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In yeast, many genes are targeted to 
the nuclear periphery through inter-

action with the Nuclear Pore Complex 
upon activation. Targeting requires 
nucleoporin proteins and DNA ele-
ments in the promoters of these genes. 
We have recently found that target-
ing is regulated through the cell cycle. 
Immediately following the initiation 
of DNA replication, active genes lose 
peripheral localization for ~30 min-
utes. This regulation is mediated by 
cyclic phosphorylation of a nucleoporin 
by Cdk1. Some genes that are targeted 
to the nuclear periphery upon activa-
tion remain at the nuclear periphery 
after repression, a phenomenon called 
transcriptional memory. Curiously, the 
mechanism that regulates localization 
of active genes to the nuclear periphery 
does not regulate the localization of the 
same genes after repression, suggesting 
that these genes are targeted by two 
distinct mechanisms. Finally, the local-
ization of other parts of the genome at 
the nuclear periphery seems to be regu-
lated by a distinct mechanism, suggest-
ing that the spatial organization of the 
genome is coordinated with the progres-
sion of the cell cycle.

Introduction

The eukaryotic genome is spatially orga-
nized within the nucleus.1 Chromosomes 
in differentiated cells fold back on them-
selves and occupy well-defined territories 
within the nucleus.2 This organization is 
reproducible within cells of a particular tis-
sue but is different between cells of differ-
ent tissues. In many undifferentiated cells 
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and in the brewers yeast Saccharomyces 
cerevisiae chromosomes assume a Rabl 
conformation, with telomeres associated 
with the nuclear envelope on one pole and 
centromeres associated with the nuclear 
envelope on the opposite pole.3 Global 
changes in gene positioning and chromo-
some folding occur during development, 
suggesting that the spatial organization of 
chromatin either impacts the regulation of 
gene expression or that it is a product of 
transcriptional status.

We are interested in determining the 
mechanisms that determine the localiza-
tion of individual genes within the nucleus 
and how localization affects gene expres-
sion. In particular, we have focused on 
genes that relocalize from the nucleoplasm 
to the nuclear periphery upon activation.4-6 
To address these questions, we have used a 
chromatin localization assay that allows 
us to determine the subnuclear localiza-
tion of a particular gene with respect to 
the nuclear envelope.6,7 We integrate an 
array of Lac repressor binding sites beside 
the locus of interest in a strain express-
ing GFP-Lac repressor. We then perform 
immunofluorescence against GFP and 
a marker for the endoplasmic reticulum 
and nuclear envelope (Fig. 1A). We clas-
sify cells within the population as either 
nucleoplasmic or peripheral (Fig. 1A). A 
random distribution corresponds to ~30% 
of the cells in the peripheral class (indi-
cated as a blue hatched line in Fig. 1).6 
After induction, many genes colocalize 
with the nuclear envelope in ~65% of the 
population. For example, the HSP104 
locus relocalizes from the nucleoplasm 
to the nuclear periphery upon heat shock 
(Fig. 1B).8
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(Fig. 1C). Following mitosis, G1 cells 
are unbudded. Bud emergence occurs as 
DNA replication is initiated and S-phase 
cells have small buds measuring less than 
one-third the length of the mother cell’s 
long axis. Cells with large buds (greater 
than one-third the length of the mother 
cell’s long axis) are classified as G2/M 
phase (Fig. 1C). Using this refinement 
of the chromatin localization assay, we 
found that, in unbudded cells and large-
budded cells, both the INO1 gene and 
the GAL1 gene localized at the nuclear 
periphery. In contrast, in the small-bud-
ded cells, INO1 and GAL1 localized in 
the nucleoplasm. We have observed this 
phenomenon for other genes that are tar-
geted to the nuclear periphery. For exam-
ple, when we examined the localization of 
HSP104 within the nucleus through the 
cell cycle, we found that it was regulated 
exactly as we had observed for INO1 and 
GAL1 (Fig. 1D). During G1 and G2/M, 
HSP104 localized at the nuclear periphery 
in 69% and 72% of the cells, respectively. 
However, in small-budded cells, HSP104 
localized at the nuclear periphery in 31% 
of the cells (Fig. 1D). All genes we have 
examined to date that localize to the 
nuclear periphery when active have exhib-
ited this behavior and cyclical association 
with the nuclear membrane through the 
cell cycle, indicating that this process may 
be a general property of gene recruitment 
(our unpublished results).

Consistent with the idea that INO1 
and GAL1 lose peripheral targeting dur-
ing S-phase, in cells arrested with hydoxy-
urea, both genes localized to nucleoplasm. 
This is in contrast to cells arrested dur-
ing mitosis (either cdc20-1 or by treat-
ment with nocodazole), in which INO1 
and GAL1 remain at the nuclear periph-
ery. Furthermore, in cdc6-1 mutant cells 
arrested at the restrictive temperature 
(37°C), both genes were found at the 
periphery, suggesting that the initiation of 
DNA replication was upstream of the loss 
of peripheral localization. After the cdc6-1 
mutant was returned to the permissive 
temperature, INO1 and GAL1 relocalized 
to the nucleoplasm in less than 5 minutes. 
Thus, very quickly after the initiation of 
DNA replication, the genes lose peripheral 
localization.

transcription of INO1 and HXK1 and may 
also couple gene expression with process-
ing and export of mRNA molecules for 
translation in the cytoplasm.6,10,12,15

In our recent publication we have 
investigated the regulation of gene local-
ization through the cell cycle.16 Since the 
yeast nucleus undergoes a closed mito-
sis with the nuclear membrane remain-
ing intact through out the cell cycle, 
it is possible to analyze the association 
of a locus with the nuclear envelope 
throughout all of the stages of the cell 
cycle. Furthermore, because our marker 
for the nuclear envelope also marks the 
endoplasmic reticulum at the cortex of 
the cell (Fig. 1A and C), we can classify 
both nuclear localization and the bud 
morphology of each cell. In an asynchro-
nous culture, the bud morphology can be 
used as an indication of cell cycle stage 

Several yeast genes localize at the 
nuclear periphery upon activation.4-6,9,10 
The best characterized of these are 
the INO1 gene and the GAL1 gene.5,6 
Localization at the nuclear periphery cor-
relates with an interaction of the promot-
ers of these genes with the nuclear pore 
complex (NPC)5,11 and requires nucleopo-
rins.12-14 We have focused on the mecha-
nism by which the INO1 gene is targeted 
to the NPC. We find that INO1 relo-
calizes to the nuclear periphery rapidly, 
independent of mRNA production12 and 
requires two DNA “zip codes” in the pro-
moter called Gene Recruitment Sequences 
(GRSs15) and several components of the 
NPC (Nup1, Nup2, Nup60, Nup157, 
Nup42, Gle2) and associated proteins 
(Mlp2, Gcn5, Spt7, Spt20, Sus1, Sac3 
and Thp1).15 Recruitment to the nuclear 
periphery promotes optimal levels of 

Figure 1. Gene Localization throughout the cell cycle. (A) Representative images of yeast cells la-
beled with GFP-Lac I (green) and Sec63-myc (red), classi!ed as either nucleoplasmic or peripheral. 
Scale bar = 1 μm. (B) The localization of the HSP104 gene with respect to the nuclear periphery 
was quanti!ed in populations of cells grown at 22°C or heat shocked at 37°C for 20 minutes. (C) 
Schematic representation of the staining of cells and gene positioning during the stages of the 
cell cycle: unbudded (G1), small-budded (S) and large-budded cells (G2/M). (D) The localization of 
HSP104 gene was quanti!ed under activating conditions in unbudded, small-budded or large-
budded cells from an asynchronous culture. In (B and D) the hatched line represents the level of 
colocalization of the lac repressor spot with the nuclear envelope predicted by chance.6
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Localization of Telomeres  
is Regulated by a Different  

Mechanism

Yeast telomeres are tethered to the nuclear 
envelope by a different mechanism.20-22 
The localization of telomeres at the 
nuclear periphery promotes silencing of 
subtelomeric genes.23 The localization of 
telomeres at the nuclear periphery is also 
coordinated with the cell cycle although 
there are striking mechanistic differences. 
The tethering of yeast telomeres to the 
nuclear envelope is lost during G2, not S 
phase. Telomeres localize at the nuclear 
periphery in unbudded and small-budded 
cells and in the nucleoplasm in large-
budded cells.20-22 Using several approaches 
to manipulate the length of  S phase, 
Ebrahimi and Donaldson found that telo-
meres remained at the periphery during S 
phase but relocalized to the nucleoplasm 
as cells progressed towards mitosis.22 
Similarly, the Gasser lab observed that 
telomeric clusters are maintained at the 
periphery when cells are arrested in S phase 
with hydroxyurea, but are lost as the cells 
enter mitosis 20 minutes after the drug is 
washed away.20 Loss of telomeric tethering 
during the cell cycle is mediated by loss 
of Sir4 and Ku binding to telomeres.22 
Thus, the localization of different parts of 
the genome are independently regulated 
through the cell cycle, suggesting an elab-
orate coordination of the spatial organiza-
tion of the genome with cyclic events such 
as DNA replication, chromosome conden-
sation and chromosome segregation.

Conclusions

We have discovered a new phenomenon 
that is regulated through the cell cycle 
by Cdk1 phosphorylation of a single 
nuclear pore protein. The physiological 
significance of this regulation is not clear. 
Introduction of phosphomimetic muta-
tions into Nup1 leads to loss of regulation 
and constitutive localization at the nuclear 
periphery throughout the cell cycle. 
However, these cells do not display dra-
matic phenotypes, indicating that, under 
typical lab conditions, this system is dis-
pensable. However, we speculate that reg-
ulation of gene localization to the nuclear 

Finally, these mutant forms bypassed the 
requirement for Cdk1 in gene targeting, 
suggesting that Nup1 is the only substrate 
of Cdk1 important for this regulation.

Gene Positioning is a Form  
of Cellular Memory

In the course of our studies on the mecha-
nism of gene recruitment to the nuclear 
periphery, we identified an unexpected 
consequence of gene positioning. We 
discovered that cells possess a form of 
memory that marks previously expressed 
genes and primes them for expression in 
the future.12 Some of the genes that are 
targeted to the nuclear periphery when 
expressed remain at the nuclear periph-
ery for several generations after they are 
turned off. Surprisingly, the molecular 
mechanism that controls localization of 
INO1 at the nuclear periphery when it is 
active is different from the mechanism 
that controls localization of INO1 at the 
nuclear periphery after it is turned off. 
Retention after repression requires a dif-
ferent DNA zip code, different compo-
nents of the nuclear pore complex and 
the histone variant H2A.Z.19 We have 
recently found that the interaction of a 
Memory Recruitment Sequence with the 
NPC after repression alters the chromatin 
structure of the promoter, allowing faster 
expression in the future.19 Therefore, tran-
scriptional memory represents a novel 
regulatory mechanism by which previ-
ously expressed genes can be marked and 
primed for faster activation in the future. 
The proteins required for this phenom-
enon are universally conserved, raising the 
possibility that similar phenomena could 
occur in humans.

The localization of recently repressed 
INO1 and GAL1 at the nuclear periph-
ery was not regulated during the cell 
cycle. In cells that have recently repressed 
INO1 or GAL1, the genes remain at the 
nuclear periphery throughout the cell 
cycle.16 Furthermore, loss of the critical 
Cdk1 phosphorylation sites on Nup1 had 
no effect on the localization of recently 
repressed INO1.16 This indicates that the 
molecular mechanism used for genes with 
transcriptional memory is unique from 
that used during active transcription.

The Nuclear Pore Complex

Previous work from our lab and others has 
clearly demonstrated a role for the nuclear 
pore complex in gene recruitment. We 
have created numerous deletion mutants 
for non-essential components of the NPC 
and found that several components of the 
nucleoplasmic basket are critical for INO1 
recruitment to the nuclear periphery (e.g., 
Nup1, Nup2 and Nup60).15 Many of these 
components have been identified to be tar-
gets of the master regulator of the cell cycle, 
cyclin-dependent kinase (Cdk1, CDC28 
in Saccharomyces cerevisiae). We hypothe-
sized that phosphorylation of nuclear pore 
components by Cdk1 may regulate gene 
recruitment during the cell cycle. Indeed, 
using a temperature-sensitive mutant of 
Cdk1 (cdc28-1) we found that targeting of 
INO1 and GAL1 to the nuclear periphery 
required Cdk1 activity; both genes local-
ized to the nucleoplasm in cells incubated 
at the restrictive temperature. This effect 
was independent of the phase of the cell 
cycle at which these cells were arrested; 
cdc28-1 cells arrested during mitosis with 
nocodazole and then shifted to the restric-
tive temperature showed the same loss of 
peripheral localization.

The nucleoporin Nup1, which is 
required for targeting of both INO1 and 
GAL1 to the nuclear periphery, is a Cdk1 
target both in vivo and in vitro.17,18 We 
found two canonical Cdk1 phosphoryla-
tion sites (S/TPIK) at the amino terminus 
of Nup1. To determine if phosphoryla-
tion of these sites is required for targeting 
of INO1 and GAL1 we mutagenized the 
phosphoacceptor sites at S161 or T344 to 
cysteine residues. Although neither muta-
tion alone had an effect on localization, 
the double mutant abolished recruitment 
to the periphery indicating that phosphor-
ylation of Nup1 is required for gene target-
ing to the nuclear periphery. This double 
mutant was able to complement loss of 
Nup1 in other functional in other assays, 
suggesting that it was not a null mutant. 
Furthermore, substitution of aspartic acid 
residues for either phosphoacceptor residue 
resulted in loss of cell cycle regulation of 
gene localization. In cells expressing these 
mutant forms of Nup1, INO1 and GAL1 
remained at the periphery during S phase. 
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periphery may reduce physical conflict 
between DNA replication or repair and 
active transcription at the periphery. 
Future work will test this hypothesis.
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