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Research

RttlO? slows replication speed by histone N-terminal

acetylation

Nelly Frenkel," Felix Jonas,! Miri Carmi, Gilad Yaakov, and Naama Barkai

Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel

The wrapping of DNA around histone octamers challenges processes that use DNA as their template. In vitro, DNA rep-
lication through chromatin depends on histone modifiers, raising the possibility that cells modify histones to optimize fork
progression. RttlO9 is an acetyl transferase that acetylates histone H3 before its DNA incorporation on the K56 and
N-terminal residues. We previously reported that, in budding yeast, a wave of histone H3 K9 acetylation progresses
~3-5 kb ahead of the replication fork. Whether this wave contributes to replication dynamics remained unknown. Here,
we show that the replication fork velocity increases following deletion of RTTI09, the gene encoding the enzyme required
for the prereplication H3 acetylation wave. By using histone H3 mutants, we find that Rttl09-dependent N-terminal acet-
ylation regulates fork velocity, whereas K56 acetylation contributes to replication dynamics only when N-terminal acety-
lation is compromised. We propose that acetylation of newly synthesized histones slows replication by promoting
replacement of nucleosomes evicted by the incoming fork, thereby protecting genome integrity.

[Supplemental material is available for this article.]

Eukaryotic cells protect their DNA by wrapping it within chroma-
tin. The basic building blocks of chromatin are nucleosomes,
which are histone octamers wrapped by ~147 bp of DNA.
During replication, DNA must dissociate from histones to allow
progression of the replication fork. Once the fork has passed, nu-
cleosomes rapidly reassemble, using both available and newly syn-
thesized histones (Groth et al. 2007). This disassembly-reassembly
process offers opportunities for regulating replication dynamics
and coordinating replication with other processes that use DNA
as their template (Hamperl and Cimprich 2016). Understanding
the interplay between chromatin and DNA replication is therefore
of great interest.

Nucleosome stability depends on the interactions between
DNA and histones. Determinants of these interactions are the
DNA sequence and the various modifications added to histones.
Prominent among histone modifications is lysine acetylation, ob-
served in different positions and, in particular, on the disordered
histone N termini (Hong et al. 1993; Lee et al. 1993; Bauer et al.
1994). Histone modification regulates nucleosome stability by al-
tering its electrostatic interactions with DNA and by recruiting reg-
ulatory proteins that assist in the assembly or disassembly of
nucleosomes (Bannister and Kouzarides 2011; Owen-Hughes and
Gkikopoulos 2012).

DNA replication is initiated from hundreds of sites that are
distributed across the genome (Bell and Dutta 2002). These replica-
tion origins are bound by the origin recognition complex (ORC),
which recruits the MCM complex and thus initiates assembly of
the replication machinery (Bell and Stillman 1992). Upon firing,
replication forks proceed bidirectionally until approaching forks
that emanated from neighboring origins. The temporal replication
dynamics therefore depend on the positioning of origins along the
genome, the time in S phase when different origins fire, and the
velocity at which replication forks proceed along the genome.
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Replication origins are relatively depleted of nucleosomes, and
their surrounding chromatin is enriched with histone H3K4 meth-
ylation and H3K9/27 acetylation (MacAlpine et al. 2010; Eaton
et al. 2011; Lubelsky et al. 2014; Miotto et al. 2016). Evidence
from budding yeast suggests that histone modifications regulate
origin firing. For example, tethering of GenS (the catalytic subunit
of the SAGA complex) to late origins advanced origin firing time
(Vogelauer et al. 2002). GenS acetylates H3 N-terminal lysines, im-
plicating this acetylation in the regulation of origin firing.

Cells may regulate fork progression by modifying histones
ahead of the progressing fork. In vitro reconstitution experiments
have shown that replication through chromatin is significantly
slower than replication of naked DNA but can be accelerated by
the addition of chromatin chaperones and modifiers (Kurat et al.
2017). Among the factors facilitating fork progression was Gens$,
suggesting a role of H3 N-terminal acetylation in this process.
GcenS was not sufficient for allowing fork progression through
chromatin but promoted the function of the histone chaperone
FACT (Orphanides et al. 1999; Belotserkovskaya et al. 2003). Of
note, although FACT was essential for fork progression in this
assay, CAF-1, which functions as the principal chromatin assem-
bly factor on replicated DNA (Smith and Stillman 1989), was
dispensable.

Chromatin modification may regulate fork velocity in vivo.
We previously reported that in budding yeast, a wave of acetylated
H3KO9 precedes the replication fork by 3-5 kb (Bar-Ziv et al. 2016a).
This wave coincides with the increased chromatin accessibility
found ~7 kb ahead of the fork (Rodriguez and Tsukiyama 2013).
This prereplication was not dependent on GenS but instead re-
quired Rtt109 (Bar-Ziv et al. 2016a). Rtt109 is an acetyltransferase
that modifies H3 on its internal K56 residue and on several N-ter-
minal lysine residues including nine, 14, 23, and 27 (Berndsen
et al. 2008; Fillingham et al. 2008). Rtt109 is a replication-specific
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Rttl09 slows replication speed

enzyme that modifies H3 before its DNA
incorporation (Han et al. 2007a; Tsubota
et al. 2007). This is in contrast to GcnS,
which acts primarily (although not ex-
clusively (Burgess et al. 2010) on DNA-
bound histones. Rtt109’s roles during
DNA replication include the protection
of genomic stability, promotion of nucle-
osome assembly, and preservation of ex-
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2016b). To all these roles, Rtt109 contrib-
utes by acetylating H3K56. Acetylation
of H3K56 promotes, for example, the in-
teraction of H3 with CAF-1 and, in this
way, increases the efficiency of nucleo-
some assembly at the wake of the fork
(Li et al. 2008). H3KS6ac is also impor-
tant for buffering gene expression qu
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troduced by replication in S phase (Bar- 0
Ziv et al. 2016b; Voichek et al. 2016a,b,
2018; Bar-Ziv et al. 2020). In contrast,
the possible functional consequences of
Rtt109 activity on the H3 N-terminal
acetylation remain unknown. Our study
was set to examine whether this modifi-
cation contributes to DNA replication
dynamics.

Figure 1.

biological repeats.

Results

Deletion of RTTI09 increases replication fork velocity

Histone acetylation can reduce nucleosome stability and facilitate
access to DNA (Hong et al. 1993; Lee et al. 1993; Bauer et al. 1994),
raising the possibility that the H3K9ac wave progressing ahead of
the replication fork contributes to replication dynamics. To begin
testing this, we asked whether deleting RTT109, and thereby abol-
ishing the H3K9ac wave, perturbs replication dynamics.

As a first approach for characterizing replication dynamics,
we profiled the DNA content of an asynchronously growing cell
population and applied an analysis we previously developed to
characterize its replication dynamics (Miiller et al. 2014; Gispan
et al. 2016). In contrast to single-molecule techniques, this tech-
nique does not require the genetic and environmental perturba-
tions necessary to enable efficient BrdU labelling that might
affect DNA replication (Bianco et al. 2012). Briefly, a culture of
asynchronous cells includes cells at different stages of S phase.
Accordingly, the culture’s DNA content contains a higher fraction
of early replicating sequences than of late replicating ones, because
these early replicating regions were duplicated in a larger fraction
of cells. Plotting the relative DNA content along chromosomes
identifies replication origins as peaks, as well as reports on origin
firing time (or efficiency) by the height of these peaks (Fig. 1A).
We previously showed that fork velocity and initiation rate shape
these static replication profiles by modulating the frequency at
which replication origins are passively replicated by forks emanat-
ing elsewhere, before having a chance to fire. Lowering initiation
rate, for example, increases passive replication and therefore reduc-
es the sharpness of the replication profile, whereas lowering fork
velocity decreases passive replication and therefore increases pro-
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DNA replication in the absence of the Rtt109 acetyl transferase. (A) RTT109 deletion affects
the replication profile: The relative DNA abundance along Chromosome XVl is plotted for wild-type
(wt; gray) and rtt1094 (blue) strains. Arrows and vertical lines indicate ORIs, as defined by OriDB
(Yabuki et al. 2002): black, early; gray, late. (B-D) RTT109 deletion increases replicon length: Shown is
the autocorrelation (B), calculated over the full replication profiles, and replicon length (C), calculated
through principal component analysis, for wt (gray) and rtt1094 (blue) strains. The distance at which
the autocorrelation reaches half maximum (L) is shown (dashed line) and used in D. Error bars, SE between

file sharpness. Through auto-correlation, or using the more robust
principal component analysis, we can estimate the ratio of fork ve-
locity to initiation rate. This ratio defines the typical length of DNA
replicated from a highly efficient origin, and we therefore denote it
by replicon length (Gispan et al. 2016).

We applied this analysis to compare the replicon lengths of
wild-type and RTT109-deleted cells (Fig. 1C). Following our hy-
pothesis that the H3K9ac wave promotes fork velocity, we expect-
ed RTT109 deletion to reduce replication speed, leading to a
shorter replicon length. However, contrasting our expectation, au-
tocorrelation was in fact broader, and replicon length increased by
~100% (100 kb vs. 50 kb) in RTT109-deleted cells (Fig. 1B-D).

The increased replicon length of RTT109-deletion mutants
could reflect lower initiation frequency or increased fork velocity.
To distinguish between these possibilities, we followed the replica-
tion dynamics in synchronized cultures (Fig. 2A-C). We arrested
cells at the end of G1 using mating pheromone and released
them into S phase, taking samples at 3-min intervals for profiling
DNA content. This tight time course allowed measuring the tem-
poral increase in DNA content at each locus and, from this, quan-
tifying the fork velocity and origin initiation frequency (Methods).

RTT109 deletion led to a moderate decrease in initiation rate
(~15%) (Fig. 2E; Supplemental Fig. S1B). More interesting, for us,
was its effect on fork velocity, which increased by ~30% (Fig. 2D,
E). Thus, although the fork velocity found in wild-type cells
(2.16 kb/min) was in good agreement with previous estimates,
fork velocity in the RTT109-deleted strain was 2.84 kb/min (Fig.
2D,E). These results are in qualitative agreement with the increased
replicon length found in asynchronous cells but predict a smaller
increase than was in fact observed (60% vs. 100%). This difference
may reflect the two experimental platforms (Batrakou et al. 2020)
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Figure 2. RTT109 deletion increases fork velocity. (A) Experimental scheme. For details, see text. (B) Temporal replication profile measured by DNA con-
tent: Shown is the measured DNA content (color-coded) along Chromosome Xl at the indicated times for wt (top) and RTT109-deleted (middle) cells.
Triangles highlight ORIs (Yabuki et al. 2002), with the color differing between early (black) and late (gray) ORIs. (C) Time of replication (ToR), at each locus,
defined as the time when DNA content increased by 40%. For details, see Methods. (D,E) RTT109 deletion accelerates replication: Each point in D repre-
sents a locus, replicated by a fork emanating from an early ORI (n=107 or 91 ORIs for wt and rtt1094, respectively). Shown is the locus replication time
relative to that of its ORI (AToR) as a function of its distance. Solid line is linear regression. Fork velocity calculated from slope is indicated and shown, to-
gether with the calculated initiation frequency (Supplemental Fig. S1B) in D (see Methods). (F) Temporal replication measured by Pol2 localization: Shown
in Fis the Pol2 abundance (color-coded) around 250 active ORlIs at the indicated times. ORIs are ordered by their reported replication time (RepTime)
(Yabuki et al. 2002): wt profiles on top, rtt109A profiles on the bottom. (G,H) RTT109 deletion increases fork velocity: Shown is the median Pol2 occupancy
around early ORIs at the indicated times in wt (top) and RTT109-deleted (bottom) cells. The distribution of Pol2 velocity, as calculated from the temporal
spread around each ORIl is shown in G. n>100 ORIs in two ChlIP experiments that were analyzed per strain; median values are indicated (see Methods).

but more likely results from differences in the experimental condi-
tions and, in particular, the need to synchronize cells in G1 before
measuring their S-phase progression. Indeed, during this synchro-
nization, cell mass increases, histone expression is repressed, and
gene expression is reprogrammed, all of which could affect replica-
tion dynamics, likely at the initiation phase.

Our results suggest that Rtt109 activity results in a slower rep-
lication fork. To validate this result further, we followed more
directly the temporal progression of the leading strand DNA poly-
merase (Pol2) itself. To this end, we released G1-synchronized cells
into fresh media and followed them as they progressed synchro-
nously through S phase, sampling cells at 2.5-min intervals for
mapping Pol2’s genomic localization using chromatin immuno-
precipitation (ChIP)-seq. As expected, early time points showed
distinct Pol2 peaks at early origins (Fig. 2F; Supplemental Fig.
S1E,F). The starting occupancy of Pol2 at origins of replication ini-
tiation (ORIs) was tightly correlated between wild-type and
RTT109-deleted cells, confirming the conserved hierarchy of ori-
gin firing time and showing no apparent activation of dormant or-
igins (Supplemental Fig. S1C,D). As expected, with time, the Pol2
peaks gradually widened and moved away from the ORIs (Fig. 2F,

G; Supplemental Fig. S1E,F). Fork velocities estimated from this
spread were slower than previous estimates, perhaps owing to
the epitope labeling of Pol2. Still, also here, deletion of RTT109
led to a clear ~15% increase in fork velocity (Fig. 2H).
Considering recent reports on transcription replication conflicts,
we searched for locus-specific effects of RTT109 deletion on fork
velocity. However, we could not detect such local effects. We
thus concluded that Rtt109 activity uniformly slows down the pro-
gression of the replication fork.

H3K56 acetylation is dispensable for the Rttl09-dependent
replication slowdown

All previously reported functions of Rtt109 depend on H3K56 acet-
ylation. This acetylation increases the affinity of H3 to CAF-1, the
principal chaperone mediating replication-coupled nucleosome
assembly, raising the possibility that Rtt109 slows replication by
promoting CAF-1-dependent histone incorporation (Li et al.
2008). To examine this, we measured replicon length in mutants
individually deleted of the three CAF-1 subunits (Fig. 3A, left).
Deletion of either RLF2 or CAC2, the two CAF-1-specific subunits,
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Figure 3. Histone H3K56 acetylation does not account for Rtt109-dependent replication slowdown. (A) Replicon length is invariant to H3K56-related
perturbations: Shown are the replicon lengths of the indicated substitution and deletion mutants. (B) H3K56 mutation does not increase fork velocity:
Shown are the fork velocity and initiation frequency of the indicated mutants, as defined from the DNA content of cells progressing synchronously through
S phase (for details, see Supplemental Fig. $2). (C—F) H3K56 mutation does not promote Pol2 progression: same as Figure 2, F through H, for the indicated

mutants.

led to a slight decrease in replicon length (~5%). Deletion of MSI1
led to a stronger effect (~50% increase in replicon length), but this
subunit also functions outside of the complex (Johnston et al.
2001). Therefore, perturbing the CAF-1 complex has little effect
on replicon length, making it unlikely that the Rtt109 replication
phenotype depends on its role in CAF-1-dependent nucleosome
deposition.

To examine more directly the possibility that Rtt109 slows
replication by acetylating H3K56, we mutated the H3K56 residue
into alanine, arginine, or glutamine (H3KS56A, H3K56R, and
H3K56Q) and examined the effect of these substitutions on repli-
con length (Fig. 3A, middle). Of note, although none of the mu-
tants can be acetylated, they display different electrochemical
properties: By electrostatic charge, glutamine is similar to acetylat-
ed lysine, whereas arginine imitates the unacetylated form (Hecht
etal. 19995). By bulkiness, alanine is the most distinct, as it is small-
er than glutamine, arginine, or lysine. No significant change in
replicon length was observed for any of the three H3K56 mutants.
As an additional test, we measured replicon length in mutants de-
leted of the two Rtt109 cofactors, Asfl and Vps75 (Fig. 3A, right).
Both histone chaperones are required for Rtt109-dependent H3
N-terminal acetylation in vivo, but only Asfl is needed for
H3K56 acetylation (Fillingham et al. 2008). Replicon length in-
creased not only in ASFI-deleted (~85%) but also in VPS75-deleted
cells (~45%), supporting the independence of this replication phe-
notype from H3K56 acetylation.

Mutations of H3KS56, therefore, do not increase replicon
length, contrasting RTT109 deletion. Replicon length, however,
reports on the ratio between fork velocity and initiation rate, leav-
ing open the possibility that H3K56’s contribution to fork velocity
is masked by a similar contribution to initiation rate. We therefore
measured replication dynamics of these mutants more directly,
following DNA content (Fig. 3B; Supplemental Fig. S2) and Pol2

occupancy (Fig. 3C-F) of cells progressing synchronously through
S phase. In these assays, deleting RLF2, or mutating H3KS56 to glu-
tamine (H3K56Q), increased the initiation frequency (10%-25%).
Fork velocity, however, remained invariant to both mutations.
Therefore, H3K56ac does not account for the Rtt109-dependent
slowdown of the replication fork.

H3 N-terminal acetylation can partially account
for Rttl09-dependent replication slowdown

Following our finding that H3K56 is dispensable for Rtt109’s role
in slowing replication, we asked whether this phenotype depends
on Rtt109’s catalytic activity. To this end, we engineered two
Rtt109 mutants, one deficient of all acetylase activities (DD287,
288AA) (Han et al. 2007a) and one that specifically perturbs his-
tone N-terminal acetylation (K290Q) (Radovani et al. 2013). By
measuring replicon lengths, we found that both mutations in-
creased replicon length by approximately twofold, similar to a
RTT109 deletion (Fig. 4A). These results pointed at H3 N-terminal
acetylation as the likely process through which Rtt109 slows repli-
cation fork progression.

To examine more directly the role of H3 N-terminal acetyla-
tion in slowing the replication fork, we mutated the respective ly-
sine residues. We accounted for possible redundancies between
these residues by simultaneously mutating one (K9), four
(K4,9,14,18), or five (K9,14,18,23,27) residues. In each case, the ly-
sine residues were mutated to alanine (A), glutamine (Q), or argi-
nine (R). Measuring replicon lengths of these mutants, we found
that, similar to a RTT109 deletion, most mutations increased rep-
licon length (Fig. 4A). This increase was proportional to the num-
ber of mutated residues and was further dependent on the identity
of the lysine replacements. Thus, glutamine and alanine were
moderately disturbing (+60%-65%), whereas arginine, which
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best mimics unacetylated lysine and possibly a RTT109 deletion,
led to the most pronounced increase in replicon length. The in-
crease in replicon length in 4KR and 5KR mutants surpassed that
of the RTT109 deletion strain, likely indicating an additional,
Rtt109-independent effect. Thus, mutations in H3 N-terminal ly-
sines change replicon length similarly to the RTT109 deletion.

To test whether these mutants change the replication fork ve-
locity, we followed synchronized cultures. Quantifying DNA con-
tent in 4KQ mutants progressing synchronously through S phase
revealed a 15% increase in fork velocity in these mutants (Fig.
4B; Supplemental Fig. S3). Profiling Pol2 progression of 4KQ and
4KR mutants showed an 8% and 15% increase in fork velocity, re-
spectively, the latter being the same as observed in the RTT109-de-
leted strain using this same assay (Fig. 4C-F). Therefore, mutating
N-terminal H3 lysines increases replication fork velocity, as ob-
served in RTT109-deleted cells.

Epistatic analysis links the H3 N-terminal replication phenotype
to its acetylation by Rttl09

Our results above, showing that fork velocity increases upon mu-
tating either Rtt109 or its H3 N-terminal lysine substrates, suggest
that Rtt109 suppresses fork velocity by acetylating these same res-
idues. These H3 N-terminal lysines, however, are acetylated not
only by Rtt109 but also by Gcn3, leaving the question of whether
the H3 N-terminal replication phenotype is GenS dependent. We
addressed this using a genetic analysis, reasoning that if the phe-
notype of H3 N-terminus mutants is GenS dependent, expression
of this phenotype would require a functional GenS complex. To
examine this, we determined the replication profile of GCN5-delet-
ed cells and the consequences of H3 N-terminal substitutions in
this background. Mutating H3 N-terminal lysine residues to gluta-
mine in GCN5-deleted cells increased replicon length to a similar
extent as it did in the wild-type background. Repeating this exper-
iment in several other deletion mutants important for GenS func-

tion led to a similar, although weaker effect (Fig. SA). Therefore,
the replication phenotype of H3 N-terminal mutants is not GenS
dependent.

To turther confirm that the H3 N-terminal replication pheno-
type is Rtt109 dependent, we performed the same genetic analysis
with Rtt109. In this case, no additional replication effect was ob-
served when mutating the H3 N-terminal lysines to alanine or to
glutamine in a RTT109-deleted background. This suggests that
the H3 N-terminal replication phenotype is indeed Rtt109 depen-
dent (Fig. 5A).

Finally, we wished to verify that Rtt109 affects replication dy-
namics exclusively through its known acetylation targets. We
therefore combined the H3K56 and H3 N-terminal replacements
and examined the consequences of deleting RTT109 in these back-
grounds (Fig. 5B). Replicon length of mutants incapable of both
H3 N-terminal and H3K56 acetylation remained invariant to
RTT109 deletion, consistent with Rtt109’s replication phenotype
being fully dependent on its known targets. This analysis further
revealed that mutating H3K56 in the background of H3 N-terminal
mutants does increase replicon length (>35%), contrasting its lim-
ited effect in the wild-type background (<15%) (Fig. 5C), raising
the possibility that H3K56 acetylation can serve as a back-up for
H3 N-terminal acetylation (Fig. 5C).

Discussion

The doubling of DNA content during S phase requires the produc-
tion of new histones to allow nucleosome assembly on replicated
DNA. A specific set of marks is added to these newly synthesized
histones before DNA incorporation. By acetylating newly synthe-
sized histone H3 on K56 and N-terminal residues, Rtt109 contrib-
utes to the reshaping of the chromatin landscape during
replication. Previous studies ascribe functional roles to H3K56ac,
showing that it promotes CAF-1-dependent chromatin assembly
at the wake of the fork, reduces genomic instabilities, and ensures

430 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266510.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266510.120/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Rttl09 slows replication speed

Histone H3 substitutions

A wt Rtt109 SAGA-HAT B wt ®K56 N-term. ® N-term.+K56
C ~ | _ T T T T T
I ) gen5a—1- o & L2 | 1
® = | & 9 wt
o 508wt © = —0— 1
= = - < c |
b5 | £Ehs9f29 0 % S osf — ]
3E ngglad S B 56Q | AKR
s So4 @ R R kg |
o ® ada2 ,8 g > 56A KA
@' g rt-tlolgaé g E L A6, 4KA-56R |
aQx 0 S o
£ asflAI J ‘ ‘ T :
50 70 90 50 70 90 110 130
Replicon length (kb) Replicon length (kb)
Cc H3K56 substitution D Nucleosomes
none 56A 56Q 56R P — — - — = — = O unmodified
c
2 ° 130 o ‘ @ : H3K9 acetylated
.‘3(\00 110 -g | H3K56 acetylated
3 o o
E Wy 90 § | = preexisting
2% o |
©
E’. &l- ; ‘ — e
z 50 & !
[20) b\k |

Figure 5.

Rtt109 acts via H3 N-terminal acetylation to reduce fork velocity. (A) Genetic interaction between histone N-terminal acetylation and Rtt109 or

SAGA/SLIK complexes. Relative replicon length change (log,) after an N-terminal substitution (4KQ, open circle; 4KA, closed circle) in wt (gray), RTT109-
deleted (blue), or SAGA-HAT-core subunit-deleted (pink) cells is plotted against their replicon length (x-axis in log scale). (B) Genetic interactions between
RTT109 and histone acetylation during DNA replication. For each lysine H3 N-terminal and K56 substitution (naming as in Figs. 3A, 4A), and their com-
binations, the relative replicon length (log,) after RTTT109 deletion is plotted against its replicon length without RTT709 deletion. Gray indicates wt; red,
H3K56 substitutions; green, N-terminal substitutions; purple, combined H3K56 and N-terminal substitutions; x-axis in log scale. (C) Synergistic effect of
H3K56 and H3 N-terminal substitutions on DNA replication dynamics. The replicon lengths of mutants with combinations of H3K56 (columns) and H3 N-
terminal 4K (rows) substitutions are shown. Colored squares indicate the replicon length after combining N-terminal mutation; gray squares indicate miss-
ing data for 4KR + K56A. (D) A working model: Histone H3 N-terminal acetylation by Rtt109 promotes nucleosome deposition in front of the fork and thus

slows DNA replication.

expression homeostasis by suppressing transcription from repli-
cated DNA (Voichek et al. 2016b). Here, we reveal, for the first
time, a role of Rtt109-dependent H3 N-terminal acetylation, show-
ing that this acetylation contributes to replication dynamics by
slowing the replication fork. Tight control of fork velocity appears
to be important for optimal genomic stability, as perturbations
that either reduced this velocity, like nucleotide depletion
(Bester et al. 2011), or increased it, for example, through PARP in-
hibition (Maya-Mendoza et al. 2018), were found to reduce ge-
nome stability.

Acetylated H3K56 accumulates on replicated DNA and there-
by marks replicated regions. In contrast, Rtt109-dependent
H3K9ac forms a wave progressing ~3-5 kb ahead of the fork.
Although the lack of highly specific antibodies prevents an analo-
gous study of other N-terminal lysine residues, it is likely that con-
sidering their known redundancies, they show the same wave-like
pattern as does H3K9ac. We therefore attribute the Rtt109-depen-
dent replication slowdown to this prereplication acetylation wave.
This, however, raises the question of how Rtt109, which only func-
tions on free nucleosomes (Han et al. 2007b), specifically affects
nucleosomes ahead of the fork.

Based on our data and the existing literature, we suggest the
following working model (Fig. 5D). Overwinding of DNA ahead
of the replication fork is known to evict nucleosomes, similar to
the eviction shown during transcription (Corless and Gilbert
2016). We assume that H3 N-terminal acetylation by Rtt109 pro-
motes the reassembly of nucleosomes in these regions. This reas-

sembly protects the DNA until the fork approaches but will also
slow it down, leading to the effect we observe. One possible candi-
date that might preferentially incorporate these acetylated his-
tones ahead of the fork is FACT, as this chaperone is known to
be associated with the DNA helicase in front of the fork
(Gambus et al. 2006; Formosa 2012; Yang et al. 2016) and its func-
tion, at least in vitro, is facilitated by H3 N-terminal acetylation
(Kurat et al. 2017; Pathak et al. 2018). Note, however, that to allow
histone incorporation at distances ~3-5 kb ahead of the fork
would require the dissociation of FACT from the helicase.
Another candidate is Vps75, which stimulates Rtt109-dependent
acetylation of residues on the H3 N-terminus and promotes his-
tone deposition on DNA in a manner that is dependent on
Rtt109 (Berndsen et al. 2008).

Our working model therefore suggests that Rtt109 regulates
two parallel pathways for nucleosome assembly: First, through
H3K56 acetylation, Rtt109 promotes the CAF-1-pathway, which
assembles nucleosomes on newly replicated DNA behind the
fork. Second, through H3 N-terminal acetylation, it promotes dep-
osition of nucleosomes ahead of the fork. The lack of H3K56ac
ahead of the fork confirms that a distinct population of H3 exists,
in which the H3 N-terminus, but not H3KS56, is acetylated. The ex-
istence of such a population is further supported by recent in vitro
experiments that mapped the different pathways by which Rtt109
acetylates H3 on its N-terminal residues and K56 (Cote et al. 2019),
as well as the observation that the FACT complex does not associ-
ate with K56 acetylated histones (Foltman et al. 2013). This
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working model therefore puts our results in a framework of exist-
ing literature and points at future experiments required to estab-
lish its validity.

In conclusion, we suggest that by acetylating residues on the
H3 N-terminus, Rtt109 promotes the reassembly of nucleosomes
evicted by superhelical stresses emanating from the incoming
fork. By doing so, Rtt109 reduces replication speed and potentially
protects genome stability.

Methods

Saccharomyces cerevisiae strains

Deletion strains, except barlA, were generated via transformation
and homologous recombination of the desired gene with a G418
resistance cassette. Point mutations in both histone H3 genes
(HHT1 and HHT2) and BAR1 deletion were generated via CRISPR
editing (Mans et al. 2015; Anand et al. 2017). Strains for ChIP
(Pol2 tagged with HA and Mcm?7 tagged with Myc) were generated
via homologs recombination with the tagging plasmids (pYM17+
and pYM18+). All strains and plasmids used in the study are listed
in Supplemental Tables S1 and S2.

Growth conditions of cells harvested for DNA extraction

Cells were grown in yeast extract-peptone—dextrose (YPD) medi-
um for at least 24 h until stationary phase and then diluted in fresh
YPD to a very low ODggo and grown overnight until reaching an
ODgoo of 0.15-0.25. For asynchronous cultures, 1.5 mL of cells
was taken at this point, media discarded, and frozen in liquid nitro-
gen. Additionally, cells were taken for DNA staining and fixated
with 70% ethanol at 4°C. For synchronized experiments of strains
without BAR1 deletion, cells were grown similarly and washed
once with fresh YPD before adding alpha factor to a final concen-
tration of 5 ng/mL. Cells were incubated for 3 h, washed once with
fresh YPD, resuspended in fresh YPD, and incubated for periods of
1-3 h. Samples for DNA extraction and DNA staining were collect-
ed every 3-5 min and treated as described above. For time-resolved
experiments with barlA strains, the initial growth was as described
above, but no additional wash was performed before alpha factor
addition. Alpha factor was added to a final concentration of 7.5
ng/mL. After 3 h of incubation, cells were washed twice with fresh
YPD supplemented with 50 ug/mL Pronase (Sigma-Aldrich) and
then released into fresh YPD containing 50 pg/mL Pronase for
the time-resolved sample collection described above.

Sample collection for ChIP of Pol2-HA (Pol2 subunit)
during S phase

Cells lacking BARI and tagged with HA on Pol2 and Myc on Mcm7
were grown for a time-resolved experiment as described above.
After release from alpha factor into fresh YPD supplemented
with Pronase, cells were collected every 2.5 min and immediately
cross-linked with final 1% formaldehyde for ChIP. In parallel, ad-
ditional cells were collected for FACS staining. After 20 min, cells
were quenched with glycine (125 mM final concentration) for 5
min and then washed twice with ice-cold, double-distilled water;
pellets were flash-frozen in liquid nitrogen and stored at —80°C.

Library preparation and DNA sequencing

DNA was extracted either by blending the cells in 300 uL lysis buft-
er (S0 mM HEPES at pH 7.5, 140 mM NacCl, 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate) with 0.5-mm zirconium oxide
beads in a Bullet Blender 24 (Next Advance) for 1 min at level 8, or
by resuspension in sorbitol 1 M+0.1 M EDTA, addition of 0.016

kilounits lyticase in 1 M sorbitol and incubation for 30 min at
30°C. Cleared lysate was sonicated for 20 min (30 sec on, 30 sec
off; low intensity) in a Bioruptor plus (Diagenode) cooled water
bath sonicator, resulting in an average DNA fragment size of
~200 bp. Lysates were RNase A treated (10 ug per sample in 100
pL lysis buffer) for 1 h at 37°C and then Proteinase K treated (20
pg per sample) for an additional 2 h at 37°C. Thirty to 50 uL of
the lysate was taken from each sample, and a multiplexed library
for sequencing was prepared as previously described (Blecher-
Gonen et al. 2013). Libraries were sequenced in an Illumina
HiSeq 2500 with 50-bp paired-end sequencing or in an Illumina
NextSeq 500 with 50-bp paired-end sequencing.

Library preparation using Tn5 tagmentation and DNA
sequencing

DNA was extracted by resuspension in sorbitol 1 M+0.1 M EDTA,
addition of 0.016 kilounits lyticase in 1 M sorbitol and incubation
for 30 min at 30°C. Lysates were RNase A treated (10 pug per sample
in 100 uL lysis buffer as described above) for 1 h at 37°C and then
Proteinase K treated (20 pg per sample) for an additional 2 h at
37°C. Twenty-five microliters of the lysate was taken from each
sample and cleaned with a X2.3 solid-phase reversible immobiliza-
tion (SPRI) bead cleanup. Tagmentation reaction was then
performed using homemade 2x tagmentation (TD) buffer (as de-
scribed by Wang et al. 2013)—1.25 uL 2x TD buffer and 0.25 pL
TnS enzyme per sample (1 puL cleaned DNA)—final reaction vol-
ume was 2.5 puL. The reaction was performed for 8 min at 55°C.
Tagmented DNA was then amplified with KAPA HiFi hotstart ready
mix PCR (13 cycles) with barcoded Tn$S primers, resulting in mul-
tiplexed libraries. PCR products were then cleaned with an addi-
tional X0.8 SPRI beads cleanup, and final libraries were
sequenced on an Illumina NextSeq 500 with 50-bp sequencing
from R1, 15 bp from R2, and both 8-bp indices.

ChIP of Pol2-HA and library preparation with tagmentation

ChIP was performed as described by Gutin et al. (2018) but with
the on-bead library preparation substituted with on-bead tagmen-
tation as described by Schmidl et al. (2015). In detail, cell pellets
were thawed on ice, washed with 1 M ice-cold sorbitol, and resus-
pended in Buffer Z supplemented with 10 mM p-mercaptoethanol
(5 pL buffer per 1 ODggp of cells). Cells were then treated with
Zymolase 100T (0.5 units per 1 ODgg of cells) for 30 min at
30°C, and spheroplasts were then pelleted for 5 min at 65008
and 4°C and resuspended in lysis buffer with NP-40 (NP) buffer
(supplemented with Protease inhibitors [PIs], 500 uM spermidine,
and 1mM B-mercaptoethanol). After cell lysis, nuclei were pelleted
at 16,000¢ for 10 min at 4°C and resuspended in NP buffer again.
Sonication followed for 25 min (30 sec on, 30 sec off) at high inten-
sity in a Bioruptor plus (Diagenode) cooled water bath sonicator.
Resulting lysates were vortexed for 30 sec, kept on ice for at least
30 min, vortexed again, and centrifuged for 10 min at 16,000g
at 4°C. Around 3 pg of HA antibody (produced in-house by the
Weizmann Antibody Unit using a hybridoma cell line of the
12CAS clone) was added to each supernatant, and samples were
incubated for 2.5 h or overnight at 4°C with gentle tumbling.
Twenty microliters of Protein G beads suspended in radioimmuno-
precipitation assay (RIPA) buffer (supplemented with PI) was then
added to each sample, and an additional 1-h incubation in 4°C
tumbling followed. Samples were then magnetized and washed
six times with RIPA buffer, three times with RIPA 500 buffer, three
times with lithium chloride (LiCl) wash buffer, three times with
10 mM Tris (pH 7.5), and once with 10 mM Tris (pH 8) off the mag-
net (all wash buffers were supplemented with PI). Tagmentation
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reaction was performed using commercial TnS (Illumina) with
7.5 uL 2x TD buffer and 0.25 pL TnS enzyme per sample (final re-
action volume was 15 pL). Beads were resuspended in the tagmen-
tation mix, and the reaction was incubated for 10 min at 37°C. The
reaction was stopped on ice with RIPA buffer, and beads were
washed three times with RIPA buffer. Samples were resuspended
in chromatin elution buffer, treated with 0.5 ng RNase A for
30 min at 37°C and 50 pg Proteinase K for 2 h at 37°C, and then
de-cross-linked for 12-16 h at 65°C. DNA was isolated with 2.2X
SPRI bead purification and then amplified with KAPA HiFi hotstart
ready mix PCR (after preactivation at 98 for 3 min, 14 cycles) with
barcoded Tn$ primers, resulting in multiplexed libraries. Libraries
were sequenced by an Illumina NextSeq 500 or NovaSeq kits with
50-bp paired-end sequencing.

DNA staining

To assess cell cycle synchronization efficiency and position along
the cell cycle, we followed DNA staining of samples for every time
point using flow cytometry. Briefly, EtOH-fixed cells (see above)
were washed twice with 50 mM Tris-HCI (pH 8), resuspended in
1 mg/mL RNase A for 40 min at 37°C, washed twice with 50 mM
Tris-HCI (pH 8), and resuspended in 2 mg/mL Proteinase K for 1-
h incubation at 37°C. Then, cells were washed twice with 50 mM
Tris-HCl (pH 8) again, resuspended in SYBR Green (Sigma-
Aldrich S9430; 1:1000) and incubated in the dark for 1 h at room
temperature. Cells were washed again, resuspended in 50 mM
Tris-HCI (pH 8), and sonicated in the Bioruptor plus (Diagenode)
for three cycles of 10 sec on and 20 sec off at low intensity. SYBR
Green fluorescence was measured using BD LSRII system (BD
Biosciences).

Data processing for dynamic DNA-seq samples

DNA libraries were demultiplexed using custom Python code and
read one of each sample aligned to the S288C genome R64-1-1 us-
ing Bowtie with the parameters “-X 4000 -m 1 —best -strata”
(Langmead et al. 2009). All subsequent processing steps were per-
formed with MATLAB. First, the resulting alignments were extend-
ed to between 100 and 200 bp (based on the average fragment
length) in the read direction. The whole genome was then divided
into 500-bp bins, that is, loci, and the coverage of all bins normal-
ized so the mean coverage is one. To adjust for possible loci-specific
biases in coverage, the normalized occupancy of a bin i in a sample
X was compared to the median occupancy of this bin in all G1-syn-
chronized samples of the same sequencing run:

log,(Ci x) = log,(cix) — median(log, (ci,1)) — median(log,(cn,x))

+ median(log,(cn,G1)),

where C, « is the adjusted coverage of bin i in sample x; ¢; « is the
normalized coverage of bin i in sample X, and ¢, x is the coverage
of all bins in sample x; adjusted coverage was smoothened using
the moving average of 11 bins along the chromosome.

These adjusted coverages only report on the relative DNA
amount of a certain locus compared with the other loci, with de-
creases in relative DNA amount indicating a relatively slower rep-
lication of this locus and not DNA degradation. We therefore
calculated the changes in total DNA analogous to that of Bar-Ziv
et al. (2016a). To this end, the bins were clustered according to
the dynamics of their adjusted coverage (or similarly their pub-
lished replication times) and the median coverage in each cluster
and each time point calculated. Next, the increase of total DNA
at each time point was initially chosen so that the absolute DNA
stays constant for the slowest replicating cluster and subsequently
smoothened with a sigmoidal curve. If, owing to a possible under-

estimation of DNA replication in the slowest replicating clusters,
the total DNA amount apparently did not double during S phase,
the increase at each time point was multiplied by a constant factor
to reach full DNA replication. The resulting DNA dynamics were
subsequently verified with the DNA staining profiles. The result-
ing total DNA at each time point was subsequently used to calcu-
late the copy number in each bin: log,(D; x) =1082(Ci x) +10g2(Ty),
with T, being the total DNA content at time x and D; , being the
absolute DNA content of locus i at time x.

Replication time calculation

To calculate the replication time of each locus, that is, 500-bp
bin, we used a linear fit over the four closest time points to
estimate the exact time at which the copy number reached 1.4,
that is, log,(1.4)=0.5, meaning 40% of cells replicated the corre-
sponding locus.

Initiation frequency calculation

By using the replication time of each locus, we first filtered the 410
possible ORIs (OriDB) according to three criteria to only select
those for which initiation could be detected in the respective
time course: (1) The latest replication time of the slowest locus be-
tween two active ORIs needs to be at least 1 min after the slower
ORI; if two ORIs are not separated by such a locus, only the faster
one can be an active ORI. (2) In the direct vicinity of the ORI, the
replication time of the locus must be strongly correlated with its
distance from the ORI (c>0.75). To adjust for differences in the
exit from alpha factor between the time courses, we next defined
the adjusted initiation time of the active ORIs as the difference be-
tween their replication time and the replication time of the five
first active ORIs. The initiation time of an ORI is determined by
the initiation frequency of a cell and an ORI-specific parameter.
To distinguish between these two parameters, we used robust lin-
ear regression to compare the adjusted initiation time of the active
ORIs against their replication time as determined by (Yabuki et al.
2002). The slope of the fit then indicates the relative delay between
early and late ORIs in certain cells, which can be defined as the in-
verse initiation frequency of a strain: that is, high initiation fre-
quency=short delay between early and late ORIs, and low
initiation frequency =long delay between early and late ORIs.

Fork velocity calculation

For each ORI, we first defined the boundaries between two ORIs as
the locus with the latest replication time, as well as the environ-
ment of each ORI as those points between the closest left and
the right boundary; those boundaries do not need to be symmetric
and might even be next to the ORI for passively replicating ORIs.
Next, we selected good early ORIs (replication time <25 min ac-
cording to the method of Yabuki et al. 2002) for which the corre-
lation between replication time and distance from the ORI in
each locus in its environment is >0.85. For each locus in the envi-
ronment of these good ORIs, we next calculated the delay in repli-
cation time between it and the corresponding ORI (Fig. 2D). Next,
we used robust linear regression to determine the relation between
replication time delay and distance from the ORI for the close locus
(i.e., distance >3 kb and <11 kb). The slope then corresponds to the
inverse of the fork velocity in a specific strain.

Data processing and analysis of Pol2 ChIP-seq data

ChIP-Seq DNA libraries were demultiplexed using bcl2fastq
(Illumina), and the paired-end data were subsequently aligned
to the Saccharomyces cerevisiae genome R64-1-1 using Bowtie 2
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“

with the options “--end-to-end --trim-to 40 --very-sensitive”.
Duplicates were subsequently determined with customized
Picard and genome-wide coverage for concordantly aligned,
unique read- pairs calculated with genomeCoverage from
BEDTools (Quinlan and Hall 2010) using the parameters “-d
-pc”. All further processing was performed using MATLAB. First,
the total coverage was normalized so that the mean coverage in
the unique regions of the genome (e.g., not telomeres, rRNA genes
or transposons) was one and subdivided into 200-bp bins. To
determine the Pol2 movement around the earliest 100 ORIs, we
first smoothened the signal around each ORI (+25 kb) using a mov-
ing Gaussian filter with the width of 21 bins and o of five bins and
next subtracted the median, normalized coverage at each bin over
the entire time course to account for bin-specific coverage differ-
ences (for processing, see Supplemental Fig. S1). Then, two differ-
ent “blinded” persons manually fitted a line to the moving peaks
along the time course of randomly selected ORIs from different ge-
notypes and time courses. After fitting around 100 forks per time
course (two time courses for rtt109A, H3-4KR H3-K56Q, and
wild-type cells; one time course for H3-4KQ), the slope of the fits
was used to calculate the Pol2 velocity for the individual forks.

For visualization of median Pol2 dynamics, the same calcula-
tion was performed but on the median occupancy across all early
ORIs (RepTime<21).

Data access

The DNA sequencing data generated in this study have been sub-
mitted to the NCBI BioProject database (https://www.ncbi.nlm
.nih.gov/bioproject/) under accession number PRJNA631463.
Newly generated scripts and custom code required to reproduce
the work were uploaded to the Supplemental Material as Supple-
mental Code and to GitHub (https://github.com/barkailab/
Frenkel2020).
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