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ABSTRACT: Ricin is a ribosome inactivating protein that catalytically removes a universally conserved
adenine from the a-sarcin/ricin loop (SRL) of the 28S rRNA. We recently showed that ricin A chain
(RTA) interacts with the P1 and P2 proteins of the ribosomal stalk to depurinate the SRL in yeast.
Here we examined the interaction of RTA with wild-type and mutant yeast ribosomes deleted in the
stalk proteins by surface plasmon resonance. The interaction between RTA and wild-type ribosomes
did not follow a single-step binding model but was best characterized by two distinct types of
interactions. The ABI interaction had very fast association and dissociation rates, was saturable, and
required an intact stalk, while the AB2 interaction had slower association and dissociation rates, was
notsaturable, and did not require the stalk. RTA interacted with the mutant ribosomes by a single type
of interaction, which was similar to the AB2 interaction with the wild-type ribosomes. Both
interactions were dominated by electrostatic interactions, and the AB1 interaction was stronger than
the AB2 interaction. On the basis of these results, we propose a two-step interaction model. The slow
and ribosomal stalk nonspecific AB2 interactions concentrate the RTA molecules on the surface of the
ribosome. The AB2 interactions facilitate the diffusion of RTA toward the stalk and promote the
faster, more specific AB1 interactions with the ribosomal stalk. The electrostatic AB1 and AB2
interactions work together allowing RTA to depurinate the SRL at a much higher rate on the intact
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ribosomes than on the naked 28S rRNA.

Ricin is a ribosome inactivating protein (RIP)' isolated
from the castor bean plant, Ricinus communis, that consists
of a ricin toxin A chain (RTA) and a galactose-binding B
chain (RTB). RTA and RTB are linked by a disulfide bond
between Cys 259 near the C-terminus of RTA and Cys 4 of
RTB (/). The holotoxin is not active on ribosomes (2—6).
The enzymatic activity of ricin is due to RTA, which is an
N-glycosidase that specifically cleaves the N-glycosidic
bond at A4324 of the 28S rRNA of rat ribosomes (7)
and inhibits the elongation factor-dependent ribosomal
functions (8—10). RTA can also cleave the A2660 in naked
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23S rRNA from Escherichia coli but not the ribosomes
from E. coli (11—14). Both A4324 of rat 28S rRNA and
A2660 of E. coli 23S rRNA are located at a universally
conserved rRNA stem loop called the a-sarcin/ricin loop
(SRL) named after the toxins (9). The SRL is the site where
elongation factors interact with the ribosome and is in-
volved in peptide translocation during protein synthesis
(15). RTA depurinates the 28S rRNA on rat ribosomes
~5000 times faster than the naked rat 28S rRNA (7),
indicating that the conformation of the rRNA on intact
ribosomes and the ribosomal proteins play an important
role in ribosome depurination by ricin.

The o-sarcin/ricin loop (SRL) is located on the 60S
subunit in the proximity of the ribosomal stalk, which is
a lateral flexible structure on the large subunit. The stalk
region was not resolved on the structure of the bacterial
ribosome at 3.5 A resolution because of its mobility (/6).
Biochemical studies have shown that the ribosomal stalk is
composed of an rRNA binding protein, which is L10 in
prokaryotic ribosomes and PO in eukaryotic ribosomes
together with two to three pairs of L7/L.12 heterodimer in
bacteria and P1/P2 heterodimer in eukaryotic ribosomes
(17). The N-termini of L7/L12 proteins directly interact
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with L10, which interacts with the rRNA through its
N-terminal domain (/8,/9). The L7/L12 heterodimer is
involved in factor recruitment and factor-dependent GTP
hydrolysis (/7,20,21). Because of the difficulty in resolving
the stalk structure on the intact ribosome, the crystal
structure of L10 together with the L7/L12 N-terminal
domain (NTD) from Thermotoga maritime was deter-
mined (22). Using these data together with the crystal
structure of the 70S subunit from E. coli, a functional
model was proposed (22). According to this model, multi-
ple copies of the C-termini of the stalk proteins exposed to
the cytosol recruit the translation factors and deliver them
to the SRL on the ribosome in the right conformation
through the flexible hinge of the stalk proteins. This model
explained the two well-known observations during protein
synthesis, the dynamic conformational change of the stalk
and the high rate of translation factor binding to the
ribosomes.

We have shown that pokeweed antiviral protein (PAP),
one of the type I RIPs, interacts with the yeast ribosomal
protein L3 to depurinate the SRL (23). The importance
of this interaction was further confirmed by other research-
ers (24). Chemical cross-linking experiments showed that
RTA interacted with L9 and L10e (PO) on mammalian
ribosomes (25). Trichosanthin (TCS), another type I RIP,
was shown to interact with the rat ribosomal stalk pro-
teins (26). Systematic deletion and point mutation experi-
ments identified the interaction site on the P protein to the
conserved C-terminal tail of P2 and the binding site
on TCS to three positively charged amino acids, K173,
R174, and K177, in the C-terminal domain (CTD) (27).
Shiga-like toxin 1 (Stx1) was also shown to interact with
human ribosomal proteins PO, P1, and P2 in vitro (28).
Using deletion mutants of the P proteins, we demonstrated
that an intact ribosomal stalk was necessary for RTA
to bind to the ribosomes and to depurinate the SRL
in vivo (29).

The electrostatic character of the ribosomal surface was
shown to be responsible for the unusually high catalytic
efficiency of the interaction between restrictocin, a fungal
ribotoxin, and its target, the SRL (30). The electrostatic
interactions were also shown to be important for the
enzymatic activity of three different RIPs tested, RTA,
saporin, and gypsophilin (3/). The recently determined
crystal structure of TCS complexed with the conserved
C-terminal peptide of the P-protein confirmed that
charge—charge interactions were crucial for the interaction
of TCS with this peptide (32). Although these studies
provide evidence of the importance of the electrostatic
interactions in the function of ribotoxins and RIPs, the
nature of the catalytic interactions between RIPs and
ribosomes has not been well characterized. There is only
one report that describes the real-time interaction of RTA
with rat ribosomes using surface plasmon resonance
(SPR), which proposes a conformational change model
(33). Here, we used SPR to investigate the interaction of
RTA with the wild-type and mutant yeast ribosomes
missing an intact stalk. Our results provide evidence of
the significant contribution of the stalk to the binding of
RTA to ribosomes and demonstrate that RTA interacts
with ribosomes via two types of kinetically distinct electro-
static interactions.

Lietal.
MATERIALS AND METHODS

Yeast Strains. The Saccharomyces cerevisiae strains
that contained deletions in the P proteins were haploid
strains, which carried two or four genetic markers de-
pending on different disruptions: D67 (AP1) (RPPI1A::
LEU2, RPPIB::TRPI), D45 (AP2) (RPP2A::URA3,
RPP2B::HIS3) (34), and D4567 (AP1AP2) (RPPIA::
LEU2, RPPIB::TRPI1, RPP2A::URA3, RPP2B::HIS3)
(35). The wild-type strain was W303 (M ATa ade2-1 trpl-1
ura3-1 leu2-3,112 his-3-11,15 canl-100). Yeast strains
were grown in either YPD medium or minimal SD
medium containing 2% glucose.

Monomeric Ribosome Isolation. Salt-washed mono-
meric yeast ribosome isolation was conducted according
to the method of Algire et al. (36) with some modifica-
tions. The detailed method was described in our pre-
vious study (29). The concentrations of ribosomes were
calculated with the relationship 1 OD,gy = 20 pmol of
ribosomes/mL.

Recombinant RTA. Purified RTA and ricin holo-
toxin purified from the R. communis seeds were obtained
from Vector Laboratories (Burlingame, CA). The
N-terminal histidine-tagged RTA (molecular mass of
31.6 kDa) was from Beiresources (Manassas, VA). The
C-terminal histidine-tagged RTA was constructed by
cloning the RTA gene into E. coli expression vector
pET32 (a)+ (Novagen, Madison, WI). This plasmid
was transformed into the expression strain, Rosetta-gami
(DE3) pLysS, and the expressed RTA was purified using
S-tagged agarose. The N-terminal fusion was cleaved by
recombinant enterokinase and purified following the
manufacturer’s protocols. The molecular mass of the
purified C-His-tagged RTA was 31.2 kDa. The purity
and the concentration of recombinant RTA were deter-
mined by a protein assay using the Bio-Rad reagent and
by SDS—PAGE followed by both Coomassie blue stain-
ing and immunoblotting with polyclonal RTA antibo-
dies. The enzymatic activity of the recombinant RTA was
determined by an in vitro depurination and translation
inhibition assay (37).

In Vitro Translation Inhibition Assay. The Flexi Rabbit
Reticulocyte Lysate System from Promega (Madison,
WI) was used. The reactions were set up following the
Promega protocols. The reaction mixtures were incu-
bated at 30 °C for 30 min. Luciferase activity was mea-
sured by using a luminometer. The data were fit with the
Slogisticl equation Y = a/{1 + exp[—k(x — xc)]} using
Origin (OriginLab, Northampton, MA). The concentra-
tion of RTA that inhibits translation by 50% (ICs,) was
calculated.

In Vitro Depurination Assay. Twenty picomoles of
wild-type ribosomes was incubated with 10 ng of RTA
in RIP buffer [60 mM KCI, 10 mM Tris-HCI (pH 7.4),
and 10 mM MgCl,] in a total volume of 100 uL at 30 °C
for 30 min. Purified RTA from Vector Laboratories and
the recombinant RTA from Beiresources were used as
controls. The depurination activity of the ricin holo-
toxin was determined after treatment with 30 uM DTT.
After incubation of ricin holotoxin with ribosomes, the
rRNA was extracted and used for dual-primer extension
analysis (37).
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Analysis of the Interaction between RT A and Ribosomes.
The Biacore 3000 (GE Healthcare, Piscataway, NJ) was
used to analyze the interaction between the yeast ribo-
somes and RTA. The N- or C-His-tagged RTA was used
as the ligand, and the monomeric ribosomes were used
as the analyte. The following equation was used to
calculate the theoretical binding signal and the amount
of ligand immobilized on the chips: analyte binding
capacity (RU) = (analyte MW/ligand MW) x immobil-
ized ligand (RU).

The running buffer consisted of 0.01 M HEPES, 0.15M
NacCl, 50 uM EDTA, 0.005% surfactant P20 (pH 7.4),
and 5 mM MgOAc containing different concentrations of
KCI. The sensor chips were first washed with the regen-
eration solution [0.01 M HEPES, 0.15 M NacCl, 0.35 M
EDTA, and 0.005% surfactant P20 (pH 8.3)], and then
the running buffer containing 500 uM NiCl, was injected
for 1 min to activate the binding site. After the extra wash-
ing step, the His-tagged RTA prepared in the running
buffer at 50 nM was injected at a flow rate of 20 uL/min to
generate a resonance signal of 1500 RU. As a control, the
N-terminal His-tagged EGFP (30 nM) prepared in run-
ning buffer was immobilized on the reference surface to
generate the same RU. Ribosomes were then passed
through both the sensor and the reference surfaces at
different concentrations at a flow rate of 30 uL/min for
3 min to monitor the association. The dissociation was
recorded at the same flow rate for an additional 3 min.
The signal from the reference surface was subtracted from
the signal from the sensor surface to correct for nonspe-
cific binding. The sensor and the reference surfaces were
regenerated by injecting the regeneration solution for
1 min followed by 1 min with a 2 M NacCl solution in
running buffer and 1 min with running buffer at a flow
rate of 100 #L/min. In every series of ribosome concen-
tration measurements, a buffer sample without ribosomes
was injected using the same conditions. 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. Ribosomes were injected at no fewer than five
different concentrations for each ribosome preparation at
different salt concentrations. All interactions were anal-
yzed at 25 °C. The data were analyzed using BIAevalua-
tion version 4.1. The %* values were within 10% of the
maximal binding signal (R,,x) for each set of kinetic data.

RESULTS

Effect of the Ligand Concentration and the Flow Rate on
the Interaction of RTA with Ribosomes. To examine the
binding of RTA to the yeast ribosomes by SPR, the His-
tagged RTA was immobilized on the NTA chip as the
ligand and ribosomes were used in a mobile solution as
the analyte. Since the molecular mass of the ribosome
(3600 kDa) (38) is ~120 times larger than the molecular
mass of the N-terminally (31.6 kDa) or C-terminally His-
tagged RTA (31.2 kDa), if every immobilized RTA
molecule interacted with one ribosome when 1 RU of
RTA was immobilized on the chip, 120 RU should be
obtained as the ribosome binding signal. However, at
ligand concentrations below 500 RU, we could not detect
any interaction, suggesting that not every RTA molecule
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immobilized on the chip may be available to interact with
the ribosomes. We observed a nonspecific interaction
between ribosomes and the NTA chip when ribosomes
were passed over the NTA chip without the immobil-
ized RTA. To minimize this nonspecific interaction, the
N-terminally His-tagged enhanced green fluorescent pro-
tein (EGFP), which has a molecular mass (28.8 kDa)
similar to that of RTA, was used as the control. The
N-His-RTA was immobilized on the target surface at
1500 RU, and the N-His EGFP was immobilized on the
reference surface at the same RU. The signal obtained
from the reference surface was subtracted from the signal
obtained from the target surface to correct for nonspecific
binding. Under these conditions, we observed the inter-
action of ribosomes with RTA, but not with EGFP
(Figure S1 of the Supporting Information).

The effect of the flow rate on the interaction was exam-
ined using eight different flow rates ranging from 5 to 70
uL/min. The initial interaction rate increased as the flow
rate increased from 5 to 30 4L /min (data not shown). The
rate of interaction did not change when the flow rate was
increased to 40 uL/min. However, the interaction rate
decreased when flow rates increased above 40 uL/min. On
the basis of these results, a ligand concentration of 1500 RU
and a flow rate of 30 uL/min were selected for the kinetic
analysis of the interaction between RTA and the ribosomes.

The C-Terminus of RTA Has To Be Exposed for RTA
To Interact with Ribosomes. To determine if the orienta-
tion of RTA on the sensor chip was critical for binding,
we used RTA tagged with six histidines either at its
N-terminus or at its C-terminus. The C-terminally
His-tagged RTA (C-His-RTA) was expressed in E. coli
and purified, while the N-terminally His-tagged RTA was
obtained from Beiresources. The purity of both proteins
was analyzed by SDS—PAGE followed by Coomassie
blue staining and by immunoblot analysis (Figure S2 of
the Supporting Information). The ICs, of each protein
determined using the rabbit reticulocyte lysate in vitro
translation inhibition assay was 28, 62, and 58 pM for
recombinant C-His-RTA, recombinant N-His-RTA, and
RTA purified from castor beans, respectively (Figure S3
of the Supporting Information). Each protein depuri-
nated ribosomes by dual-primer extension analysis (37).
When C-His-RTA was immobilized on the NTA sensor
chip at 1500 RU and yeast ribosomes were passed over
this sensor chip as the analyte, we could not detect any
interaction between RTA and the ribosomes (Figure 1),
even at a ligand concentration of 1800 RU of RTA (data
not shown). In contrast, when N-His-RTA was immobi-
lized on the sensor chip as the ligand at 1500 RU, the
interaction between RTA and the ribosomes was detected
(Figure 1). The interaction signal between the ribosome
and N-His-RTA increased when the ribosome concentra-
tion was increased from 5 to 20 nM. These results indicate
that the C-terminus of RTA has to be exposed to the
analyte for the immobilized RTA to interact with ribo-
somes, suggesting that the C-terminus of RTA is near the
ribosome binding site.

There Are Two Types of Interactions between RTA and
Wild-Type Ribosomes, but Only One Type of Interaction
Exists between RTA and Ribosomes without an Intact
Ribosomal Stalk. We have previously shown using SPR
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FIGURE 1: Interaction of the N-terminally and C-terminally His-tagged RTA with yeast ribosomes measured by surface plasmon resonance.
The N- or C-terminally His-tagged RTA was immobilized on the NTA chip at a concentration of 1500 RU. The N-terminally His-tagged EGFP
was immobilized on the reference surface at the same concentration as the control. The salt concentration in the running buffer was 150 mM NaCl.
The wild-type ribosomes at 5, 10, or 20 nM were passed over the target surface containing either the N- or C-terminally His-tagged RTA. The
signal from the reference surface was subtracted from the signal from the sensor surface to correct for nonspecific binding.

that RTA bound to the wild-type yeast ribosomes. In
contrast, very little interaction was observed with ribo-
somes isolated from the P protein deletion mutants, AP1,
AP2, and AP1AP2, that did not contain any P1 and P2
proteins (29). Only the PO protein was present on these
ribosomes (34,35). Since previous studies showed that the
interaction of RTA with the mutant ribosomes was very
weak (29), we compared the signal using the wild-type
ribosomes at 1 nM and the mutant ribosomes at 7.5 nM
(Figure 2). The interaction of RTA with the wild-type
ribosomes consisted of a fast association phase during the
first 30 s of the association process, followed by a
relatively slower association phase. A similar pattern,
consisting of a rapid dissociation phase followed by a
slower dissociation phase, was also observed during the
dissociation process. In contrast, only the slow associa-
tion and dissociation phases were observed with the
mutant ribosomes. Ribosomes from the three different
mutants (AP1, AP2, and AP1AP2) exhibited similar
binding profiles.

To further analyze the interaction of RTA with the
wild-type and mutant ribosomes, we conducted a more
detailed kinetic analysis by examining the interaction at
different ribosome concentrations. The colored lines in
Figure 3 represent the experimental data, and the black
lines represent the global fitting analysis. As shown in
Figure 3A, the interaction between RTA and the wild-
type ribosomes was detected when the wild-type ribo-
somes were used at 0.5 nM. In contrast, the interaction
with the mutant ribosomes was detected only when they
were used at 5 nM (Figure 3 B—D).

The simulated time courses of the formation and dis-
sociation of the complexes between RTA and the wild-
type or mutant ribosomes are shown in Figure 4. Kinetic
analysis of the binding data indicated that the interaction
of RTA with the wild-type ribosomes did not fit a simple
1:1 binding model but could fit well with the heteroge-
neous ligand-parallel reaction model. This model predicts
two types of interactions between RTA and the wild-type
ribosomes: A + Bl <= ABl and A + B2 < AB2. In
contrast, the data from the mutant ribosomes fit well with
the 1:1 binding model (A + B <> AB), indicating that only
one type of interaction exists between RTA and the

mutant ribosomes. Table 1 shows the association and
dissociation rate constants determined from eight differ-
ent ribosomal concentrations for the wild-type ribosomes
and five different ribosomal concentrations for the mu-
tant ribosomes by global fitting. The > values for each set
of kinetic data were within 10% of the R.... The AB1
interaction with the wild-type ribosomes was character-
ized by a very fast association (kon; = 1.75 x 10'M ™~ 's™1)
and a very fast dissociation (ko = 0.102 s~ ') rate, while
the AB2 interaction was characterized by a much slower
association (konp = 7.77 x 10° M~ ! s7!) and a much
slower dissociation rate (kogn = 1.13 x 1073 s7h).
The ABI association rate was 23 times faster than the
AB2 association rate, while the ABI dissociation rate
was ~90 times faster than the AB2 dissociation rate. Only
one type of interaction existed between RTA and the
mutant ribosomes, and the association and dissociation
rates of the mutant ribosomes were slightly slower than
the rates of the AB2 interaction between RTA and wild-
type ribosomes (Table 1).

The ABI Interaction between RTA and the Wild-Type
Ribosomes Can Be Saturated with Increasing Ribosome
Concentrations. Two types of kinetically distinct interac-
tions existed between RTA and the ribosomes. To deter-
mine the relative contribution of each interaction to the
total interaction, we examined the simulated time courses
of the formation and dissociation of the complexes be-
tween RTA and the wild-type ribosomes at different
ribosome concentrations (Figure 5). As the concentration
of the ribosomes increased, the proportions of the two
types of interactions changed. At ribosome concentra-
tions of <5nM, the ABI1 interaction, which is character-
ized by the fast association and dissociation rate, was
dominant. However, as the ribosome concentration in-
creased to 10 and 20 nM, the ABI interaction was
gradually saturated at ~130 RU and the AB2 interaction,
which is characterized by the slower association and
dissociation rate, became dominant (Figure 5). These
results indicated that the ABI interaction between
RTA and the wild-type ribosomes can be saturated by
increasing the ribosome concentration, indicating that
this interaction involved a limited number of binding
sites.
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FIGURE 2: Comparison of the interaction of RTA with the wild-type ribosomes and ribosomes from the P protein deletion mutants. The
interaction was compared using the wild-type ribosomes at 1 nM and the mutant ribosomes at 7.5 nM. Ribosomes were passed over the target
surface containing the N-His-RTA immobilized at 1500 RU and the N-His EGFP immobilized at the same RU as the reference. The salt
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association dissociation
[ ]
400
A.WT
5 350
n‘:’ 300 Rib. Con
g 250 (nM)
o 200
s 150 fg
@ 100
(] 5
© 50 25
0 0.5
-50 1 1 t t t 1 t t 1
50 0 50 100 150 200 250 300 350 400
Rib. Con
901 B.AP1 (nM)
S 70 2
3
e 50 = 15
) 10
a 30 i 75
0 A
¢ 10 T 5
1 t t t t t t+ t+ t i
-50 0 50 100 150 200 250 300 350 400

Time (s)

association dissociation
I T ——

Rib. Con
90 C.AP2 P
70 20
50 15
10
30 75
10 ' 5
10+ 1 t t + t + t t 1
-50 0 50 100 150 200 250 300 350 400
Rib. Con
D. AP1 AP2 (nM)
90 20
70 15
50 10
o —
30 1 7.5
1 ——r 5
10
10 . +
-50 0 50 100 150 200 250 300 350 400

Time (s)

FiGuRE 3: Kinetic data and the corresponding global fitting analysis for the interaction of RTA with the wild-type and mutant ribosomes.
Varying concentrations of ribosomes indicated on the right were used to obtain the data shown. The scales on the y-axes are different between the
wild-type ribosomes (A) and the three different P protein mutants (B—D) due to the weaker signal observed with the mutant ribosomes. The
colored lines represent the experimental data, and the black lines represent the global fitting analysis. The total salt concentration in the running
buffer was 200 mM. The ligand concentration was 1500 RU. The EGFP was immobilized to the reference surface at the same RU as RTA.

The AB2 Interaction between RTA and the Wild-Type
Ribosomes Can Be Disrupted at a Relatively Lower Salt
Concentration Than the ABI Interaction. Previous studies
indicated that the electrostatic interactions played a
major role in the interaction between a ribotoxin and
ribosomes (37). To determine if electrostatic interac-
tions were important in the interaction between RTA
and ribosomes by SPR, we increased the total salt
concentration in the running buffer using KCI. As shown
in Figure 6, the interaction of RTA with the wild-type
or mutant ribosomes weakened dramatically as the
total salt concentration increased. The interaction with
ribosomes from the AP1AP2 mutant was almost lost at
a salt concentration of 300 mM (green lines in Figure 6B).
In contrast, at 300 mM salt there was still some interac-
tion with the wild-type ribosomes (green lines in
Figure 6A). The interaction of RTA with the wild-type

ribosomes was completely interrupted when the salt con-
centration was increased to 400 mM (blue lines in
Figure 6A).

At a salt concentration of 300 mM, the kinetics of the
interaction between RTA and the wild-type ribosomes
changed. Kinetic analysis of the binding data indicated
that this interaction fit well with the 1:1 binding model
(Figure 7). The simulated time courses for the formation
and dissociation of complexes at 300 mM salt were
similar to the ABI interaction at 200 mM salt (Figure 5)
with a fast association and a relatively fast dissocia-
tion rate. As previously observed with the AB1 interac-
tion at 200 mM salt, when the ribosome concentration
increased, the binding was also gradually saturated at
300 mM salt (Figure 7). The association and dissociation
rates of RTA and the wild-type ribosomes at 300 mM salt
(kow = 545 x 10°M ' s™! and kogr = 5.82 x 107257 1)
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FIGURE 4: Simulated time courses of the formation and dissociation of complexes between RTA and the wild-type or mutant ribosomes.
The models correspond to the data shown in Figure 3. The data obtained with the wild-type ribosomes fit best to the heterogeneous ligand-parallel
reaction model as shown in panel A. The data with the mutant ribosomes fit best to the 1:1 interaction model as shown in panels B—D. Due to the
differences in the interactions between the wild-type and mutant ribosomes, the ribosome concentrations are 1 nM for the wild-type ribosomes and

7.5 nM for the mutant ribosomes.

Table 1: Kinetic Constants (ko and k) and Calculated Equilibrium Dissociation Constants (Kp) for the Interaction of RTA with the Wild-Type (WT)

and Mutant Ribosomes Lacking an Intact Stalk”

ribosomes konl (M_l S_]) koffl (S_]) KDI (M) konZ (M_l S_I) koffz (S_]) KDZ (M) Rmax (average) Xz

WT 1.75 x 10" with ~ 0.102 583x107° 7.77 x 103 113x 1072 145%107°  Rpaa = 196; 12.1(n = 8)
200 mM salt Riaxz = 197

AP1 200 mM salt 8.01 x 10* 623x107*  778x107° 317 5.42(n = 5)

AP2 200 mM salt 1.52x 10° 442x107%  290x107° 167 4.87(n=5)

APAP2 200 mM salt 1.95 x 10° 554x107%  284x107° 181 4.73(n=15)

WT 545 % 10°with 582 x 1073  1.07x107° 55 5.35(n = 12)
300 mM salt

“The heterogeneous ligand-parallel reaction model was used to fit the data with the wild-type ribosomes at a salt concentration of 200 mM. The 1:1
binding model was used to fit the data with the three different mutant ribosomes at a salt concentration of 200 mM and the wild-type ribosomes at a salt
concentration of 300 mM (the last row). Eight to twelve different ribosome concentrations (0.5—20 nM) were used for the wild-type ribosomes and five
different concentrations (5—20 nM) for the mutant ribosomes to fit the data to the kinetic models. The y° values for each set of kinetic data were less than

10% of the maximal binding signal (Rax)-

were slower than the rate of the ABI interaction at
200 mM salt (kon; = 1.75 x 10" M~ ' s !, and ko =
0.102 s~ ") but faster than the rate of AB2 interaction at
200 mM salt (kopr = 7.77 x 10° M~' s !, and ko =
1.13 x 1073 s~ ') (Table 1). Since both interactions are
dominated by electrostatic interactions, the higher salt
concentration is likely to have a negative effect and slow
the interactions. Therefore, at 300 mM salt, only the
ABI interaction exists between RTA and the wild-type
ribosomes.

We conclude from these results that the interac-
tions between RTA and ribosomes are dominated by
electrostatic interactions. The ABI interaction between

RTA and the wild-type ribosomes is stronger than the
AB2 interaction. The ABI interaction is stronger than
the interaction between RTA and the mutant ribosomes,
and the nature of the AB2 interaction between RTA
and the wild-type ribosomes is the same as the nature
of the interaction between RTA and the mutant ribo-
somes.

DISCUSSION

The C-Terminal Domain (CTD) of RTA Is Near the
Ribosome Binding Site. The SPR analysis of the interac-
tion between RTA and ribosomes indicated that RTA
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FIGURE 5: Simulated time courses of the formation and dissociation of complexes between RTA and the wild-type ribosomes at different
ribosome concentrations. The proportions of ABI and AB2 in the total binding changed with increasing ribosome concentrations. The AB1
interaction was saturated at a ribosome concentration of 10 nM. The data are from the same data set shown in Figure 3A.
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FIGURE 6: Interaction of RTA with the wild-type ribosomes and ribosomes from the P protein mutants at increasing salt concentrations.
The interaction of RTA with the wild-type ribosomes was lost at 400 mM salt (A), and the interaction with the mutant ribosomes was almost lost
at 300 mM salt (B).

interacted with ribosomes only when its C-terminus was opposite sides of the RTA molecule (Figure S4 of the
exposed to the analyte (Figure 1). In the crystal structure Supporting Information). The C-terminus of RTA is
of RTA, the C-terminus and the N-terminus fold to the close to the active site, while the N-terminus is far from
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the active site (Figure S4 of the Supporting Information).
Therefore, when the N-terminus of RTA was immobi-
lized on the chip, the C-terminus and the active site were
exposed to the mobile phase. These results indicated that
the C-terminus of RTA, which interacts with the B
subunit in the holotoxin, is near the ribosome binding site.

Consistent with these observations, the disulfide bond
between the A chain and the B chain had to be reduced
for the holotoxin to depurinate the yeast ribosomes
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FIGURE 7: Simulated time courses for the formation and dissocia-
tion of complexes with the wild-type ribosomes at a salt concentration
of 300 mM. The interaction fit the 1:1 binding model and was
saturated at a ribosome concentration of 10 nM.
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(Figure S5 of the Supporting Information). Early studies
indicated that the arginine residues outside the active site
cleft were involved in the RTA activity (39,40). In the
X-ray crystal structure of the holotoxin, the B chain docks
on the C-terminus of the A chain and the arginine residues
in RTA located at the interface are blocked by RTB
(Figure 8A). When RTA is separated from RTB, these
residues are exposed to the surface and contribute to the
positive surface charge at the CTD of RTA (Figure 8B).
Since this positively charged region, but not the active
site, is blocked by RTB in the holotoxin, the inactivity of
holotoxin toward ribosomes may not be due to the lack of
interaction with the active site, but possibly due to the
blockage of the ribosome interaction site of RTA by RTB
(29). These results provide evidence that residues outside
the active site that are located at the interface between
RTA and RTB contribute to the total interaction of RTA
with ribosomes.

It is unlikely that ribosome depurination affects the
interaction during the SPR measurement. Since, in the
Biacore 3000 the flow cell volume is 20 nL and the flow
rate used is 30 uL/min, the contact time between RTA and
ribosomes is only 40 ms. Therefore, a very small percen-
tage of ribosomes may become depurinated during the
SPR measurement. Furthermore, RTA was reported to
bind to the 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 (33). Therefore, the interaction
analyzed in our study represents the interaction of RTA
with ribosomes that are not depurinated, and this inter-
action occurs between RTA and the stalk and not be-
tween RTA and the SRL.

Ribosomal Stalk Specific and Nonspecific Interactions
Are Involved in Binding of RTA to Ribosomes, and Both
Interactions Are Dominated by Electrostatic Interactions.
Our previous studies indicated that RTA bound to the
ribosomal stalk, and this binding was required for the

FIGURE 8: Structure of the holotoxin with RTA in a green cartoon model and RTB in a yellow ribbon model (A) and electrostatic potential of
RTA (B). The holotoxin structure is from the Protein Data Bank (entry 2AAI) (43), and the RTA structure data are from the Protein Data Bank
(entry 11FS) (44). This figure was generated using PyMOL. The blue and red represent positive and negative charges, respectively.
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depurination of the SRL (29). To determine the contribu-
tion of the stalk to binding of RTA to the ribosome, we
examined the interactions between RTA and the wild-
type or mutant ribosomes lacking an intact ribosomal
stalk. The kinetic data for the interaction between RTA
and the wild-type yeast ribosomes did not fit a simple 1:1
interaction model. Similar results were previously ob-
served between RTA and rat ribosomes by SPR analysis
(33). In the rat ribosome study, the interaction of RTA
with only the wild-type ribosomes was analyzed and a
conformational change model was proposed (33). When
our data for the wild-type and mutant ribosomes were
analyzed using the conformational change model, the
global fitting results were similar for both types of ribo-
somes, indicating that this model could not distinguish
between the binding of RTA to the wild-type or mutant
ribosomes (Figure S6 of the Supporting Information). In
contrast, the heterogenecous ligand-parallel reaction
model more accurately represented the interaction of
RTA with the wild-type ribosomes and could account
for the clear differences observed in binding between the
wild-type and mutant ribosomes (29). This model predicts
that either there are two different binding sites on the
ribosome or two different types of interactions occur
simultaneously with different association and dissocia-
tion rates. Fitting our data with this model showed that
two types of interactions occurred between RTA and the
wild-type ribosomes and only one type of interaction
existed between the RTA and the ribosomes without an
intact stalk. Here the word “type” was used because each
type of binding may involve more than one RTA mole-
cule interacting with a single ribosome. It is possible that
several RTA molecules bind to a single ribosome at the
same time. Korennykh et al. (30) showed that each rat
ribosome had ~50 restrictocin binding sites. The AB2
interaction, which may occur between the positively
charged CTD of RTA and generally negatively charged
ribosomes, is likely a ricin specific, but not a stalk specific,
interaction. This type of interaction may involve many
binding sites on each ribosome and may serve to concen-
trate RTA on the ribosomes. The low level of depurina-
tion observed in the mutant ribosomes (29) might occur
only by this nonspecific electrostatic interaction. In con-
trast, the ABI interaction is specific and represents bind-
ing of RTA to the ribosomal stalk, since this interaction is
missing in the mutant ribosomes. The ABI interaction
possibly involves the positively charged CTD of RTA and
the negatively charged CTD of the P proteins of the
ribosomal stalk. Since there are two P protein hetero-
dimers, Pla/P2S and P20/P1S on each yeast ribosome,
the specific binding sites are limited. Consistent with this,
our results indicate that the ABI interaction can be
saturated (Figure 5).

Biochemical studies have shown that the electrostatic
interactions contributed to the rapid target localization
by restrictocin, one of the ribotoxins that cleave the SRL
(30). A similar interaction was shown to contribute
to ribosome targeting by three different N-glycosidases,
RTA, saporin, and gypsophilin (3/). Electrostatic inter-
actions were critical for the interaction of TCS and
the human P2 protein by structural analysis (32). Our
results indicate that the AB1 and AB2 interactions are
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FIGURE 9: Two-step binding model for ribosome depurination by
RTA. (A) The slow, stalk nonspecific, electrostatic AB2 interactions
concentrate the RTA molecules on the surface of the ribosomes to
build up their local concentrations and facilitate the diffusion of RTA
toward the stalk, promoting the faster, more specific ABI interac-
tions between RTA and the stalk. ABI and AB2 interactions work
together on the wild-type ribosomes allowing RTA to localize and
depurinate the SRL at a very high rate. (B) Only one type of
interaction occurs with the mutant ribosomes deleted in the stalk
proteins. The single-step interaction lowers the possibility of a
contact between RTA and the SRL, resulting in lower levels of
depurination compared to those of the wild-type ribosomes.

dominated by electrostatic interactions, since they are
sensitive to the salt concentration (Figure 6). We further
show that ionic strength affects the kinetic rates of the
ABI1 and AB2 interactions. The ABI1 interaction is much
stronger than the AB2 interaction because a higher salt
concentration is needed to disrupt the ABI interaction
than the AB2 interaction (Figure 6).

A Two-Step Binding Model for Ribosome Depurination
by RTA. Our results indicate that RTA interacts with
ribosomes through two types of kinetically distinct inter-
actions, a saturable, fast interaction that requires an
intact stalk and a nonsaturable, slow interaction that
does not require an intact stalk. On the basis of these
results, we propose a two-step binding model (Figure 9).
During the first step, the slow AB2 interactions, which
consist of nonspecific electrostatic interactions, concen-
trate the RTA molecules on the surface of the ribosomes
to build up their local concentrations. During the second
step, the AB2 interactions facilitate diffusion of RTA
toward the stalk and promote the specific ABI1 interac-
tions between RTA and the ribosomal stalk. The acidic P
proteins of the stalk recruit the RTA molecules that are
concentrated on the ribosomes, increasing the rate of
association of RTA with the wild-type ribosomes 90-fold
over the mutant ribosomes missing the stalk proteins
(AP1AP2) (Table 1). Because of the ABI interactions,
the association and dissociation rates of the AB2 interac-
tions with the wild-type ribosomes are 2—10 times faster
than the association and dissociation rates of the inter-
actions with the mutant ribosomes. Therefore, we predict
that the AB1 and the AB2 interactions work together
allowing RTA to depurinate the SRL at a much higher
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rate on the intact ribosomes than on the naked 28S
rRNA.

According to this model, the AB1 interaction between
RTA and the ribosomal stalk may be similar to the
proposed interaction between eukaryotic elongation fac-
tor 2 (eEF2) and the ribosomal stalk (22). We propose
that the CTD of the stalk proteins may bind RTA instead
of binding the eEF2 and deliver RTA to the SRL via their
flexible hinge region. This is supported by the early
studies indicating that ricin inhibits the binding of eEF2
to the ribosome (41), eEF2 can protect ribosomes from
RTA (42), and eEF2 blocks binding of RTA to the
ribosome (8). The very fast association and dissociation
rates between RTA and the ribosomal stalk suggest that
RTA may compete with eEF2 for binding to the riboso-
mal stalk. It has been shown that both TCS (27) and Stx1
(28) also interact with the ribosomal stalk. Therefore, we
predict that the two-step binding model proposed here
may be more broadly applicable to the interaction of
ribosomes with the other RIPs and with the elongation
factors.
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