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Abstract

Ribotoxins are a family of potent cytotoxic proteins from Aspergillus whose members display a high
sequence identity (85% for about 150 amino acid residues). The three-dimensional structures of two of these
proteins, �-sarcin and restrictocin, are known. They interact with phospholipid bilayers, according to their
ability to enter cells, and cleave a specific phosphodiester bond in the large subunit of ribosome thus
inhibiting protein biosynthesis. Two nonconservative sequence changes between these proteins are located
at the amino-terminal �-hairpin of �-sarcin, a characteristic structure that is absent in other nontoxic
structurally related microbial RNases. These two residues of �-sarcin, Lys 11 and Thr 20, have been
substituted with the equivalent amino acids in restrictocin. The single mutants (K11L and T20D) and the
corresponding K11L/T20D double mutant have been produced in Escherichia coli and purified to homo-
geneity. The spectroscopic characterization of the purified proteins reveals that the overall native structure
is preserved. The ribonuclease and lipid-perturbing activities of the three mutants and restrictocin have been
evaluated and compared with those of �-sarcin. These proteins exhibit the same ability to specifically
inactivate ribosomes, although they show different activity against nonspecific substrate analogs such as
poly(A). The mutant variant K11L and restrictocin display a lower phospholipid-interacting ability corre-
lated with a decreased cytotoxicity. The results obtained are interpreted in terms of the involvement of the
amino-terminal �-hairpin in the interaction with both membranes and polyadenylic acid.

Keywords: Cytotoxic protein; protein–bilayer interaction; restrictocin; ribosome-inactivating protein;
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Ribotoxins are a group of secreted fungal ribonucleases
(RNases) that inactivate ribosomes and inhibit protein bio-

synthesis by cleaving a single phosphodiester bond of the
larger rRNA, releasing a characteristic RNA fragment
(known as the �-fragment; Schindler and Davies 1977;
Endo and Wool 1982). The target bond, located at a highly
conserved rRNA sequence present in all known prokaryota
and eukaryota, is known as the sarcin/ricin loop (SRL; Wool
et al. 1992; Szewaczak and Moore 1995; Correll et al. 1998,
1999) recognized by ribosome-inactivating proteins such as
ricin (Endo et al. 1990). Ribotoxins are among the most
potent inhibitors of translation because the hydrolysis of the
phosphodiester bond abolishes both the elongation factor
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1-dependent binding of aminoacyl-tRNA and the GTP-de-
pendent binding of elongation factor 2 to ribosomes. Ribo-
toxins inactivate ribosomes from all living species tested so
far when assayed in a cell-free lysate system (Miller and
Bodley 1988); however, they display selectivity when as-
sayed against intact cells (Olson et al. 1965; Turnay et al.
1993). This selectivity is likely related to a differential rec-
ognition of membrane phospholipids, as observed for �-sar-
cin in lipid model systems, because no protein membrane
receptors have been found for these toxins. In fact, �-sarcin
interacts with membranes containing acid phospholipids
promoting aggregation of vesicles, lipid-mixing between
aggregated bilayers, and leakage of the intravesicular aque-
ous contents (Gasset et al. 1989, 1990, 1994; Mancheño et
al. 1995b, 1998; Oñaderra et al. 1998). It gains access to
cleave tRNA encapsulated in liposomes (Oñaderra et al.
1993). One of the initial steps in �-sarcin–vesicle interac-
tions is the formation of a vesicle dimer maintained by
protein molecules, as demonstrated by stopped-flow tech-
niques (Mancheño et al.1994a), suggesting the involvement
of different regions of the protein molecule in bridging to-
gether the vesicles.

Ribotoxins show a high degree of sequence similarity
(Wirth et al. 1997; Martínez-Ruiz et al. 1999a,b). �-Sarcin,
and restrictocin (150 and 149 amino acid residues, respec-
tively) are most extensively characterized and display 85%
sequence identity. Their three-dimensional structures have
been solved (Campos-Olivas et al. 1996; Yang and Moffat,
1996; Pérez-Cañadillas et al. 2000), revealing that their
global shape and overall main-chain fold are closely
matched. Both proteins display a core composed of a small
�-helix packed against a five-stranded antiparallel �-sheet
and connected by large loops (Fig. 1A). These loops have
been proposed to be involved in the cytotoxic activity—
related to the ability for entering cells—because they are
absent from other nontoxic microbial extracellular RNases
(RNases U2 and T1) with a highly similar polypeptide fold
(Martínez del Pozo et al. 1988; Kao and Davies 1995,
Mancheño et al. 1995a). In fact, loop-2 of �-sarcin has been
proposed to be one of the protein regions involved in the

interaction with lipid vesicles (de Antonio et al. 2000). In
this respect, preliminary studies with restrictocin have re-
vealed a lower ability of this protein to perturb lipid mem-
branes (L. Garcı́a-Ortega, J.M. Mancheño, M. Oñaderra, R.
Kao, A. Martı́nez del Pozo, and J.G. Gavilanes, unpubl.).
�-Sarcin contains an amino-terminal �-hairpin (residues
2–26) that forms a solvent-exposed protuberance and shows
a complex topology that can be considered as two consecu-
tive minor �-sheets connected by a hinge region (Fig. 1B;
Pérez-Cañadillas et al. 2000). The second �-sheet of this
amino-terminal hairpin is absent in the nontoxic RNases U2
and T1 (Pace et al. 1991; Noguchi et al. 1995). The region
between residues 11 and 16 of this amino-terminal hairpin
in restrictocin showed ill-defined electron density, which
precluded its structural analysis (Yang and Moffat 1996).
�-Sarcin and restrictocin sequences differ in only 20 resi-
dues. Nine of these changes are of conservative character,
and only five result in charge modification (amino-terminal
hairpin: K11L, T20D; loop 2: K84Q, T90D; loop 5: E140G;
�-sarcin/restrictocin). Because restrictocin exhibits a de-
creased membrane-perturbing ability in comparison with
�-sarcin, and the mentioned charge changes involve both
loop-2 (one of the proposed bilayer-interacting regions of
�-sarcin) and the amino-terminal �-hairpin, the latter ap-
pears to be a second region potentially required to maintain
a vesicle dimer. In addition, the amino-terminal hairpin has
been suggested to modulate the catalytic activity on the
basis of results obtained with different mutants of mitogil-
lin, a ribotoxin with a single substitution relative to restric-
tocin (Kao and Davies 1999, 2000). Lys 11 and Thr 20 have
relevant and specific structural roles in �-sarcin. Lys 11 is
involved in a salt bridge with Glu 140, which displays un-
usual torsion backbone angles forced to adopt a conforma-
tion identical to the Gly located at the equivalent position in
other ribotoxins. Thr 20 is very close to Asp 9, which is
involved in a salt bridge with Lys 139 and hydrogen bonded
to HN of Glu 140 (Pérez-Cañadillas et al. 2000). Consid-
ering the potential involvement of the amino-terminal hair-
pin in cytotoxicity and ribonuclease activity of ribotoxins
and the specific structural role of Lys 11 and Thr 20 in

Fig. 1. Diagrams corresponding to the three-dimensional
structure of �-sarcin (A) and its amino-terminal �-hairpin (B)
constructed from the atomic coordinates deposited in PDB
(Protein Data Bank; reference 1DE3). Images were generated
by the MOLMOL program (Koradi et al. 1996). Residues cor-
responding to loops in A are: loop 1 (black), 38–49; loop 2
(light grey), 53–93; loop 3 (grey), 98–119; loop 4 (black),
126–132; loop 5 (light grey), 139–143.
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�-sarcin, we prepared mutants of �-sarcin by substituting
these two residues of the hairpin with their sequence coun-
terparts in restrictocin: Lys 11 by Leu (variant K11L) and
Thr 20 by Asp (variant T20D). These single variants and the
corresponding K11L/T20D double mutant proteins have
been purified and characterized to analyze the involvement
of this protein region in the structure–function relationships
of �-sarcin.

Results

Purification and structural characterization of
the mutants

The three mutants were isolated with a yield ranging from 2
to 4 mg/L of original culture medium, slightly lower than
that obtained for recombinant wild-type �-sarcin. The
amino acid composition was in agreement with the muta-
tions made in each case. The E0.1% (280 nm, 1 cm) calcu-
lated from the corresponding UV-absorption spectra
showed only small variations (Table 1). Far- and near-ul-
traviolet (UV) circular dichroism (CD) spectra of the three
variants were coincident with those already reported for the
native fungal enzyme (Gavilanes et al. 1983; Martínez del
Pozo et al. 1988) and some other mutants (Lacadena et al.
1995, 1999). The fluorescence quantum yield of the three
variants was higher than that of the wild-type protein (Fig.
2). Differential analysis of the tyrosine and tryptophan con-
tributions, upon excitation at 275 and 295 nm, revealed a
larger increase for the Tyr quantum yield. T20D and K11L/
T20D variants showed nearly the same Tyr and Trp emis-
sion increments, which were larger than for the K11L vari-
ant (Table 1). Restrictocin cannot be used for comparison
because the counterpart of Tyr 18 in �-sarcin is Trp 17 in
restrictocin.

The optimum pH for the RNase activity of wild-type
�-sarcin is 5.0 (Pérez-Cañadillas et al. 1998; Lacadena et al.
1999). Thus, thermal denaturation of fungal �-sarcin and
the three mutants was studied at pH 5.0 and pH 7.0 by
continuous recording of the thermal variation of the ellip-
ticity at 220 nm (Fig. 3). The Tm value for the wild-type

protein at pH 7.0 was 52°C, in good agreement with that
obtained by differential scanning calorimetry (Gasset et al.
1995). This value increased up to 62°C at pH 5.0 (Table
2).The K11L variant showed a higher Tm at both pH values
whereas the T20D and K11L/T20D variants displayed de-
creased values. The enthalpy changes calculated from these
plots were in the range 140–145 kcal/mole. The �Hcal value
determined for the wild-type protein at pH 7.0 from differ-
ential scanning calorimetric measurements was 136 kcal/
mole (Gasset et al. 1995). According to the calculated
�(�G), the K11L substitution would involve a slight stabi-
lization of the protein at both pH values, but replacement of
Thr 20 by Asp would produce a decrease in stability (Table
2). Restrictocin was also studied for comparison (Table 2).
Its Tm value was 7°C higher than that of �-sarcin at both pH
values. It is striking that A. restrictus, the mold that pro-
duces restrictocin, can grow at 37°C whereas the growth of
A. giganteus, the microorganism producing �-sarcin, shows
impaired growth above 30°C.

Ribonucleolytic characterization

The three mutants of �-sarcin exhibited the same activity
against ribosomes in a cell-free lysate (Fig. 4). The amounts
of �-fragment produced by these protein forms were in the
±10% range of the wild-type protein. In this regard, �-sarcin
and restrictocin produced identical extents of protein syn-
thesis inhibition in a cell-free lysate (Fando et al. 1985).

Table 1. Spectroscopic features of wild-type �-sarcin and the
three mutants studied a

Protein E0.1%
(280 nm, 1 cm) QTyr

b QTrp
b

Wild-type 1.34 1 1
K11L 1.31 1.32 1.08
T20D 1.49 1.41 1.25
K11L/T20D 1.45 1.41 1.21

Values are the average of three different determinations.
a SD ± 0.05.
b Relative quantum yield of Tyr and Trp referred to the values of the
wild-type protein.

Fig. 2. Fluorescence emission spectra of wild-type �-sarcin (WT) and the
K11L, T20D, and K11L/T20D mutant variants, at identical protein con-
centrations, for excitation at 275 nm (1) and 295 nm (2) (tryptophan con-
tribution) normalized at wavelengths above 380 nm. (3) Calculated differ-
ence spectra 1 − 2 (tyrosine contribution). Fluorescence emission is ex-
pressed in arbitrary units considering the intensity at the wavelength of the
emission maximum of the wild-type protein for excitation at 275 nm as
1.00.
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Ribotoxins also cleave homopolynucleotides, synthetic sub-
strates lacking the characteristic structural element required
for the exquisite specificity of ribotoxins against ribosomes
(Endo et al. 1983, 1990) through a cyclizing mechanism

(Lacadena et al. 1998). The K11L mutant showed a de-
creased activity against polyadenylic acid [poly(A); 70% of
the wild-type activity] but the other variants, T20D and
K11L/T20D, displayed higher activity, 126% and 130%,
respectively. Restrictocin showed a very low activity
against poly(A) (Fig. 4).

Protein–lipid interaction

It is well documented that �-sarcin interacts with lipid
model vesicles containing acid phospholipids through elec-
trostatic and hydrophobic interactions. Regarding this spe-
cific requirement for acid phospholipids, it is important to
mention that some tumor cells express much more acid
phospholipids in the membrane outer leaflet than their non-
tumor counterparts (Utsugi et al. 1991), and �-sarcin was
discovered because of its antitumor action (Olson et al.
1965). Although �-sarcin is a basic protein, its effect on
membranes cannot be explained simply by charge interac-

Table 2. Thermal denaturation parameters of wild-type
�-sarcin and the three mutants studied calculated from
ellipticity at 220 nm versus temperature profiles a

Protein

Tm (°C) �(�G)b (Kcal/mol)

pH 5.0 pH 7.0 pH 5.0 pH 7.0

Wild-type 62 52 — —
K11L 63 54 0.2 0.7
T20D 55 45 −2.3 −3.3
K11L/T20D 56 47 −2.0 −2.8
Restrictocin 69 59

Average values obtained from three independent denaturation profiles.
a SD ± 1°C.
b �(�G) ∼ (�H × �Tm/Tm) is the stability change produced by the mutation
[�H, enthalpy change for the wild-type protein; �Tm � Tm (mutant) − Tm

(wild-type); Tm, value obtained for the mutant variant] (Becktel and Schell-
man 1987).

Fig. 3. Thermal denaturation profiles of wild-type �-sarcin (1), K11L (2),
T20D (3), K11L/T20D (4), and restrictocin (5) at pH 7.0 and pH 5.0. The
measurements were performed by continuous recording of the mean resi-
due weight ellipticity at 220 nm (�220). (Inset) Far-UV circular dichroism
spectra of (a) wild-type: �-sarcin, K11L, T20D, and K11L/T20D mutant
variants at both pH 5.0 and pH 7.0; (b) restrictocin at both pH 5.0 and pH
7.0; and (c) thermally denatured proteins at both pH 5.0 and pH 7.0. Mean
residue weight ellipticity (�MRW) is expressed in units of °cm2/dmole.

Fig. 4. (A) Ribosome-inactivating activity assay of (WT) wild-type �-sar-
cin, and its K11L, T20D, and K11L/T20D mutant variants (C, control in
the absence of ribotoxin). The highly specific ribonuclease activity of the
ribotoxins is shown by the release of the 400-nt �-fragment (arrow) from
the 28S rRNA of eukaryotic ribosomes. Cell-free reticulocyte lysates were
incubated in the presence of 100 ng of each protein. The reaction mixture
was analyzed on 2.4% agarose gels and stained with ethidium bromide. (B)
Zymograms corresponding to the ribonucleolytic activity of (WT) wild-
type �-sarcin and its mutant variants, and (R) restrictocin. The amount of
protein analyzed was 500 ng. The poly(A)-degrading activity of the pro-
teins produced a nonstained region in this negative-staining analysis.

Amino-terminal hairpin of �-sarcin

www.proteinscience.org 1661



tion. This charge interaction has been also observed for
other basic proteins like bovine seminal ribonuclease, a ho-
modimeric basic protein (pI, 10.4). The native and the
monomer form are active ribonucleases, but only the di-
meric protein presents antitumor activity and destabilizes
negatively charged membranes (Mancheño et al. 1994b).
The interaction of �-sarcin with membranes occurs through
a complex process that can be dissected in three steps:
vesicle aggregation, mixing of phospholipids from different
bilayers, and leakage of intravesicular aqueous contents.
Stopped-flow analysis (Mancheño et al. 1994a) has revealed
that one of the first steps of vesicle aggregation is the for-
mation of a vesicle dimer maintained by protein molecules
through essentially electrostatic interactions. This initial
step occurs on a scale of milliseconds, but vesicle aggrega-
tion continues to form large aggregates of complex structure
on a scale of minutes. Vesicle aggregates scatter more light
than unaggregated vesicles, and the process can be followed
by measurement of the resulting apparent absorbance at 360
nm of a reaction mixture. The membranes are perturbed by
the protein within the vesicle aggregates, and further mixing
of phospholipids from different bilayers occurs. This pro-
cess can be followed by a resonance energy transfer assay
by use of two fluorescent phospholipid probes (donor and
acceptor) incorporated into the membranes. The assay is
performed with a mixture of fluorescence-labeled and un-
labeled vesicles (1 : 9 ratio, labeled to unlabeled, respec-
tively). The lipid mixing results in dilution of the two phos-
pholipid probes and consequently in decrease of the fluo-
rescence energy transfer. This decrease can reach a
maximum value (infinite dilution of the probes in the assay)
although mixing of lipids continues. As consequence of this
perturbation promoted by the protein in the membrane, its
permeability is altered, and leakage of the intravesicular
aqueous content occurs. This effect can be measured by

co-encapsulation of a fluorescence probe and its specific
collisional quencher. Leakage results in dilution of both
molecules into the extravesicular medium, and the fluores-
cence quenching decreases.

From a general point of view, vesicle-interacting proteins
can produce either simply vesicle aggregation or leakage
without vesicle aggregation (e.g., proteins promoting the
formation of membrane pores) or lipid mixing between ag-
gregated vesicles without or with leakage of aqueous con-
tents. �-Sarcin promotes aggregation, lipid mixing and leak-
age of aqueous content of its target vesicles. The native
protein and its three mutants bound to phosphatidylglycerol-
containing vesicles to the same extent, saturation being
reached at the same protein/lipid ratio in all the cases. How-
ever, significant differences in their vesicle-interacting abil-
ity were observed. All three promoted vesicle aggregation
and lipid-mixing but only T20D and K11L/T20D produced
leakage of intravesicular contents (Fig. 5). Regarding
vesicle aggregation, all the studied proteins promoted a
similar final variation of the apparent absorbance at 360 nm.
However, significant differences were observed on com-
parison of the kinetic traces (Fig. 5) and initial rates (Table
3) of the absorbance variation. T20D displayed a higher
initial rate of vesicle aggregation than that observed for the
wild-type protein, whereas K11L showed a lower initial
rate; the double mutant form behaved essentially as the
average of the two single mutants. The variation of the
apparent absorbance promoted by K11L displayed a bipha-
sic behavior (Fig. 5A) that may be related to the formation
of a critical vesicle aggregate that further evolves to larger
aggregates. The different behavior of the K11L mutant was
also observed when lipid mixing was analyzed (Fig. 5B).
The measured lipid mixing reached the same final extent for
all the studied proteins, although the process was slower for
the K11L mutant, suggesting that phospholipid mixing oc-

Fig. 5. Effect of wild-type �-sarcin (1), K11L (2), T20D (3), K11L/T20D (4), and restrictocin (5) on phospholipid vesicle aggregation
(A), lipid-mixing (B), and leakage of aqueous contents (C). The extent is referred to the final effect of wild-type �-sarcin considered
as unit in all the cases. Assays were performed at 20 : 1 phospholipid/protein saturating molar ratio.
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curs only within the above-mentioned critical vesicle aggre-
gate. Furthermore, the K11L mutant did not perturb the
permeability barrier of the bilayer enough to produce leak-
age of intravesicular contents (Fig. 5C). The T20D mutant
otherwise displayed a higher initial rate for lipid mixing and
leakage, and the final extent of this later process was double
that produced by the wild-type protein (Table 3; Fig. 5B,C).
Although restrictocin and wild-type �-sarcin showed simi-
lar behavior regarding vesicle aggregation and lipid-mixing,
distinct differences were observed in their permeabilizing
abilities (Fig. 5C and Table 3).

Cytotoxicity activity

�-Sarcin has been reported to be cytotoxic for different
human tumor cell lines including RD cells (from human
rhabdomyosarcoma; Turnay et al. 1993). These cells were
used to assay the cytotoxic activity of the studied proteins.
Wild-type �-sarcin and its T20D and K11L/T20D variants
exhibited similar IC50 values (concentration required for
50% protein biosynthesis inhibition), 0.6, 0.7, and 0.8 �M,
respectively, whereas the values obtained for K11L and
restrictocin were two- (1.5 �M) and threefold (2.0 �M)
increased, respectively.

Discussion

Structural and spectroscopical characterization

Wild-type �-sarcin and the three mutants showed the same
secondary and tertiary structural arrangement according to
their near- and far-UV CD spectra. The substitutions engi-
neered produce small, although significant, variations in the
local environment of the aromatic chromophores as deduced
from the spectroscopical properties of the mutant variants
(Table 1). This result could be explained on the basis of the

known structure of �-sarcin. In fact, the fluorescence prop-
erties of native �-sarcin are strongly dominated by the Trp
4 emission (de Antonio et al. 2000), a residue located at the
amino-terminal �-hairpin. Moreover, Tyr 18 and Tyr 25 are
also in the vicinity of the changed residues. In addition, Lys
11 is involved in the formation of a salt bridge with Glu 140
(loop 5), Tyr 18 displaying a �-cation interaction with Lys
139 (loop5), which also forms a salt bridge with Asp 9
(Pérez-Cañadillas et al. 2000).

It is also clear from the results presented that the Tm of
wild-type �-sarcin is much higher (about 10°C) at pH 5.0
than at pH 7.0 (Table 2). The individual pKa values of most
of the �-sarcin ionizable groups in the pH range of 3.0–8.5
have been determined (Pérez-Cañadillas et al. 1998). There-
fore, it is tempting to assign this Tm increment to certain
residues titrating within the pH 5.0 to pH 7.0 range. Inspec-
tion of the three-dimensional structure of �-sarcin reveals
that His 36 (pKa of 6.8) and His 104 (pKa of 6.5) form
surface salt bridges with Asp 102 and Asp 105, which dis-
play altered pKa values (Pérez-Cañadillas et al. 1998, 2000).
It has even been proposed that these salt bridges would
contribute to the global stability of the protein (Pérez-Caña-
dillas et al. 2000). Indeed, Glu 31, His 35, and His 36,
located in the single �-helix of �-sarcin, form a group of
titrable amino acids on the basis of their spatial proximity.
This group of residues also titrate in the pH 5.0 to pH 7.0
range (Pérez-Cañadillas et al. 1998). The increased Tm at
pH 5.0 for wild-type �-sarcin can be explained in terms of
a higher degree of protonation for these His residues, which
favors the formation of the salt bridges. All the residues
mentioned are located in loop 3 or in the helix, in regions far
away from the amino-terminal �-hairpin, which explains
why this pH-dependent Tm increment is very similar for the
three mutants; that is, the mutations do not affect the ion-
ization equilibrium of the groups responsible for the in-
creased stability at acid pH.

The additive character of the effects of the mutations
studied on the Tm values suggests these changes are inde-
pendent, presumably promoting only local structural
changes. Loop 5 of �-sarcin (residues 139–143) connects
the last two strands of the central �-sheet and establishes
many interactions with other parts of the protein (Fig. 6). In
particular, Glu 140 has unusual backbone torsional angles to
maintain the unique conformation adopted by this loop
(Pérez-Cañadillas et al. 2000). It has been proposed that
mutating this Glu to Gly would stabilize �-sarcin (Pérez-
Cañadillas et al. 2000). The salt bridge between Lys 11 and
Glu 140 mentioned above would contribute to maintaining
the unusual conformation of Glu 140. This salt bridge is not
present in the K11L variant, and its increased stability
would reflect the release of conformational tension. The
T20D substitution has a destabilizing effect in both single
and double mutant variants. In this regard, positions Glu 9
and Asp 20 are very close in the three-dimensional structure

Table 3. Relative initial rate (rin) and final extent of vesicle
aggregation, lipid-mixing and leakage of intravesicular aqueous
contents promoted by wild-type �-sarcin (WT), its three studied
mutant variants and restrictocin on acid vesicles composed of
phosphatidylglycerol, at saturating lipid/protein molar ratios a

Protein

Aggregation Lipid-mixing Leakage

(rin) Extent (rin) Extent (rin) Extent

WT 1 1 1 1 1 1
K11L 0.4 0.8 0.1 1 0 0
T20D 1.5 1 1.5 1 4.9 2
K11L/T20D 0.9 0.9 0.7 1 1.4 1.7
Restrictocin 0.8 1 1.2 1 1.2 0.5

Results are expressed as relative values of those corresponding to WT
considered as unit.
Average values from three different determinations.
a SD ± 0.07 for rin and SD ± 0.05 for extent.
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of �-sarcin (4.4 Å is the distance between the two C�s; Fig.
6). Therefore, the presence of the negative charge in the
T20D mutant might result in destabilization of the protein
structure by charge repulsion between Glu 9 and Asp 20. In
addition, the sequence around this position is highly
charged (17-Lys-Tyr-Glu-Thr-Lys-Arg-22) in �-sarcin and
the presence of Asp 20 in the mutants may also explain the
decreased stability of the corresponding variants. As men-
tioned above, the structure of the amino-terminal region of
restrictocin is not known and, therefore, it is not possible to
assign this effect to a particular residue or group of residues.

Ribonucleolytic activity

Resolution of the three-dimensional structures of �-sarcin
and restrictocin has allowed modeling of the docking of
these proteins and their SRL substrate (Yang and Moffat
1996; Campos-Olivas et al. 1996, Pérez-Cañadillas et al.
2000). According to these analyses, the extraordinary high
substrate specificity of �-sarcin would be based on the ex-
istence of two regions interacting with SRL RNA that are
separated by >11 Å (Pérez-Cañadillas et al. 2000). One
would be the lysine-rich region in loop 3 (residues 110–114)
responsible for the interaction with the bulged G. This pre-
diction seemed to be confirmed by the fact that deletion of
the corresponding loop in mitogillin created a mutant that
failed to recognize and cleave the SRL RNA (Kao and

Davies 1999). The other region would be loop 5, which, in
the model, is in close proximity to the RNA GAGA loop
that is actually cleaved by the protein. The fact that the three
�-sarcin mutants studied retain their capacity to specifically
cleave the ribosomes suggests that the regions involved in
SRL RNA recognition are not affected by the mutations, in
agreement with the docking model, which suggested that
loops 3 and 5 are responsible for such recognition (Fig. 4A).

The nonspecific activity of �-sarcin seems to be slightly
affected by the mutations (Fig. 4B). Substitution of Lys 11
with Leu yielded an enzyme displaying a lower activity
against poly(A) whereas the T20D activity was increased.
These results agree with the fact that �-sarcin and restric-
tocin display different activity against poly(A) although
they behave very similarly in ribosome cleavage (Fando et
al. 1985). The enzymatic efficiency of �-sarcin would be
dependent on the interactions between the catalytic His resi-
due, loop 5, and the amino-terminal �-hairpin on the basis
of comparison with the nontoxic RNase T1 (Pace et al.
1991; Noguchi et al. 1995; Pérez-Cañadillas et al. 2000).
�-Sarcin His 137 is one of the two catalytic residues playing
a general acid–base role during the ribonucleolytic action
(Pérez-Cañadillas et al. 1998; Lacadena et al. 1999). It is
deeply buried in a special environment as revealed by its
anomalously low pKa of 5.8, because loop 5 folds toward
the active center (Pérez-Cañadillas et al. 1998). In RNase
T1, the loop folds in the opposite direction, and the catalytic

Fig. 6. Diagrams corresponding to the three-dimensional
structure of �-sarcin (A) and details of the amino-terminal
�-hairpin (B, C). Positively charged residues of loop 2
(from Lys 64 to Lys 89) and amino-terminal �-hairpin
(from Lys 11 to Arg 22) are shown in the diagram in D.
Images were generated by the MOLMOL program (Koradi et
al. 1996).
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His 92 is in an exposed environment exhibiting a higher pKa

(Inagaki et al. 1981; Steyaert et al. 1990). In addition, the
side chain of �-sarcin His 137 is hydrogen bonded to the
carbonyl oxygen of Gly 143 (loop 5) although this hydrogen
bond is not formed in RNase T1. The active site of �-sarcin
is connected with the amino-terminal �-hairpin via the salt
bridge established between Lys 11 and Glu 140 (Pérez-
Cañadillas et al. 2000). Thus, the catalytic properties of
ribotoxins against nonspecific substrates would be depen-
dent on interactions involving some residues of the amino-
terminal hairpin of these proteins. Disrupting these interac-
tions by introducing single mutations in the amino-terminal
region could affect the environment and/or accessibility of
His 137, and consequently the nonspecific activity of �-sar-
cin. A similar proposal was made (Kao and Davies 1999,
2000) on the basis of analysis of deletion mutants in differ-
ent regions of mitogillin. Deletions comprising stretches
between residues 13 and 23 (corresponding to 14 and 24 in
�-sarcin) gave rise to mitogillin variants with elevated non-
specific ribonucleolytic activity, which is in good agree-
ment with the higher activity of T20D against poly(A) ob-
served in our study (Fig. 4B), even considering that, in our
case, only single amino acid changes have been made.

Interaction with lipids

�-Sarcin is a highly polar (Martínez del Pozo et al. 1988;
Pérez-Cañadillas et al. 2000), water soluble protein that
binds to and crosses membranes. The effect of this protein
on phospholipid vesicles as well as the conditions required
for this interaction to be established have been well docu-
mented (Gasset et al. 1989, 1990, 1994; Mancheño et al.
1994a,b, 1998; Oñaderra et al. 1993, 1998). It was predicted
that the �-sarcin central �-sheet defined a hydrophobic core
that could contribute to the interaction with membranes
(Mancheño et al. 1995a). This prediction seemed to be con-
firmed in the light of the results obtained with different
peptides containing sequences corresponding to some of the
�-strands that conform this region (Mancheño et al. 1995b,
1998). Apart from these experiments, no other data have
been reported concerning the participation of any ribotoxin
structural element in their interaction with phospholipids,
and very little is known about the protein structural deter-
minants that would mediate this interaction. All the ribo-
toxin mutants studied so far either behaved like the wild-
type protein (Lacadena et al. 1995; de Antonio et al. 2000)
or had not been tested against phospholipid vesicles (Kao
and Davies 1995, 1999; Nayak and Batra 1997; Kao et al.
1998; Lacadena et al. 1999).

Inspection of the �-sarcin structure reveals that its surface
is highly charged, with some regions within which positive
charges concentrate (Fig. 6D; Pérez-Cañadillas et al. 2000).
This feature could explain its preference for negative phos-
pholipids (Gasset et al. 1989, 1990). But, it is not easy to

draw any other conclusion about the regions of the molecule
that could be responsible for its specific passage across
membranes. Yang and Moffat (1996) suggested that loop
L3 (corresponding to loop 2 in �-sarcin nomenclature)
would be involved in the membrane fusion process induced
by �-sarcin (Gasset et al. 1990), but no experimental con-
firmation of this hypothesis has been obtained.

The results presented here suggest that the region around
the 11th and 20th residues might be involved in the inter-
action of �-sarcin with lipid vesicles (Fig. 6A–C). Substi-
tution of K11 with Leu resulted in a decreased ability of the
protein to perturb the bilayers whereas substitution of Thr
20 with Asp resulted in increased initial rates of perturba-
tion in spite of the net positive charge decreases. The side
chains of Thr 20 and Asp 9 are near in the three-dimensional
structure of wild-type �-sarcin (4.4 Å between C�s). The
presence of Asp at position 20 in the T20D variant would
result in electrostatic repulsion, that may change the orien-
tation of the side chains of Lys 21 and Arg 22, favoring
potential electrostatic interactions with the acidic phospho-
lipids through Lys 11, Lys 14, and Lys 17 (which are lo-
cated in the highly exposed protuberance, residues 9–20, of
the amino-terminal �-hairpin), thus explaining the increased
initial rates of perturbation of this mutant variant. Substitu-
tion of Lys 11 with Leu would reduce this effect.

Vesicle aggregation induced by the K11L mutant follows
a biphasic kinetics (Fig. 5A). This observation suggests the
formation of an intermediate protein–vesicle complex that
further evolves to a large aggregate. The initial step of
vesicle aggregation is the formation of a vesicle dimer
maintained by electrostatic interactions. This dimer is fa-
vored when the vesicle-interacting protein displays two
lipid binding regions. A decreased affinity in one of these
regions requires a higher concentration of an intermediate
protein–vesicle complex to form large aggregates. One of
the lipid-interacting regions of �-sarcin has been related to
Lys and Arg residues of loop 2 (surface accessibilities
>50%). In fact, Trp 51, close to this loop, is located in the
hydrophobic core of the bilayer upon protein–vesicle inter-
action as its fluorescence is quenched by anthracene incor-
porated in the core of the membrane (de Antonio et al.
2000). Residues from the amino-terminal �-hairpin, located
in the opposite side of the �-sarcin molecule with respect to
loop 2, might contribute to the second lipid-binding region.
The K11L change would decrease the affinity for electro-
static interaction with vesicles thus explaining the observed
vesicle aggregation kinetics (Fig. 5A).

Cytotoxicity

The observed differences in lipid-interacting ability of the
studied proteins correlate well with their cytotoxic effect.
Restrictocin and the K11L mutant variant are the least ef-
fective in inhibiting both cellular protein biosynthesis and
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ability to perturb the phospholipid bilayer. These observa-
tions strongly suggest the involvement of the amino-termi-
nal �-hairpin in the interaction with membranes and the
notion that the cytotoxicity of ribotoxins is related to both
ribonuclease and lipid-interacting activities.

Conclusions

The results show that a single amino acid substitution in
�-sarcin can alter its cytotoxicity without altering the over-
all structural folding or the activity against ribosomes. It is
clear from these experiments that the amino-terminal
�-hairpin of ribotoxins plays a role in their ability to pen-
etrate different cells. Its absence from other nontoxic
RNases, such as T1 and U2, could explain, in part, why they
are not cytotoxic. Furthermore, this amino-terminal stretch
is one of the regions of the molecule that shows a high
degree of sequence variation among all known ribotoxins
(Wirth et al. 1997; Martínez-Ruiz et al. 1999a,b), resulting
in varying cytotoxicity.

Materials and methods

DNA manipulations

All materials and reagents were molecular biology grade. Cloning
procedures and bacteria manipulations were carried out according
to standard methods (Sambrook et al. 1989) as described previ-
ously (Lacadena et al. 1994, 1995, 1999). Oligonucleotide site-
directed mutagenesis was used to replace Lys 11 by Leu (K11L)
and Thr 20 by Asp (T20D) as described previously (Kunkel et al.
1987; Lacadena et al. 1994, 1995, 1999). To obtain the double
mutant, a second mutagenic round was performed with T20D
DNA as template. The mutagenic primers used were 5�-TTGAAC-
GACCAGCTGAACCCCAAGACC-3� for K11L and 5�-AA-
CAAGTATGAGGACAAACGCCTCCTC-3� for T20D (the site
of mutation is underlined). The E. coli strains used were BW313
{(HfrKL16 pol45 [LysA (61–62)] dut1 ung1 thi1 relA } to obtain
the uridine-rich ssDNA, DH5�F�({[F�] endA1 hsdR17 (r−

K m−
K)

supE44 thi-1 recA1 gyrA (NaIR) relA1 �(lacZYA-argF) U169
deoR [�80 dlac �(lacZ) M15]}) for the expression constructs, and
BL21(DE3)(F� ompT [lon] hsdB (r−

B m−
B)) for protein production.

The thioredoxin-producing plasmid (pT-Trx; Yasukawa et al.
1995) was a generous gift of Dr. S. Ishii, from the Riken Tsukuba
Life Science Center (Japan).

Protein production and purification

BL21(DE3) cotransformed with pT-Trx and the corresponding
�-sarcin mutant plasmid were used to produce and purify the mu-
tants, as described for the wild-type protein (Lacadena et al. 1994;
García-Ortega et al. 2000). Wild-type �-sarcin and restrictocin
were produced and purified according to methods reported previ-
ously (Olson and Goerner 1965; Gavilanes et al. 1983; Lacadena
et al. 1994). Polyacrylamide gel electrophoresis of proteins, pro-
tein hydrolysis, and amino acid analysis were also performed ac-
cording to standard procedures (Gavilanes et al. 1983; Lacadena et
al. 1994).

Spectroscopic characterization

Absorbance measurements were carried out with a Uvikon 930
spectrophotometer at 100 nm/min scanning speed, at room tem-
perature, and in 1-cm optical-path cells. CD spectra were obtained
on a Jasco 715 spectropolarimeter at 0.2 nm/sec scanning speed;
0.1- and 1.0-cm optical-path cells were used for the far- and near-
UV, respectively. Mean residue weight ellipticities were expressed
in units of degree ×cm2/dmole. Extinction coefficients E(0.1%, 1
cm, 280 nm) were calculated from their absorbance spectra and
amino acid analyses. Thermal denaturation profiles were obtained
by measurement of the temperature dependence of the ellipticity at
220 nm in the range of 25°C–85°C; the temperature was continu-
ously changed at a rate of 0.5°C/min. Tm values were calculated
assuming a two-state unfolding mechanism. Fluorescence emis-
sion spectra were obtained on an SLM Aminco 8000 spectrofluo-
rimeter at 25°C and in 0.2-cm optical-path cells, as described
previously (Gavilanes et al. 1983; Lacadena et al. 1999).

Ribonucleolytic activity

The specific ribonucleolytic activity of �-sarcin was followed by
detection of the release of the 400-nt �-fragment (Schindler and
Davies 1977; Endo and Wool 1982; Endo et al. 1983) from a
cell-free reticulocyte lysate (Promega) (Lacadena et al. 1994,
1995, 1999). The production of the 400-nt �-fragment was visu-
alized by ethidium bromide staining after electrophoresis on a
2.4% agarose gel. The amount of �-fragment was estimated from
the ethidium bromide-stained gel with the photo documentation
system UVI-Tec and the software facility UVIsoft UVI band Win-
dows Application V97.04. The residual 16S rRNA was used as
reference for normalization. The activity of the purified proteins
against poly(A) was assayed at pH 4.5 in 15% polyacrylamide gels
containing 0.1% SDS and 0.3 mg/mL of the homopolynucleotide.
This zymogram method was based on one described previously
(Blank et al. 1982; Lacadena et al. 1994, 1995; Kao and Davies
1995, 1999, 2000). Proteins exhibiting ribonuclease activity appear
as colorless bands after appropriate destaining. Volumograms
(density or quantity of a spot calculated from its volume made of
the sum of all pixel intensities composing the spot) of these bands
(obtained with the photo documentation system described above)
were also used to quantify the activity. All assays were performed
with controls to test potential nonspecific degradation of the sub-
strates, which does not occur under the conditions used.

Protein–lipid interactions

All phospholipids used were purchased from Avanti Polar Lipids
Inc. Vesicles were formed by hydration of a dry lipid film with
Tris buffer (15 mM Tris [pH 7.0] containing 0.1 M NaCl and 1
mM EDTA) for 60 min at 37°C. The lipid suspension was sub-
jected to five cycles of extrusion through two stacked 0.1 �m (pore
diameter) polycarbonate membranes (Mancheño et al. 1994a). The
average diameter of the vesicle population was 100 nm (85% of
the vesicles in the range 75–125 nm), as determined by electron
microscopy studies (Mancheño et al. 1994a). Phospholipid con-
centration was determined as described (Barlett 1959).

Aggregation of phospholipid vesicles was monitored as de-
scribed before (Gasset et al. 1989) by measurement of the increase
in the absorbance at 360 nm of a suspension of phosphatidylglyc-
erol vesicles in Tris buffer (30 �M final lipid concentration) after
addition of a small aliquot of a freshly prepared solution of protein.
Intermixing of membrane lipids was analyzed by considering fluo-
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rescence energy transfer assays (Struck et al. 1981) as described
(Mancheño et al. 1994a,b). A decrease in the donor-to-acceptor
fluorescence energy transfer indicates lipid-mixing between mem-
branes. Leakage of vesicle aqueous contents was measured by use
of the 8-aminonaphthalene-1,3,6-trisulfonic acid/N,N�-p-xylenebi-
spyridinium bromide assay also as described previously
(Mancheño et al. 1995b, 1998). Binding of the proteins to the lipid
vesicles was analyzed by measurement of the free protein concen-
tration in the supernatant obtained by centrifugation (160000g/60
min, Beckman Airfuge) of protein–vesicle mixtures at different
protein/lipid ratios. This protein concentration was calculated by
analysis with a photo documentation system of the Coomassie-
stained SDS gels resulting from subjecting supernatant aliquots to
SDS–PAGE. A calibration plot, volumogram of the protein band
(obtained as described above) versus protein concentration (deter-
mined by amino acid analysis of acid-hydrolyzed protein samples)
was used for these calculations. Other experimental details were as
reported previously (Gasset et al. 1989, 1990, 1994; Mancheño et
al. 1994a,b, 1998; Oñaderra et al. 1993, 1998).

Cytotoxicity assay

This assay was performed essentially as described (Turnay et al.
1993) by use of RD (human rhabdomyosarcoma) cells. Protein
synthesis was analyzed by measurement of the incorporation of
L-[4,5–3H]leucine (166 Ci/mmole). The radioactivity was mea-
sured in a Beckman LS 3801 liquid scintillation counter. The
results are expressed as percentage of incorporation in control
samples. A plot of these percentage values versus toxic protein
concentration in the cytotoxicity assay allows the calculation of the
IC50 values. Those values reported correspond to the average of
triplicate experiments.
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