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1 Abstract 
Cancerous tumors require a range of oncogenic proteins to promote cellular 
proliferation and inhibit apoptotic signals. The effective cap-dependent translation of 
oncogenic mRNA displays an absolute requirement for certain eukaryotic translation 
initiation factors (eIF). In particular the interaction of eukaryotic translation initiation 
factor 4E (eIF4E) with eukaryotic initiation factor 4G (eIF4G) is absolutely required to 
maintain the malignant phenotype. By contrast the eIF4E / eIF4G interaction is not 
required for the cap-independent translation of mRNAs that encode homeostatic 
proteins within healthy cells. As such, the inhibition of cap-dependent translation via 
disruption of the eIF4E / eIF4G interaction has become an attractive strategy towards 
the development of novel cancer drugs. 
 
  A reverse two-hybrid system was constructed with binding fragments of eIF4E and 
eIF4G within Escherichia coli, in order to mimic the oncogenic PPI found within 
malignant tissue. Split intein circularization of peptides and protein technology was then 
utilized to screen a library of DNA encoded cyclic peptides against the eIF4E / eIF4G 
interaction. Screening isolated four potential cyclic peptide inhibitors of the oncogenic 
protein-protein interaction that disrupted the eIF4E / eIF4G interaction in Escherichia 
coli. Putative cyclic peptide inhibitors of the eIF4E / eIF4G interaction were 
subsequently synthesized by 9-fluorenylmethoxycarbonyl solid phase peptide synthesis 
in preparation for testing against immortalized cancerous cell lines.  
 
  A series of assays were devised to determine the effect of compound treatment on 
translation. Screening of cyclic peptides by MTT cell viability assay determined that 
two putative inhibitors of the eIF4E / eIF4G interaction elicited a dose-dependent 
response in MCF7 cells. Further testing of cyclic peptides by a luciferase reporter assay 
suggested that cyclic peptide treatment had little effect on cap-dependent or cap-
independent translation in HeLa cells. This finding was confirmed by 35S labelled 
methioinine/ cysteine incorporation, which suggested that cyclic peptide treatment had 
little effect on global translation rates in HeLa cells. m7 GTP pull-down experiments 
subsequently revealed that cyclic peptides did not disrupt the eIF4E / eIF4G interaction 
within HeLa cells or within HeLa cell lysate. It is therefore probable that SICLOPPS 
screening failed to isolate cyclic peptide inhibitors of this oncogenic PPI.   
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7 Abbreviations 
• ΔGbinding: Gibbs free energy of binding 

• 1H 1D:  One-dimensional proton spectroscopy 

• 1H COSY: Two-dimensional proton correlation spectroscopy 

• 1H TOCSY: Two-dimensional proton total correlation spectroscopy 

• 3-AT:  3-Amino-1, 2, 4-triazole 

• 3’ UTR: 3’ untranslated region 

• 434:  DNA binding domain of the bacteriophage 434 repressor protein  

• 434 / P22: Chimeric DNA operator with 434 / ‘P22’ specificity  

• 43S PIC: 43S pre-initiation complex 

• 48S PIC: 48S pre-initiation complex 

• 4EBP:  eIF4E binding protein 

• 4E-SE:  eIF4E sensitivity element 

• 4E-T:  eIF4E nuclear transporter protein 

• 5’ UTR: 5’ untranslated region 

• A:  Adenosine 

• ‘A’:  Acceptor site of 80S ribosome 

• AA:  Amino acid 

• AMP:  Adenosine monophosphate 

• AMPK: Adenosine monophosphate activated protein kinase 

• AmpR:  Ampicillin resistance gene 

• Apaf-1: Apoptotic protease activating factor 1 

• APS:  Ammonium persulfate 

• AraBAD: Arabinose promoter 

• AraC:  Protein repressor of the arabinose operon 

• Arg:  Arginine 

• Asp:  Aspartic acid 

• ATP:  Adenosine triphosphate 

• AttB:  Bacterial attachment site 

• AttP:  Phage attachment site 

• BME:  β-mercaptoethanol 

• bp:   Base pair 
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• BSA:  Bovine serum albumin 

• C:  Cytosine 

• CAT:  Chloramphenicol acetyl transferase 

• CBD:  Chitin binding domain 

• CIEEL: Chemically induced electron exchange luminescence  

• c-Myc:  Myelocytomatosis oncogenic transcription factor 

• CP:  Cyclic peptide 

• CRIM:  Conditional replication, integration and modular 

• CtBP:  C-terminal binding protein 

• CTD:  C-terminal domain 

• Cys:  Cysteine 

• Da:  Dalton 

• DCM:  Dichloromethane 

• DIC:  N,N’-Diisopropylcarbodiimide 

• DIPEA: N,N-Diisopropylethylamine 

• Dmab:  4-(N-(1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl)-amino) 

benzyl ester 

• DMEM: Dulbecco’s modified eagle medium 

• DMF:  N,N-Dimethylformamide 

• DMSO: Dimethyl sulfoxide 

• DNA:  Deoxyribonucleic acid 

• dNTPs: 2’-Deoxynucleotide 5’-triphosphates 

• DTT:  Dithiothreitol 

• ‘E’:  Exit site of 80S ribosome 

• E. coli:  Escherichia coli bacterium 

• EDC:  N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 

• EDTA:  Ethylenediaminetetraacetic acid 

• eEF1:  Eukaryotic translation elongation factor 1 

• eEF2:  Eukaryotic translation elongation factor 2 

• EGFR:  Extracellular growth factor receptor 

• eIF:  Eukaryotic translation initiation factor 

• eIF1:  Eukaryotic translation initiation factor 1 
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• eIF1A:  Eukaryotic translation initiation factor 1A 

• eIF2:  Eukaryotic translation initiation factor 2 

• eIF3:  Eukaryotic translation initiation factor 3 

• eIF4A:  Eukaryotic translation initiation factor 4A 

• eIF4E:  Eukaryotic translation initiation factor 4E 

• eIF4F:  Eukaryotic translation initiation complex F 

• eIF4G:  Eukaryotic translation initiation factor 4G 

• eIF5:  Eukaryotic translation initiation factor 5 

• eIF5B:  Eukaryotic translation initiation factor 5B 

• ELISA: Enzyme linked immunosorbent assay 

• EMCV: Encephalomyocarditis virus 

• eq.:  Equivalents 

• eRF1:  Eukaryotic release factor 1 

• eRF3:  Eukaryotic release factor 3 

• ESI+:  Electrospray ionization, positive ion mode 

• Et2O:  Diethyl ether 

• FAG:  Fragment of apoptotic cleavage of eIF4G 

• FBS:  Fetal bovine serum 

• FGF:  Basic fibroblast growth factor 

• Fluc:  Firefly luciferase from Phontinus pyralis 

• Fmoc:  9-Fluorenylmethoxycarbonyl protecting group 

• G:  Guanosine 

• GDP:  Guanosine diphosphate 

• Gln:  Glutamine 

• Glu:  Glutamic acid 

• GTP:  Guanosine triphosphate 

• h:  Hours 

• HF:  High fidelity 

• His:  Histidine 

• His-3:  Imidazoleglycerol phosphate dehydratase gene 

• HIV:  Human immunodeficiency virus 

• HOAt:  1-Hydroxy-7-azabenzotraizole 
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• HOBt:  Hydroxybenzotriazole 

• HRV:  Human rhinovirus 

• IC:  C-terminal intein 

• IN:  N-terminal intein 

• inc.:  Inclusive 

• inteins:  Internal protein sequences 

• IPA:  Isopropyl alcohol 

• IPTG:  Isopropyl β-D-thiogalactopyranoside 

• IR:  Infrared spectroscopy 

• IRES:  Internal ribosomal entry site 

• Kan:  Neomycin phosphotransferase II gene 

• kb:   Kilobase 

• kDa:  Kilodalton 

• LacI:  Repressor protein of the lactose operon 

• LacZ:  β-galactosidase gene 

• LB agar: Luria Bertani agar media 

• LB broth: Luria Bertani broth 

• LD50:  Median lethal dose 

• Leu:  Leucine 

• Lys:  Lysine  

• m7 GTP: 7-methyl guanosine triphosphate 

• MAPK: Mitogen activated protein kinase 

• MeCN: Acetonitrile 

• MEK:  Mitogen activated protein kinase kinase 

• MeOH: Methanol 

• Met:  Methionine 

• MettRNAi: Initiator methionine transfer ribonucleic acid 

• min:  Minutes 

• MnK:  Mitogen activated protein kinase interacting kinase 

• MOPS: 4-morpholinepropanesulfonic acid 

• MPER: Mammalian protein extraction reagent 

• mRNA: Messenger ribonucleic acid 
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• MS:  Mass spectrometry 

• mTOR: Mammalian target of rapamycin 

• mTORC1: Mammalian target of rapamycin complex 1 

• mTORC2: Mammalian target of rapamycin complex 2 

• MTT:  Thiazolyl blue tetrazolium bromide 

• NEB:  New England biolabs 

• NMR:  Nuclear magnetic resonance 

• Npu:  Nostoc punctiforme 

• NTD:  N-terminal domain 

• OD:  Optical density 

• ODC:  Ornithine decarboxylase 

• ONPG: Ortho-nitrophenyl- β-galactoside 

• ‘P’:  Peptidyl site of 80S ribosome 

• ‘P22’:  Chimeric repressor protein based on the N-terminus of 434 

• PABP:  Poly adenosine binding protein 

• PAGE:  Polyacrylamide gel electrophoresis 

• Pbf:  2, 2, 4, 6, 7-pentamethyldihydrobenzofuran-5-sulfonyl protecting group 

• PBS:  Phosphate buffered saline 

• PCR:  Polymerase chain reaction 

• PDB ID: Protein data bank identifier 

• PG1:  Protecting group 1 

• PG2:  Protecting group 2 

• Phe:  Phenylalanine 

• Pi:  Inorganic phosphate 

• PI3K:  Phospho inositol 3-kinase 

• PKB:  Protein kinase B 

• PLac:  Promoter of the lactose operon 

• PLB:  Passive lysis buffer 

• PPI:  Protein-protein interaction 

• Pro:  Proline 

• P/S  Penicillin / Streptomycin 

• PTac:  Mutant promoter of the lactose / tryptophan operon 
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• PyBOP: (Benzotriazol-1yloxy)tripyrrolidinophosphonium hexafluorophosphate 

• R:  Purine (adenosine or guanosine) 

• Raf:  Proto-oncogene serine / threonine protein kinase 

• Ras:  Rat sarcoma kinase 

• REN:  Restriction endonuclease 

• Rluc:  Renilla luciferase from Renilla reniformis 

• RNA:  Ribonucleic acid 

• RP-HPLC: Reverse phase high performance liquid chromatography 

• rpm:  Rotations per minute 

• RT:  Room temperature 

• RTHS:  Reverse two-hybrid system 

• s:  Seconds 

• SDS:  Sodium dodecyl sulfate 

• Ser:  Serine 

• SICLOPPS: Split intein circular ligation of peptides and proteins 

• SOC:  Super optimal culture 

• SPPS:  Solid phase peptide synthesis 

• Ssp:  Synechocystis sp. PCC6803 

• StBu:  Tert-Butylthio protecting group   

• TBST:  Tris buffered saline tween 

• tBu:  Tert-butyl protecting group 

• TC:  Ternary complex 

• TCA:  Trichloroacetic acid 

• TCEP:  tris(2-carboxyethyl)phosphine hydrochloride 

• TEMED: N, N, N’, N’-Tetramethylethylenediamine 

• TFA:  Trifluoroacetic acid 

• THS:  Two-hybrid system 

• TIS:  Triisopropylsilane 

• TNBS:  Trinitrobenzene sulfonic acid  

• Tris:  Tris(hydroxymethyl)aminomethane 

• tRNA:  Transfer RNA 

• Trp:  Tryptophan 
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• Trt:  Trityl protecting group 

• TSAP:  Thermostable alkaline phosphatase 

• TSC:  Tuberous sclerosis complex 

• Tyr:  Tyrosine 

• Val:  Valine 

• VEGF:  Vascular endothelial growth factor 

• U:  Uracil 

• UV:  Ultra violet 

• UV-vis: Ultra violet visible spectroscopy 
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8 Project aims 
The transformation of healthy cells into malignant tissue requires the overexpression of 

certain oncogenic proteins that promote angiogenesis, stimulate cell cycle progression 

and inhibit apoptosis. The translation of these oncogenic proteins within healthy cells 

can be repressed by the secondary structure present within the 5’ untranslated region of 

the coding mRNA strand. Cancerous tumors may bypass this regulatory feature by 

displaying elevated levels of cap-dependent translation, which melts mRNA secondary 

structure and induces oncogenic protein expression. 

 

Eukaryotic translation initiation factors are a vital determinant of the efficient 

translation of oncogenic mRNAs and hence represent a tempting therapeutic target. In 

particular the interaction of eukaryotic translation initiation factor 4E (eIF4E) with 

eukaryotic translation initiation factor 4G (eIF4G) is indispensible to the effective cap-

dependent translation of oncogenic mRNAs. However the eIF4E / eIF4G interaction is 

not absolutely required for the effective cap-independent translation of housekeeping 

genes that are necessary for healthy cell survival. Therefore the targeted disruption of 

the eIF4E / eIF4G interaction represents a method to selectively inhibit cap-dependent 

translation of oncogenic proteins within malignant tissue, without toxic off target effects 

on healthy tissue.  

 

This project therefore aimed to develop therapeutics that disrupt the eIF4E / eIF4G 

interaction, with concomitant inhibition of the translation of oncogenic mRNAs. A key 

milestone of the project was the construction of a ‘two-hybrid’ system in Escherichia 

coli to permit the in vivo interrogation of the eIF4E / eIF4G interaction. The 

construction of this bacterial model system would then allow the screening of DNA 

encoded cyclic peptide libraries for potential inhibitors of the eIF4E / eIF4G interaction. 

Putative inhibitors of the oncogenic protein-protein interaction would then be 

synthesized via solid phase peptide synthesis for in cellulo validation studies. A range 

of assays would then be performed to determine the effect of putative cyclic peptide 

inhibitors on the eIF4E / eIF4G interaction within the malignant environment.  
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9 Introduction 

9.1 Drug discovery and protein-protein interactions 
The drug development process has classically relied on the fragment based or high 

throughput screening of small molecule inhibitors that are complient with Lipinski’s 

rule of five parameters. 1 2 3 The presence of deep surface pockets within enzymes and 

kinases, when combined with X-ray diffraction has enabled the rational design of 

substrate mimics via structure activity relationships and provided a convenient route to 

new therapeutic classes. Over recent years the pharmaceutical industry has exhausted 

the supply of readily druggable targets with defined small molecule binding clefts. The 

current scarcity of this ‘low hanging fruit’ has forced biochemists to re-consider 

strategies towards hit compound identification. As such the focus of therapeutic 

research has shifted towards macromoleculer biological therapeutics such as 

polypeptides and antibodies derived from phage display. 4 

 

The disruption of protein-protein interactions (PPIs) represents an appealing yet 

challenging approach towards therapeutic development. PPIs are typically large and flat 

interfaces with a typical surface area of 1600 (±400) Å2, but with a defined minimum 

area of at least 600 Å2. 5 6 The disruption of the extensive network of intermolecular 

interactions between two protein binding partners represents a significant challenge to 

the development of small molecule inhibitors and is more suitable to the development 

of macromolcular inhibitors such as peptides and antibodies.  

 

The identification of certain residues within PPIs that contribute a large percentage of 

the free energy of binding (>75 % of ΔGbinding in the case of the human growth hormone 

and its receptor), marked a significant advance towards therapeutic intervention at these 

interfaces. 7 Point mutations of certain residues with alanine revealed that these ‘hot 

spots’ contributed up to 4.5 kcal mol-1 of ΔGbinding. 7 8 A distinct amino acid bias was 

also observed among key binding residues at hot spots in PPIs. Tryptophan (21 %), 

arginine (13.3 %) and tyrosine (12.3 %) residues were all frequently observed as hot 

spot binding residues. 9 The hydrophobic steric bulk of tyrosine and tryptophan, 

combined with their ability to form hydrogen bonds and π-π stacking interactions may 

contribute to the exclusion of solvent and the formation of stabilized interactions 

between protein binding partners.  It was also noted that phenylalanine occurs three 
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times less frequently at hot spots than tyrosine, which would seem to indicate the 

importance of directional hydrogen bonding to the stabilization of PPIs. Arginine is 

capable of forming multiple directional hydrogen bonds and ionic interactions and it is 

therefore not surprising that this residue is capable of contributing a significant 

percentage of ΔGbinding to a PPI. 9 The presence of the arginine side chain as a 

guanidinium salt at physiological pH presents an additional obstacle that must be 

overcome for the formation of a stable interface. The solvation of hot spot residues by 

water molecules generates an energetic de-solvation cost that must be paid prior to PPI 

formation. Analysis of the X-ray crystal structures of known PPIs revealed that hot 

spots are surrounded by bordering residues that contribute little to ΔGbinding, but help to 

exclude the bulk solvent from hot spot residues. This ‘O-ring motif’ therefore shields 

hot spots from solvation by water and functions to reduce or eliminate the free energy 

cost of de-solvation, thereby stabilizing the protein dimer interface with respect to two 

free protein monomers in solution. 7 9 The combination of ‘O-ring’ and hot spot theory 

has permitted the development of small molecule PPI inhibitors that bind to hot spot 

residues within interfaces. 10 11 The ability of pre-organized macromolecular compounds 

such as constrained peptides to bind to extended flat interfaces has also made these 

therapeutic classes an appealing approach to the development of PPI inhibitors. 12 

 

Malignant tumors rely on the aberrant activation or deactivation of signaling cascades to 

stimulate angiogenesis, avoid apoptosis and stimulate proliferation. 13 Signalling 

pathways within mammalian cells rely on the integrity of PPIs to stimulate transcription 

and translation, enhancing proliferation and cell survival. 14 15 As such the targeting of 

PPIs with cyclic peptides has become a valuable strategy for the development of novel 

chemo-therapeutics. 16 This work is focused on the development of cyclic peptide 

inhibitors of a PPI involved in the assembly of the cap-dependent translation initiation 

complex, which is a vital pre-requisite for the survival and proliferation of malignant 

tissue. 17   

 
 
 
 
 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   35 

9.2 Eukaryotic translation 
Eukaryotic messenger ribonucleic acids (mRNAs) are modified at both the 5’ and 3’ 

termini to facilitate nuclear export, enhance translation and increase resistance to 

intracellular exonucleases. The 5’ end of eukaryotic mRNA is modified with a 7-methyl 

guanosine triphosphate (m7 GTP) cap, whereas the 3’ end of the mRNA is elongated by 

poly (A) polymerase. 18 19 20 Both the 5’ cap and the 3’ polyadenylated (poly A) tail of 

mRNA are vital recognition sites for proteins that facilitate polypeptide synthesis. 

Eukaryotic translation can be divided into three stages. Translational initiation requires 

a wide range of eukaryotic translation initiation factors (eIF) to localize the 40S 

ribosomal subunit to the mRNA strand and to recruit the 60S subunit to form the 

competent 80S ribosome. Translational elongation then extends the peptide chain from 

the amino (N) terminal residue, by adding amino acids sequentially to the carboxyl (C) 

terminus of the growing polypeptide strand until the final protein is assembled. The 

translational termination stage subsequently cleaves the polypeptide from the ribosomal 

complex and dissociates the translation apparatus for recycling.  

 

9.2.1 Eukaryotic translation initiation 

The initial step of translational initiation is the formation of the ternary complex (TC,  
Figure 1: A), consisting of eukaryotic translation initiation factor 2 (eIF2) with initiator 

methionine transfer ribonucleic acid (MettRNAi) and guanosine triphosphate (GTP). 21 22 
23 24 25 The TC then recruits a complex involving the 40S ribosomal subunit, eukaryotic 

translation initiation factor 3 (eIF3), eukaryotic translation initiation factor 1 (eIF1) and 

eukaryotic translation initiation factor 1A (eIF1A) to form the 43S pre-initiation 

complex (43S PIC, Figure 1: B). 26 27 28 29 30 31 32 At this point, cytoplasmic recruitment 

of the 43S PIC to the 5’ untranslated region (5’ UTR) of the mRNA strand proceeds via 

one of two distinct mechanisms. eIF3 can interact with the cap-dependent translation 

complex termed eukaryotic translation initiation complex 4F (eIF4F), to form the 48S 

pre-initiation complex (48S PIC, Figure 1: C). Alternatively the 43S PIC may be 

directly recruited in a cap-independent manner, to an internal ribosomal entry site 

(IRES) within the mRNA 5’ UTR. 33 34 
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Figure 1: Schematic of start codon recognition during eukaryotic translation 

initiation. Poly adenosine binding protein (PABP) circularizes the mRNA strand 

by binding to the 3’ poly A tail. PABP in concert with eIF4A, eIF4E and eIF4G 
constitute the cap dependent translation complex eIF4F (highlighted in red). 35  
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Once the 40S ribosomal subunit has bound to the 5’ end of mRNA, the AUG start 

codon is located via eIF1 and eIF1A-dependent scanning of the 40S ribosomal subunit 

in a 5’ to 3’ direction along the mRNA strand (Figure 1: C and D). Scanning of the 40S 

ribosomal subunit is assisted by eIF4F mediated melting of secondary structure in the 

mRNA 5’ UTR. 29 36 37 38 39  

 

The primary and secondary structure of the 5’ UTR prior to the AUG start codon also 

play a pivotal role in the regulation of translation. 40 41 For example, vital homeostatic 

proteins are required at all times and hence are encoded by efficiently translated (termed 

‘strong’) mRNAs. Such mRNAs have short unstructured 5’ UTRs, ensuring rapid 

scanning and selection of the start codon by the 40S ribosomal subunit, resulting in 

constitutive protein expression. 42 43 By contrast, a subset of transcription and translation 

factors, along with growth factors and angiogenic proteins are only required during cell 

proliferation. The expression of such genes is tightly regulated at the translational level 

via the Guanosine (G) and Cytosine (C) enriched highly structured 5’ UTRs of their 

poorly translated (termed ‘weak’) mRNAs. 42 43 The presence of G and C base-pairing, 

stabilizes hairpin structures in the 5’ UTR of weak mRNAs and inhibits the scanning 

mechanism of the 40S ribosomal subunit, which is used to locate the start codon. 44 

Rapid expression of proliferative genes from weak mRNAs therefore requires melting 

of the stem loop structures of the 5’ UTR. This is achieved via the recruitment of the 

cap-dependent translation initiation complex, eukaryotic translation initiation factor 4F 

(eIF4F, Figure 1: C). Effective translation of oncogenes encoded by weak mRNAs 

displays an absolute requirement for eIF4F mediated melting of 5’ UTR hairpin 

structures. 45 46 47 48 eIF4F mediates melting of 5’ UTR structure ahead of (3’ to) the 40S 

ribosomal subunit and therefore facilitates scanning of the 40S ribosomal subunit in a 5’ 

to 3’ direction to locate the start codon. This eIF4F reliant ‘cap-dependent’ mechanism 

of translation is responsible for the regulation of oncogenic protein expression.    

 

The primary mRNA structure proximal to the AUG start codon also plays a pivotal role 

in the stabilization of the interaction between the mRNA strand and the 40S ribosomal 

subunit. An examination of eukaryotic mRNAs revealed that there is a consensus 

sequence around the start codon corresponding to G-6C-5C-4R-3C-2C-1A+1U+2G+3G+4 

(Adenosine (A), Uracil (U), Purine (R) is A or G). This mRNA sequence is known as 

the Kozak sequence (Figure 1: D) and is optimal for driving efficient start codon 
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recognition and subsequent 80S ribosome formation. 42 49 Subsequent studies have 

revealed that the AUG start codon in addition to the purine at position -3 and the 

guanosine at position +4, are highly conserved and are required to efficiently recruit the 

40S ribosomal subunit. 50 51 52 The cytosines (-5, -4, -2 and -1) of the Kozak sequence 

are not universally conserved, but do increase the stability of the start codon complex 

with the 40S ribosomal subunit. 51 

 

Start codon recognition is assisted via the presence of eIF1 and eIF1A, which hold the 

mRNA channel of the 40S ribosomal subunit in an open conformation until an AUG 

codon is encountered as part of a Kozak consensus sequence. 29 53 54 55 56 57 58 59 60 61 62 
MettRNAi utilizes its ‘UAC’ anticodon to base-pair with the mRNA start codon, ensuring 

correct localization within the ribosome. 63 Start codon recognition prompts eIF1A to 

recruit eukaryotic translation initiation factor 5 (eIF5) to the 40S ribosomal subunit, 

which stimulates hydrolysis of GTP bound to eIF2 (Figure 2: E). 64 65 54 66 67 68 69 

Guanosine diphosphate (GDP) bound eIF2, along with eIF1 and eIF5 dissociate from 

the 40S ribosomal subunit (Figure 2: F). 64 53 The dissociation of eIF1 followed by 

release of eIF5 allows eukaryotic translation initiation factor 5B (eIF5B) to bind to the 

40S subunit and recruit the 60S ribosome to the start codon, forming the 80S ribosome 

(Figure 2: G). 65 29 30 70 71 70 72 Subsequent release of eIF5B and eIF1A from the 80S 

ribosome is then triggered by GTP hydrolysis, yielding the competent 80S ribosome in 

preparation for elongation. 73 Polypeptide synthesis then proceeds in a cyclical manner 

from the N-terminal methionine, adding single amino acids depending on the identity of 

the mRNA codons.  
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Figure 2: Schematic of eukaryotic translation initiation post start codon 

recognition. E) eIF1A recruits eIF5, which stimulates hydrolysis of eIF2 bound 
GTP. GDP bound eIF2 dissociates from the mRNA strand along with eIF1A, eIF3 

and eIF5. F), G) and H) GTP bound eIF5B loads the 60S ribosomal subunit to the 

40S ribosomal subunit. eIF5B hydrolyzes GTP and dissociates from the newly 
formed 80S ribosome with eIF1A.  
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9.2.2 Eukaryotic translation elongation 

Eukaryotic translation elongation is the cyclical process by which specific amino acids 

are added to the growing polypeptide strand in an ‘N’ to ‘C’-terminal direction, dictated 

by mRNA codons. Elongation is reliant on the formation of a competent 80S ribosome, 

which consists of three discrete transfer ribonucleic acid (tRNA) binding sites, of which 

only two can be occupied at any one time. The ‘three site model’ defines an acceptor 

(‘A’) site for interacting with incoming aminoacyl tRNAs, a peptidyl (‘P’) site to bind 

growing peptidyl tRNA chains and an exit (‘E’) site for the disposal of deacylated 

tRNAs (Figure 3). 74 75 All three sites utilize the specificity of the interaction of mRNA 

codons with tRNA anticodons to ensure correct loading of amino acids to the competent 

80S ribosome. The elongation cycle is initiated by eukaryotic translation elongation 

factor 1 (eEF1), which loads aminoacyl-tRNAs into the ‘A’ site of the post-

translocational (Figure 3: A) 80S ribosome. 76 77 78 79 80 Once the aminoacyl tRNA 

anticodon recognizes the cognate mRNA codon, eEF1 hydrolyzes GTP and dissociates 

from the 80S ribosome. 78 81  Optimal mRNA codon / tRNA anticodon interactions 

ensure correct loading of aminoacyl tRNAs into the ‘A’ site, whilst simultaneously 

ejecting empty tRNAs from the ‘E’ site (Figure 3: B). 78 82 83 84 85 This synergistic 

exclusion principle ensures that only two sites can be occupied at once and that only 

stabilization of the ‘A’ site by a fully complementary anticodon is sufficient to eject 

empty tRNA from the ‘E’ site. 86 87 88 This explains the high fidelity of polypeptide 

synthesis, which is due to the ability of the three sites of the 80S ribosome to 

differentiate between cognate and near-cognate codons. 74 75  

 

The amino group of aminoacyl tRNA (in the ‘A’ site) nucleophilically attacks the 

activated ester of the peptidyl-tRNA in the ‘P’ site, resulting in the formation of a new 

amide bond. This reaction yields the pre-translocational 80S ribosomal complex 

(Figure 3: C), with peptidyl-tRNA in the ‘A’ site, deacylated tRNA in the ‘P’ site and 

an empty ‘E’ site.  
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Figure 3: Schematic of the three-site model of eukaryotic translation elongation. 89 
90 91 92 A) eEF1 loads aminoacyl-tRNAs to the ‘A’ site of the post-translocational 
80S ribosome and simultaneously ejects the empty tRNA from the ‘E’ site. B) Once 

codon recognition occurs, eEF1 dissociates from the competent 80S ribosome and a 

new peptide bond forms between the aminoacyl tRNA in the ‘A’ site and the 
peptidyl tRNA in the ‘P’ site. C) eEF2 binds to the ‘A’ site of the pre-

translocational ribosome and transfers peptidyl-tRNA from the ‘A’ site into the ‘P’ 
site and the empty tRNA from the ‘P’ site into the ‘E’ site.  
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GTP-bound eukaryotic translation elongation factor 2 (eEF2) binds to the pre-

translocational 80S ribosome (Figure 3: C) and catalyzes the translocation of peptidyl 

tRNA from the ‘A’ site to the ‘P’ site and simultaneously shifts deacylated tRNA from 

the ‘P’ site to the ‘E’ site. 77 78 93 94 95 96 97 eEF2 hydrolyzes GTP  during this process and 

dissociates from the newly regenerated post-translocational 80S ribosome, (Figure 3: 

A) leaving a vacant binding site for eEF1. 78 94 98 99 100 101 Codon / anticodon base-pairing 

of the empty tRNA in the ‘E’ site of the post-translocational 80S ribosome then serves 

to ensure high fidelity selection of the next aminoacyl-tRNA, via strict maintenance of a 

fully cognate codon / anticodon interaction. 97 90 102 103 The elongation cycle then repeats 

via addition of aminoacyl-tRNAs with complementary anticodons to the mRNA codons 

until a stop codon is located within the ‘A’ site of the post-translocational ribosome. 

 

9.2.3 Eukaryotic translation termination 

Polypeptide elongation continues via scanning of the 80S ribosome along the mRNA 

strand until a stop codon (UAA, UAG or UGA) is located within the ‘A’ site of the 

ribosome (Figure 4: A). 104 105 Eukaryotic release factor 1 (eRF1) mimics the cloverleaf 

structure of tRNA and utilizes this conformation to recognize all three mRNA stop 

codons within the ‘A’ site of the 80S ribosome (Figure 4: B). 106 107 108 109 110 The N-

terminus of eRF1 utilizes two separate motifs to recognize the stop codons, with each 

mRNA base inserted into one of three eRF1 binding pockets. 111 112 113 114 115 Meanwhile, 

the C-terminus of eRF1 functions as a heterodimerization domain for the recruitment of 

the weak GTPase, eukaryotic release factor 3 (eRF3) (Figure 4: B). 105 116 117 118 Binding 

of eRF3 allosterically modulates the conformation of eRF1 providing the correct 

orientation of the catalytic domain for hydrolysis of the peptidyl-tRNA ester linkage. 107 
108 119 120 The polypeptide chain is cleaved from the ribosome, which is followed by eIF3 

and eIF1 mediated dissociation of the 80S ribosome. eRF1 stimulates GTP hydrolysis 

by eRF3, prompting dissociation of the two release factors from the mRNA strand 

(Figure 4: C). 117 121 The 40S and 60S ribosomal subunits are then recycled to 

participate in the translation of additional polypeptide chains.  
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Figure 4: Schematic of eukaryotic translation termination. 92 Eukaryotic release 

factor 1 (eRF1, purple) recruits eukaryotic release factor 3 (eRF3, dark brown) to 
the ‘A’ site of the 80S ribosome. eRF3 stimulates the eRF1-mediated hydrolysis of 

peptidyl-tRNA within the ‘P’ site, releasing the polypeptide chain (yellow 

hexagons) from the 80S ribosome.  
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9.3 Cap-dependent translation initiation 
The mechanism of translation of a particular mRNA is dictated by the presence or 

absence of secondary structure between the 5’ cap and the AUG start codon. 37 38 39  

Vital homeostatic proteins are required at all times and hence are encoded by strong 

mRNAs with short, unstructured 5’ UTRs. This ensures rapid scanning and selection of 

the start codon by the 40S ribosome, resulting in constitutive protein expression. The 

unstructured 5’ UTR of strong mRNAs allows the use of either cap-dependent or cap-

independent translation to produce vital homeostatic proteins. 122 123 By contrast, the 

expression of weak mRNAs encoding growth factors is tightly regulated by the 

presence of G and C base-pairing within the 5’ UTR. The three hydrogen bonds formed 

by each G and C base-pair stabilize helical structure upstream of the AUG start codon 

that inhibits cap-independent translation. Many oncogenic proteins (oncogenes) such as 

basic fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF) and 

ornithine decarboxylase (ODC) rely on cap-dependent translation due to the highly 

helical 5’ UTRs of their weak mRNAs. 45 46 47 48 124 125 These 5’ helical regions of mRNA 

impair translation by inhibiting binding and scanning of the 40S ribosomal subunit, 

reducing the rate at which the small ribosomal subunit encounters the AUG start codon. 
126 Such mRNA strands are weakly translated until the inhibitory helical structure of the 

5’ UTR is melted, whereupon translation of weak mRNAs is induced. Oncogenes 

therefore require an mRNA cap binding complex, termed eIF4F, which unwinds the 5’ 

UTR to facilitate translation. 127 122 The effective translation of ‘weak’ mRNAs thus 

displays an absolute requirement for eIF4F mediated cap-dependent translation 

initiation. 123  

 

Malignant transformation of cells is characterized by elevated levels of oncogenic 

mRNAs that facilitate rapid cell proliferation, accompanied by increased 

angiogenesis.128 Maintenance of the cancerous phenotype requires the constitutive cap-

dependent translation of oncogenic proteins encoded by weak mRNAs. It is therefore 

not surprising that overexpression of the limiting component of the eIF4F complex, 

eukaryotic translation initiation factor 4E (eIF4E), is correlated with malignant 

transformation of cells along with increasing resistance to apoptosis and chemotherapy. 
129 130 131 132 133 As such, targeting of cap-dependent translation via the eIF4F complex is 

an attractive approach to selectively target weak mRNAs that encode oncogenic 

proteins. 134 In recent years there has been significant interest in the concept of inhibitors 
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of cap-dependent translation, due to their potency and specificity against malignancies 

in the presence of healthy tissue. Given the limiting intracellular availability of eIF4E 

and the necessity of cap-dependent translation for tumor progression, targeted inhibition 

of eIF4E function has become an attractive chemotherapeutic strategy. 

 

9.3.1 Eukaryotic translation initiation factors 
eIF4E and eukaryotic translation initiation factor 4G (eIF4G) are key components of the 

multimeric protein complex eIF4F (Figure 5), along with the ribonucleic acid (RNA) 

helicase eukaryotic translation initiation factor 4A (eIF4A). 135 136 137 138 The eIF4G 

structural backbone of the eIF4F complex contains an N-terminal binding site for 

eIF4E, which is the protein responsible for binding to the m7 GTP eukaryotic mRNA 

cap. 139 The adenosine triphosphate (ATP) dependent RNA helicase eIF4A, is associated 

with two separate binding sites in the central domain and C-terminus of eIF4G (Figure 

5). 140 141 142 143 144 The N-terminus of eIF4G functions as a binding site for polyadenosine 

binding protein (PABP), which binds the 3’-polyadenylated tail of mRNA and helps to 

circularize the mRNA in preparation for polysome assembly and rapid protein 

translation. 145 The eIF4G C- terminus also contains an eIF3 binding site for recruitment 

of the 43S PIC in addition to a mitogen activated protein kinase interacting kinase 

(Mnk) binding site, which regulates the phosphorylation of eIF4E. 146 147 148 

 

Effective translation of weak mRNAs displays an absolute requirement for eIF4F 

mediated melting of 5’ UTR hairpin structures and hence is reliant on cap-dependent 

translation (Figure 5: A). 122 123 In turn, cap-dependent translation requires eIF4E-

mediated binding to the m7 GTP 5’ cap of eukaryotic mRNAs, which facilitates 

localization of eIF4A to the 5’ UTR via the interaction of the latter with eIF4G. 131 The 

RNA helicase, eIF4A then hydrolyzes ATP to unwind the helical 5’ region of ‘weak’ 

mRNAs (Figure 5: B). 140 142 143 The 40S ribosomal subunit is then able to scan along 

the unwound 5’ UTR until a start codon is located in a favorable Kozak consensus 

sequence. 37 38 39 The 60S ribosomal subunit is then recruited to the mRNA strand by 

eIF5B and translation proceeds in an N to C-terminal direction along the growing 

polypeptide strand, as previously described. The effective translation of oncogenic weak 

mRNAs with highly structured stem loops in their 5’ UTRs is therefore totally reliant on 

eIF4F mediated cap-dependent translation.  
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Figure 5: Schematic of the cap-dependent translation initiation machinery. eIF4F 
(highlighted in red) co-operates with polyadenosine-binding protein (PABP), eIF3, 

eIF2, eIF1 and eIF1A to facilitate delivery of initiator methionine transfer 
ribonucleic acid (MettRNAi) to the start codon, AUG (highlighted in blue). 134 A) 

Guanosine (G) and cytosine (C) residues in the 5’ UTR of weak mRNAs form 

stable hairpin or stem loop structures, which inhibit 5’ to 3’ scanning of the 40S 
ribosomal subunit along the mRNA strand. B) eIF4E binds to the m7 GTP mRNA 

cap, localizing eIF4G and eIF4A to the 5’ UTR. The RNA helicase eIF4A 
hydrolyzes ATP to unwind base-pair stabilized hairpin loops in the mRNA 5’ 

UTR. 149 The 40S ribosomal subunit resumes scanning the mRNA strand until the 

start codon is located in a favorable Kozak consensus sequence.  
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9.3.2 Structure of the m7 GTP binding site of eIF4E 

The unique ability of eIF4E to bind m7 GTP catalyzes the rapid translation of capped 

mRNAs, while the proximity of eIF4A yields selective induction of those mRNAs with 

highly structured 5’ UTRs. 150 151 152 The binding affinity of eIF4E for the mRNA cap is 

enhanced by binding to eIF4G, yet is reduced via recruitment of Mnk to eIF4G, which 

phosphorylates Ser209 of eIF4E. 148 153 154 155 156 157 This phosphorylation event is thought 

to cause electrostatic repulsion with the phosphate groups of the mRNA cap and 

provides one mechanism for the regulation of cap-dependent translation (discussed in 

section 9.2.4).  

 

 
 

Figure 6: Binding of m7 GTP mRNA cap to hydrophobic binding cleft of eIF4E 

(green), mediated via Trp102 and Trp56 π-stacking and electrostatic interactions 
with Glu99 and Glu103. 158 Lys162, Lys159 and Arg157 constitute the basic mRNA 

binding region. 159 Cap-binding is initiated and directed by the specific electrostatic 
binding of phosphate groups, which is then stabilized by the aromatic binding 

pocket and Van der Waals interactions with Val153 and hydrogen bond formation 

to Glu99 and Glu103. (Adapted from Tomoo and Shen, Protein Data Bank (PDB) ID: 
1IPB). 160 
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eIF4E binds to the m7 GTP cap via a hydrophobic binding cleft lined with tryptophan 

(Trp) residues. 161 π-stacking interactions between the guanosine ring and binding 

pocket Trp residues combine with electrostatic interactions mediated by Glu99 and 

Glu103 of eIF4E to ensure specificity of binding (Figure 6). 162 Val153 ensures specificity 

for m7 GTP binding over free GTP via Van der Waals interactions with the methyl 

group of the mRNA cap. The basic mRNA binding region around Arg157 forms salt 

bridges with phosphate groups of the m7 GTP cap in addition to the phosphodiester 

backbone of the mRNA strand. 159 160 161 

 

9.3.3 Structure of the eIF4G binding site of eIF4E 

eIF4G contains an N-terminal binding site for the mRNA cap-binding unit eIF4E, 

mediated by the helical heptamer peptide ‘Y0D1R2E3F4L5L6’ and stabilized via 

interactions with a ‘SDVVL’ motif (amino acids represented in single letter amino acid 

code). 139 163 164 165 The helical peptide binding site (Figure 7) on the dorsal face of 

eIF4E binds several regulatory proteins in addition to eIF4G and hence functions as a 

key mechanism to regulate cap-dependent translation (discussed in section 9.2.4).   

 

eIF4G shares a common eIF4E-binding domain consisting of the helical heptamer 

Y0D1R2X3F4L5X6 amino acid motif (where ‘X’ is a variable amino acid) with the eIF4E 

binding proteins (4EBPs). 163 166 Regulation of cap-dependent translation is achieved via 

the hyper- or hypo-phosphorylation of the 4EBPs in response to cellular energy stimuli 

and insulin, effectively blocking translation when intracellular adenosine 

monophosphate (AMP) levels are elevated (discussed in section 9.2.4). Hence 

competition between the eIF4G ‘Y0D1R2E3F4L5L6’ motif and the 4EBP 

‘Y0D1R2K3F4L5M6’ helix regulates the assembly of the eIF4F complex and hence is a 

key mechanism to control cap-dependent translation. A similar ‘Y0T1K2E3E4L5L6‘ motif 

has been found in the eIF4E nuclear transporter protein (4E-T), which also competes for 

the same eIF4E binding site. 4E-T has a role in the nuclear-cytoplasmic shuttling of 

eIF4E and mRNAs, which will be discussed in detail in section 9.2.4 167  
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Figure 7: Interaction of eIF4E (green, residues labeled in single letter amino acid 

code) with the helical eIF4E binding peptide of eIF4G, Y0D1R2E3F4L5L6  (yellow, 
residues labeled in triplet amino acid code). The common mammalian binding 

motif (Y0D1R2X3F4L5X6) plays a vital role in regulating the assembly of the eIF4F 

complex. Key binding interactions can be observed between Arg2 of eIF4G and E132 
of eIF4E. Leu residues at positions 5 and 6 of the eIF4G peptide interact with W73, 

L135, V69 and I138 of eIF4E. (Adapted from Brown and Verma, PDB ID: 2W97). 168 

 

An important class of cap-dependent translation inhibitors have been developed that 

mimic the Y0D1R2X3F4L5X6 motif of mammalian eIF4G / 4EBPs and thus bind eIF4E, 

preventing its sequestration into eIF4F. A wide variety of helical peptides have been 

developed, which were subsequently fused to cell penetrating peptide domains to 

improve membrane permeability. As expected, cell treatment with helical peptide 

inhibitors of cap-dependent translation induced apoptosis in a dose-dependent manner. 
169 A key step in the development of eIF4G-mimics came with the identification of a cell 

permeable, water-soluble derivative isolated via phage display (Table 1, Phagesol). 170 
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Peptide Sequence KD / nM 

4E-BPI peptide 164 H2N-RIIYDRKFLMECRNSPV-CO2H 50 

eIF4GI peptide 164 H2N-KKRYDREFLLGFQFIFA-CO2H 27 

eIF4GII peptide 164 H2N-KKQYDREFLLDFQFMPA-CO2H 150 

eIF4GI-OPT 170 H2N-KKRYSREFLLAF-CO2H 52 

Phagesol 170 H2N-KKRYSRDQLVAL-CO2H 77 

VL-Phagesol 170 H2N-KKRYSRDQLLAL-CO2H 35 

eIF4G1 D5S peptide 171 H2N-KKRYSREFLLGF-CO2H 100 

sTIP-03 171 H2N-KKRYSREZLLZF-CO2H 3.4 

sTIP-04 171 H2N-KKRYSRZQLLZL-CO2H 5.0 

 

Table 1: eIF4G / 4EBP derived mimics of eIF4E-binding peptides with the critical 

binding motif highlighted in red. ‘Z’ denotes incorporation of pentenyl alanine in 
the relevant position, which was subsequently stapled via Grubbs metathesis. 171 

 

The initial peptide eIF4G or 4EBP-mimics were found to have conformational 

flexibility, with a large percentage of the peptide existing as a disordered loop. 164 This 

finding prompted the development of stapled ‘pre-organized’ helical peptide mimics of 

eIF4G and the 4EBPs (Table 1: sTIP-03 and sTIP-04). Helical stapled peptides are 

forced to adopt a binding conformation in solution, overcoming the entropic cost upon 

association with eIF4E. 171 The helical stapled peptides of the sTIP family (Table 1) are 

currently undergoing further development and are a very recent and promising advance 

in the field of cap-dependent translation inhibitors. 172 173 174  

 

9.3.4 Significance and regulation of cap-dependent translation 
Tight control of cap-dependent translation is vital to prevent the excessive expression of 

oncogenic proteins and the resulting malignant transformation of otherwise healthy 

cells. 175 Regulation of eIF4F mediated cap-dependent translation is achieved via two 

independent signaling pathways, which respond to distinct cellular criteria (Figure 8). 

 

The adenosine mono phosphate activated protein kinase (AMPK) / mammalian target of 

rapamycin (mTOR) / 4EBP pathway responds to elevated cellular levels of AMP, 
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caused by consumption of ATP within rapidly proliferating cells. Control of cap-

dependent translation is governed by negative regulators of the limiting component of 

the eIF4F complex, known as the 4EBPs. 176 Activation of AMPK by elevated AMP 

levels inhibits mTOR, which prevents mTOR-induced phosphorylation of 4EBPs. 177 178 

These hypophosphorylated 4EBPs then bind to eIF4E in an eIF4G-competitive manner 

and sequester eIF4E from the eIF4F complex. 163 179 176 180 However in response to 

elevated intracellular ATP levels and the resulting inactivation of AMPK, the 4EBPs 

become hyperphosphorylated and lose their ability to bind to eIF4E. 181 The eIF4F 

complex assembles and facilitates rapid cap-dependent translation of weak mRNAs. 

Loss, down-regulation or hyper-phosphorylation of 4EBPs leads to accumulation of free 

eIF4E, which has been associated with rapid tumor growth. 129 182 183 Elevated free eIF4E 

levels are characteristic of transformed cells and predict poor prognosis, particularly 

when not restrained by the 4EBPs. 16 132 18 184 185  

 

The second cellular pathway that regulates cap-dependent translation responds to 

growth factors via the extracellular growth factor receptor (EGFR) pathway. 154 Binding 

of extracellular growth factors to transmembrane receptors alters the conformation of 

Rat sarcoma kinase (Ras), stabilizing its binding to GTP and the oncogenic serine / 

threonine kinase, Raf. 186 187 This triggers a signaling phosphorylation cascade via 

activation of mitogen activated protein kinase kinase (MEK), through mitogen activated 

protein kinase (MAPK) and subsequently results in the phosphorylation and activation 

of MnK. 188 189 190 Mnk binds to eIF4G, which serves as a scaffold to deliver the kinase 

to phosphorylate eIF4E on Ser209. 148 155 156 157 At first, phosphorylated eIF4E was shown 

to bind to m7 GTP with superior affinity when compared to non-phosphorylated protein; 

consistent with the theory that phosphorylated eIF4E was necessary for cellular 

transformation via an increase in the rate of cap-dependent translation. 191 This was also 

consistent with the observation that increased levels of phosphorylated eIF4E were 

correlated with rapidly proliferating tumors and hence were found to be inversely 

proportional to patient survival. 192 193 194 195 The targeting of phospho-eIF4E either 

directly or via treatment with Mnk inhibitors such as Cercosporamide or CGP57380, 

has added further weight to the hypothesis that phospho-eIF4E is the causative agent 

responsible for rapidly proliferative, malignant tumors, but is not required for cellular 

homeostasis. 196 197 198 199 200 
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Figure 8: Schematic of the signaling pathways that regulate cap-dependent 
translation via the mRNA 5’ cap-binding protein, eIF4E. Abbreviations used: 

adenosine mono phosphate (AMP), adenosine mono phosphate kinase (AMPK), 
phospho inositol 3 kinase (PI3K), protein kinase B (PKB), tuberous sclerosis 

complex (TSC), mammalian target of rapamycin (mTOR), eIF4E-binding proteins 

(4EBP), rat sarcoma kinase (Ras), proto-oncogene serine / threonine kinase (Raf), 
mitogen activated protein kinase kinase (MEK), mitogen activated protein kinase 

(MAPK), mitogen activated protein kinase interacting kinase (MnK), basic 
fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF),  

ornithine decarboxylase (ODC). 201 202 203 204 181 176 205 186 206 207 188 189 45 46 47 48 124 125 

 

However the belief that the aggressively proliferative phenotype of phospho-eIF4E 

positive tumors is due to a superior affinity of the phosphorylated protein for the mRNA 

cap, has recently been called into question. 191 Enzyme-linked immunosorbent assay 

(ELISA) experiments observed no difference in the binding of eIF4E or phospho-eIF4E 

to immobilized His-4EBP and tryptophan fluorescence measurements indicated weaker 

binding of phospho-eIF4E to m7 GTP compared to the dephosphorylated protein. 208 

This finding was confirmed via kinetic experiments, which observed a reduction in the 
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rate of association of phospho-eIF4E with the m7 GTP cap, whereas comparable 

dissociation rates were seemingly independent of phosphorylation status. This finding 

would seem consistent with the position of Ser209 in close proximity to a phosphate 

group of the m7 GTP ligand, which may result in electrostatic repulsion. 209  

 

It had been previously established that eIF4E played a critical role in the nuclear export 

of Cyclin D1 mRNA, despite its lack of translational reliance on the cap-binding 

protein. 210 211 Subsequent truncation-based mRNA binding experiments isolated a ~ 50 

base ‘eIF4E sensitivity element’ (4E-SE) present in the 3’ untranslated region (3’ UTR) 

of Cyclin D1 mRNA that functions as a cap-binding protein-dependent nuclear export 

signal. 212  eIF4E thus not only regulates the cap-dependent translation of weak mRNAs 

with highly helical 5’ UTRs, but also appears to play a pivotal role in the availability of 

mRNAs for translation in the cytoplasm. 213 eIF4E associates with an nuclear transporter 

protein (4E-T), which competes with eIF4G and the 4EBPs for binding to eIF4E and 

facilitates the nuclear import of the cap-binding protein. 167 Very recently a correlation 

between phospho-eIF4E and 4E-T localization within cellular processing bodies has 

been discovered, which is perhaps indicative of increased phospho-eIF4E affinity for 

4E-T. 214 It is therefore possible that Mnk-induced phosphorylation of eIF4E promotes 

its nuclear import, which in turn results in the nuclear export of oncogenic mRNAs with 

4E-SE present in their 3’ UTRs. However the exact role of phosphorylated eIF4E and 

the physiological relevance of its co-localization with 4E-T, remains to be elucidated.   

 
The eIF4E / eIF4G interaction constitutes a vital link between m7 GTP cap recognition 

and eIF4A catalyzed melting of 5’ UTR secondary structure in weak mRNAs. 123 As 

such, the disruption of this oncogenic protein-protein interaction (PPI) inhibits cap-

dependent translation and represents a viable mechanism to selectively disrupt 

translation of weak mRNAs. Disruption of the eIF4F complex can therefore be used to 

suppress translation initiation of oncogenic mRNAs, without adversely inhibiting cap-

independent translation. 122 Inhibiting the eIF4E / eIF4G interaction therefore permits 

the targeting of malignant proliferation in the presence of healthy tissue. 
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9.4 Two-hybrid systems 
As discussed in section 8, the primary objective of the project was to develop cyclic 

peptide (CP) inhibitors of the eIF4E / eIF4G interaction. An Escherichia coli (E. coli) 

based reverse two-hybrid system (RTHS) was constructed to facilitate probing of the 

eIF4E / eIF4G interface in vivo. 215 216 The construction of this model system was then 

combined with split intein circularization of peptides and proteins (SICLOPPS) 

technology to identify potential inhibitors of the PPI. 217 This combinatorial approach 

facilitated high throughput screening of compounds against the oncogenic eIF4E / 

eIF4G PPI and permitted the cost effective screening of large numbers of cyclic 

peptides.  

 

9.4.1 Two-hybrid systems in Escherichia coli 

Two-hybrid systems (THS) have become powerful tools to identify unknown PPIs, in 

addition to the identification of functional domains within established binding surfaces. 
218 219 220 Initially THS were applied in Saccharomyces cerevisiae and exploited the 

separable N-terminal deoxyribonucleic acid (DNA) binding and C-terminal 

transcriptional activation domains present within the Gal 4 transcriptional activator 

protein. 221 222 However when compared to E. coli the manipulation of DNA in yeast is 

limited by their slow growth rate and low transformation efficiency (~105 plasmid 

transformants in Saccharomyces cerevisiae compared to ~1010 in E. coli.). 223 224 This 

prompted the development of THS within E. coli, which utilized the separable N-

terminal DNA binding (NTD) and C-terminal dimerization (CTD) domains of the cI 

repressor protein of bacteriophage λ (Figure 9). 225 226 227 228 229  

 

The Bacteriophage λ cI repressor protein is a member of a family of DNA binding 

proteins with N-terminal helix-turn-helix motifs. 230 Within this motif, a single α helix 

(termed a recognition helix) is responsible for binding to DNA via insertion into the 

major groove of a DNA operator half site. 231 However, the binding of a single 

recognition helix to one operator half site is insufficient to secure binding of the 

repressor to the DNA double helix. 227 Bacteriophage λ cI repressor proteins utilize their 

C-terminal homodimerization domains to ensure the correct insertion of recognition 

helices from two cI monomers into the major grooves of two halves of a DNA operator 

site. 227 232 231 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   55 

 
 

Figure 9: Crystal structure of the bacteriophage λ cI repressor protein dimer 
(green, residues 1-92 inc.) bound to a synthetic DNA operator (orange). 232 231 

Critical binding residues (Q44, S45, N52, red) of the recognition helices (blue) that 

mediate specific interactions with each operator half site are highlighted. (Adapted 
from Beamer and Pabo, PDB ID: 1LMB). 232 

 

The C-terminal domains (CTD) of the bacteriophage λ cI repressor proteins are also 

responsible for mediating co-operative interactions between DNA bound dimers at 

adjacent operator sites. 227 233 234 This property was exploited by Dove to generate a 

forward THS in E. coli (Figure 10). 229 The bacteriophage λ cI repressor (λcI NTD - λcI 

CTD) was utilized in tandem with a chimeric protein consisting of the C-terminal 

homodimerization domain of the cI repressor, fused to the N-terminal domain of the α 

subunit of RNA polymerase (λcI CTD - α NTD). Binding of the bacteriophage λ cI 

repressor dimer to the OR2 operator recruited the chimeric λcI CTD - α NTD dimer to 

the promoter. The NTD of the α subunit of RNA polymerase was efficiently recruited 

to the β and σ subunits of RNA polymerase, which facilitate binding to core promoter 

elements including the Pribnow box (-10) and -35 consensus sequences. 219 235 236 237 

Transcription proceeded, enhancing expression of β-galactosidase from the LacZ gene 

of the reporter cassette. 229 
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Figure 10: Schematic of the forward THS based on the Bacteriophage λ cI 

repressor protein developed by Dove in E. coli. 229 238 Binding of a λ repressor (λcI 
NTD - λcI CTD) dimer to the OR2 operator localizes a λcI CTD - α NTD dimer to 

the promoter. α, β and σ subunits of RNA polymerase assemble and transcribe β-

galactosidase from the LacZ gene downstream of the promoter. 
 

This concept was subsequently developed by Di Lallo, who generated a RTHS based on 

the bacteriophage λ cI repressor protein in E. coli (Figure 11). 239 240 The key 

development employed by Di Lallo was the utilization of two bacteriophage λ DNA 

operator sites, overlapping the Pribnow (-10) box and -35 consensus sequences of the 

promoter. 219 235 236 237 Binding of the bacteriophage λ cI repressor dimer to the high 

affinity OR2 operator stabilized binding of a second repressor dimer to the lower affinity 

OR1 operator. The occupation of the OR2 and OR1 operators by bacteriophage λ cI 

repressor dimers, blocked the recruitment of the σ subunit of RNA polymerase to the 

promoter. Transcription of downstream reporter genes was suppressed reducing 

expression of β-galactosidase from the LacZ gene. 239 240 

 

THS in E. coli have been successfully used to analyze the dimerization of leucine 

zippers, in addition to screening for inhibitors of PPIs and DNA-protein interactions. 215 
216 225 241 242 243 As such, the construction of a RTHS in E. coli to investigate the 

interaction of eIF4E with eIF4G was deemed to be an appropriate method towards the 

development of inhibitors of cap-dependent translation. 
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Figure 11: Schematic of the first reverse two-hybrid system (RTHS) based on the 

Bacteriophage λ cI repressor protein developed by Di Lallo in E. coli. 239 240 
Isopropyl β-D-thiogalactopyranoside (IPTG) induced expression of λcI NTD – 

protein X fusions from the promoter of the lactose operon (PLac), was followed by 
homodimerization, which reconstituted the DNA binding activity of the λ phage cI 

repressor. 

 

9.4.2 Bacteriophage 434 repressor system 

To construct a system to probe the interaction of eIF4E with eIF4G in E. coli, a RTHS 

based on the DNA binding domain of the Bacteriophage 434 repressor protein was 

chosen, in place of the previously described bacteriophage λ system. 244 245 246 247 The 

434 repressor consists of two distinct functional domains; an N-terminal helix-turn-

helix motif responsible for binding the specific 434 DNA operator sequence and a C-

terminal homo-dimerization domain. 248 The N terminus of each 434 repressor within 

the DNA binding homodimer, utilizes a recognition helix to ensure binding specificity. 

Each recognition helix is inserted into the major grove of one operator half site, 

facilitated by the C-terminal homodimerization domains, which ensure correct 

orientation of the alpha helices with respect to the DNA groove. 249 
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Figure 12: Crystal structure of the bacteriophage 434 repressor protein dimer 
(green, residues 1-63 inc.) bound to a synthetic DNA operator (orange). 249 250 251 252 

Critical binding residues (T28, Q29, Q30, E33, N37, red) 253 254  of the recognition 
helices (blue) that mediate specific interactions with each operator half site are 

highlighted. (Adapted from Aggarwal and Rodgers, PDB ID: 2OR1). 251  

 

The 434 DNA binding repressor protein shares structural homology with several other 

repressor proteins, including those of the λ and P22 phages. 231 230 255 256 The λ and P22 

bacteriophage repressor proteins also consist of distinct C-terminal homodimerization 

domains teamed with N-terminal helix-turn-helix motifs that bind to DNA. 227 234 257 

However, due to variations in the recognition helices of the λ and P22 phages, the DNA 

operator sequences bound by these repressors differs from the 434 repressor (Figure 

13). 258 
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Figure 13: DNA operator binding site comparison of the 434  (NCBI Genbank 

accession number: X73093.1), P22  (NCBI Genbank accession number: M24302.1) 

and λ  (NCBI Genbank accession number: M25081.1) bacteriophage repressor 
proteins. 259 260 261 Each operator site consists of a pair of half sites, responsible for 

binding recognition helices. Bacteriophage P22 and 434 DNA operator half sites 
used for RTHS construction are highlighted. 
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The substitution of five key residues (Figure 14: B, T28S, Q29N, Q30V, E33S, N37R) 

in the recognition helix of the 434 repressor with the corresponding amino acids of the 

P22 repressor, has been shown to be sufficient to abolish binding to the 434 DNA 

operator sequence. In addition, this chimeric 434 repressor (hereafter termed ‘P22’) 

displays enhanced binding to the P22 consensus DNA operator. 253 254 262 When both the 

wild type 434 and chimeric ‘P22’ repressor N-terminal sequences are fused to C-

terminal heterodimerization domains, a dimer is generated that recognizes a chimeric 

434 / P22 DNA operator sequence (Figure 14: A). 253 263 Binding of the chimeric 434 / 

‘P22’ repressor heterodimer to the indicated operator sites, inhibits interaction of RNA 

polymerase with critical promoter elements including the Pribnow box (-10) and -35 

promoter consensus sequences. 219 235 236 237 Therefore transcription of reporter genes 

downstream of the PR promoter is suppressed, creating a causal link between 

heterodimerization of the 434 / ‘P22’ repressors and gene expression. 

 

 
 

Figure 14: A) Sequence of the chimeric 434 / P22 DNA operator, with the 
composite 434 and ‘P22’ half sites indicated. 244 247 263 262 B) Sequence alignment of 

the recognition helices of the repressor proteins of the 434, (NCBI protein 

accession number: S32822) P22  (NCBI protein accession number: CAA24470) and 
λ (NCBI protein accession number: NP_040628.1) bacteriophages alongside the 

chimeric ‘P22’ repressor. 253 254 264 265 
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9.4.3 The concept of the eIF4E / eIF4G RTHS 

In order to analyze the association of eIF4E and eIF4G within E. coli a RTHS was 

constructed (Figure 15) that would allow the isolation of putative cyclic peptide 

inhibitors of the oncogenic eIF4E / eIF4G PPI. A pre-existing heterodimeric operator 

strain of E. coli (SNS126, developed by Horswill and Savinov) was previously gifted to 

the Tavassoli lab and was used as the basis for the eIF4E / eIF4G RTHS. 266  

 

 
 

Figure 15: A) Schematic of the eIF4E / eIF4G RTHS. B) Schematic of the SNS126 
strain. 266 Abbreviations used: ‘P22’ chimeric bacteriophage 434 repressor with 

P22 operator binding specificity (P22), bacteriophage 434 repressor protein (434), 

imidazole glycerol phosphate dehydratase gene (His-3), neomycin 
phosphotransferase II gene (Kan), β-galactosidase gene (LacZ), mutant promoter 

of the lactose / tryptophan operon (PTac). 267 268 269 
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Horswill and Savinov developed the SNS126 heterodimeric operator strain from the 

BW27786 strain of E. coli. The first step in the construction of the heterodimeric 

operator strain (SNS126) was the deletion of a key gene in the histidine biosynthesis 

pathway (imidazole glycerol phosphate dehydratase, His-3) from the chromosome of 

BW27786 E. coli to generate the BW27786 (His-3 negative) strain. 266 270 In tandem, an 

imidazole glycerol phosphate dehydratase (His-3), / neomycin phosphotransferase II 

(Kan), / β-galactosidase (LacZ), reporter cassette was genetically fused to the chimeric 

434 / P22 operator construct. 266 267 268 Horswill and Savinov integrated the chimeric 434 

/ P22 / His3 / Kan / LacZ construct into the λ site of the chromosome of the BW27786 

(His-3 negative) strain of E. coli, to generate the heterodimeric operator strain termed 

SNS126 (Figure 15: B). 266 271 272 Integration into the bacterial chromosome ensured 

only a single copy of the reporter cassette and the chimeric 434 / P22 operator would be 

present per SNS126 cell, eliminating potential copy number defects from vector 

encoded systems. Integration of genetically encoded ‘P22’-eIF4E and 434-eIF4G 

protein fusions into the chromosomal HK022 site of the SNS126 strain would ensure 

that the repressor monomers were present as single copies within the heterodimeric 

operator strain, SNS126. The expression of the eIF4E / eIF4G RTHS His3 / Kan / LacZ 

reporter cassette is therefore repressed by binding of two chimeric 434 / ‘P22’ repressor 

heterodimers to the two chimeric 434 / P22 DNA operators present within the chimeric 

promoter. 

 

The eIF4E / eIF4G RTHS utilizes the dimerization of the 434 repressor protein and the 

chimeric ‘P22’ repressor, to suppress transcription of a reporter cassette (Figure 15: A). 

‘P22’-eIF4E and 434-eIF4G protein fusions were genetically encoded downstream of a 

mutant ‘PTac’ promoter comprising the Pribnow (-10) box of the lactose operon, 

combined with the -35 consensus promoter sequence of the tryptophan operon. 269 The 

PTac promoter is efficiently repressed by the endogenous repressor protein of the 

lactose operon (LacI) within E. coli. Binding of a LacI tetramer to the PTac promoter 

sterically blocks the recruitment of RNA polymerase, inhibiting the transcription of 

genes encoding the chimeric protein repressor fusions. Disruption of the LacI tetramer 

by an allolactose mimic, such as isopropyl β-D-thiogalactopyranoside (IPTG), 

stimulates expression of ‘P22’-eIF4E and 434-eIF4G protein fusions from the Tac 

promoter. 273 Heterodimerization of eIF4E and eIF4G then promotes formation of the 

chimeric 434 / ‘P22’ repressor, which binds to the chimeric operator. Binding of two 
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heterodimers to the chimeric operator disrupts recruitment of RNA polymerase to the -

10 and -35 promoter elements, preventing transcription of the downstream reporter 

cassette (Figure 15: A). 219 235 236 237 Subsequent introduction of a cyclic peptide 

inhibitor of the eIF4E / eIF4G interaction disrupts the heterodimer, preventing binding 

to the chimeric operator. The steric blockade of RNA polymerase is removed, 

facilitating expression of reporter cassette genes. The disruption of the eIF4E / eIF4G 

interaction within the SNS126 strain can therefore be linked to a kanamycin resistant, 

imidazole glycerol phosphate dehydratase positive and β-galactosidase positive 

phenotype, in the presence of IPTG.  

 

9.5 Intein technology 
Internal protein sequences (termed inteins) were first isolated from the vacuolar 

membrane proton ATPase of Saccharomyces cerevisiae. 274 275 It was observed that a 

single unspliced mRNA of ~3500 bp encoded a protein, which exhibited amino acid 

sequence similarity to known homologues at the N (1-284) and C-termini (739-1071), 

but not within the central domain (285-738). It was therefore postulated that the intein 

central domain was post-translationally excised from the precursor protein with 

simultaneous ligation of the N and C-terminal protein segments (termed external 

proteins or exteins) to form the mature protein product (Figure 16). 274 275 This 

phenomenon has since been observed in a range of proteins, including the DnaE intein 

of Synechocystis sp. PCC6803 (termed the Ssp intein), which was utilized during this 

project. 276 

 

The pre and post-splicing crystal structures of the Ssp intein have been solved, revealing 

that the splicing mechanism consists of four distinct steps (Figure 17). 277 The first step 

is the rearrangement of the amide bond between Y-1 and C1 at the N-terminal splice 

junction forming a thioester (Figure 18: A). 278 279 280 Interactions of the carbonyl group 

of this amide bond with intein residues R50 and D140 distort the trans conformation of the 

peptide bond, destabilizing the ground state (Figure 18: A). 277 281 282 T69 co-ordinates to 

the carbonyl group of C1 of the N-intein to ensure optimal orientation of the thiol 

nucleophile, for attack on the amide bond at the N-terminal splice junction (Figure 18: 
A). 283 The second step of intein splicing is trans-thioesterification via attack of the thiol 

of C+1 of the C-extein on the thioester generated in step one (Figure 18: B). 278 284 279 280 
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285 This results in the cleavage of the N-terminal splice junction and joining of the N-

extein and C-extein via a thioester bond to generate a branched intermediate (Figure 

18: C). 286 Resolution of the branched intermediate is the third step of intein splicing, 

which is promoted by H147. H147 catalyzes nucleophillic attack of the γ amide of N159 on 

the amide bond of the C-terminal splice junction (Figure 18: C). 287 277 288 279 280 The 

oxyanion generated via this reaction is stabilized via interaction with R73, prior to C-

terminal cleavage of the scissile amide bond and formation of succinimide (Figure 18: 

D). 277 278 Spontaneous re-arrangement of the thioester bond between the N and C-

exteins to an amide yields the mature extein and constitutes the fourth and final step of 

intein splicing (Figure 18: E). 

 

 
 

Figure 16: A) Synechocystis sp. PCC6803 (Ssp) DnaE intein pre splicing construct, 

with catalytic N-intein (C1, R50, T69, H72, R73) residues, catalytic C-intein (D140, H147, 
N159) residues and optimal extein sequences (A-3, E-2, Y-1, C+1, F+2, N+3) highlighted. 
276 289 B) Interaction of the Ssp N (IN) and C-terminal (IC) inteins forms the catalytic 

intein core. C) Intein splicing excises the mature intein (IN-IC) and simultaneously 
ligates the exteins to form the mature extein (N-extein-C-extein). 276 
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Figure 17: Crystal structure of Synechocystis sp. PCC6803 (Ssp) DnaE intein 
pre-splicing construct, N-extein (magenta) / N-intein (green) / C-intein (red) / 

C-extein (blue) focused on the catalytic intein core. 277 Two point mutations 
(C1A and N159A) were introduced to block critical splicing residues to enable 

crystallization. 290 288 Catalytic N-intein (A1, R50, T69, H72, R73) and C-intein (D140, 

H147, A159) residues are highlighted in yellow. (Adapted from Sun and Ye, PDB 
ID: 1ZDE). 277 
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Figure 18: Synechocystis sp. PCC6803 (Ssp) DnaE intein splicing mechanism. 277 A) 
Thioester formation is catalyzed via co-ordination of key intein residues to N-

terminal splice junction amide bonds. 281 B) Trans-thioesterification is mediated by 
the thiol of the C+1 residue of the C-extein. C) C-terminal cleavage is initiated by 

nucleophillic attack of the γ amide of N159 on the C-terminal splice junction, 

yielding a tetrahedral intermediate.  D) Arg73 stabilizes the oxyanion hole of the 
tetrahedral intermediate in preparation for amide bond cleavage at the C-terminal 

splice junction. E) Succinimide formation at N159 drives release of the mature 
intein. F) Re-arrangement of the extein thioester bond to an amide is spontaneous, 

yielding the mature extein. 
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9.6 SICLOPPS technology 
Intein technology has subsequently been exploited for the in vivo generation of cyclic 

polypeptides from DNA encoded linear precursor proteins. Intein mediated peptide 

cyclization requires the use of artificially split inteins in an inverse cis configuration 

(Figure 19). 217 291 The C-terminal intein (IC) is placed at the N-terminus of the peptide 

extein, which is C-terminally flanked by the N-terminal intein (IN) within a single (cis) 

precursor protein (Figure 19: A). As such the inteins are at opposing ends of the pre-

splicing construct (split) and in an inverse configuration (IC at the extein N-terminus and 

IN at the extein C-terminus). Resolution of this ‘IC-extein-IN’ pre-splicing construct 

proceeds via a thioester mediated mechanism (Figure 20) and yields split inteins and a 

cyclic peptide extein. Whilst the C+1 residue of the extein is a vital nucleophile for the 

transthioesterification step of intein splicing, the other extein residues do not participate 

in splicing. 217 291  

 

This prompted the development of SICLOPPS technology, which has been successfully 

employed to interrogate PPIs via screening against RTHSs in E. coli. 292 SICLOPPS 

employs a conserved C+1 (or S+1) nucleophillic extein residue in tandem with a 

randomized extein region to generate a library of cyclic extein peptides.  
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Figure 19: A) Split intein circularization of peptides and proteins (SICLOPPS) 

pre-splicing construct utilizing Synechocystis sp. PCC6803 (Ssp) DnaE inteins in an 
inverse configuration. 217 276 291 292 B) Interaction of the Ssp N (IN) and C-terminal 

(IC) inteins forms the catalytic intein core. C) Intein splicing circularizes the 

peptide extein sequence between the inteins, to form the mature cyclic peptide.  
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Figure 20: Split intein circularization of peptides and proteins (SICLOPPS) 

splicing mechanism. 217 289 293 A) Thioester formation is catalyzed via co-ordination 

of key intein residues to C-terminal splice junction amide bonds. B) Trans-
thioesterification is mediated by the thiol of the C+1 residue of the peptide extein. 

C) N-terminal cleavage is initiated by nucleophillic attack of the γ amide of N159 on 
the N-terminal splice junction, yielding a tetrahedral intermediate.  D) Arg73 

stabilizes the oxyanion hole of the tetrahedral intermediate in preparation for 

amide bond cleavage at the N-terminal splice junction. E) Succinimide formation 
at N159 drives release of the C-intein. F) Re-arrangement of the extein thioester 

bond to an amide is spontaneous, yielding the mature cyclic peptide extein. 
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9.7 Solid phase peptide synthesis 
The revolutionary concept of solid phase peptide synthesis (SPPS) was originally 

conceived by Merrifield in 1963 and has since been adapted to found the diverse field of 

solid phase organic synthesis. 294 SPPS utilizes an insoluble resin support, which is 

conjugated to a linker via a covalent bond. An α-amino protected (PG1) amino acid, 

with appropriate side-chain protecting groups (PG2) is then loaded via its C-terminus to 

the linker (Figure 21: A). The first step of SPPS is the selective deprotection of PG1 to 

liberate the free N-terminus of the immobilized peptide chain (Figure 21: B). The resin 

linker and PG2 must therefore be stable to the conditions used to remove PG1. SPPS 

therefore requires the use of two orthogonal sets of protecting groups that are labile to 

distinct reagents or conditions. The immobilization of the growing peptide chain to an 

insoluble resin support greatly simplifies the separation of PG1 deprotection reagents 

(via filtration) from the desired polypeptide. 295 The second step of SPPS is the coupling 

of an α-amino protected amino acid, with appropriate side-chain protecting groups to 

the free peptide N-terminus (Figure 21: C). Once again, both the resin linker and PG2, 

in addition to PG1 must be stable to coupling conditions. Amino acid coupling thus 

elongates the peptide chain by one residue in a C to N-terminal direction. Repeated 

cycles of PG1 deprotection, followed by amino acid coupling elongate the growing 

polypeptide chain (Figure 21: D). This process continues until the desired linear 

polypeptide sequence has been assembled on the insoluble resin, whereupon PG1 is 

deprotected to liberate the free peptide N-terminal amine (Figure 21: E). 294 The 

completed polypeptide is then cleaved from the linker with the simultaneous removal of 

all side-chain protecting groups (Figure 21: F).  
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Figure 21: Schematic of solid phase peptide synthesis (SPPS). 294 295 A) An amino 

acid (AA) is loaded via its C-terminus to a resin (black circle) bound linker. B) The 

α-amino protecting group (PG1) is removed to liberate the free amine peptide N-
terminus. C) and D) The polypeptide is elongated in a C to N-terminal direction 

via ‘n’ cycles of PG1 deprotection and amino acid coupling. E) The α-amino 
protecting group (PG1) is removed to liberate the free amine peptide N-terminus. 

F) The linear peptide is cleaved from the resin linker, with simultaneous cleavage 

of amino acid side-chain protecting groups (PG2). 
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10 Results and discussion 
 

10.1 Construction of the eIF4E / eIF4G RTHS 
In order to construct a RTHS with a physiologically relevant eIF4E / eIF4G interaction, 

it was essential that fragments of both proteins were selected that accurately mimic the 

oncogenic PPI present within rapidly proliferating malignancies. The subsequent 

screening of cyclic peptide libraries against the eIF4E / eIF4G RTHS using SICLOPPS 

technology therefore facilitates the isolation of therapeutically relevant PPI inhibitors.  

 

10.1.1 Selection of the eIF4E binding epitope of eIF4G 

eIF4G functions as the primary scaffolding protein for both cap-dependent and cap-

independent translation and as such interacts with a wide variety of binding partners. 136 
122 It is therefore not surprising that eIF4G is a large protein consisting of 1560 amino 

acids, with a combined molecular mass of 172 kilodaltons (kDa, Figure 22). 296 As a 

consequence, the length and complexity of the tertiary structure of the eIF4G (1-1560) 

protein hampers expression and folding in E. coli. 297 As a physiologically relevant 

interaction of eIF4E with eIF4G is reliant on the soluble expression of correctly folded 

proteins within E. coli; it became necessary to utilize a minimal eIF4E binding epitope 

of eIF4G for the construction of the RTHS. Translation has been shown to be 

suppressed within apoptotic cells, due to the Caspase 3 mediated formation of N-

terminal (N-FAG), middle (M-FAG) and C-terminal (C-FAG) fragments of apoptotic 

cleavage of eIF4G (Figure 23). 297 M-FAG has been shown to retain interaction with 

eIF4E, eIF4A and eIF3, yet even this ~ 640 amino acid binding epitope still requires a 

Baculoviral host for effective protein expression. 297 Further experiments observed that 

the introduction of loss of function mutations into the eIF4A (672-970) and eIF3 (975-

1078) binding sites of eIF4G had no effect on eIF4E association. 298 Based on these 

findings, a truncated M-FAG fragment, (Figure 23: RTHS fragment, 493-684) 

encompassing the two eIF4E binding epitopes was selected for RTHS construction. 163 
165 299 
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Figure 22: Primary amino acid sequence of eIF4GI 1-1560 (GenBank accession 

number: AF104913) based on the numbering system developed by Imataka and 
Sonenberg. 296 300 144 145 Minimal binding epitopes for PABP (yellow), eIF4E (red), 

eIF4A (blue) and eIF3 (green) are highlighted. 163 165 299 144 145 301 164 302 146 147 139 The C-

terminal Mnk binding site of eIF4GI is poorly defined but is believed to reside 
between residues 884-1560. 148 303 The eIF4G (493-684 inc.) fragment used for the 

construction of the RTHS is highlighted in bold italics.  
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Figure 23: Schematic of the minimal protein binding domains of eIF4G. 

Numbering assignments for the amino acid sequence of eIF4GI 1-1560 (GenBank 

accession number: AF104913) are based on those developed by Imataka and 
Sonenberg. 296 300 144 145 The truncated Middle Fragment of Apoptotic cleavage of 

eIF4G1 (M-FAG) segment (containing both eIF4E binding epitopes, 493-684 inc.) 
that was used for the development of the eIF4E / eIF4G RTHS is indicated. 297 

 

10.1.2 Selection of the eIF4G binding epitope of eIF4E 

In contrast to eIF4G, eIF4E is a small protein consisting of 217 amino acids, with a 

molecular mass of 25 kDa and interacts with a very limited set of binding partners 

(eIF4G, 4EBPs and 4E-T). 139 179 167 As such, there is no published literature with regard 

to truncated variants of eIF4E that retain the capacity to bind eIF4G. However, there are 

several reports which claim that eIF4E can be expressed and purified directly via m7 

GTP affinity chromatography from E. coli, 304 305 suggesting correct folding of the cap 

binding protein in the bacterial environment. The entire human eIF4E sequence (1-217) 

was therefore selected for the construction of the RTHS (Figure 24).  

 

The crystal structure of eIF4E has been solved with binding peptide epitopes of eIF4G 

and the 4EBPs, in addition to a range of helical peptide inhibitors of the eIF4E / eIF4G 

interaction. 164 169 170 171 172 173 174 A careful inspection of the interface (Figure 25) reveals 

interactions of the eIF4G helix with His37 and Pro38 within the N-terminus of eIF4E. The 

remainder of the N-terminus of eIF4E extends away from the interface and is largely 

disordered, providing the perfect flexible linker for fusion to the chimeric ‘P22’ 

repressor. 170  
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Figure 24: Primary amino acid sequence of eIF4EI 1-217  (NCBI protein accession 

number: NP_001959.1) based on the numbering system developed by Rychlik and 
Domier. 158 160 306 Critical m7 GTP binding residues (Trp56, Glu99, Trp102, Glu103, 

Arg157, Lys159 and Lys162) are highlighted in yellow. Critical eIF4G / 4EBP / 4E-T 
binding residues (Tyr34, His37, Pro38, Trp73, Glu132 and Leu135) are highlighted in 

red. Bold, italic sections represent the flexible loop (‘YIKHPLQ’) and the two 

helices of eIF4E responsible for binding to eIF4G / 4EBP / 4E-T. The entire eIF4E 
protein (1-217 inc.) was used for the construction of the RTHS.  

 

 
 

Figure 25: Interaction of eIF4E (green, residues labeled in single letter amino acid 

code) with binding fragment peptide derived from eIF4G (yellow, residues labeled 
in triplet amino acid code). The flexible N-terminus of eIF4E is clearly distant 

from the eIF4E / eIF4G interface. (Adapted from Zhou and Quah, PDB ID: 

4AZA). 170  
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10.1.3 Cloning of pTHCP14 eIF4E / eIF4G 

The first requirement for the construction of the RTHS was the encoding of eIF4G 

(amino acids 493-684 inc.) and eIF4E (1-217 inc.) as fusion proteins, with the N-

terminal DNA binding domains (amino acids 1-102 inc.) of 434 and the chimeric ‘P22’ 

repressor respectively. 244 266 pTHCP14 (Figure 26) is a vector constructed by Horswill 

and Savinov that encodes the 434 and chimeric ‘P22’ repressors (1-102 inc.) at the N 

terminus of multiple cloning sites under the control of the mutant lactose / tryptophan 

operon promoter (PTac). 266 269 The eIF4E (1-217) gene was amplified via the 

polymerase chain reaction (PCR), to introduce XhoI and KpnI restriction endonuclease 

(REN) sites and subsequently cloned into the pTHCP14 plasmid to generate a construct 

termed ‘pTHCP14 eIF4E’. 307 308 The eIF4G (493-684) gene was amplified via extension 

PCR to introduce SalI and SacI REN sites and subsequently cloned into ‘pTHCP14 

eIF4E’ to generate a construct termed ‘pTHCP14 eIF4E / eIF4G’ (Figure 27). 

 

 
 
Figure 26: Schematic representation of pTHCP14. 266  
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Figure 27: Schematic representation of pTHCP14 eIF4E / eIF4G. 266  

 

In order to perform qualitative screening of potential inhibitors of the eIF4E / eIF4G 

interaction, it is essential that the copy numbers of genes encoding the reporter cassette 

and the chimeric 434-eIF4G / ‘P22’-eIF4E repressors are maintained at a constant level. 

Any variation in the ratio of reporter cassette to repressors between inhibitor candidate 

screens, could lead to bias. 309 To eliminate any plasmid copy number issues, it was 

necessary to integrate both the reporter cassette (present in the SNS126 strain) and the 

chimeric ‘P22’-eIF4E / 434-eIF4G repressors into the bacterial chromosome to ensure a 

consistent ratio between screens. Integration of the chimeric ‘P22’-eIF4E / 434-eIF4G 

repressor fusions into the HK022 site of the SNS126 chromosome was achieved via 

phage integrase mediated recombination. 310 This dictated the insertion of the PTac / 

‘P22’-eIF4E / 434-eIF4G construct into a conditional replication integration and 

modular (CRIM) pAH68 plasmid backbone, in preparation for integration to the HK022 

bacterial attachment site (AttB) of SNS126. 272 
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10.1.4 Cloning of pAH68 eIF4E / eIF4G 
pAH68 (Figure 28) is an ampicillin resistant CRIM plasmid constructed by Haldimann 

and Wanner, which has a pir protein dependent origin of replication, oriVR6Kγ. 272 311 
312 As such pAH68 is incapable of replication in a pir protein negative host strain such 

as SNS126, facilitating the selection of ampicillin resistant integrants. pAH68 contains 

a HK022 phage attachment site (AttP) that facilitates integration of the plasmid into the 

HK022 AttB in the SNS126 chromosome. 313 314 pTHCP14 eIF4E / eIF4G was initially 

transformed into a DNA methylation negative strain of E. coli (GM2929). The plasmid 

was subsequently replicated in the GM2929 strain and extracted via mini-prep to 

provide non-methylated plasmid DNA that was compatible with MscI REN digestion. 

The PTac / ‘P22’-eIF4E / 434-eIF4G construct was removed from pTHCP14 eIF4E / 

eIF4G via REN digestion with MscI / SacI / BspHI. The use of BspHI was necessary to 

cleave pTHCP14 in order to separate the PTac / ‘P22’-eIF4E / 434-eIF4G insert from 

the pTHCP14 vector backbone. The PTac / ‘P22’-eIF4E / 434-eIF4G insert was purified 

via agarose gel electrophoresis and subsequently cloned between the SmaI and SacI 

REN sites of pAH68 to generate ‘pAH68 eIF4E / eIF4G’ (Figure 29).  

 

 
 

Figure 28: Schematic representation of pAH68. 272 
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Figure 29: Schematic representation of pAH68 eIF4E / eIF4G. 272 

 

10.1.5 Integration of pAH68 eIF4E / eIF4G into the HK022 site of SNS126 
Integration of CRIM plasmids into AttB requires the presence of phage integrase 

encoded on a so-called ‘helper plasmid’. 272 Phage integrase introduces double stranded 

breaks in DNA, promotes Holliday junction formation and subsequently integration of 

the CRIM plasmid into the bacterial chromosome. 315 

 

In the case of pAH68, integration of the CRIM plasmid to the HK022 AttB requires 

HK022 phage integrase encoded by the helper plasmid pAH69 (Figure 30). 272 pAH69 

expresses HK022 phage integrase from a PR promoter under control of the temperature 

sensitive bacteriophage λ cI857 repressor. The repressor is active at 30 °C and 

suppresses transcription from the PR promoter, but at 42 °C the cI857 repressor is 

thermally denatured and HK022 phage integrase expression is induced. 316 317 The 

replication of pAH69 is also temperature dependent, via the use of the repA protein 

dependent origin of replication, oriR101. 318 319 320 RepA is stable at 30 °C, facilitating 

efficient replication of pAH69 when bacteria are cultured at low temperatures. Thermal 

denaturation of repA protein occurs at 42 °C, suppressing replication of pAH69 whilst 

simultaneously promoting expression of phage integrase from the PR promoter. 316 The 
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oriR101 origin of replication of pAH69 therefore ensures that helper plasmids fail to 

replicate in cells expressing HK022 phage integrase. 320 

 

 
 

Figure 30: Schematic representation of the pAH69 helper plasmid expressing 

HK022 phage integrase. 272 313 

 

In order to facilitate the integration of pAH68 eIF4E / eIF4G into the HK022 site of the 

SNS126 strain of E. coli, the pAH69 helper plasmid was transformed into SNS126 

electro-competent cells. The transformation and plating of colonies was performed at 30 

°C to maintain replication of pAH69 from the oriR101 origin of replication. pAH69 

SNS126 electro-competent cells were prepared as outlined in experimental procedures 

to maximize integration frequency. pAH68 eIF4E / eIF4G was integrated into electro-

competent SNS126 pAH69 cells via transformation as outlined in experimental 

procedures and then plated onto selective Luria Bertani (LB) agar plates with antibiotics 

at appropriate concentrations.   

 

Phage integrase mediated recombination of pAH68 into the chromosome of SNS126 

requires Holliday junction formation and therefore double-stranded cleavage of DNA. 
315 As such, the frequency of single integration into the HK022 site was found to be 

limited and therefore required a high throughput method to identify desired single 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   82 

integrants from multiple insertions of pAH68 eIF4E / eIF4G. The colony PCR 

methodology of Haldimann and Wanner with primers P1, P2, P3 and P4 (Figure 31, 

Table 2) was utilized to identify colonies with single integrations of pAH68 eIF4E / 

eIF4G into the HK022 site of SNS126. 272  

 

 
 

Figure 31: Schematic representation of the colony PCR strategy employed to select 

single copy CRIM plasmid integrants. 272 Abbreviations used: Phage attachment 

site (AttP), Bacterial attachment site (AttB). PCR amplicons P1-P2 (289 bp) and 
P3-P4 (824 bp) were indicative of single integration of pAH68 derivatives into the 

HK022 site of SNS126. 
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 Primer name  5’ to 3’ sequence 

A) eIF4E XhoI Fw GTTGTTCTCGAGATGGCGACTGTCGAACCGGAAACC 

B) eIF4E KpnI Rev GTTGTTGGTACCTTAAACAACAAACCTATTTTTAG 

C) eIF4G SalI Fw GTTGTTGTCGACATGGCCTTCAAGGAGGCGAACC 

D) eIF4G SacI Rev GTTGTTGAGCTCTCATTCGGTCATTAACACTGTG 

1) P1 GGAATCAATGCCTGAGTG 

2) P2 ACTTAACGGCTGACATGG 

3) P3 ACGAGTATCGAGATGGCA 

4) P4 GGCATCAACAGCACATTC 

 

Table 2: Primers used for verification of single integration of pAH68 or pAH68 

eIF4E / eIF4G into the HK022 site of SNS126. 272 Restriction endonuclease (REN) 

sites (green), start and stop codons (blue) and regions complementary to genes of 
interest (red) are highlighted. 

 

E. coli colonies integrated with either pAH68 or pAH68 eIF4E / eIF4G were picked 

from selective LB agar plates and subjected to colony PCR alongside colonies of a 

positive control RTHS. PCR products were analyzed by agarose gel electrophoresis for 

DNA amplicons indicative of single integration into the HK022 site of SNS126. DNA 

amplicons of 289 base pairs (bp, P1-P2) and 824 bp (P3-P4) were indicative of single 

integration of a pAH68 derivative into the HK022 site of SNS126 (Figure 31). By 

contrast, PCR amplicons of 740 bp (P1-P4) were observed for SNS126 colonies that 

had failed to integrate a pAH68 derivative. If multiple integration of the pAH68 

derivative into the HK022 site of SNS126 occurred, then the 373 bp (P2-P3) amplicon 

was observed in addition to the previously described P1-P2 and P3-P4 amplicons. 272  

 

Integration of the pAH68 parent vector into the HK022 site of SNS126 was performed 

in parallel with the integration of pAH68 eIF4E / eIF4G, to provide a comparison of 

integration efficiency (Figure 32). A previously constructed RTHS generated within the 

Tavassoli lab was plated in tandem to provide a positive control for colony PCR 

(Figure 32: lane 1). The integration efficiency of the parent pAH68 vector into the 

HK022 site of the SNS126 strain was found to be superior to that of pAH68 eIF4E / 

eIF4G. Despite the reduced integration efficiency of pAH68 eIF4E / eIF4G relative to 
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its parent vector; colonies were identified that yielded the P1-P2 and P3-P4 PCR 

amplicons, indicative of single integration into the HK022 site of SNS126 (Figure 33). 

Colonies that expressed the P1-P2 and P3-P4 PCR amplicons were subjected to a 

further round of colony PCR to confirm the presence of eIF4E (1-217) and eIF4G (493-

684) genes. Primer pairs A / B (Table 2, to detect eIF4E) and C / D (Table 2, to detect 

eIF4G) were used for colony PCR of potential eIF4E / eIF4G RTHS colonies. All 

colonies that expressed P1-P2 and P3-P4 colony PCR amplicons also exhibited A-B 

(666 bp) and C-D (591 bp) colony PCR amplicons, consistent with single integration of 

pAH68 eIF4E / eIF4G into the HK022 site of SNS126 (Figure 34). Five colonies were 

selected that provided the correct P1-P2, P3-P4, A-B and C-D amplicons indicative of 

successful integration and were subsequently validated via drop spotting and β-

galactosidase assay. 321 322 

 

 
 

Figure 32: Agarose gel electrophoresis of colony PCR performed with primers P1, 

P2, P3 and P4 on potential pAH68 integrants into the HK022 site of the SNS126 
strain. A previously constructed RTHS from the Tavassoli lab was used as a 

positive control for integration (lane 1) and analyzed alongside potential 

integrants. PCR products were separated on a 1 % (w:v) gel against a 2-Log DNA 
ladder, New England biolabs (NEB, N3200L). Single pAH68 integrants are visible 

(lanes 2-6 inc.), alongside failed integrations of pAH68 eIF4E / eIF4G (lanes 8-13 
inc.) that display the characteristic 740 bp P1-P4 amplicon of SNS126.  
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Figure 33: Agarose gel electrophoresis of colony PCR performed with primers P1, 

P2, P3 and P4 on potential pAH68 eIF4E / eIF4G integrants into the HK022 site of 

the SNS126 strain. A previously constructed RTHS from the Tavassoli lab was 
used as a positive control for integration (lane 1) and analyzed alongside potential 

integrants. PCR products were separated on a 1 % (w:v) gel against a 2-Log DNA 
ladder (NEB, N3200L). Single pAH68 eIF4E / eIF4G integrants are visible (lanes 2, 

3, 8 and 9), a multiple pAH68 eIF4E / eIF4G integrant (lane 4), alongside failed 

integrations of pAH68 eIF4E / eIF4G (lanes 5-7 inc.) that display the characteristic 
~740 bp P1-P4 amplicon of SNS126.  
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Figure 34: Agarose gel electrophoresis of colony PCR performed with primer pairs 
A / B (for eIF4E) and C / D (for eIF4G) on potential pAH68 eIF4E / eIF4G 

integrants into the HK022 site of the SNS126 strain. PCR products were separated 
on a 1 % (w:v) gel against a 2-Log DNA ladder (NEB, N3200L). All colonies tested 

produced A-B (666 bp, lanes 8-13 inc.) and C-D (591 bp, lanes 1-7 inc.) PCR 

amplicons indicative of the presence of eIF4E and eIF4G genes.  
 

10.2 Validation of the eIF4E / eIF4G RTHS 
Prior to screening potential inhibitors of the eIF4E / eIF4G interaction, it was first 

necessary to verify that a functional eIF4E / eIF4G interaction existed within the RTHS. 

A functional interaction of eIF4E with eIF4G and subsequent re-constitution of the 

DNA binding capability of the 434 / ‘P22’ heterodimeric repressor (Figure 35: A) was 

necessary to facilitate screening of potential heterodimerization inhibitors (Figure 35: 
B). This was achieved via two functional assays designed to determine the relative 

transcription of the reporter cassette in the presence of IPTG induced expression of 434-

eIF4G and ‘P22’-eIF4E from the PTac promoter. 269 323 

 

It was hypothesized that as IPTG concentration was incrementally increased, expression 

of 434-eIF4G and ‘P22’-eIF4E within the eIF4E / eIF4G RTHS would be stimulated. 

This would cause increased repressor binding to the chimeric operator, resulting in dose 

dependent shutdown of growth of the eIF4E / eIF4G RTHS. Binding of the 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   87 

heterodimeric repressor to the operator would inhibit binding of RNA polymerase to the 

-10 and -35 promoter elements, yielding reduced expression from the His-3, Kan and 

LacZ genes of the reporter construct (Figure 35: A). Therefore it was hypothesized that 

increasing IPTG concentration would reduce histidine biosynthesis rates, kanamycin 

resistance and β-galactosidase expression of the eIF4E / eIF4G RTHS.  

 

 
 

Figure 35: Schematic of the eIF4E / eIF4G RTHS.  Abbreviations used: ‘P22’ 
chimeric bacteriophage 434 repressor with P22 operator binding specificity (P22), 

bacteriophage 434 repressor protein (434), cyclic peptide inhibitor of the eIF4E / 
eIF4G interaction (CP), imidazole glycerol phosphate dehydratase gene (His-3), 

neomycin phosphotransferase II gene (Kan), β-galactosidase gene (LacZ), mutant 

promoter of the lactose / tryptophan operon (PTac). 267 268 269 
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10.2.1 Minimal media drop spotting of the eIF4E / eIF4G RTHS 

This assay aimed to quantify the expression of imidazole glycerol phosphate 

dehydratase from the His-3 gene and neomycin phosphotransferase II from the Kan 

gene of the reporter cassette. It was hypothesized that increasing IPTG concentration 

would stimulate increased binding of the heterodimeric repressor to the chimeric 

operator, with the concomitant reduction in histidine biosynthesis rates and kanamycin 

resistance. In order to test this hypothesis, the growth of the eIF4E / eIF4G RTHS on 

histidine deficient media was compared against a negative control (SNS126 pAH69) 

and the previously constructed positive control (C-terminal binding protein (CtBP) 

RTHS), in the presence of kanamycin. 321    

 

The eIF4E / eIF4G RTHS was cultured in parallel with positive and negative controls in 

Luria Bertani (LB) media with appropriate antibiotics for 16 hours (h). E. coli cultures 

were serially diluted via the addition of 180 µl of 10 % (v:v) sterile aqueous glycerol to 

20 µl of culture. This process was repeated for each strain to give solutions 

corresponding to 10-1, 10-2, 10-3, 10-4, 10-5 and 10-6 dilutions of the E. coli cultures. 2.5 µl 

of each serial dilution was then drop-spotted onto minimal media agar plates with 

varying concentrations of carbenicillin, spectinomycin, kanamycin and IPTG. A 

competitive inhibitor of imidazole glycerol phosphate dehydratase, 3-amino triazole (3-

AT), was also added in varying concentrations to the minimal media plates to improve 

the stringency of selection against the His-3 gene of the reporter cassette. 324 Minimal 

media agar plates were incubated at 30 °C (to maintain pAH69 plasmid) for 66 h and 

the resulting drop spotting visualized. After several rounds of drop spotting 

incorporating 50 µg / ml carbenicillin and 25 µg / ml spectinomycin into the minimal 

media plates, no outgrowth of the eIF4E / eIF4G RTHS could be achieved, even in the 

absence of IPTG, kanamycin and 3-AT. Drop spotting of colonies onto minimal media 

with 50 µg / ml carbenicllin alone was performed the results compared to minimal 

media with 25 µg / ml spectinomycin alone. A comparison of the two plate sets (Figure 

36: plate 6 vs Figure 37: plate 6) clearly revealed that the eIF4E / eIF4G RTHS was 

carbenicillin intolerant, which is unexpected due to the β-Lactamase gene encoded on 

the integrated pAH68 eIF4E / eIF4G vector. 
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Figure 36: Drop spotting of serial dilutions of the eIF4E / eIF4G RTHS (A-E inc.) 
against the SNS126 pAH69 (F) negative and CtBP RTHS positive (G) controls on 

minimal media with 50 µg / ml carbenicillin and 0 µg / ml spectinomycin.  

 

 
 
Figure 37: Drop spotting of serial dilutions of the eIF4E / eIF4G RTHS (A-E inc.) 

against the SNS126 pAH69 (F) negative and CtBP RTHS positive (G) controls on 
minimal media with 0 µg / ml carbenicillin and 25 µg /ml spectinomycin.  
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Carbenicillin was therefore removed from all future drop spotting, to facilitate 

visualization of the effect of IPTG on bacterial growth. Drop spotting of colonies on 

minimal media with 25 µg / ml spectinomycin (but without carbenicillin) revealed 

repression of growth of the eIF4E / eIF4G RTHS with increasing concentrations of 

IPTG (compare Figure 37 plate 1 vs plate 4). This is consistent with the hypothesis that 

greater induction of 434-eIF4G and ‘P22’-eIF4E repressor fusions inhibits expression of 

critical survival genes within the reporter cassette.  

 

10.2.2 β-galactosidase assay of the eIF4E / eIF4G RTHS 
This assay aimed to quantify the expression of β-galactosidase from the LacZ gene of 

the reporter cassette. 325 It was hypothesized that as IPTG concentration was 

incrementally increased, expression of 434-eIF4G and ‘P22’-eIF4E would be 

stimulated, causing increased repressor binding to the chimeric operator. Binding of the 

heterodimeric repressor to the operator would inhibit binding of RNA polymerase to the 

-10 and -35 promoter elements, yielding reduced expression from the LacZ gene of the 

reporter construct. 266  In order to test this hypothesis, the β-galactosidase activity of the 

eIF4E / eIF4G RTHS was compared against a negative control (SNS126 pAH69) and 

the previously constructed positive control (CtBP RTHS). A synthetic substrate, Ortho-

nitrophenyl-β-Galactoside (ONPG) was utilized, which is enzymatically hydrolyzed 

into galactose and the brightly coloured Ortho-nitrophenol chromophore by β-

galactosidase (Figure 38). 322 

 

 
 

Figure 38: β-galactosidase assay utilizes the synthetic Ortho-nitrophenyl-β-

Galactoside (ONPG) substrate (A), which is hydrolyzed to produce Galactose (B) 
and Ortho-nitrophenol (C).  
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The eIF4E / eIF4G RTHS was cultured in parallel with a positive control (CtBP RTHS) 

and a negative control (pAH69 SNS126) in LB media with appropriate antibiotics for 

16 h. E. coli cultures were used to inoculate LB media containing appropriate 

antibiotics, which was then incubated at 30 °C until OD600 ~ 0.40 was reached. 

Triplicate cultures of all strains were then induced with IPTG (0, 10, 25, 50, 100 and 

250 µM) to promote dose dependent expression of repressor protein fusions. All 

cultures were grown to OD600 ~ 0.70 and the expression of β-galactosidase was 

quantified via a timed ONPG assay. OD420 (λmax of ortho-nitrophenol) and OD600 

readings were recorded relative to an LB media alone blank and β-galactosidase activity 

was determined according to the Miller relationship below: 322 

 

β-galactosidase activity=
1000 × OD420

Reaction time × Culture volume × OD600 
  

 

The CtBP RTHS positive control exhibited significant dependence of β-galactosidase 

activity on IPTG concentration (Figure 39). This is consistent with incremental IPTG 

induced expression of repressor fusion proteins, dimerization and subsequent operator 

binding. The recruitment of RNA polymerase to the promoter is sterically hindered 

resulting in suppression of downstream reporter cassette gene expression. The 

incremental activation of repressor fusion protein expression is also consistent with the 

gradual decrease of the β-galactosidase activity of the CtBP RTHS with increasing 

IPTG concentration. 

 

Similarly the pAH69 SNS126 negative control failed to exhibit significant dependence 

of β-galactosidase activity on IPTG concentration (Figure 40), as expected. This is 

consistent with the lack of heterodimeric 434 and ‘P22’ repressors within the HK022 

site of the SNS126 strain, resulting in the efficient recruitment of RNA polymerase to 

the chimeric promoter and subsequent expression of downstream reporter cassette 

genes.  
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Figure 39: β-galactosidase assay performed as a positive control against the C-
terminal binding protein (CtBP) RTHS. β-galactosidase activities are normalized 

relative to a CtBP RTHS culture that was not induced with IPTG. Error bars are 

representative +/- one standard deviation of the means of two independent 
experiments. 

 

 
 

 

Figure 40: β-galactosidase assay performed as a negative control against the 
heterodimeric RTHS parent strain, SNS126. β-galactosidase activities are 

normalized relative to an SNS126 culture that was not induced with IPTG. Error 

bars are representative +/- one standard deviation of the means of two independent 
experiments. 
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Figure 41: β-galactosidase assay performed against the eIF4E / eIF4G RTHS. β-

galactosidase activities are normalized relative to an eIF4E / eIF4G RTHS culture 

that was not induced with IPTG. Error bars are representative +/- one standard 
deviation of the means of two independent experiments.  

 

The expression of β-galactosidase within the eIF4E / eIF4G RTHS did not conform 

exactly to that of either the positive or negative controls (Figure 41). Between zero and 

25 µM IPTG induction the expected trend of decreasing β-galactosidase expression was 

observed, consistent with increased expression and heterodimerization of 434-eIF4G 

and ‘P22’-eIF4E repressors. This finding is also consistent with the apparent reduction 

of colony viability on minimal media in the presence of Kanamycin and 3-AT (Figure 

37) with increasing IPTG concentration. The expression of β-galactosidase from the 

eIF4E / eIF4G RTHS unexpectedly plateaued above 25 µM IPTG, at around 70 % of 

the level of the non-induced system. This finding may be attributed to aggregation of 

eukaryotic proteins when overexpressed within the RTHS, which would lead to 

ineffective repressor construct binding to the chimeric operator. However, the 

suppression of β-galactosidase expression was comparable between the eIF4E / eIF4G 

RTHS and the CtBP RTHS when repressor protein fusions were induced with 50 µM 

IPTG. This finding is in agreement with the degree of suppression of colony viability on 

minimal media in the presence of 50 µM IPTG, when compared to the absence of IPTG 

(Figure 37). Drop spotting of the eIF4E / eIF4G RTHS onto minimal media containing 

25 µg /ml spectinomycin, 50 µg / ml kanamycin, 5 mM 3-AT and 50 µM IPTG was 

therefore deemed an appropriate set of conditions for screening inhibitors against the 

eIF4E / eIF4G interaction.   
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10.3 The pARCBD SICLOPPS screening vector 
As discussed in section 8, the primary objective of the project was to develop cyclic 

peptide inhibitors of the eIF4E / eIF4G interaction. The construction of the eIF4E / 

eIF4G RTHS, was subsequently coupled with SICLOPPS technology to facilitate the 

identification of potential inhibitors of this key oncogenic PPI. 217 This project employed 

the pARCBD intein-splicing vector (Figure 42) developed by Scott and Abel-Santos, 

which utilizes Ssp inteins in an inverse cis configuration to splice cyclic peptides within 

E. coli. 217 The Ssp IC contained a single A158H point mutation (Figure 49) to mimic a 

catalytic histidine residue, which has been observed at the C-terminus of many C-

terminal inteins and promotes succinimide formation.  

 

 
 

 

Figure 42: Schematic representation of pARCBD Ssp. 217 The P15A low copy 

number origin of replication prevents significant screening bias resulting from 

large variations in plasmid copy number between colonies. 326 327 Chloramphenicol 
acetyl transferase (CAT) gene provides a selectable marker for retention of 

pARCBD. A chitin binding domain (CBD) is fused to the C-terminus of the N-
intein to aid purification of the ‘IC-extein-IN’ pre-splicing construct. 293 328  
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pARCBD encodes the ‘IC-extein-IN’ pre-splicing construct under the control of the 

arabinose inducible araBAD promoter. 217 The regulatory gene of the arabinose operon 

(AraC), is encoded on the opposite strand of pARCBD to the pre-splicing construct. In 

the absence of arabinose, homodimerization of the AraC repressor promotes binding to 

the araBAD promoter, which inhibits transcription of the pre-splicing construct via 

DNA loop formation. The addition of arabinose disrupts the formation of the inhibitory 

DNA loop and re-orientates the AraC repressor dimer, which binds to the araBAD 

promoter in a manner similar to the helix-turn-helix repressor proteins of 

bacteriophages P22, 434 and λ. The AraC homodimer recruits RNA polymerase to the 

araBAD promoter and stimulates transcription of the downstream ‘IC-extein-IN’ pre-

splicing construct. 329 330 The araBAD promoter is therefore an ideal candidate for 

switching between stringent control (in the absence of arabinose) and significant 

induction of downstream genes (in the presence of arabinose). The use of the arabinose 

inducible araBAD promoter facilitates orthogonal induction of cyclic peptides and 

IPTG induced expression of the chimeric ‘P22’-eIF4E and 434-eIF4G repressor fusions 

from the PTac promoter of the RTHS.   

 

10.4 Selection of SICLOPPS screening motifs 
Polypeptide synthesis occurs within the cytoplasm of mammalian cells and therefore 

translation inhibitors must be able to access the eIF4E / eIF4G interface. The 

phospholipid bilayer of the cell membrane represents a significant barrier that must be 

traversed by potential inhibitors of the eIF4E / eIF4G interaction. Several long chain 

linear polypeptides including penetratin, polyarginine and tat have been demonstrated to 

promote internalization of conjugated cargo molecules. 331 332 333 334 335 The conjugation 

of a cyclic peptide inhibitor of the eIF4E / eIF4G interaction to a cell permeable peptide 

represents an additional synthetic step and significantly increases the cost of the 

putative therapeutic. It is therefore desirable to incorporate cell permeability elements 

into the cyclic peptide inhibitor, ideally with a concomitant increase in water solubility. 

Therefore a strategy was devised to incorporate amino acids within the cyclic peptide 

that would promote cell permeability and water solubility of the drug, at the SICLOPPS 

screening stage. The introduction of multiple arginine residues within cyclic peptides 

has been previously demonstrated to promote cell permeability. 336 337 It has been 

postulated that the protonated guanidine side-chains of arginine promote association of 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   96 

the cyclic peptide with the phospholipid bilayer, whereupon the therapeutic is 

internalized via pinocytosis. 338 339 333 The introduction of multiple arginine residues that 

are charged at physiological pH increases the net positive charge of the cyclic peptide, 

promoting solubility in aqueous media.  

 

An invariant ‘CRRQ’ motif was selected for incorporation into cyclic peptide libraries 

due to three major considerations. 337 Firstly, the ‘RRQ’ motif was selected to mimic a 

portion of the cell permeability domain of the cell permeable human immunodeficiency 

virus (HIV) tat peptide (49-57 inc., RKKRRQRRR). 331 332 340 Whilst it would have been 

desirable to incorporate a larger Tat peptide cell permeability motif, a compromise had 

to be made. The incorporation of a large cell permeability domain derived from the HIV 

tat peptide, plus a randomized domain for screening potential inhibitors of the eIF4E / 

eIF4G interaction would inevitably yield a large cyclic peptide ring. However, larger 

cyclic peptides display a greater degree of conformational flexibility and hence bind to 

target proteins with reduced affinity, when compared to smaller rings that are pre-

organized into a binding conformation. 341 A maximum cyclic peptide ring size of nine 

amino acids was selected as a compromise between conformational constraint of 

smaller rings and incorporation of cell permeable motifs. It was hypothesized that a 

minimum of four to five amino acid residues would be required for screening potential 

inhibitors of the PPI. The invariant ‘CRRQ’ motif was therefore selected as the largest 

permissible domain to promote cell permeability.   

 

Secondly, the invariant cysteine (C+1) residue of the ‘CRRQ’ motif’ is responsible for 

the transthioesterification step of the intein splicing mechanism and is therefore required 

for SICLOPPS screening. Cysteine was selected as a catalytic intein splicing residue 

due to its increased nucleophilicity compared to either serine or threonine. In addition 

the amino acid side-chain of cysteine provides a convenient mechanism for the selective 

attachment of functional groups to cyclic peptides via iodoacetamide or maleimide 

conjugation. Finally, the incorporation of a glutamine residue was necessary to facilitate 

on resin peptide cyclization for sequences that may not assemble in solution. 

 

 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   97 

10.5 SICLOPPS library construction 
Cyclic peptide libraries were prepared via the insertion of randomized extein sequences 

with a conserved C+1 nucleophile between the C and N-terminal inteins of pARCBD, 

according to the procedure of Tavassoli and Benkovic. 328 Briefly, the BglI – HindIII 

fragment was amplified from pARCBD Ssp via extension PCR with forward primer E, 

F or G and reverse primer H (Table 18) to introduce BglI and HindIII sites (Figure 43: 

A). Forward primers included a small region complementary to the C-terminal region of 

the IC, followed by the conserved nucleophillic C+1 extein residue (encoded by TGC) 

and a randomized motif encoded by NNS (where N is any nucleotide and S is either 

guanosine or cytosine). The use of NNS codons (instead of NNN) was chosen to 

eliminate the Ochre (TAA) and Opal (TGA) stop codons, to minimize truncation of the 

pre-splicing construct. 289  

 

A total of three independent peptide motifs were chosen to develop three distinct 

pARCBD encoded cyclic peptide libraries, dictated by the choice of forward primer 

used to generate the first PCR product (Figure 43). CXXXXX (CX5), CRRQXXXXX 

(CRRQX5) and CRRQXXXX (CRRQX4) peptide motifs were selected for screening 

potential inhibitors of the eIF4E / eIF4G interaction (amino acids in single letter code, X 

is a randomized amino acid). Introduction of degenerate oligonucleotides between the C 

and N-terminal inteins creates a library of extein sequences, each encoded within a 

unique PCR product. Due to the use of degenerate oligonucleotides within the forward 

primers, the first round of PCR does not create fully complementary double-stranded 

PCR products (Figure 43: B). As such, a second round of PCR (termed a ‘zipper’ PCR) 

was performed on round one PCR products to ensure completely cognate base-pairing, 

with primers I and H (Table 18). 292 328 ‘Zipper PCR’ products were subsequently 

cloned into pARCBD and transformed by electroporation into the eIF4E / eIF4G RTHS, 

to generate a library of SICLOPPS vectors each encoding a unique cyclic peptide.   
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Figure 43: SICLOPPS library construction. 292 328 A) PCR using primer E, F or G 

is used to introduce randomized bases between the C (IC) and N-terminal (IN) 

inteins of pARCBD. B) The first PCR product contains mismatched DNA bases 
within the randomized extein region, necessitating zipper PCR. C) and D) The 

zipper PCR product and pARCBD are digested with BglI and HindIII RENs. E) 

The randomized library of digested zipper PCR products is ligated into pARCBD 
and transformed into the eIF4E / eIF4G RTHS.   
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10.6 Primary SICLOPPS library screening 
The library of pARCBD Ssp vectors within the eIF4E / eIF4G RTHS was plated onto 

minimal media agar plates supplemented with 5 mM 3-AT, 50 µg / ml kanamycin, 25 

µg / ml spectinomycin, 35 µg / ml chloramphenicol, 50 µM IPTG and 6.5 µM 

arabinose, prior to being incubated at 37 °C for 90 h. In the eIF4E / eIF4G RTHS, IPTG 

induced expression of ‘P22’-eIF4E and 434-eIF4G repressor protein fusions facilitates 

binding of the heterodimeric repressor to the chimeric operator. Transcription of genes 

within the reporter cassette encoding imidazole glycerol phosphate dehydratase, 

neomycin phosphotransferase II and β-galactosidase is repressed, reducing colony 

viability on minimal media with kanamycin and 3-AT (Figure 44: A).  

 

Replication of the plasmid library within the eIF4E / eIF4G RTHS is ensured via the 

chloramphenicol acetyl transferase (CAT) gene of pARCBD Ssp, which promotes 

colony growth on minimal media with chloramphenicol. pARCBD Ssp derivatives 

which encode cyclic peptides that do not disrupt the eIF4E / eIF4G interaction, fail to 

reduce binding of the heterodimeric repressor to the chimeric operator. Hence 

transcription of reporter cassette genes downstream of the chimeric operator remains 

repressed in the presence of IPTG (Figure 44: A).  

 

By contrast, pARCBD Ssp derivatives which encode cyclic peptides that disrupt the 

eIF4E / eIF4G interaction, abolish binding of the heterodimeric repressor to the 

chimeric operator. In the presence of arabinose, transcription of genes within the 

reporter cassette is stimulated, promoting colony viability on minimal media with 

kanamycin and 3-AT (Figure 44: B). Therefore pARCBD Ssp derivatives which 

encoded arabinose induced cyclic peptide inhibitors of the eIF4E / eIF4G interaction 

exhibited colony growth in the presence of IPTG and arabinose. 
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Figure 44: Schematic of the eIF4E / eIF4G RTHS. 239 240 244 266 321 323 Abbreviations 

used: ‘P22’ chimeric bacteriophage 434 repressor with P22 operator binding 

specificity (P22), bacteriophage 434 repressor protein (434), cyclic peptide 
inhibitor of the eIF4E / eIF4G interaction (CP), imidazole glycerol phosphate 

dehydratase gene (His-3), neomycin phosphotransferase II gene (Kan), β-
galactosidase gene (LacZ), promoter of the lactose operon (PLac). 
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Colonies that exhibited growth on SICLOPPS library construction plates were picked 

and cultured for 16 h and before being serially diluted and subjected to drop-spotting 

onto four minimal media SICLOPPS screening plates, numbered 1, 2, 3 and 4. All 

plates contained 5 mM 3-AT, 50 µg / ml kanamycin, 25 µg / ml spectinomycin, 35 µg / 

ml chloramphenicol and varying concentrations of IPTG and arabinose. Plate 1 lacked 

both IPTG and arabinose and functioned as a control plate in which expression of 

RTHS repressor fusion proteins and pARCBD Ssp encoded cyclic peptides was 

repressed. Plate 2 contained 50 µM IPTG but lacked arabinose and therefore functioned 

as a control plate in which expression of RTHS repressor fusion proteins was induced. 

Therefore a direct comparison between the growth of colonies on plate 2 and plate 1 

was used to visualize the effect of binding of the heterodimeric repressor to the chimeric 

operator (Figure 44: A and Figure 45). Plate 3 contained 6.5 µM arabinose but no 

IPTG, therefore serving as a control plate in which expression of the pARCBD Ssp 

encoded cyclic peptides was induced. Therefore a direct comparison of the growth of 

colonies on plate 3 and plate 1 was used to visualize any toxicity resulting from the 

expression of cyclic peptides from pARCBD. Finally, plate 4 contained both 50 µM 

IPTG and 6.5 µM arabinose and functioned as a test plate to determine the dependence 

of the growth of the eIF4E / eIF4G RTHS on the presence of a functional cyclic peptide 

inhibitor of the PPI. Therefore a direct comparison of the growth of colonies on plate 4 

and plate 2 was used to visualize the cyclic peptide-induced disruption of binding of the 

heterodimeric repressor to the chimeric operator (Figure 44: B and Figure 45). Serial 

dilutions (10-1, 10-2, 10-3, 10-4, 10-5 and 10-6) of each E. coli culture were drop-spotted 

onto four minimal media agar plates containing a range of IPTG and arabinose 

concentrations and incubated at 37 °C for 90 h (Figure 45). 266  

 

Through comparing colony growth on plate 4 to viability on plate 2, colonies that 

exhibited arabinose-induced restoration of growth in the presence of IPTG were 

selected for further screening (Figure 45).  These candidate colonies obtained from 

primary SICLOPPS screening were cultured for 16 h and pARCBD Ssp vectors 

encoding potential inhibitors of the eIF4E / eIF4G interaction were isolated via mini 

prep. 
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Figure 45: Primary SICLOPPS screening of the eIF4E / eIF4G RTHS transformed 

with pARCBD Ssp vectors encoding potential cyclic peptide inhibitors of the 

eIF4E / eIF4G interaction. 266 321 323 324 Serial dilutions of E. coli cultures were drop-
spotted onto minimal media plates containing 5 mM 3-AT, 50 µg / ml kanamycin, 

25 µg / ml spectinomycin, 35 µg /ml chloramphenicol and varying concentrations 
of IPTG and arabinose and incubated at 37 °C for 90 h.  
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10.7 Secondary SICLOPPS screening 
pARCBD Ssp vectors isolated from primary SICLOPPS screening may encode 

potential inhibitors of the eIF4E / eIF4G interaction. However it is also possible that 

cyclic peptide candidates disrupt the interaction between the heterodimeric repressor 

and the chimeric operator, instead of the oncogenic PPI. It is also conceivable that 

colony viability on selective media during primary SICLOPPS screening was subject to 

experimental error. It was therefore necessary to verify that pARCBD induced colony 

viability was plasmid dependent and specific to the eIF4E / eIF4E interaction. Plasmids 

were therefore re-transformed into the eIF4E / eIF4G RTHS to confirm phenotypic 

retention and into a previously constructed heterodimeric control RTHS. This critical 

step helped to eliminate pARCBD vectors that encoded cyclic peptide inhibitors of the 

interaction of ‘P22’ or 434 with the chimeric DNA operator. Drop spotting of pARCBD 

candidates isolated from primary SICLOPPS screening in the control and eIF4E / eIF4G 

RTHS was performed as previously described. Secondary screening candidates were 

defined as those colonies that exhibited arabinose induced restoration of colony growth 

in the presence of IPTG; specifically in the eIF4E / eIF4G RTHS (Figure 46), but not in 

the control system (Figure 47). The relative growth of eIF4E / eIF4G RTHS colonies 

on SICLOPPS screening plates was used to rank potential inhibitors of the eIF4E / 

eIF4G interaction in order of potency. pARCBD plasmids encoding secondary 

screening candidates were isolated by mini prep and the sequence of the randomized 

peptide motif between IC and IN was determined via DNA sequencing (Table 3).  

 

Ultimately, a total of four cyclic peptide inhibitors were isolated following the screening 

procedures and these were ranked as the most potent putative inhibitors of the eIF4E / 

eIF4G interaction (Table 3). Of the four isolated candidates, B (CRRQVYVV), F 

(CRRQVYVH) and K (CRRQLFLF) exhibited a high degree of primary sequence 

homology, perhaps indicative of a common binding mechanism to the eIF4E / eIF4G 

interface.  
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Figure 46: Drop spotting of the eIF4E / eIF4G RTHS re-transformed with 
pARCBD Ssp vectors encoding potential cyclic peptide inhibitors of the eIF4E / 

eIF4G interaction. 266 321 323 324 Serial dilutions of E. coli cultures were drop-spotted 

onto minimal media plates containing 5 mM 3-AT, 50 µg / ml kanamycin, 25 µg / 
ml spectinomycin, 35 µg /ml chloramphenicol and varying concentrations of IPTG 

and arabinose and incubated at 37 °C for 90 h.  
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Figure 47: Drops spotting of the heterodimeric control RTHS transformed with 
pARCBD Ssp vectors encoding potential cyclic peptide inhibitors of the eIF4E / 

eIF4G interaction. 266 321 323 324 Serial dilutions of E. coli cultures were drop-spotted 

onto minimal media plates containing 5 mM 3-AT, 50 µg / ml kanamycin, 25 µg / 
ml spectinomycin, 35 µg /ml chloramphenicol and varying concentrations of IPTG 

and arabinose and incubated at 37 °C for 90 h.  
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Colony identification Potency ranking Cyclic peptide sequence 

B 1 CRRQVYVV 

C 3 CRRQSRLWM 

D 2 CRRQTYTY 

E 3 CRRQLVYYQ 

F 1 CRRQVYVH 

G 3 CRRQLFLZA 

H 2 CRRQZVKLA 

I 2 CRRQZVKLA 

J 2 CRRQLSVQL 

K 1 CRRQLFLF 

L 1 CRRQIHRY 

O 2 CKIIIF 

P 2 CVVYNY 

Q 2 CIISVY 

R 3 CSNARL 

S 3 CWCLCS 

 

Table 3: Sequences of pARCBD encoded potential cyclic peptide inhibitors of the 

eIF4E / eIF4G interaction in single letter amino acid code (Z denotes the presence 
of a ‘TAG’ amber stop codon by DNA sequencing, indicating truncation of the 

intein pre-splicing construct). Top ranked candidates B, F, K and L were selected 

for peptide synthesis and subsequent validation as inhibitors of the eIF4E / eIF4G 
interaction.  
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10.8 Intein splicing 
Intein splicing within the eIF4E / eIF4G RTHS is a pre-requisite for the production of 

DNA-encoded cyclic peptide libraries and hence for the isolation of potential cyclic 

peptide inhibitors of the PPI. Therefore it became necessary to demonstrate splicing of 

the pARCBD Ssp encoded SICLOPPS screening candidates within the eIF4E / eIF4G 

RTHS. The incorporation of a chitin-binding domain (CBD) within pARCBD Ssp 

facilitates the use of affinity chromatography purification of the IC-extein-IN-CBD pre-

splicing constructs of SICLOPPS candidates. 293 328 Subsequent incubation of chitin 

affinity resin bound pre-splicing constructs promotes intein splicing and cyclic peptide 

production. Direct characterization of cyclic peptide production within the eIF4E / 

eIF4G RTHS is complicated by the low molecular weight of the cyclic peptide and the 

inseparable mixture of polypeptides obtained from E. coli cell lysates. However, intein 

splicing can be detected via the separation of the IC and IN-CBD byproducts via sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). This approach was 

therefore selected to visualize the splicing of pARCBD Ssp encoded SICLOPPS 

screening candidates. Controls for chitin affinity resin pull-down purification of pre-

splicing constructs, were selected from previous work conducted in the Tavassoli 

laboratory. Cyclo CLLFVY is a selective heterodimerization inhibitor of the hypoxia 

inducible factor (HIF)-1α / HIF-1β interaction that was previously isolated via 

SICLOPPS screening. 16 As such, previously constructed pARCBD Ssp CLLFVY in the 

HIF-1α HIF-1β RTHS was selected as a positive control for intein splicing. 16  

 

pARCBD Ssp vectors encoding potential inhibitors of the eIF4E / eIF4G interaction or 

CLLFVY were transformed into the eIF4E / eIF4G RTHS and cultured in LB media 

with 25 µg / ml spectinomycin and 35 µg / ml chloramphenicol until an OD600 of 0.50 - 

0.70 was achieved. Expression of the IC-extein-IN-CBD pre-splicing construct from the 

araBAD promoter was induced with arabinose, prior to incubation for 3 h. Cells were 

harvested, lysed in chitin buffer (Table 17) and the soluble fraction was incubated with 

chitin affinity resin for 2 h. Unbound material was removed by washing with chitin 

buffer and then intein splicing was allowed to proceed for 16 h. Resin bound proteins 

were eluted in SDS-PAGE loading buffer and analyzed on a 15 % SDS-PAGE gel. 

 

Chitin affinity resin pull-down experiments (Figure 48) demonstrated that a minimal 

degree of Ssp intein splicing occurred for the positive control (lane 2, pARCBD Ssp 
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CLLFVY), due to the presence of a small percentage of Ssp IN-CBD splicing byproduct. 

A similar degree of Ssp intein splicing was observed for two CX5 inhibitors of the 

eIF4E / eIF4G interaction (lane 7, pARCBD Ssp CVVYNY and lane 8, pARCBD Ssp 

CKIIIF), again due to the evident Ssp IN-CBD splicing byproduct. However there was 

little evidence of Ssp intein splicing in any of the CRRQX4 inhibitors of the eIF4E / 

eIF4G interaction (lane 4, pARCBD Ssp CRRQVYVH; lane 5, pARCBD Ssp 

CRRQIHRY; lane 6, pARCBD Ssp CRRQVYVV), suggesting that the invariant CRRQ 

motif proved inhibitory to intein mediated peptide cyclization.  

 

The failure of CRRQX4 inhibitors of the eIF4E / eIF4G interaction to effectively splice 

with Ssp inteins prompted a review of the literature to identify promiscuous inteins that 

would tolerate the invariant CRRQ motif.  The DnaE intein from Nostoc punctiforme 

(Npu) has been shown to splice more rapidly and provide higher yields of spliced 

mature extein product, when compared to the Ssp intein. 342 The Npu intein has 

subsequently been subjected to directed evolution to isolate mutant variants that splice 

at 37 °C and that tolerate a promiscuous range of extein residues at the C-terminal 

splice junction. Directed evolution introduced four point mutations within the primary 

amino acid sequence of the Npu intein, to generate the splicing efficient variant, termed 

Npu*. 343 Three point mutations (Figure 49: highlighted in green, E5D, L15I, L82M) 

were introduced into the N-terminal Npu intein and one mutation (Figure 49: 

highlighted in red, D125Y) into the C-terminal Npu intein to generate the Npu* intein. 
343 The Npu* intein therefore represents an ideal candidate to examine the specific 

influence of the extein sequence on the rate and degree of intein splicing. pARCBD 

Npu* was previously constructed within the Tavassoli laboratory (Jaime Townend, 

unpublished work) and hence was used as the basis for construction of derivatives with 

specific extein inserts. Previously constructed pARCBD Npu* CLLFVY was used as a 

positive control for intein splicing alongside a newly constructed pARCBD Npu* 

CRRQVYVH vector, representing one of the class of potential eIF4E / eIF4G 

heterodimerization inhibitors. 16 Chitin affinity resin pull-down experiments were 

performed in tandem with pARCBD Ssp and pARCBD Npu* encoded inhibitors of the 

eIF4E / eIF4G interaction alongside positive control inhibitors of the HIF-1α / HIF-1β 

interaction (Figure 48). 
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Figure 48: Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) of chitin affinity resin pull-down products expressed from pARCBD 

vectors encoding potential eIF4E / eIF4G heterodimerization inhibitors. 293 
Previously constructed pARCBD Npu* (lane 1) and pARCBD Ssp (lane 2) 

constructs encoding the HIF inhibitor (cyclo CLLFVY) were used as positive 
controls for intein splicing. Chitin affinity resin pull-down products were 

separated on a 15 % gel against a Pageruler 10-170 kDa ladder (Thermo Scientific, 

26616). pARCBD Npu* encoding cyclo CLLFVY (lane 1) or cyclo CRRQVYVH 
(lane 3) exhibited a superior degree of splicing compared to their pARCBD Ssp 

encoded counterparts (cyclo CLLFVY lane 2, cyclo CRRQVYVH lane 4). The only 

pARCBD Ssp derivatives to splice effectively encoded cyclo CVVYNY (lane 7) and 
cyclo CKIIIF (lane 8). pARCBD Ssp derivatives encoding cyclo CRRQIHRY (lane 

5) or cyclo CRRQVYVV (lane 6) failed to splice effectively.  

 

Splicing of Npu* inteins (Figure 48) lane 1, pARCBD Npu* CLLFVY and lane 3, 

pARCBD Npu* CRRQVYVH) can be observed via the presence of the intein splicing 

byproducts; IC and IN-CBD. The quantity of Npu* intein byproducts greatly exceeds that 

of the Ssp intein byproducts, suggesting that the Npu* intein splices to a higher degree 

than Ssp. Given that both Npu* and Ssp inteins were allowed to splice in tandem for the 

same period of time, this further suggests that the Npu* intein splices at a faster rate 

than Ssp. These findings are supported by the relative depletion of the IC-extein-IN-CBD 
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pre-splicing constructs of the Npu* intein samples compared to their Ssp controls. 

Therefore pARCBD Npu* encoded cyclic peptides (Figure 48: lane 1, pARCBD Npu* 

CLLFVY and lane 3, pARCBD Npu* CRRQVYVH) spliced with much greater 

efficiency than the corresponding pARCBD Ssp encoded controls (Figure 48: lane 2, 

pARCBD Ssp CLLFVY and lane 4, pARCBD Ssp CRRQVYVH). The chitin affinity 

resin pull-down experiments supports previous work that demonstrated the Npu* intein 

splices faster and to a superior degree, when compared to Ssp inteins. 342 343 344  

 

 
 
Figure 49: Sequence alignment of N and C-terminal Ssp and Npu inteins against 

the sequence of an evolved Nostoc punctiforme (Npu) intein that splices at higher 

temperatures and is tolerant of a greater range of extein sequences (Npu*). 276 342 343 
Point mutations within the Npu* N- intein (green, E5D, L15I, L82M) and the C-

intein (red, D125Y) are highlighted, as is the single Ssp C-intein mutation (red, 

A158H). 343 
 

Whilst the degree of splicing of the Ssp intein appeared to discriminate between CX5 

and CRRQX4 inhibitors, no such disparity was observed for Npu* encoded inteins. 

Splicing of the pARCBD Npu* CLLFVY positive control (Figure 48: lane 1) appeared 
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to proceed to a similar degree to that of pARCBD Npu* CRRQVYVH (Figure 48: lane 

3), suggesting that the Npu* intein is more tolerant of a range of extein sequences, when 

compared to the Ssp intein controls (Figure 48: lane 2, pARCBD Ssp CLLFVY and 

lane 4, pARCBD Ssp CRRQVYVH). 344 Evidence of the IC and IN-CBD Npu* intein 

byproducts (Figure 48: lane 3) suggests that pARCBD Npu* CRRQVYVH effectively 

splices a cyclic peptide from the IC-extein-IN-CBD pre-splicing construct. However this 

finding does not suggest that CRRQX4 inhibitors of the eIF4E / eIF4G interaction were 

spliced during SICLOPPS screening with Ssp inteins. It is therefore likely that a library 

of peptide extein loops was screened, constrained by the conformational interactions of 

the IN and IC. As such, the primary amino acid sequence of each SICLOPPS hit may still 

represent a potential source of cyclic peptide inhibitors of the PPI.  

 

Due to the failure of CRRQX4 inhibitors to be spliced by Ssp inteins, it was necessary to 

validate that cyclic peptides spliced by the Npu* intein stimulated colony viability of 

the eIF4E / eIF4G RTHS in the presence of arabinose and IPTG. pARCBD Ssp and 

pARCBD Npu* plasmids encoding potential inhibitors of the eIF4E / eIF4G interaction 

were re-transformed into the eIF4E / eIF4G RTHS. pARCBD Ssp CLLFVY and 

pARCBD Npu* CLLFVY plasmids were re-transformed into the HIF-1α HIF-1β RTHS 

as positive controls. pARCBD derivatives in their appropriate RTHS were cultured for 

16 h and then serially diluted prior to drop-spotting onto four minimal media plates, as 

previously described.  

 

All colonies exhibited binding of the heterodimeric repressor to the chimeric operator, 

(Figure 50: compare plate 2 and plate 1) yielding reduced colony viability in the 

presence of IPTG, as expected. The subsequent addition of arabinose abolished the 

IPTG-induced reduction of colony viability, (Figure 50: compare plates 3, 4 and 5 

against plate 2) consistent with cyclic peptide induced disruption of the heterodimeric 

repressor. Comparison of the growth of pARCBD Npu* CLLFVY (Figure 50: row G) 

against the growth of pARCBD Ssp CLLFVY (Figure 50: row F) revealed that the 

Npu* inteins did not restore colony growth to the same extent, when compared to Ssp. 

Reduction of the arabinose concentration serendipitously improved colony viability of 

the HIF-1α HIF-1β RTHS transformed with pARCBD Npu* CLLFVY (Figure 50: 

compare plates 3, 4 and 5). This unexpected result is consistent with the large degree of 

Npu* intein splicing, possibly yielding increased toxicity within E. coli due to the 
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abundance of the IC and IN-CBD splicing byproducts. A similar phenomenon is also 

observed via a comparison of the growth of pARCBD Npu* CRRQVYVH (Figure 50: 

row E) against the growth of pARCBD Ssp CRRQVYVH (Figure 50: row D), albeit to 

a lesser degree.  

 

 
 

Figure 50: Drops spotting of the eIF4E / eIF4G RTHS transformed with pARCBD 

vectors encoding potential cyclic peptide inhibitors of the eIF4E / eIF4G 

interaction. 266 321 323 324 Serial dilutions of E. coli cultures were drop-spotted onto 
minimal media plates containing 5 mM 3-AT, 50 µg / ml kanamycin, 25 µg / ml 

spectinomycin, 35 µg /ml chloramphenicol and varying concentrations of IPTG 
and arabinose and incubated at 37 °C for 90 h. A) pARCBD Ssp CKIIIF, B) 

pARCBD Ssp CVVYNY, C) pARCBD Ssp CRRQIHRY, D) pARCBD Ssp 

CRRQVYVH, E) pARCBD Npu* CRRQVYVH, F) HIF inhibitor control, 
pARCBD Ssp CLLFVY, G) HIF inhibitor control, pARCBD Npu* CLLFVY.  
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Despite toxicity of the Npu* IC and IN-CBD byproducts, arabinose induced Npu* intein 

splicing still promotes colony viability in the presence of IPTG (Figure 50: compare 

plate 3 and plate 2). These findings are consistent with the hypothesis that arabinose 

induced Npu* intein splicing synthesizes a cyclic peptide that disrupts the eIF4E / 

eIF4G interaction. Disruption of the PPI abolishes binding of the heterodimeric 

repressor to the chimeric operator, facilitating transcription of reporter cassette genes 

and promoting colony viability. Increased colony viability was observed for pARCBD 

Ssp CRRQVYVH and for pARCBD Npu* CRRQVYVH, which is consistent with the 

hypothesis that intein splicing is not absolutely required to disrupt the eIF4E / eIF4G 

interaction. This suggests that either the presence of the cyclic peptide (spliced by the 

Npu* inteins) or the peptide extein loop (formed by the Ssp inteins) is sufficient to 

abolish the eIF4E / eIF4G interaction. As such, cyclic peptide sequences isolated via 

SICLOPPS screening with Ssp inteins were deemed appropriate candidates for potential 

inhibitors of the eIF4E / eIF4G interaction.   

 

SICLOPPS screening led to the isolation of four cyclic peptides that displayed 

considerable inhibition of the eIF4E / eIF4G PPI as shown by drop spotting assays 

within the RTHS (Table 3). These four cyclic peptides, CRRQIHRY, CRRQLFLF, 

CRRQVYVV and CRRQVYVH were selected as potential inhibitors of the eIF4E / 

eIF4G interaction. In order to validate that the aforementioned cyclic peptides disrupt 

the eIF4E / eIF4G interaction it was necessary to synthesize milligram quantities of 

each. SPPS was therefore selected to synthesize potential cyclic peptide inhibitors of the 

eIF4E / eIF4G interaction.  
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10.9 Solid phase peptide synthesis 
The α-amino protecting group selected for this project was 9-

Fluorenylmethoxycarbonyl (Fmoc), which was utilized in tandem with a tert-butyl 

(tBu) amino acid side-chain protection strategy. 345 346 347 348 Linear peptides were 

assembled on pre-loaded Fmoc – Gln (Trt) - Wang resin, which was swollen prior to 

synthesis in N,N-dimethylformamide (DMF). 349 350 Fmoc deprotection was achieved 

with a 20 % (v:v) solution of piperidine / DMF, (Figure 51: A and B) yielding 

dibenzofulvene as a byproduct. Fmoc deprotection was entropically promoted via 

liberation of CO2 and driven to completion via exposure to two separate aliquots of 20 

% piperidine / DMF. 345 346 Excess piperidine and deprotection byproducts were 

removed by washing with DMF, prior to coupling of α-amino Fmoc protected amino 

acids with appropriate side-chain protecting groups. Amino acid coupling was achieved 

using an N,N’-diisopropylcarbodiimide (DIC) mediated strategy with 

Hydroxybenzotraizole (HOBt) as a racemization suppressing additive (Figure 51: E 

and F). 351 352 353 Reaction of the free amine peptide N-terminus with benzotriazole 

activated esters of α-amino Fmoc protected amino acids resulted in the formation of a 

new amide bond and the extension of the polypeptide chain (Figure 51: C and D). 

Colourimetric free amine tests were used to ensure coupling completion and hence 

correct polypeptide assembly. 354 355 356 Sequential cycles of Fmoc deprotection and DIC 

/ HOBt mediated amino acid coupling were used to synthesize linear peptides on the 

solid phase. Cysteine residues were incorporated with the Tert-butylthio (StBu) side 

chain protecting group (Figure 53: A) instead of the more commonly used Cys (Trt) 

(Figure 52: B) derivative to ensure that cysteine residues remained protected during 

cleavage of the polypeptide from the resin. 357 358 All other amino acid residues were 

incorporated with acid labile side-chain protecting groups commonly used in Fmoc 

SPPS, including His (Trt), Gln (Trt), Arg (Pbf), and Tyr (tBu) (Figure 52: C, D, E and 

F). 350 359 360 Once the entire linear peptide had been assembled on resin, the N-terminal 

Fmoc group was removed with piperidine. The resin bound peptide was dried using 

dichloromethane (DCM) and diethyl ether (Et2O) washes in preparation for cleavage of 

the polypeptide from the Wang resin linker. 349  
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Figure 51: Mechanism of 9-Fluorenylmethoxycarbonyl (Fmoc, highlighted in red) 

solid phase peptide synthesis (SPPS), immobilized onto a solid support via a Wang 
resin linker (highlighted in magenta). 345 346 349 350 351 352 353 359 360 A) and B) Piperidine 

catalyzed Fmoc deprotection liberates the free amine N-terminus of the growing 

peptide chain. C) The free amine N-terminus of the peptide chain nucleophilically 
attacks the benzotriazole activated ester to form an amide bond. D) The Fmoc α-

amino protected polypeptide chain is then subjected to cycles of steps A) to F) inc., 
until all desired amino acids have been added.  E) The C-terminus of an Fmoc α-

amino and side-chain protected amino acid is activated as an O-acylisourea. F) The 

O-acylisourea is converted to an activated benzotriazole ester, forming the stable 
diisopropylurea byproduct. 
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10.9.1 Peptide resin cleavage 

Linear peptides were released from Wang resin linkers via treatment with trifluoroacetic 

acid (TFA) cleavage cocktail, with concomitant deprotection of amino acid side-chain 

protecting groups (Figure 52). 349 350 359 360 Cleavage of the Wang resin linker and amino 

acid side-chain protecting groups liberated cationic species (Figure 52) that were 

scavenged by the addition of water and triisopropylsilane (TIS) to the resin cleavage 

cocktail. 361 362 363 Cleavage cocktails were subsequently concentrated by rotary 

evaporation and peptides were precipitated with Et2O. Linear peptides were purified via 

reverse phase high performance liquid chromatography (RP-HPLC) and lyophilized to 

give white powders. 
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Figure 52: Mechanism of acid catalyzed cleavage of polypeptides assembled on 

resin. 361 364 A) Mechanism of Wang linker cleavage. 349 B) Mechanism of cleavage 
of the Trityl (Trt) protecting group of Cysteine. 362 365 C) Mechanism of cleavage of 

the Trt protecting group of Histidine. 359 D) Mechanism of cleavage of the Trt 
protecting group of Glutamine. 350 E) Mechanism of cleavage of the Tert-butyl 

(tBu) protecting group of Tyrosine. 366 F) Mechanism of cleavage of the 2, 2, 4, 6, 7-

Pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) protecting group of Arginine. 360 
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10.9.2 Peptide cyclization in solution 

Cys(StBu) protected linear peptides were dissolved in DMF and diluted until a final 

concentration of less than 1 mM was achieved. Peptides were cyclized in high dilution 

to promote intramolecular cyclization, whilst minimizing intermolecular polymerization 

(Figure 53). Cysteine residues were protected with the StBu group to prevent 

nucleophillic attack or oxidation of the thiol side-chain from interfering with 

cyclization. 357 358  

 

 
 

Figure 53: Mechanism of the cyclization of Cys(StBu) protected linear peptides 

when dissolved in DMF under high dilution conditions. A) The C-terminus of the 
peptide is activated as an O-acylisourea. B) The O-acylisourea is converted to an 

activated benzotriazole ester, forming the diisopropylurea byproduct. C) and D) 

The free amine N-terminus of the polypeptide chain nucleophilically attacks the 
benzotriazole activated ester to form the cyclic peptide. 
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Cyclization was achieved by using a 10 fold excess of DIC / HOBt to compensate for 

the large reaction volume and hence low coupling reagent concentration. Reactions 

were stirred under argon for 64 h to maximize the probability that the free amine N-

terminus would encounter the C-terminal activated benzotriazole ester. Reactions were 

concentrated by rotary evaporation and crude Cys(StBu) protected cyclic peptides were 

isolated via Et2O precipitation. 

 

10.9.3 Deprotection of Cys(StBu)  

Crude Cys(StBu) protected cyclic peptides were dried under argon and deprotected 

without further purification. Cys(StBu) protected cyclic peptides were dissolved in a 

minimal volume of DMF and then diluted with 0.1 M aqueous ammonium carbonate 

until the limit of solubility was achieved. The peptide solution was degassed with argon, 

prior to the addition of excess dithiothreitol (DTT) to reduce the disulfide bond of the 

Cys(StBu) protecting group. The solution was stirred under argon for 2 h to promote 

nucleophillic displacement of the StBu protecting group from the cyclic peptide 

cysteine residue (Figure 54). The solution was adjusted to pH ~ 3 with TFA, prior to 

concentration via rotary evaporation. 357 358 Cyclic peptides were purified via RP-HPLC 

and lyophilized to give white powders. The cyclization of H2N-LFLFC(StBu)RRQ-

CO2H and H2N-VYVVC(StBu)RRQ-CO2H in high dilution in DMF proceeded 

smoothly and the corresponding peptides were isolated. 

 

However the cyclizations of H2N-IHRYC(StBu)RRQ-CO2H and H2N-

VYVHC(StBu)RRQ-CO2H in high dilution failed to give a homogeneous cyclic peptide 

product. One possible rationale for the failure of these cyclizations could be due to the 

presence of a histidine residue within each peptide. It is conceivable that histidine could 

act as an anchiomeric base, promoting deprotonation of the arginine residues of the 

invariant ‘CRRQ’ motif. This in turn may have yielded increasingly nucleophillic 

arginines, which could have competed with the peptide N-terminus resulting in the 

formation of multiple cyclization products. 
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Figure 54: Mechanism of dithiothreitol (DTT) induced deprotection of Cys(StBu) 

residues within cyclic peptides. 357 358 A) Deprotonation of a thiol group of DTT 
generates the active thiolate nucleophile. B) The thiolate nucleophile attacks the 

disulfide bond of Cys(StBu), liberating the free cysteine containing cyclic peptide. 
C) and D) Intramolecular nucleophillic attack of the DTT thiolate on the disulfide 

bond forms a stable hexameric ring, liberating the StBu protecting group.  
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10.9.4 On resin peptide cyclization 
To overcome this synthetic limitation, an on resin cyclization methodology was devised 

(Figure 55). It was envisaged that immobilization of the peptide through an amino acid 

side-chain (specifically that of glutamine) would allow assembly of the linear peptide 

and subsequent cyclization on resin. 367 This concept required the use of an orthogonal 

protecting group for the peptide C-terminus that was stable to both piperidine and 

amino acid coupling conditions (Figure 55: B). The peptide could then be synthesized 

from the C-terminal glutamine via standard Fmoc SPPS until the entire linear peptide 

was assembled (Figure 55: C). Subsequent removal of the orthogonal glutamine C-

terminal protecting group would yield the carboxyl group of the peptide chain, whilst 

maintaining the integrity of all other amino acid side-chain protecting groups (Figure 

55: E). Subsequent on resin cyclization could therefore only occur between the N-

terminal amine and the carboxyl group of the immobilized polypeptide. Cleavage of the 

polypeptide from the resin would then yield the N to C-terminal cyclic peptide (Figure 
55: F). The orthogonal 4-(N-(1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methyl 

butyl) amino) benzyl ester (Dmab) protecting group was selected for blocking of the 

glutamate C-terminus (highlighted in blue, Figure 55: A). The Dmab group has been 

previously shown to be stable to both piperidine and amino acid coupling reagents and 

has been successfully employed for the on resin synthesis of cyclic peptides. 368 369 370  

 

An α-amino Fmoc protected glutamic acid residue, with a C-terminal Dmab protecting 

group was immobilized via a rink amide linker to a Chemmatrix polyethyleneglycol 

resin (Figure 55: A and B) via HOBt / DIC mediated amide bond formation. 371 

Peptides were assembled on resin via SPPS in a C to N-terminal direction via sequential 

cycles of Fmoc deprotection and amino acid coupling until the final free amine 

sequence was achieved (Figure 55: C). It was necessary to use a polyethyleneglycol 

matrix to ensure adequate swelling of the resin (and thus access of reagents to peptide 

strands) in a range of solvents including DMF, methanol (MeOH) and water. 372 

Coupling of a glutamic acid side-chain to a rink amide linker provided a convenient 

method to load Fmoc-Glu-ODmab to the resin and reconstituted the desired glutamine 

side-chain upon cleavage of the polypeptide from the resin (Figure 55: F and G). 
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Figure 55: On resin peptide cyclization mechanism. 368 369 370 371 C) and D) Exposure 
to hydrazine cleaves the Dmab protecting group, liberating the carboxylic acid at 

the peptide C-terminus. 368 369 370 E) and F) On resin peptide cyclization was 

achieved using 1-Hydroxy-7-azabenzotraizole (HOAt) and N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC). 353 373 374 375 G) The rink amide 

linker and amino acid side-chain protecting groups were cleaved with 

Trifluoroacetic acid (TFA) / Triisopropylsilane (TIS) / water / phenol deprotection 
cocktail.  
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Cleavage of the C-terminal Dmab protecting group was achieved with 2 % hydrazine 

monohydrate in DMF yielding the 4-aminobenzylester intermediate (Figure 55: D). 

Spontaneous collapse of the intermediate was promoted with 5 mM NaOH in water / 

MeOH to yield the free carboxyl group at the C-terminus of the peptide strand (Figure 
55: E). 368 369 370 On resin peptide cyclization was subsequently achieved via N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) mediated coupling with 1-

Hydroxy-7-azabenzotraizole (HOAt) as a racemization suppressing additive (Figure 

55: F). 353 373 374 375 Whilst the amino acid side-chain protecting groups promote the 

formation of a homogeneous N to C-terminal cyclic peptide, they also represent a 

significant steric barrier to peptide cyclization. As such long reaction times were 

necessary and produced reduced yields when compared to cyclization in highly diluted 

DMF solutions. The cyclic peptide was subsequently cleaved from the rink amide resin 

linker via TFA cleavage cocktail, yielding the desired glutamine amino acid side chain 

(Figure 55: G). Cleavage cocktails were concentrated by rotary evaporation and crude 

cyclic peptides were precipitated with Et2O. Cyclic peptides were purified via RP-

HPLC and lyophilized to give white powders in acceptable yields (Table 4).  

 

Synthesis code Peptide sequence Yield / mg Yield / % 

AEG001 H2N-VYVVC(StBu)RRQ-CO2H 343 62 

AEG002 H2N-VYVHC(StBu)RRQ-CO2H 149 26 

AEG003 H2N-IHRYC(StBu)RRQ-CO2H 334 55 

AEG004 H2N-LFLFC(StBu)RRQ-CO2H 396 68 

AEG005 H2N-VYVVC(SH)RRQ-CO2H 27 54 

AEG006 H2N-VYVHC(SH)RRQ-CO2H 38 77 

AEG007 H2N-IHRYC(SH)RRQ-CO2H 27 58 

AEG008 H2N-LFLFC(SH)RRQ-CO2H 16 16 

AEG009 Cyclo VYVVC(SH)RRQ 40 22 

AEG010 Cyclo VYVHC(SH)RRQ 20 8 

AEG011 Cyclo IHRYC(SH)RRQ 30 11 

AEG012 Cyclo LFLFC(SH)RRQ 41 24 

 

Table 4: Sequences and yields of synthetic peptides.  
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All peptides were characterized (see section 14.2) by positive mode electrospray 

ionization mass spectrometry (ESI+ MS), analytical RP-HPLC, infrared spectroscopy 

(IR) and UV-vis spectroscopy (UV-vis). A variety of nuclear magnetic resonance 

(NMR) techniques including one-dimensional proton (1H 1D), two-dimensional proton 

correlation spectroscopy (1H COSY) and two-dimensional proton total correlation 

spectroscopy (1H TOCSY), were used for additional peptide characterization. Cys(SH) 

linear peptides were obtained from Cys(StBu) protected precursors, purified by RP-

HPLC and subsequently characterized (see section 14.2) to validate the DTT induced 

removal of the StBu protecting group. Cyclization of peptides reduces the 

conformational degrees of freedom when compared to their linear precursors. This pre-

organization of cyclic peptides into a limited number of conformations minimizes the 

entropic cost of binding to the target protein. Peptide cyclization therefore increases the 

binding affinity of therapeutics and enhances their target binding affinity. 341 Therefore 

cyclic peptides were selected for validation as potential inhibitors of the eIF4E / eIF4G 

interaction.   
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10.10 Validation of cap-dependent translation inhibitors 
SICLOPPS screening isolated four cyclic peptides with an invariant ‘CRRQ’ motif that 

disrupted the eIF4E / eIF4G interaction within the RTHS (Table 4). The two arginine 

residues within the invariant ‘CRRQ’ motif used during SICLOPPS screening were 

incorporated to improve the water solubility and cell permeability of the cyclic peptides. 
337 The disruption of this PPI within E. coli marks a significant step towards the 

development of cap-dependent translation inhibitors. However, it is still necessary to 

validate that these SICLOPPS derived cyclic peptides disrupt the eIF4E / eIF4G 

interaction in cellulo. A series of assays performed in immortalized cancerous cell lines 

were therefore devised to interrogate the disruption of the eIF4E / eIF4G interaction by 

the novel cyclic peptides within the malignant environment.  

 

10.10.1 Thiazolyl blue tetrazolium bromide assay 
The thiazolyl blue tetrazolium bromide assay (commonly referred to as the MTT assay) 

has become a popular high throughput method for testing how compounds effect the 

viability of mammalian cells in vitro. 376 The MTT assay indicates changes in cell 

viability by differentiating between the capability of live cells to reduce the yellow 

MTT dye to the water insoluble purple formazan, a reaction which does not occur in 

non-viable cells (Figure 56). Cell viability is then measured by dissolving the formazan 

produced by live cells in an organic solvent, followed by quantification via visible 

spectroscopy at 570 nm.  

 

 
 

Figure 56: Thiazolyl blue tetrazolium bromide (MTT) assay. 376 The cell permeable 

yellow MTT dye (A) is reduced by live cells to the water insoluble purple formazan 
(B).   
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In order to test inhibitors of the eIF4E / eIF4G interaction, it was essential to choose an 

immortalized cancer cell line with a high degree of cap-dependent translation. The 

human breast adenocarcinoma cell line MCF-7 produces elevated levels of the mRNA 

that encodes eIF4E, when compared to a non-cancerous tissue control. 377 In addition, 

elevated intracellular eIF4E levels have been linked to increased rates of cap-dependent 

translation. 131 152 180 The MCF-7 cell line was therefore selected for testing potential 

inhibitors of the eIF4E / eIF4G interaction. It was hypothesized that treatment of MCF-

7 cells with potential cyclic peptide inhibitors of the eIF4E / eIF4G interaction would 

inhibit cap-dependent translation. In turn this should reduce the viability of MCF-7 

cells, by depriving the malignant tissue of oncogenic proteins that are encoded by weak 

mRNAs. 17 175 Screening of cyclic peptides against the MCF-7 cell line via MTT assay 

provided a rapid method to quantify cell viability and allowed for ranking of potential 

inhibitors of the eIF4E / eIF4G interaction.  

 

5000 MCF-7 cells per well were sub cultured onto 96 well microplates and incubated 

for 24 h to allow cells to adhere to the plate. Following incubation, the cells were 

treated with cyclic peptide or vehicle alone control (0.5 % dimethyl sulfoxide, negative 

control) for 24 h. At the conclusion of the treatment cells were washed with phosphate 

buffered saline (PBS) and exposed to MTT solution for 4 h, while submerged in cell 

culture media that did not contain phenol red pH indicator. 378 The spent media and 

remaining MTT dye was aspirated and the formazan contained within live cells was 

then solubilized with dimethyl sulfoxide (DMSO). Live cell metabolism of MTT dye to 

formazan was then quantified at 570 nm, relative to a reference wavelength of 650 nm. 
379 380 The reference wavelength was used to correct for any non specific background 

absorbance and was subtracted from all measurements. Cell viability was subsequently 

normalized to the vehicle alone (0.5 % DMSO) treated control cells.  

 

Treatment of MCF-7 cells with cyclo LFLFCRRQ revealed a clear dose-dependent 

reduction of cell viability, with a median lethal dose (LD50) of ~ 14 µM (Figure 57). 

This is consistent with the hypothesis that the cyclic peptide is disrupting the eIF4E / 

eIF4G interaction, thereby inhibiting cap-dependent translation. Cyclo LFLFCRRQ was 

therefore selected as a promising candidate for further validation as a potential inhibitor 

of the eIF4E / eIF4G interaction.   
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Figure 57: Dose-response curve of the effect of cyclo LFLFCRRQ on MCF-7 cell 
viability over a 24 h period as determined by MTT assay. Error bars are 

representative +/- one standard deviation of the means of three independent 
experiments. 

 

Treatment of MCF-7 cells with cyclo VYVVCRRQ revealed a reduction of cell 

viability, but only at the highest concentrations of cyclic peptide. Attempts were made 

to observe the effects of higher concentrations of cyclo VYVVCRRQ on cell viability, 

however the relatively poor solubility of the cyclic peptide in the 100 X stock solutions 

limited further experiments. It was therefore impossible to obtain an accurate LD50 

determination, however at concentrations greater than 100 µM it is unlikely that cyclo 

VYVVCRRQ is a therapeutically relevant inhibitor of the eIF4E / eIF4G interaction. 
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Figure 58: Dose-response curve of the effect of cyclo VYVVCRRQ on MCF-7 cell 
viability over a 24 h period as determined by MTT assay. Error bars are 

representative +/- one standard deviation of the means of three independent 
experiments. 

 
 Treatment of MCF-7 cells with cyclo VYVHCRRQ (Figure 59) or cyclo IHRYCRRQ 

(Figure 60) revealed that cell viability did not exhibit any dependence on cyclic peptide 

concentration. This is consistent with failure to disrupt the eIF4E / eIF4G interaction, 

thereby permitting cap-dependent translation. It is interesting to note that the ability of 

cyclic peptides to reduce the cell viability of MCF-7 cells exhibits a trend, depending on 

the hydrophobicity of the four amino acid variable motif. MTT assay showed clearly 

that SICLOPPS derived cyclic peptides with invariant ‘CRRQ’ motifs decreased cell 
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viability in the order ‘LFLF’ > ‘VYVV’ >>> ‘VYVH’ ~ IHRY. It is therefore 

interesting to speculate that cyclic peptides may inhibit the eIF4E / eIF4G interaction 

via the disruption of hydrophobic van der Waals or π-stacking interactions. 

 

 
 

Figure 59: Dose-response curve of the effect of cyclo VYVHCRRQ on MCF-7 cell 

viability over a 24 h period as determined by MTT assay. Error bars are 
representative +/- one standard deviation of the means of three independent 

experiments. 
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Figure 60: Dose-response curve of the effect of cyclo IHRYCRRQ on MCF-7 cell 
viability over a 24 h period as determined by MTT assay. Error bars are 

representative +/- one standard deviation of the means of three independent 
experiments. 
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10.10.2 Luciferase translation assay 
Whilst the MTT assay provided a rapid method of ranking potential cyclic peptide 

inhibitors by their LD50 in MCF-7 cells, the assay does not provide direct evidence of 

the disruption of the eIF4E / eIF4G interaction within the malignant environment. The 

eIF4E / eIF4G interaction represents the vital link between eIF4E mediated recognition 

of the 5’ m7 GTP mRNA cap and the recruitment of eIF4A to unwind stem loop 

structures within the 5’ UTR. 150 152 123 As such the formation of the eIF4F complex and 

the resulting effective translation of oncogenic weak mRNAs displays an absolute 

requirement for the eIF4E / eIF4G interaction. 136 139 By contrast the effective cap-

independent translation of strong mRNAs with short and unstructured 5’ UTRs, does 

not display an absolute requirement for the eIF4F complex. 381 It was therefore 

hypothesized that cyclic peptide inhibitors of the eIF4E / eIF4G interaction would 

inhibit eIF4F assembly and therefore selectively inhibit cap-dependent translation, with 

little or no effect on cap-independent translation. The luciferase assay is a commonly 

used technique to assess the effect of compound treatment on cellular translation and 

was therefore selected to test inhibitors of the eIF4E / eIF4G interaction.  

 

10.10.2.1 Firefly luciferase 

Luciferase enzymes were first isolated from a species of firefly, Phontinus pyralis and 

as such this enzyme is commonly named ‘firefly luciferase’. 382 Firefly luciferase (Fluc) 

catalyzes the oxidation of luciferin to oxyluciferin via luciferyl adenylate and a 

dioxetanone intermediate (Figure 61). The first step of the mechanism requires ATP 

and Mg2+ to form the activated ester, luciferyl adenylate (Figure 61: B). The enolate of 

luciferyl adenylate then nucleophilically attacks oxygen, resulting in the generation of 

the dioxetanone (Figure 61: D E F). The dioxetanone intermediate consists of a highly 

strained four membered ring containing a weak peroxide bond and is therefore unstable 

(Figure 61: F). The four membered ring collapses via a chemically induced electron 

exchange luminescence (CIEEL) mechanism, involving the transfer of a single electron 

from the electron rich aryl system of luciferin to the peroxide bond. 383 This transient 

intermediate (Figure 61: G) collapses via liberation of carbon dioxide, which 

entropically drives the reaction to completion. 384 385 The hydrolysis of ATP, combined 

with the generation of the entropically and enthalpically favorable CO2 electronically 

excites electrons within the oxyluciferin product (Figure 61: H I). 386 The 
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chemiluminescent reaction generates an electronically excited singlet spin state, which 

decays to the triplet ground state, yielding photons of visible light.  

 

 
 

Figure 61: Mechanism of the oxidation of luciferin by the firefly luciferase (Fluc) 

of Phontinus pyralis. A) and B) Luciferin reacts with adenosine triphosphate (ATP) 
to produce luciferyl adenylate yielding inorganic phosphate (Pi). C), D), E) and F) 

Fluc abstracts a proton to form an enolate, which then reacts with oxygen to form 

the highly strained dioxetanone intermediate F). 387 G), H) and I) The unstable 
dioxetanone intermediate collapses to yield oxyluciferin in an electronically excited 

state. 384 J) and K) Excited (*) oxyluciferin decays to its electronic ground state via 
the emission of a photon of light.  
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10.10.2.2 Renilla luciferase 
Renilla luciferase (Rluc) is an enzyme isolated from Renilla reniformis (sea pansy) that 

catalyzes the oxidation of coelenerazine to coelenteramide (Figure 62). 388 389 390 391 

Coelenterazine nucleophilically attacks oxygen to form the strained dioxetanone 

intermediate (Figure 62: C). The four membered ring collapses via a CIEEL 

mechanism, involving the transfer of a single electron from one of the electron rich aryl 

system of the substrate to the peroxide bond of the dioxetanone intermediate. 392 Lysis 

of the four membered dioxetane ring, combined with the generation of the entropically 

and enthalpically favorable CO2 electronically excites electrons within the 

coelenteramide product (Figure 62: E). The chemiluminescent reaction generates 

photons of visible light upon relaxation of the excited coelenteramide product to its 

electronic ground state (Figure 62: F).  

 

 
 

Figure 62: Mechanism of the oxidation of coelenterazine by the renilla luciferase 
(Rluc) of Renilla reniformis. A) and B) Coelenterazine reacts with oxygen to form 

the highly strained dioxetanone intermediate C). D), E) The unstable dioxetanone 

intermediate collapses to yield coelenteramide in an electronically excited state. E) 
and F) Excited (*) coelenteramide decays to its electronic ground state via the 

emission of a photon of light.  
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The chemiluminescent reactions catalyzed by Fluc and Rluc have been extensively 

studied and are known to display high quantum yields. 393 Under conditions where the 

enzyme substrate is in large excess over the enzyme, the level of expression of 

luciferase is proportional to the observed chemiluminescence. This relationship has 

been exploited by employing luciferase as a genetic reporter for translation assays. 

Luciferase genes have commonly been cloned downstream (3’) of highly structured 5’ 

UTRs to determine the inhibitory effect of tertiary mRNA structure on translation. This 

approach has subsequently been adapted to the identification and delineation of the 

boundaries of IRESs within the 5’ UTRs of certain mRNAs. 33 34 Fluc and Rluc were 

therefore chosen as suitable reporter gene candidates for the construction of a 

translation assay.  

 

10.10.2.3 Construction of luciferase reporter vectors 

In order to test the ability of cyclic peptides to disrupt the eIF4E / eIF4G interaction, a 

series of luciferase vectors were constructed based on a previously constructed 

luciferase reporter plasmid (Figure 63). 391 The ‘PIC test’ vector was previously 

described by Stewart and Cowan and was used as the basis for construction of a 

luciferase assay (Figure 63: A). 394 PIC test contains two distinct and separate systems 

(termed cistrons), where translation of the upstream (first) Fluc cistron can be directly 

compared to that of the downstream (second) Rluc cistron. The Fluc gene of the PIC 

test vector was fused at its 3’ terminus to a sequence rich in proline (P), glutamic acid 

(E), serine (S) and threonine (T) called a ‘PEST’ domain, which has been shown to 

significantly reduce intracellular protein half-life. 395 Transcription of the upstream Fluc 

test cistron in mammalian cells was driven by the incorporation of the Simian virus 40 

(SV40) promoter sequence. 396 PIC test incorporated a polyadenylation signal at the 3’ 

end of the PEST domain for recruitment of poly A polymerase and synthesis of the 3’ 

polyadenylated mRNA tail.  

 

The PIC test vector also incorporates a second Rluc reference cistron to allow accurate 

quantification of transfection efficiency. 394 Transcription of the second cistron is driven 

by the Herpes simplex virus thymidine kinase (HSV TK) promoter to ensure efficient 

transcription of the Rluc gene. 397 398 399 400 401 An optimal Kozak consensus sequence is 

incorporated around the start codon of the Rluc gene to ensure efficient AUG 

recognition by the 40S ribosomal subunit. 43 402 The Rluc gene was incorporated without 
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being fused to a PEST protein degradation domain so that the intracellular half-life of 

Rluc exceeds that of Fluc. This configuration therefore maintains a constant level of 

Rluc expression, which can be used to normalize data to account for variations in 

plasmid transfection efficiency between separate transfections. Translation of Fluc from 

the first cistron of PIC test can therefore be used as a reporter assay to quantify the 

effect of inhibitors on cap-dependent translation. The PIC test vector was therefore 

selected as a suitable candidate for testing inhibitors of the eIF4E / eIF4G interaction, 

via the concurrent suppression of cap-dependent translation.  

 

Disruption of the eIF4E / eIF4G interaction selectively inhibits cap-dependent 

translation, with little effect on the cap-independent mechanism. 136 139 152 164 It is 

conceivable however that inhibitors could suppress both cap-dependent and cap-

independent translation, perhaps by inhibiting elements of the translation elongation 

machinery. It was therefore vital to establish that SICLOPPS derived cyclic peptides 

selectively disrupted the eIF4E / eIF4G interaction without adversely affecting cap-

independent translation. In order to assess the effect of inhibitors on cap-independent 

translation, a series of PIC test derivatives were constructed where the translation of 

Fluc from the first cistron is under control of an IRES (Figure 63: B C D E). 33 34 IRES 

within the 5’ UTR of mRNAs consist of a series of defined stem loops which function 

to directly recruit the 40S ribosomal subunit. The 40S ribosomal subunit is therefore 

recruited downstream (3’) of the m7 GTP 5’ mRNA cap and is therefore recruited in a 

cap-independent fashion. IRES elements are also guanosine and cytosine rich and hence 

form highly stable hairpin structures within the 5’ UTR. These structures impede the 5’ 

to 3’ scanning of any 40S ribosomal subunits that have been recruited upstream (5’) of 

the IRES. 37 38 39 40 41 Therefore as cap-dependent translation recruits the 40S ribosomal 

subunits close to the m7 GTP 5’ mRNA cap, the presence of an IRES within the 5’ UTR 

inhibits scanning of 40S ribosomal subunits that have been recruited in a cap-dependent 

fashion. The insertion of an IRES upstream (5’) to the Fluc gene of the first cistron 

therefore impedes cap-dependent translation and directs cap-independent translation of 

Fluc. 403 404 A variety of previously validated IRES sequences were selected for insertion 

into PIC test, upstream (5’) of the Fluc gene of cistron one (Figure 63: B, C, D and E). 
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Figure 63: Schematic representation of two cistron PIC test vector derivatives. A) 

PIC test vector used to determine the effect of inhibitors on the cap-dependent 

translation of Fluc from cistron 1. 394 B) PAT test vector uses the apoptotic 
protease activating factor 1 (Apaf-1) IRES to direct cap-independent translation of 

Fluc from cistron 1. 403 405 406 C) CAT test vector uses the myelocytomatosis 
oncogenic transcription factor (c-Myc) IRES to direct cap-independent translation 

of Fluc from cistron 1. 404 407 408 D) MAT test vector uses the encephalomyocarditis 

virus (EMCV) IRES to direct cap-independent translation of Fluc from cistron 1. 
409 410 411 412 E) HAT test vector uses the human rhinovirus (HRV) IRES to direct 

cap-independent translation of Fluc from cistron 1. 413 414 F) Rluc reference second 
cistron present in all PIC test vector derivatives.  
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Cap-dependent translation is suppressed within apoptotic cells via the caspase 3 

mediated cleavage of eIF4G. 297 415 As such, proteins that are required during apoptosis 

often utilize cap-independent translation. The 5’ UTR of apoptotic protease activating 

factor 1 (Apaf-1) has been previously demonstrated to contain an IRES, which is 

capable of recruiting the 40S ribosomal subunit to the mRNA strand. 403 405 406 The Apaf-

1 IRES was therefore selected to be inserted upstream of the Fluc reporter gene to direct 

cap-independent translation of Fluc (Figure 63: B). The second IRES selected for 

insertion upstream of the Fluc gene was derived from the 5’ UTR of the mRNA that 

encodes the myelocytomatosis oncogenic transcription factor (c-Myc). 404 407 408 

Although c-Myc translation can be effectively induced by cap-dependent translation, an 

IRES has been isolated from the mRNA 5’ UTR that effectively directs cap-

independent translation. 404 407 408 The boundaries of the c-Myc IRES have been 

delineated by a series of mRNA truncation experiments and hence the selected fragment 

corresponds to the minimal IRES epitope (Figure 63: C). 404 407 408 The Apaf-1 and c-

Myc IRES were selected as representative examples of 5’ UTR motifs derived from the 

human genome that efficiently recruit the 40S ribosomal subunit. The concept of an 

IRES however, was initially discovered by studying the translation of pathogenic viral 

RNA within host cells. 33 34 Therefore the IRES derived from the 5’ UTR of the RNA 

genomes of the encephalomyocarditis virus (EMCV, Figure 63: D) and the human 

rhinovirus (HRV, Figure 63: E) were selected as representative candidates of this 

important class. 409 410 411 412 413 414 

 

The cloning of IRES elements directly upstream of the Fluc gene of PIC test was 

hampered by the presence of two NcoI REN sites (CCATGG) within the vector, one at 

the start codon of both luciferase genes (Figure 63: A and F). Therefore the cloning of 

IRES elements upstream (5’) of the Fluc gene could not be achieved by inserting DNA 

between the NcoI and SpeI REN sites of PIC test (Figure 63: A). As such an alternative 

cloning strategy was devised based on a series of previously constructed luciferase 

vectors where the desired IRESs had already been fused to the 5’ terminus of the Fluc 

gene. 408 403 404 The pRF vector is a di-cistronic luciferase reporter vector that was 

constructed by Stoneley and Paulin. 408 A variety of IRES elements have previously 

been inserted upstream (5’) of the Fluc gene of pRF between the SpeI and NcoI REN 

sites to generate a series of vectors where the translation of Fluc is cap-independent. 

The pRF derivatives termed pRAF (Apaf-1 IRES), pRMF (c-Myc IRES), pRemcvF 
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(EMCV IRES) and pRhrvF (HRV IRES) were used as sources of the desired IRES 

fused upstream (5’) of the Fluc gene. 408 403 404 pRF derivatives contained the desired 

IRESs cloned between the SpeI and NcoI REN sites, in addition to a unique SgrAI REN 

site towards the 3’ end of the Fluc gene. In this study, SpeI / IRES / Fluc / SgrAI 

fragments (Figure 63: 1, 2, 3 and 4) were isolated from the relevant pRF derivative via 

REN digestion and ligated between the SpeI and SgrAI sites of PIC test (Figure 63: A). 

This generated a series of reporter vectors where the desired IRES was fused to the 5’ 

terminus of the Fluc gene of the first cistron (Figure 63: B, C, D and E). PAT test 

(Apaf-1 IRES / Fluc), CAT test (c-Myc IRES / Fluc), MAT test (EMCV IRES / Fluc) 

and HAT test (HRV IRES / Fluc) were therefore selected as suitable control vectors to 

analyze the effect of inhibitors on cap-independent translation. 
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10.10.2.4 Validation of luciferase reporter vectors 
An examination of the literature on the Apaf-1, c-Myc, EMCV and HRV IRESs 

revealed that the ability of an IRES to recruit the 40S ribosome is dependent on the 

presence of intracellular protein co-factors. 416 406 405 414 417 409 The Apaf-1 IRES has been 

shown to direct cap-independent translation of Fluc from the pRAF vector 

approximately five fold more efficiently in the HeLa cervical cancer cell line than in 

MCF-7 cells. 406 403 Similarly the c-Myc IRES has been shown to direct the cap-

independent translation of Fluc from pRMF approximately ten fold more efficiently in 

HeLa cells than in MCF-7 cells. 404 408 416  The pRF derivatives containing the EMCV 

(pRemcvF) and HRV (pRhrvF) IRES sequences have also been used to direct cap-

independent translation of Fluc within HeLa cells, albeit with reduced efficiency 

compared to the c-Myc IRES. 404 The luciferase assay was therefore conducted by 

transient transfection of the PIC test vector (and its derivatives PAT, CAT, MAT and 

HAT test) into HeLa cells.  

 

It was necessary to verify the luciferase vectors as valid assay tools to determine the 

effect of cyclic peptides on cap-dependent and cap-independent translation. This was 

achieved via the testing of a range of specific cap-dependent translation inhibitors 

against the luciferase vectors. Rapamycin is an indirect selective inhibitor of the 

function of the mTORC1 complex (one of the subunits of mTOR) that is responsible for 

phosphorylation of the 4EBPs. Rapamycin treatment inactivates mTORC1, which 

results in hypophosphorylation of the 4EBPs, accompanied by increased association 

with eIF4E. Hypophosphorylated 4EBPs compete effectively with eIF4G for binding to 

eIF4E and therefore sequester the cap-binding protein. This inhibits eIF4F assembly and 

has been shown to result in decreased rates of cap-dependent translation. 418 419 420 By 

contrast, the more recently developed therapeutic PP242 is a more effective inhibitor of 

mTORC1 and also inhibits the mTORC2 complex (the second subunit of mTOR). 

PP242 has been shown to be a more effective inhibitor of the mTORC1 subunit and 

suppresses cap-dependent translation to a greater degree than Rapamycin. 421 422 

However both rapamycin and PP242 selectively inhibit cap-dependent translation in an 

indirect manner, via promoting the association of hypohphosphorylated 4EBPs with 

eIF4E.  
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The small molecule therapeutic 4EGi was included as a positive control because it has 

been shown to disrupt the interaction of eIF4E with the helical eIF4G peptide 

‘YDREFLL’ and thus functions as a direct inhibitor of cap-dependent translation via 

disruption of the eIF4E / eIF4G interaction. 423  

 

Two positive control compounds were included that inhibit elements of the translation 

initiation or elongation machinery and exhibit no differentiation between cap-dependent 

and cap-independent translation. Cycloheximide is a direct inhibitor of the translocation 

step of translation elongation. 424 425 Recent mechanistic studies have shown that 

cycloheximide treatment results in the accumulation of dipeptides, implying that one 

cycle of elongation is allowed to proceed prior to termination of translation. 

Cycloheximide stabilizes the binding of deacylated tRNAs to the ‘E’ site of the 80S 

ribosome, preventing efficient recruitment of aminoacyl tRNAs to the ‘A’ site. This 

traps the 80S ribosome in the post-translocational state and inhibits peptide chain 

elongation. 426 By contrast, thapsigargin is an indirect inhibitor of the loading of 
MettRNAi to the TC. Thapsigargin treatment triggers intracellular release of Ca2+ stored 

within the endoplasmic reticulum, which triggers a signaling cascade that results in the 

phosphorylation of eIF2. Phosphorylated eIF2 becomes trapped in a GDP bound state, 

which cannot form the TC and therefore cannot initiate translation. 427 428 429 

 

It was hypothesized that treatment of HeLa cells with positive control compounds 

would selectively inhibit cap-dependent translation (PP242, rapamycin, 4EGi) or inhibit 

global translation (cycloheximide, thapsigargin). HeLa cells were plated onto 96 well 

plates and incubated for 24 h prior to transient transfection with luciferase assay vectors 

for 48 h. Spent transfection media was removed and cells were washed with PBS prior 

to treatment with positive control compounds or vehicle alone control for 4 h. At the 

conclusion of the treatment, spent media was removed and cells were washed with PBS, 

prior to cell lysis. Quantification of Fluc and Rluc reporters was achieved using a duel 

luciferase reporter assay system kit with a Glomax multi detection system (Promega).  

 

Transient transfection of MAT test and HAT test into HeLa cells failed to yield 

quantities of luciferase that were significantly above background and hence compound 

validation against these vectors could not be performed. Minimal luciferase expression 

suggests that cloning of either EMCV or HRV IRES at the 5’ end of the Fluc gene 
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failed to stimulate translation of significant quantities of Fluc. This is contrary to the 

published literature, as Stoneley and Subkhankulova observed efficient translation of 

Fluc from both pRemcvF and pRhrvF, upon transient transfection into HeLa cells. 404 

One possible explanation for the inefficient translation of Fluc from the MAT test 

vector could be related to the direct fusion of the EMCV IRES against the NcoI REN 

site at the start of the Fluc gene. An examination of the nucleotide sequence around the 

AUG start codon of the Fluc gene of MAT test revealed that it contained a non-optimal 

Kozak consensus sequence. MAT test exhibited an ‘A-6T-5G-4G-3CCATGG’ motif 

around the start codon, which differs significantly from the optimal ‘G-6C-5C-4R-

3CCATGG’ Kozak consensus sequence (NcoI REN site underlined; start codon 

highlighted in bold; purine (R) is A or G). 402 43 Whilst the NcoI REN site and the purine 

in position -3 have been maintained within the MAT test motif, the nucleotides at 

positions -4, -5 and -6 are sub-optimal for start codon recognition. It is therefore 

possible that decreased translation of Fluc from MAT test is a consequence of scanning 

of the 40S ribosomal subunit past the Fluc start codon, with initiation occurring at a 

downstream AUG codon. However, this explanation does not explain the poor HRV 

IRES directed translation of Fluc from HAT test, which has a near optimal ‘G-6G-5C-4A-

3CCATGG’ motif for start codon recognition. It is interesting to note that both viral 

IRES sequences failed to promote efficient translation when placed at the 5’ terminus of 

the downstream Fluc gene. IRES domains are typically located downstream (3’) of 

highly structured 5’ UTRs and not typically as close to the 5’ terminus of the mRNA. It 

is therefore possible that the atypical placement of the viral IRESs has compromised 

their ability to efficiently recruit the 40S ribosome.  

 

The PIC test vector was validated against a range of known translation inhibitors. 

Treatment of HeLa cells with PP242, cycloheximide and thapsigargin depressed 

translation significantly, consistent with their accepted inhibitory mechanisms (Figure 

64). However treatment of cells with Rapamycin and 4EGi failed to elicit the expected 

inhibition of cap-dependent translation, as observed via the Fluc / Rluc ratio. 

Rapamycin has been shown to inhibit mTORC1, which results in the 

hypophosphorylation of the 4EBPs. Early studies suggested that rapamycin inhibited 

cap-dependent translation, as demonstrated by luciferase assay and 35S methionine 

incorporation. 418 419 420 
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Figure 64: Validation of the two cistron reporter vector PIC test against a range of 

specific cap-dependent translation (PP242, Rapamycin and 4EGi) and non-specific 

translation (Cycloheximide, Thapsigargin) inhibitors. Error bars are 
representative of +/- one standard deviation of the means of three independent 

experiments. All results were normalized to negative control cells treated for 4h 

with drug delivery vehicle (0.5 % DMSO), which were analyzed in parallel with 
samples treated with positive control compounds. Fluc / Rluc ratio was determined 

in cells treated with drug delivery vehicle alone, then set as 100 % and 
subsequently used to normalize Fluc / Rluc ratio for all samples. 
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However subsequent studies have indicated that inhibition of mTORC1 by rapamycin, 

results in the activation of Mnk2, which phosphorylates eIF4E. Phosphorylated eIF4E 

stimulates translation to compensate for the hypophosphorylation of the 4EBPs. 430 431 

The phosphorylation of eIF4E constitutes a plausible explanation for the failure of 

rapamycin to suppress cap-dependent translation of Fluc from the PIC test vector. At 

first, the apparent failure of 4EGi to suppress cap-dependent translation of Fluc from 

PIC test seemed completely contrary to the published literature. 423 This prompted a 

comparison of the raw luminescence readings obtained for Fluc and Rluc from 4EGi 

treated cells against cells treated with other positive controls. 4EGi did suppress the 

cap-dependent translation of Fluc from cistron 1 of PIC test (Figure 65), but also 

suppressed expression of the Rluc transfection control from the second cistron (Figure 

66). The suppression of Rluc expression upon 4EGi treatment surpassed that induced by 

treatment with cycloheximide, which is known to induce apoptosis. This may indicate 

that 4EGi treatment interferes with Rluc directly, or may induce cellular apoptosis. In 

addition, the large fluctuations observed in the Rluc data are suggestive of variable 

transfection efficiency between experiments, re-enforcing the need to incorporate a 

reference gene within the test vector (Figure 66).  

 

HeLa cells were transfected with PAT test and then treated with cycloheximide and 

thapsigargin, which both suppressed translation to a similar degree as that previously 

observed for HeLa cells transfected with PIC test (Figure 67). This is consistent with 

thapsigargin mediated inhibition of TC formation and cycloheximide induced 

suppression of the elongation phase of translation. The similar degree of translational 

suppression observed in the presence (PAT test) and absence (PIC test) of the Apaf-1 

IRES supports the hypothesis that cycloheximide and thapsigargin suppress both cap-

dependent and cap-independent translation to a similar degree. The introduction of the 

Apaf-1 IRES in PAT test stimulated translation of the downstream Fluc gene by ~ 20% 

relative to PIC test when treated with PP242. This supports the hypothesis that the 

Apaf-1 IRES upstream of the Fluc gene is directing cap-independent translation. 

However, the introduction of the Apaf-1 IRES does not appear to completely 

compensate for the inhibition of cap-dependent translation by PP242, as demonstrated 

by the level of Fluc translation at ~ 60 % of that of the vehicle alone control. This may 

be an indication that the placement of a highly structured IRES without a lengthy 5’ 

UTR allows some cap-dependent translation to occur.  
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Figure 65: Effect of positive control compounds on the cap-dependent translation 

of Fluc from PIC test. Error bars are representative of +/- one standard deviation 
of the means of three independent experiments. All results were normalized to 

negative control cells treated for 4h with drug delivery vehicle (0.5 % DMSO), 

which were analyzed in parallel with samples treated with positive control 
compounds. Fluc expression was determined in cells treated with drug delivery 

vehicle alone, then set as 100 % and subsequently used to normalize Fluc 
expression for all samples. 
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Figure 66: Effect of positive control compounds on the translation of the Rluc 

transfection control gene of PIC test. Error bars are representative of +/- one 

standard deviation of the means of three independent experiments. All results were 
normalized to negative control cells treated for 4h with drug delivery vehicle (0.5 

% DMSO), which were analyzed in parallel with samples treated with positive 
control compounds. Rluc expression was determined in cells treated with drug 

delivery vehicle alone, then set as 100 % and subsequently used to normalize Rluc 

expression for all samples. 
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Figure 67: Validation of the two cistron reporter vector PAT test against a range 
of specific cap-dependent translation (PP242, Rapamycin and 4EGi) and non-

specific translation (Cycloheximide, Thapsigargin) inhibitors. Error bars are 
representative of +/- one standard deviation of the means of three independent 

experiments. All results were normalized to negative control cells treated for 4h 

with drug delivery vehicle (0.5 % DMSO), which were analyzed in parallel with 
samples treated with positive control compounds. Fluc / Rluc ratio was determined 

in cells treated with drug delivery vehicle alone, then set as 100 % and 
subsequently used to normalize Fluc / Rluc ratio for all samples. 
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Rapamycin treatment of HeLa cells transfected with PAT test failed to inhibit 

translation to any degree, as previously observed for PIC test. It has previously been 

observed that treatment of cells with specific inhibitors of the cap-dependent translation 

machinery such as 4EGi, 4E1RCat and 4E2RCat, can yield increased rates of cap-

independent translation. 423 14 15 This effect has been attributed to the liberation of 40S 

ribosomal subunits (among other components of the translation machinery) from cap-

dependent translation and their subsequent utilization via a cap-independent 

mechanism. It is interesting to note that rapamycin treatment did not increase the cap-

independent translation of Fluc under the direction of the Apaf-1 IRES, although the 

reasons for this are currently unclear. As expected 4EGi treatment of HeLa cells 

transfected with PAT test failed to elicit a reduction in the cap-independent translation 

of Fluc from the Apaf-1 IRES. Given the anomalous effect of 4EGi on the translation of 

the Rluc transfection control of PIC test, raw luminescence readings obtained for Fluc 

and Rluc were examined. 4EGi again exhibited apparent suppression of Rluc 

expression, possibly due to cytotoxicity, hence 4EGi was not deemed an appropriate 

control for the luciferase assay.  

 

HeLa cells were transfected with CAT test and then treated with cycloheximide and 

thapsigargin, which both suppressed translation to a similar degree as that previously 

observed for HeLa cells transfected with PIC test and PAT test (Figure 68). This is 

consistent with thapsigargin induced inhibition of TC formation and cycloheximide 

mediated suppression of the elongation phase of translation. The similar degree of 

translational suppression observed in the presence (CAT test) and absence (PIC test) of 

the c-Myc IRES supports the hypothesis that cycloheximide and thapsigargin suppress 

cap-dependent and cap-independent translation to a similar degree. The introduction of 

the c-Myc IRES in CAT test stimulated translation of the downstream Fluc gene by ~ 

35% relative to PIC test when treated with PP242. This supports the hypothesis that the 

c-Myc IRES upstream of the Fluc gene is directing cap-independent translation. 

However, the introduction of the c-Myc IRES does not appear to completely 

compensate for the inhibition of cap-dependent translation by PP242, as demonstrated 

by the level of Fluc translation at ~ 75 % of that of the vehicle alone control. This may 

again be an indication that the placement of a highly structured IRES without a lengthy 

5’ UTR allows a certain degree of cap-dependent translation to occur.  
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Figure 68: Validation of the two cistron reporter vector CAT test against a range 

of specific cap-dependent translation (PP242, Rapamycin and 4EGi) and non-
specific translation (Cycloheximide, Thapsigargin) inhibitors. Error bars are 

representative of +/- one standard deviation of the means of three independent 

experiments. All results were normalized to negative control cells treated for 4h 
with drug delivery vehicle (0.5 % DMSO), which were analyzed in parallel with 

samples treated with positive control compounds. Fluc / Rluc ratio was determined 
in cells treated with drug delivery vehicle alone, then set as 100 % and 

subsequently used to normalize Fluc / Rluc ratio for all samples. 
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Rapamycin treatment of HeLa cells transfected with CAT test yielded a slight increase 

in the c-Myc IRES directed cap-independent translation of Fluc. This effect is 

consistent with rapamycin induced liberation of translation factors from cap-dependent 

translation complexes, which are subsequently used via cap-independent mechanism. 

4EGi treatment of HeLa cells transfected with CAT test, failed to elicit a reduction in 

the cap-independent translation of Fluc from the c-Myc IRES as expected. Given the 

anomalous effect of 4EGi on the translation of the Rluc transfection control of PIC test, 

raw luminescence readings obtained for Fluc and Rluc were examined. 4EGi again 

exhibited apparent suppression of Rluc expression, possibly due to cytotoxicity, hence 

4EGi was not deemed an appropriate control for the luciferase assay. PIC test, PAT test 

and CAT test were therefore deemed to be appropriate luciferase reporter vectors to 

analyze the effects of potential cyclic peptide inhibitors of the eIF4E / eIF4G interaction 

on cap-dependent translation.  

 

10.10.2.5 Cyclic peptide screening against luciferase reporter vectors 

It was hypothesized that treatment of HeLa cells with cyclic peptide inhibitors of the 

eIF4E / eIF4G interaction would selectively inhibit cap-dependent translation with little 

impact on cap-independent translation. HeLa cells were transiently transfected with 

luciferase assay vectors prior to treatment with cyclic peptides or vehicle alone control 

for 4 h, as described previously. Fluc and Rluc reporter gene expression was quantified 

using a duel luciferase reporter assay system kit with a Glomax multi detection system 

(Promega).  

 

Cyclic peptide treatment of HeLa cells transfected with PIC test reduced cap-dependent 

translation of Fluc to ~ 80 % of that observed in the negative control (Figure 69). This 

is consistent with the hypothesis that cyclic peptides are disrupting the eIF4E / eIF4G 

interaction, with the concomitant reduction in the rate of cap-dependent translation. 

Cyclic peptide treatments were repeated in HeLa cells transfected with either PAT test 

or CAT test, to determine if the translational suppression elicited by cyclic peptides was 

specific to a cap-dependent mechanism. Cyclic peptide treatment of HeLa cells 

transfected with the former reduced Apaf-1 IRES directed translation of Fluc by up to 

10 % relative to the vehicle alone control (Figure 70). It is therefore likely that the 

cyclic peptides are exhibiting cytotoxicity, thereby reducing the observed level of cap-

dependent and cap-independent translation. However, it was previously observed that 
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the translation of Fluc from PAT test was not entirely immune to inhibition by PP242, 

which is a selective inhibitor of cap-dependent translation. Therefore it is also possible 

that the observed ~10 % reduction in the translation of Fluc upon cyclic peptide 

treatment is due to inhibition of the cap-dependent component of the translation of Fluc 

when under control of the Apaf-1 IRES. 

 

Cyclic peptides were therefore tested against the IRES containing PIC test derivative 

that exhibited the greatest PP242 independent translation of Fluc, which was the CAT 

test vector. Cyclo VYVVCRRQ treatment of HeLa cells transfected with CAT test 

reduced c-Myc IRES directed translation of Fluc by up to 20 % relative to the vehicle 

alone control, perhaps indicating that this peptide has cytotoxic effects. The other three 

cyclic peptides exerted little influence on the c-Myc IRES directed cap-independent 

translation of Fluc from cistron 1 of CAT test. This is consistent with the hypothesis 

that the disruption of Fluc translation from PIC test is selective for a cap-dependent 

mechanism and has little effect on cap-independent translation. In turn, this finding is 

consistent with the cyclic peptide mediated selective disruption of the eIF4E / eIF4G 

interaction.  

 

Whilst the luciferase assay provides an indication of the selectivity of cyclic peptide 

treatment on cap-dependent over cap-independent translation, it is difficult to confirm 

that IRES driven Fluc expression proceeds entirely via a cap-independent mechanism. It 

was therefore necessary to determine the effect of cyclic peptide treatment on global 

translation via monitoring of 35S radioactively tagged amino acid incorporation. 
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Figure 69: The effect of treatment of HeLa cells with potential cyclic peptide 

inhibitors of the eIF4E / eIF4G interaction on the cap-dependent translation of 

Fluc from PIC test. Error bars are representative of +/- one standard deviation of 
the means of three independent experiments. All results were normalized to 

negative control cells treated for 4h with drug delivery vehicle (0.5 % DMSO), 
which were analyzed in parallel with samples treated with cyclic peptides. Fluc / 

Rluc ratio was determined in cells treated with drug delivery vehicle alone, then 

set as 100 % and subsequently used to normalize Fluc / Rluc ratio for all samples. 
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Figure 70: The effect of treatment of HeLa cells with potential cyclic peptide 

inhibitors of the eIF4E / eIF4G interaction on the cap-independent translation of 
Fluc from PAT test. Error bars are representative of +/- one standard deviation of 

the means of three independent experiments. All results were normalized to 

negative control cells treated for 4h with drug delivery vehicle (0.5 % DMSO), 
which were analyzed in parallel with samples treated with cyclic peptides. Fluc / 

Rluc ratio was determined in cells treated with drug delivery vehicle alone, then 
set as 100 % and subsequently used to normalize Fluc / Rluc ratio for all samples. 
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Figure 71: The effect of treatment of HeLa cells with potential cyclic peptide 
inhibitors of the eIF4E / eIF4G interaction on the cap-independent translation of 

Fluc from CAT test. Error bars are representative of +/- one standard deviation of 

the means of three independent experiments. All results were normalized to 
negative control cells treated for 4h with drug delivery vehicle (0.5 % DMSO), 

which were analyzed in parallel with samples treated with cyclic peptides. Fluc / 
Rluc ratio was determined in cells treated with drug delivery vehicle alone, then 

set as 100 % and subsequently used to normalize Fluc / Rluc ratio for all samples. 
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10.10.3 35S radioactive methionine incorporation assay 

Radioactive methionine incorporation into proteins has become a standard technique to 

monitor effects on global translation. 432 15 14 418 419 422  The 35S isotope is a β particle 

emitter with a half-life of 87 days and therefore its presence can be readily detected by 

scintillation counting. 433 The selection of the 35S isotope is compatible with the labeling 

of the two sulfur containing amino acids, methionine and cysteine. This represents a 

particularly appropriate choice, as translation of every protein is initiated by AUG 

codon recognition and the subsequent recruitment of aminoacyl initiator methionine 

tRNA. Therefore 35S labeling of methionine ensures that every translated polypeptide is 

radioactively labeled at its N-terminus (Figure 72). 434 63 The additional incorporation of 
35S labeled cysteine allows for the selective radioactive labeling of cysteine containing 

peptides during the elongation phase of translation (Figure 72). Whilst the assay does 

not differentiate between cap-dependent and cap-independent translation, significant 

inhibition of one or both mechanisms should be detectable. It was hypothesized that 

cyclic peptide inhibitors of the eIF4E / eIF4G interaction would inhibit eIF4F assembly 

and therefore inhibit cap-dependent translation. In turn this should result in reduced 

incorporation of 35S tagged methionine and cysteine into polypeptides. 

 

10.10.3.1 Validation of the 35S methionine incorporation assay 
It was first necessary to validate that treatment of HeLa cells with the positive control 

compounds (PP242, rapamycin, 4EGi, cycloheximide and thapsigargin) would inhibit 

translation and hence reduce incorporation of 35S tagged methionine and cysteine into 

proteins. 422 419 423 426 427 HeLa cells were sub cultured into 6 cm dishes and incubated for 

24 h to allow cells to adhere to the plate. Spent media was removed and cells were 

treated with positive control compounds or vehicle alone control for 4 h. After 3 h 30 

min of treatment, cells were pulse labeled with 35S labeled methionine / cysteine for 

exactly 30 min. Cell pellets were isolated via centrifugation, lysed with mammalian 

protein extraction reagent (MPER) and spotted in triplicate onto filter paper discs. 

Protein was precipitated onto filter discs and radioactivity of triplicate samples was 

quantified by scintillation counting. Cell lysate concentration was determined via 

Bradford assay and used to correct observed radioactive counts per µg of protein. 

Triplicate readings were averaged and then normalized to cells treated with delivery 

vehicle alone (0.5 % DMSO), which was set as 100 %. 
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Figure 72: Schematic representation of the incorporation of 35S labeled methionine 

and cysteine residues into polypeptides during translation elongation. 89 90 91 92 
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Treatment of HeLa cells with PP242 suppressed the incorporation of 35S tagged 

methionine and cysteine by ~ 50 % (Figure 73). This is consistent with inhibition of the 

mTORC1 subunit yielding hypophosphorylated 4EBPs that bind to eIF4E, with a 

concomitant reduction in the rate of cap-dependent translation. 422 The effect of PP242 

treatment on global translation rates by 35S incorporation (~ 50 % of vehicle alone 

control) is less potent than the inhibitory effect exerted on cap-dependent Fluc 

translation from PIC test (~ 40 % of vehicle alone control). This disparity may be due to 

the PP242 induced liberation of 40S ribosomal subunits (among other components of 

the translation machinery) from cap-dependent translation and their subsequent 

utilization via a cap-independent mechanism. 423 14 15 It is interesting to note that the 

mTORC1 selective inhibitor rapamycin, failed to reduce the incorporation of 35S labeled 

amino acids into proteins (Figure 73). This result is entirely consistent with the failure 

of rapamycin to suppress cap-dependent translation of Fluc from PIC test and supports 

the hypothesis that Mnk2 induced eIF4E phosphorylation compensates for decreased 

4EBP phosphorylation. 430 431  

 

Cell treatment with the eIF4E / eIF4G interaction inhibitor 4EGi reduced incorporation 

of 35S amino acids into proteins to ~ 15 % of the level of incorporation exhibited by the 

vehicle alone treated control (Figure 73). This finding is indicative of disruption of 

eIF4F formation with concomitant suppression of cap-dependent translation. However 

the degree to which 4EGi inhibits translation is similar to that induced by 

cycloheximide, which may suggest that a degree of apoptosis has been induced by 4EGi 

treatment. The degree of suppression of 35S incorporation in response to 4EGi treatment 

supports the hypothesis that 4EGi inhibited expression of the Rluc gene from PIC test 

(and its derivatives) via the induction of apoptosis.  

 

Cycloheximide suppressed 35S incorporation into HeLa cell protein (10 % of vehicle 

alone control, Figure 73) to a similar degree to the suppression of Fluc translation from 

PIC test (5 % of vehicle alone control) PAT test (7 % of vehicle alone control) and CAT 

test (5 % of vehicle alone control). This data is consistent with the published literature 

that cycloheximide inhibits the translocation step of elongation, thereby reducing 

incorporation of 35S labeled methionine and cysteine into HeLa cell protein. 426 
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Figure 73: The effect of positive control compound treatment on translation as 
inferred from incorporation of 35S labeled methionine and cysteine into HeLa cell 

protein. Error bars are representative of +/- one standard deviation of the means 
of three independent experiments. All results were normalized to negative control 

cells treated for 4h with drug delivery vehicle (0.5 % DMSO), which were analyzed 

in parallel with samples treated with positive control compounds. Incorporation of 
35S labeled methionine and cysteine into cells treated with drug delivery vehicle 

alone was set as 100 % and subsequently used to normalize scintillation counts per 
minute per µg of protein for all samples. 
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Treatment of HeLa cells with thapsigargin suppressed the incorporation of 35S tagged 

methionine and cysteine into proteins to ~ 75 % of the level of incorporation exhibited 

by the vehicle alone treated control (Figure 73). However the degree of translational 

suppression observed by 35S incorporation (~ 75 % of vehicle alone control) exceeds the 

degree of the suppression of translation of Fluc from PIC test (No IRES, ~ 40 % of 

vehicle alone control) PAT test (Apaf-1 IRES, ~ 38 % of vehicle alone control) and 

CAT test (c-Myc IRES, ~ 47 % of vehicle alone control). The reasons for this 

discrepancy however remain unclear. The incorporation of 35S labeled methionine and 

cysteine into HeLa cell protein was therefore deemed to be a suitable assay to determine 

the effect of cyclic peptide treatment on global translation rates. 

  

10.10.3.2 Cyclic peptide screening by 35S methionine incorporation 

HeLa cells were sub cultured into 6 cm dishes and incubated for 24 h to allow cells to 

adhere to the plate. Spent media was removed and the cells were subsequently treated 

with cyclic peptides or vehicle alone control for 4 h. After 3 h 30 min of treatment, cells 

were pulse labeled with 35S labeled methionine / cysteine for exactly 30 min. Cell 

pellets were harvested and soluble protein was extracted and quantified as previously 

described. Cyclic peptide treatment failed to significantly suppress incorporation of 35S 

labeled amino acids into HeLa cell protein (Figure 74).  

 

This is therefore entirely inconsistent with the hypothesis that the cyclic peptides are 

disrupting the eIF4E / eIF4G interaction, with the concomitant suppression of cap-

dependent translation. It should be noted however that the 35S incorporation assay 

quantifies global translation rates and does not distinguish between cap-dependent and 

cap-independent mechanisms. It is therefore conceivable that cyclic peptide treatment 

weakly suppresses cap-dependent translation, but that the concomitant increase in the 

rate of cap-independent translation masks its detection by 35S incorporation assay. It is 

however more likely that the peptides do not disrupt the eIF4E / eIF4G within the 

malignant environment. In order to test the integrity of the eIF4E / eIF4G PPI within the 

malignant intracellular environment in the presence of cyclic peptides, an m7 GTP 

affinity resin pull-down assay was developed.   
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Figure 74: The effect of cyclic peptide treatment on translation as inferred from 

incorporation of 35S labeled methionine and cysteine into HeLa cell protein. Error 

bars are representative of +/- one standard deviation of the means of three 
independent experiments. All results were normalized to negative control cells 

treated for 4h with drug delivery vehicle (0.5 % DMSO), which were analyzed in 
parallel with samples treated with cyclic peptides. Incorporation of 35S labeled 

methionine and cysteine into cells treated with drug delivery vehicle alone was set 

as 100 % and subsequently used to normalize scintillation counts per minute per 
µg of protein for all samples. 
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10.10.4 m7 GTP pull-down assay 
The previously described cellular assays aimed to determine the effect of cyclic peptide 

treatment on the integrity of the eIF4E / eIF4G interaction by examining concomitant 

changes in translation rates. These assay are therefore an indirect method of examining 

the disruption of the eIF4E / eIF4G interaction. It was therefore decided to directly 

visualize the effect of cyclic peptide treatment on the eIF4E / eIF4G interaction within 

HeLa cells. The m7 GTP pull-down assay is a commonly used method to examine the 

effect of compound treatment on the assembly of the eIF4F complex. 435 423 14 15 This 

assay uses an m7 GTP affinity resin to mimic the 5’ mRNA cap, which then binds to 

eIF4E. 436 304 437 438 The interaction of eIF4E with the ‘YDREFLL’ motif of eIF4G 

recruits the scaffolding protein to the affinity resin. 163 164 The eIF4E mediated 

localization of eIF4G to the affinity resin subsequently facilitates recruitment of PABP, 

eIF4A and eIF3 to the m7 GTP affinity resin, via their interaction with the scaffolding 

protein (Figure 75: B). 145 144 139 147 It was therefore hypothesized that cyclic peptide 

inhibitors of the eIF4E / eIF4G interaction would inhibit the assembly of the eIF4F 

complex on the m7 GTP affinity resin. Therefore hypothetically treatment of HeLa cells 

with cyclic peptide inhibitors of the eIF4E / eIF4G interaction should significantly 

reduce the association of eIF4G, PABP, eIF4A and eIF3 with the m7 GTP affinity resin 

(Figure 75: C), which should be detectable by western blotting.  

 

HeLa cells were plated into 10 cm dishes and incubated for 48 h to allow cells to adhere 

to the plate. Compound treatments were then performed against either intact cells, or 

against freshly prepared cell lysate to elucidate the influence of cell permeability on the 

efficacy of cyclic peptides. Intact cell treatments were performed by incubating cells 

with media containing vehicle alone control (0.5 % DMSO), cyclic peptides (50 µM) or 

rapamycin (500 nM) for 4 h. Cells were lysed in MPER and soluble cell lysate was 

isolated via centrifugation. Protein concentration in soluble cell lysate was determined 

via Bradford assay. 439 Cell lysate treatments were performed by incubating cell lysate 

in MPER with vehicle alone control (0.5 % DMSO) or cyclic peptides (50 µM) for 4 h. 

Meanwhile m7 GTP resin (either m7 GTP agarose resin, Jena Bioscience, AC-155 or m7 

GTP sepharose, GE Healthcare, discontinued) was equilibrated with two PBS washes.  
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Figure 75: A) Schematic of the cap-dependent translation initiation machinery. 

eIF4F (highlighted in red) co-operates with polyadenosine-binding protein (PABP), 

eIF3, eIF2, eIF1 and eIF1A to facilitate delivery of initiator methionine transfer 
ribonucleic acid (MettRNAi) to the start codon, AUG (highlighted in blue). 134 

Guanosine (G) and cytosine (C) residues in the 5’ UTR of weak mRNAs form 
stable hairpin or stem loop structures, which inhibit 5’ to 3’ scanning of the 40S 

ribosomal subunit along the mRNA strand. B) m7 GTP affinity resin (black circle) 

mimics the 5’ cap of mRNA and sequesters the eIF4F complex. C) Cylic peptide 
(CP) disrupts the eIF4E / eIF4G interaction, resulting in the dissociation of eIF4G, 

PABP, eIF4A and eIF3 from the m7 GTP affinity resin.  
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Vehicle alone or compound treated cell lysate was loaded to m7 GTP resin and resin 

was isolated via centrifugation. m7 GTP resin bound protein was washed with PBS, with 

the first wash retained for subsequent analysis by western blotting. Protein bound m7 

GTP resin was isolated via centrifugation and reserved for analysis by western blotting.  

 

Proteins were separated on a 10 % or 12 % SDS-PAGE gel, then transferred to 

nitrocellulose membranes via western blotting, which were then cut with a scalpel into 

segments for primary antibody probing. Membranes were exposed to primary antibodies 

for 16 h, washed with TBST and exposed to fluorescently tagged secondary antibodies 

for 1 h. Membrane segments were then washed with TBST and then PBS, prior to 

imaging on an Odyssey scanner (Li-cor).    

 

10.10.4.1 Validation of the m7 GTP pull-down assay 

It was first necessary to verify that treatment of HeLa cells with a known inhibitor of 

cap-dependent translation would yield a reduction in the association of eIF4G, PABP 

and eIF4A with an m7 GTP affinity resin. The mTORC1 inhibitor rapamycin has been 

shown to cause hypophosphorylation of the 4EBPs, which compete effectively with 

eIF4G for binding to eIF4E. 419 Previous m7 GTP pull-down experiments with 

rapamycin treated cells have shown a reduction in the quantity of resin associated 

eIF4G that accompanies 4EBP hypophosphorylation. 420 The mutually exclusive binding 

of the 4EBPs or eIF4G to eIF4E is unsurprising due to the highly homologous binding 

helices (4EBP ‘YDRKFLM’ vs eIF4G ‘YDREFLL’) that are used to bind to an 

identical site on the dorsal face of eIF4E. 163 166 164 Both the hypophosphorylation of the 

4EBPs and the rapamycin induced suppression of eIF4G association with m7 GTP resins 

can be readily detected by western blotting. As such, despite the lack of translational 

inhibition by rapamycin observed by both luciferase and 35S Met / Cys incorporation 

assays; rapamycin was deemed an appropriate control for the m7 GTP pull-down assay.    

 

A commercially available m7 GTP agarose resin (Jena Bioscience, AC-155) was used to 

analyze the phosphorylation status of the 4EBPs in the absence or presence of 

rapamycin. HeLa cells were treated with vehicle alone control (0.5 % DMSO) or 

rapamycin (500 nM) for 4 h and cells were harvested as previously described. 

Rapamycin treated or vehicle alone treated cell lysates were subjected in parallel to m7 

GTP pull-down assay and the results analyzed by western blotting (Figure 76). 4EBP 
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was readily detected by western blotting as a closely migrating group of four bands, 

consistent with the hierarchical phosphorylation mechanism that governs the ability of 

4EBP to suppress translation. 177 183 4EBP hypophosphorylation can readily be observed 

by the increased intensity of the faster migrating two bands, presumably due to 

decreased negative charge of the 4EBP protein (Figure 76). Rapamycin treated samples 

of cell lysate (lane 2), m7 GTP resin unbound protein (lane 4), m7 GTP resin bound 

protein (lane 6) and resin washings (lane 8) all exhibited increased 4EBP 

hypophosphorylation when compared to their corresponding vehicle alone treated 

controls (lanes 1, 3, 5 and 7). This is consistent with the published literature, which 

suggests that 4EBP hypophosphorylation occurs concomitantly with inhibition of 

mTORC1. 17 420 177 183 430  

 

The same rapamycin or vehicle alone treated samples were analyzed by western blotting 

with primary antibodies against eIF4G, PABP, eIF4A and eIF4E to determine the 

influence of rapamycin on the eIF4E / eIF4G interaction (Figure 77). There was little 

significant difference observed between the quantity of m7 GTP resin bound PABP, 

eIF4A or eIF4E in the absence (lane 5) or presence (lane 6) of rapamycin. In addition 

the quantities of all proteins within cell lysate (lanes 1 and 2) and m7 GTP resin 

unbound samples (lanes 3 and 4) appeared comparable. It was however frustrating to 

observe that eIF4G quantification was impeded by a large smeared signal at the top of 

the resin bound protein lanes (lanes 5 and 6). It was noted that the smeared signal 

stopped abruptly at the point the nitrocellulose membrane had been cut to allow 

exposure to the eIF4G primary antibody. Further attempts to quantify eIF4G association 

with m7 GTP agarose (Jena Bioscience, AC-155) proved unsuccessful due to this resin 

and eIF4G antibody specific smearing issue.  
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Figure 76: Representative western blot for eIF4A and 4EBP to analyze the effect of 

the treatment of HeLa cells with 500 nM rapamycin on the assembly of the eIF4F 

complex. m7 GTP agarose (Jena Bioscience, AC-155) pull-down products were 
separated on a 12 % SDS-PAGE gel against a Pageruler 10-250 kDa ladder. Equal 

quantities of vehicle alone treated (lane 1) and rapamycin treated (lane 2) cell 
lysate were loaded to provide an indication of protein levels in cell lysate. Equal 

quantities of m7 GTP agarose unbound protein for vehicle alone treated (lane 3) 

and rapamycin treated (lane 4) samples were loaded to visualize protein depletion 
via resin exposure. m7 GTP agarose bound protein for vehicle alone treated (lane 

5) and rapamycin treated (lane 6) samples were loaded to visualize the effect of 
compound treatment on eIF4A and 4EBP resin association. Resin washings from 

vehicle alone treated (lane 7) and rapamycin treated (lane 8) samples were loaded 

to visualize protein dissociation during wash steps.    
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Figure 77: Representative western blot for eIF4G, PABP, eIF4A and eIF4E to 
analyze the effect of the treatment of HeLa cells with 500 nM rapamycin on the 

assembly of the eIF4F complex. m7 GTP agarose (Jena Bioscience, AC-155) pull-

down products were separated on a 10 % SDS-PAGE gel against a Pageruler 10-
250 kDa ladder. Equal quantities of vehicle alone treated (lane 1) and rapamycin 

treated (lane 2) cell lysate were loaded to provide an indication of protein levels in 
cell lysate. Equal quantities of m7 GTP agarose unbound protein for vehicle alone 

treated (lane 3) and rapamycin treated (lane 4) samples were loaded to visualize 

protein depletion via resin exposure. m7 GTP agarose bound protein for vehicle 
alone treated (lane 5) and rapamycin treated (lane 6) samples were loaded to 

visualize the effect of compound treatment on eIF4G, PABP, eIF4A and eIF4E 
resin association. Resin washings from vehicle alone treated (lane 7) and 

rapamycin treated (lane 8) samples were loaded to visualize protein dissociation 

during wash steps.    
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In an attempt to resolve this issue, a limited quantity of an alternative m7 GTP affinity 

resin (m7 GTP sepharose, GE Healthcare, discontinued) was obtained. Pull-down 

experiments were then repeated with vehicle alone or rapamycin treated cells to 

determine the relative performance of the two m7 GTP affinity resins. 4EBP 

hypophosphorylation was again observed in response to rapamycin treatment (Figure 

78: compare rapamycin treated lanes 2, 4, 6 and 8 against their vehicle alone controls 

lanes 1, 3, 5 and 7), which is entirely consistent with the published literature. 17 420 177 183 
430 m7 GTP sepharose (GE Healthcare, discontinued) exhibited increased resin 

association of eIF4A (lanes 1 and 2) when compared to that of m7 GTP agarose (Jena 

Bioscience, AC-155, lanes 3 and 4). It was encouraging to note that small smeared 

signal appeared at the top of lanes containing m7 GTP agarose bound protein (Jena 

Bioscience, AC-155, lanes 3 and 4), but not at the top of the corresponding m7 GTP 

sepharose bound protein lanes (GE Healthcare, discontinued, lanes 1 and 2).  

 

The same rapamycin or vehicle alone treated samples were probed with primary 

antibodies against eIF4G, PABP, eIF4A and eIF4E to determine the influence of 

affinity resin on the resulting western blot (Figure 79). Once again, m7 GTP sepharose 

(GE Healthcare, discontinued) exhibited increased resin association of eIF4A (lanes 1 

and 2) when compared to that of m7 GTP agarose (Jena Bioscience, AC-155, lanes 3 

and 4). This phenomenon is probably the result of the increased eIF4E binding capacity 

of m7 GTP sepharose (GE Healthcare, discontinued, lanes 1 and 2) when compared to 

that of m7 GTP agarose (Jena Bioscience, AC-155, lanes 3 and 4). This finding is totally 

inconsistent with the published m7 GTP loading of the GE sepharose (0.2 µmol ml-1) 

compared to that of the Jena Bioscience agarose (5 µmol ml-1).  
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Figure 78: Comparison of the eIF4F binding capacity of m7 GTP sepharose (GE 

Healthcare, discontinued) vs that of m7 GTP agarose (Jena Bioscience, AC-155) via 

western blotting for eIF4A and 4EBP. m7 GTP resin pull-down products were 
separated on a 12 % SDS-PAGE gel against a Pageruler 10-250 kDa ladder. m7 

GTP resin bound protein was eluted by competitive elution with m7 GTP (lanes 1 - 
4 inc.) or via thermal denaturation (lanes 5 – 8 inc.). m7 GTP sepharose (GE 

Healthcare, discontinued) was loaded with vehicle alone treated (lane 1, lane 5) or 

rapamycin treated (lane 2, lane 6) HeLa cell lysate. m7 GTP agarose (Jena 
Bioscience, AC-155) was loaded with vehicle alone treated (lane 3, lane 7) or 

rapamycin treated (lane 4, lane 8) HeLa cell lysate. 
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Figure 79: Comparison of the eIF4F binding capacity of m7 GTP sepharose (GE 
Healthcare, discontinued) vs that of m7 GTP agarose (Jena Bioscience, AC-155) via 

western blotting for eIF4G, PABP, eIF4A and eIF4E. m7 GTP resin pull-down 
products were separated on a 10 % SDS-PAGE gel against a Pageruler 10-250 kDa 

ladder. m7 GTP resin bound protein was eluted by competitive elution with m7 

GTP (lanes 1 - 4 inc.) or via thermal denaturation (lanes 5 – 8 inc.). m7 GTP 
sepharose (GE Healthcare, discontinued) was loaded with vehicle alone treated 

(lane 1, lane 5) or rapamycin treated (lane 2, lane 6) HeLa cell lysate. m7 GTP 
agarose (Jena Bioscience, AC-155) was loaded with vehicle alone treated (lane 3, 

lane 7) or rapamycin treated (lane 4, lane 8) HeLa cell lysate. 
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Rapamycin treatment yielded a slight increase in the quantity of eIF4E (compare lane 2 

and lane 6 against lanes 1 and 5 respectively) that was associated with m7 GTP 

sepharose (GE Healthcare, discontinued). The exact reasons for this phenomenon 

remain to be elucidated, but it is conceivable that rapamycin induces eIF4E 

phosphorylation by Mnk2, which may help to explain the disparity. 430 431 It is however 

interesting to note that rapamycin treatment decreased the quantity of eIF4G associated 

with m7 GTP sepharose (GE Healthcare, discontinued), when compared to the vehicle 

alone treated control (compare lane 2 against lane 1). This is consistent with the 

hypothesis that rapamycin causes hypophosphorylation of the 4EBPs, which in turn 

effectively compete with eIF4G for binding to eIF4E. 420 The attempts to validate m7 

GTP agarose (Jena Bioscience, AC-155) with rapamycin clearly demonstrated that the 

affinity resin was not suitable for visualizing the effect of cyclic peptide treatment on 

the eIF4E / eIF4G interaction in HeLa cells. m7 GTP sepharose (GE Healthcare, 

discontinued) was therefore deemed to be an appropriate affinity resin for the testing of 

potential cyclic peptide inhibitors of the eIF4E / eIF4G interaction.   

 

The discontinuation of m7 GTP sepharose by GE Healthcare however presented an issue 

for the testing of potential cyclic peptide inhibitors of the eIF4E / eIF4G interaction. 

The limited available quantity of m7 GTP sepharose dictated careful selection of just 

two cyclic peptides for testing as potential inhibitors of the eIF4E / eIF4G interaction in 

HeLa cells. None of the four SICLOPPS isolated cyclic peptides exerted significant 

influence on global translation rates via 35S Met / Cys incorporation. However treatment 

with both cyclo LFLFCRRQ and cyclo VYVVCRRQ elicited a dose-dependent 

reduction in the cell viability of MCF-7 cells via MTT assay. Treatment with either of 

these cyclic peptides inhibited the cap-dependent translation of Fluc from the PIC test 

vector, whilst exhibiting minimal suppression of cap-independent Fluc translation from 

PAT test. Therefore cyclo LFLFCRRQ and cyclo VYVVCRRQ were selected for 

validation as potential inhibitors of the eIF4E / eIF4G interaction via m7 GTP pull-down 

assay.  
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10.10.4.2 Cyclic peptide screening by m7 GTP pull-down assay 
It was hypothesized that cyclic peptide inhibitors of the eIF4E / eIF4G interaction 

would inhibit the assembly of the eIF4F complex on m7 GTP sepharose resin. Intact cell 

treatments were performed by incubating cells with media containing vehicle alone 

control (0.5 % DMSO) or cyclic peptides (50 µM) for 4 h and then HeLa cells were 

harvested as previously described. Cyclic peptide or vehicle alone treated cell lysates 

were subjected in parallel to m7 GTP pull-down assay and the results analyzed by 

western blotting (Figure 80).  

 

Treatment of HeLa cells with 50 µM cyclo LFLFCRRQ did not effect the 

phosphorylation state of the 4EBPs and hypophosphorylated 4EBPs were found to 

preferentially associate with eIF4E bound to m7 GTP sepharose (compare lanes 5 and 6 

against lanes 3 and 4), as expected. 430 Resin washings contained hyperphosphorylated 

4EBPs, which dissociated from eIF4E bound to m7 GTP sepharose (lanes 7 and 8), as 

anticipated. The quantities of all proteins within cell lysate (lanes 1 and 2) and m7 GTP 

resin unbound samples (lanes 3 and 4) appeared comparable. There was little significant 

difference observed between the quantity of m7 GTP resin bound eIF4G, PABP, eIF4A 

or 4EBP in the absence (lane 5) or presence (lane 6) of cyclo LFLFCRRQ. This is 

entirely inconsistent with the hypothesis that cyclo LFLFCRRQ inhibits the eIF4E / 

eIF4G interaction or the concomitant formation of the eIF4F complex on m7 GTP 

affinity resin.  

 

The same cyclo LFLFCRRQ or vehicle alone treated samples were analyzed by western 

blotting with primary antibodies against eIF4G, PABP, eIF4A and eIF4E to determine 

the influence of the cyclic peptide on the eIF4E / eIF4G interaction (Figure 81). The 

quantities of all proteins within cell lysate (lanes 1 and 2) and m7 GTP resin unbound 

samples (lanes 3 and 4) appeared comparable. It is interesting to note that despite the 

high affinity of the m7 GTP sepharose resin for eIF4E (lanes 5 and 6), there is little 

evident depletion of eIF4E within resin unbound protein samples (lanes 3 and 4). m7 

GTP sepharose bound proteins from vehicle alone treated control cells (lane 5) were 

compared against resin bound proteins from cells treated with cyclo LFLFCRRQ (lane 

6).  The comparison revealed that cyclic peptide treatment slightly enhanced association 

of eIF4G, PABP, eIF4A and eIF4E with the affinity resin. This phenomenon is again 

inconsistent with the hypothesis that cyclo LFLFCRRQ inhibits the eIF4E / eIF4G 
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interaction or the concomitant formation of the eIF4F complex on m7 GTP affinity 

resin. It is therefore highly probable that treatment of HeLa cells with cyclo 

LFLFCRRQ fails to inhibit the eIF4E / eIF4G interaction within the malignant 

environment.  

 

 
 

Figure 80: Representative western blot for eIF4G, PABP, eIF4A and 4EBP to 
analyze the effect of the treatment of HeLa cells with 50 µM cyclo LFLFCRRQ on 

the assembly of the eIF4F complex. m7 GTP sepharose pull-down products were 
separated on a 12 % SDS-PAGE gel against a Pageruler 10-250 kDa ladder. Equal 

quantities of vehicle alone treated (lane 1) and cyclic peptide treated (lane 2) cell 

lysate were loaded to provide an indication of protein levels in cell lysate. Equal 
quantities of m7 GTP sepharose unbound protein for vehicle alone treated (lane 3) 

and cyclic peptide treated (lane 4) samples were loaded to visualize protein 
depletion via resin exposure. m7 GTP sepharose bound protein for vehicle alone 

treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to visualize 

the effect of compound treatment on eIF4G, PABP, eIF4A and 4EBP resin 
association. Resin washings from vehicle alone treated (lane 7) and cyclic peptide 

treated (lane 8) samples were loaded to visualize protein dissociation during wash 

steps.    
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Figure 81: Representative western blot for eIF4G, PABP, eIF4A and eIF4E to 

analyze the effect of the treatment of HeLa cells with 50 µM cyclo LFLFCRRQ on 

the assembly of the eIF4F complex. m7 GTP sepharose pull-down products were 
separated on a 10 % SDS-PAGE gel against a Pageruler 10-250 kDa ladder. Equal 

quantities of vehicle alone treated (lane 1) and cyclic peptide treated (lane 2) cell 
lysate were loaded to provide an indication of protein levels in cell lysate. Equal 

quantities of m7 GTP sepharose unbound protein for vehicle alone treated (lane 3) 

and cyclic peptide treated (lane 4) samples were loaded to visualize protein 
depletion via resin exposure. m7 GTP sepharose bound protein for vehicle alone 

treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to visualize 

the effect of compound treatment on eIF4G, PABP, eIF4A and eIF4E resin 
association. Resin washings from vehicle alone treated (lane 7) and cyclic peptide 

treated (lane 8) samples were loaded to visualize protein dissociation during wash 
steps.    
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Intact HeLa cells were treated with vehicle alone control or 50 µM cyclo VYVVCRRQ, 

harvested and then subjected to m7 GTP pull-down assay and western blotting. 

Treatment of HeLa cells with 50 µM cyclo VYVVCRRQ (Figure 82) did not effect the 

phosphorylation state of the 4EBPs and hypophosphorylated 4EBPs were found to 

preferentially associate with eIF4E bound to m7 GTP sepharose (compare lanes 5 and 6 

against lanes 3 and 4). 430 Resin washings contained hyperphosphorylated 4EBPs, which 

dissociated from eIF4E bound to m7 GTP sepharose (lanes 7 and 8). The quantities of 

all proteins within cell lysate (lanes 1 and 2) and m7 GTP resin unbound samples (lanes 

3 and 4) appeared comparable. Once again, there was little significant difference 

observed between the quantity of m7 GTP resin bound eIF4G, PABP, eIF4A or 4EBP in 

the absence (lane 5) or presence (lane 6) of cyclo VYVVCRRQ. This is entirely 

inconsistent with the hypothesis that cyclo VYVVCRRQ inhibits the eIF4E / eIF4G 

interaction or the concomitant formation of the eIF4F complex on m7 GTP affinity 

resin.  

 

The same cyclo VYVVCRRQ or vehicle alone treated samples were analyzed by 

western blotting with primary antibodies against eIF4G, PABP, eIF4A and eIF4E to 

determine the influence of the cyclic peptide on the eIF4E / eIF4G interaction (Figure 

83). The quantities of all proteins within cell lysate (lanes 1 and 2) and m7 GTP resin 

unbound samples (lanes 3 and 4) appeared comparable. It is again interesting that 

despite the high affinity of the m7 GTP sepharose resin for eIF4E (lanes 5 and 6), there 

is little depletion of eIF4E within resin unbound protein samples (lanes 3 and 4). m7 

GTP sepharose bound proteins from vehicle alone treated control cells (lane 5) were 

compared against resin bound proteins from cells treated with cyclo VYVVCRRQ (lane 

6).  The comparison revealed that cyclic peptide treatment did not significantly effect 

association of eIF4G, PABP, eIF4A and eIF4E with the affinity resin. This phenomenon 

is again inconsistent with the hypothesis that cyclo VYVVCRRQ inhibits the eIF4E / 

eIF4G interaction or the concomitant formation of the eIF4F complex on m7 GTP 

affinity resin. It is therefore highly probable that treatment of HeLa cells with cyclo 

VYVVCRRQ fails to inhibit the eIF4E / eIF4G interaction within the malignant 

environment. The failure of both cyclic peptides to inhibit the eIF4E / eIF4G interaction 

by m7 GTP pull-down assay is consistent with the lack of translational suppression 

observed via the 35S Met / Cys incorporation assay (Figure 74). 

 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   174 

 
 

Figure 82: Representative western blot for eIF4G, PABP, eIF4A and 4EBP to 

analyze the effect of the treatment of HeLa cells with 50 µM cyclo VYVVCRRQ on 
the assembly of the eIF4F complex. m7 GTP sepharose pull-down products were 

separated on a 12 % SDS-PAGE gel against a Pageruler 10-250 kDa ladder. Equal 

quantities of vehicle alone treated (lane 1) and cyclic peptide treated (lane 2) cell 
lysate were loaded to provide an indication of protein levels in cell lysate. Equal 

quantities of m7 GTP sepharose unbound protein for vehicle alone treated (lane 3) 
and cyclic peptide treated (lane 4) samples were loaded to visualize protein 

depletion via resin exposure. m7 GTP sepharose bound protein for vehicle alone 

treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to visualize 
the effect of compound treatment on eIF4G, PABP, eIF4A and 4EBP resin 

association. Resin washings from vehicle alone treated (lane 7) and cyclic peptide 
treated (lane 8) samples were loaded to visualize protein dissociation during wash 

steps.    
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Figure 83: Representative western blot for eIF4G, PABP, eIF4A and eIF4E to 

analyze the effect of the treatment of HeLa cells with 50 µM cyclo VYVVCRRQ on 

the assembly of the eIF4F complex. m7 GTP sepharose pull-down products were 
separated on a 10 % SDS-PAGE gel against a Pageruler 10-250 kDa ladder. Equal 

quantities of vehicle alone treated (lane 1) and cyclic peptide treated (lane 2) cell 
lysate were loaded to provide an indication of protein levels in cell lysate. Equal 

quantities of m7 GTP sepharose unbound protein for vehicle alone treated (lane 3) 

and cyclic peptide treated (lane 4) samples were loaded to visualize protein 
depletion via resin exposure. m7 GTP sepharose bound protein for vehicle alone 

treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to visualize 
the effect of compound treatment on eIF4G, PABP, eIF4A and eIF4E resin 

association. Resin washings from vehicle alone treated (lane 7) and cyclic peptide 

treated (lane 8) samples were loaded to visualize protein dissociation during wash 
steps.    

 
It was subsequently proposed that the inability of cyclo LFLFCRRQ and cyclo 

VYVVCRRQ to disrupt the cytoplasmic eIF4E / eIF4G interaction could be caused by 

poor cell membrane permeability. Therefore the cyclic peptides would be unable to 
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access the translation machinery and hence would be ineffective at disrupting the eIF4E 

/ eIF4G interaction. In order to test this hypothesis, the m7 GTP pull-down assay was 

repeated where compound treatments were performed on HeLa cell lysate instead of 

live cells with intact phospholipid bilayers. HeLa cells were cultured and harvested as 

previously described and then cell lysate treatments were performed by incubating 

lysate in MPER with vehicle alone control (0.5 % DMSO) or cyclic peptides (50 µM) 

for 4 h. Treated cell lysates were loaded to m7 GTP sepharose (GE Healthcare, 

discontinued) as previously described and subsequently analyzed by western blotting. 

 

Treatment of HeLa cell lysate with 50 µM cyclo LFLFCRRQ (Figure 84) did not effect 

the phosphorylation state of the 4EBPs and hypophosphorylated 4EBPs were found to 

preferentially associate with eIF4E bound to m7 GTP sepharose (compare lanes 5 and 6 

against lanes 3 and 4). 430 The quantities of all proteins within cell lysate (lanes 1 and 2) 

and m7 GTP resin unbound samples (lanes 3 and 4) appeared comparable. There was 

little significant difference observed between the quantity of m7 GTP resin bound 

eIF4G, PABP, eIF4A or 4EBP in the absence (lane 5) or presence (lane 6) of cyclo 

LFLFCRRQ. This is entirely inconsistent with the hypothesis that cyclo LFLFCRRQ 

inhibits the eIF4E / eIF4G interaction or the concomitant formation of the eIF4F 

complex on m7 GTP affinity resin.  

 

The same cyclo LFLFCRRQ or vehicle alone treated cell lysate samples were analyzed 

by western blotting with primary antibodies against eIF4G, PABP, eIF4A and eIF4E to 

determine the influence of the cyclic peptide on the eIF4E / eIF4G interaction (Figure 

85). The quantities of all proteins within cell lysate (lanes 1 and 2) and m7 GTP resin 

unbound samples (lanes 3 and 4) appeared comparable. m7 GTP sepharose bound 

proteins from vehicle alone treated control cell lysate (lane 5) were compared against 

resin bound proteins from cell lysate treated with cyclo LFLFCRRQ (lane 6).  The 

comparison revealed that cyclic peptide treatment did not significantly effect 

association of eIF4G, PABP, eIF4A and eIF4E with the affinity resin. This phenomenon 

is again inconsistent with the hypothesis that cyclo LFLFCRRQ inhibits the eIF4E / 

eIF4G interaction or the concomitant formation of the eIF4F complex on m7 GTP 

affinity resin. It is therefore highly probable that treatment of HeLa cell lysate with 

cyclo LFLFCRRQ fails to inhibit the eIF4E / eIF4G interaction. The identical result of 

cyclo LFLFCRRQ treatment on the eIF4E / eIF4G interaction within intact cells 
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(Figure 80, Figure 81) or within HeLa cell lysate (Figure 84, Figure 85) suggests that 

poor cell permeability was not a limiting factor.   

 

 
 

Figure 84: Representative western blot for eIF4G, PABP, eIF4A and 4EBP to 

analyze the effect of the treatment of HeLa cell lysate with 50 µM cyclo 

LFLFCRRQ on the assembly of the eIF4F complex. m7 GTP sepharose pull-down 
products were separated on a 12 % SDS-PAGE gel against a Pageruler 10-250 kDa 

ladder. Equal quantities of vehicle alone treated (lane 1) and cyclic peptide treated 
(lane 2) cell lysate were loaded to provide an indication of protein levels in cell 

lysate. Equal quantities of m7 GTP sepharose unbound protein for vehicle alone 

treated (lane 3) and cyclic peptide treated (lane 4) samples were loaded to visualize 
protein depletion via resin exposure. m7 GTP sepharose bound protein for vehicle 

alone treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to 

visualize the effect of compound treatment on eIF4G, PABP, eIF4A and 4EBP 
resin association. Resin washings from vehicle alone treated (lane 7) and cyclic 

peptide treated (lane 8) samples were loaded to visualize protein dissociation 
during wash steps.    
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Figure 85: Representative western blot for eIF4G, PABP, eIF4A and eIF4E to 
analyze the effect of the treatment of HeLa cell lysate with 50 µM cyclo 

LFLFCRRQ on the assembly of the eIF4F complex. m7 GTP sepharose pull-down 
products were separated on a 10 % SDS-PAGE gel against a Pageruler 10-250 kDa 

ladder. Equal quantities of vehicle alone treated (lane 1) and cyclic peptide treated 

(lane 2) cell lysate were loaded to provide an indication of protein levels in cell 
lysate. Equal quantities of m7 GTP sepharose unbound protein for vehicle alone 

treated (lane 3) and cyclic peptide treated (lane 4) samples were loaded to visualize 
protein depletion via resin exposure. m7 GTP sepharose bound protein for vehicle 

alone treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to 

visualize the effect of compound treatment on eIF4G, PABP, eIF4A and eIF4E 
resin association. Resin washings from vehicle alone treated (lane 7) and cyclic 

peptide treated (lane 8) samples were loaded to visualize protein dissociation 

during wash steps.    
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HeLa cell lysate was treated with vehicle alone control or 50 µM cyclo VYVVCRRQ, 

harvested and then subjected to m7 GTP pull-down assay and western blotting. 

Treatment of HeLa cell lysate with 50 µM cyclo VYVVCRRQ (Figure 86) did not 

effect the phosphorylation state of the 4EBPs and hypophosphorylated 4EBPs were 

found to preferentially associate with eIF4E bound to m7 GTP sepharose (compare lanes 

5 and 6 against lanes 3 and 4). 430 The quantities of all proteins within cell lysate (lanes 

1 and 2) and m7 GTP resin unbound samples (lanes 3 and 4) appeared comparable. 

There was little significant difference observed between the quantity of m7 GTP resin 

bound eIF4G, PABP, eIF4A or 4EBP in the absence (lane 5) or presence (lane 6) of 

cyclo VYVVCRRQ. This is entirely inconsistent with the hypothesis that cyclo 

VYVVCRRQ inhibits the eIF4E / eIF4G interaction or the concomitant formation of the 

eIF4F complex on m7 GTP affinity resin.  

 

The same cyclo VYVVCRRQ or vehicle alone treated cell lysate samples were 

analyzed by western blotting with primary antibodies against eIF4G, PABP, eIF4A and 

eIF4E to determine the influence of the cyclic peptide on the eIF4E / eIF4G interaction 

(Figure 87). The quantities of all proteins within cell lysate (lanes 1 and 2) and m7 GTP 

resin unbound samples (lanes 3 and 4) appeared comparable. It is once again interesting 

to note that despite the high affinity of the m7 GTP sepharose resin for eIF4E (lanes 5 

and 6), there is little evident depletion of eIF4E within resin unbound protein samples 

(lanes 3 and 4). m7 GTP sepharose bound proteins from vehicle alone treated control 

cell lysate (lane 5) were compared against resin bound proteins from cell lysate treated 

with cyclo VYVVCRRQ (lane 6).  The comparison revealed that cyclic peptide 

treatment did not significantly effect association of eIF4G, PABP, eIF4A and eIF4E 

with the affinity resin. This phenomenon is again inconsistent with the hypothesis that 

cyclo VYVVCRRQ inhibits the eIF4E / eIF4G interaction or the concomitant formation 

of the eIF4F complex on m7 GTP affinity resin. It is therefore highly probable that 

treatment of HeLa cell lysate with cyclo VYVVCRRQ fails to inhibit the eIF4E / eIF4G 

interaction. The identical result of cyclo VYVVCRRQ treatment on the eIF4E / eIF4G 

interaction within intact cells (Figure 82, Figure 83) or within HeLa cell lysate (Figure 

86, Figure 87) suggests that poor cell permeability was not a limiting factor.   

 

m7 GTP pull-down assays revealed little influence of cyclo LFLFCRRQ or cyclo 

VYVVCRRQ treatment on the eIF4E / eIF4G interaction and therefore no significant 
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disruption of eIF4F formation was observed. This result appeared to reproducible 

regardless of whether cyclic peptide treatment was performed on intact HeLa cells or on 

cell lysate. It is therefore probable that the cyclic peptides isolated by SICLOPPS 

screening do not disrupt the oncogenic PPI. 

 

 
 

Figure 86: Representative western blot for eIF4G, PABP, eIF4A and 4EBP to 

analyze the effect of the treatment of HeLa cell lysate with 50 µM cyclo 
VYVVCRRQ on the assembly of the eIF4F complex. m7 GTP sepharose pull-down 

products were separated on a 12 % SDS-PAGE gel against a Pageruler 10-250 kDa 
ladder. Equal quantities of vehicle alone treated (lane 1) and cyclic peptide treated 

(lane 2) cell lysate were loaded to provide an indication of protein levels in cell 

lysate. Equal quantities of m7 GTP sepharose unbound protein for vehicle alone 
treated (lane 3) and cyclic peptide treated (lane 4) samples were loaded to visualize 

protein depletion via resin exposure. m7 GTP sepharose bound protein for vehicle 
alone treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to 

visualize the effect of compound treatment on eIF4G, PABP, eIF4A and 4EBP 

resin association. Resin washings from vehicle alone treated (lane 7) and cyclic 
peptide treated (lane 8) samples were loaded to visualize protein dissociation 

during wash steps.    
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Figure 87: Representative western blot for eIF4G, PABP, eIF4A and eIF4E to 

analyze the effect of the treatment of HeLa cell lysate with 50 µM cyclo 
VYVVCRRQ on the assembly of the eIF4F complex. m7 GTP sepharose pull-down 

products were separated on a 10 % SDS-PAGE gel against a Pageruler 10-250 kDa 
ladder. Equal quantities of vehicle alone treated (lane 1) and cyclic peptide treated 

(lane 2) cell lysate were loaded to provide an indication of protein levels in cell 

lysate. Equal quantities of m7 GTP sepharose unbound protein for vehicle alone 
treated (lane 3) and cyclic peptide treated (lane 4) samples were loaded to visualize 

protein depletion via resin exposure. m7 GTP sepharose bound protein for vehicle 
alone treated (lane 5) and cyclic peptide treated (lane 6) samples were loaded to 

visualize the effect of compound treatment on eIF4G, PABP, eIF4A and eIF4E 

resin association. Resin washings from vehicle alone treated (lane 7) and cyclic 
peptide treated (lane 8) samples were loaded to visualize protein dissociation 

during wash steps.    
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11 Conclusions and future work 
The primary objective of this project was to develop novel inhibitors of cap-dependent 

translation by selectively targeting the oncogenic eIF4E / eIF4G PPI. SICLOPPS 

screening against the eIF4E / eIF4G RTHS isolated four potential inhibitors of the 

oncogenic PPI within E. coli (Table 4), which were subsequently synthesized by Fmoc 

SPPS. The MTT assay revealed that treatment with cyclo LFLFCRRQ (Figure 57) or 

cyclo VYVVCRRQ (Figure 58) elicited a dose-dependent reduction in the viability of 

MCF7 cells; an effect which is consistent with the inhibition of cap-dependent 

translation. The initial results from the luciferase assay were promising and indicated 

that cyclic peptide treatment inhibited the cap-dependent translation of Fluc from the 

PIC test reporter vector (Figure 69).  

 

However testing of cyclic peptides against the control vectors PAT test (Figure 70) and 

CAT test (Figure 71), suggested that compound treatment also suppressed cap-

independent translation to a minimal degree. Subsequent validation of these cyclic 

peptides by 35S methionine incorporation assay (Figure 74) revealed that there was little 

significant impact of cyclic peptide treatment on translation. This finding is consistent 

with the failure of cyclic peptides to disrupt the eIF4E / eIF4G interaction within the 

malignant environment. m7 GTP pull-down assays revealed that treatment of intact 

HeLa cells with cyclo LFLFCRRQ (Figure 80 and Figure 81) and cyclo VYVVCRRQ 

(Figure 82 and Figure 83) did indeed fail to disrupt the oncogenic PPI. Similar 

experiments performed on HeLa cell lysate revealed that cyclo LFLFCRRQ (Figure 84 

and Figure 85) and cyclo VYVVCRRQ (Figure 86 and Figure 87) failed to disrupt 

eIF4F complex formation, even when cell permeability was not a limiting factor. m7 

GTP pull down assays therefore revealed that treatment with two of the SICLOPPS 

derived cyclic peptides had no impact on the integrity of the eIF4E / eIF4G interaction. 

This result is consistent with the corresponding failure of cyclo LFLFCRRQ and cyclo 

VYVVCRRQ to significantly reduce translation rates by 35S methionine incorporation 

assay (Figure 74). It is therefore highly probable that the cyclic peptides isolated by 

SICLOPPS screening against the eIF4E / eIF4G RTHS, do not disrupt the oncogenic 

PPI. It is therefore probable that the eIF4E / eIF4G interaction within E. coli does not 

accurately mimic the PPI found within the malignant environment.  
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It is however conceivable that the failure of the Ssp inteins to efficiently splice cyclic 

peptides with the invariant ‘CRRQ’ motif (Figure 48) compromised the ability of 

SICLOPPS screening to isolate inhibitors of the eIF4E / eIF4G interaction. The failure 

of Ssp inteins to efficiently splice CRRQX4 inhibitors resulted in the screening of a 

library of peptide extein loops, whose conformation was constrained by interaction of IC 

and IN (Figure 48). It is therefore conceivable that the conformation of the peptide 

extein loop was not accurately mimicked by the conformation of the cyclic peptide that 

was synthesized by SPPS. To circumvent this issue, it is plausible that the Npu* inteins 

could be substituted for their Ssp counterparts during the construction of SICLOPPS 

libraries. 342 343 Chitin binding domain pull-down experiments have clearly demonstrated 

that the degree and rate of splicing of Npu* inteins is superior to that exhibited by Ssp 

inteins (Figure 48). During this project, it has also been shown that splicing of Npu* 

inteins is sufficient to restore RTHS colony viability on selective media (Figure 50). In 

addition, the degree of splicing of the Ssp intein has been shown to be greatly dependent 

on the extein sequence; a feature which is much less obvious for the Npu* intein 

(Figure 48). 342 The construction of pARCBD Npu* (Jaime Townend, unpublished 

work) therefore marks an advance towards the screening of cyclic peptide libraries that 

display reduced splicing bias depending on the sequence of the peptide extein.  

 

The Ssp intein has previously been shown to exhibit conditional splicing depending on 

the amino acid sequences present at the N and C-terminal splice junctions. 342 By 

contrast, the Npu* intein has previously been shown to tolerate a wide range of amino 

acids at the splice junctions. 342 The application of the Npu* intein to SICLOPPS 

screening would therefore facilitate the splicing of cationic amino acids in cyclic 

peptides to promote water solubility and cell permeability of the therapeutic. The 

project would benefit from the systematic determination of a minimal amino acid motif 

to promote cell permeability that is also compatible with Npu* intein mediated 

cyclization. This could be achieved by the synthesis of a family of homologous cyclic 

peptides that incorporate different motifs derived from known cell permeable peptides. 

The family of cyclic peptides could be tagged via maleimide or iodoacetamide 

conjugation to fluorescent dyes. Immortalized cell lines could then be treated with 

fluorescently tagged cyclic peptides and subsequently visualized by microscopy. Once 

this minimal cell penetrating epitope has been determined, SICLOPPS screening with 

Npu* inteins could be used to develop cyclic peptide inhibitors of intracellular PPIs.  
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The interaction of eIF4G with eIF4E is mediated by the α helical Y0D1R2X3F4L5X6 

domain of the scaffolding protein (Figure 7). 163 164 The evolution of the eIF4E binding 

helix into a peptide therapeutic has already been achieved via phage display and peptide 

stapling techniques. 170 171 However, it would be of interest to explore the possibility of 

incorporating the eIF4E binding motif of eIF4G / 4EBPs (Y0D1R2X3F4L5X6) into a cell 

permeable cyclic peptide. The incorporation of an α helix into a cyclic peptide ring 

introduces considerable strain, which may possibly reduce the percentage of peptide 

that displays the helical eIF4E binding motif. Reagrdless of this potential drawback, the 

comparison of the relative binding affinity of the linear Y0D1R2X3F4L5X6 peptide against 

its cyclic counterpart could reveal if a slightly strained α helix might exhibit improved 

binding to eIF4E.  

 

It may be relevant to pursue the development of a cyclic peptide inhibitor that 

incorporates the eIF4G derived ‘SDVVL’ motif that mediates a portion of the 

interaction of eIF4E with the scaffolding protein. 165 According to the published 

literature, the ‘SDVVL’ motif is unique to eIF4G, but is absent within 4EBPs. The 

selective inhibition of eIF4G binding to eIF4E with little or no impact on translational 

suppression by the 4EBPs represents a viable approach for the targeting of cap-

dependent translation. This methodology would have the advantage of not only 

suppressing cap-dependent translation via the disruption of the eIF4E / eIF4G 

interaction; but also by promoting the association of the 4EBPs with eIF4E.  
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12 Experimental procedures 

12.1 Preparation of molecular biology reagents 
All salts, acids and bases were obtained from Fisher Scientific unless otherwise stated.  

 

12.1.1 Antibiotics 

Antibiotic Master stock concentration Working concentration 

Carbenicillin 20 mg / ml 100 µg / ml 

Spectinomycin 10 mg / ml 50 µg / ml 

Kanamycin 10 mg / ml 50 µg / ml 

Chloramphenicol 10 mg / ml 35 µg / ml 

 

Table 5: Antibiotic stock solutions and final working concentrations used for 
selection against antibiotic resistance genes. Carbenicillin (Fisher Scientific, 

12737149), spectinomycin (Sigma Aldrich, 85555) and kanamycin (Fisher 

Scientific, 10031553) were weighed separately and added to a pre-sterilized falcon 
tube under aseptic conditions, prior to dilution in sterilized, distilled water. 

Chloramphenicol (Fisher Scientific, 227920250) was diluted in molecular biology 

grade ethanol (Sigma Aldrich, E7023). 

 

12.1.2 10 X Minimal media salts 

Reagent Quantity Working concentration 

Ammonium sulfate 10 g 76 mM 

Potassium phosphate monobasic 45 g 0.33 M 

Potassium phosphate dibasic 105 g 0.60 M 

Sodium citrate dihydrate 5.0 g 17 mM 

Sterile de-ionized water To 1 L total volume / 

 

Table 6: Composition of 10 X minimal media salt master mix. All reagents were 
weighed separately and added to a pre-sterilized bottle under aseptic conditions, 

prior to dilution in sterilized, distilled water. 
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12.1.3 LB media 

6.3 g of LB powder (Fisher Scientific, 10113293) was dissolved in 250 ml distilled 

water and autoclaved for 20 min at 115 °C.  

 

12.1.4 LB agar plates 

10 g of LB agar powder (Fisher Scientific, 12811660) was dissolved in 250 ml distilled 

water and autoclaved for 20 min at 115 °C. Allowed to cool to 50 °C prior to antibiotic 

addition and then swirled to ensure mixing. Poured into sterilized petri dishes and dried 

in an incubator for 30 - 60 min at 37 °C prior to use. 

 

12.1.5 Super optimal culture (SOC) media 

50 ml of LB media was supplemented with 0.50 ml of 1.0 M magnesium chloride / 

H2O, 0.50 ml of 2.0 M magnesium sulfate / H2O and 0.50 ml of 20 % sterile glucose 

(w/v) / H2O (Invitrogen, 19002-013). The solution was mixed by inversion and filtered 

through a sterile filter into 3.0 ml aliquots and stored at 4 °C until needed. 

 

12.1.6 Minimal media agar plates 
3.8 g of agar powder (Fisher Scientific, 10548030) was dissolved in 200 ml distilled 

water and autoclaved for 20 min at 115 °C. 10 X minimal media salts (25 ml), 1.0 M 

MgSO4 / H2O (250 µl) and 50 % sterile glycerol (v:v) / H2O (10 ml, Fisher Scientific, 

BP229) were added and used to cool the agar to 50 °C. Antibiotics, IPTG (Fisher 

Scientific, 10356553), arabinose (Sigma Aldrich, A3256) and 3-AT (Sigma Aldrich, 

A8056) were then added and sterile water used to bring the final volume to 250 ml. 

Poured into sterilized petri dishes and dried in an incubator for 30 - 60 min at 37 °C 

prior to use. 
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12.1.7 TBF1 buffer 

Reagent Quantity Working concentration 

Potassium acetate 0.59 g 30 mM 

Rubidium chloride 2.4 g 0.10 M 

Calcium chloride 0.29 g 10 mM 

Manganese chloride 2.0 g 50 mM 

Glycerol 30 ml 15 % v:v 

1.0 % Acetic acid (v:v) / H2O To pH 5.8 / 

Sterile de-ionized water To 0.20 L total volume / 

 

Table 7: Composition of TBF1 buffer for chemically competent cell preparation. 

All reagents were weighed separately and added to a pre-sterilized bottle under 

aseptic conditions, prior to dilution in sterilized, distilled water. Solution was 
sterile filtered and 10 ml aliquots were frozen at -80 °C and thawed on ice for 15 

min when needed. Reagents used were as follows: Glycerol (Fisher Scientific, 
BP229).  

 

12.1.8 TBF2 buffer 

Reagent Quantity Working concentration 

MOPS 0.21 g 10 mM 

Rubidium chloride 0.12 g 10 mM 

Calcium chloride 1.1 g 75 mM 

Glycerol 15 ml 15 % v:v 

2.0 M NaOH / H2O To pH 6.5 / 

Sterile de-ionized water To 0.10 L total volume / 

 

Table 8: Composition of TBF2 buffer for chemically competent cell preparation. 

All reagents were weighed separately and added to a pre-sterilized bottle under 
aseptic conditions, prior to dilution in sterilized, distilled water. Solution was 

sterile filtered and 1.0 ml aliquots were frozen at -80 °C and thawed on ice for 15 

min when needed. Reagents used were as follows: 4-morpholinepropanesulfonic 
acid (MOPS, Sigma Aldrich, M5162), Glycerol (Fisher Scientific, BP229).  
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12.1.9 SDS-PAGE 2 X loading buffer 

Reagent Quantity Working concentration 

Bromophenol blue 10 mg 0.34 mM 

1.0 M Tris.HCl / H2O pH 6.8 2.5 ml 60 mM 

20 % SDS (v:v) / H2O 5.0 ml 2.3 % (v:v) 

50 % Glycerol (v:v) / H2O 10 ml 11 % (v:v) 

1.0 M DTT / H2O  1.3 ml 30 mM 

Water 25 ml / 

 

Table 9: Composition of 2 X sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) loading buffer. 10 % (v:v) of β-mercapto ethanol 

(BME, Sigma Aldrich, M6250) was added to 90 % (v:v) SDS-PAGE loading buffer, 
immediately prior to use. Reagents used were as follows: bromophenol blue (Sigma 

Aldrich, 114391), tris(hydroxymethyl)aminomethane hydrochloride (Tris.HCl, 

Fisher Scientific, 10060390), SDS (Fisher Scientific, 10607633), Glycerol (Fisher 
Scientific, BP229), dithiothreitol (DTT, Sigma Aldrich, 43816). 

 

12.1.10 SDS-PAGE 5 X running buffer stock 

Reagent Quantity Working concentration 

Tris base 15 g 0.12 M 

Glycine 94 g 1.3 M 

10 % SDS (v:v) / H2O 50 ml 0.50 % (v:v) 

Water To 1.0 L total volume / 

 

Table 10: Composition of 5 X sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) running buffer stock solution. 1 X SDS-PAGE 

running buffer was made via a one in five dilution of the stock solution with 
distilled water. Reagents used were as follows: tris(hydroxymethyl)aminomethane 

base (Tris base, Fisher Scientific, 10376743), glycine (Fisher Scientific, 10080160), 

SDS (Fisher Scientific, 10607633). 
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12.1.11 SDS-PAGE running gel 

% gel 10 % 12 % 15 % 

Reagent Volume / ml Volume / ml Volume / ml 

Water 12 10 7.2 

1.5 M Tris.HCl / H2O pH 8.8 7.5 7.5 7.5 

20 % SDS (w/v) / H2O 0.15 0.15 0.15 

Acrylamide / Bis acrylamide 

(30 % / 0.80 % w/v) 

9.9 12 15 

10 % APS (w/v) / H2O 0.15 0.15 0.15 

TEMED 0.020 0.020 0.020 

 

Table 11: Composition of sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) running gels. N, N, N’, N’-
tetramethylethylenediamine (TEMED) and ammonium persulfate (APS) were 

added last to initiate acrylamide polymerization and the gel was then immediately 
loaded onto the mould. The stacking gel was leveled via the addition of ~ 300 µl of 

isopropyl alcohol (IPA), before being left to set for 30 min. The unsolidified IPA / 

acrylamide top layer was removed with water. Reagents used were as follows: 
tris(hydroxymethyl)aminomethane hydrochloride (Tris.HCl, Fisher Scientific, 

10060390), SDS (Fisher Scientific, 10607633), acrylamide / bis acrylamide (30 % / 
0.80 % w/v, Fisher Scientific, 12381469), TEMED (Fisher Scientific, 10689543). 
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12.1.12 SDS-PAGE stacking gel 

Reagent Volume / ml 

Water 4.8 

0.50 M Tris.HCl / H2O pH 6.8 2.0 

10 % SDS (w/v)/ H2O 0.16 

Acrylamide/ Bis acrylamide 

(30 % / 0.80 % w/v) 

1.0 

10 % APS (w/v) / H2O 0.080 

TEMED 0.020 

 

Table 12: Composition of sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) stacking gel. N, N, N’, N’-
tetramethylethylenediamine (TEMED) and ammonium persulfate (APS) were 

added last to initiate acrylamide polymerization and the gel was then immediately 

loaded onto the top of the running gel, prior to being left to set for 30 min with a 10 
well comb. Reagents used were as follows: tris(hydroxymethyl)aminomethane 

hydrochloride (Tris.HCl, Fisher Scientific, 10060390), SDS (Fisher Scientific, 
10607633), acrylamide / bis acrylamide (30 % / 0.80 % w/v, Fisher Scientific, 

12381469), TEMED (Fisher Scientific, 10689543).  

 

12.1.13 1 X Coomassie protein stain solution 

Reagent Quantity Working concentration 

Coomassie Brilliant Blue 1.0 g  1.2 mM  

Acetic acid 0.10 L  10 % (v:v) 

MeOH 0.50 L 50 % (v:v) 

Water To 1.0 L total volume / 

 

Table 13: Composition of 1 X sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) coomassie protein stain solution. Reagents used were 

as follows: coomassie brilliant blue (Sigma Aldrich, B0770), methanol (MeOH, 
Fisher Scientific, 10365710). 
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12.1.14 1 X Coomassie protein de-stain solution 

Reagent Quantity Working concentration 

Acetic acid 0.10 L 10 % (v:v) 

MeOH 0.20 L 20 % (v:v) 

Water To 1.0 L total volume / 

 

Table 14: Composition of 1 X sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) coomassie protein de-stain solution. Reagents used 

were as follows: methanol (MeOH, Fisher Scientific, 10365710). 

 

12.1.15 Z buffer 

Reagent Quantity Working concentration 

1.0 M Potassium Chloride / H2O 0.50 ml 10 mM 

Sodium phosphate monobasic  0.28 g 40 mM 

Sodium phosphate dibasic  0.80 g 40 mM 

1.0 M Magnesium sulfate / H2O 50 µl  1.0 mM 

BME 140 µl  40 mM 

0.10 % SDS (w:v) / H2O 2.5 ml 0.20 mM 

Chloroform 2.5 ml 0.60 M 

1.0 M HCl To pH 7.0 / 

Sterile de-ionized water To 50 ml total volume / 

 

Table 15: Composition of Z buffer used for cell lysis during Ortho-nitrophenyl- β-
galactoside (ONPG) assay. All reagents were measured separately and added to a 

pre-sterilized falcon tube under aseptic conditions, prior to dilution in sterilized, 
distilled water. Reagents used were as follows: β-mercapto ethanol (BME, Sigma 

Aldrich, M6250), sodium dodecyl sulfate (SDS, Fisher Scientific, 10607633), 

chloroform (Fisher Scientific, 10102190). 
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12.1.16 50 X TAE buffer 

Reagent Quantity Working concentration 

Tris base 0.24 kg 2.0 M 

0.50 M EDTA / water 0.10 L 50 mM 

Acetic acid 57 ml 1.0 M 

NaOH To pH 8.0 / 

Sterile de-ionized water To 1.0 L total volume / 

 

Table 16: Composition of agarose gel electrophoresis 50 X running buffer stock 

solution. 1 X TAE, agarose gel electrophoresis running buffer was made via a one 
in fifty dilution of the 50 X stock solution with distilled water. Reagents used were 

as follows: tris(hydroxymethyl)aminomethane base (Tris base, Fisher Scientific, 
10376743), ethylenediaminetetraacetic acid (EDTA, Fisher Scientific, 10030140). 

 

12.1.17 Chitin buffer 

Reagent Quantity Working concentration 

Tris.HCl 1.6 g 20 mM 

Sodium chloride 15 mg 0.50 mM 

TCEP 0.14 g 1.0 mM 

NaOH To pH 7.8 / 

Sterile de-ionized water To 0.50 L total volume / 

 

Table 17: Composition of chitin buffer used for purification and analysis of intein 

splicing. All reagents were weighed separately and added to a pre-sterilized bottle 

under aseptic conditions, prior to dilution in sterilized, distilled water. Reagents 
used were as follows: tris(hydroxymethyl)aminomethane hydrochloride (Tris.HCl, 

Fisher Scientific, 10060390), tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 
Sigma Aldrich, C4706).  
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12.2 Preparation of competent cells 
 

12.2.1 Preparation of chemically competent cells 
Two 25 ml portions of freshly prepared LB media with antibiotics at appropriate 

concentrations (Table 5) were infected with two 250 µl aliquots (1.0 %) of an E. coli 

culture and subsequently incubated at 37 °C until an OD600 of between 0.50 and 0.70 

was achieved. Cells were cooled on ice for 15 – 30 min and then pelleted via 

centrifugation for 15 min at 3100 rotations per minute (rpm) and the supernatant was 

discarded. Cell pellet was re-suspended in 1.0 ml TBF1 buffer (Table 7) per tube, 

followed by dilution via addition of another 4.0 ml TBF1 buffer (Table 7) each. Cells 

were pelleted via centrifugation for 15 min at 3100 rpm and the supernatant was 

discarded. During centrifugation, 25 PCR tubes were cooled on dry ice for 15 min. Cell 

pellet was carefully re-suspended in 1.0 ml TBF2 buffer (Table 8) per tube prior to 

combining the cells into one tube. Cells were snap frozen into 100 µl aliquots prior to 

cooling on dry ice for 15 min. Chemically competent cells were then frozen at -80 °C 

and thawed for 15 min on ice when needed. 

 

12.2.2 Preparation of electro-competent cells 

2.5 ml (1.0 %) of an E. coli culture was added to 250 ml L of sterile SOC media 

containing antibiotics at appropriate concentrations. The culture was incubated at 37 °C 

for 2 - 4 h until an OD600 of between 0.50 and 0.70 was achieved and then cooled on ice 

for 15 - 30 min. Cells were pelleted via centrifugation for 15 min at 3100 rpm and the 

supernatant was discarded. Cell pellet was re-suspended in 250 ml of ice cold 10 % 

Glycerol (v:v) / H2O (Fisher Scientific, BP229) solution (v:v), then centrifuged at 4000 

rpm for 15 min at 4 °C, prior to discarding the supernatant. This glycerol cycle was 

repeated with 125 ml, 50 ml, 25 ml and 10 ml washes. Cells were re-suspended in 2 ml 

of ice-cold glycerol and snap frozen into 100 µl aliquots as for the chemically 

competent cells. Electro-competent cells were then frozen at -80 °C and thawed on ice 

when needed. 
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12.3 Biochemical procedures 
 

12.3.1 Plasmid mini-prep 

LB liquid media (10 ml) was added to a falcon tube followed by addition of antibiotics 

at appropriate concentrations. A sterile micropipette tip was used to transfer cells from a 

stock culture maintained at -80 °C or from colonies on an agar plate, to the LB media. 

Strains were then cultured at an appropriate temperature (normally 37 °C, but 30 °C for 

strains carrying plasmids with temperature sensitive origins of replication) in the 

presence of antibiotics at appropriate concentrations (Table 5) for 16 h. Library stocks 

were obtained from these cultures via the addition of 0.90 ml of LB culture to 0.10 ml 

of DMSO (Fisher Scientific, BP231), prior to storage at  -80 °C. E. coli cells containing 

vectors were pelleted via centrifugation for 15 min at 3100 rpm. The supernatant was 

discarded and plasmid DNA extracted using a plasmid miniprep kit (Genejet miniprep 

kit, Thermo Scientific, K0503) according to the manufacturers instructions. Plasmid 

elution was achieved via addition of 50 µl of molecular biology grade water (Fisher 

Scientific, BP28191) to the column, which was then left to elute for 30 min to 1 h. 

Centrifugation for 2.0 min at 13000 rpm yielded purified plasmid in water.  

 

12.3.2 PCR 440 

Typically, PCR utilized an annealing temperature gradient to maximize the chances of 

gene amplification. Eight 50 µl PCR amplifications were set up on ice and mixed via 

gentle pipetting, each consisting of: 

 

10 µl vortexed 5 X green GoTaq reaction buffer (Promega, M7911) 

4.0 µl 10 mM 2’-Deoxynucleotide 5’-triphosphates (dNTPs, Promega, U1420) 

2.0 µl forward primer (Table 18), 10 pmol / µl  

2.0 µl reverse primer (Table 18), 10 pmol / µl  

1.0 µl of DNA template (50 - 150 ng / µl ) 

31 µl molecular biology grade water (Fisher Scientific, BP28191) 

0.50 µl GoTaq flexi DNA polymerase, 5.0 units / µl (Promega, M8295) 
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PCR samples were amplified according to the protocol below: 

Heat initialization- 1 x 2.0 min at 95 °C 

Followed by 40 cycles of: 

Denaturation- 60 seconds (s) at 95 °C 

Annealing- 60 s at 50 - 65 °C gradient over 8 samples 

Extension- time dependent on amplicon length (1.0 min / 1.0 kb) at 72 °C  

Followed by a final elongation of: 

Final elongation- 5.0 min at 72 °C 

Cooling- 60 min at 4 °C 

 

PCR samples were analyzed via agarose gel electrophoresis and samples containing the 

expected PCR amplicons were combined and purified via spin column (Genejet PCR 

purification kit, Thermo Scientific, K0701) according to the manufacturers instructions. 

 

12.3.3 REN digestions 441 

Digestions of vector and insert DNA were performed in parallel and set up on ice 

according to the following 50 µl NEB protocol: 

 

1.0 mg of template DNA (vector or insert)  

1.0 µl REN1 (10000-20000 units / ml, NEB) 

1.0 µl REN2 (10000-20000 units / ml, NEB) 

5.0 µl NEB buffer X  (10 X buffer, NEB) 

x µl molecular biology grade H2O (to 50 µl total volume, Fisher Scientific, BP28191) 

 

The NEB double digest finder was utilized to optimize buffers and REN compatibility 

(https://www.neb.com/tools-and-resources/interactive-tools/double-digest-finder) and 

high fidelity (HF) RENs were utilized when available. Digestions were performed 16 h 

at 37 °C in a warm water bath. Excess enzyme was added when RENs were not 100 % 

active in a given buffer. Digested products were then purified via either spin column 

(inserts) or via agarose gel electrophoresis (vector backbones) on a 0.80 - 1.0 % (w:v) 

agarose gel. In the latter case, digested DNA (50 µl) was applied to agarose gel wells 

with 10 µl of 5 X green GoTaq reaction buffer (Promega, M7911) for visualization. 

Discrete intense bands were visualized under ultra violet (UV) light and the gel excised 

with a razor blade. Agarose gel fragments were weighed and then solubilized in 2 
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equivalents of gel binding buffer (e.g. 100 mg : 200 µl) at 60 °C for 10 min with regular 

vortexing. Digested DNA was then purified via spin column (Genejet gel extraction kit, 

Thermo Scientific, K0691) and eluted in 35 µl of molecular biology grade water (Fisher 

Scientific, BP28191). 

 

12.3.4 Agarose Gel electrophoresis 442 
Agarose powder (Fisher Scientific, BP160) was dissolved in 200 ml of 1 X TAE buffer 

(Table 16) by heating in a microwave and then 2 - 4 drops of ethidium bromide solution 

(Fisher Scientific, 10688294, 0.625 mg / ml) were mixed into the gel solution. Agarose 

gel was poured into a mould to set for 30 min with an appropriate comb to create 

sample wells. Samples were run against a log2 DNA ladder (NEB, N3200L) at 100 mV 

for 30 - 60 min. 

 

12.3.5 Ligations 443 
Ligation mixtures (10 µl) were set up on ice as below and mixed by gentle pipetting.  

 

1.5 µl vortexed T4 DNA ligase buffer (Promega, C1263) 

100 ng Digested vector backbone DNA  

X ng Digested insert DNA (variable molar insert : vector ratios, typically 3:1 and 6:1) 

X µl molecular biology grade H2O (to 10 µl total volume, Fisher Scientific, BP28191) 

1.0 µl T4 DNA ligase (Promega, M1801) 

 

Ligations were performed for 16 h at 16 °C, prior to transformation. Control ligations 

were performed with molecular biology grade water instead of insert DNA to establish 

the frequency of digested plasmid re-ligation. Insert quantities were calculated using the 

equation below: 

 

     
ng of vector × size of insert

size of vector   × molar ratio of insert : vector = ng of insert 
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12.3.6 Transformation of chemically competent cells 444 
Plasmid transformation was achieved by defrosting 100 µl cell aliquots on ice for 15 

min. 5.0 µl of purified plasmid, ligation mix or ligation control was then added to the 

cell aliquots. Cells were mixed via flicking, prior to incubation on ice for 30 min. Cells 

were then heat shocked at 42 °C for 40 s, prior to cooling on ice for 2.0 min. Cells were 

then added to 895 µl warmed SOC media (37 °C) and incubated at 37 °C with agitation 

for 60 min. 100 µl (10 %) of each SOC recovery culture was then plated on agar plates 

with appropriate antibiotic concentrations (Table 5) and incubated for 16 h at 37 °C. 

 

12.3.7 Transformation of plasmids into electro-competent cells 224 

Plasmid transformation was achieved by defrosting 100 µl cell aliquots on ice for 15 

min. 5.0 µl of purified plasmid, ligation mix or ligation control was then added to the 

cell aliquots. Cells were mixed via flicking, prior to electroporation using a Bio-Rad 

Micropulser. 895 µl ice-cold SOC media were immediately added and mixed by 

cautious micro pipetting. SOC recovery cultures were incubated at 37 °C with agitation 

for 60 min. 100 µl (10 %) of each SOC recovery culture was then plated on agar plates 

with appropriate antibiotic concentrations (Table 5) and incubated for 16 h at 37 °C. 

 

12.3.8 Colony PCR 
A colony PCR master mix was set up on ice by multiplying the number of colonies to 

be assessed by the single 9.8 µl mix below: 

 

6.3 µl molecular biology grade H2O (Fisher Scientific, BP28191)  

2.0 µl vortexed 5 X green GoTaq reaction buffer (Promega, M7911) 

1.0 µl fresh dNTPs, 10 mM (Promega, U1420) 

0.25 µl forward primer (Table 18), 10 pmol / µl  

0.25 µl reverse primer (Table 18), 10 pmol / µl  

0.050 µl GoTaq flexi DNA polymerase, 5.0 units / µl (Promega, M8295) 

 

The master mix was mixed by gentle pipetting and then aliquoted into 9.8 µl portions in 

PCR tubes. A single bacterial colony was then added to each PCR tube with a sterile 

micropipette tip from the agar plate. PCR samples were amplified according to the 

protocol below: 
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Heat initialization- 1 x 6.0 min at 94 °C 

Followed by 35 cycles of: 

Denaturation- 60 s at 94 °C 

Annealing- 60 s at primer dependent temperature (50 - 65 °C) 

Extension- time dependent on amplicon length (1.0 min / 1.0 kb) at 72 °C 

Followed by a final elongation of: 

Final elongation- 10 min at 72 °C 

Cooling- 60 min at 4 °C 

 

PCR samples were analyzed via agarose gel electrophoresis and samples containing the 

expected amplicons were sent for DNA sequencing (Eurofins) to confirm successful 

cloning of the desired construct. 

 

12.3.9 SDS-PAGE 445 
SDS-PAGE gels were made in batches as previously described (Table 11, Table 12) 

and stored in cling film and wet paper towel at 4 °C until needed. Immediately prior to 

use, 10 % (v:v) of BME (Sigma Aldrich, M6250) was added to 90 % (v:v) SDS-PAGE 

loading buffer (Table 9), then 15 µl of each protein sample were mixed with 15 µl of 2 

X SDS-PAGE loading buffer (Table 9). The mix was then heated in a PCR machine at 

100 °C for 10 min to denature protein, prior to loading 25 µl of each mix to the wells of 

the SDS-PAGE gel. SDS-PAGE gels were loaded into a mini protean tetra cell (Bio 

Rad: 165-8000), which was then filled with SDS running buffer made via a one in five 

dilution of the 5 X stock (Table 10). Samples were then run at 150 V for 45 - 50 min 

(10 % gel) or 60 - 70 min (12 % gel) to separate proteins. Gels were then stained with 

Coomassie blue protein dye stain (Table 13) for 5.0 – 8.0 min with agitation and then 

rinsed with cold water and de-stained in 50 ml of Coomassie protein de-stain solution 

(Table 14) for 120 min. Gels were then washed repeatedly with water and visualized in 

a square petri dish, using an Epson scanner. 
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12.4 Peptide chemistry techniques 
 

12.4.1 Fmoc SPPS  
Pre loaded Fmoc-amino acid-Wang resins were purchased from Nova-Biochem or 

Matrix Innovation Inc. and pre swollen in 50 % DCM (v:v) / DMF for 30 min with 

agitation prior to synthesis. 294 349 Fmoc α-amino protected amino acids were utilized 

with the following side chain protecting groups; Cys(StBu), His(Trt), Gln(Trt), 

Arg(Pbf), Tyr(tBu). 346 357 358 359 350 360  

 

12.4.2 Peptide synthesis 
Fmoc deprotection was achieved via exposure to 10 ml of 20 % piperidine (v:v) (Sigma 

Aldrich, 80640) / DMF at room temperature (RT) for 4.0 and 8.0 min respectively. 

Resin was then washed with 4 x 10 ml DMF (Fisher Scientific, D/3840/17) prior to 

coupling. Coupling was achieved using 3 molar equivalents (eq.) Fmoc-Nα protected 

amino acid (Nova-Biochem or Matrix Innovations Inc.), 3 eq. HOBt (Sigma Aldrich, 

54802) and 3 eq. DIC (Sigma Aldrich, D125407, all eq. relative to 1 eq. of resin bound 

amine) dissolved in 3.0 – 5.0 ml DMF for 3 h at RT. 352 Resin was then washed with 4 x 

10 ml DMF and coupling completion confirmed via free amine test. 

 

12.4.3 Kaiser free amine test 354 

Following amino acid coupling, the resin was washed with 4 x 10 ml DMF and then a 

few resin beads (ca. 10) were transferred to a glass vial. 4 drops of 0.020 mM KCN 

(Sigma Aldrich, 207810) / pyridine (Sigma Aldrich, 270970) and 1 drop of 0.30 M 

ninhydrin (Sigma Aldrich, N4876) / ethanol (Sigma Aldrich, E7023) were then added 

and the mixture was heated at 140 °C for 4.0 min. Primary amines yield the 

characteristic deep blue colouration due to formation of Ruhemann’s purple, in stark 

contrast to acylated amine groups that yield colourless to light yellow beads. 

 

12.4.4 TNBS free amine test 355 

Following amino acid coupling, the resin was washed with 4 x 10 ml DMF and then a 

few resin beads (ca. 10) were transferred to a glass vial containing 10 drops of 10 % N, 

N-diisopropylethylamine (v:v) (DIPEA, Sigma Aldrich, 496219) / DMF. 1-2 drops of a 
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0.20 M solution of picrylsulfonic acid (Sigma Aldrich, 92822) in 20% H2O (v:v) / DMF 

were then added and mixed for 2.0 min. Resin beads were then washed with DMF and 

visually inspected. Primary amines yield the red colouration of the conjugated 

trinitrophenylamine, in stark contrast to acylated amine groups that yield colourless to 

light yellow beads. 

 

12.4.5 Peptide resin cleavage 

Peptide resins were dried via 3 cycles of 1 x 10 ml DCM (Fisher Scientific, D/1850/17) 

followed by 1 x 10 ml Et2O (Fisher Scientific, D/2400/17) washes. Resins were then 

exposed to 10 ml of cleavage cocktail consisting of 95 % TFA (Sigma Aldrich, T6508), 

2.5 % TIS (Sigma Aldrich, 233781), 2.5 % H2O (v:v:v) for 3 h at RT, prior to filtration 

to remove the resin from the peptide / TFA solution. TFA was rotary evaporated to 

minimum volume until a cloudy solution was obtained. The resulting suspension was 

then co-evaporated with 10 ml DCM x 3 and 10 ml MeOH x 3 (MeOH, Fisher 

Scientific, M/4056/17) prior to crashing the peptide from solution with Et2O. Crude 

peptide was then washed with 3 x 25 ml Et2O and frozen at -20 °C prior to analysis via 

MS. 

 

12.4.6 Cys(StBu) deprotection 
Cys(StBu) protected peptide (100 mg) was dissolved in DMF (3.0 ml) and 0.10 M 

(NH4)2CO3 / H2O (2.0 ml, Fisher Scientific, 10710292) was added and stirred under 

argon for 5.0 min to degas the solution. DTT (20 eq., Fisher Scientific, R0862) was 

dissolved in 0.10 M (NH4)2CO3 / H2O (1.0 ml) and added to the peptide solution. 

Solution was stirred under argon for 2 h and the final pH determined via pH paper (pH 

~ 9). The pH was adjusted to pH ~ 3 with concentrated TFA and the solution volume 

reduced via rotary evaporation prior to purification by RP-HPLC. 

 

12.4.7 Peptide cyclization in solution 

Linear Cys(StBu) protected peptide (100 mg) was dissolved in DMF (100 ml) and 

stirred under argon. EDC (10 eq., Sigma Aldrich, 03450) with HOBt (10 eq.) in DMF 

(2.0 ml) was added drop wise to the stirred solution and left to react for 64 h. Water (2.0 

ml) was then added and the solution was stirred for 30 min under argon to destroy 

excess carbodiimide. The resulting solution was rotary evaporated to dryness and the 
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peptide precipitated with three Et2O washes. Peptide was dried under argon in 

preparation for Cys(StBu) deprotection. 

 

12.4.8 Peptide cyclization on resin 369 
Fmoc-Glu(CO2H)-ODmab (2 eq., Nova-Biochem, 852077) was added to (Benzotriazol-

1yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP, 3 eq., Matrix 

Innovations Inc., 1-025-0001) and DIPEA (6 eq.) and then dissolved in DMF (4.0 ml). 
368 The coupling solution was agitated via argon bubbling for 6 h with H-Rink amide 

Chemmatrix resin (Sigma Aldrich, 727768) and coupling completion was checked via 

TNBS test. Fmoc SPPS of the linear peptide was performed as previously described. 

H2N-linear peptide-Glu(resin)-ODmab was swollen in a sinter funnel in DMF for 30 

min. Resin was treated with 5 x 3.0 ml aliquots of 2.0 % hydrazine monohydrate (v:v) 

(Sigma Aldrich, 207942) / DMF for 3.0 min per aliquot. Resin was washed with 5 mM 

NaOH in 50 % water (v:v) / MeOH for 3 h to eliminate residual hydrazine. 370 Resin 

was washed for 1.0 min each with 5 x 10 ml aliquots of MeOH, followed by 5 x 10 ml 

aliquots of DMF. Resin was further washed for 1.0 min each with 5 x 10 ml aliquots of 

DCM, followed by 5 x 10 ml aliquots of DMF. H2N-peptide-Glu(resin)-CO2H was 

transferred to a round bottomed flask and EDC (10 eq.) with HOAt (10 eq., Carbosynth, 

FH14135) in DMF was added. Reaction was stirred for 18 h at RT, prior to washing for 

1.0 min each with 4 x 10 ml DMF. Cyclisation was confirmed via TNBS test and the 

peptide was cleaved from the resin as previously described and purified via RP-HPLC. 

 

12.4.9 Peptide purification via RP-HPLC 

Peptides were dissolved in appropriate amounts of TFA, acetonitrile (MeCN, Fisher 

Scientific, A/0627/17), DMF and water prior to RP-HPLC purification. RP-HPLC 

utilized a binary solvent system consisting of solution A (0.1 % TFA / water) and B (0.1 

% TFA / MeCN). Peptides were manually injected via the Waters Flex inject system 

into a RP-HPLC system consisting of a Waters 1525 binary pump coupled to a Waters 

2998 photodiode array detector. Peptides were purified using a Waters Atlantis prep, 

T3, amide capped C18, 5 µm, 19 x 100 mm column at 17 ml / min for 20 min. Elution 

was monitored at 220 nm (peptide backbone) and 280 nm (aromatic amino acids, Trp 

and Tyr) and fractions were collected by hand and analyzed by ESI+ MS. Fractions 

were lyophilized and stored at -20°C. 
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12.5 Mammalian cell culture techniques 
 

12.5.1 Passaging MCF-7 cells 

Adherent MCF-7 cells were cultured in T75 tissue culture treated flasks (Fisher 

scientific: 10492371) in 12 ml Dulbecco’s modified eagle medium (DMEM, Life 

technologies: 42430-025), supplemented with 1.0 % Penicillin / Streptomycin (v:v) 

(P/S, Life technologies: 15140-122) and 10 % Fetal bovine serum (v:v) (FBS, US 

origin, Life technologies: 10082-147) at 37 °C with 5.0 % CO2 (Referred to as DMEM 

complete). Spent DMEM complete was removed from the T75 flask and discarded. Cell 

surface was washed with 10 ml PBS (Life technologies: 10010-015) and then the PBS 

was discarded. Adherent cells were suspended via the addition of 1.5 ml 0.050 % 

Trypsin (Life technologies: 25300054) and incubated at 37 °C with 5.0 % CO2 for 5.0 

min. Trypsin was neutralized via the addition of 10.5 ml DMEM complete and mixed 

with a stripette with tapping of the flask to loosen adherent cells. Cell clumps were 

separated via forceful stripette extrusion with rotation, which was repeated three times. 

Cells were diluted into fresh DMEM complete in a fresh T75 flask and mixed via 

rocking. The volume of DMEM complete in each T75 flask was maintained at a 

constant 12 ml and the cells were maintained at 37 °C with 5.0 % CO2 in a Heracell 

150i CO2 incubator (Thermo Scientific: 51026280). Cells were manipulated in an Aura 

2000 B.S. (Bioair instruments) material safety cabinet to maintain sterility. 

 

12.5.2 Passaging HeLa cells 

Adherent HeLa cells were cultured in T75 tissue culture treated flasks (Fisher scientific: 

10492371) in 12 ml DMEM (Life technologies: 42430-025), supplemented with 10 % 

FBS (v:v) (South American origin, Fisher Scientific, Hyclone, SV30160.03) at 37 °C 

with 5.0 % CO2 (Referred to as DMEM complete). Spent DMEM complete was 

removed from the T75 flask and discarded. Cell surface was washed with 10 ml PBS 

(Life technologies: 10010-015) and then the PBS was discarded. Adherent cells were 

suspended via the addition of 2.0 ml TrypLE (Life technologies: 12605-010) and 

incubated at 37 °C with 5.0 % CO2 for 5.0 min. TrypLE was neutralized via the addition 

of 8.0 ml DMEM complete and mixed with a stripette with tapping of the flask to 

loosen adherent cells. Cell clumps were separated via forceful stripette extrusion with 

rotation, which was repeated three times. Cells were diluted into fresh DMEM complete 
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in a fresh T75 flask and mixed via rocking. The volume of DMEM complete in each 

T75 flask was maintained at a constant 12 ml and the cells were maintained at 37 °C 

with 5.0 % CO2 in a Heracell 150i CO2 incubator (Thermo Scientific: 51026280). Cells 

were manipulated in a Hera material safety cabinet to maintain sterility. 

 

12.5.3 Cell counting 
Washed and re-suspended cells were mixed thoroughly with a stripette and 200 µl of 

DMEM with cells were removed into an epindorf tube and mixed three times with a 

1000 µl pipette tip. The cell suspension was further mixed 10 times with a 100 µl 

pipette tip, immediately prior to removal of 2 x 10 µl samples for cell counting. Cells 

were counted using a Neubauer improved bright line haemocytometer (0.0025 mm2, 

Marienfeld, 06 400 30). All four counting grid corners were quantified for both 

counting grids, prior to determination of cell number/ml via the formula below: 

 

Number of cells per ml = 10000 ×
Average count of grids A and B

4   

 

12.5.4 Bradford assay 439 

A BSA standard curve was assembled via addition of 0, 3, 6, 12, 18 or 24 µl of 0.50 mg 

/ ml BSA (made via a one in forty dilution of 20 mg / ml BSA, NEB, B9000S) to 600 µl 

of one in five diluted Bio-Rad protein assay dye concentrate (Bio-Rad, 5000006). BSA 

solutions equated to concentrations (c) of 0, 0.50, 1.0, 2.0, 3.0 and 4.0 mg / ml and were 

used as calibration standards to determine the molar extinction coefficient (ε) of the 

Bradford equation. 3.0 µl of treated or untreated cell lysate was then added to 600 µl of 

one in five diluted Bio-Rad protein assay dye concentrate and mixed via vortex. Protein 

samples or BSA standards (150 µl) were then added in triplicate to a clear colourless 96 

well plate, maintaining a constant path length (l). Protein absorbance was measured at 

630 nm (A630) and background at 405 nm (A405), which was used to correct samples for 

plate background. Protein concentration in treated and untreated cell lysates was 

determined according to the Bradford equation below: 

 

A630 - A405 = ε × c × l  
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12.6 Experiment specific procedures 
 

12.6.1 Primer list 

 Primer 

name  

5’ to 3’ sequence 

A) eIF4E XhoI 

Fw 

GTTGTTCTCGAGATGGCGACTGTCGAACCGGAAACC 

B) eIF4E KpnI 

Rev 

GTTGTTGGTACCTTAAACAACAAACCTATTTTTAG 

C) eIF4G SalI 

Fw 

GTTGTTGTCGACATGGCCTTCAAGGAGGCGAACC 

D) eIF4G SacI 

Rev 

GTTGTTGAGCTCTCATTCGGTCATTAACACTGTG 

E) C5X BglI 

Fw 

GGAATTCGCCAATGGGGCGATCGCCCACAATTGC 

NNSNNSNNSNNSNNSTGCTTAAGTTTTGGC 

F) CRRQ5X 

BglI Fw 

GGAATTCGCCAATGGGGCGATCGCCCACAATTGC 

CGCGCCAGNNSNNSNNSNNSNNSTGCTTAAGTTTTGGC 

G) CRRQ4X 

BglI Fw 

GGAATTCGCCAATGGGGCGATCGCCCACAATTGC 

CGCCGCCAGNNSNNSNNSNNSTGCTTAAGTTTTGGC 

H) CBD 

HindIII Rev 

GGAATTCAAGCTTTCATTGAAGCTGCCACA 

I) Zipper BglI 

Fw 

GGAATTCGCCAATGGGGCGATCGCC 

1) P1 GGAATCAATGCCTGAGTG 

2) P2 ACTTAACGGCTGACATGG 

3) P3 ACGAGTATCGAGATGGCA 

4) P4 GGCATCAACAGCACATTC 

 

Table 18: PCR primer table. REN sites are indicated in green, start and stop 

codons in blue with regions complementary to the target gene highlighted in red.   
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12.6.2 Construction of pTHCP14 eIF4E 
eIF4E was amplified from a pcDNA eIF4E storage vector via extension PCR with 

primers A and B (Table 18), using an annealing temperature gradient of 50 – 65 °C and 

an extension time of 1.0 min. PCR products were analyzed via agarose gel 

electrophoresis on a 0.80 % gel and purified via spin column (Genejet gel extraction kit, 

Thermo Scientific, K0691)  according to the manufacturers instructions. PCR products 

and pTHCP14 were subsequently digested with XhoI (1.0 µl, NEB, R0146S) and KpnI 

HF (1.0 µl, NEB, R3142S) in cut smart buffer (5.0 µl, 10 X, NEB, B7204S) for 2 h at 

37 °C. Digested eIF4E insert and pTHCP14 backbone were purified via agarose gel 

electrophoresis on a 1.0 % gel as previously described. Digested eIF4E insert was 

ligated at insert : vector molar ratios of  4 : 1 and 7 : 1 between the XhoI and KpnI sites 

of pTHCP14 at 4 °C for 16 h. Ligation mixtures were transformed into chemically 

competent DH5α cells and plated onto LB agar plates with 100 µg / ml carbenicillin at 

37 °C for 16 h. Carbenicllin resistant colonies containing the eIF4E gene were identified 

via colony PCR with primers A and B (Table 18), using an annealing temperature of 55 

°C and an extension time of 1.0 min. Construction of pTHCP14 eIF4E was verified via 

DNA sequencing (Eurofins).  

 

12.6.3 Construction of pTHCP14 eIF4E / eIF4G 
eIF4G was amplified from a pcDNA eIF4G storage vector via extension PCR with 

primers C and D (Table 18), using an annealing temperature gradient of 50 – 65 °C and 

an extension time of 1.0 min. PCR products were analyzed via agarose gel 

electrophoresis on a 1.0 % gel and purified via spin column (Genejet gel extraction kit, 

Thermo Scientific, K0691)  according to the manufacturers instructions. PCR products 

and pTHCP14 eIF4E were subsequently digested with SacI HF (1.0 µl, NEB, R3156S) 

and SalI HF (1.0 µl, NEB, R3138S) in cut smart buffer (5.0 µl, 10 X, NEB, B7204S) for 

2 h at 37 °C. Digested eIF4G insert and pTHCP14 eIF4E backbone were purified via 

agarose gel electrophoresis on a 0.80 % gel as previously described. Digested eIF4G 

insert was ligated at insert : vector molar ratios of  3 : 1 and 6 : 1 between the SacI and 

SalI sites of pTHCP14 eIF4E at 4 °C for 16 h. Ligation mixtures were transformed into 

chemically competent DH5α cells and plated onto LB agar plates with 100 µg / ml 

carbenicillin at 37 °C for 16 h. Carbenicllin resistant colonies containing the eIF4E gene 

were identified via colony PCR with primers C and D (Table 18), using an annealing 
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temperature of 55 °C and an extension time of 1.0 min. Construction of pTHCP14 

eIF4E / eIF4G was verified via DNA sequencing (Eurofins).  

 

12.6.4 Construction of pAH68 eIF4E / eIF4G 
pTHCP14 eIF4E / eIF4G was transformed into chemically competent GM2929 cells 

(methylation negative strain of E. coli) and re-extracted via plasmid mini prep to ensure 

non-methylated DNA for REN digestion. pTHCP14 eIF4E / eIF4G was subjected to a 

triple digest with SacI HF (1.0 µl, NEB, R3156S), BspHI (1.0 µl, NEB, R0517S) and 

MscI (1.0 µl, NEB, R0534S) in cut smart buffer (5.0 µl, 10 X, NEB, B7204S) for 2 h at 

37 °C. BspHI was included to degrade the unwanted pTHCP14 vector backbone and 

enable separation of the desired insert from the pTHCP14 vector backbone. pAH68 was 

subjected to a sequential double digest in cut smart buffer (5.0 µl, 10 X, NEB, B7204S), 

initially with SmaI (1.0 µl, NEB, R0141S) at 25 °C for 2 h, followed by digestion at 37 

°C for 2 h with SacI HF (1.0 µl, NEB, R3156S). Digested insert and pAH68 backbone 

were purified via agarose gel electrophoresis on a 0.80 % gel as previously described. 

Digested insert was ligated at insert : vector molar ratios of  1 : 1, 2 : 1 and 3 : 1 

between the SmaI and SacI sites of pAH68 at 4 °C for 16 h. Ligation mixtures were 

transformed into chemically competent DH5α pir protein positive cells and plated onto 

LB agar plates with 100 µg / ml carbenicillin at 37 °C for 16 h. Carbenicllin resistant 

colonies containing the eIF4E (Table 18: primers A and B) and eIF4G (Table 18: 

primers C and D) genes were identified via colony PCR, using an annealing temperature 

of 50 °C and an extension time of 3.0 min. Construction of pAH68 eIF4E / eIF4G was 

verified via DNA sequencing (Eurofins).  

 

12.6.5 Integration of pAH68 eIF4E / eIF4G into SNS126 

pAH69 was transformed into electro-competent SNS126 cells and plated onto LB agar 

plates with 100 µg / ml carbenicillin and 25 µg / ml spectinomycin at 30 °C for 16 h. 

Freshly transformed pAH69 SNS126 cells were cultured in SOC media with 100 µg / 

ml carbenicillin and 25 µg / ml spectinomycin at 30 °C for 16 h. 2.5 ml (1.0 %) of the 

pAH69 SNS126 culture was added to 250 ml of sterile SOC media with 100 µg / ml 

carbenicillin and 25 µg / ml spectinomycin. The culture was incubated at 30 °C until an 

OD600 of ~ 0.30 was achieved, whereupon the culture was transferred to incubation in a 

42 °C water bath for 30 min with agitation. It should be noted that the use of an air 
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incubator for this step provided poor heat transfer and insufficient expression of phage 

integrase for successful integration. Once an OD600 of ~ 0.70 was achieved, the cells 

were cooled on ice for 15 min. Cells were pelleted at 4 °C via centrifugation for 15 min 

at 3100 rpm and the supernatant was discarded. Cell pellet was re-suspended in 250 ml 

of ice cold 10 % Glycerol (v:v) / H2O (Fisher Scientific, BP229) solution, then 

centrifuged at 4000 rpm for 15 min at 4 °C, prior to discarding the supernatant. This 

glycerol cycle was repeated with 125 ml, 50 ml, 25 ml and 10 ml washes. Cells were re-

suspended in 2.0 ml of ice-cold glycerol and snap frozen into 100 µl aliquots as for the 

chemically competent cells. Electro-competent cells were then frozen at -80 °C and 

thawed on ice when needed. 

 

pAH69 SNS126 electro-competent cells were defrosted on ice for 15 min and 2.0 µl of 

pAH68 or pAH68 eIF4E / eIF4G was then added to the cell aliquots. Cells were mixed 

via flicking, prior to electroporation using a Bio-Rad Micropulser. Ice cold SOC media 

(895 µl) was immediately added and mixed by cautious micro-pipetting. SOC recovery 

cultures were incubated at 32 °C with agitation for 1 h, followed by 42 °C with agitation 

for 1 h. Once again, the use of a warm water bath incubator was essential, as the use of 

an air incubator provided poor heat transfer and insufficient expression of phage 

integrase for successful integration. The previously constructed CtBP RTHS was 

recovered in tandem with pAH68 and pAH68 eIF4E / eIF4G integrations, as a positive 

control for colony PCR. 10 µl (1.0 %), 1.0 µl (0.10 %) or 0.10 µl (0.010 %) of each 

SOC recovery mixture was then plated on agar plates with 50 µg / ml carbenicillin, 25 

µg / ml kanamycin and 25 µg / ml spectinomycin and incubated at 37 °C for 16 h. 

Colony PCR with primers 1, 2, 3 and 4 (Table 18), was used to identify single 

integrants of pAH68 derivatives into the HK022 site of SNS126. Colony PCR was 

performed with an annealing temperature of 59 °C and an extension time of 1.0 min and 

the resulting amplicons were analyzed via agarose gel electrophoresis on a 0.80 % gel. 

Colonies that exhibited amplicons indicative of integration were subsequently analyzed 

for eIF4E / eIF4G genes via colony PCR with primers A, B (Table 18: for eIF4E) and 

C, D (Table 18: for eIF4G). Colony PCR was performed with an annealing temperature 

of 59 °C and an extension time of 1.0 min and the resulting amplicons were analyzed 

via agarose gel electrophoresis on a 0.80 % gel. 
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12.6.6 Validation of the eIF4E / eIF4G RTHS via drop spotting 
Colonies of the eIF4E / eIF4G RTHS that exhibited PCR amplicons consistent with 

successful integration were selected for validation. eIF4E / eIF4G RTHS candidates 

were cultured in LB media with 50 µg / ml carbenicillin, 25 µg / ml spectinomycin at 37 

°C for 16 h. The previously constructed CtBP RTHS was cultured for 16 h in an 

identical manner, as a positive control. pAH69 SNS126 cells were cultured in LB media 

with 100 µg / ml carbenicillin, 25 µg / ml spectinomycin at 30 °C for 16 h, as a negative 

control. E. coli cultures (20 µl) were serially diluted into 10 % sterile glycerol (v:v) / 

H2O (180 µl) to give 10-1, 10-2, 10-3, 10-4, 10-5and 10-6 dilutions of each culture. Serial 

dilutions (2.5 µl) were drop spotted onto minimal media agar containing a range of 

antibiotic, IPTG and 3-AT concentrations and incubated at 30 °C for 66 h.  

 

12.6.7 ONPG assay 

The eIF4E / eIF4G and the CtBP RTHS were cultured for 16 h at 37 °C in LB media 

with 50 µg / ml carbenicllin and 25 µg / ml spectinomycin. pAH69 SNS126 was 

cultured for 16 h at 30 °C in LB media with 100 µg / ml carbenicllin and 25 µg / ml 

spectinomycin to preserve pAH69. Six replicates of LB media (3.0 ml) with 50 µg / ml 

carbenicllin and 25 µg / ml spectinomycin were inoculated with 30 µl (1.0 %) of each 

E. coli culture (eIF4E / eIF4G RTHS, SNS126 pAH69 and CtBP RTHS, 18 x 3.0 ml 

cultures in total) and cultured at 30 °C until an OD600 ~ 0.40 was achieved. Each 3.0 ml 

culture was then sub-divided into three 1.0 ml cultures to provide three independent 

data points. Each set of three 1.0 ml cultures was induced with a different concentration 

of IPTG (0, 10, 25, 50, 100 and 250 µM) and cultured at 30 °C until an OD600 ~ 0.70 

was achieved. All samples were placed on ice and the OD600 recorded.  

 

0.30 ml of each induced culture was added to 0.40 ml Z buffer (Table 15) and vortexed 

for 10 s to ensure cell lysis. Samples were pre-incubated at 37 °C for 1.0 min prior to 

addition of ONPG (Sigma Aldrich, 73660, 4.0 mg / ml aqueous solution, 200 µl). 

Reactions were timed and allowed to proceed until visible yellow colouration 

developed, whereupon solutions were quenched with 1.0 M Na2CO3 (500 µl, aqueous) 

to denature β-galactosidase. OD420 (λmax of ortho-nitrophenol) readings were recorded 

relative to an LB media alone blank and β-galactosidase activity was determined 

according to the Miller equation below:  
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β-galactosidase activity=
1000 × OD420

(Reaction time × Culture volume × OD600) 
  

 

12.6.8 Construction of pARCBD encoded SICLOPPS libraries 

A portion of the intein pre-splicing construct (IC-extein-IN-CBD, lacking the N-terminus 

of IC) was amplified from between the BglI and HindIII REN sites of pARCBD Ssp via 

PCR with forward primer E, F or G and reverse primer H (Table 18). The first PCR 

step of library construction was annealed at 55 °C for 60 s and elongated at 72 °C for 90 

s. PCR products were analyzed via agarose gel electrophoresis on a 1.0 % gel and 

purified via spin column (Genejet gel extraction kit, Thermo Scientific, K0691) 

according to the manufacturers instructions. The second (zipper) PCR was performed in 

an identical fashion, except that forward primer I and reverse primer H were used 

(Table 18). Zipper PCR products were analyzed via agarose gel electrophoresis on a 1.0 

% gel and purified via spin column (Genejet gel extraction kit, Thermo Scientific, 

K0691) according to the manufacturers instructions. It is important to note that a 55 °C 

annealing temperature for both PCR steps was found to be absolutely critical for the 

isolation of SICLOPPS libraries with sufficient diversity for screening.  

 

pARCBD (42 µl, ~ 8000 ng) and zipper PCR products (42 µl, ~ 8000 ng) were 

subjected to REN digestion with BglI (2.0 µl, NEB, R0143S)  and HindIII (1.0 µl , 

NEB, R0104S) in NEB buffer 2 (5.0 µl, 10 X, NEB, B7002S)  at 37 °C for 16 h. RENs 

were inactivated via incubation at 80 °C for 20 min, prior to cooling on ice for 20 min. 

Thermostable alkaline phosphatase (TSAP, 2.0 µl, Promega, M9910) was added to the 

pARCBD digest and incubated at 37 °C for 1 h to dephosphorylate the digested plasmid 

backbone and minimize vector re-ligation. TSAP was inactivated via incubation at 80 

°C for 20 min, prior to cooling on ice for 20 min. Digested zipper PCR products were 

analyzed via agarose gel electrophoresis on a 1.0 % gel and purified via spin column 

(Genejet gel extraction kit, Thermo Scientific, K0691) according to the manufacturers 

instructions. Digested pARCBD was purified via agarose gel electrophoresis on a 0.80 

% gel as previously described.  

 

Digested insert was ligated at insert : vector molar ratios of  3 : 1, 6 : 1, 9 : 1, 12 : 1 and 

15 : 1 between the BglI and HindIII sites of pARCBD at 16 °C for 16 h. T4 DNA ligase 

(Promega, M1801) was inactivated via incubation at 70 °C for 10 min, prior to cooling 
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on ice for 20 min. Ligations were combined and dialyzed against sterile molecular 

biology grade water (200 ml, Fisher Scientific, BP28191) using V-series drop dialysis 

membranes (Merck Millipore, VSWP02500) for 3 – 6 h. It should be noted that failure 

to dialyze ligation mixtures severely impaired transformation efficiency due to arching 

of electric current during transformation into electro-competent cells. The reduction of 

salt concentration in ligation mixtures was found to be absolutely essential for obtaining 

SICLOPPS libraries with sufficient diversity for screening. 

 

Minimal media SICLOPPS library construction plates containing 5.0 mM 3-AT, 50 µg / 

ml kanamycin, 25 µg / ml spectinomycin, 35 µg /ml chloramphenicol, 50 µM IPTG and 

6.5 µM arabinose were prepared in advance. Dialyzed ligation mixture was transformed 

into electro-competent eIF4E / eIF4G RTHS cells and recovered in SOC media (1.0 ml) 

in a warm water bath incubator at 37 °C for 1 h 15 min. A sample of SOC recovery 

culture (20 µl) was serially diluted with sterile SOC media to give solutions 

representing 10-4, 10-5, 10-6 and 10-7 dilutions of the recovery culture. The remaining 

SOC recovery culture (980 µl) was pelleted via centrifugation at 3100 rpm for 15 min 

and ~ 900 µl of the supernatant was removed. Meanwhile, LB agar plates with 35 µg / 

ml chloramphenicol and SICLOPPS library plates were pre-warmed at 37 °C for 10 min 

prior to plating. Pelleted cells were re-suspended in the remaining ~ 100 µl of SOC 

media, plated onto SILCOPPS library construction plates and incubated at 37 °C for 90 

h. Each SOC recovery culture dilution was plated onto LB agar plates with 35 µg / ml 

chloramphenicol and incubated at 37 °C for 16 h. The number of colonies on each 

dilution plate provided an estimate of the diversity of the SICLOPPS library and hence 

the percentage of theoretically possible cyclic peptides that had been successfully 

encoded into pARCBD Ssp.  

 

12.6.9 Screening of pARCBD encoded SICLOPPS libraries 
96 colonies were picked from SICLOPPS library construction plates and cultured in LB 

media with 35 µg /ml chloramphenicol in a 96 well plate (Greiner, 655180) at 37 °C for 

16 h. E. coli cultures (20 µl) were serially diluted into 10 % sterile glycerol (v:v) / H2O 

(180 µl) to give 10-1, 10-2, 10-3, 10-4, 10-5 and 10-6 dilutions of each culture. Four minimal 

media agar SICLOPPS screening plates were prepared with 5.0 mM 3-AT, 50 µg / ml 

kanamycin, 25 µg / ml spectinomycin, 35 µg /ml chloramphenicol and varying 

concentrations of IPTG and arabinose. Plate 1 lacked both IPTG and arabinose and 
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functioned as a control plate in which both expression of RTHS repressor fusion 

proteins and expression of the pARCBD Ssp encoded cyclic peptides was repressed. 

Plate 2 contained 50 µM IPTG but lacked arabinose and functioned as a control plate in 

which expression of RTHS repressor fusion proteins was induced. Plate 3 contained 6.5 

µM arabinose but lacked IPTG and functioned as a control plate in which expression of 

the pARCBD Ssp encoded cyclic peptides was induced. Plate 4 contained both 50 µM 

IPTG and 6.5 µM arabinose and functioned as a test plate to determine the dependence 

of the growth of the eIF4E / eIF4G RTHS on the presence of a functional cyclic peptide 

inhibitor of the PPI. Serial dilutions (2.5 µl) were drop spotted onto four minimal media 

agar plates containing a range of IPTG and arabinose concentrations and incubated at 37 

°C for 90 h.  

 

Colony growth of serial dilutions on plate 2 (50 µM IPTG, 0 µM arabinose) was 

compared to the corresponding growth of dilutions on plate 1 (0 µM IPTG, 0 µM 

arabinose) to confirm inhibition of growth of the eIF4E / eIF4G RTHS upon exposure 

to IPTG. Colony growth of serial dilutions on plate 3 (0 µM IPTG, 6.5 µM arabinose) 

was compared to the corresponding growth of dilutions on plate 1 (0 µM IPTG, 0 µM 

arabinose) to confirm that the arabinose induced expression of cyclic peptides from 

pARCBD Ssp was not toxic to E. coli Colony growth of serial dilutions on plate 2 (50 

µM IPTG, 0 µM arabinose) was compared to the corresponding growth of dilutions on 

plate 4 (50 µM IPTG, 6.5 µM arabinose). SICLOPPS screening candidates exhibited 

arabinose induced restoration of colony growth in the presence of IPTG. SICLOPPS 

candidates were cultured in LB media (10 ml) with 35 µg / ml chloramphenicol at 37 °C 

for 16 h and the pARCBD plasmid extracted via mini prep.  

 

12.6.10 Secondary screening of SICLOPPS candidates 

SICLOPPS screening candidates were re-transformed into the eIF4E / eIF4G RTHS and 

drop spotting repeated on SICLOPPS screening plates to confirm phenotypic retention. 

Identical SICLOPPS candidates were transformed in parallel into a previously 

constructed heterodimeric control RTHS. pARCBD vectors in the heterodimeric control 

RTHS were drop spotted onto SICLOPPS screening plates in an identical fashion to 

those re-transformed into the eIF4E / eIF4G RTHS.  
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Colonies that displayed phenotypic retention in the eIF4E / eIF4G RTHS were 

hypothesized to contain pARCBD derivatives that encoded potential cyclic peptide 

inhibitors of the eIF4E / eIF4G interaction and were identified as secondary screening 

candidates. SICLOPPS secondary screening candidates were further refined as those 

that exhibited arabinose induced restoration of growth in the presence of IPTG; 

specifically in the eIF4E / eIF4G RTHS, but not in the control RTHS. This back 

screening procedure helped to eliminate false positives caused by pARCBD derivatives 

that encoded inhibitors of the interaction of ‘P22’ or 434 with the chimeric DNA 

operator. Such false positives exhibited arabinose dependent growth restoration in the 

presence of IPTG, in both the control and the eIF4E / eIF4G RTHS.  Secondary 

screening candidates from all library screens were ranked via drop spotting onto 

SICLOPPS screening plates followed by incubation at 37 °C for 90 h. 

 

12.6.11 Chitin bead pull-down intein splicing assay 
pARCBD derivatives encoding potential cyclic peptide inhibitors of the eIF4E / eIF4G 

interaction were isolated via mini prep and re-transformed into the eIF4E / eIF4G 

RTHS. pARCBD derivatives in the eIF4E / eIF4G RTHS were cultured in LB media 

with 25 µg / ml spectinomycin and 35 µg / ml chloramphenicol at 37 °C for 16 h. In 

parallel pARCBD Ssp and pARCBD Npu* derivatives encoding the Hypoxia inducible 

factor (HIF) inhibitor (P1) and cyclo CRRQVYVH were cultured identically in the HIF 

RTHS or the eIF4E / eIF4G RTHS respectively. 250 ml of LB media with 25 µg / ml 

spectinomycin and 35 µg / ml chloramphenicol was inoculated with 2.5 ml (1.0 %) of 

each E. coli culture and cultured at 37 °C until an OD600 = 0.50 - 0.70 was achieved. 

Expression of the intein pre-splicing construct (IC-extein-IN-CBD), was induced with 

arabinose (3.3 mM) and cultures were incubated at 37 °C for 3 h. Cells were harvested 

by centrifugation at 3100 rpm for 15 min at 4 °C and then frozen at -80 °C. Cell pellets 

were thawed on ice for 15 min, re-suspended in chitin buffer (Table 17: 5.0 ml) and 

incubated at 4 °C for 15 min. Cell lysis was completed via three 1.0 min sonication 

cycles and insoluble lysate was separated by centrifugation at 8000 rpm for 45 min at 4 

°C. Soluble cell lysate was filtered through 0.22 µm sterile syringe filters (Fisher 

Scientific, 10565022) and kept on ice. Soluble cell lysate was loaded to chitin beads 

(200 µl, NEB, S6651S, pre-equilibrated with chitin buffer, Table 17: 2 x 5.0 ml) at 4 °C 

for 2 h with agitation. Beads were washed with chitin buffer (Table 17: 4 x 5.0 ml, 15 

min per aliquot) and pelleted by centrifugation at 2500 rpm for 15 min at 4 °C. 
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Supernatant washings were discarded and intein splicing was allowed to proceed on the 

affinity beads at 25 °C for 16 h. Resin bound proteins were eluted in SDS-PAGE 

loading buffer (Table 9) at 100 °C and analyzed on a 15 % gel.  

 

12.6.12 MTT  assay 376 

MCF-7 cells were trypsinized and re-suspended as previously described and counted as 

above. Cells were appropriately diluted with DMEM complete to yield stock solutions 

of the required concentrations (25000 cells / ml). Cell dilutions (200 µl, 5000 cells per 

well) were mixed with a strippette immediately prior to plating. Cells were plated in 

triplicate for all samples in addition to the vehicle alone controls. 96 well plates plate 

(Corning: 3596, VWR: 734-1794) were incubated at 37 °C with 5.0 % CO2 for 24 h to 

allow cells to adhere to the plate. Spent DMEM complete was removed with a P1000 

and replaced with fresh DMEM complete (198 µl), to which was added 50 % DMSO / 

water (vehicle alone control, 2.0 µl, final DMSO concentration ~ 0.5 %) or peptide 

dissolved in 50 % DMSO / water (test compound, 2.0 µl, final DMSO concentration ~ 

0.5 %). 96 well plates were incubated at 37 °C with 5.0 % CO2 for 24 h to allow cell 

dosage. Spent DMEM complete was removed with a P1000 and the cells were washed 

with ~ 200 µl PBS. DMEM without phenol red (Clear DMEM, Life technologies: 

21063-029) was supplemented with 1.0 % P/S (v:v) (Life technologies: 15140-122) and 

10 %  FBS (v:v) (US origin, Life technologies: 10082-147) to generate clear DMEM 

complete. 100 µl of clear DMEM complete was added to all cell wells. 4.0 mg of MTT 

(Sigma Aldrich: M5655-100 mg) was weighed into a sterile epindorf tube (covered in 

foil as MTT is light sensitive) and 0.80 ml PBS (37 °C) was added. MTT was dissolved 

by pipetting up and down ten times followed by a 2.0 – 5.0 min vortex, which yielded a 

12 mM solution. 10 µl of 12 mM MTT / PBS solution was then added to all wells and 

mixed via agitation. 96 well plates were incubated in the dark at 37 °C with 5.0 % CO2 

for 4 h to allow dosage of cells with MTT and metabolism to insoluble purple formazan. 

Cells were visualized under a microscope after MTT treatment to ensure formation of 

purple precipitate. Spent clear DMEM complete with MTT was removed, prior to 

solubilisation of formazan with 100 µl of DMSO. 380 The 96 well plate was wrapped in 

foil to protect the MTT assay from light, prior to quantification on an Infinite M200 Pro 

(Tecan) plate reader. 
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12.6.13 Construction of luciferase assay vectors 
pRAF (Apaf-1 IRES source, 5000 ng), pRMF (c-Myc IRES source, 5000 ng), pRemcvF 

(EMCV IRES source, 5000 ng) and pRhrvF (HRV IRES source, 5000 ng) were 

subjected to REN digestion with SpeI HF (1.0 µl, NEB, R3133S) and SgrAI (1.0 µl, 

NEB, R0603S) in cut smart buffer (6.0 µl, 10 X, NEB, B7204S) for 3 h 30 min at 37 

°C. RENs were inactivated via incubation at 80 °C for 20 min, prior to cooling on ice 

for 20 min. Excised SpeI / IRES / Fluc / SgrAI DNA fragments were purified via 

agarose gel electrophoresis on a 1.0 % gel as previously described. Four PIC test (5000 

ng) digests were performed in parallel with SpeI HF (1.0 µl, NEB, R3133S) and SgrAI 

(1.0 µl, NEB, R0603S) in cut smart buffer (6.0 µl, 10 X, NEB, B7204S) for 3 h 30 min 

at 37 °C. RENs were inactivated via incubation at 80 °C for 20 min, cooled on ice for 

20 min and then purified via agarose gel electrophoresis on a 1.0 % gel as previously 

described. Digested SpeI / IRES / Fluc / SgrAI inserts were ligated at insert : vector 

molar ratios of 3 : 1 and 6 : 1 between the SpeI and SgrAI sites of PIC test at 16 °C for 

16 h. Ligation mixtures were transformed into chemically competent DH5α cells and 

plated onto LB agar plates with 100 µg / ml carbenicillin at 37 °C for 16 h. Carbenicllin 

resistant colonies containing the desired SpeI / IRES / Fluc / SgrAI inserts were 

identified by test digestion for REN sites within IRES sequences, which was performed 

as follows. Four colonies of each IRES containing PIC test vector derivative were 

cultured with 100 µg / ml carbenicillin at 37 °C for 16 h and the plasmid extracted by 

miniprep as previously described. PAT test (Apaf-1 IRES, 2500 ng) was subjected to 

REN digestion with BglII (0.25 µl, NEB, R0144S) in NEB buffer 3.1 (1.5 µl, 10 X, 

NEB, B7203S) with molecular biology grade H2O (to 6 µl total volume, Fisher 

Scientific, BP28191) for 3 h 45 min at 37 °C. CAT test (c-Myc IRES, 2500 ng) was 

subjected to REN digestion with BamHI (0.25 µl, NEB, R0136S) in NEB buffer 3.1 

(1.5 µl, 10 X, NEB, B7203S) with molecular biology grade H2O (to 6 µl total volume, 

Fisher Scientific, BP28191) for 3 h 45 min at 37 °C. MAT test (HRV IRES, 2500 ng) or 

HAT test (HRV IRES, 2500 ng) were subjected to REN digestion with HindIII (0.25 µl, 

NEB, R0104S) in NEB buffer 2.1 (1.5 µl, 10 X, NEB, B7202S) with molecular biology 

grade H2O (to 6 µl total volume, Fisher Scientific, BP28191) for 3 h 45 min at 37 °C. 

REN test digestion samples were subsequently analyzed by agarose gel electrophoresis 

on a 1.0 % gel to identify colonies that contained PIC test vectors with the desired IRES 

candidates inserted 5’ to the Fluc gene. Construction of PAT test (Apaf-1 IRES), CAT 
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test (c-Myc IRES), MAT test (EMCV IRES) and HAT test (HRV IRES) was verified 

via DNA sequencing (Eurofins).  

 

12.6.14 Luciferase assay  
HeLa cells were trypsinized and re-suspended as previously described and counted as 

above. Cells were appropriately diluted with DMEM complete to yield stock solutions 

of the required concentrations (25000 cells / ml). 200 µl of this cell stock (5000 cells) 

was then plated in triplicate for each treatment in a 96 well plate (Corning: 3596, VWR: 

734-1794). 96 well plates were incubated at 37 °C with 5.0 % CO2 for 16 h to allow 

cells to adhere to the plate.  

 

Plasmids for transfection (PIC test, PAT test, CAT test, MAT test and HAT test) were 

isolated via maxi-prep (Genejet maxiprep kit, Fisher Scientific, 11551645) and the 

DNA eluted in filter sterilized, molecular biology grade water (Fisher Scientific, 

BP28191). 394 1.0 µg of plasmid was needed to transfect 100000 cells, so each well 

(5000 cells) required 50 ng of plasmid for effective transfection. Briefly, sufficient 

plasmid to transfect all required wells was added to a sterile epindorf tube, diluted to < 

100 ng / µl with sterile, molecular biology grade water (to ensure that the DNA would 

not precipitate upon addition to transfection reagent) and mixed via gentle pipetting. For 

every µg of DNA, 3.0 µl of Genejuice transfection reagent (Merck, 70967-3) were 

required. A sterile epindorf was set up in the flow hood and (100-X) µl of DMEM 

(without FBS or P/S as they interfere with transfection complex formation) was added. 

X µl of Genejuice (3.0 µl per µg of DNA) was then carefully added, without touching 

the sides of the epindorf tube (as plastic inactivates transfection reagents) and mixed via 

a 3 s vortex, prior to a 5.0 min incubation at RT. Premixed plasmid DNA solution was 

then added to the tube, mixed carefully by pipetting and incubated for 40 min at RT.  

 

Meanwhile spent DMEM complete was removed from the 96 well plate using a one tip 

per well rule, to minimize cross well contamination. The total volume of the 

transfection master mix was then made up to 5.0 µl per well (for example 40 wells 

requires a total volume of 200 µl) by adding DMEM (without FBS or P/S) to the 

epindorf tube followed by careful pipette mixing. Diluted transfection mix (5.0 µl) was 

then added to each well and mixed via a gentle north, south, east, west (NSEW) motion. 

96 well plates were incubated at 37 °C with 5.0 % CO2 for 48 h to allow plasmid 
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transfection. Spent transfection mix was removed (using a one tip per well rule) and the 

cell monolayer washed with PBS. Fresh DMEM complete (200 µl per treated well) was 

supplemented with vehicle alone control (0.50 % DMSO), 5.0 µM PP242, 500 nM 

rapamycin, 500 µM 4EGi, 35 µM cycloheximide, 1.0 µM thapsigargin or 50 µM cyclic 

peptide and then added to treated wells in triplicate. Inhibitor dosage was performed 

over four hours during which 96 well plates were incubated at 37 °C with 5.0 % CO2. 

Spent DMEM complete was removed (using a one tip per well rule) and the cell 

monolayer washed once with PBS (~ 200 µl). Spent PBS was removed and discarded 

(using a one tip per well rule). Cells were lysed via addition of 20 µl of 1X Passive 

Lysis Buffer (PLB, Promega, E194, using a one tip per well rule) to each well of the 96 

well plate followed by lysis on ice on a rocker for 15 min. 5.0 µl of each well’s cell 

lysate was transferred to an opaque white 96 well plate and quantified on a Glomax 

multi detection system luminometer (Promega) using a Dual luciferase reporter assay 

system kit (Promega, E1980). 25 µl of each reagent was used to quantify each well, 

using a 2 s delay and a 10 s read time. 

 

Data points were corrected for plate background by subtracting readings for wells 

containing lysed non-transfected cells. The ratio of background corrected Firefly to 

Renilla luciferase signal is calculated in isolation to correct for differing plasmid 

transfection efficiencies. The ratios of Fluc to Rluc were averaged over triplicate 

treatment repeats within each experiment and then normalized to the average of 

triplicate vehicle alone controls. Triplicate averages from each of three experimental 

repeats were then averaged and the standard deviation of the repeats determined.  

 

12.6.15 35S Methionine / Cysteine Incorporation assay 

HeLa cells were trypsinized and re-suspended as previously described and counted as 

above. Cells were appropriately diluted with DMEM complete to yield stock solutions 

of the required concentrations (80 000 cells / ml). 5.0 ml of this cell stock (400 000 

cells) was then plated in a tissue culture treated 6.0 cm dish. The dish was mixed via a 

gentle north, south, east, west (NSEW) motion (to ensure even cell monolayer) and then 

incubated at 37 °C with 5.0 % CO2 24 h to allow cells to adhere to the dish. Spent 

DMEM complete was removed and the cell monolayer washed once with PBS (~ 10 

ml). Fresh DMEM complete (5.0 ml) was supplemented with vehicle alone control 

(0.50 % DMSO), 5.0 µM PP242, 500 nM rapamycin, 500 µM 4EGi, 35 µM 
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cycloheximide, 1.0 µM thapsigargin or 50 µM cyclic peptide and then added to the dish 

prior to incubation at 37 °C with 5.0 % CO2 for 4 h. All treatments were staggered by 

exactly 90 s to allow pulse labeling of each dish with 35S Methionine for exactly 30 min. 

After 3 h 30 min of the 4 h treatment, 3.5 ml of conditioned treated media was removed 

and mixed with 5.0 µl of 35S Methionine / Cysteine solution (Perkin Elmer, Expre35S35S 

protein labeling mix, NEG072). The remaining 1.5 ml of conditioned treated media was 

removed from the dish and discarded. 3.2 ml of conditioned treated media 

supplemented with 35S Methionine / Cysteine was then returned to the appropriate 6.0 

cm dish and incubated at 37 °C with 5.0 % CO2 for 30 min. Spent media was then 

removed and the cell monolayer washed with 800 µl PBS. Cell monolayer in PBS was 

rapidly placed on ice to terminate translation, until all treatments were ready for harvest. 

Cells were scraped into an epindorf and separated via centrifugation for 5.0 min at 2000 

g at 4 °C. The supernatant was discarded and cells were lysed in 100 µl of ice cold 

MPER (Thermo Scientific, 78505). Insoluble lysate was separated via centrifugation for 

15 min at 14000 g at 4 °C. 

 

12.6.16 Scintillation counting procedure for 35S Methionine / Cysteine 
incorporation assay 

5 µl of cell lysate was spotted in triplicate onto filter paper discs (Whatmann, 1001030) 

and left to dry for 20 min. Protein was precipitated by placing the filter paper discs into 

100 ml 10 % TCA (w:v) supplemented with unlabeled L Methionine (5 mM, M5308, 

Sigma Aldrich) for 20 min.  10 % TCA solution was then discarded and 100 ml 5.0 % 

TCA added, prior to heating to 90 °C to degrade aminoacyl tRNAs. The solution was 

then left to cool (15 - 20 min) and the discs were washed with 70 % ethanol and then 

acetone. Discs were left to dry on Aluminum foil and scintillation vials were prepared in 

triplicate. One disc was added to each scintillation vial and 1.0 ml scintillation fluid 

(Fisher Scientific, Scintisafe 2, SC/9195/21) was added to each vial. Radioactive counts 

per minute were obtained over a three minute period and averaged to give counts per 

min for each triplicate data point. Cell lysate concentration was determined via Bradford 

assay and used to correct observed readings per µg of protein.  
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12.6.17 m7 GTP resin pull-down 
HeLa cells were trypsinized and re-suspended as previously described and counted as 

above. Cells were appropriately diluted with DMEM complete to yield stock solutions 

of the required concentrations (100 000 cells / ml). 10 ml of this cell stock (1 000 000 

cells) was then plated in a tissue culture treated 10 cm dish. The dish was mixed via a 

gentle north, south, east, west (NSEW) motion (to ensure even cell monolayer) and then 

incubated at 37 °C with 5.0 % CO2 for 24 h to allow cells to adhere to the dish. Spent 

DMEM complete was removed and the cell monolayer washed once with PBS (~ 10 

ml). Fresh DMEM complete (~ 10 ml) was then added to the dish prior to incubation at 

37 °C with 5. % CO2 for 24 h. Compound treatments were performed against either 

intact cells, or against freshly prepared cell lysate to elucidate the influence of cell 

permeability on the efficacy of cyclic peptides. Intact cell treatments were performed by 

incubating cells with fresh DMEM complete media supplemented with vehicle alone 

control (0.5 % DMSO), rapamycin (500 nM) or cyclic peptides (50 µM) for 4 h. 

Samples for cell lysate treatment were not treated at this stage and were therefore 

immediately subjected to cell lysis via the following procedure.  

 

To prevent degradation of protein in the lysate, all steps from cell lysis (including pre-

equilibration of resin) up to making SDS-PAGE samples in SDS-PAGE loading buffer, 

were performed in a cold room ON THE SAME DAY. The resin and samples were 

EXTREMELY sensitive to heat and degraded rapidly even upon touching with gloved 

hands, so handling was minimized. The pull-down was performed as rapidly as possible 

and with pre chilled tubes, reagents, containers and pipettes/tips. All items used for the 

pull-down were pre-chilled in a cold room for 16 h. Whenever a sample was vortexed, a 

continuous vortex was used to minimize friction between the sample and the vortex.  

 

Either m7 GTP agarose (Jena Bioscience, AC-155) or m7 GTP sepharose (GE 

healthcare, discontinued) was vortexed (in a cold room) to re-suspend beads and 30 µl 

was removed into a pre-chilled epindorf tube with a wide bore pipette tip. Beads in 20 

% EtOH / H2O were washed (no more than 30 min prior to cell lysis) twice with 300 µl 

of PBS. Resin was isolated via centrifugation at 10000 g for 2.0 min at 4 °C (in a pre 

chilled centrifuge) and the washings discarded. 
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Spent DMEM complete was removed from the 10 cm dish and the cell monolayer 

washed once with 10 ml PBS. 400 µl of MPER (Thermo Scientific: 78505) 

supplemented with 1.0 % Halt protease and phosphatase inhibitor cocktail (Life 

technologies: 78440) was added to each dish.  Dishes were agitated on a rocker (in a 

cold room) on ice for 10 min. Cells were detached on ice (covered with foil, helps to 

prevent ice contaminating the lysate) using a cell scraper and transferred to a sterile 

epindorf. Cell lysis was completed via a 10 s continuous vortex. Soluble lysate was 

separated by centrifugation at 14000 g for 10 min at 4 °C and transferred to a separate 

epindorf via pipetting. Lysate concentration was determined via Bradford assay at 630 

nm against a background wavelength of 405 nm.  

 

Cell lysate treatments were performed by incubating soluble cell lysate in MPER with 

vehicle alone control (0.5 % DMSO) or cyclic peptides (50 µM) for 4 h. Samples 

derived from compound treatment of whole cells were not treated at this stage and were 

loaded to m7 GTP affinity resin as follows. ~ 1000 µg of vehicle alone or compound 

treated cell lysate in MPER was added to m7 GTP sepharose resin. A 100 µl sample of 

each cell lysate was removed and added to 100 µl of 2X SDS-PAGE loading buffer 

(Table 9: 900 µl of loading buffer + 100 µl of BME), vortexed and kept on ice. Cell 

lysate (~ 1000 µg) and m7 GTP affinity resin (30 µl) were packed tightly into a falcon 

tube and agitated end over end at 4 °C (in a cold room) for 30 min. Samples were then 

spun down in a pre chilled centrifuge at 10000 g for 2.0 min at 4 °C. 100 µl of each 

supernatant (resin flow through containing unbound protein) was then removed and 

added to 100 µl of 2X SDS-PAGE loading buffer (Table 9: 900 µl of loading buffer + 

100 µl of BME), vortexed and kept on ice. The remaining supernatant was removed to a 

separate epindorf and kept on ice. Beads were then washed with 300 µl of PBS three 

times (add PBS, vortex 3s, centrifuge at 10000 g for 2.0 min at 4 °C, then pipette off 

supernatant). The remaining beads were re-suspended in 80 µl of 2X SDS-PAGE 

loading buffer (Table 9: 900 µl of loading buffer + 100 µl of BME), vortexed and 

heated to 70 °C for 5.0 min. Beads were then isolated via centrifugation at 11000 g for 

5.0 min at 4 °C. Crude cell lysate, resin unbound protein, resin wash and thermally 

eluted protein samples were frozen at -20 °C until needed. 
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12.6.18 Western blotting of m7 GTP pull-down experiments 446 
A 10 % (probed for eIF4G, PABP, eIF4A and eIF4E) and a 12 % (to blot for eIF4G, 

PABP, eIF4A and 4EBPs) SDS-PAGE were assembled (Table 11, Table 12). 15 µl of 

each sample was loaded to each gel lane and the SDS - PAGE gels were run at 120 V 

for 75 - 90 min to separate proteins in a mini protean tetra cell (Bio Rad: 165-8000). 

Transfer of proteins to nitrocellulose membranes was achieved using a mini trans-blot 

electrophoretic transfer cell (Bio-Rad: 170-3930) in combination with transfer buffer 

(made via 1 / 10 dilution of 10 X transfer buffer, Bio Rad: 161-0732, as per the 

manufacturers instructions, with 20 % MeOH added). Blotting card, nitro-cellulose 

transfer membrane and transfer sponges were soaked in transfer buffer at RT for 15 min 

prior to use. Transfer of the 10 % SDS-PAGE to 0.45 µm nitrocellulose membrane (Bio 

rad: 162-0115) and the 12 % gel to 0.20 µm Whatman Protran nitrocellulose (GE 

healthcare: 10401396) was achieved at constant current (250 mA) at 100 V for 60 min. 

The tank contained an ice pack and was submerged in an ice bucket during transfer to 

dissipate excess heat generated upon electrophoretic transfer. Membranes were blocked 

with 3.0 % BSA / TBST for 1 h at RT on a rocker. Blocking solution was then 

discarded and the membranes were exposed to primary antibodies at appropriate 

dilutions in 3.0 % BSA / TBST at 4 °C for 16 h (Table 19). Membranes were washed 

with 3 x 10 ml, 10 min TBST at RT on a rocker. Secondary antibodies directly 

conjugated to fluorophores (Anti Rabbit, Dylight, 800 nm, Thermo Scientific: SA5-

10036) were prepared at 1 / 15000 dilution in 15 ml 3.0 % BSA / TBST per membrane. 

Membranes were exposed to secondary antibodies in opaque black boxes (to prevent 

photobleaching) for 1 h at RT on a rocker. Membrane segments were then washed with 

1 x TBST, 10 ml, 1.0 min followed by 1 x TBST, 10 ml, 5.0 min. Then traces of Tween 

were removed by washing membrane segments with 1 x PBS, 10 ml, 5.0 min, prior to 

imaging on an Odyssey scanner (Li-cor).    
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Antibodies Species 

raised within 

Primary or 

secondary 

antibody 

Company Dilution (v:v) 

factor in 3 % 

BSA / TBST 

Anti eIF4G1, 

‘Edith’ 

Rabbit Primary In house 1 / 1000 

Anti PABP, 

‘Red 2’ 

Rabbit Primary In house 1 / 2500 

Anti eIF4A, 

‘BLOO4A’ 

Rabbit Primary In house 1 / 5000 

Anti eIF4E, 

‘Xavier’ 

Rabbit Primary In house 1 / 2000 

Anti 4EBP,        

‘♯9644-5, 

53H11’ 

Rabbit Primary Cell signaling  1 / 1000 

Dylight 800nm,  

‘SA5-10036’ 

Goat (anti 

Rabbit IgG) 

Secondary Thermo 

Scientific  

1 / 15000 

 

Table 19: Dilutions of antibodies used during m7 GTP pull-down experiments. In 

house antibodies were kindly provided by Dr. S. J. Morley, University of Sussex. 
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13 Peptide characterization 
 

13.1 Characterization methodology and instrumentation 
 

13.1.1 Analytical RP-HPLC 

Peptides were dissolved in TFA / water prior to analytical RP-HPLC. RP-HPLC utilized 

a binary solvent system consisting of solution A (0.1 %TFA/water) and B (0.1 % TFA/ 

MeCN). Peptides were analyzed using a Atlantis T3, amide capped C18, 5 um, 6 x100 

mm column (Waters) at a flow rate of 1.0 ml/min. The analytical program utilized a 

gradient from 5-95 % solution B over 30 min. Elution was monitored at 220 (peptide 

backbone) and 280 nm (aromatic amino acids, Trp and Tyr). Analytical RP-HPLC data 

is reported as column retention time (tR) / min, quoted as a range of peak width at half 

height.  

 

13.1.2 ESI+ MS 
Spectra were recorded on an Acquity UPLC H-class system (Waters) coupled to a triple 

quadrupole mass spectrometer as solutions in HPLC grade MeOH. MS data is reported 

as mass to charge ratio (m/z) / Dalton (Da, assignment, expected m/z / Da). 

 

13.1.3 UV-vis spectroscopy 
Spectra were recorded on a Cary 100 Bio spectrophotometer (Varian) as solutions in 

HPLC grade MeOH against a MeOH blank. MeOH solutions were scanned from 800 to 

200nm to identify unique absorptions due to specific amino acids. Spectra were 

collected and analyzed using Cary Win UV-Scan software. UV-vis data is reported as 

λmax / nm (assignment).  

 

 

 

 



Alex Hoose Cyclic peptide inhibitors of the eukaryotic translation April 2016 
initiation factor 4E and 4G interaction 

	  

	   226 

13.1.4 IR spectroscopy 
Spectra were recorded on a golden gate Nicolet 380 FT-IR system (Thermo scientific) 

as solid powders. A 32 scan program from 4000 to 400 cm-1 was used to identify bond 

stretches and bends in peptide samples, measured against a 32 scan background. Spectra 

were collected and analyzed using OMNIC software. IR data is reported as wavenumber 

(ν) / cm-1 (assignment). 

 

13.1.5 NMR spectroscopy 
1H 1D, 1H COSY and 1H TOCSY spectra were recorded on a Bruker 600 MHz 

spectrometer in d6 DMSO by Dr. Stewart Findlow. Spectra were analyzed using ACD 

labs software, ACD Spectrus Processor, normalized to 2.50 ppm (DMSO) and the 1H 

NMR spectra assigned from COSY and TOCSY coupling patterns. NMR data is 

reported as chemical shift (δ) / ppm (Integral, multiplicity, coupling constant / Hz, 

assignment). 
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13.2 Characterization of peptides 
 

13.2.1 AEG001: H2N-VYVVC(StBu)RRQ-CO2H 

 
Peptide was cleaved from the resin and purified via preparative RP-HPLC as described 

above. Purified fractions were frozen at -80 °C and lyophilized to give a white powder 

(343 mg, 62 %). Analytical RP-HPLC retention time (tR) = 14.1 - 14.5 min. m/z (ESI+): 

1110.9 ([M+H]+, 1110.4), 556.0 ([M+2H]2+, 556.2), 371.0 ([M+3H]3+, 371.1). λmax / nm, 

274 (Tyrosine π-π*). ν / cm-1, 3270.5 (Amine N-H stretch), 1625.1 (Amide C=O 

stretch), 1515.5 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 8.45 (1H, d, 8.24 

Hz, Cys / Tyr amide), 8.25 (2H, br d, 6.71 Hz, Gln amide, Cys / Tyr amide), 8.17 (1H, 

br d, 8.54 Hz, Val amide), 8.04 (2H, br d, 4.58 Hz, Arg amide x 2), 7.98 (1H, br s, Arg 

η C=N-H), 7.97 (1H, br s, Arg η C=N-H), 7.88 (1H, br d, 8.85 Hz, Val amide), 7.57 

(1H, t, 5.38 Hz, 5.38 Hz, Arg ε N-H), 7.53 (1H, t, 5.38 Hz, 5.38 Hz, Arg ε N-H), 7.28 

(2H, br s, Gln δ amide), 7.06 (2H, d, 8.24 Hz, Tyr ortho Ar-H x 2), 6.84 (1H, br s, Gln 

δ amide), 6.63 (2H, d, 8.24 Hz, Tyr meta Ar-H x 2), 4.63 (1H, ddd, 8.54 Hz, 8.54 Hz, 

4.88 Hz, Cys / Tyr α C-H), 4.53 (1H, ddd, 8.24 Hz, 8.24 Hz, 5.49 Hz, Cys / Tyr α C-H), 

4.28 (2H, m, Arg α C-H x 2), 4.24 (1H, dd, 8.54 Hz, 7.63 Hz, Val α C-H), 4.20 (1H, dd, 

9.16 Hz, 8.20 Hz, Val α C-H), 4.14 (1H, ddd, 7.60 Hz, 7.60 Hz, 5.80 Hz, Gln α C-H), 

3.06 (5H, m, Cys / Tyr β C-H, Arg δ C-H x 4), 2.90 (1H, dd, 13.73 Hz, 8.85 Hz, Cys / 

Tyr β C-H), 2.85 (1H, dd, 14.65 Hz, 3.97 Hz, Cys / Tyr β C-H), 2.68 (1H, dd, 14.04 Hz, 

9.77 Hz, Cys / Tyr β C-H), 2.12 (3H, m, Gln γ C-H x 2, N terminal Val β C-H), 1.94 

(3H, m, Val β C-H x 2, Gln β C-H), 1.79 (1H, m, Gln β C-H), 1.66 (2H, m, Arg β C-H 

x 2), 1.49 (6H, m, Arg β C-H x 2, Arg γ C-H x 4), 1.27 (9H, s, Cys C(CH3)3), 0.93 (3H, 

d, 6.71 Hz, N terminal Val γ CH3), 0.84 (15H, m, N terminal Val γ CH3, Val γ CH3 x 4). 
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13.2.2 AEG002: H2N-VYVHC(StBu)RRQ-CO2H 

 
Peptide was cleaved from the resin and purified via preparative RP-HPLC as described 

above. Purified fractions were frozen at -80 °C and lyophilized to give a white powder 

(149 mg, 26 %). Analytical RP-HPLC retention time (tR) = 12.2 - 12.9 min. m/z (ESI+): 

575.1 ([M+2H]2+, 575.2), 383.6 ([M+3H]3+, 383.6), 288.0 ([M+4H]4+, 288.1). λmax / nm, 

277 (Tyrosine π-π*). ν / cm-1, 3279.1 (Amine N-H stretch), 1632.9  (Amide C=O 

stretch), 1515.9 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 9.24 (1H, br s, 

His δ N-H), 8.93 (1H, br s, His ε N=C-H), 8.43 (1H, d, 7.93 Hz, Cys / His / Tyr amide), 

8.31 (1H, m, Cys / His / Tyr amide), 8.26 (1H, d, 7.32 Hz, Gln amide), 8.23 (1H, d, 7.63 

Hz, Cys / His / Tyr amide), 8.19 (1H, br d, 8.24 Hz, Val amide), 8.01 (2H, br d, 7.63 

Hz, Arg amide x 2), 7.97 (2H, br s, Arg η C=N-H x 2), 7.61 (2H, m, Arg ε N-H x 2), 

7.30 (3H, m, Gln δ amide, Cys / His / Tyr amide, His δ C=C-H), 7.08 (2H, d, 8.24 Hz, 

Tyr ortho Ar-H x 2), 6.84 (1H, br s, Gln δ amide), 6.64 (2H, d, 8.24 Hz, Tyr meta Ar-H 

x 2), 4.70 (1H, ddd, 8.54 Hz, 7.63 Hz, 6.41 Hz, Cys / His / Tyr α C-H), 4.62 (1H, ddd, 

13.43 Hz, 5.49 Hz, 3.97 Hz, Cys / His / Tyr α C-H), 4.52 (1H, ddd, 7.63 Hz, 7.63 Hz, 

5.49 Hz, Cys / His / Tyr α C-H), 4.28 (2H, ddd, 19.84 Hz, 7.93 Hz, 7.02 Hz, Arg α C-H 

x 2), 4.15 (1H, ddd, 8.54 Hz, 7.32 Hz, 7.32 Hz, Gln α C-H), 3.08 (6H, m, Cys / His / 

Tyr β C-H x 2, Arg δ C-H x 4), 2.93 (2H, dd, 14.34 Hz, 8.85 Hz, Cys / His / Tyr β C-H 

x 2), 2.82 (1H, dd, 14.34 Hz, 3.05 Hz, Cys / His / Tyr β C-H), 2.65 (1H, dd, 14.65 Hz, 

10.38 Hz, Cys / His / Tyr β C-H), 2.12 (3H, m, Gln γ C-H x 2, N terminal Val β C-H), 

1.94 (2H, dq, 13.77 Hz, 6.9 Hz, 6.9 Hz, 6.9 Hz, Val β C-H, Gln β C-H), 1.79 (1H, m, 

Gln β C-H), 1.67 (2H, m, Arg β C-H x 2), 1.50 (6H, m, Arg β C-H x 2, Arg γ C-H x 4), 

1.27 (9H, s, Cys C(CH3)3), 0.92 (2H, d, 7.02 Hz, N terminal Val γ C-H x 2), 0.88 (1H, 

br d, 7.02 Hz, N terminal Val γ C-H), 0.85 (3H, d, 6.71 Hz, N terminal Val γ CH3), 0.81 

(6H, br d, 5.49 Hz, Val γ CH3 x 2).  
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13.2.3 AEG003: H2N-IHRYC(StBu)RRQ-CO2H 

 
Peptide was cleaved from the resin and purified via preparative RP-HPLC as described 

above. Purified fractions were frozen at -80 °C and lyophilized to give a white powder 

(334 mg, 55 %). Analytical RP-HPLC retention time (tR) = 12.5 - 12.8 min. m/z (ESI+): 

610.5 ([M+2H]2+, 610.8), 407.3 ([M+3H]3+, 407.5), 305.8 ([M+4H]4+, 305.9). λmax / nm, 

274 (Tyrosine π-π*). ν / cm-1, 3279.8 (Amine N-H stretch), 1621.8 (Amide C=O 

stretch), 1515.5 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 9.21 (1H, br s, 

His δ N-H), 8.95 (1H, br s, His ε N=C-H), 8.70 (1H, d, 7.93 Hz, Cys / His / Tyr amide), 

8.42 (1H, br d, 7.94 Hz, Cys / His / Tyr amide), 8.27 (1H, br d, 7.02 Hz, Gln amide), 

8.22 (1H, d, 7.32 Hz, Arg amide), 8.15 (1H, d, 7.63 Hz, Arg amide), 8.10 (3H, m, Arg η 

C=N-H x 3), 8.05 (1H, d, 7.32 Hz, Arg amide), 7.66 (1H, br t, 5.19 Hz, 5.19 Hz, Arg ε 

N-H), 7.62 (2H, m, Arg ε N-H x 2), 7.29 (3H, m, Gln δ amide, Cys / His / Tyr amide, 

His δ C=C-H), 7.01 (2H, d, 8.24 Hz, Tyr ortho Ar-H x 2), 6.84 (1H, br s, Gln δ amide), 

6.60 (2H, d, 8.24 Hz, Tyr meta Ar-H x 2), 4.69 (1H, ddd, 7.32 Hz, 7.32 Hz, 6.10 Hz, 

Cys / His / Tyr α C-H), 4.53 (2H, ddd, 12.51 Hz, 9.77 Hz, 7.93 Hz, Cys / His / Tyr α C-

H x 2), 4.29 (3H, m, Arg α C-H x 3), 4.14 (1H, ddd, 8.24 Hz, 7.32 Hz, 6.41 Hz, Gln α 

C-H), 3.06 (8H, m, Cys / His / Tyr β C-H x 2, Arg δ C-H x 6), 2.94 (3H, m, Cys / His / 

Tyr β C-H x 3), 2.69 (1H, dd, 14.95 Hz, 9.46 Hz, Cys / His / Tyr β C-H), 2.10 (3H, m, 

Gln γ C-H x 2), 1.93 (1H, m, Gln β C-H), 1.79 (2H, m, Gln β C-H, N terminal Ile β C-

H), 1.67 (3H, m, Arg β C-H x 3), 1.49 (10H, m, Arg β C-H x 3, Arg γ C-H x 6, N 

terminal Ile γ C-H), 1.27 (9H, s, Cys C(CH3)3), 1.11 (1H, m, N terminal Ile γ C-H), 0.85 

(6H, m, N terminal Ile γ CH3, N terminal Ile δ CH3). 
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13.2.4 AEG004: H2N-LFLFC(StBu)RRQ-CO2H 

 
Peptide was cleaved from the resin and purified via preparative RP-HPLC as described 

above. Purified fractions were frozen at -80 °C and lyophilized to give a white powder 

(396 mg, 68 %). Analytical RP-HPLC retention time (tR) = 16.8 - 17.1 min. m/z (ESI+): 

1171.8 ([M+H]+, 1171.5), 586.1 ([M+2H]2+, 586.3), 391.0 ([M+3H]3+, 391.2) . λmax / nm, 

258 (Phenylalanine π-π*). ν / cm-1, 3274.7 (Amine N-H stretch), 1629.0 (Amide C=O 

stretch), 1527.7 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 8.67 (1H, d, 8.24 

Hz, Cys / Phe amide), 8.34 (1H, br d, 7.93 Hz, Cys / Phe amide), 8.26 (1H, br d, 7.02 

Hz, Gln amide), 8.20 (1H, br d, 8.24 Hz, Leu amide), 8.12 (1H, br d, 7.93 Hz, Arg 

amide), 8.02 (4H, m, Arg amide, Cys / Phe amide, Arg η C=N-H x 2), 7.55 (2H, t, 5.49 

Hz, 5.49 Hz, Arg ε N-H x 2), 7.28 (1H, br s, Gln δ amide), 7.22 (10H, m, Phe Ar-H x 

10), 6.84 (2H, br s, Gln δ amide), 4.60 (2H, m, Cys / Phe α C-H x 2), 4.53 (1H, ddd, 

8.20 Hz, 5.20 Hz, 5.20 Hz, Cys / Phe α C-H), 4.30 (3H, m, Arg α C-H x 2, Leu α C-

H,), 4.14 (1H, ddd, 8.24 Hz, 7.32 Hz, 6.10 Hz, Gln α C-H), 3.08 (5H, m, Cys / Phe β C-

H, Arg δ C-H x 4), 3.02 (1H, dd, 14.34 Hz, 4.27 Hz, Cys / Phe β C-H), 2.93 (2H, m, 

Cys / Phe β C-H x 2), 2.80 (1H, dd, 14.34 Hz, 9.16 Hz, Cys / Phe β C-H), 2.75 (1H, dd, 

14.04 Hz, 9.16 Hz, Cys / Phe β C-H), 2.13 (2H, m, Gln γ C-H x 2), 1.94 (1H, m, Gln β 

C-H), 1.79 (1H, m, Gln β C-H), 1.64 (3H, m, Arg β C-H x 2, Leu β C-H), 1.50 (9H, m, 

Arg β C-H x 2, Arg γ C-H x 4, Leu β C-H x 3), 1.38 (2H, m, Leu γ C-H x 2), 1.27 (9H, 

s, Cys C(CH3)3), 0.86 (9H, m, Leu δ CH3 x 3), 0.80 (3H, d, 6.41 Hz, Leu δ CH3,). 
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13.2.5 AEG005: H2N-VYVVC(SH)RRQ-CO2H 

 
Peptide was prepared from the Cys(StBu) protected precursor via cleavage of the StBu 

protecting group and subsequent RP-HPLC purification as outlined in experimental 

procedures. Purified fractions were frozen at -80 °C and lyophilized to give a white 

powder (27 mg, 54 %). Analytical RP-HPLC retention time (tR) = 11.7 - 12.0 min. m/z 

(ESI+): 511.9 ([M+2H]2+, 512.1), 341.7 ([M+3H]3+, 341.8) . λmax / nm, 274 (Tyrosine π-

π*). ν / cm-1, 3271.5 (Amine N-H stretch), 2965.9 (alkyl C-H stretch), 1632.7 (Amide 

C=O stretch), 1515.8 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 8.45 (1H, 

br d, 7.94 Hz, Cys / Tyr amide), 8.26 (1H, br d, 7.02 Hz, Gln amide), 8.18 (1H, br d, 

8.85 Hz, Val amide), 8.09 (2H, m, Arg amide, Cys / Tyr amide), 8.05 (1H, d, 7.32 Hz, 

Arg amide), 7.97 (1H, br s, Arg η C=N-H), 7.96 (1H, br s, Arg η C=N-H), 7.91 (1H, br 

d, 8.54 Hz, Val amide), 7.53 (2H, m, Arg ε N-H x 2), 7.28 (2H, br s, Gln δ amide), 7.06 

(3H, br d, 8.24 Hz, Tyr ortho Ar-H x 2), 6.84 (2H, br s, Gln δ amide), 6.63 (2H, d, 8.24 

Hz, Tyr meta Ar-H x 2), 4.63 (1H, ddd, 10.68 Hz, 4.58 Hz, 4.58 Hz, Cys / Tyr α C-H), 

4.42 (1H, ddd, 10.38 Hz, 7.32 Hz, 5.80 Hz, Cys / Tyr α C-H), 4.29 (2H, m, Arg α C-H 

x 2), 4.24 (1H, dd, 8.85 Hz, 7.93 Hz, Val α C-H), 4.18 (1H, dd, 9.16 Hz, 7.93 Hz, Val α 

C-H), 4.13 (1H, ddd, 7.93 Hz, 7.93 Hz, 5.8 Hz, Gln α C-H), 3.08 (5H, m, Arg δ C-H x 

4), 2.85 (1H, dd, 16.48 Hz, 3.97 Hz, Cys / Tyr β C-H), 2.74 (1H, m, Cys / Tyr β C-H), 

2.67 (2H, m, Cys / Tyr β C-H), 2.35 (1H, dd, 8.5 Hz, 8.5 Hz, Cys / Tyr β C-H), 2.12 

(3H, m, Gln γ C-H x 2, N terminal Val β C-H), 1.94 (3H, m, Val β C-H x 2, Gln β C-

H), 1.78 (1H, m, Gln β C-H), 1.67 (2H, m, Arg β C-H x 2), 1.50 (7H, m, Arg β C-H x 

2, Arg γ C-H x 4), 0.92 (4H, d, 6.71 Hz, N terminal Val γ CH3), 0.84 (18H, m, N 

terminal Val γ CH3, Val γ CH3 x 4). 
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13.2.6 AEG006: H2N-VYVHC(SH)RRQ-CO2H 

 
Peptide was prepared from the Cys(StBu) protected precursor via cleavage of the StBu 

protecting group and subsequent RP-HPLC purification as outlined in experimental 

procedures. Purified fractions were frozen at -80 °C and lyophilized to give a white 

powder (38 mg, 77 %). Analytical RP-HPLC retention time (tR) = 10.6 - 10.8 min. m/z 

(ESI+): 531.0 ([M+2H]2+, 531.1), 354.2 ([M+3H]3+, 354.4),  266.0 ([M+4H]4+, 266.1). 

λmax / nm, 275 (Tyrosine π-π*). ν / cm-1, 3273.6 (Amine N-H stretch), 1629.5 (Amide 

C=O stretch), 1515.8 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 9.24 (1H, 

br s, His δ N-H), 8.95 (1H, br s, His ε N=C-H), 8.44 (1H, d, 7.69 Hz, Cys / His / Tyr 

amide), 8.36 (1H, br d, 7.69 Hz, Cys / His / Tyr amide), 8.30 (1H, d, 7.32 Hz, Arg 

amide), 8.27 (1H, d, 7.69 Hz, Gln amide), 8.20 (1H, br d, 8.42 Hz, Val amide), 8.06 

(1H, br d, 7.32 Hz, Cys / His / Tyr amide), 8.03 (1H, br d, 7.32 Hz, Arg amide), 7.97 

(3H, br s, Arg η C=N-H x 2), 7.60 (2H, m, Arg ε N-H x 2), 7.33 (1H, br s, His δ C=C-

H), 7.29 (1H, br s, Gln δ amide), 7.08 (2H, d, 8.42 Hz, Tyr ortho Ar-H x 2), 6.85 (2H, 

br s, Gln δ amide), 6.64 (2H, d, 8.42 Hz, Tyr meta Ar-H x 2), 4.66 (1H, ddd, 10.6 Hz, 

6.6 Hz, 6.6 Hz, Cys / His / Tyr α C-H), 4.62 (1H, m, Cys / His / Tyr α C-H), 4.44 (1H, 

ddd, 9.5 Hz, 6.6 Hz, 6.6 Hz, Cys / His / Tyr α C-H), 4.28 (2H, m, Arg α C-H x 2), 4.15 

(2H, m, Gln α C-H, Val α C-H), 3.08 (7H, m, Cys / His / Tyr β C-H, Arg δ C-H x 4), 

2.96 (1H, dd, 19.4 Hz, 8.1 Hz, Cys / His / Tyr β C-H), 2.81 (1H, dd, 14.3 Hz, 3.3 Hz, 

Cys / His / Tyr β C-H), 2.74 (2H, m, Cys / His / Tyr β C-H), 2.64 (1H, dd, 14.7 Hz, 10.3 

Hz, Cys / His / Tyr β C-H), 2.36 (1H, dd, 9.5 Hz, 8.4 Hz, Cys / His / Tyr β C-H), 2.12 

(3H, m, Gln γ C-H x 2, N terminal Val β C-H), 1.93 (2H, m, Val β C-H, Gln β C-H), 

1.79 (1H, m, Gln β C-H), 1.68 (2H, m, Arg β C-H x 2), 1.51 (7H, m, Arg β C-H x 2, 

Arg γ C-H x 4), 0.92 (4H, d, 6.96 Hz, N terminal Val γ CH3), 0.85 (4H, d, 6.96 Hz, N 

terminal Val γ CH3), 0.82 (3H, d, 6.59 Hz, Val γ CH3), 0.81 (3H, d, 6.59 Hz, Val γ 

CH3),  
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13.2.7 AEG007: H2N-IHRYC(SH)RRQ-CO2H 

 
Peptide was prepared from the Cys(StBu) protected precursor via cleavage of the StBu 

protecting group and subsequent RP-HPLC purification as outlined in experimental 

procedures. Purified fractions were frozen at -80 °C and lyophilized to give a white 

powder (27 mg, 58 %). Analytical RP-HPLC retention time (tR) = 10.6 - 10.9 min. m/z 

(ESI+): 566.4 ([M+2H]2+, 566.7), 378.0 ([M+3H]3+, 378.1), 283.8 ([M+4H]4+, 283.8). 

λmax / nm, 277 (Tyrosine π-π*). ν / cm-1, 3203.0 (Amine N-H stretch), 1633.7 (Amide 

C=O stretch), 1515.3 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 9.21 (1H, 

br s, His δ N-H), 8.97 (1H, br s, His ε N=C-H), 8.70 (1H, br d, 7.94 Hz, Cys / His / Tyr 

amide), 8.27 (1H, d, 7.63 Hz, Gln amide), 8.26 (1H, d, 8.24 Hz, Cys / His / Tyr amide), 

8.22 (1H, br d, 7.32 Hz, Arg amide), 8.18 (1H, br d, 7.32 Hz, Arg amide), 8.12 (5H, m, 

Cys / His / Tyr amide, Arg η C=N-H x 3), 8.06 (1H, br d, 7.32 Hz, Arg amide), 7.65 

(1H, br t, 5.19 Hz, 5.19 Hz, Arg ε N-H), 7.60 (2H, br t, 5.49 Hz, 5.49 Hz, Arg ε N-H x 

2), 7.29 (3H, s, Gln δ amide, His δ C=C-H), 7.02 (4H, br d, 8.24 Hz, Tyr ortho Ar-H x 

2), 6.84 (1H, br s, Gln δ amide), 6.61 (2H, d, 8.24 Hz, Tyr meta Ar-H x 2), 4.69 (1H, 

ddd, 10.38 Hz, 7.63 Hz, 6.10 Hz, Cys / His / Tyr α C-H), 4.52 (1H, ddd, 10.07 Hz, 7.93 

Hz, 4.58 Hz, Cys / His / Tyr α C-H), 4.44 (1H, ddd, 10.1 Hz, 7.0 Hz, 7.0 Hz, Cys / His / 

Tyr α C-H), 4.28 (4H, m, Arg α C-H x 3), 4.15 (1H, ddd, 10.68 Hz, 7.93 Hz, 6.10 Hz, 

Gln α C-H), 3.07 (10H, m, Cys / His / Tyr β C-H, Arg δ C-H x 6), 2.96 (1H, dd, 15.26 

Hz, 7.63 Hz, Cys / His / Tyr β C-H), 2.90 (1H, dd, 14.95 Hz, 3.97 Hz, Cys / His / Tyr β 

C-H), 2.72 (4H, m, Cys / His / Tyr β C-H x 2), 2.35 (1H, dd, 8.5 Hz, 8.5 Hz, Cys / His / 

Tyr β C-H), 2.12 (2H, m, Gln γ C-H x 2), 1.93 (1H, m, Gln β C-H), 1.79 (2H, m, Gln β 

C-H, N terminal Ile β C-H), 1.67 (4H, m, Arg β C-H x 3), 1.47 (13H, m, Arg β C-H x 3, 

Arg γ C-H x 6, N terminal Ile γ C-H), 1.11 (1H, m, N terminal Ile γ C-H), 0.86 (4H, d, 

6.71 Hz, N terminal Ile γ CH3), 0.83 (4H, dd, 7.32 Hz, 7.32 Hz, N terminal Ile δ CH3).  
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13.2.8 AEG008: H2N-LFLFC(SH)RRQ-CO2H 

 
Peptide was prepared from the Cys(StBu) protected precursor via cleavage of the StBu 

protecting group and subsequent RP-HPLC purification as outlined in experimental 

procedures. Purified fractions were frozen at -80 °C and lyophilized to give a white 

powder (16 mg, 16 %). Analytical RP-HPLC retention time (tR) = 15.2 - 15.6 min. m/z 

(ESI+): 542.0 ([M+2H]2+, 542.2), 361.7 ([M+3H]3+, 361.8) . λmax / nm, 257 

(Phenylalanine π-π*). ν / cm-1, 3269.9 (Amine N-H stretch), 2956.5 (alkyl C-H stretch), 

1626.1 (Amide C=O stretch), 1537.7 (Aromatic C=C bend). δ / ppm (600 MHz, d6 

DMSO), 8.67 (1H, d, 8.24 Hz, Cys / Phe amide), 8.26 (1H, br d, 5.49 Hz, Gln amide), 

8.21 (1H, d, 8.24 Hz, Leu amide), 8.19 (1H, d, 7.93 Hz, Cys / Phe amide), 8.16 (1H, br 

d, 7.63 Hz, Arg amide), 8.07 (1H, br d, 7.32 Hz, Arg amide), 8.02 (5H, m, Cys / Phe 

amide, Arg η C=N-H x 2), 7.54 (2H, t, 5.49 Hz, 5.49 Hz, Arg ε N-H x 2), 7.28 (2H, br 

s, Gln δ amide), 7.24 (10H, m, Phe Ar-H x 10), 6.84 (2H, br s, Gln δ amide), 4.60 (2H, 

m, Cys / Phe α C-H x 2), 4.44 (1H, ddd, 7.93 Hz, 7.02 Hz, 6.10 Hz, Cys / Phe α C-H), 

4.30 (4H, m, Arg α C-H x 2, Leu α C-H), 4.14 (1H, ddd, 10.40 Hz, 7.0 Hz, 7.0 Hz, Gln 

α C-H), 3.09 (5H, m, Arg δ C-H x 4), 3.02 (1H, dd, 14.19 Hz, 4.12 Hz, Cys / Phe β C-

H), 2.94 (1H, dd, 14.19 Hz, 4.12 Hz, Cys / Phe β C-H), 2.81 (1H, dd, 18.92 Hz, 9.46 

Hz, Cys / Phe β C-H), 2.73 (3H, m, Cys / Phe β C-H x 2), 2.35 (1H, dd, 8.5 Hz, 8.5 Hz, 

Cys / Phe β C-H), 2.13 (2H, m, Gln γ C-H x 2), 1.93 (1H, m, Gln β C-H), 1.79 (1H, m, 

Gln β C-H), 1.68 (2H, m, Arg β C-H x 2), 1.51 (11H, m, Arg β C-H x 2, Arg γ C-H x 4, 

Leu β C-H x 4), 1.37 (2H, m, Leu γ C-H x 2), 0.86 (12H, m, Leu δ CH3 x 3), 0.80 (4H, 

d, 6.41 Hz, Leu δ CH3).  
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13.2.9 AEG009: Cyclo VYVVC(SH)RRQ 

 
Peptide was cyclized in solution, and then the Cys(StBu) protecting group was removed 

as outlined in experimental procedures. Peptide was purified via RP-HPLC, then 

purified fractions were frozen at -80 °C and lyophilized to give a white powder (40 mg, 

22 %). Analytical RP-HPLC retention time (tR) = 13.0 - 13.4 min. m/z (ESI+): 1004.6 

([M+H]+, 1005.2), 502.9 ([M+2H]2+, 503.1). λmax / nm, 278 (Tyrosine π-π*). ν / cm-1, 

3294.6 (Amine N-H stretch), 2971.4 (alkyl C-H stretch), 1651.1 (Amide C=O stretch), 

1515.3 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 7.53 (1H, br t, 5.34 Hz, 

5.34 Hz, Arg ε N-H), 7.47 (1H, t, 4.90 Hz, 4.90 Hz, Arg ε N-H), 7.35 (2H, br s, Gln δ 

amide), 6.97 (3H, br d, 8.54 Hz, Tyr ortho Ar-H x 2), 6.89 (1H, br s, Gln δ amide), 6.63 

(2H, d, 8.54 Hz, Tyr meta Ar-H x 2), 3.08 (5H, m, Arg δ C-H x 4), 3.01 (2H, m, Cys / 

Tyr β C-H x 2), 2.15 (2H, m, Gln γ C-H x 2), 1.98 (4H, m, Val β C-H x 3, Gln β C-H), 

1.79 (2H, m, Gln β C-H), 1.62 (2H, m, Arg β C-H x 2), 1.45 (5H, m, Arg β C-H x 2, 

Arg γ C-H x 4), 0.97 (3H, d, 6.71 Hz, Val γ CH3), 0.95 (3H, d, 6.71 Hz, Val γ CH3), 

0.89 (3H, br d, 6.41 Hz, Val γ CH3), 0.82 (4H, br d, 6.41 Hz, Val γ CH3), 0.75 (3H, d, 

6.71 Hz, Val γ CH3), 0.68 (2H, br d, 6.10 Hz, Val γ CH3). 
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13.2.10 AEG010: Cyclo VYVHC(SH)RRQ 

 
Peptide was cyclized on resin, then cleaved from the resin and purified via RP-HPLC as 

outlined in experimental procedures. Purified fractions were frozen at -80 °C and 

lyophilized to give a white powder (20 mg, 8 %). Analytical RP-HPLC retention time 

(tR) = 13.2 - 13.9 min. m/z (ESI+): 521.9 ([M+2H]2+, 522.1), 348.2 ([M+3H]3+, 348.4). 

λmax / nm, 277 (Tyrosine π-π*). ν / cm-1, 3271.9 (Amine N-H stretch), 1651.3 (Amide 

C=O stretch), 1515.6 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 9.20 (1H, 

br s, His δ N-H), 8.98 (1H, br s, His ε N=C-H), 7.61 (4H, m, Arg ε N-H x 2), 7.39 (4H, 

m, Gln δ amide, His δ C=C-H), 7.04 (2H, br d, 8.42 Hz, Tyr ortho Ar-H x 2), 6.93 (1H, 

br s, Gln δ amide), 6.65 (2H, br d, 8.42 Hz, Tyr meta Ar-H x 2), 3.08 (9H, m, Cys / His 

/ Tyr β C-H x 3, Arg δ C-H x 4), 2.17 (3H, m, Gln γ C-H x 2), 2.01 (1H, m, Val β C-

H), 1.89 (3H, m, Val β C-H, Gln β C-H), 1.74 (3H, m, Gln β C-H), 1.62 (2H, m, Arg β 

C-H x 2), 1.48 (8H, m, Arg β C-H x 2, Arg γ C-H x 4), 0.80 (7H, m, Val γ CH3 x 2), 

0.73 (4H, d, 7.32 Hz, Val γ CH3). 0.71 (4H, d, 6.59 Hz, Val γ CH3). 
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13.2.11 AEG011: Cyclo IHRYC(SH)RRQ 

 
Peptide was cyclized on resin, then cleaved from the resin and purified via RP-HPLC as 

outlined in experimental procedures. Purified fractions were frozen at -80 °C and 

lyophilized to give a white powder (30 mg, 11%). Analytical RP-HPLC retention time 

(tR) = 11.4 - 11.8 min. m/z (ESI+): 557.4 ([M+2H]2+, 557.7), 371.9 ([M+3H]3+, 372.1), 

279.2 ([M+4H]4+, 279.3). λmax / nm, 277 (Tyrosine π-π*). ν / cm-1,  1651.1 (Amide C=O 

stretch), 1515.7 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 9.24 (1H, br s, 

His δ N-H), 8.00 (1H, br s, His ε N=C-H), 7.65 (2H, m, Arg ε N-H), 7.57 (2H, m, Arg ε 

N-H x 2), 7.38 (2H, m, Gln δ amide, His δ C=C-H), 7.01 (2H, d, 8.42 Hz, Tyr ortho Ar-

H x 2), 6.68 (2H, d, 8.42 Hz, Tyr meta Ar-H x 2), 3.06 (11H, m, Arg δ C-H x 6), 2.17 

(2H, m, Gln γ C-H x 2), 1.79 (6H, m, Gln β C-H x 2), 1.65 (3H, m, Arg β C-H x 3), 

1.47 (11H, m, Arg β C-H x 3, Arg γ C-H x 6), 1.27 (1H, m, Ile γ C-H), 0.76 (4H, dd, 

8.42 Hz, 7.32 Hz, Ile δ CH3), 0.68 (3H, br d, 4.39 Hz, Ile γ CH3).  
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13.2.12 AEG012: Cyclo LFLFC(SH)RRQ 

 
Peptide was cyclized in solution, and then the Cys(StBu) protecting group was removed 

as outlined in experimental procedures. Peptide was purified via RP-HPLC, then 

purified fractions were frozen at -80 °C and lyophilized to give a white powder (41 mg, 

24 %). Analytical RP-HPLC retention time (tR) = 17.6 - 18.1 min. m/z (ESI+): 1064.6 

([M+H]+, 1065.3), 533.0 ([M+2H]2+, 533.2). λmax / nm, 258 (Phenylalanine π-π*). ν / 

cm-1, 3305.5 (Amine N-H stretch), 2960.3 (alkyl C-H stretch), 1650.8 (Amide C=O 

stretch), 1519.6 (Aromatic C=C bend). δ / ppm (600 MHz, d6 DMSO), 7.52 (1H, br t, 

5.49 Hz, 5.49 Hz, Arg ε N-H), 7.49 (1H, m, Arg ε N-H), 7.37 (1H, br s, Gln δ amide), 

7.24 (9H, m, Phe Ar-H x 10), 6.92 (1H, br s, Gln δ amide), 3.07 (4H, m, Arg δ C-H x 

4), 2.96 (1H, m, Cys / Phe β C-H), 2.87 (1H, dd, 7.93 Hz, 7.93 Hz, Cys / Phe β C-H), 

2.39 (1H, m, Cys / Phe β C-H), 2.15 (2H, m, Gln γ C-H x 2), 1.95 (1H, m, Gln β C-H), 

1.79 (2H, m, Gln β C-H), 1.62 (2H, m, Arg β C-H x 2), 1.46 (7H, m, Arg β C-H x 2, 

Arg γ C-H x 4), 0.81 (7H, m, Leu δ CH3 x 3), 0.75 (3H, d, 5.49 Hz, Leu δ CH3). 
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