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Abstract

a-Sarcin, restrictocin and mitogillin are the best known members of the family of fungal
ribotoxins. In recent years, new members of this family have been discovered and
characterised. In this work, we study the occurrence of ribotoxins among di�erent species

of fungi. The presence of ribotoxins has been identi®ed in some new species by means of
genetic studies, as well as expression and activity assays. The ribotoxin genes have been
partially sequenced, and demonstrate a high degree of similarity. These studies demonstrate
that these toxins are more widespread than previously considered. This is surprising,

considering the ribotoxins are such speci®c and potent toxins, of unknown biological
function. These studies con®rm the hypothesis that these proteins are naturally engineered
toxins derived from ribonucleases of broad substrate speci®city. # 1999 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

The ribotoxins are a family of ribosome-inactivating proteins (RIP) which
display a highly speci®c ribonucleolytic activity against a single phosphodiester
bond in the universally conserved sarcin/ricin domain of 28S ribosomal RNA
(Kao and Davies, 1995). The ®rst members of this family (a-sarcin, restrictocin
and mitogillin) were discovered in the early 1960s as secreted proteins of
Aspergillus giganteus and A. restrictus with anti-tumor activity (Olson and
Goerner, 1965). Later, an allergen from the pathogenic fungus A. fumigatus
(AspFI) was identi®ed as being a ribotoxin (Arruda et al., 1990) identical to
mitogillin. More recently, other ribotoxins from di�erent strains of A. clavatus
(clavin, c-sarcin) and A. giganteus (gigantin) have been characterised, including
their primary sequence (Parente et al., 1996; Huang et al., 1997; Wirth et al.,
1997). Finally, ribotoxins have been detected in other Aspergillus (Lin et al., 1995)
and Penicillium species (Lin et al., 1997).

All ribotoxins characterised so far share a minimum of 85% amino acid
sequence identity. The three-dimensional structure of two of them, a-sarcin and
restrictocin, has been determined (Campos-Olivas et al., 1996a,b; Yang and
Mo�at, 1996), revealing a common folding motif with fungal guanyl-speci®c or
purine-speci®c ribonucleases such as T1 and U2 RNases. The catalytic mechanism
of these ribotoxins has also been studied (Lacadena et al., 1998), showing
similarities with that of guanyl-speci®c RNases. However, ribotoxins are larger
proteins, containing extra loops that are not present in guanyl-speci®c RNases,
and which are likely responsible for the di�erent catalytic speci®city and their
ability to cross membranes. In fact, ribotoxins must enter target cells to exert their
toxic activity and this step determines di�erential resistance found among di�erent
cells (FernaÂ ndez-Puentes and Carrasco, 1980; FernaÂ ndez-Puentes, 1983; Olmo et
al., 1993; Turnay et al., 1993), as all ribosomes tested so far, including those from
ribotoxin-producing species such as A. giganteus and A. restrictus, are susceptible
to inactivation by ribotoxins (Hobden, A.N., 1978. PhD dissertation, University
of Leicester, UK; Miller and Bodley, 1988). In fact, a-sarcin interacts with
negatively-charged lipid bilayers, promoting their fusion, as well as leakage of
intravesicular aqueous contents and alterations of the phospholipid phase
transition (Gasset et al., 1989, 1990, 1991a,b; ManchenÄ o et al., 1994; OnÄ aderra et
al., 1998) and is able to translocate across model membranes (OnÄ aderra et al.,
1993, 1998).

The study of the evolution of ribotoxins is of particular interest, as they appear
to be in a crossroad of di�erent evolution patterns. The high speci®city they have
acquired in their ribonucleolytic action directed against a single phosphodiester
bond in the whole ribosome, as well as their ability to enter the cells, leads them
to be considered as naturally engineered targeted toxins (Lamy et al., 1992; Kao
and Davies, 1995), perhaps evolving from the family of guanyl-speci®c fungal
ribonucleases.

In this regard, ribotoxins are another example of ribonucleases with special
biological actions (RISBASES), as proposed by D'Alessio et al. (1991). These
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proteins could have evolved from ancestors shared with other ``typical'' RNases
(the family of pancreatic RNase in animals and guanyl-speci®c RNases in fungi),
the evolution being directed by the new biological activities engineered. A formal
similarity can be established, for example, between angiogenin, which shares
approximately 35% sequence with RNase A and also shows ribosome-inactivating
properties (Shapiro et al., 1986; St. Clair et al., 1988). Angiogenin, however, is less
speci®c than fungal ribotoxins since it digests both 18S and 28S rRNAs.

Thus, the identi®cation of ribotoxin genes among related species, and their
comparison, can shed light on natural evolution of these toxins as well as
displaying structural elements that determine cytotoxic activity and biological
function.

2. Materials and methods

2.1. Strains

Fungal strains used are described in Table 1. They were grown on potato

Table 1

Results of the detection of ribotoxins in di�erent fungal strains (collection numbers are indicated; for

A. nidulans, the genetic marker of the strain is indicated). nd: not determined

Strain Southern PCR Activity Immuno

1. Aspergillus giganteus MDH 18894 + + + nd

2. Aspergillus giganteus NRRL 10 + + + +

3. Aspergillus giganteus NRRL 1780 + + nd +

4. Aspergillus giganteus NRRL 4763 + + nd +

5. Aspergillus viridinutans + + (1) nd

6. Aspergillus fumigatus + + + nd

7. Aspergillus spp. + + nd nd

8. Aspergillus spp. + + nd nd

9. Aspergillus ®scheri + + nd +

10. Aspergillus restrictus MDH 13462L nd + nd nd

11. Aspergillus glaucus + + nd +

12. Neosartorya glabra + + nd +

13. Aspergillus nidulans (CS2008) ÿ ÿ nd (2)

14. Aspergillus ¯avus ÿ ÿ nd nd

15. Aspergillus oryzae NRRL 447 ÿ ÿ nd nd

16. Aspergillus niger ÿ ÿ nd nd

17. Aspergillus alutaceus NRRL 398 ÿ ÿ ÿ nd

18. Aspergillus terreus ÿ ÿ nd nd

19. Hemicarpenteles acanthosporus ÿ ÿ nd nd

20. Penicillium notatum ÿ nd ÿ nd

21. Penicillium italicum ÿ nd nd nd

(1) Presence of non-speci®c ribonuclease.
(2) High molecular mass bands.
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dextrose agar (Difco, Detroit, USA) plates from silica gel or slant preparations
and assessed for their morphological characteristics.

2.2. DNA puri®cation

DNA puri®cation was carried out from potato dextrose broth fungal cultures as
previously described (Wirth et al., 1997). Integrity of DNA was assessed by
electrophoresis in 0.7% agarose gels.

2.3. Southern blot

DNA digested with HindIII or EcoRI was loaded on 0.8% agarose gels and,
after electrophoresis, transferred by alkali blot to nylon membranes. The XbaI-
BamHI fragment of pINPGaS containing the sequence coding for mature a-sarcin
(Lacadena et al., 1994) was labelled by random priming using [a-32P]dCTP and an
Oligolabelling Kit (Pharmacia, Uppsala, Sweden). Hybridisation was carried out
at 658C following the membranes manufacturer's instructions and they were
washed at 658C with 1�SSPE for 15 min and autoradiographed.

2.4. PCR screening

Two primers were designed which correspond to regions conserved within the
known sequences of Aspergillus ribotoxins. These primers are KQ1 (5 '-
CCTCTYTCCGACGGCAAGAC-3 ') and KQ2 (5 '-
GTTRGGATARGTRTAGATGACC-3 '). They should allow amplifying a
fragment of 273 bp, corresponding to amino acid residues 38 to 128 in a-sarcin
(Oka et al., 1990). Touchdown PCR (Don et al., 1991; Roux and Hecker, 1997)
was carried out, using Taq DNA polymerase, on a thermocycler subjecting the
samples to denaturation for 5 min at 948C, 30 cycles of denaturation (90 s at
948C), annealing (1 min at temperatures lowering from 65 to 508C) and extension
(2 min at 728C) and 15 more cycles with annealing at 508C. Aliquots of 5 ml out
of 50 were analysed by electrophoresis on 1.5% agarose gels.

2.5. Sequencing

Signi®cant bands were excised from preparative electrophoresis on 1.5%
agarose gels and extracted to water with Qiaex II gel extraction kit. Sequence
reactions were carried out with the DNA fragments and each primer (KQ1 and
KQ2) using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction
Kit. They were analysed on an ABI PRISM 377 DNA Sequencer.

2.6. Spores activity assay

For analysing the speci®c activity of ribotoxins by means of generating the a-
fragment from 28S rRNA (Schindler and Davies, 1977), conidiospore suspensions
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were prepared by vortexing a 0.01% Tween-80 solution on fungal cultures grown
on potato dextrose agar slants. 3 ml of the supernatants of such suspensions were
incubated with 3 ml of rabbit reticulocyte lysate (Promega, Madison, WI, USA)
for 5 min at 378C. After phenol extraction, nucleic acids were loaded on a 2%
agarose gel for electrophoresis. A negative and a positive control with 50 ng of
mitogillin, puri®ed as described (Kao and Davies, 1995) were also done.

2.7. Ribotoxin production and immunodetection

Fungal strains were grown in the original a-sarcin-producing broth (Olson and
Goerner, 1965), which includes 2% peptone, 2% corn starch, 0.5% NaCl and
1.5% beef extract. Two consecutive precultures of 10 ml were grown for 24 h and
the second one was used to inoculate duplicate 50 ml cultures, which were
incubated at 308C for 70 h. Aliquots were taken out at di�erent times and, after

Fig. 1. Southern blot of fungal DNA digested with the restriction enzymes indicated, using as a probe

the fragment containing the sequence coding for mature a-sarcin (Lacadena et al., 1994). For the two

unidenti®ed Aspergillus strains, the numbers in parenthesis are the same as in Table 1. In lane ``sar'', a

plasmid containing the probe was loaded.
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electrophoresis in polyacrylamide gels with SDS, they were immunoblotted with
antibodies raised up against a-sarcin (Lacadena et al., 1994).

2.8. Phylogenetic tree

The phylogenetic tree was constructed with the DNA sequences obtained in this
work and the corresponding fragments from other ribotoxins by the UPGMA
method from a Jukes and Cantor distances matrix, using the WET program (J.
Dopazo, TDI S.A., Madrid, Spain).

3. Results

Twenty-one strains of species from the Aspergillus genus and other related
genera (Penicillium, Neosartorya and Hemicarpenteles ) were analysed for the
presence of ribotoxin genes by means of Southern hybridisation (Fig. 1) and PCR
(Fig. 2). Both analyses gave consistent results (Table 1), revealing the presence of
a single ribotoxin gene in all strains of species in which ribotoxin production had
been already described, such as A. giganteus, A. fumigatus and A. restrictus, as
well as in some species in which it has not, such as A. ®scheri, A. glaucus, A.
viridinutans and Neosartorya glabra. The gene was also detected in two Aspergillus
strains not classi®ed under any species (Table 1, strains 7 and 8). This analysis

Fig. 2. PCR reactions carried out with fungal DNA as described in Section 2, on 1.5% agarose gel

electrophoresis. The band corresponding to the ribotoxin sequences is marked with an arrow. A. gig.

stands for A. giganteus. For the unidenti®ed Aspergillus strain, the number in parentheses is the same

as in Table 1. DNA size marker is 100 bp ladder (Gibco BRL Life Technologies).
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gave a negative result for strains of other nine species of the Aspergillus,
Hemicarpenteles and Penicillium genera.

Production of a-sarcin has been associated with conidiophore formation
(Brandhorst and Kenealy, 1992; Yang and Kenealy, 1992). Thus, we have used
suspensions prepared from sporulated cultures, in which the major component are
conidiospores, to detect the presence of speci®c ribotoxin activity, i.e. production
of a-fragment after cleavage of 28S rRNA (Fig. 3). A fragment of molecular
weight corresponding to the a-fragment was observed in most of the strains in
which the ribotoxin gene has been detected. Appearance of some other bands
reveals non-speci®c hydrolysis of ribosomes. However, only for A. clavatus, less-
speci®c extracellular RNases di�erent from ribotoxins have been described
(Bezborodova et al., 1983), which may explain the bigger degradation of rRNA
observed when reticulocytes are incubated with A. viridinutans spores suspension
(Fig. 3). Therefore, this assay seems to be a convenient procedure for screening
the production of ribotoxins, although it cannot be discarded that some of the a-
sarcin analogues have altered speci®city, or that the strains produce other
ribonucleases. Thus, considering exclusively the appearance of the a-fragment, the

Fig. 3. Spores activity assay. Separation of rRNA after incubation of ribosomes with suspensions of

the spores from the strains indicated. The band corresponding to the a-fragment produced speci®cally

by ribotoxins is marked with an arrow. A. gig. stands for A. giganteus.
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results are consistent with the genetic study, revealing expression of the gene and
production of ribotoxin by the moulds (Table 1).

We also analysed production of ribotoxins by growing the moulds in liquid
cultures, using the conditions described for a-sarcin production. Aliquots of the
extracellular media were subjected to SDS-PAGE, electrotransferred to Immobilon
membranes, and immunostained with polyclonal antibodies raised in rabbit
against a-sarcin. Presence of the ribotoxins was thus detected in A. giganteus, A.
®scheri, A. glaucus and N. glabra, although levels of production were di�erent
among them (Fig. 4, Table 1). Some proteins of higher molecular mass from
extracellular medium of A. nidulans were also immunostained. As the ribotoxin
gene was not detected in this strain, this could be caused by extracellular proteins
that share some antigenic similarity with a-sarcin. In a previous study (Lin et al.,
1995), cultures of two Aspergillus strains gave a faint immunoreactivity against
anti-a-sarcin serum but a negative result in gene analysis. A protein of lower
molecular mass was also detected in A. giganteus NRRL 4763 cultures, which
could be a product of partial degradation of the mature ribotoxin.

PCR fragments obtained were sequenced by cycle sequencing with the primers
used for ampli®cation. All the ribotoxin sequences obtained were of the same
length, as had been found in all the sequences already known. Actually, the
known ribotoxin genes were very similar, the only size di�erences being in the
length of the intron and its vicinity (Lin et al., 1995; Wirth et al., 1997).
According to their similarities, the ribotoxins can be divided into three groups
(Figs. 5±7). One of them would comprise proteins such as restrictocin and

Fig. 4. Immunodetection of ribotoxins in extracellular media of cultures of the strains indicated, with

antibodies raised against a-sarcin. A. gig. stands for A. giganteus.
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mitogillin and new ones from A. ®scheri, A. glaucus and N. glabra, which are very
similar or identical (A. glaucus, N. glabra ) to mitogillin. A second group of a
di�erent sequence pattern is found in the ribotoxins from A. clavatus, clavin and
c-sarcin (Parente et al., 1996; Huang et al., 1997). The sequence obtained from A.
viridinutans would fall among this group too. Finally, the third group would be
constituted by sequences of ribotoxins produced by di�erent A. giganteus strains,
a-sarcin and gigantin among them, as well as Penicillium ribotoxins described by
Lin et al. (1997). A. giganteus strains NRRL 1780 and NRRL 4763 are included
in this group.

4. Discussion

The results presented show that the occurrence of the a-sarcin-like ribotoxins is
much wider than expected, involving new Aspergillus strains, and another species
from a related genus, Neosartorya. Although the ®rst ribotoxins were discovered
more than 30 years ago (Olson and Goerner, 1965; Olson et al., 1965), the
question of the biological goal of ribotoxins has not been elucidated. Their
production is associated with the formation of conidiophores (Brandhorst and
Kenealy, 1992; Yang and Kenealy, 1992) and deters insect feeding on the fungus
(Brandhorst et al., 1996); thus, the ribotoxins may be a component of a natural
defence mechanism. In human infections, they are not essential virulence factors
(Paris et al., 1993; Smith et al., 1993, 1994), but they seem to be involved in the
pathogenicity of allergic bronchopulmonary aspergillosis (Kurup et al., 1994).

Fig. 7. Phylogenetic tree constructed with nucleotide sequences of Fig. 5, using the WET program (J.

Dopazo, TDI S.A., Madrid, Spain). The scale is in percentage of Jukes and Cantor distances.
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The wide distribution of these ribotoxins among some ®lamentous fungi raises
interesting questions concerning their evolution. It has been suggested that they
are naturally engineered toxins (Lamy et al., 1992; Kao and Davies, 1995),
evolved from fungal guanyl-speci®c ribonucleases, with which they share a
common folding motif (Campos-Olivas et al., 1996b; Yang and Mo�at, 1996) and
catalytic ribonucleolytic mechanism (Lacadena et al., 1998). During evolution,
they would have acquired ``extra'' coding regions that can be responsible for
additional molecular features such as speci®city against a single phosphodiester
bond in the ribosome and ability to translocate across membranes.

The study of the in¯uence of evolution in structure and activity of di�erent
RNases families is more advanced in the case of mammalian RNases, where two
families can be distinguished, represented by pancreatic RNase A and bovine
seminal RNase (Benner et al., 1997). Analysis of evolution between the two
families has permitted the identi®cation, by protein engineering, of the sequence
determinants for structural and functional di�erence among the two families
(Ciglic et al., 1998; Opitz et al., 1998). This relationship is not so well established
for microbial RNases.

Comparison of the primary sequences of ribotoxins obtained in this and
previous work permits the identi®cation of several groups according to their
phylogeny (Fig. 7). The similarity among these groups is still high (90% for the
fragment studied and 85% for the whole protein), presumably due to the high
speci®city of functions present in such a small structure, but we can clearly de®ne
at least three di�erent groups. The ®rst contains the Aspergillus giganteus and
Penicillium strains. The second one includes A. clavatus and A. viridinutans. The
third group contains the fungi producing ribotoxins more similar to mitogillin.
The ®rst two groups comprise proteins related to a-sarcin and seem to be
phylogenetically more distant from the latter (Fig. 6). Actually, the three groups
correspond quite well to morphologically de®ned groups (Raper and Fennel,
1965), close similarity to a-sarcin of the Penicillium ribotoxins (Lin et al., 1997) is
perhaps the most striking relationship.
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