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Selection of axial growth sites in yeast
requires AxI2p, a novel plasma
membrane glycoprotein

Terry Roemer, Kevin Madden, James Chang, and Michael Snyder!

Department of Biology, Yale University, New Haven, Connecticut 06520 USA

Spa2p and Cdc10p both participate in bud site selection and cell morphogenesis in yeast, and spa24 cdc10-10
cells are inviable. To identify additional components important for these processes in yeast, a colony-sectoring
assay was used to isolate high-copy suppressors of the spa24 cdc10-10 lethality. One such gene, AXL2, has
been characterized in detail. axI2 cells are defective in bud site selection in haploid cells and bud in a bipolar
fashion. Genetic analysis indicates that AXL2 falls into the same epistasis group as BUD3. AxI2p is predicted
to be a type I transmembrane protein. Tunicamycin treatment experiments, biochemical fractionation and
extraction experiments, and proteinase K protection experiments collectively indicate that AxI2p is an integral

membrane glycoprotein at the plasma membrane. Indirect immunofluorescence experiments using either
Ax12p tagged with three copies of a hemagglutinin epitope or high-copy AXL2 and anti-AxI2p antibodies
reveal a unique localization pattern for AxI2p. The protein is present as a patch at the incipient bud site and
in emerging buds, and at the bud periphery in small-budded cells. In cells containing medium-sized or large
buds, AxI2p is located as a ring at the neck. Thus, AxI2p is a novel membrane protein critical for selecting
proper growth sites in yeast. We suggest that Ax12p acts as an anchor in the plasma membrane that helps
direct new growth components and/or polarity establishment components to the cortical axial budding site.
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Polarized cell growth and asymmetric cell division are
fundamental processes that are essential for the devel-
opment of eukaryotes. Polarized cell growth forms many
specialized structures that are critical for the function of
individual cell types and coordinates diverse cellular in-
teractions during development such as neuronal out-
growth to target cells, pollen tube growth during fertil-
ization, and conjugation in fungi (Schnepf 1986). Asym-
metric cell division, a separate but related event in
which cells divide along specified cleavage planes, me-
diates appropriate cell-cell contacts, partitions cytoplas-
mic components, and helps establish asymmetric cellu-
lar structures (Rhyu and Knoblich 1995). This process is
central to many aspects of eukaryotic and prokaryotic
development, including spore development in Bacillus
subtillus (Shapiro 1993), early embryogenesis in Cae-
norhabditis elegans (Hyman and White 1987; Cheng et
al. 1994), mammalian neurogenesis (Chenn and McCo-
nnell 1995), and plant embryogenesis and development
(Schnepf 1986).

Saccharomyces cerevisiae undergoes both polarized
cell growth and asymmetric cell division and is an ideal
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model system to genetically dissect these processes
(Drubin 1991; Chant 1994; Costigan and Snyder 1996).
In yeast, the plane of cell division is determined by the
site of bud formation, which is specified by the yeast cell
type (Freifelder 1960; Hicks et al. 1977, Snyder 1989;
Chant and Pringle 1995). Haploid a and « cells exhibit an
axial budding pattern in which the bud forms directly
adjacent to the previous site of budding, as marked by a
bud scar on mother cells and a birth scar on daughter
cells. Diploid a/« cells exhibit a more complex bipolar
budding pattern, in which daughter cells bud from the
pole opposite their birth scar but mother cells are com-
petent to bud from ecither pole. A “cytokinesis tag”
model has been proposed to explain the axial budding
pattern, whereby the previous bud site is tagged by cor-
tical components that persist after cytokinesis; these
components direct assembly of growth components at an
adjacent site (Chant and Herskowitz 1991; Snyder et al.
1991; Madden et al. 1992; Flescher et al. 1993; Chant et
al. 1995). Models to explain the bipolar budding pattern
emphasize a hypothetical bipolar tag deposited to the
bud tip early in the budding cycle and to the mother-bud
neck region prior to cytokinesis (Chant and Herskowitz
1991; Snyder et al. 1991; Madden et al. 1992, Flescher et
al. 1993; Chant and Pringle 1995).
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Selection of haploid axial sites is mediated by proteins
associated with the neck filament complex. A series of
10-nm electron-dense filaments lie beneath the plasma
membrane and surround the neck region in budding
yeast (Byers and Goetsch 1976a,b; Byers 1981). These
filaments are thought to be comprised of at least four
proteins, the products of the CDC3, CDC10, CDC11,
and CDC12 genes (Haarer and Pringle 1987; Ford and
Pringle 1991; Kim et al. 1991). These four proteins are
homologous to one another and to proteins in other spe-
cies and are collectively called septins (Nottenburg et al.
1990; DiDomenico et al. 1994; Neufeld and Rubin 1994;
Sanders and Field 1994; Fares et al. 1995). The putative
neck filament proteins and two associated proteins,
Bud3p and Bud4p, each localize as a ring at the neck
region; this ring persists after cytokinesis (Haarer and
Pringle 1987; Ford and Pringle 1991; Kim et al. 1991;
Chant et al. 1995; S. Sanders and 1. Herskowitz, pers.
comm. H.B. Kim, B.K. Haarer, and J.R. Pringle, pers.
comm.). Each of these proteins is required for selection
of axial growth sites in yeast (Flescher et al. 1993; Chant
et al. 1995; S. Sanders and I. Herskowitz, pers. comm.).
The septins, Bud3p, and Bud4p may form a tag that is
recognized by other components of the bud site selection
machinery. One additional component important for ax-
ial budding is Axllp (Fugita et al. 1994; Adames et al.
1995). This protein is expressed specifically in haploids
and is critical for selecting the axial budding pattern.

Recognition of the axial tag and subsequent growth at
this site is thought to be mediated by GTP-binding pro-
teins. Rsrlp/Budlp, a RAS-related protein (Bender and
Pringle 1989}, and two proteins that regulate Rsrlp/
Budlp activity, Bud2p and Bud5p, constitute a GTPase
cycle necessary for bud site recognition of both axial and
bipolar sites in yeast (Chant and Herskowitz 1991;
Chant et al. 1991; Park et al. 1993; Herskowitz et al.
1995). This GTPase cycle is hypothesized to recognize
and recruit a second class of components (the polarity
establishment components) that include Cdc24p,
Cdc42p, Bemlp, and/or Spalp to the growth site. Many
of these proteins are highly polarized and localize as a
patch at the incipient bud site and at the tips of budded
cells [Snyder 1989; Ziman et al. 1993; K. Corrado and J.R.
Pringle, pers. comm.). At least two of these proteins,
Cdc24p and Spa2p, also participate in bud site selection,
indicating that they are involved in early steps of the
budding process (Sloat et al. 1981; Snyder 1989). The
polarity establishment proteins are thought to somehow
organize the actin cytoskeleton at the chosen site to di-
rect cell-surface growth. The general relevance of this
process is emphasized by the existence of highly con-
served mammalian homologs to many different yeast po-
larity proteins (Shinjo et al. 1990; Ron et al. 1991; Chen
et al. 1993; Ridley 1995).

Although a number of components important for the
early steps of the budding process have been identified,
membrane proteins important for this process have not
been found. In other eukaryotes, type I membrane pro-
teins, such as the integrins, help organize the cytoskel-
eton at growth sites (Clark and Brugge 1995). Because
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early growth events in yeast are also mediated at or near
the plasma membrane, membrane proteins are expected
to be involved in this process.

Described below is Ax12p, a novel yeast protein, that is
essential for the axial budding pattern of haploid cells
but is not required for the diploid budding pattern. The
AXL2 (axial 2 bud site selection; see below) gene encodes
a type I plasma membrane glycoprotein, exhibiting a
unique immunolocalization pattern that overlaps with
polarity establishment and neck filament-associated
components and changes with the cell cycle. Ax12p is
distinct from all known proteins participating in these
processes because it contains both intracellular and ex-
tracellular domains. Ax12p may function analogously to
integrins in higher eukaryotes, and our results suggest a
novel mechanism for establishing sites of polarized
growth in eukaryotes.

Results

AXL?2 is a multicopy suppressor of spa2A cdc10-10
lethality

SPA2 and CDC10 both participate in bud site selection
and cell morphogenesis in yeast, and spa24 cdc10-10
cells are inviable (Flescher et al. 1993). To identify addi-
tional components important for these processes, a col-
ony-sectoring assay (Costigan et al. 1994) was used to
isolate 2. multicopy suppressors of spa24 cdc10-10 le-
thality. The details of this screen will be presented else-
where (K. Madden and M. Snyder, unpubl.). A total of 14
different genes rescued the lethality of spa24 cdc10-10
cells when present in high copy. One particularly strong
suppressor plasmid possessed a 4.7-kb insert that maps
to the right arm of chromosome IX. This plasmid is pre-
dicted to encode a previously uncharacterized 823 codon
open reading frame (ORF) (YIL140W; accession no.
Z38059) designated AXL2, as well as the complete REV7
gene and the carboxy-terminal 69 residues of the 527
amino acid TCP1 gene. No other ORFs >150 amino ac-
ids in length were detected. To determine the ORF re-
sponsible for suppressing inviability of the spa24 cdc10-
10 strain, each gene was cloned and retested separately
(see Materials and methods). Only the AXL2 ORF sup-
pressed spa24 cdc10-10 inviability. The original AXL2
plasmid isolated did not suppress defects associated with
loss of either SPA2 or CDC10 single mutations; neither
the shmoo defect of spa2 cells (Gehrung and Snyder
1990) nor the temperature-sensitive growth defect of
¢dc10-10, cdc3-1, cdcl1-1, or cdc12-1 mutants (Hartwell
et al. 1973) were alleviated by multicopy AXL2 (data not
shown). Thus, high-copy AXL2 either suppresses only
the synthetic phenotype of spa24 cdc10-10 cells or AXL2
suppression is not detectable in the different assays used
for analyzing individual mutant strains.

Cells deleted for AXL2 possess an axial-specific
budding pattern defect

To help determine the role of AXL2 in yeast, a complete
deletion of one genomic copy of the gene was created in
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a diploid strain using the PCR disruption technique of
Baudin et al. (Rothstein 1983; Baudin et al. 1993; see
Materials and methods). Three independent axi2-
A1::HIS3/AXL2 heterozygotes were sporulated, and >20
tetrads were dissected for each strain. In each case, his-
tidine prototrophy segregated 2His™:2His~, and the
His™ and His ™ segregants formed equal-sized colonies at
18°C, 30°C, and 37°C. Therefore, AXL2 is not essential
for yeast cell growth.

Despite the similar growth rate between AXL2 and
axI2-A1::HIS3 strains, axI2 null strains possessed a
slightly rough colony surface that was not evident in the
isogenic wild-type colony morphology. To explore this
phenotype further, the budding pattern of axI2 cells was
examined. Spore progeny from three complete axl2-
A1::HIS3/AXL2 tetrads were grown in liquid medium to
early log phase, formaldehydc-fixed, and stained with
Calcofluor white to visualize the chitin-rich bud scars
that mark previous sites of budding (Hayashibe and Ka-
tohda 1973). Wild-type (His ) haploid cells contain bud
scars clustered at one end of the cell or as a trail across
the surface (Fig. 1), consistent with the observation that
new buds form adjacent to previous sites (Freifelder
1960; Hicks et al. 1977; Madden and Snyder 1992; Fle-
scher et al. 1993; Chant and Pringle 1995). In contrast,
haploid axI2A strains exhibit a bipolar budding pattern
in which bud scars are located at both ends of the cell
(Fig. 1].

The budding pattern defect was analyzed quantita-
tively in two cell types: new mothers and daughters (Fle-
scher et al. 1993). Calcofluor-stained cells with a visible
bud and single bud scar (new mothers; see bottom cell in
axl12 panel of Fig. 1] or unbudded cells with two bud scars
were classified according to the scheme outlined in Ta-
ble 1. Class I cells form buds adjacent to the bud scar,
class III cells bud at the pole opposite from the bud scar,
and class II cells form buds in the central region. Wild-
type new mother cells bud adjacent to the bud scar ex-
clusively (n =232} (Table 1A), in agreement with previ-
ous results (Snyder 1989; Madden et al. 1992; Flescher et
al. 1993; Chant and Pringle 1995). In contrast, >45% of
axl2 null cells (n=284) budded at the pole distal to the
bud scar.

The axI2 axial budding pattern defect was also ana-
lyzed in daughter cells forming their first bud (Table 1B,
daughters). Calcofluor-stained cells, which possess ei-
ther a diffusely staining birth scar and a single bud or a
birth scar and one bud scar, were scored according to the
scheme described above. Over 99% of wild-type daugh-
ter cells {n=112) form their first bud adjacent to the
birth scar, in agreement with previous results (Chant and
Pringle 1995). Remarkably, the budding pattern of axi2
daughter cells is completely reversed; the first bud forms
exclusively at the distal pole (n=200).

Budding patterns were also analyzed in diploid strains.
As shown in Table 2, MATa/MATa axI2::HIS3/axI2::HIS3
diploid cells bud in a bipolar fashion, indistinguishable
from that of wild-type cells {>200 cells were scored for
each strain). Thus, AXL2 is required only for proper bud
site selection in haploid cells.

AxI2p is important for bud site selection in yeast

Figure 1. Budding patterns in ax/24 and wild-type cells.
axI2A1::HIS3 cells {Y1153) and wild-type cells (Y1155) were
stained with Calcofluor. In wild-type cells, bud scars form a
cluster or trail across the cell surface. In contrast axI24 cells
undergo bipolar budding and have scars at both ends of the cell.

The axI2 haploid-specific budding defect is very simi-
lar to those reported for bud3 and bud4 cells (Chant and
Herskowitz 1991; Chant et al. 1995). To explore the epi-
static relationship between AXL2 and BUDS3, axl24,
bud34, and axi2A bud3A double mutant strains were
constructed in an isogenic background and analyzed (see
Materials and methods). axI/2A cells have a similar, albeit
slightly more severe defect in bud site selection than
bud3A cells (Table 1B, haploid daughters). axI2A bud34
strains bud in a bipolar fashion identical to strains con-
taining axI24 alone (Table 1}. The relationship between
AXL2 and RSR1/BUDI1, a gene needed for budding at
both axial and distal sites, was also analyzed. axI24
rsr1A/budiA cells bud close to randomly, similarly to
rsr1A/budiA cells (Table 1). These results indicate that
AXIL2 is in the same epistasis group as BUD3 but in a
different group from RSR1/BUD]1.

AXL2 null cells possess a variety of morphological
defects

Although the most severe defect of axI2 cells is in their
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Table 1. Budding patterns of haploid cells

Class

I II I

A. Haploid new mothers

wild type 100 0 0 232
axi2 51.8 3.2 45.1 284
bud3 46.3 10.6 43.1 216
axlI2 bud3 43.1 6.0 50.9 216
bud1 15.5 65.3 19.2 239
axI2 budl 15.9 68.2 159 227
B. Haploid daughters
Wild type 99.1 0 0.9 112
axI2 0 0 100 200
bud3 23.1 2.2 74.7 178
axl2 bud3 0.7 1.4 97.9 146
budl 5.1 54.9 40.1 237
axl2 budl 2.2 58.2 39.6 227

(A] Budding patterns of haploid cells, containing either a single
bud and a single bud scar or two bud scars, were scored as
described in the text (Madden and Snyder 1992; Flescher et al.
1993). Percentages are indicated. (B) Budding patterns of daugh-
ter cells budding for the first time. Cells, containing either a bud
and a single birth scar or a bud scar and a birth scar, were scored
as described. Strains scored are wild type (Y1155), axI2A
(Y1153, bud3A (Y1158), axI2A bud3A (Y1159), bud14 (Y1169),
and axI2A budlA (Y1168). Note that budiA daughter cells do
not bud randomly by this analysis but exhibit a preference for
the distal site.

budding patterns, loss of AXL2 results in several mor-
phological defects of lower penetrance. axI2 null strains
often form short chains of cells connected at their ends
(Fig. 2). Although most chains are very short, some
chains contain as many as 8-10 cells. As shown in Table
3, the axI24 cytokinesis defect was quantitated by
counting the number of buds and cell bodies per chain
{Flescher et al. 1993). The ratio of cell bodies plus buds
per chain for axI2 cells is 2.65~3.18 as compared to 1.65
for wild-type cells. Interestingly, bud3 null strains in the
same background also show a mild cytokinesis defect
(cell bodies plus buds per chain=1.82-2.11), consistent
with its participation in processes other than bud site
selection {Chant et al. 1995). The bud3 defect appears to
be additive with the axI2 defect (cell bodies plus buds per
chain of axI2 bud3 cells=3.25-3.55), suggesting that
BUD3 and AXL2 contribute to cytokinesis in different
ways.

The linear chains of cells observed in axI2 null strains
probably result from a defect in cell wall separation as
judged by two criteria. First, staining cells with Hoechst
33258, a DNA-binding dye, reveals that each of the large
cells contain a single nucleus. Second, a mild spheroplas-
ting treatment largely disconnects the cells (Table 3).

Additional morphological phenotypes associated with
the loss of AXL2 include the occasional occurrence of
elongated necks and protruding bud scars (Fig. 2). This
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latter feature is particularly evident upon Calcofluor
staining (data not shown). In addition, ~24% of buds in
both haploid and diploid cells appear to ““droop” {i.e., the
bud is significantly longer on one side than the other;
two examples are shown in Fig. 2) (n =334). Droopy buds
are not observed in wild-type cells (n>300). These obser-
vations suggest that initial bud formation and/or neck
formation events are altered in axI2 cells. Consistent
with these possibilities, chitin staining in axI2 null cells
usually appears more diffuse around the neck region
than that observed in wild-type cells (data not shown).

Many polarity components in yeast participate in mat-
ing as well as vegetative growth (Field and Schekman
1980; Gehrung and Snyder 1990; Chenevert et al. 1992,
Costigan et al. 1992; Read et al. 1992). Therefore, the role
of AxI2p in mating was also analyzed. During mating,
wild-type yeast arrest in G, in response to mating pher-
omone and form projections toward their mating part-
ner. The two cells then fuse at their projection tips. axI2
null strains exposed to 5 ug/ml of a-factor form projec-
tions similar to wild type. However, the site of projec-
tion formation is altered. Wild-type cells exposed to high
isotropic concentrations of pheromone usually form
their projections adjacent to the previous bud scar (Mad-
den and Snyder 1992). In contrast, axI2 cells form pro-
jections at the pole distal from their previous bud scar
(data not shown). Thus, axI2 cells form normal projec-
tions but at an aberrant site in high concentrations of
pheromone. A possible mating defect of axI2 cells was
also investigated. Quantitative matings of axI2 cells
with either wild-type cells (unilateral matings} or with
axl2 cells (bilateral matings) did not reveal a difference in
mating efficiency compared with matings between wild-
type cells (data not shown). In summary, these results
suggest a role for Ax12p in polarized cell growth during
budding; no analogous role has been found for Axl2p
during mating.

The AxI2p predicted sequence

The DNA sequence of the AXL2 gene was determined
(see Materials and methods). AXL2 is predicted to encode

Table 2. Budding patterns of diploid cells

Class

I I I

A. Diploid new mothers

Wild type 83.5 1.4 15.1 212
axl12/ax12 84.5 1.9 13.5 207
B. Diploid daughters
Wild type 1.0 0 99.0 208
axl2/axI2 0 0.5 99.5 212

Budding patterns of diploids as described in Table 1. The strains
scored are Wild type (Y270}, ax124/axI24 (Y1157).
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an 823-amino-acid protein possessing two hydrophobic
regions. The first region is 22 amino acids in length and
is expected to form an amino-terminal signal sequence;
the second is 26 residues long and is predicted to form a
transmembrane domain 294 amino acids from the car-
boxyl terminus (Fig 3A,B). Proteins with these features
are predicted to possess a type I membrane topology. For
Axl2p, the amino-terminal two-thirds of the protein
would be exposed extracellularly, whereas the carboxy-
terminal third of the protein would remain cytoplasmic.
Consistent with this predicted topology, the amino-ter-
minal domain of AxI2p is S/T-rich, a characteristic
shared by many cell surface proteins both in S. cerevisiae
and other eukaryotes (Cid et al. 1995). The predicted ex-
tracellular domain of Ax12p contains 16 potential sites
for N-linked glycosylation. In addition to the highly hy-
drophilic nature of the carboxy-terminal third of the pro-
tein, interesting features of Axl2p include two tandem
copies of a potential SH3 domain-binding motif {P-X-X-

Table 3. Cytokinesis defects in ax12A and bud3A cells

Cell bodies Cell bodies

Relevant and buds/ and buds/

genotype unit—whole unit-spheroplasts

(strain) cell (N} (N)

AXL2 BUD 3 1.65 (702) 1.59 (411]
1.65 {745)

axI2A BUD3 2.65 {427) 1.62 (402)
3.18 (412)

AXL2 bud3A 1.82 (894] 1.52 (405)
2.11 {950)

axI2A bud3A 3.25 (279) 1.67 (457)
3.55 (381]

Whole cells and spheroplasts werc quantitated as the ratio of the
number of buds plus cells per chain. Individual numbers indi-
cate the results of different experiments. The strains analyzed
were wildtype (Y1155), ax124 (Y1153), bud34 (Y1158), and
ax124 bud3A (Y1159). (N) = number of chain examined.

AxI12p is important for bud site selection in yeast

Figure 2. Morphology of wild-type
(Y1155), axI2A (Y1153), bud3A (Y1158), and
bud34 axI2A cells (Y1159) as viewed by dif-
ferential-interference contrast microscopy.
axI24, bud34, and bud3A axi2A cells often
form chains. Some rare longer chains are
shown. In addition, the axI2 and bud3A
ax124 cells often have droopy buds (white
arrows), clongated necks (white arrow-
heads), and prominent bulges (black arrow-
heads), which based on Calcofluor staining
appear to be bud scars. The right-most
chain of cells in the ax/2A panel is from a
scparate field and was included here.

P) (Cohen ct al. 1995) spanning amino acids 635-643, as
well as a candidate MAP kinase consensus site (P-X-S/
T-P) within the second putative SH3-binding site (Alva-
rez et al. 1991}, and a Cdc28 kinase consensus site (S/T-
P-X-basic) (Moreno and Nursc 1990) at amino acids 725—
728. Ax12p is a novel protein, as data basc searches have
failed to identify any overall similarity to known pro-
teins.

A AxI2p Predicted Features

Intracellular/

SP  Extracellular/Periplasmic TMD Cytoplasmic

121 504 529

Hydrophilic

B AxI2p Predicted Sequence

1 MTQLEISLLL TATISLLHLV VATPYEAYPI GKQYPPVARV NESFTFQISN
51 DIYKSSVDKT AQITYNCFDL PSWLSFDSSS RTFSGEPSSD LLSDANTILY
101 FNVILEGTDS ADSTSLNNTY QFVVTNRPSI SLSSDFNLLA LLENYGYTNG
151 KNALKXLDPNE VFNVIFDRSM FTNEESIVSY YGREQLYNAP LPNWLFFDSG
201 ELKFTGTAPV INSAIAPETS YSFVIIATDI EGFSAVEVEF ELVIGAHQLT
251 TSIQNSLIINVIDTGNVEYD LPLNYVYLDD DPISSDKLGS INLLDAPDWY
301 ALDNATISGS VPDELLGKNS NPANFEVSIY DTY¥GDVIYFN FEVVSTTDLF
351 AISSLPNINA TRGEWFSYYF LPSQFTDYVN TNVSLEFTNS SODHDWVEFQ
401 SSNLTLAGEV PENFDKLSLG LEANQGSQSQ ELYFNITGMD SKITHSNHEA
451 MNATSTRSSHH STSTSSYTSS TYTAKISSTS AAATSSAPAR LPAANKTISSH
501 NKKAVAIACG VAIPLGVILV ALICFLIFWR RRRENPDDEN LPHATSGPDL
551 NNPANKPNQE NATPLNNPFD DDASSYDDTS IARRLAALNT LKLDNHSATE
601 SDISSVDEKR DSLSGMNTYN DQFQSQSKEE LLAKPRVOPP ESPFFDPONR
651 SSSVYMDSEP AVNESWRYTG NLSPVSDIVR DSYGSQKTVD TEKLFDLEAP
701 EKEKRTSRDV TMSSLDPWNS NISPSPVRKS VIPSPYNVTK HRNRHLONIQ
751 DSQSGKNGIT PTTMSTSSSD DFVPVEDGEN FCWVHSMEPD RRPSKKRLVD
801 FSNESNVNVG QVEDIHGRIP EML

Figure 3. (A) The predicted structure of Ax12p. Numbers indi-
cate amino acid residues. (SP) Signal peptide; {TMD) Trans-
membrane domain. Circles indicate potential sites of protein
glycosylation. (B) The predicted sequence of Ax12p. The puta-
tive signal sequence and transmembrane segments arc indicated
by italics, potential sites of N-linked glycosylation are bold and
underlined, and two tandem possible SH3-binding motifs are
underlined.
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DNA sequence analysis also predicts the presence of
three Mlul cell cycle box (MCBJ-related sequences in the
promoter of AXL2. MCB elements, possessing the con-
sensus sequence ACGCGTNA are commonly found in
the promoter region of many classes of genes that are
preferentially expressed at the G, /S transition, including
SWI4 and DNA replication factor genes (Johnston et al.
1991). In cases where it has been studied, these elements
are required for G,/S-specific expression (Johnston and
Lowndes 1992). AXL2 has one perfect MCB element
starting at position —365 and two imperfect MCB ele-
ments, ACGCGaNA and tCGCGTNA, that flank it;
these latter elements begin at positions —384 and —331,
respectively. Thus, we expect that AXL2 is expressed
highest at the G,/S transition. This prediction is consis-
tent with the immunolocalization results presented be-
low in which AxI2p is detected most readily in cells with
nascent buds.

AxI2p is a 200- to 220-kD protein equally abundant
in MATa, MATa, and MATa/MATa cell types

To begin characterization of the AXL2 gene product,
polyclonal antibodies were raised against a glutathione
S-transferase (GST}-Axl2p fusion protein (see Materials
and methods). In addition, the AXL.2 gene was tagged at
its genomic locus with three copies of the hemagglutinin
{HA) epitope coding sequence (see Materials and meth-
ods); the resulting AXL2::3XHA allele complemented
the axl24 budding pattern and other defects {data not
shown). Immunoblot analysis with affinity-purified anti-
Ax12p antibodies specifically detects a 200- to 220-kD
species in the total cell lysate of an Axl2p-overexpressing
strain (Fig. 4A). Identical results were obtained using
anti-AxI2p antibodies to probe lysates from cells con-
taining genomic levels of Ax12p expression, although the
signal was much lower {data not shown). No detectable
Ax12p was present in axI2-deleted strains (Fig. 4A).
AXL2::3XHA strains express a similar-sized protein spe-
cifically detected by the anti-HA monoclonal antibody
(shown below in Fig. 8). This protein is not detected in
untagged strains.

The AXL1 gene is also important for haploid bud site
selection, and AXL1 mRNA is expressed in both haploid
a and « cells, but not in a/a diploid strains (Fugita et al.
1994). Therefore, to determine whether Ax12p is specif-
ically expressed in haploid cells, Ax12p::HA levels were
examined in haploid and diploid cells using immunoblot
analysis. Proteins were prepared from haploid a, «, and
diploid a/« cells and probed with the anti-HA monoclo-
nal antibody. Equal levels of Ax12p::HA were detected in
all three cell types (data not shown). Thus, like BUD3
(Chant et al. 1995), AXL2 is expressed at equal levels in
both haploid and diploid cells, even though AXL2 does
not participate in bud site selection in diploids.

AxI2p is an N-linked glycosylated integral membrane

protein

In the absence of protein modification, AxI2p is pre-
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Figure 4. Biochemical analysis of Ax12p. (A) Proteins from to-
tal yeast cell lysates (T), cytosol (100,000g supernatants) (S), and
membrane fractions (100,000g pellets) (P) were separated in
10% polyacrylamide gels containing SDS and immunoblot
probed with anti-Ax12p antibodies. This experiment shows the
results of cells containing an AXL2 high-copy plasmid (p2pm—
AXL2); identical results were obtained from cells containing
genomic levels of Ax|2p except the signal was weaker. (B) Pro-
teins prepared from yeast strains treated with tunicamycin and
control untreated cells were separated and transferred to Immo-
bilon, and immunoblots were probed as in A. (C) Yeast cell
lysates were either pelleted directly at 10,0008 (LSS), or treated
with 0.1 M Na,CO; (pH), 1.0% Triton X-100 (Triton), 1.6 M urea
or 0.6 M NaCl and centrifuged at 100,000g for 20 min. Proteins
from the supernatants (S) and pellets (P} were separated and
probed as above.

dicted by its putative amino acid sequence to migrate as
a 90-kD polypeptide. However, Ax12p migrates substan-
tially slower than expected when detected with either
affinity-purified Ax12p antibodies or the anti-HA anti-
body. To examine the nature of this difference in mobil-
ity, cells maintaining the multicopy plasmid, p2pm-—
AXL2, were incubated briefly (30 min) in the presence of
tunicamycin, a potent inhibitor of N-linked glycosyla-
tion (Orlean et al. 1991), and the mobility of Axl2p was
examined. A new Ax12p species of 90 kD is evident after
treatment with tunicamycin (Fig. 4B), close to that pre-
dicted from the DNA sequence. This result suggests that
Ax12p is modified heavily by N-linked glycosylation and
that this glycosylation is the primary source of its aber-
rant mobility.

Because Axl2p is predicted to contain a signal se-
quence and a transmembrane segment domain, the pos-
sibility that it is an integral membrane protein was ex-
plored by standard fractionation and extraction experi-
ments (Goud et al. 1988; Walworth et al. 1989;
Ljungdahl et al. 1992; Roemer et al. 1994). Yeast cell
lysates were prepared and centrifuged at 100,000g, which
pellets most cellular membranes. Supernatant and pellet
fractions were probed with anti-AxI2p antibodies. As
shown in Figure 4A, Ax12p pellets with the total mem-
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brane fraction. To determine which class of membrane
contains AxI2p, cell lysates were prepared and centri-
fuged at 10,000g, which preferentially pellets plasma
membranes (Goud et al. 1988). Most AxI2p is sedi-
mented in the plasma membrane fraction (Fig. 4C), con-
sistent with the protease protection results and the im-
munofluorescence data present below.

To determine whether AxI2p is an integral or periph-
erally associated membrane protein, extraction experi-
ments were performed (Goud et al. 1988; Ljungdahl et al.
1992; Roemer et al. 1994). Yeast cell lysates were treated
with one of the following: 0.6 m NaCl or 1.6 m urea,
which removes peripherally associated membrane pro-
teins; 0.1 m Na,CO; (pH 11.0), which releases the inter-
nal soluble material from lysed membrane vesicles (Fu-
jiki et al. 1982) and peripheral membrane proteins; or
Triton X-100, which solubilizes integral membrane pro-
teins. The lysates were then spun at 100,000g, and su-
pernatant and pellet fractions probed with anti-Ax12p an-
tibodies. As shown in Figure 4C, Ax12p is not solubilized
with either high NaCl, urea, or Na,CO; but is solubi-
lized with Triton X-100. In contrast, control immuno-
blot experiments using the same sample preparations
and an anti-actin antibody revealed that the actin nor-
mally pelleted after extraction with buffer preferentially
solubilizes with NaCl, urea, and Na,CO, treatments,
but not with Triton X-100 (data not shown). Thus, these
data indicate that AxI2p is an integral membrane pro-
tein.

AxI2p is a type I plasma membrane protein

To determine whether Ax12p is a plasma membrane type
Iintegral membrane protein with a cytoplasmic carboxy-
terminal domain and an extracellular amino-terminal
domain, proteinase K protection experiments were per-
formed according to Trueheart and Fink (1989; Fig. 5).

Zymolyase - - + + + +
Pt K - + - + - +
Triton i % i

190 kD .

55kD . o

Figure 5. Proteinase K protection experiments. Yeast cells
were incubated in the presence (+ ) or absence (- ) of Zymolyase
T100,000, proteinase K, and/or Triton X-100. Proteins were
then separated by gel electrophoresis, and immunoblots probed
with the Ax12p polyclonal antibody raised against the predicted
intracellular cytoplasmic domain.

AxI2p is important for bud site selection in yeast

C

Figure 6. Diploid cells containing either two copies of AXL2::
3XHA (Y1165; A} or Axl2p without an epitope tag (Y270; C)
were stained with 12CAS5, an anti-HA antibody by indirect im-
munofluorescence. |B,D} Hoechst 33258 DNA staining of the
cells in A and G, respectively.

Yeast whole cells and intact spheroplasts were treated
with proteinase K, and the resulting proteins were
probed with antibodies raised specifically to the carboxy-
terminal 294 amino acids of Ax12p. As shown in Figure 5
{lanes 1—4), a broad collection of 50- to 55-kD proteolytic
fragments were detected. Presumably, these fragments
contain the cytoplasmic domain of Ax12p, which is pro-
tected from protease treatment. Consistent with this in-
terpretation, addition of detergent solubilizes the plasma
membrane and exposes this portion of the protein to
complete proteolysis (Fig. 5, lanes 5,6). A modest discrep-
ancy between the apparent size of these proteolytic frag-
ments and the predicted molecular mass of the carboxy-
terminal domain plus the preceding hydrophobic stretch
{38 kD) may be attributable to the hydrophilic nature of
the Ax12p carboxyl terminus, post-translational modifi-
cation, and/or the incomplete extracellular digestion by
the protease. Consistent with the latter possibility is the
presence of mature protein and multiple proteolytic frag-
ments in these experiments. In summary, these experi-
ments indicate that AxI2p is a type I plasma membrane
protein.

AxI2p localizes to emerging buds and the neck

To determine the subcellular localization of Axl2p, in-
direct immunofluorescence was performed using either
Ax12p::HA cells and anti-HA antibodies or Ax12p cells
and anti-Ax12p antibodies. As shown in Figure 6, stain-
ing of diploid cells that have homozygous copies of
AXL2::3XHA reveals a novel localization pattern. Ax12p
is localized to discrete sites at the cell periphery, and
these sites vary with the cell cycle. Both haploid and
diploid cell types exhibit similar localization patterns
{>1000 cells were analyzed for each cell type). Peripheral
staining is not detected in the isogenic, untagged paren-
tal strain (Fig. 6C).

Ax12p::HA staining is most intense in cells with
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emerging buds; the nascent bud stains strongly as a cres-
cent-shaped patch at the edge of the cell (Fig. 7D,E). In
small-budded cells {cells with buds <V4 the size of the
mother cell), staining is throughout the periphery of the
bud (Fig. 7F), consistent with the cell fractionation and
protease protection experiments. As the bud continues
to grow, AxI2p::HA staining at the bud periphery dimin-
ishes and staining is observed as a ring at the mother-bud
neck (>80% of cells counted (n=201}); ring staining is
less intense than the nascent bud staining (Fig. 7G,H).
This ring lies perpendicular to the mother/daughter axis
and usually resides just inside the bud (Figs. 6A, top cell,
and 7H). As the cells enter mitosis (as judged by DNA
staining with Hoechst 33258), a second ring at the neck
usually becomes visible (Fig. 71). One ring lies just inside
the bud as before, whereas the second ring, which is of-
ten much fainter, lies just inside the mother cell {Fig.
71], left cell). In many cells late in mitosis, and in all
cells with separated nuclei undergoing cytokinesis, two
cellrings of equal intensity are observed (Fig. 7], right cell,
and K).

Several Ax12p staining patterns are observed in unbud-
ded cells. The majority (61% of unbudded cells; number
of unbudded cells counted =219) contain an intact ring
(Fig. 7A,K, bottom left cell) or sometimes a partial one.
We suggest that these rings remain from the former neck

region after cytokinesis. At a much lower frequency
(3.2%) cells with a small patch are observed; these
patches are interpreted as material appearing at the in-
cipient bud site. In addition, occasionally (0.5%] cells are
found that have both a small patch and a ring or partial
ring (Fig. 7B,C); in diploid cells, the patch and ring lie on
opposite sides of the cell. We suggest that these cells
contain both an AxI2p ring remaining after cytokinesis
and a new AxI2p patch appearing at the incipient bud
site.

Attempts were also made to localize Axl2p using
Axl12p polyclonal antibodies. Significant signals above
background were not observed in wild-type cells con-
taining genomic copies of AXL2. However, in strains
containing AXL2 on a high-copy plasmid, AxI2p local-
ization was similar to that of Ax12p::HA, except that
neck staining was less prominent (data not shown). In-
terestingly, however, many cells containing high-copy
AXL2 have elongated buds {~30% of budded cells); these
cells stain at the bud tip and to a lesser extent along the
sides of the bud.

In summary, Ax12p localizes to sites where bud emer-
gence is occurring or about to occur. In addition, Ax12p is
localized as a ring at the neck in budded cells. The stain-
ing of AxI2p is reminiscent of two distinct types of pro-
teins important for cell morphogenesis in yeast. Local-

Figure 7. Distribution of Ax12p staining throughout the yeast cell cycle. Representative cells are depicted. (a) An unbudded cell with
ring staining: (b,c) unbudded cells with a patch on one side of the cell (upper left) and a ring on the other side (the ring is difficult to
see in this orientation, but is evident from analysis of different focal planes; (d) two cells with partial rings (lower right) and an
emerging bud; (e) two cells with staining at the incipient bud/emerging bud {left) and emerging bud {zight); {f) a small-budded cell
showing staining around the bud periphery. Staining is also apparent at the neck but is not evident in this focal plane; (g} a small-
budded cell with less intense staining around the cell periphery {suboptimal focal plane) and staining at the neck; (h) a medium-sized
budded cell with staining at the neck (note the staining is actually within the bud); (i) mitotic cell with two rings at the neck; the
stronger staining ring is most proximal to the bud, and faint staining is on the mother side; (j) Large-budded cells at late nuclear
division (the left cell is similiar to the cell in i except the nuclei have separated; the right cell also has separated nuclei and the two
rings are of similar intensity); (k) a cell at cytokinesis, and the rings appear to be separating (note the presence of a small unbudded
cell with a ring in the same field). For cells such as those in h—k, the neck staining is in a ring similar to that shown in a as determined
by two criteria: (1) viewing different focal planes, and (2) examining cells with a different orientation.
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ization at the incipient bud site and nascent buds is sim-
ilar to that of many polarity establishment proteins (see
Discussion). The staining at the neck is similar to that
reported for the neck filament proteins and for Bud3p
and Bud4p. These latter two proteins appear at the neck
in cells with a medium-sized bud and persist until after
cytokinesis (Chant et al. 1995; S. Sanders and 1. Her-
skowitz, pers. comm.).

To compare the localization of Ax12p and Bud4p more
closely, double indirect immunofluorescence experi-
ments of Ax12p::HA cells with anti-HA antibodies and
Bud4p antibodies were performed. Cells with emerging
buds and small buds stained with anti-HA antibodies but
did not stain with anti-Bud4p antibodies {data not
shown). Conversely, cells that stain with anti-Bud4p an-
tibodies do not stain at the bud periphery with anti-HA
antibodies {data not shown). These results indicate that
the period in the cell cycle in which Ax12p is no longer
detectable at the cell periphery coincides with the point
at which Bud4p localization begins.

Because the neck filament proteins Bud3p and Bud4p
exhibit similar localization patterns during a significant
portion of the cell cycle, and because each of these pro-
teins is important for bud site selection in haploid cells,
we examined the dependence of the neck filament-asso-
ciated proteins and AxI2p upon one another using avail-
able mutants and antibodies. Cells in all stages of the
cell cycle were examined. Ax12p::HA localized normally
in a bud3 strain, and Cdc3p::HA and Bud4p localized in
axl2 cells in a pattern indistinguishable from wild-type
cells (data not shown). Thus, AxI2p does not require
Bud3p, and Cde3p and Bud4p do not require Ax12p for
localization to the neck region. AxI2p localization was
also examined in strains containing a temperature-sen-
sitive mutation in the CDC12 septin gene. At the restric-
tive temperature, Ax12p::HA was not detected at the
neck region in cdcl12-1 cells; however, localization to
nascent and small buds was observed. Thus, AxI2p re-
quires septins for localization to the neck region, but not
for targeting to the incipient bud site.

AxI2p levels are depleted in response to a-factor

During mating, haploid yeast cells override their axial
budding pattern of polarized growth and form a growth
projection at the site on the cell surface that senses the
highest concentration of pheromone (Jackson and Hart-
well 1990; Madden et al. 1992; Segall 1993; Chenevert
1994). One way to inactivate the axial site during mating
might be to lose axial-specific components required for
bud site selection. To explore this possibility, Ax12p lev-
els were examined for up to 2 hr following incubation in
5 pg/ml of a-factor. Immunoblot analysis reveals a time-
dependent decrease in AxI2p levels not observed with
either a-tubulin or the a-factor-inducible gene product
Ciklp (Page and Snyder 1992) (Fig. 8). Immunofluores-
cence of MATa AXL2::3XHA haploid strains at 30-min
intervals following incubation in an isotropic concentra-
tion of 5 pg/ml of a-factor also revealed a steady decrease

AxI2p is important for bud site selection in yeast

Pheromone (hrs)
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Figure 8. o-Factor-dependent depletion of AxI2p. Y1163 cells
were incubated in the presence of 5 pwg/ml of a-factor for the
times indicated. The culture was supplemented with a second
a-factor treatment at the 1-hr time point. Proteins were sepa-
rated by gel electrophoresis, and immunoblots were prepared
and probed with either 12CA5 (an anti-HA antibody}, YOL1/34
(an anti-a-tubulin monoclonal antibody), or anti-Cik1p antibod-
ies. (*) An endogenous yeast protein recognized by IZCAS.

in the intensity of AxI2p staining (data not shown). Un-
like neck filament proteins, which stain as a broad/dif-
fuse ring at the base of the mating projection during the
entire process of projection formation and growth (Ford
and Pringle 1991; Kim et al. 1991; Cdc3p::HA, data not
shown), AxI2p staining was not detected in shmoos. The
lack of Ax12p staining is consistent with the phenotypes
of axI24 strains and the hypothesis that Ax12p does not
play a role during mating.

AXL2 does not interact genetically with MSB2
and other polarity genes

MSB2 encodes a protein of type [ predicted topology that
shares several additional features with Ax12p, including
a long S/T-rich amino-terminal domain and a hydro-
philic carboxy-terminal domain (Bender and Pringle
1992), as well as a putative SCB (Swi4/Swi6 cell cycle
box) cell cycle expression element (Andrews and Her-
skowitz 1989) within its promoter. Moreover, MSB2 was
isolated initially as a multicopy suppressor of the bud-
ding defect of the polarity establishment component
CDC24 (Bender and Pringle 1989), yet cells display no
obvious phenotype when MSB2 is disrupted (Bender and
Pringle 1992). For these reasons, an MSB2 deletion was
made in an ax/2 null background (see Materials and
methods) to examine any genetic interactions between
these two genes. axI24, msb24, and axI2A msb2A strains
grew at identical rates and had similar cell morphologies
at 30°C and 37°C. Double mutants were also constructed
between axI2A and a variety of other deletion mutations
in cell polarity genes, including spa24, afr1A (Konopka
1993), slk1A(bck14) (Costigan et al. 1992; Lee and Levin
1992), and sit2A (mpk1A) (Torres et al. 1991; Lee et al.
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1993). In each of these cases, strains containing double
mutations formed colonies at 25°C that were indistin-
guishable in size from single mutant strains.

Discussion

In this report we describe AXL2, a novel gene identified
as a multicopy suppressor of spa24 cdc10-10 synthetic
lethality in yeast. AXL2 encodes a type I plasma mem-
brane glycoprotein essential for the axial budding pattern
of haploid cells. AxI2p is also important for bud morpho-
genesis and cytokinesis. Indirect immunofluorescence
studies reveal that Ax12p localizes to the incipient bud
site and the periphery of small buds and to a ring at the
neck. Axl2p is unique among all known bud site selec-
tion proteins, and polarity establishment proteins, as it
is an integral membrane protein possessing both a cyto-
plasmic and extracellular domain.

The subcellular distribution of AxI2p

The subcellular distribution of Ax12p changes consider-
ably throughout the cell cycle. Ax12p appears to localize
as a peripheral patch at the incipient bud site in emerg-
ing buds and at the cell periphery in the buds of small-
budded cells. This localization pattern resembles that of
many proteins involved in polarized cell growth in yeast,
including Bemlp, Cdc42p, Cmdlp, Myo2p, and Spa2p
{except that Spa2p is also found in large-budded cells)
(Snyder 1989; Snyder et al. 1991; Brockerhoff and Davis
1992; Sun et al. 1992; Ziman et al. 1993; Lillie and
Brown 1994; Pringle et al. 1995). Of these polarity pro-
teins, AxI2p is most similar to Cdc42p, which localizes
specifically to the edge of the bud, consistent with its
plasma membrane localization {Ziman et al. 1993). Per-
haps Ax12p interacts with one or more of these different
polarized proteins.

In addition to its localization as a patch in emerging
buds, and throughout the bud in small-budded cells,
Ax12p is also found as a ring at the neck in cells with
medium- and large-sized buds. The period in the cell
cycle at which Ax12p staining at the bud periphery is no
longer detected is likely to be an important control step
in the cell cycle. As shown by double immunofluores-
cence experiments, this is a period when Bud4p begins
assembling at the neck region. The timing is also
roughly coincident with the period when yeast cells
switch from polarized cell growth in the bud to isotropic
bud growth {Lew and Reed 1993). It is likely that this is
a period when the G, Cln/Cdc28p kinase activity be-
comes inactivated and the S/G, Clb/Cdc28p kinase is
activated. Thus, Ax12p localization/delocalization may
be directly regulated, perhaps at its potential Cdc28p
phosphorylation site, by these kinase activities.

The localization pattern of AxI2p at the neck has
many similarities to those reported previously for the
neck filament proteins, and particularly the neck fila-
ment-associated components Bud3p and Bud4p (Kim et
al. 1991; Chant et al. 1995; S. Sanders and 1. Herskowitz
pers. comm.). However, there are also some interesting
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differences. Unlike other neck filament and associated
components, Axl2p is also present at the periphery of
nascent and small buds. In addition, AxI2p staining at
the neck in medium- and many large-budded cells lies on
the side of the neck closer to the bud than the mother,
whereas the neck filament proteins Bud3p and Bud4p lie
as a ring throughout the neck region (Kim et al. 1991;
Chant et al. 1995; S. Sanders and I Herskowitz pers.
comm.). One explanation for the asymmetric distribu-
tion of Ax12p at the neck is as follows: In budded cells
Ax12p is transported into the bud through polarized se-
cretion; some of this material may diffuse until it finds
its binding site at the neck filament complex. The 10-nm
filaments form a dense stack of continuous ring struc-
tures around the inside of the neck (Byers and Goetsch
1976a), which may obstruct AxI2p from diffusing and
assembling on the mother side of the neck. When cells
enter late nuclear division, secretion is expected to be
directed to the neck region (Snyder et al. 1991; Madden
et al. 1992, Lillie and Brown 1994). At this point, both
the mother cell and the bud will accumulate secreted
Ax12p, and weaker staining on the mother side of the
neck is observed. Presumably, this process continues un-
til both sides stain with equal intensity. By this mecha-
nism, Axl2p might be preferentially distributed to the
peripheral portions of the neck filament apparatus.

AxI2p may participate in several aspects of
budding/cytokinesis

In addition to a bud site selection defect, axI24 cells
often possess elongated neck structures with diffuse
chitin staining, buds that droop to one side of the neck,
and a cytokinesis defect reminiscent of that observed in
neck filament mutants. These morphological defects,
which are observed in both haploid and diploid cells,
suggest that Ax12p plays a role in early steps of bud for-
mation and neck formation in both cell types. However,
the role of Ax12p appears to be specific to vegetative
growth, because Axl2p levels are depleted rapidly in
pheromone-treated cells and deletion of AXL2 does not
reveal any obvious effect on shmoo morphology or mat-
ing efficiency.

The presence of extracellular and intracellular do-
mains on AxI2p raises the possibility that Axl2p may
perform distinct roles on either side of the plasma mem-
brane. The carboxy-terminal domain presumably partic-
ipates in axial-specific bud site selection, perhaps by in-
teracting with components important for this process
{e.g., neck filament or associated proteins). It might also
interact with neck filament-associated proteins to help
coordinate cytokinesis. The amino-terminal domain of
Ax12p may be involved in a cell wall-related process. In
this respect, it may serve either as a neck-marking struc-
tural component onto which newly secreted extracellu-
lar components may assemble or, alternatively, it may
associate with a cell wall polymer such as chitin or
B-glucan to assist in anchoring Ax12p to a fixed region of
the cell surface. The presence of both intracellular and
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extracellular AxI2p domains can potentially link extra-
cellular processes that occur during bud formation and
cytokinesis to intracellular polarization events.

Models for how AxI2p participates in bud site
selection

Like Bud3p and Bud4p, Ax12p participates in bud site
selection in haploid cells, and AXL2 lies in the same
epistasis group as BUDS3. Interestingly, loss of AXL2
function does not reproduce the diploid pattern exactly;
the efficiency of budding at proximal sites for haploid
mothers (~50%] is less than that for diploid mothers
(~83.5%). Similar results are observed for bud3A mu-
tants (Table 1) and neck filament mutants (see Table I in
Flescher et al. 1993). These data indicate that the diploid
pattern is not exactly reflective of a loss of many axial
pattern-specific bud site selection components. Possible
explanations for why axI24 or bud34 haploid cells do
not bud identically to that of diploid cells are {1} the
mutant components normally have a more important
role in selecting the haploid proximal sites, whereas
other components (e.g., Spa2p or Rvs167p; Snyder 1989;
Bauer et al. 1993) are more important for selecting prox-
imal sites in diploids; or (2) the haploid strains have a
prolonged G, stage of the cell cycle, which could result
in an increased chance of loss of the proximal cortical tag
{or tag recognition) components in haploid mutants (Fle-
scher et al. 1993).

Two models describing how AxI2p might participate
in the axial budding pattern are shown in Figure 9. In
both models Ax12p helps to direct the polarity establish-
ment components to the new site. The left-hand model
suggests that Ax12p is part of the neck filament complex
that acts to localize another axial specific budding or bud
site selection components to the 10-nm filament ring. As
a potential outer component of the ring {sce above), it is
ideally positioned to interact with components targeted
to the new site. Ax12p localizes normally in bud3 null
strains, and Bud4p components localize normally in

Neck Filament
Associated Protein

Axl2p

Neck Filaments,
Bud3p, Bud4p Rsrip/ @

Budip ‘@ Cdedzp l

Bemip

Components

Neck Filament
Complex Recognition
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axI2A cells; thus, it is likely that Ax12p does not func-
tion directly through the Bud3p-Bud4p class of proteins
to mediate bud site selection. Furthermore, Cdc3p local-
ization is normal in axI2 null cells, suggesting that
AxI2p is not solely responsible for localization of the
neck filament proteins or maintenance of the ring. Ax12p
might help recruit Rsrlp/Budlp or Axllp to the neck
filament complex and/or maintain the stable association
of Bud2p, Bud5p, or a presently unknown component of
the cytokinesis tag site to help recruit growth compo-
nents to the new bud site (Fig. 9).

An alternative model for how Axl2p participates in
bud site selection is shown in Figure 9. The right-hand
model views AxI2p as a component that recognizes the
neck filament complex and helps direct new growth
components to this site. Because Ax12p is an integral
membrane protein, this would occur as part of a mem-
brane vesicle. As with other models, AxI2p targeting
might be mediated by Rsrlp/Budlp and could occur in
conjunction with other bud site selection proteins such
as Bud2p. AxI2p vesicles/complexes might contain po-
larity establishment proteins such as Bemlp, Cdc42p,
and/or Spa2p. The initial Ax12p targeting event to estab-
lish the bud site could occur either when growth com-
ponents are directed to the neck at cytokinesis or at the
G, /S transition. Support for the model that AxI2p asso-
ciates with neck filament complexes is its intimate as-
sociation with the neck in medium- and large-budded
cells.

This latter model has many similarities to those pro-
posed for v-SNARE/t-SNARE vesicle targeting during
protein secretion (Ferro-Novick and Jahn 1994). Target-
ing of vesicles containing integral membrane v-SNARE
proteins to membrane-bound t-SNAREs receptors is me-
diated by GTP-binding proteins (Rabs). For the right-
hand model in Figure 9, docking of Axl2p vesicles to
membrane-associated proteins (the neck filament com-
plex) might require Rsrlp/Budlp and GTP hydrolysis. At
present, we cannot distinguish between the two pro-
posed models for Ax12p.

Figure 9. Models for how AxI2p partici-
pates in bud site selection. (Left) Ax12p is
part of the neck filament complex {or tag)
that helps recruit new growth compo-
nents/polarity establishment components
to the axial site. Alternatively (right),
Ax12p might be part of a complex that rec-
ognizes the neck filament complex (or tag)
and helps target new growth components/
polarity establishment components to that
site. The models are not mutually exclu-
sive as homotypic AxI2p-Ax12p interac-
tions could mediate this event. In both
models, proper targeting presumably in-
volves Rsrlp/Budlp. Candidate polarity
proteins to be targeted to that site include
Bemlp, Spa2p, and Cdc42p or, most likely,
a complex containing many of these com-
ponents.
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Loss of axial bud site selection components occurs
during mating

A presently unresolved issue is the ability of haploid
cells to override the axial bud site selection program in
response to mating pheromone and reorient polarized
growth according to a pheromone gradient (Madden and
Snyder 1992; Herskowitz et al. 1995). Reorientation
could be achieved by (1) the loss or modification of axial
specific-components; {2) pheromone-dependent expres-
sion or concentration of existing components, which can
compete with the axial-specific complex for recruiting
the polarized growth machinery; or (3) both possibilities.
Demonstration that AxI2p levels drop dramatically in
response to a-factor is consistent with a “molecular
eraser’” mechanism that contributes to the switch in
growth site selection during mating (Chenevert et al.
1992; Madden and Snyder 1992). It will be interesting to
determine whether other bud site selection components,
for example, Bud3p and Bud4p, are also lost or modified
after pheromone treatment.

Similarities between polarized growth sites in yeast
and other eukaroytes

The yeast growth site has many similarities with analo-
gous sites in other eukaryotes. At focal adhesion plaques,
integrins (which are type I transmembrane proteins) help
organize underlying cytoskeletal proteins, which in turn
help organize the underlying actin cytoskeleton. Assem-
bly of these complexes requires rho-type GTP-binding
proteins (Clark and Brugge 1995, and references within)
and protein kinase C-dependent regulation. Budding
yeast has many of the same components. The role of
Ax12p in establishing polarity sites in yeast may be anal-
ogous to that of the integrins. It and/or other transmem-
brane proteins are expected to help organize actin-bind-
ing proteins (Welch et al. 1994), and this process is likely
to require rho-type GTP-binding proteins (Ridley 1995)
and the PKC signaling pathway {Mazzoni et al. 1993;
Costigan et al. 1994). Thus, the components and mech-
anisms important for bud site selection and polarity es-
tablishment in yeast are also expected to be of general
importance to the events that occur in other eukaryotes.

Materials and methods
Yeast strains, media, and standard methods

Yeast strains used in this study are listed in Table 4. Genetic
methods and growth media were as described in Guthrie and
Fink (1991). For analysis of double mutants, >20 tetrads were
dissected from double heterozygotes (e.g., axI2A/AXL2 spa24/
SPA2) and examined for growth at different temperatures. Gen-
eral cloning procedures were performed according to Sambrook
et al. (1989). Yeast transformations were by the lithium acetate
method of Ito et al. (1983).

Isolation, subcloning, and sequencing of AXL2

In a screen to be described elsewhere, a yeast genomic DNA
library (Carlson and Botstein 1982) carried in the 2 plasmid

788 GENES & DEVELOPMENT

YEp24 was transformed into strain Y831, and transformants
were selected at 24°C on medium lacking uracil and containing
limited adenine {Costigan et al. 1992, 1994). Four spa24 cdc10-
10-suppressing clones were found to contain the AXL2 gene.

Plasmid p2pm-AXL2 contains a 4.7-kb insert; DNA se-
quence determined that this insert contains the 2469-bp ORF
YIL140W, flanked upstream by 207 bp of the TCP1 3’ sequence
and downstream by the complete REV7 gene. The complete
REV7 gene was subcloned as a 2.9-kb HindllI-BglIl fragment
into the 2y plasmid YEp352. This plasmid when transformed
into Y831 failed to suppress spa24 cdc10-10 lethality, as judged
by the absence of colony sectoring. Conversely, digestion of
p2um-AXL2 with Sphl, and religation, which deletes the entire
REV7 gene, including 843 bp of the YIL140W 3’ sequence, sup-
pressed spa24 cdc10-10 lethality to the same level as the orig-
inal plasmid.

Approximately 1.0 kb of DNA sequence was determined from
the 5’ coding region of AXL2 by the dideoxy sequencing method
(Sanger et al. 1977). This segment partially overlapped with a
large region on chromosome IX containing the REV7 gene
{which lies 3’ to AXL2), which had been sequenced (Torpey et
al. 1994). These two sequences yielded the entire AXL2 coding
region. This region was then sequenced further in its entirety as
part of the chromosome IX sequencing project {accession no.
Z38059) with no apparent differences. The GenBank accession
number for AXL2 is U49845.

Disruption of AXL2, BUD3, and MSB2

Deletion of AXL2, BUD3, and MSB2 coding sequences was per-
formed by substituting nearly the entire ORF {except for 0-12
codons, depending on the disruption; see below] with DNA frag-
ments containing either the HIS3 or TRPI gene. An axl2-
A1::HIS3 null allele was generated by polymerase chain reac-
tion (PCR), as described by Baudin et al. (1993), using the
primers 5’-ACGATTTCCTGCTTCCAACATCTACGTATAT-
CAAGAA GCATTCACTTACCGCGCGCCTCGTTCAGAA-
TG-3' and 5-CGTTGCGTATAATCACAGCATTTCTGG-
GATGCGTCCGTGAATGTCCTTAACACTCTTGGCTCCT-
CTAGTA-3' and pRS303 as template to amplify the HIS3 gene.
(The underlined portions of each primer correspond to the HIS3-
flanking sequence). The resulting PCR product contains the
complete HIS3 gene flanked by 50 bp of AXL2 sequence up-
stream of the initiator ATG and by 51 bp of the AXL2 3’ se-
quence, including the AXL2 TAA termination codon. When
substituted at the AXL2 locus, this DNA fragment deletes the
entire AXL2 gene, excluding the initiator ATG codon and the
last 12 codons of AXL2. The diploid yeast strain Y270 was trans-
formed with this DNA fragment, and three independent trans-
formants (Y1150, Y1151, and Y1152} that contained an axI2-
Al:HIS3 allele substituted correctly at one of the two AXL2 loci
were identified by PCR analysis. These strains were sporulated,
and tetrads were dissected and analyzed.

Disruptions of BUD3 and MSB2 were also generated in strain
Y270 by PCR and verified similarly as described above. A
bud3::TRP1 disruption fragment was made using the primers
5-CGTGTTCGGGCTGTTATCTGGTTGCTAA AAGAGTA-
TATTTACACCTCACCAATGGCGCGTTTCGGTGATGAC-
GGTG-3' and 5-GTAAATGTATACATTGCATTAAATTA-
AAAAGAAAAAAAAAATCAATAAAACACTCAGGGTGAT-
GGTTCACGTAGTGGGC-3' and pRS304 as template DNA.
{The underlined portion of each primer corresponds to TRP1-
flanking sequence). This PCR product contains the TRP1 gene
flanked on one side by the BUD3 ATG and 51 bp of the BUD3
upstream sequence and by the BUD3 TGA termination codon
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Table 4. Strain list
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Strain Genotype

Source

Y270 MATa ura3-52 lys2-801 ade2-101 trp1-Al his3-A200
MATa ura3-52 Iys2-801 ade2-107 trp1-AT his3-A200

Y602 MATa ura3-52 lys2-801 ade2-101 trp1-Al spa2-A2::URA3

Y782 MATa ura3-52 Iys2-801 ade2-101 trp1-A1 his3-A200 slk1-A1::TRP1
Y783 MATa ura3-52 Iys2-801 ade2-101 leu2-A98 his3-A200 sit2-A10::LEU2

Y831 MATa ura3-52 lys2-801 ade2-101 trp1-Al leu2-A98 spa2-Al::TRP1

cdc10-10+pSPA2/TRP1/SUP4/CEN

Y837 MATa ura3-52 trp1 /hisd HMRa HMLa canl MAL2 bud5::URA3

Y838 MATa ura3-52 lys2 ade2 his7 trp1-289 cdc3-1
Y839 MATa ura3-52 lys2 ade2 his7 tyrl trp1-289 cdc10-1

Y840 MATa ura3-52 lys2 ade2 his7 tyrl trp1-289 leu2 cdc11-1

Y841 MATa ura3-52 lys2 ade?2 his7 trp1-289 cdc12-1

J. Chant (Harvard
University, Cambridge,
Massachusetts)

Y1150~ MATaura3-52 lys2-801 ade2-101 trp1-Al his3-A200 axI2-A1::HIS3

Y1152  MAT« ura3-52 Iys2-801 ade2-101 trpl-Al Ris3-AP00 AXL?
Y1153 MATaura3-52 lys2-801 ade2-101 trp1-Al his3-4200 axl2-A1::HIS3
Y1154 MATa ura3-52 lys2-801 ade2-101 trp1-A1 his3-A200 ax12-A1::HIS3
Y1155  MATa ura3-52 lys2-801 ade2-101 tzpl1-Al his3-A200 ALX2 segregants from a
Y1156 MATo ura3-52 lys2-801 ade2-101 trp1-A1 his3-A200 AXL2 Y1150 tetrad
Y1157  MATa wra3-52 lys2-801 ade2-101 trpl-Al his3-A200 ax]2-Al::HIS3 Diploid from
MATa ura3-52 Iys2-801 ade2-101 trp1-A1 his3-A200 axI2-A1::HIS3 Y1153 x Y1154
Y1158  MATaura3-52 lys2-801 ade2-101 trp1-A1 his3-4200 bud3-A1::TRP1
Y1159  MATa ura3-52 lys2-801 ade2-101 trpl-Al his3-A200 Spore from
ax]2-A1::HIS3 bud3-A1::TRP1 } Y1154 X Y1158
Y1160  MATa ura3-52 lys2-801 ade2-101 trp1-A1 his3-A200 msb2-A1::TRP1
Y1161 MATa ura3-52 Iys2-801 ade2-101 trpl-Al his3-4200 Spore from
axi2-A1::HIS3 msb2-A1:: TRP1 } Y1153 X Y1160
Y1162  MATaura3-52 lys2-801 ade2-101 trp1-A1 his3-A200 AXL2::3XHA
MATx ura3-52 Iys2-801 ade2-101 tzpl-A1 his3-4200 AXL2
Y1163 MATa ura3-52 Iys2-801 ade2-101 trpi-Al his3-A200 AXL2::3XHA} Spore progeny from two
Y1164 MATo ura3-52 lys2-801 ade2-101 trp1-Al his3-A200 AXL2::3XHA separate Y1162 tetrads
Y1165 MATa ura3-52 lys2-801 ade2-101 trp1-Al his3-A200 AXL2::3XHA } Diploid from
MATa ura3-52 lys2-801 ade2-101 trp1-Al his3-4200 AXL2::3XHA Y1163 x Y1164
Y1166 Spore from

bud3-41::TRP1 AXL2::3XHA
Y885 MATa ura3 leu?2 his3 budl::URA3
MATa ura3 leu2 his3 budl.:URA3

MATa ura3-52 lys2-801 ade2-101 trp1-A1 his3-A200 }

Y1167  MATaura3 leu2 his3 bud1::URA3 axI2-A1::HIS3
MATa ura3Teu? his3 budl..URA3 AXL2
Y1168 MATa ura3 leu2 his3 budl::URA3 axI2-A1::HIS3
Y1169 MATa ura3 leu2 his3 budl::URA3 AXL2
Y1170  MATa ura3 leu2 his3 Iys2 trpl ade2
MATo ura3 leu2 his3 Iys2 trp1 ade2
Y1171  MATa ura3 leu?2 his3 lys2 trpl ade2 CDC3::3XHA
Y1172 MATa ura3 leu2 his3 Iys2 trpl ade2 CDC3::3XHA axI2-A1::HIS3

JK27 MATa ura3 lys2 ade2-1 trpl his4-580 leu2 cryl SUP4-3ts afr1-A::URA3

Y1164 x Y1158
A. Bender (Indiana University,
Bloomington)

spore from Y1171 x Y1153
J. Konopka {State University
of New York, Stony Brook)

and 54 bp of the BUD3 downstream sequence. An msb2::TRP1
PCR product containing 58 bp of the MSB2 sequence immedi-
ately upstream of the putative initiator ATG, the complete
TRP1 gene, and 53 bp of MSB2 sequence, including the TGA
termination codon, was generated using the primers 5'-
CCACCTCGTTTCCTATTTTTATTGACTTTTCATTAGGC-
TTCCTAATTATACCCATCTAGCGCGTTTCGGTGATGA-

CGGTG3" and 5'-GCGGAGAAAGTCTCTGCAGACAT-
TGCTA TCAAACTTCGTTCCAACCCAGGGAGGGGTGA-
TGGTTCACGTAGTGGGC-3'. Substitution of this DNA frag-

ment at the MSB2 locus deletes the entire MSB2 ORF except for
its final 7 codons.

Production of antibodies to Ax12p

The AXL2 3’ sequence (nucleotides 1590-2472) encoding the
entire carboxy-terminal portion of the protein following the pu-
tative transmembrane domain was amplified by PCR using the
primers 5’-CGCGGATCCCAGACGCAGAAGGAAAATCCA-
GAC-3' and 5'-CCGGAATTCTCACAGCATTTCTGGGAT-
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Production of antibodies to AxI2p

The AXL2 3’ sequence (nucleotides 1590-2472) encoding the
entire carboxy-terminal portion of the protein following the pu-
tative transmembrane domain was amplified by PCR using the
primers 5-CGCGGATCCCAGACGCAGAAGGAAAATCCA-
GAC-3' and 5'-CCGGAATTCTCACAGCATTTCTGGGAT-
GCGT-3' (BamHI and EcoRlI sites added to the ends of the oli-
gonucleotides are underlined) and p2pm-AXL2 as template
DNA. This PCR product was subcloned into pGEX1 as a
BamHI-EcoRI fragment; the resulting construct places AXL2
coding sequences in-frame and downstream of GST. The Gst—
Ax12p fusion protein was expressed in Escherichia coli strain
B117 and purified as described (Smith and Johnson 1988). The
purifed protein was injected into a rabbit (Pocono Rabbit Farm
and Laboratory, Canadensis, PA). A primary injection was fol-
lowed by four boosts spaced 2 weeks apart. Each immunization
consisted of 200 pg of protein applied subcutaneously in 10
locations. Both preimmune and immune antibodies were affin-
ity purified as described {Snyder 1989).

Epitope tagging the AXL2 and CDC3 genomic loci

A 1.5-kb portion of the AXL2 3’ sequence was amplified by PCR
using the primers 5-CCGGAATTCTATGATACTTATGGT-
GATGTGA-3' {an EcoRI site is underlined) and 5'-CGCG-
GATCCttaGCGGCCGCGCAGCATTTCTGGGATGCGTCC-
GTGAAT-3' (BamHI and Notl sites are in italics and bold, re-
spectively; the AXL2 stop codon is in lowercase letters) and
subcloned as a BamHI-EcoR1 fragment into YIp5 (Botstein et al.
1979). This plasmid was linearized at the Notl site immediately
upstream of the AXL2 stop codon, allowing a 111-bp Notl frag-
ment encoding three copies of the HA epitope to be cloned into
this site. The resulting plasmid was linearized at the AXL2 in-
sert HindIll site and transformed into Y270, producing an intact
AXL2::3XHA allele. Correct integration of this plasmid at the
AXL2 locus was determined by PCR analysis. This allele is
linked tightly with the URA3 gene of YIp5 and segregates 2*:
2~ upon sporulation and tetrad analysis of AXL2::3XHA/AXL2
heterozygotes. Analysis of the budding pattern of haploid
AXL2::3XHA strains demonstrated this allele to be indistin-
guishable from wild type.

A CDC3::3XHA allele was constructed following the PCR
epitope-tagging method of Schneider et al. {1995). Primers 5'-
CACGACAACTGA ACGATTACATCGGCCTATAATACGT-
TGCCATGAGTTTAAGGGAACAAAAGCTGG-3' and 5'-
TGACGCTCTTCTTGTTCCGGGTCCTGCTTAATGGACA-
CTTGTTCCTCCTTCTGTA GGGCGAATTGGG-3' were
used to amplify a region of pMPY-3XHA,; the resulting 1.5-kb
PCR product contains the complete URA3 gene flanked by di-
rect repeats encoding the three copies of the HA epitope, and in
turn is flanked by 50 bp of CDC3 sequence. This DNA fragment
was transformed into Y270 and integrated 9 bp downstream and
in-frame with the CDC3 ATG. Correct integration was deter-
mined by PCR analysis. To circumvent difficulties associated
with using this method on an essential gene, YEp13—CDC3 was
transformed into a cdc3::3XHA/CDC3 diploid isolate and
sporulated, and haploid strains containing both the cdc3-
epitope insertion allele and YEp13—CDC3 were isolated. Several
such isolates were streaked onto 5-fluoro-orotic acid (5-FOA)
plates to select for ura3 cells that have recombined between the
two repeated epitopes and lost the URA3 gene, leaving a single
in-frame 3XHA-encoding epitope sequence at the 5’ end of the
CDC3 gene. Y1170 is one such isolate that has been cured of
YEpl3-CDC3 and exhibits a pattern of localization indistin-
guishable from authentic Cdc3p (Kim et al. 1991).
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Yeast immunoblot analyses

Strains Y1153 and Y1155, containing either p2pm-AXL2 or
YEp24, were grown in 10 ml of synthetic complete medium
lacking uracil (SC—Ura) to mid-log phase (ODggo=1.2}). Cells
were washed and lysed using glass beads in 200 pl of 10 mm
Tris-HCI (pH 7.5) containing the protease inhibitors phenyl-
methanesulfonyl fluoride (1 mm), leupeptin (10 pg/ml), pepsta-
tin (10 pg/ml), aprotinin {20 pg/ml), antipain (20 pg/ml), and
chemostatin (20 ug/ml). Lysates were centrifuged for 5 min at
1000g to remove unlysed cells, and supernatants were divided
into a total cell lysate or fractionated into a supernatant and
pellet fraction following centrifugation at 100,000g for 15 min
at room temperature. These samples were resuspended to a final
volume of 500 ul in Laemmli sample buffer (Sambrook et al.
1989) and boiled for 5 min prior to loading onto an 8.0% acry-
lamide minigel containing SDS. After electophoresis, proteins
were blotted onto Immobilon-P (Millipore), probed with affin-
ity-purified anti-AxI2p antibodies, and detected using goat anti-
rabbit alkaline phosphatase-conjugated antibodies and Lumi-
phos (Boehringer Mannheim) detection reagents.

Tunicamycin treatment was performed on a 10-ml culture of
Y1153, containing p2um—AXL2, grown in SC—Ura to mid-log
phase. Cells were concentrated fourfold in fresh SC-Ura, grown
for an additional 30 min, and then treated with a final concen-
tration of 10 pg/ml of tunicamycin (Sigma) for 30 min at 30°C;
a control culture was treated identically but without tunicamy-
cin. These samples were processed for immunoblot analysis as
described above.

Ax12p::3XHA levels were assessed after a-factor treatment as
follows: The MATa strain Y1163 was grown in YPAD to early
log phase [ODgyo=0.4 (~5%10° cells/ml)), and incubated with
shaking at 30°C with 5 pg/ml of a-factor (Sigma). Aliquots
(~1x107 cells) were collected at 30-min intervals, washed in 10
mm Tris-HCI (pH 7.5), and lysed with glass beads in 200 pl of
Laemmli sample buffer (Sambrook et al. 1989} containing pro-
tease inhibitors. Cultures were supplemented with a second
addition of 5 ug/ml of a-factor at the 1-hr time point. Micro-
scopic examination of the cultures revealed that >90% of the
cells were arrested as unbudded cells at the 1.5 and 2.0-hr time
points. Immunoblots were performed as described above using
mAb 12CA5 (Wilson et al. 1984; purchased from BABCO),
YOL1/34 (a mouse monoclonal antibody against yeast a-tubu-
lin; Kilmartin et al. 1982), and affinity-purified rabbit anti-
Cik1p antibodies (Page and Snyder 1992]. The primary antibod-
ies were detected with goat anti-mouse and goat anti-rabbit al-
kaline phosphatase-conjugated antibodies. To improve
detection of Ax12p::3XHA, the more sensitive fluorescent sub-
strate for alkaline phosphatase, CDP-STAR (Boehringer Man-
nheim), was used.

Membrane fractionation and extraction

50-ml culture of Y1153 containing p2pm-AXL2 was grown to
mid-log phase in SC —Ura, washed, and resuspended in 10 mm
Tris-HCI (pH 7.5) containing protease inhibitors, and lysed with
glass beads. Lysed material was centrifuged at 1000g to remove
unlysed cells, and the supernatant was divided into five frac-
tions and processed according to Roemer et al. (1994). Immuno-
blot analysis was performed using a 1:2000 dilution of affinity-
purified anti-Ax12p antibody, and 1:1500 dilution of alkaline
phosphatase-conjugated goat anti-rabbit antibodies (Jackson Im-
munoresearch) and detected using Lumiphos developing re-
agent.

Proteinase K protection experiments

The proteinase K protection experiment was performed as out-
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lined by Trueheart and Fink (1989), but with the following mod-
ifications. A 60-ml culture of Y1154 containing p2pm-AXL2
was grown to mid-log phase in SC—Ura. Cells were resus-
pended and divided into six 100-pl fractions in lyticase buffer
(1.2 m sorbitol, 25 mm Tris-HCI at pH 7.5, 2 mm MgCl,, 0.5%
2-mercaptoethanol), and treated according to the matrix of con-
ditions described in Figure 5. Zymolyase 100T (Seikagaku, Ja-
pan) was added to a concentration of 5 pg/ml and incubated for
15 min at 37°C. Triton X-100 was then added to 0.1%, and
proteinase K (Boehringer) was added to 50 pg/ml and incubated
for 10 min at room temperature. Protease digestions were
stopped by the immediate addition of 2x Laemmli protein sam-
ple buffer containing twice the concentrations of protease in-
hibitors described above and boiled 5 min prior to loading onto
a 15% acrylamide-SDS minigel.

Indirect immunofluorescence

Indirect immunofluorescence was performed as outlined by
Gehrung and Snyder (1990) and Pringle et al. {1991). Primary
antibody incubations were performed overnight using mAb
12CA5, a mouse anti-HA epitope (BABCO, Richmond, CA) or
affinity-purified rabbit anti-Ax12p antibody. For detection of pri-
mary antibodies, CY3-conjugated goat anti-mouse antibodies or
CY3-conjugated goat anti-rabbit antibodies (Jackson Immuno-
research, West Grove, PA| were incubated with samples for 3 hr.
Cells were washed once with PBS/BSA, once with PBS/BSA
containing 0.1% NP-40 and 0.1% SDS, once with PBS/BSA con-
taining 0.1% NP-40, and once with PBS/BSA. Hoechst 33258
was used to visualize nuclear and mitochondrial DNA.

Morphological and budding pattern analysis

Budding pattern analysis was performed on mid-log phase cells
fixed in formaldehyde to 3.7% (vol/vol) for 30 min while rotat-
ing at 30°C. Cells were then washed three times and resus-
pended in 10 mm Tris-HCl (pH 7.5), to which Fluorescent
Brightener 28 (Calcofluor, Sigma) was added to a final concen-
tration of 5 pg/ml to visualize bud and birth scars. Quantitation
of cells was performed according to the classification scheme of
Madden and Snyder (1992).

Quantitation of cytokinesis defects was performed according
to Flescher et al. (1993}, in which the total number of connected
buds and cell bodies was counted per chain. Care was taken to
ensure that cells within a chain were connected. For quantita-
tion of spheroplasts, cells were digested with 5 ug/ml of Zy-
molyase for 30 min at 37°C, placed on a polylysine-coated slide
for 10 min, washed three times with PBS/BSA, and scored as
above.
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