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Background: During the mating pheromone response in budding yeast,
activation of a mitogen-activated protein kinase (MAP kinase) cascade results in
well-characterized changes in cytoskeletal organization and gene expression.
Spatial reorganization of genes within the nucleus has been documented during
cell-type differentiation in mammalian cells, but no information was previously
available on the morphology of the yeast nucleus during the major
transcriptional reprogramming that accompanies zygote formation.

Results: We find that in response to mating pheromone, budding yeast nuclei
assume an unusual dumbbell shape, reflecting a spatial separation of
chromosomal and nucleolar domains. Within the chromosomal domain,
telomeric foci persist and maintain their associated complement of Sir proteins.
The nucleolus, on the other hand, assumes a novel cup-shaped morphology and
a position distal to the mating projection tip. Although microtubules are required
for this orientation with respect to the projection tip, neither microtubules nor
actin polymerization are necessary for the observed changes in nuclear shape.
We find that activation of the pheromone-response MAP kinase pathway by
ectopic expression of STE4 or STE11 leads to identical nuclear and nucleolar
reorganization in the absence of pheromone. Mutation of downstream effector
MAP kinases Fus3p and Kss1p, or of the transcriptional regulator Ste12p,
blocks nuclear shape changes, whereas overexpression of Ste12p promotes
dumbbell-shaped nuclei in the absence of pheromone.

Conclusions: Nuclear remodeling occurs when the MAP kinase cascade is
activated by yeast pheromone, but it is independent of the cytoskeletal
reorganization regulated by the same signaling pathway. Activation of the
Ste12p transcription factor is necessary, and may be sufficient, for the changes
in nuclear structure that coincide with developmentally significant changes in
gene expression.

Background
The eukaryotic nucleus is organized into various subcom-
partments, each optimized for the execution of particular
functions (for review, see [1–3]). Its most obvious subcom-
partment is the nucleolus, which supports the transcription
and processing of rRNA for ribosome biogenesis. In addi-
tion, chromosomes themselves have been shown to occupy
discrete subnuclear territories [4], although interchro-
mosomal contacts exist. For example, centromeric hetero-
chromatin in Drosophila clusters to form the chromocenter,
which associates preferentially with the nuclear envelope
[5]. Similarly, in the budding yeast Saccharomyces cerevisiae,
the silent chromatin of subtelomeric genes and the HM loci
are found in foci near the periphery of the nucleus [6,7].

In fission yeast (Schizosaccharomyces pombe), the subnuclear
positions of centromeres and telomeres change during
vegetative growth and in the early stages of meiosis.

Telomeres in premeiotic zygotic cells, for example, cluster
near the spindle pole body (SPB, the yeast centrosome) at
the periphery of the elongated ‘horse-tail’ nucleus that is
formed by nuclear fusion. This telomeric cluster then
leads the chromosomes in a rapid oscillating movement
that appears to facilitate the meiotic pairing of homologs
[8,9]. A functional link between this telomeric positioning,
transcriptional silencing, and meiotic recombination in
S. pombe is suggested by their coordinated loss in strains
lacking the telomere-binding protein Taz1p [10,11]. Simi-
larly, the absence of the telomere-binding proteins yKu70
or yKu80 in budding yeast leads to a loss of telomere clus-
tering and subtelomeric silencing [12,13], and an enhanced
level of mitotic recombination between telomeric and
internal chromosomal regions [14].

Several studies have examined the spatial positioning of
S. cerevisiae centromeres and telomeres in meiotic and
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mitotic cells [6,15–20]. In G1 phase, centromeres are found
in the vicinity of the SPB, while telomeres are perinuclear,
and centromeres lead chromosomal movement into the bud
during nuclear division. In the pre-pachytene meiotic
nucleus, telomeres appear to aggregate transiently in a
cluster before they become dispersed throughout the
nucleus [18–20]. Although both telomeres and rDNA
repeats are sites of chromatin-mediated transcriptional
silencing, these domains do not colocalize. Rather, the
nucleolus forms a crescent-shaped cap over one side of the
genomic DNA, abutting the nuclear envelope (see for
example [21]). In contrast to the situation in multicellular
eukaryotes, in which the nucleolus disassembles as chromo-
somes condense [22], the yeast nucleolus persists through-
out mitosis and partitions between the two daughter cells.
In yeast, nucleolar morphology depends on both the pres-
ence of RNA polymerase I and the copy number of the
tandem rDNA repeats [23,24]. In aging cells, the excision of
rDNA circles by recombination results in fragmentation and
repositioning of the nucleolus within the nucleus [25].

During the response to mating pheromone, signaling
involving mitogen-activated kinase (MAP kinase) triggers
major changes in gene expression and cellular architecture
that are necessary for the mating process (reviewed in
[26,27]). To date, however, no one has reported whether
there are changes in nuclear organization as haploid cells
prepare for conjugation. Here we follow the morphology of
the yeast nucleus during the response to pheromone, and
document a major restructuring of both the nucleus and the
nucleolus in response to the MAP kinase cascade. These
events are independent of microtubule integrity and actin
polymerization, and can be elicited by activation of Ste11p,
a MAP kinase/ERK kinase kinase (MEKK), in the absence
of pheromone. Intriguingly, activation of the transcriptional
regulator Ste12p appears to be sufficient for at least part of
the observed nuclear reorganization, even when elements
of the upstream signaling cascade are inactive. 

Results
Nuclear and nucleolar reorganization occurs during the
mating response
Using fluorescence microscopy to visualize chromosomal
DNA, the nucleolus and the nuclear envelope, we exam-
ined whether nuclear restructuring occurs as yeast cells
respond to the mating pheromone, α factor. Our initial
observations make use of a MATaa strain carrying green flu-
orescent protein (GFP)-tagged nuclear pore protein
(GFP–Nup49p), which allows us to monitor nuclear
dynamics in living cells by phase-contrast and fluorescence
microscopy, following addition of α factor. In unbudded
G1-phase cells, the nucleus is round and measures roughly
2 µm in diameter (Figure 1a). After exposure to
pheromone, the nucleus nearly doubles in size, adopting a
dumbbell shape (Figure 1b). This coincides with distor-
tion of the cell into the characteristic pear-shaped

pheromone-stimulated yeast cell (‘shmoo’). Confocal sec-
tioning of these cells confirms that there is an increase in
nuclear volume and not a ‘flattening’ of the nuclear sphere
(data not shown). To determine whether this nuclear reor-
ganization occurs naturally during mating, a MATaa strain
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Figure 1

Pheromone treatment induces nuclear reorganization in budding yeast
cells. (a,b) GA-1109 cells growing asynchronously or treated with
α factor (αf) for 2.5 h were examined alive by direct fluorescence of the
nuclear pore protein construct GFP–Nup49p. The staining of the
nuclear envelope (green) was merged with a phase-contrast image of
the cells (gray). (c) The MATa strain GA-1096 expressing
GFP–Nup49p was mated with the MATαα strain W303-1b for 4 h.
Zygotes in the process of formation were examined by phase-contrast
microscopy, and the nuclear envelope was detected with direct GFP
fluorescence in only one of each mating pair. (d,e) MATa cells
(LPY2686) (d) growing asynchronously or (e) treated with α factor were
processed for immunofluorescence. Cells were stained with affinity-
purified antibodies against Sir3p (green) to identify telomeres and
against Nop1p (red) to identify the nucleolus. Ethidium bromide stains
both nuclear domains (data not shown). Note that the cell on the right in
(d) is undergoing mitosis, and that the nucleolus segregates normally as
described in [38]. Images were collected on a Zeiss LSM 410 confocal
microscope. The scale bar represents 2 µm. 
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expressing the GFP–Nup49 nuclear envelope marker was
mixed with an untagged MATα strain to initiate mating.
After 4 hours at room temperature, the mixture was exam-
ined by fluorescence microscopy. We noted that before
cells of opposite mating type fused at their projection tips,
the majority of GFP-tagged nuclei assumed a pronounced
dumbbell shape (Figure 1c). Thus, changes in nuclear size
and shape occur before nuclear fusion during the mating
process, and in cells exposed to pheromone in vitro.

To determine whether the two halves of the distorted
nucleus represent distinct compartments, we stained
pheromone-treated MATaa cells for Nop1p and Sir3p,
which are markers for nucleolar and subtelomeric chro-
matin, respectively. Rather than finding the nucleolus as a
cap over the mass of genomic DNA, we see striking sepa-
ration of the two staining patterns (compare Figure 1d and
1e). The nucleolus becomes enlarged, and assumes a cup-
shaped morphology, occupying one side of the bilobed
nucleus. The other lobe contains the rest of the genomic
DNA, including the telomeres, as represented by Sir3p
staining. General dyes for DNA, such as 4′6-diamidino-2-
phenylindole (DAPI), colocalize with Sir3p in the non-
nucleolar lobe (data not shown).

During mating, yeast cells that are exposed to pheromone
complete their current cell cycle and accumulate in late
G1, where they arrest at START and initiate characteristic
changes in cytoskeletal organization and gene transcrip-
tion (reviewed in [27]). To study the kinetics of the
observed nuclear distortion, we synchronized cells in G1,
by depleting for G1 cyclins, before the addition of α
factor. Pheromone-treated and untreated G1-phase cells
were compared at 20 minutes, 1 hour and 2.5 hours by
staining with markers for the nucleolus (anti-Nop1p),

microtubules (anti-tubulin) and genomic DNA (DAPI). In
parallel, cellular morphology and nuclear shape were mon-
itored in living cells, using a similarly synchronized popu-
lation of cells expressing the GFP–Nup49p marker.

The cells and nuclei of the culture arrested in G1 are
round or slightly oval before exposure to α factor
(Figure 2a, Table 1), with a crescent-shaped nucleolus
positioned at one side of the nucleus. After 20 minutes of
exposure to α factor, the first signs of projection tip forma-
tion occur, coinciding with a distortion of nuclear shape. A
fraction of cells also exhibits changes in nucleolar mor-
phology, visible as a slightly elongated or bar-shaped
nucleolus (Figure 2b, Table 1). By 1 hour, as the projec-
tion tip of the shmoo becomes clearly visible, a majority of
cells have dumbbell-shaped nuclei. By this time, the
nucleolus becomes separated from the mass of DAPI-
stained chromatin and assumes a shape reminiscent of a
diffuse cup or lasso (Figure 2c, Table 1).

By 2.5 hours, pronounced projection tips and elongated,
dumbbell-shaped nuclei are seen in almost all cells, and
nearly 80% of the nucleoli have cup or lasso shapes
(Figure 2d, Table 1). We interpret the lasso morphology to
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Figure 2

The nucleolus undergoes structural reorganization during the pheromone
response. A synchronous pheromone response was achieved by
arresting strains 1608-21C or GA-1163 by G1 cyclin depletion followed
by exposure to α factor (αf). The strains used lack all three CLN G1
cyclin genes, but are kept alive by expressing CLN3 under the control of
the inducible GAL1,10 promoter [56]. Consequently, this strain arrests
at START when switched from galactose to glucose medium. (a) Cells
arrested in G1 after 2.5 h in glucose, were treated with 1 µg/ml α factor,
and were harvested at (b) 20 min, (c) 1 h and (d) 2.5 h. Phase-contrast
microscopy and direct GFP–Nup49p nuclear envelope fluorescence
were performed in parallel on live cells (left panels). The center panels
show indirect immunofluorescence on fixed cells triple-stained with anti-
Nop1p, DAPI, and anti-tubulin, as labeled. Nop1p and DAPI signals do
not overlap. Four cells are shown for each time point, and a
representative diagram of one of these is given on the right. In the
diagrams, a typical spherical nucleolus, represented by a dashed line in
(a), elongates into a bar shape (b), and progresses into a diffuse
structure (c) that becomes a distinct cup shape (d). For quantitation see
Table 1. These changes in nucleolar morphology were also seen in wild-
type haploid cells (data not shown). GFP–Nup49p images were
collected on a Zeiss LSM 410 confocal, the others on a Zeiss
fluorescence microscope. The scale bar represents 2 µm.
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be a cross-section of the cup-shaped domain, and thus
indicative of the same structure. Simultaneous staining with
anti-tubulin antibodies revealed that microtubules extend
from both faces of the SPB at the edge of the nucleus
closest to the projection tip (data not shown, and Figure 2c,
tubulin), consistent with previous observations [28–32].

Characterization of telomeric and nucleolar localization
within nuclei of pheromone-responding cells
Prompted by observations that the telomere-associated
silencing factor Sir3p is phosphorylated in response to
MAP kinase activation in budding yeast [33], and that
telomeres migrate to a single site in the zygotic nucleus
of fission yeast [8,9], we asked whether telomere cluster-
ing changes in the presence of pheromone. The enrich-
ment of the three yeast silencing factors Sir2p, Sir3p and
Sir4p at telomeric foci correlates with the maintenance of
a repressive chromatin structure in subtelomeric DNA
[6,21], enabling us to monitor telomere positioning and
the integrity of telomere-associated heterochromatin by
fluorescent in situ hybridization (FISH) and indirect
immunofluorescence, respectively. In both vegetatively
growing (– αf) and pheromone-treated (+ αf) cells, we
observed a pattern of seven to nine telomeric foci per
nucleus, revealed by the subtelomeric Y′ probe
(Figure 3a,b) and by anti-Sir3p staining (Figure 3c,d).
Similar results were obtained for the localization of the
telomere-bound factor Rap1p (Repressor activator
protein 1), and Sir4p (data not shown). These results
suggest that Sir proteins remain associated with the
telomere and that telomeres maintain their pattern of
clustering in the presence of α factor. The elongation of
the nucleolar domain in response to pheromone treat-
ment is readily visible in these images, because ethidium

bromide, unlike DAPI, efficiently stains nucleolar RNA
as well as the genomic DNA.

The silencing protein Sir2p is essential for the chromatin-
mediated repression of RNA polymerase II-transcribed
reporter genes in subtelomeric regions and within the
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Figure 3

Telomeres remain clustered, and the nucleolus forms a spatially
distinct domain within the nucleus of pheromone-responding cells.
(a,c,e) The yeast strain LPY2686 grown asynchronously without
α factor (– αf); (b,d,f) the same strain treated with α factor (+ αf). All
cells were subsequently processed for immunofluorescence or FISH.
(a,b) FISH was performed with the subtelomeric Y′ repeat (green) and
DNA was counterstained with ethidium bromide (EtBr, red). (c,d) Cells
were labeled with affinity-purified anti-Sir3p (green) and counterstained
as described above. No major rearrangements are observed for
telomeric DNA or Sir3p distribution in the presence or absence of
α factor. (e,f) Cells were stained with affinity-purified anti-Sir2p to
identify telomeres and the nucleolus. The insets show Sir2p staining
(red) combined with DAPI (blue) to identify chromosomal DNA. DAPI
does not stain the nucleolus. In pheromone-treated cells, Sir2p
staining becomes bead-like in an extended nucleolus that is separated
from the DAPI signal. Images were collected on a Nikon
epifluorescence microscope. The scale bar represents 2 µm.

Table 1

Nucleolar morphology changes progressively during exposure
to mating pheromone.

Spherical/ Bar shaped Diffuse cup/ Structured
crescent (%) (%) lasso (%) cup/lasso (%)

G1 phase, no αf* 94 3 0 3
20 min αf† 76 18 6 0
1 h αf‡ 42 8 33 17
2.5 h αf§ 15 7 24 54
Mock, + 2.5 h αf# 6 8 30 56
Noc, + 2.5 h αf¶ 7 7 38 48

The experiments shown in Figure 2a–d and in Figure 4b are quantified
here. Sample size, *n = 191, †n = 131, ‡n = 114, §n = 107, #n = 228
and ¶n = 228. The addition of α factor is indicated by αf. Analysis
using a standard χ2 test revealed that the nucleolar shapes change
during the α factor time course, with statistical significance to
p < 0.001. The bottom two rows reflect the untreated (mock) and
nocodazole-treated (Noc) samples shown in Figure 4b. Although the
distribution of diffuse versus structured cup or lasso shapes is slightly
shifted, the sum of diffuse and structured cup or lassos is identical in
the two samples.
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rDNA [34–37]. Sir2p consistently localizes to both sites in
vegetatively growing cells [21] (Figure 3e). Although the
Sir2p staining at telomeres in pheromone-treated cells is
quite similar to that of a vegetatively growing culture
(compare Figure 3e and 3f), we observed a more pro-
nounced ‘beaded’ appearance for nucleolar Sir2p in the
treated cells (Figure 3f). Moreover, the combination of Sir2p
immunofluorescence with DAPI, which detects only the
genomic DNA, highlights the spatial separation of the
nucleolus from the chromosomal DNA (Figure 3f, inset).
Sir2p is restricted to a subset of the extended nucleolar
structure detected by Nop1p (data not shown), consistent
with its proposed interaction with the rDNA repeats [21,36].

Nuclear and nucleolar restructuring is independent of
microtubules
Because the SPB in vegetatively growing cells is posi-
tioned opposite the nucleolus [38], and because the single
SPB is directed towards the projection tip of pheromone-
responding cells [28–32], it seemed likely that the nucleo-
lar domain of the dumbbell nucleus was oriented away

from the projection tip during the pheromone response.
Simultaneous detection of telomeres (anti-Sir3p), and the
actin-containing projection tip (anti-actin) showed that the
Sir3p-stained domain is proximal to the actin-stained pro-
jection tip in 89% of shmoos (Figure 4a, + αf). In contrast,
nuclear orientation in growing cells appears random with
respect to the bud site (Figure 4a, – αf), which, like the
projection tip, represents the site of preferential plasma
membrane and cell-wall growth.

To investigate whether nucleolar reorganization requires
the microtubule network, we treated cells with the micro-
tubule-depolymerizing agent nocodazole and again looked
for changes in nucleolar morphology following the addi-
tion of α factor. Cells were first synchronized at START
by depletion of G1 cyclin, and were then exposed either
to nocodazole or to solvent alone for 30 minutes. Controls
confirmed the loss of microtubules in nocodazole-treated
cells (data not shown). Cells were then exposed to α factor
for 2.5 hours, fixed, and stained for Nop1p, actin and Sir
proteins. We observed very similar pheromone-induced
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Figure 4

The nucleus orients with specific positioning
relative to the polarized mating projection tip
of pheromone-responding cells.
(a) Asynchronously growing LPY2686 cells or
cells treated with α factor (αf) were stained
with anti-Sir3p (green) and anti-actin (blue)
antibodies. Sir3p identifies telomeric foci and
actin identifies the bud site in mitotically
growing cells or the mating projection tip in
cells responding to pheromone. Ethidium
bromide (red) preferentially stains the
nucleolus. In asynchronous cells, the
nucleolus was distal to the bud site in 49% of
the cells, whereas in 51% of the cells there
was no preferential organization (sample size,
n = 41). With pheromone, the telomeric
domain oriented specifically toward the
projection tip in 89% of the cells (n = 65).
Analysis using a standard χ2 test
demonstrated statistical significance to
p > 0.001. The scale bar represents 5 µm.
Images were collected on a Zeiss LSM 410
confocal microscope. Sketches representing
immunofluorescence images are below each
stained cell. (b) Strain 1608-21C was
arrested at START as described in Figure 2,
and cells were either untreated, or treated
with nocodazole to disrupt microtubules,
followed by exposure to α factor. To monitor
subcellular structures, cells were stained with
anti-Sir2p (green) to identify telomeres and
the nucleolus, with anti-actin (red) to identify
the mating projection tip, and with DAPI (blue)
to identify the chromosomal domain. In 98%
of the G1-arrested cells not treated with
nocodazole, the nucleolus is distal to the
projection tip (n = 107). In nocodazole
(n = 99), this value drops to 56%. The

remaining 44% contained nuclei in which
nucleolar and chromosomal domains were
equidistant from, or pointing towards, the
projection tip. Standard χ2 analysis revealed

statistical significance to p > 0.001. Images
were collected on a Leica DMRXA
microscope. The scale bar represents 5 µm.
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nuclear and nucleolar changes in the presence or absence
of nocodazole (Table 1, Figure 4b), ruling out a major role
for microtubules in these events.

To evaluate the role of microtubules in the rotational posi-
tioning of the nucleus, we asked whether the preferential
orientation of the nucleolus away from the shmoo tip is
altered by incubation in nocodazole. Cells treated as
described above were scored simultaneously for their
staining patterns for DAPI, Sir2p and actin. The chromo-
somal domain was positioned closest to the projection tip
in 98% of the pheromone-treated cells (similar to the
value obtained after Sir3p staining, see Figure 4). In the
presence of both nocodazole and pheromone, this orienta-
tion was observed in only 56% of the cells (Figure 4b,
+ Noc). In the remaining population, nucleoli assumed
more random positions with respect to the actin staining
(Figure 4b, + Noc). This confirms and extends the obser-
vations of Read et al. [32], who noted that the DAPI-
stained portion of the nucleus shifts away from the
projection tip, toward the anterior portion of the shmoo, in

actin and tubulin mutants. In conclusion, we find that the
rotational orientation of the nucleus in cells responding to
pheromone is microtubule-dependent, but that nuclear
and nucleolar restructuring are not.

Pheromone-induced nuclear reorganization does not
require polymerized actin
In view of the important role of the actin cytoskeleton in
shmoo formation [32,39], we next tested whether the
pheromone-induced nuclear restructuring occurs when
actin assembly is disrupted. This is achieved by the addi-
tion of the drug latrunculin-A (LAT-A). Because LAT-A
can also arrest nuclear division in cells progressing from
the G2 phase to the M phase, the culture was again syn-
chronized at START by depletion of G1 cyclin, and then
incubated with LAT-A before addition of α factor. As pre-
viously reported, LAT-A treatment prevents formation of
the mating projection tip (Figure 5a,b, and [39]). Never-
theless we observed the characteristic dumbbell nuclear
shape in 85% of the cells exposed to pheromone
(Figure 5b,d). In controls, an equivalent incubation of
G1-phase cells with LAT-A alone had no effect on the
spherical shape of the nucleus (Figure 5c). This indicates
that the pheromone-induced nuclear reorganization does
not require actin polymerization, and can occur in the
absence of cytoplasmic rearrangements.

Activation of the MAP kinase signaling pathway elicits
nuclear reorganization
Pheromone exposure initiates signal transduction through a
well-characterized MAP kinase cascade to activate genes
required for the mating response. To determine whether
this cascade or another pheromone-activated response
elicits nuclear reorganization, we stimulated the MAP
kinase pathway in the absence of pheromone, using a galac-
tose-inducible STE4 gene. STE4 encodes the β subunit of
a trimeric G protein, expression of which activates down-
stream elements of the MAP kinase cascade (Figure 6a).
When GAL–STE4 was repressed in the presence of glucose,
nuclear morphology appeared normal and all the cells in
the population had spherical or crescent-shaped nucleoli
(Figure 6b). In contrast, after a 6 hour induction of
GAL–STE4, nucleolar morphology became extended as the
nucleolus separates from the genomic DNA (Figure 6c).
The distinctive nucleolar cup shape shown in Figure 2 was
found in ~81% of the cells. Anti-tubulin staining revealed
SPBs and associated microtubules typical of either vegeta-
tively growing cells (Figure 6b) or shmoos (Figure 6c).
Moreover, among the GAL–STE4-induced cells with reor-
ganized nucleoli, over 90% of the nuclei were oriented with
the chromosomal domain towards the projection tip (data
not shown).

As STE4 functions upstream of the MAP kinase cascade and
may possibly affect other pathways, we also used a galactose-
inducible, constitutively active form of the MEKK Ste11p

378 Current Biology Vol 10 No 7

Figure 5

Pheromone-induced changes in cellular, but not nuclear, morphology
require actin polymerization. The strain GA-1163 expressing
GFP–Nup49p for detection of the nuclear envelope was arrested by
G1 cyclin depletion (see Figure 2). After G1 arrest, cells were
incubated (a) in the absence or (b,c) in the presence of 400 µM
latrunculin-A (LAT-A) to disrupt actin polymerization. Incubation was
continued (a,b) in the presence or (c) in the absence of 1 µg/ml α factor
for 90 min. Nuclear shape was monitored by direct GFP fluorescence
(green), which was superimposed on the phase-contrast image of the
cells (grey). (d) The distribution of the nuclei into round, oval, dumbbell
or distorted (other) shapes was scored for 100 nuclei under each
condition and is shown as a graph. Images were collected on a Zeiss
LSM 410 confocal microscope. The scale bar represents 4 µm.
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(STE11–Asp3; F. van Drogen and M. Peter, personal com-
munication) to confirm that MAP kinase activation alone is
sufficient to elicit nuclear reorganization. Indeed, stimula-
tion of the MAP cascade by GAL–STE11–Asp3 expression
resulted in the same changes in nucleolar morphology as
those seen after pheromone treatment (data not shown). 

Finally, to test whether the GAL–STE4-induced changes in
nuclear organization are mediated by downstream compo-
nents of the pheromone-activated MAP kinase pathway,
mutants in the pathway were coupled with GAL–STE4
induction. The STE12 gene encodes a transcription factor
that is regulated by the MAP kinase pathway to activate
genes required for the pheromone response. Significantly,
reorganization of the nucleolus was not observed when
STE4 was induced in a ste12 mutant (Figure 6d). The sim-
plest explanation for this would be that the proteins respon-
sible for nucleolar and nuclear reorganization are encoded
by genes that are induced by Ste12p. To rule out the possi-
bility that the lack of response in a ste12 mutant reflects
reduced transcription of upstream components of the MAP
kinase pathway, which are themselves targets of Ste12p
(see for example [40,41]), we checked whether GAL–STE4
overexpression induces nucleolar reorganization in cells
lacking the effector MAP kinases Fus3p and Kss1p, which
activate the pheromone-response genes by phosphorylating
the Ste12p ligands Dig1p and Dig2p. These inhibitors bind
to and inhibit Ste12p, and appear to be released upon modi-
fication by MAP kinase [42,43]. In fact, the fus3 kss1 double
mutant fails to induce changes in nucleolar morphology,
confirming that components critical for nucleolar reorgani-
zation are downstream of these kinases (Figure 6e).

To see if Ste12p itself regulates nuclear reorganization, we
overexpressed an extrachromosomal copy of the gene
STE12, which titrates out the inhibitory activity of Dig1p
and Dig2p [44]. Importantly, induction of Ste12p not only
leads to changes in nuclear structure in wild-type cells (data
not shown), but also in cells defective for components of the
MAP kinase pathway. We induced Ste12p in cells contain-
ing the fus3-A mutation (see Materials and methods, and
[45]), and in cells disrupted for ste11, and monitored nuclear
shape using GFP–Nup49. We found that ~40% of each pop-
ulation had dumbbell-shaped nuclei after Ste12p induction
(Figure 7a–c). The absence of detectable shmoo tips in
these same cells confirms that the MAP kinase Fus3p is
non-functional [46,47]. A similar phenotype can be
observed in the absence of STE12 overexpression in a non-
synchronized culture of cells deleted for dig1, dig2 and ste7
(Figure 7d). Here ~30% of the population showed dumb-
bell-shaped nuclei [42]. These results suggest that provid-
ing enough active Ste12p is sufficient to induce gross
changes in nuclear shape in a significant fraction of the cells.

In summary, we have shown that induction of either
GAL–STE4 or GAL–STE11 results in changes in nucleolar

morphology, which in wild-type cells are dependent on
the transcriptional activator Ste12p and the MAP kinases
Fus3p and Kss1p. Nuclear shape changes also occur when
Ste12p is activated, even if the MAP kinase cascade is
blocked. Importantly, we see that a major restructuring of
the nucleus and nucleolus, like transcriptional reprogram-
ming, can occur in the absence of projection tip formation. 
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Figure 6

MAP kinase signaling through Ste12p induces nuclear reorganization.
(a) The pheromone-response pathway of S. cerevisiae. For simplicity,
only components relevant to the experiments described here are
shown. (b) Cells in which the pheromone-response pathway was
inhibited by growth in glucose medium. (c–e) Cells in which STE4 was
induced by galactose. Strains used are isogenic wild-type (STE12+

(b,c)), ste12::HIS3 (ste12∆ (d)) or fus3::LEU2 kss1::HIS3 double
mutant (fus3∆kss1∆ (e)) transformed with a GAL–STE4 plasmid. Cells
were stained with anti-Nop1p antibodies to identify the nucleolus (red),
anti-tubulin antibodies to identify microtubules (green) and DAPI to
identify the chromosomal domain of the nucleus (blue). Results similar
to those shown for GAL–STE4 induction were obtained with MAP
kinase activation by induction of GAL–STE11–Asp3 (data not shown).
Images were collected on a Leica DMRXA microscope. All images are
of comparable scale, but GAL–STE4-induced cells, like pheromone-
treated cells, become enlarged relative to untreated controls. The scale
bar represents 2 µm.
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Discussion
Pheromone signaling in yeast triggers a developmental
switch that leads to altered programs of gene expression,
gross rearrangement of cellular architecture, and ulti-
mately to cell–cell fusion and diploidization. We have
observed a striking reorganization of the nucleus in
response to pheromone-induced signals, which yields two
distinct nuclear domains and a reorganization of the
nucleolar compartment. This rearrangement is indepen-
dent of the microtubule- and actin-dependent changes in
cellular morphology, but is fully dependent on the
MAP kinase cascade and its downstream effectors,
Fus3p/Kss1p and Ste12p.

In vegetatively growing cells, the nucleolus sits like a cres-
cent-shaped cap within the nucleus, remaining in close
contact with the rest of the genome. We note here that in
pheromone-responding cells the nucleolus increases in

volume and becomes spatially distinct from the rest of the
genome, occupying one lobe of a dumbbell-shaped
nucleus. This unique nuclear shape and change in nucleo-
lar structure has not been described in previous studies of
the pheromone response, which have focused primarily on
localized cell growth and cytoskeletal changes [32,48].
This is due in part to the use of the DNA stain DAPI,
which fails to label the nucleolus efficiently. Intriguingly,
nucleolar function and pheromone signaling have been
linked elsewhere through the yeast Ssf1 protein, which
both localizes to the nucleolus and participates in projec-
tion tip formation [49].

Within the nucleolus of pheromone-responding cells, the
transcriptional silencer Sir2p localizes to discrete subregions
that colocalize with in situ hybridization signals for rDNA
(E.M.S., unpublished observations). By examining this
restricted subnucleolar Sir2p staining pattern, we monitor a
unique extension of the rDNA fiber and an enlargement of
the nucleolar domain in response to the MAP kinase
cascade. The extended rDNA structure may facilitate
pairing of chromosome XII homologs in preparation for
meiosis, or it may simply reflect higher levels of rDNA tran-
scription. Indeed, the rapid growth of pheromone-respond-
ing yeast cells is likely to require efficient protein synthesis
and increased ribosome biosynthesis. Consistent with this, a
recent microarray analysis has shown that RRN10 and
RRN11, the genes for two essential  transcription factors for
transcription by RNA polymerase I, are induced five- and
eightfold, respectively, by Ste12p activation, although they
are not equally induced by 2 h treatments with pheromone
[50] (C. Boone, personal communication).

In addition to changes in nucleolar organization, we see
that the nucleus assumes a distinct orientation with
respect to the shmoo tip. The labeling of centromeres by
FISH (E.M.S. and T.L., unpublished observations), as
well as the labeling of telomeres (Figure 3b), reveals mul-
tiple signals in both cases, suggesting that neither cen-
tromeres nor telomeres coalesce into a single focus. All
remain, however, within the lobe of the dumbbell-shaped
nucleus that extends towards the spindle pole body and
the projection tip. Unlike the elaborate horse-tail organi-
zation in the zygotic nucleus of fission yeast [8,9], the pre-
conjugation nuclear reorganization reported here is not
dependent on microtubule integrity, although correct ori-
entation of the SPB towards the projection tip is. Thus,
the rotational orientation of the nucleus, but not its com-
partmentation, may require kinesin activities that act in a
polar fashion along cytoplasmic microtubules. 

Nuclear organization is a target of the MAP kinase
signaling cascade
Changes in both nuclear and nucleolar morphology are
elicited by activation of the pheromone-response MAP
kinase pathway. Not only can we block the reorganization
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Figure 7

Changes in nuclear morphology are induced by overexpression of
Ste12p in MAP kinase mutants. Expression of an extrachromosomal
copy of Ste12p (STE12 o/e) in (a,b) fus3-A (K2129) and
(c) ste11::ADE2 (YFD126) mutant strains in log phase has been
inhibited by growth on glucose (control (a)) or induced for 2.5 h on
galactose (STE12 o/e (b,c)). Reorganization of nuclear morphology
was visualized in living cells by direct fluorescence of the nuclear pore
protein construct GFP–Nup49p. We used the catalytically inactive
fus3-A mutant because it has a partial dominant-negative effect over
Kss1p [57]. (d) Asynchronously growing dig1, dig2, ste7 triple-mutant
cells (MT1201) expressing GFP–Nup49p. In (b–d) activation of
Ste12p results in a dumbbell-shaped nucleus in the absence of Fus3p,
Ste11p or Ste7p activities. In the control sample (a) < 3% of nuclei are
distorted. Images were collected in a Zeiss LSM 410 confocal
microscope. The scale bar represents 2 µm.
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in mutants defective for MAP kinase signaling, but activa-
tion of the pathway in the absence of pheromone results in
the same nuclear reorganization. We do not know whether
de novo protein synthesis is required for the observed
response. Activation of the transcriptional regulator Ste12p,
however, seems to be a key event for eliciting changes in
nuclear architecture. As Ste12p overexpression alone does
not fully activate the MAP kinase cascade [46,47], and as
activation of Ste12p in a fus3 or ste7 mutant brings about a
significant level of nuclear reorganization, we suggest that
Ste12p activation is not only necessary, but may be suffi-
cient, to evoke at least some of the changes we observe. As
the frequency of dumbbell-shaped nuclei is not as high in
these mutants as in pheromone-treated cells, we cannot
rule out an additional role for signals other than those
arising from Ste12p activation. For example, structural
nuclear proteins might be targets of the MAP kinase
cascade, and might be necessary, together with the prod-
ucts of Ste12p-induced genes, for more subtle aspects of
nucleolar or nuclear reorganization.

We have previously documented a pheromone-induced
hyperphosphorylation of Sir3p and changes in transcrip-
tional silencing of reporter genes at telomeres and the
silent mating-type loci [33]. Despite this, we do not
observe pheromone-induced changes in the localization of
Rap1p, Sir3p or Sir4p, all of which are structural compo-
nents of subtelomeric heterochromatin. Another MAP
kinase target that is a structural component of chromatin is
histone H3, modification of which correlates with both
serum-induced gene induction and mitotic chromosome
condensation in mammalian cells (reviewed in [51]). It
will be important to examine the complete array of genes
induced by Ste12p activation for components of the nucle-
olus or proteins that influence long-range chromatin order. 

Conclusions
MAP kinase signaling induces changes in nuclear organiza-
tion during the early stages of pheromone-induced conju-
gation in S. cerevisiae. Activation of the MAP kinase cascade
itself results in similar changes, which are dependent on
activation of the transcription factor Ste12p. Actin and
microtubule polymerization are not necessary for the
response. We propose that the signaling-induced restruc-
turing has a role in the transcriptional reprogramming that
accompanies conjugation, providing a new model to
examine the relationship between patterns of gene expres-
sion and nuclear morphology.

Materials and methods
Yeast strains, plasmids and growth conditions
The MATa/MATa diploid LPY2686 was made from the haploid strain
1255-5C (MATa ade1 bar2 his2 leu2 trp1 ura3 [33]) by mating-type
switching in two steps with the use of a plasmid carrying the HO gene.
Other strains used are LPY1683 (MATa ade2-101 his3-∆200 leu2-∆1
lys2-801 trp1-∆63 ura3-52 adh4::URA3-TELVIIL DIA5-1ADE2-TELVR)
[33], LPY3252 (= LPY1683 ste12::HIS3), EY957 (W303-1a

bar1 = MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100
bar1), EY966 (= EY957 fus3::LEU2 kss1::HIS3; kindly provided by E.
Elion, Harvard Medical School), K2129 (W303-1a bar1::HISG fus3-A;
kindly provided by G. Ammerer, IMP, Vienna) and YFD 126 (W303-1a
bar1-1 ste11::ADE2; kindly provided by M. Peter, ISREC). LPY3252 was
disrupted for STE12 by PCR-directed deletion of the open reading frame
[52]. Plasmids introduced include pGAL–STE4, pGAL–STE4-Asp3 and
pGAL–STE12 [52], which are repressed or induced after growth in 2%
raffinose-containing medium by adding glucose or galactose to 2% for
4–6 h. Growth conditions for G1 cyclin depletion using haploid strain
1608-21C (= 1255-5C cln1 cln2 cln3 leu2::LEU2::GAL-CLN3) or GA-
1163 (see below) are described in the Supplementary material. The
GFP–NUP49 fusion gene [53] (kindly provided by V. Doye, CNRS, Insti-
tut Curie) was inserted into various yeast vectors for expression or inte-
gration. Integration into LPY2686 created strain GA-1109, and into
1608-21C created strain GA-1163. The same construct was introduced
into K2129 and YFD126, containing pGAL–STE12 and MT1201
(dig1::URA3 dig2::HIS3 ste7::LEU2; kindly provided by M. Tyers, Univer-
sity of Toronto). GA-1096 (MATa, ade2 leu2, his3, ura3, trp1,
nup49::TRP1, with the plasmid pUN100–GFP–NUP49) was used for the
mating assay in Figure 1.

Antisera, indirect immunofluorescence and FISH
Preparation, characterization and affinity purification of polyclonal rabbit
antisera were previously described [6,21]. Antibodies against actin
(mouse monoclonal C4; Boehringer Mannheim), tubulin (mouse mono-
clonal TAT-1 [54]) and secondary antibodies are described elsewhere
[6]. Cells were prepared for immunofluorescence and FISH by adjust-
ing the culture to 3.3% formaldehyde for 10 min at 30°C. Fixed cells
were then washed twice in YPD, and spheroplasted as described [55]
except that three times more enzyme was added. FISH and immunos-
taining were performed as described in [55]. Microscopy techniques
are available on the web.

Supplementary material
Additional methodological details are available at http://current-
biology.com/supmat/supmatin.htm.
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