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1. Introduction

1.1. Chalcones

Chalcones (1,3-diphenyl-2-propen-1-ones), also known as benzalacetophenone or
benzylidene acetophenone, are intermediary and precursor compounds found in flavonoid
biosynthesis. Natural chalcones are mainly found in petals showing yellow and orange
pigments, roots, leaves, and twigs of edible plants such as Glycyrrhiza glabra and Piper
methysticum which have been traditionally used in medical practice owing to their wide-ranging
biological and pharmacological activity. Natural chalcones are extremely diverse in structure.
They are mainly found to be substituted by hydroxyl, methoxy, and methyl groups;
nevertheless, uniform substitution of chalcones is rare. The diverse biological and
pharmacological activity and high number of replaceable hydrogen substituents make them a
perfect candidate for synthetic manipulations [1]. The interesting structure of chalcones
attracted several researchers worldwide to investigate the chemical and biological properties of

these compounds.

The basic structure of the parent compound consists of two aromatic rings attached by
an enone moiety resulting in a planar structure (Figure 2). It exists in both (£)- and (E)- isomeric
forms; however, due to higher thermodynamic stability, the (E)- isomer is more accessible.
Chalcones can be cyclized to form flavanones via an intramolecular Michael-addition reaction.
The ease of structural modification and the wide variety of biological and pharmacological
activities have led to high diversity in chalcone derivatives and, in turn to popularity in drug

research and development.

Claisen—Schmidt condensation is the most common method of synthesis of chalcones,
condensation of an aldehyde, and a proper ketone in a polar solvent using a base as a catalyst.
Due to high interest in research and industry, many other methods were developed, which can
be listed as aldol condensation, Suzuki reaction, Wittig reaction, Friedel-Crafts acylation with

cinnamoyl chloride, Photo-Fries rearrangement of phenyl cinnamates, etc. [2,3].

Chalcones, among others, have been proven to have cytotoxic [4-6], anti-inflammatory
[7,8], and anthelmintic [9] effects. Among them, some have been approved for clinical use.
Metochalcone, isolated from Pterocarpus marsupinum, proved to have choleretic and diuretic
effects, sofalcone [10] is a gastric mucosa protective agent, and hesperidin methylchalcone has

improved the quality of life of those suffering from chronic venous disorder [11].



Gaining knowledge of chalcones’ mechanism of action, their direct molecular targets,
and their biotransformation is particularly important for the further development of chalcone-

based medicinal agents.

1.1.1. Thiol-reactivity of chalcones

Interaction of chalcones with cellular macromolecules, as the molecular basis of their
biological activities, is well documented. Such interactions may be broadly categorized into
non-covalent versus covalent ones. It has been reported that chalcones could have non-covalent
interactions with DNA, proteins, and specific lipids. The non-covalent nature of these
interactions makes chalcones free from the possible genotoxicity and toxicities associated with
the compounds that covalently bind to DNA [12]. Previously it was demonstrated that chalcones
and their analogs show high intrinsic reactivity toward thiol groups. The polarized carbon-
carbon double bond of the compounds acts as a soft electrophile. Thus this functionality shows
much higher reactivity towards thiols than the harder nucleophilic amino and hydroxyl groups.
Thiol groups are ubiquitously found in the structure of proteins and peptides. Among such
reactions, GSH-GSSG ratio plays an important role in the cellular redox and antioxidant status
of the cells. Accordingly, reactivity of chalcones with cellular thiols is argued to be responsible

for various biological activities of chalcones and their analogs [13].

The Michael addition is a reaction in which a nucleophilic center (Michael-donor) is
added to the electrophilic Michael acceptor, such as a,B-unsaturated carbonyls. The nucleophile
that is added to the Michael acceptor can be categorized into two different classes: those which
have a negative charge (e.g., OH™, RS, CN") and those which are neutral (e.g., amines, thiols).
Both kinds of nucleophiles can be added onto a,B-unsaturated enones regardless of their
protonation state. In the case of the (E)-chalcone, the experimental pK}, value has been reported
to be -5.00 [14]; therefore, in typical aqueous media (pH 4-8), only additions onto the non-

protonated chalcones should be taken into consideration.

The general mechanisms of the addition of deprotonated (path A) and neutral (path B)

nucleophiles onto non-protonated chalcones are shown in Figure 1 and Figure 2.
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Figure 1. General mechanisms of the addition reaction of nucleophiles onto the activated double bonds
of chalcones.
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Figure 2. General mechanism of addition of a nucleophile onto the activated double bond of the cyclic
chalcone analogs (F)-2-benzylideneindanone (n=1), (E)-2benzylidenetetralone (n=2), and (£)-2-
benzylidinebenzosuberone (n=3).




1.1.2. The biological significance of chalcones

Several biological effects of chalcones and their synthetic analogs are associated with
their spontaneous and enzyme-catalyzed reactivities. Different mechanisms of action were
suggested for these activities, but the exact molecular target is not known in many cases. a,f3-
Unsaturated carbonyl systems have been shown to have antioxidant activity, sustaining the
reduced environment of the cell by trapping and stabilizing reactive oxygen (ROS) and nitrogen
species (RNS). In this section, we focus on those biological activities that are reported to be
linked to these compounds’ role as Michael acceptors. These Michael addition acceptor
activities are generally associated with covalent addition of the chalcones to cellular thiol

groups of reduced glutathione (GSH) or reactive cysteine residues of proteins [15].

1.1.3. IxkB Kinases

Nuclear factor kB (NF-kB) is a family of transcription factors comprising five members,
including p50, p52, p65 (RelA), c-Rel, and RelB. Under normal conditions, they are in an
inactive state bound to the so-called inhibitor kB (IxkB). Stimulating cells with factors such as
inflammatory cytokines, e.g., TNF and IL-1, bacteria or viruses, the activation of IkB kinase
(IKK complex) is triggered, which in turn phosphorylates IkB’s two major serine residues. It
activates the kB transcription factor and translocates it to the nucleus, inducing the transcription
of enhansosome to increase transcription of various genes that regulate innate and adaptive

immune functions and inflammatory responses [16].

Activation of the IKK complex requires activation of one of its catalytic substituents:
IKKa or IKKB. Each is responsible for a different pathway of activation of NF-kB. Shortly,
IKKZ® is accountable for the so-called classical pathway, in which the stimuli are mainly cell
membrane receptors such as TNF and IL-1 and T- and B-cell receptors. The overall activation
of classical results in the translocation of RelA-P50 dimer, and this pathway aims to contribute
to the cell’s survival in usual cases. The alternative pathway activates through lymphotoxin,
CDA40, receptor activator of NF-kB (RANK) and involves the IKKa and translocation of RelB-
P52 dimer. It is particularly important in the development of the lymphoid organs, T- and B-
cells, and antigen-presenting cells such as dendritic and medullary thymic epithelial cells. It
generally regulates immune response and tolerance [17]. While normal activation of NF-kB is
an inseparable component of survival and immunity, dysregulation of the pathway is linked to
the expression of inflammatory and infection characteristics [18]. One way to manipulate the

IKK complex is inhibition through covalent binding of its serine179 with a Michael-acceptor



that suppresses NF-kB activation and ultimately alleviates inflammatory responses and, in turn,

inflammation-related cancer [7].

We can mention the following examples of chalcones interacting with the NF-xB
pathway. Licochalcone A is reported to stop cell migration in addition to causing cell cycle
arrest by inhibiting NF-kB [19]. Cardamonin, another chalcone with anti-inflammatory
properties, showed to down-regulate NF-kB and protect development of colitis in a mice model
[20]. Flavokavain A and B are inhibitors of IkB, resulting in ease in migration of P50 and P65
to the nucleus. They are proven to be potent inhibitors of TNFa-induced NF-xB [18].
Isoliquiritigenin has been reported to suppress IKK, ERK1/2, and p38 phosphorylation in
murine macrophage cell line RAW 264.7, resulting in NF-kB inhibition and iNOS, COX-2,
TNF-a, and IL-6 down-regulation [7,21].

1.1.4. Nrf2/ARE signaling pathway

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine-zipper-region
transcription factor that plays a crucial role in induction and activation of genes responsible for
cytoprotection and antioxidant activity, both in response to oxidative stress and constitutive
activity [22]. It has been linked to cancer, diabetes, Alzheimer and other inflammatory diseases
[23-26]. Under unstressed conditions, Nrf2 can be found in cytoplasm bonded to Keap1 (Kelch-
like ECH-associated protein 1), which is degraded quickly through proteasomal mechanisms to
keep its intracellular levels low. However, in the presence of ROS, other electrophilic species -
or reduction in antioxidant capacity, i.e., decrease in reduced GSH or disruption of redox
balance- the Nrf2/ARE pathway is activated by degradation of the Keapl-Nrf2 complex. It
results from modifying the Keap1 cysteines, leading to a conformational change and assisting
in the release of Nrf2. Nrf2 then translocates to the nucleus and binds to the antioxidant response
element (ARE). Once Nrf2 is bounded to the ARE, the antioxidant genes are induced, including
those coding phase II and phase III metabolic enzymes with the metabolizing, transportation,
or excretion of endo- and xenobiotics. Among them, NADPH: quinone oxidoreductase 1
(NQOW1) [27,28], sulfiredoxin I (Srxnl), Nrf2 dependent hem oxygenase-1 (HO1) [7], UDP-
glucuronosyltransferase (UGT) as well as multidrug resistance-associated proteins (MRPs,
MRPI1-MRP9) [29] should be mentioned. Chalcones can take part in activating the Nrf2/ARE
pathway regardless of the level of oxidative stress by either a) modification of Keap1 cysteine
residue(s) and such promoting the dissociation of the Keapl-Nrf2 complex resulting in

translocation of Nrf2 to the nucleus or b) supporting the translocation of Nrf2 to the nucleus by



interacting with kinases such as P38 mitogen-activated protein kinase (p38-MAPK), which
mainly phosphorylate Nrf2, to accelerate separation from Keapl [23,30].

There are more than 200 genes whose expression depends on the Nrf2 pathway in
humans, which affect Phase I and Phase II metabolisms, inflammation, and inflammation-
related cancer. In normal cells, Nrf2 activation results in acute detoxification, protecting DNA
against common mutagens. In cancer cells, however, the all-time activation of Nrf2 supports
cancer cells ‘growth, metastasis, and negative outcomes. It has been reported that mutations in
either Nrf2 or Keapl may be responsible for sustained activation of Nrf2 and affect the
regulation of cancer metabolism, microRNAs, and oncogenic signaling resulting in various
cancer types [31]. The dual role of chalcones, acting as inductors of Nrf2 in normal cells [22,30]

and suppressors of Nrf2 in cancerous cells [19], are important in drug development research.

For example, the anticolitic mechanism of action of sofalcone has been reported to be
in connection with the Nrf2/ARE pathway. In this case, dissociation of the Keap1-Nrf2 complex
occurs by biding the chalcone to Keapl [10]. Another synthetic [32] and non-synthetic [33,34]
chalcones showed to interact with this pathway. One example is the anti-arteritis effect of

licochalcone A, which also resulted in drug-induced oxidative damage and, in turn, apoptosis.

1.2. Thiols

1.2.1. Glutathione

L-gamma-glutamyl-L-cysteinyl-glycine (glutathione, GSH) is a major tripeptide found
and synthesized in significant (1-10 mM) concentrations in most mammalian cells [35]. The
hepatic cells are the main sites of GSH production; however, all cells of the human body can
synthesize glutathione to some degree except the epithelial tissue. Glutathione is made up of
three amino acids, namely, L-glutamate, L-cysteine, and glycine, and is present in reduced
(GSH) and oxidized (GSSG) form in the cells. Under physiological conditions, glutathione
exists in a significantly higher concentration of GSH than GSSG (approximately 9:1). The exact
ratio of the two forms, however, is organelle dependent. Biosynthesis of GSH (de novo) is
completed through an enzyme-catalyzed two-step pathway consuming an ATP in each step. In
step 1, L-glutamic acid is added to cysteine catalyzed by y-glutamylcysteine synthetase (yGCS);
in step 2, the glycine is added to glutamylcysteine catalyzed by glutathione synthetase (GS).
Generally, the synthesis of GSH depends on the cysteine availability and the activity of the
vGCS enzyme. Other ways through which GSH is made available to the body are (a) reduction
of GSSG to two GSH molecules by glutathione-reductase (GR) using NADPH as well as (b)
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gamma-glutamyltransferase(GGT)-catalyzed recycling of cysteine from glutathione conjugates
to maintain the cysteine pool. GSH contributes to most of the intracellular thiol (SH) groups

and participates in many important mechanisms in the body.
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Figure 3. Biosynthetic pathway of glutathione (GSH).

Among the essential cellular functions of glutathione are (a) antioxidant activity, (b)
metabolism and elimination of xenobiotics, (¢) maintaining the cellular redox potential and
playing an important role in (d) cell proliferation, (e) fatty acid biosynthesis and (f) signal
transduction of gene expressions should be mentioned. Glutathione protects against endogenous
oxidative stress produced due to oxygen consumption, immune cell activation, aging, and
cancer and against exogenous oxidative stress resulting from drug intake, stress, and
environmental pollution. Such factors produce oxidative species collectively named reactive
oxygen species (ROS), reactive nitrogen species (RNS), and generally oxidants. Cells require
a highly reduced environment to function properly. Accumulation of oxidative species such as
superoxide anion radical (O2"), hydrogen peroxide (H20.), and hydroxyl radical (‘OH) result in
changing the redox homeostasis of the cells. Superoxide anion is short-lived and is converted
to hydrogen peroxide with the help of superoxide dismutase enzymes (SODI1 and SOD2).
However, hydrogen peroxide has a longer half-life resulting in possibly irreversible damage to
important cellular components. It can also further react with ferrous ions to generate hydroxyl

radicals (Fenton reaction) [36].
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GSH protects the reductive intracellular state by reducing reactive species, usually with
the help of the glutathione peroxidase (GPx) enzymes. Moreover, it participates in glutathione
S-transferase enzyme (GST)-catalyzed reactions in detoxifying xenobiotic metabolism and
oxidative stress-related reactive products. GSH also plays a vital role in keeping essential
antioxidants such as vitamin C and vitamin E in their reduced form resulting in maintaining
redox balance [37]. Finally, GSH can reversibly bind to protein thiol residues

(glutathionylation) to prevent their oxidative damage [36].

Nonenzymatic biotransformation is a significant component of the biotransformation of
xenobiotics as the enzymatic ones due to spontaneous reactions of electrophilic species. Highly
reactive electrophiles such as the endogenous 4-hydroxy-2-noneal or the exogenous NAPQI,
the well-known metabolite of paracetamol, can react with GSH before their possible reaction
with important cellular components such as DNA, RNA, and protein. These reactive
electrophilic compounds are metabolized before exerting toxic effects in the cells, and less than
expected attention has been given to non-enzymatic biotransformation. Sabzevari et al., for
example, have concluded that GSH depletion is the responsible mechanism behind the

cytotoxicity of hydroxychalcones by both conjugation-type and oxidation-type reactions [38].

1.2.2. N-acetylcysteine

N-acetylcysteine (NAC) is a non-toxic compound and precursor of glutathione
biosynthesis. NAC is supplemented for the regulation of glutathione levels in the cells.
Glutathione does not have good oral absorption, and to increase its concentration thus, NAC
supplementation is advised. The most important use of NAC in medical practice is against
acetaminophen poisoning. Moreover, chemically, it is a precursor of cysteine biosynthesis and,
in turn, glutathione. It also involves a sulthydryl functional group which can closely mimic the

mechanism of glutathione in reaction with chalcones.

1.2.3. Glutathione S-Transferases

Glutathione transferases possess three main functions in living organisms: (a) catalytic
activities, (b) binding of non-substrate ligands, and (c) involvement in protein-protein
interactions [39] . The substrates of the GST-catalyzed reactions have three common properties:
a) they are hydrophobic, b) they have an electrophilic (electron-deficient) atom (center), and c)

they have spontaneous reactivity towards GSH.
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One of the main catalytic functions of soluble GSTs is participation in the cellular
antioxidant system [40]. They demonstrate activity toward several by-products of oxidative
stress, including lipid- and DNA-hydroperoxides as well as the secondary peroxidation

products such as acrolein, propenal, and 4-hydroxynonenal (HNE) [40—43].

Another well-known catalytic function of GSTs is the isomerization of biologically
important endogen molecules. The enzymes can catalyze cis-trans isomerization reactions or

the movement of a double bond within polycyclic molecules [41,44,45].

The third type of catalytic activity of glutathione transferases is the conjugation of
reduced glutathione (GSH) with endogenous or exogenous electrophilic species involving the
reactive thiol group of its cysteinyl moiety. Four groups of glutathione transferases can catalyze
these characteristic reactions (a) canonical soluble (cytosolic) GSTs, (b) distantly related
soluble (mitochondrial) Kappa-class GSTs, (¢) hydrophobic (microsomal) MAPEG family
GSTs, and (d) bacterial fosfomycin resistance proteins [46—50].

The cytosolic GST enzymes have two active sites per dimer, each consisting of at least
two ligand binding regions: a particular binding site designated for GSH and a less specific
binding site for the substrate. Glutathione (GSH) has three acidic (thiol, glycinyl carboxyl,
glutamyl carboxyl) and one basic (amino) functional group. While only a small amount of the
GSH thiol function is deprotonated at the physiological pH (pKa of GSH(thiol) is around 9.2),
the pKa of GSH bound to most GSTs has been reported to be less than 7; meaning the enzyme-
bound GSH is deprotonated at a higher degree at physiological pH — thus being activated for

reaction with the electrophilic substrate [51].

Microsomes are fragments of endoplasmic reticulum and attached ribosomes that are
isolated together when homogenized cells are centrifuged. Microsomal enzymes are typically
found in the smooth endoplasmic reticulum, primarily in the liver, but also in the kidney,
intestinal mucosa, and lungs. There are several microsomal enzymes, including flavin
monooxygenases (FMO), cytochrome P450s (CYP), NADPH cytochrome ¢ reductase, UDP
glucoronyl transferases (UGT), glutathione-S-transferases (GST), epoxide hydrolases, among
others. Hence, hepatic microsomes are commonly used to study the metabolic fate of drugs, as

the liver is one of the major organs responsible for enzymatic drug elimination [52].

The MAPEG (Membrane Associated Proteins in FEicosanoid and Glutathione
metabolism) family comprises six human proteins. Four of them (leukotriene C4 synthase,

microsomal glutathione transferase (MGST) 1, 2, and 3) catalyze the reaction of GSH with
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different electrophilic substrates. MGSTs also possess glutathione-dependent peroxidase
activity [53—-55]. MSGT1 was the first to be purified. It is a homotrimeric protein with a subunit
size of 17 kDa. It is highly expressed in the liver but is also found in many other tissues such
as the intestine, adrenal, renal, brain, lung, pancreas, and testis [56]. It is uniquely activated by
sulthydryl reagents such as N-ethylmaleimide (NEM), redox events, and proteolysis [54,55]. It
was demonstrated that the Cys49 residue of the enzyme is the site of modification correlated to

activation [57].
1.2.4. Glutathione and cancer

Reactive oxygen species (ROS) play an important role in tumor cell signaling,
tumorigenesis, and cancer progression. Its production is considerably higher in cancerous cells
due to higher growth and proliferation rate. Therefore, such cells commonly show higher
expression of antioxidant systems such as Nrf2 and other enzymes related to GSH synthesis
and utilization. Moreover, some tumors promote upregulation of GSH synthesis and turnover,

such as ovarian, breast, and lung cancer.

Many chemotherapeutic agents bind to GSH through various reaction mechanisms.
Cyclophosphamide, for example, an alkylating agent, binds through an Sx2 reaction, while
N,N’,N”’-triethylenethiophosphoramide is a GST-substrate; cisplatin, a DNA cross-linking
agent, has shown intrinsic thiol binding including GSH and NAC as well as being a GST
substrate [58]. Some drugs are inactivated by transforming into GSH-conjugates, increasing
their solubility [59]. On the other hand, enzymatic or nonenzymatic conjugation of some
chemotherapeutic agents with GSH results in their bioactivation, through which the conjugates
are as reactive or even more reactive than the parent compound. The mechanisms through which
bioactivation occurs are the (a) cysteine S-conjugate B-lyase pathway, (b) non-enzymatically
formed GSH S-conjugates, (c) activation through GSH-GSSG redox cycling, and (d) conjugates
that transport and release the parent compound elsewhere [58]. In the case of bioactivation,
those cells show higher expression of GSH, and the GST enzymes are more prone to be the

target of the pharmacological effect of such activated agents.

Given the vital role of GSH in the survival and drug resistance of cancerous cells
provides an exciting perspective on cancer treatment. While the elevation of GSH and GST was
considered a sign of a bad prognosis until recently, exploring the dual nature of GSH reactivity

can open new research pathways.
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1.3. Structure-activity relationships of the chalcones

By modifying the chalcone structure, the electron density, steric effects, polarizability,
and dipole moment, as well as physicochemical parameters such as logP, logD, and pKa, may
be affected. A conservative bioisosterism often affects steric parameters such as van der Waals
radii. The effect of substituent results in considerable changes in a) bonding interactions, b)
metabolic stabilities, c) physical features, and d) selective reactivity [3]. Additionally, the
reactivity of Michael-acceptors is an important factor in drug development since too high
reactivity can result in cellular damage and toxicity. Considering this importance, changing
compounds' structure will help tailor their reactivity to the drug development needs; for this
purpose, we will look at the significance of rings and the substituents on the structure of

chalcones.

1.3.1. Significance of the rings

Dimmock et al. reported on the significance of the presence of the B ring in the structure
of the chalcone; moreover, they discussed the importance of the distance between the A and B
rings in the chalcone structure. As the number of carbons increases in the C ring of the analogs,
it results in: a) a change in the distance of A and B rings, b) a change in the relative position of
functional groups, c) a change in the spatial position of A and B ring in comparison to each
other, as the A and B ring may be in the same or out of plane in relation to each other, and d)
the relative angle between the aryl ring and its adjacent olefinic group. It was reported that the
size of the C ring influences the distance between the A and B rings -measured from the middle
of the rings- which is the lowest in the case of 5-membered ring analogs and increases in the

case of 6 and 7-membered analogs, respectively [60].

Considering that the open chain chalcone structure is close to planar, the B ring was
measured to be the most elevated in the 2>4>3 analogs compared to the A ring. The torsion
angle follows the same pattern, and from the point of view of the proximity of the B ring to a
double bond, analog 4 was reported to be the farthest, followed by 2 and 3 analogs [60]. Other
significant distances in the molecule can be listed as a) the distance of carbon number 10 (Cio)
measured from the center of A ring (4c), b) the distance Cio to the axis 2 (d1), ¢) the distance
of the Ac to the center of alkylene portion of cycloaliphatic ring, and d) the angle between C-C
bonds connected to the carbonyl carbon (¥2) as well as e) the angle ¥4 shown in Figure 4, all
of which reported to be inversely proportional to the potency of the compounds. On the

contrary, increasing the distance of ring B in addition to that of axis 2 along with the distance



15

of ring A to the oxygen atom situated on the carbonyl group has shown to be directly
proportional to the cytotoxicity and the bioactivity of the compounds [4]. Generally, it was
emphasized that the ring's size correlates with the compounds' bioactivity and cytotoxicity
against human tumor cell lines. Moreover, in the case of potency, 4>3>2 was reported in the
case of cyclic compounds, while the open chain chalcones (1) is always slightly more potent

than the indanone analog 2 [4,5,60].

' Ring C
Axis 1

Figure 4.. Measurements ofw1-w4 and d1 of compound 4b [4].

1.3.2. Significance of substituents

By measuring the electronic properties of the different substituents (Hammett’s ), the
electron donating groups - having negative sigma (o) values- increase the electron density at
the site of the B ring resulting in an enhanced van der Waals interaction at the site of binding.
It was also shown that this property correlated with the cytotoxicity of these compounds. The
hydrophobic (P; constants) and steric (molar reactivity) properties were also plotted against the
cytotoxicity, revealing that steric factors influenced cytotoxicity the most in comparison to the
other properties [4]. In a QSAR study, Katsori et al. reported the clogP parameter to play an
important part in the QSAR relationships [61].

Based on electron distribution and molecular electrostatic potential mapping, the most
electrophile parts of chalcones were the C; and the Cio atoms. Substitution of an electron-
withdrawing group on the A ring results in a higher electron deficiency on C;. In contrast, the
electrophilic characteristics of Cio increase as a more electron withdrawing group are found on

the B ring, especially on the para position, therefore resulting in higher receptivity of a
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nucleophilic attack. However, in the case of those chalcones that are conformationally restricted
(cyclic ones), electron-donating substitution on ring B increased their cytotoxic effect in

comparison to electron-withdrawing substitution [2,62].

Upon investigation of these compounds against murine cell lines and human tumor cell
lines, in the case of P388 and L1210, it was proven that the highest activity attributes to
compounds 4b and 4c¢. Furthermore, in the case of human T lymphocytes, more than 50% of
the investigated substituted 3 and 4 analogs resulted in a higher activity than that of the
reference substance melphalan. Hence concluding 4b and 4¢ analogs are the most active against
murine P388 and L1210 cell lines. In comparison, 4b was reported to have the greatest activity
against the human T lymphocyte cell line and overall activity [4,60]. 4¢ analog was reported to
have more selective toxicity towards colon cancer and breast neoplasms, while the methoxy-

substituted 4a showed a higher selective toxicity to breast neoplasms [60].

Based on the previous results that 4b and 4¢ were the most cytotoxic and overall, the
most active compound (4b) is the most out of plane, Dimmock et al. observed that an increase

in deviation of coplanarity of A and B rings correlates in a higher activity [60].

Dimethylamino substituted chalcones proved to be one of the compounds with the
lowest potency in the case of in vitro anti-inflammatory properties such as inhibiting NO
production on RAW 264.7 cells and biosynthesis of interleukin-1. The observations was
explained as a result of the movement of the lone pair of electrons of the nitrogen atom through
the B ring to the carbon atom (Cio) bonded to the thiol group of GSH (and other endogenous
thiols) resulting in weakening the C-S bond and in turn destabilizing of chalcone-thiol adducts.
Chalcones substituted with low electron pair donating ability, and those with electron pair

withdrawing capacity showed moderate and high potency, respectively [63].
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1a) X = -CH;,

1b) X = -OCH;,

1) x=-H
a) X =-CHj; 2) n=1
b) X = -OCH;, 3) n=2
¢)X=-H 4) n=3

X

Figure 5. Structure of open chain and cyclic chalcone analogs.

1.4. (E)/(Z) isomerization of chalcones

Chalcones have the potential to exist in two different isomeric forms, namely (£) and (2),
based on the configuration of the C>-Cio double bond of the enone moiety. The (E) isomers,
also known as trans isomers, are thermodynamically more stable [1]. Theoretically, both of the
isomers can be formed during synthesis of chalcones, however, due to the steric disadvantage,
the (Z) isomer is unfavourable and the synthesis yields the pure (E) isomer [64]. There has been
extensive research on the photoisomerisation and photodimerization of a,B-unsaturated
carbonyl systems [65—68]. Some cyclic compounds have been proven to undergo light initiated
isomerization (day light and UV); the degree of isomerization has been reported to depend on

the electronic characteristic of aromatic ring substituents and the size of C ring [64,66].

Previously Perjesi reported on isocratic HPLC separation of (Z)/(E) isomers of some cyclic
chalcones (n=5-7). In each case but the indanone derivative (n=5) the (Z) isomer had a lower
retention time in comparison to the respective (E) isomer. This finding is in agreement with the
results of TLC investigation of logP of the same compounds, reporting that the respective Z

isomers were less lipophilic [64,69].
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2. Aims

The general aim of this Ph.D. work was to investigate the thiol (reduced glutathione (GSH)
and N-acetylcysteine (NAC)) reactivity of 4/4’-substituted chalcones and seven-membered

cyclic chalcone analogs in vitro. The specific aims are as follows

e Investigation of thiol-reactivity of chalcones (1) and seven-membered chalcone analogs
(4) to study how
(a) the 4(4’)-aromatic substitution, and
(b) incorporation of a seven-membered aliphatic ring into the chalcone moiety can

affect the initial thiol reactivity of the derivatives.

e To study how the pH of the incubation medium affects the initial thiol-reactivity of the
4(4°)-CH3s- and the 4(4°)-OCH3s-substituted 1 and 4 derivatives,

e To study the stereochemical outcome of the thiol addition reactions onto the 4(4”)-CH3-

and the 4(4’)-OCH3s-substituted 1 and 4 derivatives at different pH,

e To study the metabolic stability of the 4¢ derivative using rat liver microsomes, and

e To seek correlations between the observed thiol-reactivity and previously published

cancer cell cytotoxic effects of some 1 and 4 derivatives.
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3. Material and Methods

3.1.In vitro chalcone-GSH incubations

The starting (E) isomers of the chalcones were synthesized using a previously described
method [5]. The purity was tested using TLC and HPLC-UV. The structure of both the (£) and
(Z) isomers and those of the formed conjugates were verified using LC-MS measurements.
Reduced glutathione (GSH) and N-acetylcysteine (NAC) were obtained from Sigma-Aldrich
(Budapest, Hungary). The methanol (MeOH) CHROMASOLV gradient for HPLC was
obtained from Honeywell (Hungary). Trifluoroacetic acid HiperSolve CHROMANORM was
obtained from VWR (Budapest, Hungary), and formic acid from Fischer Chemicals. Deionized
water was purified at the institute of pharmaceutical chemistry (University of Pécs) for use in
HPLC and HPLC-MS measurements by Millipore Direct-Q™. Mobile phases used for HPLC
measurements were degassed by an ultrasonic water bath for 5 minutes before use. Other

chemicals used were of the analytical grade available.

To evaluate the reactivity of the investigated chalcones and their analogs with thiols,
two solutions containing reduced glutathione (GSH) and N-acetylcysteine (NAC) were
prepared as follows: Each solution was prepared at three different pH values (3.2, 6.3, and 8.0).
The pH was set using freshly prepared 1M NaOH solution.

Solution (a) Solutions of GSH and NAC were prepared to a final volume of 1.5 cm?® in deionized

water with a concentration of 2.0 x 10" mol-L™! (0.3 mmol thiol).

Solution (b) Chalcone solutions were freshly prepared before incubation to a 4.6 cm® volume

of HPLC-grade methanol with a concentration of 6.5 x 107> mol-L™! (0.03 mmol chalcone).

Solution (c) The GSH/NAC and chalcone solutions were pre-incubated in a 37 °C water bath
for 15 minutes in the dark. Then, solutions (a) and (b) were mixed, resulting in a mixture of the

thiol and the chalcone in a molar ratio of 10:1.

Solution (c) was kept in the dark in a temperature-controlled (37 °C) water bath for 315 min.
To monitor the reaction by RP-HPLC and to qualitatively characterize the progress of the
addition processes, the composition of the incubation mixtures was analyzed at the 15, 45, 75,

105, 135, 165, 195, 225, 255, 285, and 315 min time points by HPLC-UV.

To evaluate the initial (0 min) peak area of chalcones (1a, 1b), and the cyclic analogs

(4a, 4b), 4.6 cm® methanolic solution of each was prepared in the same way as above (solution
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(b)), and the solutions were diluted with 1.5 mL of aqueous solution with the respective pH

before analysis. Before mixing, the solutions were pre-incubated at 37 °C for 30 min.

To compare the products of the previously proven light-initiated (£)/(Z) isomerization
of the parent compounds [64] with those of the non-light (retro-Michael reaction)-initiated
isomerization, solutions of chalcone solutions (1a-4b) were prepared by method (b), and the
solutions were subjected to unscattered laboratory light for 1 week. The solutions were analyzed

by HPLC-UV and HPLC-MS.

3.2.Microsomal measurements

The starting (E) isomers of the chalcones were synthesized using a previously described
method [5]. The purity was tested using TLC and HPLC-UV. The structure of both the (£) and
(Z) isomers and those of the formed conjugates were verified using LC-MS measurements.
Male rat pooled liver microsome 10 mg (M9066), magnesium chloride, 25mm syringe filters
nylon membrane, pore size 0.45um, and B-nicotinamide adenine dinucleotide 2’-phosphate
reduced tetrasodium salt hydrate (3-NADPH) were purchased from Sigma Aldrich (Budapest,
Hungary). Alamethicin, and reduced L-glutathione (GSH) BioChemica were obtained from
Cayman Chemicals and ITW reagents. Methanol (MeOH) CHROMASOLV HPLC grade was
obtained from Honeywell (Hungary). Millipore Direct-Q™ at the Institute of Pharmaceutical
Chemistry (University of Pécs) was used to provide deionized water for the measurements.
Phosphate buffered Saline (PBS) pH 7.4 was prepared freshly on the day of incubation based
on the 2014 Cold Spring Harbor Laboratory press method [70].

490uL PBS was mixed with 50uL of rat liver microsome (20 mg/mL protein) and 10
puL of alamethicin in methanol (50 pg/mg protein) and was left on ice for 15 minutes for
microsomal activation. Then 100uL of NADPH solution (2.0 pmol/mL final concentration)
was added, and the solution was vortexed to mix well. 25uL of a freshly prepared acetonitrile
(ACN) solution of 4b (final concentration 0.25 pmol/mL) and 100uL of MgCl, solution (final
concentration of 5.0 umol/mL) were added. After each addition, the solution was vortexed. The
incubation volume was set to a total of 980 uL by the addition of 205 puL of PBS and left in a
37°C water bath for 3 minutes. Then 20 uL of GSH solution in PBS (final concentration of 5.0
umol/mL) was added to bring the final volume to 1.0 mL. The mixture was vortex mixed for
10 seconds, taken to a shaking water bath, and kept in it for the incubation period (120 minutes).
150 puL samples were taken at 0, 30, 60, and 90-minute time points. (The 0-minute time points

were considered the time of placement of the incubates into the water bath.) 150 pL ice-cold
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methanol was used to stop the reaction at each time point. The 300 pL sample was centrifuged
at 6000 rpm for 5 min; the supernatant was collected using a syringe and passed through a
0.45pum nylon membrane syringe filter. Control incubation containing all the constituents

except the liver microsome was analyzed at 0, 30, 60, and 90-minute time points.

3.3.HPLC-UV measurements

The measurements were performed on an Agilent 1100 HPLC system coupled with a
UV-VIS detector. The wavelength was set at 260 nm. The separation of the components was
carried out in a reversed-phase chromatographic system. A Zorbax Eclipse XBD-C8 column
(150 mm x 4.6 mm, particle size 5 pm; Agilent Technologies, Waldbronn, Germany) was used
to separate the components. The injection volume was 10 pL. During the measurement, the
column oven was set at room temperature (25 °C). Data were recorded and evaluated using
Agilent ChemStation (B.03.01). Gradient elution was performed at a flow rate of 1.2 mL/min;
the mobile phase consisted of (A) water and 0.1% trifluoroacetic acid and (B) methanol and
0.1% trifluoroacetic acid. The gradient profile was as follows: an isocratic period of 8§ min of
40% mobile phase B, followed by a linear increase to 60% in 4 min, a second linear gradient to
90% in 3 min, and a 5 min isocratic period of 90%. The column was then equilibrated to the

initial conditions with a 2 min linear gradient to 40%, followed by 3 min of the isocratic period.

3.4.HPLC-MS Measurements

HPLC HESI-MS analyses were performed on an Ultimate 3000 liquid chromatograph
(Dionex, Sunnyvale, CA, USA) coupled with a Thermo Q Exactive Focus quadrupole-Orbitrap
hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The scan
monitored m/z values ranging from 100 to 1000 Da. Data was acquired using Q Exactive Focus
2.1 and Xcalibur 4.2 software (Thermo Fisher Scientific). Analysis of compounds and adducts
was performed in HESI positive and negative ionization modes with the following parameters:
spray voltage, 3500 V; vaporizer temperature, 300 °C; capillary temperature, 350 °C; spray and
auxiliary gas flows, 30 and 10 arbitrary units, respectively; resolution, 35,000 at 200 m/z; and

fragmentation, 20 eV.

HPLC separation was performed on an Accucore C18 column (150 mm X 2.1 mm,
particle size 2.6 pm), and an Accucore C18 guard column (5§ mm X 2.1 mm, particle size 2.6

pm) was also used. The injection volume was 5 uL; the flow rate was set to 0.4 mL/min. Data
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analysis and evaluations were performed using Xcalibur 4.2 and FreeStyle 1.7 software. A

binary gradient of eluents was used, consisting of mobile phases A and B.

The gradient parameters in chalcones were (A) water and 0.1% formic acid and (B)
methanol and 0.1% formic acid. The gradient elution was as follows: isocratic elution for 1 min
to 20% eluent B, continued by a linear gradient to 100% B in 9 min, followed by an isocratic
plateau for 2 min. Then, the column was equilibrated to 20% B in 0.5 min and continued
isocratically for 2.5 min. The sampler was at room temperature, and the column oven was at 40

°C.

The parameters of the gradient in the case of adducts were (A) water and 0.1% formic
acid and (B) methanol and 0.1% formic acid. The gradient elution was as follows: isocratic
elution for 1 min to 10% eluent B, continued by a linear gradient to 95% B in 13 min, followed
by an isocratic plateau for 3 min. Finally, the column was equilibrated to 10% B in 0.1 min and
continued isocratically for 2.9 min. The sampler was at room temperature, and the column oven
was at 40 °C. The diode array detector was also set at 260 nm wavelength alongside MS

analysis.

3.5. Molecular modeling

The structures 1¢, 4c, CH3SH, and CH3S" were constructed using the Gaussview 6.0 software.
Theoretical calculations were performed by DFT [71,72], implemented in the G16 [73] software
package. The molecules were optimized using the hybrid exchange and correlation functional
with long-range correction, M06-2X [74], combined with the basis set 6-311++G(d,p) in the
gas phase. Frontier molecular orbitals (FMO) [75] were obtained. Molecular electrostatic
potential maps contributed to the global electrophilicity analysis through their electronic
isodensity surfaces. MEP [76] maps provide a visual representation of the electrostatic potential
on the surface of a molecule, which can reveal regions of high and low electron density. The

electrostatic potential V(r) [77] at point r is defined as.

_ p(r)
V(r) = er S flr = (1)

where Z, is the charge of nuclei a at point ra and p(r) is the charge density at point r. The

local electrophilicity of the molecules was determined by the Fukui function [78,79], and then

it was possible to predict the molecular site selectivity.
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where N is the number of electrons in the system, and the constant term v in the partial
derivative is external potential. Multiwtn 3.6 program [80] was used to calculate the Fukui. In
addition, the pySiRC [81] — a machine-learning computational platform, was used to simulate
oxidation reactions facilitated by free-radical compounds. To imitate the oxidation impact
induced by a radical attack, the hydroxyl radical (-OH) was chosen as the archetype system of
degradation reactions. The reaction rate constant of the oxidative attack caused by the hydroxyl
radical on chalcones compounds was predicted using the XGBoost ML algorithm and the

MACCS fingerprint was employed as a structural descriptor.

4. Results

4.1.0pen chain Chalcones

4.1.1. Reactions performed under pH 8.0/7.4 conditions

This pH was chosen to mimic the GST-catalyzed reaction considering the pKa values of
reduced GSH and NAC, 8.83 and 9.52, respectively. In this pH, 3.6% of molecules in the case
of GSH and 0.75% of NAC molecules exist in an ionized form which is the more reactive form
of the thiols. Plotting the change of chromatographic peak areas of the parent compound 1a and
1b as a function of incubation time is indicating the composition of an equilibrium (Figures 6
and 7). By the end of the incubation period (315 min) with GSH, the initial area of the HPLC
peak corresponding to the parent compounds 4a and 4b was reduced to 3.7% and 5.2%,
respectively. In the case of the incubations with NAC, the initial areas of 1a and 1b was

decreased to 5.2% and 9.8%, respectively (Table 1).
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Change of chromatographic areas as a function of
time,GSH, pH 8.0/7.4
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Figure 6. Change in the chromatographic peak area of chalcones 1a and 1b in the chalcone—-GSH
incubations at pH 8.0/7.4.
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Figure 7. Change in the chromatographic peak area of chalcones 1a and 1b in the chalcone-NAC
incubations at pH 8.0/7.4.

Based on the previously explained mechanism of the Michael addition reaction, a new
chiral center is formed when the thiols are added to the chalcone counterpart. In the case of
open-chain chalcone analogs, the addition reaction will result in one new chiral center; in the

case of the cyclic ones, two new chiral centers will arise.

In the case of the open chain analogs and considering the inherent chirality of the two
thiols, the formation of two diastereomeric adducts was expected. However, using our HPLC

conditions, the GSH-1 and GSH-2 conjugates were not separated (Table 1).
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Table 1. Retention times (tr)' and integrated peak areas (A) of the investigated chalcones (1a

and 1b) and their GSH adducts (GSH-1 and GSH-2)’.

r Area tr Area tr Area tr

pH’? 5371’5 (E)- Ratio* (2)- (2)- GSH- GSH- GSH- Gf;;j‘i 5
Chalcone Asz1s/A0 Chalcone Chalcone 1 1 2
3.2 1a 16.4 0.81 16.2 <100 13.8 4245 N/D 3 -
3.2 1b 15.9 0.96 15.7 <100 11.9 3352 N/D 3 -
6.3 1a 16.3 0.09 16.0 <100 13.2 16,571 N/D°? -
6.3 1b 15.8 0.21 15.5 <100 11.3 17,160 N/D°? -
8.0 1a 16.3 0.04 16.1°¢ <100 13.3 17,419 N/D? -
8.0 1b 15.7 0.08 15.5 <100 11.0 20,387 N/D? -

'Retention times in minutes; 2data refer to the average of two independent measurements at the 315 min
time point; *pH value of the aqueous thiol solution; “ratios of peak areas measured at 0 and 315 min;
*not detectable.

In the case of NAC incubations, the formed NAC-1 and NAC-2 adducts were present;
however only partially separated. Based on the integration of the two overlapping peaks, the
ratio of the two diastereomeric adducts was not equal and showed an (1.7—1.2 times) excess of

the less polar diastereomers (Table 2).

Table 2. Retention times (tr)' and integrated peak areas (A) of the investigated chalcones (1a

and 1b) and their NAC adducts (NAC-1 and NAC-2)*.

pH? Comp tr Area tr Area tr Area tr Area
ound (E)- Ratio * (Z)- (Z)- NAC- NAC-1 NAC-2 NAC-2
Chalcon  Aszis/A0 Chalcone  Chalcone 1
e
3.2 1a 16.3 0.89 16.1 <100 15.2 1260 15.3 2173
3.2 1b 15.8 0.98 15.5 <100 14.1 1156 14.2 1507
6.3 1a 16.3 0.24 16.0 <100 15.1 4906 15.2 6457
6.3 1b 15.8 0.47 15.5 <100 14.1 4712 14.2 5422
8.0 1a 16.2 0.05 16.0 <100 15.1 6167 15.2 8875
8.0 1b 15.7 0.10 15.5 <100 14.1 7167 14.2 8975

'Retention times in minutes;  data refer to the average of two independent measurements at the 315 min
time point; *pH value of the aqueous thiol solution; *ratios of peak areas measured at 0 and 315 min;
*not detectable.

The structure of the parent chalcones (1a and 1b), as well as their GSH and NAC
conjugates, were verified by HPLC-MS (See Table 3 and Figures 8-13).



Table 3. Mass spectrometry data.

Type Value la 1b
Chalcone Formula C16H140 Ci16H1402
[M+H] "t 223.1123 239.1072
[M+H]"m 223.1117 239.1066
AM -2.69 ppm -2.51 ppm
Chalcone-GSH adduct Formula CrsH31N307S  CasH31N308S
[M+H] "t 530.1961 546.1910
[M+H]"m 530.1946 546.1892
AM -2.83 ppm -3.30 ppm
Number of isomers 1 1
Chalcone-NAC adduct Formula Co1H2sNO4sS  Co1H2sNOsS
[M-H] 384.1270 400.1219
[M-H]m 384.1246 400.1191
AM -6.25 ppm -7.00 ppm
Number of isomers 2 2
T e + S EEiEul e [70.0000-706.06001 = 2'2;‘:":’117
% <0
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Figure 8. High resolution, positive mode HESI MS spectrum of chalcone 1a
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Figure 9. High resolution, positive mode HESI MS spectrum of chalcone 1b.

KE #1293 RT: 10.29 AVW: 1 NL: 4. S5E9
T: FTMS + ¢ ESI Full ms [100.0000-1000.0000]

100 530.19246

40 531 . 1973

Reafive Abundance
0
o]

T T T T T T T T
200 400 S00 200 1000
mJs=

Figure 10. High resolution, positive mode HESI MS spectrum of chalcone 1a-GSH-1 conjugate.
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Figure 11. High resolution, negative mode HESI MS spectrum of chalcone 1a-NAC-1 conjugate.

KS #1193

1
T: FTMS + ¢ ESI Full ms=s [1

100
o5
20
85
s0
s
o
[=¥=1
so
55
50
as
<+
35
30
zs
=20
1=
10
[

Reltve Abundance

RT: 9.4949 ANV SB: 65 8.00-9.00 NL: S.O0E9
[@ 1= 18

OO0O00-1000.0000]
5461892

548 1907

o

Figure 12.

T T T T T T T T T
=Z00 400 SOO 200 1000
mJ/s=

High resolution, positive mode HESI MS spectrum of chalcone 1b-GSH-1 conjugate.
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Figure 13. High resolution, negative mode HESI MS spectrum of chalcone 1b -NAC-1 conjugate.

The progress curve of peak-1 of GSH-conjugate (GSH-1) of compounds 1a and 1b

plotted as a function of time shows a mild but constant increase in the AUC of the diastereomer

(Figure 14).

Change of Peak-1 chromatographic areas as a function
of time,GSH, pH 8.0/7.4
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Figure 14. Change in the chromatographic peak area of GSH-1 conjugate of chalcones 1a and 1b in the
chalcone—GSH incubations at pH 8.0/7.4.

The progress curves of diastereomeric NAC adducts (NAC-1 and NAC-2) formation as
a function of the integrated HPLC peak areas (AUCs) are shown in Figures 15 and 16. As
shown, the formation of the NAC-conjugates of 1a increased in the first 45 min and remained
the same over incubation. In the case of the NAC-conjugates of 1b, the kinetic product (NAC-
1) was rapidly formed in the first 15 min. After that, however, the NAC-1 isomer of 1b was
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trans-isomerized to the thermodynamic product (NAC-2), reaching the equilibrium

composition by the 105 min time point (Figures 15 and 16).

Change of Peak-1 chromatographic areas as a function of
time,NAC, pH 8.0/7.4
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Figure 15. Change in the chromatographic peak area of conjugate adduct-1 (NAC-1) of chalcones 1a
and 1b in the chalcone-NAC incubations at pH 8.0/7.4.
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Figure 16. Change in the chromatographic peak area of conjugate adduct-2 (NAC-2) of chalcones 1a
and 1b in the chalcone-NAC incubations at pH 8.0/7.4.

In addition to the data above, it is worth mentioning that during incubations with both
NAC and GSH, some minor new peaks with a slightly lower retention time to the chalcone
parent peak 1a and 1b (the unreacted ones) were formed. Our previous results suggest that these
peaks are the (Z) diastereomers of the parent (£)-chalcones. Since these peaks do not arise in

incubations performed without thiols, the formation of such peaks during the incubation can be
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considered as a result of a retro-Michael addition reaction, a non-light-initiated isomerization
of chalcones, and their analogs. To identify the structure of the expected (Z) diastereomers,
light-initiated isomerization of 1a and 1b was performed. The results were compared with the
non-light-initiated isomerization experiment. The formed compounds were identified as the
respective (£) isomers. Figures 17 and 18 demonstrate the chromatogram of light-initiated £/Z

isomerization of compounds 1a and 1b.
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Figure 17. HPLC-UV-Vis spectrum of (£)(tr 16.354 min) and (Z)(tr 16.128 min) isomeric mixture of
chalcone 1a.
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Figure 18. HPLC-UV-Vis spectrum of (E£)(tr 15.607 min) and (Z)(tr 15.855 min) isomeric mixture of
chalcone 1b.
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4.1.2. Reactions performed under pH 6.3/6.8 condition

Reactions under slightly acidic conditions mimic the cellular milieu of cancer cells since
their metabolism shifts to support their very costly rapid proliferation, migration, and survival
[82]. Most of the glucose is converted into pyruvate and, in turn, lactic acid, even in the presence
of oxygen, in contrast to the normal aerobic glucose metabolism, where pyruvate is further
oxidized to carbon dioxide and water [83]. Accumulating lactic acid causes the pH of cancer
cells to be slightly more acidic than normal cells [84]. Under these experimental conditions (pH
6.3/6.8), only about 0.9% of GSH and 0.2% of NAC molecules exist in the more reactive
thiolate form. The progress of the reactions under such conditions was more restricted than that
observed at pH 8.0/7.4. In the GSH incubations, the initial area of the parent compounds 1a and
1b was reduced to 9.4% and 21.4% by the end of the investigated period (Table 1). The
respective figures for the NAC incubations were 24.4% and 46.8% (Table 2).

Progress curves of the reactions (Figures 19 and 20) indicated that the percentage figures
represent compositions close to equilibrium. Similar to the results obtained under pH 8.0/7.4

conditions, the formation of a small amount of (Z) isomers was detected in the incubation

mixtures.
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Figure 19. Change in the chromatographic peak area of chalcones 1a and 1b in the chalcone GSH
incubations at pH 6.3/6.8.
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Change of chromatographic areas as a function of time,NAC,

pH 6.3/6.8
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Figure 20. Change in the chromatographic peak area of chalcones 1a and 1b in the chalcone-NAC
incubations at pH 6.3/6.8.

Progress curves of the formation of the chalcone-GSH and chalcone-NAC adducts

showed two parallel concave curves with finite limits (Figures 21-23).

The progress curve of the diastereomeric peak-1 of compounds 1a and 1b in reaction
with GSH shows a constant increase in the AUC (Figure 21). However, the AUC of the final
time point is smaller in the case of this pH in comparison to pH 8.0/7.4 by 4.9% and 15.8% for

compounds 1a and 1b, respectively.

Change of Peak-1 chromatographic areas as a function of
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Figure 21. Change in the chromatographic peak area of conjugate adduct-1 of chalcones 1a and 1b in
the chalcone—GSH incubations at pH 6.3/6.8.
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The NAC-1 and NAC-2 show similar behavior to the GSH-1 peak, where the AUC
increases to the last time point, indicating that the equilibrium state has not been reached. The
AUC of peaks-1 and 2 has been reduced by 20.4% and 27.2% in the case of 1a and 34.2% and
39.6% in the case of 1b. (Figures 22 and 23).
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Figure 22. Change in the chromatographic peak area of conjugate adduct-1 of chalcones 1a and 1b in
the chalcone-NAC incubations at pH 6.3/6.8.

Change of Peak-2 chromatographic areas as a function of
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Figure 23. Change in the chromatographic peak area of conjugate adduct-2 of chalcones 1a and 1b in
the chalcone-NAC incubations at pH 6.3/6.8.
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4.1.3. Reactions performed under pH 3.2/3.7 condition

Reactions under stronger acidic conditions proceeded to a much lower extent than those
under the above two conditions. It could be explained based on the stronger acidic conditions;
the thiol function of both GSH and NAC exists exclusively in protonated (neutral) form.
Although protonated thiols can act as nucleophilic reagents, their reactivity is much lower than

their deprotonated (negatively charged) counterparts [28,85].

Only a small amount of adducts were detected in each chalcone-GSH/NAC incubates
case. The chromatographic peak area values of the (Z) isomers were similar to those in the

respective incubates at pH 8.0/7.4 and 6.3/6.8 (Tables 1 and 2).

Progress curves of the reaction of chalcones with GSH showed a linear downhill shape
(Figure 24). A similar linear reduction in the chromatographic peak areas was also observed in

the NAC incubations (Figure 25).
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Figure 24 Change in the chromatographic peak area of chalcones 1a and 1b in the chalcone—-GSH
incubations at pH 3.2/3.7.
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Change of chromatographic areas as a function of
time,NAC, pH 3.2/3.7
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Figure 25. Change in the chromatographic peak area of chalcones 1a and 1b in the chalcone—-NAC
incubations at pH 3.2/3.7.

Over the incubation period, the chromatographic peak areas of the chalcone-GSH

(Figure 26) and chalcone-NAC diastereomers (Figures 27 and 28) continuously increased.

Change of Peak-1 chromatographic areas as a function of
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Figure 26 Change in the chromatographic peak area of conjugate adduct-1 of chalcones 1a and 1b in
the chalcone—GSH incubations at pH 3.2/3.7
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Change of Peak-1 chromatographic areas as a function of
time,NAC, pH 3.2/3.7
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Figure 27. Change in the chromatographic peak area of conjugate adduct-1 of chalcones 1a and 1b in
the chalcone—-NAC incubations at pH 3.2/3.7.
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Figure 28. Change in the chromatographic peak area of conjugate adduct-2 of chalcones 1a and 1b in
the chalcone-NAC incubations at pH 3.2/3.7.
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4.2. (E)-2-benzylidinebenzosuberones

4.2.1. Reactions under Slightly Basic (pH 8.0/7.4) Conditions

Initially, we investigated the reactions of 4a and 4b under basic conditions. Considering the
pKa values of GSH (8.83) and NAC (9.52), about 3.6% of the GSH and 0.75% of the NAC
molecules are under pH 7.4 conditions. The reaction with GSH (Figure 29) and NAC (Figure
30) showed that both cyclic chalcones have intrinsic reactivity with the investigated thiols. By
the end of the incubation period (315 min) with GSH, the initial area of the HPLC peak
corresponding to the parent compounds 4a and 4b was reduced by 43.5% and 26.3 %,
respectively (Table 4). While the compounds were incubated with NAC, the respective figures
were 7.9% and 7.6% (Table 5). Changes in the chromatographic peak areas of the starting
chalcones as a function of the incubation time indicated that the compositions reflect the

equilibrium only in the case of the NAC incubation (Figures 29 and 30).

Change of chromatographic areas as a function of time,
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Figure 29. Change in the chromatographic peak area of chalcones 4a and 4b in the chalcone-GSH
incubations at pH 8.0/7.4.
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Change of chromatographic areas as a function of
time, NAC, pH 8.0/7.4
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Figure 30. Change in the chromatographic peak area of chalcones 4a and 4b in the chalcone-NAC
incubations at pH 8.0/7.4.

Table 4. Retention times (tr)' and integrated peak areas (A) of the investigated cyclic chalcone
analogs (4a and 4b) and their GSH adducts?.

pH Compound tr Area tr Area tr Area tr Area

3 (E)- Ratio * (2)- (2)- GSH- GSH- GSH GSH-2

Chalcon Az /A9 Chalcon Chalcon 1 1 -2
e e e

3.2 4a 17.1 0.89 16.8 55.1 14.8° 749 152° 1115
3.2 4b 16.6 0.95 16.3 136.1 N/D? - N/D° -
6.3 4a 17.0 0.84 16.7 446.6 146 2972 15.1 3318
6.3 4b 16.9 0.91 16.7 513.4 142 2336 148 2564
8.0 4a 17.4 0.57 17.1 302.8 150 2847.0 154 32163
8.0 4b 16.8 0.74 16.5 412.0 13.9 25849 14.6 2785.0

'Retention times in minutes;  data refer to the average of two independent measurements at the 315 min
time point; * pH value of the aqueous thiol solution; *ratios of peak areas measured at 0 and 315 min; °
not detectable.

Table 5. Retention times (tr)' and integrated peak areas (A) of the investigated cyclic chalcone
analogs (4a and 4b) and their NAC adducts’.

pH Compound tr Area tr Area R Area tr Area
3 (E)- Ratio * (2)- (2)- NAC- NAC- NAC- NAC-
Chalcone Az /A9 Chalcone Chalcone 1 1 2 2
3.2 4a 17.1 0.76 16.8 124.1 N/D? - N/D? -
3.2 4b 16.6 0.88 16.3 126.9 N/D? - N/D? -
6.3 4a 17.5 0.93 17.2 118.9 16.3 60.0 16.5 513.9
6.3 4b 16.7 0.91 16.4 184.5 153 61.8 156  392.1
8.0 4a 17.5 0.92 17.2 467.5 16.3 4777 16,5 9134
8.0 4b 17.0 0.92 16.8 541.9 157 3475 159 6242
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'Retention times in minutes;  data refer to the average of two independent measurements at the 315 min
time point; > pH value of the aqueous thiol solution; *ratios of peak areas measured at 0 and 315 min; °
not detectable.

As a result of the addition reactions, two new chiral centers are formed. Considering the
inherent chirality of the two thiols, the formation of four diastereomeric adducts was expected.
However, only two separate peaks could be detected under the present chromatographic
conditions. The analysis showed a slight excess of the less polar diastereomers in both cases.
The structure of the parent chalcones (Figures 31 and 32) and their GSH and NAC conjugates
were verified by HPLC-MS (Figures 33-36).
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Figure 31. High-resolution, positive-mode HESI MS spectrum of chalcone 4a.



4d #1929 RT: 8.60 AV: 1 SB: 113 7.00-8.00 NL: 2.31E9
T: FTMS + ¢ ESI| Full ms [70.0000-700.0000]

100 279.1380

a5
20
85
80
75
70
65
60
55
50
a5
40

Relative Abundance

35
30
25
20
15
10

5

o ———T T T —T—t T T T7 T T

T
100 150 200 250 300

Figure 32. High-resolution, positive-mode HESI MS spectrum of chalcone 4b.
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Figure 33. High-resolution, positive-mode HESI MS spectrum of chalcone 4a—GSH conjugate.
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Figure 34. High-resolution, negative-mode HESI MS spectrum of chalcone 4a—NAC conjugate.
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Figure 35. High-resolution, positive-mode HESI MS spectrum of chalcone 4b—GSH conjugate.
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Figure 36. High-resolution, negative-mode HESI MS spectrum of chalcone 4b—NAC conjugate.

The time course of increase of the two separated peaks, GSH-1 and GSH-2, and NAC-
1 and NAC-2 showed some characteristic differences. In the case of the GSH adducts of 4a and
4b, the peak areas almost linearly increased over time. The progress curves of formation of the
adducts, however, showed somewhat different slopes, especially from the 105-minute time
point (Figures 37 and 38). In the case of the NAC-adducts, the progress curves deviate from
linearity. The curvatures of the concave curves differ from the 75-minute time point (Figures
39 and 40). By the end of the incubation period (315 min), the ratio of the two peaks of the
GSH incubations remained close to unity (1.13 and 1.08 for 4a and 4b, respectively). In the
case of the NAC incubations, the respective ratios were 1.91 and 1.80 (Tables 4 and 5). The
formation of (Z)-chalcones could be detected in all four incubations. In the case of the NAC
incubations, the area of the (Z)-peaks is comparable with those of the chalcone-NAC adducts
(Tables 4 and 5).
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Change of Peak-1 chromatographic areas as a function of
time,GSH, pH 8.0/7.4
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Figure 37. Change in the chromatographic peak area of conjugate adduct-1 of 4a and 4b in the chalcone-
GSH incubations at pH 8.0/7.4.
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Figure 38. Change in the chromatographic peak area of conjugate adduct-2 of 4a and 4b in the chalcone-
GSH incubations at pH 8.0/7.4.
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Change of Peak-1 chromatographic areas as a function of
time,NAC, pH 8.0/7.4
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Figure 39. Change in the chromatographic peak area of conjugate adduct - of 4a and 4b in the chalcone-
NAC incubations at pH 8.0/7.4.
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Figure 40. Change in the chromatographic peak area of conjugate adduct-2 of 4a and 4b in the chalcone-
NAC incubations at pH 8.0/7.4.

4.2.2. Reaction under Slightly Acidic (pH 6.3/6.8) Conditions

As mentioned previously, the reaction of the cyclic chalcones with the two thiols under
slightly acidic conditions (virtual pH 6.8) mimics the cellular milieu of the cancer cell [84].
Under such conditions, about 0.9% of the GSH molecules and 0.2% of the NAC molecules
exist in the more reactive thiolate form. The change in the concentration (chromatographic peak

areas) of the starting chalcones 4a and 4b show parallelism in both reactions (Figures 41 and



46

42). By the end of the incubation period (315 min) with GSH, the initial area of the HPLC peak
of 4a and 4b was reduced by 16.1% and 9.1%, respectively. While the compounds were
incubated with NAC, the respective figures were 8.9% and 7.1%. These latter figures are very

close to those obtained under slightly basic conditions (Tables 4 and 5).
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Figure 41. Change in the chromatographic peak area of chalcones 4a and 4b in the chalcone—-GSH
incubations at pH 6.3/6.8.

Change of chromatographic areas as a function of time, NAC,
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Figure 42. Change in the chromatographic peak area of chalcones 4a and 4b in the chalcone-NAC
incubations at pH 6.3/6.8.
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In the GSH incubations, the separated HPLC peak areas of the 4a-GSH and 4b-GSH
diastereomers increased closely parallel over time (Figures 43 and 44).

Change of Peak-1 chromatographic areas as a function of
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Figure 43. Change in the chromatographic peak area of conjugate adduct-1 of chalcones 4a and 4b in
the chalcone—GSH incubations at pH 6.3/6.8.
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time,GSH, pH 6.3/6.8
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Figure 44. Change in the chromatographic peak area of conjugate adduct-2 of chalcones 4a and 4b in
the chalcone—GSH incubations at pH 6.3/6.8.

At the end of the incubation period, the ratio of the area of two separated peaks of the
chalcone-GSH adducts is close to unity (1.12 and 1.10 for 4a and 4b, respectively) (Table 4).
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A similar tendency could be observed for the NAC-2 peak (peak with the higher
retention time) area of 4a and 4b (Figure 46). At the same time, the chromatographic peak area
of the NAC-1 peak of 4b remained practically unchanged, but that of 4a slightly increased
(Figure 45).
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Figure 45. Change in the chromatographic peak area of conjugate adduct-1 of chalcones 4a and 4b in
the chalcone-NAC incubations at pH 6.3/6.8.
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Figure 46. Change in the chromatographic peak area of conjugate adduct-2 of chalcones 4a and 4b in
the chalcone—-NAC incubations at pH 6.3/6.8.
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As aresult, the ratio of the NAC-2/NAC-1 areas at the 315 min time point was 8.57 and
6.34 for 4a and 4b, respectively (Table 6). In all four incubations, the peak areas of the (Z)-
chalcones are comparable to those of the formed adducts (Table 6). Since the only source of the
(2) isomers under the experimental conditions is the retro-Michael reactions, it is reasonable to
presume that the observed diastereomeric distributions do not reflect the results of the kinetics-
controlled reactions.

Table 6. HPLC-UV areas of the (Z) isomers and the diastereomeric NAC-1 and NAC-2 peaks in the
NAC-incubation of 4a and 4b under slightly acidic (pH 6.3/6.7) conditions.

Compound Time Area Area Area Ratio
(minute) Z- NAC-1 NAC-2 Area
Chalcone NAC-2/NAC-1
4a 75 91.8 353 224.1 6.3
165 107.2 52.7 349.7 6.6
255 114.9 56.8 448.3 7.9
315 118.9 60.0 513.9 8.6
4b 75 136.5 54.0 148.9 2.8
165 159.4 59.5 249.3 4.2
255 175.3 58.4 333.2 5.7
315 184.5 61.8 392.1 6.3

4.2.3. Reaction under Acidic (pH 3.2/3.8) Conditions

Under stronger acidic conditions, the thiol function of both GSH and NAC exists
exclusively in protonated (neutral) form. Although the protonated thiols can act as nucleophilic
reagents, their reactivity is much lower than their deprotonated (negatively charged)

counterparts [28,85].

In the chalcone-GSH incubations, progress curves of the reactions (reduction of the
initial area of the chalcones) showed a very slight downhill linear shape (Figure 47). At the end
of the incubations, the initial values of the peak areas of 4a and 4b were reduced by 10.6% and
5.3%, respectively. At the same time, a linear increase in the peak area of the 4a-GSH adducts
"(peaks 1 and 2) could be observed in parallel (Figures 48 and 49). The peaks corresponding to
the respective 4b-GSH adducts could not be detected. The ratio of the 4a-GSH isomeric peaks
(315 min time point) was 1.48. The areas of the respective (Z) isomers were much lower than

in the pH 8.0 and pH 6.3 incubations (Table 6).
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Change of chromatographic areas as a function of time, GSH,

pH 3.2/3.7

22500.0

22000.0
- M
E 21500.0
— 21000.0
3
& 20500.0

200000 o —w o2 . o o o o o

19500.0

0 50 100 150 200 250 300
Time (min)

—e—4b —e—14a

Figure 47. Change in the chromatographic peak area of chalcones 4a and 4b in the chalcone—-GSH
incubations at pH 3.2/3.7.
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Figure 48. Change in the chromatographic peak area of conjugate adduct-1 of chalcones 4a in the
chalcone—GSH incubations at pH 3.2/3.7.
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Change of Peak-2 chromatographic areas as a function of
time,GSH, pH 3.2/3.7
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Figure 49. Change in the chromatographic peak area of conjugate adduct-2 of chalcones 4a in the
chalcone—GSH incubations at pH 3.2/3.7.

In the chalcone-NAC incubations, the reduction of the initial area of the chalcones
showed a very slight downhill linear shape with somewhat different slopes (Figure 50). The
initial peak area of 4a and 4b was reduced by 23.7% and 12.1% by the 315 min time point
(Table 6). However, no 4-NAC peaks could be identified. HPLV-UV analysis of the incubates
showed the formation of several small peaks, more polar than the parent 4a and 4b. HPLC-MS
investigations indicated the expected adduct formation, but it was impossible to identify them
in the HPLC-UV chromatograms (Figures 51 and 52). In both incubations, the formation of the
(2) isomers could be seen (Table 6).
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Figure 50. Change in the chromatographic peak area of chalcones 4a and 4b in the chalcone—-NAC
incubations at pH 3.2/3.7.
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Figure 51. HPLC-UV chromatogram of pH 3.2/3.7 incubation (315 min time point) of chalcone 4a and
NAC.
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Figure 52 HPLC-UV chromatogram of pH 3.2/3.7 incubation (315 min time point) of chalcone 4b and
NAC.

4.2.4. Molecular modeling analysis

Table 7 shows the calculated values for molecular properties of 4a, 4b, methanethiol
(CH3SH), and deprotonated methanethiol [CH3S"]. The highest occupied molecular orbital

energy (Enomo) reflects the ability of a molecule to donate electrons, the lowest unoccupied
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molecular orbital energy (ELumo) demonstrates the ability to accept electrons (see Figure 53),

and the gap energies (AELumo-Homo) are related with the chemical stability of molecules.

Table 7. Reactivity indices were obtained for 1¢, 4c, CH3SH, and CH3S™ at the M06-2X/6-311++G(d,p)

level of theory.
Descriptors 1c CH:SH CH:S-
kcal.mol!  kcal.mol!  kcal.mol!  kcal.mol!
Enomo -183.24 -180.38 -183.240 -173.453
Erumo -35.98 -28.44 -2.979 77.998
AEnoMo-LuMO 147.27 151.94 180.261 251.451
Chemical potential (p) -109.608 -104.405 -93.109 -47.728
Chemical hardness (1) 147.264 151.930 180.261 251.451
Electrophilicity index (w) 40.791 35.873 24.047 4.530
ITa

Epoue= -183.242 Keal.mol”

CHSH

<

ELUM(): -2.979 Kcal.mol'w

E o= -183.240 Keal. mol”
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-
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Eyone= -173.453 Keal.mol”

Figure 53 HOMO and LUMO plots for 1¢, 4¢, CH3SH, and CH3S" calculated at the M06-2X/6-

311++G(d,p) level of theory.
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The chemical potential, chemical hardness, and electrophilicity are defined as (u = (g—z) ),

2
m= (ZNZ) ), and (w = —) respectively. 17 indicates the resistance of the molecule to alter

its electronic density distribution and is higher for 4¢. On the other hand, u indicates the change
in free energy when electrons are added or removed from the molecule. At the same time, w is
a measure of a molecule's tendency to act as an electrophile. The value of w increased for 1c,

and pu decreased when compared to 4c.

Figure 54 shows the isosurfaces of the Fukui function (obtained from electron density) for the
molecules 1¢, 4¢, and CH3SH, with focus on atoms that can undergo nucleophilic attack (f* =
[0p(r)/ON]; v(r)»)- The positive and negative regions of the Fukui function are represented by

the green and blue isosurfaces, respectively.
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Figure 54 Isosurfaces of the Fukui f TFunction, calculated at a proper value of 0.08 for the molecules
1c, 4c, CH3SH, and CH3S".

In order to depict the distribution of electric charge on the molecular surface, a molecular
electrostatic potential (MEP) map was generated (Figure 55). The red spots on the MEP surface
represent the electron-rich sites and are susceptible to electrophilic attack. In contrast, the blue
spots represent the electron-depleted regions and are sites susceptible to nucleophilic attack.

For CH3S, the MEP is reddish due to the —1 negative charge resulting from deprotonation.



55

la IIa
- —
s W, ¢ 5 @
o _o_b o e L
Tl SN NN
J'f‘r‘\Jh ?J‘?‘JJtJ
-36.678 Keal.mol' | D D :6.678 Kcal.mol”
CH,SH CH,S
™
2,
-36.678 Kcal.mol' B M 36.678 Keal.mol -183.240 Keal.mol'B M -183.240 Keal.mol”

Figure 55 MEP surface contour of the total SCF electronic density for molecules 1c, 4¢c, CH3SH, and
CH3;S" at the M06-2X/6-311++G(d,p) level of theory.

The kou rate constants were calculated for chalcone compounds, and the results indicate that
the compounds with the highest kon values point to greater reactivity. The order of reactivity
potential was observed as CH3SH (9.15x10° M ! s71) 1¢ (9.01x10° M s71) > 4¢ (7.85x109
M-1s—1)> CH3S (5.48x10° M 1),

4.2.5. Microsomal incubation

Microsomal incubation of 4b was performed using alamethicin-activated rat liver
microsomes. Alamethicin is a peptide antibiotic that forms voltage-dependent channels in the
lipid bilayers by oligomerizing various alamethicin molecules [86] . In the first three minutes
of the experiments, 4b were incubated with rat liver microsomes in the presence of alamethicin.
Since the parent compound has no hydroxyl substituent, only the oxidation and reduction
reactions were expected over this period. Then, GSH was added to the mixtures. From then on,
reaction with GSH of the parent compound and its possible oxidative metabolites could also

occur. These latter derivatives could be formed in spontaneous or GST-catalyzed reactions.

HPLC-MS investigation of the control incubates (without adding microsomes) indicated
the formation of the expected 4b-GSH adducts (Table 8). Under the present chromatographic
conditions, similar to the previous results, two separated chalcone-GSH peaks appeared in the
chromatograms (Figure 56 lower panel). The structure of the 4b-GSH-adducts (4b-GSH-1 and
4b-GSH-2) was verified by positive mode HR-MS
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Besides the GSH conjugates, formation of the respected (£)-isomer of the parent (E)-4b
was observed (Figure 56 upper panel). Since the reaction mixtures were kept in the dark, the
formation of the (Z)-4b can only be explained due to the retro-Michael reaction of the formed
adducts [85]. The structure of the (E)-4b and (Z)-4b was verified based on the positive mode
HR-MS of the isomeric mixture obtained by light isomerization of the pure (E)-4b.
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Figure 56. High resolution, positive mode HESI MS chromatogram of (E)-2-[(4-
methoxyphenyl)methylene]-1-benzosuberone (4b) control incubate (90-minute sample). Upper panel: t;
13.36 min: (Z)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone; t. 13.83 min: (F)-2-[(4-meth
oxyphenyl)methylene]-1-benzosuberone. Lower panel: 4b-GSH-1: t; 10.49 min.; 4b-GSH-2: t. 10.94
min.

The sum of the AUC of the two diastereomeric 4b-GSH peaks was higher at each time
point than in the respective control incubate. Although the ionization response factors of the
four diastereomers are not known, the significant differences between the AUCs measured in
the control and the microsomal incubates strongly support that the alamethicin-activated

microsomes accelerate the chalcone-GSH conjugation reaction (Table 8).
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Table 8. HPLC-MS peak areas (AUCs) of the 4b, the 4b-GSH isomeric peaks, and that of the oxidative
metabolites of 4b as a function of incubation time.

Compound R Control Control Microsome Microsome
(min) 0 min 90 min 0 min 90 min
(E)-4b 13.8 4,093,677,464  2,215,039,743 8,297,984,438  3,815,982,269
(Z2)-4b 13.32 495,826,994 299,494,818 856,426,548 550,348,953
4b-GSH-1 10.47 1,466,946 18,724,489 2,210,842 50,714,479
4b-GSH-2 10.86 2,493,046 12,017,553 4,293,434 61,264,226
Nor-4b 12.25 N/D N/D 7,206,428 81,441,916
4b+0 11.93 N/D N/D 11,740,789 44,057,081
] O
7 7
OCHj OH
(O]
4b+0O nor-4b

Figure 57 Structures of the products formed in the microsomal oxidation of 4b.

In the analysis of the total ion MS spectrum of microsomal incubates, two products were
found whose formation can be explained by CYP-catalyzed reactions: an oxygenated 4b
(4b+0) and the demethylated derivative (nor-4b). The AUC of both peaks increased over the
incubation time (Table 8). The exact structure of the formed oxygenated metabolite needs
further investigation. Lack of formation of a GSH-adduct of the possible epoxide metabolite;
however, it is reasonable to suppose that the formed oxygenated metabolite is a hydroxyl
derivative of 4b. The demethylation reaction of 4b resulted in the respective 4’-OH derivative
(Figure 57). HPLC-MS analysis did not indicate the presence of a signal of the corresponding

alcohol.
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5. Discussion

Michael-type thiol reactivity of chalcones and related compounds is frequently associated
with biological activities [7,22,28,85,87-90]. In contrast, several examples demonstrate that
non-covalent interactions of chalcones with cellular macromolecules can play an important role
in the biological effects of the compounds [11]. In a QSAR study, Katsori et al. found the clogP
parameter to play an important part in the QSAR relationships. The authors found that the
electronic effects are comparatively unimportant in the anticancer effect of the investigated
chalcones [61]. However, the open-chain 1a and 1b possess weaker cytotoxicity than the cyclic
4a and 4b analogs. Furthermore, cytotoxicity and cell cycle modulating effects of 4a and 4b

showed characteristic differences.

Investigation of the spontaneous reactivity of chalcones 1a, 1b and their seven-membered
cyclic analogs 4a, 4b demonstrated that both GSH and NAC react with the investigated
chalcones under acidic (pH 3.2/3.7, pH 6.3/6.8) and basic (pH 8.0/7.4) conditions. However,
the rate of the initial reactions and the composition of the equilibriums was affected by the

nature of the reactants and the pH of the incubation mixtures.

Analysis of the effect of the 4-substituents under basic (pH 8.0/7.4) or slightly acidic (pH
6.3/6.8) conditions showed the 4-methyl substituted 1a and 4a to display the higher initial
reactivity. 1>°C NMR shifts — indicating the electron density around the particular nuclei — of the
Cio atom of 1a (144.9 ppm), 1b (144.6 ppm), 4a (138.0 ppm), and 4b (137.7 ppm) were reported
to be very similar [91]. The observed difference in the reactivity of the chalcones with different
substituents can be explained by the stability of the thiol-adducts. An early work of Humphlett
et al. demonstrated that the activity of the a-hydrogen atom of the chalcone adduct, the
resonance stabilization of the enone formed by cleavage, and the anionic stability of the thiolate
ion are the determining factors of the reverse process. The authors found the a-keto and the -
phenyl substitutions as determining factors in the effective reverse reactions [92]. Since the 4-
methoxy substitution can more effectively increase the electron density on the carbon-carbon
double bond, and the formed chalcone is resonance-stabilized, the elimination process is more
effective in the case of 1b (4b) than 1a (4a). The observation further strengthens the previously
suggested view that the different reactivities can be (at least partly) the result of the different
stability of the thiol adducts [93,94]. Similar conclusions were withdrawn by d’Oliveira et al.

while investigating a few chalcones and their rigid quinolone analogs [93].
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The results obtained in the pH 6.3/6.7 incubations are similar to those of the pH 8.0/7.4
(Tables 4 and 5). Under such conditions, the composition of both incubations represents
equilibrium mixtures. Under both conditions, the conversion of 4a is somewhat higher in the

case of both thiols.

The ratio of the area of the two separated peaks in the GSH incubates (315 min time point)
was close to the unity for 4a and 4b under both pH (pH 8.0/7.4 and 6.3/6.8) conditions (Table
4). On the contrary, HPLC analysis of the reactions of 1a and 1b with NAC showed different
(1.8-8.57 times) excess of the least polar diastercomer (Table 5). The observed
diastereoselectivity was affected by the nature of the 4-substituents and the pH. Thus, the
methyl-substituted 4a showed higher diastereoselectivity at both pH values.
Diastereoselectivity was increased as the pH was reduced (Table 5). It is worth mentioning,
however, that the observed diastereoselectivities do not reflect the diastereoselectivity of the

addition reactions (retro-Michael reactions).

Under the acid conditions (pH 3.2/3.8), the formation of the respective conjugates is
exclusively due to the nucleophilic addition of the protonated thiol forms onto the polarized
carbon-carbon double bounds. A comparison of the respective compositions of the GSH
incubates showed that the derivatives with the same substituent possess similar GSH reactivities
(Table 4). However, different results were obtained in the case of the reactions with NAC. The
315-minute percent conversion was found to be higher for 4a (23.7%) and 4b (12.1%) than
those of the corresponding open-chain chalcones 1a and 1b (10.9% and 1.5%, respectively)
(Table 8). However, no 4-NAC adducts could be identified in the HPLC-UV chromatograms.
Instead, several small, unidentified peaks appeared (Figures 49 and 50). HPLC-MS analysis

could identify the expected conjugates.

Concerning the effect of the cyclic structure, incorporation of the seven-membered ring
into the chalcone moiety reduced the spontaneous thiol-reactivity (Table 9). Since the nature of
thiols and the aromatic substituents are the same, the ring structure can explain the observed
differences in reactivities of the two series. Amslinger et al. investigated the thiol reactivity of
chalcones with various substituents in their a-position. The kinetics of thiol reactivities of the
derivatives were correlated with some of their biological effects directly connected to their
Michael acceptor ability [15,87]. For example, o-methyl substitution of 2'3,4,4’-
tetramethoxychalcone (TMC) decreased, the a-cyano substitution substantially increased the

thiol reactivity of the nonsubstituted TMC [88]. Based on these earlier observations, it is
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reasonable to suppose that the reduced reactivity of the benzosuberone derivatives 4a and 4b is
the consequence of added effects of the a-alkyl substitution and the conformational strain
caused by the cyclic structure of the starting enone and the reaction intermediate. Further

research is needed to characterize the electronic and stereochemical effects of ring numerically.

Table 9. Percent reduction of initial chalcone HPLC-UV peaks in the 315-minute GSH and NAC
incubation mixtures of the series 1 and 4. *Calculated based on data published in [77].

Compound  pH Reagent Reduction of initial Reagent  Reduction of initial
thiol peak area (t=315 thiol peak area (t=315

min) (%) min) (%)
la 8.0/7.4 GSH 96.3* NAC 94 .8*
4a 8.0/7.4 GSH 43.5 NAC 7.6
1b 8.0/7.4 GSH 92.1%* NAC 90.2*
4b 8.0/7.4 GSH 26.3 NAC 7.9
la 6.3/6.7 GSH 90.6* NAC 75.6*
4a 6.3/6.7 GSH 16.1 NAC 7.1
1b 6.3/6.7 GSH 78.3% NAC 53.3*
4b 6.3/6.7 GSH 9.1 NAC 9.0
la 3.2/3.7 GSH 19.3* NAC 10.9*
4a 3.2/3.7 GSH 10.6 NAC 23.7
1b 3.2/3.7 GSH 4.2% NAC 1.5%
4b 3.2/3.7 GSH 5.3 NAC 12.1

As a result of the addition reaction of the open-chain compound 1a and 1b, formation
of two diastereomeric adducts are possible. While the chromatographic conditions could not
separate the GSH-adducts, both diastereomers were detected during the NAC reaction. In these
reactions, diastereoselectivity was observed; the less polar diastereomer was 1.7-1.2 times more
favored than the other adduct (Table 2). The selectivity was inversely proportional to the pH

and varied with the substituents.

The above findings provide further evidence to support the formation of a six-membered
cyclic intermediate stabilized by hydrogen bonds as an intermediate compound during the
reaction of chalcones with protonated thiols. This notion was previously proposed in the
reaction of GSH with 4'-hydroxychalcone bis-Mannich derivatives [95]. As per our earlier

explanation, the Re-side of the planar enone group is attacked by the protonated thiol, forming
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a six-membered intermediate where the bulky aryl ring occupies a pseudoequatorial position.

(Figure 55).
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Figure 58 Possible enolate intermediate of the addition of protonated thiols onto chalcones[94].

As aresult of the addition reactions to the cyclic chalcones 4a and 4b, formation of four
diastereomeric adducts is possible. Because of the inherent chirality of GSH and NAC, two cis

adducts and two frans adducts are expected to be formed (Figure 56).
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Figure 59 Structure and stereochemistry of the 4b-GSH adducts.

Earlier, Armstrong et al. reported on the stereochemistry of the GSTM 4-4-catalyzed
reaction of GSH and the open-chain chalcone analog (£)-(4’-X-phenyl)-3-butene-2-ones
(PBO). In the reactions, a higher amount of the more polar adducts were formed [46]. Based on

the results of HPLC separation of the diastereomeric pairs of the PBO-GSH [96] and the 4-
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GSH [94] adducts, we can presume that the two separated peaks formed in the present reactions

correspond to the diastereomeric cis and trans adducts.

The retro-thia-Michael reactions can result in formation of the respective (Z)-isomers as
well. Therefore, to obtain authentic reference (Z) isomers, the stereochemically homogeneous
(E) isomers of 1 and 2 were submitted to light-initiated isomerization, as it was published before
[64]. As a result, HPLC-MS data agreed with the respective (Z) isomers. Since all experiments
were performed in the dark, the retro thia-Michael reaction could be the only source of the

(EY(Z) isomerization.

In the case of 4a and 4b reactions with both thiols relatively high amount of (Z)-isomer
was detected, and the disappearance of starting compounds was witnessed in the progression
curve of the incubations due to the net change of reversible reaction under both slightly basic
and slightly acidic conditions. However, detected HPLC peak areas of the (Z)-isomer in the
case of 1a and 1b were significantly small (<100mAU at 315 min) [94].

To obtain physicochemical properties insights into different reactivities of chalcones (1)
[94] and their seven-membered cyclic analogs (4), HOMO and LUMO molecular orbital energy
and some electrophilic reactivity parameters of 1c, 4¢, - and as model thiols — CH3SH and
CH3S™ were calculated (Table 6). According to the Hard and Soft, Acids and Bases (HSAB)
theory [97], nucleophilic-electrophilic reactions occur preferably between electrophiles and
nucleophiles of similar hardness or softness. In the case of the o,B-unsaturated ketones, the
carbonyl oxygen atom withdraws electrons from the C>=Cjo bond — generating an electron
deficiency at Cio — the most likely site to receive nucleophilic attacks. In methanethiol, the
nucleophilic attacks can occur at the sulfur atom. In compounds 1¢ and 4c¢, the carbonyl O has
a high negative charge density, indicating its Lewis base behavior. On the other hand, regions
of lower charge density, which appear in blue, indicate the Lewis acid behavior of the

molecules.

The LUMO energy showed that 1c (-35.98 kcal/mol) is more acidic than 4c¢ (-28.44
kcal/mol. The LUMO energy of CH3SH is (-2.979 kcal/mol), which increases to (77.99
kcal/mol) in its deprotonated form (CH3S"). These characters are also reflected by all the other
determined parameters (Table 7). Therefore, molecular orbital calculations provided data to
support the experimental findings. The equilibrium (close-to-equilibrium) compositions of 1a

and 1b show a higher product ratio than the cyclic chalcone analog 4a and 4b.
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During the microsomal incubations, the 4b-GSH proceeded to form in confirmation of
our in vitro incubations. Furthermore, the analysis of the microsomal incubates confirmed the
presence of 4b-GSH adducts. The sum of the conjugates at each sampling time point was
significantly larger than those of the control incubate; one may conclude that the alamethicin-
activated microsome accelerated the chalcone-GSH conjugation as previously concluded
regarding other microsomal enzymes [98,99]. Since compound 4b is relatively lipophilic [ 100],
it could be the substrate of both the microsomal glutathione transferases (MGSTs) [53—56] and
the so-called microsome-associated GST enzymes. These latter GST forms are associated with
the outer microsomal membranes, and their characteristics resemble those of the cytosolic GSTs

[101].

In the analysis of the total ion MS spectrum of microsomal incubates, two products were
found whose formation can be explained by CYP-catalyzed reactions: an oxygenated 4b
(4b+0) and the demethylated derivative (nmor-4b) (Figure 57). The AUC of both peaks
increased over the incubation time (Table 8). The exact structure of the formed oxygenated
metabolite needs further investigation. Lack of formation of a GSH-adduct of the possible
epoxide metabolite; however, it is reasonable to suppose that the formed oxygenated metabolite
is a hydroxyl derivative of 4b. The demethylation reaction of 4b resulted in the respective 4’-

OH derivative (Figure 57).

Earlier studies on the 4’-OH-metabolite (nor-4b) showed the compound to have a
pronounced effect on the modulation of mitochondrial respiratory functions. Phosphorylation
inhibitory effect and/or partial uncoupling of the compound resulted in stimulation of
mitochondrial activity and increased formation of ROS [102]. Formation of a high amount of
(Z)-isomer in the microsomal incubation might be a contributing molecular event in the
observed biological effects of the compound. Furthermore, the GSH-reactivity of 4b can also

take part in the previously reported apoptotic effect of the compound.

6. Conclusion

Both chalcones 1a, 1b and their seven-membered cyclic analogs (4a, 4b) showed intrinsic
reactivity towards GSH and NAC under physiological (pH 7.4) conditions. The reactivity of
the open-chain chalcones was higher than that of the cyclic ones. Furthermore, the reactivity of
the compounds is also affected by the aromatic substituent found in position 4 of the
benzylidene moiety. These observations serve as a basis for planning and synthesizing other

chalcone/cyclic chalcone derivatives with optimized thiol-reactivity.



64

Microsomal biotransformation of 4b showed the compound to be metabolized by the CYP
and the GST enzymes. As a result of CYP-catalyzed transformations, one monooxygenated
(4b+0) and the demethylated (nor-4b) metabolites were identified. In addition, a noticeable
amount of (Z)-4b was also identified in the incubates. Since the (Z)-isomer of the parent
compound has a different three-dimensional structure, degree of conjugation, and lipophilicity
[64], the formation of this isomer might be a molecular event that plays a role in the observed

biological effects of the compound.

Furthermore, the GSH-reactivity of 4b can affect the compound's bioavailability. Such
reactions also take part in the previously reported apoptotic effect of this class of compounds.
It should be mentioned, however, that while the thiol reactivity of 4a and 4b is comparable,
there is a two-order of magnitude difference in the cytotoxicity against most of the investigated

cancer cell lines.

The anticancer potential of chalcones is correlated with their ability to act on various
molecular targets such as ABCG2, tubulin, activated nuclear B cell growth (NF-xB), vascular
endothelial growth factor (VEGF), tyrosine kinase receptor (EGFR), mesenchymal-epithelial
transition factor (MET), 5-a reductase, ACP-reductase, histone deacetylase, p53, CDC25B
(protein tyrosine phosphatase), retinoic acid receptors, estrogenic topoisomerase receptors and
MDM?2 [89]. Considering the present and our previous results [4,5,60], it is reasonable to
suppose that the molecular basis of the different biological effects of 4a and 4b is related to the

non-covalent interactions of the compounds [12].
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INTRODUCTION

Non-endogenous substances (xenobiotics) that enter living organisms can
undergo chemical transformations (biotransformation). As a result, new chemical
entities are formed in different organs, tissues and cell compartments of the bodies.
The history of such research is dated back to 1841, when Alexander Ure reported
on conversion of benzoic acid to hippuric acid in the body [1]. The chemistry of the
transformation was later confirmed by Wilheim Keller [2]. Since then several
different biotransformation pathways of xenobiotics have been identified. They are
principally divided into Phase | and Phase Il transformations, after Richard Tecwyn
Williams [3,4]. In Phase I reactions, the parent compounds are structurally modified
mainly by oxidation, reduction and hydrolysis. The most common functional
groups exposed or introduced in the Phase I reactions are the hydroxyl (-OH),
amino (-NH-), and the carboxyl (-COOH) groups. Phase Il reactions include
conjugation of the parent compounds or their transformed derivatives with
glucuronic acid, sulfate, glycine or glutathione, among others. Acetylation and
methylation are also examples of Phase Il transformations [5].

Formation of N-acetylcysteine conjugates of halogen-substituted benzene
derivatives was discovered in 1879 [6-8]. However, the complete metabolic
sequence leading to formation of N-acetylcysteine conjugates (mercapturic acids)
remained unknown for over 80 years. The first publication demonstrating link
between reaction of halogen substituted benzenes with glutathione and mercapturic
acid formation of the studied aromatics was described by a team lead by Sibyl
James and H. G. Bray [9-11]. In 1961, Booth et al. described the direct enzymatic
formation of glutathione conjugates in the cytosol of liver and other organs [12].
This observation lead to the work of Chasseaud and Boyland demonstrating the
existence of distinct classes of glutathione transferases [13].

Glutathione transferases (GSTs) (EC 2.5.1.18) are represented by a
superfamily of isoenzymes catalyzing conjugation of glutathione (GSH; y-Glu-Cys-
Gly) with a wide range of nonpolar compounds of exogenous and endogenous
origin containing electrophilic atoms of carbon, sulfur, nitrogen, or phosphorous,
which assists in defense of the cell against possible toxic action of these
compounds. In addition to conjugation reactions, a number of GST isoforms can
catalyze GSH-dependent reduction of organic hydroperoxides and isomerization of
various unsaturated compounds [13]. These enzymes also have some non-catalytic
functions that relate to the sequestering of carcinogens, intracellular transport of a
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wide spectrum of hydrophobic ligands, and modulation of signal transduction
pathways [14]

GSTs are found in all major eukaryotic taxa including fungi, plant and
animals. In any given organism multiple GST isoforms are expressed. In mammals,
GST is present in virtually all organs and tissues, but the highest enzyme activity is
found in the liver. Mammalian GST superfamily includes three subfamilies of
isoenzymes: the cytosolic GST, the mitochondrial GST, and the microsomal
MAPEG [15].

The cytosolic GSTs are the most numerous and most extensively studied.
Historically, these enzymes have been first identified in mammalian tissues [13].
Mammalian cytosolic GSTs are dimeric proteins, which -based on the amino acid
sequence homology- are grouped into seven classes, designated Alpha (a), Mu (u),
Pi (m), Sigma (o) Theta (0), Zeta ({), and Omega (»), and comprise 17 isoenzymes
[15-17]. The mitochondrial (Kappa-class) GSTs, reported to be also present in
peroxisomes, are soluble enzymes integrated into the mitochondrial matrix [18,19].
The soluble GSTs appeared to be involved primarily in the metabolism of
electrophilic foreign chemicals (xenobiotics) as well as in detoxication of
endogenously derived electrophilic metabolites [20]. Microsomal GSTs are
trimeric integral membrane proteins that are now called membrane-associated
proteins in eicosanoid and glutathione metabolism (MAPEG) [21]. Likewise, the
cytosolic and mitochondrial (soluble) GST isoenzymes, the microsomal
isoenzymes can also catalyze conjugation of GSH with electrophilic compounds,
but they principally participate in isomerization of unsaturated compounds and
biosynthesis of leukotrienes and prostaglandins [20].

The soluble GSTs exist as dimeric proteins, with an approximate molecular
weight of 25 000 dalton for each. Each of the subunits possesses a GSH binding
site (G-site) and an adjacent relatively hydrophobic binding site (H-site) for the
substrate. In addition, in various isoenzymes (particularly in the Alfa-, Mu- and the
Pi-class) a non-substrate binding site has been recognized. This has been described
as a transport site for large hydrophobic molecules. Among the non-catalytic
ligands of GSTs are steroids, bile acids, heme, bilirubin, and a variety of organic
dyes, drugs and other xenobiotics. [22].

Usually the dimers are made from identical chains but heterodimers made of
two different chains from the same class are also found.[23]. The standardized GST
nomenclature identifies the species with a lower-case initial (hGSTP1-2, for
human), the class by a capital following GST (hGSTP1-2, for Pi), followed by an
Arabic numeral representing the subfamily of both subunits (hGSTP1-2, for a
heterodimer in the Pi-class subfamily 1 and 2) [24].
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This chapter summarizes the catalytic functions of the soluble GST enzymes
and gives examples for the mechanism and stereochemistry of the GST-catalyzed
transformations of the most frequently occurring types of substrates (alkyl-aryl-
halides, epoxides, a,3-unsaturated carbonyls and quinones). The selected examples
play important role either in determination of GST activities, or biological action
of the substrates.

FUNCTIONS OF GLUTATHIONE TRANSFERASES

Glutathione transferases possess three main functions in the living organisms:
(a) catalytic activities, (b) binding of non-substrate ligands, and (c) involvement in
protein-protein interactions [25]. In this chapter only the catalytic functions of the
GST enzymes are discussed.

One of the main catalytic functions of soluble GSTs is participation in the
cellular antioxidant system [26]. They demonstrate activity toward a number of by-
products of oxidative stress, including lipid- and DNA-hydroperoxides as well as
the secondary peroxidation products such as acrolein (propenal) and 4-
hydroxynonenal (HNE) [17,22,27]. The reactive peroxidation products (e.g.,
hydroperoxides of unsaturated fatty acids) are converted to less toxic alcohols via
their GST-catalyzed reactions with reduced glutathione (GSH). The reduction is a
two-step reaction. The first step (1) is an enzymic reduction of the peroxide to the
corresponding alcohol, with the concomitant formation of sulfenic acid derivative
of glutathione (GSOH). The second step (2) is a spontaneous process in which the
formed GSOH reacts with a molecule of GSH to form oxidized glutathione (GSSG)
and water [28].

R-OOH + GSH = R-OH + GSOH 1)
GSOH + GSH = GSSG + H;0 @)

The reactive ¢,p-unsaturated aldehydes react with GSH in a Michael-type
addition reaction to result in formation of the respective GSH-conjugates [15].
Furthermore, oxidation of catecholamines results in formation of quinoidal
compounds that are substrates of GST isoforms [29].

Another well-known function of GSTs is isomerization of biologically
important endogen molecules. The enzymes can catalyze cis-trans isomerization
reactions or movement of a double bond within a polycyclic molecule [22,30].
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Most notable in this regard is conversion of GSH-dependent conversion of A>-
3-ketosteroids (e.g., androst-5-en-3,17-dione) to a A*-3-ketosteroid (androst-4-ene-
3,17-dione) catalyzed by hGSTA3-3, which is involved in biosynthesis of steroid
hormones such as testosterone and progesterone. Figure 1. shows the mechanism
of the reaction, in which proton (Hg) transfer from carbon-4 of the steroid to the
enzyme (Tyr-9) bound, deprotonated GSH (GS°) represents the initial step. It is
followed by relocation of the negative charge on carbon-6 and protonation of the
rearranged anion by the GSH-bound Tyr-9 of the enzyme. These latter two steps
might either occur concerted or sequential [30-33].

[0} [e] 0]
f\w J/i\/t?:g oj/i\/gtg
O O 5
H H

) | -
GS"T-H-0 GHS---0 GHS---0 $G---HO

@] Q QO

Tyr-9 ’
Figure 1. Mechanism of hGSTA3-3-catalyzed isomerization of AS-3-ketosteroids.
Based on reference [31].

A further example of the GST-catalyzed physiological isomerization reactions
is the conversion of 13-cis-retinoic acid to all-trans retinoic acid, a reaction that
increase the affinity of the retinoid to its receptor [34]. Another distinct,
physiologically important isomerization is the conversion of maleylacetoacetate to
fumarylacetoacetate catalyzed by GSTZ1-1 which is part of catabolism of
phenylalanine and tyrosine [35]. The reaction mechanism is proposed to involve
transient addition of GSH to the substrate followed by rotation around the formed
single bond and elimination of GSH (Figure 2) [36].

0} O (0] O
GSH
maleylacetoacetate GS
O O O O
GS COOH — » COOH
. _
HOOC "GSHHooc

fumarylacetoacetate
Figure 2. Proposed mechanism of GSH-dependent isomerization of maleylacetoacetate
to fumarylacetoacetate. Based on reference [36].
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GST-catalyzed isomerization is also involved in biosynthesis of
prostaglandins and leukotrienes. The first step of the biosynthesis is the
prostaglandin endoperoxide synthase (PGHS)-catalyzed conversion of arachidonic
acid to the common prostaglandin precursor prostaglandin H, (PGH>).
Prostaglandin endoperoxide synthase has two isoforms, PGHS-1 and PGHS-2. The
enzymes have two catalytic activities: cyclooxygenase and hydroperoxidase. The
two isoforms are frequently referred to as COX-1 and COX-2 [37]. PGH. can be
converted to a number of products, among them to PGE. or to PGD; hy
intramolecular redox reactions (Figure 3).

7 7 COOH arachidonic
o o acid
lCOX
?-“ \“‘\:/\/\COOH
oN _ PGH,
OH
PGE synthase
GSTM2-2 / \fSTS1—1
o GSTM3-3 HO
\“‘\:/\/\COOH 7 \“‘\:/\/\COOH
N =
HO OH o OH
PGE, PGD;
l- H20 l H20
o
\‘“\:/\/\COOH \“‘\:/\/\COOH
= %
OH o OH
PGA, PGJ;
lmultiple GSTs lmultiple GSTs
o GS
\“‘\:/\/\COOH \‘“\:/\/\COOH
% %
GS OH o OH
PGA,-SG PGJ,-SG

Figure 3. Conversion of PGH, to PGE;, PGD,, PGA; and PGJ, by GST enzymes.
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Conversion of PGH; to PGD;, is catalyzed by a Sigma class GST (GSTS1-1),
which is a versatile repertoire of species-specific conjugase and reductase activities
[38]. The H-site of GSTS1-1 is extended, resulting in a unique deep cleft where the
prostaglandin was suggested to bind with its peroxide group pointing at the thiolate
of GSH [39]. Several mechanisms of the reaction are taking into considerations
[28]. The reaction of PGHy yielding PGE: is catalyzed by the by the MPEG enzyme
PGE synthase (PTGES1) [40] or the soluble GSTM-2-2 and GSTM3-3 [41].

The third type of catalytic activities of glutathione transferases is conjugation
of reduced glutathione (GSH) with endogenous or exogenous electrophilic species
involving the reactive thiol group of its cysteinyl moiety. Four groups of proteins
are able to catalyze this characteristic reaction of glutathione transferases: (a)
canonical soluble (cytosolic) GSTs, (b) distantly related soluble (mitochondrial)
Kappa-class GSTs, (c) hydrophobic (microsomal) MAPEG family GSTs and (d)
bacterial fosfomycin resistance proteins [42-46]. The sequence similarities of the
six mammalian MAPEG classes are quite low [47]. Nevertheless, all MAPEG show
a similar trimeric structure with four transmembrane helices for each subunit [28].
Mammalian MAPEG can be roughly subdivided into the MGST1/PTGES1 group
and the MGST2/MGST3/LTC4/FLAP group [48,49]. Among all families of GSH-
dependent enzymes, GST and MAPEG are the most versatile catalysts converting
a wide range of sulfur-, oxygen-, or carbon-containing electrophilic substances.

The catalytic events of GST’s can be divided into two processes: (1) binding
and activation of GSH, and (2) binding the electrophilic reaction partner. The first
process is common in all soluble GSTs, while the second depends on the chemical
nature and structure of the electrophile. It is worth mentioning that the former name
“glutathione S-transferase” is misleading because the glutathionyl moiety (not a
sulfur atom) is transferred [50].

BINDING AND ACTIVATION OF GSH

Cytosolic GSTs have been most extensively studied in human, rat and mouse
tissues where they are the most abundant. The Pi-class enzyme is the most widely
distributed isoenzyme and usually the most abundant [51]. The cytosolic enzymes
have two active sites per dimer which behave independently of one another [52].
Each active site consists of at least two ligand binding regions: the GSH binding
site, which is very specific for GSH, and the substrate binding site, which is less
specific. The consequence of this latter characteristics is the ability of GSTs to react
with a wide variety of agents.
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The detailed understanding of the enzymatic mechanism needs a knowledge
of the three-dimensional structure of each GST isoenzyme. There have been several
comprehensive reviews on three-dimensional structure investigations of which
results are not discussed here in details. Interested readers are directed towards these
reviews which cover the structural, biochemical and genetic aspects of the field [53-
55].

Glutathione (GSH) has three acidic (thiol, glycinyl carboxyl, glutamyl
carboxyl) and one basic (amino) functional groups (Figure 4). The macroscopic
protonation constants (Ki-Kai) were determined by several authors Each publication
reported the pK, of the sulfhydryl group of GSH in aqueous solution to be around
pKa 9.2. [56-59]. Accordingly, it is only a rather small percent of the GSH
molecules exist in S-deprotonated form at physiological pH. It has been proved,
however, that the pK, of GSH bound to most GSTs is less than 7 [60]. Therefore,
the enzyme-bound GSH is largely deprotonated at physiological pH — thus being
activated for reaction with electrophilic substrates.

SH

Figure 4. Structure of reduced glutathione (GSH).

The enzyme-bound thiolate of glutathione (GS) is stabilized by a hydrogen
bond between the proton of a hydroxyl group in the protein and the sulfur atom of
the thiolate [61,62]. In most GSTs the hydrogen-bond donor is the hydroxyl group
of a tyrosine residue close to the N-terminal of the protein: Tyr-7 in the Pi-class
GST [63], Tyr-6 in the Mu-class GST [64] and Tyr-9 in the Alfa-class GST [65].
In Alfa-class GSTs, a secondary interaction of the g-nitrogen atom of Arg-15 with
the sulfur of GSH additionally helps to stabilize the thiolate [66]. Figure 5. shows
schematic drawing of residues that interact with glutathione in the GSH binding site
of Alfa-class GST.
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Figure 5. Schematic drawing of residues that interact with glutathione in the GSH
binding site of Alfa-class GST. Based on reference [66].

In contrast to binding and activation of GSH (at the G-site), which are not
identical but show high degree of similarity [63-66], a variety of chemical and
structurally diverse electrophilic substrates can bind to the electrophile binding site
(H-site) of the GST enzymes. The H-site cavities of the Mu- and Alfa-class GSTs
are generally hydrophobic, while those of the Pi-class enzymes are lined with both
hydrophobic and hydrophilic surfaces [67].

CONJUGATION OF GSH WITH ENDOGENOUS
ELECTROPHILES

GST-catalyzed reactions involve reactions of electrophilic oxidized products
of endogenous substances (e.g., lipids, nucleic acids, neurotransmitters) with GSH.
These reactive electrophiles can chemically modify the primary structure of cellular
macromolecules (e.qg., lipids, nucleic acid), being potentially toxic metabolites. One
of the most investigated toxic lipid peroxidation products is 4-hydroxynonenal
(HNE) (Figure 6). It is a reactive a.,3-unsaturated aldehyde formed during oxidative
degradation of unsaturated fatty acids [68,69,70]. Reactive a,p-unsaturated
carbonyl compounds are suspected to play role in mutagenesis and carcinogenesis
[71]. HNE can modulate a number of signaling processes mainly through forming
covalent adducts with nucleophilic functional groups in proteins, nucleic acids, and
membrane lipids. These properties have been extensively summarized in some
excellent reviews [72-78].
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There are three major detoxification pathways to convert HNE to less reactive
chemical species and control their steady-state intracellular concentrations. Firstly,
the main catabolic reactions are the formation of adducts with glutathione (GSH),
which occurs spontaneously or can be catalyzed by glutathione-S-transferases
(GSTs). Secondly, HNE can be reduced to 1,4-dihydroxy-2-nonene (DHN) by aldo-
keto reductases (AKRs) or alcohol dehydrogenases (ADH). Thirdly, HNE can be
oxidized to 4-hydroxy-2-nonenoic acid (HNA) by aldehyde dehydrogenase
(ALDH) [79].

trans-4-Hydroxynon-2-enal (HNE), as an a,3-carbonyl compound, possesses
electrophilic beta-carbon atom due to the polar carbonyl group conjugated with the
carbon-carbon double bond (Figure 6). Considering this type of electron
polarizability, HNE is considered to be a soft electrophile which preferentially
forms 1,4-Michael type adduct with soft nucleophiles. Cysteine sulfhydryl groups
are the primary soft nucleophilic targets of HNE while lysine and histidine residues
are harder biological nucleophiles [79]. Figure 6. shows reaction of HNE with GSH.

OH
OH 5- OH o
/\/\)*\7\70 GSH_ \ O —~ 2 D\
o SG SG

Figure 6. GST-catalyzed conjugate addition of GSH onto 4-HNE followed by cyclic
hemiacetal formation.

HNE has a chirality at carbon-4. Although HNE is formed in tissues as
racemate, enantiospecific HNE effects have not been widely investigated. Wakita
et al [80] investigated the stereochemistry of cysteine adduct of HNE. Because
HNE generated in lipid peroxidation is a racemic mixture of 4R- and 4S-
enantiomers, the HNE Michael adducts, possessing three chiral centers at C-2, C-
3, and C-5 in the tetrahydrofuran moiety (Figure 6), are composed of at least eight
isomers. It was found that the open-chain adduct form an equilibrium mixture of
the anomeric cyclic hemiacetal diastereomers [80].

The reaction is catalyzed by specialized isoforms of GSTs exemplified by the
murine mGSTA4-4 [81,82] and the human hGSTA4-4 [83]. These enzymes are
catalyzing the conjugation of HE with very high catalytic efficiency, exceeding 106
M-st, which is among the highest catalytic efficiencies of any GST with any
substrate. The possible reasons of the significantly high catalytic efficiencies are
discussed in detail [22].
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Another type of endogenous oxidized metabolites with electrophilic character
are 1,2- and 1,4-benzoquinone derivatives, which can be formed by oxidation of o-
and p-dihydroxybenzenes and their substituted derivatives. Quinones represent a
class of biotransformation products which can create a variety of hazardous effects
in vivo, including acute cytotoxicity, immunotoxicity, and carcinogenesis. The
mechanisms by which quinones cause these effects can be quite complex [84].
Quinones are Michael acceptors, and cellular damage can occur through alkylation
by quinones of crucial cellular proteins and/or DNA. Alternatively, quinones are
highly redox active molecules which can redox cycle with their semiquinone
radicals, leading to formation of reactive oxygen species (ROS) [84,85].

One of the well-known examples of formation of endogenous quinones is
dopamine-o-quinone, which is suspected to be involved in development of
oxidative stress-initiated neurodegenerative diseases, such as Parkinson-disease
[86].

Dopamine oxidation seems to be a complex pathway in which dopamine o-
quinone, aminochrome and 5,6-indolequinone are formed. Dopamine oxidation to
dopamine o-quinone, aminochrome and 5,6-indolequinone seems to play an
important role in the neurodegenerative processes of Parkinson's disease as
aminochrome induces: (i) mitochondria dysfunction, (ii) formation and
stabilization of neurotoxic protofibrils of alpha synuclein, (iii) protein degradation
dysfunction of both proteasomal and lysosomal systems and (iv) oxidative stress
[87].

GSH NH
NH HO 2
HO NH, © 2\
:@/\/ 7?
20, 2HO, O HO
HO sG
dopamine dopamine-o-quinone 5-S-glutathionyl-dopamine

Figure 7. GST-catalyzed reaction of dopamine-o-quinone with GSH.

Dopamine-o-quinone is the precursor of formation of aminochrome and 5,6-
indolequinone [83,87]. Quinones, similar to o,B-unsaturated aldehydes and
ketones, are soft nucleophiles, having preference to react with the soft nucleophilic
thiol compounds. One of the possible protective mechanisms of preventing
dopamine-induced neurotoxicity is reaction of the unstable (reactive) dopamine-o-
quinone with GSH. Dopamine-o-quinone can react with GSH catalyzed by
GSTM2-2 (Figure 7) [87]. Conjugation reactions of GSH with quinones are
additional examples of Michael additions. In these reactions glutathionyl
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hydroquinone derivatives are formed, which may be regarded as a reduced quinone.
GSH conjugation of o-quinones prevents redox cycling as well and can be
considered as important cytoprotective mechanism [88,89].

Apart from conjugation reactions with electrophilic metabolites of xenobiotics
to protect the cells, there are some GSH-conjugates that are formed in different
tissues and play important role in biosynthesis of regulatory biomolecules or have
such a function themselves. In this respect, role of GSTs in metabolism of
eicosanoids is remarkable [89].

As shown on Figure 3, the common precursor PGH; can be isomerized to
PGE; and PGD,. The isomerizations are GST-catalyzed processes which are
catalyzed by different soluble GST isoforms. PGE; and PGD; can be transformed
to the dehydration product prostaglandin Az (PGA2) and prostaglandin J; (PGJy),
respectively. Both PGA; and PGJ; — being o,3-unsaturated ketones - form GSH-
conjugate, which reaction plays important roles in their biological activities [90,91].
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NN COOH
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Figure 8. Formation of LTA4 from arachidonic acid and conversion of LTA4 to LTC4.

GST enzymes are also involved in biosynthesis of leukotrienes. Leukotrienes
are also derived from arachidonic acid, abundant in biological membranes (Figure
8). The releases arachidonic acid can be converted to the unstable epoxide
leukotriene A4 (LTA4) by 5-lipoxygenase and the 5-lipoxygenase-activating protein
(FLAP). One of the possible transformations of LTAy is stereoselective conjugation
with GSH catalyzed by the membrane-bound enzyme LTC4 synthase (Figure 8).
LTC, synthase differs from conventional glutathione S-transferase (GST) by its
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selectivity for LTA4 and its analogs, microsomal localization, and failure to
conjugate xenobiotics [92,93].

Hepoxilins are biologically active epoxy alcohols formed from arachidonic
acid by 12-lipoxygenase-catalyzed hydroperoxidation and subsequent molecular
rearrangement (Figure 9). The rearrangement is catalyzed by the ferric ion
protoporphyrin subunit, which is present in hematin, hemoglobin and other
hemeproteins. There are two positional isomeric hepoxilins, Hepoxilin Az (8-
hydroxy-11,12-epoxyeicosa-(5Z,9E,14Z)-trienoic  acid) and Hepoxilin Bgs
(hydroxyl at C10) [94,95]. The epoxide function of hepoxilins is subject to reaction
with epoxide hydrolase or GST. It is worth mentioning that the GSH-conjugation
occurred at C-11 rather than the allylic C-9 position [96].

arachidonic acid

GSH
Fe®*-protein
- =

glutathione
S-transferase

hepoxilin Az hepoxilin A3-C
Figure 9. Formation of Hepoxilin A3 from arachidonic acid and conjugation of
Hepoxilin A3 with GSH to form Hepoxilin A3-C.

CONJUGATION OF GSH WITH EXOGENEOUS
ELECTROPHILES

Reaction with GSH of electrophilic species of exogeneous origin (xenobiotics)
is referred to as an example of Phase Il biotransformations. In these reactions the
electrophilic substrates (typically metabolites of the parent compound) react with
GSH in a spontaneous or GST-catalyzed reaction to form GSH-conjugates in
nucleophilic substitution or addition reactions. The products undergo further
metabolic transformations to form either N-acetylcysteine (mercapturate) or
thioalcohol (SH) derivatives [97]. It is the mercapturic acid (mercapturate)
derivative that is typically the final metabolite, which is eliminated from the body
in the urine. In general, glutathione conjugation is regarded as detoxication reaction.
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However, depending of the chemical nature of the substrate, the pathways can
generate reactive intermediates [98,99].

From mechanistic aspects, conjugation reactions of GSH with xenobiotics can
be classified into two major categories: (a) substitution, and (b) addition reactions.
The most important structures involved in nucleophilic substitution reactions are
(a) aromatic electrophiles, (b) aliphatic electrophiles, and (c) oxidative electrophiles
Those involved in addition reactions are (a) epoxides, (b) alkenes, (c) quinones and
(d) organic isothiocyanates [[97].

Nucleophilic substitution reactions
Aromatic substitution

Nucleophilic substitution is the reaction of an electron pair donor (the
nucleophile, :Nu) with an electron pair acceptor (the electrophile). There are four
principal mechanisms of nucleophilic aromatic substitution reactions: (a) SnAr
mechanism; (b) Sy1 mechanism, (c) benzyne mechanism, and (d) Srn1 mechanism
[100,101]. In the case of GST catalyzed reactions, only the SyAr mechanism can
operate. In these reactions, an electron withdrawing group on the aromatic nucleus
makes the system susceptible to nucleophilic attack. The mechanism is similar to
that of the electrophilic aromatic substitution except that an anion rather than a
cation intermediate is involved. The nucleophile adds to the aromatic ring to afford
a delocalized anion from which the leaving group is eliminated.

Physiologically relevant substrates which can undergo SnAr reaction is rather
limited, however, the reaction plays an important role in mechanistic studies of
GSTs. A well-investigated example is the reaction between 1-chloro-2,4-
dinitrobenzene (CDNB) and GSH (Figure 10).

GS"\‘Cl SG
NO, slow fast NO2 ol
— . _tast .
)
NO, NO,
1 2 3

Figure 10. Aromatic substitution (SnAr) reaction of 1-chloro-2,4-dinitrobenzene
(CDNB) and GSH.
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CDNB (1) reacts readily with deprotonated GSH (GS") even in a spontaneous,
non-catalyzed reaction [102]. Furthermore, the size of CDNB is small compared
with the H-site of most GSTs. For these reasons, CDNB is conjugated by most
GSTsand is used in the laboratory as a universal substrate for assaying GSTs [103].
In the first step, reaction of CDNB with GSH results in formation of a
Meisenheimer-complex type carbanion intermediate (2). In the second step, the
leaving group (chloride ion) gets detached leading to regeneration of the aromatic
ring (3) [22].

Reactions with sp®-hybridized electrophilic centers

Reactions with non-aromatic substrates with sp® hybridized electrophilic
centers include, for example, haloalkanes, hydroperoxides and disulfides. [28]. The
reactions can, in principle, proceed via Sn2 mechanism with a carbon, oxygen or
sulfur atom as the electrophilic center. The sp3-hybridized electrophile must have a
leaving group (:X) in order for the reaction to take place. In the case of the Sn2
reactions, the reaction proceeds through a transition state in which the negative
charge of the sulfur atom is relocated to the leaving group. For example, when a
tetrahedral carbon of an alkyl halide (X=halogen) is attacked, it is forced to adopt
a bipyramidal configuration with the approaching sulfur in one apical position and
the leaving group in the other (Figure 11). In the case of chiral carbon center,
inversion of the configuration (Walden inversion) occurs [104].

\\ ;\\\\\
R‘l \\\ \ R\2\7 R1
\ 5 \ / ;o
R27C—x +GS - |GS —»-C—+ =X > GS—C\—RZ + X
R3 \\\ R /// R3
\Ry

Figure 11. Walden inversion of the sp3-hyridized carbon atom of an alkyl halide. Based
on reference [104].

Haloalkanes and haloalkenes are important industrial chemicals and
environmental contaminants. Many of them are toxic and suspected carcinogen.
The toxicity of these chemicals is associated with their bioactivation to reactive
intermediates by the cytochrome P450s or the GSTs [105]. GSTs, particularly the
Theta-class GSTT1-1 catalyze the biotransformation of a range of haloalkanes.
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Dichloromethane (4) (an important industrial solvent), for example, undergoes
GST-dependent biotransformation to formaldehyde [106]. The reaction mechanism
involves the GSTT1-catalyzed displacement of chloride from dichloromethane to
give S-(chloromethyl)glutathione (5). Hydrolysis of the formed conjugate gives S-
(hydroxymethyl)glutathione (6), which is the hemithioacetal of formaldehyde and
glutathione, which is in equilibrium with formaldehyde (7) and GSH (Figure 12).

j)\

GSH/GSTT1-1 H,O

o e T Gs cl g~ G~ OH GSH + H™ “H
4 5 6 7

Figure 12. Glutathione transferase-dependent biotransformation of dichloromethane.

1,2-Dihaloalkanes (8) are also important group of chemicals. Many of them
have been proved to be mutagenic and some of them are rodent carcinogenic. The
mutagenic and, perhaps, the carcinogenic effect of these chemicals are associated
with their biotransformation to reactive intermediates. Dihaloalkanes (8) undergo
GST-catalyzed biotransformation to S-(2-haloethyl)glutathione (9), which undergo
intramolecular cyclization to form thiiranium (episulfonium) ions (10). The reactive
thiiranium ions thus formed may react with nucleophilic sites in DNA to give the
adduct S-[2-N"-guanyl)ethyl]glutathione (11) (Figure 13) [107].
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0 H
GSH/GST X DNA N*
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Figure 13. Glutathione-dependent biotransformation of 1,2-dihaloethanes. Reaction of
the episulfonium ion metabolite with guanine.

GST-catalyzed reaction of epoxide metabolites of polycyclic aromatic
hydrocarbons [108] and aflatoxins [109] represent one of the main detoxification
pathways of these reactive Phase | metabolites. Benzo[a]pyrene (BaP) is strongly
carcinogenic in certain extrahepatic tissues of rodents such as skin, lung,
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forstomach or mammary gland, but only weakly carcinogenic in liver. BaP has to
be activated by CYP enzymes in order to become cytotoxic and genotoxic. There
is strong evidence that diol-epoxides, primarily the (+)-anti-7,8-dihydroxy-9,10-
oxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BaPDE) (12) (Figure 14) is the ultimate
carcinogenic metabolite [108]. Human Alfa-class hGSTP1-1, hGSTA1-1 and
hGSTAZ2-2 are able to conjugate (+)-anti-BaPDE with GSH resulting in formation
of adduct (13) via stereoselective trans addition (Figure 14). The glutathionyl
moiety is selectively linked to the benzyl (C-10) carbon atom. The stereochemistry
of the reaction is in accordance with the Sy2 mechanism [110]. The transformation
plays a protective role against the carcinogenicity of BaP and other polycyclic
hydrocarbons [111].

GS’
hGSTP1-1;
hGSTA1-1, hGSTA2-2

8. OH
(;
‘OH

13

Figure 14. GSTA1-1-catalyzed epoxide ring opening and GSH addition on (+)-anti-
BaPDE.

Nucleophilic addition reactions
Reaction with N-acetyl-p-benzoquinone-imine (NAPQI)

The title compound, N-acetyl-p-benzoquinone-imine (NAPQI), is a CYP450-
catalyzed oxidation product of acetaminophen, the extensively used analgesic
(Figure 15). The hepatotoxicity of the compound is a clinically important problem
and an exemplary instance how acquired factors (e.g., diet, drugs, diabetes, obesity)
can enhance hepatotoxicity [112]. The first cases reporting the association between
acetaminophen (paracetamol) overdose and acute liver injury and fatal
hepatotoxicity were reported in the 1960s. Acute paracetamol overdose is now the
most common cause of acute liver injury and acute liver failure in the UK, US,
Canada, Australia, and Scandinavia [113]. Covalent binding of NAPQI to hepatic
proteins is a widely accepted mechanism for the hepatotoxicity of this drug [112].
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Figure. 15. CYP450-dependent oxidation of acetaminophen (paracetamol).

Once formed within hepatocytes, NAPQI preferentially binds to the cysteine
residue of glutathione in a reaction catalyzed by Pi-class glutathione S-transferases
[114], resulting in NAPQI-GSH conjugate. The reaction between GSH and NAPQI
is a formal addition process in which the oxidized acetaminophen (NAPQI) is
reduced to the aromatic GSH-substituted acetaminophen derivative (Figure 16).
This conjugate is then metabolized stepwise by y-glutamyl transpeptidase,
dipeptidase, and N-acetylase, cleaving off the y-glutamyl and glycine residues to
ultimately form inert cysteine and mercapturate conjugates that are renally excreted
[97].
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N—C-CH,3 HN—=C—CHjs
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conjugate

Figure 16. Conjugation of N-acetyl-p-benzoquinone-imine (NAPQI) with GSH.

Reaction with acrolein

Acrolein (ACR; propenal) is a ubiquitous environmental pollutant, highly
abundant in tobacco smoke, cooking, and automobile exhaust fumes. It is also
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generated endogenously by cellular metabolism and lipid peroxidation [115].
Moreover, ACR is also a metabolite of the anticancer drug cyclophosphamide and
is believed to be the main cause of its toxicity [116]. ACR is the most reactive
electrophile among a, B-unsaturated aldehydes. Its cellular toxicity relies mainly on
its ability to deplete glutathione and to form DNA and protein adducts [117].
Formation of ACR-protein covalent adducts is principally due to a Michael addition
where the B-carbon of acrolein reacts with nucleophilic sites [117].

The main pathway for elimination of acrolein is conjugation with glutathione
(GSH) in the liver, followed by enzymatic cleavage of the y-glutamic acid and
glycine residues, respectively, in the liver and in the kidney [115]. It has been
pointed out by Esterbauer and others [118] that acrolein reacts 110-150 times faster
with GSH than HNE. While GSH conjugation of acrolein can proceed without
catalyst, it is the same enzyme (GSTA-4-4) that mediates formation of the HNE-
SG conjugate (Figure 17). Such reactivity was found to be a common metabolic
pathway for several different propenal derivatives [119]. Overexpression of GSTA-
4-4 in mouse pancreatic islet endothelial cells resulted in increase of cell viability.
In addition, the GSTA4-4-transfected cells showed a significantly greater growth
rate than the wild-type cells, indicating that acrolein is detoxified by GSTA4-4-
mediated conjugation with GSH [120]. Acrolein is also a substrate for GSTA1-1,
GSTM1-1, GSTP1-1, and GSTT1 [115].

7

S
GSH
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Figure 17. Reaction of acrolein with GSH.

Reaction with ethacrynic acid

Ethacrynic acid (EA) is a widely used diuretic drug, structurally characterized
by a presence of an a,B-unsaturated carbonyl moiety reactive towards sulphydryl
groups (Figure 18). EA is known to be conjugated to GSH in spontaneous and GST-
catalyzed reactions [121]. Both the parent compound (EA) and its GSH-conjugate
(EA-SG) are potent inhibitors of GST enzymes. It was shown that EA-SG was an
inhibitor of the GSTs due to its greater affinity for the enzymes than that of the
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parent molecule [122], whereas EA itself inhibits GSTP through reversible covalent
interactions [123]. Because of these properties and because of the ability of EA to
deplete cellular GSH, EA is potentially clinically useful as a modulator of drug
resistance linked with the GSH/GST system [124].

The conjugation kinetics of glutathione (GSH) and ethacrynic acid (EA) were
studied in rat liver perfusion studies. It was found that GSH conjugation of EA
occurred spontaneously but at a rate considerably less than that for enzyme-
catalyzed GSH conjugation. GSH conjugation of EA accounted almost completely
for the total removal of EA because unchanged EA was found minimally in bile
[125].
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Figure 18. Reaction of ethacrynic acid with GSH.
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The stereochemistry of GSH addition to EA catalyzed by GSTA1-1, GSTA1-
2 and GSTP1-1 isoformes was studied by van lersel et al [126]. When GSH is added
onto the C9-C10 double bond of EA, C-9 becomes an asymmetric carbon atom
(Figure 18). Due to the chiral centers, inherent in GSH, formation of the
enantiomeric forms of the new chiral center results in formation of two
diastereomeric adducts. The authors found that the addition reaction catalyzed by
the GSTP1-1 isoform resulted in stereoselective formation of one of the adducts.
The observed stereoselectivity was rationalized by enzyme-catalyzed protonation
of the enolate intermedier [126].

Reaction with chalcones and chalcone analogues

Hydroxy- and methoxy-substituted chalcones (14) are intermediary
compounds of biosynthetic pathway of a very large and widespread group of plant
constituents known collectively as flavonoids [127]. Among the naturally occurring
chalcones and their synthetic analogs, several compounds displayed cytotoxic (cell
growth inhibitor) activity towards cultured tumor cells. Chalcones are also effective
in vivo as cell proliferating inhibitors, anti-tumor promoting, anti-inflammatory and
chemopreventive agents [127-130].

Nucleophilic addition of cellular thiols onto the polarized carbon-carbon
double bond (Michael-reaction) is frequently associated with the biologic effects of
chalcones and related a,B-unsaturated carbonyl compounds [127-130]. Such a
reaction can alter intracellular redox status (redox signaling), which can modulate
events such as DNA synthesis, enzyme activation, selective gene expression, and
regulation of the cell cycle [131]. Several biological effects (e.g., NQOL1 inducer
[132], anti-inflammatory [133], GST P1-1 inhibitory [134]) of chalcones have been
associated with their Michael-type reactivity towards reduced glutathione (Figure
19).
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Figure 19. Reaction of 4-methoxychalcone (14) with GSH.

Earlier, formation of diastereomeric adducts was observed in the GSTM4-4-
catalyzed reactions of GSH and the open-chain chalcone analogue (E)-(4’-X-
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phenyl)-3-butene-2-ones (Figure 20). In the reactions the more polar adducts were
formed in the case of each investigated open-chain chalcone analogues. The
observed (diastereo)selectivity (9:1) was presumed to be the result of selective
enzyme-catalyzed protonation of the enolate intermediate of the more polar adducts
with more extended dispersion of charge in the transition state [135].

O
X
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Figure 20. Stereochemistry of GSTM4-catalyzed addition of GSH onto (E)-(4’-X-
phenyl)-3-butene-2-ones. Based on reference [135].

In our previous work, stereochemistry of non-enzyme-catalyzed addition
reaction of the hydroxychalcone (17) and its bis-Mannich derivative (18) was
compared at different pH (Figure 21). In the case of (Y) a remarkable
diastereoslectivity was observed when the reaction was conducted under acidic
conditions. The observed stereoselectivity can be rationalized by ion-pair formation
between the protonated Mannich-nitrogens and the deprotonated GSH(glutamate)-
carboxylate [136]. Similar selectivity could not be observed when non-Mannich
chalcone derivatives have been investigated. The results support importance of non-
covalent interactions in developing of the transition states of these addition
reactions onto the investigated enones.
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Figure 21. Reaction 4-hydroxychalcone (17) and its bis-Mannich derivative (18)
with GSH. Based on reference [136].
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Abstract: Several biological effects of chalcones have been reported to be associated with their
thiol reactivity. In vivo, the reactions can result in the formation of small-molecule or protein thiol
adducts. Both types of reactions can play a role in the biological effects of this class of compounds.
Progress of the reaction of 4-methyl- and 4-methoxychalcone with glutathione and N-acetylcysteine
was studied by the HPLC-UV-VIS method. The reactions were conducted under three different
pH conditions. HPLC-MS measurements confirmed the structure of the formed adducts. The
chalcones reacted with both thiols under all incubation conditions. The initial rate and composition
of the equilibrium mixtures depended on the ratio of the deprotonated form of the thiols. In the
reaction of 4-methoxychalcone with N-acetylcysteine under strongly basic conditions, transformation
of the kinetic adduct into the thermodynamically more stable one was observed. Addition of S-
protonated N-acetylcysteine onto the polar double bonds of the chalcones showed different degrees
of diastereoselectivity. Both chalcones showed a Michael-type addition reaction with the ionized
and non-ionized forms of the investigated thiols. The initial reactivity of the chalcones and the
equilibrium composition of the incubates showed a positive correlation with the degree of ionization
of the thiols. Conversions showed systematic differences under each set of conditions. The observed
differences can hint at the difference in reported biological actions of 4-methyl- and 4-methoxy-
substituted chalcones.

Keywords: chalcone; glutathione; cysteine; thiols; Michael addition; diastereoselective addition

1. Introduction

Chalcones (Figure 1) are intermediary compounds of the biosynthetic pathway of a
large and widespread group of plant constituents known collectively as flavonoids [1].
Several compounds display in vitro cytotoxic (cell growth inhibitor) activity toward cul-
tured tumor cells among the naturally occurring chalcones and their synthetic analogues.
Chalcones are also effective as cell proliferation inhibitors and as antitumor-promoting,
anti-inflammatory, and chemopreventive agents [2-5]. Their activity is the result of either
covalent or noncovalent interactions [2]. Covalent interactions are mainly based on the
Michael acceptor activity of the o, 3-unsaturated carbonyl system or the radical-scavenging
or reductive potential of the compounds [6-8]. Several biological effects (e.g., NQO1
inducer [9], anti-inflammatory [10], GST P1-1 inhibitory [11]) of chalcones have been associ-
ated with their Michael-type reactivity toward protein thiols or reduced glutathione (GSH).
It was suggested that the lower GSH depletion potential of chalcones with strong electron
donor substituents (e.g., dimethylamino) on the B ring could be the consequence of the
lower Michael-type reactivity of the derivatives toward GSH [12]. In contrast, higher reac-
tivity toward GSH and other thiols was parallel with the higher NQO1-inducing potential
of the investigated chalcones [13].
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R =CHs (1), R = OCHj; (2)

Figure 1. Structure and numbering of the investigated chalcones (1 and 2).

In our present study, reactions of two chalcones with different 4-substitutions (4-
CH; (1) and 4-OCHj3 (2)) with two cellular thiols (GSH and NAC) were investigated to
get information about (a) how the pH of the reaction medium affects the reactivity and
stereochemical outcome of the reactions and (b) how the thiol reactivity of the compounds
is related to their biological activities. Since thiol reactivity can be the molecular basis
of modulation of the function of thiol switches [14] and the biological effects of covalent
modifiers [15], the thiol reactivity of different chalcones is of interest in understanding
their biological activities. Glutathione is an endogenous thiol, whose thiol reactivity plays
an important role in maintaining redox homeostasis and protecting cellular nucleophilic
sites of proteins from harmful electrophiles [16]. NAC is an exogenous thiol; however, it
is one of the precursors of GSH biosynthesis, possesses mucolytic action, and is used as
an antidote in paracetamol intoxication [17]. Considering their different pK, values [18],
the two compounds are also perfect models for reactivity screening of compounds with
surface protein thiols with different molecular surroundings [19].

The selected substituents have different electron-donating capacities, which results in
different reactivities and biological activities. For example, the tumor promotion inhibitory
effect of 4-methyl-4’-hydroxychalcone is about twice as high as that of the 4-methoxy
analogue [20]. Comparison of the in vitro cytotoxicity of 1 and 2 toward five different
cancer cells showed that the 4-methyl derivative (1) is more effective toward most of the
tested cell lines [21]. Furthermore, multiple regression analysis showed that cytotoxicity
of a series of chalcones toward murine and human cancer cells increases as the Hammett
sigma (o) values of the substituent elevates [22]. In contrast, among the cyclic analogues
(n =5, 6, and 7) of the two chalcones, the methoxy-substituted (2) cyclic derivatives showed
much higher in vitro cancer cell cytotoxicity than those of 1 [23]. Furthermore, the seven-
membered analogues of 1 and 2 showed different in vitro effects on the cell cycle of Jurkat
T cells [24].

The Michael reaction refers to the addition of a nucleophile (Michael donor) to an
activated «,(3-unsaturated carbonyl compound (Michael acceptor), and it is typically base-
catalyzed. Among the most commonly studied nucleophiles, one finds hydroxide ions
(OH™), water, and amines; a more limited number of investigations have been reported
with thiolate ions (ArS™, RS™), oxide ions (ArO~, RO™), and cyanide ions (CN ™). The reac-
tions can also be categorized based on the charge of the nucleophilic reactants, which could
be (a) negatively charged (e.g., OH™, RS™, CN7) or (b) neutral (e.g., amines, thiols). Both
kinds of nucleophiles can be added onto protonated or non-protonated «,3-unsaturated
enones. Since the experimental pKy, value of (E)-chalcone was reported to be —5.00 [25],
only additions onto the non-protonated chalcones were taken into consideration. The gen-
eral mechanisms of the addition of deprotonated (path A) and neutral (path B) nucleophiles
onto non-protonated chalcones are shown in Figure 2.
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Figure 2. General mechanisms of the addition reaction of nucleophiles onto the activated double bonds of chalcones.

As shown in Figure 2, the primary adduct of the addition reactions either possesses
a negative charge (path A) or has a zwitterion structure (path B). The second step of the
reactions is an acid-base process, which can occur in an intermolecular or—in the case of
the zwitterion intermediates—an intramolecular manner [26].

Previously, we reported the synthesis and reactions of two 4’-hydroxychalcones and
their bis-methyleneamino (Mannich) derivatives. It was found that the Mannich derivatives
showed significantly increased reactivity [27] and diastereoselectivity [28] in comparison
to the respective non-Mannich derivatives when the reactions were conducted under acidic
(about pH 3) conditions.

We investigated the reactions under three conditions with different pH: (a) pH 8.0/8.53,
(b) pH 6.3/6.8, and (c) pH 3.2/3.7. The first pH values indicate the pH of the aqueous
solution of the thiols before starting the incubations. The second pH values indicate the
virtual pH of the incubation mixtures, which contained 75.5% v/v methanol (MeOH). The
basic pH was selected because such conditions mimic the GST-catalyzed reactions; the
ionization of the GSH thiol moiety increases due to its interaction with the basic imidazole
N atom in the active site of the enzyme [29]. The slightly acidic conditions resemble the
slightly acidic pH of the cancer cells [30]. The stronger acid conditions were selected
to compare the reactivity of the protonated (neutral) and the ionized forms of the thiol
functions of the two compounds. The pKj of the thiol group of GSH and NAC was reported
to be 8.83 and 9.52, respectively [18]. Accordingly, the thiol function of both compounds
exists exclusively in the protonated (neutral) form under such acidic conditions. The
stereoselectivity of the reactions was monitored by comparing the HPLC peak areas of the
respective chalcone-GSH and chalcone-NAC adducts.

The reactions are reported to be reversible, accordingly resulting in the formation of
an equilibrium mixture. To qualitatively characterize the progress of the addition processes,
the composition of the incubation mixtures was analyzed at the 15, 45, 75, 105, 135, 165,
195, 225, 255, 285, and 315 min time points by HPLC-UV-VIS.
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2. Results
2.1. Reactions under Basic (pH 8.0/8.5) Conditions

Initially, we investigated the reactions of the two chalcones under basic conditions.
Considering the pK, values of GSH (8.83) and NAC (9.52), about 31.9% of the GSH
molecules and 8.7% of the NAC molecules existed under pH 8.5 conditions (the virtual
pH of the incubates) in the more reactive thiolate form. By the end of the investigated
period (315 min), the initial area of the HPLC peak corresponding to the parent compounds
1 and 2 reduced to 3.7% and 7.9%, respectively (Table 1). While the compounds were
incubated with NAC, the respective figures were 5.2% and 9.8% (Table 2). Progress curve
changes in the chromatographic peak areas of the starting chalcones (1 and 2) as a function
of the incubation time of the reactions indicated that the compositions reflect those of the
equilibrium in each case (Figures 3 and 4).

Change of chromatographic areas as a function of time, GSH,
pH 8.0/8.5

20,000.0
18,000.0
16,000.0
14,000.0
12,000.0
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8,000.0
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0.0
0 50 100 150 200 250 300 350

—o—1

Area (mAU)
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Figure 3. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone-GSH
incubations at pH 8.0/8.5.

Change of chromatographic areas as a function of time, NAC,
pH 8.0/8.5
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Figure 4. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone-NAC
incubations at pH 8.0/8.5.

As a result of the addition reactions, a new chiral center was formed. Considering
the inherent chirality of the two thiols, the formation of two diastereomeric adducts was
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expected. However, using our HPLC conditions, the 1-GSH and 2-GSH conjugates were
not separated (Table 1).

In the case of NAC incubations, the formed 1-NAC and 2-NAC adducts were only
partially separated. Based on the integration of the two overlapping peaks, the ratio of
the two diastereomeric adducts (NAC-1 and NAC-2) showed a different (1.7-1.2 times)
excess of the less polar diastereomers (Table 2). The structure of the parent chalcones (1
and 2) as well as their GSH and NAC conjugates was verified by HPLC-MS (Table S1 and
Figures S10-515).

Table 1. Retention times (tg) ! and integrated peak areas (A) of the investigated chalcones (1 and 2) and their GSH adducts 2,

tr Area Ratio * tr Area t Area t Area

pH” Compound Ch;fz(-me Asis/Ao Ch;fc)(-)ne Ch:fc)(.)ne ngl_l GSH-1 GSi-{I—Z GSH-2
3.2 1 16.4 0.81 16.2 <100 13.8 4245 N/D5 -
3.2 2 159 0.96 15.7 <100 11.9 3352 N/D5 -
6.3 1 16.3 0.09 16.0 <100 13.2 16,571 N/D5 -
6.3 2 15.8 0.21 15.5 <100 11.3 17,160 N/D5> -

8 1 16.3 0.04 16.16 <100 13.3 17,419 N/D5> -

8 2 15.7 0.08 155 <100 11.0 20,387 N/D5 -

! Retention times in minutes; ? data refer to the average of two independent measurements at the 315 min time point; 3 pH value of the
aqueous thiol solution; 4 ratio of peak areas measured at 0 and 315 min; 5 not detectable; only detectable at the 15, 45, 75, 135, and 165 min
time points.

Table 2. Retention times (tr) 1 and integrated peak areas (A) of the investigated chalcones (1 and 2) and their NAC adducts 2,

tr 4 tr
pH®  Compound Ch;fz;ne Ariiﬁif Ch;i);ne gl::lac:fl)e N:E—l NAAréil N:E—Z Nl:réiz
32 1 16.3 0.89 16.1 <100 15.2 1260 15.3 2173
32 2 15.8 0.98 15.5 <100 14.1 1156 142 1507
6.3 1 16.3 0.24 16.0 <100 15.1 4906 15.2 6457
6.3 2 15.8 0.47 15.5 <100 14.1 4712 142 5422
8 1 16.2 0.05 16.0 <100 15.1 6167 15.2 8875
8 2 15.7 0.10 15.5 <100 14.1 7167 142 8975

1 Retention times in minutes; ? data refer to the average of two independent measurements at the 315 min time point; 3> pH value of the
aqueous thiol solution; 4 ratio of peak areas measured at 0 and 315 min.

The progress curves of the formation of the diastereomeric NAC adducts—based on
the integrated HPLC peak areas (AUCs)—are shown in Figures 5 and 6. As shown, the
formation of the 1-NAC diastereomers is increased in the first 45 min and remained the
same over the time of incubation. In the case of the 2-NAC diastereomers, rapid formation
of the kinetic product (NAC-1) was observed in the first 15 min. After that, however, the
NAC-1 isomer of 2 was transisomerized to the thermodynamic product (NAC-2), reaching
the equilibrium composition by the 105 min time point (Figures 5 and 6).
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Figure 5. Change in the chromatographic peak area of adduct 1 of chalcones 1 and 2 in the chalcone—
NAC incubations at pH 8.0/8.5.

Change of Peak 2 chromatographic areas as a function of time, NAC,
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Figure 6. Change in the chromatographic peak area of adduct 2 of chalcones 1 and 2 in the chalcone-
NAC incubations at pH 8.0/8.5.

Further to the above data, it is worth mentioning that during the incubations with
GSH and NAC, small new peaks appeared in the chromatograms with a somewhat shorter
retention time than that of unreacted 1 and 2 (Tables 1 and 2). Based on our previous
results [31], the new peaks were supposed to be those of the respective (Z) diastereomers.
Since such isomerization could not be observed in the incubations performed without the
thiols, the formation of the (Z) isomer can be considered due to the retro-Michael reaction.
To identify the structure of the expected (Z) diastereomers, light-initiated isomerization of
1 and 2 was performed. Based on the result of the light-initiated isomerization experiment,
the formed compounds were identified as the respective (Z) isomers (Figures S16 and S17).

2.2. Reactions under Slightly Acidic (pH 6.3/6.8) Conditions

Reactions under slightly acidic conditions mimic the cellular milieu of cancer cells [30].
Under these experimental conditions (pH 6.8), about 0.9% of GSH and 0.2% of NAC
molecules exist in the more reactive thiolate form. The progress of the reactions under such
conditions was more restricted than that observed at pH 8.0/8.5. In the GSH incubations,
the initial area of the parent compounds 1 and 2 was reduced to 9.4% and 21.4%, respec-
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tively, by the end of the investigated period (Table 1). The respective figures for the NAC
incubations were 24.4% and 46.8% (Table 2).

Progression curves of the reactions (Figures 7 and 8) indicated that the percentage
figures represent compositions close to equilibrium. Similar to the results obtained under
pH 8.0/8.5 conditions, the formation of a small amount of (Z) isomers was detected in the
incubation mixtures.

Change of chromatographic areas as a function of time, GSH,
pH 6.3/6.8
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Figure 7. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone-GSH
incubations at pH 6.3/6.8.

Change of chromatographic areas as a function of time, NAC
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Figure 8. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone-NAC
incubations at pH 6.3/6.8.

Progression curves of the formation of the chalcone-GSH and chalcone-NAC adducts
showed two parallel concave curves with finite limits (Figures S1-54).

2.3. Reactions under Acidic (pH 3.2/3.7) Conditions

Reactions under stronger acidic conditions proceeded to a much lower extent than
those under the above two conditions. Under stronger acidic conditions, the thiol function
of both GSH and NAC exists exclusively in protonated (neutral) form. Although protonated
thiols can act as nucleophilic reagents, their reactivity is much lower than that of their
deprotonated (negatively charged) counterparts [32].
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Only a small amount of adducts were detected in each case in the chalcone-GSH/NAC
incubates (Table 2). The chromatographic peak area values of the (Z) isomers were similar
to those in the respective incubates at pH 8.0/8.5 and pH 6.3/6.8 (Tables 1 and 2).

Progression curves of the reaction of chalcones with GSH showed a linear downhill
shape (Figure S5). A similar linear reduction in the chromatographic peak areas was
observed in the NAC incubations (Figure 56).

Over the whole incubation period, the chromatographic peak areas of the chalcone—
GSH (Figure S7) and chalcone-NAC diastereomers continuously increased (Figures S8
and S9).

3. Discussion

Our experiments demonstrated that both GSH and NAC react with the investigated
chalcones under acidic (pH 3.2/3.7, pH 6.3/6.8) and basic (pH 8.0/8.5) conditions. How-
ever, the rate of the initial reactions and the composition of the equilibrium mixtures were
affected by the nature of the reactants and the pH of the incubation mixtures.

Analysis of the effect of the 4-substituents under basic (pH 8.0/8.5) or slightly acidic
(pH 6.3/6.8) conditions showed 4-methyl-substituted 1 to display higher initial reactivity.
13C NMR shifts, indicating the electron density around the particular nucleus of the beta-C
atom of 1 (144.9 ppm) and 2 (144.6 ppm), were reported to be similar [33]. The observed
difference in the reactivity of chalcones 1 and 2 can be explained by the stability of the
thiol adducts. An early work of Humphlett et al. demonstrated that the activity of the o-
hydrogen atom of the adduct, the resonance stabilization of the enone formed by cleavage,
and the anionic stability of the thiolate ion are the determining factors of the reverse
process. The authors found the «-keto and -phenyl substitutions as determining factors
in the effective reverse reactions [34]. Since the 4-methoxy substitution can more effectively
increase the electron density on the carbon—carbon double bond, and the formed chalcone
is resonance stabilized, the elimination process is more effective in the case of 2 than 1.
Similar conclusions were made by d’Oliveira et al. while investigating a few chalcones and
their rigid quinolone analogues [35].

The retro-thia-Michael reactions can result in the formation of the respective (Z)
isomers as well. Therefore, to obtain authentic reference (Z) isomers, the stereochemically
homogeneous (E) isomers (1 and 2) were submitted with light-initiated isomerization, as
published before [30]. As a result, HPLC-MS data agreed with the respective (Z) isomers
(Figures S16 and S17).

Comparison of the pK, values of GSH (8.83) and NAC (9.52) thiols, and the respective
conversions of the starting chalcones (Tables 1 and 2), showed that the higher the pK, of
the thiol, the lower the conversion of the chalcones in the case of both derivatives at each
investigated pH. This observation reflects the importance of acidity (K,) of the thiol group
that regulates the relative amount of RS~ concerning RSH, hence the equilibrium.

HPLC analysis of the reactions of 1 and 2 with NAC showed a different (1.7-1.2 times)
excess of the less polar diastereomer (Table 2). The observed diastereoselectivity was
affected by both the nature of the 4-substituent and the pH. Thus, at each different pH
value, it was the methyl-substituted 1 that showed higher diastereoselectivity. In contrast,
in the case of both chalcones, diastereoselectivity decreased with the increase in the pH.
HPLC-UV-Vis chromatograms of the chalcone 1-NAC incubations at pH 8.0/8.3, pH
6.3/6.8, and pH 3.2/3.7 (315 min time point) are shown in Figures 518-520, respectively.
The corresponding HPLC-UV-Vis chromatograms of the chalcone 2-NAC incubations are
shown in Figures 521-523.

These observations give additional indirect support to the formation of a six-membered,
hydrogen-bond-stabilized cyclic intermediate in the reactions of chalcones with the proto-
nated form of thiols. The formation of such a cyclic intermediate was suggested earlier in
the reaction of GSH with the bis-Mannich derivatives of 4’-hydroxychalcones [27]. Accord-
ing to our previous explanation, the protonated thiol attacks the planar enone moiety from
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the Re-side, resulting in a six-membered intermediate with a pseudoequatorial position of
the bulky aryl ring (Figure 9).

R
R\@ H’/, |
s 00 H SG\)H
_ P X—CgHj4 z
X CGH4)\H\CGH5 P RS
i CeHs

Figure 9. Possible enolate intermediate of the addition of protonated thiols onto chalcones.

Michael-type thiol reactivity of chalcones and related compounds is frequently asso-
ciated with biological activities [6—11,36]. In contrast, several examples demonstrate that
non-covalent interactions of chalcones with cellular macromolecules can play an important
role in the biological effects of the compounds [37]. In a QSAR study, Katsori et al. found
the clog P parameter to play an important part in the QSAR relationships. The authors
found the electronic effects are comparatively unimportant in the anticancer effect of the
investigated chalcones [38]. Comparison of the spontaneous thiol reactivities of the two
chalcones under pH 8.0/8.5 and pH 6.3/6.8 conditions toward GSH and NAC showed
some characteristic differences. Conversion of 1 with both GSH and NAC was higher than
2 under all investigated conditions (Tables 1 and 2). The experimental log P of 2 and 3 has
been reported to be 4.12 and 3.67, respectively [39]. Thus, it is reasonable to suppose that
both the thiol reactivity and the lipophilic properties contributed to the reported biological
effects of the investigated compounds and their cyclic analogues.

4. Materials and Methods
4.1. Chemicals and Reagents

Chalcones 1 and 2 were synthesized, as reported before [40]. Their purity was tested
by TLC and HPLC-UV-VIS. Reduced L-glutathione and N-acetyl L-cysteine were obtained
from Sigma-Aldrich (Budapest, Hungary). The methanol CHROMASOLYV gradient for
HPLC was obtained from Honeywell (Hungary). Trifluoroacetic acid HiperSolve CHRO-
MANORM was obtained from VWR (Budapest, Hungary) and formic acid from Fischer
Chemicals. Deionized water for use in HPLC and HPLC-MS measurements was purified
by Millipore Direct-Q™ at the Institute of Pharmaceutical Chemistry (University of Pécs).
Mobile phases used for HPLC measurements were degassed by an ultrasonic water bath
before use.

4.2. Preparation of Solutions

To evaluate the reactivity of the investigated chalcones and their analogues with thiols,
reduced glutathione (GSH) and N-acetylcysteine (NAC) solutions were prepared as follows:
Each solution was prepared at three different pH values (3.2, 6.3, and 8.0). The pH was
set using 1M NaOH solution. (a) Solutions of GSH and NAC were prepared in water to
a final volume of 1.5 cm3 with a concentration of 2.0 x 10~! mol-L~! (0.3 mmol thiol).
(b) Chalcone solutions were freshly prepared before incubation to a 4.6 cm® volume of
HPLC-grade methanol with a concentration of 6.5 x 1073 mol-L~! (0.03 mmol chalcone).
(c) The GSH/NAC and chalcone solutions were pre-incubated in a 37 °C water bath for
15 min in the dark. Then, the solutions were mixed, resulting in a mixture of the thiol and
the chalcone in a molar ratio of 10:1. The mixture was kept in the dark in a temperature-
controlled (37 °C) water bath for a total duration of 315 min. To monitor the reaction by
RP-HPLC, samples were taken at time points of 15, 45, 75, 105, 135, 165, 195, 225, 255, 285,
and 315 min.

To evaluate the initial (0 min) peak area of chalcones 1 and 2, 4.6 cm?® methanolic
solution of each was prepared as above (method (b)), and the solutions were diluted with
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1.5 mL of aqueous solution with the respective pH before analysis. Before mixing, the
solutions were pre-incubated at 37 °C for 30 min.

To compare the products of the previously proven light-initiated E/Z isomerization of
the parent compounds [26] with those of the non-light (retro-Michael addition)-initiated
isomerization, solutions of chalcones 1 and 2 were prepared by method (b), and the
solutions were subjected to unscattered laboratory light for 1 week. The solutions were
analyzed by HPLC-UV-VIS and HPLC-MS.

4.3. RP-HPLC-UV-VIS Measurements

The measurements were performed on an Agilent 1100 HPLC system coupled with a
UV-VIS detector. The wavelength was set at 260 nm. The separation of the components was
carried out in a reversed-phase chromatographic system. A Zobrax Eclipse XBD-C8 column
(150 mm x 4.6 mm, particle size 5 um; Agilent Technologies, Waldbronn, Germany) was
used. The injection volume was 10 pL. During the time of the measurement, the column
oven was set at room temperature (25 °C). Data were recorded and evaluated by the
use of Agilent Chem Station (B.03.01). Gradient elution was performed at a flow rate of
1.2 mL/min; the mobile phase consisted of (A) water and 0.1% trifluoroacetic acid and (B)
methanol and 0.1% trifluoroacetic acid. The gradient profile was as follows: an isocratic
period of 8 min of 40% mobile phase B, followed by a linear increase to 60% in 4 min, a
second linear gradient to 90% in 3 min, and a 5 min isocratic period of 90%. The column
was then equilibrated to the initial conditions with a 2 min linear gradient to 40%, followed
by 3 min of the isocratic period.

4.4. HPLC-MS Measurements

HPLC ESI-MS analyses were performed on an Ultimate 3000 liquid chromatograph
(Dionex, Sunnyvale, CA, USA) coupled with a Thermo Q Exactive Focus quadrupole-
Orbitrap hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The
scan monitored m/z values ranging from 100 to 1000 Da. Data acquisition was carried out
using Q Exactive Focus 2.1 and Xcalibur 4.2 software (Thermo Fisher Scientific). Analysis
of compounds and adducts was performed in HESI positive and negative ionization modes
with the following parameters: spray voltage, 3500 V; vaporizer temperature, 300 °C;
capillary temperature, 350 °C; spray and auxiliary gas flows, 30 and 10 arbitrary units,
respectively; resolution, 35,000 at 200 m/z; and fragmentation, 20 eV.

HPLC separation was performed on an Accucore C18 column (150 mm x 2.1 mm,
particle size 2.6 um), and an Accucore C18 guard column (5 mm X 2.1 mm, particle size
2.6 um) was also used. The injection volume was 5 uL; the flow rate was set to 0.4 mL/min.
Data analysis and evaluations were performed using Xcalibur 4.2 and FreeStyle 1.7 software.
A binary gradient of eluents was used, consisting of mobile phases A and B.

The parameters of the gradient in chalcones were (A) water and 0.1% formic acid and
(B) methanol and 0.1% formic acid. The gradient elution was as follows: isocratic elution
for 1 min to 20% eluent B, continued by a linear gradient to 100% in 9 min, followed by an
isocratic plateau for 2 min. Then, the column was equilibrated back to 20% in 0.5 min and
continued isocratically for 2.5 min. The sampler was at room temperature, and the column
oven was kept at 40 °C.

The parameters of the gradient in the case of adducts were (A) water and 0.1% formic
acid and (B) methanol and 0.1% formic acid. The gradient elution was as follows: isocratic
elution for 1 min to 10% eluent B, continued by a linear gradient to 95% in 13 min, followed
by an isocratic plateau for 3 min. Finally, the column was equilibrated back to 10% in
0.1 min and continued isocratically for 2.9 min. The sampler was at room temperature,
and the column oven was kept at 40 °C. The diode array detector was also set at 260 nm
wavelength alongside MS analysis.
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5. Conclusions

The present work aimed to investigate the thiol reactivity of two 4-substituted chalcone
derivatives (1 and 2) with different experimental log-P-values. HPLC-UV-VIS and HPLC-
MS investigations of spontaneous reactions of the two chalcones at three different pH
values revealed that the compounds have similar reactivities. Furthermore, comparison
of the composition of the equilibrium mixtures revealed the importance of the electronic
effect of the 4-substituent on the stability of the enolate intermediates.

HPLC analysis of the incubation mixtures of 1 and 2 with NAC demonstrated different
stereochemistry of the addition of the protonated and non-protonated thiol nucleophile
onto the enone moiety. The results provided further support for the dominant conformation-
derived diastereoselective addition of the protonated thiols onto the chalcones’ polar
carbon-carbon double bond.

We could not find a direct correlation of the thiol reactivities and the previously
published biological (cancer cell cytotoxic) effects of chalcones 1 and 2. It is reasonable to
suppose that both thiol reactivities and lipophilic properties contributed to the reported
biological effects of the investigated compounds and their cyclic analogues.

Supplementary Materials: The following are available: Table S1. Mass spectrometry data; Figure S1.
Change in the chromatographic peak area of adduct 1 of chalcones 1 and 2 in the chalcone-GSH
incubations at pH 8.0/8.5. Figure S2. Change in the chromatographic peak area of adduct 1 of
chalcones 1 and 2 in the chalcone-GSH incubations at pH 6.3/6.8. Figure S3. Change in the
chromatographic peak area of adduct 1 of chalcones 1 and 2 in the chalcone-NAC incubations
at pH 6.3/6.8. Figure S4. Change in the chromatographic peak area of adduct 2 of chalcones 1
and 2 in the chalcone-NAC incubations at pH 6.3/6.8. Figure S5. Change in the chromatographic
peak area of chalcones 1 and 2 in the chalcone-GSH incubations at pH 3.2/3.7. Figure S6. Change
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area of adduct 1 of chalcones 1 and 2 in the chalcone-NAC incubations at pH 3.2/3.7. Figure S9.
Change in the chromatographic peak area of adduct 2 of chalcones 1 and 2 in the chalcone-NAC
incubations at pH 3.2/3.7. Figure S10. High-resolution, positive-mode HESI MS spectrum of
chalcone 1. Figure S11. High-resolution, positive-mode HESI MS spectrum of chalcone 2. Figure S12.
High-resolution, positive-mode HESI MS spectrum of chalcone 1-GSH conjugate. Figure S13. High-
resolution, negative-mode HESI MS spectrum of chalcone 1-NAC conjugate. Figure S14. High-
resolution, positive-mode HESI MS spectrum of chalcone 2-GSH conjugate. Figure S15. High-
resolution, negative-mode HESI MS spectrum of chalcone 2-NAC conjugate. Figure S16. HPLC-UV-
VIS spectrum of (E)(tg 16.354 min)/(Z)(t; 16.128 min) isomeric mixture of chalcone 1. Figure S17.
HPLC-UV-VIS spectrum of (E)(tr 15.607 min)/(Z)(t; 15.855 min) isomeric mixture of chalcone 2.
Figure S18. HPLC-UV-VIS chromatogram of pH 8.0/8.5 incubation (315 min time point) of chalcone
1 and NAC. Figure S19. HPLC-UV-VIS chromatogram of pH 6.3/6.8 incubation (315 min time
point) of chalcone 1 and NAC. Figure S20. HPLC-UV-VIS chromatogram of pH 3.2/3.7 incubation
(315 min time point) of chalcone 1 and NAC. Figure S21. HPLC-UV-VIS chromatogram of pH 8.0/8.5
incubation (315 min time point) of chalcone 2 and NAC. Figure S22. HPLC-UV-VIS chromatogram
of pH 6.3/6.8 incubation (315 min time point) of chalcone 2 and NAC. Figure 523. HPLC-UV-VIS
chromatogram of pH 3.2/3.7 incubation (315 min time point) of chalcone 2 and NAC.
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Abstract: Biotransformation of the antiproliferative (E)-2-[(4’-methoxyphenyl)methylene]-
benzosuberon-1-one (2¢) was studied using rat liver microsomes. As a result of the CYP-
catalyzed transformations, one monooxygenated (2¢+0) and the demethylated (2¢-CHz)
metabolites were identified by HPLC-MS. (E)-2-[(4’-methoxyphenyl)methylene]-benzosuberon-
1-ol, the expected product of rat liver microsomal carbonyl reductase, was not found in the
incubates. Microsomal GST-catalyzed reaction of the compound resulted in formation of di-
astereomeric GST-conjugates. Under the present HPLC conditions, the diastereomeric adducts
were separated into two chromatographic peaks (2¢-GSH-1 and 2¢-GSH-2).

Keywords: chalcone, benzosuberone, microsome, CYP, chalcone reductase, glutathione, micro-
somal glutathione transferase

1 Introduction

Chalcones (Figure 1) are intermediary compounds of the biosynthetic pathway of a very
large and widespread group of plant constituents known collectively as flavonoids [2]. Among
the naturally occurring chalcones and their synthetic analogs, several compounds displayed
cytotoxic (cell growth inhibitor) activity toward cultured tumor cells. Chalcones are also
effective in vivo as cell proliferating inhibitors, antitumor promoting, anti-inflammatory and
chemopreventive agents [3-5]. The chalcone structure can be divided into three structural units;
the aromatic rings A and B and the propenone linker. Modifying any of them can tune the
main feature of interactions of the synthetic chalcones towards the non-covalent or the covalent
pathway.

X=H (a), X=CHj (b), X=0CH; (c)

Figure 1 Structure and numbering of 4-X-chalcones (1) and (E)-2-[(4’ methoxyphenyl)
methylene]-1-benzosuberones (2)

In our previous studies, we have investigated how the substitution of the B-ring and the ring
size (n=0, 5, 6, 7) of some cyclic chalcone analogs affect their cancer cell cytotoxic effect [6—8].
Comparison of the average ICso values of the series, the benzosuberone (n = 7) (2) analogs
(Figure 1) displayed the most prosperous data against the investigated murine and human tumor
cell lines. In particular, the (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2¢) had the
most remarkable cytotoxicity [6,7].

In consecutive publications, we have performed cell cycle analysis of Jurkat cells exposed
to equitoxic doses of 2¢ and its methyl-substituted counterpart 2b. Compound 2¢ showed to
cause an immediate G1 lift and G2/M arrest, followed by hypoploidity and aneuploidy. Such
a remarkable effect of 2b on the G1 and G2 checkpoints could not be observed [9, 10]. TLC
and HPLC analysis showed the compounds to have intrinsic reactivity towards GSH [9, 11].
However, the two compounds had different effects on the thiol status of the cells. Compound 2¢
significantly increased the oxidized glutathione (GSSG) level. On the contrary, 2b increased the
GSH level, indicating enhanced cellular antioxidant potency [12].

Although chalcones are a family of compounds with several beneficial biological activities,
a limited number of metabolism studies of the compounds can be found in the literature.
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Microsomal oxidation of chalcone and (E)-4-phenyl-3-buten-2-one, for example, resulted
in the formation of aromatic hydroxylated metabolites [13]. In another publication of the
research group, microsomal reduction of the carbonyl function of the compound was reported
[14]. Incubation of the chemoprevention agent licochalcone A with human liver microsomes
also resulted in oxygenated Phase I metabolites [15]. Similar results were obtained while
investigating 8-prenylnaringenin [16].

In an earlier publication, we reported intestinal elimination and Phase 2 metabolism of
4’-hydroxy-4-methoxychalcone and its bis-Mannich analog in the rat. HPLC-MS analysis
of the perfusates indicated the presence of glucuronide, sulfate, and glutathione conjugates
of the parent molecules [17]. To compare GSH reactivity, two bis-Mannich bases of two
4’-hydroxychalcones were synthesized and reacted with GSH under non-cellular conditions.
At pH values below 8.0, the two bis-Mannich bases showed higher GSH reactivity than two
4’-hydroxychalcones [18].

Previously demonstrated intrinsic reactivity of 2b and 2¢ towards GSH [9, 11] might play a
role in their cancer cell cytotoxic effects. Oxidation of GSH to GSSG or chemical modification
of the SH group of the tripeptide causes a change in the redox potential of the GSSG/2GSH
system. Previously, a correlation has been found between the cell cycle, the condition of the cell
(stressed, apoptotic, etc.), and the GSSG/2GSH ratio. For instance, in cell proliferation (Ep. =
~-240 mV), in cell differentiation (Ep. = ~-200 mV), and in apoptosis (En. = -170 mV), which
can be applicable for a better understanding of oxidative stress [19, 20]. Thus, changes in the
GSSG/2GSH ratio are fundamental in controlling signal transduction that supports cell cycle
regulation and other cellular processes [21,22].

To investigate if 2b and 2c¢ or their reactive metabolites react with thiols under cellular
conditions, microsomal incubation of the compounds in the presence of reduced glutathione
(GSH) was performed. The incubations were analyzed for the expected derivatives by HPLC-UV
and HPLC-MS methods.

Microsomes are fragments of endoplasmic reticulum and attached ribosomes that are isolated
together when homogenized cells are centrifuged. Microsomal enzymes are typically found in
the smooth endoplasmic reticulum, primarily in the liver, but also in the kidney, intestinal mucosa,
and lung. There are several microsomal enzymes, including flavin monooxygenases (FMO),
cytochrome P450s (CYP), NADPH cytochrome ¢ reductase, UDP glucuronyl transferases
(UGT), glutathione-S-transferases (GST), epoxide hydrolases, among others. Hence, hepatic
microsomes are commonly used to study the metabolic fate of drugs, as the liver is one of the
major organs responsible for enzymatic drug elimination [23].

2 Materials and methods

2.1 Chemicals and reagents

(E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2¢) was synthesized as previously
published [6]. Its structure was characterized by IR and NMR spectroscopy [24]. The purity
and structures of the investigated sample were verified by HPLC-MS (Figure 2 and 3). Male rat
pooled liver microsome 10 mg, magnesium chloride, 25mm syringe filters nylon membrane,
pore size 0.45 pm, and B-nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium
salt hydrate (NADPH) were purchased from Sigma Aldrich (Budapest, Hungary). Alamethicin
and reduced L-glutathione were obtained from Cayman Chemicals and ITW reagents. Methanol
CHROMASOLV HPLC grade was obtained from Honeywell (Hungary). Trifluoroacetic acid
was obtained from VWR (Budapest, Hungary), and formic acid from Fischer Chemicals
(Budapest, Hungary). Deionized water for use in HPLC and HPLC-MS measurements was
purified by Millipore Direct-QTM at the Institute of Pharmaceutical Chemistry (University of
Pécs). Phosphate buffered Saline (PBS) pH 7.4 was prepared freshly on the day of incubation
based on the 2014 Cold Spring Harbor Laboratory press method [25]. Mobile phases used for
HPLC measurements were degassed by an ultrasonic water bath before use.

2.2 Light-initiated isomerization of 2¢

Freshly prepared 6.5 x 1073 M solution of 2¢ in HPLC-grade methanol was subjected
to scattered laboratory light for one week. The solution was analyzed by HPLC-UV and
HPLC-MS.

2.3 Microsomal incubations

490uL PBS was mixed with S0uL of rat liver microsome (20 mg/mL protein) and 10 pL of
alamethicin in methanol (50 pg/mg protein) and was left on ice for 15 minutes for microsomal
activation. Then 100uL. of NADPH solution (2.0 gmol/mL final concentration) was added,
and the solution vortexed to mix well. 25uL of a freshly prepared acetonitrile solution of 2¢
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(final concentration 0.25 pmol/mL) and 100uL of MgCl; solution (final concentration of 5.0
pmol/mL) were added. After each addition, the solution was vortexed. The incubation volume
was set to a total of 980 uL by the addition of 205 uL of PBS and left in a 37°C water bath for 3
minutes. Then 20 L of GSH solution in PBS (final concentration of 5.0 ymol/mL) was added
to bring the final volume to 1.0 mL. The mixture was vortex mixed for 10 seconds, taken to a
shaking water bath, and kept in it for the incubation period (120 minutes). 150 uL samples were
taken at 0, 15, 30, 60, and 90-minute timepoints. (The 0-minute points were considered the time
of placement of the incubates into the water bath.) 150 uL ice-cold methanol was used to stop
the reaction at each time point. The 300 pL sample was centrifuged at 6000 rpm for 5 min;
the supernatant was collected using a syringe and passed through a 0.45,m nylon membrane
syringe filter. Control incubation containing all the constituents except the liver microsome was
analyzed at 0, 30, 60, and 90-minute time points.

p12#1805 RT: 13.83 AV: 1 SB: 17 13.96-14.21 NL: 5.80E8

T: FTMS + ¢ ESI Full ms [100.0000-1000.0000]
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Figure 2 High resolution, positive mode HESI MS spectrum of (E)-2-[(4-methoxyphenyl)
methylene]-1-benzosuberone (2¢). (Protonated m/z 279.1367 and Na™-adduct m/z
301.1187).
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Figure 3 High resolution, positive mode HESI MS spectrum of (Z)-2-[(4-methoxyphenyl)
methylene]-1-benzosuberone (2¢). (Protonated m/z 279.1368 and Na™-adduct m/z
301.1186).
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2.4 HPLC-UV-MS measurements

HPLC-UV-ESI-MS analyses were performed on an Ultimate 3000 liquid chromatograph
(Dionex, Sunnyvale, CA, USA) coupled with a Thermo Q Exactive Focus quadrupole-Orbitrap
hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The scan monitored
m/z values ranging from 100 to 1000 Da. Data acquisition was carried out using Q Exactive
Focus 2.1 and Xcalibur 4.2 software (Thermo Fisher Scientific). Analysis of compounds and
adducts was performed in HESI positive and negative ionization modes with the following
parameters: spray voltage, 3500 V; vaporizer temperature, 300 °C; capillary temperature, 350
°C; spray and auxiliary gas flows, 30 and 10 arbitrary units, respectively; resolution, 35,000 at
200 m/z.

The parameters of the gradient were (A) water and 0.1% formic acid and (B) methanol and
0.1% formic acid. The gradient elution was as follows: isocratic elution for 1 min to 10% eluent
B, continued by a linear gradient to 95% in 13 min, followed by an isocratic plateau for 3 min.
Finally, the column was equilibrated to 10% in 0.1 min and continued isocratically for 2.9 min.
The sampler was at room temperature, and the column oven was at 40 °C. The diode array
detector was also set at 260, 280, 300, and 350 nm wavelength alongside MS analysis.

3 Results and discussion

Cytotoxic (antimitotic, cell growth inhibitor) effects of «,3-unsaturated carbonyl compounds
are frequently associated with their expected reactivity with the essential thiol groups in living
organisms [3-5,26,27]. Such a reaction can alter intracellular redox status (redox signaling),
which can modulate events such as DNA synthesis, enzyme activation, selective gene expression,
and cell cycle regulation [28,29]. Several biological effects (e.g., NQO1 inducer [30], anti-
inflammatory [31], GST P1-1 inhibitory [32]) of chalcones have been associated with their
Michael-type reactivity towards reduced glutathione.

Microsomal incubation of 2¢ was performed using alamethicin-activated rat liver microsomes.
Alamethicin is a peptide antibiotic that forms voltage-dependent channels in the lipid bilayers by
oligomerizing various alamethicin molecules [33]. The effect of alamethicin on the implementa-
tion rate for in vitro glucuronidation was previously studied by several authors [34-36]. It was
found that alamethicin leads to an increase in metabolite formation. The authors assumed that
the alamethicin forms a channel through the microsomal (endoplasmic reticulum) membranes,
and the substrates may diffuse more easily into and through it. Accordingly, the formation of
Phase 2 metabolites (such as glucuronides) is enhanced. Further studies showed that using
alamethicin as an activator does not affect the microsomal CYP activities [37,38].

In the first three minutes of the experiments, 2¢ were incubated with rat liver microsomes in
the presence of alamethicin. Since the parent compound does not have hydroxyl substituent,
only the oxidation and reduction reactions were expected over this period. Then, GSH was
added to the mixtures. From then on, reaction with GSH of the parent compound and its possible
oxidative metabolites could also occur. These latter derivatives could be formed in spontaneous
or GST-catalyzed reactions.

In earlier work, the non-enzyme-catalyzed reaction of 2¢ with GSH was investigated by
HPLC-UV. In that reaction, formation of four diastereomeric adducts was expected (Figure
4). Two of them result from a cis-, and another two from a trans-addition of GSH onto the
carbon-carbon double bond. Under the used HPLC conditions, however, only two separated
peaks appeared in the chromatograms. The separated peaks were tentatively assigned to the cis-
and the frans-adducts [11].

NH, H o o
HO_ » N, OH
M ® * O 4 O
R
[e] [e] [e]
HS

H R= -OCH,= 2¢

NH, B0 NH, H O
HO__ » N, . OH HO. N OH
(s) R) (s) TRy
o o (¢} (e] o 0]
o o] §
*@ QL
R R
SRRS+SRRR SRSS+SRSR

Figure 4 Structure and stereochemistry of the 2¢-GSH adducts
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HPLC-MS investigation of the control incubates (without adding microsomes) indicated
formation of the expected 2¢-GSH adducts (Table 1). Under the present chromatographic
conditions, similar to the previous results, two separated chalcone-GSH peeks appeared in the
chromatograms (Figure 5 lower panel). The structure of the 2¢-GSH-adducts (2¢-GSH-1 and
2¢-GSH-2) was verified by positive mode HR-MS (Figure 6 and 7).

Table 1 HPLC-MS peak areas (AUCs) of the 2¢ and the 2¢-GSH isomeric peak as a function of incubation time

Area 2¢-GSH-1

Sample Area 2¢-GSH-1  Area 2¢-GSH-2 +2¢-GSH-2 Area (Z)-2¢ Area (E)-2¢
Microsomal incubation (0 min) 2,210,842 4,293,434 6,504,276 856,426,548  8,297,984,438
Microsomal incubation (30 min) 22,983,588 32,617,903 55,601,491 966,438,207 4,610,557,010
Microsomal incubation (60 min) 22,454,721 29,934,874 52,389,595 524,872,308  2,750,174,832
Microsomal incubation (90 min) 50,714,479 61,666,740 112,381,219 550,348,953  3,815,982,269
Control (0 min) 1,466,946 2,493,046 3,959,992 495,826,994  4,093,677,464
Control (30 min) 1,396,532 1,181,043 2,577,575 138,997,108  1,308,801,409
Control (60 min) 9,585,848 5,960,060 15,545,908 161,346,308  1,305,287,139
Control (90 min) 18,724,489 12,017,553 30,742,042 299,494,818  2,215,039,743
RT: 0.00 - 20.00 13.83 NL: 5.22E8
s
90 F: FTMS + ¢ ESI Full
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Figure 5 High resolution, positive mode HESI MS chromatogram of (E)-2-[(4-meth-
oxyphenyl)methylene]-1-benzosuberone (2¢) control incubate (90-minute sample).
Upper panel: t, 13.36 min: (Z)-2-[(4-methoxyphenyl)methylene]-1-benzo suberone;
tr 13.83 min: (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone. Lower panel:
2¢-GSH-1: 10.49 min.; 2¢-GSH-2: 10.94 min.

Besides the GSH conjugates, formation of the respected (Z)-isomer of the parent (E)-2¢ was
observed. Since the reaction mixtures were kept in the dark, the formation of the (Z)-2¢ can
only be explained due to the retro-Michael reaction of the formed adducts [39]. The structure of
the (E)-2c¢ and (Z)-2¢ was verified based on the positive mode HR-MS of the isomeric mixture
obtained by light isomerization f the pure (E)-2¢ (Figure 3).

Similar HPLC-MS analysis of the microsomal incubates also indicated formation of the
(Z)-2c¢ and the diastereomeric 2¢-GSH adducts (Figure 8). The mass spectra of the compounds
formed in the microsomal incubations are shown in Figure 9-11. The sum of the AUC of
the two diastereomeric 2¢-GSH peaks was higher at each timepoint than in the respective
control incubate (Table 1). Although the ionization response factors of the four diastereomers
are not known, the significant differences between the AUCs measured in the control and the
microsomal incubates strongly support that the alamethicin-activated microsomes accelerate
the chalcone-GSH conjugation reaction (Table 1). Since compound 2c¢ is a relatively lipophilic
chalcone analog [40], it could be the substrate of both the microsomal glutathione transferases
(MGSTs) [41-44] and the so-called microsome-associated GST enzymes. These latter GST
forms are associated with the outer microsomal membranes, and their characteristics resemble
those of the cytosolic GSTs [45].

Over the first 60 minutes of the incubation period, the total AUC of 2¢-GSH was only slightly
changed (Table 1). However, by the end of the incubation, much higher AUC peak values of
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Figure 6 High resolution, positive mode HESI MS spectrum of the 2¢-GSH-1 conjugate
formed in the 90-minute sample of the control incubate (m/z 586.2195).

the 2¢-GSH conjugates could be observed (Table 2). On longer incubation times, dissolution
of 2¢ and GSH into the microsomal (ER) membranes can occur. There they can bind to the
overlapping hydrophobic and the GSH binding sites of the MSGT enzymes [46]. In parallel,
the added GSH can react with the enzyme’s Cys49 sensor, resulting in its activation [47]. On
activation of the MSGT enzymes, the reaction rate between the 2¢ and GSH increased.

Liver microsomes are rich in cytochrome P450 enzymes. CYPs are located in the smooth
endoplasmic reticulum membrane of cells. Thus, they can be recovered in microsomal frac-
tions. Microsomal P450 families 1-3 play a major role in the metabolism of the majority
of pharmaceuticals and a large number of other lipophilic xenobiotics [48]. CYP enzymes
preferentially incorporate one of the oxygen atoms of molecular oxygen at one of the carbon
atoms of the target molecule. Accordingly, chalcone 2¢ possesses several possible primary sites
for CYP-catalyzed oxidation.

In analysis of the total ion MS spectrum of the microsomal incubates, two products were
found whose formation can be explained by CYP-catalyzed reactions: an oxygenated 2¢ (2¢+0)
(Figure 12 and 13) and the demethylated derivative (2c-CH>) (Figure 14 and 15). The AUC
of both peaks increased over the incubation time (Table 2). The exact structure of the formed
oxygenated metabolite needs further investigation. Lack of formation of a GSH-adduct of the
possible epoxide metabolite, however, it is reasonable to suppose that the formed oxygenated
metabolite is a hydroxyl derivative of 2¢c. The demethylation reaction of 2¢ resulted in the
respective 4’-OH derivative (Figure 16).

Earlier studies on the 4’-OH-metabolite (2¢-CH>) showed the compound to have a pro-
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Figure 7 High resolution, positive mode HESI MS spectrum of the 2¢-GSH-2 conjugate
formed in the 90-minute sample of the control incubate (m/z 586.2200).

nounced effect on the modulation of mitochondrial respiratory functions. Phosphorylation
inhibitory effect and/or partial uncoupling of the compound resulted in stimulation of mitochon-
drial activity and increased formation of ROS [49].

Okamoto et al. reported the reduction of (E)-4-phenyl-3-buten-2-one (a chalcone analog)
by rat microsomal carbonyl reductase. The reduction was stereoselective, yielding R-(E)-4-
phenyl-3-buten-2-o0l [14]. Based on this finding, the total ion MS spectrum of the 90-minute
microsomal incubate was screened for the presence of the respective reduced form of 2c. The
analysis didn’t indicate the presence of a signal of the corresponding alcohol.

4 Conclusions

Microsomal biotransformation of the antiproliferative (E)-2-[(4’-methoxyphenyl)methylene]-
benzosuberon-1-one (2¢) showed the compound to be metabolized by the CYP and the GST
enzymes. As a result of CYP-catalyzed transformations, one monooxygenated (2¢+0) and
the demethylated (2¢-CH>) metabolites were identified. Microsomal GST-catalyzed reaction
of the compound resulted in formation of diastereomeric GST-conjugates. Under the present
HPLC conditions, the compounds were separated into two chromatographic peaks. A noticeable
amount of (Z)-2¢ was also identified in the incubates. Since the (Z)-isomer of the parent com-
pound has a different three-dimensional structure, degree of conjugation, and lipophilicity [50],

Journal of Pharmaceutical and Biopharmaceutical Research e SyncSci Publishing 332 of 339


https://www.syncsci.com/journal/JPBR
https://www.syncsci.com

Volume 4 Issue 2, March 22, 2023 Fatemeh Kenari, Szilard Molnar, Zoltan Pintér, et al.

RT: 0.00 - 20.00

10 13.80 NL: 8.55E8
Base Peak m/z=
279.1357-279.1413

b F: FTMS + ¢ ESI Full
ms
80 [100.0000-

0000-
1000.0000] MS p8

Relative Abundance
@
8

13.33

T0.88 NL: 1.42E7

Base Peak m/z=
586.2164-586.2282
F:FTMS + ¢ ESI Full

ms
(100.0000-
1000.0000) MS p8

Relative Abundance

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

Figure 8 High resolution, positive mode HESI MS chromatogram of (E)-2-[(4-meth-
oxyphenyl)methylene]-1-benzosuberone (2¢) microsomal incubate (90-minute sam-
ple). Upper panel: t,. 13.33 min: (Z)-2-[(4-methoxyphenyl) methylene]-1-benzo-
suberone; t, 13.80 min: (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone.
Lower panel: 2¢-GSH-1: 10.45 min.; 2¢-GSH-2: 10.88 min.
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Figure 9 High resolution, positive mode HESI MS spectrum of (Z)-2-[(4-methoxyphenyl)
methylene]-1-benzosuberone (2¢) formed in the 90-minute sample of the microsomal
incubate. (Protonated m/z 279.1368 and Na™-adduct m/z 301.1186).

Table 2 HPLC-MS peak areas (AUCs) of the 2¢, the 2¢-GSH isomeric peaks, and that of the
oxidative metabolites of 2¢ as a function of incubation time.

Compound tr' Cont.rol Contrpl Micros.ome MiCl’OS(.)l’l’le
(min) (0 min) (90 min) (0 min) (90 min)
(E)-2¢ 13.8 4,093,677,464 2,215,039,743 8,297,984.,438 3,815,982,269
(Z)-2¢ 13.32 495,826,994 299,494,818 856,426,548 550,348,953
2¢-GSH-1 10.47 1,466,946 18,724,489 2,210,842 50,714,479
2¢-GSH-2 10.86 2,493,046 12,017,553 4,293,434 61,264,226
2¢-CHa 12.25 N/D N/D 7,206,428 81,441,916
2¢+0 11.93 N/D N/D 11,740,789 44,057,081
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Figure 10 High resolution, positive mode HESI MS spectrum of the 2¢-GSH-1 conjugate
formed in the 90-minute sample of the microsomal incubate (m/z 586.2197).
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Figure 11 High resolution, positive mode HESI MS spectrum of the 2¢-GSH-2 conjugate
formed in the 90-minute sample of the microsomal incubate (m/z 586.2198).
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Figure 12

High resolution, positive mode HESI MS chromatogram of the monohydroxylated

derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2¢) formed
in the 90-minute sample of the microsomal incubate. (t, 11.94 min).
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Figure 13 High resolution, positive mode HESI MS spectrum of the monohydroxylated
derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2¢) formed
in the 90-minute sample of the microsomal incubate. (Protonated m/z 295.1317

and NaT-adduct m/z 317.1135)
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Figure 14 High resolution, positive mode HESI MS chromatogram of the O-demethylated
derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2¢) formed
in the 90-minute sample of the microsomal incubate. (t, 12.26 min).
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Figure 15 High resolution, positive mode HESI MS spectrum of of the O-demethylated

derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2¢) formed
in the 90-minute sample of the microsomal incubate. (Protonated m/z 265.1213
and Na*-adduct m/z 287.1030).

(O]
2¢+0 2¢-CH,

Figure 16 Structures of the products formed in the microsomal oxidation of 2¢

formation of this isomer might be a molecular event that plays a role in the observed biological
effects of the compound. Furthermore, the GSH-reactivity of 2¢ can also take part in the
previously reported apoptotic effect of the compound.
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Abstract: Non-enzymatic thiol addition into the o, 3-unsaturated carbonyl system is associated with
several biological effects. In vivo, the reactions can form small-molecule thiol (e.g., glutathione)
or protein thiol adducts. The reaction of two synthetic (4'-methyl- and 4'-methoxy substituted)
cyclic chalcone analogs with reduced glutathione (GSH) and N-acetylcysteine (NAC) was studied by
(high-pressure liquid chromatography-ultraviolet spectroscopy) HPLC-UV method. The selected
compounds displayed in vitro cancer cell cytotoxicity (ICsg) of different orders of magnitude. The
structure of the formed adducts was confirmed by (high-pressure liquid chromatography-mass
spectrometry) HPLC-MS. The incubations were performed under three different pH conditions (pH
3.2/3.7,6.3/6.8, and 8.0/7.4). The chalcones intrinsically reacted with both thiols under all incubation
conditions. The initial rates and compositions of the final mixtures depended on the substitution and
the pH. The frontier molecular orbitals and the Fukui function were carried out to investigate the
effects on open-chain and seven-membered cyclic analogs. Furthermore, machine learning protocols
were used to provide more insights into physicochemical properties and to support the different thiol-
reactivity. HPLC analysis indicated diastereoselectivity of the reactions. The observed reactivities do
not directly relate to the different in vitro cancer cell cytotoxicity of the compounds.

Keywords: chalcone; glutathione; cysteine; thiols; Michael addition; diastereoselective addition

1. Introduction

Chalcones (I) are natural products, the biosynthetic precursors of flavonoids, a large
family of plant phenolic secondary metabolites [1,2]. Because of the wide range of beneficial bi-
ological actions of the natural chalcones, several analogs have been synthesized and—among
others—tested for their antioxidant, antimicrobial, antiprotozoal, antiulcer, antihistaminic,
antidiabetic, anti-inflammatory, anticancer and neuroprotective activities [3-6]. The molecular
mechanisms of the published biological /pharmacological effects can be associated with
their (a) non-covalent interactions with biological macromolecules and (b) covalent modi-
fication of preferably the soft nucleophilic thiol function(s) of amino acids, peptides, and
proteins [7-9].

The chalcone structure can be divided into three different structural units: the aromatic
rings A and B and the propenone linker (Figure 1). Modifying any of them can tune the
main feature of interactions of the synthetic chalcones towards the non-covalent or the
covalent pathway. In our previous studies, we have investigated how the substitution of the
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B-ring and modifying the ring size (n = 5-7) of cyclic chalcone analogs can affect the cancer
cell cytotoxic effect of more than one hundred twenty derivatives [10-12]. While comparing
the average ICsg values of the series, the benzosuberone (II) analogs proved to be the most
effective against P388, L1210, Molt 4/C8, and CEM cells, as well as a panel of human tumor
cell lines. In particular, the (E)-2-(4-methoxyphenylmethylene)-1-benzosuberone (II ¢) had
the most remarkable cytotoxicity, when all five screens were considered [10,11].

X = H (a), X = CHj (b), X = OCHs (c)

Figure 1. Structure and numbering of 4-X-chalcones (I) and (E)-2-(4'-X-phenylmethylene-1-
benzosuberones (II).

In consecutive publications, we have performed cell cycle analysis of Jurkat cells
exposed to IIc and its methyl-substituted analogue IIb. It was demonstrated that equitoxic
doses of the two cyclic chalcone analogs have different effects on the cell cycle progression
of the investigated Jurkat cells. Compound Ilc showed to cause an immediate G1 lift and
G2/M arrest, followed by hypoploidity and aneuploidy. Such a remarkable effect of IIb
on the G1 and G2 checkpoints could not be observed [13,14]. Thin layer chromatographic
(TLC) and high-pressure liquid chromatographic (HPLC) analysis showed the compounds
to react with reduced glutathione (GSH) under basic conditions [13,15]. However, the
two compounds had different effects on the thiol status of the Jurkat cells [16].

Glutathione is ubiquitous in mammalian cells ranging in 1-10 mM concentrations [17].
Under physiological conditions, more than 98% of total glutathione occurs in reduced
form [18,19]. The reduced glutathione (GSH)/oxidized glutathione (GSSG) (GSH/GSSG)
redox system has a vital role in maintaining the (a) environment of the intracellular redox
system, (b) the antioxidant defense system, and (c) the cellular signaling processes [20].
Furthermore, it is one of the endogenous substances involved in the metabolism of endoge-
nous (e.g., estrogens, leukotrienes, prostaglandins) and exogenous compounds (e.g., drugs,
non-energy-producing xenobiotics) [21].

Covalent bond formation of GSH with electrophilic species affects the half-cell re-
duction potential of the GSSG/2GSH redox system. The GSH/GSSG ratio is a critical
mechanism for cell survival; in fact, it is known that it varies in association with prolifer-
ation, differentiation, and apoptosis [22,23]. In our earlier publication [24], we reported
on the thiol reactivity of two open-chain chalcones (Ib and Ic) with different cancer cell
cytotoxicities [25]. We could not find a direct correlation of the thiol reactivities and the
previously published biological (cancer cell cytotoxic) effects of the two chalcones. Contin-
uing the previous studies on the molecular mechanism of the cancer cell cytotoxic and cell
cycle modulating effects of IIb and Ilc, we report on a comparative HPLC study on their
intrinsic reactivity towards GSH and N-acetylcysteine (NAC). Compound IIc showed ICsg
values towards the most investigated cancer cell lines close to two magnitudes lower than
the 4-methyl analog IIb (Table 1). Thus, the differences in the reactivities could reflect the
differences in their previously published biological activities.

Similar to the previous publication [24], the reactions were studied under three con-
ditions with different pH: (a) pH 8.0/7.4, (b) pH 6.3/6.8, and (c) pH 3.2/3.7. The first pH
values indicate the pH of the aqueous solution of the thiols before starting the incuba-
tions; the second pH values indicate the virtual pH of the incubation mixtures, containing
75.5% v/v methanol (MeOH). The basic pH was selected to mimic the conditions of the
GST-catalyzed reactions; the ionization of the GSH thiol-moiety is increased due to its
interaction with the basic imidazole N-atom in the active site of the enzyme [26]. The pH
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6.3 was selected to mimic the slightly acidic pH of cancerous cells [27], while a strongly
acidic condition (pH 3.2) was chosen to compare how the thiol function of the compounds
reacts in its protonated and ionized forms. GSH and NAC have reported pKa values of 8.83
and 9.52, respectively. Accordingly, the thiol function of both compounds exists exclusively
in the protonated (neutral) form under the pH 3.2/3.7 conditions [28].

Table 1. IC5q (uM) data of selected E-2-(4'-X-benzylidene)-1-benzosuberones (II) [10].

Compound P388 L1210 Molt 4/C8 CEM Human Tumor Cells
ITa 12.7 106.0 42.7 28.9 18.6
IIb 11.8 25.0 21.3 114 11.2
IIc 1.6 0.34 0.47 0.35 0.27

The thiol additions to enones are reported to be reversible, resulting in an equilibrium
mixture’s formation. To qualitatively characterize the progress of the reactions, the compo-
sition of the incubation mixtures was analyzed at the 15, 45, 75, 105, 135, 165, 195, 225, 255,
285, and 315 min timepoints by HPLC-UV. Furthermore, density functional theory (DFT)
calculations and machine learning (ML) protocols were used to analyze the stability and
regioselectivity of chalcone analogs on a structural basis. In the analyses, methanethiol
(CH3SH) and its deprotonated form (CH3S ™) were used as model thiols.

2. Results
2.1. Reactions under Slightly Basic (pH 8.0/7.4) Conditions

Initially, we investigated the reactions of IIb and Ilc under basic conditions. Consid-
ering the pKa values of GSH (8.83) and NAC (9.52), about 3.6% of the GSH and 0.75% of
the NAC molecules are under pH 7.4 conditions. The reaction with GSH (Figure 2) and
NAC (Figure 3) of both cyclic chalcones have intrinsic reactivity with the investigated
thiols. By the end of the incubation period (315 min) with GSH, the initial area of the HPLC
peak corresponding to the parent compounds IIb and Ilc reduced by 43.5% and 26.3 %,
respectively (Table 2). While the compounds were incubated with NAC, the respective
figures were 7.9% and 7.6% (Table 3). Changes in the chromatographic peak areas of the
starting chalcones as a function of the incubation time indicated that the compositions
reflect the equilibrium only in the case of the NAC incubation (Figure 3). The overlayed
HPLC-UV chromatograms obtained by analysis of the IIb with GSH and NAC (Figures
51 and 52), and IlIc with GSH and NAC (Figures S3 and S4) at the different timepoints are
shown on Figures 51-54.

Change of chromatographic areas as a
function of time, GSH, pH 8.0/7.4
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Figure 2. Change in the chromatographic peak area of chalcones IIb and IIc in the chalcone-GSH
incubations at pH 8.0/7 4.
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Change of chromatographic areas as a function
of time, NAC, pH 8.0/7.4
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Figure 3. Change in the chromatographic peak area of chalcones IIb and Ilc in the chalcone-NAC
incubations at pH 8.0/7 4.

Table 2. Retention times (tz) ! and integrated peak areas (A) of the investigated cyclic chalcone
analogs (Ib and Ilc) and their GSH adducts 2.

t Area Ratio ¢ t Area t Area t Area
pH®  Compound (5 cpilcone  Ase/Ac (Z)-Chalcone  (Z)-Chalcone ~ GSH-1  GSH-1  GSH-2  GSH-2
32 1Ib 17.1 0.89 16.8 55.1 14.85 749 1525 1115

32 e 16.6 0.95 163 136.1 ND 5 - ND 5 -

6.3 1Ib 17.0 0.84 16.7 146.6 14.6 297.2 15.1 331.8
6.3 ies 169 0.91 167 513.4 142 233.6 148 256.4
8.0 1Ib 17.4 0.57 171 302.8 15.0 2847.0 15.4 32163
8.0 e 16.8 0.74 165 4120 139 25849 146 2785.0

1 Retention times in minutes; 2 data refer to the average of two independent measurements at the 315 min time
point; 3 pH value of the aqueous thiol solution; 4 ratios of peak areas measured at 0 and 315 min;  not detectable.

Table 3. Retention times (t;) ! and integrated peak areas (A) of the investigated cyclic chalcone
analogs (IIb and IIc) and their NAC adducts 2.

t Area Ratio * t Area t Area t Area
pH® Compound (E)-ChI;lcone As1s/Ag (Z)-ChI;lcone (Z)-Chalcone NAC-1 NAC-1 NAC-2 NAC-2

32 IIb 17.1 0.76 16.8 124.1 N/D5 - N/D? -
32 Ilc 16.6 0.88 16.3 126.9 N/D5 - N/D? -
6.3 IIb 175 0.93 17.2 118.9 16.3 60.0 16.5 513.9
6.3 Ilc 16.7 0.91 16.4 184.5 15.3 61.8 15.6 392.1
8.0 IIb 17.5 0.92 17.2 467.5 16.3 477.7 16.5 913.4
8.0 Ilc 17.0 0.92 16.8 541.9 15.7 3475 15.9 624.2

1 Retention times in minutes; 2 data refer to the average of two independent measurements at the 315 min time
point; 3 pH value of the aqueous thiol solution; * ratios of peak areas measured at 0 and 315 min, ° not detectable.

As a result of the addition reactions, two new chiral centers are formed. Considering
the inherent chirality of the two thiols, the formation of four diastereomeric adducts was
expected. However, only two separate peaks could be detected under the present chro-
matographic conditions. The analysis showed a slight excess of the less polar diastereomers
in both cases. The structure of the parent chalcones and their GSH and NAC conjugates
were verified by HPLC-MS (Figures S5-510). The exact mass of IIb, IIc, and the IIb-GSH,
ITb-NAC, IIc-GSH and IIc-NAC adducts are summarized in Table S1.

The time course of increase in the two separated peaks, GSH-1 (Figure 4) and GSH-
2 (Figure 5), and NAC-1 (Figure 6) and NAC-2 (Figure 7) showed some characteristic
differences. In the case of the GSH adducts of IIb and Ilc, the peak areas almost linearly
increased over time. The progression curves of formation of the adducts, however, showed
somewhat different slopes, especially from the 105 min timepoint (Figures 4 and 5). In the
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case of the NAC-adducts, the progression curves deviate from linearity. The curvatures of
the concave curves are different from the 75 min timepoint (Figures 6 and 7) By the end of
the incubation period (315 min), the ratio of the two peaks of the GSH incubations remained
close to unity (1.13 and 1.08 for IIb and Ilc, respectively). In the case of the NAC incubations,
the respective ratios were 1.91 and 1.80 (Tables 2 and 3). The formation of (Z)-chalcones
could be detected in all four incubations. In the case of the NAC incubations, the area of the
(Z)-peaks is comparable with those of the chalcone-NAC adducts (Tables 2 and 3).

Change of Peak 1 chromatographic areas as
a function of time,GSH, pH 8.0/7.4

Area (mAU)
@
8
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Time (min)
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Figure 4. Change in the chromatographic peak area of adduct 1 of IIb and Ilc in the chalcone-GSH
incubations at pH 8.0/7 4.

Change of Peak 2 chromatographic areas as a
function of time,GSH, pH 8.0/7.4
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Figure 5. Change in the chromatographic peak area of adduct 2 of IIb and IIc in the chalcone-GSH
incubations at pH 8.0/7 4.
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Change of Peak 1 chromatographic areas as a
function of time,NAC, pH 8.0/7.4
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Figure 6. Change in the chromatographic peak area of adduct 1 of IIb and IlIc in the chalcone-NAC
incubations at pH 8.0/7 4.

Change of Peak 2 chromatographic areas as a
function of time,NAC, pH 8.0/7.4
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Figure 7. Change in the chromatographic peak area of adduct 2 of IIb and IIc in the chalcone-NAC
incubations at pH 8.0/7.4.

2.2. Reaction under Slightly Acidic (pH 6.3/6.8) Conditions

The reaction of the cyclic chalcones with the two thiols under slightly acidic conditions
(virtual pH 6.8) mimics the cellular milieu of the cancer cells [27]. Under such conditions,
about 0.9% of the GSH molecules and 0.2% of the NAC molecules exist in the more reactive
thiolate form. The change in the concentration (chromatographic peak areas) of the starting
chalcones IIb and Ilc shows parallelism in both reactions (Figures 8 and 9). By the end of
the incubation period (315 min) with GSH, the initial area of the HPLC peak of IIa and IIb
was reduced by 16.1% and 9.1%, respectively. While the compounds were incubated with
NAG, the respective figures were 8.9% and 7.1%. These latter figures are very close to those
obtained under slightly basic conditions (Tables 2 and 3).
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Change of chromatographic areas as a
function of time, GSH, pH 6.3/6.8
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Figure 8. Change in the chromatographic peak area of chalcones IIb and IIc in the chalcone-GSH
incubations at pH 6.3/6.8.

Change of chromatographic areas as a function of
time, NAC, pH 6.3/6.8
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Figure 9. Change in the chromatographic peak area of chalcones IIb and Ilc in the chalcone-NAC
incubations at pH 6.3/6.8.

In the GSH incubations, the separated HPLC peak areas of the IIb-GSH and Ilc-GSH
diastereomers increased as closely parallel over time (Figures S11 and 512). At the end of
the incubation period, the ratio of the area of two separated peaks of the chalcone-GSH
adducts is close to unity (1.12 and 1.10 for IIb and Ilc, respectively) (Table 4). A similar
tendency could be observed for the NAC-2 peak (peak with the higher retention time) area
of ITb and IIc (Figure S14). At the same time, the chromatographic peak area of the NAC-1
peak of IIc remained practically unchanged, but that of IIb slightly increased (Figure 513).
As a result, the ratio of the NAC-2/NAC-1 areas at the 315 timepoint was 8.57 and 6.34 for
IIb and Ilc, respectively (Table 4). In all four incubations, the peak areas of the (Z)-chalcones
are comparable to those of the formed adducts (Table 4). Since the only source of the (Z)
isomers under the experimental conditions is the retro-Michael reactions, it is reasonable
to presume that the observed diastereomeric distributions do not reflect the results of the
kinetics-controlled reactions.
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Table 4. HPLC-UYV areas of the (Z) isomers and the diastereomeric NAC-1 and NAC-2 peaks in the
NAC-incubation of IIb and IIc under slightly acidic (pH 6.3/6.7) conditions.

Compound Time Area Area Area Ratio
(Minute) Z-Chalcone NAC-1 NAC-2 Area NAC-2/NAC-1
IIb 75 91.8 35.3 224.1 6.3
165 107.2 52.7 349.7 6.6
255 114.9 56.8 448.3 79
315 118.9 60.0 513.9 8.6
IIc 75 136.5 54.0 148.9 2.8
165 159.4 59.5 249.3 4.2
255 175.3 58.4 333.2 5.7
315 184.5 61.8 392.1 6.3

2.3. Reaction under Acid (pH 3.2/3.7) Conditions

Under stronger acidic conditions, the thiol function of both GSH and NAC exists exclu-
sively in protonated (neutral) form. Although the protonated thiols can act as nucleophilic
reagents, their reactivity is much lower than that of their deprotonated (negatively charged)
counterparts [29]. In the chalcone—-GSH incubations, progression curves of the reactions
(reduction in the initial area of the chalcones) showed a very slight downhill linear shape
(Figure S15). At the end of the incubations, the initial values of the peak areas of IIb and
IIc were reduced by 10.6% and 5.3%, respectively. At the same time, a linear increase in the
peak area of the ITb-GSH adducts (peak 1 and peak 2) could be observed (Figures S16 and
517). The peaks corresponding to the respective Ile-GSH adducts could not be detected.
The ratio of the IIb-GSH isomeric peaks (315 min timepoint) was 1.48. The areas of the
respective (Z) isomers were much lower than in the pH 8.0 and pH 6.3 incubations (Table 2).

In the chalcone-INAC incubations, the reduction in the initial area of the chalcones
showed a very slight downhill linear shape with somewhat different slopes (Figure 518).
The initial peak area of IIb and Ilc was reduced by 23.7% and 12.1% by the 315 min
timepoint (Table 3). However, no II-NAC peaks could be identified. HPLV-UV analysis of
the incubates showed the formation of several small peaks that were more polar than the
parent IIb and IIc. HPLC-MS investigations indicated the expected adduct formation, but
it was impossible to identify them in the HPLC-UV chromatograms (Figures 519 and S20).
In both incubations, the formation of the (Z) isomers could be seen (Table 3).

2.4. Molecular Modeling Analysis

Table 5 shows the calculated values for molecular properties of Ia, Ila, methanethiol
(CH3SH), and deprotonated methanethiol (CH3S™). The highest occupied molecular
orbital energy (Exjomo) reflects the ability of a molecule to donate electrons, the lowest
unoccupied molecular orbital energy (ELumo) demonstrates the ability to accept electrons
(see Figure 10), and the gap energies (AE ymo-HOMO) are related to the chemical stability
of molecules.

Table 5. Reactivity indices were obtained for Ia, IIa, CH3SH, and CH3S~ at the M06-2X/6-
311++G(d,p) level of theory.

Descriptors Ia ITa CH;SH CH3S—
kcal.mol—1 kcal.mol—1 kcal.mol—1 kcal.mol—1
EnoMo —183.24 —180.38 —183.240 —173.453
ELumo —35.98 —28.44 —2.979 77.998
AEHOMOLUMO 147.27 151.94 180.261 251.451
Chemical Potential (77) —109.608 —104.405 —93.109 —47.728
Chemical Hardness (i) 147.264 151.930 180.261 251.451

Electrophilicity Index (w) 40.791 35.873 24.047 4.530
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Figure 10. HOMO and LUMO plots for Ia, Ila CH3SH, and CH3S~ calculated at the M06-2X/6-
311++G (d,p) level of theory.

The chemical potential, chemical hardness, and electrophilicity are defined as
n = (aa—fj) U), n = % (3%) v), and (w = %), respectively. 7 indicates the resistance
of the molecule to alter its electronic density distribution and is higher for Ila. On the
other hand, y indicates the change in free energy when electrons are added or removed
from the molecule. At the same time, w is a measure of a molecule’s tendency to act as an
electrophile. The value of w increased for Ia, and y decreased when compared to IIa.

Figure 11 shows the isosurfaces of the Fukui function (obtained from electron density)
for the molecules Ia, ITa, and CH3SH, with a focus on atoms that can undergo nucleophilic
attack (). The positive and negative regions of the Fukui function are represented by the
green and blue isosurfaces, respectively.

Figure 11. Isosurfaces of the Fukui Function, calculated at a proper value of 0.08 for the molecules Ia,
ITa, CH3SH, and CH3S .
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In order to depict the distribution of electric charge on the molecular surface, a molec-
ular electrostatic potential (MEP) map was generated (Figure 12). The red spots on the
MEP surface represent the electron-rich sites and are susceptible to electrophilic attack. In
contrast, the blue spots represent the electron-depleted regions and are sites susceptible
to nucleophilic attack. For CH3S™, the MEP is reddish due to the —1 negative charge
resulting from deprotonation.

Ia IIa
—— o
) VG A , °
JJ,‘J‘J‘\‘J IS 2 4
J)‘ "J - J‘ “J lifif)‘ 3 *a
VI B €
-36.678 Kcal.mol" N D 36.678 Kcal.mol”
CH,SH CH,S

{J
P,

-36.678 Kcal.mol' B M 36.678 Kcal.mol” —183.240 Kcal.mol I M 183.240 Kcal.mol”

Figure 12. MEP surface contour of the total SCF electronic density for molecules Ia, IIa, CH3SH, and
CH3S™ at the M06-2X/6-311++G (d,p) level of theory.

The kop rate constants were calculated for chalcone compounds, and the results indicate
that the compounds with the highest ko values point to greater reactivity. The order of
reactivity potential was observed as CH3SH (9.15 x 10° M 1sHIa9.01 x10°M1s71)>
Ia (7.85 x 10° M~ s71) > CH3S ™ (5.48 x 10° M1 s71).

3. Discussion

Our experiment showed that both cyclic chalcone analogs (IIb and IIc) have intrin-
sic reactivity with GSH and NAC under all three experimental conditions. The results
strengthen the results of our previous studies obtained by TLC analysis of similar incuba-
tions with GSH of the two compounds [13]. Considering the pKa values of GSH (8.83) and
NAC (9.52) thiols, it can be seen that the fraction of the stronger nucleophile thiolate form
of GSH is higher than that of NAC under each experimental condition. Under the slightly
basic conditions (pH 8.0/7.4), the rate of reduction in the HPLC peak area of the starting
chalcones showed a linear decrease. Since the area is based on the absorbance (logarithmic
function of the concentration) of the compounds, the reactions follow pseudo-first-order
kinetics. In the case of both thiols, relatively high amounts of (Z)-chalcone isomers could be
detected in the incubations (Tables 2 and 3). Since the reaction mixtures were incubated in
the dark, the corresponding retro-Michael reactions are the only source of the (Z)-isomer for-
mations. Accordingly, the progression curves of the incubations (Figures 2 and 3) reflect the
disappearance of the starting compounds due to the net change in the reversible reactions.
Similar levels of the respective (Z)-isomers could be detected in the incubations performed
under slightly acidic (pH 6.3/6.7) conditions (Tables 2 and 3). On the contrary, the reactions
of the respective open-chain chalcones (Ib and Ic) performed under identical conditions
did not result in a detectable level of (Z)-isomers in the GSH or the NAC incubations [24].

The results obtained in the pH 6.3/6.7 incubations are similar to those of the pH 8.0/7.4
ones (Tables 2 and 3). Under such conditions, however, the composition of both incubations
represents the equilibrium mixtures. Similar to the pH 8.0/7.4 incubations, the conversion
of ITb is somewhat higher in the case of both thiols. The observation further strengthens the
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previously suggested view that the different reactivities can be (at least partly) the result
of the different stability of the thiol adducts [24,30]. Similar to the results obtained under
identical conditions with the respective open-chain chalcones (I), the 4-methyl-substituted
derivative (IIb) forms the more stable adducts.

Comparing the compositions of the 315 min incubation mixtures of the two series
(I and II), it can be seen that the conversions of the 4-CHj- and 4-OCHjs-substituted
chalcones (Ib and Ic) are much higher than those of the IIb and Ilc (Table 6). 13C NMR
shifts, indicating the electron density around the particular nucleus, of the 3-carbon atom of
ITb (138.0 ppm) and IIc (137.7 ppm), were reported to be similar. A similar slight (0.3 ppm)
difference was observed in the case of the respective open-chain chalcones Ib and Ic [31].
Since the nature of thiols and the aromatic substituents are the same, the ring structure can
explain the observed differences in reactivities of the two series.

Table 6. Percent reduction in initial chalcone HPLC-UV peaks in the 315 min GSH and NAC
incubation mixtures of the series I and II.

Reagent Reduction in Initial Reagent Reduction in Initial
Compound pH Thiol Peak Area at the 315 Thiol Peak Area at the 315
io - . io - .
min Timepoint (%) min Timepoint (%)
Ib 8.0/7.4 GSH 96.3 * NAC 94.8 *
ITb 8.0/7.4 GSH 43.5 NAC 7.6
Ic 8.0/7.4 GSH 92.1* NAC 90.2 %
Ilc 8.0/74 GSH 26.3 NAC 7.9
Ib 6.3/6.7 GSH 90.6 * NAC 75.6*
ITb 6.3/6.7 GSH 16.1 NAC 7.1
Ic 6.3/6.7 GSH 78.3* NAC 53.3*
Ilc 6.3/6.7 GSH 9.1 NAC 9.0
Ib 3.2/3.7 GSH 19.3 % NAC 109 *
IIb 3.2/3.7 GSH 10.6 NAC 23.7
Ic 3.2/3.7 GSH 42* NAC 1.5*%
IIc 3.2/3.7 GSH 5.3 NAC 12.1

* Calculated on the bases of data published in [24].

Amslinger et al. investigated the thiol reactivity of chalcones with various substituents
in their a-position. The kinetics of thiol reactivities of the derivatives were correlated with
some of their biological effects directly connected to their Michael acceptor ability [32,33].
For example, a-methyl substitution of 2’,3,4,4-tetramethoxychalcone (TMC) decreased,
a-cyano substitution substantially increased the thiol reactivity of the nonsubstituted
TMC [34]. Based on these earlier observations, it is reasonable to suppose that the reduced
reactivity of the benzosuberone derivatives IIb and Ilc is the consequence of added effects
of the a-alkyl substitution and the conformational strain caused by the cyclic structure of
the starting enone and the reaction intermediate. Further research is needed to characterize
the electronic and stereochemical effects of the ring numerically.

As a result of the addition reactions, the formation of four diastereomeric adducts is
possible. Because of the inherent chirality of GSH and NAC, two cis adducts and two frans
adducts are expected to be formed. Earlier, Armstrong et al. reported on the stereochemistry
of the GSTM 4-4-catalyzed reaction of GSH and the open-chain chalcone analog (E)-(4'-X-
phenyl)-3-butene-2-ones (PBO). In the reactions, a higher amount of the more polar adducts
were formed [35]. Based on the results of HPLC separation of the diastereomeric pairs of the
PBO-GSH [35] and the I-GSH [24] adducts, we can presume that the two separated peaks
formed in the present reactions correspond to the diastereomeric cis and trans adducts.

The ratio of the area of the two separated peaks in the GSH incubates (315 min time-
point) was close to the unity for IIb and IIc under both pH 8.0/7.4 and 6.3/6.8 conditions
(Table 2). Similar to our previous results, higher peak areas of the least polar adducts were
observed in each case. On the contrary, HPLC analysis of the reactions of IIb and Ilc with
NAC showed different (1.8-8.57 times) excess of the least polar diastereomer (Table 3).
Similar to the previous results obtained with the open-chain chalcones (Ib and Ic) [24], the
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observed diastereoselectivity was affected by the nature of the 4-substituent and the pH.
Thus, the methyl-substituted IIb showed higher diastereoselectivity at both pH values.
Diastereoselectivity was increased as the pH was reduced (Table 3). It is worth mentioning,
however, that the observed diastereoselectivities do not reflect the diastereoselectivity of
the addition reactions. Under both conditions (pH 8.0/7.4 and 6.3/6.8), the peak areas of
the (Z)-isomers and the adducts are comparable (Table 3). Since the retro-Michael reaction
is the only source of formation of the (Z)-isomers, the observed ratios reflect the actual
balance of the kinetic and thermodynamic controls.

Under the acid conditions (pH 3.2/3.7), the formation of the respective conjugates is
exclusively due to the nucleophilic addition of the protonated thiol forms onto the polarized
carbon-carbon double bounds. In comparison of the respective compositions of the GSH
incubates with those of the previously reported (open chain) chalcones (Ib and Ic) [24], the
derivatives with the same substituent showed similar GSH reactivities (Table 2). However,
different results were obtained in the case of the reactions with NAC. The 315min percent
conversion (reduction in the initial peak area) was found to be higher for IIb (23.7%) and Ilc
(12.1%) than those of the corresponding open-chain chalcones Ib and Ic (10.9% and 1.5%,
respectively (Table 6). However, no II-NAC adducts could be identified in the HPLC-UV
chromatograms. Instead, several small, unidentified peaks appeared (Figures 519 and S20).
HPLC-MS analysis could identify the expected conjugates. The structural characterization
of the other products is out of the scope of the present work.

To obtain physicochemical properties insights into different reactivities of chalcones
(I) [24] and their seven-membered cyclic analogs (II), HOMO and LUMO molecular or-
bital energy and some electrophilic reactivity parameters of Ia, IIa, and as model thiols
CH3SH and CH3S™ were calculated (Table 5). According to the Hard and Soft, Acids
and Bases (HSAB) theory [36], nucleophilic-electrophilic reactions occur preferably be-
tween electrophiles and nucleophiles of similar hardness or softness. In the case of the
o, B-unsaturated ketone, the carbonyl oxygen atom withdraws electrons from the C,=Cyg
bond—generating an electron deficiency at Cjp—the most likely site to receive nucleophilic
attacks. In methanethiol, the electrophilic attacks can occur at the sulfur atom. In com-
pounds Ia and IIa, the carbonyl O has a high negative charge density, indicating its Lewis
base behavior. On the other hand, regions of lower charge density, which appear in blue,
indicate the Lewis acid behavior of the molecules.

The LUMO energy showed that Ia (—35.98 kcal /mol) is more acidic than IIa (—28.44 kcal/mol.
The HOMO energy of CH3SH is (—183.240 kcal /mol). It increases to (—173.453 kcal/mol)
in the deprotonated form (CH3S ™) indicating its higher nucleophilic reactivity. These
characters are also reflected by all of the other determined parameters (Table 5). Therefore,
molecular orbital calculations provided data to support the experimental findings. The
equilibrium (close-to-equilibrium) compositions of Ib and Ic show a higher product ratio
than the cyclic chalcone analog IIb and Ilc.

4. Materials and Methods
4.1. Chemicals and Reagents

Chalcones IIb and IIc were synthesized as previously published [10]. Their structures
were characterized by IR and NMR spectroscopy [37]. The purity and structures of the
investigated samples were verified by TLC, melting point, and HPLC-MS (Figures S5 and
56). Reduced L-glutathione, N-acetyl l-cysteine, HPLC, and MS-grade methanol solvent
were obtained from Sigma-Aldrich (Budapest, Hungary). Trifluoroacetic acid HiperSolve
CHROMANORM and formic acid were obtained from VWR (Budapest, Hungary) and
Fischer Scientific (Budapest, Hungary), respectively. Deionized water for use in HPLC
and HPLC-MS measurements was purified by Millipore Direct-Q™ (Merck Life Science,
Budapest, Hungary), at the Institute of Pharmaceutical Chemistry (University of Pécs, Pécs,
Hungary). Mobile phases used for HPLC measurements were degassed by an ultrasonic
water bath before use.
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4.2. Preparation of Solutions

The thiol solutions (reduced glutathione (GSH) and N-acetylcysteine (NAC)) prepara-
tion were as follows: 2.0 x 10~! mol-L~! (0.3 mmol) of the respective thiol was dissolved
in water, and the pH was set to either 3.2, 6.3, or 8.0 using 1M NaOH solution to a final
volume of 1.5 mL (solution-1). The chalcone solution consisted of 6.5 x 1073 mol-L~!
(0.03 mmol) chalcone analog dissolved in 4.6 mL HPLC-grade methanol (solution-2).
Solution-1 and solution-2 were mixed to give a final volume of 6.1 mL. The molar ra-
tio of thiol to chalcone in the mixture was 10:1. The mixture was kept in the dark, 37 °C
water bath for 315 min. The first sample was taken at 15 min, and onward samples were
taken at every 30 min time points (11 samples in total).

To evaluate the initial (0 min) peak area of chalcones IIa and IIb, solution-2 was
prepared without any change, while solution-1 was prepared without the thiol compo-
nent. Before mixing, the solutions were pre-incubated at 37 °C for 30 min to mimic the
incubation conditions. To compare the products of the previously proven light-initiated
E/Z isomerization of the parent compounds [27] with those of the non-light (retro-Michael
addition)-initiated isomerization, solution-2 of the respective chalcones were prepared and
exposed to the unscattered laboratory light for 1 week. The solutions were analyzed by
HPLC-UV-VIS and HPLC-MS. (Figures S21 and 522).

4.3. RP-HPLC-UV-VIS Measurements

UV-VIS detector coupled Agilent 1100 HPLC system analyzed the samples at 260 nm
wavelength. The separation system was a reversed-phase chromatographic system, and the
column Zorbax Eclipse XBD-C8 (150 mm X 4.6 mm, particle size 5 um; Agilent Technologies,
Waldbronn, Germany) was used. The oven temperature was set to 25 °C to avoid room
temperature fluctuations. The injection volume was 10 uL. At a 1.2 mL/min flow rate,
gradient elution was performed by (A) water and 0.1% trifluoroacetic acid and (B) methanol
and 0.1% trifluoroacetic acid. The elution profile consisted of 8 min of 40% isocratically,
an increase to 60% B in 4 min, and a further linear increase of eluent B to 90% in 3 min. The
elution gradient remained constant for a 5 min period. Then it was linearly decreased to
the initial 40% in 2 min, followed by a 3 min constant of 40% of eluent B for equilibration of
the column.

4.4. HPLC-MS Measurements

HPLC ESI-MS analyses were performed on an Ultimate 3000 liquid chromatograph
(Dionex, Sunnyvale, CA, USA) coupled with a Thermo Q Exactive Focus quadrupole-
Orbitrap hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The
scan monitored m/z values ranging from 100 to 1000 Da. Data acquisition was carried out
using Q Exactive Focus 2.1 and Xcalibur 4.2 software (Thermo Fisher Scientific). Analysis
of compounds and adducts was performed in HESI positive and negative ionization modes
with the following parameters: spray voltage, 3500 V; vaporizer temperature, 300 °C;
capillary temperature, 350 °C; spray and auxiliary gas flows, 30 and 10 arbitrary units,
respectively; resolution, 35,000 at 200 m/z; and fragmentation, 20 eV.

HPLC separation was performed on an Accucore C18 column (150 mm x 2.1 mm,
particle size 2.6 um), and an Accucore C18 guard column (5 mm x 2.1 mm, particle size
2.6 um) was also used. The injection volume was 5 pL; the flow rate was 0.4 mL/min. Data
analysis and evaluations were performed using Xcalibur 4.2 and FreeStyle 1.7 software.
A binary gradient of eluents was used, consisting of mobile phases A and B.

The gradient parameters in chalcones were (A) water and 0.1% formic acid and (B)
methanol and 0.1% formic acid. The gradient elution was as follows: isocratic elution
for 1 min to 20% eluent B, continued by a linear gradient to 100% in 9 min, followed by
an isocratic plateau for 2 min. Then, the column was equilibrated back to 20% in 0.5 min
and continued isocratically for 2.5 min. The sampler was at room temperature and the
column oven was at 40 °C.
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The parameters of the gradient in the case of adducts were (A) water and 0.1% formic
acid and (B) methanol and 0.1% formic acid. The gradient elution was as follows: isocratic
elution for 1 min to 10% eluent B, continued by a linear gradient to 95% in 13 min, followed
by an isocratic plateau for 3 min. Finally, the column was equilibrated to 10% in 0.1 min
and continued isocratically for 2.9 min. The sampler was at room temperature, and the
column oven was at 40 °C. The diode array detector was also set at 260 nm wavelength
alongside MS analysis.

4.5. Molecular Modeling Analysis

The structures Ia, Ila, CH3SH, and CH3S™ were constructed using the Gaussview
6.0 software. Theoretical calculations were performed by DFT [38,39], implemented in the
G16 [40] software package. The molecules were optimized using the hybrid exchange and
correlation functional with long-range correction, M06-2X [41], combined with the basis
set 6-311++G(d,p) in the gas phase. Frontier molecular orbitals (FMO) [42] were obtained.
Molecular electrostatic potential maps contributed to the global electrophilicity analysis
through their electronic isodensity surfaces. MEP [43] maps provide a visual representation
of the electrostatic potential on the surface of a molecule, which can reveal regions of high
and low electron density. The electrostatic potential V(r) [44] at point r is defined as.

v =y A [ P g 1)

= [to — 1Al T —

where Z, is the charge of nuclei a at point ra and p(r) is the charge density at point r. The
local electrophilicity of the molecules was determined by the Fukui function [45,46], and
then it was possible to predict the molecular site selectivity.

f) = Fgﬂ @

where N is the number of electrons in the system, and the constant term v in the partial
derivative is external potential. Multiwfn 3.6 program [47] was used to calculate the Fukui.
In addition, the pySiRC [48], a machine-learning computational platform, was used to
simulate oxidation reactions facilitated by free-radical compounds. To imitate the oxidation
impact induced by a radical attack, the hydroxyl radical (OH) was chosen as the archetype
system of degradation reactions. The reaction rate constant of the oxidative attack caused
by the hydroxyl radical on chalcones compounds was predicted using the XGBoost ML
algorithm and the MACCS fingerprint was employed as a structural descriptor.

5. Conclusions

The present work investigated the instantaneous GSH- and NAC-reactivity of
two cyclic chalcones analogs (IIb and Ilc) with different cancer cell cytotoxicities. The reac-
tivity of the two compounds was investigated under three different acid-base conditions.
The progress of the reactions, disappearance of the parent compounds, and appearance
of the thiol-conjugates were monitored by the HPLC-UV method. Comparison of the
reactivities of IIb and Ilc with those of the respective open-chain chalcones showed the
cyclic analogs to be less reactive under each investigated conditions. In both series, the
4-CHj3 substituted derivatives displayed higher reactivities. The substituent effect could be
rationalized by the higher electron-donating power of the 4-OCHj3 substituent. The alkyl
substitution of the x-carbon atom and the cyclic structure can explain the lower reactivities
of IIb and Ilc compared to the open-chain counterparts (Ib and Ic). The theoretical calcu-
lations of orbital energies and electrophilic reactivity parameters provided evidence that
supports the experimental findings—the open chalcone exhibits higher electronegativity
and reactivity than its cyclic counterpart.

Cytotoxicity and cell cycle modulating effects of IIb and Ilc showed characteristic
differences. The present results do not indicate a direct correlation with the cancer cell
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cytotoxicity of the two derivatives, which are of two orders of magnitude different against
most of the investigated cell lines. The anticancer potential of chalcones is correlated
with their ability to act on various molecular targets such as ABCG2, tubulin, activated
nuclear B cell growth (NF-«B), vascular endothelial growth factor (VEGF), tyrosine kinase
receptor (EGFR), mesenchymal-epithelial transition factor (MET), 5-« reductase, ACP-
reductase, histone deacetylase, p53, CDC25B (protein tyrosine phosphatase), retinoic acid
receptors, estrogenic topoisomerase receptors and MDM2 [9]. Considering the present and
our previous results [10-16], it is reasonable to suppose that the molecular basis of the
different biological effects of IIb and Ilc is related to the non-covalent interactions of the
compounds [49].
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