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Abstract

Replication-coupled chromatin assembly is achieved by a network of alternate pathways
containing different chromatin assembly factors and histone-modifying enzymes that coordi-
nate deposition of nucleosomes at the replication fork. Here we describe the organization of
a CAF-1-dependent pathway in Saccharomyces cerevisiae that regulates acetylation of his-
tone H4 K16. We demonstrate factors that function in this CAF-1-dependent pathway are
important for preventing establishment of silenced states at inappropriate genomic sites
using a crippled HMR locus as a model, while factors specific to other assembly pathways
do not. This CAF-1-dependent pathway required the cullin Rtt101p, but was functionally dis-
tinct from an alternate pathway involving Rtt101p-dependent ubiquitination of histone H3
and the chromatin assembly factor Rtt106p. A major implication from this work is that cells
have the inherent ability to create different chromatin modification patterns during DNA repli-
cation via differential processing and deposition of histones by distinct chromatin assembly
pathways within the network.

Author summary

Replication-coupled chromatin assembly occurs via a network of alternate pathways
through which histones are processed, and chromatin is disassembled in front of the repli-
cation fork, then reassembled behind the fork to ensure the inheritance of appropriate epi-
genetic states. Yet, despite being essential for maintaining cell identity across cell
generations, the organization of this network and what distinct functions individual path-
ways within this network may play has remained poorly understood. Here, we have used
molecular genetic and live cell protein-protein interaction strategies to probe this

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020

1/35


https://orcid.org/0000-0002-8597-0174
https://orcid.org/0000-0003-0045-2333
https://orcid.org/0000-0002-0011-5209
https://orcid.org/0000-0002-0630-1520
https://orcid.org/0000-0001-9938-9105
https://doi.org/10.1371/journal.pgen.1009226
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1009226&domain=pdf&date_stamp=2020-12-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1009226&domain=pdf&date_stamp=2020-12-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1009226&domain=pdf&date_stamp=2020-12-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1009226&domain=pdf&date_stamp=2020-12-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1009226&domain=pdf&date_stamp=2020-12-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1009226&domain=pdf&date_stamp=2020-12-17
https://doi.org/10.1371/journal.pgen.1009226
https://doi.org/10.1371/journal.pgen.1009226
http://creativecommons.org/licenses/by/4.0/

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

Purdue University Center for Cancer Research
(PCCR) DNA Sequencing Facility or Flow
Cytometry Core as well as a Bird Stair Research
Fellowship (T.J.Y.) and Purdue Graduate School
Summer Research Grant (T.J.Y.). The funders had
no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist. Author Emilie
Hobbs was unable to confirm their authorship
contributions. On their behalf, the corresponding
author has reported their contributions to the best
of their knowledge.

network. We highlight a CAF-1-dependent pathway with a unique role in regulating his-
tone H4 K16ac to prevent the establishment of epigenetically silenced states at ectopic
sites. We also discovered the cullin Rtt101p functions in this CAF-1-dependent pathway
in a manner distinct from Rtt101p’s role in promoting chromatin assembly along a
Rtt106p-dependent pathway via ubiquitination of histone H3. Our findings illustrate that
cells use alternate chromatin assembly pathways within the network during DNA replica-
tion to create distinct chromatin modification patterns. These patterns, in turn, influence
the probability of establishing new epigenetic states.

Introduction

Replication-coupled chromatin assembly is a multi-step, multi-pathway process coordinated
by histone modifying proteins, histone chaperones, and replication factors. In Saccharomyces
cerevisiae, the chromatin assembly factors Asflp, Rtt106p, Hiflp, and the CAF-1 complex,
consisting of Caclp, Cac2p, and Cac3p, coordinate the assembly of H3-H4 into nucleosomes
on newly synthesized DNA [1-5]. In humans the functions of these proteins seem mainly con-
served as homologs of CAF-1, Asflp, and Hiflp exist and are respectively named CAF-1,
ASF1A/ASF1B, and NASP [6-9]. An ortholog of Rtt106p, Daxx, is also present in humans, but
has likely diverged functionally. Daxx contains a Rtt106p-like acidic domain and acts as a
H3-H4 histone chaperone, but current evidence shows that Daxx binds to the mammalian rep-
lication-independent deposition H3 histone variant H3.3, rather than the replication-coupled
variant H3.1, and functions only in replication-independent chromatin assembly [4,10]. This
is in contrast to Rtt106p, which uses the sole yeast H3 variant for both replication-dependent
and replication-independent chromatin assembly [11,12]. Why multiple histone deposition
pathways exist and how they are regulated during replication is unclear. Similarly, our under-
standing of the interactions that occur within this network of replication-coupled H3-H4
nucleosome assembly pathways, how these interactions are regulated, and, in turn, influence
histone modification patterns remains limited. However, defects in these pathways do result in
altered histone modification patterns across the genome, defects in epigenetic processes, and
altered responses to a variety of stressors ranging from oxidative stress to DNA damage [13-
18].

During replication-coupled chromatin assembly, evidence is mounting that chromatin
assembly factors can promote step-specific histone modifications, and these histone modifica-
tions may then help direct histones to specific assembly pathways within the network via mod-
ulating protein-protein interactions. In replication-coupled chromatin assembly, Asflp and
CAF-1 bind to histone H3-H4 dimers, whereas Rtt106p has been reported to bind to H3-H4
dimers as well as (H3-H4), tetramers [19-27]. In budding yeast, newly synthesized H3 his-
tones are acetylated at K56 in S phase by the acetyltransferase Rtt109p, which requires H3-H4
to be in a complex with Asflp for the acetylation event to occur [28-30]. The loss of H3 K56
acetylation, H3 K56ac, results in a decrease in the amount of H3 that co-precipitates with
Cac2p and Rtt106p in vivo [4,23], and H3 K56ac-H4 binds to CAF-1 and Rtt106p with a higher
affinity than unacetylated H3-H4 in vitro [4,21,31]. Thus, H3 K56ac promotes the interaction
between H3-H4 and CAF-1 as well as between H3-H4 and Rtt106p. These findings are consis-
tent with Asflp and CAF-1 only having partially overlapping functions [32], and support a
model in which Asflp acts upstream of CAF-1 and Rtt106p during replication-coupled chro-
matin assembly, and in which H3 K56ac promotes transfer of histones H3-H4 from Asflp to
CAF-1 or Rtt106p. Thus, Asflp, Rtt109p and H3 K56ac are important features of CAF-1- as
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well as Rtt106p-dependent chromatin assembly pathways in yeast. In humans, the transfer of
H3-H4 from Asfl to CAF-1 appears to be conserved [6,7], but whether H3 K56ac can promote
interactions between H3-H4 and CAF-1 in humans is unclear [33].

In addition to being acetylated, H3 is ubiquitinated in a RTTI101-dependent manner pri-
marily at K122, but also at K121 and K125 during S phase [34]. Co-precipitation analyses show
that the presence of ubiquitinated H3 decreases binding of Asflp to H3-H4, and increases
binding of H3-H4 to Rtt106p, but does not alter binding of H3-H4 to CAF-1 in yeast in vivo
[34]. These data are consistent with the prediction that H3 ubiquitination promotes the trans-
fer of H3-H4 to Rtt106p from Asflp, but not to CAF-1. In contrast, similar co-precipitation
analyses performed in human cells demonstrated that depletion of the Cul4 E3 ubiquitin ligase
results in decreased association of H3 with both p150, the Caclp homolog, and Daxx, implying
histone ubiquitination may serve to regulate chromatin assembly pathway usage in mammals
as well [34], but the reason for these differences between organisms has been unclear. In yeast,
either CAF-1 or Rtt106p can deposit histones onto newly synthesized DNA [1,4]. However, as
Cac2p and Rtt106p co-precipitate in vitro and in vivo [1,35], it is possible that H3-H4 might
also be transferred between CAF-1 and Rtt106p. Neither ASF1, CACI, nor RTT106 are essen-
tial in budding yeast, and double or triple mutant combinations are also viable [1,4,36,37].
Thus, alternative pathways must function to support packaging of newly replicated DNA in
these contexts.

Like Asflp, CAF-1, and Rtt106p, Hiflp has been implicated as a histone H3-H4 chromatin
assembly factor [5], but its relationship to other factors within the replication-coupled chroma-
tin assembly network is less well characterized. Hif1 p/NASP uses distinct mechanisms to bind
either H3-H4 tetramers or H2A-H2B dimers, and Hiflp can also bind to octamers in vitro
[38,39]. Similar to Hiflp, NASP can bind H2A-H2B dimers, H3-H4 dimers, or sSNASP
(somatic NASP) can dimerize and bind H3-H4 tetramers, as well as interact with ASF1A/B
[38,40-42]. In yeast, Hiflp is found in the NuB4 complex with acetyltransferase Hatlp and
Hat2p [5,43] via an interaction with Hat2p [42]. Hatlp plus Hat2p make up the HAT-B com-
plex, which acetylates newly synthesized histones on H4 K5 and 12 [44-46]. Asflp/H3/H4
interacts with HAT-B or NuB4 in vitro via H3-H4 contacts [42] and the stability of interactions
between Asflp and HAT-B or NuB4 in vivo require Hat2p [47]. Although both HAT-B and
NuB4 form complexes with Asf1p/H3/H4 in yeast and in human cells [41,42,47], their rela-
tionship with respect to functioning upstream or in parallel to CAF-1 and Rtt106p-mediated
chromatin assembly pathways, plus the extent to which they function in Asflp-independent
pathway(s) remain poorly understood. How H3 K56ac and H3 K122ub affect interactions
between NuB4 and either Asflp or H3-H4 is also unclear. However, loss of RTT109 does not
abrogate the association between Hat2p and Asflp, indicating that H3 K56ac is not required
for this interaction [41].

Acetylation of H4 K16, H4 K16ac, by SAS-I also occurs during S phase [48] and is linked to
replication-coupled chromatin assembly. The S phase-specific increase in H4 K16ac levels is
delayed in cacIA and asfIA mutants, and chromatin-associated H4 K16 is hypoacetylated in
caclA and asfIA mutants relative to wild-type [48-50]. Moreover, Sas2p and Caclp interact in
yeast two hybrid studies, and Asflp or CAF-1 co-immunoprecipitate with SAS-I [51,52].
These data support a model where H4 K16ac deposition is regulated in a CAF-1 and Asflp-
dependent manner during replication-coupled chromatin assembly in S phase. Whether these
assembly factors function independently or together to promote SAS-I-dependent H4 K16ac is
unknown and how Rtt106p-mediated chromatin assembly influences H4 K16ac has not been
explored previously.

We have examined the organization of replication-coupled chromatin assembly pathways
within this network, how these pathways contribute to the deposition of appropriately
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modified histones during DNA replication and repair, and how this process promotes the for-
mation of appropriate epigenetic states at individual loci. Here we show that CAF-1 interacts
with Asflp in live cells in a RTT109- and cell cycle-dependent manner, and a CAF-1-depen-
dent chromatin assembly pathway restricts where silent chromatin can form by promoting H4
K16ac. In contrast, while interaction between Rtt106p and Asflp similarly requires RTT109,
H4 K16ac is independent of Rtt106p, and disruption of Rtt106p-dependent chromatin assem-
bly as well as loss of Hatlp- or Hiflp-dependent pathways do not promote promiscuous silent
chromatin formation. These and additional findings support a model in which this Rtt106p-
dependent pathway is functionally separated from the CAF-1-dependent pathway at or down-
stream of Asflp/Rtt109p. Furthermore, while Rtt101p promotes the Rtt106p-dependent path-
way via ubiquitination of H3, Rtt101p also promotes a CAF-1-dependent pathway and H4
K16ac, but does so in a H3 ubiquitination-independent manner. Our findings imply process-
ing of histones through different chromatin assembly pathways within this network during
DNA replication will result in the deposition of histones with distinct modification patterns.
These distinct patterns, in turn, can differentially influence the probability of forming new epi-
genetic states.

Materials and methods
Strain construction

Yeast strains used for this study are described in S1 Table and were generated using standard
yeast genetic methods, including by genetic crosses, by plasmid shuffling to generate yeast
strains expressing histone mutants (for plasmids see S2 Table) and by one-step gene conver-
sion by homologous recombination to delete open reading frames (for primers see S3 Table)
[53]. In general, at least two independent clones for each genotype were analyzed in
experiments.

Plasmid construction

Plasmids used for this study are listed in S2 Table. Plasmids expressing histone mutants were
generated by site-directed mutagenesis using Phusion polymerase (NEB, cat# M0530S) and
primers described in S3 Table as described previously [50].

FLIM FRET

Fluorescence lifetime imaging microscopy and Forster resonance energy transfer, FLIM--
FRET, was performed using scanning confocal time-resolved microscope systems; the Micro-
time 200 (Picoquant GmbH) (for all figures containing FLIM-FRET data except where noted
in figure legend) as described previously [49,50], or an Alba (ISS, Champaign). For the Alba
unit, a 488 nm picosecond pulsed laser with a 20 MHz repetition rate was used to excite GFP
through a 60x apochromatic water immersion objective (NA = 1.2). Photons were collected by
the same objective, reflected by a 560 nm dichroic filter (Chroma), then passed through a

50 um pinhole to block oft-focus photons, then further filtered with a band-pass filter (525/50
nm, Chroma) prior to detection via an avalanche photodiode (SPCM-AQRH-15, Excelitas)
[54]. For both systems, the detected photons were stored in time-tagged time-resolved (TTTR)
format to generate time-correlated single photon counting (TCSPC) histograms, and Fluores-
cence lifetimes plus FRET efficiency were calculated as described previously [49,50,54]. For
lifetime analysis from Alba system, a threshold was used to exclude non-nucleus signal and a
binning size of 7 pixels was used. The output image only contains lifetime data without inten-
sity information. For each replicate, lifetime data was collected from ~15-20 cells with each
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morphology noted in figure legends and at least two independent replicates were performed
for each pair condition. Representative lifetime images were collected during experiments.

Cell fractionation

A 200 mL cell culture was grown to logarithmic phase (0.8—1 ODgoo/mL) for isolation of nuclei
and subsequent chromatin fractionation as described previously [50].

Protein blot analyses

Chromatin fractions were separated by electrophoresis on 15% SDS-PAGE gels, then trans-
ferred to PVDF membranes and processed as described previously [50] using anti-acetyl H4
K16 antibodies (Millipore, Cat# 07-329) (1:2000) for the primary antibody and HRP-conju-
gated anti-rabbit antibodies (GE Healthcare Life Sciences, Cat# NA934V) (1,10,000) as the sec-
ondary antibody. Membranes were stripped and reprobed with 1:6000 anti-H3 (Abcam, Cat#
ab1791) (loading control) as outlined previously [50]. Blots were visualized using Luminata Cre-
scendo Western HRP Substrate (Millipore) and imaged using ChemiDoc XRS+ System, then

H4K16ac,,,;/HAK16acy
H3 e /H3wr ’

where mut = indicated strain, mean + SD, n = 3. Statistical analyzes were conducted with the
Wilcoxon rank-sum test using MSTAT v.6.5 (http://mcardle.oncology.wisc.edu/mstat).

Protein blot analysis of Sas5-YFPp levels in chromatin fractions was performed in a similar
manner except blots were incubated overnight with anti-GFP (Genetex, Cat# GTX113617)
(1:2500) at 4°C and then with HRP-conjugated anti-rabbit antibodies (GE Healthcare Life Sci-
ences, Cat# NA934V) (1:10,000). Membranes were stripped, and re-probed with 1:5000 anti-
PCNA antibodies [56,57], then incubated in HRP-conjugated anti-rabbit antibodies (GE
Healthcare Life Sciences, Cat# NA934V) (1:10,000) at room temperature. Blots were then visu-
alized and analyzed as above (see also [50]).

Protein blot analyses of H3 K56ac levels in chromatin fractions were performed similarly,
except blots were initially probed with anti-H3 K56ac antibodies (Active Motif, Cat# 39281)
(1:5000) overnight at 4°C, then with HRP-conjugated anti-rabbit antibodies (GE Healthcare
Life Sciences, Cat# NA934V) (1:10,000), stripped and re-probed for H3 expression and visual-
ized as above (see also [50]). Numerical data is provided in 54 Table.

quantified using Image Lab Software 5.1. Data were calculated as follows:

Patch mating assays

Cells were patched onto a YPD (1% Yeast extract, 2% Bacto Peptone, 2% D-Glucose) plate, or
a minimal medium YM (6.7% Yeast Nitrogen Base without amino acids, 2% Glucose) plate
with supplements, and grown overnight at 30°C. Cells were then replica plated onto a YPD
plate as a control for growth and a MATa his4 tester lawn on a YM plate lacking supplements
to test for silencing at HMR or HMRae**. The cells were then incubated at 30°C for one to two
days (see [57]).

Quantitative mating assays

Quantitative mating assays were conducted as described previously [57,58]. Statistical analyzes
were conducted with the Wilcoxon rank-sum test using MSTAT v.6.5. Regression analyses
with Bonferroni adjustments were also conducted to control for Type 1 error rates.

Flow cytometry

One mL of logarithmically growing yeast were collected by centrifugation, resuspended in
70% ethanol (v/v with dH,0), and stored overnight at 4°C. Cells were washed 2X in FACS
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buffer (200 mM Tris-HCI, 20 mM EDTA, 0.001% NaN3), resuspended in 100 puL of 0.1%
RNase in FACS buffer and incubated for two h at 37°C. Cells were washed one time with 1x
PBS, then incubated in 100 pL propidium iodide solution (0.05 mg/mL propidium iodide in
1x PBS) for > one h in the dark at 4°C. The sample volume was adjusted to one mL with 1x
PBS. Samples were sonicated briefly (Branson Sonifier 450, VWR Scientific) prior to analysis
by Flow Cytometry (BD Accuri C6, FlowJo software v.7.6.5).

Colony color assays

Colony color assays were conducted as described previously (see [57]).

Growth assays for synthetic interactions

Ten-fold serial dilution assays were conducted similar to as described previously [57,59].
Briefly yeast with indicated genotypes were grown logarithmically overnight in YPD or Com-
plete Supplement Medium lacking tryptophan, CSM-TRP (6.7% Yeast Nitrogen Base without
amino acids, 2% glucose, complete supplements lacking tryptophan), diluted to 1x10* cells/pl,
then 2.5 ul of 10-fold serial dilutions were spotted onto YPD medium under the conditions
noted in the Figures.

Chromatin immunoprecipitation

Yeast were grown logarithmically in YPD medium, then chromatin immunoprecipitation,
ChIP, analyses were conducted using IgG (Diagenode, Cat. #C15410206), anti-histone H4 ace-
tyl-Lys16 (Active Motif, Cat. #39167) or anti-H3 (Abcam, Cat. #ab1791) antibodies. Co-pre-
cipitated DNAs were analyzed by real-time PCR using an ABI Prism 7000 using
oligonucleotides to monitor e** and al as described previously [50,58-60]. Statistical analyses
of ChIP data were conducted using the Wilcoxon rank-sum test with MSTAT v.6.5. Regression
analyses with Bonferroni adjustments were also conducted to control for Type 1 error rates.

Results

Loss of CAF-1 and Asflp, but not Rtt106p, Hif1p or Hatlp, promote
silencing at HMRae**

Strong evidence supports Asflp functioning upstream of both CAF-1 and Rtt106p during
DNA replication [4,19-25,28-30], and links between Asflp and Hiflp during chromatin
assembly have also been reported [40,41,42,61], but the distinct cellular functions of CAF-1,
Rtt106p, and Hiflp have remained unclear. To evaluate their relationship and uncover distinct
functions, we first examined silencing at the crippled HMRae** locus (Fig 1A). At HMRae**,
the E silencer contains mutated Raplp and Abflp binding sites, which prevents Sir protein
recruitment and silencing (Fig 1B), resulting in a non-mating phenotype for MATa HMRae**
cells due to simultaneous expression of both @ and o mating-type information [59,62]. How-
ever, certain second-site mutations leading to defects in H4 K16ac can restore silencing at this
locus (Fig 1B) [52,59]. Similarly, silencing at HMRae** is restored in cells lacking ASF1,
RTTI109, or CACI (Fig 1C) [50,52,57,59]. However, in contrast to caclA and asfIA mutants,
silencing at HMRae** was not restored in patch mating assays in either rtf106A or hiflA
mutants (Fig 1C and 1D, see also [63]). Moreover, silencing was also not restored at HMRae**
in cells lacking Hiflp’s interacting factor, Hatlp (Fig 1D) [42], or in H4 K5,12R mutants,
which lack HATI-dependent acetylation events associated with newly synthesized histone H4
[44,45,52]. Together, these results were consistent with the silencing phenotype at HMRae**
having resulted from defects in a chromatin assembly pathway involving Asflp and CAF-1,
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A. HMRae**
* a2 at
ACS rap1 abf1 ABF1 ACS
E Silencer I Silencer
B.
HMRae** + H4 K16ac HMRae** + H4 K16

ACS rap1 abf1

MATo. HVIRa MATo. HMRa

MATo. HMIRae** MATo. HMRae**
MATo. HVIRae** asf1A MATo. HMRae** hif1A
MATo. HMIRae** cac1A MATo. HMIRae** hat1A

MATo. HMRae™* rtt106A MATo. HMRae™* sas2A

~——————| rtt106A

cac1A

—|sas2A

WT

|

1N 2N
Fig 1. Loss of CACI or ASFI, but not RTT106, restores silencing at HMRae**. A) Map of HMRae**. B) Mutants
with defects in H4 K16ac promote Sir protein binding and restore silencing at HMRae**. 1, 2, 3, and 4 are Sir1p, Sir2p,
Sir3p, and Sir4p, respectively. C and D) Patch Mating Assays. Cells with the indicated genotypes were grown on YPD
at 30°C overnight, then were replica plated onto minimal medium (YM plate) with a MATa lawn (JRY2726) and were
grown at 30° for two days prior to imaging. Only cells that were silenced at HMRae** mated and grew as diploids on
the MATa plate. E) Flow Cytometry. Yeast with the indicated genotypes were grown logarithmically in YPD at 30°C
prior to harvesting to assess cell cycle distribution by Flow Cytometry.

https://doi.org/10.1371/journal.pgen.1009226.9001

rather than Rtt106p or Hiflp. These results also supported a model in which histones H3/H4
could enter the pathway involving Asflp and CAF-1 via a HAT-B or NuB4-independent pro-
cess (see Discussion).
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Chromatin-associated H4 K16ac does not require RTT106, but is defective
in rtt109A mutants

The differing ability of caclA and rtt106A mutants to restore silencing at HMRae** raised the
possibility that important and distinct functions of Rtt106p and CAF-1 are to assemble differ-
entially modified chromatin during DNA replication. Like in asfIA and cacIA mutants, loss of
any one of the subunits of the H4 K16-specific acetyltransferase complex SAS-I (encoded by
SAS2, SAS4, or SAS5) restores silencing to HMRae** (Fig 1D) [52,64-66] as does a catalytically
inactive mutant of SAS2 [52]. Moreover, cells lacking SAS2, CACI or ASFI have decreased lev-
els of chromatin-associated H4 K16ac (Table 1, [49,50]). As loss of CAC1, ASF1, or RTT109
[50, 52, 57, 59], but not RTT106 (Fig 1C), restored silencing at HMRae**, we predicted that,
like asfIA and caclA mutants, rtt109A, but not rtt106A, mutants would exhibit defects in H4
K16ac. To test this prediction, we analyzed H4 K16ac levels in chromatin fractions isolated
from logarithmically growing rtt109A, rtt106A, caclA, or sas2A mutants relative to wild-type
cells. rtt106A mutants had similar levels of H4 K16ac as in wild-type cells. In contrast, reduced
levels of H4 K16ac were observed in rtt109A mutants, similar to cacIA and sas2A mutants
(Table 1 and S1 Fig, see also [49]). As acetylation of H4 K16 is cell cycle-regulated [48], one
explanation for these observations could have been that rtt106A mutants were enriched in S
phase cells, whereas the cacIA mutants had accumulated outside of S phase. However, when
we monitored the cell cycle distribution of logarithmic cultures of each mutant as well as wild-
type by flow cytometry, their cell cycle distributions were similar to wild-type (Fig 1E).
Together, these results were consistent with H4 K16 hypoacetylation at HMRae** promoting
restoration of silencing (see also [52,59]) and deposition of H4 K16ac occurring through an
Asflp/Rtt109p/CAF-1-mediated pathway that functions independently of Rtt106p.

Sas5p association with chromatin in the absence of chromatin assembly
factors

We have previously demonstrated SAS-I, a complex responsible for H4 K16ac, interacts with
PCNA, and this interaction is disrupted when cells express pol30 mutants with defects primarily
in Asflp- or CAF-1-dependent chromatin assembly pathways [49]. This data, along with the
observation that chromatin-associated H4 K16ac levels are also decreased in pol30, cacIA, and
asflA mutants, but not in r#t106A mutants (Table 1 and S1 Fig) [49], raised the possibility that
recruitment of SAS-I to chromatin was dependent on one of these factors. Therefore, we analyzed
Sas5p levels in chromatin fractions isolated from wild-type, caclA, rtt106A, asflA and rtt109A
mutants by immunoblotting. However, the level of chromatin-associated Sas5p in rtt106A, caclA

Table 1. rtt109 mutants have defects in chromatin-associated H4 K16ac.

Genotype Relative Levels of H4 K16ac'
Wild-type 1
sas2A 0.42 + 0.056*
rtt106A 0.91+0.24
caclA 0.61 + 0.22°
rtt109A 0.37 +0.13°

"The relative level of chromatin-associated H4 K16ac in each strain was determined by quantitative protein blot
analyses, was normalized to H3, and expressed relative to that observed in wild-type cells, which was set to 1 (see
Materials and Methods). Avg. + St. Dev., n = 3. Numerical data is in S4 Table.

2P = 0.03, Wilcoxon rank-sum test. (Representative immunoblot shown in S1 Fig).

https://doi.org/10.1371/journal.pgen.1009226.t001
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Table 2. Sas5p associates with chromatin in cells lacking ASF1 or CACI.

Genotype Relative Levels of Sas5-YFP'
SAS5-YFP 1
SAS5-YFP caclA 1.1+0.29
SAS5-YFP rtt106A 0.90 + 0.27
SAS5-YFP asfIA 0.99 + 0.044
SAS5-YFP rtt109A 0.75 + 0.12*

"The relative level of chromatin-associated Sas5-YFPp in each strain was determined by quantitative protein blot
analyses, was normalized to H3, and expressed relative to that observed in wild-type cells, which was set to 1 (see
Materials and Methods). Avg. + St. Dev., n = 4. Numerical data is in S4 Table.

2P = 0.03; Wilcoxon Rank-Sum test. (Representative immunoblot shown in S2 Fig).

https://doi.org/10.1371/journal.pgen.1009226.t1002

or asfIA mutants remained similar to wild-type, but was mildly reduced in rtt109A mutants
(Table 2 and S2 Fig). Together, these observations are consistent with SAS-I being recruited to
chromatin through multiple mechanisms, but how this occurs awaits further study.

Asflp interacts with Caclp and Rtt106p in a RTT109-dependent manner in
vivo
We next explored protein-protein interactions amongst these factors in live cells to examine
their relationship during chromatin assembly. As the interactions between H3 and Caclp or
Rtt106p are promoted by H3 K56ac [4,21], we predicted that previously observed interactions
between Asflp and Caclp or Rtt106p may require RTTI09 [35,67]. To test this, we first assessed
interactions between Asflp and Rtt106p by measuring the fluorescent lifetime of GFP in live
cells expressing either Asfl1-GFPp alone, or Asf1-GFPp plus Rtt106-mCherryp, or negative con-
trol Spc29-mCherryp by FLIM-FRET. In FLIM-FRET, if a FRET interaction occurs between
the donor (GFP)-tagged protein and the acceptor (mCherry)-tagged protein, the lifetime of the
donor in the excited state will decrease relative to the cells expressing only the donor-tagged
protein. In this analysis, we evaluated interactions between Rtt106-GFPp and Asfl-mCherry in
small budded cells as the association of H3 and Rtt106p is cell cycle-dependent and peaks in S
phase [4]. A decrease in the lifetime of GFP was observed in small-budded cells with a single
nucleus expressing both Rtt106-GFPp and Asfl-mCherryp relative to cells expressing
Rtt106-GFPp alone or Rtt106-GFPp plus the Spc29-mCherry control, indicating that Asflp
interacted with Rtt106p in vivo [Fig 2A and 2B, see also [4,34]]. The FRET efficiency between
Rtt106-GFPp and Asfl-mCherryp was calculated from the lifetimes obtained from the TCSPC
decay histograms that were fitted with a double exponential function, and the FRET efficiency
of Rtt106-GFPp with Asfl-mCherryp was 12% (Fig 2C). Loss of RTT109 in Rtt106-GFPp
Asfl-mCherryp cells resulted in a lifetime of GFP that was similar to that of cells expressing
Rtt106-GFPp alone (Fig 2A and 2B) and FRET interactions were lost in the rtt109A mutants
(Fig 2C), indicating that the interaction between Rtt106p and Asflp was dependent on RTT109.
To assess interactions between Asflp and Caclp, we measured the lifetime of GFP in live
cells expressing either Asf1-GFPp alone, or Asfl1-GFPp plus Cacl-mCherryp or negative con-
trol Spc29-mCherryp by FLIM-FRET. In this analysis, the lifetime of GFP in small-budded
cells with a single nucleus expressing both Asfl1-GFPp and Cacl-mCherryp decreased relative
to that observed in cells expressing Asfl1-GFPp alone or the Spc29-mCherryp control (Fig 3A
and 3B; see also Fig 3D and 3E). To quantitate these protein-protein interactions, FRET effi-
ciency between Asfl-GFPp and Cacl-mCherryp was calculated as above. The FRET efficiency
of Asf1-GFPp with Cacl-mCherryp in two independent analyses was 12 or 8%, whereas no
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Fig 2. Rtt106p and Asflp interact in a RTT109-dependent manner in vivo. A) Confocal fluorescence lifetime images of GFP in small-budded live cells
expressing the fluorescently-tagged proteins as indicated. White scale bars are equivalent to 5um. FLIM scale bar: 1 nanosecond, blue; 3 nanoseconds, red. B)
The average lifetime of GFP in indicated strains. Error bars represent the standard deviation of ten FLIM measurements taken for each genotype. C) FRET
efficiency of indicated strains.

https://doi.org/10.1371/journal.pgen.1009226.9002

interaction was observed in cells expressing Asf1-GFPp and the control Spc9-mCherryp (Fig
3C-3F, respectively). In contrast, interaction between Asf1-GFPp and Cacl-mCherryp was
lost in unbudded cells (Fig 3D-3F), indicating Asflp and Caclp interacted in a cell cycle-
dependent manner in vivo [4,22]. Loss of this interaction could also be observed in occasional
cells containing two nuclei (e.g. Fig 3D, right panel), but whether the loss of FRET was syn-
chronous as cells passed through mitosis was not determined. When RTT109 was deleted in
these cells, the lifetime of GFP did not change in small budded cells containing a single nucleus
relative to cells expressing Asf1-GFPp alone, and FRET interactions were lost, indicating that
the interaction between Asflp and Caclp in vivo was RTT109-dependent (Fig 3A-3C). In sup-
port of this interaction being linked to DNA replication-coupled chromatin assembly, Asflp
interacted with PCNA in similar FLIM-FRET analyses (S3 Fig), and we have previously dem-
onstrated that SAS-I and Rtt109p similarly interact with wild-type PCNA, but not with PCNA
(pol30-6p) mutants that have defects in ASFI-dependent pathways, or with PCNA (pol30-8p)
mutants that have defects in CAF-1-dependent pathways [49]. Collectively, these data imply
that not only does Rtt109p/H3 K56ac play a role in promoting transfer of histones from Asflp
to CAF-1 or to Rtt106p, but also that RTT109 is required for association of Asflp with CAF-1
or Rtt106p in vivo.

Overexpression of SAS2 disrupts silencing at HMRae** in rtt109A mutants

Combined, the observations that loss of H4 K16ac [49,50,52,59], ASF1 (Fig 1C, see also [52,
59]) or CACI (Fig 1C, see also [50,57]) restore silencing at HMRae**, and that RTT109 was
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https://doi.org/10.1371/journal.pgen.1009226.g003
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Fig 4. Effects of histone modifications associated with replication-coupled chromatin assembly on silencing at
HMRae**. A) Loss of RTT109 restored silencing at HMRae** in a SIR2-dependent manner. B) Overexpression of
SAS2 in rtt109A mutants disrupted silencing at HMRae**. C) The catalytic activity of Sas2p was required to disrupt
silencing at HMRae** in rtt109A mutants. D) Acetylation of H3 K56 did not require H3 K122ub. E) Acetylation of H3
K56 did not require RTT101, SAS2 or HIF1. F) Loss of acetylation at H3 K56, but not of ubiquitination at H3 K122
restored silencing at HMRae** (see also Table 3). G-H) Loss of RTT101 (G), but not of ubiquitination at H3 K121,
K122 plus K125 (H) restored silencing at HMRae**. Cells with the indicated genotypes were analyzed as in Fig 1.

https://doi.org/10.1371/journal.pgen.1009226.9004

required for interactions between Asflp and Caclp in vivo (Fig 3A-3C), implied that Rtt109p
and H3 K56ac functioned upstream of H4 K16ac. Consistent with this model, chromatin-asso-
ciated H4 K16ac levels were decreased in rtt109A mutants relative to wild-type cells (Table 1
and S1 Fig), and loss of RTT109 restored silencing at HMRae** in a SIR2-dependent manner
in patch mating assays (Fig 4A, see also [59]). Moreover, silencing at HMRae** in rtt109A
mutants was disrupted upon overexpression of SAS2 (Fig 4B), but not catalytically inactive
sas2-Mlp (Fig 4C) [51,68], indicating suppression required the catalytic activity of Sas2p. To
determine if the observed SAS2-mediated suppression was stable, several colonies from single
parental clones were expanded individually and analyzed by patch mating. These subclones
varied in their ability to mate (S4 Fig). Thus, overexpression of SAS2 disrupted silencing at
HMRae** mediated by loss of RTT109, but in a variegated manner, consistent with overexpres-
sion of SAS2 having negatively influenced the probability of establishing the silenced state.
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Loss of RTT101, but not H3 K122A or H3 K122R, restores silencing at
HMRae**

Recently, ubiquitination of H3 has been proposed to promote the transfer of histones from
Asflp to Rtt106p based on observations that in cells with defects in H3 ubiquitination medi-
ated by the cullin Rtt101p, H3 co-precipitation with Asflp is increased, and co-precipitation of
H3 with Rtt106p is reduced, whereas co-precipitation between Cac2p and H3 is unaffected
[33]. Our new observations presented the opportunity to test this prediction as if loss of ubi-
quitination of H3 disrupted a RTT106-mediated chromatin assembly pathway, then H3
mutants with defects in ubiquitination would be unable to silence HMRae**, as was the case
for rtt106A mutants. Therefore, we analyzed H3 K122A and H3 K122R mutants as K122 is the
primary residue on H3 that is ubiquitinated in a RTTI101-dependent manner [33]. Ubiquitina-
tion of H3 K122 (Fig 4D) and RTT101 (Fig 4E) were not required for acetylation on K56 of
chromatin-associated histone H3 (see also [33,69]). In contrast to H3 K56R mutants, and simi-
lar to rtt106A mutants, H3 K122A and H3 K122R mutants did not restore silencing at
HMRae** (Fig 4F and Table 3 [59]). Surprisingly, however, silencing was restored at HMRae**
cells lacking RTT101 (Fig 4G). One possible explanation for the differing phenotypes between
H3 K122 and rtt101A mutants was that ubiquitination of a different substrate of Rtt101p may
have influenced the probability of establishing silencing at HMRae**. As K121 and K125 of
histone H3 can also be ubiquitinated in a RTT101-dependent manner, we tested silencing at
HMRae** in H3 K121, 122, 125R mutants (Fig 4H), but silencing was not rescued in this
genetic background either, in contrast to H4 K16R mutants. Together, these results were con-
sistent with Rtt101p functioning in a histone H3 ubiquitination-independent process that nor-
mally prevents silent chromatin from forming at “off target sites” such as that illustrated by
HMRae** (see below).

H3 K122 mutants and caclA, but not rtt106A, display synthetic silencing
defects

To further explore the relationship between chromatin assembly pathways, RTT101-depen-
dent ubiquitination of H3, and additional aspects of silencing, we analyzed synthetic effects on
silencing at HMR between H3 K122 mutants and caclA, rtt106A, hiflA, hat1A, rtt109A, or
asflA mutants using the HMR::ADE2 reporter, which contains wild-type silencers flanking the
reporter gene (S5 Fig). Multiple H3 K122 mutants were chosen instead of RTT101 in these
analyses for specificity, as Rtt101p interacts with multiple proteins that function in numerous
processes in chromatin biology ranging from the initiation of DNA replication to DNA repair

Table 3. Loss of H3 K122 ubiquitination does not restore silencing at HMRae**.

Strain Relative Efficiency of Mating’
H3/H4 1

H3 K122A/H4 0.65 + 0.29°

H3 K122R/H4 1.0 +0.45

H3 K56R/H4 8.5+ 3.7

"The efficiency of mating of MATo. HMRae** cells expressing wild-type H3-H4 to tester strain JRY2726 (MATa) was
determined relative to their plating efficiency (1.2 + 0.025%, n = 4), and set to 1. The mating efficiency of each strain
relative to MATo. HMRae™* cells with wild-type H3 H4 was determined as outlined in Materials and Methods. Avg. +
St. Dev.; n = 3 or 4. Numerical data is in 54 Table.

2p = 0.024; Wilcoxon Rank-Sum test.

https://doi.org/10.1371/journal.pgen.1009226.t003
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to sister chromatid cohesion to silencing (e.g. [70-74]), and other post-translational modifica-
tions to this H3 residue, in addition to ubiquitination, have been reported in other organisms
[77-79]. In contrast to HMRae**, which exclusively assesses changes to the locus that promote
the silent state of HMRae** during G1 phase in individual cells via measuring G1 phase-spe-
cific mating events, the HMR::ADE2 reporter (S5A Fig) can instead be used to monitor defects
in silencing at a locus containing wild-type E and I Silencers as well as defects in the longer-
term stability, or maintenance, of the silenced state across cell generations. In wild-type cells,
HMR::ADE2 is silenced and colonies are red in color. However, if mutant yeast have defects in
silencing, their colonies may be pink, sectored, or white, depending on the nature and severity
of the silencing defect. In our analyses, wild-type cells expressing H3 grew as red colonies
(S5B-S5E Fig), whereas expression of H3 K122R in otherwise wild-type cells resulted in colo-
nies becoming light pink, which indicated a defect in maintaining or inheriting silent chroma-
tin had occurred in the presence of a positive charge plus the absence of ubiquitination at this
residue (S5B Fig).

Expression of H3 K122Q (S5C Fig) or H3 K122A (S5D and S5E Fig) in an otherwise wild-
type cell also resulted in pink colonies. caclA mutants grew as sectored colonies (see also
[49,80]), but when combined with H3 K122A or H3 K122R, the colonies were white (S5B, S5D
and S5E Fig). This negative synthetic interaction between caclA and H3 K122 mutants demon-
strated Caclp and H3 K122ub operate in separate pathways with regards to silencing HMR::
ADE2. However, expression of H3 K122Q in caclA mutants did not lead to more severe silenc-
ing defects relative to single mutants (S5C Fig), indicating that ubiquitination on H3 per se was
not critical for silencing, rather the charge state present at this residue, or at least the surface of
H3 at this location, was. Like caclA mutants, rtt106A mutants also exhibited a silencing defect,
but expression of the H3 K122R or H3 K122A in rtt106A mutants did not result in synthetic
defects in silencing relative to single mutants (S5B, S5D and S5E Fig), which is consistent with
Rtt106p and H3 K122ub operating in the same pathway with regards to silencing HMR::
ADE2. However, in contrast to caclA mutants, expression of H3 K122Q in rtt106A mutants
lead to growth defects relative to single mutants (S5C Fig), precluding reliable assessment of
their silencing phenotype under the conditions tested. Growth defects, often severe, were also
observed when asfIA or rtt109A mutants were combined with H3 K122 mutants, with silenc-
ing being lost in the rt#09A H3 K122Q mutants (S5B-S5E Fig, described in more detail below).

Although loss of HIF1 or HAT1 could not restore silencing at HMRae** (in contrast to
asflA or caclA mutants; Fig 1), physical interactions between Asfl/H3-H4 and HAT-B or
NuB4 have been reported [42,47,81]. H4 K5, 12ac copurifies with Asflp [34], and H4 that
copurifies with Cac2p can contain acetylated K5 and K12, both with and without H4 K16ac
[82] (see also [83]). Such observations are consistent with HAT-B and/or NuB4 functioning, at
least in part, upstream of CAF-1, and potentially Rtt106p as well, during replication-coupled
chromatin assembly. Therefore, we also evaluated silencing in H3 K122A/R/Q mutants com-
bined with hifIA or hat1A mutants. In contrast to loss of CACI, and more similar to loss of
RTTI06, loss of HIFIor HATI in H3 K122A mutants did not lead to more severe silencing
defects than those observed for the individual H3 K122A mutants (S5D and S5E Fig). These
results were consistent with HAT-B or NuB4 functioning in the same pathway as H3 K122ub
with respect to silencing. However, as more severe silencing defects were observed e.g. in H3
K122R and hifIA H3 K122R mutants (S5B Fig), this surface of H3 appears to have at least one
additional function important for silencing. Combined, these results indicated H3 K122
mutants with defects in silencing were differentially sensitive to perturbations to replication-
coupled chromatin assembly pathways.
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H3 ubiquitin-deficient mutants display synthetic growth defects with
mutants defective in modifying histones or assembling chromatin

To better characterize the genetic relationships between H3 ubiquitination mutants and factors
associated with modifying histones and/or replication-coupled chromatin assembly, caclA,
rtt106A, hiflA, hat1A, rtt109A, asfIA, sas2A or dot1A mutants expressing H3 K122A/R/Q or
wild-type H3/H4 were tested for synthetic interactions that could be revealed by growth under
different temperatures (S6 and S7 Figs). Each single H3 K122 mutant in otherwise wild-type
cells exhibited mild growth defects in serial dilution growth assays, but H3 K122Q mutants
exhibited more severe growth defects at 23°C relative to cells expressing wild-type H3 (S6 and
S7 Figs; see also [84]). However, caclIA mutants expressing H3 K122R or H3 K122A had more
severe growth defects relative to single mutants or wild-type at all temperatures tested, 23°C,
30°C, and 35°C, with largest growth defects observed at both 23°C and 35°C (S6A and S7
Figs). These defects could be suppressed by exogenous expression of CACI or cacl mutants
mimicking unphosphorylated or phosphorylated forms of Caclp (S8 and S9 Figs) [50], imply-
ing that the observed synthetic defects were not related to pathways associated with phosphor-
ylation of Caclp. caclA H3 K122Q mutants grew more efficiently relative to wild-type than
caclA H3 K122R or H3 K122A mutants at all temperatures tested (S6 and S7 Figs), and cacIA
H3 K122Q mutants grew with similar efficiency as single H3 K122Q mutants (S6A Fig), imply-
ing the charge of this residue affected whether the mutant compromised a pathway separate
from CACI. In contrast to caclA H3 K122Q mutants, rtt106A H3 K122Q mutants exhibited a
synthetic defect in growth at all temperatures relative to single mutants (S6A Fig), whereas
expression of H3 K122A in rt106A mutants did not adversely affect growth rate or viability
(S7 Fig), and rtt106A H3 K122R mutants exhibited a slight growth defect at 23°C and 35°C,
but not at 30°C relative to single mutants (S6A Fig). Together these results are consistent with
the charge state of H3 K122, in addition to the ubiquitination state, differentially contributing
to synthetic growth defect upon loss of CACI or RTT106.

We also explored if the genetic interactions between H3 K122R/Q observed above could be
linked to defects in Sas2p-dependent acetylation of H4 K16 [49], Dotlp-dependent methyla-
tion of H3 K79 [85,86], or Rtt109p-dependent acetylation of H3 K56. H3/H4 co-purifying
with CAF1 are acetylated on H4 K16 [82], methylated on H3 K79 [82], and acetylated on H3
K56 [82,87]. Loss of SAS2 or RTT109 or expression of H4 K16R or H3 K56R, but not DOT1 or
expression of H3 K79R, restores silencing at HMRae** (Fig 1D and [52,59,66,88]). However,
the single H3 K122R or H3K122Q mutants and sas2A or dotIA double mutants grew similarly
at each temperature (S6B and S6C Fig), supporting a model in which the observed negative
genetics interactions between K122 mutants and cacl mutants did not require Sas2p-mediated
acetylation of H4 K16 or Dotlp-mediated methylation of H3 K79. In contrast to sas2A and
dot1A mutants, expression of H3 K122A or H3 K122Q in rtt109A mutants resulted in severe
growth defects compared to either single mutants at all temperatures and conditions tested
(S6B and S7 Figs; see also S5 Fig). Similar results were observed in asfIA H3 K122Q mutants
(S6B Fig; see also S5 Fig). asfIA H3 K122A mutants could not be tested as this combination
was lethal during plasmid shuffling. asf1A H3 K122R and rtt109A H3 K122R mutants also
exhibited synthetic growth defects at 35°C (S6B Fig). Thus, in the absence of ASFI or RTT109,
the status of residue 122 on H3 became critical for growth.

When we evaluated genetic interactions between H3 K122A/R/Q and hifIA or hatIA
mutants for temperature sensitivity, hifIA H3 K122A/R/Q mutants grew with similar efficiency
as H3 K122A/R/Q single mutants (Figs 5 and 6A and S7 Fig), but hat1A H3 K122Q mutants
exhibited growth defects relative to either single mutant at 30°C and 35°C (S6C Fig, see also
S5C Fig). Also, hat1A H3 K122R mutants were also sensitive to 35°C (S6C Fig), whereas hat1A
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H3 K122A did not exhibit sensitivity compared to single mutants (S7 Fig, see also S5 Fig).
When considered together with the data above, these results further supported a model in
which HAT-B or NuB4 were not the only upstream sources of histones H3/H4 for Asflp.

Finally, to assess how loss of all RTT101-dependent ubiquitination events on H3 influenced
growth in the absence of factors linked to replication coupled chromatin assembly, we
expanded the synthetic interaction analyses in the context of H3 K122,125R (510 Fig) and H3
K121,122,125R mutants (S11 Fig). H3 K122,125R exhibited mild growth defects relative to
wild-type at 23°C, and these growth defects were enhanced at various temperatures in the
absence of CACI, RTT106, or HAT1 (S10 Fig). H3 K121,122,125R mutants exhibited mild
growth defects relative to yeast expressing wild-type H3 at 30°C, but had more severe growth
defects at both 23°C and 35°C (S11 Fig). These defects were enhanced in the absence of CACI,
RTTI106, ASF1, RTT109 or HAT1, but not HIF1, SAS2 or DOT1I (S11 Fig). Thus, the negative
genetic interactions with the H3 ubiquitination mutants followed similar trends, except more
severe defects were observed for H3 K121,122,125R mutants lacking RTT106 or HAT1. Com-
bined, these data support a model in which ubiquitination of H3 becomes critical in the
absence of ASFI and RTT109-dependent chromatin assembly. Determining whether these
synthetic interactions reflect the existence of an additional, H3 K122ub-dependent, chromatin
assembly pathway that functions in parallel to an Asflp-Rtt19p-dependent pathway during
DNA replication or reflects interactions related to ASFI-dependent functions during tran-
scription [89] awaits further studies. These data also indicate the charge status of H3 K122 dif-
ferentially contributes to viability, depending on which pathways linked to replication-coupled
chromatin assembly remained intact.

H3 ubiquitin-deficient mutants are hypersensitive to DNA damage

As several factors involved in replication-coupled chromatin assembly in addition Rtt101p
contribute to cellular responses to DNA damage (e.g. [59,90,91]), we extended the above syn-
thetic interaction analyses to include growth at 30°C upon exposure to UV light (S6, S7, S8A,
S9A, S10 and S11 Figs) and other DNA damaging agents (see below) to better understand the
functional organization of this chromatin assembly network. We observed H3 K122 mutants
were not hypersensitive to exposure to UV relative to wild-type under the conditions tested
(S6, S7, S8A and S9A Figs), but expression of H3 K122R/Q/A, or H3 K122,125R mutants in
cells lacking CACI resulted in increased sensitivity to UV light relative to the single mutants
(S6A, S7, S8A, S9A and S10 Figs). This sensitivity of H3 K122R caclA mutants, but not H3
K122Q caclA mutants, was suppressed by exogenous expression of CACI or cacl phosphory-
lation mutants (S8A and S9A Figs). H3 K122R, H3 K122Q, H3 K122,125R, and H3
K121,122,125R rtt106A double mutants, but not H3 K122A rtt106A mutants, also exhibited
increased sensitivity to UV compared to the single mutants (S6A, S7, S10 and S11 Figs), but
combining H3 ubiquitin-deficient mutants with asfIA or rtt109A mutants was lethal or near
lethal, precluding their assessment upon exposure to UV (S6B, S7 and S11 Figs). In contrast,
loss of HIFI did not lead to further sensitivity to UV when combined with the H3 mutants
(S6A, S7,510 and S11A Figs). Loss of HATI in combination with single H3 mutants also did
not dramatically affect growth in response to UV relative to single histone mutants except for
partial suppression of growth defects when combined with H3 K122A mutants (S6C and S7
Figs). Synthetic sensitivity to UV was not observed for histone mutants combined with loss of
SAS2 or DOT1 (S6B, S6C, S10 and S11 Figs), despite Dotlp and H3 K79 being important for
efficient Global Genomic Repair of UV-mediated lesions [92-94].

Previously, Asflp (via promoting H3 K56ac [95]) and CAF-1, but not Rtt106p, have been
implicated in chromatin assembly during recovery from DSB repair [74,96]. RTT101 has been
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reported to be required for checkpoint recovery via the same pathway as ASF1, but not for
assembling chromatin per se after DSB repair [74]. As Rtt101p-mediated H3 K122ub promotes
association of H3/H4 with Rtt106p, we also assessed sensitivity to DNA alkylation (MMS
[97]), double stranded DNA breaks (Zeocin [98]), and replication stress via inhibition of ribo-
nucleotide reductase (hydroxyurea, HU [99]) of H3 K122R and H3 K122Q mutants in cacIA
mutants expressing vector alone, CACI, or the phospho-mutants cacl $238,503D or cacl
§238,503A (S8B Fig) and cacl §501,503D or cacl S501,503A (S9B Fig). S238 and S503 lie within
Cdc7p-consensus phosphorylation sites on Caclp [50,100-103], and S501 and 503 of Caclp
become phosphorylated in response to DNA damage, but the significance of these phosphory-
lation events is unknown [104]. Our analyses revealed that H3 K122R and H3 K122Q mutants
were hypersensitive to MMS, Zeocin, and hydroxyurea (S8B and S9B Figs) in addition to UV
(S8A and S9A Figs) relative to wild-type H3. This sensitivity increased in the absence of CACI,
but was suppressed by exogenous expression of CACI, as well as the cacl phospho-mutants.
Similarly, H3 K121,122,125R mutants were hypersensitive to MMS and HU relative to wild-
type, and this sensitivity to MMS increased in the absence of CACI (S12 Fig). Synthetic inter-
actions during replication stress could not be ascertained under conditions tested due to the
hypersensitivity of H3 K121,122,125R mutants to HU. Together, these results are consistent
with these repair-related defects of the H3 ubiquitin mutants being associated with a CACI-
independent pathway. However, as cac2A and cac2A rtt106A mutants are similarly sensitive to
DSBs [74], this H3 K122R/Q-related hypersensitivity to zeocin is not likely due to defects in
Rtt106p-mediated chromatin assembly during checkpoint recovery from DSBs.

Defects in coordinating activities on leading and lagging strands during
DNA replication restore silencing at HMRae**

To understand why Rtt101p was important for preventing silent chromatin from forming at
HMRae** (Fig 4G), we next turned our attention to identifying Rtt101p interacting factors
that also functioned in this pathway. The cullin Rtt101p requires the adaptor Mmsl1p to bind
H3 in vitro and in vivo, but neither binding nor ubiquitination of H3 by Rtt101p/Mmslp in
vitro requires the Rtt101p/Mms1p-associated substrate receptor Mms22p [34]. As RTT101 and
H3 ubquitination fell in different pathways with respect to silencing at HMRae**, we next
assessed the impact of loss of MMS1 or MMS22 on silencing at HMRae**. Like rtt101A
mutants, but in contrast to rtt106A and H3 K122A or R mutants, silencing was restored at
HMRae** in cells lacking either MMSI or MMS22 (Fig 5A) in a SIR2-dependent manner (Fig
5B). These observations supported the possibility that an H3 ubiquitination-independent func-
tion of Rtt101p influenced silencing at HMRae**. Rtt101p/Mmslp also forms a protein com-
plex with Orc5p, however, orc5-1 mutants do not restore silencing at HMRae** [105]. In
addition, Rtt101p/Mms1p/Mms22p also interacts with several factors associated with the repli-
cation fork, including the ortholog of human AND-1, Ctf4p [70-72]. As Ctf4p promotes the
coordination of leading and lagging strands during replication [106-109], and the transfer of
parental histones to lagging strands during replication [109], we tested the impact of loss of
CTF4 on silencing at HMRae** via patch mating assays. Like in mms22A mutants, silencing at
HMRae** was restored in cells lacking CTF4 as well as CTF4 plus CACI (Fig 5C), although
Ctf4A caclA mutants also exhibited a severe negative interaction for growth (Fig 5D) (see also
[110-112]). Thus, in the rtt101A mutants, perturbations to events at the replication fork other
than H3 K122ub-dependent Rtt106p-mediated chromatin assembly likely contributed to
defects in H4 K16ac and the restoration of silencing at HMRae**. Determining whether this
could reflect a leading or lagging strand-specific defect awaits future studies.
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Fig 5. Defects in factors associated with sister chromatid cohesion restore silencing at HMRae"*. A-B) Restoration
of silencing at HMRae** in mmsIA, mms22A (A), and rtt101A (B) mutants required SIR2. C) Loss of CTF4 restored
silencing at HMRae**. For Patch Mating assays, cells with the indicated genotypes were analyzed as in Fig 1D)
Negative synthetic interaction between ctf4A and caclA mutants. Tetrads from diploid strain ade2-1/ADE2 cacl1A/
CACI CTF4/ctf4A were dissected onto YPD plates and incubated three days at 30°C prior to imaging.

https://doi.org/10.1371/journal.pgen.1009226.g005

RTT101 is required for Asf1p-CAF-1 interaction and efficient H4 K16ac at
HMRae™*

To assess further the impact of loss of RTT101 on CAF-1 function, we tested whether RTT101
was required for interactions between Asflp and Caclp in vivo. In this analysis, yeast express-
ing Asf1-GFPp, Asfl-GFPp and Cacl-mCherryp versus rtt101A mutants expressing
Asf1-GFPp and Cacl-mCherryp were analyzed by FLIM-FRET. The reduction of lifetime of
Asf1-GFPp in cells expressing both Asf1-GFPp and Cacl-mCherryp was dependent on
RTT101 in small budded cells, as was the FRET interaction between Asfl-GFPp and Cacl-m-
Cherryp (Fig 6).

One prediction from this observation was that this defect in interaction between Asflp-
Caclp in the absence of RTT101 would lead to defects in CAF-1 pathway-dependent acetyla-
tion of H4 K16. Therefore, we monitored H4 K16ac levels at HMRae** by chromatin immuno-
precipitation (ChIP) in caclA sir2A or rtt101A sir2A strains relative to sir2A strains. (Use of
sir2 mutants enabled evaluation of Sir2p-independent effects on histone acetylation at
HMRae**.) Similar to caclA mutants, e** and al were hypoacetylated in rtt101A mutants rela-
tive to wild-type (Fig 7; p = 0.007). However, like caclA, and sas2A mutants, the cell cycle dis-
tribution of logarithmic cultures of r#t101A mutants was similar to wild-type (S13 Fig). Thus,
hypoacetylation of H4 K16 at HMRae** in the rtt101A mutants was not simply due to an
enrichment of cells outside of S phase. Instead, these results were consistent with restoration of
silencing in the r#t101A mutants having been facilitated, at least in part, by hypoacetylation of
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Fig 6. Caclp and Asflp interact in a RTT101-dependent manner in vivo. A) Confocal fluorescence lifetime images
of GFP in small-budded live cells expressing the fluorescently-tagged proteins as indicated. White scale bars are
equivalent to 5um. FLIM scale bar: 1 nanosecond, blue; 3 nanoseconds, pink. B) The average lifetime of GFP in
indicated strains. Error bars represent the standard deviation of ten FLIM measurements taken of each sample. C)
FRET efficiency of indicated strains. Data were collected on an Alba (ISS, Champaign).

https://doi.org/10.1371/journal.pgen.1009226.g006

histone H4 K16 at HMRae** via perturbations to a CAF-1-dependent pathway. Consistent
with this model, silencing at HMRae** in rtt101A, mmsIA and mms22A mutants was disrupted
upon overexpression of SAS2, but not catalytically inactive sas2-M1p (Fig 8) [51,68].
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Fig 7. H4 K16 is hypoacetylated at HMRae"** in cells lacking RTT101. H4 K16ac levels at the e** silencer and al in
MATo. HMRae** sir2A strains with the indicated genotypes were monitored by ChIP. The efficiency of coprecipitation
of DNA with H4 K16ac antibodies was determined relative to that with anti-H3 antibodies, and normalized to yeast
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Mean + STD, n = 4 or 5. Each mutant was hypoacetylated relative to WT at both ¢** and al (p = 0.08 for cacIA at e**;
p = 0.007 for all other samples and loci; Wilcoxon Rank Sum Test).

https://doi.org/10.1371/journal.pgen.1009226.9007

Discussion

Here we have illustrated processing of histones through different pathways within the replica-
tion-coupled chromatin assembly network enables the deposition of histones with distinct
modification patterns in chromatin, by highlighting a CAF-1-dependent pathway that pre-
vents formation of new epigenetic states at an ectopic site via deposition of H4 K16ac. We
demonstrated that although both Caclp and Rtt106p interacted with Asflp in a RTT109-
dependent manner (Figs 2 and 3), CAF-1 and Rtt106p functioned in distinct pathways as
highlighted by their different effects on silencing and H4 K16ac (Figs 1, S5 and S1 Figs and

SAS2 Plasmid
MATo HMRae™** rtt101A

MATo. HMRae** mms1A

MATo HMRae** mms22A

YPD

Fig 8. Overexpression of catalytically active Sas2p disrupts silencing at HMRae™* in rtt101A, mmsIA, or mms22A
mutants. Patch Mating Assays. Cells with the indicated genotypes were analyzed as in Fig 1.

https://doi.org/10.1371/journal.pgen.1009226.g008
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Table 1), plus synthetic interactions with histone H3 ubiquitination mutants (S5-S12 Figs).
Loss of CACI restored silencing at HMRae** and led to a decrease in H4 K16ac in chromatin,
but H4 K16ac remained at wild-type levels in RTT106 mutants (Figs 1C and 5C, Table 1, and
S1 Fig, see also [49,50]). Consistent with restoration of silencing at HMRae** in the cacIA
mutants being due to hypoacetylation of H4 K16 (Table 1 and S1 Fig, [49]), this phenotype
could be suppressed upon overexpression of SAS2 [50]. Similarly, loss of ASF1 or RTT109
restored silencing at HMRae** (Figs 1C and 4A). This phenotype was suppressed by overex-
pression of SAS2 (Fig 4B and 4C, [50]), and asfIA and rtt109A mutants exhibited defects in H4
K16ac in chromatin (Table 1 and S1 Fig, [49]). Together, these data imply that acetylation of
H4 K16 during chromatin assembly occurs on histone H4 processed through a CAF-1-medi-
ated pathway, but not a RTT106-dependent pathway (see also [48,51,52].

Our results also indicated for the first time the cullin Rtt101p affects not only the RTT106-
dependent pathway, but also a CACI-dependent pathway within the replication-coupled chro-
matin assembly network in yeast, and does so via different mechanisms. We observed that H3
ubiquitin mutants, like rtt106A mutants, failed to restore silencing at HMRae** (Fig 4F-4H,
and Table 3). In synthetic interaction analyses of growth, silencing, and UV sensitivity, H3
K122A/R mutants primarily exhibited negative synthetic interactions with cacIA mutants but
not with r#£106A mutants (S5 and S6 Figs). In contrast, loss of RTT101 or its binding partners
Mmslp-Mms22p restored SIR-dependent silencing at HMRae** (Figs 4G and 5B), likely
through disrupting an interaction between Asflp and Caclp (Fig 6), which led to hypoacetyla-
tion of H4 K16 at HMRae** (Fig 7). Further, we provide evidence that this latter pathway likely
also involved the Mms22p interacting factor Ctf4p (Fig 5C), which coordinates leading and
lagging strand synthesis at the DNA replication fork [106-109]. Our synthetic interaction anal-
yses indicated H3 mutants with defects in ubiquitination exhibited differing genetic interac-
tions with mutants in the replication-coupled chromatin assembly network for silencing,
growth and DNA damage sensitivity (S5-S11 Figs). Thus, not only ubquitination, but also the
charge state of H3 K122, or another attribute of this region of H3 altered by K122 mutations,
played important roles in these processes.

Model for the replication-coupled chromatin assembly network

Together, our results support a model (Fig 9) in which distinct modification patterns on his-
tones are created during replication-coupled chromatin assembly based on which pathway
within the replication-coupled chromatin assembly network has been used to process histones.
This enables the assembly of nucleosomes containing distinct, pathway-dependent, modifica-
tion patterns. Some of these modifications, such as Hatlp-dependent H4 K5ac and H4 K12ac,
along with histone binding by Hatlp, promote nuclear import and chromatin assembly
[44,45,113,114], and likely occur very early during processing of newly synthesized histones.
Consistent with this, H4 K5ac and H4 K12ac is present in both soluble and chromatin frac-
tions [115] as well as on H3/H4 bound by downstream factors such as Asflp [34], ASF1B in
mammals [116], and CAF-1 [82]. Others, such as Rtt109p-dependent H3 K56ac and Rtt101p-
dependent H3 K122ub function, at least in part, to direct histones H3/H4 down specific pro-
cessing pathways via promoting or disrupting interactions between histones H3/H4 and cer-
tain chaperones such as CAF-1 or Rtt106p (Figs 2 and 3) [4,34]. RTT101 or H3 K122ub were
not required for H3 K56ac (Fig 4D) or H4 K5,12ac [34,69]. In contrast, and consistent with
H3 K56ac being upstream of H3 K122ub, co-precipitation of Rtt101p with H3 is reduced in
cells lacking RTT109 or ASFI [34], Rtt101p-Mmslp complexes preferentially bind H3 acety-
lated at K56 in vitro, and mutants that lack H3 K56ac have reduced levels of ubiquitinated H3
[34]. H3 K122ub appears to promote preferential binding of H3/H4 to Rtt106p, but not to
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Fig 9. Model of the Replication-Coupled Chromatin Assembly Network and silencing. A) Replication-Coupled
Chromatin Assembly. Newly synthesized H3/H4 dimers (yellow) are acetylated at H4 K5 and 12 by the HAT-B
complex (Hatlp and Hat2p (dull green)) or the NuB4 complex (HAT-B plus Hiflp (peach)) and are transported to the
nucleus and can be transferred to Asflp (light blue). Asflp can also acquire new H3/H4 dimers by a HAT-B or
NuB4-independent method(s) (tan). Rtt109p (dark blue) binds to H3/H4 dimers bound by Asflp, and acetylates H3
K56, which promotes binding of H3/H4 to the CAF-1 complex (magenta) or to Rtt106p (coral). Sas2p of the SAS-I
complex (grey) binds CAF-1 (and/or Asflp) and acetylates H4 K16. H4 K16ac is also promoted by Cdc7p/Dbf4p (light
grey), likely through phosphorylation of Caclp at $238 and S503. Rtt106p preferentially binds newly synthesized H3/
H4 containing H3 K56ac or Rtt101p-dependent H3 K122ub. Rtt106p can also interact with the Caclp subunit of CAF-
1. PCNA (Pol30p, bright green) tethers DNA polymerases (Pol3 and Pole, light pink) to the replication fork, and is
loaded onto DNA by RFC (dark pink). CAF-1 and Asflp associate with the replication fork through interactions
between Caclp and PCNA, Asflp and RFC (dark pink), and possibly via an interaction between CAF-1 and Asflp that
is promoted by Rtt101p (medium blue). Rtt101p-Mmslp-Mms22p (medium blue) may be localized to the replication
fork via interactions between Mms22p and Ctf4p (brown). Assembly of new (yellow) and/or parental (beige) histones
behind the fork is facilitated by FACT (not shown) as well as the MCM helicase (purple), CAF-1, Rtt106p, Asflp, likely
Hiflp, and additional factors. B) Defects in an assembly pathway that mediates H4 K16ac during DNA replication
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results in silencing at HMRae**. Cells lacking RTT109, ASF1, CACI, SAS-I subunits, RTT101, MMS1, MMS22 or
CTF4, or expressing H3 K56R or H4 K16R all restore silencing at HMRae** (“OFF”). C) Defects in other pathways for
replication-coupled assembly do not promote silencing at HMRae**. Loss of HIF1, HAT1I, or expression of H4 K5,12R,
or loss of RTT106, or expression of H3 K122A, H3 K122R or H3 K121,122,125R does not restore silencing at HMRae**
(“ON”). 1,2, 3, and 4 are Sir1p, Sir2p, Sir3p, and Sirdp, respectively. Please see text for additional details.

https://doi.org/10.1371/journal.pgen.1009226.9009

CAF-1 [34], and therefore may serve to select this modified subpopulation of H3/H4 for pro-
cessing and deposition along a Rtt106p-dependent assembly pathway.

In this model (Fig 9), Sas2p-dependent acetylation of H4 K16 occurs during a step down-
stream of Rtt109p-dependent acetylation of H3 K56 while H3/H4 are being processed through
a CAF-1-mediated pathway within the network, and cells lacking factors in this pathway have
defects in H4 K16ac (Table 1, Fig 7 and S1 Fig, see also [49,50]). Therefore, H4 hypoacetylated
at K16 would become loaded onto the chromosome at HMRae** during replication when this
pathway is defective, thereby creating high affinity binding sites for Sir proteins, enabling their
recruitment, and increasing the probability of the formation of silent chromatin (Figs 1, 4, 5
and 9B, see also [49,50]). Here, we provide evidence that this pathway also involves Rtt101p
(Figs 4G, 5B and 7), which promotes interaction between CAF-1 and Asflp (Fig 6), as well as
Rtt101p’s binding partners Mmslp and Mms22p, plus Mms22p’s binding partner Ctf4p (Fig
5A-5C), but not Rtt101p-dependent H3 K122ub (Figs 4F, 4H, 9A, 9C and Table 3). In addi-
tion, we previously demonstrated this pathway involves the cell cycle-dependent kinase
Cdc7p, likely via regulating a Caclp function related to Sas2p-mediated H4 K16ac [50]. We
speculate Ctf4p plays a role in coordinating the assembly of nucleosomes containing H4 K16ac
at the replication fork [109], through a process involving its association with Rtt101p/Mms1p/
Mms22p (see also [70,71]), but testing this model directly awaits further studies. If correct, this
would imply that transfer of histones H3/H4 from Asflp to CAF-1 or Rtt106p typically occurs
at the replication fork itself, which is consistent with our observations that Asflp and PCNA
interact in live cells (S3 Fig). This overall model is also supported by our previous observations
that Rtt109p and SAS-I interact with wild type PCNA in live cells, but not with pol30p mutants
with defects in ASF1- or CAF-1-dependent pathways [49] as well as the others’ observations
that Asflp interacts with the PCNA loader RFC [55], CAF-1 interacts with PCNA [35,67,117-
119], Asflp binds Cac2p weakly in vitro [67], and Rtt106p interacts with the PCNA unloader
Elglp [120].

In contrast to the Rtt109p-H3 K56-Asf1p-CAF-1-mediated assembly pathway discussed
above, in this model, H4 K16ac by Sas2p does not require a pathway that involves directing
H3/H4 from Asflp to Rtt106p via Rtt109p (Figs 1C and 2 and Table 1) [4] and Rtt101p-depen-
dent H3 K122ub (Fig 4 and Table 3) [34] during replication-coupled chromatin assembly,
despite Rtt106p being able to associate with CAF-1 through Caclp [1,35] (Fig 9A-9C). Sas5p
continued to associate with chromatin upon deletion of RTT106 as well as CACI or ASFI
(Table 2 and S2 Fig). As SAS-I co-precipitates with Caclp as well as Asflp [51,52], SAS-I may
have been recruited efficiently to chromatin in the presence of only one binding partner, albeit
in a manner in which either H4 was no longer efficiently acetylated at K16 or incorporated
into chromatin. Consistent with this notion, association of Sas2p with the NTS of the rDNA
locus is only lost in asfIA caclA double mutants [52].

H3 K122, RTT101, and chromatin assembly

At least seven modifications to H3 K122, in addition to ubiquitination, have been reported for
different organisms [75-80]. Whether H3 K122 can similarly be modified in budding yeast
[121], and what the biological functions of these modifications are have largely not been
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established. The H3 K122 residue lies near the interaction surface between Asflp and H3-H4
[19], the tetramerization surface of H3-H4 [19,122], as well as between histone-DNA contacts
[123]. Therefore, the charge or modification state of this residue might affect several interac-
tions, including those that occur outside of replication-coupled chromatin assembly. For
example, H3 K122Q results in the loss of a salt bridge between K122 and DNA, and may
weaken the interaction between histone octamers and DNA [124], which is supported by the
silencing defects in H3 K122Q mutants (S5 Fig, see also [84]). In mammals, H3 K122ac weak-
ens interactions between the histone octamer and DNA in vitro [123] and is associated with
increased transcription in vitro and in vivo [79]. However, H3 K122ac does not affect reconsti-
tution of nucleosomes from purified histones onto DNA containing a nucleosome positioning
sequence [124], indicating that H3 K122ac does not inhibit nucleosome formation per se.
Nucleosomes containing H3 K122ac also behave similarly to unmodified nucleosomes in gel
shift analyses and sucrose gradient centrifugation, indicating H3 K122ac does not greatly affect
nucleosome stability in vitro [123].

We tested the genetic interactions between H3 K122A/R/ and Q mutants with different chro-
matin assembly factor mutants to gain a better understanding of the impact of RTT10I-depen-
dent ubiquitination of H3 and the charge state at H3 K122 on chromatin assembly pathways.
Interestingly, in our synthetic interaction analyses of H3 ubiquitin mutants and factors involved
in the replication-coupled chromatin assembly network, we observed variable negative synthetic
interactions for silencing (S5 Fig) as well as growth and DNA damage sensitivity (S5-S12 Figs)
that further supported a model in which Caclp and Rtt106p function in separate pathways and
that the charge status of H3 K122, not necessarily ubiquitination alone, affected histone deposi-
tion. Consistent with this, we also observed severe negative synthetic interactions for growth as
well as DNA damage sensitivity between H3 ubiquitin mutants and loss of ASF1 or RTT109 (S6,
S7 and S11 Figs). These double mutants are expected to have defects in both RTT106- and CAF-
1-dependent pathways. However, as rtt106A cafIA mutants do not similarly exhibit severe growth
defects [23], this region of H3 likely has an additional function(s) that become critical in cells lack-
ing ASFI or RTT109, and may reflect the existence of an additional assembly pathway within the
network that functions in parallel to Asflp/Rtt109p and requires H3 to be appropriately modified
in this region. Consistent with our observations, previous studies have also demonstrated that H3
K122A/R/ and Q mutants exhibit varied phenotypes [19,34,84,125].

In human cells, loss of the E3 ubiquitin ligase Cul4 leads to decreased association of H3
with p150 of CAF-1 as well as the Rtt106p-like protein Daxx [34]. Consistent with conserva-
tion of a functional relationship between the cullin and both assembly factors, we provide evi-
dence Rtt101p impacts chromatin assembly through a CAF-1-dependent pathway in addition
to a Rtt106p-dependent pathway in budding yeast. Loss of RTT101 resulted in a defect in
Asflp-Caclp interaction (Fig 6), and in H4 K16ac at HMRae** (Fig 7) as well as the restoration
of silencing at HMRae** (Figs 4G and 5B). Surprisingly, however, co-precipitation of H3 with
Cac2p does not require RTTI01 [34]. The reason for this apparent discrepancy is currently
unclear. It is possible that, in our studies, loss of RTT101 had further reduced the stability of a
transient Asflp-H3/H4-CAF-1 ternary complex, which prevented detection of the interaction
by FLIM-FRET as well as acetylation of H4 K16 by SAS-I. Or, loss of RTT101 may have altered
the confirmation of an Asflp-H3/H4-CAF-1 complex, which disrupted acetylation of H4 K16
by SAS-I as well as altered the conformation of Asf1-GFPp and Cacl-mCherryp such that
their fluorophores were now greater than 10 nm apart and unable to support a FRET interac-
tion. Either scenario could have resulted in hypoacetylation of H4 K16 without eliminating the
transfer of histones H3/H4 from Asflp to CAF-1. Alternatively, in the absence of RTTI01,
CAF-1 could have acquired histones H3/H4 in an ASFI-independent manner. Clarifying how
Rtt101p contributes to the CAF-1-dependent chromatin assembly pathway awaits future
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studies, but RTT101 clearly has functions that impact chromatin assembly during DNA repli-
cation in addition to the ubiquitination of H3 K122.

Functions of HAT-B and NuB4 in the replication-coupled chromatin
assembly network

As the HAT-B complex and the NuB4 complex interact with Asflp [41,42,47,126], and histone
H4 copurifying with Asflp or CAF-1 contains the HAT-B-mediated modifications H4 K5,12ac
[44-46,116], HAT-B (and NuB4) likely have a function(s) upstream of a Rtt109p-H3
K56-Asfl1p-CAF-1-mediated assembly pathway. However, hat1A and hifl A mutants are viable,
HIF] (and, therefore, NuB4) is not required for H3K56ac (Fig 4E), and the negative synthetic
interactions between, e.g., H3 K122Q and hatIA or hiflA mutants are generally less severe than
between H3 K122Q and asfIA or rtt109A mutants (S6 Fig). Thus, newly synthesized H3/H4
must also be able to enter the Asflp/Rtt109p/CAF-1/Sas2p-mediated assembly pathway through
a HAT-B or NuB4-independent mechanism. Consistent with this notion, neither hatIA or
hifIA mutants nor H3 K5,12R mutants could restore silencing at HMRae** (Fig 1 and [52]), in
contrast to rtt109A, asfIA, caclA, sas2A, H3K56R or H4 K16R mutants (Figs 1, 9B and 9C).
Moreover, H4 K5, 12R mutants synthetically interact with r##109A and H3 K56R mutants under
normal growth conditions and in the presence of DNA damage agents [4]. In addition, our
results are consistent with the RTT106-dependent pathway not requiring HIF1, and Hiflp func-
tioning in at least one additional chromatin assembly pathway that is CAF-1- or RTT106-inde-
pendent. In contrast to caclA mutants, hifIA and hat1A mutants, like rtt106A mutants, do not
exhibit negative synthetic interactions with H3 K122A mutants for silencing HMR::ADE2 (S5D
and S5E Fig), and yet synthetic interactions of hifIA versus caclA or rtt106A mutants plus H3
K122,125R or H3 K121,122,125R mutants do not phenocopy each other (S10-S12 Figs). We
also observed that negative synthetic interactions of H3 ubiquitin mutants with hatIA mutants
were generally more severe than those with hifIA mutants (S6, S10, S11 and S12 Figs), implying
that the Hatlp-Hat2p-containg HAT-B complex has one or more functions independent of the
Hatlp-Hat2p-Hiflp-containing NuB4 complex [see also [114] and references within]. Future
studies will be required to clarify the relationships between Hiflp or Hatlp and other factors
within this replication-coupled chromatin assembly network.

Summary

Collectively, our findings reported here demonstrate the potential for different histone modifi-
cations to regulate usage of different replication-coupled chromatin assembly pathways and
underlie the importance of nucleosome assembly pathways in customizing the histone code
created along the genome during replication. Why multiple different histone deposition path-
ways exist during replication is unclear, but our data supports a model in which these different
pathways are responsible for the deposition of distinct modified forms of histones that, in
turn, can influence the establishment, maintenance or inheritance of active or silenced epige-
netic states, in a locus-, and potentially, sister chromatid-specific manner. Further, the ability
of budding yeast to survive in the absence of individual or multiple histone chaperones, and
replication-couple histone modifications, implies that, despite their having evolved distinct
specialized functions, the histone deposition pathways remain partially functionally redundant
for those aspects of chromatin assembly critical for viability [15,127,128].
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S2 Table. Plasmids used in this study.
(DOCX)

§3 Table. Oligos used in this study.
(DOCX)

S$4 Table. Numerical Data.
(XLSX)

S1 Fig. rtt109A mutants have defects in chromatin-associated H4 K16ac. Immunoblot anal-
ysis of H4 K16ac and H3 levels in chromatin fractions isolated from indicated genotypes.
Immunoblot shown is representative of three biological replicates used to generate quantifica-
tion data in Table 1.

(TIF)

S2 Fig. Sas5p associates with chromatin in chromatin assembly network mutants. Immu-
noblot analysis of Sas5-YFP and H3 levels (loading control) in chromatin fractions isolated
from indicated genotypes with Ponceau S staining of total protein levels. Immunoblot shown
is representative of four biological replicates used to generate quantification data in Table 2.
(TIF)

S3 Fig. Asflp interacts with PCNA in vivo. A) Confocal fluorescence lifetime images of GFP
in small-budded live cells expressing the fluorescently-tagged proteins as indicated. White
scale bars are equivalent to 5um. FLIM scale bar: 1 nanosecond, blue; 3 nanoseconds, red. B)
The average lifetime of GFP in indicated strains. Error bars represent the standard deviation of
ten FLIM measurements taken for each genotype. C) FRET efficiency of indicated strains.
(TIF)

S4 Fig. Overexpression of SAS2 in rtt109A mutants results in variegated suppression of
SIR2-dependent silencing at HMRae**. Individual colonies of clones with the indicated geno-
types were expanded and grown as individual patches on minimal medium supplemented for
auxotrophic markers (YM-LEU) plates at 30°C overnight, then were replica plated onto either
a MATa lawn (JRY2726) on minimal medium, or rich medium (YPD), and were grown at 30°
for two days. Cells grown on the YM-LEU plate were also replica plated onto a YPD plate con-
taining 300 uM dihydrocoumarin (DHC) to inhibit Sir2p [129-131], grown at 30°C overnight,
and then replica plated as above.

(PDF)

S5 Fig. Genetic Interactions between H3 K122 mutants and replication-coupled chromatin
assembly pathway factors contribute to defects in silencing HMR::ADE2. A) Map of HMR::
ADE?2 Reporter. B-E) Genetic interactions between H3 K122R (B), H3 K122Q (C) or H3
K122A (D and E) and chromatin assembly pathway mutants. Cells with the indicated geno-
types were grown in YPD at 30°C overnight, then spotted onto CSM plates in ten-fold serial
dilutions, and grown for two days at 30°C. Cells were then incubated at 4°C for four days prior
to imaging.

(TIF)

S6 Fig. Genetic interactions between H3 K122R and Q mutants and replication-coupled
chromatin assembly pathways factors contribute to temperature-sensitive growth defects
plus sensitivity to UV. A-C) Genetic interactions between H3 K122R or H3 K122Q and chro-
matin assembly pathway mutants. Cells with the indicated genotypes were grown in YPD at
30°C overnight, then spotted onto CSM or YPD plates in ten-fold serial dilutions, and grown
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at the temperature indicated for two days, or were then treated with either 50 or 100 J/m? of
UV light and grown at 30°C for two days. Color images of 30°C plates of some H3 K122Q
mutants are shown in S5 Fig.

(TIF)

S7 Fig. Genetic interactions between H3 K122A mutants and replication-coupled chroma-

tin assembly pathways factors contribute to temperature-sensitive growth defects plus sen-
sitivity to UV. Strains were analyzed as outlined in S6 Fig legend. Color images of 30°C plates

are shown in S5 Fig.

(TIF)

S8 Fig. Genetic Interactions between H3 K122R or H3 K122Q and cacl mutants are sup-
pressed by expression of exogenous CACI, cacl $238,503D and cacl $238,503A. A) Genetic
interactions sensitive to temperature or exposure to UV. B) Genetic interactions upon expo-
sure to DNA damaging agents. Yeast with the indicated genotypes were grown in YPD at 30°C
overnight, then spotted onto complete supplement medium (CSM) or YPD plates in ten-fold
serial dilutions, and grown at the temperature indicated for two days, or were then treated
with 50 or 100 J/m? of UV (A), or the indicated amounts of methyl methanesulfonate (MMS),
Zeocin, or hydroxyurea (HU) (B), and grown at 30°C for two days.

(TIF)

S9 Fig. Genetic Interactions between H3 K122R or H3 K122Q and cacl mutants are sup-
pressed by expression of exogenous CACI, cacl $501,503D and cacl $501,503A. A) Genetic
interactions sensitive to temperature or exposure to UV. B) Genetic interactions upon expo-
sure to DNA damaging agents. Yeast were assayed as outlined in S5 Fig.

(TIF)

$10 Fig. Genetic Interactions between H3 K122,125R mutants and factors involved in rep-
lication-coupled chromatin assembly contribute to temperature- and cold-sensitive
growth defects plus sensitivity to UV. Cells with the indicated genotypes were grown in YPD
at 30°C overnight, then spotted onto YPD plates in ten-fold serial dilutions, and grown at the
temperature indicated for two days, or were then treated with either 75 or 100 J/m” of UV light
and grown at 30°C for two days.

(TIF)

S11 Fig. Genetic Interactions between H3 K121,122,125R mutants and factors involved in
replication-coupled chromatin assembly contribute to temperature- and cold-sensitive
growth defects plus sensitivity to UV. caclA, rtt106A, hiflA, hat1A, asflA, sasIA, dot1A (A)
or rtt109A mutants (B) relative to wild-type were assayed as outlined in S7 Fig.

(TIF)

$12 Fig. Genetic Interactions between H3 K121,122,125R mutants and factors involved in
replication-coupled chromatin assembly upon exposure to MMS or HU. Cells with the indi-
cated genotypes were grown in YPD at 30°C overnight, then spotted onto YPD plates in ten-
fold serial dilutions, in the absence or presence of the indicated amounts of MMS or HU at
30°C for two days.

(TTF)

$13 Fig. rtt101 mutants have a normal cell cycle distribution. Flow Cytometry. Yeast with
the indicated genotypes were grown logarithmically in YPD at 30°C prior to harvesting to
assess their cell cycle distribution by Flow Cytometry.

(TTF)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 27/35


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009226.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009226.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009226.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009226.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009226.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009226.s016
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009226.s017
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

Acknowledgments

We thank Joe Ogas for helpful discussions and comments on this manuscript, and Andrew
Miller, and Taichi Endo Takasuka for technical assistance. We thank Yitao Li and Arman Sab-
baghi from Purdue University’s Statistical Consulting Services helpful comments and advice
on statistical analyses. We thank Ann Ehrenhofer-Murray, Paul Kaufman and Jasper Rine for
strains or plasmids. This study is dedicated in memory of E.H.

Author Contributions

Conceptualization: Tiffany J. Young, Ann L. Kirchmaier.

Data curation: Ann L. Kirchmaier.

Formal analysis: Tiffany J. Young, Ann L. Kirchmaier.

Funding acquisition: Tiffany J. Young, Joseph Irudayaraj, Ann L. Kirchmaier.

Investigation: Tiffany J. Young, Yi Cui, Claire Pfeffer, Emilie Hobbs, Wenjie Liu, Ann L.
Kirchmaier.

Methodology: Tiffany J. Young, Ann L. Kirchmaier.

Project administration: Joseph Irudayaraj, Ann L. Kirchmaier.
Supervision: Joseph Irudayaraj, Ann L. Kirchmaier.
Validation: Tiffany J. Young, Ann L. Kirchmaier.

Visualization: Tiffany J. Young, Yi Cui, Claire Pfeffer, Emilie Hobbs, Wenjie Liu, Ann L.
Kirchmaier.

Writing - original draft: Tiffany J. Young, Ann L. Kirchmaier.

Writing - review & editing: Tiffany J. Young, Yi Cui, Claire Pfeffer, Wenjie Liu, Joseph Iru-
dayaraj, Ann L. Kirchmaier.

References

1. Huang S, Zhou H, Katzmann D, Hochstrasser M, Atanasova E, Zhang Z. Rtt106p is a histone chaper-
one involved in heterochromatin-mediated silencing. Proc Natl Acad Sci U S A. 2005; 102(38):13410—
5. https://doi.org/10.1073/pnas.0506176102 PMID: 16157874

2. Groth A, Rocha W, Verreault A, Alimouzni G. Chromatin challenges during DNA replication and repair.
Cell. 2007; 128(4):721-33. https://doi.org/10.1016/j.cell.2007.01.030 PMID: 17320509

3. Tyler JK, Collins KA, Prasad-Sinha J, Amiott E, Bulger M, Harte PJ, et al. Interaction between the Dro-
sophila CAF-1 and ASF1 chromatin assembly factors. Mol Cell Biol. 2001; 21(19):6574—-84. https://
doi.org/10.1128/mcb.21.19.6574-6584.2001 PMID: 11533245

4. LiQ, ZhouH, Wurtele H, Davies B, Horazdovsky B, Verreault A, et al. Acetylation of histone H3 lysine
56 regulates replication-coupled nucleosome assembly. Cell. 2008; 134(2):244-55. https://doi.org/10.
1016/j.cell.2008.06.018 PMID: 18662540

5. AiX, Parthun MR. The nuclear Hat1p/Hat2p complex: a molecular link between type B histone acetyl-
transferases and chromatin assembly. Mol Cell. 2004; 14(2):195-205. https://doi.org/10.1016/s1097-
2765(04)00184-4 PMID: 15099519

6. Mello JA, Sillie HH, Roche DM, Kirschner DB, Nigg EA, Alimouzni G. Human Asf1 and CAF-1 interact
and synergize in a repair-coupled nucleosome assembly pathway. EMBO Rep. 2002; 3(4):329-34.
https://doi.org/10.1093/embo-reports/kvf068 PMID: 11897662

7. TagamiH, Ray-Gallet D, Almouzni G, Nakatani Y. Histone H3.1 and H3.3 complexes mediate nucleo-
some assembly pathways dependent or independent of DNA synthesis. Cell. 2004; 116(1):51-61.
https://doi.org/10.1016/s0092-8674(03)01064-x PMID: 14718166

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 28/35


https://doi.org/10.1073/pnas.0506176102
http://www.ncbi.nlm.nih.gov/pubmed/16157874
https://doi.org/10.1016/j.cell.2007.01.030
http://www.ncbi.nlm.nih.gov/pubmed/17320509
https://doi.org/10.1128/mcb.21.19.6574-6584.2001
https://doi.org/10.1128/mcb.21.19.6574-6584.2001
http://www.ncbi.nlm.nih.gov/pubmed/11533245
https://doi.org/10.1016/j.cell.2008.06.018
https://doi.org/10.1016/j.cell.2008.06.018
http://www.ncbi.nlm.nih.gov/pubmed/18662540
https://doi.org/10.1016/s1097-2765%2804%2900184-4
https://doi.org/10.1016/s1097-2765%2804%2900184-4
http://www.ncbi.nlm.nih.gov/pubmed/15099519
https://doi.org/10.1093/embo-reports/kvf068
http://www.ncbi.nlm.nih.gov/pubmed/11897662
https://doi.org/10.1016/s0092-8674%2803%2901064-x
http://www.ncbi.nlm.nih.gov/pubmed/14718166
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Finn RM, Browne K, Hodgson KC, Ausio J. sSNASP, a histone H1-specific eukaryotic chaperone dimer
that facilitates chromatin assembly. Biophys J. 2008; 95(3):1314—25. https://doi.org/10.1529/biophys;j.
108.130021 PMID: 18456819

Dunleavy EM, Pidoux AL, Monet M, Bonilla C, Richardson W, Hamilton GL, et al. A NASP (N1/N2)-
related protein, Sim3, binds CENP-A and is required for its deposition at fission yeast centromeres.
Mol Cell. 2007; 28(6):1029—44. https://doi.org/10.1016/j.molcel.2007.10.010 PMID: 18158900

Imbeault D, Gamar L, Rufiange A, Paquet E, Nourani A. The Rtt106 histone chaperone is functionally
linked to transcription elongation and is involved in the regulation of spurious transcription from cryptic
promoters in yeast. J Biol Chem. 2008; 283(41):27350—4. https://doi.org/10.1074/jbc.C800147200
PMID: 18708354

Drane P, Ouararhni K, Depaux A, Shuaib M, Hamiche A. The death-associated protein DAXX is a
novel histone chaperone involved in the replication-independent deposition of H3.3. Genes Dev. 2010;
24(12):1253-65. https://doi.org/10.1101/gad.566910 PMID: 20504901

Lewis PW, Elsaesser SJ, Noh KM, Stadler SC, Allis CD. Daxx is an H3.3-specific histone chaperone
and cooperates with ATRX in replication-independent chromatin assembly at telomeres. Proc Natl
Acad Sci U S A. 2010; 107(32):14075-80. https://doi.org/10.1073/pnas.1008850107 PMID: 20651253

Tscherner M, Zwolanek F, Jenull S, Sedlazeck FJ, Petryshyn A, Frohner IE, et al. The Candida albi-
cans Histone Acetyltransferase Hat1 Regulates Stress Resistance and Virulence via Distinct Chroma-
tin Assembly Pathways. PLoS Pathog. 2015; 11(10):e1005218. https://doi.org/10.1371/journal.ppat.
1005218 PMID: 26473952

Young TJ, Kirchmaier AL. Cell Cycle Regulation of Silent Chromatin Formation. Biochem Biophys
Acta—Gene Regulatory Mechanisms. 2012; 1819(3—4):303—-12.

Kaufman PD, Kobayashi R, Stillman B. Ultraviolet radiation sensitivity and reduction of telomeric
silencing in Saccharomyces cerevisiae cells lacking chromatin assembly factor-I. Genes Dev. 1997;
11(8):345-57. https://doi.org/10.1101/gad.11.3.345 PMID: 9030687

Baldeyron C, Soria G, Roche D, Cook AJ, Alimouzni G. HP1alpha recruitment to DNA damage by
p150CAF-1 promotes homologous recombination repair. J Cell Biol. 2011; 193(1):81-95. https://doi.
org/10.1083/jcb.201101030 PMID: 21464229

Murzina N, Verreault A, Laue E, Stillman B. Heterochromatin dynamics in mouse cells: interaction
between chromatin assembly factor 1 and HP1 proteins. Mol Cell. 1999; 4(4):529—40. https://doi.org/
10.1016/s1097-2765(00)80204-x PMID: 10549285

Li Q, Burgess R, Zhang Z. All roads lead to chromatin: Multiple pathways for histone deposition. Bio-
chim Biophys Acta. 2012; 1819(3—4):238—46. https://doi.org/10.1016/j.bbagrm.2011.06.013 PMID:
21763476

English CM, Adkins MW, Carson JJ, Churchill ME, Tyler JK. Structural basis for the histone chaperone
activity of Asf1. Cell. 2006; 127(3):495-508. https://doi.org/10.1016/j.cell.2006.08.047 PMID:
17081973

Natsume R, Eitoku M, Akai Y, Sano N, Horikoshi M, Senda T. Structure and function of the histone
chaperone CIA/ASF1 complexed with histones H3 and H4. Nature. 2007; 446(7133):338—41. https://
doi.org/10.1038/nature05613 PMID: 17293877

Winkler DD, Zhou H, Dar MA, Zhang Z, Luger K. Yeast CAF—1 assembles histone (H3—H4)2 tetra-
mers prior to DNA deposition. Nucleic Acids Res. 2012; 40:10139-49. https://doi.org/10.1093/nar/
gks812 PMID: 22941638

Liu WH, Roemer SC, Port AM, Churchill ME. CAF-1-induced oligomerization of histones H3/H4 and
mutually exclusive interactions with Asf1 guide H3/H4 transitions among histone chaperones and
DNA. Nucleic Acids Res. 2012; 40(22):11229-39. https://doi.org/10.1093/nar/gks906 PMID:
23034810

Fazly A, Li Q, Hu Q, Mer G, Horazdovsky B, Zhang Z. Histone chaperone Rtt106 promotes nucleo-
some formation using (H3-H4)2 tetramers. J Biol Chem. 2012; 287:10753-60. https://doi.org/10.1074/
jbc.M112.347450 PMID: 22337870

Mattiroli F, Gu Y, Yadav T, Balsbaugh JL, Harris MR, Findlay ES, et al. DNA-mediated association of
two histone-bound complexes of yeast Chromatin Assembly Factor-1 (CAF-1) drives tetrasome
assembly in the wake of DNA replication. Elife. 2017; 6:22799. https://doi.org/10.7554/eLife.22799
PMID: 28315523

Liu'Y, Huang H, Zhou BO, Wang SS, Hu Y, Li X, et al. Structural analysis of Rtt106p reveals a DNA
binding role required for heterochromatin silencing. J Biol Chem. 2010; 285(6):4251—-62. https://doi.
org/10.1074/jbc.M109.055996 PMID: 20007951

Winkler DD, Zhou H, Dar MA, Zhang Z, Luger K. Yeast CAF-1 assembles histone (H3-H4) 2 tetramers
prior to DNA deposition. Nucleic Acids Res. 2017; 45(16):9811-2. https://doi.org/10.1093/nar/gkx657
PMID: 28934509

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 29/35


https://doi.org/10.1529/biophysj.108.130021
https://doi.org/10.1529/biophysj.108.130021
http://www.ncbi.nlm.nih.gov/pubmed/18456819
https://doi.org/10.1016/j.molcel.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18158900
https://doi.org/10.1074/jbc.C800147200
http://www.ncbi.nlm.nih.gov/pubmed/18708354
https://doi.org/10.1101/gad.566910
http://www.ncbi.nlm.nih.gov/pubmed/20504901
https://doi.org/10.1073/pnas.1008850107
http://www.ncbi.nlm.nih.gov/pubmed/20651253
https://doi.org/10.1371/journal.ppat.1005218
https://doi.org/10.1371/journal.ppat.1005218
http://www.ncbi.nlm.nih.gov/pubmed/26473952
https://doi.org/10.1101/gad.11.3.345
http://www.ncbi.nlm.nih.gov/pubmed/9030687
https://doi.org/10.1083/jcb.201101030
https://doi.org/10.1083/jcb.201101030
http://www.ncbi.nlm.nih.gov/pubmed/21464229
https://doi.org/10.1016/s1097-2765%2800%2980204-x
https://doi.org/10.1016/s1097-2765%2800%2980204-x
http://www.ncbi.nlm.nih.gov/pubmed/10549285
https://doi.org/10.1016/j.bbagrm.2011.06.013
http://www.ncbi.nlm.nih.gov/pubmed/21763476
https://doi.org/10.1016/j.cell.2006.08.047
http://www.ncbi.nlm.nih.gov/pubmed/17081973
https://doi.org/10.1038/nature05613
https://doi.org/10.1038/nature05613
http://www.ncbi.nlm.nih.gov/pubmed/17293877
https://doi.org/10.1093/nar/gks812
https://doi.org/10.1093/nar/gks812
http://www.ncbi.nlm.nih.gov/pubmed/22941638
https://doi.org/10.1093/nar/gks906
http://www.ncbi.nlm.nih.gov/pubmed/23034810
https://doi.org/10.1074/jbc.M112.347450
https://doi.org/10.1074/jbc.M112.347450
http://www.ncbi.nlm.nih.gov/pubmed/22337870
https://doi.org/10.7554/eLife.22799
http://www.ncbi.nlm.nih.gov/pubmed/28315523
https://doi.org/10.1074/jbc.M109.055996
https://doi.org/10.1074/jbc.M109.055996
http://www.ncbi.nlm.nih.gov/pubmed/20007951
https://doi.org/10.1093/nar/gkx657
http://www.ncbi.nlm.nih.gov/pubmed/28934509
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Sauer PV, Timm J, Liu D, Sitbon D, Boeri-Erba E, Velours C, et al. Insights into the molecular architec-
ture and histone H3-H4 deposition mechanism of yeast Chromatin assembly factor 1. Elife. 2017;
6:23474. https://doi.org/10.7554/eLife.23474 PMID: 28315525

Driscoll R, Hudson A, Jackson SP. Yeast Rtt109 promotes genome stability by acetylating histone H3
on lysine 56. Science. 2007; 315(5812):649-52. https://doi.org/10.1126/science.1135862 PMID:
17272722

Han J, Zhou H, Horazdovsky B, Zhang K, Xu RM, Zhang Z. Rtt109 acetylates histone H3 lysine 56
and functions in DNA replication. Science. 2007; 315(5812):653-5. https://doi.org/10.1126/science.
1133234 PMID: 17272723

Tsubota T, Berndsen CE, Erkmann JA, Smith CL, Yang L, Freitas MA, et al. Histone H3-K56 acetyla-
tion is catalyzed by histone chaperone-dependent complexes. Mol Cell. 2007; 25(5):703—12. https://
doi.org/10.1016/j.molcel.2007.02.006 PMID: 17320445

SuD, Hu Q, Li Q, Thompson JR, Cui G, Fazly A, et al. Structural basis for recognition of H3K56-acety-
lated histone H3-H4 by the chaperone Rtt106. Nature. 2012; 483(7387):104—7. https://doi.org/10.
1038/nature10861 PMID: 22307274

Tyler JK, Adams CR, Chen SR, Kobayashi R, Kamakaka RT, Kadonaga JT. The RCAF complex medi-
ates chromatin assembly during DNA replication and repair. Nature. 1999; 402(6761):555-60. https:/
doi.org/10.1038/990147 PMID: 10591219

Hammond CM, Stromme CB, Huang H, Patel DJ, Groth A. Histone chaperone networks shaping chro-
matin function. Nat Rev Mol Cell Biol. 2017; 18(3):141-58. https://doi.org/10.1038/nrm.2016.159
PMID: 28053344

Han J, Zhang H, Zhang H, Wang Z, Zhou H, Zhang Z. A Cul4 E3 ubiquitin ligase regulates histone
hand-off during nucleosome assembly. Cell. 2013; 155:817-29. https://doi.org/10.1016/j.cell.2013.10.
014 PMID: 24209620

Lambert JP, Fillingham J, Siahbazi M, Greenblatt J, Baetz K, Figeys D. Defining the budding yeast
chromatin-associated interactome. Mol Syst Biol. 2010; 6:448. https://doi.org/10.1038/msb.2010.104
PMID: 21179020

Clemente-Ruiz M, Gonzalez-Prieto R, Prado F. Histone H3K56 acetylation, CAF1, and Rtt106 coordi-
nate nucleosome assembly and stability of advancing replication forks. PLoS Genetics. 2011; 7(11):
e1002376. https://doi.org/10.1371/journal.pgen.1002376 PMID: 22102830

Haber JE, Braberg H, Wu Q, Alexander R, Haase J, Ryan C, et al. Systematic triple-mutant analysis
uncovers functional connectivity between pathways involved in chromosome regulation. Cell Rep.
2013; 3(6):2168-78. https://doi.org/10.1016/j.celrep.2013.05.007 PMID: 23746449

Zhang M, LiuH, Gao Y, Zhu Z, Chen Z, Zheng P, et al. Structural Insights into the Association of Hif1
with Histones H2A-H2B Dimer and H3-H4 Tetramer. Structure. 2016; 24(10):1810-20. https://doi.org/
10.1016/j.str.2016.08.001 PMID: 27618665

Liu H, Zhang M, He W, Zhu Z, Teng M, Gao Y, et al. Structural insights into yeast histone chaperone
Hif1: a scaffold protein recruiting protein complexes to core histones. The Biochemical journal. 2014;
462(3):465-73. https://doi.org/10.1042/BJ20131640 PMID: 24946827

Bowman A, Koide A, Goodman JS, Colling ME, Zinne D, Koide S, et al. SNASP and ASF1A function
through both competitive and compatible modes of histone binding. Nucleic Acids Res. 2017; 45
(2):643-56. https://doi.org/10.1093/nar/gkw892 PMID: 28123037

Campos El, Fillingham J, Li G, Zheng H, Voigt P, Kuo WH, et al. The program for processing newly
synthesized histones H3.1 and H4. Nat Struct Mol Biol. 2010; 17(11):1343-51. https://doi.org/10.
1038/nsmb.1911 PMID: 20953179

Haigney A, Ricketts MD, Marmorstein R. Dissecting the Molecular Roles of Histone Chaperones in
Histone Acetylation by Type B Histone Acetyltransferases (HAT-B). J Biol Chem. 2015; 290
(51):30648-57. https://doi.org/10.1074/jbc.M115.688523 PMID: 26522166

Poveda A, Pamblanco M, Tafrov S, Tordera V, Sternglanz R, Sendra R. Hif1 is a component of yeast
histone acetyltransferase B, a complex mainly localized in the nucleus. J Biol Chem. 2004; 279
(16):16033—43. https://doi.org/10.1074/jbc.M314228200 PMID: 14761951

Mingarro I, Sendra R, Salvador ML, Franco L. Site specificity of pea histone acetyltransferase B in
vitro. J Biol Chem. 1993; 268(18):13248-52. PMID: 8514763

Parthun MR, Widom J, Gottschling DE. The major cytoplasmic histone acetyltransferase in yeast:
links to chromatin replication and histone metabolism. Cell. 1996; 87(1):85-94. https://doi.org/10.
1016/s0092-8674(00)81325-2 PMID: 8858151

Kleff S, Andrulis ED, Anderson CW, Sternglanz R. Identification of a gene encoding a yeast histone
H4 acetyltransferase. J Biol Chem. 1995; 270(42):24674—7. https://doi.org/10.1074/jbc.270.42.24674
PMID: 7559580

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 30/35


https://doi.org/10.7554/eLife.23474
http://www.ncbi.nlm.nih.gov/pubmed/28315525
https://doi.org/10.1126/science.1135862
http://www.ncbi.nlm.nih.gov/pubmed/17272722
https://doi.org/10.1126/science.1133234
https://doi.org/10.1126/science.1133234
http://www.ncbi.nlm.nih.gov/pubmed/17272723
https://doi.org/10.1016/j.molcel.2007.02.006
https://doi.org/10.1016/j.molcel.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17320445
https://doi.org/10.1038/nature10861
https://doi.org/10.1038/nature10861
http://www.ncbi.nlm.nih.gov/pubmed/22307274
https://doi.org/10.1038/990147
https://doi.org/10.1038/990147
http://www.ncbi.nlm.nih.gov/pubmed/10591219
https://doi.org/10.1038/nrm.2016.159
http://www.ncbi.nlm.nih.gov/pubmed/28053344
https://doi.org/10.1016/j.cell.2013.10.014
https://doi.org/10.1016/j.cell.2013.10.014
http://www.ncbi.nlm.nih.gov/pubmed/24209620
https://doi.org/10.1038/msb.2010.104
http://www.ncbi.nlm.nih.gov/pubmed/21179020
https://doi.org/10.1371/journal.pgen.1002376
http://www.ncbi.nlm.nih.gov/pubmed/22102830
https://doi.org/10.1016/j.celrep.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23746449
https://doi.org/10.1016/j.str.2016.08.001
https://doi.org/10.1016/j.str.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27618665
https://doi.org/10.1042/BJ20131640
http://www.ncbi.nlm.nih.gov/pubmed/24946827
https://doi.org/10.1093/nar/gkw892
http://www.ncbi.nlm.nih.gov/pubmed/28123037
https://doi.org/10.1038/nsmb.1911
https://doi.org/10.1038/nsmb.1911
http://www.ncbi.nlm.nih.gov/pubmed/20953179
https://doi.org/10.1074/jbc.M115.688523
http://www.ncbi.nlm.nih.gov/pubmed/26522166
https://doi.org/10.1074/jbc.M314228200
http://www.ncbi.nlm.nih.gov/pubmed/14761951
http://www.ncbi.nlm.nih.gov/pubmed/8514763
https://doi.org/10.1016/s0092-8674%2800%2981325-2
https://doi.org/10.1016/s0092-8674%2800%2981325-2
http://www.ncbi.nlm.nih.gov/pubmed/8858151
https://doi.org/10.1074/jbc.270.42.24674
http://www.ncbi.nlm.nih.gov/pubmed/7559580
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Fillingham J, Recht J, Silva AC, Suter B, Emili A, Stagljar |, et al. Chaperone Control of the Activity and
Specificity of the Histone H3 Acetyltransferase Rtt109. Mol Cell Biol. 2008; 28:4342-53. https://doi.
org/10.1128/MCB.00182-08 PMID: 18458063

Reiter C, Heise F, Chung HR, Ehrenhofer-Murray AE. A link between Sas2-mediated H4 K16 acetyla-
tion, chromatin assembly in S-phase by CAF-1 and Asf1p, and nucleosome assembly by Spt6 during
transcription. FEMS Yeast Research. 2015; 15(7):fov073. https://doi.org/10.1093/femsyr/fov073
PMID: 26260510

Miller A, Chen J, Takasuka TE, Jacobi JL, Kaufman PD, Irudayaraj JM, et al. Proliferating cell nuclear
antigen (PCNA) is required for cell cycle-regulated silent chromatin on replicated and nonreplicated
genes. J Biol Chem. 2010; 285(45):35142-54. https://doi.org/10.1074/jbc.M110.166918 PMID:
20813847

Young TJ, Cui Y, Irudayaraj J, Kirchmaier AL. Modulation of Gene Silencing by Cdc7p via H4 K16
Acetylation and Phosphorylation of Chromatin Assembly Factor CAF-1 in Saccharomyces cerevisiae.
Genetics. 2019; 211(4):1219-37. https://doi.org/10.1534/genetics.118.301858 PMID: 30728156

Osada S, Sutton A, Muster N, Brown CE, Yates JR 3rd, Sternglanz R, et al. The yeast SAS (something
about silencing) protein complex contains a MY ST-type putative acetyltransferase and functions with
chromatin assembly factor ASF1. Genes Dev. 2001; 15(23):3155-68. https://doi.org/10.1101/gad.
907201 PMID: 11731479

Meijsing SH, Ehrenhofer-Murray AE. The silencing complex SAS-I1 links histone acetylation to the
assembly of repressed chromatin by CAF-1 and Asf1 in Saccharomyces cerevisiae. Genes Dev. 2001;
15(283):3169-82. https://doi.org/10.1101/gad.929001 PMID: 11731480

Adams A, Gottschling DE, Kaiser CA, Stearns T. Methods in Yeast Genetics. Dickerson MM, editor.
Plainview, NY: Cold Spring Harbor Laboratory Press; 1997. 177 p.

LiuW, CuiY, Ren W, Irudayaraj J. Epigenetic biomarker screening by FLIM-FRET for combination
therapy in ER+ breast cancer. Clin Epigenetics. 2019; 11(1):16. https://doi.org/10.1186/s13148-019-
0620-6 PMID: 30700309

Franco AA, Lam WM, Burgers PM, Kaufman PD. Histone deposition protein Asf1 maintains DNA repli-
some integrity and interacts with replication factor C. Genes Dev. 2005; 19(11):1365-75. https://doi.
org/10.1101/gad. 1305005 PMID: 15901673

Daganzo SM, Erzberger JP, Lam WM, Skordalakes E, Zhang R, Franco AA, et al. Structure and func-
tion of the conserved core of histone deposition protein Asf1. Curr Biol. 2003; 13(24):2148-58. https://
doi.org/10.1016/j.cub.2003.11.027 PMID: 14680630

Miller A, Kirchmaier AL. Analysis of Silencing in Saccharomyces cerevisiae. In: Smith JS, Burke D, edi-
tors. Yeast Genetics: Methods and Protocols. 1205. NY: Humana Press, Springer Science+Business
Media; 2014. p. 275-302.

Yang B, Kirchmaier AL. Bypassing the Catalytic Activity of SIR2 for SIR Protein Spreading in S. cerevi-
siae. Mol Biol Cell. 2006; 17:5287-97. https://doi.org/10.1091/mbc.e06-08-0669 PMID: 17035629

Miller A, Yang B, Foster T, Kirchmaier AL. Proliferating cell nuclear antigen and ASF1 modulate silent
chromatin in Saccharomyces cerevisiae via lysine 56 on histone H3. Genetics. 2008; 179(2):793-809.
https://doi.org/10.1534/genetics.107.084525 PMID: 18558650

Kirchmaier AL, Rine J. Cell-cycle requirements in assembling silent chromatin in Saccharomyces cer-
evisiae. Mol Cell Biol. 2006; 26:852—62. https://doi.org/10.1128/MCB.26.3.852-862.2006 PMID:
16428441

Dannah NS, Nabeel-Shah S, Kurat CF, Sabatinos SA, Fillingham J. Functional Analysis of Hif1 His-
tone Chaperone in Saccharomyces cerevisiae. G3 (Bethesda). 2018; 8(6):1993—-2006. https://doi.org/
10.1534/g3.118.200229 PMID: 29661843

Kimmerly W, Buchman A, Kornberg R, Rine J. Roles of two DNA-binding factors in replication, segre-
gation and transcriptional repression mediated by a yeast silencer. EMBO J. 1988; 7(7):2241-53.
PMID: 3046937

Abe T, Sugimura K, Hosono Y, Takami Y, Akita M, Yoshimura A, et al. The histone chaperone facili-
tates chromatin transcription (FACT) protein maintains normal replication fork rates. J Biol Chem.
2011; 286(35):30504—12. https://doi.org/10.1074/jbc.M111.264721 PMID: 21757688

Reifsnyder C, Lowell J, Clarke A, Pillus L. Yeast SAS silencing genes and human genes associated
with AML and HIV-1 Tat interactions are homologous with acetyltransferases. Nat Genet. 1996; 14
(1):42-9. https://doi.org/10.1038/ng0996-42 PMID: 8782818

Xu EY, Kim S, Replogle K, Rine J, Rivier DH. Identification of SAS4 and SAS5, two genes that regulate
silencing in Saccharomyces cerevisiae. Genetics. 1999; 153(1):13-23. PMID: 10471696

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 31/35


https://doi.org/10.1128/MCB.00182-08
https://doi.org/10.1128/MCB.00182-08
http://www.ncbi.nlm.nih.gov/pubmed/18458063
https://doi.org/10.1093/femsyr/fov073
http://www.ncbi.nlm.nih.gov/pubmed/26260510
https://doi.org/10.1074/jbc.M110.166918
http://www.ncbi.nlm.nih.gov/pubmed/20813847
https://doi.org/10.1534/genetics.118.301858
http://www.ncbi.nlm.nih.gov/pubmed/30728156
https://doi.org/10.1101/gad.907201
https://doi.org/10.1101/gad.907201
http://www.ncbi.nlm.nih.gov/pubmed/11731479
https://doi.org/10.1101/gad.929001
http://www.ncbi.nlm.nih.gov/pubmed/11731480
https://doi.org/10.1186/s13148-019-0620-6
https://doi.org/10.1186/s13148-019-0620-6
http://www.ncbi.nlm.nih.gov/pubmed/30700309
https://doi.org/10.1101/gad.1305005
https://doi.org/10.1101/gad.1305005
http://www.ncbi.nlm.nih.gov/pubmed/15901673
https://doi.org/10.1016/j.cub.2003.11.027
https://doi.org/10.1016/j.cub.2003.11.027
http://www.ncbi.nlm.nih.gov/pubmed/14680630
https://doi.org/10.1091/mbc.e06-08-0669
http://www.ncbi.nlm.nih.gov/pubmed/17035629
https://doi.org/10.1534/genetics.107.084525
http://www.ncbi.nlm.nih.gov/pubmed/18558650
https://doi.org/10.1128/MCB.26.3.852-862.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428441
https://doi.org/10.1534/g3.118.200229
https://doi.org/10.1534/g3.118.200229
http://www.ncbi.nlm.nih.gov/pubmed/29661843
http://www.ncbi.nlm.nih.gov/pubmed/3046937
https://doi.org/10.1074/jbc.M111.264721
http://www.ncbi.nlm.nih.gov/pubmed/21757688
https://doi.org/10.1038/ng0996-42
http://www.ncbi.nlm.nih.gov/pubmed/8782818
http://www.ncbi.nlm.nih.gov/pubmed/10471696
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Ehrenhofer-Murray AE, Rivier DH, Rine J. The role of Sas2, an acetyltransferase homologue of Sac-
charomyces cerevisiae, in silencing and ORC function. Genetics. 1997; 145(4):923-34. PMID:
9093847

Krawitz DC, Kama T, Kaufman PD. Chromatin assembly factor | mutants defective for PCNA binding
require Asf1/Hir proteins for silencing. Mol Cell Biol. 2002; 22(2):614-25. https://doi.org/10.1128/mcb.
22.2.614-625.2002 PMID: 11756556

Sutton A, Shia WJ, Band D, Kaufman PD, Osada S, Workman JL, et al. Sas4 and Sas5 are required
for the histone acetyltransferase activity of Sas2 in the SAS complex. J Biol Chem. 2003; 278
(19):16887-92. https://doi.org/10.1074/jbc.M210709200 PMID: 12626510

Collins SR, Miller KM, Maas NL, Roguev A, Fillingham J, Chu CS, et al. Functional dissection of pro-
tein complexes involved in yeast chromosome biology using a genetic interaction map. Nature. 2007;
446(7137):806-10. https://doi.org/10.1038/nature05649 PMID: 17314980

Mimura S, Yamaguchi T, Ishii S, Noro E, Katsura T, Obuse C, et al. Cul8/Rtt101 forms a variety of pro-
tein complexes that regulate DNA damage response and transcriptional silencing. J Biol Chem. 2010;
285(13):9858-67. https://doi.org/10.1074/jbc.M109.082107 PMID: 20139071

Luciano P, Dehe PM, Audebert S, Geli V, Corda Y. Replisome function during replicative stress is
modulated by histone h3 lysine 56 acetylation through Ctf4. Genetics. 2015; 199(4):1047-63. https://
doi.org/10.1534/genetics.114.173856 PMID: 25697176

Buser R, Kellner V, Melnik A, Wilson-Zbinden C, Schellhaas R, Kastner L, et al. The Replisome-Cou-
pled E3 Ubiquitin Ligase Rtt101Mms22 Counteracts Mrc1 Function to Tolerate Genotoxic Stress.
PLoS Genet. 2016; 12(2):e1005843. https://doi.org/10.1371/journal.pgen.1005843 PMID: 26849847

ZhangJ, ShiD, Li X, Ding L, Tang J, Liu C, et al. Rtt101-Mms1-Mms22 coordinates replication-cou-
pled sister chromatid cohesion and nucleosome assembly. EMBO Rep. 2017; 18(8):1294—-305.
https://doi.org/10.15252/embr.201643807 PMID: 28615292

Diao LT, Chen CC, Dennehey B, Pal S, Wang P, Shen ZJ, et al. Delineation of the role of chromatin
assembly and the Rtt101Mms1 E3 ubiquitin ligase in DNA damage checkpoint recovery in budding
yeast. PLoS ONE. 2017; 12(7):e0180556. https://doi.org/10.1371/journal.pone.0180556 PMID:
28749957

Huang H, Zhang D, Wang Y, Perez-Neut M, Han Z, Zheng YG, et al. Lysine benzoylation is a histone
mark regulated by SIRT2. Nature Communications. 2018; 9(1):3374. https://doi.org/10.1038/s41467-
018-05567-w PMID: 30154464

Sabari BR, Zhang D, Allis CD, Zhao Y. Metabolic regulation of gene expression through histone acyla-
tions. Nat Rev Mol Cell Biol. 2017; 18(2):90—101. https://doi.org/10.1038/nrm.2016.140 PMID:
27924077

Huang H, Sabari BR, Garcia BA, Allis CD, Zhao Y. SnapShot: histone modifications. Cell. 2014; 159
(2):458—e1. https://doi.org/10.1016/j.cell.2014.09.037 PMID: 25303536

Zhang L, Eugeni EE, Parthun MR, Freitas MA. Identification of novel histone post-translational modifi-
cations by peptide mass fingerprinting. Chromosoma. 2003; 112(2):77-86. https://doi.org/10.1007/
s00412-003-0244-6 PMID: 12937907

Tropberger P, Pott S, Keller C, Kamieniarz-Gdula K, Caron M, Richter F, et al. Regulation of transcrip-
tion through acetylation of H3K122 on the lateral surface of the histone octamer. Cell. 2013; 152
(4):859-72. https://doi.org/10.1016/j.cell.2013.01.032 PMID: 23415232

Kaufman PD, Cohen JL, Osley MA. Hir proteins are required for position-dependent gene silencing in
Saccharomyces cerevisiae in the absence of chromatin assembly factor I. Mol Cell Biol. 1998; 18
(8):4793-806. https://doi.org/10.1128/mcb.18.8.4793 PMID: 9671489

Campos |, Geiger JA, Santos AC, Carlos V, Jacinto A. Genetic screen in Drosophila melanogaster
uncovers a novel set of genes required for embryonic epithelial repair. Genetics. 2010; 184(1):129—40.
https://doi.org/10.1534/genetics.109.110288 PMID: 19884309

Zhou H, Madden BJ, Muddiman DC, Zhang Z. Chromatin assembly factor 1 interacts with histone H3
methylated at lysine 79 in the processes of epigenetic silencing and DNA repair. Biochemistry. 2006;
45(9):2852-61. https://doi.org/10.1021/bi0521083 PMID: 16503640

Verreault A, Kaufman PD, Kobayashi R, Stillman B. Nucleosome assembly by a complex of CAF-1
and acetylated histones H3/H4. Cell. 1996; 87(1):95-104. https://doi.org/10.1016/s0092-8674(00)
81326-4 PMID: 8858152

Hyland EM, Cosgrove MS, Molina H, Wang D, Pandey A, Cottee RJ, et al. Insights into the role of his-
tone H3 and histone H4 core modifiable residues in Saccharomyces cerevisiae. Mol Cell Biol. 2005;
25(22):10060-70. https://doi.org/10.1128/MCB.25.22.10060-10070.2005 PMID: 16260619

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 32/35


http://www.ncbi.nlm.nih.gov/pubmed/9093847
https://doi.org/10.1128/mcb.22.2.614-625.2002
https://doi.org/10.1128/mcb.22.2.614-625.2002
http://www.ncbi.nlm.nih.gov/pubmed/11756556
https://doi.org/10.1074/jbc.M210709200
http://www.ncbi.nlm.nih.gov/pubmed/12626510
https://doi.org/10.1038/nature05649
http://www.ncbi.nlm.nih.gov/pubmed/17314980
https://doi.org/10.1074/jbc.M109.082107
http://www.ncbi.nlm.nih.gov/pubmed/20139071
https://doi.org/10.1534/genetics.114.173856
https://doi.org/10.1534/genetics.114.173856
http://www.ncbi.nlm.nih.gov/pubmed/25697176
https://doi.org/10.1371/journal.pgen.1005843
http://www.ncbi.nlm.nih.gov/pubmed/26849847
https://doi.org/10.15252/embr.201643807
http://www.ncbi.nlm.nih.gov/pubmed/28615292
https://doi.org/10.1371/journal.pone.0180556
http://www.ncbi.nlm.nih.gov/pubmed/28749957
https://doi.org/10.1038/s41467-018-05567-w
https://doi.org/10.1038/s41467-018-05567-w
http://www.ncbi.nlm.nih.gov/pubmed/30154464
https://doi.org/10.1038/nrm.2016.140
http://www.ncbi.nlm.nih.gov/pubmed/27924077
https://doi.org/10.1016/j.cell.2014.09.037
http://www.ncbi.nlm.nih.gov/pubmed/25303536
https://doi.org/10.1007/s00412-003-0244-6
https://doi.org/10.1007/s00412-003-0244-6
http://www.ncbi.nlm.nih.gov/pubmed/12937907
https://doi.org/10.1016/j.cell.2013.01.032
http://www.ncbi.nlm.nih.gov/pubmed/23415232
https://doi.org/10.1128/mcb.18.8.4793
http://www.ncbi.nlm.nih.gov/pubmed/9671489
https://doi.org/10.1534/genetics.109.110288
http://www.ncbi.nlm.nih.gov/pubmed/19884309
https://doi.org/10.1021/bi0521083
http://www.ncbi.nlm.nih.gov/pubmed/16503640
https://doi.org/10.1016/s0092-8674%2800%2981326-4
https://doi.org/10.1016/s0092-8674%2800%2981326-4
http://www.ncbi.nlm.nih.gov/pubmed/8858152
https://doi.org/10.1128/MCB.25.22.10060-10070.2005
http://www.ncbi.nlm.nih.gov/pubmed/16260619
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

van Leeuwen F, Gafken PR, Gottschling DE. Dot1p modulates silencing in yeast by methylation of the
nucleosome core. Cell. 2002; 109(6):745-56. https://doi.org/10.1016/s0092-8674(02)00759-6 PMID:
12086673

Ng HH, Feng Q, Wang H, Erdjument-Bromage H, Tempst P, Zhang Y, et al. Lysine methylation within
the globular domain of histone H3 by Dot1 is important for telomeric silencing and Sir protein associa-
tion. Genes Dev. 2002; 16(12):1518-27. https://doi.org/10.1101/gad.1001502 PMID: 12080090

Masumoto H, Hawke D, Kobayashi R, Verreault A. A role for cell-cycle-regulated histone H3 lysine 56
acetylation in the DNA damage response. Nature. 2005; 436(7048):294—8. https://doi.org/10.1038/
nature03714 PMID: 16015338

Yang B, Britton J, Kirchmaier AL. Insights into the impact of histone acetylation and methylation on Sir
protein recruitment, spreading, and silencing in Saccharomyces cerevisiae. J Mol Biol. 2008; 381
(4):826—44. https://doi.org/10.1016/j.jmb.2008.06.059 PMID: 18619469

Hainer SJ, Martens JA. Regulation of chaperone binding and nucleosome dynamics by key residues
within the globular domain of histone H3. Epigenetics Chromatin. 2016; 9:17. https://doi.org/10.1186/
s13072-016-0066-4 PMID: 27134679

Le S, Davis C, Konopka JB, Sternglanz R. Two new S-phase-specific genes from Saccharomyces cer-
evisiae. Yeast. 1997; 13(11):1029—42. https://doi.org/10.1002/(SICI)1097-0061(19970915)
13:11<1029::AID-YEA160>3.0.CO;2-1 PMID: 9290207

Game JC, Kaufman PD. Role of Saccharomyces cerevisiae chromatin assembly factor- in repair of
ultraviolet radiation damage in vivo. Genetics. 1999; 151(2):485-97. PMID: 9927445

Bostelman LJ, Keller AM, Albrecht AM, Arat A, Thompson JS. Methylation of histone H3 lysine-79 by
Dot1p plays multiple roles in the response to UV damage in Saccharomyces cerevisiae. DNA Repair.
2007; 6(3):383-95. https://doi.org/10.1016/j.dnarep.2006.12.010 PMID: 17267293

Giannattasio M, Lazzaro F, Plevani P, Muzi-Falconi M. The DNA damage checkpoint response
requires histone H2B ubiquitination by Rad6-Bre1 and H3 methylation by Dot1. J Biol Chem. 2005;
280(11):9879-86. https://doi.org/10.1074/jbc.M414453200 PMID: 15632126

Tatum D, Li S. Evidence that the histone methyltransferase Dot1 mediates global genomic repair by
methylating histone H3 on lysine 79. J Biol Chem. 2011; 286(20):17530-5. https://doi.org/10.1074/jbc.
M111.241570 PMID: 21460225

Chen CC, Carson JJ, Feser J, Tamburini B, Zabaronick S, Linger J, et al. Acetylated lysine 56 on his-
tone H3 drives chromatin assembly after repair and signals for the completion of repair. Cell. 2008;
134(2):231-43. https://doi.org/10.1016/j.cell.2008.06.035 PMID: 18662539

Kim JA, Haber JE. Chromatin assembly factors Asf1 and CAF-1 have overlapping roles in deactivating
the DNA damage checkpoint when DNA repair is complete. Proc Natl Acad Sci U S A. 2009; 106
(4):1151-6. https://doi.org/10.1073/pnas.0812578106 PMID: 19164567

Schwartz JL. Monofunctional alkylating agent-induced S-phase-dependent DNA damage. Mutation
Research. 1989; 216(2):111-8. https://doi.org/10.1016/0165-1161(89)90011-3 PMID: 2927413

Chankova SG, Dimova E, Dimitrova M, Bryant PE. Induction of DNA double-strand breaks by zeocin
in Chlamydomonas reinhardtii and the role of increased DNA double-strand breaks rejoining in the for-
mation of an adaptive response. Radiat Environ Biophys. 2007; 46(4):409-16. https://doi.org/10.1007/
s00411-007-0123-2 PMID: 17639449

Krakoff IH, Brown NC, Reichard P. Inhibition of ribonucleoside diphosphate reductase by hydroxyurea.
Cancer Res. 1968; 28(8):1559-65. PMID: 4876978

Masai H, Matsui E, You Z, Ishimi Y, Tamai K, Arai K. Human Cdc7-related kinase complex. In vitro
phosphorylation of MCM by concerted actions of Cdks and Cdc7 and that of a criticial threonine resi-
due of Cdc7 bY Cdks. J Biol Chem. 2000; 275(37):29042-52. https://doi.org/10.1074/jbc.
M002713200 PMID: 10846177

Cho WH, Lee YJ, Kong SI, Hurwitz J, Lee JK. CDC7 kinase phosphorylates serine residues adjacent
to acidic amino acids in the minichromosome maintenance 2 protein. Proc Natl Acad Sci U S A. 2006;
103(31):11521-6. https://doi.org/10.1073/pnas.0604990103 PMID: 16864800

Sasanuma H, Hirota K, Fukuda T, Kakusho N, Kugou K, Kawasaki Y, et al. Cdc7-dependent phos-
phorylation of Mer2 facilitates initiation of yeast meiotic recombination. Genes Dev. 2008; 22(3):398—
410. https://doi.org/10.1101/gad. 1626608 PMID: 18245451

Jeffrey DC, Kakusho N, You Z, Gharib M, Wyse B, Drury E, et al. CDC28 phosphorylates Cac1p and
regulates the association of chromatin assembly factor 1 with chromatin. Cell Cycle. 2015; 14:74-85.
https://doi.org/10.4161/15384101.2014.973745 PMID: 25602519

Zhou C, Elia AE, Naylor ML, Dephoure N, Ballif BA, Goel G, et al. Profiling DNA damage-induced
phosphorylation in budding yeast reveals diverse signaling networks. Proc Natl Acad Sci U S A. 2016;
113(26):E3667-75. https://doi.org/10.1073/pnas. 1602827113 PMID: 27298372

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 33/35


https://doi.org/10.1016/s0092-8674%2802%2900759-6
http://www.ncbi.nlm.nih.gov/pubmed/12086673
https://doi.org/10.1101/gad.1001502
http://www.ncbi.nlm.nih.gov/pubmed/12080090
https://doi.org/10.1038/nature03714
https://doi.org/10.1038/nature03714
http://www.ncbi.nlm.nih.gov/pubmed/16015338
https://doi.org/10.1016/j.jmb.2008.06.059
http://www.ncbi.nlm.nih.gov/pubmed/18619469
https://doi.org/10.1186/s13072-016-0066-4
https://doi.org/10.1186/s13072-016-0066-4
http://www.ncbi.nlm.nih.gov/pubmed/27134679
https://doi.org/10.1002/%28SICI%291097-0061%2819970915%2913%3A11%26lt%3B1029%3A%3AAID-YEA160%26gt%3B3.0.CO%3B2-1
https://doi.org/10.1002/%28SICI%291097-0061%2819970915%2913%3A11%26lt%3B1029%3A%3AAID-YEA160%26gt%3B3.0.CO%3B2-1
http://www.ncbi.nlm.nih.gov/pubmed/9290207
http://www.ncbi.nlm.nih.gov/pubmed/9927445
https://doi.org/10.1016/j.dnarep.2006.12.010
http://www.ncbi.nlm.nih.gov/pubmed/17267293
https://doi.org/10.1074/jbc.M414453200
http://www.ncbi.nlm.nih.gov/pubmed/15632126
https://doi.org/10.1074/jbc.M111.241570
https://doi.org/10.1074/jbc.M111.241570
http://www.ncbi.nlm.nih.gov/pubmed/21460225
https://doi.org/10.1016/j.cell.2008.06.035
http://www.ncbi.nlm.nih.gov/pubmed/18662539
https://doi.org/10.1073/pnas.0812578106
http://www.ncbi.nlm.nih.gov/pubmed/19164567
https://doi.org/10.1016/0165-1161%2889%2990011-3
http://www.ncbi.nlm.nih.gov/pubmed/2927413
https://doi.org/10.1007/s00411-007-0123-2
https://doi.org/10.1007/s00411-007-0123-2
http://www.ncbi.nlm.nih.gov/pubmed/17639449
http://www.ncbi.nlm.nih.gov/pubmed/4876978
https://doi.org/10.1074/jbc.M002713200
https://doi.org/10.1074/jbc.M002713200
http://www.ncbi.nlm.nih.gov/pubmed/10846177
https://doi.org/10.1073/pnas.0604990103
http://www.ncbi.nlm.nih.gov/pubmed/16864800
https://doi.org/10.1101/gad.1626608
http://www.ncbi.nlm.nih.gov/pubmed/18245451
https://doi.org/10.4161/15384101.2014.973745
http://www.ncbi.nlm.nih.gov/pubmed/25602519
https://doi.org/10.1073/pnas.1602827113
http://www.ncbi.nlm.nih.gov/pubmed/27298372
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

Ehrenhofer-Murray AE, Kamakaka RT, Rine J. A role for the replication proteins PCNA, RF-C, poly-
merase e and Cdc 45 in transcriptional silencing in Saccharomyces cerevisiae. Genetics. 1999; 153
(3):1171-82. PMID: 10545450

Simon AC, Zhou JC, Perera RL, van Deursen F, Evrin C, lvanova ME, et al. A Ctf4 trimer couples the
CMG helicase to DNA polymerase alpha in the eukaryotic replisome. Nature. 2014; 510(7504):293—7.
https://doi.org/10.1038/nature 13234 PMID: 24805245

Villa F, Simon AC, Ortiz Bazan MA, Kilkenny ML, Wirthensohn D, Wightman M, et al. Ctf4 Is a Hub in
the Eukaryotic Replisome that Links Multiple CIP-Box Proteins to the CMG Helicase. Mol Cell. 2016;
63(3):385-96. https://doi.org/10.1016/j.molcel.2016.06.009 PMID: 27397685

Zhu W, Ukomadu C, Jha S, Senga T, Dhar SK, Wohlschlegel JA, et al. Mcm10 and And-1/CTF4 recruit
DNA polymerase alpha to chromatin for initiation of DNA replication. Genes Dev. 2007; 21(18):2288—
99. https://doi.org/10.1101/gad.1585607 PMID: 17761813

Gan H, Serra-Cardona A, Hua X, Zhou H, Labib K, Yu C, et al. The Mcm2-Ctf4-Polalpha Axis Facili-
tates Parental Histone H3-H4 Transfer to Lagging Strands. Mol Cell. 2018; 72(1):140-51 €3. hitps://
doi.org/10.1016/j.molcel.2018.09.001 PMID: 30244834

Pan X, Ye P, Yuan DS, Wang X, Bader JS, Boeke JD. A DNA integrity network in the yeast Saccharo-
myces cerevisiae. Cell. 2006; 124(5):1069-81. https://doi.org/10.1016/j.cell.2005.12.036 PMID:
16487579

Tong AH, Lesage G, Bader GD, Ding H, Xu H, Xin X, et al. Global mapping of the yeast genetic interac-
tion network. Science. 2004; 303(5659):808-13. https://doi.org/10.1126/science.1091317 PMID:
14764870

Costanzo M, VanderSluis B, Koch EN, Baryshnikova A, Pons C, Tan G, et al. A global genetic interac-
tion network maps a wiring diagram of cellular function. Science. 2016; 353(6306):aaf1420-1-14.
https://doi.org/10.1126/science.aaf1420 PMID: 27708008

Ejlassi-Lassallette A, Mocquard E, Arnaud MC, Thiriet C. H4 replication-dependent diacetylation and
Hat1 promote S-phase chromatin assembly in vivo. Mol Biol Cell. 2011; 22(2):245-55. https://doi.org/
10.1091/mbc.E10-07-0633 PMID: 21118997

Parthun MR. Histone acetyltransferase 1: More than just an enzyme? Biochim Biophys Acta. 2012;
1819(3—-4):256-63. https://doi.org/10.1016/j.bbagrm.2011.07.006 PMID: 21782045

Poveda A, Sendra R. Site specificity of yeast histone acetyltransferase B complex in vivo. The FEBS
J. 2008; 275(9):2122-36. https://doi.org/10.1111/j.1742-4658.2008.06367.x PMID: 18373695

Jasencakova Z, Scharf AN, Ask K, Corpet A, Imhof A, Almouzni G, et al. Replication stress interferes
with histone recycling and predeposition marking of new histones. Mol Cell. 2010; 37(5):736—43.
https://doi.org/10.1016/j.molcel.2010.01.033 PMID: 20227376

Zhang Z, Shibahara K, Stillman B. PCNA connects DNA replication to epigenetic inheritance in S. cer-
evisiae. Nature. 2000; 408(6809):221-5. https://doi.org/10.1038/35041601 PMID: 11089978

Shibahara K-i, Stillman B. Replication-dependent marking of DNA by PCNA facilitates CAF-1-coupled
inheritance of chromatin. Cell. 1999; 96(4):575-85. https://doi.org/10.1016/s0092-8674(00)80661-3
PMID: 10052459

Moggs JG, Grandi P, Quivy JP, Jonsson ZO, Hubscher U, Becker PB, et al. A CAF-1-PCNA-mediated
chromatin assembly pathway triggered by sensing DNA damage. Mol Cell Biol. 2000; 20(4):1206—18.
https://doi.org/10.1128/mcb.20.4.1206-1218.2000 PMID: 10648606

Gali VK, Dickerson D, Katou Y, Fujiki K, Shirahige K, Owen-Hughes T, et al. Identification of Elg1 inter-
action partners and effects on post-replication chromatin re-formation. PLoS Genet. 2018; 14(11):
e€10077883. https://doi.org/10.1371/journal.pgen.1007783 PMID: 30418970

Garcia BA, Hake SB, Diaz RL, Kauer M, Morris SA, Recht J, et al. Organismal differences in post-
translational modifications in histones H3 and H4. J Biol Chem. 2007; 282(10):7641-55. https://doi.
org/10.1074/jbc.M607900200 PMID: 17194708

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. Crystal structure of the nucleosome
core particle at 2.8 A resolution. Nature. 1997; 389(6648):251-60. https://doi.org/10.1038/38444
PMID: 9305837

Manohar M, Mooney AM, North JA, Nakkula RJ, Picking JW, Edon A, et al. Acetylation of histone H3
at the nucleosome dyad alters DNA-histone binding. J Biol Chem. 2009; 284(35):23312-21. https://
doi.org/10.1074/jbc.M109.003202 PMID: 19520870

Iwasaki W, Tachiwana H, Kawaguchi K, Shibata T, Kagawa W, Kurumizaka H. Comprehensive struc-
tural analysis of mutant nucleosomes containing lysine to glutamine (KQ) substitutions in the H3 and
H4 histone-fold domains. Biochemistry. 2011; 50(36):7822—-32. https://doi.org/10.1021/bi201021h
PMID: 21812398

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 34/35


http://www.ncbi.nlm.nih.gov/pubmed/10545450
https://doi.org/10.1038/nature13234
http://www.ncbi.nlm.nih.gov/pubmed/24805245
https://doi.org/10.1016/j.molcel.2016.06.009
http://www.ncbi.nlm.nih.gov/pubmed/27397685
https://doi.org/10.1101/gad.1585607
http://www.ncbi.nlm.nih.gov/pubmed/17761813
https://doi.org/10.1016/j.molcel.2018.09.001
https://doi.org/10.1016/j.molcel.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30244834
https://doi.org/10.1016/j.cell.2005.12.036
http://www.ncbi.nlm.nih.gov/pubmed/16487579
https://doi.org/10.1126/science.1091317
http://www.ncbi.nlm.nih.gov/pubmed/14764870
https://doi.org/10.1126/science.aaf1420
http://www.ncbi.nlm.nih.gov/pubmed/27708008
https://doi.org/10.1091/mbc.E10-07-0633
https://doi.org/10.1091/mbc.E10-07-0633
http://www.ncbi.nlm.nih.gov/pubmed/21118997
https://doi.org/10.1016/j.bbagrm.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21782045
https://doi.org/10.1111/j.1742-4658.2008.06367.x
http://www.ncbi.nlm.nih.gov/pubmed/18373695
https://doi.org/10.1016/j.molcel.2010.01.033
http://www.ncbi.nlm.nih.gov/pubmed/20227376
https://doi.org/10.1038/35041601
http://www.ncbi.nlm.nih.gov/pubmed/11089978
https://doi.org/10.1016/s0092-8674%2800%2980661-3
http://www.ncbi.nlm.nih.gov/pubmed/10052459
https://doi.org/10.1128/mcb.20.4.1206-1218.2000
http://www.ncbi.nlm.nih.gov/pubmed/10648606
https://doi.org/10.1371/journal.pgen.1007783
http://www.ncbi.nlm.nih.gov/pubmed/30418970
https://doi.org/10.1074/jbc.M607900200
https://doi.org/10.1074/jbc.M607900200
http://www.ncbi.nlm.nih.gov/pubmed/17194708
https://doi.org/10.1038/38444
http://www.ncbi.nlm.nih.gov/pubmed/9305837
https://doi.org/10.1074/jbc.M109.003202
https://doi.org/10.1074/jbc.M109.003202
http://www.ncbi.nlm.nih.gov/pubmed/19520870
https://doi.org/10.1021/bi201021h
http://www.ncbi.nlm.nih.gov/pubmed/21812398
https://doi.org/10.1371/journal.pgen.1009226

PLOS GENETICS

CAF-1 and Rtt101 affect silencing via H4 K16ac

125.

126.

127.

128.

129.

130.

131.

YuQ, Olsen L, Zhang X, Boeke JD, Bi X. Differential Contributions of Histone H3 and H4 Residues to
Heterochromatin Structure. Genetics. 2011; 188(2):291-308. https://doi.org/10.1534/genetics.111.
127886 PMID: 21441216

Barman HK, Takami Y, Nishijima H, Shibahara K, Sanematsu F, Nakayama T. Histone acetyltransfer-
ase-1 regulates integrity of cytosolic histone H3-H4 containing complex. Biochem Biophys Res Com-
mun. 2008; 373(4):624-30. https://doi.org/10.1016/j.bbrc.2008.06.100 PMID: 18601901

Giaever G, Chu AM, Ni L, Connelly C, Riles L, Veronneau S, et al. Functional profiling of the Saccharo-
myces cerevisiae genome. Nature. 2002; 418(6896):387-91. https://doi.org/10.1038/nature00935
PMID: 12140549

Rieger KJ, El-Alama M, Stein G, Bradshaw C, Slonimski PP, Maundrell K. Chemotyping of yeast
mutants using robotics. Yeast. 1999; 15(10B):973-86. https://doi.org/10.1002/(SICI)1097-0061
(199907)15:10B<973::AID-YEA402>3.0.CO;2-L PMID: 10407277

Hirao M, Posakony J, Nelson M, Hruby H, Jung M, Simon JA, et al. Identification of selective inhibitors
of NAD+-dependent deacetylases using phenotypic screens in yeast. J Biol Chem. 2003; 278
(52):52773-82. https://doi.org/10.1074/jbc.M308966200 PMID: 14534292

Olaharski AJ, Rine J, Marshall BL, Babiarz J, Zhang L, Verdin E, et al. The Flavoring Agent Dihydro-
coumarin Reverses Epigenetic Silencing and Inhibits Sirtuin Deacetylases. PLoS Genet. 2005; 1(6):
e77. https://doi.org/10.1371/journal.pgen.0010077 PMID: 16362078

Jacobi JL, Yang B, Li X, Menze AK, Laurentz SM, Janle EM, et al. Impacts on Sirtuin Function and Bio-
availability of the Dietary Bioactive Compound Dihydrocoumarin. PLoS ONE. 2016; 11(2):e0149207.
https://doi.org/10.1371/journal.pone.0149207 PMID: 26882112

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009226  December 7, 2020 35/35


https://doi.org/10.1534/genetics.111.127886
https://doi.org/10.1534/genetics.111.127886
http://www.ncbi.nlm.nih.gov/pubmed/21441216
https://doi.org/10.1016/j.bbrc.2008.06.100
http://www.ncbi.nlm.nih.gov/pubmed/18601901
https://doi.org/10.1038/nature00935
http://www.ncbi.nlm.nih.gov/pubmed/12140549
https://doi.org/10.1002/%28SICI%291097-0061%28199907%2915%3A10B%26lt%3B973%3A%3AAID-YEA402%26gt%3B3.0.CO%3B2-L
https://doi.org/10.1002/%28SICI%291097-0061%28199907%2915%3A10B%26lt%3B973%3A%3AAID-YEA402%26gt%3B3.0.CO%3B2-L
http://www.ncbi.nlm.nih.gov/pubmed/10407277
https://doi.org/10.1074/jbc.M308966200
http://www.ncbi.nlm.nih.gov/pubmed/14534292
https://doi.org/10.1371/journal.pgen.0010077
http://www.ncbi.nlm.nih.gov/pubmed/16362078
https://doi.org/10.1371/journal.pone.0149207
http://www.ncbi.nlm.nih.gov/pubmed/26882112
https://doi.org/10.1371/journal.pgen.1009226

