragment from the DNA/UNG2 crystal structure was
aligned to a snapshot from the MD simulation
(Supplementary Figure S5).
Base flipping also alters the conformation of the e/�

torsions at the base pair level. Time-series of the e/�
torsions for U6 and A19 are shown in Figures 8 and 9,
respectively. The MD simulation starts with U6–A19 in
an open conformation. For U6 e/� interconvert between
t/g�, which corresponds to the BI sub-state of canonical
B-DNA, and g�/t, which, as we discussed in the section
dedicated to the structural analysis of the U–A open
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conformation, is typical of open base pairs and BII
sub-states. At �1 ns, U6 flipped out and the e/� torsions
change into a g�/g+ configuration. The latter held until
12 ns, when U6 closed. Here we notice a peak in the z
values which corresponds to a t conformation. At
�21.5 ns the e/� torsions of U6 regained a conformation

which interconverted between the BI BDNA t/g� and the
BII BDNA g�/t. From 21.5 up to 40 ns, the e/� torsions
were in a t/g� conformation for 80% of the time. Figure 9
shows the values of e/� torsions for the A19 base. From a
B-DNA conformation during the first nano second of
simulation, e/� of A19 also interconvert to a g�/g+state.

Figure 7. The distance (dON) between O2 of U6 and NH2 of A19 (see Figure 1 for nomenclature) in one of the AUAT dodecamers used to measure
the kinetic decay of open states is monitored along 20 ns trajectory. In the open state, once the H-bond between O2-NH2 breaks, U6 flips out of the
stacking. The flipped-out state endures for �11 ns before the U6 pairs back with A19, re-establishing the natural Watson–Crick conformation.
Snapshots of selected structures are shown above the graph. An image of 2OXM (top-right corner) is also shown for comparison.

Figure 8. Values of the e/� torsions for U6 in the AUAT dodecamer >40 ns of MD simulation. The e is shown in purple, while � is shown in green.
Ranges defining g+, t and g� conformations are highlighted in light green, pink and light blue, respectively, for clarity. The simulation starts with
U6-A19 in an open conformation. At 1-ns U6 breaks out of the H bond with A1 and flips-out in an extra-helical position, which holds for 11 ns.
During this time interval e/� torsions of the U6 base are in a g�/g+conformation. Closing into a Watson–Crick pairing at 12 ns causes a slight change
in conformation. Finally, e/� return in a B-DNA conformation, i.e. t/g�, at 22.5 ns.
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Contrary to U6, this conformation persists long after base
pair closing returning into a canonical B-DNA t/g� con-
formation only after �30 ns of simulation.

The a/g torsions of U6 remained in the B-DNA g�/g+

conformation for the entire 40 ns simulation
(Supplementary Figure S2). Time series showing the a/g
torsions of the A5 and A7 nucleotides adjacent to U6 are
also shown in Supplementary Figures S3 and S4, respect-
ively. While the A5 a/g remained in the g�/g+ conform-
ation throughout the 40 ns trajectory, in A7 a/g underwent
a conformational change from g�/g+ to g+/t at �5 ns.
Upon closing of U6, the a/g torsions returned briefly to
the g�/g+conformation and then back to g+/t. After 20 ns,
they finally returned to the stable B-DNA g�/g+conform-
ation. This conformational change seems to be directly
triggered by the U6 base flipping and does not resemble
the force field-related artifacts previously reported (73),
inasmuch as no disruption of adjacent base pairs or un-
folding of the double helix was observed during the
base-flipping event.

The observation of occasional spontaneous flipping
from open states shows that such events are energetically
feasible at room temperature. As proposed earlier by
Parker et al. (18), we find that the transition from open
base pairs into pairs with an extra-helical base can indeed
take place without the active participation of a repair
enzyme. This finding supports the conclusion that U rec-
ognition by UDG may occur while the base is an
extra-helical position. Earlier work showed that base
flipping from an open state for G–C base pairs is energet-
ically less demanding than breaking the Watson–Crick
pairing (72). Indeed, while a closed G–C base pair is
held together by three H-bonds, G–C open states (like
T(U)-A open states) are held by a single H-bond.
Free-energy simulations by Bouvier and Grubmüller (72)
showed that breaking the closed C–G base pair with base
rotation towards the major groove to form an open state
requires 6–10 kcal/mol. This value is in agreement with the
�8 kcal/mol estimate derived from the ratio between base

pair millisecond-opening rates obtained from NMR imino
proton exchange, and nanosecond closing rates obtained
from our simulations. In contrast, further extensions of
the flipping angle require only an additional 2 kcal/mol
(72). Similarly, it can be expected that breaking the open
state in T(U)–A base pairs is less energetically demanding
that breaking the T(U)–A in Watson–Crick pairing.
Additionally, spontaneous base flipping of an adenosine
through the major groove was previously observed in a
free-energy study of base pair opening in RNA (79).
As shown in Figure 1c, we propose a 3-step reaction

pathway for U–A spontaneous flipping with an open
state as intermediate. The finding that extra-helical U
can develop spontaneously from an intermediate open
U–A base pairs combined to the U–A versus T–A
sequence dependence of base pair opening kinetics
derived from NMR experiments, has important implica-
tions in the repair efficiency shown by UDGs. UDGs
locate and excise U with a mechanism based on a combin-
ation of hopping and 1D sliding along the DNA double
helix. More specifically, UDGs hop on different sites of
the same DNA chain and at those points they perform an
1D-scan for a stretch of about one helical turn or �10 bp,
before detaching again (12). This mechanism is more ef-
fective than a continuous and redundant 1D-scan along
the whole length of the double helix, whose efficiency is
determined by the probability of sliding away from or
towards the damage site. In a kinetic study of the mech-
anism used by UNG from Echerichia coli to identify and
repair U, Porecha and Stivers estimated that during the
1D-slide, UNG samples each base pair for �0.5ms
(12,17). The rate-limiting step in our spontaneous
flipping pathway (shown in Figure 1c) is most likely
base pair opening, which is known to be kinetically com-
petent in terms of UNG scanning (12). There is also
mounting evidence that UDGs recognize and capture U
in the extra-helical position (18), without actively breaking
the Watson–Crick pairing and our results support this
conclusion. NMR imino exchange data (22) suggest that

Figure 9. Values of the e/� torsions for for A19, paired to U6, in the AUAT dodecamer >20 ns of MD simulation. The e is shown in purple, while �
is shown in green. Ranges defining g+, t and g� conformations are highlighted in light green, pink and light blue, respectively, for clarity. Initially e/�
of A19 are in a B-DNA t/g� conformation. As U6 goes in the flipped-out conformation, �1 ns, as for U6 e/� inverts into a g�/g+. The latter holds
long after U6 closes. The e/� go back into a B-DNA conformation at 30 ns.
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U–A pairs open more frequently than T–A pairs. If indeed
extra-helical bases develop from open states, during the
1D-scan of the DNA helix a repair enzyme would encoun-
ter extra-helical U more often than extrahelical T. This
rationale explains the high efficiency shown by UDG in
finding and excising U, without having to recur to the
active participation of the enzyme in base extraction, or
in the recognition of subtle, and as yet unidentified struc-
tural or dynamical features specific to U-containing DNA
sequences.

CONCLUSIONS

This work examines the effects of the presence of a mis-
matched U–A base pair relative to the natural base pair
T–A on the structure and dynamics of 12 B-DNA
dodecamers. Selected base pair and helical parameters
were monitored throughout extensive MD simulations
with the aim to assess the impact of the lesion on the
helical structure when base pairs are in the Watson–
Crick conformation. We found that at the base pair
level U–A mismatches are virtually unrecognizable from
the natural T–A pairs.
During the MD simulation, we observed a spontaneous

opening of the U–A base pair in the d50(CGCGTAUAC
GCG)30, or more simply TAUA, dodecamer. This
opening event involved the replacement of the two
H-bonds holding together the Watson–Crick base pair
by a single H-bond. The structure of the open base pair
is characterized by specific values of the shear and stretch
parameters and by an inversion of the configuration of the
e/� backbone torsions from t/g� to g�/t. We used the
reaction coordinate observed for the spontaneous
opening of U–A in TAUA to generate open base pairs
in all 12 dodecamers. These structures were used to
study the kinetic decay of open U–A relative to open
T–A pairs. Our results show that open base pair kinetics
is only weakly dependent on the local sequence. In agree-
ment with NMR imino proton exchange studies on C–G
and T–A base pairs (28,31), we found that closing rates for
both T–A and U–A base pairs are in the nanosecond time
scale. We conclude that closing dynamics might be
relevant only in terms of local molecular motions but
has no impact on enzymatic recognition of damage,
which takes place in the millisecond time scale.
The extensive sampling of the open state allowed us to

observe spontaneous base-flipping events starting from
open U–A base pairs in the AUAT, TAUA and TAAU
dodecamers. In contrast, no spontaneous base flipping
was observed for natural T–A base pairs. We analyzed
the structure and dynamics of base flipping in the
AUAT dodecamer, for which U remained in an extra-
helical position for �11 ns and then returned directly to
a Watson–Crick conformation. The U–A flipped-out state
that we described in this work is similar to a DNA struc-
ture co-crystallyzed with UNG2 showing an extra-helical
base (18). Based on these results, we propose that U–A
base flipping can develop spontaneously at room tempera-
ture from open base pairs (Figure 1c). The formation of
extra-helical bases through this pathway does not require

direct action of repair enzymes. As also shown by previous
MD studies (72), extra-helical bases exhibit complex
dynamics. Our observations suggest that the flipped base
state corresponds to rapidly interconverting multiple con-
formations in equilibrium with both open and closed
states. The occurrence of extra-helical base pairs develop-
ing spontaneously from an open state is indicative of the
low-energetic demand of such an event. In order to further
characterize this mechanism, a systematic energetic
analysis of U–A base pair opening and flipping is curr-
ently under way.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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