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Introduction

Modeling CH;SOH-aromatic complexes to probe
cysteine sulfenic acid—aromatic interactions
in proteins

Esam A. Orabi(2°° and Ann M. English () *?

Cysteine sulfenic acid (CysOH), formed on oxidation of Cys residues, is an intermediate in the catalytic
cycles of numerous antioxidant enzymes and participates in oxidative-stress sensing and redox signaling.
Proteins control CysOH reactivity in part by its interactions with aromatic residues. To characterize such
interactions, we performed extensive ab initio quantum mechanical calculations with MP2(full)/
6-311++G(d,p) on complexes of CH3zSOH as a CysOH model with side-chain models for Phe (toluene),
Trp (3-methylindole), Tyr/Tyr~ (4-methylphenol/4-methylphenolate) and His/HisH* (4-methylimidazole/
4-methylimidazolium) residues. The gas-phase global minima conformers extracted from the 67
aromatic complexes found exhibit binding energies of ~—5 to —25 kcal mol™. In the neutral CHzSOH -
aromatics, the center oxidized is the stronger H-bond donor, which varies with the geometry of the
complex as does the ionization potential (IPV). While CH3zSOH (IPV = 9.20 eV) is exclusively oxidized
when complexed to 4-methylimidazolium (IPV = 14.64 eV), the phenol ring is oxidized in all CH3sSOH
complexes with 4-methylphenolate (IPV = 3.31 eV). To perform molecular dynamics (MD) simulations of
the agqueous complexes, a potential model was optimized for CH3SOH and calibrated for its interactions
with the aromatic ions. The MD simulations reveal that in bulk water the S atom preferentially adopts
en-face or intermediate binding geometry with binding free energies of ~—0.6, —2.5 and —5 kcal mol™*
for the neutral, imidazolium and phenolate complexes, respectively. Overall, the gas-phase and aqueous
CH3SOH complexes are 40-170% more stable and 0-40% less stable, respectively, than their CH3zSH
counterparts. Exceptionally, agueous 4-methylphenolate binds CH3zSOH ~50% more tightly than CHsSH
due to strong o-type O—-H---O, H-bond bonding. Examination of a subset of CysOH-aromatics from
the Protein Data Bank highlight their role in CysOH formation and stabilization in proteins.

Cys sulfenic acid (CysOH) is among the redox-reversible Cys
oxoforms. In fact, the reversible oxidation of Cys to CysOH

Although Cys comprises only ~ 2% of all residues in proteins,*
its versatile redox chemistry is crucial for function. The oxida-
tion number of the S atom can vary between —2 and +6 allowing
the thiol group to be converted to a sulfenic, sulfinic and
sulfonic acid, a sulfenamide, persulfide, disulfide, and
S-nitrosothiol. These redox changes are induced by reactive
nitrogen, oxygen, or sulfur species, making Cys residues key
regulators in redox homeostasis and signaling.>*
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commonly regulates protein function, catalysis and signalling.>
For example, CysOH is involved in protein tyrosine phospha-
tase (PTP) signal transduction pathways,* activation and func-
tion of T-cells,® and redox-switching to regulate kinase activity.®

Under oxidative stress, which is linked to neurodegeneration
and cancer pathogenesis,” CysOH is often the first Cys oxida-
tion product detected. Its susceptibility to further oxidation and
the end products formed depend not only on the oxidant but
also on the protein microenvironment such as the polarity of
neighbouring residues and solvent accessibility.> Furthermore,
we have reported previously that charge transfer between aro-
matic residues and Cys (or Met) also impacts the redox proper-
ties of both.®° In fact, recurrent noncovalent S-aromatic
interactions between Cys or Met and Phe, Tyr, Trp or His
contribute significantly to protein stability and function.'®™*
Towards characterizing CysOH-aromatic interactions and their
influence on CysOH redox properties, here we investigate gas-
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phase and aqueous model complexes of methanesulfenic acid
(CH3SOH) with toluene, 3-methylindole, 4-methylphenol/4-
methylphenolate and 4-methylimidazole/4-methylimidazolium
as proxies for the side chains of Phe, Trp, Tyr/Tyr and His/
HisH' residues, respectively.

We performed ab initio quantum mechanical (QM) calcula-
tions to obtain geometries and interaction energies of the gas-
phase CH3;SOH-aromatic and CH3;SOH-H,O complexes. A new
additive potential model was developed for CH;SOH and used
together with the CHARMMS36 all-atom additive force field (FF)'®
for the aromatic residues and the CHARMM-compatible TIP3P
model for water'”'® in molecular dynamics (MD) simulations to
evaluate the geometry and stability of the CH;SOH-aromatics
in bulk water. Our detailed analysis of the properties of the
CH;SOH-aromatic complexes provides a comprehensive data set
that expands our profiling of the S-aromatic motif in proteins.
Comparison with our previous investigations on Cys-aromatic
interactions® sheds new light on how S-aromatic interactions
influence CysOH formation and redox stability and thereby the
impact of Cys oxidation on protein structure and function.

Computational methods
ADb initio calculations

QM calculations were performed with the Gaussian 09 program.®
The geometry of methanesulfenic acid (CH;SOH) and a relaxed
scan of its CSOH dihedral angle ¢cson between 0° and 180° in 5°-
increments were calculated with MP2(full)/6-311++G(d,p) and
MP2(full)/6-311++G(3df,3pd). The geometry of CH;SOH com-
plexes with water, toluene, 3-methylindole, 4-methylphenol,
4-methylphenolate, 4-methylimidaole and 4-methylimidazolium
were optimized with MP2(full)/6-311++G(d,p) without constraints
by initially placing the interacting ligands at various relative
orientations while considering all possible o- and n-type
H-bonding as well as S-n and O-r interactions. For the 7 binary
complexes examined, over 300 structures were optimized and
these converged to 69 energy minima structures (no imaginary
frequencies). The coordinates of the 69 unique structures are
provided in the SI and their geometries are reported in Fig. 2 and
SI Fig. S1-S7. The counterpoise (CP) procedure of Boys and
Bernardi*® was used to correct the interaction energies for basis
set superposition error (BSSE) and both uncorrected (E) and
corrected values (E") are reported. However, to benchmark the
results reported here, interaction energies of the seven global
minimum conformers were also calculated at their MP2(full)/
6-311++G(d,p) geometries using the B3LYP*' and M06-2X** den-
sity functional and the MP2(full) and CCSD(T) methods with the
6-311++G(d,p), 6-311++G(3df,3pd), and aug-ccpVQZ basis sets.

The impact of complexation on the redox properties of the
interacting ligands is investigated by comparing the calculated
vertical ionization potentials (IPV) of the isolated ligands and
the complexes, measuring the degree of charge transfer
between the ligands by natural bond order (NBO) analysis,
and localizing radical sites in the complexes following electron
1053.9723’24
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The the
interaction energies of the charged aromatics relative to the
MP2(full)/6-311++G(d,p) ~ values. Hence, rigid-monomer
potential energy curves (PECs) were generated for two confor-
mers of CH;SOH-4-methylimidazolium and CH;SOH-4-
methylphenolate by scanning the distance from 3.0 to 10.0 A
between the S atom and the aromatic ring centroid in 0.1-A
increments. The geometry of the interacting fragments and
their relative orientations are fixed to those of the optimized
conformers and the PECs are corrected for BSSE and later used
to calibrate the FF for the ionic complexes.

default FF described below underestimates

Molecular mechanics (MM) calculations

Small CH;SOH-aromatic complexes are amenable to high-level
QM calculations in the gas phase, but such calculations
become prohibitive for the solvated complexes. MM calcula-
tions are typically performed instead and were implemented
here with CHARMM?®” using the CHARMM36 all-atom additive
FF'® for the aromatic compounds, the CHARMM-compatible
TIP3P model for water,'”'® and our new model developed in
the next section for CH3;SOH. Interaction energies of the
CH3SOH complexes (EM and EM™°PY) at various points along
the PECs were calculated with the FF as the difference in energy
between the complex and its isolated constituents while main-
taining their ab initio geometries.

FF Development for CH;SOH. The potential energy function
U(r) used for the CH;SOH additive model is given by:>®

U(r) = > Ke(b—bo)*+ > Ko(0—0p)°

bonds angles

+ > Ks(S—=S0)’+ Y. Kg(l+cos(ng —9))

Urey—Bradley dihedrals
qiqj
+==
Ty

Rminij 12 Rminij 6
ALY o /£
1)

:
non bonded

where b refers to CH, CS, SO, and OH bond distances; 0 to the
HCH, HCS, CSO, and SOH valence angles; S to HH distances
(of the CH; group) and SH distance (of the SOH group), @ to the
HCSO and CSOH dihedral angles. The 0 subscript designates
equilibrium values; K;, Ky, Ks and Ky are the corresponding force
constants, and parameters n and ¢ in the dihedral term represent
the periodicity and phase angle, respectively. The nonbonded
term in eqn 1 describes nonbonded van der Waals and electro-
static interactions between atoms i and j via (6-12) Lennard-Jones
(LJ) and Coulomb terms. The partial charges on atoms i, j are g,
qj» while ry; is the distance between nonbonded atoms i and j. The
minimum interaction radius Ryn ; and the well-depth ¢; in the L]
potential are determined from individual L] parameters for atoms
i and j using the Lorentz-Berthelot combination rules:

Rmin,i + Rmimj

€=+ x¢ and Rpypnj = 3 2

An initial guess of the FF parameters of CH3SOH was
performed using the CHARMM general FF (CGenFF) online

This journal is © the Owner Societies 2025
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tool.”® Except for the 1] parameters, other parameters were
refined to reduce large deviations from ab initio calculations or
large penalties assigned by the CGenFF. Parameters by, 6o, So
and @, were obtained from geometry optimization of CH;SOH
with MP2(full)/6-311++G(3df,3pd); K, Ky, Ks and K, are
adjusted to reproduce the vibrational frequencies calculated
at the same level and scaled by 0.945. Partial charges on the
CH; atoms (gyz = 0.09e and gc = —0.15¢) are set to those of
dimethyl sulfoxide (CH3SOCH3;) in the CGenFF and gs is set to
—0.12¢ to give a neutral CH,;S fragment. To maintain a neutral
OH group, ¢y is set to —go with charges set to reproduce the
dipole moment of gaseous CH3SOH calculated at the same
level. The dihedral parameters n and ¢ for the HCSO angle are
assigned the values predicted by the CGenFF while those of the
CSOH angle are set to yield torsional potentials in good agree-
ment with the QM calculations. Our optimized FF for CH;SOH
is reported in the SI.

FF optimization for CH;SOH interactions

The default FF gives interaction energies for the CH;SOH
complexes of the four neutral aromatics and H,O in good
agreement with the E°® values calculated with MP2(full)/
6-311++G(d,p) but significantly underestimates the stabilities
of the charged complexes. Optimization of the FF for CH;S-4-
methylimidazolium and CH;SOH-4-methylphenolate follows
previously reported procedures.>%?*?*272 1In particular,
€oj and Rpin, o), the pair-specific L] parameters referring to the
O atom of CH3SOH (0O) and an imidazolium N or the phenolate
O atom () in the nonbonded van der Waals energy term, are
optimized to reproduce the ten lowest E¥ values covering a
range of 0.9 A in 0.1-A increments in the PEC of each complex.
The optimized LJ parameters were input in the NBFIX section
of the CHARMM parameter file to override the default values
from the Lorentz-Berthelot combination rules.

We have previously shown that the default FF reasonably
reproduces the properties of H,O-aromatics except for over-
estimating the stability of H,O-4-methylphenolate.®® Thus,
previously optimized pair-specific L] parameters® were used
in MD simulations of this complex in water.

Molecular dynamics. MD simulations were performed in a
box of 500 water molecules containing one CH;SOH and one
aromatic molecule/ion with cubic periodic boundary condi-
tions in an isothermal-isobaric ensemble (NpT) at 298.15 K
and 1.0 atm. Electrostatic interactions were computed using
the particle-mesh Ewald method® with x = 0.33 for charge
screening and a 1.0-A grid spacing with fourth-order splines for
mesh interpolation. Real-space interactions (L] and electro-
static) were cut off at 15 A. A Nosé-Hoover thermostat** and
an Andersen-Hoover barostat®® maintained the temperature
and pressure at the preset values with relaxation times of 0.1
and 0.2 ps, respectively. The equations of motion were inte-
grated in 1-fs steps. All bonds involving H atoms were kept at
their reference lengths using the RATTLE/Roll algorithm.>®

Potential of mean force (PMF) calculations. CH;SOH-aro-
matic binding free energies in bulk water were derived through

This journal is © the Owner Societies 2025
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8:9,23,24 The value of

umbrella sampling as described previously.
rsx (Fig. 2B) was sampled from 2.0 to 10.0 A in 0.5-A increments
and a constant harmonic potential of force (10 kcal mol " A~?)
was applied to bias the sampling. The system was simulated for
2.1 ns at each rgx value and data acquired during the initial 0.1
ns were discarded. The unbiased PMF was reconstructed using
the Weighted Histogram Analysis Method (WHAM).>”*® A
correction term, 2RT In(rsx) where R is the gas constant,®
was added to the PMF to account for the radial variation in

the entropy of the solute pairs.

Investigating the CH;SOH-aromatics in bulk water

The bonding interactions and complexation geometry were
investigated for each CH;SOH-aromatic in bulk water using
100-ns MD simulations (200000 frames) in 500 water mole-
cules. O,~H/N,-H---O/S and O-H- - -O,,/N,, c-type H-bonding
(where the ar subscript indicates an aromatic N or O atom)
between CH3;SOH and the aromatics was investigated using a
cut-off of 2.5 A for H- - -O/N and 2.8 A for H: - -S H-bonds.”**?*4°
The rgx values (Fig. 2B) were binned and the percentage of H-
bonded structures plotted vs. rgx”>** for the 200 000 structures
analyzed for each complex. Contributions of n-type H-bonding
(C-H/O-H- - -my,) or O/S- - -m,, interactions to complex stability in
bulk water were evaluated from the gyx(r) radial distribution
functions representing the probability of finding any atom Z
(H, C, O, S) of CH3SOH at a distance r from the aromatic ring
centroid X.

Geometries of the aqueous complexes were investigated by
binning the fsxy angles at each rgx (Fig. 2B). The number of
structures in each bin p(rsx, Osxy) were counted and plots of the
2D PMF function,

PMF — —RT In | PUsX: Osxv) 3)
2TU‘5X S sty

vs. rsxSinfsxy and rsxcos Osxy reveal the preference of the S
atom for the face or the edge of the aromatic moiety, giving rise
to en-face or edge-on geometry, respectively.®%?>%%4

Results

Geometry and electrostatic potential map of free CH;SOH

Geometry optimization of CH;SOH with MP2(full)/6-
311++G(3df,3pd) yields a minimum energy structure with a
dihedral angle ¢cson = 92.8° and a dipole moment of 2.14 D.
Conformers with ¢cson = 0° and 180° are transition state (TS)
structures lying 6.5 and 3.6 kcal mol ", respectively, above the
most stable structure (Fig. 1A). MP2(full)/6-311++G(d,p) calcu-
lations predict ¢cson = 93.5° and a dipole moment of 2.38 D for
the stable structure of CH;SOH and TS structures at 6.8 and
3.4 kecal mol ™" (Fig. 1A).

Examination of the electrostatic potential surface map cal-
culated with MP2(full)/6-311++G(d,p) (Fig. 1B) sheds light on
the reactivity of CH;SOH. Its methyl and hydroxyl H atoms are
characterised by maximum electropositive potentials (Vg max) of
10-16.2 and 38.3 kcal mol ', respectively. Additionally,
CH3SOH possess a positive c-hole (electron-deficient outer
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—— MP2(full)/6-311++G(3dd,3pd)
——MP2(full)/6-311++G(d,p)
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38.3

0 30 60 90

Fig. 1 Molecular properties of gaseous CH3SOH. (A) Relative energy
profile of CH3SOH along the ¢cson torsional angle calculated with
MP2(full)/6-311++G(3df,3pd) (black), MP2(full)/6-311++G(d,p) (red), and
our additive model (blue). (B) Three orientations of the electrostatic
potential map of the global minimum structure (¢cson = 93.5°) calculated
with MP2(full)/6-311++G(d,p) (left) and the corresponding dispositions of
the atoms (right). The maps highlight the positive potential on the hydroxyl
H (top), the negative potential on the hydroxyl O atom (middle) and the
positive o-hole extending from the S atom along the S—O bond (bottom).
The numerical values of the potentials (Vsmax OF Vsmin kcal mol™)
on the atoms, lone pairs and the c-hole are also given on the bottom
surface.

lobes of a bonding p orbital)*® with V. = 17 keal mol™"
extending from the S atom along the S-O bond. Minimum
electronegative potentials (Vsmin) are centred on the O
(—32.9 keal mol ') and S (—10.5 and —14.4 kcal mol ') atoms.
Note that the S lone pairs are well separated in space®?>**!
resulting in two distinct regions of V; i, whereas the over-
lapping electron density of the O lone pairs results in a single
electronegative site on this atom.'**>

Our previous calculations on CH;SH at the same level’
revealed electrostatic potentials of 12.2, 15.3 and —18.4 keal mol "
on its methyl H, thiol H, and S atoms, respectively. Thus, Cys

21286 | Phys. Chem. Chem. Phys., 2025, 27, 21283-21296

View Article Online

PCCP

oxidation to CysSOH should generate a better H-bond donor and
a better H-bond acceptor at the sulfenic O but not S atom.

Gas-phase geometries and interaction energies of the CH;SOH-
aromatics calculated with MP2(full)/6-311++G(d,p)

Fig. 2 shows the geometries of the global minimum energy gas-
phase CH3SOH complexes while Table 1 summarizes their key
inter-fragment structural parameters (rsx and Ogxy, Fig. 2B) and
interaction energies. Fig. S1-S7 and Tables S1-S7 of the SI
present the corresponding properties of local-minimum con-
formers of the seven complexes. The large BSSE values observed
in Table 1 and Tables S1-S7 are consistent with those we found
previously for noncovalent interactions using the same level of

(A)

*ﬁj ‘k{

245
J

236

Fig. 2 (A) Optimized gas-phase geometry of the global minimum energy
conformers of the CHsSOH-aromatic and CH3SOH-H,O complexes.
Structure of the (1a) toluene, (1b) 3-methylindole, (1c) 4-methylphenol
(1d), 4-methylimidazole, (le) 4-methylimidazolium, (1f) 4-methylphe-
nolate and (1g) H,O complex calculated with MP2(full)/6-311++G(d,p).
The colour code for the atoms is H (white), C (grey), N (blue), O (red) and S
(yellow). Inter-fragment o- (black) and n-type (green) H-bonds are desig-
nated by the dotted lines. (B) Inter-fragment geometrical parameters of
the CHsSOH-aromatics where rsy is the distance between the S atom and
the aromatic ring centroid X (indole Cg ring) and sy is the angle between
atom S, X and any point Y on the vector normal to the ring plane that
passes through X. The Sl lists the atomic coordinates of all global and local
minimum energy conformers.

This journal is © the Owner Societies 2025
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Table 1 Properties of the global minimum conformers of the CHsSOH-aromatic complexes in the gas phase®

ECP c EMM d EMM,opt d

HSXYa EEY

) ) , i CH,SOH
rex”, A degrees keal mol™" keal mol™" keal mol™! kecal mol~' CH;SOH charge® IPV/, ev

Ligand (aa®, complex)* spin density®

Toluene (Phe, 1a) 3.93 27 -9.77 —4.85 —5.00 — 0.009 8.48 (8.45-8.98) 1.0
3-Methylindole (Trp, 1b) 4.06 30 -13.05 —6.99 —6.40 — —0.002 8.27 (7.65-8.90) 0.6
4-Methylphenol (Tyr, 1c) 4.40 48 —12.41 -7.16 —5.95 — 0.024 8.60 (8.29-9.12) 0.0
4-Methylimidazole (His, 1d) 445 87 -13.67  —10.26 —9.06 — —0.038 8.02 (7.93-8.64) 1.0
4-Methylimidazolium (HisH', 1¢) 4.64 82 —21.40  —16.86 -8.75  —15.14 0.059 12.6 (11.9-12.8) 1.0
4-Methylphenolate (Tyr~, 1f) 5.09 83 —-31.05  —25.86  —18.84  —24.70  —0.122 4.15 (3.66-4.21) 0.0
H,0 (1g) 327 — —8.40 —5.87 —5.27 — —0.013 8.64 (9.38) 1.0

“ See structures of complexes in Fig. 2A; rgx and Osxy are defined in Fig. 2B. The CH;SOH-H,0 complex 1g is included for reference and rsx
corresponds to the S-O(H,0) distance. > Amino acid (aa) side chain modelled by the aromatic ligand. ¢ BSSE-uncorrected (E) and corrected (E)
ab initio gas-phase interaction energies calculated with MP2(full)/6-311++G(d,p). ¢ Interaction energies calculated with the default (E™™) and
optimized (EM™°PY) force field (FF) where necessary. ° Net charge (¢) of CH;SOH in the complex. Vertical ionization potentials (IPV) from the ab
initio calculations. The range of IPV values for the local minima conformers (SI Fig. S1-S7 and Tables S1-S7) is given in brackets. Calculated IPVs
(eV) of the free ligands: CH3SOH (9.20; this work), toluene (9.45),” 3-methylindole (7.88),° 4-methylphenol (8.77),” 4-methylimidazole (8.78),”
4-methylimidazolium (14.64),>* 4-methylphenolate (3.31),>* and H,O (12.60).° ¢ Spin density on CH;SOH ligand following loss of one electron from

the complex; a value of 1.0 indicates CH;SOH oxidation and 0.0 aromatic oxidation.

theory.”** Although no experimental data are available for the

systems examined in this study, the BSSE-corrected (E°F) inter-
action energies are expected to be reliable as demonstrated for
other noncovalent complexes.*” Based on their 0sxy values, the
complexes are assigned en-face/distorted en-face (<30°), inter-
mediate (30-60°) and edge-on (> 60°) geometries.

The optimized toluene complexes are characterized by O-
H---m,, (1a, S1g-S1i) or C-H- - -1, (S1a-S1f) n-type H-bonding,
which accounts for their distorted en-face or borderline inter-
mediate geometry (Ogxy = 21-36°; Fig. 2, Table 1 and Fig. S1,
Table S1). The significantly larger electropositive potential of
the CH3SOH hydroxyl vs. methyl H (Fig. 1B) explains the greater
stability of 1a and S1g-S1i (E¥ = —4.3 to —4.9 kcal mol ') vs.
S1a-S1f (E°F = —2.2 to —3.6 kcal mol ') (Table 1 and Table S1).

The 3-methylindole complexes are also stabilized by n-type
H-bonding with distorted en-face or intermediate geometry
(Osxy = 28-49°; Fig. 2, Table 1 and Fig. S2, Table S2). The larger
electronegative potential of the indole C¢ ring vs. the phenyl
ring®® plus its simultaneous accommodation of two m-type
H-bonds (1b) accounts for the greater stability of the methy-
lindole vs. the toluene complexes (E* values, Table 1 and Table
S1, S2). Furthermore, C-H- - -O/S (S2a, S2b) and N,,~H- - -O S2f,
S2h) o-type H-bonds contribute to the stability of four of the ten
optimized 3-methylindole complexes. Notably, the strong N,—
H---O o-type H-bond present in both S2f and S2h shifts their
Osxy values (47-49°, Table S2) towards the intermediate geome-
try (30-60°) midpoint.

Like the toluene and indole complexes, all 17 of the 4-
methylphenol complexes are stabilized by n-type H-bonding
(Fig. 2 and Fig. S3). Notably, 15 are additionally stabilized by o-
type H-bonds, resulting in distorted en-face and intermediate
geometry (Osxy = 25-48°; Fig. 2 and Table 1, Fig. S3, Table S3).
The two 4-methylphenol complexes S3h and S3k stabilized by -
type H-bonds only possess distorted en-face geometry (Osxy = 28
and 26°) and are essentially isoenergetic with toluene complex
1a, reflecting the similar electrostatic surface of the phenol and
benzene aromatic rings.*> On the other hand, strong O,~H- - -O
o-type H-bond explains the considerably higher stability and
greater Osxy of 1¢ and 3Sp vs. 1a (Table 1 and Table S3). Also, the

This journal is © the Owner Societies 2025

0.5-1.1 keal mol " higher stability of 1c and S3p relative to S3m
and S3o0 with O, --H-O o-type H-bonding reveal that 4-
methylphenol is a better H-bond donor than acceptor when
interacting with CH;SOH. Finally, the O,,—H- - -S o-type H-bond
stabilizes the intermediate geometry of S3f, S3g, S3j, S31 and
S3n (Table S3).

CH,;SOH preferentially donates a H-bond to the pyridine-
type N of 4-methylimidazole consistent with the electronegative
potential of imidazole being centred over this atom.*> Hence,
the most stable 4-methylimidazole complexes (1d, S4i, S4h)
exhibit edge-on geometry (Osxy = 71-87°; Table S4) due to strong
O-H- - ‘N,; o-type H-bonding with the pyridine-type N (Fig. 1
and Fig. S4). The strength of this H-bonding is underscored by
the significantly higher gas-phase affinity of CH;SOH for
4-methylimidazole vs. the other neutral aromatics (E* values,
Table 1). Conformers S4f and S4g also possess strong O-H- - -N,
o-type H-bonding but are additionally stabilized by n-type H-
bonding, accounting for their intermediate geometry (fsxy =
41-42°; Table S4). In fact, seven (S4a-S4g) of the 10 optimized
4-methylimidazole complexes exhibit n-type H-bonding and the
weakest (S4a-S4c) exhibit en-face geometry (Osxy = 6-22°%
Table S4). These three complexes also exhibit weak o-type
C-H: - N,; H-bonding whereas stronger c-type N,~H:--O H-
bonding increases both the stability and Osxy (42-43°) of S4d-
S4e (Table S4).

Imidazolium possesses an entirely electropositive surface
(Vs max = 84 to 138 keal mol ).>* Hence, all but three (S5b-S5d)
of the 14 optimized 4-methylimidazolium conformers are sta-
bilized by strong o-type H-bond donation from a ring N to the O
or S atom of CH3CSOH (N,,—H- - -O/S) (Fig. 1 and Fig. S5). S5b—
S5d are also stabilized by strong C,—H:--O/S o-type H-bond
donation from the C atoms of 4-methylimidazolium. Given
their o-type H-bonding, all but one (S5e) of the cationic com-
plexes exhibit edge-on geometry (fsxy = 61-90°%; Table S5). S5e
adopts intermediate geometry (Osxy = 35°; Table S5) since, in
addition to o-type N,,—H- - -S H-bonding, it is also stabilized by
electrostatic attraction between the O lone pairs and the
electropositive surface of the imidazolium ring. Finally, we note
that 1e with a single N,~H- - -O o-type H-bond is ~ 8 kcal mol "
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more stable than S5a with a single N,~H---S o-type H-bond
(Table S5 and Fig. 1, Fig. S5) due to the considerably larger
Vs min at the O vs. S atom of CH;SOH (Fig. 1B).

Phenolate possesses an entirely electronegative surface
(Vemin = —60 to —131 kcal mol ").** The global minimum
CH;SOH-4-methylphenolate complex 1f, the most stable by
far of the gas-phase CH;SOH complexes (EP ~ —26 kcal mol ™ ;
Table 1), possesses a single very strong O-H---O,, o-type H-
bond and exhibits edge-on geometry (Fig. 2A). In contrast, the
five local minimum phenolate conformers all possess n-type C/
O-H- - -n,, H-bonding and four S6a-S6d adopt en-face geometry
(Osxy = 15-29°%; Fig. S6 and Table S6). Also, the high stability of
S6b, S6¢ (E? ~ —13 keal mol ™ *; Table S6) with just C/O-H- - -1,
H-bonding (Fig. S6) underscores the strength of n-type H-
bonding with the phenolate ring.

Two stable structures were optimized for the CH;SOH-H,0
complex with CH;SOH acting as a H-bond donor (1g, E* =
—5.87 keal mol™") or acceptor (S7a, E°* = —4.94 kcal mol ™).
The ~ 1 keal mol™* higher stability of 1g indicates that CH;SOH
is a slightly better H-bond donor than H,O.

Benchmarking the MP2(full)/6-311++G(d,p) calculations

Before examining the redox properties of the complexes, we
evaluated the performance of the MP2(full)/6-311++G(d,p) cal-
culations by comparing the E¥ interaction energies of the
global minimum conformers (Table 1) against those obtained
using DFT (B3LYP, M062X) or CCSD(T) methods, combined
with the same [6-311++G(d,p)] or larger basis sets [6-

o
T
1

Interaction energy (kcal/mol)

L AL 1 L L 1 1

1a 1b 1c 1d 1e 1f 19
Complex

Fig. 3 Benchmarking the MP2(full)/6-311++G(d,p) calculations (solid blue
line) for the global minimum conformers of the CHzSOH-aromatic and
CH3SOH-H,0O complexes. The BSSE-corrected interaction energies £<7
of the global minimum conformers (Fig. 2A) calculated with the B3LYP
(black), M062X (red), MP2(full) (blue) and CCSD(T) (green) functionals using
the 6-311++G(d,p) (triangles, solid lines), 6-311++G(3df,3pd) (circles,
dashed lines) and aug-cc-pVQZ (squares, dotted lines) basis sets. Note
that the B3LYP (black) and M062X (red) functionals yield £° values that are
essentially basis-set independent. Also, due to their high computational
cost, we did not perform MP2(full)/aug-cc-pVQZ, CCSD(T)/6-
3114++G(3df,3pd) or CCSD(T)/aug-cc-pVQZ calculations.

21288 | Phys. Chem. Chem. Phys., 2025, 27, 21283-21296

View Article Online

PCCP

311++G(3df,3pd) and aug-cc-pVQZ]. Due to its failure to account
for dispersion interactions,*® B3LYP underestimates the stabi-
lity of 1a—c, which are largely stabilized by dispersive n-type**
vs. coulombic o-type H-bonding in complexes 1d-g (Fig. 2A).
Results using the M062X, MP2(full) and CCSD(T) functionals
are closer (Fig. 3), in particular the E°* values calculated
with MP2(full)/6-311++G(d,p) fall within an average unsigned
deviation of only 1 kcal mol™" from those obtained using
CCSD(T)/6-311++G(d,p), the most computationally expensive
model chemistry examined here. Thus, we conclude that
MP2(full)/6-311++G(d,p) is an excellent compromise between
accuracy and computational cost in modelling the CH;SOH-
aromatics, which justifies its use in this study. In addition, the
MP2(full)/6-311++G(d,p) method is chosen here as it was shown
to yield interaction energies in good agreement with experi-
ment for other noncovalent interactions®* and to allow direct
comparison with the sulfur-aromatic interactions we investi-
gated previously using this method.®®

Redox properties of the gas-phase CH;SOH-aromatics

To predict the impact of complexation on the redox behaviour
of CH3SOH, we calculated at the MP2(full)/6-311++G(d,p) level
the IPV of the 69 stable complexes found here plus the charge
on the CH3SOH ligand and its spin density following loss of an
electron from each complex (Table 1 and Tables S1-S7). As we
noted previously,”**?* the ligand with the smaller IPV gets
oxidized when the free ligands exhibit considerably different
IPVs (footnote f, Table 1). Thus, CH3SOH (9.20 eV) is the centre
oxidized in all the 4-methylimidazolium (14.64 eV) complexes
(Table S5) while the phenolate (3.31 eV) is oxidized in all the 4-
methylphenolates (Table S6). Strong o-type H-bonding pro-
motes transfer of ~0.1e from CH3;SOH to 4-
methylimidazolium (Table S5) and from 4-methylphenolate to
CH3SOH in the most stable complexes (Table S6). Conse-
quently, the IPVs of imidazolium complexes are up to 3.6 eV
higher than that of free CH;SOH (Table S5) and the IPVs of the
phenolates are up to 0.9 eV higher than that of free 4-
methylphenolate (Table S6).

In the toluene complexes, n-type H-bond donation to the
ring results in charge transfer to CH;SOH (Fig. 1 and Fig. S1).
However, the small positive charge on CH3;SOH in all the
toluene complexes except Slc (Table S1) suggests that weak
long-range S-aromatic interactions counteract charge transfer
from the ring. Nonetheless, CH;SOH is the center oxidized and
the IPVs of the complexes lie <0.75 eV below that of free
CH,;SOH (Table S1). CH;SOH also acts as an H-bond donor and
is the center oxidized in most of the 4-methylimidazole com-
plexes (Table S4). Strong o-type O-H- - -N,; H-bonding promotes
the transfer of up to 0.04 e to CH3;SOH and the IPVs of the
complexes are up to 1.3 eV lower than that of free CH;SOH
(Table S4).

CH3SOH is oxidized in only four of its ten 3-methylindole
complexes, including its most stable complexes, 1b and S2i
(Table S2) with exclusively m-type O-H---m,, H-bonding. In
contrast, CH;SOH is oxidized in 11 of its 17 complexes with
4-methylphenol but not in 1c and S3p, the two most stable
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complexes (Table S3). Transfer ~0.02e to the aromatic via
strong o-type O,~H---O H-bond donation precipitates ring
donation in 1c and S3p (Table S3). The centre oxidized switches
to CH3SOH in S30 and S3m (Table S3) with o-type O-H- - -O,, H-
bonding (Fig. 1 and Fig. S3). Since S30 and S3m are slightly less
stable than 1c and S3p (E*, Table S3), the O atom of CH;SOH is
a slightly better H-bond acceptor than that of 4-methylphenol.

Free CH3;SOH (9.20 eV) has significantly smaller IPV than
H,0 (12.60 eV) so CH3SOH is the centre oxidized in the two H,O
complexes, 1g and S7a (Table S7). Nonetheless, these com-
plexes exhibit IPVs ~ 0.6 eV lower (1g) and ~ 0.2 eV higher (S7a)
than free CH3;SOH (Table S7) since H,O is a H-bond acceptor in
the former and donor in the latter (Fig. 1 and Fig. S7).

Optimized force field (FF) for CH;SOH and its interaction with
the aromatic ions

To perform MD simulations in bulk water, a new potential
model was optimized for CH;SOH and calibrated for its inter-
actions with the aromatic ions. The optimized FF is reported in
the SI. Our additive model yields an equilibrium geometry for
CH;SOH characterized by ¢cson = 93.2° and a dipole moment
of 2.11 D, in good agreement with the MP2(full)/6-311++G-
(3df,3pf) values (92.8° and 2.14 D). The model also finds TS
conformers with ¢csoy = 0° and 180° at 7.0 and 5.6 kcal mol ™"
above the ground state vs. 6.5 and 3.6 kcal mol™" for the ab
initio values (Fig. 1A). The model also reproduces the shape of
the ¢cson potential energy surface within ~2 keal mol ™! over
the minimum energy region (¢cson = 60-130°, Fig. 1A), thereby
capturing the equilibrium geometry while still allowing the
conformational flexibility relevant to ambient fluctuations.

A1 (©)

Energy (kcal/mol)

(B) (D)

-20

Energy (kcal/mol)
o

-25

‘}a?{fi
8 1

30
2 6
rsx (A)

6 0

rsx (A)

Fig. 4 Potential energy curves for selected CH3SOH complexes of 4-
methylimidazolim (A and B) and 4-methylphenolate (C and D) from ab
initio calculations with MP2(full)/6-311++G(d,p) (solid black lines), the
default FF model (dotted red lines), and the optimized model (solid red
lines). PEC were calculated by scanning the selected intermolecular
coordinate rsx (Fig. 2B) shown for each structure as detailed under
Computational methods.
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The default FF interaction energies (™) underestimate E* of
the CH3SOH-4-methylimidazolium and CH;SOH-4-methylphe-
nolate complexes by an average of 5.4 and 3.2 kcal mol %,
respectively. In comparison, E*™ for the neutral aromatic and
H,O complexes deviate from E* by an average unsigned error of
only 0.7 keal mol™" (Table 1 and Tables S1-S7). Optimization of
the O-N and O-O pair-specific L] parameters allows calibration of
the model vs. the ab initio PECs (Fig. 4) to give EV™"°P* that deviate
from E°” by average unsigned errors of 1.9 and 1.1 kcal mol *
(Tables S5 and S6). Hence, adoption of the optimized pair-specific
1J parameters (con = —2.200 kcal mol™!, Ryinon = 2.865 A for
4-methylimidazolium; eoo = —0.700 kcal mol ™', Rmin,00 = 2.750 A
for 4-methylphenolate) ensures that interactions of CH;SOH with
the charged aromatics are adequately described.

Stability and bonding of the CH;SOH-aromatics in bulk water

The affinity of CH;SOH for the aromatics was investigated in bulk
water using PMF calculations (Fig. 5 and Table 2). Solute-solute
interactions are usually weaker in bulk water vs. the gas phase due
to competition from H,O-solute interactions.®%**?**”732 The
CH,;SOH complexes of the neutral aromatics display binding free
energy minima in bulk water (~—0.6 kcal mol™; Table 2) 7-20-

fold less than those in the gas phase (E°* values; Table 1).

1.0 T T
—— Toluene
—— Meindole
0.5 —— Mephenol

Meimidazole

PMF (kcal/mol)
o
o

3
o
o

1.0 - . .

—— Meimidazolium

Mephenolate
(1Y P . - ensszessarenmemrean

1t J
21 J

3t J

PMF (kcal/mol)

-5 1 L "
2 4 6 8 10

rsx (A)

Fig. 5 Potentials of mean force (PMFs) between the S atom of CH3SOH
and the ring centroid of (A) toluene (black), 3-methylindole (red), 4-
methylphenol  (blue), 4-methylimidazole (green); and (B) 4-
methylimidaolium (pink), and 4-methylphenolate (cyan). The pair-
specific LJ parameters optimized in this work for CH3SOH interaction with
the aromatic ions and those optimized previously for H,O-phenolate
interaction® were used to derive the PMFs for the aromatic ion complexes.
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Table 2 Values of r (A) and PMF minima (kcal mol™) in bulk water for the
CH3zSOH-aromatics?

Aromatic r'sx PMF
Toluene 5.3 —0.65
3-Methylindole 5.3 —0.65
4-Methylphenol 5.3 —0.65
4-Methylimidazole 4.8 —0.55
4-Methylimidazolium 4.8 -2.5
4-Methylphenolate 5.0 —4.9

“ Data from Fig. 5.

However, ionization of the aromatic greatly increases its affinity
for CH;SOH in bulk water (Fig. 5) such that CH;SOH has only ~ 5-
fold less affinity for the aqueous vs. gaseous charged aromatics
(Tables 1 and 2).

To characterize bonding in the aqueous complexes, we next
examine the probability of finding atom Z (H, C, O or S) of
CH,SOH at a distance rzx from the aromatic ring centroid X
(Fig. 2B; Ce ring of indole). This probability is determined from
the 100-ns MD simulations and expressed as radial distribution
function, gyx(r). Notably, gux(r) displays a peak centred at
~5.0 A for the toluene, 3-methyindole and 4-methylphenol
complexes but at ~4.3 A for complexes of the smaller 4-
methylimidazole ring (Fig. 6A-D). Also, the high electrostatic
potentials at the hydroxyl atoms (Fig. 1B) results in higher
intensities of the hydroxyl gx(r) peak centred at rix = 2.3 A and
the gox(r) shoulder at rox = 3.2 A vs. the methyl gix(r) peak and
gcx(r) shoulder at ryx = 2.3 A and rex < 3.5 A, respectively
(Fig. 6A-D). Finally, we note that ggx(r) is less intense than
gox(r) or gox(r) at rzx < 4.0 A (Fig. 6A-D), mirroring the lower
frequency of S- - -m,, vs. C-H- - -, or O-H- - -1, interactions in
the gas-phase (Fig. S1-S6).

Based on the MD simulations, ~10-17% of the 4-methyl-
imidazole complexes are stabilized by O-H---N,, o-type
H-bonding at rgx = 3.2-4.1 A (Fig. 7A). N-H,,- - -O bonding is
present in ~2% of these complexes (Fig. 7A), confirming
that CH;SOH is a better H-bond donor than acceptor in its
4-methylimidazole complexes as seen in the gas phase (Fig. 2A
and Fig. S4). In the 4-methylphenol complexes, both O-H: - -O,;,
and O-H,--O o-type H-bonding is <2% as is N-H,---O
o-type H-bonding in 3-methylindole (Fig. 7A). Note that
N/O-H,, - -S o-type H-bonded structures are <2% and their
percentages are not plotted in Fig. 7A.

Intense gox(r) peaks at rox = 3.0 and 3.8 A plus the hydroxyl
gux(r) peak at rix = 3.3 A signal strong N,,~H- - -O H-bonding in
CH;SOH-4-methylimidazolim (Fig. 6E). Likewise, the sharp
2sx(7) peak at rgx = 4.4 A suggests a sizable contribution from
N, —H: - -S o-type H-bonding whereas the weak gox(r) peaks at
rex = 4.5 and 5.3 A combined with negligible methyl gyx(r)
intensity are consistent with repulsive interactions between the
aromatic cation and the electropositive methyl H atoms (Fig. 6E).
The CH;SOH-4-methylphenolate complex (Fig. 6F) exhibits domi-
nant hydroxyl gix(r) peaks at 71y = 2.1 and 3.5 A plus gox(r) peaks
at 7ox = 3.1 and 4.3 A. These peaks signal strong O-H- - -7, and O-
H---O,, H-bonding whereas the baseline intensity of gux(r)
indicates negligible C-H- - -O,, H-bonding.
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Fig. 6 Radial distribution of CH3SOH atoms around the aromatic ring
centroid in bulk water. C-X (black), O—X (red), S—X (blue), CHs-X (green)
and OH-X (pink) radial distribution function gzx(r) vs. Z—X distance where Z
is C, O, S or H atom of CH3SOH and X is ring centroid of: (A) toluene, (B) 3-
methylindole, (C) 4-methylphenol, (D) 4-methylimidazole Cg ring, (E) 4-
methylimidazolium and (F) 4-methylphenolate in bulk water at 298.15 K.
Plots constructed from 100-ns MD simulations of the complexes.
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Fig. 7 Percentages of N/O-H,---O (solid lines) and O-H---N,/O,
(dotted lines) o-type H-bonded structures in the (A) neutral and (B)
charged CHsSOH-aromatics in bulk water at 298.15 K as a function of
rsx, the distance between the S atom of CH3SOH and the ring centroid X
(Cg ring of indole; see Fig. 2B). Plots were constructed from the 100-ns MD
simulations of the complexes and the H-bonded and aromatic (ar sub-
script) atoms are indicated in the panels. Less than 2% of the complexes
possess N/O-H,--S o-type H-bonds so their percentages are not
plotted.

Again, mirroring the gas phase, o-type H-bonding is domi-
nant in the charged aqueous CH;SOH complexes (Fig. 7B).
Approximately 35% of the 4-methylimidazolium complexes are
stabilized by N-H,, - -O H-bonding at rgx = 4.8 A while 25% and
75% of the 4-methylphenolate complexes are stabilized by O-
H---O,, H-bonding at rsx = 3.5 and 4.7-6.1 A, respectively,
(Fig. 7B). Thus, the greater percentage of o-type H-bonding in
the anionic complexes explains their greater stability vs. the
cationic complexes (Fig. 5B).

Geometry of the CH;SOH-aromatics in bulk water

The stabilities of the aqueous complexes vs. geometry are
plotted in Fig. 8.%%>*** The 2D plots of the PMF dependence
on Ogxy and rsx (Fig. 2B) reveal that the most stable neutral and
cationic complexes are characterized by en-face binding
(Bsxy < 30° Fig. 8A-E) whereas stable anionic 4-methyl-
phenolate complexes adopt both en-face and intermediate geo-
metry (Osxy = 10-60°; Fig. 8F). The relative stability of the latter
over a wide range of Ogxy values (Fig. 8F) is likely a consequence of
H-bonding over an also wide range of rgx (Fig. 7B).
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Fig. 8 Variation in stability of the aqueous CHzSOH-aromatics with geo-
metry. The 2D heat maps show the potential of mean force (PMF, kcal mol™)
for the CHsSOH complex of (A) toluene, (B) 3-methylindole, (C) 4-
methylphenol, (D) 4-methylimidazole, (E) 4-methylimidazolium, and (F) 4-
methylphenolate from the 100-ns MD simulations in bulk water at 298.15 K.
The PMF is given by eqgn (3); rsx and Osxy are defined in Fig. 2B. The PMF value
for idealized en-face geometry Osxy = 0°) falls on the x-axis and that for edge-
on geometry (Osxy = 90°) falls on the y-axis.
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Discussion

In the present study, we have characterized both the gas-phase and
aqueous complexes of CH;SOH, a model of CysOH, with toluene,
3-methylindole, 4-methylphenol, 4-methylphenolate, 4-methyl-
imidazole, and 4-methylimidazolium, models of Phe, Trp, the
neutral and charged side chains of Tyr and His, and with H,O.
We identified a total of 69 stable gas-phase structures and inves-
tigated their interaction energies with MP2(full)/6-311++G(d,p). The
global minimum-energy conformers display interaction energies in
the range —4.9 to —25.9 kcal mol ' (Table 1). Using the new
additive FF model developed for CH;SOH and the CHARMM36 FF
for the aromatics, the stability of the CH;SOH-aromatic complexes
in water was measured. The model predicts maximum binding free
energies of —0.55 to —0.65 for the neutral aqueous complexes, and
values of —2.5 and —4.9 keal mol ™" for the cationic and anionic
complexes, respectively (Table 2). We previously reported that
imidazolium possesses an entirely electropositive (Vs max = 184 to
+138 keal mol ') surface and phenolate an entirely electronegative
surface (Vsmjn = —60 to —131 keal mol™") surface.>® Thus, these
ligands form strong ion-dipole and H-bonding interactions, as
reflected here in higher stabilities for the charged CH;SOH vs.
neutral aqueous complexes (Tables S1-S6).

Nature of H-bonding controls the geometry of the complexes

CH;SOH binds toluene strictly by n-type H-bonding (O/C-
H- - -m,,) leading to distorted en-face or borderline intermediate
geometry for the optimized CH;SOH-toluene structures (fsxy =
21°-36°; Fig. 2, Table 1 and Fig. S1, Table S1). Both n- and o-
type H-bonding is present in the 3-methylindole and 4-
methylphenol complexes, which consequently adopt highly
distorted en-face or intermediate geometry (Osxy = 28°-49%
Fig. 2, Table 1 and Fig. S2, S3, Tables S2, S3). Likewise, c-type
H-bonding is responsible for edge-on CH;SOH binding to 4-
methylimidazole and 4-methylphenolate (O-H- - -N,,/O), which
additionally exhibit n-type H-bonding and a broad range of Osxy
values (6°-87°; Fig. 2 and Fig. S4, S6, Tables S4, S6). CH;SOH
binds 4-methylimidazolium strictly edge-on (0sxy = 60°-90°) via
o-type H-bonding (N-H,, - -O/S) with the sole exception of S5e
(Bsxy = 35°), which is stabilized by electrostatic attraction
between the O and S lone pairs and the electron-deficient
surface of the imidazolium ring (Fig. 1 and Fig. S5).
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Computationa and experimenta investigations
reveal that noncovalent interactions can significantly alter the
redox properties of interacting fragments. Both the difference
in IPV of the fee ligands and the geometry of the complex
determine the centre oxidized. Notably, H-bond donation ren-
ders the donor more electron-rich and the acceptor more
electron poor. Thus, in complexes between fragments of similar
IPV, the fragment that H-bond donates often gets oxidized,
especially if the H-bond is strong (Fig. $1-54).%2%2

Focusing just on the five most stable complexes for each of
the four neutral aromatics reveals that CH;SOH functions as a
H-bond donor 15 out of 20 times and is the centre oxidized
(Tables S1-S4). Furthermore, the IPV values of the most stable
complexes are ~1 eV lower than that of free CH;SOH indicat-
ing that strong H-aromatic interactions render CH;SOH more
oxidizable. The aromatic is oxidized in the 4-methylphenol (Tyr)
and 3-methylindole (Trp) complexes where the phenol O (1c,
S3p) and indole N (S2h, S2f) act as H-bond donors (Tables S2
and S3). Presumably, H-bond donation by CH3;SOH is insuffi-
cient to depress its IPV and become the centre oxidized in S2g.
In fact, weaker CH;SOH H-bond donation in S2g vs. S2i is
reflected in the relative lengths of the n-type O-H.- - -m, H-bonds
in these complexes (2.41 vs. 2.30 A; Fig. S2).

Free 4-methylimidazolium (14.64 eV)* and 4-
methylphenolate (3.31 eV)** have IPV values much greater
and smaller, respectively, than free CH3;SOH (9.20 eV,
Table 1). Hence, the sulfenic acid is the centre oxidized in all
complexes of the former and the aromatic in all complexes of
the latter (Tables S5 and S6).

Affinity of CH;SOH vs. CH;SH for the aromatics

We previously reported EF values (kcal mol ") at the MP2(full)/
6-311++G(d,p) level for the gas-phase CH;SH complexes,®® and
Table 3 shows that their global minimum conformers are 1.4-
2.7-fold weaker than the CH3;SOH analogues. This arises
because the electrostatic potentials (Vg maxs Vs min; keal mol ™)
on the H (15.3) and S (—18.4) atoms of CH;SH"® are consider-
ably smaller than those of the H (38.3) and O (—32.9) atoms of
CH;SOH (Fig. 1B), rendering the latter a stronger H-bond donor
and acceptor.

Table 3 Properties of the global minimum energy conformers of the CHsSOH- vs. CHzSH-aromatics in the gas phase and bulk water (aq)

CH;SOH-aromatic

CHzSH-aromatic

E°Pe PMF (aq)?, E°? PMF (aq)",
Aromatic (complex)” 'sx, A keal mol™ rg”(aq), A kcal mol™' IPV% eV rgg, A kcal mol™  rsx (aq), A keal mol™! PV, eV
Toluene (1a) 3.93 —4.85 5.3 —0.65 8.48 3.66°  —3.14° 5.0¢ -0.7¢ 8.69°
3-Methylindole (1b) 4.06 —6.99 5.3 —0.65 8.27 4.01°  —5.04° 5.1¢ —0.6" 9.02¢
4-Methylphenol (1c) 4.40 ~7.16 5.3 —0.65 8.60 411° —5.12° 5.0¢ -1.0¢ 8.81°
4-Methylimidazole (1d) 445  —10.26 4.8 —0.55 8.02 4.42° —3.80° 4.49 -0.9¢ 8.64°
4-Methylimidazolium (1e) 4.64  —16.86 4.8 —2.50 12.6 437 1144 4.0" —a.7" 13.26'
4-Methylphenolate (1f) 5.09  —25.86 5.0 —4.90 4.15 4415 —12.84% 3.5" —3.2" 4.58'

“ From Table 1 this work.  From Table 2 this work. © From Table 5 of ref. 9. ¢ From Table 7 of ref. 9 (note average rs values given here). ¢ From
Table 6 of ref. 9./ From Table S3 of ref. 8. £ From Table S7 of ref. 8. * From Fig. S8 this work. ’ Calculated with MP2(full)/6-311++G(d,p) this work.
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Fig. 9 CysOH-aromatic interactions retrieved from the Protein Data Bank. PDB protein IDs are labelled in red and their backbones represented as
ribbons. The CysOH (C) and aromatic residues within 5 A are represented as sticks with CPK atom colouring. The dotted lines indicate the r., values (A)
defined in Fig. 2B. The 15 structures presented here were retrieved from the PDB as outlined in section “CysOH-aromatic motifs in proteins” of the

Discussion.

CH3SH (9.17 eV)® and CH;SOH (9.20 eV, Table 1) possess
similar IPVs, explaining why Cys to CysOH oxidation is rever-
sible. Table 3 reveals that the IPVs of the CH;SOH-aromatics
are 0.2 to 0.75 eV lower than those of the CH;SH-aromatics,
which should attenuate spontaneous reduction of the sulfenic
acid back to the thiol and thereby serve to stabilize the former.

Before comparing the aqueous aromatic complexes, it is
salient to compare their H,O complexes. Two stable structur
were optimized here for the CH;SOH-H,O complex (Table S7)
with CH3SOH as a H-bond donor (1g, E°* = —5.87 kcal mol )

This journal is © the Owner Societies 2025

and acceptor (S7a, EY = —4.94 kcal mol ). CH;SOH is a better
H-bond donor than H,O since 1g is ~1 kcal mol " more stable
than S7a, whereas H,O is a better H-bond donor than CH;SH.
Furthermore, the global minimum conformer of CH;SH-H,0O
with S as an H-bond acceptor (E¥ = —3.01 keal mol™")? is
~2 keal mol ™" less stable than S7a, reflecting the magnitude of
Ve,min (kcal mol™") on the thiol S (—18.4)" and the sulfenic O
(—32.9; Fig. 1b).

Strong H-bonding between CH3;SOH and H,O leads to ~0-
40% lower PMFs for the aqueous CH3;SOH-aromatics vs. their
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CH;SH analogues (Table 3).>° However, 4-methylphenolate is a
better H-bond acceptor than H,O so its CH;SOH complex is
~1.5-fold more stable than its CH;SH complex (Table 3) due to
the greater strength of O-H---O, vs. S-H---O,, H-bonding.
Finally, we note that the CHz;SH-aromatics,>***** like the
CH;SOH-aromatics (Fig. 8), favour en-face and intermediate
association in water.

CysOH-aromatic motifs in proteins

To examine cysteine sulfenic acid-aromatic interactions in
proteins, the Protein Data Bank (PDB) was queried on 15 June
2025 using the keyword “sulfenic” as a search term. This search
retrieved 86 protein structures with 29 nonredundant struc-
tures containing a CysOH. The remaining 57 structures were
either redundant or included a ligand with a sulfenic acid
group. Markedly, in 15 of the 29 nonredundant structures an
aromatic ring is within 5 A of the CysOH side chain (Fig. 9). A
recent survey'® of Cys oxidation in proteins revealed that the
probability of finding His close to non-oxidized Cys corre-
sponds to the average prevalence of His in proteins but jumps
~3-fold around CysOH. His can act as proton acceptor from
Cys,” lowering its pK, and rendering the thiol more
oxidizable.*® Earlier protein profiling also identified His as a
key residue in the modification of Cys to CysOH.>® Further-
more, strong c-type H-bonding would significantly stabilize the
nascent CysOH-His relative to Cys-His (Table 3), making the
latter more prone to oxidation, while stabilizing CysOH, which
is susceptible to further reaction.” We note the presence of His
near CysOH in 7 of the 15 structures in Fig. 9 with r,, values of
4.5-5.1 A close to those of 1d and 1e in 6 of these 7 structures
(Table 3). Additionally, a Tyr with a r,, value of 4.7-5.5 A similar
to those of 1c and 1f (Table 3) is found in 5 structures in Fig. 9,
again signalling possible strong o-type H-bonding.

The literature survey’® also revealed a ~2-fold greater prob-
ability of finding crystallographic H,O in the proximity of
CysOH than Cys. This is consistent with stronger H-bonding
of CH3SOH vs. CH;3SH to H,O, which accounts for the relative
stability of their complexes in bulk water (Table 3) as discussed
in the previous section. However, deprotonation of a neigh-
bouring Tyr or protonation of a neighbouring His in a solvent-
exposed protein region may favour and supress CysOH for-
mation, respectively, based on the data for the ionized aro-
matics in bulk water in Table 3).

Given that reversible oxidation of Cys to CysOH is key in
regulating function, catalysis and signalling of many proteins,”
control of the redox activity of protein-based Cys residues by
their protein microenvironment is of vital importance in biol-
ogy. Therefore, an in-depth survey of S-aromatic interactions in
the PDB is warranted considering the data summarized in
Table 3 but outside the scope of the current work.
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