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ABSTRACT

Ribotoxins are potent inhibitors of protein biosyn-
thesis and inactivate ribosomes from a variety of
organisms. The ribotoxin a-sarcin cleaves the large
23S ribosomal RNA (rRNA) at the universally
conserved sarcin–ricin loop (SRL) leading to
complete inactivation of the ribosome and cellular
death. The SRL interacts with translation factors
that hydrolyze GTP, and it is important for their
binding to the ribosome, but its precise role is not
yet understood. We studied the effect of a-sarcin
on defined steps of translation by the bacterial
ribosome. a-Sarcin-treated ribosomes showed no
defects in mRNA and tRNA binding, peptide-bond
formation and sparsomycin-dependent transloca-
tion. Cleavage of SRL slightly affected binding
of elongation factor Tu ternary complex
(EF-Tu�GTP�tRNA) to the ribosome. In contrast,
the activity of elongation factor G (EF-G) was
strongly impaired in a-sarcin-treated ribosomes.
Importantly, cleavage of SRL inhibited EF-G
binding, and consequently GTP hydrolysis and
mRNA–tRNA translocation. These results suggest
that the SRL is more critical in EF-G than ternary
complex binding to the ribosome implicating differ-
ent requirements in this region of the ribosome
during protein elongation.

INTRODUCTION

Ribotoxins are a family of toxic extracellular fungal ribo-
nucleases (RNases) that exert an exquisite ribonucleolytic
activity on the larger rRNA, leading to protein synthesis
inhibition and cell death by apoptosis (1). a-Sarcin, a
well-studied ribotoxin, cleaves the phosphodiester bond
between G2661–A2662 located in helix 95 of 23S rRNA

(1–4) (Figure 1A and B). Helix 95 is also targeted by ricin,
a N-glycosidase that inactivates the ribosome by
depurinating A2660 (5). Hence helix 95 of 23S rRNA is
known as the sarcin–ricin loop (SRL). The SRL comprises
one of the longest stretches of universally conserved
rRNA sequence indicating a crucial role in protein syn-
thesis (2654–2665 in Escherichia coli 23S rRNA).
Consistent with an important functional role, mutations
or deletions in the SRL sequence are lethal (6–8).

The SRL together with the GTPase-associated center
(GAC, helices 43 and 44 of 23S rRNA) form the main
interaction site for EF-G and EF-Tu with the rRNA in
the large ribosomal subunit (9,10). More recently, studies
have shown that E. coli initiation factor 2 (IF2) and
release factor 3 (RF3) interact with the same region of
the ribosome (10). In general, all these proteins are
GTPases that bind to the ribosome, hydrolyze GTP and
undergo conformational changes before dissociating from
the ribosome. A challenging problem is to understand how
the ribosome regulates the association of specific factors
during defined steps of protein biosynthesis.

Three major steps occur during protein elongation (11).
First, a ternary complex formed by EF-Tu, GTP and the
cognate aminoacyl-tRNA binds to the A site of the
ribosome carrying either an initiator fMet-tRNAfMet or
peptidyl-tRNA in the P site. EF-Tu�GDP dissociates
from the ribosome and the aminoacyl-tRNA is acco-
mmodated into the A site. In the second step, the
ribosome catalyzes the peptidyl transferase reaction,
resulting in a deacylated tRNA at the P site and a
peptidyl-tRNA at the A site. The cycle is completed by
the translocation of the tRNAs catalyzed by EF-G. After
translocation and release of EF-G, the ribosome repeats
the elongation cycle until a stop codon is encountered. The
entry of a stop codon into the A site signals the termin-
ation of protein synthesis.

Biochemical studies as well as structural data have
helped to elucidate the role of GTP hydrolysis by EF-Tu
and EF-G. During tRNA selection by the ribosome,
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codon recognition triggers GTP hydrolysis by EF-Tu that
catalyzes the accommodation of the tRNA into the A site
(12). In the case of EF-G, GTP hydrolysis induces con-
formational changes in the ribosome, that allow the dis-
ruption of the interactions between the A site tRNA and
the small subunit decoding center promoting a rapid
translocation of the mRNA–tRNA complex (13–16). It
has been suggested that GTP hydrolysis by EF-Tu and
EF-G is triggered by ribosomes in two different conform-
ational states corresponding to the different steps in the
elongation cycle (17,18). How binding of EF-G and
EF-Tu to the ribosome triggers GTP hydrolysis is still
not clear. Cryo-EM data showed that the SRL interacts
intimately with the GTPase domain of EF-Tu (19,20) and
EF-G (16,21) implying that the SRL plays an important
role during GTP hydrolysis. Consistent with the cryo-EM
data, recent X-ray crystal structures of EF-Tu ternary
complex (22) and EF-G (23) bound to the ribosome
showed that the SRL is indeed positioned close to
GTPase domain in both structures (Figure 1C and D).
The SRL appears to interact with EF-Tu and EF-G
without undergoing any significant change in its conform-
ation. Since the EF-G bound complex represents the
post-translocation state, it is not clear from the X-ray
crystal structures how the SRL may regulate the binding
of these factors during the elongation cycle.

Interestingly, Nierhaus and co-workers showed that
cleavage of the SRL by a-sarcin modestly affected the
binding of EF-Tu ternary complex, while the binding of
EF-G and translocation were strongly inhibited (4).
However, recent studies suggest that the SRL may play
a more specific role in EF-G and EF-Tu function. For
example, G2655C mutation in the SRL, which was
lethal and strongly inhibited translocation, only modera-
tely affected binding of EF-G and GTPase activity (24).
Additionally, a single-molecule study showed that ribo-
somes treated with the a-sarcin homolog, restrictocin,
were able to bind ternary complex and progress up to
the GTPase-activated state (25). Thus, in some instances,
EF-G and EF-Tu can bind to the ribosome with an
inactive SRL.
In order to further explore the importance of the SRL

for the elongation step of protein synthesis, we cleaved the
SRL with a-sarcin. Conditions were optimized to get a
more uniform extent of cleavage by a-sarcin and the
level of cleavage was quantitated precisely by primer ex-
tension analysis. Consistent with the earlier study (4), our
results show that cleavage of the SRL has modest effects
on ternary complex binding, while more significantly af-
fecting EF-G binding, GTP hydrolysis and translocation.
These results confirm that, unlike EF-Tu ternary complex,
EF-G requires an intact SRL for stably binding to the
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Figure 1. Interaction of EF-Tu ternary complex and EF-G with the SRL. (A) Secondary structure of the SRL. The universally conserved bases in
the SRL are shown in red. The sites of cleavage by a-sarcin and modification by ricin are indicated by the arrows. (B) The X-ray crystal structure of
the E. coli 50S ribosomal subunit (PDB accession code 2aw4). The rRNAs are represented by the grey ribbons and the ribosomal proteins by cyan
tubes. Indicated are the SRL (red), GAC (purple), ribosomal proteins L6 (yellow) and L11 (orange). (C) The interaction of EF-Tu ternary complex
with the SRL (PDB accession codes 2wrn and 2wro). Shown are the SRL (red), EF-Tu (green), GDP (magenta), kirromycin (blue) and tRNA
(salmon). (D) The interaction of EF-G�GDP with the SRL (PDB accession codes 2wri and 2wrj). Shown are the SRL (red), EF-G (green), GDP
(magenta), and fusidic acid (blue).
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ribosome. Interestingly, EF-G-independent translocation,
induced by sparsomycin, is not affected indicating that the
SRL is not required for the movement of the mRNA–
tRNA complex in the ribosome.

MATERIALS AND METHODS

Preparation of ribosomes, mRNAs, tRNAs, elongation
factors and a-sarcin

Tightly coupled 70S ribosomes were isolated from E. coli
MRE 600 cells in mid-log phase and purified by sucrose
density gradient (26). Phage T4 gene 32 mRNA was
transcribed by T7 RNA polymerase from a linearized
plasmid containing the appropriate insert. mRNA+9
was purchased from Dharmacon and labelled at the
30-end with pyrene succinimide as described (27). EF-Tu,
EF-Tu H84A and EF-G were overexpressed and purified
as native forms using the IMPACT system (New England
Biolabs) (28). E. coli PheRS, MetRS and Methionyl-
tRNAfMet formyltransferase were produced as recombin-
ant proteins with His-tag to facilitate their purification.
Native E. coli tRNAfMet and tRNAPhe were purchased
from Sigma and aminoacylated and purified as described
before (29). Aspergillus giganteus natural a-sarcin was
produced, isolated to homogeneity and characterized as
described previously (30).

Treatment with a-sarcin

Cleavage of 70S ribosomes by a-sarcin was assayed in four
different buffers. Buffer A: 20mM Hepes–KOH (pH 7.6),
8mM MgCl2, 150mM NH4Cl, 4mM 2-mercaptoethanol,
0.05mM spermine and 2mM spermidine (31). Buffer B (A
without polyamines): 20mMHepes–KOH (pH 7.6), 8mM
MgCl2, 150mM NH4Cl, and 4mM 2-mercaptoethanol.
Buffer C (B with 6mM EDTA): 20mM Hepes–KOH
(pH 7.6), 8mM MgCl2, 150mM NH4Cl, 4mM
2-mercaptoethanol, and 6mM EDTA. Buffer D (B with
8mM EDTA): 20mM Hepes–KOH (pH 7.6), 8mM
MgCl2, 150mM NH4Cl, 4mM 2-mercaptoethanol, and
8mM EDTA. Different toxin concentrations and time of
incubation were also tried. The highest efficiency of
specific cleavage without non-specific degradation was
obtained when 0.6 mM isolated 70S ribosomes were
incubated with 0.3 mM a-sarcin during 30min at 37�C in
buffer C. These conditions were used for cleaving the SRL
in all subsequent experiments (a-sarcin-treated ribo-
somes). Intact ribosomes were also incubated without
a-sarcin. A small increase in EDTA concentration from
6mM (buffer C in Figure 1D) to 8mM (buffer D in
Figure 1D) made the ribosomes more susceptible to
non-specific cleavage.
Most translation experiments involving prokaryotic

ribosomes were usually performed in the polyamine
buffer (buffer A). When the functionality of cleaved ribo-
somes was studied, standard buffer conditions were
restored and activation of ribosomes was performed (in-
cubation at 42�C for 10min and slow cool down to 37�C
followed by an additional incubation for another 10min
at 37�C).

The integrity of a-sarcin cleaved ribosomes, before and
after the functional assays was assessed by estimating their
protein and rRNA content. The rRNA was phenol
extracted and separated on a 2% agarose gel. The result
was visualized by ethidium bromide staining. For protein
content, ribosomes were separated from unbound proteins
by filtration in 100 KDa MWCO Microcon spin filters
(Amicon). Bound and unbound fractions were analyzed
by 17% SDS–PAGE and coomassie blue staining.

Primer extension analysis

The extent and site of a-sarcin cleavage was determined
by primer extension. Reverse transcription using the
primer 50-ACCAGTGATGCGTCCACTCCG-30, comple-
mentary to the sequence 2634–2665 of E. coli 23S RNA
(Figure 1B), and a mixture of dNTPs (�dATP)+ddATP,
gave different products for an intact and a cleaved
template. The uncleaved rRNA was transcribed up to
the first uridine in the sequence due to the ddATP in the
extension mixture (U2656). The extension with the
a-sarcin cleaved template stopped at the cleavage site.
The products of reverse transcription were separated in
a 15% denaturing polyacrylamide gel and quantitated
with a PhosphorImager (Molecular Dynamics).

In vitro translation assay

The overall activity of cleaved ribosomes was determined
by an in vitro translation assay. Plasmid pRL-null
(Promega) was modified by inserting a Shine–Dalgarno
sequence (50-AAGGAGATATACATATG-30) upstream
of the start codon of the Renilla luciferase gene. The
plasmid was linearized with Bam HI and used as the
template for coupled transcription and translation of the
luciferase gene in vitro. The linearized plasmid (1mg) was
mixed with 8 ml of synthesis mix (200mM Hepes-KOH,
pH 8.2, 7mM DTT, 4mM ATP, 3.3mM of CTP, GTP
and UTP, 0.1M phosphoenolpyruvate, 7.5% PEG-6000,
0.13mg/ml folinic acid, 240U/ml pyruvate kinase, 0.14M
NH4Ac, 0.28M KAc), 4 mL of 100mM MgCl2, 4 ml of
E. coli S100 extract and T7 RNA polymerase. This mix
was incubated for 45min at 37�C to produce excess of
mRNA for the assay. Then, 2 ml of 55mM methionine,
6 mg of total tRNA from E. coli and 4 ml of 50 mM
coelenterazine were added. The final volume of the
reaction mixture was 55 ml. Activated ribosomes were
prepared separately in standard buffer (6 pmol in 20 ml)
and then combined with the reaction mixture and
transferred to a 96-well plate. a-Sarcin treatment was per-
formed either before the activation of the ribosomes or
simultaneously with the translation reaction. The plate
was incubated at 37�C in a plate reader (Genios, Tecan)
and the synthesis of luciferase enzyme was monitored in
real-time by measuring the luminescence every 90 s.

Peptidyl-transferase assay

The assay was performed essentially as described (32).
f[35S]Met-tRNAfMet was obtained by aminoacylation
and formylation of tRNAfMet in the presence of
[35S]Met. Initiation complexes (ribosomes with mRNA
and initiator tRNA in P site) were formed by incubating
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activated 70S ribosomes (0.15 mM final concentration)
with a 142 nucleotide fragment of gene 32 mRNA
(0.3 mM final concentration) for 15min at 37�C followed
by the addition of f[35S]Met-tRNAfMet (0.25 mM final con-
centration) and further incubation for another 20min.
A-site was filled with Phe-tRNAPhe or ternary complex
(0.4 mM final concentrations) for different times at room
temperature. Ternary complex binding should be
completed in a second time scale, whereas factor-
independent binding is a very slow process (in minutes).
EF-Tu ternary complex was formed by incubating 9 mM
EF-Tu with 1mM GTP, 1 ml pyruvate kinase (10mg/ml)
and 3mM phosphoenolpyruvate for 30min at 37�C, then
adding 3 mM Phe-tRNAPhe and incubating again for
15min at 37�C. The excess of EF-Tu present in the
reaction ensures that all the Phe-tRNAPhe is bound as
EF-Tu ternary complex. Formation of fMet-Phe dipeptide
was initiated by the addition of Phe-tRNAPhe or ternary
complex and stopped at different times with 1/5 volumes
of 1M KOH and placed on ice. The pH of the reaction
mixture was neutralized and 1.5ml aliquots were analyzed
by electrophoretic TLC as described before (32). The
amount of f[35S]Met-Phe and f[35S]Met were quantitated
using a PhosphorImager (Molecular Dynamics). The di-
peptide formed was about 30% of the total
f[35S]Met-tRNAfMet added, so about 50% of the ribo-
somes were active for this assay. The fraction of dipeptide
calculated per sample was normalized to the maximum
formed with intact ribosomes in each experiment.

Translocation assays

Standard toeprinting assays for translocation were per-
formed in standard polyamine buffer A as described
before (33). Final concentrations were 0.15 mM ribosomes,
0.3 mM gene 32 mRNA fragment hybridized with 50-[32P]-
AL2 primer, 0.35 mM tRNAfMet or fMet-tRNAfMet for the
P site and 0.5 mM of tRNAPhe or Phe-tRNAPhe for the A
site. After the addition of EF-G�GTP (1.2 mM EF-G and
1mM GTP final concentrations) aliquots were stopped
after 10min at room temperature by placing them on
ice. The sparsomycin-induced translocation was per-
formed according to Fredrick and Noller (34).
Ribosomes programmed with mRNA301 contained
tRNATyr

2 in the P site N-acetyl-Phe-tRNAPhe in the A
site. Translocation was induced by adding 0.5mM
sparsomycin (final concentration). For the time course
analyses, aliquots were withdrawn at the various time
points and mixed with viomycin (1mM final concentra-
tion) to stop the reaction. Reverse transcription and gel
analysis followed standard procedures (33). The gels were
quantitated using a PhosphorImager (Molecular
Dynamics).

Steady-state fluorescence measurements were also used
to analyze translocation (27). Activated ribosomes
(0.25 mM) were incubated with a 21 nucleotide
pyrene-modified mRNA+9 (0.5 mM) for 10min at
37�C. Pre-translocation complexes were formed by
adding fMet-tRNAfMet (0.5 mM) and incubated for
20min at 37�C followed by Phe-tRNAPhe (0.6 mM) for
another 20min. Post-translocation complexes were

obtained by adding 10 ml of EF-G�GTP mix (0.8 mM
and 1mM, respectively, final concentrations) to the
pre-translocation complexes and incubating at 25�C for
15min. Samples were excited at 343 nm and the emission
spectrum of pyrene from 360 to 420 nm was recorded at
25�C with a photon-counting fluorometer (Fluoromax-P,
JY Horiba). Translocation was followed by the decrease in
fluorescence emission intensity at 376 nm (27).

EF-G-dependent GTP hydrolysis

Activated ribosomes (0.2 mM final concentration) were
mixed with EF-G (from 1 to 9 mM final concentration)
and GTP (1mM final concentration with traces of
[g-32P]-GTP, specific activity 25Ci/mmol) at room tem-
perature. Aliquots at different times were quenched with
5% SDS (1.25% final concentration). One microliter
samples were spotted on PEI cellulose TLC plates and
developed in 0.5M KH2PO4 (pH 3.5). The amount of
32Pi formed was quantitated using a PhosphorImager
(Molecular Dynamics). The initial velocities (as GTP
hydrolyzed per ribosome per second) were plotted versus
each EF-G concentration and fitted to a Michaelis–
Menten equation. The analysis of the data gave kcat, KM

and kcat/KM kinetic constants of intact and 75%
a-sarcin-cleaved ribosomes. The parameters for a popula-
tion containing only a-sarcin-cleaved ribosomes were
obtained according to Saarma et al. (35), using the
equations:

kcatsar
KMsar

¼
kcatmix=KMmixð Þ � 1� 0:75ð Þ kcatWT=KMWTð Þ½ �

0:75

KMsar ¼
0:75

1=KMmixð Þ � ð1� 0:75Þ=KMWT½ �

Where sar, mix and WT stand for pure cleaved ribosome
population, cleaved ribosomes contaminated with 25%
of intact ribosomes, and intact ribosomes, respectively.

EF-G and EF-Tu-ternary complex binding to ribosomes

Binding of EF-G and EF-Tu ternary complex to the
ribosome was analyzed by filtration (36). For EF-G
binding, activated ribosomes (0.2 mM final concentration)
were formed in standard polyamine buffer in 60 ml volume.
Then, 20 ml of EF-G solution (minimum of 0.4 mM final
concentration) with GTP or GDPNP (1mM final concen-
tration) were added to the reaction and incubated for
5min at room temperature before filtering. For ternary
complex binding, initiation complexes were formed in
60 ml final volume (0.2 mM ribosomes, 0.4 mM gene
32mRNA fragment and 0.4mM fMet-tRNAfMet, final con-
centrations). EF-Tu (or EF-Tu H84A) ternary complex
was formed by incubating 1.6 mM of elongation factor
with 4mM GTP (or GDPNP) for 45min at 37�C, then
adding 2 mM Phe-tRNAPhe and incubating again for
15min at 37�C. Twenty microliters of ternary complex
(0.4 mM final concentration) in the presence or absence
of the antibiotic kirromycin (25 mM final concentration)
were added and incubated for 5min at room temperature.
Unbound EF-G or ternary complex was removed using
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100 000 MWCO Microcon spin filters (Amicon) and
washing the samples twice with 300 ml of buffer containing
the corresponding nucleotide and antibiotic. The washed
samples were concentrated to 10 ml and analyzed by SDS–
PAGE. The gels were scanned and the amount of factor
bound to the ribosome was determined relative to the
ribosomal protein S1 using ImageQuant (Molecular
Dynamics).

RESULTS

Inactivation of E. coli ribosomes by a-sarcin

It is assumed that E. coli ribosomes are less susceptible to
a-sarcin cleavage than their eukaryotic counterparts,
although it is worth saying that comparison in exact
same conditions has not yet been performed (2,3).
Previous studies have reported inactivation of E. coli
ribosome preparations ranging from 10 to 50% (4).
Thus, our first goal was to optimize the inactivation pro-
cedure and minimize the contamination with intact ribo-
somes. Consequently, different buffers, concentration of
reagents and time courses for the cleavage reaction were
assayed. Primer extension was used to quantify the extent
of cleavage and agarose gel electrophoresis was used to
analyze the specificity of the cleavage and the integrity
of the rRNA after treatment with the toxin (Figure 2A
and B). The buffers tested were variations of the
polyamine buffer (buffer A in Figure 2A) since this
would be the one employed in subsequent functional
assays (31). Previous reports indicated that the presence
of millimolar concentrations of mono or divalent cations
inhibited the ribonucleolytic activity of a-sarcin (37,38).
Therefore, we tested variations of the buffer containing
different concentrations of magnesium and polyamines.
We tested buffer A without polyamines (buffer B), and
decreased the magnesium concentration to 2mM (buffer
C) or to 0mM (buffer D) by adding EDTA (see the
‘Materials and Methods’ section). We obtained 75%
specifically cleaved ribosomes in buffer C, which contained
2mM magnesium, no polyamines and 0.3mM a-sarcin.
Increasing the a-sarcin concentration or completely
eliminating magnesium (buffer D) in the reaction resulted
in additional cleavages other than that producing the
specific a-fragment (Figure 2B). Thus, in our hands
the best conditions gave 75% of specifically cleaved
ribosomes and these were used for future experiments
(Figure 2A). Ribosome requires a minimum concentration
of magnesium and/or polyamines, so these were
restored after a-sarcin treatment for functional
assays (31).
Interestingly, the most efficient conditions gave a

slightly different specificity with respect to the position
of cleavage in the 23S rRNA. The expected cleavage is
at the 30 side of G2661 resulting in the primer extension
stop at position A2662 (Figure 2A). However, an add-
itional band appeared at position G2661 due to cleavage
at the 30 side of A2660. Close inspection of previous pub-
lished results revealed a similar heterogeneity in the
cleavage of E. coli ribosomes (6,39). Most probably this

second cleavage site corresponded to a less specific
action of the toxin since the conditions employed were
drastic, which might have affected the conformation of
the SRL.

In vitro translation is inhibited by cleaving the SRL

Protein composition of the a-sarcin-treated ribosomes was
analyzed to determine whether cleavage of the SRL caused
loss of ribosomal proteins. This was accomplished by fil-
tering a-sarcin-treated ribosomes to separate possible
unbound ribosomal proteins. The filtered fractions were
then analyzed by SDS–PAGE (Figure 2C). Both untreated
control ribosomes and a-sarcin-treated ribosomes showed
similar levels of ribosomal proteins indicating no signifi-
cant loss of proteins due to cleavage of the SRL. Although
this electrophoresis cannot resolve all the ribosomal
proteins, proteins L6, L11 and L14 that bind close to
the SRL and are more likely to be affected by the action
of a-sarcin, have molecular weights within the resolution
range of the gel. These proteins were present at similar
levels in the a-sarcin-treated ribosomes. Supporting this
conclusion, no proteins were found in the filtrate besides
a-sarcin.

Next, the ability of a-sarcin-treated ribosomes to bind
aminoacylated tRNAs to the A site without the help of
EF-Tu was determined. Ribosomes programmed with a
defined mRNA and f-[35S]Met-tRNAfMet in the P site
were incubated with Phe-tRNAPhe. The amount of
f-[35S]Met-Phe dipeptide formed corresponds to the
amount of Phe-tRNAPhe bound to the A site. Dipeptides
formed by the ribosome were separated by electrophoretic
TLC (eTLC) and quantitated (Figure 2D). The extent of
dipeptide formed was similar with untreated control ribo-
somes and a-sarcin-treated ribosomes. Thus, the intrinsic
ability of the ribosomes to bind mRNA and tRNAs, and
catalyze peptide bond formation in a factor-independent
manner, was not impaired by cleaving the SRL.

The activity of a-sarcin-treated ribosomes was further
studied using an in vitro translation assay, which monitors
the synthesis of the reporter protein Renilla luciferase in a
cell-free system (Figure 2E). When ribosomes were treated
with a-sarcin before being added to the translation
mixture, 75% inhibition of luciferase biosynthesis was
observed in agreement with the efficiency of cleavage by
a-sarcin. The addition of a-sarcin to the translation
mixture without previous inactivation of the ribosomes
did not affect the reaction indicating that at its final con-
centration a-sarcin did not show any degradation of
rRNAs, mRNAs and tRNAs.

EF-Tu binding is not completely inhibited by
cleaving the SRL

A previous study showed that cleaving the SRL did not
affect the initial binding of the ternary complex to the
ribosome but stalled the accommodation of the tRNA
into the A site (25). We tested binding of the ternary
complex to the ribosome using the dipeptide assay
described above (Figure 3A). In order to ensure
EF-Tu-dependent tRNA binding, a 3-fold molar excess
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of EF-Tu over Phe-tRNAPhe was used and the reaction
was allowed to proceed for a short time (30 and 60 s). This
permitted discrimination of the EF-Tu-dependent tRNA
binding from the much slower EF-Tu-independent tRNA
binding. a-Sarcin-treated mixture showed about 60%
activity compared with the untreated control ribosomes.
Considering that in this assay 50% of the ribosomes
produced dipeptide and that 25% of the total population
were intact ribosomes, a-sarcin-cleaved ribosomes had to
be responsible for, at least 30% of the dipeptide signal.
This indicated that cleavage of the SRL partially allowed
ternary complex functionality although at a lower extent
and probably with the rates of tRNA accommodation and
peptide bond formation significantly affected, parameters
not tested here.

To further analyze the binding of ternary complex, we
used a centrifugal filtration method to separate free EF-Tu
from EF-Tu bound to the ribosome (36). In order to
stabilize the binding, a non-hydrolyzable GTP analog
(GDPNP) or an inactive EF-Tu mutant (EF-Tu H84A)
(40) were used in the binding assay. EF-Tu bound to the
ribosome was analyzed by SDS–PAGE (Figure 3B).
a-Sarcin-cleaved ribosomes could bind the GTPase
inactive ternary complexes but at lower levels compared
to the untreated ribosomes. Similarly, binding of
EF-Tu�GDPNP was slightly reduced with a-sarcin-
treated ribosomes. Overall, our results showed that
cleavage of the SRL moderately reduced ternary
complex binding and progress of the aminoacyl tRNA
to the peptidyl transferase reaction.
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a-sarcin-treated ribosomes (+Sarcin). The products were separated by electrophoretic TLC and the dipeptide formed (fMet-Phe) is indicated by the
arrow. The amount of dipeptide formed was normalized with respect to the amount formed by intact ribosomes after 20min. Normalized fraction of
dipeptide obtained is indicated below the lanes. (E) In vitro translation. Synthesis of luciferase reporter enzyme by untreated ribosomes (open circles)
and ribosomes cleaved with a-sarcin (open squares). A control reaction with a-sarcin added to the translation mixture was performed for any
non-specific activity (filled circles). In addition, a reaction without ribosomes was used as a negative control (open triangles).
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Translocation catalyzed by EF-G is drastically inhibited
by cleaving the SRL

The effect of cleaving the SRL with a-sarcin on
EF-G-dependent translocation was next analyzed.
Pre-translocation complexes were formed with either
deacylated or aminoacylated tRNAs in the P and A
sites. Toeprinting assay showed that a-sarcin-treated ribo-
somes formed pre-translocation complexes with similar
efficiency as control ribosomes (Figure 4A).
Translocation was triggered by adding a large excess of
EF-G�GTP to the pre-translocation complex and the
movement of the mRNA–tRNA complex was monitored
by the toeprinting assay (31). Untreated ribosomes
translocated efficiently; in contrast, a-sarcin-treated ribo-
somes translocated poorly (Figure 4A). The background
translocation observed could be attributed to the small
amount of intact ribosomes present after a-sarcin treat-
ment. Consistent with this idea, increasing the amount of
tRNAs, EF-G�GTP or time of the reaction did not
improve the extent of translocation (data not shown).
We corroborated this result with another,

fluorescence-based, assay to monitor EF-G-dependent
translocation (27). In this assay, translocation of the
mRNA–tRNA complex causes a decrease in the fluores-
cence intensity of the pyrene probe attached to the 30-end
of a synthetic mRNA. Again, a-sarcin-treated ribosomes

showed only a small decrease in the fluorescence intensity
compared with the untreated control ribosomes in the
presence of a large excess of EF-G (Figure 4B). The
small decrease in the fluorescence intensity correlated
with the amount of intact ribosomes present after treat-
ment with a-sarcin. Thus, both the toeprinting data and
the fluorescence-based assay for translocation showed that
cleavage of the SRL strongly inhibited EF-G-dependent
translocation.

To identify the step(s) in translocation that was
inhibited by cleavage of the SRL, we tested
EF-G-independent translocation. The antibiotic
sparsomycin can induce translocation of the mRNA–
tRNA complex, albeit at a slower rate than EF-G (34).
Sparsomycin-dependent translocation was monitored by
the toeprinting assay (Figure 5). Ribosomes treated with
a-sarcin showed the same rate of translocation as the un-
treated control ribosomes. In contrast, experiments done
in parallel to monitor the time course of EF-G-dependent
translocation show significant inhibition with the
a-sarcin-treated ribosomes (Figure 5). These results sug-
gested that the movement of the mRNA–tRNA within the
ribosome was not affected by cleaving the SRL, but some
step(s) specific to the EF-G catalyzed process was
inhibited.

EF-G binding and GTPase activity are impaired by the
cleavage of the SRL

Binding of EF-G to the ribosome was next tested using the
filtration method described above for EF-Tu. Stable EF-G
binding was observed with GDPNP and the untreated
ribosomes (Figure 6A). In contrast, reduced EF-G
binding was observed with the a-sarcin-treated ribosomes,
which was consistent with the background of intact ribo-
somes. Increasing the ratio of EF-G over ribosomes did
not improve binding (data not shown). Thus, cleavage of
the SRL considerably reduced the affinity of EF-G for the
ribosome.

Finally, we tested the ability of EF-G to hydrolyze GTP
in the presence of vacant ribosomes (Figure 6B).
Time-course experiments were performed under multiple
turnover conditions with untreated and a-sarcin-treated
ribosomes mixed with varying concentrations of EF-G.
The kinetic constants were extracted from the study of
the dependence of initial velocities of GTP hydrolysis
versus EF-G concentration of three independent experi-
ments (35,40–42). Parameters for the SRL cleaved ribo-
somes were calculated by taking into account the presence
of 25% intact ribosomes after a-sarcin treatment (see
‘Materials and Methods’ section) (35). We observed
almost a 50-fold defect in kcat/KM for GTP hydrolysis
by EF-G with the SRL cleaved ribosomes (Table 1).
Although the experimental data showed substantial error
values, especially in KM, a dramatic defect in GTP
hydrolysis was observed when ribosomes were treated
with a-sarcin (Figure 6B). This defect in GTPase activity
is consistent with the impaired binding of EF-G to the
SRL cleaved ribosomes.
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Figure 3. Binding of EF-Tu ternary complex to a-sarcin treated ribo-
somes. (A) Binding of EF-Tu�GTP�Phe-tRNAPhe to the A site and
peptide bond formation analyzed by electrophoretic TLC. Untreated
control ribosomes (�Sarcin) and a-sarcin-treated ribosomes (+Sarcin)
were incubated with EF-Tu ternary complex for the indicated time. The
dipeptide formed (fMet-Phe) is indicated by the arrow. Normalized
value of dipeptide formed is indicated below the lanes. (B) Binding
of EF-Tu ternary complex to ribosomes analyzed by filtration and
SDS-PAGE. WT or H84A mutant EF-Tu was bound to the
ribosome in the presence of GTP or GDPNP and kirromycin.
Control untreated ribosomes and a-sarcin-treated ribosomes are
indicated by (–) and (+), respectively. Lanes: Total, samples before
filtration; MW, protein molecular weight standards of 75, 50 and 37
KDa. The position of EF-Tu and the ribosomal protein S1 are
indicated by arrows. Normalized value of EF-Tu bound to the
ribosome is indicated below the lanes.
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Figure 4. EF-G-dependent translocation. (A) Toeprinting analysis of translocation. Untreated control ribosomes (�Sarcin) and a-sarcin-treated
ribosomes (+Sarcin) were incubated with mRNA and either deacylated tRNAs (deacyl-tRNAs) or aminoacylated tRNAs (aa-tRNAs) to form
pre-translocation complexes. Lanes: P, ribosome with tRNAfMet in P site; A, pre-translocation complex with tRNAfMet in the P and tRNAPhe in the
A site; Post, post-translocation complex formed by the addition of EF-G�GTP to the pre-translocation complex. The toeprints corresponding to the
pre-translocation complex (Pre) and the post-translocation complex (Post) are indicated by the arrows. (B) Translocation monitored by a
fluorescence-based assay. Pre-translocation complex contained fMet-tRNAfMet in the P site and Phe-tRNAPhe in the A site. Post-translocation
complex was formed by incubating the pre-translocation complex with EF-G and GTP. Emission spectra of pre- (open circles) and post-translocation
complexes (closed circles). The decrease in pyrene emission at 376 nm was used to quantify the extent of EF-G-dependent translocation. Left panel,
untreated control ribosomes; right panel, a-sarcin-treated ribosomes.
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Figure 5. Sparsomycin-dependent translocation. (A) Time courses of translocation induced by EF-G (upper panel) or sparsomycin (lower panel),
analyzed by toeprinting. Pre- and post-translocation toeprint bands are indicated by arrows. –lane, no EF-G or sparsomycin added; �Sarcin,
untreated ribosomes; +Sarcin, a-sarcin-treated ribosomes. (B) Graphical representation of data in (A). Data were normalized to the maximum
translocation value for untreated ribosomes. Open circles, untreated ribosomes; closed circles, ribosomes treated with a-sarcin. Left panel,
EF-G-dependent translocation; right panel, sparsomycin-dependent translocation.
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DISCUSSION

Ribotoxins are an interesting family of enzymes due to
their powerful and deadly activity against numerous
types of living cells. Besides their ability of reaching the
cytoplasm, the ribosome inactivation that results from
their ribonucleolytic activity has stimulated extensive
research in the field.

Prokaryotic SRL cleavage by a-sarcin

Ribotoxins seem to differently affect ribosomes from
diverse origins even with the conserved SRL as the sub-
strate (1,2). It has been proposed that the presence of
C2666 instead of the corresponding eukaryotic G at the
equivalent SRL position might explain the lower

susceptibility of E. coli ribosomes against a-sarcin
cleavage. Previous studies with small synthetic oligoribo-
nucleotides mimicking the SRL sequence have suggested
that there are at least two SRL areas that are recognized
by this toxin, the GAGA tetraloop and the bulged G2655
(Figure 1A), indicating that the primary determinant for
recognition is, more than the sequence, the SRL conform-
ation (43–46). In fact, a recent study with synthetic SRL
showed a cleavage-resistant population of the substrate
that had a different conformation (39). Furthermore,
crystal structures with different analogs that mimicked
the SRL revealed that the residue equivalent to A2662
docked in the active site of the ribotoxin instead of the
expected G2661, leading the authors to propose an alter-
native pathway for cleavage (47).

Our observation that two contiguous phosphodiester
bonds within the prokaryotic SRL are susceptible to the
action of the toxin (Figure 1C), not only agrees with pre-
viously published data, but also reveals that the recogni-
tion of intact ribosomes by ribotoxins might be more
complex. In fact, a recent hypothesis focuses on the
ability of ribotoxins to interact with other elements of
the ribosomal machinery, such as the proteins L6 and
L14, in order to access the SRL (48,49). In addition, elec-
trostatics has an essential role in locating the ribotoxin on
the ribosome surface contributing to its high affinity (38).
In this study, relaxed specificity of ribotoxins was
observed when trying to improve their activity against
prokaryotic ribosomes by using certain conditions of mag-
nesium and polyamines concentration. These counter ions
directly affect the stability and conformation of the ribo-
somes, which could be the cause for the second cleavage
site in the SRL by a-sarcin.

Effect of SRL cleavage on EF-G-dependent translocation

The SRL is not essential for factor-independent peptide
synthesis (50). In contrast, elongation factor-related func-
tions have been observed to be defective after ribotoxin
treatment of different ribosomes. In general, the poor
binding of either EF-Tu ternary complex or EF-G (or
their eukaryotic homologs) was the main defect in the
targeted ribosomes (4,51–53). In a more recent study, a
single-molecule based analysis showed that cleavage of the
SRL allowed initial binding and GTPase activation by
EF-Tu ternary complex but blocked further progress to
the accommodation step (25). These interesting results
motivated us to examine whether EF-G can also transi-
ently interact with the SRL-cleaved ribosome and activate
GTP hydrolysis.

Translocation catalyzed by EF-G consists of many
sub-steps that are not fully understood (11,54–56).
Binding of EF-G�GTP to the ribosome induces a
ratchet-like rotation of the small subunit relative to the
large subunit and stabilizes the P and A site tRNAs in
the P/E and A/P hybrid states (14,56). This is followed
by GTP hydrolysis and conformational changes in the
ribosome, which allow the rapid movement of
the mRNA–tRNA complex (57,58). After translocation,
the ribosome undergoes additional conformational
changes and EF-G�GDP dissociates (58). Even though
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Figure 6. Interaction of EF-G with the ribosome. (A) Binding of EF-G
to vacant ribosomes analyzed by filtration and SDS–PAGE. EF-G in
the presence of GTP or GDPNP was used. (–), untreated ribosomes;
(+), a-sarcin-treated ribosomes. Total indicates samples before
separating unbound proteins. MW indicates protein standards of 100
and 75 KDa. The position of EF-G and ribosomal protein S1 are
indicated by arrows. EF-G fraction bound to ribosomes is indicated
below the lanes. (B) Rate of GTP hydrolysis versus EF-G concentra-
tion. Open circles, untreated ribosomes; closed circles, a-sarcin-treated
ribosomes. Three independent experiments were averaged and the data
fitted to a Michaelis–Menten equation. Dotted curve is theoretically
obtained from the calculated kinetic constants in Table 1 for a popu-
lation containing only cleaved ribosomes (Pure).

Table 1. GTP hydrolysis by EF-G in vacant ribosomes

Ribosome kcat (s
�1) KM (mM) kcat/KM (mM�1 s�1)

�Sarcin 0.80±0.12 2.08±0.94 0.38
+Sarcin 0.26±0.09 2.90±2.55 0.09
Pure 0.03 3.41 0.008

�Sarcin, ribosomes not treated with a-sarcin. +Sarcin, ribosomes
treated with a-sarcin, having 25% of intact ribosomes. Pure, kinetic
constants calculated for a pure population of cleaved ribosomes (33).
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the ribosome undergoes extensive structural rearrange-
ments, the SRL maintains its interaction with EF-G in
the pre- and post-translocation state (14,17,21,23,59).
The SRL may, thus, play an important role in stabilizing
the various transition states of EF-G during translocation.
Interestingly, the SRL interacts intimately with the
GTP-binding domain of EF-G implying a more direct
role in catalyzing GTP hydrolysis (16,21,23).

We show that cleavage of the SRL inhibits
EF-G-dependent translocation, while sparsomycin-
dependent translocation is not affected (Figures 4 and
5). Therefore, in agreement with a previous report (4),
the intrinsic ability of the ribosome to translocate
tRNAs is not inhibited by cleaving the SRL. Moreover,
sparsomycin-dependent translocation also requires the
tRNAs to be in the hybrid state suggesting that a SRL
cleaved ribosome can form this translation intermediate
(60). Therefore, changes produced in the SRL once
cleaved do not appear to have long-range effects, but
mainly affect rapid translocation catalyzed by EF-G.
Furthermore, our results show that cleavage of the SRL
significantly impedes the binding of EF-G to the ribosome
and therefore its GTP hydrolysis activity (Figure 6).
We favor the idea that cleavage of the SRL inhibits
translocation by blocking EF-G binding rather than by
preventing GTP hydrolysis because previous studies
have shown that slow translocation can occur even
in the absence of GTP hydrolysis (55). Thus, it is
unlikely that EF-G even progresses to the
GTPase-activated state as opposed to the EF-Tu ternary
complex (25). However, we cannot exclude the possibility
that an initial binding complex is formed between the
SRL-cleaved ribosome and EF-G�GTP that becomes
unstable at some intermediate step during the progress
to the GTPase-activated state.

The SRL interacts differently with EF-G and EF-Tu

In this study, binding of both elongation factors to the
ribosome was analyzed and only EF-Tu could bind to
ribosomes with the cleaved SRL (Figures 3 and 6), sug-
gesting that they interact with the ribosome in a different
conformation during the process of elongation. This is
consistent with the single-molecule study that showed
that EF-Tu ternary complex binds to unmodified ribo-
somes and SRL cleaved ribosomes with equal efficiency
(25). According to these authors, the SRL cleaved ribo-
somes stall at the tRNA accommodation step after ternary
complex binding. In our case, much longer times of dipep-
tide reaction give a significant fraction of accommodated
tRNA, suggesting that this is a very slow reaction in the
SRL-cleaved ribosome. Thus, initial binding of the EF-Tu
ternary complex to the ribosome is not significantly
affected by cleavage of the SRL, but subsequent events
in tRNA selection are inhibited. This is markedly different
from the effects on EF-G, which requires an intact SRL
for stably binding to the ribosome. In agreement with this
observation, other kinds of ribosome-inactivating
proteins, the N-glycosidases, have been observed to differ-
entially affect the function of elongation factors in a
eukaryotic system by depurinating a specific base in the

SRL (61). Finally, the antibiotic thiostrepton bound to the
GAC does not affect the initial binding of EF-Tu ternary
complex (25,62). In contrast, it weakens the interaction of
EF-G with the ribosome by interacting with the GAC and
L11 (41,63–65). The defect observed with a cleaved SRL
appears very similar to thiostrepton suggesting that a
network of interactions between GAC, SRL, L11 and
EF-G are required for the stability of EF-G on the
ribosome and for translocation.
These differences in interaction of the SRL with EF-Tu

and EF-G may support the idea that the ribosome
switches between two different conformational states to
discriminate between the elongation factors (15,18). It
has been shown that the SRL accessibility during elong-
ation depends on the presence or absence of
peptidyl-tRNA in the A site of the ribosome, representing
the pre-translocation and post-translocation complexes,
respectively (66). The SRL is located at the surface of
the ribosome; however, it is not a very mobile structure
and it does not present dramatic conformational changes
when elongation factors are bound. It has been proposed
that an important determinant for binding one factor or
the other is the distance between the SRL and the GAC
(18). From our results we can conclude that EF-G binding
is more dependent on the SRL conformation than the
EF-Tu ternary complex. Binding of the EF-Tu ternary
complex may be stabilized by codon–anticodon inter-
action and other contacts with the ribosome, which may
partially compensate for the loss of the SRL interaction.
Very recent high-resolution crystal structures of the
ribosome bound to EF-Tu ternary complex in the GTP
transition state (22) or to EF-G in the post-translocation
state (23), show very similar conformation of the SRL
region with respect to both elongation factors
(Figure 1C and D). However, our results suggest that
the SRL is more important for the interaction of
EF-G�GTP with the ribosome. During translocation the
30S subunit undergoes a ratchet-like rotation with respect
to the 50S subunit (14). It is plausible that in the ratcheted
state, the SRL may play a more important role in
stabilizing EF-G�GTP on the ribosome. Following GTP
hydrolysis and translocation, domain IV of EF-G moves
into the decoding center forming additional interactions
that stabilizes it on the ribosome (23). A high-resolution
structure of EF-G�GTP bound to the ribosome in the
pre-translocation state is needed to understand how the
SRL stabilizes EF-G�GTP on the ribosome prior to GTP
hydrolysis and translocation.
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