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Influence of Kexlp and Kex2p proteases on the
function of Saccharomyces cerevisiae K2 preprotoxin
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Studies of dependence of Saccharomyces cerevisiae K2 killing and immunity
properties modulated by the action of Kexlp and Kex2p enzymes showed
that the lack of Kexlp carboxypeptidase 10 times decreased toxin activity,
and the deficiency of Kex2p endopeptidase completely removed killing abi-
lity. The obtained data confirm requirement of both Kexlp and Kex2p pep-
tidases for functional K2 toxin production. The immunity of mutated strains
bearing the K2 killer gene was investigated by evaluating the amount of
viable cells subjected to the externally applied K2 toxin. K2-specific immu-
nity was found to be completely independent of the action of Kexlp and
slightly dependent on Kex2p functioning, suggesting not only the importance
of precursor in resistance formation, but also of toxin involvement.
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INTRODUCTION

In Saccharomyces cerevisiae, the killer phenotype is cau-
sed by an infection with cytoplasmic-persisting dsRNA
viruses of the family Totiviridae, a member of the cons-
tantly growing class of mycoviruses which are widely
distributed among yeast and higher fungi [1]. Until now,
three killer types (K1, K2 and K28) have been identi-
fied, of which K1 and K28 have been studied most
extensively [2]. Members of all these groups are capab-
le of killing non-killer as well as killer yeast of the
opposite killer class, remaining immune to their own
toxin and to the strains belonging to the same killer
group [1, 2]. Each killer toxin is translated as a pre-
protoxin precursor (pptox) consisting of an N-terminal
signal sequence which is necessary for pptox import
into the lumen of the ER, followed by the o- and
[B-subunits of the mature toxin separated from each ot-
her by a potentially N-glycosylated y-sequence [3]. Du-
ring passage through the yeast secretory pathway, the
toxin precursor is enzymatically processed to the biolo-
gically active o / B heterodymer [4, 5]. The N-glyco-
sylated y-sequence is removed by the action of the fu-
rin-like endopeptidase Kex2p, and the C terminus of
the B-subunit is trimmed by the carboxypeptidase Kex1p
[1, 5, 6]. In case of K28 toxin precursor, the C termi-
nus of the B-subunit contains four amino acid-epitope
that represent a classical ER-retention sygnal (HDELR)
marked by a carboxyterminal arginine residue and un-
covered after Kexlp cleavage [7].
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Yeast killer toxins exert their lethal effect in a re-
ceptor-mediated fashion. K1 disturpts cytoplasmic memb-
rane function by forming cation-selective ion channels
[8], whereas K28 enters its target cell by receptor-me-
diated endocytosis and blocks DNA synthesis, leading
to both G1/S cell-cycle arrest and caspase-mediated
apoptosis [9]. The question of how immunity is realized
remains to be answered and is among the most intri-
guing aspects of the killer phenomenon. Kl1-toxin im-
mmunity might be conferred by the preprotoxin itself
acting as a competitive inhibitor of the mature toxin by
saturating / eliminating the plasma membrane receptors
[10], or by inhibition of TOKI1 channels by internal
toxin and suppresion of external toxin action [11]. K28-
-toxin immunity occurs via formation of complexes bet-
ween reinternalized toxin and unprocessed precursor moi-
eties that are subsequently ubiquitinated and proteoso-
mally degraded [3].

The K1 and K2 killers are very similar in their mo-
de of action, nevertheless, they are proteins differing in
the primary sequence level, preprotoxin organization (y-
-subunit most likely not present) [5], and the pH opti-
mum of the killing activity [5, 12]. The K2 killer prep-
rotoxin is synthesized as a 362-amino acid precursor
consisting of the N-terminal secretion signal followed
by the o- and B-subunits (172 and 140 amino acids,
respectivelly). Expression of the K2 preprotoxin gene
cDNA on a multicopy plasmid proved the encoding of
both the immunity and toxin activities by a single pre-
cursor, ORF [13]. Site-specific mutagenesis of the K2
toxin gene identified one of the two potential Kex2p
cleavage sites to be critical for toxin action [5]. Changes
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in both signal and subunit sequences have been de-
monstrated to compromise or abolish the immunity func-
tion of the resulting protein [14]. Fifteen years ago Dig-
nard et al. [5] determined that efficient K2-specific kil-
ling was dependent on the action of the Kex2p endo-
peptydase and the Kexlp carboxypeptidase, while K2-
immunity was independent of these proteins. New data
on K1 and K28 toxin lethality and self-protection [1, 3]
as well as discovery of different modes of action of Kl
and K2 killer toxins on the plasma membrane and the
cell wall [15] put us on the way to look deeper into the
functioning of the K2 killer system.

The objective of the present work was analysis of
dependence of K2 killing and immunity function on the
action of Kexlp and Kex2p enzymes and comparison of
the obtained data with M471 line K2 ¢cDNA expression.

MATERIALS AND METHODS

The plasmid pYEX12, coding LEU2 marker and S. ce-
revisiae K2 preprotoxin gene was used in this study [13].
The S. cerevisiae strains o'l (MATa leu2-2 (KIL-0)) [16],
BY4741 (MATa his3A1 leu2A0 metl1SA0 ura3A0) as well
as kex1 and kex2 deletions strains (BY4741 background)
(Open Biosystems, Huntsville AL, USA) sensitive to K2
killer toxin were used for K2 preprotoxin gene expres-
sion studies. For immunity tests we used S. cerevisiae
killer strains K7 (MATa arg9 [KIL-KI]), Rom K-100
(wt, HM/HM [KIL-K2]), M437 (wild type, HM/HM (KIL-
K2) MS300 (MATa leu2 ura3-52 SKi2-2 [KIL-K28] [17].
Media for the propagation of S. cerevisiae yeast have
been described in Ausubel et al. [18].

Each yeast strain was transformed with pYEX12 plas-
mid by using the lithium acetate / sSDNA / polyethylene
glycol method [19]. The transformants were selected by
complementation of LEU2 auxotrophy, and the clones
were verified for toxin production by replica plating to
the lawn of o'l strain. Killer activity was detected in a
plate and well agar diffusion assay [17] by measuring the
growth-free zones aroud the wells. The sensitivity / im-

munity tests were performed by patching colonies of kil-
ler strains onto MB plates with an overlay of the trans-
formed cells of interest (approximately 10° cells per pla-
te). Yeast strains incapable of conferring functional im-
munity to K2 killers show a sensitive phenotype, resul-
ting in a cell-free growth inhibition zone, whereas resis-
tant yeast do not. Also, the immunity of the tested trans-
formants was estimated by evaluating the amount of viable
cells in media containing 42 U/ml of the killer toxin
(treatment at 18 °C for 24 h) versus the total number of
killer-free media.

RESULTS AND DISCUSSION

A cDNA copy of the K2 killer preprotoxin gene (line
Rom K-100) was expressed in yeast under control of
the constitutive alkoholdehydrogenase (ADH1) promo-
ter. First, this construct was introduced into strains o'l
and BY4741. Parental yeast and transformants were tes-
ted for immunity and killing capabilities using the indi-
cative media (MB) with glucose as a carbon source. It
is known that the o'l strain is sensitive to all S. cere-
visiae toxins and lacks killer phenotype [16]. We have
determined that strain BY4741 also belongs to non-kil-
ler yeast but showed twice as low sensitivity to K2
toxin as compared to strain o'l (Table, lines 1, 2). Pla-
te tests indicate that o'l [pYEX12] and BY4741
[pPYEX12] transformants produce intact K2 killer phe-
notype and resistance to killer toxins of the same type.
To determine the transformant-produced toxin pH-opti-
mum, we tested the killer activity and immunity
function at various pH values ranging from 4.0 to 4.8.
The toxin activity was maximal at a lower pH value
(4.0): strain o'l[pYEXI12] showed a 6-mm and
BY4741[pYEX12] a 5-mm growth-free zone around the
colonies (Table). For comparison, the wild type K2 kil-
ler-expressing strains Rom K-100 and M437 produced
1.5-2 times higher level of killer toxin than transfor-
mant yeasts (lysis zones about 7mm and 9mm, respec-
tively) (Table).

Table. Comparison of K2 toxin activity in Kexlp and Kex2p protease deletion yeast along with wild type strains Rom

K-100 and M437.

N. Strains Overlay of a'l strain, Overlay of BY4741 strain,

with different pH values with different pH values
Inhibition zone mm 4.0 4.4 4.8 4.0 4.4 4.8
1. Rom K-100 7 2 3.5 3 2
2. M437 9 5 4 4.5 3.5 3
3. o'l - - - - - -
4. BY4741 - - -
5. o'l [pYEXI2] 6 4 2 3 2 1.5
6. BY4741 [pYEX12] 5 2.5 1.5 2 1.5 1
7. Akexl - - - - - -
8. Akexl [pYEXI2] 0.5 - - - - -
9. Akex2 - - - - - -
10. Akex2 [pYEXI12] - - - - - -
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In order to analyse the dependence of K2 killing
and immunity functions on the action of Kexlp and
Kex2p enzymes, we transformed the single-gene dele-
tion strains Akexl and Akex2 with pYEX12 plasmid
and performed a killing zone plate assay. The obtained
K2 preprotoxin gene expression level in carboxypepti-
dase (Kex1p) defficient strain was low (the growth-free
zone reached only 0.5mm) (Table, lane 8). Thus, it was
shown that the lack of Kexlp enzyme 10 times de-
creased toxin activity. At the same time we observed
that deficiency in Kex2p enzyme completely removed
K2 killing ability. We didn’t notice any lysis zones
around Akex2 [pYEX12] colonies plated on the lawn of
strain o'l (Table, lane 10). Performing these experi-
ments we investigated the requirement for the Kexlp
and Kex2p functions in the extracellular production of
the active K2 toxin. It was noted that K2 toxin activity
was enhanced by the action of Kexlp, but this was not
an absolute requirement for the enzyme.

Parallelly, the immunity of deletion strains bearing
the K2 preprotoxin gene was tested. Analysis of Akexl
[pPYEX12] transformants allowed to point out that dele-
tion of Kexlp enzyme didn’t influence preprotoxin pro-
duction and the transformants retained complete immu-
nity to K2 killer toxins (Fig. 1, A). However, deficiency
in Kex2p protease compromised the protein-dependent
immunity function, and Akex2 [pYEX12] transformants
failed to display full resistance. They were sensitive to
K2 toxins produced by wt K2 killer strains and only
resistant to their own toxin (Fig. 1, B).

A more sensitive method for estimation of the im-
munity of transformants bearing the K2 preprotoxin gene
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Fig. 1. Immunity function of deletion strains Akex1 [pYEX12]

(A) and Akex2 [pYEX12] (B) bearing K2 killer gene
The transformants were tested for immunity using indicative
MB media. Similar amounts of Akexl [pYEX12] (A) and
Akex2 [pYEX12] (B) cells were seeded into the plates. K2
killer producing wt strains Rom K-100 and M437, control
transformant BY4741 [pYEX12] expressing intact killer phe-
notype and full immunity as well as transformants of inte-
rest were patched onto the plates.

but lacking Kex2p endopeptidase or Kexlp carboxy-
peptidase was used. We evaluated the amount of survi-
ved cells of mutant strains subjected to the externally
applied K2 toxin. The survival of Akex1 [pYEX12] was
found not to depend on Kexlp protein action:
90.9 £ 0.8% of cells survived in a carboxypeptidase-lack-
ing strain versus 89.4 +2.9% in enzyme-producing yeast
(Fig. 2). However, in the Kex2p defficient strain the
survival of yeast cells dropped by about 15% and rea-
ched only 77.7 + 1.3% (Fig. 2). These results are in line
with the plate test data and confirm the dependence of
K2-specific immunity on Kex2p protease action. It is
known that this enzyme is involved in the K1 and K2
processing pathway and are essential for active toxin
production, but not important for preprotoxin formation.
Following one of the hypotheses, immunity to K1 toxin
is determined by a preprotoxin that can act as a com-
petitive inhibitor saturating cell membrane receptors that
normally mediate the mature toxin action [10]. At the
same time, data are available regarding the K1 Kkiller
system dependence on the supression of external toxin
action by the internal toxin [11]. We have confirmed
that in case of the K2 killer system, preprotoxin is a
major component in K2-immunity formation and in this
respect shows similarity to K1 killers. Nevertheless, it
was demonstrated that for complete K2-self-protection
both preprotoxin and toxin are necessary. These data
are different for M471 line K2 killer toxin gene expres-
sion analysis. However, it is necessary to point out that
both wr killer strains Rom K-100 (the donor of M2
dsRNA, used for cDNA synthesis in our experiments)
and M471 (analysed in Dignard’s laboratory) produce
K2 type killer toxins which have distinctions at the M2
dsRNA level. The discrepancies had been previously ob-
served at 31, 68, 180, 475, 689 and 781 positions of
the coding sequence [5, 13]. Nonmatching nucleotides
determine changes in a protein sequence and therefore
can result in altered properties of killer toxins.
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Fig. 2. Survival of mutant strains in presence of externally
applied K2 killer toxin
Strains are indicated on the abscisse. Cell survival estimated
in % as a ratio of cells grown in presence (42 U/ml) and
absence of externally applied K2 toxin.
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In summary, it could be concluded that both Kexlp
and Kex2p peptidases are required for functional K2
toxin production. Our data indicate not only the
importance of precursor in resistance formation, but al-
so toxin involvement.
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KEX1P IR KEX2P PROTEAZIU POVEIKIS
SACCHAROMYCES CEREVISIAE K2 KILERINIO
PREPROTOKSINO FUNKCINIAM PASIREISKIMUI

Santrauka

Siame darbe atskleista Kex1p karboksipeptidazés ir Kex2p endo-
peptidazés svarba K2 kilerinio preprotoksino brendimui ir funk-
ciniam pasireiSkimui. Nustatyta, kad Kex1p proteazés nebuvimas
10 karty sumazina sekretuojamo toksino aktyvuma, o Kex2p pa-
Salinimas visiSkai eliminuoja toksino produkavima. Taigi
atskleista abiejy fermenty reik§mé funkcionalaus toksino susida-
ryme. Atlikus rezistentiSkumo tyrimus nustatyta, kad K2-specifi-
nis imuni§kumas nepriklauso nuo Kexlp veikimo, bet yra i§ da-
lies inhibuojamas mutantiniame Kex2p kamiene. Gauti duome-
nys leidzia manyti, kad ne tik preprotoksinas, bet ir subrendgs

toksinas yra itraukti i rezistentiSkumo formavimo procesa.



