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Kar4p is a transcription factor in Saccharomyces cerevisiae that is required for the expression of karyogamy-
specific genes during mating, for the efficient transit from G, during mitosis, and for essential functions during
meiosis. Kar4p exists in two forms: a constitutive slower-migrating form, which predominates during vegetative
growth, and a faster-migrating form, which is highly induced by mating pheromone. Transcript mapping of
KARA4 revealed that the constitutive mRNA was initiated upstream of two in-frame ATG initiation codons, while
the major inducible mRNA originated between them. Thus, the two forms of Kardp are derived from the
translation of alternative transcripts, which possess different AUG initiation codons. Site-directed mutations
were constructed to inactivate one or the other of the initiation codons, allowing the expression of the two
Kar4p forms separately. At normal levels of expression, the constitutive form of Kar4p did not support
wild-type levels of mating. However, the two forms of Kar4p could also be expressed separately from the
regulatable GALI promoter, and no functional difference was detected when they were expressed at equivalent
levels. Pulse-chase experiments showed that the induced form of Kar4p was highly expressed and stable during
mating but rapidly turned over in vegetative cells. In contrast, the constitutively expressed longer form showed
the same rate of turnover regardless of the growth condition. Furthermore, overexpression of either form of
Kar4p in vegetative cells was toxic. Thus, the elaborate regulation of the two forms of Kar4p at the levels of
transcription, translation, and protein turnover reflects the requirement for high levels of the protein during

mating and for low levels during the subsequent phases of the cell cycle.

In the yeast Saccharomyces cerevisiae, mating entails both
cellular and nuclear fusion of two haploid cells of opposite
mating type, MATa and MATo (for a review, see reference 29).
Mating initiates after the reciprocal exchange of the cell-type-
specific pheromones, a-factor and a-factor. Binding of the
pheromone to its cognate receptor triggers a mitogen activated
protein (MAP) kinase cascade that mediates a series of cellular
changes in preparation for mating (for reviews, see references
11, 16, 26, and 27). One of the primary downstream targets of
the MAP kinase cascade is the transcriptional induction of a
variety of mating-specific genes. The process is mediated by the
transcriptional activator Ste12p, alone or in concert with other
proteins, which binds upstream of pheromone-induced genes
via sequences known as pheromone response elements, or
PREs (for a review, see reference 42). Important cellular
changes in response to pheromone include agglutination via
surface glycoproteins, arrest in the G, phase of the cell cycle,
and polarized growth toward a selected partner. The two part-
ner cells adhere tightly to form prezygotes and ultimately fuse
at the site of close apposition. Concurrently, microtubules em-
anating from the spindle pole body (SPB) move the haploid
nuclei up to the site of polarized growth (31). Cell fusion
occurs with the breakdown of the intervening cell wall and
plasma membranes. Nuclear fusion, or karyogamy, begins
when microtubules extending from the SPBs become intercon-
nected by the kinesin-related motor protein, Kar3p (30), and
its associated light chain, Ciklp (34). Kar3p produces antipar-
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allel microtubule movement, thereby bringing the nuclei to-
gether (30), in a process termed nuclear congression (24). The
nuclei initiate fusion along the edges of the SPBs (7), and
nuclear membrane fusion occurs (4, 24), resulting in the for-
mation of a diploid cell.

KAR4 is one of eight genes initially identified as part of a
genetic screen for bilateral mating mutants (24, 25). KAR4
expression is significantly induced during exposure to phero-
mone. The induced expression is mediated by Stel2p, which
presumably binds to the PREs found upstream of the KAR4
coding region. Kar4p is a karyogamy-specific transcription fac-
tor that acts in combination with Stel2p to promote the pher-
omone induction of KAR3 and CIKI. Thus, Kar4p is essential
for nuclear congression during karyogamy (25).

Kar4p also acts during mitosis and meiosis. In mitotically
growing cells, KAR4 mRNA is specifically expressed during
G,/S. Furthermore, kar4 mutants exhibit a G, pause during
vegetative growth. Similarly, KAR4 mRNA is induced during
meiosis, and homozygous kar4 diploids fail to sporulate (25).

Previous work revealed two forms of Kardp with different
electrophoretic mobilities that are present in both vegetative
and mating cells (25). The slower-migrating form corresponds
to a 38.5-kDa protein (Kar4p-long), which is constitutively
expressed and predominates during vegetative growth. The
faster-migrating form corresponds to a 35.5-kDa protein
(Kardp-short), which is highly induced upon exposure to pher-
omone. Although Kar4p is a phosphoprotein (25), treatment
with phosphatases did not alter the relative mobilities of the
two forms of Kardp (our unpublished observations). There-
fore, simple phosphorylation models do not account for the
two forms.

In this paper, we explore the origins of the two forms of
Kar4p and the functional basis for their differential regulation.
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TABLE 1. Strains and plasmids used in this study

MoL. CELL. BIOL.

Strain or

plasmid® Genotype or yeast markers Reference
Strains
MS1919 MATa his3A200 ura3-52 ade2-101 trpl1 Al This work
MS2710 matA::LEU2 ura3-52 trpl Al his3::TRPI leu2-3,112 kar4-2150 [MATa URA3 CEN ARS] 24
MS3216 MATa leu2-3,112 his3A200 ura3-52 ade2-101 kar4A::HIS3 25
MS3212 MATa leu2-3,112 his3A200 ura3-52 ade2-101 kar4A::HIS3 25
MY3371 MATa ura3-52 leu2Al This work
MY3375 MATa ura3-52 leu2Al his3A200 This work
MY4166 MATa ura3-52 leu2Al his3A200 kar4A::HIS3 This work
MY4239 MATo ura3-52 leu2Al his3A200 kar4A::HIS3 This work
MY5792 MATa ura3-52 leu2Al his3A200 KAR4::HA This work
Plasmids

pMR2516 KAR4 CEN ARS URA3 25
pMR2654 KAR4::HA CEN ARS URA3 25
pMR2973 Pg 4 -KAR4-long CEN ARS URA3 This work
pMR3291 P4 -KAR4-short CEN ARS URA3 This work
pMR3356 P41 -KAR4::HA-short CEN ARS URA3 This work
pMR3357 KAR4::HA (ATG,—AAG) CEN ARS URA3 This work
pMR3359 KAR4:HA (ATG,—AAG) CEN ARS URA3 This work
pMR3459 Py -KAR4::HA-long CEN ARS URA3 This work
pRS416 CEN ARS URA3 40

“ All strains are from the Rose laboratory and are isogenic with S288C (hap2 mal kss1). The MY yeast strains are GAL2, and the MS yeast strains are gal2.

Examination of the DNA sequence showed two potential in-
frame ATG translational start codons, 90 bp apart, at the 5’
end of the KAR4 open reading frame (25). We show that the
two species of Kardp have their ultimate origins in differential
transcription from the K4AR4 locus. The different transcripts
then produce two distinct proteins initiating at the different
AUGs. Although high levels of Kar4p are required for efficient
karyogamy, overexpression is toxic in vegetatively growing
cells. Accordingly, we find that the two forms of Kardp have
different stabilities in vegetative cells but not in mating cells,
allowing for tighter regulation of the levels of Kar4p during
mating and the subsequent reentry into mitosis.

MATERIALS AND METHODS

Strains and microbiological techniques. A list of all the yeast strains and
plasmids used in this study is found in Table 1. Yeast media and genetic tech-
niques used were essentially as described previously (36). Sporulation experi-
ments were performed as described in reference 23. MY4166 and MY4239, Gal™
kar4A strains, were produced by crossing MY3375 (Gal™) with MS3212
(kar4A::HIS3) (25). Tetrads were dissected, and MATa His™ spores were scored
for growth on galactose and for the kar4 mating defect. Furthermore, a Pg ;-
KAR4 construct (pMR3291), described below, complemented the mating defect
upon galactose induction.

Galactose inductions of Kar4p. For all galactose inductions, strains were first
pregrown in synthetic complete medium lacking uracil with 2% raffinose to
mid-exponential phase. For galactose induction during limited mating tests,
MATa kar4A cells harboring the appropriate plasmid were spotted onto a lawn
of MATa kar4-2150 cells (MS2710). The cells were allowed to mate on synthetic
complete plates with 2% raffinose and 2% galactose for 3 h and then replica-
plated onto the appropriate medium to select for the diploid.

For glucose-modulated galactose induction, strains were induced with 2%
galactose in combination with various concentrations of glucose (range, 0.1 to
0.6%) for 3 h. Limited plate mating tests using glucose-modulated galactose
induction were conducted as described above, except that synthetic complete
plates containing glucose and galactose concentrations equivalent to those of the
liquid cultures were used. The exponentially growing cultures were spotted onto
the MATo kar4 lawn and mating was allowed to proceed for 4 h. The mating
plates were then replica printed to the appropriate medium to select for the
diploids.

For P4, shutoff experiments, cells were grown to early exponential phase in
synthetic complete medium lacking uracil with 2% raffinose and induced with 2%
galactose plus 0.35% glucose (for Kar4p-long) and 2% galactose plus 0.2%
glucose (for Kar4p-short). Inductions were for 3 h. The cells were then washed
and resuspended in synthetic medium lacking uracil with 2% glucose, and if

applicable, synthetic a-factor (Princeton Synthesizing/Sequencing Facility) was
added to 5.6 pM.

Molecular techniques. DNA manipulations, including isolation of plasmid
DNA, cloning procedures, electroporation into bacteria, PCR, and colony lifts,
were performed as described in reference 37. DNA was also prepared by the
STET protocol (36). Oligonucleotides were obtained from the Princeton Syn-
thesizing/Sequencing Facility.

Total RNA was isolated from wild-type (MS1919) and kar4A (MS3216) yeast
cultures treated with a-factor (5.6 pM) dissolved in methanol or mock treated
with an equivalent volume of methanol. The RNA was extracted as described
previously (36) except that 1% sodium dodecyl sulfate was included in the initial
lysis buffer. Primer extension was as described previously (12) with minor mod-
ifications. A total of 7.5 ng of the 16-mer oligonucleotide PREXT1, 5’ GGA
TAG CCA TCA ACC C 3, was end labeled with 50 p.Ci of [y-*P]JATP and
hybridized to 42 pg of total yeast RNA for each sample. One unit of RNasin
(Promega Biotech Corp., Madison, Wis.) was used for each sample, as was 60 U
of avian myoblastosis virus reverse transcriptase (United States Biochemicals,
Cleveland, Ohio). Reaction products were ethanol precipitated, resuspended in
sample buffer, and then run on a denaturing polyacrylamide-urea gel in parallel
with sequencing reactions (see below).

S1 nuclease mapping of mRNA 5’ start sites was performed as described
previously (2) by using the single-stranded probe protocol. The primer used was
the same as that used for primer extension, PREXT1. The primer was end
labeled and hybridized to the KAR4 DNA fragment. After extension with the
Klenow fragment from DNA polymerase (Boehringer Mannheim, Indianapolis,
Ind.), the product was cleaved with SacI to delineate the 3’ end of the probe.
After hybridization of the probe with the yeast RNA, 400 U of S1 nuclease
(Boehringer Mannheim) was used. The S1 reactions were run in parallel with
sequencing reactions on a sequencing gel.

Sequencing reactions were carried out according to the Sequenase, version 2.0,
protocol (Sequenase DNA sequencing kit; United States Biochemicals).
PREXT]1 was the primer, and pMR2516 was used as the KAR4 template. The
denaturing polyacrylamide-urea gel was poured, loaded, and run according to the
Sequenase protocol.

Site-directed mutagenesis. Site-directed mutagenesis was carried out with the
Muta-Gene phagemid in vitro mutagenesis kit (Bio-Rad Laboratories, Rich-
mond, Calif.). Two 16-mer oligonucleotides to independently change either the
first or the second ATG to an AAG were synthesized. The primer used to change
the first ATG (ATG,—AAG) was 5" GAA TGC CTT CTT AAT A 3'. The
primer used to alter the second ATG (ATG,—AAG) was 5’ AGA TTT CTT
TTC TAT T 3'. The changes were made to a triple hemagglutinin (HA)-tagged
version of KAR4 (pMR2654) to allow for visualization of the protein products.
The mutagenesis protocol used was essentially as described by the manufactur-
ers, except that R408 helper phage was used instead of M13KO7 and no gene 32
product was used. The ATG;—AAG sequence change introduced an Xmnl site,
which was used as a detector of positive colonies. The site-directed mutants were
sequenced to confirm the change.
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Engineering P, -KAR4::HA constructs to separately express the forms of
Kardp. P ., -KAR4 constructs were constructed by using a pRS416-based vector
(40) that contained a 750-bp EcoRI/BamHI fragment containing the GALI
promoter (P, ). The KAR4 coding region was amplified by PCR from
pMR2516 by using a 5" primer near the first ATG (sequence encoding the long
protein) or the second ATG (sequence encoding the short protein) in combina-
tion with a 3’ primer near the TAA stop codon. The primers used were
KAR4-N1 (long), 5" GCG GAT CCG AGA AGT GAG AAT ACT AT 3';
KAR4-N2 (short), 5" GCG GAT CCG CCA AAC CAG GAA ACA AT 3'; and
KAR4-C, 5" GCG GAT CCG AGC TAA GCA AGG ATT TA 3'. The final
cloned KAR4 region in the constructs consisted of a BamHI to BipI fragment.
The engineered BamHI site is 5’ of the ATG, and the BipI site is found 3" of
KAR4. To allow for the immunological detection of Kardp, a 140-bp Xbal
fragment from pMR2654 (25), containing the triple HA epitope, was cloned into
the Xbal site of KAR4 on the P4, -KAR4-short (pMR3291) and P, -KAR4-
long (pMR2973) constructs to form Pg; -KAR4::HA-short (pMR3356) and
P41 -KAR4::HA-long (pMR3459), respectively. The Xbal site of KAR4 is found
at the NH,-terminal coding region of the gene, just downstream of the second
ATG codon. These epitope-tagged constructs fully complemented the kar4A
strains MS3216 (gal2) and MY4166 (GAL?2) for mating upon galactose induction.

Detection of epitope-tagged Kardp. Previous work (25) and most of the ex-
periments reported here made use of an epitope-tagged form of the protein in
which the triple HA epitope was inserted after amino acid 12 of the short form
(or amino acid 42 of the long form). For the pulse-chase experiment, we con-
structed strain MY5792, which contains a chromosomal version of KAR4 with the
triple HA epitope inserted at the extreme carboxyl terminus of the coding region.
The epitope tagging technique used is described elsewhere (38). The DNA
fragment used to direct the integration was amplified by PCR by using the
following primer combination: 5 CTT ATT TAC TAG TAT ATT TAA TTG
AGC TAA GCA AGG ATT TAT GTG TTG ATG CTT TAC TAT AGG GCG
AAT TGG and 5' CCA TTA AAA AAT GAG ATT GAG CTG TTA AGA
CCA AGA AGT CCA GTA CAA AAA GCA CAA AGG GAA CAA AAG
CTG G. The integration was confirmed by PCR and Western blot analysis. The
KAR4::HA strain, MY5792, was fully functional for mating.

Total yeast protein was extracted as described by Ohashi et al. (33). Proteins
were separated on 10 to 12.5% polyacrylamide minigels run at 100 V and
transferred onto nitrocellulose at 100 V for 90 min. Western blotting was per-
formed by using a 1:2,500 dilution of the monoclonal antibody 12CAS5 directed
against the HA epitope (Princeton Monoclonal Facility). After incubation with
a 1:2,500 dilution of the secondary anti-mouse immunoglobulin G antibody
(Promega Biotech), the Kar4:HA proteins were detected with the ECL kit
(Amersham, Arlington Heights, IIl.) system.

Assays for Kard4p function. All microscopic analyses of zygotes and sporulation
assays were conducted as described previously (24, 25). To analyze the
karyogamy defect, limited filter matings of MS2710 (kar4-2150) and MS3216
(kar4A::HIS3), which harbored either the ATG,—AAG construct (pMR3357),
the ATG,—AAG construct (pMR3359), the vector (pRS416) (40), or KAR4
(pPMR2654), were conducted. The matings were for 2 h on yeast extract-peptone-
dextrose (YEPD). For each mating, 100 zygotes were scored for their class I
karyogamy defect or wild-type morphology (24).

The G, pause assays were conducted by examining cells after release from
pheromone arrest as follows. MATa cells were grown to early exponential phase
and treated with 5.6 uM a-factor for 2 h. The kar4A strain (MS3216) contained
either the ATG,—AAG mutation construct (pMR3357), the ATG,—AAG mu-
tation construct (pMR3359), the pRS416 vector (40) as a negative control, or the
wild-type KAR4 construct (pMR2654) as a positive control. After 80 to 100% of
the cells were G, arrested (unbudded cells), the cells were washed with pre-
warmed medium and returned to a 30°C water bath. Over a time course of 80
min, cells were collected every 10 min and fixed in 3:1 methanol-acetic acid
mixture. Nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole) as
described previously (24), and for each strain, 250 cells were scored for a budded
versus unbudded morphology.

Determination of the half-lives of the forms of Kardp. S pulse-chase exper-
iments were performed as described previously (13). MY5792 and MY3375
cultures were first grown in synthetic complete medium to early exponential
phase. The cultures were split, and half of each was exposed to 5.6 uM a-factor
for 40 min. The cells were then starved for cysteine and methionine in the
presence or absence of pheromone for 30 min prior to labeling. The cultures
were labeled with a 33S-Translabel (Amersham) pulse at 200 pCi per ODyy, for
10 min. Immunoprecipitations were conducted with anti-HA monoclonal anti-
body 12CAS5 at a dilution of 1:1,000 in the presence of cold competitor extract
from the control strain, MY3375. Kar4p levels were quantitated by using a Phos-
phorlmager and ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).
Decay curves were plotted by using Microsoft Excel software (Microsoft Co., Seattle,
Wash.).

RESULTS

KAR4 5’ transcript mapping. We tested if a differential tran-
scription-translation mechanism was responsible for the pro-
duction of the two forms of Kardp. That is, we examined the
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FIG. 1. Mapping of the 5" mRNA start sites of KAR4. Two separate tech-
niques, S1 nuclease protection and primer extension, were used to map the 5’
ends of KAR4 mRNA, as described in Materials and Methods. Total yeast RNA
was isolated from a wild-type (WT) strain (MS1919) and an isogenic kar4A strain
(MS3216) grown in the absence (—) or presence (+) of a-factor. Sequencing was
performed with a WT KAR4 plasmid (pMR2516) as the template. The products
from S1 nuclease protection, primer extension, and the sequencing were run in
parallel on the same sequencing gel. The sequencing lanes are labeled in the
order G AT C. The first (ATG,) and second (ATG,) translational start codons
are indicated in the margin but appear on the sequencing gel as the complemen-
tary sequence TAC. The pheromone-induced transcriptional initiation sites are
bracketed. Asterisks indicate the constitutively expressed transcriptional initia-
tion sites.

possibilities that two sets of mRNA transcripts with different 5
ends are produced from the KAR4 coding region and that
translation of these two mRNA species gives rise to the two
forms of Kar4p. To accomplish this, we mapped the start sites
of KAR4 mRNA by two different techniques, primer extension
and S1 nuclease protection. A kar4A strain served as a negative
control to identify nonspecific bands (Fig. 1).

In the wild type, an abundant set of KAR4 transcripts orig-
inated approximately 20 to 30 bp downstream from the first
ATG codon (Fig. 1). Upon treatment with pheromone, there
was a 2.7-fold increase in the level of these transcripts (Fig. 1).
Because these transcripts map to the region between the two
potential initiation ATGs, they presumably encode the shorter
form of Kar4p, which is strongly induced upon pheromone
treatment (25). The results of the two methods of mapping
agreed within 5 or 6 bp on the start sites of the major induced
transcripts. Uninduced lanes (Fig. 1) as well as lighter expo-
sures of the autoradiograph (not shown) indicated that there is
one preferred start site, 27 bp after the first ATG.

Our analysis also showed that two constitutively expressed
transcripts mapped upstream of the first ATG. These tran-
scripts were expressed at 6- to 10-fold lower levels than the
pheromone-induced transcripts. The constitutive transcripts
could encode the longer form, which predominates in vegeta-
tive cultures (25). Given the relative abundance of the longer
transcripts, the first AUG must have a greater translational
efficiency than the second AUG to account for the steady-state
protein levels observed previously (see Discussion).

Site-directed mutagenesis of the two potential initiation
codons. To confirm that alternative usage of the AUG codons
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FIG. 2. The separate expression of the two forms of Kar4p. (A) Expression
patterns of the ATG mutants. The kar4A::HIS3 (MS3216) strain harbored either
a wild-type (WT) KAR4 construct (pMR2654), the ATG,—AAG construct
(pPMR3357), or the ATG,—AAG construct (pMR3359). The cells were grown in
the absence (—) or presence (+) of a-factor, as indicated. The 12CA5 mono-
clonal antibody was used to detect the triple HA epitope in the Kar4 proteins.
The long form of Kar4::HAp migrates at 41.5 kDa, and the short form migrates
at 38.5 kDa. (B) Differential expression of Kardp by using a galactose-inducible
promoter. Galactose induction of the P, 4, -KAR4::HA constructs in the presence
(+) and absence (—) of pheromone (a-factor) is shown. A kar4A strain, MS3216,
harbored the galactose-inducible promoter (P, ) constructs to produce the
Kar4p-long (pMR3459) or the Kar4p-short (pMR3356) form. WT Kardp (WT)
expression from pMR2654 is shown as a reference for the mobility of the two
forms. For this experiment, the induction conditions were 2% galactose plus
0.35% glucose for Kardp-long and 2% galactose plus 0.2% glucose for Kar4p-
short. For the controls, we confirmed that for strains carrying both constructs,
Kardp was not detected when the cells where not under galactose induction
conditions (not shown).

is responsible for the two forms of Kar4p, we used site-directed
mutagenesis to engineer two epitope-tagged KAR4 constructs,
one with the first ATG (ATG,) mutated and one with the second
ATG (ATG,) mutated. Each ATG was changed to AAG, thereby
eliminating the start codon and substituting a lysine codon.

The ATG mutants were transformed into a kar4A strain, and
their protein profiles were analyzed to determine which
form(s) of Kar4p were expressed. Strains harboring the
ATG,—AAG mutation expressed exclusively the faster-mi-
grating inducible form (Kar4p-short) in both the absence and
presence of pheromone (Fig. 2A), and the levels of expression
of Kar4p-short were identical to those in the wild type for both
the vegetative and pheromone-induced cultures (Fig. 2A). This
analysis established that mutating the first ATG codon is suf-
ficient to terminate the expression of Kar4p-long.

The second ATG mutant (ATG,—AAG) expressed only
Kar4p-long when grown vegetatively (Fig. 2A), and Kar4p-long
predominated when this strain was grown in the presence of
a-factor (Fig. 2A). As in the wild type, the levels of the long
form did not change upon pheromone induction. However,
under these conditions, a small amount of a shorter form of
Kar4p with an electrophoretic mobility similar to that of
Kar4p-short was expressed (Fig. 2A). Subsequent analysis pre-
sented below ruled out the possibility that the faster-migrating
form was a proteolytic cleavage product of Kar4p-long. One
likely source of this shorter form of Kar4p is initiation at an
alternate non-AUG start codon slightly upstream from AUG,
(see Discussion). Thus, despite the presence of a small amount
of a faster-migrating band in the pheromone-induced culture
for the ATG,—AAG mutant, we conclude that the differential

MoL. CELL. BIOL.

TABLE 2. Sporulation of the ATG mutants”

No. of:
Construct Single %, . n
g Dyads Triads Tetrads Sporulation
cells
Vector 800 0 0 0 0 800
KAR4 571 39 32 52 18 694
ATG,—AAG 790 35 35 30 11 890
ATG,—AAG 675 30 32 40 13 777

“ A kar4A/kar4A diploid (MS3216 X MY4239) harbored the vector control
(pRS416), the KAR4 wild-type construct (pMR2654), the ATG,—AAG mutant
construct (pMR3357), or the ATG,—AAG mutant construct (pMR3359). All
strains were sporulated on plates for 5 days. The single-cell category included all
cells with one nucleus as well as monad sporulation products. The dyad category
refers to asci with two spores, the triad category refers to those with three spores,
and the tetrad category refers to those with four spores. For each construct, %
sporulation was calculated as the sum of the dyad, triad, and tetrad categories
divided by the sample size (n) multiplied by 100.

use of the AUG initiation codons dictates which form of Kar4p
is produced.

Separate expression of the two forms of Kar4p from P, -
KARA4. To separately produce the forms of Kar4p, we put KAR4
under independent regulation using two P, -KAR4 promoter
fusions. In these two plasmids, P, -KAR4-long and P4, -
KAR4-short, the galactose-induced mRNAs start upstream of
the first or the second ATG initiation codon, respectively.
When the strains were induced on galactose, we observed that
each plasmid expressed only one form of Kar4p, depending
upon which was the first AUG on the predicted transcript (Fig.
2B). Thus, even though both AUGS are present on the P 4, -
KAR4-long mRNA, only the long form of the protein is pro-
duced. By inference, the minor amount of the Kar4p short
form observed in the ATG,—AAG mutant (see above) must
arise from transcripts initiating downstream of the first ATG.
These results confirm the hypothesis that the two forms of
Kardp arise from differential transcription initiation followed
by translation beginning at the first available AUG. Further-
more, we note that the presence or absence of a-factor had no
effect on the form of Kar4p produced from these P, ,, -KAR4
constructs, effectively ruling out pheromone-dependent modi-
fication (including proteolysis) of Kar4p as an explanation for
the different migrations (Fig. 2B).

The two forms of Kar4p function equally well in meiosis and
in the mitotic cell cycle. Using the ATG mutants and the
P, -KAR4 constructs, we next determined whether the two
forms of Kar4p had different cellular functions. Previous work
showed that kar4A/kar4A diploids fail to undergo meiosis when
placed in sporulation medium (25). Analysis of the forms of
Kar4p produced during sporulation determined that while

TABLE 3. Recovery of ATG mutants from G, arrest

% Budded cells at”:

Plasmid” 0 10 20 30 40 50 60
min min min min min min min

Vector 3 3 0 5 6 17 20
KAR4 1 3 0 28 29 37 50
ATG,—AAG 2 6 4 38 43 42 56
ATG,—AAG 2 1 1 15 20 50 49

“ A kar4A strain (MS3216) harbored the vector control (pRS416), the KAR4
wild-type construct (pMR2654), the ATG,—AAG mutant construct (p]MR3357),
or the ATG,—AAG mutant construct (pMR3359).

® The numbers below the time points are the percentages of budded cells at the
times (min) after release from pheromone-induced G, arrest.
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FIG. 3. Modulation of Kar4p to sufficient levels for mating. (A) Western blot showing the modulation of Kard4p expression by glucose repression of galactose
induction. A kar4A strain, MS3216, harbored the galactose-inducible promoter (P, ) constructs to produce the Kardp-long (pMR3459) or the Kardp-short
(pMR3356) forms. Wild-type (WT) Kardp expression from pMR2654 in the presence of a-factor (+«F) is shown as a reference. P4, induction was carried out in
synthetic complete medium lacking uracil with 2% raffinose and 2% galactose and with various concentrations of glucose (% Glc). (B) Western blot showing comparable
levels of Kar4p-long (long) and Kar4p-short (short) expression upon modulation of the galactose induction with glucose. For the strain harboring the Kardp-long P4,
construct, 2% galactose and 0.35% glucose were used. For the Kard4p-short P, construct, 2% galactose and 0.2% glucose were used. (C) Both forms of Kar4p
complement the mating defect of kar4A when fully expressed. Shown is a plate mating in which a MATa kar4A strain (MS3216) carried a plasmid expressing the
wild-type KAR4 gene (pMR2654), a vector control (pRS416) (vector), or the galactose-inducible promoter constructs to produce Kardp-long (pMR3459) (long) or
Kar4p-short (pMR3356) (short). These strains were pregrown on synthetic complete plates lacking uracil with 2% raffinose and then mated to a MAT« kar4-2150 lawn
(MS2710) for 4 h on synthetic complete plates with 2% raffinose and 2% galactose. The mating plate was then replica printed to diploid-selective plates. (D) Mating
efficiency decreases as Kardp is repressed. The same strains as described for panel C were used. The left square is a key to the pattern of cells on the mating plates.
The modulated mating assay is described in Materials and Methods. For the plates shown, the matings were conducted at glucose concentrations ranging from 0.1%

to 0.6% to modulate the expression of Kar4p-long or Kar4p-short.

both forms of the protein were present, the longer form of
Kar4p predominated (our unpublished observations), as in
vegetative cells. Hence, the ATG mutants could serve to ad-
dress the issue of functionality of the two forms of Kardp
during meiosis and mitosis.

To evaluate whether both ATG mutants could rescue the
sporulation defect, we used a kar4A/kar4A diploid that har-
bored either the vector alone or constructs with the wild-type
or mutated KAR4 gene. As expected, no sporulation products
were seen in the vector control, while the KAR4 wild-type
construct exhibited 18% sporulation (Table 2). We found that
both ATG mutants supported sporulation equally well (11%
sporulation for ATG;—AAG and 13% for ATG,—AAG).
Although the efficiency of sporulation in the ATG mutants was
somewhat reduced compared to that in the wild-type control,
the data clearly demonstrated that the two forms of Kardp were
equally capable of providing the essential meiotic function.

We next determined whether either of the ATG mutants
displayed the G, defect observed in kar4 mutants during the
mitotic cell cycle (25). To assay the G, pause, we conducted a
time course experiment using cultures that had been synchro-
nized with mating pheromone. The results are reported in
Table 3. Wild-type cultures began budding between 20 and 30
min after release from pheromone arrest and reached 50%
budded by 60 min. In contrast, the kar4 cultures began budding
much later, between 40 and 50 min, and only 20% of the cells
were budded by 60 min. Over time, kar4 cultures consistently

lagged about 20 min behind the wild type (our unpublished
experiments and reference 25). We observed no significant
differences in the times that the ATG mutants either initiated
or reached 50% budding compared to the wild type. These results
showed that either form of Kar4p could perform the vegetative
function necessary during the cell cycle. This is consistent with the
observation that, under vegetative conditions, the two mutants
express equivalent levels of Kardp (Fig. 2A). We conclude that
there is no significant difference in the functions of the two forms
of Kardp with respect to the mitotic cell cycle.

Analysis of the mating function of the ATG mutants. We
next wanted to assess whether the two forms of Kar4p function
equally well during mating, by measuring the ability of the
ATG mutants to rescue the kar4 nuclear fusion defect. We
performed quantitative filter matings and analyzed the zygotes
microscopically to measure the efficiency of karyogamy. MATa
kar4 strains that harbored the ATG—AAG mutations or the
appropriate controls were mated to a MATa kar4 partner. In
the control matings, where the MATa kar4 strain contained the
plasmid vector, zygotes exhibited only 5% nuclear fusion. In
the matings where the strain contained the wild-type KAR4
plasmid, zygotes exhibited 96% nuclear fusion. We found that
the ATG,—AAG mutant conferred mating proficiency to a
level comparable to that of the wild type (90% nuclear fusion).
However, in matings with the ATG,—AAG mutant, only 45%
of the zygotes successfully completed nuclear fusion. These
results suggest that expression of the short form of Kardp is
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FIG. 4. Differential stabilities of the two Kar4p species. (A) Decay curves for
Kar4p-short (diamonds) and Kardp-long (squares). A KAR4:HA strain
(MY5792) was pulsed for 10 min in the presence (open symbols) and absence
(black symbols) of pheromone. The samples were chased for the times indicated,
and the extracts were immunoprecipitated with anti-HA antibody as described in
Materials and Methods. Kar4p bands were quantified, corrected for background,
and normalized to the level at = 0 min (100%) by processing with a Phosphor-
Imager and ImageQuant software. The curves were fitted to the data points by
exponential regression with Microsoft Excel software. (B) Two exposures of the
pulse-chase gel in the presence of pheromone. The top panel is included to show
the decay of Kar4p-short, and the bottom panel is included to show the decay of
Kar4p-long. (C) The gel of the forms of Kar4p in the absence of pheromone.

required for efficient nuclear fusion. The lower karyogamy
efficiency of the ATG,—AAG mutant could be due either to
the lower total expression of Kar4p after pheromone induction
(Fig. 2A) or to inherent differences in the functions of the
proteins. To further address the issue we sought to express the
different forms of Kar4p to equivalent levels to determine
whether both forms function equally well during mating.

The long and short forms of Kardp are equally functional
for mating. The GALI promoter constructs provided the
means to separately express each Kar4p species to levels com-
parable to those observed during pheromone induction. How-
ever, under conditions of full induction, Kar4p-long was much
more abundant than Kar4p-short (Fig. 3A). To express the two
forms of Kar4p to similar levels, we used glucose to modulate
the level of galactose induction (Fig. 3A). The two proteins
could be expressed to equivalent levels by the addition of
different concentrations of glucose to the galactose medium.
Typically, we found that 0.2 to 0.3% glucose for P ,, -KAR4-
short and 0.3 to 0.5% glucose for P ,,-KAR4-long generally
allowed expression of the proteins to equivalent levels (Fig. 3B).

Using the modulated expression of Kar4p, we tested the
ability of the two forms to complement the kar4 mating defect.
Plate matings were performed with a kar4A strain carrying the
vector plasmid, the wild-type KAR4 construct, P, -KAR4-
long plasmid, or P, ,, -KAR4-short plasmid. Both the long and
short forms of Kardp complemented the defect to near wild-
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FIG. 5. Vegetative growth defect caused by overexpression of Kar4p. Strains
were streaked for single colony growth on 2% glucose (P4, repression) and 2%
galactose (Pg,, induction). A wild-type strain (MY3375) carried either a plas-
mid expressing the wild-type (WT) KAR4 gene (pMR2654), a vector control

(pRS416) (vector), or the galactose-inducible promoter construct to produce the
Kar4p-long (pMR3459) or the Kardp-short (pMR3356) form of Kar4p.

type levels when fully induced (Fig. 3C). As increased levels of
glucose reduced protein expression, the two P ,, -KAR4 plas-
mids generally supported similar levels of complementation
commensurate with the Kar4 protein level (Fig. 3A and D).
The efficiency of mating for the strains harboring the P,
constructs fell as Kar4p levels were reduced (Fig. 3A and D).
Under conditions of strong repression (0.5% glucose for the
short form and 0.6% glucose for the long form), neither form
of Kar4p complemented the defect yet protein was still detect-
able (Fig. 3A). Taken together, these data demonstrate that
when expressed to sufficient levels, either form can satisfy the
requirement for Kard4p during mating. Furthermore, there
must be a threshold Kar4p level that needs to be attained for
efficient mating to occur.

Long Kar4p and short Kardp are turned over at different
rates. As described above, when each form was transcribed
from the GAL1 promoter, Kardp-long was expressed to higher
levels than Kardp-short (Fig. 3A). Preferential expression of
Kar4p-long might arise from a more favorable context for the
initiation codon, from differences in protein stability, or both.
To explore the reasons for the differential expression, we per-
formed a galactose shutoff experiment to investigate the rates
of turnover of the two proteins. In this experiment, the two
forms were expressed from the P, constructs to similar
levels, in the presence of a-factor. Subsequently, transcription
initiation was repressed by removing galactose and adding glu-
cose. Upon analysis of the proteins, we found that Kar4p-long
persisted far longer in the cell (up to 3 h) than did Kar4p-short
(0.5 to 1 h) (data not shown). However, when expressed from
the P, constructs, the two Kar4p species are translated from
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TABLE 4. Cell cycle distribution of cultures overexpressing Kar4p
% of cells that were”:
e Time (h) after
Plasmid induction Unbudded Small Medium Large b“dfed> Large budded,
(Gy) budded budded S‘“g(é:/‘l‘\l/f)e“s two nuclei

KAR4 (wild type) 0 37 9 41 6 7
P 4 -KAR4-short 0 39 8 38 4 11
P4, -KAR4-long 0 37 11 33 4 15
KAR4 (wild type) 6 46 7 31 5 11
P 4 -KAR4-short 6 55 2 18 16 9
P, -KAR4-long 6 55 6 13 13 13

“ A wild-type strain (MY3375) carried plasmids which were expressing wild-type levels of Kar4p (pMR2654) or overexpressing Kardp-long (pMR3459) or Kar4p-short

(PMR3356).

? For the 0-h time point, 300 cells were counted for each sample. For the 6-h time point, 500 cells were counted for each sample.

mRNAs differing by about 90 nucleotides at their 5’ ends.
Thus, it remained a possibility that the observed difference in
protein persistence resulted from differences in mRNA stabil-
ity rather than from differences in protein turnover. To address
this issue, we next examined the half-lives of the proteins
directly with a pulse-chase analysis.

We were also concerned that the triple HA epitope near the
NH, terminus might differentially affect the stability of the two
proteins. Therefore, to determine the turnover of the two pro-
teins directly, we assayed wild-type Kar4 proteins, which were
epitope tagged at their carboxy termini and expressed from
their own promoter. After a 10-min pulse with **S-labeled
amino acids followed by various chase intervals, we immuno-
precipitated the two forms of Kar4p and assessed their half-
lives. Furthermore, we determined whether pheromone al-
tered the relative stability of the proteins. In the presence of
pheromone, the short form was expressed at much higher
levels than the long form, as expected from the levels of the
two sets of mRNA. In addition, we determined that under
these conditions, the short and long forms had very similar
rates of turnover (half-lives of approximately 15 min [Fig. 4A
and B]). During vegetative growth, the long and short forms
were synthesized to the same level, in spite of the 6- to 10-fold
greater abundance of the short mRNA (compare Fig. 1 with
Fig. 4C, 0 time point), confirming that the long form is trans-
lated more efficiently.

Remarkably, in vegetative cells, the two forms of the protein
had significantly different rates of turnover (Fig. 4A and C).
Kar4p-short had a half-life of approximately 5 min, whereas
Kar4p-long had the same turnover rate as pheromone-treated
cells (Fig. 4A and C). Thus, in the absence of pheromone,
Kar4p-short is degraded approximately three times faster than
Kar4p-long. Therefore, we conclude that in vegetative cells the
levels of Kardp-short are low because of a combination of
inefficient translation and increased protein degradation.

Vegetative overexpression of Kar4p causes a growth defect.
Given that high levels of Kar4p are required for mating and
that several mechanisms ensure low levels in vegetative growth,
we next wanted to determine the selective advantage of the
elaborate regulation of KAR4. One hypothesis is that high
constitutive levels of Kar4p would cause inappropriate expres-
sion of genes that are ordinarily expressed only during mating
or G,. To determine whether overexpression of Kar4p might
be toxic in vegetative cells, we induced high levels of Kar4p
using the GAL1 promoter constructs. If either form of Kardp
was overexpressed, growth was significantly retarded compared
to that of the wild type (Fig. 5). After two generations in the
presence of overexpressed Kardp, the cultures had accumu-

lated cells in both the G; and G,/M stages of the cell cycle
(Table 4). The overexpression toxicity does not appear to be
caused by inappropriate regulation of Kar4p’s mating-specific
targets, because the growth inhibition was not dependent on an
intact STEI2 gene (data not shown), which is required for the
expression of KAR3 and CIKI (25). Thus, down regulation of
Kar4p is required for normal passage through the cell cycle,
most likely to prevent the inappropriate expression of genes
regulated by Kardp during vegetative growth.

DISCUSSION

The work presented in this paper elucidates multiple levels
of regulation of a yeast transcription factor gene, KAR4. The
expression of KAR4 is regulated at the levels of transcription,
translation, and protein turnover. The two forms of Kardp
originate from differential transcription and translation. Tran-
scription mapping and site-directed mutagenesis demonstrated
that the two proteins originate from different initiation codons,
separated by 90 bp. A highly expressed pheromone-induced
transcript initiates between the ATG start codons, forcing the
use of the second start codon and resulting in expression of the
shorter form of the protein. A high level of expression was
necessary for efficient mating, but either form of Kar4p could
function, if expressed to sufficient levels. The reason that two
forms of Kar4p are produced appears to be related to the rapid
degradation of the short form in vegetative cells. During ex-
posure to pheromone, the short form is both induced and
stabilized. However, high levels of either form of Kardp are
toxic during mitotic growth. Therefore, the cell must have an
effective way of eliminating the high levels of Kardp after
mating has occurred. We propose that the specific induction of
a more labile form of the protein accomplishes this task.

Transcription dictates which form of Kar4p is produced. In
this work we showed that in wild-type cells, the form of Kardp
produced is controlled by which in-frame AUG codon is first
on the transcript. We observed that when the second in-frame
ATG was mutagenized (ATG,—AAG), a small amount of a
shorter form of Kardp was produced upon pheromone induc-
tion. We hypothesized that in the ATG,—AAG mutant, infre-
quent spurious initiation would be driven by the abundance of
pheromone-induced KAR4 transcripts that lack a standard in-
frame AUG codon. For these transcripts, the first AUG would
be out of frame with the KAR4 coding region, thus resulting in
a failure to express Kardp. In order for detectable levels of
Kar4p to be produced from these transcripts, a non-AUG
codon would have to serve to initiate translation.

Previous work has shown that in S. cerevisiae, certain non-
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AUG codons, including AUA, can serve as translational initi-
ators at low efficiencies (9, 10, 47; for a review, see reference
19). Initiation from nonstandard codons is enhanced by a fa-
vorable context, in particular if A is found in the —3 position
(47). Analysis of the KAR4 coding region shows that an AUA
with A in the —3 position is found two codons upstream from
AUG,, and initiation at the AUA would lead to a protein
indistinguishable from the Kar4p-short form. In confirmation
of this view, a short form is not produced from the
ATG,—AAG mutant when the 5’ ends of the mRNA are
controlled by use of promoter fusions.

The translational efficiencies of the two in-frame AUG
codons. The expression of the two forms of Kar4p reflects an
additional difference beyond transcriptional control. We ob-
served that in vegetative cells the constitutive transcripts for
Kar4p-long were 6- to 10-fold less abundant than the tran-
scripts for Kardp-short, yet pulse-chase data showed that the
proteins were expressed to equivalent levels. The same relative
difference in translational efficiency was observed in phero-
mone-treated cells. Thus, the efficiency of translation from the
longer transcript must be at least 6- to 10-fold higher than that
from the shorter transcript. The different translational efficien-
cies are likely to reside in the contexts of the initiating AUG
codons. For KAR4, the first AUG (A at —3 and G at +4) has
a more favorable context for initiation than the second AUG
(G at —3 and A at +4) (reviewed in reference 19). Further-
more, because the two sets of transcripts have different 5
regions, they may also have different secondary structures that
have an impact on the efficiency of initiation.

Comparisons with other differential initiation regulatory
systems. The differential AUG usage mechanism for Kardp
regulation is similar to that seen for a handful of other genes
in S. cerevisiae, including SUC2, HTS1, VASI, LEU4, MODS,
TRM1, and CCAI (5, 6, 8, 32, 35, 43, 46; for a review, see
reference 19). For all of these genes, differential transcription
and translation initiation produces different proteins from the
same gene. For example, SUC2 produces both secreted and
intracellular forms of yeast invertase, while HT'SI encodes both
cytoplasmic and mitochondrial histidine tRNA synthetases on
transcripts of different lengths. For all of these genes, the
additional protein sequence found on the longer form includes
a cellular localization signal. In the case of invertase, the NH,-
terminal extension contains a secretory signal sequence. For
the other proteins, the extensions contain mitochondrial im-
port signals. In contrast, we found no specific subcellular lo-
calization of Kar4p in either vegetative or pheromone-induced
wild-type cells (our unpublished observations). Thus, the regula-
tory role of the 30 additional NH,-terminal amino acids in Kar4p
appears to be novel. The presence of the NH,-terminal extension
serves to stabilize the protein during vegetative growth.

The role of differential protein turnover rates. We propose
that the differential stability of the long and short forms reflects
the different regulatory needs of the cell during vegetative
growth and during mating. Upon pheromone induction, a burst
of transcription and translation of the short form of Kardp
would rapidly raise the total concentration of Kar4p above the
threshold required for the pheromone-induced transcription of
KAR3 and CIKI. Since the induced form of Kardp is short-
lived, a return to vegetative growth and reduced levels of tran-
scription would be quickly followed by a return to the de-
creased vegetative levels of the protein.

Many regulatory proteins have short in vivo half-lives, which
allows for rapid adjustment of their intracellular concentra-
tions. Relevant examples of rapidly degraded regulatory pro-
teins include the MATa2 repressor (22) and p40°’““, a specific
inhibitor of S-phase and M-phase cyclin-kinase complexes
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(39). Degradation of both of these proteins is modulated by
ubiquitination. The ubiquitin pathway for protein degradation
is highly conserved and selective (for reviews, see references
15, 21, and 41). Proteins targeted by this pathway are ubiqui-
tinated following recognition of the NH,-terminal residues. A
ubiquitin moiety is covalently attached to an internal lysine
residue, and the proteins are then rapidly degraded by the
proteasome. The N-end rule for the ubiquitin pathway relates
the in vivo half-life of a protein to the identity of its NH,-
terminal amino acid (for reviews, see references 44 and 45).

In §. cerevisiae, most amino acids at the NH, terminus have
been classified as either protective against or promoters of
proteolytic degradation. Using reporter constructs in yeast,
Bachmair et al. found that NH,-terminal alanine is protective,
while lysine promotes rapid proteolytic degradation; the rep-
resentative half-lives were >20 h and about 3 min, respectively
(3). A good correlation exists between the relative half-lives of
the two Kardp species and their NH,-terminal amino acids,
according to the N-end rule. After removal of the initial me-
thionine, the more-stable form of Kar4p would have an NH,-
terminal alanine residue, whereas the less-stable form would
have a lysine. A second indication that the N-end rule might be
involved in Kar4p degradation came from the effects of placing
the epitope tag at different positions in the protein. When the
39-residue triple HA epitope tag was inserted near the NH,
terminus, Kar4p-long became significantly stabilized, such that
the half-life went from 15 to 40 min (data not shown). Because
ubiquitin moieties are placed at internal lysines located within
a favorable proximity of the NH, terminus, the epitope tag
might have hindered the recognition of the long form. Thus,
the identity of the NH,-terminal amino acids in the two forms
and the effects of the epitope near the NH, terminus of the
long form are consistent with modulation of Kardp by the
ubiquitin pathway.

Pheromone control of proteolysis? The presence of phero-
mone lengthened the half-life of Kardp-short threefold. The
effect of pheromone on protein stability represents a novel
level of regulation in the mating pathway. Our data raise the
possibility of a regulatory link between the pheromone response
pathway and the proteolytic pathway. In one model, the elements
of the ubiquitin-dependent protein degradation pathway are spe-
cifically down regulated by pheromone response. The discovery of
a number of specificity-conferring ubiquitin-conjugating enzymes
(E2s) and substrate recognition factors (E3s) (20) raises the pos-
sibility that pheromone-specific factors exist.

In this regard, we note that two other components of the
pheromone-response pathway are degraded via ubiquitin-de-
pendent pathways. First, degradation of Gpalp, the alpha sub-
unit of the trimeric G protein, follows the N-end rule pathway
(28). Although degradation is independent of the pheromone
response per se, it does require functional Sst2p (28), its cog-
nate GTPase-activating protein (1). Second, the endocytosis of
pheromone receptor and its eventual degradation in the vac-
uole are mediated by ubiquitination (17, 18). However, both
the pheromone-stimulated endocytosis and the constitutive en-
docytosis appear to proceed via the same pathway. Thus, nei-
ther case represents a clear example of pheromone-regulated
ubiquitin-dependent protein degradation.

Kardp’s vegetative-growth role. We observed that KAR4
overexpression causes a growth defect, strengthening the hy-
pothesis that KAR4 has a role in vegetative growth. Previous
work showed that KAR4 expression is regulated in the cell
cycle, such that it is maximally expressed at G,/S. Furthermore,
kar4 mutants pause in the G, phase of the cell cycle. Here we
found that overexpression of Kardp is toxic and results in
accumulation of cells in the G; and G,/M phases of the cell
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cycle. The overexpression toxicity was not dependent upon the
presence of Stel2p, suggesting that the effect was not a con-
sequence of inducing KAR3 and CIK] at the wrong time in the
cell cycle. One possible explanation for the toxicity is a phe-
nomenon known as squelching (14), where an overabundance
of a transcriptional activator titrates other transcription fac-
tors. Alternatively, it could be the case that Kardp temporally
regulates the induction of cell cycle-specific genes. In keeping
with this, as cells traverse G,/S or G,/M, the inappropriate
expression of a subset of genes regulated by Kardp might
create a pause in the cell cycle. Given the role of Kar4p in both
vegetative growth and the pheromone response pathways, the
need for its regulation is even more apparent. Progression
through distinct cell cycle and developmental phases undoubt-
edly requires the careful temporal regulation of a diverse set of
functionally related proteins to ensure that inefficient and pos-
sibly deleterious interactions between pathways do not occur.
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