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Abstract 

Ribonucleic acid (RNA) plays essential roles in numerous biological processes, 
and molecular dynamics (MD) simulations have become indispensable for probing 
RNA structure and function at atomic resolution. However, current RNA force fields 
exhibit notable deficiencies in describing hydrogen bonding, ion stability, and folding 
pathways, largely because they neglect the electrostatic screening effect of aqueous 
solvent. To address these limitations, we introduce a set of polarized nucleic acid-
specific charges (PNC) derived from fragment-based quantum chemistry calculations 
and apply them to two representative RNA systems. The PNC method explicitly 
incorporates polarization effects into electrostatic interactions. For the G-quadruplex 
(GQ) system, PNC appreciably enhances structural stability, particularly by preserving 
hydrogen bonds between G-tetrads, and retains cations within the central channel across 
nearly all tested ion models. In contrast, standard AMBER force fields without 
polarization allow terminal cations to escape into bulk solvent within a few 
nanoseconds. For folding of a single-stranded RNA into a hairpin motif, none of the 
five conventional AMBER force fields yields a physically reasonable free-energy 
landscape, whereas four show clear improvement when combined with PNC. Despite 
its structural dependence—a recognized limitation—the PNC method offers excellent 
compatibility: it requires no modification to the original force-field functional form and 
incurs no additional computational cost, making it a practical and efficient tool for RNA 
simulations 
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1. Introduction 

RNA systems play a pivotal role in pathological and pharmacological research, 
including disease pathogenesis and drug target identification [1, 2]. Deciphering the 
structure–dynamics–function relationships of nucleic acids are equally critical for 
advancing life sciences and pharmaceutical R&D [3]. Accordingly, molecular dynamics 
(MD) simulations of nucleic acid systems were introduced into computational biology 
in the 1980s [4, 5]. Over decades, MD simulations have evolved from rudimentary tools 
into core techniques capable of capturing the dynamic conformations of biological 
macromolecules at atomic resolution and elucidating the mechanisms of intermolecular 
interactions [6-9]. Using this approach, researchers have systematically studied key 
topics such as RNA folding mechanisms, conformational regulatory rules, and RNA–
ligand recognition and binding [10-16]. These studies have not only revealed 
microscopic processes inaccessible to conventional experiments but also yielded 
pivotal theoretical findings that support RNA-targeted drug design and disease 
diagnostic technologies. 

Nevertheless, MD simulations suffer from inherent limitations, primarily in two 
aspects: the simulation timescale, which requires exhaustive conformational sampling, 
and the accuracy of empirical force fields. Driven by continuous advances in enhanced 
sampling methods—including replica exchange MD (REMD) [17], accelerated MD 
(aMD) [18], umbrella sampling [19], and metadynamics (MetaD) [20, 21]—and by the 
widespread use of high-performance GPUs that greatly boost computational efficiency, 
the capability of MD simulations to characterize structural rearrangements has been 
substantially expanded. The accessible timescale has extended from femtoseconds to 
milliseconds [22, 23], gradually overcoming the sampling challenges. Despite these 
advances, the development of more accurate force fields has emerged as the primary 
bottleneck restricting the predictive power of contemporary MD simulations [14, 24-
26]. 

To date, a variety of RNA force fields have been developed, such as AMBER, 
CHARMM, OPLS, GROMOS, Drude, and AMOEBA [27-35]. The complexity of RNA 
force fields stems from the intricate intramolecular interactions within RNA molecules. 
The 2'-hydroxyl (2'-OH) group on the ribose endows RNA with high structural 
flexibility, allowing interactions among nucleobases, ribose moieties, and phosphate 
groups [14]. For instance, in addition to hydrogen bonds between complementary base 
pairs, hydrogen bonds can also form between bases and ribose moieties, or between 
bases and phosphate groups. As documented previously, existing RNA force fields have 
inherent limitations in characterizing these interactions [7, 26, 36, 37]. They tend to 
underestimate hydrogen bonding between base pairs [26, 36, 38]. Meanwhile, 
inaccurate backbone dihedral parameters drive RNA hairpin structures to adopt 
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unfolded conformations [36, 38]. Additionally, these force fields often overestimate 
repulsive interactions between charged ions [7, 37, 39]. Such defects further lead to 
structural instability, inadequate conformational sampling, and distorted free-energy 
landscapes. A range of strategies have been proposed to address these issues, including 
polarizable force field approaches such as Drude oscillator models and the AMOEBA 
force field [30, 40, 41], as well as nonpolarizable schemes with revised van der Waals 
parameters, modified backbone dihedral terms, or adjusted hydrogen-bond energies [26, 
38, 42-50]. These approaches have proven effective for diverse RNA systems. 

In most force fields, identical atoms of the same residue are assigned equal partial 
charges. For instance, in the AMBER force field, the phosphorus atom in every RNA 
phosphate group carries a fixed positive charge of 1.17 e. In practice, these atoms 
possess distinct charges in different chemical environments. This renders the AMBER 
force field incapable of fully accounting for solvent electrostatic screening effects, 
leading to deficiencies in electrostatic interaction treatment—for example, 
overestimating interactions between phosphate groups and bases while underestimating 
hydrogen-bond interactions formed by bases. If this screening effect were incorporated 
into the force field, solvent-exposed phosphate groups would be solvated by water 
molecules in aqueous solution, theoretically weakening phosphate–base interactions. 
Likewise, for hydrogen bonds buried inside macromolecules and shielded from water, 
their electrostatic interactions should be strengthened when such an effect is considered. 
Based on this electrostatic screening effect, our research group established a polarized 
charge model [51-53]. This method divides biomacromolecules into individual 
fragments, derives atomic charges for each fragment separately, and then assembles 
these fragment charges to obtain the charge distribution of the full-length 
macromolecule. However, this model has not yet been applied to RNA systems. 
Considering its ability to capture background charges and solvent surface charges, this 
model can potentially characterize polarization interactions in RNA with high accuracy. 
On this basis, we extended this polarized charge model to RNA systems and validated 
its performance via MD simulations on two representative complex RNA constructs. 

The first system investigated is an RNA GQ as shown in Fig. 1. GQs are non-
canonical secondary structures formed by guanine-rich sequences harboring tandem 
guanine repeats from one or more nucleic acid strands, in the presence of suitable 
monovalent cations [54]. Within the GQ architecture (Fig. 1), four adjacent guanine 
residues constitute a planar G-tetrad through Hoogsteen hydrogen bonding; consecutive 
G-tetrads stack tightly against each other, thereby stabilizing the overall GQ scaffold. 
In addition, a central channel is formed between stacked G-tetrads, the inner wall of 
which is lined with electronegative oxygen atoms. Consequently, the accommodation 
of monovalent cations—most notably K⁺ ions—within this channel drastically 
neutralizes the electronegativity of the channel interior, further strengthening the 
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structural stability of GQs [55-57]. Potential G-quadruplex motifs have been identified 
in the genomes of both DNA and RNA viruses, and GQ-binding ligands can 
significantly reduce viral titers generated by cells infected with these viruses [58, 59]. 
Given the relatively complex structure of GQ and their status as vital therapeutic targets 
for diseases, it is highly essential to employ the recently resolved high-resolution 
structure of the NS5-B quadruplex from the West Nile virus genome to benchmark the 
PNC method and make a systematic comparison with the standard AMBER force fields. 

The second system investigated is an RNA hairpin motif (Fig. 2), which represents 
the most prevalent and fundamental secondary structural unit of single-stranded RNA 
[60, 61]. Formed by the intramolecular folding and complementary base pairing of the 
RNA strand, this hairpin architecture arises from the presence of inverted 
complementary sequences within the polynucleotide chain. During the folding process, 
intrastrand hydrogen-bonding interactions dominate over interstrand interactions; 
meanwhile, the loop region adopts an optimal length (excessively short loops introduce 
severe steric strain, whereas overly long loops confer structural instability). Under ideal 
conditions, the folded hairpin conformation corresponds to the global minimum on the 
Gibbs free energy landscape. Despite its structural simplicity, the RNA hairpin governs 
the global folding, structural stability, and biological functions of numerous non-coding 
RNAs. Accordingly, it serves as an excellent benchmark system for evaluating the 
reliability of RNA force fields [36, 42, 62]. 

We performed conventional MD simulations on the first system (RNA GQ), 
mainly to evaluate the stability of hydrogen bonds, metal ions and the overall structure. 
The simulation results demonstrate that the standard AMBER force fields fail to 
adequately describe the RNA G-quadruplex, leading to poor structural stability. Cations 
including Na⁺, K⁺ and NH₄⁺ dissociate from the interior of the GQ to the external 
environment; some force fields give rise to non-native bifurcated hydrogen bonds, 
while others even fail to preserve the native hydrogen-bonding network. In contrast, the 
force fields modified with the PNC model maintain relatively stable structures, in which 
the cations remain stably localized and the native hydrogen bonds are well preserved. 
Furthermore, we carried out folding simulations on the second system using the MetaD 
enhanced sampling technique. The results reveal that none of the five conventional 
AMBER force fields yield reasonable free energy landscapes, whereas the 
incorporation of the PNC model enables four force fields (LJbb, ROC, OL3 and Shaw) 
to reproduce relatively accurate free energy profiles. Collectively, extensive tests and 
comparisons across multiple systems validate that the PNC method is applicable to 
RNA systems and can improve the performance of the current AMBER force fields to 
a certain extent. 

Furthermore, our folding simulations of the RNA hairpin reveal that, within the 
framework of the LJbb force field, the PNC parameters derived from distinct 
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conformations of the same structure exert a substantial influence on the resulting free 
energy landscape. A notable limitation of the PNC method lies in its structural 
dependence: the PNC values calculated from different structural conformations are 
inherently non-identical. Nonetheless, the initial structures employed in standard MD 
simulations are generally equilibrated conformations that correspond to the global 
minimum on the Gibbs free energy profile, and such conformations occur with the 
highest frequency during simulations. In this context, it is reasonable to compute and 
adopt the PNC parameters based on these equilibrated structures. Meanwhile, the 
advantages of the PNC method are pronounced. This method delivers relatively fast 
computational speeds, with detailed data presented in Section 3.1 of the Results. In 
addition, it exhibits good compatibility with mainstream MD software packages. 
Compared with other polarization models, the PNC approach preserves the original 
functional form of the AMBER force field: it only requires the replacement of the native 
charge parameters without compromising the computational efficiency of AMBER 
simulations. 

 

Figure 1. Structural features of RNA GQ. (a) The system is comprised of two strands (as shown 
in purple cartoon): each strand folds into two mutually stacked G-tetrads (as shown in green sticks). 
Meanwhile, the G-tetrads originating from the two strands further stack against one another, and an 
additional triad (as shown in bule sticks) is situated at each end of the assembly to further reinforce 
the structural stability. Red spheres: K⁺; Blue-white spheres: NH₄⁺. (b) Structure with loop regions 
omitted, for clarity, featuring four G-tetrads and two triads. The core channel accommodates two K⁺ 
ions (represented by red circles, id 43 and 44) and one NH₄⁺ ion (represented by bule circles, id 46), 
with an additional two NH₄⁺ ions (id 45 and 47) located at the stem-loop junctions. 
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Figure 2. Structures utilized in MD and MetaD simulations are displayed with both cartoon and 
stick styles. (a) The structure generated by the Tleap module was used in conventional MD 
simulations. (b) Unfold state structure, this structure taken from the last snapshot from the 
conventional MD simulations as for the starting structure of MetaD simulation. (c) Folded GQs 
hairpin structure from experiment with protein data bank (PDB) id 1F7Y, and the hydrogen bond is 
given by yellow dash line. 

2. Methods 

2.1 Generation of PNC 

Accurately computing the atomic charges for large biomolecular systems via direct 
quantitative methodologies entails an extraordinarily high computational cost. A 
pragmatic and efficient alternative involves decomposing the target system into a set of 
discrete segments on a residue-by-residue basis, with this fragmentation protocol 
depicted comprehensively in supplementary information (SI) Fig. S1. Taking a RNA 
system as a paradigm, if it consists of N residues, it can be partitioned into N 
independent segments by breaking the phosphodiester linkages between the O3' and P 
atoms of adjacent nucleotide units. Notably, to cap the severed chemical bonds and 
retain the intrinsic physicochemical properties of the original structure, specialized 
capping moieties are introduced at the cleavage sites: a -PO₃CH₃ group is attached to 
the O3' atom, whereas a complementary -OCH₃ group is appended to the adjacent P 
atom at each cut position. 

The initial stage of this workflow focuses on acquiring the preliminary atomic 
charges of the system in the vacuum phase. Based on the above fragmentation criteria, 
the biomolecular system is divided into multiple segments and modified with the 
corresponding capping groups. The electronic density and electrostatic potential of each 
segmented unit are subsequently calculated using the Gaussian16 software at the 
B3LYP/6-31G* theoretical level [63]. The derived electrostatic potential data is then 
fitted through the RESP algorithm to determine the atomic charges of individual 
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segments, which are ultimately assembled to generate the complete charge distribution 
for the full biomolecular system [64]. 

Once the preliminary atomic charges of the system are obtained, the subsequent 
procedure adopts an iterative computational workflow as depicted in Fig. S2. Initially, 
the Delphi program is employed to compute the full solvent-induced surface charge 
distribution [65]. Subsequently, the electrostatic potential of each fragment is calculated 
in sequence, where the surface charges and the atomic charges of all other fragments 
serve as the background electrostatic environment. The derived potential is utilized to 
re-optimize the charge parameters of each fragment, which are further assembled to 
construct the complete atomic charge set for the entire system. This iterative routine is 
performed for 12 cycles until the fluctuations in the system’s total energy and atomic 
charges achieve convergence. 

This entire computational protocol fundamentally follows the self-consistent 
reaction field (SCRF) theory. The PNC method bears considerable resemblance to the 
RESP charge fitting strategy adopted for small molecules in the AMBER force field yet 
possesses a core difference: the explicit incorporation of background charges 
throughout the PNC charge derivation process. Additionally, the fundamental principle 
of charge parameterization in the PNC model is highly consistent with that of the 
AMBER force field, which guarantees favorable compatibility between PNC charges 
and other standard AMBER parameters, supporting the direct implementation of the 
PNC approach in the AMBER simulation platform. For MD simulations, the default 
partial charges in the conventional AMBER force field can be directly substituted with 
the PNC-derived charges, whereas all other force field parameters remain unchanged. 

In the native 8UTG system, the G-tetrad incorporates NH₄⁺. We first computed the 
PNC for this native RNA system containing the NH₄⁺. Subsequently, the NH₄⁺ was 
substituted with K⁺, and the PNC for this modified system were also recalculated. 
Notably, the PNC calculation is not required for the system in which the NH₄⁺ is 
replaced by a Na⁺, as its charge parameters are identical to those of the K⁺-substituted 
system. This is because both Na⁺ and K⁺ are treated as point charges with a single 
positive charge during the PNC parameterization process, meaning the PNC results are 
independent of the specific type of monovalent cation. For the 1F7Y system, we 
calculated PNC parameters not only for its native hairpin conformation but also for its 
other two distinct conformations. Further details are provided in Section 2.4. 

For clear identification and systematic comparison, we designate the polarized 
force field derived by replacing the partial charges in the LJbb force field with PNC as 
the LJbb-PNC force field. This naming convention is also applied to all other modified 
force fields generated in this manner, such as OL3 vs. OL3-PNC, ROC vs. ROC-PNC, 
Shaw vs. Shaw-PNC and YIL vs. YIL-PNC. 
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2.2 Description of ions in force field 

 

Figure 3. Lennard-Jones potentials between two K+ or two Na+ under different parameter models. 

In most of the traditional force fields, the interaction between molecules or ions 
consists of only two terms, namely electrostatic interaction and van der Waals 
interaction. The former is expressed in terms of Coulomb potential energy, and the latter 
in terms of Lennard-Jones potential. Van der Waals interaction involves two types of 
forces: the first is long-range attractive London dispersion force, and the second is 
short-range repulsion arising from the Pauli exclusion principle. The functional form of 
the corresponding LJ potential energy model is as follows: 

                     𝑉௅௃(ݎ) = ߝ4 [(ఙ௥)12 − (ఙ௥)6]                    

σ is the distance between two ions where the potential energy is zero, and ߝ is the 
depth of the potential well, which controls the strength of the interaction. In essence, ߝ 
measures the strength of the mutual attraction between two atoms. rm stands for the 
distance where the LJ potential energy has a minimum value, and the transformation 
between σ and rm is σ= rm /21/6. In addition to the AMBER K+ and Na+ models, we 
collected a variety of K+ and Na+ models that have been optimized to reproduce 
experimental hydration free energies or ion-oxygen distance, they are defined as JC 
[66], DK [67], IOD and HFE [68]. Because K+ and Na+ have fixed masses and charges, 
only the Lennard-Jones parameters differ between those ion sets, as shown in Fig. 3 and 
Table S1. 

2.3 Material and simulation protocol 

In this study, one system (the PDB id is 8UTG) was selected for conventional MD 
simulations, as shown in Fig. 1. This system is an intermolecular assembly composed 
of two individual strands, each folding into a GQ. The two GQ units are further stacked 
together through G-tetrad π-π stacking, with one NH₄⁺ sandwiched between them. Two 
additional K⁺ ions and NH₄⁺ are also located inside the ionic channel, respectively. 
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 MD simulation of LJbb, OL3, ROC, Shaw and YIL force fields and their 
corresponding PNC force fields were carried out using the Amber22 code and 
employing the pmemd CUDA implementation [22, 23, 69, 70]. The AMBER force field 
was loaded using the Tleap module to generate GQ parameters [71]. For NH4+, the 
corresponding Amber parameters were generated via the general AMBER force field 
(GAFF) in the Antechamber module [72], with atomic charges derived from the 
AM1-BCC charge model [73, 74]. The PNC calculation was based on the confirmed 
8UTG structure, as described in Section 2.1. Each system was immersed in a truncated 
octahedron of TIP3P water molecules [75], with the nearest distance from the solute to 
the edge of the box set to 12 Å, and AMBER K+ ions were added to neutralize the 
system or represent the ions originally present in the system. Prior to MD simulation, 
all systems were optimized with a 5000-step steepest descent algorithm followed by a 
5000-step conjugate gradient algorithm to remove undesirable contacts within the 
structure generated during the initialization step. After structural optimization, each 
system was heated from 0 to 300K over 500ps in the NVT ensemble, and then 
equilibrated in 500ps in the NPT ensemble. Finally, the systems were simulated for 
1000ns under the NPT ensemble. In MD simulation, the integral time step was set to 2 
fs, Langevin dynamics was used to maintain the temperature at 300K [76], the collision 
frequency was set to 1 ps-1, and the constant pressure was set to 1atm. Particle mesh 
Ewald (PME) method was used to handle long-range electrostatic interaction [77], and 
the cutoff value for van der Waals interactions was set to 12 Å. In addition, all bonds 
containing hydrogen atoms are constrained using the Shake algorithm [78].  

In MD simulations of biomacromolecular, the convergence behavior evaluated by 
Root-mean-square deviation (RMSD) must be taken into consideration. In practice, 
most small nucleic acid systems can readily reach dynamical convergence within 2–20 
ns [79-81]. Therefore, the 200 ns or 1000 ns MD simulation timescale adopted for each 
force field is reasonable and sufficient. Furthermore, besides the standard AMBER ion 
model, four additional K⁺ ion models (JC, DK, IOD, HFE) and three Na⁺ parameter sets 
(JC, IOD, HFE) were considered. For the 8UTG system, each force field was combined 
with one ion parameter set, and a 200 ns MD simulation was performed for each 
combination, under the corresponding PNC force field. Finally, in this work, all MD 
trajectory files generated from RNA simulation systems were post-processed and 
analyzed using the CPPTRAJ module [82]. 

Meanwhile, to verify the electrostatic‑screening effect in aqueous solution, we 
performed conventional MD simulations for the 1F7Y system (Fig. 2c) under both the 
AMBER and PNC force fields. Three distinct dielectric constants (1, 2, and 4) were 
adopted following the same simulation protocols and parameter settings described 
above, with each simulation lasting 1000 ns. 
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2.4 Well-tempered metadynamics 

The well-tempered metadynamics (MetaD) method is commonly employed to 
characterize the free energy landscape and other state functions of a system [20, 21]. 
During the simulation, the state of the system is assumed to be described by one or more 
reaction coordinates, also referred to as collective variables (CVs). By projecting the 
free energy of the system onto the dimensions corresponding to these CVs, the high-
dimensional free energy landscape can be effectively subjected to dimensionality 
reduction. Throughout the simulation, Gaussian repulsive potentials are deposited 
along these dimensions to prevent the system from revisiting the previously sampled 
states. As the Gaussian potentials accumulate continuously, the system gradually 
surmounts the free energy barriers, thereby enabling comprehensive sampling of the 
configurational space. 

The original coordinates of the unfolded RNA chain (5’-ccUUCGgg-3’) of the 
1F7Y (PDB id) system were taken from the Tleap program in Amber22 software [71, 
83]. The initial system was solvated in a solvent box and neutralized by adding AMBER 
K+ ions (Fig. 2(a)). The ParmEd tool was used to convert the AMBER 
parameter/topology and coordinate files into the GROMACS topology and coordinate 
formats [84]. All subsequent MD simulations were performed using GROMACS. 
Energy minimization was performed under the OL3 force field, followed by 50 ns of 
pre-equilibration in both NVT and NPT ensembles to stabilize the system at 300 K and 
1 atm. Subsequently, using identical coordinates and velocities (Fig. 2(b)), 10 us MetaD 
simulations were carried out with PLUMED under the LJbb, OL3, ROC, Shaw, and 
YIL force fields, as well as their corresponding polarized force fields (LJbb-PNC, OL3-
PNC, ROC-PNC, Shaw-PNC and YIL-PNC). The PNC values here were calculated 
based on the experimental hairpin structure (Fig. 2(c)), which only residues 7 to 14 (5’-
ccUUCGgg-3’) were truncated from 1F7Y following the recommendations from 
reference [36]. 

eRMSD is a metric specifically designed to quantify the similarity between three-
dimensional RNA structures [85]. It operates by measuring the distance between 
structures based exclusively on the relative positions and orientations of nucleobases. 
Conceptually, eRMSD can be regarded as a vectorial representation of contact maps. In 
MetaD simulations of DNA or RNA folding, eRMSD is recognized as a highly effective 
reaction coordinate and has been validated [36, 86], while Distance is a classical and 
widely adopted CV. It is also worth mentioning that residues 1 and 8 are located at the 
two ends of the hairpin, respectively. The CV “Distance” is defined as the distance 
between the C7@C1′ atom and the G14@C1′ atom. It essentially characterizes the 
width of the hairpin structure, and this distance measures approximately 10.40 Å in the 
experimental hairpin structure. Thus, both eRMSD and Distance were employed as two 
CVs, with the crystal structure of 1F7Y used as the reference structure for these two 
CVs (Fig. 2(c)), the specific PLUMED parameters can be found in Fig. S3. In summary, 
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we performed two-dimensional (2D) 10 us MetaD simulations under different force 
fields. 

To investigate the impact of PNC parameters acquired from distinct structural 
states on the free energy profile, we developed two customized force field variants: 
LJbb-chain-PNC, which integrates PNC parameters from the pristine RNA chain built 
by the Tleap module (Fig. 2(a)), and LJbb-npt-PNC, which adopts PNC parameters 
from the conformation equilibrated via MD simulations (Fig. 2(b)). These two 
reparameterized force fields were utilized to carry out 10 us MetaD simulations under 
identical simulation settings. To additionally corroborate the performance of the PNC 
model with diverse CVs, we performed supplementary 2D MetaD simulations with the 
original LJbb and PNC-corrected LJbb force fields, employing eRMSD and RMSD as 
the dual CVs. The relevant input parameters configured in the PLUMED code are 
presented in Fig. S4. 

While Replica Exchange Metadynamics (RE-MetaD) delivers enhanced 
performance in conformational sampling [20], its practical deployment is drastically 
restricted by demanding hardware prerequisites, especially the need for extensive high-
performance GPU resources. Owing to the shortage of available GPU computing 
capacity, we chose standard MetaD as a pragmatic and cost-efficient alternative. This 
computational strategy effectively elevated the simulation efficiency, permitting us to 
conduct adequately prolonged simulations to verify the convergence and dependability 
of the acquired data within our accessible computational resources. Meanwhile, we also 
note that previous studies only performed 3 μs MetaD simulations for the 1F7Y system 
[38]. By contrast, we extended the simulation to 10 μs in the present work, which 
provides a sufficiently long sampling time. 

In summary, two distinct systems were subjected to MD and MetaD simulations 
in this study. The simulation durations and force field parameters employed for each 
system are comprehensively summarized in Table 1. 

Table 1 Summary of MD or MetaD simulation protocols of two systems under different force fields 
and parameters  

Systems  Protocols and parameters 

 MD simulation 

8UTGa,b 1000 ns with NH4
+ and AMBER K+ model 

8UTGa,b 200 ns with AMBER, IOD, JC, HFE, DK K+ models, respectively 

8UTGa,b 200 ns with AMBER, IOD, JC, HFE Na+ models, respectively 

1F7Ya,b 
1000 ns with AMBER K+ model, under three distinct dielectric 
constants, respectively 

 MetaD simulation 

1F7Ya,b,c, 10 us with CVs (eRMSD and Distance) 
1F7Yd 10 us with CVs (eRMSD and RMSD) 

a LJbb, OL3, ROC, Shaw, and YIL force fields 
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b LJbb-PNC, OL3-PNC, ROC-PNC, Shaw-PNC and YIL-PNC force fields 

c LJbb-chain-PNC and LJbb-npt-PNC force fields 

d LJbb and LJbb-PNC force fields 

3. Results and Discussion 

3.1 Convergence of the PNC parameters 

 

Figure 4. Charge evolution of polar atoms on residue G4 in the 8UTG structure during PNC 
parameter calculation. 

We calculated PNC for three distinct systems, namely the 1F7Y system, the native 
8UTG system containing NH4

+, and a modified 8UTG system where NH4
+ were 

substituted with alternative monovalent metal ions. Owing to the substantial total 
number of atoms in the system, only the charges of nitrogen, oxygen and phosphorus 
atoms within a single representative residue are displayed here. Figure 4 and Fig. S5 
illustrate the charge variations of polar atoms belonging to hydrogen-bond-forming 
residues in the first two systems throughout the PNC fitting procedure. After five 
iterative cycles, the atomic charges converge, demonstrating that the PNC method is 
reliable. Meanwhile, this method achieves high computational efficiency. A single 
fragment takes merely three minutes per calculation cycle on a 24-core Central 
Processing Unit (CPU). For the 8-residue 1F7Y system, the entire 12-round iterative 
calculation consumes approximately only 4.80 hours in total. 

3.2 Stability of the structures 
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Figure 5. Probability density function of RMSD for 8UTG system in the 1000ns MD simulations 
using different force filed. 

During 1000 ns MD simulations, the overall conformations of GQs gradually 
evolve toward an energetically optimized state. RMSD quantifies the structural 
deviation of dynamic conformations relative to the initial crystal structure, serving as a 
robust metric for evaluating structural stability and monitoring global conformational 
fluctuations throughout MD simulations. In this work, we calculated the RMSD of non-
hydrogen atoms for the entire structure, as well as the RMSD of G-tetrads with loops 
excluded. 

As observed in Fig. S6, the RMSD values of all simulated systems reach 
convergence either rapidly or gradually for both polarizable and non-polarizable force 
fields. Figure 5 presents the probability density distribution of the corresponding 
RMSD values, except for the very close distribution between OL3 and OL3-PNC, 
RMSD polarizable force fields produce lower average RMSD values than their 
corresponding non-polarizable counterparts. In addition, while the RMSD profiles 
under several force fields show evident time-dependent fluctuations, the G-tetrad 
RMSD exhibits substantially higher stability relative to the global system RMSD (as 
shown in Fig. S7). This indicates that the fluctuations in RMSD are mainly caused by 
conformational changes in the loop structures, which is consistent with the subsequent 
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root mean square fluctuation (RMSF) analysis. Notably, the RMSD values of G-tetrads 
region under polarizable force fields are consistently lower than those under the 
corresponding non-polarizable force fields. These results demonstrate that the 
incorporation of polarization effects effectively stabilizes the GQ structures during MD 
simulations. 

3.3 Stability of Individual Nucleotides 

 

Figure 6. RMSF values calculated under different force fields. The red and blue scatter points 
correspond to the non-polarized and polarized force fields, respectively. 

RMSF can quantitatively characterize the local dynamic flexibility of each residue 
within the molecule, identify the rigid core and flexible functional regions, uncover the 
sources of conformational fluctuations, and compare the structural stability and 
dynamic differences between distinct systems. Examination of the RMSF profiles for 
the 8UTG system over 1000 ns simulations reveals that, as this system consists of two 
strands, the responding results shown in Fig. 6, regions with relatively high RMSF 
values (indicating pronounced flexibility) are mainly concentrated in the terminal loop 
regions (U1A2U3 and U19A20U21, U22A23U24 and U40A41U42). In contrast, 
regions with low RMSF values correspond to the guanine residues that constitute the 
G-tetrads of the GQ. 
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Notably, within this G-tetrad core region, the RMSF values computed with the 
LJbb-PNC and YIL-PNC force fields (incorporating polarization effects) are 
significantly lower than those obtained with their corresponding non-polarizable force 
fields. In fact, direct comparison of the RMSD values exclusively for the G-tetrads 
shows that all PNC-modified force fields yield smaller RMSD values than the standard 
AMBER force fields as shown in Fig. S7. This observation confirms that the PNC 
charge model effectively enhances the structural stability of the internal G-quadruplex 
core. 

3.4 Stability of NH4+, K+ or Na+ in GQs 

 

Figure 7. Using AMBER K+ parameters, the distance of 45@N-G17@O6 and 47@N-G38@O6 as 
a function of simulation time under different force field simulations. 

Within the channel of the 8UTG GQ reside three NH₄⁺ and two K⁺ ions (Fig. 1). 
These monovalent cations are indispensable, as they effectively reduce the negative 
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electrostatic potential inside the channel via electrostatic interactions with many 
surrounding O6 atoms from guanine residues, thereby enhancing structural stability. To 
examine whether various force fields can accurately describe ion–RNA interactions, we 
calculated the time-dependent distances between nitrogen atom of the 45NH₄⁺ ion and 
G17@O6, as well as between the 47NH₄⁺ ion and G38@O6 throughout the simulation. 
For reference, these two distances in the experimental structure are 5.5 Å and 5.4 Å, 
respectively. 

As shown in Fig. 7, under non-polarizable force fields, at least one NH₄⁺ rapidly 
escapes into the aqueous solvent within the initial stage of the simulation. Although the 
distance between one NH₄⁺ and the O6 atom remains stable at approximately 10 Å in 
the OL3, ROC or Shaw force field, this NH₄⁺ has already moved away from its original 
coordination site, interacting with phosphate groups of the backbone and stabilizing in 
the outer groove of the GQ (Fig. S8). In contrast, under all polarizable force fields, the 
distances between the terminal ions and O6 atoms remain stable at around 6.00 Å 
throughout the 1000 ns simulation. 

Meanwhile, we replaced all ions with either Na⁺ or K⁺ and performed 200 ns MD 
simulations using different ion parameter models respectively. For the five non-
polarizable force fields combined with nine ion models in all combinations, consistent 
escape of ions into the solvent was observed in every case (Fig. S9-S17). But under the 
PNC force field, K⁺ ions remain stably bound at their original coordination sites across 
all five K⁺ models. Among the four Na⁺ ion models, Na⁺ ions remained stable at their 
initial positions in most cases. Exceptions were observed for the HFE and IOD models 
under the YIL‑PNC force field, as well as the HFE model under the LJbb‑PNC force 
field. Among the 45 combinations of nine ion models and five force fields, 42 exhibited 
satisfactory performance. These results indicate that polarizable force fields can better 
describe the electrostatic interactions between cations ions and negatively charged 
atoms. 

Structural analysis reveals that K45 engages in strong electrostatic interactions 
with the O6 atoms of G5, G11, G14, and G18, as well as with the O6 or O4 atoms of 
G8, U15 and U19. Similarly, K47 interacts with the O6 atoms of G25, G31, G34, and 
G38, along with the O6 or O4 atoms of G29, U36 and U40 (Fig. 1). Under PNC force 
fields, there are marked increase in the electronegativity of these important oxygen 
atoms. Specifically, the partial charges on O6 and O4 atoms increase to approximately 
-0.68~-0.74 and -0.66~-0.68, respectively, compared to a uniform value of -0.56 and -
0.58 for O6 and O4 atom types in non-polarized force fields (Table S2). This observed 
charge enhancement directly strengthens the electrostatic attraction between these 
oxygen atoms and monovalent cations (K⁺/Na⁺). Consequently, in PNC force fields, 
water molecules are unable to displace the coordinated ions, which is attributed to the 
substantially improved ion stability within the GQ core. 
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We quantitatively analyze the energy variations at different ion distances for the 
8UTG system containing five K⁺ ions, in which NH₄⁺ ions are replaced by K⁺. Given 
that the five K⁺ ions adopt a near-linear arrangement, we displaced the K45 ion outward 
along the K43→K45 direction starting from the original position of K43 at an interval 
of 0.1 Å per step as shown in Fig. S18. At each displaced position, the electrostatic 
potential between K45 and all other atoms was computed in the gas phase. An 
equivalent calculation for K47 was performed at the opposite end of the GQ. Since the 
charge parameters are identical for the LJbb, OL3, ROC, Shaw and LJbb force fields, 
the resulting data and their PNC counterparts are presented in Fig. 8. It should be noted 
that van der Waals interactions need not be discussed here, as they are identical between 
the standard AMBER force fields and their corresponding PNC versions. 

It can be observed that under the PNC force field, the electrostatic potential energy 
for K45 (or K47) reaches a global minimum value at a distance about 2.50 Å from K25 
(or K29). Slopes are observed on both sides of the minimum, which suggests that ions 
are likely stabilized around 2.5 Å with the PNC force field. In addition, this 2.50 Å 
distance is highly favorable, as it is very close to the sum of the van der Waals radii of 
the two K+ ions. However, at the same position under the AMBER non-polarized force 
field, the energy profile is very smooth in the region beyond 2.50 Å. This may indicate 
that K45 or K47 ions are more readily displaced by water molecules in the AMBER 
force field. 

 

Figure 8. The relative electrostatic interaction energy between GQ and K+ in the channel. (a) 
Calculated electrostatic potential between K45 and all other atoms in the AMBER and PNC force 
fields during K45 ion moving away from the K43 position along the K43 → K45 direction toward 
outside (step size = 0.1 Å). (b) Calculated electrostatic potential for K47 in the AMBER and PNC 
force fields using the identical computational procedure described above. 

3.5 Formation of Bifurcated Hydrogen Bonds 
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Figure 9. Hoogsteen GG base pair. (a) G35 and G39 formed bifurcated bonding geometry 
from1JRN simulated structure under ROC force field. (b) G35and G39 from the ROC-PNC force 
field. 

 

Table 2 The average distance of, N1-O6, N1-N7 and N2-N7 atoms in G35 and G39, 
respectively, these heavy atoms formed hydrogen bonds during the MD simulations 

Force fields N1-O6（Å） N1-N7（Å） N2-N7（Å） 

expa 2.85 3.85 2.82 

LJbb 3.05 3.58 2.91 

LJbb-PNC 2.92 3.70 2.83 

OL3 3.13 3.50 2.93 

OL3-PNC 2.91 3.72 2.83 

ROC 3.08 3.54 2.99 

ROC-PNC 2.87 3.80 2.85 

Shaw 2.94 3.77 2.91 

Shaw-PNC 2.87 3.73 2.79 

YIL 3.11 3.54 2.95 

YIL-PNC 2.92 3.71 2.83 

a Denoted as experimental results 
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Figure 10. The heavy atoms distance from G35, G39 on 1000ns MD simulation under ROC force 
field. (a) the hydrogen bond distance formed by N1 and O6. (b) N1 and N7 distance. (c) the 
hydrogen bond distance formed by N2 and N7. The averaged distance under ROC-PNC is given by 
the purple line while that of ROC by the green line. The yellow line is the distance from the 
experimental structure. 

Base pairing and base stacking constitute two qualitatively distinct noncovalent 
interactions that govern RNA structural stability, and hydrogen bonding acts as the 
dominant stabilizing interaction in base pairing. Within canonical RNA conformations, 
the C–U base pair is stabilized by three hydrogen bonds, while the A–T base pair 
contains two hydrogen bonds. Comparable base pairs are also present in RNA GQs, 
two native hydrogen bonds are formed between G–G base pairs (Fig. 9), corresponding 
to the N1–O6 and N2–N7 atomic pairs. These hydrogen bonds cross-link four guanine 
bases into a planar G-tetrad, which further interacts with the cations residing in the 
central channel. Given the indispensable role of hydrogen bonds in maintaining the 
local architectures of G-tetrads, an accurate description of hydrogen bond energetics in 
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MD simulations is crucial for advancing our fundamental understanding of the dynamic 
structures of G-RNAs. If inaccurate force field parameters underestimate the stability 
of GG base pairs, this would lead to the bifurcated hydrogen bonding geometry in the 
MD simulations [87], as shown in Fig. 9(a). 

To evaluate whether the native hydrogen-bonding geometry was preserved in MD 
simulations, we calculated the average distances for three key atomic pairs (N2-N7, 
N1-O6, N1-N7; as shown in Fig. 9) between the two G35-G39 base pairs across 
trajectories obtained from different force fields. The corresponding experimental 
distances are 2.85, 2.84, and 3.71 Å, respectively, as listed in Table 2. 

MD simulations carried out using the standard nonpolarizable AMBER force field 
reveal the formation of an extra hydrogen bond between the N1 and N7 atoms in the G-
tetrad consisting of G26–G32–G35–G39 (Fig. 9), beyond the two native hydrogen 
bonds. As the N2–N7 and N1–O6 distances were consistently longer than the 
experimental values, while the N1–N7 distance was shortened (Table 2, Fig. 10 and 
S19-S22). In contrast to non-polarized force fields, as shown in Table 2, MD 
simulations employing the four PNC force fields showed N2–N7 and N1–O6 distances 
in close agreement with the experimental values. Although the average N1–N7 distance 
was slightly increased compared to the experimental reference, the overall geometry 
maintained proper hydrogen-bonding characteristics throughout the simulation. 

Table 3 The average distance of, N1-O6, N1-N7 and N2-N7 atoms in G4 and G10, 
respectively, these heavy atoms formed hydrogen bonds during the MD simulations 

Force fields N1-O6（Å） N1-N7（Å） N2-N7（Å） 

expa 2.84 3.86 2.89 

LJbb 3.03 4.44 3.13 

LJbb-PNC 2.84 3.98 2.90 

OL3 4.84 6.08 5.33 

OL3-PNC 2.85 3.97 2.91 

ROC 2.95 4.51 3.22 

ROC-PNC 2.83 3.91 2.87 

Shaw 2.93 3.97 2.96 

Shaw-PNC 2.79 3.92 2.86 

YIL 2.94 4.03 3.02 

YIL-PNC 2.83 3.98 2.89 

a Denoted as experimental results 

In addition to the formation of non-native bifurcated hydrogen bonds, Table 3 
further demonstrates that under the OL3 and ROC force fields, the average distance of 
the hydrogen bond between G10@N2 and G23@N7 exceeds or approaches 3.2 Å, 
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resulting in the rupture and considerable instability of this specific hydrogen bond. 
Conversely, for the five force fields integrated with the PNC model, the distance of this 
hydrogen bond closely matches the experimental value. These results demonstrate that 
the polarized force fields effectively preserve the native hydrogen-bonding interactions, 
thereby contributing to the stability of the G-tetrad planar configuration. 

3.6 Current force fields neglect the electrostatic screening effect in aqueous 
solution 

 

Figure 11. The RMSF values calculated under three distinct dielectric constants during conventional 
MD simulations employing the AMBER and PNC force fields. 

The dielectric constant modulates the weighting of electrostatic interactions within 
the force field. Conventional MD simulations of the RNA hairpin structure were 
performed sequentially with three dielectric constant values (1, the default parameter; 
2; and 4) under the PNC and AMBER force fields. RMSF values were calculated 
against the original crystal structure to characterize the stability of trajectories, and the 
corresponding results are presented in Fig. 11. As observed, for the LJbb, OL3 and ROC 
force fields, the RMSF values are generally substantially lower when a dielectric 
constant of 2 is adopted compared with the default value of 1 or the value of 4. This 
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finding confirms the inherent limitations of the OL3 force field: it overestimates the 
interactions between phosphate groups and bases as well as those between ribose 
moieties and bases, while underestimating hydrogen-bonding interactions [38]. This 
phenomenon arises because the default dielectric constant of 1 neglect the electrostatic 
screening effect induced by water molecules. In aqueous solution, the charged 
phosphate groups on the RNA surface are solvated by water molecules, and surrounding 
ions further screen electrostatic interactions, which weakens the electrostatic attraction 
between phosphate groups and other moieties. Meanwhile, we observed that the PNC 
force field with the default dielectric constant of 1 exhibited the best performance. 
Furthermore, since the PNC scheme intrinsically accounts for the 
electrostatic‑screening effect of solvent, the PNC force field with a dielectric constant 
of 1 achieves optimal performance. By contrast, adjusting the dielectric constant to 2 
or 4 disrupts this balance and instead introduces instability to the trajectories obtained 
with the PNC force field. 

3.7 Free-Energy Landscape of RNA Chain Folding into a Hairpin 

RNA hairpins are common and crucial conformations in RNA molecules. During 
the folding of single-stranded RNA into hairpin conformation, the system experiences 
a continuous decrease in entropy, which represents an unfavorable thermodynamic 
contribution to the total free energy. Nonetheless, this entropic loss is compensated by 
a corresponding reduction in structural potential energy, resulting in a gradual decline 
of the overall free energy throughout the folding process and the ultimate achievement 
of a stable conformational state. Recent experimental determination of the three-
dimensional structure of a 8-nucleotide hairpin has furnished an opportunity to explore 
the folding mechanism of this RNA molecule into the hairpin conformation, and more 
importantly, to assess and validate the accuracy of modern state-of-the-art force fields. 

First, we evaluated the convergence of simulations for all tested force fields. A 
total of 20 million Gaussian kernels were accumulated over the course of 10000 ns 
MetaD simulations. Specifically, the free energy profile along each one-dimensional 
CV—including eRMSD, RMSD, and interatomic distance—was estimated every 
million Gaussian kernels. This approach yielded 20 independent datasets per CV, with 
the final 10 datasets plotted as individual curves in the corresponding figures. As 
illustrated in Fig. S23–S36, the overlapping profiles confirm that satisfactory 
convergence was generally attained across all force fields. 

Next, we quantified the state transition events occurring during the RNA folding 
simulations. As summarized in Table S3, multiple bidirectional transitions between the 
folded and unfolded conformational states were observed, verifying that the simulations 
were not trapped in any single metastable state. Finally, the 2D free energy surfaces for 
each force field were reconstructed using the complete set of accumulated Gaussian 
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kernels. 

Table 4 The free energy difference between the folded and unfolded states under 
different force fields (kcal/mol) 

Force fields 
Unfolded state 

(eRMSD,Distancea) Gu 

Foleded state 

(eRMSD,Distance) Gf 
ΔGu→f 

LJbb (1.73,16.20) 1.19 (0.51,10.55) 6.58 5.39 

LJbb-PNC (2.12,20.11) 2.14 (0.40,10.23) 0.45 -1.69 

OL3 (2.07,20.83) 0.90 (0.48,10.59) 7.32 6.42 

OL3-PNC (1.92,15.85) 5.26 (1.00,10.20) 2.45 -2.81 

ROC (1.80,20.27) 0.18 (0.54,10.07) 6.46 6.28 

ROC-PNC (1.83,20.10) 7.19 (0.95,10.57) 0.00 -7.19 

Shaw (1.82,20.41) 1.41 (0.44,10.54) 2.86 1.45 

Shaw-PNC (1.82,19.78) 2.27 (0.41,10.60) 0.92 -1.35 

YIL (2.03,20.07) 1.19 (0.44,10.52) 10.13 8.94 

YIL-PNC (2.09,20.80) 3.39 (0.97,10.56) 11.26 7.87 

LJbb-chain-PNC (2.02,14.43) 0.00 (1.14,10.55) 10.22 10.22 

LJbb-npt-PNC (2.08,20.84) 0.25 (0.41,10.59) 15.46 15.21 

 Unfolded state 

(eRMSD,RMSDa) Gu 

Foleded state 

(eRMSD,RMSD) Gf 

 

LJbb (1.76,4.94) 0.00 (0.40,1.43) 11.69 11.69 

LJbb-PNC (2.06,7.70) 0.00 (0.86,2.47) 4.02 4.02 
aThe unit is Ångström (Å) 

Figure 12 shows the calculated free energy profile using the standard AMBER 
LJbb, OL3, ROC, Shaw and YIL force fields and their corresponding PNC force fields, 
with respect to two CVs (eRMSD, Distance) at T = 300 K. The free energy difference 

between the folded (Gf) and unfolded (Gu) states was defined as ΔGu→f = Gf - Gu. Since 

all the MetaD simulations under different force fields share the same initial structure, 

the Gu state corresponds to eRMSD = 2.08 and Distance = 20.00 Å. As shown in Table 
4, compared to the standard AMBER force fields, some PNC force fields yield more 
reasonable free energy differences. For instance, the LJbb force field predicts an 
unfavorable positive ΔGu→f of 5.39 kcal/mol, while the LJbb-PNC force field yields a 
more physically meaningful value of -1.69 kcal/mol. Furthermore, under the ROC-PNC 
force field, the folded state corresponds to the global free energy minimum, and under 
the OL3-PNC force field, the free energy of the folded state is also near the global 
minimum. This indicates that the RNA chain can spontaneously fold into a hairpin 
under ROC-PNC force field. These relatively accurate results demonstrates that PNC 
can improve the accuracy of the AMBER force field. It is noteworthy that lower 
eRMSD values generally reflect closer agreement with the experimental folded hairpin 
conformation. Within an acceptable range, the folded state under the ROC-PNC force 
field exhibits a slightly higher eRMSD (0.95) than the standard ROC force field (0.54). 
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Concurrently, we observed that the introduction of the PNC charge model does not 
bring about a particularly significant improvement to the YIL force field. This 
phenomenon is presumably ascribed to the substantial deficiencies existing in the other 
parameters of this force field beyond atomic charges. 

To probe how PNC parameters derived from distinct conformational states shape 
the free energy landscape, we calculated PNC sets for the unfolded RNA single strand 
and the conformation equilibrated by MD simulations (Fig. 2). Each PNC dataset was 
combined with the LJbb force field to construct two unique polarized force fields, 
termed LJbb-chain-PNC and LJbb-npt-PNC (Section 2.4, Methods). Using the identical 
pre-equilibrated conformation as the starting structure, we carried out MetaD 
simulations under those two force fields. The resultant free energy profiles are plotted 
in Fig. S37, which lack a local minimum assigned to the folded RNA conformation in 
the bottom-left area of the free energy surface. Collectively, these observations 
demonstrate that PNC parameters parameterized from either the bare initial single 
strand or the equilibrated unfolded structure fail to accurately reproduce RNA folding 
dynamics. 

Finally, we also investigate the impacts of varying CVs (eRMSD and RMSD) on 
the practical performance of the PNC model. Fig. S35,36 verifies the full convergence 
of the performed MetaD simulations, while the free energy results are displayed in 
Table 4 and Fig. S38, respectively. As illustrated in Fig. S38, no local minimum 
corresponding to the folded conformation is observed in the bottom-left region of the 
free energy surface under the standard LJbb force field, whereas such a characteristic 
energy minimum emerges in the LJbb-PNC polarized force field system. Furthermore, 
despite the positive free energy differences being retained in both force field systems, 
the incorporation of polarization effects substantially reduces the energy gap. 
Specifically, the free energy difference decreases from 11.69 kcal/mol in the 
conventional LJbb force field to 4.02 kcal/mol in the optimized LJbb-PNC force field. 
These analytical results solidly confirm that the incorporation of PNC parameters can 
effectively mitigate the computational errors of free energy landscapes, regardless of 
the types of CVs adopted for simulation. 

By observing the experimental 1F7Y hairpin structure, we identified more than 
seven key stabilizing hydrogen bonds between residue pairs C7–G14, C8–G13 and U9-
G12 (Fig. 2, S39-S41). Notably, the six participating residues exhibit state-dependent 
variations in the partial atomic charges of their polar atoms. PNC derived from the 
folded conformation inherently incorporates polarization effects induced by hydrogen 
bonding, whereas charges computed for the unfolded state where these hydrogen bond 
interactions are absent, lack such polarization explicitly. As quantitatively shown in 
Table S4, the O6 atomic charges of G14, G13 and G12 determined by the PNC method 
are −0.62, −0.62, and −0.63 in the single-stranded state, shifting to −0.66, −0.66, and 
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−0.71 in the folded state, respectively. A similar trend is observed for the H1 atom too, 
for example, the charge of G14@H1 increases from 0.43 to 0.46, G7@N3 increases 
from -0.92 to -1.08. This systematic increase in electronegativity reflects the inclusion 
of polarization effects in the folded state compared with single-stranded state. All in all, 
the five AMBER standard force fields share identical charge parameters for each 
residue (Table S4), with the O6 and H1 atoms carrying fixed charges of −0.56 and 0.34, 
respectively. In contrast to these non-polarized force fields, the PNC method increases 
the negative charge on O6 by 0.10–0.15 and the positive charge on H1 by 0.10–0.12. 
The refined PNC force fields, which incorporate charges derived from the folded state 
that account for critical factors such as hydrogen bonding and solvation effects, 
demonstrate improved accuracy to a certain extent. 
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Figure 12. Free energy profiles obtained from MetaD simulations at 300 K using different force 
fields. 

4. Conclusion 
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In this work, we developed and evaluated a new computational strategy for MD 
simulations of RNA systems using a polarized nucleic acid-specific charge (PNC) force 
field. The approach combines nucleotide-specific fragmentation with quantum 
mechanical calculations on RNA fragments in an implicit solvent, thereby capturing the 
solvent electrostatic-screening effect in a self-consistent manner. The resulting PNC 
parameters were applied to explore the dynamic conformations of a G-quadruplex (GQ) 
and an RNA hairpin. By directly comparing MD-simulated configurations with 
experimental structures and analyzing free-energy landscapes across different force 
fields, we comprehensively examined the impact of nucleotide polarization on the 
structural and dynamic properties of these RNA systems. 

Monovalent metal cations are indispensable for GQs, as they are essential for both 
formation and structural stability. Our results show that polarization of guanine bases 
in the G-tetrad layers is critical for keeping these metal ions stably confined within the 
central channel. Conventional AMBER force fields, which lack explicit polarization 
effects, severely underestimate the electrostatic attraction between cations and 
nucleobases. This limitation ultimately causes the two outer cations to diffuse out of the 
channel into the bulk solvent. 

For the folding of a single-stranded RNA into a hairpin structure, comparative MD 
simulations show that the PNC approach improves the performance of existing force 
fields to a certain extent. The resulting free-energy landscape profiles indicate that 
explicit consideration of electronic polarization systematically improves sampling 
efficiency in MD simulations. Although the PNC method exhibits excellent 

compatibility—allowing straightforward charge replacement in AMBER force fields—

its adaptability varies among different PNC-derived force field variants. For the 8UTG 
system, all five PNC-modified force fields perform moderately better than their non-
polarizable parent force fields. For the 1F7Y system, the PNC-modified force fields 
exhibit variable performance, with four showing clear improvement. The mechanisms 
underlying this variability warrant further investigation. 

The LJbb-chain-PNC and LJbb-npt-PNC force fields failed to produce a physically 
meaningful free-energy surface. This likely arises from large deviations between the 
structural models used for PNC parameterization and the native experimental 
conformation. In practice, PNC charges are generally derived from a reference RNA 
structure, which in most cases is an experimentally resolved equilibrium geometry. 
Using such a single equilibrium conformation is usually the most computationally 
efficient strategy for MD investigations. 

Compared with the Drude and AMOEBA models [31,41], the PNC model does not 
alter or extend the functional form of the force field; it merely replaces the original 
AMBER charges with PNC charges. This feature gives the PNC model favorable 
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compatibility while retaining AMBER's inherent computational advantage over Drude 
and AMOEBA. 

Notably, these atomic charges are conformation-dependent and may introduce an 
artificial bias that stabilizes configurational sampling near the reference structure used 
for PNC fitting. Using PNC parameters obtained from non-native conformations can 
indeed shift sampling away from the equilibrium state. A promising direction would be 
to implement dynamic on-the-fly updates of PNC charges during simulation, generating 
new parameters from the final snapshot of each sampling window. However, such a 
procedure would substantially increase computational cost. In addition, although 
standard metadynamics alone can generate free-energy profiles for RNA folding, the 
resulting data may contain inherent artifacts or unrecognized drawbacks relative to the 
more reliable replica-exchange metadynamics (RE-MetaD) framework. These issues 
warrant systematic and in-depth exploration in future work. 

 

Data Availability 

The PDB files store the charges calculated based on the PNC method, and all input files 
related to the 8UTG and 1F7Y systems (including PLUMED parameter files, reference 
structure PDB file, GROMACS MD protocol files, parameter files of different force 
fields, topology files, and script execution file) have been uploaded to GitHub 
at: https://github.com/sztian-jn/PNC-RNA. Other related figures and tables can be 
found in the supplementary file.  
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