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H2A.Z-Mediated Localization of Genes
at the Nuclear Periphery Confers Epigenetic
Memory of Previous Transcriptional State
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Many genes are recruited to the nuclear periphery upon transcriptional activation. The mechanism and functional
significance of this recruitment is unclear. We find that recruitment of the yeast INO7 and GAL1 genes to the nuclear
periphery is rapid and independent of transcription. Surprisingly, these genes remain at the periphery for generations
after they are repressed. Localization at the nuclear periphery serves as a form of memory of recent transcriptional
activation, promoting reactivation. Previously expressed GAL1 at the nuclear periphery is activated much more rapidly
than long-term repressed GAL1 in the nucleoplasm, even after six generations of repression. Localization of INO1 at the
nuclear periphery is necessary and sufficient to promote more rapid activation. This form of transcriptional memory is
chromatin based; the histone variant H2A.Z is incorporated into nucleosomes within the recently repressed INO1
promoter and is specifically required for rapid reactivation of both INO7 and GAL1. Furthermore, H2A.Z is required to
retain INO1 at the nuclear periphery after repression. Therefore, H2A.Z-mediated localization of recently repressed
genes at the nuclear periphery represents an epigenetic state that confers memory of transcriptional activation and
promotes reactivation.
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Introduction

The subnuclear localization of DNA has important roles in
regulating transcription [1,2]. In particular, localization of
chromatin near the nuclear periphery has well-documented
effects on transcription. Heterochromatin and developmen-
tally repressed genes localize at the nuclear periphery in
metazoan cells, and peripheral localization promotes silenc-
ing of telomeres and the mating type loci in yeast [1,3-5].
Conversely, recent studies have shown that certain genes are
conditionally recruited to the nuclear periphery when tran-
scriptionally activated in both yeast and mice [6-13]. The
yeast genes INOI and GALI distribute randomly within the
nucleoplasm under repressing conditions, but become co-
localized with the nuclear periphery upon activation [6,7].
Live-cell four-dimensional imaging experiments reveal that
recruitment is associated with both a change in the
subnuclear distribution of genes and a reduction in their
mobility, resulting in constrained movement near the nuclear
envelope [9,14]. Chromatin immunoprecipitation experi-
ments suggest that these and many other transcriptionally
active genes physically interact with components of the
nuclear pore complex (NPC) and associated factors [7].

The mechanism and functional significance of peripheral
localization is unclear. Interaction of GALI with the
nucleoporin Nup2 requires the Gal4 activator, but does not
require the SAGA histone acetylase complex, and is not
affected by inactivation of RNA polymerase II [13]. Thus, the
association with the NPC and, presumably, recruitment of
these genes to the nuclear periphery are regulated upstream
of TBP binding and transcription. Furthermore, artificial
tethering at the nuclear periphery promotes transcriptional
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activation of the INOI gene [6] and the HXKI gene [8], and is
sufficient to activate certain reporter genes [11]. Thus,
recruitment to the nuclear periphery appears to have a
functional role in promoting transcriptional activation.

In contrast, recruitment of genes to the nuclear periphery
has also been suggested to reflect coupling between tran-
scription and mRNA export. Chromatin immunoprecipitation
studies suggest that the interaction of mating pheromone-
induced genes with the NPC is mediated by the mRNA [12].
Likewise, recruitment of HXKI and GALI to the nuclear
periphery is affected by sequences in the 3" UTR [8,15], and
recruitment of GALI requires proteins that have been
implicated in mRNA export [9]. These results raise the
possibility that recruitment of genes to the nuclear periphery
might simply be the product of physical interactions between
nascent transcripts, the mRNA export machinery, and the NPC.

Using a quantitative chromatin localization assay [6], we
find that the transcriptional activation of both INOI and
GALI genes in yeast is biphasic, with the mRNA levels
increasing dramatically after gene recruitment is complete.
RNA polymerase II activity was not required for peripheral
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Author Summary

Eukaryotic cells control the spatial arrangement of chromosomes;
the localization of genes can both reflect and contribute to their
transcriptional state. A number of genes in the simple eukaryote
brewer's yeast are “recruited” to the nuclear periphery through
interactions with the nuclear pore complex when they are expressed.
The functional significance of peripheral recruitment is unclear.

Here, we show that recruited genes are actively retained at the
periphery for generations after transcription is repressed. This
suggests that localization at the nuclear periphery represents a
novel inherited state that might allow simple eukaryotic organisms
to “remember” previous transcriptional activation. This type of
memory allows for more robust reactivation of genes, suggesting
that it is adaptive. Finally, both retention at the nuclear periphery
and rapid reactivation require a variant form of histone H2A.

Adaptive memory is distinct from other types of transcriptional
memory. In developmental memory, transcriptional states estab-
lished by transcriptional regulators early in embryogenesis are
propagated long after these regulators have disappeared. Adaptive
memory does not propagate a state, but represents a novel state
that serves as a source of information. In this way, it resembles a
rudimentary form of cellular learning that allows cells to benefit
from recent experience.

recruitment of INOI. Furthermore, when cells were shifted
from activating to repressing conditions, INOI and GALI
remained localized at the nuclear periphery for generations.
We find that localization at the periphery defines a distinct,
heritable state that marks recently repressed genes and
promotes reactivation. The reactivation of GALI was more
rapid in cells that had previously activated the gene, even
after six generations of repression. The rate of activation of
INO1I was accelerated when the gene was artificially tethered
to the nuclear envelope and was delayed in a mutant blocked
for gene recruitment.

Epigenetic mechanisms of transcriptional memory are
employed extensively during metazoan development to stably
propagate transcriptional states [16]. Such memory can be
mediated by DNA methylation [17], by histone H3 acetylation
and methylation [18,19] or by incorporation of variant histone
H3.3 [20]. We find that the histone variant H2A.Z was
specifically required for reactivation of recently repressed
INOI and GALI, but had no role in the activation of the long-
term repressed states of these genes. H2A.Z associated with
nucleosomes in the promoter of the recently repressed INOI
gene, but not in the promoter of either activated or long-term
repressed INOI. Finally, we find that H2A.Z is essential for
retention of recently repressed INOI at the nuclear periphery.
These results identify a new form of chromatin-based tran-
scriptional memory and highlight an important role for
H2A.Z in regulating subnuclear localization to mark recently
repressed genes and promote their reactivation.

Results

Rapid Gene Recruitment to the Nuclear Periphery upon
Transcriptional Activation

To determine whether gene recruitment to the nuclear
periphery requires transcription, we used a chromatin
localization assay [6]. This is a quantitative assay for local-
ization of genes at the nuclear periphery based on a system
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developed by Belmont, Murray, and colleagues [21,22]. An
array of 128 lac repressor-binding sites is targeted for
integration to a location in the yeast genome by homologous
recombination. The array can then be localized as a green
fluorescent protein (GFP)-labeled spot in cells expressing the
lac repressor tagged with GFP (Lac I-GFP). Cells within a
population are individually analyzed by confocal microscopy
and scored as either peripheral, if the Lac I-GFP co-localizes
with the nuclear envelope (marked by the endoplasmic
reticulum/nuclear envelope membrane protein Sec63-myc),
or nucleoplasmic, if the Lac I-GFP does not co-localize with
the nuclear envelope [6] (Figure 1A). The URA3 gene, which
distributes randomly within the nucleus, co-localizes with
Sec63-myc in 27%-30% of cells [6] (Figure 1A). This
represents the baseline for this assay (indicated with a
hatched blue line in all relevant figures in this work; [6]).
When the INOI gene is artificially tethered to the nuclear
envelope, we observe peripheral localization in 81% * 7% of
cells [6]. Therefore, the dynamic range of the chromatin
localization assay is between 25% and 80%. For this reason,
data from chromatin localization experiments were plotted
on an axis from 20%-80%. The repressed INOI gene
distributes randomly, co-localizing with the nuclear envelope
in 31% * 1% of cells in the population (Figure 1A, +inositol;
[6]). The activated INOI gene is recruited to the nuclear
periphery, co-localizing with the nuclear envelope in 60% *
5% of cells in the population (Figure 1A, —inositol; [6]).

We used the chromatin localization assay to compare the
change in the peripheral localization of INOI with the change
in transcription after shifting cells from repressing to
activating conditions. We quantified the levels of INOI
mRNA relative to ACTI mRNA by reverse transcriptase
real-time quantitative PCR (RT Q-PCR). After shifting cells
into medium lacking inositol, INOI mRNA levels increased
slowly for the first 2.5 h (Figure 1B, left panel). The mRNA
levels then increased more rapidly over the next several hours
and reached steady state after 5-6 h (unpublished data).
Recruitment of INOI to the nuclear periphery was rapid. The
fraction of cells in which INOI localized to the nuclear
periphery increased approximately 10% in the first 5 min
after shifting cells to the activating condition and was
complete after 60 min. Therefore, INOI recruitment to the
periphery occurred prior to the rapid accumulation of
mRNA. However, plotting the data on a logarithmic scale
revealed that there was a substantial fold increase in the
concentration of the mRNA during this time, consistent with
the possibility that mRNA production might lead to recruit-
ment (Figure 1B, right panel). We conclude that (1) INOI was
activated quickly, resulting in an approximately 50-fold
increase in the mRNA level over the first 45 min, (2)
recruitment of INOI to the nuclear periphery correlated
with this early increase, and (3) the maximal rate of INOI
mRNA accumulation occurred after relocalization was
complete.

We next adapted the chromatin localization assay to
compare the localization and transcriptional activation of
the GALI gene, which is repressed in cells grown in glucose
and expressed in cells grown in galactose. We integrated the
lac repressor-binding site array downstream of the GALI
gene and quantified its co-localization with the nuclear
envelope as in Figure 1A. Repressed GALI localized at the
nuclear periphery in 35% * 1% (five replicates of 30-50
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Figure 1.
Rapid

(A) Left: merged confocal micrographs of cells stained for Lac I-GFP
(green) and Sec63-myc (red), and scored as peripheral or nucleoplasmic.
Right: cells having the lac repressor array integrated either at URA3
(strain JBY409) or INO1 (JBY397) were grown in the presence or absence
of inositol, and scored for peripheral localization as described [6]. Data
are averages of multiple replicates (indicated as N) from independent
cultures. Each replicate represents 30-50 cells. The hatched blue line
represents the baseline level of peripheral localization for the URA3 gene.
(B) At the indicated times after removal of inositol, cells were scored for
peripheral localization of INO1 (filled circles, extrapolated to 300 min
[Figure S1]; two replicates of 30-50 cells). Also, INOT mRNA abundance
was quantified using RT Q-PCR and expressed relative to ACTT mRNA
(open circles; [58]). Left panel: both datasets plotted on a linear scale.
Right panel: the mRNA abundance was plotted on a logarithmic scale,
and the localization was plotted on a linear scale.

(C) The localization of the GALT gene (two replicates of 30-50 cells) and the
GALT mRNA abundance were quantified in strain DBY32 and plotted asin (B).
doi:10.1371/journal.pbio.0050081.g001

Recruitment of INOT and GALT to the Nuclear Periphery Is

cells) of cells, and activated GALI localized at the nuclear
periphery in 70% = 2.5% (three replicates of 30-50 cells) of
cells (unpublished data). When cells were shifted from glucose
to galactose, GALI mRNA levels increased slowly for the first
60 min and then more rapidly, reaching steady state after
approximately 2 h (Figure 1C). Like INO1, GALI was recruited
to the nuclear periphery rapidly, increasing approximately
15% in the first 5 min after shifting cells to galactose medium
(Figure 1C). Peripheral localization increased to 56% * 2%
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after 60 min (Figure 1C) and continued to increase to 70%
over the next 2 h (Figure S1). Therefore, like INOI, the rate of
accumulation of GALI mRNA was fastest after recruitment to
the nuclear periphery.

Gene Recruitment to the Nuclear Periphery Is
Independent of Transcription

We next tested how localization to the nuclear periphery
changed after repressing transcription (Figure 2). Both GALI
and INOI are repressed rapidly [23,24]. After addition of
inositol to cells expressing INOI, the mRNA levels decreased
quickly, with no lag phase, and returned to the fully repressed
level within 30 min (Figure 2A). Likewise, in cells shifted from
galactose to glucose, the GALI mRNA levels dropped rapidly,
with no lag phase (Figure 2C). However, both INOI and GALI
remained localized at the nuclear periphery for more than 2
h after repressing transcription (Figure 2B and 2D). This
persistent localization at the nuclear periphery suggested that
these genes are actively retained. The rapid relocalization of
both genes upon shifting cells to activating conditions (Figure
1) indicates that they are capable of rapidly changing their
distribution. Furthermore, the diffusion coefficient of re-
pressed GALI is approximately 0.18 um?min [9]. This
mobility would predict that, in the absence of an active
mechanism of retention, GALI should assume a random
distribution within minutes of shifting the cells from
activating to repressing conditions.

To rule out the possibility that the localization of INOI to
the nuclear periphery after repressing transcription was due
to very low levels of transcription, we analyzed the local-
ization of INOI after inactivating a temperature-sensitive
version of RNA polymerase II. RNA polymerase II-mediated
transcription is blocked within 5 min after shifting rpbl-1
mutant cells to the non-permissive temperature (Figure S2
and [25]). We grew rpbI-1 cells in the absence of inositol to
activate INOI expression, and then shifted the cells to the
non-permissive temperature and quantified the localization
of INOI to the nuclear periphery over time. After 30 min at
the non-permissive temperature, the INOI gene remained
localized to the nuclear periphery in 60% * 3% of the cells,
despite a 5-fold decrease in INOI mRNA levels (Figure 2E and
Figure S2A). Therefore, ongoing transcription is not required
to maintain JNOI at the nuclear periphery.

To test if transcription is required to establish INOI
recruitment, we inactivated RNA polymerase II for 15 min
before shifting cells into the activating condition. This
treatment completely blocked INOI activation, resulting in
an approximately 420-fold difference in the levels of INOI
mRNA (Figure S2B). In the absence of RNA polymerase II
function, the INOI gene was still recruited rapidly to the
nuclear periphery (Figure 2F). These results indicate that
transcription is not required for either the establishment or
maintenance of gene recruitment to the nuclear periphery.
This conclusion is consistent with studies of the interaction of
the nucleoporin Nup2 with the GALI promoter [13].

Gene Recruitment Persists for Generations and Promotes
More Rapid Transcriptional Activation

We next tested if the lingering localization of INOI and
GALI at the nuclear periphery was inherited. We quantified
the peripheral localization of both INOI and GALI in cells
that had repressed transcription through several cell divi-
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Figure 2. Gene Recruitment Is Maintained after Repression

(A and B) The abundance of the INOT mRNA ([A], filled circles) and its
peripheral localization ([B], filled circles; five replicates of 30-50 cells) in
strain JBY397 were quantified at the indicated times after adding 100 uM
myo-inositol. In (A), a control strain that was grown continuously in the
presence of inositol (open circles) was included for comparison. In (B),
the localization of INOT in the opi1A mutant (strain JBY404, open circles;
two replicates of 30-50 cells), which lacks the repressor of INO1, and the
localization of URA3 (strain JBY409, filled squares; one replicate of 50
cells) were included for comparison. WT, wild type.

(C and D) Strain DBY32 was shifted from galactose medium to glucose
medium, and the abundance of the GALT mRNA (C) and its peripheral
localization (two replicates of 30-50 cells (D) were quantified. In (A) and
(C), the mRNA ratios were normalized to the initial, fully induced levels.
(E and F) Wild-type (strain JBY397) or rpbl1-1 (strain JBY461-r2) cells
having the lac repressor array integrated at INOT were grown at 25 °C in
the absence (E) or presence (F) of inositol. In (E), cells were shifted to 37
°C for the indicated times and scored for peripheral localization (two
replicates of 30-50 cells). In (F), cells were first incubated at 37 °C for 15
min before shifting into medium lacking inositol at 37 °C (two replicates
of 30-50 cells). Peripheral localization of the INOT gene was quantified as
in Figure 1. The hatched blue line represents the baseline level of
peripheral localization for the URA3 gene.
doi:10.1371/journal.pbio.0050081.g002

sions. Cells were maintained in logarithmic growth by
continual dilution, and their doubling time was approx-
imately 110 min. The INOI gene remained localized at the
nuclear periphery in more than 50% of the cells after 6 h of
repression and then returned to a random distribution after
12 h (Figure 3A). Therefore, localization of INOI at the
nuclear periphery was maintained through at least three to
four cell divisions. The retention of the GALI gene was even
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more stable, remaining localized at the nuclear periphery in
more than 60% of cells after 12 h of repression (Figure 3A).
This suggests that GALI is maintained at the nuclear
periphery indefinitely in logarithmically growing cells. Con-
sistent with this indefinite switch, we find that GALI
remained localized at the nuclear periphery for greater than
120 h, or approximately 65 generations (Figure S3). There-
fore, the localization of INOI and GALI at the nuclear
periphery is stably maintained after repressing transcription
and is inherited by subsequent generations, suggesting that it
represents an epigenetic state.

Our data suggest that there are two different forms of
repressed INOI and GALI. Whereas INOI1 and GALI that have
been repressed for many generations distribute randomly
within the nucleus, recently repressed INOI and GALI
localize at the nuclear periphery. Therefore, peripheral
localization distinguishes between recently repressed and
long-term repressed states. This raised the possibility that
localization might function as an epigenetic marker to allow
cells to “remember” recent transcription of these genes,
potentially affecting their rate of reactivation. To test this
idea, we compared the rate of transcriptional activation of
long-term repressed and short-term repressed GALI. The rate
of reactivation of GALI in cells in which the gene had been
repressed for 12 h (six to seven generations) was much more
rapid than in cells grown continuously in glucose (Figure 3B).
Thus, in a culture in which only approximately 1% of the cells
have previously experienced galactose, the reactivation of the
GALI gene is enhanced.

We next compared the rate of activation of long-term
repressed INOI to the rate of reactivation of short-term
repressed INOI after 3 h of repression (~1.5 generations). In
contrast to GALI, the reactivation of the INOI gene after 3 h
of repression was delayed compared with activation of the
long-term repressed gene (Figure 4A). However, this rate of
reactivation was clearly enhanced by the localization at the
nuclear periphery. Nup2, a component of the nuclear pore
complex that physically associates with transcriptionally
active genes such as GALI [7,13], is required for recruitment
of both INOI and GALI to the nuclear periphery (Figure 4B).
Mutants lacking Nup2 exhibited a delay in the reactivation of
INOI1 (Figure 4C), suggesting that recruitment to the nuclear
periphery promotes more rapid reactivation.

To determine if recruitment to the nuclear periphery is
sufficient to promote activation, we compared the activation
of INOI that was artificially tethered to the nuclear envelope
to untethered INOI. The lac repressor array was integrated
beside INOI in strains expressing either the wild-type Lac I-
GFP (untethered INOI) or a modified version possessing an
FFAT motif to target the protein to the nuclear envelope
(tethered INOI; [6,26]). Expressing this form of the lac
repressor results in efficient targeting of the INOI gene to
the nuclear envelope [6]. Tethering the INOI gene to the
nuclear envelope had no effect on steady-state levels of INOI
mRNA under activating or repressing conditions (Figure S4).
However, tethered INOI was activated more rapidly than
untethered INOI (Figure 4D). Therefore, localization at the
nuclear periphery enhances the rate of reactivation of INOI.

If so, then why is the rate of reactivation of recently
repressed INOI slower than the rate of activation of long-
term repressed INOI? This difference is likely due to
differences in the physiology of cells grown continuously in
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Figure 3. Memory of Recent Transcription.

(A) Localization of INOT and GAL1 at the nuclear periphery persists for
generations after repressing transcription. Strains JBY397 (lac operator
array at INOT) and DBY32 (lac operator array at GALT) were shifted from
the activating condition to the repressing condition, and the localization
at the nuclear periphery was quantified at the indicated times (two
replicates of 30-50 cells). Cells were maintained in log phase by
continual dilution, and the doubling time was approximately 110 min,
indicated as grey vertical bars along the x-axis. The hatched blue line
represents the baseline level of peripheral localization for the URA3 gene.
(B) Top: schematic of the growth conditions: green arrows indicate
growth under activating conditions, red arrows indicate growth under
repressing conditions, and inset time indicates the duration of
repression. Bottom: GALT activation versus reactivation. Strain BY4741
cultures grown under long-term or short-term (12 h) repressing
conditions were shifted into galactose medium. GALT mRNA abundance
was quantified at the indicated times using RT Q-PCR and expressed
relative to ACTT mRNA. Note that strain BY4741 activates GALT more
slowly than the CRY1-derived strain used in Figure 1 (Figure S5).
doi:10.1371/journal.pbio.0050081.g003

the presence of inositol and cells to which inositol has
recently been added. Activation of INOI is regulated by the
concentration of phosphatidic acid, a lipid precursor of
phosphatidylinositol [27]. Phosphatidic acid consumption is
stimulated by both exogenous inositol and the action of the
Inol enzyme [27]. After repressing INOI transcription, the
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Inol enzyme in the cells will continue to produce inositol,
driving a higher flux through the pathway and depleting
phosphatidic acid. We think this may explain the longer lag
phase in the reactivation experiment, which represents the
time required for phosphatidic acid to accumulate to levels
that activate transcription. This feedback, combined with the
shorter duration of the memory phenomenon for the INOI
gene, complicates a direct comparison between the rate of
activation between the short- and long-term repressed states
of INOI.

Histone Variant H2A.Z Is Required for Transcriptional
Memory

To explore the molecular nature of the difference between
short-term and long-term repressed INOI, we asked if
remaining at the nuclear periphery after repression affects
the chromatin state of the gene. Because nucleosome
remodeling is important for both INOI activation and
repression [28-32], we compared the positioning of nucleo-
somes within the short-term repressed and long-term re-
pressed INOI promoter. Permeablized cells were treated with
micrococcal nuclease for various times to digest unprotected
DNA (Materials and Methods). As an internal control for
nucleosome protection, we used a known, well-positioned
nucleosome within the GALI promoter (GAL NB; Figure 5A;
[33]) and an adjacent, non-nucleosomal sequence (GAL I;
Figure 5A). Using Q-PCR to define the concentration of these
two sequences in our digestion, we observed protection of the
nucleosomal sequence relative to the non-nucleosomal
sequence (Figure A, left panel). Furthermore, after 15 min
and 30 min of digestion, we observed the production of clear
mononucleosome and dinucleosome bands, indicating that
nucleosomes were providing protection from the nuclease
and that linker DNA had been digested (Figure 5A, right
panel, arrows). Previous studies have established that relative
nucleosomal protection is observable over a large range of
digestion and with or without gel purification of mono-
nucleosomes [34]. Therefore, we used Q-PCR and a set of 27
different primer pairs to amplify overlapping 80-100 base
pair fragments from the INOI promoter (Table S1). The
concentration of each of the templates for these 27 primer
pairs was quantified after 30 min of digestion. The protection
of each template was calculated relative to the GAL NB
sequence. Using this method, we identified one well-posi-
tioned nucleosome within the INOI promoter and one at the
junction between the promoter and the transcript (Figure
5B). Comparison between short-term and long-term re-
pressed INOI revealed no significant change in the position-
ing of these nucleosomes. However, we did observe a decrease
in the relative protection provided by these two nucleosomes
in the short-term repressed state (Figure 5C). This difference
resulted in a 2-fold decrease in the protection at these two
sites relative to the GAL NB site. This difference may reflect
either an increase in the fraction of cells in the population in
which these nucleosomes are absent, or a change in the
stability of these nucleosomes in the lysates subjected to
nuclease digestion.

The positioning of the pair of nucleosomes present in the
INOI promoter suggested that they might contain the histone
H2A variant H2A.Z. H2A.Z is incorporated into pairs of
nucleosomes that are typically found in the promoters of
repressed genes, and incorporation of H2A.Z has been
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Figure 4. Localization at the Nuclear Periphery Is Necessary and Sufficient to Promote Reactivation of INOT

(A) INOT activation versus reactivation. Strain BY4741 cultures grown under long-term or short-term (3 h) repressing conditions were shifted into
medium lacking inositol. INOT mRNA abundance was quantified at the indicated times of inositol starvation using RT Q-PCR and expressed relative to
ACTT mRNA.

(B) Wild-type (JBY397 for INO1, DBY32 for GALI; four replicates of 30-50 cells) and nup2A (JBY462 for INO1, JBY467 for GAL1; two replicates of 30-50
cells) strains having the lac repressor-binding site array integrated at INOT or GAL1 were scored for peripheral localization under activating conditions.
The hatched blue line represents the baseline level of peripheral localization for the URA3 gene.

(C) Schematic of the growth conditions: green arrows indicate growth under activating conditions; red arrows indicate growth under repressing
conditions. After 3 h of repression with 100 uM inositol, wild-type (CRY1) or nup2A (JBY451-r1) mutant cells were shifted to medium lacking inositol, and
INOT mRNA levels were quantified at the indicated times.

(D) Tethering of INOT to the nuclear periphery enhances the rate of activation. Strains having the lac operator array integrated upstream of the INO17
gene were transformed with either wild-type Lac I-GFP (JBY397) or Lac |-FFAT-GFP (JBY399) to target the gene to the nuclear membrane [6]. These

strains were shifted into medium lacking inositol for the indicated times, and INOT mRNA levels were quantified.

doi:10.1371/journal.pbio.0050081.g004

proposed to promote more rapid activation [35-38]. How-
ever, genome-wide chromatin immunoprecipitation experi-
ments did not demonstrate a strong association of H2A.Z
with the long-term repressed INOI promoter [37].

Yeast H2A.Z is encoded by the non-essential HTZI gene
[39]. To test if H2A.Z is important for transcriptional
memory, we compared the rates of reactivation of recently
repressed INOI and GALI in wild-type and izl A mutant cells
(Figure 6). Loss of H2A.Z led to a strong delay in the rate of
reactivation of both short-term repressed INOI and short-
term repressed GALI (Figure 6A and 6E). Surprisingly, loss of
H2A.Z had no effect on the rate of activation of long-term
repressed INOI or GALI (Figure 6B and 6F). These results
suggest that H2A.Z plays an important and specific role in the
reactivation of these genes. H2A.Z is exchanged for H2A
within intact nucleosomes by the SWR1 ATPase complex [40-

@ PLoS Biology | www.plosbiology.org

42]. To test if SWR1 plays a role in the H2A.Z-dependent
reactivation of INOI, we next tested the effect of loss of SWR1
on INOI activation and reactivation. We find that swrlA
mutant strains were also defective for reactivation of recently
repressed INOI (Figure 6C), and had little effect on the
activation of long-term repressed INOI (Figure 6D).

To examine the deposition of H2A.Z nucleosomes in the
INOI1 promoter, we used chromatin immunoprecipitation
with antiserum against Htzl. Consistent with previous work,
immunoprecipitation of H2A.Z from either long-term re-
pressed cells or the activated cells gave low recovery of the
INOI promoter (Figure 7A). In contrast, immunoprecipita-
tion of H2A.Z from recently repressed cells gave a clear
enrichment for the INOI promoter (Figure 7A), suggesting
that H2A.Z is specifically incorporated into promoter
nucleosomes in the recently repressed state.
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Figure 5. Nucleosome Positioning and Relative Occupancy in the Long-
Term Repressed and Short-Term Repressed INOT Promoters

(A) Top panel: a map of three known, well-positioned nucleosomes,
called “A,” “B,” and “C” (grey ovals) within the GALT-10 promoter [33].
PCR products to monitor the concentration of sequences protected by
nucleosome “B” (GAL NB) or sequences from the inter-nucleosomal
region (arrow; GAL |) are indicated below. Bottom panel: DNA from either
long-term repressed (open symbols) or short-term repressed (1 h; filled
symbols) strain CRY1 was digested with micrococcal nuclease. The
concentration of the templates for GAL NB (squares) and GAL | (circles)
was determined relative to intact yeast genomic DNA by Q-PCR and
plotted against different time points of digestion. Right: inverted image
of ethidium bromide-stained gel of the digestion reactions.

(B) A map of the INOT promoter and flanking sequences, along with the
positions of PCR products quantified to analyze nuclease protection and
nucleosome occupancy. Green boxes represent UAS\yo elements, and
the white box represents the TATA box. Below the map, well-positioned
nucleosomes are indicated as single ovals, and poorly positioned
nucleosomes are indicated as an overlapping series.

(C) DNA from short-term and long-term repressed cells digested with
micrococcal nuclease for 30 min (A) was analyzed by Q-PCR. Relative
protection of the templates for each PCR product in (B) was calculated as
a ratio of the concentration of the GAL NB template and mapped using
the midpoint of the PCR product. Error bars represent standard error. The
hatched lines represent the relative protection of the non-nucleosomal
GAL | for each sample. Yellow boxes highlight protected sequences.
doi:10.1371/journal.pbio.0050081.9g005

We next tested if H2A.Z had any role in the localization of
the INOI gene. Loss of H2A.Z had no effect on recruitment of
activated INOI to the nuclear periphery (Figure 7B). This is
not surprising since the histone variant generally associates
with repressed genes (Figure 7A; [35-38]). However, cells
lacking H2A.Z were unable to retain INOI at the nuclear
periphery after repressing transcription (Figure 7C). There-
fore, H2A.Z nucleosomes in the recently repressed INOI
promoter function both to retain recently repressed INOI at
the nuclear periphery and to promote optimal reactivation.

Discussion

Our results show that the recruitment of genes to the
nuclear periphery is a rapid, active process that is independ-
ent of transcription. The most robust transcription of the
GALI and INOI genes occurred after these genes had fully
relocalized to the nuclear periphery, suggesting that recruit-
ment to this subnuclear environment allows optimal expres-
sion of these genes. Furthermore, both genes remained at the
periphery for generations after repressing transcription,
suggesting that cells can inherit localization information.
Retention of the INOI gene and optimal reactivation of both
INOI1 and GALI required the histone variant H2A.Z, which
associated with nucleosomes within the recently repressed
INOI promoter. Thus, cells have both molecular and cellular
sources of memory of past transcriptional activation, and
they are able to pass on this information to their progeny.
This type of memory is mediated by local changes in
chromatin structure that mark recently repressed genes to
alter their transcriptional potential and localization, and
perhaps to provide a mechanism for inheritance.

What is the functional significance of this epigenetic
memory? In the case of the GALI gene, the recently repressed
state is reactivated much more rapidly than the long-term
repressed state, which presumably confers an adaptive
advantage upon cells that have previously grown in galactose.
We do not see this for INOI, perhaps because physiological
differences between recently repressed and long-term re-
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(A and B) Strains BY4741 and BY4741 htz1A from either short-term (3 h) repressing conditions (A) or long-term repressing conditions (B) were shifted
into medium without inositol and collected at the indicated time points. The INO7 and ACTT mRNA levels were quantified by RT Q-PCR.

(C and D) Strains BY4741 and BY4741 swriA from either short-term (3 h) repressing conditions (A) or long-term repressing conditions (B) were shifted
into medium without inositol and collected at the indicated time points. The INO7 and ACTT mRNA levels were quantified by RT Q-PCR.

(E and F) Strains BY4741 and BY4741 htz1A from either short-term (12 h) repressing conditions (E) or long-term repressing conditions (F) were shifted
into galactose medium and collected at the indicated time points. The GALT and ACTT mRNA levels were quantified by RT Q-PCR.

doi:10.1371/journal.pbio.0050081.g006

pressed cells complicates the comparison of the rate of INOI
activation and reactivation. However, we can conclude that (1)
there are two distinct states of repressed INOI and GALI,
distinguishable by their localization, their transcriptional
histories, and the molecular requirements for activation, (2)
localization of INOI at the nuclear periphery is necessary and
sufficient to promote more rapid activation, and (3) incorpo-
ration of H2A.Z is the molecular mechanism of transcrip-
tional memory, retaining /NOI at the nuclear periphery and
promoting reactivation of both INOI and GALI.

Histone variant H2A.Z is enriched in pairs of nucleosomes
within the promoters of repressed genes [35-38]. The histone
appears to play an important role in the loss of nucleosomes

@ PLoS Biology | www.plosbiology.org

from promoters upon their activation [37]. This observation,
coupled with the fact that H2A.Z nucleosomes are less tightly
bound to DNA than H2A nucleosomes, suggests that H2A.Z
nucleosomes promote activation by being more easily
removed [37]. We find that H2A.Z deposition and function
can depend on the transcriptional history of the promoter
into which it is incorporated. H2A.Z is required for rapid
reactivation of short-term repressed /INOI and GALI and for
retention of recently repressed INOI at the nuclear periph-
ery. It is possible that these results represent an indirect
effect of loss of H2A.Z. However, we think H2A.Z most likely
plays a direct role in promoting the reactivation of INOI and
GALI1 because (1) loss of H2A.Z (and SWRI1) affects
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Figure 7. H2A.Z Associates Specifically with the Recently Repressed INO1
Promoter and Is Specifically Required to Maintain INO7 at the Nuclear
Periphery after Repression

(A) Chromatin immunoprecipitation analysis of H2A.Z association with
the INOT promoter. Strain CRY1 was grown under activating, long-term
repressing or short-term repressing (1 h) conditions, fixed with
formaldehyde, and processed for immunoprecipitation using anti-Htz1
antibodies (Abcam). Recovered INOT promoter was quantified by Q-PCR
[6] and expressed relative to recovered ACTT coding sequence.

(B) H2A.Z is not required for gene recruitment. Wild-type (JBY397) and
htz1A (DBY50) strains were grown either in the presence or absence of
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inositol and scored for localization at the nuclear periphery. Data are
averages of five (HTZ1) or three (htz1A) replicates of 30-50 cells.

(C) H2A.Z is required for transcriptional memory. Wild-type and htz1A
strains were grown in the absence of inositol to activate INOT. Inositol
was added to 100 uM and cells were collected for immunofluorescence
at the indicated times after repressing transcription. Each time point
represents an average of two replicates of 30-50 cells. The hatched line
in (B) and (C) represents the baseline level of peripheral localization for
the URA3 gene.

doi:10.1371/journal.pbio.0050081.g007

reactivation of recently repressed INOI and GALI, but not the
activation of long-term repressed INOI and GAL,I and (2)
H2A.Z physically associates with the recently repressed INOI
promoter. Therefore, we have identified a new and novel role
for this histone variant: H2A.Z can serve as a molecular
identifier of recently repressed genes to promote their
retention at the nuclear periphery and their rapid reactivation.

Our current model for the mechanism of gene recruitment
and transcriptional memory is shown in Figure 8. In response
to signals that regulate transcriptional activation, genes
physically interact with the nuclear pore complex via the
mobile nucleoporin Nup2. Recruitment to the nuclear
periphery allows access to the optimal subnuclear environ-
ment for transcription and, potentially, for mRNA export.
After transcription is repressed, previous transcriptional
activation of genes such as INOI and GALI is remembered
through retention in this optimal environment. Localization
at the nuclear periphery is epigenetically inherited and
requires incorporation of histone variant H2A.Z. Finally, the
reactivation of INOI and GALI is optimized by both local-
ization at the periphery and through more rapid loss of
H2A.Z nucleosomes [37].

What is the role of DNA localization in promoting
transcriptional memory? Our data suggest two possible

4 4

active short-term repressed

slow !& !! !! !! !! )slow

long-term repressed

Figure 8. A Model for Transcriptional Memory

The long-term repressed state of INOT and GALT localizes randomly
within the nucleoplasm and is activated slowly. Upon activation, these
genes are recruited to the nuclear periphery through interaction with
NPC-associated Nup2, with full transcriptional activation following
recruitment. Upon repression, INOT and GALT remain at the nuclear
periphery. Specific incorporation of the histone variant H2A.Z into the
recently repressed promoter mediates retention at the nuclear periphery
and rapid reactivation.

doi:10.1371/journal.pbio.0050081.g008
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Table 1. Strains Used in This Study

Strain Genotype Reference
CRY1 ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 MATa [50]
DBY32 ade2-1 can1-100 Lacl-GFP:HIS3: his3-11,15 leu2-3,112 trp1-1 ura3-1 SEC63-13myc:Kan" LacO128:URA3:GALT MATa This study
JBY376 ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 INO1:LacO128:URA3 HIS3:Lacl-GFP MATa This study
JBY397 ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 SEC63-13myc:Kan" INO1:LacO128:URA3 HIS3:Lacl-GFP MATa [6]
JBY399 ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 SEC63-13myc::Kan" INO1:LacO128:URA3 HIS3:Lacl-FFAT-GFP MATa [6]
JBY404 ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 opil AzLEU2 SEC63-13myc::Kan" INO1:LacO128:URA3 HIS3:Lacl-GFP MATa [6]
JBY409 ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 SEC63-13myc:Kan" URA3:LacO128:URA3 HIS3:Lacl-GFP MATa [6]
JBY461-r2 rpb1-1 ade2-1 can1-100 his3-11,15 UPRE:LEU2 trp1-1 ura3-1 INO1:LacO128:URA3 HIS3:Lacl-GFP SEC63-13myc::Kan" This study
JBY451-r1 nup2A:Kan" ade2-1 leu2 trp1-1 ura3-1 Lacl-GFP:HIS3:his3-11,15 INO1: LacO128:URA3 This study
JBY462 nup2A:Kan" ade2-1 leu2 ura3-1 Lacl-GFP:HIS3:his3-11,15 SEC63-myc:TRP1:trp1-1 INO1:LacO128:URA3 This study
JBY467 nup2A:Kan" ade2-1 leu2 ura3-1 Lacl-GFP:HIS3:his3-11,15 SEC63-myc:TRP1:trp1-1 GAL1:LacO128:URA3 This study
DBY50 htz1A:His5+ ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 SEC63-13myc::Kan" INO1:LacO128:URA3 HIS3:Lacl-GFP MATa This study
BY4741 his3A1 leu2A0 met15A0 ura3A0 MATa [49]
BY4741 htz1A htz1A:Kan" his3A1 leu2A0 met15A0 ura3A0 MATa [49]
BY4741 swr1A swrl1AzKan" his3A1 leu2A0 met15A0 ura3A0 MATa [49]

doi:10.1371/journal.pbio.0050081.t001

models for how peripheral localization affects H2A.Z-
mediated transcriptional memory. In the first model, H2A.Z
incorporation into promoter nucleosomes is promoted by
Nup2-mediated gene recruitment to the nuclear periphery,
and functions to promote reactivation by altering the rate of
nucleosome loss or local histone modifications. This model is
consistent with several observations in the literature. Tether-
ing of Nup2 to DNA promotes “boundary activity,” insulating
euchromatin from the spread of heterochromatin [43,44].
Intriguingly, one of the most dramatic phenotypes of mutants
lacking either Nup2 or H2A.Z is the spread of silenced
heterochromatin [43,45]. Thus, it is possible that tethering
genes to the nuclear periphery through Nup2 leads to the
incorporation of H2A.Z nucleosomes, which functions as a
boundary. Furthermore, it is possible that boundary elements
normally associate with the NPC. We find that H2A.Z is
involved in both the activation of recently repressed genes
and their retention at the nuclear periphery. Thus, a second
model for the importance of H2A.Z is that H2A.Z nucleo-
somes promote reactivation of recently repressed genes by
retaining them in the optimal environment for transcrip-
tional activation. These models are not mutually exclusive,
and we favor the possibility that H2A.Z incorporation is
promoted by localization and that, once incorporated, H2A.Z
affects localization.

Transcriptional memory is employed extensively during
development in multi-cellular organisms. In Drosophila, Hox
gene expression throughout development is determined early
in embryogenesis by transcriptional regulators that control
segmentation [46]. The initial expression states defined by the
segmentation genes are maintained by the action of either
polycomb group proteins (generally repressive) or trithorax
group proteins (generally activating) through a number of
chromatin-based mechanisms such as nucleosome position-
ing and histone modification [47]. Similarly, the variant
histone H3.3 is incorporated selectively into transcriptionally
active parts of the genome, which may promote the
epigenetic maintenance of an activated state [20,48]. Like
these forms of transcriptional memory, the transcriptional
memory described here is mediated by chromatin-based
changes that mark recently repressed genes and distinguish

@ PLoS Biology | www.plosbiology.org

them from long-term repressed genes. However, unlike these
forms of memory, which serve to maintain a previously
established transcriptional state, the transcriptional memory
described here serves an informational role, revealing
previous transcriptional activity and altering the transcrip-
tional potential of previously expressed genes.

Previous work has hinted that transcriptional activity of
GALI can alter the degree of methylation of histone H3,
marking the chromatin for hours after repressing tran-
scription [19]. However, in this case, the mark was lost after
cell division. Our data suggest that the past experiences of
microbial organisms can affect their cellular organization and
their physiology for many generations. The efficiency of
inheritance of the memory state was different for the two
genes we examined, suggesting that there are different timing
mechanisms for each. In the case of the GALI gene, after
exposure to galactose, logarithmically growing cells appeared
to undergo an indefinite switch to the recently repressed
state. It will be fascinating to determine if there are
conditions or stimuli that can reset the GALI gene to the
long-term repressed state. In contrast, the transcriptional
memory of INOI activation was relatively short lived. The
previous transcriptional state of INOI is imprinted in its
chromatin and its subnuclear localization for 6 h or more
(two to three cell doublings), but this information is
eventually lost.

Why do cells optimize reactivation of genes? We speculate
that rapid reactivation of certain genes confers an adaptive,
and therefore an evolutionary, advantage to cells. This might
be particularly important in the case of stress-responsive
genes such as INOI or genes involved in metabolizing non-
glucose hexose sugars. Also, epigenetic mechanisms may be
useful in allowing cells to alter their transcriptional output
rapidly under highly variable environmental conditions or
under physiological circumstances in which they rapidly
undergo reversible changes in physiology [49]. It will be
interesting to see if this mechanism is also operative in
metazoan organisms, perhaps to establish epigenetically
“primed” states for dynamically regulated genes in response
to transient physiological or environmental cues.
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Materials and Methods

Chemicals and reagents. Unless stated otherwise, chemicals were
from Sigma (St. Louis, Missouri, United States), oligonucleotides were
from Operon (Huntsville, Alabama, United States), restriction
enzymes were from New England Biolabs (Ipswitch, Massachusetts,
United States), yeast media components were from Q-Biogene
(Irvine, California, United States), antibodies against GFP and myc
were from Invitrogen/Molecular Probes (Carlsbad, California, United
States), and antiserum against Htzl was from Abcam (Cambridge,
Massachusetts, United States).

Strains, plasmids, and growth conditions. Yeast strains used in this
study are listed in Table 1. Except for BY4741, BY4741 hizI, A and
BY4741 swrlA [50], all strains were constructed from CRY1 (ade2-1
canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 MATa) [51]. Strain
JBY451 is the product of a cross between JBY376 (ade2-1 canl-100
his3-11,15 leu2-3,112 trpl-1 wra3—-1 INOI1:LacO128:URA3 HIS3:Lacl-
GFP MATa) and BY4742 nup2A mutant strain (his3A1 leu2A0 lys2A0
wra3A0 nup2A:Karr MATo) from the genome-wide null mutant
collection [50]. Random spores JBY451-rl and JBY451-r7 were
selected. For JBY451-17, the identity of the wra3 allele was confirmed
to be wra3-1 by transforming JBY451-r7 with Stul-digested pRS306
[62]. Strain JBY462 was created by transforming JBY451-r1 with
PRS304-Sec63-myc digested with Nhel. Strain JBY467 was created by
transforming JBY451-r7 with p6LacO128GAL1 and pRS304-Sec63-
myc. Finally, strains JBY451-r1, JBY451-r7, JBY462, and JBY467 were
confirmed to be nup2A by PCR from genomic DNA. Strain JBY461 is
the product of a cross between JBY397 [6] and JCY218 [53]. Random
spores were selected that were Ura™ Trp" Hist and temperature
sensitive for growth (JBY461-r2). These were then visually scored for
expression of Lac I-GFP. Strain DBY50 is the product of a cross
between DBY49 (htzlA.'.'His5+ ade2-1 canl-100 his3-11,15 leu2-3,112
trpl-1 wra3-1 MATa) and JBY397. The resulting diploid was
sporulated, and tetrads were dissected to generate DBY50.

Plasmids p6LacO128 [6], p6LacO128-INO1 [6], pAFS144 [21], and
pAFS144-FFAT [6] have been described. To create the plasmid
p6LacO128-GAL1 to mark the GALI gene with the lac repressor-
binding site array, the 3’ end of the GALI gene, and downstream
sequences were amplified by PCR using the following primers (5" to
3"): GALlup, GTTCAAACCGCAGTTGAAGG and GALldown,
CCGAAAGATCTTCTCTATGGGG. The resulting PCR product was
cloned into the TOPO4 vector (Invitrogen). This was then cloned into
p6LacO128 as a Spel fragment. The plasmid was integrated down-
stream of GALI by digestion with Nrul.

Plasmid pRS304-Sec63-myc was created by amplifying SEC63-13myc
from JBY397 genomic DNA using the following primers (5’ to 3'):
SEC63up: GTATTTCGGAGAGGGGGC; Pringledown: ACTATACCT-
GAGAAAGCAACCTGACCTACA. The resulting PCR product was
TOPO cloned into pCR2.1 (Invitrogen). The insert was then cloned
into pRS304 [52] as a Notl-Kpnl fragment. The plasmid was digested
with Nhel to target integration at SECG63.

Unless noted otherwise, all experiments were performed on cells
grown in synthetic complete medium at 30 °C. For experiments
involving INOI, cells were grown in medium lacking inositol or
supplemented with 100 pM myo-inositol. For experiments involving
GALI, cells were grown in media with either 2% glucose or 2%
galactose.

RT-QPCR. RNA was prepared as described [54]. A total of 2-4 ug
of DNAse-treated total RNA was reverse transcribed using 5 uM Oligo
dT and 20 units of Superscript III reverse transcriptase (Invitrogen)
at 42 °C for 1 h. The reaction was diluted 5-fold, and 1/20th was used
for Q-PCR. The sequences of the primers used for real-time PCR
were (5" to 3'): INO1CDS F, TAGTTACCGACAAGTGCACGTACAA,;
INOICDS R TAGTCTTGAACAGTGGGCGTTACAT; ACTICDS
F, GGTTATTGATAACGGTTCTGGTATG; ACTI1CDS R,
ATGATACCTTGGTGTCTTGGTCTAC; GALICDS F,
GTTCGATTTGCCGTTGGACGG; GALICDS R,
GGCAAACCTTTCCGGTGCAAG. The relative concentration of
cDNA templates for both the target gene (INOI or GALI) and the
control gene (ACTI) were calculated for each sample using standard
curves for each primer set that were defined by linear regression
analysis of Ct values using a series of 5-fold dilutions of yeast genomic
DNA covering a 3,125-fold range.

Nucleosome scanning. Long-term repressed cells were harvested at
an optical density (ODgg) of 0.8-1.0 from 1 1 of SDC + inositol. Short-
term repressed cells were grown in 11 of SDC — inositol to an ODggg
of 0.7, and inositol was added to 100 uM. After 1 h of repression, cells
were harvested by filtration. Cell permeablization and micrococcal
nuclease digestion were performed as described, except that DNA was
not size selected [55]. Q-PCR analysis on digested DNA was
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performed using the oligonucleotides listed in Table S1. To map
the protected sequences onto the INOI promoter, we used the
experimentally determined transcriptional start site and initiation
codon [56,57].

Chromatin immunoprecipitation. Chromatin immunoprecipita-
tion experiments were performed using anti-Htz1 antiserum (Abcam)
as described [37], with the following modifications: 2 pg of anti-Htz1
were used to immunoprecipitate Htzl from 4.8 mg of chromatin, and
immunoprecipitates were recovered using Protein G-dynabeads
(Invitrogen). Immunoprecipitated DNA was recovered and analyzed
by Q-PCR as described [6]. Recovered INOI promoter was expressed
relative to recovered ACTI coding sequence.

Supporting Information

Figure S1. Recruitment of INOI and GALI to the Nuclear Periphery
upon Activation

(A) shows an extended time course of the localization of INO1 shown
in Figure 1B, and (B) shows an extended time course of the
localization of GALI shown in Figure 1C.

Found at doi:10.1371/journal.pbio.0050081.sg001 (124 KB TIF).

Figure S2. rpbI-1 Mutation Blocks RNA Polymerase 1I Transcription

(A) Transcription is blocked in the rpbI-I mutant. RNA was isolated
from rpbI-1 strain JBY461-r2 grown in the absence of inositol at 25
°C and then shifted to 37 °C for the indicated times.

(B) INOI activation is prevented in the rpbl-I mutant. RPBI and
rpbI-1 cells were grown in the presence of inositol at 25 °C, shifted to
37 °C for 15 min, and then shifted into medium lacking inositol at 37
°C for 180 min. In both experiments, RNA was reverse transcribed
using primers complementary to the 3’ ends of either the INOI
mRNA (INO1 RT primer: 5° CAACAATCTCTCTTC) or the RNA
polymerase I transcript RDNI8-1 (RDN18-1 RT primer: 5’
CTTAAAATCTCGACC). The resulting cDNA was quantified by Q-
PCR using the INO1 CDS primers (Materials and Methods) or
RDN18-1 primers (RDN18-1 P1: 5 TTGTTGCAGTTAAAAAGCTCG
and RDN18-1 P2: 5 TAAAAGTCCTGGTTCGCCAA).

Found at doi:10.1371/journal.pbio.0050081.sg002 (192 KB TIF).

Figure S3. GALI Remains Localized at the Nuclear Periphery for Days

Strain DBY32 was shifted from galactose to glucose medium, and the
peripheral localization of the GALI gene was quantified at the
indicated times after repression. The hatched blue line indicates the
baseline level of peripheral localization of the URA3 gene.

Found at doi:10.1371/journal.pbio.0050081.sg003 (58 KB TIF).

Figure S4. Tethering INOI to the Nuclear Envelope Has No Effect on
Steady-State Levels of INOI under Activating or Repressing Con-
ditions

Tethered (JBY399) and untethered (JBY397) strains were grown either

in the presence or absence of inositol, and the INOI mRNA was
quantified relative to ACTI mRNA by RT Q-PCR.

Found at doi:10.1371/journal.pbio.0050081.sg004 (82 KB TIF).
Figure S5. GALI Activation in BY4741 and CRY1

Strains CRY1 and BY4741 were grown in glucose medium overnight
and shifted to galactose medium. Cells were collected at the indicated
times, and GALI and ACTI mRNA levels were quantified by RT Q-
PCR.

Found at doi:10.1371/journal.pbio.0050081.sg005 (137 KB TIF).

Table S1. Oligonucleotides Used for Nucleosome Scanning Experi-
ment

Found at doi:10.1371/journal.pbio.0050081.st001 (72 KB DOC).

Acknowledgments

The authors thank Robert Lamb for generously sharing his confocal
microscope, and the Weiss and Hicke labs for sharing equipment and
reagents. The authors also thank Dr. Richard Gaber for help with
tetrad dissection, and the following people for helpful comments and
suggestions: Hiten Madhani, Eric Weiss, Pablo Aguilar, Tomas
Aragon, Tobias Walther, Sebastian Bernales, and Jackie Jansen.
Author contributions. DGB and JHB conceived and designed the
experiments. DGB, IC, YFM, SA, PCL, and JHB performed the

April 2007 | Volume 5 | Issue 4 | e81



experiments. DGB, IC, SA, and JHB analyzed the data. JW contributed
reagents/materials/analysis tools. JHB wrote the paper.

Funding. This work was supported by the Searle Leadership Fund
at Northwestern University, a gift of The Searle Funds at The Chicago
Community Trust (JHB). JW received support from National

References

1. Cockell M, Gasser SM (1999) Nuclear compartments and gene regulation.
Curr Opin Genet Dev 9: 199-205.

2. Isogai Y, Tjian R (2003) Targeting genes and transcription factors to
segregated nuclear compartments. Curr Opin Cell Biol 15: 296-303.

3. Brown KE, Guest SS, Smale ST, Hahm K, Merkenschlager M, et al. (1997)
Association of transcriptionally silent genes with Ikaros complexes at
centromeric heterochromatin. Cell 91: 845-854.

4. Gsink AK, Henikoff S (1996) Genetic modification of heterochromatic
association and nuclear organization in Drosophila. Nature 381: 529-531.

5. Dernburg AF, Broman KW, Fung JC, Marshall WF, Philips J, et al. (1996)
Perturbation of nuclear architecture by long-distance chromosome
interactions. Cell 85: 745-759.

6. Brickner JH, Walter P (2004) Gene recruitment of the activated INO1 locus
to the nuclear membrane. PLoS Biol 2: €342. doi:10.1371/journal.pbio.
0020342

7. Casolari JM, Brown CR, Komili S, West ], Hieronymus H, et al. (2004)
Genome-wide localization of the nuclear transport machinery couples
transcriptional status and nuclear organization. Cell 117: 427-439.

8. Taddei A, Van Houwe G, Hediger F, Kalck V, Cubizolles F, et al. (2006)
Nuclear pore association confers optimal expression levels for an inducible
yeast gene. Nature 441: 774-778.

9. Cabal GG, Genovesio A, Rodriguez-Navarro S, Zimmer C, Gadal O, et al.
(2006) SAGA interacting factors confine sub-diffusion of transcribed genes
to the nuclear envelope. Nature 441: 770-773.

10. Ragoczy T, Bender MA, Telling A, Byron R, Groudine M (2006) The locus
control region is required for association of the murine beta-globin locus
with engaged transcription factories during erythroid maturation. Genes
Dev 20: 1447-1457.

11. Menon BB, Sarma NJ, Pasula S, Deminoff S], Willis KA, et al. (2005) Reverse
recruitment: the Nup84 nuclear pore subcomplex mediates Rapl/Gerl/
Ger2 transcriptional activation. Proc Natl Acad Sci U S A 102: 5749-5754.

12. Casolari JM, Brown CR, Drubin DA, Rando O], Silver PA (2005)
Developmentally induced changes in transcriptional program alter spatial
organization across chromosomes. Genes Dev 19: 1188-1198.

13. Schmid M, Arib G, Laemmli C, Nishikawa J, Durussel T, et al. (2006) Nup-PI:
The nucleopore-promoter interaction of genes in yeast. Mol Cell 21: 379-
391.

14. Taddei A, Gartenberg MR, Neumann FR, Hediger F, Gasser SM (2005)
Multiple pathways tether telomeres and silent chromatin at the nuclear
periphery: Functional implications for sir-mediated repression. Novartis
Found Symp 264: 140-156.

15. Abruzzi KC, Belostotsky DA, Chekanova JA, Dower K, Rosbash M (2006) 3’-
end formation signals modulate the association of genes with the nuclear
periphery as well as mRNP dot formation. EMBO J 25: 4253-4262.

16. Brock HW, Fisher CL (2005) Maintenance of gene expression patterns. Dev
Dyn 232: 633-655.

17. Feng YQ, Desprat R, Fu H, Olivier E, Lin CM, et al. (2006) DNA methylation
supports intrinsic epigenetic memory in mammalian cells. PLoS Genet 2:
€65. doi:10.1371/journal. pgen.0020065

18. Grewal SI, Moazed D (2003) Heterochromatin and epigenetic control of
gene expression. Science 301: 798-802.

19. Ng HH, Robert F, Young RA, Struhl K (2003) Targeted recruitment of Setl
histone methylase by elongating Pol II provides a localized mark and
memory of recent transcriptional activity. Mol Cell 11: 709-719.

20. Ahmad K, Henikoff S (2002) The histone variant H3.3 marks active
chromatin by replication-independent nucleosome assembly. Mol Cell 9:
1191-1200.

21. Straight AF, Belmont AS, Robinett CC, Murray AW (1996) GFP tagging of
budding yeast chromosomes reveals that protein-protein interactions can
mediate sister chromatid cohesion. Curr Biol 6: 1599-1608.

22. Robinett CC, Straight A, Li G, Willhelm C, Sudlow G, et al. (1996) In vivo
localization of DNA sequences and visualization of large-scale chromatin
organization using lac operator/repressor recognition. J Cell Biol 135:
1685-1700.

23. Johnston M, Flick JS, Pexton T (1994) Multiple mechanisms provide rapid
and stringent glucose repression of GAL gene expression in Saccharomyces
cerevisiae. Mol Cell Biol 14: 3834-3841.

24. Greenberg ML, Reiner B, Henry SA (1982) Regulatory mutations of inositol
biosynthesis in yeast: isolation of inositol-excreting mutants. Genetics 100:
19-33.

25. Nonet M, Scafe C, Sexton J, Young R (1987) Eucaryotic RNA polymerase
conditional mutant that rapidly ceases mRNA synthesis. Mol Cell Biol 7:
1602-1611.

26. Loewen CJ, Roy A, Levine TP (2003) A conserved ER targeting motif in
three families of lipid binding proteins and in Opilp binds VAP. EMBO ]
22: 2025-2035.

@ PLoS Biology | www.plosbiology.org

0012

Cellular Mechanism of Transcriptional Memory

Institutes of Health grants R0O1-GM54692, R01-GM58617, and RO1-
GMO075313.

Competing interests. The authors have declared that no competing

interests exist.

27. Loewen CJ, Gaspar ML, Jesch SA, Delon C, Ktistakis NT, et al. (2004)
Phospholipid metabolism regulated by a transcription factor sensing
phosphatidic acid. Science 304: 1644-1647.

28. Sugiyama M, Nikawa ] (2001) The Saccharomyces cerevisiae Isw2p-Itclp
complex represses INO1 expression and maintains cell morphology. J
Bacteriol 183: 4985-4993.

29. Kodaki T, Hosaka K, Nikawa J, Yamashita S (1995) The SNF2/SWI2/IGAM1/
TYE3/RICI gene is involved in the coordinate regulation of phospholipid
synthesis in Saccharomyces cerevisiae. ] Biochem (Tokyo) 117: 362-368.

30. Peterson CL, Herskowitz I (1992) Characterization of the yeast SWI1, SWI2,
and SWI3 genes, which encode a global activator of transcription. Cell 68:
573-583.

31. Shen X, Xiao H, Ranallo R, Wu WH, Wu C (2003) Modulation of ATP-
dependent chromatin-remodeling complexes by inositol polyphosphates.
Science 299: 112-114.

32. Ebbert R, Birkmann A, Schuller HJ (1999) The product of the SNF2/SWI2
paralogue INO80 of Saccharomyces cerevisiae required for efficient expression
of various yeast structural genes is part of a high-molecular-weight protein
complex. Mol Microbiol 32: 741-751.

33. Lohr D (1984) Organization of the GAL1-GAL10 intergenic control region
chromatin. Nucleic Acids Res 12: 8457-8474.

34. Yuan GC, Liu Y], Dion MF, Slack MD, Wu LF, et al. (2005) Genome-scale
identification of nucleosome positions in S. cerevisiae. Science 309: 626-630.

35. Li B, Pattenden SG, Lee D, Gutierrez J, Chen J, et al. (2005) Preferential
occupancy of histone variant H2AZ at inactive promoters influences local
histone modifications and chromatin remodeling. Proc Natl Acad Sci U S A
102: 18385-18390.

36. Raisner RM, Hartley PD, Meneghini MD, Bao MZ, Liu CL, et al. (2005)
Histone variant H2A.Z marks the 5’ ends of both active and inactive genes
in euchromatin. Cell 123: 233-248.

37. Zhang H, Roberts DN, Cairns BR (2005) Genome-wide dynamics of Htzl, a
histone H2A variant that poises repressed/basal promoters for activation
through histone loss. Cell 123: 219-231.

38. Guillemette B, Bataille AR, Gevry N, Adam M, Blanchette M, et al. (2005)
Variant histone H2A.Z is globally localized to the promoters of inactive
yeast genes and regulates nucleosome positioning. PLoS Biol 3: e384.
doi:10.1371/journal.pbio.0030384

39. Jackson JD, Gorovsky MA (2000) Histone H2A.Z has a conserved function
that is distinct from that of the major H2A sequence variants. Nucleic Acids
Res 28: 3811-3816.

40. Kobor MS, Venkatasubrahmanyam S, Meneghini MD, Gin JW, Jennings JL,
et al. (2004) A protein complex containing the conserved Swi2/Snf2-related
ATPase Swrlp deposits histone variant H2A.Z into euchromatin. PLoS Biol
2: E131. doi:10.1371/journal.pbio.0020131

41. Zhang H, Richardson DO, Roberts DN, Utley R, Erdjument-Bromage H, et
al. (2004) The Yaf9 component of the SWR1 and NuA4 complexes is
required for proper gene expression, histone H4 acetylation, and Htzl
replacement near telomeres. Mol Cell Biol 24: 9424-9436.

42. Mizuguchi G, Shen X, Landry J, Wu WH, Sen S, et al. (2004) ATP-driven
exchange of histone H2AZ variant catalyzed by SWRI1 chromatin
remodeling complex. Science 303: 343-348.

43. Dilworth DJ, Tackett AJ, Rogers RS, Yi EC, Christmas RH, et al. (2005) The
mobile nucleoporin Nup2p and chromatin-bound Prp20p function in
endogenous NPC-mediated transcriptional control. J Cell Biol 171: 955-965.

44. Ishii K, Arib G, Lin C, Van Houwe G, Laemmli UK (2002) Chromatin
boundaries in budding yeast: the nuclear pore connection. Cell 109: 551~
562.

45. Meneghini MD, Wu M, Madhani HD (2003) Conserved histone variant
H2A.Z protects euchromatin from the ectopic spread of silent hetero-
chromatin. Cell 112: 725-736.

46. St Johnston D, Nusslein-Volhard C (1992) The origin of pattern and
polarity in the Drosophila embryo. Cell 68: 201-219.

47. Simon JA, Tamkun JW (2002) Programming off and on states in chromatin:
mechanisms of Polycomb and trithorax group complexes. Curr Opin Genet
Dev 12: 210-218.

48. Ahmad K, Henikoff S (2002) Histone H3 variants specify modes of
chromatin assembly. Proc Natl Acad Sci U S A 99: 16477-16484.

49. Tu BP, Kudlicki A, Rowicka M, McKnight SL (2005) Logic of the yeast
metabolic cycle: temporal compartmentalization of cellular processes.
Science 310: 1152-1158.

50. Winzeler EA, Shoemaker DD, Astromoff A, Liang H, Anderson K, et al.
(1999) Functional characterization of the S. cerevisiae genome by gene
deletion and parallel analysis. Science 285: 901-906.

51. Brickner JH, Fuller RS (1997) SOI1 encodes a novel, conserved protein that
promotes TGN-endosomal cycling of Kex2p and other membrane proteins
by modulating the function of two TGN localization signals. ] Cell Biol 139:
23-36.

April 2007 | Volume 5 | Issue 4 | 81



52.

53.

54.

Sikorski RS, 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.

Sidrauski C, Cox JS, Walter P (1996) tRNA ligase is required for regulated
mRNA splicing in the unfolded protein response. Cell 87: 405-413.
Ruegsegger U, Leber JH, Walter P (2001) Block of HAC1 mRNA translation
by long-range base pairing is released by cytoplasmic splicing upon
induction of the unfolded protein response. Cell 107: 103-114.

. Segal E, Fondufe-Mittendorf Y, Chen L, Thastrom A, Field Y, et al. (2006) A

genomic code for nucleosome positioning. Nature 442: 772-778.

@ PLoS Biology | www.plosbiology.org

0013

56.

57.

58.

Cellular Mechanism of Transcriptional Memory

Dean-Johnson M, Henry SA (1989) Biosynthesis of inositol in yeast. Primary
structure of myo-inositol-1-phosphate synthase (EC 5.5.1.4) and functional
analysis of its structural gene, the INO1 locus. ] Biol Chem 264: 1274-1283.
Lopes JM, Hirsch JP, Chorgo PA, Schulze KL, Henry SA (1991) Analysis of
sequences in the INO1 promoter that are involved in its regulation by
phospholipid precursors. Nucleic Acids Res 19: 1687-1693.

Stanley SA, Raghavan S, Hwang WW, Cox JS (2003) Acute infection and
macrophage subversion by Mycobacterium tuberculosis require a specialized
secretion system. Proc Natl Acad Sci U S A 100: 13001-13006.

April 2007 | Volume 5 | Issue 4 | 81




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


