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Introduction

Cancer is the leading cause of mortality worldwide. 
Approximately 9.6 million cancer-related deaths, 2 million 
of which are breast cancer-related, were recorded in 2018 
(World Health Organization, 2018). Although selective 
estrogen receptor modulators, such as Tamoxifen, have 
improved survival rates in patients with the luminal A 
subtype of breast cancer, the effectiveness of this drug 
may be considerably decreased by the development of 
drug resistance (Fagan et al., 2017). The PI3K-AKT 
signaling pathway is a critical mechanism known to cause 
Tamoxifen resistance in Michigan Cancer Foundation-7 
(MCF-7) cells (Yao et al., 2020). PI3K-AKT pathway 
mutations have been reported in nearly in all human cancer 
cells, including breast cancer (Engelman, 2009). Given the 
emergence of Tamoxifen resistance, combining Tamoxifen 
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with another potential compound is necessary to improve 
its therapeutic efficacy.

Glycyrrhizic acid (GA), an active compound found in 
licorice plants (Glycyrrhiza glabra), may be an effective 
substance for treating breast cancer. GA promotes 
cytotoxicity in MCF-7 cells by inducing apoptosis and 
inhibits colonization and cell invasion (Zhang et al., 
2019). MCF-7 cells are a luminal A breast cancer cell 
line (Hermawan and Putri, 2020) that is frequently used 
in experiments focusing on estrogen receptor-positive 
treatment resistance (Comşa et al., 2015). GA is known 
to inhibit the mTOR/PI3K/AKT signaling pathways 
in the MCF-7 cells (Zhang et al., 2019), which are 
involved in the Tamoxifen resistance mechanism (Yao 
et al., 2020). However, because the potential targets and 
molecular mechanisms through which GA could overcome 
Tamoxifen resistance are incompletely understood, further 
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in-depth research on this substance is necessary.
This study identified the potential gene targets 

and molecular mechanisms of GA via an integrated 
bioinformatics approach. Here, data on differentially 
expressed genes (DEGs) are integrated with Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analyses by using 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID). Further analysis with STRING-DB, 
Cytoscape, and CytoHubba was performed to identify the 
top 25 hub genes, from which 6 hub genes were selected 
and integrated with the cBioPortal database to observe 
genetic alterations. The predicted target genes are further 
analyzed through the molecular docking method for 
target validation; the relevant interaction process is also 
observed. A bioinformatics approach can save time and 
costs and facilitate large-scale data analysis (Kuznetsov 
et al., 2013). This research was developed to support the 
early assessment or prediction of preclinical studies and 
aims to identify natural substances capable of overcoming 
Tamoxifen resistance.

Materials and Methods

Data collection and processing
Tamoxifen-resistant MCF-7 cells microarray data 

were obtained from GSE67916 (Elias et al., 2015), 
which contains two samples of Tamoxifen-resistant and 
Tamoxifen-sensitive MCF-7 cells. The microarray data of 
GA-treated MCF-7 cells were acquired from GSE85871 
(Lv et al., 2017). In this database, cells were treated with 
either 10 μM GA for 24 h or dimethyl sulfoxide as a 
control. Gene expression profiling was completed using 
the Affymetrix Human Genome U133A Array (Santa 
Clara, CA, USA). GSE67916 and GSE86871 contained 
normal distribution data. Data were processed using 
GEO2R as a data analysis tool from the Gene Expression 
Omnibus database written in R language. Both datasets 
were screened for finding the DEGs. Data cutoff were 
specifically determined (p-value < 0.05, log-fold change 
> 1, and log-fold change < −1) to select significant DEGs 
(Hermawan and Putri, 2020).

Functional annotation and pathway analysis
GO and KEGG pathway enrichment analyses were 

conducted using DAVID v6.8 with a p-value < 0.05 as the 
cutoff value (Hermawan et al., 2021; Huang et al., 2009).

Construction of Protein-Protein Interaction (PPI) network
The PPI network was constructed using STRING-

DB v11.0 (Szklarczyk et al., 2017) with a confidence 
score > 0.400 and visualized using Cytoscape Software 
v3.8.0 (Doncheva et al., 2019). The top 25 hub genes 
were screened using the CytoHubba Plugin and selected 
according to their degree score

Genetic alterations findings
Genetic alterations in the selected hub genes were 

analyzed using cBioPortal for Cancer Genomics (Gao et 
al., 2013). The breast cancer study including the largest 
number of genetic alterations for a clinical case was chosen 

for further analysis.

Molecular Docking Analysis
Computational prediction was performed on a 

computer with an Intel Core i5-10th Gen processor, 
Windows 10 operating system, and 8 GB of RAM. MOE 
2010 (licensed from the Faculty of Pharmacy, UGM) 
was used for docking simulation, RMSD-docking score 
calculation, and interaction visualization. The PDB IDs 
of MDM2 and p53 were searched in rcsb.org and found to 
be 4HBM, and 2X0W, respectively. The GA structure was 
drawn using Marvin Sketch, subjected to a conformational 
search, and minimized in MOE by using the Energy 
Minimize menu. For docking simulation settings, London 
dG was used for Rescoring 1 and Rescoring 2, Triangle 
Matcher was used for the score function and placement 
setting, and Forcefield was used to refine the docking result 
from 30 retained settings. Molecular docking method will 
determine which conformation has the lowest binding 
interaction between the ligand and its receptor.

Results

Data collection and processing
A total of 2,044 genes, including 599 upregulated 

and 1,445 downregulated genes, were extracted from 
GSE67916 (Supplementary file). In addition, 1,377 genes, 
including 860 upregulated and 517 downregulated genes, 
were obtained from GSE85871 contained GA structure 
(Figure 1A). In total, 216 DEGs were extracted from both 
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Figure 1. (A) Chemical structure of glycyrrhizic acid 
(GA). (B) Venn diagram of GA-treated and Tamoxifen-
resistant in MCF-7 breast cancer cells.
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enrichment analysis. DAVID v6.8 was used to analyze the 
KEGG pathways and GO terms, which were categorized 
as biological process, cellular component, and molecular 
function.

KEGG pathway enrichment analysis of the DEGs, 

datasets (Figure 1B, Supplementary file).

Functional annotation and pathway analysis
The biological functions and molecular mechanisms of 

the DEGs were evaluated using GO and KEGG pathway 

Figure 2. PPI Network of Proteins Related to Pathways that could Overcome Tamoxifen Resistance via Glycyrrhizic 
Acid as Analyzed by STRING-DB. Degree scores > 5 are marked yellow, while degree scores < 5 are marked blue. A 
degree score > 5 can facilitate the identification of the top 25 hub genes. 

Figure 3. Protein Network of top 25 hub Genes, Analyzed by CytoHubba. 
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especially those connected to breast cancer, indicated 
the involvement of four signaling pathways, namely, 
the PI3K-AKT signaling pathway, the MAPK signaling 
pathway, the FoxO signaling pathway, and the Ras 
signaling pathway (Table 1, Supplementary file).

Several DEGs participated in the biological processes 
of positive regulation of transcription, DNA templating, 
and negative regulation of transcription from the RNA 
polymerase II promoter. These DEGs were located in 
the nucleoplasm, cytosol, and cytoplasm. Moreover, the 
DEGs performed molecular functions in protein binding 
and protein kinase activity (Table 2, Supplementary file).

Construction of PPI network
In order to explore the interactions between DEGs, 

a PPI network analysis was conducted. A total of 216 
DEGs were included in the protein network. The network 
consisted of 202 nodes and 364 edges and had an average 

node degree of 3.6 (Figure 2). Analysis using CytoHubba 
identified the top 25 hub genes, including MDM2, CDK2, 
NF1, SMAD3, PTPN11, and CALM1. In the network, 
different colors reflect different levels of interaction: 
yellow indicates weak interactions whereas red indicates 
strong interaction between DEGs (Table 3, Figure 3). 

 
Genetic alterations findings

A total of 18 breast cancer studies were included in 
the cBioPortal for Cancer Genomics database. From 
these 18 studies, 1 was selected (i.e., “Mutational 
Profile of Metastatic Breast Cancers: A Retrospective 
Analysis”) (Lefebvre et al., 2016). The study discussed 
the incidence of metastatic breast cancer, and the clinical 
data were obtained from 216 cases, among which 16.67% 
demonstrated genetic changes (Figure 4A). Among the 
alterations detected, 5.56% (12 cases) were mutations, 
8.8% (19 cases) were amplifications, 1.39% (3 cases) 

Term p-value Genes

PI3K-Akt signaling pathway 0.004428 TNXB, ATF6B, FOXO3, PRLR, EPOR, KITLG, IL7, CDK2, MDM2, COL4A6, COL4A5, GNB5, FGFR2

MAPK signaling pathway 0.01169 MAP3K2, MAP3K1, JUND, GADD45B, MAX, RASA2, NF1, MAP3K7, PAK2, FGFR2

FoxO signaling pathway 0.046724 SMAD3, GADD45B, CCNG2, CDK2, MDM2, FOXO3

Ras signaling pathway 0.047885 KITLG, RASA2, NF1, PTPN11, GNB5, CALM1, PAK2, FGFR2

Table 1. Top 4 KEGG Pathways of the DEGs.

A

B

Figure 4. (A) Frequency of alterations in CDK2, MDM2, NF1, SMAD3, PTPN11, and CALM1 in a genomic dataset 
obtained from 18 studies of breast cancer. (B) Summary of genetic alterations in CDK2, MDM2, NF1, SMAD3, 
PTPN11, and CALM1 according to Lefebvre et al. (2016 ).  
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were deep deletions, and 0.93% (2 cases) were multiple 
alterations.

Oncoprints visualization through the cBioPortal 
for Cancer Genomics database was used to show the 
percentage of genetic alterations found in queried genes. 
Oncoprints provide a means to describe genetic changes 
and pathways involved in breast cancer research. The 
percentage of genetic alterations in each queried gene 
was 3% for CDK2, 2.3% for SMAD3, 8% for NF1, 6% for 
MDM2, 0.9% for PTPN11, and 0.9% for CALM1 (Figure 
4B). These results reveal that the NF1 gene undergoes 
the greatest number of genetic changes, followed by the 
MDM2 gene.

Analysis of the pathways associated with the identified 
genetic alterations supported the results of the breast 
cancer mechanism or the so-called BRCA pathway in 
the cBioPortal for Cancer Genomics database (Figure 
5). Moreover, although NF1 has a higher percentage of 

genetic alterations, MDM2 is still selected as a potential 
target gene in breast cancer because of its pathway 
enrichment related to genetic alterations in the BRCA 
pathway, analyzed by cBioportal (Figure 5). Moreover, 
MDM2 interacts with TP53 as neighbouring genes, 
which affects the apoptosis of breast cancer cells, and 
a neighboring gene, AKT1, which is involved in the 
PI3K-AKT signaling pathway (Figure 5). The previous 
DAVID analysis also identified MDM2 as a gene involved 
in the PI3K-AKT signaling pathway.  

Molecular Docking Analysis
Pathway enrichment analysis related to the genetic 

alterations showed that MDM2 and TP53 are two genes 
with a high percentage of genetic alterations which 
regulate the BRCA pathway; therefore, we selected 
these two proteins for further molecular docking study. 
The native ligands of each protein consisted of MDM2 

ID Term Count p-value
Biological Process
     GO:0008152 Metabolic process 10 1.27E-04
     GO:0000165 MAPK cascade 11 8.20E-04
     GO:0098609 Cell-cell adhesion 10 0.003782
     GO:0007155 Cell adhesion 13 0.006135
     GO:0043547 Positive regulation of GTPase activity 14 0.012209
     GO:0000122 Negative regulation of transcription from RNA polymerase II promoter 16 0.016964
     GO:0045893 Positive regulation of transcription, DNA-templated 12 0.032698
     GO:0006468 protein phosphorylation 11 0.034977
     GO:0007165 Signal transduction 21 0.039678
     GO:0007399 Nervous system development 8 0.044982
Cellular Component
     GO:0070062 Extracellular exosome 56 5.82E-06
     GO:0005737 Cytoplasm 83 7.53E-05
     GO:0005829 Cytosol 56 5.61E-04
     GO:0005654 Nucleoplasm 49 6.08E-04
     GO:0016020 Membrane 41 6.99E-04
     GO:0005783 Endoplasmic reticulum 19 0.004083
     GO:0005789 Endoplasmic reticulum membrane 19 0.006149
     GO:0005634 Nucleus 74 0.017642
     GO:0005730 Nucleolus 17 0.024886
     GO:0005615 Extracellular space 23 0.03608
Molecular Function
     GO:0005515 protein binding 125 1.57E-05
     GO:0044822 poly(A) RNA binding 27 2.35E-04
     GO:0019899 enzyme binding 13 3.01E-04
     GO:0098641 cadherin binding involved in cell-cell adhesion 10 0.004606
     GO:0004672 protein kinase activity 11 0.00611
     GO:0004674 protein serine/threonine kinase activity 11 0.008358
     GO:0042803 protein homodimerization activity 16 0.013938
     GO:0016301 kinase activity 8 0.016625
     GO:0003713 transcription coactivator activity 8 0.019217
     GO:0005524 ATP binding 25 0.035337

Table 2. Top 10 GO Terms Ranked by p-value and DEG Count
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and p53 complexes comprising 0Y7 ({(3R,5R,6S)-
5-(3-chlorophenyl)-6-(4-chlorophenyl)-1-[(2S) 
-1-hydroxybutan-2-yl]-2-oxopiperidin-3-yl} acetic acid) 
and X0W (5,6-dimethoxy-2-methyl-1,3-benzothiazole). 
The docking score between the protein receptor p53 
(2X0W) and GA was approximately two times lower than 
that between the protein and the native ligand (Table 4). 
The lower the docking score, the more potent the binding 
affinity of the ligand. The strong interaction of GA to the 
p53 receptor may be attributed to the presence of more 
amino acids (e.g., Thr150, Cys220, and Thr230) in GA 
than in the native ligand (only Pro151) (Table 4, Figure 
6). This result implies that p53 strongly tends to bind and 
react with GA.

The docking score of the interaction of GA with 
MDM2 was higher than that between the protein and its 
native ligand. has low binding affinity to MDM2, which 
is in line with the amino acids on GA involved in the 
interaction with each receptor. While two amino acids 
(Lys94 and His96) are similarly found in GA and the native 
ligand, these groups are much farther from the former than 
from the latter (Table 4).

Figure 5. Breast Cancer Pathways Related to Genetically Altered Hub Genes as Analyzed Using the cBioPortal for 
Cancer Genomics Database. 

Figure 6. (A) The interaction of GA with MDM2 has a higher docking score than the interaction of the native ligand 
with the protein, thus indicating lower binding affinity to MDM2. (B) GA interaction with the receptor has more amino 
acids that are involved than the native. Analyzed using the MOE 2010 molecular docking tool. 

Discussion

The goal of the present research is to discover the 
potential gene target and molecular mechanism of GA 
in overcoming breast cancer resistance Tamoxifen by 
the protein network-based using bioinformatics method, 
including gene neighbor and PPI network analyses. GO 
enrichment analysis showed that several DEGs affect the 
biological process of positive regulation of transcription, 
DNA templating, and negative regulation of transcription 
from RNA polymerase II promoter. Downregulation of 
MDM2 promotes the negative regulation of transcription 
of RNA polymerase II promoter, which induces p53 
degradation via the protein-binding-activity between 
MDM2 and p53 in cancer cells (Shangary and Wang, 
2008). The DEGs were mainly located in the nucleoplasm, 
cytosol, and cytoplasm. MDM2–p53 complex formation 
may enhance p53 export from the nucleus so that the 
protein could be degraded by proteasomes (Lu et al., 
2000). KEGG pathway enrichment analysis showed the 
involvement of the PI3K-AKT, MAPK, FoxO, and Ras 
signaling pathways in overcoming Tamoxifen resistance. 
The PI3K-AKT signaling pathway plays an essential 
role in overcoming Tamoxifen resistance, particularly by 
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Rank Genes Score
1 ACTB 21
2 SMARCA4 18
3 CDK2 15
4 SMAD3 14
5 HIST1H4A 14
6 NF1 14
7 MDM2 14
8 PTPN11 13
9 HIST1H2BJ 13
10 SMARCA2 11
11 DLG4 11
12 NCOA3 11
13 RPS11 10
14 TRRAP 10
15 CXCL12 10
16 MBNL1 10
17 P4HB 9
18 EZR 9
19 PSMB8 9
20 RPS10 8
21 EIF5B 8
22 FASN 8
23 CALM1 8
24 DICER1 8
25 RPL37A 8

Table 3. Top 25 Genes Involved in the PPI Network 
Ranked by Degree Score.

Figure 7. Prediction of Pathways that could Overcome TamoxifenResistance by Using GA, further interpretation 
based on the findings and previous research by Miller (2011); Vara (2004); Sarbassov (2005); Mayo (2001); Qiu 
(2008); Shangary (2008); Wu (2009); Bentz (2019); Khan (2013); and Carter (2007). 

promoting apoptotic activity (Yao et al., 2020).
The PPI network showed the top 25 hub genes with 

a degree score greater than 8. Hub gene selection for 
cBioportal analysis depends on the data available on the 
top 25 hub genes from CytoHubba and KEGG pathways 
from DAVID. CDK2, MDM2, NF1, SMAD3, PTPN11, 
and CALM1 were selected for further analysis by using 
cBioPortal. Among these genes, MDM2 demonstrated 
greater potential activity with AKT1, as its neighboring 
gene, and TP53 to affect apoptotic activity. According 
to the KEGG pathway database, MDM2 is involved in 
the same pathway as AKT1 in the PI3K-AKT signaling 
pathway. PI3K has been involved in the phosphorylation 
of PIP2 to generate the second messenger PIP3 in the 
PI3K-AKT signaling pathway (Miller et al., 2011). 
RAC-alpha serine/threonine-protein kinase (AKT) could 
be divided into three main types of genes, among which 
AKT1 interacts with PIP3 via the Pleckstrin homology 
domain (Vara et al., 2004). AKT is translocated from 
the cytoplasm to the cell membrane as a result of the 
interactions between AKT1 and PIP3. In addition, PIP3 
recruits PDK1 and activates AKT by phosphorylating 
Thr308 (Sarbassov et al., 2005). AKT activation results 
in the translocation of MDM2 from the cytoplasm to 
the nucleus and phosphorylation of serines 166 and 186 
(Ogawara et al., 2002).

The p53 tumor suppressor gene has the duties to induce 
cell cycle arrest, cellular senescence, and also apoptosis 
activity (Handayani et al., 2013; Li and Lizano, 2013). 
MDM2 can inhibit p53 (Oliner et al., 2016; Wienken et al., 
2017). An autoregulatory feedback loop in which MDM2 
downregulates p53 whereas p53 upregulates MDM2 has 
been observed. The p53 protein increases MDM2 levels 
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PDB ID Native ligand Glycyrrhizic Acid
S RMSD (Å) LA AA BT D S RMSD (Å) LA AA BT D

MDM2 
(4HBM)

-12.91 0.546 O Lys94 ScD 1.85 -10.52 1.718 O;O Lys94 ScD 2.03
O His96 ScD 2.02 H His96 ArH 2.85

O;O Thr150 ScD; ScD 2.66; 2.77
p53 
(2X0W)

-8.29 0.811 C Pro151 ArH 3.67 -16.71 3.941 O Cys220 ScD 3.11
O Thr230 ScD 2.52

Table 4. Docking Scores of the Interactions of Glycyrrhizic Acid and the Native Ligand with MDM2 and p53.

by upregulating the expression of the MDM2 gene, 
which then binds to p53 and causes p53 degradation as a 
negative regulator (Shangary and Wang, 2008). MDM2 
overexpression can lead to increased p53 inactivation and 
apoptotic inhibition (Qiu et al., 2008). Thus, the activity of 
MDM2, as a regulatory gene for Tamoxifen resistance, is 
a potential gene target that should be controlled.

NF1 encodes neurofibromin 1 (NF-1), a tumor 
suppressor that inhibits the downstream signaling of Ras/
MAPK/PI3K/AKT/MTOR signaling pathways (Watson et 
al., 2014). The genetic alteration analysis using cBioportal 
showed that NF1 has a higher percentage of genetic 
alterations. NF-1 is also a repressor of estrogen receptor 
transcriptional activity and is downregulated in tamoxifen-
resistant breast cancer cells (yeng 2020). Previously, GA 
was found to suppress adipogenesis by inhibiting the 
MAPK kinase (MEK) signaling pathway (Yamamoto et 
al., 2021). Collectively, the effect of GA on the GTP-ase 
activity of neurofibromin in Tamoxifen-resistance breast 
cancer cells deserves further investigation. 

GA was previously reported to downregulate PI3K/
AKT protein expression and target the mTOR/PI3K/AKT 
signaling pathway, ultimately causing apoptosis, in the 
MCF-7 cell line (Zhang et al., 2019). The same authors 
reported that the antiproliferative, apoptotic induction, 
involve the PI3K-AKT pathway and affect the apoptotic 
process, similar to the findings in the present study. GA 
selectively promotes cell death by p53 reactivation, which 
leads to G1 cell cycle arrest, DNA fragmentation (Curreli 
et al., 2005), and anti-migration mechanisms of GA also 
and apoptosis in several cancer cell lines (Okamura et 
al., 2003; Takeda et al., 1996). GA suppresses the p53-
mediated mitochondrial pathway by attenuating CCI4-
induced hepatocytes in rats (Guo et al., 2013). The results 
of molecular docking simulations support these findings. 
Specifically, the docking score of GA (−16.71) is lower 
than that of the native ligand of p53 X0W (5,6-dimethoxy-
2-methyl-1,3-benzothiazole) (−8.29). Lower docking 
scores indicate greater potential to bind to the ligand 
(Hermawan et al., 2021). This interaction between GA and 
its receptor (p53) has 4 sidechain donor with two Thr150, 
Cys220, and Thr230. The ligand atom that involved in 
this interaction is oxygen with the distance of 2.66; 2.77; 
3.11; and 2.52, respectively.  This is in line with other 
previous research such as pelargonidin (PG, a natural 
food dye) with p53 complex showed the interaction of 
PG at Arg126, Cys127 and Cys151 (Dey et al., 2021). 
While one of selected bioactive compounds derived from 

Moringa oleifera such as Quercetin has the best docking 
score towards p53 (-6.72) with 3 H-bonding that consists 
of two bonds with Ile21 and one bond with Glu89 (Rath 
et al., 2021).

However, the binding affinity of GA to MDM2 is 
slightly less potent than that of the native ligand, even 
though both ligands have the same amino acid that binds 
to each receptor (i.e., Lys94 and His96, Table 4). However, 
GA still has a good potential to inhibit MDM2, compared 
to the absence of GA in MDM2 inhibition. A previous 
study on viral infections showed a decrease in the level 
of SUMOylated protein with increasing GA level, thereby 
indicating that GA inhibits the SUMOylation process 
(Bentz et al., 2019). MDM2, an E3 ubiquitinating p53 
ligase, is one of the most critical p53 regulators stimulating 
the interaction between p53 and SUMO E3 ligase, which 
leads to SUMOylation. SUMOylation also enhances the 
p53–MDM2 interaction, leading to p53 degradation (Wu 
and Chiang, 2009). The ability of an agent to increase p53 
levels in MCF-7 cells is critical to enhance cancer cell 
sensitivity to resistance (Adina et al., 2014). No research 
on the effect of GA on MDM2 in breast cancer is yet 
available and, therefore, will help further explorations 
of the mechanism of GA by doing this research. Taken 
together, the findings from the present study and literature 
review reveal that the mechanism of GA in overcoming 
Tamoxifen resistance may involve the targeting of MDM2 
in the MDM2–p53 protein-binding interaction to prevent 
p53 degradation and cause apoptosis (Figure 7).

This research was conducted with integrated 
bioinformatics and, as such, presents a number of 
limitations. Additional research is necessary to validate 
the prediction results. Because this research only identified 
a potential target gene and, thus, has limited ability to 
present the effects of GA under actual conditions, further 
studies, such as in vitro and in vivo validation of the effects 
of GA on Tamoxifen-resistant MCF-7 cells, are necessary. 
However, this study significantly reduces the time and cost 
of drug discovery by providing predictive information 
on the potential gene targets and molecular mechanisms 
employed by GA to overcome Tamoxifen resistance.

In conclusion, this research assessed the most likely 
target gene of GA for overcoming Tamoxifen resistance 
in breast cancer, namely MDM2. PI3K-AKT signaling 
appears to be an MDM2-related mechanism that could 
overcome Tamoxifen resistance in breast cancer cells. 
Additional research is required to validate the findings of 
this study in actual physiological conditions.

S, docking score; RMSD, root mean square deviation; LA, ligand atom; AA, amino acid; BT, binding type; D, distance; ScD, sidechain donor; ScA, 
sidechain acceptor; ArH, arene H; BbD, backbone donor.
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