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Figure 3. Fft3 is associated with chromatin at the ura4 locus independently of the RFB.

(A) Schematic diagram of t-ura4sd20<ori construct. The thick bar indicates position of PCR product at the ura4 locus (L5) to detect Fft3-myc. (B) Fft3 recruitment to RTS1-
RFB (L5) in indicated strains and conditions. Data from ChIP-qPCR of non-tagged wild-type, Fft3-myc, and Fft3-K418R-myc are shown. Enrichment is quantified as fraction
of input. Error bars represent SD from three biological replicates. (C) Fft3 recruitment to valine tRNA genes. (B) Data and error bars as in (B). (D) Schematic diagram of
t-ura4sd20-ori construct. (E) Fft3 recruitment to the ura4 locus. The thick bar indicates position of PCR product at the ura4 locus (L5) to detect Fft3-myc. In panels (B) and
(C), the strains used were YC13 (WT), YC309 (fft3-myc), and YC313 (fft3-K418R-myc). In panel (E), strains used were YC13 (WT) and YC321 (fft3-myc).
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required for silencing near the silent mating type heterochromatin
domain boundary (Jahn et al, 2018). It is also involved in the control
of gene expression (Lee et al, 2017). Finally, Fft3 is implicated in the
repression of Tf2 expression and mobility (Persson et al, 2016). Thus,
Fft3 is a key enzyme with multiple tasks in the nucleus.

Mechanism of Fft3 function during DNA replication

Fft3 is an SNF2 helicase with a conserved ATPase domain belonging
to the Fun30/Smarcad1 subfamily. This subfamily of SNF2 enzymes
has previously been implicated both in nucleosome assembly and
disassembly processes. In S. pombe, there is evidence for Fft3
carrying out both processes, for example, at Tf2 elements, a key
regulatory nucleosome in the 5 LTR is stabilized by Fft3. This
stabilization leads to repression of Tf2 expression (Persson et al,

Novel roles for Fun30 at blocked forks Ait-Saada et al.

WT | fft3-myc | t3-K418R-myc

2016). In gene-coding regions, Fft3 contributes to nucleosome
disassembly (Lee et al, 2017) and in the silent mating type region to
nucleosome assembly, and roles in DNA replication, epigenetic
inheritance, and suppression of nucleosome turnover have been
demonstrated (Taneja et al, 2017). In other species, Fun30 and
Smarcad1 play a role in nucleosome disassembly during DNA re-
section (Chen et al, 2012; Costelloe et al, 2012; Eapen et al, 2012). It is,
therefore, likely that nucleosome disassembly is the relevant
mechanism operating during DNA resection at blocked forks in
fission yeast. This notion is consistent with the requirement of the
ATPase domain of Fft3 for this function and the observation that
single-stranded regions generated during resection have been
shown as preferred substrate for Fun30 ATPase activity in vitro
(Adkins et al, 2017). It is plausible that Fft3 maintains nucleosome-
free regions promoting Exo1 activity during long-range resection
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allowing for rescue of blocked forks by HR. It has been proposed
that Fft3 precludes nucleosomes turnover to prevent the formation
of natural fork obstacles, such as co-transcriptional R-loops, at
highly transcribed genes, short repeats, and tRNAs (Taneja et al,
2017). In the absence of Fft3, replication defect occurs across
various euchromatic loci. Here, we report novel functions by which
Fft3 facilitates replication fork progression. First, Fft3 promotes the
processing of arrested forks via its nucleosome remodeling activity.
Second, Fft3 fine-tunes HR-mediated fork restart independently of
its ATPase activity. Thus, Fft3 acts as a chromatin organizer to facilitate
replication fork progression but also via an additional function un-
related to nucleosome remodeling. Regarding the ATPase-independent
function of Fft3 in fork restart, a second mechanistic role of Fft3 is
conceivable, perhaps involving the observed interactions with the DNA
replication machinery (Taneja et al, 2017).

Blocked forks and effects on Tf2 mobility

We previously showed that Fft3 is required to prevent mobility of
the Tf2 class of retrotransposons in fission yeast (Persson et al,
2016). It is likely that this is a combined effect of reducing the
expression of Tf2 and reducing the exposure of its possible in-
sertion regions. Blocked DNA replication forks are known to be hot
spots of Tf2 insertion (Jacobs et al, 2015). In fft3A cells, the number of
stalled forks is expected to increase because the mechanism of fork
processing and restart are impaired. It remains to be tested if Fun30
and Smarcad1homologues have a conserved function in repression
of transposon mobility.

Genomic protection by Fft3 linked to its role in controlling nuclear
organization?

Genome-wide mapping of Fft3-myc occupancy demonstrated en-
richments at replication origins and several DNA repeat regions,
including LTR elements and loci encoding tRNA, snoRNA, snRNA,
and ncRNA (Steglich et al, 2015). DNA repeats are challenging for the
DNA replication machinery and often cause impediments to fork
progression. It is, therefore, tempting to speculate that Fft3 plays a
general role in genome protection against DNA damage by its lo-
calization to these regions. A long-range DNA resection mechanism
may be required at these loci to prevent unwanted recombination
events between repeats when blocked forks are rescued by HR.
Interestingly, some of these repeat elements also serve as chro-
matin domain boundaries (Allshire & Ekwall, 2015). We hypothesize
that the protection of chromosomal regulatory domains and higher
order chromatin domain structure by Fft3 could be linked to its role
in homology-driven DNA damage repair.

Materials and Methods

S. pombe strains and growth conditions
The S. pombe strains used in this study are listed in Table 1. We used

standard growth conditions and protocols for genetic experiments
(Petersen & Russell, 2016; Ekwall & Thon, 2017). Strains carrying the
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RTS1-RFB were grown in the synthetic complete media EMM-
Glutamate. The RFB was maintained inactive (RFB OFF) in the
presence of 60 uM of thiamine in the medium. Activation of the RTS7-
RFB (RFB ON) was achieved by removing thiamine from the medium
and growing cells for 24 h. Sensitivity to genotoxic drugs was per-
formed by spotting cells on media containing the appropriate drug.

SSA assay

We used the SSA method for S. pombe cells described (Watson et al,
2011). Cells cultures were grown in liquid PMG+Leu medium at 30°C
to logarithmic phase. Then, the cells were washed and resuspended
at5x10° cells/mlin PMG+Leu+His medium with Ura (to induce DSB)
or without Ura (as non-DSB induced control). The cells were in-
cubated at 30°C for 5 h. Immediately after this, the cells were
counted and plated at 200-600 cells on PMG+Leu+His agar plates
followed by incubation at 30°C for 5 d (fft7A, fft2A) or 7 d (fft3A) to
recover and form colonies. Next, auxotrophy was tested as the
plates were replica-printed onto PMG+His and PMG+Leu plates and
incubated for another 2 d at 30°C. Finally, colonies were scored for
growth on the different plates. Colonies relying on added Leu, but
not His, for growth were scored as parental (no DSB induced or
repaired without error), colonies requiring added His, but not Leu,
were scored as “efficient SSA,” and colonies requiring both added
His and Leu were designated “other.” The few colonies (<10) not
needing either added His or Leu were not considered further.
Colony numbers with parental phenotype (his"leu”) from the non-
DSB induced control (without Ura) were used to determine the
plating efficiency and the percentage of completed DNA repair.
Also, non-DSB induced colonies with SSA phenotype (His Leu®)
were subtracted to account for “leakiness” of the urgi-system.

gPCR

DNA was isolated and qPCR was performed with SYBR Master mix
(Life technology) using the Applied Biosystems 7500 RT-PCR System.
The primer sequences for the SSA product, covering the LEU2 locus
were forward: 5" GTG TTA GAC CTG AAC AAG GTT TAC, reverse: 5" GCA
AAG AGG CCA AGG ACG.

DSB assay

The strains Hu2694 (WT), Hu2696 (fft24), Hu2744 (fft34), and Hu2745
(fft3A) were grown in liquid PMG+Leu medium, shaking overnight at
30°C, to the mid logarithmic phase (OD600 = 0, 5). The cells were
washed with fresh PMG+Leu medium and resuspended at a con-
centration of five million cells per ml in PMG+Leu+His medium with
Ura (to induce DSB) or without Ura (noninduced DSB control). The
cells were incubated at 30°C for 5 h, and samples of 1 ml were taken
at0,1,2,3,and 5 h followed by genomic DNA purification using the
Thermo Fisher Scientific Yeast DNA Extraction Kit (Cat. no. 78870).
gPCR was performed with purified genomic DNAs and primers to
his3-HO and act1+ genomic regions. The primer sequences for the
his3-HO locus were forward: GATACAGTTCTCACATCACATCCG, reverse:
CAGCGATAAGGCTGAAGTTCTAAG. The primer sequences for the
his3-HO locus were forward: TCCAACCGTGAGAAGATGAC, reverse:
TGTGGGTAACACCATCACCA. Upon DSB induction, cycling time values
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Table 1. List of S. pombe strains.

Strain name Genotype Source

Hu0029 h- ade6-M210 leu1-32 ura4-D18 Ekwall and Thon (2017)

Hu1309 h+ fft3:kanMX ade6-M210 leu1-32 ura4-DS/E This study

Hu1673 h- fft2:: kanMX ade6-M210 leu1-32 ura4-D18 This study

Hu2656 h- ade6-M210 leuT-32 ura4-D18 fft1:KANMX This study

HU2694 hj urg1:Purgilox-HgD LEU-HOcs-his3-lambda-EU2, leuT-32 This study
his3-D1
h- urg1:Purgilox-HgD LEU-HOcs-his3-lambda-EU2, leu1-32 .

Hu2695 his3-D1 fft1:KANMX This study
h- urg1:Purgilox-HgD LEU-HOcs-his3-lambda-EU2, leu1-32 .

Hu2696 his3-D1 fft2:KANMX This study
h- urg1:Purgilox-HgD LEU-HOcs-his3-lambda-EU2, .

Hu2697 leu1-32 his3-D1 fft3-KANMX This study
h- urg1:Purgilox-HgD LEU-HOcs-his3-lambda-EU2, .

Hu2744 leu-32 his3-D1 fft3:KANMX This study
h- urg1:Purgilox-HgD LEU-HOcs-his3-lambda-EU2, .

Hu2745 leuT-32 his3-D1 fft3:KANMX This study
h- urg1:Purgilox-HgD LEU-HOcs-his3-lambda-EU2, .

Hu2698 leu1-32 his3-D1 exoT:KANMX This study

YC6 h- rtfl:nmt41:sup35 ade6-704 leu1-32 t-ura4sd20-ori Iraqui et al (2012)

YC13 h- rtfl:nmt41:sup35 ade6-704 leu-32 t-ura4sd20<ori Iraqui et al (2012)

YC21 h- rtfl:nmt41:sup35 ade6-704 leul-32 t<ura4sd20-ori Iraqui et al (2012)

o h- fft3: HYG/\/l)l< rtfl:nmt41:sup35 ade6-704 leu1-32 This study
t-ura4sd20<ori

Y(C292 h- fft3:: HYGMX rtfl:nmt41:sup35 ade6-704 leuT-32 t<ura4sd20-ori This study

Y(C280 h- fft3: HYGMX rtfl:nmt41:sup35 ade6-704 leu1-32 t-ura4sd20-ori This study

V287 h+ fftz::KANMXlrtf1:nmt47:sup35 ade6-704 leu1-32 This study
t-ura4sd20<ori

YC294 h+ fft2:: KANMX rtf1:nmt41:sup35 ade6-704 leu1-32 t<ura4sd20-ori This study

YC284 h- fft2:: KANMX rtf1:nmt41:sup35 ade6-704 leu1-32 t-ura4sd20-ori This study

Y309 h- fft3-myc:HY§MX rtfl:nmt41:sup35 ade6-704 leu1-32 This study
t-ura4sd20<ori

Y317 h- fft3-myc:HY_GMX rtfl:nmt41:sup35 ade6-704 leu1-32 This study
t<ura4sd20-ori

YC321 h- ffomyc:HY.G/\/lX rtfl:nmt41:sup35 ade6-704 leu1-32 This study
t-ura4sd20-ori

Ye313 h- fft3fK418Rfr.nyc:HYGMX rtfl:nmt471:sup35 ade6-704 leu1-32 This study
t-ura4sd20<ori

V325 h- fft3K418R—myc:HYGMX rtfl:nmt41:sup35 ade6-704 leu1-32 This study
t<ura4sd20-ori

Y329 h- fft3K478R—myc:HYGMX rtfl:nmt41:sup35 ade6-704 leu1-32 This study
t-ura4sd20-ori

KK851 5Sb3-YFP:NATMX rtfl:nmt41:sup35 t-ura4sd20<ori ade6-704 This study
leu1-32
fft3:: HYGMX ssb3-YFP:NATMX rtfl:nmt41:sup35 t-ura4sd20<ori .

KK854 ade6-704 leul-32 This study
Fft3K418R-myc:HYGMX ssb3-YFP:NAT rtfl:nmt41:sup35 :

K857 t-ura4sd20<ori ade6-704 leu1-32 This study

KK860 fft3-myc:HYGMX ssb3-YFP:NAT rtfl:nmt41:sup35 t-ura4sd20<ori This study

ade6-704 leu1-32
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for his3-HO region were increased because of DSB generation and
subsequent loss of intact template for amplification compared with
act1+ gene sequence where no DSBs are normally generated.
Therefore, the gPCR allowed us to measure DSB at his3-HO relative
to act1+. Difference in cycling time (ACT) values were determined
as CT(his3-HO) - CT(act1) and fold changes were calculated as
(average E) to the power of ACT. Then, fold change differences
were converted into percentages, given that ACT = 0 would rep-
resent 0% of DSB induction, and the maximal fold change dif-
ference value obtained was set as 100% of DSB induction. This
approach allowed us to represent relative levels of DSB induction
in the cells. Fold change values were used to calculate averages,
SD and SEM values, and input data for statistical significance
testing (t test).

Analysis of replication intermediates by 2DGE

Replication intermediates were analyzed by 2DGE as described by
Ait Saada et al (2017). 2.5 x 10° exponentially growing cells were
harvested with 0.1% sodium azide and frozen EDTA (80 mM final
concentration). The cells were cross-linked by adding trimethyl-
psoralen (0.01 mg/ml, TMP, 3902-71-4; Sigma-Aldrich) to the cell
suspensions, for 5 min in the dark. The cells were then exposed to
UV-A (365 nm) for 90 s at a flow of 50 mW/cm? The cells were lysed
with 0.625 mg/ml lysing enzyme (L1412; Sigma-Aldrich) and 0.5 mg/
ml zymolyase 100T (120493-1; Amsbio) for 15 min at 37°C. Sphero-
plasts were then embedded into 1% low-melting agarose (InCert
Agarose, Lonza) plugs and incubated overnight at 55°C in a di-
gestion buffer containing 1 mg/ml of proteinase K (EU0090;
Euromedex) and then washed and stored in TE (50 mM Tris and 10
mM EDTA) at 4°C. DNA digestion was performed with 30 units per
plug of the restriction enzyme Asel and equilibrated at 0.3 M NaCl.
Replication intermediates were enriched using BND cellulose
columns (B6385; Sigma-Aldrich) as described in Lambert et al
(2010). Purified replication intermediates were then separated by
bidimensional gel electrophoresis (0.35% agarose gel in TBE for the
first dimension, 0.9% agarose gel-TBE supplemented with EtBrat 0.3
pg/ml). DNA was transferred to a nylon membrane in 10x SSC.
Membranes were incubated with a **P radio-labeled ura4 probe, an
RIs were detected using Phosphorimager software (Typhoon Trio)
and quantified with ImageQuant TL.

Chromatin immunoprecipitation of Fft3

DNA was immunoprecipitated as described earlier (Durand-Dubief
& Ekwall, 2009) with following changes. Strains carrying the RTS1-
RFB were cultured in supplemented EMMG media containing 60 uM
thiamine. The cells were washed twice with water to remove thi-
amine and released into EMMG, either without (Rtf1 induced, RBF
ON) or with (Rtf1 repressed, RBF OFF) 60 M thiamine. After 24-25 h
of RFB induction, 2 x 10® cells were fixed in 1% formaldehyde
(252549; Sigma-Aldrich) for 30 min at room temperature with gentle
agitation (Infors Multitron shaker; €120 rpm). To quench the cross-
linking reaction, glycine was added to a final concentration of 125
mM. After 5-min incubation (RT, 120 rpm), the cells were collected by
centrifugation (900g, 10 min, 4°C), washed twice with 25 ml of ice-
cold PBS, and snap-frozen. The cells were resuspended in 400 ul of
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cold CHIP lysis buffer CLB (50 mM Hepes-KOH, pH 7.5, 150 mM Nacl,
0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate, 1T mM EDTA,
and protease inhibitors [Complete Protease Inhibitor Cocktail
EDTA-free, 11873580001; Roche]), transferred to the prechilled 2-ml
skirted tube, containing 500 ul of zirconia/silica beads (11079105z
BioSpec products), and disrupted in a FastPrep-24 machine
(116004500; MP Biomedicals) for two cycles (rate 6.5,30 s on; 2 min
off, 4°C). The crude lysates were sonicated (Bioruptor pico; Dia-
genode) for three cycles (30 s on; 60 s off, 4°C) and clarified by
centrifugation (16,000g, 4°C, 10 min). The clarified chromatin ex-
tracts were transferred into fresh tubes. 5 ul of each chromatin
extract was saved as input samples for subsequent quantification
of the DNA enrichment. For each ChIP reaction, 100 ul of the extract
was diluted with nine volumes of Binding Buffer B1(as CLB, no SDS)
to reduce SDS to a final concentration of 0.01%, with BSA added to
0.1% final concentration. The chromatin was immunoprecipitated
using 2 ug of anti-Myc antibody (05-724, Upstate) for 2 h at 4°C,
followed by incubation with 20 ul of pre-equilibrated Protein A/G
magnetic beads (88802; Thermo Fisher Scientific) for 1 h. A sample
without added antibody was prepared to assess unspecific DNA
binding to the beads (later referred as no antibody [no ab] control
sample). In addition, a parallel ChIP experiment was performed in
the WT strain, lacking epitope tag, to evaluate efficiency and
specificity of the anti-Myc antibody.

Beads were washed with 2 x 500 pl of cold B1 buffer, 1x 500 ul B1/
500 mM NaCl, 1 x 500 ul B2 (10 mM Tris-Cl, pH 7.5, 250 mM LiCl, T mM
EDTA, 05% Na-deoxycholate, and 0.5% IGEPAL-630) and resus-
pended in 350 ul of TE (10 mM Tris-CL, pH 8, and 1 mM EDTA). The
samples were transferred to fresh tubes, TE was removed, and 100
ul of TE, containing 0.1 ug/ul of RNaseA (10109169001; Roche), was
added to each tube. The samples were incubated for 15 min at 37°C,
treated with 0.5 pg/ul of Proteinase K (03 115 801 001; Roche) in 0.5%
SDS for 1 h at 42°C, and subsequently incubated at 65°C overnight
to reverse crosslinks. The input samples were mixed with 45 ul of TE
containing RNaseA (0.2 pug/ul) and processed identically to the IP
samples and the no ab samples.

The immunoprecipitated DNA was isolated using QIAquick PCR
purification kit (28106; QIAGEN) according to the manufacturer’s
instructions. The DNA was eluted in 40 ul of elution buffer. For gPCR
analysis, FastStart Universal SYBR Green Master (04 913 914 007;
Roche) was used. 2 ul of the immunoprecipitated DNA were used as
a template in total reaction volume of 12 ul. Gene-specific primers
were used at a final concentration of 400 nM. The DNA quantity in
the IP and input samples was determined using a standard curve
method. The enrichment of the immunoprecipitated DNA was
calculated relatively to the appurtenant input sample and pre-
sented as the percent of input DNA.

Chromatin immunoprecipitation of RPA

Chromatin immunoprecipitation against RPA (ssb3-YFP) was per-
formed as described in (Tsang et al, 2014) with following modifi-
cations. 200 ml of logarithmic culture (total of 2 x 10° cells) for each
condition (RTST-RFB OFF/ON) was divided into 2 x 100 ml aliquots
and cross-linked with 10 mM dimethyl adipimidate (285625; Sigma-
Aldrich) for 45 min and subsequently with 1% formaldehyde (F-8775;
Sigma-Aldrich) for 15 min. Next, the cells from each 100-ml aliquot
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Table 2. List of primers used for RPA ChIP-qPCR.
Name g'irsst'la-rllcheB(szii:'i-ng s Sequence (5’-3')
L5F AGGGCATTAAGGCTTATTTACAGA
L5R o TCACGTTTAATTTCAAACATCCA
L3F TTTAAATCAAATCTTCCATGCG
L3R 1o TGTACCCATGAGCAAACTGC
L400F ATCTGACATGGCATTCCTCA
L400R w0 GATGCCAGACCGTAATGACA
L600F CCATTGACTAGGAGGACTTTGAG
L600R 000 CCCTGGCGGTTGTAGTTAGT
L900F AACGGTTGTAGAAGACGAGCA
L900R 700 TGTAAGCACACCTTCAATGTATCA
L1400F AACATCGGTGACCTCGTTCT
L1400R 1400 CTCTTCGCTCCAAGCGTTAT
|150F CACCGCAGTTCTACGTATCCT
—— Control locus on Chrll
II50R CGATGTAACGGTATGCGGTA

were frozen in liquid nitrogen and lysed by bead beating in 400 ul of
lysis buffer (50 mM Hepes, pH 7.5, 1% Triton X-100, 0.1% Na-
deoxycholate, T mM EDTA) with 1 mM PMSF, and complete EDTA-
free protease inhibitor cocktail tablets (1873580; Roche). Chromatin
sonication was performed using a Diagenode Bioruptor in a mode
High, 10 cycles of 30 s ON and 30 s OFF in ice-cold water. Then
sonicated chromatin fractions from each sample were pooled (400
+ 400 pl), and immunoprecipitation overnight was performed as
follows: 300 pl was incubated with anti-GFP antibody (A11122;
Invitrogen) at 1:150 concentration, 300 ul was incubated with
Normal Rabbit 1gG antibody (#2729S; Cell Signaling Technology) at
concentration 1:75and 5 ul was preserved as an INPUT fraction. Next
day, Protein G Dynabeads (10003D; Invitrogen) were added for 1 h
and immunoprecipitated complexes and preserved INPUTs were
de-cross-linked for 2 h at 65°C. DNA was purified with a QlAquick
PCR purification kit (28104; QIAGEN) and eluted in 400 ul of water.
gPCR (iQ SYBR Green Supermix, 1708882; Bio-Rad, primers listed in
Table 2) was performed to determine the relative amounts of DNA
(starting quantities based on standard curves for each pair of
primers). RPA enrichment was calculated by dividing IP by INPUT
values for specific (GFP) and unspecific (IgG) antibodies. Next, the
values for unspecific 1IgG were subtracted and subsequently specific
GFP signal was normalized over an internal control locus at
chromosome 1l (11.50). The RPA enrichment was presented as ratio
RTS1-RFB ON/OFF conditions.

RS assay with ura4-sd20 allele

RS using the ura4-sd20 allele was performed as previously de-
scribed (Iraqui et al, 2012). Ura+ cells were first counter-selected on
5-FOA plate. Single 5-FOA-resistant colonies were grown on uracil-
containing plates with or without thiamine for 2 d at 30°C and then
inoculated in uracil-containing EMM for 24 h. The cells were diluted
and plated on YE plates (for survival counting) and on uracil-free
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plates containing thiamine to determine the reversion frequency.
Colonies were counted after 5-7 d of incubation at 30°C. Statistics
were performed using t test.
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Supplementary Information is available at https://doi.org/10.26508/lsa.
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