A

\J
N D00

http://pubs.acs.org/journal/acsodf

Quantum Chemical Investigations on the Hydrolysis of Gold(lll)-
Based Anticancer Drugs and Their Interaction with Amino Acid
Residues

Amit Kumar Pradhan, Abhijit Shyam, and Paritosh Mondal*

Cite This: ACS Omega 2021, 6, 28084-28097 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: A comprehensive hydrolysis mechanism of the promising class of M\ e /‘S\“/mnz—l“ “,

Au(IIl) anticancer drugs [Au(DMDT)CL,] (DMDT = N,N-dimethyldithiocar- . omd A Ny,
bamate) (R) and [Au(damp)Cl,] (damp = 2-[(dimethylamino)methyl]phenyl) (\\ " mownaocr X
(R’) was done by means of density functional theory (DFT) in combination with e S a on ““\N:c 45\1\“,1,_‘
the CPCM solvation model to explore the solution behavior and stability under Me/"gcis/'\"\a ( Hs/\w/("\, w %a
physiological conditions. The activation free energies (AG) for the second [Au@MDTCL] { o [Au@MDTCILY
hydrolysis, R (13.7 kcal/mol) and R’ (10.0 kcal/mol) are found to be relatively PN W
lower in comparison to the first hydrolysis, and their rate constant values are @f\]\.:ﬂe L, — ‘/1\':“0
computed to be 5.62 X 10> and 2.90 X 10° s™/, respectively. Besides these, the A e Seane o N\
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interaction mechanisms of aquated R and R’ with the potential protein-binding [Au@amp)C,] e
sites cysteine (Cys) and selenocysteine (Sec) were also investigated in detail. The
kinetic study and activation Gibbs free energy profiles reveal that the aquated o om,

0 g . . [Au(damp)(H,0)CI]*
complexes of R and R’ bind more effectively to the Se site of Sec than to the S
site of Cys. Intra- and intermolecular hydrogen bonding play a pivotal role in stabilizing the intermediates and transition states
involved in the ligand substitution reactions of R and R’. Natural population analysis (NPA) was done to determine the charge
distributions on important atoms during the hydrolysis and ligand substitution reactions.

1. INTRODUCTION and form an identical square planar geometry. However, Au(III)
complexes show relatively faster ligand substitution kinetics in

The development of numerous effective chemotherapeutic . . > 61617
comparison to platinum-based anticancer drugs.”

drugs has made a significant breakthrough in the treatment of
cancer. In the past few decades, metal complexes have gained
considerable attention in the field of potential chemotherapeutic
drug designing. However, the journey of metal-based anticancer
research initiated with the discovery of the antineoplastic activity
of cisplatin by Barnett Rosenberg in the 1960s." Since the
development and approval of cisplatin by the Food and Drug
Administration (FDA) for use in humans as a promising
anticancer drug, a series of platinum-based complexes have been
screened for antitumor activity. Cisplatin and other platinum-
based anticancer drugs play a crucial role in the treatment of a
broad spectrum of cancers. Nonetheless, the worsening side
effects of platinum-based drugs encouraged researchers to
discover novel anticancer drugs with minimal side effects and
higher cytotoxicity.” ™ It is well documented that the in vivo and
in vitro activities of anticancer drugs are regulated by the choice
of the metal center. Hence, considerable efforts have been
devoted towards the rational designing of Ru-, Os-, and Au-
based therapeutic agents to overcome the limitations of
platinum-based drugs.”~"" Undeniably, among the synthesized
nonplatinum anticancer drugs, Au(III) complexes have attracted
much attention because of their strong enzyme-inhibitory effects
on tumor cell growth and proliferation.'*™"* Both Au(III) and
Pt(1I) complexes possess the same d8 electronic configuration

" Numer-
ous Au(III) complexes are known to exhibit superior in vitro
cytotoxicity toward a series of human cancer cell lines.">'” On
the contrary, recent studies have revealed that unlike cisplatin
and its derivatives, Au(III) complexes do not show strong
interaction with calf thymus DNA; rather, they exhibit a high
propensity for targeting enzymes as well as mitochondria.”*~**
These properties led to the classification of Au(III) complexes as
versatile metallodrugs with an effective and altered mode of
anticancer activity.

Furthermore, highly redox active Au(III) complexes are easily
reduced to Au(l) or even Au(0) by intracellular reducing
substances (such as methionine, glycine, and albumin) under
physiological conditions, which has restricted their clinical
uses.”> However, the reduction of Au(III) complexes can be
prevented and stabilities can be improved by choosing specific
multidentate chelating ligands with nitrogen or sulfur as donor
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Scheme 1. Proposed Pathways for the Hydrolysis of [Au(DMDT)CL,] (R) and [Au(damp)Cl,] (R")
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(Step-1) (Step—z) ’e
Me\N_ S S (C 1 H,0 Me\N_ C/S\A l/on, H,0 Me\N_ /S\AH/OH_‘
Me/ \ / ~c1 Cr Me/ \ e TMG/ \ /N0H,
[Au(DMDT)CL] ®-1 ®-2)
® Hydrolysis Steps of [Au(damp)CL,]
(Step-1/) + (Step-2/) 24+
M B0 @E\N/N;‘ H,0 CE\ —‘
A “Me © CI Al Me T cr / “Me
a’ a o’ o, 20 "OH,
[Au(damp)Cl,] P-1) ®-29)
R®R)

atoms.”*** The dithiocarbamate moiety as a bidentate ligand
has received much attention in recent years because it may easily
undergo substitution reactions in cation-bound ligands.
Ronconi et al. reported some stable Au(III) dithiocarbamate
derivatives, namely [Au(DMDT)X,] [DMDT = (N,N-dime-
thyldithiocarbamate); X = Cl7, Br~], having a superior
chemotherapeutic index with higher solubility in aqueous
medium and greater cytotoxicity.” Among the plethora of
Au(III)—DMDT complexes, [Au(DMDT)Cl,] (R) exhibits 1—
4-fold cytotoxicity than cisplatin against a panel of human tumor
cells and is able to overcome the cisplatin resistance.””**
Cattaruzza et al. reported the outstanding antitumor activity of R
against the proliferation of androgen-resistant prostate cancer
cells in a xenograft model.”” A promising class of stable
organogold(III) complexes [Au(damp)X,] ((damp = 2-
[ (dimethylamino)methyl]phenyl); X = CI7, CN~, acetate)
were designed by Parish and his co-workers, which are
selectively active against the human bladder tumor cell line
(HT1376) and ovarian tumor cell lines.””*" Among them,
[Au(damp)CL] (R’) was found to exhibit comparable or greater
cytotoxic effects than cisplatin against several human cancer cell
lines, including colon, breast, rectum, bladder, and ovary
cancers.”'

Generally, metal-based drugs often act as pro-drugs that
undergo ligand substitution or redox reactions before interacting
with the texrgets.32_34 Thus, it is essential to understand the
specific activation strategy of each class of drugs to tune their
activity. Although the precise mechanism of action of Au(III)
complexes is still under investigation, the solution chemistry of
Au(III)-based anticancer drugs is much significant in order to
study their stability under physiological conditions, as the
Au(III) complexes are readily hydrolyzed to their corresponding
aquated complexes. Several research groups have investigated
the solvent effect on Au(III) complexes and reported that the
halogen atoms of the complexes can readily be hydrolyzed to the
more water-soluble hydroxo derivatives.*> >’ Ronconi et al. also
explored the possibility of the water solubility of Au(1Il)—
DMDT complexes and found that the complex is stable in
DMSO but undergoes quick hydrolysis in physiological
environment to yield cationic Au(III)-damp species.”® Surpris-
ingly, the DMDT derivative of R has been shown to undergo
complete hydrolysis under physiological condition. The
oxidation state of gold remains at +3 even after hydrolysis due
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to the stabilization effects of the chelating dithiocarbamate
ligand. Buckley et al. reported that the anticancer Au(III)
complex R’ is stable in DMSO and undergoes rapid hydrolysis in
physiological condition.”

Most of the thiol-containing enzymes, such as thioredoxin
reductases (TrxR), glutathione reductase (GR), and cysteine
protease, are seen to be overexpressed in various cancer cell lines
and tissues. Enzymes GR and TrxR contain cysteinyl thiols or
selenocysteine in their active sites. They play a vital role in the
redox regulation of important cellular processes such as DNA
synthesis, transcription, cell growth, and drug resistance.**!
These thiol-containing enzymes are potential targets for
anticancer Au(III) complexes.””™*" Au(IIl) complexes can
inhibit TrxR activity by progresswe oxidative damage of cysteine
and selenocysteine residues.”*® Liao et al. investigated the
interaction of cysteine with hydrolyzed [Au(DMDT)CL,] and
showed that the soft Au(III) prefers the S site of cysteine over
the N site.”” Tolbatov et al. carried out theoretical investigation
on the interaction of gold Au(I) N-heterocyclic carbine
complexes with the potential protein-binding sites. Their
findings specify that cysteine and selenocysteine are the
preferential targets for gold-based anticancer drugs.***’

Although few experimental reports on the hydrolysis of R and
R’ are available, a theoretical investigation at the molecular level
still needs to be performed. Therefore, we have reported for the
first time a detailed plausible hydrolysis mechanism of R and R’
in the present work using density functional theory (DFT) in
combination with the CPCM solvation model. In addition, the
interaction of cysteine (Cys) and selenocysteine (Sec) with
hydrolyzed R and R’ has also been presented.

2. RESULTS AND DISCUSSION

Herein, the structural properties and activation free energies for
the hydrolysis of R and R’ as well as the substitution of aqua
ligands from hydrolyzed R and R’ by Cys and Sec molecules
have been explored in detail. For the sake of simplicity, the
stationary points such as reactant intermediates (RCs),
transition states (TSs), and product intermediates (PCs)
involved in ligand substitution reactions of R are labeled as
RC-N, TS-N, and PC-N, respectively. Meanwhile, RC-N’, TS-
N’, and PC-N' are used for the RCs, TSs, and PCs, respectively,
involved in the ligand exchange reactions of R’. Here, “N”
represents the different steps of the reaction. Details analysis of

https://doi.org/10.1021/acsomega.1c04168
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Figure 1. Optimized structures of all of the stationary points involved in the hydrolysis of R, calculated at BLYP/(LanL2DZ/6-31G(d,p)) in aqueous
medium. All bond distances are expressed in units of A.
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Figure 2. Optimized structures of all of the stationary points involved in the hydrolysis of R, calculated at BLYP/(LanL2DZ/6-31G(d,p)) in aqueous
medium. All the bond distances are expressed in units of A.

the optimized geometries and energetics are discussed in the over, mechanistic investigations have confirmed that the
subsequent sections. hydrolysis of Au(III) complexes and substitution of aqua

2.1. Structural Characteristics. DFT-optimized geo-
metries reveal that the reactants and products adopt a square
planar geometry, whereas the transition states are found to attain
pentacoordinated trigonal bipyramid (TBP) structures. More- pentacoordinated transition states.

ligands from hydrolyzed square planar Au(IIl) complexes follow

a dissociative interchange mechanism (I4), through the

28086 https://doi.org/10.1021/acsomega.1c04168
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Scheme 2. Proposed Pathways for the Interaction of Aquated R Complexes with the S Site of Cys and Se Site of Sec
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2.1.1. Hydrolysis of R and R’. In this section, the important
geometrical parameters of all of the stationary points involved in
the two-step hydrolysis of R and R’ are described; the proposed
reaction pathways are schematically represented in Scheme 1.
The optimized stationary points of the first and second
hydrolysis steps of R and R’ are shown in Figures 1 and 2,
respectively, and significant geometrical parameters are
summarized in Table S1. In addition, the hydrolysis of R’ has
been investigated with two probable pathways due to the
asymmetric nature of the 2-[(dimethylamino)methyl]phenyl
group present in R’. The most favorable pathways representing
the hydrolysis of R’ are shown in Scheme 1, while the
comparatively less favorable pathways are incorporated in SIL
In the first hydrolysis, one of the two chlorido ligands from R and
R’ is replaced by the aqua ligand, which leads to the formation of
monoaquated products (P-1 and P-1’). These monoaquated
products then undergo the second hydrolysis to form diaquated
complexes (P-2 and P-2). Step-1 and Step-1’ in Scheme 1
indicate the first hydrolysis of R and R’, respectively, whereas the
second hydrolysis is represented by Step-2 (for R) and Step-2’
(for R’). The presence of hydrogen bonding (H-bonds) leads to
the stabilization of the stationary points RCs, TSs, and PCs, and
hence, the activation free energy for the hydrolysis process is
lowered. All of the H-bonding distances are evaluated to be in
the range of 1.86—2.66 A. Figures 1 and 2 show the interaction of
R and R/, respectively with the incoming aqua ligand through
the H-bonding in RCs to yield the corresponding hydrolyzed
products. Replacement of the first chlorido ligand with aqua
ligand from R and R’ results in the monoaquated products P-1
and P-1’ via transition states TS-1 and TS-1’, respectively. The
incoming aqua ligand interacts with adjacent chlorido ligands
through hydrogen bonding at distances of 2.59 A (RC-1) and
241 A (RC-1"), while the Au—Cll bond distance in RC-1 is
2.42 A and that in R-1’ is noticed to be 2.52 A. In TS-1 and TS-
1’, the most important structural changes that have been
observed are the decrease of the Au—O1(watl) distances from
3.11 to 2.34 and 3.29 to 2.51 A, respectively, and the
simultaneous elongation of Au—Cll bond distances by 0.47
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and 0.39 A. The hydrogen bonding in TSs facilitates the
substitution of the leaving chlorido ligand and the formation of
the Au—O1(watl) bond. In the process of hydrolysis, the
chlorido ligand leaves the Au(IIl) center and remains attached
with the aqua ligand through H-bonding in the case of PC-1 and
PC-1’. Finally, monoaquated P-1 and P-1’ are formed with the
complete release of the chlorido ligand, and the Au—O1(watl)
distances are calculated to be 2.20 and 2.29 A, respectively.

Yet again, monoaquated species P-1 and P-1’ formed from
the first hydrolysis are considered as reactants for the second
hydrolysis step. Hydrolysis of the existing chlorido ligand of P-1
and P-1’ gives diaquated products P-2 and P-2’ via transition
states TS-2 and TS-2'. The incoming aqua ligand forms H-
bonding with the already bonded aqua ligand at a distance of
H(wat2)--01(watl) = 2.42 A (Figure 1) in RC-2, while the
incoming aqua ligand in RC-2’ forms H-bonding with the
chlorido ligand at a H(wat2)-+-CI2 distance of 2.66 A (Figure 2).
The Au—02(wat2) distance is shortened and Au—CI2 bond
length is elongated in TS-2 and TS-2’, while in PCs, the leaving
chlorido ligand remains attached to the two aqua ligands via two
hydrogen bondings. Lastly, the newly formed Au—02(wat2)
bond distances in P-2 and P-2’ are evaluated to be 2.20 and 2.15
A, respectively.

2.1.2. Interaction of Aquated R Complexes with Cys and
Sec. Herein, a systematic investigation on the interactions of the
monoaquated (P-1) and diaquated (P-2) complexes of R with
the S site of cysteine (Cys) and Se site of selenocysteine (Sec)
has been carried out using the DFT method. The replacement of
the aqua ligand in P-1 with Cys and Sec leads to the formation of
P-3 (Step-3) and P-4 (Step-4). Substitution of the first aqua
ligand from P-2 with Cys leads to P-5 (Step-5) and with Sec
results in P-6 (Step-6). Complexes P-5 and P-6 then further
undergo the second aqua ligand substitution reaction with Cys
and Sec, respectively, and result in double Cys/Sec-substituted
products P-7 (Step-7) and P-8 (Step-8). The diagrammatic
representations of the aqua ligand substitution of P-1 and P-2
are shown in Scheme 2. The structural parameters of all of the
stationary points involved in these processes are listed in Table

https://doi.org/10.1021/acsomega.1c04168
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Figure 3. Optimized structures of all of the stationary points involved in the interaction of aquated R complexes with Cys and Sec, calculated at
B3LYP/(LanL2DZ/6-31G(d,p)) in aqueous medium. Bond distances are expressed in units of A.

S2, while the optimized geometries are displayed in Figure 3. bondings are mainly responsible for initiating the substitution
During these substitution reactions, the incoming biomolecules reaction and also stabilizing the corresponding intermediates.
(Cys or Sec) form H-bonding with coordinated aqua ligands. H- Again, the Au—O(H,0) bond is gradually weakened under the

28088 https://doi.org/10.1021/acsomega.1c04168

ACS Omega 2021, 6, 28084—28097


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04168/suppl_file/ao1c04168_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04168?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04168?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04168?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04168?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 3. Proposed Pathways for the Interaction of Aquated R’ Complexes with the S Site of Cys and Se Site of Sec
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influence of the incoming Cys or Sec and results in the cleavage
of the Au—O(H,0) bond and simultaneous formation of Au—
S(Cys) or Au—Se(Sec) bonds. All of the transition states
involved in these substitution reactions are confirmed by the
presence of only one negative frequency. Nevertheless, the
resultant imaginary frequencies are of a low magnitude, in the
range of —65.12 to —73.23 cm ™', which signifies a flat potential
energy surface (PES) along the reaction coordinate in TSs. It is
observed that the distance between Au and the leaving O(H,0)
atom is increased from 2.12 to 8.36 A; subsequently, the bond
length between Au and the incoming S(Cys) and Se(Sec) is
decreased to 2.47 and 2.57 A, respectively, in PCs (Figure 3).
Strong H-bondings are also observed in PCs between the leaving
aqua ligand and the amine group of Cys or Sec, ranging from
1.93 to 2.06 A as mentioned in Figure 3. In PCs, the Au—S(Cys)
bond distances in the case of mono- and di-Cys complexes of
Au(TII) are calculated to be 2.47 and 2.51 A, while Au—Se(Sec)
bond lengths in the case of mono-Sec and di-Sec complexes are
observed to be 2.57 and 2.59 A, respectively.

2.1.3. Interaction of Aquated R’ Complexes with Cys and
Sec. The interaction of R’ with the S site of Cys and Se site of
Sec is found to be quite similar to the interaction of aquated R
with Cys and Sec (Scheme 3). Step-3’ shows the substitution of
the aqua ligand from [Au(damp)(H,0)CI]* (P-1") with Cys,
while Step-4’ represents the substitution of the aqua ligand in P-
1’ with Sec. The substitution of aqua ligands of [Au(damp)-
(H,0),]** (P-2’) with Cys leads to the formation of
[Au(damp)(H,0)Cys]** (P-5’) in Step-5’ and [Au(damp)-
(Cys),)** (P-7’) in Step-7’. Similarly, [Au(damp)(H,0)Sec]**
(P-6') and [Au(damp)(Sec),]** (P-8’) are formed in Step-6’
and Step-8’, respectively. The lowest-energy geometries of all of
the stationary points involved in the interaction of mono- and
diaquated Au(III) complexes with Cys and Sec are shown in
Figure 4, while their important structural parameters are
presented in Table S3.

In the case of complex R’ also, H-bonding is noticed between
the hydrogen atom of the aqua ligand and the nitrogen and sulfur
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atoms of Cys or nitrogen and selenium of Sec in RCs. The H-
bonding distances in RCs, PCs, and TSs are found to be in the
range of 1.62—2.48 A. As shown in Figure 4, the transition states
represent the simultaneous breaking of Au—O(H,0) and the
formation of Au—S(Cys)/Au—Se(Sec) bonds. The Au—S-
(Cys)/Se(Sec) bond length is in the range of 2.99—3.16 A,
while the Au—O(H,0O) bond length is calculated to be in the
range of 2.26—2.51 A in the TSs. It is noticed from Figure 4 that
in the case of PCs, the aqua ligands are released from Au(III);
however, they remain attached to the complex through H-
bonding with coordinated Cys or Sec. The Au—S(Cys) and
Au—Se(Sec) bond lengths in the case of [Au(damp)(H,0)-
Cys] and [Au(damp)(H,0)Sec]" are found to be 2.64 and 2.75
A, respectively. On the other hand, the Au—S(Cys) and Au—
Se(Sec) bond distances are observed to lie in the range of 2.45—
2.63 and 2.55-2.72 A for [Au(damp)(Cys),]*" and [Au-
(damp)(Sec),]**, respectively.

2.2. Energy Profiles. The measure of the activation free
energy of a chemical reaction can predict its feasibility. The
lower the activation energy barrier, the faster the rate of the
reaction. In this study, activation energies have been computed
by the DFT method, utilizing the CPCM solvation model in
aqueous medium. The relative Gibbs free energy (AG) and
change of enthalpy (AH) for the hydrolysis of Rand R and their
interaction with biomolecules have been calculated at the
B3LYP/(Lanl.2DZ/6-311G++(3df2pd)) level of theory, and
the energetics is explained in detail in the following sections.

2.2.1. Hydrolysis of R and R’. Herein, the activation energy
barrier (kcal/mol) and enthalpy change for the first and second
hydrolysis of R and R’ are evaluated by the DFT method; the
calculated values are illustrated in Table 1 and energy profile
diagrams are shown in Figure S. Table S4 reveals that the first
and second hydrolysis reactions of R and R’ are endothermic.
The activation free energy for the first chlorido ligand hydrolysis
of complex R is higher by 4.3 kcal/mol than that of R’
Activation free energies for the first hydrolysis of R and R’ are
computed to be 15.7 and 11.4 kcal/mol, respectively. Thus,
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Figure 4. Optimized structures of all of the stationary points involved in the interaction of aquated R’ complexes with Cys and Sec, calculated at
B3LYP/(LanL2DZ/6-31G(d,p)) in aqueous medium. Bond distances are expressed in units of A.

faster aquation is observed in the case of complex R’ due to the trans effect of the 2-[(dimethylamino)methyl]phenyl (damp)

presence of a comparatively more labile chlorido ligand and the group.
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Table 1. Calculated Rate Constant Values (k in s™*) for Each
Hydrolysis Step of R and R’ in Aqueous Medium

reaction rate constant (k in s™")
R+ H,0 - P-1+CI” 1.92 x 10
P-1 + H,0 —» P2 + CI™ 5.62 X 10?
R +H,0 - P-1" + CI” 2.73 x 10*
P-1' + H,0 = P-2’ + CI” 2.90 X 10°
204
== First Hydrolysis of R
(Step-1) suen Second Hydrolysis of R
'l?‘ 16 15.7 == First Hydrolysis of R’
N l—\ s Second Hydrolysis of R/
H L]
H .
I.'_“ \ (Step-1')
P12 4 137% ¢ 114
H ol .
H . n
i '-: (Step-2)% + @ q—
g 3 : I 1005\
=] 8 - .: . N 10.0
g . 8.6 " /“‘
ES 3 1 12 (Step-2)5\
= Y . o .,
1] . L L)
= ’ [} J .
N’ S— o .
o 41 g 45 o X
< t t ) 9
v N (=3
04 f E 1.6
0.0 0.0
RC TS PC RC TS PC
Reaction coordinate «----eeeveereeceneninneas >

Figure 5. Relative Gibbs free energy (kcal/mol) profiles for the
hydrolysis of R and R’ in aqueous medium.

However, the second hydrolysis of R’ (Step-2’) for the
formation of the diaquated complex PC-2’ also exhibits a lower
activation energy barrier (10.0 kcal/mol) in comparison to the
second hydrolysis of R (Step-2) (13.7 kcal/mol). An interesting
observation is that the second hydrolysis of R as well as R’ is
more favorable, which may be due to the increased electrophilic
character of Au(IIl). The increased electrophilic character is
because of the lower possibility of ligand-to-metal charge
transfer. A similar result is found with the theoretical data
available in the case of hydrolysis of cisplatin.’® Therefore, the

second hydrolysis of R and R’ is kinetically as well as
thermodynamically more favorable. The activation Gibbs free
energies evaluated by DFT for the first and second hydrolysis of
R and R’ are found to be relatively lower in comparison to
cisplatin (22.9 and 26.2 kcal/mol for first and second hydrolysis,
respectively) and other platinum-based anticancer drugs.*"
2.2.2. Interactions of Aquated R Complexes with Cys and
Sec. The Gibbs free energies and enthalpies of all of the
stationary points for the substitution of aqua ligands of mono-
and diaquated R and R’ with Cys and Sec are computed by the
DFT method at B3LYP/(LanL2DZ/6-31G(d,p)) level. The
relative Gibbs energy profile diagram and calculated results are
shown in Figure 6 and Table S5, respectively. Figure 6 shows
that the activation free energies for the interaction of Cys and
Sec with mono- and diaquated complexes (P-1), (P-2), (P-5),
and (P-6) are in the order P-1 > P-2 > P-5 > P-6. Moreover, a
lower activation energy barrier is observed in the interaction of
Sec with the aquated complexes of R compared to the
interaction of Cys, because of the superior nucleophilicity of
the Se sites of Sec. The activation energy barrier for the
interaction of Cys with P-1 is evaluated to be 10.6 kcal/mol
(Step-3), whereas the corresponding value in the case of Sec is
8.1 kcal/mol (Step-4). Figure 6 also shows that the substitution
reactions of aqua ligands from mono- as well as diaquated
complexes of R with Sec to form mono- and di-Sec complexes
are exothermic (negative AH), whereas the formation of mono-
and di-Cys complexes is observed to be endothermic (positive
AH) (Table 2). On the other hand, the formation of P-7 and P-8
is thermodynamically more favorable and the corresponding
activation free energy values are 9.3 (Step-7) and 7.3 kcal/mol
(Step-8), respectively.

2.2.3. Interactions of Aquated R’ Complexes with Cys and
Sec. In this section, the energy profile diagram for the interaction
of the S site of Cys and Se site of Sec with P-1’ and P-2" has been
analyzed in detail. The energy profile diagram evaluated by DFT
for these reactions is displayed in Figure 7 and the calculated
results are depicted in Table S6. It is seen from Figure 7 that the
activation free energies for the interaction of the S site of Cys
with P-1’ and P-2’ are 13.1 and 11.0 kcal/mol, while the
corresponding activation energies for the interaction of the Se
site of Sec are 11.1 and 10.4 kcal/mol, respectively. Lower
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Figure 6. Relative Gibbs free energy (kcal/mol) profiles for the interaction of aquated R complexes with Cys and Sec in aqueous medium.
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Table 2. Calculated Rate Constant Values (k in s™"') for the
Interaction of Aquated R and R’ Complexes with Cys and Sec
in Aqueous Medium

rate constant (k in s™")

reaction
P-1 + S(Cys) - P-3 + H,0 1.05 X 10°
P-1 + Se(Sec) — P-4 + H,0 7.17 x 10°
P-2 + S(Cys) — P-5 + H,0 7.98 X 10°
P-2 + Se(Sec) — P-6 + H,0 1.41 x 107
P-5 + S(Cys) - P-7 + H,0 9.45 x 10°
P-6 + Se(Sec) — P-8 + H,0 2.77 X 107
P-1" + S(Cys) — P-3' + H,0 1.62 x 10°
P-1’ + Se(Sec) —» P-4’ + H,0 4.53 X 10*
P-2’ + S(Cys) — P-5' + H,0 5.36 x 10*
P-2" + Se(Sec) — P-6' + H,0O 1.48 x 10°
P-5' + S(Cys) — P-7' + H,0 1.57 X 10°
P-6’ + Se(Sec) — P-8' + H,O 2.34 X 107

activation energies are recorded in the cases of the formation of
P-7’ (9.0 kcal/mol) and P-8’ (7.4 kcal/mol). Therefore, the
formation of P-7’ and P-8’ is noticed to be thermodynamically
as well as kinetically more favorable than the formation of P-§’
and P-6". The enthalpy changes (AH) for the aqua substitution
reaction of mono- and diaquated R’ with Cys and Sec are found
to be endothermic. Notably, the aqua complexes of R’ binding to
Sec are kinetically more favorable, because of their lower Gibbs
free energy of activation.

2.3. Kinetic Analysis. The rate constant values (k) for the
hydrolysis of R and R" computed with the transition state theory
formalism using the Eyring equation (eq 1) are summarized in
Table 1. Subsequently, the rate constant values are also
evaluated for the aqua ligand exchange reactions of mono- and
diaquated R and R’ with Cys and Sec (Table 2). Both the first
and second hydrolysis of R and R’ complexes are seen to follow
pseudo-first-order kinetics. The rate constant values for
hydrolysis of P-1 and P-1" are calculated to be 5.62 X 10> and
2.90 X 10° s, respectively, which are greater than the values for
the hydrolysis of R and R’ (Table 1), showing that the second
hydrolysis of the Au(III) complexes takes place instantaneously.
From Table 2, it is seen that diaquated Au(III) complexes show
more propensity to interact with their target, i.e.,, Cys and Sec,
with a faster rate than that of monoaquated Au(III) complexes.

Furthermore, the rate constant values evaluated by DFT reveal
that formation of mono- and di-Sec Au(III) complexes P-8 and
P-8’ is faster than the formation of di-Cys Au(III) complexes P-
7 and P-7'. The DFT-derived rate constant value for the
formation of [Au(DMDT)(Sec),]** from [Au(DMDT)(H,0)-
Sec]** is 2.77 X 107 s7', while that for the formation of
[Au(damp)(Sec),]** from [Au(damp)(H,0)Sec]** is 2.34 X
107 s™!. Therefore, the formation of [Au(DMDT)(Sec),]*" is
more favorable than the formation of [Au(damp)(Sec),]**.
2.4. Electronic Characteristics. Natural population
analysis (NPA) has been performed on the important atoms
of all of the stationary points involved in the hydrolysis as well as
the interaction of biomolecules of R and R’ to realize the
significant variation of net atomic charges. In particular, the
maximum variation of net atomic charges is observed on central
Au(III), Cl, O(H,0), and S(Cys) or Se(Sec) atoms. The charge
redistribution on the important atoms is summarized in Tables
S§7—S89 and schematically presented in Figure 8. During the
chlorido ligand hydrolysis in the cases of R and R/, the positive
charge on the gold atom is found to be decreased in reactant
intermediates (RCs) and finally increased in the formation of
products (P). This phenomenon is attributed to the relatively
stronger ¢ and 7 donor ability of the chlorido ligand in
comparison to the aqua ligand, facilitating the ligand-to-metal
charge transfer (LMCT). On the contrary, the net atomic charge
on gold is dramatically decreased on substitution of the aqua
ligand by Cys or Sec. These findings suggest that the decrease of
the net positive charge on the gold atom is due to the acceptance
of considerable negative charges from the S atom of Cys or Se
atom of Sec. On the other hand, the leaving chlorido ligand gains
an electron density of 0.432 lel in PCs during the hydrolysis of
the parent gold complexes. Similarly, the net negative charge on
the oxygen atom of the incoming aqua ligand decreases up to
0.090 lel because of the transfer of negative charge to gold to
form a stable aquated Au(III) complex (Figure 8). Furthermore,
with the approach of Cys and Sec toward the central gold during
the aqua ligand exchange reactions, S (Cys) and Se (Sec) atoms
develop a net positive charge due to the ligand-to-metal charge
transfer. In contrast, the net charge on the oxygen atom of the
leaving water molecule drastically increases in PCs. That is,
charge redistribution among the atoms is observed during the
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Figure 7. Relative Gibbs free energy (kcal/mol) profiles for the interaction of aquated R’ complexes with Cys and Sec in aqueous medium.
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processes of hydrolysis of Au(Ill) complexes and their
interaction with biomolecules such as Cys and Sec.

2.5. Conceptual Density Functional Theory (CDFT)
Analysis. The stability and chemical reactivity of the two
Au(IIT) complexes R and R’ along with their aquated complexes
have been successfully analyzed by employing the conceptual
density functional theory (CDFT). The calculated chemical
potential (u), chemical hardness (77), and electrophilicity index
(w) values are depicted in Table 3. On the other hand, the

Table 3. Energies of HOMO (Ey in eV) and LUMO (E_ in
eV), Chemical Potential (# in eV), Chemical Hardness (7 in
V), and Electrophilicity Index (@ in eV) of R and R’ along
with Their Aquated Species

complex Ey E; AE " n 0]
R —7.533 —4.277 3.256 —-5.908 1.628 10.709
P-1 —7.842 —4.737 3.105 —6.290 1.553 12.740
P-2 —8.233 —-5.180 3.0583 —6.707 1.527 14.732
R’ —=7.170 -3.307 3.863 —5.239 1.932 7.104
P-1’ —7.445 —3.624 3.821 —5.534 1911 8.016
P-2’ —7.698 —4.140 3.558 -5.919 1.779 9.847

energy gap (AE) between LUMO (E;) and HOMO (Ey) has
also been determined to identify the chemical stability of the
gold complexes. As shown in Table 3, the calculated AE values of
the complex R’ and their hydrolyzed products are found to vary
in the order [Au(damp)Cl,] > [Au(damp)(H,0)CI]* >
[Au(damp)(H,0),]**. A similar order for the AE values is
also noticed in the cases of R and their hydrolyzed products, i.e.,
[Au(DMDT)CL] > [Au(DMDT)(H,0)Cl]* > [Au(DMDT)-
(H,0),]**. Therefore, the parent complexes R (AE = 3.256 eV)
and R’ (AE = 3.863 eV) are the least reactive (more stable) in
comparison to their hydrolyzed complexes. Again, the stability
of a chemical species can also be determined in terms of its
chemical hardness (7). The larger the value of chemical
hardness, the higher its s.tability.53 Hence, the calculated
chemical hardness values imply that the chlorido complexes R
(n=1.628 eV) and R’ (17 = 1.9315 eV) are the most stable. On
the other hand, a higher electrophilicity index (@) is calculated
for diaqua complexes P-2 (w = 14.732) and P-2’ (@ = 9.847).
Therefore, P-2 and P-2’ display a relatively better electro-
philicity, and hence, they can interact effectively with
biomolecules (i.e., with Cys and Sec). The calculated rate

constant values also exhibited similar reactivity trends. Similarly,
the specific reactivity of the diaquated ruthenium complex,
namely ICR, is found to be more effective with DNA bases and
protein residues in comparison to the mono-aqua complex.”

3. CONCLUSIONS

In summary, this research presents a detailed mechanistic
investigation on the hydrolysis of two potential anticancer drugs,
[Au(DMDT)CL,] (DMDT = N,N-dimethyldithiocarbamate)
(R) and [Au(damp)Cl,] (damp = 2-[ (dimethylamino)methyl]-
phenyl) (R’), and their interaction with protein residues such as
Cys and Sec using the density functional theory (DFT)
approach. The optimized geometries of the Au(III) complexes
suggest that hydrogen bonding plays a crucial role in stabilizing
the stationary points in the process of hydrolysis, as well as their
interaction with biomolecules. The ligand exchange reactions
proceed through a pentacoordinated trigonal bipyramidal
(TBP) transition state with a concerted dissociative interchange
mechanism (I;). The calculated activation energy barriers
revealed that the second hydrolysis step of both the complexes R
(AG = 13.7 kcal/mol) and R’ (AG = 10.0 kcal/mol) is
kinetically more predominant, and their rate constant values are
5.62 X 10* and 2.90 X 10° s/, respectively. The kinetic analysis
indicates that the studied Au(IIl) complexes undergo
instantaneous hydrolysis reaction in aqueous medium, with
quite high pseudo-first-order rate constant values. The
calculated activation free energy values show that the Se binding
site of Sec is superior to the S site of Cys in the case of aquated R
and R’. Diaqua complexes P-2 and P-2’ are observed to interact
with Cys and Sec with a lower activation energy than that of
cholroaqua complexes (P-1 and P-1’). Again, it has been
observed that the chloroaquated and diaquated complexes of R
undergo faster aqua substitution reactions with Cys and Sec
than the aquated complexes of R'. In particular, formation of di-
Cys as well as di-Sec Au(III)-DMDT or Au(III)—damp
complexes from their corresponding mono-Cys and mono-Sec
complexes is found to be kinetically more favorable. However,
the conversion of P-6 to P-8 has been found to proceed with the
lowest activation free energy of 7.3 kcal/mol, having a rate
constant value of 2.77 X 10" s™'. CDFT analysis confirmed that
the diaquated P-2 and P-2’ complexes are most electrophilic and
exhibit a significantly strong interaction with Cys and Sec
biomolecules.
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Furthermore, natural population analysis demonstrates the
various charge distribution patterns in all of the optimized gold
complexes, which in turn indicates the reaction progress. This
theoretical investigation may provide a comprehensive mecha-
nistic idea about the hydrolysis and biomolecular interactions of
well-known anticancer drugs R and R'.

4. COMPUTATIONAL METHODS

DFT is progressively becoming an impactful computational tool
in medicinal chemistry and drug designing. Herein, the
hydrolysis mechanisms of R and R’ as well as their interaction
with biomolecules (Cys and Sec) were investigated in the
framework of DFT by employing Gaussian 09 software
package.”> Optimization of all of the stationary points was
done without imposing any symmetry constraints by utilizing
the B3LYP>® functional, in combination with the effective core
potential LanL2DZ’” basis set for Au atom and 6-31G(d,p)**
basis set for C, H, N, O, S, and Cl atoms. The B3LYP functional
comprises the Becke three-parameter hybrid exchange func-
tional (B3)*” and Lee, Yang, and Parr correlation functional
(LYP)® at the gradient-corrected density functional theory
level. To incorporate the bulk effect of solvation on the
optimized gas-phase geometry, an implicit conductor-like
polarizable continuum solvation model (CPCM) with an
dielectric constant of 78.39 was exploited at 298.15 K and 1
atm pressure.”’ Harmonic vibrational frequency calculations
were performed at the same level of theory to verify the nature of
stationary points, and also thermal corrections to Gibbs free
energies and enthalpies were incorporated. Each transition state
was further confirmed by evaluating the intrinsic reaction
coordinates (IRC).”> Single-point calculations (SP) were
performed using the optimized solvent-phase geometry to
obtain improved energy values at B3LYP/(LanL2DZ/6-311+
+g(3df2pd)) level.” In addition, natural population analysis
(NPA)®** was performed in order to understand the charge
redistribution on the important atoms of the complexes. The
rate constants (k) of each step of the substitution reaction were
evaluated at T = 298.15 K using the transition state theory
proposed by Eyring® (eq 1).

k. T ”
K(T) = “BL ~AG?/RT
(1) == (1)

where kg is the Boltzmann constant, T is the absolute
temperature, and AG” is the activation free energy.

Reactivity parameters such as chemical hardness () and
chemical potential (i) were evaluated by adopting Koopman’s
approximation based on the nature of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO).®”

1
= —(E —E
n 2( LUMO HOMO) )

1
= —(Eyono + E
K > (ELumo HOMO) 3)
The global electrophilicity index (@) was defined by Parr et al.*®
(eq4)

vk

2n 4)

where Ejyyo and Eygpo are the energies of LUMO and
HOMO, respectively.
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