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Ricin is a ribosome inactivating protein (RIP) isolatexin ricinus communisthe 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 useadsoweapon, 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 &eity may help to generate a potential vaccine

for ricin exposure. Here, | describe an analysis of ricin A chain (RTA), the enzymatic
subunit of ricin, inSaccharomyces cerevisia€lhe results provide evidence that ricin
cytotoxicity is not necessarily 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 thet€minus of RTA is essential for enzymatic activity

and protein translocatiacross the ER membrane.
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CHAPTER 1: INTRODUCTION

HISTORY OF RICIN

Ricin has beenecognizeds a toxirsincethe 8" century B.C, when castor beans
were used in Greek and Egyptian medicirigu t it wasnot unta | t
doctoral student in Estonactually usel the term ricin to describe the active protein that
caused the agglutination of erythrocytes treated with extracts from ricinus communis
seedq1). Soon afterPaulEhrlich used ri; and a related protein, abrfirom the rosary
pea plantto estblishthe fundamentals of immunolody). He showed that injecting
small amounts of ricin into mice confed immunity to the toxis. However, the
mechanism of ricin toxicity, structure and cellular entas paid little attention until the
1970s Sjur Olsnes was the firgersonto recognize the subunit composition of ricin and
its enzymatic action on ribosomgg. In 1986 Yaeta Endo was able to show that the
target of ricin is the highly conserved stéwmop structureof the large ribosomal RNA
cdled theUsarcinricin loop (SRL) and that ricin depurinates the SR2). Soon after,
Jon Robertus solved the crystal structure of ricin and stiggi@ mechanism for catalysis
(3). This mechanism consists of the enzymatichain of ricin depurinating a speicif
adenine residue from the large ribosomal subunit, rendering the ribosome unable to
translate proteins. Because of this activity, ricin belongs dpeaific class of proteins
called Ribosome Inactivating Proteins (RIPshich includes proteins from aotts, such
as pokeweed antiviral protein (PAP) dvatteria, such ash&ai like toxin (Stx) from E.

coli and Shiga toxin from Shigella

he



RTA STRUCTURE

Ricin is a ype Il RIP, which means it is a heterodimer consisting of an enzymatic
A chain disulfidebound to a lectin binding B chain. Together, the A and B chains are
considered to be the ricin holotoxirDther type Il RIPs are Shiga toxin andiglike
toxin isolated fromShigella dysenteria@nd Escherichia coli respectively,and abrin
from Abrusprecatorius Most type | RIPs are single chain enzymatic proteins, such as
PAP ard saporin. These single charoteins aresimilar to the A chain of aype Il RIP,
andit has been suggested that tieet Il RIPevolved froma fusion between gpe | RIP
and a lectirbinding protein(4). Becauseype | RIPs do not have a-@ain to bind to
cells and allow for optimal cellular uptake, they @onsiderably less toxic than type Il
RIPs. Theype lll RIPs such aghose purified frommaize and barleygregenerated as a
single chain protein, but must undergo proteolytic processing to become deiiee

1.1 shows a schematic depicting the linear structures of thetyppeeofRIPS.
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Figure 1.1: Linear schematic of the three types of RIPs



While the exct reason for the evolution of thaséatedproteins is unknown, it is
hypothesized that RIRs/olved as alefensenechanism. Interestingly, tineenzymatic A
chains ae eachapproximately 30 Ra in size. A comparison between RTA and PAP
show that theicrystal structures are nearly superimposébigurel.2), and in fact, most
RIPs share very similar structures, indicatitigeir close evolutionary background.
Among the structures of these proteins, the most higbihgerved area is theentrally
located active site, specifically ELI7E176 and E167 in ricin, PAP aigtx, respectively

(5, 6, 7) as well as their surrounding resid{&80, Y123 ancr180 in ricin)

http://template.bio.warwick.ac.uk/staff/toxin/molecules/pap2.html

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

The ricin holotoxinis generated in the edtoring endosperm cells of maturing
seeds and accumulates in storage vacu@®s It is initially synthesized as a
preproprotein of 576 residues. This accounts for a 35 residaeiihal extension which

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



the 262 residue B chainAfter 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 bondaedd the potein begins to fold.
Proricin istransportedo the Golgi and themto vacuolesnvherethe remaining 12 N
terminal residues are cleaved and mature r&cgtored8).

The threedimensional Xray structire indicates that RTA is composgl oif 8
helices, a six strahe ds Ibe e t and aisheetdorming thraenddread(l). b
The aminot er mi nal 117 riesi dneds -felicesm The icentrdlU
domain is made up of five helices of whidtetlongest, helix E, runs through the center
of the molecule and contains the key active site residues, Glul77 and Arg180. The third
domain consistef atwos t r anded @rhteief a rhaliddiweamis Hichored
to the first helix in the Nerminal 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 bindb-fig 4linked galactose
residuesor galactose containing receptas the cell surface. Because many types of
mammalian cells have tke galactoseresidues ricin is able to gain entry into a wide
variety of cells. Upon binding to the cell surface, rirendocytosed by both clathtin
dependent andlathrinindependenendocytosig9, 10). Ricin then moves from early
endosomes to late endosomes and finally to the Gmlgietrograde transport The
holotoxin then movefrom the Golgito the lumen of the ERy an unknown mechanism

(11). Once inside the ER, the digdi bond betweeRTA and RTB igeduced.



Once RTAandRTB are separatedit is hypothesized that RTA isxported to the
cytosol by hijacking a quality control mechanism called the ER associated degradation
(ERAD) pathway(12). ERAD occurs wheproteins ae recognized as being misfolded
or norrnativein the lumen of the ER. The aberrant protein is exported from the ER to the
cytosol where it undergoes ubiquitination and proteolytic degradalibe. main protein
exporting channel in ERAD is the transmenm@&eSec61 translocon, which @ists of
the three proteins, SEC61, SSS1 and SBEB)L. Together, these proteins form a channel
that allows cetranslational protein import from active ribosomes, as well as protein
export into the cytosol.Sec61 is also respsible for retrotranslocation of misfolded
proteins out of the ER into the cytosol where they undergo degradéitime ubiquitin
proteasome syste(ii4).

In the ERlumen resident chaperones assist with proper foldihgroteins A
prolonged asswation of a chaperonaith an unfolded proteimaytarget the protein for
ERAD (15). The Hsp7CchaperoneKAR2, isone of the primary chaperonessponsible
for recognizing misfolded proteins and guiding them to the transifi®n KAR2 may
alsoactam | umi nal S$eg6attarsioconana wilk dnlg open when ERAD
substates are being exported. If KRRSpends too much time attempting to fold an ER
protein, the proteinvill be sent toundergo further modificationsuch as thereaking 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 chann@ne pathway involves the ubiquitination of

substrées during export bubiquitin conjugating enzynsesuch as2JBC6 or UB(7 (16),



which is subsequently followed by degradation in the proteasdfwavever,ubiquitin
conjugating enzymes attach ubiquitin residues to lysine residues of target proteins.
Interestingly, RTA only has two lysine residuds.has been reportethat 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 proteasomél?).

In addition to ubiquitin tagging, ERAD substratasst bestructurally modifiedn
order toundergoproteasomal degradationTo fit into the proteasome, sugar residues
which canresultfrom glycosylation in the ERnust be cleaed. The cytosolic protein,
PNGL is a deglycosylating enzyme. Normal ubiquitinated substrates corgnieed by
another protein, RAR3, which has a ubiquitihke domain and § also capable of
binding to PNQ@ (18). RAD23 recognizes ubiquitinated substratsd directs them to
Pngl, where they are deglycosylatedRAD23 might then bring the deglycosylated
substrate to the proteasome for degradgtién

There is also evidence for anothgathway forERAD substrateexport which
involves the direct associah of the proteasome with the Sec61 translog®). This
direct associatiormay actually allow the proteasome #tid in the extraction of the
misfolded proteirof the ER, and to undergo direct proteasomal degradation, without the

help of any other chapenes or factors.

RIBOSOME DEPURINATION
Once RTA reaches the cytosoleiizymatically inactivatethe large28S subunit
of active ribosomes Endoet aldiscovered the affected molecular site by all RIPs while

working with ricin in 1988(2). Theyfound that RIPs remove the first adenine from a



highly conservedAGA tetraloop ofthe 28S ribosoméFigure 1.3). Thissame loop is
also affected byt h e unr el at ed -sarcid,owhictb i3 rproduted dyp e
Aspergillus giganteysthereby givingthe loop the name sarcin/ricin loofSRL). The
SRL is a binding site for elongation factach as EF1 and EFand when altered,
protein translation is inhibite(20). The fact that the SRIs targeted by RIPs as well as

Usarcin demonstratéss functionalimportancen basic cellular processes.

Figure 1.3: The largeribosomeindicating the location of the sarcin/ricin loop
(SRL), ribosomal protein L3 (L3) and elongation factor G (EFG) (21)

In order to access this adenine resjoBéPs must be able tbind or closely
associate with the ribosom&Vhile the site of binding for otherIRs is confirmed (PAP
binds to tbosomal protein L322), where RTA binds on the ribosome has not been
confirmed. Studies wit rat ribosomes havehown that RTA can be crefnked to
ribosomal proteins P9 and PZB). Preliminary evidence from our lauggestshatRTA

may associateviith POin vivo.

Ce



Once RTA is associated with the rRNA, it enzymatically atdatle adenine
residue by specifically cleavirtge N-glycosidc bond between thadenine and the sugar
residue(Figure 1.4A)(2). This depurination event occursthe active site in RTA, and is
conserved among all of the RIE. It is expected that twotosine residue$yr-80 and
Tyr-123 sandwich the adenineng of the rRNA target. Once the adenis held in
position, Arg180 protonates the M abm of the adenine, while Glli77 stabilizes a

positive oxocarbonium transition stated interacts with the ribogEigure1.4B) (24).

A ricin : ricin
' o-sarcin >
r \
cAa
c A G G A
c-G
G-C
U-A
c-G
c-G
A-U
A-U 4339

Ricin/sarcin loop
Rat 28S rRNA

4308

PAP| RTA

Figure 1.4: A. The siteof depurination in the SRL, and B. the structural model of
the active site of PAP and RTA with adeningParikh B, thesis 2004)

The ability of RIPs to inhibit protein synthesmas recognized in 1972 even
before ribosome depurination was discovered asitiderlyingmechanisn(1). Initially,

the 60S ribosomal subunit was determined to be affected by ricin. Later, the binding site



for EF2was specifically identified as being blocked by ricin actiy®9), rendering the
ribosome unable to partake in thergjation step of protein translatiohater studies by
Spertiet al.also showed that the translocation step s@ecifially affecteddue to the

inhibition of GTP hydrolysiand GTPase activity of ER20).

RICIN CYTOTOXICITY

While it seems logical &t RIP toxicity is a result of ribosome depurination, there
is evidence to support that toxicity and depurination can be sep&2&ié&f). There are
possiblealternative mechanisms leading to cytotoxicity in ricin, namely the inhibition of
the unfoldedprotein respons@JPR) 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 UPRhe folding capacity of the cell is increased,
the amount of new proteins translocated ttee ER Ilumen is reduced and
retrotranslocation out of the ER and degradation ofldRlized proteins is increased
(27). Thus, UPR is closely linkedith ER associated degradati@ERAD).

Generally,when a cell undergoes stress, the normal proteinratain process
will be affected, leading to an increase in the levels of unfolded proteins. To assist with
protein foldingin yeast KAR2 is recruited to help bind and fold these misfolded
substrate$29). KAR?2 is also necessary for other cellular preess suclas gating of the
Sec61 channel. Cellular stress is indicatéetnvthe level of free KAR is low, which
slows downprotein translation initiation to prevent the further accumulation of more
unfolded proteing30). In addition, tle recruitment oKAR2 to unfolded proteins nya
initiate the UPR pathway. KARhas been shown to associate with the ER luminal

sensor domain of Irel, which is a tramembrane kinase that also has a trsmabrane
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domain, a cytoplasmic Setiil kinase domain and an RNasdike nuclease domai29).
Irel recognizes the accumulation of unfolded proteins, possilay@sult of dissociation
of KAR2, and begis induction of the UPRThis entails Irel dimerization and activation,
and cleavage dahe transcription factoHAC1 mRNA. SplicedHAC1 mRNA binds to
the unfolded protein response elements (UPRE) found in-tdBpbnsive genes, and
helps to enhance production of their pios. One of these genesK&R2, which is
upregulatedo aid in proper folding of misfolded subestes. It has recently been reported
that RTA prevents splicing ¢d1AC1 mRNA, which results in the inhibition of UPRS).
This inhibition of the PR may be responsible for rieinduced cytotoxicity.

Ribotoxic stress is pathway induced by ents of cellular stress and imarked
by activation of cJun Rf-terminal kinases (JNKS[B1). Activation of JNK leads toa
cascade of various kinase pathways that either lead to cell repair and recovery, or to
apoptosis. Exposure to anisomycin, an antibiotitat inhibits the eukaryotic peptidyl
transferase reaction in protein translatia; known to activate JNK¢31). While
inhibition of protein synthesigia anisomycin would logically be considered an event of
cellular stress, and thus an activator ofotdxic 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 preein synthesis(31). Because both RTA and
anisomycin damage the ribosomand inhibit translation, it is possible that, like
anisomycin, RTA induces ribotoxic stress.

Interestingly, IRE can alsoactivate JNKsduring the UPR (32). In addition,

PERK a tansmembrane protein kinase in the ER, is activayeslvents that occuturing
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ER stress, such as accumulation of misfolded proteins. RER¢ hosp hor yl at es
and when PERK is overexpressed in cgllgitro, it can inhibit protein translatio(83),
which could lead toribotoxic stress. Therefore, ricin toxicity may result from a

combination of UPR inhibition, ribotoxic stress and ribosa®purination.

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 ingestionsamption of the
castor beang34). The amount of ricin that selts 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 prit@agets of ricin
intoxication(34). The damage inflicted by RTA dhe epithelial cells often results in a
clinical manifestation called vascular leak syndrome (VLS), which is charactdrize
hypoalbuminemia and eden(d5). VLS does not result from the inhibition of protein
synthesis of RTA, as VLS is observed sevé@lrs before protein synthesis inhibition
(35). Instead,n vitro evidencehas showrthat VLS activates apoptosis via caspase 3
(36), suggesting that deatha ricin intoxication may b&ue tocomplications from the
VLS activity, and notibosome depurirteon.

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 lseéiadren
symptoms, and as feas two beans resulted in de§B7). Symptoms begin within-40
hours of ingestion and are usually nonspecific, such as diarrheamedadl pain and

heartburn. 46 hours after ingestion more severe symptoms, such aslyisimction or
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low blood pressure magccur, possiblyresulting in deati{37). Consumption of large
guantities of charcoal and cleansing of the Gl tvath a cathartic may help to eliminate
ricin toxicity after ingeson (38).

The dissemination of aesolized ricin is probably the most likely way for a terror
attack to occur. Ricin intoxication via inhalation is dependent on th@fthe particles.
The smaller the particle, the more likely it will be inhaled and lodged deep into the
respiratory sgtem(39). The lethal dose for mice for particles less than 5 um in size was
determinedo be 35 pg/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 indicatbdt symptoms occut-8 hours afteinhalation of
ricin particles(34). It is expected that symptoms of ricin intoxication can ocputol24
hours after inhalation, and that the primary cause of death is respiratory (2446).

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 injectittowever, the lethal dose
for mice that were exposed to ricin parenterallys 0.72 pL/kg of body weight(41).
The symptoms of ricin intoxication occur-1@ hours after injection and include fever,
nausea and abdominal pain. Tissue damage at thef siection is sometimes present

(41, 42) and multisystem orgefailure may eventually occy84, 43).
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RICIN TREATMENT

Devel opment of a ricin vaccine would need
the active site of ricin is responsible for the @ to ribosomes and subsequent cell
death. Therefore, the generation of mutant forms of ricintthae a functional active
site, but do not result in cell death are ideal for vaccine development. While there is
currently no approved ricin vaccine, teaare and have been some possible candidates.

Inactivated, formaldehyde treated ricin (toxoltBs been successfully used as
both an intranasd¥4) and orally administere(#5) vaccine in animal studies to prevent
ricin intoxication. However, there &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 adjamt, which sometimes results in nasal inflammation, clinical
trials are currently undergoingvestigation(46).

Passive immunity against ricin intoxication was achieved in mouse studies using
antiricin monoclonallgG (47), but the use of a murine araitly to neutralize ricin in
humans wil elicit a negative immunegesponse. More recently, a chimaigin antibody
was generated by coupling murine antipamding donains to human constant domains
(48). This antibodghows pronse for use witltlinical studies

Most recently, RiVax, a recombinant RTA vacciseinder developmentRiVax
contains the point mutations Y80Avhich affects substrate bindimgnd V76Min RTA.

These mutationgre proposed to affect both vascular leak syndran the ribotoxa
stress respons@l9), but not the depurination activity of RTA. Results from animal

studies show that administration of a concentration-00 jug of RiVax via gavage or
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aerosol was able to prevent rignmduced tissue damageadideath from a challengd

10X the lethal doselLDsg) of ricin (49). Human trials were carried out in which
volunteers were vaccinated with varied concentrations of RiVax, andR&Ati
antibodies and ricimeutrdizing antibodies were assay€sl0). The main conclusion of
the stidy was that RiVax would protect humans against injection of3008mg of ricin.
Further studiesneed tobe conducted to determine the use of RiVax to prevent

intoxication ofricin inhalation or ingestiof60).

SUMMARY OF WORK TO BE PRESENTED

In orde to understand the eéchanisms of RTA toxicity, geastSaccharomyces
cerevisiae system was implemented and optimizbdcausethis system has been
successfully used to study mechanisms of cytotoxicity of another RIP, RERough
the ultimate goal of ria research is often to understand how to prevent and treat ricin
intoxication in humansyeast is arexcellentmodel touse to analyze the mechanisms of
cytotoxicity of ricinsince the target of ricin, the SRL, is highly conserved between yeast,
plants ad mammalian celland because yeast can easily be genetically manipulated
Yeast are eukaryotic and preliminary data from dab and the laboratory of our
collaborators has shown that ricin behaves similarly in bmimmalianand yeast cells.
Yeast alsoutilize the ERAD pathway, suggesting that yeast aredeal model for
investigating the translocation of ricin through target ceR A is toxic to yeast cells
(Figure 1.5) andboth yeastand animatibosomes are depurinategt RTA (Figure 1.6A
and 17). The ERAD pathway in yeast has been characterized fairly well, and there is a

library of yeast ERADmutants available for analysis. Therefore, the expression of RTA
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in yeast may provide information for mechanisms of Rduced toxicity in

mammalian ells.

RTAg77k RTA

10" 10 103104105 10" 102 102 10 105

1011021b31o41o5

Figure 1.5: Yeast cells expressing RTA are not viableYeast cells expressing RTA,
the active site mutanRTAg;177x, Or the empty vector were induced for 10 hours on SD
Leu galactose media and were then plated as serial dilutions ofitelB§lumse plates.
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Figure 1.6: Analysis of rRNA depurination of RTA and preRTA. A. Schematic
representation of dualligo primer extension assay. Two different daldeledprimers
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(Depurination primer and 25S control primer) were annealed to rRNA andseever
transcribed. The resulting fragments represent the extension products that have stopped
prematurely at the depurination site and
end of the 25S rRNA. B. The primer extension products for RTA aneRpre
representing the extent of depurination and the amount of total rRNA present at the
indicated times post inductiofimours) C. The extent of depurination shown in B was
guantified by calculating the ratio of the depurination fragment to the 25S control
fragment and was expressed as a percentage.
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Figure 1.7: 0.1 pg/mL of RTA is sufficient to depurinate animal ribosomes. Bovine
mammary epithelial cells were grown to confluence-iwdll plates. Prior to treatment,

cells were serum deprived for 16 hrGells were treated with Qug/ml or 1 g/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 controlells were treated with the saraemount of glycerol as in

the 1 mg/ml treatment.

In the following chapters | will discuss new information regardpusible
mechanisms for the cytotoxig of RTA. In chapter two Mill discuss theresuls of

random muagenesi®f RTA, which demonstratthat 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 degradah. In the final chapter, | will discuss the results from-ditected

mutagenesis of the -@rminal end of RTA, and how this may pide information

regardingthed r i vi ng force of RTAGs wutilization

gaining a betteunderstanding of RTA, there are several references and suggestions
regarding the mechanism of other RIPs, namely PAPSarghlike toxin from E. coli,
which will enhance general knowledge on the medical asekpotential treatments for

exposure to thegexins

of
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CHAPTER 2: Ribosome depurination is not sufficient for ricinmediated cell death
in Saccharomyces cerevisiae

INTRODUCTION

Understanding the residues that are critical for RTA toxicity is essential for the
generation of ricin vaccines or ahties. The search for additional critical residues has
previously been carried out by expressing mutated RTA.ircoli, followed by the
subsequent analysis of vitro enzymatic activity. Other researchers hpassagedhe
plasmid containing mature RT#rough ank. coli mutator strain and identifietive
different mutations in residues at the active site d&¥t includng Glul77, Trp211,
Gly212 and Ser215, which are located on the same helix, and lle252, which is located
close to the @erminal end(5). Recently, another large scale mutagenesis screen was
conducted using errgprone PCR of mature RT£1). Several new point mutations with
reduced toxicity were identifte While these studies identified several residues essential
for enzymatic activity, the correlation between ribosome depurination and cytotoxicity
had not been addressed. Here, we conducted adeafg mutagenesis study of {R&A
in the yeastSaccharomyces cerevisiamd isolated RTA alleles based on their in&pili
to kill yeast cells. The nontoxic RTA alleles were characterized with respect to their
ability to depurinate ribosomes, inhibit translation andseatell death. Several alleles
depurinated ribosomes and inhibited total translation to the same lethed asld 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 pRTA, which consists of &85 residue
N-terminal extension and the 267 residue coding sequence was cloned into the yeast
expression vector downstream of tBAL1 promoter, mutagenized using hydroxylamine
and transformed into yeast. Cells were plated on media containing glucossphboeal
plated on galactose containing plates. Out of a total of 15,000 transformants screened,
128 (0.82%) were able to grow on galactose containing maudiecating resistance of
yeast to the mutated toxin Immunoblot analysis showed that RTA expi@sswas
detected in 87 (68%) out of 8Xolonies. Of the 87 colonigkat 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 weresfetnaad
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 multipleetinfirom different
plates, indicating that the mutagenesis screen was saturated. The mutants etk divi
into three groups: Groupdontains 16 different mutations with a premature termination
codon, resulting in a truncatedrm of the protein. Group Itontained 9 different
frameshift mutations. In this group, thet&mini of the proteins were the same as
preRTA, but the @ermini were different depending on the position of the frameshift
mutation. Additional amino acids added to thee@nini before tb stop codon are

indicated in Table2.1 Group Il 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 weessery for the

loss of cytotoxicity, single mutations were generated by-diiected mutagenesis.
Expression of RTA containing the single mutations corresponding to each double
mutation was toxic to yeast, indicating that the two different point mutatiom 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 tothlse 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 preRTA were changed tstop codons (TAA/G) resulting in premature termination.

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

No. of Depurination Translation Doubling

Protein change occurrences  Cytotoxicity (% of wt) (% of vector) time (h)
preRTA Yes 100 35 18
Vector control No 2 100 6.3
Group |
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 34 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 I
T77P + 4a 1 No 0.4 ND ND
Y84T + 48 1 No 5.6 ND ND
F92S + 40 1 No 24 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 55 ND ND
P250L + 1 1 No 5.1 ND ND
Group Il
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
® | 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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#The numbers after the mutations indicate the numbers of amino acids added to the C termini before a stop codon is
generated.

5ND, not determined.

“The amino acids added to the C terminus are different from those added for the mutation list@idtietyrabove

(26).
Wild type preRTA 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-jposiction. As shown in Figure 2.1,
mature R standard fronRicinus communi€Sigma) contained two bands, possibly due
to different levels of glycosylation. Protein isolated from yeast harboring thRTpke
plasmid contained two bands thatrmigrated with the mature form of RTA (Figure 2.1
first two lanes), indicating that pfRTA 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)eopaint
mutations (Figures 2.1C and 2.1D) expressed detectable levels of RTA. The blot was
reprobed with antibody against dolickghosphate mannose synthase (Dpmlp) as a
loading control. The mutant proteins migrated on $SIX&E according to their size,
except for the double mutant, P258R53V, 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 mutatioib«imat
to the observed effects. In general, yeast cells carrying thtormnmutations expressed
higher levels of RTA than cells carrying wild type or toxic forms (P95L) ofRpréa.

These results demonstrated that the loss of cytotoxicity of the trallales was not due

to the loss of protein expressioWiability assays were done by Xiao Ping Li.
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Figure 2.1: The preRTA mutants are expressed in yeastMembrane fractions (15
€g) i sol at ed f r o mRTA erl rhusants ecenpamniegs & iprawgre pr e
termination codon (A), a frameshift mutation (B), a single point mutation (C), or a double
point mutation (D) were separated on a 12% $acrylamide gel and probed with
polyclonal antiRTA (1:3,000). The RTA standard (1.5 ng) was purified RTAe Dlots
were stripped andorobed with the ER membrane marker Dpmlp as a loading control
(work done by Xiao Ping L.i26).
Pre-RTA mutants are not toxic to yeast cells

Irreversible growth inhibition was examined by conducting viability assays. As
shown inFigure 2.2 cells were plated on glucose plates after induction on galactose for
the indicated timesThe top panel shows the yeast cells harboring either the wild type
preRTA plasmid or the empty vectotpon induction in yeast, the wild type RTA
reducedthe viability of cells by almost 3 logs at 12 h. In contrast, the nontoxic RTA

mutants exhibited minimal loss of viabiligt 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 | and P250L+S in group I, are shown because they had the
shortest deletion at their-t2rmini. The two double mutants, P9&H145K and P250L
A253V were nontoxic and did not reduce viability. However, the single mutations
comesponding to each double mutation (P95L, E145K and P250L, A253V) were toxic
(Table 2.1and Figure 2.pand reduced the viability ofenst cells. Protein expression

analysis was done by Xiao Ping Li.

1402403 404 4nS
107°10°10™ 10™ 10 1010210 10% 10

10710210 10* 10°

A L248stop G212E
< R P250L+1 g
c pre-RTA B PosL
3 B G83D PR E 145K
-5
2 G140R Foal
‘g, o A147P E145K
a P250L
) l E177K A253V
= vector
£ control Al184 P250L

A253V

Figure 2.2: Viability of cells expressing preRTA and the mutant forms of RTA.
Yeast cells were first grown in SDeu medium supplemented with 2% glucose to an
optical density at 600 nm of 0.3 and then transferred td.@Dsupplemented with 2%
galactose. At the indicated hours postinduction oALBD mediumcontaining galactose
(left), serial dilutions were spotted on &Bu plates supplemented with 2% glucose. The
top two panels show the cell viability up to 12 h in cells expressing thetypé pre
RTA or harboring the empty vectfwork done by Xiao Pindi, 26).

Nontoxic RTA mutants depurinate rRNA

To determine if the reduced toxicity of the & A 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 exd®m at 6 h post induction. As shown in
Figure 2.3, ribosomes were depurinated in cells expressiAi@pde Proteins that were
truncated at their @erminal end, Q231* Q233*, and L248* showed a very weak

depurination band, indicating that these mutaetsined 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 confirmetfe results, the plasmids were recovered
from yeast intoE. 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 calculatech frodependent 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, tleemutants were not toxic and did

not reduce the vialiy of yeast cells (Figure 2.2, Figure Zaad Table 2.1).
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Figure 2.3: Ribosome depurination in yeast expressing pieTA and the mutant

forms in vivo. Total RNA isolated after 6 h of growth on galas# 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 werezymnatically activein vitro, we
extracted the mutant proteins from yeast and examined ribosome depurination after

treating purified yeast ribosomes with the wild type and the mutant pratevwitso. As
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shown in Figure 2.4, the wild typpreRTA extractel from yeast depurinated yeast
ribosomesn vitro. The S215F and the double mutant, RE3I45K, depurinated yeast
ribosomesn vitro, while P250:A253V was not able to depurinate ribosonmewitro.
The in vivo depurination results were the same as tlaigained with proteins isolated
from yeastin vitro and demonstrated that S215F and RE3U5K are catalytically

active, while P2501A253V is not.
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Figure 2.4. Ribosome depurination bypre-RTA and mutants in vitro. (A) Total
protein extracted from theytosolic fraction of 10 ml of yeast cells expressing-Ri6A

or the mutants was analyzed on a 12% $DIyacrylamide gel and probed with
polyclonal anRTA (1:3,000). The first lane is purified RTA standard (10 ng). (B)
Ribosomes isolated from yeast ceNsre treated with either wiltype preRTA or the
S215F, P95LE145K, and P250{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 lanerresponds 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 threedependent depurination experiments with the syfae 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 tail translation in cells expressing gR&A by [*>S]-methionine incorporation.
As shown in Table 2.1, total translation was reduced to 35% in cells expressing the wild
typepreRTA compared to total translation in cells harboring the empty vector. Tte wil
type preRTA did not inhibit translation completely, indicating that some translatiidin
occurs in the presence of RTA. Total translation was not inhibtgdast expressing the
mutantswhich did not depurinate ribosomes. In contrast, total traoslavas 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 arkl@a translate protein.

DISCUSSION

Here, we conducted larggeale mutagenesis of PRTA in the yeast,
Saccharomyces cerevisiaand isolated nontoxic RTA mutants on the basis of their
inability to kill yeast cells. The pfBTA instead of the mature RTwas used for
mutagenesis to isolate mutants defective in intracellular trafficking, protein folding,
stability and interaction with ribosomes. In a recent study usingBaSBd mutagenesis
of the mature RTA gene, 80% of the changes observed were TandCA to G
transitions(51). In contrast, 80% of the changes observed in our study using chemical
mutagenesi were either C to T or G to A transitions. The P&@Red 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

singe mutations in the in the PCBased 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 indueegl characterized
for expressionand only those thaéxpressed 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 R3pecific antibody generated using
the mature RTA as an antigen wase to recognize very small RTA peptides, including
an 18 amino acid NMerminal 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 levelgan 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 werésolated only once. The twenfive 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, indicatig that the mutation screen was saturated. Furthermore, eleven
out of the fourteen glutamines in pRTA were changed to stop codons, providing
further evidence that the mutagenesis screen was saturated. Mutations were not isolated
in three glutamines, I85, GIn98 and GIn266. If GIn5 were changed to a stop codon, the
resulting four amino acid peptide would not have been detected by immunoblot analysis.

If GIn266 were changed to a stop codon, RTA would be t(&& and would not be
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isolated by our screen. Therefore, the only mutation we did not isolate is GIn98 changed
to a stop codon.

The first 26 amino acids of the 35 aminadall-terminal extension of prBRTA
representthe signal sequeec 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 mesult in any mtations in the Nerminal
extension of prdRTA, suggesting that these mutations did aifect the toxicity of RTA.

Even if a mutation inthe N-terminal extensiomad occurred, it mighdisrupt the ability

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

of the mature RTA is toxic to yeagsl). Similarly, mutations were not recovered at
Asnl10 and Asn236, which are glycosylated in the mature RTA. These results provided
further evidence that glycosylation does not affect the toxicity of FBBA

The results from three separate random genasis studies and several
systematic deletion experiments, indicate that there are five regions important for the
function of RTA: b strand D,U helix D, E, GH, and a hydrogebonded turn and
strand region (lle249 to Val256) close to thée@minal end of the protein (Figure 2.5)

(51, 5, 52, 54). TheUhelix E contains the active site residues, Glua@@ Arg180. The
E177K mutation was isolated several times in different stu@#&s5). Mutations in
Argl80, such as R180@&1) and | | e 1 8% al thel kednhing 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 llel84 led to loss of cytotoxicity and a

significant reduction inribosome depurination activity of RTA in vivo (Table 2.1).
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lle1l84 may be critical for enzymatic activity, since it contacts Phel81 and methylene

carbons of Glul77, stabilizing the active cerie.

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

the point mu t ahteiloi ncse sheetsrtidt dbetainUhese mutations.
Coordinates of the crystal structure from the Protein Data Bank 1J1M were used in
conjunction withthe Protein Explorer softwate create this figure. The pdimutations

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, Gly212,2®Uand Ser21%55, 56, 54).
Mutations in this region did not eliminate the depurination activity compléteythey

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 sutestitw Glul77 in the
E177A mutant(55). The E208D mutant with no change at position 177 had in vitro
enzymatic activity equal to the wild tygeotein (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 (Taldleand
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 a¢hgjty
Since S215F mutation led to loss of cytotoxicity without affecting ribosome depurination,
the role of Ser23 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 vifsd). These
resultsindicated that Gly212 in helix H is critical for ribosome depurination.

TheUhelix 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 Alal47 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 centg¢b4). The point mutation Al47Reduced the depimation
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 beginnidgelix 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 vit(®4). These results indicated
that the structure of RTA might be affected mafgen Gly140 is changed to an arginine
than when it was deleted.

Mutation G83D (NT1031), which is i strand D, eliminated the cytotoxicity of
RTA in yeast cells and reduced its depurination activity (Figure 2.3). However, the
G83D mutation did not comelely 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 eleted(52, 54). These results suggested thattrand 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 (2%p and
affected binding of PAP to ribosomés8). 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 toetlGterminal end of RTA. Stop codon
mutations demonstrated that deleting 20 (L248 stop) amino acids fromtémmi@al end
of preRTA eliminated its cytotoxicity in yeast. The last frame shift mutation, P250L+S,
which deleted 17 amino acids from thetéminus and changed Pro250 to Leu,
eliminated the depurination activity (Table I). Deletions from R258 to P262 or P263 to
F267 did not affect cytotoxicityf52). However, mutations upstream of Arg258, at
lle252, Leu254 and Val256 eliminated the cytotoxicity of RT#Y, 5). The single

mutations at Pro250 (P250L) ciat Ala253 (A253V) had littleféect 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
resuts indicated that the @rminal region of RTA is critical for ribosome depurination
and cytotoxicity.

Sequence alignment analysis between RTA, a type Il RIP, with mature PAP, a
type | RIP, demonstrated only 30% identity. Many mutations which led & &b
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 reacti@nred3th
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 membranasapenter the
cytosol from the ER using thee&1 protein transloco(see Chapter)3 We have
previously demonstratedhat the Gterminal sequence of RT# fairly homomlogous
with the Gterminal sequence of PAP, which is critical for its transport intocybesd
(59). Since the point mutations in P25@81253V 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 ifEBhén this
mutant (Figure 2.1).

Although single mutations at Pro95 (P95L) and Glul45 (E145K) did not reduce
cytotoxicity, the double mutant, P9EE145K, was not toxic to yeast cells. The double
mutant depurinated ribosomes at wild type levels (Table rdlFgure 2.3), indicating

that Pro95 and Glul45 were critical for cytotoxicity, but not for ribosome depurination



35

activity. These results and previous mutagenesis studies indicated that in some cases two
amino acids must be changed simultaneously toirdita the cytotoxicity of RTAS).
In these mutants, the first amino acid was usually locatedhirsteand region and the
second amino acid was located ik+aelix region (L62L129, L741.139/T159/R1935)
and P95E145 in this study). The -Xay 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.

Different methods for random mutagenesis have been used to isolate nontoxic
RTA mutants in yeast cell®l, 5). Systematic deletion analysis has also been used to
identify amino acids critical for the activity of RT{4). 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 dén binding Bchain and a ribosome
depurinating Achain. Upon binding to Mcetytgalactosamine residues on target cells,
ricin is taken up by endocytosis and transported to the Golgi complex. Ricin then
undergoes retrograde transport to the ER wheraitsulfide 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 ribosomég41).

In order to reeh the cytosol from the ER, RTA may utilize the Endoplasmic
ReticulumAssociated Degradation (ERApathway The ERAD pathway is a quality
control system that ensures that native proteins have been folded into their proper
conformation before leaving theR. If a protein is detected as misfolded or incomplete,
it is removed from the ER and destroyed via the cytoplagmiquitin-proteasome
pathway(60). There are many proteins involved in the transport of RTA via the ERAD
and proteasome pathway.

The Sc6ltransloconwhich includes the proteins SEC61, SSS1 and B5iBH
yeast, is a protein conducting channel in the ER meml{E8)e Sec61 is the primary
export channel for ERAD and as such, is used to transport misfolded proteins from the
ER to the tighy-associated cytosolic proteasomes where the misfolded proteins are
degraded. Imddition to protein export, SEBI allows for cetranslational protein import
into the ER. Proteins destined to reach the ER must havetarmial signal which is

recognizé by the signal recognition particle (SRED). Once this signal sequence is
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translated, the actively translating ribosome mimg Up with the Sec61 chann@) so
that the protein may enter the Sec61 channel while it is unfolded.

The formation andunction of the Secb complex in yeast relies on SECE),
which is another integral membrane protein. The Sec63 complex is required for post
translational import of proteins into the ERdadoes not require the SRP. SEC63
contains a DNAdJike domain bhat anchors m Hsp70 chaperone, KARZ2to the
transloation channe(62). KARZ2 is responsible for recognizing unfolded proteins in the
ER and helping to fold them properly, and is also expected|pofaeilitate ERAD in
yeast. KAR is also essential fahe formation of a lumenal seal during protein import
into the Sec61 clmmel. Together, SEC63 and KAR2llow posttranslational
translocation of proteins into the ERMlen(62), while SEC63, KAR and SE®1 are all
necessary6l) for co-translational transkcation.

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
ubiquitrc onj ugating enzymes (ubcods) . tals evi ous
ubcap ubc#p and the double deletion mutanibcGpubctp 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 tilmigted due to the low
number of lysine residugd?).

Before he ERAD substrate can be seéatthe proteasome, modifications often
occur. One of these modifications is deglycosylation. Long carbohydrate chains are too
bulky for the proteasom@4) and are often removed ihd cytosol with a N-glycanase

called PNG1. PNG recognizes and cleaves glycosyl chains. However, in order to get
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the glycosylated substrate to PNG1, RAD23 is needed. Z3Abas an MNerminal
ubiquitin-like domain that is recognized by the proteasome.aldo has a ubiquitin
recognizing domain, and isapable of associating with PNG1. It is suspected that
RAD23 recognizes and binds to ubiquitin residues of proteasome sebstat then
associates with PNIG which subsequently cleaves thgaglsyl grops. RAIR23 then
helps to facilitate the transfer of the ubiquitinated substrate to theagwote 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 gleahe cytosol in its native and possibly
active form. In this study, pfeTA andthe active site mutant pRTAg177x Were
transformed into yeast with mutations in various components of the ERAD pathway.
There is evidence suggesting that RTA uses Sex@hter the cytosd|l1l). 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 increeasaicity of RTA were analyzed
further, specificallysec61, kar2, rad2® ubc7pandprel-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 cytotoicity of preRTA is reduced ine€61 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 fotrahsmembrane helices

of SEC61were transformed h preRTA or preRTAgi77x Or the mature RTA and
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RTAEe177« (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, ile the import function is not.PreRTA or RTA were
cloned into a vector with a V5 epitope tggrES) in order to detect expressiomfter
transformation, yeast colonies were streaked on botH.&aDi Ura media containing
glucose and Siheu iUra media cotaining galactose (Figure 3.1 B)Sec6132 and
sec61t41 were able to survive better than wildtype yeast when transformed with pre
RTA, althoughsec6%32 cells seemed more resistant to-RE€A thansec6t41. These
results show that the effect of pRT A 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
sec6132 andsec6141 yeast cellexpressing p<RTA were more viable than wildtype

cells expressing pfBTA (Figure 3.2).

A Cytosol

B

wt/pre-RTA

Figure 3.1. The sec6132 and sec6141 yeast mutants reduce the cytotoxicity of pre

RTA. A. The sec6132 and sec6141 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. Yeastsec6132 andsec6t41 mutants expressing pfRRTA were streaked onto
SD-Leu plates containing galactose.
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Wt/pre-RTA Wt/pre RTAEm
100 102 108 104 108

=

sec61-32/pre-RTA sec61-32/pre-RTAg 77k
10-1 10-2 103 104 10 10-1 102 103 104 10

sec61-41/pre-RTA sec61- 41/pre-RTAe177K
102 103 104 -2 104 105

Figure 3.2: sec6132 and sec6141 yeast expresing pre-RTA are viable compared to
wildtype yeast. Yeast cells expressingreRTA or preRTAg177« were induced for 10

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

Pre-RTA is sabilized in £c61 mutants

In order to confirm that the reduction in toxicity of the Sec61 mutants was not due
to a reduction in prRTA expression, immunoblot analysis was conducted. The
transformed yeast cells were grown in-8&u i Ura liquid media containing gluces
until they reached a cell density of approximately OD600 0.3. The cells were then
transferred to SBeuT Ura containing galactose media. Aliquots of the cells were taken
at 4, 6, 10 and 24 hours peastuction. The cells were lysed using a low saffdruand

the cellular components were fractionated into membrane and cytosolic proteins. The
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membranegroteins were then run on a 15% SBAGE gel, transferred to nitroceliise
membr anes andVv5antbodies.d with U

The amount of prlRTA and preRTAgi77« in the ER membrane fraction of
wildtype yeast cells is destabilized over time, and at 24 houranzhsttion there is very
little protein associated with the ER (Figure 3.3). In contrast, in the Sec61 mutant strains,
preRTA and preRTAg:177« are sabilized even at 24 hours pastluction. This indicates

that preRTA is accumulating in the ER of tlsec61yeast mutants.

Figure 3.3: PreRTA is stabilized in sec6132 and sec6142. Membrane fraabns (15
€g) Iisolated from Sec61l -RTAborpreRTAya 4,16, cel | s
10 and 24 hours posgtduction were separated on a 12% Sifyacrylamide gel and
probed with antiv5 antibody. The blots were stripped and probed with the ERIonane
marker Dpm1lp as a loading control.
To further confirm the use of SBCT by preRTA and preRTAg177, mature RTA
andRTAg177« were transformed into theamse yeast strains. RTA afilrAg177¢ do not
have the ER signal sequence and are not translocetethe ER lumen.RTA was just

as toxic inthesec61mutants as in theildtype yeast cells (data not shown) and there was

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



