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Abstract

Interactions of Cys and Sec amino acids with a simple model of Au(I)-NHC complex are
explored using DFT functionals and post-HF methods. Besides the conventional quantum
chemical description with NVT canonical ensemble, transformation to the grand-canonical
ensemble is performed. In this way, chemical species with different number of protons can be
considered and reactions at constant pH evaluated. For this purpose, a new thermodynamic state
function is introduced with proton chemical potential as natural variable - Gibbs-Alberty free
energy (AGA®) and applied to Cys/Sec - Au(I)NHC interactions. Having determined all the
necessary pK, values, the pH dependent equilibrium constant can be expressed for both Cys

and Sec coordination to the gold(I) complex. Dependences of AGA%Cys) and AGA’(Sec) as

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

functions of varying pH demonstrates visible preference for Sec coordination in acidic and
neutral conditions, which is changed in the vicinity of pH = 8 where Cys coordination becomes

thermodynamically more stable.
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Introduction

The thioredoxin system plays a key role in controlling the overall intracellular redox balance in
cells. It is basically consisted of the small redox protein thioredoxin (Trx), nicotinamide adenine
dinucleotide phosphate, in its reduced form (NADPH), and thioredoxin reductase (TrxR), a
large homodimeric selenzoenzyme, which controls the redox state of thioredoxin. Its
mechanism of action is clearly summarized in the study of Sun et al.! Crystalographic data and
3D structure of mammalian thioredoxin reductase was solved by Sandalova et al.?,? The active
centers of the reductase is located in a small cavity close to the C-terminus of the enzyme.
Details of a mechanism of selenoenzyme inhibition is still under investigation in several

laboratories.*,> Nevertheless, the thioredoxin system is now clearly recognized as an effective
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“druggable” target for the development of new anticancer drugs®’# Accordingly, 8 numbét:
established anticancer agents were retrospectively found to be potent inhibitors of thioredoxin
reductases and to induce severe oxidative stress. Previously a variety of gold compounds, either
gold(I) or gold(Ill), were reported to manifest outstanding antitumor properties forming a
promising class of experimental anticancer agents.>!%!! In the study of Serratrice et al.,'? it is
noted that similar cytotoxic properties were observed in parent gold(IIl) complexes as in
corresponding gold(I), which can lead to implication that gold(III) is possibly reduced to gold(I)
in the cellular environment. On the other hand, the same laboratory discovered that there are
gold(Ill) complexes that remain in oxidation state +3 in the adduct form with protein.!3> An
extended set of small molecules, which can serve as inhibitors TrxR, were reported by Cai et
al.!* In their study besides Au, Pt, and Ru metallocomplexes, sulphur, selenium or tellurium
containing compounds were examined, too.

As a biological target of the metallodrugs is supposed to be the above-mentioned small
cavity close to the C-terminus in thioredoxin reductase. The active center can be effectively
blocked by transition metal complexes. Namely, Au(I) complexes were found to have high
affinity towards this site® and they have been recognized as a promising candidate for a new
class of anticancer drugs already some time ago.!® As one of the first compounds, Au(I)
phosphine complexes were examined and it was demonstrated that they inhibit activities of both
thioredoxin and thioredoxin reductase.!> The inhibition was found to be more pronounced in
breast cancer cells. Later, the same laboratory confirmed that also the Au(I) complex with N-
heterocyclic carbene (NHC) ligands can serve as an anticancer drug attacking the mitochondrial
enzymes.'® In their study, several derivatives with methyl, i-propyl, n-butyl or t-butyl
modifications of imidazole ring were explored. By tuning the ligand exchange reactions at the
Au(I) center, 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 mitochondrial
selenoproteins. Activity of Au(I) complexes with NHC ligands together with analogous Ag(I)
complexes were compared with cisplatin finding similar antitumor ICsy parameters.!’

Recently, Au(I) complexes with modified NHC were found more active against both
colon and breast cancer cells in comparison with cisplatin or with auranofin.!® Particularly, the
dinuclear Au(I) phosphano-complexes have significantly lower ICsy for colorectal or breast
cancer as reported by Sulaiman et al.'” and Abogosh et al.?® New thiolate gold(I) complexes,
which inhibit the proliferation of different human cancer cells, were reported by Abas et al.?!

showing higher cytotoxic activity than cisplatin. Strong antiproliferative effects of Au(I)
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complexes with NHC ligands were found also in another study exploring lung, colon, and byeasts« e
tumors.??

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

In our study, we determined thermodynamic as well as kinetic parameters for the
substitution reaction of a simple chloro(imidazol-2-ylidene)gold(I) model complex where
Au(I)-NHC abbreviation will denote only this compound here after. Modeling its binding to
TrxR, the substitution reaction on the Au(I)-NCH complex with cysteine (Cys) and
selenocysteine (Sec) amino acids is explored combining various QM and DFT levels with D-
PCM/sUAKS solvation single-point calculations. One of the most important parts of this study
is devoted to determination of binding preference of the gold complex to selenium or sulphur
site in the key sequence of TrxR in dependence on pH. The Sec and Cys amino acids can be

regarded as a model of the active tetrapeptide redox center (Gly-Sec-Cys-Gly) in C-terminus

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of TrxR. Therefore, a new Legendre transformation of Gibbs free energy to grand-canonical

ensemble regarding proton chemical potential has to be performed and, in this way, Gibbs-
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Alberty free energy evaluated to observe differences in complexation energies between gold
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and selenium or gold and sulphur in dependence on pH of the surrounding environment.

Computational Tools

All the explored molecules (amino acids, gold complexes, and supermolecular systems) are
optimized using the DFT method. Two levels for determination of the reaction coordinate are
chosen where the B3LYP functional?’82%30 is combined with @) 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.?!32-33 The corresponding set of pseudoorbitals3* for Au, S,

Cl, and Se atoms are collected in the Supplementary material. The both optimization levels a)
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and b) are supplied with the same COSMO solvation model* using UFF cavities and/ts10
scaling of the van der Waals atomic radii. At the same levels, a frequency analyses are
performed to check a character of calculated stationary points on the potential energy surface
(minima or transition states (TS)) of the explored molecular systems and to quantify nuclear
degrees of freedom. In the final Gibbs free energy evaluation in the water solution, the entropy
contributions of translational and rotational degrees of freedom are corrected as suggested by
Wertz*¢ and Goddard:*’
siranstrot — (gtrans | grot _ 143).0.54 480  (eq ).

These corrections originate from the fact that translational and rotational degrees of freedom
are visibly reduced in liquid phase in comparison with gas phase. For closer insight cf.
Supplementary Information - part 2 (SI). In this way, the first estimation of the searched
reaction Gibbs free energy profiles is determined. The higher optimization model Opt/T is used
since it is computationally affordable for these small molecules and should provide more
accurate results. Later, knowledge of differences between models Opt/D and Opt/T can be
utilized for error estimation for more extended systems when no other choice (then Opt/D
model) is possible, which is expected in our next studies on this topic. We are working on QM
study using tetrapeptide as well as QM/MM approach for the complete TrxR monomeric unit
interacting with this Au(I)-NHC model complex. In order to compare accuracy of the
optimization processes, the geometries (selected bond lengths), AIM (bond) critical points, and
energetical relations are compared.

Determination of reaction thermodynamic and kinetic parameters is performed at
several computational levels for stationary points optimized at both Opt/D and Opt/T levels
using more accurate single-point calculations (SP). They differ in basis sets, employed implicit
solvation models or evaluation of electronic structures using besides DFT also post-HF
methods.

1) DP-models (SP with D-PCM): Since the pH-dependent thermodynamic model has to
be used (cf. below), the first choice relates to a recently developed model for reliable
determination of pK, values of amino acids, peptides, and proteins. SP energies are evaluated
at the DFT/6-311++G(2df,2pd)/D-PCM/scaled-UAKS computational level®3° as described in
our previous papers**41:42. Two functionals are employed — B3LYP because of continuity and
MO06-2X, which provides better agreement between calculated and experimental pK, values.*3
These functionals are further complemented with Grimme’s D3 empirical dispersion and also

with Becke-Johnson (BJ) dumping functions for the B3LYP functional. The D-PCM solvation
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model with scaled-UAKS cavities was found recently as one of the best options for simulatigi o
of the water solution for pK, evaluations.*3> The cavity rescaling is performed based on the
actual NBO charges*** and the original UAKS cavities as suggested by Tomasi,* Barone,*’
and extended by Orozco and Luque.*®* Atomic radii Ryare linearly scaled using partial charge

(g% 5%%ua) of the actual atomic groups X (thiol, chloride, carboxyl oxygens) in an examined

molecule relative to the change of its partial charge (qﬂ}’ﬁfat - qé}’fl(gp) in reference molecules

with protonated and deprotonated group X.40-3441:42,50 This can be expressed by formula:

X aerual—qX.d0
_ 0 Lactua ,dep
Ry = RX+)/' NBO NBO (eq 2)

qxX.prot=AqX,dep

where the scaling factors y and the radii Ry’ from the original UAKS model are utilized.*34°
Using partial charges instead of formal ones leads to smooth and more consistent results. The
reference molecules chosen for determination of partial charges on the given groups X in the

NBO

deprotonated gy 52, and protonated form gy 52,

Xprot are taken as suggested in the original UAKS
approach.*® Besides electrostatic solvation energy, non-electrostatic (repulsion, dispersion,
cavitation) terms are also included in the total Gibbs free energy of the explored system. This
model is applied for both optimal geometries obtained at the Opt/D and Opt/T level and labeled
as DP/D (DP_B3/D and DP_MO06/D) and DP/T (only for B3LYP) here after, respectively.

Ila) CP/T model (SP with C-PCM): For a comparison, geometries from double-zeta
optimization Opt/D are further employed in the same SP calculations B3LYP-GD3BJ/6-
311++G(2df,2pd) using COSMO solvation model together with Klamt cavities.

11b) CP/Q model: In analogy with extension from DP/D to CP/T, the B3LYP-GD3BJ

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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computational level is considered for model Opt/T where energy profiles are determined in

combination with quadruple-zeta basis set aug-cc-pVQZ for H, C, N, O atoms,’'? S and Cl

(ec)

atoms>? and consistently with aug-cc-pVQZ-PP for Se3* and Au>-¢ atoms taken from Basis Set
Exchange.’”*%3° This computational level is also supplemented with the COSMO/Klamt
solvation model.

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

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

111b) 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) is determined only for the deprotonated branch of the reaction

scheme. Since these calculations are extremely CPU-demanded the protonated species are
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evaluated only using the MP2/6-311++G(2df,2pd) computational level for the saferof " e

computational time and the higher level of correlation contributions are estimated based on the

formula:©0-61

AEccspcry/rzp = AEmp2TzP + [AE ccsp(ry/pzp — AEyMp2 /DZP] , (eq 3)
conserving in some sense correlation effects from lower-basis set to higher basis set
calculations. In all the CCSD(T) calculation, the D-PCM/scaled-UAKS solvation model is used
(labeled as CC/Te).

All the above-mentioned SP calculations are also complemented with Wertz’s
corrections of liquid environment from the corresponding level of optimization. Electronic
properties of the process are further investigated using NBO and QTAIM for geometries using
the optimization model Opt/D.

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

pK, = AG®/(2.303RT) (eq 4)
considering reaction Gibbs free energy 4G for the deprotonation reaction:

HA +H,0 - H;O"+A-.  (eq))
R and T represent Avogadro constant and temperature at which the deprotonation occurs. In
addition, the correction term -log[H,O] = -1.74 for the standard state of bulk water is used. For

a deeper insight to this problematics cf. ref. 62.

Results and Discussion
Profonation states of reactants and products — pK, evaluations

Modeling the substitution reaction where the chloro ligand of Au(I)-NHC complex is replaced
by Cys or Sec amino acids (cf. Scheme 1) is investigated for different protonation states of
reactants and products in correspondence to different pH. This means consideration of several
protonated forms of acidic and basic functional groups, namely, carboxyl, thiol/selenol, and
amino groups in Cys/Sec, the imidazole group in Au(I)-NHC complex, and their adducts. For
each protonation state, several local minima are compared to identify the global minimum at
both Opt/D and Opt/T optimization levels. This step is crucial to get correct pK, values and

energy differences between stationary points on energy profiles.

04386C
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It is generally known (e.g. ref.** and citations within that paper) that most of the dirgetly
applied PCM models are not able to match the experimental pK, values with sufficient
accuracy.%36465> Hence, in our previous series of papers, we suggested a general strategy how to
determine pK, usually within one log unit, which is based on the D-PCM model with scaled
UAKS cavities and corresponds to the DP models in this study.0-4? 30 In this way, SP energy
evaluations are conducted 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) is used. The pK, values are calculated according
to (eq 4) and are summarized in Table 1 for the relevant (de)protonated states of both isolated
reactants and products. It can be noticed that especially DP_MO06/D values are reasonably close
to measured data®-%’ (RMSD difference ca 2.2 log unit). Overestimated pK, values are
particularly obtained for the most basic values (deprotonation of amino groups). For such
negative ionic states (-2¢), simple linear cavity-scaling is probably already not appropriate. The
pK, evaluation with more extended basis sets usually leads to lower accuracy since the UAKS
model is optimized for DFT method with double-zeta basis set as other advanced solvent
models. Similarly, higher level of theory (post Hartree-Fock methods) does not lead to more
accurate pK, predictions and similarly also the larger basis set further deteriorates the results,
for deeper insight cf. ref 4. Basically, the main reason is related to the fact that all cavity
parameters were fitted to DFT double-zeta methods. It should be stressed that K, are
exponentially dependent on free energies. Therefore, even a small change makes visible
difference in value of equilibrium constant.

Besides amino acid functional groups, pK, of N-coordinated hydrogen atoms of Au(I)-
NHC complex are also explored for the sake of completeness. Nevertheless, it is confirmed that
Au(I)-NHC hydrogens (better naming than protons) have pK, values in very high basic range,
definitely above 14, as follows from Table 1. Such a high value also corresponds with the fact
that in experimentally used complexes, these hydrogens are replaced by some bulky organic
ligands, which are not cleaved within coordination of the Au(I)-NHC complex to the active site

in the vicinity of TrxR C-terminus.

Energetics of the Interaction of Au(l)-NHC complex with Cys and Sec amino acids

Initially, the substitution reactions will be investigated supposing standard canonical ensemble.
Owing to experimental pK, values of 8.3 for thiol in Cys and 5.7 for selenol in Sec, both

protonation states of mentioned groups are considered and, in this manner, deprotonated and

cle Online
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protonated branches are introduced in calculations where the reactants contain thigl or selenol - oo

and thiolate or selenolate anion, respectively. In 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 amino
acid as follows from the calculated pK,s (Tab. 1). So that both the carboxyl and amino groups
are protonated (NH;3"). In total, we have two reaction branches for each amino acid which can
further differ in their reaction mechanism.

Having optimized the isolated species (all necessary forms of Cys and Sec as well as
the Au(I)-NHC complex), several different H-bonded associates of Cys/Sec amino acid with
the Au(I) complex are searched for optimal reactant supermolecules as a starting point for
determination of activation barriers. Similarly in products, stable supermolecular forms where
structures with Au-S/Au-Se coordination are associated with the released chloride particle are
examined (cf. Scheme 1). A reaction energy profile is completed with determination of
transition state (TS) structures. In the case of the deprotonated branch, a single-step reaction
mechanism exists with the TS structure characterized by one negative vibration mode
corresponding to an antisymmetric stretch of Au-Cl and Au-S(Se) bonds. When the thiol (-SH)
and selenol (-SeH) groups are present in the protonated branch, two different mechanisms can
be distinguished. Either a two-step reaction mechanism where proton is first transferred from
the S/Se site to one of the electronegative oxygen atoms of the carboxyl group and subsequently
metallo-complex coordinates to S/Se atom or a single-step mechanism where both processes
occur simultaneously.

All the various SP methods described in Computational Tools are applied for
determination of reaction energy profiles and obtained activation and reaction free energies are
collected in Table 2. Although the energies determined for dissociation constants at the CC/T
level are not the best in comparison with experimental data (cf. Table 1), it is still assumed that
the Gibbs free reaction energies evaluated at this level represents the most accurate
approximation. However, these calculations are extremely demanding. Therefore, such
calculations are only performed in the deprotonated branch, which contains a smaller set of
molecules. For all protonated systems, the corresponding energies are estimated based on (eq
3) where relatively modest calculations at the MP2/TZP level are supplemented by energy
corrections beyond second order of the perturbation theory, i.e. differences between CCSD(T)
and MP2 values received at the cheaper CCSD(T)/DZP level, as used frequently before 3! 32 60.
61, 68 Quality of these estimations can be assessed from comparison of reaction and activation
energies in the deprotonated branch. Since the estimation is relatively plausible with the

maximal difference lower than 0.3 kcal/mol (cf. Table 2 last two columns), the estimated Gibbs

04386C
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free energies will be considered as a reference for both reaction branches for the sake:of - “nne
consistency.

The determined reaction energy profiles (cf. Fig. 1) show that both reaction branches
preferentially pass through a single activation barrier. Their heights are in all explored
computational models higher in Cys involving reactions than in Sec one despite small energy
differences in the case of deprotonated TS structures obtained at computational levels utilizing
double zeta basis set (xxx/D models in Table 2) where the differences are often below 1
kcal/mol. Considering the two-step reaction mechanism within 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 with replacement
of chloro-ligand by formation of coordination bond between the S/Se site and Au(l). It can be
concluded that TS energies at least of the second barrier are visibly higher in complexes with
Cys than Sec, cf. Table 2. Nevertheless, as mentioned above the single-step reaction
mechanism is associated with visibly lower activation barriers. Another important conclusion
of this part follows from comparison of TS energies of deprotonated and protonated branches.
Namely, activation barriers in protonated branches are usually predicted lower than barriers
connected with deprotonated forms. In comparison with study of Tolbatov et al.?¢ their
activation barriers are in good accord with our results, nevertheless, their reaction energies are,

on the contrary to our calculations, endoergic since they have used for interaction of

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ethylselenolate with quite different gold(I) complex connected with more complex reaction
mechanism.

Focusing on the reaction Gibbs free energies, the reactions with Sec are generally

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:23:51 PM.

slightly more exergonic than with Cys. This higher exoergicity is more clearly seen in the case

(ec)

of protonated systems where the difference is generally more than 3 kcal/mol. Substantially
smaller energy difference can be observed for deprotonated amino acids where usually the
exoergicity difference is less than 1 kcal/mol. It is also worth to notice that the deprotonated
reaction branches exhibit a visibly higher exergonic character in comparison with the
protonated branches, which is associated with protonation of the carboxyl oxygen in the course

of the substitution reaction.

Kinetic aspects

Applying Eyring’s transition state theory on reaction energy profiles determined in previous

section, estimation of reaction rates can be obtained. In the case of the single-step mechanism
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where the system needs to pass only over one TS, it leads to a simple estimation of rafe constants© oo

"B% e(_AG:k/ RT)

barrier, kg, R, and & are Boltzmann, universal gas, and Planck constants, respectively, and all

according to k = formula where 4G corresponds to the Gibbs free activation
rate constants are determined at the temperature 7 = 298 K. For the two-step mechanism with

rate constants k;, k, for forward steps and k_; and k., for the pertinent reverse reactions, the total

rate constant can be derived based on steady-state intermediate I, i.e. dfl] / dr =0 and supposing

ki < k_1, ky > k_5, which leads to the total rate constant®® (cf. SI part 3):

kq.k
kior = k_1+22- (eq 6)

Results for the deprotonated branch are collected in the upper part of Table 3 and total &,
together with partial rate constants k;, k_;, ko, k., for the protonated branch in the lower part.
They show that all the computational levels predict faster reaction rate for Sec than for Cys in
the case of the single-step mechanism in both branches with the only CP/T exception for the
protonated branch. Based on the total rate constants, the same conclusion is also valid for the
two-step mechanism where it can be seen that the conditions for steady state intermediate are
fulfilled, and estimation of the total rate constant is sufficiently justified. The total rate constants
also confirm significant preference (faster occurrence) for the one-step in comparison with two-
step reaction mechanism as it ensues from the activation barriers. An important finding is that
the substitution reactions for amino acids with the protonated S/Se site are visibly faster than in
the case of deprotonated ones. This means that the reaction course will be faster in acidic
solutions than in 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 human perspective

(using millimolar concentrations, it should be still finished on a sub-second scale).

Transformation to grand-canonical ensemble

Up to now we regarded the explored reaction in the framework of standard canonical ensemble.
Nevertheless, when biochemical or biophysical processes are studied often constant pH
environment must be considered. In order to cope with such conditions, Legendre
transformation of Gibbs free energy to the grand-canonical description is required. In this
manner, a new thermodynamic state function, Gibbs-Alberty free energy (GA), is
introduced:70.71.72.73

dGA =dG -d(m(H).u(H")) = —=SdT + VdP + X;epy+ wpdn; — Xi— g+ nidpy, (eq7)
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where the first sum concerns basically all non-polar molecules while the second summatigis o
deals with polar or ionic species, which can differ by number of active protons. On the contrary
to Gibbs energy where pressure, temperature, and molar ‘concentrations’ are intrinsic variable,
the introduced new thermodynamical potential (Gibbs-Alberty free energy) is function of
pressure, temperature, and chemical potentials — in our case proton chemical potentials as
defined e.g., in ref. 4142507475 [n this way reactions cannot run to the standard chemical
equilibrium, 1.e. till the concentration of individual species are constant (dn; = 0) but till the
changes in chemical potential are zeroed (dy; = 0). In our case, this means proton chemical
potentials of individual species active in the explored chemical reaction where the exchange of
protons is important. Actually, change of protonation state is the controlling element for varying

pH of solution. An illustrative case is the proton chemical potential of water, which is defined

as:

[H+] 307

uPCP(H,0) = RT. ln( L ) (eq 8)
In analogous way proton chemical potential of all species from Scheme 1 have to be evaluated
and combined to grand-canonical equilibrium constant:

[au-NHC-Cys(co0) ][]

K = au—nmciicyscooy - PH) (€a9)

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

- 2
i [FCT

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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f(pH) = T <AuNHOTy *
e oy
H']
(2 — K[Au—NHC—Cys(NHZ)] K[Au—NHC-Cys(NHz)] K[Au-(NHC)—-Cys(NH—_)]\
a a ta 3
[Au NHC- Cy<(S)] [Au NHC- Cys(COO)] [Au-NHC—Cys(COO)] +1+ [H+] + [H+]2 ')
oy — L KOOI ([ O[N] =
B, <ICys(CO0)] ' 2
a

(eq 10).
As mentioned already above the AGA? is function of chemical potential. It means when the pH
dependence of reaction energy is search, this new grand-canonical thermodynamic potential is
the only possibility (under constant p and T) how to evaluate it. One basic shortcoming is the
fact that all the required pK, have to know. Nevertheless, when only short pH range is explored
the expression in eq 10 can be drastically reduced. For example, for energy determination in

pH = (6-8) the following reduction can be obtained:

[Au-NHC-Cys(NH3)]
a

{1+ Sl
f(pH) = 5T (eq 10 reduced)

1+ =2 }
{ [H]

since all the other forms differing in protonation state will contribute only very marginally.
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Labeling of individual deprotonation states is given in Table 1. If different protopated formis: e oo

of some reactant or product are used in the first part of K then the f(pH) part has to be modified
correspondingly e.g., proton chemical potential of that concrete form must be used. So that
when water would be 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 modified correspondingly:

uPCP(OH—)=RT.ln<1+K[[’j;]_]+ (]2 ) (eq 11)

or in our case regarding fully protonated form of Cys(COOH), the second term in denominator

will be based on following proton chemical potential:

K [Cys(c00)] KQCys(coo)]KLCYS(S)] KgCys(COO)]KgCys(S)]KgcyS(NHz)]

[H] [H*]? [H*]3

). (eq 12)

The value of K’ is fully independent on the choice of particular forms of reactant or product

uPCP(Cys(COOH)) = RT.ln(l +

considered in the evaluation of (eq 10) supposing that all the reaction energies and pK,
calculations are performed at the same computational level. Finally, it should be mentioned that
species, which have pK, negative or too large (say over 14), can be omitted from (eq 9) since
their contribution is negligibly small if the explored pH range is e.g., between 2 and 12. In our

.o . [H+] X K LAUNHO)]
case, it is for instance the term e since pK.(HCI)= -10.1 (at the M06-2X level) or =2
a

[H*]
with pK,(Au(I)-NHC)= 16.1 log unit. Finally, pH dependent Gibbs-Alberty free reaction energy
(AGAY) is obtained from equilibrium constant K’ based on van’t Hoff reaction isotherm:
AGA’=-RT. In(K’) (eq 13).
For detailed analysis of AGA? it is worth to focus on the behavior of proton chemical potentials
of individual species. For future insight into AGA® free energy as a function of pH, it is useful
to inspect plots of proton chemical potential of neutral molecules Cys, and Sec in dependence
on pH for both isolated amino acids and coordinated to Au(I)-NHC complex, which are
presented in Fig. 2 for the M06-2X/6-31+G(d)/D-PCM/sUAKS computational model.
Applying the above-mentioned to the grand-canonical model together with all the
necessary pK, values, pH dependent equilibrium constant K’ can be determined according to
(eq9) and (eq 10). Consequently, the Gibbs-Alberty free reaction energy (AGA?) in dependence
on pH is received from (eq 13) for both reactions with Cys and Sec, which are plotted in Fig.
3.From the detailed inspection of Fig. 2, it can be noticed that all the changes in the slopes of
both curves in Fig. 3 are associated with changes of protonation states of the given reactant or

product molecules depicted in Fig. 2. The other reactant (Au(I)-NHC) or product (Cl™) species

12
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do not contribute to any slope change since their pK, are out of the explored, range f¢fi - o
discussion in previous paragraph)

Regarding the presence of these two amino acids in the reduction center on C-terminus
of TrxR (...Ser-Gly-Cys-Sec-Gly), preference for gold(I) coordination to one or the other
amino acid is important for deeper understanding of a possible reaction mechanism of metal
coordination to this active site and blocking natural enzyme functioning. From the plot in Fig.
3, it can be seen that for pH lower than 8 a preferential coordination to the Se site of Sec occurs
while in more basic solutions the S site of Cys is used for coordination. However, if this has

some tangible consequences in real behavior of the enzyme must be proven by some additional

in vitro or in vivo experimental study focusing on this particular fact.

Conclusions

In this contribution, substitution reactions of model Au(I)-NHC complex with Cys and/or Sec
amino acid are studied. The B3LYP and M06-2X functionals are used together with the post-
HF (MP2 and CCSD(T)) methods combined with double- to quadruple-zeta basis sets. These
computational levels are complemented with the D-PCM/sUAKS or C-PCM/Klamt implicit
solvation model for determination of pK, values and reaction energy profiles. The explored
reaction is predicted exoergic for both protonated and deprotonated S/Se site within all applied

computational models. Nevertheless, the deprotonated branch gives more pronounced energy

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

release (is more exergonic) in comparison with the protonated branch. Also, energetic
preference for Sec in the framework of canonical ensemble is noticeable and visibly more

distinguished in the protonated branch. Regarding activation barriers, higher energies of

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:23:51 PM.

transition states in Cys reactions are obtained in majority of the computational approaches in

(ec)

the single-step (preferable) reaction mechanism for both protonated and deprotonated branches,
with a more visible differences in the deprotonated branch. These conclusions are also reflected
in rate constant magnitudes estimated from Eyring’s transition state theory where a relatively
fast course of the substitutions can be expected. For the deprotonated branch, the reaction
course is predicted for micromolar concentrations still within sub-second timescale.

In the second part of the study, Legendre transformation from the canonical to grand-
canonical ensemble is performed leading to equilibrium constants K~ dependent on acidity of
solution. Such calculations require pK,’s evaluations of functional groups in the vicinity of pH
range of interest. In accord with our previous study, these values for known systems (Cys, Sec,
HCIl, and water) were reproduced with reasonable accuracy at the M06-2X/6-31+G(d)/D-
PCM/sUAKS level even in comparison with post-HF methods (MP2 and CCSD(T)). From the
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transformed equilibrium constants K’, the Gibbs-Alberty free energies are subsequentlyss oo

P04386C

evaluated for Cys and Sec interaction with Au(I) complex in dependence on solution pH. By
comparing the course of both Cys and Sec energy curves, there is evident preference of Sec
coordination to the gold complex in acidic and neutral solutions while in basic environment
(with pH > 8) formation of Au-(S-Cys) is more exergonic. This result should be considered
from perspective of the TrxR enzyme where both amino acids are in tight neighborhood. From
this point, different coordination site can be controlled by changing pH in the cellular
environment.

Concerning the introduced new thermodynamic potential, it has to stated that, when
chemical process will be studied where for each reactant and product only single form
(considering protonation) exist e.g., water at pH=7 and remaining concentrations of other
protonation states (OH- and H3;0") could be neglected then both standard way using canonical
and this new one applying grand-canonical formulas approaches will give the same results
(AGA = AG”). However, when more than one protonated form will be present in system (e.g.,
cysteine at pH=8.3 will have equal number of protonated and deprotonated forms of the thio-
group) then no other option than grand-canonical approach should not be used. The only

disadvantage is that all the required pK, have to be known.
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Table 1 pKa values from selected levels of calculations including the nuclear degrees of
freedom using Wertz correction. Plot of calculated vs. experimental values together with fits
for all the used method is in SI — part 1.
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DP B3/D DP M06/D | DP/T | MP2/D CC/D | MP2/T CCe/T | Exp.%%¢7

Cys(COO) 3.5 2.8 4.3 0.7 1.7 3.0 4.0 1.9

Cys(S) 11.5 8.3 17| 116 129 | 126 13.8 8.3

Cys(NH,) 15.8 13.5 157 | 161 159 | 154 153 10.7

Sec(CO0) 3.0 24 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 13.3 151 16.0 159 | 153 152 10.0
Au-NHC 18.6 16.1 180| 159 176 | 16.0 17.8
Au-NHC-Cys(S) 0.1 -2.9 08 | -2.1 -05]| -1.6 0.0
Au-NHC-Cys(COO) 2.3 1.2 22 | -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 | 23.9 255 | 242 258
Au-NHC-Sec(Se) -6.4 -9.6 231 96 75| -89 -6.8
Au-NHC-Sec(COO) 2.4 -0.9 24 | -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 | 202 21.8

HCI -7.6 -10.1 -6.1 | -79 -63 | -02 -0.6 -7.0

Ky 16.0 16.9 16.8 | 13.6 154 | 169 17.7 14.0
RMSD 2.9 2.2 3.3 3.2 3.5 4.1 4.5

a) Cys(COO) means deprotonation of carboxyl group, Cys(S) subsequent deprotonation of thiol group, and
Cys(NH,) third deprotonation on NH, group (e.g., anion with charge -2¢). And in analogy all

remaining system with amino acids.
b (fourth) deprotonatation on imidazole ring, (NHC).
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Table 2 Gibbs free energies for stationary structures from individual reaction coordinates (in kcal/mol), the reactant
supermolecules is taken as a zero-reference level; R means reactants, P products, I intermediate, TS transition state
(single-step without any number, 1 and 2 distinguish those points in two steps mechanism).

[Opt/D DP B3/D DP M06/D CP/T|OptT 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 11.6 104 8.1 8.1 12.0 8.4 129 122 13.8 13.2 131
P -15.2 -13.3 -134 -134| -13.6 -145 -139| -13.8 -13.0 -13.8 -13.2 -13.0
R 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0
TS1 10.5 12.3 13.9 85 9.2 8.8 10.0 144 16.2 10.4 12.1
I 10.2 11.7 10.3 7.6 6.6 7.5 9.2 13.6 137 9.6 10.5
TS2 22.2 15.5 125 177 194 119 195 19.2 189 16.0 15.5
TS 11.8 9.4 9.8 11.8 12.1 84 125 9.6 9.9 8.5 8.0
P -2.2 -6.8 63 40| 46 -84 48 49 32 -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 87 79 7.1 11.1 7.4 94 8.2 10.8 10.5 10.2
P -14.7 -15.6 -14.0 -14.6| -148 -15.7 -147| -145 -13.6 -146 -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 9.5 125 11.1 | 105 109 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 16.3 151 150 13.4 13.3
TS 10.1 8.3 11.2 119 9.0 7.5 9.6 7.6 7.6 7.4 7.4
P -6.4 -11.6 -104  -6.8| -7.8 -10.5 -89 -89 72 -10.8 9.1
RMSD 3.7 2.3 2.0 3.1 33 2.3 3.0 1.6 2.2 1.1 0.2
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Table 3 Rate constants of the formation of Au(I)-NHC complex with Cys or Sec; rate constants k;, and &, correspond with forward reactions and

k_;, and k_, with reverse reactions in the two-step mechanism, k,,; means the overall rate constant for this mechanism obtained according to (eq 6).

Opt/D DP B3/D DP M06/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) 5.1E+07  2.1E+04 1.5E+05  7.6E+06 | 7.1E+06 9.6E+03 4.4E+06 | 2.1E+03 6.9E+03 49E+02 1.6E+03
k(Sec) 1.0E+08  5.0E+04 2.7E+06  9.2E+06 | 4.0E+07 3.3E+05 2.3E+07 | 8.1E+05 6.5E+06 7.8E+04 2.0E+05
Protonated branch — one-step mechanism

k(Cys) 1.4E+04  8.3E+05 1.5E+04  8.0E+04 | 7.9E+03 4.5E+06 3.9E+03 | 5.7E+05 3.4E+05 3.8E+06 8.9E+06
k(Sec) 2.6E+05 4.7E+06 3.6E+04 1.2E+04 | 1.4E+06 2.1E+07 6.0E+05| 1.6E+07 1.6E+07 2.5E+07 2.4E+07
Protonated branch — two-step mechanism

ki(Cys) 1.2E+05  6.1E+03 4.0E+02 3.5E+06 | 1.1E+06 2.1E+06 2.7E+05 | 1.7E+02 7.6E+00 1.4E+05 8.2E+03
k.1(Cys) 3.5E+12  24E+12 1.5E+10 1.2E+12 | 7.2E+10 7.1E+11 1.5E+12| 1.7E+12 8.8E+10 1.6E+12 4.1E+11
k,(Cys) 9.7E+03  1.0E+10 1.6E+11 2.2E+05| 2.3E+03 4.0E+09 1.8E+05| 1.9E+09 7.2E+10 1.3E+08 1.3E+09
k,(Cys) 7.4E-06  3.7E+03 1.1IE-01  6.6E-04 | 1.6E-05 7.6E-03 6.2E-07 | 14E-05 4.1E-04 12E-02 2.9E-03
Kiot(Cys) 3.3E-04 2.6E+01 3.7E+02  6.1E-01 | 3.6E-02 1.2E+04 3.2E-02| 1.9E-01 3.5E+00 1.2E+01 2.5E+01
k;(Sec) 2.6E+04  6.4E+05 4.1E+03 4.5E+04 | 1.3E+05 6.4E+04 22E+05| 2.7E+02 1.1E+01 1.2E+04 5.2E+02
k.;(Sec) 1.8E+10  2.1E+10 34E+08 8.5E+09 | 1.0E+09 1.8E+10 4.4E+09 | 14E+10 7.8E+08 4.4E+10 1.1E+10
ky(Sec) 2.3E+04  4.0E+09 5.8E+07 3.7E+05 | 6.8E+03 23E+10 1.2E+17 | 3.0E+09 4.7E+09 3.6E+09 2.3E+10
k.»(Sec) 7.2E-07  4.9E+01 1.6E-05 1.8E-05| 3.2E-07 1.6E-03 2.1E-06 | 1.6E-05 3.3E-04 1.1E-05 2.4E-04
kot(Sec) 3.3E-02  1.0E+05 6.1E+02 1.9E+00 | 9.1E-01 3.6E+04 22E+05| 4.7E+01 9.2E+00 8.8E+02 3.5E+02
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[\

HN NH \’/
Au(l) + Cys'/Secc — Au(l) + CI
or + Cys/Sec l +ClI + H*

Cl (S-Cys) / (Se-Sec)

Scheme 1 Coordination reaction of gold(I) complex with Cys/Sec amino acid
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Captions to Figures

Figure 1. Reaction energy profile for coordination of the Au(I)-NHC model complex to Cys
(blue lines) and Sec (red lines). Solid lines label reactions in deprotonated forms, dashed lines
in protonated forms (for simulation of (more) acidic solutions). The upper structures display
stationary points of the two-step reaction mechanism for interaction of gold complex with
selenocysteine, the lower structures interaction with deprotonated cysteine amino acid.

Figure 2. Proton chemical potential of selected neutral molecules occurring on the reaction
coordinate.

Figure 3. Dependence of the reaction Gibbs-Alberty free energy (in kcal/mol) on pH of
solution. Coordination energy of Cys - black dashed line, Sec — red solid line.
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All necessary data are present in the form of Tables and Figures. Supplementary lnfosmations,ssec
is provided for the optimized basis sets by authors. Programs used within the study are

clearly specified and openly available.

Additional information can be obtained upon request using the address of corresponding

author.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04386c

