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Abstract:

Histone chaperones, like Nucleosome Assembly Protein 1 (Nap1), play a critical role in
the maintenance of chromatin architecture. Here, we use the GAL locus in
Saccharomyces cerevisiae to investigate the influence of Nap1 on chromatin structure
and histone dynamics during distinct transcriptional states. When the GAL locus is not
expressed, cells lacking Nap1 show an accumulation of histone H2A-H2B but not
histone H3-H4 at this locus. Excess H2A-H2B interacts with the linker DNA between
nucleosomes, and the interaction is independent of the inherent DNA-binding affinity of
H2A-H2B to these particular sequences as measured in vitro. When the GAL locus is
transcribed, excess H2A-H2B is reversed and levels of all chromatin-bound histones are
depleted in cells lacking Nap1. We developed an in vivo system to measure histone
exchange at the GAL locus, and observe considerable variability in the rate of exchange
across the locus in wild type cells. We recapitulate this variability with in vitro
nucleosome reconstitutions, which suggests a contribution of DNA sequence to histone
dynamics. We also find that Nap1 is required for transcription-dependent H2A-H2B
exchange. Altogether, these results indicate that Nap1 is essential for maintaining proper

chromatin composition and modulating the exchange of H2A-H2B in vivo.

Introduction:

The basic unit of chromatin is the nucleosome, which forms when DNA is wrapped
around two copies each of the four core histones arranged as two histone H2A-H2B
dimers and a histone H3-H4 tetramer (1). Nucleosomes are highly dynamic, capable of
multiple structural transitions between completely assembled, and entirely disassembled
(2). Indeed, H2A-H2B and H3-H4 are actively exchanged during both DNA replication-

dependent and -independent events (3-9). Chromatin transitions have the potential to
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profoundly affect gene expression, and a diverse spectrum of factors including histone

chaperones, participate in this process (10).

Histone chaperones are histone-binding proteins that facilitate nucleosome assembly
and/or disassembly in an ATP-independent fashion (11-13). The histone chaperone
Nucleosome Assembly Protein 1 (Nap1) is a highly conserved chaperone that binds
H2A-H2B in vitro with nanomolar affinity (12, 14) in a conformation that shields
interfaces required for nucleosome assembly (15). Although functional in assembly of
nucleosomes in vitro (16), a number of studies support a role for Nap1 in transcription-
dependent processes of disassembly of nucleosomes. Nap1 is critical for the eviction of
histones during transcription in a mammalian in vitro system (17), and Nap1 (with the
ATP-dependent chromatin remodeler RSC) can facilitate elongation of RNAPII on
chromatin templates using yeast in vitro systems (18, 19). Our previous in vivo studies
indicated that Nap1 prevents excess H2A-H2B accumulation on chromatin (20), and
here we expand our analysis to investigate the role of Nap1 in histone exchange and
occupancy. As a model system, we use the GAL locus in yeast under transcriptionally

repressed and activated conditions.

The S. cerevisiae GAL gene cluster (GAL7, GAL1, and GAL10) is a powerful system for
studying chromatin dynamics in vivo under variable levels of gene expression.
Transcription of GAL genes is repressed in the presence of glucose and coordinately
activated in the presence of galactose (21, 22). The region is characterized by high
levels of nucleosome occupancy in the repressed state (23-25). Upon activation,
histones are acetylated (26-33), and a maijority are evicted (24, 34-36) with the help of

chromatin remodeling factors (37) and histone chaperones (38).
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Although chromatin structure and histone modifications are well characterized at the
GAL locus, probing histone dynamics has been confounded by the fact that typical
exchange studies utilize a tagged histone expression system regulated by a galactose-
inducible promoter (4-9). We therefore constructed a novel exchange system in which
expression of a HA-tagged histone ("*H2B or H3") is regulated by the antibiotic
doxycycline. This allowed us to examine histone exchange at these model genes without
altering the carbon source. We found that certain nucleosomes are highly dynamic and
require Nap1 for high levels of histone H2A-H2B exchange. Nap1 is also needed for

maintaining normal histone density and preventing excess H2A-H2B accumulation.

Materials and Methods:

Yeast strains, plasmids and culture conditions:

The following S.cerevisiae yeast strains were purchased from Thermo Scientific Open
Biosystems: the wild type strain (BY4741, MATa his3A1 ura3A0 leu2A0 met15A0, cat.
#YSC1048) and nap1A strain (BY4741, nap1A::Kan®, cat. #YSC6273-201936599). The
strain containing TAP-tagged Htz1 was purchased from GE Dharmacon (BY4741, Htz1-
TAP::HIS3MX®6, cat #YSC1178-202233238). The TAP-tagged Htz1 in the nap1A strain
was generated by homologous recombination of a PCR product derived from the TAP-
tagged Htz1 in wild type strain. For replication-independent histone exchange studies,
alpha factor (Genscript, cat. #RP01002) was added to arrest cells in G1 stage. To
prevent alpha factor degradation by Bar1 (39), a BAR1 gene deletion strain (bariA,
Thermo Scientific, cat. #YSC6273-201920294) was used as the wild type, and nap1A
was generated in this background using established protocol (40).

Plasmids for doxycycline-regulated "*H2B and H3"* expression were generated by sub-
cloning from the galactose-regulated plasmids pGAL1 HA-H2B and pGAL; H3-HA (both
containing 3 contiguous HA sequences, or 3XHA), which were generously provided by
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Michel Strubin (4). A Not1-BamH1 DNA fragment from pGAL1 HA-H2B encoding "*H2B
was cloned into the doxycycline-regulated pCM188 plasmid (ATCC, cat. #87660) using
standard techniques (41). The H3"* gene was amplified from the pGAL1 H3-HA plasmid
via PCR using Pfu turbo. The primers used in the PCR were designed to incorporate a
BamH1 or Eag1 site near the ends of the PCR product. The resulting product, the H3"A
encoding DNA, was cleaved with BamH1 and Eag1, and cloned into the doxycycline-
regulated pCM188 plasmid.

To analyze histone density and transcription levels of the GAL genes after continuous
transcriptional activation, wild type and nap1A strains were grown overnight in either YP
Glucose (2%) medium or YP Galactose (2%) medium, diluted to ODgoo about 0.2, then
allowed to undergo 2 cell doublings. When cultures reached an ODgy of 0.8 - 1.0, the
cells were collected and subjected to ChIP, immunoblot or RNA abundance analysis. For
the histone exchange experiments, wild type and nap7A (both in bar1A background)
were cultured in YP Glucose or YP Galactose media continuously (>24 hours) to early
log phase (ODgyp = 0.2). Alpha factor was then added to the medium to a final
concentration of 5 yM and after 90-120 minutes, cells become arrested in G1 phase.
Shmooing was confirmed visually using a microscope. Doxycycline was added to a final
concentration of 1 ug/ml in YP Glucose or 3 pg/ml in YP Galactose to maintain a

consistent histone degradation rate. Following doxycycline treatment, cells were

collected every hour for five hours and subjected to chromatin immunoprecipitation.

Chromatin immunoprecipitation:

Chromatin immunoprecipitation (42) assays were performed as previously described
(20). The cells were cross-linked with 1% formaldehyde and lysed by bead beating. The
cross-liked chromatin was then sheared to small fragments of approximately 200 bp with
sonication. Antibodies and sepharose beads were added to immunoprecipitate the
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cross-linked proteins of interest. Cross-linking of the immunoprecipitated material was
reversed by overnight incubation at 65°C, and then samples were treated with
proteinase K and RNaseA, followed by DNA extraction using the phenol:chloroform
method. The isolated DNA was analyzed by quantitative real-time PCR (qPCR). The
commercially available antibodies used in this study were anti-H2B (Active Motif, cat.
#39237), Anti-H3 (Abcam, cat. #1791) and anti-HA (Santa Cruz, cat. #sc-7392). ChIP
assays were performed in biological triplicate. Unnormalized occupancy was directly
calculated from the ACq between the immunoprecipitated DNA and the input control
DNA. For the exchange assays, the ratio of the unnormalized HA-tagged histone
occupancy over the respective unnormalized total (endogenous plus HA-tagged) histone
occupancy at each region for each time point of doxycycline treatment was calculated.
The average ratio from three biological replicates at the 0 hour time point (To) was set as
100% histone persistence and the average ratios at the remaining time points were
calculated as the percent of histone persistence relative to To. The histone persistence
percentages are shown as mean * standard deviation in supplementary Figure S7 for
comparison between wt and nap7A. Heat maps (Figure 5) were generated by assigning
colors to the blocks representing each region during the time course according to the
histone persistence percentages. For all other ChIP assays, the total occupancy of each
protein at the GAL region was normalized to its respective occupancy at a telomere

proximal position (Chromosome VI 269571-269488), which served as the internal control.

RNA abundance

S1 nuclease protection assays to quantify the expression levels of "AH2B, GAL7, GAL10,

GAL1, and tRNA" were performed as previously described (43). RNA was extracted

with the traditional hot phenol method. For each reaction, **P-labeled S1 probes were

incubated with 40ug of RNA at 55°C overnight. The hybridized samples were digested
6



152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

177

by S1 nuclease at 37°C for 30 minutes, seperated by 8% acrylamide sequencing gels.
The gels exposed to phosphor screens, visualized by Typhoon Phosphorlmager and

analyzed using ImageQuant software.

Immunoblotting of total protein level

Cells were harvested at log phase, suspended in lysis buffer (120 mM Tris-HCI pH 6.8,
12% (v/v) glycerol, 3.4% (w/v) SDS, 200 mM DTT, 0.004% (w/v) bromophenol blue) and
incubated at 95°C and on ice for 5 min each. Insoluble cell debris was removed by
centrifugation and total protein separated on a 15% SDS-PAGE. The same antibodies
against HA, H2B, and H3 that were used for ChIP analysis were used for protein
detection. In the total protein level quantitation during histone exchange, the protein level
of each strain at Ty was set as 100; the protein levels of the remaining time points were

calculated as the percentage relative to To.

In vitro H2A-H2B dimer binding competition assay

FRET-based competition assays were conducted in a 396-well format using Alexa 488-
labeled Xenopus histone H2A-H2B (T118C) as described (44). The final reaction buffer
was 20 mM Tris-HCI pH 7.5, 300 mM NaCl, 5% (v/v) glycerol, 0.01% (v/v) NP40, 0.01%
(v/v) CHAPS, 1 mM DTT, 1 mM EDTA pH 8.0 and the reaction volume was 40 pL. Each
PCR-prepared fragment was titrated against 10 nM histone H2A-H2B in the presence 50
nM 59 bp DNA. Each reaction was performed in duplicate and control titrations
containing only one labelled component were used to correct the raw FRET signal to
produce FRETnrected: Each experiment contained an internal control titration of
recombinant 147 bp Widom 601 DNA (data not shown). Reactions were pipetted into a
microplate and scanned using a Typhoon 8600 variable mode fluorimager (GE). Three
scans were performed using excitation/emission wavelengths of 488/520 nm, 633/670

7
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nm or 488/670 nm. Fluorescence was quantified using ImageQuant software. GAL
fragment titration produced a sigmoidal curve from which an IC50 was determined using
GraphPad Prism software. Data were fit with a Y, of 0 and normalized. At least two
independent titrations were performed for each fragment and all IC50 values used in the

mean calculation were derived from data with an R? > 0.98.

In vitro micrococcal nuclease analysis of chromatin

In vitro micrococcal nuclease (MNase) digestion assays were performed according to
the established protocol (45). Canonical mononucleosomes and trinucleosomes were
reconstituted by salt dilution using purified recombinant Xenopus laevis octamer on a
207 bp DNA fragment containing the 147 bp Widom 601 nucleosome positioning
sequence with 30 bp flanking linker DNA (46). Nucleosomal DNA or free DNA (5 ug;
0.17 uM) was used for each MNase digestion. MNase digestion was performed in the
absence and presence of excess recombinant Xenopus laevis histone H2A/H2B dimer.
A 3-fold molar excess of histone H2A-H2B dimer was added to a final concentration of
0.51 yM, incubated for 5 minutes, followed by MNase digestion at room temperature for
the indicated time. Reactions were quenched with EDTA to a final concentration of 12.5
mM. The DNA was purified by adding SDS (0.5%) and proteinase K (0.2 mg/ml),
incubated at 50°C for 30 minutes, phenol-chloroform extracted and ethanol precipitated.
The samples were separated on a 6% native polyacrylamide gel and stained with SYBR

Gold.

Micrococcal nuclease analysis of chromatin structure in vivo. Detailed protocols
can be found in the supplement. Nuclei were isolated from wild type (BY4741) and
nap1A cells essentially as described (47). The indirect end labeling analysis was
completed as described (24) and the primer extension analysis as described (48). The

8
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membranes and gels were exposed to phosphor storage screens, visualized on a

Typhoon Phosphorlmager and quantitated using ImageQuant TL software.

Reconstitution studies on GAL fragments
Nucleosome reconstitution was performed with salt dilution method (49). Xenopus laevis
histone octamers were titrated against each PCR-prepared DNA fragment. Reactions

were separated on 5% native gels, stained with ethidium bromide and visualized by UV.

Results:

Nap1 prevents excess histone H2A-H2B accumulation on linker DNA

We previously showed that a knockout of the histone chaperone NAP1 in S. cerevisiae
results in an atypical chromatin structure with excess H2A-H2B at most positions across
the GAL locus (20). We next asked whether this was a general feature of Nap-family
proteins, by assaying a strain deleted for Vps75, a histone chaperone with similar
structure to Nap1 (50). We utilized chromatin immunoprecipitation (ChIP) assays to
visualize H2A-H2B (via H2B) and H3-H4 (via H3) occupancy at six different regions at
the GAL locus. The relative positions of the sites were selected based on extensive
studies of nucleosome positioning, histone density, and histone variant H2A.Z
occupancy (51-55), and includes three promoter (PRO) and three open reading frame
(ORF) sites (Supplemental Figure S1). The GAL10 and GAL1 genes are divergently
transcribed and share one upstream activating sequence (UAS) (23, 56, 57). As shown
previously (20), loss of Nap1 (nap7A) causes a general increase in H2A-H2B compared
to the wild type strain at all but one site (Figure 1A). At these sites, the occupancy of H3-
H4 remains at or slightly below wild type levels (Figure 1B). In contrast, deletion of
VPS75 (vps754) does not significantly change H2A-H2B or H3-H4 occupancy across the

GAL locus. We also deleted ASF1 (asf14), a histone chaperone structurally distinct from

9
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Nap1 and Vps75 (58) and detected no significant changes in H2A-H2B or H3-H4
occupancy. Thus, excess H2A-H2B accumulation is not a shared feature of strains
deleted for Nap-family proteins or other histone chaperones, but is unique to the nap71A
strain. Together, these data indicate that preventing this atypical chromatin is a unique

function of Nap1.

We next characterized chromatin with H2A-H2B enrichment biochemically. To mimic the
atypical chromatin observed in vivo in the nap7A strain, mono-nucleosomes were
incubated in the presence (and absence) of excess H2A-H2B and the Micrococcal
Nuclease (MNase) digestion patterns were compared (Figure 2A). We used a 207 bp
DNA fragment carrying the well-characterized 147 bp Widom 601 nucleosome
positioning sequence (59) and 30 bp of flanking linker DNA. As expected, free DNA was
rapidly digested by MNase. Incubation of DNA with H2A-H2B resulted in modest
protection from MNase. A clearly defined protected region was not observed, consistent
with non-specific binding of H2A-H2B to DNA. MNase digestion of mono-nucleosomes
revealed a well-defined 140-180 bp region (depending on digestion time) of protection,
indicating that the linker DNA is digested more rapidly than nucleosomal DNA (45).
Mono-nucleosomes with excess H2A-H2B displayed significantly increased resistance to
MNase digestion, and broader DNA protection surrounding the nucleosome site. This

suggests that excess H2A-H2B binds to the flanking linker DNA.

We also performed MNase digestion assays on two other nucleosome templates. First, a
621 bp DNA fragment capable of forming tri-nucleosomes with three consecutive 207 bp
Widom 601 nucleosome-positioning sequences with linker DNA (Supplemental Figure
2A); and second, a 588 bp native promoter DNA fragment without detectable positioning
sequences (60) (Supplemental Figure 2B). Similar results are observed for all DNA
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fragments: the addition of excess H2A-H2B to reconstituted nucleosomes significantly
increased resistance to MNase digestion. These results indicate that excess H2A-H2B

binds to linker DNA in the context of both mono- and multi-nucleosome templates.

We next assayed how excess H2A-H2B affects chromatin architecture in vivo by
measuring MNase digestion patterns of chromatin from wild type and nap7A cells.
Cleavage patterns within the GAL locus were assessed by high resolution (single base
pair) reiterative primer extension analysis. The GAL7 and GAL10 promoters were
analyzed, since by ChIP the GAL7 promoter had normal and the GAL70 promoter had
excess levels of H2A-H2B in the nap1A strain (Figure 1). As expected, at the GAL1
promoter there were no differences observed in the MNase digestion pattern of
chromatin from wild type or nap1A4 cells (Figure 2B and Supplemental Figure 3A). The
GAL10 promoter region is hypersensitive to MNase cleavage and this is reflected in the
amount of product that terminates within the hypersensitive region (Figure 2B and
Supplemental Figure 3B). Although subtle, MNase cleavage of the chromatin from the
nap1A cells is reproducibly reduced in the region of GAL10 that exhibits excess H2A-
H2B by ChIP when compared to the chromatin from wild type cells. The minor reduction
in MNase cleavage is not unexpected. Nucleosomes in the GAL locus evaluated at high
resolution in fact occupy multiple positions (36). Thus, the excess dimer is most likely
binding at multiple positions, leading to the subtle difference seen in the primer
extension products. Taken together, the in vitro and in vivo MNase results suggest that

the excess H2A-H2B is binding to the linker DNA.

Occupancy of the histone variant H2A.Z is unchanged in the nap1A strain

Histone H2A.Z (Htz1 in yeast) is a variant of histone H2A that substitutes for the

canonical major H2A in a wide, but nonrandom, genomic distribution (61). H2A.Z is
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involved in transcription regulation, gene activation and silencing, DNA repair and
chromosomal stability (62). Since Nap1 also interacts with H2A.Z (63), we investigated
whether occupancy of H2A.Z is altered in the absence of Nap1. Chromatin-tandem
affinity purification (TAP) was performed using TAP-tagged Htz1 (Htz1-TAP) in wild type
or nap1A strains with analyses of the GAL locus genes. In wild type cells, significant
occupancy of Htz1 is detected across the region and this occupancy is unaffected by the
loss of Nap1 (Supplemental Figure 4). These results indicate that Nap1 is not required
for normal levels of Htz1 occupancy at these specific, nor does Htz1 accumulate in the

same manner as major H2A in this region in the absence of Nap1.

Histone H2A-H2B accumulation in the nap1A strain is independent of DNA
sequence

The varying degrees of H2A-H2B accumulation across the GAL locus in nap1A cells
(Figure 1), prompted us to test the role of DNA sequence. Some studies suggest that
DNA sequence is a major factor in nucleosome positioning (64, 65), while others argue it
may only be a partial factor (66-69). To test the role of sequence in vitro, we used a
Forster resonance energy transfer (Fret) competition assay (44) to compare H2A-H2B
affinity for the six different GAL promoter (PRO) and open reading frame (ORF)
sequences, all of approximately 150 bp. We competed FRET of a complex between
H2A-H2B and a 59 bp DNA fragment containing the H2A-H2B-binding region of the well-
characterized Widom 601 nucleosome positioning sequence (59). We titrated each of
the GAL locus DNAs and measured the half-maximal inhibitory concentration (IC50)
values as the FRET signal decreases to zero (Figure 3A). A lower IC50 reflects a lower
Kq, or a tighter interaction between the GAL locus DNA and H2A-H2B. All GAL locus
DNAs were able to fully compete with the 59 bp DNA for H2A-H2B, indicating efficient
H2A-H2B-GAL DNA interactions. Slight differences in IC50s were observed among the
GAL DNAs (10-30 nM), which do not correlate with H2A-H2B accumulation in nap1A

cells. For example, the lowest IC50 was measured with the GAL7077° and GAL17~°
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DNAs, which in fact possess the highest and lowest levels respectively of H2A-H2B
accumulation in vivo. We did notice, however, that the in vitro binding of H2A-H2B
correlates with the DNA GC content (Figure 3B). DNA with a lower CG content is more
flexible (70), consistent with lower Ky for H2A-H2B binding. Overall, these data indicate
that the DNA sequences themselves do not account for the varied H2A-H2B
accumulation across the GAL locus in the absence of Nap1 in vivo. This implies the

involvement of other extrinsic factors.

Transcription removes accumulated histone H2A-H2B in the nap1A strain

The aforementioned accumulation of H2A-H2B in the nap1A strain is observed under
repressed conditions for GAL gene expression (glucose medium). We next asked if this
atypical H2A-H2B distribution remained when the GAL genes are actively transcribed.
Histone occupancy was assayed using ChIP after growth under inducing conditions
(galactose medium) for 24 hours or approximately 10 generations. The ratio of H2A-H2B
occupancy (H2B) to H3-H4 occupancy (H3) at each location revealed no significant
difference between the wild type and nap7A strains, nor between different GAL loci
(Figure 4A and B, Supplemental Figure 5A). This indicates that excess H2A-H2B does
not stably accumulate during active transcription. It is important to note, however, that in
the nap1A strain, occupancy of both H2B and H3 is lower than wild type at every site
tested except GAL10”7°, where occupancy is similar to wild type. Analysis of extracts
confirmed that this decrease in histone occupancy is not due to lower overall levels of
histones in nap1A strain (Supplemental Figure 5B). Lower nucleosome occupancy in
galactose in cells lacking Nap1 thus reflects a change in histone deposition, supporting a
nucleosome assembly role for Nap1. Since the transcribing GAL locus in the nap1A

strain has lower histone occupancy, we tested whether this impacted gene expression
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using S1 nuclease protection assays (Figure 4C). Higher expression levels are observed
from the GAL genes in the nap1A cells relative to the wild type strain. Thus, the reduced
histone density at the GAL locus observed in the absence of Nap1 is linked to increased
transcription levels, implicating Nap1 in repression of gene expression via maintenance

of histone occupancy, potentially through nucleosome assembly in vivo.

Establishment of an in vivo doxycycline-regulated histone exchange system

To further investigate the role of Nap1, we developed a method to measure histone
exchange at the GAL locus. We created an in vivo system in which expression of
epitope-tagged histones is controlled using doxycycline (Figure 5A). Previously
published histone exchange studies utilized a system in which tagged histone
expression is GAL promoter-regulated and therefore induced by the presence of
galactose (4-9). Since we wanted to evaluate histone exchange specifically at the GAL
locus, we needed a different means to control histone expression. We sub-cloned HA-
tagged versions of histone H2B ("*H2B) and H3 (H3™*) (4) into a doxycycline-controlled
expression vector. In this system, expression of the HA-tagged histones is repressed
when doxycycline is present. These plasmids were introduced into both wild type and
nap1A strains, in a bar1A background. The bar1A background increases alpha-factor
sensitivity, which arrests cells in G1 (39), such that subsequent studies are replication-
independent. As expected, addition of doxycycline results in transcriptional repression of
the HA-tagged histone and does not affect GAL gene expression in either wild type or
nap1A cells (Supplemental Figure 6). After addition of doxycycline, the level of total H2B
protein (endogenous plus ""H2B, detected by anti-H2B antibody) is not affected,
whereas the level of "*H2B protein (detected by anti-HA antibody) gradually diminishes

(Supplemental Figure 7A and B). After 5 h of repression by doxycycline, the "*H2B level
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drops to less than 20% of the pre-doxycycline levels, with no impact on endogenous

histone levels.

We next utilized ChIP assays to measure occupancy of "H2B and total H2B at a
telomere-proximal location as a standard in the assay. H2B exchange is observed at this
location (Supplemental Figure 7C and D). During the 5-hours following doxycycline
addition, the decrease in "H2B protein levels correlates directly with the decrease in
"AH2B occupancy, whereas the occupancy of total H2B is not affected by the
doxycycline treatment. Histone-exchange data at the telomere-proximal control region
with doxycycline-regulated H3"* is similar to that obtained with "*H2B (data not shown),
and it is important to note that neither H2B (tagged or untagged) nor H3 (tagged or

untagged) levels are impacted by the deletion of Nap1 (Supplemental Figure 8).

Histone exchange rates vary across the GAL locus

We utilized the doxycycline-regulated histone-exchange system to determine exchange
rates at the GAL locus. We tested both wild type and nap1A strains, and compared them
under repressed and transcriptionally active conditions (Figure 5B). To visualize and
compare the complex histone exchange patterns at the different GAL loci, the
percentage of HA-tagged histone that persists at each site is shown as a heat map.
Under transcriptionally repressed conditions, exchange of both H2B and H3 is observed
in the wild type strain at all promoter and open reading frame sites tested (Figure 6A and
B). However, the exchange kinetics differ, depending on the site. Histone H2B exchange
is the least dynamic at the GAL1™*° and GAL1°%*, where it is similar to the exchange
rate at the telomere-proximal region. The most dynamic exchange is observed at the
GAL10°, where persistence of the tagged derivative is down to 50% within an hour. In
general, H2B exchange is significantly more dynamic than H3 across the GAL locus, a
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trend that has also been shown in a previous study (4). The one exception to this trend
is the GAL107°, where exchange of H3 is as dynamic as that of H2B. The rapid
exchange of both H2A-H2B and H3-H4 at the GAL710™° indicates a highly dynamic
chromatin structure at this location, even when transcription is off. Under transcriptionally
repressed conditions, there was very little impact of the loss of Nap1 on histone H2B or
H3 exchange at the promoter and open reading frame of all GAL sites tested, except for
a decrease in exchange of H2B at the otherwise highly dynamic GAL71077°. The
absence of Nap1 reduces H2B exchange, but does not affect H3 exchange. This
indicates that the “old” or tagged version of H2B is being reassembled into chromatin in
the absence of Nap1. This suggests that when present, Nap1 facilitates incorporation of
“‘new” histones and not reassembly of the “old” histones, at least at this highly dynamic
position. It is important to note, that these studies were performed in cell-cycle arrested

cells, so this Nap1 function is independent of histone deposition during replication.

When GAL gene transcription is activated, the exchange kinetics in the wild type strain
of both H2B and H3 are highly dynamic across the locus (Figure 5, and 6C and D), to a

level comparable to the GAL7107°

in the absence of transcription. This rapid
transcription—mediated histone exchange is consistent with previous observations that
nucleosomes are highly dynamic at the GAL locus upon activation of transcription (20,
25, 30, 31, 71). In the nap1A strain, H2B exchange kinetics are less dynamic across the
region, whereas histone H3 exchange is similar to wild type (Figure 6C and D).

Therefore, when transcription is active and chromatin is highly dynamic in the wild type

strain, H2A-H2B exchange is consistently slower in the absence of Nap1.

In vitro nucleosome reconstitution recapitulates some of the in vivo dynamics of
the GAL locus
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The various regions of the GAL locus exhibit distinctive exchange profiles in the wild
type strain (Figure 5B). Since DNA sequence can directly affect nucleosome stability and
contribute to in vivo nucleosome dynamics (64, 65), we tested the fragments for their
intrinsic ability to form nucleosomes. Using the 601 positioning sequence (59) as a
control, the GAL fragments were analyzed for the formation of stable, positioned
nucleosomes by salt reconstitution with native histones (49)(Supplemental Figure 9).
This allowed us to group the GAL fragments into three classes, represented by 601 (601

and GAL7°%F), GAL10 promoter (GAL1077°, GAL10°%F, and GAL7"7°), and the GAL1

promoter (GAL71"%° and GAL71°%). In some cases, multiple forms of DNA-histone
complexes are evident. To identify the histone composition of the complexes,
nucleosome reconstitution was performed with fluorescently labeled histones
(Supplemental Figure 10). In addition, heat-shifting and lower salt experiments were
used to determine if complexes were well-positioned (Supplemental Figure 11). The
results indicate that the 601 class forms hexasome and positioned nucleosome at low
concentrations of octamer, with an increase in nucleosome as octamer is titrated. The
GAL1 promoter class formed stable, positioned nucleosomes more efficiently than 601,
in that only a single band was observed even at low octamer levels. Both of the
fragments in this class (GAL7 promoter and GAL71 ORF) had the least dynamic
nucleosomes in vivo in the exchange assay for both H2B and H3, suggesting that
sequence plays an important role in these properties. The GAL10 promoter class formed
intermediate complexes and different forms of nucleosomes at every ratio in vitro,
suggesting that nucleosomes are not stable and/or that there are multiple nucleosome
positions. The GAL710 promoter region was the highly dynamic site in the in vivo
exchange assay (Figure 5), but the other two fragments in this unstable in vitro class

(GAL10 ORF and GAL7 promoter), did not share this behavior in vivo.
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Discussion:

We previously found that Nap1 prevents the formation of atypical chromatin
characterized by excess H2A-H2B, across the GAL locus under transcriptionally
repressed conditions (20). Here we show that H2A-H2B accumulation does not occur in
a strain deleted for the Nap1 family member Vps75, nor the H3-H4 histone chaperone
Asf1. In addition, this effect is specific for the major histone variants, as H2A.Z does not
accumulate in these same regions. Although H2A-H2B accumulation varies at different
locations in the absence of Nap1, we found this is not likely due to variable H2A-H2B-
DNA binding, as in vitro affinities did not correlate with in vivo accumulation. The excess
H2A-H2B appears to bind between nucleosomes in the linker regions as evidenced by in
vitro and in vivo MNase protection assays. Notably, the process of transcription results in
loss of the excess H2A-H2B, and in fact, the absence of Nap1 leads to lower overall
histone density on chromatin, indicative of critical nucleosome assembly functions of

Nap1.

Nucleosomal histones are readily exchanged into and out of chromatin (4, 5). This
histone exchange is a combination of partial nucleosome disassembly and reassembly,
and histone chaperones are directly involved in this process (3, 7, 8, 72-74). However,
the requirement for histone chaperones in histone exchange within nucleosomes has
primarily focused on H3-H4 histone chaperones (7, 9, 75). Also, most histone exchange
studies utilize a galactose-inducible promoter for regulation of tagged histone expression
(4-9), therefore, GAL locus gene transcription is affected when expression of the tagged
histones is turned on or off. In this study, we designed a doxycycline-regulated histone-
exchange system that does not affect GAL gene transcription. Histone exchange is
generally observed across the GAL locus under repressed conditions, with exchange of
both H2B and H3 being highly dynamic at the GAL10 promoter (GAL1077°). Furthermore,
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the highly dynamic H2B exchange is Nap1-dependent whereas H3 exchange is not. It is
intriguing that even without active transcription, the nucleosome at the GAL70 promoter
is highly dynamic. One unique feature of the chromatin at this site is a lower H2B
occupancy in general; the GAL10 promoter has only half the H2B occupancy of other
GAL sites (20). Moreover, in the absence of Nap1, this decrease in H2B occupancy is
reversed (20) and the H2A-H2B exchange rate is severely reduced. Importantly, the
GAL10 promoter region has the binding site for the Gal4-Gal80 activator complex and
the RSC chromatin-remodeling complex in the transcriptionally repressed condition (55).
In vitro studies have shown that RSC promotes histone transfer (76). In the presence of
Nap1, RSC releases one H2A-H2B from the nucleosome to form a hexasome and the
dimer is transferred to Nap1 (19). This combination of highly dynamic Nap1-dependent
H2A-H2B exchange, a 2-fold reduction in H2B occupancy, and the presence of a RSC
binding site supports a model whereby hexasome formation is likely at the GAL170

promoter in vivo.

Taken together, the findings presented here advance our understanding of the diverse
roles of the histone chaperone Nap1 in chromatin regulation in vivo (Supplemental
Figure 12): i) removal of atypical histone H2A-H2B under transcriptionally repressed
conditions; ii) maintenance of proper histone density on chromatin during activated
transcription (i.e. transcription-coupled assembly); and iii) facilitation of histone H2A-H2B
exchange within highly dynamic chromatin regions whether the locus is repressed or
activated. Active exchange of H2A-H2B could lead to destabilization of the H3-H4
tetramer, thereby Nap1 could also contribute to nucleosome disassembly. This is
consistent with the finding that deletion of NAP7 reverses the cryptic transcript
phenotype (interpreted as the by-product of under-assembled chromatin) observed in
mutant strains defective for other chromatin regulators (77), and that Nap1 plays an
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important function in the eviction of histones during transcription in a mammalian vitro
system (17). Importantly, these varied functions of Nap1 are not redundant with other
histone chaperones in vivo. Since Nap1 has high affinity for H3-H4 tetramers, as well as
H2A-H2B dimers (14), Nap1 has the potential to function independently in these various
roles. However, a large body of work indicates collaborative functional activities between
Nap1 and other chaperones as well as ATP-dependent chromatin remodelers and
histone acetyltransferases (13, 17-19, 60, 77-79). How the combinatorial action of these

factors contributes to histone occupancy and dynamics in vivo remains to be elucidated.
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Figure legends:

Figure 1. Excess H2A-H2B accumulation is observed with loss of Nap1, but not
Vps75 or Asf1. A) Occupancy of Histone H2B or B) Histone H3 at the GAL locus by
ChIP assay under transcriptionally repressed conditions (glucose) in the wild type (wt),
nap1A, vps75A, or asf1A strains. Data is represented as the mean from 3 biological
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replicates * standard deviation, normalized to the levels of occupancy at a telomere

proximal location.

Figure 2. H2A-H2B accumulation protects DNA from MNase digestion. A) In vitro
analysis of chromatin with and without excess H2A-H2B. PAGE analysis of MNase
digestion of naked DNA alone (first panel), DNA with H2A-H2B (second panel), mono-
nucleosomes (third panel), and mono-nucleosomes with H2A-H2B (fourth panel),
assessed on a 207 bp DNA fragment. B) Chromatin from wild type and nap7A cells was
digested with MNase in vivo and the cleavage products analyzed by primer extension.
Quantitation of the primer extension products from the GAL7 promoter (upper panel) and
the GAL10 promoter (lower panel) is shown in black for nap1A cells and grey for wild
type cells. The GAL10 promoter, which has excess H2A-H2B by ChIP assay, is more

protected from MNase cleavage in nap1A cells.

Figure 3. All six GAL DNA fragments bind histone H2A-H2B with comparable
affinities. H2A-H2B-DNA binding affinites were measured with a FRET-based
competition assay. DNA fragments (~150 bp) from the six promoter (PRO) and open
reading frame (ORF) sites of GAL7, GAL10, and GAL1 were titrated in the presence of
50 nM 59 bp dimer binding region of the 601 sequence and analyzed for binding to
Alexa 488-labeled histone H2A-H2B. A) Representative competition curves. Each data
point reflects the mean of duplicate measurements + one SEM. The errors bars are
small and in many cases not visible. All curves used for statistics had an R = 0.98. B)
The mean IC50 values for at least 2 replicates and the % GC content for the DNA

sequences. Error bars reflect one SEM.
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Figure 4. H2A-H2B accumulation is not maintained in nap71A at the GAL locus in
the induced condition. The occupancy of H2B (A) or H3 (B) in the wild type (wt) strain
(white bars) and the nap7A strain (black bars) under active transcription were
determined by ChIP assays. C) Transcript levels of GAL genes in the wt and nap1A
strains were detected by S1 nuclease protection assay with **P-labeled probes specific
to GAL7, GAL10, GAL1, and tRNA". The transcript levels of tRNA" were used as an
internal control for normalization. Bars reflect the means from 3 biological replicates *

standard deviation.

Figure 5. Histone exchange rates at the GAL locus are distinct and Nap1 is
involved in H2A-H2B exchange. A) Schematic of histone exchange assay with
representative western blot showing decreasing HA-tagged H2B level and unchanged
endogenous H2B level. B) Heat maps showing tagged histone persistence over the 5 h
time course. Persistence is defined as the percentage of the tagged histone occupancy
(detected with anti-HA) over the endogenous histone occupancy (detected with anti-H3)
under transcriptionally repressed (“Off”) or activated (‘On”) conditions in wt and nap7A
strains. The tagged histone persistence at TO was set as 100% (dark blue). Bright yellow
indicates that tagged histone was completely exchanged (0% tagged histone

persistence). Promoter (P) and ORF (O) regions are indicated.

Figure 6. Histone persistence varies depending upon time of shut-off and specific
GAL region. Histone persistence is defined as the relative percentage of the tagged
histone occupancy (detected with anti-HA) over the endogenous histone occupancy
(detected with anti-H2B or anti-H3) under GAL gene transcriptionally repressed (“Off”) or
activated (‘On”) conditions in wt and nap7A strains. The histone persistence at TO was
set as 100%. (A) H2B and (B) H3 persistence at GAL locus under transcriptionally
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repressed condition. (C) H2B and (D) H3 persistence in the continuous transcriptionally

active condition. P: promoter. O: ORF. *: P value<0.05. **: P value <0.01
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