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Abstract

Ricin A chain (RTA) depurinates the sarcin/ricin loop (SRL) of 28S ribosomal RNA and inhibits
protein synthesis in mammalian cells. In yeast, the ribosomal stalk facilitates the interaction of
RTA with the ribosome and subsequent depurination. Despite homology between the stalk
structures from yeast and humans there are notable differences. The human ribosomal stalk
contains two identical heterodimers of P1/P2 bound to PO, while the yeast stalk consists of two
different heterodimers, P1a/P2p and P2a/P1B, bound to PO. RTA exhibits higher activity towards
mammalian ribosomes than ribosomes from other organisms, suggesting that the mode of
interaction with ribosomes may vary. Here we examine whether the human ribosomal stalk
proteins facilitate the interaction of RTA with human ribosomes and subsequent depurination of
the SRL. Using siRNA-mediated knockdown of P1/P2 expression in human cells, we demonstrate
that the depurination activity of RTA is lower when P1 and P2 protein levels are reduced.
Ribosomes from P1/P2-depleted cells have a reduced ability to bind RTA by Biacore analysis,
which correlates with reduced depurination activity both /n vitroand inside cells. RTA interacts
directly with recombinant human P1/P2 dimer, further demonstrating the importance of the human
P1/P2 proteins in enabling RTA to bind and depurinate human ribosomes.
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INTRODUCTION

Ricin, a naturally occurring plant protein found in castor beans (Ricinus communis), is
highly toxic to mammalian cells and is a concern for bioterrorism [1]. Due to its toxicity to
cancer cells, ricin has also been used in the design of novel cancer therapeutics [1]. Ricin is
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SUPPORTING INFORMATION

The following supplementary material is available:

Fig. S1. Effect of doxycycline treatment alone on ricin-dependent depurination in parental HEK293T cells.
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a ribosome inactivating protein (RIP), which consists of a 32 kDa enzymatically active A
subunit (RTA) and a 34 kDa galactose/N-acetylgalactosamine-binding B subunit (RTB)
coupled by a single disulfide bond [2]. Following endocyctic uptake, a limited portion of
ricin proceeds to the trans-Golgi network, where it undergoes retrograde trafficking to the
endoplasmic reticulum (ER) [3]. In the ER lumen, a resident disulfide isomerase facilitates
reductive separation of RTA and RTB [4]. RTA is able to dislocate from the ER into the
cytosol and interact with ribosomes [5]. RTA is an N-glycosidase, which specifically
cleaves an adenine (A43p4 in rat ribosomes) residue of the universally conserved sarcin/ricin
loop (SRL) of the 28S rRNA, a process termed depurination [6]. The SRL region is critical
for ribosome function as it facilitates binding and activation of translational GTPases that
regulate protein synthesis [7]. Currently, there is no FDA approved vaccine or a therapeutic
that can protect against ricin or related RIPs, such as Shiga toxins, which share similar
modes of action. Therefore, understanding interactions of ricin with human ribosomes is
critical for developing therapeutics against intoxication.

In a yeast model, we have shown that RTA binds to a component of the large ribosomal
subunit known as the stalk, to depurinate the SRL [8, 9]. The ribosomal stalk regulates
protein synthesis by promoting translation factor GTPase activity and binding to the
ribosome [10-12]. The stalk structure is universally conserved among all domains of life.
However, the acidic phosphoproteins (P-proteins) that comprise the stalk display species-
specific adaptation, which suggests that they may confer distinct functional features to the
ribosomes of each species [13-15]. While there is significant homology between eukaryotic
P-proteins, the bacterial proteins represent a distinct evolutionary group [16]. The human
ribosomal stalk consists of two identical dimers (P1/P2) bound to PO in a pentameric
configuration PO-(P1/P2),. In contrast, the yeast ribosomal stalk is a pentameric protein
complex comprised of a single PO protein bound by two different heterodimers of acidic
ribosomal P1/P2 proteins, P1a/P2p and P1p/P2a [17]. Human P1 shares 46.5% and 40.4%
amino acid sequence identity with yeast Pla and P1p, respectively, while human P2 shares
53% and 56% amino acid sequence identity with yeast P2a and P2, respectively. The P1/
P2 proteins form stable, functionally relevant heterodimers [18], with the P1 proteins
anchoring the dimers at two independent sites on the PO protein [19, 20]. The N-terminal
domains of P1/P2 proteins are responsible for dimerization and binding to PO via the P1
proteins, while the C-terminal domains are mobile in the cytosol and interact with
translational GTPases [21, 22]. A distinctive feature of P-proteins is a cluster of acidic and
hydrophobic amino acids at their C-termini, and the last 11 residues (SDDDMGFGLFD) are
almost identical in all organisms. This highly conserved peptide, appears to be involved in
stalk activity during protein synthesis [23, 24] and interacts with several RIPs, including
trichosanthin [25, 26] and Shiga toxin 1 /n vitro [27, 28]. However, since the ribosomal P
proteins are part of a P1/P2 complex and are not found individually in free form in the
cytoplasm [29], the significance of these interactions for ribosome depurination inside cells
is not well understood.

Although RTA interacts with yeast stalk proteins, which contain C-termini that are highly
conserved among eukaryotes, RTA differs in its activity towards ribosomes from different
organisms. Mammalian ribosomes are most sensitive to the action of RTA, yeast ribosomes
are less sensitive, while prokaryotic ribosomes are resistant [30, 31]. Additionally, RTA is
23,000 times more active on rat liver ribosomes than on plant ribosomes [32], despite the
fact that plant P-proteins contain the almost identical C-terminal 11 residues. These
observations suggest that the mode of interaction between RTA and ribosomes may vary
among different species. Here we examine the interaction of RTA with human ribosomes to
determine whether P-proteins are important for RTA activity in human cells. We present the
first evidence that the ribosomal stalk is required for ribosome binding and depurination by
ricin in human cells.

FEBS J. Author manuscript; available in PMC 2013 October 01.
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RESULTS

Effect of P-protein depletion in human cells on depurination activity of ricin

To examine the role of the human stalk proteins in ricin activity we used human embryonic
kidney cells (HEK293T) stably transfected with a doxycycline-inducible construct, which
produces siRNA specific for P2 mRNA [33]. To knock-down P2 expression, P2 siRNA-
transfected cells were treated with 0.1ug/ml doxycycline for 96 h, using a previously
established protocol to effectively reduce P-protein levels without affecting cell viability
[33]. In response to doxycycline treatment, cellular and ribosomal P2 protein levels typically
decreased by ~84% and ~64%, respectively (Fig. 1). Since P1/P2 complex is found free in
the cytoplasm and can exchange with ribosome bound P1/P2 [29], we analyzed P1/P2 levels
in the cytoplasmic fraction. Cytoplasmic P2 levels were reduced by 98% (Fig. 1). P2
depletion induced a concomitant decrease in P1 protein levels (Fig. 1) due to instability of
P1 in the absence of P2 in human cells [33]. In contrast, the amount of PO was unaffected
[33].

Preliminary experiments were performed to establish the relative sensitivity of HEK293T
cells to ricin. Cells were treated with 0.1-0.4 nM ricin over a time-course of 0-90 minutes
and depurination was measured using a previously described gRT-PCR assay [34, 35]. A
dose-dependent increase in depurination could be detected by 60 minutes with increasing
concentrations of ricin (Fig. 2A). To determine if depletion of P1/P2 affected depurination
of ribosomes by ricin, undepleted and P1/P2-depleted HEK293T cells were treated with 0.4
nM ricin for 1 h (Fig. 2B). Treatment of WT cells with ricin yielded a high level of
depurination (294—fold increase). In comparison, depurination levels were markedly lower
in P1/P2-depleted cells (P < 0.05, one-tailed paired ¢test), with only a 107-fold change in
depurination relative to the no toxin control. Similar analysis of parental HEK293T cells that
lack P2-siRNA confirmed that the reduction in depurination was P2-siRNA-dependent and
not related to doxycycline treatment (Fig. S1). Despite only partial depletion of P1/P2
proteins, a 2.7-fold reduction in depurination was observed, clearly implicating P1/P2
proteins in contributing to ricin-dependent depurination of human ribosomes.

Effect of P-protein depletion on the binding of RTA to mammalian ribosomes

We sought to investigate the molecular basis for the decrease in toxin activity in P1/P2-
depleted cells by examining the ability of RTA to bind to depleted ribosomes. The
HEK?293T cells stably transfected with inducible P2 siRNA were treated with or without
doxycycline and monomeric salt-washed ribosomes were isolated for comparison. Depleted
ribosomes typically displayed a 64% reduction in P1/P2 levels (Fig 1A). The interaction
between RTA and P1/P2-depleted and control ribosomes was examined by surface plasmon
resonance (SPR) with a Biacore 3000, as previously described [8, 36]. For these
experiments, His-tagged RTA was immobilized on to the surface of a NiZ*—nitrilotriacetic
acid (NTA) chip and an analyte of purified monomeric ribosomes was passed over the
surface. The N-terminal His-tagged EGFP was immobilized on a reference channel and
analyzed in parallel as a negative control. WT ribosomes at 10 nM and 5 nM exhibited rapid
association with RTA during the first 30-50s of the association period, followed by a slower
association phase, reaching 73 and 55 resonance units (RU), respectively. Similarly, a brief,
rapid dissociation phase was followed by a very slow dissociation phase (Fig. 3). In contrast,
only slow association and dissociation phases were observed with the P1/P2-depleted
ribosomes, reaching only 38 RU at 10 nM and 14 RU at 5 nM. Negligible dissociation of P1/
P2-depleted ribosomes and RTA was observed over a 10-minute period. These results
showed that both association and dissociation of RTA with ribosomes were reduced when
P1/P2 proteins were depleted.

FEBS J. Author manuscript; available in PMC 2013 October 01.
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We sought to verify these results using an independent means of depletion by exploiting the
unique acidic nature of ribosomal P-proteins. P1/P2 proteins can be efficiently and
selectively depleted from ribosomes by NH,4Cl-ethanol treatment [37]. P-proteins from rat
liver ribosomes show greater than 97% sequence identity to human P1 and P2, and the last
11 C-terminal residues are identical to the human P-proteins. Since ribosomes can be
isolated from rat liver at a higher yield than from cultured cells, rat liver ribosomes were
chemically treated with 0.4 M NH,4CI and ethanol, as described in the Experimental
procedures. The resultant ribosomes displayed a 76—79% reduction in P1/P2 levels
compared to WT rat liver ribosomes (Fig. 4A). SPR analysis demonstrated that as observed
with human ribosomes (Fig. 3), WT rat ribosomes also exhibited heterogeneous interaction
profiles with RTA, consisting of an initial rapid association phase, followed by a slower
association phase, reaching 80 RU after 5 minutes (Fig. 4B). Although there was a brief,
rapid decrease in binding in the dissociation phase, the ribosomes dissociated slowly from
RTA (Fig. 4B). The interaction profile of P1/P2-depleted rat ribosomes and RTA did not
exhibit the same heterogeneity as WT ribosomes. P1/P2-depleted rat ribosomes displayed
significantly slower rate of association with RTA, reaching only 48 RU after 5 minutes, and
negligible dissociation over a time-course of 10 minutes. Overall these results demonstrate
that depletion of P1/P2 proteins diminishes binding of RTA to mammalian ribosomes.

Interaction of RTA with the human P1/P2 heterodimer

The decreased ability of RTA to bind to P1/P2-depleted ribosomes suggested that RTA
interacts with the P1/P2 heterodimer. To verify this, we reconstituted the human P1/P2
heterodimer after expressing each protein in £. coliand examined the interaction of
recombinant human P1/P2 heterodimer with RTA by SPR. RTA was immobilized on a
carboxymethylated dextran chip (CM5) via amine coupling and recombinant human P1/P2
heterodimer [38] was passed over the surface. Human P1/P2 rapidly associated with RTA,
while no significant interaction could be detected with a control protein (EGFP) (Fig. 5A).
To confirm this interaction we used co-immunoprecipitation (co-IP). P1/P2 was incubated
with RTA and the complexes were pulled-down with polyclonal anti-RTA antibodies.
Immunoprecipitated complexes were separated by SDS-PAGE and analyzed by
immunoblotting with monoclonal antibodies to either RTA or to the conserved C-termini of
P-proteins (Fig. 5B). The human P1/P2 heterodimer was pulled-down only in the presence
of RTA and not when it was incubated with anti-RTA antibodies alone (Fig. 5B). These
results demonstrate that RTA interacts directly with the human P1/P2 heterodimer.

Effect of P-protein depletion on the in vitro depurination activity of RTA

Our data indicated that not only does RTA directly interact with the human P1/P2
heterodimer but that this interaction is critical for RTA to bind to human ribosomes.
Therefore, it follows that decreased binding to P1/P2-depleted ribosomes may result in
decreased depurination activity of the toxin /n vitro; thereby account for the decreased
depurination we observed inside depleted cells. To test this, we isolated ribosomes from WT
(HEK293T) and P1/P2-depleted HEK293T cells expressing P2-siRNA. Ribosomes were
treated /n vitrowith 0.1 nM RTA over a time course of 0-10 minutes and depurination level
was measured by gRT-PCR [34, 35]. Depurination occurred rapidly and both reactions
reached plateau at 5 minutes post-treatment (Fig. 6A). At 3 minutes post-treatment when the
reaction was linear, P1/P2-depleted ribosomes exhibited >3-fold lower depurination levels
(P<0.05, two-tailed unpaired ¢test) compared to WT ribosomes, indicating that P1/P2
depletion reduced depurination activity of RTA (Fig. 6B).

We previously showed that pokeweed antiviral protein (PAP) from Phytolacca

americanabinds to ribosomal protein L3 to access the SRL [9, 39]. Since PAP does not
require the stalk proteins for ribosome depurination, we examined depurination of P1/P2
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depleted ribosomes by PAP in parallel as a control. Notably, the level of PAP-dependent
depurination was not significantly reduced by P1/P2 depletion of the ribosomes (£ > 0.05,
two-tailed unpaired ¢test) (Fig. 6B). These data demonstrate that P1/P2—depletion affects
RTA depurination activity /n vitroin a way that is specific to RTA and has no affect on the
depurination activity of PAP.

DISCUSSION

Previously, chemical cross-linking in mammalian cells indicated that internalized ricin is
proximal to the stalk protein PO and the ribosomal protein L9 [40]. RTA was reported to
interact with a short peptide corresponding to the conserved C-terminal region of the human
ribosomal stalk proteins, PO, P1 and P2 by pull-down analysis [27]. However, the
significance of the proximity of RTA to PO (L10e) and L9, or the ability of RTA to interact
with this peptide was not investigated in these studies. We previously showed that the
interaction of RTA with the stalk structure of the yeast ribosome is important for
depurination [8, 9, 36]. There are discrete differences in the structural and functional aspects
of the stalk from yeast and mammalian cells. RTA is more active on mammalian ribosomes
than on yeast ribosomes. Here we have examined if ribosomal stalk proteins facilitate the
interaction of RTA with human ribosomes and ribosome depurination in human cells. We
demonstrate that depurination activity of RTA is lower when P1 and P2 protein levels are
reduced in human cells. Ribosomes from P1/P2 depleted cells have reduced ability to bind
RTA. RTA interacts directly with purified human P1/P2 dimer. P1/P2 depletion of human
ribosomes reduces depurination by RTA, but has no effect on depurination by a related RIP,
PAP. These results demonstrate for the first time the importance of the stalk proteins for
RTA to bind to human ribosomes and depurinate the SRL, both /n vitro and inside human
cells, and are relevant to human intoxication with ricin.

It is possible that depletion of P1/P2 proteins may affect the ribosome structure.
Examination of PAP, in parallel to ricin, allowed us to investigate this possibility. PAP
shares the same active site structure as RTA with conserved catalytic residues [41] and
depurinates the SRL of 28S rRNA at the same position as RTA [42, 43]. PAP binds to
ribosomal protein L3 to access the SRL in yeast [39], and its depurination activity has been
shown to be P1/P2-independent [9, 39, 44]. In the current study, PAP-dependent
depurination did not vary significantly between P1/P2-depleted and undepleted human
ribosomes, suggesting that any conformational changes in ribosomes that may have occurred
as a result of P1/P2 depletion, did not affect the ability of PAP to depurinate the SRL. These
results provide evidence that PAP may not depend on the P1/P2 proteins to depurinate
human ribosomes.

RTA has previously been reported to interact with the conserved C-terminal region of the
ribosomal stalk proteins (PO, P1 and P2) /n vitro[27], suggesting a potential role for PO in
facilitating RTA:ribosome binding. Although we were unable to achieve complete depletion
of P1 and P2, our data indicates that PO does not efficiently facilitate ribosome binding and
depurination by RTA in the absence of P1/P2. This may be because RTA is unable to
interact with native PO inside cells or because the conformation of PO is altered in the
absence of P1/P2, precluding binding of RTA. Indeed, previous analysis of the yeast stalk
structure suggested that PO was unable to fold correctly in the absence of P1a/P2p [18].
Nonetheless, although RTA may bind to the C-terminal region of the stalk proteins /n
vitroour results suggest that protein conformation and the overall architecture of the stalk
structure play an important role in determining whether the C-termini of the P-proteins are
accessible to RTA. Ultimately our data indicates that, a stalk structure comprised of PO on
human ribosomes is unable to interact efficiently with RTA in the absence of P1/P2.

FEBS J. Author manuscript; available in PMC 2013 October 01.
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In addition to examining the effect of P1/P2-depletion on ricin depurination activity in
human cells, we attempted to compare the relative toxicity of ricin for P1/P2-depleted and
undepleted cells by observing changes membrane permeability using propidium iodide. In
the undepleted HEK293T cells, ricin treatment in excess of 48 hours was required to induce
cell death. However, at this time, 6 days after induction of P2 siRNA, the P1/P2 depletion
alone reduced viability. When depleted cells were also treated with toxin for 48 h, we did
not observe any further reduction in viability. However, the reduction in viability due to P1/
P2 depletion alone confounded the interpretation of these results, making it difficult to draw
conclusions. Nonetheless, despite only partial depletion of P1/P2 proteins, a marked
reduction in depurination was observed, clearly implicating P1/P2 proteins in contributing to
ricin-dependent depurination of human ribosomes.

The depletion studies suggested that RTA may interact with the human P1/P2 heterodimer
directly. Subsequently, using Biacore-based SPR and co-immunoprecipitation analysis we
demonstrated direct binding of RTA to recombinant human P1/P2. We have previously
compared Kinetics of the interaction of RTA with WT and mutant yeast ribosomes lacking
P1/P2 proteins [8]. This study suggested two types of interactions between RTA and WT
ribosomes, a saturable fast interaction that requires an intact stalk and a non-saturable slow
interaction that does not. Based on these results, we proposed a two-step model. First, the
slow reaction, which consists of nonspecific electrostatic interactions, concentrates RTA on
the ribosome surface. This facilitates diffusion of RTA towards the stalk where the faster,
more specific interactions occur [8]. In the present study, the inability to obtain a
homogenous preparation of mammalian (human and rat) ribosomes devoid of P1/P2 proteins
precluded similar kinetic analyses. Nonetheless, the binding curves observed with RTA and
WT mammalian ribosomes exhibited similar heterogeneity, with an initial fast association
followed by a slower association rate. Moreover, the initial rapid association of WT
mammalian ribosomes with RTA was P1/P2-dependent, since this was not observed with
depleted ribosomes. Mutant ribosomes exhibited significantly slower association/
dissociation rates with an apparent loss of heterogeneity of the observed binding curves.
Overall these data are consistent with a two-step binding model.

Notably, depletion of P1/P2 proteins reduced not only the association of RTA with human
ribosomes, but also its dissociation. The lack of dissociation of RTA from P1/P2 depleted
human ribosomes may be significant if dissociation of RTA from the stalk is required for the
subsequent depurination of the SRL. It seems unlikely that dissociation of RTA is affected
by an altered interaction with the SRL in P1/P2 depleted ribosomes. A previous study
showed that RTA binds to depurinated ribosomes in the same pattern as undepurinated
ribosomes by SPR and the interaction of RTA with ribosomes was not inhibited by
increasing concentrations of adenine [45]. It is more likely that the effect on dissociation and
association observed in our study represents an effect on the interaction of RTA with the
stalk, and not with the SRL. The dynamic properties of the stalk may be important not only
for recruiting RTA to ribosomes, but also for delivering RTA to the SRL by undergoing
conformational changes, as proposed for the interaction of the stalk proteins with the
translation factors [10].

Although the SRL is the universal substrate for RIPs, it is now apparent that ribosomal
proteins play an important role in facilitating ribosome binding and subsequent depurination
[46]. Notably, despite targeting the same substrate, RIPs differ in their abilities to inactivate
fungal, protozoan, plant, insect and prokaryotic ribosomes [46]. While, PAP exhibits
comparable activity on both bacterial and eukaryotic ribosomes, RTA displays higher
activity on rat liver ribosomes than on plant or yeast ribosomes, and no activity on bacterial
ribosomes [30, 32, 47, 48]. A possible explanation for these differences is that the
interaction of RIPs with ribosomes is influenced by their interactions with ribosomal

FEBS J. Author manuscript; available in PMC 2013 October 01.
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proteins. PAP depurinates the SRL by binding to ribosomal protein L3 in yeast [39], which
is highly conserved between prokaryotic and eukaryotic ribosomes [9]. We show here that
RTA interacts with the human ribosomal stalk, which clearly displays species-specific
adaptation. In particular the bacterial proteins which comprise the stalk structure are
regarded as functionally analogous rather than homologous to the eukaryotic and archaeal
proteins [16]. Furthermore, although there is significant homology between eukaryotic P-
proteins, additional isoforms of P1 and P2 proteins are present in yeast and in plants,
suggesting that species-dependent differences in the stalk structure may account for the
differences in the activity of RTA on ribosomes from different organisms.

In summary, our data highlights the importance of the human P1/P2 proteins for ricin-
dependent depurination in human cells and suggests that inhibition of ricin binding to human
stalk proteins may be an attractive target for therapeutic intervention. Expression of a
truncated form of the ribosomal protein L3 /n fransconferred resistance to PAP in a plant
model [49]. Our results demonstrating that RTA binds to the P1/P2 heterodimer in human
cells, is an important step towards the identification of potential inhibitors of RTA:ribosome
interactions and the development of novel therapeutics. A detailed understanding of the
interaction of RTA with the human stalk complex will aid in this pursuit.

EXPERIMENTAL PROCEDURES

Reagents

Ricin (RCA 1l, RCA60) was obtained from Vector labs (#L-1090). PAP was a generous gift
of Dr James Irvin. Recombinant His-tagged RTA [8], His-tagged EGFP [8] and antibody
3BHS5 specific to the C-terminal domain of stalk P-proteins have been previously described
[50]. The monoclonal anti-RTA antibody (PB10) was a generous gift of Dr. Nicholas
Mantis.

Tissue culture

The HEK (human embryonic kidney)-293T cell line and its derivative (clone SP23-5),
which was obtained by stable transfection with an inducible siRNA specific for P2, have
been previously described [33]. Cells were maintained in Dulbecco’'s Modified Eagle
Medium supplemented with fetal bovine serum (10%). Induction P2 siRNA was achieved by
treatment with 0.1ug/ml doxycycline for 96 h, with media renewal every 48h. Cell
confluence was approximately 2x10%/cm? at the time of ricin addition.

Ribosome isolation

Cytoplasmic extracts were isolated as described by Bommer et a/. [51], with modifications.
Briefly, cultured cells or rat liver were homogenized in Buffer A (20 mM HEPES-KOH pH
7.6, 5mM Mg(CH3C0O0),50 mM KCI, 10% glycerol, Img/ml Heparin, ImM PMSF, 1mM,
DTT, mammalian protease inhibitor cocktail (P8340, Sigma-Aldrich) and either 1% or 2%
Triton X-100 for cultured cells and rat liver respectively. Extracts were centrifuged at
30,000 xg for 20 minutes to remove nuclei and mitochondria and subsequent purification of
salt-washed monomeric ribosomes was performed as described by Chiou et a/. [9].
Ribosomes were resuspended in Buffer C (50 mM HEPES-KOH pH 7.6, 5mM
Mg(CH3C0O0Q)250 mM NH4CI, 25% glycerol, ImM PMSF, 1mM, DTT).

Purification of human P1/P2 dimer

Expression, purification of recombinant human P-proteins and heterodimer preparation was
performed as described previously [38]. Briefly, the proteins were expressed in £. coli
BL21(DE3) cells and purified using a procedure described for yeast P-proteins [52]. The
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heterocomplex was prepared according to a denaturation/renaturation procedure established
for the yeast complex [53, 54].

Chemical depletion of ribosomal P-proteins from isolated ribosomes

NH4Cl-ethanol treatment of ribosomes was performed as described previously [37]. Briefly,
ribosomes were resuspended at a concentration of 4 mg/ml in 10 mM imidazole-HCL buffer
pH 7.4, containing 20 mM MgCl,1 mM DTT and 0.4 M NH4CI, followed by the addition of
ethanol to 50% (v/v) final concentration, to selectively remove ribosomal proteins P1 and
P2. The ribosomes were pelleted by high-speed centrifugation and the pellet containing P1/
P2-depleted ribosomes was washed and resuspended in Buffer C. For western blot analysis
of stripped proteins, the supernatants containing stripped P1/P2 proteins were precipitated
by the addition 10-20% TCA and centrifuged at 10,000xg for 20 minutes. Protein pellets
were washed in the presence of decreasing amounts of TCA (5% then 1%), resuspended in
2xSDS sample buffer (0.125 M Tris-HCI, pH 6.8, 4% [w/v] SDS, 20% [v/v] glycerol, 10%
[v/v] B-mercaptoethanol, 0.04% [w/v] Bromophenol blue) and the pH adjusted with NaOH
as required.

RNA isolation

Total RNA was extracted from cell cultures using an RNeasy Plus Mini Kit (QIAGEN,
Hilden, Germany), as per the manufacturer’s instructions. rRNA from ribosomes was
extracted with phenol/chloroform as described previously [9].

cDNA synthesis and quantitative real-time polymerase chain reaction (QRT-PCR) for
detection of 28S rRNA depurination

To detect depurination, a gRT-PCR assay was used that exploits the inherent property of
reverse transcriptase to incorporate a deoxyadenosine at the position opposite a depurinated
site, such that the resulting T to A transversion on the cDNA strand can be detected by
sequence-specific primers [34, 35]. 200 ng of total RNA or rRNA from experimental
samples was converted to cDNA using random primers (Applied Biosystems) and the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), according to the
manufacturer’s protocol. cDNAs were diluted 1/40 and used as templates for qRT-PCR.
Reactions were performed using an ABI StepOnePlus™ RT-PCR system (Applied
Biosystems) using JumpStart Taq Ready Mix (Sigma) with SYBR Green | dye (Invitrogen)
and ROX reference Dye (Invitrogen). Primers were at a final concentration of 0.2 mM.
Thermal cycling conditions were 95°C for 10 min, then 40 repetitions of 95°C (15 s) and
60°C (30 s), followed by a melt curve analysis. The resulting cycle threshold values were
recorded for depurinated 28 rRNA templates and normalized to total 28S rRNA. The
relative amount of depurinated 28S rRNA in untreated and RTA-treated samples at each
time point were compared using the comparative cycle threshold (A ACt) method.

Surface plasmon resonance analysis of the interaction between RTA and mammalian
ribosomes or human P1/P2 heterodimer

The Biacore 3000 (GE Healthcare) was used to analyze the interaction between RTA and
either ribosomes or the human P1/P2 heterodimers as previously described with
modifications [8, 36]. His-tagged ligand (RTA or EGFP) was bound to a Ni2*—
nitrilotriacetic acid (NTA) sensor chip and monomeric ribosomes were used as an analyte.
Running buffer was comprised of 0.01 M HEPES, 0.15 M NaCl, 10 mM MgOAc, 50 pM
EDTA, 0.005 % Surfactant P20, pH 7.4. Sensor chips were first washed with a regeneration
solution (0.01 M HEPES, 0.15 M NacCl, 0.35 M EDTA, 0.005 % surfactant P20, pH 8.3) and
a 0.3% SDS solution. Running buffer containing 500 pM NiCl, was injected for 1 min.
After the extra washing step, the 10xHis-tagged RTA prepared in the running buffer at 50
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nM was injected at a flow rate of 10 ul per minute to generate a resonance signal of 1000
Resonance Units (RU). As a control, 10xHis-tagged EGFP prepared in the running buffer
was immobilized on a reference surface to generate the same RU. Ribosomes were then
passed through both the sensor (RTA) and the reference (EGFP) surfaces. Initially series of
different flow rates were analyzed to identify an optimal flow rate to eliminate mass transfer
limitations (data not shown). Ultimately, ribosomes were analyzed at various concentrations
at a flow rate of 30 pl per minute for 5 minutes to monitor the association. The dissociation
was recorded at the same flow rate for another 10 minutes. The signal from the reference
surface was subtracted from the signal from sensor surface to correct for nonspecific
binding. The sensor and the reference surfaces were regenerated by injecting the
regeneration solution for 1 minute followed by 1 minute of 0.3% SDS solution and 1 minute
of running buffer at a flow rate of 50 ul per minute. For each experiment, a buffer sample
without ribosomes was injected under the same conditions and the sensorgram generated
from the buffer control was subtracted from the sensorgrams obtained at each ribosome
concentration to correct for differences due to the sample injection process. At least 5
different concentrations were analyzed for each ribosome preparation.

Heterodimer interactions were performed as described for the ribosome interactions except
that RTA was immobilized on a CM5 chip (Biacore) via amine coupling to 2524 RU. As a
control, EGFP was also immobilized on a reference surface at equivalent RU. The dimers
(50 nM) were passed over the surface at 60 pl/min for 3 min and a dissociation of 5 min was
observed. All interactions were analyzed at 25°C. The sensorgram was analyzed using the
BlAevaluation software 4.1.

Co-immunoprecipitation of RTA and the human P1/P2 heterodimer

Co-immunoprecipitation was performed as described previously [36]. Briefly, protein A-
agarose was incubated with polyclonal rabbit anti-RTA serum overnight at 4 °C in Biacore
running buffer, and then washed three times with the same buffer. Human P1/P2
heterodimer (50 pmol) were mixed with 500 pmol 10xHis-tagged RTA in Biacore running
buffer and incubated overnight at 4 °C. Protein A-agarose was incubated with RTA-
heterodimer complexes at 4 °C for 3 h. The agarose was washed three times with PBS and
proteins were eluted with SDS-PAGE sample buffer.

In vitro depurination assay

Assays were performed as previously described [9] with modifications. Briefly, 2 pmol of
ribosomes were incubated with the indicated concentrations of RTA or PAP in RIP buffer
(60 mM KCI, 10 mM MgClyand 10 mM Tris-HCI pH 7.4) in a total volume of 100 pl at
37°C for incubation times up to 10 min. rRNA was extracted, converted to cDNA and
assayed for depurination by qRT-PCR.

Immunoblot analysis

Cell pellets, cytoplasmic fractions, purified ribosomes or co-immunoprecipitated complexes
were separated by SDS-PAGE (15%), electroblotted onto a 0.2 pm nitrocellulose membrane
(Bio-Rad) and probed with monoclonal antibody 3BH5 against the C-terminal domain of
stalk P-proteins, anti-R-actin monoclonal antibody or anti-RTA monoclonal antibody, as
indicated. Membranes were incubated with chemiluminescent substrate (Bio-Rad) and
images were captured using a Chemidoc XRS (Bio-Rad). Net band intensities (mean pixel
intensity by number of pixels) were determined using Quantity One imaging software (Bio-
Rad) and were normalized to PO. Changes in protein levels were determined by comparison
to the level for the undepleted controls.
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Statistical analysis

Values are expressed as mean = SD. Analysis of significance were calculated in Microsoft
Excel using either unpaired or paired ¢tests, with one- or two-tailed P values as appropriate.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

siRNA-mediated silencing of P-protein expression in HEK293T cells. HEK293T cells stably
transected with doxycycline-inducible P2 RNAI were treated with 0.1ug/ml doxycycline for

96 h to knockdown expression of P2 protein. Whole cell lysates, purified ribosomes and

cytoplasmic fractions were prepared post-treatment and separated by SDS-PAGE. Proteins

were transferred to nitrocellulose, and probed with monoclonal antibody against the
conserved C-termini of P-proteins (3BH5). P1 and P2 protein levels are expressed as a
percentage relative to levels in undepleted cells. Levels were calculated from the band

intensities, which were normalized to either PO (whole cell lysates and purified ribosomes)
or B-actin (cytoplasmic fraction). Representative blots from 2-3 independent experiments

are shown.
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Fig. 2.

Depurination activity of ricin inside human cells. (A) HEK293T cells were treated with
either 0.1, 0.2 or 0.4 nM ricin for 0-60 minutes and depurination levels measured by qRT-
PCR analysis using the comparative cycle threshold (A ACt) method. Data indicate the fold
increase in depurination relative to untreated (no toxin) cells. The mean £ SD of triplicate
reactions is shown. (B) P2 RNAi-transfected HEK293T cells were pre-treated with or
without doxycycline (0.1ug/ml for 96h), followed by treatment with 0.1 nM or 0.4 nM ricin
for 60 minutes. Data indicate the fold increase in depurination relative to untreated (no
toxin) cells and represent the mean + SD of triplicate reactions from two independent
experiments. * indicates difference was significant (P < 0.05), as analyzed by a Student’s
paired, one-tailed #test.
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Fig. 3.

Analysis of the interaction of RTA with WT and P1/P2-depleted human ribosomes
measured using surface plasmon resonance. N-terminal His-tagged RTA was coupled to an
NTA chip on the Biacore 3000 and used as a ligand for WT or P1/P2-depleted ribosomes
from HEK293T cells. As a control for non-specific binding, the interaction of ribosomes
with N-terminal His-tagged EGFP coupled to a reference surface was measured in parallel
and subtracted from the signal obtained for the target surface with RTA. Ribosomes (5 or 10
nM) or running buffer were passed over the target and the reference surface.
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Fig. 4.

Depletion of P1 and P2 proteins from rat ribosomes and its effect on ribosome binding by
RTA. (A) Ribosomes were treated with NH,4CI (0.4M) followed by the addition of ethanol
(50% [v/Vv]) to selectively remove Pland P2. Following high speed centrifugation, the
ribosomal pellet and the supernatant containing stripped P1/P2 proteins were collected and
analyzed by western blotting with a monoclonal antibody against the conserved C-termini of
P-proteins. The indicated P1/P2 protein levels in depleted ribosomes are expressed as a
percentage the P1/P2 protein levels in untreated samples, normalized to PO levels. (B) The
interaction of RTA with WT and P1/P2-depleted rat ribosomes measured by surface
plasmon resonance. N-terminal His-tagged RTA was coupled to an NTA chip on the
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Biacore 3000 and ribosomes (5 nM) were passed over the surface for 5 min and dissociation
was monitored for 10 min. The interaction of ribosomes with a control ligand (EGFP) was
analyzed in parallel and subtracted from the signal obtained for the target surface (RTA), to
account for non-specific binding.
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Interaction of RTA with recombinant human P1/P2 heterodimer. (A) The interaction of RTA
with human P1/P2 heterodimer by surface plasmon resonance. RTA was amine-coupled to a
CM5 chip on the Biacore T200. Recombinant human P1/P2 heterodimers (50 nM) were
passed over the surface at 60 pl/min for 3 min and dissociation was monitored for 5 min.
The interaction of RTA with a control ligand (EGFP) was analyzed in parallel and
subtracted from the signal obtained for the target surface (RTA), to account for non-specific
binding. (B) Co-immunoprecipitation of RTA with human P1/P2 heterodimer. P1/P2
heterodimer (50 pmol) was incubated RTA (500 pmol) and then mixed with polyclonal
rabbit anti-RTA bound to Protein A-agarose. The agarose was washed three times with PBS
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and remaining proteins were eluted with SDS-PAGE sample buffer and analyzed by western
blotting. The top panel shows the membrane probed with monoclonal anti-RTA (PB10) and
the bottom panel shows the membrane probed with a monoclonal antibody against the
conserved C-termini of P-proteins (3BH5).
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Fig. 6.

The effect of P1/P2-depletion on ribosome depurination by RTA and PAP in vitro. (A) WT

and P1/P2-depleted human ribosomes (2 pmol) were treated with RTA (0.1nM) for a time

course 010 minutes. (B) WT and P1/P2-depleted ribosomes (2 pmol) treated with either

RTA (0.1nM) or PAP (0.1 nM) for 3 minutes. rRNA was extracted, converted to cDNA, and
depurination was measured by gRT-PCR using the comparative CT method (AACT). Data
indicate the fold increases in depurination relative to untreated (no toxin) WT ribosomes and

represent the mean + SD of triplicate reactions from two independent experiments. *

indicates A< 0.05 and N.S. indicates difference was not significant (P> 0.05), as analyzed

by a Student’s unpaired, two-tailed ¢test.
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