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Abstract

Carcinogenesis is associated with malfunction in the cGMP-mediated regula-
tion of cytosolic Ca®* and reactive oxygen species. Chemotherapy resistant
cancer cells are re-sensitised to apoptosis by the action of a substantial num-
ber of natural compounds on cell membrane multidrug resistant proteins.
Chemical structures of pro-apoptotic and anti-apoptotic compounds demon-
strate relative molecular similarity to cGMP. This study uses a computational
chemistry program to investigate molecular similarity within cGMP and
chemo-preventative structures. Chemotherapeutic drugs and resistance mod-
ulators provide multiple fits to a nucleotide template that differ in their rela-
tionship to the cyclised ring of cGMP. The alternative fits of drug and mod-
ulator structures may relate to the development and unblocking of apoptosis
and drug resistance.
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1. Introduction

Abnormalities in cancer cell biochemistry are evident in the areas of oxidative
stress and store-operated calcium entry (SOCE) associated with malfunctioning
mitochondria and endoplasmic reticulum (ER) organelles [1] [2]. These abnor-
malities accompany deregulation of cyclic nucleotide signaling and cell mem-
brane transport [3] [4]. The research literature describes a central role for the
NO-cGMP protein kinase (PKG) pathway in the development and survival of

cancer cells: gastric carcinogenesis is linked to activation of the PKG pathway
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[5]. However, PKG pathway components are characterised by dual effects on
cancer cells. Several clinical studies have identified extracellular cGMP as a
marker of various cancers [3] [6] although in vitro work suggests that can-
cer-enhancing effects of the nucleotide are concentration dependent. Elevated
cGMP levels in breast and colon cancer cell lines induce growth inhibition and
apoptosis [7] [8] but basal levels are cytoprotective for unstressed neural and
ovarian cancer cells [9] [10].

Cellular cGMP levels are regulated by guanylate cyclase and phosphodieste-
rase (PDE) activity. Hormonal activation of soluble guanylate cyclase (sGC) is
impaired in glioma tissue and breast cancer cells [11] [12]. Suppression of sGC
in ovarian and cervical cells augments cell death but is dependent on the subunit
composition of the enzyme [13]. PDE5 expression is higher than normal in
prostate tumours and PDE5 inhibitor use is associated with cell apoptosis and a
lower incidence of colorectal cancer [14] [15]. PDE inhibitors, such as sildenafil,
further increase cellular cGMP by inhibiting efflux of the nucleotide from cells
[16].

Chemotherapy eliminates cancer cells through promoting irreversible mito-
chondrial damage or the innate ability of cells to self-destruct via ligand-targeted
cell membrane receptors [17]. In practice, the potential of chemotherapy for re-
ducing tumor burden is blunted by the development of drug resistance. Molecu-
lar transporters within cell membranes, primarily ABC transport proteins, ex-
port ions and biochemicals, including cyclic nucleotides, through conformation-
al changes initiated by ATP hydrolysis [18]. ABC transporters of chemothera-
peutic drugs, defined as multidrug resistant proteins (MRPs), contribute to drug
resistance [18]. Chemotherapy may cause further complications by promoting
the expansion of resistant cells to the detriment of treatment [19]. There is con-
siderable interest in the development of drugs and natural products that ameli-
orate drug resistance to maximise the benefits of chemotherapy [20] [21].

Many compounds relate to cGMP in respect of molecular similarity and func-
tional properties. cGMP inhibits SOCE activating mechanisms and molecular
similarity is evident in SOCE modulators that promote apoptosis in cancer cell
lines [22]. Of 40 apoptosis-inducing compounds demonstrating relative molecu-
lar similarity to cGMP, 70% also provide protection against apoptosis [22]. Spe-
cific anti-apoptic properties are characteristic of folic acid, vitamin E and phytic
acid. Apoptosis-inducing properties are therefore common but more puzzling
are the capacities of compounds to both induce and prevent apoptosis. The
CheBI (Chemical Entities of Biological Interest) database of over 58,000 small
compounds lists 263 inducers and 50 inhibitors of apoptosis. Many of the inhi-
bitors, however, have references appended to their data sheets providing evi-
dence of apoptosis initiation. Further work on structural relationships within
apoptosis-modulating compounds and guanosine cyclic nucleotide should con-
tribute to a better understanding of cancer development and treatment. This in-

vestigation uses a molecular modeling approach to search for similarity in the
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structures of apoptosis modulators, chemotherapeutic drugs, and inhibitors and
substrates of MRPs.

2. Methods

2.1. Selection of Compounds

Compound structures are from Pubchem (https://pubchem.ncbi.nlm.nih.gov/),
CheBI (http://www.ebi.ac.uk/) and TUPHAR databases [23]. Natural chemothe-

rapeutic agents and drug resistance modulators are identified in Wang et al [20]

and Redondo-Bianco et al. [24] respectively. Drugs targeting specific multidrug
resistance proteins are listed in Wang et al. [21]. Substrates and inhibitor com-
pounds of the breast cancer resistance protein (ABCG2) are found in Mao and
Unadkat [25].

2.2. Molecular Modeling

The Nemesis software program (Oxford Molecular version 2.1) is used to build
molecular structures from contents of the program fragment file and minimise
structures by conformational analysis. Compound structures used in fitting are
minimum energy conformers in an uncharged form. The conformation of
cGMP is described by the torsion angle C8N9C1’09-33" (see Figure 1). The
computational program fits paired molecular structures on a three-point basis.
Fitting-points, comprised of atoms of similar type and partial charge within
compound and nucleotide structures, are identified in the text with respect to
the nucleotide labels. Colour-coded atoms in the Figures identify ligand fit-
ting-points: carbon-green, nitrogen-blue, oxygen-red, sulphur-yellow. To im-
prove on presentation, bond order within the molecular structures is not shown.
The Nemesis program computes goodness-of-fit values, in respect of inter-atomic

distance at each fitting-point and root mean square (RMS) value.

3. Results
3.1. Apoptosis Inhibitors and Chemotherapeutic Agents

Figure 1 displays the minimum energy structures of identified apoptosis inhibi-
tors with their fits to a cGMP template (1). Most of these compounds are of
plant origin, whereas bonkrekic acid is a toxic microbial metabolite. Compound
structures 4, 5 and 7, based respectively on pteridin, chromenol and coumarin
ring systems, fit to the ribose-cyclic-phosphate moiety of cGMP. The fits of
structures 2, 3, and 6, incorporating dithiolane, cyclohexyl and hydroxyphenyl
rings, are confined to the dioxaphosphinine ring. Carboxylic acid and sulphate
residues participate in the fits of structures 9 - 11 and these have at least one fit-
ting-point on the nucleotide purine ring. The fits of two steroid structures,
17-p-estradiol [12] [13] and progesterone [14] are given for comparison. Good-
ness of fit values of the 11 inhibitors range from 0.02 - 0.12 A (interatomic dis-
tance) and 0.0009 - 0.0221 A (RMS). Chemotherapeutic drug structures (Figure
2) give alternative fits in relation to the ribose-cyclic-phosphate moiety, in a

DOI: 10.4236/jbm.2021.98002

12 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2021.98002
https://pubchem.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/

W. R. Williams

Figure 1. Apoptosis inhibitors: fits of structures to cGMP template (grey). 1 cGMP; 2 al-
pha-lipoic acid; 3 phytic acid; 4 folic acid; 5 vitamin E; 6 tetrahydroxystilbene glucoside; 7
fraxetin; 8 ferulic acid; 9 taurosocholate; 10 bongkrekic acid; 11 dihydroxydocosaenoic
acid; 12 and 13 17-fS-estradiol; 14 progesterone.

similar manner to estradiol; each providing a template fit that blocks the termin-
al cyclized ring of cGMP and another that is less obstructive. The more simple
drug structures (5-fluorouracil, oxiplatin, gemcitabine, tamoxifen) provide fit-
ting-points on the ribose-cyclic-phosphate moiety, whereas the fitting-points of
larger structures (doxorubicin, DS-8201a, paclitaxel, mertansine, retinoic acid)
are also present on the nucleotide base. The dioxaphosphinine ring blocking-fit
of methotrexate [12] is the same as the folate structure. Goodness of fit values
(n = 20) of the chemotherapeutic drugs range from 0.01 - 0.15 A (interatomic
distance) and 0.0009 - 0.0248 A (RMS).

3.2. Resistance Modulators

The compounds given in Figure 3 and Figure 4 display the same range of
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Figure 2. Chemotherapeutic drugs: fits of structures to cGMP template (grey). 1 and 2
5-fluorouracil; 3 and 4 oxiplatin; 5 and 6 gemcitabine; 7 and 8 tamoxifen; 9 and 10 dox-
orubicin; 11 and 12 methotrexate; 13 and 14 DS-8201a; 15 and 16 retinoic acid; 17 and 18
paclitaxel; 19 and 20 mertansine.

structural diversity, molecular size and multiple fits to the cGMP template as the
compounds in Figure 2. Fitted molecular structures again demonstrate occlu-
sion and non-occlusion of the nucleotide dioxaphosphinine ring. Some of the
best examples of duality are given by the more complex structures in Figure 3:
tanshinone, carnosic acid, schisandrin, and dihydroartemisinin. Benzofuran and
benzomethoxy groups are significant in the fits of tanshinone, psoralen, curcu-
min and schisandrin. Endocyclic oxygen and nitrogen atoms contribute to the
fitting-points in other structures. Several fits are shown for the pyrazine ring of
ligustrazine [5] [11]. Gingsenoside and epigallocatechin, verbascoside, baicalin,

peiminine, dauricin and tetrandrine (Figure 4) have a higher mass than cGMP;
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Figure 3. Chemotherapy resistance inhibitors: fits of structures to cGMP template (grey)
1 and 2 matrine; 3 and 4 &-elemene; 5 and 6 ligustrazine; 7 curcumin; 8 and 9 dimethyl-
quercetin; 10 ephedrine; 11 ligustrazine; 12 and 13 tanshinone; 14 and 15 carnosic acid;
16 and 17 psoralen; 18 and 19 schisandrin, 20 and 21 gingsenoside; 22 and 23 dihydroar-
temisinin; 24 and 25 norcantharidin.

the latter two are dimeric structures. Sugar residues of verbascoside [9] [10], ba-
icalin [13] [14] and gingsenoside contribute to the nucleotide template fits. Un-
common fitting groups within these compounds include the benzodioxolo ring
of berberine and the methoxypropenoate side-chain of isorhynchophylline. The
fitting data demonstrates that the inclusion of O5 within a fitting-point set is more
likely to define a ring-blocking structure than an O3, O7 or O8 fitting-point.
Goodness of fit values of Figure 3 and Figure 4 structures (n = 43) range from
0.01 - 0.18 A (interatomic distance) and 0.0001 - 0.0171 A (RMS).

Figure 5 gives a range of template fits for the flavone and isoflavone class
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Figure 4. Chemotherapy resistance inhibitors: fits of structures to cGMP template (grey)
1 and 2 dauricin; 3 and 4 berberine; 5 and 6 epigallocatechin; 7 and 8 tetrandrine; 9 and
10 verbascoside; 11 and 12 peiminine; 13 and 14 baicalin; 15 and 16 isorhynchophylline;
17 and 18 oridonin.

structures (1 - 6). The fits of resveratrol [7] [8], vitamin D [9] [10], sapitinib [13]
and verapamil [15] [16] are conventional in their use of phenoxy, cyclohexanol
and methoxybenzene groups. In contrast, those of bromocriptine [11], triptolide
[12], selinexor [14] and midostaurine [17] are substantially different. The mi-
dostaurin structure provides four similar fits to the nucleotide template, of
which only one is shown. The nucleotide fitting-points most commonly shared
by compounds incorporate oxygen O3: O3C2’C4’ (n = 10), O3C3’C4’ (n = 4),
03C3’C2’ (n = 3). The latter set accommodates the BMM structure (butyl-2-
methyl-malonic acid) [19], a compound that has found use as a radioactive

marker of apoptosis following chemotherapy. The fitting-points of ML-9 [20]

DOI: 10.4236/jbm.2021.98002

16 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2021.98002

W. R. Williams

@

Figure 5. Chemotherapy resistance inhibitors: fits of structures to cGMP template (grey).
1 7,4,4-THF; 2 scutellarein; 3 and 4 wogonin; 5 and 6 gossypol; 7 and 8 resveratrol; 9 and
10 vitamin Dj 11 bromocriptine; 12 triptolide; 13 sapitinib; 14 selinexor; 15 and 16 vera-
pamil; 17 midostaurin; 18 brusatol; 19 BMM; 20 ML-9; 21 homocysteine; 22 taurine.

and taurine [22] target the same site and differ from those of the other sulphur
containing amino acid, homocysteine [21]. Goodness of fit values for Figure 5
structures (n = 22) range from 0.02 - 0.14 A (interatomic distance) and 0.0007 -
0.0227 A (RMS).

Figure 6 [1]-[7] displays the modulating agents of multidrug resistance pro-
teins (MRP 1-5 and MRP7). The structures superimpose on the cGMP template
with one fitting-point (C2) in common. MRP1 modulators, TAK 733 and
8-prenylnaringenin, share the same fitting-points that place pyridopyrimidine

and benzopyran rings at right angles to the guanine ring. Otherwise, there is no
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]

Figure 6. Modulators of multidrug resistance proteins (1 - 7), substrates and inhibitors of
ABCG?2 protein (8 - 15). Fits of structures (1 - 13) to cGMP (grey), (14) to ATP (grey). 1
TAK 733; 2 8-prenylnaringenin; 3 curcumin; 4 dronedarone; 5 ceefurin-1; 6 ceefurin-2; 7
eriotinib; 8 AZT; 9 mitoxantrone; 10 prazosin; 11 estrone sulphate; 12 bisbenzamide; 13
genistein; 14 EK1-785; 15 showing composite fit of diethylstilbestrol, tamoxifen, febuxos-
tat and estrone to ATP template; 16 sildenafil.

consistent arrangement of fitting-points for the structures of the MRP modula-
tor classes. Templates 8 - 13 give the fits of breast cancer resistance protein
(ABCG2) substrates that include an alpha-receptor blocker [10] and fluorescent
dye (12). Fitted structures lie in the same plane along the axis of cGMP with no
consistent blocking of the dioxaphosphinine ring. Templates 14 and 15 identify
fitting-points for ABCG2 inhibitors on the purine ring of ATP, the latter tem-

plate being a composite image of 4 superimposed structures (diethylstilbestrol,
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tamoxifen, febuxostat, estrone) that reveals a high density of cyclic ring and alkyl
chain substituents above the nucleotide triphosphate chain. Goodness of fit val-
ues of template structures 1-13 range from 0.02 - 0.12 A (interatomic distance)
and 0.0016 - 0.0144 A (RMS). The values for template 14 and 15 inhibitors are
0.02 A and 0.0000 A. The fit of the PDE antagonist sildenafil [16] involves the
imidazole moiety and dioxaphosphinine ring of cGMP (0.09 - 0.11 A, 0.0078 A).

4. Discussion

Of the three specific apoptosis inhibitors identified in a previous study, phytic
acid must now be considered as having dual properties, in view of reported
apoptosis action on HepG2 carcinoma cells [26]. The phytic acid structure pro-
vides an alternative fit at C2°C3’0O3 (not shown) in keeping with other apopto-
sis-inducing structures in Figure 2. Ferulic acid and fraxetin are listed as inhibi-
tors on the ChEBI database but there are also reports of apoptosis initiation [27]
[28]. In this respect, ferulic acid is able to give the same fit as its parent com-
pound, curcumin (Figure 3) and fraxetin provides the same template fit as pso-
ralen (Figure 3). Tauroursodeoxycholate, a bile acid, alleviates ER stress and
apoptosis in adrenocortical carcinoma cells [29]. The lipids, bongkrekic and di-
hydroxydocosaenoic acids resist apoptosis in HeLa and mesenchymal stem cells
respectively [30] [31]. In regard to the dual template fits of apoptosis modulators
to the cGMP template, the anti-apoptosis mode may be represented by dioxa-
phosphinine ring occlusion as in the occluded fits of vitamin E and 17- S-estradiol
structures. Endogenous compounds that should be given consideration as apop-
tosis inhibitors include steroid hormone and nucleotide structures. The efflux of
c¢GMP from a squamous carcinoma cell line is stimulated by progesterone [32].
Lewis-Wambi and Jordan [33] question how estrogen is able to both stimulate
and inhibit apoptosis. The answer may relate to relative molecular similarity
within the estrogen structure that permits the steroid to substitute for the ri-
bose-cyclic-phosphate moiety of cGMP in different ways. The dual fits of estro-
gen to the cGMP template are explored in other structures that modulate apop-
tosis.

Chemotherapeutic agents have various cellular targets and activate different
pathways in which caspases play a critical role [34]. Compounds DS-8201a and
mertansine are the active constituents of newer antibody-drug conjugates, de-
veloped to target human epidermal growth factor receptors and reduce resis-
tance. Both drugs are potent apoptosis inducers [35] [36]. In common with
chemotherapeutic drugs, resistance inhibitor structures demonstrate multiple
fits to the nucleotide template with diverse sets of fitting-points. There is no ex-
act equivalence between the fitting-points of doxorubicin and those of the 15
natural compounds listed as agents that overcome doxorubicin drug resistance
[20]. Most of these compounds share one or two fitting-points with doxorubicin
but baicalin has none. The relationship between the impact of these drugs on

doxorubicin resistance and their relative molecular similarity to the cGMP
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structure is more likely expressed through functional effects on a cGMP bind-
ing-protein, via interaction with receptor-binding sites, or allosteric modulation
of conformational changes.

Apoptosis modulating flavonoid compounds such as trihydroxyisoflavone,
wogonin and brusatol are known to increase ROS or inhibit Nrf2 transcription
factor regulation of anti-oxidant proteins [37] [38] [39]. Combinations of natu-
ral apoptosis modulating agents (gossypol, resveratrol, genistein, quercetin,
EGCG, triptolide, curcumin, resveratrol, methylether-scutellarein) with chemo-
therapeutic drugs have shown synergistic apoptosis induction in vitro, thereby
improving strategies for targeting drug resistance [24] [40] [41] [42]. In this
context, the multi-kinase inhibitor midostaurin has already found clinical use
[43]. The fits of vitamin D to the cGMP template can be related to reports of
guanylate cyclase activation, modulation of SOCE and induction of tumour se-
nescence through inhibition of oxidative stress [44] [45] [46]. Verapamil has a
dual action on apoptosis; reducing mitochondrial damage, oxidative stress and
apoptosis in the pre-frontal cortex of rats but triggering apoptosis of kidney
hamster cells through stimulation of glutathione extrusion via the MRP1 trans-
porter [47] [48]. Verapamil also causes competitive, concentration dependent,
inhibition of cGMP transport in human erythrocyte vesicles [49]. The unusual
template fit of ML-9 is in keeping with the complex properties of this compound
that include the induction of apoptosis and autophagy in some cancer cell lines,
enhancement of chemotherapy, and antagonism of SOCE, ROS, ER stress and
apoptosis [50] [51]. The sulphur containing amino acids homocysteine and tau-
rine occupy different positions in the health spectrum. The former compound
increases ROS and anti-oxidant activity in vitro and is particularly associated
with gastric cancer [52], whereas the latter antagonises the in vitro effects of
homocysteine [53].

Cancer cell resistance to chemotherapy relates to lipid changes within the cell
membrane and the processes that govern drug entry and exit [4]. The best stud-
ied of the ABC drug transporter proteins include the ABCG2 protein and iso-
forms of the MRP that share structural and mechanistic features common to
transmembrane and nucleotide-binding domains (NBDs) [21]. The MRP1 bi-
partite binding site for leukotriene C4 has recently been described in detail [54].
Substrate binding introduces local and global conformational changes, followed
by dimerization of the NBDs and activation of the catalytic site to hydrolyse
ATP. The interacting receptor residues of the binding site demonstrate adapta-
bility of the receptor to a variety of substrates [54]. In this study, all modulator
compounds of the MRP isoforms demonstrate molecular similarity relative to
c¢GMP. Zloh et al [55] reported on the results of a molecular modelling study
that identified affinities between multidrug resistance inhibitors and chemo-
therapeutic drugs. The authors attributed their findings to the formation of
drug-inhibitor complexes that impacted on transporter mechanisms. The pre-
sent findings make it more likely that the common properties of inhibitors (such

as verapamil and tetrandrine) reported by Zloh et al. [55] relate to cGMP-based
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molecular similarity.

The ABCG2 protein also has a large and broad substrate range: therapeutics,
common dietary xenobiotics, environmental toxins, metabolites and vitamins
[56]. The size of the central substrate cavity supports the concept of binding
zones, rather than a well-defined binding site, with the possibility of cooperative
binding and allosteric modes of action. Inhibitors of ABCG2, such as fumitre-
morgin and Ko143, are considered to be general inhibitors because they inhibit
the ATPase activity [25]. On this account, and based on the observation that the
ABCG?2 inhibitors (Figure 6) show no nucleotide preference for fitting, their
simple and general fits are demonstrated using an ATP template. Relative mole-
cular similarity within the compounds investigated in this study is not solely
guanine-base specific. cAMP-induced apoptosis is particularly evident in haemato-
logical malignancies [57] [58]. Both cyclic nucleotides inhibit store-operated Ca®*
channels via protein kinases [59] and are structurally similar in their imidazole
and ribose-cyclic-phosphate moieties.

The PDE inhibitor sildenafil enhances cancer cell apoptosis and chemothera-
peutic outcome [60] [61] through increasing cGMP levels and inhibiting cGMP
efflux transporters [62] [63]. Blockage of cGMP efflux by sildenafil results from
structural similarity to the nucleotide, an indication that sildenafil may be capa-
ble of replacing cGMP in some functional processes. Although it is natural to as-
sign the benefits of PDE inhibitors to their best-established property, alternative
anti-oxidant effects may be as important in facilitating cancer therapy. Sildenafil
has ROS reducing benefits, contributing to cell redox homeostasis, and alters
basal Ca’* by down-regulating the TRPC proteins of store-operated calcium
channels [64] [65] [66]. ML-9 is another relevant compound that inhibits STIM1
function and SOCE [67]. Some properties of sildenafil and ML-9 may relate to
proxy action on behalf of cGMP, as the nucleotide is a molecular link in the var-
ious processes involved in cytosolic Ca®* regulation. Ca®* entry via cGMP activa-
tion of cyclic nucleotide-gated channels contributes to mouse rod photoreceptor
apoptosis [68]. cGMP inhibits the actions of cyclopiazonic acid and thapsigargin
on SOCE [22] and matrix metalloproteinase release implicated in raising the in-
vasive potential of hepatocellular carcinoma cells [69]. Basal levels of cGMP may
prevent the development of apoptosis by contributing to the stability of cell
membranes [9] [70]. ER stress is suppressed in pancreatic and neuronal cells by
increasing NO-cGMP signaling [71] [72]. Increases in cytosolic Ca’* can, how-
ever, trigger the mitochondrial NO/cGMP pathway to induce cytochrome c re-
lease and apoptosis [73].

In considering the link between apoptosis resistance and cancer therapy, Mo-
hammad et al. [40] consider the difficulty in explaining the re-sensitisation of
tumor cells (a process requiring a unique and common mechanism) by natural
compounds so structurally and functionally different. This study demonstrates
that natural compounds and drugs with the property of re-sensitisation have a
common characteristic in their relative molecular similarity to cGMP; a com-

pound involved with MRPs and cell-signaling pathways, a target of PDE inhibi-
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tor cancer drugs and modulator of SOCE, ROS and apoptosis. cGMP status is
responsive to the physiological changes initiating cancer, as well as the processes
impacted by cancer therapy. Research progress in this area may be advanced by
further work on the potential for interaction between nucleotides and endogen-

ous lipids and steroid structures displaying relative molecular similarity.
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