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Abstract 
 

 

 Abrin toxin, located in the seeds of Abrus precatorius, is a potent Type II Ribosome-

Inactivating Protein (RIP) A-B subunit toxin that has acquired a heightened biothreat profile 

over the past decade. Significant research efforts must be made in order to develop abrin 

bioforensics diagnostic response capabilities to the level which is currently in place for ricin, 

another Type II RIP toxin with similar molecular structure and mechanism of toxicity. To serve 

this endeavor, three interrelated investigations have been carried out. The first study addresses 

the need to expand the supply of anti-abrin monoclonal antibody (mAb) reagents. Monoclonal 

antibodies were developed from hybridomas immunized with synthetic peptides derived from 

in silico prediction of abrin B-cell epitopes. Two epitopes produced nine abrin-reactive mAbs. 

Secondly, an attenuated, antigenically-faithful recombinant proabrin holotoxoid was expressed 

and purified using the baculovirus system for purposes as both an immunogen in future 

hybridoma experiments, as well as a non-toxic ‘safe antigen’ diagnostic reagent standard. The 

reduction in toxicity of proabrin relative to wild-type abrin was 108-fold in cell-free translation 

assay, and 291- to 302-fold in cytotoxicity assays. Finally, the third study combined shotgun 

proteomics with multivariate analysis differentiation methods in order to retrospectively 

identify six toxin extraction protocols with further sub-variation of reagent source. 

Differentiation was based solely on forensic proteomic signatures of carryover seed proteins. A 

5-way hierarchical sPLS-DA model correctly classified samples into 8 extraction categories with 

100% accuracy. Continued assessment of FASP LC-MS/MS and sPLS-DA modelling for attribution 

of plant toxin extraction methods may lead to establishment of a novel bioforensics diagnostic 

platform. Together, these three studies serve to advance Canadian bioforensics capabilities and 

to provide a foundation for future work.  
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Chapter 1 Introduction to Abrin Toxin 
 
 

1.1 Historical Foundations 
 

Earliest accessible scientific publications in the recent modern era on the Abrus 

precatorius plant can be traced as far back as 1882. Warden described the internal components 

of the seeds as two large cotyledons that surrounded a small embryo in the center with a bright 

red hull that appeared to be a single layer of thick walled columnar cells. (1) The most common 

variety of these plants produced red seeds with a small black spot. 

 In India, Abrus precatorius is known as Indian Licorice, and grows wild in nearly all 

regions of the Indian subcontinent. (2) The seeds were employed in Hindu Ayurvedic medicine 

practices, as well as assassination attempts. For example, the seeds would be ground to a 

powder and adhered to the tip of a sui spear. (2, 3). This was largely used to kill cattle and 

subsequently steal hides. However, this weapon was also used for assassinations where the 

death of the person would occur after three days. (1)  

 Indian medicinal practitioners employed Abrus precatorius as a remedy for conditions 

including sciatica, paralysis, hemorrhoid ulcers, and even as an anti-fertility agent. Roots were 

sold in markets as a substitute for real licorice, a practice also described in Brazil. (2, 4) The 

plant also held a special use in the Indian monetary system, where the red and black seeds 

were utilized as the ruttee currency standard due to uniformity of mass of the seeds. 

 Brazilian physicians applied Abrus precatorius seed extracts to intractable ophthalmic 

conditions, whereby destructive inflammation of the diseased eye tissue was remarkably 

followed by constructive healing and resolution of the original affliction. (1, 5) A direct 

relationship was observed between eye inflammation intensity with quantity of dose and 

frequency of dose applied. (6)  The toxic protein from the plant seeds, roots, and stem was 

isolated in 1884, after aqueous extraction and precipitation with alcohol. The name “abrin” was 

given to this proteinaceous poison. Administration of this purified protein killed a chicken 

within 18 hours. (7) Intravenous minimal lethal dose in pigeons was 10 μg/kg body weight. (8)  
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 Ehrlich performed immunization experiments with inactive toxoids and revealed that 

abrin antisera did not protect against ricin poisoning, and vice versa. This indicated the 

antigenic uniqueness of each toxin despite sharing similar mechanism of actions. (9, 10) Abrin 

research in the 19th century was slim in contrast to ricin projects, likely due to the relatively 

high abundance of castor oil production and wide geographical distribution of castor plants. 

 

 

1.2 Molecular Characteristics of Abrin 
 

1.2.1 Biological Source of Abrin Toxin 

 

The abrin toxin is derived from Abrus precatorius Linn, a woody climbing vine that grows 

native in tropic regions including India, but has been introduced into the neotropic zones in 

South America. (11) Abrus precatorius is a member of the Leguminosae family, subfamily 

Papilionoideae. (12) Geographic territory of growth appears to be increasing in certain regions, 

as exemplified by the recent recognition of the species as a high risk invasive species in Florida. 

(13, 14) Abrin toxin is primarily expressed in the seeds, although low-level transcripts of abrin 

homolog genes have been identified in A. precatorius leaf tissue.  (15) 

 

1.2.2 Homology with Ricin Toxin 

 

Despite originating from plants in two different families, abrin and ricin toxins are 

remarkably similar in structure and function. Crystal structures of the whole A-B holotoxins are 

presented in Figure 1.1, and likewise a comparison of the active sites of ricin and abrin A-chains 

is displayed in Figure. 1.2, with key conserved catalytic residues highlighted. Table 1-1 shows 

that primary amino acid sequence homology of the holotoxins is 49.54% between abrin-a 

isoform and ricin D. Both are so structurally similar that reduced subunits of each can combine 

to form stable A:B-chain cross-hybrids molecules. (16)  
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Similarly, as R. communis produces a tetrameric 120 kDa agglutinin (RCA120), Abrus 

precatorius also produces a large 130 kDa tetrameric agglutinin referred to as Abrus precatorius 

agglutinin (APA).  

 
Figure 1.1. Crystal Structures of Ricin (A) and Abrin (B) Holotoxins. A-chains coloured in white 
or grey, B-chains coloured in blue or green. Key conserved resides involved in N-glycosylase 
enzymatic function are shown in the active cleft pocket. 

 
 

Figure 1.2. Zoomed View of A-Chains of Ricin (A) and Abrin (B) Holotoxins. Key conserved 
resides involved in N-glycosylase enzymatic function are shown in the active cleft pocket. 
Arg235 (ricin) and Arg223 (abrin) also illustrated, which are required for ribosomal P-stalk 
binding. 
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Table 1-1. Percentage Homologies of Holotoxins 
Homology calculated from primary amino acid sequences.  

 

 

 RCA120 Ricin D APA Abrin-a 

Abrin-a 45.27 49.54 74.81   

APA 43.75 46.07    
Ricin D 89.56     

RCA120      
 

1.2.3 Diversity of Abrin Isoforms 

 

Lin et. al. published a report in 1981 that described separation of four abrin isoforms 

(‘isotoxins’), using three types of liquid chromatography columns. Denoted abrins-a, b, c, and d, 

these are the canonical designations for all isotoxins derived from the red and black seeds, 

apart from the non-toxic APA agglutinin tetramer. Physical characteristics of abrin toxin 

isoforms and APA are listed in Table 1-2. All isoforms vary in A-chain and B-chain subunit 

properties, with corresponding variation in toxicity profiles. Abrin-a, the most abundant isoform 

in the seed, possesses the most potent toxicity. (17) Both A- and B-subunits possess varying 

functional properties between all four isomers. 

 

Table 1-2. Isotoxins and Agglutinin in Abrus precatorius Reported by Lin et. al. (17) 

 

Mass (kDa) 

Protein 
Yield 
(mg) Holotoxin A-Chain B-chain 

B-Chain Lectin 
Affinity 

LD50 
(μg/Kg)3 

Abrin-a 2001 63 28 35 Strong 10 

Abrin-b 25 67 32 35 Weak 25 

Abrin-c 35 63 28 35 Weak 16 

Abrin-d 1 67 32 35 Strong 31 

APA 2001 672 32 35 Strong >1,000 
1. Combined yield of abrin-a and APA together was 200 milligrams. 

2. APA mass of 67 KDa refers to APA 130 KDa tetramer split into two dimers. 

3. Mice administered toxin via i.p. route, deaths measured at 48 hours.  
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1.2.4 A-Chain Subunit Properties 

 

 High-resolution crystal structure of abrin-a has been determined. It has been divided 

into 3 domains, with Domain I amino acid residues from 1-109, Domain II from residues 110-

197, and Domain III residues 198-251. (68) Abrin is slightly more toxic than ricin, and it is 

hypothesized that this is due to structural differences within the A-chain architecture. (18, 19) 

Conserved catalytic residues in the active site are Tyr74, Tyr113, Glu164, Arg167, and Trp198. 

These residues are invariant in all abrin and ricin isoforms, respective agglutinins, and at least 

nine other plant RIPs. (18, 20, 21)   

 There are other residues outside of the active site which are necessary for ribosome 

interactions, such as residues corresponding to ricin A-chain Arg235 and Leu232. Experiments 

have shown these residues bind the ribosomal P stalk, and guide the toxin to be in proper 

orientation for catalytic attack of the 28S rRNA. (22) 

 

1.2.5 B-Chain Subunit Properties 

 

The structure of the abrin B-chain is significantly different from that of the A-chain. It is 

a lectin protein as it functions to bind specific sugar moieties of cellular glycoproteins. Figure 

1.3 shows the two lobes of the B-chain highlighted in blue and green, with sugar-binding 

residues in red.  The B-chain is composed of two symmetrical globular domains, and each can 

bind one lactose or galactose sugar. The subdomains contain the QxW motif, which has been 

identified as a lectin structural motif in mammals, bacteria, and other plants.  

Target sugars bind directly to Asn51 and Asn260 in each shallow binding pocket, 

although presence of tryptophan is also essential. (23–25) The sugar binding sites confer 

function of the toxin with respect to cellular binding and uptake. (23) 

 The B-chain structure is less stable than that of the A-chain, and is insoluble when 

separated from the A-chain in vitro. (26–28) High hydrophobicity and an isoelectric point near 

neutral pH contribute to B-chain denaturation when abrin is added to solvent with neutral pH. 

(29) 
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Figure 1.3. Crystal Structure of Abrin, Highlighting Individual B-Chain Lobes (Blue and Green). 
Key sugar-binding residues are highlighted in red on both subdomains. 

 

 

1.2.6 Properties of the Agglutinin Tetramer 

 

Agglutinins in both Abrus precatorius and Ricinus communis are structurally akin to 

dimers of the A-B subunit toxins, creating a hetero-tetrameric molecule composed of two A and 

two B subunits (Fig. 1.4). The two APA isoforms of Hegde et. al. had reported molecular weight 

of 128 kDa and 130 kDa . (30)  

Sequencing studies have revealed that A and B chains in the tetramer are different from 

those of the toxin isoforms. Therefore, they are not exact dimerized abrin and ricin toxins 

produced during post-translational events. APA is joined together by an interface consisting of 

polar and non-polar weak bonds between A-chains. The APA tetramer has been observed to 

split into 67 kDa dimers due to heat during processing. (17, 31) 

Although the agglutinin molecules are relatively non-toxic with respect to their highly-

toxic counterparts, agglutinin A-chains maintain presence of conserved A-chain catalytic 

residues present in abrin and ricin (detailed in section 1.2.4). When considering that agglutinins 
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retain catalytic amino acids, the disparity of LD50 values relative to abrin is astounding, 

approaching a reduction of 3,000-fold for both APA and RCA120 in mice models. (32–34)  

 A mutation inherent to APA A-chain, Pro199, negatively impacts ribosomal recognition, 

thus resulting in attenuation of catalytic action. (34, 35) The corresponding residue Asn200 in 

abrin forms side-chain bonds to 28S rRNA substrate, and reverse substitution of an Asn residue 

at Pro199 increases depurination activity. Whether by inducing a conformational kink or by 

lacking charged side chains, Pro199 renders APA relatively non-toxic to cells. (36)  

 

 
Figure 1.4. Crystal Structure of Abrus precatorius Agglutinin (APA) Protein. A-chains 
highlighted in gold and pink, B-chains highlighted in green and blue. APA is held in a tetramer 
state solely by noncovalent inter-dimer bonds. 

  

 Regarding bioforensic detection, one may wish to differentiate detection of Type II RIP 

toxins from the relatively-benign agglutinins. They are antigenically similar with amino acid 

sequence homologies of 74.8% between abrin-a and APA. Previous studies have successfully 

derived agglutinin-specific antibodies for both APA and RCA120. (37, 38)  

  

1.2.7 Abrin Toxin as a Glycoprotein 

  

All isoforms of abrin and APA possess multiple sites of glycosylation. A-chain 

glycosylation structures remain undefined, if even present at all. Two studies have measured 

sugar mass on the A-chains, but a third report states abrin-a is not glycosylated. (17, 39, 40)  
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 B-chains of abrin are N-glycosylated at sites Asn100 and Asn140. (41) Chemical and 

genetic disruption of glycosylation sites has demonstrated that B-chain glycans are necessary 

for functional lectin binding of sugar agonists. (42–44) 

Abrin generally contains oligomannose-type and xylomannose-type glycan structures, 

consisting largely of mannose and N-acetylglucosamine carbohydrates. (41) Core α-1,3-

fucosylation has additionally been observed in APA. This structure, as well as the β-1,2-xylose 

units in abrin, are classified as plant glycoallergens and are noted for their strong ability to 

induce IgE allergic hypersensitivity reactions in mammals. (45, 46) Reactions in humans have 

been reported for merely touching seeds of Abrus precatorius, as well as castor beans of Ricinus 

communis. (47, 48) 

 

 

1.3 Cytotoxic Mechanism of Action 
 

1.3.1 Cellular Entry 

 

Mechanism of action is here described with reference to both abrin and ricin toxins due 

to nearly-identical cellular mechanisms of action. Induction of cytopathology begins when the 

toxin binds to external cellular receptors and enters the host cell. The B-chain subunit contains 

two lectin binding sites that bear specific affinity to glycosylation residues displayed on the 

outer membrane of the cell. Specifically, abrin strongly binds to Galβ1-4GlcNac, Galα1-4Gal, 

and Galβ1-3GalNac targets. (49, 50) Mammalian cells display these glycosylation residues 

throughout various tissues, although ratios of number of residues per cell can vary between 

tissue type and species. HeLa and human erythrocytes cells were estimated to contain 1-3x107 

and 2-3x106 toxin binding sites per cell, respectively. (51)  

Binding of the toxin to the outer membrane induces internalization. Cellular uptake of 

abrin and ricin is predominantly achieved endocytosis with clathrin-coated pits, although 

intracellular transport inhibition studies have produced evidence that ricin transport to the 

Golgi can be independent of Rab9, Rab11, and clathrin-dependent pathways. (52) 
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1.3.2 Endosomal Trafficking 

 

Once internalized, the toxin is incorporated into early endosomes. (53) Ricin in early 

endosomes can undergo proteolysis in the lysosome, most is recycled back to the membrane 

surface, and approximately only 5% of ricin undergoes retrograde transport through the Trans 

Golgi Network (TGN). (49, 54) The toxins bind to calreticulin, an endogenous galactosylated 

cellular protein with a KDEL signal for retrograde trafficking between the TGN and endoplasmic 

reticulum (ER). B-chain lectin function is essential for cellular entry and transport through the 

TGN. (55, 56) Within the ER lumen, protein disulfide isomerase induces reduction of the 

disulfide bond to liberate the A-chain from the B-chain. (57) Reduction of individual subunits is 

a rate-limiting step, as overexpression of thiodoxin-related transmembrane protein (TMX), a 

member of the PDI-family, enhanced abrin and ricin cytotoxicity in A549 cells. (58)  

Separated from the B-chain, the A-chain mimics an improperly folded protein, triggering 

removal from the ER into the cytosol through Sec61-translocon export. (59) While cellular 

mechanism shuttles improperly-folded proteins to the 26S proteasome, the A-chain 

conveniently bypasses the ER-associated degradation pathway because it is notably deficient in 

lysine residues, the substrate of ubiquitin ligase. (59) Experimental evidence has supported this 

as an explanatory element for evasion of the degradation pathway.  (60)   

Refolding of the A-chain protein occurs in the cytosol with assistance from cytosolic heat 

shock proteins, and possibly the ribosome substrate itself. (61) 

 

1.3.3 Ribosomal Depurination and Cessation of Translation 

 

The A-chain is now free in the cytosol to commence N-glycosylase depurination upon its 

target, 28S ribosomal RNA (rRNA). Docking of the A-chain to the ribosome occurs in two steps. 

First, non-specific guiding of RTA to the ribosome occurs with docking of the toxin to the 

ribosomal stalk, directed by stalk-associated proteins. (62) Secondly, the A-chain catalytic cleft 

binds to the α-sarcin-ricin loop (SRL). The SRL is one the most universally conserved rRNA 

sequences, occurring in both eukaryotic 28S rRNA and prokaryotic 23S rRNA. (63) Within the 

cleft is the catalytic active site, where the planar aromatic ring of adenine 4234 of the 28S rRNA 
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stacks between Tyr74 and Tyr123 of abrin A-chain.  These tyrosines function to orient the 

adenine base, and subsequent hydrogen bonds are made with E164 and R167 to stabilize A4234 

in the transition state. E164 activates a water molecule within the active site, leading to 

nucleophilic attack on the N-glycosyl bond of A4234. (18, 21, 64) A4234 is protonated and 

irreversibly excised from the SRL loop of the 28S rRNA. 

Release of A4234 is absolutely detrimental to protein synthesis, as it disrupts the 

conformation of the SRL and therefore inhibits binding and activation of translational GTPase 

Elongation Factor 2 (EF-2). This in turn prevents EF-2-catalyzed translocation during the peptide 

elongation step, resulting in cessation of polypeptide translation activity. (65, 66) Protein 

synthesis is quickly halted, as a single A-chain can inactivate multiple ribosomes. (67) A single A-

chain in cytosol could theoretically inactive all cellular ribosomes within hours. The catalytic 

activity of A-chains of abrin and ricin were 1,500 and 1,400 ribosomes inactivated per minute, 

respectively. (68) This mechanism of action is also observed in several bacterial toxins. Shiga 

toxin depurinates A4324 similar to abrin and ricin, and diphtheria toxin halts protein translation 

via covalent modification (ADP-ribosylation) of EF-2. (69, 70)   

 

1.3.4 Cellular Death via Apoptosis 

 

The cell responds to intoxication by initiating apoptosis since it does not possess a 

mechanism to resume translation following excision of A4234. Toxin-mediated cessation of 

protein synthesis leads to activation of intrinsic apoptosis, as reduced translation of antioxidant 

and other anti-apoptotic proteins leads to destabilization of mitochondrial membrane potential 

and activation of caspase-3. (71) Abrin-mediated apoptosis is also induced by ER stress caused 

by the accumulation of misfolded polypeptides following ribosomal inactivation. (72, 73)  

Multiple studies have demonstrated that while APA is devoid of RIP catalytic activity, it 

is capable of inducing apoptosis and/or autophagy via reactive oxygen species-induced 

mechanisms. This may indicate that Type II RIP-mediated apoptosis can occur through several 

pathways, ultimately effecting the same outcome (74–77) Death of the host from abrin 

intoxication results when enough cells critical to host survival commit apoptosis en mass.  



25 

  

1.4 Abrin Intoxication 
 

1.4.1 Routes of Entry 

 

There are three main routes by which abrin toxin may enter the human body. Ingestion 

is the most common case report, but intoxication events via routes of injection and inhalation 

are especially dangerous. Route of entry is a strong pathological determinant, as unlike 

microorganisms, a toxin does not have the ability to replicate itself in the host and invade new 

tissues and organs. As with ricin toxin, the oral LD50 is approximately 1,000 times less lethal 

than median lethal doses of parenteral injection or inhalation into the lungs. (78, 79)  These 

latter two intoxication routes have very close LD50 toxicity values in the low 

microgram/kilogram range, whereas oral LD50 values would be in the milligram/kilogram range 

(see Tables 1-3 and 1-4 for animal model toxicity data). 

 

1.4.2 Typical Scenarios 

 

1.4.2.1      Cases of Ingestion  

 

The most common route of human intoxication is ingestion of the seed of Abrus 

precatorius. Analysis of reports reveals two main causes of ingestion poisonings: accidental 

consumption in children, and suicidal attempts in youths and adults. Self-administration of 

seeds for motive of fetal abortion is reported. (80) Children are attracted to the bright colourful 

appearance of the seed, and ingestion is common where Abrus precatorius grows natively or 

invasively, but also due to incorporation into toys for decorative appearance or musical items 

such as maracas. (81–84) Chewing will greatly exacerbate severity of symptoms as the toxin is 

released into the environment of the gut. Seeds swallowed with the exterior hull intact will 

result in either benign or completely asymptomatic cases. A review of 112 cases of abrin 

poisoning in India reported that 72.6% of cases presented with gastrointestinal symptoms, and 

5.35% of all cases were fatal. (85)  
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1.4.2.2      Suicide Attempts 

 

 The ease of access to Abrus precatorius seeds over the internet and simplicity of self-

administration are factors for use in suicide. Reports of much greater toxicity compared to ricin 

may influence individuals to select seeds of Abrus precatorius over other toxins. There are cases 

where suicidal persons have purchased illegal crude purifications of toxins over the dark web, 

however most instances involve individuals procuring legal shipments of seeds and crushing the 

seeds themselves prior to ingestion. Most suicide attempts using abrin toxin are non-fatal. The 

number of reported suicide attempts have been in increasing in recent years such that suicidal 

events have surpassed accidental ingestions (Figure 1.5).  

  

 
 

Figure 1.5. Publicly-Reported Abrin Intoxications from 2000 to 2020 in Canada and United 
States. Cases did not exclusively result in fatal outcomes. 
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1.4.3 Detailed Clinical Course (Ingestion) 

 

 Figure 1.6 displays a schematic outlining the general timeline of abrin intoxications via 

ingestion route. Typical disease course for abrin intoxication via ingestion begins with an 

asymptomatic period of generally 4 to 8 hours following consumption, although in one case 

symptoms onset occurred 5 days post-ingestion. (86) Patients will ubiquitously experience 

nausea, repeated emesis, and diarrhea resulting in dehydration accompanied by abdominal 

tenderness or pain. As the toxin exerts its action on a large number of cells in the gut, these 

symptoms progress to hematemesis and bloody diarrhea, increasing dehydration and onset of 

anemia. (87–93) Within 72 hours post-ingestion, loss of blood and fluid intensifies, and 

depressed neurological activity (altered sensorium) may occur. Patients frequently slip into 

generalized tonic-clonic seizures, despite not necessarily having prior history of seizure activity. 

(80, 88, 90, 94, 95)  

Cardiopulmonary signs during the 8- to 72-hour period frequently include tachycardia 

and hypotension, poor oxygen saturation due to breathing irregularities, and roughly half of 

patients are febrile. (86, 96) Analyses of urine may reveal albuminuria and also L-abrine, a 

specific seed alkaloid marker of poisoning by Abrus precatorius seeds which can be detected by 

liquid chromatography mass spectrometry (LC-MS/MS) assay. (79, 97–99) Neutrophilic 

leukocytosis can present, which may complicate correct diagnosis. (91, 93) 

Patients placed on aggressive supportive care will survive past the first 72-96 hours and 

enter later stages of abrin intoxication, defined by altered neurological and vital organ 

functioning over 1-2 weeks. As toxin damages intestinal cells, additional free toxin begins to 

enter systemic circulation to initiate a secondary round of tissue damage. Toxin-mediated 

destruction occurs in endovascular cells as well as high blood flow organs such as liver, kidneys, 

and spleen. (80, 86, 90)  

Latter-stage neurodegenerative complications typically include swelling and 

demyelination of the brain, observable by magnetic resonance imaging (MRI) or computerized 

tomography (CT) scanning. (80, 88, 90, 92–95) Demyelination is directly caused by immune-

reactive events, which have been linked to known immuno-modulatory properties of abrin 
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toxin. (95) Animal studies have confirmed demyelination processes through altered protein 

expression in the brain of the host. (100) 

Non-neurological causes of death have included cardiac arrest and acute renal failure. 

(88, 90, 101) Expiration may be associated primarily with progressive depression of the central 

nervous system, despite ongoing cardiopulmonary and renal support. (80, 98, 102)  

 

1.4.4 Detailed Clinical Course (Parenteral Injection) 

 

A single case of self-administered intravenous poisoning was reported in 2018. A suicidal 

35-year old male injected subcutaneously a ground seed mixture into his forearm, shoulder, 

and leg. In total, it is estimated that a mass of 50 seeds was injected. Initial symptoms on day 1 

included redness and swelling at injection sites, subsequently developing into fasciitis and 

myositis. Despite continual-renal replacement therapy, patient developed acute renal failure on 

day 3. Electroencephalogram (EEG) confirmed extremely reduced cerebral function, and the 

patient passed on the fourth day post-injection. (101) 

 

1.4.5 Treatment and Management of Abrin Poisoning (Ingestion) 

 

Medical intervention of abrin intoxication via route of ingestion begins with symptom-

directed treatment. Regardless of a priori knowledge of seed ingestion, gastrointestinal 

treatments such as gastric lavage and activated charcoal are provided shortly after emergency 

room presentation. (87, 90, 95) Severity of later-course symptoms can be ameliorated or even 

eliminated altogether if treatment is provided quickly post-ingestion. (96, 103) 

Differential diagnosis of abrin intoxication proves challenging for physicians, as etiology 

of disease may be initially misdiagnosed as bacterial or viral gastroenteritis. (87, 104, 105) 

Discovery of Abrus precatorius seed in gastric lavage, vomit, or stool can lead to correct 

identification through consultation with local poison control authorities. (105) Impaired 

cardiopulmonary function in the middle stages of intoxication require transfer to intensive care, 

where the patient may be intubated, placed on a ventilator support, and provided continuous 

intravenous maintenance of blood pressure and electrolytes. (88, 93, 101, 102) 



29 

  

Additional intensive care actions specific to removal of toxin, such as those outlined in 

Figure 1.6 (listed under “Intensive Care”) should be applied. These interventions support 

function of vital organs and remove free toxin that has migrated into systemic circulation. (93, 

101, 106)  
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Figure 1.6. Schematic of Typical Symptoms of Abrin Intoxication via Ingestion and Medical Treatment Solutions. Most common events are 
listed in bold text.
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1.4.6 Animal Model Studies 

 

1.4.6.1      Animal Model Intoxications 

 

 Animal model studies have largely reproduced the findings of human intoxications 

described in clinical reports. Acute destruction of liver, kidney, and spleen in mice are observed 

with administration of lethal doses both by i.p. and i.v. routes. Table 1-3 presents animal 

toxicity values of abrin and ricin toxin by i.v. and i.p. administrations reported in the literature. 

These findings consisted of biochemical, cytological and histological markers, as well as 

distribution of radioactive iodine-labeled abrin.  (107–110) Several studies have described the 

prevalence of inflammation and oxidative stress in animal models. (100, 111) In particular, 

Ramnath et. al. documented the mitogenic and natural-killer (NK) cell-stimulating properties 

specific to abrin intoxication. (112) 

 Neuropathologies in humans have been investigated utilizing mRNA transcriptomics in 

the brains of mice administered lethal doses of abrin by i.p. route. Time- and dose-dependent 

inflammation of murine brain was observed and transcript analysis revealed significant 

activation of multiple proinflammatory signalling pathways. (113) Demyelination has been 

explained by the phenomenon of "suicide transport," whereby plant lectins including abrin and 

ricin undergo uptake into neurons and move to the soma cell body via retrograde axonal-

transport, whereby the toxin inactivates neural ribosomes. (114–116) 

 

Table 1-3. Reported in vivo Toxicity Values of Abrin and Ricin in Mouse Models by 
Intravenous and Intraperitoneal Exposure. 

Toxin Measure Route 
Quantity 
(ug/kg) 

Max. 
Duration Murine Strain Reference 

Abrin MLD i.v. 0.7 7 Days B6D2F1 (117) 

Abrin LD50 i.p. 2.8 3 Days  N/S (32) 

Abrin LD50 i.p. 1.6 7 Days N/S (54) 

Ricin MLD i.v. 2.7 7 Days B6D2F1 (117) 

Ricin LD50 i.p. 8 72 Hours N/S (118) 
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1.4.6.2       Inhalational Toxicity in Animal Models 

  

 Inhalational LD50 values in rats and monkeys are listed in Table 1-4. A comparison of the 

aerosolization of abrin and ricin in rats found acute pulmonary edema and destruction of 

alveolar tissue from both toxins. Edema and alveolar destruction resulted in hypoxia, the 

ultimate cause of death. (119) When abrin or ricin were administered intranasally, both toxins 

resulted in extensive neutrophil recruitment to lungs, abundance of proinflammatory markers, 

and major damage to alveolar-capillary tissue. Ricin-intoxicated mice responded poorly to ricin 

antitoxin, whereas abrin antitoxin was effective in mice even up to 72 h.p.i. (120) Furthermore, 

the in vitro administration of abrin to A549 human lung epithelial cells demonstrated similar 

increase of pro-inflammatory and oxidative stress markers as reported in the aforementioned 

transcriptomics study where intoxication was administered by i.p. route. (121) 

 

Table 1-4. Reported in vivo Inhalational Toxicity Values of Abrin and Ricin in Animal Models. 

Toxin Measure Route 
Quantity 
(ug/kg) Max. Duration Animal Reference 

Abrin LD50 Inhaled 3.31 14 Days Rat (119) 

Ricin LD50 Inhaled 3.7 14 Days Rat (119) 

Ricin LD50 Inhaled 5.8 N/S 
African Green 

Monkey (122) 

Ricin LD50 Inhaled 15 N/S Rhesus Macaque (122) 

 

 

 

1.5 Biocrime Threats of Type II RIP Toxins 
 

1.5.1 Historical Precedent of Ricin Events 
 

Ricin toxin was considered for weaponization by the American military during World 

War II. Under the name “Compound W,” ricin-tipped bullets were tested for biological ballistics 

efficacy. (123) Ricin later attained notoriety during the Cold War in two political attacks that 

were very likely carried out by operatives linked to the Soviet Union. Georgi Markov, a 
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Bulgarian dissident writer was assassinated in 1978 by injection of a ricin-filled sphere into his 

leg with a modified umbrella. Markov died within 3 days of the attack. Three years following 

this incident, an exposed CIA double agent named Boris Korczak was shot with an air gun in 

Virginia. Though Korczak survived, the recovered projectile was a metallic sphere resembling 

that which had killed Markov. Vladimir Kostov also survived a similar attack, two weeks prior to 

Markov’s assassination (82, 123)  

The next significant event that garnered worldwide headlines occurred in February 

2003, when an Algerian national’s apartment in London was raided. Discovered inside were 22 

castor beans and handwritten notes copied from an anarchist recipe. This case become known 

as the controversial Wood-Green ricin plot. (124) 

 In the fall of 2003, the first case of domestic ricin letter threats in the United Sates 

occurred when two letters containing vials of ricin were discovered in two mail processing 

centers. (125) In February 2004, a similar pattern of events occurred when white powder 

testing positive for ricin was discovered on mail sorting equipment in a senator’s office. (126) In 

two separate cases in 2013, letters containing crude purifications of ricin were sent to President 

Obama and several other political figures. (127, 128) Again in 2018, letters testing positive for 

ricin were sent to the President of the United States and other administration officials, but the 

letters only contained crushed castor beans. (129) 

Multiple instances of homemade ricin purifications, or attempts to purify, were 

uncovered in domestic terrorism investigations. Several of the raids carried out against these 

perpetrators discovered crude powdered ricin, such as in the 2008 case of a man who purified 

ricin in a Las Vegas hotel room. Schieltz et. al. details forensic laboratory analysis of these 

samples at the Center for Disease Control. (130, 131)  

Beyond assassinations or threats and attempts by low-skilled domestic individuals, there 

have also been several international ricin plots where weaponization of the toxins was 

attempted by combining them with homemade explosive devices as a means of dispersal. 

Evidence of a planned ricin powder bomb attack in Yemen was reported in 2011. (132) In 2018, 

a Tunisian national residing in Germany had procured over 1,000 castor beans, crude 

purification instructions and equipment, and bomb-making materials. (133) There has never yet 
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been a realized public attack employing release of ricin or abrin through bomb-dispersal, but 

response agencies must continue to develop forensic and therapeutic capabilities.  

 

1.5.2 Misuse of Abrin Toxin 

 

Media reports of individuals attempting to produce abrin for nefarious purposes in 

North America began to emerge in the early twenty-first century. The first case was discovered 

in Massachusetts in 2004 when a homemade lab with stockpiled castor beans, Abrus 

precatorius beans, and purified ricin was discovered. (134)  

Abrin would not be mentioned extensively in media reports until the years 2013-2014, 

with four major arrests occurring in the latter year. The 2013 arrest is unique as the individual 

charged had been weaponizing abrin and ricin toxins in two New York residences. They also 

possessed a cache of firearms, explosives materials, and anarchist guides. (135) The 

investigation prevented what could have been a catastrophic event, as weapons, body armour, 

and thousands of Abrus precatorius seeds and castor beans were stockpiled in preparation for a 

violent encounter. 

In 2014, multiple online distributors of crude purifications of biological toxins, as well as 

those who had purchased them were arrested. A teenager had been producing abrin and ricin 

toxins out of Florida, and selling to buyers on the dark web. A buyer in London, England, had 

received abrin in the mail hidden in hollowed-out candles. She had slipped  the toxin into her 

mother’s diet coke over a relational dispute, but the toxin was likely inactive as no major 

symptoms of poisoning were reported. (136) Another distributor was convicted for sales of 

abrin, ricin, explosives, and modified firearms. They had sold abrin over the dark web to a New 

York resident for a suicide attempt, and to a fellow California man. There have not been any 

further dark web sales reported since, possibly due to enhanced national surveillance of such 

sites. 

The first reported case of a criminal group intending to utilize abrin for bioterrorism 

purposes was publicized in 2019 in Indonesia. Jamaah Anarud Dalauh (JAD) had obtained 310 

grams of Abrus precatorius seeds and was planning to carry out a series of bombings, but 
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fortunately police intervened. JAD had also plotted to use ricin with criminal intent back in 2011 

in Jakarta. (132) Figure 1.7 reveals that the frequency of abrin-specific bioterrorism cases has 

decreased over recent years (as clinical cases have increased), however the JAD plot in 2019 

truly reinforces the need for strong deterrents and countermeasures. 

All of these reports reiterate the need to develop abrin-specific bioforensic operational 

capabilities matching the investments allocated for detection and attribution of ricin. The 

timing of most abrin cases involving bioterrorism or suicidal motives coincided with increased 

mention of plant toxins in popular culture. References to abrin and/or ricin have been made in 

the popular Breaking Bad television series and the book Flash & Bones, which inspired the 

television show Bones. (136–139)  

 

 

 
Figure 1.7. Abrin Intoxications and Abrin Bioterrorism-Related Incidents from 2000 to 2019. 

 

 

 

 

 

 

 



36 

 

Chapter 2 Development of Novel Abrin 
Monoclonal Antibodies 

 

 

2.1 Introduction 
 

 

2.1.1 Previous Abrin Antibody Work 

 

2.1.1.1      Introduction to Abrin mAb Development 

 

 Perhaps the greatest challenge to development of anti-abrin antibodies is the swift 

action of toxic pathophysiology exerted upon the host. In vivo toxicity studies in mice have 

consistently demonstrated that native wild-type abrin will kill the host at quantities well below 

those required for hybridoma immunizations.  

 

2.1.1.2      Attenuation Strategies for mAb Production 

 

 Circumvention of this critical challenge has been achieved through various approaches. 

The simplest strategies involve chemical or physical attenuation of abrin toxin prior to 

immunization, generating a non-lethal toxoid molecule. Both Li et. al. and Zhou et. al. have pre-

incubated the toxin in formalin solutions, effecting reduced toxicity via inducing drastic 

crosslinking reactions of amino acid side chains. (140, 141) Another study inactivated abrin 

toxin by heating it to 70⁰C for 30 minutes, leading to denaturation of protein folding. (142) 

Thirdly, Mechaly et. al.  immunized rabbits  with alum-adhered abrin toxin, rendering it 

physically unable to enter cells. (143)  

 While highly feasible, these strategies risk destruction of important secondary structure 

epitopes of interest by crosslinking or heat-denaturation. Immunization with a genetically-

attenuated recombinant toxoid is the ideal method for producing antigenically-faithful abrin 

antibodies, yet it is also the most cost- and labour-intensive. Site-directed mutagenesis of 



37 

 

known amino acids critical for catalysis can produce a benign toxoid while retaining essential 

structural epitopes that are likely to be lost during inactivation with formalin or heat.  

Surendranath et. al. immunized BALB/c mice with 20 μg of recombinant abrin-a A-chain, 

expressed in E. coli. Hybridoma work elicited abrin A-chain mAb D6F10 that exhibited minimal 

cross-reactivity binding to APA, ricin, and RCA120. Paramountly, 100% of mice were protected 

against intoxication of 1.25 μg of abrin via i.p. route when administered 250 μg of mAb. (144) 

The epitope of D6F10 was mapped to be proximal to the catalytic cleft, positioned between 

amino acids 74-123. Notably, D6F10 rescued protein synthesis in cell-free translation assay. 

(145) A chimeric molecule incorporating regions of abrin-a and APA A-chains led to production 

of mAb A7C4 which rescued 100% of mice from 5xLD50 of abrin toxin delivered by i.p. route. 

(146) 

 Another solution to circumvent the problem of toxicity has been rather successfully 

achieved via phage-display technologies. A phage library is constructed of randomly-mutated 

immunoglobulin variable chains which are expressed on the phage outer capsid, and tested for 

antigen binding. Following immunization of rabbits with alum-absorbed abrin, Mechaly et. al. 

extracted variable heavy- and light-chain sequences from rabbit B lymphocytes, and a single-

chain variable fragment (scFv) phage-library was constructed and panned against native toxin 

for antigen-binding. A total of ten antibodies were selected that collectively recognized 5 

unique epitopes. Antibodies against four epitopes (2 anti-A-chain, 2 anti-B-chain) individually 

protected 85-95% of mice against 2xLD50 intranasal abrin intoxication. (143)  

 

2.1.2 Linear Peptides as Immunogens 

 

 In 1938, Goebel raised sera against Pneumococcus capsule by immunizing rabbits with 

cellobiuronic acid antigen coupled to horse serum globulin (147) Anderer and Schlumberger 

employed a similar strategy to immunize rabbits with bovine serum albumin (BSA) coupled to a 

hexapeptide purified from proteolytic digest of Tobacco Mosaic Virus (TMV). Insufficiently 

immunogenic on its own, coupling of the peptide as a hapten to BSA yielded polyclonal sera 

capable of neutralizing TMV infection in leaves of Nicotiana tabacum. (148, 149) The method 
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gained traction in decades to come, especially with the advent of first-generation antigenic 

propensity prediction scales. Emini et. al. utilized a surface-exposure probability scale to design 

synthetic peptides for hybridoma immunization, which gave rise to sera reactive to and capable 

of neutralizing Hepatitis A virus infection in cell culture. (150)  Nivison and Hanson published a 

comprehensive protocol for immunizing animals with peptides and screening resulting 

antibodies in 1987. (151)  

 Subsequent to these early demonstrations, peptide immunization-derived antibodies 

have become intrinsic in production of diagnostics reagents and kits. The predominant 

application has been development of polyclonal antibodies for diagnostic assays such as ELISAs, 

immunosorbent strips, and western blots. Purified pAbs derived from synthetic peptides are 

highly specific and robust as diagnostic reagents as they are raised against a single designated 

molecular target. Peptide-derived mAbs offer even greater specificity than pAb reagents, yet 

often demonstrated reduced affinity and are frequently dependent on precise conformation of 

the target. Monoclonals raised against peptides have been very effective where differentiation 

of phosphorylation, glycosylation, and protein isoforms is sought. (152, 153)   

 Specific to hybridoma work for abrin toxin, synthetic peptide immunizations grant 

several key benefits. Certainly, absence of N-glycosylase enzymatic toxicity is chief among 

these. Since a peptide represents only a small portion of the overall macromolecular structure, 

a peptide in itself cannot perform the same catalytic reaction as the holotoxin. Secondly, the 

ability to target the immune response to particular, foreknown epitopes enables great 

specificity for diagnostic assay mAbs, and perhaps even neutralizing mAbs. Lastly, successful 

immunizations with synthetic peptides may result in reduced overall cost compared to 

alternative strategies. 

  

2.1.3 In silico Linear Epitope Prediction 

 

2.1.3.1      Principles 

 

 In silico bioinformatic applications have become an essential driver of many modern 

microbiological investigations. Comprehensive applications have likewise been developed for 
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the field of immunology. Software algorithms attempt to achieve biologically-relevant solutions 

using genetic and protein sequences, at a fraction of the cost and labour that would be required 

to obtain a solution at the laboratory benchtop. The class of software known as B-cell epitope 

predictors attempt to identify antigenic regions of proteins. Continuous (linear) epitopes are 

short linear stretches of amino acids within the protein of interest. Discontinuous 

(conformational) epitopes are separate regions of one or more polypeptide chains that fold and 

converge together in three-dimensional space to form a singular antigenic surface. The goal of 

B-cell epitope prediction is an extremely ambitious task, as algorithms essentially attempt to 

obtain simple estimations of the highly complex in vivo humoral immune response. 

 

2.1.3.2      B-Cell Epitope Prediction Algorithms 

 

 Initial algorithms used to identify potential antigenic regions of proteins were developed 

as early as the 1970’s. Antigenic determinants (propensities scales) were derived from 

biochemical and immunological studies of a very limited number of proteins. Determinants 

included sequence-predicted secondary structure, flexibility, hydrophilicity, and surface access 

as listed in Table 2-1. Several algorithms even score antigenicity by frequency of individual 

amino acids in a given subregion. (154, 155) 

 

Table 2-1. First Generation Amino Acid Propensity Scales. 

Method Date Antigenic Determinant Ref. 

Chou & Fasman 1974 Predicted second. structure: α-helices & β-turns   (156) 

Hopp & Woods 1981 Hydrophilicity (157) 

Karplus & Schulz 1985 Regions of flexibility (158) 

Welling 1985 AA frequency of known Ag:non-Ag (154) 

Emini 1985 Predicted surface accessibility (150) 

Parker 1986 Hydrophilicity (159) 

Jameson-Wolf 1988 Surface Access, flexibility, second. Structure (160) 

Kolaskar & Tongaonkar 1990 AA frequency of known Ag:non-Ag (155) 

BcePred 2004 Combination of physiochemical scales (161) 

AbDesigner 2011 Combination of physiochemical scales (162) 
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 Beyond the turn of the millennium, processing power and breadth of immunological 

databases of known (mapped) protein epitopes had significantly increased. Second generation 

B-cell epitope predictors typically employed machine learning to mine immunological 

databases, with specific methods listed in Table 2-2. Classifiers were trained on large 

epitope/non-epitope datasets, incorporating hundreds-to-thousands of proteins each. 

Predictive accuracy of machine-learning was greatly improved over classical scales, with most 

reported area-under-receiver-operating characteristic curve (AUC) values ranging from 0.6 to 

0.8. For sake of reference, a prediction generated completely by random chance would yield an 

AUC value of 0.5. (161)  

 A subset of the second-generation prediction tools also incorporated X-ray 

crystallography for improved detail of 3D protein structures and co-crystallized antigen-

antibody complex interfaces. (163–165) (Table 2-3) 

 

Table 2-2. Second Generation Epitope Prediction Software. 

Method Date Classifier AUC Ref. 

BepiPred-1.0 2006 HMM 0.60 (166) 

AAP 2006 SVM 0.68 (167) 

ABCPred 2006 RNN 0.65 (168) 

FBCPred 2008 SVM 0.81 (169) 

BCPred 2008 SVM 0.75 (170) 

CobePro 2009 SVM 0.82 (171) 

EPSVR1 2010 SVR 0.59 (172) 

SVMTriP 2012 SVM 0.70 (173) 

IgPred 2013 SVM 0.77 (174) 

LB-TOPE 2013 SVM 0.69 to 0.92 (175) 

  

 

Table 2-3. 3D Structure-Informed Second Generation Prediction Software. 

Method Date Classifier 3D Structure AUC Ref. 

ElliPro 2008 3D Modeller Surface Access 0.73 (176) 

Epitopia 2009 Naive Bays Ab:Ag complex 0.60 (163) 

CBTope 2010 SVM Ab-Ag complex 0.89 (164) 

DISCO-TOPE 2.01 2012 Log-Odds Ratio Surface Access 0.82 (177) 

BepiPred-2.0 2017 Random Forest Ab-Ag complex 0.71 (165) 
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1. All listed software tools predict linear epitopes, except for EPSVR and DISCO-TOPE 2.0 which 

predict discontinuous (conformational) epitopes. 

 

  

Individual epitope prediction tools are not without limitations and have received a 

deserved amount of criticism. Blythe and Flower reported that many of the best-performing 

algorithms performed only slightly better than random chance when compared to known 

mapped sera epitopes of 50 proteins. (178) The failure of many software predictors to achieve 

high prediction accuracy (AUC >0.90) may largely reflect complexities of multiple requisite 

interactions of the peptide immunogen with antigen-presenting cells, T cells, and B cells. (153) 

Not all antigenic peptides will be immunogenic in animals. Furthermore, while it is thought that 

hyperimmune sera can be raised against nearly any peptide of 10-20 amino acids in length, 

many antibodies will not bind the native full protein. (179) Hancock and O’Reilly have estimated 

that roughly 50% of designed synthetic peptides will elicit antigen-reactive antibodies. (180) 

 

 

2.2 Rationale & Objectives 
 

  

 Multiple independent research groups have produced anti-abrin toxin antibodies, but 

none of those have been made available as GMP-grade immunoreagents. The only 

commercially-available abrin mAb and pAb supplies are available from Tetracore, Inc., situated 

in Maryland, United States. The murine mAb is an IgG1 subtype, western blot reveals it is 

specific to abrin B-chain, but the exact epitope sequence is unpublished. The rabbit-produced 

pAb is specific to the A-chain and is neutralizing in cell-free translation assay (in-house data).  

It is noteworthy that all published multi-toxin detection panels that incorporate abrin as 

a target procure abrin antibodies from Tetracore. In all reports, the mAb is used as capture 

antibody, and pAb is used as detection antibody. Garber et. al. utilized non-biotinylated abrin 

Tetracore mAb and pAb in an ELISA, and reported a limit of detection (LOD) of 2-5 ng/mL for 

abrin fraction II. (181) Both Pauly et. al. and Garber et. al. utilized biotinylated-pAb detection 
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antibody in multiplex toxin Luminex panels, achieving limits of detection (LOD) of 85-546 pg/mL 

and 2.2 ng/mL, respectively in PBS buffer. Both assays displayed reduced sensitivity to toxin 

spiked in food matrices, although all were well below lethal concentrations to humans. ELISA 

produced superior sensitivity to toxin analyte in PBS than Luminex assays. It is remarkable that 

in the same assay formats, equivalent anti-ricin mAb-capture:pAb-detection antibodies 

displayed sensitivity over two magnitudes greater than the abrin antibody equivalent. This also 

held true for the ELISA of Pauly et. al., where both toxin detection pAbs were biotinylated and 

produced an LOD of 346 pg/mL (abrin) and 2 pg/mL (ricin). (182, 183) Given that both reports 

utilize independent sets of ricin antibodies, it is clear from sensitivity data alone that ricin 

antibodies were higher quality and likely have undergone significantly greater research and 

development than abrin antibodies. Accordingly, there is potential for significant improvement 

of abrin antibodies. 

It is critical that Canadian laboratories have access to high quality and domestically-

accessible immunoreagents. Anti-abrin mAbs created in this report will add to the repertoire of 

toxin diagnostics knowledge, and if highly successful will further bioforensics capacity for 

detection of abrin toxin. Therefore, the objective of this study is to develop novel abrin mAbs 

from hybridomas immunized with linear epitopes identified using B cell epitope prediction 

software. 

 

2.3 Hypothesis 
 

 

The central objective of the anti-abrin mAb project is to generate anti-abrin murine 

humoral immune responses, and subsequently to isolate B-cells producing specific anti-abrin 

immunoglobulins. Based on the challenges associated with eliciting immune responses in mice 

from natural unmodified toxin, it is hypothesized that strategically-designed synthetic short 

polypeptide chains will function as successful substitutionary immunogens. It is hypothesized 

that specific adaptive immune responses against one or more linear peptides are anticipated to 

be reactive not only to the peptide itself, but to also be reactive to abrin toxin in its native form.  

 



43 

 

2.4 Methods 
 

 

2.4.1 Purification of Toxin Control Material 

 

 Reference control abrin was purified as indicated below, adopted from methods that 

have been previously reported. (30, 184) Seeds of the red/black variety were purchased from 

Tropilab® Inc. (Florida, USA), grown in Suriname. Briefly, abrin seeds were dehulled and mashed 

into a slurry in PBS, pH 7.4, and the aqueous extract of the seed mash was filter sterilized and 

then purified as per Hegde et. al. via a two-step Fast Performance Liquid Chromatography 

(FPLC) process using the ÄKTA Pure 100 (Cytiva Life Sciences, Massachusetts, USA).  

 Elution products were confirmed by SDS-PAGE. Five microliters each of purified 

products were loaded in 10 μL 2X Laemmli Buffer (Bio-Rad Laboratories, Ontario, CA) on an 

Criterion AnyKD SDS-PAGE gel (Bio-Rad), and run at 125V for 70 minutes in Criterion system 

(Bio-Rad) filled with SDS-Glycine Buffer. Protein bands were visualized with Invitrogen Colloidal 

Blue Staining Kit (Thermo Fisher Scientific, Ontario, Canada). Protein yields were measured with 

Pierce BCA Protein Assay (Thermo Fisher Scientific), and upon determination of sufficient yield 

and visual purity, samples were aliquoted at 4 mg/mL in Lo-Bind Protein tubes (Eppendorf).  

 

2.4.2 Linear Peptide Design 

 

 Linear peptide design began by analyzing output from various epitope prediction 

software tools. Epitope data was generated against the amino acid sequence of isoform abrin-a. 

Since individual epitope predictor platforms commonly utilize different factor scales to 

correlate amino acid sequence with antigenic strength, results from all platforms were 

collected in excel, and individual amino acid scores were tabulated together to form an overall 

integrated score for each amino acid of both A- and B-subunits of the protein. Cross-platform 

integration seeks to maximize common prediction strengths of each tool, while minimizing 

individual outliers. Stretches of amino acids that correlated with high prediction epitope 
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antigenicity were selected as epitope candidates. Candidate regions of interest were then 

filtered through several criteria as follows: 

 

1. Length: This study focused on using linear peptides between 10-15 amino acids in 

length, and therefore amino acid residues of highest strength in a given region of 

interest must fit approximately within this size window. 

 

2. Cysteine residues: Regions of interest were scanned for cysteine residues, and flagged 

for complete omission, altered positioning, or exchanging wild-type cysteine for an 

alternative amino acid residue. Cysteine residues interfere with peptide conjugation. 

 

3. External accessibility: Regions of interest were visually assessed for external solvent 

accessibility using Swiss PDB Viewer. Crystal protein structure of Abrin-a was used for 

visualization. 

 

4. Glycosylation: Glycosylated moieties were visualized in Swiss PDB Viewer. Linear 

peptides were not synthesized glycosylated, and therefore epitope candidates that 

either a) contained glycosylated residues, or b) were proximally adjacent to glycosylated 

residues, were omitted. 

 

5. Key amino acids: Certain amino acids, or combinations thereof, are associated with 

poor antigenicity, peptide manufacturing, or both. 

 

6. Secondary Structure: Utilizing Swiss PDB Viewer, regions were isolated and inspected 

for hydrogen bonding requirements, both intrapeptide and bonds to nearby folded 

domains. Notably, certain secondary motifs such as β-folds were excluded. 

 

7. Hydrophobicity: Further limitations were imposed by the requirement of manufacturing 

peptides soluble in aqueous buffer. Hydrophobicity calculators including Pepcalc.com 
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Peptide Property Calculator (Innovagen) were applied to regions of interest, in order to 

estimate overall peptide solubility, as well as individual amino acid residues. Candidate 

epitopes were lengthened or shortened in order to eliminate highly hydrophobic 

residues. 

 

8. Sequence homology: Homology of abrin-a linear peptides to other abrin isoforms was 

favourable, while peptides with high homology (>75%) with Abrus precatorius 

agglutinin, ricin toxin, and Ricinus communis agglutinin were less favourable.  

 

9. Known ricin mAb epitopes: Reported monoclonal antibodies to ricin with known 

epitope identity sequences were correlated positionally to abrin regions of interest 

using superimposition tool in Swiss PDB Viewer. Ricin was superimposed onto abrin, and 

abrin peptide candidates with similar primary and secondary structure were noted, with 

additional favour of selection to ricin-neutralizing mAb epitopes. 

 

10. Terminal Cysteine placement: Lastly, abrin A-chain and B-chain epitope sequence 

designs that were deemed strong candidates were terminally-tagged with a cysteine 

residue, with either C-terminus or N-terminus attachment influenced with regard to 

hydrophobicity and uninhibited spatial presentation of key secondary structure to the 

solvent. 

 

 Linear peptide candidate designs were synthesized by Biomatik (Biomatik Corporation, 

Ontario, CA. 3.0 mg of KLH-conjugated peptide and 7.0 mg of BSA-conjugated peptide were 

produced for each linear peptide design. Amino acids were produced using SMCC as the 

coupling agent. Manufacturing purity of final product was set at 95% or higher, with less than 

1% of acetate or 1% of trifluoroacetic acid content. Final product identity was verified by mass 

spectrometry analysis. Peptides were lyophilized and shipped on ice. 
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2.4.3 Immunization Schedule 

 

 Lyophilized KLH-bound peptides were dissolved in cold PBS, pH 7.2, diluted to make six 

aliquots of 140 μg peptide in 525 μL of PBS. Female BALB/c mice approximately 5-6 weeks old 

were used for peptide immunizations (University of Manitoba - Central Animal Care Services, 

University of Manitoba, Manitoba, CA and Charles River Laboratories, Quebec, CA). Six mice per 

peptide were immunized, with immunization schedule as follows. Each mouse was first pre-

bled to collect naïve sera, with 50 μL removed from the saphenous vein. Each mouse was 

inoculated subcutaneously on the back with 100 μL solution (80% peptide, 20% EMULSIGEN® 

(MVP adjuvants®) working out to 21.3 μg of peptide per mouse. Mice were boosted with 100 μL 

of 80-20 formulation at 21, 35, 49 and 63 days post-inoculation (dpi). Trial bleeds (100 μL from 

saphenous vein) were collected at 42 and 70 dpi. 

 

2.4.4 Direct ELISA for Screening 

 

 Nunc Maxisorp plates (Sigma-Aldrich Canada, Ontario, CA) were coated with 100 

ng/well in 100 μL PBS, pH 7.2. The next morning, plates were transferred into a biosafety 

cabinet where liquid in wells was removed with a pipette, and washed 4 times by hand. Plates 

were blocked, sealed, and incubated for 2 hours at 37⁰C. Plates were blocked with 250 μL 

blocking buffer containing 0.2% skim milk powder and 0.2% fetal bovine serum (FBS) in PBS. 

Plates were washed 4 times, and plates were incubated with 100 μL murine sera diluted 1/200 

in 100 μL blocking buffer for 2 hours at 37⁰C. Anti-abrin Tetracore murine IgG mAb (Tetracore 

Inc, Maryland, USA ) was added for positive controls, and negative controls utilized an anti-

influenza virus murine IgG mAb F149 (NML Monoclonal Antibodies Core, Science Technology 

Cores and Services, Manitoba, CA). Plates were washed 8 times and coated with anti-mouse IgG 

Fc horseradish peroxidase (HRP) secondary antibody (Jackson ImmunoResearch, Pennsylvania, 

USA) diluted 1/2500 in 100 μL blocking buffer, and incubated at 37⁰C for 1 hour. Plates were 

washed 8x with Milli-Q H2O, and 100 μL of 1mM ABTS in citrate buffer (Sigma-Aldrich Canada) 

was added to each well. Plates were sealed and shaken at 200 rpm at room temperature for 1 
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hour, and subsequently read on Victor3 plate reader (PerkinElmer, Massachusetts, USA) at 405 

nm. ELISAs were performed on pre-bleed sera and both trial bleeds.  

 

2.4.5 Hybridoma Production 

  

2.4.5.1      Fusions 

 

 Mice were exsanguinated and spleens removed by Veterinary Technology Services (VTS, 

NML). Spleens were perfused with 40 mL of fresh BD medium (avoiding re-uptake of cells) using 

21 or 23 gauge needles to flush out and isolate splenocytes. Splenocytes and media were 

transferred to a 50 mL falcon tube, and transferred again to a second falcon tube, leaving 

behind settled tissue.  

 Splenocytes were centrifuged at 1,300 rpm for 8 min, supernatant transferred to a new 

tube, and 10 μL of supernatant mixed with 90 μL trypan blue for counting with a 

hemocytometer. Flasks of Sp2/0-Ag14 myeloma cells (ATCC CRL-1581, American Type Culture 

Collection, Virginia, USA) were counted with hemocytometer. Cell numbers were determined 

such as to establish a 10:1 splenocyte-to-myeloma fusion ratio. Splenocytes and Sp2 myeloma 

cells were washed 4 times by centrifuging at 1,300 rpm for 8 minutes in 50 mL falcon tubes, 

adding fresh BD medium each time. Both cell types were combined, mixed, and centrifuged at 

1,000 rpm for 8 minutes. Supernatant was removed, and falcon tube containing the cell pellet 

drained of residual liquid upside down. 

 Fusion began by tapping cell pellet, and slowly adding 1 mL of polyethylene glycol 1500 

(PEG 1500) (Roche Diagnostics, Quebec, CA) dropwise over 1 min, and tapping for 30s. 9 mL of 

BD medium was added, and fused cells incubated 10 min at 37⁰C in a water bath. Cells were 

centrifuged at 1,000 rpm for 10 minutes, supernatant removed, and 5 mL FBS-supplemented 

BD medium added. Cells were incubated 1 hour at 37⁰C. Following incubation, 2 x 2.5 mL of 

splenocyte-Sp2 cells were added to 2 90 mL bottles of ClonaCell-HY Medium D (STEMCELL 

Technologies, British Columbia, CA) prewarmed at 37⁰C, with 300 μL per bottle of  Hybridoma 

Fusion and Cloning Supplement (Sigma-Aldrich Canada), mixed well, and transferred in 10 mL 
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aliquots to sterile petri dishes. Fusions were incubated at 37⁰C with 5% CO2 for 10-14 days, 

until clones were visibly suitable for picking. 

  

2.4.5.2      Clone Screening 

 

 Upon observation of cell confluence, picked clones were primary screened by direct 

ELISA as described in section 2.4.4. Using 100 μL of hybridoma cell media, positive clones were 

selected for scale up.  

 Secondary screening was performed by performing direct ELISA on serially-diluted (1/2 

to 1/16) clones once evidence of growth was visible in the wells. Individual clones were 

isotyped, renamed, and documented. Each clone was frozen by centrifuging approximately 

1x107 cells/mL at 1,300 rpm for 8 minutes, and resuspending pellet in 1 mL of freezing media 

(fresh BD mAb media with 10% DMSO). Cell suspension was transferred to a cryovial, labelled, 

and frozen overnight at -80⁰C in isopropanol followed by long-term storage in a -150⁰C freezer. 

 

2.4.5.3      Subcloning 

 

 Subcloning was carried out once clones in T25 achieved 80% viability. Cells were 

counted by manual hemocytometer and diluted to achieve a count of 1,700 cells in 24 mL BD 

mAb media in a 50 mL falcon tube. For each clone, 300 μL of cell suspension was added to each 

well in the first columns of two 96-well U-bottom plates. 150  μL of BD mAb media was added 

to all other wells, and cells were serially-diluted 1-in-2 across the plate, ensuring ample mixing 

by pipette for each dilution. Plates were covered and placed in 37⁰C incubator for 7-10 days.  

 Direct ELISA was carried out on columns 4-12 of each plate. Subclones were screened 

against abrin-coated and BSA-coated plates. Highest-diluted subclone wells (one per clone) 

with high anti-abrin Abs450nm (values above 1.5-2.0) and negligible BSA values were selected and 

subclones transferred to 24-well plates and then T25 flasks. One token of each subclone was 

frozen in a cryovial and stored as a subclone 1 (S.C. 1) stock. 

 The entire subclone process was repeated as described on all S.C.1 hybridomas, 

maintaining two plates of diluted subclones per clone. Clones were screened for anti-abrin and 
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anti-BSA reactivity, and the best S.C.2 for each clone was transferred to 24-well plates followed 

by T25 and T75 flasks. 10 token stocks of each S.C.2 were frozen.  

 

2.4.5.4      Roller Bottle Preparation 

 

 Cell stocks were grown to achieve between 2x107 to 5x107 total cells per roller bottle, at 

a minimum viability of 85%. Upon achieving desired growth status, cells were detached from 

plastic by rinsing, transferred into a 50 mL falcon tube, and centrifuged at 1,300 rpm for 7 

minutes to pellet cells. Cell pellets were combined in 10 mL of serum-free BD mAb media. Cells 

were redistributed by pipetting, and added to 1L plastic vented roller bottle along with 250 mL 

of serum-free BD mAb media and 250 mL of Hyclone media. Serum-free BD mAb media 

contained 1 L of BD Cell Medium, 1% L-glutamine, 1% antibiotic-antimycotic, and 1% HT Media 

Supplement 50X Hybri-Max™ (2 vials). Hyclone serum-free media was supplemented according 

to the same recipe. 

 Roller bottles were incubated at 37⁰C for 10 days. At 7 days, roller bottles were sampled 

to determine cell viability. If viability was poorer than 25%, another portion of cells and 10 mL 

of L-glutamine was added, and roller bottle was incubated up to 14 days. Roller bottles were 

harvested by collecting contents, centrifuging at 1,000 x G for 30 minutes, followed by 

collection and freezing of cell-removed media at -20⁰C. Two roller bottles were seeded per 

antibody. 

 

2.4.5.5      Concentration and Purification 

 
 The hybridoma cell-free supernatants were concentrated using nitrogen gas 

ultrafiltration at RT, using Amicon Stirred Cell 400 mL 30K MWCO Ultrafiltration Units (Sigma-

Aldrich Canada, Ontario, CA). Media for each mAb were concentrated 1:10 to approximately 

100 mL. Concentrate was stored at -20⁰C until purification stage. 

 Supernatant was sterile-filtered through a 0.45 μm filter into a sterile plastic bottle. 

Antibodies were purified using ÄKTA Fast Performance Liquid Chromatography (GE). Utilizing a 

1 mL HiTrap Protein A HP 1 mL Column (Cytiva Life Sciences, Massachusetts, USA), as per 

manufacturer’s instructions.   
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 Purified sample product was measured using the Pierce™ BCA Protein Assay Kit (Thermo 

Fisher Scientific, Ontario, Canada), with a starting undiluted sample volume of 50 μL, with 1-in-2 

dilution for a dilution series of 8 wells. If mAb concentration was excessively high, sample was 

pre-diluted 1-in-5 prior to addition to plate. 

If antibody concentration is determined to be less than 1 mg/mL, maximum potential 

concentration at minimum volume is calculated, and then desired concentration and volume is 

re-calculated, and sample is re-concentrated in order to adjust concentration to at least 1 

mg/mL for long-term storage. Second stage of concentration was performed using 30 K MWCO 

Centriprep centrifugal filters. 

 

2.4.5.6      mAb Isotyping 

 

 Clones and purified mAbs were isotyped using the IsoStrip Mouse Monoclonal  

Antibody Isotyping Kit (Roche Diagnostics, Quebec, CA) as per manufacturer’s instructions.  

 

2.4.6 SDS-PAGE 

 

 For a 12-well gel, 100 ng of abrin was added to 12 μL of 2X SDS Sample Loading Buffer 

(Bio-Rad Laboratories, Ontario, CA), heated in boiling water for 10 minutes, and placed on ice to 

cool. If blotting of reduced-subunit antigen was desired, 100 mM DTT was added to 2x SDS 

buffer). Precision Plus Protein Kaleidoscope Ladder, MW range 10-250 kDa (Bio-Rad 

Laboratories, Ontario, CA) was used. Samples were loaded into wells of Criterion TGX Precast 

Gels (Bio-Rad Laboratories, Ontario, CA) placed in a Criterion Blotter with 10% 10x 

Tris/Glycine/SDS running buffer (Bio-Rad Laboratories, Ontario, CA). Criterion AnyKD  or 12% 

TGX gels were employed for non-reduced abrin, and Criterion 7.5% TGX gels were used when 

performing SDS-PAGE on reduced abrin. SDS-PAGE was run at 120 V for 60-70 minutes. 

 

2.4.7 Western Blotting 

 

 Immun-Blot® PVDF membrane (Bio-Rad Laboratories, Ontario, CA) was pre-soaked in 

100% methanol (MeOH) for 2 minutes. PVDF membrane, SDS-PAGE gel, filter paper, pads, and 
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blot case were soaked in transfer buffer for 10 minutes. Transfer buffer was composed of 10% 

10X Tris/Glycine/SDS Buffer (Bio-Rad Laboratories) with 20% MeOH. Western blot was run at 

100 V for 60 min at 4 degrees Celsius with freezer packs, on top of a stir bar plate. Following 

transfer of proteins to PVDF membrane, membrane was washed on a shaking platform 3 times 

for 5 minutes each with TBS buffer. Membrane was incubated for 2 hours at room temp on a 

shaking platform in TBS blocking buffer with 10% skim milk. Membrane was washed 3 times in 

TBS buffer.  

 If necessary, membrane was cut into separate strips for blotting with separate 

antibodies. Purified antibodies were diluted to 1 μg/mL in TBS-T blocking buffer (10% skim milk 

and 0.1% Tween-20). Membrane was incubated in mAb-TBS-T mixture for 1 hour at room temp 

or 4 degrees Celsius overnight. Membranes were washed 3 times in TBS-T without skim milk, 

and incubated in Goat Anti-Mouse IgG(H+L)-HRP secondary antibody (SouthernBiotech, 

Alabama, USA) diluted 1/2500 in TBS-T blocking buffer for 1 hour. Membranes were again 

washed 3 times in TBS-T buffer. Blots were developed in 1-Step TMB-Blotting Substrate 

Solution (Thermo Fisher Scientific) until fully developed with minimal background, and rinsed in 

Milli-Q H2O to stop colorimetric development. 
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2.5 Results 
 

 

2.5.1 Development of Standard Abrin Control Reference Material 
  

 Development of standardized abrin control material from the seeds of Abrus precatorius 

was prioritized as the very first task. This was accomplished by implementing a two-step fast-

performance liquid chromatography (FPLC) method previously described by Hegde et. al. and 

also employed by Worbs et. al. (30, 184)  

 SDS-PAGE of the elution fractions is depicted in Figure 2.1. The larger protein, APA, 

elutes first. Lanes 9-11 contain the majority of the third SEC chromatography peak, with 

molecular weight corresponding to abrin. Fractions in between contain abrin and split 67 kDa 

agglutinin proteins denatured by heat during seed slurry extraction. 

 

 

 
 

Figure 2.1. Native SDS-PAGE of SEC Elution 500 μL Fractions. Electrophoresis was carried out 
using Criterion Tris-Glycine AnyKD gel in Tris-Glycine-SDS running buffer. Fractions from each 
peak are denoted. AP can be seen in lanes 1-5, whereby 130 kDa tetramer had been split by 
denaturation into 67 kDa dimers. Multiple bands can be seen in all 60-70 kDa ranges, indicating 
heterogeneity possibly due to multiple isoforms. Abrin fractions were strongly reactive to 
commercial anti-abrin mAbs in ELISA. 
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2.5.2 In silico Abrin Epitope Prediction 

 

2.5.2.1      Discovery of Initial Candidate Epitopes 

 

Results of 25 different in silico B-cell epitope prediction programs were aggregated to 

establish a pooled-vote consensus of predicted epitopes. Each time an amino acid was 

predicted to be a part of an epitope, a value of “1” was assigned, and cumulative hit scores 

were summed. Amino Acid Hit Scores are plotted along the polypeptide sequences of the A-

chain and B-chain respectively in Figures 2.2 and 2.3. Median Hit Scores were 8 for the A-chain, 

and 9 for the B-chain. Shown in parallel above the plots are selected consensus epitope 

candidates, key functional and N-glycosylated residues, previously-identified linear ricin 

epitopes, and regions with less than 10% solvent accessibility on the 3D crystal structure of 

abrin (1ABR) as calculated in Swiss PDB Viewer.  

 Thirteen consensus epitope regions were identified on the A-chain, sizes ranging from 7-

22 amino acids, mean 13.2. Stretches of sequence determined to have less than 10% solvent 

accessibility were excluded, although several of these regions did have moderately-high Hit 

Scores. Known linear epitopes to ricin did generally overlap with in silico-predicted abrin 

candidates. Notably, of the five catalytic residues, only Tyr112 was contained within a predicted 

epitope region, as the other four were less exposed to solvent. Three A-chain sequence 

candidates were ordered as synthetic linear peptides, namely A-2, A-5, and A-7. Factors in 

selection of these particular regions included proximity to the A-chain catalytic cleft, as well as 

overlap of neutralizing and non-neutralizing ricin epitopes, subject to limitations inherent to 

synthesis and solubility. 

 The B-chain yielded 14 consensus regions, but these tended to be much shorter than 

those identified on the A-chain. Sizes ranged from 4-15 amino acids in length, with mean of 9.5. 

Compared to the A-chain, the B-chain bears more high Hit Score regions which are less than 

10% solvent accessible. Two candidates, B-16 and B-19 were synthesized. B-16 is directly 

adjacent to Asn51, one of two sugar-binding residues, and overlaps with a neutralizing ricin 

mAb. B-19 also overlaps with a non-neutralizing ricin mAb. Although 14 epitope regions were 

predicted according to consensus, final selection of peptides to be synthesized were greatly 
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restricted by solubility and synthesis issues, especially pertaining to prevalence of hydrophobic 

β-strand moieties.  

 

 

 
Figure 2.2. Consensus Epitope Prediction Scores Across A-Chain of Abrin-a Isoform. In silico-
predicted epitope candidates (red), abrin-homologous epitope loci of previously-reported ricin 
neutralizing (green) and non-neutralizing (black) antibodies, key abrin residues involved in N-
glycosylase activity (*), and hidden stretches of polypeptide with less than 10% solvent access 
(grey). Final candidates A-2, A-5, and A-7 are displayed. 

 

 

 



55 

 

 
Figure 2.3. Consensus Epitope Prediction Scores Across B-Chain of Abrin-a Isoform. In silico-
predicted epitope candidates (red), abrin-homologous epitope loci of previously-reported ricin 
neutralizing (green) and non-neutralizing (black) antibodies, key abrin residues involved in 
lectin binding (*), N-glycosylated asparagines (ⱡ) and hidden stretches of polypeptide with less 
than 10% solvent access (grey). Final candidates B-16 and B-19 are displayed. 

 

 

2.5.2.2      Selection of Final Epitopes for Synthesis 

 

Final abrin A- and B-chain peptides are listed in Table 2-4. Figures 2.4 and 2.5 visualize 

the location of each candidate peptide (complete with amino acid residue side chains) on abrin 

A- and B-chains, respectively. Key functional residues of each chain are highlighted. All A-chain 

peptides are located around the periphery of the active cleft, surrounding the five catalytic 

residues. It is clear that all selected peptides consist in part or in whole of a flexible loop, but A-

5, A-7, and B-19 also contain α-helix structures (held together by intrapeptide hydrogen bonds). 

As mentioned earlier, B-16 is located directly within one of the sugar-binding clefts of the B-

chain.
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Table 2-4. Final A- and B-Chain Epitopes Selected for Synthesis. 

 
ID 

Sequence 
(N-term to C-term) 

 
Modifications 

Length Ricin 
Neut.? 

Abrin-b 
% 

Abrin-c 
% 

Abrin-d 
% 

 
APA% 

 
Ricin% 

 
RCA120% 

Secondary 
Structure 

 
H-Bonds 

#Consensus-
70th 

percentile 

Sequence 
Consensus 

Hit Avg 

Consensus 
Hits/Length 

H2O 
Solubility 

A-2 CLPDPTTLQERNRY 
 

13 NO 100.0 84.6 84.6 46.2 30.8 30.8 Flexible 
Coil 

5 12 12.7 92.3 Good 

A-5 CLRDAPSSASDYK N-term L>K 
(solubility) 

11 YES 81.8 81.8 81.8 63.6 9.1 9.1 Partial 
Helix 

4 9 10.6 81.8 Good 

A-7 GDLERWAHQSRQQIC 
 

14 YES 71.4 78.6 78.6 78.6 35.7 28.6 Partial 
Helix 

9 13 14.3 92.9 Good 

B-16 CMWKSKDRLEENQ C>S 12 YES 91.7 91.7 91.7 66.7 25.0 33.3 Flexible 
Coil 

3 5 10.1 41.7 Good 

B-19 DCTSAVAEATYWE 
 

13 NO 100.0 100.0 100.0 84.6 46.2 38.5 Partial 
Helix 

6 0 6.92 0.0 Good 
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Figure 2.4. Schematic of Selected A-Chain Linear Peptide Epitope Candidates. Epitopes A-2 
(purple), A-5 (red), and A-7 (orange) on 3D abrin X-ray crystallography file 1ABR produced in 
Swiss-PdbViewer (version 4.1.0). Key amino acids involved in N-glycosylase reaction are 
highlighted as van der Waal’s dots: Y74 (dark green), Y113 (dark blue), and W198 (gold) 
involved in substrate binding, with E164 (red) and R167 (light blue) directly employed in 
catalysis. 
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Figure 2.5. Schematic of Selected B-Chain Linear Peptide Epitope Candidates. Epitopes B-16 
(cyan), B-19 (blue) on 3D abrin X-ray crystallography file 1ABR produced in Swiss-PdbViewer 
(version 4.1.0) Asn51 (red van der Waal’s dots) and Asn260 (purple van der Waal’s dots) directly 
bind galactosylated residues on host cells. 

 

 

2.5.3 mAb Development 

 

2.5.3.1      Sera Reactivity 

 

Trial bleed sera after two rounds of peptide boosts were analyzed by ELISA (Figure 2.6). 

Sera was assayed against purified abrin holotoxin, BSA-conjugated synthetic peptide, as well as 

bovine serum albumin (BSA) to account for any non-specific binding. Sera against 3 A-chain and 

2 B-chain peptides were raised, in 6 BALB/c mice per peptide.  

 Serological reactivity of three peptides to native full abrin toxin was poor. Though mice 

immunized with A-2 and A-5 peptides yielded sufficient reactivity against the peptide itself 

conjugated to BSA, Abs450nm of abrin wells was less than 0.5 for 5/6 mice each. Non-specific 

binding to BSA was present as well (Fig. 2.6A and 2.6C). B-16 peptide-immunized mice 

demonstrated poor response against both peptide and holotoxin (Figure 2.6D). During the 

course of immunization with B-16 peptide, three BALB/c mice expired for unknown reasons. 
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 As visualized in Figure 2.6C, the hyperimmune response to A-7 peptide was favourable. 

Sera of all six mice produced Abs450nm values greater than 0.750 against abrin, and 4/6 mice had 

signals greater than 1.0 Abs450nm. B-19 peptide had by far the strongest humoral response of all 

evaluated peptide, with sera of all 6 mice yielding Abs450nm signals of 1.5 or greater against 

native abrin (Fig. 2.6E). Non-specific binding of A-7 and B-19 sera against BSA was negligible. 

Mice immunized with these two peptides were advanced for hybridoma production.  

 Although abrin-specific antibodies were eventually derived, thin spleens were 

consistently isolated from all A-7 and B-19 mice. This is indicative of a less-than-ideal immune 

response to the immunogen. 

 
 

Figure 2.6. Direct ELISA Screening of Peptide-Immunized Sera from BALB/c Mice. Sera from 
second test bleeds (70 d.p.i.) were diluted 1/200 and screened against 100ng/well each of 
abrin, peptides individually-conjugated to BSA, and BSA alone. A-C) A-chain peptides, D-E) B-
chain peptides. 
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2.5.3.2      Evaluation of mAb Reactivity by ELISA 

 

 Hybridoma production and screening resulted in isolation of 3 mAbs directed against A-

chain 9, and 6 mAbs directed against B-chain 19. Roller bottles of antibodies were purified as 

outlined in section 2.4.5 of the Methods, and isotyping revealed all mAbs to be IgG1, with kappa 

light chains. Purification elutions of A-chain and B-chain mAbs were analyzed in native SDS-

PAGE, presented in Figure 2.7. The Tetracore anti-abrin mAb was loaded into lane 12 to serve 

as a control, and exhibits an identical distribution of sub-fragments as the purified B-chain 

mAbs. 

 

 
 

Figure 2.7. SDS-PAGE of Protein A Affinity-Purified mAbs. A-chain mAbs (A1-A3) were purified 
by gravitational-drip column chromatography, B-chain mAbs (B1-B6) were purified by ÄKTA Fast 
Protein Liquid Chromatography (FPLC). FPLC resulted in superior removal of antibody fragment 
sub-species.  
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Table 2-5. Summary of Purified mAbs and Final Concentrations. 

mAb Name Fusion ID Epitope Final Conc. (mg/mL) 

A1   F435G1-SC2 A-Chain 1.4 

A2   F429G2-SC2 A-Chain 1.1 

A3   F429G3-SC2 A-Chain 2.5 

B1 F432G1-SC2 B-Chain 1.5 

B2 F433G2-SC2 B-Chain 3.0 

B3 F433G3-SC2 B-Chain 3.0 

B4 F433G4-SC2 B-Chain 4.0 

B5 F433G5-SC2 B-Chain 3.0 

B6 F433G6-SC2 B-Chain 2.0 

 

 

 Monoclonals were first evaluated by titration ELISAs to assess relative binding reactivity 

at different concentrations. Titrations were carried out in a direct ELISA format against 100 ng 

per well of abrin toxin, APA, or BSA. The Tetracore mAb served as a positive control. Relative 

binding affinity ELISA titration datasets are overlaid in Figure 2.8. Figure 2.8A and 2.8B display 

binding of A-chain and B-chain mAbs, respectively to purified abrin toxin. It is clear that the 

mAbs with greatest reactivity for abrin A-chain subunit are A3 and A2, and for the B-chain 

subunit B2 and B6. The overlay of all collective anti-abrin mAbs (both chains) against abrin toxin 

is shown in Fig. 2.8C, and reveals a marked increased strength of binding reactivity of the 

Tetracore B-chain mAb relative to all linear peptide-derived mAbs. Finally, Fig. 2.8D displays 

binding reactivities of all mAbs against the APA agglutinin protein, with B2 and B6 likewise 

having strongest reactivities against APA.  

 Amongst the mAbs directed against the A-chain 9 linear peptide, mAb A3 exhibited the 

strongest reactivity to abrin, followed by A2. A1 bound abrin weakly over all concentrations. In 

contrast to the Tetracore mAb which maintains strong and saturated Abs405nm signal over 2.0 

for many concentrations, all of the A-chain mAbs demonstrate a decline of signal strength over 

all concentrations of mAb. This indicates that reactivity of individual mAbs is not especially 

strong, and high concentrations of mAb are required to achieve signal saturation. Furthermore, 

none of these mAbs achieved a signal above 2.5 Abs405, whereas the Tetracore mAb displayed 
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higher maximal signal strength. Despite evidence of only moderate reactivities, all three A-chain 

9 mAbs demonstrated high specificity for abrin, with negligible binding on APA and BSA. 

The titration ELISA data of the B-chain mAbs describes a very different set of binding 

properties. In general, these mAbs have weak reactivities as indicated by very weak signal 

strengths. The only mAbs to achieve Abs405nm values greater than 1.5 are B2 and B6. 

Concentrations of mAb greater than 10 μg/mL are likely needed to achieve full signal 

saturation, as complete saturation did not occur for any of the mAbs. However, many of the 

mAbs with very low signal (B1, B3, B5) exhibited data points approaching saturation, suggesting 

that these mAbs would exhibit very poor signal strength regardless of mAb concentration. 

Certainly, none of these linear peptide-derived B-chain mAbs achieved relative binding 

reactivities comparable to that of the Tetracore B-chain mAb. 

 An unexpected finding was that with exception of B1, all B-chain 19 mAbs demonstrated 

greater relative reactivity for the high homologous APA protein than for abrin toxin. This 

difference was approximately 0.5 Abs405nm higher at concentrations 2.5 μg/mL and above. It is 

noteworthy that the Tetracore B-chain possesses minor residual reactivity for APA, yet overall, 

the mAb is very selective for abrin. Binding of all B-chain mAbs to BSA was negligible.  
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Figure 2.8. Comparative Overlay of mAb Titration ELISA Curves. A) A-chain mAbs against 100 
ng abrin, B-chain mAbs against 100 ng abrin, C) All mAbs against 100 ng abrin, D) All mAbs 
against 100 ng APA. 

 

  

2.5.3.3      Evaluation of mAb Cross-Reactivity via Western Blot  

 

 Western blots were performed in order to visualize binding specificity to toxin subunits, 

as well as to evaluate potential for cross-reactive binding to proteins in the seed mashes of 

other plant species. Tested species included Crotum tiglium, Jatropha curcas, and Robinia 

pseudocacia. In addition, mash of Abrus precatorius (Ap), as well as FPLC-purified abrin toxin 

(AT) and ricin toxin were tested. In contrast to the ELISA which measures binding to native 

proteins, the western blot assesses binding to proteins which have been reduced and 

denatured. 
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 Western blots of anti-A-chain mAbs are presented in Figure 2.9. All three mAbs bound 

to protein at the expected 28 kDa molecular weight of the abrin A-chain, in both the Ap mash 

and purified abrin toxin. The A1 mAb in Fig. 2.9A demonstrates equally-strong binding to two 

bands close in size, which correspond to the 28 kDa A-chain size (found in abrin-a, abrin-d, and 

APA), and the 31 kDa A-chain sizes found. Conversely, A1 only produces a single band in the 

abrin toxin lane, implying that either not all isoforms are present in the FPLC-purified abrin, or 

A1 binds to denatured APA A-chain. mAb-A2 in Fig. 2.9B and mAb A3 in Fig. 2.9C  bind more 

strongly to the heavier A-chain band, with minor binding to the lighter one. There is residual 

binding to even smaller weight proteins, which may consist of degraded antigens in the mash. 

Likewise, both A2 and A3 only bind to a single protein in the AT lane. 

 Western blots of B-chain mAbs are shown in Figure 2.9D-I. There are two abrin isoform 

variants of the B-chain, as well as an APA B-chain, accounting for the 2-3 bands that appear at 

close to the 35 kDa molecular weight size. All B-chain mAbs except B1 bind to multiple B-chain 

isoforms, which is consistent with B1 binding more strongly to abrin that APA. The mAbs B2 

through B6 demonstrate various relative reactivities corresponding to multiple B-chain 

isoforms. None of the B-chain linear peptide mAbs exhibit binding to pure AT within these 

western blots, indicative of the degradation of this control material. The mAbs were reactive 

with a protein of the correct molecular weight in the seed mash, indicating positive reactivity to 

abrin. Unfortunately, due to essential COVID-19 work solely being conducted within the lab, 

another repeat of AT was not conducted, and the mash serves as the positive crude control. 

 The Tetracore B-chain mAb was also applied to the mashes and pure toxins (Fig. 2.10), 

and exhibits binding of various reactivities to three distinct sizes of B-chain isoforms in the Ap 

mash. Again, binding to AT is not markedly demonstrated, although an extremely faint band 

can be seen at the expected molecular weight, and thus the seed mash serves as the positive 

control. 

 None of the mAbs, including the Tetracore mAb, demonstrated any binding to the seed 

mashes of plants of other species. Furthermore, none of them displayed any binding to ricin 

toxin, which bears moderate primary sequence homology and (high secondary and tertiary 

structural homology) to abrin toxin. 
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Figure 2.9. Cross-Reactivity of A-Chain & B-Chain mAbs Against Seeds of other Toxins. Seed 
mashes were loaded 1:50-diluted in loading buffer, included Abrus precatorius (Ap), Crotum 
tiglium (Ct), Jatropha curcas (Jc), and Robinia pseudocacia (Rp). AT is FPLC-purified abrin toxin, 
RT is FPLC-purified ricin toxin. A-chain linear mAbs are specific to abrin without visible evidence 
of cross-reactivity for epitopes of other species. B-chain linear mAbs are specific to abrin 
without visible evidence of cross-reactivity for epitopes of other species. Also, mAbs B2 through 
B6 exhibit reactivity for B-chain proteins of multiple proteins and isoforms. B-chain mAbs did 
not react with age-denatured FPLC-purified abrin used in this assay. 

 

 

 

 
 

Figure 2.10. Cross-Reactivity of Reference Control Tetracore B-Chain mAb Against Seeds of 
other Toxins. Seed mashes included Abrus precatorius (Ap), Crotum tiglium (Ct), Jatropha 
curcas (Jc), and Robinia pseudocacia (Rp). AT is FPLC-purified abrin toxin, RT is FPLC-purified 
ricin toxin. No cross reactivity of Tetracore mAb to seeds of other species or ricin toxin. FPLC-
abrin is aged and denatured. 

 

2.5.3.4      Evaluation of mAb Neutralization Properties 

 

 Lastly, mAbs were characterized in terms of functional capacity to neutralize abrin 

toxicity, in both cell-free translation and cytotoxicity experimental assays. The cell-free 
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translation assay measures the degree to which abrin toxin is permitted to enzymatically-cleave 

28S rRNA, thus inhibiting translation of luciferase protein. Given that the in vitro rabbit 

reticulocyte lysate ribosomes are not compartmentalized within a surrounding cellular 

membrane, this assay is only expected to measure neutralization of the catalytic A-chain. 

Results are presented in Figure 2.11, with translation measured as a percentage of luciferase 

signal relative to the positive assay control. None of the mAbs provided any indication of 

neutralization capability, including the Tetracore mAb. The Tetracore polyclonal antibodies 

directed against the A-chain provided a minimal degree of neutralization (mean value 7.13%), 

but was overall very insufficient, especially given that the pAb consists of a mixture of anti-A-

chain antibodies. 

 

 
 

Figure 2.11. Toxin Neutralization Cell-Free Translation Assay. Individual mAbs were incubated 
for 30 minutes with toxin at ratios of 10:1 and 100:1 prior to addition to rabbit reticulocyte 
lysate mix. Linear peptide mAbs have no discernible toxin-neutralizing capabilities. This assay 
measures ability of antibodies to neutralize A-chain-specific N-glycosylase enzymatic activity. 
Only Tetracore A-chain pAb demonstrated any degree of A-chain neutralizing capability. 
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 The cytotoxicity experiment (Figure 2.12) likewise revealed that none of the linear 

peptide-derived mAbs exhibited any degree of neutralization when toxin was added to cells. 

Somewhat surprisingly, the Tetracore B-chain mAb, but not the A-chain pAb, exhibited some 

neutralization capability. The Tetracore mAb yielded a mean translation inhibition value of 

4.46% translation at an antibody: toxin ratio of 10:1, and 14.90% at 100:1. Though not a strong 

level of neutralization, this is an interesting outcome relative to the cell-free experiment, given 

that the cytotoxicity assay requires the toxin to first gain access into the cytosol prior to 

exerting ribotoxicity.  

 

 
 

Figure 2.12. Toxin Neutralization Cytotoxicity Assay in Vero cells. Individual mAbs were 
incubated for 30 minutes with toxin at 10:1 and 100:1 ratios prior to addition to Vero cells. 
Linear peptide mAbs have no discernible toxin-neutralizing capabilities. Tetracore B-chain mAb 
was very-weakly neutralizing at these mAb-toxin ratios. 
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2.6 Discussion 
 

 Herein, we implemented an immunization strategy using synthetic peptides to 

circumvent in vivo lethality of the abrin holotoxin. Highly accurate in silico prediction of B cell 

epitopes using sequence- and structure-based algorithms has long been sought, yet still 

remains elusive and fairly speculative. Therefore, we combined analysis outputs of 25 different 

epitope prediction platforms, resulting in a highest-vote consensus tally of epitope prediction 

for each amino acid in the abrin toxin sequence. 

 In silico consensus prediction yielded 13 epitope sequences on the A-chain, and 14 on 

the B-chain. Selection of final candidates for peptide synthesis primarily involved considerations 

of strength of consensus-summed prediction score, proximity to functional residues on abrin, as 

well as relative positional overlap of previously-identified linear epitopes of ricin. Finally, 

limitations of peptide solubility and the peptide manufacturing process itself further narrowed 

the scope of candidate sequences. Ultimately, three A-chain peptides and two B-chain peptides 

were selected for hybridoma development. Hyperimmune sera reacted strongly to all 

respective peptides, but only peptides A-7 (GDLERWAHQSRQQI-C), and B-19 

(DCTSAVAEATYWE) yielded strong and specific sera responses to native abrin toxin by ELISA. 

Hybridoma production from these two groups of abrin-reactive mice yielded a total of 9 

purified mAbs, 3 to the A-chain and 6 to the B-chain. All three mAbs raised from peptide A-7 

were highly specific to abrin toxin over Abrus precatorius agglutinin, and two of these exhibited 

moderate strength reactivities to abrin in titration ELISA. Only one of the six B-chain mAbs 

exhibited moderate titration reactivity strength to abrin, with the majority of these six 

antibodies displaying mild reactivities relative to the very high binding performance exhibited 

by the commercially-available B-chain mAb procured from Tetracore. Additionally, 5/6 B-chain 

mAbs had slightly higher reactivities for APA agglutinin over abrin toxin. Although this outcome 

renders these peptide B-chain mAbs infeasible for abrin-specific assays, the fact that crude 

toxin preps carry both protein species may establish some value in detecting samples 

containing both abrin and APA. 
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The contrast in APA- reactivity between A-7 mAbs and B-19 mAbs may be explained in 

terms of the two peptide sequence homologies between abrin-a and APA (Figures 2.13A, B). 

The corresponding abrin-a epitope sequences of A-7 and B-19 are overall 78.6% and 84.6% 

homologous to the respective position in APA, but differences in biochemical amino acid class 

of side-chains (Thr/Ser in B-19 vs. Arg/Lys in A-7) may be decisive.  

 

 

Figure 2.13. Sequence Homology Between Abrin-a and APA of A-7 and B-19 Epitopes to which 
mAbs were Successfully Produced in this Study. 

 

None of the mAbs directed against A-7 or B-19 epitope sequences were neutralizing in 

cell-free assay nor cytotoxicity assay, indicating that A-chain N-glycosylase activity and B-cell-

mediated cellular uptake were not impeded by any mAbs. B-19 is located on the backside of the 

domain 1 sugar-binding pocket, and therefore was not expected to be neutralizing, especially 

since the abrin B-19 sequence overlaps ricin mAb SA3 which was not neutralizing. (185) 

However, it was somewhat expected that mAbs directed against A-7 might be neutralizing 

given the proximity to the catalytic cleft of the A-chain, directly adjacent to key catalytic residue 

Tyr113. Follow-up analysis of the 3D crystal structure revealed that this epitope was angled out 

and away from the interior of the catalytic pocket, whereas alignment and visualization of 

neutralizing ricin epitopes revealed they are angled towards the center of the interior of the 

pocket, directly blocking access to the catalytic residues at the center. Though A-7 is directly 

adjacent to Tyr113, there is a kink at Gly112 such that epitope A-7 is facing outward and away 

from Tyr113. 
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The remaining peptides that did not produce murine immune responses sufficient for 

hybridoma production, A-2, A-5, and B-16, were all anticipated to be regions which may have 

yielded toxin-neutralizing antibodies. A-5 in particular faces directly into the A-chain catalytic 

pocket, and multiple ricin-neutralizing mAbs (PB10, R70) have been shown to bind to the ricin-

equivalent epitope as A-5 on abrin. (186) Furthermore, the abrin-neutralizing mAb A7C4 binds 

residues adjacent to both sides of A-5, although A7C4 binds a conformational epitope. (146) 

Epitope candidate A-2 is also located proximal to the catalytic pocket, although it forms the 

outer perimeter of one side of the cleft, and therefore may not have been a neutralizing 

epitope. The equivalent site of A-2 on ricin has been identified as a linear epitope of mAb as 

well as murine and rabbit sera, but has not been demonstrated to be neutralizing. (186) 

Amongst the five peptides synthesized, B-16 was greatly expected to produce a 

neutralizing response if mAbs could be obtained from it. This is due to the fact that this epitope 

is situated directly within the sugar-binding pocket of subdomain 2α, and indeed the peptide 

contains Asn51, the sugar-binding residue within the pocket. Furthermore, the overlapping 

peptide sequence on ricin is an epitope for ricin-neutralizing mAb 24B11. (185) 

Briefly, it is worth commenting on the peptides that were successful in producing mAbs, 

and those which were not. Peptide length may have been a limitation, as it happens that only 

the longest peptides, A-7 (14-mer) and B-19 (13-mer), induced strong anti-abrin immune 

responses. The unsuccessful peptides consisted of an 11-mer, 12-mer, and 13-mer. Despite the 

literature affirming that antibody complementarity-determining regions (CDRs) do contact very 

short epitope sequences, it is quite possible that adding several additional residues may have 

stabilized intra-peptide secondary structures via extra hydrogen bonds. (187, 188) With the 

exemption of peptide B-16, A-2 and A-5 peptides stimulated a moderate immune response 

against BSA-conjugated peptide, suggesting that weak reactivity to native abrin toxin was not 

due to poor strength of anti-peptide immune responses. Adjacent external residues on B-16 

and A-2 peptides were excluded due to peptide hydrophilicity issues, but may have been 

essential for generating proper epitope conformation.  

Additionally, it was observed that both of the two mAb-yielding peptides possessed 

short α-helix secondary structures situated within flexible loops. The peptides with the weakest 
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anti-peptide and anti-abrin murine immune responses were solely flexible loops. It has been 

observed that ricin A-chain epitopes are predominantly α-helices, and B-chain epitopes are 

frequently β-strands and β-turns. It is interesting that here a successful immunogen required 

both flexibility as well as some more rigid secondary structure, and totally flexible regions were 

not ideal. Given that A-7 and B-19 peptides shared the same general structural properties, this 

may support that epitopes possessing dual properties of flexibility plus a constrained structure 

have greater chances of successfully producing antibodies reactive to native toxin. 

While B-16 is a loop, additional conformational factors are highly suspected, given the 

presence of an interpeptide Cys residue that forms a disulfide bond with Cys to ‘button’ 

together secondary structures of the subdomain 2γ sugar-binding pocket. Indeed, the Cys 

residue in the abrin B-16 region was substituted with a serine for synthesis, which removes the 

possibility of undesirable linkages to KLH carrier protein. It is highly likely in retrospect that the 

B-16 wild-type conformation is highly dependent on cysteine bonding within the B-chain. 

A modification was also made to peptide A-5, with the recommended C-terminal 

addition of a charged lysine residue in order to improve solubility. The wild-type sequence 

bears a nonpolar leucine residue where the lysine was substituted, and although this was a 

terminal modification, its discrepant presence may have prevented the immune response from 

producing abrin toxin-binding antibodies. In any peptide immunization experiment, it is 

understood that virtually any synthetic peptide will not form a perfect facsimile of the target 

antigen on the wild-type protein. Though many peptides can form sufficient approximations in 

vivo to elicit a humoral response that binds the wild-type protein, it is worth revising synthetic 

peptide designs of A-5 and B-16 given their expected toxin-neutralizing epitope loci. 

The aforementioned critique on peptide design carries the implication that a focused 

redesign of A-2, A-5, and B-16 peptides may lead to a much improved murine response against 

native abrin antigen. Underlying this belief is the presumption that these three structural 

regions of abrin toxin can in fact be approximated by KLH-tagged synthetic peptides, and that 

these regions of the native toxin are in fact sufficiently immunogenic to yield a strong immune 

response. While the former is difficult to ascertain, the latter assumption is based on the 

strength of the in silico predictive model to accurately predict antigenic regions. The purpose of 
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aggregating 25 different platforms together to form a unified consensus score is to identify 

epitope candidates which share highest agreement amongst all individual methods. After all, 

there is generally a poor confidence in the predictive accuracy of single algorithms.  

Pertaining to the five peptides of this study, region A-7 did yield antibodies with 

reactivities of moderate-high strength against native abrin toxin and had the highest consensus 

epitope prediction score on the A-chain (Fig. 2.2). On the other hand, B-19 had one of the 

lowest scores amongst the 14 predicted B-chain epitopes and coincidentally yielded mAbs with 

moderately-poor reactivity to native antigen (Fig. 2.3). Nonetheless, A-2 and B-16 were among 

the regions with highest consensus prediction scores and yet did not elicit strong responses to 

abrin toxin. Over twenty epitope candidate epitopes were obtained via the novel approach of 

combining 25 different methods, but the small scale of this study alone cannot 

comprehensively evaluate the success of translating in silico predictions into in vivo results. 

 To properly assess the capacity of bioinformatic algorithms to predict true epitopes of a 

protein, the predicted candidates must be compared against studies which have conducted 

peptide mapping of linear epitopes from various monoclonals and polyclonal sera. Historically, 

there has been a much greater research investment into antibodies against ricin than for abrin, 

and confirmed linear epitopes of ricin are also displayed in Figures 2.2 and 2.3 on the 

homologous sequence equivalent of abrin. Most linear epitopes of ricin do form overlapping 

alignments with the in silico-predicted epitopes of abrin, but are not exact matches. This was 

reasonably expected, as the sequence homology of abrin-a A- and B-chains to ricin D are 39.6% 

and 60.1% respectively, with subtle variances in secondary structure as viewed when 1ABR and 

1RZO crystal structures are overlayed together. 

 Recently, Alcalay et. al. published Pepscan results of multiple sets of anti-abrin sera, 

providing the first in-depth (though non-exhaustive) list of defined linear epitopes on abrin 

holotoxin. (189) Alcalay et. al. produced three sets of rabbit sera and one set of murine serum, 

all of which were primed with alum-adhered abrin toxin and subsequently boosted with the 

same formulation or with progressive increases of live toxin alone. For the easy of visual 

comparison, Alcalay et. al. sera epitopes are overlaid in yellow above B-cell predicted epitopes 
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in this study (A-chain in Fig. 2.14 and B-chain in Fig. 2.15). The data of Alcalay et. al. can serve as 

a ‘truth’ benchmark dataset to compare epitope prediction results of individual algorithms. 

 Alcalay et. al. reported 11 sera epitopes against the A-chain and 15 to the B-chain. It is 

evident that their mapped sera epitopes do not perfectly align with the in silico predicted 

epitopes determined in this study (shown in red). Six A-chain and nine B-chain consensus 

prediction epitopes aligned fully or in part with the serological epitopes of Alcalay et. al., 

working to cross-study correlated matches of 53.8% and 64.3%, respectively for each abrin 

subunit. The highest overall prediction overlap with Alcalay et. al. sera was attained by 

AbDesigner, with an A-B chain mean score of 73.0%, and individual A- and B-chain scores of 

72.7% and 73.3%. Chou & Fasman prediction scored second-highest overall, and amazingly, 

predicted epitopes overlapped with 100% of B-chain sera epitopes. A number of prediction 

methods exhibited strong predictive performance on the A-chain and weak performance on the 

B-chain, and vice versa. This phenomenon may be explained by the fact that the secondary 

conformational protein structure of the A-chain is dominated by α-helices, whereas the B-chain 

is dominated by β-strands and β-turns. 

Most sera epitopes of Alcalay et. al. are located in regions with less than ten percent 

calculated solvent access. Elimination of the 10% solvent accessibility threshold of in silico 

predictions would likely improve cross-study result correlation. Follow-up on secondary 

structure revealed that predominant A-chain sera epitopes were α-helices and β-turns. Sera B-

chain epitopes were nearly all β-strands and β-turns, both of which are extremely difficult to 

duplicate during manufacturing of synthetic peptides. Very few epitopes in either chain were 

flexible linear peptides, thus undermining odds of success of linear peptide immunizations.  

 The experimentally-derived epitopes of Alcalay et. al. must be viewed as a non-

exhaustive mapping, as they do not include the two epitopes of mAbs A-7 and B-19 which were 

produced here in this study. Additionally, the majority of epitopes were derived from rabbit 

sera, with the single murine serological profile having weaker reactivities and fewer abundance 

of linear epitopes. Furthermore, Alcalay et. al. obtained murine sera from CD-1 mice, whereas 

here in this study hybridomas utilized BALB/c mice. In conclusion, identification of epitopes is a 
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result of complex interplay amongst numerous humoral response variables including toxin 

antigen attenuation methods, host species, and immunodominance of a minority of epitopes.  

 

 

 
 

Figure 2.14. Overlay of Abrin A-Chain Epitopes from Alcalay et. al. Sera on Primary Sequence 
of the Three Domains of Abrin A-Chain. In silico-predicted epitope candidates (red), mapped 
epitopes of Alcalay et. al. (yellow), abrin-homologous epitope loci of previously-reported ricin 
neutralizing (green) and non-neutralizing (black) antibodies, key abrin residues involved in N-
glycosylase activity (*), and hidden stretches of polypeptide with less than 10% solvent access 
(grey). Final candidates A-2, A-5, and A-7 are displayed. 
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Figure 2.15. Overlay of Abrin B-Chain Epitopes from Alcalay et. al. Sera on Primary Sequence 
of the Six Subdomains of Abrin B-Chain. In silico-predicted epitope candidates (red), mapped 
epitopes of Alcalay et. al. (yellow), abrin-homologous epitope loci of previously-reported ricin 
neutralizing (green) and non-neutralizing (black) antibodies, key abrin residues involved in 
lectin binding (*), N-glycosylated asparagines (ⱡ) and hidden stretches of polypeptide with less 
than 10% solvent access (grey). Final candidates B-16 and B-19 are displayed. 
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Chapter 3 Development of a Novel 
Recombinant Abrin Holotoxoid 

 

3.1 Introduction 
  

 

3.1.1 Opportunities for Abrin Toxoid Development 
 

A suitable abrin toxoid would meet essential needs in four critical areas including 

diagnostic reagents, vaccine prophylaxis, and development of high affinity and toxin-

neutralizing mAbs. As discussed previously, there is widespread demand for high quality 

immunological reagents, consisting of high affinity monoclonal antibodies for diagnostic assays, 

and effective in vivo toxin-neutralizing antibodies. Current abrin antibodies available 

commercially to response laboratories are an A-chain specific monoclonal, and a B-chain-

specific polyclonal, produced and sold by Tetracore Inc. (181) Limitations of these antibodies 

are high cost per molar quantity, and assays (both ELISA and Luminex) using them have 

demonstrated low sensitivity, suggesting only moderate strength of affinity to the antigen 

relative to comparable ricin antibodies. (182, 183) Secondly, there are no commercial 

antibodies with advertised neutralizing capacity to abrin toxin. It is commonly reported that 

there is no antidote to abrin intoxication, but pharmaceutical distribution of proven neutralizing 

antibodies has the power and potential to save lives if a cocktail was administered within hours 

of poisoning.  

  

3.1.2 Development of Recombinant RIP Toxins 

 

Previous publications of recombinant expression of Type II RIP holotoxins have focused 

exclusively on ricin. Richardson et. al. first reported expression of a ‘proricin’ toxin bearing the 

A- and B-chain in Xenopus oocytes in 1989. (190) Shorty after, Westby et. al. expressed a ricin 

toxoid in Xenopus oocytes that substituted the wild-type A-B chain linker with a Factor Xa 
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protease cleave recognition site. (191) Sehnke et. al. expressed ricin in transgenic Nicotiana 

tabacum in 1999. (192)  

Borgford et. al. of Twinstrand Therapeutics developed recombinantly-expressed non-

toxic proricin holotoxoids with A-B subunit protease linkers that would be cleaved by specific 

proteases to confer selective toxicity to target cells. Such a molecule was pursued for 

therapeutic solutions against cancer, viruses, and parasites. (193, 194) Numerous funding 

grants were secured for development of proricin molecules for not only these goals, but also 

for development of antibody medical countermeasures against bioterrorism threats. (195, 196) 

Two notable holotoxoids were developed, TST10088 (no A-chain mutations; IC50 values 

ranging 68.1-157 ng/mL in COS-1 cells), and TST10114 (one A-chain mutation; IC50 of 10 μg/mL 

in COS-1 cells). (197) Attenuation of TST10114 translated to approximately 105 to 106-fold 

reduction of toxicity compared to ricin toxin.TST10114 is an example of a benign ‘safe-antigen’ 

holotoxoid, and was assigned a Containment Level-2 biosafety status and was used as a 

surrogate of ricin to evaluate anti-ricin A- and B- chain monoclonal antibodies. (198, 199)  

  

3.1.3 RIP Toxin Attenuation Strategies 

 

3.1.3.1     Site-Directed Amino Acid Substitutions  

 

Attenuation of toxicity can theoretically be achieved directly via mutation of the A-

chain, or indirectly via mutation of the B-chain to effect a change in lectin activity such that the 

toxin cannot bind to cellular receptors and provide access of the A-chain to the internal 

ribosomes. Ideally, deletion of lectin functionality would completely prevent toxins from 

entering any host cells, and remain circulating in the bloodstream susceptible to antibody-

mediated neutralization and elimination. However, it is not impossible for toxins to enter cells 

through alternative pathways, and the B-chain epitopes are not as structurally robust to amino 

acid changes as the A-chain. Therefore, elimination of catalytic activity of the A-chain is 

preferred.  

 The A-chain of abrin contains multiple loci that are critical for 28S rRNA depurination, 

chiefly the catalytic pocket, but also the ribosomal stalk binding site. A greater number of 
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functionally-critical residues have been discovered for ricin than abrin. Zhang et. al. created 

abrin A-chain molecules that could be administered up to 1 milligram i.p. in mice,  but these 

deleted a large section of polypeptide from the A-chain. (200) Hung et. al. expressed a dual 

catalytic residue-substituted abrin A-chain in E. coli. Mutation Glu164Ala reduced toxicity 25-

fold, Arg167Leu resulted in a 625-fold decrease, but together Glu164Ala/Arg167Leu achieved 

1,250-fold attenuation by cell-free assay. (201) Han et. al. reproduced this dual abrin mutant A-

chain, and reported 1,350-fold decreased toxicity in cell-free assay. Additionally, this construct 

was administered to BALB/c mice and produced protective antibody titers to achieve 100% 

survival against 10x LD50 i.p. abrin challenge. (202) Both substitutions Glu164Ala and Arg167Leu 

structurally replace a charged amino acid with a nonpolar, uncharged amino acid with similar 

side change length, effectively disabling any bonds with the ligand that would otherwise occur 

with the charged wild-type residues. 

  

3.1.3.2     Synthetic A-B Subunit Linker Peptide 

 

Evidence supports attenuation of toxicity via covalent attachment of the A- and B-chains 

with a subunit linker polypeptide to prevent dissociation. Richardson’s study of proricin 

expressed in Xenopus oocytes concluded that when the 12-amino acid linker is incorporated to 

adjoin A and B chains, catalytic depurination of 28S rRNA no longer occurs. (190) The proricin 

molecule of Westby et. al. depurinated 28S rRNA after prior incubation with factor Xa protease, 

but the intact, uncleaved proricin was inactive (191) O’Hare et. al. reported a study using 

toxically-active ricin A-chain fused to Staphylococcal protein A (RTA-PA). Through a setup 

combining an antigen-expressing engineered cell line with antibody in cell media, RTA-PA could 

enter these cells. RTA-PA was non-cytotoxic due to the inability of the A-chain to dissociate and 

release into cytosol, unless a protease site was also engineered between RTA and PA. (203) 

Wood et. al. cloned multiple isoforms of abrin toxin from Abrus precatorius genomic 

DNA, and discovered that abrin has a 14 amino acid long subunit linker, which undergo 

proteolytic excision as a post-translation modification of toxin synthesis in Abrus precatorius 

plant. (204–206). In order to develop a proabrin molecular linker, the 14-aa wild-type linker 
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could be substituted with a glycine-serine polypeptide commonly used in synthetic biological 

protein fusions. 

 

3.1.4 Selection of Recombinant Expression System 

 

3.1.4.1     Popular Platforms 

 

 At the simplest level, E. coli has been used to express ricin and abrin proteins, and is 

relatively easy to harness for insertion of genetic material, scale-up of product yield, and 

purification. Downsides to the convenience of E. coli include improper folding of larger multi-

subunit proteins, and absence of N-glycosylation, which carries a moderate risk of removing 

certain structural epitopes. 

 Pichia pastoris yeast is another method that like E. coli, is accessible to many labs in 

terms of developing capacity to produce large yields of protein, at relatively low cost. Yeast can 

N-glycosylate proteins, but the variable high-mannose glycan structures of yeast are a problem 

and may likely impact replication of wild-type antigenicity. 

 Thirdly, proteins can be expressed through cell culture systems, most commonly 

involving mammalian or insect cells. Higher eukaryotic systems offer improved protein folding 

as well improved N-glycosylation structures. Adenovirus vectors are commonly used for 

mammalian cell culture, and baculovirus is employed in insect cell culture.  

 

3.1.4.2      Advantages of Baculovirus Expression System 

 

 The baculovirus platform has been selected for expression of abrin holotoxoid in this 

investigation. N-glycosylation from the insect cell most accurately approximates wild-type 

glycans produced by the plant. Kimura et. al. reported the glycan structures present in abrin-a 

isoform purified from Abrus precatorius, and these structures were paucimannosidic. (41) The 

insect cell most closely replicates this, itself a paucimannosidic glycan, and absent the complex 

glycans with terminal sialic acid produced by mammalian cells. A singular difference in 

glycoforms between the plant and insect cell is the potential for insect cells to contain a core 
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fucosylated residue, which has at times prohibited the baculovirus platform from being used in 

pharmaceutical applications due to the allergenic nature of the core fucose residue. (207)  

Genetic incorporation of an N-terminal signal sequence shifts protein expression from 

an intracellular pathway to a secretion pathway, whereby N-glycosylation occurs, and the 

recombinant protein is secreted into the medium. (208)  
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3.2 Rationale & Objectives 
 

 The extreme toxicities of plant Type II RIP toxins completely precludes hybridoma 

antibody production by administration of active toxin. Therefore, an effective and mature 

humoral response cannot be elicited without inoculating a non-toxic molecular alternative. A 

number of investigations have utilized recombinant A-chains or B-chains of ricin and abrin to 

obtain an immunogenic molecule, yet for several reasons, it is easier to utilize a single subunit 

than a dimer holotoxoid. When considering a range of intended applications, the ideal 

molecular construct is a recombinant iteration bearing the A-chain with catalytic-attenuating 

mutations, N-glycosylated B-chain, and a peptide linker to preclude intracellular A-B subunit 

dissociation. Such a molecule would also be ideal to serve as a non-toxic reference control for 

various diagnostic assays. 

 

 

3.3 Hypothesis 
 

It is hypothesized that cloning and expression of site-directed mutated abrin holotoxin 

genes into the baculovirus recombinant protein expression system will lead to the creation of a 

properly-folded inactive holotoxoid, with outer immunogenic structural epitopes that will be 

equally or approximately as reactive to anti-abrin antibodies as is the native toxin itself. Indeed, 

mutagenesis of A-chain catalytic site residues Glu164Ala and Arg167Leu as reported by Hung et. 

al. are anticipated to render a reduction in A-chain depurinating enzymatic activity by several 

magnitudes. (201) The novel incorporation of a poly-[glycine-serine] linker polypeptide to 

covalently join A- and -B-chains is hypothesized to function in an additive or synergistic fashion 

to further establish a significant decline in toxic activity, even to the point of negligible 

detectable cytotoxicity in in vitro cell cultures. 
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3.4 Methods 
 

3.4.1 Gene Construct Design 

 

 The cDNA of abrin-a isoform mRNA (Genbank ID M98344.1) was chosen as the 

foundation sequence for expression. (209) Gene constructs (designated with “Ap”) were 

modified to include two previously reported mutations, as well as a novel synthetic linker 

peptide. A-chain catalytic residue glutamic acid at position 164 was replaced with alanine 

(Glu164Ala), and arginine at site 167 was replaced with leucine (Arg167Leu). (201) 

 In addition to these mutations, the wild-type peptide linker that connects the A and B 

chains in the Abrus precatorius plant was newly replaced with a 16-amino acid poly-glycine-

serine linker (GGGSGGGSGGGSGGGS), such that wild-type proteolytic cleavage sites residues 

were replaced. 

 

3.4.2 Development and Expression of Recombinant Abrin Toxoid 

 

3.4.2.1     Establishment of high yield DNA insert stock 

 

 Ap constructs were synthesized (GenScript, New Jersey, USA) and received in 4 μg of 

purified pUC57 and pUC19 vectors respectively, and were immediately transformed into One 

Shot Top 10 DH5α chemically-competent E. coli (Thermo Fisher Scientific). DH5α cells were 

incubated with plasmid on ice, heat shocked at 42⁰C, incubated 1 hour in S.O.C. medium and 

subsequently plated on Luria-Bertani (LB) agar containing 100 μg/mL ampicillin and 40 μg/mL X-

Gal. Plates were incubated overnight at 37⁰C, and screened for white colonies the next 

morning. Selected white colonies were picked and presence of plasmid confirmed by colony 

PCR using pUC/M13 forward and reverse primers.  All plasmids and inserts are listed in 

Appendix Table 6-1. 

 Plasmid-confirmed white colonies were incubated overnight at 37⁰C in LB broth 

containing 100 μg/mL ampicillin for purposes of cryovial storage at -80⁰C as well as plasmid 

purification. Construct-containing plasmids were purified using the QIAGEN Plasmid Maxi Kit 



 

84 

 

(QIAGEN Inc., Ontario, CA), and then subjected to restriction enzyme double-digests. Plasmids 

(1 μg per reaction) were co-incubated with 20 units each of BamH1-HF and HindIII-HF (New 

England Biolabs, Ontario, CA) for one hour at 37⁰C. Individual digested reactions of each 

construct were pooled and combined with 10X BlueJuice gel loading buffer and loaded in 0.8% 

agarose gels. Electrophoresis was run at 90 volts in TAE buffer containing ethidium bromide, 

running 1 Kb Plus DNA Ladder (Invitrogen) for reference.  Gene inserts separated from 

linearized plasmid backbone were excised with disposable scalpels on an ultraviolet 

transilluminator and transferred to 1.5 mL microcentrifuge tubes. DNA in agarose slices were 

purified with the Zymoclean Gel DNA Recovery Kit (Zymo Research, California, USA). Briefly, 

agarose was dissolved at 55⁰C, washed out in a spin column, with elution of DNA in TE buffer. 

Insert DNA was quantified using the Invitrogen Qubit 3.0 fluorometer with dsDNA probes 

(Thermo Fisher Scientific). 

 Unmodified pFastBac™1  vectors supplied with the Invitrogen Bac-To-Bac Baculovirus Kit 

(Thermo Fisher Scientific) were double-digested in BamH1-HF and HindIII-HF endonuclease 

enzymes, linearized plasmids excised from electrophoresis in 0.8% agarose, plasmid-purified, 

and quantified as all detailed above. Gene inserts were ligated with linearized pFastBac™1 

vector (Invitrogen) in a 1:3 molar ratio and T4 DNA ligase (New England Biolabs). Ligation 

reactions were carried out in an Applied Biosystems GeneAmp PCR System 9700 thermocycler 

(Thermo Fisher Scientific) with a stepwise-descending temperature gradient from 22⁰C to 12⁰C 

and held overnight at 4⁰C. Ligation reactions were transformed into DH5α E. coli and 

blue/white colony screened as detailed above. Selected white colonies were confirmed for 

presence of inserts by colony PCR, and grown overnight in LB broth containing 100 μg/mL 

ampicillin. High yield pFastBac™1 vectors were purified using the Qiagen Plasmid Maxi kit. 

Insert-containing pFastBac™1 vectors were sent to DNA Core (NML Science Technology Cores 

and Services, Manitoba, CA) to be Sanger sequenced with pFB1 forward and reverse primers. 

Sequencing chromatograms were interpreted in DNAStar Lasergene software (DNASTAR, 

Wisconsin, USA) and correct sequence confirmed by alignment to original construct design 

using MUSCLE (210).  
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3.4.2.2      Bacmid Transformation and Expression 

 

 Ap-pFastBac™1 transfer plasmids were diluted to 200 pg/μL in TE buffer and 

transformed into MAX Efficiency DH10Bac chemically-competent cells supplied by the Bac-to-

Bac kit. Site-specific recombination occurs within DH10Bac cells to transpose the proabrin insert 

into the pMON14272 bacmid via mini Tn7 insertion elements along with pMON7124. (211) The 

pMON14272 bacmid consists of a modified Autographa californica multicapsid nuclear 

polyhedrosis virus (AcMNPV), a virus with a circular 130 kb double-stranded (dsDNA) genome. 

(212) Transformation mixture was plated on LB agar plates containing 50 μg/mL kanamycin, 7 

μg/mL gentamicin, 10 μg/mL tetracycline, 100 μg/mL Bluo-gal, and 40 μg/mL IPTG. Plates were 

incubated at 37⁰C for 48 hours, and then 10 selected white colonies were streaked again on 

new plates to verify true disruption of the LacZ gene. Colony PCR was performed. Liquid LB 

broth (containing 50 μg/mL kanamycin, 7 μg/mL gentamicin, 10 μg/mL tetracycline, 100 μg/mL 

Bluo-gal, and 40 μg/mL IPTG) was inoculated in 2 mL volume overnight, followed by scaled up 

growth of 200 mL broth cultures, shaken at 140 rpm at 37⁰C. Cultures were centrifuged in 50 

mL falcon tubes at 4,000 x g for 10 minutes, pellets resuspended and pooled. Bacteria was 

lysed, cellular debris precipitated and pelleted by centrifugation. Supernatant was applied to 

column, followed by washing and precipitation of plasmid DNA, and finally Ap-containing 

bacmid eluted in TE buffer. Bacmids were quantified using Qubit 3.0 fluorometer with dsDNA 

probes. Conventional PCR was performed on bacmids using pUC/M13 forward and reverse 

primers to verify presence of gene inserts within the bacmids. 

 Sf9 (Spodoptera frugiperda) cells (Thermo Fisher Scientific) were cultured in suspension 

in SFM-III media supplemented with 2.5% FBS (Thermo Fisher Scientific). Cells were seeded at 

5x105 cells/mL in 30 mL Gibco™ Express Five media (Thermo Fisher Scientific) in 125 mL sterile 

PETG 0.22 μm filter cap Erlenmeyer flasks. 

 Gibco™ High Five Cells (cell line BTI-TN-5B1-4) (Thermo Fisher Scientific ) derived from 

Trichoplusia ni were initially cultured as adherent cultures in T75 flasks in Express Five Media 

(Thermo Fisher Scientific) supplemented with 90 mL of L-glutamine per 500 mL media. Final 

concentration of L-glutamine was 30.5 mM. Following two initial passages, cells were passaged 
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twice further with Express Five media supplemented with 10 units/mL heparin sodium (Sigma-

Aldrich Canada) to prevent clumping. Next, cells were seeded at 5x105 cells/mL in 30 mL 

Express Five media in 125 mL sterile PETG 0.22 μm filter cap Erlenmeyer flasks. Prior to all 

infections, High Five suspension cultures were passaged with gradual omission of heparin 

sulfate. All noninfected and infected suspension cultures were maintained at 28⁰C on a shaking 

platform at 140 rpm.  

 Sf9 cells were passaged 3-5 times in Gibco™ Grace’s Insect Cell Culture Medium, 

Unsupplemented (Thermo Fisher Scientific). Mid-log growth phase cells with viability greater 

than 95% were seeded at 8x105 cells in a 2 mL volume per well in 6-well plates. Cells were 

allowed to attach for 30 minutes. 

 Transfection mixture was prepared by first diluting lipofection reagent in media, for 

each well, a ratio of 8 μL of vortexed Gibco™ Cellfectin II (Thermo Fisher Scientific) to 100 μL of 

Grace’s Medium, Unsupplemented. Secondly, for each well, 250 ng of recombinant bacmid 

DNA (Construct Ap1 or Ap2) was diluted in 100 μL Grace’s Medium, Unsupplemented. 

Lipofection and DNA mixtures were combined, gently mixed, and incubated for 30 minutes at 

room temperature.  

 Cellfectin II-bacmid mixtures were dropwise-pipetted over adhered cells, 200 μL per 

well, and incubated 5 hours at 28⁰C. Media and transfection mixture was removed, and 

replaced with 2 mL of Grace’s Insect Medium, Supplemented, with 10% FBS.  

Cells were incubated 4 days until baculovirus infection displayed signs of late-phase cell 

lysis. First generation P1 supernatant for each construct was withdrawn, pooled in a 50 mL 

falcon tube, and centrifuged at 1,000 x g for 8 minutes. Clarified supernatant was aliquoted into 

15 mL falcon tubes and stored at 4⁰C for up to 6 months. 

 

3.4.2.3      Passaging of Baculoviruses 

 

P1 virus was amplified to produce second generation P2 virus stocks. 50-100 μL of P1 

virus was used to infect shake flasks containing 40 mL Sf9 cells at a concentration of 1.5x106 

cells/mL. Sf9 cells were suspended in Sf-900 SFM supplemented with 2.5% FBS to inhibit 

proteolysis of P2 virus. Infected flasks were incubated at 28⁰C and shaken at 135 rpm, and 
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harvested 4 days post-infection. Cultures were transferred to 50 mL falcon tubes, lightly 

vortexed, and centrifuged at 1,000 x g to pellet lysed cell debris.  Clarified P2 supernatant was 

aliquoted into new 50 mL falcon tubes and stored at 4⁰C for up to 6 months. 

 

3.4.2.4      Plaque Assay 

 

 P1 and P2 generation virus stock titers were measured in pfu/mL to count actively 

infectious virions. To begin, Sf9 cells were seeded in a 6-well plate at 1x106 cells per well, in Sf-

900 III SFM media. Cells were allowed to adhere for 1 hour at 28⁰C, and adherence verified by 

observance under microscope. Baculovirus stocks were sequentially diluted 1-in-10 in 5 mL 

snap cap tubes (Eppendorf, Ontario, CA). The first well of the 6-well plate was used as a 

negative control, and media in the remaining wells was replaced with 1 mL of virus dilutions 

from 10-5 to 10-9. Well contents were laterally shaken to distribute virus, and incubated at 28⁰C 

for 1 hour.  

 Following infection incubation, media in all wells was replaced with 2 mL of plaquing 

medium overlay. Plaquing medium was prepared as a 3:1 mixture of Sf-900 1.3X medium to 

2.8% Avicel PH-101 (DuPont Pharmaceuticals, Missouri, USA ) in Milli-Q H2O (autoclave 

sterilized).  

 Plaque assays were counted 72 hours later. Carefully, plaquing medium was removed 

from wells, followed by fixation for 10 minutes with 10% formamide in PBS, pH 7.2. Fixing 

solution was removed and replaced with 1 mL aqueous 1% crystal violet dye (Sigma-Aldrich 

Canada). Excess dye was rinsed with Milli-Q H2O, and plaques were visually enumerated.  

 The Thermo Fisher Bac-to-Bac Expression Manual recommends plaquing with 4% 

agarose gel plaquing medium, and staining plaques 7-10 days later with Neutral Red. However, 

practice demonstrated that staining on day 3 with crystal violet produces a much desirable 

plaque assay presentation. Uninfected cell layers began to lift from wells after day 3. 
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3.4.2.5      Baculovirus DNA Purification 

 

 DNA was purified using the EpiCenter MasterPure Complete DNA and RNA Kit (Lucigen 

Corporation, Wisconsin, USA)). Purification was performed on infection supernatant that had 

previously had cellular debris removed by centrifugation. Supernatant was pipette mixed and 

150 μL of each infectious stock was combined with 150 μL of 2X T & C Lysis Solution with 1 μL 

Protease K added. Extraction controls (ETC) utilized 150 μL of nuclease-free H2O in place of 

BacV sample. Lysis mixture was incubated at 65⁰C for 15 min, vortexing every 5 min, and then 

cooled on ice. 150 μL of MPC Protein Precipitation Reagent was added, and mixture vortexed 

for 10s. Precipitated debris was pelleted by centrifugation at 10,000 x g at 4⁰C for 10 min. 

Supernatant was transferred to a new 1.5 mL tube and mixed by inversion with 500 μL 

isopropanol. DNA pellet was centrifuged at same settings, and washed twice with 70% EtOH. 

DNA pellet was resuspended in 40 μL TE buffer, pH 8.0. 

 

3.4.2.6      Baculovirus qPCR Titration 

 

 Baculoviral genome quantification was performed using the BacPAK qPCR Titration Kit 

(Takara Bio USA, California, USA). PCR mastermix (per reaction) was made with 0.4 μL of (final 

concentrations 10 μM) BacPAK forward and reverse primers, 0.4 μL ROX Reference Dye LMP, 10 

μL TB Green Advantage qPCR Premix, and brought to 18 μL with nuclease-free H2O. A standard 

curve of BacPAK control DNA diluted 1:10 in TE pH 8.0 ranged from 1.4x104 copies/μL to 

1.4x108 copies/μL. 2 μL of sample BacV DNA was added to 18 μL of reaction mix in a 96-well 

plate, as well as 2 μL ETC and NTC (nuclease-free H2O) negative controls. qPCR was run on an 

Applied Biosystems QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific). Thermal 

cycling conditions consisted of initial denaturation at 30s at 95⁰C, 40 qPCR cycles (3s at 95⁰C, 

30s at 60⁰C), and finally a dissociation curve cycle (15s at 95⁰C, 60s at 60⁰C, 15s at 95⁰C). A 

standard curve was generated and used for determining BacV genomic equivalents per mL 

(GE/mL) of BacV stocks. 
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3.4.2.7      Sandwich ELISA Titration 

 

 All titrations were performed on Nunc Maxisorp plates using anti-abrin A-chain pAb, and 

anti-abrin B-chain mAb purchased from Tetracore Inc. Blocking buffer, incubation conditions, 

and plate washing details are the same as described for direct ELISA in Methods section 2.4.4. 

Instead of coating with antigen, sandwich ELISA plates were coated overnight at 4⁰C with 

antibody in 50 mM carbonate buffer, pH 9.6. Combinations of murine mAb coating antibody 

and rabbit pAb detection antibody (and vice versa) were carried out in concentrations of 2.5 

μg/mL, 5 μg/mL, and 10 μg/mL for each antibody. Quantities of standard control abrin toxin 

analyte assayed were 1, 2, and 4 ng/mL, and negative control wells contained only blocking 

buffer during the analyte incubation step. Secondary HRP-conjugated goat anti-mouse and goat 

anti-rabbit (Jackson ImmunoResearch, Pennsylvania, USA) were applied diluted 1-in-5,000, 

deemed optimal by an earlier secondary HRP-antibody titration experiment. Plates were read 

on a Victor3 plate reader at 370nm, at signal development durations of 1 min, 5 min, and 25 

min. Signal-to-noise ratios were calculated by dividing the abrin signal by the negative control 

signal for each given varying combination of mAb and pAb concentrations, at each timepoint. 

 

3.4.2.8      Sandwich ELISA for Screening & Quantifying Proabrin 

 

 Supernatant was screened by sandwich ELISA for presence of recombinant proabrin 

reactive to anti-abrin commercial antibodies. Nunc Maxisorp plates were coated overnight at 

4⁰C with 100 μL of 5 μg/mL anti-abrin murine IgG1 mAb (Tetracore). The next morning plates 

were blocked for 2 hours at 37⁰C with 250 μL blocking buffer containing 2.5% skim milk 

powder, 0.2% fetal bovine serum (FBS), and 0.1% Tween-20 in PBS, pH 7.2. Plates were washed 

4 times with a plate washer and then loaded in a BSC with 100 μL of cell debris-removed 

infectious supernatant.  

 BacV supernatants were diluted 1:2 in blocking buffer with dilutions ranging from 1:100 

to 1:12,800. A standard curve was produced with FPLC-purified abrin toxin diluted 1:2 ranging 

from 125 pg/mL to 16,000 pg/mL. 
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 Plates were incubated with analyte at 37⁰C for 1 hour, then returned to BSC and 

manually washed 8x in PBS with 0.1% Tween-20. 100 μL of 2.5 μg/mL anti-abrin rabbit pAb 

(Tetracore) diluted in blocking buffer was added and incubated at 37⁰C for 1 hour. Plates were 

again manually washed 8x in BSC and incubated with secondary HRP-anti-rabbit detection 

antibody diluted 1/4,000 in blocking buffer. Plates were incubated at 37⁰C for 1 hour, washed 

8x via plate washer, and developed in TMB reagent. Plates were read on Victor plate reader at 

370nm at time intervals of 5 min, 10 min, and 20 min. Estimates of proabrin concentration were 

calculated by subtracting negative control background levels from all wells and interpolating 

individual samples against the abrin toxin standard curve. 

 

3.4.2.9      Final Protein Expression 

   

 Infected expression flask contents were transferred to 50 mM falcon tubes, vortexed, 

and centrifuged at 2,000 x g to remove cellular debris. Supernatant was transferred to sterile 

100 mL glass bottles, and acidity of baculovirus culture was neutralized to pH approximately 7.2 

by 10% volumetric  addition of 10X PBS. Neutral supernatant was subsequently transferred to 

70 mL Slide-A-Lyzer™ G2 dialysis cassettes, MWCO of 20 kDa (Thermo Fisher Scientific) for 

removal of dissolved saccharides. Supernatant underwent dialysis in 5 L PBS, pH 7.2, at 4⁰C. 

Dialysate was replaced at timepoints 2 and 4 hrs, with collection of sample from dialysis 

cassette at 18 hrs. 

  

3.4.2.10     Purification of Recombinant Proabrin 

 

 Proabrin was purified from the dialysed supernatant using affinity chromatography on 

the ÄKTA FPLC, as described in Methods section 2.4.1. Proabrin was stored in PBS at 4⁰C for 

further analysis.  
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3.4.2.11     Cell Imaging 

 

 Images of cells were captured using an EVOS™ XL Core Imaging system (Thermo Fisher 

Scientific). Adherent cultures in a 6-well culture plate with clear lid were visualized at 

magnification objectives ranging from 4X to 40X.  

 

3.4.2.12     Cytotoxicity Assay 

 

 Cytotoxicity was measured using XTT assay. Vero and HeLa cell lines were cultured in 

Gibco™ Dubelcco’s Minimal Essential Media (DMEM) (Thermo Fisher Scientific ) without phenol 

red and supplemented with 10% FBS, 2mM L-glutamine, and 1 mM sodium pyruvate. Cells in 

mid-log growth phase were plated at 1x104 cells in 100 μL of media per well to adhere 

overnight in flat-bottom 96-well plates. 

 Abrin, APA, and proabrin were purified in house, and diluted in DMEM to desired 

concentrations. Proteins were loaded in triplicate in a dilution microplate, serially-diluted 1-in-

2, and then 100 μL of each well was transferred over to cell-adhered microplates. Cells were 

incubated with toxin or toxoid for 30 hours at 37⁰C, followed by addition of 50 μL of sodium 3´-

[1- (phenylaminocarbonyl)- 3,4- tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid 

hydrate, otherwise known as XTT working solution (Sigma-Aldrich Canada), and incubated for 

18 hours at 37⁰C. XTT labelling reagent was prepared by combining 0.1 mL electron coupling 

reagent with 5 mL of XTT labelling reagent for each 96-well plate. Plates were read at 

wavelengths of 450nm and 690nm, with subtraction of background from wells containing only 

DMEM. 

 

3.4.2.13     Cell-Free Translation Assay 

 

 Cell-free translation was performed using the Flexi Rabbit Reticulocyte Lysate (Promega, 

Wisconsin, USA). BSC and pipettes were cleaned with RNaseZap prior to working with mRNA. 

Luciferase mRNA was thawed on ice, and per reaction well 0.3 μL mRNA combined with 1.48 

nuclease-free H2O. Mixture was incubated for 3 min at 65⁰C to denature mRNA secondary 

structures, and returned to ice. 
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 Reticulocyte master mix (per well) was prepared by combining 10.5 μL rabbit 

reticulocyte lysate with 0.15 μL amino acid mix minus leucine, 0.15 μL of amino acid mix minus 

leucine, 0.42 μL of potassium chloride. Reticulocyte master mix was combined in each well with 

mRNA mix and 2 μL of abrin toxin, proabrin, or TE for positive translation controls. Negative 

translation control contained aforementioned reactions but replacing luciferase mRNA with TE. 

Abrin and proabrin were serially diluted 1/10 in PBS pH 7.2, concentrations ranging from 1,000 

ng/mL to 0.1 fg/mL prior to addition to each well. Reactions were plated in white flat-bottom 

plates, and incubated at 30⁰C for 90 min in a PCR thermocycler.  

 Luciferase reporter reagent was prepared by combining 10 mL Luciferase Assay Buffer 

with each lyophilized Luciferase Assay Substrate as supplied in the Luciferase Assay System 

(Promega). 50 μL of luciferase reagent was added to each well and immediately measured on 

the Victor plate reader in luminometry mode, 1 sec per well. 
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3.5 Results 
 

 

3.5.1 Proabrin Toxoid Development 

 

 The unique properties of the proabrin holotoxoid developed are depicted in Figure 3.1. 

The honeybee melittin (HBN) signal was chosen to serve as a secretion signal peptide, directing 

the recombinant proabrin to be routed through the Golgi for N-glycosylation post-translational 

modification, with final vesicular transport of the protein into the extracellular medium (to 

simplify protein isolation and purification) (Fig. 3.1A). Intracellularly, the secretion signal 

peptide is cleaved off at the C-terminus of alanine at HBM position 21, thus not leaving an 

artefact at the N-terminus of the recombinant protein. Given that some versions of HBM 

sequence in previous papers incorporate an additional aspartate moiety at HBM position 22 

while others do not, both types (with and without D22) were employed as a fail-safe measure. 

Ap2 incorporates D22, Ap1 does not.  

 Fig. 3.1B shows the sequence homology alignment of conserved abrin A-chain catalytic 

residues Glu164Ala and Arg167Leu of Hung et. al. Fig. 3.1C exhibits the alignment of the novel 

poly-[GGGS]4 intersubunit linker polypeptide. In nature, the portion of linker peptide that is 

cleaved out of the molecule is 10 amino acids in length (ANQSPLLIRS).  

 Both the poly-[GGGS]4 linker and wild-type abrin linker were evaluated using ExPASy 

PeptideCutter tool to perform in silico protease cleavage analysis to identify potential cut sites, 

and a significant depletion of in silico-predicted proteolytic cleavage sites was achieved. 

 The net overall sequence distance between A and B subunits is unchanged relative to 

wild-type proabrin. The poly-[GGGS]4 linker replaces the C-terminus asparagine of the wild-

type A-chain, as well as N-terminus IVEK of the B-chain. These replaced termini of both subunits 

are solvent-exposed in the X-ray crystallography model, and therefore putatively subject to 

undefined proteolytic action. Since one of the aims of the project is to create a linker that 

cannot be cleaved within any host whatsoever (expression organism or otherwise), it was 

imperative to minimize opportunity for inadvertent cleavage-mediated separation.  
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Figure 3.1. Summary of Modifications at the Polypeptide Level. A) HBM signal added 
immediately prior to ATG start codon where translation begins. HBM directs polypeptide 
through secreted protein pathway, enabling N-glycosylation and secretion to the medium. HBM 
signal peptide is cleaved intracellularly at Carboxy terminal of Ala21 of HBM sequence. Ap2 
construct contains an extra Asp (D) residue following Ala21, as some include this extra residue, 
and some do not. B) Site-directed mutagenesis of conserved catalytic residues Glu164Ala and 
Arg167Leu in abrin described first by Hung et. al. C) Insertion of poly-[GGGS]4 inter-subunit 
linker polypeptide between abrin A- and B-chain. Wild-type linker (cleaved intracellularly in 
Abrus precatorius) is 10 amino acids long, shown in black. Modified linker peptide replaces  
multiple uncleaved residues at terminal edges of both chains. Overall net length of distance 
between A- and B-chain is unchanged. 

  

 Abrin toxicity upon insect cells was unknown prior to expression, yet could significantly 

hamper results in the hypothetical condition where recombinant proabrin was not fully 

attenuated, and if Sf9 cells were highly-susceptible to abrin-mediated apoptosis. A coarse 

estimate preliminary baseline reference of abrin toxicity upon Sf9 insect cells was determined 

prior to lipofection. Given the inherent proximity of proabrin A-chain to Sf9 ribosomes 
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immediately following (and during) recombinant translation, this basic test of toxicity served to 

rule out the possibility of abrin toxicity to insect cells should there have been any strange 

cellular morphology or functional problems (including death) of Sf9 cells during the critical BacV 

lipofection stage. 

 Purified abrin toxin was added to 2 mL of media in each well containing adherent Sf9 

cells seeded at 1x105 and 5x105 cells per well. Calculated LD50 values were 5.5 ng/mL and 62.5 

ng/mL of media, respectively. Given that baculovirus can potentially secrete 1-5 μg/mL of 

recombinant protein, it is entirely possible that a highly toxic proabrin could completely 

prohibit rescue of live virus from transfected bacmid and/or successful expression of 

recombinant protein. Nevertheless, since expression is carried out in higher cell titers of 

approximately 2x106 cells/mL, it is highly probable that a significantly-attenuated proabrin will 

confer negligible toxicity.  

 Lipofections were carried out to introduce Ap1 and Ap2 bacmid constructs into Sf9 cells, 

wherein proabrin-expressing baculovirus was produced. Live virus derived from transfection is 

denoted first-generation baculovirus (P0).  Sf9 cells were transfected with 500, 1000, or 2000 ng 

of bacmid DNA and incubated over a seven-day period. Optimal quantity of lipofection DNA 

was determined using BakPAK qPCR titration and plaque assays. Figure 3.2A reveals that lower 

inputs of bacmid DNA yield greater P0 virus production. For both Ap1 and Ap2 constructs, 500 

ng of DNA produced well over 1x109 P0 genome equivalents per mL, a surrogate measure of 

virion replication (Fig. 3.2B). Transfection yield of Ap1- and Ap2-bearing P0 viruses from 500 ng 

lipofection was compared by plaque assay to measure differences in active virus yield. Ap1 P0 

baculovirus yielded mean 5.90x107 pfu/mL, whereas Ap2 P0 baculovirus only achieved mean of 

4.75x107 pfu/mL. 

 Transfection was verified by observation using confocal light microscopy. At 3 d.p.i, 

negative control transfection cells were highly over-confluent and smooth in appearance. In 

contrast, cells transfected with either BacV exhibited under-confluence, enlarged diameters, 

and pronounced granulation. By 7 d.p.i., transfected Sf9 cells displayed characteristic 

baculoviral cytopathic effect (CPE), including detachment, enlarged-diameter ovalling, 

multinucleation, and severe evidence of cell lysis (Appendix Fig. 6.1) 
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Figure 3.2. Infectious Titers of P0 Generation BacV Produced from DNA Transfection of Bacmid 
into Sf9 Cells. A) Lipofection with smaller quantities of bacmid DNA resulted in superior 
infectious yields, and plaque assay showed marginally higher titers of live virus from 
transfection of Ap1 than Ap2 bacmids. 

 

 

3.5.2 Proabrin Sandwich ELISA Titration 

 

 Sandwich ELISA was selected to be the primary means of measuring expression output 

under varying conditions. A titration experiment was conducted using abrin toxin antigen to 

determine optimal concentrations of Tetracore anti-abrin monoclonal and polyclonal 

antibodies for the detection assay (Figure 3.3). Alternating coating-antibody and detector-

antibody setups were tested in both combinations of mono-poly and poly-mono, with the setup 

of mAb (coat) and pAb (detect) providing a much stronger signal, as expected. Based on signal-

to-background noise ratios, final selected protocol consisted of coating the ELISA plate with 5 

μg/mL of mAb per well and detecting with 5 μg/mL of pAb.  
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Figure 3.3. Titrations of Abrin Sandwich ELISA Reagents. Antibody combinations in legend 
expressed as format of coating/detection, with μg/mL concentrations of each. ELISA performed 
using Maxisorp 96-well plates, blocking buffer containing 2.5% skim milk powder, 0.5% FBS and 
0.05% Tween in PBS, pH 7.2.  Optimal concentrations of mAb, pAb, and detection time of TMB 
reagent were judged according to best signal-to-background noise ratios. Signal-to-background 
was best when coating with mAb and detecting with pAb. 

 

Initial sampling and sandwich ELISA testing of supernatant from transfected P0 BacV 

stocks of both wild-type and codon-optimized viruses produced evidence that recombinant 

proabrin was indeed being secreted into tissue culture supernatant. Encouragingly, Abs370nm 

values remained above 2.0 even when neat supernatant was diluted 1/16. There was a marked 

difference in signal strength between mono/poly and poly/mono combinations of Tetracore 

antibody, resembling that of natural abrin in the titration ELISA (Fig. 3.3). This higher avidity of 

the mono/poly data directly confirms that the Tetracore B-chain mAb binds the proabrin B-

chain subunit, and that there exists a multiplicity of epitopes on the proabrin A-chain that bind 

to the Tetracore anti-abrin A chain pAb. This is indicative of correct protein folding of multiple 

abrin toxin epitopes (synonymous antigenicity) within insect cells. 
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3.5.3 Development of First Passage (P1) BacV Stocks 

 

 Passaging of P0 virus was further tested to determine how to best scale-up second-

generation stocks prior to ultimate protein expression. Passaging of both BacV-Ap1 and BacV-

Ap2 P0 stocks yielded greater P1 yields when Sf9 suspension flasks were seeded with a lower 

volume of P0 virus (Fig. 3.4). 400 μL of virus yielded higher quantities of replicative virus when 

measured by both qPCR (Fig. 3.4A) and plaque assay (Fig. 3.4B), but plaque assay reveals 

greater differences in infectious viral titers. Discrepancy of titers between qPCR and plaque 

assay measurements reveals the issue of defective interfering particles (DIPs), with calculated 

DIP ratios ranging from 11.2 to 19.7 across all second-generation passages. P1 stocks achieved 

titers of 1.14x108 pfu/mL and 1.65x108 pfu/mL for BacVs Ap1 and Ap2, respectively. A plaque 

assay of P1 BacV-Ap1 is displayed in Fig. 3.5. 

 

 

 
Figure 3.4. Measurements of First-Passage (P1) BacV. A) qPCR and B) Plaque Assay. P1 titers of 
live infectious virus improved when seeded with 400 μL over 800 μL of P0 virus stock. First-
passage BacV-Ap1 viral titers were much higher than BacV-Ap2 titers. 
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Figure 3.5. Plaque Assay of P1 BacV-Ap1 Generated from 400 μL of P0 BacV-Ap1 Stock. 
Plaques were read at 72 hours, fixed in 10% formamide in PBS, pH 7.2, and stained with 1% 
(v/v) crystal violet. 

 

 

3.5.4 Expression and Purification  

 

 SDS-PAGE analysis of expression products was performed in presence or absence of 

reducing agent (Fig. 3.6). It is immediately evident that in all expression samples, a single size 

product was purified by FPLC, with a molecular weight identical to that of wild-type abrin toxin. 

The natural abrin toxin of weight 63 kDa  is fully reduced into its 28 kDa (A-chain) and 34 kDa 

(B-chain). However, even in the presence of high concentration of reducing agent, the proabrin 

holotoxoid remained fully intact, with no visible bands below 63 kDa. Therefore, the 

recombinant linker peptide in the proabrin molecule completely serves its intended purpose of 

fusing the A and B chains so as to be inseparable, even when disulfide bonds are broken. 

Absence of species of any other molecular weight(s) is indicative of homogeneity of affinity-

purified product. 
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Figure 3.6. SDS-PAGE of Expressed Recombinant Proabrin. Gel run on Criterion AnyKD Tris-
Glycine gel and stained with colloidal Coomassie blue. Samples 1 - 6 consist of FPLC-purified 
proabrin from the baculovirus expression systems.  FPLC-purified abrin is included as control, 
along with Precision Plus Kaleidoscope 10-250 kDa ladder. All samples were boiled in 2% SDS, 
left side is unreduced and right side is samples reduced in 10% β-mercaptoethanol. Proabrin 
does not separate into individual A- and B-chain subunits under reducing conditions, indicating 
the polypeptide linker maintains integrity of the 63-kDa holotoxoid. 

 

 Upon confirmation of purity, proabrin products were pooled together and concentrated. 

BCA measurements established a mean concentration of 1.05 mg/mL, derived from 

approximately 450 mL of infectious culture. This translates to a yield of  2.33 mg/L. This is   

supported by the sandwich ELISA experiments, which estimated a peak supernatant 

concentration of 2.79 mg/L for BacV-Ap1. 

 

 

3.5.5 Cell-Free Translation Assay  

 

 Toxicological characterization began with utilizing a cell-free translation assay to 

compare the toxicity of recombinant proabrin relative to wild-type abrin toxin (Fig. 3.7). Toxicity 
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is expressed as half-maximum inhibitory concentrations. There was a marked reduction of 

toxicity of the proabrin relative to wild-type abrin, with IC50 of 9.39 ng/mL and 1014 ng/mL, 

respectively. The CFT translation assay only measures catalytic activity of the A-chain subunits, 

and therefore it is realized that the toxicity of the proabrin A-chain has been reduced 

approximately 108-fold. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Cell-Free Translation Assay Measuring N-Glycosylase Ribotoxicity Specifically 
Conferred by the A-Chain of the Holotoxoid. Abrin or proabrin was incubated with rabbit 
reticulocyte mixture. Luciferase signal corresponds to amount of luciferase protein translated in 
vitro. Proabrin exhibits 108-fold reduced ribotoxicity. 

 

 

3.5.6 Cytotoxicity Assay in Vero and HeLa Cells 

 

 Having established a major reduction in the toxicity of the proabrin A-chain, cytotoxicity 

studies were performed to measure toxicity of the entire A-B subunit structure of the molecule. 

Figure 3.8 displays cytotoxicity results of 1-in-2 dilution experiments carried out over a narrow 

range around the expected abrin toxicity values. Wild-type abrin toxin had IC50 values of 92.58 

pg/mL in Vero cells (Fig. 3.8A), and 45.15 pg/mL in HeLa cells (Fig. 3.8B), the latter which are 

more sensitive to abrin, possibly due to a variation in quantity of lectin-target outer membrane 

receptors. These values are in accordance with previous cytotoxicity measures. Full proabrin 

and agglutinin values fell outside the measured range, but estimates of toxicity of both 

IC50 Values : 
Abrin: 1014 ng/mL 

Proabrin: 9.39 ng/mL 
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molecules fell between 10-13 ng/mL, which for both molecules is at minimum a reduction of 

toxicity of two orders of magnitude.  

 

 
 

Figure 3.8. One-in-Two Serial Dilution Cytotoxicities of Abrin, APA, and Proabrin (pg/mL). A) 
Vero cells and B) HeLa cells. HeLa cells show enhanced sensitivity to abrin toxin. 

 

 

 Additional cytotoxicity experiments employing 1-in-10 dilutions were conducted to 

capture a wider range of values (Fig. 3.9). Vero values of abrin and proabrin in Figure 3.9A were 

greater than recorded previously in Figure 3.8A, suggesting possible inconsistency of state of 

cell growth compared to the former. Proabrin had an IC50 value of 83.7 ng/mL in the 1-in-10 

dilution, which was 375-fold reduced toxicity of abrin. Values of the HeLa cell IC50 values in Fig. 

3.9B were consistent with prior measurements in Fig. 3.8B , suggesting that there was not a 

technical error in toxin dilutions in Fig. 3.9, as diluted protein sample was applied to both plates 

of cell lines. Proabrin had an IC50 values of 14.7 ng/mL, a toxicity reduction of 252-fold.  

 Highly similar IC50 values of proabrin and APA agglutinin prompted further inclusion of 

both molecules in a 1-in-10 dilution series (Fig. 3.9C, D). Again, IC50  of APA in Vero cells was 

much higher than previously mentioned at 39.8 ng/mL, and proabrin had a value of 42.5 ng/mL 

(Fig. 3.9C). For the HeLa measurement, agglutinin had an IC50 value of 13.2 ng/mL, and the IC50 

of proabrin was 19.8 ng/mL (Fig. 3.9D). Certainly, despite having very similar cytotoxicity values, 

measurements in both cell lines demonstrated that the recombinant proabrin seems marginally 
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less toxic than the agglutinin protein, although further experiments are required as they are 

within overlapping confidence intervals of toxicity. 

 A summary of average IC50 values are listed in Table 3-1, and fold-reduction values are 

displayed in Table 3-2. The mean IC50 values of natural abrin toxin in Vero cells was 158 pg/mL, 

and in HeLa cells was 52 pg/mL. Respective toxicities of recombinant proabrin in the cell lines 

was 45.9 ng/mL, and 15.7 ng/mL. Toxicity reduction of proabrin relative to abrin toxin was 

demonstrated to be of high consensus between both cell lines, being 291-fold and 302-fold in 

Vero and HeLa cells, respectively. In combined mean summary, the proabrin molecule was 296-

fold less cytotoxic than wild-type abrin toxin, and 1.5-fold less toxic than agglutinin.  

 

 
 

Figure 3.9. One-in-Ten Serial Dilutions Cytotoxicities (pg/mL). A) and B) show proabrin and 
abrin cytotoxicity curves in Vero and HeLa cells. C) and D) show proabrin and APA cytotoxicity 
curves in Vero and HeLa cells. Proabrin exhibits attenuations of A) 375-fold in Vero and B) 253-
fold in HeLa cells relative to abrin. C) and D) demonstrate proabrin has similar cytotoxicity as 
APA in both cell lines. 
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Table 3-1. Mean IC50 Values of Proteins Across all Cytotoxicity Assays in ng/mL. 

 

 Vero (ng/mL) HeLa (ng/mL) 

Abrin 0.158 0.052 

Agglutinin 26.3 11.9 

Proabrin 45.9 15.7 

 

 

Table 3-2. Fold-Reductions of Proabrin Cytotoxicity Relative to Abrin and APA. 

 

 Vero HeLa 
Overall Mean 

Reduction: 

Proabrin/Abrin 290.5X 301.9X 296.2X 

Proabrin/Agglutinin 1.7X 1.3X 1.5X 

 

 

 

3.5.7 Comparative mAb Reactivity by ELISA 

 

 Comparative antibody-binding experiments were performed to interrogate antigenic 

differences between abrin and the recombinant proabrin. Antibodies utilized were Tetracore B-

chain mAb, as well as A-chain and B-chain mAbs described in Chapter Two. Figure 3.10A-C 

displays the antibody titrations of A-chain mAbs, and it is evident that proabrin and abrin bind 

A-chain mAbs with nearly the exact same affinity.  

 A different outcome is observed when scrutinizing B-chain mAbs (Figure 3.10D-G). In all 

but mAb B-1, there are moderate differences in relative binding strength, with mAbs exhibiting 

reduced affinity for the proabrin with respect to wild-type abrin. These differences are 

consistent at every concentration of mAb, and the spread is largest with the Tetracore mAb. 

While the epitope of the Tetracore mAb is unknown, it is possible that the Abs405nm reactivity 

differences in linear peptide mAbs B1 through B6 are attributable to angular differences of the 

antibody relative to the common epitope surface. It is quite possible that fine-level variation in 

exact B-chain glycosylation structure and/or specific glycomoieties may influence antibody 
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binding. Nonetheless, presence of binding shows that the antigenic structure of proabrin 

molecule is highly similar to wild-type abrin. 

 

 

 
 

Figure 3.10. Titrations of Purified Anti-Abrin mAbs Produced from Linear Peptide 
Immunizations Against Maxisorp Plate Wells Coated with Abrin or Proabrin.  
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Anti-abrin A-chain mAbs exhibit nearly identical affinity curves against proabrin as to abrin 
toxin. Majority of B-chain mAbs (B2 through B6) show a slight decrease in affinity to proabrin 
relative to that of abrin toxin. Only mAb B1 exhibits similar affinity to both proteins. A) positive 
control mAb (Tetracore anti-abrin B-chain) and B) negative control mAb (F149, anti-influenza 
virus murine IgG) against Maxisorp plate wells coated with abrin or proabrin. Tetracore B-chain 
mAb has higher affinity to abrin toxin than to proabrin. Influenza mAb F149 exhibited negligible 
affinity to both proteins at all mAb concentrations. 

 

3.5.8 Western Blot Analyses 

 

 Western blot provided indirect supporting evidence of post-translational proabrin 

glycosylation (Fig. 3.11). It is observed that lanes 5-6 contain two defined molecular weights of 

proabrin, whereas there is only one molecular weight of secreted proabrin in lanes 2-3. The 

secreted proabrin corresponds to the larger band in lanes 5-6. The lower band in the latter 

lanes therefore corresponds to an internal form of proabrin, with a molecular weight of 5-10 

kDa less than secreted proabrin, which is the expected weight of 1-2 N-glycans. (213) The lower 

band reasonably is fully synthesized proabrin that has yet to undergo N-glycosylation, a 

subsequent post-translation modification (PTM) in the Golgi compartment of the secretion 

pathway.  

 A higher weight band is weakly visible in lanes 1 and 4, as an anti-B-chain mAb primary 

antibody was utilized and reducing conditions undo the four disulfide bonds in the B-chain to 

create a highly disorganized tertiary structure with retarded migration and hindered mAb 

affinity. 

 

 
 

Figure 3.11. Western Blot of Proabrin. Western blot performed using B-chain-specific Tetracore 
mouse mAb on High Five cell supernatants infected at MOI=4 and harvested at 72 hours. Lanes 
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1-3 contains infectious supernatant centrifuged at 10,000 x g for 5 minutes, lanes 4-6 contain 
raw uncentrifuged supernatant. Centrifugation removes proabrin bound to cell debris and also 
proabrin within the cell, leaving behind only secreted proabrin free in the solvent. A difference 
in molecular weight of 5-10 kDa between secreted and intracellular forms is reasonably 
explained by presence/absence of N-glycans. 

 

 As seen in Fig. 3.12A and Fig. 3.12C, mAbs A3 and the Tetracore B-chain mAb bound 

both wild-type abrin toxin as well as the purification product, verifying that the FPLC product 

was the confirmed as the expected proabrin protein. In the reduced abrin lane, A3 mAb binds 

the 28 kDa A-chain, and the Tetracore mAb binds the 35 kDa B-chain. However, both antibodies 

produce a 63 kDa band on the proabrin lane, confirming integrity of the A-B toxin bound 

together by the modified poly-[GSSS] linker, inseparable under reducing conditions. 

 Perplexingly, the B4 mAb bound to the wild-type abrin (albeit, weakly), but did not 

visually bind to proabrin at all (Fig. 3.12B). Referring back to the B4 mAb ELISA in Fig. 3.10G, 

there was some variance in affinity of B4 mAb between abrin and proabrin, possibly indicating 

that whatever binding may have occurred was insufficient to produce an observable band. 

Furthermore, this western blot was performed when the proabrin had been stored at 4⁰C, 

leading to the additional hypothesis that the proabrin was partially denatured. Since it is known 

that the B-chain is more labile to denaturation than the A-chain, this may explain the difference 

of binding between A3 and B4 mAbs. 
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Figure 3.12. Representative Western Blots of Anti-Abrin Antibodies Against Abrin Toxin (AT), 
Proabrin (PA), and Ricin Toxin (RT). Blotted on PVDF membrane, colorimetric detection with 
TMB solution. A) and C) A-chain linear peptide mAbs and Tetracore B-chain mAb bound 
proabrin on western blot. Wild-type abrin dissociated into 28 kDa A-chain and 35 kDa B-chain, 
but proabrin remained fully intact. None of the linear-peptide derived anti-abrin B-chain mAbs 
produced visible signal on blot. No visible binding of anti-abrin antibodies to ricin toxin.  
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3.6 Discussion 
 

 In conclusion, a genetically-attenuated recombinant abrin toxoid was successfully 

produced by means of baculovirus expression system. Characterization of various aspects of the 

proabrin molecule revealed that structural and functional aims were achieved to varying 

degrees of success. Through incorporation of mutations from Hung et. al. into the catalytic 

active site, evidence of reduced A-chain toxicity to ribosomal translation (108-fold) was 

established through cell-free translation assay, and additional attenuation of the entire 

holotoxin (mean 296-fold) was observed in cytotoxicity assays. (201) This further attenuation 

may have likely been achieved through incorporation of a poly-serine-glycine peptide linker, 

which was directly evidenced to prevent separation of A- and B-chain subunits in a reducing 

environment.  

 Although the A-chain was functionally attenuated, the unmodified B-chain was proved 

to retain lectin function. Antigenically, the recombinant proabrin demonstrated binding to abrin 

mAbs directed specifically to both the A-chain and B-chain, although A-chain binding was more 

closely approximated. The relative general decrease of B-chain mAbs to proabrin relative to 

wild-type abrin may be explained by variation of glycosylation structure, although certainly 

western blot evidence suggests the proabrin is secreted as a glycosylated protein. 

 Two fundamental aspects of this project included correct design of the molecule, and 

implementation of the baculovirus recombinant expression system within the lab. Regarding 

designed mutagenesis, the active site mutations, as well as the modified linker, were not 

evidenced to be deleterious to the overall structure, lectin function, or antigenicity of the 

protein. Any concerns of residual toxicity to insect cells were abated when high levels of protein 

product were measured in cell supernatants.  

Evaluation of the baculovirus expressed cell supernatant revealed a proabrin 

concentration of  approximately 2.79 mg/L as measured by sandwich ELISA, and the estimated 

supernatant concentration by BCA measurement of FPLC-purified product was 2.33 mg/L. 

These values are in strong accordance with measurements of BacV-expressed non-toxin 

proteins expressed in previous studies. (214–216) Proabrin expression yields were satisfactory, 
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given the larger 63-kDa molecular weight of the product. Maximally-productive protein 

expression requires ideal saturation of cells with virus particles such that virtually all cells begin 

infection together in synchronization (thus synchronizing late-promoter proabrin transgene 

expression). (217, 218) Identifying optimal timepoint of infection is critical as well, as the 

majority of baculovirus genetic backbones used in expression kits also express the v-cathepsin 

protease, which can significantly degrade expression products. (219, 220) 

The proabrin yields are similar to previous baculovirus-expressed ricin B-chain 

constructs, especially considering the polypeptide lengths of the latter are roughly half that of 

proabrin. Ferrini et. al. obtained a yield of 1.6 mg/L from Sf9 cells on day 3, MOI of 3, with 50 

mM lactose supplemented. (221) Frankel et. al. obtained a yield of 3 mg/mL from both Sf9 and 

Trichoplusia ni cells on day 5, MOI of 1 with 25 mM lactose supplemented. (222) Expression 

yields of ricin A-chain in E. coli have been much higher, as Smallshaw et. al. reported yields as 

large as 400 mg/L. (223) Patents of Borgford et. al. and Braun et. al. have reported BacV 

expression yields of 3 individual proricin constructs pAP190, pAP220, and pAP304. (193, 194, 

224) Raw supernatant yields as measured by ELISA were 0.8 mg/L, 2.5 mg/L, and 4.3 mg/L, 

respectively. 

 It may be questioned as to why a poly-histidine tag was not employed to facilitate a 

more conventional recombinant protein purification method. (225) Although this method is 

recognized as invaluable for most proteins, the lectin function of the proabrin B-chain 

inherently allows the alternative method of affinity-purification, circumventing the need to 

design constructs with a tag. Certainly, bypassing use of a His-tag allows for simpler post-

processing steps, no cleavage remnant, and slightly fewer amino acids to translate in the entire 

polypeptide. However, there is one predominant advantage to lectin-affinity purification. Since 

the B-chain is synthesized downstream of the A-chain, purification mediated by virtue of a 

functional recombinant B-chain self-selects for full-size, properly-folded product. The key 

benefit over His-tag purification is that lectin affinity chromatography inherently serves as a 

quality control step. Partial-size or misfolded proabrin B-chain cannot adhere to the column, 

thus ensuring correct structural and lectin-functional homogeneity of the final purified product. 

This was evidenced in the SDS-PAGE gel of Fig. 3.6, in which only a single sized band of product 
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was observed with total absence of lower-mass species. This could be verified even further in 

the future by reproducing the SDS-PAGE with highly-sensitive silver staining. Overall, the 

optimized baculovirus expression system and accompanying purification process is highly adept 

to produce recombinant toxoid.   

 The subject of attenuation must be addressed in detail, beginning with the two A-chain 

mutations, Glu164Ala and Arg167Leu, derived from Hung et. al. In their study, the dual-mutant 

abrin A-chain demonstrated a 1/1,250-fold reduction in cell-free translation toxicity compared 

to wild-type A-chain. (201) The proabrin of this investigation here, however, only displayed a 

1/108-fold reduction in cell-free translation relative to wild-type abrin holotoxin. The A-chains 

bear identical mutations, yet a vast difference in outcome was obtained. While at first glance 

this appears to be a major discrepancy, it is quite reasonably explained by the fact that it is not 

a direct comparison. It has been reported that wild-type abrin A-chain is much more toxic to 

ribosomes in cell-free assay than the full A-B holotoxin form. (226) A proper cross-study 

assessment would require directly comparing the construct of Hung et. al. to a BacV-expressed 

dual-mutant A-chain together in a single CFT assay to determine true differences in the catalytic 

attenuation of the A-chain.  

Cytotoxicity experiments utilizing Vero and HeLa cells provided additional insights into 

the impact of the [GGGS]4 synthetic linker. The IC50 values of abrin in Vero and HeLa cell lines 

closely approximate previously reported values of ricin and abrin in the same cell lines. Vero 

cell cytotoxicity assay by Pauly et. al. reported IC50 values of ricin (0.2 ng/mL) and RCA120 (60 

ng/mL), which are within the same magnitude as the IC50 of abrin and APA reported here. (227) 

This study here found HeLa cells to be nearly three times more sensitive to abrin intoxication 

than the Vero line. This is supported by the study of Makdasi et. al. which found that HeLa cells 

exhibit earlier morphological changes and greater reduction in viability compared to Vero cells 

when exposed to abrin. (228) 

While attenuation of the A-chain was 108-fold by cell-free measurement, in vitro 

cytotoxicity assays revealed an additional nearly 3-fold reduction in overall toxicity, amounting 

to total attenuation of approximately 300-fold overall. This data indicates that additional 

attenuation is conferred beyond the A-chain active site mutations (directing focus towards the 
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mutational substitution of the synthetic [GGGS]4 peptide linker, as the B-chain was 

unmodified). It must be noted that inclusion of the functional lectin B-chain within the 

recombinant proabrin molecule chain actually serves to enhance cytotoxicity, as it facilitates 

invasion of proabrin into the cell, and thus is counterproductive if the sole aim is reduction of 

catalytic cytotoxicity. (229) This is of course why many recombinant studies only produce a 

mutated A-chain. Since the inclusion of the B-chain serves to undermine potential attenuation, 

it is highly promising here that cytotoxicity was attenuated by 300-fold. This implies that the 

linker plays a part in overcoming unfavorable toxicity contributed by incorporation of the B-

chain, and provides attenuation even a step beyond that. 

The benefit of the linker mutation enables a reduction in toxicity as it is widely-

understood that reduction of the A-B interchain disulfide bond in the ER lumen is a key step in 

the cytotoxic mechanism of action abrin. Following internalization of the toxin molecule, 

reduction separates the chains, and enables delivery of the A-chain from the endosome into the 

cytosol. (57) Having demonstrated here the inseparability of proabrin chains under reducing 

conditions, it supports the original hypothesis that the [GGGS]4 synthetic linker is highly 

obstructive to the transition of the toxoid to the cytosol, and/or interferes with A-chain 

ribotoxicity once it has gained access to the cytosolic compartment. Experiments utilizing 

techniques such as immunofluorescent microscopy may establish conclusive evidence of the 

transit of proabrin through the endosomal pathway. (54, 230) 

 

 A key next step would be the pursuit of near-total abolishment of residual toxicity 

whatsoever of the proabrin molecule. Fortunately, there are multiple candidate solutions to 

induce greater attenuation, most of which may work synergistically to achieve the desired 

objective. Beginning with the A-chain, there are three other conserved catalytic residues in the 

active site which could be targeted for site-directed substitution. They are Tyr74, Tyr113, and 

Trp198, all of which constitute aromatic amino acids. Experimental replacement with non-

aromatic residues may be sufficient to abolish catalytic activity. 

 Secondly, a lesson from the reduced toxicity of Abrus precatorius agglutinin (APA) may 

be applied. Unlike Ricinus communis agglutinin (RCA120) which is attenuated by inseparable 
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covalent bond between dimers, APA has been found to be attenuated by presence of a natural 

mutation in the A-chain. Abrin-a isoform A-chain bears Asn200, but the equivalent residue in 

APA is Pro199, which reportedly introduces a structural kink and greatly diminishes catalytic 

activity of APA. (34, 36) Combined alongside the current A-chain mutations Glu164Ala and 

Arg167Leu, incorporating an APA-inspired Asn200Pro mutation into the proabrin A-chain may 

fully reduce N-glycosylase toxicity to negligible levels. An important caveat here is that Asn200 

in abrin is surface-exposed. Antibody production against this location risks creating antibodies 

that cross-react with APA, nullifying any aims related to producing abrin-specific antibodies. 

Cytotoxicity may also be vastly improved through site-directed inactivation of B-chain 

sugar-binding residues. Greenfield et. al. found that diphtheria toxins with B-chain cell-binding 

mutations were 104 to 105 less toxic than wild-type diphtheria toxin. (231) Such a modification 

would require His-tag purification of proabrin, and runs the risk of inducing conformational 

disruption of the B-chain, given that the tertiary structure of the B-chain is highly fragile and 

labile to denaturation. (26) Nonetheless, since de Sousa et. al. demonstrated that amino acid 

substitution can restore lectin function to a non-functional abrin B-chain, it is conversely 

applicable that mutational substitution can inhibit binding. (24) There is strong merit to 

mutating these aromatic residues to non-aromatic residues in each pocket, as a single mutation 

in each binding cleft would likely minimize conformational deformation, to retain overall B-

chain antigenicity. Fu et. al. expressed ricin B-chains via baculovirus expression in Sf9 cells with 

mutations in sugar-binding residues of 1α and 2γ subdomains. When mutants were 

reassociated with wild-type abrin A-chain and applied to HUT102 Human T leukemia cells, a 1-3 

log reduction in cytotoxicity was observed, despite other experiments showing that lectin 

activity was not totally abolished. Critically, B-chains did not lose antigenicity as they still 

reacted with anti-B-chain mAbs and pAbs. (232) Ultimately, one could anticipate that this would 

significantly enhance success of abrin hybridoma efforts due to increased antigen 

exposure/availability, working in synergism with the adjuvant. The holotoxoid may have a 

longer half-life in the circulatory system of the animal, resulting in amplification of immune 

interactions and augmented immunogenicity of the proabrin molecule. (233, 234) 
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Finally, there is precedent to suspect that the synthetic linker may in fact be too long, 

although overall, no amino acids were added or deleted with respect to the length of the wild-

type linker conjoining the A and B subunits. The net linker length was originally unchanged so as 

to avoid unforeseen perturbations in antigenic tertiary and quaternary protein structures. 

Although the cleaved portion of the linker is only 10 residues long (N’-ANQSPLLIRS-C’), the 

distance between A- and B-chains really should be reimagined as the polypeptide distance 

between A-chain Cys259 and B-chain Cys4, the residues that form the inter-chain disulfide bond 

(that is reduced upon translocation into the host cell cytosol).  

This concept is visualized in Figure 3.13. In Fig. 3.13A, it stands to reason that the 21-

residue linker unfolds upon intracellular disulfide bond reduction to provide the A-chain a high 

degree of angular flexibility in cytosol, hereafter known as ‘slack.’ Since the A-chain possesses 

residual catalytic toxicity in cell-free translation assay, it is plausible that in reduced form the A-

chain bears sufficient steric mobility to be capable of exerting residual toxic activity on 

ribosomes. A shortened linker may tether the B-chain closer to the A-chain and sterically inhibit 

ribosomal binding and depurination of 28S rRNA, such as the 10-residue linker illustrated in Fig. 

3.13B. Surface plasmon resonance (SPR) may be utilized to investigate the conformational 

mobility of the proabrin A-chain with respect to the B-chain under reducing conditions.  
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Figure 3.13. A-B Linker Length and Steric Freedom Under Reducing Conditions. The current 
proabrin toxoid linker is as long as the wild-type proabrin linker. A) Linker length = 21 amino 
acids. Though highly attenuated, the A-chain has extended slack to bind ribosomes and exert 
residual enzymatic ribotoxicity. B) Linker length = 10 amino acids. By selectively shortening the 
A-B linker length, steric freedom of the A-chain is greatly limited, potentially attenuating overall 
molecular toxicity even further. 

 

A re-examination of data produced later by Borgford et. al. of Twinstrand supports this 

hypothetical concept of ‘molecular slack’ in relation to recombinant proricin attenuation. In at 

least two studies employing varying lengths of proricin linkers, shorter linkers were generally 

associated with greater attenuation of toxicity in both COS-1 cells and in mice. (194, 197) 

Notably, the intrachain disulfide linker length in both TST10088 and TST10114 proricin 

molecules was 8 amino acids, whereas the wild-type length is 23 residues. (198) 
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 The proabrin molecule was not designed to provide research on the mechanism of 

toxicity of abrin, but rather to fill gaps and demands in bioforensic diagnostic applications. The 

first compulsion is to obtain an antigenic imitation alternative of extremely toxic wild-type abrin 

that can be used for hybridoma immunizations. Previous recombinant toxoid immunization 

studies were addressed in section 2.1.1.2. 

 A review of the literature demonstrates that the vast majority of recombinant ricin and 

abrin toxoids have been A-chain molecules. The A-chain is preferable for expression studies 

given the added issues conferred by incorporating the functional lectin B-chain. Despite this 

caveat, the proabrin holotoxoid construct is highly attractive, given that many neutralizing anti-

ricin B-chain mAbs have been identified. (185, 235–238) Here in this project, the antigenic 

similarity of proabrin with respect to wild-type abrin was demonstrated using mAbs developed 

in the abrin hybridoma project. Although in-house produced A-chain mAbs displayed slightly 

greater relative affinity than B-chain mAbs, there is still high confidence in the overall outcome 

that hybridoma immunizations with proabrin could lead to a plethora of novel abrin B-chain 

mAbs. The cytotoxicity data revealed that proabrin appears to be marginally less toxic than 

APA, and therefore proabrin may have murine LD50 values of at least 1 mg/kg (i.p.) or higher, as 

reported by Lin et. al. (17)  For ricin toxin and ricin toxoids,  lethal dose values (mass/kg body 

weight) are numerically less than in vitro cytotoxicity assay values (mass/mL) in terms of the 

mass quantities. (194, 197)  The mean IC50 of proabrin was 45.9 ng/mL in Vero cells, and 15.7 

ng/mL in HeLa, and this was slightly less cytotoxic relative to the IC50 values of agglutinin, which 

itself yields LD50 values of several mg/mL in animal models. Thus, it is warranted to perform 

animal model testing to precisely determine the true in vivo mammalian risk thresholds. 

Therefore, while murine LD50 values of proabrin are unknown they are almost certainly greater 

in magnitude than the IC50 toxicity values reported here for Vero and Hela cells. 

Characterization may indeed prove satisfactory that proabrin is a highly attractive non-toxic 

antigen useful to produce multiple neutralizing and high affinity antibodies for essential 

therapeutic and diagnostic purposes. 
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 The second major intended application of the recombinant proabrin is to manufacture a 

high quality attenuated abrin holotoxoid that could substitute for live abrin toxin as a positive 

control in field deployment-based diagnostic assays. This is exemplified by the FEMA debacle 

where from 2011-2015, over 9,600 first-responders were potentially exposed to high purity 

active ricin holotoxin powder. (239)  Already, it has been demonstrated here that BacV-

expressed proabrin binds to Tetracore commercial antibodies utilized in sandwich ELISA format. 

Strong signals were obtained, using abrin toxin-specific pAb and mAb directed against the A-

chain and B-chains, respectively. Further experiments could be performed to assess the relative 

performance of proabrin as a positive control in terms of reproducibility and sensitivity of 

detection compared to wild-type toxin. Antibody-titration ELISAs revealed some variance in 

binding strength relative to abrin, particularly regarding affinity for the proabrin B-chain.  

It was earlier postulated that small differences in glycosylation moieties may exert some 

influence. Glycosylation patterns of insect cell-secreted proteins are known and were a strong 

basis of selecting baculovirus as a proabrin expression platform due to closest-available 

approximation of plant glycosylation. The main differences are absence of xylose residues in 

BacV products, and addition of fucose residues which are not found in the plant toxin. (207) 

Nonetheless, it is possible to perfect reproduction of BacV-expressed product even further. Co-

expression of BacV-expressing UDP-xylose glycosyltransferase as well as a fucose-specific 

glycosylase may be a relatively straightforward means of tailoring the final glycosylation pattern 

of the recombinant proabrin product and may fine-tune affinity profiles of B-chain mAbs. 

Circumvention solutions with similar mechanism of action have been developed previously, 

which enabled selective addition and excision of critical glycomoieties. (240, 241) 

Additionally, since the [GGGS]4 synthetic linker was designed to eliminate proteolytic 

cleavage sites, some form of an in vitro protease digestion experiment may be performed with 

various proteases to validate the true capacity of the linker to secure A- and B-chains together. 

 All in all, the experimental results reported in this project demonstrate the feasibility of 

producing an antigenically-similar holotoxoid using the baculovirus expression system. 

Furthermore, there remains great potential for achieving attenuation of toxicity satisfactory for 

application to hybridoma production and use as a non-toxic diagnostic reagent. 
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Chapter 4 Forensic Analysis of Abrus 
precatorius Seed Extracts by LC-MS/MS 

 
   

4.1 Introduction 
 

 

4.1.1 The Discipline of Microbial Forensics 

 

4.1.1.1     Origins 

 

 Microbial forensics is “the scientific discipline dedicated to analyzing evidence from a 

bioterrorism act, biocrime, or inadvertent microorganism/toxin release for attribution 

purposes.” (242) This discipline has greatly expanded in breadth and depth over the past 

twenty years, when it was first established in response to the anthrax attacks in 2001 in the 

United States. Nucleic acid-based technologies such as whole-genome capabilities have 

garnered the most attention in microbial forensics thus far. Nonetheless, equally remarkable 

strides have been made in forensic proteomics work, especially surrounding detection, and 

attribution of proteinaceous toxin targets.  

 

4.1.1.2     Diagnostics Challenges of Protein Toxins 

 

Forensic analysis of toxin-containing samples has proven challenging, for a number of 

key-differences in biochemical compositional nature of toxin samples. Firstly, there often is a 

deficit of highly-information-rich molecules such as DNA or RNA that do not present in highly-

purified toxin samples. Secondly, when those molecules are present, they do not always offer 

more attribution information than the proteins themselves. In the genome of a given 

replicating bacteria or virus, there are many molecular markers such as single nucleotide 

polymorphisms (SNPs), deletions, and evidence of horizontal recombinant events that confer 

strong ability to discriminate similar pathogens from another with respect to sample source. 

Replicating biological agents can be sub-identified by species, strain, and sub-clade. However, in 
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its most pure form, a proteinaceous toxin only carries amino acid sequence information, which 

is much more conserved than its nucleic acid precursors due to catalytic and specific-binding 

functional restraints not imposed on DNA and RNA. Furthermore, for toxin samples of poor-to-

moderate purity, nucleic acid carryover can contain information related to plant species and 

cultivar, but the enormous size of eukaryotic genomes in plant cells would require detailed 

typing protocols which are yet to be fully-developed. Provided that high quality assembly 

databases could be curated for various RIP cultivars, identification of cultivar would not be as 

informative for toxin attribution as for attribution of other microbiological agents. A given 

cultivar can be grown in many soils worldwide, through natural spread, and cultivation by both 

benign and malevolent actors. For these reasons, proteomics technologies are often more 

appropriately-suited for forensic attribution of plant protein toxins over traditional genomics 

approaches. 

 

4.1.2 Broad Examples of Proteomics in Various Forensic Disciplines 

 

Merkley et. al. describes numerous applications of shotgun mass spectrometry in the 

subdisciplines of sports doping, crime scene investigation, and microbial forensics. (243) The 

field is undergoing a high level of development and analytical standardization, even for 

suitability as evidence in law enforcement cases, as described by Jarman. (244) Dammeier et. al. 

described a method to identify the pathway of a bullet through a body according to the residual 

organ-specific peptides identified on the bullet.  Shotgun proteomics is also undergoing 

considerable development as a key forensic serology method to differentiate bodily fluids. (245, 

246) 

A number of studies have shown the potential for use in microbial forensics as a 

complement to genomic analyses. Several studies have examined the differential proteomic 

expression patterns of pathogens incubated in different conditions. The lab of Wunschel et. al. 

examined the forensic proteomic signatures of Vaccinia virus as a surrogate for Variola virus 

and found differential expression patterns according to growth in various cell lines, culture 

medium, as well as the method by which the virus was purified. (247) The same group 

subsequently detected differentially-expressed protein patterns of Yersinia pestis according to 
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growth parameters of media formulation and temperature and found biomarker proteins 

differentiating lab-grown Yersinia pestis from those sourced from natural settings. (248, 249) 

Similar work has been conducted on four strains of Clostridium botulinum. (250) A shotgun 

assay has also been developed for the multiplex identification of ricin and several bacterial 

toxins. (251) 

 

4.1.3 Fundamentals of RIP Toxin Proteomics 

 

4.1.3.1     Proteomics Solutions 

 

Mass spectrometry systems can provide extremely accurate quantification of toxins and 

toxin-related proteins (targeted LC-MS/MS), as well as high-refined compositional content of 

raw samples (shotgun LC-MS/MS).  

The principles found within analysis of total sample composition (e.g., metagenomics) 

can add great value to forensic proteomics. Bottom-up proteomics, or ‘shotgun proteomics’, 

provides semi-quantitative discovery of all detectable proteins within a given sample. Although 

shotgun methods do not yield the same degree of quantitative accuracy as targeted analysis, 

shotgun analysis yields extremely insightful relative abundance data. It is this relative 

abundance data that enables fine-level detail in protein variation according to variation of 

natural biological origin and anthropogenic modification. Specifically, the latter category 

consists of changes of relative abundance according to growth condition, media selection, and 

other biochemical differences in pathogen growth or toxin purification.  

 

4.1.3.2     Detection & Quantitation Assays 

 

 Proteomics assays are essential for detection of toxins, as DNA sequencing methods 

alone cannot serve to detect presence of functional catalytic toxins. Detection of Type II RIP 

toxins by mass spectrometry methods has been progressively refined over the past twenty 

years. In 2001, Darby et. al. described detection of ricin toxin by ESI-LC-MS/MS and MALDI-TOF 

and detection of ricinine alkaloid by gas chromatography-mass spectrometry (GC-MS). (252) 

Similar techniques were applied to detection of ricin in neat and crude castor bean 
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preparations. (253) On-target digestion of ricin, abrin, and viscumin toxins for rapid MALDI-TOF 

detection was developed. (254) Detailed analysis of mass spectrometry methods applied to 

crude ricin samples from a 2011 law enforcement investigation have been published. (131) In-

depth statistical analysis of limits of ricin detection by shotgun LC-MS/MS have been reported. 

(255) 

 Mass spectrometry assays capable of toxin quantitation have been developed. 

Fredriksson describes an advanced quantitation method involving galactose affinity-purification 

of abrin and ricin from complex food matrices, followed by accurate mass LC-MS/MS. (256) A 

comprehensive magnetic bead immunocapture protocol focused on detection and quantitation 

of abrin isoforms using labeled LC-MS/MS was recently reported. (257) Duracova et. al. 

published an in-depth review of proteomic analytical methods for biothreat plant toxins. (258) 

 

4.1.3.3     Forensic Proteomics 

  

 Ovenden et. al. developed multiple assays to make determinations of geographical 

provenance and cultivar identification based on isotope ratios, metal ion profiles, organic 

compounds, and proteins. (259, 260) Electrospray-MS (ES-MS) and other methods were able to 

differentiate R. communis var. Zanzibarensis from 4 other cultivars, largely on the basis of 

glycosylation heterogeneity. (261) Protein-expression patterns of castor beans were examined 

whereby multiple stages of seed development were differentiated using a total of 1,875 seed 

proteins. (262) Examination of light element stable isotope (C, H, N, O) ratios has proven 

capable of tracing seeds to specific geographical sources, influenced by region-specific factors 

including soil and water. A Bayesian algorithm was developed to trace seeds from 8 different 

regions within 4 countries. (263) Kreuzer et. al. determined provenance of 307 castor bean 

samples from 13 different countries around the world with 99% accuracy. (264) 

 One of the most difficult challenges of provenance research is the differentiation of 

forensically-relevant crude sample preparations which selectively add and remove a number of 

endogenous and exogenous compounds from the seed. Multiple labs have studied crude 

sample preparation methods including castor bean mash, removal of seed oil using acetone 
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solvent extraction, and protein precipitations carried out with Epsom salts (magnesium sulfate), 

ammonium sulfate, and acetone. The first study of this kind on R. communis beans was 

published by Wunschel et. al. in 2009, whereby four crude purification methods were 

differentiated by isotope ratio, carbohydrate, and fatty acid analysis. (265) Kreuzer et. al. 

devised a GC-MS workflow capable of determining if acetone-processing was involved in crude 

castor bean preparation. (266) Four extraction methods were differentiated by seed 

carbohydrate, ricineolic acid content, and analysis of exogenous solvent content. (267) In 2018, 

Fredrikkson et. al. achieved 100% correct retrospective identification of four crude methods via 

a two-stage OPLS-DA classification model. This model not only achieved correct prediction, but 

revealed key specific forensic biomarker variables of carbohydrates, fatty acids, and seed 

storage protein peptides. (268) Source attribution has not been limited to R. communis seed 

preparations, as Moran et. al. employed GC-MS methods to chemically-fingerprint acetone 

reagents sourced from 15 different suppliers. (269) 

 

4.1.3.4     Discrimination of Production Methods in Chemical Forensics 

 

The aforementioned ricin attribution studies combine proteomics and chemometrics 

data with some form of machine-learning modelling for purposes of sample classification and 

prediction. Paralleling the needs and objectives of bioforensics, the Organization for the 

Prohibition of Chemical Weapons (OPCW) has in recent years recognized the importance of 

residual chemical and isotopic traces serving as ‘silent witnesses’ to the synthesis and use of 

chemical weapons.  (270) Differentiation of chemical synthesis methods via attribution 

signatures has been conducted for cyanide stocks, sulfur mustard gas, and VX nerve agent. 

(271–273) Attribution of chemical substances to individual manufacturers has been performed 

for calcium ammonium nitrate. (274) All of these studies have paired mass spectrometry-based 

methods with advanced algorithms, resulting in highly novel attribution capabilities that have 

cross-over potential of application to bioforensics.  
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4.1.4 Sample Prep to Prediction – Key Methodologies 

 

4.1.4.1     FASP Trypsin Digestion 

 

 Filter-aided sample preparation (FASP) was created to overcome limitations associated 

with the two most common methods of performing proteolytic digests on proteins for mass 

spectrometry analyses. (275) In-gel digest is highly effective in removing impurities but suffers 

from reduced peptide recovery. On the other hand, in-solution digestion incompletely dissolves 

the whole proteome, and suffers carryover of impurities. Wisniewski et. al. published the FASP 

protocol in 2009, reporting identification of 40,582 unique peptides representing 7,093 proteins 

from lysate of 2X105 HeLa cells. The major advantages of FASP are digestion of both hydrophilic 

and hydrophobic proteins, efficient removal of impurities with high sample retention, and it is a 

protocol applicable to many types of sample input. (275) In brief, proteins are dissolved in 

sodium dodecyl sulfate (SDS), washed, and kept unfolded with 8M urea, followed by sulfide 

bond reduction, n-alkylation, and endoproteolytic digest. All processing occurs on a 30 kDa 

MWCO filter, which retains smaller proteins in their unfolded state. The Microcon-style 

ultrafiltration unit can process 10-100 micrograms of total protein with 60-70% retention yields. 

(276) The protocol has been modified to replace SDS with sodium deoxycholate to achieve 

improved extraction of highly hydrophobic membrane proteins. (277) 

 

4.1.4.2     Spectral Counting as a Basis for Relative Abundance Measurements 

 

As the popularity of shotgun MS studies have increased in recent years, so has the 

debate surrounding how to best elicit meaningful conclusions from data. Although labeled 

(isotopic, isobaric) mass spectrometry techniques offer the highest accuracy for absolute and 

relative peptide quantitation, two main methods are available for unlabeled shotgun MS 

relative abundance estimation. Unlabeled analysis is a tradeoff that provides semi-quantitative 

results without the cost and labour of labeled methods, which quickly become infeasible for 

large sample sizes. Spectral counting calculates protein abundance from the sum of individual 

MS2 spectra associated with a given protein, whereas ion peak intensity calculates protein 

abundance from the averaged area or height of MS1 spectra. (278) Ion intensity is arguably 
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preferable when high accuracy of small fold-changes is sought but suffers from high 

computational demands. Spectral counting is biased against low-abundance proteins, poorer at 

measuring small differences between proteins, but is sufficiently accurate for measuring larger 

differences. Liu et. al. spiked predefined quantities of proteins into yeast cell lysates and 

observed spectral counts to yield a linear dynamic range of over two orders of magnitude (R2 

greater than 0.996). (279) Spectral counting can attain sensitivity of ion peak intensity 

measurements while retaining linearity, and Old et. al. found that spectral counting performed 

better overall for finding changes in protein abundance, particularly when SC counts were equal 

to or greater than 4. (280, 281) Spectral counting remains a commonly utilized, lower-cost, 

straightforward approach that is suitable when experiments are designed bearing in mind its 

strengths and limitations. 

 

4.1.4.3     Statistical Preprocessing Considerations 

 

 There are multiple challenges in applying statistical functions to obtain meaningful 

results from unlabeled data, as described by Choi et al. Unlabeled proteomics data constitutes 

count data (frequently with excess zero counts), does not meet assumptions of normality-based 

functions, and rarely comes from large sample sizes. A number of groups have devised 

normalization and transformation methods to render raw spectral count data suitable for 

statistical analysis. As has been the case with "omics" subdisciplines of microarray and RNAseq 

for determining differential gene expression, differential proteomics lacks a consistent 

objective standard for data preprocessing. (280) Normalization of counts between samples has 

been accomplished using total sum normalization, polypeptide length-based normalized 

spectral abundance factor (NSAF), max/min, and normalizing to internal protein(s).  (282) 

Transformation of raw spectral counts has been approached from a number of angles, ranging 

from basic functions such as log transformation and Z-score standardization to more complex 

models such beta-binomial, zero-inflated negative binomial (ZINB), and locally weighted scatter 

plot smoothing procedure (LOWESS). (283–285) Several original solutions have been published, 

including Bayesian-based QSpec, Exponential-Modified Protein Abundance Index (emPAI) [8], 

Spectral Index (SIN), and more. (280, 286, 287) Different transformation calculations seek to 
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minimize the impact of various biases that arise from the inherent structure of shotgun count 

data, and to a degree are contingent on the nature of the key objectives of a particular 

investigation. (280) Some experiments may emphasize relative abundance of different protein 

species within a single sample, whereas others will focus on comparisons of protein fold-

changes across multiple sample conditions. Following appropriate data normalization and 

transformation steps of raw count data, multivariate models and statistical tests can be 

implemented. 

 

4.1.4.4     Multivariate Classification & Prediction 

 

 The strides made in 'omics' data collection from complex samples has spurred a rise in 

development of bioinformatic tools capable of reducing thousands of data points into 

meaningful conclusions. At their core, these software-driven aspects of scientific inquiry are 

constructed from multivariate statistics calculations. Generally speaking, hundreds to 

thousands of individual variables are reduced to a small number of overarching trends and 

patterns, which are frequently represented in visual plots. Classification of individual samples 

can be achieved through unsupervised and supervised methods. Unsupervised classification 

maximizes variance independent of categorical association, thus informing the investigator of 

trends implicit within measured variables alone. Principal component analysis (PCA) is a 

commonly employed unsupervised classification method. Contrastingly, supervised methods 

maximize variation with respect to categorical variables, thus producing coerced trends 

according to predetermined group-wise associations. This is commonly performed with 

algorithms such as partial-least squares differential analysis (PLS-DA). It is wise to incorporate 

both approaches within an 'omics' study, as PCA will produce unbiased classification of samples, 

upon observing natural patterns, PLS-DA can then be applied for utilitarian purposes of 

prediction and unearthing high value biomarker variables. 
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4.2 Rationale & Objectives 
 

This project implements proteomic relative abundance analysis of seed mash 

preparations of Abrus precatorius to determine if it is possible to match sample to the method 

of production. Relative abundance analysis of ricin protocols applied to abrin can perhaps be an 

effective strategy in deciphering individual production methods used to create seed extracts. All 

methods produce final end products that do contain high levels of contaminating protein 

species of seed storage proteins that have carried through the non-specific purification steps.  

Results from this study will demonstrate that it is possible to retroactively identify 

methods and reagents used to produce a given seed mash sample, using a single wet-lab prep 

method. By adhering to exact specifications, physical determinants (incubation times, 

temperature, seed breakdown, filtering) and chemical determinants (pH, salt concentrations, 

stoichiometric ratios) are properly reproduced to obtain meaningful forensic relative 

abundance signatures.  

Differences in protein abundances are representative of individual purification methods 

due to selective fractionation steps unique to each protocol. Several methods employ a salt 

precipitation step, whereby addition of a sulfate salt induces charge neutralization and 

precipitation of select proteins out of solution, followed by a filtration step that isolates 

precipitated insoluble proteins from discarded soluble proteins. One of three sulfate salts are 

used for precipitation, where the sulfate anion remains constant, but cation identity is one of 

sodium, magnesium, or ammonium. Variation in precipitated protein species occurs because 

cation species confers radically different values of temperature-dependent salt solubility 

(Figure 4.1). Since the fraction of individual proteins precipitated is not only dependent on total 

salt concentration, but also possibly specific ion effects, change in the variable of the cation 

component of precipitating salt yields observable differences in final purified sample proteome. 

Sulfate salts are not the sole agents of protein precipitation, but one method also employs 

acetone to accomplish the same purpose.  

By devising a study that includes analysis of different sources of the same chemical 

reagent, it may be possible to determine if a given method demonstrates statistically-significant 
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fold-change determinants according to reagent source, when all other factors are equal. Thus, 

presuming that alternative reagent sources will induce variation of the proteome analyzed, 

proteomic data may reveal both the type of method and potential reagents used to create an 

abrin seed mash.  

If the initial trial presented here is capable of differentiating multiple plant toxin 

extraction methods, the ramifications could be very promising for the microbial and toxin 

bioforensics scientific community, both nationally and internationally. Every new discovery, 

small or large, contributes to a broader collection of diagnostic capabilities and establishes a 

new developmental level at which new assays and platforms can ultimately be integrated 

alongside current solutions. The utility of the principles and methods employed here may carry 

over into bioforensic analysis of not only abrin, but potentially also ricin, bacterial toxins, and 

more. 

 

 

 
 

Figure 4.1. Solubility Curves of Sulfate Salts in H2O. Salts exhibit unique solubility properties as 
a function of temperature and the specific cationic partner (Hofmeister Series). The vertical 
grey-shaded box represents the typical range of room temperature values.  
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4.3 Hypothesis 
 

 The central hypothesis of this investigation anticipates that multiple crude abrin 

purification samples will be distinguishable from each other based solely on semi-quantitative 

relative protein abundance measurements from LC-MS/MS output. This is in spite of the fact 

that all crude samples will be derived from the identical biological source of the red-black 

variety of Abrus precatorius seeds. Although the factors of species, cultivar, horticulture region, 

and lot number are invariant, it is hypothesized that extracted samples will  contain unique 

post-extraction biological compositions sufficient to discriminate samples of multiple extraction 

methods. 

 This core hypothesis is entirely contingent on successful realization of several 

assumptions, which individual constitute individual sub-hypotheses. Firstly, it is hypothesized 

that implementation of the FASP trypsin method will be suitable to process end products of all 

six extraction methods, and reagent source variations thereof. Multivariate analysis require 

that high quality spectral count data can be obtained without considerable inhibition of trypsin-

digestion or mass spectrometer function. 

 Secondly, it is hypothesized that given prerequisite success of relative abundance data 

collection, multivariate tools (unsupervised methods) will be able to elucidate trends in relative 

protein abundances and classify samples according to naturally-occurring, method-specific 

sample clustering patterns. Furthermore, it is hypothesized that supervised PLS-DA methods 

will be capable of classifying and predicting samples with respect to categorical association. This 

would enable retrospective determination of crude methods according to proteomic signatures 

derived from that sample. Key biomarker proteins involved in classification modelling may be 

explicitly identified.    
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4.4 Methods 
 

4.4.1 Biosafety Considerations 

 

 All extraction protocols were reviewed, and an approved biosafety plan was drafted in 

consultation with NML Safety and Environmental Services (SES). Removal of seed hulls and all 

processing steps were performed in a class IIA biosafety cabinet, with the exception of certain 

steps involving acetone solvent. Filtering and evaporating of acetone from samples was 

performed in a designated fume hood. PPE was worn including dual-layer gloves, goggles, and 

gown. All instruments, filters, and samples with the exception of ammonium sulfate-containing 

samples were decontaminated with 1% sodium hypochlorite for 10 minutes and autoclaved. 

Instruments and disposables utilized in ammonium sulfate methods were decontaminated with 

1M sodium hydroxide and autoclaved.  

 All extraction method steps that differ from preexisting laboratory toxin-handling steps 

(in particular, protein precipitations and filter steps) were well-rehearsed with surrogate non-

toxic protein-containing materials including 2% milk and egg whites prior to ever utilizing toxic 

material. When working with toxin, strong attention was given to keeping toxins in solution and 

never allowing the protein extracts to dry. 

 

4.4.2 Biosecurity Considerations 

 

 All seeds and samples at all stages of processing were conducted within secured rooms. 

Abrin is not a designated toxin under the HPTA, or listed as a specific chemical under the CWC. 

Nonetheless, all standard operating protocols and documentation required for activities 

involving ricin toxin in this laboratory (purifications and experiments) were followed and 

applied for activities conducted with abrin toxin. Furthermore, during the actual carrying out of 

any given extraction protocol for comparative analysis studies the final step of dehydration was 

not conducted. The process was halted at wet extraction product for mass spectrometry 

analysis. Completed extraction samples were stored within an access-limited -80⁰C freezer.   
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4.4.3 Plant Material 

 

 Abrus precatorius seeds of the red/black variety were purchased from Tropilab® Inc., 

harvested in the South American country of Suriname. Extraction methods were carried out 

using a single package of 1,000 seeds in order to remove lot variation factors.  

 

4.4.4 Abrin Seed Extraction Methods 

 

 Abrin extraction samples were prepared in triplicate, chiefly with separate individual 

preparations of acid/base and salt solutions. Extraction protocols were selected from publicly-

available scientific literature. Each sample method employed 30 to 60 seeds per sample, as 

required to obtain sufficient mass of seed protein extracts for analysis. Volumes of reagents 

were readjusted accordingly to maintain approximate stoichiometric ratios.  

 None of the methods were assessed for success or comparison of active abrin 

purification, and thus the success of these procedures for that purpose remains unknown.  

 

 

4.4.4.1     PBS Mash  

➢ Adapted from: Wunschel et. al. (2012) (267) 

 

 Briefly, seeds of Abrus precatorius were soaked overnight in sodium hydroxide, rinsed in 

water, and hulls remove. All subsequent extraction protocols follow this preliminary step to 

remove the hull. For PBS mash, dehulled seeds were mashed in PBS, pH 7.4, with mortar and 

pestle, and stored for analysis. 

 

 

4.4.4.2     Acetone-Extracted Mash (AceX)  

➢ Adapted from: Wunschel et. al. (2012) (267)  

 

❖ Two source reagents were utilized, AceX_A and AceX_B. 
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 Dehulled seeds were crushed in a grinder and soaked in acetone for 72 hours at room 

temperature. Acetone was removed from sample by filtration and evaporation. Mash was 

collected in PBS for storage.  

  

 

4.4.4.3     Acetone Protein Precipitation (AceP) 

➢ Adapted from: Wunschel et. al. (2012) (267) 

 

 Dehulled seeds were crushed in a grinder and soaked in acetone for 72 hours at room 

temperature. Acetone was removed from sample by filtration and evaporation. Mash was 

transferred to a Corningware screw capped glass jar with PBS and soaked overnight at 4⁰C. 

Following filtration, filtrate was transferred to a clean Corningware jar, 4 volumes of cold 

acetone added, and stored at -20⁰C overnight. Precipitated solids were collected by filtration 

and dissolved in PBS for storage. 

 

 

4.4.4.4     NH4SO4 Protein Precipitation (NH4S) 

➢ Adapted from: Wunschel et. al. (2012) and Lin et. al. (1981) (267, 288) 

*Note: 5% acetic acid was used as the reagent for the extraction as per Lin et. al. 

 

❖ Two source reagents were utilized, NH4S_A and NH4S_B 

  

 Dehulled seeds were crushed in a grinder and soaked in 5% acetic acid overnight at 4⁰C. 

Mash was centrifuged at 10,000 x g for 20 minutes at 4⁰C, and aqueous layer was transferred to 

a glass beaker. 100% saturated ammonium sulfate solution was prepared in Milli-Q water, and 

added dropwise to aqueous layer while stirring. Combined solution was brought to 90% 

saturation and stored overnight at 4⁰C. Solution was centrifuged at 10,000 x g for 20 minutes at 

4⁰C. Aqueous layer was removed, with precipitated protein removed and dissolved in PBS for 

storage. 
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4.4.4.5     MgSO4 Protein Precipitation (MgS)  

➢ Adapted from: Wunschel et. al. (2009) (265) 

 

❖ Two reagent sources were utilized, MgS_A and MgS_B 

 

 Dehulled seeds were crushed in a grinder and soaked in acetone for 72 hours at room 

temperature. Acetone was removed from sample by filtration and evaporation. Mash was 

transferred to a Corningware screw capped glass jar with 10% sodium chloride solution and 

soaked overnight at 4⁰C. Following filtration, filtrate was transferred to a glass beaker and an 

equal volume of 100% saturated magnesium was added dropwise while stirring. Mixture was 

incubated at room temperature overnight, filtered, and precipitated solids removed and 

dissolved in PBS for storage. 

  

 

4.4.4.6     Na2SO4 Protein Precipitation 

➢ Adapted from: Kabat et. al. (1947) (289) 

 

 Dehulled seeds were crushed in a grinder and soaked in acetone for 72 hours at room 

temperature. Acetone was removed from sample by filtration and evaporation. Mash was 

transferred to a Corningware screw capped glass jar with Milli-Q water previously brought to 

pH 3.8 with sulfuric acid and soaked overnight at room temperature. Following filtration, 

filtrate was transferred to a glass beaker, pH raised to approximately 7 with sodium 

bicarbonate, and an equal volume of 16.7% saturated sodium sulfate was added dropwise while 

stirring. Mixture was incubated at room temperature overnight, filtered, and precipitated solids 

removed and dissolved in PBS for storage. 

 

 

4.4.5 BCA Measurement of Total Protein in Extraction Samples  

 

 Prior to -80⁰C storage, all samples were quantified for total protein concentration using 

the Pierce BCA Assay Kit (Thermo Fisher Scientific) . Samples were first diluted in order to 
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minimize signal-interference effects of carry-through organic substances such as seed 

carbohydrates.  

 

4.4.6 Filter-Aided Sample Preparation (FASP) 

 

 Extraction samples were thawed on ice and gently mixed with a pipette to ensure 

homogeneity of sample. All FASP buffers were prepared in LC-MS-grade H20 (Fisher Scientific, 

ON, Canada). 50 μL of sample was combined with 150 μL of Lysis Solution and incubated at 

95⁰C  for 3 minutes on a heat block. Heated sample was then centrifuged at 16,000 x g for 5 

minutes.  

 A maximum of 50 μL of sample/Lysis Solution was mixed with 200 μL 8M Urea (Fisher 

Scientific, ON, Canada) Buffer and added to a filter unit. Sample volume was determined 

according to predetermined total protein concentration, such that total protein mass applied to 

each filter was within a range of 50-100 μg. Filter units containing sample were centrifuged at 

14,000 x g for 15 minutes. Centrifuge step was repeated with 200 μL 8M Urea Buffer. 100 μL of 

50 mM iodoacetamide (Sigma-Aldrich Canada) in 8M Urea Buffer was applied, shaken for 1 

minute at 400 rpm, and then incubated in the dark for 30 minutes at room temperature. 

Iodoacetamide was removed by centrifugation at 14,000 x g for 10 minutes, 100 μL of 8M Urea 

Buffer applied, and centrifuge step repeated. 100 μL of ammonium bicarbonate (ABC) Buffer 

was added, centrifuged 10 minutes at 14,000 x g, and this step repeated.  

 Following these wash steps, 2 μL of 1 μg/μL Trypsin Gold (Promega) was added to each 

filter in 38 μL ABC Buffer, resulting in an enzyme-to-protein ratio of 1/50 to ensure complete 

proteolytic digestion. Filters were shaken at 400 rpm for 1 minute, followed by incubation for 

18 hours at 37⁰C in a sealed wet chamber container. 

 The next day, filter unit was transferred to a new labelled 1.5 mL tube and centrifuged 

at 14,000 x g for 10 minutes. Centrifuge step was repeated once with another 40 μL ABC Buffer. 

Collected peptides were immediately sent to Proteomics Core (NML, Winnipeg, Manitoba) for 

mass spectrometry measurement.  
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 Each triplicate extraction method was added to two filters for trypsin digestion, 

resulting in 6 peptide samples per extraction method type. Each FASP batch sent to Proteomics 

Core contained two-to-three extraction methods (12-18 individual samples) and each batch was 

accompanied by fresh negative control digestions (FASP on LC-MS-grade H2O) and PBS mash 

digestions serving as a positive control. Table 4-1 lists extraction types run in each LC-MS/MS 

batch. All runs except 5689-2 were run using the Easy nLC II separation column. 

 To assess all sample types within a single LC-MS/MS run, two samples of each extraction 

type (and source reagent variation thereof) were run in randomized sequence order (Table 4-2). 

These are termed ‘semi-independent samples’ two prior biological replicates were freshly FASP 

trypsin-digested and were run in duplicate on the mass spectrometers. Randomized sample 

sets were run on both LC columns as described in section 4.4.7.  

 

 

 

Table 4-1. Sample Batches of LC-MS/MS Runs. 

 

Run Batch ID Extraction Method Types 

5474 MgS_A, MgS_B 

5482 NH4S_A, NH4S_B 

5514 Na2S, AceP 

5560 AceX_A, AceX_B, PBS 

5689-1 & -2 Semi-Independent Batches 
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Table 4-2. Randomized Sequence of Semi-Independent Samples in Run Batch 5689-1 & -2. 

Note: 5689-1 performed with Easy nLC II separation column, 5689-2 with Evosep One.  

 

Sequence Order Sample ID 

1 AceP-1 

2 AceX_B-2 

3 MgS_A-2 

4 PBS-1 

5 NH4S_A-1 

6 MgS_B-2 

7 PBS-2 

8 AceP-2 

9 Na2S-2 

10 AceX_A-1 

11 NH4S_B-1 

12 AceX_A-2 

13 AceX_B-1 

14 NH4S_A-2 

15 Na2S-2 

16 MgS_B-1 

17 NH4S_B-2 

18 MgS_A-1 

 

 

4.4.7 Mass Spectrometry 

 

4.4.7.1     LTQ Orbitrap Velos Mass Spectrometer with Easy nLC II 

 

 LC-MS/MS was performed using a nano-flow Easy nLC II (Thermo Fisher Scientific) 

directly connected to an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). 2 μL 

of each tryptic peptide sample was loaded into a C18 reverse-phase trap column (2 cm long, 

100 um inner diameter, 5 μm particle size). Sample was run through the column at 10 μL/min in 

100% buffer A (2% acetonitrile, 0.1% formic acid). Following elution, sample was resolved on a 

C18 reverse-phase analytical column (15 cm long, 75 μm inner diameter, 2.4 μm particle size), 

with a linear gradient of 2-40% buffer B (98% acetonitrile, 0.1% formic acid) over 65 mins at a 
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constant flow rate of 250 nL/min. Peptides eluted from column were injected into the LTQ 

Orbitrap Velos which uses a nanoelectrospray ion source.  

 The mass spectrometer was run in data-dependent acquisition mode, with initial survey 

scan parameters m/z = 300-1700, resolution = 60,000 at m/z = 400. The top 10 abundant 

precursor ion peaks with charge state higher than +1 were selected for fragmentation on the 

linear ion trap (2.0 m/z isolation width). Precursor ions were fragmented under collision-

induced dissociation (CID) at 35% normalized collision energy with 10ms activation time. 

Dynamic exclusion was enabled with 500-feature list size, 15 ppm m/z tolerance, repeat count 

of 1 with duration 30 seconds, exclusion duration of 30 seconds with early expiration disabled. 

 PBS seed mash positive controls and blank LC-MS-grade H2O negative controls were 

injected at the start and finish of each batch run, as well as in between transitions between 

extraction method types. Blank injections (2) of LC-MS-grade H2O were run between individual 

samples to limit carryover and cross-contamination between tryptic digests.  

 

4.4.7.2     LTQ Orbitrap Velos Mass Spectrometer with Evosep LC 

 

 LC-MS/MS was performed using an Evosep One LC (Evosep, Odense, DK) directly 

connected to an LTQ Orbitrap Velos mass spectrometer. 2 μL of each tryptic peptide sample 

was loaded onto an Evotip. Each Evotip sample was run through the Evosep using their 

programmed 44-minute gradient, using their specified 15cm columns. (15 cm long, 150 μm 

inner diameter, 1.9 μm particle size), (PepSep, Marslev, DK). Peptides eluted from column were 

injected into the LTQ Orbitrap Velos which uses a nanoelectrospray ion source.  

 The mass spectrometer was run in data-dependent acquisition mode, with initial survey 

scan parameters m/z = 375-1500, resolution = 60,000 at m/z = 400. The top 10 abundant 

precursor ion peaks with charge state higher than +1 were selected for fragmentation on the 

linear ion trap (2.0 m/z isolation width). Precursor ions were fragmented under collision-

induced dissociation (CID) at 35% normalized collision energy with 10ms activation time. 

Dynamic exclusion was enabled with 500-feature list size, 15 ppm m/z tolerance, repeat count 

of 1 with duration 30 seconds, exclusion duration of 30 seconds with early expiration disabled. 
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4.4.8 Data Processing 

 

4.4.8.1     Database Searching 

 

LC-MS/MS data output of all runs in the form of .RAW files were combined and loaded 

in Mascot search engine, version 2.6.2 (Matrix Science, Inc., Massachusetts, USA). 

Spectrometric results were searched against a custom NCBI database of organism Abrus 

precatorius, the majority of proteins derived from the translated Abrus precatorius genome 

assembly (RefSeq GCF_003935025.1) deposited in 2018. Mascot search parameters were as 

follows. Fragment tolerance was 0.50 kDa (monoisotopic), parent ion tolerance was 10.0 ppm 

(monoisotopic), carbidomethyl of cysteine was a fixed modification and oxidation of 

methionine was a variable modification. Maximum number of missed trypsin enzyme cleavages 

was 1. 

 

4.4.8.2     Preprocessing in Scaffold  

 

Mascot search results were transferred into Scaffold 4, version 4.10.0 (Proteome 

Software, Inc., Oregon, USA) for peptide data preprocessing. Peptides and proteins were 

filtered according to false-discovery rate (FDR) calculation of decoy peptides. FDR’s were set at 

0.1% and 1.0% at the peptide and protein levels respectively, to ensure retention of only high 

confidence peptide matches. Only proteins with a minimum of 3 unique peptides were selected 

for inclusion. Common contaminant proteins (trypsin and keratin) were excluded. Homologous 

proteins grouped with a protein cluster (i.e., multiple isoform entries) were rolled up into a 

single overarching protein entry to limit variable redundancy within the data set. Total Unique 

Spectral Counts (TUSC) was selected as the measure of label-free relative quantification of 

protein abundance.  

 

4.4.8.3     Additional Filtering & Normalization 

 

Filtered TUSC protein data was exported to Microsoft Excel for final trimming in 

preparation for multivariate analyses. Trimming was performed on unnormalized raw TUSC 
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counts. Proteins with maximum spectral counts less than 5 were excluded. Proteins were also 

assessed according to degree of presence within individual samples, in order to remove noise 

due to highly variable proteins. Minimum criteria were established both for presence across the 

entire data set (the global minimum) and presence within each of the 9 categories of 

purification methods (the category minimum). A protein was included for final analysis if it was 

measured within at least four samples globally with TUSC ≥ 5 and occurred at least 3 times with 

TUSC ≥ 5 within one or more method categories. This ensures relevance of protein count to at 

least one sample type. A value of 3 instances was selected given that each purification method 

category contains 12 LC-MS/MS samples, working to a representation of one-in-four. Overall, 

the purpose of these final thresholds is to remove low-count proteins of questionable 

meaningfulness, as well as inherent fluctuations of noise between samples.  

Normalization between samples was achieved using several methods including 

percentile-normalization, max/min, endogenous proteins with low global-variation, as well as 

total sum normalization factor (TSNF). TSNF was calculated according to total TUSC counts prior 

to final trimming in Excel (to avoid skewing the data). Following trimming and normalization, 

final candidate proteins exported for multivariate analysis and underwent statistical tests for 

quality. 

 

4.4.8.4     Statistical Quality Analysis 

 

 Relative standard deviation (RSD) and Pearson’s R2 tests were conducted in Excel. 

Variance between replicates was ascertained at the replicate levels of biological, FASP, and LC-

MS loadings, as well as to compare results between Easy nLC II and Evosep liquid 

chromatography columns.   

 

4.4.8.5     Multivariate Analyses 

  

 The majority of classification tests were conducted using the MixOmics package, version 

6.14.0,  in R, version 3.6.3. These include principle component analysis (PCA), hierarchical 

clustering, partial-least squares discriminant analysis (PLS-DA) and sparse-partial-least squares 
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discriminant analysis (sPLS-DA), and variable importance in projection (VIP) plots. Normalized 

protein data was log2-transformed and centered as appropriate prior to analysis.  

 The InfernoRDN package, version 1.1.7234, in R was utilized for determination of 

adjusted p-values (q) and fold-changes, which was subsequently exported into R and produced 

into volcano plots in R using the EnhancedVolcano package, version 3.12. 

  For all multivariate tests, all abrin toxin and Abrus precatorius agglutinin isoforms were 

removed prior to analysis. This does not alter sample normalization steps, but does remove 

high security-sensitive proteins from being displayed on plots or graphs, in order to prevent 

determination of which methods may potentially increase purity of the toxin molecules. 

 An overview of method identification steps is presented in Figure 4.2. 

 

 

 
 

  

 Figure 4.2. Overview of Forensic Protein Profiling Methods Workflow. 
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4.5 Results 
 

 

4.5.1 Quality Control Analysis 

 

4.5.1.1     Characteristics of Underlying Data Structure 

 

LC-MS/MS spectroscopy data was processed as outlined in section 4.4.8 of the Methods. 

Figure 4.3 displays the quantity of individual protein variables remaining after each round of 

thresholding, cluster roll-ups, and trimming of final candidates for evaluation. Application of 

thresholds reduced the number of protein variables from 1,590 to 374. These 374 proteins 

were employed for downstream multivariate analyses. 

 

 

 
 

Figure 4.3. Filtering of Individual Protein Variables in the Dataset According to Set Thresholds. 

 

A general view of the protein distributions was determined using the averaged values of 

the PBS control samples. Since the PBS control is the full collection of dissolved seed proteins, it 

is a reproducible standard for evaluation of LC-MS/MS protein output characteristics. Molecular 
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weight distributions were comparatively unchanged between the n=1,590 and n=374 datasets, 

and most sizes were between 20-60 kDa. The distribution of protein counts itself (spectral 

counts) is highly positively-skewed, high typical of shotgun LC-MS/MS data. For the n=374 

dataset, 5% of PBS control proteins were between 10-20 spectral counts (SC), with over 75% of 

proteins between 5-10 SC. 
 

4.5.1.2     Comparison of Scaling Normalization Methods 

 

Given that LC-MS/MS of different extraction methods produces non-identical, heavily 

positively-skewed protein abundance distributions, eight scaling methods were assessed for 

normalizing individual count data within runs and between runs. Max-min scaling, 99.5th-

percentile, and 99.9th-percentile scaling yielded greatest reduction in global variance. Scaling 

samples by total sum normalization factor (TSNF) induced variance greater than if no scaling 

was applied at all. Scaling by the ‘Sum of Six’ endogenous proteins (common across all 

extraction types) carries the added benefit of tying scaling to a defined subset of endogenous 

proteins. Sum of Six scaling yielded a reduction in global variance very close to that of max/min 

and high-percentile normalization, and thus was selected as the scaling method for multivariate 

analyses. 

 Additionally, principal component analysis (PCA) was performed on scaled raw data of 

selected methods to interrogate any major perturbations of variance in the data (Fig. 4.4). All 

scaling methods preserve highly similar structures (trends) of variance, and samples are 

grouped into three predominating clusters along the first and second components. TSNF scaling 

differed from the other four methods by producing tighter levels of cluster separations, which is 

an unfavorable artifact inherent to (Fig. 4.4E). The enhanced separation of TSNF normalization 

is an apparent artifact as other scaling strategies produced broader sample spreads.  
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Figure 4.4. PCA Plots of Raw Data Scaled by Various Scaling Methods. 

 

 

4.5.1.3     Measuring Sample Variances at Three Levels of Replication 

 

Pairwise replicates were assessed for variance at the levels of wet-lab FASP filter 

replicates as well as LC-MS/MS technical loading replicates. Appendix Figure 6.2 contains 

plotted measures of both RSDp and Pearson’s correlation R2 statistics for these levels of 

replication. 7 of 9 FASP filter replicate RSDp values are nearly 0.2 or below, except for both 

MgSO4 samples, indicating MgSO4 carryover reagents may induce variance during the FASP 

trypsin digest (Fig. 6.2A). The majority of LC-MS/MS technical replicates have a consistent RSDp 

value of roughly 0.20 (Fig. 6.2B). When pairwise correlation was assessed, the same consistency 

across most samples is observed. 

Variance at the biological level was investigated amongst sample types. MgSO4 samples 

exhibited greatest variance amongst independent extraction protocols. Variance was observed 



 

143 

 

between source A and source B reagent versions of a given extraction type. Overall, the salt 

precipitation extractions produced greater RSDp values than methods not involving salt 

precipitations. The positive controls, PBS seed mash, exhibited lowest variance between all 

samples. 

 

4.5.1.4     LC-MS/MS Run Batch Variance 

 

 RSDp values of the all individual LC-MS/MS batches run with were below 0.2 and were 

all run on the nLC II Easy LC separation column. The single run that employed the Evosep LC 

column was still below 0.3. RSDp values were calculated with the 100 highest SC value proteins, 

and RSDp measures improved when using top 50 and top 10 SC proteins. This demonstrates the 

bulk of variance is in low SC proteins. 

 

 

4.5.2 Investigation of Classification of Methods for Forensic Purposes 

 

4.5.2.1     Principal Component Analysis & Clustering 

 

 Analysis of the data began with an exploratory approach utilizing principal component 

analysis (PCA) in order to obtain a broad overview of underlying patterns in the multivariate 

protein data. PCA takes the variation in samples across all 374 individual protein variables and 

summarizes the predominant trends by constraining all 374 X-variables such that overall 

variance is maximized within a small number of component axes. PCA maximizes variance 

trends independent of the type of extraction method, and therefore it is considered an 

unsupervised method (agnostic of Y-categorical variables) which displays a true and unbiased 

portrayal of the data based on SC protein values alone. Observed clustering of samples in PCA 

space provides a strong direction for further investigating differential grouping of samples with 

respect to inherent protein compositions. 

 The PCA algorithm was run with an initial setting of ten principal components (PCs). 

Each PCA component contains a unique aggregation of individual protein variables, and 
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incorporation of multiple PCA components enables greater overall separation in higher-order 

space. The PCA plots of samples within X-variable space are displayed in Figure. 4.5. The first 

PCA plot in Fig. 4.5A presents a sample plot along the first two axes PC1 and PC2, and the next 

two axes, PC3 and PC4, are displayed in Fig. 4.5B.  In Figure 4.5A, the major trends of variance 

are constrained to these two axes and reveals a separation of the nine extraction protocols into 

three main separate clusters, which have been identified as Clusters I, II, and III. Cluster I 

consists of Acetone Extractions (both sources of reagent), PBS, and Acetone Precipitation 

samples. Both sources of Ammonium Sulfate precipitations form Cluster II. Finally, cluster III 

contains Magnesium sulfates of both reagent sources and Sodium Sulfate. 

 When component loadings were examined, PC1 and PC2 account of 80% of the total 

variance in all 374 proteins. PCA axes PC3 and PC4 of Fig. 4.5B each encapsulate, respectively, 

11% and 2% of the total variance. Observation of these additional PCA axes reveals further 

demarcation of sample types, with separate clustering of Na2S from MgS samples, as well as 

differentiation of acetone precipitation from the remaining Cluster 1 samples. Therefore, 

Clusters I was further subdivided into subclusters 1a (PBS and acetone extractions) and 1b 

(acetone precipitations). Likewise, Cluster III was divided into subclusters 3a and 3b to reflect 

variation between Na2S and MgS samples. Altogether, a total of five subclusters were identified 

by PCA analysis, and are summarized in Table 4-3. Beyond PC4, additional contributions to 

variance are negligible. Overall, PC component axes 1-4 reflect 91% of overall variance, implying 

that strong differences of relative protein compositions naturally exist between sample type. 

Since PCA output reflects the predominate trends of variance (but not exhaustive), it is 

evident that PC1 explains the largest separation of extraction method classes, and PC2-PC4 

explain minor trends. Given that the data of 9 different sample types have been surveyed, 

significant variation within the smaller principal components may well be obscured by major 

overarching patterns. 

  Quality control findings reported in Results section 4.5.1 revealed a high degree of 

variance with the MgSO4 samples, and this is again observed in Cluster III of the PCA. Clearly, 

the high degree of spread of Cluster III within the sample space shows greater within-cluster 

variance than Clusters I or II.  In contrast to this, Cluster II is very tightly clustered, conferred by 



 

145 

 

relatively low intra-cluster variance of the ammonium sulfate precipitation samples. Regarding 

clustering of different commercial sources of reagents, an important observation is that all 

purifications with reagent variations cluster together, as expected, and that the samples are still 

highly similar.  

 

 

 
 

Figure 4.5. PCA of Extraction Methods in Triplicate Samples. A) Plotting of samples along 
components 1 & 2 in X-variable space, B) components 3 & 4. Addition of components beyond 
Comp 1 and Comp 2 reveals additional separation of method types beyond what is visible with 
first two components alone.  Clusters and subclusters are labelled as identified in Table 4-3. 

 

 

   

Table 4-3. Predominant Cluster and Sub-Cluster Groupings of all Sample Methods. 

 

Main Group Subcluster Samples 

Cluster I 1a PBS, AceX-A, AceX-B 

 1b AceP 

Cluster II   NH4S-A, NH4S-B 

Cluster III 3a MgS-A, MgS-B 

 3b Na2S 
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 The data matrix used to construct the PCA can also be applied to construct a 

dendrogram, which is shown in Figure 4.6 and was created using a Euclidian distance, with 

Complete Linkage clustering of X (protein) and Y (categorical) variables. Consistent with prior 

observations from PCA plots, it is seen that several cluster groups are formed. All samples of a 

given extraction method cluster together, with intermixing at the level of the source of reagent 

for MgSO4 and AceX methods. All three salt precipitation methods form their own highly-

differentiated clusters. Of these three, the long branching lengths of the MgSO4 samples 

indicates a high degree of intra-cluster variation. As observed along the PC4 axes in Figure 4.5B, 

acetone precipitations (AP) emerge as a cluster separated from the remaining Cluster I samples. 

These samples, PBS controls and the acetone extractions, are the most difficult to differentiate 

as evidenced by a high degree of branching within the cluster. AceX-B samples fall in adjacent 

positions, although one AceX-A source sample falls closer to PBS controls than to the other two 

AceX-A samples, although the dendrogram distance remains removed from the tight PBS 

cluster. This may be an outlier or may be a legitimate outcome within the greater spread of 

AceX-A source intra-method variance.  Larger sample sizes would clarify the distinction.  

 Undoubtedly, of all the sample groups, the three PBS controls have the least degree of 

intra-method variance as revealed by extremely short branch lengths. This is reflective of the 

relatively low RSDp values of the PBS control as reviewed in earlier quality control assessments. 

Limited variation amongst PBS-dissolved whole seed mashes is strongly supportive of the 

suitability of this method to serve as a standardized run control for future Abrus precatorius 

shotgun proteomics studies. 
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Figure 4.6. Dendrogram Tree of Various Extraction Method Samples. Tree constructed using 
Euclidian distance measure and Complete Linkage clustering of X (protein) and Y (categorical) 
variables. 

 

 

Principal Component Analyses lend insight into broad trends of variance structure, but 

finer analyses methods are necessary to investigate detailed differences in protein counts 

between samples. One-way ANOVA and fold-change calculations were performed among 

extraction methods in InfernoRDN and displayed as volcano plots to correlate fold-changes with 

significance values of individual proteins. This is especially advantageous to investigate subtle 

compositional changes occurring between alternative sources of the same reagent for a single 

method type. Overall, PCA analysis did not reveal major differences in protein compositions 

when alternative sources of acetone or sulfate salts were used.  
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4.5.2.2     Volcano Plots 

 

Volcano plots can play a key role in identifying key proteins that demonstrate both large 

fold-changes accompanied by statistically-significant q-values. Q-values are superior to p-values 

for multivariate analysis due to adjustment for large populations of variables found in 

multivariate omics data sets. Proteins located in extremes of upper-left and -right quadrants 

represent variables that may be of strongest value for selecting candidate biomarkers for fold-

change and presence/absence differentiation of extraction types. Additionally, volcano plots 

are visually informative of how many proteins are generally over- and -under represented in a 

given pairwise-group comparison. 

Figure 4.7A is a volcano plot of all salt precipitation samples compared to Cluster 1 

(AceX’s, PBS, and AceP). In one instance of a hypothetical bioforensics investigation, a simple 

inquiry may involve determining if a sample has been precipitated by any one of the sulfate salt 

methods. Figure 4.7A illustrates that there are several dozen proteins with significant q-values 

that are commonly depleted in all salt-precipitated samples. Conversely, only a few proteins are 

selectively enriched, possibly attributable to the unique properties of each sulfate salt.  

Figure 4.7B compares Acetone Precipitation samples against Acetone-Extracted samples 

from two different reagent sources. Although the PCA displays an apparent high similarity of 

AceP samples to AceX-B samples (Fig. 4.7B), volcano plot analysis reveals a small number of 

proteins which are significantly enriched or depleted between the two extraction types and 

could be used as forensic biomarkers. 

The volcano plot in 4.7C compares Na2SO4 precipitation to acetone precipitation. The 

Na2SO4 vs. AceP volcano plot is nearly symmetrical, indicating abundances of relatively-

enriched and depleted proteins, with fold-changes as great as 4-fold. This indicates highly-

different selective biochemical forces involved in sulfate salt vs. solvent precipitations. 

Figure 4.7D compares two different salts precipitations Na2SO4 and MgSO4-A. There are 

many significantly varying proteins between the two, and an asymmetrical distribution is 

observed. Prior observed within-group variance of MgSO4 samples may account for the 

majority of proteins yielding poorer significance than Na2SO4 samples. 
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Lastly, Fig. 4.7E and Fig. 4.7F directly compare alternate commercial sources of reagents 

for MgSO4 precipitations and acetone extractions.  Clearly, there are no proteins in either plot 

which exhibit both a high fold-change and high-significance q-value below α=0.05. Reagent-

variant MgSO4 precipitations do produce proteins with fold-changes greater than 2, but are of 

poor q-value. On the other hand, AceX-A and AceX-B do not even have many proteins that yield 

noticeable fold-changes. Analysis of larger sample sizes may bring to light a few high fold-

change proteins with higher strengths of q-values. 

The ANOVA and fold-change results depicted by volcano plots do support the general 

findings of the PCA analysis, namely that different extractions yield differences in protein 

composition despite starting from identical biological input. Fine-level variation of individual 

proteins demonstrates potential to further scrutinize extraction methods in a supervised 

classification algorithm. 
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Figure 4.7. Volcano Plots of Pairwise-Extraction Method Comparisons. Adjusted p-value (q-
value) and Log2 fold changes were calculated in InfernoRDN, and plotted with 
EnhancedVolcano package in R. Each point represents individual proteins. Red points represent 
proteins with both a relative fold-change exceeding 2 and an adjusted p-value less than 10-2.  

 

4.5.2.3     Classification by PLS-DA 

 

Following the gathering of insights into overall trends of variation, clustering, and 

existence of strong fold-changes in many proteins, application of spectral count data for sample 

classification purposes was analyzed using the Partial Least Squares-Discriminant Analysis 

method (PLS-DA). Unlike a PCA which maximizes differences independent of the corresponding 

Y-variables (Extraction Methods), PLS-DA maximizes variation in the X-variable (protein) data 

set with respect to the Y-set, via partial-least squares regression. Therefore, PLS-DA is termed a 

supervised model, whereas the Y-variable agnostic PCA model is an unsupervised model. A PLS-

DA model seeks to maximize inter-group variation, while minimizing intra-group spread. It is 

thus not only desirable as a classification tool, but also can be used for prediction. 

The visual result of a 9-group PLS-DA model is plotted in Figure 4.8 along components 1 

and 2. Undoubtedly, the PLS-DA separations are virtually identical to the PCA result along the 

same components, confirming that the group-wise separations of the PLS-DA reflect 

predominant trends found in the relative abundances of seed accessory proteins irrespective of 

purification method group membership. Likewise, variance loading values of the components 

are equivalent to the PCA, indicating near-similar selected combinations of individual proteins 

constrained to each component. Subtle differences from the PCA output are visible, including 

enhanced separation AceP samples from PBS and AceX samples, as well as between Na2S and 

MgSO4 samples. High confidence in the supervised PLS-DA model can be derived from the 

similarity with the unsupervised PCA model, given that dramatic coercion of individual protein 

variables is not needed to achieve strong differentiation between the 9 groups. 
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Figure 4.8. PLS-DA Plot of Samples Along Components 1 and 2 in X-Variable Space. 

 

 

 Group-wise tightening of samples is especially visible when components 3 and 4 are 

plotted, in Figure 4.9A. Relative to the PCA plot shown earlier, Na2S, PBS, and both sources of 

MgS and AceX samples exhibit reduced variance spread. Observation of these additional 

components reveals large separations amongst samples that appear very similar if only 

components 1 and 2 are plotted. Critically, component 3 strongly separates Na2S samples from 

both sources of MgSO4, and component 4 very strongly removes AceP from the PBS-AceX 

cluster. Furthermore, inclusion of component 5 in the PLS-DA plot reveals differentiation of PBS 

from AceX samples, and differentiation of reagent sources for both MgSO4 and NH4SO4 

precipitations (Fig. 4.9B). Although PLS-DA components 3-5 consist of only 14% of variance of 

the overall total protein variance data, it shows that the PLS-DA model can successfully 

maximize variation of micro-trends that are otherwise obscured by the predominant macro-

trends of the first and second components. 
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Figure 4.9. Additional Perspectives of PLS-DA in Extra Component Dimensions. A) PLS-DA plot 
of samples in X-variable space along Comp 3 and Comp 4, B) along Comp 4 and Comp 5. 

 

 

4.5.2.4     Singular PLS-DA Predictive Model 

 

 The exact PLS-DA model used for 9-group classification was subsequently re-applied as a 

predictive model for the purpose of retrospective identification of sample method based on 

spectral counts along of a given ‘unknown’ sample. The 9-way PLS-DA was able to classify the 

26-sample training data set with 100% accuracy (not shown). Undeniably, perfection on the 

self-trained data set is heavily biased and not a strong indicator of broad success. Predictive 

modelling with high discriminatory ability is ideally assessed and confirmed via testing on new 

data sets independent of the training set.  

 Herein, new semi-independent samples were produced from two pre-existing biological 

replicate sources. Although derived from the sample preps as the training set samples, all semi-

independent samples were independently FASP-digested and run in a distinct LC-MS/MS batch. 

An n=2 per sample type was selected to fit all samples within one randomized-order LC-MS/MS 

run batch. Whilst the collective pool of training data set samples was produced with the Easy 

nLC II column, semi-independent FASP digests were additionally run using the Evosep column. 
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Carrying out dual twin-runs of the 18 samples enables assessment of LC-MS/MS platform 

crossover suitability where the LC separation column is concerned. 

 Samples were randomized in Excel, and partially blinded by replacing sample names 

with numeric identifiers corresponding to sample order. LC-MS/MS output was trimmed to the 

same 374 protein variables as the training set, run through the PLS-DA predictor, comparing 

predicted method identities against corresponding actual method names. Table 4-4 lists 

prediction results by method category. True sample identity is listed in the left column, with 

predicted categories listed in the center and right columns for semi-independent data, 

respectively derived from runs using Easy nLC II and Evosep columns.  

 Interestingly, the PLS-DA model correctly predicted 12/18 of the Easy nLC II samples, 

and 13/18 of the Evosep samples. Initially, this the opposite of what is expected. However, the 

PLS-DA  model fundamentally misclassifies the same three method categories in data output 

from both LC columns. Misclassification of the separate reagent sources of AceX, reagent 

source A of NH4SO4, and all acetone samples occurred. Easy nLC II AceX samples were all 

classified as reagent A, whereas all but one Evosep AceX samples were classified as reagent B. 

This is likely attributed to separation handling of key AceX peptides and proteins between LC 

column types. Although all PBS, MgSO4 (both sources), and Na2S were correctly predicted. 

Overall, the 9-group PLS-DA model only achieve roughly two-thirds correct prediction. 

Condensing method reagent source-differentiation to the broader level of method category 

would improve error rate. Significant alteration of the model may be required to properly 

classify acetone precipitations, 100% of which were misclassified as acetone extractions. It is 

highly probable that the single PLS-DA model is functioning beyond its limits when attempting 

to distinctly classify nine method groups at once, with all variable proteins derived from 

identical Abrus precatorius seeds. Although the discriminatory limits of the single model were 

reached and exceeded, it may be possible to improve test performance by redistributing the 

overall modelling task down into several sub-models. 
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Table 4-4. Single PLS-DA Model Prediction Outcomes. 

  

True Sample ID Easy nLC II Evosep 
PBS-1 PBS PBS 
PBS-2 PBS PBS 

AceX_A-1 AceX_A AceX_A 
AceX_A-2 AceX_A AceX_B 
AceX_B-1 AceX_A AceX_B 
AceX_B-2 AceX_A AceX_B 

AP-1 AceX_A AceX_B 
AP-2 AceX_B AceX_B 

MgS_A-1 MgS_A MgS_A 
MgS_A-2 MgS_A MgS_A 
MgS_B-1 MgS_B MgS_B 
MgS_B-2 MgS_B MgS_B 

NH4S_A-1 NH4S_B NH4S_B 
NH4S_A-2 NH4S_B NH4S_B 
NH4S_B-1 NH4S_B NH4S_B 
NH4S_B-2 NH4S_B NH4S_B 

Na2S-1 Na2S Na2S 
Na2S-2 Na2S Na2S 

   
Pred. Correct 12/18 13/18 

BER 0.33 0.28 

 
 

4.5.2.5     sPLS-DA Predictive Models (Multiple Hierarchical Algorithms) 

 

In order to improve upon the performance limitations of a single 9-category PLS-DA 

model, a hierarchical multi-model strategy was developed. By establishing a multi-tiered 

classification system, the classification task is reduced and simplified for each model. 

Additionally, the PLS-DA classification algorithms were modified to run as Sparse Partial-Least 

Squares Differential Analysis (sPLS-DA) models in MixOmics. Whereas PLS-DA incorporates all X-

variables for analysis, sPLS-DA identifies a minimal subset of proteins that sufficiently 

differentiate Y-categorical groups. This new hierarchical logic structure is illustrated in Figure 

4.10.  
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The first model sPLS-DA (M1)  assorts a given unknown sample into a Cluster 1 sample 

(non-salt precipitated), or one of three general salt precipitations, MgS, NH4S, and Na2S.  

Subsequent to broad sorting by M1, secondary sub-models (M2a, M2b, M3, and M4) 

further classify finer differences. Non-salt-precipitations are subclassified using two secondary 

models. Model 2a separates acetone precipitations from the seed mashes. Samples designed as 

a mash from 2a are promoted to Model 2b, which uses centered non-log2 spectral count data 

to classify the sample as a general acetone extraction or PBS control. Overall, the hierarchical 

model classifies 8/9 sample types, as difficulty separating commercial reagent variations of 

AceX samples led to general consolidation as simply ‘AceX’. Models 3 and 4 respective 

subclassify MgSO4 and NH4SO4 method samples separately into source A and source B 

commercial reagents. 

 

 
 

Figure 4.10. Schematic of 5-Way Hierarchical sPLS-DA Decision Tree. Dichotomous decision 
tree enables preliminary sorting into 4 general extraction method categories, with finer 
differentiations in secondary models. 
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Specifications of the primary Model 1 sPLS-DA and four binary secondary sPLS-DA 

models are listed in Table 4-5. Optimal number of components, and protein variables per 

component for each sPLS-DA model were determined using the tune.splsda function in 

MixOmics. Model 2a is unique to all other models because it produces optimal results only 

when TUSC input data is log-2 transformed, suggesting there is a specific subrange magnitude 

of spectral counts which are critical for differentiating AceP from mash samples. A centroids 

distance measure was employed by all models. M1 requires 3 component axes for separation, 

but secondary models are binary and utilize single components. 

 

 

Table 4-5. Input Parameters of Individual sPLS-DA Models. 

Model 
ID 

Model 
Type Classes 

# of 
Comps Variables Input Data 

Dist. 
Meas. Classification Divisions 

1 sPLS-DA 4 3 50, 10, 10 Non-log, centered centroids Salt Prcps (3) vs. Non Salt-Prcps 

2a sPLS-DA 2 1 10 Log2 centroids Acetone Prcp vs. Mashes 

2b sPLS-DA 2 1 20 Non-log, centered centroids Acetone Extraction vs. PBS Mash 

3 sPLS-DA 2 1 10 Non-log, centered centroids A/B Sources of MgSO4 

4 sPLS-DA 2 1 10 Non-log, centered centroids A/B Sources of NH4SO4 

 

 

 

Model M1 classification of training sample data is visualized in Figure 4.11. Figures 

4.11A and 4.11B  display sPLS-DA plots along PCA components axes 1-2, and 2-3, respectively. 

Ellipses are plotted around clusters, representing classification 95% confidence inclusion 

boundaries in X-variable space. All four groups are strongly separated within three components. 

The M1 sPLS-DA model altogether incorporates 70 of the original 374 proteins available for 

analysis, indicating that less than 1/5 proteins are sufficient to differentiate these four clusters. 

Visually, it is evident that model optimization by tune.splsda selected three components in 

order to differentiate MgSO4 samples from Na2SO4 along Comp. 3. 
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Figure 4.11. Model 1 Clustering Along A) Components 1 & 2, and B) Components 2 & 3. 
Clustering of the 9 methods re-grouped into one of 4 general categories of Model 1 sPLS-DA. 
Ellipse space represents 95% confidence level of classification.  

 

4.5.2.6 Hierarchical 5-Model sPLS-DA Prediction Results 

 

 Hierarchical sPLS-DA prediction results of semi-independent Easy nLC II and Evosep 

column randomized runs are presented in Tables 4-6 and 4-7, respectively. Incredibly, all 

eighteen Easy nLC II samples were correctly predictively classified into one of eight purification 

method groups, significantly improving over the 12/18 correct prediction result of the single 9-

group PLS-DA model for the same column type. Not only were AceP samples correctly 

categorized, but all A/B different reagent source samples of NH4SO4 and MgSO4 salts were 

correct assorted.  

 The Evosep column samples also experienced an improvement of classification upon the 

9-group PLS-DA, from 13/18 correct to 15/18. Certainly, there is a protein separation-bias in the 

output data sets which render a cross-platform classification workflow imperfect, and quite 

possibly infeasible. Highly encouraging is the fact that the only error of misclassifications was 

between AceX and AceP samples, whereas unlike the single 9-group PLS-DA model, both 
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sources of NH4SO4 were perfectly classified in the 5-model sPLS-DA. It should be noted that a 

non-sparse regular PLS-DA of model 2a was assessed, but differentiation of AceP from Mash 

was poorer than corresponding sPLS-DA model for both Easy nLC II and Evosep column runs. 

Overall, the perfect score of the hierarchical sPLS-DA strategy applied to the Easy nLC II run, and 

improvement in the Evosep run, affirm the success of a multi-model scheme.   

  

 

Table 4-6. Five-Model sPLS-DA Prediction Outcomes (Easy nLC II Data Set) 

 

Sample ID M1 M2a M2b M3 M4  Overall Pred. 
PBS-1 NonSalt Mash PBS    PBS 
PBS-2 NonSalt Mash PBS    PBS 

AceX_A-1 NonSalt Mash AceX    AceX 
AceX_A-2 NonSalt Mash AceX    AceX 
AceX_B-1 NonSalt Mash AceX    AceX 
AceX_B-2 NonSalt Mash AceX    AceX 

AP-1 NonSalt AP     AP 
AP-2 NonSalt AP     AP 

MgS_A-1 MgS   MgS_A   MgS_A 
MgS_A-2 MgS   MgS_A   MgS_A 

MgS_B-1 MgS   MgS_B   MgS_B 
MgS_B-2 MgS   MgS_B   MgS_B 

NH4S_A-1 NH4S    NH4S_A  NH4S_A 
NH4S_A-2 NH4S    NH4S_A  NH4S_A 

NH4S_B-1 NH4S    NH4S_B  NH4S_B 

NH4S_B-2 NH4S    NH4S_B  NH4S_B 

Na2S-1 Na2S      Na2S 
Na2S-2 Na2S      Na2S 

        
Pred. Correct 18/18 8/8 6/6 4/4 4/4  18/18 

BER: 0 0 0 0 0   
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Table 4-7. Five-Model sPLS-DA Prediction Outcomes  (Evosep Data Set). 

 

Sample ID M1 M2a M2b M3 M4  Overall Pred. 
PBS-1 NonSalt Mash PBS    PBS 
PBS-2 NonSalt Mash PBS    PBS 

AceX_A-1 NonSalt Mash AceX    AceX 
AceX_A-2 NonSalt Mash AceX    AceX 
AceX_B-1 NonSalt AP1     AP 
AceX_B-2 NonSalt Mash AceX    AceX 

AP-1 NonSalt Mash AceX1 
   AceX 

AP-2 NonSalt Mash AceX1 
   AceX 

MgS_A-1 MgS   MgS_A   MgS_A 
MgS_A-2 MgS   MgS_A   MgS_A 

MgS_B-1 MgS   MgS_B   MgS_B 
MgS_B-2 MgS   MgS_B   MgS_B 

NH4S_A-1 NH4S    NH4S_A  NH4S_A 
NH4S_A-2 NH4S    NH4S_A  NH4S_A 

NH4S_B-1 NH4S    NH4S_B  NH4S_B 
NH4S_B-2 NH4S    NH4S_B  NH4S_B 

Na2S-1 Na2S      Na2S 
Na2S-2 Na2S      Na2S 

        
Pred. Correct 18/18 5/8 6/6 4/4 4/4  15/18 

BER: 0 0.58 0 0 0   
 

 

Note 1:  M2a classifies samples as ‘AP’ or ‘Mash.’ Only samples classified as ‘Mash’ in M2a are 

passed on to model M2b, which is why AceX_B_1  receives final result as ‘AP,’ yet samples AP-1 

and AP-2 are finally classified as ‘AceX’. 

 

 

 

4.5.2.7     VIP Protein Discovery 

 

 The sparse-PLSDA classification model inherently incorporates biomarker feature 

selection to extract key contributing protein variables while eliminating uninformative ones. 

This also serves to reduce problems associated with multicollinearity of explanatory variables. 

VIP coefficients indicate strength of contribution to prediction, and individual proteins are 

colour-coded according to strongest association of enrichment within a given extraction type. 
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 The three components of the four-way Model 1 are largely dominated by 1-3 proteins 

with largest VIP coefficients (Fig. 4.12). Along Component 1, cluster of seed linoleate 9S-

lipoxygenase-3 protein has a coefficient of -0.75 and differentiates non-salt precipitations from 

salt precipitations. All other coefficients contribute much less to the model, with coefficients 

smaller than +/- 0.3 (Fig. 4.12A). NH4SO4 is differentiated by cluster of heat shock 70 kDa X1 

isoform protein. Despite one protein having a highly-dominant VIP coefficient, the fact that the 

sPLS-DA optimization selected 50 proteins to contribute to this component indicates that many 

proteins with smaller fold-changes are required for adequate differentiation.  

 Proteins with highest VIP coefficients in components 2 (Fig.4.12B) and 3 (Fig.4.12C) of 

M1 include cluster of tripeptidyl-peptidase 2-like isoform X6 (Comp. 2, VIP=-0.75), 

uncharacterized protein At5g39570 isoform X1 (Comp. 2, VIP=-0.51), cluster of urease (Comp. 

2, VIP=-0.32), and low-temperature induced 65-kDa protein-like (Comp. 3, VIP=0.79). These four 

proteins are associated with either MgSO4 or Na2SO4 classification.    

  

 

 

Figure 4.12. Variable Importance in Projection (VIP) Coefficients of Highest ‘n’ Contributing 
Proteins for Model 1 sPLS-DA Components. A) Component 1 (30 proteins), B) Component 2 (10 
proteins),  C) Component 3 (10 proteins). Proteins listed by Accession Number ID. 

 Figure 4.13 displays VIP proteins of models M2a-M4. M2a reveals a near-symmetrical 

distribution of VIP proteins associated with either AceP or Mash categories (Fig. 4.13A). 

Conversely, differentiation of AceX and PBS extractions by M2b reveals that only one protein, 
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outer plastidial membrane protein porin-like(VIP=-0.48) , is highly enriched in AceX, and all 

others are enriched in PBS samples (Fig. 4.13B). 

 The binary classification of reagent source variations is of particular interest, given that 

the reagents from different sources are intended to be of the same general chemical 

composition. In the case of both MgSO4 (M3, Fig. 4.13C) and NH4SO4 (M4, Fig. 4.13D) 

precipitation methods, differentiation of reagent source is predominantly accomplished using 

one or two key proteins. Given that sPLS-DA components selected optimal protein variables in 

bundle intervals of tens, it is likely that many negligible VIPs in each model could be removed 

without diminished predictive performance.  

 Additionally, key protein VIPs for differentiation of the two sources of MgSO4 and 

NH4SO4 reagents by sPLS-DA Models 3 and 4 in MixOmics were compared to fold-change and p-

values displayed in volcano plots. Overall, the protein variables of largest VIP coefficients in 

sPLS-DA models were indeed amongst the proteins characterized by largest fold-changes and 

most significant q-values. Notably, not all high fold-change, high-significance q-value protein 

candidates were selected as variables by sPLS-DA model optimization, and nonetheless, 100% 

accuracy of sPLS-DA algorithms were achieved. Therefore, additional robustness of prediction 

may be achieved by combining fold-change significance data with predictive models (PLS-DA 

does not incorporate significance calculations into the model). 

 Lastly, while it is tempting to ascribe biological relevance to high-value VIP proteins, it is 

not a straightforward matter as driving factors of relative abundance variance are biochemical 

and not biological in nature. While mechanical factors may also affect release of proteins from 

certain cellular locations (e.g., membranes, organelles), principle driving factors of individual 

protein solubility include solvent pH vs. protein isoelectric point, salt concentrations, and 

solubility of proteins in aqueous vs. acetone solvents. 
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Figure 4.13. Variable Importance in Projection (VIP) Coefficients of Top 10 proteins in 
Secondary sPLS-DA models 2a, 2b, 3, and 4. Proteins listed by Accession Number ID. 
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4.6 Discussion 
 

 

 Multiple studies in recent years have demonstrated incredible potential of LC-MS/MS 

data to solve problems in the fields of clinical diagnostics and bioforensics, often alongside 

more traditional molecular methods. This body of work represents a completely novel 

application of proteomic and multivariate classification methods to differentiation of Abrus 

precatorius seed extraction methods. This report as presented evaluates a full multi-step 

diagnostic process, encompassing wet-lab sample preparations, LC-MS/MS output, and 

bioinformatic multivariate computational methods. While previous ricin studies have 

differentiated multiple extraction methods, never before have all of these extraction protocols 

been comprehensively compared in a single study, and successfully differentiated using only LC-

MS/MS spectral counting data. Furthermore, three different extraction methods were 

investigated with variations of the source of reagents utilized. 

Normalization across the entire data set using numerous scaling methods achieved 

similarly consistent results, enabling confidence in several options for carrying out inter- and 

intra-run sample comparisons. Variation among replicates at three stages of the proteomics 

method were calculated using pooled relative standard deviation (RSDp) and/or Pearson’s R-

square values.  These stages included individual biological extraction preparations, FASP trypsin 

digests, and duplicated technical loadings of the LC-MS/MS spectrometer. Technical loading 

replicates yielded R2 values of approximately 0.8, and RSDp  values of roughly  0.2. The same 

measures were slightly improved for FASP trypsin-digest replicates. Overall, these values were 

relatively consistent across samples, and lend confidence towards the methods applied to 

generate the proteomic data.  

Triplicate biological extraction products yielded the largest range of RSDp values across 

method types, and as expected, variance was highest amongst those methods involving the 

most sample manipulation steps. 

Performance of PBS-dissolved seed mash was evaluated as a LC-MS/MS run positive 

control, as a high quality positive control would be required if shotgun proteomics was adopted 
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as a diagnostic tool for forensic investigations.  The PBS mash successfully demonstrated lowest 

variation of biological preparations relative to all samples. Within each run carried out using the 

nLC Easy II LC column, duplicate loadings of PBS controls had intra-run RSDp values less than 

0.2, and amongst the top ten highest count proteins were below 0.1.  Pooling of positive 

controls across all six nLC Easy II runs produced a much higher RSDp, suggesting that evaluation 

of controls must be conducted over a large population of individual runs, possibly with 

production of fresh biological control sample each time.  Indeed, for all samples, the impact of 

storage at -80 ⁰C may need to be investigated to determine limitations. Standardized 

production of toxin reference materials is essential for bioforensic assay quality control. (184, 

243)  Still, PCA analysis revealed that the PBS positive controls cluster together more tightly 

than all other samples, indicating a high degree of consistency in the relative abundance 

profiles in PBS controls. 

PCA analysis of all samples provided insights into natural characteristics of the variance 

structures between the samples, independent of extraction method group affiliation. Three 

broad clusters were resolved in the first two components, and within two of these clusters, 

differentiation of sub-clusters was further achieved. Such exploratory analyses, along with 

volcano plots, provided a legitimate foundation for pursuing supervised differentiation of 

samples, whereby key differences in relative abundance are determined with respect to sample 

type. 

PLS-DA was selected and implemented as a supervised classification algorithm. A 9-

sample PLS-DA was carried out, providing very similar output to the unsupervised PCA model. 

However, predictive performance was lacking in the 9-group, with accuracy of prediction no 

higher than 13/18 in randomized semi-independent LC-MS/MS data sets.  

Ultimately, 100% accurate predictive classification was achieved using a hierarchical 5-

model sPLS-DA dichotomous classification tree strategy overcoming limitations associated with 

a single model classifying into 9 categories. Furthermore, not only were 18/18 semi-

independent samples from the Easy nLC II column correctly predicted, but an improvement in 

cross-platform prediction was achieved in samples run on the Evosep LC column, achieving 

15/18 correct assortment. 



 

166 

 

Overall, this study offers an entire multi-stage forensic diagnostic process, from sample 

collection to retrospective predictive classification of unknown extractions of seeds of Abrus 

precatorius. Through multivariate analysis of LC-MS/MS spectral count measurements alone, all 

nine sample types were correctly predicted according to preparation method type, even 

demonstrating strong ability to sort between different commercial sources of reagents for both 

MgSO4 and NH4SO4 salt precipitations.  Furthermore, the ‘sparse’ aspect of sPLS-DA feature 

selection provides detailed insights into exactly which individual seed accessory proteins 

contribute most strongly to differentiation within each model.  

 At a fundamental level, a broader finding of this study is that LC-MS/MS shotgun 

proteomics and subsequent multivariate analyses are highly capable of differentiating 

extraction protocol-specific anthropomorphic factors which influence protein solubility. 

Essentially, each type of extraction method has a number of steps which individually bias the 

individual solubilities of seed accessory proteins, leaving a biochemical solubility fingerprint in 

the final product. Each step of a method distinctly creates a unique chemical environment, and 

hundreds of proteins will either dissolve-in or precipitate-out according to properties including 

salt concentration, pH, temperature, and if the medium is aqueous- or organic solvent-based. 

These variables are well-known to protein researchers and have even been applied to R. 

communis for selective isolation of specific proteins. Cavalcanti et. al. employed acetone 

extractions on castor beans in order to investigate the activity of lipases located in hydrophobic 

lipid body (oil) membranes. (290) 

Additionally, for the salt precipitations it is well-documented that the individual ion 

partner identities of a particular cation-anion ionic pairing contribute unique solubility profiles 

to individual proteins in a salt solution, in what is known as the Hofmeister series. (291–294) 

Although each of the salt precipitations involves many other uniquely-contributing factors, it is 

striking that both sulfate salts with sodium ions (Type Ia alkaline earth metal) magnesium ions 

(Type II alkaline earth metal) cluster closer together than with ammonium sulfate (NH4
+ is an 

nonmetallic organic ion).  

Following the realization of these biochemical driving factors, it becomes readily 

apparent that the FASP – LC-MS/MS – sPLS-DA diagnostic process could be directly transferable 



 

167 

 

to nearly any protein-based forensic question. Pertinent solutions may be obtained for 

nefarious preparations of ricin toxin, botulinum neurotoxin, and any other high-risk 

proteinaceous toxins produced by plants or microbes. It would be highly feasible to reproduce 

this entire experiment on crude castor preparations, especially given that all of the protocols 

used here with Abrus precatorius seeds were initially published for Ricinus communis. The 

finding that the FASP-method can sufficiently wash out large quantities of salts, residual 

solvents, as well as seed-derived carbohydrates and lipids, is incredibly powerful in that this 

protocol can be applied to virtually any crude preparation of unknown composition. 

A key advantage of this report is that abrin extraction samples can be differentiated 

using a single experimental methodology. Previous studies investigating source attribution of 

ricin extraction methods have utilized multiple platforms and methods in parallel including 

mass spectrometry and capillary gel electrophoresis for protein analysis, and GC-MS methods 

for analysis of carbohydrates, fatty acids, and solvents. (260, 265, 267, 268) Although multiple 

avenues compliment and can strengthen forensic conclusions, each of the aforementioned 

methods requires unique and tedious sample preparation and measurement, alongside the 

expert technical proficiency and quality assurance that the field of bioforensics demands. 

Possession of a single robust method could significantly expedite results, expand the breadth of 

labs capable of performing the test, and certainly minimize toxin biosafety risks. On-filter 

trypsin digestion is expected to inactivate A-chain toxicity in eluted peptides, whereas some 

earlier ricin attribution studies that did not employ protein digestion had to heat inactivate 

toxin samples prior to any analysis. (265, 267) Heat-inactivation certainly changes the sample, 

and may induce artifacts. 

Notwithstanding, very high confidence in a bioforensics result may be obtained using a 

standalone shotgun method in conjunction with adjacent methods assaying multiple types of 

analytes, including stable element isotope ratio analysis and whole genome sequencing. A 

comprehensive bioattribution package could be established combining source attribution of 

toxin extraction method, acetone supplier, cultivar determination, and geographic origin. (260, 

261, 263, 265, 266, 269, 295)  



 

168 

 

Earlier bioforensics publications have frequently compared four methods, but did not 

compare multiple salt-precipitated samples. Not only does this report directly compare 

proteomic profiles of NH4SO4- and MgSO4-precipitated samples, but also is the first to 

interrogate the Na2SO4 precipitation method.  

The intended purpose of this project was to establish a proof-of-concept groundwork, 

and as such, it is accompanied by limitations which must be addressed and assessed. The 

eventual goal of this pilot project is to generate scientific investment in a comprehensive 

operational bioforensics toolset capable of retrospectively identifying the methodical means by 

which an unknown, suspected toxin-containing sample was produced.  Operational existence of 

this capability could provide invaluable evidence of attribution, pertaining to the methods by 

which an individual or group produced a sample. This could provide inferences as to reagent 

access, knowledge access, skillsets, and intent of a suspect profile in a scientific-legal 

investigation. Forensic attribution not only provides evidence in event of a case prosecution, 

but can also be integrated early in an investigation to develop and direct investigative leads. 

(296) Furthermore, forensic attribution capabilities in themselves serve as deterrents of 

biocrimes. (297) 

Given the heights of the ambitions, the first limitation to investigate is the small sample 

size of this present study. While triplicate biological replicates has been successful to provide 

initial insights, large populations of preparations would need to be tested in order to gain 

adequate understanding of the intra-sample variance for each given method. Furthermore, the 

exact prescriptions of each critical step of each method would have to be slackened in order to 

account for variations of technical adherence and skillset of theoretical illicit manufacturers. It 

is highly foreseeable that large sample-populations would have increased intra-sample type 

variation relative to this study and may prohibit fine-grain classification of similar extraction 

methodologies. This is in part why a 5-model sPLS-DA strategy was implemented, to resort to 

establishing broad-type classifications if fine-level prediction is impossible. For example, even if 

at minimum salt-precipitations can be differentiated from non-salt precipitations, that is still a 

highly-informative attributional conclusion. 
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Similarly, large sample sizes would need to be produced using a multitude of 

commercial reagents from available suppliers. At the onset, it seems unlikely that high-

confidence attribution patterns would emerge at a reagent-level of variation, but it remains to 

be removed from the scope of possibilities. Using a multitude of reagent sources is critical to 

determine not only statistical limitations, but also the impact of utilizing different salts and 

solvents upon the performance of the FASP wet-lab protocol. Along this train of thought, 

extraction method products were not spiked into test powder matrices, and thus it is not ruled 

out that powder matrices may inhibit various biochemical steps of the FASP trypsin digestion 

method. (298) 

While a total of 27 seed extraction samples were assessed for this project, assaying large 

populations of each extraction method is completely infeasible for a single laboratory to 

produce without significant investment of time and resources, when the full-breadth of 

biosafety restrictions are considered. Despite all these obstacles, it is certain that data obtained 

from large sample sets would provide sufficient statistical power to resolve and clarify 

statistical boundaries of classification and prediction. Which many individual proteins had 

insufficient significance of fold-change observations in triplicate due to low power, a high-

power sample size would identify key candidates for differentiation based on inter-sample 

differences of relative abundance. 

If these studies are continued, sPLS-DA would be compared to other available 

classification algorithms such as random forest (RF), support-vector machines (SVM), artificial 

neural network (ANN), and others. PLS-DA is highly suitable for collinear and noisy data, which 

certainly describes shotgun proteomics data. Also critical for shotgun data, it does not presume 

the input data to conform to a particular statistical distribution. Highly versatile, it combines 

both descriptive differential analysis and prescriptive predictions into one. (299, 300) Despite 

associated limitations, PLS-DA is commonly-implemented in many different fields for classifying 

and predicting high-dimensional data. A number of chemical and biological forensic attribution 

studies have utilized PLS-DA models for prediction. (271, 273, 274, 301, 302) Sampson et. al. 

stated that partial-least squares-based models demonstrate strong utility for proteomics data 

classification. (303) Some have used Orthogonal PLS-DA for proteomics as well. (248, 268) 



 

170 

 

However, PLS-DA models can suffer from over-fitting, particularly when the number of variables 

is much greater than the number of samples. (300) Adoption of advanced machine-learning 

algorithms such as RF, SVM, KNN and ANN may yield superior classification performance over 

classical discriminant models. Mirjankhar et. al. ascertained KNN and SVM models to provide 

lowest-error classification of cyanide synthesis methods. (271)  

Greater prediction success was attained when a hierarchical decision tree 

(dichotomous) classification algorithm was employed. Fredriksson et. al. also used a 2-model 

dichotomous OPLS-DA classification scheme to achieve optimal prediction. (268) Takamura et. 

al. used a dichotomous PLS-DA classification tree with additional incorporation of Q-statistic 

outlier tests at each node to account for spectra that did not fit any of the human body fluid 

spectra profiles. (302) sPLS-DA as used here also suffers from inflexibility pertaining to samples 

that do not match any particular known protein profile, and similar outlier testing could be 

added to account for outlier protein profiles.  

Altogether, whichever classification method is used, it must provide a statistical 

confidence level of the degree to which a forensic attribution result can be used as evidence in 

an investigation. (243, 244) Report GAO-17-177 sought to identify bioforensic capability gaps of 

the FBI and DHS in 2017. In addition to challenges associated with characterizing synthetic 

pathogens/toxins, the other gap was the need to provide statistical frameworks to quantify the 

level of uncertainty associated with “standardization, validation, and verification” of forensic 

signatures. (304) Bioforensic attribution (“bioattribution”) analyses must surpass both scientific 

and legal scrutiny. (297) Advanced tools are being developed to this end. Recently, Lindgren et. 

al. applied a likelihood ratio algorithm to quantify source attribution probabilities of WGS 

molecular fingerprints, with the view that exclusion of evidence is as important as attribution 

within the framework of a legal investigation. (305)  

 This study showed that classification suffered when training and prediction data sets 

were produced from two different liquid chromatography separation columns, and thus an 

improved algorithm may even offer improved cross-platform resolution, should such an 

objective ever be sought after (adjusting for LC column or spectrometer model-specific 

contributions to variance). 
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In conclusion, this novel investigation provides a full beginning-to-end bioforensic 

diagnostic package ranging from protein digestion workup to shotgun LC-MS/MS data 

collection, data processing, and lastly multivariate classification and prediction. This 

comprehensive system shows promise for proteomics-based attribution of a broad range of 

suspected-toxin samples with unknown biological and chemical composition. The limitations 

and opportunities for further scientific examination of each step in the process have been 

described in detail. The ultimate ambition of operational implementation of a given forensic 

assay first requires intensive validation, stringent failure testing, as well as creation of well-

defined guidelines and quality assurance protocols. (306) Perhaps in the future, primary labs 

with sufficient proteomic and bioinformatic technological infrastructure will adopt shotgun LC-

MS/MS as a tool for bioforensic source attribution of toxin preparations. 
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Chapter 5 Final Conclusions, Discussion, and 
Next Steps 

 

 

5.1 Overview of Investigation 
 

 Abrin toxin research remains an under-represented subspecialty within the field of 

bioforensics. This thesis is the cumulative work of three different experimental investigations, 

each one carrying their own ambitions, challenges, and successes. In carrying out a three-

pronged address of scientific problems, the results of each project converge and contribute a 

synergism of new knowledge that can guide future research endeavors. Key highlights of this 

body of work are detailed below, discussing interlinked commonalities where possible.  

 

 

5.1.1 Development of Novel Abrin Monoclonal Antibodies 

 

 In this project, synthetic peptides were designed and used to immunize BALB/c mice, 

with 2 of 5 peptides producing strong anti-peptide murine humoral responses that also reacted 

with moderate strength to native abrin holotoxin. A total of 9 monoclonal antibodies were 

created, 3 mAbs to region A-7 and 6 mAbs to region B-19. Given that each peptide is a selection 

of roughly 15 amino acids out of total of 528 residues of the holotoxin, 2/5 peptides producing 

mAbs is an encouraging outcome. 

 Antibodies to region A-7 had greater affinity than those to B-19, and were selective to 

abrin toxin whereas most B-19 mAbs had slightly higher affinity for the related APA protein. 

Neither set of mAbs performed at the level of commercial Tetracore mAb, nor were they 

neutralizing in in vitro assays.  Therefore, none are currently highly desirable for diagnostic 

assay implementation, yet moderate performance does not exclude utility in certain 

applications. 
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A consensus prediction combining output of over twenty epitope prediction algorithms 

was employed in the development of linear peptides, and was indeed a very helpful 

springboard to aid in the selection of linear regions. Certain individual algorithms performed 

better than others as compared to known sera-mapped linear epitopes of abrin discovered by 

Alcalay et. al., and a further-revised consensus method using only the best algorithms may 

provide even better predictive utility. (189) Biochemical limitations associated with peptide 

synthesis are independent of in silico predictor performance, and revised improvements in 

synthetic design could well enable development of high quality neutralizing antibodies to the A-

chain and B-chain. 

Hybridoma production employing peptide immunization is inherently a laborious task 

with low probability of success, but uniquely bears the benefit of predetermined targeting of 

specific regions on a protein, evading diversity restrictions of epitope immunodominance with 

whole-molecule immunizations. Nonetheless, the ideal development of anti-abrin hybridomas 

would be immunization with attenuated abrin holotoxin. Though this has never yet been 

reported for abrin holotoxin, immunization with the baculovirus-expressed recombinant 

proabrin construct may enable production of high performance mAbs in terms of both 

diagnostic affinity and neutralization. 

 

5.1.2 Development of a Novel Recombinant Abrin Holotoxoid 

 

 This project sought to produce an attenuated recombinant abrin holotoxin, and to that 

end an antigenic facsimile protein was produced that was attenuated by 1/100-fold in cell-free 

translation and 1/300-fold in cytotoxicity assays. The A-chain mutations derived from Hung et. 

al. did result in attenuation of catalytic function, but not total ablation of N-glycosylase activity. 

(201) 

Incorporation of a novel poly-[GGGS] linker peptide served to provide further 

attenuation, though not as greatly as envisioned. Nonetheless, it did play a role in reducing the 

component of toxicity contributed by the functional B-chain. Putatively, strategic incorporation 

of further mutations could reduce toxicity of the proabrin to optimal levels. (34, 36) 
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Despite not attaining complete attenuation, the in vitro toxicity results are on par with 

TST molecule that had been utilized in animal experiments. (197, 198) The construct created 

herein could potentially be administered for in vivo testing and used as an antigen for 

hybridoma and polyclonal immunizations in mice and rabbits. 

The proabrin molecule was experimentally observed to possess a high level of antigenic 

mimicry of wild-type abrin. Commercial anti-abrin antibodies and linear peptide mAbs from the 

aforementioned hybridoma project bound to it with approximately the same affinity as wild-

type abrin overall. Correct replication of antigenicity is fundamental to the goal of developing 

proabrin for use as an attenuated hybridoma immunogen as well as toxin antigen in diagnostic 

assays. 

 

5.1.3 Forensic Analysis of Abrus precatorius Seed Extracts by LC-MS/MS 

 

 Previous studies have employed mass spectrometry to differentiate crude ricin 

preparations, but this is the first report to describe application of similar methods to abrin 

toxin. The recent publishing of the Abrus precatorius genome in 2018 unlocked and enabled 

high-resolution shotgun relative abundance analysis of hundreds of individual seed accessory 

proteins. (15) 

 The result of this project is differentiation of six different types of extraction 

preparations, as well as sub-differentiation of two salt precipitation-based methods that 

utilized different commercial sources of reagent.  These procedures have never all been directly 

compared for bioforensic analysis potential within a multivariate differentiation experiment. 

Although this was conducted as a proof-of-concept investigation, the results advocate strongly 

for continued development of shotgun proteomics to solve challenging source attribution 

problems in bioforensics of not only toxins, but also bacteria and viruses. 

 Underpinning the promising differentiation results was the selection of methodologies 

that are fundamentally robust and repeatable. All crude samples were processed via filter-aided 

sample preparation (FASP), permitting direct trypsin digestion of samples regardless of salt, 

solvent, or insoluble particulate content. (275) Post-processing of mass spectrometry data 

involved application of strict quality control criteria, normalization, and assessed potential of 
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PBS-extracted seed mash to serve as an assay control reference standard.  A hierarchical sparse 

partial-least squares differential analysis (sPLS-DA) predictive classification scheme was devised 

to perform retrospective predictive differentiation of toxin extraction methods. (307) To this 

end, semi-independent test samples were sorted into 8 extraction categories with 100% 

predictive accuracy, and forensic biomarker proteins were identified. Given that the sPLS-DA 

model was built from triplicate biological crude preparations, expanding this project to include 

larger sample sizes would refine limits of predictive power even further.  

 Crude extractions employed here could also be utilized for evaluation of diagnostic 

assays. Current assays may utilize seed mash or FPLC-purified toxin as a positive control 

reference standard, which potentially could lead to overestimations of assay capability 

expectations in actual field settings. One such example is DNA load, where in the sidelines of 

this project it was observed that protein-precipitated crude samples have a significant deficit of 

DNA content relative to DNA load in PBS-extracted seed mash. (259) Since crude toxin sample 

mock-ups provide exact duplications of sample types that would be encountered in the field, 

testing combinations of crude toxin preparations along with various matrices will establish the 

greatest confidence in diagnostic assay performance.  The crude samples produced in this 

project can be directly re-purposed for testing current in-house protein assays (mass 

spectrometry, ELISA, Luminex detection) and DNA assays (qPCR and whole-genome 

sequencing). 
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Chapter 6 Appendix 
 

 

Table 6-1. Key Plasmids and Gene Inserts Involved in Cloning Stages. 

ID Type Size (bp) Source 

Ap1 Gene Insert 1680 GenScript 

Ap2  Gene Insert 1683 GenScript 

pUC19 Plasmid 2686 GenScript 

pUC57 Plasmid 2710 GenScript 

pFB1 Plasmid 4775 Thermo Fisher  

 

 

 

 
 

Figure 6.1. Day 7 imaging of Ap1 Bacmid Transfection in Sf9 cells at 20X magnification. A) 
Negative control transfection with lipofection reagent only. B-D) Ap1 bacmid transfection. 
Compared to negative control, bacmid-transfected cells demonstrated key signs of severe late 
BacV cytopathic effect. In particular, pronounced cell ovalling (B), multinucleated cells (B, C), 
and extensive lysis of cellular outer membranes (D) are observed. 
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Figure 6.2. RSDp and Correlation R2 Measures of Wet-Lab FASP Replicates and LC-MS/MS 
Technical Loading Replicates. 
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