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Molecular Simulations as Tracking Tools for the
Dynamics of Reactive Species: A Personal Retrospect

Rodrigo M. Cordeiro*

Reactive oxygen and nitrogen species (RONS) govern critical processes in biology and atmospheric chemistry, yet
their fleeting dynamics often elude experimental tracking. Quantum chemistry is the go-to method for studying
RONS, but fully classical molecular dynamics (MD) simulations, though unconventional for such transient species,
offer unique insights into their interactions at complex interfaces. This self-reflective review chronicles a decade
of our group’s work developing the GROMOS-RONS force field, harnessing MD’s computational efficiency to
explore RONS in lipid bilayers, aquaporin channels, and water-air interfaces. These studies challenge the view of
RONS as mere diffusible threats, revealing their selective enrichment and prolonged residence at critical
interfacial regions. Simulations uncover nitro-oxidative pathways and transport mechanisms that shed light on
unresolved experimental questions. Applications in signaling, therapy, and aerosol chemistry are highlighted,
alongside challenges and future directions. By showcasing the GROMOS-RONS model’s strengths for condensed-
phase MD, we aim to inspire its broader application as a complementary tool to study RONS dynamics across
diverse fields.
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1. Introduction

Reactive oxygen and nitrogen species (RONS) encompass
a class of small molecules, ions, and radicals characterized by
their intrinsic reactivity and short lifetimes. These species
exert profound influence across diverse scientific fields,
including biochemistry and atmospheric chemistry. In living
organisms, RONS drive essential redox signaling pathways

that regulate cellular function [1,2]. Yet, when their production
surpasses antioxidant defenses, oxidative stress emerges [3],
potentially contributing to aging, carcinogenesis, and
neurodegeneration [4-8]. This reactivity, however, also holds
therapeutic promise. Techniques such as photodynamic
therapy [9] and plasma medicine [10] harness artificially
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generated RONS to induce localized cell death, demonstrating
efficacy against neoplasms [11], bacterial infections, and
tropical diseases [12]. Beyond biological systems, RONS play
a pivotal role in atmospheric reactions and aerosol chemistry,
among other domains [13].

In many of these domains, key RONS dynamics and
reactions unfold at interfacial regions—whether the simple
water-air boundary of an aerosol or the intricate,
microheterogeneous environment of a cell membrane. For the
latter, experimental studies to date have provided a broad
qualitative perspective on RONS interactions and dynamics,
using molecular probes to monitor their penetration into lipid
bilayers [14-19]. However, these findings often carry
significant uncertainty due to the mobility of probes, which
prevents precise localization within the membrane [20]. This
limitation highlights the need for deeper insights into RONS
dynamics. To give one more example, in oxidative labeling
experiments, protein topology is inferred from amino acid
oxidation patterns triggered by RONS [21-24]. A clearer
understanding of the specific interactions and pathways
available to RONS could enhance the interpretation of
oxidative labeling results.

Molecular dynamics (MD) simulations [25,26] stand out as
arobust tool to address these issues. The simplicity and small
size of RONS are attributes that render them ideal candidates
for MD. Nonetheless, it is noteworthy that their exploration,
especially in biomolecular simulations, emerged only
relatively late [27-31]. This delay may stem from an initial
reluctance, perhaps grounded in the belief that no method
other than quantum chemistry could yield meaningful insights
into RONS behavior. After all, a fully classical, non-reactive MD
approach might seem, at first glance, an incomplete depiction,
even at odds with the reactive essence of these species. Yet,
what constitutes a short lifetime is a matter of perspective. To
an experimentalist seeking to track RONS dynamics, a lifetime
of 1 microsecond may appear fleeting, but for an MD theorist,
it represents a vastly expansive timescale. Within the lifetime
of RONS, many interesting events might occur—such as
interactions with specific protein or membrane domains,
partitioning across interfaces, or diffusion pathways. These
events, in turn, may carry implications for reactivity. Even the
highly reactive hydroxyl radical, known to react within 1
nanosecond [32], might conceivably engage in significant
interactions and dynamical events during a typical MD run. As
we will demonstrate through selected applications from our
own work, while MD provides an admittedly partial view of
RONS behavior in biological media, it nonetheless offers
valuable clues that enhance the interpretation of experimental
findings.

This review begins by presenting a molecular mechanical
model for RONS simulations, which is the culmination of a
decade of developments and refinements, primarily focused
on biological applications [33]. What follows is a detailed
exploration of its practical utility, probing RONS permeation
and dynamics within phospholipid bilayers [30,34,35], their
transport through protein channels [31], and their behavior at
water-air interfaces [36]. In each instance, we emphasize
specific insights from MD simulations that shed light on
unresolved experimental questions. Through these examples,
we aim to showcase the model’'s strengths as a tool for
condensed-phase MD simulations and to inspire its broader
application across diverse fields.

2. Development and Validation of a
Molecular Mechanical Model for RONS
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MD simulations of RONS require a force field that
accurately captures their behavior in condensed-phase
environments. In the biomolecular context, this means
reproducing correct partitioning tendencies between aqueous
media and less hydrophilic regions, such as phospholipid
bilayers or protein interiors. Beyond partitioning, the force field
must balance hydrogen bonds and ionic interactions to
realistically depict specific RONS-biomolecule interactions.
Over the past decade, we have developed molecular
mechanical models for a comprehensive, though not
exhaustive, array of RONS and related species [30, 31, 33, 34,
36, 37]. This set includes:

i) relatively stable species, such as
hydrogen peroxide (H20,) and
molecular oxygen (0y);

ii) short-lifetime oxyradicals, such as

the hydoperoxyl (HO2) and hydroxyl
(HO) radicals;

iii) gases such as ozone (Oz) and
various nitrogen oxides, including
dinitrogen tetroxide (N204), nitrogen
dioxide (NO2-), and nitric oxide (NO-);

iv) peroxynitrous acid (HOONO), with its
complex conformational landscape
that includes trans-perp, cis-perp, and
cis-cis conformers;

v) nitrogen oxyacids, namely nitric
(HNO3) and nitrous (HNO2) acids—
which, although not typically
considered reactive species per se,
may form as end-products of RONS
reactions;

vi) nitrogen oxyanions, nitrate (NO3")
and nitrite (NO2);

vii) anionic species, such as peroxynitrite
(ONOO-) and the superoxide radical
anion (02-").

The GROMOS force field [38,39] was selected as the
foundation for these molecular mechanical models, owing to
its empirical design and proven success in biomolecular
simulations. Its parametrization protocol prioritizes the
reproduction of reference solvation free energy data.
Parametrization takes advantage from an extensive database
of Henry’s law constants for RONS [40]. Its tabulated values
have been either directly measured or derived from related
thermodynamic data, and they are continually refined as new
measurements emerge. Robust phospholipid bilayer models,
developed and validated within the GROMOS framework, are
now widely adopted, further justifying the use of this force
field [41,42]. The united-atom representation in GROMOS
provides a computational efficiency advantage, particularly
for the hydrocarbon tails of phospholipids, where non-polar
hydrogens are merged with their respective carbon atoms into
single interaction sites, reducing the cost of simulating non-
polar regions. Earlier versions, such as 53A6 [38], were
optimized for condensed-phase and biomolecular systems,
while updates like 54A7 [39] improved protein structure
descriptions and added post-translationally modified amino
acids [43].

The parametrization of RONS followed a well-established
route, leading to the so-called GROMOS-RONS force field [33].
Internal molecular structures—defined by bonds, angles, and
dihedrals—were derived from electronic structure calculations
or experimental data, such as spectroscopy and
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crystallography. Bond stretching constants were not
parametrized; instead, bond length constraints were applied
to suppress high-frequency degrees of freedom, enabling
larger simulation timesteps and enhancing computational
efficiency without compromising the description of RONS
dynamics in condensed-phase systems. Lennard-Jones (LJ)
interactions and atom-centered partial charges were
optimized to reproduce experimentally measured properties
of RONS. For stable species like H,02 and HNO3, which form
liquid phases under ambient conditions, standard GROMOS
atom types failed to capture pure-liquid properties, such as
density and heat of vaporization. The development of new
atom types with tailored LJ parameters was required. For all
electrically neutral RONS, partial charges were adjusted to
reproduce reference hydration free energy data. Initial charge
distributions, obtained from electronic structure calculations,
served as starting points for solvation free energy calculations
via thermodynamic integration [26]. These often
underestimated hydration free energies, requiring iterative
scaling to account for solvent-induced polarization until
agreement with experimental benchmarks was achieved [40,
44].

For gaseous species, where solvation data in both
aqueous and hydrocarbon media are available [45-50],
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parametrization targeted accurate partitioning across
hydrophilic and hydrophobic environments. This dual
requirement posed a challenge, particularly for small
molecules like 0,. In a GROMOS-type O, model, symmetry
dictates zero partial charges on oxygen atoms, leaving LJ
terms as the sole adjustable parameters (unless, of course,
virtual interaction sites are introduced to capture effects like
quadrupole moments or electron lone pairs). Without virtual
sites, balanced solvation in water and hydrocarbons relied on
developing new atom types with tailored LJ parameters.

As shown in Fig. 1, this approach yielded solvation free
energies in close agreement with reference data in the case of
electrically neutral RONS. For ionic RONS, the focus shifted to
accurately  reproducing  hydration  structures  and
experimentally observed ion-pairing tendencies. For example,
in NaNOs solutions up to 4 mol/L—a concentration range
relevant to biomolecular and atmospheric chemistry—
simulations achieved good agreement with experimental ion-
pairing data [51], as shown in Fig. 1. This balance of ionic
interactions highlights the model’s reliability in biologically
and environmentally relevant contexts. The development and
validation of this GROMOS-RONS force field are thoroughly
documented, offering a transparent framework that facilitates
extension to additional species.
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Fig. 1. (a) Comparison between solvation free energies of RONS from simulations and reference experimental/thermodynamic data
[40,44-50]. Data include hydration of hydrophilic, electrically neutral species (black), hydration of gaseous species (red) and solvation of
gaseous species in hydrocarbons (blue). (b) Concentration-dependent ion pairing in NaNOs aqueous solutions from simulations and
experiments [51]. Data replotted from ref. [33].

3. Oxygen Enrichment in Phospholipid
Bilayers: The Membrane Lens Effect

The so-called "Membrane Lens Effect" describes how
phospholipid bilayers concentrate small, hydrophobic
molecules like O, within their interior, enhancing local
reactivity or availability [52]. Bilayers are microheterogeneous
environments with position-dependent properties [53] such as
dielectric constant, free volume, and molecular ordering,
resulting in non-uniform distributions for small permeants like
02. This complexity distinguishes membranes from model
solvents, where molecular packing and orientation are simply
isotropic. Consequently, solubility data on model solvents are

Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br

not directly transferable to membranes.

The GROMOS-RONS force field been successfully
employed in MD simulations of 0; distribution within
dipalmitoylphosphatidylcholine (DPPC) bilayers across a
broad temperature range, spanning both gel and fluid phases
[35]. Fig. 2 shows that O, distribution strongly depends on the
bilayer phase. In fluid-phase DPPC, O, concentration at the
headgroup region dipped slightly below bulk water levels, then
rose monotonically toward the bilayer center. In gel-phase
DPPC, the profile shifted dramatically: O, dropped from the
aqueous phase to the headgroups and remained nearly
depleted along the phospholipid tail region. 02 accumulation
occurred only near the bilayer center, where the free volume
between leaflets allowed a concentration spike. Averaging of
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the local O2 concentrations across the bilayers yielded water-
to-membrane partition  coefficients comparable to
experimental data [54,55]. Simulations suggest that the
bilayer phase state exerts a stronger influence than
temperature alone. Across the main transition temperature
(Tm), the partition coefficient tripled from the gel to the fluid
phase, reflecting O;'s preference for disordered lipid regions.
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While these results aligned reasonably well with experimental
findings, the effect of the gel-to-fluid transition appeared
sharper in simulations than in experiments. This discrepancy
likely stems from the small, uniform-phase systems
simulated, whereas real membranes feature coexisting
domains near T, which are responsible for smoothing the
shift.
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Fig. 2. Simulation snapshots showing 02 enrichment and distribution in DPPC bilayers at the (a) fluid and (b) gel states. Water
molecules were omitted for clarity. (c) Local Oz concentration (relative to the bulk aqueous phase) as function of the distance z to the
bilayer center. The vertical line marks the average position of the headgroup phosphate groups (P) at the membrane-water interface. (d)
Water-to-membrane partition constant K of Oz as function of temperature. Simulation (black triangles) and experimental [54] (red
squares) data are shown for DPPC, along with experimental data for dimyristoylphosphatidylcholine [55] (pink circles). Data replotted
from ref. [35].

The ability of the GROMOS-RONS force field to describe O,
distribution across different membrane phases holds
biochemical significance. Membranes are not always in the
fluid phase; for instance, experimental evidence supports a
gel-phase model of the mammalian skin barrier [56].
Moreover, biological membranes often contain phase-
separated domains that vary considerably in composition,
fluidity, and lipid ordering. Cholesterol-enriched lipid rafts [57]
are the most emblematic examples, but evidence also exists
for sterol-independent, gel-like rafts in the plasma membranes
of living cells [58,59]. This multitude of lipid states reinforces
the need for an accurate understanding of how oxygen
distribution varies with temperature and membrane phase.
Besides that, respiration, lipid peroxidation, and
photosensitized singlet oxygen ('02) generation in
photodynamic therapy are examples of processes that
depend on local O, availability. Indeed, it has been proposed
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that photosensitizers that are able to penetrate deeper into the
0O2-rich membrane interior lead to enhanced 0, production
[60], a trend linked to the Membrane Lens Effect [61,62]. These
applications clearly benefit from MD models that balance
aqueous and hydrophobic solvation. By capturing these
features, the MD simulations based on the GROMOS-RONS
force field not only explain reactivity amplification but also
provide a tool to probe membrane biophysics where
experimental resolution may be limited.

4. Oxyradical Accessibility to
Phospholipid Membrane Oxidation Sites

The effects of RONS in the organism are largely influenced
by their interactions with phospholipid membranes. Reactions
are compartmentalized according to the membrane-crossing
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ability of RONS, which varies among different species [63].
The Membrane Lens Effect may play out not necessarily as
accumulation in the membrane interior, but rather as a
tendency for binding, enrichment, and prolonged residence
times at the membrane surface. Thus, certain reactions may
be favored at the membrane-water interface. MD simulations
based on the GROMOS-RONS force field have offered
important insights into some of these aspects [30]. As
depicted in Fig. 3, simulations revealed that even hydrophilic
species, such as HO,- and HO- radicals, may reside at the
membrane-water interface and penetrate deep into the lipid
headgroup region. Although the membrane poses a
permeation barrier to these radicals, their affinity for the
headgroups—coupled with membrane fluidity and disorder—
enables access to peroxidation sites without the need to fully
traverse the membrane. Indeed, Fig. 3 highlights a significant
overlap between oxyradical distributions and the double-bond
region of phospholipid tails, a key peroxidation target. This
effect also suggests that radical scavengers and antioxidants,
whose efficacy depends on their location (i.e. membrane
interior vs. interface), must align with RONS distributions to
neutralize oxidative threats effectively.

The role of HO»- in lipid peroxidation has often been
overlooked, as it predominantly exists as its conjugate base,
0,--, at physiological pH [64]. Yet, simulations showed HO,-
concentrating in the headgroup region at levels significantly
higher than in bulk water (c.f. Fig. 3). In contrast, the ionic Oz~
is expected to remain largely excluded from the headgroup
region due to its strong hydrophilicity. The HO2- enrichment
suggests a local pK, shift near the membrane, favoring its
protonated form over O,-~. Simulations support experimental
data sugesting that the importance of 0O~ for lipid
peroxidation stems from its ability to form HO,- [65-68]. Even
at physiological pH, HO,- may thus play a significant role in
lipid peroxidation and radical scavenging by membrane-bound
antioxidants.
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Fig. 3. Distribution of oxyradicals in a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) bilayer. Local
concentrations of oxyradicals are expressed as function of the
distance z to the bilayer center, along with the scaled
distribution of unsaturations along the phospholipid tails.
Vertical lines indicate the average positions of carbonyl ester
(C) and phosphate (P) groups at the membrane-water
interface. Simulations followed the protocol outlined in ref.
[30], with updated HO-: parameters [31,33].

Although classical MD models cannot explicitly describe
chemical reactions, they effectively capture subtle interfacial
effects that influence reactivity. Specific RONS-membrane
interations may affect the way in which different lipid types
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and membrane compositions respond to oxidative stress.
Independent simulations have suggested that RONS-induced
lipid oxidation enhances the membrane permeability to RONS,
leading to a feedback loop that amplifies oxidative stress [69].
Conversely, the presence of cholesterol in the membrane has
been found to hamper RONS permeation [70].

The intricate interplay between RONS and phospholipid
membranes underscores a delicate balance between
oxidative damage and cellular resilience. MD simulations,
empowered by force fields like GROMOS-RONS, have
illuminated the nuanced dynamics at the membrane-water
interface, revealing how species like HO2- and HO- exploit
membrane fluidity and headgroup affinity to access
peroxidation sites. These insights challenge traditional views
of RONS as mere diffusible threats, highlighting instead their
selective enrichment and prolonged residence at critical
membrane regions. The unexpected prominence of HO»- at
the membrane-water interface further emphasizes the need to
reconsider its role in lipid peroxidation alongside its conjugate
base, 0,-~. While these findings mark significant strides, the
journey is far from complete. Systematic investigations into
how membrane composition, lipid diversity, and structural
variations modulate RONS permeation and reactivity are
essential to unravel the full scope of oxidative stress
mechanisms. Such studies promise not only to deepen our
understanding of membrane dynamics but also to guide the
development of targeted antioxidant strategies, paving the
way for innovative therapeutic interventions against oxidative
stress-related pathologies.

5. Peroxynitrous Acid at Membrane
Interfaces: Insights into Localized
Reactivity

Peroxynitrite, ONOO-, is a potent and relatively stable
oxidant that forms in vivo through the rapid reaction between
NO- and O~ radicals [71]. At physiological pH, it coexists in
equilibrium with significant amounts of peroxynitrous acid,
HOONO [44], which undergoes O—0 bond homolysis to
produce NO,- and the highly reactive HO- radical [8]. This
formation outpaces the Fenton-type production of HO- from
H,0, by a factor of at least a million [72,73]. Unlike HO-, which
reacts almost immediately near its origin, ONOO-/HOONO can
travel micrometer distances, triggering nitro-oxidation
processes far from their formation site [74,75]. While ONOO-
requires anion channels to cross cell membranes, ONOOH
readily diffuses through them passively [76]. Experimental
evidence suggests that ONOOH homolysis may be favored in
the hydrophobic membrane interior, as compared to aqueous
environment [17-19]. However, the underlying mechanisms
remain unclear.

As shown in Fig. 4, HOONO presents a complex
conformational landscape, shaped by the interplay of its O—
N—O0—0O and N—O—O—H dihedral angles. For simplicity,
dihedral angles near 0°, 60°,90°, and 180° are denominated as
cis, gauche, perp, and trans, respectively. In the gas phase, the
cis-cis conformer corresponds to the global energy minimum,
due to its planar ring-like structure that preserves an
intramolecular hydrogen bond [77]. Rotation about the 0—0
bond axis leads through a modest barrier to the cis-perp local
minimum. Although the cis-perp conformer has higher energy
than cis-cis in the gas phase, the situation changes in the
aqueous phase. The cis-perp conformer gains importance in
solution due to competition from water molecules for
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hydrogen bonds with HOONO. Rotation about the N—0O bond
axis yields the trans-perp conformer. However, this transition
is hampered by a steep energy barrier that limits isomerization
at physiological temperatures. It is challenging to devise a
unique classical model that accounts for the structure of all
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HOONO conformers. Electronic structure calculations have
revealed a moderate coupling between rotameric states and
the N—O bond length [77-79]. Yet, despite these limitations,
the GROMOS-RONS force field delivers an accurate
description of HOONO conformational energies (Fig. 4).

perp-perp
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’,’ 55(52)
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13.4 (12.1)
cis-gauche ;'
| —— o Cis-perp ”
Cis-Cis // 3.4 (42) TN —
— 1.4 (2.5)
0

Fig. 4. Schematic representation of the conformational energies of gas-phase HOONO. Energies (in kd/mol) obtained from the
GROMOS-RONS classical force field (bold) are compared to results from electronic structure calculations [77] (within brackets).

MD simulations based on GROMOS-RONS have confirmed
that HOONO behaves like a small ampbhiphile. Its terminal —
OH group, strongly hydrophilic, forms hydrogen bonds with
water, while the hydrophobic —ONO fragment induces a
solvent cage. This dual nature sets the stage for its
interactions with phospholipid membranes. In fact, MD
simulations revealed a strong tendency of HOONO to bind and
accumulate at the headgroup region, driven in part by stable
hydrogen bonds with phospholipid carbonyl ester groups,
hydration waters, and likely aided by its surfactant-like
structure [34]. This binding affinity, combined with membrane
fluidity and disorder, positions HOONO to access oxidizable
sites along phospholipid hydrocarbon chains.

Classical MD models excel at capturing partitioning and
permeation phenomena, but their inability to explicitly account
for electronic degrees of freedom precludes direct simulation
of chemical reactions like HOONO homolysis. Studying
homolysis directly would require computationally demanding
quantum mechanical/molecular mechanical methods or
reactive force fields. Instead, a simplified yet insightful
approach has been proposed [34], solely based on classical
MD with the GROMOS-RONS force field. After equilibration of
a phospholipid membrane in the presence of HOONO, the O—
O bonds were cleaved by releasing their constraints,
effectively transforming HOONO molecules into HO-/NO,-
radical pairs. The initial HOONO coordinates served as
starting points for the trajectories of these radicals post-
homolysis. As shown in Fig. 5, the radical pairs separated
rapidly, within less than 1 ns. Most NO»- radicals migrated to
the membrane interior, but they eventually made excursions
to the aqueous phase. Since MD simulations were based on a
closed system, these escapees eventually re-entered the
membrane, but in an open system, most would likely diffuse
away into the bulk water. For HO., about one-third of the
radicals escaped to the aqueous phase within 1 ns.
Surprisingly, however, a significant fraction lingered at the
headgroup region, stabilized by hydrogen bonds with carbonyl
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ester groups and hydration waters, with residence times
extending to ~50 ns. This persistence was unexpected, given
prior data suggesting no particularly strong HO- affinity for the
membrane surface (Fig. 3). It has been proposed that HOONO
generates HO- radicals in positions less accessible to
exogenously introduced HO- from the aqueous phase. In these
positions, HO- radicals from HOONO homolysis become
trapped in metastable configurations at the headgroups, likely
driven by local hydrogen-bonding interactions. While many
HO- radicals dissipate into the aqueous phase post-homolysis,
those that remain may enhance nitro-oxidation reactions
within the membrane interior. This behavior offers a potential
explanation for the heightened efficiency of HOONO-induced
reactions in membrane environments [17-19].

The GROMOS-RONS force field has proven instrumental in
elucidating the dynamics of HOONO at phospholipid
membrane interfaces, revealing its amphiphilic binding and
the post-homolysis trajectories of HO- and NO2- radicals.
Classical MD simulations, despite their inability to model
chemical reactions directly, offer critical insights into
localized nitro-oxidation processes, particularly the
unexpected persistence of HO- at the headgroup region. By
capturing these subtle interfacial effects, the model not only
clarifies the mechanisms driving HOONO enhanced reactivity
in membranes but also demonstrates its versatility for
broader RONS studies.

6. Aquaporins as Transmembrane RONS
Transporters

Aquaporins are transmembrane proteins that orchestrate
the passive flow of water across phospholipid bilayers [80,81].
Structural studies have unraveled their basic architecture:
alpha-helix bundles form a narrow pore lined with hydrophilic
side chains, guiding water into a single-file procession [82-84].
Selectivity hinges on two critical checkpoints: the Asn-Pro-Ala
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(NPA) motifs at the pore’s center block protons and ions, while
the aromatic/arginine (ar/R) constriction near the
extracellular exit fine-tunes passage [85-93]. Yet, aquaporins
are more than water conduits. Growing evidence suggests
they transport H,0, [94-96] and possibly other RONS,

a)
z \

c)
4 i

e)
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reshaping our understanding of their biological significance.
In plants and algae, RONS exposure can reversibly throttle
aquaporin conductivity, suggesting an oxidative gating
mechanism [97-99]. This interplay positions aquaporins as
both regulators and responders in oxidative stress scenarios.

b)

d) e

Fig. 5. Sequence of events after homolysis of a selected membrane-bound HOONO molecule. (a) Equilibrated HOONO molecule at its
preferred position in the membrane headgroups region. (b) HO-/NO>- radical pair configuration formed after splitting of the 0—O bond,
followed by energy minimization and thermalization. (c) Rapid separation of the radical pair, in which NO2- populates the membrane
interior, while HO- establishes a hydrogen bond with the highlighted phospholipid (t = 1 ns). (d) The NO>- radical is lost to the aqueous
phase, while HO- remains bonded to the headgroup region (t = 22,2 ns). (e) In this particular case, HO- bonding persists for longer
durations (t = 46 ns). (f) HO- is eventually lost to the aqueous phase (t = 47,8 ns).

The GROMOS-RONS force field has enabled a systematic
study of RONS transport by aquaporins [31]. MD simulation

results support the notion that aquaporins don't just manage
water—they channel H,0, with remarkable efficiency. Fig. 6
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shows that the energy barrier for H,0, permeation through
mammalian AQP1 is comparable to that for water and
substantially lower than that through a bare POPC bilayer.
Comparable findings were observed for plant PIP2;1 (data not
shown). Early investigations into H20, permeation through
aquaporins produced varied results. For instance, expressing
certain plant aquaporins in yeast reduced cell growth and
survival under H20, exposure, suggesting a role in H20;
transport, whereas human AQP1 expression had no effect on
yeast viability [94]. Later studies proposed that this apparent
lack of H20; transport might stem from low expression levels

z (nm)
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rather than an intrinsic limitation [100]. However, recent work
by Orrico et al. demonstrated that H20, permeability across
human erythrocyte membranes is independent of AQP1 or
AQP3, with simple diffusion through the lipid fraction being
the dominant mechanism [101,102]. These findings suggest
that H,0, transport mechanisms might be highly context-
dependent, varying by cell type and membrane composition.
MD simulations remain valuable for probing these differences,
but caution is warranted when extrapolating to diverse
biological systems, and further studies are needed to clarify
aquaporin roles across different contexts.

3| | |
, | b)
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0 | |
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oL — H,0,/AQP1 |
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0 20 40
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Fig. 6. (a) Simulation snapshot showing H20. permeation through human AQP1 aquaporin monomer. For clarity, water molecules inside
the pore are represented in faded colors. (b) Permeation free energy profiles of H202, water and oxyradicals accros AQP1 and POPC
membranes. Data replotted from refs. [30,31].

MD simulations support the involvement of aquaporins in
the transport of other RONS [31,103-105]. Free energy profiles
(Fig. 6) for HO2- and HO- uncover even lower permeation
barriers at the pore region compared to water or H20,. This
finding suggests aquaporins may play a broader role in RONS
transport, carrying implications for signaling and therapeutic
applications. For example, aquaporin overexpression in
cancer cells might partly account for their heightened
sensitivity to RONS-based therapies [106]. Even highly reactive
HO- radicals, diffusing from solution, could plausibly breach
the pore’s vestibular region and oxidize exposed residues,
though whether they are able to fully traverse the pore remains
contentious.  Oxidative  labeling  experiments have
demonstrated HO-induced oxidation of inner pore residues
[107,108]. Yet, it remains unclear whether these HO- radicals,
which are produced via H20, photolysis, arise locally from
H,0, already within the pore or form near the entrance and
penetrate inside. The shallow energy barriers revealed by MD
simulations lend weight to the latter scenario. By contrast,
HO,- might fare better in full permeation, potentially serving as
a biologically relevant shuttle for Oz~ through the channel.

7. Probing Aerosol Chemistry through
Acid-Base and lon-Pairing Equilibria at
Interfaces
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While previous sections of this review explored RONS in
biological systems like membranes and channels, the
GROMOS-RONS force field also illuminates their behavior—
and that of related species—in atmospheric chemistry. At the
water-air interface, molecules may exhibit distinct enrichment
or depletion patterns that influence aerosol chemistry. In fact,
prior MD simulations have shown that small oxyradicals tend
to accumulate at water surfaces [109-111]. MD simulations
resolve solute distributions along this interface with fine
spatial detail, but their reliability strongly depends on the force
field’s quality. In this context, the GROMOS-RONS force field
emerges as an useful asset, given its well-balanced and
validated performance in describing solvation and ion-pairing
interactions. To exemplify its applicability, consider the
following effect. Spectroscopic measurements [112] and ab
initio calculations [113-116] show that HNO3, is stabilized at
the water-air interface in its protonated form, behaving as a
weaker acid there. Can the GROMOS-RONS force field capture
this effect, at least qualitatively?

Classical, non-reactive force fields like GROMOS-RONS
cannot simulate protonation or deprotonation events, as
these processes require explicit consideration of electronic
degrees of freedom. Nevertheless, they are powerful tools for
exploring how interfaces accomodate different species.
Specifically, an interface-induced pK, decrease for nitric acid
should manifest as interfacial enrichment of HNO; and
depletion of NOs~. This behavior, conceptualized by the
thermodynamic cycle in Fig. 7a, is well within the capabilities
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of the GROMOS-RONS force field. Fig. 7b shows the spatial
distributions of HNO3; and NOs3- yielded by this force field. The
interface is defined by a ~1 nm region where water density
gradually drops from its bulk value to zero. Indeed, HNO3
accumulates at the interface, while NO3~ ions remain largely
excluded from this region. A simplified analysis, rooted in
equilibrium thermodynamics, suggested a pKj increase of up
to one unit for HNO3 at the interface, indicating that nitric acid
becomes a weaker acid in this environment [36]. It should be
noted, however, that this estimate assumes no local pH
variation, implying a uniform HsO* distribution. Theoretical
studies suggest that water auto-ionization may be slightly
enhanced near the interface [117], potentially increasing local
H30* concentrations and reducing the magnitude of the
estimated pKj shift.

These results help reconcile divergent experimental
findings on the interfacial stabilization of nitric acid in its
protonated form. X-ray photoelectron spectroscopy (XPS)
indicated a ~20% reduction in HNOs ionization at the solution
interface [112]. This value may be an underestimate, as XPS

a)
HNO, (ag) —<———= HNO,(int)
Ka Ka
H* (aq) p— H* (int)
+ +
NO, (ag) =<=———= NO, (int)
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cannot readily distinguish contributions from the topmost
layer and subsurface regions. Indeed, MD simulations using
the GROMOS-RONS force field suggest that HNO3 enrichment
is confined to a narrow, 1 nm-thick interfacial layer, below the
spatial resolution of many experimental techniques. This
explains why glancing-angle Raman spectroscopy, with a
probing depth of 50—100 nm, detected no significant change
in HNO3 ionization [118].

Another intriguing spectroscopic observation is that the
pairing between NO,~ and its counterions strengthens at the
water-air interface [119]. As already demonstrated in Fig. 7,
ions like NOs~ tend to be excluded from the interface, and this
also applies to NO2~. However, Fig. 8 shows that, for the few
NO;- ions that reach the surface, ion pairing is favored.
Experimental techniques probing nitrogen oxyanions at the
interface are thus likely to detect a signal with a larger
contribution from ion pairs. Interfacial solution properties,
such as surface tension, may also be influenced by the
increased prevalence of ion pairs over dissociated ions at the
surface.

0.4 .

b)

water ( x 0.01)

Density (molecules/nma)

Position (nm)

Fig. 7. (a) Thermodynamic cycle relating the local value of the ionization constant K. of HNOs to the water/interface partition equilibria
of the involved species. (b) Distribution of HNOs and NOs- at the water-air interface. Data replotted from ref. [36].
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Degree of ionization (%)
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Fig. 8. Variations of the ion pairing tendency of NaNO- across
the water-air interface. Vertical lines delimit the interface
region where water density drops from 90 to 10 % of its bulk
value. Data replotted from ref. [36].
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The high surface-to-volume ratios of aqueous aerosol
particles amplify the influence of the water-air interface on
chemical speciation. While the GROMOS-RONS force field
cannot explicitly model interconversion between nitrogen
oxyanions and oxyacids, it successfully captured the
preference for protonated forms and enhanced ion pairing at
the interface. Ab initio MD simulations remain the gold
standard for probing reaction dynamics, but their short time
scales—constrained by computational limits—hinder broader
exploration. In contrast, a classical model like GROMOS-RONS
enables robust statistical analysis of molecular diffusion,
partitioning, and reorientation over longer periods. Its reliable,
validated parameters can generate realistic hydration and
interaction configurations at the interface, providing ideal
starting points for detailed ab initio studies of chemical
reactions.

8. Where do we go from here?

This review chronicles a decade of developing and
applying the GROMOS-RONS force field. Its robust, validated
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parameters have illuminated experimental findings, offering
insights into: /) how membrane environments modulate RONS
concentration, availability, and reactivity; ii) redox signaling
through  protein-mediated @ RONS transport across
membranes; and i) acid-base equilibrium shifts and
enhanced ion pairing at water-air interfaces. These
applications highlight the force field's role as a bridge between
simulation and experiment.

Looking forward, the GROMOS-RONS framework opens
exciting avenues to explore new RONS species or apply
existing models to novel systems. For instance, simulations
could investigate RONS interactions with protein binding sites,
such as those in superoxide dismutase, which regulates
oxidative stress by scavenging RONS. Although classical, non-
reactive MD cannot directly capture chemical reactions, the
studies reviewed here demonstrate that RONS distributions,
interactions, and dynamics yield critical indirect clues about
local reactivity. Moreover, the long timescales accessible to
MD enable investigation of larger systems. With
computational advances, simulations of entire viral capsids
have become feasible [120-122], offering the potential to track
exogenously generated RONS in real time, in their way from
the external environment, through the capsid barrier, down to
the viral RNA. Simulations of such systems, which heavily rely
on computational efficiency, could offer valuable insights for
applications related to RONS-based therapies and
disinfection. The versatility of GROMOS-RONS also extends to
emerging fields like plasma medicine, where RONS drive
therapeutic outcomes, and climate modeling, where aerosol
chemistry shapes global processes. With openly accessible
parameters and supporting files [33], the GROMOS-RONS
force field invites researchers to adopt and extend it, fostering
discoveries across diverse scientific domains.
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