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Ricin toxin isolated from the castor bean (Ricinus communis) is one of the most potent and lethal
molecules known. Castor beans are processed worldwide on an industrial scale for the castor oil.
Ricin, a byproduct of castor oil, is a real threat for bioterrorism and for biological warfare, especially
when dispersed by aerosol. There are no FDA approved vaccines or therapeutics to protect against
ricin or the related Shiga toxins, which cause food poisoning and dysentery in millions of people
around the world. Ricin is a type II ribosome inactivating protein (RIP), which consists of an active
A chain (RTA) covalently linked to a cell binding B chain (RTB). RTA inhibits protein synthesis by
removing a specific adenine from the highly conserved a-sarcin/ricin loop (SRL) in the large rRNA
and inhibits protein synthesis. RTA-antibody complexes have been explored as immunotoxins against
cancer cells. A thorough understanding of how ricin enters cells and traffics to the ribosome, how it
inactivates ribosomes with near perfect efficiency, how it induces inflammatory signaling pathways,
and programmed cell death is critical for understanding the complexity of ricin and for reducing its
toxicity. The eight articles published in this issue address these research needs and provide important
insights into the mechanisms of the toxicity of ricin. They will contribute to the design of therapies
against intoxication by ricin and related toxins.

Polito et al. [1] review the history of ricin starting from its use in traditional and folk medicine
and highlight the research milestones in the characterization of enzymatic activity, structure, toxicity,
and medical applications [1]. Ricin is rapidly internalized and catalytic amounts are needed to inhibit
protein synthesis. It has been used as a powerful tool to understand intracellular trafficking and cell
death pathways. Sowa-Rogozinska et al. [2] review the current knowledge about the intracellular
transport of ricin and identification of host factors that facilitate transport to increase our understanding
of the mechanism of the cytotoxicity of ricin. This review summarizes medical applications of ricin
and highlights its role as a valuable component of immunotoxins against cancer [2].

Previous studies identified the host target of ricin as the ribosomal P stalk [3,4] and showed
that binding to the P stalk is necessary for depurination of the SRL by RTA on intact ribosomes [5].
The eukaryotic P stalk contains PO protein and two P1-P2 dimers with identical C-terminal sequences,
which are critical for interaction with the translation factors and factor dependent GTP hydrolysis.
Ricin binds to the C-termini of the human P1-P2 dimer, which represents the smallest component of
the eukaryotic stalk [6]. Grela et al. [7] present the current understanding of the structure and function
of the ribosomal stalk and the consequence of ricin dependent depurination of the SRL on ribosome
performance and translation.

Small molecules that can enter and rescue intoxicated cells by inactivating intracellular ricin are
highly sought after as countermeasures. Although small-molecule RIP inhibitors have been identified,
none of them exhibited potent protection against RIPs. Li et al. addressed if peptides mimicking
the conserved C-terminal sequences of P proteins will inhibit the activity of RTA by preventing its
interaction with the ribosome [8]. They show that these peptides interact with the ribosome binding
site of RTA and inhibit the activity of RTA by disrupting its interaction with ribosomes [8]. These results
establish the ribosome binding site of RTA as a new target for inhibitor discovery [8].
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Ricin inhalation causes acute lung injury characterized by a massive inflammatory response.
Hodges et al. [9] evaluated the cell death modulatory activity of cytokines in ricin toxicity in human
lung epithelial cells and showed that tumor necrosis factor (TNF) family cytokines induce distinct cell
death pathways when administered in combination with ricin [9]. Targeting these cell death pathways
may lead to novel therapeutic approaches to ricin toxicity [9]. The use of neutralizing antibodies is a
promising post-exposure treatment against ricin intoxication. Falach et al. [10] generated equine derived
antibodies against ricin for post exposure treatment. They generated an inactivated toxin and constructed
monomerized ricin antigen by irreversible reduction of the A and B subunits. Immunization of a horse
with the monomerized toxin yielded high titers of neutralizing antibodies. Passive immunization of
mice with equine derived F(ab’), based antitoxin conferred protection against a lethal intranasal ricin
challenge [10].

Ricin is a therapeutic agent and a potential threat to public health and safety. Several methods to
detect ricin have been developed; however, each method has its limitations [11]. Innovative assays for
toxin detection and mitigation are needed. Micro RNA (miRNA) profiles can help understand ricin toxicity
mechanisms and could serve as potential biomarkers for ricin intoxication. Pillar et al. [12] investigate the
effect of pulmonary exposure of mice to ricin on miRNA expression profiles in mouse lungs. They show
significant changes in the lung tissue expression levels of miRNAs involved in innate immunity
pathways. They confirm these findings by gene expression analysis and show activation of immune
regulation pathways and immune cell recruitment after ricin exposure [12]. Sousa et al. [13] describe
an accelerated solvent extraction (ASE) method followed by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) and MALDI-TOF-MS/MS for extraction and
detection of ricin in forensic samples. This method could also detect ricin in gamma-irradiated
samples [13].

The papers in this issue provide readers with a better understanding of ricin trafficking, ribosome
binding, SRL depurination, cell signaling, toxicity, and ricin detection mechanisms and identify new
targets that may be useful in the development of ricin antidotes.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The castor plant (Ricinus communis L.) has been known since time immemorial in traditional
medicine in the pharmacopeia of Mediterranean and eastern ancient cultures. Moreover, it is still
used in folk medicine worldwide. Castor bean has been mainly recommended as anti-inflammatory,
anthelmintic, anti-bacterial, laxative, abortifacient, for wounds, ulcers, and many other indications.
Many cases of human intoxication occurred accidentally or voluntarily with the ingestion of castor
seeds or derivatives. Ricinus toxicity depends on several molecules, among them the most important
is ricin, a protein belonging to the family of ribosome-inactivating proteins. Ricin is the most studied
of this category of proteins and it is also known to the general public, having been used for several
biocrimes. This manuscript intends to give the reader an overview of ricin, focusing on the historical
path to the current knowledge on this protein. The main steps of ricin research are here reported,
with particular regard to its enzymatic activity, structure, and cytotoxicity. Moreover, we discuss ricin
toxicity for animals and humans, as well as the relation between bioterrorism and ricin and its impact
on environmental toxicity. Ricin has also been used to develop immunotoxins for the elimination
of unwanted cells, mainly cancer cells; some of these immunoconjugates gave promising results in
clinical trials but also showed critical limitation.

Keywords: bioterrorism; cancer therapy; castor bean; folk medicine; immunotoxins; plant toxins;
ribosome-inactivating proteins; ricin; rRNA N-glycosylase activity; traditional medicine

Key Contribution: Despite the large number of papers on ricin, it is often difficult for inexpert readers
to have a global view on this toxin. This manuscript intends to give an overview of ricin. Starting
from the use of Ricinus plant in traditional and folk medicine, we highlight the milestones of research
on ricin, with particular regard to its enzymatic activity, structure, cytotoxicity, toxicity for animals
and humans and the double face of its employ, for biocrimes and medicine.

1. Castor Bean in Traditional and Folk Medicine

Ricin derives from Ricinus communis L. (Euphorbiaceae family), also known as castor bean or
palma Christi. The genus Ricinus has only one known species: the castor oil plant. The plant possibly
originates from Africa and Asia and now is widespread throughout temperate, subtropical, and tropical
areas, growing as an invasive plant or being cultivated for different purposes.

The castor plant has been known since time immemorial and its use in the prehistoric era has been
evidenced by archaeological findings such as that of the Border Cave in South Africa. Traces of wax
containing ricinoleic and ricinelaidic acids were found on a thin wooden stick, which was suggested to
be a poison applicator, dating back to about 24,000 years ago [1]. The castor seeds and other parts of

Toxins 2019, 11, 324; doi:10.3390/toxins11060324 4 www.mdpi.com/journal/toxins
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the castor plant were certainly utilized in ancient Egypt for pharmacological purposes. In the Ebers
Papyrus, an Egyptian medical treatise dating back to before 1500 BCE, an entire chapter is dedicated to
the castor bean that is indicated as an abortifacient, a laxative, a remedy for abscessual illness, baldness,
and so on [2]. In the Hearst Papyrus, written approximately in the same period, various castor plant
parts are included as ingredients in some prescriptions for internal use, with the aim of expelling fluid
accumulation or promoting diuresis, as well as for external use as poultices for bandaging [3]. Ancient
Egyptians knew the toxicity of castor bean and the use of seed pulp, included in drug preparations
for oral ingestion, was recommended only in small amounts. In addition, a castor seed-containing
concoction was prescribed to cure the urinary disease of a possibly diabetic child [4]. Around 400 BCE,
the father of western medicine Hippocrates prescribed castor bean oil for laxative and detoxifying
action [5]. The Greek herbalist and physician Pedanius Dioscorides (40 to 90 CE) in De Materia Medica
wrote that castor seeds could be used as expectorant, diuretic, emetic, laxative, anti-inflammatory, to
cure erysipelas, burns, varicose veins, etc. [6]. In the same period, Pliny the Elder (23 to 79 CE) wrote
Naturalis historia, comprising the whole area of antique knowledge. In this encyclopedic work, also
castor bean found a place [7].

Castor bean was used also in the pharmacopeia of eastern ancient cultures. In Chinese traditional
medicine, castor seeds were recommended for their anthelmintic activity; seed poultice and leaf juice
were prescribed for external use to treat ulcers and chronic wounds, whereas the latex was instilled
in the ear for rhinitis treatment (reviewed in [8]). In Ayurveda, castor plant is used for rheumatic
conditions, as well as for gastropathy, constipation, inflammation, fever, ascites, bronchitis, cough,
skin diseases, colic, and lumbago. In Yunani medicine, castor root is used as a purgative and for skin
diseases, the leaves are used to increase breastmilk production and are applied to skin for burns, the
seeds and the oil act as a purgative, useful in liver troubles, pains, lumbago, boils, piles, ringworm,
inflammation, ascites, asthma, rheumatism, dropsy, and amenorrhea (reviewed in [9]). Ground castor
seeds or leaf paste have been applied in veterinary medicine to heal sprains, swelling, and wounds [10].

Castor bean has been used in folk medicine throughout the world and has been reported: (i) As a
galactogogue on the Mediterranean coasts of Europe, where fresh leaves or leaf juice are applied on
the puerperal breast to promote lactation; (ii) as a remedy for various articular, cutaneous, or ocular
diseases in Africa, where crushed seeds or oil, sometimes in combination with other plants, are spread
or rubbed on the part of the body in need, or a root decoction is drunk to induce uterine contraction
as an abortive; (iii) as a medicament to cure erysipelas, flu, inflammation of the womb, and stomach
aches in the Caribbean, where a leaf poultice is recommended; (iv) as an anthelmintic or a purgative in
Brazil where the seed oil is orally consumed, or locally applied with the purpose of stopping hair loss,
healing wounds, or burns (reviewed in [11]).

The laxative and abortifacient activities of castor seeds have been attributed to the activation
of intestinal and uterine smooth-muscle cells via prostaglandin EP3 receptors induced by ricinoleic
acid [12]. Castor oil-induced diarrhea can be antagonized by hexane extract of Citrus limon peel
that activates antisecretory and antimotility mechanisms through the 3 adrenergic system [13]. The
purgative and anthelmintic actions of the oral ingestion of castor seeds, at least in part, have been
ascribed to the irritating effect caused to the intestine by ricin, as reported in toxicological studies
(reviewed in [14]). In addition, the antiflogistic action of castor bean could be related to the high
toxicity of ricin to macrophagic cells, which are responsible for producing inflammatory cytokines
(reviewed in [15]). This effect, together with the anti-pathogen activity of ricin, could promote healing
of the lesions, thus justifying its use in the treatment of various skin conditions.

2. The Ricin Story

Castor seed toxicity began to be investigated at the end of nineteenth century at Schmiedeberg’s
laboratory in Strasbourg. The toxic component of Ricinus could be extracted with water and precipitated
with alcohol, but it lost its toxic activity through heating, treatment with strong acid, or repeated
precipitation with alcohol. In 1887, Dixson supposed that the toxicity of Ricinus was due to an
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albumen-like toxic body [16]. However, it was still unknown whether the seed toxicity was due to a
protein or a glycoside (reviewed in [17]). The problem was solved at the Medical Faculty of Dorpat
(now Tartu) where an extremely toxic protein was partially purified from castor seed or press cake and
named ricin. This finding was published in the doctoral thesis written by Hermann Stillmark under
the supervision of Prof. Rudolf Kobert [18]. Stillmark noticed the agglutinating activity of ricin on red
blood cells, that had mistakenly been believed to be the cause of ricin toxicity until the agglutinin was
separated from the toxin [19].

Paul Ehrlich began his experiments in immunology by feeding mice with small amounts of ricin
or abrin, another similar plant toxin, until they were accustomed and became resistant to the toxin
used, yet still remaining sensitive to the other toxin. The immunization was strictly specific, started
after a few days, and persisted at least for several months [20,21]. He was successful in the production
of antisera against abrin and ricin and in the determination of antibody titer in serum and milk. Ehrlich
drew animal experiments that clarified the transmission of passive immunity from mother to offspring
through the transplacental transfer of antibodies and through breastfeeding. He investigated the
dynamics of the antibody response and was the first to envisage the presence of binding sites on the cell
surface (reviewed in [22]). These studies, together with those on the immunity to bacterial toxins, led
him to formulate his side-chain theory of antibody formation and to win, in 1908, the Nobel Prize [23].
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Figure 1. The main milestones of ricin research.

Interest in ricin was rekindled when the anticancer activity of this toxin on Ehrlich ascites cells in
a mouse model was published [24]. A strong inhibition of protein synthesis by ricin was observed
in cultures of both Ehrlich ascites tumour cells and Yoshida ascites hepatoma cells. The inhibition of
protein synthesis by ricin requires more time in rat liver than in neoplastic cells [25]. The prospect of a



Toxins 2019, 11, 324

possible use in cancer therapy highlighted the need to investigate which part of the proteosynthetic
machinery was damaged and how the toxin managed to enter the cell to reach its target. Hereinafter, we
highlight the milestones of research on ricin, with particular regard to its enzymatic activity, structure,
cytotoxicity, toxicity for animals and humans, and its use as an immunotoxin, used in experimental
models and in clinical trials. The main milestones are shown in Figure 1.

2.1. Ricin Structure

The first information about the bi-chain nature of ricin structure dates to the early 1970s, when
it was shown that ricin was composed of two chains, A (active) and B (binding), linked together
through a disulphide bond [26,27]. In the same period, the complete primary sequence of the ricin A
and B chains was determined [28,29]. Ricin holotoxin structure was solved for the first time at 2.8 A
resolution (Figure 1) [30]. This pioneering work demonstrated that ricin A chain was a globular protein
folded into three domains all contributing to the active site, while the B chain lectin folded into two
domains, each binding lactose in a shallow cleft. The interface between the A and B chains showed
some hydrophobic contact in which proline and phenylalanine side chains played a prominent role.
Four years later, the same researchers refined ricin structure at 2.5 A (Figure 2a), allowing a more
detailed molecular description of the holotoxin and of the separated A and B chains [31-33]. Ricin
A chain has been described as a globular protein consisting of 267 amino acids and organized in 8
a-helices and 8 3-strand structures. Ricin B chain consists of 262 amino acids and two homologues
domains, each containing a lactose binding site and several areas of amino acid homology, possibly
derived from a gene duplication. In 1995, after purification of a complex of ricin A chain cross-linked to
the ribosome, it was found the binding of ricin A chain with the ribosomal proteins L9 and L10e [34,35].
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Figure 2. (a) Ribbon model of the crystal structure of ricin at 2.5 A (accession number Protein Data
Bank 2AAI). The A chain domains are colored in green, blue, and light blue; the B chain domains
are colored in yellow and orange. (b) Catalytic site of ricin. The key residues are indicated and
colored in blue, whereas adenine substrate is depicted in red. (c) Proposed mechanism of depurination
reaction catalyzed by ricin. The hydrolysis proceeds through a dissociative mechanism forming an
oxocarbenium transition state. Argl80 protonates the leaving group and the N-glycosidic bond is
broken. Glul77 deprotonates the hydrolytic water (highlighted by a red dotted rectangle) that attacks
carbon to complete the depurination reaction. Figure 2a and 2b were produced by PyYMOL (version
2.3.1); Figure 2c was produced by ACD/ChemSketch (version 2015.2.5).
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The knowledge of the tridimensional structure of ricin yielded more information on its active site.
Studies based on the formation of complexes between the A chain, both native and recombinant, and
adenine-containing nucleotides allowed for the identification of key residues in enzymatic activity. In
particular, Tyr80, Tyr123, Glul77, Arg180, and Trp211 were found to form the binding site for adenine
(Figure 2b) [30,36]. In the 1990s, the molecular mechanism of adenine release was hypothesized:
Adenine is sandwiched between Tyr80 and Tyr123 in a 7 stacking interaction; the N3 of adenine is
protonated by Argl80, promoting the C1’-N9 bond breaking, and thus forming an oxocarbenium
moiety on the ribose (Figure 2c) [36,37]. This transition state is stabilized by Glul77; a water molecule
lies on the opposite side of the sugar ring from adenosine, which will be polarized by Arg180 to a
hydroxide character that rapidly attacks the sugar carbon completing the reaction.

2.2. Ricin Enzymatic Activity

The introduction of a cell-free system utilizing a lysate from rabbit reticulocytes [38] helped to
clarify that ricin inhibited the peptide chain elongation (Figure 1) [27]. The two polypeptides showed
different properties: The A chain possessed the toxic activity, while the B chain was a galactose-specific
lectin binding the cell surface [26]. Treating the toxin with reducing agents resulted in more activity in
inhibiting cell-free protein synthesis [39]. Firstly, the target of the toxic action was identified as the
ribosome (Figure 1), then as the 60 S subunit of eukaryotic ribosome [40], which became unreactive
toward elongation factors [41]. The toxin was found to prevent the binding between elongation
factors and ribosomes avoiding the subsequent elongation-factor-dependent GTPase activity [41,42].
The A-chain molecule was very active on its substrate and it was calculated that one molecule can
inactivate 2000 ribosomes/min, with a K, of 0.1-0.2 mM [43].

In addition to ricin, several other plant proteins have been identified to possess a similar protein
synthesis inhibiting action. Most of them had a single polypeptide chain similar to the A chain of ricin.
They were called Ribosome-Inactivating Proteins (RIPs) (reviewed in [44,45]).

The already supposed enzymatic nature of ricin A chain was finally demonstrated in 1987 by
Endo et al. who discovered that ricin A-chain cleaved the N-glycosidic bond of an adenine residue,
A4324 in rat 28 S RNA, from the ribose of a highly conserved ribosomal RNA single-stranded loop
involved in the binding of elongation factors (Figure 1). The toxin did not directly break the RNA
chain, but the depurinated RNA was susceptible to hydrolysis [46,47]. Consequently, ricin activity was
identified as an rRNA N-glycosidase (EC 3.2.2.22).

Following this, it was demonstrated that the enzymatic activity of RIPs was broader than previously
described. All tested RIPs were able to release adenine from DNA, in addition to rRNA, and some
of them were also able to act on other polynucleotide substrates, releasing adenine from the sugar
phosphate backbone of polynucleotide substrates (Figure 1) [48,49]. For this reason, the name of
adenine polynucleotide glycosylase was proposed for RIPs. Thus, the ability of acting on various
substrates and extensively depurinating some of them, suggested that the protein synthesis inhibition
could be only one of the ways of RIP-mediated cell killing. Ricin was shown to be able to release
adenine from rRNA, DNA (chromatin and naked), and also poly(ADP-ribosyl)ated poly(ADP-ribose)
polymerase, an enzyme involved in DNA repair [48,50]. Furthermore, it was observed that many
RIPs were able to cleave more than one adenine: ricin was able to detach few adenines from the DNA
(tens), but some single-chain RIPs were able to detach even thousands of them. The hypothesis that
ricin could act directly on DNA in cellular models was strengthened by the evidence that damage to
nuclear DNA, consistent with the enzymatic activity (adenine release) on DNA in cell-free systems,
was concomitant with protein synthesis inhibition and preceded apoptosis [51].

2.3. Ricin Cellular Uptake, Routing, and Toxicity

Starting from the mid-1970s, several research groups focused on ricin binding and internalization
studies, demonstrating that the interaction of ricin with the cell started from the binding of the B chain
to galactosyl residues on the cell surface, allowing access to the endosomal compartment [52]. Ricin
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binds to both glycolipids and glycoproteins with terminal galactose. Since ricin binds to a variety of
different molecules, it seems to be internalized by different endocytic pathways, as well as by using
different pathways to reach the Golgi apparatus to intoxicate the cell. In HeLa cells, about 107 binding
sites were found for ricin, but only small amount of the bound toxin reached the Golgi network and
participated in cell intoxication [52].

Firstly, it was reported that ricin entered into cytoplasm through clathrin-dependent
endocytosis [53]. Afterwards, it became clear that clathrin-independent mechanisms were also
involved [54]. After cell uptake, ricin is delivered to early endosomes, from where most of protein
molecules are recycled back to the cell surface or delivered, via late endosomes, to lysosomes for
proteolytical degradation. A small amount of non-degraded ricin is addressed within the trans-Golgi
network [55]. The involvement of the Golgi complex in ricin routing was confirmed using different
Golgi-disrupting agents, such as brefeldin A, monensin, etc. In fact, the pretreatment with these agents
inhibited the cytotoxic effects of ricin [56]. It was demonstrated that ricin was cycled from Golgi to
the endoplasmic reticulum via coatomer protein 1 (COP-1)-coated vesicles [57], although it was later
proved that the COP-1-independent pathway could also be involved [58].

The complete elucidation of intracellular ricin traffic occurred when it was demonstrated that,
after reaching the endoplasmic reticulum, the two ricin chains were separated, and the A chain
was retro-translocated through the quality control pathway delivering misfolded proteins to cytosol
(Figure 1) [59]. Recently, it has been demonstrated that cholesterol rafts are required for Golgi transport
of ricin; meaning that glycosphingolipids may not be required (reviewed in [60]).

The portion of A chain that quickly refolded, thus avoiding ubiquitination and proteosomal
degradation, was able to reach its intracellular target (reviewed in [61]). It was estimated that one
molecule of active ricin that arrives to its substrate is enough to kill one cell [62].

The discovery that ricin, and some related toxins, may be retrogradely transported along neuronal
processes (Figure 1) [63] opened a new field of research in neurobiology and this property has been
exploited for the selective destruction of neuron bodies.

Different cell types have shown variable levels of sensitivity to ricin (reviewed in [14]), possibly
because of the mannose receptor expression on the cell surface and endocytosis efficacy. Ricin has
been shown to be one of the most toxic plant toxins on cell lines with ICsys (concentration inhibiting
protein synthesis by 50%) ranging from less than 0.1 to 1 pM [26,64-66]. However, it must be taken into
account that it is very difficult to make a direct comparison of the data available in the literature about
ricin cytotoxicity, because of the differences in the experimental approaches and technical conditions.

The polynucleotide depurinating activity of RIPs suggests the possibility of a wider toxic action
on many biological substrates, not excluding the induction of oxidative stress. This could explain the
induction of more than one cell death pathway, e.g. apoptosis and necroptosis, caused by ricin and
other RIPs (Figure 1) [64,67].

3. Ricin Toxicity in Humans and Animals

On one hand, ricin has been studied for bio-medical applications, exploiting the ability of the
A-chain to kill target cells once linked to a monoclonal antibody, as below described in the immunotoxins
chapter. On the other hand, ricin has attracted nefarious interests, with a history of military, criminal,
and terroristic uses [68].

The acute toxicity of ricin is highly variable depending on the animal species and strain.
The pathological effects and subsequent clinical signs of ricin intoxication depend also on the route of
exposure, as this dictates the subsequent tissue distribution of the toxin. Following intravenous or
intramuscular administration, lesions eventually develop in the spleen, liver, and kidney whilst the
lung remains unaffected. After oral ingestion, the gastrointestinal tract is severely affected. Inhalational
exposure produces effects that are mainly confined to the respiratory tract [69].

The majority of data on animal toxicity has been derived from laboratory experiments in rodents,
principally rat and mouse models. Oral administration of ricin was reported to give a lethal dose (LD)
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for 50% of animals (LDsps) 20 to 30 mg/kg in rat and 15 to 35 mg/kg in mouse [70-72]. For intravenous,
inhalation and intraperitoneal routes, toxicity is approximately 1000-fold higher than that obtained for
the oral route, with LDs5( values in mouse of 2 to 10 ug/kg, 3-5 ug/kg and 22 pg/kg, respectively [70,73].
The lower toxicity of ricin after oral exposure is due to the protein destruction in the lumen of the
intestinal tract [74,75]. Ricin acts in a time- and concentration-dependent manner. Notably, there is a
time delay of about 10 h before death occurs, even when very high doses are applied [76].

3.1. Oral Toxicity

In humans, most intoxications occurred accidentally or voluntarily with the ingestion of castor
seeds; only a few cases of intentional absorption of castor bean extracts have been documented in
suicide attempts [76]. Whole-ingested beans can pass intact through the gastrointestinal tract, whereas
chewing facilitates ricin release. Also, it has been reported that the seed can act as ‘timed-release’
capsule for the toxin, allowing its release in the lower bowel, where it causes more damage [72]. After
ingestion, vomiting, diarrhea, and abdominal pain are common symptoms. Massive gastrointestinal
fluid and electrolyte loss are described, often complicated by hematemesis or melaena. Finally,
hypovolemic shock and multiorgan failure occur, which particularly involves the spleen, liver, and
kidney [77,78].

Despite the high number of intoxicated subjects with castor beans, it is quite difficult to calculate
LD values for ricin in humans. In fact, the effective ingested ricin dose can only be supposed, because
of ricin content variations depending on the size, weight, and moisture of the seeds, as well as on
cultivar, region, season, and plant growth stage. Moreover, in intoxicated subjects, it must be taken
into account the degree of mastication, stomach content, age, and comorbidities, parameters that are
obviously more heterogeneous compared to experimental poisoning of animals. Considering all these
parameters, the fatal oral dose of ricin in humans has been estimated to range from 1 to 20 mg/kg
(approximately 5 to 10 beans) [70,79].

3.2. Inhalation Toxicity

No data are available for human ricin uptake by inhalation. In non-human primates, LDsj has
been estimated to be 5 to 15 ug/kg depending on aerosol particle size. Inhalation of particles that are
able to penetrate deeply into the lungs (1 to 5 um diameter) display much more toxicity than larger
particles [72,80]. Inhalation of ricin causes slow onset of respiratory distress (difficulty breathing),
coughing, fever, pulmonary lesions, and edema. Intoxicated animals develop fibrinopurulent
necrotizing pneumonia accompanied by necrotizing lymphadenitis, typically after a dose-dependent
delay of 8 to 24 h. Death occurs as a result of respiratory failure due to massive alveolar fluid
accumulation. The liver, kidney, and small intestines appear congested, although little histologic
changes have been shown [72,80,81].

3.3. Parenteral Toxicity

Data regarding parenteral ricin intoxication derive mainly from animal studies. By injection, mice
had an LDsj of 3 to 5 ug/kg by intravenous and 22 nug/kg by subcutaneous route [82], rabbits had LDsg
0.5 pg/kg by the intravenous route and 0.1 pg/kg by the intramuscular route, while guinea pigs had
LDsp <1.1 pg/kg by the intravenous route and 0.8 ug/kg by the intramuscular route [83]. Human data
only derives from the few cases of suicide or murder, or their attempt; the most known episode is the
assassination of the Bulgarian dissident Georgi Markov, who in 1978 died three days after possibly
being stabbed with an umbrella loaded with a ricin-containing pellet (Figure 1) [84].

By parenteral administration, immediate local pain at the injection site is reported, followed by
general weakness within five hours. The following symptoms, that are general and maybe similar
to sepsis (fever, headache, dizziness, anorexia, nausea, vomiting, hypotension, abdominal pain), can
be delayed for as much as 10 to 12 h, even with high doses. Usually local tissue damage at the
site of the injection is observed. Laboratory abnormalities included elevated liver transaminases,
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amylase and creatinine kinase, hyperbilirubinemia, myoglobinuria, and renal impairment. The clinical
course may progress to multisystem organ failure. Preterminal complications included gastrointestinal
hemorrhage, hypovolemic shock, and renal insufficiency [78,84].

4. Bioterrorism and Environmental Toxicity

Ricin is currently monitored as Schedule 1A of the Chemical Weapons Convention (CWC) and is
a Category B substance under the Biological and Toxins Weapons Convention (BTWC) [80]. Despite
its toxicity, ricin is less potent than other agents, such as botulinum neurotoxin or anthrax. It has
been estimated that eight tons of ricin would have to be aerosolized over a 100 km? area to achieve
about 50% casualty, whereas only a kilogram of anthrax spores would cause the same effect [85]. Thus,
deploying an agent such as ricin over a wide area, although possible, becomes impractical from a
logistics standpoint. However, the availability of castor beans and the quite simple procedure for
rough ricin purification have attracted criminal and terrorist interest for small scale biocrimes or to
cause collective media-driven alarm [80].

From castor seeds, a nontoxic oil can be extracted that has multitude of uses in many sectors,
including cosmetic, pharmaceutic, mechanical, and chemical industry. Castor oil production is
increasing worldwide because of its versatile application, low cost, availability, and biodegradability.
In addition, the oil-free seed pulp can be used in agriculture as a natural fertilizer [86], although the
processing of castor seeds requires great caution due to the high allergenicity [87,88] and extreme
toxicity [76] of their protein fraction, represented, above all, by ricin. World production of castor
oil increased from 0.8 million tons in 2000 [89] to 1.21 million tons in 2014 [90], with a castor seed
production of 1.49 million tons in 2017 [91]. Leading producing countries are India, with over 80% of
the global yield, Mozambique, China, Brazil, Myanmar, Ethiopia, Paraguay, and Vietnam [92]. The oil
makes up about 50% of the weight of the seeds and is mostly constituted of ricinoleic acid (90%), with
minor amounts of dihydroxystearic, linoleic, oleic, and stearic acids. Ricin isoforms and the alkaloid
ricinine, are not transferred to the oil fraction during extraction, which can be performed by cold or
warm pressing, but remain in the seed cake [93,94].

Castor bean meal press cake or other residues of the castor oil production have been employed as
a protein source for feed or fertilizer, but their use is very limited due to ricin toxicity [76]. In 2008,
the European Food Safety Agency defined ricin as an undesirable substance in animal feed. Ricinus
derived material should be appropriately inactivated through physical and/or chemical methods to
guarantee animal and human health [95]. Nevertheless, many accidental poisonings are still reported
for animals eating improperly detoxified fertilizer or other agricultural products containing castor
derived material [76,94].

In order to block the toxic action of ricin, different strategies have been evaluated: Vaccines,
inhibitors, and passive immunity. Vaccines against ricin with the consequent production of neutralizing
antibodies did not give satisfactory results in vivo (reviewed in [96]). Inhibitors of ricin can block
the active site or work as a substrate analogue; however, the available data are limited to in vitro
experiments [97]. More recently, inhibitors of cell routing have been developed, sometimes giving
promising results, also in vivo [98,99]. To date, passive immunity has proven to be the only effective
strategy for treating intoxication caused by ricin. The delay in the appearance of signs of intoxication
makes confirmation of exposure, diagnosis of intoxication, and the subsequent medical response
technically and logistically challenging. The development of anti-ricin sera or antibodies, effective
even when used several hours after toxin exposure, represents a step forward in treatment of ricin
intoxication, as it increases the time window of intervention (WOO, window of opportunity). Many
authors described effective post-exposure treatment of ricin intoxication with specific antibodies, but
with a limited WOO (~8 h) [100-103]. Other authors reported a survival between 50% and 89% of mice
treated with anti-sera 24 h after intoxication [104-106]. Once internalized into the cells, ricin cannot be
neutralized by antibodies, thus limiting the therapeutic window. However, Whitfield et al. in 2017
reported 100% protection in aerosolized ricin-treated mice with a single administration of a F(ab’),

11



Toxins 2019, 11, 324

polyclonal ovine antitoxin given 24 h post-exposure [69]. Even when performed in the same animal
species, comparison between diverse experiments is often difficult, due to the different toxin dose and
route of administration utilized. Moreover, there are few data about correlation between the antitoxin
dose required for protection and the WOO.

5. Ricin-Containing Immunotoxins

Many researchers have tried to exploit the high cytotoxicity of ricin for medical purposes to
eliminate pathological cells. Although ricin possesses highly efficient cell killing mechanisms, it lacks
selectivity towards cell targets. In order to increase selectivity, the possibility of linking ricin to carriers
specific for targets on unwanted cells has been explored. The most widely used carriers are antibodies
and the corresponding conjugates are referred to as immunotoxins (ITs).

The first IT, created in 1976 by Moolten and co-workers, was made by Ricin Toxin-A chain (RTA)
linked to a rat tumor-specific antibody against a rat lymphoma, namely (C58NT)D (Figure 1) [107].
To date, a multitude of pre-clinical and clinical studies have shown the potential use of several
ricin-ITs towards different cancer types, from hematological to solid ones, and towards normal cells,
unwanted due to them being responsible for a pathological state (reviewed in [108,109]). Different
approaches have been used, over time, to generate ITs. In the first strategy, ITs were composed by
the antibody chemically linked to the entire RIP and they were used for in vitro studies showing
high cytotoxicity [110]. Despite the high in vitro efficiency, the relevant non-specific toxicity reported
in vivo, due to the characteristics of the lectin chain, brought researchers to sterically block, chemically
modify, or remove the B chain, thus balancing toxicity and specificity. In 1985, Weil-Hillman et al.
tested an anti-Mr 67,000 protein linked to either blocked-chain B ricin or RTA, reporting interesting
results in vitro, but not in vivo in a nude mouse model [111]. The 1980s were years of great ferment for
molecular biology and genetic engineering, paving the way for the second generation of ITs. Many
researchers tried to improve the IT penetration in tumor mass by reducing the antibody size, using
antigen-binding (Fab), or variable (Fv) fragments instead of entire antibodies. In 1988, Ghetie et
al. created a new IT composed by Fab conjugated to chemically deglycosylated RTA (dgA) [112].
A few years later, they used an anti-CD122-dgA IT in SCID-Daudi mice, showing promising results
since the IT was able to specifically kill tumor cells in vivo, extending the mean survival time up to
57.9 +/—- 3.8 days [113]. Moreover, FitzGerald et al. described the antitumor activity of recombinant
RTA (rRTA) linked to anti-mouse transferrin receptor in a nude mouse model of human ovarian
cancer. Animals treated with IT had an extended life span from 45 (lower doses) to 70/80 days
(higher doses) [114]. Finally, in 1997 the first ricin-containing recombinant immunotoxin (rIT) was
obtained through the expression of a fusion gene composed by sequences encoding anti-CD19-FVS191
(single-chain Fv), cathepsin D proteinase digestion site, and rRTA. In this work, the authors compared
the cytotoxicity of the rIT with the chemical linked IT, evidencing that only the latter was toxic in
target cells [115]. About 20 ricin-ITs have been tested in Phase I, II, and III clinical trials to treat
patients with tumors, either hematological or solid, transplant rejection, and GvHD. The first Phase I
clinical trial, giving promising results, was conducted by Spitler et al. in 1987 (Figure 1), by treating 22
metastatic malignant melanoma patients with an IT composed by murine monoclonal anti-melanoma
antibody coupled to RTA (XOMAZYME-MEL) [116-118]. Additionally, ITs were also exploited for the
treatment of autoimmune diseases. Indeed, anti-CD5/RTA was the first IT used in clinical trials for
therapy of autoimmune diseases, such as rheumatoid arthritis, systemic lupus erythematosus, and
insulin-dependent diabetes mellitus [119,120]. The advantages and limitations of ricin containing ITs
for cancer therapy were recently discussed together with strategies for reducing the immunogenicity
of recombinant ITs [121,122].

A different new approach consists of nanoparticle construction, in which ricin is genetically fused
to carrier peptides that are able not only to recognize specific cellular target, but also to auto assemble,
as stable nanoparticles, thus increasing the toxin-concentration into the targeted site [109,123,124].
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6. Conclusions

In conclusion, ricin is a highly cytotoxic plant protein and has been of great utility to develop
a number of anti-cancer immunotoxins. Ricin, and of some other RIPs, are able to act on multiple
molecular targets inside the cell, thus triggering different death pathways; this makes such proteins
more attractive for cancer treatment than conventional chemotherapy, in which one of the major
problems is the rise of resistant cells [67,125]. However, ricin-containing ITs have also been shown
to exhibit many limitations, such as unspecific toxicity, organ toxicity (mainly liver, kidney, and
vasculature), immunogenicity, fast removal from blood stream, and lysosomal degradation inside cells.
As a result, despite of the significant efforts made over the past few years, ricin as therapeutic agent
has not achieved much impact at the clinical level. The challenge is still open, and frontline research is
directed towards recombinant immunotoxins and nanocarriers, or towards other novel techniques
such as the vector-driven expression of active plant toxin genes in tumor cells [109,126].

Although ricin is not toxic enough to hypothesize a use over a wide area for terrorist purposes,
the availability of castor beans and the quite simple procedure for rough ricin purification have
stimulated the interest of criminals and terrorists for small-scale biocrimes. This justifies researchers’
efforts to obtain faster and more sensitive ricin detection tests. Furthermore, the study of inhibiting or
neutralizing molecules and the timing of clinical events following ricin intoxication could lead to the
definition of one or more validated therapies.

Finally, the use of castor bean derivatives should be carefully monitored because of the potential
presence of active ricin. In fact, the large use of these products in agriculture, without an effective
ricin inactivation, has already caused several cases of animal intoxication, and can be hazardous for
human health.
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Abstract: Ricin can be isolated from the seeds of the castor bean plant (Ricinus communis). It belongs
to the ribosome-inactivating protein (RIP) family of toxins classified as a bio-threat agent due to its
high toxicity, stability and availability. Ricin is a typical A-B toxin consisting of a single enzymatic A
subunit (RTA) and a binding B subunit (RTB) joined by a single disulfide bond. RTA possesses an
RNA N-glycosidase activity; it cleaves ribosomal RNA leading to the inhibition of protein synthesis.
However, the mechanism of ricin-mediated cell death is quite complex, as a growing number of
studies demonstrate that the inhibition of protein synthesis is not always correlated with long term
ricin toxicity. To exert its cytotoxic effect, ricin A-chain has to be transported to the cytosol of the host
cell. This translocation is preceded by endocytic uptake of the toxin and retrograde traffic through
the trans-Golgi network (TGN) and the endoplasmic reticulum (ER). In this article, we describe
intracellular trafficking of ricin with particular emphasis on host cell factors that facilitate this transport
and contribute to ricin cytotoxicity in mammalian and yeast cells. The current understanding of the
mechanisms of ricin-mediated cell death is discussed as well. We also comment on recent reports
presenting medical applications for ricin and progress associated with the development of vaccines
against this toxin.

Keywords: ricin; protein synthesis inhibition; apoptosis

Key Contribution: This review summarizes the current knowledge of ricin intracellular transport
and mechanisms of its cytotoxicity.

1. Introduction

The toxin ricin is a naturally occurring, extremely toxic protein isolated from the seeds of the
castor plant, Ricinus communis. This toxin was first described in 1888 by Peter Hermann Stillmark,
who identified the active ingredient isolated from the castor seeds as a protein [1]. Interestingly,
he described in his doctoral thesis, ricin’s agglutinating properties, being the first person who defined
and characterized a specific carbohydrate-binding protein, that later was called lectin [2]. At that
time, the ability of extracts from Ricinus communis to agglutinate erythrocytes and to precipitate serum
proteins was considered to be the mechanism behind the cytotoxic action of ricin. Later experiments
showed that the toxicity and agglutination effects are separate properties of this toxin [3]. The structure
of ricin was described by Olsnes and Pihl [4]. They also found that ricin exerts its cytotoxic effect by

Toxins 2019, 11, 350; doi:10.3390/toxins11060350 20 www.mdpi.com/journal/toxins



Toxins 2019, 11, 350

enzymatic action on eukaryotic ribosomes resulting in inhibition of protein synthesis [3-5]. Considering
the mechanism of ricin cytotoxic activity, it was the very first identified RIP (ribosome-inactivating
protein) assigned to the class II of this group of protein toxins [6-8].

Ricin belongs to the A-B family of protein toxins. The A-chain (RTA, ~32 kDa) is linked by a single
disulfide bond to the lectin B-chain (RTB, ~34 kDa). Together they form ricin holotoxin (Figure 1). RTA
possesses an enzymatic activity [6,7], whereas RTB binds to eukaryotic cell-surface glycoproteins and
glycolipids [9]. Ricin A-chain specifically depurinates the x-sarcin-ricin loop (SRL) by hydrolyzing the
N-glycosidic bond at adenine 4324 located at a GAGA hairpin of SRL of the 28S rRNA in the eukaryotic
large ribosomal subunit [5], (for review see Refs. [8,10,11]). Interestingly, ricin does not remove an
adenine from rRNA in whole E. coli ribosomes, thus genes coding for ricin could be expressed in
E. coli [12]. It is considered that the sarcin-ricin loop is one the largest universally-conserved regions of
the ribosome [13,14]. This highlights its importance in ribosome function. Indeed, SRL significantly
influences the proper assembly of the functional structure of the 50S prokaryotic subunit [15], and it is
highly probable that this loop fulfills a similar role in the large ribosomal subunit in eukaryotic cells.
However, what is most important for ricin toxicity is that depurination of SRL prevents the binding of
two crucial factors operating in the machinery of protein synthesis: the eukaryotic elongation factor 1
(eEF-1) and the elongation factor 2 (eEF-2) [9,16,17]. This blocks protein synthesis and is a prerequisite
for the cytotoxic effect of ricin. A single ricin A-chain molecule is able to inactivate approximately
1500 ribosomes per minute [18,19]. It happens much faster than the cell can produce new ones [20].
Ricin’s lethal dose in humans was estimated to be about 1.78 mg for an average adult [21]. However,
its toxicity depends on the route of exposure. Inhalation is more potent than oral administration.
The inhalation median lethal dose (LD50) is 3-5 ug/kg, while the oral LD50 is 20 mg/kg [22]. Due to
ricin’s high toxicity and stability, ease of production and good availability, it has been classified by the
US Centers for Disease Control and Prevention (CDC) as a Category B Select Agent. Implementation
of the Chemical Weapons Convention (CWC) in the national legislation of the 192 signatory countries
(June 2017) makes undeclared ricin purification a global crime [23]. Despite the fact that ricin-mediated
depurination of rRNA has been quite well described, other mechanisms involved in its cytotoxicity are
not completely clarified. In fact, the inhibition of protein synthesis by ricin A-chain is not exclusively
responsible for the cytotoxic effect of this toxin [24]. It has been demonstrated that ricin can induce
apoptosis, cell membrane damage, membrane structure and function alteration, and release of cytokine
inflammatory mediators [25-30]. In general, the inhibition of protein synthesis seems to precede
apoptosis and be necessary for this event. It was, however, suggested that two different motifs present
in ricin A-chain may be involved in ricin-mediated inhibition of protein synthesis and apoptosis [31,32]
and that B-chain in human myeloid leukemia cells (U937) is able to induce apoptosis through its lectin
activity without the contribution of the A-chain [33].

Elucidation of the entire mechanisms of ricin toxicity is crucial to fully utilize, but also to control
all properties of this toxin. Ricin is being considered as one of the most toxic substances that exists.
It can be used as a potential tool in bioterrorist attacks [34,35]. Thus, the development of effectively
working antitoxin agents is of particular interest [36-39]. On the other hand, ricin conjugated with
specific antibodies, other proteins, peptides or nanoparticles can be selectively directed to target cells.
This ensures the possibility of a huge application of this toxin in medicine [40-44]. In this review, we
describe the most important steps of ricin intracellular transport as well as diverse and complicated
mechanisms of its action on cells. We also summarize the newest reports concerning the development
of vaccines against ricin and biomedical applications of this toxin.
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Figure 1. Schematic representation (A) and crystal structure (B) of the toxin ricin. The enzymatically-active
subunit (A-chain) is marked in red, whereas the binding domain (B-chain) is presented in green. Both
subunits are linked by a single disulfide bond. Crystal structure has been obtained from the PDB protein
data bank (code 2AA1).

2. Intracellular Transport of Ricin

2.1. Uptake of Ricin into the Cell

Ricin B-chain recognizes complex types of carbohydrate receptors present on the surface of
eukaryotic cells. These receptors contain either terminal N-acetylgalactosamine or {3-1,4-linked
galactose residues [9]. Galactosyl-residues are abundant on the surface of most cell types, thus the
majority of eukaryotic cells are sensitive to ricin. Moreover, this toxin can also bind the mannose-type
glycans on cells that carry those receptors i.e., macrophages or rat liver endothelial cells [45]. This is
due to the fact that both the A- and B-chains of ricin are glycoproteins that contain mannose-rich
oligosaccharides. However, in contrast to galactosyl-residues, most cell types do not express mannose
receptors and consequently ricin in such cells can be internalized exclusively by galactosyl moieties.
It is assumed that 10°~108 ricin molecules can be bound to the cell surface [46]. Human cervical cancer
cells (HeLa) for example contain 3 X 107 ricin-binding sites per cell [47], although not all of these sites
are involved in toxin uptake.

After binding of ricin to the cell-surface receptors, the holotoxin is transported into the cell by
endocytosis. It has been demonstrated that ricin is able to employ different endocytic mechanisms,
which are believed to be mainly connected with the fact that it can recognize and bind to a great
variety of cell surface components. It is even suggested that ricin can utilize all types of endocytic
mechanisms that operate in a given cell [48]. First studies of ricin uptake demonstrated that it can be
internalized by clathrin-dependent endocytosis in Vero cells (African green monkey kidney cells) [49].
However, further experiments showed that the inhibition of clathrin-coated pits formation in Hep-2
cells (derivative of HeLa) did not change ricin cytotoxicity [50] and that generally it can be taken into
cells from non-coated parts of the cell surface membrane [51]. Additional evidence that ricin can be
endocytosed by clathrin-independent mechanisms comes from experiments in which a dominant
negative mutant of dynamin, a protein that is required for clathrin-related endocytosis, was used.
The overexpression of the dynamin defective in GTP binding and hydrolysis in COS-7y cells (derived
from kidney tissue of the African green monkey) did not alter cell sensitivity to ricin [52,53]. However,
it should be noted that the expression of the same mutant dynamin (K44A) in HeLa cells inhibited ricin
toxicity (see below). Moreover, it has been demonstrated that cholesterol plays an important role in
endocytosis by clathrin-coated pits [54]. However, endocytosis of ricin was not changed significantly
after cholesterol extraction from the membrane [54]. Effective extraction of cholesterol also disrupts
other structures called caveolae that can be involved in clathrin-independent endocytosis [54,55],
but independent experiments showed that caveolae were not necessary for ricin endocytosis [52].
Importantly, cholesterol is required for other endocytic mechanisms as well [56]. Thus, endocytic
uptake of ricin can be both clathrin- and caveolae-independent [57]. Binding and endocytosis of
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ricin can be related to specific features of this toxin. Mutation that changes the secondary structure
of its A-chain into a more helical structure (Figure 2A) has no influence on binding or endocytosis
of modified holotoxin [58]. However, mutations that modify hydrophobicity of RTA (Figure 2B,C)
significantly affect the binding of the altered holotoxins to the cell membrane [59]. A GFP-based
reporter assay has very recently been applied in order to identify cellular components required for
RTA intracellular transport in yeast [60]. The data indicated that proteins Syn8p, Ssolp and Snclp
influence ricin A-chain trafficking [60] (Figure 3). Syn8p and Snclp form a complex that plays a role in
protein uptake from the plasma membrane to endosomes [61]. Ssolp is a plasma membrane t-SNARE
protein that together with v-SNARE Snc2p are required for the fusion of Golgi-derived vesicles with
the plasma membrane [62]. It is unknown whether mammalian homologues of these proteins are also
involved in ricin endocytosis.

Figure 2. Crystal structures of ricin A-chain. PDB protein data bank (code 2AA1). Whole ricin A-chain
(RTA) structures are marked in red. The hydrophobic region (Val245 to Val256) is indicated in purple.
Several residues have been selected within the hydrophobic region and modified to obtain RTA with
changed secondary structure or changed hydrophobicity. These residues are: (A) P250 (marked in
yellow) has been modified (P250A) to produce RTA with a changed secondary structure; (B) V245, 248,
1252, and A253 (marked in orange) have been modified (V245S, L248N, 1252N, A253S) to obtain RTA
with decreased hydrophobicity (RTA DHF); (C) S246 and A253 (marked in green) have been changed
(S246V, A253V) to obtain RTA with increased hydrophobicity (RTA IHF).
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Figure 3. An overview of factors involved in the intracellular transport of ricin in mammalian and yeast
cells. Yeast proteins are shown in magenta; mammalian proteins are shown in black. For a detailed
description, please see the text.

2.2. Intracellular Routing of Ricin to the Endoplasmic Reticulum

After endocytosis ricin traffics to early endosomes (Figure 3). It has been demonstrated, that at
this stage, the majority of toxin can be transported back to the cell surface in an apparently intact
form [63]. In early endosomes, ricin also starts to be degraded [64]. This proteolysis is continued after
its predominant transport to late endosomes and lysosomes [65] (Figure 3). Interestingly, efficient
transport to lysosomes depends on how ricin is internalized. Significantly more toxin was transferred
from endosomes to lysosomes upon internalization by mannose receptors in comparison to uptake
by galactosyl-residues [45]. It was suggested that the different stabilities of ricin at endosomal low
pH may be characteristic for these two binding mechanisms. This would explain the observed
differences in the transport from endosomes to lysosomes between the two internalization pathways.
In addition, as already mentioned in this review, modified ricin with a changed secondary structure
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that carries a point mutation in the hydrophobic region of the C-terminal A-chain (P250A) (Figure 2A)
is more extensively degraded in endosomes/lysosomes than the wild-type toxin [57]. Both cathepsin
B and cathepsin D were found to be involved in increased P250A ricin degradation. It cannot be
excluded that P250 holotoxin has a somehow altered conformation in comparison to the wild-type toxin.
This altered conformation might influence its endosomal/lysosomal degradation. It was visualized
by electron microscopy that only about 5% of endocytosed ricin is transported to the trans-Golgi
network (TGN) [66,67]. This transport proceeds directly from early endosomes, excluding the late
endosomes-trans-Golgi pathway (Figure 3) [68]. From the Golgi complex, ricin is moved to the
endoplasmic reticulum (ER). Ricin transport to the Golgi network and to the ER were confirmed
experimentally [66,67,69]. Both pathways, endosome to Golgi and retrograde movement from the
Golgi to the ER can engage complicated mechanisms of ricin intracellular transport. Brefeldin A is
an important drug in these studies, because it disturbs the Golgi complex [70]. In cells treated with
this compound, ricin transport was completely inhibited, and cell intoxication was blocked [71,72].
Interestingly, this was observed only in cells where the Golgi complex was sensitive to brefeldin A
(BFA) [72].

In cells resistant to BFA, the polarized kidney epithelial cell line MDCK, BFA sensitized cells to
ricin [73]. This drug does not change Golgi morphology in these cells and thus, it would be possible
that increased transport to the Golgi apparatus is responsible for higher toxicity of ricin in MDCK cells.
However, this did not seem to be the case. Moreover, it was demonstrated that BFA affects endosomal
structures in those cells [73].

Ricin transport to the Golgi was also demonstrated by adding a short amino acid stretch, a tyrosine
sulfation site that comes from rat cholecystokinin precursor. This extra stretch was added to the
C-terminal end of the RTA, creating the ricin-A-sulf-1 [69]. When such a modified toxin was delivered
to the Golgi complex, sulfotransferases that are specific enzymes for this compartment [74], catalyse
the addition of sulfate to ricin. In cells that are preincubated with radioactive sulfate (Nay**SOy ), ricin
becomes labelled, indicating transport of this toxin to the Golgi apparatus. Although, dynamin is not
required for ricin endocytosis [52,53], at least, it seems that transport from endosomes to the Golgi
network is dynamin-dependent (Figure 3) in HeLa cells [75]. It was demonstrated that overexpression
of mutant dynamin in HeLa cells did not affect ricin degradation but transport of endocytosed ricin to
the Golgi and total ricin toxicity were strongly inhibited [75]. Since ricin transport after endocytosis is
based on vesicles, it can be predicted that intracellular traffic of this toxin would depend on some Rab
proteins, GTPases that regulate many steps of vesicular transport [76]. Moreover, knowledge about the
involvement or lack of association of particular Rabs in ricin transport defines, at least partially, specific
mechanisms of its intracellular routing. It seems to be the case for the Rab9-dependent pathway, that
delivers proteins from late endosomes to the TGN [77,78]. Overexpression of a dominant-negative
mutant of Rab9, (Rab9S21N), failed to protect cells from ricin intoxication and did not prevent sulfation
of modified ricin-A-sulf-1 [79]. In addition, ricin transport to the TGN is independent of Rab-11,
clathrin [79], as well as Rab7 [48]. Rab-9-independent transport of ricin supports the notion that
this toxin may be transported to the Golgi complex directly from early endosomes. It has been
demonstrated that isoforms of Rab6, Rab6A and Rab6A’ are important in early endosomes-TGN
transport, with a special role of Rab6A’ in this pathway [80] (Figure 3). Both isoforms are expressed
at similar levels in all cells. They differ in three amino acids located near one of their GTP-binding
domains [81]. It was demonstrated that the ricin-related Shiga toxin B-chain utilizes direct transport
from early endosomes being dependent on Rab6A” [82]. The hypothesis that ricin may use a similar,
early endosomes-TGN pathway was confirmed by experiments demonstrating that its transport to
the TNG is regulated by Rab6A and Rab6A’ [83]. Moreover, ricin transport between endosomes and
the Golgi network is regulated by changes in the cholesterol level. Ricin can be endocytosed by cells
depleted of cholesterol [54], but transport to the TGN was strongly inhibited when the cholesterol was
reduced [84]. Interestingly, ricin delivery to the Golgi complex is also calcium-dependent [85] (Figure 3).
Calcium regulates many steps in intracellular trafficking, including intra Golgi transport [86]. It was

25



Toxins 2019, 11, 350

observed that in cells treated with thapsigargin, which specifically inhibits the ER Ca?*-ATPase, ricin
transport to the Golgi was increased [85]. Moreover, genome-wide RNAi screens revealed human
endosome-related genes such as the ESCRT component VPS2 (CHMP2A), Rab11FIP, and Rab5c as
important for ricin toxicity [84]. Ricin transport also depends on the GARP complex, the SNARE
Syntaxin16 (STX16), and the Golgi-related complexes TRAPP and COG [84] (Figure 3). However,
VPS35, a central component of the Retromer that is required for the formation of transport carriers at the
endosomes, is dispensable for ricin endosome-TGN transport. Mentioned already above, Rab6A and
Rab6A’ are human homologues of yeast Ypt6p [87]. Fluorescence-based reporter assay demonstrated
that Ypt6p and its regulator Rgp1p are involved in RTA transport in yeast. Moreover, some GARP
complex components (Vps51p and Vps54p) and Sft2p that enables fusion of endosome-derived vesicles
with the Golgi are required for ricin traffic into cells [59]. Interestingly, Tlg2p (STX16 is a mammalian
homologue of this protein) is not important for endosome-to-Golgi transport of RTA. In addition to
the results described above, another simple reporter method based on the detection of changes in
fluorescence emissions has been described and recently demonstrated to be useful for the identification
of host cell proteins involved in intracellular RTA transport [88]. Endosome-to-Golgi transport of ricin
is also regulated by cAMP signal transduction in the cell. It has been demonstrated that transport of
ricin from endosomes to the Golgi network and further to the ER is controlled by the Golgi-associated
regulatory subunit of protein kinase A (PKA) type II alpha isozyme in lymphocytes [89] (Figure 3).
Moreover, transport of ricin to the Golgi is facilitated in human cells by hVps34 [90] (Figure 3), the only
identified kinase that phosphorylates phosphatidylinositol (PI) in position 3 to produce PI(3)P. PI(3)P
is needed for the vesicular localization of sorting nexins SNX2 and SNX4. All these events are required
for ricin transport from endosomes to the Golgi complex [90].

Ricin transport to the Golgi complex can be observed by electron or immunofluorescence
microscopy, whereas delivery of this toxin to the ER has never been directly visualized [91]. However,
it was possible to use a genetically changed RTA containing two modifications: C-terminal Golgi-specific
site for tyrosine sulfation (described above: RTA-sulfl) and three partly overlapping N-glycosylation
sites (ricin-A-sulf-2) that flag an ER asparagine modification with carbohydrates [69]. It appeared that
ricin-A-sulf-2 became sulfated in the TGN but also core glycosylated, indicating retrograde transport
to the ER. Ricin itself does not contain an ER-targeting signal or KDEL retention sequence that would
allow its interaction with KDEL receptors of the target cell and mediate toxin transport from the Golgi
to the ER via coatomer protein I (COPI)-coated vesicles. However, RTB binds to resident luminal ER
protein, calreticulin, a KDEL-tagged protein which indirectly allows for toxin transport to the ER [92].
Thus, calreticulin can operate as a retrograde transporter for ricin movement from the Golgi to the
ER (Figure 3). However, calreticulin-deficient cells remained sensitive to this toxin, indicating that
transport based on calreticulin-RTB interactions does not seem to be the main pathway for ricin traffic
to the ER [92]. It was suggested that since ricin can bind glycolipids, some fraction of ricin may utilize
lipid-sorting signals [93]. The second Golgi-to-ER transport pathway that was considered to be used by
ricin is COPI-independent but Rab6-dependent [94]. However, it was demonstrated that the expression
of the GDP-restricted mutant of Rab6A (Rab6A-T27N) did not alter ricin toxicity, suggesting that ricin
is transported to the ER by a pathway that does not involve Rab6A [93]. Moreover, ricin was still toxic
to cells when Rab6A and COPI were simultaneously inhibited. Thus, it was concluded that ricin can
circumvent the Golgi apparatus. This hypothesis was confirmed in experiments in which the COPI
protein complex was depleted of its subunit, epsilon-COP [94]. Cells were transfected with a modified
e-COP bearing a temperature-sensitive mutation. At the nonpermissive temperature, this protein
become degraded, and the Golgi apparatus is changed morphologically. In such conditions, ricin could
still be transported to the ER, even in the presence of brefeldin A which inhibits the binding of COPI to
membranes and causes disassembly of the Golgi [95]. These results strongly suggest that ricin can
bypass the Golgi stack on its way to the ER. However, it should be noted that such a pathway may be
induced in the cells due to the changes enforced on these cells. Going back to the considerations about
the classical Golgi-to-ER transport, it has been demonstrated by genome-wide screen that the ER-Golgi
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intermediate compartment protein 2 (ERGIC2) may be an important regulator of ricin transport to
the ER [87]. siRNA-mediated downregulation of ERGIC2 protects cells against high doses of ricin.
Consistent with these results, yeast homologue of ERGIC2 (Erv41p) and its complex partner Erv46p
(mammalian ERGIC3) participates in RTA transport to the ER [59]. Both Erv46p and Erv4lp are
components of COPII vesicles, they form an active complex that traffics between the ER and the Golgi,
being important for membrane fusion in ER/Golgi transport [96]. Additionally, the yeast reporter assay
identified regulators of the ADP ribosylation factor (Arf) GTPases, Glo3p and Gealp in ricin traffic in
the cell. Arf initiates the budding of COPI-coated vesicles [97]. Two components of COPI, Sec22p and
Rer1p are also important for ricin transport to the ER [96]. Rerlp is located at the Golgi membrane and
operates as a retrieval receptor sending membrane proteins back to the ER [98]. Sec22p is a t-SNARE
protein [99] that continuously traffics between the Golgi and the ER being involved in both anterograde
and retrograde transport. Interestingly, it has been demonstrated that the mammalian homologue of
Sec22p, Sec22B, is also important for ricin toxicity [87]. Thus, the components of both COPI and COPIL
seem to be important for ricin transport to the ER in yeast (Figure 3). Moreover, it has been suggested
that COPII- and COPI-dependent ricin cycling between the ER and the Golgi is necessary for ricin
dislocation to the cytosol and subsequent cytotoxicity [53]. It has been demonstrated very recently that
GDP-fucose transporter residing in the Golgi, Slc35c1, and Fut9, a Golgi «1,3-fucosyltransferase, are
both involved in fucosylation and are crucial for ricin toxicity [100] (Figure 3).

It should be noted that ricin A-chain can be directly delivered to the lumen of the ER by expressing
a recombinant RTA version with an N-terminal signal peptide. The signal sequence is removed
during RTA entry to the ER. Such an experimental approach appeared to be useful in yeasts [101,102],
mammalian cells [103,104] and plants [105]. This procedure enables analyzing the events that happen
after entry of the toxin into the ER, studying RTA interactions with ER-specific proteins, toxin transport
from the ER to the cytosol and mechanisms of its intoxication. Directed transport to the ER is useful in
yeast since yeast are deprived of galactosylated cell surface receptors [106] that are able to bind to the
ricin B-chain. Thus, externally added ricin does not intoxicate yeast cells. Moreover, in mammalian
cells, RTB was directed to the ER to study the formation of the disulfide bond between A- and B-chains
in the ER [103]. In plants, preproricin is initially synthesized. It is composed of a single polypeptide
chain of the RTA and RTB [107]. The first 35 amino acid residues of preproricin contain a 26 residue
N-terminal signal sequence and a 9 residue propeptide [17]. The N-terminal signal sequence directs
the transport of the nascent polypeptide across the ER membrane into the ER lumen; the 9 residue
propeptide is removed after proricin transport to the vacuole [17]. Using the mature RTA (with 35 amino
acid residues of preproricin) in tobacco leaf cells, it was demonstrated that a significant fraction of the
newly synthesized ricin is retrotranslocated from the ER to the cytosol for degradation [105].

2.3. Ricin Translocation to the Cytosol

It is strongly believed that only active A-chain of ricin is translocated to the cytosol [53,69,104,108-110];
however, some suggestions that the whole holotoxin can be transported out of the ER have also
appeared [111]. Anyway, it has been demonstrated that RTA transport to the cytosol is proceeded by
reduction of the internal disulfide bond that connects the ricin A- and B-chains [103]. This reduction is
catalyzed by the protein disulfide isomerase (PDI) [112], the main ER foldase that is responsible for
the formation, cleavage and isomerisation of disulfide bridges [113]. It has been demonstrated that
PDI interacts with the ricin B-chain and can both reduce and form the disulfide bond between ricin
subunits [103]. However, it seems that the disulfide reductase activity of PDI needs to be enhanced
by thioredoxin reductase (TrxR) [114] (Figure 3). In eukaryotes, two thiol-disulfide exchange systems
exist: The thioredoxin system that contains thioredoxin and thioredoxin reductase [115] and the
glutaredoxin system that includes glutaredoxin and glutathione reductase [116]. They catalyze fast
and reversible reactions between cysteines in their active site and cysteines of their disulfide substrates
using NADPH and reduced glutathione (GSH) as a source of reducing equivalents, respectively. In the
case of ricin, it was demonstrated that PDI, TrxR and thioredoxin (Trx) used separately were unable
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to directly reduce ricin holotoxin [114]. However, PDI and Trx in the presence of TrxR and NADPH
could release RTA from ricin holotoxin in vitro. PDI functioned only after pre-incubation with TrxR.
The reductive activation of ricin was more efficient in the presence of glutathione [114]. Disulfide bond
reduction in ricin holotoxin enables liberation of RTA, but it is also suggested that it serves to activate
the catalytic activity of ricin A-chain [117]. It was demonstrated that recombinant proricin activity was
dependent on its release from the mature ricin that was generated from proricin. Moreover, it was
shown that another member of the PDI family, TMX, a transmembrane thioredoxin-related protein,
reduces disulfide bridges in ricin holotoxin [118]. TMX can activate RTA by promoting interactions
between ricin A-chain and ER proteins that facilitate transport of RTA to the cytosol prior to subsequent
cell intoxication [118]. Increased ability of ricin to intoxicate cells after reductive release of RTA from
holotoxin may result, at least partially, from the fact that liberated ricin A-chain can be unfolded
to a certain extent in the ER. Such unfolding is probably required for RTA retrotranslocation to the
cytosol through a relatively narrow ER channel. In support of this hypothesis, it was demonstrated
that the introduction of an intrachain disulfide bond into the ricin A-chain significantly decreased
the cytotoxicity of modified toxin [119]. This was explained by a constraint in the unfolding of RTA.
Moreover, it was observed that a native A-chain is quite unstable at pH 7.0 [120]. Partially-unfolded
RTA was sensitive to protease digestion and disrupted tertiary structure [120]. Thus, it was considered
that ricin A-chain should be unfolded in the lumen of the ER, where it is recognized by several ER
chaperones in a way similar to misfolded proteins.

Proteins that fail to become properly folded are recognized by specific ER factors that promote
their transport to the cytosol for proteasomal degradation (for review see for example Refs. [121-124]).
This process is called ER-associated degradation (ERAD) [122,125]. It is believed that the ricin A-chain,
similarly to other A subunits of particular toxins, utilizes ERAD in its transport from the ER to the
cytosol (for review see for example Ref. [110]). However, the main difference between RTA and typical
ERAD substrates is that ricin A-chain avoids effective degradation by proteasome, being instead
activated in the cytosol to exert its cytotoxic effect. Still, little is known about specific ERAD factors
that facilitate RTA transport out of the ER. It has been demonstrated that both the A- and B-chain of
ricin interact with one of the main Hsp70 chaperone family proteins, Bip (Grp78) [126]. Despite these
interactions, overproduction of BiP significantly decreased RTA transport out of the ER and protected
cells against this toxin. It cannot be excluded that ricin interacts with BiP that is already engaged
in a bigger protein complex that forms in the ER and inhibits ricin transport to the cytosol. It has
been demonstrated very recently that BiP can form a direct complex with Grp94 (Hsp90 chaperone
protein) in the absence of a substrate [127]. Moreover, this interaction is nucleotide-specific. BiP and
Grp94 more efficiently interact with each other at high ADP concentrations and possess lower affinity
to interaction at high ATP concentrations. It has been demonstrated that inactivation of Grp94 by a
specific inhibitor protects cells against ricin [128]. Except for classical chaperones (Hsps: 40, 70, 90
and 100), the ER possesses a unique class of carbohydrate-dependent lectins that recognize different
ERAD substrates both in a glycan-dependent and independent manner [122,123,129]. The most known
members of these lectin chaperones are calnexin/calreticulin [122,130] and the EDEM family [131-134].
Ricin B-chain interaction with calreticulin facilitates Golgi-ER transport (see above Ref. [92]), but it is
not proven that this chaperone is directly involved in ricin transport to the cytosol. This is opposite
to the role of EDEM1, EDEM2 and EDEM3. It has been demonstrated that RTA interacts with all
EDEMs [135-138] (Figure 3). However, the mechanisms of their action during ricin translocation out of
the ER are not the same. EDEM1 probably has a higher affinity for typical misfolded proteins than
for ricin [135]. Thus, it can promote its transport to the cytosol only when ER translocons are not
intensively occupied by ERAD substrates. EDEM2 directly facilities ricin transport to the cytosol, which
induces higher cell sensitivity to this toxin [136]; whereas overproduction of EDEM3 is not relevant for
RTA translocation to the cytosol [138]. Interestingly, ricin A-chain interaction with EDEM1 and EDEM2
and consequently its translocation to the cytosol and overall cytotoxicity is related to the appropriate
structure and degree of hydrophobicity of RTA [57,58]. RTA P250A (with substitution of proline to
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alanine at amino acid position 250) of the highly hydrophobic C-terminal region (Val245 to Val256) has
a changed secondary structure to a more helical one without alternations in RTA hydrophobicity [57]
(Figure 2A). On the other hand, the substitutions V245S, L248N, 1252N, A253S, 5246V, and A253V in this
region produce RTA with decreased (RTA DHF) (Figure 2B) and increased hydrophobicity (RTA IHF)
(Figure 2C), respectively [58]. Both RTA P250A and RTA DHF show significant reduction in their ability
for interactions with EDEM1 and EDEM2 [57,58]. Additionally, transport of RTA P250A to the cytosol
and toxicity of this modified ricin were not dependent on EDEM1 and EDEM2 overproduction. These
results demonstrate that for interactions between EDEM1, EDEM?2 and RTA, appropriate structure and
hydrophobicity of the substrate are important. RTA with a decreased amount of -sheet structures
that directly resulted from increased a-helicality [57] and RTA with very low hydrophobicity of the
C-terminal region [58] exhibit reduced interactions with EDEM chaperone proteins. Interestingly,
it was demonstrated that a conformational change of RTA is crucial for its binding to the surface of
the ER membrane. At the physiologically relevant temperature of 37°C, RTA loses some of its helical
content and rearranges the conformational structure in such a way that it exposes its C-terminal region
to the membrane interior [139]. Such an insertion into the ER membrane might be necessary for RTA
translocation to the cytosol. It can be concluded from these observations that an additional limiting
step in RTA P250A retrotranslocation to the cytosol (apart from lack of EDEM1 and EDEM2 assistance)
might result from its inability to be subjected to additional conformational changes allowing it to be
stably inserted into the ER membrane. As already mentioned, EDEM proteins can recognize glycan
residues present on their substrates but can also bind other structures, e.g., hydrophobic regions
or unfolded motifs. This second option seems to be important for EDEMs-ricin interactions since
recombinant ricin expressed in E. coli that was used in the experiments, lacks oligosaccharides that are
normally added to ricin A-chain derived from plants [140]. On the other hand, it was demonstrated in
S. cerevisiae that RTA glycosylation (that occurs on asparagines 10 and 236) promotes its transport from
the ER to the cytosol and increases ricin cytotoxicity as block in RTA glycosylation impairs depurination
of specific adenine in 285 rRNA [141]. Moreover, in the case of ricin, a glycan signal can stabilize this
toxin [142]. This is opposite to typical misfolded proteins where specific oligosaccharide recognition
becomes a signal for their degradation. Ricin stabilization was demonstrated by using GFP-tagged
RTA containing a point mutation (E177Q) which attenuates its cytotoxicity (GFP-RTA E177Q). This
toxin, engineered with a murine signal sequence for direct co-translational delivery into the ER of
the host cell, was destabilized by inactivating genes required to generate and recognize the N-glycan
residues [142].

In its transport from the ER to the cytosol, ricin A-chain definitely utilizes one specific type
or different classes of the ER membrane translocation channels (Figure 3). Three main types of ER
translocons have been identified so far: the Sec61 complex [143-147], the Derlin proteins [148-153] and
several ER membrane multi-spanning ubiquitin ligases, including HRD1 (Hrd1p in yeast) [154-159].
The main function of the ubiquitin ligases is connected with polyubiquitination of polypeptides
emerging in the cytosol prior to their transfer for the proteasomal degradation (for review see for
example Ref. [160]). However, the ubiquitin ligases can also form a translocation channel being
directly involved in ERAD substrates’ transport to the cytosol [156,157]. The role of Sec61 and
Derlin proteins in RTA transport out of the ER is not clear and unambiguous. It is still discussed
whether these channels can be used by ricin A-chain as real translocons. It has been demonstrated
that RTA can interact with Sec61«, the main component of the Sec61 complex in mammalian cells.
This was shown by co-immunoprecipitation studies [108,135] and additionally demonstrated with
isolated yeast ER-derived microsomes [101]. Moreover, the rate of RTA degradation was significantly
decreased in yeast mutants defective in protein export via the Sec61p translocon [101]. On the
other hand, genome-wide RNAi screens did not identify Sec61 as important in ricin toxicity [87].
In these experiments, Sec61 was effectively downregulated, as a mix of the single most potent siRNA
against each gene of the Sec61 complex was used. In addition, gene silencing of Sec61a did not
influence RTA transport from the ER to the cytosol in HEK293 (human embryonic kidney) cells [161].
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However, it cannot be excluded that unchanged ricin A-chain translocation to the cytosol upon
Sec61a downregulation might result from the existence of undefined compensatory mechanisms that
direct ricin to other ER channels. In the case of Derlins, the majority of collected data indicate that
these proteins are not crucial for RTA transport to the cytosol. The rate of RTA degradation was not
decreased in yeast cells devoid of Derlp (mammalian Derlin-1) [101]. Cells stably transfected with
dominant negative constructs of Derlin-1 and Derlin-2 treated with extrinsically added ricin [135],
as well as dominant negative Derlin-1 transfected mammalian cells expressing an ER-localized RTA
construct [104], did not exhibit altered ricin A-chain transport to the cytosol when compared to the
control cells. Moreover, overproduction of Derlin-1 or Derlin-2 did not influence RTA dislocation to
the cytosol [162]. In contrast, single Derlin protein downregulation as well as gene silencing of all
three Derlins (Derlin-1, Derlin-2 and Derlin-3) showed significant rescue against ricin intoxication [87].
The assumption that Derlins can play a specific role in ricin transport across the ER membrane was
strengthened by an observation showing that two factors, UFD1L and NPLOC4, that bind to Derlins,
are required for ricin intoxication [87]. However, considering the effect of Derlin-1 on overall ricin
cytotoxicity, it should be noted that the ER-cytosol step is not the only one that contributes to this
process, since it was demonstrated that Derlin-1 is necessary for an efficient retrograde transport of
ricin from endosomes to the Golgi apparatus [163] (Figure 3). The role of HRD1 ubiquitin ligase and
its cofactor SEL1L seems to be the most obvious in RTA translocation to the cytosol (Figure 3). It was
shown that SEL1L is required for ricin A-chain transport to the cytosol and SELIL knockdown protects
cells from ricin [104]. Similarly in yeast, Hrd1 and its cofactor Hrd3p facilitate RTA transport out of
the ER [164]. However, recently published results demonstrated that Hrd1p and Derl2 (mammalian
Derlin-2) contribute to, but do not exert, an absolute requirement for ricin intoxication [165].

3. Cytotoxic Action of Ricin on Cells

3.1. Activation of Ricin A-Chain in the Cytosol Regulation of RTA Folding versus Degradation

After translocation to the cytosol, ricin must refold into its biologically active conformation to
modify its cytosolic targets (Figure 4). It is considered that there are three general pathways by which
ricin A-chain can obtain its catalytic, folded structure: binding to cytosolic chaperones [53,128,166],
ribosome-mediated refolding [120], and interactions with ribosomal and proteasomal factors [166].
However, it should be noted that not all of the RTA molecules translocated to the cytosol can act as
an active toxin. Ricin A-chain is partially degraded by the 26S proteasome and this degradation can
be blocked by specific proteasome inhibitors [57,108,135,136,167]. It seems that in mammalian cells,
the majority of RTA escape proteasomal degradation [108,135]. However, in yeasts, it was shown
by pulse-chase experiments that only 20% of translocated toxin appeared to be completely stable,
whereas the rest was degraded during the first hour of the chase [101]. Cell fractionation has shown
that this stable RTA was present in the cytosol. Interestingly, yeast proteasomes discriminate between
native and structurally defective forms of RTA [164]; native RTA can avoid proteasomal degradation.
This phenomenon is explained by the fact that ricin A-chain contains only two lysine residues which
generally do not become efficiently ubiquitinated during toxin transport to the cytosol [109,167,168].
The lack of RTA lysine ubigitination is common for both yeast and mammalian cells despite the fact
that requirements for the ubiquitin-dependent system, Cdc48p/p97 that extracts ricin A-chain out of the
ER membrane differ between these two groups. In yeast, RTA transport to the cytosol is independent
of Cdc48 [164], whereas in mammalian cells, the expression of a dominant negative mutant of p97
blocked ricin toxicity and increased the time required for RTA transport to the cytosol [169]. The second
general mechanism that allows toxins to avoid proteasomal degradation might be connected with their
ability to obtain its fully-folded structure relatively quickly after transport to the cytosol. It has been
demonstrated that folded proteins do not become proteasomal substrates even if they possess many
lysine residues on their surface [170]. However, in the case of ricin, it was shown that it cannot refold
spontaneously after thermal denaturation in vivo [120]. At 37°C, ricin has a conformation similar to a
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molten globule, and it was impossible to obtain its native state by manipulation of the buffer conditions
or by the addition of a stem-loop dodecaribonucleotide or deproteinized E. coli rRNA, both of which
are substrates for ricin A-chain. Thus, RTA is considered to be a toxin with a slow refolding rate. This
rate is much slower than for example the A subunit of the cholera toxin (CTA1) that displays lower
detectable sensitivity to degradation by the proteasome when compared with ricin [171].

RPTS
Rpt4p
Rpt5p

205%‘\ “\

> DNA damage

Ribotoxic stress

— | "™ | ]
(RSR)

rRNA depurination
Inhibition
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CYTOSOL

Figure 4. Cytotoxic action of ricin on cells. Binding to cytosolic chaperones, ribosome-mediated
refolding and interactions with ribosomal and proteasomal factors are pathways by which ricin A-chain
can obtain its active form. However, ricin A-chain is partially degraded by proteasomes. Active ricin

A-chain is an N-glycosidase that removes a universally-conserved adenine at position 4324 from the
a—sarcin-ricin loop (SRL) of the rRNA present in the large ribosomal subunit. The interaction of ricin
A-chain with the large ribosomal subunit is facilitated by the ribosomal stalk structure, composed
of PO, P1 and P2 proteins. The damage of the 285 rRNA by ricin leads to the inhibition of protein
synthesis and triggers the ribotoxic stress response (RSR). Both pathways can induce apoptosis and
further inflammation. Ricin A-chain can also directly induce DNA damage. Yeast proteins are shown
in magenta; mammalian proteins are shown in black. 20S refers to the core particle, whereas 19S refers
to the regulatory particle of the proteasome. For a detailed description, please see the text.

The interactions of ricin A-chain with ribosomal proteins and cytosolic chaperones are crucial in
gaining its proper conformation. These interactions also facilitate RTA transport to the cytosol. It has
been demonstrated that an ATPase subunit of the 19S proteasome cap in yeast, Rpt4p [164], and two
other proteins of the cap, Cim3p and Cip5p [101], are important for ricin A-chain transport from the ER.
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However, no obvious requirement for this transport was observed for the other Rpt subunits, Ubrlp
or the proteasome core itself [164]. It should be noted that Rpt4p can cooperate with Cdc48p in the
extraction of an endogenous substrate from the yeast ER [172]. Chaperone-like activity of ribosomes
were demonstrated in experiments showing that partially-unfolded ricin A-chain was able to obtain full
catalytic activity in the presence of salt-washed ribosomes [120]. The ATPase subunit RPT5 of the 19S5
proteasome cap prevents aggregation of denatured RTA and enhances the recovery of catalytic activity
of ricin A-chain in vitro [166]. In addition, it was shown in vivo that Rpt5p is required for maximum
toxicity of RTA dislocated from the yeast ER. Interestingly, the anti-aggregation properties of the 26S
proteasome are independent of its proteolytic activities [166]. Cytosolic chaperones protect and activate
ricin A-chain but they also have a much broader spectrum of action, as they regulate the general fate
of RTA dislocated from the ER [128]. The mechanisms of cytosolic chaperones activity include ricin
A-chain binding to Hsc70 (cytosolic member of Hsp70 family). It was shown that Hsc70 prevents
aggregation of the heat-inactivated toxin and can recover its catalytic activity. Inhibition of cytosolic
Hsc70 protected HeLa cells from ricin [128]. However, the concentration of Hsc70 co-chaperones
may regulate the amount of RTA that can gain the catalytic activity and the fraction that will be
degraded. Interaction of the RTA-Hsc70 complex with BAG-2 and Hip induces RTA activity in vitro,
promoting the sensitivity of cells to ricin. On the other hand, co-chaperones BAG1 and CHIP facilitate
ricin A-chain destabilisation. CHIP is an E3 ubiquitin ligase that interacts not only with Hsp70 but
also with another type of cytosolic chaperone, Hsp90. Moreover, another dual co-chaperone, Hop,
is an Hsp70-Hsp90 organizing protein. It reversibly links Hsp70 and Hsp90 by recruiting Hsp90 to
the existing Hsp70-substate protein complex. This promotes transfer of the substrate from Hsc70
(Hsp70) to Hsp90 [173]. Overexpression of Hop decreases sensitivity to ricin, suggesting that sequential
interaction of RTA with Hsc70 and Hsp90 directs the toxin to inactivation and destabilisation [128].
Consistent with this hypothesis, inhibition of Hsp90 sensitized cells to ricin [128]. RTA inactivation
may be mediated by an ubiquitination process. This mechanism is not fully elucidated, but it was
suggested that a low amount of RTA can be ubiquitinated in the cytosol. In yeast, ubiquitination occurs
via an unknown E3 ligase [164]. It has been demonstrated that RTA is not ubiquitinated by Hrd1p
during dislocation [164], but introduction of additional lysyl content into RTA reduces its cytotoxicity
by increasing ubiquitin-mediated proteasomal degradation [168]. In yeast, no significant changes in
the growth rate were observed in cells lacking individual Hsp40, Hsp70 and Hsp90 family members or
the Hsp70 and Hsp90 co-chaperones [164].

3.2. Ricin A-Chain Action on Ribosomes

Ricin A-chain is an N-glycosidase that removes a universally-conserved adenine at position 4324
in mammalian cells (Figure 4) and A3027 in yeast from the a—sarcin-ricin loop (SRL) of the rRNA
present in the large ribosomal subunit ([5,8,10,11,174] and see Introduction for details). This disables
the binding of specific elongation factors to the ribosome and inhibits protein synthesis [9,16,17]. It is
known that ricin A-chain influences the structure of the ribosomal RNA. It alters the dynamic flexibility
of the GTPase activating centre of the ribosome, which part is SRL. These conformational changes
disturb the transition between the pre-and post-translocational states of the elongation cycle [175].
As earlier mentioned in this article, ricin does not depurinate E. coli ribosomes. However, its inability to
exert a cytotoxic effect on prokaryotic ribosomes does not result from the fact that RTA is incapable to
act on the 23S rRNA from the large bacterial ribosomal subunit. In fact, ricin A-chain depurinates the
sarcin-ricin loop of naked 23S rRNA [176], suggesting that for the proper catalytic activity of ricin, the
whole ribosome and particularly ribosomal proteins are crucial [177]. It has been demonstrated that
the ribosomal stalk structure facilitates the interaction of ricin A-chain with the large ribosomal subunit
in eukaryotes [177-179] (Figure 4). The human ribosomal stalk structure is composed of three types of
phosphoproteins, PO, P1 and P2. They are assembled into a pentameric protein complex comprised of
a single PO protein bound by two heterodimers of P1 and P2 proteins [180,181]. It has been shown
recently that P1-P2 proteins represent a primary binding site for RTA [182], with a more critical role for
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the P1B-P2A dimer [183]. Interestingly, the stalk structure differs significantly between prokaryotic
and eukaryotic ribosomes. In prokaryotic cells, the stalk proteins exhibit very little sequence homology
to eukaryotic counterparts. Thus, it was suggested that they are solely functionally analogous to
eukaryotic proteins [184]. This important observation significantly contributes to our understanding
of species specificity for ricin and ultimately defines the sensibility of the SRL for depurination by this
toxin. The ribosomal stalk is a dynamic structure located in proximity to the SRL. It was suggested
that ricin A-chain binding to the stalk proteins may allow RTA to be placed directly by the sarcin-ricin
domain, which facilitates more efficient detection of the rRNA substrate by RTA [177]. Based on the
analysis of interactions between RTA and the stalk proteins, a two-step binding model was proposed
with the first step characterized by a slow association and dissociation rate, and a second step with
much faster rates of interactions [185,186]. Within this model, the binding of RTA to the stalk was then
more specifically divided into four phases. In the first phase of binding, ricin A-chain is concentrated
on the surface of the ribosome and directed to the stalk [185,186]. This step is based on slow and
nonspecific electrostatic interactions. In the next phase, RTA interacts with the stalk through more
specific and stronger electrostatic interactions, which are saturable. Step three represents the delivery
of RTA to the SRL [185,186]. This transfer is mediated by the C-terminal domain (CTD) of the stalk
proteins. Their involvement in this process decreases the possibility of RTA dissociation out of the
ribosome and leads to rapid recruitment of the toxin by SRL. Finally, in the fourth phase, ricin A-chain
specifically depurinates the a-sarcin-ricin loop [185,186]. Recently published results demonstrated
that the C-terminal domain of P1 is the main docking site for RTA as deletion of P1 CDT but not P2
CDT decreased the affinity of the stalk structure for ricin A-chain [182]. However, studies of another
group have demonstrated that RTA mainly recognizes the highly conserved C-terminal tail of P2
(residues 106-115) in which two residues, Leu and Phe, are critical for the interaction with RTA [187].
These residues might also be important for RTA binding to other P proteins. Moreover, the crystal
structure of RTA with P2 protein shows that GFGLFD motif of the C-terminal P2 is inserted into a
hydrophobic pocket of RTA, suggesting that the flexibility of the P2 peptide interaction with ricin
A-chain is based on hydrophobic rather than electrostatic interactions [188]. It was shown before that
seven arginine residues located at the RTA/RTB interface are involved in ricin A-chain interaction with
the ribosome [189,190]. In the holotoxin structure, each arginine residue is covered by RTB, completely
or only partially [191]. Nevertheless, this causes the ribosome binding site on RTA to be blocked
by RTB, thereby disabling ricin holotoxin to depurinate ribosomal rRNA. Thus, holotoxin RTA can
become catalytically active only after its release from RTB which results in revealing the ribosome
binding site [192,193]. Interestingly, RTA with a modified ribosome binding site is less toxic than
a variant with lower catalytic activity but unchanged ribosome binding activity [194]. It has been
demonstrated that by introducing R189A/R234A and R193A/R235A double mutations, ricin A-chain
binding to the stalk stimulates ribosome depurination by orienting the active site of RTA toward the
SRL, thereby allowing docking of the target adenine into the active site [192]. Recently published
results also showed that Arg235 of ricin A-chain serves as a main interacting residue with ribosomes
and cooperates with nearby arginines to allow RTA to interact with the stalk with fast kinetics in order
to achieve the binding specificity necessary for SRL depurination [191]. It was initially proposed, based
on a study with analytical ultracentrifugation, that RTA interacts with the 60S ribosomal subunit with
a molar stoichiometry of 1:1 [195]. However, a model involving conformational changes is currently
preferred [196]. In this model, after binding of RTA to the ribosome, conformational rearrangements of
both RTA and ribosomes occur, allowing the formation of a high affinity complex. These conformational
changes directly influence the catalytic activity of ricin A-chain. It has recently been shown that the
flexibility of the x-helix (residues 99-106) of RTA is connected with the regulation of the depurination
activity by ricin A-chain, which directly influences the rate of protein synthesis inhibition [197].
Moreover, it was proposed that the flexibility of the «-helix could affect the side chain orientation of
Glu-177, which is critical for the depurination activity of ricin [198,199]. Interestingly, ricin A-chain is
not able to bind to the isolated 40S ribosomal subunit, however, its rRNA and/or ribosomal proteins
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may promote optimal and stable interactions of ricin with the whole ribosome, since binding of RTA to
80S ribosomes was approximately 3.5-fold stronger than binding to the isolated 60S subunits [177,195].
The interaction of ricin A-chain with the ribosomal stalk structure has been evaluated as a potential
drug target [200]. Several peptides (3 to 11 amino acids in length) corresponding to the C-terminal
end of P proteins were examined in their ability to interact with RTA and block its catalytic activity.
It appeared that a four amino acid peptide is the shortest one that can inhibit depurination activity of
RTA by preventing toxin binding to the ribosome [200].

Ithas been demonstrated that one molecule of ricin A-chain is able to inactivate over 1500 ribosomes
per minute in a cell-free preparation of ribosomes [18,19]. The multiplexed digital droplet (ddPCR)
assay showed that depurination events in lung cell cultures can be detected as early as 1 h after ricin
treatment (1 nM) and within 9 h of exposure the maximum ribosomal damage of 70% was reached [201].
This effect was sustained for at least 24 h post-exposure. However, it should be noted that depurination
in cell-based systems would be expected to occur at a lower rate than in cell-free systems. In the cell,
the whole A-B holotoxin is applied and there is a lag time that is required for toxin uptake and its
intracellular transport until the rRNA substrate is reached. Depurination rates are difficult to compare
between in vivo and in vitro experiments, moreover, the rates of depurination may differ between cell
types [176,201,202]. Nevertheless, it can be assumed that ricin-induced depurination is a very rapid
enzymatic process.

3.3. Mechanisms of Ricin-Induced Apoptosis

Despite the very effective ricin-mediated rRNA depurination event that results in the inhibition of
protein synthesis, it cannot be stated that these processes by themselves lead to cell death [24,30-33,203].
It has been demonstrated that ricin can induce apoptosis, autophagy and release of cytokine
inflammatory mediators [25-30,204] (Figure 4). These processes have been studied for over two
decades with a growing number of results that indicate their significance for cell death observed.
However, it is still unclear whether the inhibition of protein synthesis is sufficient to induce apoptosis
in all cell lines and to what extent other factors are required for the induction of apoptosis [30,205].

Early reports describing that ricin is capable of inducing cell death by apoptosis came from
in-vitro studies that correlated cellular morphological changes with apoptosis [26,206-208] and from
in-vivo studies in which epithelial, endothelial and myeloid cells were used [204,209-211]. It was
observed that cells treated with ricin exhibit chromatin condensation, membrane blebbing, rounding
of the cells, formation of apoptotic-like bodies, and DNA fragmentation that are considered to be
typical markers of apoptosis [26,27,206,207,209,210]. Moreover, it has been reported that intracellular
targets of ricin are not limited only to the ribosomal RNA. Deproteinized (naked) RNA, synthetic
oligoribonucleotides, nuclear and mitochondrial DNA, polyA, tRNA and viral nucleic acids were
published to be depurinated by purified ricin and other type II RIPs [211]. These ricin activities were
often classified as actions not directly connected with apoptosis. It has been reported that the early
DNA damage observed in human endothelial cells HUVEC in parallel to the arrest of protein synthesis
was not a consequence of ribosome inactivation or apoptosis but results from direct action of ricin
on DNA [212] (Figure 4). Li and Pestka [213] suggested that ricin and other RIPs may induce rRNA
damage, in addition to the classical way, also through increased expression and activation of host
RNases. Moreover, ricin-mediated rRNA depurination might facilitate toxin interaction with one
or both dsRNA-binding domains of a kinase associated with the ribosome, PKR (double-stranded
RNA-activated protein kinase), thereby causing the activation of PKR [214]. PKR plays a role in
interleukine-8 (IL-8) induction, which may trigger the ribotoxic stress response (RSR) (see below).

It is considered that the main mechanisms of ricin-dependent apoptosis are based on the
activation of caspases [215-222], Bcl-2 family members [223-225], and stress-associated signaling
pathways [102,213,215,219,226-238]. The mechanisms of ricin-induced cell death promoting pathways
are also connected with direct and indirect action of ricin on DNA [212,239], ricin-mediated reactive
oxygen species production [24,215,218,224,240-242], and ricin B-chain-induced apoptosis [33,243].
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3.3.1. Ricin-Induced Activation of Caspases

It is assumed that apoptosis can be activated via two major pathways, extrinsic and intrinsic.
The extrinsic or receptor-mediated mechanism includes ligation of the death receptors that stimulate
the activation of the initiator caspase-8, which then triggers downstream events by direct stimulation
of caspase-3 or cleavage of the protein Bid. In the intrinsic pathway, mitochondria function as
the main operation center. Damage to mitochondria results in outer membrane depolarization
and permeabilization (MOMP) which triggers the release of several proapoptotic factors, including
cytochrome c. This leads to the activation of caspase-9, which then triggers effector caspase-3 [244,245].
Poly (ADP-ribose) polymerase (PARP) is one of the best described substrates for caspase-3 which
can cleave 116kD PARP into 85 and 31kD fragments [246]. PARP cleavage is one of the most studied
hallmarks of apoptosis. It is believed that mitochondria and the intrinsic pathway of apoptosis
activation are critical in signaling for cell death in ricin-intoxicated cells. It has been reported that
in ricin-treated cells, a loss in mitochondrial membrane potential, rapid release of cytochrome c,
activation of caspase-9 and caspase-3, and DNA fragmentation were observed [215-222]. Caspases
may be profoundly involved in the pathway, resulting in DNA fragmentation [220,247]. Moreover,
ricin-dependent PARP cleavage has been observed in different cell lines including HeLa [218] and
U937 cells [216,220]. Interestingly, studies performed in U937 cells might, at least partially, answer the
question about correlation between different ricin-mediated death mechanisms in cells. In ricin-treated
U937 cells, intracellular NAD(+) and ATP levels were decreased and this reduction was followed by
ricin-mediated protein synthesis inhibition [220]. The PARP inhibitor, 3-aminobenzamide (3-ABA),
blocked the depletion in NAD(+) and ATP levels. Significant PARP cleavage was observed more than 12
h after ricin addition, while DNA fragmentation reached a maximum level within 6 h of incubation [220].
Thus, it was concluded that the PARP cleavage is not an early apoptotic event associated with the
induction of ricin-mediated apoptosis and that the pathway leading to cell lysis via PARP activation
and NAD(+) depletion is independent of the pathway leading to DNA fragmentation. Moreover,
it seems that human BAT3 (HLA-B-associated transcript 3, Scynthe) [248] is an important regulator
of ricin-dependent caspase-3-mediated apoptosis [215,221]. It interacts with ricin A-chain, which
was confirmed by co-immunoprecipitation and confocal microscopy studies. BAT3 possesses at its
C-terminal end, a canonical caspase-3 cleavage site, thus being the substrate for this protease. As a result
of this cleavage, a 131 amino acid C-terminal fragment of BAT3 (CTF-131) is generated. It was observed
that ricin-mediated induction of cell apoptosis by caspase-3 activation resulted in BAT3 cleavage after
4 h treatment with ricin. On the other hand, ricin-induced apoptosis was significantly reduced in cells
with a decreased level of BAT3. Importantly, CTF-131 but not BAT3 was responsible for the observed
direct ricin-induced apoptotic morphological changes such as: cell rounding, nuclear condensation,
and phosphatidylserine exposure [221]. It was also observed that internalized ricin co-localized with
endogenous BAT3 in the nuclei of HeLa cells. It was suggested that caspase-3-mediated proteolysis of
BAT3 may require caspase-3 translocation to the nucleus. Another important regulatory factor is the
mitochondrial intramembrane protein AIF (apoptosis-inducing factor). BAT3 interacts with AIF in the
cytosol [248], regulates its stability by inhibiting proteosomal degradation and also induces nuclear
translocation of this factor. AIF may regulate caspase activation, however, after translocation to the
nucleus, it is involved in chromatin condensation and DNA fragmentation [248].

As described above, the majority of experiments promote the idea that ricin initiates the intrinsic,
mitochondrial-dependent pathway of apoptosis. However, some findings suggest that the extrinsic
pathway might be also important in ricin-induced apoptosis. It has been demonstrated by TUNEL
immunohistochemical staining, flow cytometry, and Western blotting that purified ricin A-chain was
able to induce apoptosis in mouse embryonic fibroblast (NIH 3T3), by activation of caspase-8 and -3
but not caspase-9 [222].
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3.3.2. Activation of Bcl-2 Family Members by Ricin

Bcl-2 (B-cell lymphoma protein-2) family members regulate the intrinsic pathway of apoptosis.
This family of proteins consists of three subfamilies playing opposing functions in this process:
proapoptotic BH3-only members (Bim, Bid, Puma, Noxa, Hrk, Bmf, and Bad), proapoptotic effector
molecules (Bax and Bak), and antiapoptotic Bcl-2 family proteins (Bcl-2, Bel-xL, Mcll, Al, and
Bcl-B) [244,245,249]. It has been shown that overexpression of Bcl-2 improves the growth of MCF-7
breast cancer cells treated with ricin by 10-fold [223]. However, ricin retained its ability to inhibit
protein synthesis in those cells. It has also been demonstrated that the ricin-induced apoptosis of
hepatoma cells, BEL7404, results from increased expression of Bak and decreased levels of Bcl-xl and
Bax [224]. However, overexpression of Bcl-2 can protect BEL7404 against ricin. These results are in
agreement with other observations, supporting the view that signaling through mitochondria can
represent the main mechanism of ricin-induced apoptosis. It is possible that in cells with an elevated
level of Bcl-2, ricin-induced cell death is inhibited through titrating the function of its pro-apoptotic
homologues, such as Bax. Consistent with these results, in cells overexpressing Bcl-2, a lower level of
ricin-induced caspase-3 activity and PARP cleavage were observed in comparison to control BEL7404
cells treated with ricin [224]. Interestingly, the use of a caspase-1-specific inhibitor also partially
blocked ricin-induced apoptosis, implicating a role for caspase-1, and therefore possible involvement
of the inflammasome and cytokine production in this process. Other studies showed that BER-40
cells (brefeldin A-resistant mutant cell line of Vero) were highly resistant to ricin-induced apoptosis as
compared with their none-modified counterparts, parental Vero cells [225]. It was suggested that the
function of mitochondria may be somehow altered in BER-40 since a lack of release of cytochrome c
was observed in these cells. However, the number and structure of mitochondria were not changed in
these cells. Also, the expression level of Bcl-2 (which is the regulatory protein involved in the release of
cytochrome c), was the same in Vero and BER-40 cells treated with ricin. Thus, it was suggested that
relatively early apoptotic signaling pathways prior to those that lead to the release of cytochrome c
may be altered in BER-40 cells. However, there is a possibility that mitochondria-related factors such
as Bax and Bcl-xl, or the regulation of Bcl-2 activity by phosphorylation and dephosphorylation, might
also be involved in the apoptosis resistance phenotype in BER-40 cells [225].

3.3.3. Activation of Stress Associated Signaling Pathways by Ricin

It has been proposed that the damage of the 28S rRNA by ricin triggers a specific kinase-activated
pathway termed the ribotoxic stress response (RSR) [226]. In this signaling pathway, stress-activated
protein kinase SAPK/JNK1 (c-Jun N-terminal kinase) is activated together with its activator kinase
SEK1/MKK4 [250]. It has been demonstrated that this activation does not result from the inhibition
of protein synthesis, but is directly connected with signaling from the 285 rRNA affected by ricin.
JNKs, p38 and extracellular-receptor kinases (ERKs) belong to the Ser/Thr kinases termed MAPK
(mitogen-activated protein kinase) family [251]. It is known that ricin can activate not only JNK, but
also ERK and p38 MAPK in RAW 264.7 macrophages, and this is necessary for further activation of
a variety of proinflammatory mediators [227]. Interestingly, not only ricin holotoxin but also high
concentrations of ricin A-chain were able to induce both the p38 and JNK MAP kinase signaling
pathways; however, signaling through the JNK kinase appeared to be more important in inducing
the apoptotic response by RTA in the nontransformed epithelial cell line, MAC-T cells [219]. Ricin
treatment induces the expression of proinflammatory cytokines and chemokines such as TNF-«,
interleukin (IL)-1, IL-6, and IL-8 [227-231]. It was demonstrated that macrophages and IL-1 signaling
play a central role in the inflammatory process triggered by ricin [232]. Moreover, ricin is an activator of
the NALP3 inflammasome, a scaffolding complex that mediates pro-IL-1§3 cleavage to active IL-13 by
caspase-1 [233], (for review see also Ref. [234]). The proinflammatory response of ricin is believed to be
initiated by phosphorylation of the kinase ZAK, a MAP3K, that is located upstream to the kinases p38
MAPK and JNK in a signal transduction pathway leading to proinflammatory gene expression [235].
It has been demonstrated that the JNK and p38 pathways regulate the expression of cytokines and
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downstream transcription factors in a different way [227]. The use of specific chemical inhibitors of the
SAPK pathways in ricin-treated RAW 264.7 macrophages showed that suppression of the p38 pathway
almost completely inhibited IL-1cc and -f3 expression, while blocking the JNK pathway increased the
expression of these cytokines. In contrast, inhibition of both pathways equally attenuated the ability of
ricin to induce TNF-« gene expression [227]. Moreover, the role of p38 in ricin-induced expression of
various proinflammatory genes was demonstrated [229], and chemical inhibition of the p38 pathway in
the human monocyte/macrophage cell line 285C blocked ricin-induced IL-8 secretion [228]. In addition,
inhibition of the p38 MAPK pathway in ricin-treated RAW 264.7 macrophages attenuated both TNF-«
secretion and apoptosis [236]. It was concluded that the ribotoxic stress response may trigger multiple
signal transduction pathways through the activation of p38 MAP kinase. These results underline the
major role of MAPK kinases and especially p38 in ricin-dependent regulation of apoptosis and in
proinflammatory signals gene expression.

Besides MAPKSs activation, ricin can also trigger the NF-kB pathway that is responsible for
regulation of the expression of genes encoding inflammatory and pro-coagulant mediators [215,230].
It was suggested that the inhibition of protein synthesis by ricin may lead to the activation of NF-«B.
Moreover, the activation of both the JNK and p38 MAPK pathway as well as NF-kB occurs independently.
Inhibition of TNF-« in cultured primary human airway epithelial cells did not prevent ricin-induced
activation of NF-kB [230]. However, inhibition of NF-«B resulted in the release of cytochrome c from
the mitochondria [252] and JNK1 kinase activation [252,253], suggesting an anti-apoptotic function of
this transcription factor. The regulation of survival and apoptotic signals triggered by MAPKs and
NEF-kB in response to ricin remains to be determined.

The second stress-associated signaling pathway affected by ricin is the unfolded protein response
(UPR), which is related to the ER stress. This signaling pathway can be characterized as a cell reaction to
the accumulation of unfolded or misfolded proteins in the lumen of the ER [122,124,159,254]. The UPR
is regulated by three ER transmembrane receptors: the RNA-dependent protein kinase like ER kinase
(PERK); the inositol-requiring ER to nucleus signal kinase-1 (IRE1) and the activating transcription
factor-6 (ATF6) (for review see e.g., Refs. [124,255]). It has been demonstrated that ricin inhibits
activation of the UPR in yeast by preventing Hacl mRNA splicing [102]. The Hacl mRNA is an
important regulator of the IRE1 signaling pathway. Activated yeast Irelp triggers unconventional
splicing of the Hacl mRNA leading to the synthesis of a transcription factor that specifically binds
to promoters containing unfolded protein response elements [256]. Moreover, it was shown that
RTA-mutated forms that could depurinate ribosomes but did not cause yeast cell death were unable to
inhibit activation of the UPR by the ER stress-inducer tunicamycin [102]. These results suggest that the
inability to activate the UPR in response to the ER stress contributes to the cytotoxicity of ricin. Other
investigations also showed that ricin A-chain enhanced its own cytotoxicity by inhibiting the UPR [237].
In human epithelial cell lines (HeLa and MAC-T), RTA inhibited both phosphorylation of IRE1 and
splicing of XBPT mRNA (homologue of yeast Hacl) induced by tunicamycin. However, in contrast to
these studies, it was demonstrated that ricin can activate PERK and ATF6 of the UPR pathways, but
not the IRE1 branch [238]. This led to cell growth arrest and apoptosis. It was proposed that blocking
of the UPR response allows RTA to trigger cell death through a mechanism that is independent of
protein synthesis inhibition.

3.3.4. Direct Action of Ricin on DNA and Ricin-Mediated Inhibition of DNA Repair Enzymes

As already mentioned in this review, not only rRNA but also DNA is a ricin substrate in the
catalytic reaction mediated by this toxin [212]. It has been demonstrated that ricin and other RIPs
can act on DNA and many different polynucleotidic substrates, releasing adenine from the sugar
phosphate backbone of poly- and polydeoxynucleotides [257]. It was even suggested that RIPs should
be classified as polynucleotide:adenosine glycosidases. The nuclear DNA injury revealed in cultured
cells by the alkaline-halo assay and the alkaline filter elution technique was attributed to adenine release
from RNA-free chromatin [212] and naked DNA [257]. Interestingly, in the case of ricin, the DNA
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damage was observed very early after cells treatment with ricin, and this damage was concomitant
with the protein synthesis inhibition. At this time, the annexin V binding assay, caspase-3 activity,
changes in cell morphology, and the formation of typical apoptotic DNA fragments were not detectable.
It was suggested that ricin damages DNA in a way that does not result from ribosome inactivation or
apoptosis [212] (Figure 4).

Ricin can also act indirectly on DNA by the inhibition of a DNA repair pathway. It has been
demonstrated that this toxin, as well as other RIPs, releases an adenine from the ADP-ribosyl group of
PARP [239]. NAD"-dependent auto ADP-ribosylation of PARP is necessary for its active involvement
in the DNA repair pathway called base excision repair [258]. It was suggested that depurination
of auto-modified PARP by ricin results not only in the inhibition of DNA repair, but also leads to
further ADP-ribosylation of PARP and depletion of the intracellular levels of NAD" and ATP. This,
together with the impaired repair of damaged DNA, would cause cell necrosis induced by lethal
amounts of ricin [239]. Moreover, it has been reported that ricin can inhibit the repair of HyO, and
the alkylating agent methyl methane sulphonate (MMS)-induced DNA lesions in HUVEC and U937
cells [259]. The inhibition of DNA repair by ricin seems to result from direct interactions with the DNA
repair machinery. Importantly, ricin concentration used in the experiments to inhibit DNA repair was
not sufficient to cause direct DNA damage or to induce total protein synthesis inhibition.

3.3.5. Ricin-Mediated Reactive Oxygen Species Production

The production of the reactive oxygen species (ROS) in cells has been reported to be involved in
apoptosis induction by activating signal transduction mechanisms located upstream of the caspase-3
signalization pathway [260]. These pathways may be regulated by the changes in the oxidation status of
the proteins involved in apoptosis signaling. It has been demonstrated that ricin increases the ROS levels
in both yeast [24] and human cells [218]. The studies carried out on yeast suggested that the production
of ROS is a necessary and sufficient condition for ricin-mediated induction of apoptosis [24]. Free
radicals are scavenged by reduced glutathione (GSH). However, it was demonstrated in ricin-treated
HeLa [218] and U937 cells [240] that the level of GSH was decreased. Thus, it was suggested that the
GSH loss takes place downstream of caspase activation during the ricin-induced apoptotic process [240].

Interestingly, it has been demonstrated that the ROS formation is dependent on the presence
of both extracellular and intracellular Ca2* [261]. A rapid elevation of cellular calcium levels was
observed in ricin-treated hepatoma cells [224]. Madin-Darby Canine Kidney (MDCK) cell death was
significantly blocked by 1,9-deoxyforskolin (DDF) treatment, a drug that can reduce ion flux through
several ion channels. This protective effect was significantly reversed by the increase in the extracellular
Ca®* concentrations [241].

Ricin-induced apoptosis is correlated not only with the elevation of the level of calcium ions.
It was demonstrated that in ricin-treated U937 cells, the level of intracellular Zn?* was increased and
zinc was much more redistributed into the cytosol [242]. This occurs as an early apoptotic event,
and exogenously-added Zn?* inhibited the ricin-induced apoptosis. It was suggested that Zn?* ions
play a regulatory role in ricin-mediated apoptosis through their dissociation/association with certain
intracellular elements.

3.3.6. Ricin B-Chain-Induced Apoptosis

Studies carried on U937 cells have demonstrated that the interaction of ricin B-chain with
membrane glycoproteins and glycolipids may trigger signaling events leading to apoptosis [33]. This
lectin activity-dependent mechanism was distinct from apoptosis signaling pathways induced by ricin
A-chain. It has been demonstrated that carboxymethylated-(CM-) ricin B-chain was responsible for
DNA fragmentation and typical apoptotic nuclear morphological changes, which were very similar to
those observed in ricin-treated cells [33]. CM-ricin B-chain failed to inhibit protein synthesis in U937
cells. Thus, these experiments support the hypothesis that ricin-induced apoptosis or at least some
of the apoptotic pathways are independent and not correlated with protein synthesis inhibition, at
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least in U937 cells. Recently published results have also shown that ricin-induced apoptosis is not
solely attributed to the A-chain [243]. The intact heterodimeric ricin and ricin chains were injected
into rats in order to study ricin-induced apoptosis in liver, which is a major site of in vivo ricin uptake
and cytotoxicity [262]. It has been demonstrated that ricin was responsible for the intrinsic apoptosis
pathway since increased cytochrome c content, activation of caspase-9 and caspase-3, and enrichment
of DNA fragments in the cytosol were observed [243]. These authors observed also the B-chain in
the cytosol and reported that it caused cytochrome c release from mitochondria in vivo and in vitro.
These results suggest that a direct interaction of ricin B-chain with the mitochondrial outer membrane
can be involved in ricin-induced apoptosis. The involvement of recombinant RTB in macrophage
activation has also been studied [263]. It was demonstrated that RTB stimulated inducible nitric oxide
(NO) synthase (iNOS) and TNF-a and IL-6 expression, which are involved in the activation of protein
tyrosine kinase, NF-«kB and JAK-STAT signaling.

4. Perspectives

4.1. Ricin-Based Immunotoxins

In the 19th century, Paul Ehrlich proposed the “magic bullet concept”, which states that drugs can
directly enter target cells and hit only abnormal cells of the human body [264]. Since then, the idea
of a selective action of drugs that are able to affect only specific types of cells has been dynamically
developed. However, the specificity of this process is challenging. The concept is utilized particularly
in the field of cancer therapy with the application of immunotoxins (ITs) [265-268]. ITs are chimeric
proteins composed of a toxin or a part of the toxin conjugated with a monoclonal antibody (mAb)
or its fragment. When toxins are coupled to other carriers: growth factors, hormones or lectins that
preferentially bind to some cell types, they are more commonly referred to as “chimeric toxins” or
“conjugates” [269]. Ricin is the most commonly used plant toxin in the construction of ITs [30,269].
The first ricin-based ITs were prepared by binding holotoxin to a specific mAb [270]. Despite high
efficiency, a large non-specific toxic effect of these immunotoxins was observed and made them
impossible to use in a clinical setting. In a different experimental approach, only the A-chain of ricin
was used, but also such ITs exhibited non-specific toxicity [271], due to the fact that receptors present
on many cell types can recognize mannose residues present on the RTA [272]. To solve this problem,
new ITs were prepared with deglycosylated RTA (dgRTA) [269,273,274].

Ricin-based immunotoxins are promising in the treatment of many types of diseases.
Autoimmunity, immunodeficiency and neoplasia are examples of diseases connected with deregulation
of the immune system. These dysfunctions are characterized by changes in the normal amount
or function of Th (helper) cells. ITs composed of RTA and cell-reactive antibodies can specifically
target neoplastic cells. It was shown that treatment of Th cells with Fab’ fragments of anti-L3T4
antibody bound with RTA (Fab’anti-L3T4-A) inhibit keyhole limpet hemocyanin (KLH)-specific Th
cells from proliferation and differentiation of the antigen-specific B cells (trinitrophenyl-(TNP)-specific
B cells) [275]. These results indicate that Fab’anti-L3T4-A is able to specially inhibit Th cells that
activate B cells. Another immunotoxin RTA-4D5-KDEL was constructed by connecting the anti-HER2
single chain variable fragment 4D5 scFv and KDEL, the ER-targeting peptides, with the C-terminal
part of the RTA. Experiments showed that RTA-4D5-KDEL had a strong inhibitory effect on the ovarian
cancer cells, SKOV-3, which were HER-2 overexpressing, and caused little damage to H460 lung
cancer cells and to kidney HEK 293 cells. The KDEL of the RTA-4D5-KDEL immunotoxin was able
to direct the recombinant protein to the ER. In light of this information, it can be assumed that this
immunotoxin has a strong inhibitory effect on ovarian cancer cells with overexpression of HER2, and
that it will exhibit little toxicity in normal cells [44]. Bladder cancer is one of the most frequent tumors.
This disease is treated with transurethral resections and additionally with local immunotherapy or
chemotherapy with good results; however, there is no ideal therapy to heal invasive carcinoma. A new
antibody-based immunotoxin BCMab1-Ra was generated by linking of BCMab1-, a novel mouse
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monoclonal antibody, specific for aberrantly glycosylated Integrin a3b1 in this type of cancer with
the ricin A-chain (Ra) [276]. The effect of the BCMab1-Ra on bladder cancer was investigated on a
57-year-old patient that refused radical surgery and chemotherapy. It has been demonstrated that the
use of BCMab1-Ra first reduced the tumor, and that after 30 weeks of treatment there was no tumor
observed by cystoscope examination. Moreover, human anti-mouse antibody (HAMA) that would
indicate a strong immunologic response was not detectable in the blood circulation of this patient [276].

Various therapies are being utilized in the treatment of cancer. Traditional procedures such as
radiation therapy, chemotherapy and surgery have some limitations and give serious side effects.
Immunotoxins represent another technique with the possibility to increase the selectivity of action, but
further development in this field is required.

4.2. Ricin Conjugated with Nanoparticles

During recent years, nanoparticles (NPs) have been studied intensively both as carriers
used for delivery of therapeutic drugs (conventional drugs, recombinant proteins, vaccines and
nucleotides) to certain cells and as therapeutic agents that may act per se or modulate activity of other
compounds [277-280]. One carrier that can deliver (NPs) to cells is the ricin B-chain. The internalization
mechanism as well as intracellular transport of ricinB:Quantum dot (QD) nanoparticle conjugates have
been studied in different cells [41,281,282]. It was concluded that Qdots may have severe consequences
on cell physiology [281,282]. Moreover, the internalization of ricinB:QDs in HeLa cells is dependent on
dynamin and based on a macropinocytosis-like mechanism [41].

A complex of carbon dots (CDs) with RTB has been evaluated for enhanced immunomodulatory
activity of RTB [283]. It was demonstrated that CDs-RTB can facilitate macrophage proliferation and
increase the generation of nitric oxide (NO), IL-6 and TNF-« in RAW 264.7 cells, indicating enhanced
immunomodulatory activity of CDs-RTB in comparison to RTB acting alone [283].

Another interesting example is a recombinant version of a ricin nanoparticle (T22-mRTA-H6)
containing the T22 peptide, an efficient ligand of the cell surface marker CXCR4 (a cytokine receptor
selectively overexpressed in metastatic cells of many cancer types) at the amino terminus followed by
a mutated version of the ricin A chain and a hexahistidine tail at the carboxy terminus [284]. In this
construct, mutation N132A was introduced to suppress the vascular leak syndrome (see below); a furin
cleavage site was incorporated to allow the release of the N-terminal region in the endosome as
well as a KDEL motif was added to mediate retrograde transport. Interestingly, this construct was
engineered in order to allow for ricin A-chain aggregation and to become a targeting agent for the
precise tumor delivery of protein-only nanoparticles. The recombinant T22-mRTA-H6 was produced
in E. coli and purified. The spontaneous formation of self-assembled nanoparticles was possibly due
to the combination of the cationic peptides at the amino terminus and polyhistidines at the carboxy
terminus. T22-mRTA-H6 nanoparticles show highly selective therapeutic effects, and ricin A-chain
was highly active on target cells, significantly reducing the effect of leukemia cells on relevant organs.

4.3. Vaccines against Ricin and Neutralizing Antibodies against Ricin

Despite numerous medical applications in which ricin can be used, this toxin is among the most
potent and lethal substances that are known [35,285]. Currently, no approved vaccine or therapeutics
exist to protect against ricin intoxication. The idea to develop a preventive vaccine against ricin has
grown over the last years mainly because of the increasing concern that crude ricin powder can easily be
made and used as a bio-threat agent. Two of the leading vaccine antigen candidates, the closely related
RTA-based subunit vaccines, RiVax™ and RVEc™, are now under development [39,286,287]. RiVax™
is a full-length recombinant derivative of RTA whose enzymatic activity has been largely eliminated
through a point mutation in a key active site residue (Y80A). RiVax™ also contains a mutation in the
site (V76M) attributed to the induction of the vascular leak syndrome (VLS) [286]. The VLS is the main
side-effect of ricin-derived immunotoxins. It has a complex etiology involving damage to vascular
endothelial cells [288]. Mutation in the vaccine to alter the VLS motif was introduced to eliminate
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this toxicity. RVEc™ is a truncated derivative of RTA that lacks the hydrophobic carboxy-terminal
region (residues 199-267) as well as a small hydrophobic loop in the N-terminus (residues 34-43).
RVEc™ mutations do not directly influence the active site of RTA, but the removal of both regions
causes that ricin present in this vaccine is inactive with reduced ability to cause the vascular leak
syndrome [39,287]. Both candidate vaccines are under investigation in animal studies and Phase I
clinical trials. Furthermore, the results of two Phase I clinical trials have indicated that RiVax™ is safe
and immunogenic in humans [289,290]. One obvious strategy to augment the overall immunogenicity
of vaccines is the use of next-generation adjuvants. However, adjuvants themselves may not be
sufficient to achieve maximal immunogenicity. Enhancing the immunogenicity of vaccines may require
a structure-based redesign of the antigen itself. The resulting combinations of mutations led to the
identification of derivatives of RiVax which are several times more efficient [291].

In the late 1880s, Paul Erhlich and others first described the potential use of antibodies (Abs)
to completely inactivate the toxin. Immunity to ricin is associated with the production of protective
antibodies. Since those early studies, many studies of antisera and antibody preparations derived
from different animal species and tested on a diversity of cell types have been made. Anti-RTA
and RTB antibodies were tested in rabbits and mice and displayed some neutralization action.
Some results suggest that antibodies neutralize ricin by perturbing toxin uptake and/or intracellular
trafficking without affecting the toxin attachment to cell surfaces. This confers passive immunity
in vivo [37,291-293]. On the other hand, blocking ricin attachment to receptors on the cell surface
is the mechanisms of action of other specific antibodies (24B11 and VHH D10/B7) [294]. Multiple
studies revealed that there are three general classes of ricin-specific Abs; those that bind RTA, RTB
and ricin holotoxin [286,295]. As part of an effort to engineer ricin antitoxin and immunotherapies,
libraries of phage-displayed, heavy chain-only antibodies (VijHs) have been produced and well
characterized [296]. It has been demonstrated that immunity against ricin is mediated by antibody.
However, the specificity of particular epitopes involved in protective immunity remains unclear. The
importance of toxin-neutralizing antibodies in protection against ricin is not questioned. However, the
exact correlation between the structure of RTA and the induction of protective immunity must be more
strictly evaluated. In just the past 10 years, several reports have been published that demonstrated that
passive administration of a toxin-neutralizing antibody is sufficient to display mice protection to a
lethal dose of ricin delivered by injection, ingestion or inhalation [292,297-301].

5. Concluding Remarks

Ricin can be considered as a powerful tool to study intracellular pathways in general and cell
death mechanisms that include apoptosis, inflammation or cell stress-induced signaling. On the other
hand, exact knowledge about ricin action in the target cells is necessary to produce effectively working
ricin-based immunotoxins or vaccines. One of the most interesting discoveries that has been made
recently describes a vital sugar code for ricin toxicity, that is conserved from mouse to human [100].
This mechanism is based on defined glycosidic structures that determine cellular fate upon exposure
to the toxin. The question of whether depurination of rRNA is necessary for ricin-induced cell death
is still being discussed. It is believed that in addition to rRNA damage, ricin can induce apoptosis,
inflammation and DNA damage. The correlation between these processes has been intensively studied.
This knowledge is constantly being expanded as the huge contribution to this field has been made
over the past years. An old dogma about ricin has currently been investigated. It was believed that a
single A-chain molecule of ricin or other type-2 RIPs have the ability to kill one eukaryotic cell [20].
However, it was recently reported that one or a few molecules of ricin A-chain present in the cytosol
is not sufficient to inhibit protein synthesis [302]. Moreover, cells with a partial inhibition of protein
synthesis can, upon ricin removal, increase the level of protein production and survive the toxin
challenge. Thus, in contrast to the previously accepted model, ongoing toxin delivery to the cytosol
appears to be necessary for the death of cells exposed to sub-optimal ricin concentrations [302]. It was
also suggested that ricin and other RIPs can be more toxic to cancer cells than to normal cells, due to the
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higher rate of protein synthesis in malignant cells during proliferation or due to the changes in receptor
concentration on their surfaces or altered intracellular transport of the toxin [30,42,303-305]. This is,
however, not always the case (for review see e.g., Refs. [30,285]). Thus, for specific delivery of ricin to
cancer cells, directing ricin to particular epitopes on tumor cells is necessary. On the other hand, some
specific properties of ricin may enhance its effect on cancer cells. The ability of RTA to inhibit UPR may
make it more potent in targeted therapy for cancer. It has been demonstrated that an increased level of
spliced XBP1 relatively to unspliced XBP1 correlates with poor prognosis in breast cancer [306], and
XBP1 has been proposed as a therapeutic target for solid tumors [307]. Thus, ricin treatment may be
particularly useful in cancer cells where UPR is already accelerated by conditions such as hypoxia.
These findings highlight the role of ricin as a valuable component of modern immunotoxins.
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Abstract: Ricin belongs to the group of ribosome-inactivating proteins (RIPs), i.e., toxins that
have evolved to provide particular species with an advantage over other competitors in nature.
Ricin possesses RNA N-glycosidase activity enabling the toxin to eliminate a single adenine base from
the sarcin-ricin RNA loop (SRL), which is a highly conserved structure present on the large ribosomal
subunit in all species from the three domains of life. The SRL belongs to the GTPase associated center
(GAQ), i.e., a ribosomal element involved in conferring unidirectional trajectory for the translational
apparatus at the expense of GTP hydrolysis by translational GTPases (trGTPases). The SRL represents
a critical element in the GAC, being the main triggering factor of GTP hydrolysis by trGTPases.
Enzymatic removal of a single adenine base at the tip of SRL by ricin blocks GTP hydrolysis and, at the
same time, impedes functioning of the translational machinery. Here, we discuss the consequences
of SRL depurination by ricin for ribosomal performance, with emphasis on the mechanistic model
overview of the SRL modus operandi.

Keywords: ribosome-inactivating protein; ricin; ribosome; sarcin-ricin loop (SRL); GTPase associated
center (GAC); P-proteins; translation

Key Contribution: This review summarizes the current knowledge of ricin-induced impairment of
the ribosome and translation process and highlights important aspects in this field.

1. Introduction

Toxic proteins are naturally present in a wide variety of species [1]. It is thought that they have
evolved to play a specific role in defense against animals, pathogens, and various insects, giving
advantage in a particular niche [2,3]. One of the most toxic proteins known in nature are plant toxins
from the class of ribosome-inactivating proteins. The mechanism of toxicity of plant toxins is of great
interest because they are present in human foods [4,5] and used in ethnomedicine [6] and cosmetics [7].
Currently, they have attracted attention in broad biotechnological applications [8,9]. Importantly,
they also pose a significant threat, as numerous plant toxins, such as ricin, have been recognized as
a biological weapon [10] and are recently considered as an agent of bioterrorism [11]. Ricin is one
of the most common and potent lethal biological molecules known [9]. Ricin and related proteins
display one common feature, i.e. the ability to inhibit ribosomes, and this particular feature laid the
foundation for the general name for all these proteins: “ribosome-inactivating proteins” (RIPs) [12].
In general, all RIPs have been classified as single chain (type 1) and double chain (type 2) proteins [13].
Type 1 RIPs consist of an enzymatically active chain (A) and include for instance: pokeweed antiviral
protein (PAP), trichosanthin, saporin, gelonin, and luffin. Ricin, abrin, and Shiga toxin are classified as
type 2 RIPs, where the enzymatically active A-chain is disulfide-linked to a B-chain, which provides
an active chain with higher ability to enter cells. Thus, type 2 RIPs are considerably more toxic than
type 1 RIPs [13]. Also, a third class of RIPs, termed type 3, has been recognized. It includes only
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a few members, with the prominent example of jasmonate induced protein (JIP60) [14] and maize
b-32 protein, which requires proteolytic process to become active [15]. In 2010, a new nomenclature
has been proposed for RIPs, in which they are termed A (type 1), AB (type 2), AC (type 3, similar to
JIP60), and AD (Type 3, similar to b32) [16]. The current model of the catalytic activity of ricin and
other RIPs assumes that, using the N-glycosidase activity, the toxin removes a single adenine base
from the ribosomal RNA (rRNA) located at the heart of the ribosomal GTPase associated center (GAC)
recognized as a central ribosomal element responsible for fueling of the translational machinery [17].
The prime target of ricin is a structural element of rRNA and is called the sarcin-ricin loop (SRL)
because this element is targeted by another ribo-toxin, x-sarcin; yet in this case, the SRL undergoes
endonucleolytic cleavage [18]. The ricin-dependent depurination of the SRL exerts a deleterious effect,
blocking the ribosome action and thereby hampering protein synthesis. It should be stressed that
despite the high homology of the SRL within the three domains of life, mainly eukaryotic ribosomes
undergo efficient depurination, however, several type I RIPs were shown to depurinate prokaryotic
ribosomes as well [19]. The extraordinary specificity of the RIP action is based on their interaction
with unique eukaryotic proteins; in the case of ricin, the ribosomal P-proteins are regarded as a main
docking part [20-22] while the L3 protein represents the main landing platform for the PAP [23,24].
However, regardless of the docking element, the eukaryotic ribosomal proteins are considered as guide
molecules for RIPs, directing and activating the toxin toward its catalytic target - the SRL. The toxicity
of ricin was mainly associated with inhibition of protein synthesis, but it should be stressed that
there is no clear link between depurination of SRL, ribosome hampering and the toxic effect in the
cell. The currently available information concerning ricin toxicity suggests that the toxic effect on cell
metabolism is multifactorial and involves induction of numerous pathways that lead to cell death;
however, molecular details elucidating the effect of ricin on cell metabolism are still elusive [25].

The numerous biochemical approaches [26-29] and especially current structural analyses have
provided deep insight into the role of SRL in ribosome performance and cast light on the molecular
consequences of its depurination-induced damage. Here, we are presenting the current understanding
of the structure and function of SRL during the translational cycle, with particular focus on the
molecular consequences of ricin-dependent adenine base removal on ribosome performance.

2. Ribosome Structure as A Prime Target for Ricin

2.1. Ribosome and Its Active Sites

Protein biosynthesis, being a critical biological pathway, provides a suitable target for many
toxins or natural inhibitors with the ribosome as the main objective [30,31]. The ribosome is one of
the most conserved and sophisticated macromolecular machines of the cell in all domains of life [32].
It is composed of a small and a large subunit, which together form a fully functional ribosome.
Ribosomal subunits are composed of ribosomal RNA (rRNA) and a large number of ribosomal
proteins, but it is the rRNA that plays the most critical functional role, defining the ribosome as a
ribozyme [33]. The ribosome can be regarded as a scaffolding platform for many molecules, e.g., mRNA,
aminoacyl-tRNAs (aa-tRNA), and protein factors, which together form the translational machinery
converting genetic information into functional proteins [34]. The ribosome, being the central element
of this machinery, carries out its task through several functional elements. The small subunit decodes
the genetic information delivered by mRNA, whereas the large subunit hosts the catalytic peptidyl
transferase center (PTC), where amino acids delivered by aa-tRNAs are linked into polypeptides [32].
Additionally, three tRNA binding sites can be recognized on the ribosome: aminoacyl (A), peptidyl (P),
and exit (E) sites. The A site accommodates the incoming aa-tRNA, the P site binds the peptidyl-tRNA
thus carrying the nascent polypeptide chain, and the E site binds deacylated tRNA before it dissociates
from the ribosome. On the large ribosomal subunit there is also the GTPase associated center (GAC)
which belongs to the ribosomal elements responsible for administrating the continuous motions of the
ribosome along the translational cycle.
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2.1.1. The GTPase Associated Center

The translation process to proceed efficiently and to comply with the metabolic needs of the cell
requires many protein factors, which sequentially guide the ribosome through the protein synthesis
cycle. The most critical group of factors are proteins that bind and hydrolyze GTP, called translational
GTPases (trGTPases), which confer the unidirectional trajectory of the translational machinery at the
expense of energy released from GTP hydrolysis [17]. The landing platform for all trGTPases is situated
on the large ribosomal subunit and is called the GTPase associated center (GAC) (Figure 1) [35].

GTPase Associated Center

Figure 1. Model of GTPase associated center (GAC). Left panel: scheme of the 80S ribosome with
the ribosomal P-stalk shown with extended C-terminal regions and the sarcin-ricin loop (SRL) (red).
Right panel: fragment of 60S S. cerevisiae ribosome 255 rRNA (PDB code 3U5H) and 60S subunit
(PDB code 3U5I); 255 rRNA and ribosomal proteins are indicated as light gray and dark gray colors,
respectively. The fitted schematic structure of uL10 protein fragment in complex with the N-terminal
domains of P1/P2-proteins (PDB code 3A1Y) from Archaea is depicted as dark blue and marine blue,
respectively. The position of the yeast 60S subunit is oriented to show Az(y7 of the SRL and positions of
ulL11 (slate blue), uL40 (deep blue) and uL6 (sky blue) proteins. Model prepared with PyMol software
(The PyMOL Molecular Graphics System, version 1.5.0.4, Schrédinger, LLC, NY, USA).

The GAC is responsible for recruitment of trGTPases and stimulation of factor-dependent GTP
hydrolysis [36]. The center consists of two main functional elements: a conserved fragment of
rRNA called the sarcin-ricin loop (SRL) and the ribosomal stalk, composed exclusively of ribosomal
proteins [37]. Both elements are critical for activation of trGTPases [28,38], and mutual cooperativity
of the SRL and the stalk elements has been shown to be pivotal in stimulation of GTP hydrolysis by
trGTPases [39-41].

The Sarcin—Ricin Loop

The sarcin-ricin loop is one of the most conserved rRNA regions of the ribosome, which underlines
its importance in ribosome function. It is located in helix 95, in domain VI of 235/255/28S rRNA
(nucleotides 2646-2674 in E. coli, 3012-3042 in yeast) (Figure 2A).
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Figure 2. The model of sarcin-ricin loop structure. (A) Alignment of highly conserved secondary
structures of yeast and E. coli SRL. The red color indicates the key adenine hydrolyzed by the ricin.
A conserved fragment of 12 nucleotides is marked with a gray color. (B) Structure of the S. cerevisiae SRL
(PDB code 3U5H). The key adenine was marked in red (A3(y7). The individual structural elements of
the SRL - the stem, the flexible region, the G-bulged cross-strand stack with the highlighted individual
nucleotides and the GAGA loop - are marked with a dotted black line. The gray fields show the
non-canonical m-stacking interactions between particular bases. Model prepared by PyMol software,
(The PyMOL Molecular Graphics System, version 1.5.0.4, Schrodinger, LLC, NY, USA) based on [42].

Unlike other rRNA regions, which form compact structures coordinated by rRNA-rRNA or
rRNA-protein interactions, the SRL exists on the ribosome as an autonomous unit [43-45] and is
exposed to the solvent [46]. This unique feature is critical for its accessibility for external factors like
trGTPases. From the structural point of view, the SRL has the conformation of a distorted hairpin [47].
It consists of several well-organized elements (Figure 2B) [48]: the stem, the flexible region, the G-bulged
cross-strand stack, and the GAGA loop [45] with the key adenine base (Aggs0/A3027—E. coli/S.cerevisiae
numbering), which is a target for ricin activity. The SRL stem structure is formed mainly by classical
Watson-Crick base pairs, whereas the rest of the structure is stabilized mainly by 7-stacking interactions.
The critical element, the GAGA tetra-loop, forms a compact well-organized structure [43]. The spatial
organization of the loop structure is determined by non-canonical interactions between base pairs,
allowing the carbohydrate-phosphate backbone of RNA to form the atypical spatial form, which is
recognized by translational factors [43]. The critical bases Aggs0, Gogs1, and Agggr in the GAGA loop
(E. coli numbering) associate with each other via non-canonical 7r-stacking interactions that stabilize the
loop structure [42,43]. The crucial Agggp, located at the top of the hairpin structure, is stabilized via the
stacking interactions with Gggg1 (Figure 2B). Importantly, Ajeg is fully exposed and does not form any
hydrogen bonds with other bases of the loop, making it easily accessible to external factors like ricin [49].
Biochemical studies on prokaryotic and eukaryotic ribosomes have shown that the SRL represents
a critical element responsible for the interaction and stimulation of all trGTPases activity [50,51].
Additionally, it has been early recognized that this structure represents the main target for numerous
toxins [50,52-54]. Recent structural analyses have brought detailed insight into the intricate interplay
between the SRL and trGTPases and at the same time cast light on the molecular aspects of ricin
toxicity [28,29,40,55]. In general, all trGTPases interact with the SRL via the GTP-binding domain
(G-domain) comprising the active site of the factor, responsible for GTP hydrolysis [17]. It should
be stressed that the structure of the G-domain is evolutionarily conserved among all trGTPases, and
biochemical and structural investigations support the notion that the mechanism of activation of GTP
hydrolysis by the ribosome is universally conserved [17,56]. The trGTPases convert chemical energy
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into mechanical forces at the expense of GTP hydrolysis, and this drives the ribosome through the
translational cycle. The key role in catalysis is played by an invariant histidine residue (Hisgy in EF-Tu,
Hisgy in EF-G, or Hisg; in SelB, or Hisygg in eEF2) [56-60]. This histidine may adopt two conformations:
an inactive “flipped-out” state (pointing away from the y-phosphate of GTP) and an active flipped-in
state (reaching towards the y -phosphate) (Figure 3). After joining the factor to the ribosome, the SRL
is “inserted” into the catalytic center of the G-domain, and the phosphate moiety of Ajse> coordinates,
by means of electrostatic interactions, the catalytic histidine positioning to the active “flipped-in”
position towards the y-phosphate of GTP [28,38,61]. The positively charged histidine points towards
the water molecule aimed at the nucleophilic attack on GTP y-phosphate [29,38,58,62]. Additionally,
the phosphate of Ajgs, coordinates a Mg2+ ion, important in positioning of the Asp residue (Aspy in
EF-Tu, Aspy; in EF-G, Aspyg in SelB), which is also crucial for GTP hydrolysis (Figure 3) [28,58].
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*flipped-out” lle63 _

o H
I 0 7=
H
eop—0"| Yo H N
o i

His20

"flipped-in”

Figure 3. Model of GTP hydrolysis activation with the aid of sarcin-ricin loop (SRL), with the EF-G
as trGTPase. Left panel: the organization of the active site in isolated EF-G. Asp; and Hisgy are in
“flipped-out” state, pointing away from GTP; the “hydrophobic gate” formed by amino acids Ilegz and
Iley; prevents Hisgy from adopting the active conformation. Right panel: the reorganization of the
active site of EF-G as a result of binding of EF-G to ribosome and inserting the SRL to the G-domain.
Base Ajggp interacts with Hisyp, which induces Ile;; movement away from GTP and “hydrophobic
gate” opening. The phosphate of Ay, directs Hisgy and Aspyy residues (through Mg?*) to “flipped-in”
conformation which allows for water molecule activation and GTP hydrolysis (see the details in
the text).

Recently, Aggsr and Goge1 within the tetraloop structure were distinguished as critical elements,
directly involved in stimulation of the GTP hydrolysis process [28,38]. Interestingly, x-sarcin cleaves
the bond between eukaryotic nucleotide equivalents to E. coli Gpgs1 and Apgsp, which results in
ribosome inactivation [63,64]. The Ay base, which is cleaved-off by ricin, plays a distinct but weighty
function, which could be named as the “power behind the throne” title role. As shown based on
the structure of the EF-G-ribosome complex in a pre-translocation state, an intricate network of
hydrogen-based interactions involving the Gyg1 and Ajeep of the SRL, EF-G (Gluyse, Argeeo, Serepi
and Glnggg), and ribosomal L6 (Lys;7s) is formed in the immediate vicinity of the GTPase active site,
with Ajeep being the central element of the network [40]. Thus, depurination of Aygsp may prevent the
surrounding elements from adopting the active conformation, which is required to bind the metal ions
necessary to stabilize Aspy, and neighboring regions of EF-G in the activated form [55,65]. On the
other hand, Ay, together with Gyge1, plays a crucial role in opening of a so-called hydrophobic
gate, which prevents the invariant His residue in the free trGTPase from achieving an active state
and spontaneous GTP hydrolysis. In the complex of the EF-G/ribosome, the bases Aggep and Gogs1
interact with Hisyy of EF-G, which in turn interacts with Iley;, forming a hydrophobic gate with Ilegs.
These interactions contribute to its opening and repositioning the Hisgy into its active position [40].
The structural analyses of the A4 role are supported by biochemical insight. It has been shown that
lack of the single exocyclic N6 amino group at position 2660 within rRNA inhibited GTP hydrolysis
on the EF-G/ribosome complex. Importantly, the introduction of different exocyclic groups with
dissimilar chemical groups, such as inosine, dimethyladenosine, or even 6-methylpurine, restored
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the GTP hydrolysis activity of EF-G. The experimental biochemical data indicate that the critical
favorable chemical feature is related to electron configuration that allows participation in the aromatic
m-electron interaction system of the purine, which in turn facilitates the r-stacking effect [66]. It should
be underlined that despite the vast number of data collected from only the bacterial model, the amino
acid sequence, called PGH motif (with the invariant His residue) is universally conserved and present
in EF-Tu, EF-G, IF2, and RF3, as well as archeal and eukaryotic trGTPases [67]. What is more, the
highly conserved Ajsep base moiety (Asgyy - yeast, Agzps - rat, Aygps - human) within the tetra-loop
of SRL [56] represents the most crucial base which contributes to a cooperative interaction network,
which stabilizes the active state of trGTPases, promoting GTP hydrolysis.

The Ribosomal Stalk

The ribosomal stalk represents a vital element within the ribosomal GTPase associated center.
Stalk structure is composed of two distinct parts - the base of the stalk and its lateral elements [68].
The stalk base is constituted by conserved ribosomal proteins uL11 and uL10, which anchor the
stalk to the rRNA [69,70]. The lateral part of the stalk has multimeric architecture and is built of
multi-dimeric protein elements, which are unique for bacteria and eukaryotes. In bacteria, the bL12
proteins form a dimer, which is regarded as a basic structural element, and two, three, and even four
dimers can form the lateral part anchored to the ribosome through uL10 [35,71]. In eukaryotes, the P1
and P2 proteins form a dimer, and two dimers are linked to the uL10 protein, forming pentameric
architecture called the P-stalk, uL.10-(P1-P2), [37,69,70,72-75]. It should be underlined that the stalk
fulfils the same function on the ribosome, irrespectively of the life-domain origin, namely participation
in stimulation of GTP hydrolysis [68]; however, the bL12 and P1/P2 proteins are not evolutionarily
related and are regarded as analogous proteins [76,77]. The stalk is the only structure on the ribosome
composed of multiple proteins. The eukaryotic stalk architecture has a complex nature. It is constituted
by two P1/P2 protein dimers; each dimer is built of two domains: an N-terminal globular domain
(NTD), responsible for dimerization and anchoring the dimer to uL10, and an unstructured C-terminal
domain (CTD), regarded as a functional part interacting with trGTPases [70,73,78]. Both elements
are connected through a highly flexible hinge region [73,79]. The most prominent feature of the
eukaryotic P1/P2 stalk proteins is the highly conserved element present at the CTD, composed of a
stretch of acidic and hydrophobic amino acids (EESEESDDDMGFGLFD) and regarded as the main
functional element of the stalk. This element is involved in the interaction with trGTPases and toxins
such as ribosome-inactivating proteins (RIPs) [22,80-84]. A unique feature of the eukaryotic stalk
is multiplication of CTDs. The conserved CTD is also found on the uL10; therefore, five CTDs are
present on the stalk: four coming from two P1/P2 dimers and one from uL10. The phenomenon of
CTDs multiplication was functionally coupled with the qualitative aspect of ribosome action related to
maintenance of translation accuracy [85]. It was proposed that the multiple CTDs might accelerate
interaction with eEF1A, which is regarded as trGTPase with the highest GTP hydrolysis turnover.
Interestingly, this feature has been hijacked by RIP toxins, and it has been shown that multiplication of
P1/P2 proteins increase the interaction rate of the toxin [86].

2.2. Mode of Ricin Interaction with Ribosome

It has been established that ricin inhibits translation through its ability to remove/depurinate
a specific adenine base of the universally conserved SRL [87], which is a crucial part of the GAC
on the ribosome [27,38,88,89]. The SRL has been found as a primary target for ricin and other RIPs,
and the specificity of the interaction with eukaryotic ribosomal proteins plays a critical role in ricin
catalytic activity towards SRL. As shown over two decades ago, the efficiency of rRNA depurination
in the intact ribosome is much greater than the depurination of isolated 285 rRNA. The kc,t of ricin
against naked rRNA is more than 4 orders of magnitude lower than that of rRNA constituting a part
of the ribosome [90-92]. Ricin depurinates the naked 23S rRNA from E. coli SRL, but not the intact
ribosomes from E. coli [91], showing at the same time extraordinary specificity towards intact eukaryotic
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ribosomes [20,21,93], what underlines the role of ribosomal proteins in the process. The same applies
to other related RIPs, such as Shiga toxin 1 (Stx1) [93,94], Shiga toxin 2 (Stx2) [95,96], trichosanthin
(TCS) [97-99], and maize RIP [100], which specifically depurinate the SRL on the eukaryotic ribosome.
In the case of ricin, the mechanistic model of molecular recognition of the ribosome assumes a
double-step mechanism, involving first slow and nonspecific electrostatic-based interactions with
the ribosome and then fast specific interactions based on the ribosomal stalk interplay, leading to its
attack on the SRL rRNA [90]. Although the SRL is highly conserved among ribosomes in all species,
the P-proteins determine the specificity of ricin and other RIPs toward eukaryotic ribosomes [12,22].
The deletion of stalk P-proteins from ribosomes greatly reduces the depurination activity and cellular
sensitivity to ricin, indicating that binding to the P-stalk is a critical step in depurination of the
SRL and in the toxicity of ricin [101-103]. The structural investigations provide significant insights
into the mode of interaction between P-proteins and the ricin or trichosanthin (TCS), which hijacks
the translational factor recruitment function of the ribosomal P-stalk to reach its target site on the
ribosome [22,84]. Especially, the interaction site of P-proteins with RIPs was mapped to a short
conserved 11-mer peptide, SDDDMGEFGLED, present at the CTDs of all P-proteins [98]. This interaction
is required for the full activity of ricin and other RIPs, and biochemical analyses confirmed that
positively charged residues, especially the cluster of arginines, play a key role [101]. As was shown in
a TCS study, the interaction of TCS is primarily mediated by the electrostatic interactions of K73, Ry74,
and Kj77 in the C-terminal domain of TCS with the conserved DDD residues in the CTDs of P-proteins.
However, hydrophobic interactions also play a vital role in stabilization of the bilateral interplay
between TCS and the conserved C-terminal peptide of P-proteins [93,99]. The tertiary structure of
the catalytic subunit of ricin (RTA) with a short peptide corresponding to the last six conserved
residues of the stalk proteins (GFGLFD) showed that the peptide docks into a hydrophobic pocket
at the C-terminus of RTA [84,104]. The structural superposition of TCS-P-protein and RTA-P-protein
complexes demonstrated that the short C-terminal peptide of P-proteins adopts distinct orientations
and slightly different interaction modes with the two different RIPs, suggesting that the flexibility of the
CTD facilitates accommodation of different class of RIPs to the ribosome [84,104]. The kinetic studies
showed that the P1-P2 heterodimeric conformation of P-proteins in the stalk pentamer represents an
optimal binding site for RTA, where individual P-protein CTDs play non-equivalent roles with a pivotal
role of P1 CTD [65]. Additionally, previous results obtained using yeast as an experimental system
showed that the two dimers, P1A-P2B and P1B-P2A, do not interact equally with RTA [102], suggesting
that these dimers may have a different architecture and their CTDs may not be equally accessible to
external factors, such as RTA or other RIPs. The high specificity of ricin interaction with the P-stalk is
also reflected by the measured dissociation constant, which is in a nanomolar range [65,80,86]. Thus,
the kinetic model of RTA interaction with the ribosome and SRL depurination assumes that the toxin
initially interacts with the P-protein stalk, and it allows orienting the active site of the toxin toward the
SRL, which in turn places it in correct orientation for binding to the target adenine. It is also proposed
that the P-stalk binding event allosterically stimulates the catalysis of ribosome depurination by RTA,
explaining the extraordinary specificity of the toxin toward eukaryotic ribosomes [101].

3. Toxic Action of Ricin on The Translational Process

Ricin is composed of two subunits, RTA and RTB, covalently linked through a disulfide bond.
In the form of holotoxin, it does not exhibit catalytic activity toward ribosome [105]. When RTA
is separated from RTB, the cluster of arginine residues located at the interface domain between
RTA and RTB is exposed to the solvent and serves as an interaction platform for P-stalk proteins.
The RTA-stalk interaction stimulates the toxin to trigger its enzymatic activity by orienting the active
site of RTA (opposite to the arginine interface) toward the SRL [101]. RTA is an RNA N-glycosidase
(EC 3.2.2.22) that hydrolyzes the N-glycosidic bond between a specific adenine on the SRL and the
sugar backbone [91]. The specificity of rRNA depurination by RTA is determined by the conformation
of the topical part of the SRL loop structure, and the GAGA sequence with the prominent key adenine
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base is recognized as the major element [106,107]. During the catalysis of the SRL depurination process
by ricin, the conserved adenine on the tip of the sarcin-ricin loop is inserted between two Tyr residues
(in the RTA catalytic center - Tyrgy and Tyry,3) to form m-stacking interactions [108,109]. Additionally,
the adenine position is stabilized by hydrogen binding with RTA Glyy;, Valg;, Glui77, and Argigg
residues [110]. It has been shown that two RTA residues, i.e. Gluyy7 and Arg;gp, play a crucial role in the
hydrolysis of N-glycosidic bonds by stabilizing the transition state during catalysis of the depurination
reaction (Figure 4) [111,112].
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Figure 4. Model of sarcin-ricin loop (SRL) depurination by RTA. Removal of key Apgg residue (E. coli
numbering) impairs the intricate interaction network responsible for stabilization of the active state of
trGTPases, resulting in the inhibition of translation process. The base of Ay is bound to the catalytic
center of RTA with 7-stacking interactions and its position is stabilized by hydrogen bonds with Glyy3,
Valg; and Arggg (green). Gluyy; and Arggp (green) play crucial role in catalysis by transition state
stabilization. Arg;gg residue protonates base of Ayge causing delocalization of ring electrons. Gluyzy
polarizes water molecule (blue) and resultant hydroxide ion attacks positive center on ribose which
leads to hydrolysis of N-glycosidic bond; prepared based on [110].

As already discussed, the structural stability of the SRL is provided mostly by the m-stacking
interaction network [52,113,114]. Removal of the key adenine at the tip of the SRL may destabilize this
type of interactions, thereby affecting the SRL structure stability and abolishing an extended interaction
network responsible for stabilization of the active state of trGTPases (Figure 4).

It was already observed in the 1970s that ricin inhibits translation in mammalian cells [115],
as confirmed in an in vitro experimental system [53,116-119]. Early analyses in in vitro protein
synthesis systems have shown that the presence of ricin blocks the synthesis of polypeptides, and this
was mainly associated with the elongation step of the translational cycle [116,117,120-122]. It has also
been reported that ricin does not affect the synthesis of peptide bonds [53,116,123,124], but a significant
inhibition of GTP hydrolysis was associated with ricin action [53,54,116,124-130]. Numerous analyses
have shown that eEF2, i.e. a factor involved in the translocation event during the elongation cycle,
binds less efficiently to ribosomes modified by ricin [54,125,126,128,131]. Additionally, it has also
been shown that treatment of ribosomes with ricin decreased the level of GTP hydrolysis by the eEF2
factor [53,116]. Further analyses demonstrated that ricin inhibited translocation, and the effect was
dependent on the eEF2 concentration used [123]. Additional evidence for the inhibitory effects of ricin
on translocation was provided by applying test with the use of diphtheria toxin, showing that the
ribosomes treated with both toxins mainly paused at the beginning of the mRNA [119]. It was also
shown that the rate of formation of pre-initiation complexes, i.e. the attachment of the 60S subunit to
the pre-initiation complex 40S, was decreased under the influence of ricin [119]. Thus, these analyses
have provided evidence that the modification of the 60S subunit by ricin resulted not only in inhibition
of elongation at the translocation step, but also in reduction of the initiation rate [119]. In vitro analyses
on the bacterial model have confirmed the experiments performed on the eukaryotic system, showing
that ribosomes lacking adenine in the topical part of SRL are unable to stimulate GTP hydrolysis by
EF-G, which is a bacterial trGTPase homologous to eukaryotic eEF2 [66]. All these experiments laid
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the foundation for a general notion that depurination of the SRL brings deleterious effects for the
translational machinery, linking the toxic effect of ricin with blockage of protein synthesis in the cell.
However, in vivo analyses have shown that there is no clear cross-correlation between the ribosome
depurination, translation inhibition, and cell death [102,103], leaving the issue of ricin toxicity at the
molecular level as an open question. All currently available information concerning ricin toxicity
suggests that the toxic effect on cell metabolism has a multifactorial nature, involving induction of
numerous pathways leading to cell death [25], but the molecular trigger is still obscure.

4. Conclusions

Ricin, in particular its catalytic subunit RTA, targets one of the most important eukaryotic
ribosomal catalytic centers—the GAC, which is responsible for conferring unidirectional trajectory
for the translation apparatus at the expense of GTP hydrolysis driven by trGTPases. To access the
GAQG, ricin hijacks the ribosomal translation factor recruitment element, i.e., the P-stalk, to reach the
target adenine base in the SRL on the ribosome. The stalk, composed of P-proteins, represents a unique
eukaryotic element interacting with RTA, being responsible for the specificity of the toxin toward the
eukaryotic ribosome. The RTA interaction with the stalk not only anchors and directs RTA towards SRL
but also stimulates depurination of invariant adenine at the tip of the SRL. The SRL represents a critical
ribosomal element responsible for triggering GTP hydrolysis by trGTPases. The Gags9 A2660G2661A2662
(E. coli numbering) tetra-loop located on the tip of the SRL plays a key role here. Within this loop, two
bases Apggr and Gygg are critical elements directly involved in stimulation of GTP hydrolysis [28].
On the other hand, Ay, i.e., a base that is depurinated by RTA, is situated away from the trGTPase
active site, being a center of cooperative interaction network, contributing to stabilization of the active
state of trGTPases and promoting GTP hydrolysis. Thus, the Ayg, lying away from the main catalytic
center, but coordinating the structural arrangement of the G domain of trGTPases, could hold the
“power behind the throne” role. Therefore, depurination of solvent-exposed Ajssp impairs the intricate
interaction network and destabilizes the active state of trGTPases, which finally blocks GTP hydrolysis
and, at the same time, impedes the functioning of the translational machinery. However, the majority of
biochemical experiments with in vitro depurinated ribosomes have shown unequivocally that removal
of Apeep blocks translation, especially at the elongation step of the translational cycle, linking the
catalytic activity with ricin toxicity. Such a situation seems to be unusual inside the cell, where most of
the toxin molecules are degraded during the ricin trafficking and, as it was estimated, only up to 5%
of RTA molecules reach the endoplasmic reticulum [132-134]. Thus, ricin must have evolved to be
extremely successful in winning the battle to hurt the GAC - the energetic heart of the ribosome; this is
especially well demonstrated by the higher affinity towards the ribosomal P-stalk proteins [21,86,102]
compared to translational factors [82]. Importantly, in vivo analyses did not find any clear link between
the ribosome depurination, translation inhibition, and cell death, indicating that molecular events
contributing to the so-called ‘cause and effect” of the ricin modus operandi are still obscure.
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Abstract: Ricin A chain (RTA) depurinates the sarcin/ricin loop (SRL) by interacting with the
C-termini of the ribosomal P stalk. The ribosome interaction site and the active site are located on
opposite faces of RTA. The interaction with P proteins allows RTA to depurinate the SRL on the
ribosome at physiological pH with an extremely high activity by orienting the active site towards
the SRL. Therefore, if an inhibitor disrupts RTA-ribosome interaction by binding to the ribosome
binding site of RTA, it should inhibit the depurination activity. To test this model, we synthesized
peptides mimicking the last 3 to 11 amino acids of P proteins and examined their interaction with
wild-type RTA and ribosome binding mutants by Biacore. We measured the inhibitory activity of
these peptides on RTA-mediated depurination of yeast and rat liver ribosomes. We found that the
peptides interacted with the ribosome binding site of RTA and inhibited depurination activity by
disrupting RTA-ribosome interactions. The shortest peptide that could interact with RTA and inhibit
its activity was four amino acids in length. RTA activity was inhibited by disrupting its interaction
with the P stalk without targeting the active site, establishing the ribosome binding site as a new
target for inhibitor discovery.

Keywords: ricin A chain; ribosomal P stalk; P protein interaction; SRL depurination; peptide inhibition
Key Contribution: Peptides that bind to the ribosome binding site of RTA can inhibit the depurination

activity by disrupting RTA-ribosome interactions, demonstrating that the ribosome binding site is a
potential new target for inhibitor development.

1. Introduction

Ricin (E.C. 3.2.2.22), produced by the castor bean (Ricinus communis), belongs to a group of toxic
proteins called ribosome-inactivating proteins (RIPs) that include major human pathogens, such as
Escherichia coli and Shigella producing Shiga toxins (Stxs). They are classified as category B agents of
national security and public health risk with potential for significant morbidity and mortality. Currently,
no U.S. Food and Drug Administration-approved vaccines or therapeutics exist to protect against ricin,
Stxs, or any other RIP. The RIPs cleave a universally conserved adenine from the sarcin/ricin loop
(SRL) on the large rRNA, inhibiting protein synthesis and inducing cell death [1-4]. Ricin A chain
(RTA) interacts with the P proteins of the ribosomal stalk to depurinate the SRL [5]. Several other RIPs,
including Shiga toxins [6-8], also interact with the conserved C-terminal domain (CTD) of P proteins
in order to access the SRL [9-11].

In eukaryotes, the P stalk is a pentameric protein complex composed of two P1/P2 dimers that
bind to the C-terminus of the uL10 (previously P0) protein, while the N-terminal domain of uL10

Toxins 2018, 10, 371; doi:10.3390/ toxins10090371 73 www.mdpi.com/journal/toxins



Toxins 2018, 10, 371

anchors the stalk on the large subunit of the ribosome [12-14]. The P stalk and the SRL are part of the
GTPase-associated center (GAC) in the large subunit [13,15]. The unique feature of all P proteins is the
11 C-terminal amino acids, which are identical in all eukaryotes and have a disordered structure [16].
The CTD of P proteins selectively recognizes translational GTPases, such as the initiation factor 5B
(eIF5B) and the elongation factors eEF-2/EFG and eEF1a/EFTu, and recruits them to the SRL [17-20].

The interaction of RTA with P proteins is critical for ribosome binding, depurination of the SRL,
and toxicity of RTA in the yeast Saccharomyces cerevisiae and in human cells [5,21]. We showed that
the ribosome binding site and the active site are located on opposite faces of RTA and based on these
results we proposed a molecular model for depurination of the SRL by RTA [22]. According to this
model, RTA is concentrated around the ribosome by electrostatic interactions [23]. The P stalk interacts
with RTA and stalk binding stimulates the catalysis of depurination by orienting the active site of RTA
towards the SRL [22]. The interaction with the P proteins allows RTA to depurinate the SRL on the
ribosome at physiological pH with an extremely high catalytic activity, while at this pH RTA is not
active on the naked RNA [22,24]. Based on this model, we predict that if an inhibitor disrupts the
interaction of RTA with the ribosome by binding to the ribosome binding site of RTA, it should be able
to inhibit the depurination activity of RTA.

Until now, no inhibitor targeting the ribosome binding site of RTA has been reported. A 17-mer
peptide mimicking the CTD of the human ribosomal stalk P2 protein was shown to inhibit the activity
of the A1 subunit of Shiga toxin 1 (Stx1Al) in an in vitro translation assay [6]. Calmodulin-tagged
peptides corresponding to the last 11 and 17 residues of the human P2 protein could pull down
Stx1Al and RTA, but not a peptide corresponding to the last 7 residues of human P2 [6]. The 11-mer
peptide (P11), S1psDDDMGFGLEFD; 5, contains a negatively charged acidic motif “DjgsD197D108” at its
N-terminus and a hydrophobic “F;1;GLFD115” motif at its C-terminus. The pull down and binding
studies showed that both motifs are important for the interaction of Stx1A1 with P11 [7].

In S. cerevisiae, P1/P2 proteins have diverged into P1a/P2§3 and P13 /P2« [25]. The P1ot/P2f3
dimer could inhibit the depurination activity of Stx1Al and Stx2A1 on ribosomes isolated from a yeast
mutant in which the binding site of the P protein dimers on the PO protein had been deleted, suggesting
that P1a/P2f can bind to the toxins and prevent them from depurinating ribosomes [8]. Although
the amino acid sequences of the Al subunit of Stx1 and Stx2 are only 21% and 20% identical to RTA,
respectively, they are structurally and functionally very similar to RTA [26]. Recently, the structure of
RTA together with the last six amino acids of P proteins was resolved by two different groups using
different strategies (PDB IDs: 5GU4 and 5DDZ) [27,28]. Although 9-mer, 11-mer [27], or 10-mer [28] P
stalk peptides were used in the studies, the structures resolved by both groups showed that only the
last six residues interact with RTA. The last six residues (G110FGLFD;5) bind to a hydrophobic pocket
on RTA in a unique conformation. Neither group could visualize the N-terminal end of the peptide
that contains the negatively charged (Dj9sD197D108) motif. However, the two groups drew different
conclusions. One group postulated that this motif contributes to the interaction because GST-tagged
peptides, which contained the DypsD197D108 motif, showed higher affinities for RTA than those without
this motif [27]. In contrast, the other group concluded that the D;gsD;7D10s motif does not contribute
to the RTA interaction because they did not observe any difference in the pull-down experiments with
His-tagged RTA when this motif was mutated or deleted [28]. We previously showed that arginines
at the RTA/RTB interface contribute to fast electrostatic interactions with the CTD of the P proteins,
indicating that the negatively charged motif plays an important role in the interaction of RTA with the
ribosome [29].

Although the active site of RTA has been explored extensively as a target for antidotes,
the interaction of RTA with ribosomes has not been previously examined as a potential drug target.
To better understand the recognition mechanism of the P protein CTD by RTA and to define the
minimal length of a peptide that can bind RTA and inhibit its activity, we measured the interaction of
peptides corresponding to the last 3 to 11 amino acids of human P proteins with RTA and examined
their ability to inhibit the depurination activity of RTA. We discuss the relationship between the affinity
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of the peptides and their inhibitory activity. Our results establish the ribosome binding site of RTA as a
new target for inhibitor discovery. Since Stxs also bind to the P protein CTD to depurinate the SRL, a
similar approach could be explored for Stxs.

2. Results

2.1. The Longer Peptides Have Higher Affinity for RTA than the Shorter Peptides

The sequences of peptides mimicking the last 11 amino acids of the P proteins are shown in
Figure 1.

P11l Sjos Digs Di1o7 Dios Miss Giio Fiaz Giss Dyss Figg Dass

P10 Dios Dio7 Dios Mios Griec Fizz Gu1z Dyzs Fraq Duss
P9 Dig7 Dios Mige Gric Fizz Giyz Liys Fuigq Duss
P8 Dios Mios G110 Fi1x G112 Iniza Fiig Duss
P7 Migs G110 Fi11 Griz Liza Fiiq Digs
P6 Gi1o Fi1x Giiz Luzs Fizg Dugs
P5 Fi11 @315 Liya Fyyg Dysgs
P4 G112 Lyza Fiiq Duss
P3 Liiz Fiiq4 Diss

Figure 1. The sequence of the peptides corresponding to the C-terminal end of P proteins.

We used surface plasmon resonance (SPR) with Biacore T200 (GE Healthcare, Marlborough,
MA, USA) to measure the affinity of these peptides for RTA. Because of solubility limitations,
the highest concentration of peptide measured was 0.5 mM. For direct comparison of affinity with
depurination activity, depurination buffer was used as the running buffer for the Biacore analysis.
The dose-dependent interaction sensorgrams are shown in Figure 2a and the fitting is shown in
Figure 2b. The interaction sensorgrams of peptides with RTA showed fast on and fast off characteristics,
suggesting fast association and fast dissociation, and thus relatively low affinity (Figure 2b). As the
peptide concentration increased, the equilibrium binding levels increased. Due to the fast association
and dissociation, equilibrium data were used to calculate the dissociation constants (Kp). The Kps
of the peptides are shown in Table 1. Overall, the affinity of the peptides for RTA was in the high
micromolar range. The affinity of RTA for the peptides was 10° times lower than its affinity for the
ribosome, which is in the low nanomolar range [23]. The Kp increased from 196 uM to 451 uM as
the number of amino acids decreased from 11 (P11) to 4 (P4). Deletion of the three aspartic acids
(D106D107D108) did not decrease the affinity dramatically, as the Kp was 272 uM for P10 and around 300
uM for P9, P8, and P7. The decreased affinity was mainly due to the deletion of Asp106. The Kp, did not
change much when Asp107 and Asp108 were deleted. The Kp increased from 294 uM to 399 uM with
the deletion of Met109 and to 497 M when Gly110 was deleted, indicating the importance of Met109
and Gly110 in the interaction. Deleting Phe111 did not change the affinity appreciably. However, upon
deleting Gly112, the affinity decreased dramatically, indicating that the peptide with only the last three
amino acids of P proteins almost lost the ability to bind RTA.
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Figure 2. The interaction curves (a) and the steady state affinity fitting (b) of the peptide—Ricin A chain
(RTA) interaction. The Kp was determined using Biacore T200. The untagged recombinant RTA was
immobilized on a CMS5 chip by amine coupling at about 2422 RU. The reference surface was activated
and blocked. The peptides were passed over the surface at 6.2 uM (red), 18.5 uM (green), 55.6 uM (dark
blue), 166.7 uM (magenta), and 500 uM (light blue).

Table 1. The affinity of peptides for RTA.

Peptides Sequence MW Kp (uM) *
P11 S10sDDDMGFGLED; 5 1218.25 196 + 17
P10 D10 DDMGFGLFDy 15 1131.18 272+ 6
P9 D10yDMGEGLFD) 5 1016.09 309 +7
P8 D10sMGFGLFDy 15 901.00 299 +£5
P7 M,99GEGLED 5 785.91 204 + 47
P6 G110FGLEDy 5 654.71 399 + 20
P5 F111GLFDq15 597.66 497 £ 30
P4 GioLFDy15 450.49 451 +17
P3 L113FDi15 393.44 >10 mM

* Data were obtained from the fitting shown in Figure 1 and shown as average + SD of three to four replicates. MW:
molecular weight. Kp: the equilibrium dissociation constant.
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2.2. Peptides Bind to the Ribosome Binding Site of RTA

We showed that the R189A, R193A, R234A, and R235A mutations affect the ribosome binding
of RTA [29]. The order of decreased binding strength was R235A > R234A > R193A > R189A [29],
where the R235A mutant completely lost ribosome binding [29]. To verify the binding site of these
peptides on RTA, the His-tagged RTA mutants R189A, R193A, R234A, and R235A were captured on an
NTA chip and P11 and P4 were passed over the surface. As shown in Figure 3, the binding levels of
P11 and P4 decreased for the Arg mutants. The relative decrease in binding levels of the Arg mutants
to P11 and P4 was in the same order as the relative decrease in ribosome binding. The lowest binding
was observed with R235A, followed by R234A, R193A, and R189A, indicating that the peptides bind at
the ribosome binding site of RTA.
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Figure 3. The interaction curves of P11 (a—c) and P4 (d-f) with wild-type (WT) RTA and the R193A,
R235A, R189A, and R234A point mutants. The interactions were analyzed by Biacore T200 using
the same conditions as in Figure 2, except N-terminally His-tagged wild-type RTA (10x His-RTA) or
10 xHis-tagged RTA mutants were captured on an NTA chip at around 2100 RU. Flow cell 1 (Fc1) was
used as control, R235A or R234A was captured on Fc2, R193A or R189A was captured on Fc3, and wild
type (WT)-RTA was captured on Fc4. The P11 or P4 were passed over the surface at a concentration of
166.7 uM. The signals were normalized to the chip density of WT-RTA.

The crystal structures of P6 with RTA have shown that Arg235 and the last aspartic acid of P
proteins, Asp115, form a critical hydrogen bond. To determine if Asp115 is critical for binding RTA,
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a 5-mer peptide P5b (G119FGLF14) in which Asp115 was deleted was synthesized and its interaction
with RTA was compared to P5 (F111GLFD;5). The calculated Kp of P5b was over 20 times higher than
that of P5, indicating that the last aspartic acid (Dy15) is critical for the interaction with RTA (Figure 4).
These results provide further evidence that the peptides interact with the ribosome binding site of RTA.

P11: FGLFD,.s P11: GFGLF
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Figure 4. The interaction of peptides mimicking the last five amino acids (P5) of the P proteins (a,c)
and the penultimate five amino acids (P5b) with RTA (b,d). The Kp was determined by Biacore T200
using the same conditions as in Figure 2. The binding sensorgrams are shown in (a,b) and the fitting is
shown in (c,d).

2.3. Peptides Compete with Ribosomes for Binding to RTA

To determine if peptide binding at the ribosome binding site of RTA can affect binding of RTA to
ribosomes, a peptide-ribosome competition assay was conducted using the A-B-A injection capability
of Biacore 8K. The molecular weight of the yeast ribosome is about 3000 times larger than that of the
peptides. The affinity of RTA for the ribosome is in the nanomolar range [23]. The affinity of peptides
for RTA is in the high micromolar range (Table 1) and about 10°-fold lower than the affinity for the
ribosome. Since the structure of the last six amino acids of P proteins with RTA has been resolved,
P6 was chosen for the competition assay. RTA was immobilized on a CM5 chip by amine coupling.
The surface was first blocked by P6 at three different concentrations (125, 250, and 500 uM) for one
minute. Ribosomes (20 nM) were mixed with the same three concentrations of P6 and passed over the
surface for two minutes. The ribosome binding levels at the end of each injection were plotted against
the concentration of P6. As shown in Figure 5, ribosome binding decreased as the concentration of
P6 increased, indicating that P6 competed with ribosomes for binding to RTA in a dose-dependent
manner. However, 10*-fold higher concentration of P6 was needed compared to the ribosome and the
inhibition did not reach 100%.
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Figure 5. P6 competes with the ribosome for binding to RTA. The A-B-A capability of Biacore 8K was
used for the competition analysis. RTA was immobilized on a CM5 chip at 4000 RU by amine coupling.
The P6 was passed over the RTA at indicated concentrations for 1 min and then yeast ribosomes (20 nM)
were injected over the surface together with the same concentrations of P6 for another 2 min at a
flow rate of 30 uL per min. The ribosome binding levels were determined at 5 s before the end of the
injection. The surface was regenerated by three one-minute injections of 2 M NaCl and one injection of
running buffer with 2% DMSO. The data are expressed as average & SD from four replicates.

2.4. Peptides Inhibit the Depurination Activity of RTA

We showed that the peptides bind to the ribosome binding site of RTA and affect the interaction
of RTA with the ribosome. Based on our ribosome depurination model, if ribosome binding of RTA
is reduced then depurination of the SRL on the ribosome should be affected. To test this model,
we examined the ability of the peptides to inhibit the depurination activity of RTA on yeast and rat
liver ribosomes. Both ribosomes were used since RTA depurinates rat liver ribosomes at a much higher
rate than yeast ribosomes [30]. Different concentrations of peptides were incubated with RTA first,
and then ribosomes were added to start the depurination reaction. After 5 min at room temperature,
the reaction was stopped and the level of ribosome depurination was measured by qRT-PCR [31].
The percent depurination was plotted against the concentration of the peptide (Figure 6). The ICs
values were obtained by fitting the inhibition curves with the Michaelis-Menten equation using the
Origin Pro 9.1 software (OriginLab, Northampton, MA, USA). The inhibition of depurination of yeast
(Figure 6a) and rat liver (Figure 6b) ribosomes by P11 are shown. As peptide concentrations increased,
the percentage of inhibition increased, and percent inhibition reached 90% for both ribosomes. The
1Csp of P11 was 4.7 uM for yeast ribosomes and 31 uM for rat liver ribosomes (Table 2). The ICsg
values of P10 to P3 were measured using the same method for yeast (Figure S1) and rat liver (Figure
52) ribosomes and data are shown in Table 2. The IC5 values for yeast ribosomes increased from
7.9 uM to 15 uM when Djp4 was deleted and to 23 uM and 34 uM when D;j; and Dqgg were deleted,
respectively. Similarly, the ICs, values for rat ribosomes increased from 83 uM to 142 uM when Djgg
was deleted and to 267 uM when Dy was deleted. These results demonstrated that the D19sD197D10s
motif is important for inhibition of the depurination activity of RTA. The IC5( values were about 6 to 10
times higher for rat ribosomes than yeast ribosomes, possibly because RTA depurinates rat ribosomes
at a higher rate than yeast ribosomes [30]. We could not measure ICsq for P7 to P4 for rat ribosomes
because the peptide concentrations needed were prohibitive and limited by solubility. We could not
detect any inhibition activity for P3 and P5b at the highest concentration measured (500 1M). The ICsq
values correlated with the RTA interaction results (Table 1) and indicated that inhibition of ribosome
binding by peptides with even a low affinity could lead to inhibition of the depurination activity
of RTA.
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Figure 6. Inhibition of depurination activity of RTA by P11. The depurination levels were determined
by qRT-PCR. (a) Yeast ribosomes were used at 60 nM and RTA was used at 1.0 nM. (b) Rat liver
ribosomes were used at 60 nM and RTA was used at 0.2 nM. Different concentrations of P11 and RTA
were mixed first and the reaction was started by adding ribosomes. The reaction was incubated at
the room temperature for 5 min and was stopped by adding 2xRNA extraction buffer. The RNA
was purified and the depurination levels were determined by qRT-PCR. The depurination level of
the reaction without toxin was set as 100%. The depurination levels were calculated and plotted as
percent of no toxin control. Experiments were conducted four to six times and the data were fit with
the Michaelis-Menten equation using Origin Pro 9.1. ICs: the half maximal inhibitory concentration.
Imax: maximal inhibition.

Table 2. Inhibition of depurination activity of RTA by peptides.

Peptide Sequence Yeast Ribosome Rat Ribosome
I1Csp (UM) * 1Csp (uM) *
P11 S10sDDDMGFGLFD 15 4.7 +09 31+63
P10 D19 DDMGFGLFD 15 79+ 1.7 83 +18
P9 D97DMGFGLFD 15 15+15 142 + 61
P8 D10sMGFGLFDy 5 23 +44 267 + 80
P7 M;99GFGLFD;15 34+95 NA
P6 G110FGLFD115 63 + 13 NA
P5 F111GLFDy15 121 + 44 NA
P4 G112LFDy15 102 + 45 NA

* The IC5q values were determined using the method shown in Figure 6 and Figures S1 and S2. Data are from the
fitting results. NA: not analyzed.

3. Discussion

The active site of RTA has been explored extensively as a potential target for antidotes against
depurination [32]. However, since SRL is the substrate of RTA, the active site is large and mostly
polar and therefore small molecule inhibitor screens have yielded few potential inhibitors with low
affinity [32]. Although inhibitors showed activity in enzymatic tests, they failed to protect cells or
animals against ricin challenge. Only one small molecule has been shown to have activity in protecting
mice against ricin challenge by blocking the retrograde trafficking of ricin [33]. To address this barrier
and to establish a starting point for inhibitor discovery, we established the ribosome binding site of
RTA as a new target and identified the shortest length of a peptide that can bind to the ribosome
binding site of RTA and inhibit its activity.

The C-terminal ends of the ribosomal stalk P proteins interact with a small well-defined
hydrophobic pocket on the face of RTA opposite to the active site [27,28]. We show here that peptides
derived from the conserved CTD of P proteins can disrupt RTA-ribosome interactions. The longest
peptide tested was P11 because this is the smallest peptide reported to inhibit the activity of Stx1 [6].

80



Toxins 2018, 10, 371

Since the C-terminal end of this peptide is critical for RTA interaction [27,28], we deleted one amino
acid at a time starting from the N-terminal end. We found that the longer peptides had higher affinity
and inhibitory activity compared to the shorter peptides. The shortest peptide that could interact with
RTA and inhibit its activity corresponded to the last four amino acids of P proteins.

A conserved DqpgD1g7D1pg motif at the N-terminal end of P11 has been shown to be critical for
the interaction with trichosanthin (TCS) [34]. In the structure of the TCS-P11 complex, Asp108 of
P11 interacted with Lys173 of TCS via salt bridges, while Asp106 of P11 formed hydrogen bonds
with GIn169 of TCS [35]. However, in the two structures of this peptide with RTA, the Dy04D107D108
residues were not observed [27,28]. The substitution of Asp108 and Asp106 residues in P2 with
alanine abolished the interaction between P2 and TCS [35]. However, these mutations did not affect
the interaction of P2 with RTA [28]. Based on these results, Fan et al. concluded that the conserved
D1p6D107D108M1g9 motif of P2 is not involved in the interaction with RTA and only hydrophobic
interactions and hydrogen bonds contribute to the interaction [28]. In contrast, Shi et al. showed
that although the DsD107D108 motif was not observed in the structure, the binding affinity of RTA
measured by isothermal calorimetry (ITC) was lower when this motif was not present on the peptide
than when this motif was present [27].

To address the role of the negatively charged motif at the P protein CTD, we deleted these residues
one at a time. Our results indicate that individual deletion of Aspjgy and Aspjgg in the DygsD197D108
motif had negligible effect on affinity of the peptide for RTA, while deletion of Aspjos had a small
effect. This may explain why the GST-tagged P2 variants containing Asp to Ala mutations in this
motif interacted with RTA in the pull-down experiments [28]. When affinity was measured directly
using Biacore T200, we observed a small decrease in Kp from 272 uM to about 300 uM when Aspgs
was deleted. However, the IC5) increased 2-fold upon deletion of Aspyps. The IC5 increased further
2-fold when Aspg7 was deleted (Table 2). This data is consistent with our previous study [29] where
mutation of positively charged arginines on RTA led to a significant increase in Ky, toward ribosomes
without affecting the Kp, or kcat towards an RNA mimic of the SRL, indicating that electrostatic contacts
contribute to the interaction of RTA with the ribosome [29]. We showed that arginines are critical for
maintaining the fast association and dissociation rates of the interaction with the CTD of P proteins [29].
We proposed that these arginines form a positively charged patch on the surface of RTA and interact
with the negatively charged D1sD107D108 motif at the CTD of the P proteins to facilitate the interaction
of RTA with the P stalk to allow depurination of the SRL [29]. The results presented here provide direct
evidence that the DypsD197D10g motif is important for ribosome anchoring of RTA for depurination of
the SRL.

The qRT-PCR based depurination assay, which directly measures the catalytic activity of RTA
on ribosomes showed demonstrable impact on RTAs ability to depurinate ribosomes in a manner
which correlated with ribosome binding [36]. Comparison of the binding affinity and the ICsy of RTA
for the peptides indicated that the ICsy values were lower than the Kp values. The P11 with 200 uM
Kp was able to achieve 50% inhibition of RTA activity at 5 uM, which is about 40 times lower than
the Kp. For the shorter peptides, such as P5 and P4, the ICsy (~100 ptM) values were about 5 times
lower than the Kp (~500 uM) values. Although peptides do not bind RTA tightly, as indicated by
the high Kp values, they inhibit the activity of RTA, as indicated by the relatively low ICs, values.
This difference may be because of allosteric binding sites, where peptides are binding in a location
separate from the active site. Thus, peptides do not compete with binding of the active site of RTA
to the SRL, but compete with binding of RTA to the P stalk. Our results indicate that inhibition of
depurination activity involves both electrostatic and hydrophobic surfaces on the P protein peptide.
Electrostatic interactions are critical to maintain the high association and dissociation rates of RTA with
the P proteins on the ribosome [28]. Even low affinity binding to the P protein peptide led to a high
level of inhibition of depurination by RTA, suggesting that the ribosome binding site is a potentially
valuable target distinct from the active site. However, due to the low affinity of the peptides for RTA in
combination with the high catalytic efficiency of RTA the therapeutic potential of the peptides used in
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this study is limited and is not a claim of this paper. They need to be optimized into higher affinity
ligands. We establish the ribosome binding site as a potential new target for inhibitor discovery as a
proof of concept. Since P protein CTD is the binding site of several RIPs, including the Stxs, inhibitors
targeting the ribosome interaction site of RTA could be effective against the Stxs.

The structural analysis showed that the binding between P10 and RTA is mediated by hydrophobic
interactions. The Phelll, Leu 113, and Phel14 residues are inserted into a hydrophobic pocket and
the Phel14 and Asp115 residues form hydrogen bonds with Arg235 of RTA [27,28]. Consistent with
the structural analysis, our results indicated that P5 and P4 showed similar affinity and inhibition
activity for RTA (Tables 1 and 2). The binding and depurination inhibition results of P5 over P5b
(Figure 4) confirmed that Asp115 plays an important role in the interaction. However, P3 containing
both Phel14 and Asp115 only bound very weakly to RTA and could not inhibit RTA activity. Although
the conformation of TCS bound to P11 differed from the structure of RTA, both RIPs recognized the
Leul13 and Phe114 motif [28]. This LF motif is conserved in both eukaryotic and archaeal ribosomal
stalk proteins and has been shown to be necessary for binding of translational GTPases to the stalk
proteins [37,38]. Our results suggest that RTA binding to P3 is substantially reduced when Gly112 is
deleted possibly because Gly112 accommodates the required backbone to facilitate the insertion of
Phelll, Leul13, and Phel14 into the hydrophobic pocket on RTA [28]. The structural analysis showed
that the C-terminal sequences of P proteins do not form a stable structure in solution in a ligand-free
state [16], but appear as an «-helix upon binding to the hydrophobic pocket of RTA [27,28]. Since 3.6
amino acids are the minimum length needed to form an x-helix, the last three amino acids may not
interact well with RTA because they cannot form an «-helix even though they contain all the critical
side chains for the interaction. These results indicate that the minimal length of P protein CTD required
for binding to RTA and inhibiting its activity is four amino acids.

The C-terminal sequences of the stalk proteins can adapt diverse conformations in order to bind
distinct ligands specifically [16]. The P11 appeared as a type II B-turn upon binding to TCS [35].
However, the last six amino acids of P11 formed an «-helix when bound to RTA [27,28]. Similarly,
the CTD of archaeal P1 (aP1) formed a (3-turn and a 31p-helix when bound to eIF5B [20]. In contrast,
the CTD of aP1 bound to eIF1A formed a long extended «-helix [37]. The aP1 bound to a hydrophobic
pocket on the surface of elF5B, which is present on the opposite side of the GTP/GDP binding site [20].
It was suggested that the stalk/eIF5B interaction contributes to the recruitment of the GTP binding site
of eIF5B to the SRL [20]. Our results indicate that RTA interacts with rapid on and off rates and with
low affinity with peptides mimicking the C-terminal sequence of the P proteins. The A1 subunit of Stx1
was also shown to interact with low affinity with P11 [7]. RIPs and translational GTPases may interact
with low affinity with the stalk proteins to properly orient their active site and the GTP binding site,
respectively, towards the SRL. Thus, our RTA-ribosome interaction model, which proposes that the
interaction with the stalk stimulates the catalysis of depurination by orienting the active site of RTA
towards the SRL [22], may be applicable to other RIPs and the translational GTPases that interact with
the stalk.

4. Materials and Methods

4.1. Peptide Synthesis

Peptides were synthesized by GenScript (Piscataway, NJ, USA) at purity higher than 98%.
The purity and the sequence accuracy were confirmed by HPLC and mass spectrometry.

4.2. RTA Purification

Wild-type untagged RTA was purified using a previously published method [30]. His-tagged
wild-type RTA was purified as previously described [22]. His-tagged RTA mutants were purified by
the Northeast Biodefense Center Protein Expression Core. Yeast and rat liver ribosomes were purified
using a previously published method [5].
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4.3. Peptide—RTA Interaction

The peptide-RTA interaction was measured by surface plasmon resonance (SPR) using Biacore
T200. The untagged RTA was immobilized on a CM5 chip at 2000 to 3000 RU by amine coupling.
The reference channel was blocked as the active channel. The peptides were passed over the surface at
6.2,18.5,55.6,166.7, and 500 uM at a flow rate of 30 uL/min. The running buffer was 10 mM Tris-HCl
pH?7.5, 60 mM KCl, 10 mM MgOAc, and 0.5% DMSO. The affinity was obtained by fitting the binding
data using Biacore T200 Evaluation Software version 3.0.

The peptide-RTA mutant interactions were measured using Biacore T200. The 10 x His-tagged
wild-type RTA or the 10 x His-tagged RTA mutants were captured on an NTA chip to around 2000 RU.
The blank surface without Ni* was used as the reference. The peptides were passed over the surface
at 30 pL/min. The running buffer was the same as the untagged RTA. The binding signals were
normalized for the differences in surface density.

4.4. Peptide Competition Assays

The peptide competition assays were conducted using Biacore 8K (GE Healthcare, Marlborough,
MA, USA). The untagged RTA was immobilized on a CM5 chip to around 4000 RU in flow cell 2 for all
eight channels by amine coupling. The flow cell 1 was activated and blocked. The A-B-A injection
was used. The surface was first injected for 1 minute with peptide P6 at 0, 125, 250, and 500 M. Then,
yeast ribosomes (20 nM) mixed with the same concentrations of P6 were injected on the surface for
2 min. Ribosome disassociation was allowed for another 2 min. The flow rate was 30 uL/min. The
surface was regenerated by three one-minute injections of 2 M NaCl and one 1 min injection of running
buffer containing 2% DMSO. The running buffer was the same as peptide-RTA interaction buffer with
0.005% of surfactant P20. The binding levels of ribosome at “A-B-A binding later” were compared.

4.5. Inhibition of RTA Depurination

The inhibition of depurination activity was measured by qRT-PCR using the untagged RTA [31].
The final RTA concentration was 1.0 nM for yeast ribosomes and 0.2 nM for rat liver ribosomes with
both ribosome concentrations at 60 nM. The same buffer used to examine the interaction of RTA with
peptides was used. The final peptide concentrations varied dependent on the level of inhibition by the
peptides. RTA was mixed with the peptides at room temperature for several minutes. The ribosomes
were added to start the reaction. The depurination reaction was incubated at 25 °C for 5 min and was
stopped by adding an equal volume of RNA extraction buffer. RNA was purified from the depurinated
ribosomes using a previously published method [22]. The percentage of depurination was determined
by qRT-PCR [31]. In each set of measurements, the ribosome and peptide mixture without toxin was
used as 100% and the mixture with ribosome and toxin but without the peptide was used as 0%.
The percentage of inhibition was plotted against the peptide concentration and the ICsy was calculated
by fitting the data with the Michaelis-Menten function using Origin Pro 9.1.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2072-6651/10/9/371/s1,
Figure S1: Inhibition of depurination activity of RTA on yeast ribosomes by peptides P10-P3. The IC5, values
were determined as in Figure 6 and are shown in Table 2. Figure S2: Inhibition of depurination activity of RTA on
rat liver ribosomes by peptides P10, P9, and P8. The IC5( values were determined as in Figure 6 and are shown in
Table 2.
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Abstract: Ricin is a member of the ribosome-inactivating protein (RIP) family of toxins and is classified
as a biothreat agent by the Centers for Disease Control and Prevention (CDC). Inhalation, the most
potent route of toxicity, triggers an acute respiratory distress-like syndrome that coincides with near
complete destruction of the lung epithelium. We previously demonstrated that the TNF-related
apoptosis-inducing ligand (TRAIL; CD253) sensitizes human lung epithelial cells to ricin-induced
death. Here, we report that ricin/TRAIL-mediated cell death occurs via apoptosis and involves
caspases -3, -7, -8, and -9, but not caspase-6. In addition, we show that two other TNF family members,
TNEF-o and Fas ligand (FasL), also sensitize human lung epithelial cells to ricin-induced death. While
ricin/TNF-a- and ricin/FasL-mediated killing of A549 cells was inhibited by the pan-caspase inhibitor,
zVAD-fmk, evidence suggests that these pathways were not caspase-dependent apoptosis. We also
ruled out necroptosis and pyroptosis. Rather, the combination of ricin plus TNF-« or FasL induced
cathepsin-dependent cell death, as evidenced by the use of several pharmacologic inhibitors. We
postulate that the effects of ZVAD-fmk were due to the molecule’s known off-target effects on cathepsin
activity. This work demonstrates that ricin-induced lung epithelial cell killing occurs by distinct cell
death pathways dependent on the presence of different sensitizing cytokines, TRAIL, TNF-«, or FasL.

Keywords: ricin; toxins; cytokines; toxin-mediated diseases; apoptosis; cathepsin; tumor necrosis
factor; fas; caspases

Key Contribution: In this study, we have defined the cell death pathways induced by ricin/TRAIL,
ricin/TNF-«, and ricin/FasL in human lung epithelial cells. As our analysis probed each pathway at
several steps, this work may lead to novel therapeutic approaches to ricin toxicity that target multiple
cell death pathways at different steps in addition to direct targeting of ricin.

1. Introduction

Ricin is a 60-65 kDa glycoprotein toxin derived from the castor bean plant, Ricinus communis [1-3].
The toxin, which presumably functions in plant defense, comprises 1-5% of the total dry weight of
the bean. The cytotoxicity of ricin is based on its ability to inhibit protein synthesis in all mammalian
cell types, including macrophages and epithelial cells [1-3]. Due to its potential to be aerosolized and
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deployed as a biological weapon, ricin is classified by the Centers for Disease Control and Prevention
(CDCQ) as a select agent [1-5].

Technically, ricin is a member of the type II family of ribosome-inactivating proteins (RIPs),
consisting of a catalytic A subunit (RTA) attached via disulfide bond to a cell-binding B subunit
(RTB) [6,7]. RTB is a lectin that binds 3-1,4 galactose (Gal) and N-acetylgalactosamine (GalNAc)
moieties on glycolipids and glycoproteins on the surface of target cells [8]. Following binding, ricin
is internalized via clathrin-dependent endocytosis and then undergoes retrograde transport to the
trans Golgi network (TGN) and endoplasmic reticulum (ER) [9]. Recently, it has been shown that
fucosylation and the absence of sialylation are vital for the trafficking of ricin to these compartments [9].
Once the toxin reaches the ER, the disulfide link between the A and B subunits is reduced and RTA
alone is translocated into the cell cytoplasm [9,10]. RTA inhibits protein synthesis by virtue of its ability
to cleave a specific glycosidic bond in the so-called sarcin-ricin loop (SRL) of rRNA in the 60s ribosomal
subunit [10-12]. The SRL is critical for the binding of elongation factor 2 to the ribosome, which is
necessary for polypeptide synthesis [13,14]. Therefore, depurination of the SRL leads to the cessation
of protein synthesis [11,12]. This activity is so potent that it has been noted that a single RTA can inhibit
the function of 1500 ribosomes per minute [1]. Ricin is extremely toxic following inhalation [15,16].
Wide-scale damage caused by inhaled ricin leads to acute respiratory distress syndrome (ARDS) which
is characterized by a potent proinflammatory response [16-19].

Previously, we reported that the cytokine TNF-o related apoptosis-inducing ligand (TRAIL)
modulates the toxicity of ricin as well as the host inflammatory response to this toxin [20]. In particular,
we demonstrated that addition of TRAIL enhanced the death of Calu-3 human lung epithelial cells in a
caspase-dependent manner and evoked an inflammatory response dominated by IL-6 [20]. Considering
that TRAIL is one of a number of potent cell death ligands that accumulate during proinflammatory
responses [21-23], we wanted to evaluate the cell death modulatory activities of other cytokines in
the context of ricin toxicity. These cytokines include TNF-« and Fas ligand (FasL), both of which,
along with TRAIL, are capable of inducing several different programmed cell death pathways [21-23].
In addition, proinflammatory and death-inducing cytokines such as these are abundant components in
the bronchoalveolar lavage fluid of animals following ricin inhalation [24-29]. We hypothesize that
lung epithelial cells compromised by ricin will be primed to undergo high levels of cell death following
contact with death-inducing cytokines. We believe that this heightened cell death response to ricin will
be controlled by known programmed cell death pathways. In the current study, we use biochemical
approaches to provide a detailed characterization of A549 human lung epithelial cell death responses
to ricin administered in combination with TRAIL, TNF-«, or FasL. Defining these cell death responses
and identifying multiple steps at which they can be inhibited may lead to new therapeutic approaches
to ricin toxicity targeted against specific programmed cell death pathways.

2. Results

2.1. Ricin-Induced Death Is Primed by TRAIL, TNF-a, and FasL

To test the hypothesis that extrinsic cytokines cause an increase in ricin-induced cell death, A549
cells were treated with increasing doses of ricin in the absence or presence of 100 ng/mL TRAIL, TNF-«,
or FasL for 24 h at 37 °C. Over a range of toxin concentrations, addition of each of the cytokines resulted
in a significant increase in ricin-induced cell death (Figure 1A). Our previous work indicated that
ricin/TRAIL induces apoptosis of Calu-3 human lung epithelial cells [20]. Indeed, when we used the
pan-caspase inhibitor zZVAD-fmk, A549 cell death induced by ricin combined with TRAIL, TNF-«, or
FasL was prevented (Figure 1B—D). Collectively, the results of Figure 1 indicate that TRAIL, TNF-«,
and FasL enhance ricin-induced cell death in a manner that is likely caspase-dependent apoptosis.
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Figure 1. Extrinsic cytokines enhance ricin-induced death of A549 cells in a zZVAD inhibitable manner.
A549 lung epithelial cells were treated with ricin alone or in combination with 100 ng/mL TRAIL,
TNEF-o, or FasL for 24h at 37 °C followed by measurement of cell death via WST-1 assay. (A) All 3
cytokines/ligands resulted in a significant increase in cell death relative to treatment with ricin alone.
A549 cell death induced by ricin combined with (B) TRAIL, (C) TNF-¢, or (D) FasL is prevented by the
pan-caspase inhibitor, zZVAD-fmk (50 tM). Results are the average of 3 independent experiments. Error
bars = standard deviation. Two-way analysis of variance (ANOVA), *** p < 0.001.

2.2. Cell Death Induced by Ricin/TRAIL Is Associated with Caspase Activation while Death by Ricin/TNF-«
and Ricin/FasL Is Not

To get a clear view of the involvement of caspases, the effectors of apoptosis [21], in cell death by
ricin combined with TRAIL, TNF-«, or FasL, A549 cells were treated with 1 ng/mL ricin combined with
100 ng/mL TRAIL, TNF-«, or FasL for 4 h at 37 °C followed by cell lysis and western blot. Treatment
with ricin or any of the cytokines alone did not result in caspase cleavage/activation (Figure 2A-C).
When combined with TRAIL, ricin induced cleavage/activation of caspases-3, -7, -8, and -9 but not
caspase-6 (Figure 2A and Figure S1). However, the combination of ricin and TNF-« or ricin and FasL
did not cause cleavage/activation of any caspase tested (Figure 2B,C). To determine if caspases were
cleaved with slower kinetics, we measured caspase cleavage in response to ricin/TNF-o or ricin/FasL
after 8 h of treatment. However, caspases were not cleaved/activated in A549 cells at this time point
(Figure S2). As a positive control for TRAIL-, TNF-, and FasL-induced apoptosis, A549 cells were
treated with 250 ng/mL cycloheximide (CHX) combined with 100 ng/mL TRAIL, TNF-c, or FasL [30-37].
Apoptosis induced by CHX combined with any of the cytokines resulted in cleavage/activation of
caspases-3, -6, -7, -8, and -9 (Figure 2D and Figure S3). These results clearly demonstrate that caspases
are activated following attack by ricin/TRAIL but are not affected by ricin/TNF-o and ricin/FasL.
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Figure 2. The combination of ricin and TRAIL induces caspase activation, while addition of TNF-«
or FasL with ricin does not. A549 lung epithelial cells were treated with 1 ng/mL ricin alone or in
combination with 100 ng/mL TRAIL, TNF-«, or FasL for 4 h at 37 °C followed by cell lysis and western
blot. (A) The combination of ricin and TRAIL results in cleavage/activation of caspases-3, -7, -8, and -9.
Caspase-6 is not cleaved/activated in response to ricin/TRAIL (B,C) The combination of ricin/TNF-« or
ricin/FasL does not result in the cleavage/activation of caspases. (D) A549 cells were treated with 250
ng/mL cycloheximide (CHX) combined with TNF-«, FasL, or TRAIL as a positive control for TRAIL-,
TNEF-, and FasL-induced apoptosis. As expected, when cycloheximide is combined with TNF-«, FasL,
or TRAIL it results in the cleavage/activation of caspases-3, -6, -7, -8, and -9. Shown are representative
blots from 3 independent experiments.

2.3. The Combination of Ricin and TRAIL Induces Caspase-Dependent Apoptosis

The results of Figure 2 suggest that ricin/TRAIL causes activation of caspases, and thus apoptosis,
while ricin/TNF-« and ricin/FasL do not. This finding was unexpected for ricin/TNF-o and ricin/FasL.
Therefore, we decided to perform a detailed characterization of A549 cell death caused by ricin
combined with TRAIL, TNF-«, or FasL. A549 cells were treated with increasing doses of ricin and
100 ng/mL TRAIL for 24 h at 37 °C in the absence or presence of specific caspase inhibitors. We
determined that cell death induced by ricin combined with TRAIL depends on executioner caspases-3
and -7 (Figure 3A and Figure S4) as well as initiator caspases-8 and -9 (Figure 3C,D and Figure S4)
but not caspase-6 (Figure 3B). These results are in agreement with our caspase activation/cleavage
results of Figure 2. As a positive control for TRAIL-induced apoptosis, A549 cells were treated with
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250 ng/mL CHX combined with increasing concentrations of TRAIL [30] (Figure 3E). Cell death induced
by CHX/TRAIL was prevented by inhibition of caspases-3, -7, -8, and -9 as the combination of CHX
and TRAIL induces apoptosis [30,38,39]. These results indicate that ricin induces caspase-dependent
apoptosis of human lung epithelial cells when combined with TRAIL similar to the combination of

CHX and TRAIL.
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Figure 3. A549 cell death induced by ricin/TRAIL depends on caspases-3, -7, -8, and -9. A549 lung
epithelial cells were treated with ricin alone or in combination with 100 ng/mL TRAIL in the presence
or absence of caspase inhibitors for 24 h at 37 °C followed by measurement of cell death via WST-1
assay. Cell death induced by the combination of ricin and TRAIL was prevented by inhibition of
(A) caspases-3 and -7 with zDEVD-fmk (30 uM) but not (B) caspase-6 with zZVEID-fmk (30 uM).
Moreover, cell death by ricin/TRAIL was prevented by inhibitions of (C) caspase-8 with zZIETD-fmk (30
uM) and (D) caspase-9 with zLEHD-fmk (10 uM). (E) A549 cells were treated with the combination
of 250 ng/mL cycloheximide (CHX) and TRAIL as a positive control for TRAIL-induced apoptosis.
As expected, cycloheximide/TRAIL-induced apoptosis is prevented by all caspase inhibitors tested.
Results are the average of 3 independent experiments. Error bars = standard deviation. Two-way
ANOVA, ***p < 0.001, ** p < 0.01.

2.4. Ricin Combined with TNF-a or FasL Induces Caspase-Independent Cell Death

We next characterized A549 cell death by ricin/TNF-o or ricin/FasL with respect to the findings
of Figure 2. A549 cells were treated with increasing doses of ricin and 100 ng/mL TNF-« or FasL for
24 h at 37 °C. Cell death induced by ricin/TNF-« or ricin/FasL was not prevented by specific inhibition
of caspases-3, -6, -7, -8, or -9 (Figure 4A-F and Figure S5). In contrast to the results with zZVAD-fmk
(Figure 1C,D), these results are in agreement with those of Figure 2. As positive controls for TNF-
and FasL-induced apoptosis, A549 cells were treated with 250 ng/mL CHX combined with increasing
concentrations of TNF-« [30-37] (Figure 4G) or FasL [30,34,36] (Figure 4H). TNF- and FasL-induced
apoptosis were prevented by inhibition of caspases-3, -7, -8, and -9 (Figure 4G,H). These results indicate
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that ricin/TNF-o and ricin/FasL induce caspase-independent cell death which is distinct from the
caspase-dependent apoptosis induced by CHX/TNF-« and CHX/FasL.
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Figure 4. Ricin/TNF-« and ricin/FasL both induce caspase-independent death of A549 cells. A549
lung epithelial cells were treated with ricin alone or in combination with 100 ng/mL TNF-c or FasL
in the presence or absence of caspase inhibitors for 24 h at 37 °C followed by measurement of cell
death via WST-1 assay. Cell death induced by ricin/TNF-« and ricin/FasL was not prevented by
inhibition of (A,B) caspases-3 and -7 with zZDEVD-fmk (30 uM), (C,D) caspase-8 with ZIETD-fmk (30
uM), or (E,F) caspase-9 with zZLEHD-fmk (10 uM) (G,H) A549 cells were treated with the combination
of 250 ng/mL cycloheximide (CHX) and TNF-o or cycloheximide and FasL as positive controls for
TNF- and FasL-induced apoptosis. As expected, cycloheximide/TNE- and cycloheximide/FasL-induced
apoptosis is prevented by all caspase inhibitors tested. Results are the average of 3 independent
experiments. Error bars = standard deviation. Two-way ANOVA, *** p < 0.001.

Since cell death induced by ricin/TNF-o and ricin/FasL was prevented by the pan-caspase inhibitor,
zVAD-fmk but not inhibition of specific apoptotic caspases (Figures 1C,D and 4 and Figure S5), we
investigated the involvement of alternative caspases and apoptosis effectors in both instances of cell
death. Inhibition of caspase-1, the central effector caspase of pyroptosis [40,41], did not prevent cell
death by ricin/TNF-« or ricin/FasL (Figure 5A,B). Caspase-2 is thought to have initiator and effector
roles in some forms of apoptosis [42] yet its inhibition did not prevent cell death by ricin combined
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with either cytokine (Figure 5C,D). During intrinsic apoptosis, Bax is critical for mitochondrial outer
membrane pore formation and cytochrome c release [21]. However, when Bax was inhibited there was
no effect on the cell death induced by ricin/TNF-« or ricin/FasL (Figure 5E,F) in contrast to its effect
on apoptosis induced by CHX/TNF-a or CHX/FasL (Figure S6). Furthermore, cytochrome c was not
observed in the cytoplasm of cells treated with ricin/TNF-¢ or ricin/FasL (Figure S7).
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Figure 5. A549 cell death induced by ricin in combination with TNF-« or FasL does not depend
on caspase-1, -2, or Bax. A549 lung epithelial cells were treated with ricin alone or in combination
with 100 ng/mL TNF-« or FasL in the presence or absence of various pharmacologic inhibitors. Cell
death induced by the combination of ricin with TNF-o or FasL was not prevented by inhibition of
(A,B) caspase-1 with zZYVAD-fmk (10 uM), (C,D) caspase-2 with zZVDVAD-fmk (50 uM), or (E,F) Bax with
a peptide-based inhibitor (Bax-inhibiting peptide v5, 100 tM). Results are the average of 3 independent
experiments. Error bars = standard deviation. Two-way ANOVA, *** p < 0.001.

Necroptosis is another major pathway of cell death in addition to apoptosis which may be induced
by TNF-« and FasL [23,43]. Thus, we investigated the involvement of RIP1, the initiator kinase of
necroptosis [23,43], in cell death by ricin combined with TNF-« or FasL. Cell death induced by ricin
combined with either cytokine was not prevented by the RIP1 inhibitor, necrostatin-1s (Figure S8).
Collectively, the results of Figure 5 and Figure S7 indicate that ricin/TNF-« and ricin/FasL do not induce
one of the classical non-apoptotic cell death pathways. Additionally, the pattern of Mcl1 protein loss
does not differ between ricin/TRAIL vs. ricin/TNF-« or ricin/FasL in A549 cells (Figure S9). Thus, we
believe the distinct cell death responses to ricin combined with different cytokines is not the result of
altered kinetics of protein synthesis inhibition.

2.5. Cell Death Induced by Ricin/TNF-a and Ricin/FasL Depends on Cathepsins

Treatment with ZVAD-fmk (pan-caspase inhibitor) prevented cell death induced by ricin/TNE-oc
and ricin/FasL (Figure 1C,D) yet it does not appear as though caspases are activated during these
instances of cell death (Figures 2 and 4, Figure 52 and Figure S5). Importantly, zZVAD-fmk may have
off-target effects against cathepsins in addition to its specific effects on caspases [44,45]. Therefore,
we wondered if the effects of this inhibitor were due to deactivation of cathepsins. Interestingly,
zFA-fmk, an inhibitor of executioner caspases-2, -3, -6, and -7 [46] as well as cathepsins B, L and
S [47], caused significant inhibition of cell death induced by ricin combined with either TNF-« or
FasL (Figure 6A,B). In addition, E64d, an inhibitor of calpains as well as cathepsins B, H, and L [48],
blunted A549 cell death by ricin/TNF-« or ricin/FasL (Figure 6C,D). However, calpeptin, an inhibitor of
calpains as well as cathepsins L and K [49], had no effect on cell death by ricin/TNF-« or ricin/FasL
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(Figure S10). Cathepsin inhibitor 1 (CATI-1) has activity against cathepsins L and S with cathepsin B
being its primary target [50]. Inhibition with CATI-1 prevented A549 cell death by ricin combined with
TNF-« or FasL (Figure 6E,F). Importantly, CATI-1 had not effect on apoptosis induced by ricin/TRAIL
(Figure S11). Cathepsin-dependent cell death is often associated with a dependence on reactive oxygen
species (ROS) [51]. We investigated the involvement of ROS in cell death induced by ricin/TNF-« and
ricin/FasL using the antioxidant, N-acetylcysteine. Scavenging of ROS by N-acetylcysteine (NAC)
resulted in a significant prevention of cell death induced by ricin/TNF-« or ricin/FasL (Figure 512).
Collectively, these results indicate that when combined with TNF-« or FasL, ricin induces cell death
that depends on cathepsins with a likely role for ROS.
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Figure 6. Cell death induced by ricin/TNF-« or ricin/FasL depends on cathepsins. A549 lung epithelial
cells were treated with ricin alone or in combination with 100 ng/mL TNF-« or FasL for 24 h at 37 °C
followed by measurement of cell death via WST-1 assay. Cell death induced by ricin/TNF-& and
ricin/FasL was partially prevented by inhibition of cathepsins with (A,B) zFA-fmk (50 uM), (C,D)
E64d (50 uM), or (E,F) cathepsin inhibitor 1 (CATI-1, 20 uM). Results are the average of 3 independent
experiments. Error bars = standard deviation. ANOVA, *** p < 0.001, ** p < 0.01.

The dominant cell line used in this study was A549 human lung epithelial cells, a cell line derived
from lung carcinoma. These cells were chosen as they represent a model of human alveolar, type I
pneumocytes for drug and toxin metabolism [52,53]. To determine if our results were unique to A549
cells, we conducted experiments with Calu3 human lung epithelial cells. Previously, we showed that
ricin/TRAIL induces caspase-dependent apoptosis in Calu3 cells [20]. Here we show that Calu3 cells
appear to be insensitive to cell death by ricin/TNF-« or ricin/FasL (Figure S13). Therefore we tested
another human cell line, U937 monocytes, as alveolar macrophages are another target cell of ricin upon
inhalation. Indeed, ricin/TRAIL induced caspase-dependent apoptosis in U937 cells while ricin/TNF-«
and ricin/FasL induced cathepsin-dependent cell death (Figure S14). While the results obtained in
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U937 cells supports our findings in A549 cells, these are also a cell line derived from cancerous tissue.
Future work should focus on comparing these findings to those obtained in primary lung epithelial
cells and macrophages.

3. Discussion

3.1. Distinct Cell Death Modalities

Our results indicate that ricin induces distinct cell death modalities in A549 human lung epithelial
cells depending upon the TNF family cytokine with which it is paired. As ricin is the common factor
in each of these scenarios, it is tempting to speculate that the cytokines administered with ricin and
their downstream signaling pathways are the primary factors in producing these distinct outcomes.
However, when combined with CHX, another molecule that inhibits protein synthesis [54], TRAIL,
TNF-«, and FasL all induced caspase-dependent apoptosis (Figures 3E and 4G-H). Therefore, there
is something unique about the combination of ricin with each of these cytokines which produces
different cell death responses. While ricin and CHX both inhibit protein synthesis, they do so by distinct
mechanisms: ricin via depurination of rRNA [10,11,13,14] and CHX via occupation of the ribosomal E
site [54]. It is possible that these fine mechanistic differences account for the distinct outcomes of cell
death depending upon whether TNF family cytokines are paired with ricin or CHX. In addition, there
is evidence that the protein synthesis inhibition activity of ricin does not correlate with execution of
cell death in other systems [55]. The fact that the cell death caused by ricin does not correlate with
protein synthesis inhibition may also provide an explanation for the difference in these cell death
outcomes. While TRAIL, TNF-¢, and FasL have common upstream signaling events, each pathway
eventually diverges [56,57]. Thus, there is precedent for induction of distinct cell death pathways in
response to TRAIL, TNF-«, and FasL. The final intersection point in these signaling pathways is likely
the death-inducing signaling complex (DISC) [58,59]. We speculate that following DISC formation the
signaling pathway induced by ricin/TRAIL diverges from that induced by ricin/TNF-o and ricin/FasL
accounting for these distinct cell death outcomes. Future work will include a detailed study on these
signaling responses to address this.

Of note is the fact that ricin alone did not appear to induce caspase-dependent apoptosis in
A549 cells throughout this work. This is in contrast to in vivo findings as well as results from other
human cell types [60,61]. In HeLa cervical cells, MCF7 mammary cells, and U937 monocytes, ricin
alone induces caspase-dependent apoptosis [60,61]. The cell death that ricin induces in human lung
epithelial cell lines is less certain. The inability of ricin alone to induce apoptosis in A549 cells does not
appear to be a unique feature of this cell line as we obtained similar results in Calu3 lung epithelial
cells [20]. Therefore, while ricin induces apoptosis in other human cell types, lung epithelial cells may
exhibit a different cell death modality in response to this toxin.

3.2. Cathepsin-Dependent Cell Death

We originally hypothesized that the combination of ricin with TRAIL, TNF-«, or FasL would
produce caspase-dependent apoptosis. However, this was only the case when ricin was combined with
TRAIL (Figures 2A and 3). The fact that the pan-caspase inhibitor, zZVAD-fmk, prevented cell death by
ricin/TNF-« and ricin/FasL suggested that, like TRAIL, these cytokines also provoke caspase-dependent
apoptosis when administered with ricin (Figure 1C,D). However, it is clear that there is no role for
caspases in cell death by ricin/TNF-« or ricin/FasL (Figure 4A-F and Figure S5). Moreover, these
signaling molecules remain inactivated in response to ricin/TNF-« and ricin/FasL (Figure 2B,C and
Figure S2). In addition, we confirmed that alternative caspases (caspases-1 and -2) and downstream
apoptosis effectors (Bax) do not play a role in cell death by ricin/TNF-« or ricin/FasL (Figure 5).

Cathepsins are proteases originally discovered to be resident to lysosomes but are present in
the cytoplasm and nucleus as well [62]. These molecules may have roles in apoptosis, necroptosis,
and pyroptosis [51,62,63]. The results presented in Figure 6 clearly indicate that ricin/TNF-« and
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ricin/FasL each induce cathepsin-dependent death of A549 human lung epithelial cells. However, we
believe that this is a distinct cathepsin-driven cell death pathway and not a component of another cell
death pathway (e.g., apoptosis, necroptosis, etc.). Indeed, we ruled out contributions from apoptosis
(Figures 2B,C and 4), necroptosis (Figure S2), and pyroptosis (Figure 5A,B) to cell death induced by
ricin/TNF-« and ricin/FasL. Cathepsin-driven cell death is often accompanied by ROS activity [51].
Therefore, our findings that N-acetylcysteine (NAC) prevents cell death by ricin/TNF-« or ricin/FasL
(Figure S4) are consistent with known mechanisms of cathepsin-dependent cell death, particularly
since we have ruled out contributions from apoptosis, necroptosis, and pyroptosis (Figures 4 and 5A,B
and Figure S8). It is possible that the cathepsin-dependent cell death induced by ricin/TNF-« and
ricin/FasL is a form of lysosome-dependent cell death, which requires the release of cathepsins from
lysosomes via permeabilization [51,63]. However, cathepsins are known to be resident to the cytoplasm
as well [62], making lysosomal involvement in these pathways unclear. If lysosomal permeabilization
is the basis for cathepsin involvement in these pathways, it is likely to be ROS-mediated, particularly
in light of the results from Figure S12. The other major stimulus for lysosomal permeabilization is
Bak/Bax [51], whose involvement we have ruled out (Figure 5E,F).

Interestingly, in Figure S11 NAC did not prevent cell death induced by ricin alone. This is in
contrast to other reports that ROS are involved in cell death induced by ricin [64,65]. Data on the
involvement of ROS in ricin-induced death of human lung epithelial cells are lacking, however. As
noted earlier, ricin alone clearly induces caspase-dependent apoptosis in human monocytes, mammary
cells, and cervical cells [60,61]. However, in this work as well as our prior work we have shown that
ricin alone does not induce caspase-dependent apoptosis of human lung epithelial cells lines A549
(Figures 2—4) and Calu3 [20]. We hypothesize that NAC did not affect cell death by ricin alone in A549
cells as these cells undergo a cell death response to ricin which differs from the caspase-dependent
apoptosis that ricin induces in other human cell types. This also agrees with the accepted concept that
ROS have a key role in apoptosis [66].

3.3. Therapeutic Implications

Enhancement of ricin-induced cell death by TNF family cytokines presents new potential
therapeutic targets against ricin toxicity. Targeting these cell death ligands directly with neutralizing
antibodies represents a viable therapeutic option as does targeting ricin with neutralizing antibodies.
We explored this previously at the cellular level [20]. Our identification of activated cell death pathways
in response to ricin combined with TNF family cytokines reveals further potential therapeutic targets
(i.e., specific components of each cell death pathway). However, the finding that different cytokines
induce distinct cell death pathways in combination with ricin suggests that a combinatorial approach
may be best in the context of ricin toxicity. Rather than targeting apoptosis, which would limit
ricin/TRAIL-induced cell death only, both caspase-dependent apoptosis and cathepsin-dependent
cell death should be targeted. In addition, we cannot rule out contributions from other cytokines
and cell death pathways to ricin-induced cell death in the in vivo setting. This could result in the
targeting of multiple cell death pathways at various steps to limit ricin-induced toxicity. Another
potential therapeutic implication of this work may extend to the targeting of tumors, as we have
utilized cell lines derived from cancerous tissue throughout this research. Recent research on cancer
therapeutics has partly focused on transfection of cytotoxic genes into tumor cells [67]. Ricin may serve
as a good candidate for such targeted cancer therapy, particularly if combined with administration of
TNF family cytokines.

4. Materials and Methods

4.1. Reagents and Inhibitors

Ricin toxin (Ricinus communis agglutinin II) was purchased from Vector Laboratories and used at
the concentrations noted. Ricin was dialyzed in 1x PBS using 10K MW-cutoff Slide-A-Lyzer dialysis
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cassettes (Pierce, Rockford, IL, USA) prior to experimentation. Cycloheximide (Sigma, St. Louis,
MO, USA) was used at a concentration of 500 ng/mL unless noted otherwise. Recombinant human
TRAIL (Peprotech, Rocky Hill, NJ, USA), TNF-« (Shenandoah Biotechnology, Warwick, PA, USA), and
FasL (Super Fas ligand, Enzo Life Sciences, Farmingdale, NY, USA) were used at a concentration of
100 ng/mL unless noted otherwise. All caspase inhibitors are irreversible and were purchased from
ApexBio (Houston, TX, USA). Pan-caspase inhibitor zZVAD-fmk, executioner caspase and cathepsin
inhibitor zFA-fmk, and caspase-2 inhibitor zZVDVAD were each used at a concentration of 50 pM.
Caspase-3/7 inhibitor zZDEVD, caspase-8 inhibitor zIETD, and caspase-6 inhibitor zZVEID were each used
at a concentration of 30 uM. Caspase-1 inhibitor zZYVAD-fmk and caspase-9 inhibitor zZLEHD-fmk were
each used at a concentration of 10 uM. Necrostatin-1s (EMD Millipore, Burlington, MA, USA) was used
at a concentration of 50 uM. Bax-inhibiting peptide v5 (EMD Millipore) was used at a concentration of
100 uM. E64d was used at a concentration of 10 uM. Cathepsin inhibitor 1 (CATI-1, ApexBio) was used
at a concentration of 20 uM. N-acetylcysteine (Sigma) was used at a concentration of 10 mM.

4.2. Cell Culture

A549 lung epithelial cells (CCL-185, ATCC, Manassas, VA, USA) were cultured in Ham’s F-12K
medium (Thermo Fisher) with 10% FBS as recommended by the ATCC. Cells were grown in a
humidified incubator with 5% CO; at 37 °C. Cells were cultured in 75-cm? cell culture flasks and
subcultured when they reached ~80% confluence at a 1:5 dilution. Cells were lifted using TrypLE
Express (Thermo Fisher, Waltham, MA, USA) at 37 °C. Cells were maintained at a maximum of
10 passages for the experiments in this work.

4.3. Cell Death Assays

A549 lung epithelial cells were seeded at 1200 cells/well in 96-well plates (Celltreat, Pepperell,
MA, USA) and allowed to culture for 24 h in Ham’s F-12K medium (Thermo Fisher) with 10% FBS
(VWR, Radnor, PA, USA) at 37 °C and 5% CO,. Following this, cells were washed and the following
was added to wells in Ham's F-12K medium: (1) ricin, (2) 100 ng/mL cell death ligand/cytokine (TRAIL,
TNF-«, or FasL), or (3) ricin combined with 100 ng/mL cell death ligand/cytokine. Cells in negative
control wells were treated with media alone. In some experiments (Figure 1B), CHX was used in place
of ricin. In experiments where inhibitors were used, they were added to cells 1 h before the addition of
ricin and cell death ligands/cytokines. Appropriate vehicle controls were used for each inhibitor. After
the addition of ricin and cell death ligands/cytokines, cells were incubated for 24 h at 37 °C and 5%
CO;. Cell death was then measured using the WST-1 assay (Takara, Kusatsu, Shiga Prefecture, Japan)
according to the manufacturer’s instructions. Absorbance was measured using an Eppendorf 2200
plate reader at a wavelength of 450 nm and a reference wavelength of 600 nm. Using WST-1 absorbance
(abs), percent viability was calculated as follows: (abs cell death stimulus + ricin)/(abs neg) x 100.

4.4. Immunoblots

A total of 6 x 10° A549 cells were seeded in a 58 cm? Petri dish (Celltreat) per condition and
allowed to grow for 24 h at 37 °C and 5% CO,. A549 cells were then treated with (1) 1 ng/mL ricin,
(2) 100 ng/mL cell death ligand/cytokine (TRAIL, TNF-«, or FasL), or 3.) 1 ng/mL ricin combined with
100 ng/mL cell death ligand/cytokine for 4 h at 37 °C and 5% CO,. Following this, A549 cells were
lysed using 1% triton-X-100 (Sigma) with 1x Halt protease inhibitor (Thermo Fisher) in 1x PBS on ice
for 30 min. Cells were then sonicated on ice 3% (20 sec pulses) at an output of 10%. Cell lysates were
centrifuged at 14000 rpm at 4 °C to remove nuclear material. A549 cell lysates were run on SDS-PAGE
and transferred to a PVDF membrane and blocked in 1x TBS with 0.1% tween-20 and 5% milk for
30 min at room temperature. The blots were then incubated with diluted primary antibody in 1x
TBS with 0.1% tween-20 and 5% milk overnight at 4 °C. All primary antibodies were obtained from
Cell Signaling Technology (Danvers, MA, USA), unless otherwise indicated. Primary antibodies were
used at the following dilutions: anti-human caspase-3 (1:1000), anti-human/mouse caspase-6 (1:1000),
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anti-human/mouse caspase-7 (1:1000), anti-human caspase-8 (1:1000), anti-human caspase-9 (1:1000),
and anti-human GAPDH (1:10,000). After washing with 1x TBS with 0.1% tween-20 and 5% milk, the
blots were incubated with secondary HRP-conjugate antibodies (1:5000) for 1 h at room temperature.
Blots were developed by chemiluminescence and read in a Bio-Rad ChemiDoc XRS+.

4.5. Statistical Analyses

Statistical analyses were carried out using GraphPad Prism 7. All cell death assays were subject to
statistical analysis by two-way ANOVA and Bonferroni posttest. All cell death assays are the results of
3 independent experiments. Immunoblots presented are representative of 3 independent experiments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/8/450/s1,
Figure S1: The combination of ricin/TRAIL induces caspase activation, Figure S2: Ricin/TNF-« and ricin/FasL do
not induce caspase activation in A549 cells after 8 h, Figure S3: The apoptotic stimuli CHX/TRAIL, CHX/TNF-«,
and CHX/FasL induce caspase cleavage, Figure S4: Ricin/TRAIL induces caspase cleavage that is prevented by
pharmacologic inhibitors, Figure S5: A549 cell death by ricin/TNF-o and ricin/FasL does not depend on caspases-6
or -9, Figure S6: The apoptotic stimuli CHX/TNF-o and CHX/FasL induce Bax-dependent cell death, Figure S7:
Cell death induced by ricin in combination with TNF-« or FasL does not depend on RIP1 kinase, Figure S8: Mcll
protein loss does not differ between ricin/TRAIL, ricin/TNF-«, and ricin/FasL, Figure S9: Cell death induced
by ricin/TNF-« and ricin/FasL does not depend on calpains or cathepsins L and K, Figure S10: The cathepsin
inhibitor, CATI-1, has no effect on A549 cell death by ricin/TRAIL, Figure S11: Cell death induced by ricin/TNF-«
or ricin/FasL is inhibited by N-acetylcysteine, Figure S12: Calu3 human lung epithelial cells are insensitive to cell
death by ricin/TNF- or ricin/FasL, Figure S13: Calu3 human lung epithelial cells are insensitive to cell death by
ricin/TNF-« or ricin/FasL,. Figure S14: Ricin/TRAIL induces caspase-dependent apoptosis while ricin/TNF-« and
ricin/FasL induce cathepsin-dependent cell death in U937 human monocytes.
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Abstract: Ricin, a highly lethal toxin derived from the seeds of Ricinus communis (castor beans) is
considered a potential biological threat agent due to its high availability, ease of production, and to
the lack of any approved medical countermeasure against ricin exposures. To date, the use of
neutralizing antibodies is the most promising post-exposure treatment for ricin intoxication. The aim
of this work was to generate anti-ricin antitoxin that confers high level post-exposure protection
against ricin challenge. Due to safety issues regarding the usage of ricin holotoxin as an antigen,
we generated an inactivated toxin that would reduce health risks for both the immunizer and
the immunized animal. To this end, a monomerized ricin antigen was constructed by reducing
highly purified ricin to its monomeric constituents. Preliminary immunizing experiments in rabbits
indicated that this monomerized antigen is as effective as the native toxin in terms of neutralizing
antibody elicitation and protection of mice against lethal ricin challenges. Characterization of the
monomerized antigen demonstrated that the irreversibly detached A and B subunits retain catalytic
and lectin activity, respectively, implying that the monomerization process did not significantly affect
their overall structure. Toxicity studies revealed that the monomerized ricin displayed a 250-fold
decreased activity in a cell culture-based functionality test, while clinical signs were undetectable in
mice injected with this antigen. Immunization of a horse with the monomerized toxin was highly
effective in elicitation of high titers of neutralizing antibodies. Due to the increased potential of
IgG-derived adverse events, anti-ricin F(ab’), antitoxin was produced. The F(ab’),-based antitoxin
conferred high protection to intranasally ricin-intoxicated mice; ~60% and ~34% survival, when
administered 24 and 48 h post exposure to a lethal dose, respectively. In line with the enhanced
protection, anti-inflammatory and anti-edematous effects were measured in the antitoxin treated mice,
in comparison to mice that were intoxicated but not treated. Accordingly, this anti-ricin preparation
is an excellent candidate for post exposure treatment of ricin intoxications.

Keywords: ricin; vaccine; antitoxin; RTA; RTB; reduction; alkylation
Key Contribution: In this study, we demonstrate that treatment of mice at clinically relevant time

points with anti-ricin F(ab’),-based antitoxin derived from a horse immunized with neutralized ricin,
conferred exceptionally high protection against a lethal intranasal ricin challenge.
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1. Introduction

Ricin, a type II ribosome inactivating protein (RIP) derived from the seeds of Ricinus communis
(castor beans), consists of two polypeptide subunits (A and B) linked by a disulfide bond. The B subunit
(RTB) is a lectin, which binds to galactose residues on the cell surface, enabling toxin internalization
into the cells. The catalytically active A subunit (RTA) is translocated into the cytoplasm, where it
depurinates a conserved adenine residue within the 28S ribosomal RNA of the 60S subunit, leading to
irreversible inhibition of protein synthesis and ultimately to cell death [1]. Classified as a Category B
agent by the U.S. Centers for Disease Control and Prevention (CDC), ricin is considered a potential
bioterror agent mainly due to its high availability and ease of preparation [2]. Ricin toxicity depends
on the route of exposure, inhalational and parenteral being highly fatal. Although prophylactic
anti-ricin vaccines are being developed [3], the only post-exposure measure found effective against
ricin intoxications in pre-clinical settings, is passive immunization with anti-ricin neutralizing
antibodies [4-7]. Anti-ricin antibodies may be elicited following vaccination of various animal
species, including mice [8], rabbits [9], monkeys [10], horses [11] and sheep [12]. A variety of ricin
immunogens were employed to elicit neutralizing antibody responses against ricin. A toxoid-based
vaccine (formaldehyde-inactivated ricin) was shown to induce high titers of protective antibodies
both in rabbits [4] and in sheep [12]. Anti-ricin preparations were reported to elicit potent toxin
neutralization in vitro and in vivo following horse immunization with an RTA /RTB chain construct,
in which the native inter-chain linking domain has been replaced by a non-cleavable linker [11].
Vaccination of animals using the native ricin toxin emulsified in adjuvant was also effective in the
elicitation of high titers of neutralizing antibodies [13].

As part of ongoing efforts to develop novel yet safe vaccination strategies that will induce high
titers of ricin neutralizing antibodies, we established a method for ricin subunit-based immunization
following irreversible monomerization of the toxin to its RTA and RTB constituents. The antigen was
prepared by treating the toxin with a reducing agent to sever the inter-subunit covalent bond, and then
alkylating the monomeric toxin subunits to prevent their re-dimerization, thereby generating a stable
monomerized ricin preparation for animal immunization with substantially reduced toxicity.

In the present study, the efficacy potential of the monomerized ricin vaccine was demonstrated in
rabbits, after which the antigen, which was produced at large amount, was thoroughly characterized.
The antigen, which was used for vaccinating the horse, was not only safe, but also elicited high titers
of highly potent neutralizing antibodies against ricin. Passive immunization with the F(ab”),-based
antitoxin conferred high protection against a lethal intranasal ricin challenge at clinically relevant
treatment time points following intoxication, and displayed significant anti-inflammatory and
anti-edematous effects.

2. Results

2.1. Elicitation of Anti-Ricin Antibodies Following Rabbit Immunization with Monomerized Ricin

To determine whether the deactivation of ricin by monomerization, affects its ability to elicit
neutralizing antibodies, we compared the anti-ricin antibody titers elicited by immunization either
with the monomeric antigen or with native holotoxin. To this end, rabbits were immunized at 4-week
intervals, with increasing antigen doses reaching up to 100 pg antigen/rabbit, and hyperimmune sera
collected at 16 weeks after the first immunization dose were characterized. As seen (Table 1) high
ELISA- and neutralizing-antibody titers were reached following immunization with both native or
monomerized ricin (2.56 x 10° vs. 4.8 x 10° ELISA units; 7.68 x 10* vs. 9.6 x 10* neutralizing units,
respectively). In line with these findings, hyperimmune sera collected from rabbits immunized with
either monomerized or native ricin, conferred similarly high level protection in vivo; when mice were
treated intramuscularly (i.m.) with the rabbit antisera 24 h prior to i.m. ricin challenge, the doses
which conferred 50% protection (PDsy) were 0.8 and 1.1 uL/mouse, respectively. These experiments
suggest that immunization of a horse with monomerized ricin vaccine would be as effective as
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immunization with native toxin in elicitation of neutralizing anti-ricin antibodies, while the neutralized
monomer-based antigen would possess much greater safety margins.

Table 1. Anti-ricin antibody titers and protective doses of anti-ricin antisera elicited in immunized

rabbits.
Antigen ELISA-Antibody Titer® Neutralizing-Antibody Titer® PDsg (uL) ®
Native Toxin 256,000 £ 41,300 76,800 £ 14,300 1.1+0.31
Monomerized Toxin 480,000 £ 71,500 96,000 £ 14,300 0.8+0.14

@ Values present the average =+ standard error (SEM) of 5-6 rabbits. b Mice were treated with the respective antisera
24 h prior to challenge with 2LDsg (30 ng/kg) ricin. Values present the average + standard error (SEM) of 3 mice or
6 mice (treated with antisera harvested from rabbits immunized with native or monomerized toxin, respectively).

2.2. Characterization of the Monomerized Ricin Vaccine

2.2.1. Analytical Assessment

As the monomerized ricin antigen proved to elicit high anti-ricin antibody titers in rabbits, which
conferred high level protection to ricin-intoxicated mice, we prepared deactivated monomerized
ricin antigen at large amount for the immunization of a horse while carefully monitoring the various
steps comprising the ricin purification and monomerization process (Figure 1A). The source material,
crude ricin, displays a two-main band appearance of approximately 120 and 65 kDa on SDS-PAGE,
representing Ricinus communis agglutinin (RCA) and ricin, respectively (lane 2), while the gel-filtration
purified ricin appears as a single ~65 kDa band (lane 3) and the monomerized ricin subunits, generated
by reduction and alkylation of purified ricin, appear as a ~30 kDa band doublet, representing RTA and
RTB (lane 4). Next, we examined whether the purified subunits retain the RTA-dependent catalytic
and RTB-dependent lectin activities. To this end, the monomerized subunit mixture was applied to
an a-Lactose-Agarose column. The monomerized ricin Ultra Performance Liquid Chromatography
(UPLC) chromatogram (Figure 1(B-1)), contains three main peaks, at 150, 170 and 210 s. The flow
through contained only the last major peak (Figure 1(B-2)), which could be related to alkylated-RTA.
The two other peaks that were attached to the column were collected only upon elution with 0.5 M
galactose (Figure 1(B-3)), indicating that these two peaks represent the RTB subunit, which retains
its lectin activity. To appreciate the functionality of alkylated-RTA, we assessed the activity of the
alkylated-toxin in a cell free system using the reticulocyte lysate-based transcription and translation
(TnT) assay. In the TnT assay (Figure 1C), wherein the toxin’s activity is quantified by its ability
to inhibit ribosomal translation of mRNA encoding for luciferase enzyme [14,15], not only did
monomerized ricin prevent luciferase from being synthesized (EDsy = 0.6 ng/mL), it was also found to
be a more potent inhibitor (~7 fold) than native ricin (EDsg = 3.9 ng/mL). Preservation of the biological
activity of the monomerized ricin subunits would imply that their structural conformations did not
alter in any significant manner during the monomerization process. The functional conservation of
the biological activities of the two alkylated subunits may lead one to expect that antibodies raised
against the toxin monomers, will interact with the holotoxin, a mandatory prerequisite for passive
immunization against ricin intoxications.
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Figure 1. Characterization of the monomerized ricin vaccine. (A) SDS-PAGE analysis of the ricin
purification and monomerization process (0.25 ug/lane) samples. Lane 1, Marker; Lane 2, Crude ricin;
Lane 3, Purified ricin; Lane 4, Monomerized ricin. (B) UPLC chromatograms of alkylated-ricin and its
purified subunits. 5 pL of the tested samples were injected into the UPLC columns (2.1 x 50 mm) and
eluted at a flow rate of 0.4 mL/min. The chromatograms were monitored at 215 nm. 1. Alkylated-ricin
preparation. 2. Alkylated-RTA. 3. Alkylated-RTB. (C) Catalytic activity assessment of ricin and
monomerized ricin in a cell free system. The catalytic activities of purified ricin holotoxin (black line)
and monomerized ricin (blue line) were determined using the transcription and translation (TnT)
assay. Luminescence of untreated reticulocytes was considered as 100% protein synthesis. (D) In vitro
activity of pure and alkylated ricin. Cultured HEK-293-AChE cells were incubated with increasing
concentrations of pure (black line) and alkylated (blue line) ricin. The residual AChE activity in the
culture medium was determined and expressed as the percent activity determined for untreated cells.
(E) Toxicity following monomerized ricin administration to mice. Monomerized ricin (40 pg/kg body
weight) was intraperitoneally administered to mice (1 = 10), and body weights were determined at
the indicated time points (blue line). Phosphate buffered saline (PBS) injected mice served as control
(black line). Animals were observed for a 14 days period after alkylated ricin or PBS were injected.

2.2.2. In-Vitro and In-Vivo Toxicity of the Monomerized Ricin

Unlike the catalytic activity of ricin in acellular expression systems such as the TnT-based analysis
described above, which is dependent on the RTA unit itself, the catalytic activity of ricin in a cell-based
system, requires the presence of intact dimeric toxin molecules, since it is the lectin function of the
attached RTB which enables RTA internalization into cells. To evaluate the residual cellular toxicity
of the monomerized ricin, cultured HEK-293-acetylcholinesterase (AChE) cells, which produce and
secrete recombinant AChE to the medium in a constitutive manner [16], were incubated with different
concentrations of native or monomerized ricin, and secreted AChE levels were determined. As seen
clearly (Figure 1D), protein (AChE) synthesis inhibition by monomerized ricin was dramatically
reduced, the IC5y of monomerized ricin being 260 fold higher than that of native ricin (4729 £ 573
versus 18 & 3 pg/mL, respectively), indicating a loss-of-activity of >99.5%. Following this in vitro
assay and prior to horse immunization, we conducted an in vivo safety test in mice. To this end,
40 pg/kg monomerized-ricin (a 10-fold higher dose than the intended initial equine-vaccination dose)
was injected intraperitoneally to mice, and body weights were monitored for 14 days. No body weight
loss was recorded within this period of time (Figure 1E), nor were any noticeable side effects observed
(data not shown).
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2.3. Anti-Ricin Titer Buildup Following Horse Immunization

Although the antigen was shown to be safe, as an extra precaution, we devised a vaccination
protocol for immunizing a horse, comprising a low initial dose, followed by increasing doses of
the monomerized ricin antigen. Serum samples were collected three weeks after each injection,
to determine ELISA and neutralizing Ab titer buildup (Figure 2). Repeated vaccinations at intervals
of 3 weeks resulted in increasing antibody titers up to 11 weeks, after which antibody titers began to
level off. To induce a robust immunological response, we discontinued boosting while monitoring
antibody titers on a monthly basis. During a period of 3 months in which the horse was not immunized,
titer levels significantly decreased, from ~10° to ~10%, after which immunization was recommenced
with monthly doses of 10 mg monomerized ricin. This immunization regime led to the generation of
anti-ricin antibodies at titer levels that were almost one order of magnitude higher than the titer before
resuming immunization. Thus, following a vaccination period of 25 weeks, high and stable ELISA-
and neutralizing-antibody titers of 0.64 x 10° and 1.28 x 10° units/mL, respectively, were reached.
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Figure 2. Titer buildup in the horse serum after vaccination with monomerized ricin immunization.
The reactivity profile of the antibodies elicited by immunization were determined by enzyme linked
immunosorbent assay (ELISA, black curve) and by in vitro ricin neutralization assay (blue curve).

2.4. In Vitro and In Vivo Efficacy of the Anti-Ricin Antitoxin

Pooled horse hyperimmune plasma served as the source material for the production of
concentrated anti-ricin F(ab’),-based antitoxin. The motivation to use a F(ab’), fragment as an
antitoxin, was the potential of equine IgG antibodies to cause serum sickness [17], as the crystallizable
fragment (Fc) present in IgG, may induce inflammation and unwarranted immune responses [18,19].
To characterize the F(ab’);-based antitoxin, we evaluated its neutralizing potency in the cultured
HEK-293-AChE cell system. To this end, ricin was mixed with increasing concentrations of anti-ricin
F(ab’); and then added to the cells. As seen (Figure 3A), the antitoxin inhibited the activity of ricin and
restored protein synthesis in a dose dependent manner. The antitoxin dose needed to neutralize 50%
(EDsp) of the toxin was approximately ~0.7 nM.

To determine the efficacy of this equine-derived antitoxin, mice were intranasally challenged with
a lethal dose of ricin, and 24 h later were subjected to F(ab’), antitoxin treatment via the intranasal
route. Overall (Figure 3B), the treatment led to significantly high surviving ratios (62%). Since the
clinical treatment of ricin-intoxicated subjects is expected to be via the intravenous route, an additional
group was treated intravenously. As can be seen, the surviving ratios (65%) are practically the same as
those obtained following intranasal treatment. To determine the efficacy of a late time intervention,
mice were intranasally intoxicated with ricin and treated intravenously 48 h post exposure with the
same horse antitoxin. Even at this late time point, considerable surviving ratios (34%) were obtained.
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Figure 3. Invitro and in vivo efficacy of the anti-ricin F(ab’),-based antitoxin. (A) In vitro ricin
neutralization. Ricin (2 ng/mL) was mixed with increasing concentrations of the antitoxin. The mixtures
were added to cultured HEK-293-AChE cells, and the residual AChE activity in the culture medium was
determined 18 h later. (B) Kaplan-Meier survival curves of mice intoxicated with ricin and subjected to
anti-ricin antibody treatment. Mice intranasally intoxicated with ricin (7 ng/kg body weight) were
not treated (black line; n = 14), treated intranasally at 24 h post exposure (blue line; n = 29), treated
intravenously at 24 h post exposure (red line; 7 = 26), or treated intravenously at 48 h post exposure
(green line; n = 38) with horse derived F(ab’), anti-ricin antitoxin. Animals were observed for a 14-day
period after ricin challenge.

2.5. Horse Antitoxin Attenuates Ricin-Induced Pulmonary Damage Markers

To determine the effect of horse derived F(ab’), anti-ricin antitoxin administration on pathological
markers, intranasally-intoxicated mice (7 ug ricin/kg) were intravenously treated 24 h later with
the antitoxin and bronchoalveolar lavage fluids (BALFs) collected at 72 h post-intoxication were
analyzed for damage markers. A prominent hallmark of pulmonary ricinosis in mice is the presence
of exceptionally high levels of the pro-inflammatory cytokine interleukin-6 (IL-6) in BALF [20-23].
Remarkably (Table 2), treatment with the horse derived F(ab’), anti-ricin antitoxin induced a sharp
attenuation in IL-6 levels (~90% reduction); ~450 and ~3550 pg/mL of IL-6 were measured in the
BALFs of antitoxin-treated and non-treated ricin-intoxicated mice, respectively.

Table 2. Pro-inflammatory and damage markers in the bronchoalveolar lavage fluids (BALFs) of mice
following ricin intoxication.

Treatment Group

Naive 2 Ricin P Ricin + Antitoxin ¢
IL-6 (pg/mL) 0+0 3547 4 1372* 451 + 532 &&
Protein (mg/mL) 05+0.1  57+18%* 214 0.8 #&&
ChE (mU/mL) 040 306 =+ 93 ** 68 + 31 #i&
XO (mU/mL) 06+01  41+15%* 1.7 + 0.7 *&&

* p < 0.05 between tested group and naive; ** p < 0.01 between tested group and naive; & p < 0.01 in comparison to
ricin intoxicated mice. @ 1 =4; n = 6; ¢ n =5. BALF samples were collected from ? naive mice, or b€ ricin intoxicated
mice 72 h following exposure.

Altered lung fluid balance, leading to increased permeability pulmonary edema, is a major
pathophysiological characteristic of intranasal ricin intoxication and high levels of protein were
reported to be present in the BALF sampled from the inflamed lungs [6,21,22], indicating that the
lung-blood barrier has been disrupted. Accordingly, edema markers in mice lungs were assessed.
In addition to overall protein level, we have previously demonstrated that increased pulmonary edema
can be well monitored by determining cholinesterase (ChE) levels in BALE. Normally, ChE is confined
to the bloodstream, yet appears at elevated levels in the BALF following disruption of the pulmonary
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epithelial-endothelial barrier [20]. In the antitoxin-treated mice, total protein and ChE measurements
in BALF collected at 72 h post-exposure, were significantly lower in comparison to untreated mice
(63% reduction in total protein, from ~5.5 to ~2 mg/mL, and 78% reduction in ChE, from ~300 to
~70 mU/mL).

Previous studies carried out in our laboratory established that xanthine oxidase (XO), an oxidative
stress marker, which may also contribute to edema formation, is dramatically elevated in BALFs of
mice intranasally intoxicated with ricin, at 72 h post exposure [20-22]. We therefore measured XO
levels in BALFs of ricin intoxicated mice that were treated with the horse antitoxin. Indeed, XO levels
were significantly reduced, by ~60% following antitoxin administration (~1.7 and ~4.0 mU/mL were
measured in BALFs of antitoxin-treated and non-treated ricin-intoxicated mice, respectively) (Table 2).

3. Discussion

In the present study, a neutralized monomer-based ricin vaccine was generated by reduction and
alkylation of the disulfide bond linking RTA to RTB, in order to immunize a horse for the production
of highly potent neutralizing anti-ricin antibodies.

After demonstrating in rabbits that immunization with monomerized ricin was as effective
as immunization with native ricin in elicitation of anti-ricin neutralizing antibodies, a thorough
characterization of the antigen was conducted. Previous studies demonstrated that reduction of
disulfide bonds might abolish the capability to produce biologically active antibodies, as in the
case of Plasmodium falciparum merozoite surface glycoprotein (gp195). Reduction and alkylation
of gp195 triggered an inappropriate folding of the unbound subunits, resulting in a drastic
conformational change and significantly altered antigenicity [24]. Thus it was essential to demonstrate
that monomerized ricin, which would be repeatedly administered to the horse over a considerably long
period of time, retains its structural activity thereby implying proper folding and potential antigenicity
of the irreversibly-separated subunits. Indeed, the monomeric alkylated-RTB bound firmly to an
a-lactose agarose column, and eluted only following 0.5 M galactose addition, confirming RTB lectin
activity. The catalytic activity of the alkylated-RTA, namely protein synthesis arrest in the TnT assay,
was not only retained but even was superior to that of native RTA. This is probably due to a limited,
or non-complete, separation of the holotoxin subunits of native ricin following reduction, and the
relative proximity between the reduced native subunits leading to sporadic reconstitution, in contrast
to the complete, irreversible, separation of the monomerized-ricin subunits.

Although the alkylated-subunits were fully active in cell free systems, a >99.5% reduction
in alkylated-ricin cytotoxicity was determined in a cell culture, in which case the binding of the
monomeric B subunit to the cell surface cannot promote internalization of the detached A subunit.
This dramatic change in ricin-induced cytotoxicity, together with an in vivo test in mice, in which
no body weight loss nor any noticeable side effect were observed, allowed the safe usage of the
monomerized ricin for immunizing a horse.

Following immunization, high and stable ELISA and neutralizing antibody titers, were reached,
and F(ab”);-based anti-ricin antitoxin was produced from the hyperimmune horse plasma. It was
previously claimed [5], that fractionation of anti-ricin IgG antibodies to F(ab’), could severely affect
the neutralizing capabilities of the latter in vivo. Preliminary experiments conducted by us (data not
shown) have demonstrated that the F(ab’), fragment possess the same potency as its IgG precursor
both in vitro and in vivo. Indeed, the F(ab’),-based antitoxin was found highly potent. The ED5 of the
antitoxin in cell culture (~0.7 nM) was comparable to the ED5 of rabbit derived polyclonal anti-ricin
IgG fraction [4]. These neutralizing capabilities at the nanomolar range are a property of highly
efficient antibodies. In line with this, the antitoxin was found highly protective in mice, following
administration at 24 h post intranasal intoxication with a lethal challenge of ricin. The survival
ratios were >60% (whether the antitoxin was administered intranasally or intravenously), much
higher than those obtained with the previously characterized rabbit-derived antibodies (~35%) [20,22].
Furthermore, high survival rates (34%) were obtained at a very late treatment time point, namely 48 h
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following intoxication. In sharp contrast to this, negligible surviving ratios (4%) were obtained when
mice were treated with rabbit-derived anti-ricin antibody at 48 h post exposure [21]. In fact, the survival
percentages of intoxicated mice treated at 24 h post exposure (PE) with horse-derived antitoxin were
similar to those obtained following a combinational treatment with rabbit-derived anti-ricin antibody
and immunomodulatory drugs [20,22], while the survival ratios following treatment at 48 h with
horse antitoxin, were comparable to those obtained for mice treated with rabbit antibody at 24 h
PE. This difference in protection is also reflected in the fact that treatment with the horse-derived
F(ab’),-based antitoxin induces a significant reduction in inflammatory parameters in comparison
to rabbit-derived antibody-based treatment. Thus, while administration of horse antitoxin in itself
induced a sharp attenuation in IL-6 levels (~90% reduction) at 72 h PE, rabbit antibody treatment had
virtually no effect on IL-6 levels [25]. An additional outstanding effect of the horse antitoxin-based
treatment shown in the present study was a significant reduction (by ~60%) of XO levels in the BALF
of ricin-intoxicated mice. XO is an important source of reactive oxygen species (ROS) formation [26,27],
which contributes significantly to pulmonary edema formation in diverse lung pathologies [28,29].
In contrast, we found that rabbit antibody-based treatment was not effective in reducing the levels of
XO (data not shown). Edema markers were also dramatically reduced following treatment with the
horse antitoxin (60% reduction in BALF protein content and 75% reduction in ChE levels at 72 h PE),
in contrast to insignificant changes following treatment with rabbit antibody [25]. Indeed, when we
previously abolished neutrophil-induced lung injury via total body irradiation (TBI), treatment at 48 h
with rabbit antibody resulted in 42% survival rates, in parallel to sharp attenuation of IL-6 and edema
marker levels [21].

In summary, in the present study we demonstrate that neutralized ricin antigen obtained
by toxin monomerization and alkylation is completely safe for immunization, and induces high
titers of potent ricin neutralizing antibodies that can be effectively used for passive immunization.
F(ab’);-based ricin antitoxin produced from the hyperimmune plasma of a horse that was immunized
with monomerized ricin, conferred high level protection following pulmonary intoxication, which is
the most fatal exposure route for ricin intoxication. This horse antitoxin-based treatment displayed
effective anti-edematous and anti-inflammatory activities, apparently via balancing cytokine levels
toward inflammatory attenuation in the lungs of intoxicated animals. We note that residual damage
marker levels in the F(ab’),-based ricin antitoxin-treated mice, nevertheless remained higher at 72 h
following intoxication in comparison to the levels measured in naive mice, suggesting that survival
ratios may be further improved by combinational treatment with immunomodulatory drugs.

4. Materials and Methods

4.1. Ricin Preparation

Crude ricin was prepared from seeds of endemic R. communis, essentially as described before [30].
Briefly, seeds were homogenized in a Waring blender in 5% acetic acid/ PBS. The homogenate was
centrifuged and the clarified supernatant containing the toxin was subjected to ammonium sulfate
precipitation (60% saturation). The precipitate was dissolved in PBS and dialyzed extensively against
the same buffer. The toxin preparation appeared on a Coomassie Blue stained non-reducing 10%
polyacrylamide gel as 2 major bands of molecular weight approximately 65 kDa (=ricin toxin, ~80%)
and 120 kDa (=ricinus communis agglutinin (RCA), ~20%). Pure toxin was prepared as described
previously [30,31]. Briefly, under laminar flow and aseptic conditions the crude ricin preparation was
loaded onto a gel-filtration column (Superdex 200HR 16/60 Hiload prep grade on an AKTA explorer,
GE Healthcare Bio-Science AB, Uppsala, Sweden) and washed out with PBS to yield two protein peaks,
corresponding to RCA and ricin. The purity of the ricin fraction was estimated by SDS-PAGE analysis
to be >98%. Protein concentration was determined by 280 nm absorption (Nanodrop).
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4.2. Reduction and Alkylation of Pure Ricin

Monomerized ricin vaccine was prepared, essentially as previously described [13]. Briefly, pure
ricin was incubated with 50 mM Dithiothreitol (DTT, Sigma-Aldrich, Rehovot, Israel) for 2 h in room
temperature, the ricin-DTT solution was incubated for additional 2 h (room temperature, protected
from light) with 100 mM Iodoacetamide (IAA, Sigma-Aldrich, Rehovot, Israel), and the product
(alkylated-ricin) was extensively dialyzed against PBS.

4.3. Gel Electrophoresis

Samples were visualized using Coomassie Blue stained non-reducing 10% polyacrylamide gel
that was subjected to sodium dodecylsulphatepolyacrylamide gel electrophoresis (SDS-PAGE) under
non-reducing conditions.

4.4. UPLC

Five uL samples (alkylated-ricin, alkylated-RTA or alkylated-RTB) were analyzed with a Water
Acquity UPLC (Waters Corporation, Milford, MA, USA) equipped with a UV detector and binary
solvent manager. The output signal was monitored and processed using Empower software
(Empower 2.0, Waters Corporation, Milford, MA, USA). The method was employed using an Acquity
UPLC BEH C-4 1.7 um (2.1 x 50 mm) column (Waters Corporation, Milford, MA, USA). The flow rate
of the mobile phase was 0.4 mL/min. The column temperature was 50 °C, and the eluted products
were monitored at a wavelength of 215 nm. The samples were rinsed for 4.5 min in an acetonitrile
gradient from 70% buffer A (5% acetonitrile in 0.1% trifluoroacetic acid [TFA]) and 30% buffer B
(80% acetonitrile in 0.1% TFA), to 30% buffer A.

4.5. Isolation and Purification of Alkylated-Ricin Subunits

Monomerized ricin preparation was loaded on an «-Lactose-Agarose (Sigma-Aldrich, Rehovot,
Israel) column, and extensively washed with PBS for collection of alkylated-RTA. Alkylated-RTB was
eluted from the column with 0.5 M galactose. The purity of the isolated subunits was verified by UPLC.

4.6. Assessment of Ricin Activity in a Cell-Free Translational Assay

The biological activity of ricin was determined in a cell-free assay, as previously described [14,15].
Briefly, rabbit reticulocyte lysate containing luciferase mRNA was used to measure the activity of ricin
via inhibition of protein synthesis. The relative biological activity was determined by comparing the
luminescence levels in treated samples versus those of untreated controls. The amount of luciferase
translated is inversely proportional to the activity of ricin.

4.7. Assessment of Ricin Activity in a Cell Culture

Genetically engineered HEK-293-acetylcholinesterase (AChE) cells [16] were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Biological Industries, Beit Haemek, Israel)
supplemented with 10% fetal bovine serum (FBS). For the cytotoxicity studies, the cells were seeded
in 96-well plates (0.75 x 10° cells/well) in medium containing different concentrations of intact or
monomerized ricin. Sixteen hours later, the medium was replaced, the cells were incubated for 2 h,
and the amount of secreted AChE in each well was assayed according to Ellman et al. [32] in the
presence of 0.1 mg/mL bovine serum albumin (BSA), 0.3 mM 5,5’-dithiobis(2-nitrobenzoic acid),
50 mM sodium phosphate buffer (pH 8.0), and 0.5 mM acetylthiocholine iodide (ATC) (Sigma-Aldrich,
Rehovot, Israel). The assay was carried out at 27 °C and monitored by a Thermomax microplate reader
(Molecular Devices, Ramsey, MN, USA).
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4.8. In Vitro Ricin Neutralization Assay

HEK-293-AChE cells [16] were seeded in 96-well plates (0.75 x 10° cells/well) in medium
containing 2 ng/mL ricin, in the absence or presence of increasing doses of the F(ab’);-based anti-ricin
antitoxin. Sixteen hours later, the medium was replaced, the cells were incubated for 2 h, and the
amount of secreted AChE in each well was assayed as described above.

4.9. Animal Studies

Animal experiments were performed in accordance with the Israeli law and were approved by
the Ethics Committee for animal experiments at the Israel Institute for Biological Research (Horse
protocol identification code: H-01-2015, date of approval: 9 August 2015; Rabbits protocol identification
codes: RB-20-2011, RB-36-2012, dates of approval: 30 August 2011, 20 November 2012, respectively;
Mice protocol identification code: M-59-2016, date of approval: 8 September 2016). Treatment of
animals was in accordance with regulations outlined in the USDA Animal Welfare Act and the
conditions specified in the Guide for Care and Use of Laboratory Animals (National Institute of Health,
1996). Local horse was immunized to produce the antitoxin preparation. New Zealand white rabbits
(Charles River Laboratories Ltd., Canterbury, UK) weighing 2.5 to 3 kg were immunized in order to
produce rabbit-derived polyclonal anti-ricin antibodies. Female CD-1 mice (Charles River Laboratories
Ltd., UK) weighing 27-32 g were used for toxicity, survival and pathogenesis studies.

Prior to all studies in mice and rabbits, the animals were habituated to the experimental animal
unit for 5 days. All mice were housed in filter-top cages in an environmentally controlled room and
maintained at 21 &= 2 °C and 55 + 10% humidity. Lighting was set to mimic a 12/12 h dawn to dusk
cycle. Animals had access to food and water ad libitum.

4.10. Rabbit Anti-Ricin Hyperimmune Serum Production

Rabbits were immunized with native- or reduced- ricin in a stepwise manner, injections 1, 2,
3, and 4 containing 0.5, 4, 16, and 100 pg toxin/rabbit, with 4-week intervals between injections.
Blood samples were collected (1 week after injection) to ascertain anti-ricin antibody titer build-up.
Immunization was continued over 16 weeks, until steady high anti-ricin titers were observed.

4.11. Safety Studies in Mice

Mice were injected intraperitoneally with 40 ug/kg monomerized ricin, at a volume of 200 pL.
Mice body weights were monitored for 14 days. In addition, careful individual detailed clinical
examinations were carried out. The observations included, among others, changes in skin, fur, eyes,
and occurrence of secretions and excretions. Changes in posture and autonomic activity (lacrimation
and piloerection) and the presence of bizarre behavior were also checked.

4.12. In Vivo Ricin Neutralization Determination

Mice were injected intramuscularly with different volumes of rabbit-derived anti-ricin antisera,
and 24 h later, the mice were intramuscularly intoxicated with a lethal dose of ricin. Preceding these
studies, we determined that 15 pg crude ricin/kg body weight is approximately equivalent to 1 mouse
(intramuscular) LD5p. Mortality was monitored over 14 days.

4.13. Survival Experiments in Mice

For intranasal intoxication, mice were anesthetized by an intraperitoneal (i.p.) injection of
ketamine (1.9 mg/mouse, Vetoquinol, Lure, France) and xylazine (0.19 mg/mouse, Eurovet Animal
Health, AD Bladel, The Netherlands). Crude ricin (50 pL; 7 pg/kg diluted in PBS) was applied
intranasally (2 x 25 uL) and mortality was monitored over 14 days. Preceding these studies,
we determined that 3.5 ug crude ricin/kg body weight is approximately equivalent to 1 mouse
(intranasal) LDsg. Treatments via the intranasal route were performed on mice anesthetized as above.
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For antibody treatment following intranasal exposure to ricin, anti-ricin antitoxin was delivered
intranasally or intravenously at 24 or 48 h following intoxication.

4.14. Bronchoalveolar Lavage Fluid (BALF) Analysis

Mice BALF were collected by instillation of 1 mL PBS at room temperature and were centrifuged
at 3000 rpm at 4 °C for 10 min. Supernatants were collected and stored at —20 °C until further use.

BALF levels of IL-6 were determined by ELISA (R&D systems, Minneapolis, MN, USA).
Cholinesterase (ChE) enzymatic activity was measured according to Ellman et al. [32]. Assays were
performed in the presence of 0.5 mM acetylthiocholine (Sigma-Aldrich, Rehovot, Israel), 50 mM sodium
phosphate buffer pH 8.0 (Sigma-Aldrich, Rehovot, Israel), 0.1 mg/mL BSA (Sigma-Aldrich, Rehovot,
Israel), and 0.3 mM 5,5'-dithiobis-(2-nitrobenzoic acid) (Sigma-Aldrich, Rehovot, Israel). The assay
was carried out at 27 °C and monitored by a Thermomax microplate reader (Molecular Devices,
Ramsey, MN, USA). Protein levels in BALF were determined by 280 nm absorption (NanoDrop 2000,
ThermoFisher Scientific, Waltham, MA, USA). Xanthine oxidase (XO) in BALF was determined by an
activity assay kit (Molecular Probes, Eugene, OR, USA).

4.15. Horse Vaccination and Plasmapheresis

A horse was immunized with escalating doses of the monomerized ricin until a minimal level of
neutralizing antibodies titer is elicited. The first three doses were 2, 5 and 10 milligrams in Incomplete
Freund’s adjuvant (Statens Serum Institute, Copenhagen, Denmark). The following doses were
adjuvant-free, at doses of 10 mg. Plasmapheresis of the hyperimmunized horse was conducted
every three months using veterinary plasmapheresis instrument (plasma collection system, PCS-2,
Haemonetics Corporation, Braintree, MA, USA). Ten liters of plasma were collected during each
plasmapheresis procedure and plasma bags were stored at —20 °C.

4.16. F(ab’),-Based Antitoxin Production

Concentrated anti-ricin F(ab’), preparations were generated from pooled horse hyperimmune
antisera by one hour of pepsin (1200 U/mL, pepsin A from porcine stomach mucosa, Sigma, Steinhaim,
Germany) cleavage of the Fc fragments at 30 °C and pH 3.2. The cleavage step was finalized by
increasing the solution pH to 7.4 and reducing the temperature to 18 °C. Purification of the F(ab’),
fragments was carried out in several stages: First, the contaminating proteins were precipitated
with ammonium sulfate (25% saturation for 20 h at 18 °C). Then, the sediment that contains
contaminating proteins was separated from the suspension that contains the F(ab’), fragments using
crossflow microfiltration cassettes 0.2 um (Tangenx technology, Shrewsbury, MA, USA). The filtrate
of the microfiltration was washed (from small contaminating proteins and peptides), concentrated,
and dialyzed (against 50 mM phosphate buffer pH 8) with crossflow ultrafiltration 30KD cassettes
(Sartocon Cassette polyethersulfon 30KD, Sartorius, Goettingen, Germany). The dialyzed solution was
applied on a Q-sepharose anion-exchange column (Q sepharose fast flow, GE healthcare, Uppsala,
Sweden). The F(ab’), fragments fraction eluted with the flow through was collected, while the
contaminating proteins remained bound to the column, which were then regenerated with 1 M NaCl.
The flow through solution was adjusted to pH 6 and applied onto a SP-sepharose cation-exchange
column (SP sepharose fast flow, GE healthcare, Uppsala, Sweden). The F(ab’), fragments fraction was
eluted with the flow through and were collected, while, the contaminating proteins remained bound
to the column, which were then regenerated with 1 M NaCl. All the chromatographic processes were
carried out using an AKTA Process Instrument (GE healthcare, Uppsala, Sweden). Finally, under grade
A conditions, the antitoxin solution was concentrated and dialyzed (against 300 mM glycine buffer,
pH 7.4), and filtered with nanofilter (Kleenpak-Nova, PALL life science, MI, USA).
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4.17. Statistical Analysis

Individual groups were compared using unpaired f test analysis. To estimate p values,
all statistical analyses were interpreted in a two-tailed manner. Values of p < 0.05 were considered
to be statistically significant. Kaplan-Meier analysis was performed for survival curves. All data is
presented as means £ SEM.
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Abstract: Ricin, derived from the castor bean plant, is a highly potent toxin, classified as a potential
bioterror agent. Current methods for early detection of ricin poisoning are limited in selectivity.
MicroRNAs (miRNAs), which are naturally occurring, negative gene expression regulators, are known
for their tissue specific pattern of expression and their stability in tissues and blood. While various
approaches for ricin detection have been investigated, miRNAs remain underexplored. We evaluated
the effect of pulmonary exposure to ricin on miRNA expression profiles in mouse lungs and peripheral
blood mononuclear cells (PBMCs). Significant changes in lung tissue miRNA expression levels
were detected following ricin intoxication, specifically regarding miRNAs known to be involved in
innate immunity pathways. Transcriptome analysis of the same lung tissues revealed activation of
several immune regulation pathways and immune cell recruitment. Our work contributes to the
understanding of the role of miRNAs and gene expression in ricin intoxication.

Keywords: ricin; microRNA; lung intoxication

Key Contribution: We describe a miRNA and gene expression profile of pulmonary ricin intoxication
leading to an enrichment of innate immune response pathways.

1. Introduction

Ricin toxin, derived from the castor bean plant Ricinus communis, is a highly toxic protein that
belongs to the type 2 ribosome-inactivating protein (RIP) family [1,2]. The catalytically active subunit
of ricin translocates into the cell cytoplasm where it causes irreversible inhibition of protein synthesis
and ultimately cell death [3]. Several methods for developing simple, reliable, and sensitive detection
approaches towards ricin have been studied [4] While many of the methods for ricin detection are
robust, each has limitations in selectivity, and no single approach is currently able to fully distinguish
ricin from other harmful toxins [4].

MicroRNAs (miRNAs) are small, endogenous RNA molecules, 21-24 nucleotides (nt) long.
They play an important regulatory role by inducing posttranscriptional gene silencing of their mRNA
targets, and thereby function as negative gene expression regulators. miRNAs contribute to the
regulation of most biological processes and also influence numerous pathological states, including
atherosclerosis [5], kidney diseases [6], cancer, and infectious disease [7]. Several features of miRNAs
render them ideal biomarkers for toxicology. These include improved stability in biofluid samples [8],
tissue specific patterns of expression [9], and highly-developed multiplexing measurement methods [10].
Although various approaches towards developing simple, reliable, and sensitive methods for ricin
detection have been investigated [4,10], miRNAs have been underexplored. In this study, we aimed to
examine changes in the miRNA expression profile in mice following pulmonary ricin intoxication,
and the application of these changes to ricin detection. We assumed that differentially expressed
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miRNAs will enhance our understanding of the ricin toxicity mechanism and may be used for
intoxication. We detected significant changes in miRNA expression levels following ricin exposure,
including distinct enrichment of innate immunity related miRNAs. Gene expression analysis further
corroborated these results, and revealed the activation of several immune regulation pathways and
immune cell recruitment after ricin exposure. We believe the changes revealed following ricin exposure
will set the ground for a better understanding of the intoxication process.

2. Results

To assess the effect of ricin inhalation on miRNA expression, 12 mice were intranasally challenged
with a lethal dose of ricin or saline as a negative control. Twenty-four h after exposure, lungs were
excised and total RNA was purified for multiplex miRNA profiling using the Nanostring nCounter
system. Of the 600 mature mouse miRNAs probed, 182 had expression levels above the negative
control probes (Table Sla). A total of 21 miRNAs were found to be deregulated in the ricin group
compared to control samples (Table S2), 9 were significantly downregulated, and 12 were significantly
upregulated, all with p-values of <0.05. Principal component analysis (PCA) using the differentially
expressed (DE) miRNAs revealed sample clustering according to ricin exposure status (Figure 1).
We used qPCR to validate the Nanostring results (Figure S1). To further corroborate our findings,
the ricin exposure experiment and lung RNA extraction were repeated with an additional set of mice
(n =12). Five miRNAs (miR-223, miR-1224, miR-503, miR-10a, and miR-200c) exhibited statistically
significant changes in expression that matched the results of the first Nanostring analysis.

Since ricin has been shown to induce rapid, massive migration of inflammatory
cells—predominantly innate immune cells [11]—we utilized the innate DB database [12], which aims to
capture improved coverage of the innate immunity interactome. A total of 54 immune miRNAs appear
in the database. Of these, three (miR-223, miR-10a, miR-200c) were differentially expressed in our
cohort. This number was significantly higher than expected by chance (p-value <0.005). To strengthen
the immune regulation enrichment observation and to delineate its deregulated pathways, total RNA
(the same RNA used for the first miRNA multiplex analysis) was sent for RNA-sequencing (RNA-seq).
Major differences in gene expression were detected between the groups, with significant expression
downregulation (p < 0.05) of 2823 genes and upregulation of 3147 genes (Table S1b). The ricin and
control groups were distinctly discriminated by their gene expression (Figure S2). These vast differences
in gene expression concur with previous descriptions of transcriptome analyses of models of acute
lung injury mice [13]. For ontology analysis of genes that presented with statistically significant
differences, high variation in expression (absolute fold-change >1) revealed enrichment for immune cell
responses after exposure to pathogenic agents, including IL-1 and NF-kB pathway activation, leukocyte
chemotaxis and migration, and chemokine activation (Figure 2). Utilizing validated miRNA-target
interactions databases, we noted that many of the differentially expressed RNA-seq genes were directly
regulated by the deregulated five miRNAs (Table 1).
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Figure 1. miRNA expression, ricin versus control treated. (a) PCA analysis of miRNA expression.
The ricin and control groups are clearly distinguished by their miRNA expression profiles,
as demonstrated by unsupervised clustering. (b) Expression of the top eight differentially expressed (DE)
miRNAs. Each gray dot represents one sample. The red line indicates mean expression. All miRNAs
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Figure 2. Gene ontology enrichment analysis of ricin intoxication. Barplot representation of the gene
ontology biological function (a) and molecular processes (b) analysis of ricin induced transcriptome.
The analysis comprised 2236 genes that had over 1-fold change expression between the ricin and control
groups, with adjusted p-value <0.05. Both biological and molecular analyses showed enrichment for
immune cell recruitment and cellular response to infection. The X-axis describes the number of genes
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Table 1.

(12 + 12 mice) and their differentially expressed target genes. Differentially expressed genes were taken

Differentially expressed miRNAs that overlapped between both in vivo experiments

from our RNA-sequence (seq) analysis. Validated targets were imported from miRTarBase [14].

miRNAs

Adjusted p-value

Mean Control
Expression

Mean Ricin
Expression

Differentially Expressed Target Genes

mmu-miR-223

1.75 x 1071°

1749.90

Bdp1, Hpcal4, Tspyl3, Dusp8, Lif, Fmni2,
Kenj3, Zfp467, Dbnl, Ppp4r2, F3, Pcdh17,

8623.46

Potl, Ank3, Tppp, Lontf3, Fam13a, Ptbp2,
Ankrd17, Scdl, Pdia6, Mt2, 3110043021Rik,

Rsrc2, Rest, Prkar2b, Serfl, Ntrk2, Jmjdlc,

Encl, Pitpnm3, Sgsm1, Nrep

mmu-miR-1224

0.0000345

195.87

691.35

Rhod, Clk4

mmu-miR-10a

0.00136

1514.00

Ptpn2, Ccl9, Cenpl, Car8, Mmp25, Sgms2,

1318.02

Shroom1, Ramp1, KIhi41, Ecm2

Eno2, Rnd1, Tnfrsfl0b, Fam227a, Tbc1d24,
Gaa, Acol, Mcc, Stam, Decr2, Rhbdl3, Ajuba,

mmu-miR-503

0.0297

190.89

23.16

Creb5, Ncl, Inhbb

mmu-miR-200c

0.0027

2223.93

1981.17

Jun, Ikzf5, Map2, Sox2, Zeb2, Mgat3

Next, we identified the diseases with over-presentation of the same highly changed genes,
using disease ontology and MEDLINE/PubMed indexed articles. Enrichment in lung-related diseases
of both infectious and immune related origin was detected (Figure 3). With the aim of translating
these results to a clinical setting, we examined whether the ricin induced lung miRNA changes could
also be detected in peripheral blood mononuclear cells (PBMCs) as a surrogate tissue that can be
safely obtained from patients. PBMCs provide a large pool of gene transcripts that have demonstrated
the potential to be highly sensitive to the disease microenvironments on a system-wide basis [15,16].
PBMCs were isolated from mouse blood after intranasal ricin or saline exposure. RNA was extracted
and expression levels of miR-223, miR-1224, miR-10a, miR-200c, and miR-503 were evaluated using real
time PCR. miR-223 was significantly upregulated in the ricin group, similar to its trend of expression
in the lungs. However, other miRNAs did not present the same expression pattern (Figure 4).
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Figure 3. Disease enrichment analysis of ricin intoxication. Dotplot representation of ricin intoxication
disease ontology. The analysis comprised 2,236 genes that had over 1-fold change expression between the
ricin and control groups, with adjusted p-value < 0.05; these genes were evaluated for over-presentation
in (a) PubMed and MEDLINE databases and (b) Disease Ontology. GeneRatio is the number of genes
involved in the specific process divided by the total number of genes (2,236). Dot sizes (“count”)
represent the total number of predicted gene targets of the total number of genes that are known to
be involved in the listed processes and dot color indicates statistical significance. Enrichment of lung

related diseases of infectious and immune natures can be detected.
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miR-223 miR-1224 miR-10a miR-200c miR-503

Figure 4. Relative expressions of miR-223, miR-1224, miR-10a, miR-200c, and miR-503 in peripheral
blood mononuclear cells (PBMCs). Expression levels of miR-223, miR-1224, miR-10a, miR-200c,
and miR-503 in PBMCs of ricin and control groups. miR-223 was found to be significantly upregulated
in the ricin group, similar to its expression pattern in lung tissue. miR-1224, miR-10a, miR-200c,
and miR-503 expression was not significantly different among the study groups. Data are represented
as mean + SEM. * p < 0.05.
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Table 2. Comparison of miRNAs in studies of injured lungs.

Major miRNAs Changed Study Description miRNAs Overlapped Reference
with Our Study

miR-223, miR-1224, miR-503,
miR-10a, miR-200c
miR-142, miR-98, miR-541,
miR-503, miR-653, miR- 223, LPS-induced acute lung injury miR-223, miR-503 [17]
miR-323, miR-196b
miR-155, let-7a, let-7b,
miR-125b, miR-146, miR-106a,

Ricin exposure to the lungs — Current study

miR-543, miR-106a, miR-7, miR-223,
miR-135, miR-21, miR-345, Ventilator-induced lung injury miR-503, [18]
miR-223, miR-24, miR-132, miR-200c

miR-9, miR-503, miR-211,
miR-676, let-7a, miR-200c

miR-484, miR-425, miR-96 Mycobacterium infection (in serum) — [19]

3. Discussion

In the present study, we explored changes in miRNA expression profiles following pulmonary
ricin intoxication. We detected 21 DE miRNAs (9 upregulated and 12 downregulated) in mouse lung
tissues 24 h after ricin exposure. Five miRNAs (miR-223, miR-1224, miR-503, miR-10a, and miR-200c)
had similar changes in expression in a validation cohort. Next, we utilized the InnateDB dataset,
which has been developed to facilitate system level investigations of the mammalian (human, mouse,
and bovine) innate immune response [12], and noted significant enrichment of the DE miRNA in
the InnateDB dataset (p-value <0.005). This stands in agreement with previous studies that explored
ricin-induced lung injury and innate immune response [11,20]. Associations of miR-223, miR-1224,
miR-10a, miR-200c, and miR-503 with immune regulation were previously established. miR-223 was
implicated in polymorphonuclear cell development and function [21]. Further, miR-223 may play a
crucial role during granulopoiesis [22]; it is upregulated throughout granulocyte differentiation and is
the first miRNA that was found to dramatically alter granulocyte fate [23]. miR-223 critically fine-tunes
myeloid cell activity and is involved in inflammatory diseases by regulating multiple gene transcripts
including E2F1, NOD-like receptor activation, and the NF-«B pathway [24]. Overexpression of miR-223
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was demonstrated to dampen acute lung injury [25]. miR-1224 was previously shown to regulate tumor
necrosis factor-oc (TNF-ox) gene activity and miR-1224 expression was demonstrated to inversely affect
LPS-induced TNF-o mRNA expression [26]. Macrophages infected with mycobacterium demonstrated
significantly higher miR-1224 expression, suggesting a potential role of miR-1224 in host responses
upon mycobacterium infection [27]. miR-10a negatively regulates Bcl-6 expression in T cells and has
an inverse effect on germinal center reactions [28]. miR-10a is involved in stabilizing the expression
of Foxp3 in regulatory T cells [29] and can suppress proinflammatory monocytic cell activation by
inhibiting the activation of the proinflammatory nuclear factor kB pathway [30]. miR-200c directly
regulates expression of IL-6, IL-8, and CCL-5 transcripts by binding to their 3'UTRs [31]. It suppresses
signaling pathways leading to NF-«B activation after TLR4 ligation; miR-200c mimics have been
shown to cause decreased expression of transcripts encoding MyD88 and to induce the expression
of inflammatory molecules in response to LPS [32]. Reduced miR-503 expression augments lung
fibroblast VEGF production and promotes lung fibrosis [33]. Downregulation of miR-503 in bone
marrow-derived mesenchymal stem cells was linked to attenuation of lung injury after infection [34],
and miR-503 levels were found to be reduced in acute lung injury [35].

Lee et al. explored miRNA expression in acute lung injury (induced by LPS administration) and
demonstrated significant changes in miR-223 and miR-503 expression, as well as in six other miRNAs
not shared with our expression profile [17]. These discrepancies may be related to the vast differences
between the ricin and LPS immune stimulation mechanisms [36]. Vaporidi et al. discovered miRNA
expression profiles in ventilator-induced lung injury [18], which included changes in 65 miRNAs,
among them miR-223, miR-503, and miR-200c. This abundance of deregulated miRNAs compared to
our results could be explained by the pathologic differences in mechanic and pathogenic etiology of
acute lung injury [37] and supports the notion that changes in miRNA expression in acute lung injury
differ by their causative agents (also see Table 2).

To functionally validate the results of the miRNA expression analysis and to decipher its biological
relevance, we investigated the lung transcriptome of mice exposed to ricin. Enrichment of immune
regulation mediators and pathways, such as cellular response to bacterial stimulus, IL-1 and NF-kB
signaling, leukocyte migration, and chemokine activity were discovered in biologic and molecular
gene ontology analyses. Lung infections and immune related pathologies, such as chronic obstructive
pulmonary disease, asthma, and bacterial infections were seen when utilizing the disease ontology
database and PubMed indexed articles. Taken together, the miRNA expression and its transcriptome
counterpart highlight the alteration in immune response following ricin intoxication.

PBMCs are a promising option for assessment of biologically distinct responses to various
pathologies when the affected organs cannot be biopsied without further compromising the patient’s
health. Specifically, genomic analysis of PBMCs has been shown to distinguish between several lung
related pathologies, including lung cancer [38], asthma [39], and pneumonia [40]. Here, we observed
little resemblance between PBMC miRNA profiles and lung miRNA expression, with only the miR-223
PBMC profile mimicking its lung profile. A possible explanation for this is that most of the miRNAs
expressed in ricin-induced lung toxicity originate in lung parenchyma (mostly lung epithelial cells)
and the supporting stromal cells (fibroblasts, dust cells) and hence cannot be fully detected in PBMCs.
Another potential explanation is that the time points used in this study are not conducive to a
correlative observation between lung and PBMC miRNA responses. Future studies would benefit from
a time-course assessment of miRNA profiles in response to ricin-induced intoxication.

A major limitation of our study is the usage of a rodent model to study human toxicity. Due to the
complexity of running these experiments in humans, we cannot extrapolate our results to such a context.
Nonetheless, we feel that our work represents an important attempt to understand the miRNAs and
mRNAs modified during ricin intoxication in animals. Given that all five identified miRNAs are
conserved in mammals, it is plausible that the outcome may have similarities among organisms of this
class. Major strengths of our study include the comprehensive evaluation, identification, and validation
of all miRNA and mRNA expression levels, and also the network and regulation analysis.
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In conclusion, we describe a unique lung miRNA expression profile of pulmonary ricin intoxication
that was validated in two separate in vivo experiments. The DE miRNAs detected are enriched for innate
immune response and elucidate the regulatory roles of miRNAs following ricin exposure, as was further
supported by transcriptome analysis. Additional studies should be conducted to further characterize
the miRNA regulatory networks and to translate these findings into a miRNA-based diagnosis.

4. Materials and Methods

4.1. Animal Studies and Ricin Intoxication

Ricin preparation and animal experiments were performed at the Israel Institute for Biological
Research as described previously [41]. All animal experiments were performed in accordance with
Israeli regulations and were approved by the Ethics Committee for Animal Experiments at the Israel
Institute for Biological Research (protocol identification code M-18-2016, date of approval: 8 September
2016). Treatment of animals was in accordance with regulations outlined in the USDA Animal Welfare
Act and the conditions specified in the Guide for Care and Use of Laboratory Animals (National
Institute of Health, 1996). Lung and blood samples were collected from ricin-intoxicated mice at 24 h
after intranasal exposure to 7 pg/kg of crude ricin. Whole blood (0.5 mL/mouse) was extracted and
treated with RBC lysis buffer (Sigma-Aldrich, St. Louis, MO, USA) followed by centrifugation of
1200 x g for 20 min to isolate PBMCs. Lungs and PBMCs were stored at —80 °C.

4.2. RNA Extraction

Lung tissues were homogenized using the TissueLyser LT (QIAGEN, Hilden, Germany), and total
RNA from homogenized lung tissues and PBMCs were extracted using TRIzol reagent according to the
manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The final RNA
concentration and purity were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Thermo Fisher Scientific).

4.3. Nanostring miRNA Expression Assay

The multiplexed NanoString nCounter miRNA expression assay (NanoString Technologies,
Seattle, WA, USA) was used to profile 600 mouse miRNAs. The assay was performed according to the
manufacturer’s protocol. Briefly, at least 100 ng of total RNA was used as input material, with 3 uL of
the threefold-diluted sample. A specific DNA tag was ligated to the 3’ end of each mature miRNA,
providing unique identification for each miRNA species in the sample. The tagging was performed
in a multiplexed ligation reaction utilizing reverse complementary bridge oligos to achieve ligation
of each miRNA to its designated tag. All hybridization reactions were incubated at 64 °C for 18 h.
Excess tags were then washed, and the resulting material was hybridized with a panel of fluorescently
labeled, bar-coded reporter probes specific to the miRNA of interest. Abundances of miRNAs were
quantified on the nCounter Prep Station by counting individual fluorescent barcodes and quantifying
target miRNA molecules present in each sample.

4.4. Real Time PCR

The cDNA for miRNA was synthesized from total RNA. Reverse transcription of specific mature
miRNAs was performed using TagMan miRNA assays according to the manufacturer’s protocol (ABI).
The PCR amplification and reading were conducted in triplicate using the StepOnePlus thermal cycler
(ABI). Mature miRNA expression was quantified under the following thermal cycler conditions: 2 min
at 50 °C, 10 min at 95 °C and 40 amplification cycles (15 s at 95 °C and 1 min at 60 °C). Expression
values were calculated based on the comparative threshold cycle (Ct) method. U6 snRNA was used for
miRNA levels normalization.
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4.5. RNA-Seq Preperation

RNA-seq reads were mapped to the Mus Musculus reference genome GRCm38 using STAR
v2.4.2a [42], supplied with gene annotations downloaded from Ensembl release 82. Expression
levels for each gene were quantified using HTseq-count [43]. Samples were classified as ricin or
control, with 3 replicates per group. Differential expression analysis was performed using DESeq?2 [44]
R package.

4.6. Data Analysis

All statistical analyses were done using R software version 3.3. NanoString data preprocessing
and normalization, followed by differential expression analysis, were performed using the DEseq2 [44]
package and in-house scripts [45]. The mean value of negative controls was set as the lower threshold
for each sample; only miRNAs with at least 50% of their values above the lower threshold were included
in downstream analysis. miRNAs displaying absolute fold-change >1 with a false-discovery-rate
[FDR] of 5% were considered to be differentially expressed. Gene and disease enrichment analyses
were performed using the clusterProfiler [46] package. miRNA—target interaction analysis was done
using the multimiR package [47].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/5/250/s1,
Figure S1: qPCR validation of Nanostring results. Figure S2: PCA analysis of mRNA expression. Table S1:
(a) Expression comparison of all expressed miRNAs between ricin and control groups. (b) Expression comparison
of all expressed mRNAs between ricin and control groups. Table S2: Differentially expressed miRNAs between
ricin and control groups.
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Abstract: We report for the first time the efficient use of accelerated solvent extraction (ASE)
for extraction of ricin to analytical purposes, followed by the combined use of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS), and MALDI-TOF MS/MS method. That has
provided a fast and unambiguous method of ricin identification for in real cases of forensic investigation
of suspected samples. Additionally, MALDI-TOF MS was applied to characterize the presence and the
toxic activity of ricin in irradiated samples. Samples containing ricin were subjected to ASE, irradiated
with different dosages of gamma radiation, and analyzed by MALDI-TOF MS/MS for verification of
the intact protein signal. For identification purposes, samples were previously subjected to SDS-PAGE,
for purification and separation of the chains, followed by digestion with trypsin, and analysis by
MALDI-TOF MS/MS. The results were confirmed by verification of the amino acid sequences of
some selected peptides by MALDI-TOF MS/MS. The samples residual toxic activity was evaluated
through incubation with a DNA substrate, to simulate the attack by ricin, followed by MALDI-TOF
MS/MS analyses.

Keywords: ricin; MALDI-TOF MS; chemical weapons; biological weapons; CBRN defense

Key Contribution: ASE; SDS-PAGE; MALDI-TOF MS and MALDI-TOF MS/MS combined provide
an efficient method for identification of ricin.

1. Introduction

Ricin is a highly toxic protein which can be extracted from the castor bean seeds (Ricinus communis L.).
This plant is present in all Brazilian regions and explored commercially for its oil, which is mainly
used for the production of lubricants, fuel and drugs. Currently, Brazil is the fourth world producer
of castor bean oil, just behind India, China and Mozambique [1,2]. The production of 1.0 ton of oil
generates around 1.2 ton of residue, known as castor cake [3]. The literature reports different values
for the ricin content in the castor cake, varying between 0.04% and 0.08% (w/w), depending on the
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cultivars, the extraction method, and the analysis [4-6]. Castor cake is an excellent source of nutrients
for cattle; however, its content of ricin can intoxicate the animals. In addition, the disposal of this
residue in the environment represents a risk for the population. The detoxification methods proposed
so far for the castor cake are expensive, time and energy demanding, and do not guarantee the total
destruction of ricin without formation of other toxic products. The analyses are usually based on oral
toxicity and other experiments with animals that can be influenced by several factors like species,
age, and feeding time. Spectrometric techniques for identification and quantification of the products
formed have rarely been used for these studies [7,8].

Ricin has toxicity similar to the neurotoxic agent sarin and can be easily extracted from the
castor bean (R. communis L.) seeds as a fine white powder, water soluble, and stable at a large range
of pH. For this reason, it is considered a chemical/biological warfare agent scheduled by both the
chemical weapons convention (CWC) [9], and the biological weapons convention (BWC) [10]. It can be
disseminated in the air as fine particles with a diameter smaller than 5 microns or used to contaminate
water supplies or agricultural products. This turns ricin into a perfect agent for terrorist attacks and a
matter of big concern for national authorities worldwide [11-14].

The structure of the ricin molecule is made up of two different chains, named RTA and RTB,
connected by a disulfide bond. RTA is an N-glycosidase containing 267 amino acids arranged in
eight x-helices and eight 3-strands, distributed in three structural domains, forming a “U” shaped
cleft containing the protein active site. RTB is a lecithin composed of 262 amino acids, containing
neither a-helices nor 3-strands [12,15,16]. Due to its mechanism of action in the organism, and for
being a heterodimer, ricin is classified as a ribosome inactivating protein (RIP) of type II [16-18].
RTB is responsible for the binding of ricin to the terminal galactose residues of the glycolipids and
glycoproteins present on the surface of eukaryotic cells [12]. This enables the formation of a vesicle
surrounding the toxin, which guides it into the inner part of the cell through endocytosis. Once inside
the endosome, many ricin molecules are transported back to the outside of the cell or for the lysosomes,
where they are degraded. However, some of them manage to reach the Golgi complex, following
in retrograde movement, until the endoplasmic reticulum, where their disulfide bonds are cleaved,
splitting RTA and RTB. After, RTA is transferred to the cytosol where it reacts specifically with the
ribosomal RNA (rRNA) 28S of the ribosomal subunit 60S, provoking the hydrolysis of the N-glycoside
bond of the adenine residue at position 4324 (A4324) [13,19-21].

The current decontamination process of people exposed to ricin consists only on the removal
of clothes, followed by washing the skin with running water [11]. In cases of ingestion, the patient
should be immediately submitted to gastrointestinal lavage [22]. There is no specific antidote for
poisoning with ricin yet, neither a commercial vaccine [22,23]. Many works have been performed in
the last decade towards the development of a vaccine, including tests with humans. Results have been
promising, however, no final product has been approved yet [22-26].

The most common methods used for detection of ricin are based on enzyme-linked immunosorbent
assay, like the ELISA method, or in bioassays where the inactivation of an RNA substrate is measured.
Other techniques also used are sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
real-time quantitative-polymerase chain reaction (RTQ-PCR), and toxicological analyses in cell culture
and in guinea pigs [7,27-33]. In this work, we report for the first time the accelerated solvent extraction
(ASE) as an efficient method for ricin extraction from the seeds of castor bean (R. communis L.) followed
by the combined use of SDS-PAGE, matrix-assisted laser desorption/ionization/time-of-flight mass
spectrometry (MALDI-TOF MS) and MALDI-TOF MS/MS for a fast and unambiguous identification
of ricin for forensic purposes. Additionally, this method was further successfully used to detect the
presence of ricin in gamma-irradiated samples.
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2. Results and Discussion

2.1. Detection of the Intact Ricin Molecule by MALDI-TOF MS

Direct analysis of the samples through MALDI-TOF MS, led to a rapid identification of the
characteristic peak of the intact molecule of ricin at m/z close to 64 kD, as shown in Figure 1. The exact
position of this peak can change according to the simultaneous existence of different isoforms.
The non-irradiated sample (0 kGy) showed a peak relatively intense in this region of the spectra
(Figure 1), while the irradiated samples showed a reduction in intensity of this peak from 5000 a.u
(non-irradiated sample) to around 1500 a.u (for sample irradiated at 10 kGy), and close to 0,000 a.u
(for samples irradiated at 20 and 30 kGy). Table 1 reports the ratio signal/noise (5/N) for each sample,
considering the triplicates analyzed. As can be seen, the irradiation dosage of 10, 20 and 30 kGy
provoked average reductions of the signal to noise (S/N) of 65.9%, 91.8% and 97.5%, respectively,
compared to the non-irradiated sample.
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Figure 1. MALDI-TOF MS spectra of the non-irradiated ricin sample (0 kGy) and the samples irradiated
at 10, 20 and 30 kGy.

Table 1. Ratio signal to noise (S/N) of ricin in the samples for each irradiation dosage (average values,
three repetitions).

Irradiation Dosage Intensity Signal/Noise (S/N of Sample)/
(kGy) (S/N) (S/N of the Non-Irradiated Sample) (%)
0 18.1 100.00
10 6.2 34.12
20 1.5 8.19
30 0.5 2.53

Direct analysis through MALDI-TOF MS showed useful for verification of the integrity of the
ricin molecules present in the samples. The presence of a peak in the range between m/z 62,000 and
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68,000 should be considered as an initial detection, indicating, in a semi-quantitative way, the possible
presence of non-degraded ricin. This method has the advantage of being relatively rapid.

2.2. Unequivocal Identification of Ricin

According to the procedures adopted by the Organization for Prohibition of Chemical Weapons
(OPCW) [9], the unequivocal identification of a chemical substance related to the CWC should be made
through two different analytical methods, and one of them must be spectrometric. In order to meet this
criterion, the identification of the ricin presence in the samples was performed through MALDI-TOF
MS, using of peptide mass fingerprint (PMF) method after extraction of the protein separated through
SDS-PAGE. Confirmation of the results was done with MALDI-TOF MS/MS.

2.2.1. SDS-PAGE in Reducing Conditions

Samples irradiated at 0, 10, 20 and 30 kGy were submitted to SDS-PAGE in reducing conditions.
This technique allowed separation of the analytes of interest from other proteins and impurities.
Figure 2 shows the picture of the polyacrylamide gel from the SDS-PAGE obtained after revelation
with Coomassie blue. The hydrogenation promoted by the reducing agent DTT caused the breaking of
the disulfide bond between RTA and RTB. The main bands of interest were identified with numbers 1
and 2 in Figure 2 according to the crescent order of its respective molecular masses. Band 2, of higher
molecular weight, presented approximately double of the length of band 1 in the vertical direction.
This observation suggests the possibility of a superposition of the signals of two polypeptide chains,
with similar molecular weights, at band 2.

KDa

40

M 0 kGy 10 kGy 20 kGy 30 kGy

Figure 2. SDS-PAGE gel of samples irradiated at 0, 10, 20 and 30 kGy. M = marker. The bands of
interest were identified with numbers 1 and 2. They were removed from the gel and identified by
MALDI-TOF/MS..

One single band from SDS-PAGE may contain more than one isoform which are differentiated
from each other by the degree of glycosylation because differences in the contents of sugar generate
small differences in mass [34]. Fultonet et al. [35] and Kim et al. [33], observed that RTA isolated and
purified exhibit two bands in the gel revealed with Coomassie blue, while RTB does not present any
heterogeneity. Therefore, the whole molecule of ricin splits into two protein bands. The upper band
is a mixture of RTB and the first isoform of RTA, while the lower band corresponds exclusively to
the second isoform of RTA [33]. All samples presented two bands in the SDS-PAGE gel. The sample
irradiated at 30 kGy presented less intense color compared to the others. Considering that the intensity
is related to the amount of protein bound to the colorant used, we can deduce that this sample contains
the lower concentration of ricin.

In order to make a clear identification, the two bands were collected and analyzed by MALDI-TOF
MS. Results (shown in the next topic) allowed the identification of band 1 as one of the isoforms of
RTA and band 2 as a mixture between RTB and the second isoform of RTA.
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2.2.2. Ricin Identification through MALDI-TOF MS

The two bands in the region of interest in the SDS-PAGE gel were cut, discolored, and digested
with trypsin. The peptides obtained this way were extracted from the gel and analyzed through
MALDI-TOF MS. Figure 3 shows the result obtained for band 1 of the non-irradiated and the sample
irradiated at 30 kGy for comparison purposes.
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Figure 3. MALDI-TOF MS mass spectra of band 1 (RTA) of the ricin samples. (A) Non-irradiated and
(B) irradiated with 30 kGy.

The mass standard spectrum, also known as the fingerprint of peptides, was used for the
identification of the protein. At first, the list of the peak masses was exported to the program Biotools
(Bruker®). After, through the search mechanism MASCOT PMEF, the experimental results were
compared to the information available in the data banks: SwissProtb [36] and National Center of
Biotechnology Information (NCBI) [37]. The mass standard obtained from the analysis of band 1
showed to be similar to the chain RTA, with the probability of being a random event <0.05.

The radiolysis process may occur directly over the target molecule as a primary effect, or indirectly,
through the formation and reaction of free radicals with other molecules present [38]. The gamma
irradiation may denature proteins and reduce the amino acids content. Some residues, like the ones
containing sulfur, can be more susceptible to radiolysis [39,40]. These phenomena may alter the
intensity of peptides peaks as shown in Figure 3.

In Figure 3 the peaks were labeled in order of maintaining the correspondence with the peptides
nomenclature shown in Table 2, which presents the expected masses for the complete proteolysis of
ricin by trypsin. As not all theoretical scissions occurred, some peaks in Figure 3 were labeled as a sum
of peptides, indicating that they remained connected. Table 2 lists the 11/z values measured with the
theoretical values of the corresponding peptides, and the respective amino acid sequences and the
positions occupied in RTA.

Most of the peptides were identified without modifications, by the mass of their quasi-molecular
ion [M + HJ*, like, for example, A6, A9, A10, Al11, A12, A14, A19 and A20.

The presence of some peaks suggests that the proteolysis was incomplete, producing one single
peptide while two or three were expected. This happened for signals at m/z Al + A2, A7 + AS,
A10 + Al1, A13 + Al4, A16 + A17 and A16 + A17 + A18.

As the peptide A7 + A8 has an estimated mass of 4083.214 Da, its quasi-molecular ion [A7 + A8 +
H]J* present m/z out of the range analyzed (700-3500) and, therefore, cannot be detected. However, it
is expected that its doubled protonated ion at m/z = 2042.615 [A7 + A8 + 2H]** be detected. This is
compatible with the signal observed at m/z = 2042.4 (see Table 2).
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Table 2. Ricin peptides identified by MALDI-TOF MS in the band 1 of the non-irradiated sample.

n
Peptides Positions Amino Acids Sequence T[]11velo+reI;]cal Merar;/jre d
Al + A2 1-26 IFPKQYPIINFTTAGATVQSYTNFIR 2990.577 2990.6
A6 40-48 HEIPVLPNR 1074.605 1074.3
A7 + A8 49-85 VGLPINQRFILVELSNHAELSVTLALDVTINAYVVGYR 4084.222 204242
A9 86-114 AGNSAYFFHPDNQEDAEAITHLFTDVQNR 3307.504 13;%(316483
A10 115-125 YTFAFGGNYDR 1310.580 1310.3
All 126-134 LEQLAGNLR 1013.574 1013.3
A10 + A1l 115-134 YTFAFGGNYDRLEQLAGNLR 2305.136 2304.6
Al12 135-166 ENIELGNGPLEEAISALYYYSTGGTQLPTLAR 3440.722 3440.9
Al3 167-180 SFIICIQMISEAAR 1652.849 © 1653.9
Al13 + Al4 167-189 SFIICIQMISEAARFQYIEGEMR 2806.370 © 2806.6
Al4 181-189 FQYIEGEMR 1172.540 11723
Al4 181-189 FQYIEGEMR 1188.535 © 1188.2
Al6 + A17 192-196 IRYNR 721.410 721.9
Al6 + A17 + A18  192-197 IRYNRR 877.512 876.8
A19 198-213 SAPDPSVITLENSWGR 1728.855 1728.4
A20 214-234 LSTAIQESNQGAFASPIQLQR 2259.173 2258.7
A23 240-258 FSVYDVSILIPITALMVYR 2228.240 © 2228.5

@ Value corresponding to the double protonated ion. b Considering the formation of the polyacrylamide adduct;
¢ Considering oxidation of methionine to methionine sulfoxide.

The identification of peptide A13 was not trivial due to the presence of cysteine and methionine
residues at positions 171 and 174, respectively. Cysteine residues can react with the acrylamide of the
gel, adding 71.04 Da to the mass of the peptide. The signal observed at m/z = 1653.9 is compatible
with this modification. The methionine residue may oxidize to methionine sulfoxide, originating one
single peak related to A13. It was possible to identify the presence of this peak together with A14, as a
low-intensity peak at 2806.6, corresponding to A13 + Al4.

Peptide Al14 was also associated with two other peaks at m/z 1172.2 and 1188.2 (less intense).
The difference of 16 units between them can be explained due to the oxidation of the methionine
residue at position 188. The same phenomenon explains the peak of peptide A23 at m/z 2228.5.

Peptides A3, A4, A15, Al6, A17, A18, A21 and A22 were not detected because their masses are
<700 Da, and, therefore, out of the range analyzed (700-3500).

The most intense signals of the spectra (Figure 3) were identified as A10 and A9, in descending
order. This result is important because these two peptides allow differentiating ricin from the lectin
RCA120 also present in castor bean samples. The similarity between the amino acids of RTA and
RCA120 is superior to 93%. By comparing the RTBs of both proteins, this value drops to the still high
value of 84% [41]. So, in order to eliminate doubts in the identification, it is of fundamental importance
to find intense signals of some peptides that allow differentiating ricin from RCA120, like A5, A7, A9,
A10, Al1, A13, A22, B14, B15, B18, B19 and B20 [42].

Table 3 shows a comparison of the peptide sequences of RTA and RCA120 between positions 86
and 124. The difference between them is at amino acids 114 and 115, underlined in Table 3. While
ricin holds an arginine (R) and a tyrosine (Y) at these positions, RCA120 holds a serine (S) and a
phenylalanine (F). As trypsin works on the R, the cleavage happens only between amino acids 114
and 115 of ricin. Therefore, only ricin has the peptides A9 and A10, with masses 3307 and 1310 Da.
The equivalent sequence of RCA120 has one single peptide with a mass of 4513 Da.

Due to the relevance of peptides A9 and A10, and the intensity of its peaks in the mass spectra of
Figure 4, the ions at m/z 3307 and 1310, were chosen for confirmation of the sequence of amino acids by
MALDI-TOF MS/MS as discussed in the next topic.
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Table 3. Comparison between the amino acid sequences of RTA and RCA120 between positions 85

and 126 *.
Protein Amino Acid Sequences between Positions 85 and 126 of Chain A for Ricin
and RCA120
Ricin ..R8 AGNSAYFFHPDNQEDAEAITHLFTDVQNRYTFAFGGNYDRL'%...
RCA120 ...R85AGNSAYFFHPDNQEDAEAITHLFTDVQNgTFAFGGNYDRL”G...

* Different amino acids in both sequences are underlined. The digestion with trypsin leads to peptides A9 (in red)
and A10 (in blue) in ricin but keeps RCA120 as a single peptide (in green).

MALDI-TOF MS analysis of band 1 of the SDS-PAGE gel identified the presence of RTA in the
non-irradiated sample. Asband 1 also shows up visible in the SDS-PAGE gels of the irradiated samples,
it is reasonable to suppose that RTA is also present in these samples. In fact, this was confirmed by the
mass spectra shown in Figure 3 where it is possible to identify the peaks of the selected ions A9 and
A10 corresponding to RTA, contrasting with a single peptide for RCA120 (see Table 3).

The main peaks found in band 1 and identified as peptides of RTA, were also observed in the spectra
obtained for band 2 of the SDS-PAGE gel for the non-irradiated sample, shown in Figure 4. The main
difference was the presence of peptides that compose RTB that were not observed before. Figure 4 and
Table 4 present the results of the MALDI-TOF MS analysis of band 2 for the non-irradiated sample.
The base ion, located at /z 2230.9, corresponds to the peptide B13 (AEQQWALYADGSIRPQQNR).
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Figure 4. MALDI-TOF MS mass spectra obtained for band 2 of the SDS-PAGE gel of the ricin samples.
(A) Non-irradiated and (B) irradiated with 30 kGy. Magnification of the mass spectra in the region of
peptides Bl and B6 is shown in the spectra of the non-irradiated sample.

Table 4. Peptides identified by MALDI-TOF MS in band 2 of the non-irradiated sample.

+
Peptides Positions Amino Acids Sequence T[ll'l\:o-‘—relt-?cal Me:’s/ljred

Al + A2 1-26 IFPKQYPIINFTTAGATVQSYTNFIR 2990.577 2991.5

Al16 + A17 + A18 192-197 IRYNRR 877.512 877.2

A6 40-48 HEIPVLPNR 1074.605 1074.7

A7 + A8 49-85 VGLPINQRFILVELSNHAELSVTLALDVTNAYVVGYR 4084.222 2043.0

A9 86-114 AGNSAYFFHPDNQEDAEAITHLFTDVQNR 3307.504 3307.7

A10 115-125 YTFAFGGNYDR 1310.580 1310.7

All 126-134 LEQLAGNLR 1013.574 1013.6

Al4 181-189 FQYIEGEMR 1172.540 1172.6

A19 198-213 SAPDPSVITLENSWGR 1728.855 1728.9

A20 214-234 LSTAIQESNQGAFASPIQLQR 2259.173 2259.3

A23 240-258 FSVYDVSILIPITALMVYR 2228.240° 2229.1

B1 1-12 ADVCMDPEPIVR 1415.666 1415.8

B6 41-52 SNTDANQLWTLK 1390.696 1390.8
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Table 4. Cont.

+
Peptides Positions Amino Acids Sequence 'ljll‘:/e[otelt-:]cal Me;ns/lired
B6 + B7 41-53 SNTDANQLWTLKR 1546.797 1546.8
B13 169-182 AEQQWALYADGSIRPQQNR 2231.095 2230.9
B15 + B16 + B17 ETVVKILSCGPASSGQRWMEF K 2395.226 2396.1
B17 + B18 + B19 216-243 WMFKNDGTILNLYSGLVLDVRASDPSLK 3152.645 3153.1
B6 * RCA120 SNTDWNQLWTLR 1533.744 1533.8
B18* NDGTILNLYNGLVLDVR 1889.013 1889.1

@ Considering the oxidation of methionine to methionine sulfoxide. * Peptide of RCA120.

Besides B13, we also identified B1 and B6 among the peptides expected for RTB. These two,
however, presented signals with low intensity when compared to the base ion and, therefore, are
magnified in Figure 4. Other three peaks correspond to the clusters B6 + B7, B15 + B16 + B17 and
B17 + B18 + B19. Peaks at m/z 1533.8 and 1889.1 do not belong to ricin but correspond to the peptides
B6 * and B18 * of RCA120, being indicatives of a third component in the upper band of the SDS-PAGE
gel (Figure 4 and Table 4).

The identification of the peptides present in band 2 was more difficult than for band 1. First
due to the presence of different chains interfering in the spectra from each other, and increasing the
complexity of the matrix. Besides, several peptides from RTB possess mass values below (B2, B4, B7,
B8, B9, B15 e B17) or over (B12) the range of calibration for the method used, and, therefore, could
not be identified separately. Finally, even after the addition of a reducing agent (DTT) during sample
preparation, some S-S bonds do not break and others may rebind naturally. Therefore, instead of
producing one single peptide, many different combinations of fragments with different masses could
have happened, making it difficult the identification. A usual alternative to inhibiting the formation of
new disulfide bonds after sample reduction is the addition of an alkylating agent, like iodoacetamide or
iodoacetic acid, which covalently binds to the thiol group of cysteine. In this case, one should consider
the increase in mass due to the addition of this new group.

Despite its major complexity related to band 1, results make it clear that band 2 is composed
by the superposition of signals from RTB and one of the isoforms of RTA, corroborating with the
literature [33]. Additionally, we also found evidence of the presence of peptides from RCA120. The
presence of this contaminant is justified because this is a natural protein of castor bean plants with
chains similar to ricin.

Results of the MALDI-TOF technique analysis of the irradiated samples of band 2 (Figure 5), were
very similar to the non-irradiated sample discussed before. The same peptides were identified, and
the main difference observed was the intensity reduction of the signals in the spectra compared to
the non-irradiated sample. These results show that the use of the technique of MALDI-TOF after
separation through SDS-PAGE allowed identification of the presence of ricin in all samples studied,
including the ones irradiated at 30 kGy.

2.2.3. Analysis by MALDI-TOF MS/MS

In order to confirm the identification of ricin by a second spectrometric technique, two peptides
from RTA and one from RTB were verified by MALDI-TOF MS/MS. The first and second precursor
ions selected were the ones with 11/z 1310 Da and 3.307 Da, due to the high intensity of its peaks in
the mass spectra, and the relevance of peptides A10 and A9 for the differentiation between ricin and
RCA120. The third ion was the one corresponding to B13, with m/z 2231, for being the most intense
related to RTB.

The MALDI-TOF MS/MS spectra corresponding to ion at m/z 1310 is shown in Figure 5. The data
obtained from this spectrum were analyzed through the software Bruker Biotools® (Version 2.2, Bruker
Daltonik GmbH, Bremen, Germany), together with the search mechanism MASCOT, and compared to
the data banks SwissProt [36] and NCBI [37]. Results were compatible with the amino acids sequence
YTFAFGGNYDR, confirming the identification of peptide A10 from ricin.
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Figure 5. MALDI-TOF MS/MS spectra corresponding to the fragments of precursor ion m/z 1310 (A).
Analysis of the MALDI-TOF MS/MS spectra of the precursor ion m/z 1310 (B).

Table 5 lists the fragments of peptide A10 identified by MALDI-TOF MS/MS. The following ions of
series —y and -b of peptide A10, presented correspondence with the products generated from precursor
m/z 1310: y1, y2,y3, y4,y5, y6, y7, y8 and y9; b2, b3 and b4. We also found some ions of the series a
(al, a2 and a7) and immonium, which contributed to reinforcing the interpretation of the results.

Table 5. Fragments of peptide A10 identified by MALDI-TOF MS/MS.

Ions Amino Acid Sequences m/z Theoretical m/z Measured
precursor YTFAFGGNYDR 1310.580 1310.4
b2 YT 265.118 265.0
b3 YTF 412.187 412.0
b4 YTFA 483.224 483.2
yl R 175.119 175.0
y2 DR 290.146 290.0
y3 YDR 453.209 453.0
y4 NYDR 567.252 567.1
y5 GNYDR 624.274 623.9
y6 GGNYDR 681.295 680.8
y7 FGGNYDR 828.363 828.1
y8 AFGGNYDR 899.401 899.2
y9 FAFGGNYDR 1046.469 1046.2

Figure 6 presents the MALDI-TOF MS/MS spectra corresponding to the fragments of ion
m/z 3307, and the corresponding analysis through the software Bruker Biotools® together with
the search mechanism MASCOT, and compared to the data banks SwissProt [36] and NCBI [37].
Like before, it is possible to verify that the results are compatible with the amino acid sequence
AGNSAYFFHPDNQEDAEAITHLFTDVQNR, confirming the identification of the peptide A9 of ricin.
As shown in Table 6, the following series y and b were found: y1, y3, y4, y5, y6, y7, y8,y9, y11, y12, y13,
y14, y15, y16, y17, y18, y20, y21, y22, y25 and y26, together with b3, b4, b7, b9, b12, b15, b23 and b25.

Finally, in order to definitely identify ricin in the samples, the last ion selected for the analysis by
MALDI-TOF MS/MS was the m/z 2231. We tried to verify if the products formed would be compatible
with the fragments of peptide B13. Results are shown in Figure 7 and Table 7.
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Figure 6. MALDI-TOF MS/MS spectra corresponding to the precursor ion m/z 3307 (A). Analysis of the
MALDI-TOF MS/MS spectrum of the precursor ion m/z 3307 (B).

Table 6. Fragments of peptide A9 (AGNSAYFFHPDNQEDAEAITHLFTDVQNR) identified by
MALDI-TOF MS/MS.

Ions Corresponding Amino Acids Sequence The(r)r;/eztical Me’:s/jre d
precursor AGNSAYFFHPDNQEDAEAITHLFTDVQNR 3307.504 3307.4
b3 AGN 243.109 243.1
b4 AGNS 330.141 329.7
b7 AGNSAYF 711.310 7113
b9 AGNSAYFFH 995.437 995.2
b12 AGNSAYFFHPDN 1321.560 1321.7
b15 AGNSAYFFHPDNQED 1693.688 1693.8
b23 AGNSAYFFHPDNQEDAEAITHLF 2576.148 2576.6
b25 AGNSAYFFHPDNQEDAEAITHLFTD 2792.222 2792.1
yl R 175.119 175.5
y3 QNR 417.220 417.1
y4 VQNR 516.289 515.8
y5 DVQNR 631.316 631.0
y6 TDVQNR 732.363 732.0
y7 FITDVQNR 879.432 879.1
y8 LFTDVQNR 992.516 992.7
y9 HLFTDVQNR 1129.575 1129.4
yl1 ITHLFTDVQNR 1343.707 1343.5
y12 AITHLFTDVQNR 1414,744 1415.0
y13 EAITHLFTDVQNR 1543.786 1544.1
yl4 AEAITHLFTDVQNR 1614.823 1614.8
y15 DAEAITHLFTDVQNR 1729.850 1730.0
yl6 EDAEAITHLFTDVQNR 1858.893 1858.7
yl17 QEDAEAITHLFTDVQNR 1986.952 1987.0
y18 NQEDAEAITHLFTDVQNR 2100.994 2100.4
y20 PDNQEDAEAITHLFTDVQNR 2313.074 2313.5
y21 HPDNQEDAEAITHLFTDVQNR 2450.133 2450.3
y22 FHPDNQEDAEAITHLFTDVQNR 2597.202 2597.5
y25 AYFFHPDNQEDAEAITHLFTDVQNR 2978.370 2978.2
y26 SAYFFHPDNQEDAEAITHLFTDVQNR 3065.402 3065.6

The presence of ions y1, y5, y9 and y14, together with B3, B4, B6, B14 and B18, allowed confirming
the similarity between the peak observed in the spectra of /z 2331 and the sequence of amino acids of
peptide B13 (AEQQWALYADGSIRPQQNR).
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Figure 7. MALDI-TOF MS/MS spectrum corresponding to the fragments of the precursor ion m/z 2231.
(A) Analysis of the MALDI-TOF MS/MS spectrum of the precursor ion 11/z 2231 (B).

Table 7. Fragments of peptide B13 (AEQQWALYADGSIRPQQNR) identified by MALDI-TOF MS/MS.

Ions Corresponding Amino Acids Sequence m/z Theoretical m/z Measured
precursor AEQQWALYADGSIRPQQONR 2231.095 2231.0
b3 AEQ 329.146 328.8
b4 AEQQ 457.204 457.0
b6 AEQQWA 714.321 714.4
bl4 AEQQWALYADGSIR 1589.771 1589.7
b18 AEQQWALYADGSIRPQQN 2056.984 2057.3
yl R 175.119 175.0
y5 PQQNR 642.332 642.3
y9 GSIRPQQNR 1055.570 1055.3
yl4 ALYADGSIRPQQONR 1588.819 1588.9

2.2.4. Determination of the Toxic Activity by MALDI-TOF MS

The active site responsible for the toxicity of ricin is located in RTA between residues Tyr80 and
Trp211. The residues playing the most important role in the mechanism of adenine removal from
rRNA 285 are Tyr80, Tyr123, Glul77 and Argl80 [20,43]. This information together with the PMF
spectrum obtained by MALDI-TOF MS (Figure 3) allows correlating the ricin activity to peptides A8 to
A13. Among them A8, A10 and A13 are the ones containing the most relevant residues [20,43].

All peptides in the region of the active site of ricin were identified by MALDI-TOF MS for both
the non-irradiated and the irradiated samples (Figure 3). The presence of these peptides suggests the
possibility of toxic activity even in the samples irradiated at 30 kGy.

In order to confirm whether the samples presented toxic activity, a non-irradiated sample and
another irradiated at 30 kGy, were incubated with a buffer solution containing DNA substrate with
a nucleotide sequence similar to rRNA 28S. A buffer solution containing only the DNA substrate
was used as a control. Aliquots were collected at three different times of incubation (0, 4 and 24 h)
and analyzed by MALDI-TOF MS. Results are shown in Figure 8. At the beginning of the reaction
(letters “a”, “b” and “c” in Figure 8), all samples presented a unique set of intense peaks with m/z
values starting at 3697, followed by 3719. These spectra are compatible with the mass of the intact
oligonucleotide (GCGCGAGAGCGC) (Figure 8). The first signal corresponds to the quasi-molecular
ion [M + HJ* and the others to adducts of salts usually present, like sodium salts [M + Na]*.

After 4 h of reaction, no alteration was observed in the control sample. However, in the samples
incubated with ricin (0 and 30 kGy), it was observed a peak at m/z 3564 with very low intensity
compared to the base peak [M + H]* (Figure 8d,e,f). This same peak became much more intense in
the aliquots collected after 24 h of incubation with ricin, reaching around 70% of the intensity of the

134



Toxins 2019, 11, 201

base peak [M + H]* (Figure 8h,i). The control sample presented only the set [M + H]* and its adducts
(Figure 8g). The difference of m/z between the quasi-molecular ion [M + H]* and the peak at 3564 is of
133 units. This is compatible with the replacement of one adenine base of the nucleotide sequence by a
hydrogen atom. The label [M — A + H]* was used to identify this peak in Figure 8.
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Figure 8. Verification of the toxic activity of ricin by MALDI-TOF MS. (a) Control at 0 h; (b) Sample
0kGy at 0 h (c) Sample 30 kGy at 0 h; (d) Control after 4 h; (e) Sample 0 kGy after 4 h (f) Sample 30 kGy
after 4 h; (g) Control after 24 h; (h) Sample 0 kGy after 24 h (i) Sample 30 kGy after 24 h.

It was possible to see by MALDI-TOF spectrometry that both samples, the non-irradiated and
irradiated at 30 kGy, attacked the DNA substrate, provoking the removal of the adenine nucleotide
from the sequence GCGCGAGAGCGC. This result is compatible with the MALDI-TOF MS spectra
of the samples where we had already identified the presence of peptides related to the active site of

135



Toxins 2019, 11, 201

ricin (Figures 3 and 4) and shows that irradiation at 30 kGy is not enough to eliminate totally the toxic
activity of ricin.

3. Conclusions

Our results showed that the ASE method was efficient and rapid for the extraction of ricin
samples from castor bean seeds. For the best of our knowledge, it is the first time that this method is
employed to ricin extraction. This method can be improved for future works, including subsequent
steps of protein purification, and comparison with other forms of sample preparation reported in the
literature [4,14,32,35]. In addition, the use of ASE combined with SDS-PAGE, MALDI-TOF MS and
MALDI-TOF MS/MS, has provided a fast and unambiguous identification method for ricin that can be
used in real cases of forensic investigation of suspected samples.

The irradiation of samples provoked a strong and gradual reduction in the intensity of the
molecular mass signal of ricin measured by MALDI-TOF MS. The signal related to the molecules
that remained intact after irradiation at 30 kGy, was so small that it was not possible to distinguish it
from the noise. The loss of molecular mass, however, did not imply in the complete destruction of
the protein or elimination of the toxicity. Despite the initial results, ricin showed quite resistant to
gamma-ray irradiation. This is illustrated by the fact that even after exposure to a dosage of 30 kGy
the sample still presented toxic activity, being able to remove the adenine residue from the nucleotide
sequence of the DNA substrate. These results can be attributed to two main factors: The first is related
to the very low toxicity of ricin already reported by Olsnes [15] who relates that a single unit of RTA is
capable of inactivating thousands of ribosomes per minute. This makes any residual remnants of ricin
potentially active. The second reason is that probably the mass loss provoked by the irradiation did not
alter considerably the active site of the toxin, located in a specific region of RTA. In fact, the principal
trypsin peptides of the ricin chains, including the ones related to the toxic activity, were identified in
all samples, including the sample irradiated at 30 kGy.

The SDS-PAGE separation technique used followed by trypsin digestion and analyzed by
MALDI-TOF MS, showed an important tool of identification, in this case, making it possible to
differentiate ricin from other proteins with similar structures, like the RCA120, for example. Besides,
the confirmation by a second method, where the amino acids sequence of the peptides was verified by
MALDI-TOF MS/MS, provided higher credibility to the identification.

4. Materials and Methods

The materials and methods used for the development of this work are described below. It is
important to mention that the manipulation of ricin, even in small amounts, means a huge risk and can
cause death by accidental ingestion or inhalation. Besides, the production, storage and using of this
toxin are severely restricted by the CWC [9].

4.1. Protecting Equipment

The samples were produced in a glove box safety cabin equipped with a negative pressure system
with HEPA and activated carbon filters, from the chemical biological radiological and nuclear (CBRN)
defense Institute of the Brazilian army. Some procedures were also performed in the biology Institute
of the Brazilian army in a safety cabin class II. Protective clothes, masks and gloves were needed for
most of the experiments.

4.2. Sample Preparation

The scheme shown in Figure 9 summarizes all the steps used for the preparation and analysis of
the ricin samples used in this work.
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Figure 9. Scheme of preparation and analysis of the ricin samples.

4.3. Castor Bean Seeds

The castor bean seed used belonged to the species R. communis L., cultivar IAC Guarani, harvest
2012/2012, category S2, lot 05/2012, with 96.80% of purity. They were received from the Company
“BR Seeds Production and Commerce of Seeds Ltda” based in the city of Aragatuba in the Sao Paulo
State, Brazil.

4.4. Production of the Ricin Samples

Samples containing ricin were produced from the seeds of castor bean (R. communis L.) adapting
the extraction method with acetone described in the literature [34,35,44], for ASE. This was performed
in a Dionex extractor (Thermo Fischer Scientific, Waltham, MA, USA), model ASE100, with a 100 mL
cylindrical extraction cell made of stainless steel. Firstly, the seeds were peeled with the help of
tweezers and a spatula, until exposing their whitish inner part. After, they were milled in an 80 mL
Tka® stainless steel knives mill, model A11 from Tka manufacturer. The oiled mass (4 g) was transferred
to the extraction cell that was inserted in the oven of the extractor ASE100. The temperature was
programmed to stay constant at 40 °C. Extraction was performed with a mixture 8:2 of the solvents
n-hexane 99% UV/HPLC-Spectroscopic from Vetec (Rio de Janeiro, Brazil), and acetone 99.8% HPLC
from J. T. Baker. This mixture was pumped into the cell, filling the whole volume, and raising the
pressure to 1650 psi. After 5 min under this pressure, the extract obtained was filtered and collected
into a flask. After removal of the extract, the cell was purged with nitrogen for 1 min and the extraction
procedure repeated. After four rounds of extraction and evaporation of the solvent, around 1.2 g of a
white powder containing ricin was separated from the extract for each extraction step.
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All white powder produced was homogenized and separated in fractions of 1 g. Each fraction
was packed into a 15 mL conic tube for centrifugation. After centrifugation, each tube was placed in a
transparent plastic bag with a double closing system, identified externally and sent for irradiation.
The samples were prepared in triplicate and named according to the irradiation dosages to be received
(0 kGy, 10 kGy, 20 kGy and 30 kGy).

4.5. Samples Irradiation

The samples were irradiated with gamma rays in the installations of the CBRN Defense Institute of
the Brazilian army in a research irradiator of the armored cavity type with a source of Cs!%, projected
and constructed in 1969 in the Brookhaven National Laboratories, in the USA. The source of gamma
rays consisted of 28 cylinders of CsCl, with approximately 2.5 cm of length, disposed linearly along
a metallic guiding structure. The plastic bags containing the ricin samples were placed over a tray
and introduced in one of the two irradiation chambers of the equipment. Samples were irradiated at
dosages of 10 kGy, 20 kGy and 30 kGy.

The time of exposure to the irradiation source needed to achieve the desired dosage was calculated
through software developed based on the dosimetric mapping of the irradiator. The calculations
considered the current activity of the source and the density and geometry of the sample, among other
factors. Equation (1) calculates the activity (A) of the source, in kCi-h™!, related to the year of the
irradiation (t) [45].

A= 108.e70.23(t —1969) (l)

Based on Equation (1) the value of A for the irradiator in the year of the experiment was of
2.75 Ci-h~!. The value found for the dosage absorbed by the samples was of 1.2 kGy+h~!. Table 8 lists
the time of irradiation necessary for achieving the dosage desired for each sample.

Table 8. Time needed for each sample.

Irradiation Dosage Absorbed Exposure Time
10 kGy 8 h 20 min
20 kGy 16 h 40 min
30 kGy 25 h 00 min

4.6. MALDI-TOF MS Analysis

The samples were analyzed in a MALDI-TOF mass spectrometer, Bruker®, model microflex
LRE. This equipment has a laser of N, with a maximum frequency of 60 Hz, and minimal focus of
50 um. Each sample was analyzed in triplicate. Firstly, 0.5 uL of solution of sinapinic acid (99% from
Sigma-Aldrich (Sao Paulo, Brazil), saturated in ethanol (95% PA from ACS, Isofar (Duque de Caxias,
Rio de Janeiro, Brazil), were applied in one of the spots of a stainless steel target plate. This solution
was left to dry and a thin layer of matrix was formed. After, a second solution was prepared, this
time containing sinapinic acid saturated in TA30 [30% acetonitrile with 70% water/trifluoroacetic acid
(99.9:0.1)]. This solution was mixed in equal parts with a third solution, containing 2 mg/mL of the
original sample diluted in 0.1% TFA/water. One aliquot of 0.5 uL of this mixture was collected and
applied over the first matrix layer described above, left to dry and analyzed.

The analyses were performed in linear mode by monitoring the presence of peaks in the spectral
region corresponding to masses between 50 and 70 kDa. All spectra were acquired by addition after
3000 laser shots, randomly distributed over the whole surface of the sample. The laser energy was
kept constant in all shots.
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4.7. Inequivocal Identification of Ricin in the Samples

The identification of ricin in the samples was done through MALDI-TOF MS, using the PMF
technique, after digestion of RTA and RTB.

4.7.1. SDS-PAGE Under Reducing Conditions

SDS-PAGE of gels were made in an equipment Loccus, model LP3000. The racing and stacking
gels were with 12% and 5% (w/v) of polyacrylamide, respectively. For each sample a 20 mg/mL PBS10
buffer solution (pH 7.4) was prepared. This solution (4 uL) was added to 8 pL of a charging buffer
containing the colorant bromophenol blue and other reactants (the commercial product “Blue Loading
Buffer Pack”, from BioLabs was used, following instructions of the manufacturer with the addition
of the reducing agent dithiothreitol). Finally, 10 uL of the charging solution was applied in one of
the spots of a polyacrylamide gel. The bands were removed from the SDS-PAGE gel and identified
through MALDI-TOF/MS.

The electrophoresis experiments were performed with a constant tension of 200 V until the
migration line achieve 1 cm from the bottom. The gel was immersed in a solution containing
ethanol/glacial acetic acid/water (45:10:45) and 1 g of the colorant Coomassie blue for 30 min under
gentle stirring. The revelation was done overnight with a solution of methanol/glacial acetic acid/water
(3:1:6) at room temperature. Solvents and reagents used were: bright Coomassie blue R250, 98.5%,
from Vetec (Rio de Janeiro, Brazil); ethanol 95%, PA, from ACS, Isofar (Duque de Caxias, Rio de Janeiro,
Brazil); glacial acetic acid 99.8%, PA, from ACS, Proquimios; methanol 100%, from ACS, J.T. Baker; and
distilled and deionized water produced in the lab.

4.7.2. Proteolytic Digestion

After revelation of the SDS-PAGE gel, each band related to the ricin chains was cut out with a stiletto
and transferred to a 1 mL microcentrifuge tube, pre-washed twice with TA50 [50% acetonitrile with
50% water/trifluoroacetic acid (99.9:0.1)]. After, the samples were uncolored through two successive
washes with 0.2 mL of a solution 100 mM of NH;HCO3/50% ACN, for 45 min at 37 °C. Then the
samples were dehydrated by adding 100 uL of acetonitrile [99.9%, UV/HPLC spectroscopic from Vetec
(Rio de Janeiro, Brazil)] for 10 min at room temperature, and dried under N, flow at room temperature.

In parallel, aliquots were collected from the stock solution of trypsin (trypsin gold, mass
spectrometry grade from Promega (Madison, Wisconsin, USA) 1 ug/uL in 50 mM of acetic acid, and
diluted to 20 ug/mL with 40 mM NH4HCO5/10% ACN. The dried gel pieces were then incubated and
rehydrated in 30 uL of this trypsin solution at room temperature for 1 h. After, the digestion buffer
(40 mM NH4HCO3/10% ACN) was added until covering completely the gel pieces. The tubes were
well closed to avoid evaporation and incubated overnight at 37 °C. The day after the solution was
transferred to a clean tube and 30 pL of TA50 added to the gel, which was submitted to ultrasound
for 20 minutes. The resulting solution was transferred to a clean tube and totally dried under N,
(AP, 99.997% from Linde) flow, being re-suspended again with 20 pL of the solution of TFA 0.1%
in water. This sample, containing the peptides from the trypsin digestion was sent for analysis by
MALDI-TOF MS.

Table 9 shows the peptides expected for the complete trypsinization of ricin, named according to
its positions in the sequences of RTA and RTB.

Table 9. Expected peptides from the total proteolysis of ricin with trypsin.

Abbreviation Position Sequence of Amino Acids Molecular Mass

™M)
Al 36-39 IFPK 504.3
A2 40-61 QYPIINFTTAGATVQSYTNFIR 2504.3
A3 62-64 AVR 344.2
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Table 9. Cont.

Molecular Mass

Abbreviation Position Sequence of Amino Acids o)
A4 65-66 GR 231.1
A5 67-74 LTTGADVR 831.4
A6 75-83 HEIPVLPNR 1073.6
A7 84-91 VGLPINQR 895.5
A8 92-120 FILVELSNHAELSVTLALDVTNAYVVGYR 3205.7
A9 121-149 AGNSAYFFHPDNQEDAEAITHLFTDVQNR 3306.5
A10 150-160 YTFAFGGNYDR 1309.6
All 161-169 LEQLAGNLR 1012.6
Al12 170-201 ENIELGNGPLEEAISALYYYSTGGTQLPTLAR 3439.7
Al13 202-215 SFIICIQMISEAAR 1580.8
Al4 216-224 FQYIEGEMR 1171.5
Al5 225-226 TR 275.2
Ale6 227-228 IR 287.2
Al17 229-231 YNR 451.2
A18 232-232 R 174.1
A19 233-248 SAPDPSVITLENSWGR 1727.9
A20 249-269 LSTAIQESNQGAFASPIQLQR 2258.2
A21 270-270 R 174.1
A22 271-274 NGSK 404.2
A23 275-293 FSVYDVSILIPHTALMVYR 2211.2
A24 294-302 CAPPPSSQF 932.4
Bl 315-326 ADVCMDPEPIVR 1343.6
B2 327-330 IVGR 4433
B3 331-338 NGLCVDVR 874.4
B4 339-341 DGR 346.2
B5 342-354 FHNGNAIQLWPCK 1526.8
B6 355-366 SNTDANQLWTLK 1389.7
B7 367-367 R 174.1
B8 368-372 DNTIR 617.3
B9 373-376 SNGK 404.2
B10 373-376 CLTTYGYSPGVYVMIYDCNTAATDATR 2948.3
B11 404416 WQIWDNGTIINPR 1611.8

SSLVLAATSGNSGTTLTVQTNIYAVSQGWLPT
B12 417-482 NNTQPFVTTIVGLYGLCLQANSGQVWIED 6932.4
CSSEK
B13 417-482 AEQQWALYADGSIRPQQONR 2230.1
B14 502-512 DNCLTSDSNIR 1236.5
B15 513-517 ETVVK 574.3
Bl6 518-529 ILSCGPASSGQR 1174.6
B17 530-533 WMFK 610.3
B18 534-550 NDGTILNLYSGLVLDVR 1861.0
B19 551-557 ASDPSLK 716.4
B20 558-576 QIILYPLHGDPNQIWLPLF 2276.2

4.7.3. MALDI-TOF MS Analysis for the Identification of Ricin

The mixture of trypsin peptides extracted from each band of the SDS-PAGE gel was analyzed
through MALDI-TOF MS using a saturated solution of 4-hydroxy-a-cyanocinnamic acid (HCCA)
saturated in TA30 as a matrix. The sample preparation consisted of mixing equal volumes of the
peptides solution in 0.1% TFA/water with a saturated solution of HCCA in TA30. After, 0.5 pL of this
new mixture was applied over the target plate and left to dry. The analyses were performed in reflector
mode, by monitoring the presence of peaks in the spectral region corresponding to the weight between
700 and 4000 Da. All spectra were obtained by addition of 2000 laser shots randomly distributed over

the whole surface of the sample. The laser energy was kept constant during the shots.
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The mass spectra of the mixture of peptides were used for the identification of ricin. Firstly,
the m/z list of the peaks obtained was exported for the software Biotools, from Bruker. After, through
the MASCOT PMEF search mechanism, the experimental results were compared with the information
available in the data banks of proteins SwissProt [36] and NCBI [37].

4.7 4. Analyses by MALDI-TOF MS/MS

The results obtained by MALDI-TOF MS were confirmed by a second analytic spectrometric
technique. For this, three peptides were chosen to have their amino acid sequences verified through
MALDI-TOF MS/MS. The criteria established for the selection of the precursor ions were the intensity
and the relevance of the peptide for the differentiation between ricin and other proteins, the absence of
cysteine and methionine residues, and the possibility of the same peptide representing RTA and RTB.

The analyses were performed in the same target plate with the samples former prepared for the
MALDI-TOF MS experiment. The equipment used also was the same used before. The spectra were
obtained by the method known as fragmentation analysis and structural time of flight (FAST), which
only works in the reflective mode. For each analysis the range of the ions selector and the number of
segments were adjusted according to the mass of the precursor ion selected, avoiding interference of
fragments from possible adjacent ions. The spectra were exported to the software Bruker Biotools and,
with the help of the MASCOT searching mechanism, compared to the data existing in the data banks
SwissProt [36] and NCBI [37].

4.8. Verification of the Toxic Activity of the Ricin Samples by MALDI-TOF MS

The toxic activity of ricin present in the samples was verified by MALDI-TOF MS, following
a method adapted from Schieltz et al. [46]. For this, a DNA substrate chemically synthesized with
the nucleotide sequence GCGCGAGAGCGC, similar to rRNA 28S where the ricin attack occurs, was
acquired from the Company Genone Biotechnologies (Rio de Janeiro, Brazil).

A solution containing 0.1 umol/mL of nucleotides was prepared and mixed with a PBS10 buffer
(pH 7.4). After, the sample solution was prepared with 20 mg/mL of the white powder extracted from
castor bean seeds mixed with the PBS10 buffer solution. The reaction mixture was produced by mixing
equal volumes of the two solutions. Then it was incubated at 37 °C, without stirring, for 24 h. Aliquots
were collected and analyzed in times 0, 4 and 24 h. The matrix solution consisted of 3-hydroxypicolinic
acid (3-HPA) saturated in TA50. This solution (0.5 uL) was applied over the target plate and left to
dry at room temperature. At the time intervals mentioned above, 2.0 uL were collected from the
supernatant of the reaction and mixed with more 18 pL of the matrix solution. From this mixture, one
aliquot of 0.5 uL was deposited over the first layer, left for drying, and introduced in the target plate of
the equipment.

The analysis method was in the reflective mode, with a range of m/z from 3000 to 4000, with the
addition of spectra obtained after 2000 laser shots randomly distributed over the whole sample surface
in the target plate.

We monitored the intensities of the signals of peaks at m/z 3,697, referring to the mass of the
quasi-molecular ion of the oligonucleotide protonated [M + H]* and in m/z 3564, related to the loss of
adenine [M+H-A]".

Solvents and reagents used for these experiments were: 3-hydroxypicolinic acid 99%, from
Sigma Aldrich, TA50 (produced with acetonitrile 99,9%, UV/HPLC spectroscopic, from Vetec (Rio de
Janeiro, Brazil); trifluoroacetic acid 99% from Sigma Aldrich and distilled and deionized water); PBS10
(prepared with Na,HPO4 99% from Sigma Aldrich; NaH;PO,4-HyO 98% from Sigma Aldrich and NaCl,
ACS reagent, from Vetec (Rio de Janeiro, Brazil).
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