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Abstract

Fungal ribotoxins are highly specific extracellurRilases which cleave a single
phosphodiester bond at the ribosomal sarcin-rmp/ inhibiting protein biosynthesis by
interfering with elongation factors. Most ribotogishow high degree of conservation, with
similar sizes and amino acid sequence identities@B5%. Only two exceptions are
known: Hirsutellin A and anisoplin, produced by grdomopathogenic fungfirsutella
thompsonii andMetar hizium anisopliae, respectively. Both proteins are similar but serall
than the other known ribotoxins (130 vs 150 amicidsg), displaying only about 25%
sequence identity with them. They can be considetiednized natural versions of their
larger counterparts, best represented-sgrcin. The conservedsarcin active site residue
Tyr48 has been replaced by the geometrically edpiva@sp, present in the minimized
ribotoxins, to produce and characterize the comedimg mutant. As a control, the inverse
anisoplin mutant (D43Y) has been also studied.r€kalts show how the smaller versions
of ribotoxins represent an optimum compromise an@orgormational freedom, stability,
specificity, and active-site plasticity which alldtese toxic proteins to accommodate the
characteristic abilities of ribotoxins into a slewramino acid sequence and more stable
structure of intermediate size between that ofratleatoxic fungal RNases and previously
known larger ribotoxins

Keywords: RNases; insecticidal; sarcin; hirsutellin; anisopli

Abbreviations: CD, circular dichroism; HtA, Hirsutellin A; PDBr&ein Data Bank;
SEM, standard error of the mean; SRL, sarcin-fieap; WT, wild-type, T, melting
temperature.
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Fungal ribotoxins are a unique group of highly $ii@extracellular RNases [1, 2] initially
discovered as antitumoral agents [3]. The toxicftthese ribotoxins relies on their ability
to cleave a singular phosphodiester bond stratiygioaated at a universally conserved
sequence of the large rRNA [4], known as the saticin loop (SRL). Therefore,
ribosomes are their natural substrates. Cleavatgess$ingle bond inhibits protein
biosynthesis, interfering with the function of ed@ation factors [5-7] and leading to cell
death by apoptosis [8]. Given the universal coret@ya of the SRL sequence, all known
ribosomes are susceptible to ribotoxins action. élew, these toxic RNases show different
affinity against ribosomes from different originsda above all, they first have to cross the
plasmatic membrane to be able to cleave their mtbsind exert their cytotoxic activity [9-
11]. This behavior explains why not all cells agually targeted by these toxins.
Intriguingly, they are especially active on trangfed or virus-infected cells [3, 8, 12] due
to an altered permeability of their membrane in boration with an enrichment in acidic
phospholipids [8, 11, 13-15]. This feature has Haggly related to the possibility of
ribotoxins acting as natural insecticidal agen& 18].

a-Sarcin, restrictocin, Aspfl, and hirsutellin A &Jtare the most exhaustively
characterized ribotoxins [10, 11, 19-26], but mathers have been identified and partially
characterized in different fungal species [27-B8&st of them show a high degree of
conservation, with similar sizes and amino acidusege identities above 85% [1, 18, 33].
So far only two exceptions are known: HtA [23, 32] and the recently discovered
anisoplin [35], produced by the entomopathogenmgfidirsutel la thompsonii and
Metarhizium anisopliae, respectively. Both proteins are highly similat bmaller than the
other known ribotoxins (130 residues vs 150), digiolg only about 25% sequence identity
with them [23, 24, 32, 35]. Therefore, they carcbesidered as minimized natural versions
of their larger counterparts. This lower sequedeatiity and size do not however preclude
the conservation of the elements of ordered secgratiaicture as well as the identity and
geometric arrangement of the residues configutiegactive site (Figure 1). This structural
conservation can be even extended to the othetaxanmembers of the larger fungal
extracellular RNases family, such as RNase T1 adase U2, for example [36, 37]. In
fact, comparison of all these RNases three-dimeaswtructures reveals the strict
conservation of the active site residues formirggrtbatalytic triad, His50, Glu96, and
His137 ina-sarcin [38], for example, as well as the presémmadf a highly hydrophobic
residue at the position correspondingitsarcin’s Leu145 [39] (Figure 1). On the other
hand, the presence of an Asp residue in HtA [4d]amsoplin [35] in a position equivalent
to a-sarcin Tyr48 [41] must be highlighted as a noveitthe active site of this family of
toxic RNases (Figure 1). This is a quite intriguotzgservation in the context that
substitution of this Tyr48 by Phe rendereg-sarcin variant which was catalytically
incompetent, unable to inactivate the ribosome.[#itgrestingly, studies with HtA
mutants D40N and D40N/E66Q demonstrated an impiorntée for Asp40 in the activity of
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HtA in establishing a new set of electrostatic iattions different from the one described
for the already known larger ribotoxins [40].

In the work herein presentedsarcin Tyr 48 has been replaced by an Asp resmue
produce and characterize the corresponding Y48umufs a control, the corresponding
inverse anisoplin mutant (D43Y) has been also stlidi he results shown reveal the key
role of these residues not only in maintainingdbeect electrostatic environment and
active site plasticity in each type of ribotoxing blso in the preservation of their
characteristic high thermostability.

MATERIALS AND METHODS
Mutant cDNA construction

All materials and reagents were of molecular biglggade. Cloning procedures, PCR-
based oligonucleotide site-directed mutagenestspanterial manipulations were carried
out as previously described [11, 16, 41-43]. Muteggs constructions were performed
using different sets of complementary mutagenimprs (Table S1). Mutations were
confirmed by DNA sequencing at the corresponding@latense University facility. The
plasmids used as templates for mutagenesis, cargalme cDNA sequence of either wild-
typea-sarcin or anisoplin, have already been descriBgd3s, 42].

Protein production and purification

Escherichia coli RB791 or BL21 (DE3) cells, the latter ones beingvpusly

cotransformed with a thioredoxin-producing plasigpd-Trx), and the corresponding wild-
type or mutant plasmids were used to produce anty@ll proteins from the periplasmic
soluble fraction, as previously described [35,48,44-46]. The only exception was fungal
wild-type a-sarcin which was isolated froAspergillus giganteus MDH18894, its natural
source, following the procedure reported beford.[$DS-PAGE of proteins, Western
blots, protein hydrolysis, and amino acid analygese performed according to standard
procedures, also as previously described [11,AlRfour proteins studied were purified to
homogeneity according to their SDS-PAGE behaviakr@mino acid analysis.

Spectroscopic characterization

Spectroscopic characterization was performed fofigwell established procedures [11,
22, 38, 41, 44, 47-51]. Absorbance measurements garied out on a Shimadzu UV-
1800 at 200 nm/min scanning speed and room temyperatmino acid analyses and the
corresponding UV absorbance spectra were alsotassalculate their extinction
coefficients (Table 1). Circular dichroism (CD) sfra were obtained in a Jasco 715
spectropolarimeter (Jasco, Easton, MD, USA), ecedppith a thermostated cell holder
and a Neslab-111 circulating water bath, at 50 nméoanning speed. Thermal
denaturation profiles were recorded by measuriegeémperature dependence of the
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ellipticity at 220 nm in the 25 — 80°C range usanigte of temperature increment of 30°C
per hour. Fluorescence emission spectra were redand an SLM Aminco 8000
spectrofluorimeter at 25°C using a slit width afr for both excitation and emission
beams. The spectra were recorded for excitati@?atand 295 nm and both were
normalized by considering that Tyr emission abo&@ Bm is negligible. The Tyr
contribution was calculated as the difference betwtde two normalized spectra.
Thermostated cells with a path length of 0.2 afidcin for the excitation and emission
beams, respectively, were used. All these expetsngare performed in 50 mM sodium
phosphate, pH 7.0.

Ribonucleolytic activity assays

The ribonucleolytic activity of ribotoxins on ralbloibosomes was followed by detecting
the release of a specific 400-nt rRNA fragment,wnas thexr-fragment, from the
ribosomes of a cell-free rabbit reticulocyte lys@@eomega) as described [7, 21, 43, 52].
Visualization of thisu-fragment was performed by ethidium bromide stajroh2.0%
agarose gels after electrophoretic fractionatiothefsamples using denaturing conditions.
The protein concentration needed to produce 50etealvage of the 28S rRNA (6

value) was determined to evaluate proteins’ spedifionucleolytic activity.

The specific cleavage by ribotoxins of a 35-mertlsghc oligonucleotide
mimicking the sequence and structure of the SRLalss analyzed as described before [7,
43, 53]. The sequence of this oligo was 5'-
GGGAAUCCUGCUCAGUACGAGAGGAACCGCAGGUU -3, where tlateavage site
by a-sarcin appears underlined. Synthesis of this SRLRNA oligo was performed as
previously described [7, 21]. Reaction productsenen on a denaturing 19% (w/v)
polyacrylamide gel and visualized by ethidium brdenstaining.

RESULTS
Spectroscopic characterization

Far-UV CD spectra of wild-type-sarcin and the corresponding Y48D mutant showed
some differences but were still similar enoughoasansider that both proteins displayed a
practically identical overall globular fold (FiguB. Analysis using different software or
online tools has been proven to be not very useftile particular case of ribotoxins given
their small size, their high degreef®»gheet content and, above all, the highly unusual
contribution of aromatic side-chains within thiswgkength range [50, 54-56]. However,
the observed differences can be explained by miawaid changes attributable to the
proximity of Trp51, an amino acid residue showingpa-negligible contribution in the far-
UV wavelength region due to its involvement in #aanr interaction with the ring of
His82 (Figure 3) [43, 50]. This interaction would 8isturbed in the Y48D mutant. In
agreement with this hypothesis, Trp emission (Feglrwas also shown to be more
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heterogeneous, blue-shifted, and four-fold enhantéte Y48D mutant (Table 1), as
expected from an increased hydrophobic microenwent around the side-chain of Trp51,
upon disappearance of the mentioned catiameraction. In accordance with this
observation, and with the reported existence adiyre to Trp51 non-radiative energy
transfer in the wild-type protein [50], Tyr emissiwas also two-fold higher in the Y48D
mutant (Figure 4, Table 1), in spite of being at@irospecies with one Tyr residue less.

A similar situation took place when examining theJVV CD features of wild-type
anisoplin and its D43Y variant; however differeneese larger (Figure 2). The spectrum
of the wild-type protein corresponds to a proteithva high content gb-sheet, non-
ordered structures and aromatic amino acid resifige 35, 55, 57], and the observed
changes can be attributed to the local contributitthe introduction of the new Tyr
residue within the active site of the protein (FegQ). A global conformational change
cannot be however dismissed. Analysis of the flscgace emission of wild-type anisoplin
upon excitation at 275 nm revealed the existen@aatribution centered at 320 nm
(Figure 5) which should not be attributable to Tgsidues because they barely emit around
this wavelength. This emission would rather beralication of the already reported
different microenvironment surrounding anisoplimp Tesidues [35]. This emission
disappears in the D43Y mutant, together with theeapance of a 4 nm red-shift of the Trp
spectra (from 333 to 337 nm, Figure 5). This seestilts, including the far-Uv CD
spectra, is therefore consistent with a relaxatioanisoplin conformational global fold
which exposes Trp side-chains to a less apolar@mwient. On the other hand Tyr
emission remains practically undetectable in gpiitde introduction of a new Tyr residue
in this mutant.

Thermostability of both mutants

All four proteins studied showed thermograms combpatvith the existence of a well-
defined two-state thermal transition, confirming ttdoption of a folded conformation
(Figure S1). Both wild-type-sarcin and anisoplin are thermostable proteink Witvalues
of 52 [48, 54] and 61°C [16], respectively (Tab)elfitroduction of the Asp residue within
thea-sarcin active-site resulted in a dramatic redunctibthe T, value to 39°C (Table 1).
Accordingly, the production yield of this mutantieased 15-fold when tHe coli cells
harboring the corresponding plasmid were growrb&Canstead of the standard
temperature of 37°C (Table 1). This argument do¢however justify the low yield
obtained for wild-type anisoplin (Table 1) whichnist easy to explain given the present
knowledge in the ribotoxins’ field. It can be spktad that, in comparison tesarcin,
wild-type anisoplin would be more effective agaipstkaryotic than mammalian
ribosomes. This feature would be probably loshanD43Y mutant after the introduction
of the Tyr residue within its active site (Table hterestingly, this reverse mutation in
anisoplin introduced a dramatic stabilization @ grotein, with a Tm value 14°C higher
than the wild-type protein (Table 1). In agreemaith this observation, the fluorescence
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emission spectra of this mutant in the presendbebabsence of 6 M urea were practically
indistinguishable (Figure 7) suggesting that thetqin is still folded in the presence of high
concentrations of this denaturing agent.

Functional characterization

Ribotoxins are highly specific RNases against intdbhosomes, and they retain this
specificity when assayed against naked rRNA comtgithe SRL [1, 11, 21]. Therefore,
two different types of specific enzymatic assayswsually performed to measure their
enzymatic activity. The first, and most specifscpne that uses ribosomes within a rabbit
cell-free reticulocyte lysate [21]. Their highlyesgfic cleavage can be then visualized by
detecting the release of a 400-nucleotide long rRidgment (ther-fragment) on a
denaturing agarose gel stained with ethidium breimildhe second assay frequently used is
based on the employment of short oligoribonuclesstichimicking the SRL sequence and
structure. Ribotoxins cleave specifically these SiRé oligos, producing only two smaller
fragments which can be fractionated on a polyaamda gel [21, 58]. This cleavage is still
specific but several orders of magnitude lessiefficthan that produced on intact
ribosomes because it lacks important recognitidardgnants which are present at the
intact full ribosomes [20, 48, 49, 59-61].

As thoroughly described before [1, 38, 42, 44, Bild-type a-sarcin was fully competent
against rabbit ribosomes showing agol@alue of about 80 nM (Fig. 6). On the other hand,
a-sarcin Y48D was completely inactive by both cradFigure 6). This observation is in
agreement with previous studies where the remdvidlleohydroxyl group in the phenol

ring of Tyr48 rendered a catalytically inactive f@io [41]. Tyr48 appears to be an essential
residue ofu-sarcin’s active site. On the other hand, wild-tgoésoplin showed less activity
thana-sarcin when assayed against intact ribosomeg €©30 nM), as described before
[35], whereas the D43Y mutant was at least as @€z, = 440 nM) as its wild-type
counterpart (Figure 7). However, this mutant aloained completely inactive when
assayed against the SRL-like oligomer (Figure Bylastrate which lacks many of the
recognition regions needed for the specific cai@bpttion of ribotoxins.

DISCUSSION

The ribotoxins family has been thoroughly charazéer over the past decades, focused
especially imi-sarcin and restrictocin, which are structurallypywsmilar to non-toxic
ribonucleases (Figure 1). The discovery of smagsions of these toxins, like HtA and
anisoplin, has prompted a change in the idea thabatoxins share a highly similar
structure. These "minimized" versions show idehspecificity towards their substrate, the
SRL at the ribosome, but they share little aminio-&tentity and have lost some structural
arrangements when compared to "canonical” ribotobke a-sarcin. In order to

understand these changes and how they may afee@inictionality of ribotoxins, we have
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produced different variants afsarcin and anisoplin where a key residue has been
interchanged. Particularly, Tyr48 énrsarcin, which is essential for the catalytic atyiof
a-sarcin [41] has been substituted for Asp, presetite smaller ribotoxins HtA and
anisoplin. Moreover, anisoplin Asp 3 has been edptaced for Tyr, to mimia-sarcin

Tyr48. According to previous data, the native comfation ofa-sarcin is preserved upon
conservative changes like the Y48F mutation [4d}his new study the changes introduced
are more dramatic, involving charge changes that titeely will disturb the local
electrostatic arrangement, which is critical fog Hetivity of the proteins studied [62-64].

It has been reported how substitutioruegarcin Trp51 by Phe results in
pronounced changes in the far-UV CD spectrum optioéein [50], highly resembling the
spectrum obtained now for the Y48D mutant (Figukg. Z'his is explained because
sarcin Trp51 displays a non-negligible contributiorthe far-UV wavelength region due to
its involvement in a cation-interaction with the ring of His82 (Figure 3) [4)]. As a
consequence of this interaction, Trp51 fluorescemaession is also practically
undetectable in the wild-type protein [50]. Theltd¥ CD spectrum of the Y48@-sarcin
mutant suggests that this interaction is disturbedgreement with this hypothesis, Trp
emission was more heterogeneous (Figure 4) anefdtdiienhanced in the Y48D mutant
(Table 1), suggesting that the disappearance afdtiens interaction would increase the
hydrophobicity of the microenvironment around tideschain of Trp51. This
interpretation agrees with a very similar obsensatreported before, for another mutant
where His82 was the residue replaced (by GIn) ngakimpossible the establishment of the
mentioned catiom-interaction [43]. Therefore, the far-UV CD smaifferences and Trp
emission changes observed can be explained bgdhederturbation produced by the
removal of an aromatic moiety (Tyr48) in the sggti@ximity of Trp51 (Figure 3) together
with the introduction of an additional negative e

The spectroscopic characterizatiornegarcin Y48D also revealed a 2-fold increase
in the Tyr emission (Figure 4, Table 1). In thedatiype protein, Tyr48 fluorescence
emission is completely quenched, and there is ad'yrp51 non-radiative energy transfer
[41, 50]. By substituting Tyr for Asp the local dagyuration of Trp51 is altered, impeding
the energy transfer and therefore, increasingltitedscence emission.

Detailed analysis of the spectroscopic featureah@bther mutant protein studied,
anisoplin D43Y, leads to different conclusionssFof all, the fluorescence emission of the
5 Tyr residues is barely detected, even in the-tyitek protein (Figure 5). This emission
still goes undetected after the mutation, evenghdbe change performed introduces a
new Tyr residue. On the other hand, the Trp pomrdiecomes more homogeneous and
solvent-exposed, at least in terms of their fluceese emission behavior, as shown by the
red-shift in the spectrum (Figure 5). The far-UV Clanges observed (Figure 2) also point
towards this direction. The small size of the prgtaltogether with its high content i
sheet structure and non-ordered loops, resultspeeatrum which is highly susceptible to
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changes in the environment of its quite abundaptr@sidues (Table 1). Overall, the results
obtained from the spectroscopic characterizatioangdoplin D43Y suggest the induction

of local changes within the active site of the piotas shown for the-sarcin mutant, but
also a relaxation of the global protein fold whrelsults in the mentioned homogenization
of the Trp residues microenvironment.

Replacement of Tyr48 by the negatively charged-shden of an Asp residue
seems to strongly destabilizesarcin. Ina-sarcin, Glu140 displays unusual backbone
torsional angles forming a salt bridge with Lystthe N-terminap-hairpin (Figure 8)

[63]. This interaction, together with a well-deftheetwork of hydrogen bonds, helps to
maintain the orientation of loop 5 [38, 51] andide$ the required optimum hydrophobic
environment for enzymatic activity. Furthermoresb0, another key residue for activity
[38], also appears in the spatial vicinity of thatated residue (Figure 3), whereas the
network of interactions involving Tyr106, Lys114da¥48 is also essential for catalysis
(Figure 8) [43]. These interactions would be disedpn the Y48D mutant. It appears that
the presence of an aromatic residue (Y48) withénattive center would be critical for
maintaining the local interactions that renderghithermostable and specific RNase. This
idea is supported by the functional studies, wisichw that thei-sarcin Y48D mutant
completely loses its activity against rRNA specgidbstrates, such as ribosomes or a SRL-
like oligomer (Figure 6).

A very different picture emerges, however, wheniimmzed ribotoxin such as
anisoplin is studied. Replacement of Asp43 by Tiglded an extremely heat resistant
variant (Table 1), which agrees with the loss efthostability ofu-sarcin Y48D mutant.
This extremely resistant protein did not display ahonucleolytic activity when assayed
against the specific naked rRNA represented bystiE-like substrate (Figure 7). This Asp
43 residue must be very important in an additigealof interactions that only appears in
minimized ribotoxins, just as suggested beforeHzk while characterizing different
mutations of this Asp (D40N, D40N/E66Q) [40]. Or thther hand, the now studied
anisoplin D43Y mutant was fully active when assaggdinst intact ribosomes, suggesting
that the conservation of not yet determined intiswas other than those ones involved in
the specific recognition of the SRL sequence seebetextremely important for substrate
recognition. This set of results further suppadnts proposal that the active site of these
minimized ribotoxins such as anisoplin or HtA woslibw a higher degree of plasticity
than their known larger counterparts [16], beinpdab accommodate electrostatic and
structural changes not suitable for the other presly characterized larger ribotoxins.

Ribotoxins are considered natural engineered pretvolved from the non-toxic
ribonucleases [65]. The newly characterized "mimed!' ribotoxins, like HtA or anisoplin,
represent a compromise among conformational freedtahility, specificity and active site
plasticity that allows these proteins to accommedla¢ characteristic abilities of ribotoxins
into a shorter amino acid sequence. These smalftsions of ribotoxins may present new
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300 and yet unexplored structural arrangements, baimgtoidy one of the first in this
301 direction.
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Table 1. Purification yield, expressed as milligrams oftpio isolated per one liter of
original culture grown at 37°C, and spectroscopi@meters of the wild-type and mutant
proteins studied. Relative fluorescence emissietdgi(Q, and Q) are referred to the
values of the wild-type proteinsy,Values are also shown.

Purification £01%b) Number Number

Protein yield® of Tyr  of Trp Qrrp Quyr T (°C)
a'a‘;‘Tf cin 7.0 1.34 8 2 100 100 52
a;{SLlaérgin 0.19 1.24 7 2 4.08 235 39
AnSoPIn o5 1.62 5 3 1.00 : 61
AmSPIn 62 1.44 6 3 0.92 : 75

a) Expressed as mg per liter of original bactenigdure.
PEO1% (280 nm, 1.0 cm).

°This yield increased to 1.5 mg when cells were graw25°C in accordance with the
highly diminished T, value of this mutant.
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Figure 1: Representation of the three-dimensional structure md active center
geometric arrangement of representative fungal RNas. (A) Diagrams showing the
three-dimensional structure of ribotoxiesarcin (PDB ID: 1DE3) [63] and HtA (PDB ID:
2KAA) [26], and two non-toxic fungal extracellul&Nases from the same family: RNases
T1 (9RNT) [36, 66] and U2 (1RTU) [37, 67, 68]. (Bpometric arrangement of the active
site residues of these same four RNases. The tataigd made of two His and one Glu
residues is conserved in all proteins shown whileuath residue, the equivalentdesarcin
Leul45, maintains its highly hydrophobic characi@he or Leu). The position
corresponding tau-sarcin Tyr48 is also conserved except for HtA amdsoplin (not
shown) where the equivalent position is occupied doy Asp residue (D40, in red).
Diagrams were generated using the PyMol softwadg [6
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554  Figure 2.Far-UV CD spectra of the ribotoxins studied Wild-typea-sarcin (A) and
555  anisoplin (B) ribotoxins (black lines) and their@sponding Y48D (A) and D43Y (B)
556  mutant variants (blue lines). Results are showmean residue weight ellipticity@[vrw)
557  values expressed in units of degree X grdmol™.
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560 Figure 3. Diagram showing the relative spatial posions of Tyr48, His50, Trp51, and
561 His82 residues ina-sarcin. There is a cation-interaction between Trp51 and His82 [50,
562 62, 63]. Diagram was generated using the PyMolso# [69] and the corresponding PDB
563  coordinates (PDB ID: 1DE3).
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Figure 4. Fluorescence emission spectra of wild-tg-sarcin and its Y48D mutant

All spectra were recorded at identical protein @iations. Spectra were recorded at
excitation wavelengths of 275 nm (continuous blawk) and 295 nm (continuous blue
line). These two spectra were normalized at wagtlenabove 380 nm to obtain the
Tryptophan contribution (dashed red line). Tyrosinatribution (dashed green line) was
calculated by subtracting the Trp only contribut{dashed red line) from that spectrum
obtained after excitation at 275 nm (continuouglblane). Fluorescence emission units
were arbitrary, and referred to the maximum valeitu-type a-sarcin upon excitation at
275 nm. The positions of the two maxima correspogdd both spectra of the wild-type
and Y48D proteins upon excitation at 295 nm arecated with a vertical black line.
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Figure 5. Fluorescence emission spectra of wild-tgpanisoplin and its D43Y mutant.
(Upper panel) All spectra were recorded at identical protein@antrations. Spectra were
recorded at excitation wavelengths of 275 nm (cw@us black line) and 295 nm
(continuous blue line). These two spectra were atimed at wavelengths above 380 nm to
obtain the Tryptophan contribution (dashed red)lifigrosine contribution (dashed green
line) was calculated by subtracting the Trp onlgtabution (dashed red line) from that
spectrum obtained after excitation at 275 nm (caus black line). Fluorescence
emission units were arbitrary, and referred tontfeximum value of wild-type-sarcin

upon excitation at 275 nm. The positions of the taaxima corresponding to both spectra
of the wild-type and D43Y proteins upon excitatadr295 nm are indicated with a vertical
black line. Lower panel) Fluorescence emission spectra of the anisopl®YD#utant,

upon excitation at 275 nm, in the absence (blawX) lor in the presence of 6 M urea (red
line).
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Figure 6. Specific ribonucleolytic activity of wildtype a-sarcin and its Y48D mutant.
(Upper panel) Ribosome cleaving activity assay performed usimgbbit cell-free
reticulocytes lysate. A control in the absencerdyene is also shown (C-). Protein
concentrations shown are 20, 50, and 100 nM. Tglelyspecific ribonucleolytic activity
of the ribotoxins is shown by the release of th@-atu-fragment ) from the 28S rRNA

of eukaryotic ribosomes. Positions of bands cowadmg to 28S, 18S, and 5S rRNA are
also indicated. The graph shows the quantitatiamwofindependent experiments with error
bars representing +SEM valueksoyer panel) Activity assay on a 35-mer oligonucleotide
mimicking the SRL. A control in the absence of aneyis also shown (C-). Protein
concentrations shown are 100, 200, and 500 nM.ZIheer and 14-mer oligonucleotides
resulting from the specific cleavage of a singlegghodiester bond, as well as the intact
35-mer oligo are indicated.
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Figure 7. Specific ribonucleolytic activity of wildtype anisoplin and its D43Y mutant.
(Upper panel) Ribosome cleaving activity assay performed usimgbbit cell-free
reticulocytes lysate. A control in the absencerdyene is also shown (C-). Protein
concentrations shown are 2.5, 25, and 250 nM. Tgt@yhspecific ribonucleolytic activity
of the ribotoxins is shown by the release of th@-dtu-fragment ) from the 28S rRNA

of eukaryotic ribosomes. Positions of bands cowaedmg to 28S, 18S, and 5S rRNA are
also indicated. The graph shows the quantitatiamwofindependent experiments with error
bars representing +SEM valueksoyer panel) Activity assay on a 35-mer oligonucleotide
mimicking the SRL. A control in the absence of eneyis also shown (C-). Protein
concentrations shown are 10, 50, and 250 nM. The@land 14-mer oligonucleotides
resulting from the specific cleavage of a singlegghodiester bond, as well as the intact
35-mer oligo are indicated.
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619  Figure 8. Diagrams showing the relative spatial pasons of different amino acid
620 residues ina-sarcin: (A) Lys11, Glul40, and His137; (B) Tyr48Tyrl06 and Lys114
621 Diagrams were generated using the PyMol softwaBd fhd the corresponding PDB
622  coordinates (PDB ID: 1DE3).
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