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Organisation of the cell nucleus is crucial for the regulation of gene
expression but little is known about how nuclei are structured. To address
this issue, we designed a genomic screen to identify factors involved in
nuclear architecture in Saccharomyces cerevisiae. This screen is based on
microscopic monitoring of nuclear pore complexes and nucleolar proteins
fused with the green fluorescent protein in a collection of approximately
400 individual deletion mutants. Among the 12 genes identified by this
screen, most affect both the nuclear envelope and the nucleolar mor-
phology. Corresponding gene products are localised preferentially to the
nucleus or close to the nuclear periphery. Interestingly, these nuclear
morphology alterations were associated with chromatin-silencing defects.
These genes provide a molecular context to explore the functional link
between nuclear architecture and gene silencing.
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Introduction

During interphase, many functions of the
eukaryotic cell nucleus are organised into sub-com-
partments. Particular sub-regions in the nucleus
are associated with molecular complexes dedicated
to replication, transcription, RNA splicing and
transport.1,2 The emerging view is that chromo-
somes are packed into discrete territories in the
interphase nuclei of mammalian cells, and this
facilitates gene regulation and coordinate patterns
of gene expression.3,4 Microscopy studies suggest
that these sub-nuclear compartments are
highly dynamic, with constant exchanges of pro-
teins between sub-compartments and the
nucleoplasm.5,6 In yeast, localisation of the various
nuclear machineries is relatively unexplored. It is
likely that nuclear territories are not defined as
precisely as in mammalian nuclei, although some
nuclear sub-compartments, such as the nucleolus

and silent chromatin, are well conserved between
yeast and mammals.7,8

In the yeast Saccharomyces cerevisiae, telomeres
are clustered at the nuclear periphery.9 These
telomeric domains behave like silent hetero-
chromatin-like DNA regions, similar to the rDNA
repeats and mating-type switch loci HMR and
HML. Silencing is achieved by the recruitment
of Sir proteins through the combined action of
cis-acting silencer elements and DNA-binding
factors.10 Mutations disrupting gene silencing also
affect the localisation of telomeric proteins and
can alter spatial distribution of telomeres.11 – 13

Although not sufficient in itself, peripheral
positioning of these loci might facilitate the estab-
lishment of silencing,14,15 suggesting that certain
regions of the nucleus concentrate trans-acting
silencing factors, necessary for efficient formation
of heterochromatin.

The structural basis for the functional organi-
sation of yeast and mammalian interphasic nuclei
is not well understood. Macromolecular self-
assembly and the existence of a putative nuclear
matrix or skeleton have been proposed to organise
nuclear functions.6,16 Self-assembly was first sug-
gested for organisation of the nucleolus.17 This
compartment serves mainly as the site of rRNA
transcription, initiated from the tandem arrays
of rRNA genes sequestered in the region and for
pre-ribosome formation.18 Microscopically, the
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yeast nucleolus appears as a single crescent-shaped
structure juxtaposed directly to the nuclear
envelope.8 Although yeast strains deleted for
chromosomal rDNA repeats can be complemented
by a single rRNA gene driven by an RNA poly-
merase II (Pol II) promoter carried on a multicopy
plasmid, the nucleolus is disassembled in these
conditions.19 The nucleolar compartment might
therefore result from the coalescence of transcrip-
tion units, with the subsequent recruitment of
processing factors by nascent RNA.18 This mecha-
nism is proposed to be a paradigm for the for-
mation of other nuclear structures.

Nevertheless, self-assembly itself is not sufficient
to explain all observations made in S. cerevisiae.
An alternative hypothesis has been proposed, in
which nuclear matrix or nucleoskeleton organises
the nuclear space; similar to the cytoskeleton.16

Nuclear pore complexes (NPCs) are large protein-
aceous structures that mediate regulated transport
of macromolecules between the nucleus and the
cytoplasm.20 They are embedded in the nuclear
envelope and might provide anchor sites for the
nucleoskeleton and/or chromatin domains at the
nuclear envelope.21 The yeast nucleus remains
intact during mitosis and structural orthologues
of lamina coding genes are not found in the
S. cerevisiae genome. However, two NPC-associated
myosin-like proteins (Mlp1p and Mlp2p) have
been proposed to form a structural link between
telomeres and the nuclear envelope.11 Actin and
actin-related proteins are found within the yeast
nucleus in association with chromatin-remodelling
complexes.22,23 Whether nuclear actin exists as a
polymer remains unclear, but short nuclear fila-
ments may provide a scaffold helping chromatin
positioning. Notably, a mutant allele of nuclear
actin-related protein Act2p affects NPC mor-
phology17 and Act3p interacts with core histones.24

Using S. cerevisiae as an experimental model, we
designed a screen for novel genes involved in
nuclear architecture. Previous studies of nucleolar,
as well as nuclear envelope mutants have demon-
strated that nuclear morphology defects can be
observed without growth phenotypes.12,17,25,26

However, a systematic genetic approach for defec-
tive nuclear morphology has never been reported.
Our screen was based on microscopic monitoring
of two green fluorescent protein (GFP) fusion
proteins; Nop1p a nucleolar protein involved in
rRNA processing and maturation27 and Nup49p
an NPC component.28 This approach led to the
identification of 12 novel proteins that provide a
molecular link between nuclear organization and
chromatin silencing.

Results

A screen for mutations affecting
nuclear architecture

We screened a library of yeast strains with
deletions in non-essential genes (see Materials and

Methods) for nuclear morphology phenotypes
by monitoring the nuclear markers Nop1p and
Nup49p fused to GFP. These fusion proteins were
functional as determined by correct nuclear localis-
ation (see Figure 1) and complementation of corre-
sponding Dnup49 and Dnop1 mutant strains (data
not shown).28 We used 417 haploid deletion strains
(MATa and their MATa counterparts) for trans-
formation with Nop1p-GFP and Nup49p-GFP
expressing plasmids. As a control, a wild-type
strain and a mutant Dnup145C strain, affecting
nuclear envelope and nucleolar morphologies,
were included in the test.29 Nuclear architecture
defects were scored by monitoring GFP fluor-
escence in the transformants. Strains were scored
as positive when more than approximately 12% of
the cells showed either a GFP-Nup49p localisation
different from the ring-like shape typically
observed in wild-type cells, or a GFP-Nop1p fluor-
escence distinct from the typical crescent-like sig-
nal observed for wild-type nucleoli (see Figure 1,
WT ). Out of the 417 mutant strains tested, three
presented a defect in GFP-Nup49p distribution, 16
in GFP-Nop1p and ten were defective in the locali-
sation of both markers (Table 1). Phenotypes
associated with GFP-Nup49p corresponded either
to clustering or irregular distribution (Figure 1(a)
and (c)). We did not observe mutants in which
the GFP signal could not be detected or was
delocalised from the envelope. Defects observed
in the GFP-Nop1p signal corresponded to a dif-
ference in signal intensity (stronger), or shape
(diffused or fragmented; Figure 1(b)–(d)).

In a second step, we verified that these pheno-
types were reproducible in a MATa or MATa back-
ground. Phenotypic discordances between strains
carrying the same deletion, but with opposite
mating-types have been observed.30 These differ-
ences might be explained by secondary mutations
occurring during the transformation process.
Consequently, a total of 29 MATa strains selected
in the first step, and their MATa counterparts
carrying the same deletions, were transformed
de novo with plasmids encoding GFP-Nop1p or
GFP-Nup49p. Mutants in which phenotypes could
not be reproduced or were reproduced, but not
in both mating types, were discarded (Table 1).
Thirteen pairs of deletion strains showed similar
phenotypes and are illustrated in Figure 1.

To verify that the observed phenotypes were
linked to the gene deletions, we transformed the
mutants with plasmids encoding their correspond-
ing wild-type genes obtained from EUROSCARF
(see Materials and Methods). As a control, pRS316
(vector alone) was transformed. Direct observation
of GFP-Nup49p and GFP-Nop1p in this set of
strains produced the quantifications reported in
Table 2. Most mutant strains reproduced the
phenotype(s) for which they were scored. The
single exception was Dyll040c, which was therefore
discarded from the following studies (Table 2D).
We confirmed that phenotypes were restored
to wild-type levels by complementation (Table
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2A–C). For the Dygl100w mutant strain, comple-
mentation with the corresponding open reading
frame (ORF) did not rescue the mutated phenotype
(Table 2C, Dygl100w ). One possible interpretation
is that the wild-type gene cloned into the rescue
plasmid received a mutation during acquisition of
the gene by the gap repair process. Since the
phenotype was reproduced in two different genetic
backgrounds, this mutant was retained for further
studies.

Together, these results show that deletion of each
of the 12 selected genes leads to reproducible
defects in GFP-Nup49p and GFP-Nop1p locali-
sation, indicating that these 12 genes might be
involved, directly or indirectly, in nuclear
architecture.

Gene product localisation

In order to determine the localisation of the
proteins encoded by the genes selected in the

screen, all ORFs were C-terminally tagged with
GFP. Tagged genes were placed under the control
of the Pol II-transcribed CYC1 promoter regulated
by the tetOn operator (see Materials and
Methods).31 Original deletion strains were trans-
formed with their corresponding tagged genes.
YOL151w was C-terminally tagged at its chromo-
somal locus (see Materials and Methods). GFP
fusions were not toxic when expressed and pro-
duced full-length GFP fusion proteins as verified
by Western blot analyses (data not shown). After
four hours of induction, GFP was localised in
living cells (Figure 2). Most of the GFP fusions
were found in the nucleus (Ydl074p, Ynl059p,
Ybr223p), the nucleolus (Yjl148p) and the nuclear
envelope (Ygl100p, Yol072p, Ybr283p, see also
Table 3). The latter distribution resembles that of
the ER markers Sec63p-GFP and GFP-HDEL in
living yeast cells.32 In three cases (Yjr059p, Yj124p,
and Yol151p) localisation was not restricted to the
nucleus but the GFP fusions were found in the

Figure 1. Direct fluorescence microscopy analysis of GFP-Nup49p and GFP-Nop1p localisation in different mutant
strains in MATa and MATa backgrounds. Cells were grown overnight in selective medium, diluted and transferred
for three hours at 37 8C. Each image was taken at the same exposure time (two seconds for GFP-Nup49p signal, and
one second for GFP-Nop1p signal), except for GFP-Nop1p in Dybr283c, where the exposure time was reduced twofold.
Mutants are classified as in Table 2. The scale bar represents 1 mm.
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Table 1. List of EUROSCARF strains used in this screen

Strains showing a phenotype in all steps of the screen are dark shaded. Strains showing a phenotype only in the first step of the screen
are light shaded.

a Strains affected for GFP-Nup49p localisation.
b Strains affected for GFP-Nop1p localisation.
c Strains affected for both.
d Cells exhibiting morphological defects.
e Cell division defects could be observed.
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cytoplasm. In two cases, the gene product was
vacuolar (Yjl059p) or associated with a structure
resembling the Golgi apparatus (Ylr080p) (Figure 2
and Table 3).

These results indicate that, in most cases, nuclear
architecture defects could be linked to the lack of
a nuclear, nucleolar or nuclear envelope protein.

The 12 selected mutants are defective in gene-
silencing

If nuclear morphology is related to the organi-
sation of nuclear functions, one can predict that
silent chromatin might be disturbed in our
mutants. To test for this, we used a strain in which
three silent loci contain relevant markers under
the control of Pol II-driven promoters (rDNA <
MET15, telomere VIIL < URA3, HMR < TRP1 ).33

We individually deleted the 12 genes selected in
our screen in this new background (see Materials
and Methods) and tested for gene-silencing defects
at the three loci (Figure 3). As controls, two
dominant negative mutants of SIR2 (sir2-143 and
sir2-88 ) were used. Sir2p is an NAD-dependent
histone deacetylase involved in chromatin
silencing.34 The class I mutant, sir2-143, is defective
for silencing at the left telomere of chromosome VII
and at HMR, but displays normal rDNA-silencing.
The class II mutant, sir2-88, is defective in silencing
only at rDNA repeats.33 We found that all gene
deletion mutants selected for their defects in
Nup49p and/or Nop1p localisation were defective
in silencing of at least one of the three loci
(Figure 3). A defect in GFP-Nup49p localisation
correlated nine times out of 11 with a telomeric or
mating-type silencing defect (Figure 3(a) and
Table 3). The two exceptions were Dyol072w and
Dyjl059w. Although a clustering of Nup49p signal
was observed in these mutants, no correlation

Figure 2. Localisation of GFP-tagged ORF products.
After four hours of induction, GFP fusion proteins were
localised in living cells. Nuclear staining with Hoechst
33342 is shown. In some cases, DNA was difficult to
stain. Mutants are classified according to the localisation
of the GFP-tagged protein (see the text).

Table 2. Quantification of affected cells for GFP-Nup49p or GFP-Nop1p localisation in the presence or in the absence of
complementing plasmid

% Affected cells for GFP-Nup49p localisation % Affected cells for GFP-Nop1p localisation

Strains pRS416 Complementing plasmid pRS416 Complementing plasmid

WT 12.6 ^ 2.3 12.6 ^ 2.3 12.4 ^ 2.7 12.4 ^ 2.7
A. Strains affected only for GFP-Nup49p localisation
Dylr080w 32.0 ^ 5.7 16.5 ^ 0.7 6.8 ^ nd 7.7 ^ nd

B. Strains affected only for GFP-Nop1p localisation
Dyjl148w 13.4 ^ 3.7 18.7 ^ 4.7 26.4 ^ 2.0 15.6 ^ 1.9

C. Strains affected for both localisationsa

Dyjr059w 42.3 ^ 5.2 8.1 ^ nd 40.0 ^ 11.1 8.3 ^ nd
Dyol072w 39.8 ^ 5.9 16.5 ^ 10.6 35.7 ^ 0.04 14.3 ^ 2.9
Dyjl124c 37.7 ^ 4.6 11.9 ^ 0.8 37.2 ^ 21.3 19.1 ^ 4.3
Dydl074c 35.0 ^ 12.7 13.3 ^ 0.6 26.4 ^ 10.1 13.1 ^ 2.7
Dybr283c 32.6 ^ 10.1 12.8 ^ 5.1 43.7 ^ 26.8 22.2 ^ 8.2
Dynl059c 29.4 ^ 1.8 6.9 ^ nd 45.5 ^ 3.8 13.9 ^ 1.5
Dygl100w 24.0 ^ 2.8 23.1 ^ 11.0 16.0 ^ 13.8 21.1 ^ 14.7
Dyjl059w 23.9 ^ 5.5 7.5 ^ nd 24.0 ^ 3.4 7.3 ^ nd
Dybr223c 20.8 ^ 5.4 10.7 ^ 1.9 32.0 ^ 14.4 18.8 ^ 2.8
Dyol151w 16.7 ^ 4.7 11.3 ^ 7.5 38.9 ^ 7.5 13.0 ^ 1.9

D. Strains not affected (see the text)
Dyll040c 11.5 ^ 2.1 nd 9.7 ^ 1.0 nd

Strains were grown in selective media overnight at 30 8C, diluted and transferred to 37 8C for three hours. Quantification of affected
cells was determined visually under the epifluorescence microscope. The average values ^ one standard error for 150 cells inspected
in two independent experiments are presented. nd, not determined.

a Strains are classified according to increasing values for GFP-Nup49p defects.
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could be made with telomeric or HMR silencing.
This indicates either that in these mutants Nup49p
is affected specifically, or that nuclear envelope
organisation and silencing at telomeres and HMR
are not always linked. The most severely affected
mutants for silencing at telomeres were Dydl074c
and Dynl059c (Figure 3(a), 5FOA), the latter
showing a derepression also at the mating-type
locus (Figure 3(a), Trpþ). Contrary to the sir2-143
class I mutant, linkage between both types of
silencing was not always observed.33

Most mutants defective for Nop1p localisation
were deficient in rDNA-silencing, similar to obser-
vations with the sir2-88 class II mutant (Figure
3(b) and Table 3). There were however, three
exceptions: the Dydl074c strain, in which the lack
of rDNA-silencing is comparable with the class
I sir2-143; the strain Dylr080w, in which rDNA
silencing defects were observed in the absence of
Nop1p delocalisation; and the Dyol072w strain, in
which rDNA-silencing seems to be stronger than
the sir2-88 mutant. In this latter case, we excluded
the possibility that this could be due to the loss of

the reporter gene, as cells were capable of growth
on minimal medium lacking methionine (data not
shown). In the case of Dyol151w, rDNA-silencing
could not be tested, because the single mutant
obtained was auxotrophic for methionine (data
not shown).

In conclusion, these results indicate that defects
in Nup49p and Nop1p localisation are linked to
chromatin-silencing defects. Defects in nuclear
envelope morphology tend to correlate with
derepression of telomeric and/or mating-type
loci chromatin, whereas disassembly of nucleolus
is related preferentially to rDNA derepression.

Discussion

Our genome-wide screen took advantage of the
complete genome sequence and the availability of
a non-random collection of mutant strains deleted
for ORFs of unknown function, to investigate the
functional organisation of the S. cerevisiae nucleus
in a non-biased manner. About 5600 ORFs are pre-
dicted in the S. cerevisiae genome,35 but most (82%)
of these genes are not required for survival under
standard laboratory conditions.36 This has pro-
vided a challenge to assign function to each gene.
Our efforts were focused on these viable mutants,
with the assumption that genes involved in nuclear
architecture are not necessarily essential for via-
bility under normal growth conditions. Previous
examples exist in which nucleolar or nuclear
envelope-altered structures do not affect cell
growth.12,25,26 Our results demonstrate that a sig-
nificant fraction (3%) of the non-essential genes
tested here have nuclear morphology defects
that are, in all cases, linked to specific defects in
chromatin-silencing. In addition, the majority (10/
12) of the genes encode proteins that localise to
the nucleus, or to structures associated with it,
pointing to their putative role in nuclear functional
architecture.

During the course of this work, some of the
genes identified in this screen were characterised
by independent studies and were shown to be
involved in different pathways (see Table 3).
However, none of these genes was previously
associated with defects in nuclear morphology
and/or silencing.

Although we cannot exclude the possibility that
some of these genes affect nuclear morphology
and chromatin-silencing indirectly, it is remarkable
that four genes connected directly to chromosome
metabolism were selected (Table 3). This result
suggests the existence of a tight link between
chromatin structure, compaction or dynamics and
global nuclear morphology. It is established
that both telomeric and HM-silencing requires
DNA-binding proteins that in turn recruit the
Sir complex.37 Histone modifications participate in
the formation of repressed chromatin, as well as
chromatin assembly factors.38 In this respect, our
observation that YNL059c and YBR223c deletions

Figure 3. Silencing at the left telomere VII, HMR and
rDNA. (a) After growth of deletants on YPD, tenfold
dilutions of cells were spotted on YPD, SC-Ura, 5FOA
(to test silencing at telomeres). In parallel, ca 300 cells of
two independent mutants were plated on YPD, 5FOA
and SC-trp (to test silencing at HMR locus). The per-
centage of colony-forming units (CFU) ((mean number
of 5FOA-resistant or Trpþ colonies/mean number of
colonies on YPD) £ 100) of two independent colonies
are indicated. (b) After growth of deletants on YPD,
non-diluted cells were spotted onto lead nitrate-
containing medium (see Materials and Methods) to test
rDNA-silencing. Dominant negative mutants of SIR2 are
shown as controls. See the text for details.
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affect silencing at all tested loci is of particular
interest. On one hand, Ynlo59p is an actin-related
protein that has been shown to be part of INO80.-
com, a chromatin-remodelling complex,23 indi-
cating that silencing is particularly sensitive to
chromatin compaction and dynamics. On the
other hand, Ybr223p is a Tyr-DNA phospho-
diesterase that repairs topoisomerase I
complexes,39 suggesting that DNA topological
changes and repression of chromatin are inter-
connected. In addition, it is noteworthy that a
gene required for spermidin transport was selected
(YJR059w ). This would be in accordance with
the proposal that polyamines, in concert with his-
tones, modulate chromatin structure.40 The case
of Dydl074c is particularly intriguing, since this
protein shows a preferential defect in telomeric
silencing and thus might have a specific role in
the establishment and/or maintenance of silencing
at the telomeres.

The links between nuclear envelope integrity
and establishment of silenced chromatin are
not well understood. Yet, rare mutations were
previously identified that affected both the spatial

distribution of telomeres and telomeric silencing
(i.e. the yeast ku heterodimer12). Nuclear envelope
integrity is required for local concentration of Sir
proteins at telomeric chromatin. In the present
screen, we found the nucleoporin encoded by
YGL100w. This nucleoporin belongs to a complex
of NPC proteins 29,41 involved in the tethering of
telomeres at the nuclear periphery.11 Although it is
not known whether Sir proteins are mislocalised
in this mutant, it provides an additional link
between nuclear envelope integrity and establish-
ment of repressive chromatin.

We have found that nucleolus morphology was
often altered and correlated with a derepression of
the Pol II-driven MET15 marker integrated in
the rDNA locus. This is the case when YJL148w
is deleted. Yjl148p is likely needed for Pol I
to overcome topological constraints imposed on
ribosomal DNA during transcription.42 One
interpretation is that structural alterations in
rDNA chromatin structures may have direct
consequences on nucleolar integrity. It is possible,
however, that reduced rRNA affects the nucleolar
localisation of rRNA-processing factors such as

Table 3. Classification of genes found in this work

Yeast genea NEVb Noc TELd HMRe rDNAf Locg Famh

Chromosome metabolism
YNL059c/ARP5 þþþ þþþ þþþ þþþ þþþ N1 8
YBR223c/TDP1 þþ þþþ þþ þþ þþþ N 1
YDL074c/BRE1 þþþ þþþ þþþ ¼ ¼ N 9
YJL148w/RPA34/CST2 þ þþþ ¼ ¼ þþþ No 1

mRNA metabolism
YJL124c/LSM1/SPB8 þþþ þþþ ¼ þþ þþþ N, C1 7
YOL072w/THP1 þþþ þþþ ¼ ¼ þþþþ NEV2 1
YGL100w/SEH1 þþ þþ þþ þþ þþþ NEV1 2

Secretory protein pathway
YBR283c/SSH1 þþþ þþþ þþ ¼ þþþ NEV/ER1 2
YLR080w þþþ þ þþ þþ þþþ G3 2

Small molecule transport
YJR059w/PTK2/STK2 þþþ þþþ þþ þþ þþþ N, C1 1
YJL059w/YHC3/BTN1 þþ þþ ¼ ¼ þþþ V1 1

Others
YOL151w/GRE2 þþ þþþ þþ þþ nd N, C 4

a Gene functions in these groups refer to literature and experiments summarised in the Yeast Protein Database (see www.proteome.com
for references) and are based on (i) structural similarity with genes of known function (YNL059c/ARP5; YJL124c/LSM1; YDL074c/BRE1;
YJL059w/BTN1; YBR283c/SSH1 ), (ii) transcriptome analysis (YOL151w/GRE2 ), (iii) protein complex purification (YNL059c/ARP5;
YJL124c/LSM1; YJL148w/RPA34 ) and (iv) specific functional screens (YJR059w/PTK2; YOL072w/THP1; YBR223c/TDP1 ). YLR080w was
classified according to its homology with Emp47p (data not shown).

b Nuclear envelope defects as detected by GFP-Nup49p localisation. þþþ , more than 25% of affected cells; þþ , between 15% and
25% of affected cells; þ , between 10% and 15% of affected cells.

c Nucleolar defects as detected by GFP-Nop1p localisation. þþþ , more than 25% of affected cells; þþ , between 15% and 25% of
affected cells; þ , between 10% and 15% of affected cells.

d Telomeric silencing defects as detected by growth on 5FOA. þþþ , like sir2-143 (class I) mutant; þþ , between sir2-143 (class I)
and sir2-88 (class II) mutant; ¼ , like sir2-88 (class II) mutant.

e Mating-type silencing defects as detected by growth on SC-trp. þþþ , like sir2-143 (class I) mutant; þþ , between sir2-143 (class I)
and sir2-88 (class II) mutant; ¼ , like sir2-88 (class II) mutant.

f rDNA silencing defects as detected by colour on lead nitrate-containing medium. þþþþ , stronger than sir2-88 (class II) mutant;
þþþ , like sir2-88 (class II) mutant; ¼ like sir2-143 (class I) mutant; nd, not determined.

g Localisation of GFP-tagged ORF products. N, nuclear; NEV, nuclear envelope or ER; No, nucleolus; C, cytoplasm; G, Golgi-like
structures; V, vacuolar. 1These localisations are in agreement with published data (see YPD for references). 2N-terminally tagged
protein, although poorly fluorescent, was found in the nucleus.56 3Ylr080p shows similarity with Emp47p, a Golgi protein.

h Gene families, according to Blandin et al.35 The number of members found in each family is indicated.
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Nop1p. Interestingly, a genetic screen for rDNA-
silencing defects recently identified genes associ-
ated with DNA replication and chromatin-
modulating factors.43 Although nucleolar morph-
ology was not analysed in this study, it implies
that rDNA-silencing mechanisms share common
features with other forms of silencing in S. cerevisiae.

It is notable that all these genes are not required
for cell viability under laboratory conditions.
According to the functional categories defined by
MIPS,44 761 genes (13.5%) are involved in nuclear
organisation. Among these, and after crossing
data from YPD,45 MIPS44 and the Eurofan project
(A. Thierry & B.D., unpublished results), approxi-
mately 55% are not essential for cell growth.
Although the number of genes belonging to this
functional category is meant to evolve, the failure
of a number of mutants to reveal a phenotype
points to the importance of assessing their role
quantitatively rather than qualitatively. About half
of the non-essential MIPS genes involved in
nuclear organisation are found to belong to gene
families (data not shown). Two-thirds of the genes
selected in our screen also belong to gene families
(Table 3). Genetic redundancy can partially account
for the lack of phenotypes for cell growth in these
deleted strains, since other members of the family
can contribute to cell viability.

Phenotyping yeast gene knockout collections
remains a challenging task. Several genome-wide
approaches have been developed, such as com-
parison of cell fitness before and after gene
deletion46 or analysis of changes in expression
patterns, subsequent to gene inactivation.47

Although extremely powerful, they do not always
solve the question of protein function. Further-
more, functional screens on a genomic scale remain
rare.48 The functional screen established here relies
on microscopic observation of individual mutants,
without any pressure of selection. Thus, even
mildly affected mutants, or phenotypes with low
penetrance, could be scored. Because of this, it
was important to determine that the phenotypes
observed were reproducible, significantly different
from the wild-type counterpart and linked directly
to gene deletions (Table 2). Although significant
and reproducible, phenotypes are seen in only
approximately 15–40% of cells derived from a
single colony. It is possible that the remaining cells
are affected but too weakly to be detected. Alterna-
tively, as is observed during gene variegation,
cell-cycle or aging, some variations could occur in
one cell, offering a selective growth advantage
within a colony.

In conclusion, our screen reveals a striking
correlation between nuclear structural defects
and deregulation of chromatin-silencing. Since
silencing occurs preferentially at the nuclear
periphery, one hypothesis is that the perinuclear
space is disrupted and, as a consequence, struc-
tural proteins of repressed chromatin are dis-
placed. Some of the nuclear proteins found here
are thus good candidates for being components of

the perinuclear space. In this respect, spatial distri-
bution of telomeres should be analysed, as well as
functional relationships with proteins involved
in silencing maintenance. Another possible, non-
exclusive, mechanism is revealed by the selection
of a number of genes involved in chromatin
dynamics. It is indeed possible that chromatin
organisation itself is involved in the organisation
of the nuclear space. Subsequent analysis of pro-
tein functions of each of the genes selected in this
screen should give more insight into this issue.

Materials and Methods

Yeast strains

The first set of 417 viable haploid yeast deletion strains
issued from the EUROFAN initiative was used in this
study (Table 1).49 This collection includes individual
complete deletions of ORFs that were of unknown func-
tion at the time of the program (1996). All deletions
were performed with a KANMX4 marker in MATa
and MATa strains, isogenic to the strain used for the
sequencing project (FY1679, a S288c derivative). FYBL1-
3D, FYBL1-17D50 and GCY27333 are described elsewhere.

DNA constructs

pRS316-GFP-NUP49 (centromeric plasmid containing
URA351 was constructed by digesting pUN100-GFP-
NUP4928 by Sac I-Bam HI and ligation of the fragment
into pRS316 digested by the same enzymes. The gene
fusion is under the control of the NUP49 promoter, and
N-terminally located GFP consists of the S65T/V163A
variant of wild-type GFP. Similarly, pRS316-GFP-NOP1
was constructed by digesting pUN100-GFP-NOP1
(kindly provided by V. Doye) by Sac I-HindIII. In this
case, the GFP-NOP1 is under the control of the NOP1
promoter. The fusion genes were functional, since they
could complement the deletions of NOP1 and NUP49,
which are essential28 (and not shown).

Rescue plasmids, issued from the EUROFAN project,
were obtained from EUROSCARF. Each contains a wild-
type ORF, cloned by gap-repair, under the control of its
own promoter and terminator on a centromeric URA3-
carrying plasmid.51

Expression plasmid pE207 was derived from
pCM18931 by inserting a PCR fragment encoding GFP
between Bam HI and Pst I restriction sites. The upstream
oligonucleotide contained in addition a Not I restriction
site. Selected ORFs were amplified by PCR using Pfu
DNA polymerase (Stratagene) and inserted between
Bam HI and Not I sites. In the case of YJL059w, which
contained an internal Bam HI site, a Bgl II-Not I PCR
fragment was generated.

Large scale yeast transformation

The one-step yeast transformation protocol52 was
modified as follows. Haploid yeast strains stored in
micro-titer plates at 280 8C, were thawed, diluted ten-
fold in micro-titer plates in 100 ml of YPGlu and grown
overnight at 30 8C. After low-speed centrifugation, the
supernatant was discarded by quickly flipping the plate
and cell pellets were resuspended in the remnant culture
medium and 70 ml of 40% (w/v) polyethylene glycol
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4000, 0.2 M lithium acetate, 0.1 M DTT, containing
0.5 mg/ml of sonicated salmon sperm DNA and 10 ng/
ml of transforming DNA was added. After incubation of
the micro-titer plate for 30 minutes at 45 8C, 10 ml of the
individual suspensions were spotted onto solid synthetic
complete medium (SC; 0.17% (w/v) Yeast Nitrogen Base
(Difco) without amino acids, 0.015% (w/v) all amino
acids, 2% (w/v) glucose, 2% (w/v) agar) lacking uracil.
Transformant colonies were visible after two days of
incubation at 30 8C. One to ten transformants per trans-
formation were usually obtained. MATa transformants
were first studied and, when not available, a correspond-
ing MATa transformant was picked. In the few cases in
which no transformants were obtained in both mating-
types derivatives, transformation was carried out as
described.52

Fluorescence observation

All strains transformed with GFP-NUP49 or GFP-
NOP1 encoding plasmids were used for observation of
GFP fluorescence directly on living cells. After overnight
growth in micro-titer plates in 100 ml of selective
medium (same as above but lacking agar) at 30 8C, cells
were diluted in fresh medium and grown for three
hours at 37 8C. Then 3 ml of the suspension was observed
directly with a Leitz DMRB microscope. Strains trans-
formed with expression plasmids were grown under
repressive conditions to exponential phase, washed in
water, diluted in fresh inducible medium (SC-Ura
without doxycycline) and grown for four hours at 30 8C.
For DNA staining, cells were incubated for 15 minutes
with 1 mg/ml of Hoechst 33342 (Molecular Probes)
before observation. Images were captured with a cooled
CCD C4880 camera (Hamamatsu). The CCD camera
was controlled by HiPic32 (Hamamatsu) software and
images were processed using Adobe Photoshop
software.

Construction of deletion strains

Deletions of selected ORFs in FYBL1-3D (MATa, ura3-
D851, trp1D63, leu2D1, his3D200 ) and in FYBL1-17D
(MATa, ura3-D851, leu2D1, his3D200, lys2D202 )50 were
performed because original mutant strains were not
necessarily auxotrophic for the two markers present on
the rescue plasmids (URA3 ) and on the GFP-expressing
plasmid (in this case associated with LEU2 ). Reproduci-
bility of the phenotypes in this novel context is a further
validation of the screen. ORFs were deleted in FYBL1-
3D, FYBL1-17D from the ATG to the STOP codon using
an HIS3 marker via PCR-mediated homologous
recombination.53 Primer sequences are available on
request. Hisþ transformants were selected and proper
integration of the HIS3 marker was checked by Southern
blot. Deletions in GCY273 were generated similarly.
However, complete deletion of the his3-11 locus was
achieved with KANMX4 in some cases, in order to
reduce recombination at the his3-11 locus. Strains are
available upon request.

Construction of the tagged strain

Tagging of YOL151w was made using a C-terminal
GFP cassette,54 using a PCR product generated from
plasmid pFA6a GFP(S65)-TRP1 that encoded the 30 end
of YOL151w in-frame with GFP followed by TRP1 gene.

Silencing assays

HMR, telomeric and rDNA-silencing assays were
performed as described.33 When rDNA-silencing was
tested, strains were first checked for their prototrophy
towards methionine, because MET15 is unstable.43 This
must be performed on a minimal medium supplemented
with required amino acids (A. Thierry, personal com-
munication). In a second step, Metþ cells were grown in
YPGlu (1% (w/v) yeast extract (Difco), 1% (w/v) pro-
teose peptone (Difco), 2% (w/v) glucose, 2% (w/v)
agar) and spotted onto plates containing lead nitrate
(0.1% (w/v) Pb(NO3)2, 0.3% (w/v) peptone, 0.5% (w/v)
yeast extract, 4% (w/v) glucose, 0.02% (w/v) ammonium
acetate, 2% (w/v) agar). Met2 colonies are dark in the
presence of Pb2þ, while Metþ colonies are white on this
medium.55

Acknowledgments

We are grateful to V. Doye for GFP-NUP49 and GFP-
NOP1 plasmids and to G. Cuperus for strain GCY273
and sir2 plasmids. Continual interest by B. Winsor is
gratefully acknowledged. B. Arcangioli, C. Fairhead,
A. Holmes and G. F. Richard are acknowledged for their
useful criticisms of this manuscript and all members of
the laboratory for continuous discussions. We are
indebted to J. Weitzman for his help in improving the
manuscript. M.T.T. was a recipient of the Fundação para
a Ciência e Tecnologia, PRAXIS XXI program (BD/
5226/95). B.D. is Professor of Molecular Genetics at
University P. M. Curie and a member of the Institut
Universitaire de France. This work was supported by a
grant from the DGXII of the European Commission
EUROFAN BIO4-CT97-2294.

References

1. Strouboulis, J. & Wolffe, A. P. (1996). Functional
compartmentalization of the nucleus. J. Cell Sci. 109,
1991–2000.

2. Lamond, A. I. & Earnshaw, W. C. (1998). Structure
and function in the nucleus. Science, 280, 547–553.

3. Marshall, W. F., Fung, J. C. & Sedat, J. W. (1997).
Deconstructing the nucleus: global architecture from
local interactions. Curr. Opin. Genet. Dev. 7, 259–263.

4. Cremer, T. & Cremer, C. (2001). Chromosome terri-
tories, nuclear architecture and gene regulation in
mammalian cells. Nature Rev. Genet. 2, 292–301.

5. Heun, P., Taddei, A. & Gasser, S. M. (2001). From
snapshots to moving pictures: new perspectives on
nuclear organization. Trends Cell Biol. 11, 519–525.

6. Misteli, T. (2001). Protein dynamics: implications for
nuclear architecture and gene expression. Science,
291, 843–847.

7. Heun, P., Laroche, T., Shimada, K., Furrer, P. &
Gasser, S. M. (2001). Chromosome dynamics in the
yeast interphase nucleus. Science, 294, 2181–2186.

8. Leger-Silvestre, I., Trumtel, S., Noaillac-Depeyre, J. &
Gas, N. (1999). Functional compartmentalization of
the nucleus in the budding yeast Saccharomyces
cerevisiae. Chromosoma, 108, 103–113.

9. Gotta, M., Laroche, T., Formenton, A., Maillet, L.,
Scherthan, H. & Gasser, S. M. (1996). The clustering
of telomeres and colocalization with Rap1, Sir3, and

Nuclear Architecture and Gene-silencing in Yeast 559



Sir4 proteins in wild-type Saccharomyces cerevisiae.
J. Cell Biol. 134, 1349–1363.

10. Moazed, D. (2001). Common themes in mechanisms
of gene silencing. Mol. Cell, 8, 489–498.

11. Galy, V., Olivo-Marin, J. C., Scherthan, H., Doye, V.,
Rascalou, N. & Nehrbass, U. (2000). Nuclear pore
complexes in the organization of silent telomeric
chromatin. Nature, 403, 108–112.

12. Laroche, T., Martin, S. G., Gotta, M., Gorham, H. C.,
Pryde, F. E., Louis, E. J. & Gasser, S. M. (1998).
Mutation of yeast Ku genes disrupts the subnuclear
organization of telomeres. Curr. Biol. 8, 653–656.

13. Feuerbach, F., Galy, V., Trelles-Sticken, E., Fromont-
Racine, M., Jacquier, A., Gilson, E. et al. (2002).
Nuclear architecture and spatial positioning help
establish transcriptional states of telomeres in yeast.
Nature Cell Biol. 4, 214–221.

14. Andrulis, E. D., Neiman, A. M., Zappulla, D. C. &
Sternglanz, R. (1998). Perinuclear localization of
chromatin facilitates transcriptional silencing. Nature,
394, 592–595.

15. Tham, W. H., Wyithe, J. S., Ferrigno, P. K., Silver, P. A.
& Zakian, V. A. (2001). Localization of yeast telo-
meres to the nuclear periphery is separable from
transcriptional repression and telomere stability
functions. Mol. Cell, 8, 189–199.

16. Pederson, T. (2000). Half a century of the “nuclear
matrix”. Mol. Biol. Cell, 11, 799–805.

17. Melese, T. & Xue, Z. (1995). The nucleolus: an
organelle formed by the act of building a ribosome.
Curr. Opin. Cell Biol. 7, 319–324.

18. Carmo-Fonseca, M., Mendes-Soares, L. & Campos, I.
(2000). To be or not to be in the nucleolus. Nature
Cell Biol. 2, E107–E112.

19. Oakes, M., Aris, J. P., Brockenbrough, J. S., Wai, H.,
Vu, L. & Nomura, M. (1998). Mutational analysis of
the structure and localization of the nucleolus in the
yeast Saccharomyces cerevisiae. J. Cell Biol. 143, 23–34.

20. Conti, E. & Izaurralde, E. (2001). Nucleocytoplasmic
transport enters the atomic age. Curr. Opin. Cell Biol.
13, 310–319.

21. Bangs, P., Burke, B., Powers, C., Craig, R., Purohit, A.
& Doxsey, S. (1998). Functional analysis of Tpr:
identification of nuclear pore complex association
and nuclear localization domains and a role in
mRNA export. J. Cell Biol. 143, 1801–1812.

22. Cairns, B. R., Erdjument-Bromage, H., Tempst, P.,
Winston, F. & Kornberg, R. D. (1998). Two actin-
related proteins are shared functional components
of the chromatin-remodeling complexes RSC and
SWI/SNF. Mol. Cell, 2, 639–651.

23. Shen, X., Mizuguchi, G., Hamiche, A. & Wu, C.
(2000). A chromatin remodelling complex involved
in transcription and DNA processing. Nature, 406,
541–544.

24. Harata, M., Oma, Y., Mizuno, S., Jiang, Y. W.,
Stillman, D. J. & Wintersberger, U. (1999). The
nuclear actin-related protein of Saccharomyces
cerevisiae, Act3p/Arp4, interacts with core histones.
Mol. Biol. Cell, 10, 2595–2605.

25. Oakes, M., Nogi, Y., Clark, M. W. & Nomura, M.
(1993). Structural alterations of the nucleolus in
mutants of Saccharomyces cerevisiae defective in RNA
polymerase I. Mol. Cell. Biol. 13, 2441–2455.

26. Siniossoglou, S., Santos-Rosa, H., Rappsilber, J.,
Mann, M. & Hurt, E. (1998). A novel complex of
membrane proteins required for formation of a
spherical nucleus. EMBO J. 17, 6449–6464.

27. Tollervey, D., Lehtonen, H., Jansen, R., Kern, H. &
Hurt, E. C. (1993). Temperature-sensitive mutations
demonstrate roles for yeast fibrillarin in pre-rRNA
processing, pre-rRNA methylation, and ribosome
assembly. Cell, 72, 443–457.

28. Belgareh, N. & Doye, V. (1997). Dynamics of nuclear
pore distribution in nucleoporin mutant yeast cells.
J. Cell Biol. 136, 747–759.

29. Teixeira, M. T., Siniossoglou, S., Podtelejnikov, S.,
Benichou, J. C., Mann, M., Dujon, B. et al. (1997).
Two functionally distinct domains generated by
in vivo cleavage of nup145p—a novel biogenesis
pathway for nucleoporins. EMBO J. 16, 5086–5097.

30. Bianchi, M. M., Sartori, G., Vandenbol, M., Kaniak,
A., Uccelletti, D., Mazzoni, C. et al. (1999). How to
bring orphan genes into functional families. Yeast,
15, 513–526.

31. Gari, E., Piedrafita, L., Aldea, M. & Herrero, E.
(1997). A set of vectors with a tetracycline-regu-
latable promoter system for modulated gene
expression in Saccharomyces cerevisiae. Yeast, 13,
837–848.

32. Prinz, A., Hartmann, E. & Kalies, K. U. (2000).
Sec61p is the main ribosome receptor in the endo-
plasmic reticulum of Saccharomyces cerevisiae. Biol.
Chem. 381, 1025–1029.

33. Cuperus, G., Shafaatian, R. & Shore, D. (2000). Locus
specificity determinants in the multifunctional yeast
silencing protein Sir2. EMBO J. 19, 2641–2651.

34. Imai, S., Armstrong, C. M., Kaeberlein, M. &
Guarente, L. (2000). Transcriptional silencing and
longevity protein Sir2 is an NAD-dependent histone
deacetylase. Nature, 403, 795–800.

35. Blandin, G., Durrens, P., Tekaia, F., Aigle, M., Bolotin-
Fukuhara, M., Bon, E. et al. (2000). Genomic explora-
tion of the hemiascomycetous yeasts: 4. The genome
of Saccharomyces cerevisiae revisited. FEBS Letters,
487, 31–36.

36. Johnston, M. (2000). The yeast genome: on the road
to the Golden Age. Curr. Opin. Genet. Dev. 10,
617–623.

37. Cockell, M. & Gasser, S. M. (1999). Nuclear compart-
ments and gene regulation. Curr. Opin. Genet. Dev. 9,
199–205.

38. Grunstein, M. (1998). Yeast heterochromatin: regu-
lation of its assembly and inheritance by histones.
Cell, 93, 325–328.

39. Pouliot, J. J., Yao, K. C., Robertson, C. A. & Nash,
H. A. (1999). Yeast gene for a Tyr-DNA phospho-
diesterase that repairs topoisomerase I complexes.
Science, 286, 552–555.

40. Pollard, K. J., Samuels, M. L., Crowley, K. A.,
Hansen, J. C. & Peterson, C. L. (1999). Functional
interaction between GCN5 and polyamines: a new
role for core histone acetylation. EMBO J. 18,
5622–5633.

41. Siniossoglou, S., Wimmer, C., Rieger, M., Doye, V.,
Tekotte, H., Weise, C. et al. (1996). A novel complex
of nucleoporins, which includes Sec13p and a
Sec13p homolog, is essential for normal nuclear
pores. Cell, 84, 265–275.

42. Gadal, O., Mariotte-Labarre, S., Chedin, S.,
Quemeneur, E., Carles, C., Sentenac, A. & Thuriaux,
P. (1997). A34.5, a nonessential component of yeast
RNA polymerase I, cooperates with subunit A14
and DNA topoisomerase I to produce a functional
rRNA synthesis machine. Mol. Cell. Biol. 17,
1787–1795.

560 Nuclear Architecture and Gene-silencing in Yeast



43. Smith, J. S., Caputo, E. & Boeke, J. D. (1999). A genetic
screen for ribosomal DNA silencing defects identifies
multiple DNA replication and chromatin-modu-
lating factors. Mol. Cell. Biol. 19, 3184–3197.

44. Mewes, H. W., Frishman, D., Gruber, C., Geier, B.,
Haase, D., Kaps, A. et al. (2000). MIPS: a database
for genomes and protein sequences. Nucl. Acids Res.,
28, 37–40.

45. Costanzo, M. C., Hogan, J. D., Cusick, M. E., Davis,
B. P., Fancher, A. M., Hodges, P. E. et al. (2000). The
yeast proteome database (YPD) and Caenorhabditis
elegans proteome database (WormPD): comprehen-
sive resources for the organization and comparison
of model organism protein information. Nucl. Acids
Res., 28, 73–76.

46. Winzeler, E. A., Shoemaker, D. D., Astromoff, A.,
Liang, H., Anderson, K., Andre, B. et al. (1999).
Functional characterization of the S. cerevisiae gen-
ome by gene deletion and parallel analysis. Science,
285, 901–906.

47. Hughes, T. R., Marton, M. J., Jones, A. R., Roberts,
C. J., Stoughton, R., Armour, C. D. et al. (2000).
Functional discovery via a compendium of
expression profiles. Cell, 102, 109–126.

48. Martzen, M. R., McCraith, S. M., Spinelli, S. L.,
Torres, F. M., Fields, S., Grayhack, E. J. & Phizicky,
E. M. (1999). A biochemical genomics approach for
identifying genes by the activity of their products.
Science, 286, 1153–1155.

49. Dujon, B. (1998). European Functional Analysis
Network (EUROFAN) and the functional analysis of

the Saccharomyces cerevisiae genome. Electrophoresis,
19, 617–624.

50. Fairhead, C., Llorente, B., Denis, F., Soler, M. &
Dujon, B. (1996). New vectors for combinatorial
deletions in yeast chromosomes and for gap-repair
cloning using “split-marker” recombination. Yeast,
12, 1439–1457.

51. Sikorski, R. S. & Hieter, P. (1989). A system of shuttle
vectors and yeast host strains designed for efficient
manipulation of DNA in Saccharomyces cerevisiae.
Genetics, 122, 19–27.

52. Chen, D. C., Yang, B. C. & Kuo, T. T. (1992). One-step
transformation of yeast in stationary phase. Curr.
Genet. 21, 83–84.

53. Baudin, A., Ozier-Kalogeropoulos, O., Denouel, A.,
Lacroute, F. & Cullin, C. (1993). A simple and
efficient method for direct gene deletion in
Saccharomyces cerevisiae. Nucl. Acids Res. 21,
3329–3330.

54. Longtine, M. S., McKenzie, A., III, Demarini, D. J.,
Shah, N. G., Wach, A. & Brachat, A. (1998).
Additional modules for versatile and economical
PCR-based gene deletion and modification in
Saccharomyces cerevisiae. Yeast, 14, 953–961.

55. Cost, G. J. & Boeke, J. D. (1996). A useful colony
colour phenotype associated with the yeast select-
able/counter-selectable marker MET15. Yeast, 12,
939–941.

56. Gallardo, M. & Aguilera, A. (2001). A new hyper-
recombination mutation identifies a novel yeast
gene, THP1, connecting transcription elongation
with mitotic recombination. Genetics, 157, 79–89.

Edited by M. Yaniv

(Received 28 March 2002; received in revised form 26 June 2002; accepted 27 June 2002)

Nuclear Architecture and Gene-silencing in Yeast 561


	Genome-wide Nuclear Morphology Screen Identifies Novel Genes Involved in Nuclear Architecture and Gene-silencing in Saccharomyc
	Introduction
	Results
	A screen for mutations affecting nuclear architecture
	Gene product localisation
	The 12 selected mutants are defective in gene-silencing

	Discussion
	Materials and Methods
	Yeast strains
	DNA constructs
	Large scale yeast transformation
	Fluorescence observation
	Construction of deletion strains
	Construction of the tagged strain
	Silencing assays

	Acknowledgments
	References


