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Dissertation Director: 
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Ricin is a ribosome inactivating protein (RIP) isolated from ricinus communis, the castor 

bean plant.  RIPs catalytically depurinate an adenine residue from the highly conserved 

sarcin/ricin loop in the large ribosomal RNA subunit, rendering the ribosome unable to 

translate protein.  Due to its potential use as a bioweapon, understanding how ricin gains 

access to and depurinates ribosomes is of high importance.  There is currently no 

approved vaccine or treatment for ricin intoxication.  Learning the residues that are 

critical for ricin toxicity and enzymatic activity may help to generate a potential vaccine 

for ricin exposure.  Here, I describe an analysis of ricin A chain (RTA), the enzymatic 

subunit of ricin, in Saccharomyces cerevisiae.  The results provide evidence that ricin 

cytotoxicity is not necessarily a result of ribosome depurination and translation inhibition, 

ricin utilizes components of the ER Association Degradation (ERAD) pathway to reach 

the cytosol from the ER and the C-terminus of RTA is essential for enzymatic activity 

and protein translocation across the ER membrane. 
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CHAPTER 1:  INTRODUCTION  

HISTORY OF RICIN  

 Ricin has been recognized as a toxin since the 6
th
 century B.C., when castor beans 

were used in Greek and Egyptian medicine.  But it wasnôt until the late 1800ôs when a 

doctoral student in Estonia actually used the term ricin to describe the active protein that 

caused the agglutination of erythrocytes treated with extracts from ricinus communis 

seeds (1).  Soon after, Paul Ehrlich used ricin and a related protein, abrin from the rosary 

pea plant, to establish the fundamentals of immunology (1).  He showed that injecting 

small amounts of ricin into mice conferred immunity to the toxins.  However, the 

mechanism of ricin toxicity, structure and cellular entry was paid little attention until the 

1970s.  Sjur Olsnes was the first person to recognize the subunit composition of ricin and 

its enzymatic action on ribosomes (1).    In 1986, Yaeta Endo was able to show that the 

target of ricin is the highly conserved stem-loop structure of the large ribosomal RNA 

called the Ŭ-sarcin-ricin loop (SRL), and that ricin depurinates the SRL (2).  Soon after, 

Jon Robertus solved the crystal structure of ricin and suggested a mechanism for catalysis 

(3).  This mechanism consists of the enzymatic A-chain of ricin depurinating a specific 

adenine residue from the large ribosomal subunit, rendering the ribosome unable to 

translate proteins.  Because of this activity, ricin belongs to a specific class of proteins 

called Ribosome Inactivating Proteins (RIPs), which includes proteins from plants, such 

as pokeweed antiviral protein (PAP) and bacteria, such as Shigaïlike toxin (Stx) from E. 

coli and Shiga toxin from Shigella.   
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RTA STRUCTURE 

 Ricin is a type II RIP, which means it is a heterodimer consisting of an enzymatic 

A chain disulfide bound to a lectin binding B chain.  Together, the A and B chains are 

considered to be the ricin holotoxin.  Other type II RIPs are Shiga toxin and Shiga-like 

toxin isolated from Shigella dysenteriae and Escherichia coli, respectively, and abrin 

from Abrus precatorius.  Most type I RIPs are single chain enzymatic proteins, such as 

PAP and saporin.  These single chain proteins are similar to the A chain of a type II RIP, 

and it has been suggested that the type II RIP evolved from a fusion between a type I RIP 

and a lectin-binding protein (4).  Because type I RIPs do not have a B-chain to bind to 

cells and allow for optimal cellular uptake, they are considerably less toxic than type II 

RIPs.  The type III RIPs, such as those purified from maize and barley, are generated as a 

single chain protein, but must undergo proteolytic processing to become active.  Figure 

1.1 shows a schematic depicting the linear structures of the three types of RIPs. 

 
Figure 1.1:  Linear schematic of the three types of RIPs 
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While the exact reason for the evolution of these related proteins is unknown, it is 

hypothesized that RIPs evolved as a defense mechanism.  Interestingly, their enzymatic A 

chains are each approximately 30 kDa in size.  A comparison between RTA and PAP 

show that their crystal structures are nearly superimposable (Figure 1.2), and in fact, most 

RIPs share very similar structures, indicating their close evolutionary background.  

Among the structures of these proteins, the most highly-conserved area is the centrally 

located active site, specifically E177, E176 and E167 in ricin, PAP and Stx, respectively 

(5, 6, 7) as well as their surrounding residues (Y80, Y123 and R180 in ricin).   

 
Figure 1.2:  The backbone structures of RTA (red) and PAP (blue) 

 

The ricin holotoxin is generated in the oil-storing endosperm cells of maturing 

seeds and accumulates in storage vacuoles (8).  It is initially synthesized as a 

preproprotein of 576 residues.  This accounts for a 35 residue N-terminal extension which 

includes the 26 residue signal sequence, the 267 residue A chain, a 12 residue linker and 

http://template.bio.warwick.ac.uk/staff/toxin/molecules/pap2.html 
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the 262 residue B chain.  After the ricin mRNA begins to undergo translation, the signal 

sequence directs the protein to the ER, where it is cleaved off.  The proprotein is then 

glycosylated, the A and B chains are disulfide bonded and the protein begins to fold.  

Proricin is transported to the Golgi and then into vacuoles where the remaining 12 N-

terminal residues are cleaved and mature ricin is stored (8). 

 The three-dimensional X-ray structure indicates that RTA is composed of 8 Ŭï

helices, a six stranded ɓïsheet and a two stranded ɓïsheet forming three domains (3).  

The amino terminal 117 residues form six Ŭïstrands and two Ŭ-helices.  The central 

domain is made up of five helices of which the longest, helix E, runs through the center 

of the molecule and contains the key active site residues, Glu177 and Arg180.  The third 

domain consists of a two-stranded antiparallel ɓ-sheet and an Ŭ-helix, which is anchored 

to the first helix in the N-terminal domain.  This forms part of the active site cleft and 

interacts with RTB in the holotoxin. 

 

RICIN TRANSLOCATION TO THE CYTOSOL 

 The ricin holotoxin enters target cells when RTB binds to ɓ-1, 4-linked galactose 

residues or galactose containing receptors on the cell surface.  Because many types of 

mammalian cells have these galactose residues, ricin is able to gain entry into a wide 

variety of cells. Upon binding to the cell surface, ricin is endocytosed by both clathrin-

dependent and clathrin-independent endocytosis (9, 10).  Ricin then moves from early 

endosomes to late endosomes and finally to the Golgi by retrograde transport.  The 

holotoxin then moves from the Golgi to the lumen of the ER by an unknown mechanism 

(11).  Once inside the ER, the disulfide bond between RTA and RTB is reduced.  
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 Once RTA and RTB are separated, it is hypothesized that RTA is exported to the 

cytosol by hijacking a quality control mechanism called the ER associated degradation 

(ERAD) pathway (12).  ERAD occurs when proteins are recognized as being misfolded 

or non-native in the lumen of the ER.  The aberrant protein is exported from the ER to the 

cytosol where it undergoes ubiquitination and proteolytic degradation.  The main protein 

exporting channel in ERAD is the transmembrane Sec61 translocon, which consists of 

the three proteins, SEC61, SSS1 and SBH1 (13). Together, these proteins form a channel 

that allows co-translational protein import from active ribosomes, as well as protein 

export into the cytosol.  Sec61 is also responsible for retrotranslocation of misfolded 

proteins out of the ER into the cytosol where they undergo degradation via the ubiquitin-

proteasome system (14).     

 In the ER lumen, resident chaperones assist with proper folding of proteins.  A 

prolonged association of a chaperone with an unfolded protein may target the protein for 

ERAD (15).  The Hsp70 chaperone, KAR2, is one of the primary chaperones responsible 

for recognizing misfolded proteins and guiding them to the translocon (16). KAR2 may 

also act as a luminal ñgateò to the Sec61 translocon and will  only open when ERAD 

substrates are being exported.  If KAR2 spends too much time attempting to fold an ER 

protein, the protein will be sent to undergo further modifications, such as the breaking of 

disulfide bonds and trimming of mannose residues, before being sent through the 

translocon. 

   There are several possible paths that an ERAD substrate can follow once it is 

translocated through the Sec61 channel.  One pathway involves the ubiquitination of 

substrates during export by ubiquitin conjugating enzymes, such as UBC6 or UBC7 (16), 
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which is subsequently followed by degradation in the proteasome.  However, ubiquitin 

conjugating enzymes attach ubiquitin residues to lysine residues of target proteins.  

Interestingly, RTA only has two lysine residues. It has been reported that even though 

RTA may be recognized as an ERAD substrate, its low number of lysine residues (2 

lysines), may render it capable of avoiding ubiquitination, thereby avoiding proteolysis in 

the proteasome (17).    

 In addition to ubiquitin tagging, ERAD substrates must be structurally modified in 

order to undergo proteasomal degradation.  To fit into the proteasome, sugar residues 

which can result from glycosylation in the ER, must be cleaved.  The cytosolic protein, 

PNG1 is a deglycosylating enzyme.  Normal ubiquitinated substrates are recognized by 

another protein, RAD23, which has a ubiquitin-like domain and is also capable of 

binding to PNG1 (18).  RAD23 recognizes ubiquitinated substrates, and directs them to 

Png1, where they are deglycosylated.  RAD23 might then bring the deglycosylated 

substrate to the proteasome for degradation (18).   

 There is also evidence for another pathway for ERAD substrate export which 

involves the direct association of the proteasome with the Sec61 translocon (19).  This 

direct association may actually allow the proteasome to aid in the extraction of the 

misfolded protein of the ER, and to undergo direct proteasomal degradation, without the 

help of any other chaperones or factors.      

RIBOSOME DEPURINATION  

 Once RTA reaches the cytosol, it enzymatically inactivates the large 28S subunit 

of active ribosomes.  Endo et al discovered the affected molecular site by all RIPs while 

working with ricin in 1988 (2).  They found that RIPs remove the first adenine from a 
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highly conserved GAGA tetraloop of the 28S ribosome (Figure 1.3).  This same loop is 

also affected by the unrelated endoribonuclease Ŭ-sarcin, which is produced by 

Aspergillus giganteus, thereby giving the loop the name sarcin/ricin loop (SRL).  The 

SRL is a binding site for elongation factors such as EF1 and EF2, and when altered, 

protein translation is inhibited (20).  The fact that the SRL is targeted by RIPs as well as 

Ŭ-sarcin demonstrates its functional importance in basic cellular processes. 

 
Figure 1.3:  The large ribosome indicating the location of the sarcin/ricin loop 

(SRL), ribosomal protein L3 (L3) and elongation factor G (EF-G) (21) 
 

 In order to access this adenine residue, RIPs must be able to bind or closely 

associate with the ribosome.  While the site of binding for other RIPs is confirmed (PAP 

binds to ribosomal protein L3 (22), where RTA binds on the ribosome has not been 

confirmed.  Studies with rat ribosomes have shown that RTA can be cross-linked to 

ribosomal proteins P9 and P0 (23).  Preliminary evidence from our lab suggests that RTA 

may associate with P0 in vivo.   
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 Once RTA is associated with the rRNA, it enzymatically attacks the adenine 

residue by specifically cleaving the N-glycosidic bond between the adenine and the sugar 

residue (Figure 1.4A) (2). This depurination event occurs at the active site in RTA, and is 

conserved among all of the RIPs (2).  It is expected that two tyrosine residues Tyr-80 and 

Tyr-123 sandwich the adenine ring of the rRNA target.  Once the adenine is held in 

position, Arg-180 protonates the N-3 atom of the adenine, while Glu-177 stabilizes a 

positive oxocarbonium transition state and interacts with the ribose (Figure 1.4B) (24).  

 
Figure 1.4:  A. The site of depurination in the SRL, and B. the structural model of 

the active site of PAP and RTA with adenine (Parikh B, thesis 2004). 
 

 The ability of RIPs to inhibit protein synthesis was recognized in 1972 even 

before ribosome depurination was discovered as the underlying mechanism (1).  Initially, 

the 60S ribosomal subunit was determined to be affected by ricin.  Later, the binding site 
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for EF2 was specifically identified as being blocked by ricin activity (20), rendering the 

ribosome unable to partake in the elongation step of protein translation.  Later studies by 

Sperti et al. also showed that the translocation step was specifically affected due to the 

inhibition of GTP hydrolysis and GTPase activity of EF2 (20).  

RICIN CYTOTOXICITY 

  While it seems logical that RIP toxicity is a result of ribosome depurination, there 

is evidence to support that toxicity and depurination can be separated (25, 26).  There are 

possible alternative mechanisms leading to cytotoxicity in ricin, namely the inhibition of 

the unfolded protein response (UPR) and ribotoxic stress.   

 UPR is a response mechanism that occurs when there are too many unfolded 

proteins in the ER.  As a result of the UPR, the folding capacity of the cell is increased, 

the amount of new proteins translocated to the ER lumen is reduced and 

retrotranslocation out of the ER and degradation of ER-localized proteins is increased 

(27).  Thus, UPR is closely linked with ER associated degradation (ERAD).    

Generally, when a cell undergoes stress, the normal protein maturation process 

will be affected, leading to an increase in the levels of unfolded proteins.  To assist with 

protein folding in yeast, KAR2 is recruited to help bind and fold these misfolded 

substrates (29).  KAR2 is also necessary for other cellular processes, such as gating of the 

Sec61 channel.  Cellular stress is indicated when the level of free KAR2 is low, which 

slows down protein translation initiation to prevent the further accumulation of more 

unfolded proteins (30).  In addition, the recruitment of KAR2 to unfolded proteins may 

initiate the UPR pathway.  KAR2 has been shown to associate with the ER luminal 

sensor domain of Ire1, which is a trans-membrane kinase that also has a transmembrane 
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domain, a cytoplasmic Ser/Thr kinase domain and an RNase L-like nuclease domain (29).  

Ire1 recognizes the accumulation of unfolded proteins, possibly as a result of dissociation 

of KAR2, and begins induction of the UPR.  This entails Ire1 dimerization and activation, 

and cleavage of the transcription factor HAC1 mRNA.  Spliced HAC1 mRNA binds to 

the unfolded protein response elements (UPRE) found in UPR-responsive genes, and 

helps to enhance production of their proteins.  One of these genes is KAR2, which is 

upregulated to aid in proper folding of misfolded substrates.  It has recently been reported 

that RTA prevents splicing of HAC1 mRNA, which results in the inhibition of UPR (28).  

This inhibition of the UPR may be responsible for ricin-induced cytotoxicity.      

 Ribotoxic stress is a pathway induced by events of cellular stress and is marked 

by activation of cJun N
H2

-terminal kinases (JNKs) (31).  Activation of JNK leads to a 

cascade of various kinase pathways that either lead to cell repair and recovery, or to 

apoptosis.  Exposure to anisomycin, an antibiotic that inhibits the eukaryotic peptidyl 

transferase reaction in protein translation, is known to activate JNKs (31).  While 

inhibition of protein synthesis via anisomycin would logically be considered an event of 

cellular stress, and thus an activator of ribotoxic stress, it has been shown that JNK 

activation via anisomycin occurs even when protein synthesis is only partially affected.  

This indicates that the ability of anisomycin to cause ribotoxic stress does not rely 

entirely on its ability to inhibit protein synthesis (31).  Because both RTA and 

anisomycin damage the ribosome and inhibit translation, it is possible that, like 

anisomycin, RTA induces ribotoxic stress.  

Interestingly, IREI can also activate JNKs during the UPR (32).  In addition, 

PERK, a transmembrane protein kinase in the ER, is activated by events that occur during 
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ER stress, such as accumulation of misfolded proteins.  PERK also phosphorylates eIF2Ŭ, 

and when PERK is overexpressed in cells in vitro, it can inhibit protein translation (33), 

which could lead to ribotoxic stress.  Therefore, ricin toxicity may result from a 

combination of UPR inhibition, ribotoxic stress and ribosome depurination.   

 

RICIN POISONING 

Exposure to ricin can occur via inhalation, ingestion or injection of the powdered, 

crystallized or liquid forms of the toxin or, in the case of ingestion, consumption of the 

castor beans (34).  The amount of ricin that results in toxicity and the resulting symptoms 

depends on the route of exposure.  However, the epithelial cells of both the 

gastrointestinal tract and the respiratory pathway are the primary targets of ricin 

intoxication (34).  The damage inflicted by RTA on the epithelial cells often results in a 

clinical manifestation called vascular leak syndrome (VLS), which is characterized by 

hypoalbuminemia and edema (35).  VLS does not result from the inhibition of protein 

synthesis of RTA, as VLS is observed several hours before protein synthesis inhibition 

(35).  Instead, in vitro evidence has shown that VLS activates apoptosis via caspase 3 

(36), suggesting that death via ricin intoxication may be due to complications from the 

VLS activity, and not ribosome depurination.    

While inhalation and injection of ricin are considerably more lethal than 

ingestion, the threat of ricin contamination to food, water and air supplies are most likely.  

Reports have shown that ingestion of as little as one half of a castor bean resulted in 

symptoms, and as few as two beans resulted in death (37).  Symptoms begin within 4-10 

hours of ingestion and are usually nonspecific, such as diarrhea, abdominal pain and 

heartburn.  4-36 hours after ingestion more severe symptoms, such as liver dysfunction or 
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low blood pressure may occur, possibly resulting in death (37).  Consumption of large 

quantities of charcoal and cleansing of the GI tract with a cathartic may help to eliminate 

ricin toxicity after ingestion (38).   

The dissemination of aerosolized ricin is probably the most likely way for a terror 

attack to occur.  Ricin intoxication via inhalation is dependent on the size of the particles.  

The smaller the particle, the more likely it will be inhaled and lodged deep into the 

respiratory system (39).  The lethal dose for mice for particles less than 5 µm in size was 

determined to be 3-5 µg/kg of body weight.  Animal studies in which ricin was inhaled 

showed that inflammation and necrosis of cells in the airway and lungs occurred as a 

result of ricin toxicity.  While there are no current reports of ricin intoxication via 

inhalation, past studies have indicated that symptoms occur 4-8 hours after inhalation of 

ricin particles (34).  It is expected that symptoms of ricin intoxication can occur up to 24 

hours after inhalation, and that the primary cause of death is respiratory failure (34, 40).    

The injection of ricin is the least likely method for a large scale terror attack, and 

there are no current reports of ricin intoxication via injection.  However, the lethal dose 

for mice that were exposed to ricin parenterally was 0.7-2 µL/kg of body weight (41).  

The symptoms of ricin intoxication occur 10-12 hours after injection and include fever, 

nausea and abdominal pain.  Tissue damage at the site of injection is sometimes present 

(41, 42) and multisystem organ failure may eventually occur (34, 43). 
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RICIN TREATMENT 

 Development of a ricin vaccine would need to maintain the toxinôs active site, and 

the active site of ricin is responsible for the damage to ribosomes and subsequent cell 

death.  Therefore, the generation of mutant forms of ricin that have a functional active 

site, but do not result in cell death are ideal for vaccine development.  While there is 

currently no approved ricin vaccine, there are and have been some possible candidates.  

 Inactivated, formaldehyde treated ricin (toxoid) has been successfully used as 

both an intranasal (44) and orally administered (45) vaccine in animal studies to prevent 

ricin intoxication.   However, there is a threat of ricin toxoid reverting back to the active 

form.  Deglycosylated RTA has also been administered in low concentrations to initiate 

an antibody response in mice.  Although successful production of neutralizing antibodies 

relies on a mucosal adjuvant, which sometimes results in nasal inflammation, clinical 

trials are currently undergoing investigation (46).   

Passive immunity against ricin intoxication was achieved in mouse studies using 

anti-ricin monoclonal IgG (47), but the use of a murine antibody to neutralize ricin in 

humans will elicit a negative immune response.  More recently, a chimeric ricin antibody 

was generated by coupling murine antigen-binding domains to human constant domains 

(48).  This antibody shows promise for use with clinical studies.   

Most recently, RiVax, a recombinant RTA vaccine is under development.  RiVax 

contains the point mutations Y80A, which affects substrate binding and V76M in RTA.  

These mutations are proposed to affect both vascular leak syndrome and the ribotoxic 

stress response (49), but not the depurination activity of RTA.  Results from animal 

studies show that administration of a concentration of 1-10 µg of RiVax via gavage or 
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aerosol was able to prevent ricin-induced tissue damage and death from a challenge of 

10X the lethal dose (LD50) of ricin (49).  Human trials were carried out in which 

volunteers were vaccinated with varied concentrations of RiVax, and anti-RTA 

antibodies and ricin-neutralizing antibodies were assayed (50).  The main conclusion of 

the study was that RiVax would protect humans against injection of 0.3-3.0 mg of ricin.  

Further studies need to be conducted to determine the use of RiVax to prevent 

intoxication of ricin inhalation or ingestion (50).    

SUMMARY OF WORK TO BE PRESENTED 

 In order to understand the mechanisms of RTA toxicity, a yeast Saccharomyces 

cerevisiae system was implemented and optimized because this system has been 

successfully used to study mechanisms of cytotoxicity of another RIP, PAP.  Although 

the ultimate goal of ricin research is often to understand how to prevent and treat ricin 

intoxication in humans, yeast is an excellent model to use to analyze the mechanisms of 

cytotoxicity of ricin since the target of ricin, the SRL, is highly conserved between yeast, 

plants and mammalian cells and because yeast can easily be genetically manipulated.  

Yeast are eukaryotic and preliminary data from our lab and the laboratory of our 

collaborators has shown that ricin behaves similarly in both mammalian and yeast cells.  

Yeast also utilize the ERAD pathway, suggesting that yeast are an ideal model for 

investigating the translocation of ricin through target cells.  RTA is toxic to yeast cells 

(Figure 1.5), and both yeast and animal ribosomes are depurinated by RTA (Figure 1.6A 

and 1.7).  The ERAD pathway in yeast has been characterized fairly well, and there is a 

library of yeast ERAD mutants available for analysis.  Therefore, the expression of RTA 
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in yeast may provide information for mechanisms of RTA-induced toxicity in 

mammalian cells.  

 
Figure 1.5: Yeast cells expressing RTA are not viable.  Yeast cells expressing RTA, 

the active site mutant, RTAE177K, or the empty vector were induced for 10 hours on SD-

Leu galactose media and were then plated as serial dilutions onto SD-Leu glucose plates. 

 

 
Figure 1.6:  Analysis of rRNA depurination of RTA and pre-RTA.  A. Schematic 

representation of dual-oligo primer extension assay.  Two different end-labeled primers 
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(Depurination primer and 25S control primer) were annealed to rRNA and reverse-

transcribed.  The resulting fragments represent the extension products that have stopped 

prematurely at the depurination site and extension products that have stopped at the 5ô 

end of the 25S rRNA.  B. The primer extension products for RTA and pre-RTA 

representing the extent of depurination and the amount of total rRNA present at the 

indicated times post induction (hours).  C. The extent of depurination shown in B was 

quantified by calculating the ratio of the depurination fragment to the 25S control 

fragment and was expressed as a percentage.  

 

 
Figure 1.7:  0.1 µg/mL of RTA is sufficient to depurinate animal ribosomes.  Bovine 

mammary epithelial cells were grown to confluence in 6-well plates.  Prior to treatment, 

cells were serum deprived for 16 hrs.  Cells were treated with 0.1µg/ml or 1 µg/ml RTA 

for 2, 4, 6, 8 and 10 hrs.  Total RNA was isolated using Trizol (Invitrogen) and analyzed 

by primer extension as described above using a depurination primer and a 28S control 

primer.  As a vehicle control, cells were treated with the same amount of glycerol as in 

the 1 mg/ml treatment.   

 

 In the following chapters I will discuss new information regarding possible 

mechanisms for the cytotoxicity of RTA.  In chapter two I will discuss the results of 

random mutagenesis of RTA, which demonstrate that RTA toxicity is not a direct result 
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of ribosome depurination and translation inhibition.  Chapter three discusses how RTA 

uses the ERAD machinery to reach the cytosol, without undergoing complete 

proteosomal degradation.  In the final chapter, I will discuss the results from site-directed 

mutagenesis of the C-terminal end of RTA, and how this may provide information 

regarding the driving force of RTAôs utilization of the ERAD pathway.  In addition to 

gaining a better understanding of RTA, there are several references and suggestions 

regarding the mechanism of other RIPs, namely PAP and Shiga-like toxin from E. coli, 

which will enhance general knowledge on the medical uses and potential treatments for 

exposure to these toxins.  
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CHAPTER 2:  Ribosome depurination is not sufficient for ricin-mediated cell death 

in Saccharomyces cerevisiae 

 

INTRODUCTION 

Understanding the residues that are critical for RTA toxicity is essential for the 

generation of ricin vaccines or antidotes.  The search for additional critical residues has 

previously been carried out by expressing mutated RTA in E. coli, followed by the 

subsequent analysis of in vitro enzymatic activity.  Other researchers have passaged the 

plasmid containing mature RTA through an E. coli mutator strain and identified five 

different mutations in residues at the active site cleft (5), including Glu177, Trp211, 

Gly212 and Ser215, which are located on the same helix, and Ile252, which is located 

close to the C-terminal end (5).  Recently, another large scale mutagenesis screen was 

conducted using error-prone PCR of mature RTA (51). Several new point mutations with 

reduced toxicity were identified.  While these studies identified several residues essential 

for enzymatic activity, the correlation between ribosome depurination and cytotoxicity 

had not been addressed.  Here, we conducted a large-scale mutagenesis study of pre-RTA 

in the yeast, Saccharomyces cerevisiae, and isolated RTA alleles based on their inability 

to kill yeast cells. The nontoxic RTA alleles were characterized with respect to their 

ability to depurinate ribosomes, inhibit translation and cause cell death.  Several alleles 

depurinated ribosomes and inhibited total translation to the same level as the wild type 

RTA, but did not cause cell death.  These results demonstrated that ribosome 

depurination does not account entirely for the cytotoxicity of ricin. 
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RESULTS 

Random Mutagenesis 

The full length cDNA corresponding to pre-RTA, which consists of a 35 residue 

N-terminal extension and the 267 residue coding sequence was cloned into the yeast 

expression vector downstream of the GAL1 promoter, mutagenized using hydroxylamine 

and transformed into yeast.  Cells were plated on media containing glucose and replica 

plated on galactose containing plates.  Out of a total of 15,000 transformants screened, 

128 (0.82%) were able to grow on galactose containing media, indicating resistance of 

yeast to the mutated toxin.  Immunoblot analysis showed that RTA expression was 

detected in 87 (68%) out of 128 colonies.  Of the 87 colonies that showed detectable 

RTA expression, 37 expressed protein at the same molecular weight as wild type RTA, 

and 50 expressed smaller variants of RTA.  All 87 plasmids isolated were retransformed 

into yeast to confirm that the resistance was due to the plasmid.  Nucleotide sequence 

analysis identified a total of 35 different mutations, which led to the loss of cytotoxicity 

(Table 2.1).  A majority of the mutations were isolated multiple times from different 

plates, indicating that the mutagenesis screen was saturated. The mutants were divided 

into three groups: Group I contains 16 different mutations with a premature termination 

codon, resulting in a truncated form of the protein. Group II contained 9 different 

frameshift mutations.  In this group, the N-termini of the proteins were the same as 

preRTA, but the C-termini were different depending on the position of the frameshift 

mutation. Additional amino acids added to the C-termini before the stop codon are 

indicated in Table 2.1.  Group III consisted of 14 different point mutations, which 
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resulted in single amino acid changes in the protein.  Only two mutants in this group 

contained double point mutations.  To determine which mutation was necessary for the 

loss of cytotoxicity, single mutations were generated by site-directed mutagenesis. 

Expression of RTA containing the single mutations corresponding to each double 

mutation was toxic to yeast, indicating that the two different point mutations are required 

simultaneously for the loss of cytotoxicity. 

Table 2.1 shows the number of occurrence of the base pair changes, including the 

silent mutations.  As expected for hydroxylamine mutagenesis, C/G to T/A transitions 

accounted for 80% of the total base pair changes.  The frequency of other base pair 

changes was relatively low.  The frequency of the deletions or additions was around 12%.  

Due to the high frequency of C to T changes, 11 out of 14 glutamines encoded by CAA/G 

in pre-RTA were changed to stop codons (TAA/G) resulting in premature termination.  

Random mutagenesis work was done by Xiao Ping Li. 
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Table 2.1: Characterization of pre-RTA mutants obtained by random mutagenesis 

Protein change 

No. of 

occurrences Cytotoxicity  

Depurination 

(% of wt ) 

Translation 

(% of vector) 

Doubling 

time (h) 

pre-RTA  Yes 100 35 18 

Vector control  No 2 100 6.3 

Group I        

Q19 stop 1 No 5 ND ND 

Q55 stop 2 No 1 ND ND 

Q112 stop 2 No 1 ND ND 

Q128 stop 3 No 1 ND ND 

G140 stop 1 No 1 ND ND 

S149 stop 1 No 2 ND ND 

Q160 stop 3 No 12.3 ND ND 

Q173 stop 3 No 4.3 ND ND 

S176 stop 2 No 4.5 ND ND 

Q182 stop 2 No 3.4 ND ND 

W211 stop 4 No 3.7 ND ND 

Q219 stop 2 No 7.9 ND ND 

Q223 stop 3 No 4.3 ND ND 

Q231 stop 3 No 9.6 60 9 

Q233 stop 6 No 6.7 59 8.7 

L248 stop 2 No 15.8 58 7 

Group II        

T77P + 4a 1 No 0.4 ND ND 

Y84T + 48 1 No 5.6 ND ND 

F92S + 40 1 No 2.4 ND ND 

R114D + 18 1 No 2.8 ND ND 

P202L + 1 2 No 2.3 ND ND 

R213D + 31 1 No 2.8 ND ND 

R213D +31c 1 No 3.2 ND ND 

S215F + 6 1 No 5.5 ND ND 

P250L + 1 1 No 5.1 ND ND 

Group III        

G83D 6 No 41 62 12 

G140R 2 No 5 93 9.1 

A147P 3 No 33 69 10 

E177K 3 No 5.6 73 9.8 

ȹ I 184 1 No 8.2 69 9 

E208K 2 No 29 58 10 

G212E 9 No 19 88 6.9 

S215F 2 No 110 32 15 

P95L-E145K 1 No 115 41 10 

P95L (by PCR)  Yes 149 34 26 

E145K (by PCR)  Yes 108 27 18 

P250L-A253V 1 No 5.2 100 7.7 

P250L (by PCR)  Yes 158 31 20 

A253V (by PCR)   Yes 175 30 24 
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aThe numbers after the mutations indicate the numbers of amino acids added to the C termini before a stop codon is 

generated. 
bND, not determined. 
cThe amino acids added to the C terminus are different from those added for the mutation listed immediately above 

(26). 

 

Wild type pre-RTA and the nontoxic mutants are expressed in yeast 

Immunoblot analysis using polyclonal antibodies against RTA was used to 

examine protein expression in each mutant 6 h post-induction.  As shown in Figure 2.1, 

mature RTA standard from Ricinus communis (Sigma) contained two bands, possibly due 

to different levels of glycosylation.  Protein isolated from yeast harboring the pre-RTA 

plasmid contained two bands that co-migrated with the mature form of RTA (Figure 2.1 

first two lanes), indicating that pre-RTA synthesized in yeast is processed the same way 

as RTA in plants. 

Immunoblot analysis indicated that all 39 mutants that contained the premature 

termination codons (Figure 2.1A), the frameshift mutations (Figure 2.1B) or the point 

mutations (Figures 2.1C and 2.1D) expressed detectable levels of RTA.  The blot was 

reprobed with antibody against dolichol-phosphate mannose synthase (Dpm1p) as a 

loading control.  The mutant proteins migrated on SDS-PAGE according to their size, 

except for the double mutant, P250L-A253V, which contained larger and smaller bands, 

indicating possible effects on protein aggregation and breakdown.  Analysis of the single 

mutations corresponding to this double mutant indicated that P250L mutation contributed 

to the observed effects.  In general, yeast cells carrying the non-toxic mutations expressed 

higher levels of RTA than cells carrying wild type or toxic forms (P95L) of pre-RTA.  

These results demonstrated that the loss of cytotoxicity of the mutant alleles was not due 

to the loss of protein expression.  Viability assays were done by Xiao Ping Li. 
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Figure 2.1:  The pre-RTA mutants are expressed in yeast.  Membrane fractions (15 

ɛg) isolated from cells expressing pre-RTA or mutants containing a premature 

termination codon (A), a frameshift mutation (B), a single point mutation (C), or a double 

point mutation (D) were separated on a 12% SDS-polyacrylamide gel and probed with 

polyclonal anti-RTA (1:3,000). The RTA standard (1.5 ng) was purified RTA. The blots 

were stripped and probed with the ER membrane marker Dpm1p as a loading control 

(work done by Xiao Ping Li, 26). 

 

Pre-RTA mutants are not toxic to yeast cells 

Irreversible growth inhibition was examined by conducting viability assays.  As 

shown in Figure 2.2, cells were plated on glucose plates after induction on galactose for 

the indicated times. The top panel shows the yeast cells harboring either the wild type 

pre-RTA plasmid or the empty vector. Upon induction in yeast, the wild type RTA 

reduced the viability of cells by almost 3 logs at 12 h.  In contrast, the nontoxic RTA 

mutants exhibited minimal loss of viability at 10 hours post induction (Figure 2.2). All 

nontoxic mutants analyzed exhibited similar viability as the cells harboring the empty 
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vector.  Only L248* in group I and P250L+S in group II, are shown because they had the 

shortest deletion at their C-termini. The two double mutants, P95L-E145K and P250L- 

A253V were nontoxic and did not reduce viability.  However, the single mutations 

corresponding to each double mutation (P95L, E145K and P250L, A253V) were toxic 

(Table 2.1 and Figure 2.2) and reduced the viability of yeast cells.  Protein expression 

analysis was done by Xiao Ping Li. 

 
Figure 2.2: Viability of cells expressing pre-RTA and the mutant forms of RTA. 

Yeast cells were first grown in SD-Leu medium supplemented with 2% glucose to an 

optical density at 600 nm of 0.3 and then transferred to SD-Leu supplemented with 2% 

galactose. At the indicated hours postinduction on SD-Leu medium containing galactose 

(left), serial dilutions were spotted on SD-Leu plates supplemented with 2% glucose. The 

top two panels show the cell viability up to 12 h in cells expressing the wild-type pre-

RTA or harboring the empty vector (work done by Xiao Ping Li , 26). 

 

Nontoxic RTA mutants depurinate rRNA 

To determine if the reduced toxicity of the pre-RTA mutants was due to reduced 

depurination of ribosomes, total RNA was isolated from each mutant and depurination of 

the rRNA was examined by dual primer extension at 6 h post induction.  As shown in 

Figure 2.3, ribosomes were depurinated in cells expressing pre-RTA.  Proteins that were 

truncated at their C-terminal end, Q231*, Q233*, and L248* showed a very weak 

depurination band, indicating that these mutants retained a low level of depurination 
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activity (Figure 2.3 A).  The frameshift mutants did not show any depurination activity 

(Figure 2.3 B).  In contrast, 5 out of 10 point mutants isolated depurinated yeast 

ribosomes in vivo (Figure 2.3 C).  To confirm these results, the plasmids were recovered 

from yeast into E. coli and were sequenced again to confirm the mutations and 

transformed into yeast.  The depurination assay was repeated several times with all 

mutants and the extent of depurination calculated from independent experiments was 

averaged in Table 2.1.  As shown in Figure 2.3 and Table 2.1, S215F and the double 

mutant, P95L E145K, had at least the same level of depurination activity as the wild type 

preRTA in vivo, but unlike the wild type preRTA, these mutants were not toxic and did 

not reduce the viability of yeast cells (Figure 2.2, Figure 2.4 and Table 2.1). 
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 Figure 2.3:  Ribosome depurination in yeast expressing pre-RTA and the mutant 

forms in vivo. Total RNA isolated after 6 h of growth on galactose was analyzed by dual 

primer extension. Primer extension analysis of the mutants with a change corresponding 

to a premature termination codon (A), a frameshift mutation (B), or a point mutation (C) 

is shown.  

 

To determine if the mutant proteins were enzymatically active in vitro, we 

extracted the mutant proteins from yeast and examined ribosome depurination after 

treating purified yeast ribosomes with the wild type and the mutant proteins in vitro.  As 
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shown in Figure 2.4, the wild type pre-RTA extracted from yeast depurinated yeast 

ribosomes in vitro.  The S215F and the double mutant, P95L-E145K, depurinated yeast 

ribosomes in vitro, while P250L-A253V was not able to depurinate ribosomes in vitro.  

The in vivo depurination results were the same as those obtained with proteins isolated 

from yeast in vitro and demonstrated that S215F and P95L-E145K are catalytically 

active, while P250L-A253V is not.  

 
Figure 2.4: Ribosome depurination by pre-RTA and mutants in vitro . (A) Total 

protein extracted from the cytosolic fraction of 10 ml of yeast cells expressing pre-RTA 

or the mutants was analyzed on a 12% SDS-polyacrylamide gel and probed with 

polyclonal anti-RTA (1:3,000). The first lane is purified RTA standard (10 ng). (B) 

Ribosomes isolated from yeast cells were treated with either wild-type pre-RTA or the 

S215F, P95L-E145K, and P250L-A253V mutants extracted from the cytosolic fractions 

of yeast cells in vitro, and the extents of depurination were determined by dual primer 

extension analysis. The first lane corresponds to the untreated ribosomes, and the second 

lane corresponds to primer extension analysis with protein extracted from cells harboring 

the empty vector. (C) The extents of ribosome depurination were quantified using a 

PhosphorImager from three independent depurination experiments with the wild-type and 

mutant proteins extracted from yeast in vitro. 
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Ribosome depurination results in translation inhibition 

To determine if ribosome depurination correlated with translation inhibition, we 

examined total translation in cells expressing pre-RTA by [
35

S]-methionine incorporation.  

As shown in Table 2.1, total translation was reduced to 35% in cells expressing the wild 

type pre-RTA compared to total translation in cells harboring the empty vector.  The wild 

type pre-RTA did not inhibit translation completely, indicating that some translation still 

occurs in the presence of RTA. Total translation was not inhibited in yeast expressing the 

mutants which did not depurinate ribosomes.  In contrast, total translation was inhibited 

in S215F and in the double mutant, P95L E145K, which depurinated ribosomes (Table 

2.1). These results demonstrated that translation inhibition correlated well with the extent 

of depurination, indicating that depurinated ribosomes are unable to translate protein. 

 

DISCUSSION 

Here, we conducted large-scale mutagenesis of pre-RTA in the yeast, 

Saccharomyces cerevisiae, and isolated nontoxic RTA mutants on the basis of their 

inability to kill yeast cells.  The pre-RTA instead of the mature RTA was used for 

mutagenesis to isolate mutants defective in intracellular trafficking, protein folding, 

stability and interaction with ribosomes.  In a recent study using PCR-based mutagenesis 

of the mature RTA gene, 80% of the changes observed were T to C and A to G 

transitions (51).  In contrast, 80% of the changes observed in our study using chemical 

mutagenesis were either C to T or G to A transitions.  The PCR-based mutagenesis and 

the chemical mutagenesis complement one another and generate a wide array of useful 

mutations.  However, they each have their own limitations.  It is difficult to generate only 

single mutations in the in the PCR-based method.  Multiple mutations are often obtained 
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and single mutations must then be generated to identify the mutation responsible for the 

phenotype.  In contrast, only 2 of the 35 mutants generated in our study using 

hydroxylamine contained double mutations (Table 2.1).  

The mutants isolated here were first screened for the loss of cytotoxicity and then 

by protein expression.  Mutants that survived when RTA was induced were characterized 

for expression, and only those that expressed detectable levels of RTA were further 

characterized by nucleotide sequence analysis.  The sequencing data correlated very well 

with the molecular weight of each protein.  The RTA-specific antibody generated using 

the mature RTA as an antigen was able to recognize very small RTA peptides, including 

an 18 amino acid N-terminal peptide with a molecular weight of 5.8 kDa (Q19 stop) (data 

not shown).  Immunoblot analysis indicated that the nontoxic mutant forms of RTA were 

expressed at higher levels than the wild type or the toxic forms of RTA (Figure 2.1).   

  Of the nine frameshift mutations isolated, seven of them were caused by a single 

base pair deletion and two of them had two base pair deletions (Table 2.1).  These nine 

frameshift mutations were isolated only once.  The twenty-five mutations with stop 

codons or single amino acid changes were caused by single base pair changes.  Most of 

these mutations were isolated more than twice, and some were isolated nine times from 

different plates, indicating that the mutation screen was saturated.  Furthermore, eleven 

out of the fourteen glutamines in pre-RTA were changed to stop codons, providing 

further evidence that the mutagenesis screen was saturated.  Mutations were not isolated 

in three glutamines, Gln5, Gln98 and Gln266.  If Gln5 were changed to a stop codon, the 

resulting four amino acid peptide would not have been detected by immunoblot analysis.  

If Gln266 were changed to a stop codon, RTA would be toxic (52) and would not be 
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isolated by our screen.  Therefore, the only mutation we did not isolate is Gln98 changed 

to a stop codon. 

The first 26 amino acids of the 35 amino acid N-terminal extension of pre-RTA 

represent the signal sequence.  Mature RTA does not have the signal sequence, and 

therefore, it does not enter the ER.  Despite this, mature RTA is toxic to yeast, as shown 

in figure 1.5.  Hydroxylamine treatment did not result in any mutations in the N-terminal 

extension of pre-RTA, suggesting that these mutations did not affect the toxicity of RTA.  

Even if a  mutation in the N-terminal extension had occurred, it might disrupt the ability 

of preRTA to translocate into the ER without affecting its cytotoxicity, since expression 

of the mature RTA is toxic to yeast (51).  Similarly, mutations were not recovered at 

Asn10 and Asn236, which are glycosylated in the mature RTA.  These results provided 

further evidence that glycosylation does not affect the toxicity of RTA (53).  

The results from three separate random mutagenesis studies and several 

systematic deletion experiments, indicate that there are five regions important for the 

function of RTA:  ɓ strand D, Ŭ helix D, E, G-H, and a hydrogen-bonded turn and ɓ 

strand region (Ile249 to Val256) close to the C-terminal end of the protein (Figure 2.5) 

(51, 5, 52, 54).  The Ŭ helix E contains the active site residues, Glu177 and Arg180. The 

E177K mutation was isolated several times in different studies (51, 5).  Mutations in 

Arg180, such as R180G (51) and Ile184 (ȹI184) (54) at the beginning of helix F 

disrupted the enzymatic activity of RTA in vitro, emphasizing the critical nature of this 

region (Table 2.1).  In our study, deletion of Ile184 led to loss of cytotoxicity and a 

significant reduction in ribosome depurination activity of RTA in vivo (Table 2.1).   
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Ile184 may be critical for enzymatic activity, since it contacts Phe181 and methylene 

carbons of Glu177, stabilizing the active center (54).    

 
Figure 2.5:  Three-dimensional structure of mature RTA showing the positions of 

the point mutations and the Ŭ-helices and ɓ-sheets that contain these mutations. 
Coordinates of the crystal structure from the Protein Data Bank 1J1M were used in 

conjunction with the Protein Explorer software to create this figure. The point mutations 

are shown in blue. The active site mutation is shown in black. The double mutations are 

shown in green and cyan. 

 

The alpha helices G to H have been the target of many different mutations, 

including those at Leu207, Glu208, Trp211, Gly212, Leu214 and Ser215 (55, 56, 54).  

Mutations in this region did not eliminate the depurination activity completely but they 

reduced the cytotoxicity.  A mutation at Glu208 (E208K) reduced, but did not completely 
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eliminate the depurination activity of RTA (Table 2.1).  Previous studies have shown that 

Glu208, which is at the bottom of the active site cleft can substitute for Glu177 in the 

E177A mutant (55).  The E208D mutant with no change at position 177 had in vitro 

enzymatic activity equal to the wild type protein (54), indicating that Glu208 by itself  

does not play a major role in depurination. 

The point mutation at Ser215 (S215F) in helix H, did not affect ribosome 

depurination in vivo, but significantly decreased the cytotoxicity of RTA (Table 2.1 and 

Figure 2.3).  This mutant was enzymatically active in vitro (Figure 2.4).  Previous studies 

showed that Ser215 can be deleted from RTA without complete loss of activity (56).  

Since S215F mutation led to loss of cytotoxicity without affecting ribosome depurination, 

the role of Ser215 in cytotoxicity can be separated from ribosome depurination.  A point 

mutation in Gly212 in helix H (G212E) significantly reduced the depurination activity in 

vivo.  Deletion of Gly212 led to loss of enzymatic activity of RTA in vitro (54).  These 

results indicated that Gly212 in helix H is critical for ribosome depurination. 

The Ŭ helix D crosses helix E in the middle (Figure 2.5).  Each of the amino acids 

in helix D could be deleted, provided that the deletion does not disrupt the amphipathicity 

of the helix (57).  Deletion of Ala147 in helix D abolished the activity of RTA in vitro, 

since the hydrophobic surface of helix D protects the helix E from solvent, further 

stabilizing the active center (54).  The point mutation A147P reduced the depurination 

activity of RTA and led to loss of its cytotoxicity (Table 2.1).  The A147P mutation likely 

disrupted the structure of helix D in the middle, destabilizing the active site.  The point 

mutation at Gly140 (G140R), which is located at the beginning of helix D, resulted in the 

loss of both cytotoxicity and depurination (Table 2.1 and Figure 2.3).   However, deletion 
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of this glycine did not affect the activity of RTA in vitro (54).  These results indicated 

that the structure of RTA might be affected more when Gly140 is changed to an arginine 

than when it was deleted. 

Mutation G83D (NT1031), which is in ɓ strand D, eliminated the cytotoxicity of 

RTA in yeast cells and reduced its depurination activity (Figure 2.3).  However, the 

G83D mutation did not completely eliminate the depurination activity of RTA in vivo.  

Since Gly83 is relatively distant from the active site, it is unlikely that Gly83 participates 

in the catalysis.  Previous studies indicated that RTA lost its depurination activity when 

Gly83 was deleted (52, 54). These results suggested that ɓ strand D might be important 

for the interaction of RTA with the ribosome, such that a mutation in this residue may 

affect binding of RTA to the ribosome.  A point mutation in the corresponding Gly in 

pokeweed antiviral protein (PAP) (G75D) led to loss of depurination in vivo (25) and 

affected binding of PAP to ribosomes (58).  In contrast to PAP, Gly83 in ricin is not 

sufficient for ribosome binding, since the G83D mutant retains some depurination 

activity in vivo.    

The final important region is close to the C-terminal end of RTA.  Stop codon 

mutations demonstrated that deleting 20 (L248 stop) amino acids from the C-terminal end 

of pre-RTA eliminated its cytotoxicity in yeast.  The last frame shift mutation, P250L+S, 

which deleted 17 amino acids from the C-terminus and changed Pro250 to Leu, 

eliminated the depurination activity (Table I).  Deletions from R258 to P262 or P263 to 

F267 did not affect cytotoxicity (52).  However, mutations upstream of Arg258, at 

Ile252, Leu254 and Val256 eliminated the cytotoxicity of RTA (51, 5). The single 

mutations at Pro250 (P250L) and at Ala253 (A253V) had little effect on the cytotoxicity 
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of RTA or its ability to depurinate ribosomes.  However, when they were combined 

(P250L-A253V), both cytotoxicity and ribosome depurination were eliminated. These 

results indicated that the C-terminal region of RTA is critical for ribosome depurination 

and cytotoxicity.   

Sequence alignment analysis between RTA, a type II RIP, with mature PAP, a 

type I RIP, demonstrated only 30% identity.  Many mutations which led to loss of 

cytotoxicity were in the residues which were conserved between RTA and PAP, 

indicating that these residues were critical for RIP activity.  A majority of residues which 

are invariant among RIPs play an important role in the depurination reaction.  The rest 

contribute to overall structure of the enzyme or may be critical for intracellular 

trafficking.  Ricin has to enter the cytosol to depurinate ribosomes.  Some bacterial toxins 

form pores in membranes.  Ricin does not form pores in membranes, but may enter the 

cytosol from the ER using the Sec61 protein translocon (see Chapter 3).  We have 

previously demonstrated that the C-terminal sequence of RTA is fairly homomlogous 

with the C-terminal sequence of PAP, which is critical for its transport into the cytosol 

(59).  Since the point mutations in P250L-A253V correspond to this region, the double 

mutant may be unable to retrotranslocate from the ER into the cytosol.  Further evidence 

for this is provided by the accumulation of larger forms of the protein in the ER in this 

mutant (Figure 2.1). 

Although single mutations at Pro95 (P95L) and Glu145 (E145K) did not reduce 

cytotoxicity, the double mutant, P95L-E145K, was not toxic to yeast cells.  The double 

mutant depurinated ribosomes at wild type levels (Table 2.1 and Figure 2.3), indicating 

that Pro95 and Glu145 were critical for cytotoxicity, but not for ribosome depurination 
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activity.  These results and previous mutagenesis studies indicated that in some cases two 

amino acids must be changed simultaneously to eliminate the cytotoxicity of RTA (5).   

In these mutants, the first amino acid was usually located in a ɓ strand region and the 

second amino acid was located in a Ŭ-helix region (L62-L129, L74-L139/T159/R193 (5) 

and P95-E145 in this study).  The X-ray crystal structure indicated that the mutated 

residues in different regions of RTA do not interact with each other (Figure 2.5).  Further 

studies will address the role of this mutant in the cytotoxicity of RTA.   

  Dif ferent methods for random mutagenesis have been used to isolate nontoxic 

RTA mutants in yeast cells (51, 5).  Systematic deletion analysis has also been used to 

identify amino acids critical for the activity of RTA (54). We present the cytotoxicity and 

depurination data together and provide the first evidence that cytotoxicity of RTA is not 

entirely due to ribosome depurination.   
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CHAPTER 3:  Ricin A chain utilizes the ERAD machinery to reach the cytosol 

INTRODUCTION 

  The ricin holotoxin consists of a lectin binding B-chain and a ribosome 

depurinating A-chain.  Upon binding to N-acetyl-galactosamine residues on target cells, 

ricin is taken up by endocytosis and transported to the Golgi complex.  Ricin then 

undergoes retrograde transport to the ER where the disulfide bond between the A and B 

chains is reduced.  RTA unfolds when the A and B chains separate allowing it to pass 

through the ER membrane to reach the cytosol.  It must then refold to become active and 

depurinate ribosomes (11).    

 In order to reach the cytosol from the ER, RTA may utilize the Endoplasmic 

Reticulum-Associated Degradation (ERAD) pathway.  The ERAD pathway is a quality 

control system that ensures that native proteins have been folded into their proper 

conformation before leaving the ER.  If a protein is detected as misfolded or incomplete, 

it is removed from the ER and destroyed via the cytoplasmic ubiquitin-proteasome 

pathway (60).  There are many proteins involved in the transport of RTA via the ERAD 

and proteasome pathway.   

 The Sec61translocon, which includes the proteins SEC61, SSS1 and SBH1 in 

yeast, is a protein conducting channel in the ER membrane (13).  Sec61 is the primary 

export channel for ERAD and as such, is used to transport misfolded proteins from the 

ER to the tightly-associated cytosolic proteasomes where the misfolded proteins are 

degraded.  In addition to protein export, SEC61 allows for co-translational protein import 

into the ER.  Proteins destined to reach the ER must have an N-terminal signal which is 

recognized by the signal recognition particle (SRP) (30).  Once this signal sequence is 
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translated, the actively translating ribosome must line up with the Sec61 channel (19) so 

that the protein may enter the Sec61 channel while it is unfolded.   

 The formation and function of the Sec61 complex in yeast relies on SEC63 (61), 

which is another integral membrane protein. The Sec63 complex is required for post-

translational import of proteins into the ER and does not require the SRP.  SEC63 

contains a DNAJ-like domain that anchors an Hsp70 chaperone, KAR2, to the 

translocation channel (62).  KAR2 is responsible for recognizing unfolded proteins in the 

ER and helping to fold them properly, and is also expected to help facilitate ERAD in 

yeast.  KAR2 is also essential for the formation of a lumenal seal during protein import 

into the Sec61 channel. Together, SEC63 and KAR2 allow post-translational 

translocation of proteins into the ER lumen (62), while SEC63, KAR2 and SEC61 are all 

necessary (61) for co-translational translocation.   

 Proteins that are destined to be degraded by the proteasome are ubiquitinated in 

the cytosol.  Ubiquitins are attached to lysine residues of proteasome substrates via 

ubiquitin-conjugating enzymes (ubcôs).  Previous studies with ubc deletion mutants 

ubc6ȹ, ubc7ȹ and the double deletion mutant ubc6ȹ/ubc7ȹ demonstrated that the 

absence of these enzymes retards the ability of the cell to degrade proteasomal substrates 

(63).  Reports have demonstrated, however, that ricin is not ubiquitinated due to the low 

number of lysine residues (17).   

 Before the ERAD substrate can be sent to the proteasome, modifications often 

occur.  One of these modifications is deglycosylation.  Long carbohydrate chains are too 

bulky for the proteasome (64) and are often removed in the cytosol with an N-glycanase 

called PNG1.  PNG1 recognizes and cleaves glycosyl chains.  However, in order to get 
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the glycosylated substrate to PNG1, RAD23 is needed.  RAD23 has an N-terminal 

ubiquitin-like domain that is recognized by the proteasome.  It also has a ubiquitin 

recognizing domain, and is capable of associating with PNG1.  It is suspected that 

RAD23 recognizes and binds to ubiquitin residues of proteasome substrates, and then 

associates with PNG1, which subsequently cleaves the glycosyl groups.  RAD23 then 

helps to facilitate the transfer of the ubiquitinated substrate to the proteasome via its 

ubiquitin-like domain.   

 If the pathway from the ER to the proteasome breaks down at any point, there is 

an opportunity for the ERAD substrate to reach the cytosol in its native and possibly 

active form.   In this study, pre-RTA and the active site mutant pre-RTAE177K were 

transformed into yeast with mutations in various components of the ERAD pathway.  

There is evidence suggesting that RTA uses Sec61 to enter the cytosol (11).  However, 

there has been little evidence to support that RTA utilizes other proteins involved in 

ERAD.  An initial screen was conducted in many ERAD mutants and those mutants that 

demonstrated either resistance to RTA or increased toxicity of RTA were analyzed 

further, specifically sec61, kar2, rad23ȹ, ubc7ȹ and pre1-1, pre2-2.  The stabilization or 

decrease in ricin toxicity that was observed in theses mutants indicates that RTA does use 

the ERAD pathway to reach the cytosol. 

RESULTS 

The cytotoxicity of pre-RTA is reduced in sec61 mutants 

 To determine if the Sec61 translocon is necessary for RTA cytotoxicity, yeast 

with a mutation in the ER luminal regions of the third and fourth transmembrane helices 

of SEC61 were transformed with pre-RTA or pre-RTAE177K, or the mature RTA and 
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RTAE177K (Figure 3.1 B) (65).  These yeast mutants are temperature sensitive and when 

grown at the restrictive temperature, the ability of SEC61 to export proteins from the ER 

to the cytosol is inhibited, while the import function is not.  Pre-RTA or RTA were 

cloned into a vector with a V5 epitope tag (pYES) in order to detect expression.  After 

transformation, yeast colonies were streaked on both SD-Leu ïUra media containing 

glucose and SD-Leu ïUra media containing galactose (Figure 3.1 B).  Sec61-32 and 

sec61-41 were able to survive better than wildtype yeast when transformed with pre-

RTA, although sec61-32 cells seemed more resistant to pre-RTA than sec61-41.  These 

results show that the effect of pre-RTA cytotoxicity was reduced in these Sec61 mutants, 

and that a properly functioning Sec61 translocon is necessary for the cytotoxicity of pre-

RTA.  In addition, viability assays were conducted as previously described, and the 

sec61-32 and sec61-41 yeast cells expressing pre-RTA were more viable than wildtype 

cells expressing pre-RTA (Figure 3.2). 

 
Figure 3.1:  The sec61-32 and sec61-41 yeast mutants reduce the cytotoxicity of pre-

RTA.  A. The sec61-32 and sec61-41 mutations are located on the lumenal side of 

transmembrane domains 3 and 4, and impair protein export from the ER to the cytosol 

(65).  B.  Yeast sec61-32 and sec61-41 mutants expressing pre-RTA were streaked onto 

SD-Leu plates containing galactose.   
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Figure 3.2:  sec61-32 and sec61-41 yeast expressing pre-RTA are viable compared to 

wildtype yeast.  Yeast cells expressing pre-RTA or pre-RTAE177K were induced for 10 

and 24 hours on SD-Leu galactose media and were then plated as serial dilutions onto 

SD-Leu glucose plates. 

 

Pre-RTA is stabilized in sec61 mutants  

 In order to confirm that the reduction in toxicity of the Sec61 mutants was not due 

to a reduction in pre-RTA expression, immunoblot analysis was conducted.  The 

transformed yeast cells were grown in SD-Leu ïUra liquid media containing glucose 

until they reached a cell density of approximately OD600 0.3.  The cells were then 

transferred to SD-Leu ïUra containing galactose media.  Aliquots of the cells were taken 

at 4, 6, 10 and 24 hours post-induction.  The cells were lysed using a low salt buffer and 

the cellular components were fractionated into membrane and cytosolic proteins.  The 



41 

 

 

 

membrane proteins were then run on a 15% SDS-PAGE gel, transferred to nitrocellulose 

membranes and probed with Ŭ-V5 antibodies. 

 The amount of pre-RTA and pre-RTAE177K in the ER membrane fraction of 

wildtype yeast cells is destabilized over time, and at 24 hours post-induction there is very 

little protein associated with the ER (Figure 3.3).  In contrast, in the Sec61 mutant strains, 

pre-RTA and pre-RTAE177K are stabilized even at 24 hours post-induction.  This indicates 

that pre-RTA is accumulating in the ER of the sec61 yeast mutants.   

 
Figure 3.3:  Pre-RTA is stabilized in sec61-32 and sec61-42.  Membrane fractions (15 

ɛg) isolated from Sec61 mutant yeast cells expressing pre-RTA or pre-RTAE177K at 4, 6, 

10 and 24 hours post-induction were separated on a 12% SDS-polyacrylamide gel and 

probed with anti-V5 antibody. The blots were stripped and probed with the ER membrane 

marker Dpm1p as a loading control. 

 

To further confirm the use of SEC61 by pre-RTA and pre-RTAE177K, mature RTA 

and RTAE177K were transformed into the same yeast strains.  RTA and RTAE177K do not 

have the ER signal sequence and are not translocated into the ER lumen.  RTA was just 

as toxic in the sec61 mutants as in the wildtype yeast cells (data not shown) and there was 

no accumulation of protein associated with the ER fraction.  However, even though these 


