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SUMMARY

The Saccharomyces cerevisiagrotein Sphlp is both
structurally and functionally related to the polarity
protein, Spa2p. Sphlp and Spa2p are predicted to share
three 100-amino acid domains each exceeding 30%
sequence identity, and the amino-terminal domain of each
protein contains a direct repeat common tdHomo sapiens
and Caenorhabditis elegangrotein sequencessphl-and
spaz2deleted cells possess defects in mating projection
morphology and pseudohyphal growth. sphlA spa2A
double mutants also exhibit a strong haploid invasive
growth defect and an exacerbated mating projection defect
relative to either sphlA or spa2A single mutants. Consistent
with a role in polarized growth, Sphlp localizes to growth
sites in a cell cycle-dependent manner: Sphlp concentrates
as a cortical patch at the presumptive bud site in unbudded
cells, at the tip of small, medium and large buds, and at the
bud neck prior to cytokinesis. In pheromone-treated cells,
Sphlp localizes to the tip of the mating projection. Proper
localization of Sphlp to sites of active growth during
budding and mating requires Spa2p. Sphlp interacts in the

two-hybrid system with three mitogen-activated protein
(MAP) kinase kinases (MAPKKSs): Mkklp and Mkk2p,
which function in the cell wall integrity/cell polarization
MAP kinase pathway, and Ste7p, which operates in the
pheromone and pseudohyphal signaling response
pathways. Sphlp also interacts weakly wittSTE1l the
MAPKKK known to activate STE7. Moreover, two-hybrid
interactions betweenSPH1 and STE7 and STE11 occur
independently of STE5 a proposed scaffolding protein
which interacts with several members of this MAP kinase
module. We speculate that Spa2p and Sphlp may function
during pseudohyphal and haploid invasive growth to help
tether this MAP kinase module to sites of polarized growth.
Our results indicate that Spa2p and Sphlp comprise two
related proteins important for the control of cell
morphogenesis in yeast.

Key words: Yeast, Bud site selection, Cell polarity, Pseudohyphal
growth, MAP kinase module

INTRODUCTION pseudohyphal form (Gimeno et al., 1992; Roberts and Fink,
1994). This specific developmental cell type is exclusive to
Polarized growth is fundamental for cell morphogenesisdiploid MATa/MATa cells and can be distinguished from the
cellular differentiation, and development in most organismsyeast cell type by several criteria including cell shape, budding
The budding yeastSaccharomyces cerevisja@indergoes pattern, invasive growth properties, and cell cycle differences
polarized cell growth throughout its life cycle (Lew and Reed(Gimeno et al., 1992; Kron et al., 1994). Pseudohyphal cells
1995; Pringle et al., 1995; Drubin and Nelson, 1996; Roemare strikingly elongated compared to ellipsoidal-shaped yeast
et al., 1996b). During vegetative growth, yeast cells requireells. Unlike yeast cells, they also fail to separate from one
polarized growth to initiate bud formation. Cell growth isanother, and bud preferentially from the pole opposite their
concentrated at the tip of the bud during S phase arhirth scar. This unipolar budding pattern is believed to be
subsequently is distributed throughout the bud duripgu@  different from the bipolar budding program of the yeast form,
mitosis. In preparation for cytokinesis, polarized membran&hich buds from both poles of the cell (Freifelder, 1960; Chant
and cell wall deposition reorients toward the mother-bud necand Pringle, 1995). The pseudohyphal form also exhibits
to aid in cell separation. Mating yeast cells also polarize theiigorous invasive growth into the agar of plates limited for
growth and form extended mating projections facilitatingnitrogen, unlike the diploid yeast form growing on nutrient-
conjugation with partner cells (Sprague and Thorner, 1992Jich plates. The cell cycle of pseudohyphal cells is also unique,
Analogous to multicellular organisms, polarized growth inpossessing an extended @hase and a much shorter hase
yeast is responsive to both intrinsic and extrinsic signals arttian the yeast form (Kron et al., 1994). Collectively, these
many of the molecules required for polarization are conservegseudohyphal characteristics enable the cells to form complex
In response to nitrogen starvation, yeast cells adopt flamentous structures, which presumably aid the organism in
hyperpolarized mode of growth and undergo a dimorphidoraging for nutrients. Haploid invasive growth, a genetically
transition from a unicellular yeast form to a multicellular distinct process from pseudohyphal differentiation, is a related
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response in which starved haploid cells form short filamentSnyder, 1990; Chenevert et al., 1994; Yorihuzi and Ohsumi,
and grow invasively into solid media upon nutritional stress994; Valtz and Herskowitz, 1996). Synthetic-lethal
(Roberts and Fink, 1994). Unlike pseudohyphal growthinteractions betweeBPA2and genes of the cell integrity MAP
haploid invasive growth occurs independently of buddindginase cascade (Costigan et al., 1992, 1994) as well as the
pattern or filament formation (Roberts and Fink, 1994). septin, CDC10 (Flescher et al., 1993) provide additional

Genes involved in pseudohyphal growth can be placed intevidence suggestinggPA2 functions in the processes of
two basic groups. The first group is also required for haploigiolarized growth and cytokinesis.
invasive growth, and encompasses signal transduction Protein localization studies further suggest that Spa2p
components including several elements of the pheromongarticipates in yeast morphogenesis. Spa2p localizes to sites
responsive MAP kinase (MAPK) cascade, namely the PAKef polarized growth in budding yeast cells, first as a crescent-
homologSTE20Q andSTE11andSTE7 which encode MAPKK  shaped patch marking the future bud site, and later to the tip
kinase and MAPK kinases, respectively (Liu et al., 1993pf small, medium, and many large buds (Snyder, 1989; Snyder
Roberts and Fink, 1994). Analogous to the ERK MAP kinaset al., 1991). Prior to cytokinesis, Spa2p accumulates at the
pathway in mouse neuronal PC12 cells (Traverse et al., 1992ud neck (Snyder, 1989; Snyder et al., 1991). Spa2p also
this yeast MAP kinase module can be activated by differeribcalizes to the tip of mating projections (Snyder, 1989;
input stimuli to generate distinctly different output response§&ehrung and Snyder, 1990). Pea2p, a protein lacking
(Roberts and Fink, 1994). Neith&US3 or KSS1 which  structural similarity to Spa2p, likely functions in concert with
encode two MAP kinases of this pathway, 83E5 encoding  Spa2p as: (i) both proteins share identical immunolocalization
a putative scaffolding protein for this kinase module, arerofiles, (ii) localization of Spa2p and Pea2p are
required for pseudohyphal or haploid invasive growth. It is nointerdependent during both budding and mating, (iii)
known how the Stellp-Ste7p module forms independently ahutations in either gene result in genetically indistinguishable
Ste5p during pseudohyphal or haploid invasive growth, nor iphenotypes, and (iv) both proteins have been co-
it known whether a novel MAP kinase functions in thisimmunoprecipitated (Valtz and Herskowitz, 1996; Y.-J. Sheu
pathway. et al., unpublished observations).

Additional signal transduction components involved in Here we report the characterizatiorSH1, which encodes
pseudohyphal growth include the GTP-binding proteins Ras2p protein related to Spa2p. Genetic analysis revealsIiRAR
and Cdc42p which activate this pseudohyphal MAP kinasand SPH1lare required for pseudohyphal growth and together
cascade (Mosch et al., 1996). Stel2p, the transcription factare needed for haploid invasive growth. Indirect
at the base of the mating pathway, and a second transcriptiotnmunofluorescence studies demonstrate that Sphlp localizes
factor, Teclp, synergistically activate downstream target gends sites of polarized growth throughout the budding cycle and
involved in both pseudohyphal and haploid invasive growthlduring mating projection formation, and that proper Sphlp
(Gavrias et al., 1996; Madhani and Fink, 1997; Mosch antbcalization requiresSPA2 Two-hybrid interactions between
Fink, 1997). Other proteins including transcription factors suclsphlp and several MAP kinase signaling components parallel
as Phd1p (Gimeno and Fink, 1994) and Flo8p (Liu et al., 1996)hose between Spa2p and these same kinases (Y.-J. Sheu et al.,
as well as the protein kina&& M1 (Blacketer et al., 1993), and unpublished observations). As this study was in the final
protein phosphatas®PS1 (Blacketer et al., 1994), also stages, an insertional mutagenesis screen by Mosch and Fink
function in the switch to pseudohyphal growth. (1997) also reported that Spa2p is important for some aspects

A second set of genes that function in pseudohyphal growthf pseudohyphal growth, although they did not observe a
are bud site selection and polarity genes. A dominant gain-ofequirement for haploid invasive growth. In addition, as we
function allele ofRSR1/BUD]1 a general bud site selection were preparing to submit this manuscript Arkowitz and Lowe
gene required for proper budding pattern in both haploid anf(l997) reported a brief description®®H1lalthough very little
diploid cells (Bender and Pringle, 1989; Chant and Herskowitzyf their characterization overlaps with ours (see Discussion).
1991), disrupts pseudohyphal formation when expressed @ur study shows that Spa2p and Sphlp comprise a set of
diploid cells (Gimeno et al., 1992). In addition, mutations inproteins important for the control of many aspects of cell
ACT1 and TPM], encoding yeast actin and tropomyosin,morphogenesis in yeast.
respectively, disrupt both the diploid budding pattern and
differentiation to the pseudohyphal form, indicating that the
actin cytoskeleton plays an important role in this differentiatiolMATERIALS AND METHODS
process (Mosch and Fink, 1997; Yang et al., 1997).

The SPA2gene participates in the processes of bud sit&east strains and standard methods
selection and morphogenesis during vegetative growth antkast strains used in this study are in the S288C background unless
mating. SPA2 participates in the bipolar budding pattern of otherwise noted and are listed in Table 1. Genetic methods and growth
diploid cells; spa2d/spad cells form new buds in a media protocols were followed according to Guthrie and Fink (1991).
progressively random pattern as the cells complete multipl@seudohyphal growth was scored on synthetic low ammonia plus 2%
cell cycles (Snyder, 1989; Zahner et al., 1996). Althoug extros? (SILA'D) medium as described byf Gimeno and Flnk_ (1994).
haploid and homozygous diplogha2A cells lack an obvious Sgrr:qebrg()kc;ngrg(lggcéc)edures were performed as described by
growth defectspaV/spaA cells are noticeably rounder than ' '
wild-type cells (Snyder, 1989ppad mutants also fail to PCR sequencing of SPHI polymorphs
properly polarize their growth in response to matinga yeast cDNA library derived from a S288C strain background (Liu
pheromone and form either round, oval, or ‘peanut-shape@t al., 1993) and genomic DNA prepared from S288C (Y604), SK1
cells instead of normal ‘pear-shaped’ projections (Gehrung an@2065), W303 (Y542), and1278b (Y824) strain backgrounds were
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used in polymerase chain reactions (PCR) using AmpliTag DNAPlasmids

polymerase (Perkin Elmer) and oligonucleotide§,GGAG CTCCA  TheSPH1gene from Y270 was amplified by PCR using primer’A (5
GGATT ATCAG GCATC ACCTC-3 and 3-TGGGT ACCCT  CGOGGATCECGGAGGTAGATTAGCTCAGAATTAACGAATG-
TCCCA AGCTT TGTGG AATC-3 to generate a 570 nucleotlde 3” the BanH| Site is |ta||C|Zed) and primer B '(_5
product encompassing the predicted frame shift region. AUtOmatE@GCIBGATCO\CTTTACTGTACAGATCTATAATTG-3'; theBanHI
fluorescent DNA sequencing of these PCR products was performegte is talicized and th&PH1 initiation codon is underlined) and
by the Keck Biotechnology Resource Laboratory at the Yale Schoqiioned into theBanHI site of YCpIF17 (Foreman and Davis, 1994).
of Medicine. The resulting plasmid, YCpIF13PH1contains aGAL1 promoter, a

. . translation initiation codon followed by a single hemagglutinin (HA)
Dlsruptlon of SPHIand SPA2 o epitope and a 16 amino acid spacer upstream of the 8RiH&@ORF.
Deletion of SPH1was performed by substituting over 99% of the SPHZ%containing plasmids for two-hybrid analysis were
SPH1ORF (codons 5 through 658) with DNA fragments of_H-HS3 constructed by amplifyinggPH1 from Y270 genomic DNA using
or LEU2 gene. Asph:lAl::HISS null allele was generated in Y270. rimers A and B and cloning tianHI-digested PCR products into
by the PCR gene disruption method of Baudin et al. (1993) using|eya pNA binding domain (DBD) plasmid (pSH2.8IS3), aGAL4
oligonucleotides 5CAGTA AAGTA AAAGA ATATC ATAAT DNA binding domain plasmid (pAS1-CYHZRPJ), and aGAL4
GTGGC CATAA CGAAA TAAAA A,GAAJ GATTA GCTCA activation domain (AD) plasmid (pACTILEU2). Additional two-
GAGCG CGCCT CGTTC BAAT G-3 and 3-CTGTA AATAG hybrid plasmids used in this study are pSte7-AD (pSL2168) (Printen
E%;TTCT:GT':/é/'ArTeAﬁﬁézéAAch/?TTéATGAcAc%I:AAcATSQAErAT/;TAT 4 and Sprague, 1994), pSte7-DBD (Lex-Ste7) (Choi et al, 1994),

> an pSte11-DBD (Lex-Stell) (Choi et al., 1994), pSte11-AD (pSL2091)

pRS303 to amplify théllS3 gene. (Underlined portions of primers Printen and Spraque. 1994) pSte20-DBD (bDH37) (Leberer et al
correspond to sequences from Hi&3region of pRS303.) This PCR (1997), pStezo-pDBgD (,pRL27)), ?Leberer et c’ElFI) 199)7)(, DFUS3—DBD’
product contains the entit¢lS3gene and is flanked at each end by (Lex-Fus3) (Choi et al., 1994), and pSit2-AD (Costigan et al., 1994).
approximately 60 base pairs 8PH15' or 3 untranslated sequence. pBud6-DBD pPeaZ-AD pépaZ-DBD pSpa2-AD pMkki-AD
Substitution of theSPH1locus with this DNA fragment deletes the MKk2-AD a,md prsZ-Af:) contain full Iength PCR-derivBU!DG '
entire SPH1ORF excluding the first four and last three codons. Thi : .

DNA fragment was transformed into yeast strain Y270 and its EA2 SPA2 MKK1, MKK2, or PBS2fragments cloned into pACTII

A . . or pSH2.1 as described by Y.-J. Sheu et al. (unpublished
substitution into theSPHL1 locus verified by PCR analysis. The . o : f :
resulting sphlA1::HIS3 /SPH1 strain was sporulated for tetrad observations). AdditionaBUD6 plasmids used in this study are

analysis. Thesph1A1::HIS3 DNA fragment was also transformed pPBud6(275-788)-AD  (p831) and pBud6(478-78&) (p688)

into the yeast strains SEY6210 and SEY6211 and its substitution in{gvang.ellsta et al., 1.997) and pBud6(358-768) (V.-J. Sheu et al.,
the SPH1locus verified by PCR analysiSphlnull strains in both Unpublished observations).

mating types were crossed to make the hqmezygthA strain,' Immunoblot analysis
Y1215. Null alleles ofSPH1and SPA2were similarly generated in .

MATa andMATa 21278b strains (Y825 and Y826, respectively) by Prote|_n_ eXtrf.iCtS were prepared from Y270, Y602, and Y604. cells
PCR using th&PH1oligonucleotides 5SCAGTA AAGTA AAAGA  containing either YCplF1BPHI1or YCpIF17 grown under selective
ATATC ATAAT GTGGC CATAA CGAAA TAAAA AGAAT condltlens to mid-log phase. Cells were washed eqd lysed using glass
GATTA GCTCA GGCGC GTTTC GGTGA TGBG GTG3 and 5 Peads in 25@u of 10 mM Tris-HCI (pH 7.5) containing the protease
CTGTA AATAG TGATC GAAAT AAAAT AAGAT AATAA inhibitors phenylmethanesulfonyl fluoride _(1 mM), pepstatin (10
CTAAA GAATA TATAT GACTT TACTG TACTT AGGGT GAIGG ~ H9/Ml). leupeptin (1Qug/ml) and chemostatin (2lg/ml). Lysates
TTCAC GTAGT GGGG3 or SPA2oligonucleotides SCATGG ~ \ere suspended in 5001 2x Laemmii sample buffer (Laemmii
GTACG TCAAG CGAGG TTTCT CTCGC ACATC ATAGA 1970), boiled 5 minutes and then centrifuged briefly at 1gd@¥fore
GATAT CTTCC ATTAC TACGT CGCGC GTTTC GGTGA TGBG separating the proteins by SDS-polyacrylamide gel electrophoresis
GTG-3 and 5-CGAAT TCAAA TAATT TATTT CGTCC TTCAA using an 8% acrylamide minigel. The protein gel was electroblotted
ACTTG CCTCT TCTAC AGTTT TTACC AGCTC CTAG GGTGA  onto Immobilon-P (Millipore) and probed with mouse monoclonal
TGGTT CACGT AGTGG GG?3 and pRS305 aWateDNA. ant?-HA antibodies, 16812 (BABCO) which were detecteq using goat
(Underlined portions of each primer correspond to common sequen@ti-mouse horseradish peroxidase and ECL detection reagents
which flank each of the selectable markers within the prS303/Amersham).

pRS316 series of plasmids; Sikorski and Hieter, 1989). The resultinﬁ;]direct immunofluorescence

PCR products contain the entit&EU2 gene flanked either by the . .
SPH1sequences described aboveSBA2sequences that delete the Strains Y270, Y604, YB115, and YB117 were transformed with
entireSPA2gene except for its first 20 and last 25 codons. Disruption’ CPF17SPH1and grown to mid-log phase (@~ 1.0) in SC-Trp

of SPH1 and SPA2 loci was verified by PCR. Diploid strains * 2% galactose medium. I_ndlrect immunofluorescence microscopy
homozygous for sphA2:LEU2 and spad:LEU2 were Was performed as described by Gehrung and Snyder (1990).
constructed from appropriate crosses. To generate a diploiyonspecific antibodies were removed from the primary and secondary
homozygous for botlsph1A andspai in the £1278b background, antibodies using formaldehyde-fixed yeast whole cells and
a spaZA3::URA3 disruption plasmid (p210) (Gehrung and Snyder, SPheroplasts (Burns et al., 1994). Spheroplasted cells were washed
1990) was digested witisal and Hindlll and transformed into and incubated with primary antibody overnight at room temperature
haploid sphlAZ2:LEU2 strains of both mating types. Haploid using anti-HA antibody 16B12. Cells were then treated with
sph142::LEU2 spa213::URA3double mutants were verified by PCR secondary antibody for 2 hours at room temperature using CY3-
and subsequently streaked out on 5-fluoro-orotic acid (5-FOA). Theonjugated goat anti-mouse antibodies (Jackson Immunoresearch,
resultingMATa andMATa sphiA2::L EU2 spa2i4::ura3strains were ~ \West Grove, PA) and then washed for 5 minutes with PBS/BSA,
then transformed with plL30, mated, and zygotes selected. Thigllowed by washes with PBS/BSA + 0.1% NP40 + 0.05% SDS,
resulting diploid sphld/sphl spaZ/spa2d strain (Y1177) was PBS/BSA + 0.1% NP40, and PBS/BSA. Hoechst 33258 was used to
verified by two criteria: (i) a random budding pattern as judged byisualize nuclear and mitochondrial DNA. To examine Sphlp
Calcofluor staining which is diagnostic of diplaga2d/spa2D cells  localization in pheromone-treated celldATa cells (Y604)
(Snyder, 1989; Zahner et al., 1996), and (ii) the inability to mate&ontaining YCPIF17SPH1lor vector alone were incubated ipg/ml
efficiently with tester strains. of a-factor for 60 minutes at 30°C with rotation. A second aliquot of




482 T. Roemer and others

a-factor that increases the concentration hygfnl was added after 30°C. Activities were expressed as nmole @hitrophenylf-D-
1 hour and incubations were continued for 60 minutes. Cells wergalactopyranoside hydrolyzed per minute times mg of protein.
viewed using a Zeiss Aristoplan and photographed using TMAX400

film.

Mating projection, haploid invasive growth, pseudohyphal RESULTS

_glg_rowth, apd buddmg pattgrn _analy3|s ' . Sphip is homologous to  SpaZp
0 quantitate mating projection morphologies, mid-log phsda . . .
cells were treated with-factor as described above. Cells were thenA GenBank homology search using Spa2p amino acid
fixed in 3.7% formaldehyde at 30°C with rotation, washed in watersequences identified@accharomyces cerevisiapen reading
and resuspended in Tris, pH 7.5, containingigml fluorescent frame (ORF) (GenBank accession number
brightener 28 (Calcofluor White; Sigma). Mating projections wereU20618/YSCL8543.8) which encodes a protein with
classified into three morphological groups: wild-type (sharplysignificant amino acid similarity to Spa2p (Fig. 1); this ORF
polarized), broad or peanut-shaped (poorly polarized), or round cellies immediately downstream @&DC3 on chromosome XII.
(unpolarized). A minimum of 300 pheromone-treated cells Wergye have named this geSPH1, for SPA2 Homologous gene.
Coﬂgtelgi:joirnsggik\]/:arpoﬁ)lﬁﬁ was scored as follows: yeast strains Wer-ghe SPH1 predicted gene product, Sphlp (530-661 amino
p g Y cids, see below), is noticeably smaller than Spa2p (1,466

grown on rich yeast medium (YPAD) for 3 days at 30°C. Cells weréiClC id d lacks both iled-coil - d .
gently rinsed off the plate under flowing water without manual@Mino acids), and lacks both a coiled-coil region and 9 amino

agitation and each strain was scored for the presence of residual cé¥gld repeat domain found in Spa2p (Gehrung and Snyder,
immediately following the wash. Pseudohyphal growth on staind990). However, Sphlp shares five regions of Spa2p homology
grown for 6-7 days at 30°C on SLAD medium was analyzed accordinfdomains | through V) which encompass most of the protein.
to the method of Gimeno and Fink (1994). To examine the invasivéhe amino-terminal domain | (amino acids 1-117) and domain
nature of pseudohyphal growth, plates were extensively rinsed undgr(amino acids 188-288) each share 34% identity with similar
a stream of ddkO and vigorously rubbed with a gloved hand asregions of Spa2p (Fig. 1A,B). Interestingly, domain | contains
described by Liu et al. (1996). n . a 29 amino acid direct repeat element we have called a SDR
Budding patterns were examined by staining mid-log phase cellg, i¢ (spa2direct repeat) that shares substantial homology to

with Calcofluor as described above, and quantified according to t:ig. sapiensand C. elegansproteins (Fig. 1C). Domain I

classification scheme of Madden and Snyder (1992). The buddi . Al . . lated .
pattern of pseudohyphal cells was viewed by growing cells on SLAfONtains a potential leucine zipper-related sequence at amino

plates 6-7 days at 30°C. After rinsing away surface cells, an agar blo@€id residues 192-272; this coiled-coil type motif facilitates
containing subsurface cells was heated at 100°C for 5 minutes and Rbysical interactions between proteins (Steinert and Roop,
volumes of water was added. Cells were recovered by centrifugatioh988). Two of the domains (lll and 1V) are very short (26 and
washed extensively in deionized water, and then stained witBl amino acid residues, respectively). Both proteins are also
Calcofluor. Only elongated cells whose length was at least two timgsredicted to possess similar carboxyl-terminal domains
greater than their width were scored. Budding patterns were classifigd4/111 amino acid identity) in most yeast strains examined
into two groups: Class | cells form all buds from one pole and Iie§ ig. 1, see below).

adjacent to one another (for cells with only a single bud or bud scar, ; ; ;
its position was scored relative to the birth scar), Class Il cells bus The SPH1sequence in GenBank is predicted to encode a

from both poles rotein of 530 amino acids in length. A potential frameshift in

the carboxyl-terminaBPH1coding sequence between codons
Two-hybrid analysis 518 to 530 would lengthen tI8PH1ORF by 131 codons (Fig.
Two-hybrid analyses were carried out essentially as described by x#D) and extend the homology between Sphlp and Spa2p to
et al., (1993). Transformed yeast (Y864) cells were patched onto Sibeir carboxyl termini. Resequencing of this region of
medium lacking leucine and histidine (SC-His-Leu) plates and growghromosome XII by Johnston et al. (1997) failed to link these
overnight before replica plating onto fresh SC-His-Leu plateswo overlapping ORFs. To investigate whether a frameshift
containing a sterile circle of 3MM filter paper. Replica platesmight be present in different laboratory strains of yeast, we
cqntaining filters were incubated at 30°C fpr overnighF qnd then 'ysegequenced PCR fragments spanning the two overlapping ORFs
with chloroform_vapors for 15 minutes. Filters containing _the Iyseq:rom four different backgrounds, S28881278b, SK1, and
cells were then incubated on a X-Gal (5-bromo-4-chloro-3-indslyl- W303, as well as PCR fragments from a cDNA library (for

D-galactopyranoside) plate (0.1 M NaR@H 7, and 1 mM MgS® . -
in 1.6% agar with 120g of X-Gal per ml) and incubated at 30°C for details see Materials and Methods). BfReH1sequence from

2 hours. S288C, 21278b, and SK1 strains does not contain two
guanosines at nucleotide positions 1,582 and 1,583 and
B-galactosidase assays therefore contains a long ORF of 1,986 nucleotides encoding

To test whetheSPH1and SPA2are required for MAPK cascade- a protein of 661 amino acids in each of these strains. In
dependent signaling during haploid-invasive and pseudohyph&ontrast, the W303-derived strain and cDNA library we
growth, appropriate strains were transformed with pIL30, containingxamined possess alleles &PH1 containing the two

a FG(TyA)-lacZgene fusion which is strictly induced under such aqditional nucleotides thereby encoding a smaller protein (Fig.

conditions (Mosch et al., 1996). - S I
B-Galactosidase assays were performed on extracts from mid-I 1[r)g'in-£herefore’SPHlls polymorphic in different laboratory

phase cultures grown in SC-Ura according to the method of Xie et al.
(1993). For assays of nitrogen-starved cells, fresh overnight cultur ‘s . S

were washed in water, diluted to approximately 500 colony formine§PHlt.IS important for proper mating projection

units, spread on SLAD plates, and incubated at 30°C for 3 days. Ce rmation ) )

were then harvested from plates and washed with water prior to tHg order to explore phenotypes associated with the |dSBldf,
preparation of extracts (Xie et al., 1993). Assays were performed #te deleted 99% of thEPH1gene (codons 5 to 658) using the
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Fig. 1.Sphlp and Spa2p are structurally related and share a region with sequence sintilasaptens
andC. elegangredicted gene products. (A) A schematic comparison of the Sphlp and Spa2p protelfg
indicates the relative position of five domains (labeled I-V) sharing amino acid sequence similarity. &
Potential coiled-coil regions and a 9 amino acid repeat domain unique to Spa2p are indicated. (B) Amino
acid alignment of Sphlp and Spa2p. The alignment has been optimized by adding gaps (---) to lengiien
the Sphlp sequence and deleting two nonhomologous stretches of Spa2p (shown in bold). Domainszof
homology corresponding to (1A) are indicated as roman numerals. A region of hydrophobic heptad
periodicity (coiled-coil domain B) is noted lyandd symbols above the sequence. Identical residues aré&
boxed. (C) A human cDNA (KIAA0148; accession number D63482)Camegangene (F14F3.2;

accession number Z49937) are predicted to encode proteins with homologous regions to domain | o2
Sphlp and Spa2p. Residues common to three or more proteins are in dark shade; residues commogto two
proteins are lightly shaded. TB®A2direct repeat element (SDR) common to all four sequencesis &
indicated by arrows. (D) A schematic comparison of two Sphlp isoforms created by the presence or=.
absence of two guanosines (shown in bold) at codonSF2d1from £1278b, SK1, and a subset of

S288C strains lack these two nucleotides and encodes the full length protein. The GenBank submitted
SPH1sequence (accession number U20618/YSCL8543.8) and that of strain W303-A and a cDNA Ilhmry
contain these two nucleotides at codon 527 and trunca&PtHéprotein (shown in bold). oo
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PCR disruption procedure of Baudin et al. (1993; see Materia
and Methods). Three independergphlAl::HIS3/SPH1
heterozygous diploid strains were sporulated and more than :
tetrads were dissected for each strain. Correct substitution of t
sph141::HIS3 allele at the genomic locus was verified in each
heterozygous diploid and the haploid progeny of two tetrads & SN
PCR analysis. In each case, histidine prototrophy segregat ‘ <
2His":2His™ with no apparent difference in growth rate betweer
wild-type andsph1A1::HIS3 segregants incubated at either 16°,
23°, 30°, or 37°C. Growth in both rich medium (YPAD) and
synthetic complete medium (SC) were tested at eac c
temperature. To examine the genetic relationship bet@eetl
andSPA2 asphiAl::HIS3/SPH1 spa22:TRP1/SPAXouble
heterozygous diploid strain was constructed and sporulated. !
difference in growth rate was detected in hapéplIA1::HIS3
spa2A2:TRP1 double mutants compared to either single
mutants or isogenic wild-type strains at the various
temperatures and media conditions described above. Diploii
homozygous forsphlA1::HIS3 or both sphiAZ::HIS3 and
spaA::TRP1lalso grew at rates indistinguishable from those o
an isogenic wild-type diploid strain. Thus, neit&&H1nor the
SPHXSPA2gene pair are essential for vegetative growth. E ® Round Cells
Cells carrying aphtdeletion were examined for a variety Eg;’;gd";,:g].
of morphological and polarity defects common gpa2
disrupted cells. Unlikespa242:: TRP1/spa22::TRP1 diploid
cells, which appear roundphlA1::HIS3/sphW1::HIS3 cells
and wild-type diploid cells are both clearly ellipsoidgda2A
cells also display a diploid-specific budding pattern defect
spa2/spad daughter cells (i.e. cells which have yet to bud)
initiate their first bud from the distal pole similar to wild-type
cells. This tendency to bud from the distal tip (the pole opposit
the birth pole) in diploid daughter cells is referred to as a dist:
tip bias (Friefelder, 1960; Snyder, 1989; Chant and Pringle
1995). However, unlike wild-type cells which eventually bud
from both poles, diploidspa/spad cells bud in a
progressively random fashion in subsequent budding cycle
(Snyder, 1989; Zahner et al., 1996). Budding pattern defec
were not detected in either S288C4278b haploid or diploid ] o ]
strains deleted f@PH1(Table 2). In addition, a S288C diploid Fig- 2-Mating projection defects sphimutants. HaploidMATa cells

; . .. that were (A) wild-type (Y1284), (Bjph1A (Y1283), (C)spad
strain homozygous for bogphIA1::HIS3 andspa2A2::TRP1 (¥1292) and (DjsphiA spa2i (Y1281), were treated with-factor.

does not disrupt the distal tip budding bias preserved i ed, and stained with Calcofluor which binds chitin at the base of the
spa2y Spa% daughter cells (data not shown). .__projection (see Materials and Methods for details). (E) Quantitative
Haploid spa2mutants are unable to form properly polarizedanalysis of mating projection morphologies in wild-tygeh 4, spa2),
growth projections in the presence of mating pheromone angndsphia spa2d double mutants. Seen is the graphic representation of
depending upon conditions, form oval cells or cells with broaghe percentage of totatfactor-treated cells counted from 2-3 different
mating projections (Gehrung and Snyder, 1990; Chenevert strains for each genotype classified as to mating projection morphology.
al., 1994; Yorihuzi and Ohsumi, 1994; Valtz and HerskowitzMore than 700 cells were counted for each genotype.
1996). Cells deleted fosphlwere similarly analyzed for a
mating projection defect. When exposed to a high isotropic
concentration of the-factor mating pheromonsphlA1::HIS3  tip or peanut-shaped, and round cells, revealed that a
cells exhibit a mild polarization defect and usually formsignificantly higher proportion afphlAl::HIS3 spa212::TRP1
projections that are slightly broader at the base and rounder dduble mutants fail to form projections when compared to either
the tip (Fig. 2A,B). This morphology approaches the ‘peanut’'single mutant (Fig. 2E). This is not attributed to an impaired
shaped morphology described previously for bgpa2 and  sensitivity to a-factor since all strains yieldi-factor halos
pea2 mutants (Chenevert et al., 1994; Yorihuzi and Ohsumi(impaired zones of cell growth) comparable to wild-type cells
1994), but is clearly less pronounced than that observedd@r (data not shown). ThusSPH1 contributes to projection
cells (Fig. 2C). HowevegphlAL::HIS3 spa2)2::TRP1double  formation in yeast and may be functionally redundant with
mutants display an exaggerated mating projection morpholodgyPA2 Consistent with this possibility, althoughhlA mutants
defect that appears more severe than that observed for eitheck a quantitative mating defect, overexpressionSBH1
single mutant (Fig. 2D). Classification of the various matingpartially restores mating efficiency spa2A cells (Arkowitz
projection morphologies into the three groups, normal, broadnd Lowe, 1997).

% Total Cells

sphT spa2 spa2 sph
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Table 1. List of strains used in this study

Strain Genotype Background/source
Y270 MATa/MATa ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trpl-
Al/trp1-Al his3A200/ his3A200
Y602 MATa ura3-52 lys2-801 ade2-101 trpA? his3-A200 spa2i3::URA3
Y604 MATa ura3-52 lys2-801 ade2-101 trpAt his34200
Y824 MATa/MATa leu2::HISG/leu2::HISG ura3-52/ura3-52 >1278b/G. Fink, MIT, Cambridge, MA
Y825 MATa leu2::HISG ura3-52 21278b/G. Fink, MIT, Cambridge, MA
Y826 MATa leu2::HISG ura3-52 21278b/G. Fink, MIT, Cambridge, MA
Y864 MATaleu2-3,112 ura3-52 ade2-101 trp1-901 hid200 gal4d gal8QA plexA-lacZ-URA3
Y1146 MATa leu2::HISG ura3-52 spa23::URA3 21278b
Y1149 MATa leu2::HISG ura3-52 spa23::URA3 >1278b
Y1173 MATa leu2::HISG ura3-52 spi2::LEU2 21278b
Y1174 MATa leu2::HISG ura3-52 sphA2::LEU2 21278b
Y1175 MATa leu2::HISG ura3-52 sptA2::LEU2 spa2\3::URA3 21278b
Y1176 MATa leu2::HISG ura3-52 spha2::LEU2 spa2i3::URA3 21278b
Y1177 MATa/MATa leu2::HISG/leu2::HISG ura3-52/ura3-52 sph2::LEU2/sphA2::LEU2
spa2i3::URA3/spai3::URA3 21278b
Y1281 MATa ura3-52 lys2-801 ade2-101 trpAt his3A200 spa2l2::TRP1 sphA\1::HIS3
Y1282 MATa ura3-52 lys2-801 ade2-101 trpAt his3A4200 sph1::HIS3
Y1284 MATa ura3-52 lys2-801 ade2-101 trpAt his34200
Y1292 MATa ura3-52 lys2-801 ade2-101 trpAt his3A200 spa22::TRP1
Y1340 MATa/MATa leu2::HISG/leu2::HISG ura3-52/ura3-52 sphA2::LEU2/sphA2::LEU2 pRS415 X1278b
Y1345 MATa/ MATa leu2::HISG/leu2::HISG ura3-52/ura3-52 spA2::URA3/spa23::URA3
pRS415 21278b
S2065 MATa/MATa leu2-hisG/leu2-hisG ho-LYS2/ho-LYS2 ura3/ura3 SK1/S. G. Roeder, Yale U., New Haven, CT
W303-A MATa ade2 can1-100 his3-11,115 leu2-3,112 trp1-1 ura3-1 R. Rothstein, Columbia U., New York, NY
Y1213 MATa leu2-3,112 ura3-52 ade2-101 trp1-901 his300 ga/l gal8QA steA plexA-lacZ-URA3 Y-J Sheu, Yale New Haven, CT
Y1214 MATa/MATa leu2-3,112/ leu2-3,112 ura3-52 /ura3-52 hid300/his34200 trplA1/trp1-901 SEY6210x SEY6211
suc2A9/suc249 lys2-801/LYS2 ade2/ADE2
Y1215 MATa/MATa leu2-3,112/ leu2-3,112 ura3-52 /ura3-52 hid200/his3A200 trp1Al/trpl-901
suc2A9/suc249 lys2-801/LYS2 ade2/ADE2 sptit:HIS3/ sph}A1::HIS3
SEY6210 MATa leu2-3,112 ura3-52 his2200 trp1-901 suc229 lys2-801 H. Bussey, McGill Montreal. Queb.
SEY6211 MATa leu2-3,112 ura3-52 hisA200 trp1-901 suc2d9 ade2 H. Bussey, McGill Montreal. Queb.
YB115 MATa/MATa ura3-52/ura3-52 LEU2/leu2198 lys2-801/lys2-801 ade2-101/ade2-101
trp1-Al/trp1-901 his34200/HIS3
YB117 MATa/MATa ura3-52/ura3-52 LEU2/leu2198 lys2-801/lys2-801

ade2-101/ade2-101 trpAl/trp1-901 his3A200/HIS3 spad3::URA3/spa2i3::URA3

All strains are in the S288C background unless otherwise noted.

SPH1 and SPAZ2 are required for pseudohyphal polarized growth mechanisms in yeast including cell
growth elongation and bud site selection and, therefore, serve as a
Haploid invasive growth and pseudohyphal growth rely orfensitive in vivo measure for polarity defects. To explore a role
for SPH1 and SPA2 in haploid invasive growth and
pseudohyphal growth, both genes were disrupted 2Y8b, a
Table 2. Budding pattern ofsph14/sph1A diploid cells strain background capable of both these processes (see
Distal Random Proximal  Materials and Methods for details). NeitlsghlA, spa2A nor

Class Relevant genotype (%) (%) (%) sph1A spa2d mutants in this second strain background display

1 bud scar wild type 100 0 0 any noticeable growth defect relative to wild type under the
sph14/sph1A 100 0 0 different vegetative conditions tested (see above).

2 bud scars Wild type 100 0 0 Diploid spa/spa2), sphl/sphld, and spa/spai

4 bud scars Sph&ﬁﬁ@;ﬁ 9520 00 580 sphl4/sph1A 31278b mutants were first analyzed for defects
sph14/sph1a o5 0 75 in pseudohyphal .growth. .D|.p.I0|d cells _d.eleted sﬁptathen

4 bud scars Wild type 69 6 25 grown under nitrogen-limiting conditions, fail to form
sphl4/sph14 69 2 29 pseudohyphal filaments, unlike wild-type diplaiti278b cells

=5 bud scars Wild type 86 9 5 which form complex pseudohyphal filaments extending
sph1a/sph1A 90 5 5

beyond and directly below the colony (Fig. 3, panels 1,3).
Cells with one or two bud scars were scored relative to the birth scar. The INStead, spa2deleted colonies form small subsurface
positions of bud scars were scored as distal pole (the third of the cell distal t@ggregates of cells directly below the center of the colony,
birth scar), random (at least one bud scar in the middle of the cell), or without ever forming filaments either away or under the colony

proximal pole (the third of the cell adjacent the birth scar).) Cells with 3 or (Fig 3 panels 11 12) While other parts of our S'[Ud&l@lﬂl
more bud scars were scored relative to one another with distal sites referrin T | ) .

to at least one bud scar at each pole, and proximal sites referring to all bud Q{Ner_e bel_ng CompIEt,ed' MOSCh an_d Fink (1997) reported. that
scars concentrated at one pole. Between 100 and 200 cells were scored for@n msert_lona' mutation iSPAZ which truncates the protein
each class. The strains analyzed are wild type (Y1214 5@niVsph1A after amino acid 995, causes defects in budding pattern, cell

(Y1215) in the strain background of Arkowitz and Lowe (1997). Shape and invasive growth during pseudohypha| deve|opment.
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Fig. 3. SPA2andSPH1lare
important for pseudohyphal
growth.X1278b wild-type strain,
Y824 (1-4),21278b

sph1d/sphiA (Y1340) (5-8), and
>1278bspa/spaA (Y1345)
(9-12) strains were grown for 7
days at room temperature on
SLAD medium and both pre-
washed (1,2,5,6,9,10) and post-
washed (3,4,7,8,11,12) colonies
were examined (see Materials
and Methods). Representative
colonies and cells are shown.
Panels 1,5,9 are the same
magnification as 3,7,11. Panels
2,4,6,8,10,12 are an enlargement
of the colonies seen in
1,3,5,7,9,11, respectively.

spa2A/spa2A sphiA/sphiA

We also observe these phenotypes, although we detect a mé&irk, 1994; our unpublished observations) reveal strikingly
extreme defect ispa2d/spa2A cells efficiently penetrating the similar budding pattern profiles; namely a strong trend towards
agar. This is particularly evident in colonies grown for a shortebipolar budding correlating with the number of budding events
period of time (e.g. 3 days; data not shown). A striking cell
morphology defect is also evident fad278b spa2d/spa
cells; they remain round and fail to elongate like wild-type cells
after prolonged growth on limiting nitrogen (Fig. 3, panels
10,12; see Fig. 4). Budding patterns of pseudohyphe
spaVspaA cells that had invaded the agar were assessed |
visualizing the chitin-rich bud scars on subsurface cells staine
with the chitin binding dye, Calcofluor White (see Materials
and Methods). As reported for vegetatively growing diploid
spaispad strains,spad/spaA cells on nitrogen-limiting
SLAD medium exhibit a random budding pattern (Fig. 4).
Surprisingly, an examination of budding pattern for a
population of wild-type1278b diploid cells growing invasively
on SLAD plates did not reveal a unipolar mode of bud site
selection; instead, a bipolar budding pattern was observed (Fi
4, 5). Quantitation of site selection in new mother cells (i.e. cell
which have undergone one budding event) indicates a bipol
mode of bud site selection similar to vegetative cells (Snyde
1989; Kron et al., 1994; Chant and Pringle, 1995); 29% of cell
contain a bud scar at each pole. Moreover, examination of old
mother cells (i. e. cells possessing three or more bud scal
revealed 82% of cells display at least one bud scar at the pc
opposite that predicted from a unipolar budding pattern (Fic
5A). Consistent with these observations, examination of th
budding pattern in the sanad278b diploid strain maintaining
2u copies ofPHD1, PHD2, or MCM1, three genes capable of
enhancing the pseudohyphal filament formation (Gimeno an

Fig. 4. Budding pattern oc£1278b diploids. (A) Wild type (Y824),

(B) sphl4/sphlA (Y1340), and (Cypa2/spaA (Y1345) incubated

on SLAD medium. Cells were incubated 7 days on plates at room
temperature, extracted from the agar (see Materials and Methods),
and stained with Calcofluor to visualize bud scars. Wild-type and
sph1d/sph1A filaments typically possess elongated cells bearing bud
scars from both poles (bipolar patterspa2d/spa2A cells fail to

form filaments and remain round with bud scars positioned
randomly.
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A.
w1 Haploid Invasive Growth Defects
B 1budscar
801 B# 2budscars
B >3bud scars
i)
8 ]
B
o
S
20
Fig. 6. Haploid invasive growth is impaired gph1A spa2A cells.
. . - ‘ (A) A YPAD plate containing the following1278b strains: (1)
opposite adjacent opposite adjacent MATa sph1A spa2A (Y1175), (2)MATa sphlA spa2d (Y1176)), (3)
SPH1/ SPH1 sphl/ sphl MATa SPH1 SPAZY825), (4)MATa SPH1 SPAZY826), (5)
MATa/a SPHISPH1 SPABPA2(Y824), (6) MATa SPH1 spa2
(Y1149), (7)MATa SPH1 spaa (Y1146), (8)MATa sphiA SPA2
; 3 pud soar (Y1173), and (9MATa sphiA SPA2(Y1174). Cells were incubated
B. B 3bud scars at 30°C for 3 days and photographed. (B) The same plate after gently
>4bud scars rinsing with deionized water. Wild-type haploid (3,4) and diploid (5)

1007 strains provide positive and negative controls, respectively, for

haploid invasive growth.
80

in pseudohyphal growth by three criteria. Unlike wild-type
21278b cells which form many pseudohyphae that extend
away from the colony perimeter1278bsphl/sph1A cells
rarely radiate filaments from the colony (Fig. 3, compare
panels 1,5). sphl/sphlA cells develop pseudohyphal
filaments; however, agar penetration of these filaments appears
impaired and the invasive pseudohyphal networks that remain
on washed plates are less complex (Fig. 3, compare panels
3,4,7,8).sphl/sphXkells do develop an elongated morphology
: : 0 2 indistinguishable from wild-type cells when grown under
adjacent opposite adjacent opposite adjacent opposite nitrogen-limiting conditions (Figs 3, Hphl/sph1A cells also

PHD1 PHD2 MCM1 exhibit a modest defect in budding patterns under conditions
) . L _ _of limiting nitrogen (Fig. 5A), and exhibit a twofold increase
Fig. ?'P;e‘é‘éF’hyph?t' cells Chgotse b'.pO'grfS'tes ”]Ilsqcceﬁs't"%b“dd"]ﬂ the frequency of bud site selection to the proximal pole in
events. Budding pattern was determined from cells incubated on : .
SLAD plates fo?gdays at 30°C, extracted from the agar and sph]A/sphJ_A new mot_her cells relative to wild-typE1278b
Calcofluor stained (See Materials and Methods for details). (A) The cells. No significant difference _betweepf_]]A/SphJA cells and
position of the first bud or bud scar in Y8BPH1/SPH)and >1278b cells was observed in bud-site preference for new
Y1340 ephW/sph14) was scored as either opposite or adjacent the daughter or older mother cells. The tendency to choose the
birth scar pole. In older cellz2 budding events), the position of the proximal pole approximately one budding cycle earlier than
bud or bud scar was scored relative other bud scar(s); budding eventdld-type cells is consistent with the less complex
were scored as occurring either from opposite poles, or adjacent to pseudohyphal filaments and denser colony growth
one another at one pole. Approximately 600 cells were counted for characteristic 0E1278bsph1A/sphiA cells. Construction of a
each strain. (B) Bud site selection of pseudohyphal cells (Y824) sphl/sphlA spaVspad mutant in the $1278b strain
T o b postion background (see Materils - and_Methods) "resulied i
for each strain. pseudohyphal phenotypes indistinguishable from the

spa2d/spa2d homozygous mutant.

Cells containing eithesphl4, spa2d, and sphlA spa2A
completed (Fig. 5B). As described previously for pseudohyphalouble mutants were also examined for defects in haploid
cells (Gimeno and Fink, 1994; Kron et al., 1994), analysis of thevasive growth. Cells of both mating types were incubated on
budding pattern in new daughter cells demonstrates an extrerf®AD plates for 3 days at 30°C. Plates were photographed
bias for bud formation at the distal tip; this distal tip bias is alstvefore and after a gentle rinse with distilled water. Wild-type
normally observed in vegetatively growing diploid daughtercells readily invade the agar and grow back on the plate after
cells (Friefelder, 1960; Chant and Pringle, 1995). washing. As shown in Fig. 8phIAZ2:LEU2 spa2\3::URA3

HomozygoussphW/sph1A cells are also partially defective cells display an impairment in haploid invasive growth

% Total Cells
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approaching the complete absence of haploid invasive grow
characteristic of wild-type diploid cells. The residual level of
invasive growth detected aph1A spa2A cells is similar to that
observed forstel}), ste7d, and stel2d mutations in the

thdirect immunofluorescence methods. Sphlp localizes to sites
of polarized growth in both haploid (data not shown) and
diploid vegetatively growing cells (Fig. 8). Sphlp is localized

in a cell cycle-specific manner similar to Spa2p and a variety

pheromone response pathway (Roberts and Fink, 1994). Thus,

SPH1land SPA2are each important for pseudohyphal growth
and together are required for haploid invasive growth.

Sphlp localizes to polarized growth sites in
vegetative and mating cells

To begin to characterize tH&PH1gene productSPH1was
tagged at its carboxyl-terminal coding sequences in th
genomic locus of a S288C strain with a DNA segmen
encoding three copies of the influenza hemagglutinin (HA
epitope (Schneider et al., 1995). Immunoblot analysis witl
anti-HA antibodies reveal a weakly staining Sph1::3XHA banc
at the expected molecular mass of approximately 80 kD:
indicating that the protein is present at a low level (data nc
shown). Indirect immunofluorescence experiments failed t
detect Sph1::3XHA localization under a variety of conditions
tested. To enhance detection of Sphlp, Sphlp expression v
placed under the control of tlé&AL1 promoter and tagged at
its amino terminus with a single HA epitope (see Materials an
Methods). Immunoblot analysis with anti-HA antibodies detec
the conditional expression of Sph1::1XHA in both haploid anc
diploid strains grown in medium containing galactose; the
protein migrates very close to its expected size of 77 kDa (Fi
7). Similar to results reported for Pea2p, Sphl::1XHA appeal
to be slightly unstable ispa2deleted cells; a collection of
degradation products are reproducibly more pronounced |
spa2cells than in wild-type cells (Fig. 7, lanes 6,7).

To determine the subcellular localization of Sphlp, cells
transformed with either the Sphl::1XHA plasmid or vector
alone and grown in galactose medium were examined usir

Vector pSPH1-HA
Gal = + = 4+ = + +
193-

12-
86 -
70- - s
57 - -
—
40 - =
36 -
i 2 3 4 5 6 7

Fig. 7.Immunoblot analysis of Sph1::1XHA in wild-type aspa2A
cells. Sph1::1XHA was detected by immunoblot analysis of protein
extracts from diploid strain Y270 grown in glucosg ¢r galactose

(+) and maintaining either YCpIF17 vector alone (lanes 1,2), or the
YCplIF17-Sphl::1XHA plasmid (lanes 3,4). Immunoblots were
probed with anti-HA antibodies. Proteins were also analyzed from
the wild-type haploid strain Y602 (lanes 5,6) apa2A deleted

Vegetative

Pheromone-Treated

Fig. 8.Sphlp localizes to sites of polarized growth in vegetative and
pheromone-treated cells. (A,B) Diploid cells (Y270) containing
Sph1::1XHA (A) or vector alone (B) were stained with anti-HA
antibody 16B12 and examined by indirect immunofluorescence.

(C-F) Examples of Sph1l::1XHA-stained cells at different stages of the
cell cycle. Hoechst 33258 staining of the nucleus for each of these cells
is shown in the lower panel. (C) An unbudded cell with staining
concentrated as a patch near the cell cortex. (D) A small-budded cell
showing Sphlp staining around the bud periphery. (E) Sphilp is
concentrated to the bud tip in medium-sized budded cells. (F) In large-
budded cells undergoing cytokinesis, Sphlp staining is detected at the
bud neck. (GMATa cells (Y604) containing Sph1::1XHA (top) or

vector alone (not shown) were treated witfactor and stained with

strain, Y604 (lane 7). Enhanced degradation of Sphlp was detectedanti-HA antibody. Sphlp concentrates at the tip of the mating projection.

in spa?A cells in three independent experiments.

Lower panel shows Hoechst staining of nuclei in the same cells.



Sph1 participates in yeast cell polarity 489

A B C in which approximately 15% o$pa2A cells reveal Sphlp
STE5 ste5A Ste7  Pbs2 Budé  Pea? staining compared to 99% of wild-type cells. Moreover, those
spa?A cells that stain with Sphlp exhibit very faint staining in
contrast to the wild-type cells which display strong tip staining.
Becausespad mutations affect shmoo morphology, Sphilp

AD localization pattern was also quantified in vegetatively growing
: 4 spa2deleted cells. A substantial reduction in the frequency of
Fus3 detectable Sphlp staining was observed at all stages of the cell
_ ~ Mkk1  Mkk2  Spa2  AD cycle in spa2cells: unbudded cells (8%n£251) vs 40%),
Stell || small-budded cells (35%n£205) vs 95%), medium-budded
it cells (14% §=234) vs 84%), and large-budded cells (12%
Fig. 9.Sphip interacts with MAP kinase components and the (n=112) vs 43%). Thus Spa2p contributes to the proper

polarity protein, Bud6ép by the two-hybrid system. (A) Sph1-DBD localization of Sphip.

interacts strongly with Ste7-AD and Ste11-AD in bSFE5(Y864)

andstex (Y1213) strain backgrounds. A slight interaction above  Two-hybrid analysis reveals Sphilp interacts with
background is also detected between Sph1-DBD and Fus3-AD. ADMAP kinase signaling molecules

activating domain vector. (B) Sph1-DBD interacts with additional Y.-J. Sheu et alunpublished observations) describe data that

MAPKKSs including Mkk1-AD and Mkk2-AD. (Note: quantitation of . ° . . .
these interactions reveals Sph1-DBD interacts more strongly with indicate that Spa2p interacts with two distinct classes of

Mkk1-AD than Mkk2-AD; Table 3.) However, no interaction is prote]ns: (1) constituents of ,MAP kinase modu.les, and (,2)
detected between Sph1-DBD and Pbs2-AD. (C) Sphi-DBD also ~ Polarity components. To examine whether Sph1p interacts with
interacts weakly with a Budép fragment (amino acids 275-788) fuse@ither of these classes of molecules, we have utilized the two-
to theGAL4activation domain. No interaction is seen with either ~ hybrid system (Fields and Song, 1989; Zervos et al., 1993).
Pea2p or Spa2f3-Galactosidase levels measured for all the above Full length Sphlp interacts strongly and specifically with Ste7p
interactions as well as additional interactions not pictured here are in the two-hybrid assay when fused either to the lexA DNA-
presented in Table 3. binding domain (DBD) or Gal4p activation domain (AD) (Fig.
9A,B; Table 3). (Note: a low level of background staining is
produced by either Sphl- or Ste7-lexA fusion proteins alone,
of other polarity proteins. Sphlp is detected in unbudded celis feature often observed with other lexA fusion proteins.)
as either a broad or narrow patch associated with the cell cort&ph1-DBD also interacts strongly with Stel1-AD. Unlike the
(40% of cells;n=297) (Fig. 8C). This localization is likely to above interaction between Sphlp and Ste7p, no interaction was
correspond to the incipient bud site or the site of cytokinesigletected in the reciprocal test using Sph1-AD and Stel11-DBD
since in diploid cells (in which the poles are more easily(Table 3). To further examine the specificity of the interaction
inferred from their elongated shape), the Sphlp patch localizéetween Sphlp and Ste7p and Stellp, we also tested whether
to one end of the cell. A single Sphlp patch is typicallySphlp interacts with additional components of this MAP
observed at one pole of the cell, although a very small fractiokinase module. No significant two-hybrid interaction were
of diploid cells (1% of cellsn=297) exhibit Sphlp staining at detected between Sphlp and DNA-binding fusions of the
both poles. Sphlp is most readily detected in small-buddgdAK65 homolog, Ste20p. However, a very modest two-hybrid
cells (95% of cellsn=205), where it accumulates in the distal interaction between Sphlp and the MAP kinase, Fus3p was
half of the bud (Fig. 8D). In medium-budded cells, Sphlgeproducibly detected (Fig. 9A; Table 3).
remains localized to the bud (84% of cells counte214), To determine whether the interactions between Sphilp and
and is most concentrated at the extreme bud tip (Fig. 8Eboth Ste7p and Stellp are potentially mediated by STE5p, a
Finally, Sphlp localizes to the mother-bud neck in largeputative scaffold protein, these two-hybrid interactions were
budded cells that have two separated nuclei and are prepariadditionally analyzed in a background deleted SGiE5 No
for cytokinesis (43% of cells countek-102) (Fig. 8F). significant difference in the interactions between Sph1-DBD
Because the localization of Sphlp is strikingly similar toand Ste7-AD or the reciprocal Sphl-AD and Ste7-DBD
Spa2p during vegetative growth asph24 sphlA cells display  combination were detected in this strain background relative to
an exaggerated morphology defect during mating, wehe wild-type strains (Fig. 9A; Table 3). Similarly, the two-
examined Sphlp localization in cells treated with matincghybrid interaction detected between Sph1-DBD and Stell-AD
pheromone. As shown in Fig. 8G, Sphlp concentrates at tle unaffected in ate5deleted mutant.
projection tip ina-factor treated cells (>99% of cells counted; Genetic evidence demonstrates that3ffA2gene product
n=295). However, unlike Spa2p which typically localizes as a@lays a role in a second MAP kinase pathway involved in cell
broad patch spanning the entire tip, only those cells stronglyall integrity and actin cytoskeleton dynamics (see
overexpressing Sphlp display a localization resembling Biscussion). Y.-J. Sheu et al. (unpublished observations)
Spa2p patch (data not shown). Increased expression démonstrate that Spa2p interacts with each of the two
Sph1::3XHA was not observed in pheromone-treated extractdAPKKs involved in this signaling cascade. Similarly, we
by immunoblot analysis (data not shown). detect two-hybrid interactions between Sph1-DBD and either
Since the localization of Sphlp and Spa2p are similar, wslkk1-AD or Mkk2-AD (Fig. 9B; Table 3). Interestingly,
tested whether Spa2p affects Sphlp localization in vegetati®phlp can discriminate between different MAPKKs since
or mating cells. Although Spa2p is not essential for Sph1gphl-DBD does not interact with Pbs2p, the MAPKK
localization, its absence significantly affects the Sph1p stainingpmponent of the HOG MAP kinase pathway involved in the
pattern. This is most apparent in cells with a mating projectiorresponse to high osmotic shock. Other components of the
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Table 3. Summary of two-hybrid interactions Table 4. Expression oFG(TyA):: lacZ in haploid and
Relevant DNA-binding Activation B-Galactosidase diploid strains
genotype domain fusion  domain fusion activity* Relative activity
STES Sphit Ste7 986+315
stexA Sphi Ste7 560+119 Relevant genotype SC-Ura SLAD
STES Ste7 Sphl 231+44 . ;
stes Ste7 Sphi 142473 Haploids Wild type 1.0 (93) 1.0 (317)
STE5 Sphi Ste1l 24.3+2.9 spad 2.310.7 1.1£0.1
steA Sphl Stell 29.37.7 sph1A 1.4+0.2 0.9+0.2
STES Stell Sphl 2.6+0.9 spa sph1A 1.4+0.5 0.910.1
stex Stell Sphl 2.0:0.8 Diploids Wild type 1.0 (12) 1.0 (61)
STES Sphl Fus3 6.2+1.4 7 0.8+0.3 1.140.1
steA Sphl Fus3 6.1+1.2 spa e e
STE5 Fus3t Sph1 3.7+0.7 sph1A 1.0+0.2 1.2+0.4
steA Fus3 Sphl 2.6+2.2 spaA sph1A 1.3+0.3 1.4+0.4
STES Sphit Mkk1 440+102
Sphit Mkk2 21.2£2.5 FG(TyA)::lacZ expression was measured in cells growing in nitrogen-rich
Sphlt Pbs2 2.5¢0.7 medium (SC-Ura) or nitrogen-poor medium (SLAD). Activities are
Sphl Slt2 8.5+2.4 expressed as fold difference relative to wild-tfegalactosidase activity.
Slk1 Sphl 2.0x0.7 Total B-galactosidase activity of wild type is shown in parentheses and is
STES Sphit Budfrs-7ss) 10617 expressed in nmol @-nitrophenyl8-D-galactopyranoside hydrolyzed per
Sphl Budfsss-766) 7.2¢1.2 minute times the mg of protein.
Sphlt Bud@7s-7ss) 6.8+1.1
Buds6 Sphl 2.6+0.6
2‘;22 ggfﬁ 30w00 To explore this possibilityB-galactosidase expression was
Sphi Pea2 3.7+0.6 measured from a pseudohyphal and haploid invasive reporter
STES Sphit AD 3.20.6 gene (FG(TyA)-lacZ) (Mosch et al., 1996) maintained in
DBD Sph1 2.2+0.4 >1278b wild-type,spad, sphl4, and spad sphlA strains.
stex) Sphl AD 32:0.3 These strains were grown under nitrogen-rich or nitrogen-poor
DBD Sphi 4.840.6 9 9 gen-p

conditions which promote haploid invasive growth or

*Activity is expressed as nmole 6Fnitrophenylf-D-galactopyranoside pseUdOhy_phal grOWth' respectlvely. Loss of eitieH], SPAZ .
hydrolyzed per minute times mg of protef-Galactosidase activity was or both did not appreciably affect the pseudohyphal signaling
measured from three independent pools of transformants for each set of pathway under the conditions tested (Table 4)_
interactions in either Y864 EY or YS85 éte)) as noted. Standard
deviations are indicated.

tinteraction was also detected using a SBL-4 DNA binding domain
fusion plasmid. DISCUSSION

SPA2and the related gen8PH1 encode a set of proteins

important for the control of cell morphogenesis in yeaBA2
SLT2/MPK1IMAP kinase pathway were tested for interactionand SPH1are each required, although to varying extents, for
with Sphlp; Sph1-DBD interacts with SIt2-AD approximatelythe dimorphic transition between the yeast form and the
2- to 3-fold above background (Table 3). However ngpseudohyphal cell type. A haploid invasive growth defect as
interaction was observed between Sphl-AD and Slk1-DBDvell as a mating projection formation defectsipa2d sphiA
(Table 3). cells further support a role f@PA2and SPH1in polarized

Since Spa2p associates with both Pea2p and Bud6p (Y.growth. Sphlp localizes to sites of polarized growth throughout

Sheu et al., unpublished observations), additional two-hybrithe budding cycle and during mating projection formation and
tests were performed to examine whether Sphlp also interagsowth, and Sphlp localization is affected by the losSR#2
with these polarity proteins (Fig. 9C; Table 3). A weakFurthermore, we have demonstrated two-hybrid interactions
interaction was detected between Sph1-DBD and several Buth@tween Sphlp and several MAP kinase signaling components
fragments fused to the Galdp activation domain, the strongesthich parallel interactions between Spa2p and these same
interaction occurring with a fusion containing the carboxyl-kinases (Y.-J. Sheu et al., unpublished observations). These
terminal 513 amino acids. Surprisingly, no interaction wasesults indicate that Sphlp and Spa2p form a set of proteins
observed between Sph1-AD and full length Bud6-DBD. Inthat interact with signaling components and mediate polarized
addition, no significant two-hybrid interactions between Sphlgell growth.
and full length Pea2- and Spa2-fusion proteins were observed _ ) )
(Fig. 9C; Table 3). Furthermore, no detectable interaction ofPH1 is a polymorphic gene with homology to  SPAZ

Sphlp with itself was observed (data not shown). Sequence analysis reveals tB&H1is polymorphic, and two

. distinct strain-specific protein isoforms exist. Liu et al. (1996)
Sphilp and Spa2p do not affect pseudohyphal signal have similarly demonstrated a polymorphism in feO8
transduction gene, which in S288C-derived strains blocks haploid invasive

Because Spa2p and Sphlp interact with Ste7p and Stellp doyd pseudohyphal growth. It is likely the trunca&&H1allele

the two-hybrid system, and mutations in these genes result dontributes to defects in these processes, and may be one of
pseudohyphal defects, we examined whefti2and/orSPH1  those alleles identified by Lui et al. (1996) that modifies the
play any role in the pseudohyphal signal transduction pathwalgvel of pseudohyphal growth in backcrosses betvid&78b
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FLO8and S288@lo8strains. Both thBo8andsphlmutations functionally overlap withSPA2in the process of bud site
may have been selected in the process of preparing laborat@glection.
strains that form smooth round colonies. ) .

DNA sequence analysis predicts that Sphlp shares sevefdle role of Sphlp in polarized cell growth
domains of similarity to Spa2p. One such domain contains bocalization of Sphlp by immunofluorescence microscopy
pair of direct repeats found at the amino terminus of botkuggests that Sphlp participates in the process of cellular
proteins. The region containing this domain is important fopolarity; the protein localizes to sites of polarized growth in
Spa2p function and is sufficient for interaction with Ste7pboth vegetative and mating cells. Although Sphlp was
Mkk1lp and Mkk2p by two-hybrid analysis (Y.-J. Sheu et al.,overexpressed in this study, we believe our results likely reflect
unpublished observations). Moreover, Arkowitz and Lowethe authentic staining pattern for several reasons. First, cells
(1997) and Y.-J. Sheu et al. (unpublished observations) haexpressing a wide range of Sphlp expression levels all display
demonstrated that amino-terminal truncations lacking this similar staining pattern. Second, Arkowitz and Lowe (1997)
region of Spaz2p, including the first repeat element, results inave reported similar localization results using a GFP-Sphl
a mating efficiency comparabledpaA cells. Because Sphlp fusion protein expressed under the control 8PA2promoter.
also interacts with Ste7p, Mkk1p, and Mkk2p, we predict thaThird, the observed Sphlp staining pattern is similar to that
the corresponding amino-terminal domain in Sphlp is likelydemonstrated for Spa2p and other polarity proteins during
to be sufficient for this interaction. A GenBank search usingnating and vegetative growth (Snyder, 1989; Pringle et al.,
this direct repeat sequence identified sapiensand C.  1995). Whether Sphlp is normally expressed in a cell cycle-
eleganggenes predicted to encode this SDR motif (Wilson especific manner is unclear. However, like 8/A2 AXL2 and
al., 1994; Nagase et al., 1995), raising the possibility that thiGHS3polarity genes (Gehrung and Snyder, 1990; Roemer et
domain interacts with MAPK kinases in a wide variety ofal., 1996a; Santos and Snyder, 1998PH1 contains two
organisms. predicted MCB elements within its promoter sequence at

The sequence similarity of Sphlp and Spa2p suggests thadsitions-160 and-167; MCB elements have been shown to
other domains shared by the two proteins may also mediadetivate the expression of several cell cycle-regulated genes at
physical associations with additional polarity components. Fathe G/S transition (Johnston et al.,, 1991; Johnston and
example, the homologous internal or carboxyl-terminalLowndes, 1992).
domains shared between Sphlp and Spa2p are likely toSphlp may form part of a complex with Spa2p and other
mediate a common interaction between these proteins ampalarity proteins. Consistent with this possibility, Sphilp
other polarity proteins such as Bud6p (Y.-J. Sheu et allpcalization is moderately dependent ®RA2 perhaps due in
unpublished observations). Conversely, non-homologoupart to the partial degradation of Sphlp detectedpai
domains such as the nine amino acid repeat domain or coilegiktracts by immunoblot analysis. If Sphlp and Spa2p
coil A region found in Spa2p may mediate distinct physicaparticipate in the formation of a polarity complex, two-hybrid
interactions or specific functions. The presence or absence afialysis has failed to demonstrate that the two proteins
specific protein interaction domains is a common feature gfhysically associate with one another in this complex. Instead,
cytoskeletal elements that regulate the organization of the actiwo-hybrid analyses indicate Sphlp and Spa2p interact in vivo
cytoskeleton. For example, different isoforms of spectrin varwith a common set of polarity and signaling molecules which
in the presence or absence of protein interaction sites suchaso associate at sites of active growth.
those for ankyrin and protein 4.1 (Morrow et al., 1997). sphlA and spa2d phenotypes include a wide variety of
Similarly, Sphlp and Spa2p may represent two proteipolarized growth defects including those in haploid invasive
isoforms that interact with and/or modulate the cytoskeleton igrowth, pseudohyphal growth, bud site selection, cell shape

different ways. and mating projection formation. This assortment of
) ) phenotypes might be expectedSiPH1and SPA2function in
Sphlp and Spa2p are a partially redundant gene pair proper organization of the actin cytoskeleton. Mutations in

Two significant genetic interactions between 8RHl1and BNI1, PEA2 BUDG6/AIP3 and ACT1 share common diploid
SPA2 were identified which indicate that these genesudding pattern and pseudohyphal growth phenotypes to the
functionally overlap. Firstsphl spaziouble mutants exhibita SPH1-SPAZyene pair (Mosch and Fink, 1997; Yang et al.,
strong haploid invasive growth defect not observed in either997). In addition, each of these components localize to sites
sphlor spa2 mutants. Secondsphl spa2double mutants of polarized growth (Valtz and Herskowitz, 1996; Amberg et
display an exaggerated defect in mating projection morphologyl., 1997; Evangelista et al., 1997; Yang et al., 1997). Physical
as compared to either single mutant. These data, combingteractions between Bnilp, Bud6p/Aip3p, and Actlp strongly
with the Sphlp and Spa2p sequence similarity, identicauggest that these components associate indirectly with the
localization profiles in vegetative and mating cells, andactin cytoskeleton (Evangelista et al., 1997). As both Spa2p
overlapping collection of two-hybrid interactions, stronglyand Sphlp interact in the two-hybrid system with
indicate thatSPH1and SPA2have some functional overlap.  Bud6p/Aip3p, we speculate that Spa2p and Sphlp may also
However, contrary to that reported by Arkowitz and Lowepotentially interact with the actin cytoskeleton.
(1997), we were unable to find a bud site selection defect in The SLT2(MPK1)MAP kinase pathway is activated during
vegetativesphWWsphA cells, despite analyzing three different periods of polarized growth and is implicated in maintaining
strains, including the identical strain background used in thethe integrity of the cytoskeleton and cell wall (Igual et al.,
study. Moreover, as both studies failed to uncover ang996; Zarzov et al., 1996). A potential target of this pathway
exaggerated budding pattern defect isphlA/sphld, is the actin cytoskeleton, since mutations ShT2(MPK1)
spa/spaA daughter cells, we believe th&PH1does not result in a variety of phenotypes in common with mutants of
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the actin cytoskeleton (Costigan et al., 1992; Mazzoni et alagnd Ste7p components, but not with Fus3p (Y.-J. Sheu et al.,
1993; Zarzov et al., 1996). Two-hybrid analysis of both Sphlpnpublished observations). LikePA2and SPH1,both STE7
and Spa2p (Y.-J. Sheu et al., unpublished observationghd STE11lare required for haploid invasive growth and
demonstrate both of these proteins interact in vivo with th@seudohyphal defect&US3is not. Thus, Spa2p and Sphlp
MAPK kinases of theSLT2(MPK1)MAP kinase pathway, may affect pseudohyphal and haploid invasive growth through
Mkk1p and Mkk2p. Interestingly, cells containing mutations ofinteraction with these signaling components. DeletioBRA2
both SPA2andSLK1(BCK1) which encodes the MAPKKK of and SPH1 did not significantly affect the activity of a
this pathway, are lethal (Costigan et al., 1992; Costigan armseudohyphal and haploid invasive reporter construct,
Snyder, 1994). Furthermore, hyperactivation of thisindicating that overall signaling is not impaired in these strains.
SLT2(MPK1)MAP kinase pathway ispa2cells, as judged by Moreover, Y.-J. Sheu et al. (unpublished observations)
hyperphosphorylation of Swiép (a downstream target of Slt2pjemonstrate that a mating reporter construct is only slightly
(Madden et al.,, 1997), demonstrates th&PA2 is  affected by the presence of a low level of pheromone.
physiologically relevant to the activity of this pathway (Y.-J. There are two possibilities as to how Sphlp and Spa2p
Sheu et al., unpublished observations). These data indicate tivaeractions with Stellp and Ste7p might affect signaling.
a functional relationship likely exists between Spa2p, Sphilgsirst, the localization of Sphlp and Spa2p resembles the
and theSLT2MAP kinase pathway. localization pattern of Ste20p; perhaps Ste7p and Stellp are
Why have so many proteins that participate in polarized cefiolarized as well. Spa2p and Sphlp might help localize these
growth? There are two possibilities. First, althosgh2 sphl  components at growth sites and affect signaling specifically at
pea2 budg beml andbnil mutants possess clear polarity these locations. A second possibility, not mutually exclusive
defects, these components are not essential for polarizéwm the first, is that Sphlp and Spa2p might serve as a scaffold
growth (Gehrung and Snyder, 1990; Chenevert et al., 1998r mediating interactions among signaling components of
Valtz and Herskowitz, 1996; Amberg et al., 1997; EvangelisttMAP kinase cascades. Stebp has been shown to interact
et al., 1997). Thus, it is possible that they carry out redundadirectly with many elements in the pheromone-response MAP
functions in controlling actin polarization in yeast. Consistenkinase module and serves as the archetype for a ‘scaffolding’
with this possibilityspa2d bem!A double mutants are dead protein. Such molecules are able to link multiple components
(Costigan et al., 1992). Second, perhaps these different proteinsa kinase cascade to one another, thereby amplifying the
link the actin cytoskeleton to the cortex in different ways omutput signal of the kinase cascade and restricting undesirable
respond to extracellular signals differently to help specify celtrosstalk between MAP kinase cascades (Choi et al., 1994;
shape. This would be particularly critical during matingYashar et al., 1995). One intriguing possibility is that Sphilp
projection formation and orientation, which involves theand Spa2p function in an analogous manner to Ste5p during
dynamic reorganization of the cytoskeleton while trackinghaploid invasive and pseudohyphal growth. Because
pheromone gradients. Loss of any of these proteins results iimeractions between Sphlp and Spa2p (Y.-J. Sheu et al,

defects in mating projection formation. unpublished observations) with Ste7p and Stellp occur
) independently of Ste5p, and becaG3é&=5does not appear to

The role of Sphlp and Spa2p in pseudohyphal participate in either the haploid invasive or pseudohyphal

growth and haploid invasive growth morphogenic pathways (and in fact is not expressed in diploid

Sphlp and Spa2p are important for pseudohyphal growth amwells; Leberer et al., 1993), Sph1p and Spa2p may functionally
haploid invasive growth. This is likely to be due in part to theeplace Ste5p in tethering the Stellp-Ste7p signaling module
fact thatspa2d sphA cells remain round and do not elongate,to sites of polarized growth during periods of environmental
and perhaps to their budding pattern defect. stress.

Surprisingly, examination of the wild-type budding pattern A growing number of structurally unrelated proteins in yeast
in a population of pseudohyphal cells revealed a bipolaand other eukaryotic cells are now believed to function as
budding program in which most cells possess bud scars at battolecular scaffolds. In yeast, the MAPKK Phs2p, has recently
poles, similar to vegetative cells. This observation is differenbeen demonstrated to interact with each of the constituent
from the unipolar budding pattern previously described (Krortomponents of the HOG high osmolarity signal pathway, and
et al., 1994). This difference, in part, might reflect the fact thas proposed to restrict osmotic stress-activated Stellp to
Kron et al. concentrated their analysis on cells at the periphephosphorylating only Pbs2p (Posas and Saito, 1997). Similarly
of the colony or on cells that had been freshly transferred im mammalian cells, a class of A kinase anchoring proteins
nitrogen-limiting medium; this might bias towards mother cellsknown as AKAPs, have been reported (Coghlan et al., 1995).
that bud at the same pole. Our study analyzed all cells in &KAP79 and AKAP250 interact with protein kinase A, protein
invasive colony as well as on its surface. Regardless, both okinase C, and calcineurin signaling molecules and each of
studies and the Kron et al. studies indicate that pseudohyphthkese proteins share a similar subcellular distribution in
daughter cells bud from the distal tip. This feature, imeurons (Klauck et al., 1996; Nauert et al., 1996). Since at least
combination with: (1) invasive growth deep into the agar whicHive distinct MAP kinase modules exist in yeast (Herskowitz,
restricts movement between cells, (2) a cytokinesis defedi995; Waskiewicz and Cooper, 1995), each of which may be
which enables cells to remain attached, and (3) an elongatddferentially localized and/or regulated under different
cell shape restricting bud formation to the extreme tip of theonditions, novel scaffolding proteins are likely to be
cell, all likely contributes to the extensive filaments formed byuncovered. Future studies will determine whether Sphlp and
pseudohyphal cells. SpaZ2p directly interact with Ste11p or Ste7p, and whether these

Two-hybrid studies using both Sph1lp and Spa2p suggest thateractions occur simultaneously as predicted for a multivalent
each of these proteins interact strongly in vivo with the Stellprotein scaffold.
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