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Abstract

Eukaryotic DNA replication is accompanied by the disassembly and reassembly of nucleosomes and the transmission of
epigenetic marks to the newly assembled chromatids. Several histone chaperones, including CAF-1 and Asflp, are central
to these processes. On the other hand, replication forks pause at numerous positions throughout the genome, but it is not
known if and how this pausing affects the reassembly and maintenance of chromatin structures. Here, we applied drug-free
gene silencing assays to analyze the genetic interactions between CACI, ASF I, and two genes that regulate the stability of
the paused replisome (TOF1) and the resumption of elongation (RRM3). Our results show that TOF [ and RRM3 differentially
interact with CAF-1 and ASFI and that the deletions of TOF1 and RRM3 lead to reduced silencing and increased frequency
of epigenetic conversions at three loci in the genome of S. cerevisiae. Our study adds details to the known activities of CAF-1

and Asflp and suggests that the pausing of the replication fork can lead to epigenetic instability.
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Introduction

Gene silencing in S. cerevisiae has served as a paradigm for
complex chromatin-mediated phenomena in other eukary-
otes. In this organism, the silencing of genes at the mating
type loci HMRa and HMLa, the sub-telomeric regions of the
chromosomes, and the rRNA-encoding DNA (the rDNA)
have received significant attention (Sauty et al. 2021; Sha-
ban et al. 2021). At these positions, the Histone Deacetylase
(HDAC) Sir2p and the associated Silent Information Regula-
tor (Sir) proteins initiate and maintain a cascade of spread-
ing of histone deacetylation along the adjacent nucleosomes
(Rusche et al. 2003). This activity leads to a meta-stable
alternating between active and silent states of reporter genes
inserted in the sub-telomeres or rRNA gene loci (Rusche
et al. 2003). The mating type loci are robustly repressed
and constitutively silent but can show alternating active/
silent states upon compromised silencing (Rusche et al.
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2003; Yankulov 2013). A similar meta-stable phenotype is
observed at the FLO genes loci; however, the silencing at
these positions is independent of the SIR genes (Sauty et al.
2021; Shaban et al. 2021).

The mechanisms of SIR-mediated gene silencing are well
characterized (Gartenberg and Smith 2016). In compari-
son, the mechanisms of maintenance of the epigenetic state
through multiple rounds of cell divisions and passages of
the replication forks are insufficiently addressed (Rowlands
et al. 2017). The current models for histone turnover dur-
ing DNA replication and the preservation of epigenetic state
have been recently summarized in (Stewart-Morgan et al.
2020; Shaban et al. 2021). Briefly, as the replication fork
advances, the nucleosomes are disassembled and the “old”
histones are ferried behind the fork through the activity of
the Asflp and FACT histone chaperones. Behind the fork
another histone chaperone, the Chromatin Assembly Factor
1 (CAF-1), is assembling H3/H4 tetramers. Recently, it has
been shown that the MCM helicase, and the Dbp3—-Dbp4
subunits of DNA polymerase € and Ctf4p are involved in
the symmetric distribution of H3/H4 tetramers (Gan et al.
2018; Petryk et al. 2018; Yu et al. 2018), thus leading to the
suggestion that the CAF-1 function is restricted to filling-in
the gaps by assembling H3/H4 from “new” dimers delivered
from the cytoplasm (Ahmad and Henikoff 2018; Groth et al.
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2007; Almouzni and Cedar 2016). However, earlier studies
have suggested that CAF-1 could have additional functions
at certain loci where the “old” H3/H4 tetramers can be lost
(Almouzni and Cedar 2016; Rowlands et al. 2017). After the
reassembly of nucleosomes behind the fork, the epigenetic
marks on the old histones are copied onto the new ones by a
largely unknown mechanism (Ahmad and Henikoff 2018).

It is known that replication forks slow down and/or pause
at numerous positions occupied by proteins that are tightly
bound to DNA or at active gene promoters (Ivessa et al.
2003; Makovets et al. 2004; Azvolinsky et al. 2006; Shyian
and Shore 2021). Frequent fork pausing has been detected
in the rRNA gene loci and in the sub-telomeres, especially
in the absence of Rrm3p, a DNA helicase necessary for the
release of the paused forks in vivo but not for efficient fork
progression in experiments conducted with purified/recom-
binant proteins in vitro (Azvolinsky et al. 2006; Deegan et al.
2019). Analyses of fork stalling at natural or engineered pro-
tein barriers have revealed that mammalian homologues of
RRM3 (RTEL1, DDX11, FANCJ, and DHX36) and other
helicases or scaffold proteins (BLM and FANCM) operate to
restart/repair the stalled replisomes (Shyian and Shore 2021;
Scully et al. 2021). Forks also stall at sites of DNA damage
and possibly at sites of stable secondary DNA structures
(Shyian and Shore 2021). However, the role of RRM3 and
its homologues under these conditions is not clear.

The Fork Protection Complex (FPC, built-up of Mrclp/
Csm3p/Toflp) is known to stabilize the paused forks and
ensure the timely resumption of elongation. The FPC is
also crucial for processive elongation in vitro (Yeeles et al.
2017). Additional functions of Toflp include the recruiting
of FACT to the fork (Safaric et al. 2022) and linking FPC to
the function of Topoisomerase I (TOPI). More specifically,
the C-terminus of Toflp is required for the recruitment of
Top1p to proteinaceous fork barriers, but not for the activa-
tion of DNA replication checkpoints (Shyian et al. 2020).
Prior genetic studies have demonstrated that the effects of
TOF I deletion at the rRNA gene arrays are counteracted by
deletion of RRM3 (Mohanty et al. 2006; Bastia et al. 2016).
However, a recent study added that the functions of RRM3
and TOF1 can be separated in vivo, suggesting that these
factors act independently of each other (Shyian et al. 2020).
How the activities of RRM3 and TOFI and fork pausing
affect histone turnover and the maintenance of chromatin
state remains unclear.

We have recently shown that the deletion of RRM3 exac-
erbated the silencing defects observed at the telomeres and
at the FLOI1 loci upon the deletion of CAC/ (the gene that
encodes the largest subunit of CAF-1) (Wyse et al. 2016;
Rowlands et al. 2017). In this study, we asked how TOFI
and RRM3 genetically interact with the H3/H4 histone
chaperones involved in the replication-coupled reassembly
of nucleosomes.
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Materials and methods
Yeast strains

Strains with single gene deletions were obtained from Open
Biosystems or were gifts from other labs (see S1 Table). Dou-
ble deletion mutants of tofl with cacl, rrm3, and asfl were
generated by direct knockout of TOF1 with PCR fragments
or by routine mating/sporulation lab techniques. The tofl-
726A and the tof1-830A derivatives were produced by PCR-
mediated knockout of ASF1, CAC1, and RRM3 in the strains
provided by (Westhorpe et al. 2020). All gene deletions were
confirmed by PCR prior and after each genetic manipulation.
JRY0803 and its derivatives were used in the CRASH assay
as in (Janke et al. 2018). All strains were routinely maintained
at 30 °C on Yeast Extract Peptone Dextrose YPD (1% yeast
extract, 2% tryptone, and 2% glucose) media. Flow cytometry
and fluorescent microscopy experiments were conducted with
cells grown in Synthetic Complete (SC) media and SC drop-
out media, as required.

Growth rates’ analysis

Strains were serially diluted in a 96-well plate and the ODyy
of the exponentially growing cultures was measured every 2 h
for a period of 24 h using infinite 200Pro plate reader with con-
tinuous shaking. The data were analyzed in the MS Excel®.

Methyl methane sulfonate (MMS) sensitivity

Cells from exponentially growing cultures were serially diluted
in a 96-well tray plate and 5 pl aliquots were spotted on plates
with different MMS concentrations [0.05%, 0.1% and 0.2%
MMS (Sigma)]. Plates were incubated at 30 °C for 2 days and
images were taken by regular photography.

Cell cycle analysis

Cells in early exponential phase were arrested by 15 pg/mL
Nocodazole for three hours at 30 °C. Cells were washed twice
and resuspended in YPD medium, and samples were collected
at different time points after the release from the block. Cells
were then fixed with 70% Ethanol and DNA was stained with
Propidium Iodide as in (Jeffery et al. 2015). Cell cycle analy-
sis was done using Sony SH800z flow cytometer and LESH-
00SZFCPL™ software.

HTB1-yEGFP-URA3-tel, FLO11-yEGFP, and CRASH
reporters

An yEGFP reporter driven by the Histone H2B pro-
moter (HTB1) (HTBI-yEGFP) from pFOM298 plasmid
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(Mano et al. 2013) was cloned into the pUCAIV plasmid
(Gottschling et al. 1990) to produce the ADH4-HTBI-
YEGFP-URA3-tel construct for insertion into the VIIL tel-
omere. The HTBI1-yEGFP reporter was inserted in both
orientations relative to the telomere (Fig S1.A). It was
found that the reverse orientation toward telomere produced
higher proportions of GFP +cells and signals and all sub-
sequent experiments were conducted with this construct.
The FLO11-yEGFP reporter was produced by replacing the
FLOI11 ORF at its genome location with yEGFP-KanMX
construct as described in (Rowlands et al. 2019b) (Fig S1.B).
The strains for CRASH analyses contain an expression cas-
sette for the CRE recombinase inserted in the HML locus as
described in (Janke et al. 2018) (Fig S1.C). Genome manipu-
lation in all strains was confirmed by PCR.

Analysis of yEGFP signals by fluorescent microscopy

Cell suspensions were grown to saturation in SC media.
After vigorous vortexing to disperse cell clusters, images
were acquired by non-confocal Leica DM 6000B micro-
scope with bright field and fluorescent field at 40X and 100X
immersion oil lenses. Alternatively, cells’ cultures were
serially diluted in a 96-well plate and incubated at 25 °C
overnight, and images were acquired by Diskovery™ Spin-
ning Disk confocal microscope with 60X lens. All images
were processed and analyzed by Volocity™ software as in
(Rowlands et al. 2019b). Briefly, the pixel values of at least
25 ROIs (Region of Interest) with no cells were used to cal-
culate the average background for each individual experi-
ment. Next, pixel values in at least 25 ROI over whole single
isolated cells with no visible signal in them were acquired
and used as a postulated arbitrary threshold line. Finally,
pixel values of ROI over all cells in three separate fields
with 50-100 cells were measured. Distribution graphs of the
raw intensity signals are shown in Supplemental Materials
(Fig. S4).

The accuracy of the postulated threshold lines between
experiments was evaluated by the prediction approaches
of the statistical decision theory (Hastie et al. 2009). This
algorithm showed that a threshold level of 160% of the aver-
age background identifies positive cells with 100% accuracy
(Fig S2, S3). For negative cells, accuracy was greater than
90% (Fig S2, S3). We used this threshold in each individual
experiment with all strains tested. At least three separate
experiments were conducted with each strain. Average num-
bers and standard deviations were calculated in Excel®.

CRASH (cre-reported altered states
of heterochromatin) assays

The CRASH assay was performed as described previously
(Janke et al. 2018; Rowlands et al. 2019b). The strains for

this assay contain an RFP/yEGFP switch reporter cassette
that converts the expression of RFP to yEGFP upon the
expression of CRE (Fig. S1.C). Briefly, cells were grown on
the appropriate SC drop-out plates containing 300 pg/mL
hygromycin to select for the initial 100% RFP positive state.
A single colony from this plate was dispersed in SC medium
and cells were plated on appropriate drop-out media based
on their knockout markers at 50-100 colonies per plate. Col-
onies were imaged after 5-7 days growth using a Zeiss Axi-
0Zoom V16 microscope at 2X magnification equipped with
a Hamamatsu Camera and Zen software. The de-repression
events for each single and double mutant could be visualized
by green segments that could be counted. Counting of green
segments was done for 4-5 individual colonies from each
strain except for some double mutants where the multiplic-
ity of green segments precludes accurate counts. Statistical
analyses were performed, and graphs were built using the
MS Excel®.

Flow cytometry

Cells were grown until they reached an exponentially grow-
ing state of ODg,,=1.0, and cells were harvested and fol-
lowed by sonication to be dispersed. They were suspended in
Phosphate-Buffered Saline (PBS) prior to analysis by a Sony
SH800z flow cytometer. The LESHOOSZFCPL™ software
was used to collect data. Isogenic strains with no yEGFP
reporters were used to set up the gates for GFP-negative
cells. Three independent experiments were conducted with
each strain. Graphs were produced and analyzed by the MS
Excel®.

Measurement of conversions rates

Strains were grown in SC medium and briefly sonicated
to disperse cell aggregates. The cultures were then diluted
to about 3-5 cell/ml and 200 pl aliquots were dispensed in
three 96-well plates. The plates were incubated at 25 °C until
a single cluster of cells could be seen at low magnification
of the microscope. Under these conditions, most of these
mini-cultures originate from a single cell and go through
about 8—11 generations. Cells from single clusters were then
dispersed and analyzed by flow cytometry to determine the
percentage of GFP + cells in each colony. Data analysis and
Graphs were made in the MS Excel®.

Results
Experimental strategy

It has been previously shown that the loss of gene silencing
at the sub-telomeric and FLOI!1 loci in caclA and asfIA
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strains is exacerbated by the deletion of RRM3 (Wyse et al.
2016; Rowlands et al. 2019b) and that the deletions of RRM3
or TOF1 have opposite effects on the pausing of replica-
tion forks at the rRNA gene array (Mohanty et al. 2006). It
remains unclear if and how TOF1 is contributing to gene
silencing. To address this question, we produced a series of
double deletion mutants of CACI, ASFI along with RRM3
and TOF1. We attempted the production of caclAmrclA
and asfl AmrclA mutants, but these strains were not viable.
In the viable strains, we inserted yEGFP reporters in two
loci that display gene silencing and on/off “variegated” pat-
terns of gene expression. At the FLOI1 locus, the reporter
is driven by the FLOII promoter itself (Rowlands et al.
2019b). In the VIIL telomere, we inserted the URA3-HTBI -
YEGFPI construct in which yEGFP is driven by the strong
Histone H2B promoter (HTB1) (Mano et al. 2013; Shaban
et al. 2023). This construct faithfully recaptures most of the
effects observed previously by URA3 reporters and precludes
the use of the toxic 5-FOA (Mano et al. 2013; Shaban et al.
2023). It also provides strong YEGFP signals that can be
evaluated by drug-free flow cytometry and/or fluorescent
microscopy assays. Previous reports had indicated that the
repression of the native HTBI gene was dependent on the
activity of ASFI and other histone chaperones and the adja-
cent Yta7 chromatin boundary (Sutton et al. 2001; Zunder
and Rine 2012). However, the HTBI-yEGFP construct does
not contain the boundary and in our hands does not demon-
strate sensitivity to the deletion of ASFI, while the deletion
of ASF1 reduced silencing at the FLO11 and HML loci (see
below).

At the mating HMLa locus, we measured the levels of
silencing by a CRE expression cassette and the CRASH
assay (Janke et al. 2018; Brothers and Rine 2019).

At the VIIL and HMLa loci, gene silencing is critically
dependent on the recruitment and activity of Sir2p HDAC,
while FLOI1 silencing is independent of the SIR genes.

Characteristics of the double deletion mutants.

First, we checked some general characteristics of the pro-
duced strains. Growth rates were measured in liquid cul-
tures in 96-well trays on a shaking platform supplied with a
spectrophotometer. In agreement with the previous studies,
the caclA, rrm3A, toflA, and asfIA strains showed little
loss in growth rates as compared to the isogenic BY4742
strain (Park and Sternglanz 1999; Jeffery et al. 2013; Wyse
et al. 2016) (Fig. 1A). The double mutants tofIAcaclA and
toflArrm3A also did not show any major growth defects.
However, a decrease in growth rate was detected in the
toflAasflA double mutant (Fig. 1A). Analyses of cell cycle
progression after arrest with Nocodazole revealed that
the reduced growth rate of fof/AasfIA cultures should be
attributed to a very slow progression through G1/S phases
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(Fig. 1B). The tofIA cells showed minor cell cycle defects
as compared to BY4742. Interestingly, asfIA cells were slow
in exiting mitosis. At present, we have no good explanation
for this effect of asfIA.

All strains were also tested for sensitivity to DNA dam-
age by exposure to 0.05%, 0.1%, and 0.2% MMS (Fig. 1C).
MMS methylates guanine and adenine bases leading to
mispairing, replication blocks, point mutations, and dou-
ble-stranded DNA breaks (Beranek et al. 1983). We used
a mrclA strain as a control. Consistent with the previous
studies, the deletions of CACI, RRM3, and ASFI marginally
increased sensitivity to this mutagen (Tyler et al. 1999; Jef-
fery et al. 2013; Wyse et al. 2016). The deletions of TOF]
and MRC1 had a stronger effect relative to the caclA, asfIA,
and rrm3A strains. The double deletions tofl/AcaclA and
toflArrm3A did not display higher sensitivity as compared
to the single mutants. However, the deletion of both TOF I
and ASF1 lead to an additive sensitivity to this type of DNA
damage, thus reiterating a possible ASFI-TOFI functional
link. Similar increased sensitivity to DNA damage has been
earlier observed in caclArrm3A (Rowlands et al. 2019b).

We also noticed that the toflAasflA strain formed small
clusters of cells in liquid cultures (Fig. 2D). The clus-
ters were smaller than the ones previously observed in
caclAasflA, rrm3AasflA, and caclArrm3A strains (Row-
lands et al. 2019b). This mild flocculation phenotype was
only moderately enhanced in the presence of Nicotinamide
(not shown). None of the other strains displayed flocculation.

Analysis of HTB1-yEGFP expression at the VIIL
telomere

Previous studies have pointed out that the deletion of CAC/
and, to less extent, the deletion of ASFI and RRM3 lead
to loss of silencing at the VIIL telomere as measured by a
URA3 reporter and sensitivity to 5-FOA (Zhang et al. 2000;
Jeffery et al. 2013; Wyse et al. 2016). We revisited these
phenotypes by Flow Cytometry and fluorescent microscopy
assays with the URA3-HTBI-yEGFP-tel construct (Fig. 2).
We also tested the effects of deletion of TOF1 in BY4742,
caclA, asflA, and rrm3A genetic backgrounds. In these
assays, the increase of the percentage of GFP-positive cells
indicates loss of silencing and the decrease indicates reversal
of the loss.

In agreement with the previous studies, in both flow
cytometry and microscopy experiments, the deletion of
CACI was accompanied by an increase in the percentage
of yEGFP™ cells (Fig. 2A, B). The deletion of ASFI did not
show statistically significant changes in the expression of the
HTBI-yEGFP construct as compared to BY4742 (Fig. 2A,
B). Surprisingly, and in disagreement with prior experi-
ments with the URA3/5-FOA assays, in the rrm3A strain, the
flow cytometry analyses indicated a statistically significant
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Fig. 1 Characteristics of the mutant strains. (A) Growth rates analy-
sis. Cells from exponentially growing cultures were diluted in a
96-well plate and the ODyg,, was measured every 2 h for a period of
24 h. The graphs were made using the MS Excel®. (B) Cell Cycle
analysis. Exponentially growing cells were arrested by Nocodazole
and then released from the arrest, and samples were collected at the

decrease in the proportion of yEGFP™ cells (Fig. 2A), while
fluorescent microscopy detected no difference between the
BY4742 and rrm3A cells (Fig. 2B). It is possible that these
discrepancies are caused by the effect of 5-FOA on the pools
of ANTPs (Rossmann et al. 2011; Takahashi et al. 2011)
in conjunction with the deletion of RRM3. The deletion of
TOFI also decreased in the proportion of yYEGFP™ cells as
measured by flow cytometry but not by microscopy (Fig. 2A,
B). Hence, a possible anti-silencing effect of the individual
deletions of RRM3 or TOF1 at the VIIL telomere seems sub-
tle and is not conclusively established by our yYEGFP-based
assays.

Next, we tested the silencing of the HTBI-yEGFP
reporter in the double deletion mutants. The deletion of
TOF1 in the caclA strain increased silencing as demon-
strated by the reduction in the proportion of yEGFP™ cells
(Fig. 2A, B). Conversely, in the asfIA background the dele-
tion of TOF 1 increased the proportion of yEGFP + cells sug-
gesting a decreased silencing of the HTBI-yEGFP reporter
(Fig. 2A, B). These results demonstrate that the TOF1 and

120

t=

180

t=

indicated time points and stained with Propidium Iodine. (C) MMS
sensitivity. Cells from an exponentially growing cultures were serially
diluted and aliquots were spotted on plates with different concentra-
tions of MMS (0.005%, 0.01%, and 0.02%). One of two independent
experiments is shown

RRM3 genes, similar to their effect on paused replication
forks (Mohanty et al. 2006), have opposite functions in the
silencing at the VIIL telomere. In the rrm3A background,
the deletion of TOFI increased the proportion of yEGFP*
as measured by flow cytometry, but this result was not con-
firmed by the microscopy experiments.

In agreement with our prior studies, we observed a sub-
stantial loss of gene silencing at the VIIL telomere in the
caclArrm3A, asflAcacA, and asflArrm3A mutants by both
flow cytometry and fluorescent microscopy (Fig. 2A, B), but
not to the extent detected by the URA3/5-FOA assay (Jeffery
et al. 2013; Wyse et al. 2016; Rowlands et al. 2019b).

Earlier structure—function analyses of TOFI had dem-
onstrated that the deletion of its C-terminus beyond amino
acid 762 (tof1-762A) precluded its interaction with Csm3p,
the pausing of the fork, and the TOF-mediated sensitivity to
DNA damage (Westhorpe et al. 2020). The truncation of the
protein at position 830 (fof1-830A) displayed significantly
milder phenotypes and did not preclude fork pausing (West-
horpe et al. 2020).

@ Springer



240

Current Genetics (2023) 69:235-249

A Proportions of GFP+ cells (%) in various mutants as measured by Flow Cytometry.
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To get further insights in the mechanism of TOF I-medi-
ated maintenance of gene silencing, we tested if these fof]
mutants alter the expression of HTB1-yEGFP (Fig. 2E).
The truncation at position 830 (tof1-830A) did not signifi-
cantly change the expression of HTB1-yEGFP (Fig. 2E). In
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this genetic background, the deletions of CACI and ASF'1
reduced silencing as demonstrated by the higher propor-
tions of GFP + cells, while the deletion of RRM3 did not
have a statistically significant effect (Fig. 2E). However, the
truncation at position 762 (tof1-762A) markedly reduced



Current Genetics (2023) 69:235-249

241

«Fig.2 Analyses of the expression of HTBI-yEGFP at the VIIL tel-
omere. (A) Proportions of GFP" cells (%) in various mutants as
measured by flow cytometry. (B) Proportions of GFP* cells (%) in
various mutants as measured by fluorescent microscopy. Distribution
graphs of the raw intensity signals are shown in Fig. S4, A. (C) Flow
cytometry graphs of yEGFP" cells in various mutants. Cells were
analyzed by Sony SH800z flow cytometer and graphs were gener-
ated by The LESHOOSZFCPL™ Software. Gating for GFP-negative
cells was based on the identical analyses of isogenic strains without
the HTBI-yEGFP reporter. (D) Representative microscopy images
of various mutants. Cells were analyzed by Leica DM 6000B micros-
copy and signals were processed by the Volocity® software. (E)
Proportions of GFP* cells (%) in TOFI1, tof1-762A, and tof1-762A
strains as measured by flow cytometry. (F) Flow Cytometry graphs
of yEGFP™ cells in fof] mutants. * represents statistically significant
difference compared to the BY4742 strain. ** represents statistically
significant difference between the two connected stains (independent
T tests were used)

the silencing of the construct. In this strain, the deletions
of ASFI and RRM3 in this strain marginally increased the
proportions of GFP + cells, while the deletion of CACI had
a statistically significant effect (Fig. 2E). We conclude that
the rof1-762A allele, which is known to reduce the pausing
of replication forks (Westhorpe et al. 2020), also reduced the
silencing of the HTBI-yEGFP construct. At the same time,
the genetic interactions of the rof1-762 allele with ASF1I,
CACI, and RRM3 did not precisely phenocopy the effects
of these genes observed with the complete destruction of
TOF1 (Fig. 2A).

Analyses of gene silencing at the FLO11 locus

The analyses of gene silencing at the FLOI1 locus were
performed using a yEGFP reporter driven by the FLOI1
promoter (FLO11-yEGFP). Again, the increase of the
percentage of GFP-positive cells indicates loss of silenc-
ing and the decrease indicates reversal of the loss. In the
flow cytometry experiments, the single mutants caclA,
asflA, rrm3A, and fof] A revealed no statistically significant
increase in the expression of yEGFP relative to BY4742 cells
(Fig. 3A) and modest, but statistically significant increase
in the proportions of GFP + cells in the microscopy experi-
ments (Fig. 3B). Importantly, the deletion of TOFI in any
of the caclA, asflA, and rrm3A strains had no substantial
effect on the silencing of FLO11-yEGFP. On the other hand,
the combination of deletions of CACI, ASFI, and RRM3
lead to a substantial increase in the number of GFP + cells.
This result is in agreement with our earlier study (Rowlands
et al. 2019b) in which FLO11-mRNA expression was sub-
stantially increased in bulk cultures of these double deletion
mutants. In the current study, we reproduce this observation
at a single cell resolution using a yEGFP reporter.

These results and the very modest flocculation phenotype
in asflAtof1A cells point out that TOFI could not play a
major role at this silenced locus.

Analysis of gene silencing the HMLa locus

The silencing at the HMLa locus was performed by the
CRASH assay as in (Janke et al. 2018). The assay uti-
lizes a Cre recombinase inserted at HML and a separate
RFP — yEGFP reporter cassette on chromosome V. Tran-
sient de-repression of HMLa would trigger the Cre-mediated
removal of RFP and the expression of yEGFP. This irre-
versible effect is visualized as green segments in red colo-
nies (Dodson and Rine 2015; Janke et al. 2018). In these
assays, the increase in the number of green segments in a red
colony indicates transient loss of silencing. The appearance
of totally green colonies indicates loss of silencing beyond
the quantitative scope of the assay. Previous studies have
demonstrated that caclA cells do not display mating defects
or de-repression of yEGFP reporters inserted in HMLa (Jef-
fery et al. 2013). In contrast, studies with the CRASH assay
in caclA revealed numerous green segments (Janke et al.
2018; Rowlands et al. 2019b). We applied this high sensi-
tivity assay in the mutants generated in this study. Average
numbers of green segments in 4—5 colonies of each strain
were calculated and plotted (Fig. 4A). Compared to BY4742,
the rrm3A, asfIA, and rof1A colonies showed statistically
significant increase in the number of green segments, with
asflA showing the least effect (Fig. 4A, B). The segments in
caclA cells were too numerous to count indicating a more
profound silencing defect.

TOF1 again showed differential effects on gene silencing
depending on the genetic background. In the caclA back-
ground, the deletion of TOF1 led to a lower countable num-
ber of the green segments thus indicating reversal of the loss
of silencing (Fig. 4A, B). In contrast, the fof/ A-mediated
silencing defects were exacerbated in the asf/A strain. In
the rrm3A strain, the deletion of TOF1 also increased the
number of green segments, but to a lesser extent as com-
pared to asfiA (Fig. 4A, B). The caclAasflA, caclArrm3A,
and asflArrm3A double mutants displayed predominantly
green colonies thus pointing to a profound defect in HMLa
silencing. We conclude that both RRM3 and TOF I contrib-
ute to the silencing of HMLa. Similarly to the situation at
the VIIL telomere (Fig. 2), they can also reduce or increase
the silencing deficiencies when combined with deletions of
CACI and ASF1, respectively.

Conversion frequencies at the VIIL telomere

Positional variegation is characterized by infrequent
Silent — Active and Active — Silent (S— A and A —S)
conversions of the affected loci (Yankulov 2013). In an
earlier study, we have used the URA3/5-FOA assay to
show that the loss of CACI could lead to lower frequency
of such epigenetic conversions (Jeffery et al. 2013). Here,
we have tested the effect of our mutants on the frequency
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AProportions of GFP+ cells (%) in various mutants as measured by Flow Cytometry. B Proportions of GFP+ cells (%) in various mutants as measured by fluorescent microscopy.
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Fig.3 Analyses of the expression of FLOII-yEGFP. (A) Propor-
tions of GFP* cells (%) in various mutants as measured by flow
cytometry. * represents statistically significant difference compared
to the BY4742 strain. ** represents statistically significant difference
between the two connected stains (independent 7 tests were used).
(B) Proportions of GFP* cells (%) in various mutants as measured by
fluorescent microscopy. Distribution graphs of the raw intensity sig-
nals are shown in Fig. $4, B. (C) Flow Cytometry graphs of yEGFP*

of conversions of the HTBI-yEGFP reporter at the VIIL
telomere. We applied a technique that was identical to the
one previously used to assess the frequency of conversions
of a different yEGFP reporter inserted at the HMRa locus
(Jeffery et al. 2013). Briefly, cells were serially diluted
in 96-well plates and grown for 8—10 generations. Mini-
cultures in wells with single clusters of cells were deemed
to originate from a single cell. These mini-cultures were
analyzed by flow cytometry and the percentage of GFP*
cells in each of them was plotted as a single bar in a plot of
multiple bars (Fig. 5). The number of generations in each
mini-culture was determined by the count of events in the
flow cytometer and any mini-culture with less than eight
or more than ten generations was excluded from further
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D Representative microscopy images of various mutants harboring the FLO11-yEGFP reporter.

in various mutants. Cells were analyzed by Sony SH800z flow cytom-
etry and graphs were generated by LESHOOSZFCPL™ Software. Gat-
ing for GFP-negative cells was based on the identical analyses of iso-
genic strains without the HTBI-yEGFP reporter. (D) Representative
microscopy images of various mutants. Cells were analyzed by Leica

DM 6000B microscopy and signals were processed by the Volocity®
software

analyses. Between 30 and 50 mini-cultures were analyzed
for each strain.

In parallel, we generated simulated graphs representing
outcomes of the above experiment at different S — A and
A — S conversion rates as in (Jeffery et al. 2013). In these
simulations, we assumed that each culture originates with
one single cell and a one single conversion event could take
place in any of the first six generations. We also assumed
that the proportions of mini-cultures in which the seeding
cell will have an active or silent HTB1-yEGFP gene, respec-
tively, would be similar to the proportion of GFP + cells in
the bulk seeding cultures. In Fig. 5A, we present a simula-
tion of a strain with 30% GFP + cells that has grown for 8—11
generations at 9% A — S and 5% S — A conversion rates per
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Fig.4 Analyses of gene silencing at HMLa by CRASH assay. (A)
Cells were grown in the presence of Hygromycin to select for the
RFP" state of the RFP— yEGFP reporter, then streaked on SC drop-
out or SC/Geniticin agar, as appropriate, and grown to produce vis-
ible colonies. Images of colonies were taken with Axiozoom micro-

generation. In Fig. 5B, we present a simulation of a strain
that has grown for 8—11 generations at 5% A — S and 3%
S — A conversion rates. In these experiments, the prevalence

scope using green and red filters and merged in Zen Software. Green
sectors in 3-5 colonies were counted and plotted. ** represents statis-
tically significant difference between the two connected stains (inde-

pendent T tests were used). (B) Images of sectored colonies in various
mutants

of colonies with similar close percentage of GFP-positive
cells (as represented by similar height of the multiple bars)
reflect higher rate of epigenetic conversions. The appearance
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Fig.5 Measurements of conversion rates of at the VIIL telomere.
Mini-cultures originating from a single cell were grown for 8-10 gen-
erations and analyzed by flow cytometry as in Fig. 2A. Each bar rep-
resents the %GFP* cells in an individual colony. The last bar on the
right represents the %GFP* cells in the seeding culture. (A) A simu-

of lower or higher bars at the flanks of the graphs indicates
a reduced rate of epigenetic conversions.

In Fig. 5C-H, we present the graphs produced by our
single and double deletion mutants. Based on the simulation
in Fig. 5A, in the BY4742 strain, the conversion rates of the
HTBI-yEGFP construct are approximately 9% A — S and
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lation of a strain with 30% GFP + cells in the seeding culture and 9%
A —S and 5% S— A conversion rates per generation. (B) A simula-
tion of a strain with 60% GFP +cells in the seeding culture and 5%
A —S and 3% S — A conversion rates. (C-H) Conversion rates in the
strains indicated on the top of each graph

5% S — A per generation (Fig. 5C). The plot produced by
the caclA strain is consistent with a decrease in the S— A
conversions at this locus (Fig. 5D). For example, out of 36
mini-cultures, three showed less than 10% yEGFP* cells,
while the proportion of GFP* cells in the seeding culture
was 63%. A reduction in the A— S conversions can also
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explain the abundance of mini-cultures with high proportion
of GFP* cells (Fig. 5D). The plot produced by the asfIA
strain was similar to the plot produced by BY4742 with some
indication of reduced A — S conversions (Fig. SE). The plot
produced by the tof]A strain indicated a reduction in the
overall frequency of conversion rates, but less pronounced
as compared to the caclA strain (Fig. 5F). In the tof1AcaclA
strain, the distribution of yEGFP™ cells in the plot indicated
conversion rates higher than in the BY4742 strain but lower
than the caclA strain (Fig. 5G). Hence, these observations
support the idea that the reduction of conversion rates in
caclA is reversed by the deletion of TOFI. Similar effect
was observed at the HMLa, but not the FLO! ] locus. Inter-
estingly, the deletion of TOF I in the asfI A background pro-
duced a plot similar to the one observed in the cac/A strain
while neither fofIA nor asfIA strains displayed a similarly
strong phenotype (Fig. 5H). This outcome is consistent
with the notion that the deletion of TOFI can exacerbate
the silencing deficiency of asflA and that these effects can
also be linked to the conversion rates at this locus.

Discussion

The mechanisms of silencing at the mating type, the sub-
telomeric, the FLO genes, and the rRNA-array loci are well
understood (Gartenberg and Smith 2016; Shaban et al.
2021), but little is known on how the passage of replication
forks affect the epigenetic state and epigenetic conversions
in them (Rowlands et al. 2017; Stewart-Morgan et al. 2020).
In this study, we addressed this question by combinations of
deletions in genes that encode histone chaperones engaged in
replication-coupled chromatin reassembly (CACI and ASFI)
and factors that work at paused replication forks (TOFI
and RRM3) (Stewart-Morgan et al. 2020). CACI encodes
a subunit of CAF-1, which travels behind the fork through
an association with the replication clamp PCNA (POL30),
while Asflp is believed to travel ahead of the fork. TOFI
encodes a component of the FPC, while RRM3 encodes a
DNA helicase believed to rescue stalled forks (Shyian and
Shore 2021). Recent structural studies indicate that Tof1p/
Csm3p associate with the fork ahead of the MCM helicase
(Bareti¢ et al. 2020). Because Rrm3p interacts with PCNA,
it is believed that it travels behind the fork (Schmidt et al.
2002).

TOF1 and RRM3 regulate gene silencing
in conjunction with CAF-1 and ASF1

In this study, we found that the deletion of TOFI reduced
the loss of silencing in caclA cells but enhanced the loss of
silencing in asfIA cells at both the VIIL telomere and HMLa
(Figs. 2 and 4). The deletion of RRM3 in both caclA and

asflA cells reduced silencing. Hence, we demonstrate that
TOF1 (and potentially the FPC) and RRM3 are involved in
gene silencing and that their functions are connected to the
functions of the replication-coupled chaperones CAF-1 and
ASF1. We have not observed similar loss of silencing in
cells harboring a deletion of PIF1. PIF] encodes a DNA hel-
icase homologous to RRM3 and is known to promote DNA
replication through G-quadruplex motifs on DNA (Pohl
and Zakian 2019; Paeschke et al. 2011). On the other hand,
RRM3 is necessary for rescuing paused replication forks at
positions of tightly bound DNA proteins (Sauty et al. 2021).
While it is preliminary to address if G-quadruplexes affect
gene silencing, our current results and the known activities
of TOF1 and RRM3 suggest that the mechanisms behind
the observed genetic interactions operate at replication forks
paused at positions of tightly bound proteins.

It is established that Tof1p directly interacts with Topoi-
somerase I (Park and Sternglanz 1999) and that this inter-
action could be significant in the regulation of fork paus-
ing (Shyian et al. 2020). It has also been shown that amino
acids 762-830 of Tof1p are critical for the pausing of the
replication forks and for sensitivity to DNA damage (West-
horpe et al. 2020). In Fig. 2E, we have demonstrated that the
deletion of this portion of Tof1p leads to substantial loss of
silencing at the telomeres but does not completely pheno-
copy the loss of TOFI. These results strongly suggest that
the pausing of the fork has a major effect on the silencing of
genes at the sub-telomeres. At the same time, the differences
in the effects of the deletion TOF I and the fof1-762A trunca-
tion indicate a more complex mechanism. For example, it is
not clear to what extent these truncations affect the interac-
tion with Top1p. The exploration of the physical interaction
between Toflp and FACT (Safaric et al. 2022) via genetic
analyses is also of interest. As for RRM3, apart from its
physical interaction with PCNA (Schmidt et al. 2002), little
is known about its mode of action. In Fig. 6, we present a
model that summarizes our findings and the possible mecha-
nism that can lead to the observed effects.

Previous studies have indicated that CAF-1 and ASF1
function in distinct genetic pathways at the mating type
loci and the telomeres. For example, loss of gene silenc-
ing at the telomeres and HML locus is exacerbated by the
deletion of the histone chaperone Rtt106 in caclA but not
asflA cells (Sharp et al. 2001; Jeffery et al. 2013; Janke
et al. 2018). On the other hand, the deletion of clamp
loader ELG1 reduces the silencing at HML in asf1A but
not caclA cells (Janke et al. 2018). Our findings support
the notion of the functional and mechanistic distinction
between these two histone chaperones. Specifically, we
demonstrate that the deletion of TOFI has opposite effects
in caclA and asfIA cells. It is possible that these differ-
ential effects are linked to the physical proximity of FPC
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1. The fork pauses at position of
a tightly-bound protein. The
supply of “old” histones behind
the fork is diminished.

ﬂ The Fork Protection Complex
(Tof1p/Mrclp/Csm3) associates
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replisome. Toflp interacts with
Asflp and supports the retaining
of the old histones at the paused
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the fork. CAF-1 assembles nucleosomes
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Epigenetic marks of “old” histones are
lost leading to epigenetic instability of
the locus.
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histones. It is not clear how

Rrm3p, PCNA and CAF-1 interact
Qt the paused fork. /

New H3/H4
New H2A/H2B

Fig. 6 A model for the interaction between histone chaperones, FPC and Rrm3p at paused replication forks

and ASF1 ahead of the fork and the distortion of the heli-
case-polymerase conformation upon pausing of the repli-
some. In addition, the deletions of RRM3 and TOF1 have
opposite effects on the stability of the paused forks at the
rRNA gene array (Mohanty et al. 2006; Bastia et al. 2016)
but seem to act independently of each other (Shyian et al.
2020). In earlier studies (Wyse et al. 2016; Rowlands et al.
2019b) and here we have shown that the deletion of RRM3
in both caclA and asfl A backgrounds leads to significant
loss of silencing at all loci tested. On the other hand, our
assays in the rrm3AtofI1A strain did not conclusively show
opposite gene silencing activities of these two factors. Fur-
ther studies are needed to elucidate the mechanisms behind
the genetic interactions of these genes.
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TOF1 is not involved in the silencing of the FLO11
locus

Here, we show that the effects of the deletion of TOF1 at
the VIIL telomere and HMLa are not recaptured at FLO11
(Fig. 3). The silencing of FLOI1 is achieved through an
SIR-independent mechanism while the silencing at tel-
omeres and HMLa is SIR-dependent (Rowlands et al.
2017; Sauty et al. 2021). It is possible that Toflp com-
municates with SIR proteins to maintain the silent state.
Nevertheless, we favor the idea that forks do not pause
at the FLO loci. Indeed, fork pausing was not detected at
these positions in genome-wide studies in wild-type and
rrm3A strains (Ivessa et al. 2003; Azvolinsky et al. 2006).
However, if this is true, we need to consider that the effect
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of the deletion of RRM3 at the FLOI1 locus (Rowlands
et al. 2019b) (Fig. 3) is not caused by its role in the paus-
ing of the fork, but by another, yet uncovered function
of this helicase. Support for this idea comes from the
fact that Rrm3p is associated with elongating forks and is
required for overall fork processivity in vivo (Azvolinsky
et al. 2006). It is possible that Mrclp is also involved in
sensing pausing and in the maintenance of gene silenc-
ing. However, we could not address this question in our
system, because the deletion of MRCI was lethal in con-
junction with the deletions of CACI and ASFI.

The frequencies of epigenetic conversions
reflect the silencing phenotypes of cac714tof14
and asf14tof14

We conducted extensive analyses of the frequencies of
S — A and A — S conversions at the VIIL locus. In tune
with our earlier study (Jeffery et al. 2013), we demon-
strate that the loss of silencing in caclA cells is linked to
the reduction of the frequency of both S — A and A — S
conversions (Fig. 5SD). These observations agree with the
idea that CAF-1 is engaged in the assembly of H3/H4
tetramers from “new” histones only (Ahmad and Henikoff
2018). If this is the case, at paused replication forks the
supply of “old” histones could be reduced thus allowing
the deposition of “new” histones and loss of epigenetic
marks. The removal of CAF-1 would reduce the deposi-
tion of new histones and a greater reduction in S — A
rates than the A — S rates will lead to the accumulation
of GFP + cells in the culture.

Why does the deletion of TOFI reverse this effect? A
plausible explanation is Tof1p (and FPC), while stabiliz-
ing the paused replisome, also prevents spurious deposi-
tion or exchange of histones on the new DNA strands.
This activity of FPC could include ASF1, but also other
histone chaperones. For example, recent studies have indi-
cated that Toflp physically interacts with FACT (Safa-
ric et al. 2022) and that efficient replisome progression
on chromatin templates in vitro requires FACT (Kurat
et al. 2017). On the other hand, it has been suggested that
Asflp, apart from its role in the disassembly of nucle-
osomes, can also retain the “old” histones in the vicin-
ity of paused forks and supply them upon resumption of
elongation (reviewed in (Alabert and Groth 2012). FACT
could have a similar role in the retention of H2A/H2B
histones at the paused replisome. When this function is
lost in asfIA cells, FPC prevents the deposition of new
histones thus contributing to the stability of epigenetic
transmission. When both asfl and tof1 are lost, the loss
of “old” histones is exacerbated, and epigenetic stability
diminishes.

DDK, CAF-1, and Tof1p

Another possibility for the epistatic interaction of CACI and
TOF1 is the involvement of a third factor. It is tempting
to speculate that this factor is the Dbf4-Dependent Kinase,
DDK. The Caclp subunit of CAF-1 can be phosphorylated
by DDK in both human and budding yeast cell extracts
(Gerard et al. 2006; Jeffery et al. 2015) and mutations of the
DDK target sites on the yeast CACI lead to loss of silenc-
ing (Jeffery et al. 2015; Rowlands et al. 2019a). Toflp is
also phosphorylated upon pausing of the fork and its phos-
phorylation is linked to the stability of paused replisome
(Bastia et al. 2016). However, it is not clear if DDK is the
kinase responsible for this effect (Bastia et al. 2016). Still, it
is possible that the phosphorylation of these two substrates
is coordinated at the paused replisome and the loss of one
can affect the activity of the other.

Variations in the outcomes of different gene
silencing assays

The recently introduced CRASH assay is remarkably sensi-
tive and detects minor transient loss of silencing at HMLa
that previous URA3/5-FOA assays cannot capture (Janke
et al. 2018; Brothers and Rine 2019). On the other hand,
our HTB1-yEGFP reporter assay is less sensitive than the
URA3/5-FOA assay (Shaban et al., submitted). It seems that
the exposure to 5-FOA detects levels of expression of URA3,
which, like in the CRASH assays, represent transient loss
of silencing at the telomere and not necessarily true epi-
genetic conversions. Still, our drug-free assay reveals the
same trends observed with the URA3/5-FOA assays, albeit in
significantly narrower range. More importantly, the fact that
we see the same genetic interactions with the most (CRASH)
and the least (HTB1-yEGFP) sensitive assays adds credibil-
ity to our analyses and conclusions.

Conclusion

Our findings provide strong evidence about the involvement
of TOFI (and possibly the FPC) and RRM3 in maintenance
of epigenetic state through interactions with the replication-
coupled histone chaperones CAF-1 and ASF . Future studies
are needed to add detailed evidence for the mechanisms that
govern histone turnover at paused replication forks.
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