

















were transferred from galactose to glucose in order to repress
galactose-inducible genes and the level of H4 K16Ac relative to
H4 was determined using ChIP. In line with the above results,
there was a pronounced increase of H4 K16Ac at GALIO0 in wt
cells (Fig. 2B). However, no increase was seen in sas2A cells,
showing that the incorporated H4 K16Ac depended on Sas2 and
not another cellular HAT. Of note, this increase of H4 K16Ac was
not simply a result of more H4 being deposited on the GAL10
gene upon repression, because we report here H4 K16Ac levels
that were determined relative to H4 at GAL10.

The absence of an increase in chromatin-bound H4 K16Ac as
cells passage through S-phase was unexpected, because it indi-
cates that bulk H4 becomes acetylated upon Sas2 induction, but
the acetylated H4 does not immediately become incorporated
into chromatin.

Deposition of H4 K16Ac upon gene repression requires
the histone chaperone Spt6

The incorporation of H4 K16Ac in genes upon repression begged
the following question: If cells do not passage through S-phase,
how is new H4 K16Ac incorporated into chromatin? One sim-
ple possibility is that SAS-I is recruited to genes that become
repressed and acetylates H4 K16. However, we and others have
been unable to find chromatin association of Sas2 by ChIP (data
not shown; Dang et al. 2009), suggesting that another mecha-
nism is at play. An alternative explanation is that Sas2 acety-
lates all H4 before incorporation, but that there is less turnover
of nucleosomes as a gene becomes repressed, such that Sas2-
dependent H4 K16Ac remains in chromatin. During strong tran-
scription, the chromatin is partially disassembled as the tran-
scription machinery passes through the body of the gene and
is reassembled after its passage by histone chaperones, for in-
stance Asfl and Spt6 (reviewed in Kwak and Lis 2013). We
therefore asked whether any of the known chromatin assem-
bly factors and histone chaperones were required for S-phase-
independent H4 K16Ac deposition upon repression of GAL10.

Importantly, inactivation of Spt6 using the spt6-1004 allele
completely abrogated H4 K16Ac deposition upon repression of
GAL10 (Fig. 3A). This was also observed at two other sites in
the middle and at the 3’ end of GAL10, as well as at another
galactose-repressed gene, GAL3 (data not shown), indicating
that this was a general effect of Spt6 during glucose-mediated
gene repression. This showed that Spt6 was required for tran-
scriptional repression-dependent H4 K16Ac deposition.

We furthermore tested the effect of CAF-I and Asfl. While
CAF-I function is restricted to replication-coupled chromatin as-
sembly, Asfl also has roles both in assembly and disassembly
of H3/H4 during transcription (Adkins, Howar and Tyler 2004;
Schwabish and Struhl 2006). cac1A did not decrease H4 K16Ac
deposition (Fig. 3B), which may not be surprising, since the cells
in this experiment were maintained in G1-phase. asfl1A showed
a slight tendency towards less H4 K16Ac incorporation, but the
effect was not significant over three biological replicates (Fig. 3B).
Furthermore, the absence of Hirl, which in some instances co-
operates with Asfl as a histone chaperone (Eitoku et al. 2008),
also did not reduce H4 K16Ac incorporation (Fig. 3C), and the ab-
sence of Rtt106 (Huang et al. 2005), as for Asfl, caused a mild
decrease that was not statistically significant. We conclude that
Spt6 has a major impact on the deposition of Sas2-dependent
H4 K16Ac upon gene repression. Asfl and Rtt106 may have mi-
nor effects, and H4 K16Ac incorporation is unaffected by CAF-I
and Hir1.

Reiteretal. | 7

Figure 3. The deposition of H4 K16Ac upon gene repression required the his-
tone chaperone Spt6, but not CAF-I, Asfl, Hirl and Rtt106. (A) The increase of
H4 K16Ac at GAL10 in cells arrested in G1 phase was measured in wt (AEY5258),
sas2A (AEY5260) and spt6-1004 cells (AEY5412) as in Fig. 2C. Values are given
as H4 K16Ac relative to H4 at GAL10 and were normalized to H4 51 K16Ac/ H4
at ACT1. Values are the average +/- standard deviation from three independent
biological replicates. (B) Cacl and Asfl were not required for H4 K16Ac deposi-
tion upon repression of GAL10. Experiment was performed as in A with cac1A
(AEY5262) and asf1A (AEY5281) strains. (C) Hirl and Rtt106 were not required for
increased deposition of H4 K16Ac upon repression of GAL10. Experiment as in A
using hirlA (AEY5370) and rtt106A (AEY5380) strains.
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Spt6 controls the level of H4 K16Ac via
transcription-coupled deposition of H4 that is not
acetylated on lysine 16

How does Spt6 affect H4 K16Ac incorporation upon gene re-
pression? Spt6 has been shown to interact with several factors
during transcription elongation (Yoh et al. 2007), including with
the elongating form of RNA PollI (Yoh et al. 2007), and it is re-
quired to redeposit histones on chromatin after passage of the
RNA polymerase (Ivanovska et al. 2011; Perales et al. 2013). At
face value, the observation that H4 K16Ac levels do not increase
upon gene repression in the spt6-1004 mutant suggests that
Spt6 deposits H4 K16Ac in repressed genes. However, this is at
odds with the previous observation that Spt6 shows higher as-
sociation with more strongly expressed genes (Ivanovska et al.
2011; DeGennaro et al. 2013, Perales et al. 2013), and we also ob-
served higher association of Spt6 at the GAL10 5 region when
GAL10 was expressed (data not shown). This implies that Spt6
is required for the deposition of H4 unacetylated at K16 at
highly transcribed genes, such that a reduced activity/presence
of Spt6 leads to less incorporation of ‘K16-unacetylated’ H4 and
therefore ‘tips the balance’ towards a higher level of recycled
H4 K16Ac.

This hypothesis makes the prediction that the inactivation
of Spt6 leads to less incorporation of unacetylated H4 and thus
higher H4 K16Ac levels at any gene whose ORF normally is bound
by Spt6, and the effect should be more pronounced at strongly
expressed genes that have more Spt6 associated. In agreement
with this, we observed higher H4 K16Ac levels (relative to H4)
at GAL10 (under inducing conditions), the house-keeping gene
ACT1 and the poorly expressed CSF1 gene in spt6-1004 compared
to wt cells (Fig. 4A), further supporting the notion that Spt6 de-
posits ‘K16-unacetylated’ H4 on ORFs. Of note, Spt6 inactivation
has previously been shown to have a tendency to reduce nucle-
osome occupancy at strongly transcribed genes and to increase
it at weakly transcribed genes, though not all genes follow this
rule (Perales et al. 2013). Accordingly, we observed reduced H4
occupancy at ACT1 and CSF1, and more H4 at the 3’ end, but
less H4 in the middle of GAL10 in spt6-1004 cells compared to
wt (Fig. 4B), indicating that Spt6 was required for proper H4 de-
position at these genes. Again, the H4 K16Ac levels reported here
are measured relative to H4 and thus are unaffected by changes
in total H4 on genes in the spt6 mutant.

Altered H4 occupancy and increased H4 K16Ac levels in the
spt6-1004 mutant raised the question whether this affected the
ability of the cells to repress GAL10, also since mutation of SPT6
is known to cause widespread changes in gene expression (Che-
unget al. 2008; Ivanovska et al. 2011). While GAL10 was effectively
repressed upon a shift from galactose to glucose in wt, GAL10
repression in spt6-1004 was less pronounced than in wt (a drop
to approximately 50%, Fig. 4C). Therefore, as has been observed
earlier for other genes (Ivanovska et al. 2011), Spt6 was required
for efficient repression of GAL10. Most likely, this slight defect
in gene repression is caused by the spt6-mediated change in hi-
stone occupancy, rather than by changes in relative H4 K16Ac
levels.

In summary, the results above showed that Spt6 was required
to maintain high levels of ‘K16-unacetylated’ H4 at strongly tran-
scribed genes, and that the loss of Spt6 activity resulted in higher
levels of relative H4 K16Ac. Given its function as a nucleosome
assembly factor (Bortvin and Winston 1996), this indicated that
Spt6 deposits ‘K16-unacetylated’ H4 in the wake of transcription
and thus indirectly controls H4 K16Ac levels over the body of the
gene.

DISCUSSION

Histone acetylation is subject to dynamic changes through the
action of HATs and HDACs, but also through nucleosome dis-
assembly and reassembly during regulatory processes on chro-
matin, for instance transcription activation, elongation and dur-
ing replication-coupled chromatin assembly. Here, we have in-
vestigated how H4 K16Ac that is mediated by the HAT complex
SAS-lis incorporated into histones and chromatin. Significantly,
Sas2-mediated H4 K16Ac in bulk histones required passage of
the cells through the S-phase of the cell cycle. Furthermore, the
appearance of H4 K16Ac in bulk histones required the presence
of the chromatin assembly complex CAF-I as well as the histone
chaperone Asfl. However, H4 K16Ac did not become immedi-
ately deposited in the genome, but rather, its deposition was re-
stricted to genes that became repressed during the experiment
(Fig. 5A). We observed a cell-cycle independent increase of H4
K16Acin genes upon their repression, and this increase required
the histone chaperone Spt6. The effect of Spt6 on H4 K16Ac lev-
els was likely to be indirect in that Spt6 associates with strongly
transcribed genes and deposits H4 that is unacetylated at K16.
Thus, our model is that reduced Spt6 activity leads to reduced H4
turnover/deposition. This indirectly leads to increased H4 K16Ac
levels, because more K16-acetylated H4 is recycled during the
process of transcription (Fig. 5B).

Histone H3 and H4 acetylation levels during transcription are
determined by histone turnover and histone chaperones, but
also by the cotranscriptional recruitment of HDACs to the OREF,
for instance Rpd3-containing complexes (Carrozza et al. 2005,
Keogh et al. 2005; Liet al. 2007), Hdal and Hos2 (Govind et al. 2010).
Itis therefore possible that the dissociation of these HDACs from
the ORFs upon gene repression also contribute to the increase
in H4 K16Ac that we observe. However, if this were the pre-
dominant mechanism of H4 K16Ac increase upon repression, we
would also expect such an increase in sas2A cells. However, the
effect observed here was strictly Sas2-dependent (Fig. 3C), argu-
ing that the H4 K16Ac increase was not solely due to a reduced
activity of HDACs at the repressed ORF.

One interpretation for the S-phase dependence of H4 K16Ac
is that the genes encoding histone H4 (HHF1 and HHF2) are pre-
dominantly expressed in S-phase (Eriksson et al. 2012), and that
Sas2 has specificity for newly synthesized histones. Notably, al-
though histone gene expression is strong in S-phase, it is not
completely absent in G1 (Verzijlbergen et al. 2010), but, it is pos-
sible that this level of new H4 expression is too low for the re-
sulting H4 K16Ac to be detected by western blotting. However,
even in asflA cells, which show a deregulation of histone gene
expression (Sutton et al. 2001), we did not observe an increase
of H4 K16Ac upon Sas2 activation in Gl-arrested cells, arguing
for an S-phase-specific event that is required to activate SAS-
I. For instance, the SAS-I complex may require activation by a
post-translational modification, like an S-phase-specific phos-
phorylation by a cyclin-dependent kinase. Furthermore, the fact
that the S-phase increase of H4 K16Ac was diminished in caclA
and asf1A cells suggests that the respective histone chaperones
bind and present histone H4 to the SAS-I complex for acety-
lation. This is consistent with earlier work showing that some
CAF-I-associated histone H4 is acetylated on H4 K16 (Zhou et al.
2006). Interestingly, however, Asfl inhibits acetylation by SAS-I
in vitro (Sutton et al. 2003). Perhaps Asfl passes unacetylated H4
to CAF-I, which then presents it for acetylation to SAS-I. Of note,
CAF-Iand Asfl apparently contribute to the rate/efficiency of H4
K16 acetylation, but not to the steady-state level, and in their ab-
sence, H4 K16Ac (as does H4) eventually becomes incorporated
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Figure 4. (A) Inactivation of Spt6 in spt6-1004 caused an increase of relative H4 K16Ac at GAL10, ACT1 and CSF1. The spt6-1004 strain (AEY5412) was grown at 37°C, the
wt and sas2A strains (AEY5258 and AEY5260, respectively) at 30°C. Values are given as the average +/- standard deviation of three independent biological replicates.
(B) Changes in total H4 level by spt6-1004 at GAL10, ACT1 and CSF1. Values were determined as in A. (C) Quantification of GAL10 glucose repression (relative to ACT1)

in wt, spt6-1004 and sas2A cells.

into the genome, since genome-wide H4 K16Ac levels show only
mild changes in cac1A and asf1A cells.

One surprising finding of this study was that even though
bulk H4 K16Ac levels increased strongly in S-phase upon Sas2 in-
duction (Fig. 1C), this acetylation did not appear throughout the
genome during S-phase, but only at selected genes that became

repressed in the course of the experiment. Notably, H4 K16Ac
levels increase early in S-phase in wt cells (Wilkins et al. 2014).
Therefore, one possibility is that H4 K16Ac has to occur prior to
the start of chromatin assembly in order to be incorporated into
the chromatin in the wake of DNA replication, and that the ex-
perimental regimen used here provides H4 K16Ac too late for it
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Figure 5. Model for dynamics of H4 K16Ac during replication and transcription. (A) The SAS-I complex acetylates H4 K16 during S-phase in a CAF-I and Asfl-dependent
manner, but H4 K16Ac (red asterisk) incorporation into chromatin is delayed. (B) When transcription (txn) is high, H4 K16Ac is removed from chromatin in front of
the transcription machinery (black arrow). Restoration of chromatin after transcription is performed by Spt6, which incorporates unacetylated H4 (no red asterisk).
(C) When transcription is low, recycling of H4 K16Ac predominates, and thus, H4 K16Ac levels remain high on genes with low transcription.

to be deposited in the same S-phase. Alternatively, it is conceiv-
able that Sas2-mediated H4 K16Ac first appears in a pool of H4
K16Ac that is bound to CAF-I, and that this pool then serves as
a reservoir for H4 to be deposited in a subsequent step.

Our work furthermore sheds light on the fate of histone H4
during transcription. In agreement with earlier observations of
high H4 K16Ac levels correlating with low gene expression (Kur-
distani, Tavazoie and Grunstein 2004; Liu et al. 2005; Heise et al.
2012), we found that Sas2-dependent H4 K16Ac increases in
genes upon their repression in an Spt6-dependent fashion, rais-
ing the question where the deposited histones come from. Our
data, together with that of others (Ivanovska et al. 2011; Perales
et al. 2013), suggest the following model (Fig. 5B, C). As the tran-
scription machinery moves through the body of a gene, H4 acety-
lated or unacetylated at K16 (along with other histones) par-
tially or completely dissociates from the DNA. For redeposition
after passage, ‘old’ histones with H4 K16Ac, but also new, K16-
unacetylated H4 are deposited. Spt6 is recruited to the gene body
via its interaction with RNA Polll and assembles the new (i.e.
K16-unacetylated) H4 behind the polymerase. As transcription

diminishes upon repression, less Polll and thus less Spt6 moves
along the gene, such that the reincorporation of ‘old’ H4 K16-
acetylated histones predominates over new histones, thus lead-
ing to increased levels of H4 K16Ac over the ORF. These ‘old’ his-
tones may remain associated with the DNA after FACT-mediated
eviction of H2A/H2B and may be ‘passed back’ from in front to
behind the polymerase as it navigates through this structure.
Due to reduced Spt6 association, this passback is expected to
be more pronounced in genes with low expression, which in
fact has been observed (Radman-Livaja et al. 2011). Alternatively,
‘old’ H3/H4 is completely evicted by an unknown factor and is lo-
cally redeposited behind the polymerase.

This model also makes the prediction that a reduction in
histone turnover across ORFs should lead to an increase in
H4 K16Ac levels. In agreement with this notion, we observed
such an increase in asf1A cells (Fig. S2, Supporting Information),
which previous work has demonstrated to have reduced histone
turnover (Schwabish and Struhl 2006; Rufiange et al. 2007). We
also observed an increase of H4 K16Ac over ORFs in caclA cells,
suggesting reduced histone turnover in this mutant.
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One remaining question is whether SAS-I acetylates free
or chaperone-bound histones, or whether it performs the
acetylation on DNA-associated H4 during transcription- or
replication-coupled chromatin assembly. Notably, we have been
unable to find chromatin association of Sas2 by ChIP except at
the rDNA locus (Meijsing and Ehrenhofer-Murray 2001), suggest-
ing that SAS-I is not active on chromatin-bound H4. Alterna-
tively, the chromatin association of Sas2 may be transient, for
instance during S-phase, or for other technical reasons may not
be amenable to ChIP. Of note, the in vitro activity of SAS-I is
stronger on free H4 than on nucleosomes (Sutton et al. 2003),
which favours the interpretation that SAS-I in vivo is active on
H4 that is either free or bound to CAF-I or Asf1, but is not nucle-
osomal.

What is the function of H4 K16Ac during S-phase? The most
obvious effect of reduced H4 K16Ac levels in the absence of
SAS-I is the spreading of the SIR complex into subtelomeric re-
gions and concomitant gene repression (Kimura, Umehara and
Horikoshi 2002, Suka, Luo and Grunstein 2002), which, if exces-
sive (Ehrentraut et al. 2010), can affect cell viability. Conceiv-
ably, the counteraction of SIR spreading is most important at
genes with a low histone turnover, and accordingly, such genes
have high H4 K16Ac levels (Heise et al. 2012). During replication-
coupled chromatin assembly, H4 K16Ac may be diluted through
incorporation of new histones, and this needs to be counteracted
by SAS-I activity specifically in S-phase in order to prevent inap-
propriate gene repression by SIR into telomere-adjacent regions.
We propose that yeast cells have evolved a global, untargeted
mechanism to achieve this feat by coupling H4 K16Ac to chro-
matin assembly, because such a mechanism does not necessi-
tate conserved DNA sequence motifs at subtelomeric genes and
thus leaves more evolutionary flexibility for these genes. The
consequence of this is that, as a ‘bystander’ effect, H4 K16Ac is
also incorporated in non-telomeric regions, where its absence
has only minor effects on transcription. In this respect, it is sur-
prising that global H4 K16Ac levels have been observed to drop
in G2/ M-phase in order to promote chromosome condensation
(Wilkins et al. 2014), and it remains to be determined whether
this affects SIR spreading in late M- and early G1-phase. We pro-
pose that Sas2-dependent H4 K16Ac is deposited in the genome
in a replication-coupled manner, and that it then is ‘sculpted’
by transcription-dependent and -independent nucleosome as-
sembly, the sculpting being most pronounced in regions of high
histone turnover.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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