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Abstract

The budding yeast SIR complex (Silent Information Regulator) is the principal actor in
heterochromatin formation, which causes epigenetically regulated gene silencing phenotypes.
The dynamics of the SIR complex during the cell cycle are however not well understood. It is
consequently till not known how the SIR complex is maintained and/or restored after
genome replication and cell division, and how the underlying silenced state is transmitted
form one cell generation to the next. We used the tag switch RITE system to measure genome
wide turnover rates of the SIR subunit Sir3p during and after exit from growth arrest caused
by nutrient depletion. Our results show that Sir3p subunits have high rates of exchange
immediately after release from growth arrest. “Maternal” Sir3p is consequently almost
completely replaced with newly synthesized Sir3p in subtelomeric regions by the end of the
first cell cycle after release from growth arrest. The sudden increase in the off rate of Sir3
upon release from growth arrest leadsto SIR complex instability that is exacerbated in strains
with sub optimal amounts of newly synthesized Sir3p. Unexpectedly, heightened SIR
complex instability in these Sir3p “hypo-morphs’ has global effects on gene expression with
faster reactivation of hundreds of euchromatic genes upon exit from growth arrest.
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I ntroduction

Heterochromatin in budding yeast is a transcriptionally repressive structure located at
the silent mating type loci (HMR and HML), telomeres and rDNA repeats. The essential
component of this structure is the non-histone protein complex SIR (Silent Information
Regulator), which consists mainly of Sir2p, Sir3p and Sirdp. Sirdp scaffolds the complex
while Sir2p functions as an NAD-dependent H4K 16 deacetylase, providing a high-affinity
binding site for Sir3p which recruits Sirdp (for review see (1)). In the classical polymerization
model, SIR components are first recruited to silencer regions by a combination of silencer-
binding factors (ORC —Origin Recognition Complex, Raplp and Abflp). The SIR complex
then spreads from the nucleation site (silencer) through cycles of deacetylation and
nucleosome hinding, which continue until the SIR complex reaches boundary elements that

prevent unwanted spreading to transcriptionally active regions (for review see (2) ).

It has been shown that over-expressed Sir3p can be incorporated into existing
heterochromatin (3). However, beyond this bulk measurement, the locus-specific dynamics of
the chromatin bound SIR complex within and from one cell generation to another have not
yet been measured. How heterochromatic SIR complexes exchange their components during
the cell cycle and how they are distributed to daughter chromatids after replication has
important implications for how heterochromatic states are maintained and whether they may
be inherited. The maternal SIR complex has to be disassembled during replication and if
heterochromatin is to be restored on both daughter strands, the SIR complex has to be
reformed on both strandsto pre-replication levels.

Another open question is how chromatin bound complexes that epigenetically
determine gene expression states, like the SIR complex, respond to environmental challenges
such as nutrient depletion. Indeed, under unfavorable conditions, yeast cells stop growing and
eventually enter the stationary phase, which lasts until depleted nutrients are restored. The
stationary phase is characterized by transcriptional reprogramming, spatial reorganization of
the genome and a 300 fold decrease in protein synthesis rates (4). While the organization of
the SIR complex in stationary phase has been described, the dynamics of the SIR complex
during and following exit from the stationary phase are still poorly understood (5). These
guestions have motivated us to investigate the dynamics of the SIR complex during and upon
release from the stationary phase. We chose to focus on the Sir3p subunit because Sir3p isthe
limiting factor that determines the extent of SIR complex polymerization and the location of
SIR complex boundaries (6-8).

Our strategy was to use the Recombination-Induced Tag Exchange (RITE) method (9,
10) to map genome wide Sir3p turnover rates with the goal to better understand the
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mechanisms of heterochromatin maintenance and find out whether the SIR complex is
“inherited” on newly replicated daughter chromatids.

Our results show that subtelomeric Sir3p occupancy is reduced and Sir3p turnover is
slow in arrested cells. Sir3p exchange rates increase dramatically immediately after release
from growth arrest resulting in the almost complete replacement of “maternal” Sir3p with the
newly synthesized Sir3p by the end of the first cell cycle after release. This suggests that at
least the Sir3p subunit of the SIR complex is not inherited and therefore does not contribute to
the epigenetic inheritance of the silenced state in subtelomeric regions and silent mating type

loci in these conditions.

We propose that the sudden increase in Sir3p off rates upon release from growth
arrest transiently destabilizes the SIR complex, which causes a temporary increase in gene
expression at silent mating type loci and an increase in the number of cells that are

unresponsive to a factor.

Finally, our RNA-seq datasets normalized to S.pombe mRNA, show that gene
expression is restored faster on most low and moderately transcribed genes upon exit from
growth arrest suggesting that heterochromatin integrity is important for the regulation of gene

expression programs in sub-optimal growth conditions.
Results

Sir3p exchange dynamicsduring and after release from growth arrest

We used the RITE tag switch system developed by Fred van Leeuwen (10) to
congruct the Sir3p “tag switch” module. The genomic SR3 locus was engineered with a C-
terminal tag switch cassette containing loxP sites, and the 3xHA and 3xT7 tags separated by a
transcription termination signal, and the hygromycin resistance gene (Figure 1A). The host
strain carries the CreEBD78 recombinase, which is activated upon estradiol addition. After
Cre-mediated recombination of LoxP sites, the HA tag on Sir3p is switched to the T7 tag.
Recombination efficiency is assessed by growth on hygromycin plates, and is typically ~97%
if arrested cells are treated with estradiol for at least 16 hrs.

Cells were incubated in glucose rich medium (YPD) for 48 hrs until they stopped
dividing, and they were then kept in stationary phase for 16hrs after estradiol addition to
alow for the tag switch to complete in ~97% of cells. It has been shown that after 48-64hrs,
a least half of the cells in the population have the characteristics of quiescent cellsi.e. the

ability to retain viability and reproductive capacity in the absence of nutrients. Consequently
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our experiments record the average behavior of a population of cells exiting sationary phase
in which at least 50% of the cells are quiescent (11).

We use the term “ stationary phase” as shorthand for 48-64 hrs. cultures of cells that
have stopped growing due to nutrient depletion and caution the reader that cells in our
cultures are not necessarily equivalent to stationary phase cells from 7 day old cultures
described in the literature (5, 11). Arrested cells were incubated with estradiol for 16hrs to
induce the Cre mediated tag switch. Anti-HA (old Sir3p) and anti-T7 (new Sir3p) chromatin
immuno-precipitations were performed in parallel at regular intervals before and after Cre

activation.

ChiP-seq datasets (normalized to average genome read density as described in
Materials and Methods) of “old” and “new” Sir3p showed that Sir3p dynamics are similar
a al heterochromatic loci, including silent mating type loci and subtelomeric regions (Figure
1 B-D and replicate experiment in Supplementary Figure S1). Since Sir3p with the “old”
tag stops being produced after the tag switch, we can determine Sir3p OFF rates during and
after exit from stationary phase by measuring how “old” Sir3p enrichment changes after the
tag switch from the slope of the linear fit of the decrease in “old” Sir3p enrichment at time
points during stationary phase and during the first cell cycle after release. Likewise, the Sir3p
ON rate can be estimated from the initial rate of increase in “new” Sir3p enrichment up to the
point when “new” Sir3p enrichment reaches equilibrium. The slope of the linear fit of the
change in “new” Sir3p enrichment after release is approximately equal to the Sir3p ON rate
even though it actually represents the ON/OFF rate ratio of “new” Sir3p, because the OFF
rate of “new” Sir3p isinitially negligible because most of the bound Sir3p is the one with the
“old” tag in the early time points after the tag switch.

Our measurements show that the old Sir3p stays bound to chromatin in stationary
phase cells even after the tag switch because of a dow OFF rate of 4%, 0.6% and 0%
decrease in Sir3p-3xHA enrichment per hour and a sow ON rate of 3.5%, 3% and 3.5%
increase in Sir3p-3xT7 enrichment per hour for sub telomeres, HML and HMR, respectively
(Figure 1 C-E) (rates in  Aenrichment %/ hr (AE) were calculated according to the
equation:AE = (2!°1 — 1) * 100, were b is the slope of the linear fit from Figure 1 C-E).
This results in very slow exchange rates of —1%/hr, +2.1%/hr and +3.5%/hr for
subtelomeres, HML, and HMR respectively. Overall Sir3p enrichment after 64 hrs in
stationary phase relative to genome average is decreased ~2 to 4 fold compared to the pre-
stationary midlog phase as shown in the replicate experiment in Supplementary Figure S1
(B-C). After release into fresh media, old Sir3p completely disappears by the first cell
doubling and isreplaced by new Sir3p. Old Sir3p is completely replaced by new Sir3p by the
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end of thefirg cell cycle after release because ON rates increase by 45% to 55%, while OFF
rates increase by 9% to 77% at subtelomeres and silent mating type loci, respectively,
compared to stationary phase Sir3p exchange rates (Figure 1C-E). The enrichment in new
Sir3p reaches steady date after the first division after release resulting in lower Sir3p
occupancy relative to values before the stationary phase. New Sir3p enrichment after the 12"
doubling is ill 3 fold lower than old Sir3p immediately after release and ~7 fold lower than
Sir3p in mid-log cells (Figure 1B-C and Supplementary Figure S1B-C).

The observed pattern of Sir3p binding dynamics in cell populations after exit from
stationary phase suggests that the existing Sir3p is rapidly removed from heterochromatin
when cells resume growth before the first cell division and is mostly replaced with new Sir3p
by the end of the first cycle after release. Sir3p replacement at silent mating type loci is faster
than at subtelomeric loci, probably because of the stronger SIR complex nucleation capacity
of HML and HMR silencers compared to subtelomeric silencers (Figure 1D-E,

Supplementary Figure S1D-E).

The heat map in Figure 1B revealed an unexpected new Sir3p-T7 enrichment at
tRNA genes. New, T7 tagged Sir3p appears to be significantly enriched at all but 20 tRNA
genes immediately upon release from gationary phase. The biological significance of this
binding is not clear as the replicate experiment from Supplementary Figure S1 using a
different anti-T7 antibody (a monoclonal one versus the polyclonal one in Figure 1), while
confirming Sir3p-T7 binding to tDNAs, shows enrichment levels that are 8 to 16 fold lower
thanin Figure 1.

Heterochromatin containing old Sir3p is destabilized during the stationary to growth

phasetransition when new Sir3p amountsare limited

The SIR complex appears to be unstable in the first cell cycle after exit from
stationary phase, thus making heterochromatin potentially permissive to transcription during
that period. Unless Sir3p is redistributed evenly genome-wide, the rapid decrease of old Sir3p
density in heterochromatin during the first cell cycle after release is probably not due to Sir3p
binding el sewhere in the genome because we did not detect new Sir3 peaks during this period.
The old Sir3p is probably degraded because the drop in heterochromatin bound Sir3p
coincides with a decline in total cellular old Sir3p, which has already been reduced to 14% of
its midlog levels in gationary phase (Figure 2A).The drop in Sir3p levelsin sationary phase
probably occurs because SIR3 gene expression and Sir3p protein synthesis rates decrease
more than (Figure 3F) Sir3p protein decay rates although all three processes are significantly
slowed down in stationary cells. Note that even though SSR3 mRNA levels are low in

stationary phase, there is still some Sir3p synthesis since we can detect a dow but positive
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“new” Sir3p-T7 binding rate to heterochromatic regions (Figures 1 and S1 C-E). The
apparent half-life of Sir3p in stationary phase from the time point “before the tag switch”
(after estradiol addition) to the “after switch” time point in the western blot in Figure 2A was
estimated to be ~28 hrs (Figure 2B), which fully accounts for the 90% decrease is Sir3p
levelsduring 48 hrsin stationary phase. The disappearance of old Sir3p proteins below levels
detectable by western blot by the time of the first cell doubling is accompanied by a slow and
gradual increase in new Sir3p which is detectable around 90 min after release (i.e. 2 hrs.
before the first doubling) (Figure 2A). SR3 gene expression of the Sir3p-3xT7 construct
(resulting from tag switch recombination) increases gradually after release from arrest but
remains low even by the first division (Figure 3F). Low SIR3 gene expression probably
accounts for the delay in new Sir3p appearance on the blot (Figure S2). Incidentally, the
appearance of new Sir3p on western blots at 90 min after release coincides with the time
when new Sir3p occupancy starts exceeding old Sir3p occupancy in subtelomeric regions
(Figures 1 and S1). The half-life of old Sir3p after release from stationary phase is estimated
a ~110 min (Figure 2B). Considering that most yeast proteins have a half-life between 60
and 150 min(12), old Sir3p is probably degraded by the usual cellular protein degradation

machinery, which resumes its activity at pre-stationary phase rates upon release.
The SIR complex istransiently destabilized upon exit from stationary phase

Since a sudden increase in Sir3p exchange rates immediately after exit from
stationary phase could potentially destabilize the SIR complex and compromise
heterochromatin function, we tested the silencing potential of SIR complexes after exit from

stationary phase using the “ a-factor test”, described below (Figure 3).

MATa (Mating Type a) cells will respond to the presence of o-factor (mating
pheromone o) by arresting in G1 and forming a “shmoo” if the silent mating type locus HML
(containing the genes for mating type a) is stably heterochromatinized with the SIR complex.
If HML is not fully silenced, cells will behave like pseudo-diploids and will not respond to a-
factor. Log-phase cells should therefore predominantly respond to a-factor and become
shmoo. On the other hand, we expect that populations exposed to a-factor immediately upon
exit from stationary phase will have a higher fraction of cells that form buds. This is exactly
what we observe: 52% of cells with a Sir3-3XHA tag (same strain as the one used in Figures
1, 2, S1 and S2, except that the tag switch was not induced in this experiment) do not form
shmoon upon release from stationary phase, which is nearly twice the rate of budding cellsin
midlog populations (29%) exposed to a-factor. The high proportion of cells that were
unresponsive to a-factor in midlog conditions was however surprising. Suspecting an adverse
effect of the 3XHA epitope tag on the stability of the mRNA or the stability or function of the


https://doi.org/10.1101/603613

bioRxiv preprint doi: https://doi.org/10.1101/603613; this version posted March 22, 2021. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

protein, we performed the same experiment with the parent strain with an untagged Sir3
(WT1) or the Sir3 RITE tag switch strain isolated after the tag switch (Sir3-3XT7) (Figure
3A-C). Insensitivity to o factor does increase 20 fold after exit from stationary phase in cells
with the untagged Sir3 compared to exponentially growing untagged cells but the overall
effect is greatly diminished compared to tagged Sir3p cells since only 3.25% and 0.15% of
the cell population exiting stationary phase and midlog cells, respectively, did not shmoo in
the presence of a-factor (Figure 3C). The degree of insensitivity to a factor depends on the
size and type of the epitope tag and the linker sequence that connects the tag to the C-
terminus of Sir3p (Figure 3A). While a triple HA tag substantially reduces Sir3p
functionality, the triple T7 tag aimost completely obliterates it with 77% and 97% of cells
insensitive to o factor before and after stationary phase, respectively. The triple tag may either
degtabilize the mRNA or the protein or interfere with the ability of Sir3p to interact with other
SIR complex subunits or with its ability to bind to chromatin. Increased mRNA instability
resulting in lower amounts of tagged Sir3p in the cell is however probably not the cause of
the increased insensitivity to o factor in tagged midlog cells since RNA-seq datasets
normalized to an external S.pombe RNA spike-in (Figure 6) show that midlog SR3 mRNA
levels are comparable in al three srains. The decrease in SR3 mMRNA levels during the first
cell cycle after exit from stationary phase does however explain the relative increase in o
factor insensitivity during this period compared to midlog cells in all three strains (Figure
3F). Sir3p enrichment at nucleation sites in subtelomeric and silent mating type loci is6 to 8
fold lower in the 3xHA drain used in Figures 1 and S1 compared to an untagged WT strain
(8). The extent of Sir3p spreading from nucleation sites is however similar between the
untagged and tagged strain (Figure S2). This suggests that the triple tag impairs Sir3p
binding to nucleation sites but does not interfere with SIR polymerization. The absence of a
6xHis tag in the linker region upstream of the 3xHA tag impairs Sir3p function even more,
while Sir3p with a single HA or T7 tag are both functionally indistinguishable from untagged
Sir3p (Figure 3D).

The increased inability to form shmoon upon stationary phase exit is not linked to a
defect that is independent of Sir3p. Cells that can shmoo in log phase in the presence of a-
factor irrespective of the presence Sir3p due to a HML«/MATa double deletion, also shmoo
with 100% efficiency upon release from sationary phase even in the absence of Sir3p
(Figure 3E).

We also tested whether Sir3p turnover rates, measured in ChlP-seq experiments in
Figures 1 and S1, were affected by 3xHA and 3x-T7 tags. We have seen above that single HA
and T7 tags do not impair Sir3p function. However, RITE tag switch ChIP experiments with
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the single HA and T7 tags did not yield sufficient amounts of DNA to prepare NGS libraries
of good quality. We consequently had to compare Sir3p exchange rates at silent mating type
loci in the Sir3-3xHA to 3xT7 RITE drain with Sir3p exchange rates in the Sir3 1xT7 to
IxHA RITE strain (Figure S3) using ChiP-gPCR. Our Sir3 ChIP gPCR experiments show
that except for the on rate at HMR-E, exchange rates are comparable between the two strains
suggesting that neither the triple HA nor the T7 tag ater the dynamics of Sir3p subunit
exchange within the SIR complex (Figure S3C). We consequently conclude that the Sir3p
exchange rates of all heterochromatic loci measured by ChiP-seq with the Sir3-3xHA to 3xT7

RITE strain in Figures 1 and S1 are close to wt Sir3p exchange rates.

We used the same SIR3 congruct with a 3xHA tag under the control of the galactose
inducible GAL1 promoter as in (8) to test how SIR3 overexpression affects Sir3p ON and
OFF rates after exit from stationary phase (Figure 4A). SR3 overexpression after exit from
stationary phase extends the subtelomeric Sir3p binding domains by as much as 15kbp, as
previoudy observed for S R3 overexpression in midlog cell§(8) (Figure 4B). Cells were first
alowed to grow exponentially in galactose to induce Sir3p synthesis and allow SIR complex
formation. Cells were then left to enter the stationary phase after galactose depletion. Since
galactose depletion in stationary phase stops Sir3p production in this system and dextrose
represses the GAL1 promoter, we can estimate genome-wide Sir3p ON and OFF rates after
exit from dationary phase in conditions of SIR3 overexpression simply by performing two
parallel ChlP-seq time-courses in cells released from arrest into galactose or dextrose media,
respectively. The OFF rate is directly estimated from the rate of decrease of Sir3p enrichment
after release from stationary phase into dextrose. The ON rate can then be calculated from the
increase in Sir3p enrichment after release in galactose and the OFF rate measured in dextrose
according to the formula ON (%/hr) = (2%i*P@) — 1) « 100, where b; and by are the slopes
of the linear fits for the rates of increase in Sir3p enrichment in galactose and decrease in
Sir3p enrichment in dextrose, respectively.

Our calculations show that Sir3p ON rates at subtelomeres and HMR are respectively 50%
and 2 fold higher when SIR3 is overexpressed (Figure 4 F and J). Sir3p enrichment has
reached equilibrium only 1 hr after release into galactose, suggesting that SIR complex
renewal does not directly depend on DNA replication or cell division but is likely driven by
the rate of Sir3p synthesis. Sir3p OFF rates on the other hand are comparable in cells with wt
Sir3p levels and in Sir3 overexpression cells. It is however important to note that the process
of old Sir3p removal occurs independently of Sir3p synthesis as evidenced by the complete
disappearance of chromatin bound old Sir3p by the second doubling upon release into

dextrose or raffinose in which Sir3p is not produced anymore (Figure 4H, 1). In other words,
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as in stationary phase cells (Figure 2A), the removal of old Sir3p from heterochromatin in

growing cellsis not “driven” by its replacement with new Sir3p.

Continuous Sir3p presence after exit from stationary phase is necessary for the
maintenance of low level transcription of subtelomeric genes

The o factor test from Figure 3 suggests that the sudden increase in Sir3p exchange
rates after release from the stationary phase transiently destabilizes the SIR complex, which
temporarily de-represses HML and HMR and turns a fraction of the cells in the population
into pseudo-diploids. Aswe have seen above, the size of the cell fraction rendered insensitive
to o factor isinversely proportional to the level of Sir3p enrichment at silent mating type loci,

which are significantly reduced in strains with the triple HA or T7 tag.

We therefore decided to take advantage of the Sir3p “hypo-morph” phenotype of the
strains with the triple HA or T7 tag to assess how varying levels of Sir3p enrichment in
subtelomeric and silent mating type loci affect gene expression in these regions, after release
from dationary phase by performing RT-gPCR experiments with the following strains: the
S R3 overexpression strain (0eSir3), two WT grains with untagged Sir3p (WT1 and WT2),
the Sir3-3xHA RITE grain before the tag switch, the Sir3-3xT7 RITE strain after the tag
switch, and finally a Sir3A strain (Figure 5).

We chose six genes in proximity (800bp to 1300bp) to subtelomeric SIR complex
nucleation sites (XCS): AAD15, ARR3 (2400bp from XCS), PAU19, PAU22, PAU4 and
PAUG6. We also used HMRa2 from the HMR locus a s a positive control. PAU genes have
very similar sequences so the gPCR primers used in the experiment detect more than one
target as indicated in Figure 5. Likewise, the HMRa2 gene is identical to the MATa2 gene
(our strains are MATa). Moreover, HMRa2 is actually a 119 aa C-terminal truncation of
HMLa2. Consequently, our gPCR primers will detect cDNA from all three loci. The non-
subtelomeric gene SSL2 that is not regulated by the SIR complex, was used for internal
normalization of Ct values (Figure 5B).

Surprisingly, the SIR complex does not seem to have much of an effect on the
expression of the tested subtelomeric genes as their expression profiles do not show
significant differences between WT and SIR3A or Sir3 hypo-morph strains. Additionally, the
bulk of the HMRa2/MATa2/HMLa2 signal in all the strains except 0eSir3, where the MAT
locus is deleted, probably comes from the expression of MATa2 in the MAT locus.
Conseguently, the de-repression of HMRa2 and HMLa2 in Sir3A cells is masked by the
signal form MATa2.
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The expression profiles of subtelomeric genes and HMRa2 are markedly different in
the SR3 over expression strain, however. Sir3p synthesis in this strain is controlled by
galactose. Sir3p is therefore not even produced at the low levels found in WT cells because
galactose is depleted from the media in stationary phase. Surprisingly, all tested subtelomeric
genes were downregulated 4 to 16 fold relative to SSL2 immediately after release from
stationary phase when new Sir3p synthesis has not yet begun, but when old Sir3p has already
started coming off chromatin. Gene expression returns to midlog levels 90 min after exit from
stationary phase by which time, according to our results from Figure 4, newly synthesized
Sir3p has accumulated to levels sufficient for the recongtitution of the SIR complex. HMRa2
is repressed throughout the time course, probably because Sir3p enrichment at the HMR locus
in midlog was very high and old Sir3p had not been depleted after exit from stationary phase
before new Sir3p started binding to HMR.

Our results from Sir3A cells suggest that the SIR complex is not responsible for the
“default” low expression of subtelomeric genes. However, our results from 0eSir3 cells show
that once the SIR complex binds in the proximity of these genes, its continuous presence at
the locus is needed to maintain this low “ default” level of transcriptional activity, which drops
substantially if Sir3p isdepleted.

The idea that continuous Sir3p binding is necessary to maintain low levels of
transcription at subtelomeric genes is supported by the Sir3p ChiP gPCR experiment shown
in Figure 5C. The drop in Sir3p binding during stationary phase and in the early time points
after release coincides with the decrease in mRNA expression. mMRNA returns to midlog
levels when Sir3p binding is restored 90min after exit from stationary phase. In the Sir3-
3xHA strain, on the other hand, Sir3p binding appearsto increase during stationary phase and
immediately after release. Sir3p eventually goes back down to midlog levels by the end of the
first cycle after release. The apparent relative increase in Sir3p enrichment is puzzling. Given
that it coincides with the increase in Sir3p exchange rates, we propose that higher Sir3p
turnover makes the HA tag more accessible to antibodies resulting in higher ChlP yields and

an apparently higher Sir3p occupancy.

Transcription at hundreds of genes is restored faster after exit from stationary phase

when Sir3p levelsare too low

Entry and exit from stationary phase elicit dramatic global changes in the cellular
transcription program (13, 14). Our results on the effect of Sir3p turnover on SIR complex
function (Figure 3) also suggest that heterochromatin is transiently destabilized and
heterochromatic genes are temporarily de-repressed immediately after exit from stationary
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phase. Since de-repression of silent mating type loci creates a pseudo-diploid phenotype with
a diploid specific transcription program(15), we decided to investigate how Sir3p dynamics
during the stationary to growth phase transition might affect genome wide gene expression

levels.

In order to be able to directly compare mRNA levels between time points and
different yeast strains, we performed RNA-seq experiments with external “spike in”
normalization using RNA from S.pombe as described in Materials and Methods (Figure 6).
We measured mRNA dynamics during exit from stationary phase in the following strains:
two WT dgtrains with untagged Sir3p (WT1 and WT2), the Sir3-3xHA RITE strain before the
tag switch, the Sir3-3xT7 RITE strain after the tag switch, and Sir2A and Sir3A strains.

We identified genes whose gene expression trgjectory during the time course is most
dependent on the presence of Sir3. First, we divided genesinto four clusters according to their
average midlog gene expression levels in the WT1 strain. Incidentally, Figure 6A shows that
the average midlog gene expression levels of all tested strains in each cluster are similar to
WT1. Second, we determined the Pearson correlation between the gene expression time
course of WT1 and every other tested strain for each gene. Finally, in order to find the genes
whose gene expression profiles in SIR3A cells were the least similar to WT, we calculated the
difference between the SirSA/WT1 and WT2/WTL1 correlations for each gene
(Acorrelation(Sir3A-WT2)).We then ordered genes in each cluser by their
Acorrelation(Sir3A-WT2). Genes in the quartile with the most negative average
Acorrelation(Sir3A-WT2) in each cluster are the ones whose gene expression across the time
course isthe least similar between Sir3A cells and both WT1 and WT2 cells. Conversely, the
quartile from each cluster with an average Acorrelation(Sir3A-WT2) that is closest to O
contains genes whose expression in Sir3A cells isthe most similar to either WT strain (Figure
BA).

We thus found 1449 genes whose gene expression dynamics after exit from stationary
phase are the most affected by the absence of Sir3p or Sir2p, or by reduced amounts of Sir3p.
The expression profiles of these genes averaged per cluster and per strain show that the main
difference between WT and the other strains lies in the speed at which mRNAs go back up to
midlog levels after a drop observed in stationary phase (Figure 6B). It takes on average one
whole cell cycle for mMRNASs to go back up to midlog levels in both WT grains. This happens
much sooner in Sir3A cells. Typically, mRNA levels are back up only 5min after release from
stationary phase. This happens somewhat later in the Sir3p “hypo morphs’ -Sir3-3xHA, Sir3-
3XT7- and Sir2A cells: a the 30min time point, which is still 3 hrs before mRNAs level off in
WT cells. mRNASs are leveling off faster in SIR complex mutants and Sir3p hypo morphs
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even in the quartiles with genes whose expression is the most similar between Sir3A and WT
cells. The restoration of midlog mMRNA levels in these non WT strains, is fastest for genes
with the lowest expression. It consequently appears that the wt amounts of the SIR complex
are needed to globally slow down the reactivation of transcription and delay the resumption of
full transcriptional activity till the end of the first cell cycle after release from stationary
phase. GO annotation analysis shows that genes that are the most affected by suboptimal SIR
complex levels are involved in tRNA amino-acylation, protein transport and localization,
nucleotide metabolism, and Golgi apparatus function. The least affected genes are mostly

involved in ribosome function and biogenesis (Table S1).

We aso looked at subtelomeric genes whose expression is more likely to be directly
affected by changing Sir3p levels. Consistent with our RT-gPCR results from Figure 5 and
previous reports(16), the wt levels of the SIR complex do not control the expression of most
subtelomeric genes because we found only 16 genes out of 132 in our RNA-seq datasets that
were located within 15kbp of subtelomeric SIR nucleation sites, whose gene expression
profiles in SIR mutants and Sir3p hypo-morphs were significantly different from WT cells
(Acorrelation(Sir3A-WT2) <-0.34, Figure $4). As we mentioned above, external “spike-in”
normalization of RNA-seq reads allows us to directly compare mRNA levels between
different time points and different strains. We now see that, except for AAD15, midlog
expression of these genes is not significantly different between WT and SIR mutant or Sir3p
hypo-morphs as observed before(16). All 16 genes are however more expressed in the SIR3
“mutant” strains than in either WT strain when cells are in stationary phase and immediately
after exit from gationary phase. The increase in expression observed in SIR3 mutants is only
temporary and mRNA levels fall back to low midlog levels by the 1% division after release. It
consequently seems that the SIR complex, even when it is bound at wt levels, is not necessary
for the silencing of subtelomeric genes in optimal growth conditions. It is needed instead to
dampen transcription during the stationary phase and prevent a premature burst of activity
early after release. It appears that the SIR complex keeps transcriptional activity low until the
cell isready for the complete re-establishment of its transcription program.

SIR dependent attenuation of transcription of at least some subtelomeric genes in
stationary phase and after exit from stationary phase might have been expected because of
their proximity to SIR bound loci. On the other hand, the fact that ~1500 euchromatic genes
located far away from “canonical” SIR loci exhibit a similar SIR dependent delay in

transcription re-activation, is more puzzling.

One possible explanation for the fagter reactivation of transcription in the absence of
the SIR complex is that transcriptiona activity had not been fully shut down in stationary
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phase and might therefore be able to restart faster upon exit from arrest. If there was till
lingering genome-wide transcription in stationary phase, we reasoned that the apparent
MRNA half-lives in SIR mutants and hypo-morphs would be longer than in WT cells. For
simplicity sake, we assumed that the decay pattern for most mRNASs is exponential, even
though it is most likely more complex for a great number of mRNAs (17). Of course our
prediction would only hold if the “true” mRNA decay rates are the same in all tested strains,
which we hypothesized should be the case because they are for the most part determined by
MRNA sequence and secondary structure, which are the same in all straing(18). We
consequently determined apparent mRNA half-lives during stationary phase using the
datasets from Figure 6.

We detect a genome-wide drop in mRNA abundance in stationary phase, as would be
expected if global transcription activity has largely stopped during that period. We measured
apparent MRNA decay rates and half-lives directly from the decrease in mRNA levels from
the midlog to the stationary phase, as shown in Figure S5. Somewhat surprisingly and as
opposed to decay rates in midlog cells (18), stationary phase mRNA decay rates are directly
correlated with midlog mRNA levels meaning that the more an mRNA was abundant before
stationary phase the shorter its half-life during stationary phase (Figure S5). However, with
the exception of Sir2A in which mRNA half-lives are globally ~50% longer, we did not
observe any significant difference in mRNA half-lives between SIR3A and Sir3p hypo-morph

strainsand WT drains.

Discussion

Our measurements of Sir3p dynamics within heterochromatin after exit from
stationary phase show a dramatic increase in Sir3p exchange rates immediately after release
from arrest (Figure 1). We show that Sir3p subunits exchange very slowly during stationary
phase and heterochromatin is gradually depleted of Sir3p due to protein degradation, whichis
aso slowed down relative to exponentially growing cells as we show in Figure 2. The supply
of fresh nutrients triggers the reactivation of al cellular processes including faster Sir3p
protein degradation and faster Sir3p turnover within the SIR complex. Consequently, all Sir3p
proteins bound to subtelomeric and silent mating type loci are eventually replaced with newly
synthesized Sir3p by the end of the first cell cycle after release. Budding yeast
heterochromatin is therefore a highly dynamic structure that is continuously renewed
throughout the cell cycle. Sir3p is not epigenetically inherited and does not facilitate the
reconstitution of the SIR complex after replication, at least not in the first cell cycle after
release from dationary phase. The RITE tag switch system cannot be used to differentiate
between replication dependent and replication independent Sir3p dynamics in exponentially
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growing cells because Cre mediated recombination of epitope tags takes 16 hrsi.e. the length
of 8 to 11 cell doublings. A different strategy that relies on fast and temporally controlled
labelling of Sir3p should therefore be used to asses Sir3p dynamics in exponentially growing
cells.

Even though the RITE strain with a Sir3-3xHA to Sir3-3xT7 tag switch that we used
to measure genome-wide Sir3p exchange rates turned out to be a Sir3p hypo-morph with
lower Sir3p enrichment at heterochromatic loci than in WT cells, we show in Figure S3 that
the genome-wide Sir3p exchange rates measured in this strain are not significantly different
from Sir3p exchange rates measured in a strain that does not exhibit the “hypo-morph”
phenotype. Sir3p turnover rates are therefore not dependent on the quantity of Sir3p bound to
chromatin. We consequently conclude that the Sir3p dynamics we observe in the Sir3-3xHA
to 3xT7 RITE drain are a true reflection of Sir3p dynamics in WT cells in these growth

conditions.

The o factor test for the gene silencing function of the SIR complex revealed that the
sudden increase in Sir3p turnover upon exit from stationary phase that follows Sir3p
depletion in stationary phase compromises SIR function in a small but significant fraction of
the cell population. Rapid Sir3p turnover compounded with the depletion of Sir3p that
happened during sationary phase appears to make the SIR complex relatively more
permissive to transcription of silent mating type loci. If the supply of new Sir3p is not optimal
as in the Sir3p hypo-morphs, SIR dependent silencing of silent mating type loci is 15 to 30
fold less efficient after exit from stationary phase and 200 to 500 fold less efficient in midlog

cellscompared to WT cells in the same conditions (Figure 3).

We found that the SIR complex directly controls the expression of only a small subset
of subtelomeric genes and that its silencing activity is only apparent in stationary phase and
shortly after exit from stationary phase (Figure $S4). The molecular mechanism behind this
strengthening of silencing activity is not clear, but it appears to be sensitive to Sir3 dosage
and fluctuations in Sir3 levels. If Sir3p is depleted quickly as in the 0eSir3 system,
transcription actually drops abruptly but is also restored rapidly to its pre-stationary phase
levels as soon as the SIR complex is restored (Figure 5). If Sir3p levels don't fluctuate as
much and are sustained by continuous Sir3p turnover as isthe case in WT cells, transcription
activity seems to drop and recover more gradually over the course of the entire cell cycle
(Figure $4).

The biological function of the SIR complex in subtelomeric regions has long been

somewhat of a mystery. Results from this study and others argue against a primary role in the
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silencing of subtelomeric genes through position effect variegation (16) in exponentially
growing cells where the absence of Sir3 has little effect on the expression of subtelomeric
genes (Figures 5 and $4). It has also long been speculated that the SIR complex prevents
deleterious inter-chromosomal homologous recombination between repetitive subtelomeric
regions similar to its role at the rDNA locus (19). DuBois et a. (20) have however shown that
telomeric recombination events are not more frequent in Sir3 and Sir2 mutants thus
disproving that hypothesis. On the contrary the SIR complex stimulates the homologous
recombination pathway during double strand break repair by promoting telomere clustering
and bringing them close to each other(21).

In light of our results we speculate that the role of the SIR complex is not smply to
exclude the transcription machinery from heterochromatic regions. Its continuous presence
would instead be needed to “keep” the transcription machinery in subtelomeric regions and
modulate its activity in response to growth conditions. If Sir3p is depleted from these regions,
the transcription machinery would also be lost and Sir3p binding would have to be restored
for the transcription machinery to be recruited again. This idea is supported by a study that
used in vitro reconstituted heterochromatin subgtrates to dissect the mechanism of SIR
mediated transcription silencing (22). They determined that transcriptional co-activators bind
to promoters even in the presence of SIR and that the SIR complex inhibits the interactions
between co-activators and their partners. In line with our hypothesis above, they aso show
that RNAPolll can bind to heterochromatin abeit inefficiently and that SIR prevents
transcription elongation by the bound RNAPolll.

Surprisingly, our analysis of gene expression dynamics using RNA-seq with S.pombe
RNA “spike in” normalization also revealed wide-spread fast reactivation of transcription of
euchromatic genes, immediately after exit from stationary phase in SIR mutants and “hypo-
morphs’. It isnot clear why the SIR complex would have such aglobal effect on transcription
reactivation since the vast majority of affected genes are not known to be directly or
indirectly controlled by the SIR complex. One possibility is that transient loops between
subtelomeric regions and digtal targets could bring the SIR complex over target genes to act
as a enhancer of slencing or transcription attenuator in certain growth conditions.
Subtelomeric regions would then conceptually be similar to enhancers in higher eukaryotes
except that instead of activating transcription they would repress it. Unlike enhancers though,
their silencing activity would also have to be non-specific as they appear to indiscriminately
target a great number of genes. These loops may be difficult to detect if they are short lived
or if they only form in certain growth conditions such as under stress or during exit from

stationary phase. A few of these bridges have recently been identified by Hi-C in midlog cells
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when Sir3p was overexpressed (23) and it will be very interesting to see if more can be
detected in dationary phase cells. It is aso not clear why the cell would need to have a
mechanism that controls the speed at which transcription is reactivated although one could
imagine that a controlled and gradual restart of cellular processes is preferable to an
uncoordinated “every gene for itself” approach. Controlled cellular “awakening” probably
ensures that all the components and all the nutrients necessary for the optimal functioning of
the cell will be available in sufficient quantity and at the right time for the cell to optimally

resume its growth.

Taken together, our results suggest that yeast heterochromatin may have a wider role
in the control of gene expression programs than previously thought and future studies should

further explore the molecular mechanisms behind this process.

Materialsand M ethods
Detailed Experimental Procedures are listed in the SI Appendix.

Yeast Strains
Genotypes and strain construction are described in the SI Appendix.
Cell culture

Cells were kept at 30°C in rich media for 48hrs until carbon source depletion and
growth arrest. For the tag switch experiments estradiol was added and cells were incubated
for another 16hrs before release. For the experiments without tag switch cells were released
after 48hrsinto fresh media and fixed with formaldehyde at indicated time points.
Microscopy and image analysis

Cells were injected under a 0.8% agarose/growth media layer in 8-well glass bottom
microscopy plates (BioValley) and visualized on awide field inverted microscope for
epifluorescence and TIRF acquisition (Nikon) under the HiL o setting.
Chromatin Sonication and ChIP

Cell walls were mechanically disrupted the entire cell lysate was sonicated. ChlPs
were done as described in the SI Appendix using anti-HA (Abcam, ab9110 (lot# GR3245707-
3) and polyclonal anti-T7 (Bethyl A190-117A (lot# A190-117A-7) (Figure 1) or monoclonal
anti-T7 (Cell Signaling Technology, DSE1X (lot#1)) (Supplementary Figure S1). Purified
DNA was treated with RNAse A and used for NGS library construction.

RNA isolation, RNA-seq libary construction and Rever se Transcription

Cells were flash frozen in liquid N2 and total RNA was isolated from frozen cell
pellets with Trizol and treated with DNAsel. RNA samples were then used for RT-gqPCR or
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NGS library preparation with the Illumina TruSeq Stranded mRNA kit according to the
manufacturer’s protocol. Libraries were sequenced on the Illumina NextSegb550 (2x75bp)

(Plateforme Transcriptome, IRMB, Montpellier, France).

2 1ug DNAse-l treated and purified total RNA was reverse transcribed using 200
units of Superscript 11 (Invitrogen) with of 0.5 ug N6 random primers.

gPCR

Primer sequences are listed in Table S2. Reactions were done with Platinum Taq
polymerase and SY BR green mix(24) and data were collected on LightCycler 480 (Roche).

Cts were normalized as described in Figure Legeneds.
NGS Input and ChIP library construction and Illumina sequencing

DNA fragments were blunt ended and phosphorylated with the Epicentre End-it-
Repair kit. Adenosine nucleotide overhangs were added using Epicentre exo- Klenow.
Illumina Genome sequencing adaptors with in line barcodes were then ligated using the
Epicentre Fast-Link ligation kit. Ligated fragments were amplified using the Phusion enzyme
Library pools were sequenced on the HiSeq 2000 (2x75bp) (Illumina) at the CNAG,
Barcelona, Spain or the NextSeg550 (2x75bp) (Plateforme Transcriptome, IRMB,
Montpellier, France).

ChiIP-seq and RNA-seq data analysis

All analysis was done using in house Perl and R scripts available upon request.

Sequences were aligned to S. Cerevisiae genome using BLAT (Kent Informatics,
http://hgdownload.soe.ucsc.edu/admin/). Read count distribution was determined in 1bp
windows and then normalized to 1 by dividing each base pair count with the genome-wide
average base-pair count. For Sir3p binding to genes from Figure 4, Input normalized read
densities for each gene were aligned by the transcription start site. The median read density
for each gene (from the tss to the end of the coding sequence) was determined for each
transcript and the log2 of the median was determined for non-zero values. Medians with a
value O were kept as 0 and signify that no sequences were detected for that gene in that
particular dataset (time point).

RNA-seq normalized read densities for each gene were aligned by the transcription
start site and divided into sense and antisense transcripts. The median read density was
determined for each transcript as above. Intron regions were excluded from the calculation.
Data availability

NGS dataset were submitted to the NCBI GEO database. GEO accession numbers for
ChlP-seq and RNA-seq datasets are
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Figure Legends

Figure 1: A. Diagram of the Sir3p tag switch construct used in ChlP-seq experiments (top
left). Bottom: Experiment outline. Cells were arrested by glucose depletion before the tag
switch, induced with estradiol addition to stationary cells (recombination efficiency: 98.1%).
Cells were then released from arrest with addition of fresh media and allowed to grow for one
to five doublings (monitored by OD measurements). Cell aliquots were fixed with 1%
formaldehyde for 20min at times indicated below the diagrams and anti-HA and anti-T7
(polyclonal) ChiPs were performed on sonicated chromatin. B. Heat map of new Sir3p (T7
tag) enrichment over old Sir3p (HA tag) during and after exit from dationary phase, at all
yeast telomeres (30kbp from chromosomes ends). Time points are aligned by the ARS
Consensus Sequence (TEL-ACS) located in telomeric silencer regions (SIR complex
nucleation sites). White arrows show tRNA genes where new Sir3p binds after exit from
stationary phase. Silent mating type loci HML and HMR, on 3L and 3R, respectively, are
framed with a white rectangle. Sir3p is enriched in a small 1kb region upstream of the TEL-
ACS at all telomeres. Repetitive and unmapped regions are shown in grey. The HM La reads
have been eliminated as repetitive sequences during alignment to the reference genome which
is MATa. C. Old (top left) and new (bottom left) Sir3p enrichment around TEL-ACS
averaged for all 32 telomeres at indicated time points during the stationary and the renewed
growth phases. The right panel shows average enrichment around the TEL-ACS for old and
new Sir3p over time with Sir3p on and off rates during stationary phase and during the first
cell cycle after release calculated from the slope of the linear fit as shown. D-E. Old and new
Sir3p enrichment at HML (D) and HMR (E) at indicated time points (same color code for D
and E) during the stationary and the growth phase after release. The right panel shows
average enrichment over the entire silent mating type locus for old and new Sir3p over time
with on and off rates as in C. The time points marked replicate 1 and 2 come from two

different time- course experiments.

Figure 2: Sir3p degradation rates increase after exit from stationary phase A.Western
blot of old Sir3p-HA (anti-HA antibody) and new Sir3p-T7 (polyclonal anti T7 antibody)
from total cell extracts during and after release from stationary phase. The top panel shows
the experimental outline and describes the time points shown in the blot (marked by arrows
above the blot). * marks a non-specific band detected with the anti-T7 antibody. The graph
below the blot shows the quantification of the bands from the blot. Sir3p band intensities were
first normalized to the a-tubulin loading control and then divided by the normalized Sir3p-HA
intensity from mid-log cells (bar graph). The line plot inset shows the same normalized Sir3p-
HA and Sir3p-T7 band intensities for al time points after mid-log. B. Sir3p half life in
stationary phase and after exit from stationary phase. The top plot shows the decrease in
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Sir3HA band intensity over time from the western blot. Since Sir3 mRNA synthess is
negligible in stationary phase, the half-life of Sir3p in sationary phase half-lives can be
calculated directly from the decrease in Sir3-HA band intensity even though the tag switch
was completed after 16hrs, according to the equation: HLs=-b/(2*a), where b and a are the y
cutoff and dope of the stationary phase linear fit equation (green line). The half-life of Sir3p
after release HLg is calculated with the same equation using the y-cutoff and slope from the

linear fit in the bottom plot.

Figure 3: The SIR complex is destabilized upon exit from stationary phase. A. Amino-
acid sequence alignment of the C-terminus of Sir3 with differente epitope tags used in this
study. The Sir3 strain (WT1) isthe parent strain of all the RITE Sir3 tagged strains below.The
Sir3-3xHA strain The Sir3-3xHA is the RITE strain used throughout the study. The tag
switch was not induced in this experiment. All the strains marked with “after tag switch” were
selected from their respective RITE grains (the strain listed in the line above the “ after the tag
switch strain”) after the tag switch was completed. The Sir3-3xHA (-His tag) is another RITE
strain with a Sir3-3xHA to 3xT7 switch that does not have a 6xHis linker between the C-
terminus and the first LoxP site. B. a-factor heterochromatin stability test. The diagram on top
shows the expected response of MATa cells to a-factor added after release from stationary
phase. If the SIR heterochromatic complex is unstable HMLa and HMRa will be transcribed
dong with MATa, thus creating pseudo-diploid cells that don't respond to a-factor and
consequently do not become shmoo but start budding instead. The images show examples of
frames from a live cell imaging experiment that follows Sir3-3xHA, Sir3-3xT7 and Sir3
(WT1) log phase cells or gtationary phase cells in the first cell cycle after release in the
presence of 0.2ug/ml a-factor 60 and 420min after the beginning of the time course. Red
arrows: budding cells; White arrows: shmoos. C; The bar graph shows the fraction of budding
cells out of the total number of cells (budding and shmoo) for each strain and growth
condition from B. The error bars are the standard deviation from the mean of al the replicates
summarized in the table below the graph. D. same as C for the remaining set of strainsfrom A
that were not shown in B-C. E. a-factor test with the OE Sir3p strain which shmoos
independently of Sir3p in the presence of o-factor because of the deletion of HML and MAT
loci. F. Sir3 gene expression. Median Sir3 read density enrichment from the RNA-seq dataset

from Figure 6 normalized to an external spike-in S.pombe RNA control.

Figure 4: A. Diagram of the Sir3p gene construct controlled by a Gaactose inducible
promoter in the Sir3p OE strain (OverExpression) (top left). Bottom: Experiment outline.
Cells were arrested by galactose depletion, and released of fresh media with the indicated
carbon source (2%) and alowed to grow for 2 and 12 doublings (monitored by OD

measurements). Cell aliquots were fixed with 1% formaldehyde for 20min at times indicated
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below the diagrams and anti-HA ChlPs were performed on sonicated chromatin. B. Heat map
of Sir3p (HA tag) enrichment over input during and after exit from quiescence, at all yeast
telomeres (30kbp from chromosomes ends). Time points are aligned by the ARS Consensus
Sequence (TEL-ACS) located in telomeric silencer regions, which are Sir complex nucleation
sites at telomeres. Silent mating type loci HML (HML is deleted in this strain) and HMR, on
3L and 3R, respectively, are framed with awhite rectangle. Repetitive and unmapped regions
are shown in grey. C-E. Sir3p enrichment around TEL-ACS averaged for all 32 telomeres
after release into Galactose- over expression of Sir3p (C), Dextrose- inhibition of Sir3p
expression (D) or Raffinose- low Sir3p expression (E). F. Average Sir3p enrichment around
the TEL-ACS over time in indicated carbon sources. G-I. Sir3p enrichment at HMR after
release into Galactose (G), Dextrose (H) or Raffinose (1). J. Average Sir3p enrichment over
the entire HMR over time .

Figure 5: Apparent Sir3 dependent transient upregulation of subtelomeric genes after
exit from stationary phase. A. Left: Genotypes of yeast srains used in the RT and anti-HA
Sir3p-HA ChIP gPCR outlined on the right. B. RT-gPCR of subtelomeric genes. Bar plot of
normalized Ct values (Ct(SSL2)-Ct) for 6 subtelomeric genes and HMRa2. Cts were
normalized by subtraction from the Ct of the non subtelomeric gene SSL2 in each time point
and dtrain (the values in the graph are an average of three technical replicates with 1x, 10x
and 100x cDNA dilutions). PAU genes are highly repetitive and our primers bind multiple
PAU targets as indicated above the plots. Likewise the HMRa2 primers also bind to
HMLalpha2 and MATa2. Note that HM Ra2 expression in the WT strains appears higher than
in the 0eSir3 strain because our primers also bind to MATa2, which is expressed in both WT
strains but not in the 0eSiR3 srain where the MAT locus is ddeted. C. RT-QPCR
(experiment from B) and Sir3p ChIP-gPCR (average of 2 replicates) of 6 subtelomeric genes
and HMRa2 and the non subtelomeric SSL2 control for oeSir3 and Sir3-3xHA strains. Cts
from RT-QPCR were normalized as in B with the SSL2 negative control. Cts from Sir3p
ChIPs and their corresponding Inputs qPCR reactions from Sir3-3xHA, 0eSir3 and Sir3A
strains were normalized to the average Ct of three genes used as negative internal controls:
YGL177W, YGL188C and YLR112W, to obtain ACt. Each Input ACt was then subtracted
from its corresponding ChlIP ACt to get AACt. AACts from the Sir3A  strain were subtracted
from the AACts from 0eSir3 and wt Sir3p strains to eliminate Sir3p non-specific signals. The
ChIP-gPCR values in the graph are an average of two biological replicates with the magenta
shaded area representing the standard deviation.
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Figure 6: Genome-wide transcription is reactivated faster after exit from Sationary
phase when SIR function is compromised. A. RNA-seq libraries were made from the same
RNA samples that were used in Figure 5. Heat map of median mRNA enrichment
(normalized to an external spike in control of S.pombe RNA) in indicated strains before and
after release from stationary phase for ~5800 yeast genes. Genes were grouped into four
clusters based on average MRNA abundance in WT1 cells (bar graph on the left). The pearson
correlation between the time course expression profile in each strain and the WT1 strain was
determined for each gene. Genes in each cluster were then ordered by increasing difference
between the Sir3A correlation to WT1 and the W2 correlation to WT1 (Acorrelation(Sir3A-
WT2)). The gene quartile within each cluster with the most negative Acorreation(Sir3A-
WT2) was considered to contain genes whose expression profiles between Sir3A and WT
cells were the least similar (marked in black). The gene quartile within each cluster with the
Acorrelation(Sir3A-WT2) closest to 0 was considered to contain genes whose expression
profiles between Sir3A and WT cells were the most similar (marked in red) B. Gene
expression profiles were averaged for most and least similar gene quartiles in each cluster.
The average profile from each strain indicated in the strip header on the left (blue) is

compared to the average expression profile of WT1 (magenta).
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Figure 3: Cells are less sensitive to alpha-factor upon exit from stationary phase.
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Figure 5: Subtelomeric genes and HMRaz2 are transiently upregulated in WT cells upon exit from stationary phase
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Figure 6: RNA-seq time course after exit from stationary phase normalized with “spiked in” S.pombe RNA
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Figure S3: Cell growth dependent and independent Sir3 turnover at silent mating type loci. Sir3 tag switch
ChIP gPCR experiments for 3xHA to 3xT7 (A) and 1xT7 to 1xHA tag switches (B). Cells are arrested by glucose
depletion before the tag switch. The switch is induced with estradiol addition to arrested cells (98% of cells have
switched after a 16hr incubation). Cells are then released from arrest with addition of fresh media and allowed to
grow for one or two doublings. Cell aliquots were fixed with 1% formaldehyde for 20min at times indicated in the
diagrams and anti-HA and anti-T7 ChIPs were performed on sonicated chromatin. Bar graphs show the ratios of
new (T7 in Aor HAin B) over old (HAin Aor T7 in B) Sir3 enrichment at HMR (blue) and HML(orange) silent mating
type loci measured by qPCR (Cts were normalized to the SSL2 locus (where Sir3 does not bind) for ChlPs and
inputs, separately, and the ChIP DCts were then normalized to input DCts). The location of gPCR primers are
shown in the diagram below the bar graph in A. The bar graphs show the average of two biological replicates (error
bars are deviations from the average). C. The scatter plots show the apparent on (change in new Sir3p
(ChIP/Input) log2 ratio in hr-1) and off (change in old Sir3p (ChIP/Input) log2 ratio in hr-1) Sir3p rates at HML (top)
and HMR (bottom), calculated from the slopes of linear fits before and after release, as shown. Error bars are
standard deviations from the average of two biological replicates.
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Figure S4: Gene expression dynamics after exit from stationary phase of subtelomeric genes responsive to
Sir3 enrichment levels (top). The SSL2 gene is a negative control shown for comparison with Figure 5. We
selected genes within 15kbp of subtelomeric Sir3p nucleation sites from the RNA-seq datasets in Figure 6
(middle panel) and kept the genes whose expression profiles were the most different between wt and Sir3D
(Acorrelation(Sir3A-WT2) between -0.34 and -1.5) as shown in the bar graph on the bottom.
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Figure S5: Apparent mRNA half-lives in stationary phase. The heat map shows midlog (M) and
stationary (S) phase mRNA levels from the RNA-seq experiment from Figure 6. Genes are organized
as in Figure 6A. mRNA decay rates (kg ) and half lives for each gene were determined from the
decrease in mMRNA levels between midlog( mMRNA),) and stationary phases (mMRNAg) according to the
equation shown in red below the heat map. We assumed that mMRNA synthesis and decay are exponen-
tial and that the mRNA synthesis rate (ks) is close to O in stationary phase for the majority of yeast
genes. A hundred gene window moving average of mRNA half-lives for genes and strains in the heat
map is shown on the right of the map. The apparent mRNA half lives are globally longer in the Sir2A
strain, but the Sir3A and Sir3 hypo-morph strains are not significantly different from wt.
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