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The role of the a-factor structural genes MFal and MFaf2 in a-factor production and mating has been
investigated by the construction of mfal and mfa2 mutations that totally eliminate gene function. An mfal
mutant in which the entire coding region is deleted shows a considerable decrease in a-factor production and
a 75% decrease in mating. Mutations in mfa2 have little or no effect on a-factor production or mating. The
mfal mfa2 double mutants are completely defective in mating and a-factor production. These results indicate
that at least one a-factor structural gene product is required for mating in MATa cells, that MFal is
responsible for the majority of a-factor production, and that MFal and MFa2 are the only active a-factor
genes.

Each of the haploid cell types of the yeast Saccharomyces
cerevisiae secretes an oligopeptide pheromone that produces
specific responses in cells of the opposite mating type (for a
review, see references 22 and 38). MATot cells produce
a-factor, an oligopeptide of 13 amino acids (9, 29, 35, 36),
and MATa cells produce a-factor, an oligopeptide of 11
amino acids (1). The following lines of evidence suggest that
a-factor plays an important role in the mating process. (i)
a-Factor arrests MATa cells at the position in the Gl phase
of the cell cycle at which mating between MATa and MATa
cells can take place (4, 9, 11). (ii) a-Factor induces cell
surface agglutinins on MATa cells that promote aggregation
with MATa cells (for a review, see reference 39). (iii) Many
mating-defective (sterile) mutants are also defective in a-
factor production in MATa cells or in a-factor response in
MATa cells (20, 32). (iv) Mutations in MATa strains that
result in resistance to a-factor (i.e., which allow growth of
the cells in the presence of a-factor) also result in sterility
(12, 23). (v) The mating deficiency of stel3 or kex2 strains,
which are defective in processing of the a-factor precursor,
can be partially alleviated by the addition of exogenous
a-factor (5, 13, 14). To determine whether a-factor is abso-
lutely essential for the mating process, it is necessary to
analyze the effects of mutations in the a-factor structural
gene(s). No a-factor structural gene mutations have been
identified by genetic analysis. Instead, the a-factor structural
genes have been identified by cloning (18, 31).
The cloning results have indicated that a-factor is encoded

within a small multigene family consisting of at least two
a-factor structural genes, MFaJ and MFa2 (18, 31). The first
a-factor gene to be identified, MFal, was isolated by virtue
of the ability of MFal to overproduce a-factor when present
in yeast cells on a high-copy-number plasmid (18). MFaJ
and a second a-factor gene, MFa2, were isolated by utilizing
synthetic oligonucleotide probes that were predicted to be
homologous to a-factor coding sequences based on the
amino acid sequence (31). From their nucleotide sequences,
MFal and MFa2 encode a-factor precursors of 165 and 120
amino acids, respectively (18, 31). The MFal and MFa2
precursors have similar structures consisting of three re-
gions: a signal sequence, a region of ca. 60 amino acids
within which are three glycosylation sequences, and a region
containing tandem repeats of a-factor or a-factor-like se-
quences preceded by spacer sequences of 6 to 8 amino acids.

The MFal precursor contains four identical a-factor re-
peats; the MFa2 precursor contains two repeats consisting
of one a-factor-like repeat (differing from a-factor by two
amino acid substitutions) and one a-factor repeat. In vitro
translation experiments suggest that MFal is responsible for
the majority of a-factor precursor produced (2).
To investigate further the relative roles of MFal and

MFa2 in a-factor production and the role of the a-factor
structural genes in a mating, I have undertaken a genetic
analysis of MFal and MFa2. In this paper, I describe the
construction and analysis of mutants containing alterations
in MFal and MFa2 that totally eliminate the function of
these genes (null mutants). These experiments show that at
least one of the two a-factor genes is required for mating by
MATa cells, that MFal is responsible for the majority of the
a-factor produced, and that MFal and MFa2 are the only
active a-factor structural genes. In addition, the ability of
exogenous a-factor to alleviate the mating defect of MATa
mfal mfa2 double mutants has been investigated.

MATERIALS AND METHODS

Strains and plasmids. Yeast strains are listed in Table 1.
Escherichia coli strains RRI and GM33 (dam- for isolation of
plasmids to be cleaved with BclI) were used for E. coli
transformations. Plasmid p69A (18) contains the MFal gene
on the high copy number, autonomously replicating yeast
vector YEp13 (3). Plasmids pHK2 and pBH3 were provided
by I. Herskowitz. pHK2 is pBR328 containing the 1.7-
kilobase (kb) yeast EcoRI fragment from plasmid p69A that
includes the MFal gene. pBH3 was constructed by first
eliminating the HindIII site of pBR328 and then subcloning
the 1.7-kb MFal EcoRI fragment into this plasmid. The
resulting plasmid, pBH3, contains two tandem repeats of the
1.7-kb MFal EcoRI fragment. Insertion of the LEU2 or
URA3 gene into MFal and MFa2 utilized LEU2-containing
fragments from YEp13 or URA3-containing fragments from
the plasmid YIp30 constructed by M. Rose.

Media. Media were as described previously (18) with the
exception of MAC or MAS plates, which are minimal
synthetic media plus 20 ,ug of adenine per ml buffered to pH
4.8 (with 0.1 M sodium citrate) or to pH 6 (with 0.05 M
sodium succinate), respectively.

a-Factor and mating assays. a-Factor secretion was as-
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TABLE 1. Yeast strains"
Strain Genotype Source or reference

DC5 MATa his3 leu2-3, 112 can) gal2 J. Hicks
DC6 MATot his4 leu2-3, 112 canl gal2 J. Hicks
K37 DC5 x DC6 This paper
MCY414 MATa ura3-52 his4-539 gal2 M. Carlson
MCY406 MATa ura3-52 ade2-101 suc2432 M. Carlson

gaI2
K38 MCY414 x MCY406 This paper
W303-1B MATas ade2-1 canl-100 ura3-1 R. Rothstein

leu2-3,112 trpl-l his3-11,IS
AB320 HO ade2-1 canl-100 lys2-1 trpS-2 K. Nasmyth

teul-12 met4-1 (ura3-1Iural-])
RC618 MATa ade2-1 ural his6 met) can) R. Chan (6)

cyh2 rme
RC629 MATa sstl-2 ade2-1 ural his6 R. Chan (6)

met) can) cyh2 rme
RC631 MATa sst2-1 ade2-1 ural his6 R. Chan (6)

met) canl cyh2 rme
RC622 MATa leul met) his6 trpS can) R. Chan (6)

cyh2 rme
XK41-lOb matat24 cry) HMLa leu2-3,112 Kuran and

(his3/his4lhis5) met) canl Herskowitz (18)
J12-2B MATa ade2-1 lys2-1 trp5-2 leul-12 Kuran et al. (17)

met4-1 ural-)
227 MATa lysl cryl I. Herskowitz
70 MATes thr3 I. Herskowitz

a Genotypes shown in parentheses indicate that it is uncertain which of the
markers are present in the strain. AB320 is a MATa/MATaHO/HO diploid
homozygous for all indicated markers.

sayed by using the halo assay described by Kurjan and
Herskowitz (18). Patch tests for mating were done by
replicating to synthetic media on which a lawn ofMATa cells
in yeast extract-peptone-dextrose medium had been spread.
The efficiency-of-mating experiments were done as de-
scribed by Dutcher and Hartwell (10); matings were allowed
to proceed for 6 h on yeast extract-peptone-dextrose before
transfer to the dropout media on Which mating frequencies
were scored.

Probes and hybridization. The 63-base-pair (bp) spacer-a-
factor probe was made by cleaving pHK2 or p69A with
HindlIl (Fig. 1A), followed by 3' end labeling with [32P]aCTP
(2,000 to 3,000 Ci/mmol; Amersham Corp., Arlington
Heights, Ill.) with E. coli DNA polymerase I (Klenow
fragment) or T4 DNA polymerase. The labeled DNA was
electrophoresed on polyacrylamide gels, and the 63-bp frag-
mnents were electroeluted from the gel. Other probes (includ-
ing the 1.7-kb MFal EcoRI fragment, the 1.8-kb MF62
HindIII fragment, and a 0.6-kb PvuII fragment contained
within the HindIII-SalI fragment 3' to MF62 [see Fig. 2])
were end labeled in a similar manner or were labeled by nick
translation. Southern hybridization and colony screening
were as described by Kurian et al. (17), with reduced
stringency hybridizations done at 50 to 55°C.

Cloning of MFa2. Total yeast DNA from strain AB320
was cleaved with HindlIl and electrophoresed on a 5%
polyacrylamide gel. Fragments in the size range of 1.5 to 2.0
kb were electroeluted and ligated with HindIII-cleaved
pBR322. The clone bank was screened with the spacer-a-
factor probe by colony hybridization to isolate pBR-MFa2.
The 1.8-kb MFa2 HindIII fragment was subcloned into
YEp13 (YEp13-MFa2A), and clones containing a more
extensive region of MFa2 DNA (YEp13-MFa2B) were iso-
lated from a yeast clone bank in YEp13 (27) by hybridization
to the labeled 1.8-kb HindIII fragment.

DNA sequencing. Various restriction fragments from pBR-
MFa2 were subcloned into the M13 bacteriophages mplO or
mpll (24) and sequenced by the dideoxy terminator method
(30).

Construction of mutant genes. Several mutant mfal and
mfa2 genes were constructed by subcloning of yeast DNA
fragments containing either LEU2 or URA3 into MFal- or
MFa2-containing plasmids. The individual mutant construc-
tions are described in more detail below and diagrammed in
Fig. 2. E. coli RRI was transformed, and ampicillin-resistant
transformants were selected. For the cases involving LEU2
inserts, transformants were screened for the Leu+ pheno-
type. Transformants were further screened by quick plasmid
DNA preparations and restriction analysis for the presence
of the desired insertion.

For the construction of mf)l: :LEU2A and mfod: :LEU2B,
the LEU2-containing PstI fragment from YEp13 was
subcloned into pHK2 that had been partially cleaved with
PstI. For the construction of mfo1: :LEU2C, the LEU2
PstI-SalI fragment of YEp13 was subcloned into pHK2 that
had been partially cleaved with PstI and SalI. An ampicil-
lin-resistant, tetracycline-resistant Leu+ transformant, in
which the 0.8-kb PstI fragment and the 0.5-kb PstI-SalI
fragment of pHK2 had been replaced with the LEU2 frag-
ment, was isolated. For the construction of mfcxl:: URA3,
the URA3 HindIII fragment from YIp3O was subcloned
into HindlIl-cleaved pBH3. For the construction of
mfot2::LEU2A and mfa2::LEU2C, the LEU2 BglII fragment
of YEp13 was subcloned into partially BclI-cleaved pBR-
MFa2. mfa2:: URA3 was constructed in two steps. First,
YEpl3-MFa2B was cleaved with BglII and Sall. The liga-
tion of this mixture resulted in a plasmid (pJK2) that
contains a YEp13 BglII-SalI fragment (which consists mostly
of pBR322 sequences) and a BglII-SalI MFa2 fragment. The
BglII-SalI MFa2 fragment is ca. 3.5 kb, the central portion
of which consists of the 1.8-kb MFa2 HindIII fragment. The
mnfo2:: URA3 mutation was constructed by replacing the
MFa2 HindIll fragment of pJK2 with the URA3 HindIII
fragment from YIp3O.
Gene replacements. The plasmids described above were

digested with restriction enzymes to release linear fragments
containing the mutant gene with flanking MFal or MFa2
DNA sequences. The enzymnes used in the individual cases
are described below. Yeast strains containing leu2 (DC6,
K37, W303-1I1) or ura3 (MCY406, K38, W303-1B) mutations
or both were transformed with these fragments, and Leu+ or
Ura+ transformants were selected. Quick yeast DNA prep-
arations from Leu+ and Ura+ transformants were screened
by Southern analysis to identify those transformants in
which the desired gene replacement had occurred. For the
testing of nfcl: :LEU2A, mfisl :LEU2B, and mfotl :LEU2C,
the plasmids were partially cleaved with EcoRI (due to the
EcoRI site within the LEU2 gene). For the testing of
mfo 1:: URA3, the plasmid was cleaved with EcoRI. For the
testing of mfo2::LEU2A and mfa2::LEU2C., the plasmids
were cleaved with HindIII. For the testing of mfa2:: URA3,
the plasmid was cleaved with BglII and SalI.

a-Factor addition experiments. a-Factor (Sigma Chemical
Co., St. Louis, Mo.) was spread on MAC and MAS plates to
give concentrations ranging from 5 x 10-1 to 5 x 10- M.
Mating patch tests were done as described above with the
tester lawns RC618 (MATa SSTI SST2), RC629 (MATa
sstl-2 SST2) and RC631 (MATa SSTJ sst2-1). a-Factor
activity was assayed by microscopic observation of MATa
cells from the mating lawns. Elongated cells (shmoos) were
observed at the concentrations of es-factor that have been
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FIG. 1. Homology ofgenomic sequences to a-factor gene probes. (A) The restriction map of the MFal region is shown. The coding region
of MFal is indicated by an open rectangle and is expanded below the line. The signal sequence is indicated by diagonal lines, glycosylation
sites by upside-down triangles, spacer sequences by horizontal lines, and a-factor sequences by filled-in rectangles. The region comprising
the spacer-a-factor probe is shown. Restriction endonuclease sites are designated by symbols as follows:? EcoRI; , HindlIl: , Sall; and
Y , PstI. (B) EcoRI-cleaved yeast DNA (lane 1) and HindII-cleaved yeast DNA (lane 2). Yeast DNA from strain AB320 (Table 1) was
digested, fractionated on a 0.7% agarose gel, transferred to a nitrocellulose filter, and hybridized to the spacer-a-factor probe. The probe
hybridizes faintly to the 4.0-kb HindIlI fragment and very faintly or not at all to the 3.0-kb HindIII fragment of MFal, due to the presence
of only a single a-factor or spacer sequence, respectively, on these fragments. The 63-bp spacer-a-factor HindIlI fragments are too small to
be detected on these gels.

observed previously (25) with the MATa SSTJ SST2 strain
and at lower concentrations with the MATa sstl-2 SST2 and
MATa SSTJ sst2-1 strains.
The effects of addition of a MATa "helper" strain were

done by mixing approximately equal cell numbers of RC622
(MATTa) with the above MATa strains before spreading the
tester lawn. Mating between the helper MATa strain and the
MATa mating tester strains is not detected on the MAC and
MAS plates due to noncomplementation of markers. Quan-
titative tests for the effects of addition of the MATa helper
strain were done as described below.

RESULTS
Cloning and sequencing of MFa2. Our previous results

indicated that there are additional sequences in the yeast
genome with homology to MFal, suggesting that there might
be multiple a-factor structural genes (18). In particular,
Southern hybridization experiments with total yeast DNA
had revealed a single HindlIl fragment in addition to MFal
fragments that hybridized strongly to a probe consisting only
of a-factor and spacer sequences. Figure 1B shows an
example of a Southern blot of total yeast DNA digested with
EcoRI (lane 1) or HindIlI (lane 2). In addition to the MFal
fragments, significant hybridization is seen to a large EcoRI
fragment and a 1.8-kb HindlIl fragment. (Several additional
faint bands are sometimes detected that have not been
further characterized).

Clones containing the 1.8-kb HindIII fragment were iso-
lated by virtue of MFal homology as described above. To
determine whether the 1.8-kb HindIII fragment contained
another gene encoding a-factor, clones containing this frag-
ment (YEp13-MFa2A) or a larger genomic fragment (YEp13-

MFa2B) on a high-copy-number yeast plasmid were isolated
(see above) and tested to determine whether they show
properties similar to the properties of p69A (YEp13-MFaJ)
(18). Plasmids YEpl3-MFa2A and YEp13-MFa2P showed
one of the properties exhibited by p69A: the production of a
low level of a-factor in a mata2 strain which, in the absence
of the plasmid, is unable to produce a-factor due to a
regulatory mutation in the mating type locus. Unlike p69A,
however, YEp13-MFa2A and YEpl3-MFa2B resulted in at
most a slight increase in a-factor production in a MATa
strain.
The behavior of the 1.8-kb HindIII fragment on a high-

copy-number plasmid suggested that this fragment contains
an a-factor structural gene but also that this gene shows a
lower level of activity than does MFal. The similarity in size
of the 1.8-kb Hindlll fragment to the size of the MFa2-
containing fragment reported by Singh et al. (31) suggested
that the 1.8-kb HindIII fragment might contain MFa2. The
behavior of the YEp13-MFa2 plasmids was somewhat dif-
ferent, however, from the behavior of the MF62 plasmid of
Singh et al. (31), which resulted in a significant increase in
a-factor production in a MATa strain. A portion of the
1.8-kb HindIII fragment was sequenced to determine whether
it encoded MFa2 or a third a-factor structural gene. Within
the region sequenced (extending from 240 bp upstream of the
ATG start codon to 30 bp downstream of the stop codon),
the sequence is identical to the MFa2 sequence determined
by Singh et al. (31).

Construction of mfal and mfa2 mutants. The one-step
gene disruption technique allows the replacement of a wild-
type yeast gene with a null mutant gene in which a yeast
DNA fragment containing a selectable marker has been
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FIG. 2. Construction of MFal and MFa2 mutations. A partial restriction map of the MFal and MFa2 regions is shown. MFal and MFa2
coding regions are diagrammed as described in the legend to Fig. 1, with the MFa2 a-factor-like sequence indicated by dots and LEU2 and
URA3 coding regions indicated by open rectangles. (A) mfotl:: URA3 was constructed by inserting a URA3 fragment into the HindlIl sites in
the region of the spacer-a-factor repeats in MFalo. mfal: :LEU2A and mfal: :LEU2B were constructed by inserting a LEU2 PstI fragment into
the PstI sites in or near MFal, resulting in an insertion into the signal sequence of MFal (mfal: :LEU2A) or a replacement of the 0.8-kb PstI
fragment containing the first few amino acids of the MFal precursor and 5' upstream sequences (mfal ::LEU2B). The LEU2 PstI fragment
is inserted in opposite orientations in mfal::LEU2A and mfal::LEU2B. mfal::LEU2C was constructed by replacing the 0.8-kb PstI and
0.5-kb PstI-SalI fragments of MFal with a PstI-SalI LEU2 fragment. (B) mfa2::LEU2A and mfa2::LEU2C were constructed by inserting a
BgII LEU2 fragment into the BcIl sites of MFa2, resulting in an insertion into the middle of the MFa2 coding region (mfa2::LEU2A) or a
replacement of the BcII fragment containing the carboxy terminus of the MFa2 coding sequences and 3' downstream sequences
(mfa2::LEU2C). mfa:: URA3 was constructed by replacing the 1.8-kb MFo2 Hindlll fragment with a URA3 fragment. Gene replacements
were done as described in the text.

inserted (28). Mutations in MFal and MFa2 were con-
structed by the insertion of fragments containing either the
yeast URA3 or LEU2 gene into plasmids containing MFal
or MFa2. Several constructions were made for each of the
genes (Fig. 2; see above). Yeast strains mutant for the
inserted selectable marker were transformed with the mutant
mfal and mfa2 constructions as described above. In the first
set of experiments, both MATa/MATTa diploid strains and
MATa haploid strains were transformed in case the mfal or
mfa2 mutations had an effect on viability in haploids.
Because no effect on viability was seen, further gene replace-
ments have been done in MATa haploids.
To be certain that the correct gene replacement had

occurred, the Leu+ and Ura+ transformants were analyzed
further. A likely phenotype in MATa strains containing an
a-factor mutation is a defect in a-factor production. Many of
the transformants obtained by using the mutant mfal con-
structions showed a significant decrease in a-factor produc-
tion. Several transformants showing an effect on a-factor
production were tested by Southern blot analysis and found
to contain a replacement of the wild-type MFal 1.7-kb
EcoRI fragment by fragment(s) of the size expected for the
mutant construction used in the transformation (Fig. 3).
None of the transformants obtained by using the mutant
mfa2 constructions showed a difference in phenotype from

the parental strains. Several transformants were tested by
Southern blot analysis, and most were shown to contain a
replacement ofMFa2 by the mutant gene (Fig. 3). Transform-
ants containing MFal or MFa2 gene replacements were
analyzed further.
The mfal mfa2 double mutants were constructed in two

ways. One set of constructions involved first replacing the
MFal gene with a mutant gene containing either a LEU2 or
a URA3 insertion, followed by replacing MFa2 with a
mutant gene containing the alternate selectable marker.
Southern blots containing an example of the genomic DNA
change associated with each of the single and double mu-
tants are shown in Fig. 3.

In a second set of experiments, the double mutants were
constructed by genetic crosses. The segregation of the mfal
and mfa2 mutations was followed by using the inserted
marker phenotype. First, each of the mutants was mated to
a MATa MFal MFa2 leu2 ura3 strain. An MFal mfa2
segregant from these crosses was mated on an mfal MFa2
segregant of the opposite mating type containing the alter-
nate selectable marker, and the diploid was sporulated and
dissected to obtain the MATa mfal mfa2 double mutants. Tn
all cases, the mutations segregated 2+ :2- and have no effect
on mating or a-factor production in MATa cells (data not
shown). The mfal and mfa2 mutations segregated independ-
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ently of one another, indicating that MFal and MFa2 are
unlinked. An isogenic set of mutants constructed in strain
W303-1B were analyzed further.

Effects of mfal and mfa2 mutations on a-factor production.
a-Factor production was assayed by using the halo assay as
described above. Cells to be tested for a-factor production
were replica plated to sparse lawns of MATa cells that
contain a mutation (sstl-2 or sst2-1) that results in super-
sensitivity to a-factor (6). Cells that secrete a-factor inhibit
the growth of the surrounding MATa cells, resulting in a
clear halo in which the cells of the MATa lawn do not grow
(Table 2). In addition, an attempt was made to obtain a more
quantitative value for the level of a-factor produced by the
mutants. Thick suspensions of wild-type and mutant cells
were adjusted to equivalent cell concentrations. A dilution
series was made, and 2.5 RlI of each dilution was spotted on
halo tester lawns. The resulting halos were examined to
determine at what dilution the wild-type strain gives a halo
of equivalent size to the halo generated by the undiluted
mutant.
The mfal mutants show a considerable decrease in a-

factor production in comparison to the parental strain. With
the replica plating technique, the mfal mutants produce only
a very small halo on the most supersensitive of the halo

A
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FIG. 3. Genomic changes associated with gene replacements.
The genomic change associated with one example of each of the
mutations is shown (panel A, lanes 1 to 9; panel B, lanes 1 to 4;
panel C, lanes 1 to 5). The plasmids containing the wild-type genes
and the mutant genes used to make the gene replacements are also
shown (panel A, lanes 10 to 14; panel B, lanes 5 and 6; panel C, lanes
6 to 8). The gene replacements shown were constructed in the
MATa MFal MFa2 strain W303-1B. Genomic yeast DNA or
plasmid DNA was cleaved as described below, run on 0.7% agarose
gels, transferred to nitrocellulose filters, and hybridized to the probe
indicated. (A) The probe is the 1.7-kb MFal EcoRI fragment. The
DNAs were cleaved with EcoRI. Strains: MFal MFa2 (lane 1);
mfal::LEU2A MFa2 (lane 2); mfal::LEU2A mfa2::URA3 (lane 3);
mfal::LEU2B MFa2 (lane 4); mfal::LEU2B mfa2::URA3 (lane 5);
mfal::LEU2C MFa2 (lane 6); mfal::URA3 MFa2 (lane 7);
mfal::URA3 mfa2::LEU2A (lane 8); and mfal::URA3
mfa2::LEU2C (lane 9). Plasmids: pmfal::LEU2A (lane 10);
pmfal::LEU2B (lane 11); pmfal::LEU2C (lane 12); pmfal::URA3
(lane 13); and pHK2 (MEal) (lane 14). (B) The probe is the PvuII
fragment 3' to MFa2. The DNAs were cleaved with BglII and SalI.
Strains: MFal MFa2 (lane 1); MFaJ mfa2:: URA3 (lane 2);
mfal::LEU2A mfa2:: URA3 (lane 3); and mfal::LEU2B mfa2:: URA3
(lane 4). Plasmids: pJK2 (MFa2) (lane 5); and pmfa2:: URA3 (lane
6). (C) The probe is the MFa2 1.8-kb HindIll fragment. The DNAs
were cleaved with HindIll. Strains: MFal MFa2 (lane 1); MFal
mfa2::LEU2A (lane 2); mfal::URA3 mfa2::LEU2A (lane 3); MFal
mfa2::LEU2C (lane 4); and mfal::URA3 mfa2::LEU2C (lane 5).
Plasmids: pBR-MFa2 (lane 6); pmfa2::LEU2A (lane 7); and
pmfa2::LEU2C (lane 8).

TABLE 2. a-Factor and mating phenotype of MFal and MFa2
mutants

Phenotype
Strain

a-Factor' Matingb

MFaIMFa2 +++ +++

mfal::LEU2A MFa2 + ++
mfal::LEU2B MF62 + ++
mfal::LEU2C MFa2 + ++
mfal::URA3 MFa2 + +

MFal mfa2::LEU2A +++ ++I+++
MFal mfo2::LEU2C +++ ++I+++
MFal mfa2:: URA3 +++ ++1+++

mfal::LEU2A mfo2:: URA3 - -
mfal::LEU2B mfo2::URA3 - -

mfal::URA3 mfa2::LEU2A - -

mfal:: URA3 mfa2::LEU2C - -

a a-Factor production was assayed by the halo assay. Symbols: (+ + +)
wild-type halo-halo on MATa sst 1-2 SS72 and MATa SSTI sst2-1 lawns; (+)
low level a-factor production-no halo on MATa sstl-2 SST72 lawn, small halo
on MATa SSTI sst2-1 lawn; and (-) no halo on either tester lawn.

b Mating was assayed by patch tests and efficiency of mating experiments to
strain 227 as described in the text. Symbols: (+ + +) wild-type mating; (+ +/
+ + +) slightly reduced mating-difficult to see reduction by patch tests; 70 to
100% of wild-type levels by efficiency of mating experiments; (+ +) somewhat
reduced mating-slightly less growth by patch tests; 25 to 40%o of wild-type
levels by efficiency of mating experiments; (+) low level of mating-
papillations by patch test; 3% of wild-type level by efficiency of mating
experiments; and (-) no mating.

lawns (sst2-J). The dilution assay indicates that the mfal
halos are equivalent in size to a 500-fold dilution of the
wild-type strain. These results indicate that MFal is respon-
sible for the majority of the a-factor produced. Both assays
show that the mfa2 mutations have no effect on halo size,
indicating that MFa2 is responsible for, at most, a very small
proportion of the a-factor produced. The mfal mfa2 double
mutants do not produce a halo on any of the tester lawns,
indicating that MFa2 is responsible for the low level of
a-factor production seen in the mfal mutants and that MFal
and MFa2 are the only active a-factor genes.

Effects of mfal and mfaL2 mutations on mating. Mating was
assayed by patch tests and efficiency of mating experiments
(10) as described above. The effects of the various mutant
constructions on mating are shown in Tables 2 and 3.
The mfal::LEU2C and mfa2:: URA3 mutants contain com-

plete deletions of MFal and MFa2, respectively, and there-
fore represent the null phenotypes for these genes. The
mfal::LEU2C mutant shows a 75% decrease in a mating
ability in comparison to the MFal MFa2 parental strain,
whereas the mfa2:: URA3 mutant shows only an approxi-
mately 30o decrease in a-mating. This result suggests that
MFal is the more important of the two genes with respect to
mating efficiency as well as with respect to a-factor produc-
tion (as shown above).

Theoretically, all of the mutations constructed by the
one-step gene disruption technique should be null mutations,
due to large insertions into the coding region of the gene
combined in some cases with complete or partial deletions of
the gene. Therefore, one would expect all of the mutations in
the same gene to result in the same phenotype. The three
mfa2 constructions show at most a slight decrease in mating
ability (70 to 100%o of the wild-type level of mating) which is
consistent with this expectation. On the other hand, the
mfai mutants show quite different phenotypes with respect
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TABLE 3. Efficiency of mating experiments'
Mating frequency in:

Strain
Expt 1 Expt 2 Expt 3 Expt 4 Expt 5 Expt 6 Avg.

MFaJ MFa2 1.0 1.0 1.0 1.0 1.0 1.0 1.0

mfal::LEU2A MFa2 0.17 0.15 0.36 0.46 NT NT 0.29
mfal::LEU2B MFo2 0.20 0.32 0.62, 0.43 0.47, 0.55 0.26 NT 0.41
mfal::LEU2C MFo2 NT NT 0.37, 0.18 0.34, 0.21 0.27 0.12 0.25
mfal::URA3 MFo2 0.04 0.05 0.02 NT 0.01 NT 0.03

MFal mfo2::LEU2A NT 0.96 0.71, 0.82 0.34, 0.54 1.04 0.48 0.70
MFal mfa2::LEU2C NT NT 1.33 0.77 NT NT 1.05
MFal mfo2::URA3 NT NT NT NT 0.88, 0.93 0.62, 0.48 0.73

mfal::LEU2A mfa2::URA3 0 NT NT 0 NT NT 0
mfal::LEU2B mfa2::URA3 0 NT NT NT NT NT 0

a Efficiency of mating experiments were done as described in the text. Mating frequencies indicate the proportion of cells that form diploids with mating tester
227 (MATa) in comparison to the proportion of parental cells (W303-1B) that form diploids. A value of 0 indicates that the strain shows less than 0.001 the level of
mating of the wild-type strain. In some cases, two isolates of the mutation were tested. NT, Not tested.

to a mating, although the a-factor production phenotypes
are identical. The mfal :LEU2A (insertion in the signal
sequence), mfai::LEU2B (partial deletion), and
mfal: :LEU2C (complete deletion) mutants show mating
frequencies of 25 to 40% of the wild-type level, whereas the
mfal:: URA3 (insertion into the spacer-a-factor region) mu-
tant shows a mating frequency of only 3% of the wild-type
level. Because the complete deletion of the MFaJ gene must
represent the actual null phenotype, these results suggest
that the mfal::URA3 construction encodes a gene product
that inhibits mating. Based on the structure of the
mfal:: URA3 construction, this mutant gene should produce
a hybrid protein containing the MFaJ signal sequence, the
region of ca. 60 amino acids containing three glycosylation
sites and a single spacer sequence. Translation should con-
tinue 13 amino acids into the URA3-containing fragment
until a stop codon is reached. The phenotype of the
mfal::URA3 mutant suggests that this hybrid protein inter-
feres in some way with the a mating process.

Both mfal and mfa2 null mutations allow a significant
level of a mating (25 to 40% and 70 to 100%, respectively),
indicating that either of these gene products can function
relatively well for a mating. To determine whether at least
one a-factor gene is essential for a mating, mfal mfa2
double mutants were also assayed. All of the MATa mfal
mfa2 double mutants that have been constructed are com-
pletely sterile (no rare matings have been detected), indicat-
ing that at least one a-factor gene product is required for a
mating. As expected, the effect of the mfal mfa2 double
mutants is a-specific.

a-Factor addition experiments. The addition of exogenous
a-factor has been shown to partially alleviate the mating
defect of MATa strains containing mutations that result in
defects in a-factor processing (5, 13, 14). Experiments to test
for a similar alleviation of the mating defect of the a-factor
mutants were done by adding purified a-factor to mating
plates. The concentrations of a-factor added cover the
ranges that induce MATa responses, including cell cycle
arrest, agglutinin induction, and cell elongation (shmooing)
(25). As an alternative method of providing exogenous
a-factor, matings were done in the presence of a second,
helper MATa strain. Mating of the helper MATa strain to the
MATa mating tester strain was not detected in these exper-
iments due to homozygosity for several auxotrophic markers
in the resulting diploid.
A wild-type MATa SSTJ SST2 (RC618) strain and two

strains that are supersensitive to a-factor (RC629-MATa

sstl-2 SST2 and RC631-MATa SSTJ sst2-1) were used as
mating testers. The MATa mating tester strains were ob-
served under the microscope after exposure to a-factor to be
certain that the MATa cell responses were being induced.
The cell elongation response was observed at the appropri-
ate a-factor concentrations (25).
The mating of mfal mfa2 double mutants (mfal::LEU2A

mfa2::URA3 and mfal::LEU2B mfa2::URA3) in the pres-
ence of exogenous a-factor was compared with mating of the
MFal MFa2 parent (Table 4). In crosses to the wild-type
MATa'strain, exogenous a-factor is unable to alleviate the
mating defect of the MATa mfal mfa2 double mutants. In
matings to the MATa sstl-2 SST2 strain, the addition of
a-factor at concentrations of 5 x 10-8 M or greater allows
some mating of the mfal mfa2 double mutants. The addition
of a-factor by including the helper MATa strain also results
in some alleviation of the mating defect. The MATa SSTJ
sst2-1 strain shows a low level of mating to the MATa mfal
mfa2 double mutants, even in the absence of exogenous
a-factor. The addition of exogenous a-factor at concentra-
tions of 5 x 10-10 M or greater results in a higher level of
mating. The addition of the helper MATa strain also allows
some alleviation of the mating defect. In the mating of the
wild-type MATa MFal MFa2 strain to the supersensitive
MATa strains, high levels of a-factor are somewhat inhibi-
tory to mating. At an a-factor concentration of S x 10-7 M,
the mating level of the MATa mfal mfa2 double mutants to
the supersensitive MATa strains is approximately equivalent
to the inhibited level of mating of the wild-type strains (as
assayed by patch tests in which a severalfold difference in
mating could be missed).
A more quantitative assay for the effects of exogenous

a-factor on the mating of mfal mfa2 double mutants was
done by using the efficiency of mating assay in the presence
of a helper MATa strain. The parental MATa MFaJ MFa2
strain (W303-1B) and a MATa mfal mfa2 double mutant
(constructed in W303-1B) were mated to a MATa strain
(J12-2B) either alone or in combination with a helper MATa
strain (RC622) that produces as much or more a-factor than
does W303-1B and therefore should provide a good source of
a-factor. The mating of the MATa helper strain was scored
separately from the MFal MFa2 or mfal mfa2 strain being
tested. In this way, it was possible to determine whether the
a-factor provided by strain RC622 has any effect on the
mating defect of the mfal mfo2 strain. The striking result of
this experiment (Table 5) is that the presence of the a-factor
provided by the helper MAToa strain allows no alleviation of
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TABLE 4. a-Factor addition experiments"

MATa tester' pH Straind
Mating in presence of a-factor (M) or helper strain'

0 5 x 10-11 5 x 10-"' 5 x 10-9 5 x 10-8 5 x 10-7 Helper strain

SSTI SST2 4.8 MFaJ MFa2 ++ ++ ++ ++ ++ ++ ++
mfal mfa2

6.0 MFal MFa2 ++ ++ ++ ++ ++ ++ ++
mfal mfa2

sstl-2 SST2 4.8 MFal MFa2 ++ ++ ++ ++ ++ + ++
mfal mfa2 - - - - p + p

6.0 MFal MFa2 ++ ++ ++ ++ ++ + ++
mfal mfa2 - - - - p +

SSTJ sst2-1 4.8 MFal MFoa2 ++ ++ ++ ++ ++ + +
mfal mfa2 p p +1- + + + +

6.0 MFal MFa2 ++ ++ ++ ++ ++ + +
mfal mfa2 p p +1- +1- + + +1-

a Symbols: (+ +) wild-type mating; (+) less than wild-type mating; (+/-) low level of mating; (p) papillations-very low level of mating; and (-) no mating.
b Mating was tested by patch tests in the presence of a-factor or a MATa helper strain (RC622).
c MATa tester strains were RC618 (SSTI SST2), RC629 (sstl-2 SS72) and RC631 (SSTI sst2-1).
d The MFal MFa2 strain tested is W303-1B. The mfal mfa2 mutants tested (mfotl::LEU2A mfa2:: URA3 and mafI::LEU2B mfo2:: URA3) were constructed in

W303-1B.

the mating defect of the mfal mfa2 strain. This result
confirms the more qualitative result described above, i.e.,
that the addition of physiological levels of a-factor does not
alleviate the mating defect of the mfal mfa2 double mutant.

DISCUSSION

Role of MFal and MFa2 in a-factor production and
mating. a-Factor is encoded within a small multigene family
consisting of at least two genes, MFal and MFa2 (18, 31).
MFotJ and MFa2 encode putative a-factor precursors with
similar structures, suggesting that both can be processed to
produce mature a-factor, although possibly with different
efficiencies. The ability in yeast cells to replace the genomic
copy of a gene with a mutant gene constructed in vitro
makes it possible to examine the function of the members of
a multigene family. Null mutations in MFal and MFa2 were
constructed in MATa strains by using the one-step gene
disruption technique (28). The a-factor production and mat-
ing phenotypes of the mfal, mfa2, and mfal mfa2 null
mutants were tested (Tables 2 and 3).

TABLE 5. Effect of MATa helper strain on mfal mfa2 Mating'
Mating frequency of:

MATa strain 1 MATaL strain 2
Strain 1 Strain 2

MFoa MFa2 1.0
mfal mfa2 0

MFal MFa2 1.0
MFal MFa2 MFal MFa2 0.71 0.65
mfal mfa2 MFal MFa2 0 0.83

a Mating was tested by efficiency of mating experiments. MATa strain 1 is
MFa1 MFcx2 (W303-1B) or mfal::LEU2A mfa2:: URA3 (constructed in W303-
1B). MATa strain 2 is the helper MATa MFal MFa2 strain RC622. Mating (to
MATa strain J12-2B) of W303-1B was scored on minimal plus adenine plates,
and mating of RC622 was scored on minimal plus tryptophan plates. In each
mating test, the total number ofMATa cells was mixed with an equal number
of MATa cells.When two MATa strains were present in the mating mixture,
equal proportions of the two strains were added, resulting in reduced mating
frequencies in comparison to the cases in which only a single MA Ta strain is
present.

The mfal mutants secrete a very low level of a-factor,
consistent with previous results indicating that MFal is
responsible for the majority of a-factor production (2). The
ability of the mfal null mutants to produce a low level of
a-factor, however, indicates that at least one other a-factor
gene is active. The mfa2 mutations by themselves have no
detectable effect on a-factor production. The mfal mfa2
double mutants do not secrete any detectable a-factor.
These results indicate that MFaJ and MFa2 are the only
active a-factor genes and that MFa2 is responsible for the
low level of a-factor produced by the MATa mfxl MFa2
strains.
A surprising result was that the mating phenotype of the

mfal mutants varies, depending on the structure of the
mutant construction (Fig. 2). Several mfal mutants
(mfal::LEU2A, mfal::LEU2B, and mfal::LEU2C), includ-
ing a mutant in which the entire mfal coding region is
deleted, mate at 25 to 40% of the level of the parental strain.
A fourth mfal mutant (mfal:: URA3, which contains an
insertion within the mfal coding region) has a considerably
more severe effect on a mating, showing only ca. 3% of the
wild-type level of mating. All of the mutant constructions
should result in totally nonfunctional gene products (due to
large insertions into or deletions of the coding region of the
mutated gene) and therefore would be expected to show the
same phenotype. The ca. 10-fold lower level of mating of the
mfal:: URA3 mutant in comparison to the mfal::LEU2C
mutant, in which the entire MFal gene is deleted, suggests
that the mfal:: URA3 gene product is inhibitory to a mating.
A possible explanation for this result will be discussed
below.
The phenotypes of three mfa2 constructions analyzed

were identical, resulting in 70 to 100% of the wild-type level
of mating in MATa cells. The MATa mfal mfa2 double
mutants are totally sterile, no matter which mfal and mfa2
constructions are combined.
The sterilility of the mfal mfa2 double mutants implies

that at least one of the a-factor structural genes is required
for mating in MATa cells. The elimination of only one of the
two genes has a relatively slight effect on mating, indicating
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that MFaJ and MFa2 are functionally redundant. It is
interesting that although mfal mutations result in a large
decrease in oa-factor production (possibly as high as a
500-fold decrease), the level of mating is reduced only 4-fold
by the complete deletion of mfotl. This result suggests that a
low level of a-factor is sufficient for its role in mating and
that wild-type MATa strains produce a considerable excess
of ax-factor. As might be expected, the effects of the mfoal
and mfa2 mutations are a-specific, thereby having no effect
on a-factor production or mating when present in MATa
cells.
The phenotypes of the at-factor mutants and the structure

of the a-factor genes provide an explanation for the previous
failure to identify a-factor structural gene mutations among
mating-defective mutants. A mutation of either MFaJ or
MFa2 alone should have little or no effect on mating;
therefore, such mutations would not have been identified
among the sterile (ste) mutants.

Effect of addition of exogenous a-factor. The sterility of the
MATa mfal mfa2 double mutants is consistent with the role
of a-factor in the mating process that has been suggested by
several types of experimental evidence. The addition of
exogenous a-factor has been shown to partially alleviate the
a mating defects of two mutants (stel3 and kex2) that exhibit
defects in a-factor processing (5, 13, 14). The effect of
exogenous a-factor addition on the a mating of the mfal
mfa2 double mutants was investigated.
The addition of exogenous a-factor at concentrations that

induce MATa cell responses (25) was tested for the allevia-
tion of the mating defect of MAToa mfal mfot2 double
mutants (Table 4). The a-factor addition had no effect on the
mating of the MATa mfal mfa2 mutants to a wild-type
MATa strain. As an alternative method of providing physi-
ological levels of a-factor, a helper MA Ta strain was added
to the mating mixture. In this experiment, quantitative
efficiency-of-mating experiments were done; therefore, even
a slight alleviation of the mating defect could have been
detected. No alleviation of the MATa mfal mfa2 mating
defect was seen (Table 5). The results of these experiments
indicate that the addition of a-factor at concentrations that
are capable of eliciting physiological responses to a-factor in
MATa cells does not alleviate the mating defect of the MATa
mfal mfa2 double mutants.
Some alleviation of the mating defect was seen (Table 4) in

crosses to MATa strains that contain mutations that result in
supersensitivity to a-factor (sstl-2 and sst2-1) (6). In matings
to a MATa sstl-2 strain, high concentrations of a-factor
allowed some alleviation of the mating defect of the mfal
mfa2 double mutants. The supersensitivity of the sstl mu-
tants has been attributed to a defect in the degradation of
a-factor (6, 7, 21, 37); therefore, the addition of a-factor to
the MATa sstl-2 strain should be equivalent to adding high
levels of at-factor to a wild-type MATa strain. In matings to
a MATa sst2-1 strain, a low level of mating was seen in the
absence of exogenous a-factor, and relatively low concen-
trations of a-factor resulted in an increase in mating above
this background level. The ability of MATa sst2-1 strains to
mate with mutants unable to produce ao-factor (stel3 or kex2)
has been observed previously (5). One interpretation of this
ability is that sst2-1 strains exhibit some of the pheromone
responses in the absence of a-factor and therefore are able to
mate with strain that are defective in ax-factor production.
Although the molecular defect of the sst2-1 mutant is un-
known, the addition of exogenous a-factor to this strain may
again be equivalent to adding high levels of a-factor to a
wild-type strain. Thus, the results with the sstl-2 and sst2-1

strains can be interpreted to indicate that the addition of
a-factor at very high concentrations can alleviate the mating
defect of the MATa mfal mfa2 mutants.
The results with the MATa mfal mfa2 double mutants are

in contrast to the effect of exogenous a-factor addition on
mating by MATa stel3 or MATa kex2 mutants, for which the
a-factor addition allowed partial alleviation of the mating
defect in crosses to MATa SST+ strains (5). In addition, the
alleviation of the stel3 or kex2 mating defects was seen at
lower levels of a-factor in crosses to MATa sstl strains than
I have observed for the MATa mfal mfa2 mutants.
The lack of alleviation of the MATa mfal mfa2 mating

defect by the addition of physiological levels of a-factor can
be interpreted in several ways. One interpretation is that
a-factor action is partly dependent on the relative positions
of the MATa and MATa cells with respect to one another
during the pheromone secretion process. Although the addi-
tion of exogenous a-factor would induce MATa responses,
the requirement for correct directionality of the response
would not be met, and alleviation of the mating defect would
not be observed. Under this interpretation, however, exo-
genous a-factor should be unable to alleviate the mating
defect of MATa stel3 or MATa kex2 as well as MATa mfal
mfa2 mutants.
An alternative interpretation that I favor is that the MFal

and MFa2 gene products play a role in mating in addition to
that of a-factor production. The addition of exogenous
a-factor would be able to produce the appropriate MATa
responses but would be unable to compensate for the
additional role of the MFal and MFa2 gene products. The
MATa stel3 and MATa kex2 mutants, which are producing
the MFal and MFa2 gene products but are defective in
a-factor precursor processing, would be able to accomplish
this additional role; therefore, the a-factor addition would be
able to alleviate the mating defect. I would like to empha-
size, however, that the lack of alleviation of the MATa mfal
mfa2 mating defect by exogenous a-factor concentrations
that induce MATa responses is a negative result and must be
interpreted cautiously.
MFal and MFoa2 function. The differences in levels of

a-factor produced by MFal versus MFa2 could be due to
differences in mRNA levels, differences in the number of
a-factor copies in the two genes, less efficient processing of
the MFa2 versus the MFal precursor, or a combination of
these reasons. Work in progress indicates that the MFal
message is present at significantly higher levels in MATa
cells than the MFa2 message, as indicated by Northern
analysis and 3-galactosidase gene fusion experiments. This
result is consistent with results of Brake et al. (2), which
indicate that MFal encodes that major a-factor precursor.
Structural differences between the MFal and MFa2 precur-
sors, however, may also play a role in the different pheno-
types of the mfal and mfa2 mutants.
One of the interesting results of Julius et al. indicates that

the signal sequence of MFal is not cleaved during transport
through the secretory pathway (15). They speculate that the
MFal signal sequence may act as a membrane anchor
sequence for the MFal precursor. The spacer sequences
separating the a-factor repeats of the a-factor precursors
contain lysine-arginine dipeptides that are likely to act as
proteolytic processing signals in a manner similar to that
found in higher organisms (for a review, see references 8, 19,
26, 33, and 34). Recent results suggest that the KEX2 gene
encodes the lysine-arginine-cleaving endopeptidase respon-
sible for this step (14). Because the signal sequence is not
cleaved, processing of the MFal precursor by the lysine-
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arginine endopeptidase might result in exposure of the
amino-terminal half of the precursor on the surface of the
cell. If this membrane protein exists, it might play the role in
mating suggested for the a-factor precursors in addition to
the role of simply producing a-factor. The role of this
putative membrane protein might also explain the inhibition
of a mating by the mfa I:: URA3 gene product. As mentioned
above, this gene product would be a hybrid protein consist-
ing of the amino-terminal half of the MFal precursor fol-
lowed by several amino acids encoded by the end of the
URA3 fragment that was inserted into the MFal gene. If this
hybrid protein was not recognized by the lysine-arginine
endopeptidase, a mutant membrane protein would be ex-
posed on the surface of the cell and might be inhibitory to
mating.

If the MFal gene product does play a role in mating in
addition to that of producing a-factor, mutations that alter
the structure of the MFal gene product but still allow
a-factor production might result in a mating defect. If the
lack of alleviation of the mating defect is due simply to a
need for correct positioning ofMATa and MATa cells during
the secretion process, an MFal gene that has been altered in
this way should be able to alleviate the mating defect of the
MATa mfal mfa2 mutants. MFal constructions of this sort
are being made to test these possibilities.
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