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Several recent studies have shown that the transcriptional induction of yeast GAL genes occurs with faster
kinetics if the gene has been previously expressed. Depending on the experimental regimen, this transcriptional
“memory” phenomenon can persist for 1 to 2 cell divisions in the absence of an inducer (short-term memory)
or for >6 cell divisions (long-term memory). Long-term memory requires the GAL1 gene, suggesting that
memory involves the cytoplasmic inheritance of high levels of Gal1 that are expressed in the initial round of
expression. In contrast, short-term memory requires the SWI/SNF chromatin-remodeling enzyme, and thus, it
may involve the inheritance of distinct chromatin states. Here we have reevaluated the roles of SWI/SNF, the
histone variant H2A.Z, and components of the nuclear pore in both the short-term and long-term memory of
GAL genes. Our results suggest that the propagation of novel chromatin structures does not contribute to the
transcriptional memory of GAL genes, but rather, memory of the previous transcription state is controlled
primarily by the inheritance of the Gal3p and Gal1p signaling factors.

The establishment and maintenance of transcriptional states
that are heritable to progeny play a central role during the
development of multicellular organisms. In many cases a tran-
scriptional state is propagated in the absence of the original
inducing signal, suggesting some type of transcriptional “mem-
ory.” Likewise, unicellular organisms must rapidly adapt to
signals from their microenvironment, and this process often
involves the activation of complex transcriptional networks.
The ability to pass on a “memory” of altered environmental
conditions and, thus, a memory of altered transcription states
may provide progeny with a selective advantage. Since chro-
matin structure plays a key role in determining the on/off state
of eukaryotic genes, the inheritance of altered chromatin struc-
tures may provide one mechanism for transcriptional memory.

The transcriptional regulation of the GAL gene cluster of
budding yeast serves as a paradigm for a complex gene regu-
latory network that also exhibits the phenomenon of transcrip-
tional memory. GAL genes can be separated broadly into two
groups: the structural genes (GAL1, GAL5, GAL7, and
GAL10) that encode enzymes to metabolize galactose and
regulatory genes (GAL2, GAL3, GAL4, and GAL80) that en-
code products that transport galactose and control the expres-
sion of the structural genes. The transcription of many of the
GAL genes is tightly controlled by the sugar present in the
medium: the expressions of GAL1, GAL3, GAL4, GAL7, and
GAL10 are repressed by glucose, and most GAL genes are
induced 3- to 1,000-fold in the presence of galactose (GAL5 is
constitutive) (3, 12, 18, 19, 28).

The galactose-dependent transcriptional activation of GAL

genes involves a complex regulatory network. The Gal4 acti-
vator binds to one or more sites upstream of each inducible
GAL gene, but in the absence of galactose, the activation
domain of Gal4 is inactivated by an interaction with the Gal80
repressor. When galactose is added to cells, the Gal2 permease
imports galactose, and the binding of galactose to the cytoplas-
mic Gal3 protein allows Gal3 to bind to Gal80, sequestering
the repressor in the cytoplasm (3, 17, 28). Notably, the product
of GAL1, galactokinase, can substitute for Gal3 when present
at high concentrations (14, 15, 29). Thus, Gal3 and Gal1 func-
tion as key signal transducers that activate Gal4. The Gal2 and
Gal3 proteins are expressed at low basal levels in the absence
of galactose, and their expression is increased in galactose
medium, creating two positive-feedback loops. The 1,000-fold
increase in Gal1 expression is likely to further enhance the
Gal3 feedback loop. These positive loops are antagonized by a
negative-feedback loop involving the Gal80 repressor, which is
induced 2- to 3-fold by galactose. The Gal3 and Gal80 loops
work in concert to ensure GAL gene homeostasis (2, 30).

Several studies have demonstrated that the Gal3/Gal1 feed-
back loop provides cells with a “memory” of previous galactose
exposure (2, 37). For instance, when naïve, glucose-grown cells
are switched to galactose medium, the full induction of GAL
gene transcription is rather slow, requiring 2 to 4 h (21). These
slow induction kinetics presumably reflect the need to synthe-
size additional Gal4 and to overcome glucose repression mech-
anisms that occur in cis at GAL genes (19). However, if cells
were previously exposed to galactose, the reinduction of GAL
genes that follows a 12-h period of glucose repression occurs
with much more rapid kinetics. These rapid reinduction kinet-
ics require the Gal1 protein, and heterokaryon studies indicate
that the cytoplasmic inheritance of Gal1 provides the memory
of previous galactose exposure (37). Interestingly, Brickner
and colleagues also reported that the histone variant H2A.Z
(also known as Htz1) is also required for transcriptional mem-
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ory and, furthermore, that memory correlates with the associ-
ation of a GAL gene with the nuclear periphery (4).

Previously, we also described a transcriptional memory phe-
nomenon at yeast GAL genes. In our experimental regimen,
cells were grown in a neutral, nonrepressing sugar (raffinose)
prior to the first round of transcriptional induction in galac-
tose. In this case, GAL transcription reaches maximal levels by
�1 h. GAL genes were then repressed by growth in glucose
medium for 30 min to 4 h, and after transfer to galactose
medium, the reinduction of GAL genes was found to reach
maximal levels by �5 min. Recently, Laine et al. used a similar
protocol to monitor GAL transcriptional memory (22). Those
studies indicated that the rapid reactivation of GAL genes
requires the SWI/SNF chromatin-remodeling enzyme and an
intragene loop between the 5� and 3� ends of a GAL gene (21,
22). Interestingly, the memory of previous galactose exposure
persisted through at least one cell division but was lost by 6 to
8 h of growth in glucose. This result contrasts with data from
the studies described above, where memory was stable for at
least 12 h (4, 37). Given the key role of the SWI/SNF remod-
eling enzyme in transcriptional memory, we proposed that
SWI/SNF may establish an “active” chromatin structure at
GAL genes that could persist through a few generations in the
absence of the galactose inducer. The roles of H2A.Z, the
nuclear periphery, or the Gal1 or Gal3 protein in this “short-
term” memory phenomenon have not been tested.

Here we reevaluate the role of chromatin-remodeling fac-
tors, the histone variant H2A.Z, the nuclear periphery, and
cytoplasmic signaling molecules in both the “short-term” and
“long-term” transcriptional memory of GAL genes. We find
that neither H2A.Z nor the recruitment of GAL genes to the
nuclear periphery is required for the “short-term” memory of
GAL genes, nor does recruitment to the nuclear periphery
appear to be required for “long-term” memory. In contrast,
our data suggest that Gal1 and Gal3 function redundantly to
promote rapid reinduction kinetics, likely through their cyto-
plasmic inheritance. Furthermore, SWI/SNF does not appear
to be involved in memory per se, but rather, its chromatin-
remodeling activity is required in both rounds of induction to
achieve rapid activation. However, the function of SWI/SNF is
most apparent during reinduction, when rapid signaling by
Gal3/Gal1 renders chromatin remodeling a rate-limiting step
for GAL1 activation.

MATERIALS AND METHODS

Yeast strains, media, and culture conditions. Strains used in this study are
isogenic derivatives of the S288c background. Saccharomyces cerevisiae liquid
cultures were grown at 30°C in YEP (1% yeast extract, 2% Bacto-peptone)
medium supplemented with 2% glucose, 2% galactose, or 2% raffinose plus 0.2%
sucrose depending on whether GAL1 activation or repression was required. For
Gal3p-overexpressing strains, wild-type and swi2� strains were transformed with
2�m plasmids expressing full-length Gal3p from a constitutive ADH1 promoter
or the relevant vector control. Transformants were selected and grown on syn-
thetic media (0.67 g yeast nitrogen base without amino acids per 100 ml) con-
taining 2% dextrose lacking uracil (URA).

RNA isolation and analysis. Total RNA was isolated from yeast cells grown to
logarithmic phase in appropriate media by the hot-phenol extraction method.
The concentration of RNA was estimated by measuring the A260 after dissolving
it in diethyl pyrocarbonate-treated water. Ten micrograms of total RNA from
each sample was electrophoresed on 1% formaldehyde agarose gels, and North-
ern blotting was done. The housekeeping gene ACT1 was used as a loading
control. Radioactively labeled probes for hybridization were generated by PCR

amplifying the complete GAL1, GAL10, or ACT1 open reading frame (ORF)
from genomic DNA.

RT-PCR. Cells were grown to mid-log phase in YEP medium with 2% glucose,
2% galactose, or 2% raffinose plus 0.2% sucrose at 30°C. Ten milliliters of cells
was harvested, and total RNA was extracted as described above. First-strand
cDNA was synthesized by using 2.5 �g RNA, Superscript II RNase H� reverse
transcriptase (RT) (Invitrogen), and 2 pmol each downstream primer designed
for genes of interest, according to the manufacturer’s instructions. Subsequently,
32P-labeled PCR was performed by using 2 �l of the first-strand cDNA reaction
mixture and gene-specific primer sets to determine the relative levels of GAL1,
GAL3, GAL10, and ACT1 mRNA for each strain. After 12 cycles (for GAL1,
GAL10, and ACT1) or 25 cycles (for GAL3) of amplification, PCR products were
electrophoresed on 10% acrylamide gels. Reactions were visualized by
PhosphorImager (Molecular Dynamics) analysis and quantified by use of Image-
Quant software (Amersham Biosciences).

ChIP. Rabbit polyclonal antibody to the C terminus of histone H3 (ab1791)
was obtained from Abcam, Inc. Mouse monoclonal antibody to RNA polymerase
II (RNAPII) (CTD4H8) was obtained from Covance Research Products. Chro-
matin immunoprecipitation (IP) (ChIP) assays were performed as described
previously by Li et al. (25). The immunoprecipitated DNA was amplified by using
quantitative PCR performed with [�-32P]dCTP and then electrophoresed on 5%
acrylamide gels. Reactions were visualized and quantified by PhosphorImager
analysis.

Mononucleosome preparation. Samples (from 100 ml of culture at an A600 of
�0.7) were cross-linked for 30 min with 37% formaldehyde (final concentration
of 2%) at 30°C. Reactions were quenched by the addition of 2.5 M glycine to a
final concentration of 125 mM. Cell pellets were collected and washed with water
to remove residual medium. Mononucleosomes were prepared as described
previously by Dion et al. (9). An aliquot of this sample was deproteinized, and
cross-links were reversed. Phenol-chloroform extraction was done, and samples
were ethanol precipitated. The resulting pellet was resuspended and treated with
RNase A (1 �g for 1 h at 37°C) to remove all RNA. Samples were then
electrophoresed on 1.5% agarose gels to determine the best titration that yielded
mononucleosomal DNA.

Nucleosome-scanning analysis. The method for nucleosome-scanning analysis
was adapted from a method described previously by Sekinger et al. (32), with
modifications. Briefly, mononucleosomal chromatin was prepared as described
above. This material was used for IP with histone H3 antibody. The immuno-
precipitated DNA was amplified by using quantitative PCR and a set of over-
lapping primer pairs that were staggered 20 bp relative to each other and
together covered an approximately 300-bp region of DNA. The products of all
primer pairs were approximately 100 bp long. The efficiency of each primer pair
was assayed by performing quantitative PCR with genomic DNA.

RESULTS

Short-term memory of GAL genes requires Gal3 and Gal1.
Transcriptional memory at GAL1 has been defined as the
ability to reinduce GAL1 transcription with much faster kinet-
ics than induction rates for the initial exposure to galactose. In
our previous study, we showed that memory persisted through
only a few cell divisions during glucose repression (21). In
contrast, two groups described a different experimental regi-
men in which GAL transcriptional memory persisted for at
least 12 h in glucose medium (�4 to 6 cell divisions) (4, 37). In
these cases, the initial round of GAL induction involved the
transfer of repressed, glucose-grown cultures to galactose me-
dium, whereas in our case, raffinose-grown cultures were
shifted to galactose. Given the apparent differences in the
durations of memory between these studies, we tested whether
our strains could recapitulate long-term memory.

Single colonies of isogenic strains were isolated from glucose
plates and grown overnight in glucose medium. GAL10 tran-
scription was then induced by switching cultures to galactose
medium (Glc3Gal), and cell aliquots were removed at various
times for RNA isolation. Following 10 h in galactose medium,
cells were transferred to repressive glucose medium for 12 h,
followed by the reinduction of GAL genes by a switch back to
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galactose medium (Glc3Gal3Glc3Gal). RT-PCR analysis
of GAL10 transcripts demonstrated that the initial round of
expression is quite slow, with peak levels of expression in both
the wild-type and gal1� strains requiring 6 to 7 h (Fig. 1a). In
contrast, the reinduction of GAL10 in the wild-type strain was
rapid, with peak levels of expression occurring within 2 to 3 h
(Fig. 1a, left). Consistent with previous results, these rapid
reinduction kinetics required GAL1 (Fig. 1a, right). In con-
trast, the inactivation of the SWI/SNF remodeling complex
(swi2�) showed a rapid reinduction of both GAL10 and GAL1
(Fig. 1b and data not shown). Thus, in contrast to our previous
study that demonstrated SWI/SNF dependence for the short-
term memory of GAL gene transcription (21; see also Fig. 6),
SWI/SNF is not required for long-term memory. This result is
consistent with the cytoplasmic inheritance of Gal1 playing a
dominant role in long-term memory (37).

Next, we tested whether Gal1p was also required for short-
term memory. In this case, raffinose-grown cells were switched
to galactose medium for the initial induction. In this case,
maximal expression occurred at between 1 and 2 h. After 2 h,
glucose was added to repress GAL expression for 60 min, and
cells were then switched back to galactose medium
(Raf3Gal3Glc3Gal). As expected, wild-type cells showed
robust short-term memory at GAL10, with maximal expression
occurring within 10 min (Fig. 2). Surprisingly, short-term mem-

ory was not eliminated in the gal1� strain, although the kinet-
ics were reproducibly slower than those of the wild-type strain.
Thus, it appears that Gal1p is not essential for the transcrip-
tional memory of GAL10 expression after a brief period of
repression.

During the initial induction with galactose, the GAL3 gene
was induced �3-fold, whereas GAL1 was induced �1,000-fold.
Thus, we considered the possibility that memory involves the
cytoplasmic inheritance of both Gal3 and Gal1; however, after
many generations of growth in glucose (long-term memory),
only Gal1 contributes to memory, as the considerably lower
level of induced Gal3 would be depleted within a few cell
divisions. Consistent with this view, GAL3 is not required for
long-term memory (37). In contrast, during a short-term mem-
ory experiment, Gal3 and Gal1 might function in a redundant
fashion. To test this possibility, we used strains in which Gal3
is expressed from a doxycycline-inducible promoter (Ptet-
GAL3). In this strain, Gal3 was no longer inducible by galac-
tose, but expression was maintained at a low, basal level in the
absence of doxycycline (Fig. 3a) (2). In the absence of doxy-
cycline, sufficient Gal3 is expressed to support a normal induc-
tion of GAL genes when cells are switched from raffinose to
galactose medium (Fig. 3b). Likewise, when cells were then
switched to glucose for 60 min, the reinduction of GAL1 was
only slightly slower than that of the wild-type strain, indicating

FIG. 1. Long-term memory at GAL genes requires Gal1p but not SWI/SNF. The schematic at the top depicts a regimen of growth in different
carbon sources. Gal, 2% galactose; Glc, 2% glucose. (a) RT-PCR analysis of GAL10 mRNA levels following initial induction and reinduction after
long-term glucose repression (12 h). The wild-type (WT) culture showed a memory of previous GAL10 induction, which was lost in the gal1� strain.
(b) RT-PCR of GAL1 and GAL10 mRNA levels from the swi2� strain. The reinduction of GAL1 and GAL10 is fast compared to initial induction
following long-term glucose repression (12 h). Data were averaged over three independent experiments and are represented as relative fold
increases over ACT1 mRNA normalized to a maximum value of 1. Error bars represent standard deviations at each point.
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that memory was partially intact in the absence of Gal3 induc-
tion (Fig. 3b). However, the deletion of the GAL1 gene in the
Ptet-GAL3 strain eliminated the rapid reinduction of GAL10,
indicating that Gal1 and Gal3 play overlapping roles in tran-
scriptional memory (Fig. 3c). In this strain, we also reproduc-
ibly observed a decrease in GAL10 transcription at later time
points during the first induction and a poor accumulation of
transcripts even at late time points in the second round. This is
likely due to the galactose-dependent induction of the Gal80
negative-feedback loop. Since Gal3 levels were not concomi-
tantly induced in these strains, the imbalance in the Gal80/
Gal3 ratio is expected from previous studies to prevent Gal4
activation (see references 2 and 30 and references therein).
These data further support the view that Gal1 and Gal3 func-
tion as redundant inducers of the GAL system and that this
positive-feedback loop plays a major role in transcriptional
memory.

Transcriptional memory of GAL genes does not require
tethering at the nuclear periphery. Several studies demon-
strated that the activation of GAL1 or GAL10 transcription
leads to the migration of the locus to the nuclear periphery,
where it interacts with nuclear pore complexes (NPCs) (1, 4–6,
34). This relocalization event requires several components of
the nuclear pore complex, such as Nup2 and Mlp1 (1, 4, 35,
36), as well as nuclear pore-associated factors that regulate
mRNA export, such as Sac3 (8, 11, 16, 23). Initially, we tested
whether the Nup2-dependent tethering of GAL10 to the nu-
clear periphery is required for long-term memory. We moni-
tored GAL1 induction and reinduction kinetics in a nup2�
strain (Fig. 4a) and found that the inactivation of Nup2 had no

significant effect on the long-term transcriptional memory of
GAL10.

We then tested whether relocalization to the nuclear periph-
ery plays a role in a short-term memory regimen. In these
experiments, an isogenic set of strains that lacked either Nup2
or Sac3 was grown in galactose and then switched to glucose
medium for 1 h prior to reinduction by the addition of galac-
tose. Both of these components were previously shown to play
essential roles in the relocalization of active GAL genes to the
nuclear periphery (5, 20). As shown previously, high levels of
GAL1 transcripts are detectable �10 min after the addition of
galactose in the wild-type strain. Strikingly, the short-term
memory of GAL transcription was intact in each of the mutants
that blocked GAL localization to the periphery (Fig. 4b and
data not shown). Thus, localization to the nuclear periphery is
not essential for rapid GAL1 reinduction. These results are
consistent with several studies demonstrating that plasmid-
borne GAL genes are released from the nuclear periphery
following �1 h of growth in glucose medium (1, 36; S. Kundu,
C. L. Peterson, and M. Rosbash, unpublished results), and
thus, peripheral localization in most strains does not appear to
be maintained through more than one cell cycle.

H2A.Z does not contribute to short-term memory. Brickner
and colleagues (4) previously reported that the long-term
memory of GAL1 transcription requires the histone variant
H2A.Z (also known as Htz1). In our strain background
(s288C), we found that an htz1� mutant had a significant de-
fect in the initial induction of GAL1 or GAL10 when cells were
switched from glucose to galactose medium, and this transcrip-
tional defect made analyses of long-term memory problematic

FIG. 2. Short-term memory at GAL10 does not require Gal1p. Shown is Northern analysis of GAL10 RNA levels in the wild-type (left) and
gal1� (right) strains during initial induction and reinduction following short-term glucose repression (1 h). The gal1� strain rapidly reinduces
GAL10 transcription with kinetics almost similar to those of the wild type. The graph shows data from an average of three experiments, while the
top shows a representative experiment. Error bars represent standard deviations. ACT1 is the loading control for total RNA levels.
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(data not shown). We found similar results for strains of the
w303 background (data not shown). Our observations are con-
sistent with data from a previous study demonstrating that
Htz1 plays a key role in the recruitment of the Mediator com-
plex during the initial activation of a glucose-repressed GAL
gene (13, 24). To circumvent this issue, we asked if Htz1 was
required for short-term memory. When cells were switched
from raffinose to galactose medium, both the wild-type and
htz1� strains showed identical kinetics of initial GAL1 induc-
tion (Fig. 4C). Interestingly, the htz1� strain also demonstrated
a rapid reinduction of GAL1 transcription, indicating that Htz1

is not required for short-term memory in strains of the s288C
background (Fig. 4C).

SWI/SNF promotes rapid PIC loading but does not generate
alternate nucleosome positions. These studies indicate that
SWI/SNF and Gal1/Gal3 may be the primary factors that con-
trol the transcriptional memory of GAL genes. To test if chro-
matin remodeling by SWI/SNF facilitates faster preinitiation
complex (PIC) assembly on the GAL1 promoter during rein-
duction, we monitored the RNA polymerase II (RNAPII) as-
sociation with the GAL1 promoter during a cycle of expres-
sion, repression, and reinduction. For both the wild-type and

FIG. 3. Cytoplasmic signaling by both Gal1p and Gal3p is required for optimal GAL gene reinduction. (a) RT-PCR of wild-type and
gal3�;Ptet-GAL3 strains showing GAL3 expression levels in glucose or galactose. (b) Minimal expression of Gal3p from a Ptet-GAL3 construct
causes a partial defect in GAL1 reinduction following short-term glucose repression (1 h). Shown are GAL1 mRNA levels for the wild-type (left)
and gal3�-Ptet-GAL3 (right) strains. At top is a representative RT-PCR, and the graphs below show data from an average of three independent
experiments represented as fold increases over ACT1 mRNA normalized to a maximum value of 1. Error bars show standard deviations at each
point. o/n, overnight. (c) GAL10 is induced in minimally expressing Ptet-GAL3 and an amino-terminal deletion of a GAL1 double mutant but is
lost at 2 h postinduction. GAL10 reinduction is severely compromised even after 8 h following short-term glucose repression (1 h). Data in panel
c are representative of five independent experiments.
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swi2� strains, RNAPII was rapidly lost from the promoter
during glucose repression, as observed previously by us and
others (21, 31). Glucose repression is also associated with a
rapid reassembly of nucleosomes over the GAL1 promoter in
both wild-type and swi2� strains (Fig. 5a, left). During rein-
duction in the wild-type strain, RNAPII was recruited to GAL1
within 10 min, paralleling the rapid appearance of GAL1 tran-
scripts (Fig. 5a, right). Likewise, both TATA binding protein
(TBP) and SWI/SNF were rapidly recruited to the GAL1 locus
during reinduction, and transcriptional reinduction was asso-
ciated with a rapid nucleosome loss (data not shown). In con-
trast, RNAPII was recruited slowly in the swi2� strain, reflect-
ing the requirement for SWI/SNF to act at an early step in

promoting rapid RNAPII re-recruitment during GAL gene
reinduction.

In our previous study, we proposed a model in which SWI/
SNF might control transcriptional memory by influencing the
positioning of nucleosomes that are reassembled onto the
GAL1 promoter during glucose repression. Since SWI/SNF
rapidly dissociates from the glucose-repressed GAL1 promoter
(21), this model further proposes that these alternative nucleo-
some positions are propagated through DNA replication in the
absence of SWI/SNF. Changes in nucleosome positioning
might then enhance the rate of RNA polymerase II recruit-
ment. To test this model directly, we mapped the positions of
two promoter-proximal nucleosomes at the GAL1 locus (see

FIG. 4. GAL1 memory does not require nuclear pore localization or H2A.Z. Schematics at the top depict regimens of growth in different
carbon sources. Raf, 2% raffinose; Gal, 2% galactose; Glc, 2% glucose. (a) RT-PCR analysis of GAL10 induction and reinduction in nup2� cells
following long-term glucose repression (12 h). Long-term memory does not require Nup2p. Data represent data from three independent
experiments. (b) Short-term GAL1 memory is unaffected in nup2� (left) and sac3� (right) mutants. (c) Northern analysis of wild-type (left) and
htz1� (right) strains showing rapid GAL1 reinduction following short-term glucose repression (1 h). Data are representative of data from three
independent experiments.
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FIG. 5. SWI/SNF promotes RNA polymerase II loading but does not generate alternate nucleosome positions at the GAL1 promoter. (a, left)
Histone H3 ChIP of the wild-type and swi2� strains to measure nucleosome occupancy at the GAL1 promoter. The loss of SWI/SNF does not
inhibit the kinetics of promoter nucleosome reloading during glucose repression. (Right) RNA polymerase II ChIP of the wild-type and swi2�
strains showing that the faster recruitment during GAL1 reinduction is dependent on SWI/SNF. RNA polymerase II and H3 levels were tested
at the GAL1 promoter and normalized to a telomere sequence (Chr VI, 70 bp from the right end). (b) Schematic representation of the GAL1-10
regulatory region. UASGAL marks the Gal4p binding sites. URSGAL is the binding site for the glucose-dependent repressor Mig1p. Ovals represent
previously mapped nucleosome positions. Ovals shown as solid lines represent GAL1 promoter nucleosomes that are mapped in c and d. TATA
represents the TBP binding sites, and �1 represents the transcription start sites. (c) Nucleosome-scanning ChIP with histone H3 antibody in the
wild-type strain for promoter nucleosomes B (left) and C (right). Black lines represent cultures grown in glucose overnight, and gray lines represent
short-term (1-h) glucose-repressed cultures following a brief GAL1 induction. On the x axes of graphs, B1 to B10 represent 10 primer pairs
spanning positions �302 to �3 from the translation start site. C1 to C10 represent nine primer pairs spanning positions �148 to �160 from the
translation start site. On the y axis, the relative percent IP of H3 normalized to a maximum value of 1 is plotted. (d) Same as panel c but with an
swi2� strain.
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Fig. 5b for a schematic representation) in wild-type and swi2�
cells. Nucleosome positioning was mapped under two condi-
tions: (i) cells that were grown continuously in glucose (long-
term repression) and (ii) cells that had been grown in galactose
and then repressed with glucose for 1 h (short-term repres-
sion). In each case, cells were treated with formaldehyde prior
to collection and analysis of nucleosome positioning by nucleo-
some-scanning ChIP (32). Mononucleosomal chromatin was
prepared by MNase digestion and used for ChIP with an anti-
histone H3 antibody. Quantitative PCR was performed with
primer pairs scanning approximately 300 bp around the pre-
dicted dyads of promoter nucleosome B (Fig. 5c, left) and
promoter nucleosome C (Fig. 5c, right).

In long-term-repressed cells, nucleosomes B and C were
positioned as predicted from previous studies, each protecting
�160 bp of DNA. In contrast, no ChIP signal was detected
when mononucleosomal chromatin was prepared from cells
growing in galactose, consistent with a loss of GAL1 promoter
nucleosomes (26, 27). However, when galactose-grown cells
were exposed to glucose for 1 h, nucleosomes were reassem-
bled, and the positioning of NucB and NucC appeared to be
nearly identical between long-term-repressed and short-term-
repressed cultures. Notably, this result is consistent with pre-
vious analyses of the GAL1 chromatin structure (7, 26). We
repeated the same set of experiments with an swi2� strain and
obtained similar results, confirming that SWI/SNF was not
involved in nucleosome positioning at the GAL1 promoter
during glucose repression (Fig. 5d). Thus, these data indicate
that the role of SWI/SNF in promoting rapid GAL1 reinduc-
tion does not involve the generation of a novel pattern of
nucleosome positions at the GAL1 promoter.

Gal3p coinducer overexpression leads to rapid GAL1 induc-
tion in wild-type cells. We considered an alternate hypothesis
in which SWI/SNF functions in both the first and second
rounds of GAL1 induction but SWI/SNF action is only rate
limiting for expression during reinduction. This model pro-
poses that GAL1 expression is controlled by two different ki-
netic steps: the accumulation of signaling molecules, Gal1 and
Gal3 (designated k1), which antagonize the Gal80 repressor,
and chromatin remodeling (designated k2) (see model in Fig.
7). In this model, the accumulation of signaling molecules (k1)
is the rate-limiting step for the initial induction of GAL genes
(i.e., k2 � k1). However, in the second round of expression,
signaling is very rapid due to the high levels of Gal3p and
Gal1p that accumulate during initial induction, and chromatin
remodeling by SWI/SNF becomes the slow step (i.e., k2 	 k1).
Note that in this model, SWI/SNF action must be partially
redundant with other remodeling enzymes that remodel the
promoter, albeit more slowly, in its absence (see Fig. 7). SWI/
SNF is not required for the induced levels of Gal3 or Gal1,
eliminating simple models where SWI/SNF directly regulates
the Gal1/Gal3 feedback loop (18).

One prediction of this model is that increasing the levels of
signaling molecules prior to the first round of induction should
uncover a kinetic role for SWI/SNF during the initial round of
expression. To test this idea, both wild-type and swi2� strains
were transformed with a high-copy-number plasmid that har-
bors a constitutively expressed ADH1-GAL3 gene. The growth
of these cells in raffinose medium leads to high levels of GAL3
expression in both the wild-type and swi2� strains (Fig. 6a). In

the wild-type strain, the constitutive expression of Gal3p in-
creased the rate of the initial induction such that the accumu-
lation of GAL1 transcripts was nearly indistinguishable from
the rate of reinduction (Fig. 6b, right). In contrast, cells trans-
formed with the vector control showed slow kinetics of GAL1
expression in the first round and rapid kinetics during reinduc-
tion (Fig. 6b, left). Thus, constitutive, high-level expression of
Gal3 appears to obviate transcriptional memory. Strikingly, the
constitutive expression of GAL3 uncovered a significant role
for SWI/SNF during the first round of expression (Fig. 5c,
right). In fact, the GAL1 induction rates in the swi2� strain
were identical in the first and second rounds of expression and
were slow compared to wild-type rates. Thus, SWI/SNF action
is generally rate limiting for GAL expression when cells con-
tain high levels of Gal3. These data are fully consistent with the
kinetic model shown in Fig. 7.

DISCUSSION

In the present study, we have carried out experiments aimed
at reconciling studies that have investigated transcriptional
memory at yeast GAL genes. In our previous work, we showed
that the SWI/SNF remodeling enzyme was required for the
rapid reinduction of GAL1 transcription following a 0.5- to 4-h
period of glucose repression. In our experimental regimen,
transcriptional memory was inherited through only 1 to 2 cell
divisions. In contrast, two groups reported an experimental
scheme in which the transcriptional memory of GAL genes was
maintained for at least 12 h under glucose-repressed condi-
tions (4 to 6 divisions). In this case, memory was shown to
require a GAL1 gene product, the H2A.Z histone variant, and
it correlated with peripheral nuclear localization. Here we
have shown that the tethering of GAL loci to the nuclear
periphery is not essential for transcriptional memory in either
scheme. Our data also indicate that SWI/SNF, and likely
H2A.Z, functions downstream of the transcriptional memory
process, regulating the general kinetics of GAL induction. In
contrast, transcriptional memory generally requires the Gal1/
Gal3 feedback loop, with the function of Gal1, as a weak
Gal3-like inducer, predominating in the long-term memory
regimen and both factors showing overlapping functions in a
short-term memory scheme. Thus, the transcriptional memory
of GAL genes does not appear to involve the inheritance of
chromatin states but rather involves the cytoplasmic inheri-
tance of Gal1 and/or Gal3 signaling factors.

The kinetics of GAL gene induction are strongly influenced
by the concentration of galactose in the medium, levels of the
Gal3 inducer, and levels of the Gal80 repressor (2, 30). Alter-
ations in the levels of these factors can have a strong impact on
GAL transcription. Likewise, our data indicate that the levels
of Gal3 can also impact the extent to which SWI/SNF is re-
quired for the optimal kinetics of GAL induction. At low, basal
Gal3 concentrations, SWI/SNF action does not appear to be
rate limiting for GAL expression, as the inactivation of SWI/
SNF has only a minor effect on induction kinetics (Fig. 1).
However, an increased expression of Gal3 leads to a more
extensive GAL transcriptional defect in the absence of SWI/
SNF. These results provide an explanation for why swi/snf
mutations in some strain backgrounds lead to strong defects in
GAL transcription even during an initial round of expression
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(10). Presumably, these strain backgrounds have a higher level
of basal Gal3 signaling (or lower levels of the Gal80 repressor).
Differences in the potencies of the Gal3 positive-feedback loop
among strain backgrounds may also explain why the Htz1
histone variant plays variable roles in the initial induction of
GAL genes (4, 13).

In the strain background used in our studies (s288C), Htz1
contributes significantly to the initial induction kinetics of
GAL1 when cells are transferred from glucose to galactose
medium, and consequently, we were unable to assess its role
during the long-term memory regimen. We have also found
that Htz1 is required for rapid GAL induction kinetics using a
second, common strain background (w303) (our unpublished
observations). Similar results were reported previously by Gli-
goris et al. (13). In contrast, Brickner and colleagues (4) used
the JBY strain background, and thus, it remains a possibility

that Htz1 may contribute to the transcriptional memory phe-
nomenon in these strains.

Several studies demonstrated that the activation of GAL
gene expression leads to the rapid localization of these loci to
the nuclear periphery and interaction with NPCs. It was sug-
gested that this NPC association may facilitate the rapid export
of GAL mRNA into the cytoplasm. Brickner and colleagues
(4) also reported that GAL1 maintains its association with the
NPC for many cell divisions, suggesting that peripheral local-
ization may be involved in memory. The genetic requirements
for GAL1 localization to the nuclear periphery are well estab-
lished, with key roles being played by the NPC component
Nup2 and components of the mRNA processing and export
machinery, such as Sac3. We find that the inactivation of any
one of these factors has no detectable impact on GAL tran-
scriptional memory, indicating that while GAL gene transcrip-

FIG. 6. Gal3p coinducer overexpression leads to rapid GAL1 induction in the wild type. (a) GAL3 mRNA expression compared between
growth in raffinose and that in galactose for the indicated strains and shown as fold induction over ACT1. (b) Northern analysis using the short-term
memory regimen for wild-type cells transformed with the control plasmid (left) and a Gal3p-overexpressing plasmid (PADH1-GAL3) (right). (c)
Same as panel b for the swi2� strain. The constitutive expression of Gal3p rapidly activates GAL1 transcription even upon initial induction in the
wild type. The overexpression of Gal3 uncovers a more prominent role for SWI/SNF during the initial round of induction. All Northern blots were
subsequently probed for ACT1 as a loading control.
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tion tethers the loci to the nuclear periphery, tethering itself is
not required for memory. We note that our results are consis-
tent with several studies from the Rosbash group demonstrat-
ing that GAL genes are released from the periphery after 40
min to 1 h in glucose medium (see, e.g., reference 36) and thus,
tethering does not generally correlate well with memory. Like-
wise, we have used a plasmid-based system in our strain back-
ground for the monitoring of GAL localization, and we also
find that plasmid-borne GAL genes are released from the
periphery after 1 h of glucose repression (36; S. Kundu, C. L.
Peterson, M. Rosbash, and S. Vodala, unpublished results).
Furthermore, previous studies have shown that parental and
newly assembled NPCs are asymmetrically segregated during
yeast cell division. Daughter cells receive only new nuclear
membrane material and newly assembled NPCs, with all of the
parental NPCs remaining in the mother cell (33). Thus, if a
gene locus is associated with a parental NPC, a daughter cell

can inherit this structure from the mother only if interactions
with parental and newly assembled NPCs are dynamic. Such
dynamic interactions, however, would appear to be inconsis-
tent with a memory phenomenon that requires the faithful
segregation of the parental state. Together, the data indicate
that the tethering of loci to NPCs is unlikely to contribute to
transcriptional memory events that are heritable to progeny.

Recently, two groups reported that the transcriptional in-
duction of GAL genes leads to the formation of an intragene
loop between the 5� and 3� ends of the GAL1,10 gene cluster
(22, 35). Loop formation requires the general transcription
factor TFIIB and components of the mRNA processing and
export machinery. During a period of glucose repression, the
stability of this gene loop also requires the NPC-associated
protein Mlp1. Interestingly, this loop is maintained for at least
1 cell division in glucose medium, and the disruption of the
intragene loop leads to the loss of the short-term transcription
memory of GAL genes. SWI/SNF is not required for gene loop
formation or maintenance, suggesting that the SWI/SNF ac-
tion functions downstream. Those authors also showed that the
intragene loop is required for rapid RNAPII recruitment dur-
ing GAL1 reinduction, leading those authors to suggest that
the intragene loop facilitates the reassociation of RNAPII dur-
ing the second round of expression. However, since SWI/SNF
is also required for RNAPII recruitment, but not loop forma-
tion, these data indicate that the loop is not sufficient for
RNAPII recruitment. The intragene loop is required to main-
tain the Gal4 activator at the promoter during glucose repres-
sion, so one simple model that we favor is that the loop func-
tions primarily to maintain Gal4 so that it is poised to rapidly
re-recruit SWI/SNF and other key targets when galactose is
reencountered in the environment.
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