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Abstract
An accurate force field (FF) is the foundation of reliable results from molecular dynamics (MD) simulations. In our recently published work, we developed a protocol to generate atom-pair specific Lennard-Jones (known as NBFIX in CHARMM) and through-space Thole dipole screening (NBTHOLE) parameters in the context of the Drude polarizable FF based on readily accessible quantum mechanical (QM) data to fit condensed phase experimental thermodynamic benchmarks, including osmotic pressure, diffusion coefficient, ionic conductivity, and solvation free energy, when available.  In the present work, the developed protocol is applied to generate NBFIX and NBTHOLE parameters for interactions between monoatomic ions (specifically Li+, Na+, K+, Rb+, Cs+, and Cl−) and common functional groups found in proteins and nucleic acids. The parameters generated for each ion-functional group pair were then applied to the corresponding functional groups within proteins or nucleic acids followed by MD simulations to analyze the distribution of ions around these biomolecules. The modified FF successfully addresses the issue of over-binding observed in a previous iteration of the Drude FF.  Quantitatively, the model accurately reproduces the effective charge of proteins and demonstrates a level of charge neutralization for DNA in good agreement with the Counterion Condensation (CC) theory. Additionally, simulations involving ion competition correlate well with experimental results, following the trend Li+ > Na+ ≈ K+ > Rb+. These results validate the refined model for group 1 ion-biomolecule interactions that will facilitate the application of the polarizable Drude FF in systems in which group 1 ions play an important role.
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Introduction 
Ions are ubiquitous in biological systems and play crucial roles in the thermodynamics and kinetics of various biological processes1. Their effects are influenced not only by ionic strength but also by the specific ionic species involved. For example, the type and concentration of salts can influence protein solubility in aqueous solutions, according to the Hofmeister series2. It is also well established that ion concentration and species affect the folding and aggregation of nucleic acids3. Understanding how these ions are distributed and how they exert their influence is crucial for grasping their role in biological systems.
As of the time of this writing, over 111,000 structures in the Protein Data Bank (PDB)4 involve ions, with the number continuing to grow. The majority of these structures are determined by X-ray crystallography5 (~92%), alongside other methods such as Nuclear Magnetic Resonance (NMR) Spectroscopy6, cryo electron microscopy, and others. While X-ray crystallography is a powerful tool to study ion distribution, it has certain limitations. For instance, it provides a static snapshot of protein or nucleic acid structures in a crystalline state, which may not fully capture the behavior or flexibility of these molecules in solution. This limitation is particularly relevant when studying dynamic interactions with ions. Such dynamic interactions are especially critical for understanding the distribution of monovalent ions, which are known to be less tightly associated with macromolecules. Additionally, differentiating among ions such as Na+, K+, and Mg2+ in experiments is challenging due to their similar atomic numbers and electron densities7.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Molecular dynamics (MD) simulations are widely employed to explore molecular behavior at the atomic scale, providing an effective means to monitor the thermodynamic and kinetic properties of ions in macromolecular systems8, 9, 10 11 10, 12-17. Achieving accurate and reliable MD simulation results depends critically on the use of an accurate force field (FF). Compared to traditional additive FFs, polarizable FFs offer the advantage of capturing electronic responses in diverse environments, providing a more accurate description of ion interactions with biomolecules. Among the available polarizable FFs, including AMOEBA18, CHeq19, APPLE&P20, and Drude13, our research group has primarily concentrated on the development of the classical Drude oscillator model21. The Drude polarizable FF has been carefully parametrized for biomolecules and ion-water interactions22 and validated in contexts such as thermodynamics and diffusion coefficients of small molecules23, as well as reproduction of a range of experimental data available for biomolecules24. Nevertheless, our research has identified some limitations in its ability to accurately model a wide range of ion-biomolecular interactions. To address this challenge, we developed a protocol for generating pair-specific parameters based on readily accessible quantum mechanical (QM) data25. This protocol involved parametrizing atom-pair specific Lennard-Jones (LJ) terms, known as NBFIX in CHARMM26, and through-space Thole dipole screening factors, referred to as NBTHOLE values, targeting QM data on ion-model compound dimers, trimers, and tetramers, with the trimers and tetramers being important to include many-body effects in the target data. This protocol was validated using various experimental data in the condensed phase, including osmotic pressure measurements for ions such as Li+, Na+, K+, Rb+, Cs+ with acetate (ACET), and Na+ with dimethyl phosphate (DMP), as well as diffusion coefficients for ion-methanol-water systems, and solvation free energies of ions in N-methyl acetamide (NMA), and methanol (MEOH) solutions.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In the current work, we further validate our developed protocol by applying the generated parameters to biomolecules, such as proteins and nucleic acids. As discussed above, directly measuring ion distribution around proteins or nucleic acids using experimental methods is challenging. Therefore, we validated our FF against theoretical results and indirectly assessed the experimentally measured condensed phase properties of proteins and nucleic acids using both qualitative and quantitative approaches.
Counterion condensation (CC) theory, which was developed by Manning in 196927, is relatively straightforward and focuses on linear polyelectrolytes such as DNAs. CC theory has been successful in explaining various experimental data. When the entire atmosphere around linear polyelectrolytes is considered for monovalent ions, the ion-excess numbers for counter ions and coions are  , and , respectively, where z is the macromolecular charge valence,  is the Bjerrum length (7.14 Å for water at 25 °C), and b is the effective mean charge spacing28. Note that CC theory is only valid when is greater than b and under the assumption of the linear charge distribution of the macromolecule. Therefore, it cannot be applied to RNA hairpins or protein systems. In addition, recent studies also show that the number of bound ions strongly depends on ionic strength, especially when it is >100 mM29, 30. 
Aside from theoretical approaches, indirect measurements from experiments can also serve as data for the validation of the FF. This work uses two specific methods: Buffer Equilibration-Atomic Emission Spectroscopy (BE-AES)30, 31 and Membrane-Confined Electrophoresis (MCE)32. The BE-AES method is an ion-counting technique that quantifies the ions within the ion atmosphere of a macromolecule. Utilizing atomic emission spectroscopy, BE-AES can distinguish between different cations, providing valuable insights into ion competition around nucleic acids. MCE analyzes the movement of charged particles within a confined membrane when an electric field is applied. This technique separates particles based on their electrophoretic mobility, providing insights into ionic interactions and membrane properties. The Debye–Hückel–Henry charge (ZDHH), which delineates the impact of the Debye–Hückel solvent ion cloud (reflecting the solvent's response to the protein charge) from bound ions, can be determined using the MCE method5, 32, 33. 
The remainder of this article is structured as follows. In the Materials and Methods section, we detail the FF parameter optimization, MD simulations, and ion distribution analyses. In Results and Discussion, we begin by examining the protein systems, focusing on protein stability, ion distribution, and comparing the experimentally measured ZDHH with that derived from MD simulations. Nucleic acid systems are then analyzed, evaluating the stability of nucleic acids and ion distributions by comparing the percentage of DNA charge neutralization from our results to CC theory. Additionally, we investigated ion competition among Li+, Na+, K+, and Rb+ with DNA, and compared our findings with the experimental BE-AES method. Finally, in the Conclusion, we summarize the key findings and discuss their potential implications.


Materials and Methods
Force Field Parameter Optimization
A collection of model compounds, shown in Figure 1, representing the polar functional groups typically found in proteins and nucleic acids, was chosen for the ion-biomolecule parametrization effort. Among these, the model compounds IMIM, MGUAN, and NC1 (highlighted in purple in Figure 1) correspond to the amino acids histidine, arginine, and lysine, respectively, and are positively charged. These compounds primarily interact with negatively charged ions; therefore, we only adjusted their interactions with the negatively charged Cl⁻ ion. Among halides, Cl⁻ is the most commonly encountered monoatomic anion in physiological conditions and a variety of environmental contexts; therefore, we chose to parametrize Cl⁻ in this study. In future work, we will also consider parametrizing other halides to expand the applicability of this study. All other model compounds were optimized for interactions with group 1 monovalent cations (Li⁺, Na⁺, K⁺, Rb⁺, and Cs⁺). Some atom types are present in multiple model compounds (e.g., OD2C1A in ACEM and NMA), and certain compounds contain multiple atom types that require fitting. In these instances, all model compounds with the relevant atom types were simultaneously used as target data in the fitting procedures. Full compound names, details of the interaction orientations, and the specific atom types targeted in each model compound were provided in Supplementary Information (SI) Tables S1 and S2.
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Figure 1. Structures of Model Compounds Studied. ACET: Acetate; ACEH: Acetic acid; ACEM: Acetamide; BENZ: Benzene; DMDS: Dimethyl disulfide; DMP: Dimethyl phosphate; DMS: Dimethyl sulfide; IMID: Imidazole; IMIM: Imidazolium; INDO: Indole; MAM1: Methylamine; MAS: Methylacetate; MEET: Methylethylether; MEOH: Methanol; MES: Methanethiolate; MESH: Methanethiol; MGUAN: Methylguanidinium; NC1: Methylammonium; NMA: N-methyl acetamide; PHEN: Phenol; PHET: Phenolate; ADEB: Adenine; GUAB: Guanine; CYTB: Cytosine; THYB: Thymine; URAB: Uracil. Compounds with the purple backgound are positive and only parametrized with respect to Cl- and the compounds in the boxes were parametrized simultaneously.
We implemented the protocol established in our previous work25 to determine the interaction parameters for ion-model compounds. Specifically, we used the Monte Carlo/simulated annealing (MC/SA) method to optimize NBFIX and NBTHOLE parameters. This was done by minimization of the difference between quantum mechanics (QM) and molecular mechanics (MM) potential energy scans (PES) on dimers, trimers, and tetramers of the model compounds and ions in a number of interaction orientations (Supporting Information Table S2). The difference between each QM and MM PES was quantified using a previously designed cost function (Equation 1) and direction orientation. All PESs are provided on GitHub (https://github.com/mackerell-lab/Paper_Ion_Protein_Nucleic-Acids).
	
where,




	(1)



In Equation 1, M is the model compound type, N denotes atom types, d refers to the orientation directions.  represents the weighting assigned to each PES, with values of 10, 5, and 1 for tetramers, trimers, and all other interaction PESs, respectively, reflecting the crucial importance of trimer and tetramer structures. MinDisQM and MinDisMM denote the distance value of the local minima on the QM and MM PESs, while MinEneQM and MinEneMM represent energy associated with that specific local minima for QM and MM PESs, respectively. MaxDisQM is the maximum distance of QM PES which is 6 Å for dimers and up to 10 Å for trimers or tetramers. The variable n represents the number of fitting points. Linear interpolation of the PES was carried out with a 0.02 Å interval, based on PES data initially sampled at 0.1 Å increments. This approach enabled a more precise determination of the minimum values (MinDisQM, MinDisMM, MinEneQM and MinEneMM). The region with distances smaller than the local minimum (MinDisQM) of the QM PES, which is primarily modeled by the repulsive r12 term in the LJ energy function, is excluded from PES fitting. Namely, fitting was performed within the range extending from the local minimum (MinDisQM) to the maximum (MaxDisQM). For those QM curves that lacked a local minimum, fitting was conducted from 3 Å out to MaxDisQM.    represents weighting for each fitting point, which was introduced to avoid excessive or overbinding associated with highly favorable regions of the PES. The value of  increases as the degree of excessive binding, exp(–DEn), increases when the QM interaction energy is more favorable than the MM energy. Conversely, in cases where the QM data is less favorable than the MM data, was assigned a weight of 1. 
QM PESs were obtained by performing single-point energy calculations using the PSI4 software34. These calculations utilized the MP2/cc-pVQZ-X2C model chemistry for K⁺, Rb⁺, and Cs⁺ (the cc-pVQZ basis set is unavailable for these cations), and the MP2/cc-pVQZ model chemistry for all other elements, along with the counterpoise correction (CP)35 method to correct for Basis Set Superposition Error (BSSE)36. A rigid scan approach was employed for these PESs: the geometry of each mono compound (or trimer and tetramer complex) was optimized initially, after which a fixed geometry scan was conducted over a range of distances. The distance range examined in these calculations extended from 1.5 Å to 10.0 Å, with increments of 0.1 Å for each scan. To explore the trimer and tetramer interaction complexes, the trimer and tetramer structures were initially optimized with the MP2/aug-cc-pVDZ model chemistry. These optimizations included all degrees of freedom.
MM PESs with the Drude polarizable FF were calculated using the program CHARMM26 in the gas phase by calculating the energy difference between total system energy and that of the individual optimized monomers. Total system and monomer energies were obtained by imposing harmonic restraints on atomic positions using a force constant of 107 kcal/mol/Å2 while allowing the relaxation of the Drude particles through energy minimization followed by calculation of the energy in the absence of restraints. Intramolecular geometries were restrained to those obtained from the QM calculations. The relaxation of the Drude particles was achieved through a two-step process. First steepest descent (SD) optimization for 200 steps, followed by an adopted-basis Newton-Raphson (ABNR) optimization for an additional 500 steps, ultimately converging to a final gradient tolerance of 10-5 kcal/mol/Å. There was no truncation of the long-range LJ or electrostatic interactions.
MD Simulations
We performed MD simulations of various proteins, DNAs, and RNAs in the presence of different ions to assess the quality of the optimized ion parameters. Table 1 lists the systems studied in this work. A diverse set of proteins, each with corresponding experimental ZDHH data available 32, 37 for comparison, was selected. These proteins range from negatively charged (bovine serum albumin, BSA) to positively charged (hen egg-white lysozyme, HEWL and T4-lysozyme, T4L), including single-, double-, triple-, and quadruple-mutant structures of T4L (SMu, DMu, TMu, QMu, respectively). To ensure a robust comparison with experimental results, we simulated the same pH, ionic species, and concentrations as those used in the experiments 32, 37. It is important to note that we did not perform constant pH simulations. Instead, the protonation states of residues were determined using PROPKA38 and remained fixed throughout the simulation. The above systems did not account for  Li+, Rb+, or Cs+ ion interaction with proteins. To study these ion-protein interactions, we designed systems in which HEWL is solvated in 50 mM LiCl, KCl, RbCl, and CsCl, independently, to qualitatively observe their distributions, despite the absence of experimental data for comparison. The PDB IDs, mutations, experimental conditions, and the number of molecules for each system are detailed in Table 1. In addition, an example of one protein system (HEWL in 50mM NaCl) is provided on GitHub (https://github.com/mackerell-lab/Paper_Ion_Protein_Nucleic-Acids) .
Various DNA and RNA structures were employed to investigate ion distribution, competition, and nucleic acid stability under different ionic conditions (Table 1). These systems include two double-helix DNAs (1BNA and 1DCV), double-stranded RNA (1SDR), RNA hairpin (1RNG), and G-quadruplex (GQ) systems, which require a careful balance between ion and nucleic acid interactions for system stability. For quantitative analysis, 1DCV, a double-helix B-DNA, was selected to study ion neutralization of nucleic acid charge and ion association competition. The percentage of ion neutralization was performed under various ionic conditions, ranging from a single cation species to the coexistence of multiple cation species. To explore ion competition, we designed two different sets of systems12. The first set involves systems with equal concentrations of various competing ions, providing a qualitative assessment of which ions are interacting with the DNA more favorably. The second set aims to replicate an experimental BE-AES30 study by introducing varying concentrations of competing ions to replace half of the initially bound Na+ ions, offering a quantitative analysis of ion competition. The first approach provides a general understanding of ion preferences, whereas the second approach offers more detailed quantitative insights. However, it is important to note that the exact replication of experimental conditions in the second set is challenging. For instance, due to computationally demanding calculations, the DNA sequence length in our simulations (12 base pairs) is shorter than that in the experimental study (24 base pairs). Despite this difference, experiments with various DNA sequences yielded identical results for ionic competition, suggesting that comparing our simulations with the BE-AES experiment is appropriate30. An example of one nucleic acid system (1DCV in 100 mM NaCl) is provided on GitHub (https://github.com/mackerell-lab/Paper_Ion_Protein_Nucleic-Acids).

Table 1. Systems studied in current work
	
	Number of Atoms or Molecules
	
	

	Macromolecule
	Cation 1
	Cation 2
	Anion (Cl⁻)
	SMW4
	[bookmark: OLE_LINK7][bookmark: OLE_LINK8]System Size (Å)
	Comments

	Protein Systems

	HEWL (193L)39 
	14 (Li+)
	-
	24
	14928
	 ~80
	50 mM LiCl, pH= 5

	HEWL (193L)39 
	14 (Na+)
	-
	24
	14935
	 ~80
	50 mM NaCl, pH= 5

	HEWL (193L)39 
	14 (K+)
	-
	24
	14941
	 ~80
	50 mM KCl, pH= 5

	HEWL (193L)39 
	14 (Rb+)
	-
	24
	14963
	 ~80
	50 mM RbCl, pH= 5

	HEWL (193L)39 
	14 (Cs+)
	-
	24
	14937
	 ~80
	50 mM CsCl, pH= 5

	T4L (1LYD) 40
	37 (K+)
	-
	45
	19811
	~ 90
	100 mM KCl, pH= 7.5

	T4L SMu (1LYD) (R199E) 40
	37 (K+)
	-
	43
	19826
	~ 90
	100 mM KCl, pH= 7.5

	T4L DMu (1LYD) (K16E, R154E) 40
	37 (K+)
	-
	41
	19828
	~ 90
	100 mM KCl, pH=7.5

	T4L TMu (1LYD) (R199E, K135E, K147E) 40
	37 (K+)
	-
	39
	19835
	~ 90
	100 mM KCl, pH=7.5

	T4L QMu (1LYD) (K16E, R119E, K147E) 40
	37 (K+)
	-
	37
	19839
	~90
	100 mM KCl, pH=7.5

	BSA (4F5S)41
	26 (Na+)
	-
	8
	47974
	~120 
	10 mM NaCl, pH= 8.1

	Nucleic Acid Systems

	1BNA (1BNA) 42
	56 (Na+)
	-
	34
	18320
	~85
	100 mM NaCl

	1SDR (1SDR) 43
	54 (Na+)
	-
	32
	17022
	~85
	100 mM NaCl

	1RNG (1RNG) 44
	12 (Na+)
	-
	1
	8542
	~65
	10 mM NaCl

	ckit-1 GQ (2O3M)
	31 (Li+)*
	-
	10
	3465
	~48
	150 mM LiCl

	ckit-1 GQ (2O3M)
	31(Na+)*
	-
	10
	3465
	~48
	150 mM NaCl

	ckit-1 GQ (2O3M)
	31 (K+)*
	-

	10
	3465
	~48
	150 mM KCl

	Set1_Na (1DCV) 45
	34 (Na+)
	-
	16
	8662
	~67
	100 mM NaCl

	Set1_Li_Na (1DCV) 45
	17 (Na+)
	17 (Li+)
	16
	8670
	~67
	50 mM LiCl and 50 mM NaCl 

	Set1_K_Na (1DCV) 45
	17 (Na+)
	17 (K+)
	16
	8656
	~67
	50 mM KCl and 50 mM NaCl

	Set1_Rb_Na (1DCV) 45
	17 (Na+)
	17 (Rb+)
	16
	8655
	~67
	50 mM RbCl and 50 mM NaCl

	Set2_Na 
(1DCV) 45
	54 (Na+)
	-
	36
	41868
	~110
	50 mM NaCl

	Set2_Li_Na 
(1DCV) 45
	54 (Na+)
	41 (Li+)
	77
	41668
	~110
	36 mM LiCl and 50 mM NaCl

	Set2_K_Na (1DCV) 45
	54 (Na+)
	55 (K+)
	91
	41549
	~110
	51 mM KCl and 50 mM NaCl

	Set2_Rb_Na (1DCV) 45
	54 (Na+)
	63 (Rb+)
	99
	41524
	~110
	60 mM RbCl and 50 mM NaCl


* The specified number of cations includes two ions coordinated in the GQ tetrad core; the remaining 29 ions are in the bulk solution.

System preparation was performed using the program CHARMM26. The systems were first built using the CHARMM36 additive FF46 with scripts provided by the CHARMM-GUI47. Except for Set2, the protein and nucleic acids are solvated in solution with a 15 Å, and 20 Å buffer, respectively, around the longest dimension of the macromolecule, ensuring proper screening of macromolecule-macromolecule electrostatic interactions under periodic boundary conditions (PBC). This maintains a minimum macromolecule-macromolecule distance of 30-40 Å, which is sufficient given that the Debye length is approximately 30 Å for a 10 mM, 13.5 Å  for 50 mM, and 9.6 Å for a 100 mM symmetric monovalent electrolyte salt at 20 °C. Inadequate system size may lead to inaccuracies when studying ion distributions12.
System energy was first minimized using the SD algorithm for 50 steps, followed by the ABNR algorithm for an additional 50 steps. The systems were then equilibrated for 50 ps of NVT (constant number of molecules, volume, and temperature) MD using the CHARMM36 additive FF. After equilibration, Drude particles were introduced to the structure obtained from the additive FF calculation. This step is to ensure an appropriate initial configuration for the Drude systems. The Drude system was then minimized in the following sequence: first, the Drude particles were minimized using the ABNR algorithm for 100 steps, followed by the entire system being minimized with the SD algorithm for 100 steps and an additional 10 steps using the ABNR algorithm.
All MD equilibration and production simulations were conducted using the OpenMM software48. The simulations were run for 200 ns to 500 ns as noted below. A careful analysis of ion counts within a specific distance from the macromolecules was used to distinguish between the equilibration and production phases. All the simulations are conducted with NPT ensemble (constant number of molecules, pressure, and temperature) at a pressure of 1 atm and a temperature of around 300 K. Langevin damping with a friction coefficient of 5.0 ps-1 for real atoms and 20.0 ps-1 for Drude oscillators was applied to control the temperature at 300 K and 1 K, respectively. Pressure regulation was achieved by employing the Monte Carlo isotropic barostat every 100 fs, ensuring the pressure was maintained at 1 atm. 
For all MD simulations, the LJ potential was smoothly switched within a range of 10 to 12 Å with the long-range LJ contributions treated with dispersion correction (long-range correction when NBFIX exists) implemented in OpenMM49, and electrostatic forces were calculated using the particle mesh Ewald (PME)50 method. The real-space cutoff was set at 12 Å, the Fourier grid spacing was 1 Å, and the Ewald tolerance was 0.0001. All the figures were produced using the program VMD51.
Analysis of Ion Distributions 
The ion distribution around proteins or nucleic acids was determined by calculating the shortest distance from each ion to any atom within the macromolecule using an in-house code. The codes are provided on GitHub (https://github.com/mackerell-lab/Paper_Ion_Protein_Nucleic-Acids). Specifically, for DNA, we employed the method proposed by Savelyev et al.12, focusing only on ions distributed around the central portion of the DNA segment. This approach enhances the accuracy of comparisons of theoretical predictions and experimental data by eliminating the influence of edge effects due to the short DNA sequences. To achieve this, an in-house code was developed to analyze only the ions distributed between two parallel planes that intersect the centers of the upper and lower four base pairs, perpendicular to the line connecting these centers. For example, in the 1DCV DNA structure, the upper and lower two terminal base pairs were excluded from the analysis, allowing us to examine the ion distribution around the remaining 8 out of 12 base pairs. The ion distribution profile was calculated as the ensemble average over the production run, considering the number of corresponding ions within a distance of specific bins (r, r+0.1 Å) without applying any normalization (Equation 2). To provide a more intuitive understanding of the ion count involved, the integration of the ion distribution profile was calculated (Equation 3). Ion excessive number, to compare with the BE-AES experiment was calculated as follows (Equation 4)
	
	(2)

	
	(3)

	

	(4)


where  is the excess ion number,  is the ion concentration at bulk, g(r) is the “radial distribution function”, J(r) is the volume Jacobian, and V and N are the volume of the simulation box and the number of ions, respectively. 

Results and Discussion
Parameter Optimization Targeting QM Potential Energy Scans
	Optimization of the NBFIX and NBThole parameters for the model compound-ion interactions targeted the model compounds and ion-compound interaction orientations listed in SI Table S1. In total, 672 QM PESs were calculated and used as target data for the parameter optimization using the cost function presented above. All the PESs are included in the file PES_Nan_et_al_QM_MM.pdf available through the MacKerell lab GitHub page (https://github.com/mackerell-lab/Paper_Ion_Protein_Nucleic-Acids). The cost functions for each PES, both for the original and optimized parameters, are annotated in each subplot. For the majority of PESs, the optimization yielded improved agreement with the QM data. However, in some individual cases, especially with the dimer PES, the agreement with the QM data was worse in the final model due to the higher weighting associated with the trimer and tetramer PES in the cost function. The final NBFIX and NBTHOLE parameters were directly used in the macromolecular simulations described below.
Model Validation Using Macromolecular Simulations
Figure 2 illustrates the ion distribution surrounding HEWL and its stability. Figures 2a and 2b depict the spatial distribution of Na+ and Cl− ions around HEWL. The strong adsorption of Na+ ions around HEWL with the original parameters is evident in Figure 2a, with relatively fewer Cl− ions attracted to the protein. However, with the newly optimized parameters, Cl− ions predominantly associate with HEWL (Figure 2b). This observation is consistent with the protein charge of +10 e based on the amino acid sequence and assigned protonation states. We conducted a more detailed quantitative analysis of ion distribution from the production runs (50 – 200 ns), as presented in Figures 2c and 2d. The figures show the number of ions within each distance interval of r to r + 0.1 Å and their cumulative distribution, indicating the total number of ions within a distance, r. With the original parameters, HEWL preferentially binds Na+ ions over Cl− ions at closer distances, as evidenced by the prominent first peak in the ion distribution (solid line) and higher value on cumulative distribution (dashed line) at close distances in Figure 2c. In contrast, with the new parameters, the strong binding of Na+ ions is prevented, resulting in a higher first peak in ion distribution for Cl− ions compared to Na+ ions, as shown in Figure 2d. 
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Figure 2. Spatial distribution of Na+ (orange) and Cl−  (green) ions around HEWL with (a) original and (b) new parameters. Ion distribution relative to distance from HEWL for (c) original and (d) new parameters. Solid lines show the exact ion count within a 0.1 Å bin size, while dashed lines represent its integration. The first local minimum distance of Cl−  ions is indicated by a red arrow. Time-dependent ion counts within 2.7 Å of HEWL for (e) original and (f) new parameters. RMSD of the protein backbone and non-hydrogen atoms for (g) original and (h) new parameters.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Additional analysis involved the dynamic properties of ion interactions with proteins. To quantitatively analyze the ion distributions, we selected the distance corresponding to the first local minimum in the Cl− distribution as the cutoff distance. Figures 2e and 2f represent the number of ions within 2.7 Å around protein over time for the original and new parameters, respectively. For both of the systems, the number of ions within 2.7 Å fluctuates, indicating the association and dissociation of the ions is a dynamic process as expected. With the original parameters, the number of cations initially increased and then remained relatively stable until around 150 ns, after which a further increase was observed, as shown in Figure 2e. This observation suggests that the system had not yet reached convergence and that the interaction between the protein and cations was too strong. Note that in Figure 2b, trajectories from 50-200 ns were used to calculate ion distribution, which is not ideal given the increase in the number of cations. However, given that the overbinding of ions to the protein is a known issue with the original parameters52, our primary focus was on evaluating the new parameters. Therefore, we did not conduct additional or more extensive simulations with the original parameters. With the new parameters, the number of ions surrounding HEWL initially increased and then fluctuated around a steady value after 50 ns, indicating that the system has reached convergence, as shown in Figure 2f. The number of Cl⁻ ions was higher than that of Na⁺, consistent with the results shown in Figure 2d. We also assessed the protein's stability by analyzing the backbone and non-hydrogen atoms’ root-mean-squared deviation (RMSD) values. Both sets of parameters demonstrated good stability of the protein structure, as shown in Figures 2g and 2h. The assessment of HEWL with different monovalent ions Li+, K+, Rb+, and Cs+ at a concentration of 50 mM was conducted to qualitatively verify the absence of excessive cation binding to the protein. The ion distribution profiles are presented in SI Figure S1. Cl⁻ ions predominantly distribute around the HEWL in all systems, with no significant cation adsorption peaks observed. As the radius of the cations increases, the position of the first peak shifts to larger values in the order of Li+, Na+, K+, Rb+, and Cs+.
  
Figure 3 compares the experimentally determined ZDHH with the simulated charge for both the original and new parameters. ZDHH can be measured experimentally using membrane-confined electrophoresis (MCE). This method accounts for the effects of the Debye–Hückel solvent ion cloud and can therefore be viewed as the response of the solvent to the protein charge, including contributions from bound ions that are integral to the overall protein charge. In MD simulations, defining the effective charge is more complex. A common method for determining ion association with a protein is by counting ions within a certain cutoff distance (5-6 Å)53. However, the Debye–Hückel solvent ion cloud is system-dependent, and can be influenced by factors such as temperature, pressure, salt composition and concentration, and pH. Therefore, applying a single cutoff distance for all proteins or different ions may not be appropriate. Identifying local minima from adsorption peaks in the ion distribution profile can determine a system-specific cutoff distance. Since multiple peaks can appear in ion distribution functions for different systems, as shown in the Supporting Information (Figure S2), it is important to further verify which peaks should be included in the ZDHH calculation. We applied two different criteria for the calculations: criterion 1 includes all adsorption peaks, while criterion 2 includes only the first adsorption peak. The results for each are shown in Figures 3a and 3b, respectively. Cutoff distances for each criterion are listed in Supporting Information (Table S3). As shown in Figure 3, for both criteria, the original parameters generally predict a higher ZDHH effective charge compared to the new parameters. This observation aligns with the ion distribution profile shown in Figure S2, where the original parameters lead to much greater cation adsorption. It is also important to note that the y-axis scales differ in Figure S2 between the results obtained using the original and new parameters. Criterion 1, shown in Figure 3a, generally showed better agreement with experimental predictions, suggesting that ZDHH accounts not only for ions directly bound to the protein but also for those that are loosely associated.

Figure 3. Calculated effective charge using the original (green) and new (pink) parameters for a) criterion 1, all adsorption peaks, and b) criterion 2, only the first adsorption peak, compared with experimental data 32, 37. The dotted lines are included as a guide for the eye.


Figure 4 depicts the RMSD of the non-terminal non-hydrogen atoms as well as the spatial distribution of Na+ ions around several nucleic acid systems. 1BNA and 1DCV were chosen to represent different sequences of double-helix B-DNA. Additionally, we studied a double-stranded RNA (1SDR) and an RNA hairpin (1RNG). As demonstrated in Figures 4a-d, both the original and new parameters yielded good stability for all nucleic acid systems. Terminal atoms are included in the RMSD calculations shown in SI Figure S3, showing that all systems remained stable, although with slightly higher RMSD values than Figures 4a-4d. Figures 4e-h illustrate the molecular structure and spatial distribution of Na+ ions around the corresponding nucleic acid systems, as calculated using the new parameters. For clarity, residues with different bases are color-coded as indicated in the figure. As shown in Figures 4e-h, Na+ ions tend to associate more with the base regions rather than the backbone. This finding is consistent with previous studies9, 10, 16, 54. It is also noteworthy that the ion distribution in the grooves is sequence-dependent, as illustrated in Figures 4e and 4f. This observation aligns with the previous report showing distinct spatial distributions for different sequences9. 
 
Figure 4. a-d) RMSD of the non-terminal non-hydrogen parent atoms for various nucleic acids: a) 1BNA, b) 1DCV, c) 1SDR, and d) 1RNG using original (green circles) and new (pink circles) parameters. e-h) Molecular structure and spatial distribution of Na+ ions around the nucleic acids: e) 1BNA, f) 1DCV, g) 1SDR, and h) 1RNG. Distributions are shown as solid isocontours at a population of 0.02 Å-3.



G-quadruplex systems14 require a proper balance of ion-base interactions to stabilize their structure, representing important systems for testing the FF. Figure 5 illustrates the spatial occupancy of bulk ions for three GQ systems containing K+, Na+, and Li+ ions. The occupancy maps shown illustrate sites in which ions were observed for at least 1% of the total simulation time, providing a qualitative analysis of ion-GQ interactions. These maps correlate well with previous simulations with the Drude-2017 FF15. The interactions of these ions with the guanine bases in the GQ core are integral for structural integrity and provide insight into how these bases can accommodate and respond to different cations. Evaluation of the guanine base dipole moments for each tetrad of the c-kit1 GQ systems revealed similar trends as results from the Drude-2017 FF14, 15. Altogether, these results indicate that the systems remain stable for all ions studied (Li+, Na+, and K+) and that the previously obtained properties of ion coordination are maintained by the present parameter refinement.

Figure 5. a) Ion occupancy maps around the c-kit1 GQ (2O3M) for both bound and bulk K+ (orange), Na+(silver), and Li+ (cyan) ions. The isosurface value for ion occupancy was set at a threshold of 1%. b) Comparison of base dipole moments distributions for B-form duplex DNA (B-DNA) and the tetrad guanines from the c-kit1 GQ.

The 1DCV B-DNA duplex was selected as a representative example to conduct a quantitative analysis of the ion distribution around B-DNA, as illustrated in Figure 6. Unlike proteins or RNAs, the charge distribution of B-DNA is arranged linearly along the backbone, with intervals of 1.7 Å between charges (i.e., two phosphates per 3.4 Å along the double helix). Given this linear charge distribution and the spacing is less than the Bjerrum length (λB = 7.14 Å for water at 25 °C), Manning’s CC theory27 applies to B-DNA systems. According to CC theory, approximately 76.2 % [1 – (1.7/ 7.14)] of the charge in infinitely long polyelectrolytes is neutralized by the surrounding ionic atmosphere. Note that our model system, 1DCV, is a finite system with 10 base pairs (20 residues). As shown in Figure 6a, the ion distribution differs between the terminal and internal base-pair regions. To minimize terminal effects, we employed the method developed by Savelyev et al.12, focusing only on the ion distribution in the internal region (highlighted in Figure 6a). The equilibration of the ion distributions was first evaluated by counting the number of cations within a 9 Å distance 12, 55, as shown in Figure 6b. We performed three replicates, each starting from different initial configurations. Open circles represent the ion count within 9 Å at 1-ns intervals, while the solid lines show the cumulative average for each replicate. The results again indicate that ion adsorption and desorption is a dynamic process, evidenced by the observed fluctuations. The number of ions converged after 50 ns (consistent with the previous report 11) and was independent of the system's initial configuration. Figure 6c represents ion distribution around the non-edge region of the 1DCV. Solid lines represent the exact number of ions within bin size of r to r + 0.1 Å, while dashed lines represent the integral of the solid lines. The black dashed line is the net charge, calculated as the difference between the number of cations and anions. At a distance of 9 Å, the DNA charge was neutralized by approximately 69.8 ± 0.3% (8.4 out of 12), which is close to the 76.2% predicted by CC theory. It’s important to note that the 9 Å cutoff is not a definitive standard and lacks strong theoretical backing; the extent of ion neutralization varies with the chosen cut-off distance, as shown in SI Figure S4. The 9 Å distance was selected for consistency with our previous study12. Using a slightly larger cut-off distance of 12 Å, the neutralization is around 76.4 ± 0.5%, achieving perfect alignment with CC theory for charge neutralization, as detailed in Table 2.


Figure 6. Quantitative analysis of ion binding in the 1DCV system. a) Structure of 1DCV and spatial distribution of Na+ ions with analyzed region highlighted. b) Time dependence of Na+ ion number within 9 Å distance from 1DCV for three different replicas. c) The ion distribution profile around 1DCV for Na+ ions (orange) and Cl- ions (green). Solid lines indicate the exact ion count within a 0.1-Å bin size, while dashed lines represent the integration of the solid lines. The black dashed line represents the net charge, which is calculated by subtracting the value of the green (Cl- ions) dashed line from the orange (Na+ ions) dashed line.

In addition to the interaction of individual ions with nucleic acids, the balance between different cations is crucial. In biological systems ions coexist, and their competition and cooperation significantly influence macromolecular properties and associated biological processes. For monovalent cations, it has been reported that their association with nucleic acids follows the order: Li+ > Na+ ≈ K+ > Rb+ through BE-AES experiments30. To determine if the optimized parameters reproduce this trend, we investigated two sets of systems. The first set includes systems with equal concentrations of competing ions: 50 mM LiCl and 50 mM NaCl, 50 mM KCl and 50 mM NaCl, and 50 mM RbCl and 50 mM NaCl. The second set aims to replicate an exact BE-AES experimental study, in which varying concentrations of ions are introduced to compete with the initially present Na+ ions: 50 mM NaCl, 36 mM LiCl and 50 mM NaCl, 51 mM KCl and 50 mM NaCl, and 60 mM RbCl and 50 mM NaCl30. 
Figure 7 illustrates the ion distribution profiles for each system in the first set that had equal concentrations of the ions. Figures 7a and 7b show the time-dependent number of Na+ and K+ ions, respectively, distributed within a 9-Å distance from 1DCV in Set1_K_NaCl. Although the number of ions tends to stabilize after 100 ns for each replica, the equilibrated numbers differ slightly between replicas (typically by less than 1 ion count). However, even these small differences can influence the conclusions regarding ion competition, highlighting the critical importance of using multiple replicates in ion-competition simulations. Notably, the total sum of all cations remained independent of the initial configurations, as shown in the Supporting Information Figure S5. Figures 7c -7e represent the ion distribution profiles for different ion competing systems, for the ensemble average of all the production frames (100 - 300 ns) with all three replicates. For all three systems, the summation of charges from ions around 1DCV (black dashed line) exhibits a similar trend, indicating comparable charge neutralization effects for the different ion species combinations. Specifically, the charge neutralization was 69.4 ± 0.7% for Li+, 68.9 ± 1.1% for K+, and 68.2 ± 0.1% for the Rb+ mixture. These results are closely aligned with the charge neutralization observed in the pure NaCl system (69.8 ± 0.3%). Similar to the pure NaCl system, using a slightly larger cut-off distance of 12 Å achieves excellent alignment with CC theory (76.2%) for charge neutralization, as detailed in Table 2. Interestingly, a slight decrease in charge neutralization is observed in salt mixtures containing Rb⁺ and K⁺ compared to those with Li⁺ or pure Na⁺. This trend may be attributed to complex factors, for example, the excluded volume effect (variations in cation size among different ions), which is not considered in CC theory. However, simulation errors make it challenging to draw definitive conclusions. The ratio of the number of different competing ions within a 9-Å radius is also provided in Table 2. A ratio less than 1 indicates that the competing ion is more strongly associated than Na+ ions, a ratio close to 1 suggests a similar level of association, and a ratio greater than 1 indicates a weaker association compared to Na+ ions. Our result showed good agreement with experimental observation, confirming the order: Li+ > Na+ ≈ K+ > Rb+. 

Figure 7. b) Time dependence of the number of Na+ ions within 9 Å from 1DCV for three different replicates for a) Na+ and b) K+ in system Set1_K_Na. Ion distribution profile around 1DCV c) Set1_Li_Na (50 mM LiCl and 50 mM NaCl); d) Set1_K_Na (50 mM KCl and 50 mM NaCl); e) Set1_Rb_Na (50 mM RbCl and 50 mM NaCl). Solid lines indicate the exact ion counts within a 0.1-Å bin size, while dashed lines represent their integration. The black dashed line represents the net charge, which is calculated by subtracting the value of the anion dashed line from the sum of cation dashed lines.

Table 2. Percentage of DNA charge neutralized by all ions at various cutoff distances and the ratio of ion counts within a 9-Å distance in Set1 systems
	System
	% DNA charge neutralized by all ions
	Competing ion Na+/ (Li+, K+, or Rb+) ratio within 9 Å

	
	within 9 Å
	within 12 Å
	

	Set1_Na (1DCV)
	69.8 ± 0.3
	76.4 ± 0.5
	--

	Set1_Li_Na (1DCV)
	69.4 ± 0.7
	76.1 ± 0.8
	0.91 ± 0.11

	Set1_K_Na (1DCV)
	68.9 ± 1.1
	75.8 ± 1.1
	1.02 ± 0.07

	Set1_Rb_Na (1DCV)
	68.2 ± 0.1
	75.0 ± 0.3
	1.17 ± 0.05




The second set of simulations is designed to quantitatively assess the competitiveness of various cations, replicating the BE-AES method. It was reported that 36 mM Li+, 51 mM K+, and 60 mM Rb+ are required to displace half of the initially bound Na+ from a 50 mM Na+ solution. Based on these values, the MD simulations were configured for the corresponding systems as described in Table 1, labeled as Set2. A larger simulation box (~110 Å, ~210,000 particles) was employed to mitigate finite-size effects, which significantly increased computational demands (30 ns/day, using a 4-GPU parallel setup). Given that ion counts nearly converge after 100 ns and are influenced by the initial configuration as shown for Set1, these systems were simulated for 200 ns due to time constraints, rather than the 400 ns used for Set1. The results presented are averaged over 100-200 ns, with deviations calculated from three independent replicates. The excess number of Na+ ions for each system is calculated according to Equation 4. The results from the Set2 simulations are shown in Table 3. All systems demonstrated good agreement with the target value of 2.00. Although the results slightly and systematically underestimated the target, they were still in reasonable agreement overall. This outcome suggests a minor underestimation of the Na+ ion-nucleic acid interactions, indicating some potential for further improvement in modeling ion-nucleic acid interactions. However, considering the sensitivity of these measurements and the differences between the simulation and experimental setups as discussed above, our current FF is considered satisfactory. 

Table 3. Comparison of MD simulation results with BE-AES experimental data on the competitive ionic association with DNA (Targeting 2.00)
	System
	Competing Ion
	

	Set2_Li_Na (1DCV)
	Li+
	1.81 ± 0.19

	Set2_K_Na (1DCV)
	K+
	1.90 ± 0.20

	Set2_Rb_Na (1DCV)
	Rb+
	1.73 ± 0.14



Conclusion
In the present work, the previously developed protocol to generate NBFIX and NBTHOLE parameters is applied to the interactions between monoatomic ions (specifically Li+, Na+, K+, Rb+, Cs+, and Cl-) and common functional groups found in proteins and nucleic acid systems. The parameters were generated individually for each ion and model compound representative of the biological functional groups, with those parameters then assigned to the corresponding functional groups within proteins or nucleic acids. Subsequently, the distribution of ions around these functional groups in proteins and nucleic acids was examined.
The modified FF successfully addresses the issue of over-binding observed with the previous version of the Drude FF. Analysis of a series of proteins, including HEWL, BSA, and wild-type and mutated T4L, on the ZDHH, showed improved agreement with experimental results. Given the absence of a “gold standard” for defining the associated charge, we tested two different criteria. The newly modified parameters exhibit better agreement in both criteria than the original parameters. Notably, the agreement was stronger when considering all the peaks from the ion distributions, which may reflect experimental conditions more closely.  This approach accounts for not only the first layer of bound ions but also subsequent layers, which may play an important role in the overall interaction.
The newly developed parameter set demonstrated a good balance with DNA and RNA, as evidenced by the low RMSD values, indicating stable backbone structures over time across different nucleic acids. These sequences include B-DNAs (1BNA, 1DCV), double-stranded RNA (1SDR), RNA hairpin (1RNG), and G-quadruplex (2O3M) systems with various ions (Li+, Na+, and K+). Quantitative analysis of nucleic acid charge neutralization further confirmed the accuracy of the FF across different ionic species. With a cutoff distance of 9 Å, approximately 69.8% charge neutralization was observed. Increasing the cutoff to 12 Å improved neutralization to around 76.4%, agreeing closely with CC theory (76.2 %). Additionally, simulations involving ion competition correlated well with experimental results, following the trend Li+ > Na+ ≈ K+ > Rb+. In a more quantitative comparison, the simulations aiming to reproduce the BE-AES experiment also showed good, though not ideal, agreement. This study provides validation for our developed model generating for group 1 ion-biomolecule interaction and provides an improved model for molecular simulations of biomolecules with group 1 ions using the full polarizable Drude FF.
Supporting Information
Model compounds and orientations; Li+, Na+, K+, Rb+, and Cs+ Ion distribution profile around HEWL; Protein ZDHH calculation; DNA charge neutralization as a function of increasing cut-off distance; Time evolution of the total cation number within 9 Å of DNA.
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