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Abstract

Ricin is a potent ribotoxin that is considered a bioterror threat due to its ease of isolation and
possibility of aerosolization. In yeast, mutation of arginine residues away from the active site
results in a ricin toxin A chain (RTA) variant that is unable to bind the ribosome and exhibits
reduced cytotoxicity. The goal of the present work was to determine if these residues contribute to
ribosome binding and cytotoxicity of RTA in mammalian cells. The RTA mutant R193A/R235A
did not interact with mammalian ribosomes, while a G212E variant with a point mutation near its
active site bound ribosomes similarly to wild-type (WT) RTA. R193A/R235A retained full
catalytic activity on naked RNA but had reduced activity on mammalian ribosomes. To determine
the effect of this mutant in intact cells, pre R193A/R235A containing a signal sequence directing it
to the endoplasmic reticulum and mature R193A/R235A that directly targeted cytosolic ribosomes
were each expressed. Depurination and protein synthesis inhibition were reduced by both pre- and
mature R193A/R235A relative to WT. Protein synthesis inhibition was reduced to a greater extent
by R193A/R235A than by G212E. Pre R193A/R235A caused a greater reduction in caspase
activation and loss of mitochondrial membrane potential than G212E relative to WT RTA. These
findings indicate that an RTA variant with reduced ribosome binding is less toxic than a variant
with less catalytic activity but normal ribosome binding activity. The toxin-ribosome interaction
represents a novel target for the development of therapeutics to prevent or treat ricin intoxication.
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1. Introduction

Ricin is a type-2 ribosome inactivating protein (RIP) produced by the castor bean plant
(Ricinus communis) that is highly toxic to mammalian cells. It consists of two subunits; a
catalytic ricin toxin A chain (RTA) and a galactose-binding B chain (RTB) covalently linked
by a single disulfide bond (Robertus and Monzingo, 2004). Following endocytosis, a small
amount of ricin holotoxin enters the endoplasmic reticulum (ER) by retrograde translocation
from the trans-Golgi network. Cleavage of the disulfide bond between RTA and RTB is
required for RTA to enter the cytosol where it depurinates a universally conserved adenine
residue within the sarcin/ricin loop (SRL) of the 28S rRNA to inhibit protein synthesis
(Spooner and Lord, 2012). Due to its high toxicity, ricin has been classified as a category B
bioterrorism agent (Audi et a/., 2005). While two RTA-based vaccines have been tested in
Phase I clinical trials (Smallshaw and Vitetta, 2012; Vitetta et a/., 2012; Pittman et al.,
2015), no post-exposure therapeutics for ricin intoxication are currently available.

During protein synthesis, elongation factors and other translational (t)GTPases interact with
ribosomes at the GTPase-associated center, which includes the SRL and a lateral
protuberance referred to as the ribosomal stalk (Uchiumi and Kominami, 1992; Wahl and
Moller, 2002; Clementi and Polacek, 2010; Voorhees et al., 2010; Shi et al., 2012). The latter
consists of ribosomal proteins that are phosphorylated and hence referred to as ribosomal P-
proteins (Tchorzewski, 2002). The eukaryotic stalk is composed of two heterodimers of P1
and P2 proteins which bind to the base of the stalk (P0), forming a pentameric structure
(Ballesta and Remacha, 1996; Guarinos et a/., 2003; Krokowski et al., 2006; Grela et al.,
2010). Early studies showed that the rate of depurination of native ribosomes by ricin was
dramatically greater than that of naked rRNA (Endo and Tsurugi, 1988). Subsequent work
indicated that RTA (Chiou et al., 2008; McCluskey et al., 2008; May et al., 2012), the
catalytic subunit of the type 2 RIP Shiga toxin 1 (Stx1) (McCluskey et al., 2008; McCluskey
et al., 2012), and the type-I RIP trichosanthin (TCS) (Chan et al., 2001; Chan et al., 2007,
Too et al., 2009) bind to ribosomal P-proteins. Deletion of P1 or P2 protein decreases
enzymatic activity and toxicity of RTA, Stx1 or Shiga toxin 2 (Stx2) in yeast (Chiou et al.,
2008; Chiou et al., 2011) and decreases enzymatic activity and toxicity of RTA in
mammalian cells (May et al., 2012). Collectively, these studies indicate that interaction with
ribosomal P-proteins is required for full enzymatic activity of these RIPs and suggest a role
for the ribosomal stalk in localizing the toxins near the SRL on the ribosome.

We have previously examined the ability of different RTA mutants to affect depurination
activity, protein synthesis inhibition and apoptosis in mammalian cells (Jetzt et al., 2012).
These studies showed that a relatively low level of depurination by RTA is sufficient to
inhibit protein synthesis and activate stress-induced cell signaling and apoptosis such that a
substantial reduction in the depurination activity of RTA is required to prevent its inhibitory
effect on protein synthesis. All of the mutated residues in our study were on the side of RTA
where the active site is located (Jetzt ef a/., 2012). However, several studies have shown that
arginine residues in RTA located away from the active site cleft affect its enzymatic activity
in vitro as well as its ability to bind the ribosome (Watanabe and Funatsu, 1986; Watanabe et
al., 1994; Kitaoka, 1998; Li et al,, 2013). In yeast, mutation of arginine residues 193 and 235
to alanine (R193A/R235A) results in a variant that folds similarly to wild-type (WT) but is
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unable to bind the ribosome or the stalk pentamer (Li et a/,, 2013). This mutant exhibits
reduced cytotoxicity even though it depurinates naked RNA at a similar catalytic rate as WT
RTA (Li et al., 2013). Whether these specific arginine residues contribute to binding of RTA
to mammalian ribosomes and affect the toxicity of RTA in mammalian cells /n vivo has not
been determined. Here we examine the ribosome binding mutant R193A/R235A, as well as
the G212E mutant, which contains a point mutation near the active site, to determine
whether ribosome binding is important for ribosome depurination, translation inhibition and
apoptosis in mammalian cells. Since the 35-residue signal sequence would target precursor
(pre) RTA to the ER and thus mimic retrograde trafficking while the mature form of RTA
would represent catalytic activity in the absence of retrograde trafficking, both the pre- and
mature forms of RTA were expressed.

2. Materials and methods

2.1 Reagents

Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L D-glucose and penicillin/
streptomycin were purchased from Life Technologies (Carlsbad, CA). Phenol red-free
DMEM with low glucose, gentamicin, insulin, D-(+)-glucose, fetal bovine serum (FBS),
GTP, puromycin, heparin, PMSF, aprotinin, leupeptin, and trypsin inhibitor were obtained
from Sigma-Aldrich (St. Louis, MO).

2.2 Recombinant RTA protein purification

Wild type (WT) RTA and RTA mutants were cloned into the £. coli expression vector,
pET28, with an N-terminal Hisyg followed by the mature RTA (Li et al., 2013). WT RTA
and Hisyo-tagged EGFP were purified using nickel-nitrilotriacetic acid (NTA)-agarose from
Qiagen (Li et al., 2013). RTA mutants were purified by the Northeast Biodefense Center
protein expression core facility (Wadsworth Center, Albany, NY).

2.3 Isolation of bovine ribosomes

MAC-T cells were lysed in buffer A [20 MM HEPES-KOH pH 7.6, 5 mM Mg (CH3CQOO),,
50 mM KCI, 10% glycerol, 1 mg/mL heparin, 1 mM PMSF, 1 mM DTT and 10 pg/mL
leupeptin, trypsin inhibitor and aprotinin]. Cells were then homogenized by 10 passages
through a 23 gauge needle. After addition of Triton X-100 to a final concentration of 1%,
lysates were mixed gently and centrifuged at 30,000 x g for 20 min at 4°C. The resulting
supernatant was applied to 1 mL buffer C cushion [50mM HEPES-KOH pH 7.6, 5 mM Mg
(CH3C0O0)5, 50 mM NH4CI, 0.1 mM PMSF, 0.1 mM DTT and 25% glycerol] and
centrifuged at 303,800 x g for 2 hr at 4°C. The pellet was washed with buffer C and
resuspended in buffer B [20 mM HEPES-KOH pH 7.6, 20 mM Mg (CH3COO)5, 0.5 M KCl,
10% glycerol, 1 mg/mL heparin, 1 mM PMSF, 1 mM DTT and 10 pg/mL leupeptin, trypsin
inhibitor and aprotinin] by shaking on a vortex at 4°C for 1.5 h. Puromycin and GTP, both at
1 mM final concentration, were added, and the sample was incubated at 30°C for 30 min.
After centrifugation at 14,000 rpm for 10 min at 4°C, the supernatant was applied to 1 mL
buffer B cushion [20 mM HEPES-KOH pH 7.6, 20 mM Mg (CH3COO),, 0.5 M KCI, 25%
glycerol, 1 mg/mL heparin, 1 mM PMSF, 1 mM DTT and 10 pg/mL leupeptin, trypsin
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inhibitor and aprotinin] and centrifuged at 303,800 x g for 2 hr at 4°C. The ribosome pellet
was washed and resuspended in buffer C.

2.4 Isolation of rat ribosomes

Animal care was performed in accordance with guidelines from the Rutgers Institutional
Animal Care and Use Committee (IACUC) and complied with NIH policy. Rat livers were
collected following decapitation, flash frozen in liquid nitrogen and stored at —80°C.
Approximately 3—4 grams of tissue were cut into smaller pieces using scissors, and
homogenized in Buffer A using a glass homogenizer. After addition of Triton X-100to a
final concentration of 2%, lysates were mixed gently and centrifuged at 30,000 x g for 20
min at 4°C. The resulting supernatant was applied to 4 mL buffer C cushion and centrifuged
at 199,600 x gfor 2 h at 4°C. The pellet was washed with buffer C and resuspended in buffer
B by mixing gently. Subsequent puromycin treatment and salt washing of ribosomes was as
described above for bovine ribosomes.

2.5 Interaction of wild type and mutant RTA with bovine and rat ribosomes

A Biacore T200 (GE Healthcare) was used to measure RTA-ribosome interactions as
previously described (Basu et al., 2016). Briefly, an NTA chip was used to capture His10-
tagged RTA and its mutants. R193A R235A was captured on flow cell (Fc) 2 between 937
and 1284 resonance units (RU), WT RTA and G212E were captured either on Fc3 or Fc4
between 879 and 970 RU. His10-tagged EGFP was captured on the reference channel (Fcl)
between 1113 and 1183 RU as the control. The running buffer contained 10 mM Hepes pH
7.4, 150 mM NaCl, 5 mM MgCly,, 50 uM EDTA and 0.003% Surfactant P20. Bovine or rat
ribosomes at 0.5, 1.0, 2.0, 4.0 and 8.0 nM were passed over the surface at 50 uL/min using
the single kinetic injection method. Association was 2 min and dissociation was 5 min. The
surface was regenerated with a 1 min injection of 0.35 M EDTA plus a 1 min injection of
0.3% SDS. The RTA was freshly captured at each cycle. The experiments were repeated 3
times. The apparent affinity of interaction was fitted by Biacore T200 Evaluation Software.

2.6 In vitro depurination assay

For RNA depurination, purified MAC-T RNA (1 pg) was diluted in 18 pL of reaction buffer
containing 20 mM citrate, pH 5.0. The reaction was started by adding 2 uL RTA and then
incubating at 37°C for 30 min. RNA was precipitated with ethanol and the extent of
depurination was determined by gRT-PCR as described below using 375 ng total RNA in the
reverse transcription reaction. For ribosome depurination, the reaction mixture contained 30
nM bovine or rat ribosomes, 1X reaction buffer [10 mM Tris-HCI, pH 7.4, 60 mM KCI, and
10 mM MgCly,], and different concentrations of RTA ranging from 0 to 205 nM in a total
reaction of 100 pL. The reaction was started by adding RTA, and then incubated at 30°C for
3 min. The reaction was stopped by adding 100 pL of 2X RNA extraction buffer [50 mM
Tris-HCI, pH 8.8, 240 mM NaCl, 20 mM EDTA, and 2% SDS]. The RNA was extracted
once with phenol, and again with phenol/chloroform, and then precipitated twice with
ethanol. The extent of depurination was determined by gRT-PCR as described below using
375 ng rRNA in the reverse transcription reaction.
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2.7 Mutant RTA plasmid construction

Site-directed mutagenesis was performed using the coding sequence of RTA from Ricinus
communis using the QuikChange Lightning Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA). The RTA sequence was previously optimized for production in a bovine system
(Jetzt et al,, 2012). Mutant RTA in both the pre (containing the 35-residue leader sequence)
and mature (lacking the leader sequence) forms were constructed. Mutagenesis was
confirmed by sequencing (Genewiz, South Plainfield, NJ). Plasmid DNA constructs for
transfection were prepared using an EndoFree Plasmid Maxi kit (Qiagen, Valencia, CA).

2.8 Transfection

The bovine mammary epithelial cell line MAC-T (Huynh et al., 1991) was routinely
maintained as described previously (Fleming ef a/., 2005). For experiments, cells were
plated in phenol red-free DMEM containing 4.5 g/L D-glucose, 10% FBS, 20 U/mL
penicillin, 20 pg/mL streptomycin, and 50 ug/mL gentamicin. Cells were cultured in a
humidified environment at 37°C with 5% CO,. For transfection with RTA constructs or
vector alone, cells were plated at 3.5 x 104 cells per cm? and transfected the following day
with endotoxin-free plasmid DNA and Superfect (Qiagen) as previously described (Jetzt et
al., 2012). Cells were assayed 19 h after the start of transfection for all analyses except
protein synthesis inhibition, which was performed 21 h after the start of transfection.

2.9 Western immunoblotting

Cell lysates were collected as previously described (Jetzt et al., 2012). Protein
concentrations were determined using the Bradford method (Bio-Rad, Hercules, CA).
Proteins were separated by SDS-PAGE and transferred to 0.2 um nitrocellulose (Bio-Rad).
Antibodies against RTA (polyclonal anti-ricin toxin A chain, NR-863; NIH Biodefense and
Emerging Infections Research Resources Repository, NIAID, NIH) and HSP60 (Abcam,
Cambridge, MA) were used to detect the corresponding proteins. Membranes were
incubated with horseradish peroxidase-conjugated donkey anti-rabbit 1gG secondary
antibody (GE Healthcare, Piscataway, NJ) and peroxidase activity was detected using ECL
Prime (GE Healthcare).

2.10 gRT-PCR depurination assay

Cell lysates were collected in lysis buffer provided with the NucleoSpin RNA kit
(Macherey-Nagel, Bethlehem PA) and total RNA was purified according to manufacturer’s
instructions. For bovine samples, rRNA depurination was analyzed by qRT-PCR as
described previously (Jetzt et al., 2012). A similar procedure was used for rat samples with
the following primers: 28S-F, 5’- GATGTCGGCTCTTCCTATCATTGT -3’; 28S-R, 5’-
CCAGCTCACG TTCCCTATTAGTG -3’; dep-F, 5’-GCCATGGTAATCCTGCTCAGTA
-3’; dep-R, 5’-TCTGAACCTGCGGTTCCACA -3’. Each primer set was validated by
constructing standard curves using serial dilutions (1:50 to 1:500,000) of an RT reaction
derived from RNA purified from rat liver ribosomes (40 nM) treated with WT RTA (0.2
nM). The calculated amplification efficiencies were 95.6 + 0.7% for the 28S primer pair and
95.7 + 1.1% for the depurination primer pair (mean + SD for two independent curves).
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2.11 Caspase 3/7 assay and protein synthesis assay

Caspase 3/7 activation was measured using the SensoLyte Homogeneous AMC Caspase 3/7
Assay Kit (AnaSpec, San Jose, CA) as described by the manufacturer. To measure protein
synthesis, cells were plated in black 96-well plates as described above and transfected the
following day with equal amounts of RTA mutant and pEGFP-N1 plasmid. Twenty-one
hours after the start of transfection the EGFP fluorescence signal was measured in a plate
reader (BioTek) with excitation filter 485/20 and emission filter 530/25. Fluorescence
measured in cells co-transfected with GFP and empty vector was considered 100% (Jetzt et
al., 2012). To ensure that the inhibition of protein synthesis was not affected by non-specific
effects of cell death the assay was also performed in the presence of a pan caspase inhibitor,
Z-VAD-FMK (BD-Biosciences, San Jose CA). The inhibitor (10 uM final concentration) or
DMSO vehicle control was added to cells 3 hours after the start of transfection when the
transfection complex was removed and replaced with fresh media.

2.12 Mitotracker Red assay

Spent media were collected to retain floating cells, then cells were washed twice with
EDTA-PBS, trypsinized and combined with the media. Samples were centrifuged at 600 rpm
for 4 min. The pellets were washed one time with PBS prior to resuspending in 0.3 ml of
100 nM Mitotracker Red (Thermo Fisher) diluted in PRF-DMEM-H containing 10% FBS,
and incubated at 37°C for 30 min. Cells were then centrifuged at 500 rpm for 4 min,
resuspended in 0.3 ml PRF-DMEM-H containing 10% FBS, placed on ice, and analyzed
using an Accuri C6 flow cytometer.

2.13 Statistical analysis

3. Results

Data were analyzed by two-way ANOVA with appropriate posttest comparisons. Differences
were considered significant with £<0.05. Statistical analyses were performed using
GraphPad Prism (7.00).

3.1 R193A/R235A does not interact with the mammalian ribosome

The present work examines the roles of arginine (R) residues 193 and 235 and glycine (G)
212 of RTA on ribosome binding and cytotoxicity in mammalian cells. As shown in Figure
1, G212 resides near the active site of RTA while R193 and R235 reside on the opposite side
of the molecule. In order to determine if mutation of arginine residues affects ribosome
binding in mammalian cells, Biacore analysis was performed using the single cycle kinetic
injection method (Basu et a/., 2016). Results showed that WT RTA and the active site mutant
G212E bound ribosomes isolated from the MAC-T cell line similarly (Figure 2A). To ensure
this was not a species- or cell line-specific effect, the analysis was also conducted with
ribosomes isolated from rat liver. Ribosomes isolated from this source also showed similar
binding between WT RTA and G212E (Figure 2B), indicating that the glycine residue at
position 212 is not critical for the interaction of RTA with mammalian ribosomes. The
interaction of immobilized WT RTA or mutant G212E with ribosomes did not follow a
single step binding model. Both the association and dissociation phases of the interaction
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had an initial faster component that was followed by a slower component. Because the
interactions did not reach steady state and did not follow a one-to-one interaction, the Kp
values are referred to as apparent affinities. As shown in Table 1, the apparent Kp values
were not different between WT RTA and G212E using ribosomes from either source. In
contrast, no ribosome binding was detected for R193A/R235A (Fig. 2A and B), indicating
that these residues are critical for interaction of RTA with the mammalian ribosome.

3.2 Double arginine mutant retains full catalytic activity on RNA but has reduced activity
on mammalian ribosomes

To determine if the alteration in ribosome binding observed for the double R mutant could
adversely affect its ability to depurinate the ribosome, /n vitro depurination assays were
conducted. As shown in Figure 3A, the depurination activity of R193A/R235A was
approximately 60-fold less than that of WT RTA when MAC-T ribosomes were used as a
substrate, indicating that mutation of the two arginine residues caused a dramatic reduction
in depurination activity. In contrast, the activity of G212E was only reduced 4-fold relative
to WT RTA. Since a reduction in depurination activity could result from either a decrease in
ribosome binding or a decrease in catalytic activity, assays were also conducted with naked
RNA as a substrate, where ribosome binding would not be a factor. As shown in Fig. 3B, the
depurination activity of R193A/R235A was similar to that of WT RTA when RNA isolated
from MAC-T cells served as the substrate, indicating that this mutant retained full enzymatic
activity under these conditions. In contrast, the ability of G212E to depurinate MAC-T RNA
was significantly reduced relative to WT, indicating that the Gly212 is important for full
catalytic activity. Since catalytic activity of R193A/R235A was not affected when RNA
served as the substrate (Figure 3B), the reduction in depurination observed with ribosomes
was likely due to the inability of R193A/R235A to bind the ribosome. /n vitro depurination
assays conducted using ribosomes isolated from rat liver produced similar results to those
obtained with ribosomes isolated from MAC-T cells i.e. the depurination activity of R193A/
R235A was 300-fold less than that of WT RTA while the activity of G212E was reduced by
only 7-fold (Fig. 3C). Interestingly, R193A/R235A was significantly more active than WT
RTA when rat liver RNA served as the substrate while the activity of G212E was again
reduced (Figure 3D). Collectively these data indicate that the reduced depurination activity
of R193A/R235A on ribosomes is caused by its decreased ability to bind the ribosome and
not by a reduction in catalytic activity.

3.3 Double arginine mutant has reduced depurination activity and toxicity in mammalian

cells

To study the depurination activity and toxicity of the double arginine mutant /n vivo, we
utilized a previously described mammalian expression system (Jetzt et al., 2012). In this
system the Ricinus communis gene encoding RTA is modified to utilize preferred codons for
the bovine in order to increase expression in the MAC-T cell line. Site-directed mutagenesis
was used to produce the double arginine mutant (R193A/R235A). This mutant was
expressed in both the pre-RTA form (containing the 35-residue N-terminal leader peptide)
and the mature RTA form (lacking the leader peptide). We have previously shown that
transfection of pre-RTA results in glycosylated RTA as expected since the leader peptide
directs the precursor form to the ER (Jetzt et al., 2012). MAC-T cells were transiently
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transfected with WT and mutant forms of RTA. As shown in Figure 4A, expression of both
pre- and mature WT RTA as well as both forms of the two mutants was detectable by
western blot. WT RTA was expressed at a lower level possibly due to its higher toxicity as
previously observed in yeast (Li ef al. 2013).

To determine the depurination activity of G212E and R193A/R235A in vivo, MAC-T cells
were transiently transfected with pre- and mature WT RTA or mutants. Total RNA was
collected 19 h after transfection and quantitative RT-PCR (qRT-PCR) was used to measure
the extent of depurination relative to the vector control. The pre-and mature forms of G212E
reduced depurination 23 and 18%, respectively, while the pre and mature forms of R193A/
R235A reduced depurination 36% and 25%, respectively, relative to WT RTA (Figure 4B).

To measure the extent of protein synthesis inhibition by the two mutants, an EGFP
(enhanced green fluorescent protein) transfection assay was used (Redmann et a/., 2011,
Jetzt et al,, 2012). In this assay the GFP protein must be translated for fluorescence to be
detected. If protein synthesis is inhibited, fluorescence will decrease. This assay as well as a
similar assay that detects luminescence (Zhao and Haslam, 2005) were developed for
transection assays because the traditional protein synthesis assay that depends on
radiolabeled amino acid incorporation is not sensitive enough to detect toxin effects on
smaller numbers of cells. To ensure the decrease in fluorescence was not influenced by
apoptotic cell death, the assay was also performed in the presence of the caspase inhibitor Z-
VAD-FMK. As shown in Figure 5, protein synthesis was inhibited to the same extent in the
presence or absence of the inhibitor for pre- and mature forms of WT or mutant RTA,
therefore data were combined. Protein synthesis was almost completely inhibited by WT
pre- and mature RTA (92 and 91% inhibition, respectively). Both mutants inhibited protein
synthesis significantly less than their WT counterparts i.e. pre- and mature G212E inhibited
protein synthesis 71 and 83%, respectively while R193A/R235A inhibited protein synthesis
58 and 69%, respectively. In addition, pre-R193A/R235A inhibited protein synthesis less
than pre-G212E while mature R193A/R235A inhibited protein synthesis less than mature
G212E (/<0.05), indicating that the ribosome binding mutant was less toxic than the G212E
mutant. Additionally, the pre forms of both mutants were less toxic than their mature
counterparts (£<0.05).

To determine if apoptosis was reduced by either mutant relative to WT RTA, activation of
caspase 3/7 was measured. As shown in Figure 6, caspase activation was reduced by pre-
R193A/R235A and pre-G212E relative to pre-WT RTA (29 and 13%, respectively), with
pre-R193A/R235A reducing caspase activation significantly more than G212E. Interestingly,
the mature forms of both mutants activated caspases to the same degree as mature WT RTA.
For R193A/R235A, the ability of the pre- and mature forms of the protein to activate
caspases was significantly different.

To determine if similar effects were observed with a different indicator of apoptosis, cells
were transfected and incubated with the lipophilic cationic fluorescent dye Mitotracker Red,
which accumulates in mitochondria of actively respiring cells (Galluzzi et al., 2007). The
percentage of dead cells was analyzed by flow cytometry. Similar to the results obtained
with caspase 3/7 activation, pre R193A/R235A was the least toxic relative to pre WT RTA
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(Figure 7A). Using this measure of cell death, the pre G212E exhibited intermediate toxicity,
while the mature form of R193A/R235A was also less toxic than mature RTA (Figure 7B).

4. Discussion

4.1 Ribosome binding is critical for depurination of mammalian ribosomes in vitro

A considerable body of work with different RIPs indicates that binding to the P proteins of
the ribosomal stalk plays a role in their cytotoxicity by affecting their ability to access the
SRL. The eukaryotic P proteins PO, P1 and P2 are characterized by a conserved sequence in
their C-terminal domains (CTD) which interacts with translation factors during protein
synthesis (Remacha et a/., 1995; Nomura et al., 2012). A peptide corresponding to the last
11 amino acids of P-proteins (P11) has been shown to interact with TCS (Chan et a/., 2007),
RTA and Stx1A (McCluskey et al., 2008; McCluskey et al., 2012). The crystal structure of
P11 complexed to TCS shows that the N-terminus of the peptide interacts with positively
charged residues Lys173, Argl74 and Lys177 of TCS while the hydrophobic residues of the
CTD insert into a hydrophobic pocket (Too et al., 2009). However, the amino acids in RTA
that are responsible for binding the mammalian ribosome have not been identified. Early
studies suggested that arginine residues located on the opposite side of the active site cleft
may be involved in ribosome binding as modification of arginines at positions 193, 196, 213
and 234/235 decreased depurination rate and the affinity for the ribosome without causing a
detectable change in the conformation of the catalytic site (Watanabe and Funatsu, 1986). A
recent study showed that Arg193 and Arg235 are both critical for RTA to bind to the
ribosome and to the ribosomal stalk in yeast, but not for the catalytic activity of RTA (Li et
al., 2013). Based on this work we predicted that the double R mutant, R193A/R235A, would
have reduced affinity for mammalian ribosomes. In the present work the mutant G212E was
used for comparison because Gly212 resides near the active site and has reduced catalytic
activity on an RNA mimic of the SRL and on naked yeast RNA, but binds to yeast
ribosomes similarly to WT RTA (Li ef a/., 2013). These two mutants have been shown to
have structures similar to WT RTA (Li ef a/,, 2013). Biacore analysis using ribosomes
isolated from a bovine cell line or from rat liver confirmed that G212E bound ribosomes
similarly to WT RTA and the apparent Kp values between the two proteins did not differ. In
contrast, R193A/R235A failed to exhibit any interaction with ribosomes. This corresponded
with a drastic reduction in its ability to depurinate ribosomes /n vitro. Since R193A/R235A
exhibited full enzymatic activity with naked RNA we conclude that the reduced depurination
activity on ribosomes is likely due to its reduced ribosome binding, similar to results
observed in yeast (Li et al., 2013). By comparison, since G212E had greatly reduced
catalytic activity when naked RNA was the substrate, we expected this mutant to also exhibit
dramatically reduced depurination activity on ribosomes, as was observed with yeast (Li et
al., 2013). However, when ribosomes served as substrate, catalytic activity was only reduced
4-fold by G212E compared to 64-fold by R193A/R235A. It is possible that G212E may
cause a higher level of depurination on ribosomes than R193A/R235A /in vitro because it is
able to bind the ribosomal stalk, which may stimulate catalytic activity by orienting its active
site towards the SRL. The finding that R193A/R235A elicited a greater reduction in
depurination of mammalian ribosomes in the present study compared to its effect on yeast
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ribosomes (Li ef al., 2013) suggests that ribosome binding may be more critical for
depurination of mammalian ribosomes by RTA than for depurination of yeast ribosomes.

4.2 Ribosome binding is critical for ribosome depurination, translation inhibition and
toxicity of RTA in mammalian cells in vivo

While /n vitro experiments allow for testing specific interactions between RTA mutants and
their substrates, these experiments are performed in the absence of an intact cellular
environment. To study the effect of the RTA mutants in an intact cellular environment, we
expressed R193A/R235A in MAC-T cells as either a pre form containing the signal peptide
that directs transport through the ER to reach the ribosome in the cytosol or the mature form
which lacks this signal and thus remains in the cytosol. Quantitation of ribosome
depurination by qRT-PCR showed that both G212E and R193A/R235A reduced
depurination similarly (23 to 36% for pre and 18 to 25% for mature, relative to WT forms).
This is interesting in view of our /n vitro data showing that depurination by R193A/R235A
was dramatically reduced relative to G212E. A possible explanation is that /n vivo, R193A/
R235A may have better access to the ribosome because chaperone proteins help fold RTA
(Spooner and Lord, 2015), while in vitro the interaction of RTA with the ribosome would be
solely dependent on electrostatic interactions. In yeast, the expression of RTA is controlled
by the galactose inducible GAL promoter and it is therefore possible to see early
differences in depurination (at zero or 1 h after induction). However, in the present work
RTA is transiently expressed and the depurination level is measured at 19 h following
transfection, precluding determination of greater differences in depurination at earlier time
points which could be occurring.

We also tested whether G212E and R193A/R235A inhibit protein synthesis and induce
apoptosis to different degrees /n vivo. Results of protein synthesis inhibition supported a
greater role for ribosome binding relative to catalytic activity as R193A/R235A reduced this
parameter significantly more than G212E. By two different measures of apoptosis, caspase
3/7 activation and using a mitochondrial membrane potential sensitive dye, we showed that
R193A/R235A was less toxic than WT RTA, with G212E exhibiting intermediate toxicity.
Interestingly, both forms of R193A/R235A were less toxic relative to WT RTA using the
Mitotracker Red assay while only the pre form was less toxic when the caspase 3/7 assay
was used. The pre form may be more biologically relevant as it has to travel through the ER
to get to the ribosomes in the cytosol, similar to the situation that occurs in ricin toxicity.
Therefore disruption of ribosome interaction reduces RTA-induced apoptosis in mammalian
cells.

4.3 Relevance of R193A/R235A to development of new therapies for ricin intoxication

Due to its wide availability and ease of production, ricin has been exploited as an agent of
bioterrorism and biological warfare (Christopher et al., 1997; Audi et al., 2005). This has led
to intensive investigation into the development of preventative and therapeutic agents to treat
ricin toxicity. While two vaccines have been developed, the wide-spread adoption of a
vaccination program outside of the U.S. military is unlikely, therefore it is important to
continue the search for pre- or post-exposure therapeutics (Reisler and Smith, 2012). A large
effort has been aimed at designing small molecular inhibitors that block ricin toxicity
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(Wahome et al., 2012). The large size and polarity of the RTA active site make it a difficult
target for drug development and the effectiveness of inhibitors that bind in or near this site
has also been limited by issues of solubility and cell toxicity (Bai et a/., 2010). Structure-
based approaches have been used to identify inhibitors that block substrate binding to the
active site (Bai et al., 2009; Pruet et al.,, 2011) or prevent an active-site residue from
adopting an active confirmation (Pang et a/., 2011). Other inhibitors have been identified
using computer modeling approaches coupled with cell-based high throughput screens (Bai
et al., 2010; Wahome et al., 2010). However, to date, none of the small molecules that have
been identified exhibit potent (hanomolar) protection. A second approach has been to
develop ricin-specific neutralizing monoclonal antibodies. While a number of these have
been shown to partially rescue mice from ricin intoxication (Hu et al., 2012; O’Hara et al.,
2012; Sully et al., 2014), none have been tested in Phase I clinical trials to date. Several
neutralizing antibodies have been shown to act by targeting ricin uptake and trafficking
(Herrera et al., 2016; Yermakova et al., 2016). Interestingly, the ricin-neutralizing antibody
6C2 recognizes an epitope distinct from the catalytic active site of RTA and is more potent in
its neutralizing ability relative to antibodies that bind the active site (Dai et a/., 2011). These
researchers further proposed that this antibody may inhibit binding of RTA to the ribosome
(Zhu et al., 2013). We show here for the first time that targeting specific arginine residues of
RTA can reduce its toxicity in mammalian cells by inhibiting its interactions with the
ribosome while leaving the active site intact. Furthermore, inhibiting ribosome binding may
provide protection against ribotoxic stress which activates cellular signaling that leads to
apoptosis and inflammation at the local level (Thorpe et al., 1999; Thorpe et al., 2001,
Lindauer et al., 2009) which is not provided by therapeutics that solely block the enzymatic
active site. Therefore the inhibition of ribosome binding represents a new target that can be
used in the design of small molecule inhibitors or neutralizing antibodies to treat ricin
toxicity. In addition, since the effectiveness of vaccines against RTA is limited by incomplete
protection against local tissue damage (Olson et al., 2004; Smallshaw et al., 2007; McLain et
al,, 2012; Roy et al., 2015; Brey et al., 2016), a small molecule inhibitor that targets
ribosome binding could potentially be used for added protection in vaccinated individuals
exposed to ricin.
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Highlights

. Arginines 193 and 235 of RTA are critical for binding to the
mammalian ribosome.

. R193A/R235A has full catalytic activity on RNA but not on
mammalian ribosomes.

. R193A/R235A is less toxic than a mutant that targets the active site.

. The toxin-ribosome interaction is a therapeutic target for ricin
intoxication.
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Figure 1.
Crystallographic structure of RTA showing the active site and the ribosome binding site. The

RTA structure (green) is modeled from the Protein Data Bank ID: 1RTC using PyMol. Panel
A, RTA is oriented to show Glul77 and Arg180 (red) at the active site. Gly212 is shown in
orange. The first amino acid Met1 is shown in blue and the last amino acid Phe267 is shown
in yellow. Panel B, RTA structure from panel A is rotated 180 degrees to show Arg193 and
Arg235 at the ribosome binding side.
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Figure 2.
Interaction of wild-type, G212E, and R193A/R235A RTA with mammalian ribosomes by

Biacore analysis. RTA and RTA mutants were immobilized on an NTA chip. MAC-T
ribosomes (A) and rat liver ribosomes (B) (0.5-8 nM) were passed over the surface at 50
ul/min using the single kinetic injection method. Association was 2 min and dissociation
was 5 min. Data from representative experiments are shown in A and B. The experiments
were repeated 3 times. In (A) WT, G212E, and R193A/R235A RTA were immobilized on
the chip at 947 resonance units (RU), 934 RU and 1134 RU, respectively. In (B) WT,
G212E, and R193A/R235A RTA were immobilized on the chip at 970 RU, 954 RU and
1031 RU, respectively.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jetzt et al.

MAC-T

Depurination (fold change)

Rat liver
Depurination (fold change)

A.

3000+

2000+

1000+

Ribosomes

- WT
& G212E
-4 R193A/R235A

C.

5000+
4000+
3000+
2000+

1000+

1.7 2.3 2.9 3.5 41 4.7

!

17 23 29 35 44 47 53
RTA (log pM)

Figure 3.

B.

1500+

1000+

500

20+

0-

Page 19

RNA

O wWT
@l G212E
R193A/R235A

100 nM 300 nM 900 nM

300 nM
RTA nM

100 nM

In vitro depurination of RNA and intact ribosomes by RTA and RTA mutants. Ribosomes or
RNA were isolated from MAC-T cells (A and B, respectively) or rat liver (C and D,
respectively) and incubated with RTA and RTA mutants. The extent of depurination was
quantified by gRT-PCR. For A and C, bars represent mean + standard error of 3-5
experiments. For B and D, error bars represent standard error of 3 experiments. Data were
analyzed by two-way ANOVA with Bonferroni posttests. Different letters indicate
significant difference within each concentration, £<0.001.
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Figure 4.

Expression of RTA and RTA mutants in transfected MAC-T cells and their effects on
ribosome depurination. Total cell lysates or RNA were collected 19 h after transfection. (A)
Total cell lysates (50 ug) were separated by SDS-PAGE and immunoblotted with RTA
antibody. HSP60 served as a loading control. Vec, vector; WT, wild type; R/R, R193A/
R235A. (B) Ribosome depurination was determined by qRT-PCR. Bars represent mean +
standard error of at least 4 experiments. Data were analyzed by a two-way ANOVA with
Tukey’s multiple comparisons tests. Different letters denote significance (£<0.05) between
pre RTAs (capital letters) or mature RTAs (small letters). There was no significant difference
between the pre- and mature forms of WT RTA or either mutant.
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Figure 5.

Protein synthesis in MAC-T cells transfected with RTA and RTA mutants. Cells were co-
transfected with pEGFP-N1 and wild-type RTA, RTA mutants or vector alone. Three hours
after transfection media was replenished + 10 pM Z-VAD-FMK. Fluorescence was
measured 21 h after transfection. Signal in cells co-transfected with pEGFP-N1 and vector
was considered 100%. Bars represent mean + standard error of 5 experiments. Analysis of
the data by three-way ANOVA indicated no effect of the caspase inhibitor. Therefore data
were consolidated and analyzed by two-way ANOVA. Different letters denote significance
(P<0.05; Tukey’s multiple comparisons test) between pre RTAs (capital letters) or mature
RTAs (small letters). In addition, pre- and mature RTA differed (/<0.05; Sidak’s multiple
comparisons test) for each mutant.
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Figure 6.
Caspase 3/7 activation in MAC-T cells transfected with RTA and RTA mutants. Caspase 3/7

activity was measured 19 h after transfection using the SensoLyte Homogeneous AMC
Caspase 3/7 assay kit (Anaspec). Data were analyzed by a two-way ANOVA with
Bonferroni posttests. Different letters denote significance (A<0.05) between pre RTAs
(capital letters) or mature RTAs (small letters). # indicates significance (£<0.001) between
pre- and mature RTA.
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Figure 7.
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Analysis of mitochondrial membrane potential in transfected MAC-T cells. Nineteen hours
after transfection, cells were incubated with Mitotracker Red and analyzed by flow
cytometry. Panel (A) shows a histogram of a representative experiment. Panel (B) shows a
bar graph depicting the mean = standard error of 5 experiments. Data were analyzed by a

two-way ANOVA with Tukey’s multiple comparisons test. Different letters denote
significance (£<0.05) between pre RTAs (capital letters) or mature RTAs (small letters).
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There was no significant difference between the pre and mature forms of WT or either
mutant.
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Table 1
The apparent dissociation constants (Kp) of wild type and G212E RTA.

Kp (M)2

RTA MAC-T Ribosomes | Rat Liver Ribosomes

wild type 5.98+0.63 x 107° 8.81+1.43x107°

G212E 5.58 +0.68 x 107° 7.34+£2.14x107°

aVaIues were determined using Biacore analysis with wild type or mutant RTA as ligand and MAC-T or rat liver ribosomes as analyte. Data are
presented as mean + standard error of three experiments.
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