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The yeast SLK1 (BCKI) gene encodes a mitogen-activated protein kinase (MAPK) activator protein which
functions upstream in a protein kinase cascade that converges on the MAPK SIt2p (Mpklp). Dominant alleles
of SLK1 have been shown to bypass the conditional lethality of a protein kinase C mutation, pkcI-A, suggesting
that Pkclp may regulate Slklp function. Slklp has an important role in morphogenesis and growth control,
and deletions of the SLK1 gene are lethal in a spa2-A mutant background. To search for genes that interact with
the SLK1-SLT2 pathway, a synthetic lethal suppression screen was carried out. Genes which in multiple copies
suppress the synthetic lethality of slk1-1 spa2-A were identified, and one, the NHP6A4 gene, has been extensively
characterized. The NHP6A gene and the closely related NHP6B gene were shown previously to encode
HMG1-like chromatin-associated proteins. We demonstrate here that these genes are functionally redundant
and that multiple copies of either NHP6A4 or NHP6B suppress slk1-A and slt2-A. Strains from which both NHP6
genes were deleted (nhp6-A mutants) share many phenotypes with pkcI-A, slk1-A, and slt2-A mutants. nhp6-A
cells display a temperature-sensitive growth defect that is rescued by the addition of 1 M sorbitol to the
medium, and they are sensitive to starvation. nhp6-A strains also exhibit a variety of morphological and
cytoskeletal defects. At the restrictive temperature for growth, nhp6-A mutant cells contain elongated buds and
enlarged necks. Many cells have patches of chitin staining on their cell surfaces, and chitin deposition is
enhanced at the necks of budded cells. nhp6-A cells display a defect in actin polarity and often accumulate large
actin chunks. Genetic and phenotypic analysis indicates that NHP64 and NHP6B function downstream of
SLT2. Our results indicate that the Slt2p MAPK pathway in Saccharomyces cerevisiae may mediate its function

in cell growth and morphogenesis, at least in part, through high-mobility group proteins.

Mitogen-activated protein kinase (MAPK) pathways func-
tion in the stimulation of growth and differentiation in re-
sponse to extracellular signals (for reviews, see references 2
and 5). These pathways have been implicated in the transmis-
sion of signals propagated at the cell surface into changes in
nuclear and cytoskeletal activities. Defining the targets of
MAPK activity is therefore of fundamental importance for
understanding at a molecular level how intracellular processes
are dramatically altered in response to environmental signals.

MAPK pathways are composed of an array of protein
kinases which act sequentially, ultimately stimulating the
downstream MAPK to phosphorylate and activate a target
protein(s) (2, 5). Stimulation of MAPK activity is mediated by
phosphorylation at a conserved threonine and tyrosine located
in the catalytic domain of the kinase (49). The phosphorylation
of these two residues is carried out by a dual-specificity kinase,
a MAPK kinase (MKK) (24, 51). In turn, MKK activity is
regulated by phosphorylation. RAF and MAPK activators are
two classes of kinases which regulate MKKs (14, 36, 37). The
kinases which compose MAPK pathways in a variety of organ-
isms and cell types have been identified (2, 5). This array of
kinases has been aptly termed a signal transduction module,
since the component kinases are often functionally conserved
between species (47).

Recently, extensive effort has been devoted to identifying
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the downstream targets of activated MAPKSs. Evidence has
been presented that MAPKs can translocate between the
nucleus and cytoplasm (10), and both nuclear and cytoplasmic
substrates have been proposed for these enzymes. The tran-
scription factors c-Jun (50), c-Myc (3, 57), and p62"F (21) and
ribosomal S6 kinase II (63), tyrosine hydroxylase (26), and
cytosolic phospholipase A2 (43) can each serve as in vitro
substrates for MAPKs, and their in vivo phosphorylation
patterns correlate with activation of MAPK pathways. Addi-
tional in vivo evidence indicating that MAPKSs are important
for activation of c-Myc and cytosolic phospholipase A2 has
been obtained by using DNA transfection experiments (43,
57). However, although progress in identifying possible sub-
strates of activated MAPKSs has been made, much remains to
be learned about the downstream events caused by MAPK
activation in vivo.

Saccharomyces cerevisiae is an attractive organism in which
to identify and characterize MAPK targets, because it is readily
manipulated by genetic techniques. Three different MAPK
pathways have been identified in this yeast: the KSS1/FUS3
pathway which functions in mating (13, 15, 19), the HOGI
pathway which functions in growth on high-osmolarity media
(8), and the SLT2 (MPKI) pathway which we and others are
studying (11, 12, 30, 38, 39, 41, 46, 48, 65). Components of the
SLT2 (MPKI) pathway appear to play a role in cell morpho-
genesis and growth control (11, 12, 46) and may contribute to
cell wall integrity (40, 48, 65). The presumptive component
kinases of the SLT2 (MPKI) MAPK pathway have been
identified by genetic suppression studies (30, 38, 39, 46). Two
functionally redundant genes, MKKI and MKK2, encode
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TABLE 1. Yeast strains used in this study”

Strain Genotype
Y753 MATa ura3-52 lys2-801 ade2-101 trp1-901 leu2-A98 spa2-Al::TRPI slkl-1 + pSPA2/TRP1/SUP4/CEN
Y431F~ MATa ura3-52 lys2-801 ade2-101 trp1-901 leu2-A98
Y433 MATo ura3-52 lys2-801 ade2-101 his3-A200 leu2-A98
Y609 MATa ura3-52 lys2-801 ade2-101 trp1-901 his3-A200 spa2-A2::TRPI
Y760 MATa ura3-52 lys2-801 ade2-101 trp1-901 his3-A200 slk1-A2::URA3
Y762 MATa ura3-52 lys2-801 ade2-101 trp1-901 his3-A200
Y782 MATa ura3-52 lys2-801 ade2-101 trp1-901 his3-A200 sik1-Al::TRPI
Y783 MATa ura3-52 lys2-801 ade2-101 his3-A200 leu2-A98 sit2-A10::LEU2
Y831 MATa ura3-52 lys2-801 ade2-101 trp1-901 leu2-A98 spa2-Al::TRP1 cdc10-10 + pSPA2/TRP1/SUP4/CEN
Y864 MATa ura3 ade2 trp1-901 his3-A200 leu2-3,112 gal4-A gal80-A pLEXA-lacZ::URA3
Y865/DKY453 MATo ura3-52 trp1-289 his3-Al leu2-3,112 gal2 gall0
Y866/DKY533 MATo ura3-52 trp1-289 his3-Al leu2-3,112 gal2 gall0 nhp6A-A2::URA3
Y867/DKY622 MATa ura3-52 trp1-289 his3-Al leu2-3,112 gal2 gall0 nhp6B-Al::HIS3
Y868/DKY625 MATo ura3-52 trp1-289 his3-Al leu2-3,112 gal2 gall0 nhp6A-A2::URA3 nhp6B-Al::HIS3
Y869/DKY608 MATo ura3-52 trp1-289 his3-Al leu2-3,112 gal2 gall0 nhp6A-A3::URA3 nhp6B-A3::HIS3

“ All strains, except Y864, are in the S288C genetic background.

MKXKSs (30), which are likely candidates to phosphorylate Sit2p
(Mpkl1p) (30, 38). SLK1 (BCK1) (11, 12, 39) encodes a MAPK
activator that may act on Mkklp and Mkk2p (30). Finally, a
dominant allele of SLKI (BCK1) was isolated as an extragenic
suppressor of pkcl-A, suggesting that Pkclp is an upstream
regulator in the Slk1p-Mkkp-Sit2p pathway (39).

The target proteins of the Slt2p MAPK pathway have not
been found. Identification of such targets would contribute to
an understanding of how this MAPK directs downstream
events, and how they, in turn, influence yeast cell growth. To
attempt to identify downstream components of the Sit2p
MAPK pathway, a screen for multicopy suppressors of slk!
defects was carried out, and the NHP6A gene was isolated.
Nhp6Ap was identified previously as a yeast nuclear protein
with the extraction characteristics of a mammalian high-
mobility-group (HMG) protein (35). The gene encoding this
protein and a highly homologous second gene, NHP6B, were
subsequently cloned (34). Both genes encode proteins with
DNA-binding domains similar to those of HMG1 proteins, and
both genes are transcribed (34). Here, we present the first
phenotypic analysis of nhp6-A mutants. Cells from which
Nhp6p function is deleted exhibit many phenotypes similar to
those of SLT2 pathway mutants, and genetic evidence suggests
that NHP6A and NHP6B operate downstream of SLT2. nhp6-A
mutants also exhibit novel defects in morphology and the
cytoskeleton.

MATERIALS AND METHODS

Strains, media, and general methods. The yeast strains used
in this study are listed in Table 1. Growth media and genetic
manipulation of yeast strains were as described by Sherman et
al. (58). Cloning protocols were as described by Sambrook et
al. (55). A 10-pg amount of adenine per ml was used in yeast
media limited for adenine (IADE). Plates containing 5-fluo-
roorotic acid (5-FOA) were made with standard yeast medium
and were supplemented with 1 mg of 5-FOA per ml (6).

Isolation of high-copy-number suppressors of slkI-A. A
yeast genomic DNA library (9) carried in the 2pm plasmid,
YEp24, was transformed into the slkl-1 spa2-A + pSPA2/
SUP4/CEN mutant (Y753) (11), and transformants were se-
lected on IADE medium lacking uracil (11) at 24°C. Of 57,000
transformants, 73 sectoring colonies were identified by visual
screening of plates under X 10 magnification. Sectoring trans-
formants were plated on IADE plates lacking uracil, and red

colonies were isolated. To ensure that the ability to lose the

pSPA2/SUP4/CEN plasmid was due to the presence of the
genomic clone in YEp24 and not a chromosomal mutation, the
red colonies were then streaked on 5-FOA plates. Of the 73
red colonies derived from different transformants, 21 grew on
the 5-FOA plates, indicating that they did not require the
suppressor plasmid for growth; these strains were discarded.
Plasmids from the remaining red colonies were rescued into
Escherichia coli and retested for suppressor activity by trans-
formation into Y753; all plasmids restored sectoring.

The 52 suppressor plasmids were analyzed by restriction
mapping, and the genomic DNA inserts fell into five classes.
The largest class of suppressor plasmids had 43 members
(including eight different clones) and contained the SLKI
gene. Plasmid DNAs from the remaining four classes of
suppressors were transformed into the slk1-A strain, Y782, and
into the spa2-A cdc10-10 + pSPA2/SUP4/CEN strain, Y831
(18). One suppressor conferred red sectoring in spa2-A
cdcl0-10 + pSPA2/SUP4/CEN and was classified as a spa2-A
suppressor. The remaining three suppressors could suppress
slk1-A; these suppressor DNAs were transformed into the
slt2-A strain, Y783.

To identify the region of each plasmid that encoded the
suppressor activity, individual restriction fragments were sub-
cloned into the multicopy (2pum) vector YEp352 (28) and were
then tested for the ability to confer red sectoring in Y753.
Erase-a-Base reactions (Promega Biotec) (27) were performed
on fragments in YEp352 to generate deletion constructs for
further mapping and for sequence analysis. Sequencing reac-
tions (56) were performed with the Universal Primer and
Reverse Primer (U.S. Biochemicals). Approximately 500
nucleotides of sequence from the suppressing regions were
compared with sequences in the GenBank DNA data base.
The spa2-A suppressor and two of the slkI-A suppressors are
novel yeast genes whose characterization will be reported
elsewhere. The remaining slkl-A suppressor mapped to a
588-bp Kpnl-Ndel fragment which contains the previously
described NHP6A gene (34). Deletion of the 99-bp Kpnl-
BstEII fragment, which removes the 5’ flanking DNA and the
first three codons of the NHP6A coding sequence, abolished
the ability of this suppressor to rescue the slkI-A mutant
defects.

Deletion alleles of SLT2, NHP6A, and NHP6B. The nhp6A-
A2, nhp6A-A3, nhp6B-Al, and nhp6B-A3 alleles were con-
structed by standard cloning techniques and were transformed
into yeast cells to replace the chromosomal copies (52). In
nhp6A-A2, the 492-bp BstElI-Nael fragment which contains
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the entire coding sequence for the NHP6A ORF (open reading
frame) was replaced with the URA3 gene; this deletion also
removes parts of the C terminus and promoter, respectively, of
the adjacent genes, MAK3 and ORF2 (64). An internal deletion
of the NHP6A gene, nhp6A-A3, was generated by replacing the
129-bp BstEII-EcoRV fragment which contains sequence en-
coding the N-terminal 45 amino acids of the ORF with the
URA3 gene. The nhp6B-Al allele replaced the Scal-Stul
fragment of NHP6B with the HIS3 gene. This deletion removes
66 codons of the ORF and 45 bp of 5’ flanking sequences. The
nhp6B-A3 mutation is an insertion of the HIS3 gene at the
BamHlI site of NHP6B and interrupts the gene after codon 23.

The nhp6A-A and nhp6B-A mutations were individually
transformed into a wild-type diploid strain. Haploid nhp6A4-A
and nhp6B-A segregants that were recovered were indistin-
guishable from the wild type. A doubly heterozygous strain,
NHP6A/nhp6A-A NHP6B/nhp6B-A, was also created. The
nhp6A-A nhp6B-A segregants grew at 30°C, failed to grow at
38°C, grew at 38°C in the presence of 1 M sorbitol, were
sensitive to nitrogen starvation, and formed aberrant morphol-
ogies at the restrictive temperature, i.e., they exhibited the
same phenotypes as the double mutants generated by disrup-
tion in a haploid. Double mutant strains used in this study were
generated by gene disruption in the haploid strain, Y865 (7).
Correct substitutions at the chromosomal loci of NHP6A4 and
NHP6B were confirmed by DNA gel blot analysis. In addition,
a plasmid containing only the NHP6A4 gene complements the
nhp6A-A3 nhp6B-A3 double mutant, indicating that defects in
the nhp6A-A3 nhp6B-A3 mutant are attributable to nhp6-A and
not some spurious mutation. Except for the analysis of mor-
phological and cytoskeletal defects, all phenotypic analyses of
nhp6A-A nhp6B-A double mutants were carried out on both
the nhp6A-A2 nhp6B-Al and the nhp6A-A3 nhp6B-A3 strains,
and in all cases no differences between these strains were
observed. The analysis of morphological and cytoskeletal de-
fects was performed only on the nhp6A-A3 nhp6B-A3 strain.

The sit2-A10:LEU2 disruption mutation was created by
cloning the Bg/II-HindIll fragment which contains the 5’
coding sequence of SLT2 into the BamHI-HindIlI sites of the
YlIp vector, pRS305 (59). A Sacl-Xbal fragment which con-
tains the 3’ coding sequence of SLT2 was then cloned into the
same vector at the SacI-Xbal sites. This construct substitutes
the 376 bp of the middle of the SLT2 coding sequence with the
LEU2 plasmid DNA. The slit2-A10 mutation construct was
linearized with Xbal and transformed into the diploid yeast
strain Y431F~ X Y433. Haploid s/t2-A segregants of a diploid
transformant were generated by standard sporulation and
dissection protocols (58). Correct substitution at the chromo-
somal locus of SLT2 was confirmed by DNA gel blot analysis.

Synthetic lethality of slt2-A spa2-A. Possible synthetic lethal-
ity of slt2-A spa2-A was tested by dissecting 19 tetrads of a
MATa/o spa2-A/SPA2 sit2-A/SLT2 diploid. After growth at
24°C, segregants showed the following segregation pattern of
live to dead progeny: 1 tetrad yielded 4 viable:0 dead progeny,
10 tetrads segregated 3:1, and 8 tetrads segregated 2:2. Of the
viable spores, 13 were sit2-A, 17 were spa2-A and 0 were slt2-A
spa2-A mutants, thus establishing that the s/t2-A spa2-A double
mutant is nonviable.

Multicopy vectors containing NHP6B, PKC1, SLK1, and
SLT2. A 1.8-kb fragment containing the full-length NHP6B
coding sequence and ~600 bp of 5’ and ~700 bp of 3’ flanking
DNA was cloned into YEp352 (28). The PKC1 gene carried in
YCp50 was rescued from DL106 (41) into E. coli. An ~4.2-kb
Sphl PKCI1 fragment was subcloned into YEp351, a 2pm
LEU?2 vector (28). SLKI carried in a 2um LEU2 vector was
isolated in a screen for multicopy suppressors of slkI-A
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(genomic DNA library in 2um LEU2 was provided by S.
Roeder [16]) and contains the full-length SLKI gene and
flanking DNA (4). An ~2.2-kb Sall-Kpnl SLT2 fragment was
subcloned from YCp50:SLT2 (46) into YEp351.

Microscopic analyses. Cell cultures were grown to early log
phase (~3 X 10° cells per ml) in yeast extract-peptone-
dextrose (YPD) at 30°C, which was then shifted to 38°C, and
the cultures were incubated with shaking in a water bath.
Aliquots were taken at regular intervals for analysis of cell
density (optical density at 600 nm) and for fixation and
microscopic analysis. Cells were fixed directly in growth media
by the addition of formaldehyde to 3.7% and then pelleted and
rinsed with phosphate-buffered saline (PBS) (0.15 M NaCl, 50
mM NaPO, [pH 7.4]) several times. Calcofluor and rhoda-
mine-phalloidin staining was carried out similarly to the
method described by Madden et al. (45). Cells were stained
with Calcofluor by resuspension in 0.5 pg of Fluorescent
Brightener no. 28 (Sigma) per ml. F actin was stained by
resuspending cells in PBS, adding an equal volume of 3.3 mM
rhodamine-phalloidin in methanol (Molecular Probes), incu-
bating for ~3 h in the dark, briefly rinsing in PBS, and
resuspending cells in 70% glycerol-PBS-2% n-propyl gallate.
Criteria for quantitation of morphological defects are as
follows: (i) enlarged necks refers to cells with =2X the
wild-type neck diameter, and (ii) elongated buds refers to cells
with =2X the maximum wild-type bud length. Criteria for
quantitation of aberrant chitin are enhanced Calcofluor stain-
ing at the neck at cytokinesis and/or one or more aberrant,
sharply defined Calcofluor-stained patches. The term actin
chunks refers to large spots which stain with rhodamine-
phalloidin and are =3 X the size of wild-type actin spots.
Changes in morphology and the distribution of chitin and actin
were quantitated for cell aliquots obtained throughout incuba-
tion at the restrictive temperature, and the results were
confirmed by three separate experiments. Values between
separate experiments differed by less than 5%. Although cells
were monitored over extended time periods, for clarity of
presentation only values from several time points are cited to
illustrate trends observed in the cell populations over time.
Cells were also stained with methylene blue, which stains dead
cells, to ensure that cell viability did not significantly decrease
over the course of these experiments (>95% viable cells).

Shmoo formation was assayed as described elsewhere (11).
The efficiency of shmoo formation was determined by counting
at least 300 cells in a population that had been maintained at
30°C for 2.5 h in 8 pg of a-factor (Sigma) per ml. Assay of nhp6
shmoo formation was performed by using a MATa nhp6A4-A
nhp6B-A segregant obtained from sporulation and dissection
of a Y869 X Y609 diploid.

Scanning electron microscopy was performed by a variation
of the procedure described by Gimeno et al. (22). Cells grown
to an optical density at 600 nm of 0.3 were prepared by
centrifugation from the culture medium, rinsed once in PBS,
resuspended in 2.5% glutaraldehyde-0.1 M sodium cacodylate
(pH 7.2), and incubated at 24°C for 1 h. Fixed cells were then
rinsed once in 0.1 M sodium cacodylate (pH 7.2), resuspended
in 1/30 the original culture volume with 0.1 M sodium cacody-
late (pH 7.2), and drops were put on (1 mg/ml) polylysine-
coated coverslips. Cells were allowed to settle on the coverslips
for 0.5 h at 24°C. The coverslips were dehydrated in an ethanol
series (50, 70, 80, 95, and 100% for four times), critical-point
dried, mounted, and gold-palladium sputter coated. Cells were
observed under X 6,000 to X 16,000 magnification in an ISI
SS-40 scanning electron microscope.

Analysis of interactions in vivo by the yeast two-hybrid
screen. The full-length coding sequence of the SLT2 gene with
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BamHI sites introduced for cloning purposes was generated by
PCR (53, 54) with primers 1 (5'-CGCGGATCCAGATGGCT
GATAAGATAGAGAGGCAT-3') and 2 (5'-CCAGGATC
CCCGGTTACTTATAGTTTTTTGTCC-3'). Similarly, the
full-length coding sequence of the NHP6A gene with BamHI
sites was cloned by PCR with primers 3 (5'-CGGGATCCCAA
TGGTCACCCCAAGAGAACCTAAGAA-3') and 4 (5'-CA
GGATCCAAAAACGCGGGGAGGAAGTATCCCTA
A-3"). The SLT2 and NHP6A PCR fragments were digested
with BamHI and cloned into the BamHI site of the pSH2-1
vector which contains the DNA fragment encoding the DNA-
binding domain of LexA (codons 1 to 87) under the control of
the ADHI promoter (23). The SLT2 gene was also cloned into
the BamHI site of the pGAD2F vector which contains the
DNA fragment encoding the transcriptional activation domain
of Galdp (codons 768 to 881) under the control of the ADH1
promoter (17a). The junctions of the resulting fusions were
checked by DNA sequencing. The pGAL4::SLT2 construct was
able to restore growth at 37°C to an slt2 strain (slt2-1 leu2
[received from C. Mann]), and the pLexA:NHP6A and
pLexA::SLT2 constructs were able to restore growth at 37°C to
the slt2-A strain, Y783. Test plasmids and appropriate control
plasmids were transformed into a strain containing the
lexA::lacZ reporter gene (Y864).

Assay for P-galactosidase activity. Transformants were
patched onto media selective for the plasmids, incubated at
24°C to allow growth of the patches, and then replica plated to
a sterile Whatman 1-mm-pore-size filter on fresh selective
media, and the strains were incubated again to allow growth of
the patches on the filter. The patches were permeabilized by
incubating the filter in a chloroform chamber for 10 min. The
filter was then placed on an X-Gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside) indicator plate (100 mM so-
dium phosphate [pH 7], 1 mM MgSO,, 120 pg of X-Gal per
ml, 2% agar), incubated overnight at 24°C, and monitored for
the development of blue color. Quantitative assays were then
performed on strains grown in liquid culture (69). Strains to be
assayed were always compared with appropriate positive (Y864
transformed with pSH17-4, which encodes a LexA::Galdp
fusion in pSH2-1 [24a] with or without pGAD2F) and negative
(Y864 transformed with pGAD2F and/or pSH2-1) control
strains. Qualitative assays were performed on at least three
independent transformants of each strain; quantitative assays
were performed on two different transformants of each strain.
Similar results were obtained by both qualitative and quanti-
tative assays.

Construction and analysis of the HA epitope-tagged form of
Nhp6Ap. The NHP6A gene with DNA encoding an in-frame
hemagglutinin (HA) epitope introduced at the 5’ end was
generated by PCR with primer 5 (5'-CACCGGTAACCTAC
CCTTATGATGTCCCAGATTACGCCGTCACCCCAAGA
GAACCTAAGAAGAGA-3') and primer 4 described above.
Primer 5 encodes the nine-amino-acid HA epitope YPYDVP
DYA (68), which is recognized by the mouse monoclonal
antibody 12CAS5 (BABCO). YEp352 containing the full-length
NHP6A gene was digested with BstEIl and BamHI to remove
the NHP6A ORF (the BamHI site lies in the YEp352
polylinker and is 3’ to the NHP6A gene). The resulting
fragment which contained YEp352 and the promoter and ATG
of NHP6A was ligated to the HA::NHP6A PCR fragment which
had been digested with BstEIl and BamHI. The fusion was
checked by DNA sequencing, and expression of the
HA::Nhp6Ap fusion protein was checked by immunoblot
analysis as described by Snyder (61) and by immunoprecipita-
tion as described in Harlow and Lane (25) using antibody
12CAS. Complementation assays with HA::Nhp6Ap were car-
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ried out by transforming slkl-A (Y782), slt2-A (Y783), and
nhp6A-A nhp6B-A (a ura3 revertant of Y869).

Metabolic labelling experiments were performed with three
different strains: (i) a wild-type strain (Y431F~) carrying
NHP6A in YEp352, (ii) a wild-type strain (Y431F ™) carrying
HA:NHP6A in YEp352, and (iii)) a slt2-A strain (Y783)
carrying HA::NHP6A in YEp352. Cells were grown overnight
at 30°C to early exponential phase in 50 ml of medium lacking
uracil and phosphate depleted as described by Warner (67).
Cells were then pelleted, resuspended in 50 ml of phosphate-
depleted YPD, and incubated for 2 h. Cells were again
pelleted, resuspended in 6 ml of fresh phosphate-depleted
YPD, and split into two tubes. To one tube, H;**PO, (ICN)
was added to 0.2 mCi/ml. The other tube served as a nonra-
dioactive positive control for immunoprecipitation of
HA::Nhp6Ap and was treated identically to the first tube. Cells
were incubated at 33°C for 0.5 h and then pelleted, rinsed twice
in a solution containing PBS, 1 mM phenylmethylsulfonyl
fluoride, 20 mM NaF, and 1 mM orthovanadate, and frozen in
a dry ice-ethanol bath. Cell lysates and immunoprecipitations
were carried out in the presence of protease inhibitors (1 mM
phenylmethylsulfonyl fluoride and 2 pg each of chymostatin,
leupeptin, and pepstatin per ml), RNase A (0.7 pg/pl), and
phosghatase inhibitors (20 mM NaF, 1 mM orthovanadate).
The *?P-labelled samples were analyzed by autoradiography
after sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE); the nonradioactive samples were analyzed by
SDS-PAGE and immunoblot analysis with antibody 12CAS.

RNA (Northern) blot analysis. RNAs were prepared from
exponentially growing wild-type (Y762), slk1-A (Y760), slt2-A
(Y783), and nhp6A-A nhp6B-A (Y869) cells, separated in an
agarose gel containing formaldehyde, and blotted as described
elsewhere (32, 55). RNA samples were split into three aliquots
and probed for NHP6A, NHP6B, and ACT1. Hybridization was
detected with the Genius system (Boehringer). As expected, no
hybridization of the NHP6 probes was seen with the nhp6A4-A
nhp6B-A RNA sample. RNA was quantitated by densitometric
analysis. NHP6A RNA levels were normalized by determining
the ratio of NHP64A RNA to ACTI RNA.

RESULTS

Identification of multicopy suppressors of slkI-1 spa2-A
synthetic lethality. The SLK1 and SPA2 genes both have a role
in yeast morphogenesis (11, 20, 61). Slklp is a kinase which is
involved in cell morphogenesis and the control of cell growth
(11, 12). Spa2p is a protein which colocalizes with sites of
polarized cell growth (20, 61, 62). Neither gene is essential, but
deletion of both genes results in cell death (synthetic lethality)
(11). The SIk1p and Spa2p proteins are thought to operate in
different pathways within the budding process; multiple copies
of SPA2 fail to suppress the slkI-A defects, and, conversely,
multiple copies of SLKI fail to suppress spa2-A defects (data
not shown).

We carried out a screen to isolate genes which, when present
in multiple copies, suppress the lethality of slk1-1 spa2-A (i.e.,
a synthetic lethal suppression screen). It seemed probable that
genes identified by this screen might encode proteins acting
downstream of Spa2p, downstream of Slklp, downstream of
both Slklp and Spa2p, or in a pathway redundant to those in
which Slk1p and Spa2p function.

Previously, we had constructed a strain which has the
following relevant markers: spa2-Al, slkl-1, ade2-101, and a
pSPA2/SUP4/CEN plasmid (11). spa2-Al is a chromosomal
deletion of the SPA2 gene, slkl-1 is a nonsense mutation in
SLK1 (BCK1), and ade2-101 is a mutation in the ADE2 gene



VoL. 14, 1994

FIG. 1. Multiple copies of the NHP6A and NHP6B genes partially
rescue sltkl-1 spa2-A lethality; an slkl-1 spa2-A + pSPA2/SUP4/CEN
strain containing 2pm plasmids with the SLK] gene (A), no DNA
insert (B), the NHP6A gene (C), and the NHP6B gene (D). Transfor-
mants were grown at 24°C on IADE medium lacking uracil. The ability
to rescue slki-1 spa2-A lethality is indicated by dark (red) sectors and
colonies due to loss of the pSPA2/SUP4/CEN plasmid.

which causes the cells to turn red on medium limiting for
adenine. The pSPA2/SUP4/CEN plasmid contains a wild-type
SPA?2 gene, which allows for growth of the spa2-A slk1-1 strain,
and SUP4, which suppresses the ade2-101 mutation and thus
prevents the formation of red pigment. This strain forms
homogeneous white colonies (Fig. 1B), because the SPA2
plasmid must be retained for viability. Strains containing a
second plasmid that can complement either sikl-1 or spa2-A
will lose the pSPA2/SUP4/CEN plasmid at a high frequency
and form white colonies with many red sectors. For example, a
plasmid with the SLKI gene has this phenotype (Fig. 1A).

To identify genes that suppress spa2-A sikI-1 lethality when
present in high copy, a yeast genomic DNA library in a 2um
multicopy plasmid (9) was transformed into the starting strain,
and transformants that are able to lose the pSPA2/SUP4/CEN
plasmid were identified as white colonies with red sectors. Of
57,000 transformants, 52 plasmids that reproducibly allowed
sectoring were identified (see Materials and Methods). Re-
striction mapping analysis indicated that 43 of these plasmids
contained SLKI; none contained SPA2. The remaining 9 fell
into four sequence classes (see Materials and Methods). One
plasmid from each class was characterized further.

To determine whether the plasmids suppressed spa2-A,
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slk1-A, or both, the plasmids were transformed into three
different strains: a spa2-A strain, a spa2-A cdcl0-10 strain
containing pSPA2/SUP4/CEN (18), and a slkI-A strain. The
spa2-A strain is defective in projection formation after phero-
mone treatment and has other polarity defects (20, 61). The
spa2-A cdcl0-10 strain is not viable without the SPA2/SUP4
plasmid. The slk1-A strain is temperature sensitive for growth
and has other phenotypes (see below). One plasmid sup-
pressed only spa2-A cdc10-10 lethality and not slk1-A defects,
suggesting that it specifically suppresses certain spa2-A defects.
The other three plasmids suppressed the different defects of
slk1-A (see below), but not the projection formation defects of
spa2-A cells or the lethality of spa2-A cdcl0-10. Sequence
analysis of subclones containing the suppressing activity re-
vealed that the spa2-A suppressor and two of the three slk1-A
suppressors are previously unreported genes. Their character-
ization will be reported elsewhere.

The third slkI-A suppressor, which was isolated as two
independent clones, was identical to the previously cloned
gene, NHP6A (34). Multiple copies of a DNA fragment
containing the full-length NHP6A ORF, 91 bp of upstream
flanking DNA, and 129 bp of 3’ flanking DNA suppress the
spa2-A slkI-1 lethality (Fig. 1C) and slkI-A phenotypes (the
temperature sensitivity and growth inhibition by low levels of
caffeine, described below). Deletion of the 5’ flanking DNA
and the first three codons of the NHP6A coding sequence
abolished the ability of this suppressor to rescue the slkl-A
mutant defects, confirming that suppression is due to the
NHP6A gene. S. cerevisiae has a second gene, NHP6B, which is
homologous to NHP6A (34). To determine whether multiple
copies of NHP6B could also suppress slk1, a high-copy-number
plasmid containing the NHP6B gene was transformed into
slk1-1 and slk]-A strains. The NHP6B multicopy plasmid was
able to suppress the lethality of spa2-A slk1-1 (Fig. 1D) and the
phenotypes of the slkI-A mutation (data not shown). Thus,
both NHP6A and NHP6B can suppress slkl defects.

Phenotypic analyses of nhp6-A mutants suggest that NHP6
is important in some but not all of the same cellular processes
as the SLT2 pathway. Mutations in the SLT2 pathway exhibit
a variety of defects in growth control and morphogenesis.
Deletion of PKCI results in lethality which is rescued by
growth on osmotically stabilized medium (41, 48). Similarly,
deletions of SLKI, MKK (mkkI-A mkk2-A cells), or SLT2
result in a failure to form colonies at elevated temperatures
(37°C) (11, 30, 38, 39, 46, 65) which can be suppressed by the
addition of 1 M sorbitol to the medium (30, 38, 39, 46, 65).
slk1-A and slt2-A cells have defects in shmoo formation and are
sensitive to starvation (11, 12, 46). Furthermore, the growth of
slk1-A cells and slt2-A cells is inhibited by low levels of caffeine
in the medium (11) (see Fig. 5), and slkI-A and slt2-A mutants
cannot grow at 30°C on medium containing glycerol as the
primary carbon source (data not shown). Finally, both slkI-A
and slt2-A are synthetically lethal with spa2-A cells, which is
consistent with their participating in polarized growth and
morphogenesis (11) (see Materials and Methods).

To analyze the in vivo functions of NHP6A and NHP6B and
to determine whether these genes participate in the same
cellular processes as PKCI, SLK1, and SLT2, several deletion
and insertion mutations were made in each NHP6 gene
(described in Materials and Methods). Neither gene is essen-
tial, since nhp6A4-A strains and nhp6B-A strains grow normally
at all temperatures tested: 17, 24, 30, and 38°C. However, the
nhp6A-A nhp6B-A double mutant strains grow normally at 24
and 30°C, grow poorly at 37°C, and fail to form colonies at
38°C (Fig. 2). The temperature-sensitive growth defect of
nhp6A-A nhp6B-A cells is rescued by the addition of 1 M
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FIG. 2. Growth phenotypes of nhp6-A, slk1-A, and sit2-A mutants. Growth of the wild-type (1), nhp6A-A (2), nhp6B-A (3), nhp6A-A nhp6B-A
(4), slt2-A (5), and slk1-A (6) strains is shown. (Top row left): slk1-A, sit2-A, and nhp6A-A nhp6B-A mutants fail to grow on YPD plates at 38°C;
(top row right) the growth defect at 38°C is rescued by the addition of 1 M sorbitol (sorb) to the medium. (Bottom row) Nitrogen starvation
sensitivity of slk1-A, slt2-A, and nhp6A-A nhp6B-A strains. (Left) Cells were grown on YPD plates for 3 days, transferred to yeast minimal medium
lacking nitrogen (YM-N) plates at 30°C for 7 days, and then transferred to YPD plates and grown for 3 days. (Right) Control replica plates of
nonstarved cells were incubated at 30°C on YPD medium after growth on YPD medium for 3 days at 30°C.

sorbitol to the medium (Fig. 2), as observed for slkI-A and
slt2-A mutants. Quantitative growth rate measurements dem-
onstrate that this osmoremediation restores growth at 38°C to
37% of wild-type rates.

The nhp6 mutants were also tested for their ability to survive
nitrogen starvation. nhp6A4-A and nhp6B-A strains were not
sensitive, whereas the nhp6A4-A nhp6B-A double mutants were
sensitive to nitrogen starvation (Fig. 2). Wild-type, nhp6A-A,
and nhp6B-A cells recover after incubation for 1 week on
medium lacking nitrogen (YM-N) and then by transfer to rich
medium; however, nhp6A-A nhp6B-A strains are severely im-

paired in recovery. These results suggest that NHP64 and
NHP6B are functionally redundant, since only the double
mutant has an observable phenotype and since either gene on
a high-copy-number plasmid can suppress slkI-A defects. Im-
portantly, the results also indicate that cells lacking NHP6
function have many mutant phenotypes similar to those re-
ported for mutants in the SLT2 pathway.

However, nhp6A-A nhp6B-A mutants do not exhibit all of
the mutant phenotypes of slkI-A and sit2-A cells, and/or the
nhp6A-A nhp6BA mutant phenotypes appear less severe. Un-
like SLT2 pathway mutants, nhp6A-A nhp6B-A mutants are not
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inhibited for growth in the presence of caffeine (concentrations
of up to 11 mM tested) at 30°C and are able to grow on
medium containing glycerol as the primary carbon source at 30
and 37°C (data not shown). nhp6A-A nhp6B-A cells form
normal mating projections and the nhp6-A mutations are not
lethal in a spa2-A background. Sporulation of a MATa/MAT«
spa2-A/SPA2 nhp6A-A/NHP6A nhp6B-A/NHP6B diploid and
analysis of 30 tetrads revealed that 13% of the segregants were
spa2-A nhp6A-A nhp6B-A, approximately the number of such
segregants that is expected under the assumption of Mendelian
segregation. Thus, nhp6-A cells have many characteristics of
slt2-A and slk1-A mutant cells yet are normal in other respects.

nhp6A-A nhp6B-A mutants have morphological defects. In
addition to the growth defects described above, SLT2 pathway
mutants have a variety of morphological defects. These include
rapid lysis after shift to nonpermissive growth conditions (38,
39, 46, 65), aberrant neck and bud formation (11, 48), and the
formation of long chains of cells (48). Since the nhp6 double
mutants have many growth defects similar to those of sikI-A,
sit2-A, and pkcl-A mutants, the nhp6A4-A nhp6B-A cells were
examined for morphological defects by light and scanning
electron microscopic techniques.

In liquid medium, nhp6A-A nhp6B-A mutants ceased growth
after ~12 h at the restrictive temperature, 38°C, and after
prolonged incubation (greater than 28 h), the cells appeared
nonrefractile in the light microscope, which is suggestive of cell
lysis (data not shown). This phenotype is also observed in SLT2
pathway mutants incubated at the nonpermissive temperature,
except that the lysis occurs much more rapidly for sikI-A and
sit2-A mutants. Incubation of nhp6A-A nhp6B-A mutant cells at
38°C leads to an accumulation of cells with enlarged necks and
a high proportion of connected cells (Fig. 3B). After 22 h at
38°C, 15% of nhp6A-A nhp6B-A mutants had enlarged necks (n
= 310 cells counted) and 7% of nhp6A-A nhp6B-A mutant cells
were in chains composed of three or more cells (n = 375 cells
counted). A subset of cells (10%) with enlarged necks also had
elongated buds. By comparison, <1% of wild-type cells (n =
368) had enlarged necks or chains of three or more cells.
nhp6A-A nhp6B-A cells shifted to the restrictive temperature
are often larger than similarly treated wild-type cells and have
irregular shapes (Fig. 3B). Staining of DNA with Hoechst stain
showed that 97% (at 22 h [n = 430]) of all cells contained a
single nucleus, indicating that there is no defect in nuclear
division. The osmoremediation of nhp6A-A nhp6B-A temper-
ature-sensitive growth did not alleviate the morphological
defects; at 22 h, 16% of nhp6A-A nhp6B-A cells incubated in
YPD medium containing 1 M sorbitol had aberrant morphol-
ogies (n = 318).

The nhp6A-A nhp6B-A cell population at 38°C was also
analyzed by scanning electron microscopy (Fig. 3D). The
observations were consistent with those obtained by light
microscopy; the necks of nhp6A-A nhp6B-A mutants were
often enlarged at cytokinesis, the double-mutant cells were
often bigger than the wild-type cells, and chains of cells were
frequently observed. Thus, in general, the morphological de-
fects of nhp6A-A nhp6B-A cells are similar to but less severe
than those of slk1-A and slt2-A mutants at 37°C. Some features
of nhp6A-A nhp6B-A mutants are also reminiscent of those
described for pkcl-A mutants (see Discussion).

nhp6A-A nhp6B-A mutants have altered distributions of
chitin and actin. s/t2-A cells grown at the restrictive tempera-
ture in 1 M sorbitol have polarity defects; these cells contain
partially delocalized actin distributions and accumulate secre-
tory vesicles (46). Because nhp6 mutants have many of the
same morphological defects as mutants in the SLT2 pathway,
we analyzed the distribution of two components of polarized
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growth, chitin, and actin, in nhp6A-A nhp6B-A strains. In
wild-type cells, chitin is primarily deposited at the neck be-
tween the mother and daughter cells. After cell separation, it
remains on the mother cell and can be detected by Calcofluor
labelling as a circular bud scar; the daughter birth scar is not
labelled (44, 45, 60). Lower levels of chitin are also accumu-
lated throughout the cell wall and are readily detectable in
older cells. Typically, mother cells exhibit low-level Calcofluor
labelling of the cell wall, while daughter cells stain more weakly
(Fig. 4A). Delocalized chitin deposition is a hallmark of yeast
mutants with defects in polarized growth. Among such mutants
are actl, pfyl, cap2, cdc24, and myo2, which have diffuse
patches of chitin spread discontinuously over the surfaces of
mother cells and little chitin on daughter cell surfaces (see
references in reference 44).

Staining with Calcofluor reveals that nAp64-A nhp6B-A
mutants have a novel defect in chitin deposition (Fig. 4B).
After 22 h at 38°C, 35% of nhp6A-A nhp6B-A cells (n = 314)
had aberrant chitin deposition; chitin patches and/or enhanced
chitin deposition at the neck at cytokinesis was observed
(defined further in Materials and Methods). Wild-type cells
lacked these patches (n = 367). Addition of 1 M sorbitol to the
medium partially alleviated the chitin deposition defect of
nhp6A-A nhp6B-A cells. At 22 h, 24% of nhp6A-A nhp6B-A
cells incubated in YPD medium containing 1 M sorbitol had
aberrant Calcofluor staining (» = 343). Similarly treated slt2-A
cells did not display the observed defect in chitin deposition,
indicating that this defect is specific for nhp6A4-A nhp6B-A
mutant strains. The increase in aberrant chitin patches after
prolonged incubation at 38°C correlated with a small decrease
in cells with normal, circular bud scars, although the decrease
in bud scars was not as dramatic as the increase in chitin
patches. After the shift to 38°C, the percentage of cells with
chitin patches increased from 0 to 31%; the frequency of cells
with bud scars decreased from 24 to 12%. This suggests that a
subset of the chitin patches in nhp6A-A nhp6B-A mutants
might be defective bud scars.

Bud scars were also examined in wild-type cells and in
nhp6A-A nhp6B-A cells by scanning electron microscopy. As
was observed by Calcofluor staining, bud scars were signifi-
cantly depleted in the nhp6A4-A nhp6B-A mutant population.
After 14 h at 38°C, 5% of nhp6A-A nhp6B-A cells had
detectable bud scars (n = 410), compared with 37% of
wild-type cells (n = 426). No structures which might be
candidates for defective bud scars were detected on the
surfaces of the nhp6A-A nhp6B-A cells.

The actin cytoskeleton is also abnormal in nhp6A-A nhp6B-A
mutants at the restrictive temperature (Fig. 4D). Wild-type
cells growing exponentially at 38°C accumulate actin spots in a
ring at the incipient bud site in unbudded cells and at the cell
cortex of the bud in budded cells (1, 44, 45) (Fig. 4C). In
contrast, after 9 h at 38°C, 15% of nhp6A-A nhp6B-A mutant
cells contained actin spots uniformly distributed in both the
mother cell and bud (n = 351 cells), similar to the results
described for s/t2-A cells (46). In addition, a significant fraction
of nhp6A-A nhp6B-A mutants (24 and 31%, at 9 and 18.5 h,
respectively; n [9 h] = 351; n [18.5 h] = 389) contain large actin
chunks (defined in Materials and Methods and shown in Fig.
4D). Double labelling experiments with Calcofluor and rho-
damine-phalloidin demonstrated that actin chunks and chitin
patches do not colocalize (data not shown). The presence of 1
M sorbitol partially alleviates the loss of actin polarity (11% of
cells have delocalized actin after 9 h at 38°C [n = 318]), and
chunks are still visible (22% after 9 h [n = 318]). slt2-A mutants
grown in the presence of sorbitol at the restrictive temperature
also have disrupted actin polarity. Thus, in summary, both
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FIG. 3. nhp6A-A nhp6B-A cells often exhibit morphological defects including elongated buds, long chains of cells, and enlarged necks.
Morphology of wild-type (A) and nhp6A4-A nhp6B-A (B) cells by differential-interference contrast microscopy after incubation at 38°C for 11.5 h
(magnification, X 1,000) and of wild-type (C) and nhp6A-A nhp6B-A (D) cells by scanning electron microscopy after incubation at 38°C for 14 h
(magnification, X 9,840) is shown. A bud scar near the neck of the wild-type cell is shown in panel C.

actin and chitin distribution in the nhp6A4-A nhp6B-A mutant
strain are disrupted.

Genetic evidence suggests that NHP6 functions in the SLT2
MAPK pathway. The phenotypes of the nhp6A4-A nhp6B-A
mutants and the suppression of slk/-A by multiple copies of
NHP6 suggested that these genes might operate in the same

pathway. This possibility was examined by genetic tests. If
Nhp6p is a downstream component of the Slt2p pathway and is
involved in functions controlled by that pathway, slkI-A is
expected to be epistatic to nhp6A4-A nhp6B-A; if Nhp6p oper-
ates in a pathway parallel to the Slt2p pathway, then slkl-A is
expected to enhance nhp6A-A nhp6B-A mutant defects and
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FIG. 4. nhp6A-A nhp6B-A cells have defects in chitin and actin distribution. Wild-type (A and C) and nhp6A4-A nhp6B-A (B and D) cells were
fixed after incubation at 38°C for 11.5 h and were stained with either Calcofluor (A and B) or rhodamine-phalloidin (C and D). The wild-type cell
shown in the upper left-hand corner (A) contains a bud scar which is out of the plane of focus and stains brightly with Calcofluor; arrowheads (B)

point to chitin patches.

perhaps even to cause inviability. These possibilities were
tested by analyzing slk1-A nhp6A-A nhp6B-A segregants of a
MATa/a slk1-A/SLK1 nhp6A-A/NHP6A nhp6B-A/NHP6B dip-
loid. Of 44 tetrads that were dissected and germinated at 24°C,
17 segregants (11% of the viable segregants) were nhp6A4-A
nhp6B-A slkl-A, 14 segregants (9%) were nhp6A-A nhp6B-A,
and 13 segregants (8%) were slkI-A. Thus, there is no increase
in inviability of the triple mutants compared with that of slk1-A
or nhp6A-A nhp6B-A alone. Analysis of colony growth at 30
and 32°C (a semipermissive temperature for slkl-A) revealed
that the nhp6A-A nhp6B-A slk1-A mutants grew as well as the
slk1-A mutants. As expected, the nhp6A-A nhp6B-A slk1-A cells

failed to grow at 38°C, and this growth defect was rescued
when the medium was osmotically stabilized by 1 M sorbitol.
Thus, since the presence of the nhp64-A nhp6B-A mutations
did not enhance the defects of slkI-A, it appears that Nhp6p
operates in the same pathway as Slk1p.

Similarly, we used high-copy-number suppression tests to
determine whether NHP6A4 and NHP6B operate upstream or
downstream of SLT2. As shown in Fig. 5, multiple copies of
either NHP6 gene suppress the temperature-sensitive growth
defect of slt2-A cells and the inhibition of growth by caffeine.
The failure of slt2-A cells to grow on the nonfermentable
carbon source, glycerol, and the slt2-A starvation sensitivity
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FIG. 5. Multiple copies of the NHP6A4 and NHP6B genes suppress slt2-A defects. slt2-A cells containing either a 2um vector (1), the SLT2 gene
on a CEN plasmid (2), the 2um plasmid carrying the NHP6A gene (3), or the 2pum plasmid carrying the NHP6B gene (4) are shown. Transformants
were grown on media lacking uracil at 30°C (left) or 37°C (middle) or at 30°C on medium containing 3 mM caffeine (CAF) (right).

were weakly suppressible by both NHP6 genes (data not
shown). However, the sif2-A defect in shmoo formation was
not suppressible. Thus, multiple copies of NHP6A or NHP6B
suppress many, but not all, of the defects of slt2-A cells.

Finally, we also tested whether multicopy plasmids carrying
PKCI1, SLKI, or SLT2 could suppress nhp6A-A nhp6B-A
mutants. None of these plasmids rescued the temperature-
sensitive growth defect of nhp6A4-A nhp6B-A mutants (data not
shown). Thus, these different genetic tests indicate that Nhp6p
functions in the same pathway as Slklp and Slt2p and that
Nhp6p operates downstream of Slt2p and the other known
genes in the pathway.

The SIt2 MAPK and the Nhp6A proteins do not appear to
interact in vivo. Genetic and phenotypic analysis suggests that
Nhp6p is a downstream component of the Slt2p MAPK
pathway. One possibility is that Nhp6p is a substrate of the
Slt2p MAPK pathway. The possible interaction of Slt2p and
Nhp6Ap in vivo was tested by using the yeast two-hybrid
system (17). In a variation of the system originally developed
by Fields and Song (17), one protein is fused to the transcrip-
tional activation domain of Gal4p and the other is fused to the
DNA-binding domain of LexA. If the two proteins interact, the
transcriptional activation and DNA-binding domains are
brought together and expression of a LexA-inducible lacZ
reporter gene is observed.

First, the ability of LexA:Slt2p, LexA:Nhp6Ap, and
Gal4::Slt2p to individually activate the pLEXA-lacZ reporter
gene was tested. The LexA:Slt2p fusion protein strongly
activated expression of B-galactosidase, while the LexA::
Nhp6Ap and Gal4::Slt2p fusions did not yield detectable levels
of expression (data not shown). This suggests that Slt2p serves
to help activate transcription in this assay and that Nhp6Ap
does not. Introduction of pGAL4::SLT2 into a strain carrying
pLexA::NHP6A did not induce expression of the reporter gene.
This result suggests that Slt2p and Nhp6Ap do not interact in
vivo. However, the strength of this conclusion is moderated by
the inability to prove that the LexA::Nhp6Ap fusion protein
was able to bind to the reporter gene promoter and by the
possibility that the two proteins interact only weakly and thus
may not produce a positive result in this assay.

We also searched for in vivo phosphorylation of Nhp6Ap
using 3?P-labelling experiments. An HA epitope was intro-
duced at the N-terminal coding sequences of NHP6A on a
high-copy-number plasmid; the resulting HA::Nhp6Ap ap-
peared to be functional, since this plasmid complemented

nhp6A-A nhp6B-A and suppressed slkI-A and sit2-A pheno-
types (data not shown). Cells carrying the epitope-tagged
HA::Nhp6Ap were labelled with [*’P]phosphate, and the
protein was immunoprecipitated from cell extracts by using
anti-HA antibodies. The immunoprecipitated protein was
readily detected by probing gel blots with anti-HA; however,
autoradiography revealed that the HA::Nhp6Ap was not de-
tectably phosphorylated (data not shown), even though 2P
labelling of total cellular protein was readily apparent in total
cell lysates. Thus, both the two-hybrid experiments and the
32p_labelling experiments suggest that Nhp6p is not a substrate
for Slt2p. However, the possibilities of either weak interaction
and/or transient labelling cannot be eliminated.

NHPE6 is not transcriptionally regulated by the SLT2 path-
way. To address the possibility that NHP6 is transcriptionally
regulated by the SLT2 pathway, NHP6 RNA levels in wild-
type, slk1-A, and slt2-A strains were examined by RNA blot
analysis (data not shown). NHP6A4 RNA is the major transcript
of the NHP6 genes in vivo (33) and was readily detected;
NHP6B RNA was not detected in any of the strains in our
experiments. Quantitative comparison of NHP64 RNA levels
in slkI-A and slt2-A strains revealed that NHP6A transcript
levels were 82 and 98% of the wild-type levels, respectively.
Thus, the levels of NHP64 RNA are not significantly altered in
slkI-A and slt2-A strains.

DISCUSSION

Nhp6Ap and Nhp6Bp function in the Sit2p MAPK pathway.
In this study, a synthetic lethal suppression screen was used to
identify downstream components of the Slt2p MAPK pathway.
Nhp6Ap and Nhp6Bp are functionally redundant proteins, and
strains with mutations in the NHP6A and NHP6B genes have
many similarities to those with mutations in the SLT2 pathway
(summarized in Table 2): failure to grow at high temperatures
and cell lysis, rescue of growth defects by 1 M sorbitol,
starvation sensitivity, loss of actin polarity at 38°C, and mor-
phological defects (e.g., chains of connected cells and elon-
gated buds; see below). Analysis of triple mutants (slkI-A
nhp6A-A nhp6B-A) indicates that NHP6A and NHP6B operate
in the SLT2 pathway, and multicopy suppression experiments
suggest that Nhp6p function lies downstream of Slt2p. On the
basis of these data, we propose the schemes shown in Fig. 6. In
these models, Nhp6Ap and Nhp6Bp compose one branch in
the pathway downstream of Slt2p. Certain morphological traits
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TABLE 2. Summary of genetic interactions and phenotypes of SLT2 pathway mutants®
Presence of the following genetic .
interactions® Presence of the following phenotypes
Moot Mul Mul Viabili Growth Survival
strain ulticopy ulticopy 1ability Growth at r:)wt at urviva Actin Growth on Caffeine
NHP! 6 SL TZ. with 38°C 38°C + 1 after N distribution glycerol® resistance
suppression suppression spa2-A M sorbitol starvation
slk1-A + + - - + - Not tested - -
slt2-A + + - - + - Abnormal - -
nhp6-A + - + - + —/+ Abnormal + +
Wild type NA NA + + + + Normal + +

2 Phenotypes were tested as described in the text.

b For nhp6-A, only temperature-sensitive growth defects were tested for suppression. For sikI-A, temperature-sensitive growth defects and caffeine sensitivity were
examined. For slf2-A temperature-sensitive growth defects, caffeine sensitivity, glycerol growth defects, and nitrogen starvation sensitivity defects were examined. +,

all of the tested defects were suppressed. NA, not applicable.
¢ Tested at 30°C.
4 An 11 mM concentration of caffeine was used.

and specific functions that allow growth at higher temperatures
and survival of starvation depend on Nhp6Ap and Nhp6Bp.

Since the phenotypes of nhAp6A4-A nhp6B-A mutant cells are
not as severe as those of slkI-A or slt2-A cells, we speculate that
an NHP6-independent branch exists in the SLT2 pathway.
Unlike slkI-A and slt2-A mutants, the nhp6A-A nhp6B-A cells
grow slightly at 37°C and do not arrest (or lyse) immediately
after a shift to their restrictive temperature of 38°C. Further-
more, nhp6A-A nhp6B-A cells, unlike slkl-A and sit2-A cells,
can grow on glycerol medium, are not inhibited for growth by
caffeine, and do not have a shmoo formation defect. We
hypothesize that the non-NHP6 growth defects are due either
to Slt2p phosphorylation of multiple substrates (Fig. 6A) or to
Slt2p phosphorylation of a common substrate that has some
NHP6-dependent activities and a different set of NHP6-inde-
pendent activities (Fig. 6B).

The data presented here indicate that Nhp6p functions
downstream of the Slt2p MAPK. Slt2p and Nhp6Ap do not
appear to be in a direct kinase-substrate relationship, since
they did not interact in vivo by the two-hybrid system and
[*?P]phosphate-labelling experiments indicated that Nhp6Ap
is not stably phosphorylated in vivo. Furthermore, although
two potential MAPK phosphorylation sites (X-S/T-P [where X
is any residue; 3, 50]) are present in Nhp6Ap (amino acid

A PKC1 B PKC1
\/ \J
? ?
\ v
SLK1(BCK1) SLK1(BCK1)
\/ v
MKK1, MKK2 MKK1, MKK2
\/ \/
SLT2 SLT2
2~ v
? X X
' b <~ ™\
NHP6 NHP6 NHP6 NHP6
Independent Dependent Independent Dependent
Functions Functions Functions Functions

FIG. 6. Possible models for Nhp6p function downstream in the
Slt2p pathway. See text for details. Component X might function
directly with Nhp6p or upstream of Nhp6p.

residues 2 to 4 and 62 to 64), no such sites are present in
Nhp6Bp. Since Nhp6Ap and Nhp6Bp are functionally redun-
dant, phosphorylation at the predicted MAPK consensus phos-
phorylation site cannot be essential for function of Nhp6p.
Thus, it is more likely that these proteins either work with an
Slt2p substrate or function downstream of the substrate.

HMGT1s have been shown to be associated with transcrip-
tionally active chromatin (31, 42) and appear to facilitate
formation of transcription initiation complexes (66). Nhp6p is
a DNA-binding protein (33) whose possible role in transcrip-
tion regulation is being investigated. One possibility is that
Nhp6p acts in conjunction with a transcription factor(s) that is
a substrate of Slt2p. This transcription factor might require
Nhp6p function to activate expression at some promoters, but
the transcription factor could activate without Nhp6p at other
promoters. This would yield the NHP6-dependent and NHP6-
independent functions observed downstream in the SLT2
pathway.

When present in a high-copy-number plasmid, either NHP6
gene can suppress the caffeine sensitivity of slk1-A and slt2-A
cells and can weakly suppress the glycerol growth defect.
However, the nhp6A-A nhp6B-A mutants themselves are not
caffeine sensitive and can grow on glycerol medium. One
possibility is that there is a third gene with some NHP6-like
function which prevents nhp6A4-A nhp6B-A cells from acquiring
the caffeine and glycerol growth defects. An alternative expla-
nation is that loss of NHP6 function only partially cripples a
putative Slt2p substrate that works with Nhp6p. Loss of Nhp6
function would allow some activity of the substrate and allow
growth in the presence of caffeine or on glycerol medium.
Overexpression of NHP6 could increase the activity of the SIt2
substrate and thereby suppress the growth defects. Character-
ization of additional components of the SLT2 pathway will
help distinguish among these different possibilities.

Some morphological defects of nhp64-A nhp6B-A cells are
similar to those of SLT2 pathway mutants, while others are
different. Many of the morphological defects of nhp6A4-A
nhp6B-A cells are similar to those described for SLT2 pathway
mutants. The chains of connected cells and elongated buds of
nhp6A-A nhp6B-A cells are remarkably similar to those of
pkcl-A mutants grown on osmostabilized solid medium (com-
pare Fig. 3 with Fig. 8 of Paravicini et al. [48]). Failure in
proper constriction at the neck is found for slk/ mutants (11)
and is suggested in pkcl-A cells by transmission electron
microscopy, which clearly shows the failure to form a septum
between cells in a chain (48). Finally, actin polarity is disrupted
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in nhp6A-A nhp6B-A mutants in a manner similar to that
described for slt2-A cells (46).

Some of the nhp6A-A nhp6B-A phenotypes are novel. Chitin
patches and actin chunks are visible in nap6-A cells and are not
evident in SLT2 pathway mutants. Since nhp6A4-A nhp6B-A
cells have less severe defects than SLT2 pathway mutants, we
speculate that these aberrant structures and other morpholog-
ical defects result from a more subtle but similar underlying
cytoskeletal defect that is present in SLT2 pathway mutants. In
slt2-A mutants, lysis ensues quickly (within 4 h [38, 46, 65]). For
nhp6A-A nhp6B-A strains, lysis is comparatively delayed (non-
refractile cells become obvious after 28 h) and is preceded by
the cytoskeletal and chitin deposition anomalies.

To our knowledge, no mutant that contains the aberrant
chitin patches has been described previously. It is possible that
some of these are the product of a cytokinesis defect. The
presence of connected cells and enhanced staining at the neck
is consistent with such a defect. Unlike the chitin patches,
phalloidin-stained actin chunks have been recently observed.
Holtzman et al. (29) observed actin chunks in sla/-A mutants
(which are synthetically lethal with a mutation in the ABP]
gene, which encodes an actin-binding protein). Actin chunks
are a clear indicator of a defect in the actin cytoskeleton. A
potential underlying defect of all SLT2 pathway mutants is a
defect in the cytoskeleton and/or polarized secretion (11, 46).
Such defects could result in a loss of polarized deposition of
the cell wall components, thereby causing cell lysis.

In summary, the synthetic lethal suppression screen de-
scribed above has identified a putative component of the Slt2p
MAPK pathway. Further analysis of the other suppressor
clones may yield insights into polarity and morphogenesis in
yeast cells. Synthetic lethal suppression is expected to be a
generally useful approach for identifying genes that operate in
pathways of interest.
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