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Abstract: Fixed-charge (non-polarizable) forcefields are accurate and computationally efficient tools
for modeling the molecular dynamics of nucleic acid polymers, particularly DNA, well into the
us timescale. The continued utility of these forcefields depends in part on expanding the residue
set in step with advancing nucleic acid chemistry and biology. A key step in parameterizing new
residues is charge derivation which is self-consistent with the existing residues. As atomic charges are
derived by fitting against molecular electrostatic potentials, appropriate structural models are critical.
Benchmarking against the existing charge set used in current AMBER nucleic acid forcefields, we
report that quantum mechanical models of deoxynucleosides, even at a high level of theory, are not
optimal structures for charge derivation. Instead, structures from molecular mechanics minimization
yield charges with up to 6-fold lower RMS deviation from the published values, due to the choice of
such an approach in the derivation of the original charge set. We present a contemporary protocol
for rendering self-consistent charges as well as optimized charges for a panel of nine non-canonical
residues that will permit comparison with literature as well as studying the dynamics of novel
DNA polymers.

Keywords: nucleic acids; DNA; charge; electrostatic potential; ab initio methods; NMR spectroscopy;
molecular dynamics; forcefield; AMBER

1. Introduction

The commercial success of consumer-grade graphics processing units (GPUs) and their
adoption by major molecular dynamics (MD) packages has rendered practical many atom-
istic explicit-solvent simulations on affordable commodity computers. In the case of DNA,
the AMBER forcefield continues to enjoy widespread use more than twenty years since the
release of the second generation by Cornell et al. [1]. This popularity is attributable to sub-
sequent reparameterization of the parameter set (parm94) that captures dynamic behavior
to the ps timescale [2-5]. These changes (the latest known as OL15 [6] and parmbscl [7]
for DNA) have involved the complete parametrization of the backbone dihedral potentials
while retaining the atomic charges in parm94. This evolution contrasts with the extensive
reparameterization of the charge set for proteins post-ff94 [8]. There is consensus that,
taken together, these refinements in OL15 and parmbscl represent the accuracy limits
for classical DNA forcefields based on fixed-charge two-body interactions [2]. Efforts are
underway to overcome the limitations of classical forcefields, such as by incorporating
nuclear quantum effects in so-called ab initio MD or AIMD [9-11]. Currently, the computa-
tional demands of AIMD mostly limit its application to the detailed solvation chemistry
of low-MW systems over the fs-ps timescale [12]. Interrogation of biomolecular polymers
exhibiting ns-ps timescales dynamics, which for many purposes do not require quantum
mechanical treatment, remain very amenable to classical forcefields. One may therefore
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expect continued utility of AMBER forcefields in molecular mechanics work of DNA for
the foreseeable future.

The derivation of atomic charges is critical to correctly capture noncovalent interactions
in a classical forcefield. For the AMBER series of biomolecular forcefields, atomic charges
are fundamentally derived from fitting against a quantum mechanical (QM) model of
the electrostatic potential (ESPs) at the molecular surface [13]. For parm94, ESP-fitted
charges are computed using the 6-31G* basis set in the gas phase [1]. The 6-31G* basis
set, which is known to overestimate bond polarity, is chosen deliberately for condensed-
phase systems to balance water models (such as TIP3P and TIP4P) which are themselves
hyperpolarized over the gas-phase value for water [14]. Error compensation in water-
solute and water-water interactions is an inherent feature of fixed-charge forcefields that
lack accounting polarizability and nuclear quantum effects [9,10]. To mitigate spurious
sensitivity of ESP fitting to molecular conformation, a second model, known as restrained
electrostatic potential (RESP) [15], was devised to “restrain” polarization of buried atoms,
which are poorly determined by surface ESPs, towards a zero value during the fit. RESP
fitting is a key finishing step in the parameterization of novel solutes [16] as well as building
blocks for nucleic acids, proteins, and carbohydrates [17].

For polymeric solutes that exemplify biomolecular macromolecules such as nucleic
acids, it is critical that all the residues be parameterized on an equivalent, self-consistent
basis. Self-consistency is a specific concern when new residues are introduced and incorpo-
rated with existing residues in a mixed polymer. The original set of nucleic acid residues
in AMBER contains only the canonical set of A, C, G, and T/U. Advances in solid-state
phosphoramidite chemistry have greatly broadened the scope of nucleic acid residues,
many of which have been parameterized for the AMBER forcefield. For DNA, they include
non-canonical bases that occur naturally, such as hypoxanthine, epigenetically modified cy-
tosines (e.g., 5-methylcytosine), diaminopurine (DAP or 2-aminoadenine, 2AA), and DNA
damage products (e.g., 8-oxoguanine). In addition, many non-natural nucleobases, such as
2-aminopurine, are used as spectroscopic and chemical probes in molecular biology. Given
that mixed sequences of new and canonical residues are typical, it is clearly of interest to
parameterize novel residues to preserve self-consistency with the original canonical bases.

From a self-consistency perspective, RESP fitting is a critical step because it allows
for globally fitting multiple species, with flexibility in fixing, sharing, and restricting
charge assignments during the fit [18]. In the parm94 nucleic acids charge set, which
were RESP fitted from ESPs computed at the HF/6-31G* level, values for the backbone
(deoxyribose and phosphate) atoms are shared across the four canonical bases, with the
exception of the C1” and H1” atoms. The latter two atoms float with the variable nucleobase
atoms during the fit. In the literature, parameterization of new residues has generally
adhered to this scheme. More critical and unfortunately less uniform, however, are the
structures used to derive the ESP and RESP-fitted charges. Because atomic charges are
fitted against the surface molecular potential, ESP fitting is highly sensitive to molecular
conformation [15]. Although RESP is more robust to the statistical ill effects of buried atoms
than ESP fitting [19], conformational effects on the derived atomic charges are general
and reflect the molecular microenvironment. The need to control for conformational
effects on charge derivation has spurred several innovations, such as the R.E.D. tools by
Dupradeau, Cieplak, and coworkers [20], aimed at standardizing and automating the
charge derivation workflow.

In the original charge derivation of the canonical nucleic acids in parm94 [18], struc-
tures were derived by molecular mechanics (MM) minimization using the previous-
generation ff86 forcefield by Weiner et al. [21,22]. This choice was presumably due to
the computational demand of the time for ab initio optimization of whole nucleosides.
In contrast, contemporary charge parameterization typically begins with geometry opti-
mization of de novo models at the HF/6-31G* level which is affordable nowadays [23].
In principle, QM optimization should yield physically more accurate structures, but the
consistency of this contemporary practice with the parm94 charge set is not obvious and has
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never been clarified to our knowledge. If the QM-optimized structures do not sufficiently
capture the peculiarity of the MM models (however flawed the latter may be relative to
the former), the self-consistency of the forcefield with respect to a mixed polymer could
be compromised.

How could this be tested? A major stated design principle of the AMBER forcefield
is transferability. Adhering to this principle, factors that impact the parameterization of a
new residue should similarly impact the canonical residues, whose RESP-fitted charges
are known, i.e., parm94. An unambiguous approach to testing the self-consistency of a
parameterization protocol with the forcefield is therefore to apply the protocol to extant
residues in parm94. If the protocol is self-consistent with the derivation of {f94, it should
naturally reproduce the atomic charges of the original bases in the forcefield. The purpose
of this work is two-fold. (1) Determine a parameterization protocol for {f94 that best
preserves self-consistency with the canonical bases in the forcefield. (2) Provide self-
consistent parameters for a panel of non-canonical nucleobases, including several that are
not yet reported. Here, we concentrate on DNA, but we expect the resultant principles and
recommendations to apply to the parameterization of RNA residues as well.

2. Materials and Methods

Chemical structure optimizations. Initial atomic models were obtained from the {86
forcefield or generated with GaussView (Version 5.0.9; Gaussian, Wallingford, CT, USA).
Coordinates were parameterized to reflect point group symmetry, planarity, or specific
conformations as described in the text. Geometry optimization and subsequent quantum
mechanical calculations were performed in internal coordinates with Gaussian 16 (Revi-
sion A.03; Gaussian). The stationarity of the optimized structures was confirmed with
a frequency calculation. MM energy minimization was performed in either AMBERS or
AMBER16 using the sander module.

Atomic charge fitting. Fitting to a QM electrostatic potential was performed on QM-
optimized or otherwise specified structures with Gaussian 16 using the Merz-Singh—
Kollman scheme (pop = MK). The ESP was computed at 4 layers (1.4, 1.6, 1.8, 2.0 x the
van der Waals radius) and a nominal density of 1 point/A? [13]. RESP fitting was
performed per the reported two-step multi-molecular procedure [18] as described in
Supplemental Methods.

NMR spectroscopy. Hairpin-forming oligodeoxynucleotides were synthesized by Inte-
grated DNA Technologies (Coralville, IA, USA) by standard phosphoramidite synthesis.
The DNA was adjusted to 0.5 M NaCl to dissociate ionic contaminants and purified by
size-exclusion chromatography on a 5 x 5 mL HiTrap Desalting column on an AKTA
instrument (Cytiva, Marlborough, MA, USA.) The desalted DNA was lyophilized and
dissolved in 20 mM NaH;PO4/Nay;HPOy containing 50 mM NaCl and 0.5 mM EDTA. D,O
was added to 10% and the pH was adjusted to 6.40. NMR experiments were performed on
a Bruker Avance I 500 spectrometer equipped with a TBI 'H{!3C, X} z gradient probe. For
monitoring imino proton resonances, a 1-1 jump and return sequence was used to record
spectra from 288 K to 308 K. Phase-sensitive 1-1 jump and return NOESYs were collected at
288 K with 2048 x 800 data points in the two dimensions and 72 scans per t; increment
using a 150 ms mixing time and a 1.0 s relaxation delay. Two-dimensional (2D) spectra
were strip transformed and processed using a 4K x 2K matrix. Both dimensions were
apodized with shifted sin(7t/2) bell functions. Proton chemical shifts were referenced to
internal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).

Molecular dynamics simulations. The conformations of an 18-nucleotide (nt) DNA
hairpin designed to probe the effect of an internally positioned residue were sampled
using the GROMACS 2022 package. The parmbscl update [7] of the ff94 forcefield was
used. Following topology generation, each system was set up in dodecahedral boxes
1.0 nm wider than the longest dimension of the solute, solvated with TIP3P water, and
neutralized with Na* and CI~ to 0.05 M. Electrostatic interactions were handled by the P3M
method [24] with a 1 nm distance cutoff. A timestep of 2 fs was used and bonds including
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hydrogens were constrained using LINCS. After the structures were energy-minimized,
the NVT ensemble was equilibrated at 298 K (modified Berendsen thermostat) [25] for 1 ns
to thermalize the system, followed by another 1 ns of equilibration of the NPT ensemble at
1 bar (stochastic cell rescaling) [26] and 298 K. The NPT ensemble was simulated at 298 K
without restraints for 200 ns.

Computational analysis. Furanose ring puckering was computed according to the
Cremer—Pople scheme [27] from ordered atomic coordinates (O4’— C1'— C2'— C3'—
C4’) as described by Chan et al. [28]. For NMR chemical shift calculations, averaged
structures were first optimized by energy minimization against parmbscl in TIP3P water
with a nominal complement of 0.05 M Na* and Cl~ ions. Single-point calculations were
performed using the GIAO method at the B3LYP/6-31G* level in implicit CPCM water. A
calculation on the DSS anion, optimized at B3LYP/6-31 + G*, was performed to reference
the computed isotropic shielding tensors.

3. Results and Discussion

MM-minimized structures are superior to QM-optimized models for ff94 charge parameteri-
zation. To determine whether QM-optimized models represented good structures for ff94
parameterization, we optimized the four canonical deoxynucleosides (DAN, DGN, DCN,
and DTN) at HF/6-31G*. Optimizations were constrained only to enforce planarity of the
purine or pyrimidine rings and a trans conformation for the 5’- and 3’-OH relative to the
connected heavy atoms, the latter as indicated in the derivation of ff94 [18]. The resultant
structures differed from the reported MM-optimized geometry [18], which was provided in
summary form in terms of the sugar pucker, the backbone dihedral y (O5’-C5’-C4’-C3’), and
the N-glycosidic dihedral x (O4’-C1-N9-C4 for purines, O4’-C1’-N1-C2 for pyrimidines),
by ~10% (Table 1).

For comparison, we optimized a parallel set of structures at the same level of the-
ory and basis set with additional constraints imposed to match the reported geometry.
We note that these geometric parameters do not specify an explicit structure due to the
specification of sugar puckers as amplitude g and phase W according to the convention
of Cremer and Pople [27]. Since the Cremer—Pople convention takes directly as input
ordered atomic coordinates (04’ — C1'— C2'— C3’— C4’), the pucker parameters cannot
be constrained directly in terms of functions of internal coordinates during optimization.
By scanning the endocyclic dihedrals, we determined representative geometries matching
the reported phases and amplitudes to within W < 0.01 A (<3% deviation) in phase and
g < 1° (<0.7%) in amplitude. These ring dihedrals were then additionally constrained dur-
ing optimization to yield a set of structures in much better agreement (~1% deviation) with
the reference geometries.

To assess the impact of these discrepancies on the final atomic charges, we followed the
originally described two-step multi-molecular RESP procedure (see Supplemental Meth-
ods) [18]. As our immediate objective is to determine how well the structures reproduce the
parm94 charges, we did not fix any of the charges, only equivalencing rotatable hydrogen
atoms and imposing targeted constraints in combining nucleosides and the phosphate ana-
log (dimethylphosphate) as specified by Cieplak et al. [18]. The imposition of puckering and
N-glycosidic geometries reported in Cieplak et al., as could be practically executed, yielded
final RESP charge parameters in better agreement with parm94 values, albeit less than
expected from the improved agreement in geometry (Table S1, Supplementary Materials).
To test if agreement might be further improved with more polished structures, we fitted
nucleosides optimized at the MP2/6-31G* level (Table S1). The MP2 models did not im-
prove on the agreement with the parm94 charges over the HF/6-31G* models. For structure
preparation in parm94 charge derivation, Hartree-Fock appeared to be near or at the limit
of usefulness achievable by ab initio approaches.
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Table 1. QM- and MM-optimized geometries of canonical DNA nucleosides. Reference values are
quoted exactly as reported by Cieplak et al. [18]. Parametric values from QM (HF/6-31G*) and
MM optimizations (against the ff86 forcefield) are given to one additional significant figure, with
% deviation from the reference values in parenthesis. In all cases, H5" and H3" are fixed in trans
with the bonded heavy atoms [18]. The constrained QM optimizations imposed additional dihedral
constraints to satisfy the reference values in the initial structure. The corresponding geometry of
1-NHj;-deoxyribose is provided to assess the impact of the base in the nucleosides.

q, A W, ° Y, ° X °
DAN
Reference 0.38 151.9 58.5 210.0
oM 0.337 (—11.3%) 163.62 (7.7%) 51.87 (—11.3%) 227.63 (8.4%)
QM constrained 0.379 (—0.3%) 152.56 (0.4%) 58.50 210.00
MM 0.380 151.84 (—0.04%) 60.40 (3.2%) 206.69 (—1.6%)
DGN
Reference 0.38 151.4 58.5 209.9
oM 0.338 (—11.0%) 164.37 (8.6%) 50.91 (—13.0%) 231.60 (10.3%)
QM constrained 0.376 (—1.1%) 152.01 (0.4%) 58.50 209.90
MM 0.378 (—0.5%) 151.23 (—0.1%) 59.56 (1.8%) 208.74 (—0.5%)
DCN
Reference 0.38 149.2 58.9 209.7
oM 0.337 (—11.3%) 159.50 (6.9%) 54.40 (—7.6%) 205.82 (—1.9%)
QM constrained 0.379 (—0.3%) 149.74 (0.4%) 58.90 209.70
MM 0.383 (0.8%) 149.46 (0.2%) 60.85 (4.0%) 210.27 (0.2%)
DTN
Reference 0.38 149.1 58.4 215.7
QoM 0.345 (—9.2%) 159.73 (7.1%) 52.23 (—10.6%) 226.54 (5.0%)
QM constrained 0.383 (0.8%) 149.59 (0.3%) 58.40 215.70
MM 0.382 (0.5%) 149.62 (0.3%) 60.49 (3.6%) 215.43 (—0.1%)
1-NH,-deoxyribose 0.332 163.03 51.54

QM)

The results with HF/6-31G*-optimized structures as inputs for charge fitting prompted
us to ask whether QM-based structures were necessarily better models for charge fit-
ting over the MM-minimized structures (generated by the previous-generation {86 force-
field) [18] used in the derivation of ff94. As the legacy AMBER4 program used to energy-
minimize the structures for ff94 is no longer maintained in official AMBER repositories, we
used AMBERS (courtesy of Dr. Hector Baldoni, Universidad Nacional de San Luis) as the
closest substitute. As inputs, we constructed deoxynucleosides based on the parameter set
of ff86 (parm86). The resultant models were quite different in conformation and charge
distribution from the specifications in Cieplak et al. [18]. Nevertheless, following energy
minimization in the ff86 forcefield, the output structures were significantly closer in con-
formation than the HF/6-31G*-optimized models to the target geometries, even without
the use of strong restraints to enforce agreement (Table S1). Subsequent charge fitting
by ESP followed by multi-molecular RESP yielded atomic charges that agree better with
parm94 by a factor of 3 (deoxythymidine) to over 6 (deoxycytidine) in RMSD over charges
derived from HF/6-31G*-optimized structures (Figure 1A). The goodness-of-fit metrics
were indistinguishable in all cases (Table S1), indicating that the differences in the charges
did not originate with RESP fitting but were pre-existing in the structures.
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Figure 1. Comparison of geometry optimization schemes for ff94 charge parameterization.
(A) Agreement with the parm94 charge set by RESP-fitted charges derived from structures opti-
mized by ab initio (HF/6-31G* and MP2/6-31G*) and MM methods as described in the text. Y/N in
the abscissa refers to whether the optimization was constrained (QM) or restrained (MM). Parametric
values are provided in Table S1, Supplementary Materials. (B) Each pair of QM-optimized (magenta
carbon) and MM-minimized (green carbon) structures were aligned by the five deoxyribose heavy
ring atoms (C1” to C4” and O4’). The QM models were optimized with constraints targeted at the
geometry specified for ff94 charge derivation. The MM minimization against the ff86 forcefield closely
approached the geometric targets even without any strong restraints. See Table 1 for numerical values.

To better understand the structural basis of the differences, we examined the optimized
structures by HF/6-31G* and energy minimization in ff86. For each nucleoside, we aligned
the pair of structures by the five atoms of the deoxyribose ring (C1’ to C4” as well as O4’)
(Figure 1B). In all cases, the RMSD values for these endocyclic atoms were below 0.01 A.
Since ff86-minimization closely achieved the Cremer-Pople pucker values specified by
Cieplak et al. (Table 1) [18], the slight deviations in the pucker of the constrained QM
structures were not the main contributor to the discrepancy in RESP-fitted charges. Thus,
the overall geometries used in ff94 derivation appeared to fundamentally deviate from
those predicted quanta mechanically. Since ESP fitting is known to be highly sensitive to
conformation [15], one expects structural differences to be amplified and passed on to RESP,
which uses the ESP results directly. As a result, the selection of MM-minimized models as
structures for QM-based charge parameterization in the original derivation of {94 would
be a consequential choice, with implications for the parameterization of new residues for
use with this forcefield. The adage: “All models are wrong, but some are useful,” famously
attributed to the statistician George E.P. Box, appears to apply to this situation.

A contemporary protocol for consistently parameterized DNA residues for ff94. The better
suitability of the AMBER-minimized models as input structures for QM-based charge
fitting raises two potential challenges if they were to serve an accessible workflow for
the community. The first is the general lack of availability of legacy versions of the AM-
BER software from the time that ff94 was developed. To overcome this, we verified
that AMBER16 reproduced AMBER5 outputs to 1072 or better when minimization is
carried out in a flat dielectric corresponding to the gas phase (unit dielectric) (Table S2,
Supplementary Materials).

The second challenge with generating appropriate MM-minimized models for {f94 con-
cerns the input structures. Nucleoside structures are constructed in ff86 by a fragment-based
approach that conjoins separately prepared bases and deoxyribose. The atomic charges
were computed by ESP fitting from experimental structures of N9-methylpurine/N1-
methylpyrimidine base and 1’-aminodeoxyribose analogs [13]. Sourcing appropriate ex-
perimental structures of such analogs would likely be generally problematic for novel
entities. To overcome this, we asked whether the structures of the analogs could be
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1) Optimize methyl-base analogs at
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adequately furnished by QM optimization of ab initio models. We therefore generated
structures of various compounds in silico and compared their ESP-fitted atomic charges
with reported values [13] computed from experimental structures. Charges in simple test
compounds (water, formaldehyde, dimethyl ether, and methanol) were all well matched
up to HF/6-31G* when the in silico structures were optimized at mp2/aug-cc-pVTZ
(Table S3, Supplementary Materials). For nucleobases analogs (N9-methyladenine, N9-
methylguanine, N1-methylcytosine, N1-methyladenine, and N1-methyluracil) and 1’-
aminodeoxyribose, structures optimized at HF/6-311G++(3df,2p) level gave ESP-fitted
charges at the HF/STO-3G level (which was used in deriving ff86) with comparable RMSDs
(Table 54, Supplementary Materials). More computationally costly structures at a higher
level of theory or larger basis set did not furnish significantly better matched charges.
We therefore conclude that base fragments polished at the HF/6-311G++(3df,2p) level
represented sufficiently accurate models for constructing nucleosides for the {86 force-
field [21,22].

To summarize, our protocol for parameterizing new residues that retain maximum
self-consistency with the AMBER charge set from parm94 up to the most current (parmbscl
and OL15) is as follows (Figure 2A). Perform HF optimization of the methyl base analog
at as large a basis set as practical, e.g., HF/6-31G++(3df,p), followed by ESP fitting at
HEF/STO-3G. Based on these ESP charges, generate an ff86-compatible structure using
charges from parm86 for the deoxyribose. A detailed description of this procedure is
provided in Supplemental Methods. Energy-minimize this structure in a flat gas-phase
dielectric while applying restraints on H5 and H3’ to remain in trans with bonded heavy
atoms. Continue with ESP and RESP as usual [18]. We note that the steps prior to ESP
are straightforward and computationally inexpensive relative to ab initio optimization of
whole nucleosides at comparable levels of theory and size of basis set.

B
O NH,
HF/6-31g++(3df,p) or better NH HC o~y
2) ESP fitting at HF/STO-3G | | A
N™ ~0O H N™ ~0O
- ol i
‘ deoxyuridine Abasic nucleotide 5-methyl-deoxycytidine
(DU) (DABA) (D5MC)
2) Energy minimize against ff86 o NH,
N N x> N X
NH N N
4 a4
<NJI\)N: </NIN\/)\NH <N:6N\/)\NH
ESP fitting @ HF/6-31G* ~d, ol 2 wl 2
deoxyinosine 2-amino-deoxyribosylpurine 2,6-diamino-deoxyribosylpuriine
(DI) (D2AP) (DDAP)
RESP fitting [0} NH, (e}
(fix deoxyribose except C1'/H1" and N HsC
phosphate to parm94) 2 | |N ¢ 77 NH | |N
BN S N
N™ >N “NH, NT SN0 N™ "NH;
~L. H ~L, el
. 7-deaza-deoxyguanosine iso-deoxyguanosine 5-methyl-iso-deoxycytidine
Assign charges and atom types (D7AG) (DIDG) (D5MiC)

Figure 2. Self-consistent parameterization of DNA residues for ff94 and derived (parmbscl, and
OL15) AMBER forcefields. (A) Workflow of the procedure. The steps in the orange box are described
in the main text. A detailed summary of generating the ff86 topology is provided in Supplemental
Methods. The remaining steps are exactly as practiced elsewhere [18]. (B) Residues derived using this
protocol. Final RESP-fitted charges are listed in Table S5 together with a comparison with previously
reported values in the literature.

The limitations of our recipe are the same as those for the ff94-based forcefields. The
parm94 charge set used only a single conformation of the deoxyribose (C2’-endo) and
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backbone torsions. For self-consistency with the canonical residues, we did not incorporate
multiple conformations in the RESP fitting [20,23]. One could of course parameterize the
canonical and new residues completely anew with multi-conformational fitting, but the
resultant charges and simulations would not be consistent with those using the authentic
parm94-derived parameter set. Finally, residues with radically novel structures may not be
adequately supported by the existing set of bond and dihedral types in the {f86 forcefield
and require additional parameterization regardless of the method of charge derivation.

Having established a protocol for setting the atomic charges of residues to maximize
consistency with the existing residues in ff94, we set out to parameterize a panel of useful
non-canonical DNA residues (Figure 2B). Since N1-methyluracil had been parameterized
for uridine for ff86 [13], this recipe immediately yielded deoxyuridine. The recipe also
yielded an abasic residue (hydrogen-capped C1’), another experimentally useful construct,
by using CHy4 as a methyl analog of a hydrogen atom. Other methyl analogs were drawn
from residues that have previously been parameterized as well as commercially avail-
able residues: inosine, 2-aminopurine (2AP), 2,6-diaminopurine (DAP), 5-methylcytosine
(5-MC), iso-guanine (iso-dG), and 5-methyl-iso-cytosine (5-methyl-iso-dC). All N-methyl-
base analogs were optimized at the HF/6-311++g(3df,2p) level and conjoined with 1-
aminodeoxyribose exactly as described for ff86 [22] (see Supplemental Methods). Roughly,
the excess partial charges incurred from removing the methyl and amino substituents
from the base and deoxyribose were absorbed into N1/N9 and C1” atoms. All nucleosides
generated were associated with the same set of charges for the sugar atoms for energy
minimization. Following ESP fitting at the HF/STO-3G level, the new residues were RESP
fitted globally with the four canonical DNA residues with the charges of the phosphate
and deoxyribose (except for C1’and H1’) fixed to parm94 values. The chemical modifica-
tions in the presented non-canonical bases were assigned by analog using existing bond
and dihedral types. The full set of RESP-fitted charges of the nine non-canonical bases,
parameterized for parmbscl are given in Table S5, Supplementary Materials, with literature
values [29-34] where available. Parenthetically, an inspection of Table S5 shows the RMS
deviations between our charges and those from the literature to be on the same order of
magnitude, and in the same direction, as the differences between charges derived from
QM-based models for the canonical residues in parm94 (c.f., Figure 1A).

Is global fitting essential for parameterizing new residues? In principle, self-consistency is
most retained if all residues are fitted simultaneously. The RESP implementation in AMBER
provides this, and we fitted all nine non-canonical residues together with the four canonical
residues. To render new residues transparent to the canonical bases, we fixed (as others
have carried out) the deoxyribose and phosphate charges to the parm94 values. In global
fitting, the optimization of each parameter set is not independent but subject to influence by
the full data set. To evaluate the sensitivity of RESP-fitted charges to the statistics of global
fitting, we compared the RESP charges of non-canonical residues that were fitted globally
with charges derived from fitting the same residues individually with the canonical ff94
bases. Using inosine, 2-AP, and 5-MC as examples, we found negligible differences, no more
than 10~ in RMSD between the two approaches (Table S6, Supplementary Materials). This
robustness appeared to reflect the greatly reduced number of statistical degrees of freedom
when the phosphate and most of the deoxyribose charges were fixed to the parm94 values.
The practical implication is that future residues could be conveniently added on their own,
even one at a time, suggesting a good degree of “future-proofing” in the procedure.

Demonstration of newly incorporated DNA residues. The chemical shifts of imino protons
are sensitive probes of nucleic acid conformation in solution. Chemical shifts depend on the
nature of the nucleobase, the exchange behavior with bulk water for rapidly exchanging
(broad) residues, and the local environment. We therefore tested several of the newly
parameterized residues in Figure 2B by characterizing their experimental and computed
chemical shift in a mixed-sequence duplex DNA construct. We designed a DNA hairpin
in which a probe base X was part of an internal sequence 5-d(CGXAA)-3" (Figure 3A).
To maximize the duplex structure of the cassette, the stack was flanked by a standard
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Figure 3. Comparison of experimental 'H chemical shifts with predictions using simulated mod-
els of DNA duplexes harboring non-canonical residues. (A) Hairpin cassette designed for this
study. The entire hairpin was simulated as an unrestrained NPT ensemble, and an internal 5 bp
stack, rendered in opaque colors, was used for chemical shift calculations. The central probe residue
position in the duplex is indicated with magenta carbon. (B) Experimental imino H spectra of
three test sequences, referenced against DSS and optimally resolved at 288 K. Peaks were assigned by
TH-TH NOESY experiments (not shown). (C) Calculated chemical shifts for test sequences, referenced
against the averaged computed methyl 'H of an optimized DSS structure. Colors follow the spectra
in Panel B. Points represent the means =+ standard deviation of the triplicate averaged structures.
(D) Ilustrative averaged conformation of the 2AP:T base pair. Watson—Crick bonds are shown with

units in nm.

Experimental 'H chemical shifts were measured by NMR spectroscopy in NaH,PO,/
Nap;HPOy, buffer (20 mM, pH 6.4) containing 10% D,O and 50 mM NaCl (Figure 3B). For
MD simulations, the unrestrained NPT ensemble was sampled in explicit TIP3P water
with nominally 50 mM Na*/Cl~ counterions at 298 K (see Supplementary Materials).
Supported by the strongly convergent trajectory (over 200 ns) based on the RMSD of atomic
coordinates, we generated averaged structures of the 5 bp stack from non-overlapping 50 ns
segments of trajectory (Figure S1, Supplementary Materials). Given the substantial atom
count of the stack, we optimized the averaged structures by energy minimization against
parmbscl with a complement of TIP3P water and Na*/Cl~ ions at the same nominal
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concentration as in the NMR samples. For each minimized structure, chemical shifts were
computed at the B3LYP/6-31G* level in implicit water. Following this procedure, we
compared the imino proton chemical shifts for the inner three positions of the stack, i.e,,
d(GXA), with the experimental values. Chemical shifts for distal base pairs of the stack,
which were fully exposed to solvent in the calculations, were expected to diverge strongly
from the experimental values.

For the canonical-only control, the imino protons of the inner triplet from the sim-
ulation (Figure 3C) showed the same rank order as the experimental chemical shifts. A
lack of quantitative agreement with the experimental values might be expected given the
structure minimization (which was needed but also perturbative), forgoing the compu-
tational demands of larger basis sets, and limitations in capturing hydration effects with
implicit water [35]. To test the consistency of the results, we examined a hairpin in which
the probe dG was paired with 5-methyl-dC. The experimental imino 'H chemical shifts
varied at all positions by +0.03 ppm or less between the reference and methyl-substituted
hairpin. We were encouraged to find that the computed imino proton shifts of the inner
triplet overlapped closely within their standard deviations between the two simulated
hairpins. This was not a trivial result, as a comparison of DSMC (Table 55) shows charge
redistribution relative to DC (Table 54) over multiple atoms.

We next tested d(2AP) paired with dT, whose imino peak (contributed by T) was
significantly downshifted, by 0.8 ppm, relative to the other two base pairs probes. We
found that the computed probe chemical shift was also downshifted, inverting its position
with position 3 as observed experimentally. While imino proton shifts from T are generally
downfield from G counterparts, the order of the computed chemical shifts for the mixed
purine / pyrimidine 5-d(G-2AP-A)-3' triplet remained in agreement with the experimental
one, lending further credence to the physical relevance of the simulated DNA models
harboring novel residues. Examination of the trajectory showed that the 2AP paired with
the T via expected Watson—Crick interactions (Figure 3D). Similar to active efforts for
RINA [36,37], the semi-quantitative agreement with experimental chemical shifts suggests
that ns-timescale simulations represent reasonable starting points for chemical shift predic-
tion in the case of duplex DNA structures. Currently, classical forcefields admit a tradeoff
in neglecting nuclear quantum effects [9,11] in their treatment of H-bonding. One may
envision that, as the computational burden of AIMD becomes more tractable for macro-
molecules, prediction of the conformational and hydration contributions to expenimental
spectroscopic observables would be further improved.

4. Conclusions

Benchmarked against the parm94 charge set of canonical DNA residues, RESP-fitted
charges derived from QM-optimized models exhibit RMS deviation on the order of 10%,
while those from MM-minimized (ff86-based) structures deviate no more than 1%. The
higher self-consistency in MM-minimized structures over QM models for charge derivation
of DNA residues for current AMBER nucleic acids forcefields thus motivates the use of
MM-minimized structures for the parameterization of new residues. To bridge the gaps
left by the approach [18] and legacy software used in the development of the parm94
DNA charge set, which is used also in the most current updates (parmbscl and OL15), we
have devised a workflow for generating appropriate structural models from 86 using
contemporary computational methodologies. We presented a panel of nine non-canonical
residues, some of which have been previously derived using ab initio structural models.
While we do not suggest that RESP-fitted charges of residues derived from QM-optimized
structures are invalid for their intended purposes, they are demonstrably less self-consistent
with the charge set of the original canonical residues and can be readily improved through
a well-defined change in structure preparation (Figure 2A). As high-level optimization of
whole nucleosides, particularly of large and complex bases (e.g., dye-comugation or heavy
metal substitution), remains computationally demanding, we suggest that the proposed
protocol is compelling in providing higher-quality charges at reduced computational effort.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/1ife12050666/s1, Supplemental Methods. Table S1. RESP-fitted atomic charges of QM-
and MM-optimized canonical DNA nucleosides. Table S2. Reproducibility of legacy minimization
results by contemporary versions of AMBER. Table S3. Comparison of fits to charge models between
experimental and optimized ab initio structures. Table S4. QM-optimized structures of nucleobase
fragment analogs reproduce ff86 atomic charges. Table S5. Final RESP-fitted atomic charges and
comparison with literature. Table S6. Perturbation of global fitting on RESP-fitted charges. Figure S1.
Equilibration of the DNA hairpin in unrestrained MD simulations.

Author Contributions: Conceptualization, G.M.K.P; data curation, A.LS., A.VA. KH., M\W.G. and
G.M.K.P; formal analysis, A.V.A., KH., M\W.G. and G.M.K.P;; funding acquisition, M.W.G. and
G.M.K.P; investigation, A.L.S.,, M.W.G. and G.M.K.P,; methodology, K.H., M.\W.G. and GM.K.P;
project administration, A.L.S., G.M.K.P,; resources, G.M.K.P., Markus Germann; supervision, GM.K.P;
validation, A.L.S., GM.K.P; visualization, G.M.K.P,; writing—original draft, A.L.S., GM.K.P,; writing
—review and editing, A.L.S.,, M.W.G. and G.M.K.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This is work is supported by NSF grant MCB 2028902 to M.W.G. and G.M.K.P,, and NIH
grants HL155178 and GM137160 to G.M.K.P.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding authors.

Acknowledgments: We are grateful to Hector Baldoni for sharing a copy of AMBERS5, as well as cited
colleagues who generously shared their charge sets. We also thank W. David Wilson, Samer Gozem,
and Ivaylo Ivanov for insightful suggestions. This work is dedicated to Thomas Bloom (University
of Toronto).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

Cornell, W.D,; Cieplak, P,; Bayly, C.I; Gould, L.R.; Merz, K.M.; Ferguson, D.M.; Spellmeyer, D.C.; Fox, T.; Caldwell, ].W.; Kollman,
P.A. A Second Generation Force Field for the Simulation of Proteins, Nucleic Acids, and Organic Molecules. J. Am. Chem. Soc.
1995, 117, 5179-5197. [CrossRef]

Galindo-Murillo, R.; Robertson, J.C.; Zgarbova, M.; Sponer, J.; Otyepka, M.; Jurecka, P.; Cheatham, T.E., 3rd. Assessing the
Current State of Amber Force Field Modifications for DNA. J. Chem. Theory Comput. 2016, 12, 4114-4127. [CrossRef] [PubMed]
Dans, P.D.; Danilane, L.; Ivani, I.; Drsata, T.; Lankas, F.; Hospital, A.; Walther, J.; Pujagut, R.I; Battistini, F.; Gelpi, ].L.; et al.
Long-timescale dynamics of the Drew-Dickerson dodecamer. Nucleic. Acids Res. 2016, 44, 4052-4066. [CrossRef]

Dans, P.D,; Ivani, I.; Hospital, A.; Portella, G.; Gonzalez, C.; Orozco, M. How accurate are accurate force-fields for B-DNA? Nuclei.
Acids Res. 2017, 45, 4217-4230. [CrossRef]

Perez, A.; Luque, EJ.; Orozco, M. Dynamics of B-DNA on the microsecond time scale. ]. Am. Chem. Soc. 2007, 129, 14739-14745.
[CrossRef] [PubMed]

Zgarbova, M.; Otyepka, M.; Sponer, J.; Mladek, A ; Banas, P.; Cheatham, T.E., 3rd; Jurecka, P. Refinement of the Cornell. Nucleic
Acids Force Field Based on Reference Quantum Chemical Calculations of Glycosidic Torsion Profiles. J. Chem. Theory Comput.
2011, 7, 2886—2902. [CrossRef] [PubMed]

Ivani, I; Dans, PD.; Noy, A.; Perez, A.; Faustino, I.; Hospital, A.; Walther, J.; Andrio, P; Goni, R; Balaceanu, A.; et al. Parmbscl: A
refined force field for DNA simulations. Nat. Methods 2016, 13, 55-58. [CrossRef]

Duan, Y.; Wu, C.; Chowdhury, S.; Lee, M.C.; Xiong, G.; Zhang, W.; Yang, R; Cieplak, P,; Luo, R.; Lee, T.; et al. A point-charge force
field for molecular mechanics simulations of proteins based on condensed-phase quantum mechanical calculations. J. Comput.
Chem. 2003, 24, 1999-2012. [CrossRef]

Ceriotti, M.; Cuny, J.; Parrinello, M.; Manolopoulos, D.E. Nuclear quantum effects and hydrogen bond fluctuations in water. Proc.
Natl. Acad. Sci. USA 2013, 110, 15591-15596. [CrossRef]

Cassone, G.; Kruse, H.; Sponer, J. Interactions between cyclic nucleotides and common cations: An ab initio molecular dynamics
study. Phys. Chem. Chem. Phys. 2019, 21, 8121-8132. [CrossRef]

Cassone, G. Nuclear Quantum Effects Largely Influence Molecular Dissociation and Proton Transfer in Liquid Water under an
Electric Field. J. Phys. Chem. Lett. 2020, 11, 8983-8988. [CrossRef] [PubMed]

Markland, T.E.; Ceriotti, M. Nuclear quantum effects enter the mainstream. Nat. Rev. Chem. 2018, 2, 109. [CrossRef]

Singh, U.C.; Kollman, P.A. An approach to computing electrostatic charges for molecules. |. Comput. Chem. 1984, 5,
129-145. [CrossRef]


https://www.mdpi.com/article/10.3390/life12050666/s1
https://www.mdpi.com/article/10.3390/life12050666/s1
http://doi.org/10.1021/ja00124a002
http://doi.org/10.1021/acs.jctc.6b00186
http://www.ncbi.nlm.nih.gov/pubmed/27300587
http://doi.org/10.1093/nar/gkw264
http://doi.org/10.1093/nar/gkw1355
http://doi.org/10.1021/ja0753546
http://www.ncbi.nlm.nih.gov/pubmed/17985896
http://doi.org/10.1021/ct200162x
http://www.ncbi.nlm.nih.gov/pubmed/21921995
http://doi.org/10.1038/nmeth.3658
http://doi.org/10.1002/jcc.10349
http://doi.org/10.1073/pnas.1308560110
http://doi.org/10.1039/C8CP07492E
http://doi.org/10.1021/acs.jpclett.0c02581
http://www.ncbi.nlm.nih.gov/pubmed/33035059
http://doi.org/10.1038/s41570-017-0109
http://doi.org/10.1002/jcc.540050204

Life 2022, 12, 666 12 of 12

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kuyper, L.E; Hunter, RN.; Ashton, D. Free energy calculations on the relative solvation free energies of benzene, anisole,
and 1,2,3-trimethoxybenzene: Theoretical and experimental analysis of aromatic methoxy solvation. J. Phys. Chem. 1991, 95,
6661-6666. [CrossRef]

Bayly, C.I; Cieplak, P; Cornell, W.; Kollman, P.A. A well-behaved electrostatic potential based method using charge restraints for
deriving atomic charges: The RESP model. J. Phys. Chem. 1993, 97, 10269-10280. [CrossRef]

Wang, J.; Cieplak, P.; Kollman, P.A. How well does a restrained electrostatic potential (RESP) model perform in calculating
conformational energies of organic and biological molecules? J. Comput. Chem. 2000, 21, 1049-1074. [CrossRef]

Woods, R.J.; Chappelle, R. Restrained electrostatic potential atomic partial charges for condensed-phase simulations of carbohy-
drates. J. Mol. Struct. 2000, 527, 149-156. [CrossRef]

Cieplak, P.; Cornell, W.D.; Bayly, C.; Kollman, P.A. Application of the multimolecule and multiconformational RESP methodology
to biopolymers: Charge derivation for DNA, RNA, and proteins. . Comput. Chem. 1995, 16, 1357-1377. [CrossRef]

Cornell, W.D,; Cieplak, P; Bayly, C.I.; Kollman, P.A. Application of RESP charges to calculate conformational energies, hydrogen
bond energies, and free energies of solvation. J. Am. Chem. Soc. 1993, 115, 9620-9631. [CrossRef]

Dupradeau, EY.; Pigache, A.; Zaffran, T.; Savineau, C.; Lelong, R.; Grivel, N.; Lelong, D.; Rosanski, W.; Cieplak, P. The R.E.D.
tools: Advances in RESP and ESP charge derivation and force field library building. Phys. Chem. Chem. Phys. 2010, 12,
7821-7839. [CrossRef]

Weiner, S.J.; Kollman, P.A.; Case, D.A.; Singh, U.C.; Ghio, C.; Alagona, G.; Profeta, S.; Weiner, P. A new force field for molecular
mechanical simulation of nucleic acids and proteins. J. Am. Chem. Soc. 1984, 106, 765-784. [CrossRef]

Weiner, S.J.; Kollman, P.A.; Nguyen, D.T.; Case, D.A. An all atom force field for simulations of proteins and nucleic acids. .
Comput. Chem. 1986, 7, 230-252. [CrossRef] [PubMed]

Aduri, R; Psciuk, B.T.; Saro, P; Taniga, H.; Schlegel, H.B.; SantaLucia, J. AMBER Force Field Parameters for the Naturally
Occurring Modified Nucleosides in RNA. J. Chem. Theory Comput. 2007, 3, 1464-1475. [CrossRef] [PubMed]

Ballenegger, V.; Cerda, ].J.; Holm, C. How to Convert SPME to P3M: Influence Functions and Error Estimates. J. Chem. Theory
Comput. 2012, 8, 936-947. [CrossRef]

Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 126, 014101. [CrossRef]
Bernetti, M.; Bussi, G. Pressure control using stochastic cell rescaling. . Chem. Phys. 2020, 153, 114107. [CrossRef]

Cremer, D.; Pople, ].A. General definition of ring puckering coordinates. J. Am. Chem. Soc. 1975, 97, 1354-1358. [CrossRef]
Chan, L.; Hutchison, G.R.; Morris, G.M. Understanding Ring Puckering in Small Molecules and Cyclic Peptides. J. Chem. Inf.
Model. 2021, 61, 743-755. [CrossRef]

Carvalho, A.T.P; Gouveia, L.; Kanna, C.R.; Warmlander, S.K.T.S,; Platts, J.A.; Kamerlin, S.C.L. Understanding the structural and
dynamic consequences of DNA epigenetic modifications: Computational insights into cytosine methylation and hydroxymethy-
lation. Epigenetics 2014, 9, 1604-1612. [CrossRef]

Bachmann, J.; Schonrath, I.; Muller, J.; Doltsinis, N.L. Dynamic Structure and Stability of DNA Duplexes Bearing a Dinuclear
Hg(IT)-Mediated Base Pair. Molecules 2020, 25, 4942. [CrossRef]

Schneider, M.; Trummer, C.; Stengl, A.; Zhang, P.; Szwagierczak, A.; Cardoso, M.C.; Leonhardt, H.; Bauer, C.; Antes, I. Systematic
analysis of the binding behaviour of UHRF1 towards different methyl- and carboxylcytosine modification patterns at CpG dyads.
PLoS ONE 2020, 15, €0229144. [CrossRef] [PubMed]

Marco, E.; Negri, A.; Luque, EJ.; Gago, F. Role of stacking interactions in the binding sequence preferences of DNA bis-intercalators:
Insight from thermodynamic integration free energy simulations. Nucleic Acids Res. 2005, 33, 6214-6224. [CrossRef] [PubMed]
Remington, ].M.; McCullagh, M.; Kohler, B. Molecular Dynamics Simulations of 2-Aminopurine-Labeled Dinucleoside Monophos-
phates Reveal Multiscale Stacking Kinetics. J. Phys. Chem. B 2019, 123, 2291-2304. [CrossRef]

Lankas, F; Cheatham, T.E., 3rd; Spackovd, N.; Hobza, P.; Langowski, J.; Sponer, J. Critical effect of the N2 amino group on
structure, dynamics, and elasticity of DNA polypurine tracts. Biophys. J. 2002, 82, 2592-2609. [CrossRef]

Victora, A.; Moller, HM.; Exner, T.E. Accurate ab initio prediction of NMR chemical shifts of nucleic acids and nucleic
acids/protein complexes. Nucleic Acids Res. 2014, 42, e173. [CrossRef] [PubMed]

Frank, A.T,; Law, S.M.; Brooks, C.L., 3rd. A simple and fast approach for predicting (1)H and (13)C chemical shifts: Toward
chemical shift-guided simulations of RNA. J. Phys. Chem. B 2014, 118, 12168-12175. [CrossRef]

Shi, H.; Rangadurai, A.; Abou Assi, H.; Roy, R.; Case, D.A.; Herschlag, D.; Yesselman, J.D.; Al-Hashimi, H.M. Rapid and
accurate determination of atomistic RNA dynamic ensemble models using NMR and structure prediction. Nat. Commun.
2020, 11, 5531. [CrossRef]


http://doi.org/10.1021/j100170a052
http://doi.org/10.1021/j100142a004
http://doi.org/10.1002/1096-987X(200009)21:12&lt;1049::AID-JCC3&gt;3.0.CO;2-F
http://doi.org/10.1016/S0166-1280(00)00487-5
http://doi.org/10.1002/jcc.540161106
http://doi.org/10.1021/ja00074a030
http://doi.org/10.1039/c0cp00111b
http://doi.org/10.1021/ja00315a051
http://doi.org/10.1002/jcc.540070216
http://www.ncbi.nlm.nih.gov/pubmed/29160584
http://doi.org/10.1021/ct600329w
http://www.ncbi.nlm.nih.gov/pubmed/26633217
http://doi.org/10.1021/ct2001792
http://doi.org/10.1063/1.2408420
http://doi.org/10.1063/5.0020514
http://doi.org/10.1021/ja00839a011
http://doi.org/10.1021/acs.jcim.0c01144
http://doi.org/10.4161/15592294.2014.988043
http://doi.org/10.3390/molecules25214942
http://doi.org/10.1371/journal.pone.0229144
http://www.ncbi.nlm.nih.gov/pubmed/32084194
http://doi.org/10.1093/nar/gki916
http://www.ncbi.nlm.nih.gov/pubmed/16282585
http://doi.org/10.1021/acs.jpcb.8b12172
http://doi.org/10.1016/S0006-3495(02)75601-4
http://doi.org/10.1093/nar/gku1006
http://www.ncbi.nlm.nih.gov/pubmed/25404135
http://doi.org/10.1021/jp508342x
http://doi.org/10.1038/s41467-020-19371-y

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

