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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
(GAC), 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
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type 1 RIPs [13]. Also, a third class of RIPs, termed type 3, has been recognized. It includes only
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, α-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)
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which belongs to the ribosomal elements responsible for administrating the continuous motions of the
ribosome along the translational cycle.

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].
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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 25S rRNA (PDB code 3U5H) and 60S subunit
(PDB code 3U5I); 25S 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 A3027 of the SRL and positions of
uL11 (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, Schrödinger, 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 23S/25S/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 (A3027). 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 π-stacking interactions between particular bases. Model prepared by PyMol software,
(The PyMOL Molecular Graphics System, version 1.5.0.4, Schrödinger, 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 (A2660/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 π-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 A2660, G2661, and A2662 in the GAGA loop
(E. coli numbering) associate with each other via non-canonical π-stacking interactions that stabilize the
loop structure [42,43]. The crucial A2660, located at the top of the hairpin structure, is stabilized via the
stacking interactions with G2661 (Figure 2B). Importantly, A2660 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 (His84 in EF-Tu,
His87 in EF-G, or His61 in SelB, or His108 in eEF2) [56–60]. This histidine may adopt two conformations:
an inactive “flipped-out” state (pointing away from the γ-phosphate of GTP) and an active flipped-in
state (reaching towards the γ -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 A2662 coordinates,
by means of electrostatic interactions, the catalytic histidine positioning to the active “flipped-in”
position towards the γ-phosphate of GTP [28,38,61]. The positively charged histidine points towards
the water molecule aimed at the nucleophilic attack on GTP γ-phosphate [29,38,58,62]. Additionally,
the phosphate of A2662 coordinates a Mg2+ ion, important in positioning of the Asp residue (Asp21 in
EF-Tu, Asp22 in EF-G, Asp10 in SelB), which is also crucial for GTP hydrolysis (Figure 3) [28,58].
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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. Asp22 and His87 are in
“flipped-out” state, pointing away from GTP; the “hydrophobic gate” formed by amino acids Ile63 and
Ile21 prevents His87 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 A2660 interacts with His20, which induces Ile21 movement away from GTP and “hydrophobic
gate” opening. The phosphate of A2662 directs His87 and Asp22 residues (through Mg2+) to “flipped-in”
conformation which allows for water molecule activation and GTP hydrolysis (see the details in
the text).

Recently, A2662 and G2661 within the tetraloop structure were distinguished as critical elements,
directly involved in stimulation of the GTP hydrolysis process [28,38]. Interestingly, α-sarcin cleaves
the bond between eukaryotic nucleotide equivalents to E. coli G2661 and A2662, which results in
ribosome inactivation [63,64]. The A2660 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 G2661 and A2660 of the SRL, EF-G (Glu456, Arg660, Ser661

and Gln664), and ribosomal L6 (Lys175) is formed in the immediate vicinity of the GTPase active site,
with A2660 being the central element of the network [40]. Thus, depurination of A2660 may prevent the
surrounding elements from adopting the active conformation, which is required to bind the metal ions
necessary to stabilize Asp22 and neighboring regions of EF-G in the activated form [55,65]. On the
other hand, A2660, together with G2661, 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 A2660 and G2661

interact with His20 of EF-G, which in turn interacts with Ile21, forming a hydrophobic gate with Ile63.
These interactions contribute to its opening and repositioning the His87 into its active position [40].
The structural analyses of the A2660 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
π-electron interaction system of the purine, which in turn facilitates the π-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 A2660 base moiety (A3027 - yeast, A4324 - rat, A4605 - 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, uL10-(P1-P2)2 [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 28S rRNA. The kcat 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, SDDDMGFGLFD, 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 K173, R174,
and K177 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 - Tyr80 and Tyr123) to form π-stacking interactions [108,109]. Additionally,
the adenine position is stabilized by hydrogen binding with RTA Gly121, Val81, Glu177, and Arg180

residues [110]. It has been shown that two RTA residues, i.e. Glu177 and Arg180, 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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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 A2660 is bound to the catalytic
center of RTA with π-stacking interactions and its position is stabilized by hydrogen bonds with Gly121,
Val81 and Arg180 (green). Glu177 and Arg180 (green) play crucial role in catalysis by transition state
stabilization. Arg180 residue protonates base of A2660 causing delocalization of ring electrons. Glu177

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 π-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
GAC, 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 G2659 A2660G2661A2662

(E. coli numbering) tetra-loop located on the tip of the SRL plays a key role here. Within this loop, two
bases A2662 and G2661 are critical elements directly involved in stimulation of GTP hydrolysis [28].
On the other hand, A2660, 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 A2660, 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 A2660 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 A2660 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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Boguszewska, A.; Tchórzewski, M. Multiplication of Ribosomal P-Stalk Proteins Contributes to the Fidelity
of Translation. Mol. Cell Biol. 2017, 37, e00060-17. [CrossRef] [PubMed]

86. Li, X.P.; Grela, P.; Krokowski, D.; Tchórzewski, M.; Tumer, N.E. Pentameric organization of the ribosomal
stalk accelerates recruitment of ricin a chain to the ribosome for depurination. J. Biol. Chem. 2010, 285,
41463–41471. [CrossRef] [PubMed]

87. Endo, Y.; Tsurugi, K. RNA N-glycosidase activity of ricin A-chain. Mechanism of action of the toxic lectin
ricin on eukaryotic ribosomes. J. Biol. Chem. 1987, 262, 8128–8130. [PubMed]

88. Agrawal, R.K.; Heagle, A.B.; Penczek, P.; Grassucci, R.A.; Frank, J. EF-G-dependent GTP hydrolysis induces
translocation accompanied by large conformational changes in the 70S ribosome. Nat. Struct. Biol. 1999, 6,
643–647. [CrossRef]

89. Shi, X.; Khade, P.K.; Sanbonmatsu, K.Y.; Joseph, S. Functional role of the sarcin-ricin loop of the 23S rRNA in
the elongation cycle of protein synthesis. J. Mol. Biol. 2012, 419, 125–138. [CrossRef]

http://dx.doi.org/10.1016/S0248-4900(03)00034-0
http://dx.doi.org/10.1038/ncomms2373
http://www.ncbi.nlm.nih.gov/pubmed/23340427
http://dx.doi.org/10.1042/BJ20120115
http://www.ncbi.nlm.nih.gov/pubmed/22458705
http://dx.doi.org/10.1016/S1357-2725(02)00012-2
http://dx.doi.org/10.1021/bi901811s
http://www.ncbi.nlm.nih.gov/pubmed/20058904
http://dx.doi.org/10.1111/j.1365-2958.2006.05117.x
http://dx.doi.org/10.1093/jb/mvm207
http://www.ncbi.nlm.nih.gov/pubmed/17984123
http://dx.doi.org/10.1007/s00239-008-9132-2
http://dx.doi.org/10.1093/nar/gkr1143
http://www.ncbi.nlm.nih.gov/pubmed/22135285
http://dx.doi.org/10.1016/j.bpj.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20483347
http://dx.doi.org/10.1021/bi0616450
http://www.ncbi.nlm.nih.gov/pubmed/17261029
http://dx.doi.org/10.1128/MCB.00067-18
http://dx.doi.org/10.1093/nar/gky115
http://www.ncbi.nlm.nih.gov/pubmed/29471537
http://dx.doi.org/10.1093/nar/gku1248
http://www.ncbi.nlm.nih.gov/pubmed/25428348
http://dx.doi.org/10.1038/srep37803
http://dx.doi.org/10.1128/MCB.00060-17
http://www.ncbi.nlm.nih.gov/pubmed/28606931
http://dx.doi.org/10.1074/jbc.M110.171793
http://www.ncbi.nlm.nih.gov/pubmed/20974854
http://www.ncbi.nlm.nih.gov/pubmed/3036799
http://dx.doi.org/10.1038/10695
http://dx.doi.org/10.1016/j.jmb.2012.03.016


Toxins 2019, 11, 241 14 of 16

90. Li, X.P.; Chiou, J.-C.; Remacha, M.; Ballesta, J.P.G.; Tumer, N.E. A two-step binding model proposed for the
electrostatic interactions of ricin a chain with ribosomes. Biochemistry 2009, 48, 3853–3863. [CrossRef]

91. Endo, Y.; Tsurugi, K. The RNA N-glycosidase activity of ricin A-chain. The characteristics of the enzymatic
activity of ricin A-chain with ribosomes and with rRNA. J. Biol. Chem. 1988, 263, 8735–8739.

92. Endo, Y.; Mitsui, K.; Motizuki, M.; Tsurugi, K. The mechanism of action of ricin and related toxic lectins on
eukaryotic ribosomes. The site and the characteristics of the modification in 28 S ribosomal RNA caused by
the toxins. J. Biol. Chem. 1987, 262, 5908–5912.

93. McCluskey, A.J.; Poon, G.M.; Bolewska-Pedyczak, E.; Srikumar, T.; Jeram, S.M.; Raught, B.; Gariépy, J.
The catalytic subunit of shiga-like toxin 1 interacts with ribosomal stalk proteins and is inhibited by their
conserved C-terminal domain. J. Mol. Biol. 2008, 378, 375–386. [CrossRef]

94. McCluskey, A.J.; Bolewska-Pedyczak, E.; Jarvik, N.; Chen, G.; Sidhu, S.S.; Gariépy, J. Charged and hydrophobic
surfaces on the a chain of shiga-like toxin 1 recognize the C-terminal domain of ribosomal stalk proteins.
PLoS ONE 2012, 7, e31191. [CrossRef]

95. Chiou, J.C.; Li, X.-P.; Remacha, M.; Ballesta, J.P.G.; Tumera, N.E. Shiga toxin 1 is more dependent on the P
proteins of the ribosomal stalk for depurination activity than Shiga toxin 2. Int. J. Biochem. Cell Biol. 2011, 43,
1792–1801. [CrossRef]

96. Basu, D.; Li, X.P.; Kahn, J.N.; May, K.L.; Kahn, P.C.; Tumer, N.E. The A1 Subunit of Shiga Toxin 2 Has Higher
Affinity for Ribosomes and Higher Catalytic Activity than the A1 Subunit of Shiga Toxin 1. Infect. Immun.
2016, 84, 149–161. [CrossRef]

97. Chan, S.H.; Hung, F.S.; Chan, D.S.; Shaw, P.C. Trichosanthin interacts with acidic ribosomal proteins P0 and
P1 and mitotic checkpoint protein MAD2B. Eur. J. Biochem. 2001, 268, 2107–2112. [CrossRef]

98. Chan, D.S.; Chu, L.O.; Lee, K.M.; Too, P.H.; Ma, K.W.; Sze, K.H.; Zhu, G.; Shaw, P.C.; Wong, K.B. Interaction
between trichosanthin, a ribosome-inactivating protein, and the ribosomal stalk protein P2 by chemical shift
perturbation and mutagenesis analyses. Nucleic Acids Res. 2007, 35, 1660–1672. [CrossRef]

99. Too, P.H.; Ma, M.K.; Mak, A.N.; Wong, Y.T.; Tung, C.K.; Zhu, G.; Au, S.W.; Wong, K.B.; Shaw, P.C.
The C-terminal fragment of the ribosomal P protein complexed to trichosanthin reveals the interaction
between the ribosome-inactivating protein and the ribosome. Nucleic Acids Res. 2009, 37, 602–610. [CrossRef]

100. Wong, Y.T.; Ng, Y.M.; Mak, A.N.; Sze, K.H.; Wong, K.B.; Shaw, P.C. Maize ribosome-inactivating protein
uses Lys158-lys161 to interact with ribosomal protein P2 and the strength of interaction is correlated to the
biological activities. PLoS ONE 2012, 7, e49608. [CrossRef]

101. Li, X.P.; Kahn, P.C.; Kahn, J.N.; Grela, P.; Tumer, N.E. Arginine residues on the opposite side of the active site
stimulate the catalysis of ribosome depurination by ricin A chain by interacting with the P-protein stalk.
J. Biol. Chem. 2013, 288, 30270–30284. [CrossRef]

102. Grela, P.; Li, X.-P.; Tchórzewski, M.; Tumer, N.E. Functional divergence between the two P1-P2 stalk dimers
on the ribosome in their interaction with ricin A chain. Biochem. J. 2014, 460, 59–67. [CrossRef] [PubMed]

103. Jetzt, A.E.; Li, X.P.; Tumer, N.E.; Cohick, W.S. Toxicity of ricin A chain is reduced in mammalian cells
by inhibiting its interaction with the ribosome. Toxicol. Appl. Pharmacol. 2016, 310, 120–128. [CrossRef]
[PubMed]

104. Shi, W.W.; Tang, Y.S.; Sze, S.Y.; Zhu, Z.N.; Wong, K.B.; Shaw, P.C. Crystal Structure of Ribosome-Inactivating
Protein Ricin A Chain in Complex with the C-Terminal Peptide of the Ribosomal Stalk Protein P2. Toxins (Basel)
2016, 8, 296. [CrossRef]

105. Spooner, R.A.; Watson, P.D.; Marsden, C.J.; Smith, D.C.; Moore, K.A.; Cook, J.P.; Lord, J.M.; Roberts, L.M.
Protein disulphide-isomerase reduces ricin to its A and B chains in the endoplasmic reticulum. Biochem. J.
2004, 383 Pt 2, 285–293. [CrossRef]

106. Endo, Y.; Gluck, A.; Wool, I.G. Ribosomal RNA identity elements for ricin A-chain recognition and catalysis.
J. Mol. Biol. 1991, 221, 193–207. [CrossRef]

107. Gluck, A.; Endo, Y.; Wool, I.G. Ribosomal RNA identity elements for ricin A-chain recognition and catalysis.
Analysis with tetraloop mutants. J. Mol. Biol. 1992, 226, 411–424. [CrossRef]

108. Ho, M.C.; Sturm, M.B.; Almo, S.C.; Schramm, V.L. Transition state analogues in structures of ricin and saporin
ribosome-inactivating proteins. Proc. Natl. Acad. Sci. USA 2009, 106, 20276–20281. [CrossRef]

109. Jasheway, K.; Pruet, J.; Anslyn, E.V.; Robertus, J.D. Structure-based design of ricin inhibitors. Toxins (Basel)
2011, 3, 1233–1248. [CrossRef]

http://dx.doi.org/10.1021/bi802371h
http://dx.doi.org/10.1016/j.jmb.2008.02.014
http://dx.doi.org/10.1371/journal.pone.0031191
http://dx.doi.org/10.1016/j.biocel.2011.08.018
http://dx.doi.org/10.1128/IAI.00994-15
http://dx.doi.org/10.1046/j.1432-1327.2001.02091.x
http://dx.doi.org/10.1093/nar/gkm065
http://dx.doi.org/10.1093/nar/gkn922
http://dx.doi.org/10.1371/journal.pone.0049608
http://dx.doi.org/10.1074/jbc.M113.510966
http://dx.doi.org/10.1042/BJ20140014
http://www.ncbi.nlm.nih.gov/pubmed/24576056
http://dx.doi.org/10.1016/j.taap.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27639428
http://dx.doi.org/10.3390/toxins8100296
http://dx.doi.org/10.1042/BJ20040742
http://dx.doi.org/10.1016/0022-2836(91)80214-F
http://dx.doi.org/10.1016/0022-2836(92)90956-K
http://dx.doi.org/10.1073/pnas.0911606106
http://dx.doi.org/10.3390/toxins3101233


Toxins 2019, 11, 241 15 of 16

110. Wahome, P.G.; Robertus, J.D.; Mantis, N.J. Small-molecule inhibitors of ricin and Shiga toxins. Curr. Top.
Microbiol. Immunol. 2012, 357, 179–207.

111. Kim, Y.; Robertus, J.D. Analysis of several key active site residues of ricin A chain by mutagenesis and X-ray
crystallography. Protein Eng. 1992, 5, 775–779. [CrossRef]

112. Kim, Y.; Mlsna, D.; Monzingo, A.F.; Ready, M.P.; Frankel, A.; Robertus, J.D. Structure of a ricin mutant
showing rescue of activity by a noncatalytic residue. Biochemistry 1992, 31, 3294–3296. [CrossRef]

113. Seggerson, K.; Moore, P.B. Structure and stability of variants of the sarcin-ricin loop of 28S rRNA: NMR
studies of the prokaryotic SRL and a functional mutant. RNA 1998, 4, 1203–1215. [CrossRef]

114. Chan, Y.L.; Sitikov, A.S.; Wool, I.G. The phenotype of mutations of the base-pair C2658.G2663 that closes the
tetraloop in the sarcin/ricin domain of Escherichia coli 23 S ribosomal RNA. J. Mol. Biol. 2000, 298, 795–805.
[CrossRef]

115. Lin, J.Y.; Kao, W.-Y.; Tserng, K.-Y.; Chen, C.-C.; Tung, T.-C. Effect of crystalline abrin on the biosynthesis of
protein, RNA, and DNA in experimental tumors. Cancer Res. 1970, 30, 2431–2433.

116. Montanaro, L.; Sperti, S.; Stirpe, F. Inhibition by ricin of protein synthesis in vitro. Ribosomes as the target of
the toxin. Biochem. J. 1973, 136, 677–683. [CrossRef]

117. Olsnes, S.; Pihl, A. Ricin - a potent inhibitor of protein synthesis. FEBS Lett. 1972, 20, 327–329. [CrossRef]
118. Olsnes, S.; Fernandez-Puentes, C.; Carrasco, L.; Vazquez, D. Ribosome inactivation by the toxic lectins abrin

and ricin. Kinetics of the enzymic activity of the toxin A-chains. Eur. J. Biochem. 1975, 60, 281–288. [CrossRef]
119. Osborn, R.W.; Hartley, M.R. Dual effects of the ricin A chain on protein synthesis in rabbit reticulocyte lysate.

Inhibition of initiation and translocation. Eur. J. Biochem. 1990, 193, 401–407. [CrossRef]
120. Olsnes, S.; Saltvedt, E.; Pihl, A. Isolation and comparison of galactose-binding lectins from Abrus precatorius

and Ricinus communis. J. Biol. Chem. 1974, 249, 803–810.
121. Endo, Y.; Tsurugi, K.; Lambert, J.M. The site of action of six different ribosome-inactivating proteins

from plants on eukaryotic ribosomes: The RNA N-glycosidase activity of the proteins. Biochem. Biophys.
Res. Commun. 1988, 150, 1032–1036. [CrossRef]

122. Sperti, S.; Montanaro, L.; Mattioli, A.; Stirpe, F. Inhibition by ricin of protein synthesis in vitro: 60 S ribosomal
subunit as the target of the toxin. Biochem. J. 1973, 136, 813–815. [CrossRef] [PubMed]

123. Gessner, S.L.; Irvin, J.D. Inhibition of elongation factor 2-dependent translocation by the pokeweed antiviral
protein and ricin. J. Biol. Chem. 1980, 255, 3251–3253.

124. Nilsson, L.; Nygard, O. The mechanism of the protein-synthesis elongation cycle in eukaryotes. Effect of
ricin on the ribosomal interaction with elongation factors. Eur. J. Biochem. 1986, 161, 111–117. [CrossRef]

125. Carrasco, L.; Fernandez-Puentes, C.; Vazquez, D. Effects of ricin on the ribosomal sites involved in the
interaction of the elongation factors. Eur. J. Biochem. 1975, 54, 499–503. [CrossRef]

126. Brigotti, M.; Rambelli, F.; Zamboni, M.; Montanaro, L.; Sperti, S. Effect of alpha-sarcin and
ribosome-inactivating proteins on the interaction of elongation factors with ribosomes. Biochem. J. 1989, 257,
723–727. [CrossRef]

127. Nolan, R.D.; Grasmuk, H.; Drews, J. The binding of tritiated elongation-factors 1 and 2 to ribosomes from
Krebs II mouse ascites-tumore cells. The influence of various antibiotics and toxins. Eur. J. Biochem. 1976, 64,
69–75. [CrossRef] [PubMed]

128. Fernandez-Puentes, C.; Benson, S.; Olsnes, S.; Pihl, A. Protective effect of elongation factor 2 on the inactivation
of ribosomes by the toxic lectins abrin and ricin. Eur. J. Biochem. 1976, 64, 437–443. [CrossRef]

129. Cawley, D.B.; Hedblom, M.L.; Houston, L.L. Protection and rescue of ribosomes from the action of ricin A
chain. Biochemistry 1979, 18, 2648–2654. [CrossRef]

130. Sperti, S.; Montanaro, L. Ricin and modeccin do not inhibit the elongation factor 1-dependent binding of
aminoacyl-tRNA to ribosomes. Biochem. J. 1979, 178, 233–236. [CrossRef] [PubMed]

131. Montanaro, L.; Sperti, S.; Mattioli, A.; Testoni, G.; Stirpe, F. Inhibition by ricin of protein synthesis in vitro.
Inhibition of the binding of elongation factor 2 and of adenosine diphosphate-ribosylated elongation factor 2
to ribosomes. Biochem. J. 1975, 146, 127–131. [CrossRef] [PubMed]

132. Spooner, R.A.; Lord, J.M. How ricin and Shiga toxin reach the cytosol of target cells: Retrotranslocation from
the endoplasmic reticulum. Curr. Top Microbiol. Immunol. 2012, 357, 19–40. [PubMed]

http://dx.doi.org/10.1093/protein/5.8.775
http://dx.doi.org/10.1021/bi00127a035
http://dx.doi.org/10.1017/S1355838298980773
http://dx.doi.org/10.1006/jmbi.2000.3720
http://dx.doi.org/10.1042/bj1360677
http://dx.doi.org/10.1016/0014-5793(72)80098-X
http://dx.doi.org/10.1111/j.1432-1033.1975.tb21001.x
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19353.x
http://dx.doi.org/10.1016/0006-291X(88)90733-4
http://dx.doi.org/10.1042/bj1360813
http://www.ncbi.nlm.nih.gov/pubmed/4360718
http://dx.doi.org/10.1111/j.1432-1033.1986.tb10130.x
http://dx.doi.org/10.1111/j.1432-1033.1975.tb04162.x
http://dx.doi.org/10.1042/bj2570723
http://dx.doi.org/10.1111/j.1432-1033.1976.tb10275.x
http://www.ncbi.nlm.nih.gov/pubmed/1278160
http://dx.doi.org/10.1111/j.1432-1033.1976.tb10320.x
http://dx.doi.org/10.1021/bi00579a034
http://dx.doi.org/10.1042/bj1780233
http://www.ncbi.nlm.nih.gov/pubmed/255090
http://dx.doi.org/10.1042/bj1460127
http://www.ncbi.nlm.nih.gov/pubmed/167711
http://www.ncbi.nlm.nih.gov/pubmed/21761287


Toxins 2019, 11, 241 16 of 16

133. van Deurs, B.; Sandvig, K.; Petersen, O.W.; Olsnes, S.; Simons, K.; Griffiths, G. Estimation of the amount of
internalized ricin that reaches the trans-Golgi network. J. Cell. Biol. 1988, 106, 253–267. [CrossRef] [PubMed]

134. van Deurs, B.; Petersen, O.W.; Olsnes, S.; Sandvig, K. Delivery of internalized ricin from endosomes to
cisternal Golgi elements is a discontinuous, temperature-sensitive process. Exp. Cell. Res. 1987, 171, 137–152.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1083/jcb.106.2.253
http://www.ncbi.nlm.nih.gov/pubmed/2892843
http://dx.doi.org/10.1016/0014-4827(87)90257-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Ribosome Structure as A Prime Target for Ricin 
	Ribosome and Its Active Sites 
	The GTPase Associated Center 

	Mode of Ricin Interaction with Ribosome 

	Toxic Action of Ricin on The Translational Process 
	Conclusions 
	References

