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A gene whose overexpression can endow Saccharomyces cerevisiae cells with resistance to HM-1 killer toxin
was cloned from an S. cerevisiae genomic library. This gene, designated HKRI (Hansenula mrakii killer
toxin-resistant gene 1), contains a 5.4-kb open reading frame. The predicted amino acid sequence of the protein
specified by HKRI indicates that the protein consists of 1,802 amino acids and is very rich in serine and
threonine, which could serve as O-glycosylation sites. The protein also contains two hydrophobic domains at
the N-terminal end and in the C-terminal half, which could function as a signal peptide and transmembrane
domain, respectively. Hkrlp is found to contain an EF hand motif of the calcium-binding consensus sequence
in the C-terminal cytoplasmic domain. Thus, Hkrlp is expected to be a calcium-binding, glycosylated type I
membrane protein. Southern and Northern (RNA) analyses demonstrated that there is a single copy of the
HKRI gene in the S. cerevisiae genome, and the transcriptional level of HKRI is extremely low. Gene disruption
followed by tetrad analysis showed that HKRI is an essential gene. Overexpression of the truncated HKRI
encoding the C-terminal half of Hkrlp made the cells more resistant to HM-1 killer toxin than the full-length
HKRI did, demonstrating that the C-terminal half of Hkrlp is essential for overcoming the effect of HM-1 killer
toxin. Furthermore, overexpression of HKRI increased the B-glucan content in the cell wall without affecting

in vitro B-glucan synthase activity, suggesting that HKRI regulates B-glucan synthesis in vivo.

The yeast Hansenula mrakii secretes a protein with a small
molecular mass (10.7 kDa) which kills Saccharomyces cerevisiae
and other sensitive strains of yeasts. This protein, designated
HM-1 killer toxin, consists of 88 amino acids, of which 10
amino acids are cysteine. HM-1 killer toxin is stable in a wide
range of pHs (pH 2 to 11) and is heat labile but is sensitive to
proteinases and reducing reagents (30). It has also been
demonstrated that HM-1 toxin inhibited B-1,3-glucan synthesis
in vivo when applied to yeast culture, whereas the synthesis of
other cell wall components, such as chitin, mannan, and
alkali-soluble glucan, was unaffected (31). In contrast to B-1,3-
glucan synthesis, DNA, RNA, protein, and lipid syntheses were
apparently not inhibited during the early period of toxin
treatment (30). These results implied that HM-1 killer toxin
specifically inhibits B-1,3-glucan synthesis and kills the targeted
cells by an as yet unknown mechanism. Despite the strong
cytocidal effect on S. cerevisiae cells which occurs at about 1
pg/ml, HM-1 toxin was weakly inhibitory to $-1,3-glucan
synthase activity in the membrane fraction of S. cerevisiae; a
higher concentration of HM-1 toxin (10 to 100 pg/ml) was
needed to inhibit B-1,3-glucan synthase (30).

Concerning B-1,3-glucan synthesis, neither the enzyme(s)
nor its gene has been isolated. The enzyme activity of B-1,3-
glucan synthesis was detected in crude membrane fractions of
S. cerevisiae cells and other fungal cells (14, 26), indicating that
the enzyme exists in the membrane. It has also been demon-
strated that ATP or GTP was required for enzyme activity (20,
27). Since its substrate (UDP-glucose) and activators (GTP
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and ATP) are available only in the cytoplasm, the active site of
the enzyme would be in the cytoplasmic domain, and the
nascent glucan may be transported to the cell wall, perhaps
through a channel-like enzyme complex. In this context, Kang
and Cabib (14) reported that glucan synthesis of Hansenula
anomala and Neurospora crassa consisted of at least two
components, a membrane-bound catalytic component and a
cytosolic regulatory component, of which the latter could be
solubilized by salt and detergent and may represent an affinity
for GTP and ATP.

Beside B-1,3-glucan, there is another type of glucan polymer
classified as B-1,6-glucan. B-1,6-Glucan accounts for only a
small percentage of total B-glucan, while the ratio of 8-1,3- and
B-1,6-glucan varies among yeast species and under different
growth conditions and stages (11). The synthesis of B-1,6-
glucan apparently occurs on the long B-1,3-glucan chain via
B-1,6-linkage of glucose, which gives rise to a cell wall glucan
network (11). Although the mechanism underlying B-1,6-
glucan synthesis and its regulation have not been fully under-
stood, Bussey’s group has succeeded in isolating various S.
cerevisiae mutants defective in B-1,6-glucan synthesis. These
mutants, designated kre mutants, were obtained by screening
the S. cerevisiae cells that survived in the presence of K1 killer
toxin, whose receptor has been identified as cell wall B-1,6-
glucan (8, 12). The kre mutants which lack the ability to
synthesize the normal level of B-1,6-glucan (and therefore
acquired a K1 toxin-resistant phenotype) were used for cloning
the genes involved in B-1,6-glucan synthesis. Genes whose
introduction into kre mutants led to the normal level of
B-1,6-glucan synthesis and to the loss of resistance to K1 killer
toxin were elegantly cloned and characterized (4-7, 12, 19, 22).

In an attempt to clarify the mechanism of action of HM-1



VoL. 176, 1994

and to clone B-1,3-glucan synthesis-associated genes, we have
used an expression cloning strategy with HM-1 killer toxin.
Here we report the cloning of a gene whose overexpression
gave rise to an HM-1 killer toxin-resistant phenotype in S.
cerevisige. A possible involvement of this gene product in
B-1,3-glucan synthesis is discussed.

MATERIALS AND METHODS

Purification of HM-1 Kkiller toxin. HM-1 killer toxin was
purified from the culture medium of H. mrakii (IFO0895) by
the method of Yamamoto et al. (31) with some modifications.
A portion (1/100 volume) of the culture of H. mrakii grown
overnight was inoculated in several liters of minimal medium
containing 0.67% yeast nitrogen base (Difco) and 0.5% glu-
cose. After 30 h, the culture of H. mrakii was centrifuged at
4,500 rpm for 10 min with a Kontron A6.9 rotor to remove
cells. The supernatant was filtered through a cellulose acetate
filter (pore size, 0.45 pm; Corning) to remove cell debris and
aggregates. Filtered medium was concentrated by ultrafiltra-
tion with Filtron Omega Minisette (nominal molecular mass
limit, 3 kDa; Filtron) and then with a YM2 filter (Amicon).
HM-1 killer toxin was purified by Sephadex G-50 column
chromatography. Several milliliters of the concentrated me-
dium was applied to a Sephadex G-50 column and eluted with
50 mM NaH,PO,. Fractions containing HM-1 were combined,
and HM-1 was further purified by high-pressure liquid chro-
matography. The partially purified toxin was loaded on an SP
column (SP-2SW; 4.6 mm by 25 cm; Tosoh) and eluted with 25
mM sodium phosphate buffer (pH 5.8) with a linear gradient of
0 to 0.5 M NaCl. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis and subsequent staining of the
proteins with Coomassie brilliant blue revealed that the puri-
fied HM-1 was homogenous, and no visible contamination was
detected.

The activity of HM-1 was determined on the basis of the
growth inhibition of S. cerevisiae cells (strain A451) in synthetic
medium containing glucose (SG) (0.17% yeast nitrogen base,
0.5% ammonium sulfate, 2% glucose) supplemented with
required amino acids, 20 pg of uracil per ml, and 40 pg of
adenine sulfate per ml. Part (1/100 volume) of a culture of S.
cerevisiae cells grown overnight was inoculated into several
milliliters of SG containing various concentrations of HM-1
killer toxin. After inoculation, cell growth was monitored by
measuring Ay as a function of time.

Construction of a S. cerevisiae genomic DNA library. Wild-
type S. cerevisiae (strain YNN295) genomic DNA purchased
from Clontech was partially digested with Sau3AI and frac-
tionated on a 0.5% agarose gel. The DNA fragments between
4 and 8 kb long were eluted electrophoretically from the gel
(25) and purified with an Elutip-D column (Schleicher &
Schuell). The vector used for constructing the library was
YEp213, a derivative of YEp13, which carries a 2pm replica-
tion origin and LEU2 gene as a genetic marker (1, 23). S.
cerevisige genomic DNA, partially digested with Sau3Al and
ligated to the BamHI cleavage site of YEp213, and the
resulting plasmids were transfected to Escherichia coli DH5
competent cells. Plasmid DNA was extracted from the trans-
formed E. coli cells through cesium chloride gradient centrif-
ugation as described elsewhere (25).

DNA transfection and screening. S. cerevisiae cells (strain
A451 MATo canl leu2 trpl ura3 aro7) were transfected with
plasmid DNA by the lithium acetate method (13). For select-
ing the HM-1-resistant clones, cells were transfected with the
genomic DNA library, and were seeded on SG agar plates that
lacked leucine but contained 0.7 ng of HM-1 per ml. After
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incubation at 30°C for 3 to 4 days, plasmid DNA was recovered
from the colonies growing on the HM-1-containing plates by
lysing the cells with glass beads, extracting with phenol, and
precipitating with ethanol (17). The insert DNA was excised by
digesting the recovered plasmid DNA with various restriction
endonucleases and subcloned in pUC18 and pUC19 vectors.
DNA sequencing was performed with Sequenase version 2 kit
(USB) and [a-**S]dCTP (NEN).

For obtaining the full-length gene, S. cerevisiae genomic
DNA was digested with BamHI, and resulting DNA fragments
between 5.5 and 8 kb long were purified, ligated at the BamHI
cleavage site of the pUCI18 vector, transfected into E. coli
DHS, and screened by colony hybridization with a radiola-
belled 1-kb HindIII-BamHI fragment of the cloned gene.
Hybridization and washing of the filters were carried out under
stringent conditions (5X SSC [1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate]-1X Denhardt’s solution-20 mM
sodium phosphate buffer [pH 6.5]-0.1% SDS-50% formamide
at 42°C for hybridization; 0.1 X SSC-0.1% SDS at 60°C for
washing) (25).

Southern and Northern (RNA) blotting. For the preparation
of genomic DNA, S. cerevisiae cells were treated with Zymol-
yase 20T and the resulting spheroplasts were lysed by adding
SDS to the cell suspension to give a final concentration of 0.1%
(17). Cell debris was removed by centrifugation after the
addition of potassium acetate. DNA was precipitated with
2-propanol, treated with pancreatic RNase, and digested with
endonucleases as indicated. RNA was extracted from growing
S. cerevisiae cells by lysing the cells with glass beads in the
presence of SDS followed by phenol extraction and ethanol
precipitation (25). Poly(A)* RNA was purified from total
RNA with Oligotex-(dT);, as described previously (16). Endo-
nuclease-digested DNA and poly(A)* RNA were fractionated
by agarose gel electrophoresis, transferred to nylon mem-
branes, hybridized with radiolabelled probes, and visualized by
autoradiography. Radiolabelling of DNA probes was carried
out by random-priming methods with [a->*?P]dCTP (25). Con-
ditions for hybridization and washing of the filters were
identical to those described for colony hybridization.

Overexpression of HKRI1. In order to overexpress HKRI, a
5.9-kb Tth1111-HindIII fragment or a 2.6-kb HindIII-HindIII
fragment which contains the full-length HKRI gene and part of
the gene encoding the C-terminal part of Hkrlp, respectively,
were ligated at the Bglll cleavage site of pMT34-317, a
derivative of pMT34 (28). These plasmids were designated
pMT-HKR and pMT-HKR" (tr for truncated), respectively. In
these plasmids, HKRI gene transcription was under control of
the GAL7 promoter. After transformation of S. cerevisiae A451
cells with these plasmid DNAs, uracil prototrophs were col-
lected, analyzed, and used for the experiments. Induction of
HKRI gene expression was carried out as described previously
(28). Part (1/100 volume) of a culture of the cells grown
overnight in glucose-containing medium was inoculated into
synthetic medium containing 2% galactose, and the cells were
further incubated at 30°C.

Disruption of the HKRI gene. The strains carrying null
mutations of HKRI were generated by single-step gene disrup-
tion (24). A plasmid required for homologous recombination
was constructed by replacing the Kpnl-Xbal region of HKRI
with the S. cerevisiae LEU2 gene. The chimeric HKRI-LEU2
gene was then excised from the plasmid vector and used to
transform a diploid S. cerevisiae strain (RAY3A-D a/a ura3/
ura3 leu2/leu2 his3/his3 trplftrpl). To confirm that the dis-
rupted copy of HKRI had been integrated at the expected
chromosomal locus in the diploid strain, genomic DNA was
isolated from several leucine prototrophs and then digested
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with EcoRV and HindlIII followed by Southern blot analysis
with a 0.9-kb Xbal-HindIII fragment of HKRI as a probe,
which would give rise to a 5.7-kb normal HKR] allele and a
3.2-kb HKRI-LEU?2 chimeric allele.

Preparation of cell wall glucan. Cell wall polysaccharides
were fractionated from S. cerevisiae A451 cells transformed
with pMT34-317, pMT-HKR", or pMT-HKR by the methods of
Peat et al. (21) and Manners et al. (18) with some modifica-
tions. Lyophilized S. cerevisiae cells grown to late logarithmic
phase in synthetic medium containing galactose and lacking
uracil were autoclaved for 90 min at 120°C. The insoluble
residues were collected by centrifugation and extracted four
times with 1.0 N NaOH containing 0.5% NaBH, for 24 h at
30°C with gentle shaking. After centrifugation, the supernatant
fractions containing alkali-soluble glucans were neutralized
with acetic acid, dialyzed against H,O, and lyophilized. The
precipitates were also neutralized and extracted five times with
0.5 M acetic acid at 90°C for 90 min. The acid-insoluble glucans
were centrifuged, dialyzed against H,O, and lyophilized. The
carbohydrate content of each fraction was estimated by the
phenol-sulfuric acid method by using glucose as a standard
(10).

RESULTS

Cloning of a gene with multicopy suppression activity of
HM-1 Kkiller toxin. In an attempt to clone S. cerevisiae genes
involved in B-1,3-glucan synthesis, we employed an expression
cloning approach using HM-1 killer toxin, which has been
implicated as an inhibitor of B-1,3-glucan synthesis. Overpro-
duction of the protein which might bind to toxin was antici-
pated to protect the cells from the lethal effect of HM-1 killer
toxin. To this end, the minimal concentration of HM-1 re-
quired for its lethal effects on S. cerevisiae A451 was first
examined. After serial dilutions of purified HM-1 toxin and
inclusion in the S. cerevisiae proliferation assay, the threshold
of the lethal concentration was estimated to be 0.5 pg/ml in
agar plates. To ensure the growth arrest of the untransfected
cells, a slightly higher concentration (0.7 pg/ml) of HM-1 was
used for the screening. A genomic DNA library was con-
structed with a YEp213 vector which had a 2pm replication
origin. The library contained partially Sau3Al-digested
genomic DNA that was between 4 and 8 kb long. S. cerevisiae
A451 cells were transformed with this library, and the trans-
formants were then seeded on the leucine-depleted SG agar
plates which contained the lethal dose (0.7 pg/ml) of the
purified HM-1 killer toxin. Of 10° transformants, 10 colonies
appeared after 4 days of incubation at 30°C. Cells from these
colonies were grown in SG lacking leucine and were subjected
to a secondary screening. Of 10 clones, 6 showed healthy
growth, even in the presence of 0.7 pg of HM-1 killer toxin per
ml. Plasmid DNA was extracted from cells derived from the six
clones, and a restriction enzyme map of the insert DNA was
determined. The size (7.3 kb) and restriction map of the insert
DNA was found to be identical among the six clones, indicating
that all of the HM-1-resistant clones contained the same
genomic DNA fragment. Since the introduction of vector
plasmid (YEp213) alone did not alter the sensitivity of the cells
to the toxin, it was evident that this DNA fragment was
essential for resistance to HM-1 killer toxin (Fig. 1A). Next, we
have analyzed the essential region of the insert DNA fragment
for the HM-1-resistant phenotype. Transformation of S. cer-
evisige cells with DNA fragments which had been digested
with various endonucleases revealed that the 2.6-kb HindIII-
HindIII region located near the 5’ end of the 7.3-kb DNA
fragment was sufficient to make the cells resistant to 0.7 pg of
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FIG. 1. Restriction map of HKRI and the essential region for
resistance to HM-1. (A) Plasmid DNA was isolated from the HM-1-
resistant cells, and the insert DNA was digested with various endo-
nucleases. The resulting DNA fragments were subcloned into the
YEp213 vector, transfected to A451 cells, and tested for the ability to
overcome growth inhibition by 0.7 pg of HM-1 per ml. The solid box
indicates an open reading frame found in this DNA fragment. The
open box represents the coding region of HKRI. (B) Predicted
structure of Hkrlp. R, repetitive sequence; L, possible leader se-
quence; TM, transmembrane domain. Asterisks indicate potential N
glycosylation sites.

HM-1 per ml (Fig. 1A). A more detailed study indicated that
the A451 cells harboring the 2.6-kb HindIII-HindIII fragment
were resistant up to 10 pg of HM-1 killer toxin per ml (data not
shown).

The sequencing of this 2.6-kb HindIII-HindIII fragment
demonstrated that there was an open reading frame which was
capable of coding for a protein with an approximate molecular
mass of 73 kDa. We designated this gene HKRI (Hansenula
killer toxin-resistant gene I). Despite its ability to rescue S.
cerevisiae cells from 10 pg of HM-1 killer toxin per ml, the
2.6-kb HindIII-HindIIl fragment seemed to be part of the
gene, because the open reading frame could still continue to
the 5’ end of the insert DNA. Furthermore, there was no
typical promoter sequence, such as a TATA box in the 5’
sequence upstream from the first methionine codon. These
observations strongly suggested that the 2.6-kb HindIlI-
HindIll fragment was part of the HKRI gene. To address this
possibility, we carried out Northern blotting to determine the
length of the endogenous mRNA for this gene. Cells trans-
formed with YEp213 carrying the 2.6-kb HindIIl-HindIII
fragment of HKRI expressed mRNA of the expected size at a
high level (Fig. 2, lane 1), whereas mRNA of the same size was
not detected in the cells transformed with the vector alone
(Fig. 2). Instead, a larger (about 6-kb-long) mRNA was
detected in the cells transformed with HKRI and with the
vector alone. The level of expression of endogenous HKRI was
very low; the 6-kb transcript was visible only when more than
10 ug of poly(A)* RNA was subjected to Northern blotting
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FIG. 2. Northern blot analysis of HKRI mRNA. The indicated
amount of poly(A)* RNA was isolated from cells carrying the 2.6-kb
HindlII-HindIIl fragment of HKRI in YEp213 (lane 1) or YEp213
alone (lanes 2 and 3), fractionated on an agarose gel, transferred to
a nylon membrane, hybridized with 3?P-labelled probe, and visualized
by autoradiography. The positions for 25S and 18S rRNA are indi-
cated. The arrow indicates the position of the endogenous HKRI
mRNA.

(Fig. 2, lane 2 and 3). From these results, we concluded that
the 2.6-kb HindIII-HindIIl fragment was part of the HKRI
gene and that the full gene might be about 6 kb long.
Transcription of the 2.6-kb HindIII-HindIII fragment of HKRI
might have started from promoter-like sequences in the
YEp213 vector.

Southern blot analysis with genomic DNA revealed that
there was a single copy of the HKRI gene in the genome and
that there was a BamHI site about 6.5 kb 5’ upstream from the
BamHI site located near the 5' end of the cloned DNA
fragment (Fig. 3). In order to clone the missing 5’ part of
HKRI, S. cerevisiae genomic DNA was digested with BamHI,
and the resulting DNA fragments between 5.5 to 8 kb long

4.4-

23-
20-

06-

FIG. 3. Genomic Southern blot analysis of HKRI. Genomic DNA
(5 pg) was digested with BamHI, EcoR1, HindlIll, Pst1, Sall, and Xhol,
fractionated on an agarose gel, transferred to a nylon membrane,
hybridized with *?P-labelled probe, and visualized by autoradiography.
The positions of size markers are indicated.
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were purified from the gel, subcloned into pUCI19 vector, and
screened with radiolabelled HKR1 probe. Of 10* clones, we
obtained two clones which strongly hybridized to the probe.
Restriction maps of these two clones were identical. Sequenc-
ing of the full-length HKRI gene demonstrated that there was
a 5.4-kb open reading frame which could encode a protein with
an approximate molecular mass of 189 kDa (1,802 amino
acids) (Fig. 1B and 4).

The predicted amino acid sequence of the protein specified
by HKRI (Hkrlp) showed two hydrophobic domains at the N
terminus (21 amino acids) and in the C-terminal half (26
amino acids) (Fig. 1B, 4, and 5). According to Von Heijne’s
criteria (29), it was predicted that the N-terminal 21 amino
acids could serve as a signal peptide. The hydrophobic domain
in the C-terminal half could be a membrane-spanning domain,
since this domain can form seven turns of o-helical structure.
Another noteworthy feature of Hkr1p was that this protein was
very rich in serine and threonine. Over 30% of the total amino
acids were serine and threonine, which might serve as accep-
tors for O-linked glycosylation. In addition to the possible
O-linked glycosylation, there were eight potential N-linked
glycosylation sites (Fig. 1B). Repetitive sequences were found
in the middle of the protein; there were 12 repeats of the 28
amino acids (Ser-Ala-Pro-Val-Ala-Val-Ser-Ser-Thr-Tyr-Thr-
Ser-Ser-Pro-Ser-Ala-Pro-Ala-Ala-Ile-Ser-Ser-Thr-Tyr-Thr-
Ser-Ser-Pro) (Fig. 4). Although there has been no gene or
protein reported so far whose sequence was identical to that of
HKRI or Hkrlp, HKRI had a significant sequence similarity to
MSB?2, a multicopy suppressor gene of S. cerevisiae cdc24 (2, 3).
Hkrlp shared 33% sequence identity and 45% sequence
similarity with Msb2p throughout the proteins. Structural
resemblance between Hkrlp and Msb2p was also observed;
Msb2p, which consists of 1,306 amino acids, is very rich in
serine and threonine and has a signal sequence at the N
terminus, a hydrophobic transmembrane domain in the C-
terminal half, and finally repetitive sequences in the middle of
the protein (3).

Interestingly, Hkr1p had a sequence, Asp-Val-Asp-Glu-Asn-
Gly-Asp-Ile-Arg-Leu-Tyr-Asp, starting at position 1645. This
sequence strongly correlated with the EF hand motif of the
calcium-binding site: Asp (or Asn)-Val-Asp (or Asn)-Glu-Asn
(or Asp or Ser)-Gly-Asp-lle (or Val)-Arg-Leu-Tyr-Asp (or
Glu), in which the 1st Asp (or Asn), 3rd Asp (or Asn), Sth Asn
(or Asp or Ser), 8th Ile (or Val), and 12th Asp (or Glu) are
conserved (Fig. 6). This EF hand motif was originally identified
in carp parvalbumin as the calcium-binding site (15) and has
been found in several other calcium-binding proteins in a wide
variety of organisms, including S. cerevisiae and higher eu-
karyotes.

Part of HKRI which could encode only a portion of the
C-terminal half of Hkrlp is sufficient to overcome the effect of
HM-1. As mentioned above, overexpression of the 2.6-kb
HindIII-HindIII fragment of HKRI which could encode part of
the C-terminal half of Hkrlp was sufficient to evade the
cytocidal effect of HM-1 (at least up to 10 pg/ml). We also
overexpressed the full-length HKRI by using the GAL7 pro-
moter, because the entire HKRI gene could not be subcloned
in YEp213 for unknown reasons. We succeeded in subcloning
the full-length HKRI gene in pMT34-317, a vector carrying the
GAL?7 promoter and the URA3 gene as a selectable marker.
Either the entire sequence or the 2.6-kb HindIII-HindIII
fragment of HKRI was inserted just downstream of the GAL7
promoter (designated pMT-HKR and pMT-HKR", respective-
ly). The resulting plasmids were transfected into S. cerevisiae
cells. Expression of HKR1 was induced by culturing the Ura3™
cells in the medium containing galactose instead of glucose. As
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FIG. 4. Nucleotide sequence of HKRI and predicted amino acid sequence of Hkrlp. Possible leader sequence and transmembrane domain are
indicated by underline and shaded box, respectively.
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1750 1800
VAV S 8T YT S8 8 P 8 AP AAI S ST VYT S 8 P 8 APV AV S 8
1850 1900

ACGTACACGTCTTCACCATCAGCACCTGCTGCAATATCCTCAACGTACACGTCTTCACCATCGGCACCCETTCCACTATCCTCGACCTACACGTCTTCAC
T YT S8 8P 8 AP AATI S S TYTS S8 P S8 APV AV S S TYTS B8 P

8 A P A AI S S TYT S S8 P S VPV AV S ST VYTS S P S AP AA

2050 2100
AATATCCTCAACGTACACGTICTTCACCATCAGTACCCCTTCCAGTATCCTCGACGTACACETCTTCACCATCAGCACCTCCTGCAATATCCTCAACGTAC
I 8 8 T YT S 8 P 8 VPV AV S S T YT S 8P 8 AP AATI S S TY

2150 2200

CeTCTTCACCATCGGCACCCOTTGCAL) CCTCGACGCTACACE] 0C

T 8 8 P 8 APV AV S 8T YT S 8P 8 AP AAI S ST YT S 8P 8 A

2250 2300
CACCCGTTGCACTATCCTCGACGTACACGTCTTCACCATCAGCACCTGCTCCAATATCCTCAACGTACACGTCTTCACCATCGGCACCTGTTGCAGTATC
P VAV S 8T YT B8 8P 8 APAATI S STYTS S S8 8P S8 APVAV S

2350 2400
8 TYTS S8 P B8ALVVYLS ST ST S SPYDIVYSPSTTFAA
2450 2500
T8 B G T TR B R B A BV AMGS S T BB S B R TDIVE S L s s A
2550 2600
e R BT AT T ET B P B R BT B L P TS B R TR S B AT AT
2650 2700
S r B B R R T BT TR T IATTO T RS L AT I DT LT
2150 2800
WA T QB TV G eI 8 TR BT LNDET NS ALV RS A
2850 2900

CGAATTTGCTTGAAACTTCTCTGATAATTTCATCGACCCAAGCAAGCATAACAAGCCCCAAAAACTCAGCTAAAATTAGTTCACTACAGAGCCAGCTGTC
N L VETSLITISSTQASITSPXKXDN SAKTISSULQS QUL 8

8 8 T KNP YDTANIEKNDNTTETS GRS T VYV S NTFLYT S 8 A A

3050 . 3100
P D WEKT B AT P T E T T 188886 8aAtsssrrssnns
3150 3200

V? GL 8 HNF VDS S KBS AT ST GYSS 8 8 8 I 8 8 I KL 8 KUZX
3250 3300
P AR BV NG E R T R e E T LA e
3350 3400
RN B VGBI e B RIS A NEEL N TR YD SRS LA
3450 3500
TN ENGEET LT TR o T RS s s Rt cnrener
3550 3600

T XKI 8I GPAUTTAVQTOQASTNS SV IFITAPA AL GSTYZPT®TT
3650 3700
P TR B RN BT ANLETATIVES S I e AT,
3750 3800

G 8 L P N AIZRPAVAV SEPINIUETTLTITTIGTITA AALMNTYTV

FIG. 4—Continued.
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3850 3900
ATTTTTGCCTTCAAAATCCAT TATCTTCCECTCAAMTCTTCAACT TT T TACCTCTCOT T TTGAAGTATCCCTTTTCAAACACCTCATCAGAACTOGACAAT
F LV QNPULS S AQITFNXTYULPILVILIEKYZPU?P?Ps$NxTSs sEILDMN

lIGlll!l'ILl!lldll!!!tllKlIllLIVVIK

4050 4100
AARAAAAAAMACCAGCAGAAAMAAAATGCCACGAAGTCAACCGAGGACTTACATCCTCCACAAGT CGACACATCCTCAATAGCGCTGAAAAAGATTGTTCC
K XK ¥ Q Q K XKNATKSTEDULIEKT?P?Z?PQVDT S S$IAVIKI KTITUVT?P

4150 4200
CATGCTAGACTCTTCTAAGGCATACATTCTATCACTTGCAGAGOTATATTTTCCAACAGAAGCCGTAACATATCTTCAGCAATTAATCCTTGATGAAAAT
M VD 8 8$ K AYIV SV AEREVYTFPTEAVTYILQQLILTIULDTEHWNW

4450 4500
TGACTTTATCAATTCATTCACAGATTCTCCATCTGCAGGAAGTATGCTCTAAAAATAATCATC T TTTIGATTGI TTTAACTAT TGGCCTACTCTTICTOG

DFrIssreTpsAsAGcKYAYVEIIIFLIVLZIIGCYVLLW

4550 4600
TTATTCGTTGCATTTTTTGCTTTCCCTCATAGAAATATATTATTGAAAMAGACACCCAAGGAACTGCATAGGGAAAAGCCTCAATAATGAGAGGOGAACTTG
L ¥ VA Y r ArF RHRDPY¥TILLIKRIEPARDMNCTIGKS STLDNDNTERTETLTE

Y I VT GENTVYNTIEBERTLIEYT?THT:I . D DGDILILYZRDA ATITP®PR
4850 4900
cQl GATC] - GGCGATGATGCTTCCCGAATAGACACTATACTAAGAGACTGCOTCTATGAC] CCAAGATGCTACGGAAGC
L DFDQE®TNGDDGS GIDSIVRDTC CVYDI KDNGQDATTEA ATFHL
4950 5000

8 Y 8 DM EE S N ST

5050 5100
TCACTTGCCAGACGAAGTTATTGAAAACTATAACAAGAACCATTTGTGCGAAACTAMCTTCATGGACTAGGCACTGAATCATGTACTACAGATGATCCC
E L P DEV IEZNYNIKDMNMZBEBLCEET?TIXKILUHEGTILGTTESCT®TT®TDDT?P

5150 5200
~ TG CJ PACG] GAG PACAGGGAGTCAGACATG GCCAAGTACCGCTTATACCACACCS CATAC CGATT]
D TGN QI TMNTETFSTG S QT CULP S TTAYTTTPILUHEHTMNSTIHKHIL

5250 5300
TTCACACATTACGCTACACAGAATCTTCACTACCAAAGCCAAATCAGACTCTTTTCTCTAATCTTGAAGATTTAGAAATAGAGGATATTGACGACAATGG
H T LR Y TERS 8LP KP N QTILTPF S NULEDIULTETITESDTIDDDNSG

5350 5400
8 V 8 DV HEITZ ETETULDALDTETELTYI KR RN SIEXKVYVYIEKSQOQNZ HEGQTT?T

5450 8500

FIG. 4—Continued.
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% 0.0 | \ Jih‘ m‘u;;lm:gi‘iy AL il I“ 1\
Ll

1801

Amino acid residue
FIG. 5. Hydrophobic profile of Hkrlp. Hydropathy of Hkrlp was calculated by using Kyte and Doolittle parameters (16a) from the predicted

amino acid sequence of the protein.

Consensus DXDXNGXIXXXD
(EF-hand) NND V E
S
1645
Hkrip DVDENGDIRLYD
. 148
Troponin C DKNNDGRIDYDE
[human]
. 56
Parvalbumin DKDKSGFIEEDE
[human]
N 98
Calmodulin DKDQONGYISAAD
[P. hybrida(plant)]
29
Calmodulin DKNGDGLISAAE
[S. cerevisiae]
147
Cdc31p DLDGDGEINENE
[S. cerevisiae]
. 65
H'pump DSDNDGPVAAGE
[S. cerevisiae)
714
Glucanase DVDGNGRINSTD

[C. thermocellum(bacterium)]

FIG. 6. Consensus sequence of the calcium-binding site (EF hand
motif) in Hkrlp. The EF hand motif in several calcium-binding
proteins and Hkrlp is shown. The amino acids indicated in boldface
type are conserved, and X can be any amino acid. The number
indicates the amino acid position of the first aspartic acid in this motif.
P. hybrida, Petunia hybrida; C. thermocellum, Clostridium thermocel-
lum.

shown in Fig. 7, culturing the cells in the galactose-containing
medium resulted in more than 50-fold increases in the mRNA
levels of both full-length and truncated HKR1 compared with
those of the cells cultured in glucose-containing medium.
Then, the effect of HM-1 toxin on the HKRI-overexpressing
cells was examined by monitoring the growth of these cells in
the presence of HM-1. In galactose-containing medium, the
cells harboring pMT-HKR'" grew normally in the presence of 4
g of HM-1 per ml (Fig. 8A). Overexpression of the full-length
HKRI in galactose-containing medium delayed the onset of
growth but resulted in normal growth of the cells in the
presence of 2 g of toxin per ml. Full-length HKRI, however,
did not make the cells resistant to higher concentrations of the
toxin; they grew poorly in the presence of 4 pg of HM-1 per ml

1 2 3 4 5 6

25s -
(3.36kb)

18s -
(1.65kb)

Galactose + - + - 4+ -
Glucose - = o = 4

FIG. 7. Induction of HKRI gene expression by the GAL7 pro-
moter. Samples (2 pg) of poly(A)* RNA from cells carrying pMT34-
317 (lanes 1 and 2), pMT-HKR" (lanes 3 and 4), or pMT-HKR (lane 5
and 6) which were cultured in galactose- or glucose-containing me-
dium were fractionated on an agarose gel, transferred to a nylon
membrane, hybridized with 3?P-labelled probe, and visualized by
autoradiography. The positions of 25S and 18S rRNA are indicated.
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A) Truncated :

Galactose
2 -
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—— 2
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0 10 20 30 40 50
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—— 2
- —h— 4
2
=
°
3
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0 10 20 30 40 50
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C) Full length :

Galactose
1.57
—&— HM-1  Opg/mi
— 2
—_ —h— 4
8
< 1.0
=y
[72]
c
Q
©
= 0.5]
3
0 r v r ,
0 10 20 30 40 50 60
Time after inoculation (hr)
D) Full length :
Glucose
2.
—— HM-1  Opg/mi
—— 2
g —h— 4
<
=
©
3
0
0 10 20 30 40 50 60

Time after inoculation (hr)

FIG. 8. Effect of HKRI overexpression on the growth of cells in the presence of HM-1. Cells transformed with pMT-HKR" (truncated) or
pMT-HKR (full length) were cultured in glucose- or galactose-containing medium in the presence of the indicated amount of HM-1. Growth of
the cells was measured by monitoring A4y at various times after inoculation.

(Fig. 8C). Transfection of the vector (pMT34-317) alone did
not lead to the cell growth in the presence of HM-1 toxin at all;
0.7 ng of HM-1 per ml was enough to kill the vector-
transfected cells in both glucose- and galactose-containing
medium (data not shown). When cells were cultured in glu-
cose-containing medium, only low levels of HKRI expression
were detected, and under this condition, 2 ng of HM-1 per ml
almost completely inhibited the growth of cells harboring
pMT-HKR and pMT-HKR"™ (Fig. 8B and D). From these
results, we concluded that HKR1 causes the multicopy suppres-
sion of HM-1 killer toxin action in S. cerevisiae cells and that
the C-terminal half of Hkrlp is essential for overcoming the
killing effect of HM-1.

HKRI is an essential gene. As described above, the S.
cerevisiage genome contains a single copy of the HKRI gene
(Fig. 3). This fact enabled us to examine whether HKRI is an
essential gene. To address this question, we constructed a
plasmid in which most of the coding region of HKRI (region
between Kpnl and Xbal sites) was replaced with the LEU2
gene (Fig. 9A). S. cerevisiae cells were transformed with this
plasmid, and the HKRI disruptants were identified among
Leu2* transformants by Southern blot hybridization with
HKRI as a probe. Three independent disruptant clones were
allowed to sporulate, and the viability of each spore was
examined following tetrad dissection. We analyzed 20 asci in
each three disruptant clones by tetrad dissection and found
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A

B c
1 2 3
kb
ss. (R 7
-
23-

FIG. 9. Disruption of HKRI! by homologous recombination and
subsequent tetrad dissection. (A) The plasmid required for homolo-
gous recombination was constructed by replacing the Kpnl-Xbal
region of HKRI with a LEU2 cassette which was inserted in the
direction opposite that of HKRI. Diploid RAY3A-D cells were
transformed with the resulting HKRI-LEU2 chimeric DNA, and
several leucine prototrophs were allowed to sporulate. The probe used
for the Southern blotting is indicated. (B) Southern blot analysis of
DNA from parental RAY3A-D (lane 1), LEU2* transformants (lane
3), and haploid cells originated from a viable spore after tetrad
dissection (lane 2). The positions of the size markers are indicated.
The slower-migrating band corresponds to the normal HKRI allele,
and the faster-migrating one is attributed to the disrupted allele. (C)
Tetrad analysis of HKRI disruptants. RAY3A-D clones which were
confirmed to contain the disrupted allele of HKRI were subjected to
tetrad analysis. In most of the cases, only two of four spores were
viable.

that only two of four spores were shown to be viable, even after
1 week of cultivation. Furthermore, cells that originated from
viable spores were confirmed to contain only an intact allele of
HKRI1 (Fig. 9B and C). All these results demonstrated that
HKRI is an essential gene for the growth of S. cerevisiae cells.

Overexpression of HKRI increases the cell wall B-glucan
content. Since HM-1 killer toxin specifically interferes with
B-1,3-glucan synthesis of S. cerevisiae (30), it would be of
interest to ask whether overexpression of HKRI affects B-1,3-
glucan synthase activity. This was tested first by B-1,3-glucan
synthase assay in vitro (9, 26) with membrane fractions pre-
pared from the cells transformed with pMT-HKR or pMT-
HKR". Induction of HKRI expression by culturing the cells in
the galactose-containing medium did not influence the in vitro
B-1,3-glucan synthase activity (data not shown). Next, we
examined whether HKRI is involved in B-glucan synthesis in
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Alkali-soluble Alkali- and acid-
glucan insoluble glucan
74

g —~

£

235

88

8

0
1 2 3 1 2 3

FIG. 10. Changes in B-glucan content by overexpression of HKRI.
B-Glucan was fractionated from the cells transformed with pMT34-317
(bar 1), pMT-HKR" (bar 2), and pMT-HKR (bar 3), and carbohydo-
rate contents in the alkali-soluble glucan fraction and in the alkali- and
acid-insoluble glucan fractions were determined by the phenol-sulfuric
acid method.

vivo. For this purpose, the B-glucan content of the cell wall was
determined in cells overexpressing either the truncated or
full-length HKRI gene. Comparison of the carbohydorate
contents of HKRI-overexpressing cells and vector-transfected
cells revealed that the overexpression of full-length HKRI
resulted in about 50% increase in the alkali-soluble B-glucan
content and that the alkali- and acid-insoluble B-glucan con-
tent was increased by about 2.5-fold by the overexpressed
truncated HKR1 (Fig. 10). Furthermore, most of the carbohy-
dorates both in the alkali-soluble and in the alkali- and
acid-insoluble glucan fractions were identified as B-1,3-glucan
(not shown). These results demonstrated that the overexpres-
sion of either truncated or full-length HKRI increased the level
of the cell wall B-1,3-glucan and suggest that HKRI is involved
in B-1,3-glucan biosynthesis.

DISCUSSION

We have isolated a S. cerevisiae gene whose overexpression
made S. cerevisiae cells resistant to HM-1 killer toxin. This
gene, designated HKRI, encodes a high-molecular-weight pro-
tein (the calculated molecular mass is 189 kDa) that has the
profile of a type I membrane protein. As mentioned in Results,
HKRI shares a significant sequence similarity to MSB2, a
multicopy suppressor of cdc24 (3). Furthermore, both Hkrlp
and Msb2p can code for high-molecular-weight proteins which
are rich in serine and threonine and are structurally related;
they have a signal sequence at the N terminus, possess a
transmembrane domain in the C-terminal half, and contain
amino acid repeats in the middle of the proteins (3). These
results prompted us to examine whether HKRI could substi-
tute for MSB2 and rescue a cdc24 mutant at the nonpermissive
temperature. To address this question, we carried out a
preliminary experiment in which pMT-HKR and pMT-HKR"
were introduced into S. cerevisiae Y147 (cdc24) cells (2). HKRI
mRNA was increased more than 50-fold in cells cultured in
galactose-containing medium compared with in the cells cul-
tured in glucose-containing medium, as shown in Fig. 7. This
increased level of HKRI expression, however, did not support
the growth of Y147 cells at 37°C, suggesting that HKRI cannot
substitute for MSB2. MSB2 has been reported to be a nones-
sential gene (3), while HKRI was shown to be essential for the
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viability of S. cerevisiae cells. Taking these results together, we
concluded that HKRI and MSB2 are functionally distinct.

We found that overexpression of truncated HKRI, which
could encode the C-terminal part of Hkrlp, was sufficient and
much more efficient than the full-length gene in conferring
resistance to HM-1 killer toxin. This difference may be caused
mainly by the difference in the levels of expressed protein.
Indeed, Western blotting (immunoblotting) with a specific
antibody raised against the C-terminal portion of Hkrlp
showed that the level of truncated Hkrlp was much higher
than that of the full-length Hkrlp (data not shown).

It is not clear at present how the full-length or truncated
Hkrlp could protect the cells from HM-1 toxin, and further
experiments should be necessary to understand the molecular
mechanism of HM-1 killer toxin action. Surprisingly, most, if
not all, of the protein expressed from the truncated form of
HKRI (2.6-kb HindIII-HindIII region) was found in the mem-
brane fraction (data not shown). One possible interpretation is
that Hkrlp contains a HM-1 toxin binding site in the C-
terminal half of the protein and that overexpressed Hkrlp
neutralizes the HM-1 Kkiller toxin by binding to it.

On the other hand, Hkrlp contains an EF hand motif of the
calcium-binding consensus sequence in the C-terminal cyto-
plasmic domain. The existence of a calcium-binding site in
Hkrlp suggests that the changes in the intracellular calcium
concentration may be associated with the cytocidal effect by
HM-1 toxin. This finding also enables us to speculate that
the overexpression of the full-length or truncated form of
Hkrlp impairs the function of the endogenous Hkrlp at
certain steps, e.g., binding to calcium ion and interaction with
substrate.

As for the physiological function of Hkrlp, we demonstrated
here that overexpression of HKRI increased the B-glucan
content and that HKRI is involved in B-glucan biosynthesis.
B-Glucan synthase activity in the cells, however, was unaffected
by the overexpression of either truncated or full-length HKR1,
suggesting that Hkrlp may be a regulatory factor of B-glucan
synthesis. Interestingly, truncated and full-length HKRI af-
fected the B-glucan content in different fractions. Since the
level of truncated Hkr1p is much higher than that of full-length
Hkrlp, the increase in the B-glucan content in the different
fractions by the two forms of Hkrlp may also be the conse-
quence of the difference in the protein levels.
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