Register shifted structures in base flipped uracil damaged DNA
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ABSTRACT: We report the occurrence of register shifted structures in simulations of
uracil-containing dsDNA. These occur when the 3' base vicinal to uracil is thymine in
U:A base paired DNA. Upon base flipping of uracil, this 3' thymine hydrogen bonds with
the adenine across the uracil instead of its complementary base. The register shifted
structure is persistent, and sterically blocks re-entry of uracil into the helix stack.
Register shifting might be important for DNA repair, since the longer exposure of the
lesion in register shifted structures could facilitate enzymatic recognition and repair.

Cellular DNA is subjected to thousands of spontaneous lesions a day." A common lesion
is uracil, which can arise from misincorporation of dUMP, or from the spontaneous
deamination of cytosine. Misincorporation, which is stimulated by folate deficiency,? can
lead to chromosome breaks, while cytosine deamination introduces G:C to A:T
transition mutations that are 100% mutagenic.® Uracil lesions are repaired by enzymes
from the base excision repair pathway. Repair is initiated by uracil DNA glycosylase
(UDG), which excises the lesion by employing a base flipping mechanism that extrudes

the lesion extrahelically.*

UDG excision rates depend on sequence.® Using a combination of time-resolved
fluorescence spectroscopy, NMR imino proton exchange measurements, and molecular
dynamics (MD) simulations, we recently demonstrated that this dependence stems from
differences in DNA deformability.*" kca/Km values for U:A base paired strands with AUT,
TUA, AUA and TUT motifs were strongly correlated to DNA rigidity, with higher excision
efficiency for more flexible strands. This link is widely valid, as shown by a comparison



of relative excision efficiencies®® to simulated rigidities of a large library of uracil-

containing strands.®

Here we report the occurrence of a rare event observed in one of these simulations, and
verified in other, that may have important biological implications. 146 U:A and U:G base
paired uracil-containing sequences were simulated, spanning over 100 us in total (Table
S1).5%6 The MD simulations were performed at 1 bar and 300 K with OPENMM,” in
rectangular boxes of either 100 mM NaCl or 150 mM KCI TIP3P water® with 15 A
solvation layers, using SHAKE for bonds involving hydrogen atoms,® a nonbonded
cutoff of 12 A and the particle mesh Ewald (PME) method with an error tolerance of
0.00005 for long range electrostatics,'® Langevin dynamics with a friction coefficient of 5
ps™ and a 2 fs time step, and the AMBER OL15 force field."" Heating took place in the
presence of harmonic restraints, which were slowly released during equilibration and
absent in production; details are given in Refs. °" 6. DNA did not interact with its periodic
images in any of the simulations; apart from fraying of the terminal base pairs and the
transitory conformational changes described below, DNA was stable and maintained its

structural integrity.

Toward the end of a simulation of U:A base paired 5'-GCGC(UTGC)3G-3' dsDNA (base
pairing and numbering are shown in Fig. 1a), Ug, the central lesion, spontaneously
flipped toward the major groove (Fig. 1b). Base flipping has been observed in
simulations before,'? and was assessed by monitoring a pseudodihedral angle,'® which
was < -40° for flipping toward the major and > 40° for flipping toward the minor groove.
Base flipping of uracil (but no other base) was observed in many sequences, and
occurred exclusively toward the major groove. Base flipping makes DNA more
bendable, and 31 ns after flipping the strand was bent 60° toward the major groove.
Over the next 4 ns it bent back to 15°; during this back bending, a dramatic structural
change started to occur. Upon reaching a flipping angle of -80°, the tilt angle of the
T10:A25 base pair decreased from 0° to -10°, while its twist angle increased from 35° to
45°. At the same time, the buckling angle of T1o increased by nearly 20° from -5° to 15°.
These movements were enabled by the flipped Uy, which led to a loss of steric



interactions of T1o with its $' vicinal base. The motions led to transient, weak hydrogen
bonds of T1o with two bases: Azs, its complementary base, and Az, the base
complementary to Ug (Fig. 1c). The hydrogen bond with A2s subsequently weakened,
while the hydrogen bond with A2 gained in strength. The T10 — A2s hydrogen bond broke
41 ns after the flip, upon which T1o and Azs base paired with two Watson-Crick hydrogen
bonds. The result was a highly unusual register shifted structure, where T1o base paired
with Azs instead of its complementary base, A2s was unpaired, and Uo flipped (Fig. 1d).
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Figure 1. Pathway leading to the register shifted structure for the 5'-GCGC(UTGC)3G-3'
sequence. Base numbering and complementary base pairing are shown in panel a, and

the register shifted structure in panel d; other panels are discussed in the text.

Further extension of the simulation showed that the register shifted structure was stable
and persistent for 125 ns. Structural changes were limited to the UgT10/A25A26 step and
did not affect the structure or dynamics of the remaining bases (Fig. 2). The register
shifted structure spontaneously disappeared by base pairing of T+o to its complementary
base Azs, while Ug remained base flipped. During this process, the buckling angle for T+o
decreased from 25° to -25° over a time period of 1 ns; during this timeframe the T10:A26

hydrogen bonds broke, while the T+10:A25 base pair reformed.

N

T
e
Ap— L U

Figure 2. 5'-GCGC(UTGC)3G-3' register shifted structure; hydrogen atoms not shown
for clarity.



Canonical T10:A2s pairing persisted for 50 ns, while Ug remained extrahelical. Then, a
second register shift occurred. This structure also involved T+1o, formed in the same
manner, but quicker (over 2 ns), and persisted for 230 ns. Ug was the only base that
was flipped; it remained flipped while the register shifted structure occurred and
disappeared. 27 ns later, a third register shifted structure with T1o appeared. 231 ns after
this third structure disappeared, Ug remained flipped and another noncanonical
structure emerged in which T1o stacked between Azs and Az (Fig. 3a). This unusual
stacking lasted for 200 ns; during this time, Us remained extrahelical. Similar stacking
behavior was seen in long MD simulations of undamaged DNA.'

Since the register shift was observed in only one out of many simulations, several
additional MD simulations of the 5'-GCGC(UTGC)3G-3' sequence were performed. No
register shift was observed in any of these. However, register shifts were observed in 2
out of 5 simulations that were started from a snapshot of the register-shifted trajectory.
This snapshot was taken 21 ns after the Ug flip, but well before the aforementioned
changes in DNA bending, tilt, twist, and buckle of T1o (Fig. 3b). Reheating and
production followed the same protocol as the original trajectory, but initial velocities
were redrawn at random. For these two simulations, the register shifts occurred in a
manner similar to that of the original trajectory, and persisted well over 100 ns. In one of
these simulations, Ug flipped back intrahelically and reformed hydrogen bonds with Aze
50 ns after the register shifted structure disappeared. In the other simulation, the
register shifted structure appeared another 3 times, separated by ~20 ns; each lasted
for ~155 ns, while Ug remained flipped. Uy flipped back and base paired with Azs in the

simulations that did not display a register shift.

The register shift blocks the extrahelical uracil from flipping back into the helical stack.
Using cut off values of +40° of the pseudodihedral angle as the criterion for base
flipping, the average time a uracil was flipped in structures without register shift was 49
+ 33 ns. The average lifetime of the register shifted structure was much longer, 166 + 58
ns; during this time the uracil remained extrahelical. Thus, the register shift blocked
uracil from flipping back in and extended its extrahelical exposure.
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Figure 3. Simulation structures. Noncanonical base stacking (a) and the snapshot 21 ns
after base flipping (b) for the 5'-GCGC(UTGC)3G-3' sequence simulated with the
AMBER force field. Register shifted structures for flipping toward the major (c) and
minor (d) grooves of the 5- CGTGCAAUTATGACG-3' sequence in AMBER-based
umbrella sampling simulations. (e) Register shifted structure in AMBER-based umbrella
simulations of 5'- CGTGCAATTATGACG-3' dsDNA; base flipping of the bolded Ts was
enhanced. (f) Noncanonical base stacking in CHARMM-based simulations of 5'-
GCGC(UTGC)3G-3'.

We had previously observed register shifted structures in umbrella sampling®
simulations of U:A containing dsDNA (unpublished). In these either sampling of the
uracil flipping angle or, since bending aids flipping,®" & ® sampling of both the flipping
and DNA bending angle were enhanced by the use of harmonic restraining potentials.
This was seen for 5-CGTGCAAUTATGACG-3' (1D and 2D) and 5'-
CGTGAAAUTGTTACG-3' (1D only). At the time, these simulations were discarded
because of the occurrence of these noncanonical register shifted structures. Register
shifting was not observed when the simulations were rerun using different random
seeds for heating. Register shifting was also not observed in umbrella sampling
simulations of other uracil-containing sequences, including other sequences with a
vicinal 3' thymine. Sequences were simulated with OPENMM? at 300 K in rectangular
boxes of 100 mM NaCl TIP3P8 water with 15 A solvent layers, using SHAKE,® PME,°
Langevin dynamics, and the AMBER OL15 force field;"" simulation settings were the

same as described above. Flipping angles in the 1D umbrella simulations were biased



in windows of 5° with a force constant of 200 kcal/(mol-rad?); in the 2D umbrella
simulations bending and flipping were biased in 15° windows with a force constant of 65
kcal/(mol-rad?). Simulations were run sequentially, starting from windows in which uracil
was fully stacked and unflipped.

Identical to what was observed in the unbiased simulations, the 3' thymine vicinal to
uracil would register shift by hydrogen bonding to the adenine that was complementary
to the uracil. The register shift occurred when uracil was flipped to either the major (Fig.
3c) or minor groove (Fig. 3d), in a manner similar to the unbiased simulations. Once
formed, the register shifted structure persisted. Even when uracil was biased to restack
in subsequent simulation windows, register shifting prevailed: restacking of uracil was
sterically blocked by the register shifted 3' vicinal thymine. This block happened

irrespective whether uracil was flipped toward the major or minor groove.

We also observed a register shift in a previously discarded 2D umbrella simulation of 5'-
CGTGCAATTATGACG-3' dsDNA, where base flipping of the (bolded) central thymine
and DNA bending were enhanced (Fig. 3e). Upon flipping of the central thymine, the 3'
vicinal thymine formed a hydrogen bond with the adenine that was complementary to
the flipped thymine. Formation of this register shifted structure proceeded in a similar
manner as for the uracil-containing strands, and restacking of the flipped thymine was
prevented by the register shifted 3' vicinal thymine. Register shifting was not observed
in reruns of the same sequence or in umbrella or unbiased simulations of other
undamaged dsDNA sequences, which suggests that register shifting is easier for uracil
than thymine. This is likely due to the lower base flipping propensity of thymine; the

increased polarity of uracil increases solvent accessibility, flexibility and base flipping.®
12a, c, 17

The effect of the register shift on re-entry of uracil is further illustrated in Fig. 4, where
the free energy as a function of the uracil flipping and DNA bending angles, calculated
from 2D umbrella sampling, is shown for the 5'-CGTGCAAUTATGACG-3' sequence.
When the register shift occurred, a deep basin emerged for the flipped-out state (Fig.



4a). In contrast, uracil preferred to be stacked when the register shift did not occur (Fig.
4b).

DNA Bending Angle (degrees)
Free Energy (kcal/mol)

-150  -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Uracil Flipping Angle (degrees)

Figure 4. Free energy as a function of uracil flipping angle and DNA bending angle for
5'-CGTGCAAUTATGACG-3' dsDNA with (a) and without (b) a register shift.

To investigate the effect of the force field, we ran five unbiased MD simulations of U:A
base paired 5'-GCGC(UTGC)3G-3' dsDNA with the CHARMM force field,'® using the
same setup as described above. In these simulations, no register shifts occurred. We
then ran CHARMM simulations starting from the same snapshot that was used for the
additional unbiased AMBER simulations (Fig. 3b). After heating and equilibration, the
register shift occurred in three out of five simulations, in a manner similar to the AMBER
simulations. In one of the CHARMM simulations without register shift, unusual base
stacking was observed while Ug was flipped (Fig. 3f); this unusual stacking was similar
to that observed in the AMBER simulation (Fig. 3a), and lasted 61 ns. No register shift
was observed in CHARMM-based umbrella sampling simulations.

In conclusion, we have observed a register shift in base pairing upon base flipping in
simulations of dsDNA. The register shift occurred most frequently for base flipping of a
uracil lesion in U:A base paired DNA, but was also observed for base flipping of a
thymine in T:A base paired DNA. In all cases, the 3' base vicinal to the flipped base was
a thymine; in the register shifted structure, this thymine base paired with the adenine
across from the flipped base instead of its own complementary base. Register shifting is
a rare event, since it was only observed in a few out of many sequences and

trajectories. While the shift was first observed in umbrella sampling simulations, it is



unlikely a biasing artifact since it was also observed in unbiased simulations. Moreover,
the noncanonical structure is likely not a force field artifact since it was observed in both
AMBER and CHARMM simulations.

To the best of our knowledge, this is the first time a register shift concurrent with base
flipping has been reported. While rare, register shifting might have significant biological
implications for DNA repair, since the register shift blocks re-entry of the flipped base,
and exposes it longer. Prolonged exposure of uracil might facilitate UDG recognition
and increase the efficiency of repair. A dependence on local sequence is likely, and
register shifting might also occur for U:G base paired DNA. Sequence effects in register
shifting might be important for the genesis of mutation hotspots and molecular evolution,

and will be studied in future work.
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