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Abstract

The eukaryotic stalk, which is responsible for the recruitment of translation factors, is a pentamer
containing two P1-P2 dimers with unclear modes of action. In Saccharomyces cerevisiae, P1/P2
proteins (individual P1 and P2 proteins) are organized into two distinct dimers, PLA-P2B and
P1B-P2A. To investigate the functional contribution of each dimer on the ribosome, RTA (ricin A
chain), which binds to the stalk to depurinate the SRL (sarcin/ricin loop), was used as a molecular
probe in yeast mutants in which the binding site for one or the other dimer on PO was deleted.
Ribosome depurination and toxicity of RTA were greatly reduced in mutants containing only
P1A-P2B on the ribosome, whereas those with only P1B—P2A were reduced less in depurination
and were unaffected in toxicity. Ribosomesn bearing P1B—P2A were depurinated by RTA at a
similar level as wild-type, but ribosomes bearing PLA-P2B were depurinated at a much lower
level in vitro. The latter ribosomes showed the lowest association and almost no dissociation with
RTA by surface plasmon resonance. These results indicate that the P1B— P2A dimer is more
critical for facilitating the access of RTA to the SRL, providing the first in vivo evidence for
functional divergence between the two stalk dimers on the ribosome.
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INTRODUCTION

The process of MRNA translation is facilitated by the interactions of ribosomes with a
number of auxiliary protein factors called tGTPases (translational GTPases) [1]. The
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structure which is responsible for the recruitment of tGTPases and stimulation of GTP
hydrolysis is a protein complex located on the large ribosomal subunit, termed the stalk [2—
5]. The stalk architecture, which is composed of multiple copies of acidic proteins,
represents a universally conserved entity across the three domains of life [6]. Despite
sharing a common function, the stalk complexes are markedly different between the three
domains of life [7]. In bacteria, the stalk structure can be found in two basic configurations,
a pentamer, L10-(L12)4, in mesophiles and a heptamer, L10—(L12)g, in thermophiles [5,8].
In contrast, some cyanobacteria have eight copies of the L12 protein attached to the L10
protein, L10—(L12)g [9]. In archaea, the ribosomal stalk is a heptamer, L10—(L12)g [10],
whereas in eukaryotes, it is a pentamer, PO—(P1-P2), [11]. Despite a wealth of
crystallographic [5,12-19], NMR [20,21], cryo-EM [17,22,23] and SAXS [24,25] studies,
the L12/P stalk represents the last structure on the ribosome for which the architecture and
precise molecular function still remain poorly established.

In eukaryotes, the stalk is composed of PO, which constitutes the base of the stalk and
anchors two copies of P1/P2 proteins (individual P1 and P2 proteins) [26], forming two P1-
P2 heterodimers [27], organized together in a pentameric structure [11,28]. Lower
eukaryotes, such as Saccharomyces cerevisiae, possess two P1/P2 protein forms, P1A, P1B,
P2A and P2B [29], which preferentially form two heterodimers, PLA-P2B and P1B-P2A
[30], bound to two separated specific contiguous sites on the PO protein [31-33]. All stalk P-
proteins have a highly conserved motif present at the CTD (C-terminal domain) containing a
stretch of highly acidic and hydrophobic amino acids (EEEAKEESDDDMGFGLFD),
regarded as their functional element directly involved in recruitment of external factors to
the ribosome [34]. Recent crystallographic studies have reported only one CTD of the
eukaryotic stalk counterpart, bacterial L12 dimer, interacting with the translation factors
during the elongation cycle [18,19]. In eukaryotes, the C-terminal fragment of PO is
regarded as a minimal stalk element, conferring functionality of the stalk [35]. The function
of the other ribosomal stalk P-proteins, which share the same conserved CTD, is not clear.
Despite the high sequence similarity between P1/P2 proteins, their biophysical and
functional properties are different [25,36]. Previous cross-linking experiments showed
differences in the reactivity of P1 and P2 and suggested that the P1 protein, which displayed
restricted reactivity, is internally located, whereas the P2 protein is more external and
accessible to interact with the other cellular components [36]. Moreover, fluorescence
correlation spectroscopy experiments suggested that the function of P1-P2 dimers is not
equally distributed [36,37]. A recent study on silkworm ribosomes showed that both P1 and
P2 contribute to ribosomal activity dependent on eEF-1a (eukaryotic elongation factor-1a)
and eEF-2, and the relative contributions to protein synthesis seemed to be different between
P1 and P2 [38]. In yeast cells, it was shown that the PLA-P2B dimer appears to be more
relevant for cell fitness than P1B—P2A [39], which is considered to be a dynamic element of
the stalk and undergo exchange with the cytoplasmic pool of free P-proteins [40]. However,
the reason for the multiplication of P1-P2 dimers is not well understood and direct evidence
for the distinct roles of the two stalk dimers is lacking.

Recent studies have shown the importance of the eukaryotic ribosomal stalk in facilitating
the depurination activity of RIPs (ribosome-inactivating proteins) (reviewed in [41]), such as
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ricin [42], TCS (trichosanthin) [43-45], Stx1 (Shiga toxin 1) [46] and MOD (maize RIP)
[47]. Ricin is a naturally occurring protein found in castor beans (Ricinus communis)
comprising two subunits, a catalytic subunit, RTA (ricin A chain) and galactose/N-
acetylgalactosamine-binding B subunit, RTB (ricin B chain), which are coupled together by
a single disulfide bond [48]. Ricin depurinates a universally conserved adenine residue
within the SRL (sarcin/ricin loop) of the 28S rRNA [49]. The SRL is an important
component of the GAR (GTPase-associated region) [50]. Previous structural studies of the
bacterial ribosome have shown that the SRL plays a key role in activation of the GTPase
activity of EF-G (elongation factor-G), by opening the hydrophobic gate and placing the
critical His®” into the proper position for GTP hydrolysis [50]. Depurination of the SRL
prevents GTP hydrolysis by EF-G and subsequently causes an arrest of protein synthesis at
the translocation step [51]. We showed that the ribosomal stalk is the docking site for RTA
on the ribosome and this interaction is critical for ribosome depurination in yeast [42] and in
human cells [52]. RTA interacts with the ribosomal stalk proteins through a highly
conserved motif, present at the CTD of all stalk P-proteins [46]. Our recent results
demonstrated that stalk binding stimulates depurination of the SRL by RTA on the ribosome
[53].

In the present study, we use RTA as a molecular probe to investigate the contribution of the
individual P1-P2 dimers to the stalk function. We show that the P1B-P2A dimer is more
critical for binding RTA, depurination of the SRL by RTA and the toxicity of RTA than the
P1A-P2B dimer on the ribosome. These results provide the first direct evidence for the
differentiation in function between the two P1-P2 dimers on the ribosome.

MATERIALS AND METHODS

Yeast strains and plasmids

The two yeast strains carrying deleted forms of PO protein were described previously [31].
In both strains, the gene encoding RPPO (ribosomal PO protein) had been modified to
introduce deletions of fragments responsible for binding either the PLA-P2B or P1B-P2A
dimer to generate POA1g99_p30 (POAH1) and POAy3g_25g (POAH2) (Figure 1A). The wild-type
strain BY4741 (MATa; his3AL; leu2 AO; met15A0; ura3A0) and the mutant strains were
grown in either YPD medium [1 % (w/v) yeast extract/2% (w/v) peptone/2% (w/v) glucose]
or minimal SD medium (synthetic defined medium) containing 2% glucose. The yeast
strains were transformed with the vector containing the gene for pre-RTA (NT849) under
the galactose-inducible GAL1 promoter and the LEUZ2 selectable marker [54]. The growth of
yeast strains was performed in yeast minimal SD medium (Fischer Scientific) supplemented
with 2% glucose with vigorous shaking at 30 °C. Cell growth was monitored at Dggg using
the SpectraMax®Plus384 reader (Molecular Devices). The doubling time was calculated
using the online software Doubling Time (http://www.doubling-time.com/compute.php).
Further information can be found in the Supplementary Online Materials and methods
section (at http://www.biochemj.org/bj/460/bj4600059add.htm).
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Preparation of ribosomes and immunoblot analysis

Exponentially growing yeast cells at a Dggg value of 0.5 were collected and washed with ice-
cold water, then re-suspended in buffer A (50 mM Tris/HCI, pH 7.5, 80 mM KCI and 15
mM MgCly, containing 1 mg/ml heparin, 1 mM PMSF, 1 mM DTT and a protease inhibitor
cocktail P8215 from Sigma; 1:1000 dilution). The cells were ground in liquid nitrogen,
transferred to centrifuge tubes and centrifuged at 30000 g for 20 min in order to prepare a
cell-free extract. Ribosomes were prepared by centrifugation of the cell-free extract at
200000 g in the above buffer supplemented with 1% Triton X-100. The resulting pellet was
resuspended in 20 mM Hepes/KOH, pH 7.6, 20 mM magnesium acetate, 0.5 M KCI, 10%
glycerol containing 1 mM GTP and 1 mM puromycin, and incubated at 30°C for 30 min.
The mixture was then centrifuged at 10000 g for 15 min. The supernatant was applied on to
a 5 ml solution of 20 mM Hepes/KOH, pH 7.6, 20 mM magnesium acetate and 0.5 M KCl,
supplemented with 35% glycerol and then centrifuged at 200000 g for 5 h. The purified
ribosomes were resuspended in 50 mM Hepes/KOH, pH 7.6, 12 mM magnesium acetate, 80
mM KCI, 0.1 mM PMSF, 1 mM DTT and 25% glycerol. The concentration of ribosomes
was determined according to van der Zeist et al. [55]. All purification steps were performed
at 4°C.

For immunoblot analysis the proteins were separated by SDS/PAGE (12% gel). Monoclonal
antibodies specific against the conserved C-terminal peptide (3BH5) (a gift from Dr J.P.
Ballesta, Centro de Biologia Molecular Severo Ochoa, Consejo Superior de Investigaciones
Cientificas and Universidad Autonoma de Madrid, Madrid, Spain) were used for detection
of the PO protein. Monoclonal antibodies specific against P2A (IBE3) and P2B (1AA9) (gifts
from Dr J.P. Ballesta) were used to detect the P2 proteins in the two dimers (PLA-P2B or
P1B- P2A) present on the stalk [56]. The monoclonal antibodies against L3 (a gift from Dr
J.R. Warner, Department of Cell Biology, Albert Einstein College of Medicine, NY,
U.S.A), Pgklp (3-phosphoglycerate kinase; Invitrogen) were used as the loading controls
for the ribosome and cytosol fractions respectively.

Yeast cell viability assay

Yeast cells harbouring pre-RTA vector (NT849) were grown in liquid SD medium with 2%
glucose. The cells were collected by centrifugation and normalized to a Dggg value of 0.1.
Four serial dilutions (1:10) were made and 15 pl of each dilution were spotted on SD-Leu
plates containing 2% glucose or 2% galactose and grown at 30°C for 2 days.

RTA expression and depurination in yeast

To analyse RTA expression in PO mutants, the total protein extract was isolated from yeast
as described by Zhang et al. [57]. Yeast cells (Dggg of 5) were harvested at 0, 6 and 12 hpi
(hours post-induction) and were first suspended in 0.5 ml of 2 M lithium acetate for 5 min
on ice. Next, they were centrifuged at 6000 g and resuspended in 0.5 ml of 0.4 M NaOH for
5 min on ice. The cells were centrifuged again at 6000 g and then neutralized with 0.5 ml of
100 mM Tris/HCI, pH 6.8, and resuspended in 100 pl of 2 x SDS sample buffer and heated
at 95 °C for 5 min. The extracts were centrifuged at 16000 g for 10 min, and the
supernatants were collected. The samples were analysed using SDS/PAGE (12% gel). After
being transferred on to nitrocellulose membranes, RTA was detected with monoclonal
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antibody PB10 (a gift from Dr N. Mantis, Division of Infectious Disease, Wadsworth
Center, New York State Department of Health, NY, U.S.A.) [58]. The blot was stripped with
8 M guanidine hydrochloride and reprobed with an antibody against Dpm1 (dolichyl-
phosphate mannosyltransferase 1) from Molecular Probes and developed using infrared
imaging system (LI1-COR, Odyssey). For depurination in vivo, total RNA was purified from
Dgoo values of 0.3-0.8 of yeast cells using the Qiagen RNeasy Mini Kit with on-column
DNase digestion. Total RNA (375 ng) was used for cDNA synthesis and to quantify the
relative level of depurination. The extent of depurination was determined by comparison to
yeast transformed with the empty vector using qRT-PCR (quantitative reverse transcription—
PCR) by the AACt [comparative ACy (threshold cycle value)] method [59]. Two sets of
primers were used in separate gRT-PCR reactions with the same sample. The first set of
primers is highly specific for amplification only from rRNA where the SRL has been
depurinated, whereas the second primer pair amplifies from rRNA regardless of the
depurination state. The Cy values for depurinated rRNA amplification are first normalized to
Ct values for total rRNA amplification to give the ACt. The normalized ACy values from
yeast expressing RTA are then compared with those from yeast carrying a vector control
plasmid to obtain the AACy. The fold difference in depurination between the two is
determined using the formula 2 AACT as described previously [59].

Recombinant RTA purification

N-terminal 10x His-tagged recombinant RTA was purified using Ni-NTA (Ni2*-
nitrilotriacetate) agarose from Qiagen. Protein showed a single band on SDS/PAGE by
Coomassie Brilliant Blue R-250 staining and by immunoblot analysis and was active in in
vitro translation inhibition and ribosome depurination assays [60].

Interaction of RTA with yeast ribosomes

The interactions were measured using a Biacore T200 system (GE Healthcare) with a CM3
chip. RTA was immobilized to Fc2 (flow cell 2) at 840 RU (resonance units) by amine
coupling. Fc1 was activated and blocked as a control. The running buffer contained 10 mM
Hepes, pH 7.6, 150 mM NaCl, 10 mM magnesium acetate, 50 uM EDTA and 0.005 %
surfactant P20. Ribosomes were passed over both surfaces at 40 pl/min at different
concentrations. The surface was regenerated by injection of 500 mM KCI in the running
buffer for 20 s at a flow rate of 50 pl/min. The interactions were measured at 25 °C.

Ribosome depurination in vitro

The reaction mixture contained 40 nM yeast ribosomes, reaction buffer (10 mM Tris/HCI,
pH 7.4, 60 mM KCI and 10 mM MgCl5), with different concentrations of RTA or PAP
(pokeweed antiviral protein) in a total reaction volume of 100 pl. The reaction was started
by adding RTA or PAP to the reaction mixture and incubating at 30 °C for 10 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 with phenol and
then phenol/chloroform, and precipitated with sodium acetate and ethanol overnight at =20
°C. The extent of depurination was determined using qRT-PCR as described previously
[59].
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RESULTS

Characterization of the yeast stalk mutants carrying individual PLA-P2B or P1B-P2A
dimers on the ribosome

To determine the functional contribution of the individual P1- P2 stalk dimers to the
interaction of ribosomes with RTA, we used yeast mutants where the gene encoding the
RPPO had been modified to introduce deletions of the helices responsible for binding either
P1A-P2B or P1B-P2A dimer [31]. Composition of the stalk complexes on the ribosome is
shown in Figure 1(A). Wild-type strain carries all five stalk P-proteins organized in a
pentameric configuration: PO—(P1LA-P2B)-(P1B—P2A). The PO deletion mutant, POAH1
carries deletion of helix 1 (amino acid positions 199-230) responsible for binding PLA-P2B
and POAH2 carries deletion of helix 2 (amino acid positions 230-258) responsible for
binding P1B-P2A, resulting in trimeric configurations of the stalk, POaq1(P1B-P2A) and
POaH2(P1A-P2B) respectively. Immunoblot analysis was used to examine the stalk
composition in the mutants (Figure 1B). Monoclonal antibodies specific for the conserved
C-termini of all P-proteins showed that POp1(P1B-P2A) and POaH2(P1A-P2B) contained
truncated forms of PO protein on the ribosome. Immunoblot analysis using monoclonal
antibodies specific for yeast P2A or P2B proteins showed presence of P2A protein on the
POaH1(P1B-P2A) ribosomes, but not on the POaH2(P1A- P2B) ribosomes. In contrast, P2B
protein was detected on the POpq2(P1LA-P2B) ribosomes, but not on the POaH2(P1B-P2A)
ribosomes (Figure 1B), confirming the proper composition of the stalk trimers. These results
were in agreement with previous characterization of the stalk composition in these mutants
by isoelectric focusing [31].

The growth rate of yeast strains was monitored on minimal medium (Figure 1C). The
absence of PLA-P2B dimer on the ribosome caused a severe reduction in the growth rate of
POaH1(P1B-P2A), whereas the absence of P1B—P2A on the ribosome did not cause a
substantial reduction in the growth rate of POpq2(P1A-P2B). The POpn1(P1B-P2A) strain
had a doubling time close to 8 h (7.76 + 0.6 h) compared with wild-type, which had a
doubling time of approximately 3 h (2.92 + 0.2 h) and POpH2(P1A-P2B), which had a
doubling time of 3.5 h (3.51 + 0.2 h). These results are consistent with previously reported
studies which demonstrated that removal of the PLA- P2B-binding site exerted the strongest
effect on the growth of the mutant strains, indicating that the PLA-P2B dimer is more
important for the metabolic fitness of yeast [31].

The yeast mutant lacking the P1B—P2A dimer on the ribosome is resistant to the
cytotoxicity of RTA

To examine the sensitivity of the yeast mutants with different stalk configurations to RTA,
each mutant and the isogenic wild-type were transformed with a plasmid carrying the gene
encoding pre-RTA under the GAL1 promoter. Cells were grown in liquid medium
containing glucose, serially diluted, and placed on to agar plates containing glucose or
galactose and grown at 30 °C for 3 days (Figure 2A). RTA clearly reduced the viability of
the wild-type yeast and POaq1(P1B-P2A) mutant carrying only the P1B—P2A dimer on the
ribosome, but not PO (P1A- P2B) mutant carrying only the PLA-P2B dimer on the
ribosome (Figure 2A). A viability assay was also performed by examining cell survival after
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RTA expression. The cells grown on liquid medium containing glucose were transferred to
the medium containing galactose to induce pre-RTA expression and an equal number of
cells were spotted on a plate containing glucose at 0, 6 and 12 hpi of galactose
(Supplementary Figure S1 at http://www.biochemj.org/bj/460/bj4600059add.htm).
Expression of RTA greatly reduced the survival rate of the wild-type and POaH1(P1B-P2A)
mutant. In contrast, viability of the POpH2(PLA- P2B) mutant was not affected by RTA.
These results indicate that the PAB—P2A dimer on the ribosome is more important for the
toxicity of RTA than the PLA-P2B dimer.

Ribosome depurination by RTA is reduced more in the yeast mutant lacking P1B — P2A
dimer on the ribosome

Since the yeast mutant lacking P1B—P2A dimer on the ribosome was resistant to RTA, we
examined the level of RTA expression in the yeast mutants by immunoblot analysis using
monoclonal antibodies (PB10) against RTA and IR-labelled secondary antibodies. The blot
was visualized using a LI-COR IR imaging system (Figure 2B). The level of expression of
RTA was similar in the wild-type strain and in the RTA-resistant POaq2(P1A-P2B) strain at
6 and 12 hpi. The expression of RTA was lower and clearly detected only at 12 hpi in
POaH1(P1B-P2A). We confirmed these results by transforming each mutant with a C-
terminal EGFP fusion of pre-RTA (pre-RTA-EGFP), which has been shown to be
enzymatically active and toxic in S. cerevisiae [61]. The pre-RTA-EGFP expression was
detected in the POpH2(PLA-P2B) mutant after 6 and 12 hpi as in the wild-type. In
POaH1(P1B-P2A) mutant, the RTA-EGFP fluorescence signal was lower, but detectable at
12 hpi, suggesting delayed protein expression, possibly due to the growth defect observed in
this strain (Supplementary Figure S2 at http://www.biochemj.org/bj/460/
bj4600059add.htm). These results show that the resistance to RTA observed in POppo(P1A-
P2B) is not due to the lack of RTA expression.

The depurination of the SRL by RTA was examined in the yeast mutants by qRT-PCR
analysis as described previously [59,62]. Total RNA was isolated from the transformed
yeast strains and the level of depurination was examined at 0, 6 and 12 hpi (Figure 2C).
Ribosome depurination by RTA was reduced 5.4-fold at 6 hpi and 32-fold at 12 hpi in
POaH2(P1A-P2B) mutant compared with the wild-type. The level of depurination in the
POaH1(P1B- P2A) strain was reduced 2.4-fold at 6 hpi and 5-fold at 12 hpi compared with
wild-type. However, despite the low expression of RTA in POay;(P1B-P2A), the level of
depurination in this strain was higher than in POan2(PLA-P2B), consistent with the lower
viability of POp1(P1B-P2A) expressing RTA (Figure 2A and Supplementary Figure S1).
The lowest level of ribosome depurination observed in POaH2(PLA-P2B) correlated well
with the increased viability of this strain (Figure 2A), demonstrating that the presence of the
P1B-P2A dimer on the ribosome is more critical for ribosome depurination by RTA in vivo.

RTA interacts differently with ribosomes carrying either the P1A-P2B or P1B-P2A dimer

We examined the interaction of RTA with ribosomes isolated from the yeast mutants using
SPR (surface plasmon resonance) with a Biacore T200 system [60,63]. The wild-type
ribosomes bound RTA with an initial rapid association and dissociation phase followed by a
slower association and dissociation phase (Figure 3A), which did not fit the 1:1 interaction
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model [60]. The absence of either PLA-P2B or P1B-P2A dimmer on the ribosome greatly
reduced the interaction with RTA (Figure 3A). When the interaction of RTA with the mutant
ribosomes was analysed, ribosomes carrying P1B-P2A showed faster association and
dissociation with RTA than ribosomes carrying PLA-P2B (Figure 3B and 3C). The
interaction pattern of ribosomes carrying P1B-P2A with RTA resembled the interaction
pattern of wild-type ribosomes with RTA, showing rapid initial association and dissociation
followed by slower association and dissociation. In contrast, ribosomes carrying PLA-P2B
showed slower association and almost no dissociation. These results indicate that the
dynamic interactions of RTA with ribosomes bearing the individual P1-P2 dimers are
different. The absence of either dimer diminishes binding of RTA to the ribosome.
However, the absence of P1B-P2A on the ribosome causes a greater decrease in the
interaction with RTA than the absence of PLA-P2B.

In vitro depurination of SRL is greatly reduced in ribosomes lacking P1B—P2A proteins

To determine whether the differences observed in the interaction of stalk mutant ribosomes
with RTA affect depurination, we examined the depurination level of SRL using ribosomes
isolated from the stalk mutants. As shown in Figure 4(A), RTA depurinated wild-type
ribosomes in a concentration-dependent manner. Depurination of ribosomes carrying P1A-
P2B was greatly reduced compared with wild-type ribosomes. In contrast, RTA depurinated
ribosomes carrying P1B—P2A almost as well as wild-type ribosomes in vitro. To determine
whether the differences in depurination may be due to differences in the accessibility of
SRL, we performed a control experiment with PAP from Phytolacca americana. Previous
results showed that PAP binds to ribosomal protein L3 to gain access to the SRL [64], and
does not require the ribosomal stalk for ribosome depurination [42,44]. PAP depurinated
ribosomes from the stalk mutants at a similar level (Figure 4B), indicating that the
differences observed in depurination of the stalk mutants is specific to the depurination
activity of RTA and has no effect on the depurination activity of PAP. These results
demonstrate that the P1B—P2A dimer on the ribosome is more critical for depurination of the
SRL by RTA than the PLA-P2B dimer.

DISCUSSION

The eukaryotic stalk has a pentameric organization, where the two copies of P1-P2
heterodimers are bound to PO protein, which anchors the whole structure to the ribosome.
The stalk proteins are the only ribosomal proteins present in multiple copies on the ribosome
[65]. The function of the multiplication of the stalk proteins, which share a conserved
peptide at their C-termini, is not well-understood. It has been suggested that very early in
evolution, probably only one dimer was present on the ancestral ribosome [9] and
multiplication of stalk proteins was probably coupled with the evolution of translation
factors and the diversification of life forms. The first indication about the differences in the
function and structure of the individual stalk proteins was provided by cross-linking
experiments in bacteria, where it was shown that one of the L12 stalk dimers has a bent
conformation with the CTD interacting with protein L11 at the stalk base, whereas the
second one has an extended conformation that is able to react with proteins far from the
stalk [66]. This model has been further confirmed by an NMR study, which showed that
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among the four CTDs of the L12 proteins, two are mobile and two are interacting tightly
with the ribosome [67], and recent crystallographic studies showed that only one CTD is
interacting with the translation factors [18,19]. Results obtained for eukaryotic P1/P2
proteins also suggested that their function is not equally distributed [36-38]. However,
despite numerous studies, which focused on the structure and function of the stalk, there is
no direct evidence indicating that multiple stalk dimers differ in their function on the
ribosome.

To understand the role of individual P1-P2 stalk dimers independently of their position on
the ribosome, we used S. cerevisiae mutants, in which the binding site for one or the other
dimer was deleted. Mutants containing deletions in the specific binding sites for PLA-P2B
or P1B-P2A were used, instead of mutants lacking the individual P1/P2 proteins, since
deletion of an individual P-protein may cause an aberrant stalk structure and protein
composition [68]. Deletion of the binding sites for either the PLA-P2B or P1B—P2A dimer
on PO resulted in ribosomes with well-defined trimeric stalk configurations, POan1(P1B-
P2A) or POpH2(PLA-P2B), where each dimer is the same distance away from the stalk base.
Therefore we were able to evaluate the function of each dimer independently of their
position relative to the stalk base. First, the two trimeric stalk configurations had a
differential effect on the growth of yeast cells (Figure 1C). The lack of PLA-P2B dimer on
the ribosome caused a significant reduction in growth rate. In contrast, deletion of P1B-P2A
did not have a substantial effect on the metabolic fitness of yeast cells. Our results are
consistent with previously reported studies, which demonstrated that removal of the
individual binding sites for P1- P2 proteins on PO had a differential impact on culture
growth and thus on the metabolic fitness of yeast [31]. They are also in agreement with the
observation that the P1A—P2B dimer plays a key role in the mechanism of the stalk
assembly, whereas the PLB—-P2A dimer plays a subsidiary function and may represent a
dynamic regulatory element(s) of the stalk [28]. In addition, the co-operative nature of the
stalk dimers was demonstrated by our previously reported analysis showing that RTA
interacts more efficiently with the stalk pentamer than with either trimer [63]. More recently,
it was demonstrated that the stalk acts as a collaborative entity in polypeptide synthesis [38].
These results indicate that pentameric organization of the stalk constitutes an orchestrated
entity where all elements contribute independently to the overall activity of the stalk
structure.

In the present study, we show the divergence between the two pairs of P1-P2 dimers on the
ribosome with respect to the toxicity and the depurination activity of RTA. The yeast mutant
containing only P1LA-P2B dimer on the ribosome was resistant to RTA (Figure 2A). In
contrast, yeast with only the PLB-P2A dimer on the ribosome was sensitive to RTA. These
results indicate that the P1B—P2A dimer on the ribosome contributes significantly to RTA
toxicity. Ribosome depurination by RTA was reduced relative to the wild-type when either
dimer was missing from the ribosome. However, the mutant with only the PLB-P2A on the
ribosome was more susceptible to RTA-mediated depurination than the mutant with only the
P1A-P2B (Figure 2C). Since RTA expression in the mutant with only P1B-P2A was much
lower, the in vivo depurination data were consistent with the viability analysis and suggested
that the P1B-P2A dimer mainly contributes to the overall activity of the pentameric stalk
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structure towards RTA. The mutant with only PLA-P2B, which grew faster and expressed a
higher level of RTA, showed lower level of depurination by RTA (Figure 2C), indicating
that the differences in the level of depurination in the stalk mutants in vivo were not due to
the differences in the level of RTA expression. We currently do not have an explanation for
the lower expression level of RTA in the POap1(P1B-P2A) mutant. However, ribosomes
isolated from this mutant were depurinated by RTA at a similar level as wild-type ribosomes
invitro (Figure 4A). These results demonstrate that PLB-P2A dimer has higher capacity to
interact with external factors, such as RTA than the PLA-P2B dimer, and that the PLA-P2B
dimer alone is not sufficient to target RTA to the SRL for depurination. Since the CTD of
P1/P2, which is critical for RTA interaction, is identical in all P-proteins, we can conclude
that the overall architecture of the dimers and their mobility on the ribosome must play an
important role in their activity towards external factors, like RTA. These results provide
direct evidence that P-protein dimers differ with respect to their function on the ribosome in
Vvivo.

The functional differentiation of P1-P2 dimers was further verified by interaction studies
between RTA and ribosomes with modified stalk structures using SPR. We observed very
dynamic interaction between RTA and wild-type ribosomes. As shown previously, this was
not a simple 1:1 interaction [60]. It was characterized by an initial rapid association and
dissociation, followed by a slower association and dissociation, consistent with our previous
data [60]. In contrast, ribosomes isolated from the mutant strains with altered stalk
composition showed markedly reduced binding to RTA, but with clear differences in the
association and dissociation profiles (Figure 3). Although ribosomes carrying only the P1B—
P2A dimer bound RTA considerably less than wild-type ribosomes, the association and
dissociation profile of these ribosomes was similar to wild-type ribosomes with an initial
fast association and dissociation followed by slower association and dissociation. In
contrast, ribosomes with only the PLA-P2B dimer showed slower association and almost no
dissociation from RTA making it impossible to determine the association (kj) or dissociation
(kg) rate constants. Moreover, the complexity of the interactions between RTA and wild-
type and mutant ribosomes, which showed either very slow dissociation [POay; (P1B-P2A)]
or almost no dissociation [POan2(P1LA-P2B)], made comparison of the equilibrium
dissociation constants (K4) meaningless. The direct comparison of the interaction of RTA
with the isolated PLIA-P2B and P1B—P2A stalk dimers could not be performed due to the
differences in the physical stability of these complexes. Previous results showed that only
P1A and P2B proteins interact with high affinity to form a stable PLA-P2B complex in
solution. In contrast, although P1B and P2A have the ability to interact with each other, the
P1B-P2A heterodimer is not fully stable in solution and may need PO for full stability
[30,68,69]. In our previous study, we compared the interaction of RTA with the native yeast
stalk pentamer and the trimeric stalk complexes, containing a C-terminal fragment of PO and
P1-P2 proteins [63]. We did not see a difference in the pattern of interaction of RTA with
either trimer. Since the dimers and the entire stalk are attached in a flexible manner to the
large subunit of the ribosome, the mobility of the dimers may be different when they are free
in solution compared with when they are attached to the ribosome. The stalk exists as a
pentamer on the ribosome, and the co-operative cross-talk among ribosome components
contributes significantly to stalk function. Therefore the interactions reported in the present
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study between RTA and intact ribosomes containing one or the other dimer representa more
complete viewof the ribosome interactions of RTA.

The differential role of the individual stalk dimers on the ribosome was further verified by
the depurination analysis in vitro. Depurination of ribosomes with the PLA-P2B dimer alone
was substantially reduced compared with wild-type ribosomes, whereas depurination of
ribosomes with only the P1B—P2A dimer was reduced less, indicating that under these
conditions the P1B- P2A dimer can support RTA action. Control experiments showed that
the deletion of the binding sites for the P1-P2 dimers on PO had no effect on depurination of
the mutant ribosomes by PAP, which does not require the stalk to access the SRL [64,44].
Although the binding of RTA to ribosomes carrying PLB—P2A was considerably lower than
binding of RTA to wild-type ribosomes, the level of depurination of ribosomes carrying
P1B-P2A was reduced less. This may be because the Biacore assay measures binding
kinetics in real time, whereas the gRT-PCR assay used to measure depurination is an end
point assay. Alternatively, efficient depurination may require rapid association and
dissociation of RTA from the ribosome. The major difference in the interaction of RTA with
ribosomes carrying one or the other dimer was in the pattern of dissociation. A high
dissociation rate indicates that RTA will spend a short time in each ribosome complex,
whereas a low rate indicates that it will spend more time in the complex. If RTA cannot
dissociate from ribosomes, it will not be able to depurinate ribosomes catalytically. These
results demonstrate that the differences in the stalk composition on the ribosome are the
source of the difference in the depurination activity of RTA. The stalk complex with P1B-
P2A dimer alone promotes RTA action, which is dependent on fast association and fast
dissociation. In contrast, ribosomes bearing the PLA-P2B dimer alone, which show the
lowest association and almost no dissociation, are depurinated less by RTA. Therefore the
architecture of the P1B— P2A dimer, rather than the CTD alone plays a critical role in the
depurination of the SRL by RTA. We showed recently that the ribosome-binding surface of
RTA is on the opposite side of the surface which contains the active site and suggested a
model whereby the interaction of RTA with the stalk stimulates depurination of the SRL by
orienting the active site of RTA towards the SRL [53]. On the basis of the data demonstrated
in the present study, together with our recently published results [53], we propose that both
dimers co-operate to recruit RTA to the ribosome, but the PAB—P2A dimer has a leading role
in optimal depurination of the SRL by RTA.

In summary, the results shown in the present study provide the first experimental evidence
for the functional divergence between the P1-P2 dimers in their interaction with an RIP
independently of their position on the ribosome. We showed that the P1B—-P2A dimer is
likely to represent a more dynamic element, which can interact with the external factors such
as RTA better than the PLA-P2B dimer. The results have broad implications for our
understanding of the mode of operation of the ribosomal stalk, which seems to have dual
function, first, strictly related to its action as a component of the GTPase centre, involved in
binding tGTPases and stimulation of GTP hydrolysis and secondly, in the regulation of the
stalk [4,38,63]. Therefore we propose that the stalk acts as a collaborative entity where each
one of the two P1-P2 dimers appears to have defined rolesin the recruitment, delivery and
temporary stabilization of the external factors recruited to the ribosome.

Biochem J. Author manuscript; available in PMC 2014 July 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Grelaet al.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Page 12

We thank Dr N. Mantis for providing the PB10 monoclonal RTA antibody; Dr J.P. Ballesta for providing the
monoclonal antibody against the C-terminal part of P-proteins (IB3B) and monoclonal antibodies against P2A

(IBE3) and P2B (IAA9); Dr J.R. Warner for providing the monoclonal antibody against L3; and Dr J. Irvin

(Department of Chemistry, Southwest Texas State University, TX, U.S.A.) for providing purified PAP. The authors

thank Jennifer Nielsen-Kahn for critically reading the paper before submission.

FUNDING

This work was supported by the National Institutes of Health [grant number Al072425 (to N.E.T.)] and the National
Institutes of Health Fogarty International Research Collaboration Award (FIRCA) [grant number TW008418 (to

N.E.T. and M.T.)].

Abbreviations

ACT threshold cycle value

AACT comparative ACt

CTD C-terminal domain

Dpm1l dolichyl-phosphate mannosyltransferase 1
eEF eukaryotic elongation factor

EF-G elongation factor-G

Fc flow cell

hpi hours post-induction

P1/P2 individual P1 and P2 protein

PAP pokeweed antiviral protein

gRT-PCR guantitative reverse transcription-PCR
RIP ribosome-inactivating protein

RPPO ribosomal PO protein

RTA ricin A chain

RU resonance unit

SD medium synthetic defined medium

SPR surface plasmon resonance

SRL sarcin/ricin loop

tGTPase translational GTPase
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Figure 1. Analysis of the ribosomal stalk in the yeast mutants
(A) Schematic representation of the yeast stalk mutants. (B) Immunoblot analysis of the

yeast stalk mutants. Ribosomes (10 pmol) and the cytosolic fraction (40 ug of total protein)
isolated from the POay1(P1B—P2A), and POap2(P1A-P2B) mutants and the isogenic wild-
type were analysed by immunoblot analysis using monoclonal antibody against the C-
termini of P-proteins (IB3B) to detect the PO protein. Monoclonal antibodies against P2A
(IBE3) and P2B (1AA9) were used to detect P2A and P2B respectively. Anti-L3 and anti-
Pgk1 antibodies were used as loading controls for the ribosome and cytosol fractions
respectively. The immunoblot analysis was repeated three times using different ribosome
preparations. (C) Growth of yeast stalk mutants on minimal medium supplemented with 2 %
glucose.
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Figure 2. Analysis of viability, expression and ribosome depurination by RTA in the yeast stalk
mutants

(A) Viability of yeast stalk mutants expressing RTA was measured by plating serial
dilutions on galactose plates. Yeast cells transformed with a plasmid carrying gene encoding
pre-RTA under the GAL1 promoter were first grown SD medium supplemented with 2%
glucose and then serially diluted and plated on to SD medium supplemented with 2%
galactose and grown at 30°C for 3 days. Cells carrying the VC (empty vector) were used as
controls. (B) Immunoblot analysis of RTA expression in yeast cells at 6 and 12 hpi. Total
protein extracted from equal amount of cells (Dggg of 0.8) was analysed by immunoblot
analysis using monoclonal antibodies (PB10) against RTA and IR-labelled secondary
antibodies. The blot was visualized using a LI-COR IR imaging system. Monoclonal
antibodies against Dpm1 were used as the loading control. (C) Depurination activity of RTA
in the yeast stalk mutants determined by qRT-PCR analysis. Total RNA was purified from
Dgoo Vvalues of 0.3-0.8 of yeast cells using Qiagen RNeasy Mini Kit with on-column DNase
digestion. Total RNA (375 ng) was used for cDNA synthesis. The relative level of
depurination in cells expressing RTA was measured by qRT-PCR in comparison with cells
containing the VVC by the AACt method [59]. The fold increase in depurination in yeast
expressing RTA compared with yeast harbouring the VC is shown. The experiment was
repeated three times, the error bars show S.D.
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Figure 3. Interaction of RTA with ribosomes from the stalk mutants
(A) Interaction of RTA with ribosomes isolated from wild-type and stalk mutants was

analysed with a Biacore T200 system at a 1 nM ribosome concentration. (B) Interaction of
RTA with the stalk mutant ribosomes at a 1 nM concentration. (C) Interaction of RTA with
the stalk mutant ribosomes at a 5 nM concentration. The interactions were measured using a
Biacore T200 system with a CM3 chip. RTA was immobilized to Fc2 at 840 RU by amine
coupling. Fcl was activated and blocked as a control. Ribosomes from wild-type yeast or
the stalk mutants were passed over both surfaces at 40 ul/min. Running buffer consisted of
10 mM Hepes, pH 7.6, 150 mM NaCl, 10 mM magnesium acetate, 5 uM EDTA and 0.005%
surfactant P20.
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Figure 4. Depurination of ribosomes from the stalk mutants
Depurination of ribosomes isolated from the stalk mutants by (A) RTA or (B) PAP.

Different concentrations of RTA or PAP were used in a reaction mixture containing 40 nM
yeast ribosomes and reaction buffer (10 mM Tris/HCI, pH 7.4,60 mM KCI and 10 mM
MgCly) in a total reaction of 100 pl for 10 min at 30 °C. The extent of depurination was
determined by gRT-PCR in comparison with no toxin control used by the AACt as
described previously [59]. The experiment was repeated three times, the error bars show
S.D.
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