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Abstract

Cation-7 interactions involving the tetramethylammonium motif are prevalent in biologi-
cal systems, playing crucial roles in membrane protein function, DNA expression regulation,
or protein folding. However, accurately modeling cation-7 interactions where electronic po-
larization plays a critical role is computationally challenging, especially in large biomolecular
systems. This study implements a physically justified electronic continuum correction (ECC)
to the CHARMM36 force field, scaling ionic charges by a factor of 0.75 to effectively account
for electronic polarization without additional computational overhead. This approach, while
not specifically designed for cation-7 interactions, is shown here to significantly improve pre-
dictions of the structure of an aqueous tetramethylammonium—pyridine complex as compared

to neutron diffraction data. This result, together with computational prediction for the structure
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of the aqueous tetramethylammonium—phenol complex, underscore the potential of ECC as a

versatile method to improve description of cation-7 interactions in biomolecular simulations.

Introduction

Tetramethylammonium (TMA, N(Me);) is a common cationic motif in biomolecular systems,
notably present as choline in the polar headgroups of phosphatidylcholine lipids. Moreover, the
TMA motif is important for choline-binding proteins and is integral to DNA expression regulation
through the methylation of lysine residues in histones.! Interestingly, in aqueous environments,
TMA does not predominantly associate with anionic species but rather with hydrophobic aromatic
molecules like benzene.? This suggests that within proteins, TMA likely interacts with aromatic
side chains of tryptophan, tyrosine, or phenylalanine, often forming complex structures such as
aromatic cages. These configurations highlight TMAs significant role in cation-7 interactions.>*
Researchers have extensively studied the fundamental nature of cation-7 interactions, demonstrat-
ing that they are primarily electrostatic, driven by the interaction between the aromatic systems
quadrupole moment and the cation.’ Additionally, polarization forces are important, as the cation
induces a dipole in the 7-electron cloud.®
Significant efforts have been made to capture the cation-7 interactions in standard non-polarizable

force field molecular dynamics (FFMD) simulations. While often qualitatively describing the in-
teraction geometry, these methods fail to achieve quantitative accuracy.’"'? Interaction energies
are typically underestimated compared to quantum mechanical calculations, making FFMD simu-
lations hardly suitable for tasks like identifying drug candidates reliant on cation-7 binding. Khan
et al. aimed at addressing this issue by optimizing the 12-6 Lennard-Jones (LJ) potential parame-
ters in the CHARMMZ36 additive force field.” Similarly, Turupcu et al. emphasized the significance
of induction effects by introducing a 1/r* term, resulting in the 12-6-4 LJ formulation within the
OPLS-AA force field.® Felder et al. proposed that non-polarizable force fields can effectively de-

scribe cation-7 interactions via suitable adjustments to the distribution of partial charges. ' How-
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ever, modifying the LJ potential and partial charges is challenging, as determining optimal param-
eters and justifying changes to the charges on both the cation and the aromatic molecule often lack
a clear physical basis. Finally, explicit polarization methods, like Drude polarizable force fields,
may enhance the accuracy of modeling of these interactions,’ but their higher computational cost
can render them impractical for large systems such as proteins, membranes, or nucleic acids.

Given the current landscape of challenges associated with modeling cation-7 interactions, we
have started exploring methods that can account for polarization effects without adding computa-
tional cost by implementing the ECC approach. !> ECC effectively accounts for electronic polar-
ization in a mean field way by scaling the (partial) charges on the (molecular) ions by the reciprocal
square root of the high-frequency dielectric constant. Our resulting force field incorporating im-
plicit electronic polarizability through charge scaling, denoted as prosECCo75,'? has demonstrated
its ability to refine ion-ion interactions in biological contexts effectively. Here, we demonstrate that
this approach has also the potential to improve the quantitative accuracy of cation-7 interactions
while maintaining computational efficiency, making it well-suited for large-scale simulations.

As an experimental complement to FFMD simulation, neutron diffraction with isotopic substi-
tution (NDIS) can provide invaluable insight into structural correlations in aqueous solutions. By
leveraging the distinct scattering properties of isotopes, NDIS isolates specific atomic interactions
with minimal perturbation to the system. This is achieved by preparing isotopically substituted yet
chemically identical solutions and subtracting their scattering profiles to isolate contributions from
the substituted nucleus, thus enabling sub-angstrom resolution. '*! This study integrates FFMD
and NDIS to investigate TMA-pyridine cation-7 interactions. The high solubility of pyridine in
water makes NDIS experiments feasible, with the potential to establish benchmark data not only
for the present case but also for modeling biologically relevant cation-7 interactions involving

TMA with also other aromatic molecules such as phenol or indole.
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Methods

Neutron Scattering Measurements

NDIS measurements were conducted at 23 °C using the D4C diffractometer at the nuclear reactor
of the Institut Laue-Langevin in Grenoble, France.?>* Samples were loaded into a cylindrical null-
scattering titanium-zirconium cell, with identical geometry for all measurements. The cell had a
sample diameter of 5.0 mm, wall thickness of 0.75 mm, and beam height of 24 mm. Neutrons
with a wavelength of 0.4985 Awere used. Four chemically identical solutions containing 2 m
TMACI and 2m Pyridine in water were prepared, differing only in H/D isotopic substitution on
the TMA (h;5-TMA and d;5,-TMA) and the solvent (H,O or D,0). Diffraction patterns (Fig. 1a)
were recorded for approximately 2 hours for each D,O solution and 4 hours for each H,O solution.
The collected data were corrected for multiple scattering and absorption effects and normalized to
a standard vanadium scatterer.?* The total correlation between non-exchangeable hydrogen atoms
on TMA and other atomic species in the system can be obtained via the first order difference
functions, ASI?T’EEO(Q) and ASI){(T’SEO(Q) (Fig. 1b; Egs. (1) and (2)). These functions essentially

represent a weighted sum of the contributions from the structural correlations involving the H/D

atoms of TMA. They are respectively defined as (in units of mbarns).

AS})I(T’EEO(Q) =734- SHTMAHW (Q) —3.7- SHTMAHPY(Q) +31.9- SHTMAO(Q)
+ 119 : SHTMAC(Q) + 37 : SHTMAN(Q)

+ 1.9 - Sppct(Q) + 3.5 - Stipytins (Q) — 122.6 (1)
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ASI’)I(";SAQO(Q) = —41.1- SHTMAHW (Q) - 3.7 SHTMApr (Q) +31.9- SHTMAO(Q)
4+ 11.9 - SHTMAC(Q> +3.7- SHTMAN(Q)

+1.9- SHTMACI(Q) +3.5- SHTMAHTMA (Q) — 8.0 (2)

Prefactors were calculated using atomic concentrations and neutron scattering lengths of the
different elements in the system, following standard literature methods.

The difference between Eqs. (1) and (2) gives the second-order difference function, AAS(Q)
(Fig. 1c; Eq. (3)), which provides information on the specific correlation between non-exchangeable

hydrogen atoms on TMA and hydrogen atoms in water. This second-order difference is defined as:

AAS(Q) = ASYPO>Q) — ASE™O(Q) = 114.6 - (S (Q) — 1) 3)

Hrma Hrma

This function serves as a valuable internal consistency check, verifying the accuracy of the so-
lutions as well as the multiple scattering and absorption corrections applied to the data. Due to the
significant inelastic scattering of 'H and the Placzek effect,'* samples containing hydrogen always
exhibit a strong background. The higher the atomic concentration of 'H, the more pronounced this
effect becomes, as observed in light water samples (e.g., Fig. 1a). For heavy water samples, this ef-
fect is substantially reduced (see Fig. 1a). The extent of inelastic scattering is primarily determined
by the density of 'H nuclei, so the first-order differences (Fig. 1b) should contain the same Placzek
background. If the resulting second-order difference is constant, as shown in Fig. 1c, we can con-
clude that there is no detectable background, indicating that the four solutions were prepared with

identical chemical compositions.
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Figure 1: (a) Total diffraction patterns for H,O solutions of d12-TMACI and h12-TMACI and D,O
solutions of d12-TMACI and h12-TMACI: all solutions contain 2m of pyridine. (b) First order
differences AS})[(2 o(Q) obtained by the difference of the two diffraction patterns shown in (a) for
H,O as a solvent and ASj ,(Q) obtained by the difference of the two diffraction patterns shown
in (a) for D20 as a solvent. (c) Second order difference 114.5 - (Syy, ny (@) — 1), obtained through
the difference of the two first-order differences shown in (b).
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Although NDIS can, in principle, measure correlations between any pair of substitutable hy-
drogens, the feasibility is strongly dependent on sample contrast, which is largely determined
by the product of the atomic concentrations. Consequently, Hy-Hw measurements are relatively
straightforward, whereas Hw-Hrya and especially Hryvia-Hpy are more challenging. Notably, the
Hrma-Hpy correlation would provide the most direct insight into cation-7 interactions, yet these
data were not acquired in earlier experiments. Because neutron beamtime is a scarce resource, the
Hrma-Hw measurement, although less sensitive to cation-m effects, remains the primary experi-
mental dataset available for this work. Nonetheless, it still provides valuable structural informa-
tion for validating and refining force field models of TMA-pyridine interactions, which shall be a

strong foundation for further parametrization of cation-r interaction in FFMD simulations.

FFMD Simulations and Trajectory Analysis

Classical FFMD simulations were performed for two chemically distinct systems, each consisting
of 40 N(Me)jlr cations neutralized by 40 chloride anions, 1110 TIP3P water molecules, and 40
molecules of an aromatic compound (pyridine or phenol). Additionally, we explored the use of
the TIP4P2® water model, as discussed in the Supporting Information (SI). The concentrations of
TMACI and the aromatic compounds of 2 m were chosen to align with prior neutron scattering
experimental data and to facilitate predictions for future neutron diffraction experiments.

Systems were run using GROMACS 2022,2” employing either CHARMM?362® or prosECCo075 !2
force fields. The primary difference between these force fields is that prosECCo75 incorporates
an electronic continuum correction (ECC) by scaling the charges of all charged species by a factor
of 0.75. The parameters for pyridine, phenol, and N(Me); in CHARMM36 were generated with
CGenFF,? while prosECCo75 parameters for TMA were taken from Mason et al.*° For clarity
distribution of partial charges for TMA is listed in Table 1. Chloride ions were modeled using the

CL type?® (full charge) for CHARMM36 and CL_2s type*' (-0.75 charge) for prosECCo75.
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Table 1: Atom (atom type) partial charges of TMA

Model N (NTL) C(CTL5) H(HL) Overall charge
CHARMM —0.60 —0.35 0.25 +1.00
prosECCo75  —0.61 —0.35 0.23 +0.75

Simulations were conducted in the isothermal-isobaric (NpT) ensemble using GROMACS

t32 with a

2022. The system temperature was maintained at 298 K using a V-rescale thermosta
1 ps coupling constant, while pressure was kept at 1 bar with a C-rescale barostat®® and a 5 ps
coupling constant. Van der Waals interactions were treated with a cutoff of 1.2 nm, employing a

force-switch from 1.0 nm, and the Verlet cutoff scheme*

was used for neighbor searching. Long-
range Coulomb interactions were accounted for using the particle mesh Ewald (PME) method,
using a cutoff of 1.2 nm.?’

The trajectories obtained from the FFMD simulations were analyzed using an in-house devel-
oped software designed for unbiased alignment and density mapping. The methodology employed
closely followed the approach described previously,*® with the key difference being that the present
analysis specifically targeted the density distributions around pyridine instead of other molecules.
While direct experimental validation was limited to comparisons with structure factors from NDIS,
our molecular dynamics simulations provided a deeper and more detailed structural perspective.
Density maps provide a three-dimensional representation of density distribution around a central
motif. For example, to illustrate the preference of TMA binding to pyridine, we calculated a den-
sity map showing 2.3 times the bulk density of carbons of TMA around pyridine (Fig. 3). Although
density maps cannot be directly validated through experimental measurements, they provide valu-
able insights the strength and geometric characteristics of cation-7 interactions. Moreover, these
maps serve as an excellent benchmark for comparison with future ab Initio molecular dynamics
(AIMD), underscoring their potential in refining and validating force field models for cation-7
interactions.

Visualization of simulation trajectories, density maps, and the calculation of radial distribution

functions were conducted using the Visual Molecular Dynamics (VMD) software.*> This ensured
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accurate representation and interpretation of the molecular systems, combining quantitative analy-

sis with intuitive graphical outputs.

Results and Discussion

From FFMD simulations, we extract the Hrya-Hw structural correlations in real (R) space and
observe the impact of ECC thereon. Since (J)-space and R-space are different representations of
the same solution structure, the effects are reflected differently in each of them. In real space,
this manifests as a subtle change in the radial distribution function (RDF) over a broad range of R
values. In contrast, in ()-space, the same structural difference appears as a significant change at
low () values. Experimentally, it is challenging to measure all the low () data due to the limitations
in detector positioning, specifically their proximity to the direct beam passing through the sample.
Obtaining this low () data is essential for a fair comparison in R-space. Thus, ()-space data provide
a more natural basis for comparing experimental and simulation results.

To assess the statistical accuracy of FFMD predictions against experimental data, Gaussian
process regression (GPR) was applied to the experimental scattering data to estimate the mean and
variance of the structure factor distribution. GPR, which is a nonparametric Bayesian method, pro-
vides a rigorous framework for quantifying the statistical properties of unknown functions given
noisy observations,*® offering a robust way to evaluate model fits by accounting for both data
trends and uncertainty. Here we estimated the experimental uncertainty bounds using GPR and
subsequently compared the CHARMM?36 and prosECCo75 models to this distribution in Fig. 2.
A squared-exponential kernel with a white noise term was employed, using the GaussianProcess-
Regressor software from scikit-learn?’ for regression and hyperparameter tuning.

A comparison between the GPR distribution and FFMD model predictions shows that the mod-
els significantly deviate from the experiment at ) < 2.5 A~!. Furthermore, the difference between
the CHARMM36 and prosECCo75 FFMD data becomes particularly pronounced in this low-Q

region (see Fig. 2), with the later model agreeing much better with the experiment. This result sug-
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gests that charge scaling significantly improves the description of long range density correlations in
TMA-pyridine systems. Lastly, the GPR predicted noise on the experimental data (0 ,,,;sc ~ 0.037)
provides an insight into whether further refinement of force field parameters may yield improved
quality-of-fits to the structure. In this instance, the experimental target exceeds the 7,45 ~ 0.005
precision threshold recommended for direct force field optimization to neutron scattering data,>®
suggesting that additional experimental targets would be beneficial for further optimizing TMA-

pyridine force fields.
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Figure 2: (a) Experimentally obtained Sy, ny (@) (gray markers) compared to atomic correlation
functions calculated from FFMD simulations (red/green lines) alongside the GP mean prediction
(gray line). (b) Deviations of the experimental data and FFMD models from the GP mean with
noise estimation (gray confidence interval).
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Even though prosECCo75 and CHARMM36 differ only in their treatment of charged species,
the simulations of the TMACI-pyridine system reveal stark contrasts in structural behavior of the
two force fields. To explore these differences, we calculated density maps from the simulations
to visualize the geometric preferences of these interactions. Specifically, the maps represent the
spatial density of TMA carbons around the atoms of the six-membered aromatic ring. The den-
sity map calculated from the trajectory using CHARMM36 FF (Fig. 3a) exhibits a headphone-like
distribution, where the density wraps around the electronegative atom of the aromatic molecule.
The prosECCo75 density map (Fig. 3b) displays a stronger face-on interaction, as expected for a
cation-r interaction. Thanks to the improved structural agreement achieved by prosECCo75, these
simulations also allow us to predict quantitatively the correlation behavior between Hrya and Hpy,
as illustrated in Fig. 3c. These plots show even more clearly how prosECCo75 predicts stronger
cation-7 interactions than CHARMM36. Additional neutron scattering experiments on aqueous
solutions of cation-m complexes, planned with isotopic substitutions on the non-exchangable hy-
drogens, will directly test these predictions. Finally note that a direct consequence of the stren-
thening of cation-7 interactions upon moving from CHARMM36 to prosECCo75 is an increased
presence of the neutralizing chloride anions in the vicinity of the aromatic molecules (see Fig. S4

in the SI).
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Figure 3: (a) and (b) density maps of carbons on TMA around pyridine for CHARMM36 in (a)
and for prosECCo75 FF in (b) (contour level 2.3 times the bulk density). (c) Radial distribution
function between hydrogens on TMA and hydrogens on pyridine.
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Pyridine is infinitely miscible with water at room temperature, making it an excellent candidate
for NDIS experiments. However, in our simulations using the CHARMM?36 force field, we observe
significant aggregation of pyridine even at concentrations well below its solubility limit (2 m), as
shown in Fig. 4a and Fig. 4c, pyridine tends to form larger aggregates and also pyridine-pyridine
contacts are consistently more favored with CHARMM?36. This observation is consistent with
previous work that suggests that the CHARMM FF struggles to accurately capture cation Pi inter-

123940 prosECCo75 largely resolves this issue by effectively incorporating electronic po-

actions..
larizability. As demonstrated by the simulation snapshot and corresponding density maps of twice
the bulk density of pyridine-pyridine contacts (Fig. 4b and Fig. 4d), prosECCo75 significantly re-
duces the artificial aggregation observed with CHARMM?36. This reduction in pyridine-pyridine

contacts is mostly due to enhanced competition with pyridine-TMA, cation-7 interactions.
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a) CHARMM36 b) prosECCo75

Figure 4: (a) and (b) Snapshots from FFMD simulations of the 2 m TMAC]I-pyridine system us-
ing (a) CHARMM36 and (b) prosECCo75 force fields. Pyridine molecules are shown in yellow,
TMACI and water in licorice representation, and grey isosurfaces outline pyridine-pyridine con-
tacts. (c) and (d) Density maps illustrating pyridine-pyridine interactions, represented as twice the
bulk density of pyridine ring-member atoms relative to pyridine hydrogen atoms, calculated from
trajectories using c) CHARMM36 and (d) prosECCo75 force fields.
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a) CHARMM36 b) prosECCo75

Phenol-Phenol Contacts

Figure 5: (a) and (b) Snapshots from FFMD simulations of the 2 m TMACI-phenol system using
(a) CHARMM36 and (b) prosECCo75 force fields. Phenol molecules are shown in orange, TMACI
and water in licorice representation, and grey isosurfaces outline phenol-phenol contacts. (c) and
(d) Density maps illustrating phenol-phenol interactions, represented as regions of 3.3 times the
bulk density of phenol ring-member atoms relative to phenol hydrogen atoms, calculated from
trajectories using (¢) CHARMM?36 and (d) prosECCo75 force fields.

Although prosECCo75 achieves significantly closer agreement with structure factors from
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NDIS experiments than CHARMM36, this marks only the beginning of advancing the descrip-
tion of cation-7 interactions in FFMD. For example, further refinement of the charge scaled de-
scription of cation-7 interactions could be explored using machine learning accelerated force field

optimization to NDIS data*'*?

or to more fundamental simulation methods such as AIMD. Finally,
further work is required to investigate a wider range of biologically relevant cationic species, such
as guanidinium, and other aromatic motifs, like phenol or indole. To this end, we have additionally
performed as a first step simulations on the TMACI-phenol system, which is even more directly rel-
evant to biological applications than pyridine since it more closely resembles aromatic side chains
of amino acid tyrosine.

The solubility of phenol in water is about 0.9 M. One might thus argue that NDIS experiments
requiring for sufficient resolution molar aqueous solutions should not be feasible, nevertheless, we
have found that in the presence of a 3 m solution of TMACI, the solubility of phenol increases to
about 3 m. This is presumably due to the favorable TMA-phenol interaction, consistent with the
use of quaternary ammonium salts in deep eutectic solvent extraction for aromatic species.*** As
expected, prosECCo75 reproduces this behavior by keeping phenol dissolved (Fig. 5b and Fig. 5d),
whereas CHARMM36 exhibits more extensive phenol aggregation (Fig. 5a and Fig. 5c).Similarly
to TMA-pyridine, CHARMM36 leads to a more pronounced headphone-like arrangement favor-
ing TMA interaction with the rings electronegative hydroxyl motif. However for the remain-
ing aromatic ring, the face-on cation-7 interaction is significantly stronger for prosECCo75 than
CHARMM36(Fig. 6a and Fig. 6¢). Similarly to the case of pyridine, we can use these simulations
to predict the correlations between Hrya and Hpy (Fig. 6¢), which show even more clearly the
strengthening of cation-7 interactions upon charge scaling, to be tested by the above mentioned
upcoming neutron scattering measurements. These experiments will further assess the reliability
and versatility of prosECCo75, the accuracy and robustness of which is grounded in the physically

well justified ECC scaling approach.
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Figure 6: (a) and (b) density maps of carbons on TMA around phenol for CHARMM?36 in (a) and
for prosECCo75 FF in (b) (2.7 times the bulk density). (c) Radial distribution function between
hydrogens on TMA and hydrogens on phenol. This is interaction is about 50 percent stronger than
the TMA-pyridine cation pi interaction
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Finally, we note that the positive effect of charge scaling on the accuracy of the description
of cation-7 interactions involving TMA is to some extent surprising. Indeed, our previous studies
have demonstrated that the effect of ECC on the strength of ion pairing in aqueous solutions di-
minishes with decreasing charge density, becoming rather weak for ions like TMA.* The present
work shows that this is not true for cation-7 interactions, where accounting for electronic polariza-
tion via charge scaling helps to establish the right balance between electrostatic and hydrophobic

forces.
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Conclusions

Our experiments and simulations indicate that effectively incorporating electronic polarization
via charge scaling in the prosECCo75 model provides results for cation-7 interactions involving
tetramethylammonium and pyridine that are in closer agreement with neutron scattering data com-
pared to results obtained using the original CHARMM36 force field. prosECCo75 yields a stronger
face-on interaction (compared to CHARMM36) of TMA binding to the aromatic ring. This is con-
sistent with the expected geometry of the cation-7 interaction. By reducing the net charge of the
ion, ECC appears to lower its hydration penalty enough to facilitate a more pronounced interaction
with the aromatic 7-system in water, which also removes the pyridine aggregation artifact and the
resulting low solubility resulting from the use of CHARMM36.

Additionally, based on our simulations we made a specific prediction for the structure of the
aqueous TMA-phenol complex, to be tested by future neutron scattering experiments. Phenol
is a particularly relevant aromatic molecule for biological contexts as it mirrors the side chain
of tyrosine. Our simulations show that prosECCo75 alters compared to CHARMM36 the over-
all behavior of these cation-7 interactions in a manner similar to TMA-pyridine with the effect
effect about twice as strong with phenol as it is for pyridine. Specifically, while CHARMM?36
exhibits artefactual phenol aggregation, prosECCo75 predicts a stronger cation-7 interaction and
yields reduced phenol aggregation. This is also consistent with the known ability of quaternary
ammonium ions to enhance solubility of aromatic species. The consistency of the prosECCo75
prediction for both TMA-pyridine and TMA-phenol interactions suggests that the present charge-
scaling approach may be widely applicable to a broader class of cation-m motifs commonly found
in biomolecules, offering a promising strategy for improving the accuracy of molecular dynamics

simulations for these complex systems.
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Data Availability

The NDIS experimental data and FFMD data supporting this study are available in the GitHub
repository. Due to storage limitations, trajectory files are not included in the repository but can be

made available upon reasonable request.

Supporting Information

Additional structural correlation data for Hy-Hrya, Hrma-Hpn, and TMACI ™ interactions around
aromatic motifs are provided, comparing simulations using the TIP3P and TIP4P water models.

This includes:

Hw-Hpya correlation in r-space (Figure S1), analyzed with both the CHARMM36 and

prosECCo75 force fields, using TIP3P and TIP4P water models.

» Comparison in ()-space (Figure S2), featuring experimentally measured AAS(Q) values,

FFMD simulations, Gaussian process (GP) predictions, and deviation analyses.

* Hpva-Hpy structural correlation in r-space (Figure S3), evaluated for both force fields

with TIP3P and TIP4P water models.

* TMA and chloride around the aromatic motif (Figure S4), showing radial distribution
functions for the center of geometry (COG) of the aromatic ring relative to either TMA
nitrogen or chloride and TMA nitrogen relative to the chloride ion in TMACI-pyridine and

TMACI-phenol systems.
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