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ABSTRACT: Strand slippage is a structural mechanism by
which insertion—deletion (indel) mutations are introduced
during replication by polymerases. Three-dimensional atomic-
resolution structural pathways are still not known for the
decades-old template slippage description. The dynamic nature
of the process and the higher energy intermediates involved
increase the difficulty of studying these processes exper-
imentally. In the present study, restrained and unrestrained
molecular dynamics simulations, carried out using multiple
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nucleic acid force fields, are used to demonstrate that partial base-flipping can be sufficient for strand slippage at DNA duplex
termini. Such strand slippage can occur in either strand, i.e. near either the 3’ or the 5’ terminus of a DNA strand, which suggests
that similar structural flipping mechanisms can cause both primer and template slippage. In the repetitive mutation hot-spot
sequence studied, non-canonical base-pairing with exposed DNA groove atoms of a neighboring G:C base-pair stabilizes a
partially flipped state of the cytosine. For its base-pair partner guanine, a similar partially flipped metastable intermediate was not
detected, and the propensity for sustained slippage was also found to be lower. This illustrates that a relatively small metastable
DNA structural distortion in polymerase active sites could allow single base insertion or deletion mutations to occur, and
stringent DNA groove molecular recognition may be required to maintain intrinsic DNA polymerase fidelity. The implications of
a close relationship between base-pair dissociation, base unstacking, and strand slippage are discussed in the context of sequence

dependence of indel mutations.

B INTRODUCTION

Errors in DNA replication by DNA polymerases, if not
subsequently corrected, are the basis for genetic mutations.
Single base insertion—deletion (indel) errors, where one base is
either inserted or deleted in the synthesized DNA strand as
compared to the complementary template strand, can be
particularly disruptive since they can alter the subsequent
genetic code due to frameshifts." Although different DNA
polymerases vary widely in their fidelity, indel mutations occur
in all template-dependent DNA polymerases i vitro.” There are
a few proposed mechanisms for how such indel mutations can
occur: DNA strand slippage,® misinsertion—misalignment,*
melting—misalignment,5 and dNTP-stabilized misalignment.é’7
The exact structural and dynamic details by which such
proposed mechanisms occur are not yet completely understood
since the intermediate states involved are transient higher
energy states that are difficult to characterize experimentally.
Experimental studies using X-ray crystallography have
provided informative snapshots into the structural mechanisms
that are involved in indel mutations. A mechanism for single
base deletion due to misalignment of the template and
synthesized strands was observed in the active site of an
error-prone Y-family polymerase Dpo4, where the correct
template base was mispositioned by unstacking, which allowed

-4 ACS Publications  © 2013 American Chemical Society 8274

its neighboring base to assume the template role.® Another
deletion-causing misaligned intermediate, for which Watson—
Crick base-pairing at the primer terminus was maintained to
yield a catalytically competent structural state, was observed in
human DNA polymerase A.” Structures of a Y-family polymer-
ase Dbh showed a single-base deletion accompanied by an
extrahelical template base three base positions removed from
the active site in a repetitive “hot-spot” sequence.'® In contrast,
a possible single base insertion mutation caused by unstacking
of a primer base, causing a +1 frameshift in the genetic code,
was observed in the Y-family polymerase Dpo4 for templates
containing abasic'' or O6-benzyl-dG lesions.'* These structural
studies suggest that a primary determinant of indel mutations
might be base unstacking in either the newly synthesized or the
template DNA strands.

Fluorescence and NMR-based studies have also been used to
characterize the dynamic nature of such processes. For the Y-
family polymerase Dbh, it was shown using 2-aminopurine
fluorescence that the base-pair separation at the primer
terminus can be accompanied by slipping of template base to
pair with the free terminal primer base, resulting in a single-base
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deletion mutation.”> A bulge-containing A C; frameshift
mutational hot-spot sequence studied by NMR for imino
proton lifetimes and helix stability showed that bulges could
have both localized or delocalized effects, suggesting that the
bulge can migrate along the duplex.'* Examination of the
differential exchange rates of imino protons in bulge-containing
duplexes as compared to regular duplexes also indicated that
the unstacked base might prefer prefers positions internal to the
duplex over those at the termini."> A N2-(3-oxo-1-propenyl)dG
lesion in a frameshift hotspot Salmonella typhimurium sequence
containing a two-base complementary strand deletion also
showed rapid bulge migration.'®'” A series of recent NMR
investigations have also systematically characterized the effect
of base identity on strand slippage propensity in DNA hairpin
primer—template models.'"®>* Propensity of strand slippage
was found to depend on the template base and the incoming
base, as well as the bases 5" and 3’ to the template base. These
studies highlight the dynamic nature of the base unstacking and
strand slippage processes, and the likely effects of local
sequence on indel mutations during genetic replication.

While computational methods have been used extensively to
study dynamics of nucleic acids®® and their interaction with
proteins,** there are only a few such studies addressing strand
slippage. Early explicit solvent molecular dynamics (MD)
investigations of large-scale DNA end-to-end extension showed
evidence of strand slippage and base-pair separation in response
to pulling forces.”> >’ Nanosecond scale MD simulations of
DNA polymerase /3 revealed the role of specific polymerase
active site residues in stabilizing DNA mismatches at the primer
terminus.”® Template strand structural changes induced by
dNTP binding during conformational rearrangements in the
catalytic cycle were linked to the rate of strand slippage using
crystal structures and MD simulations of mutant derivatives of
DNA polymerase 4 bound to a primer template.”” Microsecond
scale MD simulations of a kB sequence showed a longitudinally
sheared base-pair accompanied by cross-strand intercalative
base stacking and spontaneous base-pair separation within a
DNA double helix.® Free energy analyses based on MD
simulations also suggest that pol A stabilizes misaligned DNA
better than aligned DNA.>’ MD simulations have also been
used to probe the mechanisms by which a dATP can be
incorporated opposite a bulky dG adduct in the context of the
active site of the Y-family polymerase Dpo4, and a S’ slippage
pattern producing a single base deletion mutation was
identified.**

In the present study, restrained MD simulations are used to
characterize the free energy landscape of base-pair separation in
a short repetitive hot-spot sequence for indel mutations. A
partially flipped metastable conformation of a cytosine three
base-pairs from the DNA terminus is identified. This metastable
conformation is made more energetically favorable by non-
canonical triplet base-pairing with a neighboring G:C base-pair.
Unrestrained MD simulations started from such partially
flipped states, and carried out using multiple nucleic acid
force fields, suggest that partial base-flipping can enable strand
slippage at DNA duplex termini. Unrestrained MD simulations
starting from a corresponding partially flipped conformation of
the partner guanine base reveal that such strand slippage can
occur at both the 5'- and the 3’-termini. The consequences of
this possible relationship between base unstacking, dynamic
non-canonical base-pairing, and strand slippage are discussed
with respect to sequence dependence of indel mutations.
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B RESULTS AND DISCUSSION

Metastable State during Cytosine Flipping. A 9-mer
sequence CCCGGCTTC containing a repetitive stretch of
three cytosines at the 5’-end of a stacked DNA duplex was
chosen as a model system for the present study. The three
consecutive cytosines in this sequence are part of a hot-spot
sequence for single base insertion and deletion mutations when
replicated by a Y-family polymerase Dbh.*® This sequence has
also been crystallized in complex with this polymerase showing
the third cytosine in an extra-helical conformation leading to
slippage in the template DNA strand.'® Previous studies have
characterized the energetics and pathways of base-flipping
1eadin% to extrahelical base conformations in DNA du-
plexes.’*™* In the present study, explicit solvent umbrella
sampling MD simulations for base-flipping of the third cytosine
(CCCGGCTTC) were performed using a restraint a4pp1ied toa
previously developed pseudo-dihedral coordinate.** The free
energy profile for the flipping of this cytosine along this
coordinate is shown in Figure 1A in red. A free energy profile
for cytosine flipping in a different sequence context in the
center of a 12-mer DNA duplex (GTCAGCGCATGG) is also
shown for comparison in black.
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Figure 1. Free energy profiles for base-flipping in different sequence
contexts. (A) Overlay of free energy profiles for cytosine (underlined)
base-flipping near the center of a 12-mer DNA duplex (black) and
near the terminus of a 9-mer DNA duplex (red). The 12-mer duplex is
a methylation sequence for the Hhal cytosine-CS-methyl transferase
and the 9-mer duplex is part of a repetitive hot-spot template sequence
for indel mutations in the Y-family polymerase Dbh. Metastable states
are indicated by asterices. (B) Free energy profile for guanine
(underlined) base-flipping in the 9-mer DNA duplex. The asterisk in
this panel indicates a partially flipped minor groove conformation for
the guanine similar in extent of flipping to the metastable state for
cytosine shown in panel A.

Both cytosine base-flipping free energy profiles have roughly
the same shape with the major groove pathway showing a more
gradual increase in free energy as compared to the minor
groove pathway. Another notable commonality between the
two profiles is the presence of a metastable state in the minor
groove pathway of base-flipping (indicated by an asterisk). A
distinct difference was observed between the two cytosine free
energy profiles in the relative free energy of stacked versus
flipped states, with the flipped states being more favorable in
the hot-spot sequence by about 10 kcal/mol. This suggests that
either the flipping energy landscape is dependent on the
neighboring sequence, or it is influenced by proximity to the
terminus, or a combination of both factors. The free energy
profile for base-flipping of the paired guanine was also
calculated (Figure 1B). A much higher relative free energy for
the flipped states was observed as compared to its Eaired
cytosine, which is also consistent with previous results.** This
also suggests that proximity to the DNA duplex terminus is not
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the sole factor for the observed stabilization of flipped states for
the third hot-spot sequence cytosine.

The metastable state windows of the umbrella sampling MD
simulations for the hot-spot cytosine base-flipping were
examined structurally to identify the basis for their stabilization.
The cytosine was partially flipped into the minor groove of its
DNA duplex in these conformations (Figure 2A). It was

Figure 2. Metastable partially flipped minor groove conformation of a
hot-spot sequence cytosine involving a non-canonical triplet base-
pairing interaction. (A) The orientation of the partially flipped
cytosine (blue) with respect to its partner guanine (cyan), and the rest
of the DNA duplex (green). (B) The non-canonical base-paired triplet
stabilizing the partially flipped conformation. (C) Similar non-
canonical base-paired triplet observed in the RNA of the 2.4 A crystal
structure of the large ribosomal subunit in Haloarcula marismortui.*.

stabilized through a non-canonical base-pairing interaction with
the minor groove facing atoms of the GC base-pair immediately
5’ to it (Figure 2B). This non-canonical base-pairing interaction
occurred primarily between the flipped cytosine and the
opposite strand guanine and corresponded to a trans
Watson—Crick:sugar edge C:G interaction according to the
Leontis—Westhof nomenclature.>”* A representative example
of this type of triplet base interaction between a C:G base-pair
and another cytosine in the minor groove can also be seen for
RNA in the 2.4 A crystal structure of the large ribosomal
subunit in Haloarcula marismortui*' (Figure 2C). This suggests
that such intramolecular non-canonical base-pairing is feasible
and could play a role in stabilizing dynamically accessible
metastable states in nucleic acids.

Dynamics in Partially Flipped Conformations. The
stabilization of the minor groove flipped conformation,
identified through the free energy profile, is also supported
by the presence of the same non-canonical base-pairing
interaction being previously recognized*’ and experimentally
observed.*' This metastable conformation was, however,
observed through MD simulations carried out with an artificial
external restraint. To observe the spontaneous behavior of this
metastable state, multiple unrestrained MD simulations were
performed starting from structures obtained from umbrella
sampling windows near this conformation. A corresponding
minor groove flipped starting conformation for the paired
guanine was also examined using such unrestrained simulations.
To avoid bias that may originate from use of a specific
molecular mechanics (MM) force field, these simulations were
also performed using multiple nucleic acid force fields.

Table 1 summarizes the different force fields used and the
conformational dynamics observed during unrestrained MD
simulations starting from partially flipped minor groove base
conformations. The CHARMM?27 force field,**** three widely
used AMBER nucleic acid force fields (AMBER94,**
AMBER99,* and AMBERBSC0*), the BMS force field,*’
and the more recent CHARMMS36 force field*® were used.
Conformational transitions in the vicinity of the flipped base
were monitored and classified into four broad categories:
maintenance of the partially flipped state (M); further flipping
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of the partially flipped base (F); restacking and proper
Watson—Crick pairing of the partially flipped base (RP); and
strand slippage (S), where the strand containing the partially
flipped base slips by one base-pair relative to its paired strand.
For the maintenance of the flipped conformation or further
flipping, a positive sign in Table 1 indicates at least 1 ns of
sampling in these conformational states. For restacking—pairing
and strand slippage, no such residence time requirements were
imposed to note presence. The detailed analysis used to obtain
the data in Table 1 is in the Supporting Information text,
supporting Tables 1—3, and supporting Figures 1—9. The final
conformations in the S ns simulations for the terminal region
are shown in supporting Figures 10—12, and the pseudodihe-
dral coordinate used to characterize flipping is illustrated in
supporting Figure 13. Examples of individual trajectories
showing restacking-pairing and slippage for the flipped cytosine
and guanine are shown in supporting videos 1—4.

The four conformational categories are not completely
mutually exclusive, and multiple conformational states can be
present in the same simulation. Substantial sampling of the
starting partially flipped state of the cytosine was seen in 86% of
the unrestrained simulations and further flipping of the cytosine
was observed in about 21% of the simulations. Reversal of the
partial flipping of the cytosine to a stacked and Watson—Crick
paired cytosine was observed in about 6% of the simulations,
suggesting that such distortions can be spontaneously corrected
in the time scale of a few nanoseconds. Spontaneous strand
slippage from the partially flipped cytosine state was also
observed in about 10% of the simulations, suggesting that the
metastable state could dynamically undergo conformational
transitions not directly in a coordinate corresponding to
cytosine flipping. For simulations starting from a partially
flipped guanine state, substantial maintenance of the partially
flipped state was observed in only about 49% of the simulations
and further flipping of the guanine was observed in about 29%
of the simulations. Restacking-pairing of the guanine was
observed in about 49% of the simulations and strand slippage
was observed in about 9% of the simulations. The stability of
the strand slipped state originating from a partially flipped
guanine was also lower on average than that due to a partially
flipped cytosine (supporting Figures S, 6, and 9). This could be
due to intrinsic differences between reversal of guanine and
cytosine base-flipping or due to the absence of specific
stabilization by non-canonical base-pairing for the guanine in
the starting state. The number of simulations performed is not
numerous or long enough to make definitive observations
about the tendencies among force fields, but the AM-
BERBSC0* and the BMS force fields*’ seem to show a
greater propensity for reversion to B-form-like DNA structures,
while the CHARMM?27 seems to show a greater tendency for
alternate conformational transitions.

Monitoring Strand Slippage. In the context of this hot-
spot sequence, both primer slippage causing a single base
insertion and template slippage causing a single base deletion
involves loss of two existing and formation of two alternate C:G
base-pairing interactions. The unrestrained simulations showing
slippage due to cytosine or guanine base-flipping provide a clear
look at the detailed atomic scale conformational changes
involved. Two order parameters, which could simplify these
complex conformational changes into one-dimensional coor-
dinates, and could be used to monitor or enforce strand
slippage are shown in Figure 3. A difference root-mean-square
distance (RMSD) coordinate, earlier employed to study the A-
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Table 1. Conformational States Induced by a Partially Flipped Base in the Minor Groove Three Base-Pairs Away from the DNA
Terminus in Unrestrained MD Simulations Using Different Force Fields”

Cyt60 Cyt90 Gua33$
force field number M F RP S M F RP S M F RP S

CHARMM?27 1 + + + + +

2 + + + +

3 + + +

4 + +

N + + + + + +
AMBER9%4 1 + + + + +

2 + + + +

3 + + +

4 + + + +

S + +
AMBER99 1 + + +

2 + + +

3 + + + +

4 + + +

S + + + +

6 + +

7 + +

8 + + + +

9 + + +

10 + + + +
AMBERBSCO 1 + + +

2 + + + +

3 + +

4 + + +

S + + + +
BMS 1 + +

2 + + +

3 + + + +

4 + + +

S + + + + +
CHARMM36 1 + + +

2 + + +

3 + + +

4 + + +

S + + + +

“Cyt60, Cyt90, and G33S refer to unrestrained simulations with starting structure derived from the 60° cytosine, 90° cytosine, and 335° guanine
windows of the restrained flipping umbrella sampling simulations, respectively. The different conformational change possibilities are labeled M, F,
RP, and S for maintenance of the partially single base flipped state, further flipping, proper restacking and pairing, and slippage, respectively. Positive
signs indicate presence, with the cutoff for presence in M and F scenarios being at least 20% (equivalent to 1 ns of sampling time) and derived from
analysis of the pseudo-dihedral coordinate. No cutoff was used for RP and S scenarios, which were derived from the restacking—pairing and slippage
coordinates, respectively. The detailed analysis from which these percentages are determined is shown in the Supporting Information. All
unrestrained MD simulations were performed for S ns each, yielding a total sampling time of 525 ns.

form to B-form transition in DNA,* can be used for this
conformational transition. The two reference structures in this
case can be the starting partially flipped metastable con-
formation, and a conformation spontaneously attained after
template slippage observed in the unrestrained simulations
above (Figure 3C). A trajectory of template slippage in this
difference RMSD coordinate, shown in Figure 3A, indicates the
ability of this order parameter to clearly distinguish between the
two end-point states. A possible drawback of this coordinate is
that it requires prior definition of the two end-point structural
states, and it is likely that the exact strand slipped structure is
not known experimentally for most cases.

Another possible one-dimensional coordinate is a contact
order-type parameter™® that consists of a combination of
distances that are different between the two states. Figure 3C

shows six such distances that are well distinguished in the two
reference state end-points for template slippage. These
distances are between (1) the N3 atom in template strand
C1 and the N1 atom in primer strand G9, (2) the N3 atom in
template strand C2 and the N1 atom in primer strand G8, (3)
the N3 atom in template strand C1 and the N1 atom in primer
strand G8, (4) the N3 atom in template strand C2 and the N1
atom in primer strand G7, (S) the centers-of-mass of template
strand C1 and G4 bases, and (6) the centers-of-mass of
template strand C2 and G4 bases. Since the first four are
standard base-pairing distances and the last two are center-of-
mass distances between bases, this coordinate can be adapted to
any sequence context, with no need to guess specific reference
state end-point structures. The same slippage trajectory shown
in Figure 3A is shown in Figure 3B for this coordinate. The
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Figure 3. Feasible one-dimensional coordinate to monitor or enforce
template slippage in MD simulations. (A) Strand slippage along a
difference RMSD coordinate, (B) Strand slippage along a contact
order type parameter composed of six distances, (C) the six distances
used in the coordinate shown in B. These are between two atoms or
two sets of atoms, depicted in sphere format and colored cyan and
purple, shown in the conformations before or after strand slippage.
The two conformations shown are also the two end-point reference
conformations used for calculation of the difference RMSD coordinate.
The numbering of the distances is consistent with their detailed
description in the Methods section. The base-pair coloring used in all
subsequent figures is as follows: red, C1:G9; blue, C2:G8; green,
C3:G7; and orange, G4:C8.

stepwise changes in this coordinate during template slippage
indicate the individual transitions occurring for each of these six
distances.

Dynamics of the Strand-Slipped State. The behavior of
the slipped intermediates was probed using longer simulations
(100 ns duration with the CHARMM36 force field**) starting
from two strand slipped conformations seen in the earlier S ns
simulations. Simulation 1 is started from the final structure of
the second AMBER94 Cyt60 simulation, and simulation 2 is
started from the final structure of the tenth AMBER99 Cyt60
simulation (Table 1). Figure 4 shows the behavior during these
two simulations in the pseudo-dihedral, restacking-pairing, and
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Figure 4. Dynamics of two slipped state structures examined by
unrestrained 100 ns simulations using the CHARMM36* force field:
(A) pseudo-dihedral coordinate in degrees, (B) restacking—pairing
coordinate, (C) slippage coordinate, and (D) final structures from the
two simulations (numbered 1 and 2).
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slippage coordinates. As seen in Figure 4A, the pseudo-dihedral
coordinate shows no consistent tendency to assume values
corresponding to possible restacking, but does show significant
further flipping in the first simulation. In the second simulation,
the pseudo-dihedral coordinate suggests possible restacking,
with short excursions to further flipped conformations. Figure
4B shows that no restacking-pairing occurs in the first
simulation but restacking-pairing does seem to occur in the
second simulation, with only one of the six distances (center-of-
mass distance between C2 and C3) not meeting the cutoff
criteria. Correspondingly, Figure 4C shows that the slipped
state is frequented and revisited in the first simulation, whereas
it is left and never reverted to in the second simulation. The
final coordinates for the two simulations (Figure 4D) show that
partial slippage with cytosine flipping is present at the end of
the first simulation, while restacking of the cytosine with fraying
of the two terminal base-pairs occurs in the second simulation.
The variable behavior and relatively short residence times in
metastable states seen in these simulations suggest that
constructing an accurate transition probability matrix and
building Markov models® may be easier with a larger number
of shorter simulations rather than a smaller number of longer
simulations for this system.

Possibility of Strand Slippage in Polymerase Active
Sites. The observations made through these restrained and
unrestrained simulations suggest that strand slippage can
accompany partial base-flipping near DNA duplex termini,
and can be made more persistent if the partially flipped
conformation is stabilized through intrinsic non-canonical
groove interactions. Since these simulations were performed
for a solvated short DNA duplex, an important question is
whether such partial base-flipping can also occur in polymerase
active sites, which are likely to impose greater steric restrictions
on DNA groove-related distortions. To address this question,
the inclusion of strand slipped conformations was studied in
two polymerase active sites for a low fidelity lesion bypass Y-
family polymerase'® and a high-fidelity replicative B-family
polymerase.”> Representative partially flipped structures
observed in the solvated DNA simulations were overlaid on
the duplex DNA bound to these polymerases in crystallo-
graphic structures, assuming the terminal base-pair to be the
base-pair at the active site (shown in Figure S). Primer or
template strand slipped structures were then overlaid on these
partially flipped structures. Following a limited optimization
procedure with strong restraints on the protein structure, all of
the structures could be accommodated in the protein active
sites of both polymerases. A small steric overlap of the initial
structures prior to optimization occurred for the B-family
polymerase active site (Supporting Information Table 4), which
is consistent with its greater tendency to surround the DNA, as
well as its greater intrinsic fidelity. Panels A—H in Figure 5
show how partial single base-flipping near polymerase active
sites could lead to either template or primer strand slippage by
one position without any significant protein deformations. This
suggests that the mechanisms highlighted to occur in solvated
DNA by the present study could also be relevant in complex
protein environments.

B METHODS

The non-canonical base triplet interaction in the 2.4 A crystal structure
of the large ribosomal subunit in Haloarcula marismortui** was found
using the FR3D server.>® The restrained and shorter unrestrained MD
simulations (5 ns) were performed using the program CHARMM,**>*
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Figure S. Overlay of representative partially flipped and strand slipped
structures of a DNA duplex terminus onto DNA bound to two
polymerase active sites. (A) partially flipped cytosine in Dbh active
site, (B) template strand slipped structure in Dbh active site, (C)
partially flipped cytosine in RB69 active site, (D) template strand
slipped structure in RB69 active site; (E) partially flipped guanine in
Dbh active site, (F) primer strand slipped structure in Dbh active site,
(G) partially flipped guanine in RB69 active site, (H) primer strand
slipped structure in RB69 active site. Dbh is a lesion-bypass Y-family
polymerase,'® and RB69 is a replicative B-family polymerase.”* For
clarity, the first 300 residues of RB69 are not shown as they occlude
the DNA view.

and the longer unrestrained MD simulations (100 ns) were performed
using the program NAMD.***” The restrained umbrella sampling
simulations were performed using the CHARMM?27 force field***
and the unrestrained simulations were performed using the
CHARMM?27, AMBER94,** AMBER99,*> AMBERBSCO,** BMS,*
and CHARMM36*® force fields; with the TIP3P water model,*® and
sodium parameters from Beglov and Roux.*® The minimized B-form 9-
mer was solvated in a 55 A dimension cubic box with randomly
distributed neutralizing sodium ions. The CCCGGCTTC strand is
considered the template strand and the complementary
GAAGCCGGG strand is considered the primer strand to be
consistent with the comparison with the Y-family polymerase Dbh
hot-spot template sequence context. The final system consisted of
17839 atoms including 5752 waters and 16 sodium ions. All DNA
non-hydrogen atoms were harmonically restrained with a force
constant of 10 kcal/(mol-A?), and the full system was minimized
using 5000 steps of steepest descent (SD) and 5000 steps of adopted-
basis Newton—Raphson (ABNR) minimization with a energy
convergence cutoff of 0.001 kcal/mol. Long-range electrostatic
interactions were treated using the Particle Mesh Ewald (PME)
approach® with a B-spline order of 4 and a Fast Fourier Transform
grid of one point per A and a real-space Gaussian width kappa of 0.3
A7, Real space and Lennard-Jones (LJ) interaction cutoffs of 12 A
were used with non-bond interaction lists maintained and heuristically
updated out to 16 A. The entire system was minimized and the solvent
environment was equilibrated for 20 ps using a constant pressure and
temperature (NPT) ensemble®” MD simulation with the same
harmonic restraint on the solute. The force constant was gradually
lowered in the next five 20 ps increments to S, 2, 1, 0.5, and finally 0
kcal/(mol-A?). Each simulation was then continued without any
restraints for the amount of time reported.

The procedure for calculation of the free energy of base-flipping
using umbrella sampling with the periodic pseudo-dihedral coordinate
is as previously described.***® The 360° range of this coordinate was
covered in 72 windows spaced 5° apart. The force constant for the
pseudo-dihedral restraint was 500 kcal/(mol-radian?) (or 0.15 kcal/
(mol-deg®)), and the simulation time in each window was 2 ns,
yielding a total of 144 ns of sampling time per potential of mean force
(PMF) profile shown. The pseudo-dihedral coordinate value at each
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step of the dynamics was saved and used for calculating the PMF using
a periodic version of the Weighted Histogram Analysis Method
(WHAM) as previously described.***® Molecular pictures and videos
were produced using VMD®* or Rasmol,”® and graphs were made
using gnuplot version 4.4 (http://www.gnuplot.info) and compiled
using GIMP version 1.2 (http://www.gimp.org) software.

To assess restacking combined with proper base-pairing (restacking-
pairing) for the flipped cytosine, a coordinate composed of five
distances was used: (1) between the O2 atom in template strand C3
and the N2 atom in primer strand G7, (2) between the N3 atom in
template strand C3 and the N1 atom in primer strand G7, (3) between
the N4 atom in template strand C3 and the O6 atom in primer strand
G7, (4) between the centers-of-masses of template strand bases C2
and C3, and (5) between the centers-of-masses of template strand
bases C3 and G4. For restacking-pairing of the flipped guanine, the
corresponding distances were (1) between the O2 atom in template
strand C3 and the N2 atom in primer strand G7, (2) between the N3
atom in template strand C3 and the N1 atom in primer strand G7, (3)
between the N4 atom in template strand C3 and the O6 atom in
primer strand G7, (4) between the centers-of-mass of primer strand
bases C6 and G7, and (5) between the centers-of-mass of primer
strand bases G7 and G8. The cutoff for the presence of base-pairing
hydrogen bonds in the first three distances was 3.5 A and the cutoff for
presence of stacking interactions through the last two distances was $
A. Satisfaction of each of these cutoffs amounted to a value of 0.2 in
the restacking coordinate, which meant complete restacking could be
represented by coordinate values approaching 1.

To assess template strand slippage due to partial template strand
cytosine flipping, a coordinate composed of six distances was used.
These distances were between (1) the N3 atom in template strand C1
and the N1 atom in primer strand G9, (2) the N3 atom in template
strand C2 and the N1 atom in primer strand GS8, (3) the N3 atom in
template strand C1 and the N1 atom in primer strand G8, (4) the N3
atom in template strand C2 and the N1 atom in primer strand G7, (5)
the centers-of-mass of template strand C1 and G4 bases, and (6) the
centers-of-mass of template strand C2 and G4 bases. For primer strand
slippage due to partial primer strand guanine flipping, the
corresponding distances were between (1) the N1 atom in primer
strand G9 and the N3 atom in template strand C1, (2) the N1 atom in
primer strand G8 and the N3 atom in template strand C2, (3) the N1
atom in primer strand G9 and the N3 atom in template strand C2, (4)
the N1 atom in primer strand G8 and the N3 atom in template strand
C3, (5) the centers-of-mass of primer strand G9 and C6 bases, and (6)
the centers-of-mass of primer strand G8 and C6 bases. The following
cutoffs for each of these distances were imposed to classify them as
slipped (in the same order as above) (1) greater than 3.4 A, (2)
greater than 3.4 A, (3) less than 3.4 A, (4) less than 3.4 A, (S) less than
9.0 A, and (6) less than 6.0 A. Satisfaction of any one of these distance
cutoffs resulted in an approximate increment of 0.17 in the slippage
coordinate.

The orientation of representative metastable flipped state and strand
slipped cytosine structures for the sequence CCCGGCTTC onto the
DNA duplexes in the polymerase active sites was based on overlaying
the phosphate and sugar non-hydrogen atoms of the terminal three
base-pairs using a Kabsch rigid-body least RMSD orientation.** The
structure used for the metastable cytosine flipped state was the starting
structure from the 60° umbrella sampling window for cytosine flipping
used for the unrestrained simulations. The structure used for the
partially flipped guanine state was similarly the unrestrained simulation
starting structure from the 335° umbrella sampling window for
guanine flipping. The cytosine strand slipped structure was the final
structure from unrestrained Cyt60 simulation number 10 using the
AMBER99 force field. The guanine strand slipped structure was the
final structure from the unrestrained Gua33S simulation number §
using the BMS force field. The 2.7 A resolution Dbh Y-family DNA
polymerase ternary complex structure (PDB ID: 3BQ1'%) and the B-
family replicative RB69 polymerase structure (PDB ID: 3RWU®?)
were used for the two polymerase active site structures. In the Y-family
polymerase structure, the non-hydrogen atoms of chain T residues
cytosine 3, cytosine 4, and guanine 5 were used as orientation
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references for template strand cytosines 1—3; and the non-hydrogen
sugar and phosphate atoms of chain P residues cytosine 9, guanine 10,
and 2/,3’-dideoxy guanine 11 were used as orientation references for
primer guanines 7—9. In the B-family polymerase structure, the non-
hydrogen sugar and phosphate atoms of the chain T residues
difluorotoluene 4, guanine S, and thymine 6 were used as orientation
references for template strand cytosines 1—3; and the non-hydrogen
sugar and phosphate atoms of chain P 2’,3’-dideoxy cytosine residue
114, chain P cytosine residue 115, and chain A incoming ATP residue
902 were used as orientation references for primer guanines 7—9. Only
the non-hydrogen sugar and phosphate atoms of the terminal three
base-pairs were used to orient the terminal four base-pairs of the
partially flipped structures in the protein active sites. The terminal four
base-pairs of the primer and template slipped structures were also
oriented onto the partially flipped structures using their non-hydrogen
sugar and phosphate atoms. To remove any initial bad protein contacts
with the overlaid DNA, the following optimization procedure was
used: (a) 5000 steps of SD and S000 steps of ABNR minimization to a
energy change tolerance of 0.001 kcal/mol, (b) 5000 steps of Langevin
dynamics at 300 K with a friction coefficient on all non-hydrogen
atoms of 60 ps™, and (c) 5000 steps of SD and 5000 steps of ABNR
minimization to an energy change tolerance of 0.001 kcal/mol. During
this optimization procedure, all non-hydrogen atoms more than 10 A
away from any DNA non-hydrogen atom were held fixed, and all other
non-hydrogen atoms had harmonic restraints with a force constant of
5 kcal/(mol-A%). There were no DNA atoms within 1.5 A of any
protein non-hydrogen atom in the final optimized structures,
suggesting that these final models had no steric overlap between the
DNA and the protein.

Bl CONCLUSIONS

The present study provides a three-dimensional structural
glimpse into detailed mechanisms for strand slippage that could
result in single base indel mutations. The presence of a groove
environment that stabilizes partially flipped states of bases near
the active site can facilitate such slippage. This could
conceivably be provided by protein atoms, but can also be
provided intrinsically by the DNA sequence in the vicinity of
the flipping base. This supports a direct mechanism for
sequence dependence of strand slippage, where the flipped base
establishes interactions with neighboring sequence DNA
groove atoms,>* and its stabilization causes an increased
probability of strand slippage. Comparison between the
cytosine and guanine flipping scenarios in the present
simulations do show that increasing the stability of a partially
flipped base can increase the probability of orthogonal
structural changes such as slippage. Increasing the propensity
for strand slippage through direct non-canonical neighboring
DNA interactions may thus be one of the contributing factors
to making a sequence a mutation hot-spot. This provides a
plausible explanation for NMR data showing that the
neighboring sequence in both the 5’- and 3’-directions can
affect the propensity of strand slippage in DNA hairpin
primer—template models." >

In addition to the connection between partial minor groove
base-flipping and strand slippage, a similar relationship can also
exist between major groove base-flipping and strand slippage.
The more gradual increase in the free energy profile in the
major groove pathway suggests that reversal of partially flipped
states to Watson—Crick paired states might also occur with ease
in the major groove. In the umbrella sampling simulations
carried out with a pseudo-dihedral restraint, strand slippage was
observed past the 290° window in the major groove cytosine
flipping pathway, and past the 60° window in the major groove
guanine flipping pathway. A two-dimensional free energy
profile exploring this relationship between flipping and strand
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slippage can help to clarify the range of single-base flipped
states that facilitate slippage.

Although this range is not explicitly narrowed down through
unrestrained simulations in the present study, a primary insight
provided is that the amount of flipping required for slippage to
occur is not very significant. This provides a possible criterion
for assessing the fidelity of a polymerase, ie., its ability to
prevent base-flipping and maintain proper primer—template
base-pair interactions near its active site. Although plausible
models were generated for the flipped and strand-slipped states
in two polymerase active sites in this study, there is a clear need
to follow up with simulations that directly assess the probability
of such strand slippage in fully solvated protein—DNA
environments. Such simulations can be performed for a variety
of polymerase active sites with differing replication fidelity to
identify the active site environmental features linked to fidelity.
A restraint based on the slippage coordinates explored in this
study is presently being developed to enable initial umbrella
sampling simulations of strand slippage in different sequence
contexts and environments. These can be refined by higher-
cost, higher-accuracy methods such as transition path
sampling® or the string method®®® to fully investigate the
complex dynamics of these transitions.

Although replication forks have commonalities with DNA
duplex termini, they also have an overhang template sequence
after the active site template base that can affect the rate and
propensity of strand slippage. The present simulations have not
addressed the effects of such overhangs, which introduce a
much larger number of structural possibilities in the solvated
DNA context. They can be more efficiently explored in the
protein contexts, since their structural variability is much more
restricted by protein geometry. In general, the presence of such
overhangs is expected to slow down or resist strand slippage by
introducing friction due to overhang interactions with the
protein. Partial flipping in double-helical RNA has been
implicated in enzymatic deamination of the flipping base,®®
illustrating the possibility of catalysis in a partially flipped state.
DNA replication errors can only occur if the strand slipped
state is stable enough to allow the wrong nucleotide to be
incorporated through a nucleotide addition reaction catalyzed
at the polymerase active site. For the hot-spot sequence studied
here, such catalytic activity in conjunction with slipped states is
not in doubt for the Y-family polymerase Dbh, since indel
mutations occur with about 50% probability.*® For other DNA
template sequences and protein environments, however, this
connection between slippage and catalysis can be explored by
modeling the entire catalytic cycle of nucleotide addition in the
context of strand slipped structures.
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