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The discovery of toxin-secreting strains of the yeast 
Saccharomyces cerevisiae, and their phenotypic asso-
ciation with the presence of cytoplasmically inherited 
double-stranded RNA (dsRNA) viruses, marked the 
beginning of research into yeast virology in the early 
1970s1–3. At that time, it was shown that certain yeast 
strains secrete protein toxins that are lethal to sensitive 
strains. The toxin-secreting strains were designated 
‘killer yeasts’, and the term ‘killer toxin’ was used to 
describe the secreted proteins. Shortly after this dis-
covery, it became evident that toxin-producing killer 
strains have remarkable antimycotic activity and are 
not restricted to S. cerevisiae but are frequently found 
in other yeast and fungal species and genera4–6, includ-
ing Zygosaccharomyces bailii, Hanseniaspora uvarum 
and Ustilago maydis7–12. With the exception of toxin-
secreting strains of Z. bailii, killer-toxin production in 
yeast is usually associated with specific immunity to this 
toxin (reviewed in REFS 13,14).

The killer phenotype is not exclusively associated 
with dsRNA viruses and is also encoded by linear 
dsDNA plasmids (in Kluyveromyces lactis and Pichia 
acaciae)14 and chromosomally encoded (in Williopsis 
californica and Pichia farinosa)15,16. This article will deal 
only with the killer phenotype associated with dsRNA 
viruses, with the emphasis on S. cerevisiae.

The virus genomes
In S. cerevisiae, the killer phenotype is caused by an 
infection with cytoplasmic-persisting dsRNA viruses of 
the Totiviridae family, a member of the constantly grow-
ing class of mycoviruses, which are widely distributed 
among yeast and higher fungi17,18. So far, in S. cerevisiae 
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Virus-like particles 
Yeast and fungal viruses that 
are transmitted in vivo by 
cell-to-cell passage and lack a 
natural extracellular route of 
infection.

Heterokaryon
Coexistence of two or more 
genetically different nuclei in a 
common cytoplasm.

Ribosomal frameshift event 
A process used by many viral 
mRNAs that makes translating 
ribosomes change their 
reading frame by slipping one 
base in either the 5′ or 3′ 
direction. The frequency of 
ribosomal frameshift events is 
crucial for virus propagation 
and assembly, as it determines 
the stoichiometry of viral 
structural and enzymatic 
proteins.

three major killer viruses have been discovered (ScV-M1, 
ScV-M2 and ScV-M28), with each virus encoding a 
specific killer toxin (K1, K2 and K28, respectively) and 
a self-protective immunity component19–23. In each case, 
the killer phenotype requires the presence of two differ-
ent dsRNA viruses: an L-A helper virus and the toxin-
coding (M) killer virus. In vivo, both dsRNA genomes 
are separately encapsidated into virus-like particles (VLPs) 
that stably persist in the cytoplasm of the infected yeast 
cell. The L-A virus alone does not confer a phenotype 
upon its host nor does it lead to cell lysis or slow cell 
growth. All known fungal viruses spread horizontally by 
cell–cell mating or heterokaryon formation.

As summarized in TABLE 1, the linear dsRNA genome 
of the L-A helper virus contains two open reading frames 
(ORFs) on its positive strand: ORF1 encodes the major 
capsid protein, Gag, which is necessary for encapsidation 
and viral particle structure, and ORF2 encodes the RNA-
dependent RNA polymerase Pol, which is expressed as 
a Gag–Pol fusion protein by a −1 ribosomal frameshift 
event24–27. In contrast to L-A, each of the three known 
S. cerevisiae M virus dsRNA genomes contains a single 
ORF coding for a preprotoxin (pptox), the unprocessed 
precursor of the mature secreted killer toxin, which also 
confers functional immunity (TABLE 1). As each toxin-
coding M virus depends on the coexistence of an L-A 
helper virus for stable maintenance and replication, 
M viruses resemble classical satellite viruses of L-A. The 
presence of all three killer virions in a single yeast cell 
does not occur in vivo, as the toxin-coding M genomes 
exclude each other at the replicative level; the underlying 
mechanism of this exclusion is still unknown. However, 
this limitation can be bypassed in vitro by introducing 
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Satellite viruses 
Encapsidated viruses or virus-
like particles composed of 
structural and enzymatic 
proteins that are encoded by a 
helper virus.

Conservative replication 
Parental RNA strands remain 
associated, and the codogenic  
positive-strand RNA is made 
first, followed by negative-
strand synthesis on the 
positive-strand RNA template.

cDNA copies of the K2 and K28 pptox genes into a natu-
ral K1 killer, resulting in stable ‘triple-killer’ strains that 
produce three different killer toxins and simultaneously 
express triple toxin immunity28–30.

Viral replication cycle
Intensive studies, mainly in the labs of Reed Wickner 
and Jeremy Bruenn, have shown that L-A virions are 
non-infectious icosahedral particles with a diameter of 
39 nm that show many striking similarities to mammalian 
reoviruses and rotaviruses31–34. Each L-A virion consists 
of a single copy of the 4.6-kb L-A dsRNA genome, which 
is encapsidated by 60 asymmetric dimers of the 76-kDa 
coat protein Gag and two copies of the 171-kDa Gag–Pol 
fusion protein. During the conservative replication cycle of 
L-A, a single-stranded positive-strand RNA ((+)ssRNA) 
is transcribed and subsequently extruded from the virion 
into the yeast-cell cytoplasm35–37. On the one hand, this 
(+)ssRNA serves as an mRNA for translation into the 
viral proteins Gag and Gag–Pol; on the other hand, it 
serves as an RNA template that is packaged into new viral 
particles (FIG. 1). Once viral coat assembly is completed, 
Gag–Pol functions as a replicase, synthesizing a new 

negative strand and generating the dsRNA genome of the 
mature virus,  completing the viral replication cycle. The 
replication cycle of the toxin-coding M viruses resembles 
that of L-A, with the exception that each M virion can 
accept two copies of the smaller M dsRNA genome before 
the toxin-coding transcripts are extruded into the cyto-
plasm, a phenomenon that has been described as ‘headful 
packaging’38,39 in analogy to some DNA bacteriophages.

Precursor processing and toxin secretion
In yeast harbouring a killer virus, the toxin-encoding 
(+)ssRNA transcript is translated in the cytoplasm into 
a pptox that subsequently enters the secretory pathway 
for further processing, maturation and toxin secretion. 
In a eukaryotic cell, the secretory pathway is an essential 
pathway for newly synthesized proteins that are destined 
for the extracellular space, the plasma membrane or 
endocytic compartments including endosomes, vacuoles 
and lysosomes. Entry into this pathway is mediated by 
a hydrophobic signal sequence at the N terminus of the 
protein that directs co- and/or post-translational import 
into the endoplasmic reticulum (ER), where the environ-
ment is optimized for protein folding and maturation.

Table 1 | Viral dsRNA genomes in S. cerevisiae and Z. bailii killer strains

Virus Virus function dsRNA (kb) Encoded protein(s) Ref.

ScV-L-A Helper virus 4.6 Gag, major capsid protein; Pol, RNA-dependent RNA 
polymerase (expressed in vivo as Gag–Pol fusion protein)

24

ScV-M1 Satellite virus (‘killer’ virus) 1.6 K1 preprotoxin (unprocessed K1 toxin precursor and 
immunity determinant)

19

ScV-M2 Satellite virus (‘killer’ virus) 1.5 K2 preprotoxin (unprocessed K2 toxin precursor and 
immunity determinant)

20

ScV-M28 Satellite virus (‘killer’ virus) 1.8 K28 preprotoxin (unprocessed K28 toxin precursor and 
immunity determinant)

40

ZbV-M Satellite virus (‘killer’ virus) 2.1 Zygocin preprotoxin (unprocessed toxin precursor) 76
dsRNA, double-stranded RNA; Sc, Saccharomyces cerevisiae; Zb, Zygosaccharomyces bailii.

Figure 1 | Replication cycle of a toxin-encoding killer virus and its helper virus in the cytoplasm of a killer yeast. 
The killer virus (M) and the helper virus (L-A) are both double-stranded RNA (dsRNA) viruses. They compete for the 
L-A-encoded viral proteins Gag and Gag–Pol, which are essential for (a) single-stranded RNA (ssRNA) encapsidation, 
(b) virion assembly, (c) negative-strand RNA synthesis (replication), (d) positive-strand RNA synthesis (transcription) and 
extrusion from the particles into the cytosol, (e) ssRNA translation and (f) ssRNA binding.
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Fluid-phase endocytosis 
A receptor-independent 
process by which eukaryotic 
cells internalize portions of 
their cell surface to remove 
cargo such as proteins, lipids or 
solutes from the external 
environment. In yeast, 
accumulation of Lucifer yellow 
in the vacuole is used as a 
marker for fluid-phase 
endocytosis.

In the case of a yeast killer toxin, the unprocessed 
toxin precursor consists of an N-terminal signal 
sequence, which is necessary for pptox import into the 
lumen of the ER, followed by the α- and β-subunits of 
the mature toxin separated from each other by a poten-
tially N-glycosylated γ-sequence (FIG. 2). During passage 
through the yeast secretory pathway, the toxin precursor 
is enzymatically processed to the biologically active α/β 
heterodimer in a way that is homologous to prohormone 
conversion in mammalian cells40,41. In a late-Golgi com-
partment, the N-glycosylated γ-sequence is removed 
by the action of the furin-like endopeptidase Kex2p 
(REF. 42), the C terminus of the β-subunit is trimmed by 
the carboxypeptidase Kex1p, and the biologically active 
protein is secreted into the culture medium as an α/β 
heterodimer in which the subunits are covalently linked 
by one or more disulphide bonds (FIG. 2). In the case of 
the K28 toxin precursor, the C terminus of the β-subunit 
contains a four-amino-acid epitope that represents a clas-
sical ER-retention signal (HDELR), which is normally 

found on soluble proteins resident in the ER lumen. 
As this signal is initially masked by a carboxy-terminal 
arginine residue, ER retention of the toxin precursor is 
effectively prevented until the protoxin enters the late-
Golgi compartment and Kex1p cleavage uncovers the 
retention signal43.

Uptake of K28 toxin and retrograde transport
To date, the yeast K28 toxin is the sole example of a killer 
toxin that is taken up by endocytosis after binding to 
the surface of a sensitive cell44. Yeast mutants that are 
blocked in the early steps of both fluid-phase endocytosis 
and receptor-mediated endocytosis are toxin resistant, as 
the toxin cannot enter the cell and reach its final target 
compartment. Although the K28 membrane receptor has 
not yet been identified, there is growing evidence that 
it might be the cellular HDEL receptor Erd2p, which 
co-localizes — in low copy number — to the cytoplas-
mic membrane (J. Spindler, S. Heiligenstein and M.J.S., 
unpublished data). In accordance with this assumption, 

Figure 2 | Preprotoxin processing and toxin secretion in the yeast secretory pathway. After in vivo translation of 
the preprotoxin-coding killer virus transcript, the toxin precursor is post-translationally imported into the lumen of the 
endoplasmic reticulum (ER) with the help of cytosolic chaperones (Ssa1p–Ssa4p). Following import into the ER through 
the Sec61p pore complex, signal peptidase (SP) cleavage removes the N-terminal secretion signal (pre-region), and 
protoxin folding is initiated and catalysed by the action of the Hsp70 chaperones BiP (Kar2p) and calnexin (Cne1p). The 
intervening γ-sequence is core-N-glycosylated, and a single disulphide bond between α and β is generated by the action 
of protein disulphide isomerase, Pdi1p. In a late-Golgi compartment, the Kex2p endopeptidase removes both the pro-
region and the intramolecular γ-sequence, whereas carboxypeptidase Kex1p cleavage trims the C termini of both 
subunits, leading to the secretion of mature α/β toxin, the β-C-terminal HDEL motif of which is uncovered and, therefore, 
accessible for interaction with the HDEL receptor of the target cell.
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Coat proteins 
Molecules that form a 
proteinaceous coating around 
vesicles that are involved in 
endoplasmic-reticulum and 
Golgi trafficking.

ER-associated degradation 
A cellular quality-control 
system that ensures removal of 
misfolded and/or unassembled 
proteins from the endoplasmic-
reticulum lumen and their 
subsequent elimination by the 
cytoplasmic ubiquitin–
proteasome system.

K28-toxin-treated cells that lack the HDEL receptor 
are K28 resistant, accumulate the toxin at the plasma 
membrane and are incapable of internalizing the toxin44. 
Interestingly, this phenotype is reflected in a mutated K28 
derivative that lacks the β-C-terminal HDEL sequence; 
this toxin is inactive and unable to enter cells43. 

Once the toxin has been internalized and targeted to 
an early endosomal compartment, it travels the secretion 
pathway in reverse and enters the yeast-cell cytoplasm. 
This retrograde transport is mediated by the coat protein 
COPI and the HDEL ER-targeting motif at the C termi-
nus of the β-subunit, which is exposed after Kex1p cleav-
age, as discussed above. In yeast and higher eukaryotes, 
H/KDEL-carrying proteins resemble resident proteins 
of the ER lumen that are recognized and subsequently 
recycled from an early Golgi compartment back to the 
ER by an ER-membrane-bound H/KDEL receptor45,46. 
In the case of the K28 virus toxin, this sequence allows 
retrograde transport through the Golgi and ER, and 
ensures that the toxin can enter the cytoplasm and sub-
sequently transduce its lethal signal into the nucleus. The 
disulphide bond that covalently links the two subunits 
of the heterodimeric toxin is believed to be important in 
ensuring accessibility of the β-C-terminal ER-targeting 
signal to the HDEL target-cell receptor43.

The strategy of using endocytosis and retrograde 
transport is a common phenomenon for many bacte-
rial protein toxins47. Pseudomonas exotoxin A, for 
instance, has also been shown to be internalized by 
receptor mediated endocytosis, followed by reverse 
secretion through the Golgi and ER. As many other 
microbial A/B toxins, such as the Escherichia coli toxins 

heat-labile enterotoxin and Shiga toxin, contain puta-
tive ER -retention signals at their C termini, H/KDEL-
dependent mechanisms seem to have general importance 
for toxin entry into eukaryotic target cells48–50. In this 
respect, the main difference between the virally encoded 
K28 killer toxin and most bacterial A/B toxins is that K28 
itself is produced and secreted by a eukaryotic cell, and 
therefore the ER-targeting signal at the β-C-terminus 
is initially masked by a terminal arginine residue. This 
strategy ensures that the viral toxin can successfully pass 
through the early secretory pathway. Once it has reached 
a late Golgi compartment, the terminal arginine residue 
is no longer needed for intracellular toxin transport 
and is cleaved by Kex1p. Consequently, expression of a 
truncated pptox in which the carboxy-terminal arginine 
has been deleted results in a loss of toxicity as the toxin 
is retained in the ER43,44.

Retrotranslocation of K28 from the ER. Once the toxin 
has reached the ER, it is retrotranslocated to the cytosol, 
from where it transduces the toxic signal into the nucleus 
(FIG. 3). ER-to-cytosol export of K28 is mediated by the 
Sec61p complex (termed the translocon), a major trans-
port channel in the ER membrane of yeast and higher 
eukaryotes44,51. In yeast, each translocon contains a core 
heterotrimeric complex consisting of the trans membrane 
protein Sec61p and two smaller subunits, Sbh1p and 
Sss1p (REF. 52). In addition to being the main channel 
for co-translational and post-translational protein 
import into the ER, Sec61p is also involved in the export 
and removal of misfolded proteins from the secretory 
pathway and their subsequent proteasomal degrada-
tion in the cytosol53–55. This mechanism is an important 
quality-control system in the ER of eukaryotes which 
ensures that only correctly folded proteins reach their 
final destination. Native proteins that successfully passed 
this ‘proof-reading’ checkpoint are further transported 
through the secretory pathway, whereas non-native pro-
teins and incompletely assembled conformers are even-
tually sorted for ER export and proteasomal degradation 
in a process called ER-associated degradation (ERAD)56. 
Sec61p as a central component of ER export and ERAD 
has been shown to be responsible for ER retrotransloca-
tion of plant and microbial A/B toxins such as ricin57, 
cholera toxin58 and Pseudomonas exotoxin A59, as well 
as the yeast K28 virus toxin44. However, in contrast to 
most H/KDEL-carrying microbial toxins, ER-to-cytosol 
translocation of K28 does not depend on ERAD and, 
consequently, yeast mutants defective in ‘classical’ ERAD 
components show wild-type sensitivity6.

Yeast cells carrying a mutated Sec61p translocon, and 
yeast sec63 mutants, are toxin resistant owing to a block 
in toxin retrotranslocation to the cytosol44. Recently, it 
was shown that this Sec61p/Sec63p-mediated ER-to-
cytosol export depends on the action of the lumenal ER 
chaperone Kar2p (binding protein or BiP), to ensure that 
the heterodimeric toxin is competent for translocation44. 
However, neither well-known ERAD components nor 
components of the ubiquitin/proteasome degradation 
machinery are involved in K28 translocation to the 
cytosol6,60 (FIG. 3). So far, the component(s) near the 

Figure 3 | Endoplasmic-reticulum-to-cytosol retrotranslocation of the 
heterodimeric K28 toxin and lethal effect in the yeast nucleus. After endocytotic 
uptake and retrograde transport through the Golgi and endoplasmic reticulum (ER), 
the toxin is gated through the major export channel (Sec61p) with the help of the 
lumenal ER chaperone Kar2p. In the cytosol, the β-subunit is ubiquitinated and 
proteasomally degraded, whereas the α-subunit enters the nucleus. Through the 
toxin’s interaction with essential cellular proteins that are normally involved in 
eukaryotic cell-cycle control, the toxin kills the host cell by irreversibly blocking DNA 
synthesis. Cellular components of the ER quality-control pathway ERAD (such as 
Cue1p, Ubc7p, Der3p/Hrd1p, Ubc6p and Der1p) are not involved in ER-to-cytosol 
export of the toxin (ERAD components are shown in grey).
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Patch clamping
Technique whereby a small 
electrode tip is sealed onto a 
patch of cell membrane, 
making it possible to record 
the flow of current through 
individual ion channels or 
pores in the patch.

Spheroplasts 
Yeast cells the cell wall of which 
has been enzymatically 
removed to increase the 
efficiencies of DNA 
transformation or virus-like-
particle transfection.

ER membrane that are required, or sufficient, for toxin 
exit through the Sec61p complex are still unknown, 
and it is not known whether toxin ubiquitination and 
proteasomal degradation generates the driving force for 
retrograde transport through the ER membrane. In this 
respect, it is interesting to note that a pptox variant that 
lacks all internal lysine residues is still processed in vivo 
to a biologically active α/β toxin, indicating that toxin 
retrotranslocation from the ER might be independent of 
ubiquitination (F.B. et al., unpublished data). Once in the 
cytosol (at the cytosolic face of the ER), the β-subunit is 
subsequently ubiquitinated and targeted for proteasomal 
degradation, whereas the α-subunit enters the nucleus 
and causes cell death (see below).

Mode of killer-toxin action
Viral killer toxins kill sensitive yeast in a receptor-mediated 
process by interacting with receptors in the yeast cell wall 
and cytoplasmic membrane. The initial step involves fast, 
energy-independent binding to a primary toxin receptor, 
R1, in the mannoprotein or β-1,6-glucan fraction of the 
cell wall61,62. It has been speculated that toxin binding to 
R1 either concentrates the toxin at the level of the cell wall 
or mediates close contact between the toxin and the tar-
get cell membrane. Susceptible strains can become toxin 
resistant by chromosomal mutations in a set of genes that 
encode proteins involved in the structure and assembly 
of the yeast cell wall63. The second, energy-dependent 
step involves toxin translocation to the cytoplasmic 
membrane and interaction with a secondary membrane 
receptor, R2. To date, only the membrane receptor for 
toxin K1 has been identified — Kre1p, an O-glycosylated 
yeast cell-surface protein which is initially anchored 
to the plasma membrane through a glycosylphosphatidyl-
inositol (GPI) anchor and is involved in both β-1,6-glucan 
biosynthesis and assembly of the K1 cell-wall receptor64,65. 
After reaching the plasma membrane, ionophoric virus 
toxins such as K1 and zygocin (the latter toxin is produced 
by Z. bailii) disrupt cytoplasmic membrane function by 
forming cation-selective ion channels, whereas K28 toxins 
block DNA synthesis and arrest cells in early S phase of 
the cell cycle, creating a medium-sized bud and a single, 
pre-replicated nucleus in the mother cell66–68. Both of these 
mechanisms are discussed in more detail below.

Ionophoric virus toxins
K1 toxin. K1-toxin-induced ion-channel formation in 
yeast membranes was initially reported using patch-
clamping techniques, and was thought to be a result of 
direct toxin action68. However, this observation is incon-
sistent with the resistance found in immune spheroplasts, 
and no receptor-independent channels were observed in 
a recent study in which it was shown that K1 activates 
Tok1p potassium channels in yeast membranes as well as 
in Tok1p-expressing Xenopus oocytes69. These channels 
were postulated to be required for the lethal interaction 
of K1 with the plasma membrane and, further more, to 
be potential K1 membrane receptors. It was assumed that 
exposure of Tok1p channels to K1 at the cytosolic face of 
the plasma membrane would prevent channel activation 
from the external face, and this was postulated to be the 

mechanism of K1 toxin immunity70. However, several 
studies have subsequently shown that Tok1p channels are 
neither the K1 membrane receptor nor the primary toxin 
target, nor are they responsible for K1 immunity64,71,72. 
Any effect on Tok1p channels is, therefore, likely to be a 
late secondary event and is probably not the physiologi-
cally relevant lethal mechanism of the K1 virus toxin. So, 
the primary target of K1 and its molecular mode of cell 
killing remain obscure.

Zygocin. Zygocin is a monomeric antifungal protein 
toxin that is secreted by virus-infected strains of the 
osmo tolerant yeast Z. bailii. Its broad killing spectrum 
encompasses phytopathogenic and human-pathogenic 
yeast and fungi, including Candida albicans, Candida 
glabrata, Candida tropicalis, Sporothrix schenckii 
and the filamentous fungi Fusarium oxysporum and 
Colletotrichum graminicola73. Similar to the ionophoric 
activity of K1, zygocin negatively affects plasma-
membrane permeability in vivo, although the kinet-
ics of zygocin-mediated membrane permeabilization 
are much faster, and equivalent molar amounts of K1 
require a significantly prolonged time span to achieve 
a comparable reduction in cell viability68,73. The iono-
phoric mode of zygocin action is reinforced by in silico 
sequence analysis74, which shows the presence of a 
stretch of potential α-helical conformation that forms 
an amphipathic structure characteristic of various 
membrane-disturbing antimicrobial peptides such as 
alamethicin, melittin and dermaseptin. Zygocin also 
contains a transmembrane helix at the C terminus 
that is predicted to favour a membrane-permeabilizing 
potential, not by activating native ion channels but 
instead by establishing pores itself after toxin oligomeri-
zation (FIG. 4). It has been postulated, therefore, that the 
hydrophobic region in the amphipathic α-helix of 
zygocin is responsible for toxin binding to the yeast-cell 
surface. Initial toxin adsorption would only be limited by 
the toxin’s ability to overcome the cell-wall barrier or 
by additional physicochemical factors that affect 
zygocin’s hydrophilic–hydrophobic transition from the 
aqueous medium to the cytoplasmic membrane. Therefore, 
the postulated model of zygocin action (FIG. 4) resembles 
the mechanism of toxicity of certain α-defensins of 
human origin75. Although non-specific toxin binding 
seems to be essential, it is not sufficient to initiate cell 
killing, as zygocin-producing cells can bind toxin at 
the plasma-membrane level without being sensitive to 
the toxin76. In analogy to alamethicin, the toxic effect of 
zygocin could be mediated by incorporation of its trans-
membrane helix into the plasma membrane, a process 
solely driven by the natural transmembrane potential of 
the energized yeast plasma membrane77,78.

This mode of action, along with its rapid energy-
dependent toxicity, shows striking similarities to 
membrane-disturbing peptides produced by virtually 
all higher eukaryotes79,80. There are few mechanisms of 
resistance against antimicrobial peptides, and these are 
mostly limited to changes in the composition of the cyto-
plasmic membrane. In contrast to higher eukaryotic cells, 
the outer leaflet of microbial membranes is enriched in 

R E V I E W S

216 | MARCH 2006 | VOLUME 4  www.nature.com/reviews/micro



© 2006 Nature Publishing Group 

D3 D2

D1

Polar + – + – + –

+ – + – + –

Non-polar

Cell wall

Cell membrane

D3 D2

D1

D1

a

b

c

d

R1

R1

R1

D
3

D2

Ergosterol 
The main sterol in the cell 
membranes of yeast that is 
responsible, and essential, for 
structural and regulatory 
membrane features such as 
fluidity and permeability 
(equivalent to cholesterol in 
mammalian cells).

Nuclear-localization 
sequence 
A short sequence in a protein, 
rich in basic residues, which 
acts as a signal for localization 
of the protein in the nucleus.

Importins 
A family of proteins that 
transport macromolecules into 
the nucleus.

negatively charged lipids. Owing to the cationic net charge 
of antimicrobial peptides (including zygocin), there might 
be an affinity for these lipids, facilitating toxin adsorption 
to the target membrane. So it was rather surprising when 
species of Morganella and Serratia were discovered that 
showed a resistant phenotype to antimicrobial peptides 
that was triggered by a reduction in negatively charged 
lipids in the plasma membrane81. In agreement with this 
observation, mutants of Staphylococcus aureus that have 
a more negatively charged membrane than the wild-type 
are more susceptible to antimicrobial peptides, reflect-
ing significantly improved membrane binding of cationic 
antimicrobial peptides82.

The recent finding that deletions in the chromosomal 
yeast genes PDR16 and PDR17 cause a dramatic decrease 
in zygocin sensitivity at the plasma-membrane level will 
be extremely valuable in further elucidating its molecu-
lar mode of action (F. Weiler and M.J.S., unpublished 
data). The corresponding gene products affect plasma-
membrane lipid composition which, in turn, causes a 
significant decrease in the sensitivity of yeast ∆pdr16 and 
∆pdr17 mutants to various toxic substances83. Owing to 
a dramatic reduction in membrane sterol concentration, 
yeast pdr16 mutants are significantly more sensitive to 
azole antimycotics, which interfere with ergosterol bio-
synthesis84. However, whereas the proportion of nega-
tively charged lipids is severely decreased in a ∆pdr16 
knock-out mutant, the opposite effect can be seen in a 
yeast ∆pdr17 mutant83. As the same studies indicated 
that Pdr16p/Pdr17p activity is limited to the composi-
tion of the cytoplasmic membrane, it can be assumed 
that changes in plasma-membrane lipid composition 
are exclusively responsible for the reduced zygocin 
sensitivity of yeast pdr16/pdr17 mutants. In contrast to 
K1, a zygocin-specific membrane receptor has not yet 
been identified, and the effect of a pdr16/pdr17 muta-
tion cannot be attributed to the absence of a particular 
membrane lipid or a single membrane-docking protein. 
However, membrane-permeabilizing proteins do not 
necessarily require a specific secondary membrane 
receptor or docking protein, as has recently been shown 
for the antimicrobial polypeptide DmAMP1 produced by 
Dahlia merckii. The cytocidal effect of this antimicrobial 
protein, which belongs to the diverse group of defensins, 
depends on sphingolipid-containing membranes85. 
Therefore, knowledge of the molecular structure of the 
zygocin protein is required to gain deeper insight into its 
native conformation and in vivo toxicity.

K28 toxin. As the cytotoxic α-subunit of K28 is only 
10.5 kDa, it can enter the nucleus by passive diffusion 
without the need for an active nuclear import machin-
ery67. However, if the α-subunit is additionally modified 
and extended by a classical nuclear-localization sequence 
(NLS), the in vivo toxicity is significantly enhanced 
owing to faster and more efficient nuclear import medi-
ated by α/β importins in the host cell (F. Reiter and M.J.S., 
unpublished data). Once in the nucleus, K28-α specifi-
cally interacts with host proteins that are essential in 
eukaryotic cell-cycle control and progression as well as 
in initiating DNA synthesis in early S phase. Therefore, 

because K28 targets essential and evolutionarily con-
served host proteins with basic cellular functions, 
resistance mechanisms based on mutations in essential 
chromosomal genes rarely occur in vivo, and so the K28 
virus toxin has developed an ‘intelligent’ strategy to 
effectively penetrate and kill its target cell.

Toxin-induced apoptosis
In yeast, apoptotic markers such as DNA fragmen-
tation, chromatin condensation, exposure of phos-
phatidylserine on the outer surface of the plasma 
membrane, accumulation of reactive oxygen species 
(ROS) and phenotypic changes can be induced by 

Figure 4 | Model of zygocin–membrane interaction. 
This model is based on experimental data, in silico structure 
prediction and analogy to antimicrobial peptides of higher 
eukaryotes. (a) Shows the domain structure of zygocin; 
(b), unspecific adsorption of the non-polar side of the 
α-helix (D2) after overcoming the cell-wall barrier by 
binding to the cell-wall mannoprotein R1 receptor (through 
domain D1) and recognition of a putative membrane 
receptor or docking protein; (c), membrane insertion of 
domain D3 driven by the transmembrane potential of the 
target cell and formation of a transmembrane helix; 
(d), toxin oligomerization by self-assembly and subsequent 
plasma-membrane permeabilization.
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One of two peptide hormones 
in Saccharomyces cerevisiae 
that are responsible for 
synchronized mating between 
yeast cells of opposite mating 
type. 

various factors such as H2O2, cell ageing, acetic acid 
and α-factor pheromone treatment86–89. Interestingly, 
active cell death can also be induced by treating yeast 
with low doses of viral killer toxins, whereas high toxin 
concentrations prevent apoptosis and cause necrotic 
cell killing90. Phenotypic analysis of the pronounced 
toxin hypersensitivity in glutathione-deficient yeast 
mutants further confirmed that ROS accumulation is 
the actual trigger of apoptosis in toxin-treated yeast, as 
it is known that glutathione acts as a redox buffer that 
protects cells from damage by reducing the amount 
of ROS91. Although apoptosis is clearly not the pri-
mary lethal effect of viral killer toxins, a chromosomal 
deletion in the yeast caspase 1 gene YCA1 — which 
encodes a protein that is required for apoptotic host-
cell responses92 — results in markedly reduced toxin 
sensitivity; therefore, mutations in YCA1 can rescue 
cells from K28-mediated toxicity. Based on all these 
observations, it can be concluded that in the natural 
environment of killer yeast, where the toxin concentra-
tion is usually low, the induction of apoptosis has a 
crucial, if not essential, role in efficient toxin-mediated 
cell killing90.

Toxin immunity
In addition to the fact that the primary toxin target has 
yet to be identified, the question of how immunity is 
realized in vivo has still to be answered and remains 
the most intriguing aspect of the killer phenomenon. 
In killer yeast, functional immunity is essential for cell 
survival, as the toxins exclusively target and inhibit 
eukaryotic cell functions. This is in contrast to bac-
terial protein toxins such as cholera toxin and Shiga 
toxin, which selectively kill eukaryotes, therefore 
making immunity and self-defence in a prokaryotic 
host dispensable.

Immunity to K1. It has been speculated that K1-toxin 
immunity might be conferred by the toxin precursor itself 
acting as a competitive inhibitor of the mature toxin by 
saturating or eliminating the plasma-membrane recep-
tor that normally mediates toxicity. It was also shown 
that in vivo expression of a toxin-coding cDNA in a 
∆kex2 null mutant that is deficient in pptox processing 
and, therefore, unable to release the α- and β-subunits 
from the intervening γ-sequence results in immune 
non-killers93–96. Based on these observations, a model 
for K1 immunity was proposed in which either loss or 
modification of the toxin’s secondary plasma-membrane 
receptor causes immunity. When it was shown that the 
expression of a cDNA copy of the pptox was sufficient to 
confer immunity, it was postulated that the γ-component 
of the toxin precursor might not only act as an intramo-
lecular chaperone, ensuring proper pptox processing 
in the secretory pathway, but might also provide some 
sort of ‘masking’ function by protecting membranes of 
toxin-producing cells against damage by the hydrophobic 
α-subunit97.

Later, a more plausible model was proposed, in which 
it was speculated that immunity in a K1 killer cell results 
from an interaction of the toxin R2 receptor (Kre1p) with 

the K1 protoxin during secretion, leading to diversion 
of the receptor–protoxin complex to the vacuole95. This 
model was further strengthened by phenotypic analyses 
of various mutant pptox derivatives, which clearly indi-
cated that the α-toxin was the lethal component and that 
its secretion in the mature form caused severe growth 
inhibition, whereas secretion of the α-toxin fused to an 
N-terminal fragment of the γ-subunit was sufficient to 
confer immunity98. The dependence of immunity on 
diversion of the putative membrane receptor to the vacu-
ole is consistent with the defect in immunity observed 
in many vps mutants, which are known to be blocked in 
various steps of vacuolar protein sorting99.

The membrane receptor for K1 has been identified 
as Kre1p, a cell-surface protein involved in the synthesis 
of the cell-wall component β-1,6-glucan64. Immunity 
apparently does not involve loss of the membrane recep-
tor but affects a step downstream of binding to Kre1p. 
Given that the recently proposed immunity mecha-
nism in which K1 leads to an internal blockage of the 
potassium channel Tok1p (REF. 70) is unlikely to be of 
physiological relevance, the precise mechanism of K1 
immunity still remains obscure.

Immunity to K28. The terminal phenotype of K28-
treated cells (inhibition of DNA synthesis and cell-
cycle arrest) indicates that the lethal effect begins in 
the nucleus. Nevertheless, toxin-producing cells are 
effectively protected against the toxin. Recently, the 
mechanism of K28 immunity has been elucidated at 
the molecular level100. Taking into account the fact that 
toxicity involves endocytotic uptake and retrograde 
toxin transport, K28 immunity could involve interac-
tion of external, internalized toxin with toxin that is 
being secreted to the cell surface at the same time in 
the secretory pathway of an immune cell. This is not 
the case, however, as immune cells can still take up 
external toxin and translocate it back to the cytosol, 
indicating that immunity manifests in the cytosol. The 
simulta neous presence of both the re-internalized α/β 
toxin and its pptox precursor in the cytosol of a killer 
yeast indicates that an interaction between K28 and 
pptox might be the key step in toxin immunity. In fact, 
such a complex has recently been purified in vivo100. 
According to the model postulated for K28 immunity 
(FIG. 5), the K28 pptox is initially translated from the 
killer-virus transcript on free ribosomes. Thereafter, 
it is post-translationally translocated into the secre-
tory pathway, where it is processed into the α/β 
hetero dimeric toxin, which is secreted into the culture 
medium. Consistent with the important role of post-
translational pptox import into the ER, K28 immunity 
is negatively affected and severely impaired when the 
natural ER-import signal in K28 pptox is replaced by 
the co-translational signal sequence of K1 pptox100.

In addition to pptox import into the secretory path-
way and K28 toxin secretion, the killer cell can also take 
up external toxin (either self-produced or produced by 
other K28 killer cells) and transport it in a retrograde 
fashion from the Golgi to the ER. After reaching the ER, 
the toxin translocates to the cytosol and rapidly forms a 
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complex with pptox molecules that have not yet been 
imported into the ER. In this complex, the K28 hetero-
dimer is selectively ubiquitinated and proteasomally 
degraded. In this way, at least part of the pptox moiety 
of the complex is released and can either be imported 
into the ER or complexed with a newly internalized 
K28 heterodimer. Interestingly, selective blockage of 
proteasomal degradation causes a dramatic decrease in 
toxin secretion, as effective degradation of the generated 
K28–pptox complex is prevented, less pptox is available 
for ER import, and the remaining pptox is unable to fully 
complex internalized, heterodimeric toxin. Therefore, 
proteasomal mutants become partially sensitive to K28. 
Interestingly, the amount of cytosolic ubiquitin has a cru-
cial role in toxin immunity, and increasing free ubiquitin 
(by overexpression of mutated ubiquitin unable to form 
polyubiquitin chains) results in a significant decrease 

in toxin secretion. Under such conditions, cytosolic 
pptox is primarily monoubiquitinated and incompetent 
for either ER import or complex formation with the 
re-internalized heterodimeric toxin100. Such a scenario 
generates a killer yeast that is no longer protected against 
its own toxin. Vice versa, decreasing cytosolic ubiquitin 
by blocking protein deubiquitination (as in a ∆doa4 
mutant) causes an increase in toxin secretion and immu-
nity is not impaired, as sufficient pptox is available for 
K28 complex formation. This simple mechanism ensures 
that a toxin-producing killer yeast is effectively protected 
against the lethal action of its own toxin.

Concluding remarks
Over the years, much has been learned about eukaryo-
tic cell biology by studying virus-infected killer yeasts 
and dissecting toxin maturation and secretion. In the 

Figure 5 | Model of protective immunity in a K28-toxin-secreting killer yeast. In the cytosol of a K28-producing 
killer yeast, the unprocessed preprotoxin — encoded by the M28 double-stranded RNA killer virus — complexes with the 
mature α/β toxin that has been re-internalized and transported in a retrograde manner through the secretory pathway. 
In the in vivo generated complex of the toxin precursor and the mature α/β toxin, the β-subunits in the complex are 
(poly)ubiquitinated (Ubx) and rapidly degraded by the proteasome. Part of the toxin precursor escapes from being 
ubiquitinated and degraded, and can therefore serve either as template for preprotoxin import into the endoplasmic 
reticulum (ER) and toxin secretion or as an immunity component to form a complex with the re-internalized α/β toxin. 
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case of the K28 virus toxin, various important cellu-
lar processes have been studied in detail — including 
retrograde protein transport and retrotranslocation, 
ubiquitination and proteasomal degradation, and even 
apoptotic host-cell responses — that not only are fun-
damental to eukaryotic cell biology but also relevant to 
human disease. However, there are still many open and 

unresolved questions, and future research is needed to 
adequately address each aspect. Based on the strategy of 
microbial A/B toxins to enter and penetrate a eukaryotic 
target cell, it might be possible in future to specifically 
design chimaeric toxin variants that function as novel 
vehicles for protein import and retrograde transport in 
eukaryotic cells.
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