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FIG. 5. Phenotype of byr2 mutants of S. pombe. Cells were grown on PM plates with appropriate auxotrophic supplements, and
phase-contrast micrographs were taken after 2 days of incubation at 30°C. (A) SP870, a wild-type S. pombe strain. (B) SPSU, a byr2 mutant.
(C) A strain derived by transformation of SPSU with pWH5S1, which expresses the byr2 gene. (D) SPSUD, a diploid byr2/byr2 mutant strain.
(E) A strain derived by transformation of SPSUD with pWH5Sl, which expresses the byr2 gene. (F) A strain derived by transformation of
SPSUD with pART-BYR1, which expresses the S. pombe byri gene. Arrowheads indicate asci, evident in each panel except B and D.
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Mutational analysis of byr2. In an effort to develop tools for
studying the role and regulation of the protein kinase en-
coded by byr2, we have attempted to create dominant acting
and dominant interfering forms of byr2. The organization of
the byr2 kinase resembles that of the protein kinases C and
the cyclic GMP-dependent protein kinases (3). In the latter
two kinases, the catalytic portions are C-terminal and the
regulatory domains are N-terminal. The byr2 kinase also
resembles the S. pombe cdc2 kinase, and dominant activated
alleles of the latter are known (1). These considerations led
us to make the byr2 mutants described below.

Plasmid pAISi contains the entire byr2 coding region
fused in frame to sequences encoding an N-terminal oli-
gopeptide epitope transcribed from the adh promoter. The
epitope, derived from the hemagglutinin protein of the
influenza virus, is useful for monitoring the presence of the
byr2 fusion protein. pAIS1, like pWH5S1, was able to fully
complement the phenotypic defects of byr2 mutants. A
77-kDa protein, of the expected size, was detected in cells
containing pAISi by Western blotting with monoclonal
antibodies directed against the peptide epitope. Further
mutations were made in this plasmid.
Two deletion mutations and one point mutation were

made. An N-terminal deletion, carried on plasmid pAISl-
SBD, lacked the 960-bp SalI-BstX fragment encoding 320
residues from 1 to 320. It encoded an intact catalytic domain
in frame with the peptide epitope (Fig. 4). A C-terminal
deletion carried on plasmid pAISl-BD lacked the 654-bp
Bcll-BcII fragment encoding 217 amino acids from positions
389 to 606 (Fig. 4). The plasmid pAIS1As ,-534 contained a
single point mutation which directed the synthesis of aspar-
tic acid rather than glycine at codon 534 of byr2. This is one
of the highly conserved residues in protein kinases (10), and
in the cdc2 kinase this substitution leads to a dominantly
activated protein (1). All three plasmids directed the synthe-
sis of proteins of the expected mobilities, detected in West-
ern blots with monoclonal antibodies (data not shown).
As expected, the plasmid pAISl-BD, which lacks the

kinase catalytic region, could not restore functions to byr2
mutant haploid and diploid strains. The plasmid pAISl-SBD,
which contains the catalytic domain, could complement the
loss of the byr2 mutation, although complementation was not
as strong as with pAISi itself. The plasmid pAISlAsp-534 was
unable to replace byr2 function. This last result was the
reverse of expectations from studies of the cdc2 kinase but
consonant with the observation that this residue is highly
conserved among protein kinases.
These plasmids were next transformed into wild-type cells

(Fig. 6). To see the effects on wild-type cells, we monitored
cellular agglutination, an early step in the conjugation pro-
cess. Both pAIS1 and pAIS1-SBD increased cell agglutina-
tion, while both pAIS1-BD and pAISlAsp-534 decreased
agglutination. These results suggest that high-level expres-
sion of byr2 kinase catalytic function deregulates a step in
conjugation, while the expression of catalytically inactive
byr2 protein dominantly interferes with wild-type byr2 func-
tion.
To test these observations further, the same plasmids

were transformed into the strain SP562, which contains an
activated rasJVal-17 allele. The presence of this rasl allele
increases cell agglutination, induces an elongated conjuga-
tion tube, and causes partial sterility (7, 20). Both pAIS1-BD
and pAIS1ASP-534 reduced cell agglutination (Fig. 6) and
diminished the presence of elongated conjugation tubes.
There was no improvement in conjugation in rasJVa'l17
strains carrying these plasmids (data not shown).
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FIG. 6. Effect of byr2 mutations on cell agglutination of SP870

(wild type) and SP562 (rasJVal-17). The cell agglutination test (see
Materials and Methods) was carried out after cells containing the
indicated plasmids were cultured on minimal medium plates for 2
days. (A) SP870 cells transformed with various plasmids. pIRT5 is a
control plasmid. The pictures were taken after 30 min or 4 h of
incubation. Cells expressing interfering forms of byr2 (pAIS1-BD
and pAISIAsp-534) formed spots at the center within 30 min, while
cells expressing catalytically active protein (pAIS1 and pAIS1-SBD)
could not form spots even after 4 h. (B) SP562 cells transformed with
the same plasmids. The pictures were taken after 40 min or 4 h of
incubation. Only cells containing pAISl-BD or pAISlAsp-534 formed
spots, indicative of a decrease in cell agglutination.

DISCUSSION
We have used genetic approaches to identify components

of RAS pathways in two yeasts. In this study, we have
sought genes that, on high-copy-number plasmids, can over-
come deficiencies in S. pombe cells expressing the S. cere-
visiae mutant RAS2Ala-22 gene. In S. cerevisiae, expression
of this gene blocks the function of CDC25, which is to
activate wild-type RAS proteins (22). In S. pombe, expres-
sion of RAS2Ala-22 mildly interferes with normal rasi func-
tion but apparently by a different mechanism, since overex-
pression of ste6, the homolog of the S. cerevisiae CDC25
gene (11), has no salutary effect. One of the genes we
isolated by our selection procedure we have called byr2. The
genetic interactions between byr2 and ste8 suggest that they
are the same gene. If so, this brings to four the number of
previously identified "sterile" genes thought to act on the
rasi pathway.

byr2 has the potential to encode a serine/threonine protein
kinase, but one which is not especially similar in sequence to
any of the previously identified protein kinases. The func-
tional organization of the byr2 protein kinase resembles that
of many other serine/threonine protein kinases, such as
protein kinase C and the cyclic GMP protein kinase, in that
the catalytic function is C-terminal (3). We have therefore
tested whether the N-terminal domain of the byr2 mutant
kinase has a regulatory role by examining the properties of
byr2 genes that cannot, or are not expected to, encode a
catalytically active kinase. Such mutant genes appear to
interfere with the wild-type byr2 function. We conclude that
it is likely that the N-terminal domain of byr2 interacts with
a protein, present in limiting amount, that is necessary for
byr2 function. Such a protein could be a positive regulatory
factor, a substrate of the byr2 kinase, or the kinase itself.
The genetic interactions of byr2 bear striking resemblance

to those of byri, a gene previously isolated as a suppressor
in rasllrasi mutant diploid cells, which also encodes a
predicted serine/threonine protein kinase (18). Both byr2 and
byri are absolutely required by normal cells for conjugation
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and for sporulation but are otherwise not essential genes.
Both genes can suppress the sporulation defects of rasllrasi
diploids and the conjugation defects of S. pombe strains
expressing RAS2la-I22, but not the conjugation defects of
rasi haploid strains. High-copy expression of the activated
mutant rasJVal-17 gene fails to suppress the sporulation
defects of either byrilbyri or byr2/byr2 mutant diploid cells.

If we assume that rasi, byr2, and byri encode proteins
that act on the same pathway and are not redundant, then the
sites of action of these proteins can be unambiguously
ordered. Overexpression of byrl induces sporulation in
raslirasi mutant diploids, and with the assumptions stated
above, it therefore cannot act through rasl. The site of
action of byrl must lie downstream of that of rasl, as others
have proposed (18). Consistent with the idea that rasl must
act through the site of action of byrl, we have shown that
expression of the activated mutant raslVaIl7 gene cannot
bypass the sporulation defect of byrilbyri mutant diploids.
By the same reasoning, byr2 must act downstream of rasl.
Finally, we can conclude that the site of action of byrl lies
downstream of that of byr2, because overexpression of byrl
can overcome the sporulation defects of byr2/byr2 mutant
diploids and because expression of byr2 cannot induce
sporulation in byrilbyri mutant diploids. Thus, byr2 protein
may be closer to rasl protein in the chain of command than
is the byrl protein.
The above conclusions are no stronger than the starting

assumptions of the model. We do not rule out the possibility
that byrl and/or byr2 operate on pathways parallel to rasl.

Expression of neither byr2 nor byri can overcome the
conjugation defects of rasi mutants, nor does byri overcome
the conjugation defects of byr2 mutants. These observations
are readily explained by any of three plausible hypotheses.
First, the dynamics of the activation of the three gene
products may be critical for achieving conjugation. Substi-
tution of one component for another would be unlikely to
restore this critical temporal order of activation. This may be
particularly true for rasi, as discussed below. Second,
multicopy or promoter fusion genes may not produce suffi-
cient levels of byri or byr2 activity in rasi mutant cells to
induce conjugation. Third, the pathway controlled by one
component may branch upstream of the pathway controlled
by another component. There is clear evidence for this in the
case of rasi; specifically, rasi mutant cells are round, while
byri and byr2 mutant cells have a normal, elongated shape.
Hence, rasi has other functions.

Conjugation in S. pombe is a complex process. One of the
first discernible stages in the conjugation process is in-
creased cellular agglutination and the development of con-
jugation tubes (4). Cells which carry the rasi mutation are
virtually sterile and do not undergo even the early phases of
conjugation. Cells which carry the activated rasJVal-17 mu-
tation are nearly sterile but undergo a pronounced, or
exaggerated, first phase (7, 20). This observation suggests
that rasi activity controls entry into the first phase of
conjugation but that diminution of rasi activity is required
for the ensuing phases. Our work helps to define the role of
byr2 in the entry into these phases. Overexpression of byr2
increases cell agglutinability, and interfering forms of byr2
block the increased agglutinability and diminish the elon-
gated conjugation tubes of a raslvaIl7 strain. Moreover,
ras1Va~l7 byr2 mutants do not display the typical rasJVaIl7
phenotype. Therefore, byr2 function appears to be required
for the first phase of conjugation. On the other hand,
interfering alleles of byr2 do not increase the conjugation of
raslVaIl7 mutants, and hence it is not the diminution of byr2

function that is required for entry into the ensuing phases of
conjugation. It is probable that byr2 function is not itself
sufficient for the first phase of conjugation, since multiple
copies of byr2 in a rasi mutant background induce increased
agglutination but do not induce the formation of conjugation
tubes. We cannot determine at present whether both or
either rasi and byr2 are required in later phases of conjuga-
tion.
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