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ABSTRACT 
 

Cancer is the second leading cause of death globally after cardiovascular diseases, killing more 

people than HIV/AIDS, tuberculosis and malaria combined, which makes it a major public health 

concern. Increasing cancer morbidity and mortality rates has partly been due to the lack of 

specificity and side effects associated with most cancer drugs; hence over the years tremendous 

efforts have been linked to finding solutions to address these challenges. Novel techniques to 

design and develop cancer treatment methods using protein-protein interactions (PPIs) have 

become promising targets for therapeutic discovery. Suggestive evidence has proposed putative 

interactions between Small nuclear ribonucleoprotein polypeptide G (SNRPG) (also referred to 

as SmG in this study) and retinoblastoma binding protein 6 (RBBP6), which have been identified 

as potential diagnostic markers for cancer treatment. The broad focus of this study was to 

investigate the putative interactions between these two proteins. In-silico analysis and 

characterisation of the proteins using Autodock Vina revealed the binding and interaction 

patterns of SNRPG with the RBBP6 RING Finger domain with a docking score of -

3.40kcal/mol. Using I-TASSER, a potential inhibitor known as (2R)-2-[(2-methyl-5-phenyl-

pyrazol-3-yl) carbonyl amino]-3-napthalen-2-yl-propanoic acid) (4FI) was identified and 

MM/GBSA binding free energy analysis revealed a spontaneous reaction of SNRPG~RING 

Finger domain in complex with the inhibitor, due to a binding energy of -27.96kcal/mol. Some of 

the amino acid residues involved in the binding include Val222, Pro101 and Met194. 

Biophysical studies using MicroScale Thermophoresis (MST) confirmed the putative 

SNRPG~RING Finger domain interaction, and determined that the binding affinity was a Kd-

value of 3.1596 nM under aqueous buffer conditions. The overall results from this study suggest 

the potential druggability of the SNRPG~RING Finger domain PPI. These findings will enhance 

our understanding in selective identification of small molecule inhibitors or peptides, which 

could be developed as novel therapeutic candidates in the diagnosis and treatment of cancer. 

Keywords: Cancer, Peptidomimetics, Protein-protein interaction, retinoblastoma binding protein 

6, Small ribonucleoprotein G  
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CHAPTER ONE 
 

Introduction and Literature Review 
 

1.1 General Introduction 
 

Cancer remains one of the major public health challenges worldwide (Bhandari et al., 2014; 

Heneghan et al., 2013). It kills more people globally than malaria, tuberculosis and HIV/AIDS 

put together (Jemal et al., 2010). Cancer is ranked second after cardiovascular diseases as the 

major cause of death globally (Ferlay et al., 2015). According to World Health Organization 

(2018) nearly 1 in 6 deaths worldwide is due to cancer (Du et al., 2016). In 2008 an estimated 

7.6 million people died of cancer globally and approximately 14.1 million new cancers cases 

were reported in 2012 resulting to an estimated 8.2 million deaths (Ferlayet al., 2015). In 2105 

an estimated 8.8 million cancer deaths were reported globally with approximately 17.5 million 

new cancer cases reported (Du et al., 2016). The number of new cancer cases is rapidly 

increasing and expected to rise by about 70% over the next two decades (WHO, 2018). Global 

economic costs of cancer are significantly rising above the projected US$1.16 trillion reported in 

2010 (Jemal et al., 2011). 

 

In Africa cancer is also a growing health challenge with increasing morbidity and mortality rates 

due to poor and limited health facilities and resources needed to prevent, diagnose, and treat 

cancer (Ferlay et al., 2015). In South Africa more than 100 000 people are diagnosed with cancer 

every year. And it is estimated that one in four people in South Africa is affected by cancer 

through diagnosis of family, friends or self. Cancer survival rate in South Africa is currently 

sitting on 2:3 (Jemal et al., 2010). In 2015, 114 091 new cancer cases were reported in South 

Africa leading to 58 237 cancer deaths in total (Randfontein herald, January 10, 2017). The 

worldwide increase of cancer burden is due to an aging and growing population, and the 
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adoption of economic development associated lifestyles and behaviors such as physical 

inactivity, unhealthy diets and smoking (Jemal et al., 2011). Lung, breast, prostate and colon 

cancer are the most commonly occurring cancers accounting for about 40 % of all cancers 

diagnosed. Breast cancer has been the most occurring having the highest mortality rate while 

lung cancer is the mostly diagnosed (Ferlay et al., 2015; Siegel et al., 2014, 2015). 

 

Cancer often develops from uncontrolled cell division or proliferation of any kind of cells in the 

body (Hanahan & Weinberg, 2011). The cells divide when they are not expected to divide, 

continue dividing and do not undergo apoptosis. The uncontrolled cell cycle progression and 

inactivation of apoptotic mechanisms results from the switching off of genes that suppress 

tumors and/or switching on of oncogenes (Fearon & Vogelstein, 1999). In malignant cancers, 

cancer cells acquire enhanced cell motility (metastasis) due to the downregulation of cell 

adhesion receptors, activation of membrane metalloproteases and up-regulation of receptors 

(Fearon & Vogelstein, 1999; Hanahan & Weinberg, 2011). And this provides a physical pathway 

for the metastatic cancer cells to spread. However, there are various processes by which these 

genetic and cellular alterations occur (Hanahan & Weinberg, 2011). 

 

The metastatic cancer cells move from their point of origin and invade other parts of the body, 

thereby forming malignant tumors and eventually causing death (Siegel et al., 2015). The 

canonical mechanisms are due to chromosomal translocation or deletion, mutation, genetic and 

chronic inflammation, dysregulated expression or activity of signaling pathways as well as 

exposure to risky lifestyle factors such as smoking, inadequate exercise, excessive alcohol 

intake, unhealthy diet, overweight and obesity (Hanahan & Weinberg, 2011; Jemal et al., 2011; 

Siegel et al., 2015). These events may activate oncogenes that promote dysregulated cell cycling 

and/or inactivate apoptotic pathways (Hanahan & Weinberg, 2011). 
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The challenge with cancer at the moment is the increasing morbidity and mortality rates, the lack 

of specificity of most cancer drugs and the side effects of cancer therapy drugs (Dardevet et al., 

2015). Over the years tremendous efforts have been linked to finding solutions to address the 

existing challenges. And protein-protein interaction (PPI) studies have emerged as promising 

targets for therapeutic discovery (Sable & Jois, 2015). PPI studies are not new in the field of 

smart drug development and drug design. They were known more than two decades ago however 

because of the wide interaction networks, small molecules that were targeted were often 

unsuccessful. This led to the view that targeting PPI had high risks and such targets were 

considered unfeasible (Sable & Jois, 2015). 

 

However, this concept was challenged and now PPI have emerged as promising targets for 

therapeutic discovery (Sable & Jois, 2015). Currently there are drugs on the market (Fuller et al., 

2009; Wishart et al., 2008; Xu et al., 2014). And potential drug-like candidates that target PPI 

are also in clinical trials (Domling, 2008). Inhibiting protein-protein interactions (PPI) using 

small molecules or peptides has both a controlling influence on biochemical pathways and 

therapeutic significance (Sable & Jois, 2015). The potential of PPI in therapeutics has prompted 

scientists to consider cancer-implicated protein-protein interaction networks as possible targets in 

alleviating the existing cancer challenges. Previous studies have provided encouraging proof on 

selective and efficient interruption of aberrant protein-protein interactions, opening up new 

avenues in the development of new cancer therapy drugs (Araujo et al., 2007; Fujii et al., 2007; 

Harris, 2006). 

 

According to Johnson and coworkers (2006) most cancer-implicated proteins possess structural 

domains that have a higher ratio of infidelity as compared to non-cancer implicated proteins, 

making them more prone to interact with a wide diversity of proteins. Cancer-implicated proteins 
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have a large number of interacting proteins and occupy a central position in cancer-cell protein 

networks (Bhandari et al., 2014; Heneghan et al., 2013; Steinbrecher & Labahn, 2010). Protein 

interactions between cancer-implicated proteins have a higher probability of being related to the 

cancer processes than non-interacting proteins (Du et al., 2016; Hanlon et al., 2010; Johnson et 

al., 2006). 

 

Small nuclear ribonucleoprotein polypeptide G (SNRPG) and retinoblastoma binding protein 6 

(RBBP6) are two good examples of proteins that have been implicated in cancer and whose 

functions are predominantly mediated by protein-protein interactions (Conte et al., 2002; Shi et 

al., 2009; Vo et al., 2001). SNRPG is a core-splicing protein essential in the biogenesis of small 

nuclear ribonucleoproteins (snRNPs) which are precursors of the spliceosome (Luhrmann et al., 

1990; Palf et al., 2000; Stevens & Abelson, 1999; Will & Luhrmann, 2011). RBBP6 is a 

splicing-associated multi-domain and multi-functional nuclear protein (Pugh et al., 2006). 

 

SNRPG and RBBP6 proteins are known to localize in the nucleolus and nuclear speckles and 

appear to have a closely linked role in pre-mRNA splicing (Hull et al., 2015). Varying 

expression levels of the two proteins have been reported in different types of cancer which 

include breast cancer, lung cancer, prostate cancer and colon cancer (Hull et al., 2015; Khan et 

al., 2014; Li et al., 2007; Simons et al., 1997). However, very little is known about the putative 

interactions between SNRPG and RBBP6 in different types of cancer. 

 

Chibi and coworkers (2008) predicted possible interactions between SNRPG and the N terminal 

domains of RBBP6. The N terminal domains of RBBP6 consist of the Domain With No Name 

(DWNN), the Zinc knuckle and Really Interesting New Gene (RING) finger domain). Using the 

yeast 2-hybrid technique, Chibi and co-workers (2008) suggested that RBBP6 interacts with 
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SNRPG through its DWNN domain which is a crucial component of the RNA processing 

machinery in the cell. In another study, Kappo and co-workers (2012) also identified two copies 

of SNRPG (conformational isomers of the same protein) as part of the five substrates that bind to 

the N-terminal domain of RBBP6 (Kappo et al., 2012). The findings substantiate the 

involvement of SNRPG with the N terminal domains of RBBP6 in tumorigenesis and tumour 

development. However, the precise mechanisms involved remain elusive. 

 
 

 Smith (Sm) proteins 
 

The human spliceosomal Smith (Sm) proteins belong to a larger family of Sm and Sm-like 

(LSm) proteins. They are crucial elements in the biogenesis of the four major 

spliceosomaluridyl-rich small nuclear ribonucleoprotein particles (U snRNPs) (Schwer et al., 

2016; Ohtani 2018). U snRNPs are precursors of both the major and minor spliceosome which 

catalyze the essential RNA processing events, including the splicing of pre-mRNA introns and 

exon ligation. Thus, U snRNPs facilitate a crucial step in the formation of translatable mRNA 

(Schwer et al., 2016; Weber et al., 2010; Matera & Wang 2014). U snRNPs consist of snRNA 

(U1, U2, U4/U6 and U5) and numerous distinct proteins that are classified into two groups. The 

first group comprise of snRNP-specific proteins which facilitate snRNP-specific functions in pre-

mRNA splicing. The second group consists of common snRNP proteins. These common proteins 

are collectively referred to as Sm proteins. They are originally identified from their antigenicity 

in the autoimmune disease systemic lupus erythematosus. The best characterized of these 

common Sm proteins are B' (29 kDa), B (28 kDa), D1 (16 kDa), D2 (16.5 kDa), D3 (18 kDa), E 

(12 kDa), F (11 kDa) and G (9 kDa). B and B′ are alternatively spliced products of the same gene 

(Kambach et al., 1999; Stark et al., 2001; Urlaub et al., 2001). 
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Sm proteins are small proteins characterized by the presence of the highly conserved Sm fold 

containing two conserved motifs each of which consists largely of antiparallel β sheets 

β5↑•β1↓•β2↑•β3↓•β4↑ topology and an embedded RNA-binding site (shown in Figure 1.1A) 

(Hermann et al., 1995). The motifs are separated by a ‘‘linker’’ region that varies in length 

among different Sm proteins (Khusial et al., 2005; Hermann et al., 1995). When a single Sm 

protein is folded, both RNA-binding sites are found within loops located in proximity on one 

side of the protein as shown in Figure 1.1B for the human SNRPD1 protein. When an entire Sm 

ring is assembled, these loops are oriented toward the central pore of the ring (Kambach et al., 

1999; Hermann et al., 1995). Sm subunits are decorated by additional unstructured C terminal 

extensions and secondary structure elements. The Sm motif encodes for a common folding 

domain (Sm domain) that is responsible for mediating the Sm-Sm protein interactome through 

the antiparallel β strands (Kambach et al., 1999). Sm proteins also possess two solvent-exposed 

hydrophobic interaction surfaces that are prone to nonspecific interactions under physiological 

conditions (Kambach et al., 1999; Pellizzoni et al., 2002; Kroiss et al., 2008; Zhang et al., 2011; 

Grimm et al., 2013; Neuenkirchen et al., 2015). 

 

The morphogenesis of the spliceosomal U snRNPs depends, to a high degree, on the cytoplasmic 

Sm-Sm protein interactome and Sm protein-RNA interactome (Mura 2002). Binding of the Sm 

core proteins to the Sm site of the newly transcribed snRNAs in the cytoplasm is a prerequisite 

for the hypermethylation of the snRNA cap structure as well as for transport of the mature 

snRNP particle into the nucleus (Meister et al., 2001). In addition to the Sm-Sm protein 

interactome and Sm protein-RNA interactome, a significant fraction of Sm-proteic interactome 

has been reported (Kambach et al., 1999; Pellizzoni et al., 2002; Kroiss et al., 2008; Zhang et al., 

2011; Grimm et al., 2013; Neuenkirchen et al., 2015; Hyjek et al., 2019). 
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Figure 1.1: Human Sm protein primary and model structures (A) Sm protein primary structure alignment showing 

the Sm1 and Sm2 motifs. Conserved amino acids are highlighted as follows; Light blue (uncharged hydrophobic 

residues), Green (acidic amino acids), Purple (basic amino acids), Dark blue (100% conserved amino acids) and 

Turquoise (80% conserved glycine). Arrows mark the cross-linked amino acids in the protein sequences as 

identified by N-terminal sequencing. The cross-linking sites are located within loop L3 of the Sm1 motif. Figure 

extracted from Hermann et al., 1995. (B) Human SNRPD1 protein structural model (PDB ID 1B34). Green, light 

blue, brown, and red regions of the model correspond to the Sm motif and RNA-binding site sequences. Figure 

extracted from Kambach et al., 1999. 

 

The interactome relates to ribosomes, translation, mitochondria, energy metabolism and, RNA- 

and DNA-binding proteins implicated in chromatin organization, regulation of transcription, 

translation and RNA metabolism. The Sm-proteic interactome is involved in the regulation of 

cell development where they perform essential roles in cell specification and gene expression 

(Hyjek et al., 2019). 
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 Smith (Sm) proteins and the biogenesis of U snRNPs 
 

Sm proteins play a presumably very critical role in the biogenesis of U snRNPs in normative 

cellular processes and disease states. They are the core elements of snRNPs (U1, U2, U4/U6, and 

U5 snRNPs), spliceosome (both minor and major) and subsequently play a critical role in the 

excision of introns and ligation of exons in pre-mRNA splicing (Montzka & Steitz, 1988). RNA 

processing events (on a cellular scale) can be traced back hierarchically to the Sm proteins (on a 

molecular scale) (see Figure 1.2) (Mura 2002). Placing the Sm protein family in a biochemical 

context underscores their central importance in RNA metabolism. To cope with the task of 

splicing virtually all intron-containing pre-mRNAs, the homeostatic control of Sm proteins is 

critical (Montzka & Steitz, 1988). The efficient production of the core components of the U 

snRNPs, maintenance of their steady-state levels and protraction of their proper functional 

interactome landscape appear to be indispensable in higher eukaryotes (Montzka & Steitz, 1988). 

 

 
Figure 1.2: Sm proteins and the modular approach to RNA metabolism. Sm proteins are core elements of 

snRNPs (U1, U2, U4/U6, and U5 snRNPs), major spliceosome and subsequently play a critical role inthe excision of 

introns in pre-mRNA splicing. This figure is for illustrative purposes only. It is by no means comprehensive. Figure 

extracted from Mura (2002). 
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Sm proteins are synthesized in the cytoplasm by ribosomes translating Sm messenger RNA 

(Meister et al., 2001). They are stored in the cytoplasm in the form of three partially assembled 

ring complexes associated with the assembly chaperone pICln protein, namely, the 6S pentamer 

complex comprising of SNRPD1, SNRPD2, SNRPF, SNRPE and SNRPG with pICln; a 2-4S 

complex of SNRPB, possibly with SNRPD3 and pICln; and the 20S methylosome, which is a 

large complex of SNRPD3, SNRPB, SNRPD1, pICln and the arginine methyltransferase-5 

(PRMT5) protein (shown in Figure 1.3A) (Meister et al., 2001). pICln acts as a specialized 

chaperone protein recruiting all newly synthesized Sm proteins to the PRMT5 complex and 

preventing the premature assembly of Sm proteins with snRNA (Meister et al., 2001). 

Furthermore, the formed and methylated 6S and pICln-D3/B interact with the SMN complex 

facilitating the transfer of the Sm proteins onto the SMN complex (1) (shown in Figure 1.3B). 

Gemin2 coordinates the binding of five Sm proteins (D1/D2/F/E/G) (Zhang et al., 2011). 

According to Chari and coworkers D3/B presumably binds to SMN, Gemin2 and/or Gemin8 

(Neuenkirchen et al., 2015). 

 

Concurrently, pre-U snRNA is transcribed by RNA polymerase II (pol II) and m7G-capped in 

the nucleus (Figure 1.4, step 1) (Neuenkirchen et al., 2015; Prusty et al., 2017). The transcribed 

pre-U snRNA is complexed with CBC, PHAX, CRM1 and RanGTP to form an export complex 

that is actively transported into the cytoplasm via the NPC (Figure 1.4, step 2). In the cytoplasm 

the export factors and pre-U snRNA disassemble (step 3) and Sm proteins provided by the SMN 

complex are assembled onto the ‘‘Sm-site’’ of pre-U snRNA (Figure 1.4(step 4) and Figure 1.4B 

(2)). The SMN complex prevents the association of Sm proteins with nontarget RNAs 

(Neuenkirchen et al., 2015; Prusty et al., 2017). After recruitment by the SMN-complex and Sm 

core domain the import factors SPN1 and importin β mediate translocation of the complex into 



10  

the nucleus (step 6). In the nucleus, both factors dissociate and are recycled into the cytoplasm 

(step 7) and the U snRNPs enrich in Cajal bodies (step 8). Following scaRNA guided 

pseudouridylation (ψ) and 2'-O-methylation (m; Figure 1.4, step 9) the mature U snRNP is 

channeled to the spliceosome (step 10), however the SMN-complex is exported into the 

cytoplasm (Figure 1.4, step 11) where it re-enters the biogenesis cycle (Figure 1.4, step 12) 

(Neuenkirchen et al., 2015; Prusty et al., 2017). 

 

 

Figure 1.3: Model of Sm protein assembly. (A) Sm proteins are initially translated in the cytoplasm. 
Heterooligomers D1/D2 and D3/B interact with pICln to form pICln-Sm protein complexes (1) and recruited to 

PRMT5/WD45 forming a 20S complex (2). The addition of F/E/G on the 20S complex results in the formation of a 

ring-shaped 6S assembly intermediate (3). Further supplementation of pICln-Sm protein complexes releases 6S and 

again establishes a 20S complex (4). In either case, pICln serves as a molecular chaperone and prevents the 

interaction of the associated Sm proteins with snRNA (6). (B) The initially formed and methylated 6S and pICln- 

D3/B interact with the SMN complex and the Sm proteins are transferred onto the SMN complex (1). Gemin2 

coordinates the binding of five Sm proteins (D1/D2/F/E/G), while D3/B is likely bound to SMN, Gemin2 and/or 

Gemin8. The snRNA associates with the loaded SMN complex and the Sm proteins are assembled around the Sm 

site (2). The complex is translocated to the nucleus where the mature snRNP dissociates from the SMN complex (3). 

Figure extracted from Neuenkirchen et al., 2015. 
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In accordance with this view the efficient production of Sm proteins, maintenance of their 

steady-state levels and perpetuation of their proper functional interactome landscape appear 

indispensable in mRNA metabolism. The accurate regulation of Sm proteins during the 

biogenesis of U snRNPs is a key aspect in the normative functioning of eukaryotic cells (Prusty 

et al., 2017). Kinetic defects in the U snRNP assembly pathway, which affect the rate of U 

snRNP formation, lead to a reduction in the levels of functional U snRNPs in the cell, which 

subsequently results to a disease state known as “U snRNP assembly disease” (Shukla & Parker 

2014; Neuenkirchen et al., 2015; Prusty et al., 2017). 

 

Cells use a plethora of PPI networks to help maintain the normative functions of Sm proteins in 

small nuclear ribonucleoprotein (snRNP) assembly, biogenesis of U snRNPs and the smooth 

running of the splicing machinery. Deregulation of spliceosomal Sm proteins has been 

significantly implicated in pathophysiological cues and disease states including cancer (Marabti 

& Younis 2018; Blijlevens et al., 2019). 
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Figure 1.4: Sm proteins and the biogenesis pathway of spliceosomal U snRNPs. Sm proteins provided by the 

SMN‐complex are assembled onto the “Sm‐site” of pre‐U snRNA (step 4). Following recruitment by the 

SMN‐complex and Sm core domain, the hypermethylase Tgs1 modifies the m7G‐cap to m3G (step 5), before the 

import factors SPN1 and importin β mediate translocation into the nucleus (step 6). There, both factors dissociate 

and are recycled into the cytoplasm (step 7), and U snRNPs associated with the SMN‐complex enrich in Cajal 

bodies (step 8). After scaRNA guided pseudouridylation (Ψ) and 2′‐O‐methylation (m; step 9), the mature U snRNP 

is directed to the spliceosome, (step 10), whereas the SMN‐complex is believed to be exported into the cytoplasm 

(step 11), where it can re‐enter the biogenesis cycle (step 12) (Figure extracted from Neuenkirchen et al., 2008). 
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Defects in Sm protein complex binding to snRNAs are known to reduce levels of snRNAs, 

suggesting an unknown quality control system for small nuclear ribonucleoprotein (snRNP) 

assembly (Shukla & Parker, 2014). In case of exhaustion or improper functioning of the 

assembly pathway, the cell activates fail-safe measures, including targeted autophagosome- 

mediated Sm protein degradation and exosome-processed Sm-encoding transcript degradation. 

These measures refine cellular quality control mechanisms to prevent proteotoxicity during 

imbalances in UsnRNP assembly. Dysregulation of Sm proteins during U snRNP assembly 

causes cellular proteotoxicity. Early phase plCln deficiency leads to degradation of Sm proteins 

via autophagy and mislocalisation of unassembled and/or misassembled Sm proteins. Late phase 

SMN deficiency leads to accumulation of Sm proteins over plCln (Prusty et al., 2017). 

 
 

 Sm proteins and Cancer 
 

Sm proteins play an indispensable clinical and prognostic regulatory role in pathophysiological 

cues and disease progression including cancer (Marabti & Younis 2018; Blijlevens et al., 2019). 

They are master regulators of both co- and post-transcriptional assemblies, making them an 

attractive target in PPI-focused drug discovery technology (Valeur et al., 2019; Sorolla et al., 

2019; Haymond et al., 2019). One example of this class of diseases is a neurodegenerative 

disease, spinal muscular atrophy (SMA), caused by ubiquitous deficiency in the survival motor 

neuron (SMN) protein due to mutations in the principal SMN-coding gene SMN1 leading to 

reduced snRNA and snRNP levels (Lorson et al., 2010; Lefebvre et al., 1995). One role of the 

SMN complex is to load the Sm protein complex onto the Sm site on snRNAs, which has a 

consensus sequence of PuAU4–6GPu (Battle et al., 2006; Fischer et al., 2011; Neuenkirchen et 

al., 2015). 
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Van Alstyne and coworkers added that the function of SMN in the assembly of spliceosomal Sm 

proteins regulates alternative splicing of Mdm2 and Mdm4, two non-redundant repressors of p53 

(Alstyne et al., 2018). Decreased inclusion of critical Mdm2 and Mdm4 exons is most prominent 

in SMA motor neurons and correlates with both U snRNPs reduction and p53 activation in vivo. 

The findings reveal that loss of SMN-dependent regulation of Mdm2 and Mdm4 alternative 

splicing underlies p53-mediated death of motor neurons in SMA, establishing a causal link 

between U snRNPs dysfunction and neurodegeneration (Alstyne et al., 2018; Neuenkirchen et 

al., 2015; Fischer et al., 2011; Lorson et al., 2010; Battle et al., 2006; Lefebvre et al., 1995). 

 

Sm proteins have attracted significant attention because of their implicated roles in tumorigenesis 

and tumor development (Marabti & Younis 2018; Blijlevens et al., 2019). Accumulating 

evidence suggests that Sm proteins contribute significantly to the initiation and progression of 

many disease states including cancer (Blijlevens et al., 2019). Varying expression levels have 

been reported in different types of cancers, which include breast cancer, lung cancer, prostate 

cancer, liver cancer and colon cancer (Hull et al., 2015; Ezkurdia et al., 2014; Khan et al., 2014; 

Li et al., 2007; Conte et al., 2002; Simons et al., 1997). The interference of Sm protein 

expression has been shown to induce apoptosis in non-small-cell lung cancer (NSCLC) cells 

(Blijlevens et al., 2019). For several cancers, increased expression levels of Sm proteins showed 

a positive correlation with disease severity establishing a causal link between Sm proteins and, 

tumorigenesis and tumor development. Immunohistochemical studies illustrating antibody 

staining of standard cancer tissues samples have highlighted the localization of Sm proteins in 

tumor cells. Tumor heterogeneity and inter-individual differences in variable 

immunohistochemical staining patterns reflected the diverse expression of Sm proteins (Ezkurdia 
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et al., 2014). Hence, Sm proteins present a particularly useful novel target for diagnostic and 

therapeutic intervention in cancer. 

 

Using semi-quantitative RT-PCR, Anchi and co-workers reported the involvement of Sm 

proteins in cell proliferation and progression of high-grade prostate cancer through the regulation 

of androgen receptor expression (Anchi et al., 2012). The study highlighted that SmE over- 

expression promoted prostate cancer cell proliferation in high-grade prostate cancer cells 

compared with normal prostatic epithelial cells, indicating its oncogenic effects (Anchi et al., 

2012). SmE knockdown expression by short interfering RNA (siRNA) resulted in the marked 

suppression of prostate cancer cell proliferation (Anchi et al., 2012). 

 

The study further elucidated that the regulation of androgen receptor expression by SmE is 

essential for cell proliferation and progression of high-grade prostate cancer. In this context SmE 

presents a novel molecular target for cancer drugs (Anchi et al., 2012). However, targeting these 

splicing machinery components as drug development tools in cancer has been an overlooked and 

underdeveloped strategy over the years. Very little is known about their putative interactions in 

cancer-cell protein networks and their roles in different types of cancers remain elusive. 

 

In addition to that Sm proteins have been shown to interact with the oncogenic multi-domain and 

multifunctional protein, RBBP6 (Kappo et al., 2012; Chibi et al., 2008; Simons et al., 1997). 

Using immunoblot analysis, Simons and co-workers concluded that Sm proteins interact 

particularly with the N-terminal domains of RBBP6 (Simons et al., 1997). The findings suggest 

possible connections between Sm proteins and tumor suppressor proteins. Sm proteins may 

directly influence tumor suppressor proteins in pre-mRNA splicing. Chibi and co-workers also 

postulated that SNRPG interacts with the N-terminal domain of RBBP6 which happens to be a 
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crucial component of the RNA processing machinery in the cell (Chibi et al., 2008). Kappo and 

co-workers further identified two copies of the SNRPG protein (conformational isomers of the 

same protein) as part of the five substrates that bind to the N-terminal domains of RBBP6 

(Kappo et al., 2012). Conte and co-workers also identified SNRPG as one of the two potential 

binding partners for oncogenic TACC1 in breast cancer (Conte et al., 2002). The findings 

suggested a possible link between Sm proteins and TACC1 in the control of mRNA metabolism. 

 

Conte and co-workers speculated that down-regulation of TACC1 may alter the control of 

mRNA homeostasis in polarized cells and subsequently participate in the oncogenic processes 

(Stark et al., 2006). Considering the oncogenic nature of the RBBP6 and TACC1 protein, the 

findings suggest that Sm proteins possibly play a role in pRb/p53 pathways, tumorigenesis and 

the progression of many cancers (Chibi et al., 2008; Simons et al., 1997). However, the precise 

mechanisms remain elusive and yet to be understood. 

 

Inhibiting the interaction between Sm proteins and active oncogenic proteins using small 

molecules or peptides may modulate cancer-cell networks and have therapeutic significance. 

Thus, investigating Sm protein interactomes and their binding events in cancer-cell protein 

networks may help identify new avenues to design and develop Sm PPI-focused therapeutic 

drugs. Currently, the physiological relevance and functional basis of these different Sm proteins 

in cancer-cell networks still remain obscure up to this day. Very little is known about the 

nontarget Sm PPI in cancer cells. Sm proteins play a yet uncharacterized role in linking splicing 

machinery components to tumorigenesis and tumor development in various cancers. Perhaps 

understanding their interactome in cancer-cell networks may lead to new knowledge on how this 

family of proteins relate to tumorigenesis and tumour development. Perhaps finding small 

molecule inhibitors for Sm PPI in cancer cells may present potential drug targets in diagnostics 
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and therapeutic studies. Thus, new avenues to design and develop therapeutic drugs may be 

established. 

 
 

 Small nuclear ribonucleoprotein polypeptide G (SNRPG) 
 

SNRPG is an 8.5 kDa splicing associated and cancer implicated Smith (Sm) protein whose 

functions are predominantly mediated by protein-protein interactions. Sm proteins are core- 

splicing proteins common to each uridyl-rich small nuclear ribonucleoprotein particles (U 

snRNP) particle (Weber et al., 2010). U snRNP complexes (U1, U2, U4 and U5) are precursors 

of the spliceosome. They catalyze the removal of intervening (non-coding) sequences from pre- 

mRNA (Green, 1986; Wahl et al., 2009). Sm proteins are named in order of their decreasing size 

are B' (29 kDa), B (28 kDa), D3 (18 kDa), D2 (16.5 kDa), D (16 kDa), E (12 kDa), F (11 kDa) 

and G (8.5 kDa) (Luhrmann et al., 1990; Will & Luhrmann, 2011). 

 

SNRPG has been reported in more than 20 different cancers that include breast cancer, lung 

cancer, prostate cancer and colon cancer (Conte et al., 2002). According to Stark et al. (2006) 

SNRPG has a very wide interaction network comprising of more than 138 interactions with more 

than 115 identified interactors. Using the two-hybrid screen in yeast, GST pull-downs and co- 

immunoprecipitations Cont et al. (2002) identified SNRPG as one of the two potential binding 

partners for the oncogenic protein TACC1 in breast cancer. Previous research has identified 

SNRPG as a component of SMN-Sm protein complex, U1 snRNP, U2 snRNP, U12 type 

spliceosomal complex, U4 snRNP, U7 snRNP, U5 snRNP, spliceosomal tri-snRNP complex, 

catalytic step 2 spliceosome, Cytosol, methylosome, nucleoplasm, small nuclear 

ribonucleoprotein complex and spliceosomal complex (Stark et al., 2006). 



18  

The SNRPG encoding gene in humans is found on chromosome 2p13.3 and is made up of 8 

exons. The gene comprises 455 nucleotides with an open reading frame encoding a predicted 

protein of 76 amino acid residues. SNRPG has a theoretical pl of 8.9 (Gasteiger et al., 2005). The 

percentage amino acid composition is shown in Table 1. According to Hermann et al. (1995) the 

SNRPG protein translated in vitro from a single SNRPG mRNA migrates as a doublet by high- 

TEMED SDS-PAGE. Hermann and co-workers (1995) suggested that the 2 bands represent 

conformational isomers of the same protein. Northern blot analysis revealed that the SNRPG 

gene is expressed as an approximately 0.5-kb mRNA in HeLa cells (Hermann et al., 1995). The 

SNRPGDNA coding sequence and amino acid sequence are shown in Figure 1.5 and 1.6. 

 

 

 
Figure 1.5: SNRPG DNA coding sequence (CDS) 

 

 

 

 

 

Figure 1.6: SNRPG amino acid sequence 
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SNRPG consists of a total number of 8 negatively charged residues (Asp + Glu) and 10 

positively charged residues (Arg + Lys) giving a positive net charge of 2 (Gasteiger et al., 2005). 

The protein does not contain any tryptophan residues and has a computed extinction coefficient 

of zero (0) assuming all pairs of Cysteine residues form cystines (oxidised dimers) and are 

reduced (Gasteiger et al., 2005). Considering the methionine on the N-terminal of the sequence, 

SNRPG has an estimated in vivo half-life of 30 hours, >20 hours and >10 hours in mammalian 

reticulocytes, yeast and Escherichia coli respectively (Gasteiger et al., 2005). 

 
 

SNRPG protein is a stable protein with a computed instability index (II) of 35.06 (Gasteiger et 

al., 2005). The protein has an aliphatic index of 98.68 suggesting that the protein has a relative 

volume occupied by aliphatic side chains (alanine, valine, isoleucine and leucine) (Gasteiger et 

al., 2005). SNRPG has a grand average hydropathicity (GRAVY) of 0.066. The hydropathy 

index relates to the number of hydrophobic or hydrophilic properties of the side chains. The 

larger the number, the more hydrophobic is the protein (Gasteiger et al., 2005). 

 
 

SNRPG is rich in hydrophobic amino acids (about 34%) most of which are located in the C- 

terminal half (Gasteiger et al., 2005; Hermann et al., 1995). The N-terminal portion of the 

sequence contains a larger number of positively charged residues while the rest of the sequence 

contains a larger number of negatively charged residues (Gasteiger et al., 2005; Hermann et al., 

1995). The predictive physicochemical parameters of SNRPG make it feasible to carry out 

investigations on the putative interactions between SNRPG and the RBBP6 RING Finger 

domain. 
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Table 1.1: Percentage amino acid composition for SNRPG (Gasteiger et al., 2005) 
 

 

Amino acid Symbol Number % composition 

 

Alanine 
 

(A) 
 

3 
 

3.9% 

 

Arginine 
 

(R) 
 

4 
 

5.3% 

 

Asparagine 
 

(N) 
 

5 
 

6.6% 

 

Aspartic acid 
 

(D) 
 

3 
 

3.9% 

 

Cysteine 
 

(C) 
 

1 
 

1.3% 

 

Glutamine 
 

(Q) 
 

3 
 

3.9% 

 

Glutamic acid 
 

(E) 
 

5 
 

6.6% 

 

Glycine 
 

(G) 
 

7 
 

9.2% 

 

Histidine 
 

(H) 
 

2 
 

2.6% 

 

Isoleucine 
 

(I) 
 

6 
 

7.9% 

 

Leucine 
 

(L) 
 

8 
 

10.5% 

 

Lysine 
 

(K) 
 

6 
 

7.9% 

 

Methionine 
 

(M) 
 

6 
 

7.9% 

 

Phenylalanine 
 

(F) 
 

3 
 

3.9% 
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Proline (P) 3 3.9% 

 

Serine 
 

(S) 
 

4 
 

5.3% 

 

Threonine 
 

(T) 
 

1 
 

1.3% 

 

Tryptophan 
 

(W) 
 

0 
 

0.0% 

 

Tyrosine 
 

(Y) 
 

0 
 

0.0% 

 

Valanine 
 

(V) 
 

6 
 

7.9% 

 

Hydroxyproline 
 

(O) 
 

0 
 

0.0% 

 

Pyroglutamatic 
 

(U) 
 

0 
 

0.0% 

 

 

 

 
 

 Retinoblastoma-binding protein-6 (RBBP6) 
 

RBBP6 is a 250 kDa splicing-associated human protein initially known to bind to the 

retinoblastoma gene product, pRB (Sakai et al., 1995). RBBP6 gene is known to possess six 

different domains (shown schematically in Figure 1.7) that have been characterized and linked 

with different types of cancer (Simons et al., 1997). RBBP6 has three well conserved N-terminal 

domains namely “Domain With No Name” (DWNN), Zinc knuckle domain and Really 

Interesting New Gene (RING) finger domain. It also contains three C-terminal domains namely 

proline-rich SR domain, Rb-binding domain and p53-binding domain (Pugh et al., 2006; Simons 

et al., 1997; Witte & Scott, 1997). The functions of the six identified domains are not yet fully 

understood however it is well understood that their functions are predominantly mediated by 

protein-protein interactions (Li et al., 2007). 
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Figure 1.7: RBBP6 DNA coding sequence (CDS) 
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Figure 1.8: SNRPG amino acid sequence 
 
 
 
 

 
 
 

 
 

 

Figure 1.9: The domain organization in human RBBP6. The RBBP6 protein is a modular protein that consists of 

N-terminal domains (DWNN, Zinc knuckle and RING finger) and a C-terminal region (SR domain, Rb-binding 
domain, p53-binding domain and a nuclear localization signal) (Figure adapted from Muleya et al. (2010). 

 

 
 

RBBP6 promotes cell proliferation in several cancers (Moela et al., 2014) and is found at 

varying expression levels in cancer cells (Khan et al., 2014). RBBP6 is highlighted significantly 

in more than fourteen different types of cancers that include but not limited to breast cancer, lung 

cancer, prostate cancer, colon cancer, pancreatic cancer, bladder cancer, cervical cancer, 

oesophagal cancer, liver cancer, gastric cancer, ovarian cancer and pituitary cancer (Khan et al., 

2014). RBBP6 interacts with the two prototypical tumour suppressor proteins p53 and pRB 

(Khan et al., 2014; Li et al., 2007; Simons et al., 1997). However, the physiological relevance of 

the interactions and the functional basis for the association remains elusive and less clear. 
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RBBP6 enhances p53 ubiquitination and degradation by facilitating the interaction between p53 

and its negative regulator Mdm2. RBBP6 also interferes with the binding of p53 to DNA (Li et 

al., 2007). According to Pugh et al. (2006) RBBP6 directly interacts with the pro-proliferative 

transcription factor Y-box-binding protein-1 (YB-1). The studies have shown that over- 

expression of RBBP6 causes suppression of the anti-apoptotic YB-1 in a proteasome-dependent 

manner in cultured mammalian cells (Pugh et al. 2006). Considering that RBBP6 down-regulates 

both the pro-apoptotic p53 and the anti-apoptotic YB-1, the effect of RBBP6 in tumorigenesis 

remains elusive and yet to be clearly understood (Kappo et al., 2012). 

 

Immunohistochemical studies by Yoshitake and coworkers (2004) reported that RBBP6 is the 

significantly expressed antigen in esophageal cancer. RBPP6 is strongly upregulated in 

esophageal cancer cells. High expression levels of RBBP6 correlate with higher rates of 

proliferation in cultured esophageal cancer cell and subsequent low survival rates in cancer 

patients (Yoshitake et al., 2004). Yoshitake and co-workers demonstrated that RBBP6 promotes 

the proliferation of oesophageal cancer cells and that antibodies against RBBP6 can be 

successfully used in immunotherapy against oesophageal cancer, leading to decreases in tumour 

size. 

 

In another study using quantitative RT-PCR and fluorescence in situ hybridization (FISH) 

Motadi and coworkers (2011) found that RBBP6 has an anti-apoptotic function in lung cancer 

and degradative effects on the tumor suppressor proteins, p53 and pRb (Motadi et al., 2011). 

RBBP6 has also been previously identified as a strong candidate diagnostic marker for colon 

cancer prognosis for overall and disease-free survival in colon cancer patients (Chen et al., 

2013). On the other hand, studies done on human MCF breast cancer cells suggest that RBBP6 

promotes apoptosis (Gao et al., 2002a, b). 
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Although more commonly associated with cancer RBBP6 also plays an essential role in mRNA 

splicing (Chibi et al., 2008; Di Giammartino et al., 2014; Miotto et al., 2014). Its mice 

homologue PACT (p53 Associated Cellular protein-Testes) forms part of the cellular pre-mRNA 

splicing machinery while P2P-R (Proliferation Potential Related protein) localizes primarily to 

nucleoli, the site of mRNA processing where it associates with heterogeneous nuclear 

ribonucleoprotein particles (Witte & Scott, 1997). Mpe1, another homologue of RBBP6, is a 

component of the Cleavage and Polyadenylation Factor (CPF) in yeast (Shi et al., 2009). 

 

Despite RBBP6’s implications in cancer and its apparent close association with mRNA splicing; 

very little is known about its putative interactions with mRNA splicing-associated proteins. 

RBBP6 plays an as-yet uncharacterized role in linking core pre-mRNA splicing proteins to 

various cancers. In this study we explore the structural and biophysical studies of the putative 

interactions between N-terminal domains of RBBP6 and a core splicing-associated protein, 

SNRPG. 

 

 The N terminal domains of RBBP6 
 

The N terminus of RBBP6 is a 335-residue fragment which comprises of the DWNN, Zinc 

knuckle domain and RING finger domain. The three domains are well conserved and exist as 

single copy genes in eukaryotic genomes analyzed to date, including the single celled parasite E. 

cuniculi, in which it is very much reduced in size. In vertebrates and insects, the protein includes 

a long C-terminal extension containing p53 and Rb-interaction domains in human and mouse. A 

short form consisting of the DWNN domain and a poorly conserved C-terminal tail is also found 

in vertebrates (Pugh et al., 2006). 
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 The “Domain With No Name” (DWNN) 
 

Domain With No Name (DWNN) is a 13kDa ubiquitin-like domain. DWNN is found at the N- 

terminus of RBBP6 family of splicing-associated proteins (Altschul et al., 1997, Pugh et al., 

2006). In vertebrates DWNN is expressed independently as a single domain splicing-associated 

protein and as the N-terminal domain of the full length RBBP6 isoforms 1 and 2 (Pugh et al., 

2006). In addition to the 81-residues, DWNN domain contains a poorly conserved C-terminal 

tail. However, the domain is stable without the tail (Pugh et al. 2006). DWNN is alternatively 

expressed both as a ubiquitin-like protein (UBL) and ubiquitin domain protein (UDP) (Altschul 

et al., 1997, Pugh et al., 2006). 

 

The DWNN domain contains a di-glycine peptide at position 83 and 84 (shown in Figure 1.8) 

similar to the conserved di-glycine motif found at position 75 and 76 in ubiquitin. The di-glycine 

peptide is essential for conjugation of the domain to other proteins. The presence of the di- 

glycine motif in the DWNN domain has led to the suggestion that the DWNN domain may be 

covalently linked to proteins in the same manner as ubiquitin (Pugh et al., 2006). The similarity 

of DWNN domain to ubiquitin suggests that the domain has ubiquitin-like modifier functions. It 

may directly or indirectly alter protein-protein interactions and possibly plays a role in the 

regulation of the spliceosome (Cano et al., 2010). However, it remains unclear whether this 

involves ubiquitin-associated signaling pathways or the proteasome (Pugh et al., 2006). 

 

The ubiquitin-like structure of the DWNN domain explains the reasons why RBBP6 is 

implicated in ubiquitin-like modification processes. And the fact that the DWNN domain is 

independently expressed as a single copy gene in higher vertebrates leads to the proposition that 

the domain independently functions as a novel ubiquitin-like modifier to other proteins (Pugh et 

al., 2006). The three-dimensional structure of the DWNN is shown in Figure 1.8 highlighting the  
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superposition of the 25 lowest energy conformers (Figure 1.9A) and the cartoon representation of 

the overall fold and secondary structure (Figure 1.9B). As illustrated in Figure 1.9B the 

secondary structure of the DWNN domain consists of eight elements namely β1, β2, β3, α, β4, 

β5, β6 and β7. The backbone structure resembles a ubiquitin-like β-grasp fold. The central α-

helix is packed against a five-stranded β-sheet consisting of β1, β2, β4, β5 and β7 strands. The N-

terminal end of the DWNN central α-helix contains an additional double-stranded β-sheet 

comprising the β3 and β6 strands (Pugh et al., 2006). 

 

 

 

 

 

Figure 1.10: Comparison of the DWNN and Ubiquitin showing the GG-motif (Figure extracted from Pugh et 

al., 2006). 

 

 

According to Li et al. (2007) the DWNN domain may be the medium through which RBBP6 

modulates the ubiquitination of p53 by Hdm2 in an E4-like manner. E4 ligases have been 

described in the ubiquitination mechanisms of a few yeast and human proteins. It is thought that 

these conjugation factors may be required for polyubiqutination of protein substrates (Grossman 

et al., 2003; Haenzelmann et al., 2010; Pant & Lozano, 2014).  
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As is common in ubiquitin-like proteins, the presence of the C-terminal GG motif in human and 

mouse DWNN at structurally identical positions suggests that the DWNN domain may be 

involved in a process of conjugation called "DWNNylation". This gives an interesting 

hypothesis that one of the functions of RBBP6 may be to DWNNylate other proteins (Pugh et 

al., 2006). However, the mechanism remains elusive and is yet to be fully investigated. 

 
 

 
Figure 1.11: Three-dimensional structure of the DWNN domain. (A) Superposition of the 25 lowest energy 

conformers. (B) Cartoon representation of the overall fold and secondary structure. Figure adapted from Pugh et al. 

2006. 

 

 
 

DWNN mediates the interaction of the PACT (RBBP6 homologue in mice) with the tumour 

suppressor protein p53 (Li et al., 2007). The interaction negatively regulates p53 by increasing 

the ubiquitination and resultant proteasomal degradation of p53 by MDM-2. DWNN promotes 

the ubiquitination of p53 by HDM2 in an E4-like manner. The down regulation of p53 as a result 

of the DWNN mediated PACT/p53 interaction has considerable implications in tumorigenesis, 

since p53 plays a pivotal role in driving the process of programmed cell death (Li et al., 2007). 

Li and co-workers have established that disruption of the DWNN function in PACT leads to 

early embryonic death accompanied by widespread apoptosis (Li et al., 2007). This suggests that 

DWNN is anti-apoptotic in mice and is essential for development. These findings are coherent 

with Mather and coworkers’ suggestion that RBBP6 is essential for embryonic development  
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(Mather et al., 2005). In another study Mbita and coworkers (2012) reported that the RBBP6 

isoform 3, which comprises the DWNN only, is down regulated in human cancers while RBBP6 

isoforms 1 and 2 tend to be up regulated (Mbita et al., 2012). According to Di Giammartino et al. 

(2014) the possible explanation for this is that DWNN as an independent module that 

antagonizes the larger isoforms by competition. Mbita and coworkers (2012) further expounded 

that DWNN controls the cell cycle at G2/M transition since the reduced expression of the 

DWNN leads to fewer cells at G2/M. Previous studies have also shown that there are 

connections between the G2/M transition and pre-mRNA splicing (Burns & Gould, 1999; Burns 

et al., 2002). 

 

DWNN is involved in mRNA 3′-end processing and splicing (Pugh et al., 2006; Shi et al., 2009; 

Vo et al., 2001) and is a component of the polyadenylation machinery (Di Giammartino et al., 

2014; Shi et al., 2009). DWNN regulates the 3’-end processing of RNAs with AU-rich 39 un- 

translated regions (UTRs) such as c-Fos and c-Jun (Di Giammartino et al., 2014). Di 

Giammartino and coworkers showed that a derivative of RBBP6 lacking the DWNN domain was 

unable to reconstitute cleavage activity, indicating that the DWNN domain is essential in 3’-end 

processing. According to Giammartino et al. (2014) DWNN inhibits the binding to RNA, 

because a derivative of RBBP6 lacking the DWNN domain has enhanced RNA-binding affinity. 

 

The overexpression of DWNN results in the inhibition of the 3' end pre-mRNA cleavage (Di 

Giammartino et al., 2014). DWNN out-competes RBBP6 for binding to CstF, thus inhibiting 

cleavage of SVL pre-mRNA (Di Giammartino et al. 2014) indicating that the DWNN domain is 

essential in 3’-end processing. However, the co-immunoprecipitation of RBBP6 with 3′ 

processing factors and the strong binding to the cleavage stimulatory factor-64 (CstF64) is 

mediated by the DWNN (Di Giammartino et al., 2014). 
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Using the yeast 2-hybrid technique, it has been postulated that RBBP6 may perhaps interact with 

SNRPG through its DWNN domain (Chibi et al., 2008) which is a crucial component of the 

RNA processing machinery in the cell. These suggestions may substantiate the involvement of 

RBBP6 through its DWNN domain in pathways linked to the pre-mRNA splicing machinery. 

However, the precise mechanisms involved remain to be discovered. 

 

The DWNN domain of RBBP6 has been shown to interact with two of the seven core splicing 

proteins, SmB (Simons et al., 1997) and SNRPG (Chibi et al., 2008; Kappo et al., 2012). 

However, the mechanisms and functional basis are yet to be fully understood. Considering that 

DWNN mediates the ubiquitination of p53 and pRb; interacts with SNRPB and SNRPG; and 

localises in the nucleolus and nuclear speckles like SNRPG, it has been speculated that DWNN 

may link mRNA 3′-end processing to pRb/p53 pathways and tumorigenesis (Shi et al., 2009). 

Perhaps understanding the binding events in the putative interactions between DWNN and 

SNRPG may lead to new knowledge on how the two proteins relate in regulating splicing, 

tumorigenesis and tumor development. Thus, new avenues to design and develop new 

therapeutic drugs may be established. 

 
 

 Zinc finger domain 
 

The Zinc finger (Znf) domain is a relatively small protein motif which contains multiple finger- 

like protrusions that make tandem contacts with their target molecule. The binding properties of 

the Znf domain depend on the amino acid sequence, the finger-linker, the higher-order structures 

and the number of fingers (Krishna et al., 2003; Lopato et al., 1999). Generally, Znf domains are 

often clustered with the fingers having different binding specificities (Lopato et al., 1999). There 

are quite a number of superfamilies of Znf motifs and many of them vary in both their sequence 
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and structure. The RBBP6 Znf domain is also known as a "zinc knuckle" and is of the 

CysCysHisCys (CCHC) type comprising of 18 residues (Krishna et al., 2003). 

 

The CCHC type Znf domains have the sequence: C-X2-C-X4-H-X4-C where X can be any 

amino acid and the number indicates the number of residues. One example of Znf domain 

structure is shown in Figure 1.10 below. The CCHC type Znf domains occur in a number of 

proteins associated with the mRNA including splicing factors (Krishna et al., 2003; Lopato et al., 

1999). Often times the appearance of Znf domains and splicing factors occurs concurrently with 

the development of pre-mRNA splicing (Anantharaman et al., 2002). Znf domains are stable 

structures. They rarely undergo conformational changes upon target binding. The Zinc 

component is thought to play a major structural role in contributing to the stability of the domain 

(Krishna et al., 2003). 

 

 

 

 

Figure 1.12: Schematic secondary structure of the Zinc finger domain.The Zinc finger motif consist of an α 

helix and an antiparallel β sheet. The zinc ion (white) is coordinated by cysteine and histidine residues. Adapted 

from Brown, 2005. 
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 Zinc Finger Proteins in Cancer Progression 

 

Over the years increasing evidence on the potential roles of Znf domains in cancer has been 

reported. However, the underlying mechanisms of Znf domains in cancer vary n different cancer 

types under different types of stress (Jen & Wang, 2016). Studies have revealed that aberrant 

expression of Znf proteins contributes to tumorigenesis and tumour development in different 

ways. Yang and co-workers (2008a, b) reported a Znf protein, ZKSCAN3, as a novel “driver” in 

colorectal cancer progression. It has been reported that ZKSCAN3 amplified and over-expressed 

in prostate cancer and multiple myeloma enhancing cell proliferation (Yang et al., 2008a, b; 

Yang et al., 2011; Zhang et al., 2012). 

 

In lung cancer another Znf protein, ZNF322A, promotes cell proliferation, metastasis and 

invasion through transcriptionally activating cyclin D1 and alpha-adducin, and suppressing p53 

(Jen et al., 2015). In another study ZNF304 has been shown to play a critical role in silencing 

tumour suppressors (Serra et al., 2014). Experimental validations have revealed the involvement 

of ZNF304 in ovarian cancer metastasis (Aslan et al., 2015). ZNF139 (another Znf protein) is 

significantly over-expressed in gastric cancer patients and is thought to promote cancer migration 

and invasion (Li et al., 2014a, b). Fan and co-workers (2015) also added that ZNF139 is 

implicated in cell proliferation and the inhibition of apoptosis. 

 

Over-expression of Znf protein, X-linked (ZFX), has been shown to promote cell growth and 

metastasis in breast cancer, gallbladder cancer, laryngeal squamous cell carcinoma, glioma, non- 

small cell lung cancer, gastric cancer and oral squamous cell carcinoma (Jiang et al., 2012; Lai et 

al., 2014; Li et al., 2015; Ma et al., 2015; Weng et al., 2015; Wu et al., 2013; Yang et al., 2014; 

Zhu et al., 2013). 
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 Zinc Finger Proteins as Tumour Suppressors 

 

In addition to cancer promotion a number of Znf proteins have been found to function as tumor 

suppressors. In nasopharyngeal, esophageal, lung, gastric, colon and breast cancer ZNF545 acts 

as a tumor suppressor by inducing cell apoptosis (Cheng et al., 2012). ZNF331 inhibits cell 

growth and cell migration/invasion by down-regulating genes (Yu et al., 2013). ZNF24 

negatively regulates tumor growth by inhibiting angiogenesis in breast cancer tumorigenesis 

(Harper et al., 2007; Jia et al., 2013). In breast cancer ZNF668 facilitates p53 stabilization and 

activity. It disrupts MDM2-mediated ubiquitination and degradation (Hu et al., 2011). In 

hepatocellular carcinoma and gastric cancer Zinc-fingers and homeoboxes-1 (ZHX1) are down- 

regulated and are known to enhance apoptosis (Ma et al., 2016; Wang et al., 2013; Wang et al., 

2014). 

 

Taken together these findings indicate the potential of Znf proteins as therapeutic targets. 

Considering that Znf proteins vary in their roles in different types of cancer drugs targeting 

specific Znf protein-protein interactions can be targeted for therapeutic strategy against tumors in 

a specific stage of cancer progression. Hence in this study we aim to investigate the putative 

interactions between the RBBP6 Zinc finger domain and SNRPG. 

 
 

 Really Interesting New Gene (RING) finger domain 
 

Another functionally relevant domain in human RBBP6 is an N-terminal cysteine-rich Really 

Interesting New Gene (RING) finger domain. The RING finger domain promotes the 

ubiquitination of p53 by Hdm2 (Li et al., 2007). The cysteine-rich domain of RBBP6 has been 

classified both as a RING finger and U-box due to the presence of eight conserved cysteine 

residues and the conserved pattern of hydrophobic residues (Aravind & Koonin, 2000). 
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RING fingers are small domains approximately 70 residues in length (Kappo et al., 2012). The 

structure of the RING finger like-domain adopts a homodimeric configuration very similar to 

that present in U-boxes (shown in Figure 1.11). The interface of the structure consists of three 

strands of β-sheets (green) and the C-terminal helices (pink). Zinc ions are shown as yellow 

spheres. The interface contains a significant number of hydrophobic residues (brown) which 

overlaps inside the opposing monomer. At the centre of the interface is a pair of reciprocal 

hydrogen bonds between Asn312 and its counterpart. All RING fingers have two large loops 

which fold separately with the help of two zinc (Zn2+) ions. The zinc ions are stabilised in a 

“cross-braced” fashion by four pairs of cysteine or histidine residues (Kappo et al., 2012). 

 

 

 

 
Figure 1.13: Schematic secondary structure of the RING Finger homodimer in solution. (Figure adapted from 

Kappo et al. 2012). 

 

 
 

One ion is coordinated by the first and third Cys/His pairs while the other ion is coordinated by 

the second and fourth Cys/His pairs (Kappo et al., 2012). RING fingers are categorized 
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according to the pattern of zinc coordinating residues (Kostic et al., 2006). The C3HC4 is the 

most common however C4C4, C2H2C4 and C3HHC3 RING fingers do also exist. RBBP6 

consists of eight conserved cysteine residues suggesting that it contains a C4C4 RING finger 

domain binding two zinc ions (Kappo et al., 2012; Kostic et al., 2006). 

 

The two large loops lie parallel to an α-helix packing against a tripple-stranded β-sheet identical 

to a U-box fold. However, the link of zinc ions is substituted by salt bridges and hydrogen bonds 

(Ohi et al., 2003). RING fingers have been shown to form homodimers in solution (Kostic et al., 

2006) and in some cases dimerization is essential for ubiquitination activity (Hashizume et al., 

2001; Nikolay et al., 2004). The dimerization is stabilized by interactions between the monomers 

at the N and C termini and it occurs along the β-sheet (Nikolay et al., 2004). 

 

Ubiquitination is a concerted action of three different enzymes: ubiquitin-activating enzyme 

(E1), ubiquitin-conjugating enzyme (E2), and substrate-specific ubiquitin-protein ligase (E3) 

(Kerscher et al., 2006). Ubiquitination is a highly specific, energy-dependant degradation 

process that is achieved through the attachment of one or more ubiquitin moieties to a target 

protein (Figure 1.12). Once tagged with ubiquitin, the target molecules are then degraded in the 

proteasome, a barrel-shaped protein complex, where proteins are disassembled by proteases 

(Kerscher et al., 2006). 
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Figure 1.14: General scheme of ubiquitin-proteasome system. An enzymatic cascade of E1-E2-E3 transfers 

ubiquitin to Lys residues on the substrate. Therefore, the polyubiquitinated substrate is recognized by the 26S 

proteasome and undergoes degradation. (Right) Induced proteolysis by PROTAC and/or DUB inhibitor. PROTAC 

links E3 and the target protein, enhances E3-mediated ubiquitination, and promotes degradation of the target 

molecule. By contrast, DUBs acting upstream of the proteasome (violet) or on the proteasome (olive drab) can 

inhibit degradation through substrate deubiquitination. Therefore, DUB inhibitors may facilitate the proteasomal 

degradation pathway by antagonizing deubiquitination. Adapted from Moon and Lee, 2018. 

 

 
 

The primary function of RING fingers is to recruit the ubiquitin conjugated E2. This allows 

ubiquitin to be transferred from the E2 to the substrate and is further recruited by the substrate- 

binding domain of the E3 (Cyr et al., 2002). The presence of the RING finger domain confers 

E3-ubiqutin ligase activity to RBBP6 thereby implicating the nuclear protein in the 

ubiquitination and subsequent degradation of substrate proteins in a proteasome-dependent 

manner (Chibi et al., 2008). 

 

Ubiquitin-protein ligases (E3) are classified into four types namely the RING (really interesting 

new gene), U-box (a modified RING motif without the full complement of Zn2+-binding 

ligands), HECT (homologous to E6- associated protein C-terminus) and N-end rule E3 ligases. 

The RING finger motif-containing E3s harbors a RING whose function is to bind the ubiquitin- 
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bound E2, bringing it into contact with the substrate which is bound by a separate substrate 

binding domain of the E3 (Deshaies & Joazeiro, 2009). 

 

RING E3s interact simultaneously with E2 and with substrate suggesting that they facilitate the 

recruitment of E2s to the vicinity of proteins to be ubiquitinated (Joazeiro et al., 1999). Human 

RBBP6 has intrinsic E3 ubiquitin ligase activity due to the presence of the RING finger domain 

in its structure (Chibi et al., 2008). RBBP6 has been shown to ubiquitinate YB-1 leading to the 

suppression of YB-1 levels in a proteasome-dependant manner (Chibi et al., 2008). RBBP6 has 

also been shown to ubiquitinate the methyl-binding transcriptional repressor Zinc finger and 

BTB domain containing 38 (zBTB38) (Miotto et al., 2014). Taking all this into account it is 

possible that other substrates ubiquitinated by RBBP6 are still yet to be identified. 

 

A report from Li and co-workers suggests that RBBP6 also has E4 ligase activity (Li et al., 

2007). E4 enzymes help to elongate short ubiquitin chains (Hoppe 2005). According to Li et al. 

(2007) RBBP6 is not in itself responsible for ubiquitination of p53. Research has shown that  

RBBP6 enhances the polyubiquitination of p53 by the Mdm2 E3 ligase. How? It acts directly as 

a ubiquitin ligase on the oncogenic transcription factor YB-1 (Chibi et al., 2008; Li et al., 2007). 

RBBP6 may play the role of a molecular scaffold, recruiting p53 and MDM-2 and thereby 

facilitating their interaction (Li et al., 2007). Li and co-workers also demonstrated that RBBP6 

interacts directly with HDM2 and promotes the ubiquitination and degradation of p53. While 

over-expression of RBBP6 in HEK293 cells had no effect on p53 ubiquitination, co-transfection 

of RBBP6 and HDM2 led to enhanced ubiquitination and degradation of p53. Replacement of 

RBBP6 by a mutant lacking the RING finger abolished the enhancement of p53 degradation (Li 

et al., 2007). 
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A study conducted by co-transfection of a p53-responsive reporter plasmid and increasing 

amounts of RBBP6 showed that RBBP6 inhibited the transcriptional activity of p53 in a dose- 

dependent manner while inactivation of RBBP6 stabilized p53 and induced p53-dependent 

apoptosis (Li et al., 2007). The results from this study establish RBBP6 as a negative regulator of 

p53 and are coherent with other studies that RBBP6 is essential for early embryonic 

development. RBBP6 may also function as a scaffold for the assembly of the p53-HMD2 

complex (Li et al., 2007). The fact that RBBP6 down-regulates both the pro-apoptotic p53 and 

the anti-apoptotic YB-1 its roles on tumorigenesis are tremendously complex and yet to be fully 

understood. 

 

The reversible addition of ubiquitin has been shown to alter protein-protein interactions in 

processes of mRNA biology such as transcription, splicing and nuclear export (Cano et al., 

2010). However, there is no direct role for ubiquitinin in mRNA 3'-end processing that has been 

demonstrated as yet. According to Cano et al. (2012) RING fingers are essential for efficient 

interaction with RNA. Several RING-type E3 ubiquitin ligases possess canonical RNA-binding 

domains (RBDs) and are known to bind RNA and regulate the translation or stability of mRNAs. 

However, the role of ubiquitination in this process remains elusive and yet to be elucidated 

(Cano et al., 2012). 

 
 

 PROBLEM STATEMENT 
 

The increasing cancer morbidity and mortality rates, the lack of specificity of most cancer drugs 

and side effects of cancer therapy drugs remain a global public health concern. Novel techniques 

to design and develop cancer therapy drugs and treatment methods are of great interest. Protein- 

protein interaction studies have become promising targets for therapeutic discovery. Recent 
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studies have provided encouraging proof of selective and efficient inhibition of protein-protein 

interactions to open new avenues in the development of new cancer therapy drugs (Araujo et al., 

2007; Fujii et al., 2007; Harris, 2006). 

 

Previous studies proposed putative interactions between the two cancer implicated proteins, 

SNRPG and the N terminal domains of RBBP6. The N terminal domain of RBBP6 has been 

shown to interact with two of the seven core splicing proteins SNRPB (Simons et al., 1997) and 

SNRPG (Chibi et al., 2008). In another study, Kappo and co-workers (2012) also identified two 

copies of SNRPG (conformational isomers of the same protein) as part of the five substrates that 

bind to the N-terminal domain of RBBP6 (Kappo et al., 2012). The findings substantiate the 

involvement of SNRPG with the N terminal domains of RBBP6 in tumorigenesis and tumour 

development. However, the precise mechanisms involved remain elusive and the mechanisms 

behind the binding events are yet to be fully investigated. The purpose of the study is to 

investigate the putative interactions between SNRPG and RBBP6 RING Finger domain. The 

study is essential to facilitate the development of new cancer drug designs that aim at breaking 

and or inhibiting protein-protein interactions between SNRPG and RBBP6 RING Finger domain. 

 

 

 AIM AND OBJECTIVES 
 

The aim of the study is to conduct structural and biophysical studies of the putative interactions 

between SNRPG and the RING finger domain of RBBP6. The aim will be accomplished through 

the following objectives: 

 

1) Examine in silico the domain structures and interactions between human SNRPG and the human 

RING finger domain of RBBP6 

 Homology Modeling of SNRPG and the RING finger domain of RBBP6
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 Molecular Docking using MGL tools and AutoDock Vina and ligand prediction using I- 

TASSER

 Molecular Dynamics (MD) Simulation and Post-Dynamic Analyses using AMBER18 

software suite

 Determination of binding free energies by the Molecular Mechanics/Generalized Born 

Surface Area (MM/GBSA) method

2) Determine in vitro the binding affinity and strength of the determined interactions between human 

SNRPG and the human RING finger domain of RBBP6 

 Recombinant expression of sufficient amounts of SNRPG and RING finger domain of 

RBBP6

 Purification of the SNRPG protein to homogeneity using Ni-NTA affinity 

chromatography and RING finger domain of RBBP6 using glutathione-agarose (GST) 

affinity chromatography

 Determination of binding affinity and strength between RING finger domain of RBBP6 

and SNRPG using MicroScale Themophoresis (MST) assay
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Abstract 

Modulating disease-relevant protein-protein interactions (PPIs) using small-molecule inhibitors is a quite indispensable diagnos- 

tic and therapeutic strategy in averting pathophysiological cues and disease progression. Over the years, targeting intracellular 

PPIs as drug design targets has been a challenging task owing to their highly dynamic and expansive interfacial areas (flat, 

featureless and relatively large). However, advances in PPI-focused drug discovery technology have been reported and a few 

drugs are already on the market, with some potential drug-like candidates already in clinical trials. In this article, we review the 

advances, successes and remaining challenges in the application of small molecules as valuable PPI modulators in disease 

diagnosis and therapeutics. 
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Introduction 
 

Modern drug discovery is driven by molecular targets with the 

aim of identifying new therapeutic agents that can selectively 

target disease-specific molecular mechanisms or pathways 

(Díaz-Eufracio et al. 2018). In this context, protein-protein 

interactions (PPIs) are an attractive emerging class of molec- 

ular targets and are critically important in the progression of 

many disease states (Robertson and Spring 2018; Zhang et al. 

2018). PPIs are engineered to provide a therapeutically tracta- 

ble way of tweaking and manipulating the interplay in order to 

address the progression of many disease states (Du et al. 

2018). They are involved in hubs of reversible and irreversible 

cellular processes, assembling and disassembling rapidly, 

reassembling and rearranging in order to restore normative 

cellular functions (Robertson and Spring 2018). There are 

more than 645,000 reported disease-relevant PPIs in the hu- 

man interactome. However, only 2% of these had been 

targeted with drugs by 2011. Most of the remaining disease- 

relevant PPIs in protein complexes, such as transcription fac- 

tors and many other signalling proteins, have been widely 

considered ‘undruggable’ and remain elusive, under- 

explored and yet to be fully understood (Gonzalez and Kann 

2012; Díaz-Eufracio et al. 2018; Robertson and Spring 2018; 

Zhang et al. 2018). 

Inhibiting PPIs using small molecules is a tremendously 

important diagnostic and therapeutic strategy that may lead 

to greatly protracted remissions and even curative therapies 

for a number of diseases (Stevers et al. 2018). The emergence 

of new technologies has unveiled the potential of PPIs in drug 

discovery and has enabled regular discovery of small- 

molecule PPI modulators as significant smart-drug targets 

(Grossmann et al. 2015; Jana et al. 2017). Over the years, 

PPI-focused drug technology has been regarded as prototypi- 

cally intractable because of the highly dynamic and expansive 

PPIs interfacial areas (Taylor et al. 2018). However, recent 

advances have resulted in a few drugs being placed on the 

market, with some potential drug-like candidates already in 

clinical trials. In this study, we review the advances, successes 

and remaining challenges in the application of small mole- 

cules as valuable PPI modulators in disease diagnosis and 

therapeutics. 

 
 

Strategies for targeting protein-protein 
interactions 

 
Over the years, technological progress has played an impera- 

tive role in the identification of small-molecule modulators of 

PPIs that have to date reached clinical production (Stevers 

et al. 2018). The use of structural biology to determine 

‘hotspots’ in PPIs’ binding interfaces has been an important 

strategy in discovering small-molecule modulators 

(Robertson and Spring 2018; Zhang et al. 2018). Despite the 

large sizes of PPIs’ interfaces, only a small subset of amino 

acid residues that comprise the hotspot contributes most of the 

binding free energy. These ‘hotspot’ regions are potential tar- 

gets for drug discovery (Zhang et al. 2018). A classic way of 

identifying and defining hotspots in PPIs has been the combi- 

nation of alanine-scanning mutagenesis and X-ray crystallog- 

raphy (Moreira et al. 2007; Wells and McClendon 2007). The 

initial application of this strategy was used to identify a 

hotspot in the binding interface between the extracellular do- 

main of human growth hormone and its receptor (Clackson 

and Wells 1995). 

Using alanine-scanning mutagenesis, other classic PPI 

hotspots of high-fidelity protein regions, such as the Fc frag- 

ment hinge region-binding domain, have been identified 

(Wells and McClendon 2007). Mutagenesis and structural 

studies of the binding events of interleukin-2 (IL-2) and the 

IL-2 receptor alpha chain (IL-2Rα) provide more classical 

insight (Wilson and Arkin 2011). The first small molecule 

(Ro26-4550) capable of inhibiting the IL-2/IL-2Rα interac- 

tion was discovered in 1997 (Wilson and Arkin 2011). 

Despite the compound not qualifying as a drug, it provided 

proof-of-principle that small-molecule PPI inhibitor drug dis- 

covery or design might be feasible. Moreover, structural stud- 

ies of the Ro26-4550/IL-2 complex helped to characterise the 
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IL-2 binding site, and served as the starting point for the de- 

sign of higher affinity small-molecule IL-2/IL-2Rα PPI inhib- 

itors (Wilson and Arkin 2011). 

Fragment-based drug discovery (FBDD) (often referred to 

as fragment-based lead discovery, FBLD) is a key strategy for 

the discovery and design of small-molecule modulators of 

PPIs (Everts 2008; Erlanson et al. 2016; Robson-Tull 2018). 

It involves first identifying small chemical fragments (~ 

200 Da), which may only bind at millimolar affinity to their 

targets (shown in Fig. 1). The fragments are then expanded or 

linked to other fragments that bind to nearby regions on the 

target in order to design a ‘lead’ with stronger affinity (Everts 

2008; Erlanson et al. 2016). These ‘leads’ are then optimised 

via medicinal chemistry and may then be entered into preclin- 

ical and eventually clinical studies. Tethering and structure- 

activity relationship by nuclear magnetic resonance (SAR by 

NMR) are the two methods for FBDD/FBLD of potential 

modulators of PPIs (Erlanson et al. 2016; Robson-Tull 

2018). Tethering involves constructing mutant forms of the 

target protein that contain the amino acid cysteine near a do- 

main involved in PPIs (shown in Fig. 2), and then exposing it 

to a fragment library of disulphide moiety-linked organic 

compounds of less than 200 Da in molecular weight (Wilson 

and Arkin 2011). The goal is to select for compounds that bind 

weakly to the PPIs’ binding site near a native or engineered 

cysteine residue. The tethering technology was used to ex- 

plore the IL-2 binding site for Ro26-4550 and to discover 

the IL-2Rα receptor antagonist (SP4206), which is an inhib- 

itor of the IL-2/IL-2Rα PPIs (Arkin et al. 2003; Wilson and 

Arkin 2011). 

SAR by NMR involves the use of a high-throughput NMR 

technique to screen chemical libraries for fragment-sized com- 

pounds that bind to a protein sub-site with micromolar binding 

constants (Ma et al. 2016; Rüdisser et al. 2016). Using struc- 

tural information from NMR to locate the binding sites for the 

compounds within a sub-site, ligands that bind to distinct but 

nearby sites within the sub-site can be identified. The two 

ligands can then be linked together to produce a new 

compound that binds to the domain with high affinity. This 

compound can thereafter be further optimised via medicinal 

chemistry to yield ‘lead’ compounds and ultimately, drug can- 

didates (Ma et al. 2016; Robson-Tull 2018). SAR by NMR 

has been used to discover inhibitors of Bcl-2 family members 

that inhibit apoptosis (Oltersdorf et al. 2005). A very good 

example is ABT-263 (also known as Navitoclax, shown in 

Fig. 9a), which works by stimulating apoptosis in tumours 

(Duan et al. 2018). 

Computational identification of hotspots for fragment- 

based drug design is another useful strategy in the discovery 

and design of lead compounds that address PPIs (Kozakov 

et al. 2011; Pan et al. 2018). It predicts the ability to bind 

fragment-sized small molecules and the side-chain flexibility 

necessary for the expansion of ‘pockets’. This strategy is 

known as computational solvent (CS) mapping (Landon 

et al. 2007; Hall et al. 2012). The emergence of CS mapping 

has enabled the virtual identification of druggable binding 

sites within PPIs and the subsequent discovery or design of 

small-molecule PPI modulators (Cencic et al. 2011; Kozakov 

et al. 2011). Druggable hotspots for well-studied PPI targets 

that were identified via CS mapping include IL-2/IL-2Ra, Bcl- 

XL/BAK, MDM2/p53, HPV-11 E2/HPV-11 E1, ZipA/FtsZ 

and TNF-α/TNFR1. CS mapping constitutes a powerful en- 

abling technology that can help move the field of small- 

molecule PPI inhibitors up the technology curve and enable 

the discovery and development of numerous drugs that target 

PPIs (Kozakov et al. 2011; Pan et al. 2018). 

Another indirect strategy for discovering small-molecule 

PPI modulators involves searching for allosteric modulators. 

An allosteric site is a region of a protein that lies outside the 

binding site for the protein natural ligand, but when modulat- 

ed, changes the conformation of the protein in such a way that 

it affects the activity of the binding site (Hansen et al. 2018; 

Trinh et al. 2018). For example, the anti-HIV/AIDS drug 

maraviroc, an allosteric PPI inhibitor of the CCR5 chemokine 

receptor, was discovered via high-throughput screening 

(HTS) (Dorr et al. 2005). Another serendipitous discovery of 

 

Fig. 1 Fragment-based drug 

discovery strategy. a Selection of 

a target compatible with the 

biophysical screening technique. 

b Production and purification of 

the target protein. c The fragment 

library design. d Biophysical 

screening of the fragment library. 

e Validation of hits to identify the 

fragment binding mode. f 

Development of the fragment(s) 

into a lead molecule (figure taken 

from Robson-Tull 2018) 
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Fig. 2 The application of tethering in identifying leads in fragment-based 

drug design. Protein mutant forms with the cysteine mutation near a  

domain involved in PPIs are constructed. The mutant is exposed to a  

fragment library of disulphide moiety-linked organic compounds of less 

than 200 Da and compounds that bind weakly to the PPIs’ binding site 

near a native or engineered cysteine residue are selected (figure taken 

from Haberman 2012) 

 

small-molecule allosteric modulators of PPIs is the discovery 

of compounds that act at an allosteric site to inhibit the sub- 

units of the heterodimeric transcription factor core binding 

factor (CBF) CBFβ and Runx1 (also known as CBFα) 

(Gorczynski et al. 2007). Developing methods for identifica- 

tion of allosteric sites in proteins and discovering drugs that 

modulate the activity of these proteins by binding to these 

allosteric sites is now the focus of pharmaceutical studies 

(Hansen et al. 2005; Hansen et al. 2018; Trinh et al. 2018). 

The design of improved chemical libraries for targeting 

PPIs using methods such as diversity-oriented synthesis 

(DOS) has also been of benefit to PPI-focused drug technol- 

ogy (Hajduk et al. 2011; Basso et al. 2019; Luise and Wyatt 

2019). In DOS, chemical libraries are developed to cover larg- 

er portions of chemical space than the standard libraries de- 

rived from combinatorial chemistry. Synthetic schemes are 

developed to maximise the number of structures and scaffolds 

produced in as few steps as possible to fill the largest amount 

of chemical space (Nielsen and Schreiber 2008; Schreiber 

2009; Luise and Wyatt 2019). DOS is the best way to create 

drug-size and structurally diverse molecules efficiently. It is 

applicable in cases where a drug for a specific disease has to 

be developed without knowledge of the specific targets in- 

volved in the pathophysiological cues (Basso et al. 2019; 

Luise and Wyatt 2019). Library screening of structurally di- 

verse compounds using the chemical genetics approach aug- 

ments the ideal strategy to identify the targets. DOS com- 

pounds that inhibit key biological targets such as PPIs in- 

volved in signal transduction pathways are ideal probes and 

such compounds are very useful in exploring biological path- 

ways in vitro and in small, easily permeated organisms, such 

as zebrafish embryos (Nielsen and Schreiber 2008; Schreiber 

2009). 

In recent years, the synthesis of diverse libraries in as small 

a number of steps as possible has been developed through a 

modular strategy known as ‘Build/Couple/Pair’ (B/C/P) 

(Galloway et al. 2010). Compounds that have been discovered 

via screening of DOS libraries using such a modular strategy 

have been found to modulate PPIs, transcription factor/DNA 

interactions and multidrug resistance in pathogens (Galloway 

et al. 2010). One example is robotnikinin. It inhibits the inter- 

action between the 12-pass transmembrane receptor Patched 1 

(Ptc1) and the extracellular protein Sonic Hedgehog (Shh) 

(Hitzenberger et al. 2017; Carballo et al. 2018). The Shh/ 

Ptc1 interaction activates the cancer-implicated Hedgehog 

pathway, which is necessary for embryonic development 

(Stanton et al. 2009; Carballo et al. 2018). Robotnikinin is a 

useful probe, not a drug, and like many macrocycles 

(robotnikinin is itself a macrocycle) has drug-like physico- 

chemical properties (Stanton et al. 2009; Hitzenberger et al. 

2017). 

With the rise in DOS and the B/P/C strategy,  

macrocycles have also become an emerging and promis- 

ing strategy in targeting PPIs (Driggers et al. 2008; Song 

et al. 2017). Macrocyclic natural products have provided 

many drugs, including macrolide antibiotics (e.g. erythro- 

mycin and azithromycin), other antibiotics (rifampin and 

vancomycin), immunosuppressors (e.g. cyclosporine, 

rapamycin and sirolimus) and cancer chemotherapy drugs 

(temsirolimus, everolimus and epothilone) (Song et al. 

2017). Some of these compounds are modulators of 

PPIs, e.g. paclitaxel, epothilone B, dictyostatin and 

halichondrin B (Driggers et al. 2008; Miller et al. 2018). 

These compounds modulate (stabilise or disrupt) the in- 

teraction between α and β sub-units of the tubulin hetero- 

dimer, thus disturbing microtubule dynamics and acting as 

antimitotics. Other PPI modulators include the mammali- 

an target of rapamycin (mTOR) inhibitor. Rapamycin (al- 

so known as sirolimus) forms a complex with FK-binding 

protein 12 (FKBP12). This complex forms a PPI with the 

mTOR complex 1, thus inhibiting its activity (Driggers 

et al. 2008). Rapamycin/sirolimus’ anticancer derivatives 

temsirolimus and everolimus work via the same mecha- 

nism as well. Similarly, the macrocyclic natural product 

cyclosporine A, an immunosuppressant, forms a complex 

with cyclophilin A, which forms a PPI with calcineurin. 
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This complex inhibits the action of calcineurin, which 

when not inhibited activates the expression of IL-2 

(Driggers et al. 2008). 

Macrocycles demonstrate drug-like physicochemical 

properties with respect to factors such as solubility and 

lipophilicity. They display oral bioavailability, metabolic 

stability and good pharmacokinetic and pharmacodynamic 

properties (Driggers et al. 2008; Alihodzić et al. 2018). 

However, macrocyclic natural products have not received 

much attention in addressing challenging PPI targets and 

in solving such pressing problems as the need for new 

drugs to combat microbial antibiotic resistance  

(Alihodzić et al. 2018). The emergence of strategies for 

the synthesis of macrocycle-rich chemical libraries such 

as B/C/P and the recent breakthrough in respect of the 

synthesis of organic compounds, such as olefin metathe- 

sis, have put macrocycles within easier reach of medicinal 

chemists (Lee and Grubbs 2001; Yu et al. 2011). The 

syn thesis of macrocycl ic compounds via DNA- 

programmed chemistry (DPC) technology has also 

beneficiated the PPI-focused drug technology (Franzini 

and Randolph 2016; Zhou et al. 2018). DPC allows the 

control of high-fidelity chemical reactions needed for syn- 

thesis of the desired libraries through tagging specific re- 

actants with hybridised DNA molecules. Once libraries 

are synthesised, screening for biological activity via affin- 

ity selection follows. The DPC strategy has led to the 

discovery of macrocycles, such as E-32712, that disrupt 

the interaction of tumour necrosis factor (TNF) with its 

receptor, TNFR (Drahl 2009; Franzini and Randolph 

2016; Zhou et al. 2018). 

These new technologies, combined with cellular 

screening assays (including high-content screening), help 

to discover and design PPI modulators. Cellular assays 

help to assess the activity of whole intracellular path- 

ways or portions of pathways to identify compounds that 

inhibit these pathways via disruption of key PPIs (Mella 

et al. 2018; Booij et al. 2019). Two examples of cellular 

screening assays are ligand signal transducers and acti- 

vators of transcription (STATs) technology and BioImage 

Redistribution technology. Ligand STATs technology 

takes advantage of the activation of the intracellular sig- 

nal transduction pathway through STATs and high- 

throughput fluorescent reporter assay (Pándy-Szekeres 

et al. 2018), whereas BioImage redistribution technology 

focuses on pathways that involve intracellular transloca- 

tion of a signalling protein from one intracellular com- 

partment to another, such as from the cytoplasm to the 

nucleus or vice versa (Lage et al. 2018). Taken together, 

these strategies help to discover and design PPI modula- 

tors. Potent PPI modulators have already been developed 

and some potential drug-like candidates have already 

reached clinical production. 

 
 

The challenges of targeting protein-protein 
interactions 

 

Undruggability of PPIs 

 
PPIs represent challenging targets for small-molecule drugs 

that have the potential to become available orally (Zhang 

et al. 2018). They have highly dynamic and expansive inter- 

facial areas of approximately 1500–3000 Å, compared with 

those involved in interactions between proteins and small mol- 

ecules, which are approximately 300–1000 Å (Gonzalez and 

Kann 2012; Robertson and Spring 2018). PPIs’ contact sur- 

faces are usually flat, featureless and relatively large. They are 

deficient in the kind of cavities present in the surfaces of 

proteins that bind to small-molecule ligands. Previously, 

PPIs were regarded as prototypically ‘intractable’ and 

‘undruggable’ (Robertson and Spring 2018; Zhang et al. 

2018). PPIs do not have natural small-molecule ligands; 

hence, these ligands cannot be used to initiate design of drug 

molecules. The contact surface area in PPIs often involves 

ramified amino acid residues whose sequences in the polypep- 

tide chain are not juxtaposed. The amino acid residues are 

only augmented through the three-dimensional folding state 

of the native protein (Jochim and Arora 2010). This makes it 

impossible to use short peptide chains derived from the pro- 

tein structure as starting points for the design of 

peptidomimetic drugs. Furthermore, high-throughput screen- 

ing using combinatorial libraries rarely identifies compounds 

that address PPIs (Haberman 2012). 

 
 

Target validation and druggability 

 
In PPI-focused drug technology, target validation and 

druggability have been the focal points in selecting targets 

for drug discovery (Feng et al. 2017). Target validation refers 

to a process of determining that a target is critically involved 

in a disease pathway and that modulating the target with a 

drug is likely to have a positive therapeutic effect (Modell 

et al. 2016; Feng et al. 2017). However, druggable targets refer 

to biomolecules that can be modulated with drugs, usually 

using well-proven drug discovery science and technology 

aimed at developing both large-molecule and small-molecule 

drugs (Modell et al. 2016). Over the years, large-molecule 

drugs or biologics have been the fastest-growing and most 

successful class of biologics. Examples include monoclonal 

antibody (mAb) drugs and recombinant proteins (Sinha et al. 

2012). Most of these drugs are involved in PPIs and are indi- 

cated for oncology and inflammatory diseases. They address 

appropriate targets, such as cell-surface receptors (e.g. HER2 

in breast cancer and CD20 in non-Hodgkin’s lymphoma) and 

cytokines (e.g. TNF-alpha (TNF-α) in inflammatory diseases 

such as rheumatoid arthritis) (Allison 2009; Feng et al. 2017). 
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Large-molecule biologics circumvent the druggability 

problems encountered when developing small-molecule drugs 

in PPI-focused drug technology (Wan 2016). However, they 

have limitations and setbacks. Large-molecule biologics do 

not address intracellular targets, are usually not orally avail- 

able and are administered parenterally (Debouck and Metcalf 

2000). Thus, small-molecule drugs have been synthesised to 

curb these challenges. Small-molecule drugs are orally avail- 

able, less expensive, easy to administer and convenient for 

patients. The discovery of small-molecule drugs typically en- 

tails the use of medicinal and combinatorial chemistry, in 

some cases augmented by structure-based drug design 

(Debouck and Metcalf 2000; Wan 2016). The central goal of 

medicinal chemistry was to design and select small-molecule 

compounds that have ‘drug-like properties’ with good absorp- 

tion, distribution, metabolism and elimination properties 

needed for orally deliverable drugs. Hence, the ‘Rule of 

Five’, a set of parameters that predicts a compound’s solubility 

and permeability, was often used (Lipinski et al. 2012). 

However, natural products and some small-molecule drugs 

did not fit the Rule of Five criteria. This led to the ascendancy 

of two waves of technology-driven drug discovery tech- 

niques: combinatorial chemistry combined with HTS and 

genomics-driven drug discovery (Debouck and Metcalf 

2000; Wan 2016). 

Combinatorial chemistry produces libraries of small organ- 

ic compounds, which are subjected to HTS to discover com- 

pounds that address targets derived from genomics (Taylor 

et al. 2018). Once an active skeleton has been identified, com- 

binatorial chemistry is a superb technology for optimising the 

structures of lead compounds. The use of combinatorial chem- 

istry and HTS permits the examination of large numbers of 

compounds in a short time, implying that a few drugs could 

reach the market and achieve blockbuster status (Li and 

Vederas 2009; Taylor et al. 2018). Moreover, emphasis have 

been on organic compounds that can be synthesised using 

combinatorial chemistry because they are more amenable to 

use in HTS and have relatively simpler structures than natural 

products. However, in the majority of cases, combinatorial 

libraries of these synthetic organic compounds are based on 

structural modification of existing drugs, thus rendering other 

classes of drug targets such as PPIs ‘hard targets,’ ‘challenging 

targets,’ or simply ‘undruggable’ (Bauer et al. 2010). Hence, 

approximately 10–14% of human proteins are druggable ac- 

cording to the current libraries of drug-like molecules. The use 

of current combinatorial libraries of synthetic organic mole- 

cules for de novo drug discovery has been sorely lacking 

(Newman and Cragg 2007). 

In contrast to combinatorial libraries of synthetic com- 

pounds, natural products play a crucial role in the discov- 

ery of drug leads. Current synthetic libraries are indirectly 

based on natural products (Bauer et al. 2010; Wan 2016). 

Thus, the envisioned governing paradigm of medicinal 

and combinatorial chemistry is to develop new libraries 

based on natural product scaffolds that are underrepre- 

sented in current libraries. Approximately 83% of small 

natural product scaffolds and 20% of small metabolite 

scaffolds are not represented in commercially available 

libraries. These underrepresented scaffolds may enable 

to address what are now considered ‘undruggable,’ ‘hard’ 

or ‘challenging’ targets (Haberman 2012). Hence, drugs 

or drug candidates that modulate PPIs (for example natu- 

ral products or natural product-like compounds), screen- 

ing natural product libraries and synthesising natural 

product-like compounds remain one approach to discov- 

ering drugs that address PPIs (Bauer et al. 2010; 

Haberman 2012; Wan 2016). 

 

 
 

Targeted protein-protein interactions 
 

Cell-surface receptors 

 
Many cell-surface receptors modulate their physiological 

functions through PPIs and these include receptors for 

cytokines, chemokines, growth factors and integrins. 

Integrins bind to extracellular matrix proteins or to 

members of the immunoglobulin superfamily, such as 

intercellular adhesion molecule-1 (ICAM-1) and Fc re- 

ceptors (which bind to the Fc regions of antibodies) 

(Guidolin et al. 2019; Husain et al. 2019). Large- 

molecule drugs such as recombinant proteins  and 

mAbs target many of the cell-surface receptors. These 

include biologic inhibitors of VEGF and TNF, and re- 

combinant versions of proteins that are ligands for cell- 

surface receptors such as erythropoietin and granulocyte 

colony-stimulating factor (G-CSF) (Parveen et al. 2019). 

Erythropoietin is used for cancer chemotherapy and the 

treatment of anaemia associated with dialysis undertaken 

in the treatment of chronic renal failure (Fecková et al. 

2019). G-CSF is used for the treatment of neutropenia 

associated with bone marrow transplantation, cancer 

chemotherapy and increasing the number of blood 

haematopoietic stem cells in haematopoietic stem cell 

transplantation (Zhao et al. 2019). In cases where devel- 

oping biologic drugs to modulate such cell-surface re- 

ceptors has not been possible, small-molecule receptor 

modulators are orally available, less expensive and safer 

than the corresponding biologics (Parveen et al. 2019). 

The development of small-molecule drugs that modulate 

these receptors is challenging; however, some potential 

drugs have already reached clinical production (Fecková 

et al. 2019; Zhao et al. 2019). The modulators of cell- 

surface receptors that interact with proteins or peptides 

other than chemokine receptors are listed in Table 1. 
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Table 1 PPI modulators in development targeting cell-surface receptors 

(Haberman 2012) 
 

 

Receptor Compound Comment 
 

 

molecule TPO agonist eltrombopag (shown in Fig. 3b) pro- 

vides an alternative to recombinant human TPO, which can 

elicit anti-endogenous TPO antibodies in some patients, 

resulting in profound thrombocytopenia (Li et al. 2001). 
Thrombopoietin 

receptor 

 
 

 
Thrombopoietin 

receptor 

Eltrombopag Agonist approved for 

idiopathic 

thrombocytopenic 

purpura; in Phase III 

trials in hepatitis 

GSK2285921 Agonist, phase II, 

Oncology 

Eltrombopag is the only synthetic small-molecule direct (i.e. 

not allosteric) PPI modulator to reach the market. It is ap- 

proved for the treatment of the rare disease, idiopathic throm- 

bocytopenic purpura. Eltrombopag is also being tested in 

phase III clinical trials to treat low platelet count in patients 

with liver cirrhosis due to hepatitis C and in phase II trials in 
Erythropoietin receptor LG5640; lead 

agonist 

compound; 

ligand 

Agonist, advanced 

discovery stage 
oncology. GSK2285921 ( follow-on compound to 

eltrombopag) is being tested in phase II clinical trials in on- 

cology. With respect to oncology, SB-559457 (a related com- 

Granulocyte 

colony-stimulating 

factor 

Lymphocyte function 

associated 

antigen/intercellular 

adhesion molecule-1 

PPI 

Tumour necrosis 

factor/tumour necro- 

sis factor receptor 

PPI 

 

 
Cytokine receptors 

Lead 

optimisation; 

ligand 

SAR code: 

SAR1118 

 
 

 
E-32712 and 

other lead 

macrocyclic 

compounds 

Agonist 

 
 

Antagonist; phase III, dry 

eye syndrome. It is a 

target in inflammatory 

conditions including dry 

eye. 

Antagonist 

pound to eltrombopag) was found to be specifically toxic to 

primary human myeloid leukaemia cells in culture (Kalota 

and Gewirtz 2010). 

More recently, small-molecule agonists of the human re- 

ceptors for erythropoietin (EPO) and G-CSF were discovered 

using STATs technology (Miller et al. 2015). STATs cellular 

assay technology is good for discovering such compounds, 

provided the chemical libraries screened in these assays con- 

tain viable hits. Research has discovered a lead series of small- 

molecule, selective EPO receptor agonists (including 

LG5640) that display partial efficacy compared with recom- 

binant human EPO in several models of EPO-induced eryth- 

ropoiesis (Haberman 2012; Miller et al. 2015; Zhao et al. 

2019). 
Most small-molecule PPI modulators of cytokine receptors 

are PPI inhibitors or antagonists. Using the proprietary cellular 

screening assay, STATs technology, small-molecule cytokine 

mimetics that are agonists have been developed (Silva et al. 

2019). These include SB-247464, a small-molecule non-pep- 

tide mimetic of murine G-CSF (Tian et al. 1998). G-CSF (like 

many other cytokines and growth factors) binds to the extra- 

cellular domains of its receptors and dimerises them, resulting 

in the activation of intracellular signalling through a pathway 

that leads to the phosphorylation of members of the STAT 

class of signalling proteins. The phosphorylated STATs form 

homodimers, which are translocated into the nucleus and bind 

to a synthetic STAT-responsive promoter that drives expres- 

sion of a fluorescent reporter gene (Tian et al. 1998; Zhao et al. 

2019). Screened small organic compounds selected SB- 

247464 (shown in Fig. 3a). In support of this model, SB- 

250017, a related non-symmetrical compound was developed. 

However, it can bind to the extracellular domain of the recep- 

tor but cannot dimerise it. Hence, SB-250017 acts as an an- 

tagonist of SB-247464 but has no effect on the activation of 

the receptor by G-CSF (Haberman 2012). 

More so, STATs technology has been used to discover 

small-molecule non-peptide agonists of the human 

thrombopoietin (TPO) receptor (Erickson-Miller et al. 2005). 

Optimisation of their initial compound, SB-394725, led to the 

development of eltrombopag (SB-497115-GR). The small- 

 
Integrins 

 
The integrin superfamily of proteins consists of cell-surface 

receptors that mediate attachment between cells and either the 

extracellular matrix or other cells (Takada et al. 2007). Among 

these proteins is the leukocyte integrin lymphocyte function- 

associated antigen 1 (LFA-1). LFA-1 is found on such leuko- 

cytes as T cells, B cells, macrophages and neutrophils, and is 

involved in recruitment to sites of infection or inflammation. 

LFA-1 on T cells binds to the immunoglobulin superfamily 

member ICAM-1 on, for example, antigen-presenting cells 

and endothelial cells (Dustin et al. 2004). The LFA-1/ 

ICAM-1 PPI plays an important role in processes such as T 

cell activation, T cell homing to peripheral lymphoid organs 

and sites of inflammation (Dustin et al. 2004; Graff et al. 

2008). This PPI is thus a target for the discovery of drugs to 

treat inflammatory conditions. Using a tethering-based FBDD 

platform, compounds that potently inhibit both human T cell 

migration and T cell activation by disrupting LFA-1/ICAM-1 

PPIs have so far been discovered (Haberman 2012; Zhong 

et al. 2012). 

One of the compounds (SAR1118) showed good pharma- 

cokinetic properties and oral availability in rodents and 

inhibited neutrophil migration in a murine peritonitis model 

(Zhong et al. 2012). A phase I clinical trial (conducted in 
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Fig. 3 Chemical structure of a SB-247464—a small-molecule cytokine 

non-peptide mimetic agonist of murine G-CSF developed using the pro- 

prietary cellular screening assay, STATs technology (figure taken from 

Grosdidier et al. 2009); and b eltrombopag—a synthetic small-molecule 

TPO agonist approved for the treatment of idiopathic thrombocytopenic 

purpura (figure taken from Susanto 2015) 

 

 
2008) and phase II clinical trial (conducted in 2011) of 

SAR1118 observed that it was safe, well tolerated and dem- 

onstrated statistically significant improvements in tear produc- 

tion and visual function. A phase III study of SAR1118 ob- 

served positive ophthalmic solution in the treatment of dry eye 

syndrome. In addition to dry eye, SAR1118 will be tested in a 

broad range of ocular inflammatory conditions, including di- 

abetic macular oedema (Haberman 2012; Zhong et al. 2012). 

 

Chemokine receptor 

 
Chemokines and their receptors are attractive drug targets be- 

cause of their role in inflammatory diseases. Chemokines in- 

duce chemotaxis. They are members of a family of small 

cytokines. Chemokine receptors are members of the G 

protein-coupled receptor (GPCR) superfamily. They bind to 

natural small-molecule ligands (Guidolin et al. 2019; Husain 

et al. 2019). Numerous small-molecule drugs that are compet- 

itive inhibitors of these ligands already exist. GPCR antago- 

nists represent the largest class of drugs produced (Miszta 

et al. 2018; Husain et al. 2019). Chemokine receptors bind 

to chemokines (small proteins) and thus represent a class of 

PPIs. Discovering small molecules that directly inhibit che- 

mokine receptors at their chemokine binding sites has been an 

insurmountable task, presenting difficulties in discovering PPI 

modulators. However, discovering small-molecule chemo- 

kine receptor antagonists that act via an allosteric mechanism 

is easier, because GPCRs exert their signalling activities via 

complex ligand-mediated conformational changes, which 

may be a particularly ‘allosteric’ class of proteins (Miszta 

et al. 2018). Natural ligands and drugs that bind to 

‘orthosteric’ sites on GPCRs induce unique GPCR conforma- 

tional states that activate a discrete subset of signalling path- 

ways and cellular behaviours. Since allosteric modulators of 

GPCRs work by causing conformational changes in the struc- 

tures of these proteins, some of them may also give rise to 

functional selectivity in the actions of orthosteric natural 

 
ligands that co-bind to the GPCR (Conn et al. 2009; Husain 

et al. 2019; Miszta et al. 2018). 

In the case of GPCRs—including chemokine receptors— 

whose natural ligands are peptides or proteins, allosteric sites 

(defined as binding sites for known allosteric modulators of 

these receptors) are located in distinct sites on the receptor 

proteins from the orthosteric peptide binding sites (Conn 

et al. 2009; Miszta et al. 2018). Chemokines bind specifically 

to orthosteric sites that are located in the extracellular domains 

of their receptors. Allosteric sites on chemokine receptors are 

located in transmembrane domains that are distant from the 

chemokine binding sites (Conn et al. 2009). Small-molecule 

allosteric modulators that bind to these sites were developed 

via fairly standard medicinal chemistry and high-throughput 

screening, augmented with structure-based drug design. Thus, 

although orthosteric binding sites on chemokine receptors 

(and on other GPCRs that have peptide ligands) have proven 

so far to be intractable for the discovery of small-molecule 

modulators, the discovery of drug-like small-molecule alloste- 

ric modulators of chemokine receptors is much more feasible 

(Conn et al. 2009; Haberman 2012; Miszta et al. 2018; Husain 

et al. 2019). 

However, the discovery of small-molecule chemokine re- 

ceptor antagonists has been a challenging task. Most of the 

agents that have been entered into clinical trials have failed, 

purely because the diseases addressed by these compounds 

have complex biology and, poor predictive animal models 

and target redundancy was used (Horuk 2009; Haberman 

2012; Miszta et al. 2018). So far, only two small-molecule 

chemokine antagonists have entered the market. One example 

is the allosteric CCR5 antagonist maraviroc for the treatment 

of HIV/AIDS (shown in Fig. 4a). The other is the CXCR4 

inhibitor plerixafor (shown in Fig. 4b). Plerixafor is a partial 

antagonist of the chemokine receptor CXCR4 and an alloste- 

ric agonist of CXCR7 (Kalatskaya et al. 2009). It is used 

together with G-CSF to mobilise haematopoietic stem cells 

to the peripheral blood for autologous transplantation in 
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Fig. 4 Chemical structure of a maraviroc—a small-molecule allosteric 

CCR5 chemokine antagonist used for the treatment of HIV/AIDS (figure 

taken from Xu et al. 2014); and b plerixafor—a partial antagonist of the 

chemokine receptor CXCR4 and an allosteric agonist of CXCR7. It is 

used for autologous transplantation in patients with non-Hodgkin lym- 

phoma and multiple myeloma (figure taken from Venkata Narasimha Rao 

et al. 2017) 

 

 

patients with non-Hodgkin lymphoma and multiple myeloma 

(Davies et al. 2007) (Table 2). 

 

TNF/TNFR PPI 

 
TNF/TNFR PPIs were previously regarded as intractable. 

However, macrocycles that block the interaction of TNF with 

its receptor, TNFR, were discovered (Drahl 2009; Parveen 

et al. 2019). The TNF/TNFR PPIs are involved in numerous 

inflammatory diseases such as rheumatoid arthritis, and TNF 

is the target of several large-selling biologic TNF inhibitors. 

E-32712 is one example of an orally active TNF/TNFR inhib- 

itory macrocycle discovered so far (Drahl 2009; Parveen et al. 

2019). 

 

Intracellular signalling pathways 

 
Signal transduction is a process by which extracellular signals 

mediate changes within a cell via intracellular signalling path- 

ways (Miszta et al. 2018; Husain et al. 2019). It begins when 

an extracellular signalling molecule activates a cell-surface 

receptor or an intracellular receptor. Once activated, receptors 

 

mediate changes in intracellular target molecules and subse- 

quently initiate cascades of molecular changes through path- 

ways. The end result is a physiological response such as cel- 

lular differentiation, cell growth, cell proliferation, secretion 

of signalling molecules (such as growth factors or cytokines), 

cellular motility, cellular adhesion or apoptosis. Signal trans- 

duction and intracellular signalling pathways are also funda- 

mental in pathophysiological cues and disease progression. 

They often become dysregulated in metabolic diseases, im- 

mune diseases, cancer and many other diseases (Conn et al. 

2009; Miszta et al. 2018; Husain et al. 2019). 

Studies have targeted tractable signalling receptors such as 

GPCRs, nuclear receptors, growth factor receptors and cyto- 

kine receptors as drug targets (Miszta et al. 2018). The emer- 

gence of kinase inhibitors has been another very significant 

breakthrough. It began with the discovery of imatinib and led 

to the discovery of other inhibitors aimed at treating different 

types of cancer (Bhullar et al. 2018; Ferguson and Gray 2018). 

However, many intracellular signal transduction pathways re- 

main inaccessible because they are driven by key components 

that have so far been intractable. Most important are the 

‘undruggable’ PPIs, which are key components of all 

 

Table 2 Selected chemokine receptor modulators in development (Haberman 2012) 

Compound  Chemokine receptor Comments 

Maraviroc CCR5 HIV entry inhibitor; for the treatment of HIV infection 

Plerixafor CXCR4 (partial agonist); CXCR7 

(allosteric agonist) 

Used in combination with G-CSF to mobilise haematopoietic stem cells to the peripheral blood for 

autologous transplantation in cancer patients; for treatment of HIV infection 

Traficet-EN CCR9 Phase III, Crohn’s disease 

Reparixin CXCR1/CXCR2 Phase II, breast cancer 

Navarixin CXCR1/CXCR2 Phase II, chronic obstructive pulmonary disease 

SB656933 CXCR2 Phase II, ulcerative colitis 

Cenicriviroc CCR5 and CCR2 Phase IIb, HIV infection 

CCX140 CCR2 Phase II, diabetic nephropathy 

CCX354 CCR1 Phase II, rheumatoid arthritis 

PF-4136309 CCR2 Phase II, hepatitis C infection with abnormal liver enzymes 
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signalling pathways, for example PPIs between transcription 

factors and multicomponent protein complexes that are key 

mediators of intracellular signalling. Small-molecule modula- 

tors of PPIs that target signal transduction pathways are yet to 

be developed and there have been a keen interest in targeting 

these ‘undruggable’ targets (Ferguson and Gray 2018; Miszta 

et al. 2018; Husain et al. 2019). 

 
Tcf/β-catenin transcription factor complex 

 
Small-molecule inhibitors of the oncogenic Tcf/β-catenin 

transcription factor complex that is central to the Wnt pathway 

have been discovered (Lepourcelet et al. 2004; Yan et al. 

2017; Jeong et al. 2018). The Wnt pathway is dysregulated 

in several types of cancer, which include hepatocellular carci- 

noma, multiple myeloma (MM), B cell chronic lymphocytic 

leukaemia (B-CLL) and colorectal cancer. Due to the central 

role of the Wnt pathway in these cancers, PPIs that are criti- 

cally involved in the pathway have been targeted. One exam- 

ple is the ‘destruction complex’, a multicomponent cytoplas- 

mic protein complex that includes among others the proteins 

adenomatous polyposis coli (APC) and glycogen synthase 

kinase 3 (GSK-3). Under normative cellular functions (when 

the ‘destruction complex’ is intact), GSK-3 phosphorylates β- 

catenin, a multifunctional protein that is involved both in sig- 

nal transduction and in intercellular adhesion. This phosphor- 

ylation targets β-catenin for degradation in the cytoplasm 

(Yan et al. 2017; Jeong et al. 2018). 

However, when the ‘destruction complex’ is disrupted via 

signalling from Wnt family ligands bound to their cell-surface 

receptor, β-catenin accumulates in the cytoplasm and moves 

into the nucleus. There, it binds to transcription factors of the 

T cell factor (Tcf) family, including Tcf4, the major Tcf 

expressed in stem cells of the gut and in colorectal cancer. In 

the absence of β-catenin, Tcf proteins are transcriptional re- 

pressors (Lepourcelet et al. 2004; Yan et al. 2017). β-Catenin 

binding changes Tcf proteins from repressors into transcrip- 

tional activators that activate a set of downstream genes, in- 

cluding the oncogene c-Myc and the cell cycle protein cyclin 

D1. In precancerous colonic adenomas or colorectal cancers, 

APC is often mutated and no destruction complex forms. This 

results in constitutive stabilisation of β-catenin, which can 

freely move into the nucleus and bind to Tcf4. In the case of 

other cancers caused by dysregulation of the Wnt pathway, β- 

catenin also becomes stabilised, via other genetic changes that 

do not involve ACP (Yan et al. 2017; Jeong et al. 2018). 

Several small-molecule inhibitors of the human Tcf/β- 

catenin PPI have been developed through structural and mu- 

tagenesis studies of the PPI (which identified a hotspot), 

followed by assay development and screening of natural prod- 

uct libraries (Lepourcelet et al. 2004). Of the tested com- 

pounds, two fungal derivatives, PKF115-584 and 

CGP049090, gave the best results in all the assays and were 

tested in preclinical studies. However, the molecular mecha- 

nisms by which the compounds act on this PPI remain elusive 

and are not yet clear. Hence, studies have been focussed on 

other means to target the Wnt pathway by performing chem- 

ical genetic studies to identify novel targets that modulate the 

pathway (Huang et al. 2009). 

 

BCL6/SMRT PPI in B cell lymphoma 

 
Diffuse large B cell lymphoma (DLBCL) is the most common 

type of non-Hodgkin’s lymphoma and accounts for about 

30% of all lymphomas (Friedberg 2011). B cell lymphoma 6 

(BCL6) acts as an oncogene in the majority of cases of 

DLBCLs (Compton and Hiebert 2010). The BTB domains 

of BCL6 interact with a co-repressor known as SMRT (silenc- 

ing mediator for retinoid or thyroid-hormone receptors). 

SMRT in turn facilitates the recruitment of histone deacetylase 

3 (HDAC3) to the DNA promoters bound by BCL6. This 

results in the repression of the genes controlled by the pro- 

moters, via removal of acetyl groups from histones of chro- 

matin (Compton and Hiebert 2010; Friedberg 2011). 

In normal lymphoid germinal centre B cell development, 

immunoglobulin genes undergo recombinations and somatic 

mutations to generate antibody diversity. Despite this genomic 

instability, germinal centre B cells are able to undergo rapid 

proliferation because BCL6 represses a set of genes that reg- 

ulate the DNA damage response and cell cycle checkpoints 

(Compton and Hiebert 2010). Among these genes are CHK1 

(checkpoint kinase 1), cyclin-dependent kinase inhibitor 1 

(CDKN1A), ATR (ataxia telangiectasia and Rad3-related pro- 

tein) and TP53 (which codes for p53). Once B cell clonal 

diversity has been achieved, BCL6 expression is downregu- 

lated. This allows restoration of cell cycle checkpoints, normal 

DNA damage control and B cell differentiation and matura- 

tion. Oncogenic overexpression of BCL6 through chromo- 

somal translocation, gene amplification or promoter mutation 

results in continued B cell progenitor proliferation and acqui- 

sition of additional mutations. This results in an aggressive B 

cell lymphoma (Compton and Hebert 2010; Friedberg 2011; 

Haberman 2012). 

Cerchietti and co-workers (Cerchietti et al. 2010) discov- 

ered small-molecule antagonists of the PPI between BCL6 

and SMRT, and demonstrated that these compounds could kill 

DLBCL cells in vitro. Using computer-aided drug design 

(CADD) (to first identify putative small-molecule binding 

sites), screening by virtual docking of the compounds into 

the putative binding site and selection based on maximising 

chemical diversity and Lipinski’s Rule of Five, a lead com- 

pound whose reproducibly inhibited BCL6/SMRT PPI in 

DLBCL was designed (Cerchietti et al. 2010). Furthermore, 

they performed structural and mutagenesis studies (which 

identified a hotspot), performed CADD, and used their models 

for virtual screening of 1,000,000 commercially available 
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compounds. Compound selection was based on chemical di- 

versity, drug-likeness, immediate commercial availability and 

the ability to block BCL6-mediated transcriptional repression 

in a cellular assay (Haberman 2012). 

A lead compound designated ‘79-6’ (PubChem 

CID5721353, shown in Fig. 5a), which specifically killed 

BCL6-positive lymphoma cell lines and BCL6-positive 

tumour cells in xenograft models was identified.  

However, the five-membered ring of 79-6 contains sul- 

phur, which is prone to oxidation and may consequently 

result in loss of efficacy, hence the need to optimise 79-6 

in order to develop a clinical candidate for BCL6-targeted 

therapy (Cerchietti et al. 2010). Furthermore, epigenetic 

regulation was identified as a potentially important area of 

opportunity for drug discovery (Haberman 2012). So far, 

two inhibitors of class I HDACs have been approved for 

the treatment of cutaneous T cell lymphoma—vorinostat 

(Zolinza) and romidepsin (Istodax). Other agents are be- 

ing tested in clinical trials for various types of cancer. 

However, the mechanisms by which these compounds 

work, and why they appear to be active against certain 

cancers but not others and not normal cells, remain elu- 

sive (Cerchietti et al. 2010; Haberman 2012). 

HDAC inhibitors have been studied in clinical trials against 

DLBCL as single agents, but the results have been disappoint- 

ing (Compton and Hiebert 2010). BCL6/SMRT PPI antago- 

nist in combination with rituximab (which targets the B cell- 

specific cell-surface protein CD20) is a potential agent to treat 

DLBCL (Haberman 2012). Currently, rituximab is used in 

combination with chemotherapy to treat DLBCL. However, 

there is still a large proportion of patients with unfavourable 

prognosis. Hence, a drug that specifically targets the BCL6/ 

SMRT PPI, perhaps used in combination with rituximab, may 

address the unmet medical needs and reduce the need for toxic 

chemotherapy in DLBCL patients. The discovery and devel- 

opment of inhibitors of the BCL6/SMRT PPI has gained wider 

interest in the treatment of DLBCL (Compton and Hiebert 

2010; Haberman 2012). 

AKAP-protein kinase A interaction 

 
Scaffolding proteins are a tremendously important means by 

which the cell organises signal transduction pathways. They 

form PPIs with the signalling proteins (Conn et al. 2009). 

Thus, discovering small-molecule inhibitors of these PPIs is 

a potential strategy for targeting a wide array of signalling 

pathways (Miszta et al. 2018; Husain et al. 2019). A-kinase 

anchoring proteins (AKAPs) (also known as cAMP- 

dependent protein kinases) are scaffolding proteins that tether 

protein kinase A (PKA) and other signalling proteins to spe- 

cific intracellular sites. They are a family of serine/threonine 

kinases whose activity is dependent on cellular levels of cyclic 

AMP (cAMP). Thus, the tethering of PKA via PPIs with an 

AKAP results in the compartmentalisation of cAMP signal- 

ling within the cell (Christian et al. 2011). 

Small-molecule inhibitors of the AKAP/PKA interaction 

have been developed for the potential treatment of chronic 

heart failure. AKAP18δ is an AKAP isoform that serves as a 

scaffold for organising the adrenaline-beta-adrenoreceptor- 

cAMP-PKA signalling pathway in cardiac muscle (Lygren 

and Taskén 2008). Targeting AKAP18δ and its PPIs with 

PKA is a potential approach to modulate the cardiac myocyte 

cAMP-PKA system (Christian et al. 2011). Hence, research 

efforts have been centred on developing a screening assay for 

the disruption of the AKAP18δ/PKA PPIs by screening a 

library of over 20,000 ‘drug-like’ compounds. This led to 

t h e  i d e n t i f i c a t i o n  o f 3 ′ , 3 - d i a m i n o - 4 , 4  ′ - 

dihydroxydiphenylmethane, designated FMP-API-1 (shown 

in Fig. 5b), which disrupt the AKAP18δ/PKA PPIs via an 

allosteric mechanism with micromolar dissociation constant 

(Christian et al. 2011). In the meantime, FMP-API-1 might 

be used as a tool compound to investigate the function of 

AKAP-PKA PPIs in cells and in animal models. However, 

higher affinity drug-like small-molecule AKAP/PKA PPI an- 

tagonists are still sought. Thus, scaffolding proteins provide 

numerous opportunities for targeting by small-molecule PPI 

modulators (Miszta et al. 2018; Husain et al. 2019). 

 

 
 

Fig. 5 Chemical structure of a ‘79-6’ (PubChem CID5721353)—a 

target-specific lead compound known to kill BCL6-positive lymphoma 

cell lines and BCL6-positive tumour cells in xenograft models (figure 

taken from Yasui et al. 2017) and b FMP-API-1—a 3′,3-diamino-4,4′- 

dihydroxydiphenylmethane ‘drug-like’ compound identified to disrupt 

the AKAP18δ/PKA PPIs via an allosteric mechanism with a micromolar 

dissociation constant (figure taken from Christian et al. 2011) 
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The ubiquitin system 

 
The ubiquitin (Ub) system is a vital regulatory system 

based on covalently linking the small (8.5 kDa) regulatory 

protein, Ub, to numerous specific protein targets in all eu- 

karyotic cells (Cohen and Tcherpakov 2010; Varshavsky 

2017; Wertz and Wang 2019). This system is involved in 

functions such as regulation of intracellular protein turn- 

over, mitosis, innate immunity and certain protein kinases 

and other enzymes (Cohen and Tcherpakov 2010). The 

ubiquitinylation cascade is a potential target for the devel- 

opment of specific smart drugs. In protein degradation the 

Ub system works together with the proteasome in a path- 

way known as the Ub proteasome system (UPS) where Ub 

is used to tag proteins for degradation by the proteasome 

(Cohen and Tcherpakov 2010; Varshavsky 2017). The 

ubiquitinylation pathway is complex and involves several 

levels of mediators, which include Ub activators (E1), Ub- 

conjugating enzymes (E2) and Ub ligases (E3) (as shown 

in Fig. 6). In this pathway, Ub moves from E1s to E2s. E3s 

interact with ubiquitinylated E2s and substrate proteins via 

PPIs where Ub is transferred from E2 to the substrate. This 

Ub moiety is recycled when the cycle is complete,  

resulting in tagging of substrates with polyubiquitin 

chains. In humans, there are about 10 E1s, 40 E2s and over 

600 E3s (Varshavsky 2017; Wertz and Wang 2019). 

The Ub system is a virtually untapped area of opportunity 

for drug discovery and development. Drugs that target the 

UPS and the ubiquitinylation pathway itself are in clinical 

development (Wertz and Wang 2019). Examples include 

bortezomib, MLN4924 (which inhibits a pathway that acti- 

vates one class of E3s), the Cullin RING E3 ligases (CRLs) 

and CC0651 (an allosteric modulator that inhibits the 

ubiquitinylation activity of an E2 that interacts with CRLs) 

(Appel 2011; Varshavsky 2017; Wertz and Wang 2019). 

Bortezomib targets protease activity of the proteasome. It 

blocks proteasomal disposal of all ubiquitinylated proteins in 

the cell. However, bortezomib remains a useful drug in MM, 

where blocking of the proteasome results in an overload of 

damaged proteins, which subsequently destroys the cell via 

apoptosis (Appel 2011). Based on bortezomib mechanism of 

action, it is highly nonspecific and has severe adverse effects. 

As a result, developing second-generation proteasome inhibi- 

tors, which include MLN9708 and MLN4924 became a ne- 

cessity. MLN9708 is an oral drug, more specific and with 

fewer side effects than bortezomib. MLN9708 is being tested 

in phase I and phase II trials in MM patients (Appel 2011). 

MLN4924 is another drug in clinical trials that targets an 

arm of the ubiquitinylation cascade itself (Deshaies 2009; 

Soucy et al. 2009). It is an AMP analog that inhibits 

NEDD8-activating enzyme (NAE). NEDD8 is a Ub-like pro- 

tein and NAE is an E1 for neddylation. Inhibition of 

neddylation by MLN4924 at the E1 (NEDD8-activating) step 

thus indirectly inhibits one class of E3s, the CRLs, without the 

need to inhibit the PPIs between members of this class of E3s 

and the substrate proteins that bind to them, or the need to 

inhibit the catalytic activity of E2s or the PPIs between E2s 

and the CRL E3s. MLN4924 is thus much more specific than 

bortezomib in inhibiting the Ub system. However, it is not 

very specific with respect to targeting proteins for degrada- 

tion. MLN4924 has potentially important anti-tumour effects 

and induces apoptosis. MLN4924 is now being tested in phase 

I clinical trials in patients with solid and haematological tu- 

mours (Deshaies 2009; Soucy et al. 2009). 

 
 

Fig. 6 A schematic illustration of 

the Ubiquitin-proteasome path- 

way (UPP). Ub is conjugated to 

proteins that are destined for deg- 

radation by an ATP-dependent 

process that involves three en- 

zymes. A chain of five Ub mole- 

cules attached to the protein sub- 

strate is sufficient for the complex 

to be recognised by the 26S pro- 

teasome. In addition to ATP- 

dependent reactions, Ub is re- 

moved and the protein is 

linearised and fed into the central 

core of the proteasome, where it is 

digested to peptides. The peptides 

are degraded to amino acids by 

peptidases in the cytoplasm or 

used in antigen presentation 

(figure taken from Haq and 

Ramakrishna, 2017) 
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Another strategy to inhibit CRLs indirectly, this time at the 

E2 level, was developed (Ceccarelli et al. 2011). This led to 

the discovery of CC0651, an allosteric inhibitor of the E2 Ub- 

conjugating enzyme Cdc34. CC0651 analogs inhibited prolif- 

eration of human cancer cell lines. They also caused accumu- 

lation of the CDK inhibitor p27Kip, which led to uncontrolled 

DNA synthesis in the S-phase of the cell cycle, leading to 

DNA damage and induction of apoptosis. The E2 inhibitor 

CC0651 and its analogs appear to be more specific than 

MLN4924, which inhibits the activity of all CRLs. 

However, the target of CC0651 still ubiquitinylates hundreds 

of substrate proteins, so it is relatively nonspecific (Ceccarelli 

et al. 2011; Haberman 2012). 

The best agents that target the Ub system are the PPI mod- 

ulators that target E3s, which interact with their substrates via 

PPIs (Lecker et al. 2006; Haberman 2012). However, because 

of the intractability of PPIs, the development of specific agents 

that target the Ub system has been a major bottleneck. 

Research efforts have led to the development of an agent that 

targets one E3, the human homolog of mouse double minute 2 

(MDM2) protein. HDM2 interacts with p53 via a PPI (as 

shown in Fig. 7) (Moll and Petrenko 2003). The p53 is often 

referred to as the ‘guardian of the genome’, controls pathways 

that respond to DNA damage or other stress signals by 

blocking cell proliferation by inducing either DNA repair or 

apoptosis. The p53 is mutated or inactivated in nearly all hu- 

man cancers, which allows the uncontrolled proliferation of 

cancer cells, rendering them resistant to cytotoxic chemother- 

apy (Moll and Petrenko 2003). In approximately half of hu- 

man cancers, p53 is inactivated via mutation. In the other half, 

p53 remains unmutated but is inactivated. The main means of 

inactivation is via HDM2, which is overexpressed in the ma- 

jority of cancers with wild-type p53. HDM2 regulates p53 in 

three ways: inhibition of p53-induced transcription, promo- 

tion of export of p53 out of the nucleus and inducing p53 

degradation by the proteasome (Moll and Petrenko 2003). 

The last two activities mentioned both involve HDM2’s E3 

Ub ligase activity, thus presenting a potential target for PPI- 

focused drug development (Lecker et al. 2006; Haberman 

2012; Varshavsky 2017; Wertz and Wang 2019). 

Currently, there are two leading drug candidates that spe- 

cifically disrupt the HDM2/p53 PPI (Shangary and Wang 

2009). The most advanced compound, now being tested in 

phase I clinical trials, is RG7112, is an analog of nutlin-3a 

(Vassilev et al. 2004; Shangary and Wang 2009; Cheok et al. 

2011). Nutlin-3a is the active enantiomer isolated from race- 

mic nutlin-3, which have been studied in various cell culture 

and preclinical animal models, as a monotherapy and in com- 

bination therapies (Shangary and Wang 2009; Cheok et al. 

2011; Crane et al. 2015). These studies showed that nutlin-3 

potently induced apoptosis in cell lines derived from such 

haematologic cancers as acute myeloid leukaemia, acute 

lymphoblastoid leukaemia, MM and B-CLL. These 

haematologic tumours and other HDM2/p53 PPI-disrupting 

agents are potential targets for treatment with nutlin-3, since 

they exhibit a high percentage of unmutated TP53 at diagno- 

sis. These studies concur with the development of nutlins in 

cancer, either as single agents or in combination therapies. 

They led to the entry of the nutlin-3 analog RG7112 into phase 

I clinical trials in haematologic malignancies and advanced 

solid tumours (Haberman 2012). 

The other compound is MI-219, analogs of which are cur- 

rently being tested in advanced preclinical studies (Shangary 

et al. 2008; Shangary and Wang 2009). MI-219 binds to 

HDM2 with an inhibition constant (Ki) of 5 nM. It is designed 

to mimic not only phenylalanine 19, tryptophan 23 and leu- 

cine 26 in the p53 binding site for HDM2 but also a fourth 

residue, leucine 22, which appears to play an important role in 

the HDM2/p53 PPI as well (Shangary and Wang 2009). MI- 

219 has good pharmacological properties, a high degree of 

 

Fig. 7 A schematic diagram 

showing HDM2/p53 PPI. MDM2 

and p53 form an auto-regulatory 

feedback channel. p53 stimulates 

the expression of MDM2; MDM2 

in turn inhibits p53 activity be- 

cause it stimulates its degradation 

in the nucleus and the cytoplasm, 

blocks its transcriptional activity 

and promotes its nuclear export. 

A broad range of DNA-damaging 

agents or deregulated oncogenes 

induces p53 activation (figure 

taken from Carry and Garcia- 

Echeverria 2013) 
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specificity for MDM2 and induced accumulation of p53, as 

well as inhibiting the growth of cancer cell lines with wild- 

type p53 with submicromolar IC50 values (Shangary and 

Wang 2009; Cheok et al. 2011). MI-219 analogs have also 

been tested and have demonstrated activity in combination 

therapies with etoposide, doxorubicin and cisplatin in mouse 

models of lung cancer, rhabdomyosarcoma and pancreatic 

cancer. These agents were found to have minimal toxic effects 

in normal cells. Given the large number and specificity of E3 

Ub ligases and their important role in intracellular pathways, 

there is a large field of possibility for discovery of novel PPI 

modulators that target these biomolecules and their interac- 

tions with their substrates (Shangary and Wang 2009; Cheok 

et al. 2011). 

JNJ-26854165, a novel tryptamine derivative is another 

compound in phase I clinical trials in advanced or refractory 

solid tumours. JNJ-26854165 is thought to be a possible 

HDM2/p53 inhibitor; however, it appears to work via a dif- 

ferent mechanism of action that does not involve HDM2 

(Kojima et al. 2010). It appears to work via accelerating the 

proteasomal degradation of p21 and to antagonise the p53- 

mediated transcriptional induction of p21. JNJ-26854165 also 

induces apoptosis in tumour cells with mutant p53 via induc- 

ing delay in the S-phase of mitosis and upregulation of expres- 

sion of the transcription factor E2F1 (a key mediator of an 

important pathway that controls cellular proliferation). This 

results in apoptosis, preferentially of S-phase cells. JNJ- 

26854165 has similar effects on tumours to HDM2/p53 PPIs 

like the nutlins and MI-219 (Cheok et al. 2011; Haberman 

2012). 

 

Apoptosis regulators 

 
Apoptosis is an ATP-dependent pathway of programmed cell 

death in all-multicellular animals (Danial and Korsmeyer 

2004; Wyllie 2010). It is essential for normal embryonic de- 

velopment and for maintaining normal cellular homeostasis in 

adults, as well as for response to infectious agents. Apoptosis 

is dysregulated in several major diseases. Cancer is the major 

focus of studies seeking to develop drugs that modulate apo- 

ptotic pathways, since apoptosis is blocked in perhaps all can- 

cers. This is a significant target in uncontrolled cellular prolif- 

eration in cancer (Danial and Korsmeyer 2004; Wyllie 2010). 

An illustration of apoptosis in ovarian cancer and some of the 

targeted therapeutic approaches is shown in Fig. 8. 

Central to apoptotic pathways are two families of proteins, 

the caspases and the B cell lymphoma-2 (Bcl-2) family 

(Danial and Korsmeyer 2004; Wyllie 2010). Caspases are a 

class of serine proteases that function in apoptosis. They form 

a cascade that ultimately results in cell death. Bcl-2 family 

proteins control this process, either halting the processes that 

result in apoptotic cell death or allowing these processes to go 

forward. However, the central pathways of apoptosis are 

controlled by a complex system of pro-apoptotic and anti- 

apoptotic Bcl-2 family members, which act to ensure that 

apoptosis is only triggered when it is appropriate. Bcl-2 family 

member interactions that control apoptosis are PPIs. Thus, it 

has been difficult to discover agents that affect the central 

pathways of apoptosis and that are capable of being taken into 

the clinic (Danial and Korsmeyer 2004; Wyllie 2010; 

Haberman 2012). 

The central pathways of apoptosis include an intrinsic and 

an extrinsic pathway (Ubanako et al. 2015). The intrinsic path- 

way is triggered by cellular stress (which includes among 

others the deprivation of growth factors needed for survival, 

drug treatments or ionising radiation), p53-mediated apoptotic 

signals triggered by DNA damage, virus infection, hypoxia 

and energy deprivation. The intrinsic pathway is also modu- 

lated by other signal transduction pathways, such as ‘onco- 

gene overdrive’ in which the Myc oncogene may trigger apo- 

ptosis instead of hyperproliferation and malignant transforma- 

tion, the Akt/PTEN pathway (which when dysregulated is a 

factor in several types of cancer) and the UPS pathway for 

degradation of unwanted or defective intracellular proteins 

(Boone et al. 2011; Ubanako et al. 2015). Triggers of the 

intrinsic pathway operate mainly via modulating members of 

the Bcl-2 family. Bcl-2 family proteins possess homologous 

domains that can enter into PPIs among the family members. 

Anti-apoptotic members of the Bcl-2 family, such as Bcl-2, 

Bcl-xL and Mcl-1, possess four conserved domains called 

BH1, BH2, BH3 and BH4. BH 1, 2 and 4 define a hydropho- 

bic groove within the molecule, and BH3 is an 8-to-12 amino 

acid domain that binds within that groove. These anti- 

apoptotic proteins localise to the mitochondria, where they 

specifically bind and sequester pro-apoptotic multi-domain 

Bcl-2 family members, such as Bak and Bax (Danial and 

Korsmeyer 2004; Wyllie 2010; Haberman 2012; Ubanako 

et al. 2015). 

The extrinsic apoptotic pathway is triggered by a class of 

cell-surface receptors of the TNFR family and their corre- 

sponding TNF family ligands (Danial and Korsmeyer 2004; 

Wyllie 2010; Ubanako et al. 2015). These receptor/ligand 

pairs include TNFR/TNF-α (tumour necrosis factor-alpha), 

Fas/FasL (Fas ligand) and TRAIL receptor/TRAIL (TRAIL 

= TNF-related apoptosis-inducing ligand). TRAIL is of great 

interest to cancer biologists and oncology drug developers, 

since it has been found to induce apoptosis selectively in can- 

cer cells, independent of p53, which is usually inactivated in 

human cancers. However, the physiological role of TRAIL is 

not well understood (Zaba et al. 2010; Haberman 2012). 

The binding of a specific ligand to TNFR family receptors 

on the cell surface leads to clustering of the receptors. The 

intracellular domains of the receptor complexes then bind to 

death adaptor proteins, such as Fas-associated death domain 

protein (Danial and Korsmeyer 2004; Ubanako et al. 2015). 

These in turn bind to an initiator caspase, caspase 8, which is 
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Fig. 8 A schematic mechanism of apoptosis in ovarian cancer and some 

current targeted molecular therapeutic approaches. Two main pathways of 

apoptosis have been elucidated: the death receptor (extrinsic) pathway and the 

mitochondrial (intrinsic) pathway. Targeted molecular therapeutic approaches 

include angiogenesis inhibitors, inhibitors of the epidermal growth factor 

receptor (EGFR), aurora kinase inhibitors, poly ADP Ribose Polymerase 

(PARP) inhibitors, platelet-derived growth factor (PDGF) receptor inhibitors, 

MTOR inhibitors, targeting Bcl-2 family in ovarian cancer and apoptosis, 

minimising expression of inhibitors of apoptosis (IAP) as target for ovarian 

cancer, therapeutic potential of TNF family members, wild-type p53: the 

genomic guardian target, interferons (IFN), integrins and insulin-like growth 

factor (IGF) (figure taken from Ubanako et al. 2015) 

 

 

autocatalytically activated. Caspase 8 activates effector 

caspases (for example, caspase 3 and 7) leading to apoptosis. 

Caspase 8 also initiates the intrinsic programme of apoptosis 

via cleavage of the inactive p22 form of Bid, resulting in the 

formation of an active form of Bid. This in turn triggers the 

intrinsic pathway of apoptosis via mitochondria membrane 

pore formation by complexing of pro-apoptotic Bcl-2 family 

proteins (Danial and Korsmeyer 2004; Wyllie 2010; Ubanako 

et al. 2015). 

The intention of cancer research is to develop PPI- 

focused small-molecule drugs specifically targeting the 

relevant PPIs of Bcl-2 family proteins, since all the 

 

interactions between the Bcl-2 family members are PPIs 

(Adams and Cory 2007). Currently, three Bcl-2 family PPI-

disrupting agents (BH3 mimetics) are being tested in 

clinical trials, namely navitoclax, obatoclax and ABT-199 

(Venetoclax). Navitoclax (ABT-263) (shown in Fig. 9a) is 

the result of the fragment-based drug discovery method- 

ology known as SAR by NMR, which led to a Bcl-2 

inhibitor designated as ABT-737 (shown in Fig. 9b). ABT-

737 might be useful for the treatment of lymphoma and 

small cell lung cancer (SCLC) as a monotherapy. It can 

also be used for a wide variety of cancers in combi- nation 

with cytotoxic agents or radiation. However, it has 
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a b c d 

 

Fig. 9 Chemical structure of a ABT-263 (navitoclax)—an orally active 

anticancer drug which does not have off-target effects (figure taken from 

Tse et al. 2008). b ABT-737—an orally bioavailable, selective small 

molecule B cell lymphoma 2 (Bcl-2) homology 3 (BH3) mimetic, with 

potential pro-apoptotic and antineoplastic activities (figure taken from Tse 

et al. 2008). c Obatoclax mesylate (GX15-070)—an experimental drug 

for the treatment of various types of cancer which include leukaemia, 

myelofibrosis, Hodgkin’s lymphoma and mantle-cell lymphoma among 

others (figure taken from Goard and Schimmer 2013). d ABT-199 

(venetoclax)—a BH3-mimetic Bcl-2 inhibitor, does not cause Ca2+-sig- 

nalling dysregulation or toxicity in pancreatic acinar cells (figure taken 

from Souers et al. 2013) 

 

 

poor physiochemical and pharmaceutical properties 

(Keller et al. 2006; Tse et al. 2008). 

ABT-737 is deficient in oral bioavailability properties and 

its poor solubility makes formulation for intravenous delivery 

exigent. Hence, these issue rendered ABT-737 a poor prospect 

for clinical development (Tse et al. 2008). However, ABT-737 

was later optimised to produce a second-generation com- 

pound, navitoclax, which has improved physicochemical 

and pharmacological properties and is orally available. 

Navitoclax is being tested in phase I and phase II clinical trials 

in various cancers, including combination therapies with 

drugs such as Rituxan (rituximab) and Tarceva (erlotinib), as 

well as with cytotoxic chemotherapies and as a single agent 

(Roberts et al. 2012). 

Obatoclax (GX15-070) (shown in Fig. 9c) is a pan-Bcl-2 

inhibitor that inhibits Mcl-1. Mcl-1 is overexpressed in several 

types of cancer, which include prostate cancers (Dash et al. 

2010). The interest of cancer research is in the development of 

small-molecule PPI inhibitor drugs that target Mcl-1. One 

such drug, obatoclax, was discovered by using a high- 

throughput protein-protein interaction assay to screen natural 

product libraries (Shore and Viallet 2005; Nguyen et al. 2007). 

Studies indicated that obatoclax inhibited the Mcl-1 apoptotic 

pathway by disrupting the Mcl-1/BAK and the Mcl-1/BAX 

PPIs. It overcame apoptosis Mcl-1-mediated resistance in 

lymphoma cells and cultured melanoma cells (Nguyen et al. 

2007). However, because of its poor solubility, obatoclax can- 

not be an oral drug. Nevertheless, intravenous administration 

of obatoclax showed single-agent anti-tumour activity in 

mouse xenograft models bearing several different types of 

human carcinomas. This suggests that obatoclax is an impor- 

tant Mcl-1-inhibitor in cases where Mcl-1 is involved in 

blocking apoptosis (Nguyen et al. 2007; Haberman 2012). 

ABT-199 (Venetoclax) (shown in Fig. 9d) is a BH3 mimet- 

ic that selectively inhibits Bcl-2 (Jakubowska et al. 2018). It 

was initially used for the treatment of relapsed chronic lym- 

phocytic leukaemia. Early generations of Bcl-2 inhibitors in- 

duced sustained Ca2+ retaliations in pancreatic acinar cells 

(PACs), inducing cell death. Therefore, BH3 mimetics are 

assumably toxic to the pancreas when used to treat cancer. 

Although ABT-199 was shown to kill Bcl-2-dependent cancer 

cells without affecting intracellular Ca2+ signalling, its effects 

on PACs remain elusive (Jakubowska et al. 2018). Hence, it is 

of paramount importance to assess whether this recently ap- 

proved anti-leukaemic drug might potentially have 

pancreatotoxic effects. Inhibition of Bcl-2 via ABT-199 did 

not elicit intracellular Ca2+ signalling on its own. It did not 

potentiate Ca2+ signalling induced by physiological or patho- 

physiological stimuli in PACs, although ABT-199 did not af- 

fect cell death in PACs under conditions that killed ABT-199- 

sensitive cancer cells. Cytosolic Ca2+ extrusion was slightly 

enhanced in the presence of ABT-199. In contrast, inhibition 

of Bcl-xL potentiated pathophysiological Ca2+ responses in 

PACs without exacerbating cell death (Jakubowska et al. 

2018). 

 

Stapled peptides 

 
In parallel with second-generation technologies and the dis- 

covery and development of small-molecule PPI modulators, 

peptides have been designed that mimic the amino acid se- 

quence and secondary structures of protein domains that are 

involved in PPIs. This has led to the emergence of ‘stapled 

peptides’ comprising a small loop rigidifying the peptide con- 

formation (Ali et al. 2019; Verhoork et al. 2019). These mi- 

metics are resistant to degradation by proteolytic enzymes 

have favourable pharmacological properties and are able to 

penetrate cells (Schafmeister et al. 2000; Walensky et al. 

2010; Kim et al. 2011). The initial application of stapled pep- 

tide technology was to the Bcl-2 family PPI system, which 

controls apoptosis (Verhoork et al. 2019). As discussed earlier, 

Bid is one of the BH3-only pro-apoptotic members of the Bcl- 

2 family. It appears to exert its pro-apoptotic activity by bind- 

ing to the hydrophobic groove of anti-apoptotic BH-1/2/3/4 

proteins such as Bcl-2 and Bcl-xL. This releases pro-apoptotic 

BH-1/2/3 proteins from their complexes with the anti- 
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apoptotic proteins, enabling them to initiate the intrinsic path- 

way of apoptosis. Beginning in the mid-1990s, studies to de- 

velop a Bid mimetic peptide have been ongoing until now 

(Kim et al. 2011; Ali et al. 2019; Verhoork et al. 2019). 

The BH3 domain of Bid that triggers apoptosis possesses 

an α-helical structure, which was lost upon synthesis of a 

peptide with the amino acid sequence of the Bid BH3 domain. 

Additionally, this protein was ineffective in disrupting PPIs 

between Bcl-2 or Bcl-xL and BH-1/2/3 pro-apoptotic pro- 

teins, and was subject to degradation by serum and cellular 

proteases (Kim et al. 2011; Ali et al. 2019). Moreover, such 

peptides could not penetrate cells; hence, the stapled peptide 

technology was applied to produce a stable α-helical form of 

the peptide. To construct stapled peptides, synthesised pep- 

tides with the amino acid sequence of the domain of interest 

(in this case, the Bid BH3 domain) incorporate two appropri- 

ately spaced non-natural amino acids bearing olefin side 

chains (Walensky et al. 2004; Kim et al. 2011; Ali et al. 

2019; Verhoork et al. 2019). The peptides were designed using 

the three-dimensional structures of the target protein and the 

interacting partner domain to provide the sequence of the sta- 

pled peptide. Using molecular visualisation software, they 

analysed the binding interface between these two biomole- 

cules and confirmed that the partner-binding domain was α- 

helical. Thereafter, they selected amino acid sequences that 

were not directly involved in target recognition as candidates 

for substitution with non-natural amino acids. The synthesised 

peptides each contain two olefin-bearing amino acid residues 

3, 4 or 7 amino acid residues apart. These modified peptides 

were designed to project the reactive olefin residues on the 

same face of the α-helix (Haberman 2012; Ali et al. 2019; 

Verhoork et al. 2019). 

The bridge between the two non-natural amino acids 

(staple) was formed by using ruthenium-mediated ring-clos- 

ing olefin metathesis (shown in Fig. 10). The ‘staple’ in a 

stapled peptide forms a macrocyclic ring with the amino acid 

residues it encompasses. The range of bridge lengths of 3, 4 or 

7 amino acid residues is used to identify the optimal stapled 

peptide with respect to affinity for its target and other proper- 

ties relevant to serving as a drug candidate (Kim et al. 2011; 

Haberman 2012). 

Peptide stapling results in stabilisation of the α-helical 

form of peptides such as the Bid BH3 domain and other pep- 

tides derived from domains that are α-helical in their natural 

proteins. Such peptides are resistant to proteases and can also 

be cell-penetrant (Kim et al. 2011; Haberman 2012). 

Hydrocarbon staples promote effective cellular uptake via 

endocytic vesicle trafficking. Cellular penetration by a stapled 

peptide is also dependent on the net charge of the molecule; 

those with net positive charges show better cellular uptake 

(Kim et al. 2011; Haberman 2012). 

In the original application of the stapled peptide technolo- 

gy, the constructed stapled peptide Bid BH3 mimetics was 

called ‘stabilized alpha-helix of Bcl-2 domains’ (SAHBs: 

Walensky et al. 2004). SAHBs were α-helical, protease- 

resistant and penetrated cells. One example of the SAHBs that 

were studied further is SAHBA, which was found to cause the 

same structural changes in Bcl-xL as did Bid. Intravenous 

administration of SAHBA consistently caused tumour regres- 

sion in mouse xenograft models of human leukaemia, as well 

as improved survival (median survival 5 days for control an- 

imals, and 11 days for SAHBA-treated animals). SAHBA 

showed no overt toxicity in normal tissues. The studies de- 

signed to create a Bid mimetic using stapled peptide technol- 

ogy provided proof of principle for the technology and served 

as a starting point to build a pipeline of preclinical candidates 

based on stapled peptides (Walensky et al. 2004; Kim et al. 

2011; Haberman 2012). 

 

The notch pathway 

 
The notch pathway regulates various aspects of cell prolifera- 

tion, cellular differentiation, cell-cell communication and cel- 

lular survival or death. It is essential for the development of 

the nervous and haematopoietic systems (Huang et al. 2019). 

Deregulation of the notch pathway is involved in various can- 

cers, including lung cancer, pancreatic cancer, cancer of the 

ovary and cancer of immature T cells (T cell acute lympho- 

blastic leukaemia (T-ALL)). Notch is a cell-membrane recep- 

tor just like its ligands (members of the Delta, Serrate and Lag- 

2 family). The notch pathway becomes activated when the 

extracellular domain of notch binds to a notch ligand on the 

 

 

Fig. 10 Construction of a stapled peptide. A ‘staple’ is formed between two non-natural amino acids by using Grubb’s ruthenium-mediated ring-closing 

olefin metathesis. The staple forms a macrocyclic ring with the amino acid residues (figure taken from Haberman 2012) 
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surface of an adjacent cell, leading to sequential proteolytic 

cleavage of the notch intracellular domain, first by an A 

disintegrin and metalloproteinase (ADAM) family 

metalloprotease such as TNF-α-converting enzyme (also 

known as ADAM17) and then by a γ-secretase complex 

(Moellering et al. 2009; Haberman 2012; Huang et al. 2019). 

The free intracellular domain of notch (also known as the 

intracellular domain of NOTCH1 (ICN1)) translocates to the 

nucleus and docks with the DNA-bound transcription factor 

CSL (CBF1, Suppressor of Hairless and Lag-1) (Moellering 

et al. 2009). The CSL/ICN1 interaction creates a long shallow 

groove along the interface of the two proteins, which serves as 

a docking site for coactivator proteins of the mastermind-like 

(MAML) family, such as MAML1. The resulting trimolecular 

complex initiates specific transcription of notch-dependent 

target genes, which uses a stapled peptide to target the notch 

signal transcription pathway (Moellering et al. 2009; 

Haberman 2012). 

As with other key signal transduction pathways, the notch 

pathway is centred on PPIs, especially the crucial ternary tran- 

scription factor complex CSL/ICN1/MAML1. The discovery 

of small-molecule drugs that modulate this pathway had thus 

been considered unfeasible (Moellering et al. 2009; Haberman 

2012) until the application of stapled peptide technology to 

discover agents that modulate this pathway, in particular the 

key transcription factor complex (Huang et al. 2019). Previous 

research found that a dominant-negative fragment of 

MAML1, designated as dnMAML1 (consisting of amino acid 

residues 13–74) antagonised notch signalling and cell prolif- 

eration when expressed in T-ALL cells (Moellering et al. 

2009). X-ray diffraction studies showed that the dnMAML1 

polypeptide formed an α-helix, which docks with the elongat- 

ed groove formed by the ICN1/CSL complex. This suggested 

that it might be possible to design a stapled peptide based on a 

portion of the sequence of dnMAML1. Such a stapled peptide 

might inhibit binding of MAML1 to the ICN1/CSL complex, 

thus blocking transcription of downstream notch-dependent 

target genes (Moellering et al. 2009; Haberman 2012; 

Huang et al. 2019). 

Moellering and colleagues therefore synthesised a set of six 

short candidate peptides, which together encompassed the en- 

tire contact surface of dnMAML1 with the ICN1/CSL com- 

plex (Moellering et al. 2009). Functional studies with these 

peptides led them to select the 15-amino-acid stapled peptide 

SAHM1, which showed that stapling conferred a marked he- 

lical character (94% helical) to SAMH1, compared with its 

non-stapled counterpart. SAMH1 was found to be cell-pene- 

trant. Biochemical studies showed that SAMH1 bound to the 

ICN1/CSL complex competitively with MAML1. Cell culture 

studies in the KOPT-K1 human T-ALL cell line with a notch- 

regulated fluorescent reporter gene showed that SAMH1 spe- 

cifically repressed transcription of notch target genes, in a 

dose-dependent manner. Gene expression analysis in KOPT- 

K1 and HPB-ALL human T cell leukaemia cells showed that 

SAMH1 specifically repressed transcription of notch pathway 

downstream target genes (Moellering et al. 2009; Haberman 

2012; Huang et al. 2019). 

More so, SAMH1 markedly reduced proliferation of sev- 

eral T-ALL cell lines in vitro, but was ineffective against leu- 

kaemia cell lines that did not depend on the notch pathway for 

cell proliferation (Al-Shehabi et al. 2019; Majer et al. 2019). 

In sensitive T-ALL cell lines, SAMH1 treatment also triggered 

apoptosis. In a mouse model of T-ALL, twice-daily intraper- 

itoneal injection of SAMH1 resulted in significant dose- 

dependent regression of leukaemia, compared with vehicle- 

treated mice. Studies of mononuclear cells from SAMH1- 

and vehicle-treated mice confirmed that SAMH1 treatment 

resulted in a significant decrease in notch target gene tran- 

scription (Al-Shehabi et al. 2019; Majer et al. 2019). These 

studies showed that SAMH1 is a direct transcriptional antag- 

onist of the notch pathway. This suggests that SAHM1 can be 

used to determine the role of this pathway in normal physiol- 

ogy and development, and in disease processes. SAMH1 also 

provides a starting point for drug development, especially in 

notch-driven cancers such as T-ALL (Haberman 2012; Al- 

Shehabi et al. 2019; Majer et al. 2019). 

 
 

Conclusions and future perspectives 
 

The discovery and development of protein-protein interaction 

modulators has been difficult, because of the structure of 

protein-interacting interfaces, the lack of natural ligands for 

PPIs to serve as starting points for drug design and the unsuit- 

ability of proprietary chemical libraries for use in HTS cam- 

paigns to identify compounds that modulate PPIs (Jana et al. 

2017; Stevers et al. 2018; Albert et al. 2019). Despite the 

difficulty of discovering and developing PPI modulatory 

drugs, developing PPI modulators is becoming of increasing 

strategic importance. However, most of the known small- 

molecule drugs discovered to date address only 2% of human 

proteins. Most of the remaining proteins are critically involved 

in disease pathways, lie within the category of intractable tar- 

gets and are PPIs (Feng et al. 2017; Lage et al. 2018; Guidolin 

et al. 2019; Husain et al. 2019). Despite the difficulties in 

discovering small-molecule PPI modulators that are capable 

of being taken into clinical trials, drugs are already on the 

market and some drug-like candidates have reached clinical 

production. Central to these successes has been the determi- 

nation of ‘hotspots’ in protein-protein interfaces. By targeting 

hotspots, several compounds that directly modulate PPIs have 

been discovered (Robertson and Spring 2018; Zhang et al. 

2018). However, this has been on a sporadic ‘one compound 

at a time’ basis (Haberman 2012). Examples include 

eltrombopag, as well as several others currently being tested 

in clinical trials. In addition to these direct PPI modulators, 
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there are allosteric chemokine receptor modulators, which in- 

clude maraviroc, plerixafor and several others now undergo- 

ing clinical trials (Kalota and Gewirtz 2010). 

Following failure to meet the strategic needs to expand the 

number of targets that can be addressed by developable drugs 

using the sporadic, ‘one compound at a time’ approach 

(Haberman 2012), developing second-generation technolo- 

gies designed to enable the fabrication of small-molecule 

and peptide PPI modulators on a more consistent basis be- 

comes imperative. These include CS mapping, diversity- 

oriented synthesis of chemical libraries, DPC technology for 

synthesis of libraries of macrocyclic compounds and stapled- 

peptide technology (Drahl 2009; Franzini and Randolph 

2016; Zhou et al. 2018). Responding to these new technolo- 

gies, research vistas are moving back into the PPI modulator 

field. Whether the new suite of enabling technologies for PPI 

modulator discovery and development will enable this area to 

be successful and to meet the strategic needs for discovery and 

development remains an open question. Most of the com- 

pounds that have been discovered using these technologies 

are in clinical and preclinical stages (Taylor et al. 2018; 

Stevers et al. 2018; Albert et al. 2019; Fecková et al. 2019; 

Zhao et al. 2019). It will be necessary for some of these com- 

pounds to enter clinical production, achieve proof of concept 

and thereafter reach the market. Nevertheless, the PPI modu- 

lator field is an exciting area that is gaining increasing interest 

and investment in the PPI-focused technology development 

curve. 
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Peptidomimetics: A Synthetic Tool for Inhibiting Protein–Protein Interactions 

in Cancer 
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Preface − About the Manuscript 

 

The manuscript introduces peptidomimetics as one of the potential tools for inhibiting protein- 

protein interactions in PPI-focused smart-drug discovery in cancer. The manuscript begins by 

elucidating on the structural biology findings of “hotspots” regions in protein-protein binding 

interfaces. It then delves on the classification of peptidomimetics, flagging the four different 

classes established relative to the degree of their similarity to the natural peptide precursor. 

Examples of different PPIs that are targeted using different types of peptidomimetics in cancer 

pathways are expounded on and encouraging evidence is provided on the successful application 

of synthetic mimicries tested on different protein model systems that include apoptosis 

regulators, transmembrane receptors, small GTPases and transcriptional regulators. This 

connects well with the preceding chapter by highlighting the need to consider peptidomimetics 

as potential arsenals in inhibiting the SNRPG/RBBP6 PPI. The advantages of using 

peptidomimetics outweighs the use of their antecedent peptides in that their synthesis allows for 

convenient preparation of large arrays of analogs by simple replacement/insertion of alternative 

residues by way of commercial and/or synthetic amino acid analogs. They possess enhanced in 

vivo stability and often exhibit lowered toxicity as compared to their antecedent peptides. 
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Abstract 
Protein–protein interactions (PPI) are vital in modulating biochemical pathways in many biological processes. Inhibiting PPI 

is a tremendously important diagnostic and therapeutic strategy in averting pathophysiological cues and disease progression. 

Targeting PPI as a smart drug discovery tool has been largely overlooked over the years due to their highly dynamic and 

expansive interfacial areas. However in recent years, researchers have developed new technologies that have the potential 

to move this approach up the technology development curve and enable the regular discovery of PPI-focused smart drugs. 

Few drugs are already on the market and some potential drug-like candidates are in clinical trials. In this study we review 

the application of peptidomimetics as a valuable tool in PPI inhibition in cancer. First, we describe PPI and the general 

properties of the PPI interface. Next, we discuss the classification of peptidomimetics. Lastly, we focus on the application 

of peptidomimetics on targeted PPI in cancer pathways. 

Keywords Protein–protein interactions · Peptidomimetics · Proteomimetics · Mimicries · Cancer 

 

Introduction 

Protein–protein interactions (PPI) are well recognised medi- 

ators in biological processes and are vitally important in the 

progression of many disease states (Du et al. 2018; Robert- 

son and Spring 2018; Zhang et al. 2018). About 650,000 

disease-relevant PPI have been so far reported in the human 

interactome (Bonetta 2010; Gonzalez and Kann 2012). Of 

which 98% of these interactions remain elusive and under- 

explored. Over the years PPI were regarded as prototypically 

“intractable” and “undruggable” due to their highly dynamic 

and expansive interfacial areas (flat, featureless and rela- 

tively large) (Robertson and Spring 2018; Zhang et al. 2018). 

However due to the improving technology expertise, PPI 

have now come to the spotlight as significant drug develop- 

ment targets. The PPI-focused drug technology presents an 

emerging field for drug discovery. This review will focus on 

the application of synthetic mimicries to target PPI in cancer 

diagnostics and therapeutics. 
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General Properties of PPI 

PPI occur over a relatively large protein contact surface 

area of approximately 1000 to 4000 Å2. The area is rela- 

tively larger as compared to the average contact area needed 

for inhibition by small molecule binding (300 to 1000 Å2) 

(Jones and Thornton 1996; Conte et al. 1999). PPI contact 

surface area harbor certain hydrophobic regions called “hot 

spots”. Hot spots regions contribute to the binding affinity 

and help to hold the two interacting proteins together (Clack- 

son and Wells 1995; Jochim and Arora 2010). They are rich 

in Tyr, Trp, Leu, Ile, Phe and Arg. The amino acids Trp, Arg 

and Tyr are hydrophobic and form hydrogen bonds which 

contribute to n-interactions and the binding free energy 

(Bogan and Thorn 1998). In addition to that, systematic ala- 

nine scanning mutagenesis has revealed that the substitution 

of an amino acid residue by alanine in these hot spot regions 

lowers the binding affinity by at least 2 kcal/mol (Bogan and 

Thorn 1998). 

Hot spots regions consist of two segments, a core region 

and a rim region (shown in Fig. 1). The rim region has an 

amino acid composition similar to that of the rest of the 

protein contact surface area. The core region consists of aro- 

matic residues (Chakrabarti and Janin 2002; DeLano 2002; 

Chene 2006). 
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Fig. 1 Schematic diagram of 

core and rim interface regions. 

Highlighted is a cross-sectional 

view of a protein–protein inter- 

face. Interacting proteins are 

presented in light and dark gray, 

respectively. The interface core 

is presented in orange and the 

rim is presented in blue (David 

and Sternberg 2015). (Color 

figure online) 

 

 

 

 
 

 

 

Many hot spots core regions are associated with the α-

helix, %-sheet and %-turn protein secondary structure 

motifs. And of these the α-helix has been on the spotlight 

because they comprise more than 50% of all secondary 

structures in protein complexes. The α-helix actively binds 

into the grooves of binding partners and modulates the 

functioning of a large number of therapeutically relevant 

PPI. Of which more than 50% bind to one face of the helix 

(Jochim and Arora 2010; Raj et al. 2013). Peptidomimetics 

that mimic more than one face of an α-helix have also been 

reported (Lanning and Fletcher 2015; Robertson and Spring 

2018). A majority of these helices contain hot spot residues 

on one helical face while the rest project critical functional- 

ity residues for recognition. 

Helix mimicry has become a promising avenue for dis- 

covery of potent PPI inhibitors. They have been classified 

into two categories vizly topographical helix mimics and 

stabilized helices. Topographical helix mimics contain a 

non-peptidic scaffold which mimic more than one face of 

the helix to orient protein-like side chains into proper vec- 

tors and mimic the projection of side chains on α-helices. 

This kind of helix mimicry generally harbors low molecular 

weight compounds that mimic a single helix face (Bullock 

et al. 2011; Azzarito et al. 2013; Grossmann et al. 2015). 

Other than the first developed aromatic scaffold many dif- 

ferent topographical helix mimetic scaffolds have been 

described to afford compounds that are less hydrophobic 

than the original designs (Orner et al. 2001). And these can 

target more than one face of a helix (Bullock et al. 2011; Lao 

et al. 2014a, b; Lanning and Fletcher 2015). 

Stabilized helices (foldamers) often mimic 2 to 3 faces of 

the helix depending on the stabilization technique (Henchey 

et al. 2008). The side chain staples consist of lactams, thiols, 

triazole linkages and hydrocarbons which allows two faces 

for recognition and one for stabilization (Bullock et al. 2011; 

Azzarito et al. 2013; Grossmann et al. 2015). Both hydro- 

gen bond surrogate (HBS) helices with peptide backbone 

stabilisation as well as foldamers comprised of judiciously 

placed α- and %-amino acids mimic proteins that require 

three faces for recognition (Bullock et al. 2011; Sawada 

and Gellman 2011; Azzarito et al. 2013; Grossmann et al. 

2015). Most of the these dual faced helix peptidomimetics 

have been developed from single faced bis-benzamide scaf- 

folds (Marimganti et al. 2009; Thompson et al. 2012), an 

amphiphilic α-helix mimetic based on a benzoylurea scaffold 

(Thompson and Hamilton 2012) and two-faced amphipathic 

α-helix mimetics based on a triazine-piperazine-triazine 

scaffold (Lee et al. 2016). These mimics have been success- 

ful in modulating PPI. Recent advances in helix mimicry 

have been extensively reviewed, and we refer the reader to 

these excellent reports (Azzarito et al. 2013; Milroy et al. 

2014). Other drug-like proteo-mimetics based on a purine 

scaffold have also been reported (Lanning et al. 2015). 

Despite the fundamental role of strands and sheets at pro- 

tein–protein interfaces, application of %-strand or %-sheet 

mimics as modulators of PPI is limited. Strand designs 

are challenging because mimics with appropriately placed 

hydrogen-bonding groups tend to aggregate (Spiegel et al. 

2012). An analysis of the PDB for %-strands found at PPI 

interfaces reveals that %-strands interact with protein part- 

ners in multiple ways: as a lone strand or a sheet, side chain 

recognition, and with or without engagement of backbone 

hydrogen bonding (Watkins and Arora 2014). A number 

of scaffolds for each type of these structures have been 

designed (Angelo and Arora 2005; Robinson 2008). 

The PPI hot spots regions have been on the spotlight as 

potential drug targets since majority of the binding energy 

that contributes to interactions localises in these areas (Du 

et al. 2018; Robertson and Spring 2018; Bogan and Thorn 

1998). The disruption of PPI targeting hot spots regions 

using small molecule or peptide inhibitors both diagnostic 

and therapeutic significance (Robertson and Spring 2018). 

It stirs high expectations for the development of smart 

drugs. Such an observation has successfully challenged the 
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traditional thought that PPI are “intractable and undrug- 

gable”. New small molecule or peptide PPI inhibitors are 

already on the market and some are still in clinical trials 

(Whitby and Boger 2012; Grossmann et al. 2015; Robert- 

son and Spring 2018). Several strategies and new techniques 

which aid in the discovery of new PPI and facilitate the dis- 

covery of small molecules and peptides inhibitors exist. 

And these include phage display (Ting et al. 2018), high 

throughput screening (Taylor et al. 2018), computational 

studies (Melagraki et al. 2017), crosslinking (Suchanek et al. 

2005) and structural based design techniques (for an insight- 

ful review see Meireles and Mustata 2011). 

 
Classification of Peptidomimetics 

The efficient mimicking of peptides in their bioactive 

conformation is a long-standing goal in the design of PPI 

inhibitors. Advances in PPI-focused technology have facili- 

tated a display of side chain functionalities in analogy to 

peptide secondary structures, yielding molecules that are 

generally referred to as peptidomimetics (Grossmann et al. 

2015). Peptidomimetics are compounds whose essential ele- 

ments (pharmacophore) mimic a natural peptide or protein 

in 3D space and which retain the ability to interact with 

the biological target and produce the same biological effect 

(Vagna et al. 2009). Over the years peptidomimetics have 

been traditionally divided into three subtypes; Types I to 

III. Type I mimetics were defined as short peptides which 

mimic the secondary structure landscape of the antecedent 

peptide with minor alterations to the peptide sequence. Type 

II mimetics were defined as non-peptidic functional mol- 

ecules based on a scaffold that does not mimic the peptide 

secondary structure. Type III mimetics were also defined as 

non-peptidic molecules which match the spatial topology of 

key interaction motifs of the antecedent peptide (Ripka and 

Rich 1998; Azzarito 2013; Grossmann et al. 2015; Robert- 

son and Spring 2018). However, these categories have been 

recently revised and subdivided into four different classes: 

Classes A–D, where Class A mimetics are the most identical 

to the antecedent peptide and Class D mimetics show the 

least similarities (Grossmann et al. 2015). 

Class A mimetics, like Type I mimetics, are peptides with 

minimal alterations to the peptide side chains and backbone. 

They consist mainly of the antecedent peptide amino acid 

sequence with a limited number of modified amino acids 

incorporated to stabilize the bioactive conformation. The 

backbone and side chains align closely with the bioactive 

conformation of the antecedent peptide (Grossmann et al. 

2015). Class B mimetics are modified class A mimetics with 

different unnatural amino acids, isolated small-molecule 

building blocks or major backbone alterations. While still 

peptidic in nature, Class B mimetics include much more 

 

dramatic backbone and side chain alterations (e.g., peptoids, 

%-peptides and α/%-mixed peptides). Foldamers (%- and α/%- 

peptides as well as peptoids) with side chains aligning topo- 

logically identical to the antecedent peptide also form part 

of this class (Grossmann et al. 2015). 

Class C mimetics consists of highly modified structures 

that completely replace the entire peptide backbone with 

small molecule character (Grossmann et al. 2015; Robertson 

and Spring 2018). The central scaffold displays the substitu- 

ents in comparison to the orientation of the key residues 

(for example hot spots) in the bioactive conformation of the 

antecedent peptide (Grossmann et al. 2015). The replace- 

ment of the entire peptide backbone result in molecules with 

improved oral bio-availability and pharmacokinetic proper- 

ties. The resulting bioactive compounds are more likely to 

follow Lipinski’s rule of five, thus rendering them promising 

candidates in drug development (Spiegel et al. 2012). 

Class D mimetics are small molecule drugs used in the 

classical medicinal chemistry that mimic the mode of action 

of a bioactive peptide without a direct link to its side chain 

functionalities. The small molecule drugs bind either into 

the active site of a protein or at an allosteric position. How- 

ever as mentioned earlier on, PPI are large and remain a 

challenging to target with small molecules. Nevertheless, 

few small molecule PPI inhibitors have been successfully 

developed on a “one compound at a time’’ basis (Bunnage 

2011; Stockwell 2011) through affinity optimization of class 

C molecules and screenings of compound/virtual libraries 

(Grossmann et al. 2015). Small molecule drugs are already 

on the market and some are in clinical trials (Grossmann 

et al. 2015). 

 
Targeted Protein–Protein Interactions 

Peptidomimetics are designed for a broad range of targets 

in cancer diagnostics and therapeutics. Their applicabil- 

ity has been tested on different protein model systems that 

include apoptosis regulators, transmembrane receptors, 

small GTPases and transcriptional regulators. Here we will 

discuss the application of class A–C mimetics for these 

cancer model systems. This section does not present all the 

examples of peptidomimetics comprehensively, but focuses 

on major target classes and recent contributions. 

Apoptosis Regulation 

 
MDM2 and MDMX 

 
In response to cellular stress the transcription factor p53 

mediates the expression of genes involved in protective pro- 

cesses such as DNA repair, cell cycle arrest and apoptosis 

(Vogelstein et al. 2000; Chene 2003). Binding of MDM2 
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and MDMX (also known as MDM4 and HDM4/ HDMX) 

to the N-terminal transactivation domain of p53 blocks 

the normative function of this so called “guardian of the 

genome”. MDM2 and MDMX downregulate the tumor sup- 

pressor p53 either by acting as a direct antagonist to p53 or 

by mediating the ubiquitylation of p53 leading to its deg- 

radation in proteasome-dependent manner (Kubbutat et al. 

1997; Toledo et al. 2006). An upregulation of MDM2 and 

MDMX has been detected in different types of cancers and 

the interactions between these proteins and p53 have become 

prime targets for anticancer strategies. Crystal structures 

of the p53-MDM2 and p53–MDMX complexes reveal an 

α-helical conformation of the p53 interaction domain when 

bound to MDM2 (Fig. 2a) (Popowicz et al. 2007). The p53 

hot-spot comprise of the amino acid residues Phe19, Trp23 

and Leu26 (Kussie et al. 1996). This structural information 

together with the crystallographic data have been vital as 

the starting point for a rational design of the corresponding 

peptidomimetics. 

For some peptidomimetics, helical peptides derived 

from phage-display selections served as alternative starting 

points. For example pDi (Phan et al. 2010) and PMI (Pazgier 

et al. 2009). These peptides exhibit dual inhibitory effects for 

both the p53–MDM2 and p53–MDMX complexes. A com- 

mendable feature for efficient anticancer activity (Phan et al. 

2010; Pazgier et al. 2009). For other peptidomimetics, mir- 

ror-image phage-display (MIPD) techniques coupled with 

native chemical ligation have provided proteolytically more- 

resistant D-peptide inhibitors of the p53–MDM2 interaction. 
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However, these peptides do not feature sufficient cell per- 

meability (Liu et al. 2010a, b, b; Zhan et al. 2012). Finally, 

though mRNA display has facilitated the selection of larger 

libraries of peptides, the proteolytic instability and/or poor 

cellular uptake of these peptides remain major limitations of 

these approaches (Shiheido et al. 2011). A variety of pepti- 

domimetics were designed based on these peptide binders. 

A modified octapeptide comprising four unnatural 

amino acids is an early example of a class A peptidomi- 

metic that binds HDM2 in vitro with nanomolar affinities 

(Bottger et al. 1996; Garca-Echeverra et al. 2000; Sakurai 

et al. 2006). This peptide promotes apoptosis by mediat- 

ing the accumulation of p53 in cancer cells (Chene et al. 

2000). Poor cellular uptake and high proteolytic instability 

remain the drawbacks of this peptide. Later, Robinson and 

co-workers grafted the crucial residues of the p53 helix onto 

a cyclic %-hairpin and stabilized the %-sheet structure using 

the head-to-tail macrocyclization and the d-Pro-l-Pro (p-P) 

turn mimetic. The mimetic displayed good affinity and binds 

HDM2 at the p53 binding site (Fasan et al. 2004). Sequence 

optimization by the introduction of unnatural amino acids 

yielded class B mimetics with improved affinities (Fasan 

et al. 2006). Remarkably, this innovative approach impres- 

sively illustrates the interchangeability of secondary struc- 

tures and represents one of the few examples of a stabilized 

%-sheet structure used as a PPI inhibitor. 

The generation of class A helix mimetics for MDM2 and 

MDMX using the peptide-stapling technique and thiol- and 

triazole-based cross-links observed a prominent increase of 

 
 

 
 

Fig. 2 MDM2–p53 interaction: a Crystal structures of MDM2 (gray) 

with the transactivation domain of p53 (blue, PDB 1YCR) (Kussie 

et al. 1996). b Superimposed crystal structures of p53 (blue, PDB 

1YCR) and cyclic b-hairpin peptide 78A (gray/red, PDB 2AXI). 

The d-Pro-l-Pro (p-P) crosslink is highlighted in red (Fasan et al. 

2004). c Sequences of stapled peptides (left). Superimposed crystal 

structures (right) of p53 (blue, PDB 1YCR) and SAHp53-8 (gray/ 

red, PDB 3V3B). The cross-link is highlighted in red (side chains of 

amino acids in boxes are shown explicitly in the crystal structures) 

(Baek et al. 2012). d Superimposed crystal structures of p53 (blue, 

PDB 1YCR) and Nutlin-3a (red, PDB 4HG7) (Anil et al. 2013) All 

superimposed structures were obtained from structures of complexes 

with MDM2 or MDMX. (Color figure online) 

 

 



99  

International Journal of Peptide Research and Therapeutics 

 
cellular uptake, thus alleviating the challenges regarding cel- 

lular permeability and proteolytic instability (Madden et al. 

2011). The incorporation of a bisaryl cross-link at positions 

i and i + 7 of the pDi sequence enhances the α-helicity and 

bioactivity of the class A mimetics. A cross-linking based 

on addition of photo induced 1, 3-dipolar cyclo produced 

high affinities peptides for MDM2 and MDMX. The pep- 

tides displayed dual inhibitory activity and improved cel- 

lular uptake after the incorporation of positively charged 

amino acids (Madden et al. 2011). A D,L-dicysteine-linked 

6,6'bis(bromomethyl)-3 3'-bipyridine (Bpy) crosslink 

observed additional MDMX contacts allowing more affine 

binders (Muppidi et al. 2011). A double triazole tethering 

approach based on a single p53-derived sequence enables 

the synthesis of several cross-linked peptides using a set 

of modified linkers. The resulting cross-linked peptides 

observed improved proteolytic stability and affinities. And 

the subsequent incorporation of Arg moieties in the linker 

resulted in cell penetrating peptides, thus eliminating the 

need for additional sequence variations (Lau et al. 2014a, b). 

Metallopeptides and HBS stabilized helices also produced 

MDM2 affine binders (Henchey et al. 2010a, b; Zaykov and 

Ball 2011). 

Stapled α-helical p53-derived peptides (SAHp53, Fig. 2c) 

with i and i + 7 cross-linking positions showed increased 

α-helicity and improved binding affinity for MDM2. The 

peptides observed enhanced proteolytic stability as com- 

pared to the wild-type p53 peptide. Neutral and positively 

charged stapled peptides following the substitution of nega- 

tively charged amino acids induced apoptosis, cell perme- 

ability and suppressed tumor growth features in vivo (Bernal 

et al. 2007, 2010). The direct involvement of the hydrocar- 

bon cross-link in MDM2 binding following the incorporation 

of a staple explains the increase in the binding affinity (Baek 

et al. 2012). Furthermore, Aileron Therapeutics reported 

another series of stapled peptides based on phage-display- 

derived peptide pDi which include ATSP-7041-peptides and 

another candidate currently in clinical trials (Chang et al. 

2013). The ATSP-7041-peptides observed improved phar- 

macokinetic properties with high specificity and affinity for 

both MDMX and MDM2. They bind to mutated forms of 

MDM2 that are inaccessible for small-molecule p53–MDM2 

inhibitors of the Nutlin family (Fig. 2c) (Brown et al. 2013; 

Wei et al. 2013). 

The development of class B mimetics using foldamers 

as validated scaffolds proved useful for the generation of 

p53–MDM2 inhibitors. The p53-MDM2 interactions active 

residues (Phe19, Trp23, and Leu26) were integrated into the 

recognition face of a 14-helix %-peptide. The helical struc- 

ture was coerced using the electrostatic macrodipole strategy 

to proffer micromolar binders. (Kritzer et al. 2005). Several 

techniques to synthesize and evaluate %-peptides targeting 

MDM2 have been reported however their relatively poor 

 

binding affinities suggest that the 14-helix may not repro- 

duce the p53–MDM2 interaction suitably (Murray et al. 

2005). Non-natural side chains were introduced into these 

%-peptides and moderate improvements were observed in 

the biological activity (Michel et al. 2009). The cellular 

uptake of these %-peptides was increased by conjugation to 

cell-penetrating peptides (Hintersteiner et al. 2009) and by 

the introduction of side chain to side chain cross-links or 

%-homoarginines (Bautista et al. 2010). HBS α/%-peptides 

harboring the ααα% pattern and α-amino acids hot spots 

yielded affine MDM2 binders with improved conformational 

rigidity (Patgiri et al. 2012). And rationally designed achiral 

peptoids with high conformational flexibility observed mod- 

erate inhibitory activity of the p53–MDM2 complex (Hara 

et al. 2006). 

Class C structural mimetics were used to inhibit the 

interaction between p53 and MDM2. Hamilton and group 

developed a series of trisubstituted terphenyls scaffolds 

(3,2',2"-terphenyl compounds) that mimic an α-helix face 

in order to target PPI. The terphenyls’ aryl cores adopt a 

wobbled dihedral conformation (59.1° and 120.7°) to mimic 

the helix residues (i, i + 3, i + 4 and i + 7) through the ortho 

positions of the scaffold (Orner et al. 2001). The Hamil- 

ton group also developed other extended α-helix scaffolds 

such as terephthalamides (Yin et al. 2005), 4,4'-dicarbox- 

amines (Rodriguez et al. 2009), 5-6-5-imidazole-phenyl- 

thiazoles (Cummings et al. 2009), trispyridylamines (Ernst 

et al. 2003) and enaminones (Adler et al. 2012). Sterically 

enforced terphenyls (27) with large aromatic substituents at 

the central position and aliphatic groups at the termini were 

used to mimic the binding epitope of p53. These mimet- 

ics proved to be active in cell-based assays and exhibit 

highest affinity for MDM2 Notably, these compounds also 

and the best selectivity when binding between MMD2 and 

BCL-2 family proteins (Yin et al. 2005; Chen et al. 2005). 

Wilson and group described a solid-phase synthesis for an 

α-helix mimetic with N-alkylated oligobenzamides as well 

as hybrids which act as inhibitors of p53-HDM2 complex 

in vitro (Campbell et al. 2010; Long et al. 2013; Barnard 

et al. 2014, 2015; Azzarito et al. 2015). Notably, the same 

group reported an orthogonal chemical functionalisation of 

non-peptidic helix mimetics using a copper-mediated ‘click’ 

technique (Barnard et al. 2014). 

Spiroligomers disrupted the p53–HDM2 complex 

and trigger HDM2 accumulation in cells assumably by 

preventing proteolytic degradation (Brown et al. 2012). 

Covalently constrained OHMs were also able to bind 

MDM2 in vitro (Lao et al. 2014a, b). Furthermore, cell 

permeable pyrrolopyrimidines were also utilised to dis- 

rupt both the p53–MDM2 and the p53–MDMX com- 

plexes, thereby facilitating p53-dependent apoptosis in 

cultured cancer cells (Lee et al. 2011). The other groups 

have developed scaffolds to mimic amino acid side chains 

 

 



100  

 
on α-helices. And these include phenyl-piperazine-tria- 

zines (Moon et al. 2014), pyrazines (Van Mileghem et al. 

2017), 2-O-alkylated picolinamides (Yap et al. 2012), 3-O-

alkylated oligobenzamides (Plante et al. 2009; Prab- 

hakaran et al. 2013) and pyridazines (Biros et al. 2007; 

Londregan et al. 2016). Although less formidable, the 

hydrogen-bond-guided mimetics also act as inhibitors of 

p53-HDM2 complex in vitro (Barnard et al. 2015). 

Class D peptidomimetics are small molecule 

p53–MDM2 inhibitors developed from lead structures 

obtained from high-throughput screening of synthetic 

chemical libraries (Wade et al. 2013). The benzodiazap- 

inediones (Johnson and Johnson Pharmaceuticals) along 

with the Nutlin family of small molecule compounds 

(Hoffmann-La Roche) inhibit the p53/mDM2 PPI in the 

initiation of cancer (Vassilev et al. 2004; Grasberger 

et al. 2005). Nutlins bind to MDM2 through the p53 

binding site and, induce cell-cycle arrest and apoptosis 

in a p53-dependent manner. They are highly potent and 

selective compounds. Their rigid scaffold enables effi- 

cient mimicking of p53 binding (Fig. 2d). Nutlins are 

also known to inhibit tumor growth in human xenograft 

models (Vassilev et al. 2004; Grasberger et al. 2005). 
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BCL-2 Family Proteins 

 
BCL-2 family proteins play a key role in apoptosis regula- 

tion. Members of the BCL-2 family participate in a complex 

network of PPI in either pro-apoptotic manner (e.g. BAK, 

BAX, BID, BIM, NOXA, HRK, PUMA, BAD) or anti- 

apoptotic manner (e.g. BCL-xL, BCL-2, BCL-w, MCL-1, 

A1) (Youle and Strasser 2008; Moldoveanu et al. 2014). The 

interactions between members of the two classes of proteins 

are directed in the sensing of cellular stress thereby modulat- 

ing induced cell death by apoptosis. Pro-apoptotic proteins 

are classified into three, namely; effectors, direct activators 

and de-repressors/sensitizers. Anti-apoptotic proteins, just 

like the effectors (e.g. BAK, BAX), have four BCL-2 homol- 

ogy domains (BH1–BH4) that harbors a shared folding motif 

which creates a hydrophobic groove called the BC groove. 

The BC groove mediates the binding to an α-helical stretch 

of BH3-only proteins, including direct activators (BID, BIM, 

and PUMA) and de-repressors/sensitizers (BAD, NOXA and 

HRK). This binding interaction involves highly conserved 

hydrophobic and polar residues that closely interact with the 

BC groove (Fig. 3a). The specificity required for the interac- 

tions within the BCL-2 family members is precisely orches- 

trated through the variations in the remaining BH3 sequence 

(Youle and Strasser 2008; Moldoveanu et al. 2014). 

 

 

 
 

Fig. 3 PPI involving proteins of the BCL-2 family: a Superimposed 

crystal structures of BIM (orange, PDB 2L9) and NoxaB (blue, 

PDB2NLA) bound to MCL-1 (Czabotar et al. 2007). b Superimposed 

crystal structures of NoxaB (blue, PDB 2NLA) with (left) bisaryl 

cross-linked peptide Bph-Noxa2 (gray, PDB 4G35, c = d-cysteine) 

(Muppidi et al. 2012) and (right) stapled peptide MCL-1 SAHBD 

(gray, PDB 3MK8) (Stewart et al. 2010). Cross-links are highlighted 

in red (side chains of amino acids in boxes are shown explicitly). c 

Superimposed crystal structures of BIM (orange, PDB 2L9) and α/%- 

peptide a/b-2 (gray/red, PDB 4BPI) (Smith et al. 2013). %-Amino 

acids are highlighted in red (%E, %Q, %R, %D, and %A are %3-amino 

acids that correspond to E, Q, R, D, and A, respectively). d Structural 

mimetics of helical MCL-1 binding peptides (Li et al. 2014). (Color 

figure online) 
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Proteins of the BCL-2 family are considered high-interest 

targets in the field of drug development and their modu- 

lation has been widely addressed using different strategies 

(Moldoveanu et al. 2014). The relevant PPI between BCL-2 

family members have been targeted for inhibition using 

class A peptidomimetics. For example peptides stabilized 

by thiol-based cross-links, hydrocarbon-stapling approaches 

and hydrogen-bond surrogates. Class B mimetics such as 

α/%-peptides and class C mimetics such as sterically con- 

strained and hydrogen-bond-guided structural mimetics have 

been used as inhibitors of these interactions (Grossmann 

et al. 2015). 

The cross-linking of D-Cys(c) and L-Cys using a bisaryl 

moiety at positions i and i + 7 stabilized the NOXA derived 

peptide and provided a selective binder of MCL-1. The 

NOXA derived peptide-MCL-1 complex (Fig. 3b) observed 

the presence of edge-to-face n-n interactions between the 

MCL-1 and the aryl cross-link (Muppidi et al. 2012). Utilis- 

ing this structure as a foundation for further modifications 

and to improve the cellular activity, the hydrophobicity was 

increased by the introduction of backbone N-methylation 

and replacing non-interacting charged amino acids with 

Ala. A number of “stabilized a-helices of BCL-2 domains” 

(SAHBs) have been produced by using the peptide-stapling 

technique. The incorporation of the hydrocarbon cross-link 

increased the resistance to proteolysis, cellular uptake and 

helicity of these BH3-derived peptides. However, not all 

of these peptides were efficient enough to inhibit the PPI 

between BCL-2 family members. In leukemia cells, the 

SAHB from the BH3 domain of the BID protein proved 

to induce apoptosis in vitro and in vivo (Walensky et al. 

2004). The MCL-1-derived SAHB inhibits the BAK-MCL-1 

complex formation and subsequently induce cell death by 

caspase-dependent apoptosis. The direct participation of the 

staple in target binding is proved in the complex of the crys- 

tal structure of this stapled peptide with MCL-1 (Fig. 3b). 

However synthesis, testing and screening of several sta- 

pled peptides was required to select efficient PPI inhibitors 

(Stewart et al. 2010). SAHB peptides also provide valuable 

insights into the molecular regulation of proteins of the 

BCL-2 family (Gavathiotis et al. 2008). 

Class B peptidomimetics which include heterogeneous 

(e.g. α/% peptides) and chimeric foldamers (e.g. α/% + α) pro- 

vided the desired inhibitors to disrupt PPI between proteins 

of the BCL-2 family. Pure %-peptides did not inhibit these 

PPI. The ααα% pattern was used to mimic the BIM BH3 

helix and provide binders of BCL-xL and MCL-1 proteins 

(Boersma et al. 2012). The αα%ααα% backbone was used to 

a PUMA BH3 derived peptide to obtain foldamers with high 

binding affinity for the same proteins (Horne and Gellman 

2008). Surprisingly the selectivity for the targets in both 

cases is highly dependent on the number and position of α-

to-%3 replacements. 

 

According to Sadowsky et al. (2007), a chimeric peptide 

(α/% + α)  with a 9-mer α/%-peptide at the N-terminus and 

a 6-mer α-peptide at the C-terminus proved more potent 

than the natural BAK 16-mer. The chimeric peptide effi- 

ciently inhibited formation of the BAK-BCL-xL complex by 

binding at the same position targeted by the natural peptide 

(Sadowsky et al. 2007). The N-terminal fragment features 

an equivalent ratio of α- and % amino acids and projects a 

new helical disposition called the 14/15 helix (Hayen et al. 

2004). The proteolytic stability and selectivity within the 

BCL-2 family members increased and a subsequent release 

of cytochrome c was observed in cell lysates. The optimiza- 

tion provided foldamers with increased proteolytic stability 

but insignificant cellular uptake (Sadowsky et al. 2007). 

Using terphenyls as sample models of class C peptidomi- 

metics to mimic the location of hot-spot residues of heli- 

cal BH3 peptides (Yin et al. 2005), a number of terphenyls 

inhibited the interaction of BCL-2, BCL-xL and MCL-1 

with either BAX or BAK, or with BAD or BIM in cultured 

cells. This inhibition triggers cell induced death by apoptosis 

in a caspase-dependent manner (Kazi et al. 2011). A number 

of heterocyclic scaffolds containing pyridazine also inhibited 

the the BAK–BCL-xL complex formation in vitro (Biros 

et al. 2007). Biphenyls, benzoylureas, and trispyridylamides, 

derived from hydrogen-bond-guided scaffolds were also 

reported to inhibit the formation of BAK–BCL-xL complex 

in vitro (Rodriguez et al. 2009). The oligoamide scaffolds 

made from different combinatorial ratios of pyridine and 

phenyl rings observed that the molecules containing a higher 

percentage of phenyl rings inhibits the BAK–BCL-xL com- 

plex more efficiently because of their increased hydropho- 

bicity and flexibility. 

However, this trend was not observed in cell-based assays 

probably because of potential off-target effects and differ- 

ences in cell permeability (Yap et al. 2012). The scaffold 

with one pyridine ring and two phenyl rings inhibits the 

formation of BAK–BCL-xL and BAK–MCL-1 complexes 

thereby mediating cell induced death by apoptosis in cancer 

cell lines. Noteworthy, the compound also exhibits inhibi- 

tory effects on tumor growth in mouse models (Cao et al. 

2013). In human cell culture, terephthalamides also dis- 

rupted the BAK–BCL-xL complex formation (Rodriguez 

et al. 2009). Computational studies and NMR spectroscopy 

observed binding to the same cleft as the BAK BH3 peptide. 

Finally, BIM–BCL-2 and BIM–MCL-1 PPI were addressed 

using cross-acridine scaffolds (Li et al. 2014). 

Class D mimetics of small molecule have also been used 

to inhibit the same interactions. ABT-236 and ABT-737 

are examples of small molecule Class D peptidomimetic 

which inhibit the Bcl-xL/Bak PPI in the apoptosis pathway 

(Lee et al. 2007, Tse et al. 2008). ABT-263 binds with high 

affinity to anti-apoptotic proteins BCL-2 and BCL-XL and 

with lower affinity to BCL-w (Tse et al. 2008). ABT-263 
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has demonstrated impressive single agent activity against 

lymphoid malignancies and small cell lung cancer (SCLC). 

Phase I/II trials report that ABT-263 was either effective as 

a single agent (Roberts et al. 2012) or in combination with 

other drugs in refractory chronic lymphocytic leukaemia 

(CLL) (Kipps et al. 2017). ABT-737 binds to Bcl-2/Bcl-xL 

(but not Mcl-1) with high affinity and disrupts their interac- 

tion with pro-apoptotic Bax/Bak, thus enhancing apoptosis 

(Parrondo et al. 2013). 

Inactivating the anti-apoptotic BCL-2 family proteins 

with small molecule BH3 mimetic drugs is one potential 

‘push’ as displacing the active but sequestered pro-apoptotic 

proteins results in mitochondrial outer membrane permea- 

bilization (Leber et al. 2010; Del Gaizo Moore and Letai 

2013; Shamas-Din et al. 2013). Small molecule BH3 mimet- 

ics, like ABT-263 (Navitoclax) and ABT-199 (Venetoclax), 

mimic the binding of BH3 peptides to the hydrophobic BH3 

domain-binding groove of anti-apoptotic proteins and thus 

displace BH3-only proteins and active BAX/BAK from anti- 

apoptotic proteins (Tse et al. 2008; Souers et al. 2013). By 

binding to the BH3 domain-binding grooves of anti-apop- 

totic proteins, ABT-263 inhibits BCL-2, BCL-XL and BCL- 

W, whereas ABT-199 only inhibits BCL-2. ABT-199 is 

approved for use in chronic lymphocytic leukemia and both 

drugs are being used in dozens of clinical trials as single 

agents and in combination with other therapies (Delbridge 

et al. 2016). Other BH3 mimetics are emerging (Ashkenazi 

et al. 2017). They include another BCL-2-specific inhibitor 

(Servier’s S55746); the BCL-XL-specific WEHI-539 (Less- 

ene et al. 2013) and its more potent derivatives A-1155463 

and A-1331852 (Leverson et al. 2015). 

Some cancers depend primarily on MCL-1 for survival 

(Grabow et al. 2014; Zhang et al. 2011; Xiang et al. 2010) 

and others acquire resistance to drugs that target BCL-2/ 

BCL-XL/BCL-W by upregulating MCL-1 (Adams and Cory 

2018). The small molecule MCL-1 inhibitor, S63845 shows 

promise as a therapeutic (Kotschy et al. 2016). S63845 was 

efficacious in killing multiple cancer-derived cell lines 

in vitro and had potent anti-tumor activity in pre-clinical 

mouse models of hematological malignancies in vivo while 

sparing normal tissues. Another cancer treatment strategy 

would be small molecule activation of BAX and/or BAK. 

The BAK BH3 helix was stabilized using the hydrogen- 

bond surrogates thereby increasing the helicity and prote- 

olysis resistance. However, it resulted in the loss of binding 

affinity as compared to the wild-type peptide. A subsequent 

sequence optimization provided a peptide with improved 

affinity (Adams and Cory 2018). 

Transmembrane Receptors 

 
Transmembrane receptors are vital in signaling processes 

that connect extracellular events with intracellular responses. 
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Their impaired functioning is implicated with numerous 

pathogenic states that include cancer (Yarden and Pines 

2012). Receptors are activated by the binding of effectors 

(protein ligands, peptide hormones and small molecules) 

and may at times require additional cofactors, highlighting 

the complexity of the signaling networks. Over the years 

several PPI inhibitors that are recognized by receptors have 

been designed from peptide sequences. Examples of such 

PPI inhibitors include α/%-peptides that target the receptor 

binding site of vascular endothelial growth factor (Haase 

et al. 2012) and helical % peptides that inhibit the interaction 

between the high-density lipoprotein and scavenger receptor 

B (Werder et al. 1999). 

A hyperactivity of epidermal growth factor receptor 

(EGFR) tyrosine kinase is implicated in the tumorigenesis 

and tumor development different types of cancer (Yarden 

and Pines 2012). PPI inhibitors of EGFR target the inter- 

action between EGFR and cofactor Grb2 (growth factor 

receptor bound protein 2) (Furet et al. 1998), the intracel- 

lular adenosine triphosphate binding site (Yarden and Pines 

2012) or the extracellular receptor binding site (Li et al. 

2005). The dimerization mediated by a coiled coil structure 

is implicated as a vital step for the receptor activity (Jura 

et al. 2009). And to inhibit this dimerization, peptides which 

proved active in cell-based assays were developed. These 

include all-hydrocarbon-stapled peptides and corresponding 

peptides with an open cross-link bearing the two olefin side 

chains (Walensky and Bird 2014; Grossmann et al. 2015). 

Hanold and coworkers also introduced a non-helical, tria- 

zolyl-bridged peptide targeting EGFR dimerization (Hanold 

et al. 2015). 

G-protein coupled receptors (GPCR) are a large family 

of transmembrane receptors that are activated by a number 

of different ligands which include but not limited to pep- 

tide hormones. Several inhibitors of peptide ligand/receptor 

interactions have been developed and have been extensively 

reviewed (Ruiz-Gomez et al. 2010). The similarity observed 

in the interactions between receptors and peptides or pro- 

teins suggests that the application of PPI inhibitor concept 

to interfere with peptide–receptor interactions may also be a 

potential drug target. The incorporation of benzodiazepines 

into Angiotensin II and the use of a glucose scaffold present- 

ing Somatostatin side chains in a %-turn conformation are 

good examples. The final peptidomimetics observed affinity 

for AT1 and AT2 receptors (Gallo-Payet et al. 2011) and 

a potent agonist of the Somatostatin receptor (Hirschmann 

et al. 1993), respectively. The trans-pyrollidine-3,4-dicarbo- 

xamide scaffold led to high-affinity ligands for human opioid 

receptors. 

The glucose and the trans-pyrollidine-3,4-dicarboxamide 

highlighted above are both class C structural-turn mimetics 

(Whitby et al. 2011). GPCR protein effectors are also known 

to interact with agouti (ASP) and agouti-related protein 
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(AGRP) probably because of the C-terminal binding site 

that reveals a cysteine knot presenting three crucial residues 

in a turn structure as observed by the NMR (McNulty et al. 

2001). The isolated binding motif can be chemically stabi- 

lized by addition of a lactam bridge on the position initially 

occupied by a disulfide bridge (Thirumoorthy et al. 2001). 

Other GPCRs recognize binding partners through their 

helical interaction domains. Helical α/%-peptides inhibit the 

interaction between parathyroid hormone and the parathy- 

roid hormone-related peptide receptor (Cheloha et al. 2014), 

whereas hydro carbon stapled peptides with enhanced ago- 

nist potency are agonists of vaso-active intestinal peptide 

receptor 2 (VPAC2) (Giordanetto et al. 2013). 

Integrins play a vital role in the interaction of extracel- 

lular matrix protein with the cell surface and in cell– cell 

adhesion in vertebrates. Misregulation of certain integrin 

receptors is linked to several diseases including cancer 

 

(Desgrosellier and Cheresh 2010). Integrins are composed 

of an α- and a %-subunit; many of which recognize binding 

partners through an Arg-Gly-Asp (RGD) sequence (Fig. 4a) 

(Pierschbacher and Ruoslahti 1984). Haubner and co-work- 

ers integrated the RGD sequence into cyclic pentapeptides 

and increased their activity and bioavailability (Haubner 

et al. 1997). Optimization efforts resulted in the identifi- 

cation of the macrocyclic inhibitor cyclo (RGDfV) called 

Cilengitide (Dechantsreiter et al. 1999) and the cyclic pen- 

tapeptide cyclo (RGDf-N(Me)V). The latter combines high 

receptor affinity and selectivity with improved biostability 

and oral availability (Fig. 4b) (Conibear et al. 2014). 

Small GTPases 

 
Small GTPases are switch-like proteins that exist in two dis- 

tinct conformational states and are defined by their binding 

 
 

Fig. 4 RGD–integrin interac- 

tion: a Crystal structure of the 

RGD sequence from fibronectin 

bound to the αV (orange) and 

%3-subunit (gray) of the integrin 

receptor (PDB 4MMX). b 

Chemical structure of the cyclic 

pentapeptide cyclo (RGDf- 

N(Me)V) and crystal structures 

(gray/red, PDB 1L5G) (Marelli 

et al. 2014) superimposed 

with fibronectin RGD (gray; 

red = constraining amino acids; 

f = D-phenylalanine). (Color 

figure online) 
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to triphosphate (GTP) or guanosine diphosphate (GDP) 

(Bourne et al. 1990). When bound to GTP, they adopt an 

active conformation that facilitates binding to effector 

proteins thereby triggering downstream signaling events. 

The nucleotide binding state is regulated by PPI. Guanine 

nucleotide exchange factors (GEF) mediate a GDP to GTP 

exchange while GTPase-activating proteins (GAP) promote 

hydrolysis of bound GTP to GDP. Malfunctioning of GTPase 

regulation has implications in cancer formation and propa- 

gation. One good example is the proto-oncogene Ras which 

gives its name to a subfamily of related proteins such as 

Rab (Ras related in brain) and Rho (Ras homology) proteins 

(Spiegel et al. 2014a). Their targeting has proved extremely 

challenging because of the involvement of numerous PPI in 

small GTPase regulation and signal propagation (Spiegel 

et al. 2014b). The use of an HBS-stabilized a-helix derived 

from a GEF protein of Ras (Sos) is one successful example. 

The modified peptide HBS3 binds the GDP bound form of 

Ras with micro molar affinity and is capable of inhibiting 

the nucleotide exchange by Sos in vitro and in cell culture 

(Patgiri et al. 2011). 

Hydrocarbon peptide stapling was used to stabilize an 

α-helix of the Rab6-interacting protein, an effector of Rab 

GTPases. Most strikingly class A mimetics i, i + 4 stapled 

peptide StRIP3 showed micro molar affinity for the active 

form of Rab8a and was able to compete with effector bind- 

ing in vitro (Spiegel et al. 2014a). Hamilton and co-workers 

reported a class C mimetic based on a 5-6-5 imidazole- 

phenyltriazole scaffold to target Cdc42, a member of the 

Rho GTPase family. By mimicking three residues (Leu, 

Lys, Gln) of the GEF protein Dbs, the compound was able 

to inhibit the Dbs-promoted nucleotide exchange in vitro 

(IC50 = 67 mm) (Cummings et al. 2009). However, despite 

extensive efforts, clinically relevant compounds that directly 

target small GTPases remain elusive. 

Transcriptional Regulation 

 
Protein–protein interactions are key in transcriptional 

regulation pathways that include the NOTCH, Wnt, and 

Hedgehog signaling cascades. Impaired modulation of such 

pathways has strong implications in the genesis and progres- 

sion of various types of cancer (Katoh 2007). Verdine and 

Bradner research groups designed peptidomimetics aimed 

at targeting transcription factor complexes (Moellering et al. 

2009). They reported the development of hydrocarbon-sta- 

pled peptides for the inhibition of NOTCH signaling. The 

binding of protein ligands to NOTCH transmembrane recep- 

tors facilitates the activation of NOTCH target genes which 

triggers proteolytic cleavage of the intracellular domain of 

NOTCH (ICN) (Bray 2006). The ICN activates transcription 

by forming a trimeric complex with the coactivator proteins 

of the mastermind-like (MAML) family and DNA bound 
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transcription factor CSL in the nucleus. On the basis of the 

α-helical binding domain of MAML, the i, i + 4 stapled pep- 

tide SAHM1 was developed. The peptide observed robust 

cellular uptake and potent inhibition of the trimer forma- 

tion in vitro (Moellering et al. 2009). Cell-based assays con- 

firmed the inhibition of NOTCH dependent gene expression. 

SAHM1 treatment observed specific antiproliferative effects 

in a mouse model of NOTCH driven T-cell acute lympho- 

blastic leukemia (Moellering et al. 2009). 

Based on the a-helical b-catenin binding epitopes of Axin 

and BCL9 hydrocarbon-stapled peptides were used to target 

the Wnt signaling cascade (Hahne and Grossmann 2013). 

The Wnt signaling is activated by the binding of extracel- 

lular Wnt protein ligands to a receptor complex, which 

subsequently leads to intracellular inhibition of a multipro- 

tein destruction complex consisting of scaffolding proteins 

such as protein kinases and Axin. In the absence of the Wnt 

ligand the complex facilitates the degradation of the protein 

%-catenin. The inhibition of the destruction complex in the 

presence of Wnt ligand triggers accumulation of %-catenin 

and its translocation into the nucleus. In the nucleus it binds 

to transcription factors of the LEF/TCF family and co-acti- 

vators such as B-cell lymphoma 9 protein (BCL9) enabling 

the activation of transcription of the Wnt target genes (Katoh 

2007). 

The direct targeting of %-catenin has been a long standing 

goal (Hahne and Grossmann 2013). The i, i + 4 stapled pep- 

tides StAx-35R (Grossmann et al. 2012) and SAH-BCL9B 

(Takada et al. 2012) were developed. In cell-based assays 

the StAx-35R prevents the formation of a complex between 

LEF/TCF transcription factors and % catenin thereby inhibit- 

ing target genes under the control of Wnt signaling (Gross- 

mann et al. 2012). The correct subcellular localization is 

essential for efficient inhibition of the signaling cascade 

(Cui et al. 2013). The SAH-BCL9B prevents the interaction 

between co-activator BCL9 and % catenin thereby inhibit- 

ing a subset of Wnt target genes that control stem-cell-like 

behavior in some forms of cancer. SAH-BCL9B reduces 

tumor growth, metathesis and invasion in mouse xenograft 

models (Takada et al. 2012). 

Hydrocarbon- stapled peptides were also used to modu- 

late other facets of gene expression. In histone methylation 

processes the complex between EED (embryonic ectoderm 

development and suppressor of zeste 12 homologue) and 

EZH2 (enhancer of zeste homologue 2) is vital. The com- 

plex formation was inhibited using EZH2-derived stapled 

peptides (Kim et al. 2013). Stapled peptides have also been 

used to target protein–protein complexes involved in the 

regulation of mRNA transcription (Lama et al. 2013) and 

DNA protection mechanisms (Frank et al. 2014). Estrogen 

receptors are activated by steroid hormones and regulated 

by co-activator proteins. The hyperactivation of these tran- 

scription factors has been implicated in the development 
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of cancer (Darnell 2002). Co-activator proteins bind the 

receptor through a nuclear receptor box (NR-box) consist- 

ing of a LXXLL motif. Upon binding the motif adopts an 

α-helical secondary structure (Fig. 5a). Attempts to stabilize 

the binding motif in its active conformation were done using 

disulfide (PERM-1, Fig. 5b), lactam, or thioether side chain 

to side chain cross-links (Galande et al. 2004). A lactam 

cross-linked peptide was further modified by incorporating 

unnatural amino acids, increasing the selectivity between 

receptor subtypes (Geistlinger and Guy 2003). Stapled pep- 

tides (i, i + 4) were designed using the crystal structure of 

nuclear receptor co-activator (NRCA) peptide 2 bound to 

ERα (Fig. 5a). 

Structural studies revealed significant variations in the 

binding mode, affinity and selectivity. Notably, one of the 

crucial Leu amino acids was replaced by a building block 

 

in the formation of the marcocycle (Sp2; Fig. 5b). In this 

case, the hydrophobic cross-link is involved in the binding, 

thereby leaving the remaining residues of the stabilized 

peptide in good alignment with the wild-type peptide (Phil- 

lips et al. 2011). A structural mimetic was designed based 

on pyridylpyridone derivatives with substitutions in the 2-

pyridyl and 1,5-pyridone positions (e.g. 44) to provide 

compounds that compete with the natural binding sequence 

in vitro (Hamilton and coworkers designed). The crystal 

structure aligns well with the Leu side chains of the heli- 

cal LXXLL motif (Fig. 5c) (Becerril and Hamilton 2007). 

Another PPI with implications in the occurrence of cancer 

is the interaction between hypoxia-inducible transcription 

factors (HIFs) and p300/CBP coactivator proteins. HIFs are 

expressed under the cellular state of reduced oxygen levels. 

 

Fig. 5 Estrogen receptor (ER) 

coactivator interaction: a Coac- 

tivator peptide NRCA bound to 

ERa (gray; PDB 2QGT); b top: 

superimposed crystal structures 

of NRCA (blue, PDB 2QGT) 

and disulfide cross-linked 

PERM-1 (gray, PDB 1PCG; 

left). Cys and d-Cys c are 

highlighted in red, the disulfide 

bridge in yellow; sequences 

of cross linked peptide (right). 

Bottom: Superimposed crystal 

structures of NRCA (blue, PDB 

2QGT) and stapled peptide Sp2 

(gray, PDB 2YJA; left). The 

cross-link is highlighted in red. 

Sequences of stapled peptide 

(right). Selected side chains are 

shown explicitly and high- 

lighted in sequence. c Super- 

imposed crystal structures of 

NRCA (blue, PDB 2QGT) and 

6-(2-tert-butyl-4-pyridyl)-3-hy- 

droxy-5-isobutyl-1-(3,3-dimeth- 

ylbutyl) 1H-pyridin-2-one 

(44, gray/red, CCDC: 636896) 

(Grossmann et al. 2015). (Color 

figure online) 
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In cancer cells, the interaction between HIFs and its co- 

activators can trigger the expression of genes that promote 

invasion, angiogenesis, and a modified metabolism (Hirota 

and Semenza 2006). The interaction between HIF-1α and 

p300/CBP is mediated by two short α helices in HIF-1α. 

Arora and co-workers designed a number of different 

peptidomimetics based on these peptide sequences. Ini- 

tial efforts focused on hydrogen-bond surrogates to yield 

modified peptides inhibit complex formation (Henchey 

et al. 2010a, b; Kushal et al. 2013). Stabilized peptides 

showed inhibitory effects both in murine tumor xenografts 

and cancer-cell-based assays. Class C peptidomimetics 

observed potency in inhibiting the HIF-1ap300/CBP inter- 

action (Lao et al. 2014a, b; Burslem et al. 2014). Aromatic 

oligoamides showed inhibitory effects in vitro (Burslem 

et al. 2014). Class C oligooxopiperazine helix mimetics 

(OHM, 37) compete with HIF-1α binding in vitro, reduces 

the expression of hypoxia-inducible genes in cell-based 

assays and is active in murine tumor xenografts. These 

results highlight the remarkable potential of α-helix 

mimetic based on oligooxopiperazine scaffolds (Lao et al. 

2014a, b). 

 

 
Conclusions and Future Perspectives 

The discovery of PPI as potential drug targets for thera- 

peutics has been an impressive journey to fame over the 

years. The continuously improving technology expertise 

in PPI-focused drug approach has brought the once intrac- 

table and undruggable approach on the spotlight as sig- 

nificant drug development strategy. The PPI-focused drug 

technology presents an emerging field for drug discovery 

and researchers have siphoned new technologies that have 

the potential to move this field further up the technology 

development curve and enable the regular discovery of PPI 

modulators. Peptidomimetics tend to mimic peptide side 

chains to take advantage of the binding affinity of a num- 

ber of hot spot residues. The use of peptidomimetics has 

recently come of age with new drugs going into clinical 

trials. We envision that research in peptidomimetics will 

continue to be an indispensable tool to target PPI in drug 

discovery for the foreseeable future. 
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Preface − About the Manuscript 

 

The manuscript gives a comprehensive and perspective overview on the oncogenic potential of 

the small nuclear ribonucleoprotein polypeptide G (SNRPG). It provides in-depth explorations 

on the milestones covered in identifying the critical roles played by SNRPG in the biogenesis of 

spliceosomal uridyl-rich small nuclear ribonucleoprotein particles (U snRNPs; U1, U2, U4 and 

U5), which are precursors of both the major and minor spliceosome. The script introduces the 

overlooked aspects of how splicing associated Sm proteins, particularly SNRPG, can be relevant 

therapeutic targets to unlock the mysteries behind finding permanent solutions against cancer. 

For a long time splicing associated Sm proteins have been sidelined, overlooked, underexplored 

and branded undruggable. Very little is known about these proteins. However, splicing proteins 

such as SNRPG are indispensable in mRNA processing and they have been implicated in 

different types of cancers. Therefore, Sm proteins remain central in tumorigenesis and tumor 

development. Thus, the manuscript aims to put the overlooked SNRPG protein on a limelight, 

and prompt scientists to reconsider the critical role it may play in PPI-focused drug discovery. 

Perhaps investigating the mundus operandi of the core-splicing protein might unveil new 

avenues in designing and developing new diagnostics and therapeutic drugs in cancer. 
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Abstract: Small nuclear ribonucleoprotein polypeptide G (SNRPG), often referred to as Smith protein G (SmG), is an  

indispensable component in the biogenesis of spliceosomal uridyl-rich small nuclear ribonucleoprotein particles (U 

snRNPs; U1, U2, U4 and U5), which are precursors of both the major and minor spliceosome. SNRPG has attracted  

significant attention because of its implicated roles in tumorigenesis and tumor development. Suggestive evidence of its  

varying expression levels has been reported in different types of cancers, which include breast cancer, lung cancer, prostate 

cancer and colon cancer. The accumulating evidence suggests that the splicing machinery compo- nent plays a significant 

role in the initiation and progression of cancers. SNRPG has a wide interaction network, and its functions are 

predominantly mediated by protein-protein interactions (PPls), making it a promising anti-cancer therapeutic target in PPI- 

focused drug technology. Understanding its roles in tumorigenesis and tumor developmentis an indispensable arsenal in the 

development of molecular-targeted therapies. Several antitumor drugs linked to splicing machinery components have been  

reported in different types of cancers and some have already entered the clinic. However, targeting SNRPG as a drug 

development tool has been an overlooked and underdeveloped strat- egy in cancer therapy. In this article, we present a 

comprehensive and perspective view on the oncogenic potential of SNRPG in PPI-focused drug discovery. 

Keywords: DEAD-box helicase 20, mRNA splicing, RBBP6, SNRPG, protein-protein interactions, transforming acidic 

coiled-coil containing protein 1, tumorigenesis 

 

Introduction 

 
Protein-protein interactions (PPIs) are indis- 

pensable in normative cellular processes and are 

tremendously important mediators in the 

progression of many disease states [1-3]. More 

than 600,000 disease-relevant PPIs have so far 

been reported in the human interactome [4, 5], 

most of which remain elusive and underex- 

plored. Optimizing the integration of PPIs with 

conventional and targeted cytotoxic therapies may 

lead to greatly protracted remissions and even 

curative therapies for several diseases, including 

cancer [6-8]. Over the years PPIs have been 

regarded as prototypically “intractable” and 

“undruggable” owing to their highly dynam-ic and 

expansive interfacial areas [2, 3].However, owing 

to improving technology exper- tise, the advent 

of PPI-focused smart-drug 

technology presents a notable advance in dis- ease 

diagnostics and therapeutic studies [7-9]. PPls 

have emerged as significant arsenals in the drug 

development armory and inhibiting PPIs using 

small molecules or peptides modu- lates 

biochemical pathways and has therapeu- tic 

significance [4, 7, 8, 10]. 
 

The emergence of PPI-focused drug technology 

has prompted scientists to consider targeting 

splicing machinery components as possible tar- 

gets in alleviating the existing cancer challeng- es 

[5-7]. The strategy ushered in a new dawn in the 

field of drug discovery. A few drugs arealready on 

the market and some potential drug-like candidates 

are in clinical trials [2, 3, 11-13]. Nevertheless, 

targeting Smith (Sm) proteins as PPI drug 

development tools has been an over- looked and 

underdeveloped strategy in cancer 

http://www.ajtr.org/


114  

SNRPG in protein-protein interactions-driven anticancer therapy 
 

 

Figure 1. Cartoon representation of p-catenin/T-cell factor (Tcf) PPl interface showing three hot regions. Hot region 1 

(K435 and K508 of p-catenin and D16 and E17 of Tcf4), hot region 2 (K312 and K345 of p -catenin and E24 and E29 of 

Tcf4) and hot region 3 (F253, l256, F293, A295, and l296 of p-catenin and V44 and L48 of Tcf4). The coop- erative 

contributions of hot spots within one hot region stabilize PPls (Figure taken from [31]). 

 

therapy [7, 14]. Varying expression levels have 

been reported in different types of cancers, which 

include breast cancer, lung cancer, pros- tate 

cancer and colon cancer [15-20]. However, very 

little is known about their putative interac-tions in 

cancer-cell protein networks and their roles in 

different types of cancers. 

Understanding their functional implications may 

lead to new avenues to design and devel- op PPI- 

focused therapeutic drugs in cancer [2, 3, 5-7, 21, 

22]. In this article, we present a com- prehensive 

view and perspective on the onco- genic potential 

of SNRPG in PPI-focused drug technology. 
 

PPI interfaces 

 
PPIs occur over a relatively large interfacial area 

of approximately 1000 to 4000 Å2. The area is 

relatively prodigious in comparison to the mean 

contact area obligated for inhibition by small 

molecule inhibitors (300 to 1000 Å2) [23, 24]. 

The interfacial area of PPIs harbors 

incontrovertible hydrophobic regions called “hot 

spots”. These hydrophobic regions contrib- ute to 

the binding affinity and help to hold the two 

interacting proteins together [25, 26]. 

Typically, hot spot density on the protein-pro- tein 

interface composes 10% of the binding site 

residues. The amount of the structurally conserved 

residues (energetic hot spots) increases with the 

expansion of the interacting surface area [27]. 
 

Hot spot regions usually occur in clusters and 

within each cluster tightly packed hot spots form a 

network of conserved interactions called hot 

regions (shown in Figure 1) [28]. The coop- 

erative contributions of hot spots within one hot 

region stabilize PPIs. Hot regions are net- worked; 

their energetic contributions can be additive or 

cooperative and contribute domi- nantly to the 

stability of PPIs [29, 30]. Hot spot pockets for 

PPls are distinguishable from the other regions of 

the protein surface owing to their concave 

topology, combined with a pat- tern of 

hydrophobic and polar functionality. This 

combination of properties confers on concave hot 

regions a tendency to bind other proteins and 

small organic compounds possessing some polar 

functionality decorating a largely hydrophobic 

scaffold [31]. 

 

Hot spot regions are rich in hydrogen bonding and 

hydrophobic amino acids (Trp, Arg and Tyr), 
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Figure 2. Antibody staining of five standard cancer tissues samples highlighting the localization of SNRPG in tumor cells. 

A. Colorectal Cancer. B. Breast Cancer. C. Prostate Cancer. D. Lung Cancer. E. Liver Cancer. Antibodies are labeled with  

DAB (3,3’-diaminobenzidine) and the resulting brown staining indicates where an antibody has bound to its corresponding 

antigen (SNRPG). Staining: Medium, Intensity: Moderate, Quantity: > 75%, Location: Nuclear, Magnification: 40 × 

(Figure taken from [18]). 

 

which contribute to π-interactions and the bind- 

ing of free energy [32]. Systematic alanine 

scanning mutagenesis has revealed that 

exchanging amino acid residues for alanine in 

these hot spot regions reduces the binding affinity 

by at least 2 kcal/mol [32]. Further anal- ysis 

observed that hot spot regions comprise a core and 

a rim region. The rim region has an amino acid 

composition similar to the whole interfacial area, 

whereas the core region con- sists solely of 

aromatic residues [33, 34]. The core region fosters 

the a-helix, p-sheet and p-turn motifs, with the a- 

helix having a higher ratio in most of the 

secondary protein struc- tures. The a-helix actively 

binds into the grooves of binding partners and 

modulates the func- tioning of a large number of 

the disease-rele- vant PPIs [26, 35]. 

 

Comprehensive view 

 
SNRPG is an approximately 8.5 kDa core-splic- 

ing and cancer-implicated Sm protein whose 

functions are predominantly mediated by PPIs 

[16, 36, 37]. The SNRPG protein coding gene is 

found on chromosome 2p13.3 and is made up of 8 

exons. The gene comprises 455 nucleo- tides with 

an open reading frame encoding a predicted 

protein of 76 amino acid residues. An important 

paralog of this gene is LSM7. SNRPGprotein has 

a theoretical pI of 8.9 and is trans- lated in vitro 

from a single SNRPG mRNA that migrates as a 

doublet on high-TEMED SDS- PAGE [38]. The 

two bands represent conforma- tional isomers of 

the same protein. However, several transcript 

variants encoding different isoforms have been 

found for this gene. Northern blot analysis 

revealed that the SNRPG gene is expressed as an 

approximately 0.5-kb mRNA in HeLa cells [39]. 

SNRPG is a bona fide component of survival of 

motor neurons (SMN)-Sm protein complex, U1 

snRNP, U2 snRNP, U12 type spliceosomal com- 

plex, U4 snRNP, U5 snRNP, spliceosomal tri- 

snRNP complex, catalytic step 2 spliceosome, 

Cytosol, methylosome, nucleoplasm, small 

nuclear ribonucleoprotein complex and spliceo- 

somal complex [21]. Among its related path- ways 

are the mRNA splicing-minor pathway and 
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Figure 3. Human SNRPG protein primary structure alignment showing Sm1 and Sm2 motifs. Conserved aminoacids 

are highlighted as follows: Light blue (uncharged hydrophobic residues), green (acidic amino acids), purple (basic amino  

acids), dark blue (100% conserved amino acids) and turquoise (80% conserved glycine). Arrows mark the cross-linked 

amino acids in the protein sequences as identified by N-terminal sequencing, for example Phe37, Met38 and Asn39. The 

cross-linking sites are located within loop L3 of the Sm1 motif (Figure taken from [39]). 

 
 

 
 

Figure 4. Stereo view of the human SNRPG (depictedas 

a cartoon trace with magenta p strands) and its 

interactions with the Sm site in U1 snRNA. Selected 

amino acids are shown as stick models and num- bered 

according to their positions in the SNRPG poly-peptide. 

Atomic contacts are indicated by dashed lines (Figure 

taken from [14]). 

 
 

transport of the SLBP independent mature 

mRNA. The protein may also be a part of the U7 

small nuclear ribonucleoprotein (U7 snRNP) 

complex, which participates in the processing of 

the 3’ end of histone transcripts [21]. How- ever, 

it plays a yet uncharacterised role in link- ing core 

pre-mRNA splicing proteins to various cancers. 
 

As shown in Figure 2, varying expression levels 

of SNRPG have been reported in different typesof 

cancers, which include colorectal cancer, breast 

cancer, lung cancer, prostate cancer and liver 

cancer [15-20]. According to Blijlevens and co- 

workers, increased expression levels of SNRPG 

protein in different types of cancers show a 

positive correlation with disease initia- 

tion, progression and severity [40]. The varying 

expression levels of SNRPG in different types of 

cancers may be explained by the overexpres- sion 

of the protein, the mislocalisation of unas- 

sembled protein or the mislocalisation of mis- 

assembled protein [41]. Thus, SNRPG may con- 

tribute significantly to the initiation and pro- 

gression of cancers [14, 16, 37, 42-46]. 
 

SNRPG, like other Sm proteins, is characterisedby 

the presence of a conserved motif called the Sm 

motif. As shown in Figure 3, the Sm motif 

consists of two conserved regions that are 

separated by a non-conserved linker region, Sm1 

and Sm2. The conserved motif comp- rises an 

antiparallel p sheet of p5‡•p1↓•p2‡• p3↓•p4‡ 

topology [39]. Several of the Sm sub- units are 

decorated by additional unstructured C terminal 

extensions and secondary stru- cture elements. 

The Sm motif encodes for a common folding 

domain (Sm domain) that is responsible for 

mediating PPIs between Sm proteins through the 

antiparallel p strands [47]. Moreover, SNRPG 

possesses two solvent- exposed hydrophobic 

interaction surfaces that are prone to nonspecific 

interactions under physiological conditions [47- 

52]. According to Stark and co-workers SNRPG 

has a wide inter- action network comprising more 

than 138 interactions with more than 115 

identified interactors [21]. Its functions are 

mediated by both the specific and non-specific 

PPls. 

 

Prior to their involvement in the splicing cycle, 

SNRPG together with the other Sm proteins ini- 

tially undergo translation in the cytoplasm and 

follow a hierarchical maturation pathway in which 

they interact independently of snRNA (shown in 

Figure 5) [53]. The activity is mediat- 
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Figure 5. Model of assisted assembly of U snRNPs. Sm proteins are initially translated in the cytoplasm and se- questered 

by the PRMT5-complex, consisting of the Type ll methyltransferase PRMT5, WD45 (also termed Mep50) and pICln, 

which promotes symmetric dimethylation of arginines on Sm proteins B/B0, D1 and D3 (step 1). Next, the SMN-complex 

interacts with the PRMT5-complex to form an SMN-PRMT5-complex in which the Sm proteins are transferred onto the 

SMN-complex (step 2). These Sm proteins are assembled onto the “Sm-site” of U snRNAs to form U snRNPs (step 3). 

Finally, the U snRNP, the SMN-complex and PRMT5-complex dissociate and the latter two engage in a new round of U 

snRNP (Figure extracted from [53]). 

 

ed predominantly by the assembly chaperone 

pICln, which inhibits the pre-mature binding of 

Sm proteins onto U snRNA and recruits all newly 

synthesized Sm proteins to the protein arginine 

methyltransferase 5 (PRMT5) complex 

forming three hetero-oligomers, D3/B, D1/D2 and 

E/F/G [22, 41, 52, 54]. The PRMT5- 

complex (comprising the Type II methyltransfer- 

ase PRMT5, WD45 and pICln) promotes sym- 

metric dimethylation of arginines on Sm pro- 
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Figure 6. Schematic representation of the dysregulatory events in the homeostasis of U snRNPs. Dysregulation of Sm 

proteins during U snRNP assembly causes cellular proteotoxicity. Early phase plCln deficiency leads to degrada- tion of 

Sm proteins via autophagy and mislocalisation of unassembled and/or misassembled Sm proteins. Late phase SMN 

deficiency leads to accumulation of Sm proteins over plCln (Figure taken from [53]). 

 

teins B/B’, D1 and D3. The SMN-complex inter- 

acts with the PRMT5-complex facilitating the 

assembly of Sm proteins onto the “Sm-site” of U 

snRNAs forming the U snRNPs, as shown in 

Figure 4 [41]. After additional modification and 

processing steps, the U snRNP is targeted to its 

nuclear site of function, where it ultimately 

accumulates in interchromatin region struc- tures 

known as splicing speckles [22, 41, 53]. 
 

Very little is known about the manner in which 

the Sm proteins recognize and interact with the 

RNA-Sm site element. However, SNRPG has 

been highlighted to play a critical role in the direct 

recognition of the Sm site in the U snRNPs 

assembly [55]. According to Heinrichs and co- 

workers a direct contact between the SNRPG and 

the 5’ part of the Sm site element within HeLa U1 

snRNP particles was demon- strated by cross- 

linking approaches [55]. As indicated in Figure 2, 

the cross-linking sites are located within loop L3 

of the Sm1 motif. The cross-linked amino acids 

are identified in the protein sequences as 

identified by N-terminal sequencing: Phe37, 

Met38 and Asn39 [55]. The cross-linking 

observed for the SNRPG is an 

outstanding feature and provides the first line of 

evidence that SNRPG plays a yet uncharac- 

terized and pivotal role in the functional activi- 

ties of Sm proteins. 

 

In this context, cells are engineered to use a 

plethora of PPl networks to provide a therapeu- 

tically tractable way of tweaking and manipulat- 

ing the interplay of Sm proteins in order to 

maintain and address the normative cellular 

functions and progression of many disease states, 

including cancer [1, 56]. As shown in Figure 6, 

deficiency of plCln due to pathophysi- ological 

cues and disease progression has been linked to 

mislocalization of the unassem- bled and/or 

misassembled Sm proteins and their subsequent 

degradation via autophagy [41]. SMN deficiency 

has been linked to accu- mulation of Sm proteins 

over the pICln [41, 51, 57]. The reduced 

expression of functional SMN caused by genomic 

mutations has been linked to the debilitating 

human disorder spinal mus- cular atrophy [58]. 

 

In case of abnormality or impairment in the 

regulation of the assembly pathway, the cell 
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activates fail-safe measures, including target- ed 

autophagosome-mediated Sm protein deg- 

radation and exosome-processed Sm-encoding 

transcript degradation [41, 51, 57, 58]. These 

measures refine cellular quality control mecha- 

nisms to prevent proteotoxicity during imbal- 

ances in UsnRNP assembly [41]. Therefore, the 

regulation of Sm proteins during U snRNP 

assembly is tremendously important to prevent 

cellular proteotoxicity in disease progression [22, 

41, 53]. 

 

Perspective view 

 
Recent studies have shown significant evi- dence 

that deregulation of spliceosomal Sm proteins is 

linked to pathophysiological cues and disease 

states, such as cancer [40, 59]. The interference of 

Sm protein expression has been shown to induce 

apoptosis in non-small- cell lung cancer (NSCLC) 

cells [40]. According toBlijlevens and co-workers 

Sm proteins are fre- quently upregulated in 

NSCLC and their inc- reased expression shows 

positive correlation with disease severity [40]. 

Despite their inabili- ty to induce apoptosis in 

non-malignant cells, Sm proteins represent a 

particularly useful novel target for selective 

treatment of NSCLC [40]. However, their 

functional basis remains elusive and yet to be 

fully understood. 
 

ln another study, Jin and co-workers investigat- ed 

the effects of silencing SNRPN expression on 

cell growth using the Daoy human medullo- 

blastoma cell line in vitro [60]. The study 

observed that the knockdown of SNRPN mark- 

edly reduced the proliferation and colony-form- 

ing ability of Daoy medulloblastoma cells. The 

results indicate that SNRPN may be a potential 

novel target for the development of pharmaco- 

logical therapeutics in human medulloblasto- ma 

[60]. Variable methylation of SNRPN has also 

been linked to germ cell tumors and acutemyeloid 

leukemia [61, 62]. SNRPN depletion inhibits the 

proliferation and colony formation of BxPC-3 

pancreatic adenocarcinoma cells, leading to S 

phase cell cycle arrest and cell accumulation at the 

sub G1 phase [63]. However, the signalling 

pathway of SNRPN involved in the BxPC-3 cell 

proliferation and tumorigenesis remains unclear 

and yet to be fully elucidated. The results suggest 

that SNRPN may promote pancreatic 

adenocarcino- ma cell growth via regulation of 

the cell cycle 

 
and apoptosis, and lentivirus mediated SNRPN 

knockdown may be a potential therapeutic method 

for the treatment of pancreatic cancer [60]. 
 

Using semi-quantitative RT-PCR, Anchi and co- 

workers also reported the involvement of SNRPE 

in cell proliferation and progression of high-grade 

prostate cancer through the regula- tion of 

androgen receptor expression [64]. SNRPE 

overexpression promoted prostate can- cer cell 

proliferation in high-grade prostate can- cer cells 

compared with normal prostatic epi- thelial cells, 

indicating its oncogenic effects. lts knockdown 

expression by short interfering RNA (siRNA) 

resulted in the marked suppres- sion of prostate 

cancer cell proliferation [64]. Furthermore, the 

study observed that the regu- lation of androgen 

receptor expression bySNRPE is essential for cell 

proliferation and progression of high-grade 

prostate cancer.Thus, SNRPE may present a novel 

molecular target for cancer drugs [64]. 

 

SNRPG is one good example of proteins that have 

been implicated in cancer and whose functions are 

predominantly mediated by PPIs [16, 36, 37]. 

According to Johnson and co-work- ers most 

cancer-implicated proteins possess structural 

domains that have a higher ratio of infidelity 

compared to non-cancer-implicated proteins, 

making them more prone to interac- tion with a 

wide diversity of proteins [65]. Cancer-implicated 

proteins have a large num- ber of interacting 

proteins and occupy a central position in cancer- 

cell protein networks [66- 68]. PPIs between 

cancer-implicated proteins have a higher 

probability of being related to thecancer processes 

than non-interacting proteins [1, 56, 65, 69]. The 

accumulative and sugges- tive evidence of the 

varying expression levels inmore than 20 different 

types of cancers makes SNRPG a promising anti- 

cancer therapeutic tar- get in PPI-focused drug 

technology [16]. 

 

SNRPG and retinoblastoma binding protein 6 

(RBBP6) 

 

Putative PPIs between SNRPG and RBBP6 have 

been suggested. RBBP6 is a 250 kDa splicing- 

associated human protein initially known to bind 

to the retinoblastoma gene product, pRB [15, 17]. 

The RBBP6 gene is known to possess six 

different domains (shown schematically in Figure 

7) that have been characterized and 
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Figure 7. The domain organisation in human RBBP6. RBBP6 has three well- 

conserved N-terminal domains namely (i) “Domain with no name” (DWNN), 

(ii) Zinc knuckle and (iii) RlNG (really interesting new gene) finger domain, and  

three C-terminal domains, viz (i) proline-rich SR domain, (ii) Rb-binding domain 

and (iii) p53-binding domain (Figure taken from [76]). 

 

ble connection between tu- mor 

suppressor proteins and the 

splicing machinery com- 

ponents. The putative effects of 

the N-terminal domain of 

RBBP6 on Sm proteins is an 

interesting finding that may 

catapult investigations to see 

whether tumor suppressor 

proteins can directly influence 

Sm proteins in pre-mRNA 

splicing. Using a yeast 2-hy- 

brid (Y2H) technique, Chibi 

and co-workers postulated 

linked with different types of cancer [15]. RBBP6 

has three well-conserved N-terminal domains 

(“domain with no name” (DWNN), zinc knuckle 

and “really interesting new gene” (RlNG) finger 

domain) and three C-terminal domains (proline- 

rich SR domain, Rb-binding domain and p53- 

binding domain) [15, 70, 71]. Even though the 

functions of the N-terminal domains are not yet 

fully understood, it is well understood that RBBP6 

is linked to tumorigen- esis and tumor 

development, and its functions are predominantly 

mediated by PPIs [17]. RBBP6 has been 

characterized and linked with14 different types of 

cancer at varying expres- sion levels [15, 19, 42, 

44, 46, 71-75]. It inter- acts with the two- 

prototypical tumor suppres- sor proteins p53 and 

pRB [15, 17, 19]. 

 

Among other oncogenic functions, RBBP6 facil- 

itates interaction between p53 and its negative 

regulator, MDM2, leading to enhanced p53 

ubiquitination and degradation [17, 19]. lt also 

interferes with the binding of p53 to DNA and 

facilitates the ubiquitination of pRb [17]. RBBP6 

interacts directly with the pro-proliferative tran- 

scription factor Y-box-binding protein-1 (YB-1). 

Its overexpression in cultured mammalian cells 

leads to suppression of the anti-apoptotic YB-1 in 

a proteasome-dependent manner [71]. However, 

because it down-regulates both the pro-apoptotic 

p53 and the anti-apoptotic YB-1, the effect of 

RBBP6 on tumorigenesis is likely to be highly 

complex [45]. 

 

Accumulative evidence has shown that RBBP6 

interacts with core splicing Sm proteins, SNRPB 

[15] and SNRPG [43, 45]. Using immunoblot 

analysis, Simons and co-workers observed that the 

N-terminal domain of RBBP6 interacts with Sm 

proteins [15]. The result points to a possi- 

that RBBP6 may perhaps interact with the core 

splicing SNRPG protein through its N-terminal 

domains, which is a crucial component of the 

RNA processing machinery in the cell [43]. These 

suggestions substantiate the possible involvement 

of RBBP6 in pathways linked to the pre-mRNA 

splicing machinery. However, the precise 

mechanisms involved remain elusiveand yet to be 

characterised. 
 

Furthermore, Kappo and co-workers identified 

two copies of SNRPG (conformational isomers of 

the same protein) as part of the five sub- strates 

that bind to the N-terminal domain of RBBP6 

[45]. The Y2H findings support the results that 

there might be a link between RBBP6 and the Sm 

proteins in the initiation andprogression of cancers 

[15, 43]. Considering the critical role played by 

SNRPG in the forma- tion of the hetero-oligomer 

E/F/G, Sm protein assembly and the subsequent 

assembly of Sm proteins onto the “Sm-site” of U 

snRNAs form- ing the U snRNPs, the results may 

suggest a possible strong link between SNRPG, 

pRb/p53 pathways and tumorigenesis [37]. 

Although many aspects of the above model 

remain to be proven and the mechanisms and 

functional basis of the links have yet to be fully 

under- stood, the findings have strong and 

interesting implications that prompt further 

investigations into the oncogenic potential of the 

core splicing SNRPG protein in the initiation and 

progressionof cancers. 

 

The possible connection between SNRPG and the 

N-terminal domains of RBBP6 relates to features 

that suggest that these proteins may be the 

“forgotten link” connecting the cellular pre- 

mRNA splicing mechanism to tumorigene- sis and 

tumor development. First, the abundant 
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Figure 8. Mapping of TACC1/SNRPG interactions using the two-hybrid method in yeast. A. Schematic representationof 

TACC1 protein showing its three different regions: N-terminus, central serine/proline-rich region with two SPAZ motifs 

and coiled-coil C-terminus. Below are the different fragments generated as baits. B. Results of the mapping showing 

SNRPG binding to the N-terminus region of TACC1 in yeast two-hybrid experiments (Figure taken from [16]). 

 

localization of SNRPG and RBBP6 in the nucle- 

olus and nuclear speckles in tumor cells indi- 

cates a close connection between RBBP6 and 

several pre-mRNA splicing components [77]. 

Second, the association of RBBP6 with the Sm 

antigens in nuclear extracts, as shown by coim- 

munoprecipitation, suggests that RBBP6 is 

associated with these splicing factors in the liv-ing 

cells. Third, RBBP6 cDNA encodes an SR region 

that has biochemical properties similar to known 

SR splicing proteins, mediates the ubiquitination 

of p53 and pRb and interacts with SNRPB and 

SNRPG through its DWNN. It has been 

speculated that RBBP6 may link mRNA 3’-end 

processing to pRb/p53 pathways and 

tumorigenesis through its DWNN [37]. However, 

the question of how this happens remains 

unanswered. 

The physiological relevance of the interactions 

and the functional basis of the association 

between SNRPG and DWNN still remain obscure. 

Very little is known about the putative PPIs 

between SNRPG and the N-terminal domains of 

RBBP6. The two proteins play an as yet 

uncharacterised role in linking splicing machinery 

components to tumorigenesis and tumor 

development in various cancers. Perhaps 

understanding the binding events between 

RBBP6’s N-terminal domains and SNRPG may 

lead to new knowledge on how the two proteins 

relate in regulating splicing, tumorigenesis and 

tumor development. Inhibiting these PPIs may 

present a potential drug target in cancer diag- 

nostics and therapeutic studies. Thus, new 

avenues to design and develop new therapeu- tic 

drugs may be established. 
 

SNRPG and transforming acidic coiled coil 

containing protein 1 (TACC1) 

 

The TACC1 gene is in region p12 of chromo- 

some 8. lts mRNA is ubiquitously expressed and 

encodes a protein with an apparent molec- ular 

mass of 125 kDa [16]. The TACC1 protein’s 

subcellular localization is within the cell cyto- 

plasm and especially concentrated in the peri- 

nuclear area [16]. TACC1 was first identified asa 

potential oncogene; it is sometimes included in the 

amplification of the 8p12 region in breast cancers 

and can transform fibroblasts [78]. Based on the 

differential expression assay of chromosome 

8p11-21 genes, researchers identified the TACC1 

gene, whose mRNA is reduced or absent in breast 

carcinomas [79]. TACC1 mRNA gene expression 

is downregulat- ed in various types of tumors. 

Using immuno- histochemistry of tumor tissue- 

microarrays and sections, the level of TACC1 

protein is down- regulated in breast cancer [16]. 

Furthermore, using the two-hybrid screen in yeast, 

GST pull- downs and co-immunoprecipitations, 

Conteand co-workers identified SNRPG as one of 

the two potential binding partners for TACC1 in 

breast cancer (shown in Figure 8) [16]. The find- 

ings suggested that TACC1 might play a role in 

the control of mRNA metabolism. Thus, Conte 

and co-workers speculated that down-regula- 
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tion of TACC1 may alter the control of mRNA 

homeostasis in polarized cells and subse- quently 

participate in the oncogenic processes [16]. 
 

To delineate the region of TACC1 that interacts 

with SNRPG, TACC1 fragment encoded proteins 

fused to the LEX binding domain were used as 

baits in two-hybrid assays against the SNRPG 

prey [80]. As shown in Figure 8, the results 

observed that the binding region of SNRPG on 

TACC1 is thus restricted to the N-terminus region 

of TACC1. GST pull-down and co-immu- 

noprecipitation experiments confirmed that the N- 

terminus region of TACC1 is indeed the site of 

binding for the Sm protein [80]. Inhibiting the 

interaction between TACC1 and SNRPG, using 

small molecules or peptides may modulate cancer-

cell networks and have therapeutic sig- nificance. 

Hence investigating the binding ev- ents in the 

interactions between SNRPG and TACC1, and 

their relations in regulating splicing, 

tumorigenesis and tumor development may help 

identify new avenues to design and devel- op PPI- 

focused therapeutic drugs. Currently, the 

physiological relevance of the interactions and the 

functional basis for their association remain 

elusive and uncharacterized. 

 

SNRPG and DEAD-box helicase 20 (DDX20) 

 
DEAD-box helicase 20 (DDX20), commonly 

known as gem-associated protein 3 (Gemin3), is 

an ATP-dependent enzyme in humans that is 

encoded by the DDX20 gene [81, 82]. It is a 

component of the SMN complex that is tremen- 

dously important in the assembly and recon- 

struction of different Sm protein complexes [83]. 

Cleavage of the DDX20 by the poliovirus- 

encoded proteinase 2Apro has been shown to 

result in DDX20 inactivation and reducedsnRNP 

assembly [84]. DDX20 may act as a tumor 

suppressor in hepatocellular carcinoma and as a 

tumor promoter in breast cancer [85].According to 

Chen and co-workers, DDx20 defi- ciency 

enhances NF-KB activity by impairing theNF-KB- 

suppressive action of microRNAs. The findings 

suggest that dysregulation of the microRNA 

machinery components may also be involved in 

pathogenesis in various human dis- eases such as 

cancer [85]. 

 

One good example is miRNA-140, which acts asa 

liver tumor suppressor. Deficiency of DDx20 

leads to the impairment of miRNA-140 func- 

 
tion. Functional impairment of miRNAs has been 

linked to hepatocarcinogenesis [85]. Similarly, 

DDX20 may promote the progression of prostate 

cancer through the NF-KB pathway [85]. Clinical 

investigations by Shin and co- workers found that 

a positive DP103/NF-KB feedback loop promotes 

constitutive NF-KB activation in invasive breast 

cancers [86]. The activation of this pathway is 

linked to cancer progression and the acquisition of 

chemothera- py resistance. It implies that DP103 

has poten- tial as a therapeutic target for breast 

cancer treatment [86]. 

 

DEAD box proteins have been found to be 

involved in many aspects of RNA metabolism, 

including Sm-Sm protein interactions, pre- 

mRNA splicing, mRNA transport, mRNA degra- 

dation and translation in eukaryotes and pro- 

karyotes [87-92]. Using a biochemical appro- ach, 

Charroux and co-workers observed that anti- 

DDX20 mAbs immunoprecipitated the spli- 

ceosomal RNPG protein, as well as several other 

unidentified Sm proteins. Gemin3 inter- acts 

directly with Sm core proteins, including B/B’, 

D2, and D3 [93]. In addition, DDX20 is uniformly 

distributed in the cytoplasm, where U snRNP 

assembly takes place, and it can bespecifically co- 

immunoprecipitated with the cytoplasmic pool of 

Sm proteins [93]. Taken together, these findings 

suggest that DDx20 and SNRPG may play an 

important role linking the spliceosomal snRNP 

biogenesis to tumori- genesis and tumor 

development. Finding small- molecule or peptide 

inhibitors for the interac- tion between DDX20 

and SNRPG may help modulate cancer-cell 

networks and open up other avenues for the 

designing and develop- ment of new PPI-focused 

smart drugs. 

 

Conclusions 

 
Despite the strong and interesting implications 

associated with SNRPG and its significant 

prowess as a potential smart-drug discoverytarget 

in PPI-focused diagnostics and thera- peutic 

studies [14], the oncogenic potential of SNRPG 

remains to be proven. The mechanisms and 

functional basis of its operations in link-ing the 

splicing machinery to tumorigenesis and tumor 

development remain elusive and yet to be fully 

investigated. The findings pre- sented in this study 

prompt further investiga- tions. However, it is 

noteworthy that the foun- 
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dational basis of the views here presented in this 

article is based solely on the questiona-ble Y2H 

technique. Despite the popularity, rela- tive 

methodical simplicity, diversity and high- 

throughput capacity, as well as screening meth-od 

for interactomics, Y2H techniques face the 

problem of false positives [94]. False positiv-es 

in Y2H are physical interactions detected in the 

screening in yeast that are not reproducible in an 

independent system. A list of recurrent false 

positives exists and often depends on the Y2H 

system used [94]. Nonetheless, in this study we 

confirm that there is no data so far reported to 

prove and support that the Y2H results presented 

in line with SNRPG are false positives. 

 

Acknowledgements 

 
Research reported in this article was sup- ported 

by the South African National Research 

Foundation (NRF) through funding received via a 

Thuthuka Grant awarded to Abidemi Paul Kappo 

(Grant No: 107262) and a Doctoral Bursary 

received by Lloyd Mabonga from the South 

African Department of Science and Technology 

(DST). Its contents are solely the responsibility of 

the authors and do not neces- sarily represent the 

official views of the South African DST or the 

NRF. 

 

Disclosure of conflict of interest 

 

None. 

 
Address correspondence to: Abidemi Paul Kappo, 

Molecular Biophysics and Structural Biology (MBSB) 

Group, Department of Biochemistry and Microbio-logy, 

University of Zululand, KwaDlangezwa 3886, South 

Africa. Tel: +27-35-902-6780; +27-72-084- 

3110; Fax: +27-35-902-6567; E-mail: KappoA@uni- 

zulu.ac.za 

 

References 
 

[1] Du L, Grigsby SM, Yao A, Chang Y, Johnson G, 

Sun H and Nikolovska-Coleska Z. Peptidomi- 

metics for targeting protein-protein interac- tions 

between DOT1L and MLL oncofusion pro- teins 

AF9 and ENL. ACS Med Chem Lett 2018; 9: 

895-900. 

[2] Robertson NS and Spring DR. Using peptidomi- 

metics and constrained peptides as valuable tools 

for inhibiting protein-protein interactions. 

Molecules 2018; 23. 

[3] Zhang G, Andersen J and Gerona-Navarro G. 

Peptidomimetics targeting protein-protein in- 

 
teractions for therapeutic development. Pro- tein 

Pept Lett 2018; 25: 1076-1089. 

[4] Gonzalez MW and Kann MG. Chapter 4: pro- 

tein interactions and disease. PLoS Comput Biol 

2012; 8: e1002819. 

[5] Díaz-Eufracio BI, JesúsNaveja J and Medina- 

Franco JL. Protein-protein interaction modula- 

tors for epigenetic therapies. Adv Protein Chem 

Struct Biol 2018; 110: 65-84. 

[6] Adams JM and Cory S. The Bcl-2 apoptotic 

switch in cancer development and therapy. On- 

cogene 2007; 26: 1324-1337. 

[7] Kale J, Osterlund EJ and Andrews DW. BCL-2 

family proteins: changing partners in the dance 

towards death. Cell Death Differ 2018; 25: 65-80. 

[8] Taylor lR, Dunyak BM, Komiyama T, Shao H, 

Ran X, Assimon VA, Kalyanaraman C, Rauch 

JN, Jacobson MP, Zuiderweg ERP and Gest- 

wicki JE. High throughput screen for inhibitors of 

protein-protein interactions in a reconstitut- ed 

heat shock protein 70 (Hsp70) complex. J Biol 

Chem 2018; 293: 4014-4025. 

[9] Pelay-Gimeno M, Glas A, Koch O and Gross- 

mann TN. Structure-based design of inhibitors of 

protein-protein interactions: mimicking pep- tide 

binding epitopes. Angew Chem Int Ed Engl2015; 

54: 8896-8927. 

[10] Keskin 0, Gursoy A and Ma B. Principles of 

protein-protein interactions: what are the pre- 

ferred ways for proteins to interact? Chem Rev 

2008; 108: 1225-44. 

[11] Wishart DS, Knox C, Guo AC, Cheng D, 

Shrivas-tava S, Tzur D, Gautam B and Hassanali 

M. A knowledgebase for drugs, drug actions and 

drug targets. Nucleic Acids Res 2008; 36: D901- 

D906. 

[12] Fuller JC, Burgoyne NJ and Jackson RM. Pre- 

dicting druggable binding sites at the protein- 

protein interface. Drug Discov Today 2009; 14: 

155-161. 

[13] xu GG, Guo J and Wu Y. Chemokine receptor 

ccr5 antagonist maraviroc: medicinal chemis- try 

and clinical applications. Curr Top Med Chem 

2014; 14: 1504-1514. 

[14] Schwer B, Kruchten J and Shuman S. Struc- ture- 

function analysis and genetic interactions of the 

SmG, SmE, and SmF subunits of the yeast Sm 

protein ring. RNA 2016; 22: 1320-8. 

[15] Simons A, Melamed-Bessudo C, Wolkowicz R, 
Sperling J, Sperling R, Eisenbach L and Rotter 

V. PACT: cloning and characterization of a cel- 

lular p53-binding protein that interacts with Rb. 

Oncogene 1997: 14: 145-155. 

[16] Conte N, Charafe-Jauffret E, Delaval B, Adéla- 

ïde J, Ginestier C, Geneix J, lsnardon D, Jacque- 

mier J and Birnbaum D. Carcinogenesis and 

translational controls: TACC1 is down-regulat- 

ed in human cancers and associates with 

 

Am J Transl Res 2019;11(11):6702-6716 



124  

SNRPG in protein-protein interactions-driven anticancer therapy 
 

 
mRNA regulators. Oncogene 2002; 21: 5619- 

5630. 

[17] Li L, Deng B and Xing G. PACT is a negative 

regulator of p53 and essential for cell growth and 

embryonic development. Proc Natl Acad Sci U S 

A 2007; 104: 7951-7956. 

[18] Ezkurdia l, Juan D and Rodriguez JM. Multiple 

evidence strands suggest that there may be asfew 

as 19 000 human protein-coding genes. Hum Mol 

Genet 2014; 23: 5866-5878. 

[19] Khan F, Allam M, Tincho MB and Pretorius A. 

Implications of RBBP6 in various types of can- 

cer. Proceedings IWBBIO 2014. Conference 

Paper Granada; 2014. pp. 7-9. 

[20] Hull R, Oosthuysen B and Cajee U. The dro- 

sophila retinoblastoma binding protein 6 fami- ly 

member has two isoforms and is potentially 

involved in embryonic patterning. Int J Mol Sci 

2015: 16: 10242-10266. 

[21] Stark C, Breitkreutz BJ, Reguly T, Boucher L, 

Breitkreutz A and Tyers M. BioGRlD: a general 

repository for interaction datasets. Nucleic Ac- 

ids Res 2006; 34: D535-9. 

[22] Ohtani M. Plant snRNP biogenesis: a perspec- 

tive from the nucleolus and cajal bodies. Front 

Plant Sci 2018; 8: 2184. 

[23] Jones S and Thornton JM. Principles of protein- 

protein interactions. Proc Natl Acad Sci U S A 

1996; 93: 13-20. 

[24] Conte LL, Chothia C and Janin J. The atomic 

structure of protein-protein recognition sites. J 

Mol Biol 1999; 285: 2177-2198. 

[25] Clackson T and Wells JA. A hot spot of binding 

energy in a hormone-receptor interface. Sci- ence 

1995; 267: 383-386. 

[26] Jochim AL and Arora PS. Systematic analysis of 

helical protein interfaces reveals targets for 

synthetic inhibitors. ACS Chem Biol 2010; 5: 

919-923. 

[27] Carbonell P, Nussinov R and Del Sol A. Ener- 

getic determinants of protein binding specifici-ty: 

insights into protein interaction networks. 

Proteomics 2009; 9: 1744-1753. 

[28] Keskin 0, Ma B and Nussinov R. Hot regions in 

protein-protein interactions: the organization and 

contribution of structurally conserved hot spot 

residues. J Mol Biol 2005; 345: 1281- 1294. 

[29] Reichmann D, Rahat 0, Albeck S, Meged R, Dym 

O and Schreiber G. The modular architec- ture of 

protein-protein binding interfaces. Proc Natl 

Acad Sci U S A 2005; 102: 57-62. 

[30] Moza B, Buonpane RA, Zhu P, Herfst CA, Rah- 

man AK, McCormick JK, Kranz DM and Sund- 

berg EJ. Long-range cooperative binding ef- fects 

in a T cell receptor variable domain. Proc Natl 

Acad Sci U S A 2006; 103: 9867-9872. 

[31] Guo W, Wisniewski JA and Ji H. Hot spot-based 

design of small-molecule inhibitors for protein- 

 
protein interactions. Bioorg Med Chem Lett 

2014; 24: 2546-2554. 

[32] Bogan AA and Thorn KS. Anatomy of hot spots 

in protein interfaces. J Mol Biol 1998; 280: 1-9. 

[33] Chakrabarti P and Janin J. Dissecting protein- 

protein recognition sites. Proteins 2002; 47: 334- 

343. 

[34] Chene P. Drugs targeting protein-protein inter- 

actions. Chem Med Chem 2006; 1: 400-411. 

[35] Raj M, Bullock BN and Arora PS. Plucking the 

high hanging fruit: a systematic approach for 

targeting protein-protein interactions. Bioorg 

Med Chem 2013; 21: 4051-4057. 

[36] Vo LT, Minet M, Schmitter JM, Lacroute F and 

Wyers F. Mpe1, a zinc knuckle protein, is an 

essential component of yeast cleavage and 

polyadenylation factor required for the cleav- age 

and polyadenylation of mRNA. Mol Cell Biol 

2001; 21: 8346-8356. 

[37] Shi Y, Di Giammartino DC, Taylor D, Sarkeshik 

A, Rice WJ, Yates JR 3rd, Frank J and Manley 

JL. Molecular architecture of the human pre- 

mRNA 3’-processing complex. Mol Cell 2009; 

33: 365-376. 

[38] Gasteiger E, Hoogland C, Gattiker A, Duvaud S, 

Wilkins MR, Appel RD and Bairoch A. Protein 

identification and analysis tools on the ExPasy 

Server. ln: John M Walker, editor. The Pro- 

teomics Protocols Handbook. Human Press; 

2005. pp. 571-607. 

[39] Hermann H, Fabrizio P and Raker VA. snRNP 

Sm proteins share two evolutionarily con- served 

sequence motifs which are involved in Sm 

protein-protein interactions. EMBO J 1995; 14: 

2076-2088. 

[40] Blijlevens M, Meulen-Muileman IH, Menezes 

RX, Smit EF and van Beusechem VW. High- 

throughput RNAi screening reveals cancer-se- 

lective lethal targets in the RNA spliceosome. 

Oncogene 2019; 38: 4142-4153. 

[41] Prusty AB, Meduri R, Prusty BK, Vanselow J, 

Schlosser A and Fischer U. Impaired spliceoso- 

mal UsnRNP assembly leads to Sm mRNA 

down-regulation and Sm protein degradation. J 

Cell Biol 2017; 216: 2391-2407. 

[42] Yoshitake Y, Nakatsura T, Monji M, Senju S, 

Matsuyoshi H, Tsukamoto H, Hosaka S, Komori 

H, Fukuma D, lkuta Y, Katagiri T, Furukawa Y, 

lto H, Shinohara M, Nakamura Y and Nishimura 

Y. Proliferation potential-related protein, an ideal 

esophageal cancer antigen for immuno- therapy, 

identified using complementary DNA microarray 

analysis. Clin Cancer Res 2004; 10:6437-6448. 

[43] Chibi M, Meyer M, Skepu A, G Rees DJ, Mool- 

man-Smook JC and Pugh DJ. RBBP6 interacts 

with multifunctional protein YB-1 through its 

RlNG finger domain, leading to ubiquitination 

 

 

Am J Transl Res 2019;11(11):6702-6716 



125  

SNRPG in protein-protein interactions-driven anticancer therapy 
 

 
and proteosomal degradation of YB-1. J Mol Biol 

2008; 384: 908-916. 

[44] Motadi LR, Bhoola KD and Dlamini Z. Expres- 

sion and function of retinoblastoma binding 

protein 6 (RBBP6) in human lung cancer. Im- 

munobiology 2011; 216: 1065-1073. 

[45] Kappo MA, Ab E, Hassem F, Atkinson RA, Faro 

A, Muleya V, Mulaudzi T, Poole JO, McKenzie 

JM, Chibi M, Moolman-Smook JC, Rees DJ and 

Pugh DJ. Solution structure of RlNG finger-like 

domain of retinoblastoma-binding protein-6 

(RBBP6) suggests it functions as a U-box. J Biol 

Chem 2012; 287: 7146-7158. 

[46] Ye F, Song J and Wang Y. Proliferation potential- 

related protein promotes the esophageal can- cer 

cell proliferation, migration and suppress- es 

apoptosis by mediating the expression of p53 and 

interleukin-17. Pathobiology 2018; 85: 322-331. 

[47] Kambach C, Walke S and Young R. Crystal 

structures of two Sm protein complexes and their 

implications for the assembly of the spli- 

ceosomal snRNPs. Cell 1999; 96: 375-387. 

[48] Pellizzoni L, Yong J and Dreyfuss G. Essential 

role for the SMN complex in the specificity of 

snRNP assembly. Science 2002; 298: 1775-9. 

[49] Kroiss M, Schultz J and Wiesner J. Evolution of 

an RNP assembly system: a minimal SMN 

complex facilitates formation of UsnRNPs in 

Drosophila melanogaster. Proc Natl Acad Sci US 

A 2008; 105: 10045-10050. 

[50] Zhang R, So BR, Li P, Yong J, Glisovic T, Wan 

L and Dreyfuss G. Structure of a key intermedi- 

ate of the SMN complex reveals Gemin2’s cru- 

cial function in snRNP assembly. Cell 2011; 146: 

384-95. 

[51] Grimm C, Chari A and Pelz JP. Structural basis 

of assembly chaperone-mediated snRNP for- 

mation. Mol Cell 2013; 49: 692-703. 

[52] Neuenkirchen N, Englbrecht C, 0hmer J, 

Ziegenhals T, Chari A and Fischer U. Reconsti- 

tution of the human U snRNP assembly ma- 

chinery reveals stepwise Sm protein organiza- 

tion. EMBO J 2015; 34: 1925-1941. 

[53] Neuenkirchen N, Chari A and Fischer U. Deci- 

phering the assembly pathway of Sm-class U 

snRNPs. FEBS Lett 2008; 582: 1997-2003. 

[54] Chari A, Golas MM, Klingenhäger M, Neuen- 

kirchen N, Sander B, Englbrecht C, Sickmann 

A, Stark H and Fischer U. An assembly chaper- 

one collaborates with the SMN complex to gen- 

erate spliceosomal SnRNPs. Cell 2008; 135: 497- 

509. 

[55] Heinrichs V, Hack W and Lührmann R. Direct 

binding of small nuclear ribonucleoprotein G to 

the Sm site of small nuclear RNA. Ultraviolet 

light cross-linking of protein G to the AAU 

stretch within the Sm site (AAUUUGUGG) of 

U1 small nuclear ribonucleoprotein reconstituted 

in vitro. J Mol Biol 1992; 227: 15-28. 

 
[56] Du X, Li Y, Xia YL, Ai SM, Liang J, Sang P, Ji 

XL and Liu SQ. Insights into protein-ligand 

interac- tions: mechanisms, models and methods. 

Int JMol Sci 2016; 17. 

[57] Boulisfane N, Choleza M and Rage F. Impaired 

minor tri-snRNP assembly generates differen- tial 

splicing defects of U12-type introns in lym- 

phoblasts derived from a type I SMA patient. 

Hum Mol Genet 2011; 20: 641-648. 

[58] Lefebvre S, Bürglen L and Reboullet S. lden- 

tification and characterization of a spinal mus- 

cular atrophy-determining gene. Cell 1995; 80: 

155-165. 

[59] Marabti EE and Younis I. The cancer spli- 

ceome: reprograming of alternative splicing in 

cancer. Front Mol Biosci 2018; 5: 80. 

[60] Jing J, Zhao Y, Wang C, Zhao Q, Liang Q, Wang 

S and Ma J. Effect of small nuclear ribonucleo- 

protein-associated polypeptide N on the prolif- 

eration of medulloblastoma cells. Mol Med Rep 

2015; 11: 3337-3343. 

[61] Benetatos L, Hatzimichael E, Dasoula A, Dran- 

itsaris G, Tsiara S, Syrrou M, Georgiou I and 

Bourantas KL. CpG methylation analysis of the 

MEG3 and SNRPN imprinted genes in acute 

myeloid leukemia and myelodysplastic syn- 

dromes. Leuk Res 2010; 34: 148-153. 

[62] Lee SH, Appleby V, Jeyapalan JN, Palmer RD, 

Nicholson JC, Sottile V, Gao E, Coleman N and 

Scotting PJ. Variable methylation of the im- 

printed gene, SNRPN, supports a relationship 

between intra-cranial germ cell tumours and 

neural stem cells. J Neurooncol 2011; 101: 419- 

428. 

[63] Fallini C, Bassell GJ and Rossoll W. Spinal mus- 

cular atrophy: the role of SMN in axonal mRNA 

regulation. Brain Res 2012; 1462: 81-92. 

[64] Anchi T, Tamura K, Furihata M, Satake H, Sa- 

koda H, Kawada C, Kamei M, Shimamoto T, 

Fukuhara H, Fukata S, Ashida S, Karashima T, 

Yamasaki l, Yasuda M, Kamada M, lnoue K 

and Shuin T. SNRPE is involved in cell prolifera- 

tion and progression of high-grade prostate 

cancer through the regulation of androgen re- 

ceptor expression. Oncol Lett 2012; 3: 264- 268. 

[65] Johnson PF, Cavanna T, Zicha D and Bates PA. 

Cluster analysis of networks generated through 

homology: automatic identification of impor- tant 

protein communities involved in cancer 

metastasis. BMC Bioinformatics 2006; 7: 2. 

[66] Steinbrecher T and Labahn A. Towards accu- rate 

free energy calculations in ligand protein- 

binding studies. Curr Med Chem 2010; 17: 767- 

785. 

[67] Heneghan C, Blacklock C, Perera R, Davis R, 

Banerjee A, Gill P, Liew S, Chamas L, Hernan- 

dez J, Mahtani K, Hayward G, Harrison S, Lass- 

erson D, Mickan S, Sellers C, Carnes D, Homer 

K, Steed L, Ross J, Denny N, Goyder C, Thomp- 

 

Am J Transl Res 2019;11(11):6702-6716 



126  

SNRPG in protein-protein interactions-driven anticancer therapy 
 

 
son M and Ward A. Evidence for non-communi- 

cable diseases: analysis of Cochrane reviews and 

randomised trials by World Bank classifi- cation. 

BMJ Open 2013; 3. 

[68] Bhandari GP, Angdembe MR and Dhimal M. 

State of non-communicable diseases in Nepal. 

BMC Public Health 2014; 14: 23. 

[69] Hanlon L, Avila JL, Demarest RM, Troutman S, 

Allen M, Ratti F, Rustgi AK, Stanger BZ, Radtke 

F, Adsay V, Long F, Capobianco AJ and Kissil 

JL. Notch1 functions as a tumor suppressor in a 

model of K-ras-induced pancreatic ductal ade- 

nocarcinoma. Cancer Res 2010; 70: 4280-6. 

[70] Witte MM and Scott RE. The proliferation po- 

tential protein related (P2P-R) gene with do- 

mains encoding heterogeneous nuclear ribo- 

nucleoprotein association and Rb1 binding shows 

repressed expression during terminal 

differentiation. Proc Natl Acad Sci U S A 1997; 

94: 1212-1217. 

[71] Pugh DJ, Eiso AB and Faro A. DWNN, a novel 

ubiquitin-like domain, implicates RBBP6 in 

mRNA processing and ubiquintin-like pathway. 

BMC Struct Biol 2006; 6: 1-12. 

[72] Gao S and Scott RE. P2P-R protein overexpres- 

sion restricts mitotic progression at prometa- 

phase and promotes mitotic apoptosis. J Cell 

Physiol 2002; 193: 199-207. 

[73] Gao S, Witte MM and Scott RE. P2P-R protein 

localizes to the nucleolus of interphase cells and 

the periphery of chromosomes in mitotic cells 

that show maximum P2P-R immunoreac-tivity. J 

Cell Physiol 2002; 191: 145-154. 

[74] Chen J, Tang H and Wu Z. Overexpression of 

RBBP6, alone or combined with mutant TP53, is 

predictive of poor prognosis in colon cancer. 

PLoS One 2013; 8: e66524. 

[75] Moela P, Choene MM and Motadi LR. Silencing 

RBBP6 (retinoblastoma binding protein 6) sen- 

sitises breast cancer cells MCF7 to staurospo- 

rine and camptothecin-induced cell death. 

Immunobiology 2014; 219: 593-601. 

[76] Muleya V. Structural characterisation of the 

interaction between RBBP6 and the multi- 

functional protein YB-1. MSc Thesis. Depart- 

ment of Biotechnology, University of Western 

Cape. South Africa. URI: http://hdl.handle. 

net/11394/2324 Accessed June 27, 2019. 

[77] Spector DL. Nuclear organisation of pre-mRNA 

processing. Curr Opin Cell Biol 1993; 5: 442- 

448. 

[78] Still IH, Vince P and Cowell JK. The third mem- 

ber of the transforming acidic coiled coil-con- 

taining gene family, TACC3, maps in 4p16, close 

to translocation breakpoints in multiple myeloma, 

and is upregulated in various cancer cell lines. 

Genomics 1999; 58: 165-70. 

[79] Ugolini F, Charafe-Jauffret E, Bardou VJ, Geneix 

J, Adélaïde J, Labat-Moleur F, Penault-Llorca F, 

 
Longy M, Jacquemier J, Birnbaum D and Pé- 

busque MJ. WNT pathway and mammary carci- 

nogenesis: loss of expression of candidate tu- mor 

suppressor gene SFRP1 in most invasive 

carcinomas except of the medullary type. On- 

cogene 2001; 20: 5810-5817. 

[80] Conte N, Delaval B, Ginestier C, Ferrand A, Is- 

nardon D, Larroque C, Prigent C, Séraphin B, 

Jacquemier J and Birnbaum D. TACC1-chTOG- 

Aurora A protein complex in breast cancer. On- 

cogene 2003; 22: 8102-8116. 

[81] Takata A, 0tsuka M, Yoshikawa T, Kishikawa T, 

Kudo Y, Goto T, Yoshida H and Koike K. A 

miR- NA machinery component DDX20 controls 

NF- KB via microRNA-140 function. Biochem 

Bio- phys Res Commun 2012; 420: 564-569. 

[82] Takata A, 0tsuka M and Yoshikawa T. MicroR- 

NA-140 acts as a liver tumor suppressor by 

controlling NF-KB activity by directly targeting 

DNA methyltransferase 1 (Dnmt1) expression. 

Hepatology 2013; 57: 162-170. 

[83] Shpargel KB and Matera AG. Gemin proteins are 

required for efficient assembly of Sm-class 

ribonucleoproteins. Proc Natl Acad Sci U S A 

2005; 102: 17372-17377. 

[84] Almstead LL and Sarnow P. Inhibition of U sn- 

RNP assembly by a virus-encoded proteinase. 

Genes Dev 2007; 21: 1086-1097. 

[85] Chen W, Zhou P and Li X. High expression of 

DDX20 enhances the proliferation and meta- 

static potential of prostate cancer cells throughthe 

NF-KB pathway. lnt J Mol Med 2016; 37: 1551- 

1557. 

[86] Shin EM, Hay HS, Lee MH, Goh JN, Tan TZ, 

Sen YP, Lim SW, Yousef EM, 0ng HT, Thike 

AA, Kong X, Wu Z, Mendoz E, Sun W, Salto- 

Tellez M, Lim CT, Lobie PE, Lim YP, Yap CT, 

Zeng Q, Sethi G, Lee MB, Tan P, Goh BC, Miller 

LD, Thiery JP, Zhu T, Gaboury L, Tan PH, Hui 

KM, Yip GW, Mi- yamoto S, Kumar AP and 

Tergaonkar V. DEAD- box helicase DP103 

defines metastatic poten- tial of human breast 

cancers. J Clin Invest 2014: 124: 3807-3824. 

[87] Company M, Arenas J and Abelson J. Require- 

ment of the RNA helicase-like protein PRP22 for 

the release of messenger RNA from spli- 

ceosomes. Nature 1991; 349: 487-493. 

[88] Ohno M and Shimura Y. A human RNA heli- 

case-like protein, HRH1, facilitates nuclear ex- 

port of spliced mRNA by releasing the RNAfrom 

the spliceosome. Genes Dev 1996; 10: 997-1007. 

[89] Arenas JE and Abelson J. Prp43: an RNA heli- 

case-like factor involved in spliceosome disas- 

sembly. Proc Natl Acad Sci U S A 1997; 94: 

11798-11802. 

[90] Hamm J and Lamond AI. Spliceosome assem- 

bly: the unwinding role of DEAD box proteins. 

Curr Biol 1998; 8: 532-534. 

 

Am J Transl Res 2019;11(11):6702-6716 

http://hdl.handle/


127  

SNRPG in protein-protein interactions-driven anticancer therapy 
 

 
[91] Staley JP and Guthrie C. Mechanical devices of 

the spliceosomemotors, clocks, springs and 

things. Cell 1998; 92: 315-326. 

[92] De la Cruz J, Kressler D and Linder P. Unwinding 

RNA in Saccharomyces cerevisae: DEAD box 

proteins and related families. Trends Biochem Sci 

1999; 24: 192-198. 

[93] Charroux B, Pellizzoni L, Perkinson RA, 

Shevchenko A, Mann M and Dreyfuss G. Gem- 

in3: a novel DEAD box protein that interacts with 

SMN, the spinal muscular atrophy gene product, 

and is a component of gems. J Cell Biol 1999; 

147: 1181-94. 

 
[94] Brückner A, Polge C and Lentze N. Yeast two- 

hybrid, a powerful tool for systems biology. Int J 

Mol Sci 2009; 10: 2763-2788. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
Am J Transl Res 2019;11(11):6702-6716 



128  

CHAPTER 5 

A paper submitted to the American Journal of Cancer Research 

Manuscript Number: AJCR0135174 

 
 

Predictive Inhibitory Studies of the Putative Interaction between Small 

Nuclear Ribonucleoprotein Polypeptide G and the RING finger domain of 

RBBP6 

Lloyd Mabonga, Priscilla Masamba, Albertus Kotze Basson and Abidemi Paul Kappo 

 

5.1 Preface − About the Manuscript 

 

The manuscript is a bioinformatics frontier revealing the predicted structural interactions and 

concommittant conformational changes that occur during the binding events between the small 

nuclear ribonucleoprotein polypeptide G and the RING finger domain of RBBP6.The ability to 

computationally-ideate and explore the two proteins in PPI-focused drug discovery is 

indispensable in developing synthetically feasible small molecule smart-drugs against cancer. 

The computational derived data accumulated from the molecular interactions determined in this 

manuscript gives a better understanding into the biological insights of the putative interactions 

between the small nuclear ribonucleoprotein polypeptide G and the RING finger domain of 

RBBP6. The docking and MD simulation results can be extrapolated into mapping experimental 

studies between the two oncogenic proteins. The manuscript also reports on the identification of 

a putative small molecule inhibitor, (2R)-2-[(2-methyl-5-phenyl-pyrazol-3-yl)carbonylamino]-3- 

naphthalen-2-yl-propanoic acid (4FI). The 4FI inhibitor exhibits enhanced inhibitory activity 

against the protein-protein interaction between the small nuclear ribonucleoprotein polypeptide 

G and the RING finger domain of RBBP6,suggesting its potential use as a “lead compound” in 

the design of new PPI-focused anti-cancer drugs. 
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ABSTRACT 

 

The etiology of developing smart-drugs has been a subject of intense scientific pursuit for 

centuries. It has spawned fascinating invocation on the biological insights targeting protein-protein 

interactions (PPI) as potential therapeutic tools in diseases such as cancer. The small nuclear 

ribonucleoprotein polypeptide G (SNRPG) and retinoblastoma-binding protein 6 (RBBP6) are two 

good examples of core-splicing proteins that have been in the limelight over the years due to their 

regulatory roles in mRNA processing and their active involvement in tumorigenesis and tumor 

development. Varying expression levels of the two proteins have been reported in different types 

of cancer. Suggestive evidence has postulated possible involvement between SNRPG and RBBP6 

through its RING finger domain. However, the precise mechanisms of their interaction in cancer 

remain elusive. Therefore, the ability to computationally-ideate and explore the two proteins in 

PPI-focused drug discovery may yield synthetically feasible small molecule smart-drugs against 

cancer. This study explored this possible interaction by first modeling the proteins and validating 

the models by generating Ramachandran plots via PROCHECK. Following the removal of 

hydrogen atoms from the RING finger domain protein in UCSF Chimera, Autodock Vina was 

used to determine binding poses between RING and SNRPG. Thereafter a small molecule 

inhibitor known as (2R)-2-[(2- methyl-5-phenyl-pyrazol-3-yl) carbonylamino]-3-naphthalen-2-yl-

propanoic acid (4FI) was identified using I-TASSER. The study showed, by Molecular Dynamics 

Simulation, that the molecule exhibits enhanced inhibitory activity against the PPI, therefore 

suggesting its potential use as a “lead compound” in the synthetic design of new PPI-focused 

anti-cancer drugs.    

Keywords: Cancer; 4FI; protein-protein interaction; SNRPG; RBBP6; tumorigenesis. 

 

Running Title: Identification of 4FI as a lead compound in anti-cancer drug design. 
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1. Introduction 

 

Elucidating protein structure and function in biomedical research has become highly automated 

with the advent of bioinformatics [1]. Interestingly, bioinformatics tools have turned out to be an 

essential component as well as an integral part of structural biology. Structural biology and 

bioinformatics are dynamic areas of scientific research attracting a high level of attention in recent 

years [1, 2]. The impact of bioinformatics in the last two decades and its current contribution to 

understanding the molecular events or mechanisms of various diseases has positioned it at the 

forefront in science and technology [3, 4]. In order to develop novel drug candidates in the 

treatment and management of diseases, the identification and characterization of protein structure 

and function becomes very crucial. The determination of the active site of the proteins involved in 

the disease is important to design specific and selective small molecule inhibitors, ligands or 

peptides that are capable of modulating protein activity [5]. Consequently, focusing on elucidating 

the exact biological and biochemical functions of proteins and subsequently analyzing their 

interactome patterns can be complicated and time consuming using current conventional in vitro 

or in vivo methods [6]. Until recently, the majority of newly sequenced proteins have unknown 

structures and functions. Ironically, the lack of information of a protein structure and function 

restricts its further utilization in downstream drug design and discovery. Therefore, in silico 

methods for predicting protein interaction patterns in various cellular environments, provides an 

alternative practical solution [7]. 

 

The various types of interactions that exist between proteins are important in the discovery of a 

variety of biological functions and pathways within the living system [8]. Traditionally, proteins 

carry out their functions by interacting with other proteins. Protein-protein interactions play a 
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crucial role in a variety of cellular biochemical processes like DNA transcription and replication, 

cellular defenses, metabolic cycles, enzymatic catalysis and signaling cascades [9]. Therefore, the 

correct identification and characterization of such proteins, as well as the detailed investigation of 

protein-protein interaction network partners can greatly increase our understanding towards the 

elucidation of protein functions at the molecular level within the cell [8, 9]. 

 
 

Small nuclear ribonucleoprotein polypeptide G (SNRPG) is a core-splicing protein essential in the 

biogenesis of small nuclear ribonucleoproteins (snRNPs), which are precursors of the spliceosome 

[10-13]. Retinoblastoma-binding protein 6 is a splicing-associated multi-domain and multi- 

functional nuclear protein known to play a role in mRNA splicing, cell cycle control and apoptosis 

[14]. RBBP6 interacts with tumour suppressor proteins p53 and pRb in which the RING finger 

domain plays an essential role [15, 16]. Varying expression levels of the two proteins have been 

reported in different types of cancer such as breast, lung, prostate and colon cancer [15, 17-19]. 

However, not much is known about the putative interactions between RBBP6 and SNRPG in 

different types of cancers. Chibi and co-workers as well as Kappo and colleagues predicted 

possible interactions between SNRPG and RBBP6 using a yeast 2-hybrid (Y2H) technique [14, 

20]. The findings from these studies suggest possible involvement of SNRPG and RBBP6 through 

its RING finger domain in tumorigenesis and tumour development [14]. However, the precise 

mechanisms involved remain elusive and yet to be characterized [9]. Therefore, the ability to 

computationally-ideate and explore the two proteins in protein-protein interaction (PPI)-focused 

drug discovery may yield synthetically feasible drugs against cancer. This paper reports the 

computationally derived interaction of SNRPG and the RING finger domain of RBBP6, and the 

identification of a putative small molecule inhibitor. The results suggest that (2R)-2-[(2-methyl-5- 
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phenyl-pyrazol-3-yl)carbonylamino]-3-naphthalen-2-yl-propanoic acid (4FI) inhibitor exhibits 

enhanced inhibitory activity against the SNRPG~RING finger domain complex, thus suggesting 

its potential use as a “lead compound” in the design of new protein-protein interaction (PPI) 

focused anti-cancer drugs. 

 
 

2. Materials and Methods 

 

Homology Modeling of SNRPG and the RING finger domain of RBBP6 

 

Homology modeling of SNRPG and the RING finger domain of RBBP6 was first performed. The 

FASTA protein sequences of SNRPG (UniProtKB - P62308 (RUXG_HUMAN)) and the RING 

finger domain of RBBP6 (UniProtKB - Q7Z6E9 (RBBP6_HUMAN)) were retrieved from the 

National Centre for Biotechnology Information (NCBI) database. Protein sequence similarity was 

analyzed using BLAST [21] within the NCBI non-redundant sequence database 

(https://blast.ncbi.nlm.nih.gov/). Based on the protein similarity tests, sequences with homology 

identity of 40% and above were chosen as a template and used to generate the three-dimensional 

structures of SNRPG and the RING finger domain of RBBP6 using MODELLER, a computer 

program built into the visualization UCSF Chimera software, that models proteins based on their 

spatial constraints [22, 23]. The accuracy and stereochemistry parameters of the modeled 

structures were validated by the generation of Ramachandran plots, which analyses the rotations 

of the polypeptide backbone around the torsional phi-psi dihedral angles; this was achieved using 

PROCHECK [24]. 
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Molecular Docking 

 

The SNRPG and RING finger domain of RBBP6 were prepared for docking using UCSF Chimera 

software [22] by deleting all hydrogens from the ligand (RING finger domain of RBBP6), adding 

them to the receptor (SNRPG) and saving the structures in .mol2 and .pdb formats, respectively. 

Prior to docking, MetaPocket 2.0 was used to identify the binding sites available on SNRPG. Using 

AutoDock tools, the files were opened and converted into .pdbqt and rec.pdb formats respectively. 

A grid box was then created to surround the residues present in the SNRPG binding site with 

specific X, Y and Z dimensions and centers. Raccoon and Autodock Graphical user interface 

supplied by MGL tools were then used to dock the RING finger domain of RBBP6 onto SNRPG 

using default docking parameters. The complex with the least energy function (the lowest Z-score) 

was then selected for further analysis. 

 

 
I-TASSER ligand prediction yield 

 

Using I-TASSER structure prediction, ligands for SNRPG were successfully identified; (2R)- 2-

[(2-methyl-5-phenyl-pyrazol-3-yl)carbonylamino]-3-naphthalen-2-yl-propanoic acid (4FI), 

(11alpha,16alpha)-9-fluoro-11,17-dihydroxy-16-methyl-3,20-dioxopregna-1,4-dien-21- 

yldihydrogen phosphate (3T5), 3-fluoro-N-(naphthalen-2-ylcarbonyl)-D-phenylalanine 

(GIA)and 1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]pyrimidine-2,4-dione 

(URI)[25-27]. The ligands were selected using the I-TASSER structure-based protein function 

predictions, which provide annotations on ligand binding sites by matching structural models of 

the target protein to known proteins in protein function databases [25-27]. From the C-score 

values, the most reliable ligand of interest was selected. C-score is the confidence score of the 

prediction, and it ranges from 0-1, where a higher score indicates a more reliable prediction [25- 
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27]. The selected ligand was thereafter docked onto the SNPRG~RING finger domain complex 

and subjected to molecular dynamics (MD) simulation. 

Molecular Dynamics (MD) Simulation 

 

Molecular dynamics (MD) simulation gives clarity to the physical movements of molecules and 

atoms within biological complexes, and this was performed on selected docked poses using the 

AMBER18 software suite [28]. The set-up of MD simulation with Free Energy Workflow (FEW) 

was used in conjunction with the available free energy calculation procedures. Partial atomic 

charge of the RING finger domain of RBBP6 protein was calculated using the Restrained 

Electrostatic Potential (RESP) procedure [28]. The ANTECHAMBER tool within the AMBER18 

software suite was used to assign RESP partial charge and General Amber Force Field (GAFF) 

procedures [29]. The LEAP module in the AMBER18 software suite was then used to add 

hydrogen molecules to the docked complexes, which were parameterized with the AMBER 

FF14SB force field (ff03), which is specific for bioorganic systems [28]. The system charge was 

neutralized through the addition of counter ions. An equilibrated TIP3P water box was then added 

to the system such that the boundaries of the water molecules had an 8 Å distance between the 

proteins. Cubic periodic boundary conditions were applied, while long-range electrostatic 

interactions were treated with the particle-mesh Ewald method with a non-bonding cut-off distance 

of 10 Å. 

Initial energy minimization was applied with a restraint potential of 2kcal/mol using the steepest 

descent method for 1000 iterations, followed by a conjugate gradient protocol for 2000 steps. This 

was immediately followed with a full minimization of 1000 iterations without any imposed 

restraints. Harmonic restraints with force constants 5 kcal/mol was applied to all solute atoms 

during the heating phase. A canonical ensemble (NVT) of molecular dynamics was carried out for 
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50 ps, during which the system was gradually annealed from 0 - 300 K using a Langevin thermostat 

with a coupling coefficient of 1/ps. Thereafter, the system was freely equilibrated at 300 K and 

kept at constant operating temperature estimating 500 ps for the systems. The SHAKE algorithm 

was then employed on all atoms covalently bonded to a hydrogen atom during equilibration and 

production runs. Furthermore, with no restraints imposed, a production run was performed for 

30ns in an isothermal isobaric (NPT) ensemble using a Berendsen barostat with a target pressure 

of 1 bar and a pressure coupling constant of 2 ps. 

Post-Dynamic Analysis 

 

The coordinate files of the complexes were saved and their trajectories analyzed every 1 ps using 

the PTRAJ module in the AMBER18 suite [28]. The thermodynamic properties of the systems, 

which include the Root-Mean-Square-Deviation (RMSD), Root Mean Square Fluctuation 

(RMSF), Radius of Gyration (RoG), Solvent-Accessible Surface Area (SASA) and hydrogen 

bonding were investigated. 

Binding Free Energy Calculations 

The Prime module was used to compute the ligand binding energies using a physics-based 

molecular mechanics-generalized born surface area (MM/GBSA) approach to understand protein- 

ligand binding [28, 30]. The MM/GBSA binding free energy profile of the selected ligand was 

compared to the top two compounds from each library to rank the virtual screening hits more 

precisely [28, 30]. Single trajectory tactics were applied and the binding free energy calculations 

were averaged over 1000 snapshots from a 30ns trajectory [28, 30]. MM/GBSA free energy of 

binding (∆Gbind) is calculated for the docked poses and Desmond trajectories using the following 

equation: 

∆GBind = GComplex −GLigand − GReceptor…… (1) 
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where GComplex, GLigand, and GReceptor are the energy calculations done in Prime MM/GBSA of the 

optimized complex (complex), optimized free ligand (ligand), and optimized free receptor 

(receptor). The following set of equations describes the calculations of the binding free energy: 

∆GBind = Egas + Gsol – TS ........................... (2) 

 

Ega = Eint + Evdw +Eele ............................................ (3) 

 

Gsol = GGB + GSA ........................................................ (4) 

 

GSA = ySASA ......................................... (5) 

 

where the parameters are denoted as van der Waals energies (EvdW), Electrostatic energies (Eele), 

Gaseous energy from the ff03 force field terms (EGas), Solvation free energy (Gsolv), Polar solvation 

contribution (GGB), and Nonpolar solvation contribution (GSA). The electrostatic and non- 

electrostatic interactions between the ligand and the receptor are provided by ∆Eele and ∆EVdW, 

respectively. ∆Ggb and ∆Gsurfare the electrostatic and non-polar contributions to the solvation free 

energy [31-35]. 

 
 

3. Results and Discussion 

 

Homology modeling of SNRPG and the RING finger domain of RBBP6 

Homology modeling of the proteins was performed by MODELLER [37] and visualized by UCSF 

Chimera [22]. Generation of the predicted 3D structures with MODELLER requires alignment of 

the amino acid sequences to existing ones of known structures with percentage identities of at least 

30% or more being used as templates. The PDB structures used as templates for modeling SNRPG 

and the RING finger domain of RBBP6 were 1VU2 chain 4 (Small nuclear ribonucleoprotein G) 

from Homo sapiens (100%) and 3ZTG chain A (RING finger-like domain of RBBP6) from Homo 

sapiens (100%), respectively. The modeled structures of SNRPG and the RING finger domain of 

RBBP6 showing the proportion of secondary elements in the proteins are shown in Figure 1. The 

structure of the SNRPG comprise of one short a-helix and seven antiparallel β-sheets made up of  
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three pairs of β-hairpin motifs. On the other hand, the RING finger domain structure consists only 

of two a-helices connected together by a long loop from the C-terminus of the protein, which is an 

ever-present structural feature in RING finger domains. The availability of 3D structural models 

for SNRPG and the RING finger domain of RBBP6 is important in order to identify their 

interactive partners as well as to understand their biological functions at the molecular and cellular 

level [38]. 

 

 

 

 
 

 

 

 
Figure 1. Homology models of A: SNRPG comprising of seven anti-parallel β-sheets and a short a-helix and B: RING 

finger domain of RBBP6, which consists of two a-helices connected by a long random coil emerging from the C- 

terminus of the protein. The figures have been generated using MODELLER (Webb and Sali, 2014). 

 

 
 

Generated models often display different accuracies and it remains imperative to verify and 

validate protein models using sequence similarity, environmental parameters, and the quality of 

the templates [36]. The structural quality of the protein models were evaluated by Ramachandran 

plot analysis in RAMPAGE [38, 39]. Validation of the 3D models of SNRPG and the RING finger 

domain of RBBP6 are shown in Figure 2. The results obtained from the Ramachandran plots reveal 

that no stereo-chemical parameters were violated during model building; the protein models are 

stable and of good quality since most of the residues were situated within the favored regions and 

none in the disallowed regions [24]. The two protein models were therefore used for subsequent 

analysis. 
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Molecular docking of SNRPG and the RING finger domain of RBBP6 

 

Understanding the mechanism of PPIs between SNRPG and the RING finger domain of RBBP6 

underlies the basis of deciphering the patho-mechanism of diseases such as cancer. Determining 

the three-dimensional structure of SNRPG~RING finger domain protein complex and identifying 

"hot spot" regions responsible for the PPI provides a plumb line to determine the binding energy 

of the protein complex with the view of extrapolating towards targeted therapies using PPI-focused 

smart-drug modulators [40]. In this context, in silico approaches conducted in this study 

compliment the experimental methods conducted in previous studies [14] by elucidating the 3D 

structure of the SNRPG~RING finger domain protein complex through protein-protein docking. 

The results from the docking studies using Racoon and AutodockVina revealed the molecular 

binding and interaction patterns between SNRPG and the RING finger domain of RBBP6. Four 

SNRPG~RING finger domain protein   complexes   were   generated   having   molecular 

docking scores of -2.86, -2.60, -3.23, and -3.40. 



 

 

 

 

 

 

 

A B 
 

 

Figure 2. Ramachandran plots of predicted models of (A) SNRPG and (B) RING finger domain of RBBP6. The overall stereochemical parameters showed that 

97.2% of the SNRPG residues and 92.6% RING finger domain residues appeared in the most favored regions, while 2.8% of the SNRPG residues and 7.4% of the 

RING finger domain residues occurred in the additional allowed regions. No residues from both proteins were present in the outlier regions. Figures were generated 

using PROCHECK (Laskowski et al., 1993). 
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The binding scores of the docked complexes determine the binding mode and site, predict the 

absolute binding affinity and in structure-based drug design, it is a parameter that helps to identify 

the potential drug hits for a given protein target by searching a large ligand database [41]. Binding 

scores exhibit different accuracies and computational efficiencies however, the commonly used 

scoring functions include force-field, empirical, knowledge-based and consensus scoring [41]. 

Therefore, the results of the docking between SNRPG and the RING finger domain of RBBP6 as 

depicted by the best binding complex as well as the docking pose with the lowest energy score 

selected for downstream analysis is shown in Figure 3. Conceptually, protein-protein docking has 

limitations of not being able to address aspects of protein dynamics, which include the global 

conformational changes that occur during protein complex formation. However, protein-protein 

docking compliments experimental assays in PPI-focused drug discovery processes [40, 42]. 

 

 

 

 

 
 

Figure 3. Structure showing the best docking pose of the SNRPG~RING finger domain protein complex. The docking 

score of this protein complex pose was given as -3.40kcal/mol. 
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Ligand prediction and molecular docking 

 

Based on the C-score values, the I-TASSER search engine generated four ligands as shown in 

Table 1. The C-score values are confidence scores representing the assertiveness of the ligand 

hence, the higher the C-score value, the more trustworthy the estimate [25-27].The ligand with the 

highest C-score (4FI: 094) was selected and docked onto the SNPRG~RING finger domain protein 

complex before being immediately subjected to MD simulations. Table 2 depicts the docked poses 

of the protein complex together with the 4FI ligand and their associated binding scores. The task 

of predicting ligand binding sites from the sequence of a protein has received increasing attention 

over the past years. Therefore, computational tools have been developed to accurately predict the 

precise location of binding sites and the different amino acid residues that directly interact with 

ligands in a protein. Various approaches for the prediction of ligand binding sites have been 

proposed [43], both from the structure and sequence based on sequence conservation, geometric 

criteria of the protein surface or homology transfer from known structures [43, 44]. Predicting 

ligand binding sites has the potential for yielding high impact on life science research, ranging 

from functional characterization of novel proteins to applications in drug design, especially if the 

predictions are specific and accurate enough to help in addressing relevant biological questions. 
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Table 1. Chemical and cartoon representations of predicted ligands from I-TASSER 

 

Ligand C-score 

value 

Chemical structure Cartoon structure 

 

 

 
4FI 

 

 

 
0.94 

 

 

 

 
 

 

 

 

 
3T5 

 

 

 
0.37 
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GIA 

 

 

 
0.22 

 

 

 

 

 

 

 

 
URI 

 

 

 
0.05 
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Table 2. Molecular docking poses of the 4FI ligand onto the SNRPG~RING finger domain complex. The amino acid residues shown in red are those involved in 

the interaction between the two proteins irrespective of the docking pose. 

 

No Docked pose Interacting Residues Docking scores 

 

 

 

 

 

1 

 

 

 

 

 

Met194; Phe215; Gly214; Asp216; Pro217; 

 

Arg213; Val222; Asp224; Met240; Leu95; 

 

Pro101; Ile102; Asp100; Asp99; Ser97; Gly96. 

 

 

 

 

 
-3.2kcal/mol 

 

 

 

 

 

 
2 

 

 

 

 

 

Asp224; Arg213; Met240; Val222; Gly214; 

 

Glu98; Pro101; Asp100; Ser97; Gly96; 

 

Phe215; Asp216; Pro217; Pro94. 

 

 

 

 

 
-2.8kcal/mol 
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3 

 

 

 

 

 

 

Asp224; Arg213; Met240; Val222; Gly214; 

 

Phe215; Pro101; Glu98; Ser97; Leu95; 

Asp99; Gly96; Asp216; Pro217; Pro94 

 

 

 

 

 

 
-3.1kcal/mol 

 

 

 

 

 
 

4 

 

 

 

Lys191; Arg213; Met240; Val222; Gly214; 

Phe215; Val242; Asp216; Lys112; Ile102; 

Pro101; Leu95; Gly96; Asp216; Ser97; Pro94; 

Asp100; Asp99 

 

 

 

 
-3.1kcal/mol 
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5 

 

 

 

Asp216; Leu95; Lys191; Met194; Gly96; 

Gly214; Ser97; Val222; Asp100; Glu98; 

Asp99; Met240; Arg213; Asp224; Met240; 

Arg180; Leu107; Asp113; Lys112; Ile114 

 

 

 

 

-3.0kcal/mol 

 

 

 

 

 

 
6 

 

 

 

 

Lys191; Met194; Phe215; Asp216; Gly96; 

 

Ser97; Glu98; Leu95; Gly214; Arg213; 

Asp100; Pro101; Leu107; Ile102; Ile114; 

Asp113; Met240; Lys112; Asp224 

 

 

 

 
 

-2.6kcal/mol 
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The results of the binding site residues in the active site of SNRPG~RING finger domain protein 

complex when bound to 4FI showed more than 71% participation of hydrophobic amino acid 

residues with non-polar R-groups, 14% hydrophilic amino acid residues with polar R-groups and 

14 % basic and electrically-charged amino acid residues possessing positively charged R-groups. 

According to Barratt and co-workers, it is generally accepted that the hydrophobic association of 

non-polar residues results from the tendency of the solvent to form a more ordered structure in the 

vicinity of hydrophobic groups [45]. Hydrophobic groups that are accessible to solvent prior to the 

association becomes buried during the complex formation with a consequent increase in the 

number of unstructured water molecules. Thus, the association of hydrophobic groups or non-polar 

R-groups    clustering    is     often     known     to     be     highly     thermodynamically 

endothermic and entropy driven, due to the disruption of ordered solvation shells around the 

interacting species [45]. However, in this study, the thermodynamic signature is not evident. 

Contrastingly, exothermic binding appears to be the rule in the 4FI-SNRPG~RING finger domain 

ligand-protein complex interactions. From Table 2, it is evident to see that regardless of 

conformation or docking pose, there are at least seven key interacting resides (highlighted in red) 

that contributed significantly to the final binding affinity in relation to the van der Waals and 

electrostatic attractions. Using complex 1 (the docked pose with the best docking score of - 

3.2kcal/mol), the results are interpreted more clearly on the histogram presented in Figure 4, which 

elucidates the individual contribution and the total binding input of each binding residue based on 

the van der Waals and electrostatic attractions involved in the predicted binding event. 

In predicting binding sites from the sequence of a protein, it has been suggested that the 

electrostatic interactions dominate the non-covalent binding in molecular recognition. However, 

this is not generally true as it is well-known that shape complementarities are also very important 
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[46]. Over the years, it has been established that predicting binding sites from the sequence of a 

protein is attributed to contributions from both electrostatic and van der Waals interactions, 

solvation/desolvation and entropy effects. The amino acid residues Arginine (Arg) and Leucine 

(Leu) thus contribute the most towards the electrostatic attractions in the predicted binding event 

hence, suggesting that electrostatic interactions are a key factor for binding affinity. In this study, 

most of the residues contributed above 1.0 binding values for van der Waals forces. Nevertheless, 

Proline (Pro) residues contributed the highest total score to the binding and Leucine (Leu) the least. 

 

 
 

Figure 4. Energy profile of the key binding site residues of SNRPG~RING finger domain protein complex when 

bound to 4FI. 

 

Generally, it is established that van der Waals energy changes (∆EVDW) for most ligands upon 

binding are less than the electrostatic energy changes (∆EELE) by orders of magnitude 1 to 2. In 

this study, the non-polar contribution of salvation-free energy for the SNRPG~RING finger 

domain protein~4FI complexes are negative thus suggesting that the contribution of the van der 

Waals energy change is less than that of the electrostatic energy change. Hence, the two major 

factors to determine the binding affinity are the electrostatic energy change and solvation free 

LEU 95 SER 97 PRO 101 MET 194 ARG 213 PHE 215 VAL 222

Van der Waals 1.092 1.65 1.399 0.947 1.497 1.568 1.214

Eletrostatic 1.469 0.079 0.466 0.163 3.02 0.618 0.127

Total 0.968 1.149 1.766 1.007 1.311 1.021 1.433
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energy change [35, 47]. In drug design, the binding site residues are often used to characterize the 

binding strength between a receptor and a drug molecule. The fundamental goal of structure-based 

drug design is to find new lead compounds that bind as tightly as possible to macromolecular 

receptors [35, 47]. Therefore, the results from this study suggest the potential use of 4FI as a “lead 

compound” in the design of new PPI-focused anti-cancer drugs against the PPI between SNRPG 

and RING finger domain. 

Analyses of system stability by MD simulations 

 

The 4FI ligand in complex with the SNRPG~RING finger docked pose (with a docking score of - 

3.23) was prepared and subjected to MD simulations using AMBER18 program. MD simulation 

was performed for a total of 80 ns and trajectories were analyzed for interaction fingerprints of the 

compound in the active site over time as shown in Figure 5. The root mean square deviation 

(RMSD) is the average displacement of the atoms at an instant of the simulation relative to a 

reference structure, which analyzes the time-dependent motions of the structure [48-51]. It is used 

to determine the stability of a structure in the timescale of the simulation and to discern if it is 

diverging from the initial coordinates [48, 50, 51]. A high level of fluctuation was seen in the 

4FI~SNRPG~RING finger domain complex at around 15 ns stabilizing at approximately 40 ns till 

the end of the simulation, suggesting the adjustment of the ligand within the active site of the 

complex. According to Martínez (2015), high RMSD and RMSF values indicate that the whole 

structure fluctuates or reflects only large displacements of a small structural subset within an 

overall rigid structure. 
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Figure 5. Root Mean Square Deviation (RMSD) of the SNRPG~RING finger domain complex with the 4FI ligand 

(red) and SNRPG/RING finger domain complex (black). 

 
 

The root mean square fluctuation (RMSF) determines the average atomic mobility of backbone 

atoms (N, Ca and C) during MD simulation. It captures, for each atom, the fluctuation of its 

average position. To understand the conformational changes and explore the effect of ligand 

binding on protein dynamics, the RMSF of the studied systems is calculated from MD trajectories 

[50, 51]. This analysis gives an overview of the flexible regions in the protein and corresponds to 

temperature factors. The RMSF of the instantaneous structures of the two models was plotted as a 

function of residue (Figure 6). The binding of a ligand to a complex may restrict the active intrinsic 

movement of residues in the active site, resulting in the loss of flexibility. As shown in the 

residues in Figure 5, there was a general slight increase in the RMSF profile of the ligand-bound 

complex in comparison to the apo (SNRPG~RING finger domain complex), where the most 

significant fluctuation is shown at residues ~120–150. 
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Figure 6. RMSF profile of the SNRPG/RBBP6-RING finger domain complex with the 4FI ligand during the MD 

simulations. 

 

 

The radius of gyration (RoG) profile simulated in Figure 7 presents a rigid-body alignment that is 

very sensitive to the existence of structural subsets with high conformational fluctuations. The core 

of the protein appears to be more rigid relative to the loops (solvent-exposed) with very high 

fluctuations. A very significant difference is seen between the profiles of each complex. A 

considerable rise in gyration occurred just before 20ns up until approximately 40ns, showing very 

high fluctuations and representing loss of compactness until the profile eventually sees some form 

of stability. This trajectory correlates to the RMSD profile, which showed high fluctuations at the 

same time, due to positioning of the ligand within the active site of the complex. 
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Figure 7. RoG profile of the SNRPG/RING finger domain complex with the 4FI ligand during the MD simulations. 

 

 

Thermodynamics of the Complexes: Binding Free Energy Calculations 

 

Molecular mechanics generalized Born surface area (MM/GBSA) is arguably one of the most 

common techniques to predict binding free energy because it is more accurate than most scoring 

functions of molecular docking [31, 52]. MM/GBSA is less computationally demanding than 

alternative chemical free energy scoring methods hence, its wide use in biomolecular studies such 

as protein folding, protein−ligand binding and PPIs amongst others [32, 33]. Free energy drives 

molecular processes and the accurate determination of the free energy is one of the most important 

tasks in biomolecular studies [31-33, 35, 52]. In the MM/GBSA approach, the binding free energy 

is approximated by the interaction energy between the ligand and the receptor complex and the 

difference in solvation free energy upon binding [32-34]. The correlation between binding free 

energy (∆Gbind) and its individual components (∆EvdW, ∆Eele, ∆H, ∆Gsolv, -T∆Stot) were analyzed 

and these are given in Table 3. 
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Table 3. MM/GBSA binding free energies (kcal/mol) of SNRPG/RING finger in complex with 4FI 

 
 

 

System 

 

ΔEvdW 

 

ΔEele 

 

∆Egas 

 

ΔGsolv 

 

-TΔStot 

 

ΔGbind 

SNRPG~RING finger 

domain in complex with 4FI 

-36.74 -13.83 -50.57 22.62 - 0.01 -27.96 

 
 

The inter-relation between ∆Gbind and its individual components (∆EvdW, ∆Eele, ∆H, ∆Gsolv, - 

T∆Stot) depicts positive correlation between the buried nonpolar surface area and the binding free 

energy for several peptidic ligands [53]. The remarkably strong correlations between ∆Gbind (- 

27.96 kcal/mol) and ∆EVdW (-36.74 kcal/mol) indicates that the binding of the sorting signal (4FI 

ligand) is mainly driven by hydrophobic interactions. From the results shown in Table 3, the Gibbs 

energy difference (-T∆Stot) was calculated using the following equation: 

 

∆Gbind =∆H-T∆S ≈ ∆EELE +∆EVDW +∆Gsol -T∆Stot, where 

 

The results revealed a -0.01 kcal/mol value of the Gibbs energy difference (-T∆Stot). The Gibbs 

energy represents the energy available for the reaction and this includes enthalpy and entropy 

contributions. According to Ylilauri and Pentikäinen, if the Gibbs energy difference is negative 

the reaction is spontaneous since temperature is always a positive number. If the process is in 

equilibrium, the Gibbs energy difference is equal to zero and if its positive then the reaction is 

unfavourable and the initial state with the unbound ligand is favoured [54]. 

From this study, the negative Gibbs energy difference suggests that the interaction between the 

4FI ligand and SNRPG~RING finger domain complex does not favor the initial state and is not at 
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equilibrium. It is actually spontaneous with high chances of favoring the 4FI ligand bound to the 

SNRPG~RING finger domain complex rather than the apo state. Hence, the binding of the 4FI 

ligand is expected to reshape the sorting signal binding groove in the SNRPG~RING finger domain 

complex in a way that optimal van der Waals contacts between the complex and the ligand are 

possible and non-polar solvent accessible surface area is diminished upon binding. Molecular 

recognition in drug-target interactions is known to be attributable to the contributions from both 

electrostatic and van der Waals interactions, solvation/desolvation and entropy effects [35, 55, 56]. 

The MM/GBSA calculations have the advantage of prediction accuracy at a much lower 

computational costs in comparison to the much more time-consuming methods widely used in the 

field of small-molecule drug design, which include post-processing of structure-based virtual 

screening [57, 58]. MM/GBSA is a very useful tool in analyzing the binding details of drug-target 

interactions since they can capture very important and vital regions within receptor-ligand systems 

for rational drug design [57-59]. The binding affinity of the 4FI ligand bound to the SNRPG~RING 

finger domain complex structure is -27.96 kcal/mol. This negative binding affinity value indicates 

good binding between the ligand and the two proteins. The results obtained in this study present a 

channel towards the implementation of MM/GBSA in small molecule drug design to 

quantitatively-characterize the binding of 4FI to the SNRPG~RING finger domain system. The 

combination of molecular docking and MM/GBSA rescoring is a promising strategy in the 

identification of the correct binding poses and the correct ranking of the binding affinities of 

ligands [60, 61]. 
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4. Conclusion 

 

Cancer remains one of the major public health concerns worldwide. Increasing morbidity and 

mortality rates, the lack of specificity of most cancer drugs, and the side effects of cancer therapy 

remain a major challenge. Over the years, PPI-focused drug technology has emerged as a 

promising arsenal for cancer therapeutic drug discovery. The technology fosters a paradigm 

proposition that insinuates targeting regulatory core splicing proteins as potential PPI drug 

candidates for cancer. The SNRPG and RING finger domain of RBBP6 are two good examples of 

regulatory proteins that have drawn attention over the years due to their regulatory roles in mRNA 

processing and their active involvement in tumorigenesis and tumor development. Varying 

expression levels of SNPRG and RBBP6 have been reported in different types of cancer with 

suggestive evidence postulating possible involvement between SNRPG and the RING finger 

domain of RBBP6. However, the precise mechanisms of the interaction remains elusive and yet to 

be characterized. Therefore, this study aimed to computationally-ideate and explore the PPI 

between the two proteins and further identify possible small molecule inhibitors towards PPI- 

focused drug discovery. The results predicted possible binding between the proteins with 

interaction patterns observing relatively high binding free energies as well as high levels of 

compactness and stability, thereby supporting previous studies suggesting high probability of 

possible involvement between the two proteins in cancer cell networks. Key conserved interacting 

residues within the SNPRG~RING finger complex are proposed for the design of small molecule 

inhibitors as adjuvants with anti-cancer potential. Furthermore, the 4FI ligand exhibited enhanced 

inhibitory activity against the SNRPG~RING finger complex, favoring its binding to the 

SNRPG/RING finger complex. The data accumulated from this in silico molecular interactions 

suggest the potential use of 4FI as a “lead compound” in the design of new PPI-focused anti-cancer 
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drugs against the SNPRG~RING finger domain protein-protein interactions. However, further 

exploration into the molecular and structural properties of the mechanism of action and strength 

of this complex through experimental evaluation is indispensable in validating the efficacy of 4FI 

as a potential anti-cancer agent in order to substantiate the results from this study. 
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Bioinformatics evidence has been provided for SNRPG and the RING finger of RBBP6 domain 

as interactomes in cancer protein network. However, the binding strength has not been validated. 

This study determined the binding affinity and binding strength between SNRPG and the RING 

finger domain of RBBP6 and provides the first mechanistic insight into the biophysical 

interaction between the two proteins using the Microscale Thermophoresis (MST) technique. An 

accurate deciphering of the binding affinity between the two proteins is essential for therapeutic 

optimization and modifications by small molecule inhibitors towards PPI-focused anti-cancer 

drug discovery. Identifying small molecule adjuvants to modulate the interaction could therefore 

lead to a possible breakthrough in the treatment of cancer. 
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Abstract: Regulatory core-splicing proteins are now becoming highly promising therapeutic targets for the develop- 

ment of anti-cancer drugs. SNRPG and RBBP6 are two good examples of regulatory core-splicing proteins involved in 

tumorigenesis and tumor development whose multi-functional role is primarily mediated by protein-protein interac- 

tions. Over the years, skepticism abutting from the two onco-proteins has been mounting. Suggestive evidence us- 

ing yeast 2-hybrid technique observed possible involvement between SNRPG and the RING finger domain of RBBP6. 

However, the putative interaction remains elusive and yet to be characterized. In this study, we developed the first 

MST-based assay to confirm the interaction between SNRPG and the RING finger domain of RBBP6. The results  

demonstrated a strong binding affinity between SNRPG and the RING finger domain of RBBP6 with a K
D 

in the low 

nanomolar concentration range of 3.1596 nM. The results are congruent with previous findings suggesting possible 

involvement between the two proteins in cancer-cell networks, thereby providing a new mechanistic insight into the 

interaction between SNRPG and the RING finger domain of RBBP6. The interaction is therapeutically relevant and 

represents a great milestone in the anti-cancer drug discovery space. Identification of small molecule inhibitors to 

modulate the binding affinity between the two proteins would therefore be a major breakthrough in the development 

of new PPI-focused anti-cancer drugs. 

Keywords: Anti-cancer drug discovery, cancer, microscale thermophoresis, RBBP6, RING finger, SNPRG 

 

Introduction 

 
The rational optimization of protein-protein 

interactions (PPIs) is becoming increasingly 

important in modern drug discovery processes 

[1-3]. This is currently driven by targeting the 

undruggable molecular space with the aim of 

designing new therapeutic agents that can 

selectively target intractable disease-specific 

molecular mechanisms or pathways. PPIs are 

an attractive class of molecular targets in the 

drug discovery parlance. Drugging the undrug- 

gable proteome space with the aim of design- 

ing new therapeutic agents is an indispensable 

arsenal in curbing pathophysiological cues and 

disease progression [4]. In this context, PPIs 

of cancer-implicated proteins are considered 

high-value targets in drug development pro- 

grammes [1]. Most cancer-implicated proteins 

possess structural domains that have a higher 

ratio of infidelity as compared to their non-can- 

cer implicated counterparts, making them more 

prone to interaction with a wide diversity of pro- 

teins [4-6]. Cancer-implicated proteins have 

many interacting partners and occupy a central 

position in cancer-cell protein networks [6-8]. 

Thus, protein interactions between these mac- 

romolecules have a higher probability of being 

related to cancer processes than non-interact- 

ing proteins, making them therapeutically vul- 

nerable for anti-cancer drug discovery [6-8]. 

Targeting cancer-implicated PPIs is a powerful 

arsenal to address mechanistic cues in tumori- 

http://www.ajtr.org/
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genesis and tumour development. Small Nu- 

clear Ribonucleoprotein Polypeptide G (SNR- PG) 

and Retinoblastoma Binding Protein 6 (RBBP6) 

are two good examples of cancer- implicated 

proteins whose functions are pre- dominantly 

mediated by PPIs [9, 10]. The two proteins are 

connected by a wide array of bio- logical 

processes and play critical roles in pa- 

thophysiological cues. SNRPG is a core-spli- cing 

protein that is essential in the biogenesis of 

small nuclear ribonucleoproteins (snRNPs), 

which are precursors of the spliceosome [11- 

14]. RBBP6 is a splicing-associated multi- 

domain and multi-functional nuclear protein 

known to play a role in mRNA splicing, cell cycle 

control and apoptosis. RBBP6 interacts with 

tumour suppressor proteins p53 and pRb in 

which the Really Interesting New Gene (RING) 

finger domain plays an essential role [15-17]. 

Varying expression levels of the two proteins 

have been reported in different types of cancer 

such as breast, lung, prostate and colon can- 

cer, but very little is known about the putative 

interactions between RBBP6 and SNRPG in 

these different types of cancers [15, 18-20]. 

Chibi and co-workers [21] as well as Kappo and 

co-workers [16] predicted possible interactions 

between SNRPG and RBBP6 using the yeast 2-

hybrid (Y2H) technique. The findings suggest 

possible involvement of SNRPG and RBBP6 

through its RING finger domain in tumorigene- 

sis and tumour development. However, the pre- 

cise mechanisms involved remain elusive and 

yet to be characterised [22]. 

Robust and reliable determination of the bind- 

ing affinity between SNRPG and its putative 

interactive partner, the RBBP6 RING finger 

domain, is a critical step in understanding the 

relationship between the splicing machinery, 

tumorigenesis and tumour development. More 

so, quantitative characterization of intermo- 

lecular interaction affinity between oncogenic 

core splicing proteins is highly necessary to 

develop novel and effective drugs for therapeu- 

tic interventions in cancer [23]. Most analytical 

techniques for PPIs are expensive (e.g., mass 

spectrometry), time-consuming [e.g., Surface 

Plasmon Resonance (SPR), Isothermal Titration 

Calorimetry (ITC)] and require high amounts of 

sample (e.g., Size-exclusion Chromatography, 

Isothermal Titration Calorimetry). However, 

MicroScale Thermophoresis (MST) is an attrac- 

tive alternative technique with advantages of 

 

speed, ultra-low sample consumption and high- 

throughput/cost-efficiency. Just like ITC and 

SPR, MST can be used to determine the equilib- 

rium dissociation constant (KD) and other ther- 

modynamic parameters [2, 23-25]. 

MicroScale Thermophoresis (MST) is a versa- tile 

optical fluorescent technique used to quan- tify 

binding affinities in solution between a tar- get 

molecule and its interactive partner [25]. This 

biophysical technique (Figure 1) detects 

variations in fluorescence signals resulting from 

infrared laser-induced temperature gradi- ents. 

The variation in the fluorescence signal 

correlates with the binding of a ligand to the 

fluorescent target. This effect is known as TRIC 

(temperature-related intensity change) [2, 24]. 

The TRIC signals are additory and contribute to 

the high sensitivity and robustness of MST 

measurements in molecular binding events [2, 

24]. 

However, the outstanding merit of utilising MST 

over other routinely used PPI methods is its 

ability to determine KD values in complex sam- 

ple matrices [2, 23, 24]. Although MST mea- 

surements is performed using intrinsic fluores- 

cence of proteins, labelling of the target pro- 

teins with a suitable fluorophore is required [2, 

24]. Different site-specific labelling strategies 

have been proposed and applied. The His-tag is 

the most popular and widely used affinity tag for 

purification, immobilization or detection of 

proteins. The application of tris-NTA-based 

labelling of His-tagged proteins is commonly 

used for MST measurements [24]. Thus, MST 

can be used to determine the binding affinity 

and binding strength between protein-protein 

biophysical interaction with very low sample 

consumption and high sensitivity. In this study, 

we used the innovative MST to establish an 

experimental assay for fast, precise, cost-effi- 

cient and quality-controlled characterization of 

the binding affinity, binding stoichiometry and 

interaction thermodynamics between SNRPG 

and the RING finger domain of RBBP6. The study 

provides novel insights into the molecular 

mechanisms between the two proteins towards 

PPI-focused anticancer drug discovery. 

 

Experimental procedures 

 
Bacterial expression and purification 

 

Codon optimized DNA sequences incorporating 

BamHI and XhoI restriction sites were amplified 
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Figure 1. MicroScale Thermophoresis (MST) set-up. A. MST measurements are conducted in small glass capillar- 

ies. Infrared and fluorescence lasers trigger the MST effect and generate sample tracking. B. Temperature-related 

intensity change (TRIC) and thermophoresis account for the time-dependent change in fluorescence upon infrared- 

heating of the sample capillaries. C. Multiple MST traces are recorded for different mixture ratios of target and ligand 

molecules. D. Dose-response analysis of the MST traces allows for determination of the steady-state affinity of the 

target-ligand interaction (Figure extracted from Schubert and Langst [26]). 

 

from the full-length cDNA sequences of SNRPG 

(UniProtKB-P62308 (RUXG_HUMAN)) and the 

RING finger domain (pdb: 3tzg) of RBBP6. The 

genes were cloned into the pQE30 and pGEX- 

6P-2 protein expression vectors and were pur- 

chased from GenScript (New Jersey, USA) to be 

used for protein expression. Expression of both 

proteins was induced with 0.5 mM isopro- pyl 1-

thio-p-D-galactopyranoside (IPTG) con- centration 

at 25°C. The expressed SNRPG pro- tein was 

purified using a Nickel-NTA column recharged 

with cobalt, whereas the RING finger domain 

of RBBP6 was purified by the use of a 

glutathione-agarose (SIGMA® Aldrich) column 

and Econo® Chromatography Column 

(Amersham Pharmacia). The concentrations of 

the eluted proteins were determined using a 

NanoDrop® ND2000 spectrophotometer (Ther- 

mo Fisher Scientific). 
 

MicroScale thermophoresis measurement 

 
A 100 µl of 100 nM 6X His-tag-SNRPG protein 

labelled in 1X phosphate-buffered saline (pH 

7.4) supplemented with 0.05% Tween-20 (PBS-

T) was mixed with 100 µl of 100 nM of Monolith 

His-Tag Labeling Kit RED-tris-NTA 2nd Generation 

(MO-L018) (NanoTemper Techno- logies, Munich, 

Germany) diluted in 1X PBS-T buffer to a final 

concentration where the fluo- rescent signals of 

the SNRPG proteins were similar and above the 

typical detection limit of the Monolith NT.115 

instrument (NanoTemper Technologies, Munich, 

Germany). The mixture 
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Figure 2. MST capillary scans for the 6X His-tag-SNRPG protein. A. The capil- 

lary scan graph overlayed perfectly suggesting no SNRPG protein adsorption 

onto the capillaries. B. The capillary scans output observed no fluctuations 

in protein fluorescence suggesting successful labelling of the SNRPG pro- 

tein. 

 
samples were filled into the 

capillaries through capillary 

action, resulting in low sample 

consumption. Triplicate MST 

measurements were perform- 

ed on the NanoTemper® Mo- 

nolith NT.115 (NanoTemper 

Technologies GmbH, Munich, 

Germany) in premium capillar- 

ies (MO-K025) at 25°C using 

40% MST power and 40% light-

emitting diode (LED) with laser 

off/on times of 5 sec- onds and 

30 seconds, respec- tively. The 

system was operat- ed with the 

latest version of the MO control 

software (v1.6) with data 

analysis performed using the 

NanoTemper® an- alysis 

software settings opti- mised for 

TRIC-sensitive dyes. 

 

Results 

 
The fluorescence labelling of 

the 6X His-tag SNRPG protein 

displayed a high affinity of 

3.8±0.5 nM using the RED- tris-

NTA 2nd Generation dye. The   

novel   Monolith    His- Tag 

labelling Kit RED-tris-NTA 2nd 

Generation kit (MO-L018) 

comparatively yields higher 

binding amplitudes and sig- 

nal-to-noise ratios [2, 27]. As 

shown in Figure 2A, the MST 

was incubated for 30 minutes at room temper- 

ature in the dark prior to the MST experiment. 

The final concentration of the fluorescently 

labelled 6X His-tag-SNRPG protein was 50 nM. 

MicroScale thermophoresis experiments were 

performed on a NanoTemper® Monolith NT.115 

(NanoTemper Technologies GmbH, Munich, 

Germany) as shown in Figure 1. Samples were 

prepared and loaded into premiun treated cap- 

illaries. A 16-tube serial dilution of the non- 

fluorescent GST-RING finger domain of RBBP6 

ranging from 1.11 µM to 3.39×10-5 µM was 

titrated against a fixed concentration (50 nM) 

of the fluorescent 6x His-tag-SNRPG. The sam- 

ple was mixed and added to each tube to a final 

volume of 20 µl using low-bind pipette tips. 

Having prepared the serial dilutions, 4 µl 

capillary scans for the 6X His-tag SNRPG pro- 

tein depicted a perfectly overlayed graph, sug- 

gesting no protein adsorption of the fluores- 

cently labelled His-tag SNRPG protein onto the 

capillaries. There were no fluctuations in pro- 

tein fluorescence in the capillary scans output, 

suggesting successful labelling of the 6X His- tag 

SNRPG protein. It is always vital to check and 

avoid adsorption of proteins and reference 

ligands on the capillary walls as this apparently 

decreases or ablates ligand binding due to loss 

of material adversely, subsequently affecting the 

MST signal and results [2, 23, 27]. 

Following the successful fluoresecence label- ling 

of the 6X His-tag SNRPG, pre-test binding checks 

were conducted to confirm whether there was 

detectable binding between the 6X 
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Table 1. Overview of the MST dataset between 

the SNRPG and RING finger domain of RBBP6 
 

 

 Description Experiment  

Target Name  SNRPG 

Target Concentration 50 nM 

Ligand Name Ring finger domain of RBBP6 

Ligand Concentration  1.11 µM to 3.39×10-5 µM 

n   3 

Excitation Power 40% 

MST Power 40% 

Temperature 25.0°C 

KD 3.1596×10-9
 

KD Confidence ±7.627×10-9
 

Response Amplitude 5.2101186 

Target Concentration            5×10-8 [Fixed] 

Unbound                   861.21 

Bound    866.42 

Std. Error of Regression              1.0692345 

the titration concentration of the RING finger 

domain of RBBP6 increased. The thermograph 

showed no signs of adhesion or aggregation 

(Figure 3). The result is a clear indication of the 

binding event between the two proteins, tran- 

siting from the unbound state to the bound state. 

According to Mrozowich and co-workers [23],  an 

accurate binding curve should observe three 

significant points denoting no binding, slope of 

the binding and complete binding. The titration 

curve as shown in Figure 4 displays a typical 

sigmoidal shape with an atypical peak in the 

thermophoresis signal close to the apparent 

point of saturation. The observation suggests 

that the changes that affect fluoresence upon 

binding are identical and that different 

thermophoretic properties are formed during the 

binding event. The binding affinity measurement 

between SNRPG and the RING finger domain of

Reduced X2             0.96629751 

Signal to Noise              5.2341793 

 

 
 

His-tag SNRPG and the GST-RING finger do- 

main of RBBP6. The pre-test binding checks 

observed positive results suggesting detect- able 

binding between the two proteins. Pre- tests are 

highly commended to facilitate ad- justments to 

the labelling or concentrations, thus minimizing 

wastage of materials from failed or 

indeterminant binding affinity experi- ments due 

to insufficient fluorescence [2, 27, 28]. 

The subsequent characterization and binding 

affinity measurements of the binding event 

between the SNRPG and RING finger domain 

of RBBP6 were conducted and analysed by MO 

Affinity Analysis software v2.3. An MST on- time 

of 1.5 seconds was used for analysis and 

calculation of the KD value (n=3 independent 

measurements, error bars represent the stan- 

dard deviation). The MST raw dataset of the 

merged PPI dose-response between SNRPG and 

RBBP6 RING finger domain is summarised in 

Table 1. Additional MST raw data of merged 

dose-response of the PPIs are embedded as 

Table S1, while the resulting dose-response 

curves were fitted to a one-site binding model to 

extract KD values from a KD-binding model 

assuming a 1:1 binding stoichiometry. 

As indicated on the raw MST trace plot, the rel- 

ative change in fluorescence was observed as 

RBBP6 observed a KD of 3.1596 nM under 

aqueous buffer conditions. 
 

Discussion 

 
The identification of small molecule inhibitors 

that may be able to modulate the binding affin- 

ity between regulatory core-splicing proteins 

SNRPG and the RING finger domain of RBBP6 

represents a major strategy in the develop- 

ment of new PPI-focused anti-cancer drugs. The 

two oncogenic and regulatory core-splicing 

proteins are varyingly expressed in different 

types of cancers and have been overlooked as 

potential therapeutic arsenals for many years. 

The molecular mechanisms by which SNRPG 

and the RING finger domain of RBBP6 mediate 

their oncogenic networks still remain unknown 

and uncharacterized [15, 18-20]. The under- 

standing of PPIs of regulatory core-splicing pro- 

teins is biologically interesting and is essential 

for therapeutic optimization and modifications 

by small molecule inhibitors towards PPI-focus- 

ed anticancer drug design [29, 30]. The inhibi- 

tion of the oncogenic activity of the two splic- 

ing-associated proteins by developing PPI-fo- 

cused anticancer modulators appears to be a 

promising therapeutic alternative in cancer. 

The rational optimization of molecular interac- 

tions is becoming increasingly important in PPI-

focused anti-cancer drug discovery pro- cesses. 

The putative interaction between SNRPG and 

the RING finger domain of RBBP6 
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Figure 3. Thermograph of SNRPG binding to the RING finger domain of 

RBBP6 at 25°C. Multiple MST traces were recorded for different mixture 

ratios of the SNRPG and RING finger domain of RBBP6. The cold region is set 

to 0 seconds (blue) and the hot region to 20 seconds (red) to determine the 

K
D 

of the interaction and to avoid potential convection phenomena. 

 
 

Figure 4. Dose-response curve for the binding interaction between SNRPG and 

the RING finger domain of RBBP6. The concentration of SNRPG protein was 

kept constant at 50 nM, while the ligand concentration varied from 1.11 µM to 

0.03 nM. The binding affinity measurement for the interaction ob- served a K
D 

of 3.1596 nM. The experiments were performed at 25°C with a 30 min 

incubation at medium MST and 40% LED power. 

 
ing considering that the two 

proteins are highly active in 

cancer-cell networks and vary 

in their expression profiles 

within different types of can- 

cers. More so, the two pro- 

teins play active roles as core- 

splicing regulatory proteins in 

mRNA metabolism, which is a 

crucial process in tumor 

development and tumorigen- 

esis. The findings suggest a 

high likelihood of the possible 

involvement between SNRPG 

and the RING finger domain of 

RBBP6 in tumorigenesis and 

tumor development. 

Accordingly, PPIs identified 

using the Y2H assay are sub- 

ject to verification by a series 

of other biochemical assays 

such as co-immunoprecipita- 

tion (co-IP), pull-down and co- 

localization experiments. This 

path works well only for str- 

ong PPIs. Weak binary PPIs 

might not be readily detect- 

able by less-sensitive assays 

[31, 32]. Most analytical tech- 

niques for PPIs are expensive, 

time-consuming and require 

high amounts of sample. For 

this reason, a microscale ther- 

mophoresis analysis for the 

characterisation of the bind- ing 

affinity between SNRPG and 

the RING finger domain of 

RBBP6 was developed. 

This study provides the first 

evidence of quantitative inter- 

action affinity measurement 

involving the two oncogenic 

has been suggested over the years using the 

yeast 2-hybrid (Y2H) technique. Two copies of 

SNRPG (conformational isomers of the same 

protein) were identified as part of the five sub- 

strates that bind to the RING finger domain of 

RBBP6 [16]. In another study, Chibi and co- 

workers [21] also suggested that SNRPG inter- 

acts with the N-terminal domain of RBBP6, 

which is a crucial component of the RNA pro- 

cessing machinery in the cell. The findings from 

the two studies are biologically interest- 

proteins using the MST assay. It provides an 

optimized methodology suitable for studying 

other potential oncogenic regulatory core-splic- 

ing partners. The results from the MST experi- 

ment observed high binding affinity between 

SNRPG and the RING finger domain of RBBP6 

with a KD value in the low nanomolar concentra- 

tion range of 3.1596 nM. The experiment was 
conducted at 25°C with 30 minutes incubation 

time at medium MST and 40% LED power. The 

results confirm the findings by Kappo and co- 
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workers [16] that suggested possible involve- 

ment between the SNRPG and the RING finger 

domain of RBBP6. Indeed, there is strong bind- 

ing between the two proteins as depicted from 

the low nanomolar range KD value. 

Generally, weak PPIs in the low nanomolar 

range are poorly understood even though they 

are crucial in mediating therapeutically rele- vant 

biological processes in health and dis- ease 

states. According to Salahudeen and Nishtala 

[33], the lower the KD value in weak PPIs, the 

stronger the binding and the higher the binding 

affinity. Conversely, the higher the KD value is, 

the weaker the binding and the lower the 

binding affinity. From a drug discove- ry point of 

view, the aim is to identify disease- relevant PPIs 

with lower KD values (i.e., high binding affinity). 

Such PPIs have strong binding strength and can 

be used as targets for inhibi- tion using small 

molecule inhibitors for PPI- focused anticancer 

drug discovery [33, 34]. Therefore, this study 

could be used as a start- ing point to perform 

high-throughput screening with SNRPG~RING 

finger domain of RBBP6 inhibitors to evaluate 

the ability of small mole- cules to modulate the 

affinity of the two pro- teins. The modulation of 

this interaction would represent a major 

breakthrough in the deve- lopment of new 

strategies targeting immune escape in oncology. 

The successful characterization of PPIs between 

oncogenic proteins and the determi- nation of 

their binding affinity measurements using the 

MST technique has been reported in various 

cancer-related studies. Magnez and co- workers 

[35] have used the MST assay to deter- mine the 

binding affinity between the trans- membrane 

glycoprotein PD-1 and a type I trans- membrane 

protein PDL1, which are involved in tumour 

escape processes towards designing small 

molecule inhibitors as anti-cancer drug agents. 

In another study, Liberelle and co-work- ers [36] 

provided the first MST interaction affinity 

measurement involving the oncogenic ErbB2 

protein tyrosine kinase receptor and its 

membrane partner, the MUC4 mucin, to vali- 

date finding small molecule binding affinities for 

targeting the MUC4-ErbB2 protein complex for 

drug discovery in cancer. These studies are 

useful indices to justify the potential of using the 

results from this MST assay to further explore 

the interaction between SNRPG and the RING 

finger domain of RBBP6 as potential 

 
anti-cancer drug targets in PPI-focused drug 

discovery. 

The physical interaction between SNRPG and 

the RING finger domain of RBBP6 provides the 

first mechanistic insight of their structure-func- 

tion relationship. The observation is of particu- 

lar interest in pharmacological research since it 

provides a platform to study their possible 

involvement in cancer-cell networks towards 

anti-cancer drug discovery [37, 38]. An accu- 

rate deciphering of the binding affinity between 

the two proteins is essential for therapeutic 

optimization and modifications by small mole- 

cule inhibitors [29, 30]. Currently, there are no 

developed therapeutic approaches that target 

blockage of the SNRPG-RING finger domain of 

RBBP6 protein complex. Over the years, many 

similar studies in cancer reporting the suc- 

cessful modulation of therapeutically relevant 

onco-proteins have been conducted yielding 

promising results. Some drugs have already 

been approved, while others have entered clini- 

cal trials (summarised in Table 2). 

 

PPI-focused anticancer drug strategies target- 

ing interactions such as the MDM2/p53, Bcl- 

2/Bax, xIAP/caspase-9, Hsp90/Cdc37, c-Myc/ 

Max, KRAS/PDEδ, CD40/CD40L, Skp2/Skp, 

Keap1/Nrf2 and PD-1/PD-L1 have shed light 

on the role of protein complexes in the quest to 

drug the once undruggable proteome space. The 

studies indicate that PPIs have great po- tential 

as intervention targets for novel treat- ments of 

refractory types of cancers and their regulation 

is an indispensably promising strat- egy in drug 

discovery. Blocking the two regula- tory splicing 

proteins can help generate new anti-cancer 

‘lead’ compounds and thus pro- duce new 

treatment drugs [39, 40]. 

 

Targeting core-splicing regulatory proteins for 

anti-cancer drugs remains the epitome of fu- 

ture prospectives in PPI-focused drug discov- 

ery. Given the complexity of splicing regulation 

and its centrality in driving biological process- es 

in pathological states, targeting the interac- tion 

between SNRPG and the RING finger domain of 

RBBP6 for drug discovery in cancer may provide 

a better understanding into the future of PPI-

focused drug discovery from a dif- ferent 

perspective. The biological connection between 

the splicing machinery and apopto- sis, a 

phenomenon that allows the regulated 
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Table 2. Examples of PPIs that have yielded modulators that are either approved or in clinical trials 

PPI Related disease Drug Status References 

PD-1/PD-L1 Non-small lung cancer Keytruda Approved-2014 [41] 

PD-1/PD-L1 Non-small lung cancer Opdivo Approved-2014 [42] 

PD-1/PD-L1 Non-small lung cancer Tecentriq Approved-2016 [43] 

Bcl-2/Bax Chronic lymphocytic leukemia ABT-199 Approved-2016 [44] 

PD-1/PD-L1 Merkel cell carcinoma Bavencio Approved-2017 [45] 

PD-1/PD-L1 Non-small lung cancer Imfinzi Approved-2017 [46] 

MDM2/p53 Acute myeloid leukemia Idasanutlin Phase III [47] 

MDM2/p53 Metastatic melanoma AMG232 Phase I/II [48] 

MDM2/p53 Solid tumor with p53 wild type status CGM097 Phase I [49] 

MDM2/p53 Advanced solid tumor, lymphoma DS-3032b Phase I [50] 

MDM2/p53 Neoplasm malignant SAR405838 Phase I [51] 

MDM2/p53 Advanced solid tumors, lymphomas ALRN-6924 Phase I/II [52] 

XIAP/caspase-9 Relapsed or refractory multiple myeloma LCL-161 Phase II [53] 

XIAP/caspase-9 Recurrent head and neck squamous cell carcinoma TL32711 Phase I [54] 

XIAP/caspase-9 Solid tumors, lymphoma ASTX-660 Phase I/II [55] 

XIAP/caspase-9 Solid cancers GDC-0917 Phase I [56] 

B-catenin/CBP Liver cirrhosis RPI-724 Phase I/II [57] 

PD-1/PD-L1 Prostatic neoplasms CA-170 Phase II [58] 

CD40/CD40L Advanced solid tumors ABBV-428 Phase I [59] 

 

destruction and disposal of damaged or un- 

wanted cells, remains an overlooked arsenal 

in designing anti-cancer therapies. Defects in 

the regulation of apoptosis have been associ- 

ated with dysfunctional splicing patterns of a 

large number of apoptotic factors in tumori- 

genesis. Therefore, the modulation of anti- 

apoptotic and pro-apoptotic proteins via phar- 

maceutical manipulation of regulatory core- 

splicing proteins may open up new therapeutic 

avenues for the treatment of cancer. Thus, tar- 

geting the interaction between SNRPG and the 

RING finger domain of RBBP6 for drug discov- 

ery is a “bottom-up” approach in addressing the 

issues surrounding tumorigenesis and tumor 

development. 

 
Conclusion 

 
The panoply of using MST technology to detect 

and quantify high-affinity and therapeutically 

relevant PPIs towards PPI-focused drug discov- 

ery remains of particular interest in biomedical 

research. Deciphering the binding affinity of 

therapeutic proteins in cancer is essential for 

their rational optimization towards designing 

PPI-focused anti-cancer adjuvants. The MST 

analysis presented in this study provides the first 

mechanistic in vitro insight of the inter- action 

between SNRPG and the RING finger 

domain of RBBP6. The obtained results are 

coherent and in perfect agreement with previ- 

ous suggestions implicating possible involve- 

ment between the two proteins. The study 

affirms and strongly establishes scientific pur- 

suit insinuating the possible in vivo involve- 

ment between the two regulatory core-splicing 

proteins in cancer-cell networks. The study 

strongly disqualifies the oversight placed on the 

two onco-proteins in developing PPI-focus- ed 

smart drugs, thus showing SNRPG and the RING 

finger domain of RBBP6 as potential anti- cancer 

drug candidates. Further exploration into their 

molecular and structural mechanism of action 

could significantly validate their effi- cacy as 

potential PPI-focused anti-cancer drug- gable 

targets. Identifying small molecule ‘lead’ 

compounds capable of modulating the interac- 

tion between SNRPG and the RING finger 

domain of RBBP6 could be the ‘missing link’ in 

the puzzle of the “quest for the cure”. 
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Table S1. MST raw data of merged dose-response of the PPIs between SNRPG and RING finger do- main of RBBP6 

Dose Response (Average) Std. Dev. N 

1.11E-06 867.28155 0.9235 3 

5.55E-07 866.9055 0.26835 2 

2.775E-07 865.66652 1.66455 2 

1.3875E-07 865.42005 0.81742 2 

6.9375E-08 864.91562 2.33324 2 

3.46875E-08 866.01389 1.33826 3 

1.734375E-08 862.59946 1.25891 2 

8.671875E-09 862.22974 0.74229 2 

4.335938E-09 861.75527 4.2119 2 

2.167969E-09 860.03 5.31867 2 

1.083984E-09 861.10854 0.89908 2 

5.41992E-10 862.19 0.63159 2 

2.70996E-10 862.75342 1.93067 3 

1.35498E-10 861.43567 2.59197 3 

6.7749E-11 861.44066 1.97434 3 

3.3875E-11 859.30191 1.3296 3 
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CHAPTER SEVEN 

 

General Discussion and Conclusion 

 

 7.1 General Discussion 

 
For several years, tremendous efforts have been linked to finding solutions to address existing 

cancer challenges. Modern drug discovery is driven by molecular targets with the aim of 

identifying new therapeutic agents that can selectively target disease-specific molecular 

mechanisms or pathways (Díaz-Eufracio et al., 2018a). Novel techniques to design and develop 

cancer therapy drugs and treatment methods using protein-protein interaction (PPIs) studies have 

become promising targets for therapeutic discovery. There are more than 645,000 reported 

disease-relevant PPIs in the human interactome. However, only 2% of these have been targeted 

with drugs by the year 2011. Most of the remaining disease-relevant PPIs such as transcription 

factors and many other signaling proteins have been widely considered ‘undruggable’ and 

remain elusive, under-explored and yet to be fully understood (Díaz-Eufracio et al., 2018b; 

González-Abuín et al., 2012; Robertson and Spring, 2018; Zhang et al., 2018). 

Inhibiting PPIs using small molecules or peptides has diagnostic and therapeutic significance 

(Díaz-Eufracio et al., 2018b; Beloglazkina et al., 2020; Wu et al., 2019). In this context, PPIs are 

an attractive emerging class of molecular targets that are critically important in the progression 

of many disease states (Robertson and Spring, 2018; Zhang et al., 2018). If well exploited, they 

can be engineered to provide therapeutically tractable ways of tweaking and manipulating the 

interplay in order to address the progression of many disease states (Du et al., 2018). Inhibiting 
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PPIs is a tremendously important diagnostic and therapeutic strategy that may lead to greatly 

protracted remissions and even curative therapies for a number of diseases (Stevers et al., 2017). 

 

The emergence of new technologies has unveiled the potential of PPIs in drug discovery and has 

enabled regular discovery of small molecule PPI modulators as significant smart-drug targets 

(Jana et al., 2017; Pelay‐Gimeno et al., 2015). The efficient mimicking of peptides in their 

bioactive conformation is a long-standing goal in the design of PPI inhibitors as drugs. Advances 

in PPI-focused technology have facilitated a display of side chain functionalities in analogy to 

peptide secondary structures, yielding molecules that are generally referred to as 

peptidomimetics (Pelay‐Gimeno et al., 2015). Peptidomimetics are compounds whose essential 

elements (pharmacophore) mimic a natural peptide or protein in 3D space and which retain the 

ability to interact with the biological target and produce the same biological effect (Akram et al., 

2014). 

 

Peptidomimetics tend to mimic peptide side chains to take advantage of the binding affinity of a 

number of hot-spot residues. The use of peptidomimetics has recently come of age with new 

drugs going into clinical trials. Research into these compounds will continue to be an 

indispensable tool to target PPIs in drug discovery for the foreseeable future (Akram et al., 2014; 

Mabonga and Kappo, 2019a). In this context, SNRPG (also referred to as SmG in this study) and 

the RING finger domain of RBBP6 have attracted significant attention because of their 

implicated roles in tumorigenesis and tumor development. Suggestive evidence of their varying 

expression levels has been reported in different types of cancers, which include breast, lung, 

prostate and colon cancer. The accumulating evidence suggests that the two splicing machinery 

components play significant roles in the initiation and progression of cancers (Mabonga and 

Kappo, 2019b). 
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Additionally, SNRPG and the RING finger domain of RBBP6 have a wide interacting network 

and their functions are predominantly mediated by protein-protein interactions, making them 

promising anti-cancer therapeutic targets in PPI-focused drug technology. According to Jonsson 

and co-workers most cancer-implicated proteins possess structural domains that have a higher 

ratio of infidelity as compared to non-cancer implicated proteins, making them more prone to 

interact with a wide diversity of proteins (Jonsson et al., 2006). Cancer-implicated proteins have 

a wide interactome and occupy central positions in cancer-cell protein networks (Bhandari et al., 

2014; Heneghan et al., 2013; Steinbrecher and Labahn, 2010). Moreover, protein interactions 

between cancer-implicated proteins have a higher probability of being related to cancer processes 

than non-interacting proteins (Du et al., 2018; Jonsson et al., 2006; Du et al., 2016; Hanlon et 

al., 2010). 

 

In this regard, SNRPG and the RING finger domain of RBBP6 have been identified as potential 

diagnostic markers for cancer treatment. Understanding their roles in tumorigenesis and tumor 

development is an indispensable arsenal in the development of molecular-targeted therapies. 

Several anti-tumor drugs linked to splicing machinery components have been reported in 

different types of cancers and some have already entered the clinical setting. However, targeting 

SNRPG and the RING finger domain of RBBP6 as drug development tools has been an 

overlooked and under-developed strategy in cancer therapy. Suggestive evidence proposed 

putative interactions between the two regulatory core-splicing oncogenic proteins (Chibi et al., 

2008; Kappo et al., 2012). Chibi and co-workers predicted possible interactions between SNRPG 

and RBBP6 through its N-terminal domain which is a crucial component of the RNA processing 

machinery in the cell (Chibi et al., 2008). The N-terminal domain of RBBP6 consists of the 

Domain With No Name (DWNN), the Zinc knuckle and Really Interesting New Gene (RING) 
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finger domain. However, the precise mechanisms and binding events involved remain elusive 

and yet to be fully investigated. 

 

In another study, Kappo and co-workers identified two copies of SNRPG, which are 

conformational isomers of the same protein as part of the five substrates that bind to the N- 

terminal RING finger domain of RBBP6 (Kappo et al., 2012). The results obtained from the two 

studies by Chibi and co-workers (Chibi et al., 2008) as well as Kappo and colleagues (Kappo et 

al., 2012) form part of the background of the study conducted in this work. The findings from the 

two studies substantiated the possible interaction between SNRPG and RBBP6 through its RING 

finger domain in tumorigenesis and tumour development. However, the precise mechanisms 

involved remain elusive, hence the need to conduct further investigations and establish the 

relationship between the two cancer proteins towards PPI-focused anti-cancer drug discovery. 

 

In this study, in silico studies were conducted to predict the structural and biophysical 

characteristics of SNRPG and the RING finger domain of RBBP6. The putative interaction 

between the two proteins was predicted and a possible lead compound that can be used as a small 

molecule inhibitor towards anti-cancer drug discovery was further identified. The in silico 

studies predicted significant interactions between SNRPG and the RING finger domain of 

RBBP6. Detailed analysis of the predicted three-dimensional structure of the complex between 

SNRPG and the RING finger domain of RBBP6 identified "hot spot" regions and binding site 

residues active in the binding. The determination of in silico predictions as determined from 

Racoon and Autodock Vina provided the fundamental motivation to further explore this 

interaction using the experimental MST assay. The assay provided a plumb line to determine the 

thermodynamic parameters of the binding between the two proteins with the view of 
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extrapolating the findings towards designing PPI-focused smart-drug modulators (Salmaso and 

Moro, 2018). 

 

The study predicted and identified a potential ligand (4FI), which was subsequently docked onto 

the SNPRG~RING finger domain protein complex. The predicted binding site residues on the 

active site of the SNPRG~RING finger domain protein complex when bound to the 4FI ligand 

denoted more than 71 % participation of hydrophobic amino acid residues bearing non-polar R- 

groups, 14% hydrophilic amino acid residues with non-polar R-groups and 14% basic and 

electrically charged amino acid residues possessing positively charged R-groups. A high level of 

fluctuation occurred in the 4FI~SNRPG~RING finger domain complex at around 15 ns, 

stabilizing at approximately 40 ns till the end of the simulation, thereby suggesting the 

adjustment of the ligand within the active site of the complex. 

 

The docked pose of SNRPG in complex with the RING finger domain of RBBP6 was prepared 

and subjected to MD simulations using AMBER18 program. MD simulations were performed 

for a total of 80 ns and trajectories were analyzed for ligand root-mean-square-deviation 

(RMSD), root mean square fluctuation (RMSF) and radius of gyration (RoG) values and 

interaction fingerprints of the compounds in the active site over time. The results suggested that 

the 4FI ligand reshapes the sorting signal binding groove in a way that optimal van der Waals 

contacts are possible and non-polar solvent accessible surface area is diminished upon peptide 

binding. The opening of the dynamic loop is particularly crucial in establishing the optimized 

4FI ligand binding groove conformation. The RMSF results showed that the core of the protein is 

more rigid relative to the loops (solvent-exposed) with very high fluctuations. The simulation 

denotes the stabilization of the SNRPG~RING finger domain complex throughout the simulation 

and the overall 4FI~SNRPG~RING finger domain complex does not deviate much from the 
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initial structure. Superimposition of the 3D structure of the SNRPG~RING finger domain 

complex before and after simulation also reveals no major changes in terms of the secondary 

structure. 

 

In the MM/GBSA approach the binding affinity of the 4FI ligand bound to the complex between 

SNRPG and the RING finger domain of RBBP6 was -27.96 kcal/mol. Detailed structural 

analysis showed that the peptide binding groove is much more flexible in the SNRPG~RING 

finger domain complex structure as compared to 4FI~SNRPG~RING finger domain complex. 

This suggests that the peptide is not able to adopt stable bound conformations. The obtained 

ΔGbind value was consistent with the other observations. The study determined a -0.01 kcal/mol 

prediction value of the Gibbs energy difference (-TΔStot) suggesting that the reaction between the 

4FI ligand and the SNRPG~RING finger domain complex was predictively spontaneous and 

favors the forward reaction. 

 

Microscale thermophoresis (MST) analysis was used to determine the binding affinity and 

binding strength of the biophysical interaction between SNRPG and the RING finger domain of 

RBBP6. Detailed procedures on the expression and purification of the proteins used in the MST 

assay are embedded in Appendix I. The results of the binding affinity between the two proteins 

were a KD value of 3.1596 nM under aqueous buffer conditions. The successful binding between 

SNRPG and the RING finger domain of RBBP6 is in alignment with the in silico studies, which 

predicted that the interaction between the two proteins is feasible. The results confirmed the 

findings obtained from the previous research using the Y2H technique (Chibi et al., 2008; Kappo 

et al., 2012). This study provides substantiated evidence that the two cancer implicated proteins 

indeed interact in vivo and may participate actively in processes leading to tumorigenesis and 

tumor development. The findings help to project the oncogenic potential of
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SNRPG and its possible links to the RING finger domain of RBBP6 in cancer-cell protein 

networks. From a drug discovery perspective, SNRPG and the RING finger domain of RBBP6 are 

potential targets in PPI-focused smart-drug discovery. Inhibiting the SNRPG~RING finger 

domain complex using small molecule inhibitors may lead to greatly protracted remissions and 

even curative therapies for several diseases including cancer (Mabonga and Kappo, 2019b). 

 
 

7.2  Conclusion 

 
Accelerating the arrival of next-generation drugs is a grand challenge awaiting us. A concerted 

effort to target undruggable proteins may reap enormous benefits in terms of yielding new 

medicines for diverse human diseases. The potential of the proteome space as a drug discovery 

arsenal may unlock and bring under control all manner of pathologies, from neurodegenerative 

diseases to cancer and to infectious diseases. Researchers are becoming aware of the great 

benefits that could accrue by tackling these undruggable proteins towards PPI-focused anti- 

cancer drug design. Therapeutic peptidomimetics are at the forefront in the technology 

development curve as potential PPI-focused next generation drugs. A significant number of 

laboratories are trying to create collections of architecturally complex synthetic mimicries that 

might be more effective in binding to these challenging and undruggable protein families. In the 

course of time, an increasing number of proteins historically branded intractable will likely be 

considered druggable. The time may even come, far into the future, when all disease-relevant 

proteins will have been targeted successfully as potential adjuvants. Thus, the final panorama of 

human ingenuity will rapture as we reach the pinnacle of curing the incurable - when the 

majority of undruggable proteins will have been drugged. 
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This work describes for the first time the unprecedented evidence of the longstanding 

postulations of the PPIs between SNRPG and the RING finger domain of RBBP6. The critical 

roles played by the two proteins in tumorigenesis and tumour development are well documented. 

However, their oncogenic potential has been overlooked and downplayed for a long time. 

Regardless of the tremendous efforts to uncover their biological significance, SNRPG and the 

RING finger domain of RBBP6 remained beyond the targeting capabilities of established drug 

discovery technologies. Validated by overwhelming evidence of high-quality biological data, the 

study unleashes new information on the interaction between SNRPG and the RING finger 

domain of RBBP6. The study exhumes the two onco-proteins from the force majeure of being 

undruggable targets to the fascio effect of being therapeutic vulnerabilities in the drug discovery 

parlance. Many of the splicing machinery components remain attractive as drug targets from a 

biological perspective. Regardless of being previously regarded as “prototypically intractable”, 

“difficult to drug” or “yet to be drugged”, results from this study provide the first evidence that 

affirm the druggability of the interaction between SNRPG and the RING finger domain of 

RBBP6. 

 

7.3  Recommendations for further studies 
 

Despite the strong and interesting implications associated with SNRPG and the RING finger 

domain of RBBP6 as well as their significant prowess as potential smart-drug discovery targets 

in PPI-focused anti-cancer studies, the oncogenic potential of the two proteins remains yet to be 

proven by fully investigating the mechanisms and functional basis of their operations. Their 

evasive roles in linking the splicing machinery to tumorigenesis and tumour development remain 

a dark spot and yet to be tamed. The findings presented in this study offer a foundational 
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platform to prompt further investigations into understanding the mechanism of action between 

the two proteins. 

 

The study recommends that further in silico studies be conducted on the putative interaction 

between the two proteins with the aim of validating the amino acid residues involved in the 

binding between SNRPG and the RING finger domain of RBBP6. However, instead of running 

the MD simulation for only 80 ns, it is recommended that the simulations be conducted for a 

period longer than 100 ns to enable more projected results of the complex-ligand interaction.   It 

is additionally proposed that the structure of SNRPG~RING finger domain be solved using 

macromolecular X-ray crystallography studies, the binding (hot spot) residues be identified, and 

mutational studies conducted. 

 

In conclusion, the study recommends that multiple MST assays be conducted at varying 

parameter ranges to facilitate the determination of thermodynamic parameters such as enthalpy 

and entropy changes of the binding event. More interaction assays between SNRPG and other 

therapeutically relevant regulatory splicing proteins are recommended. More so, interaction 

studies between SNRPG and other N-terminal domains of RBBP6 should be investigated. 

Another aspect of the work that should be further investigated is to synthesize the 4FI ligand and 

perform an additional MST assay to further validate the in silico binding studies done on the 

SNRPG~RING finger domain complex. This would give more weight to the results and 

determine if in reality there is interaction between the proposed inhibitor and the protein 

complex. The study also recommends that other techniques that include Isothermal Titration 

Calorimetry (ITC) analysis and Surface Plasmon Resonance (SPR) analysis be conducted in 

order to validate the interactions reported in this study.  
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It is further suggested that the identification and selection of additional inhibitory ligands to 

facilitate further research towards drug design and development. Above all, future studies should 

by all means consider synthesizing the imhibitor for ex-vivo and pre-clinical studies using cell 

lines and animal models or synthesize and test 4FI-derived compounds. Finally, it is 

recommended that the design and development of PPI-focused small molecule drugs   be derived 

from the 4FI ‘lead’ compound as potential arsenals for the inhibition of SNRPG~RING finger 

domain interaction in PPI-focused anti-cancer drug discovery. 
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APPENDIX I 
 

 

Experimental Procedures 

 
General stock solutions, buffers and media 

 

Ammonium persulphate (APS): 10 % stock solution of APS was prepared by dissolving 1 g of 

APS in 10 ml of distilled water; this was stored at -20 °C. 

 

Ampicillin: 100 µg/ml (final concentration) stock solution was prepared by dissolving 1 g of 

ampicillin in 10 ml of distilled water. The solution was filter-sterilized and divided into 2000 µl 

aliquots and stored at -80 °C. 

 

Ampicillin agar plates: 3.4 g Bacteriological agar, 3.2 g Tryptone, 2.0 g Yeast and 1.0 g NaCl 

was dissolved in 200 ml distilled water. This was autoclaved allowed to cool down before 

ampicillin was added. 

 

Bis-Acrylamid: 29.2 g of acrylamide and 0.8 g of N, N-Methylene bis acrylamide was dissolved 

in 100 ml of distilled water. 

 

Cell lysis buffer: 2.5 ml Tris (50 mM; pH 8.0), 100 μg/ml lysozyme, 250 µl PMSF (0.5 mM), 

100 μg/ml DTT (5 mM) and 7.5 ml NaCl (100 mM). The buffer was made up to 50 ml by an 

addition of distilled water. 

 

Chloramphenicol: A 34 mg/ml stock solution was prepared in ethanol. The solution was stored 

at 4 °C until needed. 
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Coomassie staining solution: 1 g Coomassie® Brilliant Blue was dissolved in 450 ml (45 %) 

methanol and 100 ml (10 %) glacial acetic acid and the volume brought to 1000 ml by the 

addition of 450 ml distilled water. 

 

Destaining solution: 500 ml (50 %) methanol and 70 ml (7 %) glacial acetic acid were mixed 

and the volume was made up to 1000 ml by the addition of 430 ml distilled water. 

 

Dithiothreitol (DTT): 1 M stock solution was prepared in 0.01 M sodium acetate, pH 5.2. The 

solution was filter-sterilized, divided into 1 ml aliquots and stored at -80 °C. 

 

Isopropyl β-D-1-thiogalactopyranoside (IPTG): 1 M stock solution was prepared by 

dissolving 2.38 g of IPTG in 8 ml of double distilled water and brought to a final volume of 10 

ml. This was divided into aliquots and kept at -20 °C. 

 

PBS: this was prepared by the addition of 8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na2HPO4 and 0.24 

g/l KH2PO4, pH 7.4 and sterilized by autoclaving. 

 

PMSF (100mM): 0.174 g of PMSF was dissolved in 10 ml of ethanol and stored at - 20º C. 

 

2 M Tris (pH 8.8): 242.2 g of Tris base was dissolved in 800 ml of ddH2O. The pH was 

adjusted to 8.8 by adding concentrated HCl. The final volume was made up to 1 L with distilled 

water and the solution was sterilized by autoclaving. 

 

2 M Tris (pH 6.8): 242.2 g of Tris base was dissolved in 800 ml of ddH2O. The pH was 

adjusted to 6.8 by adding concentrated HCl. The final volume was made up to 1 L with distilled 

water and the solution was sterilized by autoclaving. 
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YT Broth: this was prepared by the addition of 16 g/l Tryptone powder, 10 g/l Yeast extract, 5 

g/l NaCl and 4 g/l Glucose. Autoclaved and stored at room temperature, normally used within 

three days. 

 

2X sample buffer: 100 mM Tris-HCl pH 6.8, 4 % SDS, 20 % Glycerol and 0.2 % Bromophenol 

Blue. The buffer was stored at room temperature, prior to use, 200 mM freshly prepared DTT 

was added. 

30 % glycerol: 30 ml of glycerol was mixed with 70 ml of distilled water 10 % 

 

Sodium Dodecyl Sulphate (SDS): 50 g SDS was dissolved in 400 ml of distilled water. The pH 

was adjusted to 7.2 and the volume adjusted to 500 ml with distilled water. Filter-sterilize, if 

needed. 

 

5X running buffer: 15.1 g Tris-base, 72 g Glycine and 10 % SDS were combined and the 

volume brought to one litre with distilled water. 

 

15 % SDS resolving/ separating gel recipe: 2812 µl Bis, 1425 µl Tris 8.8, 28.13 (10 %) µl 

SDS, 1350 µl distilled water, 75 µl APS and 15 µl TEMED. 

 

SDS stacking gel recipe: 650 µl Bis, 1250 µl Tris 6.8, 25 (10 %) µl SDS, 3000 µl distilled 

water, 100 µl APS and 10 µl TEMED. 

 

Recombinant Expression and Purification of RING finger domain protein 

 
Bacterial strain used 

 

E. coli BL21 StarTMpLysS (DE3) (Stratagene): Fomp T hsdSB (rB 
-mB

-) gal dcm rne131 (DE3) 
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Preparation of competent E. coli BL21 (DE3) pLysS cells for transformation 

 

E. coli BL21 (DE3) pLysS cells were streaked out on a Luria agar plate and incubated at 37 ºC 

for 16 hours. A single colony was picked and used to inoculate 5 ml LB broth without antibiotics 

which was then incubated at 37 ºC overnight. The following morning, the culture was scaled up 

to 50 ml and incubated at 37 ºC until the optical density at 600 nm (OD600) reached between 0.4– 

0.6. The cells were then harvested by centrifugation at 5000 rpm for 10 mins, re-suspended in 10 

ml ice cold 0.1M MgCl2 and left to incubate on ice for 30 mins. The cells were harvested again 

at 4000 rpm for 10 mins and the cells resuspended in 10 ml ice cold 0.1M CaCl2. The cells were 

harvested again for the last time and resuspended in 3 ml ice cold CaCl2 and 3 ml 30% glycerol. 

The made competent cells were then aliquoted, snap frozen in liquid nitrogen and stored at -80 

ºC until required for use. 

 

 
Transformation of E. coli BL21 (DE3) pLysS cells using pQE30~SNRPG and pGEX-6P-2~RING 

constructs 

Codon optimized cDNA encoding full-length of SNRPG (UniProtKB - P62308 

(RUXG_HUMAN)) and RING Finger domain of RBBP6 (pdb3tzg) were purchased from 

GenScript (USA) according to the published sequences (NCBI ID: NM_001317165.1 and 

BVU_2266) and codon harmonized forms of the genes of SNRPG and RING Finger domain of 

RBBP6 were constructed. The DNA segments encoding regions were PCR amplified using 144 

BamHI and XhoI restriction sites (due to their ability to use the same digestion buffer, hence 

restriction can be done once at 4 °C overnight). The genes were cloned into the pQE30 and 

pGEX-6P-2 protein expression vectors respectively. 



194 

 

 

Frozen competent cells of the strain E. coli BL21 (DE3) pLysS were thawed on ice and to 100 µl 

of these cells, 2 µl of plasmid DNA was added to make a transformation mixture (designated the 

experimental tube). Another tube was set up with only competent cells and no plasmid DNA 

(designated the control tube). The mixtures were incubated on ice for 20 minutes after which the 

cells were heat-shocked by incubation in a water-bath for 5 minutes at 37 °C. Thereafter, the 

mixtures were placed back on ice for an additional 5 minutes after which 900 µl of pre-warmed 

Luria broth without ampicillin was added to both tubes, followed by a further incubation step at 

37 °C for 2 hours. A 50 µl sample of the transformed cells were plated on Luria agar plates 

containing 100 µg/ml of ampicillin and incubated at 37 °C overnight. 

 

 
Small-scale expression screening of E. coli BL21 (DE3) pLysS transformed cells with 

pQE30~SNRPG and pGEX-6P-2~RING constructs 

 

Single colonies of E. coli BL21 (DE3) pLysS cells were used to inoculate 5 ml cultures of Luria 

broth containing 100 µg/ml ampicillin which were then incubated for 4 hours at 37 °C with 

vigorous shaking. Thereafter, 1 ml was removed from each culture and transferred to a clean 15 

ml tube to serve as the un-induced control, and another 1 ml was transferred to a clean 15 ml 

tube and 0.5 mM isopropyl β-D-thiogalactoside (IPTG) added to serve as the induced culture. 

Both un-induced and induced cultures were incubated for a further 2 hours at 37 °C with 

vigorous shaking after which the cells from both cultures were harvested by centrifugation at 16 

100 x g for 10 minutes. The cell pellets were re-suspended in 50 µl 2X sample buffer and heated 

for 10 minutes at 90 °C. Thereafter, the samples were spun down for 1 minute at the highest 

speed and 20 µl of the supernatant from each sample was quickly loaded onto a 15 % 

SDSPAGE gel for analysis and these are shown in Figures A1 and A2 below. The remaining 3 

ml of the best expressing culture was used to make glycerol stocks which were later used for 

large-scale recombinant protein expression. 
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Fig. A1: Small scale expression profile of colonies transformed with pQE30~SNRPG. Lane 1 shows protein 

ladder, even-numbered lanes depict total bacterial cell lysates of cultures without induction by IPTG, while odd-

numbered lanes indicate induction of protein expression with 0.5mM IPTG. The screening showed leaky expression of 

the SNRPG His-tagged protein running higher than its expected molecular weight of 8.5kDa which may have been due 

to incomplete denaturation of the protein. The addition of β-mecaptoethanol or DTT and boiling the samples at a higher 

heat for longer may have solved this problem. 

 

 

 

 
 
Fig. A2: Small scale expression profile of colonies transformed with pGEX-6P-2~RING. Lane 1 shows protein 
ladder, lanes 1 and 3 indicate un-induced cultures while lanes 2 and 4 show cultures induced with 0.5mM IPTG. Better 

expression of the protein was observed in lane 4, which showed expression of the RING GST-tagged protein at 

approximately 36kDa which corresponds in size to the predicted molecular weight of the protein. 

 

Recombinant production of SNRPG and the RING Finger domain of RBBP6 

 

A 100 µl sample of the best expressing clone from the expression screen was used to inoculate 

100 ml of Luria broth containing 100 µg/ml ampicillin. This culture was grown overnight on a 

rotary shaker at 37 °C, shaking at 210 rpm. The following day, the culture was used to set up a 

1:1000 dilution i.e. 1 ml of the overnight culture was used to inoculate 1 L of Luria broth 

containing 100 µg/ml of ampicillin. This was left incubating at 37 °C until the OD600  
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was between 0.4–0.6. The cultures were then induced with 0.5 mM IPTG concentration and the 

proteins were expressed at 25 °C overnight. For the RING finger domain protein 100 µM ZnSO4 

was added prior to IPTG induction to ensure correct folding of the protein. Several protein 

expressions followed of up to 20 L per cycle. Following expression, the cells were harvested the 

next day by centrifuging the cells for 20 mins at 20 000 xg. Resulting pellets were resuspended 

in their appropriate lysis buffers which contained 50 mM Tris-HCL, 100 mM NaCl and 10 mM 

Imidazole for the SNRPG protein and PBS at pH7 containing 100 µg/ml Lysozyme, 1 mM 

PMSF, 1 mM DTT, 1 % Triton X-100 and 100 µM ZnSO4 for the RING finger domain protein 

respectively. The re-suspended cell pellets were stored in -80 °C until required for purification. 

Results exhibiting expression of the SNRPG protein is shown below (Fig. A3). Expression of the 

RING finger domain protein is shown along with the purification profile of the protein (Fig A5). 

 

 

Fig. A3: Recombinant expression of SNRPG protein. Lanes represent progressive expression of the protein from 

5μL to 20μL in a 2L expression. The last two lanes represent expression of the protein from a 1L expression. 

 

 
 

 

Extraction 

 

Frozen cell pellets were thawed on ice and treated with 1X EDTA-free protease inhibitor cocktail 

tablets. The cells were lysed by three to five cycles of freeze-thawing by incubating the cell 

suspensions at -80 °C for 10 minutes, followed by incubation at 37 °C for 10 minutes. The total 
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bacterial lysate containing cell debris and other particulate matter was then cleared by 

centrifugation at 20 000 xg for 30 minutes at 4 °C. The clear supernatant containing soluble 

protein was then decanted into fresh 50 ml tubes. Sodium azide was added to a final 

concentration of 0.02 % to prevent bacterial growth before storage at 4 °C. 

 

Affinity Purification: SNRPG protein 

 

A Nickel-NTA column using 10 ml of HisSelect Nickel-linked agarose beads was packed into a 

column by pouring the beads into a plastic column and allowing the storage ethanol to flow out. 

The beads were washed several times with dH2O and then allowed to pack well by leaving the 

column in 4° C overnight. The next day, the beads were equilibrated with 5CV of equilibration 

buffer containing 50 mM Tris (pH 8) and 40 mM Imidazole. The total bacterial cell lysate was 

then poured down the column and the flow through collected and kept on ice. The column was 

washed again with 5CV equilibration buffer and the protein was eluted using elution buffer 

containing 50 mM Tris (pH 8) and 300 mM Imidazole. Samples were taken at every step for 

SDS-PAGE analysis. After purification, the beads were stored in 30% ethanol and left at 4 until 

further required while 0.02 % of 10 % NaNz was added to elution fractions. 

 

 

 
 

Fig. A4: Affinity Purification of SNRPG protein. Lanes represent protein ladder and the purified SNRPG protein 

running at the expected size of 8.5kDa. 
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Affinity Purification: RING finger domain protein 

 

A 5 ml glutathione-agarose (SIGMA® Aldrich) column was prepared by weighing out the 

required amount of the glutathione-linked agarose beads, suspending it in deionised water and 

allowing it to swell overnight at 4 °C. The following day, the slurry misxture formed was poured 

into a 15x1 cm Econo® Chromatography Column (Amersham Pharmacia) of 20 mm diameter 

and allowed to pack well by standing at 4 °C overnight. Thereafter, the column was washed with 

dH2O and equilibrated with 3 column volumes (3 CV) of PBS pH 7.4. The bacterial lysate was 

then poured unto the pre-equilibrated column and allowed to pass through by gravity flow. The 

resultant flow-through was collected and kept on ice. The column was then washed with 5 

column volumes (5 CV) of PBS pH 7.4, after which the bound GST-RING Finger domain 

protein was eluted with 3 column volumes (3 CV) of elution buffer (50 mM Tris-HCl, pH 8.0 

containing 15 mM reduced glutathione). The eluted GST-RING domain fusion protein was 

stored at 4 °C after the addition of 1 mM PMSF, 1 mM Dithiothreitol (DTT) and 0.02 % sodium 

azide. After protein elution, the glutathione-agarose column was washed with 3 column volumes 

(3 CV) of 2 M NaCl to remove any non-specific bound proteins on the beads and 5 column 

volumes (5 CV) of deionized water to clean up the affinity column further before storage at 4 °C. 

The expressed SNRPG protein was purified using a Nickel-NTA column recharged with cobalt. 

The eluted protein was then subjected to SDS-PAGE electrophoresis for analysis. 
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Fig. A5: Affinity Purification of RING finger domain of RBBP6. Lane M- protein marker; Lane 1 – Flowthrough; 

Lane 2 – Lysate (protein expression); Lane 3 -  Clean Wash; Lane 4 -  Elute 1 (in 20ml); Lane 5 – Elute 2 (in 10ml) 

 

 
 

 

 

 

Fig. A6: Cleavage of RING finger domain of RBBP6. Lane M- protein marker; Lane 1 – Pooled elute before 

cleavage with 3C-Protease; Lane 2 – Pooled elute after cleavage completion
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  Protein concentration determination 

 

The protein concentration was determined using a NanoDrop® ND2000 spectrophotometer 

(Thermo Fisher Scientific) by measuring the absorbance at 280 nm. About 0.5-2 µl sample of the 

elution buffer (respective to each protein) was placed directly on top of the detection surface of 

the NanoDrop® ND2000 spectrophotometer (Thermo Scientific) to blank it. Thereafter, 0.5-2 µl 

of the purified protein samples was placed directly on top of the detection surface in order to 

determine the protein concentration of His-SNRPG and the GST-RING finger domain protein. 
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