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Abstract 
 
 
Conditional protein splicing (CPS) is an intein-mediated post-translational modification. 

Inteins are intervening protein elements that autocatalytically excise themselves from 

precursor proteins to ligate flanking protein sequences, called exteins, with a native 

peptide bond. Artificially split inteins can mediate the same process by splicing proteins 

in trans, when intermolecular reconstitution of split intein fragments occurs. An 

established CPS model utilizes an artificially split Saccharomyces cerevisiae intein, 

called VMA. In this model, VMA intein fragments are fused to the heterodimerization 

domains, FKBP and FRB, which selectively form a complex with the 

immunosuppressive drug, rapamycin. Treatment with rapamycin, therefore, 

heterodimerizes FKBP and FRB, and triggers trans-splicing activity by proximity 

association of intein fragments. Here, we engineered a CPS model to assemble inert 

fragments of the potent fungal ribotoxin, alpha (α)-sarcin, in vivo. Using this model, we 

demonstrate rapamycin-dependent protein splicing of α-sarcin fragments and a 

corresponding induction of cytotoxicity in HeLa cells. We further show that permissive 

extein context and incubation temperature are critical factors regulating the splicing of 

active target proteins. Ultimately, this technology could have potential applications in the 

fields of developmental biology and anti-tumour therapy. 

 



 iv

Table of Contents 
 
 
Supervisory Committee ...................................................................................................... ii 
Abstract .............................................................................................................................. iii 
Table of Contents............................................................................................................... iv 
List of Tables ..................................................................................................................... vi 
List of Figures ................................................................................................................... vii 
Abbreviations..................................................................................................................... ix 
Chapter 1 Introduction................................................................................................. 1 

1.1 Overview and Research Premise ........................................................................ 1 
1.2 The Engineering of Artificial Molecular Switches............................................. 6 

1.2.1  Direct control of protein function ............................................................... 8 
1.2.2  Chemical inducers of dimerization ............................................................. 8 

1.3  Protein Splicing and Inteins .............................................................................. 11 
1.3.1  Inteins and Genetic Mobility .................................................................... 11 
1.3.2 Intein Discovery and Nomenclature ......................................................... 12 
1.3.3  The Intein Splicing Mechanism................................................................ 15 

1.3.3.1 Step 1: N-S/O Acyl Rearrangement...................................................... 16 
1.3.3.2     Step 2: Transesterification .................................................................... 16 
1.3.3.3     Step 3: Asparagine Cyclization and Branch Resolution ....................... 17 
1.3.3.4     Step 4: O/S-N Acyl Rearrangement...................................................... 17 

1.3.4 Types of inteins......................................................................................... 18 
1.3.4.1  Maxi-inteins ......................................................................................... 18 
1.3.4.2    Mini-inteins.......................................................................................... 18 
1.3.4.3  Alanine Inteins ..................................................................................... 19 
1.3.4.4      Trans-splicing Inteins .......................................................................... 19 

1.3.5 Applications of Inteins.............................................................................. 21 
1.4  Catalytic Protein Toxins: Inhibitors of Translation .......................................... 25 

1.4.1 Alpha-Sarcin ............................................................................................. 27 
1.4.2  Ricin.......................................................................................................... 29 

1.5   Research Objectives.......................................................................................... 33 
Chapter 2    Exogenous Expression of Protein Toxins in Mammalian Cells ................ 49 

2.1  Introduction....................................................................................................... 49 
2.2  Materials and Methods...................................................................................... 51 
2.3  Results............................................................................................................... 60 

2.3.1        Exogenous expression of α-sarcin and ricin in HeLa cells ...................... 60 
2.3.2        Exogenous expression of Ricinus communis agglutinin A chain in HeLa 
cells ........................................................................................................................... 63 
2.3.3        Characterization of α-sarcin and ricin mutants......................................... 64 

2.4  Discussion......................................................................................................... 69 
Chapter 3 Development and Characterization of an in vivo Conditional Protein 

Splicing Model for Protein Toxins. .......................................................... 94 
3.1 Introduction....................................................................................................... 94 
3.2  Materials and Methods...................................................................................... 95 
3.3  Results............................................................................................................. 101 



 v

3.3.1  Establishment of conditional protein splicing (CPS) in mammalian 
cells…………………..…………………………………………………101 

3.3.2 Development and characterization of a green fluorescent protein (GFP)       
CPS model in mammalian cells. ............................................................. 102 

3.3.3 Development and characterization of an α-sarcin CPS model in 
mammalian cells…………… ................................................................. 104 

3.3.4 Dose-dependency and temporal induction of α-sarcin splicing ............. 109 
3.3.5 Comparison of promoter-driven expression and CPS-mediated expression 

of α-sarcin............................................................................................... 110 
3.3.6 Splicing of α-sarcin in vivo decreases cell viability ............................... 111 
3.3.7 Development and characterization of a ricin toxin A (RTA) CPS model in 

mammalian cells ..................................................................................... 112 
3.4  Discussion....................................................................................................... 114 

Chapter 4         Conclusions and Future Research .......................................................... 148 
4.1     Conclusions..................................................................................................... 148 
4.2     Future Research .............................................................................................. 149 

4.2.1 Investigation into the cytotoxic mechanisms of α-sarcin and ricin ........ 149 
4.2.2 Optimizing conditional protein splicing models for protein toxins ........ 151 
4.2.3 Applications of a conditional protein splicing model for protein toxins 153 

References....................................................................................................................... 158 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vi

List of Tables 
 

Table 2.1   Nomenclature and properties of mammalian toxin expression plasmids. ...... 75 
Table 2.2   Oligonucleotide primer sequences used to generate α-sarcin, RTA, and RCA 

cDNAs....................................................................................................................... 76 
Table 2.3   Overlap extension PCR cloning strategy for α-sarcin and α-sarcin variants. 77 
Table 2.4   Overlap extension PCR cloning strategy for RTA, RCA, and corresponding 

variants...................................................................................................................... 78 
Table 3.1   Nomenclature and properties of mammalian expression plasmids. ............. 124 
Table 3.2   Oligonucleotide primer sequences used to generate toxin-intein precursor 

constructs. ............................................................................................................... 125 
Table 3.3   Overlap extension PCR cloning strategy for toxin-intein precursors. .......... 126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vii

List of Figures 
 

Figure 1.1   Schematic diagram of segmental pre-mRNA trans-splicing of toxins.......... 34 
Figure 1.2   Reconstituted caspase killing model in C. elegans ....................................... 35 
Figure 1.3   Intein-mediated protein splicing.................................................................... 36 
Figure 1.4   Schematic diagram of rapamycin-mediated conditional protein splicing ..... 37 
Figure 1.5   Small molecule-dependent activation of transcription .................................. 38 
Figure 1.6   Schematic diagram of small molecule-mediated activation of membrane 

receptors.................................................................................................................... 39 
Figure 1.7   Inteins fold into structurally independent endonuclease and protein splicing 

domains. .................................................................................................................... 40 
Figure 1.8   Schematic diagram of the modular architecture of an intein precursor......... 41 
Figure 1.9   The mechanism of intein-mediated protein splicing ..................................... 42 
Figure 1.10   Mini-inteins fold in a horse-shoe like domain with the amino- and carboxyl-

termini emerging from the central cleft. ................................................................... 43 
Figure 1.11   Mechanism of alanine-intein-mediated protein splicing. ............................ 44 
Figure 1.12   Intein-mediated protein splicing in trans .................................................... 45 
Figure 1.13   Schematic diagram of the sarcin/ricin loop of 28S rRNA........................... 46 
Figure 1.14   The three-dimensional structure of α-sarcin ............................................... 47 
Figure 1.15   Schematic model for conditional protein splicing of protein toxins in vivo.48 
Figure 2.1  Exogenous expression of α-sarcin and ricin toxin A (RTA) is toxic to HeLa 

cells ........................................................................................................................... 79 
Figure 2.2  Dose-dependent killing of α-sarcin and ricin toxin A (RTA) ........................ 80 
Figure 2.3  Inhibition of GFP reporter translation mediated by exogenous expression of 

protein toxins ............................................................................................................ 81 
Figure 2.4  Dose-dependent killing of α-sarcin and α-sarcin R121Q. .............................. 82 
Figure 2.5  Exogenous expression analysis of α-sarcin and α-sarcin R121Q................... 83 
Figure 2.6  The effects of cycloheximide (CHX) treatment on translation and viability of 

HeLa cells ................................................................................................................. 84 
Figure 2.7  Exogenous expression of ricin toxin A (RTA) and Ricinus communis A-chain 

(RCA) is toxic to HeLa cells..................................................................................... 85 
Figure 2.8   Schematic diagram of α-sarcin-intein chimeric precursor fusions................ 86 
Figure 2.9  Dose-dependent killing of α-sarcin and α-sarcin N28Cmyc .......................... 87 
Figure 2.10 Dose-dependent killing of α-sarcin and α-sarcin_link .................................. 88 
Figure 2.11  Dose-dependent killing of α-sarcin and α-sarcin Q27G/N28Cmyc ............. 89 
Figure 2.12  An N-terminal 3×FLAG epitope attenuates α-sarcin toxicity ...................... 90 
Figure 2.13  Stable expression of 3×FLAG α-sarcin in mammalian cells ....................... 91 
Figure 2.14   Schematic diagram of ricin toxin A (RTA)-intein chimeric precursor 

fusions. ...................................................................................................................... 92 
Figure 2.15  Dose-dependent killing of ricin toxin A (RTA) and RTA I170G ................ 93 
Figure 3.1 The mammalian expression plasmids pEB3 and pEB4................................. 127 
Figure 3.2  Conditional protein splicing of an MBP-pHis polypeptide fusion............... 128 
Figure 3.3   Schematic diagram of GFP-intein chimeric precursor fusions.................... 129 
Figure 3.4  Conditional protein splicing of GFP in mammalian cells ............................ 130 



 viii

Figure 3.5  Conditional protein splicing of GFP in mammalian cells renders an active 
fluorophore.............................................................................................................. 131 

Figure 3.6   Artificial fragmentation of α-sarcin ............................................................ 132 
Figure 3.7  Conditional protein splicing of α-sarcin in mammalian cells....................... 133 
Figure 3.8  Conditional protein splicing of a diagnostic MBP-CSar polypeptide fusion in 

mammalian cells ..................................................................................................... 134 
Figure 3.9  Conditional protein splicing of α-sarcin_linker in mammalian cells ........... 135 
Figure 3.10  Conditional protein splicing of α-sarcin Q27G/N28C in mammalian cells.

................................................................................................................................. 136 
Figure 3.11  The effect of incubation temperature on the conditional protein splicing of α-

sarcin in mammalian cells....................................................................................... 137 
Figure 3.12  Conditional protein splicing of α-sarcin at 30°C........................................ 138 
Figure 3.13   The spliced α-sarcin product shows differential migration on non-reducing 

and reducing SDS-PAGE........................................................................................ 139 
Figure 3.14  Conditional protein splicing of α-sarcin in mammalian cells demonstrates 

dose-dependency..................................................................................................... 140 
Figure 3.15  Conditional protein splicing of α-sarcin at high rapamycin concentrations.

................................................................................................................................. 141 
Figure 3.16  Conditional protein splicing of α-sarcin in mammalian cells is rapidly 

induced and is time-dependent................................................................................ 142 
Figure 3.17  Conditional protein splicing of α-sarcin in mammalian cells produces stable 

products that accumulate with time. ....................................................................... 143 
Figure 3.18 Comparison of promoter driven α-sarcin expression and CPS mediated α-

sarcin expression..................................................................................................... 144 
Figure 3.19  Rapamycin-mediated splicing of α-sarcin decreases viability of HeLa cells.

................................................................................................................................. 145 
Figure 3.20 The characterization of conditional protein splicing with ricin-intein chimeric 

precursors................................................................................................................ 146 
Figure 3.21 The FRB-VMAc-CRic chimeric precursor is not splice-active................... 147 
Figure 4.1    A model for a cis-splicing inteins mediated by protein tyrosine kinase (PTK) 

phosphorylation events. .......................................................................................... 156 
Figure 4.2  Conditional protein splicing (CPS) as a strategy to identify peptide inhibitors 

of protein toxins. ..................................................................................................... 157 
 

 

 
 
 
 
 
 
 
 



 ix

Abbreviations 
 
 
 
4-OHT  4-hydroxytamoxifen 
AIDS  acquired immunodeficiency syndrome 
AD  activation domain 
ADP  adenosine diphosphate 
bp  base pairs 
cDNA   complementary deoxyribonucleic acid 
CHX  cycloheximide 
CID  chemical inducer of dimerization 
CMV  cytomegalovirus 
CPS  conditional protein splicing 
DBD  deoxyribonucleic acid-binding domain 
DMEM Dulbecco’s Modified Eagle Medium 
DMSO  Dimethyl sulfoxide 
DNA  deoxyribonucleic acid 
dNTPs  deoxynucleotide triphosphates 
DTT  dithiothreitol   
EDTA  ethylenediaminetetraacetic acid 
EF-1  elongation factor-1 
EF-2  elongation factor-2 
EGF  epidermal growth factor 
eGFP   enhanced green fluorescent protein 
EPL   expressed protein ligation 
ER  endoplasmic reticulum 
ERAD  endoplasmic reticulum associated protein degradation 
FKBP12 FK506 binding protein 12 
FRAP  FK506 binding protein-rapamycin associated protein 
FRB  FK506 binding protein-rapamycin binding 
GAGA  guanine-adenine-guanine-adenine 
GFP  green fluorescent protein 
GTP  guanosine triphosphate 
GTPase guanosine triphosphatase 
H+ ATPases vacuolar protein adenosine triphosphatase 
HRP  horseradish peroxidase 
IL  interleukin 
JNK  cJun NH2-terminal kinase 
kb  kilobases 
kDa  kilodalton 
LB  Luria-Bertani 
LDH   lactate dehydrogenase 
LTR  long terminal repeats 
MBP  maltose-binding protein 
mL  milli-liter 



 x

M-MuLV Moloney murine leukemia virus 
mRNA  messenger ribonucleic acid 
mTor  mammalian target of rapamycin 
MSCV  murine embryonic stem cell virus 
MW  molecular weight 
ng  nanogram 
nM  nano-molar 
NP-40  nonidet-40 
PBS  phosphate buffered saline 
PCMV  PCC-4-cell-passaged myeloproliferative sarcoma virus 
PCR  polymerase chain reaction 
PE  Pseudomonas exotoxin A 
PH  Pleckstrin Homology 
pmol  picomoles 
Pol  polymerase 
PTK  protein tyrosine kinase 
RCA  Ricinus communis agglutinin 
RNA  ribonucleic acid 
RNase A ribonuclease A 
rRNA  ribosomal ribonucleic acid 
ROS  reactive oxygen species 
RT   reverse transcriptase 
RTA  ricin toxin A chain 
RTB  ricin toxin B chain 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel eletrophoresis 
SH2  Src homology 2 
SRL  sarcin/ricin loop 
StxA  shiga toxin A 
TBS  Tris-buffered saline 
tRNA  transfer ribonucleic acid 
µg  micro-gram 
µM  micro-molar 
U  unit 
WASP  Wiskott-Aldrich syndrome protein



Chapter 1     Introduction 
 
 

1.1 Overview and Research Premise 
 

The association of proteins into multi-molecular regulatory pathways governs the 

control of cell behaviour. Protein-protein interactions, protein-lipid interactions, and 

protein-nucleic acid interactions assemble these pathways through specific modular 

elements, called domains. Therefore, modular protein domains are the fundamental 

building blocks of the cellular signalling networks that determine how cells respond to 

stimuli. The modular architecture of signalling pathways and the inherent ability to 

assemble new proteins from pre-existing units is frequently exploited by bacterial and 

viral pathogens that use protein-protein interactions to usurp control of host cell 

signalling machinery. Here, we propose that the non-physiological interaction of modular 

protein domains can be used to selectively manipulate cell behaviour, such as the 

conditional induction of cell death.   

The ability to conditionally kill cells enables many biological questions and problems 

to be addressed. Tight control over cell death facilitates the study of cell function, 

addresses the role that certain cell types play during development and animal behaviour, 

and provides a potential method to eliminate unwanted tissues, such as tumours. Ideally, 

conditional cell killing models will demonstrate inducibility, temporal regulation, and 

cell-specific targeting. Such a technology would be a valuable tool for studying the cell 

death machinery and would invariably have therapeutic applications. The benchmark for 

inducible or targeted cytotoxic models has always been protein toxins. Herein, we present 
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an inducible cytotoxic model in which attenuated protein toxins can be selectively 

activated in vivo by a small synthetic ligand. 

Protein toxins produced by plants, bacteria, and fungi represent some of the most 

lethal molecules known to humankind. Several different types of protein toxins exist and 

can be categorized by their mode of action: pore-forming toxins, such as Aeromonas 

hydrophila aerolysin, damage cell membranes; protein synthesis inhibitors, such as 

Shigella dysenteriae shiga toxin, inhibit translation by covalently modifying elongation 

factors or ribosomal RNA (rRNA); activators of second messengers, such as Bordetella 

pertussis pertussis toxin, commonly target Rho-GTPases or G-proteins by covalent 

modification to disrupt cell signalling events; immune system activators, such as 

Staphylococcus aureus enterotoxin, act as superantigens to activate large numbers of T-

lymophocytes; and finally, protease toxins, such as Clostridium tetani tetanus toxin, 

target essential proteins for destruction.  

Intracellular enzymatic toxins that inactivate protein synthesis are among the most 

attractive candidates for inducible cell killing. Their potency can be attributed to the 

catalytic and processive nature by which they act on their intracellular targets. These 

translation inhibitors commonly demonstrate enzymatic activities such as ribonuclease 

activity, ADP-ribosyl transferase activity, or N-glycosylase activity, and act on 

intracellular targets such as elongation factors, and rRNA [98]. Due to their catalytic 

efficiency, only a few toxin molecules may be required to elicit cell death. Indeed, 

translocation of a single molecule of ricin, a potent translation inhibitor, into the cytosol 

of HeLa cells may be sufficient to induce cell death [38]. For this reason, protein toxins 

that inhibit translation have been used in targeted cell killing models.  
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One strategy used to mark specific cell types for death is immunotoxin-mediated cell 

targeting. It is dependent on the target-specific cytotoxicity of a protein toxin 

immunoconjugate, which selectively targets, and kills cells that express specific cell 

surface markers. In one such strategy, Pseudomonas exotoxin A (PE) was chemically 

conjugated to a monoclonal antibody raised against human interleukin-2 [70]. 

Pseudomonas exotoxin A inhibits translation through ADP-ribosylation of elongation 

factor-2. The PE immunoconjugate has been used to conditionally target neuronal cell 

types in the central nervous system of transgenic mice and has proven to be a useful 

animal model for studying neurodegenerative diseases [70]. Besides their utility for 

studying biological systems, and in no small part to their extreme potency, protein toxins 

also hold great promise for cancer therapy. Most chemoresistant cancer cells remain 

sensitive to protein toxins. Therefore, the ability to harness the toxicity of these proteins 

to specifically target cancer cells may be therapeutically beneficial in treating cancers 

which no longer respond to conventional therapy. 

Traditional methods for delivering intracellular toxins to tumour cells include 

immunotoxin, or gene transfer strategies. However, to date, these strategies have been 

hindered by dose-limiting toxicities to normal tissues [73]. In particular, vascular leak 

syndrome is a common disorder associated with immunotoxin therapy, in which leakage 

of vascular fluid causes side effects such as edema, hypotension, and myalgia. The viral 

vectors used in gene transfer therapies are also associated with toxicity to normal tissues. 

An intriguing strategy, called segmental trans-splicing, attempted to address this 

challenge by recombinantly fragmenting a protein toxin at the gene level. Nakayama et 

al. engineered DNA fragments encoding the 5’ and 3’ segments of the Shiga toxin A (Stx 
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A) subunit fused to intronic sequences [97]. In tumour cells, adenovirus-mediated 

expression of the StxA-intron cDNAs generated two Stx A pre-mRNA fragments, which 

were spliced by the host cell machinery using intronic sequences to produce mature Stx A 

mRNA (figure 1.1). The key feature of this system was the use of complementary foreign 

RNA hybridization domains, which hybridize to each other, but not to RNA sequences 

endogenous to the target cell. Therefore, by fusing these domains to the Stx A-intron 

fusions, hybridization was able to mediate the splicing of the two pre-mRNA segments 

(figure 1.1). Although the strategy of temporarily attenuating the cytotoxicity of protein 

toxins through genetic fragmentation does circumvent the inherent cytotoxicity of vector-

mediated toxin gene delivery, it does not represent a truly inducible model. To this end, 

we suggest that by using small molecules to mediate non-physiological protein-protein 

interactions, cell death can be inducibly controlled by post-translationally assembling 

protein toxins from innocuous polypeptide precursors.   

Modular protein-protein interactions have previously been used to drive the physical 

reconstitution of death-effecting proteins. By controlling cell killing in a cell type 

dependent manner, one can assess the role of specific cell types to development and 

physiological behaviour. Chelur and Chalfie developed a model system involving the 

reconstitution of active caspases for selective killing of target cells in Caenorhabditis 

elegans [18]. Caspases are cysteine proteases that are essential to apoptotic cell death. 

Activated caspases form heterotetramers comprised of the large and small subunits of 

cleaved procaspase zymogens. The large and small subunits of the C. elegans caspase, 

CED-3, were fused to anti-parallel leucine zipper protein domains. The interaction of the 

leucine-zipper domains oligomerized, and activated, the caspase subunits (figure 1.2). 
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Specific cell types could be targeted for killing by expressing the caspase-leucine zipper 

fusions from a combination of promoters that showed overlapping expression in the 

target cell types. Furthermore, by expressing the caspase-leucine zipper fusions under a 

heat shock promoter and a cell specific promoter, death could be regulated at specific 

times of development by inducing heat shock. This model showed that the activity of a 

death-effecting protein could be triggered by a protein-protein interaction and that 

additional layers of regulation could be applied to generate cell-type and temporal control 

over toxicity [18]. Using endogenous promoter elements, this approach could be used to 

achieve temoral and tissue-specific expression of protein toxins, where toxin activity was 

dependent upon an external trigger, such as temperature.  

An alternative strategy is to conditionally activate toxic proteins using small synthetic 

molecules. Indeed, synthetic ligands have been widely used in experimental systems to 

regulate artificially engineered biological switches [14]. Notably, a small molecule, 

called rapamycin, has been used to drive the conditional activation of proteins in vivo 

through the chemical ligation, or splicing, of protein fragments [93,94]. This strategy is 

based on the process of intein-mediated protein splicing, which ligates mature proteins 

together from immature precursor fragments (figure 1.3). Briefly, rapamycin was used to 

nucleate the non-physiological interaction (or heterodimerization) of protein domains 

tethered to intein fragments. The rapamycin-induced, close physical proximity triggers 

intein splicing activity, ligation of target protein sequences, and subsequent activation of 

the target (figure 1.4). In this thesis, we determined whether small molecule-regulated 

intein splicing could be used to covalently assemble active toxin molecules from inert 

precursors in live cells. 
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A precedent exists for using intein-mediated splicing to assemble cytotoxic proteins. 

Full-length bovine pancreatic ribonuclease A (RNase A) was produced in vitro using the 

process of expressed protein ligation (EPL) for the purpose of purification [44]. EPL is an 

in vitro technology that semi-synthetically exploits intein chemistry to ultimately ligate 

two peptide fragments together. Using this approach, inactive peptide fragments of 

RNase A were ligated together to yield a full length and catalytically active protein. This 

strategy is an attractive method for manufacturing cytotoxic proteins, as many of them 

are too toxic to express and purify by conventional methods. However, we propose that 

the strategy of expressing inactive fragments of cytotoxic proteins could be applied to a 

conditional intein splicing model, in which toxin fragments are spliced together only in 

the presence of the synthetic ligand, rapamycin.      

Herein, we briefly discuss the molecular background of each component required to 

engineer a rapamycin-inducible, intein-mediated splicing model for protein toxins. 

Engineering artificial biological switches, intein splicing, and the protein toxins, α-sarcin 

and ricin, are discussed. 

 

1.2 The Engineering of Artificial Molecular Switches 
 

The ability of cells to sense and respond to stimuli is a requisite of life. The initiation 

of physiological responses is tightly regulated by naturally occurring biological switches, 

which are bio-molecules sensitive to small chemical changes. These molecular 

thermostats respond to environmental stimuli by undergoing chemical changes, such as 

covalent modification or conformation rearrangements, in order to transduce a given 

stimulus into an appropriate physiological output.  
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A classic example of a naturally occurring molecular switch is the lac operon of 

Escherichia coli, which utilizes an allosterically controlled repressor protein to regulate 

transcription of metabolic enzymes. Allosteric regulation at the protein level is just one 

example of a natural molecular switch, but all biological switches operate with exquisite 

specificity to tightly regulate their given outputs. Scientists have exploited this exquisite 

control over gene expression and protein function by engineering artificial molecular 

switches to study protein function and conditionally manipulate cell behaviour. 

Invariably, artificial switches are engineered to respond to small chemical changes, such 

as the binding of small molecules. Inducible control systems have been developed for all 

three stages of gene expression: transcription, translation, and direct control of protein 

function [14].  

Artificial molecular switches that target transcription regulate the amount of RNA 

transcript present. Most strategies target the DNA binding domains (DBD) of 

transcription factors. The first modular switches were actually engineered as part of a 

novel two-hybrid system used to identify protein-protein interactions in yeast [46]; when 

fused to proteins that interact, independent GAL4 DBD and GAL4 activation domains 

(AD) formed a functional transcriptional activator for galactose-metabolizing enzymes. 

Therefore, selection for growth on galactose-media could be used to identify protein-

interacting partners. Subsequently, Rivera et al. showed small molecule-dependent 

transcriptional activation by fusing both the DBD and the AD of a transcription factor to 

independent auxiliary protein modules that dimerize around a small synthetic ligand 

[121]; a small synthetic drug was used to mediate the proximity association of a DBD 
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and an AD through dimerization of auxiliary domains, and thereby trigger transcriptional 

activation of a target gene (figure 1.5).  

Molecular switches that act at the level of translation are called riboswitches. They 

are small modular RNAs that use metabolite-binding aptamers to elicit influence over 

translation [161]. Accordingly, these genetic control elements have been engineered to 

regulate translation in a ligand-dependent manner [52,143]. Although regulating 

transcription and translation using inducible switches has proven useful, perhaps the 

greatest utility has come from controlling protein function post-translationally.      

1.2.1  Direct control of protein function 
 

A major strategy employed to directly regulate the function of proteins is the use of 

chemical inducers of dimerization (CIDs). Chemical dimerizers were first used to control 

the function of membrane receptors. The association of transmembrane receptors through 

ligand binding is often a requisite for transducing extracellular signals into the interior of 

the cell. T-cell receptors that lack extracellular ligand binding domains can be engineered 

to associate by fusing the intracellular signalling domains to protein modules that 

homodimerize in the presence of a small synthetic drug (figure 1.6) [140]. Using this 

approach, an artificial system can be generated in which receptor signalling is initiated, 

even in the absence of the genuine ligand.  

1.2.2  Chemical inducers of dimerization 
 

Two commonly used CIDs include the naturally occurring immunosuppressive 

compounds, rapamycin and FK506. Rapamycin is a 31-membered macrolide antibiotic, 
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initially isolated from Streptomyces hygroscopicus [157]. FK506, a 23-membered 

macrolide, was subsequently discovered in Streptomyces tsukabaenesis and was found to 

be structurally similar to rapamycin [67,148]. FK506 binds to an immunophilin, called 

FKBP12 (FK506 binding protein12), and this complex binds, in turn, to calcineurin. 

Similar to FK506, rapamycin binds to FKBP, but the resultant complex binds to a 

specific domain on mTor (mammalian target of rapamycin), otherwise known as FRAP 

(FKBP-rapamycin associated protein) [8,13,20,53,136]. The FRAP module to which 

rapamycin binds is known as the FRB, or FKBP rapamycin-binding, domain. Because 

mTor is implicated in a variety of diseases such as diabetes, cancer, obesity, and 

cardiovascular disorders, rapamycin has obvious clinical implications [29,152]. It is 

through binding to mTor that rapamycin elicits its immunosuppressive effects by 

inhibiting interleukin-2 stimulation of T-lymphocytes [1]. Despite its clinical 

applications, rapamycin is widely used to heterodimerize proteins in artificial biological 

systems. By fusing target proteins to FKBP and FRB domains, rapamycin can be used to 

conditionally dimerize targets and control protein function.               

Since rapamycin contains binding motifs for two independent proteins, it is called a 

heterodimerizer. Heterodimeric CIDs were initially used to regulate subcellular 

localization of proteins, and ultimately to regulate physiological processes. Belshaw et al. 

were the first to artificially induce the formation of protein signalling complexes by 

proximity associating protein elements using CIDs [7]; bipartite ligands were used to 

conditionally localize proteins at the cell surface, as well as to form a transcriptionally 

active complex from an inactive precursor [7]. Since then, bipartite ligands have been 

used to regulate many cellular processes. For example, Castellano et al. showed that 



 10

drug-inducible recruitment of Cdc42 or WASP (Wiskott-Aldrich syndrome protein) to an 

engineered membrane receptor could stimulate actin polymerization [16]. Similarly, 

drug-inducible membrane recruitment of the serine/threonine kinase, Akt, was shown to 

protect cells from apoptosis [76]; Akt is normally recruited to the membrane by its 

pleckstrin homology (PH) domain where it becomes activated by phosphorylation and 

mediates pro-survival signalling events.  

Another significant application of modular heterodimerization came with the 

discovery that CIDs could drive the proximity-induced, but non-covalent, 

complementation of a split β-galactosidase reporter. Briefly, inactive β-galactosidase 

fragments fused to the heterodimerization domains, FKBP and FRB, could be made to 

come into close contact when incubated with rapamycin, and thereby restore reporter 

activity [125]. These experiments were proof-of-principle studies, which showed that 

physiologically relevant protein-protein interactions could be used to control the activity 

of proteins. An obvious improvement to proximity-induced complementation, as a 

method to regulate protein activity, is the chemical ligation of split protein fragments. 

This process was made possible with the discovery of intein-mediated protein splicing.    

The post-translational covalent assembly of proteins is a naturally occurring process 

mediated of inteins. Briefly, inteins are self-excising intervening protein sequences that 

splice themselves out of a precursor protein context. During the excision, protein 

sequences that flank the intein, called exteins, are ligated together to form a mature and 

functional protein (figure 1.3). Inteins are discussed more thoroughly in section 1.3. 

Mootz et al. pioneered a novel strategy to conditionally splice protein fragments 

together, in which low-affinity intein fragments were fused to the heterodimerization 
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domains, FKBP and FRB [94]. In the presence of rapamycin, the intein fragments 

reassembled and splicing of the flanking sequences was triggered (figure 1.4) [93,94]. 

This conditional protein splicing strategy has been used to splice proteins together both in 

vitro and in vivo [93].  

 

1.3  Protein Splicing and Inteins  
 

Protein splicing is a naturally occurring biochemical process that mediates the post-

translational conversion of a precursor polypeptide into mature and functional proteins 

through the removal of an internal protein element, called an intein. The process is 

analogous to intron splicing at the RNA level. The intervening sequence is inserted, in 

frame, into the coding sequence of a target protein. In an autocatalytic reaction, the intein 

excises itself from the precursor polypeptide with concurrent ligation of the flanking 

sequences with a native peptide bond. As a result of this phenomenon, two stable proteins 

are produced from a single gene product (figure 1.3). By themselves, inteins are naturally 

occurring mobile genetic elements that were initially found in yeast proteins, and 

ultimately identified in all three domains of life, including archaea, eubacteria, and 

eukarya.   

1.3.1  Inteins and Genetic Mobility 
 

Inteins represent a novel class of biomolecule that harbor bi-functional attributes. In 

fact, they possess structurally independent domains for both protein splicing and homing 

endonuclease activities (figure 1.7). Homing endonuclease domains confer on inteins the 
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ability to transfer their coding elements into homologous alleles that lack the intein 

sequence. Intein homing endonucleases are typically dodecapeptide endonucleases that 

recognize specific target DNA sequences and generate double-stranded DNA breaks at 

those sites [91,142]. Double-stranded DNA breaks initiate gene conversion through the 

double-strand break repair system; the intein-containing allele is used as a template for 

repair, and the intein is copied into the intein-less allele. Insertion of the intein DNA 

coding sequence into the host gene does not disrupt function of the host protein because 

intein sequences are inserted at sites capable of self-excision [50].  

There appears to be a bias for inteins to insert into specific types of host proteins. 

Notably, inteins are often found in genes encoding proteins involved in DNA replication 

and repair, including polymerases, helicases, topoisomerases, and several others [78,111]. 

There is no well-characterized rationale for biased insertion of inteins into these proteins. 

However, because the intein endonuclease is produced simultaneously with its host 

protein, a possible advantage for an intein could be to ensure its own presence at times of 

DNA replication and repair; since intein homing requires the host replication and repair 

machinery, it is convenient for the intein to be produced in concert with these replication 

and repair proteins. That is, more rapid and efficient homing may occur if inteins insert 

themselves into proteins involved in DNA replication and repair [78]. For this reason, 

inteins are thought of as selfish genetic elements. 

1.3.2 Intein Discovery and Nomenclature 
 
The process of protein splicing was first discovered in the Saccharomyces cerevisiae 

TFP1 (or VMA-1) gene product, a vacuolar proton adenosine triphosphatase (H+ 

ATPases) [57,62]. It was found that the VMA-1 gene encoded two distinct proteins from 
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the translation of a single gene product; the gene product was found to encode the 69 kDa 

catalytic subunit of the vacuolar H+-ATPase, as well as a 50 kDa protein [62]. 

Interestingly, the 69 kDa H+-ATPase was encoded upstream and downstream of a 

“spacer” coding region, which coded for the 50 kDa protein. A model was proposed in 

which a single translated precursor protein was subject to post-translational cleavage, 

whereby the 50 kDa “spacer” protein sequence was excised with concurrent splicing of 

the flanking polypeptide sequences to form the 69 kDa H+-ATPase [62]. 

Subsequently, several splicing elements of archael, eubacterial and eukaryotic origin 

were identified [30,112,165]. Currently, more than 400 putative or experimentally 

verified inteins have been reported [111]. Inteins have yet to be identified in higher 

eukaryotes, but they have been found in the chloroplasts of red and green algae, as well 

as in viral, bacterial, and fungal pathogens of multicellular organisms [111]. 

To accommodate this growing class of molecules, a simple naming system was 

established [113]. The intervening sequence or “spacer” region was defined as the intein, 

derived from the phrase, internal protein sequence. The regions flanking the intein, were 

termed exteins, derived from phrase external protein sequence. Specifically, the N-

terminal extein (N-extein) is located upstream or N-terminal to the intein, and the C-

terminal extein (C-extein) is located downstream or C-terminal to the intein. 

Furthermore, the N-extein residue immediately upstream and adjacent to the intein is 

defined as the -1 residue, and so forth. The first C-extein residue is defined as the +1 

residue (figure 1.8). Inteins are specifically named according to genus, species, and gene 

product. For example the Saccharomyces cerevisiae intein found in the VMA gene is 

designated as the Sce VMA intein.      
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Initially, the identification of inteins was difficult; no biological assay existed for 

intein splicing and identification from sequence data was hampered by the fact that (1) 

inteins are located in the same reading frame as the spliced mature protein and (2) they 

possess only a few short conserved sequences. Early sequence comparisons identified a 

conserved nucleotide-binding domain in inteins that was ultimately determined to 

represent the endonuclease domain [99]. In addition, conserved splice junction residues 

were observed by comparing the sequences of the first inteins characterized 

[30,31,56,58]. A more thorough sequence analysis revealed additional conserved intein 

motifs which proved useful for identifying other inteins (figure 1.8) [115].   

Initially, seven intein motifs (motifs A-G) were characterized [115]. As the number of 

known inteins grew, another intein motif, termed motif H, was discovered and the other 

intein motifs were refined [114]. Most of the intein motifs contain structurally or 

functionally related residues, rather than a single predominant residue. Only a single 

histidine in block B and two glycines in block C are present in all known inteins. Block A 

defines the N-terminal splice junction and contains a critical serine or cysteine residue. 

Block B contains a polar threonine residue (usually) in a TxxH motif, where x is any 

amino acid, and H represents the highly conserved histidine. Block D is defined by a 

basic amino acid, as well as a proline, and forms part of the endonuclease catalytic site 

[37]. Blocks C and E comprise the dodecapeptide motifs, which are required for 

endonuclease activity. Note that some inteins have lost these motifs and correspondingly 

lack endonuclease activity, yet retain splicing activity [149]. Block H is located between 

blocks E and F and does not appear to be required for the splicing process, as a naturally 

occurring intein that lacks this domain is still capable of splicing [149]. Block F contains 
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aromatic residues that flank several acidic and hydrophobic residues. Finally, block G 

defines the C-terminal splice junction and is highlighted by one of three conserved 

residues (cysteine, serine, or threonine) at the +1 C-extein position and is preceded by a 

conserved histidine-asparagine dipeptide sequence [114]. The architectural organization 

of inteins is summarized in figure 1.8.      

1.3.3  The Intein Splicing Mechanism 
 

The mechanism of protein splicing was elucidated shortly after the discovery of the 

first inteins. Much of the research to this end involved mutagenesis studies that 

systematically characterized essential components of the splicing mechanism [56]. Early 

examination identified two crucial splicing determinants: a cysteine, or a serine, was the 

first intein residue at the N-terminal splice junction, and a histidine-asparagine dipeptide 

sequence was found at the C-terminus of the intein, followed by a cysteine residue at the 

C-terminal splice junction. Subsequent studies proposed various models for intein-

mediated splicing based on these residues, but the intermediate step remained elusive 

[27,165]. This mechanistic hurdle was resolved when the Pyrococcus sp. GB-D Pol-1 

intein was characterized [163,165]. When expressed in a foreign context (E. coli) the Psp 

GB-D Pol-1 intein precursor could be isolated by growth at low temperatures where the 

splicing activity was greatly attenuated. Growth at low temperatures thus permitted the 

“freezing” of the precursor polypeptide, such that splicing intermediates could be 

isolated. Indeed, this method permitted the resolution of a previously elusive branched 

intermediate, which was the key to solving the splicing mechanism. Ultimately, a four 

step mechanism was solved. 
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1.3.3.1    Step 1: N-S/O Acyl Rearrangement 
 
The first step in the splicing mechanism is an N-S/O acyl shift that generates a linear 

(thio)ester linkage between the first N-intein residue and the -1 N-extein residue (figure 

1.9). Amide groups are thermodynamically stable relative to (thio)esters, and therefore, 

this initial step is energetically costly. Structural studies have shown that the peptide bond 

at the N-terminal splice junction is a high-energy strained linkage [69,117,124,144]. 

Therefore, the formation of the (thio)ester occurs because it relieves the unfavourable 

strain at this junction.  

1.3.3.2    Step 2: Transesterification   
 
The initial acyl rearrangement is followed by a transesterification reaction during 

which the +1 C-extein residue acts as a nucleophile to attack the electrophilic carbonyl 

center of the N-terminal (thio)ester linkage (created in step 1). This reaction generates a 

branched intermediate, which effectively contains two amino termini (figure 1.9). Most 

resolved structures demonstrate that the nucleophile of the +1 C-extein residue and the 

reactive carbonyl of the (thio)ester of the N-terminal junction are a great distance apart 

(7-9Å) [36,69,117,144]. Interestingly, one crystal structure of the Sce VMA intein 

demonstrated that the N- and C-terminal splice junctions were only 3.6 Å apart.  It is 

believed that this study captured the intein in the midst of splicing [36]. Nonetheless, the 

large spatial gap between splice junctions suggests that a conformation change is required 

to permit the transesterification reaction. Alternatively, the crystal structures generated to 

date may not have captured the conformation observed in nature. 
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1.3.3.3    Step 3: Asparagine Cyclization and Branch Resolution 
 
The third step in the protein splicing mechanism is asparagine cyclization at the C-

terminal splice junction. This reaction involves formation of a succinimide that frees the 

intein from the ligated extein sequences (figure 1.9). Due to its critical role in branch 

resolution, the C-terminal asparagine is highly conserved. However, the presence of a 

highly conserved histidine residue, that precedes the asparagine, is also critical; this 

penultimate residue is believed to somehow contribute to asparagine cyclization, and 

therefore, splicing is highly dependent on its presence [2,21,90,164]. The exact role that 

this histidine serves remains an unresolved question and structural studies of several 

inteins have not revealed a unifying mechanism, but rather suggest that different inteins 

have evolved independent mechanisms to facilitate asparagine cyclization. There are, 

however, exceptions and non-canonical mechanisms whereby inteins can splice without 

this histidine. For example, two naturally occurring Methanococcus jannaschii inteins 

lack the penultimate histidine, yet retain splicing activity [21,144]. In these instances, 

alternative compensatory residues are thought to fill the role of the penultimate histidine.  

1.3.3.4    Step 4: O/S-N Acyl Rearrangement   
 
The final step in the splicing reaction is an O/S-N acyl shift. Asparagine cyclization 

ligates the two extein sequences with a (thio)ester linkage. Since this bond is 

thermodynamically unfavourable relative to a stable peptide (amide) bond, there is a 

quick acyl shift to generate a native peptide bond between the extein sequences, and 

thereby produce a mature spliced protein (figure 1.9). 
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1.3.4 Types of inteins 
 
Based on structural features and mechanistic considerations, inteins can be classified 

into four general families: maxi-inteins, mini-inteins, alanine inteins, and trans-splicing 

inteins [43].  

1.3.4.1  Maxi-inteins   
 
Maxi-inteins are the most common inteins and are thought of as the most structurally 

intact. They contain each of the conserved intein motifs, including the endonuclease 

domains. In block A, at the N-terminal splice junction, they contain either serine or 

cysteine. Block G at the C-terminal junction contains the conserved histidine-asparagine 

dipeptide followed by a cysteine, serine, or threonine.  

1.3.4.2 Mini-inteins 
 
Mini-inteins are defined by the absence of the endonuclease domain. Mini-inteins 

were engineered prior to the discovery of their natural counterparts through the 

recombinant removal of the endonuclease coding region [26,34]. The recombinant 

deletion of the endonuclease domains from the Sce VMA intein and Mycobacterium 

tuberculosis RecA intein, did not affect their respective splicing activities. These results 

were the first evidence that the N- and C-terminal regions of the inteins were sufficient to 

catalyze protein splicing and that they likely represented structurally independent 

modules from the endonuclease domain. Mini-inteins fold with a horseshoe-like splicing 

domain that is rich with β-sheet secondary structure, with the N- and C-termini centered 

in the cleft (figure 1.10) [36]. 
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 The first naturally occurring mini-intein was discovered in Mycobacterium xenopi; 

the Mxe gyrA gene was found to harbor an intein that had lost the central C,D, E, and H 

motifs encoding the endonuclease [149]. In place of the large deletion, a small, but 

structurally required, linker sequence was inserted. The linker likely fulfills a structural 

requirement for efficient protein splicing, as its mutation ablates splicing activity [149]. 

Since then, several other naturally occurring mini-inteins have been identified, including 

the Porphyra purpurea DnaB intein [116] and the Methanobacterium 

thermoautotrophicum RIR1 intein [137].  

1.3.4.3   Alanine Inteins  
 
An N-terminal alanine residue defines a rare class of inteins called alanine inteins. 

Recall that most inteins contain a nucleophilic residue (cysteine or serine) at the N-

terminal splice junction. This rare, non-canonical, intein was initially identified as a 

putative intein found in an ATPase of Methanococcus jannaschii [51]. Typically, 

mutation of the critical cysteine (or serine) to alanine produces splice-defective inteins 

[58,164]. Therefore, alanine inteins do not appear to conform to the requisites for protein 

splicing to occur. However, alanine inteins are, in fact, active and splice-competent [139]. 

Alanine inteins splice such that the initial N-S/O acyl rearrangement does not occur. 

Instead, transesterification proceeds directly; the peptide bond at the N-terminal splice 

junction is attacked directly by the +1 C-extein nucleophile (figure 1.11).  

1.3.4.4   Trans-splicing Inteins   
 
A mechanistic deviation characterizes trans-splicing inteins. These inteins are not 

continuous, but rather, are separated into N- and C-terminal splicing domains. That is, 
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these inteins are split into two independent splicing fragments that lack a conjoining 

covalent peptide linkage (figure 1.12). Through recombinant methods, a trans-splicing 

intein was first engineered in the laboratory. The Pyrococcus sp. GB-D Pol-1 intein, with 

an intact endonuclease domain, was artificially split and the intein precursors were 

individually expressed in independent hosts [138]. The purified intein fragments were 

able to non-covalently re-associate to form a functional splicing element in vitro. 

Endonuclease activity was also restored using this approach. Engineering of the 

Synechocystis sp. PCC6803 DnaB intein subsequently showed that the endonuclease 

domain could be removed, prior to artificial fragmentation, to generate a trans-splicing 

mini-intein [162]. 

Many of these artificially split intein precursors tend to be insoluble [89,138]. When 

expressed independently, many intein fragments require a denaturation/renaturation step 

prior to recovery of splice-competency. However, soluble expression can be achieved 

when the precursors are co-expressed with their complementary intein fragment, or when 

they are fused to solubility enhancing domains [87,138]. These results suggest that many 

split inteins have exposed hydrophobic regions which could perpetuate protein 

aggregation [127]. An important exception is the artificially split Sce VMA intein, whose 

artificially split precursors are soluble [10,93,94]. 

 Subsequent to the engineering of artificially split inteins, naturally occurring trans-

splicing inteins were observed. These are the only inteins that appear to be essential for 

the survival of their host organisms. Examples of native trans-splicing inteins include the 

Synechocystis sp. PCC6803 DnaE intein, as well as the Nanoarchareum equitans Kin4-M 

Pol intein [22,85,162]. The N- and C-terminal fragments of these inteins are encoded on 
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two independent genes. The genes are located on opposite DNA strands of the circular 

genomes of their respective hosts and are located between 75 kb (Ssp DnaE intein) and 

84 kb apart (Neq Pol intein). Both of these inteins are inserted into genes encoding DNA 

polymerase (Pol), which is a necessity for survival. The split orientation of these genes 

likely arose through an inversion event with a break point within the intein. The intein 

sequence allowed survival of this genomic disruption because the intein-Pol precursors 

were able to re-associate and splice together functional DNA polymerase molecules. 

Naturally occurring split DnaE inteins have subsequently been identified in other 

cyanobacterial species, as well as in Nostoc punctiforme [60]. Interestingly, split DnaE 

inteins share identical extein insertion and intein break point sites, which suggests a 

common ancestry for this class of inteins. 

Naturally occurring trans-splicing split inteins demonstrate greater splicing efficacy 

than do their artificially split counterparts. This elevated activity can likely be attributed 

to differences in intein fragment affinity. The naturally occurring split Ssp DnaE intein 

fragments self-associate with low nanomolar affinity, whereas the artificially split Sce 

VMA intein fragments can only be made to associate when fused to heterodimerization 

domains [94,135]. 

1.3.5 Applications of Inteins 
 

The utility of inteins was realized following the resolution of the intein splicing 

mechanism and several applications have since been developed. Notable technologies 

include: convenient affinity purification methods, which make use of the selective 

cleavage properties of engineered inteins [17,23,24,25,88,167]; expressed protein ligation 

(EPL), which is a semi-synthetic method used to label and assemble proteins, and protein 
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conjugates [5,23,28,44,71,80,81,95,134,151]; and protein cyclization, which utilizes 

inteins to generate stable circular peptides [68,132,159,160].    

Perhaps EPL has been the most widely used intein-based application, but the 

emergence of trans-splicing models has generated some exciting technologies. Trans-

splicing inteins ligate protein fragments encoded on two independent proteins precursors. 

The most-widely used application of trans-splicing inteins, to date, has been the 

development of reporter-based technologies to study protein-protein interactions, as well 

as the intracellular trafficking of proteins [63,64,107,108,109,154]. These applications 

rely on the covalent reconstitution of split reporters, or alternatively, covalent 

reconstitution of transcriptional activators for reporter genes. First, a trans-splicing model 

system was developed in E. coli, in which the fluorescence of an enhanced green 

fluorescent protein (eGFP) reporter served as an output for physiological protein-protein 

interactions. Artificially split eGFP fragments were fused to fragments of a split Sce 

VMA intein and expression of these fusions did not result in fluorescence. However, 

when the intein fragments were fused to calmodulin and M13 peptide sequences, which 

form a protein-protein interaction, protein splicing of eGFP occurred, rendering an 

optically active fluorophore [107,109]. More recently, an intein-based reporter gene assay 

was developed to monitor protein-protein interactions. For this assay, the epidermal 

growth factor (EGF)-inducible interaction between Ras and Raf was exploited to drive 

Ssp DnaE intein-mediated trans-splicing [64]. The splicing reaction generated a mLexA-

V16AD fusion, which forms a transcription complex that activates transcription of a 

firefly luciferase reporter gene under a LexA operator. Since splicing efficiency may be 
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low in many cases, the reporter gene model is an attractive assay because the output 

signal can be amplified from relatively few spliced transcriptional activators.  

In addition to reporter assays for monitoring protein-protein interactions, trans-

splicing of split inteins has also been proven effective for monitoring protein localization 

and transport inside the cell. For example, an assay to monitor nuclear transport was 

developed based on a split Renilla luciferase protein and the Ssp DnaE intein [65]. In this 

model, Renilla luciferase was artificially split into RLuc-N and RLuc-C fragments, which 

were not luminescent. These fragments were fused to split DnaE fragments to obtain the 

chimeric fusions DnaE-C-Rluc-C and Rluc-N-DnaE-N, respectively. The key feature of 

the system was the compartmentalized expression of the fusions, where the Rluc-N-

DnaE-N fusion was localized to the nucleus via a nuclear localization signal. By fusing a 

protein of interest to the C-terminus of the DnaE-C-Rluc-C fusion, its ability to traffic to 

the nucleus could be determined; if the target protein translocated to the nucleus, DnaE-

mediated trans-splicing of luciferase occurred and bioluminescence was observed. In this 

way, luminescence was only observed in those cells where the target protein was subject 

to nuclear import. A similar assay was developed to monitor mitochondrial import using 

a split GFP reporter [108].  

Trans-splicing is also the basis of another intein technology called conditional protein 

splicing, or CPS. The CPS strategy is based on the artificially split Sce VMA intein. In 

this method, split VMA intein fragments are fused to the heterodimerization domains, 

FRB and FKBP, which take the place of the independently folded endonuclease domain. 

Unlike most other split inteins, the artificially split VMA intein fragments demonstrate 

low self-affinity [94]. Rapamycin induces the dimerization of FRB and FKBP domains to 
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form a ternary complex with low nanomolar affinity [6]. Treatment with rapamycin, 

therefore, reconstitutes the intein-FKBP/FRB fusions by proximity, and restores intein 

splicing activity (figure 1.4). This system has been successfully used to splice protein 

fragments both in vitro and in vivo [93,94]. Rapamycin-mediated CPS is both 

concentration and time dependent, with little observed background splicing. Therefore, 

these studies suggested that a small molecule could be used to tightly regulate protein 

function. Indeed, the CPS strategy was subsequently used to conditionally activate 

protein kinase C in vitro [92]. 

A non-trans-splicing model of CPS was recently developed and used in the first 

demonstration that protein splicing could regulate protein function in vivo [166]. First, a 

ligand-evolved Mtu RecA intein was engineered to be responsive to the cell-permeable 

agent, 4-hydroxytamoxifen (4-OHT) [15]. The estrogen receptor ligand-binding domain 

was recombinantly introduced into the RecA intein to disrupt splicing activity. The 

recombinant intein was subjected to iterated mutagenesis to characterize an evolved 

intein that spliced with high efficiency in the presence of ligand, but demonstrated 

minimal background activity in the absence of ligand. In several cell lines, protein 

splicing, mediated by the evolved RecA intein, was found to be time and concentration 

dependent on 4-OHT. The evolved intein was subsequently used to regulate Gli 

transcription factor activity in vivo, in response to 4-OHT. More importantly, 

differentiation of osteoblasts could be tightly controlled by the addition of 4-OHT [166]. 

This was the first evidence that a complex cellular behaviour, such as differentiation, 

could be controlled by ligand-gated inteins. Although trans-splicing inteins have yet to be 
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used to regulate a physiological process, they have been used to regulate reporter protein 

activity in a live animal [131].   

Recently, rapamycin-mediated trans-splicing of Renilla luciferase was observed in 

transgenic Drosophila melanogaster [131]. Initially, an optimized CPS system, based on 

the split Sce VMA intein system developed by Mootz et al. [94], was used to splice 

Renilla luciferase in cultured insect cells by rapamycin-dependent trans-splicing. 

Splicing produced a luciferase molecule capable of bioluminescence. Subsequently, 

transgenic animals expressing VMA-luciferase fusions were treated with rapamycin by 

ingestion. Flies that were administered rapamycin showed a marked induction of 

luciferase activity, while those animals receiving a vehicle control showed luciferase 

activity consistent with non-transgenic animals. This was the first demonstration that CPS 

could be used to regulate protein function in live animals [131].  

Collectively, current models that exploit trans-splicing inteins show that precise 

control of protein function can be achieved both in vitro and in vivo. Therefore, trans-

splicing is an advantageous technology that will facilitate the study of proteins and their 

functions in vivo. Furthermore, its potential ability to tightly regulate physiological 

responses may enable the development of beneficial applications, such as therapeutic 

models. 

 

1.4  Catalytic Protein Toxins: Inhibitors of Translation 
 

Catalytic protein toxins produced by bacteria, fungi, and plants represent some of 

the most lethal cytotoxic agents known to humankind. Their lethality can be attributed 
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to the fact that they are highly processive molecules with high turnover rates. Some of 

the most potent protein toxins irreversibly damage the ribosome, and thereby inhibit 

translation. Prominent examples of toxins that target the ribosome include α-sarcin and 

ricin (reviewed below).  

The potency of these protein toxins is an attractive feature when considering 

therapeutic strategies, as the efficiency of toxin delivery to the target cell does not 

necessarily need to be high. Indeed, several anti-tumour strategies have attempted to 

capitalize on the exquisite ability of protein toxins to kill cells. In general, these 

approaches replace the toxin moieties that permit cell surface engagement with 

monoclonal antibody domains that recognize and bind tumour-associated antigens. An 

important feature of these “immunotoxin” strategies is that they can effectively kill 

cells that are refractory to traditional chemotherapeutic agents, and thus would be 

valuable in treating patients whose tumours are resistant to chemotherapy. However, to 

date, the results from clinical trials using immunotoxins have been disappointing, as 

adverse side-effects, such as vascular leak syndrome, have been associated with their 

use. Thus, the specificity of current tumour-associated antigens is not sufficient to limit 

delivery of protein toxins exclusively to cancer cells. It is clear that strategies to 

improve the specificity of protein toxins targeted to cancer cells are needed for 

immunotoxin therapies in order to achieve widespread clinical application. 

Here, we propose that the conditional protein splicing of α-sarcin and ricin will 

contribute to the mechanistic resolution of each toxin, and serve as tool to regulate toxin-

induced cell death using a small molecule. Since proteins toxins have been investigated 

as a potential method to eliminate tumour cells demonstrating multi-drug 



 27

chemoresistance [73], these findings may have potential medical and therapeutical 

implications.      

1.4.1 Alpha-Sarcin 
 
Alpha-Sarcin (α-sarcin) was discovered in 1963 as an anti-tumour agent produced by 

the soil fungus, Aspergillus giganteus. Its discovery was noteworthy because it 

demonstrated significant toxicity for tumour cells [61]. Indeed, it was named for its 

toxicity to various sarcomas. α-Sarcin is the best characterized member of a family of 

Aspergillus ribotoxins that demonstrate high sequence identity (~86%) and act 

catalytically as ribonucleases [86]. α-Sarcin is secreted as a single, non-glycosylated, 

polypeptide chain of 17 kDa [126]. It is a basic protein that folds with two disulfide 

linkages between cysteine residues at positions 6 and 148, which brings the carboxyl and 

amino termini together, and between residues 76 and 132 (figure 1.14) [126]. Similar 

linkages are found in some other small fungal ribonucleases, and α-sarcin demonstrates 

some degree of structural homology to these non-toxic proteins.   

α-Sarcin shares 34% sequence homology with RNase U2 [126], another fungal 

ribonuclease, and is more distantly related to fungal RNase T1. Although related to these 

non-toxic ribonucleases, α-sarcin has gained exquisite cleavage specificity and the ability 

to traverse the cell membrane [82,133].  

To exert its cytotoxic effect, α-sarcin must cross the lipid bilayer and enter the 

cytosol. However, unlike most other secreted toxins, there is no known membrane 

receptor for α-sarcin. Although the precise mechanism of toxin entry remains unresolved, 

α-sarcin has been demonstrated to interact directly with membranes. α-Sarcin selectively 
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interacts with acidic phospholipids, and causes membrane fusion, as well as aggregation 

and lipid-mixing of artificial liposomes [48,49,105]. Through these interactions, α-sarcin 

can gain entry to liposomes; α-sarcin has been shown to traverse liposome membranes 

where it can act on encapsulated RNA [105]. Through perturbation of the membrane, α-

sarcin facilitates its own endocytic uptake into acidic endosomes [102]. The mechanism 

of endosomal escape has not been characterized, but Golgi trafficking has been suggested 

to play a role in its release to the cytosol [102]. 

Once it has reached the cytosol, α-sarcin acts as a catalytic ribonuclease that 

irreversibly comprises the integrity of the ribosome and thereby inhibits protein synthesis. 

α-Sarcin likely interacts with the ribosome through electrostatic interactions [72]. It 

cleaves a single phosphodiester bond of the 28S (or 23S in prokaryotes) ribosomal RNA 

in a highly conserved modular domain called the sarcin/ricin loop (SRL) (figure 1.13) 

[147]. This target module is present in all known eukaryotes and prokaryotes and, as its 

name suggests, is also recognized by the plant toxin, ricin. α-Sarcin cleaves on the 3’ side 

of guanosine 4325 in a GAGA tetranucleotide sequence exposed at the top of the SRL 

(figure 1.13) [41]. A specific cleavage fragment of ~400 bp, called the alpha fragment, 

corresponds to the 3’ end of the rRNA and may be used as a diagnostic tool [41,130]. 

Remarkably, this single cleavage prevents GTP-dependent binding of EF-2 (elongation 

factor 2) to the ribosome as well as elongation factor 1-dependent binding of aminoacyl-

tRNA to the ribosome [12]. Through this process, α-sarcin is reported to inactivate ~55 

ribosomes per minute [39]. It is proposed that through the process of neutralizing 

ribosomes, α-sarcin elicits its cytotoxic effects. 
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The exact mechanism by which α-sarcin kills a cell is unknown. Binding to the 

membranes of target cells does not cause any direct cytotoxic effects, but rather, cell 

attrition is suggested to be dependent on protein synthesis inhibition. Ultimately, α-sarcin 

induces cell death through apoptosis [102]; hallmarks of α-sarcin-induced apoptosis 

include genomic DNA fragmentation, reversion of membrane asymmetry, and caspase-3 

activation [102]. Interestingly, however, inhibition of translation is not always sufficient 

to induce apoptosis. Therefore, although the ability of α-sarcin to induce death is 

currently attributed somehow to its ability to inactivate ribosomes, a direct link between 

translation inhibition and apoptosis has yet to be defined.  

Finally, because of its intrinsic and exquisite ability to kill tumour cells, α-sarcin is a 

promising candidate for cancer therapy [153]. Its small size, poor immunogenicity, 

absence of cell-binding activity, and thermostability make it a desirable candidate for 

constructing chimeric toxins. α-Sarcin immunotoxins have been engineered successfully, 

but have yet to be used clinically [120,158]. Furthermore, viral infection has been shown 

to promote α-sarcin uptake, and therefore, this toxin may also prove useful in treating 

viral diseases such as AIDS [45,106].  

1.4.2  Ricin 
 
Ricin is a deadly protein toxin produced exclusively in the seeds of Ricinus 

communis, or the castor bean plant. It is a type II ribosome inactivating heterodimeric 

protein comprised of a catalytic A chain (RTA) of 32 kDa linked with a disulfide bond to 

a lectin B chain (RTB) of 34 kDa. The lectin domain plays a role in binding cell 

membranes and is specific for galactose-containing glycoproteins and glycolipids. The 
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ricin toxin A chain is a highly specific N-glycosidase and its intracellular target is the 28S 

rRNA of the ribosome (or 23S rRNA of the prokaryotic ribosome). 

To exert its cytotoxic effect, ricin must first translocate across the cell membrane. 

Unlike α-sarcin, the mechanism of ricin translocation is well characterized. Ricin binds 

to cell surface galactose-containing glycosides through its lectin B chain. Once bound, 

ricin may enter cells through clathrin-dependent or clathrin-independent endocytic uptake 

into endosomes [129]. Ricin undergoes retrograde transport from endosomes to the 

Golgi, and ultimately to the endoplasmic reticulum (ER) prior to escape to cytosol. It is in 

the ER lumen that RTA and RTB separate, mediated by protein disulfide isomerase 

[141]. RTA appears to pose as an ER-associated protein degradation (ERAD) substrate, 

but since it has a low lysine content, it is not ubiquitinated, and thus escapes proteosomal 

degradation [33,79]. It is proposed that ricin, which partially unfolds upon interaction 

with acidic phospholipids, may partially unfold upon interaction with ER lipids, and 

therefore be disguised as an ERAD substrate [3,32,123]. Ribosomes ultimately promote 

toxin refolding, once RTA is released into the cytosol [3,123]. 

The intracellular target of ricin is the ribosome; inactivation of the ribosome prevents 

binding of elongation factors, and therefore, translation is inhibited. RTA interacts with 

the ribosome by binding to the ribosomal proteins L9 and L10e [156]. The toxin is a 

highly specific N-glycosidase, and remarkably, a single depurination reaction is sufficient 

to ablate EF-2 ribosome-binding capability [100]. Specifically, RTA dupurinates rRNA 

by removing a single adenine base in the exposed GAGA tetranucleotide sequence of the 

sarcin/ricin loop; it cleaves the adenine base at position 4324 in 28S rRNA (figure 1.13) 

[40]. Adenine removal prevents formation of a critical stem-loop conformation, to which 
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EF-2 can bind during the translocation step of elongation. Because ricin can inactivate 

~1400 ribosomes per minute, the rate of ribosome synthesis cannot compete with the 

toxin [104]. In this way, only a few molecules of the toxin may be required to kill animal 

cells [38,40].  

Ricin-induced cell attrition can likely be attributed to the toxin’s exquisite ability to 

inhibit translation. Ricin ultimately induces cell death through apoptosis; ricin induces 

LDH (lactate dehydrogenase) leakage, genomic DNA fragmentation, release of reactive 

oxygen species, depletion of intracellular glutathione, and caspase-3 activation in HeLa 

cells [118]. Other documented stress responses include: ricin-induced production of 

cytotoxic free radicals, nitric oxide, and DNA damage in macrophages [54]; hepatic lipid 

peroxidation, glutathione depletion, and single stranded DNA breaks in mice [96]; and 

oxidative stress associated renal and hepatic toxicity in mice [74]. Direct damage to 

nuclear DNA, which would necessitate nuclear localization, has also been suggested for 

ricin [11]. The diversity of toxic outputs observed for ricin suggests that the catalytic 

activity of the toxin may not be sufficient to induce cell death, at least in some instances. 

Indeed, a recent study documented RTA mutants that could not induce cell death despite 

retaining wild type catalytic ability to depurinate ribosomes [77]. Nonetheless, ricin 

represents one of the most deadly substances known to humankind, and therefore, has 

several potential applications.  

Due to its extreme potency, ricin has been investigated for use in criminal and 

therapeutic endeavors. The seeds of the castor bean plant are processed commercially to 

obtain castor oil, which is used in paints, varnishes, and in industrial lubricants. Due to 

the widespread availability of biological starting material, and its ease of extraction, ricin 
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is considered a potential agent of biological warfare. Indeed, the United States War 

department considered the weaponization of ricin during World War I. Since then, 

weapons-grade ricin has been manufactured and tested in animals by the United States in 

the 1940s, and by Iraq in the 1980s [4]. More famously, ricin gained notoriety for its use 

in the 1978 “umbrella assassination” of Georgi Markov; Markov, a journalist who 

defected from communist Bulgaria, was assassinated on a crowded London street, 

presumably by the Bulgarian secret police. A modified umbrella was used to implant a 

ricin-laced pellet into Markov’s leg - he died three days later [103]. Paradoxically, ricin 

has also been investigated as a potential therapeutic agent. 

Ricin is widely used in immunotoxin strategies, primarily to combat haematological 

malignancies. These malignancies are intravascular and are thus well suited to 

intravenously introduced immunotoxin therapies. Ricin immunotoxins are generated 

through the chemical conjugation of recombinant RTA moieties to monoclonal antibodies 

that target tumour-associated antigens [42]. By targeting lymphocyte activation markers, 

including CD25 and CD22, several different ricin immunotoxins have been tested in 

phase I//II clinical trials for diseases, such as Hodgkin’s lymphoma. However, their 

therapeutic potential has been hampered by the dose-limiting toxicity of vascular leak 

syndrome; the RTA immunoconjugates cause non-specific damage to endothelial cells 

resulting in the extravasion of blood fluid into body tissues such as the lungs, muscle, and 

brain. Corresponding side effects include potentially severe edema, hypotension, 

tachycardia, and myalgia. Despite these drawbacks, ricin retains a strong therapeutic 

potential and may require alternative strategies to target diseased tissues. 
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1.5   Research Objectives   
 

Protein toxins represent some of the most lethal molecules known to humankind. 

Accordingly, several strategies have attempted to use these toxins to regulate cell death. 

Here, we propose a model to conditionally activate the translation inhibitors, α-sarcin and 

ricin, from inactive precursors. We will use the small synthetic molecule, rapamycin, to 

mediate intein splicing (in trans) of inert toxin fragments in vivo, and thus conditionally 

restore cytotoxicity (figure 1.15). This strategy will permit the tight regulation of toxin-

induced lethality in live cells. Such control over toxin-induced cell death will facilitate 

the study of these exquisitely potent molecules and may lend itself to future therapeutic 

models. 

Specifically, we hypothesize that α-sarcin and ricin can be artificially attenuated by 

recombinant fragmentation and expressed in vivo as non-toxic fusion proteins. We further 

propose that rapamycin can be used to conditionally drive the intein-mediated splicing of 

the inert toxin fragments in vivo. Conditional protein splicing of the innocuous toxin 

moieties should render full-length and functional toxins with restored cytotoxic activity. 

This system will represent a novel method for selectively killing mammalian cells, 

conditional on the presence of a small synthetic ligand. 

The purpose of this thesis is to develop a conditional protein splicing model for protein 

toxins in vivo. The objectives are: (1) to characterize the cytotoxic effects, if any, of 

exogenously expressed α-sarcin and RTA in HeLa cells; (2) to design appropriate toxin-

intein fusions that demonstrate splicing activity in vivo; (3) to assay the in vivo activity of 

spliced toxin products. 
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Figure 1.1   Schematic diagram of segmental pre-mRNA trans-splicing of toxins. The 
gene sequence for shiga toxin A subunit is artificially fragmented and the gene segments 
are expressed in tumour cells as fusions with intronic and hybridization sequences. 
Complementation of hybridization sequences permits trans-intron splicing of pre-
mRNAs to produce mature toxin mRNA. Adapted from [97]. 
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Figure 1.2   Reconstituted caspase killing model in C. elegans. (A) Modular 
organization of the C. elegans caspase-3 homologue, CED-3. (B) Fusion of CED-3 
subunits to anti-parallel leucine zipper modules mediates CED-3 oligomerization and 
activation. Adapted from [18]. 
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Figure 1.3   Intein-mediated protein splicing. An intervening intein sequence 
autocatalytically excises itself from an immature precursor and concurrently ligates 
flanking protein sequences, called exteins, to produce a mature protein. 
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Figure 1.4   Schematic diagram of rapamycin-mediated conditional protein splicing. 
(A) In the absence of the small synthetic ligand, rapamycin, artificially split VMA intein 
fragments demonstrate low self-affinity and do not co-localize. (B) When rapamycin is 
added, the heterodimerization domains, FKBP and FRB, form a ternary complex with 
rapamycin, and co-localize the VMA intein fragments. (C) The reconstitution of the 
VMA intein allows protein splicing of flanking protein sequences (designated Protein X 
and Protein Y). Adapted from [94].   
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Figure 1.5   Small molecule-dependent activation of transcription. (A) In the absence 
of a synthetic bipartite ligand, the DNA-binding domain (DBD) and activation domain 
(AD) of a split transcription factor do not interact. (B) In the presence of the synthetic 
bipartite ligand, auxiliary protein domains form a complex with the ligand and co-
localize the DBD and AD, resulting in transcription of a target gene. 
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Figure 1.6   Schematic diagram of small molecule-mediated activation of membrane 
receptors. (A) Typical membrane receptors are not activated in the absence of ligand. 
(B) In the presence of ligand, or dimerizing antibodies (as depicted), receptors 
oligomerize and become activated. (C) Truncated receptors, lacking the extracellular 
domain, can be activated by fusing the cytosolic receptor regions to homodimerization 
domains. Addition of a chemical inducer of dimerization mediates oligomerization and 
activation of the receptor, even in the absence of a genuine ligand. 
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Figure 1.7   Inteins fold into structurally independent endonuclease and protein 
splicing domains. The crystal structure of PI-Sce, the VMA-1 gene product in yeast [37]. 
Image generated with Cn3D, National Library of Medicine [19].  
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Figure 1.8   Schematic diagram of the modular architecture of an intein precursor. 
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Figure 1.9   The mechanism of intein-mediated protein splicing.  Step 1: N-S/O acyl 
shift, a (thio)ester linkage is formed at the N-terminal splice junction; Step 2: 
Transesterification, the conserved +1 extein nucleophile attacks the sissile (thio)ester 
linkage created in step 1 to form a branched intermediate; Step 3: Asn cyclization, 
succinimide formation resolves the ligated exteins; Step 4: O/S-N acyl shift; a native 
peptide bond is formed between ligated exteins. 
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Figure 1.10   Mini-inteins fold in a horse-shoe like domain with the amino- and 
carboxyl-termini emerging from the central cleft. Crystal structure of the 
Mycobacterium tuberculosis RecA mini-intein [155]. Image generated with Cn3D, 
National Library of Medicine [19]. 
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Figure 1.11   Mechanism of alanine-intein-mediated protein splicing. Alanine inteins 
do not undergo the first step (N-S/O acyl rearrangement) of the conventional splicing 
mechanism. Instead, the +1 extein nucleophile directly attacks the amide bond at the N-
terminal splice junction to form the branched intermediate.  
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Figure 1.12   Intein-mediated protein splicing in trans. Split intein fragments are 
encoded on two independent precursors. Reconstitution of split intein fragments, by 
proximity, restores protein splicing activity and extein fragments are ligated together. 
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Figure 1.13   Schematic diagram of the sarcin/ricin loop of 28S rRNA 
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Figure 1.14   The three-dimensional structure of α-sarcin [110]. α-Sarcin folds with 
an N-terminal β-hairpin domain, and a globular C-terminal domain that bears 
ribonuclease activity. Image generated with Cn3D, National Library of Medicine [19].  
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Figure 1.15   Schematic model for conditional protein splicing of protein toxins in 
vivo. 
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Chapter 2 Exogenous Expression of Protein Toxins in 
Mammalian Cells 

 
 

2.1  Introduction 
 

Protein toxins represent some of the most lethal biological molecules known in 

existence. In particular, intracellular enzymatic toxins that inhibit protein synthesis are 

extraordinarily efficient at killing mammalian cells. Here, we investigated the Aspergillus 

ribotoxin, alpha-sarcin (α-sarcin), as well as the type II ribosome inactivating Ricinus 

communis toxins, ricin and non-toxic R. communis agglutinin (RCA). α-Sarcin is a 

ribonuclease that specifically targets a conserved module in the 28S ribosomal RNA 

(rRNA) of eukaryotes, called the sarcin/ricin loop (SRL) [41]; it cleaves the 

phosphodiester backbone at the apex of the SRL, which prevents ribosome engagement 

of elongation factors, and thus inhibits protein synthesis [12]. The catalytic A-chain of 

ricin (RTA) also targets this conserved rRNA domain, but enzymatically depurinates a 

single adenine from the loop, to ultimately forbid binding of elongation factors [40,100]. 

Unlike ricin, RCA is relatively non-toxic because it cannot traverse the cell membrane, or 

at least very poorly. Nonetheless, the RCA A-chain shares 93% sequence identity with 

RTA, and acts on the same intracellular target once internalized [122].  

Since their ribosomal substrates are intracellular, α-sarcin and ricin must first enter 

the cytosol in order to exert their cytotoxic effects. α-Sarcin does not possess a true 

membrane receptor, but appears to enter cells by interacting with, and disrupting, cell 

membranes, such that toxin molecules are endocytosed [48,49,102]. The exact 

mechanism by which α-sarcin reaches the cytosol is unknown, but trafficking through the 
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Golgi has been suggested [102]. Unlike α-sarcin, ricin binds to specific membrane 

moieties; the lectinic B chain of ricin binds to galactosides on the cell surface to initiate 

endocytic uptake. Once endocytosed, ricin undergoes retrograde transport, passing 

through the Golgi and endoplasmic reticulum, before it ultimately escapes to the cytosol 

[129]. Although it is clear that α-sarcin and ricin enter cells through an endocytic 

mechanism, it is unclear whether trafficking is required for the intracellular activity of 

these toxins. Therefore, we investigated whether intracellular trafficking of α-sarcin and 

ricin was a requisite for their catalytic and cytotoxic activities. To address this question, 

we directly expressed α-sarcin or, the catalytic A-chain of ricin, in mammalian cells. Cell 

viability was assayed to monitor cytotoxicity, and a novel protein synthesis inhibition 

assay was developed to monitor inhibition of translation. For this assay, the expression of 

green fluorescent protein (GFP) was used as a reporter output for protein synthesis 

inhibition in the presence of exogenously expressed toxins. Collectively, these 

experiments established that intracellular trafficking was not a requisite for the catalytic 

activity and cytotoxic action of α-sarcin, or ricin. 

In addition to α-sarcin and ricin, the cytotoxic properties of the RCA catalytic A-

chain were briefly investigated. RCA, named for its ability to agglutinate erythrocytes, 

forms heterotetramers, whereas ricin forms heterodimers [122]. It is believed that this 

difference in quaternary structure affects the ability of RCA to enter cells and accounts 

for its lack of toxicity [101]. In vitro studies have shown that the catalytic A chain of 

RCA inactivates ribosomes at ~100 per minute, whereas ricin inactivates ~1400 

ribosomes per minute [104]. However, chimeric agglutinin A chain-ricin B chain 

conjugates, that readily permit RCA cell entry, are only somewhat less cytotoxic than 
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ricin alone [101]. These findings suggest that RCA possesses similar in vivo catalytic 

properties to RTA. To address the genuine in vivo catalytic capability of the RCA A-

chain, we directly expressed its cDNA in mammalian cells. Using this approach, we 

found no difference in the catalytic, or cytotoxic, capabilities of RCA and RTA. 

Finally, the finding that cell trafficking was not required for the catalytic activity of 

α-sarcin and ricin proved to be important for the conditional cell killing model presented 

in chapter 3. Briefly, this model is based on the conditional covalent ligation of inert 

protein fragments in vivo, to produce functionally active toxin molecules. Since our 

model hinged on toxin activity that was independent of intracellular trafficking, the 

results of this study validated our approach. To supplement this model, we characterized 

several different toxin mutants, and their cytotoxic properties are described within this 

chapter. 

 

2.2  Materials and Methods 
 

Bacterial Strains and Plasmids 

Escherichia coli DH5α (Invitrogen) was used to perform all molecular cloning 

procedures and was cultured in Luria-Bertani (LB) broth supplemented with 100 µg/mL 

ampicillin. The mammalian expression vectors pEB3 and pEB4, were the generous gifts 

of Dr. T.W. Muir [94]. The mammalian expression vector pcDNA3.1 (Invitrogen) was 

used to construct the eukaryotic expression clones of full-length α-sarcin, ricin toxin A 

(RTA), and R. communis A chain (RCA). The 3×FLAG sequence from p3×FLAG-

CMV™-7.1 (Sigma) was cloned into XhoI- and EcoRI-treated pMSCV (BD Biosciences 
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Clontech) to generate 3×FLAG pMSCV. The 3×FLAG pMSCV expression vector was 

subsequently used to construct 3×FLAG N-terminally tagged constructs, as well as stable 

expression clones for wild-type α-sarcin and the α-sarcin mutant, R121Q. Puromycin 

(Sigma) was used at 2 µg/mL for selection of stable mammalian expression clones from 

cells transfected with 3×FLAG pMSCV plasmids. AdTrack CMV, which encodes a GFP 

reporter under the CMV promoter [55], was used in the protein synthesis inhibition 

assays. Table 2.1 summarizes each expression plasmid generated for this study.  

 
Polymerase Chain Reaction (PCR) and Oligonucleotide Primers  
 

Standard PCR amplifications were carried out using Deep VentR
TM DNA polymerase 

(New England Biolabs). PCR reactions were performed in volumes of 25 µl containing 

nuclease-free water, 1× ThermoPol buffer, 200 µM dNTPs (Invitrogen), 200 nM forward 

and reverse primers (Operon), 1 ng of template DNA, and 1.0 U of Deep Vent 

Polymerase. Hot-start PCR reactions were generally performed according to the 

following cycling parameters: initial denaturation at 95°C for 1 minute; 25 cycles of 95°C 

for 15 seconds, 60°C for 20 seconds, 72°C for 60 seconds per kb of target; final extension 

at 72°C for 4 minutes. 

The overlap extension PCR method was used for site-directed mutagenesis. The first 

round of PCR was performed as above, and the second round of PCR amplification was 

carried out using Elongase® Enzyme Mix (Invitrogen). PCR reactions were performed in 

volumes of 25 µl containing nuclease-free water, 1.5 mM Mg2+, 200 µM dNTPs 

(Invitrogen), 200 nM forward and reverse primers (Operon), 50 ng each of purified 

cDNA from round one, and 1.0 U of Elongase® Enzyme Mix. Round two PCR reactions 

were performed under the following cycling parameters: initial denaturation at 95°C for 4 
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minutes; 4 cycles of 95°C for 1 minute, 40°C for 1 minute, 68°C for 1 minute; 25 cycles 

of 95°C for 1 minute, 60°C for 1 minute, 68°C for 1-2 minutes; final extension at 68°C 

for 5 minutes. Oligonucleotide primers used for all PCR amplifications are presented in 

table 2.2 and subsequently referenced by oligonucleotide (oligo) number. 

 
Recombinant DNA Techniques 

All recombinant cloning procedures including isolation of plasmid DNA, restriction 

enzyme digestion, ligations, and agarose gel electrophoresis were performed according to 

methods described in Molecular Cloning [83]. The Qiaex® II Gel Extraction Kit, 

QIAquick® PCR Purification Kit, and Qiagen® Plasmid Midi Kit were used according to 

the manufacturer’s instructions. Restriction endonucleases (New England Biolabs), T4 

polynucleotide kinase (Invitrogen), and T4 DNA ligase (Invitrogen) were used according 

to the manufacturer’s instructions. Where necessary, enzymes were heat inactivated at 

70°C for 10 minutes. Ligation reactions were transformed into chemically competent E. 

coli DH5α. 

 
Cloning of α-Sarcin and α-Sarcin mutants 
 

The cDNA encoding residues 1-27 of wild-type α-sarcin (NSar) was generated by 

annealing complementary oligos 1 and 2. Oligos 1 and 2 introduced an ATG start codon 

at the 5’ end of the coding sequence of NSar. The cDNA was treated with T4 

polynucleotide kinase and cloned into BamHI- and EcoRI-treated pEB4 to obtain 

pEB4_NSar. The cDNA encoding residues 28-150 of wild-type α-sarcin (CSar) was 

generated by annealing complementary overlapping oligos 3-12. The annealed oligos 
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were treated with T4 polynucleotide kinase (Invitrogen), ligated using T4 DNA ligase 

(Invitrogen), and cloned into BamHI- and XhoI-treated pEB3 to obtain pEB3_CSar. 

The full-length α-sarcin cDNA (αS) was PCR amplified using the overlap extension 

method. For round one, the NSar cDNA was amplified with oligos 13 and 14 using 

pEB4_NSar template and the CSar cDNA was amplified with oligos 15 and 16 using 

pEB3_CSar template. pαS was obtained by cloning the round two PCR product, 

amplified from the NSar/CSar cDNA mix with oligos 13 and 16, into XhoI- and HindIII-

treated pcDNA3.1. Similarly, all α-sarcin variants were amplified using overlap extension 

PCR and cloned as outlined in table 2.3, unless otherwise noted below. 

The wild-type α-sarcin cDNA was amplified with oligos 26 and 27 using pαS 

template DNA, and cloned into NotI- and SalI-treated 3×FLAG pMSCV to obtain pFLG-

αS. The α-sarcin R121Q cDNA was also amplified with oligos 26 and 27, but using 

pR121Q template DNA, and cloned into NotI- and SalI-treated 3×FLAG pMSCV to 

obtain pFLG-R121Q. All α-sarcin clones were characterized by DNA sequencing. Table 

2.1 summarizes the α-sarcin clones generated for use in this study. 

 
Isolation of Ricinus communis total RNA   

A R. communis specimen bearing seedpods was obtained from a local nursery 

(GardenWorks, Victoria, Canada). Seed coats were removed and ~0.5 grams of seed 

tissue was ground using a small mortar and pestle. The sample was homogenized in 

TRIzol® reagent (Invitrogen) using a PowerGen 125 homogenizer (Fisher Scientific). 

TRIzol ® extraction of total RNA was performed according to the manufacturer’s 

protocol (Invitrogen). 
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Cloning of Ricin Toxin A (RTA) and Ricinus communis A chain (RCA) 

Reverse-transcriptase (RT)-PCR reactions were performed in 20 µl using the 

Protoscript® II RT-PCR Kit (New England Biolabs). First strand cDNA synthesis 

reactions contained nuclease-free water, 100 pmol oligo-dT primer, 200 µM dNTPs, 1× 

RT buffer, 10 U RNase inhibitor, 750 ng R. communis RNA, and 5.0 U M-MuLV 

Reverse Transcriptase. The RNA/primer/dNTP mix was heated at 70°C for 5 minutes and 

immediately chilled on ice before the remaining reaction components were added. The 

reaction was incubated at 42°C for one hour, after which, the RT was inactivated at 95°C 

for 5 minutes. The reaction was diluted to a final volume of 50 µl with nuclease-free 

water for storage at -20°C. For subsequent PCR amplification using Deep VentR
TM DNA 

polymerase (New England Biolabs), 2 µl of cDNA was used as template in each instance. 

A nested amplicon was PCR amplified from the R. communis cDNA using oligos 28 

and 29, from which the RTA cDNA was subsequently amplified using oligos 29 and 30. 

The RTA cDNA was cloned into XhoI- and HindIII-treated pcDNA3.1 to obtain pRTA. 

The RTA I170G mutant was amplified using overlap extension PCR and cloned as 

outlined in table 2.4. 

RCA was directly amplified from R. communis cDNA using oligos 29 and 30. The 

RCA cDNA was cloned into XhoI- and HindIII-treated pcDNA3.1 to obtain pRCA. The 

RCA R213D mutant was amplified using overlap extension PCR and cloned as outlined 

in table 2.4. All RTA and RCA clones were characterized by DNA sequencing. Table 2.1 

summarizes the RTA and RCA clones generated for use in this study.  
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DNA Sequencing 
 

All sequencing was performed at the CBR (Centre for Biomedical Research) DNA 

sequencing facility at the University of Victoria. All pcDNA3.1 constructs were 

sequenced using T7 forward (5’ TAATACGACTCACTATAGGG 3’) and BGH reverse 

(5’ TAGAAGGCACAGTCGAGG 3’) sequencing primers. The 3×FLAG pMSCV clones 

were sequenced using MSCV forward (5’ CCCTTGAACCTCCTCGTTCGACC 3’) and 

MSCV reverse (5’ CAGCGGGGCTGCTAAAGCGCATGC 3’) sequencing primers.  

 
SDS-PAGE and Western Blotting 
 

Whole cell lysates were prepared with 1× SDS-PAGE sample buffer (62.5 mM Tris 

pH 6.8, 2% SDS, 75 mM DTT, 7.5% glycerol, 0.02% bromophenol blue) and heated at 

95°C for ten minutes prior to electrophoresis. SDS-PAGE was performed according to 

the method of Laemmli [75]. Protein samples were resolved through 11% SDS-PAGE 

gels and transferred to nitrocellulose membranes (0.45 µm) using Towbin transfer buffer 

(25 mM Tris pH 8.3, 192 mM glycine, 20% (w/v) methanol). Membranes were blocked 

using 5% skim milk in TBS-T (20 mM Tris-HCl pH 7.4, 137 mM NaCl, 0.1% Tween-

20). Anti-GFP (Roche), anti-FLAG (Stratagene), and anti-β-actin antibodies (Sigma) 

were used at working dilutions of 1:4,000 or 1:5,000. The anti-sarcin antibody was the 

generous gift of Dr. Martínez del Pozo and was used at a working dilution of 1:500 

(Universidad Complutense, Madrid, Spain). After incubation with appropriate primary 

antibodies, blots were washed three times, for five minutes in each instance, with TBS-T. 

Blots were subsequently probed with an anti-mouse IgG horseradish peroxidase (HRP) 

(R and D systems) conjugate at a working dilution of 1:8,000 to 1:10,000, or with an anti-

rabbit IgG HRP conjugate (R and D systems) at a working dilution of 1:4000 (in the case 
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of the anti-sarcin antibody). Proteins were detected using an enhanced 

chemiluminescence western blotting detection system (Amersham). Blots were exposed 

to film and developed using an automated X-ray film developer. Where necessary, blots 

were stripped using 25 mM glycine-HCl pH 2.0, 1% (w/v) SDS, and re-probed using an 

appropriate antibody. 

   
Mammalian Cell Culture Experiments 
 

HeLa and BOSC cell lines were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) with 10% fetal bovine serum, 100 µg/mL penicillin and 100 µg/mL 

streptomycin at 37°C and 5% CO2 according to standard procedures. Transient 

transfection of the appropriate plasmids from the set, pαS, pαSmyc, pRTA, pRCA, 

pR213D, pR121Q, pN28C, pQ27G/N28C, pαS_link, pcDNA3.1, AdTrack CMV, pFLG-

αS, pFLG-R121Q, and pMSCV was performed in HeLa cells using lipofectamine reagent 

(Invitrogen) according to the manufacturer’s instructions. Where whole cell lysates were 

harvested, cells were washed once with phosphate-buffered saline (PBS; 0.2 M NaCl, 4.2 

mM KCl, 12.7 mM Na2HPO4, 2.3 mM KH2PO4) and cell lysis was performed using NP-

40 lysis buffer (20 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, 1% nonidet-P40, 2 

mM EDTA).  

Stable transfection of pFLG-αS, pFLG-R121Q, and pMSCV was performed in BOSC 

cells using lipofectamine (Invitrogen) according to the manufacturer’s instructions. Three 

days post-transfection, cells were trypsinized and plated in culture media supplemented 

with 2 µg/mL puromycin. Cells were maintained under puromycin selection to select for 
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stable expression clones. The stable expression lines generated represented polyclonal 

populations. 

To assay relative cell viability over time, HeLa cells were seeded at 2 × 104 cells/well 

in a 24-well dish. Twenty-four hours later, transient transfection of the appropriate 

plasmids from the set, pαS, pRTA, pRCA, and pcDNA3.1 (250 ng/well) was carried out 

as described above. At times intervals of 10, 24, and 36 hours, cell viability was assayed 

by crystal violet staining (described below). Percentage viability was determined as the 

ratio of the A595nm of toxin-transfected cells to A595nm of pcDNA3.1-transfected control 

cells. The data represents three independent experiments. 

To assay dose-dependent killing, HeLa cells were seeded at 2 × 104 cells/well in a 24-

well dish. Twenty-four hours later, transient transfection of the appropriate plasmids from 

the set, pαS, pαSmyc, pRTA, pRCA, pR213D, pR121Q, pN28Cmyc, pQ27G/N28Cmyc, 

pαS_link, pcDNA3.1, pFLG-αS, pFLG-R121Q, and pMSCV was carried out as 

described above. Amounts of 50, 100, 250, and 500 ng of toxin plasmid DNA were 

transfected. Where required, control vehicle plasmid (either pcDNA3.1 or pMSCV) was 

added to the transfection mix to control for the amount of DNA transfected (500 ng per 

well). Forty-eight hours following transfection, relative cell viability was assayed by 

crystal violet staining (described below). Percentage viability was determined as the ratio 

of the A595nm of toxin-transfected cells to the A595nm of pcDNA3.1-transfected control 

cells. Data represents at least three independent experiments.   

To assay protein synthesis inhibition, HeLa cells were seeded at 3.0 × 104 cells/well 

in a 24-well dish. Twenty-four hours later, transient transfection of a GFP reporter 

plasmid, AdTrack CMV (250 ng), and the appropriate plasmid from the set, pαS, 
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pαSmyc, pRTA, pRCA, pR213D, pR121Q, pR121Qmyc, pN28Cmyc, pQ27G/N28C, 

pαS_link, pcDNA3.1, pFLG-αS, pFLG-R121Q, and pMSCV (250 ng toxin cDNA/well) 

was carried out as described above. Eighteen hours after transfection, cell lysates were 

harvested and analyzed by western blot for GFP expression, as well as for β-actin 

expression as a loading control. Cell lysates were also analyzed by fluorimetric analysis 

(excitation 485 nm/emission 535 nm) using a VictorTM
3V 1420 Multilabel counter 

(Perkin Elmer). Percentage protein synthesis inhibition was calculated as 1-

(RFUtoxin/RFUvector control). Fluorimetric analysis represents data from at least three 

independent experiments.  

For experiments involving cycloheximide (CHX), a stock solution was prepared 

using DMSO (dimethyl sulfoxide) solvent. To assay translation inhibition, cells were 

treated with CHX, or a corresponding volume of DMSO, for 18 hours at the indicated 

concentrations. Cell lysates were analyzed by fluorimetric analysis as above. To assay the 

relative viability of CHX-treated cells, the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega) was performed. Viability was calculated relative to cells 

receiving DMSO vehicle treatment.  

 

Crystal Violet Staining for Cell Survival 

 
Cells cultured in a 24-well dish were washed once with PBS and fixed with 10% 

formalin for 10 minutes at room temperature. Cells were washed two times with distilled 

water (dH2O) and incubated with 0.1% crystal violet for 30 minutes at room temperature. 

To remove excess stain, cells were extensively washed with dH2O. Crystal violet was 
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extracted using 10% acetic acid. Extracts were diluted 1:4 and their absorbance was 

measured at 595 nm using a VictorTM
3V 1420 Multilabel counter. 

 
 

2.3 Results 
 

2.3.1  Exogenous expression of α-sarcin and ricin in HeLa cells  
 
In nature, both α-sarcin and ricin must traverse the cell membrane to reach the 

cytosol, where they compromise their ribosomal targets. We first determined if 

intracellular trafficking is a requirement for the observed toxicity of these toxins. To 

address this question, we directly expressed α-sarcin and ricin in mammalian cells by 

transfection of toxin cDNA, and thereby subverted any endocytic trafficking. α-Sarcin 

and the catalytic ricin toxin A chain (RTA) were cloned into the mammalian expression 

vector, pcDNA3.1, under a constitutive cytomegalovirus (CMV) promoter. α-Sarcin and 

RTA clones were assigned the designations of pαS and pRTA, respectively. Where 

indicated, α-sarcin was cloned as an in-frame fusion with a 3×FLAG, or a myc epitope 

tag, to facilitate detection by western blot analysis. All RTA and RCA clones were 

generated with myc epitope tags. Unfortunately, addition of the myc epitope did not 

prove sufficient for detection of toxin expression by western blot analysis using an anti-

myc antibody. We were, however, able to obtain an aliquot of antibody raised against α-

sarcin and confirm the expression of the α-sarcin clones (discussed below). 

To determine the extent of cytotoxicity associated with exogenous α-sarcin and RTA 

expression, HeLa cells were transfected with the either pαS or pRTA and assayed for 

viability over time. Viability was assayed by crystal violet staining and relative viability 
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was determined by comparing the survival of toxin-transfected cells to that of vehicle 

plasmid-transfected cells. Exogenous expression of both α-sarcin and RTA in HeLa cells 

resulted in decreased relative viability within 48 hours (figure 2.1). Cells transfected with 

pRTA were less viable than those transfected with pαS over the same time course.  

To confirm that the lethality observed in figure 2.1 was dependent on toxin 

expression, we evaluated if toxicity was dependent on the amount of toxin expressed. To 

address this question, HeLa cells were transfected with increasing amounts of pαS, or 

pRTA, and assayed for viability 48 hours post-transfection by crystal violet staining. 

Both α-sarcin and RTA-transfected cells demonstrated decreased relative viability when 

transfected with increasing amounts of toxin cDNA (figure 2.2). Relative cell viability 

decreased steadily up to a certain dose (250ng), above which viability no longer 

decreased and remained static. To correlate the observed cytotoxicity with the enzymatic 

activity of the transfected toxins, we developed a method to assay their catalytic 

potentials in vivo.  

To measure the catalytic ability of toxins to inhibit translation, we took the following 

approach. HeLa cells were co-transfected with toxin cDNA, as well as an expression 

vector encoding a GFP reporter under the CMV promoter (AdTrack CMV). Transfection 

was carried out at high cell densities, as this was observed to delay cytotoxicity 

(experimental observation). Therefore, any decrease in GFP levels, relative to control 

transfections, could be attributed to inhibition of translation, rather than cytotoxicity 

induced by toxin expression. To ensure cytotoxicity was not affecting measurable GFP 

levels, cells were examined microscopically and confirmed to be of similar confluency 

prior to assay. To assay levels of the GFP reporter, cell lysates were harvested 18 hours 



 62

post-transfection and analyzed by western blot using an anti-GFP antibody, as well as by 

fluorimetric analysis of cell lysates. 

 Anti-GFP western blot analysis of cell lysates transfected with pαS and pRTA 

showed that GFP reporter expression was completely inhibited relative to a vehicle 

transfection control (figure 2.3a). Direct analysis of fluorescence in cell lysates correlated 

well with the biochemical analysis; both α-sarcin and RTA inhibited translation with near 

100% efficiency (figure 2.3b). Expression of a C-terminal myc-tagged α-sarcin was 

somewhat less active; GFP expression, albeit at lower levels than the control, was 

detected in pαSmyc-transfected cells (figure 2.3a), and relative protein synthesis 

inhibition was reported at approximately 80% (figure 2.3b).  

Despite the correlation between cytotoxicity and inhibition of translation observed for 

α-sarcin and ricin, the exact role that catalytic activity contributes to toxin-induced cell 

death remains an unanswered question. To investigate this problem in the context of α-

sarcin, we characterized the catalytically impaired mutant, α-sarcin R121Q [87]. We used 

the in vivo GFP reporter assay for protein synthesis inhibition and standard viability 

assays to determine if the catalytic activity of α-sarcin was required to induce its toxic 

effects. Therefore, we generated α-sarcin R121Q by site-directed mutagenesis and cloned 

the cDNA into pcDNA3.1 to obtain pR121Q and pR121Qmyc. By western blot analysis 

of cell lysates, transfection with pR121Q, or pR121Qmyc, resulted in GFP expression at 

levels comparable to the reporter levels in vehicle-transfected cells (figure 2.3a). 

Furthermore, the direct measurement of fluorescence in cell lysates showed that catalytic 

activity was severely impaired in pR121Q-transfected cells; the R121Q mutant 

demonstrated less than 30% inhibition of translation (figure 2.3b).  
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To evaluate if the catalytic deficiency observed for the R121Q mutant would correlate 

with a decrease in toxicity, we assayed the relative viability of pR121Q-transfected cells. 

Exogenous expression of pR121Q resulted in a dose-dependent decrease in viability 

(figure 2.4). Although the trend was similar to that observed for transfection with pαS, 

expression of R121Q was somewhat less toxic (figure 2.4). This attenuated toxicity 

facilitated detection of this mutant by western blotting using an anti-sarcin antibody. 

Recall, the myc tag was insufficient to permit detection using an anti-myc antibody. The 

anti-sarcin antibody was able to detect the exogenous expression of the R121Q and 

R121Qmyc variants, as well as a wild type α-sarcin-myc variant (figure 2.5). The 

untagged R121Q variant was detected at the predicted MW of ~17 kDa, and the myc-

tagged clones were detected at ~23 kDa.  

It was intriguing that R121Q could still mediate cell killing, despite lacking wild-type 

catalytic properties. A possible explanation for this result was that only a subtle decrease 

in protein synthesis is required to severely decrease viability of HeLa cells. To rule this 

possibility out, we first identified a concentration of cycloheximide (CHX) that could 

inhibit translation to a similar extent as the R121Q mutant. CHX treatment at 250nM 

inhibited translation by ~30% (figure 2.6a). We determined the effect of 250nM CHX 

treatment on HeLa cell viability. Despite exhibiting similar inhibitory effects on protein 

synthesis, CHX treatment decreased viability by only ~20% (figure 2.6b), whereas the 

expression of R121Q decreased viability by an apparent 60% (figure 2.4).  

2.3.2 Exogenous expression of Ricinus communis agglutinin A chain in HeLa 
cells 
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Despite sharing a high sequence identity with ricin, RCA is a relatively inert molecule 

that mediates agglutination of cells rather than their execution. Using the in vivo GFP 

reporter assay and standard viability assays, we determined the genuine activity of the 

RCA A-chain in vivo. The RCA A chain was cloned into pcDNA3.1 to generate pRCA. 

As a control for the catalytic determination, an attenuated RCA A chain bearing a R213D 

mutation was also generated (pR213D) [84]. 

Expression of the RCA A-chain was initially tested for its effects on cell viability. 

Transfection of HeLa cells with pRCA caused cytotoxicity within 48 hours that paralleled 

toxicity observed in cells transfected with pRTA (figure 2.7). We next determined if this 

result correlated with protein synthesis inhibition. Western blot analysis of HeLa cells 

transfected with pRCA showed that expression of GFP was completely inhibited, as was 

the case for transfection with pRTA (figure 2.3a). Furthermore, the direct analysis of 

fluorescence in cell lysates showed no discernible difference between pRTA and pRCA 

transfections. In each instance, GFP fluorescence, and therefore translation, was nearly 

100% inhibited (figure 2.3b). Western blot analysis of the R213D RCA mutant showed 

low levels of GFP expression. Fluorimetric analysis was not carried out in cells 

transfected with this mutant.   

2.3.3  Characterization of α-sarcin and ricin mutants  
 

In chapter 3, we present a conditional protein splicing model for α-sarcin and ricin. 

Briefly, in this model we plan to covalently ligate toxin fragments that are expressed as 

cytosolic precursor fusion proteins, and thereby produce active full-length toxins. Intein 

splicing mediates this covalent linkage. In order to engineer the precursor fusion proteins 

that possessed mechanistically essential residues for intein splicing, we introduced 
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several mutations into the precursors. Following intein splicing, these mutations would 

persist in the ligated full-length toxin. Therefore, to determine the effect of these 

mutations on the activity of the toxins, we characterized each toxin mutant, as above. 

Three α-sarcin mutants were evaluated for their ability to inhibit protein synthesis 

and induce cell death: α-sarcin N28C, α-sarcin_link, and α-sarcin Q27G/N28C.   

 First, α-sarcin N28C was considered. The engineering of split α-sarcin precursors 

necessitated the recombinant mutation of asparagine-28 to cysteine. α-Sarcin was 

artificially split at this site to produce NSar (1-27) and CSar (28-150) fragments. These 

fragments were cloned in-frame with N- and C-terminal VMA intein fragments, 

respectively, to generate the splicing precursors NSar-VMAN-FKBP and FRB-VMAC-

CSar (figure 2.8a). An absolute requirement for splicing in the VMA intein is a cysteine 

residue at the +1 C-extein position (figure 1.8). Therefore, to permit splicing of α-sarcin 

fragments, the first residue of the CSar fragment (which represents the +1 C-extein 

residue), had to be mutated to cysteine out of mechanistic necessity. Thus, all subsequent 

α-sarcin variants considered also harbor this cysteine mutation. A splicing reaction 

mediated by the precursors presented figure 2.8 would produce full-length α-sarcin with 

asparagine-28 replaced with cysteine. Therefore, we cloned pN28Cmyc and assayed its 

ability to inhibit translation and induce cell death. Figure 2.9 shows that the N28C(myc) 

mutant retained dose-dependent cytotoxicity to HeLa cells that was comparable to wild-

type α-sarcin. Analysis of its catalytic abilities revealed that the N28C(myc) mutant also 

retained the ability to inhibit protein synthesis; although GFP expression was detected by 

western blot, its level was lower than that of the control, and was consistent with wild-
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type α-sarcin(myc) (figure 2.3a). Fluorimetric analysis of cell lysates also showed that 

protein synthesis inhibition was comparable to wild-type α-sarcin.   

The second α-sarcin mutant considered was α-sarcin_link. This mutant contained a 

five reside linker (EFLKG) between glutamine-27 and cysteine-28. Recall that the N-

terminal splicing precursor comprised the NSar fragment (1-27) cloned in-frame with the 

N-terminus of the VMAN intein sequence (figure 2.8a). Therefore, the NSar sequence 

represents unnatural extein context that may adversely affect splicing activity. We 

inserted this linker at the splice junction because its sequence was known to permit N-

terminal splicing. In the context of the NSar-VMAN precursor, the EFLKG linker was 

inserted between glutamine-27 of the NSar sequence and the first residue of the VMAN 

intein sequence (figure 2.8b). A splicing reaction using this precursor would produce an 

α-sarcin molecule with the EFLKG linker between residues 27 and 28. Therefore, 

pαS_link was cloned and subsequently expressed in HeLa cells. Exogenous expression of 

pαS_link demonstrated attenuated cytotoxicity relative to wild-type α-sarcin (figure 

2.10). Furthermore, by western blot analysis, GFP expression in pαS_link-transfected 

cells was comparable to control levels and direct fluorimetric analysis of cell lysates 

showed that protein synthesis was inhibited by ~20% (figures 2.3a and 2.3b).  

The final α-sarcin mutant considered was Q27G/N28C. We introduced this mutation 

in an effort to mimic the -1 N-extein context of the wild-type VMA intein. That is, we 

replaced the last NSar N-extein residue, glutamine, with the last VMA N-extein residue, 

glycine (figure 2.8c). Splicing with this precursor would render the full-length, double 

mutant toxin, Q27G/N28C. We therefore cloned pQ27G/N28Cmyc and expressed the 

cDNA in HeLa cells. Expression of this toxin demonstrated dose-dependent killing 
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similar to wild-type α-sarcin (figure 2.11). Analysis of catalytic activity showed that 

expression of the double mutant decreased expression of the GFP reporter relative to 

controls (figure 2.3a) and direct analysis of fluorescence in cell lysates showed 

comparable inhibitory activity to wild-type α-sarcin (figure 2.3b).   

Finally, to facilitate western blot detection of the NSar-intein precursor and any 

spliced products, a 3×FLAG epitope tag was incorporated at the N-terminus of each 

NSar-VMAN-FKBP precursor (figure 2.8a-c). Therefore, if any of these precursors could 

mediate splicing with the FRB-VMAC-CSar precursor, full-length toxins would be 

rendered with N-terminal 3×FLAG epitope tags. To determine the effects of the 3×FLAG 

tag, we cloned 3×FLAG wild-type α-sarcin into pMSCV under a viral 5’LTR to generate 

pFLG-αS. We also cloned pFLG-R121Q. Exogenous expression of 3×FLAG α-sarcin, or 

3×FLAG R121Q, did not result in any observable toxicity (figure 2.12). In fact, stable 

cell lines expressing either 3×FLAG α-sarcin, or 3×FLAG R121Q, could be generated; 

stable expression of a ~23 kDa protein could be detected by anti-FLAG western blot 

analysis (figure 2.13). The 3×FLAG α-sarcin wild-type variant migrated as two bands. 

The fact that stable expression lines could be created correlated well the assessment of 

catalytic capability; less than 10% protein synthesis inhibition, as assayed by 

fluorescence in cell lysates, was observed for these attenuated toxins (figure 2.3b). 

Although catalytically inactive and non-toxic, these α-sarcin variants proved to be useful 

diagnostic tools; lysates collected from cells stably expressing 3×FLAG α-sarcin R121Q 

were used as electrophoretic standards to identify products of protein splicing (see 

chapter 3). 
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Unlike α-sarcin, the fragmentation site selected in RTA contained an endogenous 

cysteine residue. RTA was artificially split between isoleucine-170 and cysteine-171. 

Fragmentation at this site produced NRic (residues 35-170) and CRic (residues 171-302) 

gene segments, which were cloned in-frame with N- and C-terminal VMA intein gene 

fragments, respectively. The precursors ultimately designed were designated as NRic-

VMAN-FKBP and FRB-VMAC-CRic. The latter precursor contained the mechanistically 

essential +1 cysteine C-extein residue within the CRic sequence, and this precursor was 

thus left unmodified. However, we did modify the NRic precursor to better mimic the 

natural N-extein context of the VMA intein; RTA isoleucine-170 was mutated to glycine 

(figure 2.14). A splicing reaction carried out with this set of precursors would render a 

full-length RTA I170G toxin. Therefore, we cloned pI170G and expressed the cDNA in 

HeLa cells. Exogenous expression of RTA I170G demonstrated dose-dependent 

cytotoxicity, but was somewhat attenuated relative to wild-type RTA (figure 2.15). RTA 

I170G was also assayed for its ability to inhibit protein synthesis. GFP expression could 

not be detected in cell lysates transfected with pI170G, which was consistent with wild-

type RTA (figure 2.3a). Direct measurement of GFP fluorescence in cell lysates 

confirmed this result, as inhibition of translation was near 100% in pI170G-transfected 

cells (figure 2.3b).  

Finally, to facilitate detection of the NRic-VMAN-FKBP precursor, and any spliced 

products derived from it, we introduced a 3×FLAG tag at the N-terminus of the fusion. A 

splicing reaction mediated by this precursor would render a splice product with a N-

terminal 3×FLAG tag. Evaluation of the cytotoxic and catalytic properties of a 3×FLAG 

tagged RTA variant has yet to be performed.  
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2.4 Discussion 
 

Numerous studies have been carried out to characterize the ability of recombinant α-

sarcin and ricin to inhibit protein synthesis and induce cell death. It is clear that both 

toxins participate in a trafficking process, whereby they undergo transport from 

endosomes to the cytosol, but the necessity of this process has yet to be resolved. In this 

study, we determined that the intracellular trafficking of α-sarcin and RTA (ricin toxin A 

chain) was not a requirement for catalytic activity or the ability to induce cytotoxicity. 

We took the strategy of directly expressing α-sarcin and RTA in the cytosol of HeLa 

cells by transfection of mammalian expression vectors encoding the toxin cDNAs. 

Exogenous expression showed that both α-sarcin and RTA were able to induce cell death 

to similar extents within 48 hours of transfection. Furthermore, a dose-dependent 

decrease in viability was observed for both toxins. Dose-dependent killing was only 

observed up to a certain dose, as transfection with toxin cDNA in excess of 250 ng did 

not result in any further changes in viability. This result likely represents the population 

of cells that were not transfected with toxin cDNA. At doses above 250ng, the majority 

of transfected cells were likely killed, and the remaining untransfected cells account for 

the observed viability. Therefore, the toxin-induced decrease in cell viability measured in 

these assays was limited by the transfection efficiency. Nonetheless, these preliminary 

experiments showed that intracellular trafficking of α-sarcin and RTA were not required 

to induce cytotoxicity. These assays also revealed an interesting trend. Somewhat 
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unexpectedly, both α-sarcin and RTA demonstrated similar abilities to kill cells, although 

RTA was slightly more efficient. 

Ricin is one the most lethal protein toxins in existence and it is reported to be more 

cytotoxic than α-sarcin. Ricin’s exquisite cytotoxicity, relative to α-sarcin, has been 

attributed to its increased ability to enter cells (mediated by its lectinic B-chain) and a 

higher catalytic efficiency. α-Sarcin lacks a true membrane receptor and requires high 

local concentrations to promote its own uptake into cells, whereas the ricin B-chain binds 

to membrane galactosides, which readily stimulates endocytosis. The reported catalytic 

rate with which RTA inactivates ribosomes is also ~100 fold greater than that observed 

for α-sarcin in vitro [39,104]. We directly compared the in vivo capabilities of these 

toxins, as well as Ricinus communis agglutinin A-chain (RCA), which demonstrates 

impaired endocytic uptake and a ten fold reduction in catalytic efficiency relative to RTA 

in vitro [104,145]. RTA and RCA demonstrated near identical killing curves, and both 

were more toxic than α-sarcin. Assuming that cell death is mediated by inhibition of 

translation, the reported in vitro catalytic efficiencies do not agree with the results 

obtained here. The ~100 fold difference in catalytic activity between RTA and α-sarcin 

did not correlate well with the relatively small difference observed in cytotoxicity. 

Furthermore, the ten fold difference between the in vitro catalytic efficiencies of RTA 

and RCA was not in accordance with our results. These data suggested that a threshold 

level of protein synthesis inhibition may exist, above which, cell death is induced in 

HeLa cells. Alternatively, toxin-induced cytotoxicity may be mediated by events that are 

independent of translation inhibition. To investigate this problem, we developed an in 

vivo assay to monitor the genuine ability of toxins to inhibit translation.  
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We developed an assay to qualitatively and quantitatively describe the effects of 

exogenous toxin expression on protein synthesis of a GFP reporter, and thereby indirectly 

measure toxin catalytic efficiency in vivo. This assay showed that in vivo, α-sarcin, RTA, 

and RCA inhibited reporter expression to an equivalent extent. In fact, these toxins were 

so efficient, they appeared to inhibit synthesis of themselves; attempts to detect 

exogenous expression of wild-type toxins failed, and only attenuated variants could be 

detected. This result highlights the processive nature of the toxins. It is likely that only a 

few molecules of translated toxins were produced before protein synthesis (including that 

of the toxins themselves) was severely impaired. Since each of the wild-type toxins 

assayed demonstrated similar abilities to inhibit translation, it appears likely that the in 

vivo catalytic capabilities of these toxins are also similar. This could possibly explain 

why the toxins demonstrated similar cytotoxicity to HeLa cells. However, a recent report 

showed that a non-toxic RTA mutant was still able to mediate efficient protein synthesis 

inhibition [77]. This result suggests that RTA, at the least, may be able to elicit cell death 

independent of its catalytic ability.  

To investigate whether the ability to inhibit translation was necessary for α-sarcin to 

induce cell death, we characterized a catalytically defective mutant. A previously 

reported recombinant α-sarcin mutant, R121Q, was shown to retain its three dimensional 

conformation, yet be devoid of catalytic activity [87]. We exogenously expressed the 

R121Q mutant in HeLa cells and confirmed that it demonstrated severe catalytic 

impairment in vivo. However, this mutant retained the ability to induce cell death in a 

dose-dependent manner. To determine whether the observed cytotoxicity of the R121Q 

mutant was due to residual protein synthesis inhibition (~20% for R121Q), HeLa cells 
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were treated with cycloheximide (CHX) at doses that inhibited translation to a similar 

extent. Treatment with these concentrations of CHX was insufficient to induce cell death. 

Therefore, these results suggest that α-sarcin likely mediates cell death, at least in part, 

by a mechanism independent of translation inhibition. 

The demonstration that intracellular trafficking was not required for the activity of α-

sarcin and RTA was critical to the conditional protein splicing (CPS) model for protein 

toxins described in chapter 3. Briefly, the results of the in vivo assays, described above, 

showed that, in theory, toxin fragments could be ligated in vivo to produce functional and 

cytotoxic molecules without the need for intracellular trafficking. To develop the CPS 

model presented in chapter 3, several modified precursors were generated such that 

following splicing, full length toxins would be rendered bearing mutations originating 

from these fusions. Therefore, these mutant toxins were characterized to verify that the 

modifications did not significantly disrupt toxin activity.   

Three α-sarcin mutants were characterized: α-sarcin N28C, α-sarcin Q27G/N28C, 

and α-sarcin with a five amino acid linker between glutamine-27 and cysteine-28 (α-

sarcin_link). Each of these mutants was designed in consideration of intein splice 

junction requirements. We chose to artificially split α-sarcin between glutamine-27 and 

asparagine-28. Since asparagine-28 would occupy the +1 C-extein position in the FRB-

VMAC-CSar precursor, we introduced a cysteine in its place. Recall that cysteine is the 

only +1 nucleophile that the VMA-intein will tolerate at the C-terminal splice junction 

[56]. As a mechanistic artifact, this cysteine would persist in the spliced product and, 

therefore, each mutant we characterized possessed the N28C mutation.  



 73

We also generated α-sarcin mutants that reflected modified NSar-VMAN precursors. 

These precursors were modified at residues upstream of the first VMA intein residue. In 

the first precursor, a short splice-active peptide sequence was inserted between 

glutamine-27 and the first VMAN intein residue. Splicing with this precursor would 

render an α-sarcin variant with a five amino acid insert between glutamine-27 and 

cysteine-28. A second precursor, in which the -1 NSar N-extein residue was mutated to 

glycine, would render a α-sarcin variant bearing a Q27G/N28C double mutation.  

Both the N28C mutant and Q27G/N28C double mutant demonstrated activity similar 

to wild-type α-sarcin, and thus represented practical mutations. Conversely, the α-

sarcin_link mutant, while retaining a modest level of cytotoxicity, demonstrated severely 

impaired catalytic activity. The subtle dose-dependent toxicity observed for the α-

sarcin_link mutant could potentially be attributed to a disruption of the association 

between the N-terminal β-hairpin and the globular ribonuclease domain of α-sarcin. The 

N-terminal β-hairpin mediates cleavage specificity for the 28S rRNA [47]. Therefore, 

ablation of this specificity could permit non-specific RNA degradation mediated by the 

C-terminal ribonuclease domain, which could potentially contribute to the observed 

toxicity. Although not useful in a practical sense, this mutant helped us to identify 

problems with splice-deficient precursors in the CPS toxin model presented in chapter 3. 

Finally, we observed that introduction of a 3×FLAG epitope at the N-terminus of α-

sarcin completely attenuated the toxin. Cytotoxic activity was completely impaired, and 

the catalytic ability to inhibit translation was equally deficient. The lack of cytotoxicity 

was highlighted by our ability to generate cell lines that stably expressed these tagged 

toxins. The 3×FLAG wild-type α-sarcin product electrophoresed as two bands. The 
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presence of two bands could possibly represent full-length toxin and a breakdown 

product, or alternatively, the bands could represent differential reduction of the toxin. The 

mature toxin is folded with two disulfide bonds and selective reduction of these bonds 

results in two migratory species by SDS-PAGE [146]. Therefore, the two bands resolved 

for α-sarcin in this study could reflect different reduced states of the toxin. 

A possible explanation for the observed deficiencies of 3×FLAG α-sarcin could be 

unfavourable electrostatic interactions with the ribosome. The FLAG sequence is rich in 

acidic aspartate residues. The excess of anionic charge could potentially disrupt ribosome 

binding of the largely basic α-sarcin. This suggestion is supported by the fact that 

mutation of basic residues on restrictocin, a ribotoxin highly homologous to α-sarcin, 

diminishes binding to the ribosome [72].    

In addition to α-sarcin, RTA was also engineered as a component of a CPS toxin 

model. RTA was artificially split between isoleucine-170 and cysteine-171 into NRic and 

CRic fragments, respectively. The cysteine-171 of the CRic fragment formed the +1 C-

extein context of the FRB-VMAC-CRic precursor. The isoleucine residue in the NRic 

precursor was mutated to glycine to better reflect VMA N-extein context at the N-

terminal splice junction. A splice reaction mediated by these precursors would produce a 

RTA variant bearing an I170G mutation. Therefore, we cloned and expressed this RTA 

mutant to ensure it would retain activity. Indeed, the RTA I170G mutant retained 

catalytic and cytotoxic activity that was comparable to wild-type RTA. Therefore, 

splicing of the RTA I170G mutant could be useful in a practical sense. 
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Table 2.1  Nomenclature and properties of mammalian toxin expression plasmids.  
Plasmid ID Toxin Vector Promoter Mutant Tag Tag position 

pαS α-sarcin pcDNA3.1 CMV WT -- -- 
       
pαSmyc α-sarcin pcDNA3.1 CMV WT Myc C-terminus 
       
pR121Q α-sarcin pcDNA3.1 CMV R121Q -- -- 
       
pR121Qmyc α-sarcin pcDNA3.1 CMV R121Q Myc C-terminus 
       
pN28C α-sarcin pcDNA3.1 CMV N28C --  
       
pN28Cmyc α-sarcin pcDNA3.1 CMV N28C Myc C-terminus 
       
pQ27G/N28C α-sarcin pcDNA3.1 CMV Q27G/N28C -- -- 
       
pQ27G/N28Cmyc α-sarcin pcDNA3.1 CMV Q27G/N28C Myc C-terminus 
       
pαS_link α-sarcin pcDNA3.1 CMV EFLKG linker  -- -- 
       
pFLG-αS α-sarcin pMSCV LTR WT 3×FLAG N-terminus 
       
pFLG-R121Q α-sarcin pMSCV LTR R121Q 3×FLAG N-terminus 
       
pRTA RTA pcDNA3.1 CMV WT Myc C-terminus 
       
pRCA RCA pcDNA3.1 CMV WT Myc C-terminus 
       
pI170G RTA pcDNA3.1 CMV I170G Myc C-terminus 
       
pR213D RCA pcDNA3.1 CMV R213D Myc C-terminus 
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Table 2.2 Oligonucleotide primer sequences used to generate α-sarcin, RTA, and 
RCA cDNAs.   

Oligo Sequence (5’ to 3’) 

1 GATCCATGTTACTTGGACTTGCCTGAACGACCAGAAAAACCCGAAAACTAACAAATACGAAACTAAACGTC
TGCTGTACAACCAGG 

2 AATCCTGGTTGTACAGCAGACGTTTAGTTTCGTATTTGTTAGTTTTCGGTTTTTCTGGTCGTTCAGGCAAGTCC
AGTAACCATG 

3 GATCCTGTAAAGCTGAATCTAACTCTCACCACGCTCCGCTGTCTGACGGTAAAACTGGCTCCTCTTACCCGC
ACTGGTTCACTAACGGTTACGAC 

4 CGGCAGTTTACCGTCACCGTCGTAACCGTTAGTGAACCAGTGCGGGTAAGAGGAGCCAGTTTACCGTCAGA
CAGCGGAGCGTGGTGAGAGTTAGATTCAGCTTTACAG 

5 GGTGACGGTAAACTGCCGAAAGGTCGTACTCCGATCAAATTCGGTAAATCTGACTGCGACCGTCCGCCGAA
ACACTCTAAAGAC 

6 GTCAGTTTTACCGTTACCGTCTTAGAGTGTTTCGGCGGACGGTCGCAGTCAGATTTACCCGAATTTGATCGGA
GTACGACCTTT 

7 GGTAACGGTAAAACTGACCACTACCTGCTGGAGTTCCCGACTTTCCCGGACGGTCACGACTACAAATTCGAC
TCTAAAAAACCGAAAGAA 

8 ACGAGCCGGACCCGGGTTTTCTTTCGGTTTTTTAGAGTCGAATTTGTAGTCGTGACCGTCCGGGAAAGTCGG
GAACTCCAGCAGGTAGTG 

9 AACCCGGGTCCGGCTCGTGTTATCTACACTTACCCGAACAAAGTTTTCTGCGGTATC 

10 TTCTTTAGTGTGAGCGATGATACCGCAGAAAACTTTGTTCGGGTAAGTGTAGATAAC 

11 ATCGCTCACACTAAAGAAAACCAGGGTGAACTGAAACTGTGCTCTCACTAAA 

12 TCGAGTTAGTGAGAGCACAGTTTCAGTTCACCCTGGTT 

13 TTCTCGAGCCACCATGGCAGTTACTTGGACTTGC 

14 GAGAGTTAGTTCAGCTTTGTTCTGGTTGTACAGCAGACGTTTAGT                                                                                

15 ACTAAACGTCTGCTGTACAACCAGAACAAAGCTGAATCTAACTCTC 

16 CCCAAGCTTTTAGTGAGAGCACAGTTTCAGTTCACC 

17 CCCAAGCTTGTGAGAGCACAGTTTCAGTTCACC 

18 GTTCGGGTAAGTGTAGATAACCTGAGCCGGACCCGGG 

19 CCCGGGTCCGGCTCAGGTTATCTACACTTACCCGAAC 

20 GTTAGATTCAGCTTTGCACTGGTTGTACAGC 

21 GCTGTACAACCAGTGCAAAGCTGAATCTAAC 

22 GATTCAGCTTTGCACCCGTTGTACAGCAGACG 

23 CGTCTGCTGTACAACGGGTGCAAAGCTGAATC 

24 GCACCCCTTAAGGAATTCCTGGTTGTACAGCAGACG 

25 GAATTCCTTAAGGGGTGCAAAGCTGAATCTAACTCT 

26 TTGCGGCCTCAGTTTACTTGGACTTGC 

27 TTGTCGACTTAGTGAGAGCACAGTTTCAGTTCACCCTGG 

28 CCGGGAGGAAATACTATTGTAATATGGATGTATGC 

29 CCCAAGCTTAAACTGTGACGATGGTGGAGGTGCGC 

30 CCGCTCGAGCCACCATGATATTCCCCAAACAATACCCA 

31 GAAATCATTTGGATGCACCCTATAAAGGAACG 

32 CGTTCCTTTATAGGGTGCATCCAAATGATTTC 

33 GAATTGCAGTGGAAAGGTCCCCCCAACTATTC 

34 GAATAGTTGGGGGGACCTTTCCACTGCAATTC 
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Table 2.3  Overlap extension PCR cloning strategy for α-sarcin and α-sarcin 
variants.  
               Round 1     Round 2        

Target Vector Template Oligos1 Template Oligos1 RE Sites Plasmid ID 
 
Wild-type (αS) 

 
pcDNA3.1 

 
pEB3_NSar 
pEB3_CSar 

 
13, 14 
15, 16 

 
round 1 

amplicon mix 
 

 
13, 16 

 
XhoI/HindIII 

 
pαS 

Wild-type (αS) pcDNA3.1 PEB3_NSar 
pEB3_CSar 

13, 14 
15, 16 

round 1 
amplicon mix 

 

13, 17 XhoI/HindIII pαSmyc 

R121Q pcDNA3.1 pαS 
pαS 

13, 18 
19, 16 

round 1 
amplicon mix 

 

13, 16 XhoI/HindIII pR121Q 

R121Qmyc pcDNA3.1 pαS 
pαS 

13, 18 
19, 16 

round 1 
amplicon mix 

 

13, 17 XhoI/HindIII pR121Qmyc 

N28C pcDNA3.1 pαS 
pαS 

13, 20 
15, 21 

round 1 
amplicon mix 

 

13, 16 XhoI/HindIII pN28C 

N28Cmyc pcDNA3.1 pαS 
pαS 

13, 20 
15, 21 

round 1 
amplicon mix 

 

13, 17 XhoI/HindIII pN28Cmyc 

Q27G/N28C pcDNA3.1 pN28C 
pN28C 

13, 22 
15, 23 

round 1 
amplicon mix 

 

13, 16 XhoI/HindIII pQ27G/N28C 

Q27G/N28Cmyc pcDNA3.1 pN28C 
pN28C 

13, 22 
15, 23 

round 1 
amplicon mix 

 

13, 17 XhoI/HindIII pQ27G/N28C 

αS_link pcDNA3.1 pαS 13, 24 
15, 25 

round 1 
amplicon mix 

 

13, 17 XhoI/HindIII pαS_link 

Wild-type (αS) 3×FLAG 
pMSCV 

pαS 26, 27 N/A2 

 
 

N/A NotI/SalI pFLG-αS 

R121Q 3×FLAG 
pMSCV 

pR121Q 26, 27 N/A2 
 
 

N/A NotI/SalI pFLG-R121Q 

1 Oligonucleotide primers listed in table 2.2. 
2 3×FLAG clones were obtained by directly cloning PCR-amplified wild-type α-sarcin 
(αS) or α-sarcin R121Q cDNA into NotI- and SalI-treated 3×FLAG pMSCV, as 
described in materials and methods. 
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Table 2.4   Overlap extension PCR cloning strategy for RTA, RCA, and 
corresponding variants. 
              Round 1                Round 2          

Target Vector Template Oligos1 Template Oligos1 RE Sites Plasmid ID 
        

RTA I170G pcDNA3.1 pRTA2 

pRTA 
30, 31 
29, 32 

round 1 
amplicon mix 

 

29, 30 XhoI/HindIII pI170G 

RCA R213D pcDNA3.1 pRCA2 

pRCA 
30, 33 
29, 34 

round 1 
amplicon mix 

 

29, 30 XhoI/HindIII pR213D 

1 Oligonucleotide primers listed in table 2.2. 
2 pRTA and pRCA were obtained by directly cloning PCR-amplified RTA, or RCA, 
cDNA into XhoI- and HindIII-treated pcDNA3.1, as described in materials and methods. 
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Figure 2.1  Exogenous expression of α-sarcin and ricin toxin A (RTA) is toxic to 
HeLa cells. HeLa cells were transiently transfected with pαS, or pRTA, and assayed for 
viability relative to a vehicle control transfection over a 48 hour time course (± standard 
deviation).  
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Figure 2.2  Dose-dependent killing of α-sarcin and ricin toxin A (RTA). HeLa cells 
were transiently transfected with increasing amounts of pαS, or pRTA, and assayed for 
viability relative to a vehicle control at 48 hours post-transfection (± standard deviation). 
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Figure 2.3  Inhibition of GFP reporter translation mediated by exogenous 
expression of protein toxins. HeLa cells were transiently co-transfected with the 
indicated toxin cDNAs and a GFP reporter plasmid (AdTrack CMV). (A) Anti-GFP 
western blot analysis of HeLa cell lysates. (B) Inhibition of GFP translation (± standard 
deviation), relative to an appropriate vehicle control, as determined by fluorimetric 
analysis of cell lysates.  
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Figure 2.4  Dose-dependent killing of α-sarcin and α-sarcin R121Q. HeLa cells were 
transiently transfected with increasing amounts of pαS, or pR121Q, and assayed for 
viability relative to a vehicle control at 48 hours post-transfection (± standard deviation). 

 
 
 
 
 



 83

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2.5  Exogenous expression analysis of α-sarcin and α-sarcin R121Q. Anti-α-
sarcin western blot analysis of HeLa cell lysates transfected with the toxin cDNAs: pαS, 
pαSmyc, pR121Q, and pR121Qmyc. 
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Figure 2.6  The effects of cycloheximide (CHX) treatment on translation and 
viability of HeLa cells. (A) HeLa cells transiently transfected with a GFP reporter 
plasmid (AdTrack CMV), and treated with CHX, were assayed for GFP fluorescence 
relative vehicle control-treated cells. (B) Viability of HeLa cells treated with CHX was 
measured relative to cells treated with DMSO vehicle (± standard deviation). 
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Figure 2.7  Exogenous expression of ricin toxin A (RTA) and Ricinus communis A-
chain (RCA) is toxic to HeLa cells. HeLa cells were transiently transfected with pRTA, 
or pRCA, and assayed for viability relative to a vehicle control transfection over a 48 
hour time course (± standard deviation). 
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Figure 2.8   Schematic diagram of α-sarcin-intein chimeric precursor fusions. The N-
terminus of α-sarcin (residues 1-27) was cloned in-frame with the N-terminus of a 
VMAN-FKBP fusion with an N-terminal 3×FLAG epitope. The C-terminus of α-sarcin 
(residues 28-150) was cloned in-frame with the C-terminus of FRB-VMAC fusion. (A) 
Cysteine was introduced at the +1 C-extein residue at the C-terminal splice junction (B) 
The short splice-active linker sequence, EFLKG, was introduced at the N-terminal splice 
junction. (C) Glycine was introduced as the –1 N-extein residue at the N-terminal splice 
junction. 
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Figure 2.9  Dose-dependent killing of α-sarcin and α-sarcin N28Cmyc. HeLa cells 
were transiently transfected with increasing amounts of pαS, or pN28Cmyc, and assayed 
for viability relative to a vehicle control at 48 hours post-transfection (± standard 
deviation). 

 



 88

 

 

 

 

 

0%

20%

40%

60%

80%

100%

120%

0 100 200 300 400 500 600

ng toxin cDNA transfected

V
ia

bi
lit

y 
(%

 o
f c

on
tr

ol
)

pαS
pαS_link

 

Figure 2.10 Dose-dependent killing of α-sarcin and α-sarcin_link. HeLa cells were 
transiently transfected with increasing amounts of pαS, or pαS_link, and assayed for 
viability relative to a vehicle control at 48 hours post-transfection (± standard deviation). 
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Figure 2.11  Dose-dependent killing of α-sarcin and α-sarcin Q27G/N28Cmyc. HeLa 
cells were transiently transfected with increasing amounts of pαS, or pQ27G/N28C, and 
assayed for viability relative to a vehicle control at 48 hours post-transfection (± standard 
deviation). 
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Figure 2.12  An N-terminal 3×FLAG epitope attenuates α-sarcin toxicity. HeLa cells 
were transiently transfected with increasing amounts of pαS, pR121Q, pFLG-αS, or 
pFLG-R121Q, and assayed for viability relative to appropriate vehicle controls, at 48 
hours post-transfection (± standard deviation). 
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Figure 2.13  Stable expression of 3×FLAG α-sarcin in mammalian cells.  Bosc cells 
were stably transfected with (B) pFLG-αS, or (A) pFLG-R121Q, under the 5’LTR of 
murine stem cell PCMV virus.  Anti-FLAG western blot analysis of cell lysates. The 
doublet observed for wild-type 3×FLAG α-sarcin may correspond to full length toxin and 
a breakdown product or may represent differential reduction of the toxin. 
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Figure 2.14   Schematic diagram of ricin toxin A (RTA)-intein chimeric precursor 
fusions. The N-terminus of RTA (residues 36-170) was cloned in-frame with the N-
terminus of a VMAN-FKBP fusion with an N-terminal 3×FLAG epitope. A glycine was 
introduced at the -1 RTA N-extein residue at the N-terminal splice junction.   The C-
terminus of RTA (residues 171-302) was cloned in-frame with the C-terminus of the 
FRB-VMAC fusion. 
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Figure 2.15  Dose-dependent killing of ricin toxin A (RTA) and RTA I170G. HeLa 
cells were transiently transfected with increasing amounts of pRTA, or pI170G, and 
assayed for viability relative to a vehicle control at 48 hours post-transfection (± standard 
deviation). 
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Chapter 3    Development and Characterization of an in 
vivo Conditional Protein Splicing Model for 
Protein Toxins. 

 
 
 

3.1 Introduction 
 

Protein splicing is a post-translational event in which a precursor polypeptide is 

autocatalytically processed to generate a mature functional protein (Chapter 1, figure 

1.3). An intervening sequence, called an intein, is inserted in-frame between the coding 

regions of a gene product. The intein self-excises itself from the precursor and 

simultaneously joins the flanking coding segments, called exteins, with a native peptide 

bond to render a mature protein. Although this represents the conventional cis-

mechanism by which inteins splice, they may also splice in trans. 

Trans-splicing inteins are not contiguous and are expressed as two independent gene 

products (Chapter 1, figure 1.12). Splicing is only triggered when split intein precursors 

come into close contact, which reconstitutes the splicing machinery. Artificially split Sce 

VMA intein fragments demonstrate low self-affinity, and only re-associate when the 

intein fragments are fused to heterodimerization domains [10,93,94]. Mootz et al. 

developed a technology, called conditional protein splicing (CPS), in which splicing of 

the split VMA intein is triggered by the addition of a small molecule, called rapamycin 

[94]. In this model, the VMA intein fragments are fused to the modular domains, FRB 

and FKBP. These domains form a ternary complex with rapamycin and, therefore, can 

mediate the proximity association of intein fragments. 
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Here, we suggest that CPS can be used to conditionally activate the protein toxins, 

alpha-sarcin (α-sarcin) and ricin, in vivo. α-Sarcin and ricin are potent toxins that inhibit 

protein synthesis by catalytically inactivating ribosomes. Through independent 

mechanisms, they irreversibly damage a highly conserved rRNA module, called the 

sarcin/ricin loop, which prevents binding of elongation factors to the ribosome [12,40]. 

We destroyed the toxicity of α-sarcin and ricin through recombinant fragmentation into 

N- and C-terminal toxin segments. We hypothesized that by expressing the inert toxin 

segments as VMA intein-FRB/FKBP fusions in mammalian cells, we could generate an 

inducible toxicity model, in which cell death could be tightly controlled by the addition 

of rapamycin. A conditional cell killing model would facilitate the study of cell function, 

development, and behaviour, as well as providing a potential tool to destroy harmful or 

diseased tissues, such as cancer.   

Here we show that rapamycin was able to mediate the activation of proteins in vivo. 

First, in HeLa cells, we demonstrated rapamycin-dependent activation of a readily 

detectable and optically active green fluorescent protein (GFP). Second, we engineered a 

system to splice attenuated α-sarcin fragments in HeLa cells to form active toxin 

molecules. We show splicing of active target proteins in vivo, including both GFP and α-

sarcin, was dependent on temperature and the extein context near splice junctions. 

Although rapamycin-mediated splicing was observed for GFP and α-sarcin, we have not 

yet been able to demonstrate splicing of ricin fragments.   

3.2  Materials and Methods 

 
Bacterial Strains and Plasmids 



 96

 
Escherichia coli DH5α (Invitrogen) was used to perform all molecular cloning 

procedures and was cultured in LB broth supplemented with 100 µg/mL ampicillin. The 

mammalian expression vectors pEB3 and pEB4, which encode FRB-VMAC-pHis and 

MBP-VMAN-FKBP respectively, were the generous gifts of Dr. T. W. Muir (figure 3.1). 

These vectors were generated by cloning the indicated gene segments into pcDNA3 [94]. 

For mammalian expression of toxin-intein fusion proteins, the toxin-encoding gene 

fragments were cloned into pEB3 and pEB4 to obtain the constructs outlined in table 3.1. 

pcDNA3.1 was used as control vehicle plasmid, where indicated. AdTrack CMV [55], 

which encodes a GFP reporter, was used as control to monitor transfection efficiencies.  

 
Polymerase Chain Reaction (PCR) and Oligonucleotide Primers 
 

Standard PCR amplifications were carried out using Deep VentR
TM DNA polymerase 

(New England Biolabs). PCR reactions were performed in volumes of 25 µl containing 

nuclease-free water, 1× ThermoPol buffer, 200 µM dNTPs (Invitrogen), 200 nM forward 

and reverse primers (Operon), 1 ng of template DNA, and 1.0 U of Deep Vent 

polymerase. Hot-start PCR reactions were generally performed according to the 

following cycling parameters: initial denaturation at 95°C for 1 minute; 25 cycles of 95°C 

for 15 seconds, 60°C for 20 seconds, 72°C for 60 seconds per kb of target; final extension 

at 72°C for 4 minutes. The overlap extension PCR method was used for site-directed 

mutagenesis. The first round of PCR was performed as described above, and the second 

round of PCR amplification was carried out using Elongase® Enzyme Mix (Invitrogen). 

Round two PCR reactions were performed in volumes of 25 µl containing nuclease-free 

water, 1.5 mM Mg2+, 200 µM dNTPs (Invitrogen), 200 nM forward and reverse primers 
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(Operon), 50 ng each of purified cDNA from round one, and 1.0 U of Elongase® Enzyme 

Mix. PCR reactions were performed under the following cycling parameters: initial 

denaturation at 95°C for 4 minutes; 4 cycles of 95°C for 1 minute, 40°C for 1 minute, 

68°C for 1 minute; 25 cycles of 95°C for 1 minute, 60°C for 1 minute, 68°C for 1-2 

minutes; final extension at 68°C for 5 minutes. Oligonucleotide primers used for all PCR 

amplifications are presented in table 3.2. 

 
Recombinant DNA Techniques 

All recombinant cloning procedures including isolation of plasmid DNA, restriction 

enzyme digestion, ligations, and agarose gel electrophoresis were performed according to 

methods described in Molecular Cloning [83]. The Qiaex® II Gel Extraction Kit, 

QIAquick® PCR Purification Kit, and Qiagen® Plasmid Midi Kit were used according to 

the manufacturer’s instructions. Restriction endonucleases (New England Biolabs) and 

T4 DNA ligase (Invitrogen) were used according to the manufacturer’s instructions. 

Ligation reactions were transformed into chemically competent E. coli DH5α. 

 
Cloning of Expression Constructs 
 

All expression vectors were obtained by cloning PCR products into pEB3 and pEB4. 

Unless otherwise noted here, the expression constructs were generated using the overlap 

extension PCR method as outlined in table 3.2.  

The 3×FLAG NSar sequence (encoding α-sarcin residues 1-27) was PCR amplified 

with oligos 35 and 36 using pFLG-αS template and cloned into BamHI- and EcoRI-

treated pEB4 to obtain pFLG-NSar_link.  
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The NRic sequence (encoding RTA residues 36-170) was PCR amplified with oligos 

58 and 59 using pRTA I170G template and cloned into NotI- and EcoRI-treated 3×FLAG 

pMSCV to obtain pFLG_NRic.  

The pFLG-αS, pαS, pRTA, pFLG_NRic, pEB4, and pEB3 expression vectors were 

used as template DNA for round one PCR amplifications for overlap extension 

mutagenesis of 3×FLAG NSar-VMAN-FKBP, 3×FLAG NSar(Q27G)-VMAN-FKBP, 

NSar(Q27G)-VMAN-FKBP, FRB-VMAC-CSar, 3×FLAG NRic(I170G)-VMAN-FKBP, 

and FRB-VMACC-CRic. PCR amplifications with oligos 44 and 45 introduced a 

mutation into the coding sequence of CSar (encoding α-sarcin residues 28-150); the 

asparagine-28 coding sequence was replaced with cysteine’s coding sequence to 

introduce the N28C mutation into the CSar cDNA.  

pEGFP-C1 (BD Biosciences Clontech), pEB3 and pEB4 expression vectors were 

used as template DNA for round one PCR amplifications for overlap extension 

mutagenesis of NGFP-VMAN-FKBP and FRB-VMAC-CGFP. All constructs generated 

are summarized in table 3.1 and were characterized by DNA sequencing. 

       
DNA Sequencing 
 

All sequencing was performed at the CBR (Centre for Biomedical Research) DNA 

sequencing facility at the University of Victoria. pEB4 and pEB3 constructs were 

sequenced using T7 forward (5’ TAATACGACTCACTATAGGG 3’) and BGH reverse 

(5’ TAGAAGGCACAGTCGAGG 3’) sequencing primers.  

 
SDS-PAGE and Western Blotting 
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Whole cell lysates were prepared with 1× SDS-PAGE sample buffer (62.5 mM Tris 

pH 6.8, 2% SDS, 75 mM DTT, 7.5% glycerol, 0.02% bromophenol blue) and heated at 

95°C for ten minutes prior to electrophoresis. SDS-PAGE was performed according to 

the method of Laemmli [75]. Protein samples were resolved through 10-11% SDS-PAGE 

gels and transferred to nitrocellulose membranes (0.45 µm) using Towbin transfer buffer 

(25 mM Tris pH 8.3, 192 mM glycine, 20% (w/v) methanol). Membranes were blocked 

using 5% skim milk in TBS-T (20 mM Tris-HCl pH 7.4, 137 mM NaCl, 0.1% Tween-

20). Anti-GFP (Roche), anti-FLAG (Stratagene), and anti-β-actin antibodies (Sigma) 

were used at working dilutions of 1:4,000 or 1:5,000. After incubation with appropriate 

antibodies, blots were washed three times, for five minutes in each instance, with TBS-T. 

Blots were subsequently probed with an anti-mouse IgG HRP conjugate (R and D 

systems) at a working dilution of 1:8,000 to 1:10,000. Proteins were detected using an 

enhanced chemiluminescence western blotting detection system (Amersham). Blots were 

exposed to film and developed using an automated X-ray film developer. Where 

necessary, blots were stripped using 25 mM glycine-HCl pH 2.0, 1% (w/v) SDS, and re-

probed using an appropriate antibody. 

   
Mammalian Cell Culture Experiments 
 

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% 

fetal bovine serum, 100 µg/mL penicillin and 100 µg/mL streptomycin at 37°C and 5% 

CO2 according to standard procedures. Transient DNA transfections with equal amounts 

of the appropriate expression plasmids from the set, pEB3, pEB4, pFLG-NSar, pFLG-

NSar_link, pFLG-NSarQ27G, pNSarQ27G, pCSar, pNGFP, pCGFP, pNRic, pCRic, or 

pcDNA3.1 (750 ng each for a 60 mm dish) was performed using lipofectamine reagent 
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(Invitrogen) according to the manufacturer’s instructions. Protein splicing experiments 

were undertaken after heterologous gene expression was allowed to occur for 24 hours at 

37°C, or 30°C where indicated. Rapamycin was prepared as a stock solution dissolved in 

DMSO. Transfected cells were treated with indicated doses of rapamycin for the 

designated time courses. Where rapamycin was not added, DMSO was added to cells as a 

vehicle control. Where whole cell lysates were harvested, cells were washed once with 

PBS (0.2 M NaCl, 4.2 mM KCl, 12.7 mM Na2HPO4, 2.3 mM KH2PO4) and cell lysis was 

performed using NP-40 lysis buffer (20 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, 

1% nonidet-P40, 2 mM EDTA). Following microcentrifugation at 14,000 rpm to pellet 

insoluble material, the supernatants were collected and analyzed by SDS-PAGE and 

western blot.  

In the dose response and time course experiments, the relative amount of spliced 

product was quantified by densitometric measurement of western blot band intensities 

using ImageJ software [119]. Spliced product band intensities were normalized against 

the band intensity of the full-length precursor (3×FLAG NSar-VMAN-FKBP), which 

served as a loading control. Data represents mean values from three independent 

experiments. For the experiments in which CPS was compared to LTR-driven expression 

of 3×FLAG α-sarcin, band intensities were normalized to an actin loading control.  

For α-sarcin splicing viability experiments, viable cells were quantified 24 hours after 

the addition of rapamycin using the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega) as per the manufacturer’s instructions. Viability was 

determined relative to vehicle (pcDNA3.1) control-transfected cells treated with 
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rapamycin. The data represents the results of six independent experiments (p-values 

<0.05 were determined to be significant by the student’s t-test).    

For GFP splicing experiments, cells were imaged using a Leica MIRE2 inverted 

fluorescent microscope. Cell lysates were analyzed by fluorimetric analysis (excitation 

485 nm/emission 535 nm) using a VictorTM
3V 1420 Multilabel counter (Perkin Elmer). 

The increase in relative fluorescence units (RFU) was determined relative to control-

transfected (pcDNA3.1) cells treated with rapamycin. The percentage increase in RFU 

was calculated as (RFUapparent-RFUcontrol) -1. The data represents the results of nine 

independent experiments (p-values <0.05 were determined to be significant by the 

student’s t-test).    

 

3.3 Results 
 

3.3.1  Establishment of conditional protein splicing (CPS) in mammalian cells 
 
Prior to developing a splicing model to ligate toxin fragments together in vivo, we 

first evaluated an established model. Mootz et al. developed a simple splicing model in 

mammalian cells in which rapamycin could mediate the splicing of a maltose binding 

protein (MBP) domain and a polyHistidine (pHis) sequence to form an MBP-pHis fusion 

protein (Chapter 1, figure 1.4) [93,94]. To confirm their finding, we obtained mammalian 

expression plasmids encoding the MBP-VMAN-FKBP and FRB-VMAC-pHis fusions and 

co-transfected both plasmids into HeLa cells. Twenty-four hours post-transfection, cells 

were treated with 10nM rapamycin for four hours (as assayed in [93]), and cell lysates 

were examined by western blot. Using an antibody raised against MBP, we were able to 
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detect the MBP-VMAN-FKBP precursor, and in the presence of rapamycin, but not in its 

absence, a band of ~38KDa was also detected (figure 3.2). This band represented the 

MBP-pHis fusion and was consistent with the results of Mootz et al. [93,94]. 

Characteristic precursor breakdown products identified by Mootz et al. were also detected 

in this experiment [93]. Having established a working model for CPS, we could engineer 

and evaluate our own in vivo splicing models. 

3.3.2 Development and characterization of a green fluorescent protein (GFP) 
CPS model in mammalian cells. 

 
We first sought to engineer a rapamycin-inducible CPS strategy for producing an 

optically active fluorophore. This model would represent a convenient and robust positive 

control for rapamycin-mediated CPS in vivo and serve to show that CPS could control 

protein activity. GFP is a widely used reporter protein because it can be easily detected 

by fluorescence microscopy, or measured directly by fluorimetry. To this end, a CPS 

model was engineered to ligate non-fluorescent GFP fragments, in a rapamycin 

dependent manner, to produce full length, and optically active, GFP.  

Initially, we artificially split GFP between glycine-128 and isoleucine-129 to produce 

NGFP (residues 1-128) and CGFP (residues 129-238) fragments. The NGFP gene 

segment was cloned in-frame with the N-terminus of a VMAN-FKBP sequence to give 

NGFP-VMAN-FKBP, or the NGFP precursor (figure 3.3). The CGFP gene segment was 

cloned in-frame with the C-terminus of the FRB-VMAC sequence to give FRB-VMAC-

CGFP, or the CGFP precursor (figure 3.3). Recall that rapamycin mediates the 

complexation of FKBP and FRB domains to reconstitute the split VMA intein fragments 

and drive protein splicing.  
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To evaluate the rapamycin-mediated splicing of GFP in mammalian cells, HeLa cells 

were co-transfected with the NGFP and CGFP precursors outlined in figure 3.3. Twenty-

four hours following transfection, cells were treated with rapamycin for four hours and 

cell lysates were analyzed by western blot using an antibody raised against GFP. In figure 

3.4, a ~27 kDa protein (approximately the same molecular weight as GFP) was immuno-

detected using an anti-GFP antibody. This anti-GFP reactive protein was only observed 

when both the NGFP and CGFP precursors were co-transfected and importantly, only in 

the presence of rapamycin. Note that the GFP antibody appeared to cross-react with the 

FRB-VMAC-CGFP precursor, as evidenced by the immuno-detection of a band at the 

predicted molecular mass of the precursor (~31 kDa) (figure 3.4). No band was detected 

where the CGFP precursor was not transfected. Collectively, this data provided 

suggestive biochemical evidence that GFP was spliced in a rapamycin-dependent 

manner.  

To confirm that the spliced ~27 kDa band in figure 3.4 was, in fact, GFP, the optical 

activity of the protein was evaluated. HeLa cells co-transfected with the NGFP and CGFP 

precursors were treated with rapamycin, or DMSO vehicle, and examined by 

fluorescence microscopy for evidence of fluorescence activity. When cultured at 37°C, 

no fluorescence was observed under any experimental conditions (figure 3.5a). However, 

independent experiments (discussed below) revealed that the VMA intein precursors 

appear to be more stable when expressed at 30°C. To this end, the above experiment was 

repeated with HeLa cells incubated at 30°C following transfection. In this instance, GFP 

fluorescence was readily observed and exclusively in those cells treated with rapamycin 

(figure 3.5b). No fluorescence could be detected in cells treated with DMSO vehicle 
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(figure 3.5b). A small fluorescent cell population was detectable as early as four hours 

after rapamycin treatment (experimental observation), and strong GFP fluorescence was 

readily detectable after eight hours of incubation with rapamycin. Although dynamic GFP 

fluorescence was detected, less than 10% of cells demonstrated fluorescence, despite 

transfection efficiencies exceeding 50% (experimental observation). The level of 

fluorescence was assessed directly in the cell lysates of rapamycin treated cells (figure 

3.5c). In the presence of rapamycin, GFP fluorescence levels were ~13% above 

background levels, but only 8% above background in the presence of DMSO vehicle. 

Where the NGFP and CGFP precursors were expressed independently, and in the 

presence of rapamycin, only 5% and 3% increases in fluorescence were observed, 

respectively (figure 3.5c). 

3.3.3 Development and characterization of an α-sarcin CPS model in 
mammalian cells. 

 
In a CPS model designed to activate protein toxins, the extein regions are comprised 

of toxin sequences (Chapter 1, figure 1.15). First, we selected an appropriate site to 

artificially split α-sarcin into extein-coding sequences that could be cloned in-frame with 

the split VMA intein gene fragments. We chose to artificially split α-sarcin in the hinge 

region between residues glutamine-27 and asparagine-28, which separated the toxin into 

two independently folding domains that could be fused to intein segments: NSar (1-27) 

and CSar (28-150) (figure 3.6). The CSar gene segment was cloned in-frame with the C-

terminus of the FRB-VMAC sequence to obtain FRB-VMAC-CSar, or the CSar precursor 

(Chapter 2, figure 2.8). To generate this precursor, a cysteine was introduced as the +1 C-

extein residue in order to permit the transesterification reaction (Chapter 1, figure 1.9). 
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To this end, asparagine-28 in the α-sarcin sequence was mutated to cysteine, as described 

in materials and methods. Therefore, a splicing reaction carried out with this α-sarcin 

extein context would render a full-length toxin harboring an N28C mutation. We 

previously confirmed that this point mutant retained catalytic and cytotoxic activities 

(Chapter 2, figures 2.9 and 2.3a, 2.3b). The NSar gene segment was cloned in-frame with 

the N-terminus of the VMAN-FKBP sequence to obtain NSar-VMAN-FKBP, or the NSar 

precursor. In addition, the NSar precursor was also cloned with an N-terminal 3×FLAG 

epitope to facilitate detection of the precursor and any spliced products by western blot 

(Chapter 2, figure 2.8). Note that because the NSar precursor was N-terminally 3×FLAG 

tagged, splicing carried out with the precursors described in figure 2.8 (Chapter 2) were 

not expected to produce active toxin molecules; previous results showed that 3×FLAG α-

sarcin was not toxic (Chapter 2, figure 2.12). These epitope-tagged precursors were only 

designed to facilitate the characterization of α-sarcin splicing, and once a working model 

was established, the attenuating 3×FLAG moiety could be removed. 

The α-sarcin-VMA intein precursors, as described above, were tested for their ability 

to splice together a full-length toxin in vivo. HeLa cells were transfected with 3×FLAG 

NSar-VMAN-FKBP and FRB-VMAC-CSar, and after 24 hours of expression at 37°C, 

cells were treated with either rapamycin or DMSO vehicle for an additional four hours. 

Cells lysates were harvested and analyzed by western blot using an anti-FLAG antibody. 

As seen in figure 3.7, the NSar precursor was readily detected in cell lysates. Anti-

FLAG-reactive degradation products were also resolved and were consistent with 

VMAN-FKBP breakdown patterns reported by Mootz et al. [93], except shifted for the 

molecular weight of NSar. An electrophoretic standard for 3×FLAG α-sarcin was used to 
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predict the electrophoretic mobility of the proposed splice product. However, no splice 

product was observed in lysates taken from cells incubated with rapamycin or with 

vehicle control. Subsequent experimentation (discussed below) revealed that incubation 

of cells at 30°C was a more permissive temperature for splicing. However, even at 30°C, 

no α-sarcin splice product was observed (figure 3.7). To verify that correct splicing 

conditions were used, control MBP-pHis splicing reactions were carried out (data not 

shown). Because splicing was observed in these control transfections, but not in the 

experimental transfections, the design of the toxin-intein precursor fusions was likely 

flawed. We speculated that the extein context contributed by α-sarcin may have 

prevented, or severely impaired the splicing reaction. Therefore, we next investigated the 

individual abilities of the NSar and CSar precursors to mediate splicing.  

To investigate whether the FRB-VMAC-CSar fusion was splice-competent, a control 

experiment was carried out using the previously described MBP-VMAN-FKBP fusion, or 

MBP precursor. Use of the MBP precursor serves as a convenient control to evaluate the 

splicing capability VMAC-extein fusions, because previous results showed that it was 

splice-active; when expressed in conjunction with a splice-active VMAC-extein 

precursor, rapamycin should mediate the splicing of an MBP-extein fusion which can be 

detected by western blot analysis using an anti-MBP antibody. Therefore, for diagnostic 

purposes, we attempted to splice an MBP-CSar fusion polypeptide in vivo. To this end, 

HeLa cells were transfected with the MBP and CSar precursors, treated with rapamycin 

or DMSO vehicle, and cell lysates were examined by western blot using an anti-MBP 

antibody (figure 3.8). A spliced MBP-CSar product at the predicted mass of ~52 kDa was 

readily detected and was selectively observed in the presence of rapamycin (figure 3.8, 
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lane 1). The ~52 kDa band was not detected in lysates in which cells were transfected 

with either intein fusion alone, indicating that the band in question was not a rapamycin-

dependent breakdown product of the precursors. This result suggested that the CSar-

intein fusion was splice-competent, and the lack of a splice product observed in figures 

3.7a and 3.7b was likely due to a splicing-defective NSar-intein fusion. 

In the NSar-VMAN-FKBP precursor, an α-sarcin glutamine residue fulfills the role of 

the -1 N-extein residue. In vitro mutagenesis studies have shown that when glutamine 

occupies this position, VMA intein splicing is somewhat impaired [25]. It was likely, 

therefore, that improper extein context of the NSar N-extein sequence was preventing 

splicing of α-sarcin. To resolve this problem, we generated two additional NSar 

precursors. First, we recombinantly inserted a short linker peptide at the N-terminal splice 

junction to obtain 3×FLAG NSar(link)-VMAN-FKBP (figure 2.8b). We previously 

showed this linker forms a splice-active junction using the MBP-pHis splicing model 

(figure 3.2); the linker sequence inserted into α-sarcin was the same sequence linking 

MBP and the VMAN intein fragment in the MBP-VMAN-FKBP precursor. The last 

residue of the linker was a glycine, which was identical to the wild-type N-extein context 

of the VMA intein.  

We evaluated if this linker sequence conferred splicing activity to the 3×FLAG 

NSar(link)-VMAN-FKBP precursor. The linker-modified NSar precursor was co-

transfected with the CSar precursor, as above, in HeLa cells, and treated with rapamycin. 

In this instance, western blot analysis of cell lysates showed the detection of an anti-

FLAG-reactive band at the predicted molecular weight of the NSar-linker-CSar protein 

(~27 kDa) (figure 3.9). This band was selectively detected in lysates collected from cells 
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treated with rapamycin, and was not observed in lysates from DMSO-treated cells (figure 

3.9).  

We designed another modified NSar precursor, in which we attempted to eliminate 

the linker sequence, but maintain the wild-type VMA N-extein context. We hypothesized 

that mutation of the -1 NSar N-extein residue from glutamine to glycine, by itself, would 

be sufficient to activate splicing, by mimicking wild-type VMA N-extein context. This 

modification was incorporated into the 3×FLAG NSar(Q27G)-VMAN-FKBP precursor 

(figure 2.8c). Evaluation of the splicing capability of this precursor was carried out, as 

described above. Western blot analysis showed cell lysates taken from HeLa cells 

transfected with the Q27G-modified 3×FLAG NSar precursor and the CSar precursor 

showed the presence of a ~23 kDa band that co-electrophoresed with a 3×FLAG α-sarcin 

standard. This ~23 kDa band was only observed in cells lysates where cells had been 

treated with rapamycin, and not in cells treated with DMSO (figure 3.10). An additional 

anti-FLAG-reactive band was also detected; a strongly reactive proposed breakdown 

product was observed at ~22 kDa, electrophoresing just in front of the spliced 3×FLAG 

α-sarcin product.  

In an effort to minimize the observed instability of the precursor, splicing reactions 

were carried out at a lower temperature. Indeed, expression of the Q27G-modified 

3×FLAG precursor at 30°C appeared to decrease its thermolability, and allowed for a 

greater resolution between the spliced product and degradation product (figure 3.11 and 

figure 3.12). For these reasons, all subsequent splicing experiments, unless otherwise 

noted, were carried out at 30°C. 
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In the structure of α-sarcin, two disulfide bonds are present. Through SDS-PAGE 

analysis, the reduced and oxidized forms can be resolved, where the oxidized form 

migrates slightly faster [146]. We examined the electrophoretic mobility of the spliced α-

sarcin product under non-reducing and reducing conditions to determine if the spliced 

product retained the ability to form disulfide bridges. On a non-reducing SDS-PAGE gel, 

the spliced product demonstrated increased electrophoretic mobility relative to the spliced 

product in lysates that were treated with dithiothreitol (DTT) (figure 3.13). The oxidized 

form of the spliced product appeared to co-electrophorese with the NSar precursor 

breakdown product; the intensity of the breakdown product was greater under non-

reducing conditions (figure 3.13).  

3.3.4 Dose-dependency and temporal induction of α-sarcin splicing 
 

Advantageous features of any inducible protein activity models are rapid and dose-

dependent responses. We, therefore, characterized the CPS α-sarcin model to evaluate 

whether levels of the spliced toxin product were dependent on time, as well as 

concentration of rapamycin ligand.  

First, we evaluated if the extent of α-sarcin splicing was dependent on the dose of 

rapamycin treatment. HeLa cells transfected with the Q27G-modified 3×FLAG NSar- 

and CSar precursors, were treated with increasing doses of rapamycin over a constant 

time period of two hours. Anti-FLAG western blot analysis of cell lysates showed that 

increasing amounts of spliced 3×FLAG α-sarcin were detected with increasing 

concentrations of rapamycin (figure 3.14). The spliced product could be detected at a 

rapamycin concentration as low as 0.1nM and the relative amount of product increased 

with increasing rapamycin concentrations up to 10nM (figure 3.14). Above rapamycin 
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concentrations of 10nM, no apparent increase in the amount of spliced 3×FLAG α-sarcin 

could be detected by western blot (figure 3.15). For this reason, 10nM rapamycin was 

used for all subsequent experiments. 

Next, we evaluated our toxin CPS model for rapamycin’s ability to temporally 

regulate splicing of α-sarcin. HeLa cells, transfected with the Q27G-modified 3×FLAG 

NSar- and CSar precursors were incubated with 10nM rapamycin and cell lysates were 

harvested, initially, over a two hour time course. Anti-FLAG western blot analysis 

showed the appearance of spliced 3×FLAG α-sarcin product within ten minutes of 

rapamycin addition (figure 3.16). The amount of spliced α-sarcin increased steadily over 

the two hour time course, showing that protein splicing was time-dependent (figure 3.16). 

To evaluate if the spliced product was stable over a longer time course, cells, transfected 

as above, were allowed to incubate with rapamycin for up to 36 hours. Western blot 

analysis showed that the spliced 3×FLAG α-sarcin product was, in fact, stable, and 

continued to accumulate with time (figure 3.17). No background splicing was observed in 

DMSO vehicle-treated cells, even at 36 hours (figure 3.17, lane 5).  

3.3.5 Comparison of promoter-driven expression and CPS-mediated 
expression of α-sarcin 

 
The rapidity with which α-sarcin was spliced together illustrated one of the benefits 

of our CPS model. Conventional expression of α-sarcin, through direct transfection, was 

analyzed to compare expression profiles with the CPS model. The mammalian expression 

vector, pMSCV, encoding wild-type 3×FLAG α-sarcin under a 5’PCMV LTR, was 

transfected directly into HeLa cells. Anti-FLAG western blot analysis of cell lysates 

harvested over a 36 hour time course revealed that LTR-driven expression of 3× FLAG 
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α-sarcin was first evident at eight hours post transfection, and increased gradually with 

time (figure 3.18). Unlike direct expression, CPS-regulated expression of 3×FLAG α-

sarcin was evident within ten minutes and high expression levels were quickly induced 

thereafter. Comparison of the expression profiles over time for both CPS and LTR-driven 

expression, shows that although LTR-driven expression ultimately exceeded levels 

achieved by CPS, there was a prolonged lag period during which little to no expression 

product was detected, while CPS-mediated expression levels were high (figure 3.18).  

 

3.3.6 Splicing of α-sarcin in vivo decreases cell viability 
 

By manipulating the extein context of α-sarcin, we were able to generate a pair of 

splice-active α-sarcin-VMA intein precursors that were able to splice together a mutant 

form (Q27G/N28C) of α-sarcin. Fortunately, exogenous expression of α-sarcin 

Q27G/N28C demonstrated catalytic activity and cytotoxicity similar to wild-type α-

sarcin, and therefore, the spliced version of this toxin should demonstrate corresponding 

activity (Chapter 2, figure 2.11). 

Therefore, the activity of spliced α-sarcin was evaluated to determine if cytotoxicity 

could be induced by addition of rapamycin. For these experiments, NSar-VMAN-FKBP 

fusions that lacked the N-terminal 3×FLAG tag were used, as this epitope completely 

attenuated α-sarcin (Chapter 2, figure 2.12). Although this fusion could not be detected 

by western blot, sequencing analysis verified its coding sequence. HeLa cells were co-

transfected with Q27G-modified NSar and CSar precursors, and incubated with 10nM 

rapamycin, or DMSO vehicle. After 24 hours of incubation, cell viability was assayed to 

determine if the spliced product was active. Relative viability was determined by 
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comparing the viability of cells treated with rapamycin to vehicle-transfected cells 

receiving the same treatment (figure 3.19). A modest, but statistically significant (p-value 

= 0.002), decrease of ~10% in cell viability was observed for those cells treated with 

rapamycin relative to those receiving DMSO vehicle.  

 

3.3.7 Development and characterization of a ricin toxin A (RTA) CPS model 
in mammalian cells 

 
To design a CPS system to conditionally activate RTA, the RTA sequence had to be 

artificially fragmented and cloned as fusions with intein segments. We artificially split 

RTA between isoleucine-170 and cysteine-171 to generate NRic (36-170) and CRic (171-

302) coding sequences. The NRic gene segment was cloned in-frame with the N-terminus 

of the VMAN-FKBP sequence to obtain NRic-VMAN-FKBP, or the NRic precursor 

(Chapter 2, figure 2.14). To facilitate immunodetection, an epitope-tagged version of the 

NRic fusion was generated in which a 3×FLAG N-terminal tag was incorporated. This 

permitted detection of the NRic precursor, and any spliced products rendered from it. The 

CRic gene segment was cloned in-frame with the C-terminus of the FRB-VMAC 

sequence to obtain FRB-VMAC-CRic, or the CRic precursor (figure 2.14). Importantly, 

the CRic extein context contained an inherent cysteine, which negated the need to 

recombinantly introduce this residue into the precursor as the +1 C-extein nucleophile. 

We did, however, modify the NRic precursor; isoleucine-170 (the -1 N-extein residue) 

was mutated by site-directed mutagenesis to a glycine. Splicing reactions mediated by the 

pair of I170G-modified NRic and CRic precursors would render a full length RTA I170G 

toxin. Characterization of the RTA I170G mutant showed that it retained catalytic and 

cytotoxic properties similar to wild-type RTA (figures 2.15 and 2.3a/b). Therefore, 
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splicing of RTA I170G should result in the production of a catalytically active and 

cytotoxic toxin. 

The RTA-derivatized CPS constructs were examined for their ability to splice RTA in 

vivo. HeLa cells were co-transfected the 3×FLAG NRic- and CRic precursors. Twenty-

four hours following transfection, transfected cells were treated with 10nM rapamycin for 

four hours. Cell lysates were harvested and analyzed by western blot using an anti-FLAG 

antibody. Where transfected, the 3×FLAG NRic precursor was readily detected, but a 

spliced product (predicted MW ~31 kDa) could not be resolved (figure 3.20). The 

experiment was repeated, but with rapamycin treatment extended to 24 hours. Even at 

this time point, no spliced product was observed (data not shown). Based on the apparent 

significance of the extein context observed with α-sarcin splicing, we speculated that our 

toxin-intein fusion design was again, flawed. To this end, we next investigated the splice-

competency of the 3×FLAG NRic and CRic precursors individually.    

First, we tested the ability of the 3×FLAG NRic-VMAN-FKBP fusion to splice. To 

evaluate its splice competency, we co-expressed the 3×FLAG NRic precursor in HeLa 

cells with the previously described FRB-VMAC-CSar fusion, which was shown to be 

splice-active. In this instance, rapamycin should mediate the splicing of 3×FLAG NRic-

CSar fusion of predicted molecular weight ~36 kDa. Western blot analysis was carried 

out, using an anti-FLAG antibody, on cell lysates taken from cells co-transfected with the 

3×FLAG NRic and CSar precursors (figure 3.20). In the presence of rapamycin, an anti-

FLAG reactive band was resolved at a molecular weight of ~36 kDa, suggesting that 

splicing of the 3×FLAG NRic-CSar fusion had occurred. No band was resolved at this 

molecular weight in the absence of rapamycin.  
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To determine if the FRB-VMAC-CRic fusion was splice-active, we used a similar 

approach. CRic precursor activity was evaluated by co-expressing it with the MBP-

VMAN-FKBP fusion. In this instance, rapamycin-mediated splicing should render an 

MBP-CRic fusion of predicted molecular mass ~53 kDa that is immuno-reactive with an 

anti-MBP antibody. Western blot analysis of cell lysates harvested from cells co-

transfected with the MBP and CRic precursors did not detect any band at this predicted 

molecular weight (figure 3.21). This result suggested that the FRB-VMAC-CRic fusion is 

not splice-active, and further experimentation is required to resolve an explanation for its 

inactivity. 

 

3.4 Discussion 
 
Conditional protein splicing mediated by trans-splicing inteins has been used in vivo 

to control the activity of enzymes [131], but has yet been demonstrated to control a 

cellular process. Here, we developed a CPS model to inducibly regulate cell death in 

vivo, by selectively reassembling innocuous toxin fragments into an active toxin. We 

show that an essential requirement for splicing was proper extein context at intein splice 

junctions and that splicing of active proteins required incubation at 30°C. 

We first repeated the CPS method initially developed by Mootz et al. to establish 

experimental conditions on which we would base the development of our CPS toxin 

model [94]. As expected, we were able to confirm the splicing of an MBP-pHis 

polypeptide fusion by western blot analysis; an anti-MBP reactive band was observed at 

the predicted molecular weight of ~38 kDa, and only in lysates from cells treated with 

rapamycin. We used this in vivo splicing reaction as a reference reaction for future 



 115

experiments. That is, splicing of the MBP-pHis fusion was used as a positive control for 

reaction conditions. This control proved useful during instances where expected splicing 

products were not observed, because it validated that the experimental conditions used 

were permissive for splicing. 

Having verified the MBP-pHis splicing model, we initially developed a reporter CPS 

model, in which we spliced non-fluorescent GFP fragments into an optically active 

fluorophore. We chose to split GFP between glycine-128 and isoleucine-129. GFP has 

previously been split at this junction using recombinant methods and used as a reporter 

for intein-mediated trans-splicing in bacteria [107]. As previously described, isoleucine-

129 was mutated to cysteine, and glutamate-125 was mutated to isoleucine by site-

directed mutagenesis. The I129C mutation introduces cysteine as the critical +1 C-extein 

residue (in a GFP context) essential for the transesterification reaction (Chapter 1, figure 

1.9). The E125I mutation was introduced to facilitate proper folding at the NGFP-intein 

fusion site [107]. The NGFP fragment (1-128) was cloned as part of the NGFP-VMAN-

FKBP precursor and the CGFP fragment was cloned as part of the FRB-VMAC-CGFP 

precursor.  

When expressed independently in vivo, we predicted that these chimeric fusions 

would not exhibit fluorescence. Furthermore, we predicted that co-expression of these 

fusions would not result in fluorescence unless protein splicing of GFP was triggered by 

the addition of rapamycin. Indeed, we were able to successfully destroy the fluorescence 

activity of GFP by recombinant fragmentation; no fluorescence was observed when the 

NGFP or CGFP precursors were expressed independently. However, through rapamycin 

treatment, we could subsequently trigger the splicing of GFP fragments to robustly 
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produce fluorescent full-length GFP molecules in vivo. Initially, through western blot 

analysis, we detected an anti-GFP reactive protein that electrophoresed at the predicted 

molecular weight for GFP. This band was selectively resolved in lysates from cells 

treated with rapamycin. The proposed GFP band did not represent a rapamycin-

dependent breakdown product of either the NGFP or CGFP precursors; when the 

precursors were expressed independently, and in the presence of rapamycin, no ~27 kDa 

anti-GFP-reactive band was detected. Interestingly, however, no fluorescent signal could 

be detected in rapamycin-treated cells incubated at 37°C. In order to observe 

fluorescence, cells had to be incubated at 30°C following transfection and during 

rapamycin treatment. Splicing was found to occur regardless of incubation temperature, 

but the activity of the rendered protein was highly dependent on incubation at 30°C. We 

theorized that lower incubation temperatures may favour more efficient intein folding, 

protein splicing, and post-splice folding of target proteins. 

Fluorimetric analysis of cell lysates confirmed the observations made by fluorescence 

microscopy. We report that fluorescence increased by ~13% over background in cells 

treated with rapamycin. Yet, cells treated with vehicle DMSO control showed ~8% 

increase in fluorescence over background, which was a higher value than anticipated. We 

speculate that this value represents the summation of background fluorescence 

contributed by the NGFP and CGFP precursors; when expressed independently and in the 

presence of rapamycin, these precursors exhibited ~5% and ~3% fluorescence over 

background. Another possible explanation could be the proximity complementation of 

GFP fragments. Complementation of reporter proteins frequently restores some level of 

reporter activity, and this might represent the background fluorescent levels we observed 
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for DMSO treatments. It is noteworthy that despite the recorded fluorescence levels in 

lysates, no fluorescence could was visually observed by fluorescence microscopy for 

DMSO-treated cells. Collectively, therefore, these experiments showed that protein 

activity could be regulated in mammalian cells by the small synthetic molecule, 

rapamycin. We next sought to conditionally regulate the activity of the ribotoxin, α-

sarcin, in vivo. 

To develop a CPS model for α-sarcin, we first artificially split the toxin. To attenuate 

α-sarcin by recombinant fragmentation, its structure was considered. α-Sarcin folds with 

two independent domains, where an N-terminal β-hairpin protuberance and a C-terminal 

globular domain are joined by a hinge region, as well as a disulfide linkage (Chapter 1, 

figure 1.14). Deletion of the N-terminal β-hairpin produces a globular ribonuclease 

domain that retains the same conformation as wild-type toxin [47]. We speculated that by 

using two independently folded toxin domains to construct the VMA intein precursor 

fusions, the overall post-splicing refolding of the toxin may be favoured. For this reason, 

we artificially fragmented α-sarcin in the hinge region (figure 3.6). This strategy would 

ultimately prove to be successful, but we found that other requirements had to be met for 

efficient splicing.  

The importance of extein context was revealed through the engineering of a splice-

active CPS α-sarcin model. Initially, our choice of fragmentation site generated a splice-

defective NSar precursor. This precursor was not observed to splice under any conditions, 

while the CSar precursor could readily participate in splicing reactions. The extein 

context, adjacent to the conserved cysteine in block A of inteins, has been shown to affect 

the efficiency of intein splicing [25]. In the NSar-VMAN-FKBP fusion, an α-sarcin 



 118

glutamine residue fulfills the role of the -1 N-extein residue. Unfortunately, when present 

at the –1 position, glutamine impairs VMA intein splicing in vitro [25]. Rather than select 

an alternative fragmentation site within α-sarcin, we investigated if we could modify the 

extein context of the NSar precursor. Indeed, insertion of a splice-active linker sequence 

at the N-extein/N-intein junction conferred splicing activity to the NSar precursor. 

Unfortunately, the use of this precursor was not practical, because the presence of the 

linker sequence greatly attenuated the toxin (Chapter 2, figure 2.10 and figure 2.3a/b). 

Having confirmed that the extein context would dictate splice-activity, we hypothesized 

that modification of only the -1 NSar N-extein residue would be sufficient to activate 

splicing. By introducing a glycine at this site, which represented wild-type VMA N-

extein context, we were able to restore splicing activity of the NSar precursor.  

Collectively, through these experiments, we demonstrated a novel strategy to 

engineer splice-active precursors. Previous studies have shown the importance of extein 

context, but the tendency is for researchers to assay several different potential splice sites 

in target proteins until a splice-active junction is identified [131]. We show that 

engineering an artificial active splice site is perhaps a more attractive strategy. Using our 

strategy, the designated splice site can be chosen to reflect the structural modularity of 

target proteins, and does not necessarily depend on the presence of a cysteine residue. 

That is, we suggest that fragmentation sites that split two independently folding domains 

are more likely to favour proper refolding upon splicing, and that sites between such 

protein modules can be engineered to contain splice-permissive residues. Of course, this 

strategy is dependent on retention of protein function after mutations are introduced to 

accommodate splicing. 
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Ultimately, the CPS model for splicing of α-sarcin presented here was dependent on 

the introduction of two mutations in the toxin-intein precursors: Q27G at the N-terminal 

splice junction and N28C at the C-terminal splice junction. Introduction of the Q27G 

mutation unfortunately appeared to destabilize the precursor, as a significant breakdown 

product was observed in this instance. Incubation at 30°C somewhat stabilized the 

precursor, as less degradation product was observed under these conditions. Collectively, 

by introducing two point mutations and incubating at 30°C, we established a system to 

efficiently splice α-sarcin from inert protein fragments. The spliced product co-

electrophoresed with an electrophoretic standard for α-sarcin. Furthermore, the spliced 

product demonstrated differential mobility under non-reducing conditions. This result 

suggested that the spliced product was capable of forming disulfide bonds. Recall that 

two disulfide bonds are present in the mature α-sarcin molecule [126].  

In addition to splicing-permissive mutations, the CPS model established for GFP 

showed that the formation of active spliced products was dependent on incubation at 

30°C. Therefore, the activity of α-sarcin was assayed at this lower temperature. Cells 

receiving rapamycin treatment showed decreased relative viability compared to those 

receiving control treatment. This result suggested that spliced α-sarcin was active and, at 

the very least, inhibiting growth of cells at the time of assay. Unfortunately, the decrease 

in viability, although statistically significant, was not robust. However, recall that using 

the CPS model for GFP, fewer than 10% percent of cells demonstrated fluorescence in 

the presence of rapamycin, despite a transfection efficiency that exceeded 50%. Taken 

together, these results suggest that correct folding of the spliced product may be very 

inefficient and would explain the subtle decrease in viability observed in the case of α-
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sarcin splicing. A recent study reported a drastically increased splicing efficiency for a 

trans-splicing VMA intein at 25°C relative to higher incubation temperatures in insect 

cells [131]. It remains unclear if the increased rate of splicing can be attributed to VMA 

intein properties or cell physiology. Insect cells grow optimally at 25°C, and therefore, 

the observed result may be an artifact of a permissive growth temperature. Nonetheless, 

in the future, it will be interesting to evaluate rapamycin-mediated trans-splicing of α-

sarcin at this lower temperature in HeLa cells and examine if it correlates with increased 

toxicity. However, the enzymatic properties of the toxin must also be considered.     

Although incubation at lower temperatures may be permissive for proper folding of 

the spliced product, it may not represent the optimal temperature for α-sarcin activity. 

The aspergillin family of ribotoxins, including α-sarcin, have reported optimal 

temperatures of 45-55°C [128]. Since our experiments were carried out at 30°C, the 

incubation temperature could potentially be attributed to the modest decrease in cell 

viability observed. Perhaps, cells could be incubated at higher temperatures after a period 

of folding-conducive splicing at 30°C. This process, although not practical, may result in 

the observation of more robust cell killing. Despite the subtle physiological response 

observed, the proposed toxin-splicing model was shown to possess several advantageous 

features.      

Splicing of α-sarcin was shown to be time-dependent and dose-dependent. 

Furthermore, the spliced product continued to accumulate over long time courses. These 

results highlight the features of the CPS model. That is, using this engineered model we 

should be able to rapidly induce protein expression or activity. Indeed, a comparison of 

protein expression levels with a standard promoter-driven expression system helped to 
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illustrate the utility of CPS. In an LTR-driven expression system, the protein expression 

levels seen at 16 hours post-transfection were achieved in less than one hour using the 

CPS model. Therefore, for target proteins that perpetuate subtle cellular responses, a CPS 

model would be well suited because physiologically relevant events may be overlooked 

with the lag-period associated with promoter-driven expression. Furthermore, the amount 

of spliced product can be controlled using CPS. Because the extent of splicing is dose-

dependent in the CPS model, the amount of target protein produced can be tightly 

regulated by altering the dose of rapamycin. Furthermore, independent studies have 

shown that the amount of spliced product formed by CPS can be tuned by the addition of 

ascomycin, a rapamycin antagonist [93,131]. Therefore, biological systems could be 

investigated in more physiologically relevant conditions. Often, the examination of 

biological processes requires overexpression or input of physiologically non-relevant 

amounts of proteins. Although these approaches have proven useful in many instances, 

they may yield artificial results that do not represent true conditions inside the cell. Using 

CPS, however, we can regulate the amount of protein and, therefore, achieve more 

physiologically relevant levels of target protein input.    

Finally, following our success with the α-sarcin splicing model, we attempted to 

engineer a system to conditionally activate ricin toxin A (RTA) in vivo using CPS. The 

same general strategy as that employed for α-sarcin, was undertaken for engineering a 

split RTA system. First, the structure of RTA was examined to determine an appropriate 

fragmentation site. RTA is a highly folded globular protein, and therefore, no obvious 

splice junction, that would separate two independent domains, existed. However, upon 

careful consideration, a potential splice junction was identified between RTA residues 
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170 and 171, which appeared to separate the toxin into two fragments without significant 

structural overlap, despite being located in the core of the protein. Furthermore, this site 

was near the catalytic centre of RTA, and thus, recombinant fragmentation would likely 

attenuate the toxin’s activity. Therefore, RTA was artificially split between residues 

isoleucine-170 and cysteine-171 to give NRic and CRic fragments, which were cloned in-

frame as VMA-intein precursors. This was a convenient site because it contained the 

conserved cysteine in terms of the +1 C-extein context in the CRic precursor. However, 

based on the findings we obtained for α-sarcin, and a previous study that examined the 

effect of the -1 residue on VMA intein splicing [25], we speculated that isoleucine-170 

represented poor N-extein context. For α-sarcin, substitution of a single glycine at the -1 

N-extein position of the VMAN precursor was able to restore splicing activity. Therefore, 

we mutated isoleucine-170 to glycine in order to mimic the wild-type VMA N-extein 

context.  

Unfortunately, however, splicing did not occur between the NRic and CRic 

precursors designed. Investigation into the splice competency of the precursors showed 

that the NRic precursor was capable of splicing; we were able to splice together an NRic-

CSar fusion detectable by α-FLAG western blotting. Conversely, we were unable to 

show that the CRic fusion was able to splice; no MBP-CRic fusion could be detected by 

anti-MBP western blotting. Note that we have attempted splicing at both 30°C and 37°C 

with no success. However, because the CRic precursor cannot be detected with 

antibodies, we cannot assess its expression level. It is possible that the CRic precursor is 

poorly expressed and its low protein levels limit splicing. Alternatively, the lack of 

observed splicing may be attributed to the splice junction selected. For RTA, we chose a 
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splice site in the core of the protein in a relatively hydrophobic sequence. This differed 

from α-sarcin, in which we targeted a surface-exposed loop for artificial fragmentation. 

Therefore, structural constraints originating from the fragmentation site may be inhibiting 

intein splicing activity. Assuming the CRic precursor is adequately expressed, a possible 

strategy to remedy this problem would be to mutate the +2 C-extein CRic residue to a 

glycine, which is the naturally occurring +2 C-extein residue for the VMA intein. This, of 

course, would require characterization of another RTA mutant, which may or may not be 

cytotoxic. In this instance, it may prove useful to artificially split RTA at another solvent-

exposed site.   
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Table 3.1  Nomenclature and properties of mammalian expression plasmids. 
Plasmid ID Construct Vector Promoter Tag Tag position 

      
pEB4 MBP-VMAN-FKBP pEB4 CMV -- -- 
      
pNSar NSar-VMAN-FKBP pEB4 CMV 3×FLAG N-terminus 
      
pFLG-NSar_link NSar(link)-VMAN-FKBP pEB4 CMV 3×FLAG N-terminus 
      
pFLG-NSarQ27G NSar (Q27G)-VMAN-FKBP pEB4 CMV 3×FLAG N-terminus 
      
pNSarQ27G NSar(Q27G)-VMAN-FKBP pEB4 CMV -- -- 
      
pCSar FRB-VMAC-CSar pEB3 CMV -- -- 
      
pNRic NRic-VMAN-FKBP pEB4 CMV 3×FLAG N-terminus 
      
pCRic FRB-VMAC-CRic pEB3 CMV -- -- 
      
pNGFP NGFP-VMAN-FKBP pEB4 CMV -- -- 
      
pCGFP FRB-VMAC-CGFP pEB3 CMV -- -- 
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Table 3.2  Oligonucleotide primer sequences used to generate toxin-intein precursor 
constructs. 

Oligo Sequence (5’ to 3’) 

35 GGAATTCCTGGTTGTACAGCAGACG 

36 TTGGATCCATGGACTACAAAGACCATGACGG 

37 CATTAAAACATTGGAACCCTTGGCAAAGCACTGGTTGTACAGCAGACGTTTAGTTTCGTA 

38 TACGAAACTAAACGTCTGCTGTACAACCAGTGCTTTGCCAAGGGTACCAATGTTTTAATG 

39 TTCTCGAGTTAATAACTAGTTTCCAGTTTTAGAAGC 

40 GGTACCCTTGGCAAAGCACCCGTTGTACAGCAGACGTTTA 

41 GCTGTACAACGGGTGCTTTGCCAAGGGTACCAATG 

42 CGGGATCCACCATGGCAGTTACTTGGACTTGC 

43 CCCAAGCTTACCATGGCTTCTAGGATCCTC 

44 GTGAGAGTTAGATTCAGCTTTGCAATTGTGCACGACAACCTGGTT 

45 AACCAGGTTGTCGTGCACAATTGCAAAGCTGAATCTAACTCTCAC 

46 TTACTCGAGTTAGTGAGAGCACAGTTTCAG 

47 GGTACCCTTGGCAAAGCACCCTATAAAGGAACGAGCCAGAG 

48 CGTTCCTTTATAGGGTGCTTTGCCAAGGGTACCAATG 

49 GCTTCTGAAATCATTTGGATGCAATTGTGCACGACAACCTGGTTGG 

50 CCAACCAGGTTGTCGTGCACAATTGCATCCAAATGATTTCAGAAGC 

51 CCGCTCGAGTTAAAACTGTGACGATGGTGGAGGTGCG 

52 CGGGATCCAACATGGTGAGCAAGGGCGAG 

53 AACATTGGTACCCTTGGCAAAGCAGCCCTTCAGGATGATGCGGTTCAC 

54 GTGAACCGCATCATCCTGAAGGGCTGCTTTGCCAAGGGTACCAATGTT 

55 GCCGTCCTCCTTGAAGTCGCAATTGTGCACGACAACCTGGTT 

56 AACCAGGTTGTCGTGCACAATTGCGACTTCAAGGAGGACGGC 

57 TTCTCGAGTTACTTGTACAGCTCGTCCATGCC 

58 AATGCGGCCGCAATGATATTCCCCAAACAATACC 

59 GGAATTCAATTATAAAGGAACGAGC 
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Table 3.3  Overlap extension PCR cloning strategy for toxin-intein precursors. 
               Round 1                 Round 2    

 
Construct 

 
Vector 

 
Template 

 
Oligos 

 
Template 

 
Oligos 

RE 
Sites 

Plasmid 
ID 

 
3×FLAG-NSar-
VMAN-FKBP 

 
pEB4 

 
pFLGαS 

pEB4 

 
36, 37 
38, 39 

 
round 1 

amplicon mix 
 

 
36, 39 

 
BamHI/ 

XhoI 

 
pNSar 

        
3×FLAG-
NSar(link)-
VMAN-FKBP 

pEB4 
 

N/A N/A N/A 
 

N/A N/A pFLG-
NSar_link 

        
3×FLAG-
NSar(Q27G)-
VMAN-FKBP 

pEB4 pFLGαS 
pEB4 

36, 40 
41, 39 

round 1 
amplicon mix 

 

36, 39 BamH / I
XhoI 

pFLG-
NSarQ27G 

        
NSar(Q27G)-
VMAN-FKBP 

pEB4 pFLGαS  
pEB4 

42, 40 
41, 39 

round 1 
amplicon mix 

 

42, 39 BamH / I
XhoI 

pNSarQ27G 

        
FRB-VMAC-
CSar 

pEB3 pEB3 
pcDNA3αS 

 

43, 44 
45, 46 

round 1 
amplicon mix 

 

43, 46 HindIII/ 
XhoI 

pCSar 

        
3×FLAG-
NRic(I170G)-
VMAN-FKBP 

pEB4 pFLG_NRic 
pEB4 

36, 47 
48, 39 

round 1 
amplicon mix 

 

36, 39 BamHI/ 
XhoI 

pNRic 

        
FRB-VMAC-
CRic 

pEB3 pEB3 
pRTA 

 

43, 49 
50, 51 

round 1 
amplicon mix 

 

43, 51 HindIII/ 
XhoI 

pCRic 

        
NGFP(E125I)-
VMAN-FKBP 

pEB4  
pEB4 

52, 53 
54, 39 

round 1 
amplicon mix 

 

52, 39 BamHI/ 
XhoI 

pNGFP 

        
FRB-VMAC-
CGFP(I129C) 

pEB3 pEB3 
 

43, 55 
56, 57 

round 1 
amplicon mix 

43, 57 HindIII/ 
XhoI 

pCGFP 
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Figure 3.1 The mammalian expression plasmids pEB3 and pEB4. 
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Figure 3.2  Conditional protein splicing of an MBP-pHis polypeptide fusion.  HeLa 
cells were transiently transfected with plasmids encoding MBP-VMAN-FKBP and FRB-
VMAC-pHis under the CMV promoter. Twenty four hours post transfection, cell were 
incubated with rapamycin for four hours. Anti-MBP western blot analysis of HeLa cell 
lysates. Asterisks indicate degradation products of MBP-VMAN-FKBP. 
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Figure 3.3   Schematic diagram of GFP-intein chimeric precursor fusions. The N-
terminus of GFP (residues 1-128) was cloned in-frame with the N-terminus of a VMAN-
FKBP fusion. An E125I point mutation was introduced into the NGFP extein context. 
The C-terminus of GFP (residues 129-238) was cloned in-frame with the C-terminus of 
FRB-VMAC fusion. A cysteine was introduced as the +1 C-extein CGFP residue at the C-
terminal splice junction. 
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Figure 3.4  Conditional protein splicing of GFP in mammalian cells. HeLa cells were 
transiently transfected with plasmids encoding NGFP-VMAN-FKBP and FRB-VMAC-
CGFP under the CMV promoter. Twenty-four hours post-transfection, cells were 
incubated with 10 nM rapamycin for four fours. Anti-GFP western blot analysis of HeLa 
cell lysates. 
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Figure 3.6   Artificial fragmentation of α-sarcin. (A) Space-filling model α-sarcin 
[113]. α-Sarcin was split at glutamine-27 in the hinge region between two independently 
folding domains to produce NSar (1-27) and CSar (28-150) fragments. Image generated 
with Cn3D, National Library of Medicine [19]. (B) NSar and CSar gene segments were 
cloned in-frame with the N-terminus of the VMAN-FKBP fusion and the C-terminus of 
the FRB-VMAC fusion, respectively.    
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Figure 3.7  Conditional protein splicing of α-sarcin in mammalian cells. HeLa cells 
were transiently transfected with plasmids encoding 3×FLAG NSar-VMAN-FKBP and 
FRB-VMAC-CSar under the CMV promoter. Twenty-four hours post-transfection, cells 
were incubated with 10nM rapamycin for four hours. Anti-FLAG western blot analysis of 
HeLa cell lysates electrophoresed with a 3×FLAG α-sarcin electrophoretic standard (as 
indicated).    
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Figure 3.8  Conditional protein splicing of a diagnostic MBP-CSar polypeptide 
fusion in mammalian cells. HeLa cells transiently transfected with plasmids encoding 
MBP-VMAN-FKBP and FRB-VMAC-CSar under the CMV promoter. Twenty-four hours 
post-transfection at 37°C, cells were incubated with 10nM rapamycin for four hours.  
Asterisks indicate degradation products of MBP-VMAN-FKBP. Anti-MBP western blot 
analysis of HeLa cell lysates. 
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Figure 3.9  Conditional protein splicing of α-sarcin_linker in mammalian cells. HeLa 
cells were transiently transfected with plasmids encoding 3×FLAG NSar(link)-VMAN-
FKBP and FRB-VMAC-CSar under the CMV promoter. Twenty-four hours post-
transfection at 37°C, cells were incubated with 10nM rapamycin for four hours. The 
asterisk indicates a proposed degradation product of 3×FLAG NSar(link)-VMAN-FKBP.  
Anti-FLAG western blot analysis of HeLa cell lysates. 
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Figure 3.10  Conditional protein splicing of α-sarcin Q27G/N28C in mammalian 
cells. HeLa cells were transiently transfected with plasmids encoding 3×FLAG 
NSar(N28C)-VMAN-FKBP and FRB-VMAC-CSar under the CMV promoter. Twenty-
four hours post-transfection, cells were incubated with 10nM rapamycin for four fours.  
Asterisks indicate proposed degradation products of 3×FLAG NSar(N28C)-VMAN-
FKBP. Anti-FLAG western blot analysis of HeLa cell lysates electrophoresed with a 
3×FLAG α-sarcin electrophoretic standard (as indicated). 
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Figure 3.11  The effect of incubation temperature on the conditional protein splicing 
of α-sarcin in mammalian cells. HeLa cells were transiently transfected at 30°C or 37°C 
with plasmids encoding 3×FLAG NSar(Q27G)-VMAN-FKBP and FRB-VMAC-CSar 
under the CMV promoter. Twenty-four hours post-transfection, cells were incubated with 
10 nM rapamycin for four hours. Asterisks indicate degradation products of 3×FLAG 
NSar(Q27G)-VMAN-FKBP.  Anti-FLAG western blot analysis of HeLa cell lysates. 

 
 
 
 
 
 
 
 
 
 
 
 



 138

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

Figure 3.12  Conditional protein splicing of α-sarcin at 30°C. HeLa cells were 
transiently transfected with plasmids encoding 3×FLAG NSar(Q27G)-VMAN-FKBP and 
FRB-VMAC-CSar under the CMV promoter. Twenty-four hours post-transfection at 
30°C, cells were incubated with 10nM rapamycin for two hours. Asterisks indicate 
proposed degradation products of 3×FLAG NSar(Q27G)-VMAN-FKBP. Anti-FLAG 
western blot analysis of HeLa cell lysates electrophoresed with a 3×FLAG α-sarcin 
electrophoretic standard (as indicated). 
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Figure 3.13   The spliced α-sarcin product shows differential migration on non-
reducing and reducing SDS-PAGE. HeLa cells were transiently transfected with 
plasmids encoding 3×FLAG NSar(Q27G)-VMAN-FKBP and FRB-VMAC-CSar under 
the CMV promoter. Twenty-four hours post-transfection at 30°C, cells were incubated 
with 10nM rapamycin. Lysates were prepared with non-reducing SDS-PAGE sample 
buffer or reducing SDS-PAGE sample buffer by the addition of DTT. Anti-FLAG 
western blot analysis of HeLa cell lysates.  
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Figure 3.14  Conditional protein splicing of α-sarcin in mammalian cells 
demonstrates dose-dependency. HeLa cells were transiently transfected with plasmids 
encoding 3×FLAG NSar(Q27G)-VMAN-FKBP and FRB-VMAC-CSar under the CMV 
promoter. Twenty-four hours post-transfection at 30°C, cells were incubated for two 
hours with rapamycin at the indicated concentrations. (A) Anti-FLAG western blot 
analysis of HeLa cell lysates. (B) Dose-dependent curve determined by densitometric 
analysis of bands in (A). The amount of spliced product was determined relative to the 
3×FLAG NSar(Q27G)-VMAN-FKBP precursor. Data represents results from three 
independent experiments (± standard deviation). 
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Figure 3.15  Conditional protein splicing of α-sarcin at high rapamycin 
concentrations. HeLa cells were transiently transfected with plasmids encoding 
3×FLAG NSar(Q27G)-VMAN-FKBP and FRB-VMAC-CSar under the CMV promoter.  
Twenty-four hours post-transfection at 30°C, cells were incubated with rapamycin at the 
indicated concentrations for two hours.  Anti-FLAG western blot analysis of HeLa cell 
lysates.  
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Figure 3.16  Conditional protein splicing of α-sarcin in mammalian cells is rapidly 
induced and is time-dependent. HeLa cells were transiently transfected with plasmids 
encoding 3×FLAG NSar(Q27G)-VMAN-FKBP and FRB-VMAC-CSar under the CMV 
promoter. Twenty-four hours post-transfection at 30°C, cells were incubated with 10nM 
rapamycin for the indicated time points. (A) Anti-FLAG western blot analysis of HeLa 
cell lysates. (B) Time-course curve determined by densitometric analysis of bands in (A). 
The amount of spliced product was determined relative to the 3×FLAG NSar(Q27G)-
VMAN-FKBP precursor. Data represents results from three independent experiments (± 
standard deviation). 
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Figure 3.17  Conditional protein splicing of α-sarcin in mammalian cells produces 
stable products that accumulate with time. HeLa cells were transiently transfected 
with plasmids encoding 3×FLAG NSar(Q27G)-VMAN-FKBP and FRB-VMAC-CSar 
under the CMV promoter. Twenty-four hours post-transfection at 30°C, cells were 
incubated with 10nM rapamycin for the indicated time courses. Anti-FLAG western blot 
analysis of HeLa cell lysates. 
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Figure 3.18 Comparison of promoter driven α-sarcin expression and CPS mediated 
α-sarcin expression. HeLa cells were transiently transfected with plasmids encoding 
3×FLAG NSar(Q27G)-VMAN-FKBP and FRB-VMAC-CSar under the CMV promoter. 
Twenty-four hours post-transfection at 30°C, cells were incubated with 10nM rapamycin 
for the indicated time points. HeLa cells were also transiently transfected with a plasmid 
encoding α-sarcin under a 5’PCMV LTR. Cell lysates were harvested at the indicated 
time points. (A) Anti-FLAG western blot analysis of HeLa cell lysates. (B) Time-course 
curve determined by densitometric quantification of bands in (A). (a.u. arbitrary units)  
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Figure 3.19  Rapamycin-mediated splicing of α-sarcin decreases viability of HeLa 
cells. HeLa cells were transiently transfected with plasmids encoding NSar(Q27G)-
VMAN-FKBP and FRB-VMAC-CSar under the CMV promoter. Twenty-four hours post-
transfection at 30°C, cells were incubated with 10 nM rapamycin for an additional 24 
hours and cell viability (± standard deviation) was assayed relative to vehicle-transfected 
and rapamycin treated control cells. (* p-value = 0.002 by the student’s t test; n = 8). 
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Figure 3.20 The characterization of conditional protein splicing with ricin-intein 
chimeric precursors. HeLa cells were transiently transfected with plasmids encoding 
3×FLAG NRic-VMAN-FKBP and either FRB-VMAC-CRic or FRB-VMAC-CSar. 
Twenty-four hours post-transfection at 37°C, cells were incubated with 10nM rapamycin 
for four hours. Anti-FLAG western blot analysis of HeLa cell lysates.   
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Figure 3.21 The FRB-VMAc-CRic chimeric precursor is not splice-active. HeLa cells 
were transiently transfected with plasmids encoding MBP-VMAN-FKBP and FRB-
VMAC-CRic. Twenty-four hours post-transfection at 37°C, cells were incubated with 
10nM rapamycin for four hours. Anti-MBP western blot analysis of HeLa cell lysates. 
Asterisk indicates breakdown product of MBP-VMAN-FKBP. 
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Chapter 4    Conclusions and Future Research 
 
 

4.1    Conclusions 
 

Eukaryotic cellular circuitry is extensively diverse and complex, yet is mediated by 

relatively simple modular building blocks. Protein domains govern the multi-molecular 

assembly of signalling complexes by mediating protein-protein interactions. The absolute 

reliance of cell circuits on these modular domains suggests that control over cell 

behaviour could be manipulated by artificially engineering non-physiological protein-

protein interactions. That is, biological responses could be re-wired by exploiting the 

modular architecture of naturally occurring signalling pathways. Here, we proposed that a 

non-physiological protein-protein interaction, mediated by a small molecule, could be 

used to trigger an inducible cell death response mediated by the ribotoxin, α-sarcin.     

Protein toxins are exquisite killers. They are manufactured by bacteria, plants, and 

fungi, and cause toxicity through a variety of mechanisms. The enzymatic toxins are 

perhaps the most lethal because they possess high turnover rates, and therefore, only a 

few molecules may be sufficient to kill. It is because of this exquisite potency that protein 

toxins have been extensively investigated. Their discovery and mechanistic study has 

advanced human health through development of methods to combat intoxication, as well 

as to exploit toxins as therapeutic agents for eliminating diseased tissues.  

Here, we showed that the ribotoxin, α-sarcin, could be attenuated by artificial 

fragmentation. Using the interaction of two modular protein domains, triggered by a 

small synthetic ligand, we showed that inert toxin fragments could be inducibly re-ligated 

through trans-intein splicing. Re-assembled α-sarcin was active and induced cytotoxicity 
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in mammalian cells. Therefore, using a small molecule, we were able to conditionally 

rewire cell behaviour and induce a death response, in otherwise healthy cells. This was a 

proof-of-principle study that showed that protein-protein interactions could be used to 

artificially regulate cell function. Such control over biological systems will facilitate the 

study of cell behaviour and perhaps, provide a novel therapeutic aid for targeting diseased 

tissues, such as tumours. 

 

4.2    Future Research 
 

4.2.1 Investigation into the cytotoxic mechanisms of α-sarcin and ricin 
 

The translation inhibitors, α-sarcin and ricin, have been studied for decades due to 

their exquisite ability to kill cells. The mode through which these toxins kill cells has 

been widely accepted; cell death is directly correlated to inhibition of protein synthesis. 

However, a recent study involving ricin showed that these two processes were not 

necessarily linked [77]. Similarly, studies with α-sarcin have hinted that this toxin may 

be able to induce apoptosis independent of its catalytic activity [102]. Here, we showed 

that a catalytically defective α-sarcin variant could still mediate cell death, and therefore, 

this toxin appears to have the capability to elicit cell death using a mechanism 

independent from its ability to inactivate ribosomes. These findings have challenged the 

mechanistic dogma associated with these toxins and initiated a new direction of study. To 

better understand exactly how these toxins mediate cell death, a direct link between the 

toxins themselves and activation of the apoptotic machinery must be identified.  
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Previous studies have established that both α-sarcin and ricin activate the cJun NH2-

terminal kinases, or JNKs [59]. JNK activation appears to be dependent on toxin-induced 

inactivation of ribosomes [59]. Interestingly, JNK activation is critical to the production 

of reactive oxygen species (ROS) in apoptosis mediated by the ricin-like toxin, Viscum 

album mistletoe lectin [66]. Thus, it is likely, at least for ricin intoxication, that JNK 

activation will mediate the production of ROS, which in turn, is strongly correlated with 

ricin-induced apoptosis [77,118]. Therefore, it would be interesting to investigate why the 

catalytically active ricin mutants, reported by Li et al., fail to produce ROS and induce 

apoptosis [77]. Presumably, these mutations would also block activation of JNK. This 

finding would indicate that ricin is interacting with other proteins to mediate JNK 

activation. Indeed the mutations that render ricin catalytically active, but non-toxic, are 

found on solvent exposed surface helices [77], which could represent possible protein-

protein interaction sites. 

In regards to α-sarcin, it would be interesting to determine if this toxin induces ROS 

production. It has been confirmed that α-sarcin activates caspase-3 during apoptosis 

[102] and ROS production is often upstream of this activation [118]. Therefore, it seems 

likely the α-sarcin-induced apoptosis would correlate well with ROS production. It 

would also be interesting to examine caspase-3 activation, JNK activation, and ROS 

production in the context of the catalytically inactive α-sarcin mutant, R121Q. Since this 

mutant is catalytically defective, activation of JNK and production of ROS is not likely to 

occur; toxin-mediated damage of 28S rRNA is essential to JNK activation [59], which, in 

turn, mediates ROS production [66]. Nonetheless, this mutant retains cytotoxicity, and 

therefore, it will be interesting to determine if caspase-3 is activated in cells expressing 
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α-sarcin R121Q. If caspase-3 is not activated, then the R121Q mutant may mediate 

apoptosis by an alternate mechanism. Furthermore, the somewhat attenuated, catalytically 

defective R121Q mutant permitted detection of the toxin by anti-sarcin western blotting. 

Presumably, therefore, we could use this mutant to co-immunoprecipitate any proteins 

that may directly link α-sarcin to the apoptotic machinery. The knowledge acquired from 

such studies undertaken with α-sarcin and ricin will further our understanding of how 

these toxins work, and will facilitate the development of high-efficacy antidotes and 

potential therapeutic agents. 

4.2.2 Optimizing conditional protein splicing models for protein toxins 
 

In this thesis, we showed that protein activity could be conditionally induced in 

mammalian cells using intein-mediated protein splicing. We were able to selectively 

activate both GFP and α-sarcin by the simple addition of the small cell-permeable ligand, 

rapamycin. However, subsequent experimentation should be undertaken to improve the 

efficiency of the CPS models. 

The data presented in this thesis demonstrated an important proof-of-principle: a 

small molecule can mediate the conditional protein splicing of an enzyme, and 

subsequent enzymatic activation can regulate a cellular process. However, the splicing 

conditions defined in this study were not optimal. The current delivery system for the 

mammalian expression vectors relies on lipofection, which demonstrates less than 100% 

efficiency. To address this concern, cell lines stably expressing the toxin-intein 

precursors could be generated. This would eliminate the variability associated with 

transfection efficiency in transient experiments, and permit the selection of clones that 

express high levels of the precursor fusions. Under these optimized conditions, more 
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robust effects upon rapamycin treatment would be expected. Alternatively, adenovirus-

mediated gene transfer could be used to eliminate variable transfection efficiencies and 

increase precursor expression levels. In addition, the α-sarcin CPS model could be 

investigated in the context of several different cell lines. Not only would this illustrate the 

generality of the α-sarcin splicing model, but may also identify a cell line more 

susceptible to α-sarcin-induced killing. The vast majority of studies carried out with α-

sarcin use a rhabdomyosarcoma cell model [102]. These cells are particularly susceptible 

to the toxin and may, therefore, represent a more relevant system to develop and optimize 

the conditional protein splicing of α-sarcin. 

An alternative strategy to increase the efficiency of the α-sarcin splicing model could 

involve the engineering of a cis-splicing intein element. Conventional cis-splicing 

reactions are invariably more efficient than trans-splicing reactions, because the splicing 

domains are intramolecular. However, in order to achieve conditionality, the cis-splicing 

intein element would have to be gated, or evolved to demonstrate ligand dependence. 

Previously, an iterated mutagenesis approach was used to evolve a cis-splicing intein that 

demonstrated tight ligand dependence on 4-hydroxytamoxifen for splicing activity [15]. 

A similar strategy could be applied to the α-sarcin splicing model to evolve an intein 

whose activity was dependent on a small molecule.  

In regards to the ricin toxin A (RTA) splicing model, we were unsuccessful in 

engineering a pair of toxin-intein precursors that could mediate splicing in vivo. We did, 

however, show that only one of the precursors was splice-defective. Therefore, 

recombinant manipulation may be able to confer splice activity to this precursor and 
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enable us to ligate functional RTA in the future. We successfully used this strategy to 

restore splicing activity of a defective α-sarcin-intein precursor.  

4.2.3 Applications of a conditional protein splicing model for protein toxins 
 

The results presented in this thesis showed that we were able to use a non-

physiological protein-protein interaction to conditionally activate α-sarcin in vivo. In this 

instance, conditionality was achieved using the exogenous trigger, rapamycin. To prove 

the utility of our model, we plan to replace the heterodimerization domains, FKBP and 

FRB, with physiological protein-protein interaction domains. Such a model may 

represent a strategy to target specific cell types for destruction. 

Our laboratory is interested in the aberrant protein-protein interactions that are 

frequently observed in cancer. We theorize that be using an abnormal protein-protein 

interaction that occurs in tumour cells, we could drive the conditional splicing of α-sarcin 

and kill these cells selectively. Interestingly, the interaction of Ras and Raf has been used 

to drive the EGF-dependent intein-mediated trans-splicing of a transcription factor in a 

reporter gene model in bacteria [64]. We plan to use this interaction in the context of our 

α-sarcin splicing model. In this instance, splicing of α-sarcin should be conditional on 

Ras activation, which could be triggered by simple addition of a receptor tyrosine kinase 

(RTK) ligand, such as EGF. Interestingly, RTKs are frequently upregulated in tumours 

[9] and Ras dysregulation is also frequently observed [35]. Therefore, we theorize that 

Ras/Raf-mediated α-sarcin splicing (and its corresponding toxicity) could by used to 

selectively target cancer cells for death. In reality, targeting the Ras/Raf interaction may 

only be practical in artificial biological systems, such as in cultured cells overexpressing 

the EGF receptor. Since this interaction occurs under physiological growth conditions in 
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normal cells, discriminating exclusively for cancer cells would be difficult. Nonetheless, 

in the future, our approach could represent the basis of a targeted therapeutic strategy to 

selectively eliminate tumour cells.  

Ultimately, the use of intein splicing in a therapeutic model would likely necessitate 

the use of a cis-splicing element. When engineered to be ligand-gated, these inteins could 

represent potentially powerful therapeutic tools. Rather than ligand-gating an intein [15], 

we speculate that using a protein tyrosine kinase (PTK) peptide sensor module could 

render intein splicing dependent on a phosphorylation event. PTKs are frequently 

upregulated in cancer and represent a potential target for anticancer therapy [9]. A 

theoretical PTK sensor peptide would consist of a tyrosine-phosphorylation substrate 

domain and a phosphotyrosine-binding domain, such as a Src-homology2 (SH2) domain. 

When the phosphorylated substrate is captured by the intramolecular binding of the SH2 

domain, the associated conformational change could potentially activate a cis splicing 

intein element (figure 4.1). Such biosensors have successfully been used to assay PTK 

activity using fluorescence resonance energy transfer as an output [150]. Using this 

approach we could selectively target cells with elevated PTK activity, such as cancer 

cells, for toxin-mediated destruction.  

Our α-sarcin CPS model may also have a potential application in the field of 

developmental biology. If the toxin-intein precursors were expressed from tissue-specific 

promoters in transgenic animals, such as C. elegans, rapamycin-mediated splicing of α-

sarcin could be used in to destroy specific cell types. These experiments would allow 

researchers to characterize the role, or importance, of specific tissue types to development 

and animal behaviour. Similarly, the combinatorial use of a heat-shock promoter and a 
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tissue-specific promoter to express toxin-intein fusions could be used to achieve tight 

temporal control over tissue-specific cell ablation. These strategies represent attractive 

developmental models because they demonstrate temporal control and at least two layers 

of specificity for destroying target tissues. 

Finally, we are developing a strategy to identify small-molecule toxin inhibitors. 

Since protein toxins, especially ricin, are potential biological warfare threats, antidotes 

and inhibitors are highly sought after. We plan to use our toxin-CPS model to identify 

such inhibitors. Briefly, cDNA peptide libraries could be screened for their ability to 

inhibit rapamycin induced toxin-mediated cytotoxicity. We will screen for inhibitors that 

prevent cell death in the presence of rapamycin. As a control to show that the inhibitors 

are not preventing cell death by inhibiting the FKBP-rapamycin-FRB interaction, and 

hence the splicing reaction, we will screen the inhibitors in the context of our GFP CPS 

model. Genuine toxin inhibitors will not prevent GFP splicing, and thereby permit 

fluorescence, but will prevent cytotoxicity associated with spliced toxins (figure 4.2). 

This represents an attractive system for identifying toxin inhibitors for the following 

reasons: there is no requirement to produce large amounts of recombinant, and potentially 

dangerous, toxin; the inhibitors identified will represent genuine in vivo inhibitors, as 

opposed to inhibitors typically characterized in vitro; GFP fluorescence will serve as a 

readily assayable and convenient negative control.      

In summary, we have engineered a conditional protein splicing strategy that permits 

the conditional activation of protein toxins. We propose that further engineering of this 

model will facilitate the development of many technologies that will be used to address a 

wide variety of biological problems and questions. 
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Figure 4.1    A model for a cis-splicing inteins mediated by protein tyrosine kinase 
(PTK) phosphorylation events. A bi-modular peptide is inserted into the intein coding 
sequence to disrupt splicing activity. PTK-mediated phosphorylation of a 
phosphotyrosine substrate domain permits binding of a phosphotyrosine-binding domain, 
such as a SH2 domain. The modular interaction induces a change in conformation which 
restores intein splicing activity.    
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Figure 4.2  Conditional protein splicing (CPS) as a strategy to identify peptide 
inhibitors of protein toxins.  
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