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Abstract

The B-form of DNA can populate two different backbone conformations: Bl and Bll, defined by
the difference between the torsion angles € and ¢ (Bl = e-{ < 0 and Bl = ¢-( > 0). Bl is the most
populated state, but the population of the BII state, which is sequence dependent, is significant and
accumulating evidence shows that Bl affects the overall structure of DNA, and thus influences
protein-DNA recognition. This work presents a reparametrization of the CHARMM27 additive
nucleic acid force field to increase the sampling of the BIl form in MD simulations of DNA. In
addition, minor modifications of sugar puckering were introduced to facilitate sampling of the A
form of DNA under the appropriate environmental conditions. Parameter optimization was guided
by quantum mechanical data on model compounds, followed by calculations on several DNA
duplexes in the condensed phase. The selected optimized parameters were then validated against a
number of DNA duplexes, with the most extensive tests performed on the EcoRI dodecamer,
including comparative calculations using the Amber Parm99bscO0 force field. The new CHARMM
model better reproduces experimentally observed sampling of the BIl conformation, including
sampling as a function of sequence. In addition, the model reproduces the A form of the 1ZF1
duplex in 75 % ethanol, and yields a stable Z-DNA conformation of duplex (GTACGTAC) in its
crystal environment. The resulting model, in combination with a recent reoptimization of the
CHARMMZ27 force field for RNA, will be referred to as CHARMM36.
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INTRODUCTION

Empirical force field based computational studies of DNA and DNA-protein complexes are
of ever greater value to understand the relationship of structure and dynamics to function in
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these biologically essential molecules.22 This growing role for force field-based
investigations reflects increases in computational power and improvements in molecular
dynamics (MD) simulation programs, allowing for longer and more relevant MD
simulations of large DNA-containing systems. In this context, improvements in the force
fields (FF) used to calculate the energies and forces acting on DNA are critical.3 Several
different additive all-atom force fields are available for DNA including CHARMM27,4
AMBER,>6 Bristol-Myers Squibb,” and GROMOS,® where AMBER and CHARMM are
the most commonly used in studies involving DNA.

While these force fields have acted as the basis for a range of successful investigations of
DNA, %10 and its components,! limitations in the models have surfaced. These limitations
have become evident due to the ability to perform longer MD simulations on a wider variety
of DNAs and new experimental data that can be used to test force fields.1213 For example, a
problem was identified in simulations > 10 ns involving treatment of the a and y dihedrals in
the phosphodiester backbone with AMBER.14:15 This problem was solved based on
quantum mechanical (QM) calculations on model compounds representative of the
phosphodiester backbone used to direct parameter optimization, followed by extensive MD
simulations. Other improvements in the AMBER force field important for DNA simulations
have involved the ions16 and various adjustments in the AMBER y parameters have also
been presented.17-19

With the CHARMM DNA force field, limitations in the treatment of the relative populations
of the Bl and BII substates of the canonical B form of DNA have been noted, where the BlI
state is significantly underestimated relative to the Bl state.132021 The Bl and Bl states are
defined based on the phosphodiester torsions ¢ and {. Bl is characterized by ¢-C around —90°
and Bl by &-¢ > 0. The BII conformation was first characterized in a crystal structure?? and
subsequently observed using 31P NMR chemical shifts and scalar coupling constants.20.23.24
NMR data led to quantification of the intrinsic sequence-specific propensities to populate
Bl in solution for every DNA base-step.2° Crucially, the BI/BII equilibrium affects the
DNA helicoidal parameters, especially the twist, roll and base-pair displacement from the
main helicoidal axis. This influences the DNA overall structure. For instance, it explains to a
large extent the sequence-specific variations in B-DNA groove dimensions.26
Approximately 20% of the base steps in free DNA significantly populate Bll and somewhat
less in protein bound DNA.27 The BI/BII equilibrium has consequences for DNA
recognition by proteins involved in sequence specific binding2128 as well as when the
binding is non-specific or uses an indirect readout mechanism.2> The sequence-dependent
propensity to adopt the Bl state has been suggested to contribute to the ability of DNA
sequences to form nucleosomes.?> Changes upon going from the BI to Bl state alter the
solvent accessibility of backbone atoms; for instance in Bl the O3’ is accessible, but not in
the BII conformation. Furthermore, the BI/BII equilibrium is also sensitive to the
composition (Na* or K*) of the ionic environment at physiological concentrations,2® which
might provide another mechanism to tune protein-DNA recognition. The energy barrier
between the Bl and Bl states is of interest, although the current estimates strongly depend
on the model used.24:30:31

Underestimation of the BII state by the CHARMM27 FF has been observed in a number of
studies. MD simulations of transcription factor Ndt80 in complex with DNA2L showed the
FF to not reproduce details of the crystallographic conformation of the DNA, in particular
the Bl state around the crucial base step T6'-G5'.28:32 Notably, the inability to sample the
BII conformation led to the simulated protein sidechains forming different interactions with
the DNA, compared to the X-ray structure. Another system is the JunFos DNA oligomer,
which has distinct Bl populations.2? JunFos has been used to develop an NMR-based
method to quantify the BII populations at every phosphodiester linkage.2% Subsequently,
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MD simulations with CHARMM27 and the Parm99bsc0° and Parm98°® versions of the
AMBER FF showed that none of the FFs could reproduce the experimental BI/BII
populations in the absence of NMR restraints.12 These observations, and the fact that
sampling of BII states is significant in a range of sequences,2>33 motivated the present fine
tuning of the CHARMM27 DNA FF. As presented below, this involved the systematic
optimization of the dihedral parameters associated with the € and C torsions as well as the
C2'-C3'-C4'-04' torsion that influences the relative energies of the north and south sugar
ring puckers. The resulting modified CHARMM DNA force field yields significant
improvement in the treatment of the BI/BII equilibrium. In addition, the modified force field
has improved sensitivity of the DNA to its environment, better reproducing the change from
the A form of DNA to the B form as a function of water activity due to the presence of
ethanol. The FF is also shown to satisfactorily reproduce the structure of a Z-form duplex in
its crystal environment. The modified parameters, which are not applicable to RNA, will be
included in the new CHARMM36 force field for oligonucleotides, alongside a recent
enhancement in the treatment of RNA 34

METHODS

Quantum mechanical calculations

QM calculations were performed with the programs Gaussian093° and QChem?36 on the
model compounds shown in Figure 1. As previously presented for model 1,37 structures
were optimized at MP2/6-31(+)G(d) to default tolerances in Gaussian and single-point
energies were calculated at RI-MP2/cc-pVTZ level with QChem. Optimizations were
initiated with selected dihedral angles in the sugar and phosphate moieties, constrained to
values obtained from statistical surveys of DNA crystal structures in the protein3® and
nucleic acid databases,3? as previously described.#? For model compound 1, following the
initial constrained optimizations, additional optimization of sugar pucker with the backbone
dihedral constraints maintained was performed at the MP2/6-31(+)G(d) level followed by
the RIMP2 single point calculations. Model compounds 2 and 3 were optimized with only a
single sugar ring dihedral constrained following which the value of the sugar pucker was
extracted as described by Foloppe and MacKerell.# For the € versus ¢ BI/BII 2D surface on
the analog of model compound 2 lacking a base, optimizations were performed at the
MP2/6-31(+)G(d) level with the single sugar dihedral and o dihedral restraints
corresponding to B form DNA, with € and  sampled in 15° increments; no single point
RIMP?2 energies were obtained for this system.

Crystallographic Survey

Target data for FF validation were obtained, in part, from a survey of the crystal structures
in the protein databank.38 Included in the survey were only double helical DNA duplexes
with unmodified DNA bases or backbones, no protein or RNA in the structure, and with a
resolution < 2.5 A. Terminal nucleotides were excluded from the analysis unless noted.

Molecular mechanical calculations

MM calculations were performed with the programs CHARMM?*! and NAMD#2 using the
CHARMM?27 all-atom nucleic acid force field*#3 with the modifications discussed below.
All systems were solvated with the TIP3P water model#4, a minimum of 8 A beyond the
solute non-hydrogen atoms, and made electrically neutral by the addition of Na* ions (1axp,
EcoRI and JunFos) or Mg?* ions (BDJ025 and GTAC2). With the EcoRI excess salt
simulation, additional Na* and CI- ions (5 Na* and 5 CI") yielded a concentration of 100 mM
NaCl. Subsequent calculations were performed with periodic boundary conditions. Crystals
were solvated and pre-equilibrated as previously described.# Systems were first energy
minimized for 500 adopted-basis Newton Raphson (ANBR) steps in the presence of
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harmonic restraints of 5 kcal/mol/AZ on the solute non-hydrogen atoms, followed by 20 ps
NPT simulations in the presence of those restraints. Then an additional 500 ABNR step
minimization in the absence of harmonic restraints was performed, after which the
production MD simulations were initiated. Unless noted, MD simulations were performed
for 100 ns (Table 1) at 298 K and pressure of 1 atm, using Hoover temperature control*® and
the Langevin piston to maintain the pressure.® The integration time step was 2 fs and
SHAKE*" was used to constrain X-H bonds during the simulations. For selected systems
(Table 1) a lookup table was used in the evaluation of non-bonded interactions in order to
speed up the simulations.*® Electrostatic interactions were calculated using the particle mesh
Ewald method (PME)*? with a kappa value of 0.36 and a real space cutoff of 10 or 12 A
(Table 1). Lennard-Jones interactions were truncated at the same distance as the PME real
space cutoff in the respective simulations, with smoothing over the last 2 A using the force
switch method.?? Non-bond atom pair lists were updated heuristically whenever any atom
moved more than half the distance between the list-cutoff (CUTNB) and the interaction
cutoff (CTOFNB) distances.

Analysis was performed on coordinates saved every 5 ps from the MD simulations unless
noted. Dihedral angle distributions were analyzed using 5° bins and the following torsion
definitions: a. = 03-P-0O5-Cg, B = P-O5-C5-Cyr, v = O5-Cr-Cy-Cgr, € = C4-C3-03-P, =
C3-03-P-Os. Helicoidal analysis used the Curves®152 package with data placed in 5° or 0.2
A bins. Root-mean-square (RMS) differences were calculated with respect to the canonical
(A, B or Z) DNA forms of the respective sequences, unless noted, following alignment of all
non-hydrogen atoms. Unless noted, the terminal nucleotides were excluded from the
analyses. Bl versus Bl populations from the MD simulations were obtained by simple
counting, i.e. Bl if e-{ < 0 and BII if &-{ > 0; however, this method differs from that used to
obtain BII population estimates from NMR, as discussed below.

RESULTS AND DISCUSSION

In the present work a systematic optimization of the CHARMM?27 all-atom additive force
field for nucleic acids*#3 was undertaken to improve the ability of the model to represent the
relative populations of the Bl and BIl conformers of DNA. To achieve this without
significantly altering the remainder of the FF (e.g. the treatments of Watson-Crick base pair
interactions, which have been shown to yield good agreement with NMR experiments with
respect to base flipping®3-5%), the optimization focused on the dihedral parameters associated
with the g and  torsions in the phosphodiester backbone. In addition, it was necessary to
modify the relative energies of the north and south puckers of the deoxyribose sugar,
targeting the C2'-C3'-C4’-04' associated dihedral parameter, to allow for sampling of A-
form DNA in the appropriate conditions. In the following, results for model compounds on
which QM data are available are presented for the CHARMMZ27 FF (C27) and for 5
modified parameters sets, which were used in preliminary simulations of three systems
(Table 1, systems 1-3). The final selected set of parameters was then used to simulate
additional systems (Table 1, systems 4-11) to more rigorously test the force field. Altogether
3.4yps of simulation was performed on 11 DNA duplexes of different compositions and sizes
(total system sizes range from 1200 to 51000 atoms) with explicit solvent, in crystal or
solution, and also bound to a protein.

Model compound calculations

Model compounds representative of the backbone and nucleotide unit in DNA on which QM
data is available are shown in Figure 1. The first model, 1, which contains two furanoses
connected by a phosphodiester linkage, has been subjected to extensive QM calculations.3’
The conformational energies of compound 1 as a function of its dihedrals reflected the
dihedral distributions from survey data on crystal structures of duplex DNA, thereby
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validating it as a model for the phosphodiester backbone. Accordingly, model compound 1
was used for optimization of the € and { dihedral parameters. The other model compounds, 2
and 3, are cytosine and adenosine nucleosides, respectively, used previously in the
optimization of the C27 nucleic acid FF. As the goal of the present study was to perform
minimal adjustments of the C27 FF, use of two nucleosides to evaluate changes in sugar
pucker energies was deemed sufficient. As shown below, the changes to the sugar
parameters only had a minor impact on the relative energies of the north (C3'endo) vs. south
(C2'endo) conformations while the overall energy as a function of pucker was not
significantly changed.

Table 2 presents the relative energies of the BIl conformation of 1 with respect to the Bl
conformation. As may be seen, C27 significantly overestimates the QM result. Accordingly,
initial efforts aimed to alter only the BI/BII energy difference by altering just the ¢ dihedral
to yield parameter set C27_1, and then both ¢ and ¢ in set C27_2; adjusted parameters for all
sets are shown in Table S1 of the supporting information. Adjustments in C27_1 led to
improved agreement with the QM target data, but the C27_2 modification further lowers the
relative energy and further improves agreement with the QM value. A third set, C27_3, was
developed in which only { parameters were again modified, yielding a relative energy
slightly lower than that of the C27_2 set. As shown below, these initial sets yielded
improvements in sampling of the BII state; however, they overly destabilized the A-form of
DNA.

The ¢ and ¢ potential energy surfaces for 1 are shown in Figure 2 from QM calculations as
well as from C27 and from the final, selected parameter set, C27_2b (see below). The
overall shape of the empirical surfaces mimics that of the QM surfaces; however,
differences in the relative energies of different minima are evident. These differences are
due to limitations in the ability of the MM energy function to reproduce all the details of the
QM energy surfaces and, more importantly, systematic shifts in the C27 energy surface
relative to the QM surfaces implemented to yield better sampling in oligonucleotide
simulations as judged by the reproduction of crystal survey data®. Such deviations from QM
energies are necessary for the FF to improve agreement with the condensed phase properties
for oligonucleotides given the inherent limitations in the potential energy function as well as
the challenges of parameter optimization.

To account for the inability of the first modified parameter sets to both adequately sample
the BII conformation and maintain the A-form of DNA in its crystal environment (see
below), modifications of the sugar dihedral parameters were undertaken. These
modifications were based on the adenine and cytosine nucleosides (Figure 1b) and only
involved a single dihedral (C2'-C3'-C4'-O4’) in the furanose ring (Table S1). Shown in
Table 3 are the relative energies of the north pucker relative to those of the south pucker for
the two nucleosides. The C27 puckers were empirically adjusted to reproduce the north
versus south distributions from a crystal survey of the nucleic acid database, with QM
MP2/6-31G(d) relative energies also used as a guideline. The resulting empirical model
overestimates the QM values of the north pucker for both model compounds; the lower
energy of the north pucker of the cytosine nucleoside is consistent with cytidine bases
favoring the A form of DNA, as previously discussed.?® Once it was observed that the £ and
C dihedral parameter modifications led to destabilization of the A form of DNA (see below),
the north pucker energy was lowered relative to that of the south by 0.7-0.8 kcal/mol. The
resulting model of the sugar now underestimates the QM relative north pucker energy by 0.3
and 0.1 kcal/mol for the adenine and cytosine nucleosides, respectively (Table 3). This
altered sugar energetics was combined with the C27_2 set to give the C27_2b set, which
yielded satisfactory simulated sugar pucker distributions for duplex DNA in condensed
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phase, as shown below. The same sugar parameter modification was also applied to C27_3,
yielding C27_3b.

Initial parameter set selection based on MD simulations

Selection from the parameter sets developed in the preceding section was based on
condensed phase simulations of three DNA duplexes, GTAC2, BDJ025 and the EcoRlI
dodecamer (Table 1)). GTAC2 and BDJ025, which are in the A and B forms, respectively,
were simulated in their crystal environments, thereby allowing for a more rigorous
comparison of the experimental and simulation data. Special care was taken to maintain the
A form of GTAC2. Inclusion of the EcoRI dodecamer in solution was based on the central
role that duplex has played as a benchmark in computational studies of DNA%57-59 and on
the need to include solution data to assess the behavior of the parameter sets with respect to
Watson-Crick (WC) base pair interactions, sugar pucker as well as the BI/BIl sampling in
the phosphodiester backbone in a high water activity environment.

Populations of the Bl and Bl states for BDJ025 and EcoRI averaged over all the nucleotides
in the duplexes for the different parameter sets are in Table 4. Such analysis did not include
GTAC?2 at this stage of the study as A form DNA does not populate the BIl conformation.
As expected from previous investigations, the BI/BII equilibrium with C27 in BDJ025 and
EcoRI is dominated by the Bl state. Alteration of the parameters based on model compound
1 to lower the relative energy of the BIl conformation yielded the anticipated increase in
sampling of that state for both systems. The C27_2 and C27_3 sets give additional sampling
of BII, consistent with the lower energy of the BIl conformation in model compound 1
(Table 2). Given that experimental studies indicate the overall population of the Bl state to
be 37% in EcoRl in solution,24 the sampling of Bl by sets C27_2 and C27_3 indicated that
they provided a reasonable basis to develop the final model.

As increasing the BIl population was readily achieved, the simulations were analyzed with
respect to the ability of the models to reproduce the A and B conformations of DNA.
Average RMS differences versus canonical forms of DNA for all non-terminal non-
hydrogen atoms are presented in Table 5. The B form conformation (BDJ025 and EcoRlI
duplexes) was maintained for all the parameter sets. With A form GTAC2 with sets C27_2
and C27_3 there is a tendency for the RMS difference versus the A form to increase as
compared to that occurring with C27. Detailed analysis of these trajectories (not shown)
indicated that the shift away from the A form was associated with the sugars switching from
the typically A-form north pucker to the typically B-form south pucker. Accordingly,
selected sugar dihedrals were adjusted to lower the relative energy of the north
conformation, also yielding better agreement with QM data on the adenine and cytosine
nucleoside model compounds (Table 2). For C27_2 an additional adjustment of the ¢
dihedral parameter was undertaken (Table S1) leading to a slight lowering of the energy of
the BIl conformation in model compound 1.

The two parameter sets with the modified sugar parameters, C27_2b and C27_3b, were then
tested in simulations of the three training set oligonucleotides. Both models maintained the
A conformation of GTAC2 as well as the B conformations of EcoRI and BDJ025 (Table 5).
Consistent with the BIl conformational energies in model compound 1, C27_2b sampled the
BII state more than C27_3b (Table 4), with C27_2b yielding an overall BIl population
closer to the 37% seen in experimental studies of EcoRI. Accordingly, parameter set C27_2b
was tested further with simulations of additional DNA duplexes for a more rigorous and
general validation.
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Further Tests and Validation of the C27_2b parameter set

Additional testing and validation of the C27_2b parameter set was performed via extending
the simulations on the EcoRI, BDJ025 and GTAC2 duplexes as well as performing
simulations on additional systems (Table 1). The additional systems were selected to vary in
sequence and size, to be of high crystallographic resolution, or to have been subjected to
analysis of BII content in NMR studies. For example, the EcoRI (#1), JunFos (#4) and NF-
kb (#10) sequences have been subjected to explicit analysis of the BIl content in solution. A
longer oligonucleotide (3BSE, #6) was selected in part due to unique dynamic aspects of the
molecule in solution. Sequences (1ZF7 #7 and 1ZF1, #8) were of interest as they crystalize
in the B and A form, respectively, despite their similar sequences. 1LJX (#9) was selected as
it is in the Z form; this system along with GTAC2 and BDJ025 were simulated in their
explicit crystal environments while the remaining systems were simulated in solution. The
oligonucleotide targeted by NF-«xB (#10) was selected due to the availability of experimental
Bl populations on that sequence. This system was also the first in which underestimation of
the BII state in MD simulations was noted by us. The Ndt80 sequence (#11) was also of
interest as its BIl conformation at a specific nucleotide is important for interaction with the
protein; this system was one in which the inability to properly sample the BIl conformation
was noted.2!

With EcoRI and JunFos, simulations were also performed with the AMBER Parm99bscO
force field>1° to allow comparison with the final parameter set developed in the present
study; this will be referred to as AMBER for the remainder of the manuscript, unless noted.
In this section various quantities from simulations of these systems are presented, including
comparison of the C27_2b FF results with experimental data and with the C27 FF. The
C27_2b results are also compared with AMBER for EcoRI and JunFos. Some results are
presented in the supporting information. Given the extensive amount of literature on the
EcoRI dodecamer, the majority of presented data is on that system.

The first test examined the RMS differences (RMSD) between the simulated duplexes and
their corresponding canonical A and B forms. In all cases, the outcomes were consistent
with the experimental data (Table 6). For EcoRI, 1AXP, 3BSE, 1ZF7, JunFos and NF-«xB
the conformations in solution are closer to the B form versus the A form. With EcoRI, a
second simulation at higher salt (100 mM NacCl, see below) yielded an average
conformation which showed no tendency to shift towards the A form; this result is
consistent with experiment since the salt concentration is well below that required to
stabilize the A form of DNA. The BDJ025 crystal simulation is also closer to the B form, as
expected. Of note are the results for the A form structures (GTAC2 and 1ZF1). The GTAC2
crystal simulation yields a structure close to the canonical A form, as does the 1ZF1
simulation in 75% ethanol for the C27_2b FF, consistent with expectations for a GC-rich
duplex in a low water-activity environment. In contrast the simulation of 1ZF1 in 75%
ethanol using C27 converts to the B form (see Figure S1, supporting information).
Importantly, the simulation using C27_2b converted to the B form in the water (0% ethanol)
simulation, consistent with the impact of high water activity on DNA conformation®0. These
results indicate that C27_2b is more sensitive than C27 to changes in the water activity
environment, a critical and stringent test for DNA force fields. Additional testing of this
phenomenon is warranted in future studies.

To robustly test the stability of C27_2h, the EcoRI simulation was extended to 300 ns
(Figure 3) during which the duplex remained close to the B form. The Watson-Crick base
pairing as defined by the N1...N3 distance is well maintained in the simulation for all the
FFs (inset in Figure 3). Interestingly, the N1...N3 distance distributions from the simulations
peak at a slightly longer distance (approximately 0.1A) than the X-ray counterpart. While
correcting the discrepancy would require reoptimization of the base nonbonded parameters,
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a far from trivial task, it should be considered in future FF development efforts. It is worth
noting that the N1...N3 distance in crystal simulations using a polarizable FF of the bases
developed in our laboratory has a maximum approximately 0.1 A shorter than that of C27,51
such that this issue appears resolved in the polarizable model.

Since the primary goal of the present effort was increased sampling of the Bl state, the
populations of the Bl and BII states were determined over all nucleotides in the simulated
systems (Table 7). In the analysis, the Bl and Bl states are defined as the difference
between the ¢ and  dihedrals, where Bl = ¢ - { < 0° (peak around —90°) and Bll =¢ - { > 0°
(peak around +90°). C27_2b shows an increase in sampling of the Bl states over C27 in all
cases, with the exception of 1ZF1 in ethanol where both FFs only sample a small amount of
BIl. The amount of BIl in EcoRI and JunFos using AMBER is significantly less than with
the C27_2b model; similar results are seen for a previously reported simulation?! of the
sequence targeted by the Ndt80 transcription performed with the AMBER FF94.°

While C27_2b achieved an overall increased sampling of the BIl conformation, the ability to
properly treat the sampling of BII as a function of sequence is of special interest, and a more
difficult objective. For three of the studied sequences, EcoRI, JunFos and NF-«b,
experimental data is available on the percent Bl as a function of sequence.20:24.62 For
EcoRl, consistent with the data in Table 7, C27_2b yields increased BIl sampling (Figure 4
and Table 8) in better agreement with experiment as compared to both C27 and AMBER,
although the amount of Bl is systematically underestimated, a point addressed below. With
respect to the base-step specific percent BIl, C27_2b offers significant improvement over
both C27 and AMBER (Figure 4 and Table 8). For the base-step specific percent Bll, the
correlation coefficients between simulation and experiment were 0.69 with C27_2b, 0.47
with C27 and 0.31 with AMBER. Results for JunFos and NF-xb were similar to those for
EcoRI (Table S2, supporting information). For JunFos the average difference in BlI
population between simulation and experiment was -7 for C27_2b compared to values of -22
and -20 for C27 and AMBER, respectively. The percent Bll as a function of base step in
JunFos was also improved with C27_2b with a correlation coefficient of 0.49 versus 0.30
and 0.26 for C27 and AMBER, respectively. In the case of NF-xb (Table S2B) the average
differences were -2 and -22 and the correlation coefficients were 0.45 and 0.29 for C27_2b
and C27, respectively. Thus, the reoptimization of the selected dihedral parameters
increased the sampling of Bl in a sequence-specific manner that is largely consistent with
experimental observations.

The C27_2b FF clearly is an improvement over C27 and AMBER Parm99bsc0 with respect
to sampling of the BIl conformation as compared to experiment. However, for both EcoRl
and JunFos, C27_2b still underestimates the extent of BIl compared experiment. While this
may be a limitation of the FF, the method of analysis may contribute to the difference.
Analysis of the simulations was based on direct counting of the amount of Bl and Bl (i.e.
based on Bl is € — { < 0) from which the relative probabilities of the two states were
obtained. Alternatively, in the 31P NMR analysis,20 the chemical shift is converted to an
average ¢ — ( value that is used to identify the percent Bl by interpolation between ¢ — { =
90° (0% BI) and € - £ = —90° (100% BI). While the results are similar for the two analyses,
the more approximate interpolation method tends to overestimate the amount of BIl (Figure
S2 of the supporting information). Accordingly, the interpolation method used to estimate
the BI/BII content from 31P NMR chemical shifts slightly overestimates the actual Bl
content. For example, with JunFos, the BIl content when calculated using the interpolation
method for C27_2b is in excellent agreement with the experimental estimate; the average
difference between calculated and experimental percent Bll is 2.3 although the correlation is
slightly worse (0.43 vs. 0.49).
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As discussed above, in a 10 ns MD simulations of the Ndt80-DNA complex the Bll
conformation at specific base steps was not maintained using C27.21 In the crystal structure
of the complex the BIl conformation occurs at two important YpG base steps where
arginines hydrogen-bond specifically with guanines; these were maintained with the
AMBER Parm94 FF, leading to that FF being used in that study. In the crystal structure the
BII conformation is less pronounced for the T6'-G5' step (-(=38°) than for the T4'-G3’ step
(e-C=84°). In simulations of the Ndt80-DNA complex, Parm94 gave 49% and 55% BII for
these two steps, whereas the corresponding Bl populations were 10% and 85%,
respectively, in a 100 ns simulation with C27_2b done as part of the present study. The
arginine hydrogen bonding patterns were similar with the two force fields, with R111 and
R177 forming classical arginine double hydrogen bonds to the guanine N7 and O6 atoms.
Both Parm94 and C27_2b formed the R111-Gua3’ hydrogen bonds >90% of the time, and
the R177-Gua5’ hydrogen bonds > 95% of the time. Thus, C27_2b has rectified the problem
with C27 observed by Hart et al.2!

Alteration of the ¢,  and sugar dihedral parameters may also impact the flexibility of the FF,
making it necessary to test this aspect of the model in MD simulations. This was addressed
by analyzing the RMS fluctuations for selected systems and comparison with the NMR
order parameters for EcoRI. Figure 5 presents the RMS fluctuations as a function of
nucleotide for EcoRI for C27, C27_2b and AMBER from 100 ns simulations. The overall
pattern of fluctuations is similar for the three FFs, though the terminal base pairs are clearly
more mobile in C27 and C27_2b as compared to AMBER. Despite more flexible termini,
the fluctuations of the central nucleotides are similar for the three FFs, with slightly larger
RMS fluctuations with C27_2b than with C27. The RMS fluctuations for C27 and C27_2b
for 1ZF7 and 3BSE (Figure S3 of the supporting information) confirm the results from
EcoRI (Figure 5), with C27_2b being more flexible than C27, a somewhat expected
outcome considering the increased BlIl sampling with C27_2b.

Dynamics of the FFs were also tested based on the reproduction of NMR order parameters
for EcoRI193 for the C27, C27_2b and AMBER FFs. Results for the C1’, C3' and C6/C8
atoms are in Table 9 for the individual palindromic strands in the duplex, to probe
convergence of the results. In general, the C27_2b order parameters are lower than those for
both C27 and AMBER, as seen in the average differences in Table 9, with C27 and AMBER
having similar values and being in good overall agreement with experiment. Thus, the
increased fluctuations observed for C27_2b appear associated with order parameters
systematically lower than those experimentally derived, though it may be related to the salt
concentration in the simulations, as discussed below.

Correlation coefficients between the MD-based and NMR order parameters helped analyze
how the FFs reflect those values as a function of sequence (Table 9). For C1’, the C27 and
C27_2b correlations range from 0.84 to 0.90 for all nucleotides (0.57 to 0.74 without
terminal nucleotides). These values are higher than their AMBER counterpart. Similar levels
of correlation are obtained for the C3'-H vector with all three FFs. For the C6/C8 values, the
correlations are again similar for all the FFs. When the terminal nucleotides are excluded,
the correlation coefficients are relatively small, possibly due to the small range of S? values.
With both CHARMM FFs the values are positive, while with AMBER they are negative
indicating slightly anticorrelated behavior. These results are generally consonant with the
Bl analysis as a function of sequence (Table 8 and Table S2) suggesting that C27_2b
satisfactorily treats the analyzed properties as a function of sequence.

Due to their polyanionic nature oligonucleotides are sensitive to salt concentration.6%:64 To
test the potential impact of salt on the reproduction of the NMR order parameters, a second
C27_2b simulation of EcoRI was performed with the salt concentration adjusted to
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approximate the experimental regimen.%3 Interestingly, all the calculated S2 values tend to
be larger in that simulation (Table S3), leading to average differences that are less negative
than those obtained with C27_2b in low (i.e. neutralizing) salt (Table 9). The increase in the
order parameters are largest at the termini, though increases in the duplex central region are
evident. Thus, even a small change in salt concentration (i.e. 5 additional Na* and 5
additional CI- ions added to a simulation box of almost 26,000 atoms) appear to impact the
calculated order parameters. These results, along with those for the method used to estimate
the BI/BII ratio, indicate the difficulties and care that must be taken in performing a
rigorous, quantitative comparison of computed and experimental data. Incidentally,
experimentally determined BI/BII ratios have been shown to depend on the concentration of
monovalent cations.2?

The above analyses indicate that C27_2b provides a reasonable treatment of the equilibrium
between the A and B forms of DNA, and improves the representation of the equilibrium
between the Bl and Bl states. Yet, it was necessary to check that the C27_2b FF
satisfactorily treated other detailed (but crucial) aspects of DNA structure. This involved
examination of the probability distributions of dihedrals in the phosphodiester backbone, of
the glycosidic linkage, of the sugar puckering, and of helicoidal parameters. Those
distributions may be compared to X-ray survey data of DNA structures (see Methods). In
addition, time series may be analyzed to understand details of the dynamics of the systems.
Comparison to crystallographic data is informative, especially for localized geometric
properties. However, one must keep in mind that the sequence-specific properties of DNA in
solution may depart from crystallographic averages, especially regarding helicoidal
parameters. Unfortunately, accurate structures of DNA duplexes in solution are still too
scarcel3 to provide sufficient reference data for systematic evaluation of simulated structure
across sequences.

Dihedral and pucker distributions for the EcoRI dodecamer for the C27, C27_2b and
AMBER FFs are shown in Figure 6 along with NDB survey data obtained as part of the
present study. Similar distributions for 3BSE, 1ZF7 and 1ZF1 in ethanol are included in
Figure S4 of the supporting information. In EcoRI (Figure 6) the CHARMM force fields
satisfactorily reproduce the NDB distributions with respect to both the location and ranges.
With all FFs, there is a slight shift in the y distribution towards higher values. In the
glycosidic y distribution, the conventional B form range from 140 to 270 is populated as
expected, but a peak at higher y around 280° is not present in the FF results. This peak in the
crystal distribution is associated with terminal nucleotides in the survey; the terminal
nucleotides were not included in the analysis of the MD simulations. Also, the CHARMM
FFs show a minor but distinct population for y around 210°, representing A-like
conformations, which is slightly more stabilized in C27_2b than C27. This is consistent with
more sampling of 6 around 80° (associated with north sugar puckers) in C27_2b than in
C27. Importantly, this increased sampling of the A-like y conformation and sugar pucker has
not destabilized the overall B form in C27_2b. With ¢ and {, C27_2b allows increased
sampling in the regions of 240° and 165°, respectively, associated with the increased Bll
populations. The increased Bl conformation is also associated to the shoulder in the 8
distribution in the region of 140°, consistent with the previously reported correlation
between B and the Bl and Bl states.2’

Changes in sugar dihedral parameters (Table S1) altered the sugar pucker distributions while
lowering of the energy of the north conformation in model compound 2 (Table 3). Both
CHARMM FFs reproduce the overall distribution in the south region (~140 to 180°,
~C2'endo pucker) associated with B form DNA, although the distinct peak at around 150° in
the survey distribution is not reflected in the FF distributions. The shape of the distributions
reproduce the shoulder in the vicinity of 120°, followed by low sampling at lower pucker
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values (~ 90°, associated with the east energy barrier), followed by a peak at 15° associated
with north puckering common to A form DNA (~C3'endo). Interestingly, the NDB survey
shows no sampling in the north region, although sampling is observed in the vicinity of 90°
for & in the survey. Detailed analysis indicates that subtle differences in the nature of the
sugar puckering (i.e. associated with differences in the 5 furanose ring dihedrals that define
the pucker) in A vs. B form crystal structures when & is ~90° are present, leading to the lack
of north sampling in the sugar phase in the survey data. Studies to better elucidate this effect
are ongoing.

Concerning systems 1ZF7, 3BSE and 1ZF1 in 75% ethanol (Figure S4), the results from
1ZF7 and 3BSE are similar to those for EcoRlI, consistent with those structures sampling the
B form in solution. With 1ZF7, increased sampling of the BIl conformation, consistent with
its high GC content (Table 1), is seen in the B, € and ¢ distributions for C27_2b. In the 3BSE
simulation the additional peak in the ¢ distribution with C27 and the additional sampling of
north sugars in C27_2b are consistent with the reported disordered nature of the duplex in
solution.55 In particular, the authors note a six base A+T rich segment at the center of the
strand, showing “unusually weak electron density, suggesting conformational fluctuations,”
and propose that its disorder is “intrinsic to its sequence”. In this region, C27 gives an
average RMS fluctuation of 1.64 A over all residues, with C27_b giving an average RMS
fluctuation of 1.87 A. For comparison, in the B form structures EcoRI and 1ZF7, and
considering all non-terminal residues, C27 gives average RMS fluctuations of 1.24 and 1.20
A, respectively, while C27_2b gives average RMS fluctuations of 1.43 and 1.49 A,
respectively.

For 1ZF1 in ethanol, where the survey data is that from A form helices, the difference in
sampling associated with C27 assuming a B conformation while C27_2b remained in the A
conformation is evident. The A form conformation in the C27_2b simulation nicely
reproduces all the survey distributions. Increased sampling of 6 = ~80° and north puckers is
evident. The model reproduces the shift in the location of the maxima in the € and ¢
distributions, versus that occurring in the B form survey data (i.e. compare survey results in
Fig. S4b and S4c), further indicating the conformational properties of C27_2b to be sensitive
to changes in the environment.

The dihedral and pucker distributions with AMBER for EcoRI (Figure 6) are generally
similar to the CHARMM FFs, but with notable differences. The AMBER a distribution is
shifted to lower values compared to the survey, though the peak height is in good agreement.
The peak height is also in good agreement for 3, though the shoulder in the vicinity of 140°
is too small, consistent with the lower amount of sampling of the BIl conformation. A shift
to higher values is present in the y distribution as compared to the survey. With & the range
covered by AMBER is similar to that from the survey while sampling of the ~90° region is
more a shoulder rather than a distinct peak. This is consistent with the sugar phase
distribution, which is quite broad with no sampling of the north conformation. A study by
Kollman and coworkers addressed this issue,® though the resulting parametrization is not
included in the AMBER parm99bscO FF. With ¢ and £, sampling of the 240° and
165°regions, respectively, is underestimated relative to that in the survey, again consistent
with the lower amount of BIl sampling. The major ¢ peak agrees well with experiment,
though the peak at higher values associated with the BIl conformation is systematically
shifted relative to that from the survey. The major peak for { in the 270° region is shifted to
values higher than in the survey, while the Bll associated peak extends to values lower than
in the survey. Finally, with y a broad range of values are sampled in general agreement with
the survey data; a distinct peak at ~210°, associated with A-like conformations, that occurs
in the CHARMM force fields, is not present. This analysis indicates AMBER to generally
sample ranges of the dihedrals seen in the survey data, consistent with the B form of the
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dodecamer being stable in solution; however, systematic shifts with respect to the survey
data are present in a number of cases.

To better understand the nature of the conformational transitions giving rise to the distinct
peaks in the distributions of the sugar pucker, € and £ (Figure 6), the corresponding time
series from the C27_2b EcoRI simulation were analyzed. Selected time series are shown in
Figure 7 with all of the pucker, € and ¢ time series shown in Figures S5, S6 and S7 of the
supporting information, respectively. These plots show that the three degrees of freedom
have undergone a large number of transitions, such that the lifetimes of the distinct
conformations are on the 10 picosecond time scale. Similar results were obtained in the
AMBER EcoRI simulation (not shown). The relatively short lifetimes are consistent with
NMR 13C spin relaxation experiments from which relaxation times in sub 100ps range were
measured for the C1’-H1' and C3'-H3' vectors.®3 Concerning & and ¢, some 31P NMR
experiments suggested that the free energy barrier for the Bl to Bl transition might be in the
range of 12 to 15 kcal/mol.24 This barrier height would suggest a lifetime on the order of
milliseconds, significantly longer than observed with the present FFs. However, those
estimates are based on the assumption of a two state model, which the present calculations
indicate may not be appropriate given the significant sampling of intermediate states in both
gand .

The “intrinsic” contribution to the barrier between the Bl and Bl states had been found to
be less than 2.0 kcal/mol in QM calculations based on compound 2 without the base.3! Here,
additional 2D ¢ vs. { energy surfaces were obtained with C27, C27_2b and QM at the
MP2/6-31+G(d) level for model compound 2 in which the base had been omitted. Shown in
Figure 8 are the three energy surfaces with the locations of the Bl and BIl conformations
shown on the right-hand panel. The overall shapes of the surfaces are similar, though
differences are evident. The Bl minimum is not as deep in the empirical surfaces versus the
QM, while the opposite is true for the BII minimum. The increased depth of the BII
minimum in C27_2b versus C27 is evident, consistent with the lowering of the relative Bl
energy based on model compound 1 (Table 2). Concerning the barrier between the Bl and
BIlI conformations, there are two low energy paths along € ~200 and ~270° in all three
surfaces. In all of the surfaces, the highest energies are between 1 and 2 kcal/mol with the
barriers being lower in the empirical surfaces. A previous study estimated the free energy
barrier to be in the range of 2.6 to 3.1 kcal/mol based on potential of mean force calculations
between the A and B forms of DNA.56 These values are consistent with the 1D surfaces for
1 (Figure 2) and indicate that the experimental estimate of >12 kcal/mol is not due to the
intrinsic energies of the phosphodiester backbone, suggesting that more global structural
phenomena (eg. base stacking, sugar puckering etc.) may be contributing to the barrier if the
model used to make the experimental estimates is appropriate. Future studies are required
address this issue.

Helicoidal parameters are commonly used to define the orientations of the bases relative to
the helical axis, and vary among the different forms of DNA.5152.67 Accordingly, the FFs
should be able to reproduce experimental values for these descriptors. In the present study,
the experimental data are probability distributions of selected helicoidal parameters based on
the survey of crystallographic structures. Presented in Figure 9 is the survey data along with
probability distributions from the EcoRI simulations using C27, C27_2b and AMBER. In
general, all three forces fields adequately reproduce the survey distributions. With roll, the
AMBER distribution is in slightly better agreement with the survey while C27_2b yields
slightly better overlap with the survey data for slide than both C27 and AMBER.
Comparison of the C27 and C27_2b distributions show them to generally be similar. This is
expected as the base parameters have not changed, although some correlations between
backbone conformation and helicoidal parameters are known.
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Analyses of selected helicoidal parameters as a function of nucleotide from the EcoRI
simulations are presented in Figure S8 of the supporting information. The figures include the
values from the EcoR1 crystal structure 1BNA. All three FFs do well in reproducing the
trends observed in the crystal structures. Notably, none of the FFs reproduce the large value
of twist at base pair 2 (the first G along the X axis) and the small values of Roll and Rise at
base pair 3. Concerning the overall values of twist, the C27, C27_2b and AMBER values
were 34.4+4.8, 33.8+5.4 and 32.8+6.4°, respectively, where the values are the averages and
the standard deviations over the nucleotides. AMBER is in better agreement with the
average value from the 1BNA crystal structure of 32.8+10.6°, though both CHARMM force
fields are in better agreement with the value for canonical B form DNA, 36°, consistent with
previous studies.*3.68

Finally, to further test the generality of the C27_2b FF, it was used to simulate a Z-form
dodecamer in its crystal environment (1LXJ, #9 in Table 1). RMSD analysis (Table 6)
showed the simulations to stay close to the initial Z-form crystal structure. Dihedral
distributions were also calculated and compared to survey data of Z-DNA structures that
included unmodified and base-modified duplexes to get a satisfactory sample size (Figure
S4d, supporting information). The simulated distributions are in overall reasonable
agreement with the survey distributions. Notably, the two peaks associated with the syn and
anti conformations about the glycosidic linkage () are maintained, although some
systematic shifts relative to experiment are observed. Similar systematic shifts are seen in
the calculated phase distributions as well as elsewhere, which is assumed to be associated
with the FF being optimized to reproduce dihedral distributions of A and B forms of DNA.
Despite these differences it appears that C27_2b is of utility for simulations of Z DNA in the
appropriate environment. While not shown, a simulation of 1L XJ in solution was unstable,
with the DNA unwinding, indicating that C27_2b does not artificially stabilize Z DNA.

We have presented a refinement of the CHARMMZ27 all-atom additive force field for
nucleic acids with emphasis on improving the sampling of the Bl state of B form DNA.
This required adjustment of selected parameters and validation of many facets of the
resulting force field in relation to its representation of various forms of DNA and the
conditions in which they are stable. Parameter optimization was initially based on model
compounds allowing for systematic changes in only the dihedral parameters to improve
agreement with target QM data. This yielded several parameter sets that were tested in
condensed phase simulations of a training set of oligonucleotides. This procedure was also
applied to improve treatment of the sugar pucker with respect to north and south
conformations that dominate the A and B forms of DNA, respectively. The most promising
FF model (C27_2b) was then used in simulations of other DNA molecules for a duration of
100 ns, with the EcoRI simulation extended to 300 ns. Analysis of these simulations showed
the C27_2b FF model to reproduce a range of experimental data in DNA, thereby providing
convincing validation for C27_2b. In particular, C27_2b provides a more accurate treatment
of the BI/BII equilibrium in DNA, which is a significant improvement over C27.
Simulations using the AMBER parm99hsc0 FF were also undertaken on EcoRI and JunFos,
yielding overall results similar to those for both CHARMM force fields, although some
differences in the sampling of backbone dihedrals were observed. While general agreement
of the C27_2b with a range of experimental observables was obtained, technical difficulties
in obtaining rigorous quantitative comparisons of calculated and experimental results for the
Bl populations and NMR order parameters were noted. Also, the dearth of accurate DNA
structures in solution, with experimentally characterized populations and dynamics, remains
a fundamental limitation for the development and optimization of DNA force fields. The
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selected DNA FF will be included with a recent revision of the CHARMM RNA FF,34
yielding the CHARMMS36 all-atom additive force field for nucleic acids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

NIH (GMO051501) and the Swedish Research Council are thanked for financial support. We acknowledge the NSF
TeraGrid Computing, the Pittsburgh Supercomputing Center, and the Department of Defense High Performance
Computing for their generous allocations of computer time. We thank Dr. Brigitte Hartmann for helpful discussions
about DNA structure and the importance of its Bll state.

References

(1). MacKerell AD Jr. Empirical Force Fields for Biological Macromolecules: Overview and Issues. J.
Comp. Chem. 2004; 25:1584-1604. [PubMed: 15264253]

(2). Orozco M, Noy A, Pérez A. Recent advances in the study of nucleic acid flexibility by molecular
dynamics. Current Opinion in Structural Biology. 2008; 18:185-193. [PubMed: 18304803]

(3). Perez A, Luque FJ, Orozco M. Frontiers in Molecular Dynamics Simulations of DNA. Accounts
of Chemical Research. 2011

(4). Foloppe N, MacKerell AD Jr. All-atom empirical force field for nucleic acids: 1) Parameter
optimization based on small molecule and condensed phase macromolecular target data. J.
Comp. Chem. 2000; 21:86-104.

(5). Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM, Ferguson DM, Spellmeyer DC, Fox T,
Caldwell JW, Kollman PA. A Second Generation Force Field for the Simulation of Proteins,
Nucleic Acids, and Organic Molecules. Journal of the American Chemical Society. 1995;
117:5179-5197.

(6). Cheatham TE IlI, Cieplak P, Kollman PA. A modified version of the Cornell et al. force field with
improved sugar pucker phases and helical repeat. J. Biomol. Struct. Dyn. 1999; 16:845-861.
[PubMed: 10217454]

(7). Langley DR. Molecular dynamics simulations of environment and sequence dependent DNA
conformation: The development of the BMS nucleic acid force field and comparison with
experimental results. J. Biomol. Struct. Dyn. 1998; 16:487-509. [PubMed: 10052609]

(8). Soares TA, Hunenberger PH, Kastenholz MA, Kraeutler V, Lenz T, Lins R, Oostenbrink C, van
Gunsteren W. An improved nucleic acid parameter set for the GROMOS force field. J. Comp.
Chem. 2005; 26:725-737. [PubMed: 15770662]

(9). MacKerell, J,AD.; Nilsson, L. Theoretical studies of nucleic acids and nucleic acid-protein
complexes using CHARMM. In: Sponer, J.; Lankas, F., editors. Computational Studies of DNA
and RNA: Molecular dynamics, quantum chemistry, mesoscopic modeling. Springer;
Neatherlands: 2006. p. 73-94.

(10). Lavery R, Zakrzewska K, Beveridge D, Bishop TC, Case DA, Cheatham T 3rd, Dixit S, Jayaram
B, Lankas F, Laughton C. A systematic molecular dynamics study of nearest-neighbor effects on
base pair and base pair step conformations and fluctuations in B-DNA. Nucleic Acids Research.
2010; 38:299-313. [PubMed: 19850719]

(11). Foloppe N, Nilsson L. Toward a Full Characterization of Nucleic Acid Components in Aqueous
Solution: Simulations of Nucleosides. The Journal of Physical Chemistry B. 2005; 109:9119-
9131. [PubMed: 16852085]

(12). Zuo X, Cui G, Merz KM Jr. Zhang L, Lewis FD, Tiede DM. X-ray diffraction “fingerprinting” of
DNA structure in solution for quantitative evaluation of molecular dynamics simulation. Proc
Natl Acad Sci U S A. 2006; 103:3534-3539. [PubMed: 16505363]

(13). Heddi B, Foloppe N, Oguey C, Hartmann B. Importance of accurate DNA structures in solution:
the Jun-Fos model. J Mol Biol. 2008; 382:956-970. [PubMed: 18680751]

J Chem Theory Comput. Author manuscript; available in PMC 2013 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hart et al.

(14).

(15).

(16).

Q.

(18).

(19).

(20).

(1).

(22).

(23).

(24).

(25).

(26).

@7).

(28).

(29).

(30).

(31).

(32).

Page 15

Isaacs RJ, Spielmann HP. Insight into G-T mismatch recognition using molecular dynamics with
time-averaged restraints derived from NMR spectroscopy. J. Am. Chem. Soc. 2004; 126:583—
590. [PubMed: 14719957]

Pérez A, Marchan I, Svozil D, Sponer J, Cheatham I, TE, Laughton CA, Orozco M. Refinement
of the AMBER Force Field for Nucleic Acids: Improving the Description of alpha/gamma
Conformers. Biophy. J. 2007; 92:3817-3829.

Joung IS, Cheatham TE 3rd. Determination of alkali and halide monovalent ion parameters for
use in explicitly solvated biomolecular simulations. J Phys Chem B. 2008; 112:9020-9041.
[PubMed: 18593145]

Yildirim I, Stern HA, Kennedy SD, Tubbs JD, Turner DH. Reparameterization of RNA y Torsion
Parameters for the AMBER Force Field and Comparison to NMR Spectra for Cytidine and
Uridine. J. Chem. Theory Comput. 2010; 6:1520-1531. [PubMed: 20463845]

Banas P, Hollas D, Zgarbova M, Jurecka P, Orozco M, Cheatham I, TE, Sponer J, Otyepka M.
Performance of Molecular Mechanics Force Fields for RNA Simulations: Stability of UUCG and
GNRA Hairpins. J. Chem. Theory and Comput. 2010; 6:3836-3849.

Zgarbova M, Otyepka M, Sponer J, Mladek A, Banas P, Cheatham TE 3rd, Jurecka P.
Refinement of the Cornell et al. Nucleic Acids Force Field Based on Reference Quantum
Chemical Calculations of Glycosidic Torsion Profiles. Journal of Chemical Theory and
Computation. 2011; 7:2886-2902. [PubMed: 21921995]

Heddi B, Foloppe N, Bouchemal N, Hantz E, Hartmann B. Quantification of DNA BI/BII
backbone states in solution. Implications for DNA overall structure and recognition. J Am Chem
Soc. 2006; 128:9170-9177. [PubMed: 16834390]

Hart K, Nilsson L. Investigation of transcription factor Ndt80 affinity differences for wild type
and mutant DNA: A molecular dynamics study. Proteins: Structure, Function, and
Bioinformatics. 2008; 73:325-337.

Fratini AV, Kopka ML, Drew HR, Dickerson RE. Reversible bending and helix geometry in a B-
DNA dodecamer: CGCGAATTBrCGCG. The Journal of biological chemistry. 1982;
257:14686-14707. [PubMed: 7174662]

Gorenstein, DG.; David, MJL.; Dahlberg, JE. Methods in Enzymology. Academic Press; 1992.
31P NMR of DNA; p. 254-286.

Tian Y, Kayatta M, Shultis K, Gonzalez A, Mueller LJ, Hatcher ME. 3lp NMR Investigation of
Backbone Dynamics in DNA Binding Sites. The Journal of Physical Chemistry B. 2008;
113:2596-2603. [PubMed: 18717548]

Heddi B, Oguey C, Lavelle C, Foloppe N, Hartmann B. Intrinsic flexibility of B-DNA: the
experimental TRX scale. Nucl. Acids Res. 2010; 38:1034-1047. [PubMed: 19920127]

Oguey C, Foloppe N, Hartmann B. Understanding the Sequence-Dependence of DNA Groove
Dimensions: Implications for DNA Interactions. PLoS ONE. 2010; 5:e15931. [PubMed:
21209967]

Djuranovic D, Hartmann B. Conformational Characteristics and Correlations in Crystal
Structures of Nucleic Acid Oligonucleotides: Evidence for Sub-states. J. Biomol. Struct. Dyn.
2003; 20:771-788. [PubMed: 12744707]

Lamoureux JS, Stuart D, Tsang R, Wu C, Glover JNM. Structure of the sporulation-specific
transcription factor Ndt80 bound to DNA. EMBO J. 2002; 21:5721-5732. [PubMed: 12411490]

Heddi B, Foloppe N, Hantz E, Hartmann B. The DNA structure responds differently to
physiological concentrations of K(+) or Na(+). J Mol Biol. 2007; 368:1403-1411. [PubMed:
17395202]

Hartmann B, Piazzola D, Lavery R. BI-BlI transitions in B-DNA. Nucl. Acid Res. 1993; 21:561-
568.

Foloppe N, MacKerell AD Jr. Contribution of the Phosphodiester Backbone and Glycosyl
Linkage Intrinsic Torsional Energetics to DNA Structure and Dynamics. J. Phys. Chem. B. 1999;
103:10955-10964.

Lamoureux JS, Maynes JT, Glover MJIN. Recognition of 5’-YpG-3' Sequences by Coupled
Stacking/Hydrogen Bonding Interactions with Amino Acid Residues. J. Mol. Biol. 2004;
335:399-408. [PubMed: 14672650]

J Chem Theory Comput. Author manuscript; available in PMC 2013 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hart et al.

(33).

(34).

(35).

(36).

(37).

(38).

(39).

(40).

(41).

(42).

(43).

(44),

(45).
(46).

(7).

(48).
(49).
(50).
(51).

(52).

(53).

Page 16

Svozil D, Kalina J, Omelka M, Schneider B. DNA conformations and their sequence preferences.
Nucl. Acid Res. 2008; 36:3690-3706.

Denning EJ, Priyakumar UD, Nilsson L, Mackerell AD Jr. Impact of 2'-hydroxyl sampling on the
conformational properties of RNA: Update of the CHARMM all-atom additive force field for
RNA. Journal of Computational Chemistry. 2011; 32:1929-1943. [PubMed: 21469161]

Frisch, MJ.; Trucks, GW.; Schlegel, HB.; Scuseria, GE.; Robb, MA.; Cheeseman, JR.; Scalmani,
G.; Barone, V.; Mennucci, B.; Petersson, GA. Gaussian 09. Gaussian, Inc.; Wallingford CT:
2009.

Shao, Y.; Fusti-Molnar, L.; Jung, Y.; Kussmann, J.; Ochsenfeld, C.; Brown, ST.; Gilbert, ATB.;
Slipchenko, LV.; Levchenko, SV.; O’Neill, DP. Q-Chem. 3.1 ed.. Q-Chem, Inc.; Pittsburgh, PA:
2007.

MacKerell J,AD. Contribution of the intrinsic mechanical energy of the phosphodiester linkage to
the relative stability of the A, Bl and BII forms of duplex DNA. J. Phys. Chem. B. 2009;
113:3235-3244. [PubMed: 19708270]

Berman HM, Battistuz T, Bhat TN, Bluhm WF, Bourne PE, Burkhardt K, Feng Z, Gilliland GL,
lype L, Jain S. The protein data bank. Acta Crystallogr D Biol Crystallogr. 2002; 58:899-907.
[PubMed: 12037327]

Berman HM, Olson WK, Beveridge DL, Westbrook J, Gelbin A, Demeny T, Hsieh S-H,
Srinivasan AR, Schneider B. The Nucleic Acid Database: A comprehensive relational database
of three-dimensional structures of nucleic acids. Biophysical. J. 1992; 63:751-759.

Foloppe N, Hartmann B, Nilsson L, MacKerell AD Jr. Intrinsic Conformational Energetics
Associated with the Glycosyl Torsion in DNA: a Quantum Mechanical Study. Biophys. J. 2002;
82:1554-1569. [PubMed: 11867468]

Brooks BR, Brooks CL I1l, MacKerell AD Jr. Nilsson L, Petrella RJ, Roux B, Won Y, Archontis
G, Bartels C, Boresch S. CHARMM: The biomolecular simulation program. J. Comp. Chem.
2009; 30:1545-1614. [PubMed: 19444816]

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C, Skeel RD, Kale L,
Schulten K. Scalable molecular dynamics with NAMD. J Comput Chem. 2005; 26:1781-1802.
[PubMed: 16222654]

MacKerell AD Jr. Banavali NK. All-atom empirical force field for nucleic acids: 2) Application
to solution MD simulations of DNA. J. Comp. Chem. 2000; 21:105-120.

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of Simple
Potential Functions for Simulating Liquid Water. Journal of Chemical Physics. 1983; 79:926—
935.

Hoover WG. Canonical Dynamics - Equilibrium Phase-Space Distributions. Physical Review A.
1985; 31:1695-1697. [PubMed: 9895674]

Feller SE, Zhang Y, Pastor RW, Brooks RW. Constant Pressure Molecular Dynamics Simulation:
The Langevin Piston Method. J. Chem. Phys. 1995; 103:4613-4621.

Ryckaert JP, Ciccotti G, Berendsen HIC. Numerical Integration of the Cartesian Equations of
Motion of a System with Constraints: Molecular Dynamics of n-alkanes. J. Comp. Phys. 1977;
23:327-341.

Nilsson L. Efficient table lookup without inverse square roots for calculation of pair wise atomic
interactions in classical simulations. 2009; 30:1490-1498.

Darden TA, York D, Pedersen LG. Particle mesh Ewald: An Nlog(N) method for Ewald sums in
large systems. J. Chem. Phys. 1993; 98:10089-10092.

Steinbach PJ, Brooks BR. New Spherical-Cutoff Methods of Long-Range Forces in
Macromolecular Simulations. J. Comp. Chem. 1994; 15:667-683.

Lavery R, Sklenar H. The definition of generalized helicoidal parameters and of the axis of
curvature for irregular nucleic acids. J. Biomol. Str. Dyn. 1988; 6:63-91.

Ravishanker G, Swaminathan S, Beveridge DL, Lavery R, Sklenar H. Conformational and
Helicoidal Analysis of 30 ps of Molecular Dynamics on the d(CGCGAATTCGCG) Double
Helix: “Curves”, Dials and Windows. J. Biomol. Str. Dyn. 1989; 6:669-699.

Banavali NK, MacKerell AD Jr. Free Energy and Structural Pathways of Base Flipping in a DNA
GCGC containing sequence. J. Mol. Biol. 2002; 319:141-160. [PubMed: 12051942]

J Chem Theory Comput. Author manuscript; available in PMC 2013 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hart et al.

(54).

(55).

(56).

(57).

(58).

(59).

(60).

(61).

Page 17

Priyakumar UD, MacKerell AD Jr. Base Flipping in a GCGC Containing DNA Dodecamer: A
Comparative Study of the Performance of the Nucleic Acid Force Fields, CHARMM, AMBER
and BMS. J. Chem. Theory Comput. 2005; 2:187-200.

Priyakumar D, MacKerell J,AD. NMR Imino Proton Exchange Experiments on Duplex DNA
Primarily Monitor the Opening of Purine Bases. J Am Chem Soc. 2006:678-679. J Am Chem
Soc. [PubMed: 16417331]

Foloppe N, MacKerell AD Jr. Intrinsic Conformational Properties of Deoxyribonucleosides:
Implicated role for cytosine in the equilibrium between the A, B and Z forms of DNA. Biophys.
J. 1999; 76:3206-3218. [PubMed: 10354445]

Srinivasan J, Withka JM, Beveridge DL. Molecular dynamics of an in vacuo model of duplex
d(CGCGAATTCGCG) in the B-form based on the amber 3.0 force field. Biophys. J. 1990;
58:533-547. [PubMed: 2207251]

McConnell KJ, Nirmala R, Young MA, Ravishanker G, Beveridge DL. A Nanosecond Molecular
Dynamics Trajectory for a B DNA Double Helix: Evidence for Substates. J. Am. Chem. Soc.
1994; 116:4461-4462.

Sen S, Nilsson L. Structure, Interactions, Dynamics and Solvent Effects on the DNA-EcoRI
Complex in Aqueous Solution from MD Simulation. Biophys. J. 1999; 77:1782-1800. [PubMed:
10512803]

Manning GS. The molecular theory of polyelectrolyte solutions with applications to the
electrostatic properties of polynucleotides. Quart. Rev. Biophy. 1978; 11:179-246.

Baker CM, Anisimov VM, MacKerell AD Jr. Development of CHARMM polarizable force field
for nucleic acid bases based on the classical Drude oscillator model. The journal of physical
chemistry. B. 2011; 115:580-596. [PubMed: 21166469]

(62). Tisne C, Delepierre M, Hartmann B. How NF-kappaB can be attracted by its cognate DNA.

(63).

(64).

(65).

(66).
(67).
(68).

(69).

(70).

(72).

72).

(73).

Journal of Molecular Biology. 1999; 293:139-150. [PubMed: 10512722]

Duchardt E, Nilsson L, Schleucher J. Cytosine ribose flexibility in DNA: a combined NMR 13C
spin relaxation and molecular dynamics simulation study. Nucleic Acids Research. 2008;
36:4211-4219. [PubMed: 18579564]

Record MT Jr. Anderson CF, Lohman TM. Thermodynamic analysis of ion effects on the
binding and conformational equilibria of proteins and nucleic acids: the roles of ion association
or release, screening, and ion effects on water activity. Quart. Rev. Biophy. 1978; 11:103-178.
Narayana N, Weiss MA. Crystallographic analysis of sex-specific enhancer element:sequence-
dependent DNA structure, hydration and dynamics. J Mol Biol. 2009; 385:469-490. [PubMed:
18992257]

Banavali NK, Roux B. Free energy landscape of A-DNA to B-DNA conversion in aqueous
solution. J Am Chem Soc. 2005; 127:6866—6876. [PubMed: 15869310]

Dickerson RE. DNA bending: the prevalence of kinkiness and the virtures of normality. Nucl.
Acids Res. 1998; 26:1906-1926. [PubMed: 9518483]

Reddy SY, Leclerc F, Karplus M. DNA polymorphism: a comparison of force fields for nucleic
acids. Biophysical Journal. 2003; 84:1421-1449. [PubMed: 12609851]

Langlois D’Estaintot B, Dautant A, Courseille C, Precigoux G. Orthorhombic Crystal Structure
of the A-DNA Octamer d(GTACGTAC). Comparison with the Tetragonal Structure. Eur. J.
Biochem. 1993; 213:673-682. [PubMed: 8477741]

Grzeskowiak K, Yanagi K, Prive GG, Dickerson RE. The Structure of B-Helical
CGATCGATCG and Comparison with CCAACGTTGG. The Effect of Base Pair Reversals. J.
Biol. Chem. 1991; 266:8861-8883. [PubMed: 2026600]

Drew HR, Wing RM, Takano T, Broka C, Tanaka S, Itakura K, Dickerson RS. Structure of a B-
DNA dodecamer: Conformation and Dynamics. Proc. Natl. Acad. Sci. USA. 1981; 78:2179-
2183. [PubMed: 6941276]

Drew HR, Dickerson RE. Structure of a B-DNA Dodecamer I1l. Geometry of Hydration. J. Mol.
Biol. 1981; 151:535-556. [PubMed: 7338904]

Drew HR, Samson S, Dickerson RE. Structure of a B-DNA Dodecamer at 16 Kelvin. Proc. Natl.
Acad. Sci. USA. 1982; 79:4040-4044. [PubMed: 6955789]

J Chem Theory Comput. Author manuscript; available in PMC 2013 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hart et al.

Page 18

(74). Holbrook SR, Dickerson RE, Kim S-H. Anisotropic Thermal-Parameter Refinement of the DNA
Dodecamer CGCGAATTCGCG by the Segmented Rigid-Body Method. Acta Cryst. B. 1985;
41:255-262.

(75). Westhof E. Re-Refinement of the B-Dodecamer d(CGCGAATTCGCG) with a Comparative
Analysis of the Solvent in it and in the Z-Hexamer d(5BrCG5BrCG5BrCG). J. Biomol. Struct.
Dyn. 1987; 8:581-600. [PubMed: 3271485]

(76). Johansson E, Parkinson G, Neidle S. A new crystal form for the dodecamer C-G-C-G-A-A-T-T-
C-G-C-G: symmetry effects on sequence-dependent DNA structure. J. Mol. Biol. 2000; 300:551—
561. [PubMed: 10884351]

(77). Zuo X, Tiede DM. Resolving conflicting crystallographic and NMR models for solution-state
DNA with solution X-ray diffraction. J Am Chem Soc. 2005; 127:16-17. [PubMed: 15631426]

(78). Gyi JI, Lane AN, Conn GL, Brown T. Solution structures of DNA.RNA hybrids with purine-rich
and pyrimidine-rich strands: comparison with the homologous DNA and RNA duplexes.
Biochemistry. 1998; 37:73-80. [PubMed: 9425027]

(79). Hays FA, Teegarden A, Jones ZJ, Harms M, Raup D, Watson J, Cavaliere E, Ho PS. How
sequence defines structure: a crystallographic map of DNA structure and conformation. Proc Natl
Acad Sci USA. 2005; 102:7157-7162. [PubMed: 15870206]

(80). Thiyagarajan S, Satheesh Kumar P, Rajan SS, Gautham N. Structure of d(TGCGCA)2 at 298K:
comparison of the effects of sequence and temperature. Acta Crystallogr D. 2002; 58:1381-1384.
[PubMed: 12136163]

(81). Altona C, Sundaralingam M. Conformational Analysis of the Sugar Ring in Nucleosides and
Nucleotides. Improved Method for the Interpretation of Proton Magnetic Resonance Coupling
Constants. J. Am. Chem. Soc. 1973; 95:2333-2344. [PubMed: 4709237]

J Chem Theory Comput. Author manuscript; available in PMC 2013 January 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hart et al.

Page 19

N F
€
C O €
0=P-0 9
TN

Al B)2 &3

Figure 1.
Model compounds used for parameter optimization. In B, the base, R, is either cytidine for

model 2 or adenine for model 3, as shown.
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Figure 2.

Potential energies as a function of the ¢ (A and B) and ¢ (C and D) dihedrals for model
compound 1 with the remainder of the rotatable bonds maintained at dihedral angles
corresponding to the Bl (A and C) or Bll (B and D) canonical conformations. Note that in
the surface in panel A with C27_2b a local minimum was present at 135°; this minimum in
the potential energy surface was not observed to impact MD simulations of the DNA
duplexes
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RMS difference versus time for the EcoR1 dodecamer in solution. RMS differences vs. the
A) canonical A form and B) canonical B form of DNA for all non-hydrogen atoms in the

non-terminal residues. Results are for the C27 (black), C27_2b (red) and AMBER

Parm99bscO0 (green) force fields. Inset: Watson-Crick base pair interaction based on the
N1...N3 distance distributions for the three force fields and data from the survey of B form

DNA crystal structures (blue).
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Figure 4.

Percent BIl conformation as a function of nucleotide for EcoR1 from experiment and from
the MD simulations using the C27, C27_2b and AMBER Parm99bscO force fields. Data for
the symmetrically related basepair steps have been combined.
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Figure 5.
RMS Fluctuations of the EcoR1 dodecamer as a function of nucleotide from 100 ns MD

simulations using the C27 (black), C27_2b (red) and AMBER Parm99bsc0 (green) for the
non-hydrogen atoms for the A) full duplexes, B) the phosphodiester backbone or C) the
bases. Structures were least-squares aligned to the starting stuctures based on all non-
hydrogen atoms prior calculation of the RMS fluctuations. The sequence numbering on the
X-axis covers the two strands of the oligonucleotide, with positions 12 and 13 corresponding
to termini nucleotides.
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Dihedral angle and pseudorotation angle probability distributions from 100 ns MD
simulations of EcoRI using the C27 (black), C27_2b (red) and AMBER Parm99bsc0
(green). Included are corresponding distributions from a NDB survey of all B form
structures with a resolution < 2.5 A.
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Page 25

Time series from EcoRI C27_2b simulation for A) sugar puckering of strand 1, nucleotide 3,
B) € of strand 1, nucleotide 4 and C) ¢ of strand 1, nucleotide 4. Data points are shown for
every 100 ps. See Figures S6, S7 and S8 of the supporting information for all puckering, €

and ¢ time series. Note that in the Bl state € and ¢ are approximately 190° and 270°,
respectively, and in the BlI state they are approximately 270° and 180°, respectively.
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Figure 8.

2D potential energy surfaces of € vs. (, for the A) C27 FF, the B) C27_2b FF and C) QM
MP2/6-31+G(d) level of theory for model compound 2 with the base omitted. Energies in
kcal/mol. Sugar pucker was restrained to the south pucker by constraining C1'-04'-C4'-C3’
= 0.0 and the a dihedral was constrained to 300°.
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Helicoidal parameter probability distributions from 100 ns MD simulations using the C27

(black), C27_2b (red) and AMBER Parm99bsc0 (green). Included are corresponding
distributions from a NDB survey of all B form structures with a resolution = 2.5 A.
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Table 1

DNA systems used for parameter training, tests and validation

Sequence Comment/Reference

1) d(GTACGTAC)* GTAC, A form crystal (ADH059)%°

2) d(CGATCGATCG)* BDJ025, B form crystal (BDJ025)7°

3) d(CGCGAATTCGCG) EcoRI dodecamer., MD to 300 ns with C27_2b,
Xray/NMR1-77

4) d(GCATTCTGAGTCAG)* JunFos, experimental BII content!3:20.29

5) d(GAAGAGAAGC)* 1AXP, NMR, high purine content strand’®

6) d(ACACTACAATGTTGCAAT)  3BSE, B form, X-ray 1.60 A; disordered region %5

7) d(CCGTCGACGG) 1ZF7, B form, X-ray (1.05 A)™®

8) d(CCGGGCCCGG) 1ZF1, A form, X-ray (1.35A)7

9) d(TGCGCA) 1LIX, Z form, X-ray (1.64 A)&

10) d(GACTTTCCAGGG)* NF-xB, B form, NMR 62, experimental BII content

11) d(TGCGACACAAAAACT)*

Ndt80 binding site, complex with protein,
X-ray (1.4A)%8

All validation simulations were performed for 100 ns unless noted. Comment/Reference include the PDB or NDB identifiers. Starting structures for
the simulations were the crystal structures except with 5) LAXP where the NMR structure was used and 3) EcoRI and 4) JunFos, where the
canonical B form was used as the starting structure.

Systems indicated with * were simulated using the non-bond lookup table in CHARMM.48
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Page 30

Relative energies of the north and south conformations of the nucleosides of adenine and cytosine (model
compound 2).

NUSA North South
Level of  Phase Angle AE Pucker  AE
theory

QM 10.7 1.03 169.2  0.00
Cc27 9.4 1.40 167.1  0.00
C27_1 9.4 1.40 167.1  0.00
C27_2 9.4 1.40 167.1  0.00
C27_3 9.4 1.40 167.1  0.00
C27_2b 123 0.69 168.7  0.00
C27_3b 123 0.69 168.7  0.00
NUSC

QM 10.3 -0.49 1640 0.00
Cc27 9.6 0.18 167.1  0.00
C27_1 9.6 0.18 167.1  0.00
C27_2 9.6 0.18 167.1  0.00
C27_3 9.6 0.18 167.1  0.00
C272b 12.3 -0.60 168.7 0.00
C27_3b 123 -0.60 168.7 0.00

Energies in kcal/mol and angles in degrees. Sugar pucker phase angle calculated based on the method of Altona and Sundaralingam81 with QM
data at the RIMP2/cc-pVTZ//MP2/6-31(+)G(d) level.
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Population of the Bl and Bl states for the EcoR1 dodecamer and BDJ025 over the full oligonucleotides for all
parameter sets tested.

Parameter Set EcoRlI BDJ025
Bl Bl Bl BIl
Cc27 0.89 011 0.83 0.17
C27_1 0.75 025 0.67 0.33
C27_2 072 028 0.60 0.40
C27_2b 0.74 026 0.62 0.38
C27_3 0.70 030 059 041
C27_3b 079 021 065 035

Results obtained over 40 ns or 80 ns simulations for EcoR1 and BDJ025, respectively, with the average over all the €,(, pairs for EcoRI and with

BDJ025 the average populations were obtained for each nucleotide with the presented values being the average of those values .
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