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pH control of the reaction mechanism:
interactions of the Au(i))-NHC complex with
thioredoxin reductase (modeled by cysteine and
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Interactions of Cys and Sec amino acids with a simple model of the Au()-NHC complex were explored
using DFT functionals and post-HF methods. In addition to the conventional quantum chemical
description with the NVT canonical ensemble, a transformation to the grand-canonical ensemble was
performed. This approach allowed for the consideration of chemical species with different numbers of
protons and the evaluation of reactions at constant pH. For this purpose, a new thermodynamic state
function, the Gibbs-Alberty free energy (AGA®), was introduced, with the proton chemical potential as
the natural variable, and applied to Cys/Sec-Au()NHC interactions. Having determined all the necessary
pK, values, the pH-dependent equilibrium constant was expressed for both Cys and Sec coordination to
the gold() complex. The dependences of AGAC°(Cys) and AGA®(Sec) as functions of varying pH
demonstrated a clear preference for Sec coordination under acidic and neutral conditions, which shifted
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Introduction

The thioredoxin system plays a key role in controlling the
overall intracellular redox balance in cells. It is basically
composed of the small redox protein thioredoxin (Trx), nicoti-
namide adenine dinucleotide phosphate in its reduced form
(NADPH), and thioredoxin reductase (TrxR), a large homodi-
meric selenoenzyme that regulates the redox state of thiore-
doxin. Its mechanism of action is clearly summarized in the
study by Sun et al.* Crystallographic data and the 3D structure
of mammalian thioredoxin reductase were solved by Sandalova
et al.>® The active center of the reductase is located in a small
cavity near the C-terminus of the enzyme. Details of the
mechanism of selenoenzyme inhibition are still under investi-
gation in several laboratories.* Nevertheless, the thioredoxin
system is now clearly recognized as an effective ‘“druggable”
target for the development of new anticancer drugs.®® Accord-
ingly, a number of established anticancer agents have been
retrospectively found to be potent inhibitors of thioredoxin
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near pH = 8, where Cys coordination became thermodynamically more stable.

reductases and to induce severe oxidative stress. Previously, a
variety of gold compounds, either gold(i) or gold(m), have been
reported to exhibit outstanding antitumor properties, forming a
promising class of experimental anticancer agents.”" In the
study by Serratrice et al,'” it is noted that similar cytotoxic
properties were observed in parent gold(m) complexes as in the
corresponding gold(i) complexes, which suggests that gold (i)
may be reduced to gold(l) in the cellular environment. On the
other hand, the same laboratory discovered that certain gold(u)
complexes remain in the +3 oxidation state when in adduct form
with proteins.”® An extended set of small molecules, which can
serve as inhibitors of TrxR, were reported by Cai et al."* In their
study, besides Au, Pt, and Ru metallocomplexes, sulphur, sele-
nium and tellurium-containing compounds were also examined.

The biological target of the metallodrugs is believed to be
the small cavity near the C-terminus of thioredoxin reductase.
The active center can be effectively blocked by transition metal
complexes. Specifically, Au(i) complexes were found to have a
high affinity for this site®> and have been recognized as a
promising candidate for a new class of anticancer drugs for
some time.'® Au(i) phosphine complexes were one of the first
compounds to be examined, and it was demonstrated that they
inhibit the activities of both thioredoxin and thioredoxin
reductase.'® The inhibition was found to be more pronounced
in breast cancer cells. Later, the same group also confirmed
that Au(r) complexes with N-heterocyclic carbene (NHC) ligands
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can serve as anticancer drugs by attacking mitochondrial
enzymes.'® In their study, several derivatives with methyl,
i-propyl, n-butyl and ¢-butyl modifications of the imidazole ring
were explored. By tuning the ligand exchange reactions at the
Au(i) center, the authors designed lipophilic and cationic Au(i)
complexes that selectively induce apoptosis in cancer cells but
not in normal cells and allow selective targeting of mitochon-
drial selenoproteins. The activity of Au(1) complexes with NHC
ligands and analogous Ag(i) complexes were compared with
cisplatin, revealing similar antitumor ICs, parameters."’

Recently, Au(1) complexes with modified NHC were found to be
more active against both colon and breast cancer cells in compar-
ison with cisplatin or auranofin.'® Particularly, dinuclear Au(1)
phosphano-complexes have significantly lower IC5, for colorectal
and breast cancer, as reported by Sulaiman et al.'® and Abogosh
et al.>® New thiolate gold(r) complexes that inhibit the prolifera-
tion of different human cancer cells were reported by Abas et al.,**
showing higher cytotoxic activity than cisplatin. Strong antiproli-
ferative effects of Au(r) complexes with NHC ligands were found
also in another study exploring lung, colon, and breast tumors.>>

A complementary computational QM/MM study of the reduction
of the disulphide bridge in the Trx structure (PDB ID 1EP7) was
published by Rickard et al.>* The interaction of an auranofin model
with the tetrapeptide sequence of TrxR was studied based on DFT by
Howell.>* A higher gold activity at the selenium site in comparison
with the sulphur of cysteine was confirmed. Recently, Delgado
calculated the standard Au**/Au* reduction potentials of the Au(m)
complexes in connection with anticancer treatment.>® They came to
the conclusion that the CAM-B3LYP functional in combination with
SMD solvation is superior to other examined computational models.
Recently, another DFT study of some other modified Au(i}NHC
complexes with ethylselenolate was published.?®

In this study, we have determined the thermodynamic and
kinetic parameters for the substitution reaction of a simple
chloro(imidazol-2-ylidene)gold(r) model complex, which is denoted
as Au(i-NHC. Modeling its binding to TrxR, the substitution
reaction of the Au(1-NCH complex with cysteine (Cys) and seleno-
cysteine (Sec) amino acids was explored by combining various QM
and DFT levels with D-PCM/sUAKS solvation single-point calcula-
tions. One of the most important parts of this study is the
determination of the binding preference of the gold complex to
the selenium and sulphur sites via the key sequence of TrxR in a
pH-dependent manner. The Sec and Cys amino acids were
regarded as models of the active tetrapeptide redox center (Gly-
Sec-Cys-Gly) in the C-terminus of TrxR. Therefore, a new Legendre
transformation of Gibbs free energy to the grand canonical
ensemble regarding proton chemical potential was performed to
evaluate Gibbs-Alberty free energy, which demonstrated differ-
ences in complexation energies between gold and selenium or
gold and sulphur depending on the pH of the environment.

Computational tools

All the explored molecules (amino acids, gold complexes, and
supermolecular systems) were optimized using the DFT method.
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Two levels were chosen for determining the reaction coordinate;
the B3LYP functional®’*° was combined with (a) the double zeta
quality basis set (6-31+G(d)) and Stuttgart-Dresden effective core
potentials with corresponding pseudoorbitals (Opt/D level) or (b)
the triple-zeta basis set (6-311++G(2df,2pd)) and the same quality
of pseudoorbitals (with 2fg-polarization and diffuse functions
extension; Opt/T level), as discussed in our previous papers.*'>*
The corresponding set of pseudoorbitals®* for the Au, S, Cl, and
Se atoms are summarized in the ESI.f Both optimization levels
(a) and (b) were processed with the same COSMO solvation
model®> using UFF cavities and van der Waals atomic radius
of 1.10. At the same levels, frequency analyses were performed to
check the characteristics of the calculated stationary points on
the potential energy surface (minima or transition states (TS)) of
the explored molecular systems and to quantify the nuclear
degrees of freedom. During the final evaluation of Gibbs free
energy in the water solution, the entropy contributions of the
translational and rotational degrees of freedom were corrected
as suggested by Wertz*® and Goddard:*”

Sig"sT = (Sgae'® + Sgas — 14.3) x 0.54 + 8.0 (1)

These corrections originate from the fact that the translational
and rotational degrees of freedom are visibly reduced in the
liquid phase in comparison with the gas phase. More details
can be found in ESI,{ - part 2. In this way, the estimated Gibbs
free energy profiles of the searched reaction were determined.
The higher optimization model Opt/T was used since it is
computationally suitable for these small molecules and can
provide more accurate results. Later, the differences between
models Opt/D and Opt/T can be utilized for error estimation for
more extended systems when no better choice (than the Opt/D
model) is possible, which is expected in our next studies on this
topic. QM study and QM/MM approach using tetrapeptide were
employed to analyze the complete TrxR monomeric unit inter-
acting with this Au(1)-NHC model complex. In order to compare
the accuracy of the optimization processes, the geometries
(selected bond lengths), AIM (bond) critical points, and ener-
getical relations were compared.

The thermodynamic and kinetic parameters of the reaction
were determined at several computational levels for stationary
points optimized at both Opt/D and Opt/T levels using more
accurate single-point calculations (SP). They differed in terms of
the basis sets, implicit solvation models employed or the evalua-
tion of electronic structures using only DFT or post-HF methods.

(I) DP-models (SP with D-PCM): since the pH-dependent
thermodynamic model had to be used (refer to the text below), the
first choice was a recently developed model for the reliable
determination of pK, values of amino acids, peptides, and proteins.
The SP energies were evaluated at the DFT/6-311++G(2df,2pd)/
D-PCM/scaled-UAKS computational level,***® as described in our
previous papers.**** Two functionals were employed: B3LYP
because of continuity and M06-2X, which provides better agree-
ment between the calculated and experimental pK, values.”® These
functionals were further complemented with Grimme’s D3 empiri-
cal dispersion and Becke-Johnson (BJ) dumping functions for the
B3LYP functional. The D-PCM solvation model with scaled-UAKS
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cavities was found recently as one of the best options for the
simulation of the water solution for pK, evaluation.** Cavity rescal-
ing was performed based on the actual NBO charges**** and the
original UAKS cavities, as suggested by Tomasi*® and Barone,"” and
extended by Orozco and Luque.’®*® The atomic radii Ry were
linearly scaled using partial charge (qxaeual) Of the actual atomic
groups X (thiol, chloride, and carboxyl oxygens) in the examined
molecule relative to the change of its partial charge (gX prot — gx dep)
in the reference molecules with protonated and deprotonated

group X.>**%**3° This can be expressed by the formula:
NBO NBO
X actual — IX.d
) ,actua ep
Rx = Rx +7"—80 — N8O @
X, prot —dx ,dep

where the scaling factors y and the radii R} from the original UAKS
model are utilized.*** Using partial charges instead of formal
charges leads to smooth and more consistent results. The reference
molecules suggested in the original UAKS approach were chosen
for the determination of partial charges on the given groups X in
the deprotonated gxqe, and protonated form gypw:.'® Besides
electrostatic solvation energy, non-electrostatic (repulsion, disper-
sion, and cavitation) terms were also included in the total Gibbs
free energy of the explored system. This model was applied for both
optimal geometries obtained at the Opt/D and Opt/T levels and are
labeled as DP/D (DP_B3/D and DP_MO06/D) and DP/T (only for
B3LYP) hereafter, respectively.

(ITa) CP/T model (SP with C-PCM): for comparison, the
geometries from double-zeta optimization Opt/D were further
employed in the same SP calculations at the B3LYP-GD3B]J/6-
311++G(2df,2pd) level using COSMO solvation model along
with Klamt cavities.

(I1b) CP/Q model: analogous to the extension from DP/D to
CP/T, the B3LYP-GD3B]J computational level was considered for
model Opt/T, where energy profiles are determined in combi-
nation with the quadruple-zeta basis set aug-cc-pvQZ for H, C,
N, O atoms,*™*> S and Cl atoms> and consistent with aug-cc-
pPVQZ-PP for the Se>* and Au®>”° atoms taken from Basis Set
Exchange.””>° This computational level was also supplemented
with the COSMO/Klamt solvation model.

In order to demonstrate the accuracy of the previous com-
putational levels, the last pair of computational models were
evaluated based on CCSD(T) calculations for the structures
obtained only using the Opt/T optimization model.

(I1a) MP2/D and CC/D model: the reaction profile was
evaluated at the (CCSD(T)/6-31+G(d))/D-PCM/scaled-UAKS level
of theory.

(mb) MP2/T, CC/T, and CC/Te models: the CCSD(T)/
6-311++G(2df,2pd)/D-PCM/scaled-UAKS level (signed as CC/T)
was determined only for the deprotonated branch of the reac-
tion scheme. Since these calculations are extremely processing-
intensive, the protonated species were evaluated only using the
MP2/6-311++G(2df,2pd) computational level to save computa-
tional time, and the higher level of correlation contributions
were estimated based on the below formula:®*®*

AEccspirytze = AEmpa/rze + [AECCSD(T)/DZP — AEwp2ipze] (3)

6606 | Phys. Chem. Chem. Phys., 2025, 27, 6604-6615

View Article Online

Paper

to conserve some sense correlation effects from the lower basis
set to the higher basis set calculations. In all the CCSD(T)
calculations, the D-PCM/scaled-UAKS solvation model was used
(labeled as CC/Te).

All the above-mentioned SP calculations were also comple-
mented with Wertz’s corrections of the liquid environment
from the corresponding level of optimization. The electronic
properties during the process were further investigated using
NBO and QTAIM for geometries using the optimization
model Opt/D.

All the necessary pK, values were determined at the DP/D
level (both M06-2X and B3LYP) and also compared with values
obtained at the DP/T and post Hartree-Fock levels according to
the formula:

pK, = AG°/(2.303RT) (4)

considering reaction Gibbs free energy AG® for the deprotona-
tion reaction:

HA + H,0 — H;0" + A~ (5)

R and T represent the Avogadro constant and temperature at
which deprotonation occurs. In addition, the correction term
—log[H,0] = —1.74 of the standard state of bulk water was used.
Further details can be found in ref. 62.

Results and discussion

Protonation states of the reactants and products - pK,
evaluation

Modeling of the substitution reaction in which the chloro
ligand of the Au()-NHC complex is replaced by Cys or Sec
amino acid (Scheme 1) was investigated using different proto-
nation states of the reactants and products under different pH
conditions. Several protonated forms of the acidic and basic
functional groups, namely carboxyl, thiol/selenol, and amino
groups in Cys/Sec, the imidazole group in Au(1)-NHC complex,
and their adducts, were considered. For each protonation state,
several local minima were compared to identify the global
minima at both Opt/D and Opt/T optimization levels. This step
is crucial to obtain correct pK, values and energy differences
between the stationary points on the energy profiles.

It is generally known (e.g. ref. 43 and its citations) that most

of the directly applied PCM models are not able to match the
63-65

experimental pK, values with sufficient accuracy. Hence, in
HN NH Y
Au(l) + Cys'/Secc —> Au(l) + CI
or + Cys/Sec I +Cl + H*
Cl (S-Cys) / (Se-Sec)

Scheme 1 Coordination reaction of the gold() complex with Cys/Sec
amino acid.

This journal is © the Owner Societies 2025
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our previous series of papers, we suggested a general strategy
to determine pkK, (usually within one log unit) based on the
D-PCM model with scaled UAKS cavities, corresponding to the
DP models employed in this study.***>° In this way, SP energy
was evaluated with both B3LYP (DP_B3/D model) and M06-2X
functionals (DP_MO06/D) for geometries obtained at the Opt/D
level, and for structures optimized at the Opt/T level, only the
B3LYP functional (DP/T) was used. The pK, values of the relevant
(de)protonated states of both isolated reactants and products
were calculated according to eqn (4) and are summarized in
Table 1. The DP_MO06/D values were reasonably close to mea-
sured data®>®” (RMSD difference ca. 2.2 log units). Overesti-
mated pK, values were particularly obtained for the most basic
values (deprotonation of amino groups). For such negative ionic
states (—2e), simple linear cavity scaling is probably not appro-
priate. pK, evaluation with more extended basis sets usually
leads to lower accuracy since the UAKS model is optimized for
DFT calculations with the double-zeta basis set similarly to other
implicit solvation models. Similarly, a higher level of theory (post
Hartree-Fock methods) does not lead to more accurate pK,
predictions, and similarly, a larger basis set further deteriorates
the results.*’ Basically, the main reason is that all cavity para-
meters were fitted to the DFT double-zeta methods. It should be
noted that K, values are exponentially dependent on free ener-
gies. Therefore, even a small change makes a visible difference in
the value of the equilibrium constant.

Besides amino acid functional groups, the pK, of the N-
coordinated hydrogen atoms of the Au()-NHC complex were
also explored for the sake of completeness. Nevertheless, it was
confirmed that the Au(1)-NHC hydrogens (better naming than
protons) have pkK, values in a very high basic range, definitely
above 14, as seen in Table 1. Such a high value also corresponds
with the fact that in the experiments, these hydrogens in the
complexes are replaced by some bulky organic ligands, which

View Article Online
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are not cleaved during the coordination of the Au(i)-NHC
complex to the active site in the vicinity of the TrxR C-terminus.

Energetics of the interaction of Au(i))-NHC complex with Cys
and Sec amino acids

Initially, the substitution reactions were investigated by assuming
the standard canonical ensemble. Based on the experimental pK,
values of 8.3 for thiol in Cys and 5.7 for selenol in Sec, both
protonation states of the mentioned groups were considered and
hence, both deprotonated and protonated branches were
included in the calculations, that is, the reactants containing
thiol or selenol and thiolate or selenolate anion, respectively. In
the product complexes of the protonated branch, no proton is
bound to the S or Se atom. This proton is moved to the nearest
oxygen of the amino acid according to the calculated pK, values
(Table 1) so that both the carboxyl and amino groups are proto-
nated (NH;'). In total, we considered two reaction branches for
each amino acid, which can further differ in their reaction
mechanism.

After optimizing the isolated species (all necessary forms of
Cys and Sec, as well as the Au(1)-NHC complex), several different
H-bonded associates of the Cys/Sec amino acid with the Au(i)
complex were searched to identify the optimal reactant super-
molecules that may serve as a starting point for the determina-
tion of activation barriers. Similarly, in products, stable
supermolecular forms in which Au-S/Au-Se coordination is
associated with the released chloride particle were examined
(Scheme 1). A reaction energy profile is only complete with the
determination of the transition state (TS) structures. In the case
of the deprotonated branch, a single-step reaction mechanism
exists, with a TS structure characterized by one negative vibra-
tion mode corresponding to the asymmetric stretching of the
Au-Cl and Au-S(Se) bonds. When the thiol (-SH) and selenol
(-SeH) groups are present in the protonated branch, two

Table 1 pK, values from selected levels of calculations, including the nuclear degrees of freedom using the Wertz correction. Plot of calculated vs.
experimental values, along with fits for all the methods used, is provided in ESI — Part 1

DP_B3/D DP_MO06/D DP/T MP2/D CC/D MP2/T CCe/T Exp.®®%”
Cys(COO0)* 3.5 2.8 43 0.7 1.7 3.0 4.0 1.9
Cys(S) 11.5 8.3 11.7 11.6 12.9 12.6 13.8 8.3
Cys(NH,) 15.8 13.5 15.7 16.1 15.9 15.4 15.3 10.7
Sec(COO) 3.0 2.4 3.6 0.7 1.7 2.7 3.8 1.9
Sec(Se) 8.0 6.4 8.3 7.4 8.9 9.2 10.6 5.7
Sec(NH,) 14.4 13.3 15.1 16.0 15.9 15.3 15.2 10.0
Au-NHC 18.6 16.1 18.0 15.9 17.6 16.0 17.8
Au-NHC-Cys(S) 0.1 -2.9 0.8 -21 -0.5 -1.6 0.0
Au-NHC-Cys(COO) 2.3 1.2 2.2 -0.8 0.1 1.5 2.4
Au-NHC-Cys(NH,) 8.7 5.8 9.1 8.0 7.9 7.5 7.5
Au-(NHC) -Cys” 26.4 23.5 17.6 23.9 25.5 24.2 25.8
Au-NHC-Sec(Se) —6.4 9.6 2.3 9.6 7.5 —-8.9 —6.8
Au-NHC-Sec(COO) 2.4 -0.9 2.4 -0.1 0.8 2.0 2.9
Au-NHC-Sec(NH,) 12.1 9.4 11.6 11.5 11.5 11.0 11.0
Au-(NHC) -Sec” 21.8 19.5 16.2 19.5 21.1 20.2 21.8
HCI -7.6 -10.1 -6.1 -7.9 —-6.3 —-0.2 -0.6 -7.0
K, 16.0 16.9 16.8 13.6 15.4 16.9 17.7 14.0
RMSD 2.9 2.2 3.3 3.2 3.5 41 4.5

“ Cys(COO) refers to the deprotonation of the carboxyl group, Cys(S) to the subsequent deprotonation of the thiol group, and Cys(NH,) to the third
deprotonation on the NH, group (e.g., an anion with a charge of —2e). This analogy applies to all other systems with amino acids. ? (Fourth)

deprotonation occurs on the imidazole ring, (NHC) ™.
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Table 2 Gibbs free energies for stationary structures from individual reaction coordinates (in kcal mol™?), with the reactant supermolecules taken as the
zero-reference level. R represents reactants, P represents products, | represents intermediates, TS represents the transition state (single-step without any

number, with 1 and 2 distinguishing the points in a two-step mechanism)

Opt/D DP_B3/D DP_MO06/D CP/T Oopt/T DP/T CP/Q MP2/D CC/D MP2/T CCe/T CC/T
Cysteine
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS 6.9 11.6 10.4 8.1 8.1 12.0 8.4 12.9 12.2 13.8 13.2 13.1
P —15.2 —13.3 —13.4 —13.4 —13.6 —14.5 —13.9 —13.8 —13.0 —13.8 —13.2 —-13.0
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1 10.5 12.3 13.9 8.5 9.2 8.8 10.0 14.4 16.2 10.4 12.1
I 10.2 11.7 10.3 7.6 6.6 7.5 9.2 13.6 13.7 9.6 10.5
TS2 22.2 15.5 12.5 17.7 19.4 11.9 19.5 19.2 18.9 16.0 15.5
TS 11.8 9.4 9.8 11.8 12.1 8.4 12.5 9.6 9.9 8.5 8.0
P —2.2 —6.8 —6.3 —4.0 —4.6 —8.4 —4.8 —4.9 —3.2 -7.1 —5.4
Selenocysteine
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS 6.5 11.0 8.7 7.9 7.1 11.1 7.4 9.4 8.2 10.8 10.5 10.2
P —14.7 —15.6 —14.0 —14.6 —14.8 —15.7 —14.7 —14.5 —13.6 —14.6 —-13.7 —13.8
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1 11.4 9.5 12.5 11.1 10.5 10.9 10.1 14.1 16.0 11.9 13.7
I 8.0 6.2 6.7 7.2 5.5 7.4 5.9 10.5 10.7 9.0 10.0
TS2 19.5 10.5 13.6 17.0 17.7 10.8 16.3 15.1 15.0 13.4 13.3
TS 10.1 8.3 11.2 11.9 9.0 7.5 9.6 7.6 7.6 7.4 7.4
P —6.4 —11.6 —10.4 —6.8 -7.8 —10.5 —8.9 —8.9 —7.2 —10.8 -9.1
RMSD 3.7 2.3 2.0 3.1 3.3 2.3 3.0 1.6 2.2 1.1 0.2
different mechanisms can be distinguished: a two-step reaction
mechanism where the proton is first transferred from the S/Se 20
site to one of the electronegative oxygen atoms of the carboxyl
group and subsequent coordination of the metallo-complex to 15
the S/Se atom or a single-step mechanism where both processes
occur simultaneously. 1o
All the various SP methods described in Computational Tools -
were applied for the determination of the reaction energy E 5
profiles, and the obtained activation and reaction free energies 3
are summarized in Table 2. Although the energies determined § 0
for the dissociation constants at the CC/T level are not comparable €y’ —Cys, deprot
with the experimental data (Table 1), it is still assumed that the S .’, (‘; :’ ‘"°:'::e“‘
. . . . === Cys, prot - two step
Gibbs free reaction energies evaluated at this level represent the % —sec, dpiot
most accurate approximation. However, these calculations are o Sec, prot - direct
extremely demanding. Therefore, such calculations were only 77 Secprot-twostep

performed for the deprotonated branch, which contains a smaller
set of molecules. For all protonated systems, the corresponding
energies were estimated based on (eqn (3)), allowing the supple-
mentation of the relatively modest calculations at the MP2/TZP
level by energy corrections beyond the second order of the
perturbation theory, ie. differences between the CCSD(T) and
MP2 values received at the cheaper CCSD(T)/DZP level, as used
frequently before.>'*>6%1:68 The quality of these estimations was
assessed by comparison with the reaction and activation energies
of the deprotonated branch. Since the estimation is relatively
plausible, with the maximal difference lower than 0.3 kcal mol ™"
(Table 2; last two columns), the estimated Gibbs free energies
were considered as references for both reaction branches for the
sake of consistency.

The determined reaction energy profiles (Fig. 1) show that
both reaction branches preferentially pass through a single
activation barrier. In all explored computational models, their
heights were higher in Cys-involving reactions than the Sec

6608 | Phys. Chem. Chem. Phys., 2025, 27, 6604-6615
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Fig. 1 Reaction energy profile for coordination of the Au()-NHC model
complex to Cys (blue lines) and Sec (red lines). Solid lines represent
reactions in deprotonated forms, while dashed lines represent reactions in
protonated forms (simulating more acidic solutions). The upper structures
display stationary points of the two-step reaction mechanism for the
interaction of the gold complex with selenocysteine, and the lower struc-
tures show the interaction with the deprotonated cysteine amino acid.

counterparts, despite small energy differences in the case of the
deprotonated TS structures obtained at computational levels
utilizing the double zeta basis set (xxx/D models in Table 2),
where the differences were often below 1 keal mol ™. Considering
the two-step reaction mechanism in the protonated branch, the
first activation barrier (TS1) corresponding to proton transfer to
the carboxyl oxygen is usually lower in energy than the second
activation barrier (TS2), which is connected to the replacement of
the chloro ligand by the formation of a coordination bond
between the S/Se site and Au(i). It can be concluded that at least
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the TS energies of the second barriers are visibly higher
in complexes with Cys than those containing Sec (Table 2).
Nevertheless, as mentioned above, the single-step reaction
mechanism is associated with visibly lower activation barriers.
Another important conclusion based on the comparison of the
TS energies of deprotonated and protonated branches is that
the activation barriers in the protonated branches are usually
predicted to be lower than the barriers connected with the
deprotonated forms. The activation barriers reported by Tolba-
tov et al®® are in good accordance with our results; never-
theless, their reaction energies are not comparable to our
calculated values, which indicates an endoergic reaction since
energy is used for the interaction of ethylselenolate with quite
a different gold(1) complex via a more complex reaction
mechanism.

As indicated by the reaction Gibbs free energies, the reac-
tions with Sec are generally slightly more exergonic than those
with Cys. This higher exoergicity is more clearly seen in the case
of protonated systems, where the difference is generally more
than 3 kcal mol . A substantially smaller energy difference is
observed for deprotonated amino acids, with an exoergicity
difference of less than 1 kcal mol™". Notably, the deprotonated
reaction branches exhibit visibly higher exergonic characteris-
tics in comparison with the protonated branches also partially
due to the protonation of carboxyl oxygen in the course of the
substitution reaction.

Kinetic aspects

By applying Eyring’s transition state theory to the determined
reaction energy profiles, the estimated reaction rates were
obtained. In the case of the single-step mechanism, where
the system needs to undergo only over one TS, the estimation

kgT
of rate constants is simple according to the k = BTe(’AGi/ RT)

formula, where AG* corresponds to the Gibbs free activation
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barrier; kg, R, and % are the Boltzmann, universal gas, and
Planck constants, respectively, and all rate constants are deter-
mined at temperature T = 298 K. For the two-step mechanism
with rate constants k; and k, for the forward steps and k_; and
k_, for the pertinent reverse reactions, the total rate constant
can be derived based on the steady-state intermediate I, i.e. d[I]/
d¢t ~ 0 and supposing k; < k_1, k, » k_,, which leads to the
total rate constant®® (ESI, part 3):

(6)

The results of the deprotonated branch are tabulated in the
upper part of Table 3 and total k. together with the partial rate
constants k;, k_4, k,, and k_, for the protonated branch are
given in the lower part. They show that all the computational
levels predict faster reaction rates for Sec than for Cys in the
case of the single-step mechanism in both branches, with
the exception of only CP/T for the protonated branch. Based
on the total rate constants, the same conclusion is also valid for
the two-step mechanism, for which it can be seen that the
conditions for the steady-state intermediate are fulfilled, and
the estimation of the total rate constant is sufficiently justified.
The total rate constants also confirm a significant preference
(faster occurrence) for the one-step mechanism in comparison
with the two-step reaction mechanism as it ensues from the
activation barriers. An important finding is that the substitu-
tion reactions of amino acids with a protonated S/Se site are
visibly faster than those of the deprotonated sites. This means
that the reaction will be faster in acidic solutions than in a
basic environment. Nevertheless, according to the relatively
large values of all the rate constants, it is evident that the
reaction rate is still quite fast from the human perspective (even
at millimolar concentrations, it should be complete in the sub-
second scale).

Table 3 Rate constants for the formation of the Au())-NHC complex with Cys or Sec. Rate constants ki, and k, correspond to the forward reactions,
while k_4, and k_, correspond to the reverse reactions in the two-step mechanism. k. represents the overall rate constant for this mechanism, obtained

according to (egn (6))

Opt/D DP_B3/D DP_MO06/D CP/T opt/T DP_B3/T  CP/Q MP2/D CC/D MP2/T CCe/T

Deprotonated branch - one-step mechanism

k(Cys) 5.1 x 107 2.1 x 10" 1.5x 10> 7.6 x 10° 7.1 x 10° 9.6 x 10> 4.4 x 10° 2.1 x 10> 6.9 x 10° 4.9 x 10> 1.6 x 10>
k(Sec) 1.0 x 10° 5.0 x 10* 2.7 x 10° 9.2 x 10° 4.0 x 107 3.3 x 10° 2.3 x 10’ 8.1 x 10° 6.5 x 10° 7.8 x 10 2.0 x 10’
Protonated branch - one-step mechanism

k(Cys) 1.4 x10* 83 x10° 1.5 x 10" 8.0 x 10 7.9 x 10> 4.5 x 10° 3.9 x 10° 57 x 10° 3.4 x 10> 3.8 x 10° 8.9 x 10°
k(Sec) 2.6 x 10° 4.7 x 10° 3.6 x 10" 1.2 x 10 1.4 x 10° 2.1 x 10’ 6.0 x 10° 1.6 x 10" 1.6 x 107 2.5 x 10’ 2.4 x 10’
Protonated branch - two-step mechanism

ky(Cys) 1.2 x10° 6.1 x 10° 4.0 x 10> 3.5 x 10° 1.1 x 10° 2.1 x 10° 2.7 x 10° 1.7 x 10> 7.6 x 10 1.4 x 10° 8.2 x 10°
k_4(Cys) 3.5 x 10" 2.4 x 10" 1.5 x 10" 1.2 x 10"* 7.2 x 10"° 7.1 x 10'" 1.5 x 10> 1.7 x 10"* 8.8 x 10"° 1.6 x 10'* 4.1 x 10"
ky(Cys) 9.7 x 10° 1.0 x 10" 1.6 x 10" 2.2 x 10° 2.3 x 10> 4.0 x 10° 1.8 x 10° 1.9 x 10° 7.2 x 10"° 1.3 x 10*° 1.3 x 10°
k_5(Cys) 7.4 x107° 37 x10° 11x10" 6.6 x10* 1.6 x 10°° 7.6 x 10° 6.2 x 1077 1.4 x 10° 41 x10* 1.2 x 10°* 2.9 x 10°°
koi(Cys) 3.3 x 10°* 2.6 x 10" 3.7 x 10> 61 x 10" 3.6 x 107> 1.2 x 10 32 x10% 1.9 x 10 ' 35x10 1.2 x 10* 2.5 x 10"
ki(Sec) 2.6 x 10* 6.4 x 10° 4.1 x 10° 4.5 x 10 1.3 x 10° 6.4 x 10* 2.2 x 10° 2.7 x 10> 1.1 x 10* 1.2 x 10* 5.2 x 10?
k_1(Sec) 1.8 x 10" 2.1 x 10" 3.4 x 10® 8.5 x 10° 1.0 x 10° 1.8 x 10"° 4.4 x 10° 1.4 x 10'® 7.8 x 10* 4.4 x 10" 1.1 x 10"
ky(Sec) 2.3 x 10* 4.0 x 10° 5.8 x 107 3.7 x 10° 6.8 x 10> 2.3 x 10" 1.2 x 1077 3.0 x 10° 4.7 x 10° 3.6 x 10° 2.3 x 10"
k_x(Sec) 7.2 x 1077 4.9 x 10" 1.6 x10° 1.8x10° 32x 107 1.6 x 10° 21 x 10 ° 1.6 x10° 33 x 10" 1.1 x10°° 2.4 x 10°*
kot(Sec) 3.3 x 1072 1.0 x 10° 6.1 x 10> 1.9 x 10 9.1 x 107" 3.6 x 10° 2.2 x 10° 4.7 x 10° 9.2 x 10 8.8 x 10> 3.5 x 10°
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Transformation to the grand-canonical ensemble

Up to now, we have regarded the explored reaction in the
framework of the standard canonical ensemble. Nevertheless,
when biochemical or biophysical processes are studied, often a
constant pH environment must be considered. Therefore,
Legendre’s transformation of Gibbs free energy to the grand-
canonical description was considered by introducing a new
thermodynamic state function, namely Gibbs-Alberty free
.70-73

energy (GA):
dGA = dG — d(n(H") - u(H"))

=-SAT+VdP+ > p-dm— Y mi-dp,  (7)

i#H* i=H*

where the first sum basically indicates all non-polar molecules,
while the second summation deals with the polar or ionic
species, which can differ by the number of active protons.
Contrary to Gibbs energy, where pressure, temperature, and
molar concentrations are the intrinsic variables, the newly
introduced thermodynamical potential (Gibbs-Alberty free
energy) is a function of pressure, temperature, and chemical
potentials, in our case proton chemical potentials, as defined
elsewhere.*"*>3%7475 Ip this way, the reactions cannot proceed
to the standard chemical equilibrium, i.e. till the concentration
of the individual species is constant (dn; = 0) but till the change
in chemical potential is zero (dy; = 0). In our case, this means
that the proton chemical potentials of the individual species
active in the explored chemical reaction are important. Actu-
ally, the change in protonation state is the controlling element
for varying the pH of the solution. An illustrative case is the
proton chemical potential of water, which is defined as:

[OH™] +
K, [HT]
PCP _ . a
uP(H,0) = RT 1n< ] +1+K3[H30+]>. (8)

Similarly, the proton chemical potentials of all species from
Scheme 1 were evaluated and combined to give the grand-
canonical equilibrium constant:

[Au— NHC — Cys(COO)*] - [CI7]
[Au — NHC] - [Cys(COO)]

K = -f(pH) ©)

where f(pH) is defined based on the corresponding proton
chemical potentials:

{se)
K{[{ch
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Labeling of the individual deprotonation states is given in
Table 1. As mentioned above, AGA? is a function of the
chemical potential. This means that this new grand-canonical
thermodynamic potential is the only possibility (under con-
stant p and 7) to evaluate the pH dependence of the reaction
energy. One basic shortcoming is the fact that all the required
pK, must be known. Nevertheless, when only a short pH range
is explored, the expression in eqn (10) can be drastically
reduced. For example, for energy determination in the pH
range 6-8, the following reduction can be obtained:

K[Au-NHC-Cys(NHZ)]
T
[H]
f(pH) = { KO }

(1)

1 +—[Hﬂ

since all the other forms that differ in protonation state will
contribute only very marginally.

If different protonated forms of some reactant or product
are used in the first part of K’, then the f(pH) part has to be
modified correspondingly i.e., the proton chemical potential of
that concrete form must be used. When the water would be a
part of the reaction and we decide to use [OH ] instead, then its
proton chemical potential must be considered too and the
f(pH) function must be modified correspondingly.

L P 12)
KiOH*] K?[lOH*] . K£H3O+]

wPP(OH™) = RT -In (1

12
— Au-(S-Cys) /
10 ——Au-(Se-Sec) //
- —Cys(0) /s
3 /- ’
5 -+++Sec(0) /. //
£ /s ’
. Vi
:E 6 // //
S /. ’
LLQ a Y .
AN / ‘.' /
\ 0 /
\ /.." oz
2 \\ /.." 7
Ny /7. PR
AN ".\_\ /_." s
. . rd
0 = ~ |\,.'\_‘-‘- a-——.{.j_"_ et 1 1 1
0 2 4 6 pH 8 10 12 14

Fig. 2 Proton chemical potential of selected neutral molecules occurring

JS(pH) = W along the reaction coordinate.
bt
H]? (H] K |AuNHC-Cys(NH,)] Z[iAu-NHC-Cys(NHz)] ] iAu-(NHC)’-Cys(NHZ)]
{ K ANHC-Cys(S)] | g [Au-NHC-Cys(COO)] + K[AuNHC-Cys(COO)] +1+ [H+] + [H*]? }
* HY] KOO gloxs(s)] g [CrsNHy)]
K[Cys(COO)] +1+ [H7] [H]?

a
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In our case, for the fully protonated form of Cys(COOH), the

second term in the denominator will be based on the following
proton chemical potential:

K[Cys(C00)]

KIC33(C00)] [Cys(3)

View Article Online
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By applying this to the grand-canonical model together with

all the necessary pK, values, the pH-dependent equilibrium
constant K’ was determined according to eqn (9) and (10)).

a a a

uFP(Cys(COOH)) = RT - In (1 +-= i

The value of X' is fully independent on the choice of particular
forms of reactants and products considered in the evaluation of
(eqn (10)) supposing that all the reaction energies and pK,
calculations are performed at the same computational level.
Finally, it should be mentioned that species with negative or
very high pK, (say over 14) can be omitted from (eqn (10)) since
their contribution is negligible if the explored pH range is e.g.,

. H*
between 2 and 12. In our case, for instance, the term [[HC}I]
Ka
[Au(NHC)]
since pK,(HCI) ~ —10.1 (at the M06-2X level) or — with

7]
PKa(Au(1)-NHC) = 16.1 log units. Finally, the pH-dependent
Gibbs-Alberty free reaction energy (AGA®) is obtained from
the equilibrium constant K’ based on van’t Hoff reaction
isotherm:

AGA® = —RTIn(K"). (14)

For a detailed analysis of AGA®, it is worth focusing on the
behavior of the proton chemical potentials of the individual
species. For further insights into the variation of AGA® free
energy as a function of pH, plots of the proton chemical
potential of neutral molecules Cys, and Sec versus pH were
drawn for both isolated amino acids as well as coordinated to
the Au(1)-NHC complex, as presented in Fig. 2, based on the
MO06-2X/6-31+G(d)/D-PCM/SUAKS computational model.

—Au-(S-Cys)
0 - —Au-(Se-Sec)

AGA [kcal/mol]
N
o

pH

Fig. 3 Dependence of the reaction Gibbs-Alberty free energy (in kcal mol™)
on the pH of the solution. Coordination energy of Cys is represented by the
black dashed line, and that of Sec by the red solid line.

This journal is © the Owner Societies 2025
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KICYS(COO0)] f(Cys(S) K[Cysmﬂzn)

[H P H P
Consequently, pH dependence of the Gibbs-Alberty free reac-
tion energy (AGA®) was evaluated using (eqn (14)) for both
reactions with Cys and Sec, as plotted in Fig. 3. A detailed
inspection of Fig. 2 demonstrates that the changes in the slopes
of both curves in Fig. 3 are associated with changes in the
protonation states of the given reactant or product molecules
depicted in Fig. 2. The other reactant (Au(1)-NHC) or product
(C17) species do not contribute to any slope change since their
pK, values are out of the explored range (discussion in the
previous paragraph).

Regarding the presence of these two amino acids in the
reduction center at the C-terminus of TrxR (.. .Ser-Gly-Cys-Sec-
Gly), the preference for gold(1) coordination to one or the other
amino acid is important for a deeper understanding of the
possible reaction mechanism of metal coordination at this
active site for blocking the natural enzyme function. From the
plot in Fig. 3, it can be seen that for pH lower than 8,
preferential coordination to the Se site of Sec occurs, while in
more basic solutions, the S site of Cys is used for coordination.
However, tangible consequences of this preference on the
practical behavior of the enzyme must be proven by additional
in vitro or in vivo experimental studies focused on this parti-
cular aspect.

Conclusions

In this work, substitution reactions of the model Au(r)-NHC
complex with Cys and/or Sec amino acid are studied. The
B3LYP and M06-2X functionals are used together with post-
HF (MP2 and CCSD(T)) methods and are combined with
double- to quadruple-zeta basis sets. These computational
levels are complemented by the D-PCM/sUAKS or C-PCM/Klamt
implicit solvation model for the determination of pK, values
and reaction energy profiles. The explored reaction is predicted
to be exoergic for both protonated and deprotonated S/Se sites
based on all applied computational models. Nevertheless, the
deprotonated branch gives a more pronounced energy release
(is more exergonic) in comparison with the protonated branch.
Moreover, the energetic preference for Sec in the framework of
the canonical ensemble is noticeable and visibly more distin-
guished in the protonated branch. Regarding activation bar-
riers, higher energies are obtained for the transition states in
Cys reactions in a majority of the computational approaches in
the single-step (preferable) reaction mechanism for both pro-
tonated and deprotonated branches, with more visible differ-
ences in the deprotonated branch. These conclusions are also
reflected in rate constant values estimated using Eyring’s
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transition state theory, indicating a relatively fast course of
substitution reactions. For the deprotonated branch, the reac-
tion course predicted at micromolar concentrations was still
within the sub-second timescale.

In the second part of the study, Legendre transformation
from the canonical to the grand-canonical ensemble was per-
formed, leading to the determination of equilibrium constants
K’ depending on the acidity of the solution. Such calculations
require pK, evaluation of the functional groups in the vicinity of
the pH range of interest. In accordance with our previous study,
these values for known systems (Cys, Sec, HCl, and water) were
reproduced with reasonable accuracy at the M06-2X/6-31+G(d)/
D-PCM/sUAKS level and were even comparable with the post-
HF methods (MP2 and CCSD(T)). From the transformed equili-
brium constants K’, the Gibbs-Alberty free energies were sub-
sequently evaluated for the interactions of Cys and Sec with the
Au(1) complex in solutions of different pH. By comparing the
course of both Cys and Sec energy curves, there is an evident
preference for Sec coordination to the gold complex in acidic
and neutral solutions, while in a basic environment (with
pH > 8), the formation of Au-(S-Cys) is more exergonic. This
result should be considered from the perspective of the TrxR
enzyme in which both amino acids are in close proximity.
Accordingly, different coordination sites can be controlled by
changing the pH in the cellular environment.

As for the newly introduced thermodynamic potential, when
the studied chemical process involves each reactant and pro-
duct only in a single form (considering protonation) e.g., water
at pH = 7 and the concentrations of the other protonation states
(OH™ and H;0") can be neglected, then using both the stan-
dard canonical method and this new grand-canonical approach
will give the same results (AGA® = AG®). However, when more
than one protonated form is present in a system (e.g, cysteine
at pH = 8.3 will have an equal number of protonated and
deprotonated forms of the thio-group), then no option other
than the grand-canonical approach should be used. The only
disadvantage is that all the required pK, values have to
be known.
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