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Cells of Ustilago maydis containing double-stranded RNA viruses secrete a virus-encoded toxin to which other
cells of the same species and related species are sensitive. Mutants affected in the expression of the KP6 toxin
were characterized, and all were viral mutants. A temperature-sensitive nonkiller mutant indicated that the
toxin consists of two polypeptides, 12.5K and 10K, that are essential for the toxic activity. The temperature-
sensitive nonkiller mutant was affected in the expression of the 10K polypeptide, and its toxic activity was
restored by the addition of the 10K polypeptide to its secreted inactive toxin. These results led to the
reexamination of other mutants that were known to complement in vitro. Each was found to secrete one of the
two polypeptides. Here we show for the first time that P6 toxin consists of two polypeptides that do not interact
in solution, but both are essential for the toxic effect. Studies on the interaction between the two polypeptides
indicated that there are no covalent or hydrogen bonds between the polypeptides. Toxin activity is not affected
by the presence of 0.3 M NaCl in the toxin preparations and in the medium, suggesting that no electrostatic
forces are involved in this interaction. Also, the two polypeptides do not share common antigenic determinants.
The activity of the two polypeptides appears to be dependent on a sequential interaction with the target cell,
and it is the 10K polypeptide that initiates the toxic effect. The similarity of the U. maydis virus-encoded toxin
to that of Saccharomyces cerevisiae is discussed.

Viruses have been detected in more than 100 different
fungal species. Among those characterized the vast majority
are double-stranded RNA (dsRNA) viruses. In most fungi
the persistent infection of these viruses has no discernable
phenotype. In two systems, Saccharomyces cerevisiae and
Ustilago maydis, the viruses encode a toxin that is secreted
by these fungi and is effective against sensitive cells of the
same species and closely related species (10, 14, 21, 22, 25).
Systems in which a toxin is secreted are known as killer
systems (for review, see references 5 and 27). In U. maydis,
three different toxin specificities have been identified: KP1,
KP4, and KP6. Each is associated with a different segmented
dsRNA virus subtype known as P1, P4, and P6. Some of the
P1 and P4 dsRNA segments have sequence homology, and the
toxins they encode are similar in their mode of action. P6
dsRNAs have little homology to those of P1 and P4, and KP6
toxin has a different effect from those of KP1 and KP4 (7, 12).
The genome of the various types of Ustilago viruses

consists of three to seven segments ranging from 6.2 to 0.36
kilobase pairs. On the basis of their size, they are referred to
as H (heavy), M (medium), and L (light) segments. One
specific M segment encodes the toxin in each viral subtype,
whereas the viral capsid polypeptide is encoded by one or
more H segments (2, 16). The L segment bears sequence
homology to the M segment that encodes the toxin. The
immunity to the toxin, at least in cells containing P1 virus, is
associated with the L segment (16, 20).
The virus-encoded toxin of U. maydis has been character-

ized as a 10- to 12-kilodalton protein appearing as one band
in 12.5% sodium dodecyl sulfate (SDS)-polyacrylamide gels
and in isoelectric focusing gels (12, 19). So far all the induced
and spontaneous nonkiller (NK phenotype) mutants derived
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from killer strains are virus associated. The NK phenotype
showed a cytoplasmic mode of inheritance in mating exper-
iments and in heterokaryon transfer experiments (13, 15, 17).
Some of these were viral deletion mutants of the toxin-
encoding M segment. Other viral mutants of P6 secreted an
inactive protein with a mobility identical with that of KP6.
Based on in vitro complementation of the secreted inactive
molecules these mutants consisted of two groups. Interac-
tion between the proteins of each of these two groups led to
the restoration of the activity and precise specificity of KP6.
Since only one protein was detected in SDS-polyacrylamide
gels as the biologically active toxin, the complementation
pattern suggested that the active molecule was a
homomultimer. Complementation was thought to result from
intracistronic complementation.
To gain an insight into the structure and expression of the

toxin, temperature-sensitive nonkiller mutants (TSNK phe-
notype) were sought recently. The results obtained in the
characterization of one of the recovered mutants suggested
that KP6 consists of two different polypeptides that are
essential for the toxic activity. The TSNK mutant was
shown to be affected in one of these polypeptides. Reexam-
ination of in vitro complementing mutants similar to those
reported by Koltin and Kandel (15) provided additional
support for the involvement of two polypeptides in the toxic
activity. In addition, the results suggest that there is no
interaction between the polypeptides in solution. The se-
quence of interactions between the polypeptides and the
target cell is defined.

MATERIALS AND METHODS

Strains. The strains used are from the collection at Tel
Aviv University (Table 1). All strains have been deposited in
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TABLE 1. Strains of U. maydis

Strain phKiller Virus dsRNA Nuclear genotypea Source or

phenotype particle segment reference

75-1 K P6 H1M2L P6r (a2bK) 1
75-1 NK-3 NK P6 H1M2L P6r (a2bK) This work
75-1 NK-13 NK P6 H1M2L P6r (a2bK) This work
75-1 Ul NK P6 Hi P6r (a2bK) This work
3047-1 K P6 H1M2L P6r adel nic3 (albA) This work
18b NK P6s (a2bG) 15
ATCC 36990 K P6 H1H2M1M2L P6r adel nic3 (albA) 15
ATCC 36991 K P6 H1H2M1M2L P6r adel nic3 (albA) 15

a From left to right, nuclear gene for resistance, auxotrophic markers, and the mating type (in parentheses).
b The universal sensitive tester strain.

the American Type Culture Collection (Rockville, Md.).
Mutants were induced in killer strain 3047-1, which was also
used as the parental killer strain in genetic transfer experi-
ments. Strain 75-lU1 with a deleted viral genome was
obtained spontaneously from strain 75-1. 75-lU1 served as
the recipient in the transmission of the viruses from strain
3047-1. The nonkiller mutant strain 75-1NK3 was obtained
as a spontaneous mutant from killer strain 75-1. The mutant
75-1NK13 was obtained by cytoplasmic transfer of viruses
from strain ATCC 36991 to 75-lUl. Thus, the entire study
was conducted with an isogenic background of strain 75-1
containing either P6H1M2L wild-type virus that encodes an
active toxin, P6H1 virus that does not encode the toxin, or
P6H1M2L viruses that encode an inactive toxin. The in vitro
complementation properties of the inactive toxin secreted by
strains 75-1NK3 and 75-1NK13 are similar to those de-
scribed earlier by Koltin and Kandel (16) for strains ATCC
36990 and ATCC 36991. These strains contained a more
complex viral genome.

Strain 18 served as the universal sensitive strain to identify
the toxic activity of cells and toxin fractions during purifi-
cation procedures. No spontaneous nuclear resistant mu-
tants were ever obtained from this strain.
Growth medium and isotopic labeling. Cells were grown in

complete medium (24) containing 1% peptone, 1% yeast
extract, and 2% glucose or in Ustilago minimal medium (24a)
that was buffered to pH 7.0 with 0.05 M phosphate buffer.
Agar (2%) was added when necessary. Buffering of the
minimal medium was required since the pH of the unbuffered
medium reached 2.5 within a short time. With buffered
medium the yield of KP6 was similar to that obtained in
complete medium, yet purification of the toxin from minimal
medium was easier. The optimal growth temperature was
25°C. For growth of TS mutants the restrictive temperature
was 34°C. This restrictive temperature was chosen after
initial tests in which the effect of the temperature on cell
growth and secretion of the toxin was determined.
Heterokaryons were formed on solid double-strength
Ustilago complete medium (4).
Labeled toxin was obtained by growing strain 75-1 to a

density of 4 x 107 cells per ml in Ustilago minimal medium.
Cells were transferred to minimal medium devoid of a sulfate
source. 35S (40 ,Ci/ml, Amersham International plc.) was
added to the medium for 50 min. The supernatant of this
culture was collected.

Mutagenesis and genetic procedures. A culture of strain
3047 was mutagenized with 3% ethyl methanesulfonate
(Sigma Chemical Co., St. Louis, Mo.) to 50% survival as
de.scribed previously (23). The survivors were dispensed into
20 tubes, and after growth for 24 to 36 h cells were spread on
complete solid medium and grown at 25°C. TSNK mutants

were screened by replica plating or spotting cells from
individual colonies onto lawns of the sensitive strain 18 in
duplicate. The plates of the indicator strain 18 were incu-
bated at 25 and 34°C.
The procedure used to distinguish between nuclear host

mutants and viral mutants was based on the classical test for
cytoplasmic inheritance devised by Jinks (11). In this test
compatible cells fuse on nonselective medium and form
hyphae containing unfused nuclei of the parental strains with
cytoplasmic constituents of both parents. Then a mycelial
mat typical of a heterokaryon develops, and hyphal tips are
isolated from the heterokaryon in an effort to dissociate
between the two interacting strains. On synthetic medium
this heterokaryon is unstable and dissociates to its yeastlike
haploid parents. The transmission of cytoplasmic organelles
and plasmids can be followed, since in the formation of the
heterokaryons parental strains with the proper nutritional
markers are used to allow a direct selection of one of the
parental nuclear types among the descendants. Cytoplasmic
characters can be defined if by cytoplasmic mixing certain
characters can be transmitted from one strain to the other.
Cytoplasmic inheritance was corroborated by the examina-
tion of the pattern of the viral dsRNA present in the recipient
cells.

Characterization of the toxin. Two bioassays for testing the
activity of the toxin were used. (i) Samples of toxin prepa-
rations were spotted on plates containing a known number of
the sensitive cells in a 10-ml overlay of complete medium
with 1% agar. The dilution endpoint of each preparation was
determined by the size of the halos formed on the sensitive
lawn. (ii) Cultures of the sensitive cells (optical density of 0.2
to 0.3 at 660 nm) were grown in volumes of up to 5 ml (in
25-ml flasks) and aerated vigorously. Toxin was added to the
culture, and inhibition of growth was monitored by absorp-
tion at 660 nm.

Purification of the toxin from minimal medium. For most of
the experiments the supernatant containing the toxin from
the cultures of the wild-type and mutant cells was used.
Partial purification of the toxin from minimal medium was
performed on an ion-exchange column, CM Sephadex C-25,
in 0.025 M acetate buffer (pH 5.5). The culture filtrate was
passed through the column after adjustment of the pH to 5.5.
The volume of the culture filtrate did not exceed the column
volume by more than fourfold. The column was washed with
the buffer, and the toxin was eluted with the same buffer
containing either 0.5 M NaCl or a gradient ranging from 0.15
to 0.5 M NaCl. The proteins in the eluted fractions were
monitored at 280 nm. Toxin was located by spotting 10 ,ul
from each fraction of the eluent on a sensitive lawn. Active
fractions were dialyzed and lyophilized. The second purifi-
cation step involved size separation on Sephadex G-50. The
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FIG. 1. Killing activity of the wild type (WT) and one of the TSNK mutants tested on a sensitive lawn incubated at 25 and 34°C.

toxin was loaded on the G-50 column as 1 to 2% of the
column volume and eluted with 0.3 M NaCl in 0.05 M
phosphate buffer. The purity of the toxin was examined
electrophoretically in 18% polyacrylamide-SDS gel.

Preparation of immune sera and immunoprecipitation. An-
tiserum to toxin was prepared by immunization of BALB/c
mice with 50 to 100 ,ug purified toxin (after CM and G-50
column elution) cross-linked with keyhole-limpet hemocya-
nin. A 1:10 dilution (in phosphate-buffered saline) of the
immune sera was interacted with 150 ,ul of the 35S-labeled
supematant at room temperature for 90 min. Goat anti-
mouse F(ab)2 (Bio-Yeda, Israel) was added to the complex.
The mixture was incubated at room temperature for 90 min.
Staphylococcus aureus cells were added and incubated for 1
h at room temperature. The entire complex was centrifuged
and washed three times. The complex was separated by 18%
SDS-polyacrylamide gel electrophoresis and autoradio-
graphed.

Extraction of dsRNA. The extraction of the viral dsRNA
was performed directly from the host cells, since the only

WT TSNK

34C 34 C
25C1 25C1X

H

M

L

FIG. 2. Polyacrylamide (5%) gel electrophoresis of dsRNA ex-
tracted from U. maydis cells of strain 3047 (wild type [WT]) and the
TSNK strain grown at 25 and 34°C.

dsRNAs found in these cells are the viral nucleic acids. The
dsRNA was extracted as described earlier by Wigderson and
Koltin (28) and purified by the method of Franklin (8) on a
cellulose CF-11 column (Whatman, Inc., Clifton, N.J.).

Gel electrophoresis. Proteins were characterized by poly-
acrylamide gel electrophoresis as described by Thomas and
Kornberg (26) and Davis (3). The dsRNA was characterized
in 1% agarose slab gels or in 5% polyacrylamide gel electro-
phoresis and stained with ethidium bromide (1 ,ug/ml). The
dsRNA gels were viewed with an Ultra-Violet Transil-
luminator and photographed with a Polaroid MP4 camera.

RESULTS

Isolation of mutants. Mutants were induced in the killer
strain 3047-1. Of 1,000 survivors tested for the killer pheno-
type at the permissive and the restrictive temperatures, 4
colonies displayed the killer phenotype at 25°C and no
apparent killing at 34WC (Fig. 1). To verify that the lack of
expression is not due to a temperature-sensitive mutation
affecting cell division, the generation time of both the
parental strain and the presumed mutants was determined at
25 and .at 34°C; no difference was detected.
To determine whether the mutants were affected in nu-

clear genes or in viral genes, heterokaryon transfer experi-
ments were performed. The expectation was that the tem-
perature-sensitive phenotype would be expressed in the
nonkiller recipient only if the mutation were in viral genes. If
the mutation were in nuclear genes of the donor, the recip-
ient should express the wild-type killer phenotype.
The heterokaryon transfer experiments were performed

with the auxotrophic killer strain 3047-1 and with the com-
patible nonkiller prototrophic strain 75-lU1. Hyphal tips
from the heterokaryon were plated on minimal medium to
select the recipient prototroph. Of the developing yeastlike
haploid colonies 0.2% displayed the killer phenotype, and all
were like the mutant with the temperature-sensitive (TS)
phenotype. Thus, the mutation is in the virus, and it is not a
nuclear gene mutation of the host cell. The recipient with the
TS phenotype was designated 75-1TB.
To determine whether the mutational lesion is related to

the replication of the toxin-encoding segment of the viral
dsRNA at the restrictive temperature, the dsRNA was
extracted from the same number of cells of the mutant and
the wild type was grown at 25 and at 34°C. There was no
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FIG. 3. Killing activity of the toxin from wild-type cells and the
TSNK mutant grown at 25 and 34°C and tested at 25°C. The
sensitive cells were grown for 9 h without (control) and in the
presence of a 1:10 dilution of supernatant from the wild-type killer
cells and from the TSNK mutant. Samples of 0.6 ml were withdrawn
periodically for optical density determination. Symbols: 0, control;
0, wild type grown at 25°C; O, TSNK mutant grown at 25°C; *,
wild type grown at 25°C. The data for the TSNK mutant grown at
250C were the same as for the control.

apparent difference between the viral dsRNA extracted from
the mutant and the wild-type cells (Fig. 2). Both contained
all three dsRNA segments typical of P6 virus, and there was
no apparent loss of the toxin-coding segment M2. In addi-
tion, the virus-associated, RNA-dependent RNA polymer-
ase activity that is normally associated with the fungal
viruses was tested in virions obtained from 75-1TB cells (1).
The level of enzyme activity did not vary significantly from
the level found in the wild-type virions.-

Characterization of the secreted toxins. The TSNK strain

WT TSNK M
I 4

- 43K

25.7K

secreted a very low level of toxin at the restrictive temper-
ature, as shown by concentrating the supernatant from
cultures grown at 34°C. Furthermore, by a comparison of the
relative activity of the toxin secreted by TSNK cells and by
the wild type at the permissive temperature, it was evident
that less active toxin was secreted by the TSNK mutant than
the wild type. At the higher temperature the wild-type toxin
(1:10 dilution) had the same effect as the toxin secreted at the
permissive temperature, whereas the TSNK toxin (1:10
dilution) showed no killing activity (Fig. 3).
To characterize the toxins obtained from the TSNK mu-

tant and the wild type, 18% polyacrylamide-0.09% bisacryl-
amide gel electrophoresis was performed to obtain better
resolution of the low-molecular-weight polypeptides. Under
these conditions two distinct bands were noticed for the first
time at the position in which the toxin is usually detected as
a single band in 12.5% polyacrylamide-0.33% bisacrylamide
gel electrophoresis. The molecular weights of these polypep-
tides were 10,000 and 12,500 (10K and 12.5K polypeptides).
These results suggested that the toxin may consist of two
different polypeptides and not as suspected earlier as a
homomultimer. The toxin secreted by 75-1TB at the permis-
sive temperature showed mostly the 12.5K polypeptide (Fig.
4). Also, when the wild-type toxin was purified by ion-
exchange chromatography, eluted with a salt gradient, and
examined in 18% polyacrylamide-0.09% bisacrylamide gel
electrophoresis in the presence of SDS the 12.5K polypep-
tide eluted earlier, followed by a region of overlap between
12.5K and the 10K polypeptides which was found alone -in
the last fractions (Fig. 5). The highest activity was detected
in the early fractions, and low activity was present in
fractions containing mostly the 10K polypeptide.
These findings led to reexamination of the polypeptides

secreted by mutants 75-1NK3 and 75-1NK13 that were
shown to secrete an inactive toxin that can be mutually
complemented in vitro. These polypeptides were compared
with those secreted by the wild-type strain 75-1 and the
mutant 75-1TB. As a control the nonkiller strain 75-lU1 was
also included in the test (the mutants and the wild type
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FIG. 4. Reducing SDS-18% polyacrylamide gel electrophoresis

of toxins of the wild type (WT) and the TSNK mutant grown at 25°C
and partially purified on carboxymethyl Sephadex as described in
the text. Molecular mass markers (Bethesda Research Laboratories;
low-molecular-mass markers).

FIG. 5. Reducing SDS-18% polyacrylamide gel electrophoresis
of toxin eluted from a carboxymethyl Sephadex column. Lanes: (M)
molecular mass markers, (a) concentrated supernatant from culture
of wild-type killer strain 75-1, (b through d) three fractions display-
ing toxic activity eluted by a 0.15 to 0.5 M NaCl gradient (maximal
activity in the first fraction), (e) VP12.5 from strain 75-1NK3, (f)
VP10 from strain 75-lNK13.

VP 12.5
- VP1O
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examined were all in an identical genetic background). All of
the proteins were electrophoresed after purification on a
carboxymethyl Sephadex column.

Cells containing the wild-type P6 virus secreted both
12.5K and 10K polypeptides (Fig. 4 and 5). Each one of the
in vitro complementing mutants secreted one of the
polypeptides; 75-1NK3 secreted the 12.5K polypeptide, and
75-1NK13 secreted the 10K polypeptide. Strain 75-lU1
secreted neither of the polypeptides (data not shown). The
fact that the activity of the toxin could be restored by mixing
the 10K and the 12.5K polypeptides showed that the toxic
activity involves both polypeptides.

In vitro complementation of 10K and 12.5K polypeptides
is demonstrated in Fig. 6. Control experiments showed that
each of the polypeptides alone, even in large excess, had no
effect. Furthermore, mutant 75-1TB, which produces limit-
ing amounts of the 10K polypeptide, was complemented in
vitro only by the addition of the 10K polypeptide. Thus, the
contention that the toxin consists of two polypeptides is
supported by (i) the absence of both polypeptides in the
strain lacking the toxin-encoding segment, (ii) the enrich-
ment of the two polypeptides simultaneous with the purifi-
cation of the toxin and maximal toxin activity in those
fractions containing the two polypeptides, (iii) the reconsti-
tution of toxin activity by the 12.5K and 10K polypeptides,
each secreted by one of the nonkiller complementing mu-
tants, and (iv) the restoration of complete toxin activity by
the addition of the 10K polypeptide to the polypeptides
secreted by mutant 75-1TB. The 10K and 12.5K
polypeptides will be referred to henceforth as VP10 and
VP12.5, respectively.

Interaction between the two polypeptides. Examination of
the behavior of the secreted polypeptides in denaturing gels
under nonreducing conditions indicates that there are no
covalent bonds between the two polypeptides. The active
toxin migrated as two distinct polypeptides (Fig. 7A). In

AM a b c

VP 12.5
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Ba b c d

_%VPI2.5

FIG. 7. Electrophoresis of the toxin and the polypeptides in
denaturing and nondenaturing gels. A, Lanes: (M) low-molecular-
mass markers, (a) partially purified toxin from strain 75-1, (b)
partially purified VP12.5 from strain 75-1NK3, and (c) partially
purified VP10 from strain 75-1NK13 run in SDS-18% polyacryl-
amide gel under nonreducing conditions. B, Lanes: (a and d)
wild-type toxin, (b) VP10, and (c) VP12.5 run in nondenaturing 15%
polyacrylamide gel.

nondenaturing gels (15% polyacrylamide, pH 8.3) without
SDS and mercaptoethanol, two distinct bands were distin-
guished in the purified toxin (Fig. 7B). VP12.5 migrated
faster than VP10 under these conditions.

a b c

1 2

VP125 VP. VP12.5 +
VPIO VP12.51 VP10 VP-2.5

a.

TSNK 25-C b

TSN K 2,5 C
,VP1o C.

TSNK 34-C
TSNK 34 C
+ VPlo I

TSNK 25 C

TSNK 25C
+VP 1 2.5

TSNK 34 C

TSNK 34 C
+VP 12.5

4

FIG. 6. Reconstitution of toxic activity. 1, (a) VP10, VP12.5, and
a mixture of both spotted on a sensitive lawn; (b) a number of
dilutions of the TSNK supernatant from 25°C spotted on the
sensitive lawn; (c) the same as (b), but VP10 was added to each
dilution. 2, The same as 1, but the supernatant of TSNK was from
a culture grown at 34°C. 3, The same as 1, but in (c) VP12.5 was
added to each of the dilutions of the supernatant from TSNK. 4, The
same as 3, but supernatant of TSNK was from culture grown at
340C.

4II VP12.5

VP10

FIG. 8. Reaction of toxin with polyclonal antitoxin sera. Lanes:
(a) reaction of toxin with immune sera, (b) reaction of toxin with
preimmune sera, and (c) noninteracted supernatant from killer cells.
For all tests the supernatant of a culture grown with 35S was used.
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Heating of the purified toxin to 80°C for up to 10 min in the
presence of 1% SDS did not affect the activity once the
sample was cooled and the SDS was diluted to less than
0.03% (wt/vol). When each of the polypeptides was treated
separately under the same conditions and then tested for its
activity by adding the complementary polypeptide, the
treated polypeptide showed no decline in activity. The cells
were not sensitive to SDS alone below 0.05%.

In contrast to the insensitivity of the toxin and each of the
polypeptides to SDS, mercaptoethanol did inactivate the
toxin. The effect of 2.3 M mercaptoethanol was tested on the
purified and concentrated toxin (dilution endpoint, 1:400)
and each of the polypeptides (dilution endpoint, 1:128).
At room temperature VP10 was very sensitive to mercap-

toethanol and was inactivated within 2 min, whereas VP12.5
was not affected by mercaptoethanol under the same condi-
tions. However, incubation of the purified toxin or VP12.5 at
80°C in the presence of 2.3 M mercaptoethanol led to the

l inactivation of both within 2 min. The activity of the toxin
6 7 8 9 was totally abolished, and that of VP12.5 was reduced from

a dilution endpoint of 1:128 to ca. 1:10.
Considering the patterns of migration of the toxin in

denaturing nonreducing gels and in native gels and the effect
of SDS and mercaptoethanol, it appears that the
polypeptides do not act as two subunits of KP6. The results
indicate that there are no intermolecular S-S bonds but
rather some intramolecular bonds.
Even an interaction between the polypeptides based on

electrostatic bonds seems unlikely. The activity of the native
toxin was the same in the presence of 0.3 M NaCI-0.01 M
phosphate buffer as in the presence of 0.01 M phosphate
buffer alone. If electrostatic forces were significant for the
interaction between the two polypeptides it appears likely
that the concentration of salt used would have hindered the
charged sites needed for the interaction.

Further support that the two polypeptides are distinct and
one is not derived from the other was obtained by immuno-
precipitation of the toxin. 35S-labeled toxin was reacted with

6 7 8 9 polyclonal antitoxin antibodies. Only VP12.5 was im-
munoprecipitated (Fig. 8), indicating that VP10 and VP12.5
do not share common determinants and occur as separate
units in solution.

Cooperative interaction between the polypeptides and the
target cell. Cultures (5 x 106 cells in a 5-ml volume) of the
sensitive strain were each exposed for 1 h at 25°C to
supernatant from the wild-type killer strain, to the superna-
tant of each of the complementing nonkiller mutants, or to a
mixture of equal volumes (2 ml) of the supernatants of both
mutants. After 1 h of exposure the cells were washed in 10
ml of 0.01 M phosphate buffer (pH 7.0) and suspended in
fresh medium, and their growth was monitored by absor-
bance at 660 nm.
The reaction of sensitive cells to the wild-type toxin and to

the reconstituted toxin is shown in Fig. 9A. A decline in
optical density was observed, indicating a decrease in cell
size and lysis, which was confirmed also by microscopic
examination. When the wild-type toxin or the reconstituted
toxin was removed after 1 h of exposure, no significant

6 7
I I increase in optical density was observed (Fig. 9B).7 8 9 Exposure of the sensitive cells to the supernatant of eachTime (hr)

FIG. 9. Effect of KP6 and each of the polypeptides on the
sensitive cells. A, Cell growth in the presence of supernatants
containing KP6 from strain 75-1 and reconstituted toxin from the
complementing 75-1NK3 and 75-1NK13 mutants. Symbols: 0,

control (no toxin added); 0, wild-type toxin; O, reconstituted toxin.
B, As in A, but toxin was removed after 1 h of exposure. C, Cell

growth after exposure initially to supernatant containing one of the
polypeptides; the cells were then washed as described in text and
exposed to the second polypeptide. Symbols: 0, control (no toxin
added); 0, VP12.5 and then VP10; 0, VP10 and then VP12.5.
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of the complementing mutants (separately) had no effect on
cell growth. However, when the cells were first exposed to
the supernatant containing VP10 and then washed and
exposed to VP12.5, total inhibition of growth was observed
(Fig. 9C). When the sequence of exposure of the cells to the
supernatants was reversed, no significant effect on cell
growth was detected. Control experiments showed that
VP12.5 was not degraded during this period, since the same
killing effect was obtained by the addition of VP10 at any
time up to 2 h after exposure.

DISCUSSION

Detection of the new viral mutant suggested that the U.
maydis virus-encoded KP6 polypeptide consists of two
components essential for its toxic activity. The identification
of the impaired function in this mutant led to the reexami-
nation of other viral mutants that were known to display in
vitro complementation of the toxic activity. The results
clearly indicate that KP6 can be resolved into two distinct
polypeptides with no cross-reactivity. Each of the in vitro
complementing mutants secretes one of the two polypep-
tides, and the new viral mutant secretes minute amounts of
one of the two polypeptides. The interaction of the two
polypeptides with the target cell suggests a sequential be-
havior initiated by VP10. This unit may act as a recognition
component that interacts with a cell receptor, making the
cells accessible to the catalytic unit VP12.5 (19). This
polypeptide may act independently on the cells sensitized by
VP10 or in cooperation with VP10 receptor complex. These
aspects are currently under investigation.
The lack of intermolecular bonds between cooperating

toxic polypeptides acting on a target cell is quite unique, and
few examples for such an interaction are known in nature. A
precedent for such cooperative phenomena is known in the
crotoxin complex from the venom of the Brazilian rattle-
snake (9). The crotoxin complex consists of a phospholipase
A and an acidic peptide crotapotin. Phospholipase A is
relatively nontoxic by itself, but the addition of crotapotin
potentiates it to its high neurotoxicity. Likewise, each of the
virus-encoded polypeptides is not toxic to the cells, but
VP10 potentiates VP12.5. The nature of the interaction
between the polypeptides and the sensitive cell and the
molar ratio of the two components required for the toxic
activity must be defined.
The only other fungal toxin encoded by dsRNA viruses

that has been characterized in detail is found in the yeast S.
cerevisiae (27). This toxin acts on the membrane of sensitive
cells, leading to leakage of ions. The general organization of
the yeast virus and the U. maydis virus is similar. Until
recently the S. cerevisiae toxin that was considered as one
polypeptide had been resolved into two subunits, alpha and
beta, of a size range similar to that of the U. maydis
polypeptides. However, intermolecular S-S bonds between
the subunits were detected in the S. cerevisiae toxin, and
dissociation of alpha and beta subunits leads to a loss of
activity. Thus far, no distinction has been made between the
recognition and catalytic components of this toxin. The
differences in the intermolecular interactions of the S. cere-
visiae and U. maydis toxins may be related to the molar
ratios required by each toxin for activity. Nonetheless, the
toxic activity bears some similarity, being highly species
specific. In addition, the first step of interaction with the
membranes may be similar.
The fungal toxins encoded by the dsRNA viruses bear a

degree of similarity to the bacterial colicin in their species

specificity and their dual function of recognition and cataly-
sis (18). However, all bacteriocins examined thus far consist
of one polypeptide chain. It is the bacterial protein toxins,
like cholera and diphtheria toxins, that are not species
specific (6). These toxins are more complex and bear a
greater similarity in their organization to the virus-encoded
toxins.
The precise role of each of the U. maydis-encoded

polypeptides and their interaction with the target cell is
currently under investigation.

ACKNOWLEDGMENT

This work was supported in part by Public Health Service grant
GM29928 from the National Institutes of Health.

LITERATURE CITED
1. Ben-Zvi, B. S., Y. Koltin, M. Mevarech, and A. Tamarkin. 1984.
RNA polymerase activity in virions from Ustilago maydis. Mol.
Cell. Biol. 4:188-194.

2. Dalton, R. E., G. K. Podila, W. H. Flurkey, and R. F. Bozarth.
1985. In vitro translation of the major capsid polypeptide from
Ustilago maydis virus strain P1. Virus Res. 3:153-163.

3. Davis, B. J. 1964. Disc electrophoresis. Methods and applica-
tions to human serum proteins. Ann. N.Y. Acad. Sci. 121:
404 427.

4. Day, P. R., and S. L. Anagnostakis. 1971. Corn smut dikaryon in
culture. Nature (London), New Biol. 231:19-20.

5. Day, P. R., and J. A. Dodds. 1979. Viruses of plant pathogenic
fungi, p. 202-239. In P. A. Lemke (ed.), Viruses and plasmids in
fungi. Marcel Dekker, Inc., New York.

6. Eidels, L., H. Proia, and D. A. Hart. 1983. Membrane receptors
for bacterial toxins. Microbiol. Rev. 47:596-620.

7. Field, L. J., J. A. Bruenn, T. H. Chang, 0. Pinchasi, and Y.
Koltin. 1983. Two Ustilago maydis viral dsRNA of different size
code for the same product. Nucleic Acids Res. 11:2765-2778.

8. Franklin, R. M. 1966. Purification and properties of the replica-
tion intermediate of the RNA bacteriophage R17. Proc. Natl.
Acad. Sci. USA 55:1504-1511.

9. Habermann, E., and H. Breithaupt. 1978. The crotoxin com-
plex-an example of biochemical and pharmacological protein
complementation. Toxicon 16:19-30.

10. Hankin, L., and J. E. Puhalia. 1971. Nature of a factor causing
interstrain lethality in Ustilago maydis. Phytopathology
61:50-53.

11. Jinks, J. L. 1963. Cytoplasmic inheritance in fungi, p. 325-343.
In W. J. Burdette (ed.), Methodology in basic genetics. Holden-
Day, Inc., San Francisco.

12. Kandel, J., and Y. Koltin. 1978. Killer phenomenon in Ustilago
maydis. Comparison of the killer proteins. Exp. Mycol.
2:270-278.

13. Koltin, Y. 1977. Virus-like particles in Ustilago maydis: mutants
with partial genomes. Genetics 86:527-534.

14. Koltin, Y., and P. R. Day. 1975. Specificity of Ustilago maydis
killer protein. Appl. Microbiol. 31:694-696.

15. Koltin, Y., and J. Kandel. 1978. Killer phenomenon in Ustilago
maydis: the organization of the viral geome. Genetics
88:267-276.

16. Koltin, Y., R. Levine, and T. Peery. 1980. Assignment of
functions to segments of the dsRNA genome of Ustilago
maydis. Mol. Gen. Genet. 178:173-178.

17. Koltin, Y., I. Mayer, and R. Steinlauf. 1978. Killer phenomenon
in Ustilago maydis: mapping viral functions. Mol. Gen. Genet.
166:181-186.

18. Konisky, J. 1982. Colicins and other bacteriocins with estab-
lished modes of action. Annu. Rev. Microbiol. 36:125-144.

19. Levine, R., Y. Koltin, and J. S. Kandel. 1979. Nuclease activity
associated with the Ustilago maydis virus induced killer pro-
teins. Nucleic Acids Res. 6:3717-3731.

20. Peery, T., Y. Koltin, and A. Tamarkin. 1982. Mapping the
immunity functions of the Ustilago maydis P1 virus. Plasmid
7:52-58.

MOL. CELL. BIOL.



VIRUS-ENCODED TOXIN OF U. MAYDIS 477

21. Philskirk, G., and T. W. Young. 1975. The occurence of killer
character in yeast of various genera. Antonie van Leeuwen-
hoek. J. Microbiol. Serol. 41:147-151.

22. Rogers, D., and B. A. Bevan. 1978. Group classification of killer
yeasts based on cross-reactions between strains of different
species and origin. J. Gen. Microbiol. 105:199-202.

23. Rogers, D. T., D. Saville, and H. Bussey. 1979. Saccharomyces
cerevisiae killer expression mutant kex2 has altered secretory
proteins and glycoproteins. Biochem. Biophys. Res. Commun.
90:187-193.

24. Sherman, F., G. R. Fink, and J. B. Hicks. 1982. Methods in
yeasts genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

24a.R. B. Stevens (ed.). 1974. Mycology guidebook, p. 505-524.

Mycological Society of America, Seattle.
25. Stumm, C., J. M. Hermans, E. J. Middelbeck, A. F. Groes, and

G. J. M. L. de Vries. 1977. Killer-sensitive relationships in
yeast from natural habitats. Antonie van Leeuwenhoek. J.
Microbiol. Serol. 43:125-128.

26. Thomas, J. O., and R. D. Kornberg. 1975. An octamer of
histones in chromatin and free in solution. Proc. Natl. Acad.
Sci. USA 72:2626-2630.

27. Tipper, D. J., and K. A. Bostian. 1984. Double-stranded
ribonucleic acid killer systems in yeasts. Microbiol. Rev. 48:
125-156.

28. Wigderson, M., and Y. Koltin. 1982. Dual toxin specificities and
the exclusion relations among the Ustilago dsRNA viruses.
Curr. Genet. 5:127-136.

VOL. 7, 1987


