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The PKC1 gene of Saccharomyces cerevisiae encodes a homolog of mammalian protein kinase C that is
required for yeast cell growth and division. To identify additional components of the pathway in which PKC1
functions, we isolated extragenic suppressors of a pkc] deletion mutant. All of the suppressor mutations were
dominant for suppressor function and defined a single locus, which was designated BCKI (for bypass of C
kinase). A molecular clone of one suppressor allele, BCKI-20, was isolated on a centromere-containing plasmid
through its ability to rescue a conditional pkc) mutant. The BCK1 gene possesses a 4.4-kb uninterrupted open
reading frame predicted to encode a 163-kDa protein kinase. The BCKI gene product is not closely related to
any known protein kinase, sharing only 45% amino acid identity with its closest known relative (the
STE1J-encoded protein kinase) through a region restricted to its putative C-terminal catalytic domain. Deletion
of BCKI resulted in a temperature-sensitive cell lysis defect, which was suppressed by osmotic stabilizing
agents. Because pkcl mutants also display a cell lysis defect, we suggest that PKCJ and BCKI may normally
function within the same pathway. Suppressor alleles of BCKI differed from the wild-type gene in a region
surrounding a potential PKC phosphorylation site immediately upstream of the predicted catalytic domain.
This region may serve as a hinge between domains whose interaction is regulated by PKCI.

Members of the family of phospholipid-dependent, serine/
threonine-specific protein kinases known collectively as
protein kinase C (PKC) respond to extracellular signals that
act through receptor-mediated hydrolysis of phosphatidyl-
inositol-4,5-bisphosphate to diacylglycerol (DAG) and inosi-
tol-1,4,5-trisphosphate (1P3) (17). DAG serves as a second
messenger to activate PKC (28, 40, 41, 65), and 1P3 functions
to mobilize Ca2+ from intracellular stores (3). Seven distinct
subtypes of mammalian PKC have been reported (27, 41),
several of which (a, PI, 311, and fy) require Ca2+ for activity
(28); others (8, e, and () do not (44-46).
Mammalian PKC is thought to play a pivotal role in the

regulation of a host of cellular functions through its activa-
tion by growth factors and other agonists. These functions
include cell growth and proliferation (25, 52, 56), release of
various hormones (39, 43), and control of ion conductance
channels (10, 36). Indirect evidence suggests that PKC
induces the transcription of a wide array of genes, including
the proto-oncogenes c-myc, c-fos, and c-sis (8, 9, 12, 26, 29);
human collagenase (1); metallothionein 'A; and the simian
virus 40 early genes (21). Several transcription factors have
been implicated in this response, including components of
the AP-1 complex, AP-2, AP-3, and NF-KB (2, 7, 20, 31). In
at least one case (AP-2), it appears that activation of the
transcription factor does not occur through direct phosphor-
ylation by PKC (35).
Although substantial progress has been made toward

elucidating the pathways leading to PKC activation, the
steps between this activation and subsequent nuclear events
remain obscure. To dissect this signaling pathway further, it
is useful to study the role(s) of PKC in systems that are
amenable to rigorous genetic analysis. Deliberate mutation
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of a gene encoding an isozyme of PKC, followed by extra-
genic suppression of the resulting defect, is expected to
reveal genes encoding other components of the pathway in
which the PKC isozyme functions. We reported previously
the isolation of a gene from Saccharomyces cerevisiae that
encodes a homolog of the a, ,B, and ry subtypes of mammalian
PKC (PKCI [33]). The PKCJ gene is essential for cell growth
and mitosis. Here we report the isolation of a class of
dominant extragenic suppressor mutations that bypasses the
requirement for PKCJ. Molecular and genetic analysis of the
suppressor locus, BCKJ, revealed that it encodes a novel
protein kinase required for osmotic stability at high temper-
ature.

MATERIALS AND METHODS

Strains, growth conditions, and transformations. All yeast
strains used in this study (Table 1) were derivatives of
EG123, MATa leu2-3,112 ura3-52 trpl-J his4 can]r (62),
except X3119-12A and those used for chromosomal mapping
experiments. Yeast cultures were grown in YEP (1% yeast
extract, 2% Bacto Peptone) supplemented either with 2%
glucose or with 2% galactose plus 0.1% sucrose, as required.
Synthetic minimal medium (SD [60]) supplemented with the
appropriate nutrients was employed to select for plasmid
maintenance and gene replacements. Yeast transformation
was by the lithium acetate method (23). General genetic
manipulation of yeast cells was carried out as described
previously (60).

Bacterial strains DH5a (13), HB101 (5), and TG1 (58) were
used for the propagation of all plasmids and phage. Phage
M13mp18 and M13mpl9 (42) were used to generate single-
stranded template DNA for sequence determination. Esch-
erichia coli cells were cultured in Luria broth or YT medium
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TABLE 1. S. cerevisiae strains

Strain Genotype Source or reference

EG123 MATa leu2-3,112 ura3-52 trpl-l his4 canlr I. Herskowitz
1783 MATa EG123 I. Herskowitz
1788 MATa/MATa (isogenic diploid of EG123) I. Herskowitz
FL100 MATa/MATa 1788 pkclA::LEU21PKCJ 33
FL101 MATa/MATa 1788 pkclA::LEU21PKCJ (pGALI::PKCI) 33
FL102 MATa EG123 pkclA&::LEU2 (pGALJ::PKCI) 33
FL105 MATa/MATa 1788 pkclA::LEU21PKCJ (YCp5O[PKCI]) 33
FL106 MATa EG123 pkclA::LEU2 (YCp5O[PKCI]) 33
DL112 MATa EG123 pkclA::LEU2 BCKl-2 This study
DL113 MATa EG123 pkclA::LEU2 BCKI-3 This study
DL114 MATa EG123 pkclA::LEU2 BCK14 This study
DL115 MATa EG123 pkclA::LEU2 BCKI-6 This study
DL116 MATa EG123 pkclA::LEU2 BCKI-1O This study
DL117 MATa EG123 pkc]A::LEU2 BCKI-II This study
DL118 MATa EG123 pkclA::LEU2 BCKI-12 This study
DL119 MATa EG123 pkclA::LEU2 BCKI-14 This study
DL120 MATa EG123 pkclA::LEU2 BCKI-16 This study
DL121 MATa EG123 pkclA::LEU2 BCKI-18 This study
DL122 MATa EG123 pkclA::LEU2 BCKI-19 This study
DL123 MATa EG123 pkclA::LEU2 BCKI-20 This study
DL245 MATa EG123 BCKIJ-20 This study
DL247 MATa/MA Ta 1788 bcklA::URA3/BCKI This study
DL248 MATa/MA Ta 1788 pkclA::LEU21PKCl BCKI::pUC18[URA3]1BCKJ This study
DL250 MATa EG123 BCKI::pUC18[URA3] This study
DL251 MATa/MATa 1788 bcklA:: URA31bckl&:: URA3 This study
DL253 MATa EG123 bckl&:: URA3 This study
DL283 MATa EG123 pkclA::LEU2 BCKJ-20 This study
DL327 MATa/MATa 1788 bcklA::URA31bcklA::URA3 (pRS314[BCKJ]) This study
DL330 MATa EG123 pkclA::LEU2 (pRS314[BCKI-201) This study
DL519 MATa/MATa 1788 pkclA::LEU21pkclA::LEU2 (YCp5O[pkcl-2ts]) 32
YPH149 MATa ura3-52 lys2-801 his7 trpl-l (Ade-) 68
LR684-C MATa EG123 cdc35-lO K. Tatchell
STX338-2C MATa cdc6-1 ura3 his7 leul adel trpl tyrl gall Y.G.S.C.a
STX9-1A MATa arg3 ade2 gal2 Y.G.S.C.
X3119-12A MATa cly7-1 his6 ade2 (Trp-) Y.G.S.C.

a Y.G.S.C., Yeast Genetic Stock Center, Berkeley, Calif.

(37). Transformation of E. coli with DNA and infection with
M13 were done by standard methods (37).

Selection for plasmid loss. Selection for plasmid loss was
imposed by using the uracil biosynthesis antagonist 5-fluoro-
orotic acid (5-FOA [4]). pGAL ::PKCl, which contains the
uracil biosynthetic gene URA3, can be selected against by
using 5-FOA. Mutants of FL102 (which carries pGAL1::
PKCJ) that were capable of growth on glucose-containing
medium were patched onto 5-FOA-containing medium.
FL102, used as a negative control, failed to papillate 5-FOA-
resistant colonies, indicating its dependence on the plasmid
for growth. The rate of pGALJ::PKCJ loss in a strain that
carries a chromosomal PKC1+ gene (FL101) was approxi-
mately 10-3, resulting in frequent papillation of 5-FOA-
resistant colonies. Mutants of FL102 that were capable of
papillating 5-FOA-resistant colonies were subjected to fur-
ther analysis.

Nucleic acid manipulations. DNA was prepared from yeast
strains by the method of Winston et al. (69), subjected to
electrophoresis through agarose gels after digestion with
restriction endonucleases, and transferred to nitrocellulose
filters by standard procedures (64). Plasmids were rescued
from genomic yeast DNA by transformation into E. coli
DH5a. Plasmid DNA was prepared from E. coli by the alkali
lysis method (37). Whole-cell RNA was prepared from
proliferating MATa cells, fractionated by electrophoresis,
and transferred to filters by the techniques described by Van
Arsdell et al. (67).

The genomic library was constructed by using DNA
partially digested with Sau3AI, followed by size fractiona-
tion ofDNA fragments in a sucrose gradient (37). Fragments
(10 to 20 kb) were cloned into the BamHI site of dephos-
phorylated, centromeric plasmid pRS314 (61). The library
was used to transform the temperature-sensitive strain
DL519 (pkclA::LEU2 YCp5O[pkcl-2]) to tryptophin pro-
totrophy, followed by replicate plating of transformants onto
YEP-glucose medium at restrictive temperature (34°C).
DNA sequence analysis was conducted by the dideoxy

chain-termination method (59) following subcloning of re-
striction endonuclease fragments into M13mpl8 and
M13mpl9. Oligonucleotide primers were synthesized by
Operon Technologies, Inc. (Alameda, Calif.) for use in DNA
sequence determination. The sequence shown in Fig. 3 was
determined for both strands.

Nick-translated probes were labeled with [a-32P]dATP
(3,000 Ci/mmol) by E. coli DNA polymerase 1. High-strin-
gency hybridizations weie carried out for 18 to 24 h at 42°C
in 50% formamide-0.45 M NaCI-45 lnM sodium citrate-4x
Denhardt's solution-0.1% sodium dodecyl sulfate (SDS)-50
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES, pH 7.0)-200 ,ug of salnion testes DNA per ml.
Reduced-stringency hybridizations were carried out for 12 to
15 h at 55°C without formamide in 0.9 M NaCI-90 mM
sodium citrate; other components were present at the same
concentrations as for high-stringency hybridizations. After
hybridization, filters were washed twice in 0.3 M NaCI-30
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mM sodium citrate-0.1% SDS for 20 min at 25°C and then
once for 30 min at 420C.
Gap repair. The 1.5-kb BgIII fragment was excised from

pRS314[BCKI-20], and the resulting plasmid was recircular-
ized and passaged through E. coli DH5c before secondary
digestion with BgIII. This step ensured that no intact
pRS314[BCKJ-20] was present during the gap repair exper-
iment. Strain 1783 (BCKIJ) was transformed with this linear
gapped plasmid by selecting for tryptophan prototrophy.
Integration of the plasmid sequences into the chromosomal
locus was selected against because the plasmid carries a
centromere. Gap-repaired plasmids were recovered from
transformants and tested by restriction analysis for restora-
tion of the missing BglII fragment. These plasmids were
tested for suppressor function in strain DL519. The BCKI +
gene was subcloned from pRS314[BCKJ+] into the multi-
copy plasmid pRS304 (which carries TRPl [61]) by using the
XhoI and SstI polylinker sites of both plasmids.

Integrative mappihg of BCK1. The 2.4-kb EcoRI fragment
of pRS314[BCKI-20], which carries the 5'-end of the puta-
tive BCKI-20 locus, was cloned into a derivative of pUC18
harboring the URA3 gene (inserted at the SmaI site). This
construction was integrated by homologous recombination
into the genome of a diploid strain that is heterozygous for
the pkclA: :LEU2 mutation (FL100). Integration of the plas-
mid at the genomic locus corresponding to the EcoRI frag-
ment was confirmed by restriction and hybridization analy-
sis, and the integrant was designated DL248. The integration
event did not create a functional suppressor, as judged by
the meiotic segregation pattern of viable haploids from
DL248 (2:2). A Ura+ segregant (DL250) was mated with the
12 pkcJA::LEU2 BCKJ strains (DL112 to DL123) to examine
the segregation pattern of the URA3 gene with the BCKI
mutations. A minimum of eight Leu+ meiotic progeny from
these crosses were examined for cosegregation of the Ura+
marker.
BCKI gene replacement. A deletion mutant allele of BCKI

was constructed by the method of Rothstein (57). The
C-terminal 1.5-kb BgIII fragment of BCKJ was cloned into
the BamHI site of a pUC18 derivative into which the URA3
gene had been inserted at the SmaI site. The N-terminal
2.4-kb EcoRI fragment of BCKJ was cloned into the EcoRI
site of this construction in the same orientation (with respect
to BCKI). The BCKJ fragments in the resulting plasmid
(pUC18[bcklA::URA3]) are separated by the URA3 gene. A
4.9-kb SalI fragment which carries the bcklA:: URA3 con-
struction was isolated and used to transform a diploid strain
(1788) by selecting for uracil prototrophy. Restriction and
hybridization analysis of genomic DNA from the resulting
transformants confirmed that transplacements had occurred
at the BCKJ locus. One such diploid transformant, hetero-
zygous at the BCKJ locus (bcklA::URA31BCKJ), was des-
ignated DL247.

Cell lysis. Cells were labeled for 12 h at 25°C with 1 ,uCi of
[5,6-3H]uridine per ml (47 Ci/mmol for Ura+ strains and 10
mCi/mmol for LR684-C; Amersham) in SD. Labeled cultures
were washed four times with fresh SD by centrifugation at
3,000 x g for 3 min. Cells were resuspended in SD containing
an excess (50 pg/ml) of uridine to quench uptake of labeled
uridine after release. Cultures were shifted to 37°C, and
aliquots were removed at various times. The cells were
removed by centrifugation, and samples from the superna-
tant fractions were spotted onto Whatman 3MM for count-
ing. The amount of 3H in the supernatant was measured with
a Beckman LS500TD liquid scintillation counter. The frac-
tion of labeled material released into the medium was

determined by dividing the disintegrations per minute in the
supernatant by the disintegrations per minute in the sample
prior to centrifugal removal of the cells.
Chromosomal mapping of BCK1. BCKI was assigned to

chromosome X by hybridization of a nick-translated probe,
derived from BCKI (the 3.4-kb BamHI fragment), to yeast
chromosome-sized DNA. A strain designed for electropho-
retic separation of chromosomal DNA (YPH149) by orthog-
onal field gel electrophoresis was used for this analysis (68);
the nitrocellulose filter to which chromosomal DNAs had
been transferred was the gift of Phil Hieter (The Johns
Hopkins University).

Meiotic mapping allowed placement of the BCKI locus on
chromosome X. Three markers were tested for linkage to the
URA3 gene integrated at the BCKI locus (DL250). For
segregation of the CDC6 and CDC35 markers with respect to
URA3, DL250 was crossed with STX338-2C and LR684-C,
respectively. For segregation of ARG3, strain STX9-1A was
crossed with EG123 for the purpose of constructing an
arg3-1 ura3-52 double mutant. An Arg- Ura- haploid seg-
regant from this cross was mated with DL250 for meiotic
mapping experiments.

Nucleotide sequence accession number. The EMBL acces-
sion number for BCKI is X60227.

RESULTS

Isolation of extragenic suppressors of a pkcl deletion mu-
tant. To identify additional components of the pathway in
which PKCI functions, we isolated extragenic suppressors
of a pkcl deletion mutant. The rationale for this experiment
was that mutations that bypass the requirement for PKCI
may reside within genes that function in the same pathway as
PKCI. We used a strain described previously (FL102 [33])
that carries a deletion at the chromosomal PKCJ locus
(pkcMA::LEU2) and a centromeric plasmid with PKCJ fused
to the inducible GAL] promoter (pGALJ::PKCJ). Genes
under the control of the GAL] promoter are induced by
galactose but are repressed in the presence of glucose (24).
Strain FL102 grows normally on galactose-containing me-
dium, but it arrests growth and division on glucose-contain-
ing medium in response to the depletion of the PKCI-
encoded protein. We selected spontaneous mutants of
FL102 that could grow on glucose-containing medium.
Three independent cultures, grown to saturation in YEP-
galactose, were washed and spread on YEP-glucose plates
(approximately 108 cells per plate). Approximately 300 col-
onies arose from this selection. We suspected that among
these were mutants defective in the regulation of galactose
metabolism (e.g., GAL80 [48]), which inappropriately ex-
press PKCI from the GAL] promoter on glucose-containing
medium. To eliminate such galactose regulatory mnutants
from the population, the ability of the glucose growers to
survive loss of the plasmid bearing the PKCI gene was
examined by selecting for resistance to 5-FOA (4) (see
Materials and Methods). Twenty of the original 300 glucose-
growing mutants of FL102 were not dependent on the
PKCI -bearing plasmid for growth. Genomic DNA from each
of these 20 mutants was subjected to hybridization analysis
with a probe derived from PKCJ to determine if they were
truly growing in the absence of a functional PKCJ gene.
Twelve of these mutants possessed only the deleted allele of
PKCI (Fig. 1), indicating the presence of extragenic suppres-
sors of the pkclA::LEU2 mutation. These mutants repre-
sented a minimum of three independently isolated suppres-
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FIG. 1. Suppressors of a pkcl deletion bypass the requirement
for PKCI. DNA (5 ,ug) was digested with EcoRI and prepared for
hybridization with a nick-translated 2.3-kb EcoRI fragment from
PKCJ. Lanes: 1, DNA from the PKC1+ diploid strain 1788; 2, DNA
from the diploid strain FL100, which is heterozygous for the pkcl
deletion (pkcJA&::LEU21PKCIJ); 3, DNA from the haploid strain
DL112, 1 of 12 suppressor mutants of the pkcl deletion isolated. The
hybridizing 1.9- and 1.1-kb EcoRI fragments result from the deleted
allele and are due to cleavage at the single EcoRI site within the
LEU2 gene. The other 11 suppressor mutants (DL113 to DL123)
displayed the same hybridization pattern as DL112.

sor mutations, which arose spontaneously at a frequency of
between 10-8 and 10-7 per generation.
To test whether the ability of the suppressor mutations to

rescue the pkcl deletion was dominant or recessive, we
created diploid strains that were homozygous for the
pkclA: :LEU2 mutation and heterozygous for the suppressor
mutations. Each of the 12 mutant strains described above
was mated with a haploid strain (FL106) that carries the
pkclA::LEU2 mutation and a centromeric plasmid-borne
PKCJ gene (YCp5O[PKCJ], which carries URA3). The re-
sulting diploids were patched onto 5-FOA-containing me-
dium to select for loss of the PKCJ-bearing plasmid. All 12
diploids papillated 5-FOA-resistant colonies at a frequency
comparable to that observed for a control strain that does
not require the plasmid for growth (FL105). This result
indicated that all of the suppressor mutant alleles were
dominant to their wild-type alleles for suppressor function.
An allelism test (described below) indicated that all 12
mutations were tightly linked to one another, suggesting that
they all reside within the same locus. This locus was
designated BCKJ (for bypass of C kinase).
One representative mutant was selected for further anal-

ysis. Strain DL123, which carries the pkclA::LEU2 mutation
and the BCK1-20 suppressor, grew slowly on rich medium at
30°C (doubling time of 145 min compared with 90 min for the
isogenic PKCI+ BCK1+ strain 1783). Upon shift to 37°C,
DL123 ceased cell division in an apparently unsynchronized
manner (not shown). To determine if this growth defect was
the result of the dominant BCKI-20 mutation or was a
residual defect associated with the pkclA::LEU2 mutation,
the effect of the BCKJ-20 mutation on growth was examined
in a PKCJ + background (DL245). Strain DL245 grew slowly
at 30°C (110-min doubling time), but not as slowly as the

I I kb

FIG. 2. Restriction and deletion maps of the BCKI-20 suppres-
sor locus. Deletions within the genomic DNA carried in
pRS314[BCKJ-20] were generated by restriction endonuclease di-
gestion. In some cases, fragments were subcloned into pRS314. The
ability (+) or inability (-) of the resulting plasmids to suppress a
temperature-sensitive pkcl allele (DL519) is shown. The DNA
fragments present in the plasmids are indicated. The box represents
the predicted BCKl-encoded protein. The dark area indicates the
putative catalytic domain. Abbreviations for selected restriction
sites are as follows: B, BamHI; Bg, BgIII; E, EcoRI; S, Sall; Sp,
SphI. N and C indicate the N terminus and C terminus of the
protein, respectively.

double mutant. Additionally, DL245 was capable of growth
at 37°C (180-min doubling time, compared with 100 min for
strain 1783). These results indicate that the BCKI-20 muta-
tion and the pkclA::LEU2 mutation both contribute to the
growth defect displayed by strain DL123.

Isolation of the BCKI locus. We isolated the BCKI-20 locus
for molecular and genetic characterization. A genomic li-
brary was constructed from a strain (DL123) that carries the
pkclA::LEU2 mutation and the BCKI-20 suppressor muta-
tion in the TRPI, centromere-containing plasmid vector
pRS314 (61). This library was used to transform a strain
bearing a temperature-sensitive pkcl mutation (DL519 [32])
to tryptophan prototrophy, followed by a screen for growth
at the restrictive temperature. Two transformants, from
among 14,000 screened (approximately 10 genomic equiva-
lents), were capable of growth at 34°C. The plasmids recov-
ered from these yeast transformants contained identical
6.5-kb inserts (Fig. 2) and were both capable of suppressing
the pkclA: :LEU2 mutation. One of these plasmids,
pRS314[BCKJ-20], was subjected to further analysis. To
localize the BCKI gene, a series of deletions was generated
by restriction endonuclease digestion and tested for the
ability to suppress the temperature-sensitive pkcl allele in
DL519. Deletion analysis revealed that the region surround-
ing the 850-bp SalI-BgIII fragment (Fig. 2) was essential for
suppressor function. The 850-bp SaIl-BglII restriction frag-
ment was subcloned into M13mpl8 and M13mpl9 and sub-
jected to DNA sequence analysis. This fragment possesses
an open reading frame which spans the entire length of the
subclone. Analysis of surrounding sequences revealed that
this open reading frame extends for 4.4 kb (Fig. 2).
We showed by genetic analysis that the gene we had

cloned truly corresponded to the BCKI-20 locus. Using
integrative transformation, we constructed a BCKI + strain
whose only functional URA3 gene was tightly linked to the
wild-type (nonsuppressing) allele of the locus corresponding
to the cloned DNA (DL250; see Materials and Methods). In
crosses of DL250 to a pkclA::LEU2 BCK1-20 strain
(DL123), the segregation pattern of URA3 and BCKI-20
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indicated complete linkage-among 35 surviving Leu+ seg-
regants (pkclA: :LEU2 BCKI-20; recovered from 35 tetrads),
none were Ura+. Strain DL250 was similarly used to test for
allelism of BCKI to the other 11 suppressors. Results of
these experiments indicated that all 12 suppressors are
alleles of BCKJ (data not shown).
BCKI encodes a novel protein kinase. The uninterrupted

open reading frame encoded by the BCKI-20 locus corre-
sponds to a polypeptide with a predicted length of 1,478
amino acids (calculated molecular size of 163 kDa; Fig. 3).
This value assumes the use of the 5'-most methionine codon
in the open reading frame. No consensus sequences for
intron splicing (30) were identified within the open reading
frame or in the sequence 5' (89 bp) to the predicted transla-
tional initiation site. Neither of the consensus control se-
quences for transcription termination (22, 70) were found in
the sequence (301 bp) following the translational termination
site.
BCKI-20 was compared with sequences in the GenBank

and National Biomedical Research Foundation data bases
(50). The predicted BCKI-20-encoded protein possesses
amino acid sequence similarity to members of the serine/
threonine-specific protein kinase subfamily and includes
hallmark sequences within its 30-kDa catalytic domain that
are diagnostic of protein kinases (14). BCK1-20 is not closely
related to any known protein kinase, but the protein kinase
with the greatest degree of similarity to BCKI-20 is the
STEJJ-encoded protein kinase from S. cerevisiae (54). This
similarity is restricted to the predicted catalytic domain (45%
identity; Fig. 4), which resides near the C terminus of the
BCKJ-20-encoded protein. The BCKI-20 catalytic domain
shares only 26% amino acid identity with that of PKCJ, and
no sequence similarity between these proteins is evident
outside of this region. The extensive N-terminal sequence of
the predicted BCKI-20 protein is not similar to any sequence
in the data bases. This sequence possesses a potential PKC
phosphorylation site (at amino acid position Ser-1134 [18,
19]), suggesting that the BCK1 protein might be a substrate
for the PKCJ-encoded protein kinase. Hydropathy analysis
did not suggest the presence of a transmembrane region
within the BCKJ-encoded protein.
To identify the mutation responsible for creating the

dominant BCKI-20 suppressor, we isolated the wild-type
allele of this gene by gap repair (47). A gapped version of
pRS314[BCKl-20] which is missing the region corresponding
to the 3' end of BCKI-20 (1.5-kb BglII fragment removed)
was constructed. Upon transformation of the linearized
plasmid DNA into strain 1783 (BCKI ), the missing region
was replaced with sequences derived from the genomic
BCKJ + locus by in vivo gap repair (see Materials and
Methods). Repaired plasmids were recovered and tested for
suppressor function after restoration of the missing fragment
was confirmed by restriction analysis (data not shown).
Among five independently repaired plasmids tested, two
retained suppressor function and three did not. This result
suggested that the suppressor mutation resides close to the
removed sequence but not within it. During gap repair, short
stretches of sequence on both sides of the missing fragment
are also replaced by host sequence (16). The DNA sequence
5' to the gapped region was determined for the repaired
plasmids. The BCKI alleles that retained suppressor func-
tion were identical to the original BCK1-20 allele in the 850
bp 5' to the internal BglII site. The alleles that had lost
suppressor function differed in this region by a single base
change at position 3520 (Fig. 3). This G-to-C transversion
results in replacement of Ala-1174 (in BCKI +) with Pro (in

BCKJ-20) in a region immediately upstream of the catalytic
domain. This mutation resides 156 bp 5' of the gap endpoint.
Four additional suppressor alleles of BCKI (BCKI-JO, -11,

-16, and -19) were recovered from the genome and subjected
to DNA sequence analysis. All of the mutations possessed
by these suppressor alleles were clustered immediately
upstream of the catalytic domain, surrounding the potential
PKC phosphorylation site noted above (Fig. 3). The muta-
tion possessed by BCKI-J0 was a G-to-T transversion at
position 3437, resulting in replacement of Gly-1146 with Val;
BCKI-1J had a T-to-A transversion at position 3359, result-
ing in replacement of Ile-1120 with Lys; BCKI-16 had a
T-to-C transition at the same position as BCKI-11, resulting
in replacement of Ile-1120 with Thr; BCKI-19 had an A-to-C
transversion at position 3355, resulting in replacement of
Thr-1119 with Pro. Although all of the isolated suppressor
alleles of BCK1 were dominant, suggesting mutational acti-
vation of the encoded protein kinase, overexpression of
BCKI+ from a multicopy plasmid (pRS304[BCKJ+]) failed
to suppress either the pkclA::LEU2 mutation or the condi-
tional pkcl-2 mutation in strain DL519.

Deletion of BCKI results in a temperature-sensitive cell lysis
defect. To examine the phenotypic effect of loss of BCKI
function, a deletion mutant of BCKI was constructed in
vitro. A 2.3-kb fragment of BCK1, which includes part of the
sequence encoding the catalytic domain, was replaced with
the S. cerevisiae URA3 gene (see Materials and Methods).
This deletion allele (bcklA:: URA3) was transplaced into a
diploid strain (1788) with multiple auxotrophic markers by
selecting for uracil prototrophy. Transformants were tested
for possession of the deletion allele of BCKJ by restriction
and hybridization analysis (Fig. 5). Two independently de-
rived diploids heterozygous at BCKJ (bckl A:: URA31BCKI)
were induced to sporulate, and tetrads were dissected. Four
spores from each tetrad gave rise to colonies at 30°C, but two
from each grew slowly. The slowly growing colonies carried
the bckl A:: URA3 allele, as judged by segregation of the
URA3 marker and restriction and hybridization analysis
(Fig. 5). The bcklA:: URA3 mutants failed to grow at 37°C.
Microscopic examination of these nongrowing cells 4 h after
the shift to the restrictive temperature revealed a high
frequency (approximately 70%) of nonrefractile "ghosts"
(not shown), suggesting that cell lysis was occurring at the
restrictive temperature. Strains carrying the bckl A:: URA3
mutation could be rescued at the restrictive temperature
with a centromeric plasmid bearing the BCKI + gene
(pRS314[BCKI ]). The temperature sensitivity of the
bcklA::URA3 mutation was suppressed by the addition of
100 mM CaC12, 100 mM MgCl2, or 1 M sorbitol to the
medium (Fig. 6). Other osmotic stabilizers, including 10%
polyethylene glycol, 100 mM NaCl, and 1 M glucose, were
also able to support growth of the bcklA::URA3 mutant at
37°C (not shown), but overexpression of PKCI+ from a
multicopy plasmid (pRS304[PKCJ+]) failed to suppress the
bcklA::URA3-associated defect. Microscopic examination
of bcklA::URA3 cells, growing in osmotically stabilized
medium at the restrictive temperature, did not reveal any
morphological defects.
To test directly the possibility that loss of BCKl function

results in cell lysis at the restrictive temperature, the release
of radioactive material from labeled cells was measured.
Cells bearing the bcklA::URA3 mutation (DL251), labeled
with [3H]uridine at 25°C, were washed and shifted to 37°C.
Release of radioactive material from these cells into the
medium reached a plateau of 42% after 2 h at the restrictive
temperature (Fig. 7). This rapid release of material contrasts
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-89 AMAAAAAAAATAAAAA AGSAGGGGACATTAGTACGAAACACTAAATATAGTATTAAAATAGTTCUaCTCAMCTCAA

I1TCCT.McUTTTTccTaT6a c CTSTaATTCsocATCACCGACAGTTCOGTGcTCAACCAAGTT TTeCGTCAatctCGCAAA
N P F. L R K I A 6 T A N T H S R S D S N S S V K F C N Q P T S S V A S T K S S S K S P R A T S R K S

50
151 ATT ATGAT ATTAGCLGCAlA-TTC CCTT>AT AT CTCCT CGCT M

I Y D D I R S O I P N L T PN S T S SO FY E S T P V I E O S FN W T T D D N I S A G T L E N P T S
100

301 T CTTATA CT CTCTGATCCCCC ATAAAATTTCTATTG ACTTATCATT
F T N S S Y K N D N G P S S L S D S R K S S G G N S V N S L S F D K L I L SV D P TD PD E W TN N

150
451 CCACCTTAMCATMCCTC ATTGTT TTTC CACAGATTTATAAAATTOCTTTCATACTATTA

R V T S W F K F N D F P E S V I L F F K K HN L F GH R F I K L L A YD H F A VY E K Y L PO T K T
200

601 CTTCATATACAA"TTAGtCCTtM TAAACT TCAAATATTA C
A S Y T R F CQ L L K K T N T K N V T N S H I R Q K S A S K L K S S R S S S E S I K S K L KN S K S

250
751 CATATTCATTCT TCTCCATCCTT ATTTTTTACATCAAA AAAT

Q E D I S N S R S T S E S A L S P T K S G P S K T D E K N f L N S T S T N06 K T K S A S S L Y R R S
300

901 TTTTAT -AAGOCATCATCGCMCAAOC TCCTCAOAATCCCTCACTCAAGTTAASATACCGGTGCC MACCATTATGATCTAAATMCTCCAAAi-ACMYTCYWA--- CATCTCCTC
F I S L R C SS S S N A S S A K S P S N I K L S I P A R P N S I I E S N S T L T K S A S P P A S P S

350
1051 TATCCTATATTTTCA TCTCTTCATTATAAT TTTAGT CCACATACCACA CTACTCTGATTAA

Y P S I F R R N N K S S S S E S S L LN S L F 6 SG IG E E A P T K PN PO G H S L S S E N L A K C
400

1201 AAT CTAATMT=CTCTTCATCTCACTACCCA TTATGGATAAATT TATGTACTCT
K S K N Y E T N V S S P L K Q S S L P T S D D K G N L V N K F K R K S O I G V P S P N T V A Y V T S

450
1351 AAMCTCCATCCTT TCTACCTA ATGTAATATACCATCTCCATCTTTGCAT

Q E T P S L K S N S S T A T L T V Q T A D V N I P S P S S S P P P I P K T A N R S L E V I S T E D T
SOO

1501 CCTAAAMTTTTC.g AtCCA- Gt t GTATTAA TCAGttTGCGTA tATATCAATTGGAAGAAtCTTfTTACTGAMATTTtATCCTCtAGAAC
P K I S S t t A S F K E t Y P D C I N P D K T V P V P V N N Q K Y S V K N F L L D Q K F Y P L K K t

550
1651 GCClTAAGTGGGAAAAATTTACAAAGATAATttatstGtT TCnACTTGTTCCCTAATTAAAATGTtAGAATTATCCAGTCAAGATCTGCTCTCACAAAATtGATCAATCAsCAAAASCACTC

G L N D S E N K Y I L V t K D N V S F V P L N L K S V A K L S S F K E S A L T K L C I H N K N V t F
600

18101 CATATGAAA;CMGATCGtt61 TATTTCT.ATTCCCAGATArTAtCTTGATMAAAttAAGCTTGTTTTTGACAACTTT AATTst6ATAT GAAGtCTTAA-----COAACCTtCTCCTCTC
N N t D F D C D I G A A I P D D T L E F L K K S L F L N t S G K I Y I K D O N K L 0 Q K P K P A P L

650
1951 ACCTUC sCTATCCCT6AAATCOTAAACAGTAATTCAATGA66TCtCGAtACAAGCAGCTATAGAT6J TGJATGTTCCATTGCACTTCGTCTTTACATAACATCATTTGATGAACATGtCATAGGAT

t S E H N V P L K S V K S K S S N R S G t S S L I A S T D D V S I V t S S S D I T S F D E N A S C S
700

2101 Tt tAC AC---AAACCGTATACTGACA GAGTTCCAA TACTAATCCAACTGAAGATTATTTGGATrATTAAJAJGTTCTTTTCATGAGAAAACCCAAATGTTTTAAAAAGTCCAtAAAT
G R R Y P Q t P S Y Y Y D R V S N t N P T E E L H Y W H I K E V L S H E E H A P K N V F K T S P K L

750
2251 GAACTCAACCTC AGA AAAGGATATTATTCCACCATAAJAJCAGAAATGAACAATAGTTTTCAATGCTAAAAGTAGGCTGAAttATTGATCAATCATCGTAGGATCGCTATACAACCA

E L N L P D K 6 S K L N I P T P I T E N E S K S S F C V L R K D E G T E I D F N H R R E S P r T K P
SOO

2401 GAIACT=AAACGAGAACT AGU CA AAAACTTtCTCCTCAAGACCTCATCAAACtt AGAATAAACCCATCCG CCTAGT TA Ast CGAACCATTGCCCA
E L A P K R E A P K P P A H T S P Q R T L S T S K Q N K P I R L V R A S T K I S R S K R S K P L P P

J05
25S1 CAATTATTATCATCCYCTATAG TCAGCTCGTCTCCGATTC6CTTACTTCCTCATATACTCCTGCTTCGACTCTGT TsT AACAJ-TTATAAGOGTCAGACGATGTGCGTAGGTT tGGTCC

Q L L S S P I E A S S S S P D S L t S S Y T P A S T N V L I P Q P Y K C A N D V N R R L K T D 0 D S

950

I F E E N D I t F A D A P P N F D S D D S D D D S S S S D D I I U S K K K t A P E T N N E N K K D E
1000

3001 AA A C4 T-sACCTCGCGAAATTCTATGATTCTrACCOATCAAAstAT GtACCTTGCCATCTCCGATCCTTTATCAAATTTGGAAJTtTACTTtG T
K S D N S S t N S D E I F Y D S Q t O D K N E R K N t F R P S P E V V Y 6 N L E K F F P R A N L D K

1050
3151 CCAATCCU AtCAttC AACtAttJGCaCACTGAACACTCGAACTG-tC-C-ACACTCCTCtCCGTCGTCCTGATAACTCATGAGTtC TCTAGGATGGA

P I t E G I A S P t S P K S L D S L L S P K H V A S S R T E P S T P S R P V P P D S S Y E F I C D G
1100

3301 CtTTACGAAATMACATTAAl;KCAAGCT CVTGCATAACTAOTT CAAC-----ACTt T-TCGTTA ATCAAATGC
L H G K N K P L N C A K T P K R t K 1 tJL I A N E A S L A R K N S V K L 0 NOHt K N U C t R N V

1150
3451 GAAGTGACCGA CCAGTaAtTGCATTAAtCCCAGCAAAAATTCGAAACTGATTAGAtATCGCtCMATCAG WTATAGCt AAGGGATCTCOGTGT TTATTTATGTTTtAAACGATTAaCGTAAGGTCT

E V t E N N N V S I N K A K N S K G E Y K E F A U N K G E N I G K G S F G A V Y L C L N V T T C E N
1200

3601 ATCCCCTTAAC>CAlTGGTU CICjCtAACTAACTCACAAtATGAACATTCTAACTACCCGTGAGCATTAAGACTAUAGTGTCCACGTTAAAGATTTAGATCATCTTATTGCAATAttYCTTAGGMTACttC
A A V K Q V E V P K Y S S Q N E A I L S t V E A L R S E V S t L K D L D N L H I V Q Y L G F E N K N

1050

3751 AATATCAGtTTTfM TTACAATAtTTCTtCTGOCTCCTGGZATCtCTTTAGATGTATOGaAAGATTCGAGAJTTGATCAMaCAkTTTAAAACAGTTAAA GGATT GCATACCTAaCACTCGAA TTTCTC
N I Y S L F L E Y V A G G S V G S L I R N Y G R f D E P L I K N L T T Q V L K C L A Y L N S K 6 I L

1300
3901 CACACAGOA ATACt0cA--ACttAJCTTTGAtCAAGAGTATCTGCAAACAGTGCTCJ GATTTCAt AACAAGCTATACTC TAATTCCCA ATATACCATJCCTTCTGGTTGGCTCCTGAAAJC

H R D N K A D N L L L D Q D C I C K I S D F G I S R K S K D I Y S H S D N t N R G t V F U N A P E N
1350

4051 GTTGAT _ ACA6CGTtCAtAATTATACTATGCTCT6TCATCGTTCTtGAAATTTGCTOCTAGtTCCCGJGTCACTTGMTCTCCAGCCATGTTCMMTGAAtCAGTCAAT CACCCC
V D t K Q G Y S A K V D I U S L G C I V L E N F A C K R P M S N L E V V A A N F K I G K S K S A P P
1430

4201 AttCCTGAGAACTACCATTGTATCGCAAATCGGA CGATMCaTGACCATCTCGAGATAAATCCAGAAAACAACGCtttTAACACTTCTTACTCA6TCCTTGGATTAAACAaTTCAATTTCAAATCT
I P E D t L P L I S Q I G R N F L D A C F E I N P E K R P T A N E L L S H P F S E V N E t F H F K S

1450
4351 ACCWCGCGATTtATAMAAGCATAAACTCTTAACAAAtATTAGATAtAcTCT GATACTATT^T AGAC#TCTATATTAAGTATTTATOCTACGTATAA TATAGAATAACT

T R L A K F I K S N D K L N S S K L R I t S Q E N K t E .

4501 AGATGCGGAGCWUATGA CTtstCCTCTT GATACGTTATT CTGGTGCCAATAAGTTCAAACGACGATTCGACCCTCATATAGCCTCACCTCTTG
4651 tGAGGCTCACtTTCAIUTCA AGTCCTC^TCCAAtMTAATAAATAGTCTCCTCTATATCA CTAAWGACGAACA

FIG. 3. Nucleotide sequence and predicted amino acid sequence of the BCKI gene. The predicted amino acid sequence starts with the first
methionine codon in the open reading frame. The period indicates the termination codon. The asterisks indicate the mutation sites of
BCK1-19, -111-16, -10, and -20, from 5' to 3', respectively. Underlined amino acid sequence denotes a potential PKC phosphorylation site (at
Ser-1134).
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Ki 1180------------------ PYS
STE1l 420 GbSf KtNNIGVPTDNNKQASDENNEaEEOOEKIEDV SHPKTNQ
PKCI an V M ------------------------------------ DHIIN
CKC1 1216SE1492 Il RlLSSEGGNLNI E9'G
PEC 864 EK2C1FLLI KKHPfLTNCTfFK IGMHTN-ESIY
Tll 561.11 K TATI F ISP_KKNKAS WE11 KOTAT

PKC1 934 I it lENU- E*TSMFC-- LKEN
5K1 1358 LE WIJSK TLPLISOI -- fCFE
SE1 635 IF1¢G" W TSES^INFLWAFE- FQYR

PKCI 1002 1tAaLLYFLIbID0DDEPLGIlF LTDPEKRLG

FIG. 4. Alignment of the predicted BCKI catalytic domain with
those of STEIH and PKCI. Residues that are identical in the BCKI
protein and the other yeast protein kinases are boxed. The deduced
amino acid sequences for the STEII-encoded protein kinase and the
PKCI-encoded protein kinase C isozyme from S. cerevisiae have
been published (33, 54). The sequences were aligned by eye, and
gaps were introduced as indicated by dashes. Asterisks indicate
conserved residues within the ATP-binding regions.

with results obtained with a known cell lysis mutant, cly7.
The temperature-sensitive cly7-1 strain (X3119-12A) lysed
more slowly and continued to release labeled material for 6
h after the shift to the restrictive temperature. A strain that
carries a temperature-sensitive mutation in adenylate cy-
clase (cdc35-10 in strain LR684-C) was used as a negative
control. Mutants in CDC35 arrest growth and cell division at
Gl (53). The cdc35-10 mutant did not release more than 7%
of its labeled material into the medium at any time up to 8 h
after the shift to the restrictive temperature.
The bckl-associated cell lysis defect was expressed pref-

erentially in budded cells. A bcklA:: URA3 strain (DL251),
growing logarithmically at 37°C in medium supplemented
with 1 M sorbitol, was diluted into medium lacking sorbitol
at the same temperature and plated for viability at various
times (at 26°C on sorbitol-containing medium). Within the
first 3 min, 67% of the population had lost viability compared

BCK1 X\ A A

3.4 kK

2.6 k2-'

Q* E*EI
4_Om

FIG. 5. Deletion of the BCKI gene. Genomic DNA was isolated
from (left to right) a BCKI+ diploid strain (1788), a diploid hetero-
zygous for the bckl deletion (bck1lA::URA31BCK1l; DL247), and
the haploid segregants of a representative tetrad from DL247 (top).
DNA (5 ,ug) was digested with BamHI and prepared for hybridiza-
tion with the nick-translated 3.4-kb BamHI fragment from BCKI-20.
The hybridizing 2.6-kb fragment is derived from the deleted allele.

with cells diluted into sorbitol-containing medium (Fig. 8).
The remaining cells lost viability gradually over the next 3 h.
Microscopic examination of these cells revealed that nearly
all of the lysed cells appeared to have been budded. The cells
that remained apparently intact after the first 3 min were
almost exclusively unbudded (96%), suggesting that osmotic
instability of the bcklA:: URA3 mutant manifests itself at the
time of bud emergence and persists until cytokinesis.

Expression of BCKI. To examine the possibility that
BCKJ-20-mediated suppression is the result of increased
levels of BCKI transcription, we measured the steady-state
levels of BCKJ RNA. A probe derived from the 3.4-kb
BamHI fragment ofBCKI was hybridized with whole-cell S.
cerevisiae RNA. Both BCKI and BCKI-20 are transcribed
into 5.5-kb mRNAs in proliferating MATa cells (data not
shown). The steady-state levels of BCKI- and BCKI-20-
derived RNA were similar, indicating that the BCKI-20
mutation does not result in transcriptional activation. No
BCKI-derived RNA was detected from a bcklA&:: URA3
mutant.
Mapping the chromosomal location of BCKI. To identify

the chromosome on which the BCKI gene resides, the 3.4-kb
BamHI fragment of BCKJ was hybridized with chromo-
somes from a strain of S. cerevisiae designed to allow
electrophoretic resolution of all 16 chromosomal DNAs
(YPH149 [68]). The probe hybridized exclusively to the band
corresponding to chromosome X (data not shown). To
determine the chromosomal location of BCKJ, standard
meiotic linkage analysis was conducted by using strains
marked at the CDC35, ARG3, and CDC6 loci. The latter two
markers reside on the left arm of chromosome X, such that
the order of these markers from left to right is CDC6, ARG3,
CENIO, and CDC35 (38). Tetrad analysis (Table 2) placed
the BCKJ gene 2.7 centimorgans centromere-distal to ARG3.
This map position does not correspond to that of any
previously described mutation (38).
To identify S. cerevisiae genes structurally related to

BCKI, hybridization probes derived from the BCKJ coding
sequence were used to screen yeast genomic DNA under
conditions of reduced stringency. A variety of probes,
including the 750-bp EcoRI-SphI fragment encoding the
catalytic domain (Fig. 2), failed to detect any additional
BCKJ-related species (data not shown). This result suggests
that the BCKJ gene is not structurally redundant within the
S. cerevisiae genome.

DISCUSSION

Isolation of the BCKI extragenic suppressor of a pkcl
deletion. A yeast strain that conditionally expresses the
PKCI gene, encoding a homolog of mammalian PKC, ceases
growth and cell division uniformly at a specific point in the
cell division cycle in response to depletion of the PKCJ gene
product (33). This strain was used to isolate extragenic
suppressor mutations that support growth of mutants lacking
a functional PKCI gene. All of the suppressor mutations
isolated were shown by meiotic linkage analysis to be allelic
to one another. Molecular analysis of the suppressor locus,
designated BCKJ (for bypass of C kinase), revealed a 4.4-kb
open reading frame predicted to encode a previously uniden-
tified protein kinase. The BCKI gene product, calculated to
be 163 kDa, possesses a 30-kDa catalytic domain near its C
terminus. This region is not closely related to any known
protein kinase catalytic domain, sharing only 45% amino
acid identity with its closest known relative, the protein
kinase encoded by the S. cerevisiae STEJJ gene. The
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37 C - CaC1, 37 C ,igC]2 37 C + sorb'tol

FIG. 6. Osmotic stabilizers suppress the temperature-sensitive growth defect of a bckl deletion. A BCKI + diploid strain (1788; left side
of plates and a bckA:: URA3 diploid strain (DL251; right side of plates) were streaked onto YEP-glucose plates with the indicated supplements
and allowed to incubate at either 25 or 37°C for 48 h. A diploid bckl A:: URA3 mutant was used because haploid mutants accumulated recessive
extragenic suppressor mtitations at a high frequency. CaC12 or MgCl2 was present at 100 mM; sorbitol was present at 1 M.

N-terminal 130-kDa region of the BCKJ-encoded protein
bears no resemblance to any known protein. The fact that
the predicted BCKJ-encoded protein kinase is not closely
related to the protein kinase encoded by PKCI diminishes
the likelihood that BCK1 has been mutationally recruited
from another pathway to provide the PKCJ function.
The suppressor alleles of BCKJ were dominant to the

wild-type gene for suppressor function, indicating that the
mutant alleles had gained a function not possessed by the
BCKJ + gene. Suppressor alleles of BCKI carry mutations
that result in single amino acid replacements clustered in a
region of the protein immediately upstream of the catalytic

80

' 60 cIv7-1

340 bckl::URA3

0.

20
0 l 2 2 ^ ^ ^W.T.-
0 1 2 3 4 5 6 7 8

llME (hours)
FIG. 7. Cell lysis of the bckl deletion mutant. Cells were labeled

with [3H]uridine at 25°C, washed, and shifted to 37°C at time zero.
Aliquots were taken at the times indicated, and the amount of
radioactive material released into the medium was measured.
Strains were DL247 (wild-type; A), DL251 (bcklA::URA3; 0),
X3119-12A (cly7-1; 0), and LR684-C (cdc35-10; A).

domain. It is plausible that the N-terminal region of the
BCKJ-encoded protein serves as a regulatory domain which
normally interacts with the catalytic domain. Mutations in
the hinge region between these domains may interfer with
such an interaction, resulting in an unregulated protein
kinase. Deletion of BCKJ did not result in suppression of
pkcl mutations (unpublished data), a result that further
supports the notion that BCKJ suppressor mutations acti-
vate the encoded protein kinase. The observation that over-
expressioti ofBCKJ + failed to suppress pkcl mutations may
indicate that the wild-type Bckl protein kinase is tightly
regulated.

1 2 3
iMME IN YEPD (hours)

FIG. 8. Survival of the bckl deletion mutant after transfer to
medium lacking osmotic stabilizing agents. Cells were grown loga-
rithmically at 37°C in YEP-glucose medium supplemented with 1 M
sorbitol and diluted at time zero into YEP-glucose. Aliquots were
plated for viability at various times on sorbitol-containing medium at
25°C. Strains were DL247 (wild-type; 0) and DL251 (bckl/A::URA3;
0).
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TABLE 2. Mapping the BCKJ gene

No. of each Map
Cross (marker)a tetrad typeb: distance

PD NPD T (cM),
BCKI::URA3 x arg3 53 0 3 2.7
BCKI::URA3 x cdc6 11 2 50 53.8
BCKI::URA3 x cdc35 10 5 33 81.5

a Haploid strains possessing the indicated markers were mated. Diploids
were induced to undergo meiosis, and tetrads were dissected.

b PD, parental ditype; NPD, nonparental ditype; T, tetratype.
c Map units were calculated by the formula of Perkins (51), as modified by

Mortimer and Schild (38). cM, centimorgans.

Deletion of BCKI results in a temperature-sensitive cell lysis
defect. Cells bearing a deletion at the BCKJ locus grew
slowly at 30°C but displayed a cell lysis defect at 37°C that
was suppressed by osmotic stabilizing agents. Temperature-
sensitive phenotypes are normally associated with thermo-
labile proteins, but because the deletion mutant of BCKJ
does not express a functional protein, it is likely that the
absence of this gene either uncovers an unstable pathway or
results in a structural defect that becomes acute at high
temperature. The observation that cells deleted at BCKJ
lysed rapidly after the shift to the restrictive temperature
suggests that the latter possibility is more likely.
Evidence in support of a model in which PKCJ and BCKJ

function in a common pathway comes from the similarity in
the defects associated with loss of function of these genes. A
strain that conditionally expresses PKCJ ceases growth and
division at a point in the cell division cycle shortly after bud
emergence (33). Nuclear events arrest in these cells after
DNA replication but before mitosis. We have shown re-
cently that growth and diVision arrest of conditional pkcl
mutants is accompanied by a cessation of protein synthesis
and rapid loss of viability (32). Although cell lysis of condi-
tional pkcl mutants is not microscopically evident, these
cells release their contents ihto the medium after the shift to
restrictive conditions. Moreover, a pkcl deletion mutant
proliferates only in osmotically stabilized medium, and bud-
ded cells undergo rapid lysis after they are transferred to
medium lacking osmotic stabilizers (32). A pattern of cell
lysis similar to that displayed by the pkcl deletion mutant
was observed of a bckl deletion mutant grown at the
restrictive temperature after it was transferred to medium
lacking osmotic stabilizers. We have proposed that condi-
tional mutations in PKCJ result in a cell division cycle-
specific osmotic stability defect (32). Because pkcl cells
cease growth and division with a uniform terminal pheno-
type, the defect is apparently initiated at a specific point in
the cell cycle. The small-budded arrest phenotype is pro-
posed to result from the manifestation of this defect at the
time of bud emergence. Additionally, because initiation of
DNA synthesis normally precedes bud emergence (55) and
completion of replication does not require protein synthesis
(6, 15), loss of cellular integrity at the time of bud emergence
might not interfere with DNA replication. However, since
protein synthesis is required for the initiation of mitosis (6),
nuclear arrest would result after the completion of DNA
replication but before mitosis. Indeed, this is the state of the
nuclei in pkcl-arrested cells.

Interaction of PKCI and BCKI. Any model in which PKCI
and BCKI are proposed to function in a common pathway
must take into account two observations. (i) Because BCKJ
suppressor mutations bypass the requirement for PKCJ,

PKCI

A

It it
PKC I

B

it

PKCI

C
FIG. 9. Models for the interaction of PKCJ and BCKI.

BCKI must not act at a point in the pathway before PKCI.
This does not preclude the possibility that PKCJ and BCKI
act at the same point in the pathway through phosphoryla-
tion of a common substrate. (ii) PKCJ is essential at all
termperatures, but BCKJ is only essential at 37°C. These
results appear to rule out an unbranched pathway in which
)CKJ functions downstream ofPKCJ (Fig. 9A), because the
defect associated with the loss of any component down-
stream ofPKCJ in such a pathway should be as severe as the
defect associated with the loss of PKCJ. Figure 9 outlines
two models that are consistent with the observations de-
scribed above. In the first model (Fig. 9B), PKCJ regulates a
bifurcated pathway in which BCKJ functions on one branch.
Loss of either branch of the pathway is not as deleterious as
is loss of the entire pathway (by deletion of PKCI). In this
model, the Pkcl kinase either directly or indirectly activates
the Bkcl kinase. The dominant suppressor mutations of
BCKJ, which are clustered near a potential PKC phosphor-
ylation site, may result in a conformational change approx-
imating that induced through phosphorylation by Pkcl. In
the second model (Fig. 9C), BCKI plays an auxiliary role in
the pathway. In this case, loss of the presumptive regulatory
function provided by BCKJ weakens the pathway, but it
does not have the devastating affect associated with com-
plete loss of the pathway.
A mutation in the BCKJ gene has been identified recently

through its synthetic lethality with a spa2 mutation (63). The
SPA2 gene encodes a protein that localizes to bud tips and
"shmoo" (mating projection) tips and is proposed to play a
role in the polarized cell growth required for bud formation
and morphogenic differentiation prior to mating (11). Al-
though BCKI and SPA2 are not structurally related to each
other, the synthetic lethality of mutations in these genes
suggests that they may be functionally overlapping. By
extension, PKCJ may also participate in polarized cell
growth and morphogenesis.
BCK1 is structurally unique in the yeast genome. Although

it is possible that the BCKI function has been duplicated in
S. cerevisiae, it is unlikely that the BCKI gene is structurally
redundant. Probes derived from the BCKI gene failed to
detect any related yeast loci under hybridization conditions
of reduced stringency. These hybridization conditions have
allowed the detection of duplicated (or triplicated) protein
kinase genes previously in yeast by using probes derived
from one member of a replicated gene family (34, 49, 66).
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ADDENDUM IN PROOF

Irie et al. (K. Irie, H. Araki, and Y. Oshima, Gene, in
press) have isolated a dosage-dependent suppressor of a
temperature-sensitive allele of SMP3 (designated SSP31)
that is identical to BCKI. The SMP3 gene encodes a hydro-
phobic protein that influences the maintenance of heterolo-
gous plasmids in S. cerevisiae.
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