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Abstract

FACT is a histone chaperone that can destabilize or assemble nucleosomes. Acetylation of histone
H3-K56 weakens a histone:DNA contact that is central to FACT activity, suggesting that this
modification could affect FACT functions. We tested this by asking how mutations of H3-K56 and
FACT affect nucleosome structure, chromatin integrity, and transcription output. Mimics of
unacetylated or permanently acetylated H3-K56 had different effects on FACT in vitro and in vivo as
expected, but H3-K56 and FACT mutations caused surprisingly similar changes in transcription of
individual genes. Notably, neither the changes in transcript levels nor the effects on nucleosome
occupancy resulting from mutations conformed to the model that FACT is needed to overcome
nucleosomal barriers during transcription initiation or elongation. Instead, the results suggest that both
FACT and H3-K56ac are involved in establishing chromatin architecture prior to transcription and
restoring it afterwards. They contribute to a process that optimizes transcription frequency, especially
at conditionally expressed genes, and restores chromatin integrity after transcription, especially at the
+1 nucleosome to block antisense transcription, but FACT appears to be less involved than expected

in directly promoting transcription.
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Introduction

FACT (FAcilitates Chromatin Transcription/Transactions) is a conserved, essential histone
chaperone that can both destabilize and assemble nucleosomes (1-4). FACT is a heterodimer of
Spt16 with either Pob3 (in yeast and fungi) or SSRP1 (in higher eukaryotes), with each subunit
comprising multiple histone-binding modules connected by unstructured linkers (4-6). SSRP1 has an
intrinsic DNA-binding domain not found in Pob3, but both versions of FACT require additional free-
standing DNA binding activity to support full activity (7, 8). The HMGB family member Nhp6 provides
this function in yeast cells and in vitro (7-9). FACT is proposed to use these multiple domains to bind
sites on nucleosomes, sequentially exposing and binding to additional buried sites to produce a
dramatic, reversible change in the structure called a reorganized nucleosome (2, 4, 6, 7, 10). The
strength of the histone-DNA contact at the entry/exit point of the nucleosome has a key role in this
model, as breaking this contact is the first step towards reorganization, and forming it is among the
last steps in the reverse reaction leading to nucleosome assembly.

Lysine 56 of histone H3 interacts with the phosphodiester backbone of the DNA at the
entry/exit point of nucleosomes and acetylation of this residue weakens this contact (11). H3-K56 is
acetylated in nascent H3-H4 dimers, so newly formed nucleosomes carry this mark globally after S
phase (12-16). Hst3 and Hst4 deacetylate H3-K56 during G2/M, but subsequent nucleosome
deposition restores the acetylated form, so the presence of H3-K56ac in interphase reveals sites of
nucleosome turnover (14, 15, 17). Constitutive turnover appears to be an important mechanism for
maintaining appropriate nucleosome occupancy in promoters (18), but it is not known whether
persistent H3-K56ac at these sites is solely a consequence of turnover or if it has a functional role in
promoting it, or what role turnover has in maintaining appropriate chromatin structure within genes.

Nucleosomes stall the progression of RNA Pol Il in vitro and FACT was initially named for its
ability to partially reverse this block (3, 19). If FACT is needed to allow RNA Pol Il to proceed through
each nucleosome it encounters as proposed in this model, FACT defects should cause stalled or

inefficient polymerase progression in vivo. Attempts to detect a change in the rate of RNA Pol Il
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elongation in FACT mutants have had mixed results, with some observing indirect effects (20), but
others reporting no changes (21-23).

Several studies have reported FACT occupancy across transcribed regions in proportion to the
frequency of transcription, supporting a role during transcription (24-27). This role could involve
assisting RNA Pol Il progression, but the occupancy profiles can also be explained by a more passive
model in which FACT localization is driven by exposure of its binding sites during any process that
disrupts nucleosomes, including transcription (5, 6, 28). FACT is proposed to promote transcription by
destabilizing nucleosomal barriers to RNA polymerase progression, but depleting FACT caused
increased nucleosome turnover in frequently transcribed genes, suggesting that when it is present it
stabilizes nucleosomes during transcription in vivo (29). Stabilization has also been observed in vitro
(19, 30), and several lines of evidence show that FACT is needed to restore nucleosome occupancy
after transcription (14, 20, 24, 31-35). FACT has been implicated in destabilizing specific
nucleosomes, but this involved removing nucleosomes from promoters during their activation, prior to
transcription (22, 36-38). FACT therefore clearly influences chromatin structure and localizes to sites
of ongoing transcription, but it remains unknown whether it promotes RNA Pol |l progression in vivo.

FACT is essential for viability in many organisms, which has been attributed to central roles in
both transcription and replication (2). However, emerging evidence indicates that differentiated cells of
higher organisms remain viable and transcriptionally active with low levels of FACT (39, 40).
Fundamental questions therefore remain regarding how FACT contributes to physiological processes,
and under what circumstances its functions are essential.

Here, we investigated how FACT activity is affected by H3-K56 modification in vitro and in
vivo, and examined genome-wide effects on transcript levels and chromatin structure. We reasoned
that changing the strength of the histone:DNA contact at the nucleosome entry/exit point should alter
FACT's ability to reorganize nucleosomes, revealing which physiological functions depend on this
activity. If reorganization contributes to overcoming nucleosomal barriers that limit transcription
initiation or elongation, lower FACT activity should cause decreased initiation frequencies and

reduced elongation rates. This should lead to decreased transcript output, especially from highly
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transcribed genes that depend on frequent initiation and long genes that depend on efficient
transcription elongation. We also reasoned that global changes in nucleosome occupancy and
positioning in mutants would reveal how reorganization contributes to chromatin structure.

Our results show that FACT and H3-K56 modification have important roles in establishing and
maintaining the chromatin architecture that provides optimal transcriptional output, but they do not
support a direct role for FACT in overcoming barriers to transcription initiation or elongation.
Conditionally expressed genes with a "closed" promoter architecture (18) were most dependent on
FACT to maintain normal transcript levels, consistent with a model in which FACT activity is most
important for effecting transitions between active and repressed chromatin states. Both FACT activity
and the ability to deacetylate H3-K56 were important for preventing antisense transcripts that initiated
within genes from proceeding "backwards" through the +1 nucleosome, suggesting a novel role for
this feature. Together, the results suggest that FACT is needed to establish or modify chromatin
structure, and to maintain it after it is perturbed by transcription or other processes, but is less

important for enabling transcription.
Results

Effects of H3-K56Q on FACT activity in vitro

Reorganization of nucleosomes by FACT has been detected in vitro through the formation of
slow-migrating FACT:nucleosome complexes observed by native gel electrophoresis and by
increased sensitivity to restriction endonucleases (41). The Spt16-Pob3(Q308K) mutant heterodimer
is somewhat hyperactive for reorganization of nucleosomes but displays inefficient dissociation of the
FACT:nucleosome complexes upon addition of competitor DNA (42 and Fig 1). This release defect
has been interpreted as failure of a nucleosome assembly quality control step (7, 42). We previously
found that specific mutations in histone H4 can suppress phenotypes caused by pob3-Q308K in vivo
and also promote efficient dissociation of FACT(Q308K):nucleosome complexes in vitro (42),
demonstrating that this assay accurately reports on a physiologically relevant function of FACT. In

contrast, (Spt16-11)-Pob3 heterodimers are defective in producing reorganization, but release from
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complexes normally (43 and Fig 1). Its defects are also suppressed both in vivo and in vitro by
specific H2A-H2B mutations, again validating these assays for measuring relevant functions of FACT
in vivo.

To assess how weakening the histone:DNA contact at the entry/exit point affects
reorganization by FACT, we assembled nucleosomes with H3-K56Q in place of H3. This has been
validated as a mimic of H3-K56ac in a number of genetic and biophysical assays showing that it does
destabilize the entry/exit point histone:DNA interaction (44-46). Nucleosomes constructed with
recombinant yeast H3-K56Q bound FACT or its mutant versions normally but produced a lower rate of
Dral digestion than normal, revealing a moderate defect as a substrate for reorganization (Fig 1A,
63% of WT averaged over all conditions). FACT(Q308K) produced the expected increase in digestion
rate and deficiency in release from nucleosomes (7, 43), and this was weakly suppressed by H3-
K56Q (Fig 1B). The suppression was statistically significant (Fig 1C) but minimal in magnitude (90%
of the value with WT H3). We conclude that H3-K56Q drove the equilibrium away from the nuclease

accessible form and towards nucleosome assembly, indicating reduced reorganization activity.

Effects of H3-K56 status on FACT functions in vivo.

To probe the correlation between the activities of FACT observed in vitro with its roles in vivo,
we combined mutations that affect the status of H3-K56 with a range of FACT mutations. The
commonly used spt16-G132D allele encodes an unstable protein that is rapidly degraded when
cultures are shifted to a non-permissive temperature (24, 47). While useful for testing the effects of
acute depletion of FACT, this allele is less informative for dissecting the importance of distinct
functions of FACT in viable cells. We therefore tested the pob3-Q308K and spt16-11 alleles that
encode stable proteins with opposite effects in vitro (see Fig 1A) and distinct profiles of suppression in
vivo (42, 43). We used three methods to alter the modification state of H3-K56: 1) loss of acetylation
by deleting the machinery that writes this mark (the acetyltransferase RTT109; 12, 13, 48), 2)
increased acetylation by removing the erasers of this mark (the deacetylases HST3 and HST4; 14,

49, 50), and 3) mutating H3-K56 to alanine (uncharged, no interaction with DNA), arginine

5


https://doi.org/10.1101/383984

bioRxiv preprint doi: https://doi.org/10.1101/383984; this version posted August 3, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(constitutive stabilization of the DNA contact), or glutamine (permanent weakening of the contact).
Histone H3 is produced in S. cerevisiae from two genes that encode identical proteins, HHT1 and
HHT2 (51), so mutations are often tested by deleting the endogenous genes and supplying the
mutated gene on a plasmid. This can result in copy number variation, and we have shown previously
that this affects the phenotypes of FACT mutants and their interactions with histone mutations (42,
43). We also found that placing markers near the WT H3 genes caused slow growth when combined
with FACT mutants (not shown), so we instead introduced the K56A, K56R, and K56Q mutations into
both HHT1 and HHT2 through markerless conversion (52), adding translationally silent substitutions
to allow detection of the alleles in genetic crosses (see Materials and Methods).

The H3-K56 mutations did not affect total H3 levels (Fig S1) and did not cause temperature
sensitivity or sensitivity to hydroxyurea (HU) under the conditions tested (Fig 2; phenotypes consistent
with those reported in 53 were observed under more stringent conditions; not shown). Combining
pob3-Q308K with H3-K56 mutations caused synthetic defects ranging from severe with H3-K56A to
minor with H3-K56R. The effects of H3-K56A or H3-K56R could reflect known overlapping functions of
FACT with the histone chaperone Rtt106, which, unlike FACT, binds preferentially to (H3-H4 ),
tetramers with the H3-K56ac modification (54-56). The severe growth defect caused by H3-K56A
made genetic interactions difficult to interpret, so it was not studied further. H3-K56Q enhanced the
growth defect, temperature sensitivity, and HU sensitivity caused by pob3-Q308K, while the effects of
H3-K56R were more moderate and were limited to the HU sensitivity (Fig 2), suggesting a defect
during DNA replication.

Combining spt16-11 with H3-K56Q/R enhanced the Ts- phenotype, but in this case H3-K56R
was more detrimental than H3-K56Q (Fig 2). Importantly, H3-K56Q moderately suppressed the HU
sensitivity caused by spt716-11. These distinct genetic interactions are consistent with previous studies
of these FACT alleles (42, 43), their opposite activity defects in vitro (Fig 1), and the expectation that
H3-K56Q and H3-K56R would weaken and strengthen the entry/exit site contact, respectively. A
weaker contact reduced reorganization activity in vitro (Fig 1) and was detrimental with FACT

mutations, while a stronger contact partially suppressed a FACT allele with a defect in achieving
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reorganization. These results support the importance of reorganization as a core physiological
function of FACT and demonstrate a role for H3-K56 status in this activity.

To compare the H3-K56Q acetylation mimic with the effects of H3-K56ac itself, we deleted the
genes encoding the deacetylases Hst3 and Hst4 to produce increased levels of H3-K56ac (14, 49, 50,
57). This strongly enhanced the Ts- and HUs phenotypes caused by pob3-Q308K, just as the mimic
H3-K56Q did (Fig S2A). Eliminating H3-K56ac by deleting Rtt109 (12, 13, 48) should mimic H3-K56R,
and both manipulations had minimal effects when combined with pob3-Q308K (Figs 2, S2B). These
results show that H3-K56ac affects the physiological functions of FACT, that being able to switch
between stable and unstable configurations at this site is particularly important in FACT mutants, and
that the reorganization may have a prominent role during DNA replication when nucleosome

assembly rates are highest.

FACT and H3 mutations caused similar defects in transcription

To determine how FACT and nucleosome reorganization participate in transcription, we used
RNA-seq to measure the effects of chronic FACT defects and H3-K56 mutations on transcription. We
then compared the expression changes for each mutant strain as log. fold ratios relative to a wildtype
strain (Fig 3). In addition to single FACT and H3-K56 mutations, we also tested a combined pob3-
Q308K H3-K56Q strain (details listed in Table S1).

Each of the single mutants affected transcript output, and the double mutant had larger
changes. Fig 3A shows the number of genes whose transcript level increased or decreased at least 2-
fold at a false discovery rate of 1%. The stability of the entry/exit point contact and some function of
FACT therefore appear to have overlapping roles in transcriptional regulation. If that role involved
promoting efficient initiation or elongation of transcripts, we anticipated that frequently transcribed
genes would be differentially affected, as it would be difficult to maintain continued throughput at
these sites if RNA Pol Il were unable to maintain frequent initiation or continuous progress. However,
neither FACT mutants nor H3 mutants displayed significant correlation between changes in transcript

level and transcription frequency (Figs 3B, S3A). This analysis used a published dataset that
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combined RNA Pol Il occupancy, transcript stability, and other factors to estimate the frequency of
transcription for ~80% of yeast genes (26, 58). As a second test, we also compared changes in
transcript level to the transcript abundance at steady state in our WT strain (Figs 3C, S3B, S3C). The
latter method produced somewhat stronger statistical correlations (Pearson correlation coefficients
from -0.20 to -0.37 for single mutants, -0.51 for H3-K56Q pob3-Q308K) but weak dose responses (a
10°-fold change in transcription frequency yielded about a 2-fold change in transcript level overall).
Inefficient elongation should have a disproportionate effect on longer genes where efficient
progression becomes more important, but this comparison also produced weak correlations and
essentially flat dose responses (Fig 3D, S3D). These mutations therefore affected FACT's
reorganization activity and caused significant phenotypes, but they did not strongly affect the
frequency of transcription initiation or the efficiency of elongation.

Pairwise comparisons of the changes in transcript level were used to ask how mutations
affected individual genes (Fig 4; transcript level changes relative to WT for each mutant are shown
compared to those of the pob3-Q308K strain). These comparisons produced strong correlations with
positive, significantly nonzero slopes, revealing that expression of individual genes was affected
similarly by different mutations. (Note that the spt16-G132D allele encodes an unstable protein whose
functions are relatively normal under the permissive conditions tested here.) Combining pob3-Q308K
with H3-K56Q produced effects that were roughly additive (Fig 4; compare panels A and C to panel
B). This recapitulates the synthetic defects observed in genetic tests (Fig 2), and suggests genome-
wide overlap of functions. We expected weakening and strengthening the entry/exit point contact to
have opposite effects, but comparison of H3-K56Q and H3-K56R produced the highest correlation
observed among pairs of mutants and a slope near 1 (Fig 4F). This suggests that H3-K56 acetylation
itself does not directly affect transcript output, but the strength of this contact influences FACT activity

globally.

pob3-Q308K and H3-K56Q caused additive defects in the pattern of nucleosome occupancy.
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The similarity and additivity of the effects of FACT and H3-K56 mutations on transcript levels
could reflect independent disruptions of a similar feature of chromatin structure. We performed
MNase-seq with a subset of the strains to measure changes in nucleosome positioning.

To determine nucleosomal spacing around the transcription start site (TSS), we plotted the
cumulative predicted midpoints of the nucleosomal fragments (calculated as 74 bp from the 5’ end of
each sequenced fragment, assuming MNase digested all linkers efficiently). While the average
change in positioning of the nucleosomes was negligible at the +1 nucleosome, a cumulative increase
in spacing was observed downstream, primarily a 3' shift of the nucleosome midpoint in pob3-Q308K
mutants (Fig 5A). This effect was also observed in the H3-K56Q pob3-Q308K double mutant, along
with decreased coherence of the peaks. Delayed redeposition of nucleosomes after passage of RNA
polymerase might be predicted to shift nucleosomes downstream in the manner observed, with more
frequent transcription leading to greater perturbation of the normal pattern. However, the expansion of
nucleosome spacing was independent of the level of transcription, and so does not appear to be a
response to RNA Pol Il (Fig S5A, compare B to A and D to C). It has been estimated that the median
gene in yeast is transcribed about once every eight minutes, and that fewer than 1% of genes are
engaged by more than one RNA Pol Il molecule at the same time (58), making it less likely that
transcription itself strongly affects nucleosome positioning. While the normal pattern of nucleosome
positioning has mainly been attributed to inherent properties of DNA sequence and the effects of ATP-
dependent remodeling (18, 59, 60), these results indicate that this histone chaperone also affects this
property of chromatin.

Defects in reorganization could cause either increased nucleosome occupancy (due to failed
nucleosome destabilization) or decreased occupancy (due to failed tethering of nucleosomal
components or lack of assembly activity). To test for these effects, we examined the distribution of
nucleosome density (measured as the cumulative nucleosomal fragment depth where alignments
were extended to 148 bp from each 5' end) across a length-normalized gene body (Fig 5B).
Occupancy increased at the 5' ends of genes in pob3-Q308K mutants but decreased over the 3' ends

of genes in each single mutant, with additivity of the 3' end effect in the pob3-Q308K H3-K56Q double
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mutant. While different models predict either increased or decreased nucleosome occupancy in the
mutants, it is not clear how both effects would be observed in different regions of genes. For example,
if a chronic defect in FACT activity causes increased probability of nucleosome displacement during
each encounter of polymerase with a nucleosome, as inferred for acute FACT depletion (29),
occupancy should decrease uniformly across individual transcription units in proportion to the
frequency of transcription. However, the magnitude of the reduction of nucleosome occupancy over 3'
ends was independent of the level of transcription, so it does not appear to be a consequence of RNA
Pol Il passage (Fig S5B, panels A-F).

The decile of genes with the highest transcription frequency still displayed a skewed
nucleosome distribution in mutant strains, but the pattern was different from that of average genes
(Fig S5B, panels A-C). In the WT, highly transcribed genes had significantly lower than average
nucleosome occupancy across the NDR, through the gene body, and into the downstream region.
This remained true in the mutants but the effect was smaller, especially in gene bodies, meaning that
the nucleosome occupancy in frequently transcribed genes increased as a result of the mutations.
This could mean that frequent transcription displaces nucleosomes but having defective
FACT/histones either 1) stabilizes nucleosomes against eviction, or 2) increases the efficiency of
nucleosome deposition after eviction. Increased nucleosome turnover upon FACT depletion (29)
suggests that option 1 is unlikely. H3-K56Q seemed to enhance nucleosome assembly by FACT, but
Pob3-Q308K had the opposite effect (Fig 1A). In any case, enhanced deposition should be global,
and should also have been observed in the regions flanking gene bodies. We speculate instead that
highly transcribed genes are set up with a distinctive architecture that anticipates frequent
transcription, including lower nucleosome occupancy over the gene body, and that FACT and H3-K56
mutations impair the ability to establish this pattern.

To remove potential distortion introduced by normalizing gene lengths, we aligned genes by
their TSSs (Fig 5C), or by the nucleosome nearest to the transcription termination site (the terminal
nucleosome; Fig 5D). These plots confirmed the 5' increase/3' decrease in nucleosome occupancy in

mutants noted in Fig 5B, and showed that these effects extended to several nucleosomes near the
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TSS/TTS. The region immediately upstream of a yeast gene typically contains its promoter, and due
to the dense packing of the yeast genome the region immediately downstream usually contains either
the neighboring gene's promoter or the transcription termination sites for both genes. We parsed the
data by the orientation of the downstream neighbor and found that this did affect the patterns of
nucleosome occupancy at the 3' ends of genes (Fig S5C), but WT and mutants were similar, as were
frequently and infrequently transcribed genes, so the orientation of the neighboring gene did not
explain this effect. H3-K56ac and FACT therefore collaborate to establish or maintain nucleosome
occupancy over the 3' ends of genes, but neither their role in producing this feature nor its function

were revealed by this analysis (see further discussion below).

The relationship between altered nucleosome occupancy and changes in transcription

To examine how altered chromatin structure influenced transcription, we compared the change
in nucleosome occupancy with the change in transcription of the gene. First, we examined
nucleosome occupancy in the region from -30 bp to -150 bp upstream of the TSS to assess effects of
changes just upstream of the initiation site (typically the gene's promoter with low nucleosome
occupancy). Second, we examined the region from the TSS to 130 bp downstream to determine the
relevance of the +1 nucleosome. Third, we examined total occupancy over averaged gene bodies
from the TSS to the TTS. We plotted nucleosome occupancy changes in each of these regions
against the change in transcript level for each gene (Fig 6). Nucleosomes upstream of the TSS are
expected to limit promoter function, and consistent with this occupancy of this region produced
negative correlations with alterations in transcription (higher nucleosome occupancy was associated
with decreased transcription; Fig 6, top row). However, the correlations and dose responses were
moderate, with Pearson coefficients of -0.29 to -0.32 and a 2-fold change in transcript level being
associated with about a 250-fold change in nucleosome occupancy.

If FACT is required to allow RNA polymerase to overcome nucleosomal barriers, it would be
expected to have a particularly important function at the +1 nucleosome as initiation transitions to

elongation. Our results do not support this, as we observed very weak correlations between changes
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in nucleosome occupancy at this site and changes in transcription (Fig 6, middle row). Changes in
nucleosome occupancy across the averaged gene body produced also produced low to moderate
correlation with changes in transcript levels (Fig 6, bottom row). As noted above, the most highly
transcribed decile of genes had lower nucleosome occupancy than average in WT cells (Fig S5B,
panel A), but the global correlation was moderate when all genes were examined together (Fig S6A).
Nucleosomes therefore were a barrier to transcription as expected, as decreased nucleosome
occupancy in promoters was associated with a moderate increase in transcription, but changing the
level of nucleosomes within genes, especially the +1 nucleosome, had less effect.

We next asked whether the genes experiencing the greatest increases in transcription
displayed any similarities with one another. The top decile in the H3-K56Q pob3-Q308K strain (Fig
S6B) had lower nucleosome positioning near the TSS (Fig S5A, panel E), higher than average
nucleosome occupancy over what is normally the NDR (and also over the gene body and the
downstream flank), and lower occupancy of the +1 nucleosome site (Figs S5B panel G, S6C). The
lack of a prominent region of low nucleosome occupancy upstream of a subset of genes has been
described as a "closed" promoter architecture, and is associated with conditional transcription, higher
occupancy by both co-activating and co-repressing ATP-dependent remodelers, and high rates of
nucleosome turnover in these promoters (18). These genes did not lose nucleosome occupancy over
the NDR in the mutant strain, and decreased occupancy at the +1 nucleosome site was also observed
in the decile of genes with the largest decrease in transcription (Fig S6C), so these features or
changes in them do not appear to explain the changes in transcription. This shows that the repression
produced by this distinctive chromatin architecture is particularly dependent on FACT activity and H3-
K56 modification, but the changes that cause loss of repression of individual genes in the mutant

strain are not visible after averaging large numbers of genes.

H3-K56Q and H3-K56R have opposite effects on antisense transcription near the TSS
Depletion of FACT leads to increased aberrant transcription (24, 61). Our chronic FACT

defects also caused increased abundance of antisense transcripts, particularly near the TSS (Fig 7).
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The antisense signal in both WT and mutant strains was slightly higher in genic regions than in
promoter regions, with a distinct maximum near the average location of the +1 nucleosome,
suggesting that this nucleosome may have caused stalled progression of this aberrant form of
transcription. Again, combining pob3-Q308K with H3-K56Q caused a more severe phenotype.
Notably, while H3-K56Q and H3-K56R caused similar levels of antisense transcripts upstream of the
TSS, they had opposite effects near the +1 nucleosome, with H3-K56R producing low levels similar to
the WT strain and H3-K56Q aligning with the more severe single mutants in FACT. This suggests that
the +1 nucleosome has an antisense barrier function, that stabilizing the histone:DNA contact
(permanently with H3-K56R or conditionally by deacetylating H3-K56ac) strengthens this barrier, and
that FACT activity is needed to form this barrier. This is a novel function for the +1 nucleosome, but is
consistent with its proposed roles in regulating sense transcription. Notably, in this context FACT
enhances the barrier function of a specific nucleosome, the opposite of facilitating transcription. This
is consistent with our overall conclusion that FACT is responsible for establishing optimal chromatin

architecture, whether the goal is to promote or restrain transcription.

Discussion

The contact between histone H3 and DNA at the nucleosomal entry/exit site has a key role
during the reorganization and assembly cycle promoted by FACT, so altering the strength of this
interaction by manipulating H3-K56 acetylation status was expected to affect FACT's activities in vitro
and its functions in vivo. We found that a permanent mimic of H3-K56ac that weakens this contact
made reorganization less favorable in vitro, tipping the reorganization equilibrium away from the open,
nuclease accessible form and toward nucleosome assembly (Fig 1). This had opposite phenotypic
effects on FACT alleles with different defects in promoting reorganization (Fig 2), confirming the
importance of reversible control of H3-K56ac for optimal FACT function. Making reorganization more
difficult is expected to be detrimental when combined with a mutation in FACT that already has a

defect in promoting this transition, but a weaker entry/exit point contact could also complicate
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resolution of FACT:nucleosome complexes during nucleosome assembly, leading to either stalled or
accelerated release, but causing decreased chromatin integrity in either case.

While different mutations had the expected opposing effects in vitro and in vivo, a broad range
of mutations all had similar effects on transcription of individual genes (Fig 4). For example, H3-K56R
and H3-K56Q should have opposite effects on the strength of the H3-K56:DNA contact, but they
caused increased or decreased transcription of the same genes. Likewise, pob3-Q308K and spt16-
11, two alleles of FACT with distinct defects in vitro and different profiles of genetic interactions in vivo
(42, 43) affected the same genes similarly genome-wide. The effects did not correlate well with the
frequency of transcription or the length of the gene (Fig 3), so they do not suggest a defect in
overcoming nucleosomal barriers during early stages of initiation or during elongation. Instead, we
speculate that both FACT and H3-K56 acetylation contribute to a process that establishes chromatin
architecture and restores it if it is disrupted. It is well established that nucleosome occupancy is lower
in promoter regions and higher in genes; our results suggest that achieving precision in establishing
these patterns and maintaining them requires FACT activity and that FACT activity is at least partly
instructed or influenced by H3-K56 acetylation status. This process affects transcription and is
affected by it, but is not limited to regions of ongoing transcription.

H3-K56Q and pob3-Q308K mutations also affected nucleosome positioning and occupancy
profiles (Fig 5). Acute FACT depletion caused some loss of coherence of nucleosome positioning
(24), and we also observed flattening of peaks and increased nucleosome spacing in genes (Fig 5A).
More surprisingly, nucleosome occupancy increased over the 5' ends of genes in a FACT mutant,
decreased over 3' ends in both FACT and H3-K56Q strains, and the 3' end effects were additive (Figs
5C-D). Histone modifications are differentially distributed across transcription units, and histone and
FACT mutations can cause increased FACT occupancy over the 3' ends of some genes (62).
Decreased nucleosome occupancy could therefore reflect an interaction between FACT and a histone
modification, or between FACT and transcription termination. We can conclude that FACT activity and
the properties of histones cooperate to establish or maintain nucleosome occupancy and positioning

with different roles in different regions within genes. However, the changes in nucleosome occupancy
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had little correlation with either the normal level of transcription or the altered transcription in mutant
strains, suggesting that they were not caused by transcription and were not regulating transcription
frequency.

The correlation between FACT occupancy and the frequency of transcription has usually been
interpreted as indicating that FACT is a component of the transcription machinery. The assumption,
based on its activity in vitro, has been that it is recruited to promote passage of polymerases through
nucleosomes. A different interpretation is that FACT binds to non-canonical nucleosomes, so its
occupancy passively reflects sites where transcription, replication, repair, or the presence of modified
or variant histones increase exposure of its binding sites. Consistent with this, FACT binds histone
surfaces that are buried within canonical nucleosomes (5, 6), and FACT forms stable complexes with
intermediates in nucleosome assembly or disassembly (28). In this view, localization is determined by
the probability that FACT is converting an existing nucleosome to a non-canonical form, or it is bound
to a non-canonical nucleosome to stabilize it or resolve it to assemble a nucleosome. The main
drivers of FACT occupancy would then be signals to change the existing pattern of chromatin
architecture to activate or repress conditionally expressed genes, and the requirement to restore
chromatin integrity after perturbations caused by ongoing processes like transcription.

FACT defects caused the largest increases in transcription from a class of genes most
dependent on chromatin structure, those with a "closed" architecture (18). This is consistent with a
role in establishing global architecture. The inability to maintain repression by quickly restoring
chromatin that has been disturbed by transcription is known to activate cryptic transcription (61) and
FACT depletion leads to elevated antisense transcription (24). We also observed increased antisense
transcription with FACT mutants, as well as with H3-K56 mutations (Fig 7). The distinct effects of H3-
K56Q/R on antisense transcription match the expectation for opposite changes in nucleosome
stability. The results suggest that deacetylating H3-K56 to strengthen the histone:DNA contact
enhances the ability of the +1 nucleosome to block antisense transcription from proceeding into the

gene's promoter, and that normal FACT activity is needed to support this barrier function. In this case,
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FACT makes a nucleosomal barrier stronger, not weaker. Overall, our results support translating the
acronym FACT as FAcilitates Chromatin Transactions.

These results add to the accumulating evidence that FACT has a generic role in establishing
and maintaining chromatin structure that is not limited to transcription. Data from mammalian cells
suggests that this role may be more important during development than during proliferation of
differentiated cells (39, 40), presumably because it is needed to support deconstruction of existing

chromatin patterns and construction of new ones to allow transitions between transcription profiles.

MATERIALS AND METHODS

Yeast strains are listed in Table S1 and are isogenic with the W303 background (63).
Integrating TRP1 orHIS3MX markers downstream of WT HHT1 and HHT2 (42, 43, 64) caused slow
growth of FACT mutants (not shown). We therefore used a method that integrated only the desired
mutations in otherwise native genes (52). Translationally silent substitutions were introduced adjacent
to the K56 target site, creating a Sall restriction site at codon 55, allowing the mutant allele to be
detected by PCR amplification with primers specific to HHT1 or HHT2 (Table S2) followed by either
endonuclease digestion or melting curve analysis (65). Accurate integration was confirmed by DNA
sequencing, then standard genetic methods were used to construct strains with the desired
combinations of mutations (66, 67). For phenotype tests, strains were grown to saturation in rich
medium and 10-fold serial dilutions were plated on solid medium and incubated as described in each
figure legend. MNase-seq and RNA-seq were performed in triplicate with the strains listed in Table
S1, and bioinformatic analysis was performed as described (68, 69). Electrophoretic mobility shift
assays (EMSAs), complex disruption with unlabeled competitor DNA, and restriction endonuclease
sensitivity quantification were performed as described (41). Western immunoblots were probed with
antibody to rabbit yeast histone H3 (Covance, special order using the peptide N-CKDIKLARRLRGER-

C as the antigen) and mouse antibody to yeast Pgk1 (Molecular Probes), along with secondary anti-
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rabbit (800CW) and anti-mouse (680RD) secondary antibodies (Li-Cor), and scanned with an

Odyssey CLx infrared scanner (Li-Cor).
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Figure 1. Effects of H3-K56Q on FACT activities in vitro

Nucleosomes were constructed with recombinant yeast histones (H3 or H3-K56Q) and a 181 bp 5S rDNA
fragment as described previously (41). (A) The rate of Dral digestion at a site near the dyad was determined
in the presence of 2 yM Nhp6 alone, or 2 yM Nhp6 with 0.2 yM Spt16-Pob3 (FACT), Spt16-Pob3(Q308K),
or (Spt16-11)-Pob3. Initial rates of digestion were determined and normalized to the H3-containing
nucleosomes treated with WT FACT. Error bars indicated the standard deviation. Comparing all conditions,
H3-K56Q nucleosomes displayed an average rate of digestion that was 63% of the H3 nucleosome level
and was different from WT with P < 0.0001. (B) Nucleosomes were tested alone (first lane) or mixed

with Nhp6, Nhp6 + Spt16-Pob3, or Spt16-Pob3(Q308K) to form complexes (top panel), then unlabeled
competitor DNA was added to initiate dissociation (bottom panel). (C) The fraction resistant to dissociation
in (B) was calculated for 7 independent samples, with the average and standard deviation shown. Complex
retention with Spt16-Pob3(Q308K) (labeled as FACT(Q308K)) with H3-K56Q was 90% of the level with H3
(P<0.0001).
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Figure 2. Genetic effects of combining H3-K56 variants with defects in different functional domains of
FACT.

H3-K56Q, K56R, and K56A alleles were constructed by markerless integration into the normal genomic
HHT1 and HHT2 sites, then combined with alleles of FACT by standard genetic methods. 10-fold dilutions
were tested for growth under various conditions as shown (see Materials and Methods). D is rich medium
(YPAD). Labels indicate the concentration of hydroxyurea (HU, mM), the temperature, and the length

of incubation in days. (Top panel) The temperature sensitivity (Ts") and HU sensitivity (HUs) caused by
pob3-Q308K were strongly enhanced by H3-K56Q or H3-K56A, while H3-K56R had no effect on the

Ts~ phenotype and caused only moderate enhancement of the HUs. (Bottom panel) spt716-11 displayed
stronger synthetic defects with H3-K56R than with H3-K56Q at elevated temperatures, and a strong
synthetic defect with H3-K56R on HU, but mild suppression of the HUs phenotype by H3-K56Q.
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Figure 3. Global effects of mutations on transcript levels.

Three biological replicates of WT and mutant strains were grown at 30° (strains used are listed in Table
S1), and RNA-seq was performed as described in Materials and Methods. The log,(fold change) (log,FC)
for each gene in the mutant relative to the WT was then calculated. (A) The number of genes with >2-fold
changes in transcript level at a false discovery rate below 1% is shown for each strain. (B) The log,FC
values for the pob3-Q308K FACT mutation are shown plotted against the log,, of the published transcription
frequencies for each gene (58; see further explanation in the legend to Fig S3A). The Pearson correlation
coefficient is given and a regression line plotted. (C) As in B, except the log,FC values are plotted against
the log,, of the total number of transcripts observed in the WT strain or (D) against the log, , of the size of
each gene in base pairs.
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Figure 4. A range of mutations had similar effects on transcription of the same genes.

The log,FC values for the change in transcript level relative to WT were calculated as in Fig 3, then plotted
against each other in pairs. (A-E) Each mutant (y-axis) compared to the pob3-Q308K strain (x-axis). (F) The
H3-K56R strain compared to H3-K56Q. The Pearson correlation coefficient is given and a regression line

plotted.
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Figure 5. Effects of mutations on Nucleosome Positioning and Occupancy.

MNase-seq was performed in triplicate for strains with the pob3-Q308K mutation, H3-K56Q, or the
combination (see Table S1 for full genotypes). (A) Nucleosome midpoints were determined and aligned by
the transcription start site (TSS) for each of 5337 genes. Vertical dashed lines indicate the accumulated
displacement of 30 bp by the 4th nucleosome downstream of the TSS in the H3-K56Q pob3-Q308K

strain relative to WT. (B) Average nucleosome occupancy was determined for each base. Each gene was
normalized to the same size (100%) and the occupancy plotted in 40 bins. Occupancy is also shown for
the 250 bp upstream (US) and downstream (DS) of each gene. (C-D) As in B, except genes were aligned
by the TSS or by the last recognizable nucleosome in the transcription unit (the terminal nucleosome).
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Figure 6. Changes in transcript level compared with changes in nucleosome occupancy in different regions
of genes.

The log,FC in nucleosome occupancy relative to the WT strain was determined for each mutant, then the
average values were calculated for the nucleosome depleted region of each gene (NDR, 150 bp to 30 bp
upstream of the TSS, top panels), the +1 nucleosome region (10 bp to 130 downstream of the TSS, middle
panels), or the full gene body (bottom panels). These were plotted against the log,FC in transcript level for
each gene, with the Pearson correlation coefficients and regression lines shown.
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Figure 7. Effects of mutations on antisense transcription near the TSS.

Transcripts were parsed into sense and antisense for ~5700 genes and the number of reads per million
fragments (RPM) was calculated and mapped to a TSS-aligned metagene. The approximate location of
the average +1 nucleosome is indicated at 70 bp downstream of the TSS.
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